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Microbiome

Sulfur‑rich deposits associated with the deep 
submarine volcano Fani Maoré support broad 
microbial sulfur cycling communities
Stéven Yvenou1*, Mélanie Le Moigne1, Olivier Rouxel2, Johanne Aubé1, Blandine Trouche1, Cécile Cathalot2, 
Emmanuel Rinnert2, Xavier Philippon1, Sandrine Chéron2, Audrey Boissier2, Vivien Guyader2, Yoan Germain2, 
Anne Godfroy1, Erwan G. Roussel1 and Karine Alain1* 

Abstract 

Background  In 2018, the island of Mayotte located in the western Indian ocean, has experienced a seismo-volcanic 
crisis linked to the birth of an impressive intraplate submarine volcano at the east of the island. This volcano, named 
Fani Maoré, which has not yet been the subject of microbiological studies, triggered the largest submarine eruptive 
event ever recorded. Close to the volcano’s summit is a singular meter-size structure containing abundant native 
sulfur mineralizations. While a wide variety of ecosystems, with more or less well documented microbial communi-
ties, are found in active volcanoes on the ocean floor, knowledge on microbial communities hosted in habitats such 
as sulfur-rich intraplate volcanoes, that are not located on hotspots, remains limited. Genome-resolved metagenom-
ics, culture-based functional approaches, geochemical and mineralogical analyses were combined to characterize 
the geological and physico-chemical constraints of the environment surrounding the yellow deposit part of this 
hotspot volcano and the composition and functions of its microbial community.

Results  Geological and geochemical analyses indicated that this volcanic habitat had high concentrations in various 
sulfur species, including native sulfur, hydrogen sulfide and sulfate. Twenty-three Metagenome Assembled Genomes 
(MAGs) belonging to 8 different bacterial phyla, mainly Pseudomonadota, Bacteroidota and Campylobacterota, were 
reconstructed from the sulfur-rich deposit and analyzed. The vast majority of MAGs encoded genes for complete sul-
fur cycling metabolic pathways, in particular sulfur oxidation. Estimation of the cultivable microbial fraction revealed 
a diversity of microorganisms, with high growth rates for sulfur reduction, sulfate reduction with dihydrogen, and sul-
fur oxidation. Sulfur compound (S0, SO3

2− and S2O3
2−) disproportionation was also observed in cultures. The versatile 

genus Sulfurimonas was prevalent in culture at 6 and 20 °C, in the presence of different sulfur redox couples.

Conclusions  Microbial communities, including taxa commonly found in ridge hydrothermal systems, were com-
posed of autotrophic, heterotrophic or mixotrophic taxa using a large range of electron donors and acceptors 
to fuel their catabolism, particularly sulfur compounds in all common oxidation states. They had the genetic poten-
tial and physiological capacity to carry out all the metabolic reactions of the microbial sulfur cycle using the abi-
otic sulfur compounds present in their habitat. Representatives of the Sulfurimonas genus were among the main 
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chemoautotrophs, since they predominated in eleven different temperature-redox pair culture combinations. 
Based on the observations, a conceptual model was proposed to describe the interactions in this sulfur-rich deposit 
that may occur between the microorganisms, the physico-chemical conditions and the sulfur compounds supplied 
by the environment.

Keywords  Submarine volcano, Sulfur cycle, Sulfurimonas, Metagenome, Native sulfur

Background
Submarine volcanoes are widespread on the ocean 
floor and account for about 75% of Earth’s total vol-
canic activity [1]. They are an important source of 
gases, solutes, molten rocks, trace elements and heat 
from the mantle to the ocean, contributing to biologi-
cal productivity of the oceans and providing mineral 
resources [2]. Volcanic eruptions also reshape the 
seafloor landscape and create new microbial habitats 
[3]. While microbial communities living in submarine 
hydrothermal vents at mid-ocean ridges (ridge volcan-
ism) and back-arc basins (subduction zone volcan-
ism) have been extensively studied (e.g., [4, 5]) and 
reviewed in several articles [6–9], microbes living in 
isolated intraplate submarine volcanoes remain poorly 
characterized, (e.g., [10]). Active intraplate volcanoes 
represent an excellent opportunity to study metabolic 
traits of microbial communities colonizing these newly 
formed habitats in an area usually devoid of any other 
active volcanic structures.

From May 2018 to 2021, the island of Mayotte 
(Comoros archipelago) has experienced a major 
seismo-volcanic crisis that came along with effusive 
eruptions [11]. This event represented the largest sub-
marine eruption ever documented and has led to the 
birth of a new volcano named Fani Maoré [12] (Fig. 1). 
With a height of 936 m and a diameter of about 2 km, 
this intraplate volcano was located on the seafloor at 
3300 m depth, about 50 km from the island of May-
otte on the East volcanic chain [11, 12]. From a magma 
chamber deeply buried in the Earth’s mantle, this vol-
cano has extruded more than ~ 5 km3 of lava that 
caused the island of Mayotte to subside and move a few 
centimeters [11]. Following these events, the extensive 
survey and scientific studies showed that the earth-
quakes had a volcanic rather than a tectonic origin. 
Most studies performed so far have thus focused on the 
seismicity and microbathymetry of the area, as well as 
petrological and geochemical analyses of samples, in 
order to follow the evolution of the magma [11–14]. A 

Fig. 1  A Bathymetric map of the Fani Maoré submarine volcano. The locations of the environmental sample collection points are indicated by black 
circles. B Photograph of the fluid sample collected inside the fractured cavity (GFL_781_12_Ti_D2). C Photograph of the sample GFL_PL781_12_
PBT01 containing elemental sulfur particles
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significant focus has also been directed to water col-
umn geochemical signatures in order to determine the 
impact of the eruptive and degassing activity on the 
water column at a local scale [15]. In the vicinity of the 
volcano’s summit, a volcanic structure composed of 
accumulations of yellow brittle mineral grains of native 
sulfur and outer crust of black volcanic glass and fine 
iron-oxyhydroxide coating was easily distinguishable 
from other parts of the eruptive zone by an unusual 
columnar structure (Fig. 1).

