
Frontiers in Microbiology | www.frontiersin.org 1 September 2021 | Volume 12 | Article 686276

ORIGINAL RESEARCH
published: 22 September 2021

doi: 10.3389/fmicb.2021.686276

Edited by: 
Daniel P. R. Herlemann,  

Estonian University of Life Sciences, 
Estonia

Reviewed by: 
Heide N. Schulz-Vogt,  

Leibniz Institute for Baltic Sea 
Research (LG), Germany

Wolfgang Buckel,  
University of Marburg, Germany

*Correspondence: 
Mirjam Perner  

mperner@geomar.de

†These authors have contributed 
equally to this work and share first 

authorship

Specialty section: 
This article was submitted to  

Aquatic Microbiology,  
a section of the journal  

Frontiers in Microbiology

Received: 26 March 2021
Accepted: 24 August 2021

Published: 22 September 2021

Citation:
Adam N, Han Y, Laufer-Meiser K, 

Bährle R, Schwarz-Schampera U, 
Schippers A and Perner M (2021) 

Deltaproteobacterium Strain KaireiS1, 
a Mesophilic, Hydrogen-Oxidizing 
and Sulfate-Reducing Bacterium 

From an Inactive Deep-Sea 
Hydrothermal Chimney.

Front. Microbiol. 12:686276.
doi: 10.3389/fmicb.2021.686276

Deltaproteobacterium Strain 
KaireiS1, a Mesophilic, Hydrogen-
Oxidizing and Sulfate-Reducing 
Bacterium From an Inactive Deep-
Sea Hydrothermal Chimney
Nicole Adam 1†, Yuchen Han 2,3†, Katja Laufer-Meiser 1, Rebecca Bährle 1, 
Ulrich Schwarz-Schampera 4,5, Axel Schippers 4 and Mirjam Perner 1,2*

1 GEOMAR and Molecular Biology of Microbial Consortia, GEOMAR Helmholtz Center for Ocean Research Kiel, Kiel, 
Germany, 2 GEOMAR and Molecular Biology of Microbial Consortia, Biocenter Klein Flottbek, University of Hamburg, 
Hamburg, Germany, 3 Microbiology and Biotechnology, Biocenter Klein Flottbek, University of Hamburg, Hamburg, Germany, 
4 Federal Institute for Geosciences and Natural Resources (BGR), Hannover, Germany, 5 International Seabed Authority, 
Kingston, Jamaica

A novel deltaproteobacterial, mesophilic, hydrogen-oxidizing, and sulfate-reducing 
bacterium (strain KaireiS1) was highly enriched from an inactive chimney located in the 
active zone of the Kairei hydrothermal vent field (Central Indian Ridge) in the Indian Ocean. 
Based on 16S rRNA gene analyses, strain KaireiS1 is the currently only cultured 
representative of a cluster of uncultured Deltaproteobacteria, positioned within the 
Desulfobulbaceae family, between the Desulfobulbus genus and the “Cable Bacteria.” A 
facultative autotrophic lifestyle of KaireiS1 is indicated by its growth in the absence of 
organic compounds, measurements of CO2-fixation rates, and activity measurements of 
carbon monoxide dehydrogenase, the key enzyme of the reductive Acetyl-CoA pathway. 
Apart from hydrogen, strain KaireiS1 can also use propionate, lactate, and pentadecane 
as electron donors. However, the highest cell numbers were reached when grown 
autotrophically with molecular hydrogen. Hydrogen uptake activity was found in membrane 
and soluble fractions of cell-free extracts and reached up to 2,981 ± 129  nmol H2*min−1*mg−1 
of partially purified protein. Commonly, autotrophic sulfate-reducing bacteria from the 
Deltaproteobacteria class, thriving in hydrothermal vent habitats are described as 
thermophiles. Given its physiological characteristics and specific isolation source, strain 
KaireiS1 demonstrates a previously unnoticed potential for microbial sulfate reduction by 
autotrophs taking place at moderate temperatures in hydrothermal vent fields.

Keywords: Deltaproteobacteria, Desulfobulbaceae, hydrogen oxidation, sulfate reduction, hydrothermal deep-sea vent

INTRODUCTION

The Kairei hydrothermal field is located in the Central Indian Ridge (Gamo et al., 2001; Hashimoto 
et al., 2001). After the field’s discovery in 2001, its geological background and biological communities 
were investigated (Gamo et  al., 2001; Hashimoto et  al., 2001; Gallant and Von Damm, 2006): 
Kairei fluids are characterized by low pH, relatively high concentrations of H2S and H2, and 
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low CH4 levels (Van Dover et  al., 2001). Consistent with the 
fluid’s high H2 concentrations, many H2-oxidizing bacteria have 
been isolated from the Kairei hydrothermal field (Van Dover 
et  al., 2001; Takai et  al., 2004a,b). In addition, the thermophilic 
methanogenic isolates and marker-gene based identification of 
sulfate-reducing bacteria have been described (Van Dover et al., 2001;  
Nakagawa et  al., 2004; Takai et  al., 2004c).

Analyses of microbial community compositions in inactive 
Kairei chimneys have demonstrated the presence of members 
from the Desulfobulbaceae family (e.g., 2.2% Desulfobulbus spp. 
in the chimney sample S1; Han et al., 2018). This family currently 
comprises eight validated genera and two candidate genera with 
Desulfobulbus representing the type genus (Kuever, 2014; Junghare 
and Schink, 2015; Trojan et  al., 2016). So far, most isolates of 
the Desulfobulbaceae family (except for members of the candidate 
genera Electrothrix and Electronema and a few other species) 
have been described as heterotrophic, sulfate-reducing bacteria 
(SRB; Kuever, 2014; Kjeldsen et al., 2019). Candidatus Electrothrix 
and Candidatus Electronema form the group of Cable Bacteria 
that currently does not comprise axenic cultures. However, 
insights into their physiology could be  gained by means of 
enrichment cultures, metagenomics, and incubation-experiments 
(Kjeldsen et  al., 2019; Müller et  al., 2020). These bacteria couple 
the oxidation of sulfide to the reduction of oxygen and nitrate 
via long-distance electron transport across centimeter long 
filaments, which can be found in marine and fresh-water sediments 
(Marzocchi et  al., 2014; Kjeldsen et  al., 2019). The type genus 
Desulfobulbus comprises 10 well-described isolates, which are 
Gram-negative, strictly anaerobic, and mesophilic heterotrophic 
SRB, isolated from diverse marine sediments and terrestrial fields 
and a human oral niche. Apart from organic electron donors 
like lactate, formate, or pyruvate, some species can use molecular 
hydrogen albeit only in the presence of acetate (Widdel and 
Pfennig, 1982; Samain et  al., 1984; Lien et  al., 1998; Sass et  al., 
2002; Suzuki et al., 2007; Sorokin et al., 2012; El Houari et al., 2017;  
Kharrat et  al., 2017; Cross et  al., 2018).

While sulfate reduction in marine sediments has been 
extensively studied (Kasten and Jørgensen, 2000), fewer studies 
have focused on the microbial sulfate reduction in hydrothermally 
influenced sediments and hydrothermal deposits, restricted to 
the analysis of sulfate reduction rates for heterotrophs, the 
phylogenetic analysis of associated microbial communities, and 
the isolation of thermophilic, autotrophic SRB (Elsgaard et  al., 
1994; Sievert and Kuever, 2000; Nakagawa et  al., 2004; Frank 
et  al., 2013, 2015). As expected for hydrothermally influenced 
environments exhibiting elevated temperatures, the incubation 
experiments demonstrated increased sulfate reduction rates at 
temperatures above 50°C and the dominance of thermophiles 
in the associated microbial sulfate reducing communities 
(Elsgaard et  al., 1994; Frank et  al., 2013, 2015).

Here, we  present work on a new deltaproteobacterial highly 
enriched strain (KaireiS1 = DSM 108158) from an uncultured 
lineage positioned between the Desulfobulbus genus and Cable 
Bacteria, within the Desulfobulbaceae family. It was enriched 
in co-culture with a Sunxiuqinia species (a member of 
Bacteroidetes) from an inactive chimney – in close proximity 
to the main active Kairei vent field. Its morphological, 

physiological, and phylogenetic characteristics are described 
here and its physiology, as studied, placed into an 
environmental context.

MATERIALS AND METHODS

Isolation of Strain KaireiS1
During the INDEX2016 cruise, an inactive chimney structure 
(06ROV03-A) was collected in close proximity to an active 
venting site of the Kairei field (25.32°S and 70.04°E) at a 
water depth of 2,420 m by means of the ROV VICTOR6000 
(Ifremer) as previously described (Han et al., 2018). Immediately 
after sample recovery on board, small pieces of the massive 
sulfides from this inactive chimney were stored in organic-free 
MJ medium (artificial sea water) with the redox indicator 
resazurin (Hansen and Perner, 2015). These pre-enrichments, 
intended to bridge the gap until enrichments could be performed 
under different growth conditions in the home laboratory, were 
carried out in 100 ml Duran glass bottles. The bottles were 
filled with 50 ml  MJ medium, sealed with silicone septa, and 
spiked with sterile argon (Air Liquide, Paris, France) in the 
headspace to reduce oxygen concentrations in the gas phase. 
The medium turned from blue to colorless after a 2-week 
incubation on board at 4°C, indicating increasingly reduced 
conditions over time. After transportation to the home laboratory, 
the culture resulting in the dominance of strain KaireiS1 was 
enriched in MJ medium under an H2:CO2 (80:20) atmosphere 
(Westfalen AG, Münster, Germany) at 25°C in the dark.

The total DNA of the enrichment was extracted, and a 
clone library harboring the corresponding 16S rRNA genes 
was constructed and sequenced as described previously 
(Perner et  al., 2009).

In order to isolate the most abundant species (i.e., strain 
KaireiS1) from the enrichment culture, serial dilutions were 
performed in MJ medium and AL20 medium (organic medium), 
which is a slight modification from the L20 medium (Lien 
et  al., 1998), namely 2 mM sodium acetate was added instead 
of sodium propionate. The headspaces were filled with H2:CO2 
(80:20) gas mixture. In each case, six parallel dilutions from 
1:10 to 1:1010 were performed. The dilutions were then used 
to inoculate the cultures of 50 ml with AL20 or MJ medium 
in butyl stopper-sealed serum bottles and incubated anaerobically 
at 28°C with a H2:CO2 (80:20) gas mixture. Again, clone libraries 
were constructed and sequenced, and the procedure was repeated 
until only one species was identified among 48 clones of 
a library.

