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1 Introduction 

1.1 Deep-sea hydrothermal vent systems 

The deep-sea usually refers to seawaters lying below one kilometer depth, which represents 75% 

of the total volume of the oceans. It is a dark and cold (about 2 °C) extreme environment with high 

hydrostatic pressures, which was believed to be inhabited by sparse organisms before the middle of 

the 20th century (Jannasch and Taylor 1984). Our views of deep-sea biology have been profoundly 

changed by the discovery of hydrothermal vents on the seafloor. The first deep-sea hydrothermal 

vent was discovered in 1977 in the Galápagos area, with the aid of the deep-sea submersible “Alvin” 

(Corliss et al. 1979). Since then, more than 632 vent fields have been found in numerous tectonically 

active zones of the sea floor (at mid-oceanic ridges or in back-arc basins, Figure 1), and about 900 

vent fields remain to be explored, as suggested previously (Beaulieu 2013, Beaulieu et al. 2015). 

 

Figure 1 | Global distribution of known hydrothermal vent fields (Source: InterRidge). 

 

The most explored and studied hydrothermal systems are located in the Pacific Ocean and in 

the Atlantic Ocean. Only few hydrothermal sites of the Indian Ocean (Edmond and Kairei vent 
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fields) have been explored so far. Indian Ocean was predicted to host most of the undiscovered 

vents on Earth (Beaulieu et al. 2015), thus it remains to be surveyed in the future. 

1.2 Physical and chemical characteristics of deep-sea hydrothermal vents 

Hydrothermal vents appear to be an indirect consequence of extension and accretion processes. 

They occur commonly at sea-floor spreading zones or at volcanic hotspots both in shallow regions 

close to the water surface and in deeper waters throughout the oceans. They form when seawater is 

overheated in oceanic crust by magma, then rises up due to the increased pressure and washes away 

the rocks before to be emitted explosively as hydrothermal fluid to the seafloor through rock fissures 

and cracks (Figure 2). 

 

Figure 2 | Hydrothermal circulation. 

Source: https://en.wikipedia.org/wiki/Hydrothermal_vent 

 

Deep-sea hydrothermal vents are characterized by extraordinary physical and chemical 

gradients between the hot, anoxic, and reduced hydrothermal fluids and the cold oxic seawater 

(Takai and Nakamura 2011). Chemical analysis of hydrothermal vents shows that they are generally 

characterized by low pH, and high concentration of inorganic materials, including H2S, Mn2+, H2, 

CH4, CO2 and CO. The composition and concentrations of dissolved gases and metal ions vary 

depending on the vent location and its subsurface interactions between the seawater and the host 

https://en.wikipedia.org/wiki/Hydrothermal_vent
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rock composition (Prieur 2005). The distinct geological settings of different hydrothermal vents 

accordingly lead to highly diverse microorganisms inhibiting these environments. Deep-sea vents 

were also predicted to be a reservoir of novel extreme microorganisms with unique functions and 

bioactive natural products (Thornburg et al. 2010). 

1.3 Diversity of prokaryotes isolated from deep-sea hydrothermal vents 

Light does not reach deep-sea hydrothermal vents, so the hydrothermal ecosystem does not rely 

on photosynthesis. Deep-sea hydrothermal vents are among the most biologically active regions of 

the deep ocean, and support highly productive ecosystems fueled by chemosynthesis (Takai and 

Nakamura 2011, Sievert and Vetriani 2012). Chemolithoautotrophic microorganisms support 

primary production in the presence of reduced hydrothermal fluids, which are enriched in minerals 

(including sulfate, sulfite, nitrate, nitrite, etc.), reduced compounds (including Fe2+, H2S, H2, CH4), 

and CO2 (Pettit 2011, Rutherford 2014, Jebbar et al. 2015). Since the first discovery of deep-sea 

hydrothermal vent, enrichment and isolation studies have been performed, and a remarkable 

diversity of archaea and bacteria ranging from aerobic mesophiles to anaerobic hyperthermophiles 

has been isolated in clonal cultures (Tables 1 and 2), exhibiting a considerable phylogenetic and 

physiological diversity (Takai and Nakamura 2011, Chown 2012, Jaeschke et al. 2012).  

1.3.1 Archaea 

Archaea represent one of the three domains (Archaea, Bacteria and Eukarya) of cellular 

organisms. This domain is currently divided into five distinct phyla, the Euryarchaeota, the 

Crenarchaeota, the Thaumarchaeota, the Korarchaeota and the Nanoarchaeota (Takai and 

Nakamura 2011, Parte 2015), but this subdivision might be revised in a near future as many 

publications suggest the existence of other phyla (“Aigarchaeota” (Nunoura et al. 2011), 

“Bathyarchaeota” (Meng et al. 2014), “Diaforarchaea” (Petitjean et al. 2015), “Lokiarchaeota” 

(Spang et al. 2015), etc.). The first archaea isolated and identified from hydrothermal vent was 

reported to be Methanocaldococcus jannaschii (Jones et al. 1983). Since then, a great diversity of 

archaea was isolated and characterized from deep-sea hydrothermal vents (Table 1). 
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Table 1 | Archaea isolated from deep-sea hydrothermal vents. 

Modified from the PhD theses of Alain (2003), Byrne (2008), and Callac (2013). 

Class Genera Species Metabolism Origin 
T 

(°C) 
Reference 

- 
Nanoarchaeu

m 
N. equitans 

Enriched in anaerobic, and autotrophic 

conditions 
EPR 9° N, Pacific Ocean 90 (Huber et al. 2002) 

Thermoprotei 
Desulfurococc

us 
D. sp. S and SY Anaerobic, heterotrophic, sulfur-reducing EPR 11° N, Pacific Ocean 85-90 (Jannasch et al. 1988) 

 Ignicoccus I. pacificus Anaerobic, autotrophic, sulfur-reducing EPR 9° N, Pacific Ocean 90 (Huber et al. 2000)  

 
Staphylotherm

us 
S. marinus Anaerobic, heterotrophic, sulfur-reducing EPR 11° N, Pacific Ocean 85-92 (Fiala et al. 1986) 

 Pyrodictium P. abyssi 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Guaymas basin, Pacific Ocean 97 (Pley et al. 1991) 

  P. sp 121 
Oxidation of formate coupled with reduction 

of ferric iron (magnetite formation) 

Mothra (Finn), Juan de Fuca, 

Pacific Ocean 

85-

121 

(Kashefi and Lovley 

2003) 

 Pyrolobus P. fumarii 

Anaerobic, autotrophic H2-oxidizing and 

reducing nitrate, thiosulfate, and low 

concentration oxygen 

TAG, MAR, Atlantic Ocean 106 (Blochl et al. 1997) 

 Aeropyrum A. camini Heterotrophic, aerobic 
Suyio Seamount, Izu-Bonin 

Arc, Pacific Ocean 
85 

(Nakagawa et al. 

2004) 

Methanococci 
Methanocaldo

coccus 

M. 

bathoardescens 

Obligate anaerobic, autotrophic via 

methanogenesis using H2 and CO2. 

Marker 113 vent, Axial 

Seamount, Pacific Ocean 
82 (Stewart et al. 2015) 

  M. indicus Anaerobic, methanogenic 
Site Kairei, Central Indian 

Ridge 
85 

(L'Haridon et al. 

2003) 

  M. infernus Anaerobic, methanogenic Logatchev, Atlantic Ocean 85 (Jeanthon et al. 1998) 
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  M. jannaschii Anaerobic, methanogenic EPR 21° N, Pacific Ocean 85 (Jones et al. 1983) 

  
M. jannaschii 

FS406-22 
Anaerobic, methanogenic fixing of nitrogen 

Axial volcano Juan de Fuca, 

Pacific Ocean 
90 

(Mehta and Baross 

2006) 

  M. villosus 
Anaerobic, chemolithoautotrophic, reduction 

of CO2 with H2 for production of methane 

Kolbeinsey Ridge, north of 

Iceland 
80 (Bellack et al. 2011) 

  M. vulcanius Anaerobic, methanogenic EPR 13° N, Pacific Ocean 80 (Jeanthon et al. 1999) 

 
Methanotherm

ococcus 
M. okinawensis Anaerobic, methanogenic 

Iheya Ridge, Okinawa 

Trough, Pacific Ocean 
60-65 (Takai et al. 2002) 

 Methanotorris M. formicicus Anaerobic, methanogenic Central Indian Ridge 75 (Takai et al. 2004) 

Methanopyri Methanopyrus M. kandleri 
Anaerobic, chemolithoautotrophic, 

methanogenic, sulfur-reducing 
Guaymas basin, Pacific Ocean 98 

(Huber et al. 1989, 

Kurr et al. 1991) 

Thermococci Thermococcus T. aggregans 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Guaymas basin, Pacific Ocean 88 

(Canganella et al. 

1998) 

  T. barossii 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Juan de Fuca, Pacific Ocean 82 (Duffaud et al. 1998) 

  T. eurythermalis 
Strictly anaerobic. Obligate 

chemoorganotrophic. 

Guaymas Basin, Pacific Ocean 

(Gulf of California) 
85 (Zhao et al. 2015) 

  T. fumicolans 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
North Fiji Pacific Ocean basin 85 (Godfroy et al. 1996) 

  T. guaymasensis 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Guaymas basin, Pacific Ocean 88 

(Canganella and 

Jones 1994, 

Canganella et al. 

1998) 

  
T. 

hydrothermalis 

Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
EPR 21° N, Pacific Ocean 85 (Godfroy et al. 1997) 
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  T. nautili 
Anaerobic. Sulfur or cystine is necessary for 

growth. Chemoorganotrophic. 

‘La chainette’ vent, East 

Pacific Ocean Ridge 
87.5 (Gorlas et al. 2014) 

  T. paralvinellae 

Obligate anaerobic, and produce H2S in the 

presence of sulfur and H2. H2 produced (> 2 

mM) at the absence of sulfur. Heterotrophic. 

Endeavour Segment, Juan de 

Fuca Ridge, northeastern 

Pacific 

82 (Hensley et al. 2014) 

  T. cleftensis 

Obligate anaerobic, sulfur-reducing. 

Hydrogen produced (> 2 mM) at the absence 

of sulfur. Heterotrophic growth 

Cleft Segment, Juan de Fuca 

Ridge Pacific (44° 30′ N, 130° 

30′ W). 

88 (Hensley et al. 2014) 

  
T. 

peptonophilus 

Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Ditch the Marianas Pacific 

Ocean 
85-90 

(Gonzalez et al. 

1995) 

  T. siculi 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Okinawa Japan, Trough, 

Pacific Ocean 
85 (Grote et al. 1999) 

  
T. 

chitonophagus 

Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Guaymas basin, Pacific Ocean 85 (Huber et al. 1995) 

  T. barophilus 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Snake Pit, MAR, Atlantic 

Ocean 
85 

(Marteinsson et al. 

1999) 

  T. atlanticus 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
TAG, MAR, Atlantic Ocean 85 

(Cambon-Bonavita et 

al. 2003) 

  
T. 

gammatolerans 

Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Guaymas basin, Pacific Ocean 88 (Jolivet et al. 2003) 

  T. marinus 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Snake Pit, MAR, Atlantic 

Ocean 
88 (Jolivet et al. 2004) 

  T. radiotolerans 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Basin, Guyamas Pacific Ocean 88 (Jolivet et al. 2004) 

  T. coalescens 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Suiyo Seamount, Izu-Bonin 

Arc, Pacific Ocean 
87 

(Kuwabara et al. 

2005) 
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T. 

celericrescens 

Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Suiyo Seamount, Izu-Bonin 

Arc, Pacific Ocean 
80 

(Kuwabara et al. 

2007)  

  T. thioreducens 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Rainbow, MAR, Atlantic 

Ocean 
83-85 (Pikuta et al. 2007) 

  T. prieurii 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Sarah Spring, PRT, Pacific 

Ocean 
80 (Gorlas et al. 2013) 

  T. sp. ES1 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Juan de Fuca, Pacific Ocean 82 

(Pledger and Baross 

1989) 

  T. sp. DT-1331 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Minami-teaching Knoll, Mid-

Okinawa, Pacific Ocean 
 (Kwak et al. 1995) 

  T. sp.  
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Trough. Pacific OceanEPR 11, 

13 and 21° N, Atlantic Ocean 
 

(Raguénes et al. 

1995) 

  T. sp.  
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Guyamas Pacific Ocean basin  (Antoine et al. 1995) 

  T. sp.  
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 
Guyamas Pacific Ocean basin  (Lepage et al. 2004) 

  T. sp. CO oxidation with H2 East Pacific Rise  
(Sokolova et al. 

2004) 

  T. sp.  
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Juan de Fuca Ridge, Pacific 

Ocean 
 (Holden et al. 2001) 

 Pyrococcus P. abyssi 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

North Basin-Fiji, Pacific 

Ocean 
96 (Erauso et al. 1993) 

  P. glycovorans 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Site Totem, EPR 13° N, 

Pacific Ocean 
95 (Barbier et al. 1999) 

  P. horikoshii 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Okinawa Japan, Trough, 

Pacific Ocean 
98 

(Gonzalez et al. 

1998) 
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  P. yayanosii 
Anaerobic, piezophilic, heterotrophic, 

fermentation, sulfur-reducing 

Ashadze, MAR, Atlantic 

Ocean 
98 (Birrien et al. 2011)  

  P. sp. GB-D Anaerobic, heterotrophic, sulfur-reducing Guaymas basin, Pacific Ocean 95 (Jannasch et al. 1992) 

  P. sp. ES4 
Anaerobic, heterotrophic, fermentation, 

Sulfur-reducing 
Juan de Fuca, Pacific Ocean 90-99 

(Pledger and Baross 

1991) 

  P. sp. 
Anaerobic, heterotrophic, fermentation, 

Sulfur-reducing 
13° N PRT, Pacific Ocean  (Lepage et al. 2004) 

 Palaeococcus P. ferrophilus 
Anaerobic, heterotrophic. Sulfur-reducing 

(iron as a cofactor for growth) 
Ogasawara, Pacific Ocean 83 (Takai et al. 2000) 

  P. pacificus 
Anaerobic, piezophilic, organoheterotrophic, 

facultatively sulfur and sulfate-reducing 

Hydrothermal Sediments, 

PRT, Pacific Ocean 
80 (Zeng et al. 2013) 

Archaeoglobi 
Archaeoglobu

s 
A. profundus Anaerobic, mixotrophic, Sulfate-reducing Guaymas basin, Pacific Ocean 82 (Burggraf et al. 1990) 

  A. veneficus 

Anaerobic, grow lithoautotrophically with 

sulfite or thiosulfate as electron acceptor or 

organotrophic with sulfite. 

Snake Pit, Atlantic 

Ocean(MAR) 
75-80 (Huber et al. 1997) 

  A. infectus 
Anaerobic, mixotrophic, thiosulfate and 

sulfites-reducing 

Suiyo Seamount, Izu-Bonin 

Arc, Pacific Ocean 
70 (Mori et al. 2008) 

 Geoglobus G. ahangari 

Anaerobic, mixotrophic, lithoautotrophic or 

organoheterotrophic with ferric iron as 

electron acceptor 

Guaymas basin, Pacific Ocean 88 (Kashefi et al. 2002) 

  G. acetivorans 

Anaerobic, mixotrophic, lithoautotrophic or 

organoheterotrophic with ferric iron as an 

electron acceptor 

Ashadze, MAR, Atlantic 

Ocean 
81 

(Slobodkina et al. 

2009) 

unclassified 

Euryarchaeota 

Aciduliprofun

dum 
A. boonei 

Anaerobic, heterotrophs, thermoacidophilic, 

sulfur and ferric-reducing 

Mariner vent field basin of 

Lau, Pacific Ocean 
70 

(Reysenbach et al. 

2006) 
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The majority of deep-sea hydrothermal vent Archaea belong to two main phyla, the 

Euryarchaeota, and the Crenarchaeota. The euryarchaeal lineages most commonly isolated from 

deep-sea hydrothermal vent environments are methanogens (Methanococcales, Methanopyrales), 

Thermococcales, and Archaeoglobales (Takai and Nakamura 2011). The crenarchaeal lineages 

isolated from deep-sea hydrothermal vents mainly belong to the order Desulfurococcales. 

Methanogens are a diverse group of Archaea producing methane by reducing carbon dioxide, 

acetate or methylated compounds (methanol, methylsulfides, choline, glycine-betaine, etc.) under 

anoxic conditions. Methanogens isolated from deep-sea hydrothermal vents mostly belong to the 

orders Methanococcales and Methanopyrales. Methanococcales methanogens use carbon dioxide 

and dihydrogen or formate, to produce methane (Liu and Whitman 2008, Stewart et al. 2015). The 

order Methanopyrales is composed of only one species, Methanopyrus kandleri, reducing carbon 

dioxide with hydrogen as energy source (Kurr et al. 1991). 

Almost all the Thermococcales Archaea isolated from deep-sea hydrothermal vents are 

anaerobic, obligate heterotrophic, and hyperthermophilic, with an optimal temperature for growth 

around 80-95 °C (Rutherford 2014, Zhao et al. 2015). Thermococcus species are fermentative 

thermophilic archaea able to reduce sulfur species; Elemental sulfur stimulates significantly the 

growth of most of them, or is even required. Some Thermococcus species are also able to oxidize 

carbon monoxide (Table 1). They are common inhabitants of the hot areas of hydrothermal vents. 

They represent the most cultured representatives within the order Thermococcales (which 

encompass also the genera Pyrococcus and Palaeococcus). (Hensley et al. 2014, Zhao et al. 2015). 

Archaeoglobales archaea identified from deep-sea hydrothermal vents encompass three genera, 

Archaeoglobus, Geoglobus and Ferroglobus. They represent a key group in biogeochemical cycling 

of sulfur or iron. Archaeoglobus species are able to respire sulfite, thiosulfate, or sulfate under 

anaerobic conditions (Burggraf et al. 1990, Huber et al. 1997, Mori et al. 2008). Members of the 

genus Geoglobus are mixotrophs, which were observed either lithoautotrophic or 

organoheterotrophic with ferric iron as electron acceptor (Kashefi et al. 2002, Slobodkina et al. 

2009). Another Archaeoglobales archaea, Ferroglobus placidus, isolated from a shallow submarine 

hydrothermal vent can reduce ferric iron (Hafenbradl et al. 1996). 



 

15 

 

Desulfurococcales archaea isolated from deep-sea hydrothermal vents are hyperthermophilic, 

with optimal growth temperatures between 85 and 106 °C (Table 1). Most of them are anaerobes 

or facultative anaerobes, while Aeropyrum camini is an aerobic heterotroph, isolated from deep-sea 

hydrothermal vent chimney sample from the Suiyo Seamount in the Izu-Bonin Arc (Nakagawa et 

al. 2004). Under autotrophic conditions, they are able to fix carbon dioxide by reducing nitrate, 

nitrite, elemental sulfur, or thiosulfate with hydrogen as an energy source (Blochl et al. 1997, Huber 

et al. 2000, Anderson et al. 2009). They can also grow organotrophically by anaerobic sulfur 

respiration or aerobic respiration, or also by fermentation of organic substrates (Pley et al. 1991, 

Nakagawa et al. 2004). 

Archaea inhabiting hydrothermal vents include numerous physiotypes. Most of the isolated 

Archaea from deep-sea vents are thermophilic or even hyperthermophilic, including 

Archaeoglobales, Desulfurococcales, Methanococcales, Methanopyrales and Thermococcales 

(Jebbar et al. 2015). The upper temperature limit for growth, 122 °C, has been reported in 

Methanopyrus kandleri strain 116 (Takai et al. 2008). There are also numerous psychrophilic and 

mesophilic archaea found in deep-sea hydrothermal vents systems (Nelson et al. 1995, Takai and 

Nakamura 2011). Archaea from deep-sea vents display a wide range of physiologies ranging from 

piezophilic to piezotolerant, anaerobic to aerobic, acidophilic to alkaliphilic, and halophilic to 

extremely halophilic (Pettit 2011, Takai and Nakamura 2011). 

1.3.2 Bacteria 

Bacteria from deep-sea hydrothermal vents spans most of the currently defined lineages, 

including Aquificae, Thermotogae, Thermodesulfatebacteria, Acidobacteria, Deinococcus-

Thermus, Deferribacteres, Firmicutes, Actinobacteria, Bacteroidetes, Spirochaetes, 

Proteobacteria, and unclassified Bacteria (Table 2) (Thornburg et al. 2010). Proteobacteria form 

the largest bacterial phylum isolated from the deep-sea vent environments, followed by Firmicutes, 

Aquificae, and Thermotogae. 
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Table 2 | Bacteria isolated from deep-sea hydrothermal vents. 

Modified from the PhD theses of Alain (2003), Byrne (2008), and Callac (2013). 

Class Genera Species Metabolism Origin 
T 

(°C) 
Reference 

Aquificae Persephonella P. marina 

Microaerophilic, autotrophic. Sulfur, 

thiosulfate and hydrogen-oxidizing, 

denitrifying 

EPR 9° N, Pacific Ocean 70 (Gotz et al. 2002) 

  P. guaymasensis 

Microaerophilic, autotrophic, Sulfur, 

thiosulfate and hydrogen-oxidizing, 

denitrifying 

Guaymas basin, Pacific 

Ocean 
70 (Gotz et al. 2002) 

  P. hydrogeniphila 
Microaerophilic, autotrophic, hydrogen-

oxidizing, denitrifying 

Suiyo Seamount, Izu-

Bonin Arc, Pacific Ocean 
70 

(Nakagawa et al. 