In most mid-ocean ridge hydrothermal systems [6–
9], various forms of sulfur compounds such as sulfate, 
sulfide, and iron-sulfide minerals are often abundant. 
Elemental sulfur is generally restricted to submarine 
volcanic systems (at back-arc basins, volcanic arcs and 
hotspots), as it can be formed by disproportionation of 
volcanic SO2 [16–21]. The young volcanic structure of 
the Fani Maoré volcano represented a rare opportunity 
to study the deep-sea chemolithotrophic microbial sulfur 
cycle in an intraplate environment rich in native sulfur.

Previous studies of microbial communities in subma-
rine volcanoes have shown that they are frequently col-
onised by generalist microorganisms including several 
genera of Campylobacterota (particularly of the genus 
Sulfurimonas) [3, 22]. Campylobacterota of the genera 
Sulfurimonas and Sulfurovum are widespread in redox-
cline environments like deep-sea hydrothermal vents 
and sulfidic environments. They are physiologically ver-
satile and can grow at low to warm temperatures, some 
having a fairly wide growth temperature gradient [6]. In 
sulfur-rich ecosystems, they can be predominant in vari-
ous matrices (plumes, chimney walls, microbial mats) 
and are often among the earliest colonizers of uninhab-
ited vent ecosystems [23–26]. For instance, Candidatus 
(Ca.) ‘Sulfurimonas pluma’ was found to be ubiquitous 
and abundant in cold oxygen-satured and hydrogen-rich 
hydrothermal plumes at mid-ocean ridges worldwide [26, 
27]. Furthermore, in few hydrothermal plumes highly 
diluted in seawater, a dominance of seawater-ubiquitous 
microorganisms (such as SAR11 and SAR324) has been 
reported, as well as a lower proportion of subsurface 
microorganisms [28, 29].

The present study leveraged cultivation and metagen-
omic approaches to investigate the metabolic traits of 
microbial communities colonizing these newly-formed 
sulfur rich habitats, which were characterized by min-
eralogical and geochemical analyses. Overall, microbial 
taxonomic and functional diversity was inferred from 
metagenomes retrieved from an environmental sample 
and from dilution to extinction cultures targeting sul-
fur cycling metabolisms (sulfur disproportionation, sul-
fur oxidation, sulfur reduction and sulfate reduction) at 
6 °C, 20 °C and 40 °C. Further phenotypic and metabolic 

characterization of sulfur cycling taxa were obtained 
from the analysis of metabolism substrates and products 
within cultures.

Based on the analysis of these results we highlighted 
the metabolic patterns of the microbial taxa that colo-
nized this newly-formed, native-sulfur rich volcanic hab-
itat, and presented a conceptual model of the sulfur cycle 
in this habitat and of its main microbial actors.

Methods
Sample collection
In May 2021, during the GEOFLAMME oceanographic 
cruise [30] onboard the research vessel Pourquoi pas?, 
volcanic rocks from the Fani Maoré volcano were col-
lected using the Remotely Operated Vehicle (ROV) 
Victor 6000, at 2596 m below sea level and with an alti-
tude of three meters above the seafloor (sample GFL_
PL781_12_PBT01; 12° 54.724′ S–45° 42.728′ E [31]). 
Fragments of volcanic rocks, volcanoclastic deposits and 
Fe-oxyhydroxide-rich sediments were recovered at the 
top of the volcano (Fig. 1), together with a chimney-like 
deposit composed of yellow minerals resembling native 
sulfur and lining an open cavity. Solid samples were 
placed into a dedicated decontaminated insulated sam-
ple box (referred as PBT-box) and then brought back to 
the ship for subsampling, while fluids were recovered 
using titanium syringes (sample GFL_PL781_12_TiD2, 
Fig. 1B), as described in previous studies [32], and follow-
ing a method adapted for low-temperature fluids (e.g., 
[33]). Due to a technical problem, temperature recording 
was not successful during the fluid collection. On board, 
immediately after sample recovery, samples for cultures 
were stored at 4  °C in sterile Schott bottles under a N2 
atmosphere, and samples for metagenomic analyses were 
stored at − 80 °C.

Other volcanic rocks (sample GFL_PL777_08_PBT02) 
and reference background seawater (sample GFL_
PL777_08_PBT01) were collected in PBT-boxes (Fig. 1A), 
and background seawater was also sampled using a Con-
ductivity-Temperature-Depth (CTD) hydrocast (sample 
GFL_HY03_B01), before filtration (50 mL filtered with a 
0.2-µm pore-size filter) (Fig. 1A).

Fluid chemistry
Fluids were processed on board straight away after recov-
ery of the Ti-syringes using the following scheme:

(1) Aliquot was collected for shipboard pH and total 
HS– + H2S analysis [34];
(2) Another aliquot was archived in 10 mL HDPE 
Nalgene flasks for on shore analysis by ionic chro-
matography (Thermo Scientific ICS-5000). Samples 
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were diluted by a factor of 500 according to the man-
ufacturer’s recommendations.
(3) The remaining fluid solution in the Ti-samples 
was then directly filtered from the Ti syringe through 
0.45 μm pore-size online filter (Sterivex™) and the 
solution was transferred to an acid cleaned 1 L HDPE 
bottle. Because of the low-temperature nature of 
the sampled fluid (i.e., undistinguishable from back-
ground seawater, see results), recovered particles 
were considered to derive from the entrainment of 
surrounding mineral from the sulfur-rich structure 
rather than being precipitated after sampling as clas-
sically observed in hydrothermal fluids. Major and 
trace elements were then measured onshore on fil-
tered and acidified aliquots (pH 1.8) by Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS) after 
a 100-fold dilution.