Phylogenetic Analysis and Purity Check of 
Strain KaireiS1
The full 16S rRNA gene sequence from strain KaireiS1 (1,462 bp, 
deposited under GenBank accession number MH763813) was 
analyzed using nucleotide Blast.1 The phylogenetic tree of strain 
KaireiS1 and its closest cultured and uncultured relatives were 

1 https://blast.ncbi.nlm.nih.gov/Blast.cgi
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constructed with MEGA X (Kumar et  al., 2018) based on the 
Maximum-likelihood method and Tamura-Nei model with 1,000 
bootstrap replications after multiple alignments using MUSCLE 
(Edgar, 2004). In addition to 16S rRNA gene analyses, the 
purity of enrichment cultures and putative isolates of strain 
KaireiS1 was routinely checked by performing fluorescence in 
situ hybridization (FISH) with the cy-3 labeled oligonucleotide 
probe 660 (DBB660: 5'-GAA TTC CAC TTT CCC CTC TG 
-3'; Devereux et  al., 1992). For this purpose, 1 ml of the 
respective culture was diluted 1:10  in sterile PBS (phosphate 
buffered saline) and fixed with formaldehyde [4% (v/v)] for 
2–4 h at 22°C. Subsequently, the fixed cells were concentrated 
on polycarbonate filters (type: Nuclepore, 0.2 μm pore size, 
Whatman, Buckinghamshire, United  Kingdom), washed with 
sterile PBS, and stored at −20°C until further usage. The 
hybridization with probe DBB660 (final concentration 50 ng/μl)  
was performed at 60% formamide as described in Glöckner 
et  al. (1999). Counter-staining of all cells was performed using 
diamidino-2-phenylindole (DAPI) at a final concentration of 
5 μg/ml. All fluorescence signals on filter sections were inspected 
using an AxioImager M2 microscope (Carl Zeiss, Oberkochen, 
Germany). Additionally, the putative isolates of strain KaireiS1 
were subjected to Gram staining (Gram, 1884) and Transmission 
electron microscopy (TEM, as described in Keuter et al., 2011), 
using glutaraldehyde-fixed cells and a LEO 906E electron 
microscope (Carl Zeiss). For purity checks at the end of 
hydrogen and sulfate consumption and CO2-incorporation 
experiments, the 16S rRNA gene was PCR-amplified as described 
above. Instead of the construction and sequencing of clone 
libraries however, the purified PCR product was 
directly sequenced.

Growth With Inorganic Substrates
To test for the ability of KaireiS1 to grow under autotrophic 
conditions on hydrogen oxidation with Fe(III) as electron 
acceptor, MJ medium amended with 20 mM Na2MoO4 was 
inoculated with a culture that was actively growing on hydrogen 
with sulfate as electron acceptor. Na2MoO4 is an efficient 
inhibitor of sulfate reduction (Oremland and Capone, 1988; 
Stoeva and Coates, 2019) and was added to prevent production 
of H2S by sulfate reduction as sulfate was still present in the 
medium. To avoid abiotic Fe(III) reduction by H2S that was 
contained in the inoculum, the culture was flushed with H2:CO2 
(80:20) for >1 h before Fe(III) (5 mM) was added. By this 
procedure, the concentration of H2S from the inoculum was 
minimized to ca. 6 μM, such that a maximum of ca. 50 μM 
of Fe(III) reduction in the later incubation could be  attributed 
to abiotic Fe(III) reduction. For determining the H2S 
concentration in the inoculated culture, sampling and colorimetric 
analysis via the Cline assay (Cline, 1969) was done as described 
below for the sulfate reduction rate measurements. Fe(III) was 
added as ferrihydrite that was synthesized as described by 
Schwertmann and Cornell (2008). For determination of Fe(II) 
and Fe(III) concentrations over time during the incubation at 
several timepoints, 500 μl of the culture were sampled with a 
N2-flushed syringe and immediately added to 100 μl of 6 M 

HCl (1 M HCl final concentration) for acid Fe extraction. After 
1 h, the Fe extraction was stopped by centrifugation (5 min, 
20,000 x g) and the supernatant was sampled and stored at 
4°C in the dark until analysis of Fe concentrations. Fe(II) and 
total Fe concentrations in the extracts were determined 
spectrophotometrically with the ferrozine assay (Stookey, 1970) 
performed on 96-well plate scale with a microplate reader 
(SPECTROstar Nano, BMG Labtech). For total Fe concentrations, 
all Fe(III) was reduced to Fe(II) with hydroxylamine 
hydrochloride before the assay. Fe(III) was calculated from 
the difference between Fe(II) and total Fe concentrations. To 
test for the enhancement of Fe(III) reduction capability by 
acetate, the same incubations were performed also with the 
additional amendment of 100 μM acetate (Holmes et al., 2004).

KaireiS1’s ability to use sulfate as electron acceptor was 
tested by cultivating KaireiS1 in MJ medium under an H2:CO2:He 
atmosphere (2:20:78) and in the absence of any organics. Sulfate 
reduction of the cultures and cell-free controls was monitored 
by the quantification of sulfate and sulfide in the culture 
medium. Samples for quantification of both sulfate and sulfide 
concentrations in the cultures were taken with a N2-flushed 
syringe. For sulfide quantification, 500 μl of the culture were 
immediately added to 500 μl of 5% (w/v) zinc acetate to fix 
sulfide as zinc sulfide and stored at 4°C until analysis. Sulfide 
concentrations were determined spectrophotometrically with 
the Cline assay (Cline, 1969) performed on 96-well plate scale 
with a microplate reader (SPECTROstar Nano, BMG Labtech). 
For sulfate quantification, 500 μl of the culture were added to 
a reaction vial and sparged with CO2 for 1 min to remove all 
sulfides. Afterward, sulfate samples were centrifuged for 15 min 
at 20,000 x g, and the supernatant transferred into fresh tubes 
and stored at 4°C until analysis. Sulfate concentrations were 
measured on 1:50 diluted samples by ion chromatography 
(METROHM 761 Compact, equipped with a Metrosepp A 
Supp5-250/4.0 column) using IAPSO as standard. At each time 
point, a subsample (0.5 or 1 ml) was taken, fixed, and concentrated 
on polycarbonate filters (0.22 μm, type Nuclepore) as described 
above for cell enumeration and purity checks. The DAPI-stained 
cells were counted from filter sections, and FISH was performed 
with filter sections from the last time point. Additionally, at 
the end of the experiments, a subsample of each culture was 
taken and frozen at −70°C for 16S rRNA gene analyses (as 
described above). All analyses were performed in triplicates.

For CO2-incorporation experiments, NaHCO3-free MJ medium 
was distributed in serum bottles and flushed with N2 for 5 min. 
Subsequently, pure hydrogen was added to a final concentration 
of 2% (v/v) in the headspace. Prior to inoculation, pre-cultures 
of KaireiS1 were flushed with N2 for 5 min. The cultures (and 
controls containing only the medium) were supplemented with 
14C-labeled NaHCO3 (specific activity of 50–60 mCi/mmol; 
Hartmann Analytic, Braunschweig, Germany) to a final activity 
of 37 kBq/ml. Non-labeled controls (for cell counting and purity 
checks) were inoculated from the same pre-cultures and 
supplemented with 16 μM NaHCO3. After 24 h, cell growth of 
the 14C-labeled cultures was stopped by adding formaldehyde 
to a final concentration of 4% (v/v) with an incubation time 
of 2 h. Subsequently, 15 ml of the fixed cultures and medium 
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controls were concentrated on polycarbonate filters (Nuclepore 
type, 0.22 μm pore size) and washed with sterile PBS buffer. 
Unincorporated CO2 was removed from the filters by incubating 
them for 2 h in a desiccator containing 1 M HCl. The filters 
(as well as untreated filters as blanks) were mixed with 5 ml 
of Scintillation cocktail (Ultima Gold, PerkinElmer, Waltham, 
MA, United  States) each and incubated in the dark overnight. 
The activity of the filters was measured with a TriCarb Scintillation 
Counter (PerkinElmer). CO2-fixation rates were calculated as 
previously described (Perner et  al., 2010) based on a DIC 
content of 1.2 mM resulting from carry-over effects of the 
pre-cultures. CO2-fixation rates of the medium controls (which 
were in the range of the blanks) were used for the correction 
of KaireiS1’s rates. For cell counting and purity checks (via 
FISH), 1 ml of the non-labeled cultures was sampled each at 
t0 and t1 (24 h), fixed with formaldehyde and concentrated 
on polycarbonate filters as described above. Additionally, a 
subsample of 1 ml was taken and frozen at −70°C for 16S 
rRNA gene analyses (as described above). All analyses were 
performed in triplicates.

The optimal salinity for KaireiS1’s growth in the absence 
of organics [under an H2:CO2 (80:20) atmosphere] was tested 
by adding different amounts of NaCl into modified MJ medium 
(containing 2 g/l NaCl). The tested NaCl concentrations ranged 
from 2 to 40 g/l and all of the cultures were incubated at 
28°C. Cell growth and purity was monitored in all cases via 
FISH as described above.

Growth With Organic Substrates
For growth tests with different organic substrates, a modified 
basal medium (Widdel and Pfennig, 1981) with the addition 
of 34 mM NaCl, 15 mM MgCl2·6H2O, and trace element solution 
SL-10 (DSMZ medium 320) was autoclaved and purged with 
N2:CO2 (80:20) gas mixture (Westfalen AG). Vitamin solution 
(DSMZ medium 141) was added to the cooled medium and 
the pH was adjusted to 7.0 with 5% Na2CO3 under the same 
gas atmosphere. The following compounds were added 
individually into basal medium containing 30 g/l of NaCl: 
alkanes (hexane, heptane, octane, decane, and pentadecane), 
each 20 μl per 50 ml medium; sugars (glucose and fructose), 
20 mM each; sodium propionate, 31 mM; lactate, 20 mM; pyruvate, 
20 mM; fumarate, 20 mM; formate, 20 mM; glutamate, 20 mM. 
The headspace was filled with N2:CO2 (80:20) gas mixture each.

To test whether KaireiS1 is able to grow with hydrogen as 
electron donor in the presence of acetate, 37 mM sodium acetate 
was added to the basal medium containing NaCl (30 g/l) and 
the headspace was filled with H2:CO2 (80:20) gas mixture.

Hydrogen Consumption and Enzyme 
Activity Measurements
For hydrogen consumption measurements, KaireiS1 was 
grown under autotrophic conditions in MJ medium under 
an H2:CO2:He (2:20:78) atmosphere with sulfate as electron 
acceptor. Hydrogen consumption measurements and 
calculation of hydrogen consumption rates of strain KaireiS1 
and controls (sterile MJ medium) were performed as described 

by Hansen and Perner (2015) with a Trace GC Ultra gas 
chromatograph (ThermoFisher Scientific, Waltham, MA, 
United  States), using a ShinCarbon ST 100/120 column 
(Restek Corporation, Bellefonte, PA, United  States) and a 
Pulsed Discharge Detector (Vici Valco Instruments, Houston, 
TX, United  States). For cell counting, 0.5 or 1 ml of the 
cultures were sampled at each time point and fixed as 
described above. DAPI-stained cells were counted from filter 
sections and at the end of the experiment, and a routine 
purity check with FISH was performed. Additionally, 
subsamples from the last time point were frozen at −70°C 
and used for 16S rRNA gene analyses (as described above). 
All experiments (including controls) were performed 
in triplicates.

For hydrogen uptake (hydrogenase) and carbon monoxide 
dehydrogenase (CODH) activity measurements, the cultures 
of KaireiS1 were grown autotrophically in MJ medium under 
H2:CO2 (80:20) atmosphere for 10–14 days. Partially purified 
protein extracts for spectrophotometric hydrogenase assays were 
prepared and hydrogen uptake activity measurements were 
performed using methylviologen as artificial electron acceptor, 
as previously described (Adam and Perner, 2018b). Briefly, 
cells were harvested and washed under anoxic conditions, lysed 
via sonication and (after the removal of cell debris) membrane 
and soluble fractions of the protein extracts were separated 
by ultracentrifugation at 100,000 x g for 1 h. The specific 
hydrogen uptake activity of both fractions was measured at 28°C.