2003) 

 Phorcysia 

P. 

thermohydrogenip

hila 

Anaerobic, lithoautotrophic, denitrifying and 

sulfur-reducing 
EPR 13° N, Pacific Ocean 75 

(Perez-Rodriguez 

et al. 2012) 

 
Thermosulfidiba

cter 
T. takaii 

Anaerobic, lithoautotrophic sulfur-reducing 

and hydrogen-oxidizing 

Yonaguni Knoll IV, 

Southern Okinawa Trough, 

Pacific Ocean 

70 
(Nunoura et al. 

2008) 

 Hydrogenivirga H. okinawensis 

Facultative aerobic, (denitrifying) 

lithoautotrophic sulfur and thiosulfate-

oxidizing 

Yonaguni Knoll IV, 

Southern Okinawa Trough, 

Pacific Ocean 

70-75 
(Nunoura et al. 

2008) 

 
Desulfurobacter

ium 

D. 

thermolithotrophu

m 

Anaerobic, autotrophic, Sulfur-reducing 
Snake Pit, MAR, Atlantic 

Ocean 
70 

(L'Haridon et al. 

1998) 
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  D. crinifex 
Anaerobic, autotrophic, Sulfur-reducing and 

denitrifying 

CASM, Juan de Fuca, 

Pacific Ocean 
60-65 (Alain et al. 2003)  

  D. atlanticum 
Anaerobic, chemolithoautotrophic, Sulfur 

and nitrate-reducing 

23° N MAR, Atlantic 

Ocean 
70-75 

(L'Haridon et al. 

2006) 

  D. pacificum 
Anaerobic, chemolithoautotrophic, Sulfur, 

thiosulfate and nitrate-reducing 
EPR 13° N, Pacific Ocean 75 

(L'Haridon et al. 

2006) 

 Balnearium B. lithotrophicum 
Anaerobic, autotrophic, hydrogen-oxidizing, 

Sulfur-reducing 

Suiyo Seamont, Izu-Bonin 

Arc, Pacific Ocean 
70-75 (Takai et al. 2003) 

 Thermovibrio T. ammonificans 
Anaerobic, autotrophic, nitrate and Sulfur-

reducing 
EPR 9° N, Pacific Ocean 75 

(Vetriani et al. 

2004) 

  T. guaymasensis 
Anaerobic, lithoautotrophic, nitrate and 

sulfur-reducing 

Guaymas basin, Pacific 

Ocean 
75-80 

(L'Haridon et al. 

2006) 

Thermotogae Marinitoga M. camini 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Menez Gwen, MAR, 

Atlantic Ocean 
55 (Wery et al. 2001) 

  M. piezophila 
Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Grandbonum, EPR 13° N, 

Pacific Ocean 
65 (Alain et al. 2002) 

  M. okinawensis 
Anaerobic, heterotrophic, sulfur reduction 

stimulates growth 

Southern Okinawa Trough, 

Pacific Ocean 
55-60 

(Nunoura et al. 

2007) 

  
M. 

hydrogenitolerans 

Anaerobic, heterotrophic, fermentation, 

sulfur-reducing 

Rainbow, MAR, Atlantic 

Ocean 
60 (Postec et al. 2005) 

 Mesoaciditoga M. lauensis 
Anaerobic, chemo-organotrophic. Reduce 

sulfur to hydrogen sulfide 

Eastern Lau Spreading 

Center, South-Western 

Pacific 

57-60 
(Reysenbach et al. 

2013) 

 Kosmotoga K. pacifica 

Strictly anaerobic, obligate 

chemoorganoheterotrophic. Reduce sulfur 

and L-cystine to hydrogen sulfide. 

East Pacific Ocean Rise 

(102°55’W, 3°58’S) 
70 

(L'Haridon et al. 

2014) 
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 Thermotoga T. sp. heterotrophic, fermentation, Sulfur-reducing 
Snake Pit, MAR, Atlantic 

Ocean 
80 

(Marteinsson et al. 

1997) 

 Thermosipho T. melanesiensis 
Anaerobic, heterotrophic, fermentation, 

Sulfur-reducing 
Lau basin, Pacific Ocean 70 

(Antoine et al. 

1997) 

  T. japonicus 
Anaerobic, heterotrophic, fermentation, 

Sulfur- and thiosulfate-reducing 

Iheya basin (Okinawa), 

Pacific Ocean 
72 

(Takai and 

Horikoshi 2000) 

  T. atlanticus Anaerobic, heterotrophic, fermentation 
Menez Gwen, MAR, 

Atlantic Ocean 
65 (Urios et al. 2004) 

  T. affectus Anaerobic, heterotrophic, fermentation MAR, Atlantic Ocean 70 
(Podosokorskaya et 

al. 2011) 

  T. globiformans 

Anaerobic, Obligate chemoorganotrophic. 

Sulfur-reducing. Reduction of Fe2O3 to 

Fe(II) 

Suiyo Seamount, Izu-

Bonin Arc, western Pacific 

Ocean 

68 
(Kuwabara et al. 

2011) 

  T. activus 
Thermophilic. Obligate organotrophic. 

Anaerobic. Sulfur and ferric-reducing 

Guaymas Basin, Gulf of 

California, Pacific 
65 

(Podosokorskaya et 

al. 2014) 

Thermodesulf

obacteria 

Thermodesulfob

acterium 

T. 

hydrogeniphilum 
Anaerobic, autotrophic, sulfate-reducing 

Guaymas basin, Pacific 

Ocean 
75 

(Jeanthon et al. 

2002) 

 
Thermodesulfat

ator 
T. indicus Anaerobic, sulfate-reducing, autotrophic Central Indian Ridge 70 

(Moussard et al. 

2004) 

  T. atlanticus Anaerobic, lithoautotrophic, sulfate-reducing 
Rainbow, MAR, Atlantic 

Ocean 
65-70 (Alain et al. 2010) 

 
Thermosulfurim

onas 
T. dismutans 

Anaerobic, lithoautotrophic, 

Disproportionation of S° to thiosulfate and 

sulfite 

Eastern Lau Spreading 

Center (Lau basin) Pacific 
74 

(Slobodkin et al. 

2012) 
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unclassified 

Bacteria 
Caldithrix C. abyssi 

Anaerobic, mixotrophic, fermentation, 

denitrification coupled with oxidation of 

hydrogen or acetate 

Logatchev, MAR, Atlantic 

Ocean 
60 

(Miroshnichenko et 

al. 2003) 

unclassified 

Acidobacteria 

Thermotomacul

um 
T. hydrothermale 

Anaerobic, heterotrophic, fermentation, 

Sulfur-reducing 

Okinawa Trough, Pacific 

Ocean 
55 (Izumi et al. 2012) 

Deinococci Thermus 
T. thermophiles 

GY1211 
Aerobic, heterotrophic 

Guaymas basin, Pacific 

Ocean 
75 

(Marteinsson et al. 

1999) 

  T. sp. Aerobic, heterotrophic 

Guaymas basin, Pacific 

Ocean and Snake Pit, 

MAR, Atlantic Ocean 

70-80 
(Marteinsson et al. 

1995) 

 Marinithermus 
M. 

hydrothermalis 
Aerobic, heterotrophic 

Suiyo Seamount, Pacific 

Ocean 
67 (Sako et al. 2003) 

 Oceanithermus O. profundus 
Microaerophilic, heterotrophic, facultative 

chemolithotrophic, hydrogen-oxidizing 
EPR 13° N, Pacific Ocean 60 

(Miroshnichenko et 

al. 2003) 

  O. desulfurans 
Microaerophilic, chemoheterotrophic, 

reduced O2, NO2
-, NO3

- and S0 

Suiyo Seamount, Pacific 

Ocean 
60 (Mori et al. 2004) 

 Vulcanithermus V. mediatlanticus 
Microaerophilic, lithoheterotrophic, O2 and 

nitrate-reducing 

Rainbow, MAR, Atlantic 

Ocean 
70 

(Miroshnichenko et 

al. 2003) 

 Rhabdothermus R. arcticus Heterotrophic, aerobic 
Soria Moria vent, 71°N 

Arctic Mid-Ridge 
65 

(Steinsbu et al. 

2011) 

Deferribactere

s 
Deferribacter D. desulfuricans 

Anaerobic, heterotrophic, Sulfur, nitrate, and 

arsenate-reducing 

Suiyo Seamount, Pacific 

Ocean 
60-65 (Takai et al. 2003) 

  D. abyssi 
Anaerobic, litho or organoautotrophic, 

reduce S°, NO3
-, and Fe (III) 

Rainbow and Menez 

Gwen, MAR, Atlantic 

Ocean 

60 
(Miroshnichenko et 

al. 2003) 



 

20 

 

  D. autotrophicus 
Anaerobic, autotrophic litho, Fe (III), Mn 

(IV), S° and nitrate-reducing 

Ashadze, MAR, Atlantic 

Ocean 
60 

(Slobodkina et al. 

2009) 

Clostridia Abyssivirga A. alkaniphila 

Strictly anaerobic, syntrophic alkane-

degrading. Proteinous substrates, sugars, 

organic acids and hydrocarbons were 

utilized. Thiosulfate was used as external 

electron acceptor with crude oil. 

a black smoker chimney at 

the Loki ś Castle Vent 

Field on the Arctic Mid-

Ocean Ridge 

37  

 Anoxybacter A. fermentans 

Piezophilic, thermophilic, anaerobic, 

heterotrophic, and fermentative. Sulfur and 

Fe(III)-reducing. 

East Pacific Rise (102.66° 

W 3.16° S) 
60-62 (Zeng et al. 2015) 

 Bacillus B. sp. Aerobic, heterotrophic 

Basins of Guaymas and 

Lau, Pacific Ocean and 

Snake Pit, MAR, Atlantic 

Ocean 

60-80 
(Marteinsson et al. 

1996) 

 
Caloranaerobac

ter 
C. azorensis 

Anaerobic, chemoorganotrophic, 

fermentation 

Lucky Strike, MAR, 

Atlantic Ocean 
65 (Wery et al. 2001) 

  C. ferrireducens 

Strictly anaerobic and obligate 

chemoorganoheterotrophic. Thermophilic, 

iron-reducing, fermentative hydrogen-

producing. 

East Pacific Ocean 

(W102.55°/S3.59°) 
60 

(Jiang et al. 2015, 

Zeng et al. 2015) 

  C. sp. H363 
Strictly anaerobic, thermophilic, 

fermentative hydrogen-producing 

East Pacific Ocean 

(W102.65°/S2.15°) 
60 (Jiang et al. 2015) 

  C. sp. H53214 
Strictly anaerobic, thermophilic, 

fermentative hydrogen-producing 

Southwest 

Indian Ridge 

(E50.47°/S37.66°) 

60 (Jiang et al. 2015) 
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 Caminicella C. sporogenes Anaerobic, fermentation 
ELSA, EPR 13° N, Pacific 

Ocean 
55-60 (Alain et al. 2002) 

 Clostridium 
C. 

caminithermale 

Anaerobic, fermentation, Stickland 

fermentation 

Menez Gwen, MAR, 

Atlantic Ocean 
45 

(Brisbarre et al. 

2003) 

  C. tepidiprofundi Anaerobic, fermentation, form of spores PRT 1° N, Pacific Ocean 50 
(Slobodkina et al. 

2008) 

 
Carboxydobrac

hium 
C. pacificum Anaerobic, fermentation. lithotrophic on CO Okinawa, Pacific Ocean 70 

(Sokolova et al. 

2001) 

 Crassaminicella C. profunda 

Anaerobic, forming terminal endospores. 

Obligate heterotrophic, fermentation. Yeast 

extract is required for growth. 

Guaymas basin (Gulf of 

California, Mexico) 
30 (Lakhal et al. 2015) 

 
Exiguobacteriu

m 
E. profundum 

Facultative anaerobic, moderate halophilic, 

lactic acid-producing, , nitrate-reducing 
EPR 13° N, Pacific Ocean 45 

(Crapart et al. 

2007) 

 Tepidibacter T. thalassicus Anaerobic, fermentation, sulfur-reducing EPR 13° N, Pacific Ocean 50 
(Slobodkin et al. 

2003) 

  T. formicigenes Anaerobic, fermentation 
Menez Gwen, MAR, 

Atlantic Ocean 
45 (Urios et al. 2004) 

 Vallitalea V. guaymasensis Anaerobic, fermentation, non-spore-forming 

Overlying Sediments, 

basin of Guaymas, Pacific 

Ocean 

30-35 (Lakhal et al. 2013) 

 Vulcanibacillus V. modesticaldus 

Anaerobic, fermentation (carbohydrate, 

protein and organic substrates), reduced 

nitrate to nitrite. 

Rainbow, MAR, Atlantic 

Ocean 
55 

(L'Haridon et al. 

2006) 

Actinobacteria Janibacter J. indicus Aerobic, nitrate reduction Indian Ocean 28-30 (Zhang et al. 2014) 
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 Nocardioides 
N. sp. ERP26w, 

28w 
Aerobic growth on n-alkane (Dodecane) 

Diffuse flow vent, Mk119, 

EPR, Pacific Ocean (9° N, 

104° W) 

28-30 
(Bertrand et al. 

2013) 

 Kribbella K. sp. EPR178 
Aerobic, mesophilic. Growth in anaerobic 

ASW with NO3-, Nitrate-reducing 

Alvinella worm, East 

Pacific Ocean Rise 
30 

(Perez-Rodriguez 

et al. 2013) 

 Rhodococcus R. sp. EPR110 Aerobic, mesophilic. 

Microbial biofilm, Bio9 

Vent, East Pacific Ocean 

Rise 

30 
(Perez-Rodriguez 

et al. 2013) 

- Rhodothermus R. profundi Aerobic, heterotrophic, non-spore-forming EPR 13° N, Pacific Ocean 70-75 
(Marteinsson et al. 

2010) 

Spirochaetia Exilispira E. thermophila 
Anaerobic, heterotrophic (only from yeast 

extract) 

Iheya North field, 

Okinawa Trough, Japan, 

Pacific Ocean 

50 (Imachi et al. 2008) 

Alphaproteob

acteria 
Aurantimonas A. sp. AE01-7 MN (II)-oxidizing 

P-vent, EPR 9° N, Pacific 

Ocean 
37 

(Anderson et al. 

2009) 

 Brevirhabdus B. pacifica Aerobic, heterotrophic, nitrate-reducing 
East Pacific Rise 

(102º33'W, 3°06'S) 
30-35 (Wu et al. 2015) 

 Citromicrobium 
C. 

bathyomarinum 

Aerobic, chemoorganotrophic and 

facultative photoheterotrophic 

Juan de Fuca Ridge, 

Pacific Ocean 
20-42 

(Yurkov and Beatty 

1998, Yurkov et al. 

1999) 

 Defluviimonas D. indica 
Aerobic, non-phototrophic, 

chemoheterotrophic 

Southwest Indian Ridge (E 

50.64°, S 37.78°) 
25-28 (Jiang et al. 2014) 

 Fulvimarina 
F. 

manganoxydans 
Aerobic, Mn(II)-oxidizing, nitrate-reducing Southwest Indian Ocean  28 (Ren et al. 2014) 

 Glycocaulis G. abyssi 
Aerobic, chemoheterotrophic, moderate 

halophilic 

Pen hydrothermal (Pacific 

Ocean), Vancouver Island 
 

(Abraham et al. 

2013) 
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Methyloceaniba

cter 
M. caenitepidi 

Aerobic, methanol-oxidizing, facultative 

methylotrophic. Nitrogen source: nitrate and 

ammonia. 

Kagoshima Bay, Japan. 

Pacific Ocean 
35 

(Takeuchi et al. 

2014) 

 Salipiger S. sp. EPR135 Aerobic, mesophilic. 
Colonization device, East 

Pacific Ocean Rise 
30 

(Perez-Rodriguez 

et al. 2013) 

 Thioclava T. sp. EPR65 Aerobic, mesophilic. 
Tica Vent, East Pacific 

Ocean Rise 
28 

(Perez-Rodriguez 

et al. 2013) 

  T. sp. EPR74 Aerobic, mesophilic. 
East Wall, East Pacific 

Ocean Rise 
28 

(Perez-Rodriguez 

et al. 2013) 

 Oceanibaculum O. pacificum Aerobic. 

Hydrothermal Sediments 

of the Lau basin, Pacific 

Ocean 

28-37 (Dong et al. 2010) 

 Parvibaculum 

P. 

hydrocarboniclast

icum 

Aerobic, carbon and energy source: n-

alkanes in a medium supplemented with 

peptone and yeast extract 

Diffuse flow vent EPR, 

Tica, Pacific Ocean (9° N, 

104° W) 

35 
(Rosario-Passapera 

et al. 2012)  

 Piezobacter P. thermophilus 
Facultative aerobic, mixotrophic, sulfur and 

hydrogen-oxidizing 

TAG, MAR, Atlantic 

Ocean(isolated under 

hydrostatic pressure) 

50 (Takai et al. 2009) 

Betaproteobac

teria 
Thiobacillus T. hydrothermalis 

Aerobic, autotrophic. Oxidize thiosulfate, 

tetrathionate, sulfur and hydrogen sulfide 

North Fiji, Pacific Ocean 

basin 
35 

(Durand et al. 

1993)  

Deltaproteoba

cteria 

Geothermobacte

r 
G. ehrlichii Anaerobic, ferric iron and nitrate-reducing 

“Bag city”, Juan de Fuca, 

Pacific Ocean 
55 

(Kashefi et al. 

2003) 

 Desulfovibrio D. hydrothermalis 
Anaerobic, mixotrophic, sulfate, sulfite, and 

thiosulfate-reducing 

Grandbonum, EPR 13° N, 

Pacific Ocean 
35 

(Alazard et al. 

2003) 

 Desulfonauticus D. submarinus 
Anaerobic. Electron donor: H2, CO2 or 

formate; Electron acceptor: sulfate, sulfite, 

Alvinella and Riftia, EPR 

13° N, Pacific Ocean 
45 

(Audiffrin et al. 

2003) 
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thiosulfate and sulfur; Carbon source: 

acetate. 

 Desulfothermus D. naphthae 
Anaerobic, sulfate reduction coupled with 

oxidation of hydrocarbons (n-alkanes) 

Guaymas basin, Pacific 

Ocean 
55-65 (Rueter et al. 1994) 

  D. okinawensis obligate heterotrophic and reduced sulfate 

Yonaguni Knoll IV in the 

Southern Okinawa Trough, 

Pacific Ocean 

50 
(Nunoura et al. 

2007) 

 Dissulfuribacter D. thermophilus 

Anaerobic, autotrophic (sources of carbon: 

CO2 and bicarbonate), disproportionation of 

S°, thiosulfate and sulfite to produce sulfate 

and H2S 

Won Fa, Eastern Lau 

Spreading Center (Lau 

basin) Pacific Ocean 

61 
(Slobodkin et al. 

2013) 

 Deferrisoma D. camini 
Anaerobic, organotrophic, ferric-reducing 

and sulfur-reducing 

Eastern Lau Spreading 

Center (Lau basin), Pacific 

Ocean 

50 
(Slobodkina et al. 

2012) 

 Hippea H. jasoniae 
Anaerobic, thermoacidophilic, heterotrophic, 

sulfur-reducing 

Lucky Strike, MAR, 

Atlantic Ocean 
60-65 (Flores et al. 2012) 

  H. alviniae 
Anaerobic, thermoacidophilic, heterotrophic, 

sulfur-reducing 
EPR 9° N, Pacific Ocean 60 (Flores et al. 2012) 

Gammaproteo

bacteria 
Acinetobacter 

A. sp. EPR111, 

EPR17 
Aerobic, mesophilic 

Mk 119 Vent, East Pacific 

Ocean Rise 
28 

(Perez-Rodriguez 

et al. 2013) 

 Alcanivorax A. sp. EPR7 

Grow aerobically on n-alkanes (Octane, 

dodecane, hexadecane). Nitrate-reducing. 

Ferment glucose 

Mk119, East Pacific Ocean 

Rise (EPR), 9° N, 104° W 
37 

(Perez-Rodriguez 

et al. 2013) 

  A. sp. EPR8, Nitrate-reducing. Ferment glucose 
Mk 119 Vent, East Pacific 

Ocean Rise 
37-45 

(Perez-Rodriguez 

et al. 2013) 
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  A. sp. EPR12 Nitrate-reducing. Ferment glucose Mid-Atlantic Ocean Ridge 28 
(Perez-Rodriguez 

et al. 2013) 

  A. sp. MAR14 Grow aerobically on n-alkane (Dodecane) 
Mid-Atlantic Ocean Ridge, 

37° N, 32° W 
28-30 

(Bertrand et al. 

2013) 

 Alteromonas 
A. macleodii 

subsp. fijiensis 
Aerobic, heterotrophic 

North Fiji, Pacific Ocean 

basin 
25-35 

(Raguenes et al. 

1996) 

  A. infernus Aerobic, heterotrophic 
Guaymas basin, Pacific 

Ocean 
25-35 

(Raguenes et al. 

1997)  

  
A. macleodii 

subsp. fijiensis 
Aerobic, heterotrophic 

Snake Pit, MAR, Atlantic 

Ocean 
35-40 

(Raguenes et al. 

2003)  

 Amphritea A. atlantica Aerobic, heterotrophic 
Logatchev, MAR, Atlantic 

Ocean 
31-34 

(Gartner et al. 

