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Abstract

With a rich variety of chemical energy sources and steep physical and chemical gradients, hydrothermal vent systems offer
a range of habitats to support microbial life. Cultivation-dependent and independent studies have led to an emerging view
that diverse microorganisms in deep-sea hydrothermal vents live their chemolithoautotrophic, heterotrophic, or mixotrophic
life with versatile metabolic strategies. Biogeochemical processes are mediated by microorganisms, and notably, processes
involving or coupling the carbon, sulfur, hydrogen, nitrogen, and metal cycles in these unique ecosystems. Here, we review
the taxonomic and physiological diversity of microbial prokaryotic life from cosmopolitan to endemic taxa and emphasize
their significant roles in the biogeochemical processes in deep-sea hydrothermal vents. According to the physiology of the
targeted taxa and their needs inferred from meta-omics data, the media for selective cultivation can be designed with a wide
range of physicochemical conditions such as temperature, pH, hydrostatic pressure, electron donors and acceptors, carbon
sources, nitrogen sources, and growth factors. The application of novel cultivation techniques with real-time monitoring of
microbial diversity and metabolic substrates and products are also recommended.

Keywords Deep-sea hydrothermal vents - Cultivation - Diversity - Biogeochemical cycle

Introduction

The discovery of deep-sea hydrothermal vents in the late
1970s expanded our knowledge of the extent of life on Earth
(Corliss et al. 1979). Hydrothermal-vent environments
include positively buoyant and neutrally buoyant (lateral)
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hydrothermal plumes (~2 °C), low-temperature hydrother-
mal fluids (~5-100 °C), high-temperature hydrothermal
fluids (~150—-400 °C), sulfide rock, basalt, and pelagic and
metalliferous sediments. Active deep-sea hydrothermal
vents, which are spread along mid-ocean ridges, back-arc
basins, and volcanic arcs, occur in different geological con-
texts, characterized by the presence of different rock types,
including basalts, peridotites, and felsic rocks. The associ-
ated hydrothermal fluids exhibit substantial chemical vari-
ability, depending largely on the compositional differences
among the underlying rocks (Amend et al. 2011). Hydrother-
mal end-member fluids of basalt-hosted systems are usually
characterized by greater sulfide than hydrogen concentra-
tions, resulting from magma degassing and high-tempera-
ture-leaching of host rocks. In contrast, owing to serpentini-
zation processes, the end-member fluids of ultramafic-hosted
vent systems usually exhibit greater hydrogen (normal
10-20 mmol/L, some up to 154 mmol/L) and methane (at
mmol/L levels) concentrations than sulfide concentrations
(Adam and Perner 2018; Charlou et al. 2002; Perner et al.
2013). Because of the mixing processes with the oxygen-
ated ambient seawater, deep-sea hydrothermal fluids of these
ultramafic systems may contain numerous possible electron
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acceptors (primarily oxygen, nitrate, sulfate, elemental sul-
fur, and iron) (Adam and Perner 2018).

Deep-sea hydrothermal vents are representative areas of
high biological productivity on the seafloor, fueled primar-
ily by microbial chemoautotrophy, which is in contrast to
most ecosystems fueled by photosynthesis (Reysenbach and
Shock 2002). Hydrothermal vent microorganisms, including
free-living cells, animal symbionts, and cells in microbial
mats, use the energy produced by the oxidation of sulfur,
hydrogen, methane, sulfide, and iron to fix carbon. In turn,
this organic carbon supports dense animal communities,
largely through symbiotic relationships with bacteria, but
also via grazing or suspension-feeding and subsequent
trophic transfer (Dick 2019).

This article reviews the current knowledge of microor-
ganisms inhabiting deep-sea hydrothermal vents and, in
particular, the isolates grown from this unique environment
and their involvement in the biogeochemical cycles. In addi-
tion, it highlights the understanding of metabolically versa-
tile microbial taxa and future challenges for microbiologists
in the field of microbial culture.