Crude cell extracts for CODH activity measurements were 
prepared under a 100% N2-atmosphere inside an Inert Glovebox 
(SylaTech GmbH, Walzbachtal, Germany). Cells from a total 
culture volume of 500 ml were harvested by centrifugation 
(10,000 x g, 20 min, 8°C) and washed with sucrose washing 
buffer (pH 7.8) containing 100 mM Tris HCl, 1 mM EDTA, 
0.2 g sucrose/ml, and 1 mM DTT. Cell pellets were resuspended 
in 1 ml CODH assay buffer [100 mM Tris–HCl, 1 mM EDTA, 
10 mM MgCl2 (pH 7.8), and 1 mM DTT] containing 5 mg/ml  
Lysozyme. Cell lysis was performed at 37°C and stopped 
after 2 h by a final centrifugation (10,500 x g, 20 min, room 
temperature). Supernatants were stored in Hungate Tubes 
under an N2 atmosphere and were used for analyzing the 
specific activity of CODH. Protein concentrations of the crude 
cell extracts were determined according to Bradford (1976). 
CODH activity assays were performed spectrophotometrically 
using oxidized methylviologen as an electron acceptor. All 
measurements were performed at 28 and 55°C under anaerobic 
conditions. Therefore, an UV/Vis crystal cuvette was constantly 
flushed with N2 and filled with anoxic CODH assay buffer 
as well as 50 mM methylviologen. Subsequently, about 50 μl 
of 5 mM sodium dithionite were added until the mixture 
turned lightly blue and the prepared crude cell extracts were 
then added to the reaction mixture. The enzymatic reaction 
of the control was observed spectrophotometrically at 602 nm 
(V-630 UV/VIS Spectrophotometer with EHCS-760 Peltier 
Cell Holder, Jasco, Groß-Umstadt, Germany) under an N2 
atmosphere. Carbon monoxide oxidation was stimulated by 
flushing the cuvette with 100% CO gas for 30 s and the 
reaction was likewise observed spectrophotometrically over 
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a period of 10 min. Mean values of CODH activities were 
calculated from three replicates based on an extinction 
coefficient of 9,800 l*mol−1*cm−1.

RESULTS

Enrichment and Isolation of Strain KaireiS1
The initial enrichment culture from an inactive chimney 
fragment from the Kairei vent field via serial transfers 
into MJ medium (without organics) with hydrogen as 
electron donor was characterized by the formation of black 
precipitates and a sulfidic smell. The 16S rRNA gene analysis 
of the enrichment revealed a community of five bacterial 
species with a deltaproteobacterial representative as the 
dominant species (72%). The other species were affiliated 
with the Sunxiuqinia genus (15%), Pseudomonas (8%), 
Spirochaeta (<5%), and the Dokdonia genus (<5%). Repeated 
enrichments and dilutions under different environmental 
conditions (i.e., with or without organics) selected for a 
deltaproteobacterial strain of the Desulfobulbaceae family, 
namely KaireiS1, in hydrogen-amended, autotrophically 
grown cultures. In these cultures, no other bacterial species 
were detectable via FISH or 16S rRNA gene analyses of 
clone libraries. Hydrogen-free cultures supplemented with 
glucose, fructose or pyruvate and fumarate, however, 
demonstrated a mix of KaireiS1 and Sunxiuqinia sp., where 
Sunxiuqinia accounted for 18% (fructose), 54% (pyruvate 
and fumarate), and 72% (glucose) of the total cell mass, 
respectively (Table  1). Such a mix also developed when 
an autotrophically grown, apparently pure culture of KaireiS1 
was transferred into medium amended with the respective 
organic compounds. Generally, cultures of strain KaireiS1 
grown with organic substrates showed a decrease in cell 
counts of KaireiS1 (compared to autotrophically grown 
cultures), with glucose as the only exception (Table  1). 
No growth at all was detected when glutamate, fumarate 
or the short-chain alkanes hexane, heptane, octane, and 
decane were supplied. The addition of pentadecane however, 

led to a slight growth of strain KaireiS1. Higher growth 
rates were achieved with lactate and propionate as electron 
donors, coupled to the reduction of sulfate (Tables 1 and 2).

Phylogeny and Morphology of Strain 
KaireiS1
Phylogenetic analysis of the 16S rRNA gene (1,462 bp, GenBank 
accession number: MH763813) of strain KaireiS1 placed it into 
the class of Deltaproteobacteria and clustered it among several 
uncultured deltaproteobacterial organisms (Figure  1). Based 
on a comparison of the 16S rRNA gene with entries in public 
databases, the closest cultured representatives are strains 
Desulfobulbus sp. DSM2033 (93.9% identity), Desulfobulbus sp. 
BG25 (93.7% identity), and the species Desulfobulbus 
mediterraneus (93.2% identity; Sass et al., 2002), D. rhabdoformis 
as well as D. propionicus (92.8% identity each).

Cells of strain KaireiS1 usually appear singly or in pairs 
and hybridize with the Desulfobulbus specific probe DBB660 
(Figures  2, 3A). The cell shape appears to depend on the age 
of the cells (Figure  3). In the mid-exponential growth phase, 
cells were straight or slightly curved rods with round ends, 
around 1.5–2.5 μm in length and around 0.5 μm in width 
(Figures 3A,B). These are very similar to Desulfobulbus elongatus 
(Samain et  al., 1984). In the stationary growth phase, cells 
were oval (Figure  3C). Cells of strain KaireiS1 are motile with 
several flagella at poles or on the sides and vesicles (visible 
as lighter shaded circular structures) can surround the cells 
(Figures  3A,B).

Growth on Inorganic Substrates
Routinely, strain KaireiS1 was grown in MJ medium (without 
organics) under an atmosphere of H2:CO2 (80:20) at 28°C. 
Growth was observed at salinities between 20 and 40 g/l 
with the optimum at 30 g/l, which corresponds to the standard 
salinity of MJ medium. The temperature optimum was 28°C 
but growth was observed at a range from 25 to 37°C. 
Inoculation with glycerol or DMSO cryo stocks (with varying 
concentrations) did not lead to actively growing cultures, 

TABLE 1 | Cell counts of the cultures growing with different substrates.

Substrate Cell numbers (cells/ml) Percentage of strain KaireiS1 cells (%)

FISH DAPI

Propionate 1.24E+06 ± 1.27E+05 1.23E+06 ± 1.16E+05 101 ± 2
Lactate 1.19E+06 ± 5.38E+04 1.13E+06 ± 1.39E+05 106 ± 10
Propionate + lactate 1.05E+06 ± 9.61E+04 8.87E+05 ± 3.73E+04 119 ± 7
Pyruvate + fumarate 1.77E+06 ± 7.08E+05 3.85E+06 ± 9.18E+05 46 ± 10
Formate 6.59E+05 ± 3.38E+04 7.30E+05 ± 7.00E+04 91 ± 5
H2 2.83E+06 ± 5.05E+05 2.89E+06 ± 6.51E+05 99 ± 6
H2 + acetate 1.82E+06 ± 1.29E+06 1.83E+06 ± 1.33E+06 101 ± 5
Pentadecane 9.13E+05 ± 1.16E+05 9.89E+05 ± 2.29E+05 94 ± 14
Glucose 2.66E+06 ± 4.85E+05 1.01E+07 ± 2.70E+06 28 ± 11
Fructose 7.02E+05 ± 1.21E+05 8.57E+05 ± 4.04E+04 82 ± 10
Just after inoculation 6.44E+05 ± 3.70E+04 6.49E+05 ± 2.91E+04 99 ± 5

The cell numbers were counted from FISH with DSB660 probe and DAPI staining.
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making it necessary to transfer KaireiS1 every 4 weeks. 
Actively growing cultures were characterized by the formation 
of black (iron sulfide) precipitates and a strong sulfidic 
smell, suggesting that KaireiS1 belongs to the group of sulfate 
reducing bacteria (SRB). To prove this hypothesis, sulfate 
and sulfide measurements were performed, applying the 
same growth conditions as used for hydrogen consumption 
measurements. Within 9 days, the sulfate concentration 
decreased from 14.2 mM to 13.6 mM, while the sulfide 
concentration increased from 1.4 μM to 182.0 μM (Figure 4). 
The electrons used to reduce the sulfate under the applied 
standard growth conditions are derived from molecular 
hydrogen (for details see below).

Tests for the ability of KareiS1 to grow on Fe(III) as electron 
acceptor and molecular hydrogen as electron donor showed 
that Fe(III) was initially relatively quickly reduced to Fe(II) 
(ca. 3 mM within 14 days), but the Fe(III) reduction rates 
decreased by about an order of magnitude when the culture 
was transferred to fresh medium (10% inoculum; ca. 200 μM 
reduced within 14 days, Supplementary Figure S1). This indicates 
that it cannot be continuously cultivated under these conditions. 
Desulfobulbus propionicus can be  continuously cultured with 
H2 and Fe(III) if 100 μM of acetate is added (Holmes et  al., 
2004). However, with the addition of 100 μM acetate, Fe(III) 
reduction rates after first inoculation and transfer into fresh 
medium did not differ considerably under the provided conditions 
from non-acetate amended KaireiS1 cultures, indicating that 

acetate does not increase the capability of KaireiS1 to grow 
on H2 and Fe(III) (Supplementary Figure S1).

In contrast to its nearest cultured relatives of the Desulfobulbus 
genus and many other Desulfobulbaceae members, strain KaireiS1 
appears to grow autotrophically, demonstrated by repeated 
inoculations without the addition of organics (standard 
conditions). Furthermore, the assimilation of 14C-labeled CO2 
was monitored, resulting in a CO2-fixation rate of 0.21 ± 0.08 nmol 
CO2*ml−1*h−1, or 0.19 ± 0.08 fmol CO2*cell−1*h−1. FISH analyses 
of unlabeled control cultures (also used for cell counting) 
showed that at least 99% of the cells hybridized with the 
DBB660 probe (Supplementary Figure S2). Additional 
sequencing of the respective 16S rDNA resulted in clean 
sequences, completely matching KaireiS1’s 16S rRNA gene. To 
test whether KaireiS1 uses the reductive Acetyl-coA pathway 
(Wood-Ljungdahl pathway) for autotrophic CO2-fixation, which 
is widely distributed among autotrophic Deltaproteobacteria, 
we performed a specific enzyme assay targeting the key enzyme 
of the Wood-Ljungdahl pathway: carbon monoxide 
dehydrogenase (CODH). This enzyme assay, performed with 
crude extracts of KaireiS1, resulted in a specific CODH activity 
of 253 nmol CO*min−1*mg−1 at 28°C. Measurements of CODH 
activity at 55°C revealed a nearly 20-fold higher CODH activity 
(4,850 nmol CO*min−1*mg−1), which exceeds the expected 
increase related to thermodynamic effects based on the Arrhenius 
equation and Q10 coefficient (2–3 fold increase of enzyme 
activity per 10°C rise in temperature).

TABLE 2 | Characteristics of Strain KaireiS1 compared to those of three of the closest cultured relatives Desulfobulbus mediterraneus (Sass et al., 2002), 
Desulfobulbus propionicus (Widdel and Pfennig, 1982), and Desulfobulbus elongatus (Samain et al., 1984).