2008) 

 Halomonas H. axialensis Aerobic, heterotrophic 
Juan de Fuca, Pacific 

Ocean 
30 (Kaye et al. 2004) 

  H. hydrothermalis Aerobic, heterotrophic South Pacific Ocean 30 (Kaye et al. 2004) 

  H. neptunia Aerobic, heterotrophic 
Juan de Fuca, Pacific 

Ocean 
30 (Kaye et al. 2004)  

  H. profundus Aerobic, heterotrophic 
Rainbow, MAR, (Mid-

Atlantic Ridge) 
32-37 

(Simon-Colin et al. 

2008) 

  H. sulfidaeris Aerobic, heterotrophic 
Juan de Fuca, Pacific 

Ocean 
20-35 (Kaye et al. 2004)  

  H. sp. EPR84 Aerobic, mesophilic. 
Mk 119 Plume, East 

Pacific Ocean Rise 
30 

(Perez-Rodriguez 

et al. 2013) 

 Idiomarina I. loihiensis 
Aerobic, heterotrophic, and facultative 

psychrophilic. 

Lōʻihi Seamount, Hawai’i, 

Pacific Ocean 
30 

(Donachie et al. 

2003) 
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 Klebsiella K. sp. 

Aerobic, mesophilic. Growth in anaerobic 

ASW with NO3-, and reduce nitrate to 

nitrite; ferment glucose 

Crab Spa vent, East Pacific 

Ocean Rise 
30 

(Perez-Rodriguez 

et al. 2013) 

 Marinobacter M. sp. EPR21 Grow aerobically on n-alkane (Dodecane) 
Diffuse flow vent, Mk119, 

EPR, Pacific Ocean 
37 

(Bertrand et al. 

2013) 

  M. sp. 
Aerobic, mesophilic. Growth in anaerobic, 

ASW with NO3-. Nitrate-reducing. 

Mk 119 Plume, East 

Pacific Ocean Rise. 
28-45 

(Perez-Rodriguez 

et al. 2013) 

  M. sp. EPR35 
Growth in anaerobic ASW with NO3-. 

Ferment glucose 

Mk 119 Plume, East 

Pacific Ocean Rise 
28 

(Perez-Rodriguez 

et al. 2013) 

 Pseudomonas P. sp. 
Aerobic, mesophilic. Growth in anaerobic 

ASW with NO3-, nitrate-reducing. 

Mk 119 Plume, East 

Pacific Ocean Rise 
28-30 

(Perez-Rodriguez 

et al. 2013) 

 Psychrobium P. conchae Strictly aerobic, chemoorganotrophic 

Iheya North hydrothermal 

field, Okinawa Trough, 

Pacific Ocean 

9-12 (Nogi et al. 2014) 

 Salinisphaera S. hydrothermalis 
Aerobic, heterotrophic, facultative 

lithoautotrophic using thiosulfate, and CO2 
ERP 9° N, Pacific Ocean 30-35 

(Crespo-Medina et 

al. 2009)  

 Thiogranum T. longum 

Aerobic, Obligate chemolithoautotrophic, 

sulfur, thiosulfate, sulfite, sulfide and 

tetrathionate-oxidizing 

Suiyo Seamount, Izu-

Bornin Arc, western 

Pacific Ocean 

32 (Mori et al. 2015) 

 Thiolapillus T. brandeum 

Facultative anaerobic. Sulfur-oxidizing, 

facultative chemolithoautotrophic. Electron 

donors: sulfur, thiosulfate and tetrathionate. 

Electron acceptors: oxygen and nitrate. 

Minami-Ensei Knoll 

hydrothermal field, 

Okinawa Trough, Pacific 

Ocean 

40 
(Nunoura et al. 

2014) 

 Thiomicrospira T. crunogena 

Aerobic, autotrophic, oxidizing thiosulfate, 

sulfur and hydrogen sulfide to sulfate and 

elemental sulfur 

EPR 21° N, Pacific Ocean 28-32 
(JANNASCH et al. 

1985) 
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  T. thermophila 
Microaerophilic, chemolitho-mixotrophic, 

sulfur-oxdizing 

Mariana Arc, West Pacific 

Ocean 
35-40 (Takai et al. 2004) 

  T. sp. MA-3 

Aerobic, autotrophic, oxidize thiosulfate, 

sulfur and hydrogen sulfide to sulfate and 

elemental sulfur  

TAG, MAR, Atlantic 

Ocean 
28-32 

(Wirsen et al. 

1998) 

  T. sp. L-12 

Aerobic, autotrophic, oxidize thiosulfate, 

sulfur and hydrogen sulfide to sulfate and 

elemental sulfur 

Galapagos Islands, Pacific 

Ocean 
25 

(Ruby and 

Jannasch 1982) 

 Thioprofundum T. hispidum 

Facultative anaerobic, autotrophic. Electron 

donors: elemental sulfur, thiosulfate, or 

tetrathionate. Electron acceptors: oxygen or 

nitrate. 

Suiyo Seamount, Izu-

Bonin Arc, Pacific Ocean 
39 (Mori et al. 2011) 

  T. lithotrophica 

Facultative aerobic, lithoautotrophic. 

Electron donors: elemental sulfur, 

thiosulfate, or tetrathionate. Electron 

acceptors: oxygen or nitrate. 

TAG, MAR, Atlantic 

Ocean(isolated under 

hydrostatic pressure) 

50 (Takai et al. 2009) 

 Vibrio V. diabolicus Facultative anaerobic, heterotrophic EPR 13° N, Pacific Ocean 30-45 
(Raguenes et al. 

1997) 

Epsilonproteo

bacteria 
Caminibacter 

C. 

hydrogeniphilus 

Anaerobic, autotrophic, sulfur-reducing, 

denitrifying 

ELSA, EPR 13° N, Pacific 

Ocean 
60 (Alain et al. 2002) 

  C. profundus 
Microaerophilic, autotrophic. Anaerobic, 

sulfur-reducing, denitrifying 

Rainbow, MAR, Atlantic 

Ocean 
55 

(Miroshnichenko et 

al. 2004) 

  C. mediatlanticus 
Anaerobic, autotrophic, sulfur-reducing, 

denitrifying 

Rainbow, MAR, Atlantic 

Ocean 
55 

(Voordeckers et al. 

2005) 
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 Cetia C. pacifica 

Thermophilic, anaerobic, and 

chemolithoautotrophic. Sulfur and nitrate-

reducing. Hydrogen-oxidizing. 

East Pacific Rise at Bio 9” 

site (9° 49’ N, 104° 17’ 

W). 

55-60 
(Grosche et al. 

2015) 

 Nautilia N. lithotrophica Anaerobic, autotrophic, sulfur-reducing EPR 13° N, Pacific Ocean 53 
(Miroshnichenko et 

al. 2002) 

  N. abyssi 
Anaerobic, heterotrophic and 

lithoautotrophic, sulfur-reducing 

ELSA, EPR 13° N, Pacific 

Ocean 
60 (Alain et al. 2009) 

  N. profundicola 
Anaerobic mixotroph, sulfur-reducing using 

hydrogen and formate as electron donor. 
EPR 13° N, Pacific Ocean 40 (Smith et al. 2008) 

  N. nitratireducens 
Anaerobic mixotroph using NO3

-, S2O3
-, S° 

and selenate as electron acceptor 

L-vent, EPR 9° N, Pacific 

Ocean 
55 

(Perez-Rodriguez 

et al. 2010)  

 Sulfurospirillum S. sp. Am-N Anaerobic, heterotrophic EPR 13° N, Pacific Ocean 41 
(Campbell et al. 

2001) 

 Sulfurimonas S. autotrophica 
Aerobic, autotrophic, sulfur and thiosulfate 

oxidation 

Mid-Okinawa Trough 

Pacific Ocean 
25 

(Inagaki et al. 

2003) 

  S. paralvinellae 
Facultative anaerobic chemolithoautotroph 

using H2, S° or thiosulfate as energy source. 

Mid-Okinawa Trough, 

Pacific Ocean 
30 (Takai et al. 2006) 

 
Hydrogenimona

s 
H. thermophila 

Microaerophilic, anaerobic. Autotrophic, 

sulfur-reducing, denitrifying. 

Central Indian ridge, 

Indian Ocean  
55 (Takai et al. 2004) 

 Sulfurovum S. lithotrophicum 
Microaerophilic, anaerobic. Autotrophic, 

sulfur and thiosulfate-oxidizing 

Okinawa Trough, Japan, 

Pacific Ocean 
28-30 

(Inagaki et al. 

2004) 

  S. aggregans 

Mesophilic, chemolithoautotrophic, strictly 

anaerobic, hydrogen-oxidizing, sulfur, 

nitrate and thiosulfate-reducing. 

Central Indian Ridge 33 (Mino et al. 2014) 

 Thioreductor T. micantisoli 
Autotrophic, anaerobic. Sulfur-reducing, 

denitrifying 

Okinawa Trough, Japan, 

Pacific Ocean 
32 

(Nakagawa et al. 

2005) 
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 Lebetimonas L. acidiphila Autotrophic, anaerobic, sulfur-reducing  
Mariana Arc, Pacific 

Ocean 
50 (Takai et al. 2005) 

 Thiofractor T. thiocaminus 
Anaerobic, lithoautotrophic using hydrogen 

as energy source, S° as electron acceptor. 

Nikko Seamount, Mariana 

Arc, Pacific Ocean 
37 

(Makita et al. 

2012) 

Zetaproteobac

teria 

Mariprofundus M. ferrooxydans 
Aerobic. Obligate chemolithotrophic, 

requires Fe2+ as the energy source 

Lōʻihi Seamount in the 

Pacific Ocean 
30 

(Emerson et al. 

2007) 
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The cultivated Bacteria from deep-sea hydrothermal vent environments regroup a large fraction 

of Proteobacteria (Alphaproteobacteria, Gammaproteobacteria, Epsilonproteobacteria and 

Zetaproteobacteria) (Pettit 2011, Jebbar et al. 2015). Proteobacteria are Gram-negative bacteria, 

comprising half of all cultured bacteria, and represent a diverse range of microorganisms with 

numerous genome sizes and life histories (Thornburg et al. 2010).  

Epsilonproteobacteria are widely distributed in nature, and increasingly recognized as an 

ecologically significant bacterial group, particularly in deep-sea hydrothermal vents (Nakagawa et 

al. 2005). The majority of the Epsilonproteobacteria from deep-sea hydrothermal vents are 

anaerobic, and only a few of them are facultative anaerobic or microaerophilic, like Caminibacter 

profundus and Sulfurovum lithotrophicum isolated from the Atlantic and Pacific Oceans (Inagaki 

et al. 2004, Miroshnichenko et al. 2004). Most of them can grow autotrophically with hydrogen, 

sulfur, or thiosulfate as an energy source and sulfate, sulfur, thiosulfate, selenate or nitrate as a 

terminal electron acceptor, while some of them are mixotrophic, like Nautilia profundicola using 

formate as a source of carbon for heterotrophic and mixotrophic growth (Smith et al. 2008). Several 

publications suggested that Epsilonproteobacteria play a significant role in the nitrogen, sulfur, and 

hydrogen fluxes at deep-sea hydrothermal vents (Nakagawa et al. 2005, Campbell et al. 2006). 

The Gammaproteobacteria class is also ubiquitous in deep-sea vent environments. In contrast 

to the Epsilon-Proteobacteria, most of the Gammaproteobacteria are aerobic, and only a few are 

facultative anaerobic or microaerophilic like the facultative anaerobic bacterium Thiolapillus 

brandeum isolated from Minami-Ensei Knoll hydrothermal field, Okinawa Trough, Pacific Ocean 

(Nunoura et al. 2014). They can be heterotrophic, facultative chemolithoautotrophic, obligately 

chemolithoautotrophic or mixotrophic. For example, members of genus Halomonas are 

heterotrophic (Gaboyer et al. 2014). Thiogranum longum gps52T is an obligate 

chemolithoautotrophic, sulfur-oxidizing bacterium isolated from a rock sample collected near the 

hydrothermal vents of the Suiyo Seamount in the Pacific Ocean (Mori et al. 2015). Finally, 

Thiomicrospira thermophila is a chemolitho-mixotroph, capable of using not only elemental sulfur, 

thiosulfate, or sulfide as the only energy source, and oxygen as electron acceptor, but also various 

organic substrates (complex proteinaceous compounds, carbohydrates, organic acids, amino acids 

and sugars) as the carbon source with sulfur oxidation (Takai et al. 2004).  
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Alphaproteobacteria from deep-sea hydrothermal environments are aerobic or facultative 

aerobic, heterotrophic or mixotrophic. Piezobacter thermophiles 108T is a mixotroph, capable of 

both organotrophic growth with complex organics or organic acids using nitrate and O2 as the 

terminal electron acceptors and able also to grow chemolithoautotrophically with H2 or S as electron 

donors. The moderately thermophilic bacterium Methyloceanibacter caenitepidi Gela4T is a 

methanol oxidizer and facultative methylotroph utilizing methylamine, methanol, trimethylamine 

and a variety of multi-carbon compounds (Takeuchi et al. 2014). Some Alphaproteobacteria from 

deep-sea hydrothermal environments are Mn(II)-oxidizing bacteria, like Aurantimonas sp. AE01-7 

isolated from a hydrothermal vent tubeworm (Anderson et al. 2009) and Fulvimarina 

manganoxydans 8047T isolated from a deep sea hydrothermal vent plume in the Southwest Indian 

Ocean (Ren et al. 2014). Parvibaculum hydrocarboniclasticum EPR92T is a mesophilic, alkane-

oxidizing alpha-proteobacterium able to grow on n-alkanes as sole carbon and energy sources 

(Rosario-Passapera et al. 2012, Bertrand et al. 2013). 

A novel class of the Proteobacteria, the Zetaproteobacteria, was proposed by Emerson et al 

(2007). Mariprofundus ferrooxydans PV-1T, isolated from Loihi Seamount in the Pacific Ocean, is 

an obligate chemolithotroph which grows microaerobically with Fe2+ as the energy source and CO2 

as the only carbon source (Emerson et al. 2007). 

The majority of the Firmicutes isolated from deep-sea hydrothermal environments are anaerobic, 

heterotrophic and fermentative (Table 2). Several novel Firmicutes bacteria were described recently. 

Anoxybacter fermentans DY22613T, isolated from a deep-sea hydrothermal sulfide deposit at the 

East Pacific Rise, was found to be a novel piezophilic, thermophilic, anaerobic, fermentative 

bacterial strain, which was able to reduce Fe(III) compounds and elemental sulfur (Zeng et al. 2015). 

A thermophilic, anaerobic, hydrogen-producing bacterium, Caloranaerobacter ferrireducens 

DY22619T, isolated from a sulfide sample collected from an East Pacific Ocean hydrothermal field, 

is an obligate chemoorganoheterotroph which is facultatively dependent on various forms of Fe(III) 

as an electron acceptor (Jiang et al. 2015, Zeng et al. 2015). Crassaminicella profunda Ra1766HT, 

isolated from sediments of the Guaymas basin, is a novel, anaerobic, chemo-organotrophic 

bacterium fermenting carbohydrates (glucose and mannose) and organic acids (pyruvate and 

succinate). 
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Aquificae bacteria are anaerobic or microaerophilic, thermophilic autotrophs using sulfate, 

thiosulfate or sulfur as electron acceptor, which could play an important role in deep-sea 

hydrothermal ecosystems as primary producers of organic matter in anaerobic zones 

(Miroshnichenko and Bonch-Osmolovskaya 2006). Members of genera Persephonella, Phorcysia, 

Thermosulfidibacter and Thermovibrio are able to reduce sulfate or thiosulfate, but not sulfur. 

Representatives of the Desulfurobacterium and Balnearium genera reduce sulfur or thiosulfate, but 

not sulfate (Table 2). Hydrogenivirga okinawensis LS12-2T, isolated from a deep-sea hydrothermal 

field at the Southern Okinawa Trough, is an obligately chemolithoautotrophic bacterium using 

thiosulfate or elemental sulfur as an electron donor and oxygen or nitrate as an electron acceptor 

(Nunoura et al. 2008).  

In contrast to Aquificae, most of Thermotogae are hetetrophic fermentative bacteria, using 

sulfate, or elemental sulfur as an electron acceptor. Thermotogae bacteria are anaerobic, 

thermophilic heterotrophs, and several novel Thermotogae bacteria were isolated and characterized 

recently. A novel moderately thermophilic, heterotrophic sulfur-reducing bacterium, 

Mesoaciditoga lauensis cd-1655RT, was isolated from a deep-sea hydrothermal vent deposit from 

the Pacific Ocean (Reysenbach et al. 2013). Kosmotoga pacifica SLHLJ1T, isolated from a Pacific 

hydrothermal sediment, is a novel strictly anaerobic thermophilic heterotrophic bacterium 

(L'Haridon et al. 2014). Thermosipho globiformans MN14T isolated from Pacific Suiyo Seamount 

and T. activus Rift-s3T isolated from Guaymas Basin in Gulf of California are anaerobic, 

thermophilic, obligately chemoorganotrophic sulfur and ferro-reducing bacteria (Kuwabara et al. 

2011, Podosokorskaya et al. 2014). 

Strains belonging to Thermodesulfobacteria, Acidobacteria, Deinococcus-Thermus, 

Deferribacteres, Actinobacteria, Bacteroidetes, Spirochaetes, and unclassified Bacteria were also 

isolated from deep-sera hydrothermal vents, all of which are thermophiles with optimal temperature 

ranging from 50-80 °C. Thermodesulfobacteria are autotrophs, while Deinococcus-Thermus, 

Acidobacteria, Deferribacteres, Bacteroidetes, and Spirochaetes are heterotrophs (Table 2). 

As shown in table 2, most of the deep-sea vent chemolithoautotrophic bacteria can get energy 

from diverse sources: hydrogen, reduced metals, sulfur compounds, and NH4
+. They coupled the 

oxidation of these compounds to the reduction of electron acceptors like nitrate, sulfur compounds, 
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sulfate, Fe (III), and oxygen. The majority of the cultured Bacteria from deep-sea vents are 

thermophiles with optimal temperatures for growth of 50 °C or more (Table 2). There are also 

psychrophilic and mesophilic bacteria in deep-sera hydrothermal environments. For example, the 

bacteria Psychrobium conchae BJ-1T, Idiomarina loihiensis L2-TR and Mariprofundus 

ferrooxydans PV-1 are psychrophilic isolates from hydrothermal vents (Donachie et al. 2003, Hou 

et al. 2004, Siddiqui et al. 2013, Nogi et al. 2014). 

In summary, more than two hundred species of Bacteria and Archaea were isolated and cultured 

from deep-sea hydrothermal vent systems. Most of them were isolated from vents located in the 

Pacific (about 73 % of the isolates) and Atlantic (20 % of the isolates) Oceans, but only a few are 

originating from the Indian (5 % of the isolates) Ocean (Tables 1 and 2). Although our knowledge 

of the diversity and roles of hydrothermal vents isolates has remarkably expanded over the past 

decade, extensive investigations of microbiology and physiology in deep-sea hydrothermal vents 

remain imperative, especially in the Indian Ocean. 

First and next-generation sequencing surveys based on 16S rRNA genes and functional genes 

have revealed an unexpected diversity of uncultured bacterial and archaeal lineages at deep-sea 

hydrothermal vents (Sogin et al. 2006, Anderson et al. 2015), which remain for now without 

cultured representatives that could serve as a reference for metabolic inferences to design cultivation 

strategies. The wide physiological diversity discovered so far within the microorganisms isolated 

from hydrothermal samples may just be the tip of the iceberg. 

1.4 Sulfate and sulfur-reducing prokaryotes 

Sulfur is abundant on Earth, and is present as organic sulfur (like coenzymes and amino acids), 

inorganic sulfur (like sulfides, elemental sulfur, sulfites, thiosulfate, and sulfates), and a series of 

intermediaries of minor environmental relevance (Sanz 2015). The sulfur cycle is complex and 

transformations occur both chemically and biologically; Microorganisms play important roles in 

the chemical transformations of sulfur species, through their metabolism notably (Figure 3). Sulfate 

is thermodynamically stable and more abundant than other form of sulfur in our oxic biosphere. 

Thus, sulfate reduction represents the basis of the biological sulfur cycle (Muyzer and Stams 2008). 

Sulfur reduction is also important to cycle the sulfur transformation, as there are intermediate 
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oxidation states such as elemental sulfur or thiosulfate. A great diversity of sulfur and sulfate-

reducing prokaryotes, found in several phyla within the domains Archaea and Bacteria, has been 

isolated from aquatic habitats (Rabus et al. 2013). Sulfur disproportionation and sulfide oxidation 

are the others important reactions of the sulfur cycle but they will not be addressed in this 

manuscript. 

 

Figure 3 | The sulfur cycle. 

Sulfate and sulfur-reducing prokaryotes play a key role in the sulfur transformations (Muyzer and Stams 

2008). 