Microbial diversity and biogeochemistry
Carbon cycle

The geological activity of hydrothermal vents produces a
large number of carbon compounds (Jannasch and Mottl
1985). Hydrothermal vent plumes contain high concen-
trations of methane and carbon monoxide, with methane
concentrations of up to 107 times that of the surrounding
ocean water (Jannasch and Mottl 1985). Short-chain fatty
acids, such as formate and acetate, have been repeatedly
found in hydrothermal fluids. Autotrophic chemosynthetic
microorganisms fix inorganic carbon and provide much of
the organic carbon that supports heterotrophic life in the
hydrothermal ecosystem (Dick 2019).

Carbon fixers

At hydrothermal sources, CO, fixation can be carried out by
members of the Alphaproteobacteria, Gammaproteobacteria,
Deltaproteobacteria, Zetaproteobacteria, Campylobacterota
(formerly Epsilonproteobacteria), Thermodesulfobacteria,
Aquificae, Deferribacteres and by several members of the
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Fig. 1 Schematic illustration of microbial metabolisms in deep-sea hydrothermal fields. Carbon source in green or blue: CO,, CH,, (CH,0)n;
Electron donors in red:-H,, H,S, S°, NH,*,Fe**; Electron acceptors in black:-0,, S°, $0,2~, NO,~, Fe**
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Table 1 List of cultured genera in the domain of Bacteria and Archaea from the deep-sea hydrothermal vent environments and their metabo-
lisms. Opt T, optimal growth temperature

Categories

Genus (species number)

OptT
§®)

Source

Main metabolism

Bacteria
Aquificae

Calditrichaeota

Campylobacterota

Deferribacteres

Balnearium (1)

Desulfurobacterium (5)

Hydrogenivirga (1)
Persephonella (1)
Thermovibrio (2)
Thermosulfidibacter (1)
Caldithrix (1)

Caminibacter (3)

Cetia (1)

Hydrogenimonas (1)

Lebetimonas (2)

Nautilia (4)

Nitratifractor (2)

Nitratiruptor (1)

Sulfurovum (4)

Sulfurimonas (3)

Thiofractor (1)

Deferribacter (3)

70-75

65-75

70-75

73

75-80

70

60

55-60

55-60

55

50-55

40-60

37

55

28-35

25-33

37

60-65

Chimney

Chimney, sulfide, animal

Chimney
Chimney
Chimney
Sediment
Chimney

Chimney

Chimney

Fluid

Fluid, animal

Chimney, animal

Chimney

Chimney

Chimney, sediment, rock, animal

Chimney, sediment, animal

Chimney

Chimney, fluid

Anaerobe, autotroph, sulfur-oxidizer,
denitrifier

Aerobe or anaerobe, autotroph,
hydrogen-oxidizer, sulfur-reducer,
denitrifier

Aerobe or anaerobe, autotroph, sulfur-
oxidizer, denitrifier

Aerobe or anaerobe, autotroph, sulfur-
oxidizer, denitrifier

Anaerobe, autotroph, hydrogen-oxi-
dizer, sulfur-reducer, denitrifier

Anaerobe, autotroph, hydrogen-oxi-
dizer, sulfur-reducer

Anaerobe, autotroph or heterotroph,
hydrogen-oxidizer, denitrifier

Aerobe or anaerobe, autotroph,
hydrogen-oxidizer, sulfur-reducer,
denitrifier

Anaerobe, autotroph, hydrogen-oxi-
dizer, sulfur-reducer, denitrifier

Aerobe or anaerobe, autotroph,
hydrogen-oxidizer, sulfur-reducer,
denitrifier

Anaerobe, autotroph, hydrogen-
oxidizer, sulfur-reducer, denitrifier,
selenite-reducer

Anaerobe, autotroph or heterotroph,
hydrogen-oxidizer, sulfur-reducer,
denitrifier, selenite-reducer

Aerobe or anaerobe, autotroph,
hydrogen-oxidizer, sulfur-reducer,
denitrifier

Aerobe or anaerobe, autotroph,
hydrogen-oxidizer, sulfur-reducer,
denitrifier

Aerobe or anaerobe, autotroph,
sulfur-oxidizer, hydrogen-oxidizer,
denitrifier

Aerobe or anaerobe, autotroph,
sulfur-oxidizer, hydrogen-oxidizer,
denitrifier

Anaerobe, autotroph, hydrogen-oxi-
dizer, sulfur-reducer, denitrifier

Anaerobe, heterotroph, hydrogen-

oxidizer, sulfur-reducer, denitrifier,
iron-reducer, arsenate-reducer
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Table 1 (continued)