Upon recovery of the PBT-box containing fragments of 
sulfur-rich deposits and entrained background seafloor 
seawater, a strong H2S odor was generated over time in 
the solution, suggesting active degassing of the minerals. 
This was later confirmed after recovering solid fragments 
that showed characteristic popping sounds upon drying.

Rock geochemistry and mineralogy
Fragments of sulfur-rich deposits recovered from the 
PBT-box were subsampled for further geochemical and 
petrographical studies. Samples were stored frozen until 
onshore processing. X-ray fluorescence (XRF) and X-ray 
diffraction (XRD) analyses were performed on bulk 
powder prepared after drying mm-size fragments in 
an air oven at 50 °C and powdered using an agate mor-
tar. Mineralogical and quantitative chemical data were 
acquired using X-ray techniques. XRD analyses were 
conducted with a BRUKER AXS D8 ADVANCE diffrac-
tometer (a device type Bragg–Brentano equipped with 
a Cu X-ray tube, and the VANTEC-1 Position Sensitive 
Detector with a nickel filter (Ni 0.5)). Samples were top 
loaded into 2.5-cm-diameter circular cavity holders, and 
analyses were run between 5° and 70° 2θ, in steps of 0.01° 
2θ at 1  s/step, (40 kV, 30 mA). Minerals were identified 
using Diffrac suite EVA software. XRF analyses were con-
ducted with a wavelength dispersive XRF spectrometer 
(WD-XRF; BRUKER AXS S8 TIGER) on fusion beads. 
After data acquisition, the measured net peak intensi-
ties, corrected for inter-element effects, were converted 
into concentrations using calibration curves generated 
from analysis of certified geochemical standard pow-
ders (measured under identical analytical conditions). 
Calibrations were established using a set of certified 
materials.

For sulfur isotopes, sample powder was digested in 
inverted aqua regia and then purified by elution through 
a cationic resin to remove any interfering matrix. The 
solution was analyzed by a Neptune™ multiple collector 
ICP-MS, following the procedure of [35] and calibrated 
against a set of internal and external standards (IAEA 
NZ-1, NZ-2, NZ-4, NBS 123).

Bulk and hand-picked chips were also analyzed for 
major and trace elements by High Resolution ICP-MS. 
Sample were dissolved in PTFE beaker on hot plate 
using an acid mixture of HF, HCl, and HNO3. Digested 
samples were then diluted 5000-fold and analyzed by 
HR-ICP-MS following similar approaches than for fluid 
samples described above. A set of international georef-
erence materials (e.g., BHVO-2, GH, UB-N, NOD-P-1, 
IF-G, NIST2711) and internal standard solutions rel-
evant to sulfur-rich samples were used to calibrate the 
measurements.

DNA extraction and sequencing for metagenomics
Total DNA was extracted with a standard Phenol: Chlo-
roform: Isoamyl Alcohol (25:24:1), pH 8, protocol [36], 
from 45 mL of a mixture composed of rocks, yellow sul-
fur particles and cavity’s seawater, with the addition of 50 
μM linear acrylamide to enhance nucleic acids precipita-
tion (Invitrogen™). One negative control was processed 
in parallel. Elution of total DNA extracts was performed 
in 30 μL EB buffer (10 mM Tris–Cl, pH 8.5). Nucleic acid 
solution quality was determined using the NanoDrop™ 
8000 (Thermo Scientific, Waltham, MA, USA) spec-
trophotometer. Double-strand DNA concentration was 
measured using the kit Quantifluor™ (Promega®) dsDNA 
system. Genomic DNA was then purified with QIAmp 
kit (Qiagen®) before libraries construction. DNA sample 
was sequenced by NovaSeq 6000 (2 × 150 bp, paired-end 
reads) technology by the Fasteris company (Plan-les-
Ouates, Switzerland).

Sequence processing, assembly, and binning
Lack of adapter contamination in the demultiplexed raw 
reads was ascertained with FastQC [37] and MultiQC 
[38], before carrying out quality filtration with Illumina-
Utils python scripts [39], following recommendations by 
Minoche et al. [40]. The following steps were performed 
with the help of the Snakemake workflows [41], avail-
able with Anvi’o v7 [42, 43]. Namely, reads were assem-
bled using IDBA-UD (v1.1.3, [44]) with minimum contig 
length set at 1000 bp. Identification of Open Reading 
Frames (ORFs) in the contigs was done with Prodigal 
[45] and functional annotation obtained using KOfam-
scan [46]. After mapping of the short reads on the result-
ing contigs with bowtie2 [47, 48], metagenomic binning 
was performed with MetaBAT2 v2.15 [49], using default 
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parameters. The resulting bins were manually refined 
with the “anvi-refine” program from Anvi’o v7.1 [50]. The 
quality of these MAGs was first assessed using CheckM 
v1.2.0 [51] implemented on Anvi’o, with single prokary-
otic marker genes, and only MAGs with more than 60% 
completion and less than 10% redundancy were retained 
for the next step. Next, the completion and redundancy 
of MAGs retained for further analysis were analysed in 
more detail on the MaGe platform with CheckM v2 [51] 
using lineage-specific markers. Taxonomic affiliation of 
the MAGs was determined with the classify workflow of 
the Genome Taxonomy Database GTDB-Tk v2.4.0 (refer-
ence data v09-RS220) [52].