Characteristic KaireiS1 D. mediterraneus D. propionicus D. elongatus

Source Inactive chimney from 
hydrothermal deep-sea vent

Deep-sea sediment Anoxic freshwater ditches and 
ponds

Anaerobic digester

Cell shape Straight or slightly curved rod Oval-shaped with rounded 
ends

Ellipsoidal to lemon-shaped Straight or slightly curved rod

Cell size Around 1.5–2.5 μm long and 
0.5 μm wide

1.4–3.2 μm long and 1.2–
1.7 μm wide

1.8–2.0 μm long and 1.0–
1.3 μm wide

1.5–2.5 μm long and 0.6–0.7 μm 
wide

Motility Motile, with flagella Motile, with flagella Immotile, no flagellum, 
surrounded by pili

Motile with a single polar 
flagellum

Salinity NaCl (g/L) 10–40 g/l, optimal 30 g/l 10–70 g/l, optimal 20 g/l ND ND

Compounds tested as electron donor and carbon source

Propionate + + + +
Lactate + + + +
Propionate + lactate + ND ND ND
Pyruvate − + + +
Fumarate − + − −
Pyruvate + fumarate +? ND ND ND
Formate (+)? − − −
Glutamate − + ND ND
H2 + − − −
H2 + acetate + − + +
Hexane − ND ND ND
Heptane − ND ND ND
Octane − ND ND ND
Decane − ND ND ND
Pentadecane + ND ND ND
Glucose +? + − −
Fructose (+)? (+) − −

+, used; (+), weakly used; −, not used; ?, growth was detected but needs further clarification; and ND, not determined or no data available.
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Hydrogen Consumption and Hydrogen 
Uptake Activity
Strain KaireiS1’s hydrogenotrophy was confirmed by hydrogen 
consumption measurements without any additional organic or 
inorganic electron donors and with sulfate (contained in the 
MJ medium) as the main electron acceptor. Within 20 days, 

a complete removal of hydrogen from the head space [H2:CO2:He 
(2:20:78)] of the cultures was achieved (Figure  5). As also 
observed in the sulfate consumption experiments, purity checks 
(FISH and 16S rRNA gene sequencing) at the last time point 
demonstrated an apparently pure culture of KaireiS1 
(Supplementary Figure S2). Within the first 48 h of incubation, 

FIGURE 1 | Phylogenetic relationship of 16S rRNA gene sequences of strain KaireiS1 and its closest relatives. Bootstrap values are only displayed if above 80%. 
The scale bar represents the expected number of changes per nucleotide position.
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the highest hydrogen consumption rate could be  observed 
(10.2 ± 1.8 fmol H2*h−1*cell−1), which is higher than some 
previously reported hydrogen consumption rates of pure cultures 
(Häring and Conrad, 1991; Klüber and Conrad, 1993; Hansen 
and Perner, 2016) and in the medium range of those of 
incubation experiments with hydrothermal vent samples (Adam 
and Perner, 2018a and references therein).

For measurements of KaireiS1’s specific hydrogen uptake 
activity membrane and soluble fractions of cell extracts were 
separated by ultracentrifugation, allowing to identify the location 
of the respective hydrogen uptake active enzymes. Since hydrogen 
uptake activity was found in both fractions (Figure  6), at least 
two uptake hydrogenases must be  active in strain KaireiS1 
during chemoautotrophic growth with hydrogen as the only 
energy source. At the initial measurement, both hydrogen 
uptake activities were nearly identical (Figure  6A) with 

2,981 ± 129 nmol H2*min−1*mg−1 (membrane fraction) and 
2,931 ± 68 nmol H2*min−1*mg−1 (soluble fraction). However, the 
temporal stability of the hydrogenases differed considerably: 
while the cytoplasmic hydrogenase still exhibited 95% of the 
initial activity after 3 days of incubation at 4°C under anaerobic 
conditions, only 66% of the initial activity was observed for 
the membrane fraction under the same conditions (Figure 6A). 
The oxygen sensitivity of both protein fractions was tested by 
incubating the fractions at 4°C under atmospheric air for 24 h 
(starting after the 3 days incubation under anaerobic conditions). 
This test revealed that, albeit the temporal stability was less 
pronounced, the hydrogenase of the membrane fraction appears 
to be  less sensitive to the exposure with oxygen. After the 
treatment with atmospheric air, 85% of the previously measured 
activity were observed for the membrane fraction, while only 
56% of the soluble fraction’s activity remained (Figure  6B).

A B

FIGURE 2 | Fluorescence microscopy of strain KaireiS1. Strain KaireiS1 grew with hydrogen as electron donor and sulfate as electron acceptor. After fixation the 
cells were labeled with probe DBB660 via fluorescence in-situ hybridization (FISH; A) and stained with diamidino-2-phenylindole (DAPI; B).

A B C

FIGURE 3 | Transmission electron micrograph of strain KaireiS1 grown with hydrogen as electron donor and sulfate as electron acceptor in the mid-exponential 
growth phase (A,B) and stationary growth phase (C).
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DISCUSSION

Physiological and Morphological Traits of 
Strain KaireiS1
Commonly, deltaproteobacterial isolates from hydrothermal vent 
systems that can grow autotrophically with hydrogen as (the 
sole) electron donor are described as thermophiles with 
temperature optima between 50 and 61°C (Adam and Perner, 
2018a and references therein). Strain KaireiS1 appears to be  a 
currently rare exception to this phenomenon with its optimum 
at 28°C. This likely results from the isolation source being an 
inactive chimney in an active venting zone, with accordingly 
lower temperatures than those observed at actively fluid emitting 
chimneys. Furthermore, the temperature range of KaireiS1 
corresponds to those of KaireiS1’s closest cultured relatives of 
the Desulfobulbus genus and representatives of the Cable Bacteria 
group (Lien et  al., 1998; Sass et  al., 2002; Müller et  al., 2020).

Inorganic Substrates and Autotrophy
Although a few organic compounds can serve as energy 
source, the highest cell counts and thus the best growth of 
KaireiS1 is achieved with molecular hydrogen as energy source 
(Table  1). KaireiS1’s hydrogenotrophy was demonstrated by 
in vivo hydrogen consumption measurements as well as 
hydrogenase activity assays of partially purified cell extracts. 
As constrained by the detection of hydrogenase activity in 
both the membrane and the soluble fractions of the cell 
extracts, KaireiS1 harbors more than one active hydrogenase. 
The presence of multiple hydrogenases is widespread among 
sulfate-reducing Deltaproteobacteria, encompassing both 

[NiFe]- and [FeFe]-hydrogenases with hydrogen uptake, 
electron-bifurcation and hydrogen evolution functions 
(Greening et  al., 2016; Baffert et  al., 2019). Albeit, until 
recently, no membrane-associated hydrogenases were known 
among the closely related Cable Bacteria and hydrogen oxidation 
appeared to be  an implausible way of energy conservation 
for this group (Kjeldsen et  al., 2019; Müller et  al., 2020). 
However, an experimental confirmation of the physiological 
roles of the (meta-)genome-derived hydrogenases and the 
putative hydrogenotrophy of Cable Bacteria is still pending 
(Müller et  al., 2020). Especially in dynamic, hydrogen-rich 
habitats, such as hydrothermal vent systems, the use of several 
hydrogenases with putatively differing hydrogen affinities can 
provide an advantage for the conservation of 4, supporting 
primary biomass production. Previously reported hydrogen 
uptake activities of sulfate-reducing Deltaproteobacteria range 
among the highest microbial hydrogenase activities, exceeding 
those of strain KaireiS1 by far: e.g., 28 μmol H2*min−1*mg−1 
protein of Desulfovibrio gigas or 50 μmol H2*min−1*mg−1 protein 
of Desulfobulbus rhabdoformis (Bell et  al., 1978; Lien et  al., 
1998; Baffert et al., 2019). Due to diverging purification levels 
of the proteins and different assay types, however, such activities 
are often difficult to compare. Hydrogen uptake activities of 
different Proteobacteria, determined under comparable 
conditions as those of the here described KaireiS1 protein 
extracts, often do not considerably exceed 1 μmol H2*min−1*mg−1 
(Hansen and Perner, 2016; Adam and Perner, 2018b and 
references therein). Thus, strain KaireiS1’s hydrogen uptake 
activity appears to integrate into the range of the highly 
active hydrogenases of the Deltaproteobacteria.

FIGURE 4 | Sulfate (black) and sulfide (gray) concentrations in cultures of strain KaireiS1 grown in MJ medium under a H2:CO2:He (2:20:78) atmosphere. Error bars 
indicate the standard deviations from three independent experiments.
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Given the apparent and experimentally confirmed use of 
sulfate as electron acceptor, KaireiS1 belongs to the group of 
deltaproteobacterial SRB, which also constitute the largest 
phylogenetic group among the known SRB (Muyzer and Stams, 
2008; Rabus et  al., 2015). Since 4 mol of hydrogen are required 
to reduce 1 mol of sulfate, a ratio of 4:1 between hydrogen and 
sulfate consumption was theoretically expected (Konhauser, 2006). 
The comparison of the data for three different time points 
(normalized to fmol*cell−1*h−1; Figure 7), results in ratios between 
1.82:1 (after 3 days) and 3.95:1 (after 6 days). The observed excess 
of sulfate consumption may result from the intracellular 
accumulation of sulfate or assimilatory sulfate reduction. However, 
the accumulation of sulfate was shown to be inhibited in marine 
SRB in the absence of sulfate limitation (Warthmann and Cypionka, 
1990). Thus, assimilatory sulfate reduction, which is ubiquitously 
distributed among microorganisms and plants (Schiff and 
Fankhauser, 1981; Kredich, 2008), appears to be the most plausible 
reason for the discrepancy between the expected and actual 
ratios. Initially, the ratios between sulfate consumption and the 
formation of sulfide did not show the theoretically expected 
1:1 proportion. However, a clear decrease over the three analyzed 
time points, ranging from 3.58 (after 3 days) to 0.9 (after 9 days) 
was observed (Figure 7). This indicates a delay in the formation 
of sulfide, which may be  caused by the complex reduction 
process, involving the formation of a bisulfite intermediate (Rabus 
et  al., 2015). Due to the volatile nature of sulfide, a slight bias 
caused by the sampling procedure may also be  present.

Among the alternative electron acceptors used by Desulfobulbus 
species, Fe(III) represented a promising electron acceptor for 
KaireiS1 as its inactive chimney habitat displays a rich Fe-source 
dominated by chalcopyrite with a coating of Fe-oxyhydroxides 
resulting from seawater oxidation (Han et al., 2018). Furthermore, 

members of the Desulfobulbaceae family have been identified 
as potential Fe(III)-reducers in a sequence-based study (Reyes 
et  al., 2016) and the oxidation of hydrogen coupled to Fe(III)-
reduction would theoretically offer higher energy yields than 
if coupled to sulfate reduction (Adam and Perner, 2018a). 
However, a consistent growth of KaireiS1 with Fe(III) as the 
only electron acceptor could not be achieved, even when acetate 
was added to promote cell growth. Still, Fe(III) was significantly 
reduced upon the first inoculation into respective Fe(III)-
containing media. As an abiotic reduction (caused by remaining 
sulfide of the pre-culture) can be excluded due to the experimental 
procedures, we  propose that KaireiS1 is able to reduce Fe(III) 
but not able to conserve energy and grow from this reaction, 
as has previously been observed for two deltaproteobacterial 
Desulfovibrio species (Vandieken et  al., 2006).