Categories Genus (species number) OptT Source Main metabolism
O
Deinococcus-Thermus ~ Marinithermus (1) 67.5 Chimney Aerobe, heterotroph, hydrogen-
oxidizer
Oceanithermus (2) 60 Chimney Aerobe, heterotroph, hydrogen-
oxidizer
Rhodothermus (2) 70-75 Chimney Aerobe, heterotroph, sulfur-reducer,
denitrifier
Thermus (1) 75 Chimney Aerobe, heterotroph, hydrogen-
oxidizer
Vulcanithermus (1) 70 Chimney Aerobe, heterotroph, hydrogen-
oxidizer
Firmicutes Anoxybacter (1) 60 Sulfide Anaerobe, heterotroph, iron-reducer
Caloranaerobacter (2) 55-60 Chimney, sulfide Anaerobe, heterotroph, iron-reducer
Caminicella (1) 55-60 Animal Anaerobe, heterotroph
Desulfohalotomaculum (1) 50 Sediment Anaerobe, heterotroph, sulfur-reducer
Vulcanibacillus (1) 55 Sediment Anaerobe, heterotroph, denitrifier
Wukongibacter (1) 30 Sulfide Anaerobe, heterotroph, iron-reducer
Proteobacteria
Alphaproteobacteria  Piezobacter (1) 50 Chimney Aerobe or anaerobe, autotroph or
heterotroph, hydrogen-oxidizer,
sulfur-oxidizer, denitrifier
Gammaproteobacteria Guyparkeria (1) 35 Chimney Aerobe, autotroph or heterotroph,
sulfur-oxidizer
Halomonas (4) 20-35 Fluid, plume, rock Aerobe, heterotroph
Hydrogenovibrio (2) 25-40 Fluid, animal Aerobe, autotroph or heterotroph,
sulfur-oxidizer,
Salinisphaera (1) 30-35  Fluid Aerobe, autotroph or heterotroph,
sulfur-oxidizer
Thiolapillus (1) 40 Chimney Aerobe or anaerobe, autotroph, sulfur-
oxidizer, denitrifier
Thiomicrorhabdus (1) 28 Sea water Aerobe or anaerobe, autotroph, sulfur-
oxidizer
Thioprofundum (2) 3940 Chimney, rock Aerobe or anaerobe, autotroph, sulfur-
oxidizer, denitrifier
Vibrio (1) 40 Animal Aerobe, heterotroph
Deltaproteobacteria Deferrisoma (1) 50 Chimney Anaerobe, heterotroph, sulfur-reducer,
iron-reducers
Desulfonauticus (1) 45 Animal Anaerobe, autotroph or heterotroph,
hydrogen-oxidizer, sulfur-reducer
Desulfothermus (1) 50 Chimney Anaerobe, heterotroph, sulfur-reducer
Desulfovibrio (1) 35 Chimney Anaerobe, autotroph or heterotroph,
hydrogen-oxidizer, sulfur-reducer
Dissulfuribacter (1) 61 Chimney Anaerobe, autotroph, sulfur-dispro-
portionator
Geothermobacter (1) 55 Fluid Anaerobe, heterotroph, denitrifier,
iron-reducers
Pseudodesulfovibrio (1) 30-35 Rock Anaerobe, heterotroph, hydrogen-
oxidizer, sulfur-reducer
Zetaproteobacteria Ghiorsea (1) 20 Iron mat Aerobe, autotroph, iron-oxidizers
Mariprofundus (2) 25-30 Iron mat, sediment Aerobe, autotroph, iron-oxidizers
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Table 1 (continued)