The Average Nucleotide Identity (ANI; OrthoANIu) 
values were calculated on EzBioCloud [53] using the 
ANI calculator, with the orthologous genes of the closest 
relatives.

Data availability
This Whole Genome Shotgun project has been depos-
ited at DDBJ/ENA/GenBank under the BioProject 
PRJNA938062, and accession numbers GCA_045047305.1, 
GCA_045047075.1, GCA_045047105.1, GCA_045047115.1, 
GCA_045047095.1, GCA_045047085.1, GCA_045046905.1, 
GCA_045046925.1, GCA_045046865.1, GCA_045046885.1, 
GCA_045046875.1, GCA_045046665.1, GCA_045046715.1, 
GCA_045046705.1, GCA_045046655.1, GCA_045046645.1, 
GCA_045107175.1, GCA_046055765.1, GCA_046055745.1, 
GCA_045267885.1, GCA_045107135.1, GCA_045267865.1, 
and GCA_045267845.1. 16S rRNA gene sequences of taxa 
cultivated by the approach derived from the most probable 
number method have been deposited at GenBank under the 
accession numbers PQ541048 to PQ541067. Sulfurimonas 
strains isolated in this study are stored at − 80 °C with 5% 
(v/v) dimethylsulfoxide.

Estimating microbial diversity in the sample
Microbial diversity in the sample was estimated both 
before and after assembly. Before assembly, Phyloflash 
v3.4 [54] was applied to the quality filtered reads to 
identify 16S rRNA genes fragments based on read iden-
tity with the SILVA v138.1 database [55], with default 
parameters and a clustering threshold of 100%. Shortly, 
Phyloflash maps reads to the reference database using 
BBMap [56] and extracts sequences based on a 70% mini-
mum identity threshold. Additionally, it implements the 
SPAdes assembler [57] to attempt to reconstruct full-
length 16S rRNA gene sequences. Sequences affiliated 
with Eukaryota, Mitochondria and Chloroplasts were 
then removed from the resulting table.

After assembly, the number of genomes present in 
the sample was estimated on the basis of the presence 

of specific HHM profiles of single-copy core genes from 
Bacteria, Archaea and Protista (HMM sources: Bac-
teria_71 for Bacteria, Archaea_76 for Archaea; Pro-
tista_83 for Protista; https://​anvio.​org/​help/7/​artif​acts/​
hmm-​source/). A taxonomic overview of the sample 
was then obtained based on the most abundant single-
copy core gene, Ribosomal L16, using Anvi’o command 
anvi-estimate-scg-taxonomy in metagenome mode, 
computing gene coverages as an approximation of bac-
terial relative abundances. Visualization of the taxon-
omy results was done in R v3.6.1 (R Core Team, 2019), 
using packages phyloseq (v1.28.0 [58]) and ggplot2 
(v3.3.0 [59]).

Phylogenomic tree and prediction of optimal growth 
temperature
A phylogenomic analysis was carried out with Anvi’o 
(v8), based on seventy-one single copy core genes pre-
sent in Bacteria (Supplementary Table  S1) (collection 
modified from [60]), by using the Anvi’o workflow for 
phylogenomics (https://​meren​lab.​org/​2017/​06/​07/​
phylo​genom​ics/). For each MAG, three to six taxo-
nomically close genomes/MAGs according to GTDB 
(https://​gtdb.​ecoge​nomic.​org/) were chosen based on 
their quality for the phylogenomic analysis. The phylog-
enomic tree was constructed based on the seventy-one 
concatenated single-copy core genes of each MAGs and 
genomes using FastTree, implemented in the Anvi’o 
workflow for phylogenomics. To confirm the topology 
of this phylogenomic tree, a phylogenetic reconstruc-
tion based on the seventy-one concatenated single-
copy core genes (aligned with MUSCLE v5.1) [61] was 
performed by maximum likelihood method using the 
IQ-TREE v2.0.3 software [62]. Branch support was 
computed with the aLRT SH-like method using 1000 
replicates.

Prediction analysis of the optimal growth temperature 
was performed by running the package TOME (Temper-
ature Optima for Microorganisms and Enzymes) (https://​
github.​com/​Engqv​istLab/​Tome) [63], based on 2-mer 
amino acid composition of the proteomes of the volcano 
MAGs and their closely related genomes/MAGs.

In addition, the taxonomic affiliation of Sulfurimonas 
MAGs was investigated in detail using GTDB-Tk’s clas-
sify workflow (v2.4.0; GTDB reference tree 09-RS220). A 
phylogenomic analysis was performed with the closest 
MAGs and all cultivated species. To this end, the single 
copy-gene clusters present in all sequences were first 
extracted and concatenated using Anvi’o (v8), aligned 
with MUSCLE v5.1 [61], trimmed with trimAI v1.4.1 [64] 
and a phylogenetic reconstruction based on 250 concate-
nated single-copy gene clusters (Supplementary Table S2) 

https://anvio.org/help/7/artifacts/hmm-source/
https://anvio.org/help/7/artifacts/hmm-source/
https://merenlab.org/2017/06/07/phylogenomics/
https://merenlab.org/2017/06/07/phylogenomics/
https://gtdb.ecogenomic.org/
https://github.com/EngqvistLab/Tome
https://github.com/EngqvistLab/Tome
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was performed by maximum likelihood method using the 
IQ-TREE v2.0.3 software [62], with 1000 iterations.