 

1.4.1 Sulfate-reducing prokaryotes 

Sulfate is the major bioavailable form of sulfur on Earth, and is particularly abundant in sea 

waters (Sanz 2015). Sulfate-reducing prokaryotes gain energy for growth by oxidation of organic 

compounds or hydrogen coupled with reduction of sulfate to sulfide. The detection of high 

concentrations of sulfide usually indicates the activity of sulfate-reducing microorganisms in 

natural environments (Muyzer and Stams 2008, Rabus et al. 2013). A great variety of sulfate-

reducing microorganisms has been isolated from aquatic environments.  
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Sulfate-reducing bacteria fall into three major groups: (i) Firmicutes, Gram-positive bacteria 

with the genera Desulfosporosinus and Desulfotomaculum, (ii) the large majority of the genera of 

Deltaproteobacteria and (iii) deep bacterial branches formed by Thermodesulfobacterium, 

Thermodesulfatator and Thermodesulfovibrio (Rabus et al. 2013). Sulfate-reducing bacteria 

isolated from deep-sea hydrothermal vent environments belonged to several genera including 

Thermodesulfobacterium, Thermodesulfatator, Desulfovibrio, Desulfonauticus, and 

Desulfothermus (Table 2). Most of these sulfate-reducers are anaerobic thermophiles using sulfite 

or thiosulfate as alternative electron acceptors. The sulfate-reducer Desulfonauticus submarinus 

6NT was reported to be able use elemental sulfur as electron acceptor for growth (Audiffrin et al. 

2003). However, the growth of many sulfate-reducers could be inhibited by sulfur, which is an 

oxidant shifting the potential of redox couples in the medium and cells to unfavorable positive 

values (Rabus et al. 2013). 

In contrast to sulfate-reducing bacteria, only few sulfate-reducing archaea have been isolated 

from the hydrothermal ecosystem. The archaeal sulfate-reducers Archaeoglobus profundus 

DSM5631T and Palaeococcus pacificus DY20341T were reported to be isolated from deep-sea 

hydrothermal vent environments. Archaeoglobus profundus DSM5631T was obligate mixotrophs, 

using sulfate, thiosulfate and sulfite as electron acceptors and strictly requiring H2 and an organic 

carbon source (like acetate) (Burggraf et al. 1990). Palaeococcus pacificus DY20341T was a 

hyperthermophilic, anaerobic, piezophilic chemoorganoheterotroph, facultatively using elemental 

sulfur or sulfate as electron acceptors (Zeng et al. 2013). 

1.4.2 Sulfur-reducing prokaryotes 

The oxidation processes of sulfide produce not only sulfate but also intermediate oxidation 

forms of sulfur such as thiosulfate or elemental sulfur. Elemental sulfur can serve as electron 

acceptor for anaerobic prokaryotes that cannot reduce sulfate. The first sulfur-reducer, 

Desulfuromonas acetoxidans, was identified as an obligately anaerobic mesophile using acetate as 

an electron donor (Pfennig and Biebl 1976). Since then, a great diversity of sulfur-reducers has been 

isolated reducing elemental sulfur but not sulfate. 
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Sulfur-reducing bacteria isolated from deep-sea hydrothermal vent environments mainly belong 

to several classes, including Aquificae, Thermotogae, Deferribacteres, Epsilonproteobacteria, and 

Gammaproteobacteria (Table 2). Most of these sulfur-reducers are thermophilic anaerobes, and a 

few of them are able to grow under microaerobic conditions. For example, Hydrogenimonas 

thermophila JCM 11971T, isolated form a black smoker in a Central Indian Ridge hydrothermal 

field, is a microaerobic-to-anaerobic chemolithoautotroph using molecular oxygen, nitrate or 

elemental sulfur as electron acceptor (Takai et al. 2004). Most sulfur-reducing bacteria can 

alternatively use nitrate, Fe (III), or thiosulfate as electron acceptor. 

Sulfur-reducing bacteria are mesophilic or thermophilic, while sulfur-reducing archaea isolated 

so far are all hyperthermophiles with optimal growth temperatures of 80-99 °C. Sulfur-reducing 

archaea isolated from deep-sea hydrothermal vent environments mainly belong to several classes, 

including Thermococci, Methanopyri, Thermoprotei, Aciduliprofundum, and unclassified 

Euryarchaeota (Table 1). Members of the genera Pyrococcus, Palaeococcus, Desulfurococcus, 

Staphylothermus, Pyrodictium, Aciduliprofundum and Thermococcus are anaerobic sulfur-reducing 

heterotrophs, while the sulfur-reducer Ignicoccus pacificus is an anaerobic chemolithoautotroph 

using molecular hydrogen as the electron donor. 

1.5 Cultivation efforts remain crucial 

Up to date, there are 159 (see the tables 1 and 2) novel genera/species that have been isolated 

from deep-sea hydrothermal vents, representing only a minor fraction of the microbial diversity of 

this ecosystem, like in most natural environments. The number of prokaryotes on earth is extremely 

high, exceeding 1030 cells, and the overwhelming majority of them remain uncultured. However, 

even the most metabolically active and the most numerous microbes from a well-known 

environment are often difficult to grow in the laboratory. Estimations indicate that more than 99% 

of all existing prokaryotes have resisted cultivation in the laboratory (Amann et al. 1995), limiting 

the investigation of their physiology and ecological role in Nature. This is notably due to the 

incredible array of physiological capabilities that microorganisms possess. Indeed, we still discover 

novel microbial yielding energy metabolisms and novel physiological capabilities every year. The 

low success in cultivation efficiency is also due to the fact that cultivation is time-consuming (Alain 
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and Querellou 2009). Today, cultures in Petri dishes onto solidified media and liquid cultures in 

tubes or Erlenmeyers are still applied in most microbiology laboratories, like in the early age of 

microbiology. The last two decades, the advent of high-throughput cultivation techniques, the 

development of miniaturized cultivation methods, the used of oligotrophic media and the creativity 

of microbiologists to design new media improved cultivation efficiency and allowed the cultivation 

of previously uncultured taxa (Connon and Giovannoni 2002, Konneke et al. 2005, Ingham et al. 

2007, Alain and Querellou 2009, Zengler 2009). In addition, next-generation sequencing provided 

unprecedented insights into the metabolisms of microorganisms by sequencing microbial 

metagenomes, metatranscriptomes and single cell genomes; information encoded in genomes and 

transcriptomes was used for directing the design of culturing conditions based on the in situ 

metabolism and allowed cultivating not-yet cultured microorganisms (Giovannoni and Stingl 2007, 

Bomar et al. 2011). In this era of omics, the cultivation of microorganisms remains crucial in several 

respects. It makes it possible to perform a direct and easy study of the microbial morphology, 

physiology, genetics and pathogenicity (Zengler 2009). From an ecological point of view, it is also 

very helpful to have isolates to integrate at the cell level ecological data got via top-down (meta-

omics, rate measurements, etc.) and bottom-up (single-cell techniques, metabolomics, 

transcriptomics, etc.) approaches. Finally, microbial isolates allow testing hypotheses that arise 

from (meta-)genomic data. 

First and next-generation sequencing surveys based on 16S rRNA genes and functional genes 

have revealed an unexpected diversity of uncultured bacterial and archaeal lineages at deep-sea 

hydrothermal vents (Flores and Reysenbach 2011, Takai and Nakamura 2011), which remain for 

now without cultured representatives that could serve as a reference for metabolic inferences to 

design cultivation strategies. Some of these lineages are distantly related to well-defined phyla and 

represent deeply branching lineages that emerge close to the first delineation between bacterial and 

archaeal branches. It is obvious that some of the hydrothermal prokaryotic lineages without cultured 

representatives (candidates divisions) encompass key ecological players of this ecosystem. The 

wide physiological diversity discovered so far within the microorganisms isolated from 

hydrothermal samples may just be the tip of the iceberg. For all these reasons, much effort should 

be made to grow presently uncultured microorganisms. 
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1.6 Genomic studies of deep-sea hydrothermal vents 

Traditional cultivation approaches and molecular approaches have significantly expanded our 

understanding of microbial diversity and ecology (DeLong 2005). Recent advances in genomic 

technologies similarly had great impact on microbiology, providing further insights into microbial 

evolution, adaptations, physiology and ecology (Schleper et al. 2005). Deep-sea hydrothermal 

environments are the most ancient continuously inhabited ecosystems on Earth. The geochemistry 

of deep-sea hydrothermal vents influenced the evolution of life. In turn, biological processes in 

deep-sea hydrothermal vents also influenced geochemistry. Genome sequences could be useful 

tools for analyzing the relationships between microbial genotypes, phenotypes and environments in 

deep-sea hydrothermal systems, as shown in figure 4 (Reysenbach and Shock 2002). 

 

Figure 4 | Biological process and geochemistry interaction in hydrothermal ecosystems. 

Genome sequences are useful tools for studying the relationship between microbial genotype, phenotype and 

environments (Reysenbach and Shock 2002). 

 



 

39 

 

The first genome sequence of a prokaryote from the deep-sea hydrothermal vent environment 

belonged to a methanogenic archaeon, Methanocaldococcus jannaschii, which was isolated from a 

“white smoker” chimney on the East Pacific Rise (Bult et al. 1996). Since then, many bacterial and 

archaeal genomes from deep-sea hydrothermal vents have been sequenced and annotated. 

For example, the genome sequence of the deep-sea Gamma-proteobacterium Idiomarina 

loihiensis revealed an integrated mechanism of metabolic adaptation to the constantly changing 

deep-sea hydrothermal ecosystem (Hou et al. 2004). The genome of the deep-sea vent 

chemolithoautotroph Thiomicrospira crunogena XCL-2 was shown to have characteristics 

consistent with an obligately chemolithoautotrophic lifestyle, including few transporters predicted 

to have organic allocrits, and Calvin-Benson-Bassham cycle coding sequences scattered throughout 

the genome (Scott et al. 2006). The genome of the Epsilon-proteobacterial chemolithoautotroph 

Sulfurimonas denitrificans was analyzed to get a better understanding of the ecology and roles of 

sulfur-oxidizing Epsilon-proteobacteria in biogeochemical cycles (Sievert et al. 2008). Several 

other Epsilon-proteobacteria genomes (Caminibacter mediatlanticus TB-2T, Sulfurovum sp. 

NBC37-1 and Nitratiruptor sp. SB155-2) were also sequenced and analyzed (Nakagawa et al. 2007, 

Giovannelli et al. 2011). 

The genome of the hyperthermophilic archaeon Pyrococcus abyssi was annotated to explore its 

phylogeny, molecular biology and physiology, which provided an almost complete map of the key 

metabolic pathways (Cohen et al. 2003). Several other Pyrococcus genomes (P. sp. NA2, P. 

yayanosii, P. sp. ST04, and P. horikoshii) have also been completed to study their distinct 

characteristics, piezoadaptation strategy and evolution scenarii of metabolic pathways 

(Kawarabayasi et al. 1998, Jun et al. 2011, Lee et al. 2011, Jung et al. 2012). Several archaea of 

the genus Thermococcus (T. kodakaraensis, T. onnurineus, T. gammatolerans, T. sp. strain 4557, T. 

sibiricus, and T. barophilus) have been sequenced to investigate the metabolism, adaptation, and 

ecology in deep-sea hydrothermal ecosystem (Fukui et al. 2005, Lee et al. 2008, Mardanov et al. 

2009, Zivanovic et al. 2009, Vannier et al. 2011, Wang et al. 2011). Genome contents and 

physiological studies revealed for example that some Thermococcus species, a taxon generally 

known for its capacity to grow by fermentation and to reduce sulfur species, are able to grow by 

carboxydotrophy (Sokolova et al. 2004). 
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Although many deep-sea vent prokaryotes genomes have been sequenced and analyzed, 

genomic approaches for studying natural microbiology become only now more widespread. Many 

more bacterial and archaeal genome sequencing projects are now underway (DeLong 2005). 

Furthermore, the presently available powerful “omic” (metagenomics, metatranscriptomics, etc.) 

and single-cell techniques are providing a new perspective on the naturally occurring microbial 

world (DeLong 2005, Sievert and Vetriani 2012). 
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2 Study scope and objectives 

Contextual information about the PhD thesis. Initially, I was supposed to perform this thesis in 

co-supervision and co-awarding of degree between the Laboratory of Microbiology of Extreme 

Environments, UMR 6197 UBO-CNRS-Ifremer, located in Brest (France), and the Harbin Institute 

of Technology, located in Harbin (China). For administrative reasons, the co-awarding of degree 

is not possible and I have to perform two PhD theses in parallel, one in two years in France, and 

one in four years in China. The initial objective of this thesis was to perform genetic manipulations 

with the strain Palaeococcus pacificus in order to design a genetic tool, and to isolate in parallel 

novel taxa involved in the sulfur cycles from Indian hydrothermal vents. Considering that the 

development of a novel genetic tool was the heart of the project and was time-consuming, we choose 

to use only traditional culturing strategies to isolate novel taxa. Unfortunately, we were not able to 

reach the initial objective and this thesis was redirected only on the cultural part. A summary of 

the efforts done to design the genetic tool is given at the end of the manuscript. 

Deep-sea hydrothermal vents are among the most biologically active regions, and support 

highly productive ecosystems fueled by chemosynthesis (Sievert and Vetriani 2012). Sulfate and 

sulfur-reducing prokaryotes, ubiquitous in anoxic habitats, play an important role in both the sulfur 

and carbon cycles (Muyzer and Stams 2008). Although our knowledge of the diversity and roles of 

hydrothermal vents isolates has remarkably expanded, extensive investigation of the microbiology 

and physiology remain imperative, especially in the Indian Ocean. 

In this thesis, microorganisms involved in the sulfur cycle were enriched and isolated from 

deep-sea hydrothermal vent samples of the Indian Ocean. Six anaerobic prokaryotes involved in the 

sulfur cycle were isolated by repeated dilutions-to-extinction series from these samples. We carried 

out taxonomic studies of three novel strains were carried out based on 16S rRNA gene phylogenetic 

analysis, phenotypic and chemotaxonomic characterizations. The genomes of these three novel 

strains were sequenced and annotated, with focus on the genes involved in the sulfur cycle, to gain 

insights into the molecular basis of the sulfur metabolism.  
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3 Materials and Methods 

3.1 Collection of bulk samples 

A deep-sea serpentinized peridotite sample was collected at a depth of 3173 m in a hydrothermal 

area of the Indian Ocean (27° 88’ S, 63° 53’ E; site 30I-TVG05) in December 2013, during the 

cruise DY30/I of Da Yang Yi Hao. 

A deep-sea sulfide sample (site JL-Dive94-S01) was collected at a depth of 2771.2 m from a 

hydrothermal vent (active vent, 360.9 °C) in the Indian Ocean (37° 78’S, 49° 65’E) in January 2015, 

during the DY35 cruise of Xiang Yang Hong Jiu Hao. Another deep-sea sulfide sample (site JL-

Dive90-S01) was collected at a depth of 2736.7 m from a deep-sea chimney wall (active vent, 

145 °C) in the Indian Ocean (37° 78’S, 49° 65’E) in January 2015, during the DY35 cruise of Xiang 

Yang Hong Jiu Hao. 

The samples were collected using a grabber and anaerobically preserved in sterilized seawater. 

Once in the lab, subsamples were used to isolate anaerobic microorganisms involved sulfur cycle. 

Environmental physical-chemical characteristics of the sampling sites were not monitored. 

3.2 Solutions and Media 

Trace element solution 

Add 1.5 g nitrilotriacetic acid to approximately 500 mL of water and adjust to pH 6.5 with KOH 

to dissolve. Add the following: 3.0 g MgSO4.7H2O, 0.5 g MnSO4.H2O, 1.0 g NaCl, 0.1 g 

FeSO4.7H2O, 0.1 g CoCl2.6H2O, 0.1 g CaCl2, 0.1 g ZnSO4.7H2O, 0.01 g CuSO4.5H2O, 0.01 g 

AlK(SO)4.12H2O, 0.01 g H3BO3, and 0.01 g Na2MoO4.2H2O. Bring volume to 1 L with distilled 

water. Sterilize by filtration (Alain et al. 2010). 

Vitamin solution 

Dissolve the following compounds in 1 L distilled water: 10 mg Pyridoxine hydrochloride, 5.0 

mg Thiamine-HCl, 5.0 mg Riboflavin, 5.0 mg Nicotinic acid, 5.0 mg Calcium D-(+)-pantothenate, 

5.0 mg p-Aminobenzoic acid, 5.0 mg Thioctic acid, 2.0 mg Biotin, 2.0 mg Folic Acid, and 0.1 mg 

Vitamin B12. Sterilize by filtration (Alain et al. 2010). 
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Selenite-tungstate solution 

Dissolve the following compounds in 1 L distilled water: NaOH 500.00 mg, 3.00 mg 

Na2SeO3.5H2O, and 4.00 mg Na2WO4.2H2O. Sterilize by filtration (Alain et al. 2010). 

TRM (Thermococcales Rich Medium)  

Composition: NaCl 23.00 g, MgCl2.6H2O 5,00 g, KCl 0.70 g, (NH4)2SO4 0.50 g, NaBr 0.05 g, 

SrCl2 0.01 g, PIPES 3.30 g, Yeast Extract 1.00 g, Tryptone 4.00 g, Sodium lactate 2.20 g, 4% 

resazurin 4 drops, Distilled water 1 L. 

The medium is adjusted to pH of 6.8 with HCl or NaOH and autoclaved at 121°C for 20 min. 

After autoclaving, these solutions are added to the mineral basis (for 1L): 5% K2HPO4 1 mL, 5% 

KH2PO4 1 mL, 2% CaCl2.2H2O 1 mL, 10 mM Na2WO4 1 mL (Zeng et al. 2009). 

KA22 medium 

Sea salts 30 g, Mg(NO3)2.6H2O 2.54 g, MES buffer 1.95 g, 4% Resazurin 2 drops, Distilled 

water 1 L. 

The medium is adjusted to pH of 6.0 with HCl or NaOH and autoclaved at 121°C for 20 min. 

After autoclaving, these solutions are added to the mineral basis (for 1L): 1 mL of trace element 

solution, 1 mL of vitamin solution, 8 mL of 5% KH2PO4 (Alain et al. 2003). 

SO4PNsalts medium: 

NH4Cl 0.33 g, KCl 0.5 g, CaCl2.2H2O 0.5 g, MgCl2.6H2O 3.0 g, NaCl 22 g, Na2SO4 3.0 g, 

PIPES buffer 5 g, 4% resazurin 2 drops, distilled water 1 L. 

The medium is adjusted to pH of 6.7 with HCl or NaOH and autoclaved at 121°C for 20 min. 

After autoclaving, these solutions are added to the mineral basis (for 1 L): 1 mL of trace element 

solution, 1 mL of vitamin solution, 1 mL of selenite-tungstate solution, 8 mL of 5% KH2PO4 (Alain 

et al. 2010). 

YTG medium 

Yeast extract 1 g, peptone 1 g, glucose 2.5 g, PIPES 6 g, sea salts 30g, 9% resazurin 2 drops, 

distilled water 1 L. 

The medium is adjusted to pH of 7.0 with HCl or NaOH and autoclaved at 121°C for 20 min. 

After sterilization, these solutions are added to the medium (for 1L): trace element solution 5 mL, 

vitamin solution 0.5 mL (Zeng et al. 2015). 
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The medium is degassed and aliquoted in vials (let 2/3 of gas phase), and reduced with 0.1 mL 

of Na2S solution at 10%(m/v) for 10 mL of medium before inoculation. For the growth of autotroph, 

an atmosphere of H2/CO2 (80/20, v/v, 200 kPa) is applied. 

3.3 Enrichment cultures and isolation of microorganisms 

For the enrichment cultures of sulfate-reducing autotrophs, a subsample was used to inoculate 

a SO4PNsalts medium (Alain et al. 2010), prepared with a gas phase of H2/CO2 (80/20, v/v, 200 

kPa) and incubate at different temperatures (30, 60, and 80 °C). 

For the enrichment of sulfur-reducing autotrophs, a subsample was used to inoculate a KA22 

medium (Alain et al. 2003), prepared with a gas phase of H2/CO2 (80/20, v/v, 200 kPa) and 

incubate at different temperatures (30, 60, and 80 °C). 

For the enrichment cultures targeting thermophilic sulfur-reducer heterotrophs, a subsample 

was used to inoculate a TRM medium supplemented with elemental sulfur (Zeng et al. 2009), and 

incubate at different temperatures (55 and 80 °C). 

For all the enrichment cultures, populations of various morphotypes were generally observed 

after 5 days of incubation and then subcultured under exactly the same conditions. They were then 

purified by at least 3 repeated dilutions-to-extinction series. The purity of the isolate was confirmed 

routinely by microscopic examination (including observations of cultures on rich media) and by 

repeated partial sequencing of the 16S rRNA gene using four different primers. Stock cultures were 

stored at ˗80°C with 5% (v/v) DMSO. 

From the 14 enrichment cultures that were performed, six enrichment cultures led to the 

isolation of six species referenced as J2 (site 30I-TVG05, 27° 88’ S, 63° 53’ E), S606 (site JL-

Dive90-S01, 37° 78’ S, 49° 65’ E), J856 (site JL-Dive90-S01, 37° 78’ S, 49° 65’ E), K6013 

(site JL-Dive94-S01, 37° 78’ S, 49° 65’ E), J5513 (site JL-Dive94-S01, 37° 78’ S, 49° 65’ 

E), and J8513 (site JL-Dive94-S01, 37° 78’ S, 49° 65’ E). 

3.4 DNA extraction 

Genomic DNA was extracted with the QIAGEN Genomic-tip 20/G (QIAGEN, Düsseldorf, 

Germany) kit following the manufacturer’s standard protocol.  
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3.5 Analysis of the 16S rDNA sequence 

The 16S rRNA gene of bacterium was amplified from purified genomic DNA by PCR using 

primers B8F (5'-AGA GTT TGA TCC TGG CTC AGA-3') and U1492R (5'-GGT TAC CTT GTT 

ACG ACT T-3') (Alain et al. 2002). The 16S rRNA gene of archaeon was amplified by PCR using 

primers A4F (5' TCC GGT TGA TCC TGC CGG-3') and U1492R (5'-GGT TAC CTT GTT ACG 

ACT T-3') (Gorlas et al. 2013). 