Categories Genus (species number) OptT Source Main metabolism
O
Thermodesulfobacteria Thermosulfurimonas (1) 74 Chimney anaerobe, autotroph, sulfur-reducer,
sulfur-disproportionator
Thermosulfuriphilus (1) 65 Chimney Anaerobe, autotroph, sulfur-reducer,
sulfur-disproportionator
Thermodesulfatator (3) 65-70 Chimney Aanaerobe, autotroph, hydrogen-
oxidizer, sulfur-reducer
Thermodesulfobacterium (1) 75 Sediment Anaerobe, autotroph, hydrogen-oxi-
dizer, sulfur-reducer
Thermotogae Marinitoga (4) 55-65 Chimney Anaerobe, heterotroph, sulfur-reducer
Kosmotoga (1) 70 Sediment Anaerobe, heterotroph, sulfur-reducer
Thermosipho (4) 65-72 Chimney, fluid, animal Anaerobe, heterotroph, sulfur-reducer
Archaea
Euryarchaeota Aciduliprofundum (1) 70 Sulfide Anaerobe, autotroph or heterotroph,
sulfur-reducer, iron-reducer
Geoglobus (2) 81-88  Chimney Anaerobe, autotroph or heterotroph,
hydrogen-oxidizer, iron-reducer
Methanocaldococcus (6) 80-85 Chimney, sediment, fluid Anaerobe, autotroph, methanogen
Methanofervidicoccus (1) 70 Chimney Anaerobe, autotroph, methanogen
Methanopyrus (1) 98 Chimney Anaerobe, autotroph, methanogen
Methanothermococcus (1) 60-65 Chimney Anaerobe, autotroph, methanogen
Methanotorris (1) 75 Chimney Anaerobe, autotroph, methanogen
Palaeococcus (2) 80 Chimney, sediment Anaerobe, heterotroph, sulfur-reducer
Pyrococcus (5) 95-105 Chimney, fluid Anaerobe, heterotroph, sulfur-reducer
Thermococcus (18) 75-90 Chimney, sediment, rock, fluid, Anaerobe, heterotroph, sulfur-reducer,
animal iron-reducer
Crenarchaeota Aeropyrum (1) 85 Chimney Aerobe, heterotroph
Geogemma (1) 100 Chimney Anaerobe, autotroph, hydrogen-oxi-
dizer, iron-reducer
Ignicoccus (1) 90 Chimney Anaerobe, autotroph, hydrogen-oxi-
dizer, sulfur -reducer
Pyrodictium (1) 90-92  Chimney Anaerobe, autotroph, hydrogen-oxi-
dizer, denitrifier, iron-reducer
Pyrolobus (1) 106 Chimney Aerobe or anaerobe, autotroph, sulfur-

reducer, denitrifier

Archaea (Fig. 1, Table 1). Seven major metabolic pathways
for carbon fixation are found in microbial vent communities
including the Calvin—Benson-Bassham (CBB) cycle, reduc-
tive tricarboxylic acid (tTCA) cycle, 3-hydroxypropionate
bicycle (3-HP), 3-hydroxypropionate/4-hydroxybutyrate
cycle (3-HP/4-HB), reductive acetyl-coenzyme A (acetyl-
CoA) pathway, dicarboxylate/4-hydroxybutyrate cycle, and
the recently proposed reversible tricarboxylic acid cycle
(“roTCA cycle”) (Minic and Thongbam 2011; Nakagawa
and Takai 2008; Nunoura et al. 2018). The CBB cycle is
the most common CO, fixation pathway found among auto-
trophs. Ribulose bisphosphate carboxylase (RuBisCO), a key
CO, assimilation enzyme, has been identified in members
of the microbial community, such as Zetaproteobacteria and
Gammaproteobacteria, including the genera Thiomicrospira

and Beggiatoa, and some endosymbionts of tubeworms,
bivalves, and gastropods (Cerqueira et al. 2018). The rTCA
cycle is preferred by anaerobes that inhabit anoxic zones
of the hydrothermal vent system, for example, some mem-
bers of Desulfobacterales, Aquificales, and Thermoproteales
(Nakagawa and Takai 2008) and by many aerobic genera in
the phylum Campylobacterota (Li et al. 2018). Most of the
organisms using the 3-HP and 3-HP/4-HB cycle pathways
are mixotrophs with the ability to utilize organic carbon in
addition to carbon fixation, e.g., the deltaproteobacterial
sulfate-reducer Desulfobacterium autotrophicum, acetogens,
and methanogenic archaea (Nakagawa and Takai 2008).
Deferribacter autotrophicus in the phylum Deferribacteres
was found to use both the dicarboxylate/4-hydroxybutyrate
cycle and the roTCA cycle (Slobodkin et al. 2019).
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In addition, at hydrothermal vents, geothermal light
might drive photosynthetic reactions using the photo-
synthetic pigments found in a few microorganisms. An
obligately photosynthetic green sulfur anaerobic bacte-
rium is reported to grow anaerobically using light, H,S or
elemental sulfur, and CO,, by capturing geothermal radia-
tion with isorenieratene carotenoid pigments and chloro-
some BChl e, a photosynthetic antennae complex (Beatty
et al. 2005). Additionally, geo-chip surveys of the inside
of an active chimney found abundant RubisCO genes of
photosynthetic organisms closely related to cyanobacteria
and green sulfur bacteria, further suggesting the presence
of microorganisms that utilize photoradiation for energy
(Wang et al. 2009). Perez et al. (2013) speculated that
species that have very high efficiency in the use of infra-
red photons up to 1300 nm, can achieve good rates of
photosynthesis in hydrothermal vents.