Metabolic pathway prediction
Metabolic pathway prediction was performed by com-
bining results of various software/platforms to annotate 
the MAGs: Anvi’o (v7.1) (https://​meren​lab.​org/​tutor​
ials/​infant-​gut/#​chapt​er-v-​metab​olism-​predi​ction), 
Prokka (v1.14.6) [65] (https://​github.​com/​tseem​ann/​
prokka) and MaGe MicroScope (v3.16.0) (https://​mage.​
genos​cope.​cns.​fr/​micro​scope/​mage/​index.​php). The 
standard genetic code was used for all MAGs, except 
Patescibacteria_MAG21. For the latter, an alternative 
genetic code (code 25) was used because in the class “Ca. 
Gracilibacteria” of the Patescibacteria, the UGA codon 
codes for a glycine and not for a stop codon [66].

A first analysis was made with Anvi’o, with workflows 
for microbial pangenomics (https://​meren​lab.​org/​2016/​
11/​08/​pange​nomics-​v2/) and then for metabolic predic-
tion (https://​anvio.​org/​help/​main/​progr​ams/​anvi-​estim​
ate-​metab​olism/). Genes were first annotated with KEGG 
[67], and KOfams (a database of KEGG orthologs), and 
then for each MAG the presence of some enzyme-encod-
ing genes and the completeness of few metabolic pathway 
was estimated.

To analyze the global metabolic potential, presence of 
key carbon fixation enzymes was sought and pathway 
completeness was observed for ATP synthesis/respira-
tory chain, carbohydrate metabolism and anaerobic res-
pirations, using the Anvi’o workflow for pangenomics to 
identify functions and estimate metabolism, and these 
annotations were refined with MaGe and Prokka pre-
dictions. The completeness of metabolic pathways was 
mapped using Prism10 (GraphPad) software.

Next, a comprehensive study of dissimilatory reactions 
of the microbial sulfur cycle and organosulfur transforma-
tions was conducted, based on Prokka and MaGe annota-
tions, and the presence of these pathways was compared 
with the metabolic prediction made with Anvi’o as 
described above. FeGenie v1.2 was used to identify iron 
genes and iron gene operons in MAGs using HMM-
profiles [68]. In addition, DiSCo software was used to 
predict the metabolic function of the following proteins: 
dissimilatory sulfite reductase (DsrABC, DsrMKJOP, 
DsrD, DsrEFH, DsrL, DsrT), heterodisulfide reductase 
(HdrABC), quinone-interacting membrane bound oxi-
doreductase (QmoABC), sulfate adenylyltransferase (Sat), 
adenosyl phosphosulfate reductase (AprAB and AprM) 
[69]. Pathways in which these enzymes are involved have 
been described elsewhere [70, 71]. A map indicating the 
presence or the lack of each key enzyme of the micro-
bial sulfur cycle was created with Prism10 (GraphPad) 
software.

Growing conditions for the different metabolisms 
of the sulfur cycle
To estimate the part of cultivable microorganisms 
involved in the microbial sulfur cycle, culture series were 
carried out targeting the four main metabolisms of the 
sulfur cycle: anaerobic sulfur disproportionation, sulfur 
reduction, sulfur oxidation, and sulfate reduction. For 
each catabolism, two different culture media were pre-
pared as detailed below. Serial dilutions were performed 
in 50 mL serum vials filled with 9 mL of medium (41 mL 
of headspace) and closed with butyl stoppers and alu-
minum caps. For all culture conditions, the same mineral 
medium composed of (for 1 L) NaCl 25 g; MgCl2.6H2O 
4.4 g; NH4Cl: 0.33 g; KCl: 0.50 g; CaCl2.2H2O 0.33 g; 
KH2PO4: 0.33 g; 1  mL of trace elements (medium 141 
from Deutsche Sammlung von Mikroorganismen und 
Zellkulturen (DSMZ) https://​www.​dsmz.​de/​micro​
organ​isms/​medium/​pdf/​DSMZ_​Mediu​m141.​pdf ) and 
1 drop of resazurine (corresponding to 0.5 mg.L−1) was 
prepared. Then, the mineral base was boiled to remove 
part of the oxygen and 6.92 g of piperazine-N,N′-bis(2-
ethanesulfonic acid) (PIPES buffer) were added, followed 
by 1 mL of vitamin solution (DSM medium 141). The pH 
was adjusted to 7 before closing the bottle and degas-
sing the atmosphere by seven 45 s vacuum-gas (nitrogen 
100%) cycles. With the exception of the sulfur oxida-
tion media, media were reduced by adding 0.6 mM of 
Na2S.9H2O, from a 0.5 M solution at pH 7.

For each culture condition, one-tenth dilutions were 
made in five inoculated series, and one uninoculated 
serie as negative control, down to dilution 10−9. Incu-
bations were performed at 6 °C, 20 °C, and 40 °C. Each 
medium was autoclaved twice at 105 °C for 30 min 
(with 24 h delay between 2  cycles) before adding the 
final gas phase.

In the sulfur-reduction media, the mineral base was 
amended with 5  g.L−1 elemental sulfur as the terminal 
electron acceptor. The first sulfur reduction condition 
was carried out with dihydrogen (H2) as the electron 
donor (H2/CO2, 80/20% atmosphere, 200 kPa). The sec-
ond sulfur reduction condition was based on a mixture 
of 20 amino acids (l-alanine, l-valine, DL-methionine, 
l-aspartic acid, l-leucine, l-phenylalanine, l-tryp-
tophane, l-histidine, l-proline, l-serine, l-cysteine, 
l-tyrosine, l-glycine, l-glutamine, l-leucine, l-aspara-
gine, l-lysine, l-glutamic acid, l-threonine, l-arginine, 
l-isoleucine all at 0.02% (w/v)) as energy and carbon 
sources (N2 100% atmosphere, 200 kPa).