The energy conserved by hydrogen oxidation (coupled to 
sulfate reduction) serves the autotrophic biomass production 
of strain KaireiS1, demonstrated by a CO2-fixation rate that 
is in the upper range of CO2-fixation rates reported for 
hydrothermal fluid and sediment incubation experiments (Adam 
and Perner, 2018a and references therein; Böhnke et al., 2019). 
In this aspect, KaireiS1 shows greater resemblance to the closely 
related Cable Bacteria and vent-derived SRB outside of the 
Desulfobulbaceae family, than to its closest cultured 
(heterotrophic) relatives (cf. Table  2 and Rabus et  al., 2015; 
Kjeldsen et  al., 2019). The potential of Cable Bacteria to fix 
CO2 via the Wood-Ljungdahl pathway has been inferred from 
genomic analyses and confirmed for certain filaments of Cable 
Bacteria by means of CO2-incorporation experiments (Kjeldsen 
et  al., 2019). Given the close relationship to Cable Bacteria, 
the Wood-Ljungdahl pathway appeared to be  the most likely 
CO2-fixation way for KaireiS1. Indeed, we were able to measure 

FIGURE 5 | In vivo hydrogen consumption of strain KaireiS1 grown chemoautotrophically with hydrogen as electron donor and sulfate as electron acceptor. A 
control experiment was set up to exclude hydrogen leakage from the vessels. Error bars indicate the standard deviations from three independent experiments.
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a specific CODH activity, which is (based on measurements 
performed at the optimal growth temperature) up to 25 times 
higher than those of other deltaproteobacterial SRB, yet lower 
than that of Desulfobacterium autotrophicum or the acetogenic 
Moorella thermoacetica, the model organism of the Wood-
Ljungdahl pathway (Ragsdale et  al., 1983; Länge et  al., 1989; 
Frederiksen and Finster, 2004; Gittel et al., 2010). Furthermore, 

KaireiS1’s CODH is characterized by a high thermal stability 
and an apparent temperature optimum that exceeds the growth 
temperature range. Taken together, the experimentally confirmed 
CO2-fixation ability and a CODH activity that is in the upper 
range of deltaproteobacterial SRB, strengthen our hypothesis 
that KaireiS1 is able to grow chemoautotrophically by fixing 
CO2 via the Wood-Ljungdahl pathway.

A

B

FIGURE 6 | Specific hydrogen uptake activities of the soluble (SF) and membrane (MF) protein fractions of strain KaireiS1. The measurements at the different time 
points (0, 3, and 4 days) were carried out using the same protein extracts, stored under oxygen-free conditions at 4°C (A). The stability of the respective 
hydrogenases was also tested by incubating the protein extracts from day 3 for 24 h under atmospheric air at 4°C with the subsequent determination of the relative 
hydrogen uptake activities at time point t2 (B). Error bars indicate the standard deviations from three independent experiments.
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Use of Organic Substrates
Like most Desulfobulbus species, strain KaireiS1 can use 
propionate and lactate as electron donors, a trait that is missing 
in Cable Bacteria (e.g., Widdel and Pfennig, 1982; Sass et  al., 
2002; Kjeldsen et  al., 2019). A putative fumarate respiration 
with pyruvate as electron donor (Kröger et al., 1992) is indicated 
by increased growth rates if pyruvate and fumarate are added 
simultaneously compared to the single addition of each substance 
(Tables 1 and 2). Among the tested alkane compounds, the 
growth of strain KaireiS1 can be  detected with supplement of 
pentadecane but not hexane, heptane, octane or decane (Table 2). 
Several sulfate-reducing bacteria are characterized by the ability 
to oxidize n-alkanes under anaerobic conditions, e.g., 
Desulfatibacillum species, which were isolated from hydrocarbon-
rich petroleum-contaminated marine sediments (So and Young, 
1999; So et al., 2003; Cravo-Laureau et al., 2005). Furthermore, 
anaerobic oxidation of short-chain alkanes in hydrothermal 
sediments has also been reported to be  coupled with sulfate 
reduction and play an important role in sulfur-cycling (Adams 
et  al., 2013). The ability of strain KaireiS1 to metabolize the 
long-chain alkane pentadecane might therefore pose an advantage 
in adapting to diverse ecosystems. Whether members of the 
Desulfobulbus genus or Cable Bacteria share the ability to 
oxidize alkanes remains unknown and needs to be  elucidated 
in the future, especially for those Desulfobulbus species isolated 
from oil fields.

Morphological Features
Morphological plasticity during different growth phases as 
observed for strain KaireiS1 can be  found in various bacteria, 

e.g., as a response to changing environmental conditions, 
facilitating cell adhesion to surfaces or during biofilm formation 
(Young, 2006). Also, the formation of vesicles is a common 
phenomenon, which may serve horizontal gene transfer, 
detoxification, survival under stress conditions, interspecies 
interactions and promoting biofilm formation or pathogenity 
(Schwechheimer and Kuehn, 2015; Toyofuku et  al., 2019). In 
the case of strain KaireiS1, the detoxification of sulfide through 
the vesicle structures would be a plausible hypothesis. However, 
based on experiments with a Desulfovibrio species, it is assumed 
that sulfide leaves bacterial cells by diffusion (Cypionka, 1987; 
Marietou et  al., 2018). Based on our experiments, the role of 
KaireiS1’s vesicles cannot be  predicted. Yet, the presence of 
morphological plasticity and membrane vesicles together may 
indicate the potential for the formation of biofilms, even though 
they have not been observed under the provided 
culturing conditions.

Putative Co-culture With Sunxiuqinia Sp.
During the routine purity test from strain KaireiS1, 16S 
rRNA gene sequences of Sunxiuqinia species were detected 
when pyruvate + fumarate, glucose or fructose were separately 
added to the medium in which strain KaireiS1 was grown, 
accounting for 10–70% in these cultures (Table 1). Although 
several dilutions were performed, the 16S rRNA gene of 
Sunxiuqinia species was still detectable in the organic amended 
Desulfobulbus enrichments. The genus Sunxiuqinia is classified 
as a member of the Bacteroidetes, comprising heterotrophic, 
aerobic, or facultative aerobic species isolated from coastal 
marine sediments and deep sub-seafloor sediments  

FIGURE 7 | Comparison of hydrogen consumption (blue), sulfate consumption (orange) and sulfide production (gray) rates of KaireiS1 at three different time points. 
Rates are normalized to consumption/production per cell per hour and error bars indicate the standard deviations from three independent experiments.
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(Qu et  al., 2011; Chang et  al., 2013; Takai et  al., 2013; 
Yoon and Kasai, 2014). Among the Desulfobulbaceae family, 
a co-culture has been reported of the host-associated 
Desulfobulbus oralis and Fusobacterium nucleatum. Certain 
metabolites from F. nucleatum may be  necessary for the 
growth of D. oralis, but the critical component provided to 
D. oralis by F. nucleatum is still unknown (Cross et  al., 
2018). In our work, Sunxiuqinia sp. might be  required for 
strain KaireiS1 under the above described conditions. More 
likely however, Sunxiuqinia sp. might be more opportunistic, 
resulting in a boost of Sunxiuqinia sp.’s growth as a response 
to the addition of organic compounds. Under our experimental 
conditions, no physical interactions between strain KaireiS1 
and Sunxiuqinia sp. could be  detected and their possible 
relationship needs to be  further investigated.

Environmental Context
Strain KaireiS1 was enriched from a copper rich, chalcopyrite-
dominated chimney fragment from the Kairei vent field. It 
was retrieved from the active zone of the vent field, yet our 
chimney sample showed no signs of vigorous venting. Although 
an accurate dating is not possible, the oxidation state of the 
chimney fragment indicates that the fluid flow ceased at the 
most 12 months prior to our sampling campaign. Corresponding 
to this rather short period of inactivity, in beta diversity 
analyses, this chimney sample clustered with other inactive 
chimney samples from the Kairei field as well as those from 
actively venting sites, still indicating beneficial growth conditions 
for vent-associated microorganisms (Han et  al., 2018). The 
microbial diversity of other inactive chimneys sampled from 
the Kairei vent field was also found to be  higher than that 
typically observed at inactive chimneys and was related to 
the fact that Kairei belongs to the still nascent venting sites 
(Suzuki et  al., 2004). Hence, the inactive Kairei chimneys 
still represent livable habitats for autotrophic (vent-associated) 
microorganisms such as KaireiS1. Kairei S1’s hydrogenotrophy 
may be  maintained in the inactive vent environment by 
biogenically produced hydrogen, produced as a waste product 
in fermentative processes. Such syntrophies have already been 
hypothesized for actively venting habitats (Topcuoglu et  al., 
2016; Adam and Perner, 2018a). Another hydrogen source 
may be  a yet unrecognized diffuse fluid flow in the sampling 
area. However, it is also possible that KaireiS1 makes use of 
a heterotrophic lifestyle, relying on waste products of other 
microorganisms. Given the higher growth rates under 
autotrophy, the latter may represent a survival strategy under 
less favorable conditions.

FISH targeting conserved regions of 16S rRNA genes from 
Desulfobulbus species (via probe DBB660; Devereux et  al., 
1992) demonstrated fluorescence signals for KaireiS1 cells 
(Figure 2). However, phylogenetic analysis showed that strain 
KaireiS1 is phylogenetically positioned in another cluster than 
the previously published Desulfobulbus species that were isolated 
from marine sediments or urban and industrial water systems 
(Figure  1). Furthermore, these uncultured bacteria are more 
closely related to Cable Bacteria (Figure 1), which are supposed 
to form a monophyletic sister group to the Desulfobulbus 

genus within the family of Desulfobulbaceae (Trojan et al., 2016; 
Kjeldsen et  al., 2019). Based on a similarity cutoff of 94% 
(genera-level), a number of currently uncultured members 
of the same genus as KaireiS1 can be  identified via blast 
searches, which cluster with KaireiS1  in the phylogenetic tree 
(Figure  1). Among these sequences from uncultured 
Deltaproteobacteria, the majority were derived from 
hydrothermally influenced habitats (chimneys, sediments, and 
basalt blocks) or associated to vent-inhabiting animals located 
in the Pacific Ocean (e.g., Lopez-Garcia et  al., 2002; Teske 
et  al., 2002; Schauer et  al., 2011; Gulmann et  al., 2015; Dekas 
et  al., 2016). This indicates that the cluster of strain KaireiS1 
(which currently cannot be assigned to a distinct genus within 
the Desulfobulbaceae family) encompasses bacteria that are 
well adapted to the environmental conditions present in 
hydrothermal vent systems.

The enrichment of the mesophilic strain KaireiS1 with its 
closely related uncultured bacterial relatives shows the potential 
for autotrophic sulfate reduction at hydrothermal vents exhibiting 
moderate temperatures. This potential has long been overlooked 
but is certainly worth to be  further investigated.

DATA AVAILABILITY STATEMENT

Sequencing data presented in this study was deposited in the 
repository of the National Center for Biotechnology and can 
be found under Genbank accession number MH763813.