Methanogens

Thermophilic and hyperthermophilic methanogens that
perform hydrogenotrophic methanogenesis are believed
to be the numerically largest and most important group in
higher temperature regimes. These methanogens require
higher concentrations of hydrogen (e.g.,> 17 mmol/L
according to the experiments carried out with hyper-
thermophilic Methanocaldococcus species) to support
chemolithoautotrophic growth than organisms that use
coupled hydrogen oxidation for respiration of alternative
electron acceptors, for example, oxygen, nitrate, ferric
iron, and sulfate (Ver Eecke et al. 2012). From mesophilic
to hyperthermophilic methanogens, MGG (Huber et al.
1982), 141, and MMJ media (Takai et al. 2002) could be
used for anaerobic cultivation techniques.

Archaea—Euryarchaeota

Among the archaea, the order Methanococcales is one
of the most commonly found methanogen autotrophs
in hydrothermal environments. They convert H, and
CO, from degassing magma and water—rock reactions
into CH, and H,0. Many methanogens have been iso-
lated from hydrothermal vents (Table 1, Supplementary
Table S1), including Methanocaldococcus fervens (Jean-
thon et al. 1999), M. indicus (L’Haridon et al. 2003a,
b), M. infernus (Jeanthon et al. 1998), M. villosus (Bel-
lack et al. 2011), M. vulcanius (Jeanthon et al. 1999),
M. bathoardescens (Stewart et al. 2015), M. jannaschii
(formerly Methanococcus jannaschii) (Jones et al. 1983),
Methanopyrus kandleri (Kurr et al. 1991), Methanotorris
formicicus (Takai et al. 2004a), Methanothermococcus

@ Springer

okinawensis (Takai et al. 2002), and Methanofervidicoc-
cus abyssi (Sakai et al. 2019). These marine organisms
collectively have permissive growth temperatures rang-
ing from 45-110 °C with respective optimums between
80 and 98 °C. They grow optimally at circumneutral pH
(~6.5). Hydrogen and carbon dioxide can be used by all
of these organisms to produce methane. Alternative sub-
strates, such as formate, acetate, methanol, or methyl-
amines, cannot be utilized. Tungsten, selenium, or yeast
extract have always been found to significantly stimulate
their growth. The methyl coenzyme-A reductase (McrA)
gene is a key functional gene for methanogenesis present
in all methanogenesis pathways (Luton et al. 2002).

Methane oxidizers

Hydrothermal ecosystems emit methane, which can origi-
nate from both geological and biological processes (Jan-
nasch and Mottl 1985). Microbially mediated methane
oxidation occurs with different electron acceptors, with
sulfate being quantitatively the dominant electron acceptor
for methane oxidation, because methane production occurs
below the sulfate-rich zone in sediments. In hydrothermal
vent communities, aerobic oxidation of methane (so-called
methanotrophy) is also commonly found in microbial endo-
symbionts of vent animals (Nakagawa and Takai 2008) and
the adjacent seawater (Valentine et al. 2001).

Gammaproteobacteria

The family Methylococcaceae in the class Gammapro-
teobacteria also uses methane as both an energy and carbon
source and has been reported in deep-sea vents (Cerqueira
et al. 2018).