In the sulfate reduction media, the mineral base was 
amended with 10 mM sulfate (SO4

2−) as the electron 
acceptor. In the first condition, H2 was used as the elec-
tron donor and CO2 as the carbon source (H2/CO2, 
80/20% atmosphere, 200 kPa). In the second condition, 

https://merenlab.org/tutorials/infant-gut/#chapter-v-metabolism-prediction
https://merenlab.org/tutorials/infant-gut/#chapter-v-metabolism-prediction
https://github.com/tseemann/prokka
https://github.com/tseemann/prokka
https://mage.genoscope.cns.fr/microscope/mage/index.php
https://mage.genoscope.cns.fr/microscope/mage/index.php
https://merenlab.org/2016/11/08/pangenomics-v2/
https://merenlab.org/2016/11/08/pangenomics-v2/
https://anvio.org/help/main/programs/anvi-estimate-metabolism/
https://anvio.org/help/main/programs/anvi-estimate-metabolism/
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium141.pdf
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium141.pdf
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acetate (10 mM) was used as both electron donor and 
carbon source (N2 100% atmosphere, 200 kPa).

In the sulfur oxidation media, elemental sulfur (S0) at 
5 g.L−1 was used as the electron donor in the first condi-
tion, and hydrogen sulfide at 3 mM (H2S) was used as the 
electron donor in the second condition. For both media, 
dioxygen (O2) at 3% (v/v, 200 kPa) in the gas phase and 
nitrate (NO3

−) at 10 mM were used as terminal electron 
acceptors, and CO2 at 97% (v/v, 200 kPa) was used as the 
carbon source.

In the anaerobic sulfur compound disproportionation 
media, S0 at 5 g.L−1 was used as the sole electron donor/
acceptor in the first condition, and both sulfite (SO3

2−) at 
5 mM and thiosulfate (S2O3

2−) at 10 mM were added in 
the second condition. These media were incubated under 
a 100% CO2 atmosphere (200 kPa).

Growth monitoring of cultures
The cell density present in the natural sample was deter-
mined by cell counting (two replicates), using an epi-
fluorescence microscope (Olympus® BX60, Olympus 
Corporation, Tokyo, Japan) after labelling the cells with 
acridine orange, as described elsewhere [72]. Cell num-
ber in the 10−1 and 10−2 dilution vials was also counted 
just after inoculation. During the incubations, to estimate 
growth in serum vials, in addition to observing turbid-
ity, weekly microscopic observation (× 1000) (Olympus® 
BX60, Olympus Corporation, Tokyo, Japan) of 20 fields 
was performed, starting with the dilution 10−1 and con-
tinued in case of growth by counting the next dilution. 
The concentration of viable, cultivable microorganisms 
in the sample was estimated using a method derived 
from the most probable number approach [73], based 
on the dilution factor applied, the number of replicates 
and the number of vials in which growth was observed. 
These estimates were generated using a pre-formatted 
Excel spreadsheet published previously [73]. The cultiva-
tion percentage was calculated from the most probable 
number of viable and cultivable cells estimated for each 
catabolism and each temperature, in comparison with 
the number of cells counted in the natural sample.

Analysis of substrates and metabolic products
Volatile fatty acids (acetate, lactate, formate, and propi-
onate), SO4

2−, SO3
2−, S2O3

2−, NO3
−, and ammonium 

(NH4
+) were monitored using ion chromatography (IC) 

as described previously [74, 75], with the following modi-
fications. For IC analysis, 1 mL of culture was centrifuged 
at 15,000 × g for 10 min, then the supernatant was filtered 
(Millex Durapore® PVDF filter units, 13 mm, 0.22 μm; 
Millipore Corporation, MA, USA) and diluted one-tenth 
with filtered milliQ water into pyrolyzed chromacol™ 
vials (Thermo Scientific™, Loughborough, UK). Anion 

chromatography analyses were run on a Thermo Scien-
tific™ Dionex™ ICS-6000 HPIC™, equipped with a micro-
bore flow controller (1–3 mm column internal diameter), 
an ion exchange column (Dionex™ IonPac™ AG15 2 mm 
× 50 mm), coupled to a suppressor (Thermo Scien-
tific™ Dionex™ ADRS™ 600 with KOH as eluent at 0.3 
mL.min–1). The gradient program was as follows: 8 mM 
KOH during 3 min; increase to 14 mM KOH during 12 
min; increase to 17 mM KOH during 8 min; increase to 
45 mM KOH during 0.5 min; increase to 48.20 mM KOH 
during 10.5 min; increase to 58 mM KOH during 6 min; 
increase to 80 mM KOH during 9.75 min; decrease 
to 8  mM KOH during 10 min. Cations were run on a 
Dionex™ EGC-500 equipped with two columns (CS16–4 
µm and 1 CG16–4 µm), coupled to a suppressor (Thermo 
Scientific™ Dionex™ CDRS™ 600) with methane sulfonic 
acid as eluent. The gradient program was as follows: 
9 mM methane sulfonic acid during 30 min; increase to 
50 mM methane sulfonic acid during 23 min; decrease to 
9 mM methane sulfonic acid during 7 min.

Dissolved sulfide was identified with the Cord-Ruwisch 
method, based on the colorimetric/spectrophotometric 
detection of a black FeS precipitate in the presence of 
H2S, as described previously [76].