The initial denaturation step was 3 min at 94 °C; this was followed by 30 cycles of denaturation 

at 94 °C for 45 s, annealing at 50 °C for 45 s and extension at 72 °C for 1.5 min. A final primer 

extension step was carried out at 72 °C for 5 min. 

The 16S rRNA gene of bacterium was sequenced by Sanger method using the primers Bac8F 

(5’-AGA GTT TGA TCA TGG CTC AGA-3’), S8dir (5’-GTA GCG GTG AAA TGC GTA GA-

3’), U1492R (5’-GGT TAC CTT GTT ACG ACT T-3’) and W34 (5’-TTA CCG CGG CTG CTG 

GCA C-3’). The 16S rRNA gene of archaeon was sequenced by Sanger method using the primers 

A4F (5' TCC GGT TGA TCC TGC CGG-3') and U1492R (5'-GGT TAC CTT GTT ACG ACT T-

3'). Sequencing was performed by the society Beckman Coulter Genomics (Essex). Pairwise 16S 

rRNA sequence similarity was calculated using global alignment algorithm implemented at the 

EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/; (Kim et al. 2012). Phylogenetic analysis was 

performed using the software MEGA version 5.0 (Tamura et al. 2011). Distances were calculated 

using the Kimura two-parameters model and clustering  was performed with the neighbor-joining 

algorithm (Saitou and Nei 1987). The robustness of the inferred topologies was assessed by 

bootstrap analyses based on 1000 bootstrap resamplings. 

3.6 Phenotypic, physiological and chemotaxonomical characterization 

The morphological characteristics of the cells of the novel strains (morphology, arrangement, 

size, etc.) were determined by using light microscopy (Olympus BX60 and CX40) and scanning 

electron microscopy (FEI Quanta 200). 

Unless stated otherwise, physiological characterization of strain J2T (Desulfovibrio indicus sp. 

nov.) was carried out anaerobically in TRM medium reduced with sodium sulfide (Zeng et al. 2009), 

http://eztaxon-e.ezbiocloud.net/
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in duplicate, using sulfate as a terminal electron acceptor. This medium was selected because it 

allowed efficient growth of the strain, notably when this medium was supplemented with 20 mM 

lactate. Growth experiments were generally carried out as described elsewhere (Khelaifia et al. 

2011). Growth was routinely monitored by direct cell counting by using a modified Thoma chamber 

(depth 10 µM) and growth rates were calculated using linear regression analysis of logarithmically 

transformed growth curves. Salt tolerance was tested at 35 °C in TRM medium prepared with 

various concentrations of NaCl (0, 0.2, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0 and 8.0 %, w/v). 

The pH range for growth was tested from pH 4.0 to pH 9.0 (initial pH at 20 °C) with increments of 

0.5 units. Determination of the temperature range for growth was tested at 4, 9, 16, 20, 25, 30, 35, 

37, 40, 45 and 50 °C. Determination of the hydrostatic pressure range for growth was tested at 0.1, 

10, 20, 30 and 40 MPa. 

Unless stated otherwise, physiological characterization of strain K6013T (Desulfurobacterium 

indicum sp. nov.) was carried out anaerobically in SO4PNsalts medium (Alain et al. 2010) depleted 

of sulfate, in duplicate, using elemental sulfur as a terminal electron acceptor, and a gas phase of 

H2/CO2 (80/20, v/v, 200 kPa) as energy and carbon sources. Growth experiments were generally 

carried out as described elsewhere (Alain et al. 2003). Growth was routinely monitored by direct 

cell counting by using a modified Thoma chamber (depth 10 µm). Salt tolerance was tested at 65 °C 

with various concentrations of NaCl (0, 0.2, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, and 6.0 %, w/v). 

The pH range for growth was tested from pH 4.0 to pH 9.0 (initial pH at 20°C) with increments of 

1 units. Determination of the temperature range for growth was tested at 35, 40, 45, 50, 55, 60, 65, 

70, 75 and 80 °C. 

For the determination of the content in fatty acids, biomass was produced from 1 L of culture 

stopped at the end of the exponential growth phase. Fatty acids in whole cells were saponified, 

methylated and extracted using the standard protocol of MIDI (Sherlock Microbial Identification 

System, version 6.0B). The fatty acids were analyzed by GC (Agilent Technologies 6850) and 

identified by using the TSBA6.0 database of the Microbial Identification System (Sasser 1990). 
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3.7 Determination of the pressure range for growth 

Determination of the hydrostatic pressure range for growth was tested in 5 mL glass syringes 

containing TRM medium (Strain J2T) or YTG medium (Strains DY22613T, DY22619T and 

DY2627CT) inoculated with 1% late-exponential phase culture. Syringes were incubated in high-

pressure, high-temperature reactors custom-built by the society Top-Industrie (Vaux-Le-Pénil, 

France). Hydrostatic pressure test for strain J2T was carried out at 0.1, 10, 20, 30 and 40 MPa at 

35 °C. Hydrostatic pressure test for strain DY22613T was carried out at 0.1, 10, 20, 30, 40, 55 and 

70 MPa at 60 °C. Hydrostatic pressure test for strain DY22619T was carried out at 0.1, 10, 20, 30 

and 40 MPa at 60 °C. Hydrostatic pressure test for strain DY2627CT was carried out at 0.1, 10, 20 

and 30 MPa at 37 °C. Cells were collected at regular intervals and growth was estimated by direct 

cell counting using a modified Thoma chamber (depth 10 µm). All samples were tested in duplicate. 

3.8 Genome sequencing and analysis 

Whole-genome shotgun sequencing was carried out using PacBio (Pacific Biosciences, Menlo 

Park, CA) single-molecule-real-time (SMRT) sequencing technology (Duke University). Genomes 

were assembled using the tool SPAdes (http://bioinf.spbau.ru/spades) and software suites Orione 

(https://orione.crs4.it) of Galaxy. Genomes were annotated using NCBI Prokaryotic Genome 

Annotation Pipeline (PGAP, http://www.ncbi.nlm.nih.gov/genome/annotation_prok/) and “Rapid 

Annotation using Subsystem Technology” (RAST, http://rast.nmpdr.org/rast.cgi). 

3.9 Genetic manipulations of Palaeococcus pacificus 

3.9.1 Construction of a suicide vector 

The flanking regions of the gene targeted for deletion were amplified from genomic DNA by 

two successive PCR amplification steps, in a process known as splicing by overlap extension. The 

primers used for this first amplification were called BamHI-D6710-1F/D6710-1R and D6710-

2F/NdeI-D6710-2R. BamHI-D6710-1F: 5′- AAA AAA GGA TCC ttt aga aat tcc tga agt tga tat gcc 

cat ca -3′; D6710-1R: 5′- cct aat aag gga aat gca tgg atg tga taa att gga tag aga tga gat g -3′; D6710-

2F: 5′- cca att tat cac atc cat gca ttt ccc tta tta ggg gaa aat aaa aag ag -3′; NdeI-D6710-2R: 5′- AAA 

https://orione.crs4.it/
http://www.ncbi.nlm.nih.gov/genome/annotation_prok/
http://rast.nmpdr.org/rast.cgi
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AAA CAT ATG cga cat cca cgg cgg ag -3′. The second PCR amplification was carried out using 

the two flanking regions as the matrix and primers BamHI-D6710-1F and NdeI-D6710-2R, to 

produce a resulting DNA fragment of 2 kb composed of the two merged homologous regions. The 

fragment was inserted into the plasmid pUPH at the restriction sites NdeI and BamHI, producing 

the suicide vector pUPH-6710. The plasmid pUPH-6710 was confirmed by PCR using BamHI-

D6710-1F / NdeI-D6710-2R and pUPH-F / pUPH-R as primer pairs. pUPH-F: 5′- CAG GTA GTC 

GCA GTA GAG TC-3′; pUPH-R: 5′-ACA ATG TTG GCA AAG TGA -3′. 

3.9.2 Transformation of Palaeococcus pacificus 

The transformation method previously described by Thiel et al. (2014) was used in this study. 

1. Cells were cultivated in TRM liquid medium with sulfur for 16 h at 80 °C, at atmospheric 

pressure. 

2. An aliquot of 1 ml of this overnight culture was introduced into 50 mL of fresh TRM medium 

with sulfur and incubated for 6 h at 80 °C. 

3. Cells were then harvested by centrifugation (8,000 g, 6 min, anaerobiosis), concentrated in 1 

ml of fresh TRM medium without sulfur, and kept on ice for 30 min under an anaerobic chamber. 

4. An aliquot of 4 to 5 μg of plasmid DNA was added to 200 μL of concentrated cells, and the 

mixture was incubated on ice for 1 h. 

5. A heat shock at 80 °C was carried out for 10 min, followed by incubation for 10 min on ice. 

6. The transformants were then used to inoculate 20 mL of fresh TRM medium with sulfur and 

incubated at 80 °C for 18 h. 

7. The cells were harvested by centrifugation (8,000 g, 6 min), resuspended in 100 μL of fresh 

TRM, and spread on plated TRM containing the antibiotic simvastatin (final concentration of 

2.5 μg/mL) under anaerobic conditions. (Medium solidification was achieved using Phytagel 

(Sigma) at a concentration of 10 g/L). The plates were incubated for 5 days at 80 °C under 

anaerobic conditions. 

8. The resulting Simr strains were analyzed by PCR using genomic DNA as a matrix and 

pUPH-F and pUPH-R as primers.  
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4 Results 

4.1 Isolates 

4.1.1 Isolate from the serpentinized peridotite deep-sea site 30I-TVG05 

After 5 days of incubation on SO4PNsalts medium (Alain et al. 2010), prepared with a gas 

phase of H2/CO2 (80/20, v/v, 200 kPa) and incubate at 30 °C, populations of highly motile vibrioid 

cells were observed. They were then subcultured under the same conditions, and then purified by 6 

repeated dilutions-to-extinction series. One isolate, strain J2T, was isolated. The purity of this isolate 

was confirmed routinely by microscopic examination (including observations of cultures on rich 

media) and by repeated partial sequencing of the 16S rRNA gene using 4 different primers. A nearly 

full-length 16S rDNA sequence (1491 bp) of strain J2T was obtained. The 16S rRNA gene-based 

analysis located the novel isolate within the class Deltaproteobacteria, in the bacterial domain. 

Comparative 16S rDNA sequence analysis showed that strain J2T formed a robust cluster with the 

genus Desulfovibrio, within the family Desulfovibrionaceae. Strain J2T shared the highest sequence 

similarity of 98.05% to Desulfovibrio dechloracetivorans SF3T, followed by D. portus MSL79T 

(96.96%), D. aespoeensis Aspo-2T (96.11 %) and D. piezophilus C1TLV30T (96.04 %). This isolate 

was subjected to a full characterization (see § 4.2). 

4.1.2 Isolates from the deep-sea sulfide site JL-Dive94-S01 

After 5 days of incubation on KA22 medium (Alain et al. 2003), prepared with a gas phase of 

H2/CO2 (80/20, v/v, 200 kPa) and incubated at 60 °C, populations were composed of short-rod cells. 

They were subcultured under the same conditions, and then purified by 7 repeated dilutions-to-

extinction series. One isolate, strain K6013T, was isolated. The purity of this isolate was confirmed 

routinely by microscopic examination and by repeated partial sequencing of the 16S rRNA gene 

using 4 different primers. A nearly full-length 16S rDNA sequence (1517 bp) of strain K6013T was 

obtained. The 16S rRNA gene-based analysis located the novel isolate within the class Aquificae, 

in the bacterial domain. Comparative 16S rDNA sequence analysis showed that strain K6013T 

formed a robust cluster with the genus Desulfurobacterium, within the family 
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Desulfurobacteriaceae. Strain K6013T shared the highest sequence similarity of 96.93% to 

Desulfurobacterium atlanticum SL22T, followed by D. pacificum SL17T (95.46%), Thermovibrio 

guaymasensis SL19T (93.99 %) and D. thermolithotrophum DSM 11699T (93.74 %). The 

phenotypic and physiological characterization of this strain was done and is described in § 4.3. 

The deep-sea sulfide sample (site JL-Dive94-S01) was also used to inoculate a TRM medium 

and incubated at 55 °C and 85 °C. After 2 days of incubation, populations of rod and motile cocci 

cells were observed at 55 °C and 85 °C, respectively. They were subcultured under the same 

conditions, and then purified by 5 repeated dilutions-to-extinction series. Strain J5513 was isolated 

at 55 °C. The purity of this isolate was confirmed routinely by microscopic examination and by 

repeated partial sequencing of the 16S rRNA gene using 4 different primers. A nearly full-length 

16S rDNA sequence (1425 bp) of strain J5513 was obtained. The 16S rRNA gene-based analysis 

located the isolate within the class Clostridia, in the bacterial domain. Comparative 16S rDNA 

sequence analysis showed that strain J5513 formed a robust cluster with the genus 

Caloranaerobacter, within the family Clostridiaceae. Strain J5513 shared the highest sequence 

similarity of 98.55% to Caloranaerobacter azorensis MV1087T. Another isolate, referenced as 

strain J8513, was isolated at 85 °C. The purity of this isolate was confirmed routinely by 

microscopic examination and by repeated partial sequencing of the 16S rRNA gene using two 

different primers. A nearly full-length 16S rDNA sequence (1366 bp) of strain J8513 was obtained. 

The 16S rRNA gene-based analysis located the isolate within the class Thermococci, in the archaeal 

domain. Comparative 16S rDNA sequence analysis showed that strain J8513 formed a robust 

cluster with the genus Thermococcus, within the family Thermococcaceae. Strain J8513 shared the 

highest sequence similarity of 99.41% to Thermococcus nautili 30-1T. 

4.1.3 Isolates from the deep-sea sulfide site JL-Dive90-S01 

After 5 days of incubation at 60°C on SO4PNsalts medium (Alain et al. 2010), under an 

atmosphere of H2/CO2 (80/20, v/v, 200 kPa), populations of short-rod-shaped cells were observed. 

They were subcultured under the same conditions, and then purified by 7 repeated dilutions-to-

extinction series. One isolate, strain S606T, was isolated. The purity of this isolate was confirmed 

routinely by microscopic examination and by repeated partial sequencing of the 16S rRNA gene 



 

51 

 

using 4 different primers. A nearly full-length 16S rDNA sequence (1514 bp) of strain S606T was 

obtained. The 16S rRNA gene-based analysis located the novel isolate within the class 

Thermodesulfobacteria, in the bacterial domain. Comparative 16S rDNA sequence analysis showed 

that strain S606T formed a robust cluster with the genus Thermodesulfatator, within the family 

Thermodesulfobacteriaceae. Strain S606T shared the highest sequence similarity of 98.15% to 

Thermodesulfatator indicus DSM 15286T, followed by Thermodesulfatator atlanticus AT1325T 

(97.38%) and Thermosulfurimonas dismutans S95T (91.26 %). This strain was fully characterized 

(§ 4.4). 

The deep-sea sulfide sample (site JL-Dive90-S01) was also used to inoculate a TRM medium 

and incubated at 85 °C. After 2 days of incubation, populations of motile cocci cells were observed, 

subcultured under the same conditions, and then purified by repeated dilutions-to-extinction series. 

Strain J856 was isolated. The purity of this isolate was confirmed routinely by microscopic 

examination and by repeated partial sequencing of the 16S rRNA gene using two different primers. 

A nearly full-length 16S rDNA sequence (1363 bp) of strain J856 was obtained. The 16S rRNA 

gene-based analysis located the isolate within the class Thermococci, in the archaeal domain. 

Comparative 16S rDNA sequence analysis showed that strain J856 formed a robust cluster with the 

genus Thermococcus, within the family Thermococcaceae. Strain J856 shared the highest sequence 

similarity of 99.71% to Thermococcus hydrothermalis AL662T.  
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4.2 Desulfovibrio indicus sp. nov. 

The characterization of this strain was submitted to the Journal International Journal of 

Systematics and Evolutionary Microbiology. 

An article of description of its genome is in preparation and will be submitted to the journal 

Genome Announcements. 
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Abbreviations: MCCC, Marine Culture Collection of China; SRP, sulfate-reducing 

prokaryotes; DMSO, Dimethylsulfoxide 

The GenBank[/EMBL/DDBJ] accession number for the 16S rRNA sequence of Desulfovibrio 

indicus J2T sp. nov. is KT750867. 

A novel sulfate-reducing bacterium, strain J2T, was isolated from a serpentinized 

peridotite sample collected at a depth of 3173 m in the Indian Ocean. Phylogenetic analysis 

based on 16S rRNA gene sequences showed that strain J2T falls into the genus Desulfovibrio 

within the class Deltaproteobacteria, with highest sequence similarity of 98.05% to 

Desulfovibrio dechloracetivorans SF3T. Cells were Gram-negative, anaerobic, motile vibrios 

(2-6×0.4-0.6 μm). Growth was observed at salinities ranging from 0.2 to 6% (optimum 2.5%), 

from pH 5 to 8 (optimum 6.5-7), and at temperatures between 9 and 40 °C (optimum 30-35 °C). 

Strain J2T was piezophilic, growing optimally at 10 MPa (range 0–30 MPa). Strain J2T used 

lactate, malate, pyruvate, formate and hydrogen as energy sources. Sulfate, thiosulfate, sulfite, 

fumarate, and nitrate, were used as terminal electron acceptors, but not elemental sulfur nor 

nitrite. Lactate and pyruvate were fermented. The main fatty acids were iso-C15:0 (25.57%), 

anteiso-C15:0 (8.28%), iso-C17:1 (Summed feature 9, 15.57%) and iso-C17:0 (14.85%). Strain J2T 

was piezophilic, growing optimally at 10 MPa (range 0–30 MPa). The DNA G+C content of 

the chromosomal DNA of strain J2T was 63.5 mol%, determined using the whole genome 

sequence (1 contig of 3,966,573 bp, coverage 299X, sequenced using the PacBio technology). 

The combined genotypic and phenotypic data show that strain J2T represents a novel species 

of the genus Desulfovibrio, for which the name Desulfovibrio indicus sp. nov. is proposed, with 

the type strain J2T (=MCCC 1A01867T = DSM 101483T).  

Sulfate-reducing prokaryotes (SRP) are anaerobic prokaryotes, using sulfate as a terminal 

electron acceptor for respiration and hydrogen or various organic acids as energy sources 

(Heidelberg et al. 2004). Members of the bacterial genus Desulfovibrio are SRP of 

geomicrobiological significance (Heidelberg et al. 2004, Khelaifia et al. 2011). Most 

representatives of this genus oxidize simple organic compounds incompletely, leading to acetate as 

an end product. At the time of writing, the genus Desulfovibrio, within the family 

Desulfovibrionaceae, comprises 66 species, which have been isolated ubiquitously in nature, 
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mainly from freshwater and marine habitats (Sun et al. 2000, Khelaifia et al. 2011, Thabet et al. 

2011). Among Desulfovibrio isolates, only few strains were reported to be piezophilic; they include 

Desulfovibrio profundus (Bale et al. 1997), Desulfovibrio hydrothermalis (Alazard et al. 2003) and 

Desulfovibrio piezophilus (Khelaifia et al. 2011). 

In this paper, a novel mesophilic, piezophilic SRP belonging to the genus Desulfovibrio, strain 

J2T is described. Phenotypic and 16S ribosomal DNA (rDNA) phylogenetic studies indicate that it 

represents a novel species. 

Strain J2T was isolated from a deep-sea serpentinized peridotite sample collected at a depth of 

3173 m in a hydrothermal area of the Indian Ocean (27° 88’ S, 63° 53’ E; site 30I-TVG05) in 

December 2013, during the cruise DY30/I of Da Yang Yi Hao. The sample was collected using a 

grabber and anaerobically preserved in sterilized seawater onboard. Once in the lab, a subsample 

was used to inoculate a SO4PNsalts medium (Alain et al. 2010), prepared with a gas phase of 

H2/CO2 (80/20, v/v, 200 kPa) and incubate at 30 °C. After 5 days of incubation, populations of 

highly motile vibrioid cells were observed, subcultured under the same conditions, and then purified 

by repeated dilutions-to-extinction series. One isolate, strain J2T, is described in this study. The 

purity of this isolate was confirmed routinely by microscopic examination (including observations 

of cultures on rich media) and by repeated partial sequencing of the 16S rRNA gene using 4 

different primers. Stock cultures were stored at ˗80°C with 5% (v/v) DMSO. 

Genomic DNA was extracted with the QIAGEN Genomic-tip 20/G (QIAGEN, Düsseldorf, 

Germany) kit following the manufacturer’s standard protocol. The 16S rRNA gene was sequenced 

by Sanger method using the primers Bac8F (5’-AGA GTT TGA TCA TGG CTC AG-3’), S8dir 

(5’-GTA GCG GTG AAA TGC GTA GA-3’), U1492R (5’-GGT TAC CTT GTT ACG ACT T-3’) 

and W34 (5’-TTA CCG CGG CTG CTG GCA C-3’) (Alain et al. 2002). Pairwise 16S rRNA 

sequence similarity was calculated using global alignment algorithm implemented at the EzTaxon-

e server (http://eztaxon-e.ezbiocloud.net/; (Kim et al. 2012). Phylogenetic analysis was performed 

using the software MEGA version 5.0 (Tamura et al. 2011). Distances were calculated using the 

Kimura two-parameters model and clustering was performed with the neighbor-joining algorithm 

(Saitou and Nei 1987). The robustness of the inferred topology was assessed by bootstrap analyses 

based on 1000 bootstrap resamplings. 

http://eztaxon-e.ezbiocloud.net/
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A nearly full-length 16S rDNA sequence (1491/1504 bp) of strain J2T was obtained. The 16S 

rRNA gene-based analysis located the novel isolate within the class Deltaproteobacteria, in the 

bacterial domain. Comparative 16S rDNA sequence analysis showed that strain J2T formed a robust 

cluster with the genus Desulfovibrio, within the family Desulfovibrionaceae (Figure 5). 