Archaea—FEuryarchaeota

Anaerobic oxidation of methane (AOM) is prevalent in
methane-rich sediments found around some hydrothermal
vents and may be responsible for consuming up to 75% of the
methane produced by the vent (Wankel et al. 2012). Species
that perform AOM include archaea of the phylum Euryar-
chaeota, referred to as anaerobic methane-oxidizing lineages
(ANME). In the absence of pure cultures, high-throughput
sequencing surveys, coupled with functional approaches
and analytical monitoring of the metabolism based on & *C
signatures of CH, and sulfate reduction rates, have demon-
strated the ability of different ANME lineages (ANME-1,
2a-c, and 3) to oxidize methane coupled to the reduction of
sulfate, and the presence of these archaea has been reported
in several hydrothermal vent fields (Biddle et al. 2012; Mer-
kel et al. 2013; Wankel et al. 2012). Efforts to cultivate the
hydrothermal microorganisms carrying out AOM deserve to
be continued.
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Heterotrophs

There is also a rich heterotrophic microbial life at hydrother-
mal vents. Versatile heterotrophic Alpha- and Gammapro-
teobacteria have been found, for example, in different vent-
ing areas of the Menez Gwen hydrothermal field; from the
diffuse fluid discharge points through the mixing gradients to
the plumes and the surrounding seawater (Meier et al. 2016).
Generalist species belonging to the genera Marinobacter,
Vibrio, Pseudoalteromonas, Halomonas, Pseudomonas, and
Alcanivorax, among others, have been repeatedly isolated
from hydrothermal vent samples (Kaye et al. 2004; Ragué-
nes et al. 1997, Teske et al. 2000; Vetriani et al. 2005) and
their abundance in vent fluids collected from the Pacific
Ocean was estimated to be up to 28% of the total micro-
organisms (Kaye and Baross 2000). Strains of the phylum
Deferribacteres are the heterotrophic taxa commonly found
in deep-sea vents that can grow with organic acids and pro-
teinaceous compounds as energy sources, for example, Cal-
dithrix abyssi (Miroshnichenko et al. 2003b), Deferribacter
abyssi (Miroshnichenko et al. 2003a), D. autotrophicus (Slo-
bodkina et al. 2009a), D. desulfuricans (Takai et al. 2003a,
b, ¢). A high fraction of heterotrophic microbial lineages
related to cultivated members within the order Thermoto-
gales and Bacteroidetes, and many novel lineages were also
enriched using a novel in situ enrichment strategy (Stokke
et al. 2020). Isolates in the phylum Deinococcus-Thermus
have not only been isolated from hydrothermal vents but
have often also been isolated from terrestrial hot springs.
They include six genera, Thermus (Marteinsson 1999),
Marinithermus (Sako et al. 2003), Oceanithermus (Miro-
shnichenko et al. 2003c; Mori et al. 2004), Vulcanithermus
(Miroshnichenko et al. 2003d), Rhodothermus (Marteinsson
et al. 2010) and Rhabdothermus (Steinsbu et al. 2011). Most
of them are aerobic thermophilic heterotrophs capable of
growing solely on complex organic substrates, while some
can grow anaerobically with nitrate and elemental sulfur as
electron acceptors.

At hydrothermal vent systems, alkanes are formed over
relatively short geological time scales via thermogenic pro-
cesses (including Fischer—Tropsch reactions and serpentini-
zation) and often exist at high concentrations. Besides, the
Guaymas Basin, is characterized by hydrothermal alterations
that transform large amounts of organic carbon into methane,
polycyclic aromatic hydrocarbons, low-molecular weight
alkanes, and organic acids, allowing for diverse microbial
communities to thrive (Dombrowski et al. 2017; He et al.
2013; Li et al. 2016a, b; Wang et al. 2019). Recently, the
McrABG-like complex (Methyl coenzyme M reductase)
involved in the oxidation of short-chain alkanes has been
identified in various taxa, including Candidatus Syntropho-
archaeum spp., and closely related sequences have been
detected in Guaymas Basin hydrothermal sediments (Wang