Identification of taxa present in the last positive dilutions
To determine the taxonomic affiliation of the microor-
ganisms growing in the last dilutions for each condi-
tion, genomic DNA was extracted from 2 mL of culture 
by the Phenol:Chloroform:Isoamyl Alcohol (25:24:1, v/v) 
method. For Bacteria, the genes encoding 16S rRNAs 
were amplified by PCR using GoTaq® G2 DNA Poly-
merase (Promega) and the primers Bac8 F (5′-AGA​GTT​
TGA​TCA​TGG​CTC​AG-3′) [77] and U1492R (5′-CGG​
TTA​CCT​TGT​TAC​GAC​TT-3′) [78]. The archaeal genes 
encoding 16S rRNAs were amplified using the Arc8 F 
forward primer (5′-TCC​GGT​TGA​TCC​TGCC-3′) [79] 
and the Arc1492R reverse primer (5′-GGC​TAC​CTT​GTT​
ACG​ACT​T-3′) [79]. The amplification program consisted 
of an initial denaturation step at 95 °C for three min-
utes, followed by 30 cycles consisting of one minute at 
94 °C, 1 min of hybridization at 53 °C for bacterial DNA 
amplifications or at 50 °C for archaeal DNA amplifica-
tions and a two-minute elongation step at 72 °C. A final 
elongation at 72 °C was carried out for six minutes, after 
which the amplification products were stored at 12 °C. 
Sanger sequencing of the PCR products using forward 
and reverse primer was subcontracted to Genewiz (Leip-
zig, Germany). Contig assembly was then performed 
with Geneious v11.0.5. software, and similarity values to 
the nearest relative sequences were then calculated with 
EzTaxon-e [53]. A phylogenetic analysis of the 16S rRNA 
gene sequences of Sulfurimonas representatives was then 
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carried out. The 16S rRNA gene sequences of the culti-
vated strains were aligned with the closest MAGs encod-
ing a 16S rRNA gene sequence and all cultivated species, 
using Muscle v.5.1 [61], and the alignment was trimmed 
manually on Geneious v11.0.5. Next, a phylogenetic 
reconstruction was performed using the PhyML (v3.0) 
algorithm [80], with the Kimura 80 correction, based on 
1056 homologous nucleotides. The branch support was 
computed with 1000 bootstrap iterations.

Results and discussion
Mineralogical and geochemical characterization 
of the sulfur deposit and the surrounding area
The 1- to 2-m tall deposit had a cabbage-like struc-
ture with an outermost layer composed of a reddish to 
ochreous Fe-oxyhydroxide coating and a shiny black 
material (Supplementary Fig.  S1), that turned out to be 
volcanic glass upon binocular observation (Fig.  1). The 
interior contained a lining of sulfur crystals and drips 
projected inwards. This unusual structure had a mor-
phology resembling the small (m-size) spatter depos-
its encountered in the vicinity of volcano summit (J.-C. 
Komorowski, personal communication), which were 
composed of vesicular basanitic lavas that agglutinate 
during quenching. It also shared similarities with sulfur 

solfatara found onland and seafloor sulfur chimneys as 
those encountered at Northwest Eifuku volcano [81]. 
Here, the mixed assemblages of sulfur and glass sug-
gested a formation during expulsion of immiscible liquid 
sulfur and magma droplets at the seafloor.

Petrographical examination suggested that the struc-
ture was composed of an assemblage of native sulfur and 
volcanic glass. The presence of native sulfur was con-
firmed by bulk XRD analysis showing 100% α-sulfur (S8) 
(Table 1) and XRF, respectively. The absence of any igne-
ous minerals, together with bulk XRF analysis showing 
SiO2 (1.52 to 2.43 w%), TiO2 (0.10 to 0.16 w%), and Al2O3 
(0.48 to 0.67 w%) (Table 1) were consistent with the pres-
ence of volcanic glass, yielding with Fe/Al, Ti/Al ratios of 
about 1.5 (g/g) and 0.25 (g/g), respectively. These com-
positions were similar to basanitic lava recovered at Fani 
Maoré and characterized by Fe/Al = 1.24 ± 0.18 (g/g, 2 sd) 
and Ti/Al = 0.23 ± 0.02 (g/g, 2 sd) [14, 82].

Recovered fluid from the cracked open cavity (Fig.  1B) 
yielded similar chemical composition than background 
deep seawater for major cations (Na+, Ca2+, K+, Mg2+) and 
anions (Cl−, SO4

2−) (Table  2). Although the temperature 
probe was faulty at the time of sampling, the lack of shim-
mering effect produced when the arm of the ROV broke 
the cavity suggests that there was no temperature anomaly 

Table 1  Mineralogy and geochemical composition determined by XRF (left) and XRD (right) of bulk samples from the Fani Maoré 
sulfur deposit, respectively

Legend: n.m. not measured

Analytes Units GFL_PL777_08_
PBT02

GFL_PL781_12_
PBT01

Analytes Percentage GFL_PL777_08_
PBT02

GFL_
PL781_12_
PBT01

P.F 1050 °C wt% n.m n.m Alpha-sulfur % 100 100

SiO2 wt% 1.52 2.42

TiO2 wt% 0.10 0.16

Al2O3 wt% 0.48 0.67

Fe2O3 wt% 0.55 0.78

MnO wt% 0.005 0.01

MgO wt% 0.154 0.241

CaO wt% 0.255 0.360

Na2O wt%

K2O wt% 0.115 0.165

P2O5 wt% 0.06 0.09

S wt% 59.5 78.8

Total wt% 61.22 81.28

Co µg/g  < 10  < 10

Cr µg/g 16 12

Cu µg/g 53  < 20

Ni µg/g  < 20  < 20

Sr µg/g 77 117

Zn µg/g  < 10  < 10

Zr µg/g 30 25
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or active venting in the structure. However, a lower pH 
(6.83 vs 8.00) and higher alkalinity (2.83 vs 2.41 mmol.L−1) 
in the fluid inside the structure compared to bottom seawa-
ter suggested a significant gas enrichment (e.g. CO2, SO2, 
and H2S) in the chimney-like structure. In addition, native 
sulfur grains showed the release of significant amounts of 
H2S and possibly SO2 and CO2 trapped as fluid inclusions 
inside the mineral, which could also be a source of acidity 
for the seawater trapped within the structure. As previously 
reported in volcanic systems, the formation of molten sul-
fur may occur through reaction (1) or (2).