AUTHOR CONTRIBUTIONS

MP planned the study. YH performed bacterial enrichments, 
salinity tests, tests with organic substrates, and sample preparation 
for TEM-microscopy. NA performed initial sampling and 
culturing of the chimney fragment, H2-uptake activity and 
sulfide measurements, and CO2-incorporation experiments and 
was responsible for H2-consumption experiments. KL-M 
supervised sulfate and sulfide measurements and performed 
Fe(III)-reduction tests. RB performed CODH activity 
measurements. NA and YH wrote the manuscript with the 
contributions of MP, KL-M, AS, and US-S and with the approval 
of all authors.

FUNDING

This work was supported by the Federal Institute for Geosciences 
and Natural Resources (BGR), Hannover, Germany, in the 
framework of the German exploration program INDEX.

ACKNOWLEDGMENTS

We thank the captain and crews of the N/O Pourquoi pas? 
(Ifremer, France) and the ROV VICTOR6000 (Ifremer, France) 
for helping us to obtain deep-sea vent samples during the 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Adam et al. Deltaproteobacterium Strain KaireiS1

Frontiers in Microbiology | www.frontiersin.org 14 September 2021 | Volume 12 | Article 686276

INDEX2016 cruise. We  are indebted to Elke Woelken for 
transmission electron microscopy, Gabriele Schüßler for 
performing GC measurements, Anke Bleyer and Bettina Domeyer 
for sulfate measurements, and Kristina Mommsen for 
cell counting.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.6862 
76/full#supplementary-material

 

REFERENCES

Adam, N., and Perner, M. (2018a). Microbially mediated hydrogen cycling in deep-
sea hydrothermal vents. Front. Microbiol. 9:2873. doi: 10.3389/fmicb.2018.02873

Adam, N., and Perner, M. (2018b). Novel hydrogenases from deep-sea hydrothermal 
vent metagenomes identified by a recently developed activity-based screen. 
ISME J. 12, 1225–1236. doi: 10.1038/s41396-017-0040-6

Adams, M., Hoarfrost, A., Bose, A., Joye, S., and Girguis, P. (2013). Anaerobic 
oxidation of short-chain alkanes in hydrothermal sediments: potential influences 
on sulfur cycling and microbial diversity. Front. Microbiol. 4:110. doi: 10.3389/
fmicb.2013.00110

Baffert, C., Kpebe, A., Avilan, L., and Brugna, M. (2019). Hydrogenases and 
H2 metabolism in sulfate-reducing bacteria of the Desulfovibrio genus. Adv. 
Microb. Physiol. 74, 143–189. doi: 10.1016/bs.ampbs.2019.03.001

Bell, G. R., Lee, J.-P., Peck, H. D., and Le Gall, J. (1978). Reactivity of Desulfovibrio 
gigas hydrogenase toward artificial and natural electron donors or acceptors. 
Biochimie 60, 315–320. doi: 10.1016/S0300-9084(78)80828-1

Böhnke, S., Sass, K., Gonnella, G., Diehl, A., Kleint, C., Bach, W., et al. (2019). 
Parameters governing the community structure and element turnover in 
kermadec volcanic ash and hydrothermal fluids as monitored by inorganic 
electron donor consumption, autotrophic CO2 fixation and 16S tags of the 
transcriptome in incubation experiments. Front. Microbiol. 10:2296. doi: 
10.3389/fmicb.2019.02296

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. 
Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Chang, D.-H., Lee, J.-B., Lee, G.-H., Rhee, M.-S., Lee, H., Bae, K. S., et al. 
(2013). Sunxiuqinia dokdonensis sp. nov., isolated from deep sub-seafloor 
sediment. J. Microbiol. 51, 741–746. doi: 10.1007/s12275-013-3492-z

Cline, J. D. (1969). Spectrophotometric determination of hydrogen sulfide in 
natural waters. Limnol. Oceanogr. 14, 454–458. doi: 10.4319/lo.1969.14.3.0454

Cravo-Laureau, C., Grossi, V., Raphel, D., Matheron, R., and Hirschler-Réa, A. 
(2005). Anaerobic n-alkane metabolism by a sulfate-reducing bacterium, 
Desulfatibacillum aliphaticivorans strain CV2803T. Appl. Environ. Microbiol. 
71, 3458–3467. doi: 10.1128/AEM.71.7.3458-3467.2005

Cross, K. L., Chirania, P., Xiong, W., Beall, C. J., Elkins, J. G., Giannone, R. J., 
et al. (2018). Insights into the evolution of host association through the 
isolation and characterization of a novel human periodontal pathobiont, 
Desulfobulbus oralis. MBio 9, e02061–e02017. doi: 10.1128/mBio.02061-02017

Cypionka, H. (1987). Uptake of sulfate, sulfite and thiosulfate by proton-anion 
symport in Desulfovibrio desulfuricans. Arch. Microbiol. 148, 144–149. doi: 
10.1007/BF00425363

Dekas, A., Connon, S. A., Chadwick, G. L., Trembath-Reichert, E., and 
Orphan, V. J. (2016). Activity and interactions of methane seep microorganisms 
assessed by parallel transcription and FISH-NanoSIMS analyses. ISME J. 
10, 678–692. doi: 10.1038/ismej.2015.145

Devereux, R., Kane, M. D., Winfrey, J., and Stahl, D. A. (1992). Genus-and 
group-specific hybridization probes for determinative and environmental 
studies of sulfate-reducing bacteria. Syst. Appl. Microbiol. 15, 601–609. doi: 
10.1016/S0723-2020(11)80122-0

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy 
and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/
gkh340

El Houari, A., Ranchou-Peyruse, M., Ranchou-Peyruse, A., Dakdaki, A., 
Guignard, M., Idouhammou, L., et al. (2017). Desulfobulbus oligotrophicus 
sp. nov., a sulfate-reducing and propionate-oxidizing bacterium isolated from 
a municipal anaerobic sewage sludge digester. Int. J. Syst. Evol. Microbiol. 
67, 275–281. doi: 10.1099/ijsem.0.001615

Elsgaard, L., Isaksen, M. F., Jørgensen, B. B., Alayse, A.-M., and Jannasch, H. W. 
(1994). Microbial sulfate reduction in deep-sea sediments at the Guaymas 

Basin hydrothermal vent area: influence of temperature and substrates. 
Geochim. Cosmochim. Acta 58, 3335–3343. doi: 10.1016/0016-7037(94)90089-2

Frank, K. L., Rogers, D. R., Olins, H. C., Vidoudez, C., and Girguis, P. R. (2013). 
Characterizing the distribution and rates of microbial sulfate reduction at Middle 
Valley hydrothermal vents. ISME J. 7, 1391–1401. doi: 10.1038/ismej.2013.17

Frank, K. L., Rogers, K. L., Rogers, D. R., Johnston, D. T., and Girguis, P. R. 
(2015). Key factors influencing rates of heterotrophic sulfate reduction in 
active seafloor hydrothermal massive sulfide deposits. Front. Microbiol. 6:1449. 
doi: 10.3389/fmicb.2015.01449

Frederiksen, T. M., and Finster, K. (2004). The transformation of inorganic 
sulfur compounds and the assimilation of organic and inorganic carbon by 
the sulfur disproportionating bacterium Desulfocapsa sulfoexigens. Antonie 
Van Leeuwenhoek 85, 141–149. doi: 10.1023/B:ANTO.0000020153.82679.f4

Gallant, R. M., and Von Damm, K. L. (2006). Geochemical controls on 
hydrothermal fluids from the Kairei and Edmond vent fields, 23°–25°S, 
central Indian ridge. Geochem. Geophys. Geosyst. 7. doi: 10.1029/2005GC001067

Gamo, T., Chiba, H., Yamanaka, T., Okudaira, T., Hashimoto, J., Tsuchida, S., 
et al. (2001). Chemical characteristics of newly discovered black smoker 
fluids and associated hydrothermal plumes at the Rodriguez triple junction, 
central Indian ridge. Earth Planet. Sci. Lett. 193, 371–379. doi: 10.1016/
S0012-821X(01)00511-8

Gittel, A., Seidel, M., Kuever, J., Galushko, A. S., Cypionka, H., and Könneke, M. 
(2010). Desulfopila inferna sp. nov., a sulfate-reducing bacterium isolated 
from the subsurface of a tidal sand-flat. Int. J. Syst. Evol. Microbiol. 60, 
1626–1630. doi: 10.1099/ijs.0.015644-0

Glöckner, F. O., Fuchs, B. M., and Amann, R. (1999). Bacterioplankton compositions 
of lakes and oceans: a first comparison based on fluorescence in situ 
hybridization. Appl. Environ. Microbiol. 65, 3721–3726. doi: 10.1128/
AEM.65.8.3721-3726.1999

Gram, H. C. (1884). Über die isolierte Färbung der Schizomyceten in Schnitt- 
und Trockenpräparaten. Fortschr. Med. 2, 185–189.

Greening, C., Biswas, A., Carere, C. R., Jackson, C. J., Taylor, M. C., Stott, M. B., 
et al. (2016). Genomic and metagenomic surveys of hydrogenase distribution 
indicate H2 is a widely utilised energy source for microbial growth and 
survival. ISME J. 10, 761–777. doi: 10.1038/ismej.2015.153

Gulmann, L. K., Beaulieu, S. E., Shank, T. M., Ding, K., Seyfried, W. E., and 
Sievert, S. M. (2015). Bacterial diversity and successional patterns during 
biofilm formation on freshly exposed basalt surfaces at diffuse-flow deep-sea 
vents. Front. Microbiol. 6:901. doi: 10.3389/fmicb.2015.00901

Han, Y., Gonnella, G., Adam, N., Schippers, A., Burkhardt, L., Kurtz, S., et al. 
(2018). Hydrothermal chimneys host habitat-specific microbial communities: 
analogues for studying the possible impact of mining seafloor massive sulfide 
deposits. Sci. Rep. 8:10386. doi: 10.1038/s41598-018-36014-x

Hansen, M., and Perner, M. (2015). A novel hydrogen oxidizer amidst the 
sulfur-oxidizing Thiomicrospira lineage. ISME J. 9, 696–707. doi: 10.1038/
ismej.2014.173

Hansen, M., and Perner, M. (2016). Hydrogenase gene distribution and H2 
consumption ability within the Thiomicrospira lineage. Front. Microbiol. 7:99. 
doi: 10.3389/fmicb.2016.00099

Häring, V., and Conrad, R. (1991). Kinetics of H2 oxidation in respiring and 
denitrifying Paracoccus denitrificans. FEMS Microbiol. Lett. 78, 259–263. doi: 
10.1111/j.1574-6968.1991.tb04452.x

Hashimoto, J., Ohta, S., Gamo, T., Chiba, H., Yamaguchi, T., Tsuchida, S., 
et al. (2001). First hydrothermal vent communities from the Indian ocean 
discovered. Zool. Sci. 18, 717–721. doi: 10.2108/zsj.18.717

Holmes, D. E., Bond, D. R., and Lovley, D. R. (2004). Electron transfer by 
Desulfobulbus propionicus to Fe(III) and graphite electrodes. Appl. Environ. 
Microbiol. 70, 1234–1237. doi: 10.1128/AEM.70.2.1234-1237.2004