et al. 2019). Gene coding for enzymes involved in the activa-
tion of hydrocarbons for anaerobic degradation was detected
in Bacteroidetes, Chloroflexi, Latescibacteria and candi-
date bacteria KSB1 phyla (Dombrowski et al. 2017). The
archaeal genome of GoM-Arcl is also predicted to encode
novel pathways for short-chain hydrocarbon oxidation by
alkyl-coenzyme M formation (Dombrowski et al. 2017).
Using discrete temperature (25, 55, and 75 °C) anaerobic
batch reactor incubations of hydrothermal sediments sup-
plemented with individual alkanes (C1-C4), a novel sulfate-
reducing lineage of Deltaproteobacteria, was identified as
the likely taxa mediating the oxidation of C2—-C4 alkanes
(Adams et al. 2013). The hyperthermophilic archaeon Geo-
globus acetivorans can also degrade aromatic compounds
(Mardanov et al. 2015). Recently, after enrichment at low
temperatures under high hydrostatic pressure (HP), several
chemoautotrophs previously recognized as sulfur oxidizers,
such as the SAR324 group, clade SUPO5, and representa-
tives of the genus Sulfurimonas, were identified as bacteria
capable of degrading hydrocarbons (Wang et al. 2020).
Fermentative microorganisms are often associated with
methanogens, because methanogenic activity maintains a
hydrogen concentration low enough to make the fermen-
tation pathway energetically favorable. Many fermenters
have been isolated under anaerobic culture conditions, in the
domain Archaea, such as the Aeropyrum camini (Nakagawa
et al. 2004), Thermococcales (Teske et al. 2009), Geoglo-
bus species (Kashefi et al. 2002), Desulfurococcus species
(Jannasch et al. 1988) and ‘Firmicutes’ such as Caminicella
sporogenes (Alain et al. 2002b), Caloranaerobacter azoren-
sis (Wery et al. 2001b), Caloranaerobacter ferrireducens
(Zeng et al. 2015a), Anoxybacter fermentans (Zeng et al.
2015b), and Wukongibacter baidiensis (Li et al. 2016).
The distribution, abundance, and function of microbial
eukaryotes in hydrothermal environments are still poorly
understood but recent progress has revealed considerable
diversity. Fungi can be associated with a wide variety of
substrates in deep-sea hydrothermal vent systems, including
seawater, sediments, minerals, and animals such as shrimps,
mussels, tubeworms, corals, sponges, and gastropods (Luo
and Pang 2014). At the Lucky Strike and Rainbow hydro-
thermal fields along the Mid-Atlantic Ridge, the presence of
ciliates related to Stylonychia pustulata, fungi, and alvenel-
lid-related metazoans were revealed through 18S rRNA
gene surveys (Lopez-Garcia et al. 2003). Black yeast (order
Chaetothyriales) was found in mussels (Bathymodiolus bre-
vior) at the Mussel Hill hydrothermal vent in the Fiji Basin
(Van Dover et al. 2007). Burgaud et al. (2009) focused on
the occurrence and diversity of culturable filamentous fungi
in deep-sea hydrothermal vents and isolated 62 filamentous
Ascomycota fungi. Molecular methods revealed unsus-
pected species diversity in three of the five fungal phyla
and discovered a new branch of Chytridiomycota, forming
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an ancient evolutionary lineage and many unknown spe-
cies in Chytridiomycota, Ascomycota, and Basidiomycota
(Calvez et al. 2009). Connell et al. (2009) investigated fun-
gal diversity in actively growing Fe-oxide mats and basalt
rock surfaces from deep-sea hydrothermal vents. A diverse
fungal community, belonging to the genera Pichia, Crypto-
coccus, Rhodospordium, Rhodotorula, Dioszegia, Clavis-
pora, Sporidiobolus, Aremonium, Geomyces, Aspergillus,
and Fomitopsis, was recovered. All yeast species obtained
can produce siderophores for Fe acquisition and utilization,
and one isolate, Rhodotorula graminis, could oxidize Mn
(IT), suggesting that fungi in deep-sea hydrothermal vent
ecosystems may play a role in biomineralization processes
(Connell et al. 2009). Malassezia-like fungi and members of
the order Malasseziales are exceedingly widespread and eco-
logically diverse, having even been found in hydrothermal
vents (Amend et al. 2014). The study analyzed the species
richness and abundance of fungi from a South Mid-Atlantic
Ridge hydrothermal site, and found that the fungal commu-
nity structures in the chimney samples were distinct from
those in three sulfide samples, where the Ascomycota was
significantly more abundant 2-3 orders) than the Basidiomy-
cota (Xu et al. 2017). Xu et al. (2018) also found that there
was a high fungal diversity, with 723 operational taxonomic
units (OTUs) belonging to 79 taxa (Ascomycota and Basidi-
omycota contributed to 99% of all samples), in the deep-sea
hydrothermal sediments of Southwest Indian ridge.