 

Figure 5 | Neighbor-joining tree showing the phylogenetic positions of strain J2T and representatives 

of some other related taxa, based on 16S rRNA gene sequences. 

Bootstrap values (expressed as percentages of 1000 replications) are shown at branch nodes. Bar, 0.01 

nucleotide substitution rate (Knuc) units. 

 

Strain J2T shared the highest sequence similarity of 98.05% with Desulfovibrio 

dechloracetivorans SF3T, followed by D. portus MSL79T (96.96%), D. aespoeensis Aspo-2T 

(96.11 %) and D. piezophilus C1TLV30T (96.04 %). Other available sequences shared less than 
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95.17% 16S rRNA gene sequence similarity. The level of 16S rRNA gene sequence similarity with 

D. dechloracetivorans showed that strain J2T displayed sufficient molecular differences for 

delineation at the species level, because it falls well below the threshold value (98.65-98.7%) 

currently recommended for two species demarcation (Stackebrandt and Ebers 2006, Kim et al. 

2014). It was not possible to confirm this result by DNA-DNA hybridization, because public culture 

collections and the persons who have isolated the closest relative Desulfovibrio dechloracetivorans 

could not provide it upon request. 

The whole genome of the novel isolate was recently sequenced by the PacBio technology, and 

will be soon available. The DNA G + C content of strain J2T was 63.5 mol%, as determined using 

the whole genome sequence. 

Morphological characteristics of cells of strain J2T were determined by using light microscopy 

(Olympus BX60 and CX40) and scanning electron microscopy (FEI Quanta 200). Cells were motile, 

vibrios (2-6 μm in length and 0.4-0.6 μm in width, n=10, Figure 6) that appeared singly. They 

stained Gram-negative. 

 

Figure 6 | Scanning electron micrographs of cells of strain J2T. 

 

Unless stated otherwise, physiological characterization was carried out anaerobically in TRM 

medium reduced with sodium sulfide (Zeng et al. 2009), in duplicate, using sulfate as a terminal 

electron acceptor. This medium was selected because it allowed efficient growth of the strain, 

notably when this medium was supplemented with 20 mM lactate. Growth experiments were 

generally carried out as described elsewhere (Khelaifia et al. 2011). Growth was routinely 



 

57 

 

monitored by direct cell counting by using a modified Thoma chamber (depth 10 µM) and growth 

rates were calculated using linear regression analysis of logarithmically transformed growth curves. 

Salt tolerance was tested at 35°C in TRM medium prepared with various concentrations of NaCl (0, 

0.2, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0 and 8.0 %, w/v). Strain J2T required NaCl for growth 

and growth was observed at 0.2–6% NaCl (optimum: 2.5%). The pH range for growth was tested 

from pH 4.0 to pH 9.0 (initial pH at 20°C) with increments of 0.5 units. Growth was observed at 

pH 5.0–8.0, the optimum being around 6.5-7.0. Determination of the temperature range for growth 

was tested at 4, 9, 16, 20, 25, 30, 35, 37, 40, 45 and 50°C. The isolate was mesophilic and grew at 

9–40 °C (optimum 30-35 °C). Determination of the hydrostatic pressure range for growth was tested 

at 0.1, 10, 20, 30 and 40 MPa, using a procedure and an equipment described previously (Alain et 

al. 2002). The novel isolate J2T was piezophilic and grew within a pressure range of 0.1 to 30 MPa, 

with an optimum at 10 MPa (Figure 7). 

 

Figure 7 | Effect of hydrostatic pressure on growth of strain J2T. 

 

Strain J2T was a strictly anaerobic bacterium that used lactate and sulfate as primary electron 

donor and acceptor, respectively. Its ability to use alternative electron acceptors was tested on the 

mineral base of the SO4PNsalts medium depleted of sulfate, but supplemented with a gas phase of 

H2/CO2 (80/20, v/v, 200 kPa). In order to ensure an adequate electron donor and carbon source, 

elemental sulfur (12 g L-1), fumarate (20 mM) sulfite (2 mM), thiosulfate (20 mM), nitrate (10 mM), 

nitrite (2 mM) or oxygen (1% v/v) were added. Hydrogen sulfide production was determined as 
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described elsewhere (Cord-Ruwisch 1985). Sulfate, thiosulfate, sulfite, fumarate, and nitrate, were 

used as terminal electron acceptors, but not elemental sulfur nor nitrite. When using sulfate as 

terminal electron acceptor, strain J2T grew on hydrogen, malate, formate, pyruvate and lactate. The 

ability of the strain to grow by fermentation was tested on sulfate-depleted mineral base of the 

SO4PNsalts medium, after addition of lactate (20 mM), yeast extrac (1 g L-1), tryptone (4 g L-1), 

fumarate (20 mM), formate (20 mM), malate (20 mM), and pyruvate (20 mM). Lactate and pyruvate 

were fermented. 

Fatty acids in whole cells were saponified, methylated and extracted using the standard protocol 

of MIDI (Sherlock Microbial Identification System, version 6.0B). The fatty acids were analyzed 

by GC (Agilent Technologies 6850) and identified by using the TSBA6.0 database of the Microbial 

Identification System (Sasser 1990). The predominant fatty acids of strain J2T were iso-C15:0 

(25.57%), anteiso-C15:0 (8.28%), iso-C17:1 (Summed feature 9, 15.57%) and iso-C17:0 (14.85%), 

which were in the same range than the values got for D. piezophilus and D. portus (Table 3). A 

distinguishing feature was that D. piezophilus contained higher amounts of C16:0 (17%) than strain 

J2T and D. portus (4.8%, 7.3%, respectively). 

 

Table 3 | Whole-cell fatty acid profiles of strain J2T and related species of the genus Desulfovibrio. 

Strains: 1, J2T; 2, D. piezophilus; 3, D. portus. Values are percentages of total fatty acids. Data for strain J2T 

were obtained in this study. Data for strains 2 and 3 were obtained from Khelaifia et al. (2011) and Suzuki et 

al. (2009). 

Fatty acid 1 2 3 

iso-C15:0 25.57 
31 

12 

anteiso-C15:0 8.28 12.4 

iso-C16:0 3.17 3 2.1 

C16:0 4.79 17 7.3 

iso-C17:1 ω9c (Summed feature 9†) 15.57 
16 

15.8 

anteiso-C17:1 B (Summed feature 4†) 4.52 4.5 

iso-C17:0 14.85 9 11.8 

C18:1 ω7c (Summed feature 8†) 3.59 6 4.5 

C18:0 3.28 8 4.2 

†Summed feature 4 contains anteiso-C17:1 B, summed feature 8 contains C18:1 ω7c and summed feature 9 

contains iso-C17:1 ω9c. 
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The results of the phylogenetic, phenotypic and chemotaxonomic analyses described in this 

article support the view that strain J2T should be assigned to the genus Desulfovibrio in the family 

Desulfovibrionaceae. However, the strain could be distinguished from the closely related species 

by some phenotypic characteristics given in Tables 3 and 4. D. piezophilus and D. portus are capable 

of using fumarate and ethanol as electron donors, while strain J2T and D. profundus are not. Strain 

J2T, D. piezophilus and D. portus are capable of using formate and malate as electron donors, while 

D. profundus is not. The genomic DNA G+C content of strain J2T is much higher than the ones of 

its closest relatives. Therefore, from the polyphasic evidence, strain J2T represents a novel species 

for which the name Desulfovibrio indicus sp. nov. is proposed. 

 

Table 4 | Physiological characteristics of strain J2T and related species of genus Desulfovibrio. 

Strains: 1, J2T; 2, D. piezophilus; 3, D. profundus., 4, D. portus. Characteristics are scored as: +, positive; -, 

negative; w, weak positive; ND, not determined. Data for strains 1 were obtained during this study; data for 

strains 2, 3 and 4 were obtained from Khelaifia et al. (2011), Bale et al. (1997) and Suzuki et al. (2009). 

Characteristics 1 2 3 4 

T (°C) (optimal) 9-40 (30-35) 15-45(30) 15-65(25) 10-40 (35) 

pH (optimal) 5-8 (6.5-7) 5.4-8.6(7.3) 4.5-9(7) 5.7-8.5 (6.5) 

NaCl (%) (optimal) 0.2-6 (2.5) 0.1-8 (2.5) 0.2-10 0.15-6.5 (2.0) 

Pressure (MPa) 0-30 (10) 0-30 (10) 0-40 (15) ND 

Length (µm) 2-6 2-4 1-2 1.8-2.3 

Width (µm) 0.4-0.6 0.5 0.5-1 0.7-1 

G+C (%) 63.5 49.6 53 62.1 

Electron donor     

Fumarate - + - + 

Ethanol - + - + 

Formate + + - + 

Malate + + - + 

Electron acceptor     

NO3
- w - + ND 

Fumarate w - + - 

Fermentation     

Malate - - - + 

Fumarate - + - + 

Lactate + - + - 
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Description of Desulfovibrio indicus sp. nov. 

Desulfovibrio indicus (in'.di.cus. L. masc. adj. indicus. Indian, referring to the Indian Ocean, 

from where the type strain was isolated). 

Cells were Gram-negative, anaerobic, motile vibrios (2-6×0.5 μm). Growth was observed at 

salinities from 0.2 to 6% (optimum 2.5%), from pH 5 to 8 (optimum 6.5-7), and at temperatures 

between 9 and 40 °C (optimum 30-35 °C). Strain J2T used lactate, malate, pyruvate, formate and 

hydrogen as energy sources. Sulfate, thiosulfate, sulfite, fumarate, and nitrate, were used as terminal 

electron acceptors, but not elemental sulfur nor nitrite. Lactate and pyruvate were fermented. The 

principal fatty acids were iso-C15:0 (25.57%), anteiso-C15:0 (8.28%), iso-C17:1 (Summed feature 9, 

15.57%) and iso-C17:0 (14.85%). Strain J2T was piezophilic, growing optimally at 10 MPa (range 

0–30 MPa). The G+C content of the chromosomal DNA was 63.5 mol%.  

The type strain J2T (=MCCC 1A01867T = DSM 101483T) was isolated from a deep-sea 

serpentinized peridotite sample collected at a depth of 3173 m in a hydrothermal area of the Indian 

Ocean (27° 88’ S, 63° 53’ E; site 30I-TVG05).  



 

61 

 

Genome of Desulfovibrio indicus, a piezophilic sulfate-reducing bacterium from the Indian 

Ocean 
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Here, we report the complete genome sequence of Desulfovibrio indicus J2T of the family 

Desulfovibrionaceae. 

Desulfovibrio indicus J2T is a type strain isolated from a deep-sea serpentinized peridotite 

sample collected at a depth of 3173 m in a hydrothermal area of the Indian Ocean (27° 88’ S, 63° 

53’ E; site 30I-TVG05) (this study). It is a piezophilic sulfate-reducing bacterium, growing 

optimally at 10 MPa (range 0–30 MPa). This anaerobic, motile vibrios can use lactate, malate, 

pyruvate, formate and hydrogen as energy sources when using sulfate, thiosulfate, sulfite, fumarate, 

and nitrate as terminal electron acceptors. 

Genomic DNA was extracted with the QIAGEN Genomic-tip 20/G (QIAGEN, Düsseldorf, 

Germany) kit following the manufacturer’s standard protocol. Whole-genome shotgun sequencing 

was carried out using PacBio (Pacific Biosciences, Menlo Park, CA) single-molecule-real-time 

(SMRT) sequencing technology (Duke University) (Eid et al. 2009). Genomes were assembled 

using in-house scripts, the tool SPAdes (http://bioinf.spbau.ru/spades) (Bankevich et al. 2012) and 

http://bioinf.spbau.ru/spades
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the software suites Orione (https://orione.crs4.it) of Galaxy (Cuccuru et al. 2014). The final 

assembly had ~299 coverage for the 1 contig of 3,966,573-bp genome with a G+C content of 63.5%. 

Genomes were annotated using the NCBI Prokaryotic Genome Annotation Pipeline 

(http://www.ncbi.nlm.nih.gov/genome/annotation_prok/). 3611 genes were identified, of which 

3461 were protein-coding sequences (CDS), 90 were pseudogenes, and 60 were RNA genes. The 

60 RNA genes comprise 5 noncoding RNA (ncRNA), 3 rRNAs (5S, 16S, and 23S), and 52 tRNAs. 

Additionally, 1 clustered regularly interspaced short palindromic repeat (CRISPR) arrays was 

identified in the genome. 

Genes involved in sulfate reduction (Meyer and Kuever 2007) were identified in the genome, 

for example, sulfate adenylyltransferase gene (sat, AWY79_04190 and AWY79_13965); adenosine 

phosphosulfate reductase genes (aprBA, AWY79_04195 and AWY79_04200); dissimilatory sulfite 

reductase genes (dsrAB, AWY79_17895 and AWY79_17900; dsrC, AWY79_11020); sulfate 

transporter gene (AWY79_06665, AWY79_10840 and AWY79_14480); Genes that mediate the 

electron transport between the cytoplasmic AprBA and DsrAB and the membrane-integral 

quinol/quinone pool (Meyer and Kuever 2007, Pereira et al. 2011) were also found, for instance, 

quinone-interacting membrane-bound oxidoreductase genes (qmoABC, AWY79_04205 

AWY79_04210 and AWY79_04215); sulfite reduction-associated complex protein genes 

(dsrMKJOP, AWY79_04535, AWY79_04540, AWY79_04545, AWY79_04550, and 

AWY79_04555). The genome also contains a large number of genes encoding hydrogenases, 

cytochromes c and cytochrome c-associated membrane redox complexes, which may be possibly 

involved in electron-transfer and energy conserving pathways (Pereira et al. 2011). 

Previous study indicated that energy metabolism of SRB is far more versatile than we 

considered, so that SRB can use different alternative strategies for energy conservation (Pereira et 

al. 2011, Morais-Silva et al. 2014). The genome sequence will allow comprehensive comparisons 

with other SRB and pave the way for further understanding of SRB in anaerobic marine 

environments. 

Nucleotide sequence accession number. The genome sequence has been deposited in 

GenBank under the accession no. CP014206. 

https://orione.crs4.it/
http://www.ncbi.nlm.nih.gov/genome/annotation_prok/


 

63 

 

4.3 Desulfurobacterium indicum sp. nov. 

The article of characterization of this strain is in preparation for the Journal International 

Journal of Systematics and Evolutionary Microbiology. 

Its genome was sequenced using the PacBio technology but we did not receive the data so far. 
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The GenBank[/EMBL/DDBJ] accession number for the 16S rRNA sequence of 

Desulfurobacterium indicum K6013T sp. nov. is KT750866. 

A novel sulfur-reducing bacterium, strain K6013T, was isolated from a sulfide sample 

collected at a depth of 2771 m from a high-temperature hydrothermal vent in the Indian 

Ocean. Cells were Gram-negative, anaerobic, motile rods (0.9-2.2 × 0.4-0.6 μm). The strain 

grew at NaCl concentrations ranging from 1 to 4.5% (w/v) (optimum 2.5%), from pH 5 to 8 

(optimum 6), and at temperatures between 40 and 75 °C (optimum 65 °C). Strain K6013T was 

an obligate chemolithoautotroph using thiosulfate, sulfur, and nitrate as terminal electron 

acceptors in the presence of H2, but not sulfate, sulfite nor nitrite. The major cellular fatty 

acids were C16:0 (17.4%), C18:1 ω7c (Summed feature 8, 37.91%), C18:0 (18.29%) and C14:0 3-

OH (Summed feature 2, 8.56%). The DNA G+C content was XX mol%. Phylogenetic 16S 

rRNA gene sequence analyses showed that strain K6013T falls into the genus 

Desulfurobacterium within the class Aquificae, with highest sequence similarity of 96.93% to 

Desulfurobacterium atlanticum SL22T. On the basis of genotypic and phenotypic data, strain 

K6013T is considered to represent a novel species of the genus Desulfurobacterium, for which 

the name Desulfurobacterium indicum sp. nov. is proposed, with the type strain K6013T (= 

DSM 101677T= MCCC 1A01868T). 

Sulfur-reducing prokaryotes are anaerobic or facultative anaerobic prokaryotes, using sulfur (or 

other lower oxidation states of this element, S0, S8) as a terminal electron acceptor but not sulfate 

(Rabus et al. 2013). Members of the genus Desulfurobacterium are sulfur-reducing 

chemolithoautotrophs using hydrogen as sole electron donor (L'Haridon et al. 1998, Alain et al. 

2003, L'Haridon et al. 2006). They represent a deep-branching lineage of the bacterial phylogenetic 

tree which play an important role in deep-sea hydrothermal ecosystems as primary producers of 

organic matter in anaerobic zones (Miroshnichenko and Bonch-Osmolovskaya 2006). At the time 

of writing, the genus Desulfurobacterium, within the family Desulfurobacteriaceae, comprises 4 

species, D. pacificum, D. atlanticum, D. thermolithotrophum and 'D. crinifex', which have been 

isolated exclusively from deep-sea hydrothermal systems (L'Haridon et al. 1998, Alain et al. 2003, 

L'Haridon et al. 2006). 
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In this study, we describe a novel thermophilic sulfur-reducer, strain K6013T, isolated from a 

hydrothermal sulfide sample in the Indian Ocean. Phenotypic and 16S ribosomal DNA (rDNA) 

phylogenetic studies indicate that it represents a novel species of the genus Desulfurobacterium. 

A deep-sea sulfide sample was collected at a depth of 2771 m from a hydrothermal vent in the 

Indian Ocean (37° 78’S, 49° 65’E; site JL-Dive94-S01) in January 2015, during the DY35 cruise 

of Xiang Yang Hong Jiu Hao. The sample was collected using a benthic seabed grab and 

anaerobically preserved in sealed sterile vials at 4 °C onboard. Once in the lab, a subsample was 

used to inoculate a KA22 medium (Alain et al. 2003), prepared with a gas phase of H2/CO2 (80/20, 

v/v, 200 kPa) and incubated at 60 °C. After 5 days of incubation, populations were composed of 

short rod-shaped cells. They were subcultured under the same conditions, and purified by 7 repeated 

dilutions-to-extinction series. One isolate, strain K6013T, was isolated. The purity of this isolate 

was confirmed routinely by microscopic examination, by repeated partial sequencing of the 16S 

rRNA gene using 4 different primers and by sequencing of its genome. Stock cultures were stored 

at ˗80°C with 5% (v/v) DMSO. 

Genomic DNA was extracted with the QIAGEN Genomic-tip 20/G (QIAGEN, Düsseldorf, 

Germany) kit following the manufacturer’s standard protocol. The 16S rRNA gene was sequenced 

by Sanger method using the primers Bac8F (5’-AGA GTT TGA TCA TGG CTC AG-3’), S8dir 

(5’-GTA GCG GTG AAA TGC GTA GA-3’), U1492R (5’-GGT TAC CTT GTT ACG ACT T-3’) 

and W34 (5’-TTA CCG CGG CTG CTG GCA C-3’) (Alain et al. 2002). Pairwise 16S rDNA 

sequence similarity was determined using the EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/; 

(Kim et al. 2012). Phylogenetic analysis was performed using the software MEGA version 5.0 

(Tamura et al. 2011). Distances were calculated using the Kimura two-parameters model and 

clustering was performed with the neighbor-joining algorithm (Saitou and Nei 1987). The 

robustness of the inferred topology was assessed by bootstrap analyses based on 1000 replications. 

Almost a full-length 16S rRNA gene sequence (1517 bp) of strain K6013T was determined. 

Based on the 16S rRNA gene phylogenetic analysis, the novel isolate was affiliated with the class 

Aquificae, in the bacterial domain. Comparative 16S rDNA sequence analysis showed that strain 

K6013T formed a robust cluster with the genus Desulfurobacterium, within the family 

Desulfurobacteriaceae (Figure 8). Strain K6013T shared the highest sequence similarity of 96.93% 

http://eztaxon-e.ezbiocloud.net/
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with Desulfurobacterium atlanticum SL22T, followed by D. pacificum SL17T (95.46%), 

Thermovibrio guaymasensis SL19T (93.99 %) and D. thermolithotrophum DSM 11699T (93.74 %). 

The level of 16S rRNA gene sequence similarity with D. atlanticum showed that strain K6013T 

displayed sufficient molecular differences for delineation at the species level, because it falls well 

below the threshold value (98.65-98.7%) currently recommended for two species demarcation 

(Stackebrandt and Ebers 2006, Kim et al. 2014). 

 

Figure 8 | Neighbor-joining tree showing the phylogenetic positions of strain K6013T and 

representatives of some other related taxa, based on 16S rRNA gene sequences. 

Bootstrap values (expressed as percentages of 1000 replications) are shown at branch nodes. Bar, 0.01 

nucleotide substitution rate (Knuc) units. 