Junghare, M., and Schink, B. (2015). Desulfoprunum benzoelyticum gen. Nov., 
sp. nov., a Gram-stain-negative, benzoate-degrading, sulfate-reducing bacterium 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2021.686276/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.686276/full#supplementary-material
https://doi.org/10.3389/fmicb.2018.02873
https://doi.org/10.1038/s41396-017-0040-6
https://doi.org/10.3389/fmicb.2013.00110
https://doi.org/10.3389/fmicb.2013.00110
https://doi.org/10.1016/bs.ampbs.2019.03.001
https://doi.org/10.1016/S0300-9084(78)80828-1
https://doi.org/10.3389/fmicb.2019.02296
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1007/s12275-013-3492-z
https://doi.org/10.4319/lo.1969.14.3.0454
https://doi.org/10.1128/AEM.71.7.3458-3467.2005
https://doi.org/10.1128/mBio.02061-02017
https://doi.org/10.1007/BF00425363
https://doi.org/10.1038/ismej.2015.145
https://doi.org/10.1016/S0723-2020(11)80122-0
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1099/ijsem.0.001615
https://doi.org/10.1016/0016-7037(94)90089-2
https://doi.org/10.1038/ismej.2013.17
https://doi.org/10.3389/fmicb.2015.01449
https://doi.org/10.1023/B:ANTO.0000020153.82679.f4
https://doi.org/10.1029/2005GC001067
https://doi.org/10.1016/S0012-821X(01)00511-8
https://doi.org/10.1016/S0012-821X(01)00511-8
https://doi.org/10.1099/ijs.0.015644-0
https://doi.org/10.1128/AEM.65.8.3721-3726.1999
https://doi.org/10.1128/AEM.65.8.3721-3726.1999
https://doi.org/10.1038/ismej.2015.153
https://doi.org/10.3389/fmicb.2015.00901
https://doi.org/10.1038/s41598-018-36014-x
https://doi.org/10.1038/ismej.2014.173
https://doi.org/10.1038/ismej.2014.173
https://doi.org/10.3389/fmicb.2016.00099
https://doi.org/10.1111/j.1574-6968.1991.tb04452.x
https://doi.org/10.2108/zsj.18.717
https://doi.org/10.1128/AEM.70.2.1234-1237.2004


Adam et al. Deltaproteobacterium Strain KaireiS1

Frontiers in Microbiology | www.frontiersin.org 15 September 2021 | Volume 12 | Article 686276

isolated from a wastewater treatment plant. Int. J. Syst. Evol. Microbiol. 65, 
77–84. doi: 10.1099/ijs.0.066761-0

Kasten, S., and Jørgensen, B. B. (2000). “Sulfate reduction in marine sediments,” 
in Marine Geochemistry. eds. H. D. Schulz and M. Zabel (Berlin, Heidelberg: 
Springer).

Keuter, S., Kruse, M., Lipski, A., and Spieck, E. (2011). Relevance of Nitrospira 
for nitrite oxidation in a marine recirculation aquaculture system and 
physiological features of a Nitrospira marina-like isolate. Environ. Microbiol. 
13, 2536–2547. doi: 10.1111/j.1462-2920.2011.02525.x

Kharrat, H., Karray, F., Bartoli, M., Ben Hnia, W., Mhiri, N., Fardeau, M.-L., 
et al. (2017). Desulfobulbus aggregans sp. nov., a novel sulfate reducing 
bacterium isolated from marine sediment from the Gulf of Gabes. Curr. 
Microbiol. 74, 449–454. doi: 10.1007/s00284-017-1211-4

Kjeldsen, K. U., Schreiber, L., Thorup, C. A., Boesen, T., Bjerg, J. T., Yang, T., 
et al. (2019). On the evolution and physiology of cable bacteria. Proc. Natl. 
Acad. Sci. U. S. A. 116, 19116–19125. doi: 10.1073/pnas.1903514116

Klüber, H. D., and Conrad, R. (1993). Ferric iron-reducing Shewanella putrefaciens 
and N2-fixing Bradyrhizobium japonicum with uptake hydrogenase are unable 
to oxidize atmospheric H2. FEMS Microbiol. Lett. 111, 337–341. doi: 
10.1016/0378-1097(93)90403-O

Konhauser, K.O. (2006). Introduction to Geomicrobiology. Hoboken, NJ: Wiley-
Blackwell.

Kredich, N. M. (2008). Biosynthesis of cysteine. EcoSal Plus 3. doi: 10.1128/
ecosalplus.3.6.1.11

Kröger, A., Geisler, V., Lemma, E., Theis, F., and Lenger, R. (1992). Bacterial 
fumarate respiration. Arch. Microbiol. 158, 311–314. doi: 10.1007/BF00245358

Kuever, J. (2014). “The family Desulfobulbaceae,” in The Prokaryotes. eds.  
E. Rosenberg, E. F. Delong, S. Lory, E. Stackebrandt and F. Thompson 
(Berlin, Heidelberg: Springer).

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: 
molecular evolutionary genetics analysis across computing platforms. Mol. 
Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

Länge, S., Scholtz, R., and Fuchs, G. (1989). Oxidative and reductive acetyl 
CoA/carbon monoxide dehydrogenase pathway in Desulfobacterium 
autotrophicum. Arch. Microbiol. 151, 77–83. doi: 10.1007/BF00444674

Lien, T., Madsen, M., Steen, I. H., and Gjerdevik, K. (1998). Desulfobulbus 
rhabdoformis sp. nov., a sulfate reducer from a water-oil separation system. 
Int. J. Syst. Bacteriol. 48, 469–474. doi: 10.1099/00207713-48-2-469

Lopez-Garcia, P., Gaill, F., and Moreira, D. (2002). Wide bacterial diversity 
associated with tubes of the vent worm Riftia pachyptila. Environ. Microbiol. 
4, 204–215. doi: 10.1046/j.1462-2920.2002.00286.x

Marietou, A., Roy, H., Jorgensen, B. B., and Kjeldsen, K. U. (2018). Sulfate 
transporters in dissimilatory sulfate reducing microorganisms: a comparative 
genomics analysis. Front. Microbiol. 9:309. doi: 10.3389/fmicb.2018.00309

Marzocchi, U., Trojan, D., Larsen, S., Meyer, R. L., Revsbech, N. P., Schramm, A., 
et al. (2014). Electric coupling between distant nitrate reduction and sulfide 
oxidation in marine sediment. ISME J. 8, 1682–1690. doi: 10.1038/ismej.2014.19

Müller, H., Marozava, S., Probst, A. J., and Meckenstock, R. U. (2020). Groundwater 
cable bacteria conserve energy by sulfur disproportionation. ISME J. 14, 
623–634. doi: 10.1038/s41396-019-0554-1

Muyzer, G., and Stams, A. J. (2008). The ecology and biotechnology of sulphate-
reducing bacteria. Nat. Rev. Microbiol. 6, 441–454. doi: 10.1038/nrmicro1892

Nakagawa, T., Nakagawa, S., Inagaki, F., Takai, K., and Horikoshi, K. (2004). 
Phylogenetic diversity of sulfate-reducing prokaryotes in active deep-sea 
hydrothermal vent chimney structures. FEMS Microbiol. Lett. 232:145. doi: 
10.1016/S0378-1097(04)00044-8

Oremland, R. S., and Capone, D. G. (1988). “Use of “specific” inhibitors in 
biogeochmeistry and microbial ecology,” in Advances in Microbial Ecology. 
ed. K. C. Marshall (Boston, MA: Springer).

Perner, M., Bach, W., Hentscher, M., Koschinsky, A., Garbe-Schonberg, D., 
Streit, W. R., et al. (2009). Short-term microbial and physico-chemical 
variability in low-temperature hydrothermal fluids near 5 degrees S on the 
mid-Atlantic ridge. Environ. Microbiol. 11, 2526–2541. doi: 
10.1111/j.1462-2920.2009.01978.x

Perner, M., Petersen, J. M., Zielinski, F., Gennerich, H. H., and Seifert, R. 
(2010). Geochemical constraints on the diversity and activity of H2-oxidizing 
microorganisms in diffuse hydrothermal fluids from a basalt- and an 
ultramafic-hosted vent. FEMS Microbiol. Ecol. 74, 55–71. doi: 
10.1111/j.1574-6941.2010.00940.x

Qu, L., Zhu, F., Hong, X., Gao, W., Chen, J., and Sun, X. (2011). Sunxiuqinia 
elliptica gen. Nov., sp. nov., a member of the phylum Bacteroidetes isolated 
from sediment in a sea cucumber farm. Int. J. Syst. Evol. Microbiol. 61, 
2885–2889. doi: 10.1099/ijs.0.026971-0

Rabus, R., Venceslau, S. S., Wöhlbrand, L., Voordouw, G., Wall, J. D., and 
Pereira, A. (2015). A post-genomic view of the ecophysiology, catabolism 
and biotechnological relevance of sulphate-reducing prokaryotes. Adv. Microb. 
Physiol. 66, 55–321. doi: 10.1016/bs.ampbs.2015.05.002

Ragsdale, S. W., Clark, J. E., Ljungdahl, L. G., Lundie, L. L., and Drake, H. L. 
(1983). Properties of purified carbon monoxide dehydrogenase from Clostridium 
thermoaceticum, a nickel, iron-sulfur protein. J. Biol. Chem. 258, 2364–2369. 
doi: 10.1016/S0021-9258(18)32932-6

Reyes, C., Dellwig, O., Dähnke, K., Gehre, M., Noriega-Ortega, B. E., Böttcher, M. E., 
et al. (2016). Bacterial communities potentially involved in iron-cycling in 
Baltic Sea and North Sea sediments revealed by pyrosequencing. FEMS 
Microbiol. Ecol. 92:fiw054. doi: 10.1093/femsec/fiw054

Samain, E., Dubourguier, H. C., and Albagnac, G. (1984). Isolation and 
characterization of Desulfobulbus elongatus sp. nov. from a mesophilic industrial 
digester. Syst. Appl. Microbiol. 5, 391–401. doi: 10.1016/S0723-2020(84)80040-5

Sass, A., Rutters, H., Cypionka, H., and Sass, H. (2002). Desulfobulbus mediterraneus 
sp. nov., a sulfate-reducing bacterium growing on mono- and disaccharides. 
Arch. Microbiol. 177, 468–474. doi: 10.1007/s00203-002-0415-5

Schauer, R., Roy, H., Augustin, N., Gennerich, H. H., Peters, M., Wenzhoefer, F., 
et al. (2011). Bacterial sulfur cycling shapes microbial communities in surface 
sediments of an ultramafic hydrothermal vent field. Environ. Microbiol. 13, 
2633–2648. doi: 10.1111/j.1462-2920.2011.02530.x

Schiff, J. A., and Fankhauser, H. (1981). “Assimilatory sulfate reduction,” in 
Biology of Inorganic Nitrogen and Sulfur. eds. H. Bothe and A. Trebst (Berlin, 
Heidelberg: Springer), 153–168.

Schwechheimer, C., and Kuehn, M. J. (2015). Outer-membrane vesicles from 
Gram-negative bacteria: biogenesis and functions. Nat. Rev. Microbiol. 13:605. 
doi: 10.1038/nrmicro3525

Schwertmann, U., and Cornell, R. M. (2008). Iron Oxides in the Labaroty: 
Preparation and Characterization. Weinheim: John Wiley and Sons.