Sulfur cycle

Microbial communities at hydrothermal vents convert
reduced sulfur, such as H,S, produced by geological activity
into other more oxidized forms, such as sulfite, sulfate and
elemental sulfur for energy production or assimilation into
organic molecules (Sievert et al. 2008). Sulfide is abundant
in hydrothermal vents, with concentrations ranging from one
to several tens of mmol/L, whereas the surrounding ocean
water generally has concentrations of only a few nanomolars
(Radfordknoery et al. 2001).

Sulfur-oxidizers

Sulfide from hydrothermal vents is available to various
sulfur-oxidizing microorganisms using oxygen (or nitrate)
from the upper layers of the sea. Many reduced sulfur com-
pounds, such as elemental sulfur (S°), hydrogen sulfide
(H,S), methanethiol (CH;SH), dimethylsulfide [(CHj;),S],
pyrrhotite (Fel-xS), pyrite (FeS,), chalcopyrite (CuS), and
sphalerite (ZnS) are used as electron donors by microor-
ganisms (Orcutt et al. 2011). Sulfide and thiosulfate oxida-
tion occur in sulfide-rich basalt-hosted hydrothermal fields,
which provide the greatest energy yields of the hydrothermal
vent biotopes (McCollom et al. 2007). Meier et al. (2017)
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found that representatives of the genus Sulfurovum in the
phylum Campylobacterota thrive, mainly attached to sur-
faces exposed to diffuse venting, while the SUPO5-clade
dominated the bacterioplankton in highly diluted mixtures
of vent fluids and seawater (Meier et al. 2017). Campylo-
bacterota and Gammaproteobacteria also dominated the
microbiota of chemosynthetic metazoans, such as poly-
chaetes, mussels, gastropods, and shrimps (Nakagawa 2008).
The sulfur-oxidizing Aquificae, however, generally occupy
a narrow thermophilic niche (Reysenbach et al. 2001) of
this singular ecosystem, and sulfur-oxidizing archaea (order
Sulfolobales) are quite rare in the marine environment (Frie-
drich et al. 2005).

Bacterial sulfur-oxidation pathways include: sulfide oxida-
tion to elemental sulfur by sulfide dehydrogenase (FccAB)
or sulfide-quinone reductase (Sqr), which is further oxidized
to sulfate by the reverse sulfate reduction pathway or by
SoeABC in the cytoplasm. Thiosulfate can be oxidized to
sulfate by the Sox system (SoxABCDXY) in the periplasm.
These systems are classified into two different types: (1)
the reverse sulfate reduction and (2) the Sox multienzyme
system. Reverse sulfate reduction is a reversal of the sulfate
reduction pathway in which sulfide is oxidized to sulfate via
sulfite. This pathway uses the same families of enzymes as
the sulfate reduction pathway, such as dissimilatory sulfite
reductase (Dsr), adenylphosphosulfate reductase (Apr), and
sulfate adenylyltransferase (Sat). Sox multienzyme com-
plexes catalyze the oxidation of inorganic sulfur compounds.
Four protein components, SoxYZ, SoxXA, SoxB, and SoxCD
are required for the complete oxidation of thiosulfate to sul-
fate (Wasmund et al. 2017; Yamamoto and Takai 2011).
However, in some strains, SoxCD was not necessary (Frie-
drich et al. 2005). The deep-sea Campylobacterota possesses
versatile energy metabolisms: (i) they can couple the oxida-
tion of hydrogen to the respiration of sulfur using hydroge-
nases and polysulfide reductase (Psr); (ii) they can couple the
oxidation of sulfur compounds using the Sox multienzyme
system, to the respiration of oxygen or nitrate; and (iii) they
can also couple the oxidation of hydrogen to the reduction of
oxygen or nitrate (Yamamoto and Takai 2011). Most of the
chemotrophic sulfur-oxidizing Gammaproteobacteria harbor
both incomplete Sox and complete Dsr systems, similar to
the phototrophic gammaproteobacterial species of the family
Chromatiaceae (Na