 

Morphological characteristics of strain K6013T were observed by using light microscopy 

(Olympus BX60 and CX40) and scanning electron microscopy (FEI Quanta 200). Cells were Gram-

negative, motile rods (0.9-2.2 μm in length and 0.4-0.6 μm in diameter, n=10, Figure 9) that 

occurred generally singly. Some cells became spherical in the late stationary growth phase. 

 

Figure 9 |Scanning electron micrographs of cells of strain K6013T. 
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The whole genome of the novel isolate was recently sequenced by the PacBio technology, and 

will be soon available. The DNA G + C content of strain K6013T was XX mol%, as determined 

using the whole genome sequence. 

Unless noted otherwise, physiological tests were carried out anaerobically in SO4PNsalts 

medium (Alain et al. 2010) depleted of sulfate, in duplicate, using elemental sulfur as a terminal 

electron acceptor, and a gas phase of H2/CO2 (80/20, v/v, 200 kPa) as energy and carbon sources. 

Growth tests were generally carried out as described previously (Alain et al. 2003). Cells were 

routinely counted by direct cell counting by using a modified Thoma chamber (depth 10 µm). 

Determination of the temperature range for growth was carried out at 35, 40, 45, 50, 55, 60, 65, 70, 

75 and 80°C. The isolate was thermophilic and grew between 40 and 75 °C with an optimum around 

65 °C. Salt tolerance was tested at 65°C with various concentrations of NaCl (0, 0.2, 1.0, 1.5, 2.0, 

2.5, 3.0, 3.5, 4.0, 4.5, 5.0, and 6.0 %, w/v). Strain K6013T required NaCl for growth and grew at 

NaCl concentrations between 1.0 and 4.5% (optimum: 2.5%). The pH range for growth was tested 

from pH 4.0 to pH 9.0 (initial pH at 20°C) with increments of 1 units. Growth of the isolate was 

observed between pH 5.0 and 8.0 with an optimum around 6.0. 

Strain K6013T was a strictly anaerobic bacterium using hydrogen and sulfur as primary electron 

donor and acceptor, respectively. The ability of the isolate to use various electron acceptors was 

tested with sulfite (2 mM), thiosulfate (20 mM), elemental sulfur (12 g L-1), nitrate (10 mM), nitrite 

(2 mM) or oxygen (1% v/v). Hydrogen sulfide production was tested as described previously (Cord-

Ruwisch 1985). Sulfur, thiosulfate and nitrate were used as terminal electron acceptors, but not 

sulfate, sulfite nor nitrite. Strain K6013T grew exclusively on hydrogen and carbon dioxide, when 

using elemental sulfur as a terminal electron acceptor. 

Chemotaxonomic analyses were performed on mid- to late-exponential-phase of growth 

cultures grown for 90 hours on KA22 medium prepared with S° as a terminal electron acceptor, and 

incubated under an atmosphere of H2/CO2 (80/20, 200 kPa). The cellular fatty acids in whole cells 

were saponified, methylated and extracted using the standard protocol of MIDI (Sherlock Microbial 

Identification System, version 6.0B). The cellular fatty acids were analyzed by GC (Agilent 

Technologies 6850) and identified by using the TSBA6.0 database of the Microbial Identification 

System (Sasser 1990). The major fatty acids were C16:0 (17.4%), C18:1 ω7c (Summed feature 8, 
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37.91%), C18:0 (18.29%) and C14:0 3-OH (Summed feature 2, 8.56%), which were in the same range 

than the values got from D. pacificum, D. atlanticum and D. thermolithotrophum (Table 5). Under 

our growth conditions, the novel isolate K6013T did not contain C18:1, but this fatty acid was detected 

in low amounts in D. pacificum, D. atlanticum and D. thermolithotrophum. 

 

Table 5 | Whole-cell fatty acid profiles of strain K6013T and related species of the genus 

Desulfurobacterium. 

Strains: 1, K6013T; 2, D. pacificum SL17T (L'Haridon et al. 2006); 3, D. atlanticum SL22T (L'Haridon et al. 

2006); 4, D. thermolithotrophum BSAT (L'Haridon et al. 1998). Values are percentages of total fatty acids. 

Data for strain K6013T were obtained in this study. Data for strains 2, 3 and 4 were obtained from L'Haridon 

et al. (2006). 

Fatty acid 1 2 3 4 

C9:0 1.37    

Summed feature 2 (C14:0 3-OH/iso-C16:1 I) 8.56 6.87 10.98 6.82 

Summed feature 3 (C16:1 ω7c/C16:1 ω6c) 2.13  1.42 1.29 

C16:0 17.4 14.38 16.16 5.7 

Summed feature 5 (C18:2 ω6,9c/ante-C18:0) 4.14    

C18:1 ND 2.68 2.16 3.28 

C18:1 ω9c 4.84 3.37 1.95  

Summed feature 8 (C18:1 ω7c/C18:1 ω6c) 37.91 31.99 42.08 44.98 

C18:0 18.29 31.01 26.85 35.31 

 

The phylogenetic, phenotypic, physiological and chemotaxonomic data shown in this article 

support the view that strain K6013T should be assigned to the genus Desulfurobacterium in the 

family Desulfurobacteriaceae. However, there are several important phenotypic differences, given 

in Tables 5 and 6, between the novel isolate and its closely related species. Strain K6013T and D. 

pacificum are both able to reduce sulfur, nitrate and thiosulfate, but D. atlanticum is unable to reduce 

sulfur, D. thermolithotrophum is unable to reduce nitrate and 'D. crinifex' is unable to reduce 

thiosulfate. Strain K6013T and D. thermolithotrophum can grow at 40 °C, while D. pacificum, D. 

atlanticum and 'D. crinifex' cannot grow at temperature lower than 50 °C. Therefore, from the 

phylogenetic, phenotypic, physiological and chemotaxonomic evidence, we proposed to assign 
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strain K6013T to a novel species of the genus Desulfurobacterium, for which the name 

Desulfurobacterium indicum sp. nov. is proposed. 

 

Table 6 | Differential characteristics of strain K6013T and related species of genus 

Desulfurobacterium. 

Strains: 1, K6013T; 2, D. pacificum; 3, D. atlanticum; 4, D. thermolithotrophum; 5, 'D. crinifex'. 

Characteristics are scored as: +, positive; -, negative. Data for strain 1 were obtained in this study; data for 

strains 2 or 3, 4 and 5 were obtained from L'Haridon et al. (2006), L'Haridon et al. (1998) and Alain et al. 

(2003) and differences were confirmed in this study. 

Characteristics 1 2 3 4 5 

Cell shape Straight to curved 

rods 

Straight to 

curved rods 

Straight rods Straight 

rods 

Straight to 

curved rods 

Length (um) 0.9-2.2 1-2 2.5-3.5c 1-2 0.9-3.5 

Wide (um) 0.4-0.6 0.4-0.5 0.4-0.5 0.4-0.5 0.4-0.7 

T (°C) 

(optimal) 

40-75 (65) 55-85 (75) 50-80 (70-75) 40-75 (70) 50-70 (60-65) 

pH (optimal) 5-8 (6) 5.5-7.5 (6-6.2) 5.5-7 (5.8-6) 4.4-8 (6) 5-7.5 (6-6.2) 

NaCl (%) 

(optimal) 
1-4.5 (2.5) 1.5-5 (3) 1.5-5 (3) 1-4.6 (2.3) 2-4 (3) 

Flagellation Undetermined Monopolar Monopolar Monopolar Bipolar 

G+C (%) XX 42 41 36 37 

Electron acceptor 

S0 + + - + + 

NO3- + + + - + 

S2O3
2- + + + + - 

SO3
2- - - - + - 

 

Description of Desulfurobacterium indicum sp. nov. 

Desulfurobacterium indicum (in'.di.cum. L. masc. adj. indicum. Indian, referring to the Indian 

Ocean, from where the type strain was isolated). 

Cells were Gram-negative, anaerobic, motile rods (0.9-2.2 × 0.4-0.6 μm). Growth was observed 

at temperatures between 40 and 75 °C (optimum 65 °C), at NaCl concentration from 1.0 to 4.5% 

(optimum 2.5%), and at pH from 5 to 8 (optimum 6.0). Strain K6013T used sulfur, thiosulfate and 

nitrate as terminal electron acceptors, but not sulfate, sulfite nor nitrite. The predominant fatty acids 
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were C16:0 (17.4%), C18:1 ω7c (Summed feature 8, 37.91%), C18:0 (18.29%) and C14:0 3-OH (Summed 

feature 2, 8.56%). The genomic DNA G+C content was XX mol%. 

The type strain K6013T (= DSM 101677T= MCCC 1A01868T) was isolated from a deep-sea 

sulfide sample collected at a depth of 2771 m from a hydrothermal area in the Indian Ocean (37° 

78’S, 49° 65’E; site JL-Dive94-S01).  
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4.4 Thermodesulfatator lithotrophica sp. nov. 

The article of characterization of this strain is in preparation for the Journal International 

Journal of Systematics and Evolutionary Microbiology 

Its genome was sequenced using the Illumina MiSeq 2x300 bp technology, but we did not 

receive the data so far. 
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A novel sulfate-reducing bacterium, strain S606T, was isolated from a sulfide sample 

collected at a depth of 2764 m from a deep-sea chimney wall in the Indian Ocean. Phylogenetic 

16S rRNA gene sequence analyses located strain S606T within the genus Thermodesulfatator, 

with highest sequence similarity of 98.15% to Thermodesulfatator indicus DSM 15286T, 

followed by Thermodesulfatator atlanticus AT1325T (97.4%), others were all below 91.3%. 

The ANI values between strain S606T and two type strains (T. indicus DSM 15286T and T. 

atlanticus AT1325T) are XX% and XX%, respectively. The digital DNA-DNA hybridization 

estimate values between strain S606T and two type strains are XX±2.4% and XX±2.3%, 

respectively. Cells were Gram-negative, anaerobic, motile rods (1-1.8 × 0.5-0.7 μm). It grew 

at NaCl concentrations ranging from 1.5 to 4.5% (optimum 2.5-3%), from pH 5.5 to 8 

(optimum 6.5-7), and at temperatures between 50 and 80 °C (optimum 65-70 °C). Strain S606T 

grew chemolithoautotrophically in an H2/CO2 atmosphere (80/20, v/v; 200 kPa), using sulfate 

as an electron acceptor. The predominant fatty acids were C16:0 (24.17%), Summed feature 8 

(C18:1 ω6c and/or C18:1 ω7c, 26.33%), C18:0 (22%) and C18:1 ω9c (9.17%). The DNA G+C 

content was XX mol%, determined using the whole genome sequence. The combined 

genotypic and phenotypic traits show that strain S606T should be described as a novel species 

of the genus Thermodesulfatator, for which the name Thermodesulfatator autotrophica sp. nov. 

is proposed, with the type strain S606T (= DSM 101864T = MCCC 1A01871T). 

Sulfate-reducing prokaryotes (SRP) are anaerobic microorganisms, both bacteria and archaea, 

using sulfate as a terminal electron acceptor in their energy metabolism and hydrogen or various 

organic acids as energy sources (Heidelberg et al. 2004). At the time of writing, the genus 

Thermodesulfatator, within the family Thermodesulfobacteriaceae, comprises 2 species, T. indicus 

and T. atlanticus, both of which have been isolated from deep-sea hydrothermal systems (Moussard 

et al. 2004, Alain et al. 2010). Members of the genus Thermodesulfatator are sulfate-reducing 

chemolithoautotrophs using hydrogen as sole electron donor. In addition, T. atlanticus is able to use 

several organic compounds (methylamine, peptone and yeast extract) (Alain et al. 2010). 

In this study, we report on the isolation of a novel thermophilic sulfate-reducer, strain S606T, 

belonging to the genus Thermodesulfatator. The characteristics of this strain indicate that it 

represents a novel species of the genus Thermodesulfatator. 
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In January 2015, a deep-sea sulfide sample was collected at a depth of 2771 m from a chimney 

wall in the Indian Ocean (37° 78’ S, 49° 65’ E; site JL-Dive90-S01), during the DY35 cruise of 

Xiang Yang Hong Jiu Hao. The sample was collected using a benthic seabed grab and anaerobically 

preserved in sterilized seawater at 4 °C onboard. Once in the lab, a subsample was used to inoculate 

a SO4PNsalts medium (Alain et al. 2010), prepared with a gas phase of H2/CO2 (80/20, v/v, 200 

kPa) and incubated at 60 °C. After 5 days of incubation, cultures of short-rod cells were observed. 

The enrichments were subcultured under the same conditions, and purified by 6 repeated dilutions-

to-extinction series. One pure culture, strain S606T, is described in this study. The purity of this 

isolate was checked routinely by microscopic examination and by repeated partial sequencing of 

the 16S rRNA gene using 4 different primers. Stock cultures were stored at ˗80°C with 5% (v/v) 

dimethylsulfoxide (DMSO). 

Genomic DNA was extracted with the QIAGEN Genomic-tip 20/G (QIAGEN, Düsseldorf, 

Germany) kit following the manufacturer’s standard protocol. The 16S rDNA sequence was 

determined by Sanger method using the primers Bac8F (5’-AGA GTT TGA TCA TGG CTC AG-

3’), S8dir (5’-GTA GCG GTG AAA TGC GTA GA-3’), U1492R (5’-GGT TAC CTT GTT ACG 

ACT T-3’) and W34 (5’-TTA CCG CGG CTG CTG GCA C-3’). Pairwise 16S rDNA sequence 

similarity was calculated using global alignment algorithm implemented at the EzTaxon-e server 

(http://eztaxon-e.ezbiocloud.net/; (Kim et al. 2012). Phylogenetic 16S rDNA sequence analysis was 

performed using the software MEGA version 5.0 (Tamura et al. 2011). Distances were calculated 

using the Kimura two-parameters model and clustering was performed with the neighbor-joining 

algorithm (Saitou and Nei 1987). The robustness of the inferred topology was assessed by bootstrap 

analyses based on 1000 replications. 

A nearly full-length 16S rDNA sequence (1514 bp) of strain S606T was obtained. The 16S 

rRNA gene-based analysis located the novel isolate within the class Thermodesulfobacteria, in the 

bacterial domain. Comparative 16S rDNA sequence analysis showed that strain S606T formed a 

robust cluster with the genus Thermodesulfatator, within the family Thermodesulfobacteriaceae 

(Figure 10). Strain S606T shared the highest sequence similarity of 98.2% with Thermodesulfatator 

indicus DSM 15286T, followed by Thermodesulfatator atlanticus AT1325T (97.4%) and 

Thermosulfurimonas dismutans S95T (91.3 %). 

http://eztaxon-e.ezbiocloud.net/
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Figure 10 | Neighbor-joining tree showing the phylogenetic positions of strain S606T and all species of 

the family Thermodesulfobacteriaceae, based on 16S rRNA gene sequences. 

Bootstrap values (expressed as percentages of 1000 replications) are shown at branch points. Bar, 0.01 

nucleotide substitution rate (Knuc) units. Thermosulfidibacter takaii ABI70S6T was used as outgroup. 

 

The genome sequence of strain S606T was determined by Shanghai Majorbio Bio-pharm 

Technology Co., Ltd. (Shanghai, China), using Solexa paired-end (500 bp library) sequencing 

technology. The genome sequence of T. indicus DSM 15286T (NC_015681.1, Anderson et al. 

(2012)) and T. atlanticus AT1325T (NZ_ATXH01000001, unpublished) were downloaded from 

NCBI. The G+C content of the chromosomal DNA was determined from the draft genome sequence. 

The average nucleotide identity (ANI) was calculated using the algorithm of Goris et al. (2007) 

using the EZGenome web service. DNA-DNA hybridization (DDH) estimate values were analyzed 

using the genome-to-genome distance calculator (GGDC2.0) (Auch et al. 2010, Auch et al. 2010, 

Meier-Kolthoff et al. 2013). The DNA G+C content of strain S606T was XX mol%, which was 

close to two type strains (42.4%-45.0%). The ANI values between strain S606T and two type strains 

(T. indicus DSM 15286T and T. atlanticus AT1325T) are XX% and XX%, respectively, which are 

below standard ANI criteria for species identity (95–96%) (Richter and Rossello-Mora 2009). The 

digital DNA-DNA hybridization estimate values between strain S606T and two type strains are 

XX±2.4% and XX±2.3%, respectively, which are far below the standard criteria (70%) for 
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delineation of prokaryotic species (Wayne et al. 1987). These results confirmed that strain S606T 

represents a novel species of the genus Thermodesulfatator. 

Morphological characteristics of cells of strain S606T were examined by using light microscopy 

(Olympus BX60 and CX40) and transmission electron microscopy (100 CXII, JEOL). Cells were 

motile, rods (1-1.8 μm in length and 0.5-0.7 μm in width, n=10, Figure 11) that occurred singly. 

Some cells became spherical in the late stationary growth phase. They stained Gram-negative. 

  

Figure 11 | Scanning electron and transmission electron micrograph of cells of strain S606T. 

 

Unless otherwise stated, physiological characterization was performed anaerobically in 

SO4PNsalts medium (Alain et al. 2010), in duplicate, using sulfate as a terminal electron acceptor, 

and a gas phase of H2/CO2 (80/20, v/v, 200 kPa) as energy and carbon sources. Growth experiments 

were generally performed as described previously (Alain et al. 2003). Growth of the isolate was 

routinely monitored by direct cell counting by using a modified Thoma chamber (depth 10 µm). 

Determination of the temperature range for growth was tested at 45, 50, 55, 60, 65, 70, 75, 80 and 

85°C. The isolate grew at 50–80 °C (optimum 65-70 °C). Salt tolerance was tested at 65°C with 

various concentrations of NaCl (0, 0.2, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 %, w/v). Growth 

of strain S606T occurred at NaCl concentration between 1.5 and 4.5% (optimum: 2.5-3%). The pH 

range for growth was tested from pH 5 to pH 9.0 (initial pH at 20°C) with increments of 0.5 units. 

Growth occurred between pH 5.5 and 8.0, the optimum being around 6.6-7. 

The new isolate was a strictly anaerobic bacterium using hydrogen and sulfate as primary 

electron donor and acceptor, respectively. The ability to use alternative electron acceptors was 

tested in SO4PNsalts medium depleted of sulfate, but supplemented with elemental sulfur (12 g/L), 
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sulfite (2 mM), thiosulfate (20 mM), nitrate (10 mM), nitrite (2 mM) or oxygen (1% v/v). Hydrogen 

sulfide production was carried out as described previously (Cord-Ruwisch 1985). Sulfate were used 

as terminal electron acceptors, but not sulfur, sulfite, nitrate nor thiosulfate. When using sulfate as 

a terminal electron acceptor, strain S606T grew exclusively on hydrogen. 

The cellular fatty acids were saponified, methylated and extracted using the standard protocol 

of MIDI (Sherlock Microbial Identification System, version 6.0B). The fatty acids were analyzed 

by GC (Agilent Technologies 6850) and identified by using the TSBA6.0 database of the Microbial 

Identification System (Sasser 1990). The principal fatty acids were C16:0 (24.17%), Summed feature 

8 (C18:1 ω6c/C18:1 ω7c, 26.33%), C18:0 (22.22%) and C18:1 ω9c (9.17%), and the minor fatty acids 

were shown in Table 7. All strains contain C16:0, Summed feature 8 and C18:0 as the major fatty acid, 

but strain S606T can differentiate from two type strains by the major fatty acid of C18:1 ω9c. 

 

Table 7 | Cellular fatty acid profiles of strain S606T and two species of the genus Thermodesulfatator. 

Strains: 1, S606T; 2, T. atlanticus AT1325T (Alain et al. 2010); 3, T. indicus CIR29812T (Moussard et al. 

2004). Values are percentages of total fatty acids. ND, not detected; tr, trace amount (<1.0%). 

Fatty acid 1 2 3 

C14:0 1.04 ND  

C16:0 24.17 6.37 8.7-10.2 

C17:0 1.7 1.12 2.2-2.8 

C18:0 22.22 16.14 42.7-50.9 

iso-C10:0  2.11 ND  

iso-C11:0 1.50 ND  

C16:0 3OH 1.21 1.9 0-3.2 

C16:1ω5c 1.36 0.82  

C17:1ω6c ND 2.23  

C18:1ω5c 1.12 2.07  

C18:1ω9c 9.17 1.16  

C20:1ω7c ND 1.23  

C19:0 cyclo ω8c 2.75 6.4 14.5-20.5 

Sum In Feature 3 (C16:1 ω6c and/or C16:1 ω7c) 1.84 1.13  

Sum In Feature 5 (C18:2ω6,9c and/or ante-C18:0) 3.23 ND  

Sum In Feature 8 (C18:1 ω6c and/or C18:1 ω7c) 26.33 59.43 19.2-23.6 

 

Based on a combination the results of the phylogenetic, phenotypic and chemotaxonomic 

analyses (Tables 7 and 8) described in this article, strain S606T should be assigned to the genus 
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Thermodesulfatator in the family Thermodesulfobacteriaceae. Nevertheless, the novel isolate can 

be distinguished from the closely related species based on some phenotypic characteristics and their 

low ANI and DDH values. Therefore, based on the polyphasic data, we propose that strain S606T 

represents a novel species, for which the name Thermodesulfatator autotrophica sp. nov. is 

proposed. 

 

Table 8 | Differential characteristics of strain S606T and related species of genus Thermodesulfatator. 