Sievert, S. M., and Kuever, J. (2000). Desulfacinum hydrothermale sp. nov., a 
thermophilic, sulfate-reducing bacterium from geothermally heated sediments 
near Milos Island (Greece). Int. J. Syst. Evol. Microbiol. 50, 1239–1246. doi: 
10.1099/00207713-50-3-1239

So, C. M., Phelps, C. D., and Young, L. Y. (2003). Anaerobic transformation 
of alkanes to fatty acids by a sulfate-reducing bacterium, strain Hxd3. 
Appl. Environ. Microbiol. 69, 3892–3900. doi: 10.1128/AEM.69.7.3892- 
3900.2003

So, C. M., and Young, L. (1999). Initial reactions in anaerobic alkane degradation 
by a sulfate reducer, strain AK-01. Appl. Environ. Microbiol. 65, 5532–5540. 
doi: 10.1128/AEM.65.12.5532-5540.1999

Sorokin, D. Y., Tourova, T. P., Panteleeva, A. N., and Muyzer, G. (2012). 
Desulfonatronobacter acidivorans gen. Nov., sp. nov. and Desulfobulbus 
alkaliphilus sp. nov., haloalkaliphilic heterotrophic sulfate-reducing bacteria 
from soda lakes. Int. J. Syst. Evol. Microbiol. 62, 2107–2113. doi: 10.1099/
ijs.0.029777-0

Stoeva, M. K., and Coates, J. D. (2019). Specific inhibitors of respiratory sulfate 
reduction: towards a mechanistic understanding. Microbiology 165, 254–269. 
doi: 10.1099/mic.0.000750

Stookey, L. L. (1970). Ferrozine – a new spectrophotometric reagent for iron. 
Anal. Chem. 42, 779–781. doi: 10.1021/ac60289a016

Suzuki, Y., Inagaki, F., Takai, K., Nealson, K. H., and Horikoshi, K. (2004). 
Microbial diversity in inactive chimney structures from deep-sea hydrothermal 
systems. Microb. Ecol. 47, 186–196. doi: 10.1007/s00248-003-1014-y

Suzuki, D., Ueki, A., Amaishi, A., and Ueki, K. (2007). Desulfobulbus japonicus 
sp. nov., a novel Gram-negative propionate-oxidizing, sulfate-reducing 
bacterium isolated from an estuarine sediment in Japan. Int. J. Syst. Evol. 
Microbiol. 57, 849–855. doi: 10.1099/ijs.0.64855-0

Takai, K., Abe, M., Miyazaki, M., Koide, O., Nunoura, T., Imachi, H., et al. 
(2013). Sunxiuqinia faeciviva sp. nov., a facultatively anaerobic 
organoheterotroph of the Bacteroidetes isolated from deep subseafloor 
sediment. Int. J. Syst. Evol. Microbiol. 63, 1602–1609. doi: 10.1099/ijs.0.044065-0

Takai, K., Gamo, T., Tsunogai, U., Nakayama, N., Hirayama, H., Nealson, K. H., 
et al. (2004a). Geochemical and microbiological evidence for a hydrogen-
based, hyperthermophilic subsurface lithoautotrophic microbial ecosystem 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1099/ijs.0.066761-0
https://doi.org/10.1111/j.1462-2920.2011.02525.x
https://doi.org/10.1007/s00284-017-1211-4
https://doi.org/10.1073/pnas.1903514116
https://doi.org/10.1016/0378-1097(93)90403-O
https://doi.org/10.1128/ecosalplus.3.6.1.11
https://doi.org/10.1128/ecosalplus.3.6.1.11
https://doi.org/10.1007/BF00245358
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/BF00444674
https://doi.org/10.1099/00207713-48-2-469
https://doi.org/10.1046/j.1462-2920.2002.00286.x
https://doi.org/10.3389/fmicb.2018.00309
https://doi.org/10.1038/ismej.2014.19
https://doi.org/10.1038/s41396-019-0554-1
https://doi.org/10.1038/nrmicro1892
https://doi.org/10.1016/S0378-1097(04)00044-8
https://doi.org/10.1111/j.1462-2920.2009.01978.x
https://doi.org/10.1111/j.1574-6941.2010.00940.x
https://doi.org/10.1099/ijs.0.026971-0
https://doi.org/10.1016/bs.ampbs.2015.05.002
https://doi.org/10.1016/S0021-9258(18)32932-6
https://doi.org/10.1093/femsec/fiw054
https://doi.org/10.1016/S0723-2020(84)80040-5
https://doi.org/10.1007/s00203-002-0415-5
https://doi.org/10.1111/j.1462-2920.2011.02530.x
https://doi.org/10.1038/nrmicro3525
https://doi.org/10.1099/00207713-50-3-1239
https://doi.org/10.1128/AEM.69.7.3892-3900.2003
https://doi.org/10.1128/AEM.69.7.3892-3900.2003
https://doi.org/10.1128/AEM.65.12.5532-5540.1999
https://doi.org/10.1099/ijs.0.029777-0
https://doi.org/10.1099/ijs.0.029777-0
https://doi.org/10.1099/mic.0.000750
https://doi.org/10.1021/ac60289a016
https://doi.org/10.1007/s00248-003-1014-y
https://doi.org/10.1099/ijs.0.64855-0
https://doi.org/10.1099/ijs.0.044065-0


Adam et al. Deltaproteobacterium Strain KaireiS1

Frontiers in Microbiology | www.frontiersin.org 16 September 2021 | Volume 12 | Article 686276

(HyperSLiME) beneath an active deep-sea hydrothermal field. Extremophiles 
8, 269–282. doi: 10.1007/s00792-004-0386-3

Takai, K., Nealson, K. H., and Horikoshi, K. (2004b). Hydrogenimonas thermophila 
gen. Nov., sp. nov., a novel thermophilic, hydrogen-oxidizing 
chemolithoautotroph within the ε-Proteobacteria, isolated from a black 
smoker in a central Indian ridge hydrothermal field. Int. J. Syst. Evol. Microbiol. 
54, 25–32. doi: 10.1099/ijs.0.02787-0

Takai, K., Nealson, K. H., and Horikoshi, K. (2004c). Methanotorris formicicus 
sp. nov., a novel extremely thermophilic, methane-producing archaeon isolated 
from a black smoker chimney in the central Indian ridge. Int. J. Syst. Evol. 
Microbiol. 54, 1095–1100. doi: 10.1099/ijs.0.02887-0

Teske, A., Hinrichs, K. U., Edgcomb, V., De Vera Gomez, A., Kysela, D., 
Sylva, S. P., et al. (2002). Microbial diversity of hydrothermal sediments in 
the Guaymas Basin: evidence for anaerobic methanotrophic communities. 
Appl. Environ. Microbiol. 68, 1994–2007. doi: 10.1128/AEM.68.4.1994-2007.2002

Topcuoglu, B. D., Stewart, L. C., Morrison, H. G., Butterfield, D. A., Huber, J. A., 
and Holden, J. F. (2016). Hydrogen limitation and syntrophic growth among 
natural assemblages of thermophilic methanogens at deep-sea hydrothermal 
vents. Front. Microbiol. 7:1240. doi: 10.3389/fmicb.2016.01240

Toyofuku, M., Nomura, N., and Eberl, L. (2019). Types and origins of bacterial 
membrane vesicles. Nat. Rev. Microbiol. 17, 13–24. doi: 10.1038/s41579-018-0112-2

Trojan, D., Schreiber, L., Bjerg, J. T., Boggild, A., Yang, T., Kjeldsen, K. U., 
et al. (2016). A taxonomic framework for cable bacteria and proposal of 
the candidate genera Electrothrix and Electronema. Syst. Appl. Microbiol. 
39, 297–306. doi: 10.1016/j.syapm.2016.05.006

Vandieken, V., Knoblauch, C., and Jorgensen, B. B. (2006). Desulfovibrio 
frigidus sp. nov. and Desulfovibrio ferrireducens sp. nov., psychrotolerant 
bacteria isolated from Arctic fjord sediments (Svalbard) with the ability 
to reduce Fe(III). Int. J. Syst. Evol. Microbiol. 56, 681–685. doi: 10.1099/
ijs.0.64057-0

Van Dover, C. L., Humphris, S. E., Fornari, D., Cavanaugh, C. M., Collier, R., 
Goffredi, S. K., et al. (2001). Biogeography and ecological setting of Indian 
ocean hydrothermal vents. Science 294, 818–823. doi: 10.1126/science.1064574

Warthmann, R., and Cypionka, H. (1990). Sulfate transport in Desulfobulbus 
propionicus and Desulfococcus multivorans. Arch. Microbiol. 154, 144–149. 
doi: 10.1007/BF00423324

Widdel, F., and Pfennig, N. (1981). Studies on dissimilatory sulfate-reducing 
bacteria that decompose fatty acids. Arch. Microbiol. 129, 395–400. doi: 
10.1007/BF00406470

Widdel, F., and Pfennig, N. (1982). Studies on dissimilatory sulfate-reducing 
bacteria that decompose fatty acids II. Incomplete oxidation of propionate 
by Desulfobulbus propionicus gen. Nov., sp. nov. Arch. Microbiol. 131,  
360–365. doi: 10.1007/BF00406470

Yoon, J., and Kasai, H. (2014). Sunxiuqinia rutila sp. nov., a new member of 
the phylum Bacteroidetes isolated from marine sediment. J. Gen. Appl. 
Microbiol. 60, 28–32. doi: 10.2323/jgam.60.28

Young, K. D. (2006). The selective value of bacterial shape. Microbiol. Mol. 
Biol. Rev. 70, 660–703. doi: 10.1128/MMBR.00001-06

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Adam, Han, Laufer-Meiser, Bährle, Schwarz-Schampera, Schippers 
and Perner. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) and the copyright owner(s) 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1007/s00792-004-0386-3
https://doi.org/10.1099/ijs.0.02787-0
https://doi.org/10.1099/ijs.0.02887-0
https://doi.org/10.1128/AEM.68.4.1994-2007.2002
https://doi.org/10.3389/fmicb.2016.01240
https://doi.org/10.1038/s41579-018-0112-2
https://doi.org/10.1016/j.syapm.2016.05.006
https://doi.org/10.1099/ijs.0.64057-0
https://doi.org/10.1099/ijs.0.64057-0
https://doi.org/10.1126/science.1064574
https://doi.org/10.1007/BF00423324
https://doi.org/10.1007/BF00406470
https://doi.org/10.1007/BF00406470
https://doi.org/10.2323/jgam.60.28
https://doi.org/10.1128/MMBR.00001-06
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Deltaproteobacterium Strain KaireiS1, a Mesophilic, Hydrogen-Oxidizing and Sulfate-Reducing Bacterium From an Inactive Deep-Sea Hydrothermal Chimney
	Introduction
	Materials and Methods
	Isolation of Strain KaireiS1
	Phylogenetic Analysis and Purity Check of Strain KaireiS1
	Growth With Inorganic Substrates
	Growth With Organic Substrates
	Hydrogen Consumption and Enzyme Activity Measurements

	Results
	Enrichment and Isolation of Strain KaireiS1
	Phylogeny and Morphology of Strain KaireiS1
	Growth on Inorganic Substrates
	Hydrogen Consumption and Hydrogen Uptake Activity

	Discussion
	Physiological and Morphological Traits of Strain KaireiS1
	Inorganic Substrates and Autotrophy
	Use of Organic Substrates
	Morphological Features
	Putative Co-culture With Sunxiuqinia Sp.
	Environmental Context

	Data Availability Statement
	Author Contributions
	Supplementary Material

	References