Strains: 1, S606T; 2, T. atlanticus AT1325T; 3, T. indicus CIR29812T.  Characteristics are scored as: +, 

positive; -, negative. Data for strains 1 were obtained during this study; data for strains 2 and 3 were obtained 

from Alain et al. (2010) and Moussard et al. (2004), and differences were confirmed in this study. 

Characteristics 1 2 3 

Cell shape Rods Rods Rods 

Length (um) 1-1.8 1.04-6.08 0.8-1 

Wide (um) 0.5-0.7 0.3-0.75 0.4-0.5 

T (°C) (optimal) 50-80(65-70) 55–75(65–70) 55–80(70) 

pH (optimal) 5.5-8.0 (6.5-7.0) 5.5–8.0(6.5–7.5) 6.0–6.7(6.25) 

NaCl (%) (optimal) 1.5-4.5(2.5-3) 1.5–4.5(2.5) 1.0–3.5(2.5) 

Flagellation Monopolar Monopolar Monopolar 

NO3- - -(+**) - 

SO4
2- + + + 

Organic compounds - + - 

Genome size (Mb)  2.30 2.32 

Gene number  2270 2282 

G+C (mol %) XX 45.6 (45.0*) 46 (42.4*) 

*Data were obtained according to its genome sequence. 

**Data was obtained in this study. 

 

Description of Thermodesulfatator autotrophica sp. nov. 

Thermodesulfatator autotrophica (au.to.tro'phi.ca. Gr. n. autos self; Gr. adj. trophikos nursing, 

tending or feeding; N.L. fem. adj. autotrophica autotroph). 

Strictly anaerobic. Cells were Gram-negative., motile rods (1-1.8 × 0.5-0.7 μm). Growth occurs 

at salinities from 1.5 to 4.5% (optimum 2.5-3%), from pH 5.5 to 8 (optimum 6.5-7), and at 

temperatures between 50 and 80 °C (optimum 65-70 °C). Strictly chemolithoautotrophic using 

sulfate as terminal electron acceptor and hydrogen as electron donor. The predominant fatty acids 
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were C16:0, Summed feature 8 (C18:1 ω6c and/or C18:1 ω7c), C18:0 and C18:1 ω9c. The DNA G+C 

content was XX mol%. 

The type strain S606T (= DSM 101864T = MCCC 1A01871T) was isolated from a deep-sea 

sulfide sample collected at a depth of 2764 m from a chimney wall in the Indian Ocean (37° 78’ S, 

49° 65’ E; site JL-Dive90-S01). 
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4.5 Determination of the pressure range for growth of isolates from the 

deep-sea 

4.5.1 Piezophilic bacterium Anoxybacter fermentans DY22613T 

Anoxybacter fermentans DY22613T was originally isolated from a deep-sea hydrothermal 

sulfide deposit at a depth of 2891 m at the East Pacific Rise (GPS position: 102.6° W, 3.1° S), and 

was identified to be a novel thermophilic, anaerobic, fermentative bacterial strain (Zeng et al. 2015) 

(article is given in annex 1). Sampling and storage of the sample was not done under isobaric 

conditions. The determination of the hydrostatic pressure range for growth was tested in 5 mL glass 

syringes containing YTG medium inoculated with 1% late-exponential phase culture. Hydrostatic 

pressure test for strain DY22613T was carried out at 0.1, 10, 20, 30, 40, 55 and 70 MPa at 60 °C. 

Growth was also observed under high hydrostatic pressure, from 0.1 to 55 MPa, with optimum 

growth pressure of 20 MPa (Figure 12). Anoxybacter fermentans DY22613T grows faster at 20 MPa 

than at atmospheric pressure (0.1 MPa), thus demonstrating it is a piezophilic bacterium. 

 

Figure 12 | Pressure curve of Anoxybacter fermentans DY22613T. 

4.5.2 Piezosensitive bacterium Caloranaerobacter ferrireducens DY22619T 

Caloranaerobacter ferrireducens DY22619T is a novel thermophilic, anaerobic, iron-reducing 

bacterium, isolated from a sulfide sample collected from an East Pacific Ocean hydrothermal field 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 20 40 60 80

G
ro

w
th

 r
a

te

Pressure/MPa



 

80 

 

at a depth of 2901 m (Zeng et al. 2015) (see annex 2). Sampling and storage of the sample was not 

done under isobaric conditions. The hydrostatic pressure range for growth was determined in 5 mL 

glass syringes containing YTG medium inoculated with 1% late-exponential phase culture. 

Hydrostatic pressure test for strain DY22619T was carried out at 0.1, 10, 20, 30 and 40 MPa at 60 °C. 

The strain is able to grow from 0.1 to 40 MPa, with optimum growth pressure of 0.1 MPa (Figure 

13). Anoxybacter fermentans DY22619T is a novel piezosensitive bacterium, which tolerates 

hydrostatic pressure up to 40 MPa. 

 

Figure 13 | Pressure curve of Caloranaerobacter ferrireducens DY22619T. 
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4.6 Genetic manipulations of Palaeococcus pacificus DY20341T 

Palaeococcus pacificus DY20341T, isolated from a sediment sample collected from an East 

Pacific Ocean hydrothermal field (1°38 S, 102°46 W) at a depth of 2737 m, is a hyperthermophilic, 

anaerobic, piezophilic archaeon (Zeng et al. 2013). It is one of the few thermopiezophilic organisms 

isolated so far, which can grow at temperatures ranging from 50 °C to 90 °C (optimally at 80 °C) 

and optimally under 30 MPa. The genome of Palaeococcus pacificus is now available (GenBank: 

CP006019) (Zeng et al. 2015), and the development of genetic tools for the analysis of its adaptation 

to pressure would be very useful. 

Some archaeal genetic systems have been described in members of the Thermococcaceae, such 

as Thermococcus barophilus (Thiel et al. 2014), Thermococcus kodakaraensis (Santangelo et al. 

2010) and Pyrococcus furiosus (Kreuzer et al. 2013), which are phylogenetically related to 

Palaeococcus pacificus. Simvastatin was used to screen for transformed cells as Palaeococcus 

pacificu was sensitive to simvastatin (final concentration of 2.5 μg/mL), and 6-methyl purine (6-

MP) was used for counterselection. The suicide vector pUPH (Figure 14), with 6-MP sensitive gene 

(TK0664 gene in Thermococcus kodakarensis) inserted, was used as a tool for gene disruption by 

homologous recombination in this study. Gene PAP_06710 in Palaeococcus pacificus was 

annotated as hypoxanthine/guanine phosphoribosyltransferase, a homolog of the TK0664 gene (77% 

of identity). In order to use the plasmid pUPH as a suicide vector for counterselection, gene 

PAP_06710 was firstly subjected to gene deletion, as loss of TK0664 resulted in resistance to 6-

methyl purine (6MPr) (Santangelo et al. 2010). 

4.6.1 Construction of the suicide vector 

The suicide vector pUPH was used to clone the flanking regions of the targeted gene 

PAP_06710 and the resulting plasmid was named pUPH-6710. The flanking regions of the gene 

targeted for deletion were amplified from genomic DNA by two successive PCR amplification steps, 

in a process known as splicing by overlap extension. The primers used for this first amplification 

were named BamHI-D6710-1F/D6710-1R and D6710-2F/NdeI-D6710-2R (see § 3.9 in the 

Materials and Methods). The second PCR amplification was carried out using the two flanking 
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regions as the matrix and primers BamHI-D6710-1F and NdeI-D6710-2R, to produce a resulting 

DNA fragment of 2 kb composed of the two merged homologous regions. The fragment was 

inserted into the plasmid pUPH at the restriction sites NdeI and BamHI, producing the suicide 

vector pUPH-6710. The plasmid pUPH-6710 was confirmed by PCR using BamHI-D6710-1F / 

NdeI-D6710-2R and pUPH-F / pUPH-R as primer pairs. 

 

Figure 14 | Construction of pUPH-6710 plasmid. 
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4.6.2 Transformation of Palaeococcus pacificus 

The plasmid pUPH-6710 was used to transform Palaeococcus pacificus DY20341 using 

simvastatin as the resistant marker. The resulting Simr strains were analyzed by PCR using genomic 

DNA as a matrix and pUPH-F and pUPH-R as primers. However, the plasmid pUPH-6710 was not 

found in the resulting Simr strains. It seems like that the plasmid cannot be transformed into 

Palaeococcus pacificus DY20341.  
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5 Discussion and Conclusion 

Deep-sea hydrothermal vents are extreme habitats, characterized by extraordinary physical and 

chemical gradients. They are among the most biologically active regions, and support highly 

productive ecosystems fueled by chemosynthesis (Takai and Nakamura 2011, Sievert and Vetriani 

2012). The most explored and studied hydrothermal systems are located in the Pacific Ocean and 

in the Atlantic Ocean, while only few hydrothermal sites of the Indian Ocean have been explored 

so far. This ocean may host most of the undiscovered vents on Earth (Beaulieu et al. 2015). 

Although our knowledge of the diversity and functions of hydrothermal vents isolates has 

remarkably expanded, extensive investigation of the microbiology and physiology remain 

imperative, especially in the poorly-documented hydrothermal vents of the Indian Ocean. Indeed, 

before this study, only 8 prokaryotic strains were isolated from deep-sea vents of the Indian Ocean: 

two methanogens, one sulfate-reducing autotroph, one fermentative, one nitrate-reducing strain, 

one heterotrophic aerobe and autotrophs respiring sulfur or nitrate. 

Three deep-sea samples were collected from hydrothermal vents in the Indian Ocean, and 

investigated in this study. Once in the lab, subsamples were used to isolate anaerobic 

microorganisms involved the sulfur cycle. In total six anaerobic sulfur- or sulfate-reducers 

prokaryotes have been isolated from deep-sea hydrothermal vents from the Middle Indian Ocean or 

from the Southwest Indian Ridge. This study increased by nearly two-folds the number of species 

known from the Indian Ocean. 

5.1 Isolates from the deep-sea hydrothermal samples 

A novel species, Desulfovibrio indicus J2T, was isolated from the serpentinized peridotite deep-

sea site 30I-TVG05. Strain J2T was a piezophilic sulfate-reducer, growing optimally at 10 MPa 

(range 0–30 MPa). As it comes from a sample collected at a depth of 3173 m in the Indian Ocean, 

it was probably not active in its natural environment of sampling. Members of the bacterial genus 

Desulfovibrio are SRP of geomicrobiological significance (Heidelberg et al. 2004, Khelaifia et al. 

2011). Strain J2T was able to reduce sulfate, thiosulfate and sulfite in the presence of H2/CO2 (80/20, 

v/v, 200 kPa), and was likely to play a role in the sulfur cycle at deep-sea hydrothermal vents. 
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The deep-sea sulfide sites JL-Dive94-S01 and JL-Dive90-S01 are characterized by high 

temperature, with fluids emitted at 361 and 145 °C, respectively. As a result, a hyperthermophilic 

archaeon, Thermococcus nautili J8513, and a thermophilic bacterium, Caloranaerobacter azorensis 

J5513, were isolated from the deep-sea sulfide sites JL-Dive94-S01, and another hyperthermophilic 

archaeon, Thermococcus hydrothermalis J856, was isolated from the deep-sea sulfide site JL-

Dive90-S01. 

A novel thermophilic sulfur-reducing bacterium, Desulfurobacterium indicum K6013T was 

isolated from the high-temperature sulfide sites JL-Dive94-S01 in the Indian Ocean. It grew 

chemolithoautotrophically in the presence of thiosulfate or sulfur as terminal electron acceptor and 

hydrogen as the electron donor, with optimal temperature of 65 °C. Members of the genus 

Desulfurobacterium were supposed to play an important role in deep-sea hydrothermal ecosystems 

as primary producers of organic matter in anaerobic zones (Miroshnichenko and Bonch-

Osmolovskaya 2006). 

The novel sulfate-reducing bacterium, Thermodesulfatator autotrophica S606T, grew 

chemolithoautotrophically with an atmosphere of H2/CO2 (80/20, v/v; 200 kPa), using sulfate as a 

terminal electron acceptor. It grew optimally at temperatures of 65-70 °C, in agreement with the 

high temperature of the original sample (sites JL-Dive94-S01). 

In summary, only a few isolates were obtained from these deep-sea samples. This is notably 

due to the fact that it was difficult to design culture conditions because the chemical parameters of 

the hydrothermal sites were not measured during the cruise. This is also due to the fact that the 

“conventional” culture approaches that we used are time-consuming. It might have been interesting 

to use high-throughput cultivation approaches. Enrichment cultures into microplates might have 

increase the number and diversity of isolated strains. We did not decide to perform molecular 

inventories of the diversity with our hydrothermal samples, because the main aim of this work was 

initially the design of a genetic tool and because the time was short (2 years). Nevertheless, such 

molecular approaches would have given clues on the chemical parameters of the different sites and 

be very helpful to direct culture conditions. 
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5.2 The cultivation of novel microorganisms 

First and next-generation sequencing surveys based on 16S rRNA genes and functional genes 

have revealed an unexpected diversity of uncultured bacterial and archaeal lineages at deep-sea 

hydrothermal vents (Sogin et al. 2006, Anderson et al. 2015). Recent advances in genomic 

technologies similarly had great impact on microbiology, providing further insights into microbial 

evolution, adaptations, physiology and ecology (Schleper et al. 2005). Up to date, there are 159 (see 

the tables 1 and 2) novel genera/species that have been isolated from deep-sea hydrothermal vents, 

representing only a minor fraction of the microbial diversity of this ecosystem. The uncultured 

bacterial and archaeal lineages remain for now without cultured representatives that could serve as 

a reference for metabolic inferences to design cultivation strategies. The cultivation of 

microorganisms from deep-sea hydrothermal vents will undoubtedly be an important technology 

providing further understanding of the microbial physiology and biochemistry. 

In order to optimize prokaryote cultivation efficiency microbiologists developed different novel 

cultivation strategies in recent years, which can be classified in to four categories: Refinement of 

standard cultivation strategies, cultures in situ or cultures in simulated natural conditions, cultures 

of microbial communities and high-throughput automatable microbial culture formats (Alain and 

Querellou 2009). The repeated dilution-to-extinction culturing has been demonstrated to be a 

successful strategy to isolate novel species (Alain and Querellou 2009). Other isolation methods 

were also often used, such as filtration methods, flow cytometry and cell sorting (FACS), and 

density-gradient centrifugation or elutriation (Vartoukian et al. 2010). 

However, it is still difficult to identify required nutrients for microbes and to design growth 

media and conditions. And microbial cultivation is also a low-throughput process and time-

consuming. So, one of the main tasks in microbiology is to develop culture techniques and strategies 

to cultivate the uncultured majority (Vartoukian et al. 2010). The key points for microbial 

cultivation do not depend only of a single technical advance but depend on our understanding of 

the natural microbial systems. And the application of combinatorial approaches and the 

development of novel approaches will be required in the future to come close to natural conditions 

and to further improve cultivation efficiency. 
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5.3 Novel microorganisms from underexplored deep-sea vents and their 

potential 

Microorganisms from deep-sea hydrothermal vents represent an untapped reservoir of 

biomolecules with tremendous biotechnological potential (Pettit 2011). Numerous studies reported 

microbial natural products or new functions from microorganisms inhabiting extremely acidic, high 

temperature or high pressure environments (Thornburg et al. 2010, Pettit 2011). Microorganisms 

produce a variety of secondary metabolites, which could have bioactive properties, particularly in 

the anticancer and anti-infective areas. Nearly 10% of microbial genomes are devoted to secondary 

metabolism and the pathways responsible for the biosynthesis of these metabolites have been 

identified and characterized. 

In this study, three novel species (Desulfovibrio indicus, Desulfurobacterium indicum and 

Thermodesulfatator autotrophica) from deep-sea hydrothermal vents were isolated and 

characterized. All of the three novel species are supposed to play an important role in deep-sea 

hydrothermal ecosystems as primary producers of organic matter in anaerobic zones. The genomes 

of these three novel species have been sequenced and will provide further insights into its 

adaptations, physiology and ecology. In the future, to determine if these strains present a 

biotechnological potential (and even if that was not the aim of our study), that would be interesting 

to perform genome mining and search for key enzymes (such as PolyKetide Synthases (PKS)), 

Non-Ribosomal Peptide Synthetases (NRPS) or TerPene Synthases (TPS)) involved in the 

production of secondary metabolites, some of which possess bioactive properties. Enzymes 

involved in recalcitrant substrates degradation (keratin, chitin, cellulose and /or hydrocarbons) 

could also be targeted, in addition to polymers like exopolysaccharides, and metabolites (lipids, 

compatible solutes, etc.), as all these compounds might find biotechnological applications. 

5.4 Perspectives 

In order to understand the microbial adaptations, physiology and ecology, more studies should 

be carried out. Physiological and metabolic experiments, molecular studies, and genomic and 

transcriptomic analyses could be combined to investigate the pathways of sulfur and sulfate 
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reduction. Another question is how the isolates adapt to the deep-sea hydrothermal environments 

and in which way they are involved in the biogeochemical cycling. The mechanism of interaction 

between microbes and the abiotic environments is another interesting topic needed to be studied in 

the future.  
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6 Annexes 

6.1 Annex 1: Article Anoxybacter fermentans gen. nov., sp. nov., a piezophilic, thermophilic, 

anaerobic, fermentative bacterium isolated from a deep-sea hydrothermal vent. 

6.2 Annex 2: Article Physiological features of Halomonas lionensis sp. nov., a novel bacterium 

isolated from a Mediterranean Sea sediment. 
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6.1 Annex 1: Article Anoxybacter fermentans gen. nov., sp. nov., a piezophilic, 

thermophilic, anaerobic, fermentative bacterium isolated from a deep-sea 

hydrothermal vent.   
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6.2 Annex 2: Article Physiological features of Halomonas lionensis sp. nov., a 

novel bacterium isolated from a Mediterranean Sea sediment. 
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Abstrcact 

Deep-sea hydrothermal vents are among the most biologically active regions, and support highly 

productive ecosystems fueled by chemosynthesis. Although our knowledge of the diversity and roles of 

hydrothermal vents isolates has remarkably expanded, extensive investigation of the microbiology and 

physiology remain imperative for several reasons, especially in the poorly-documented hydrothermal vents 

of the Indian Ocean. In this era of omics, the cultivation of microorganisms remains crucial in several respects. 

Estimations indicate that more than 99% of all existing prokaryotes have resisted cultivation in the laboratory, 

limiting the study of their physiology and ecological role. The cultivation makes it possible to perform a direct 

and easy study of the microbial morphology, physiology, genetics and pathogenicity. From an ecological 

point of view, it is very helpful to have isolates to integrate at the cell level ecological data got via top-down 

(meta-omics, rate measurements, etc.) and bottom-up (single-cell techniques, metabolomics, transcriptomics, 

etc.) approaches. Finally, microbial isolates allow testing hypotheses that arise from (meta-)genomic data. 

Sulfate/sulfur-reducing prokaryotes, ubiquitous in anoxic habitats, play an important role in both the sulfur 

and carbon cycles. These cycles are particularly important at deep-sea hydrothermal vents and our study 

focused aimed at cultivating novel taxa involved in these cycles from the poorly documented Indian Ocean. 

Six anaerobic prokaryotes were isolated from deep-sea hydrothermal samples from the Indian Ocean. For 

taxonomic study of 3 novel strains, 16S rRNA gene phylogenetic analysis, phenotypic and chemotaxonomic 

characterizations were carried out. The genomes of these three isolates were sequenced and annotated. 

The first characterized isolate was strain J2T, a novel sulfate-reducing bacterium. It was isolated from a 

serpentinized peridotite sample collected at a depth of 3173 m. Phylogenetic analysis based on 16S rRNA 

gene sequences showed that strain J2T falls into the genus Desulfovibrio within the class Deltaproteobacteria, 

with highest sequence similarity of 98.05% to Desulfovibrio dechloracetivorans SF3T. The combined 

genotypic and phenotypic data showed that strain J2T represents a novel species of the genus Desulfovibrio, 

for which the name Desulfovibrio indicus sp. nov. was proposed. 

The second characterized isolate was a novel sulfur-reducing bacterium, strain K6013T. It was isolated 

from a sulfide sample collected at a depth of 2771 m from a high-temperature hydrothermal vent. 

Phylogenetic 16S rRNA gene sequence analyses showed that strain K6013T falls into the genus 

Desulfurobacterium within the class Aquificae, with highest sequence similarity of 96.93% to 

Desulfurobacterium atlanticum SL22T. On the basis of genotypic and phenotypic data, strain K6013T is 

considered to represent a novel species of the genus Desulfurobacterium, for which the name 

Desulfurobacterium indicum sp. nov. is proposed. 

Another characterized isolate was a novel sulfate-reducing bacterium, strain S606T. It was isolated from 

a sulfide sample collected at a depth of 2764 m from a deep-sea chimney wall in the Indian Ocean. 

Phylogenetic analysis based on 16S rRNA gene sequences showed that strain S606T falls into the genus 

Thermodesulfatator within the class Thermodesulfobacteria, with highest sequence similarity of 98.15% to 

Thermodesulfatator indicus DSM 15286T. The combined genotypic and phenotypic data show that strain 

S606T represents a novel species of the genus Thermodesulfatator, for which the name Thermodesulfatator 

autotrophica sp. nov. was proposed. 

Finally, experiments aimed at trying to design a genetic tool with the archaea Paleococcus pacificus and 

another part aimed at testing the response of a deep-sea microbial isolates to hydrostatic pressure. 