(1) disproportionation of SO2, producing also H2S and 
H2SO4 [16, 83]

(2) synproportionation of SO2 and H2S [84]

4SO2(aq)+ 4H2O = H2S(aq)+ 3H2SO4(aq)

3SO2(aq)+ 2H2O = S0 + 2H2SO4(aq)

Characterization of the geochemistry and mineral-
ogy of this cavity in the Fani Maoré volcano has revealed 
the significant presence of sulfur compounds (notably 
S0, SO4

2−, and H2S). Preliminary S-isotopes analyses of 
hand-picked native sulfur minerals yielded δ34S values 
ranging from − 0.07 to 0.66‰ (± 0.20 ‰, 2 sd), which 
was within the range of magmatic values [85, 86]. Sulfur 
isotope signatures therefore differed from those encoun-
tered for native sulfur deposits from seafloor hydrother-
mal systems which yield larger range, and often negative 
δ34S values (e.g., [18]). It is therefore likely that native 
sulfur resulted from the synproportionation of magmatic 
SO2 and H2S [84] expelled during the eruptive event. Fol-
lowing its formation and rapid cooling at the seafloor, it is 
highly probable that chemosynthetic microbial commu-
nities were established in this micro-environment, deriv-
ing their energy from the transformation of these sulfur 
compounds via redox reactions. Microbial communities 
including notably sulfur-oxidizing Bacteria have already 
been observed in submarine volcanic ecosystems [87].

A potential chemosynthetic microbial diversity
Based on the seventy-one single-copy core genes pre-
sent in bacterial genomes (detailed in Supplementary 
Table  S1) [60], this sample would contain ninety-four 
bacterial genomes. This ecosystem was thus inhabited by 
diverse microbial taxa and dominated by Bacteria at the 
time of sampling. The total taxonomic diversity and rela-
tive microbial abundances in the bulk sample were stud-
ied by examining (i) the sequence diversity and relative 
abundance of the 16S rRNA genes sequences before read 
assembly, and (ii) that of the most abundant large riboso-
mal protein (L16) after read assembly (Fig. 2A). In addi-
tion to a low archaeal diversity (Nanoarchaeota phylum), 
both approaches indicated the presence of taxa belong-
ing to eleven bacterial phyla, with the most abundant 
being Bacteroidota (representing 29.6 and 17.4% of total 
16S rRNA genes sequences and L16 encoding sequences, 
respectively), Campylobacterota (24.6 and 60.0%), Des-
ulfobacterota (13.6 and 3.6%) and Pseudomonadota 
(24.5 and 18.0%) (including Alphaproteobacteria (10.0 
and 9.3%), Gammaproteobacteria (13.6 and 8.0%) and 
Zetaproteobacteria (< 1% in both cases)). Within these 
phyla, the families with the highest relative abundances 
(> 3%) based on 16S rRNA gene sequences, were Fla-
vobacteriaceae (24.3%; Bacteroidota), Sulfurimona-
daceae (14.4%; Campylobacterota), Desulfocapsaceae 
(9.1%; Desulfobacterota), Rhodobacteraceae (7.7%; Pseu-
domonadota), Sulfurovaceae (6.7%; Campylobacterota), 
Geopsychrobacteraceae (3.4%; Desulfobacterota), and Sul-
furospirillaceae (3.3%; Campylobacterota), respectively.

SO2(aq)+ 2H2S(aq) = 3S0 + 2H2O
Table 2  Environmental parameters of background seawater and 
fluid recovered from the sulfur deposit at Fani Maoré (Ti: titanium 
syringe, HY: seawater recovered from hydrocas)

Legend: *Reference background seawater determined using (i) deep seawater 
recovered by CTD hydrocast (sample GFL_HY03_B01) at 2596 m depth for pH, AT 
and trace element composition determined by HR-ICP-MS (Si, Fe, Mn, Li, B, Rb, 
Sr, U, P, Cu); and (ii) deep seawater recovered in PBT-box (sample GFL_PL777_08_
PBT01) at 2560 m depth for major element composition determined by IC (Cl−, 
Br−, SO4

2−, Na+, K+, Mg2+, Ca2+)

Analytes Units GFL_PL781_12_
TiD2

Reference 
background 
seawater*

pH 6.83 8.00

AT mmol/l 2.83 2.41

H2S µM  < 0.1  < 0.1

Cl− mM 555.8 559.0

Br− mM 844.0 844.9

SO4
2− mM 29.0 29.1

Na+ mM 476.1 478.1

K+ mM 10.2 10.3

Mg2+ mM 53.8 53.9

Ca2+ mM 10.3 10.3

Si µM 171 155.6

Fe µM 2.19  < 0.05

Mn µM 1.57  < 0.05

Li µM 25.5 26.5

B µM 423.6 462.0

Rb µM 1.42 1.39

Sr µM 96.3 92.4

U nM 12.0 13.1

P µM 2.5 3.4

Cu nM 5.9 12.1
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Pseudomonadota (Alphaproteobacteria and Gam-
maproteobacteria) have been previously observed around 
newly formed submarine ridge volcanoes and are also 
present in the marine environment, while phyla such as 
Campylobacterota and Desulfobacterota are often associ-
ated with marine volcanic habitats [6, 88]. Bacteroidota 
are ubiquitous and frequently encountered in marine 
habitats [89].

Sequences from Spirochaetota, Patescibacteria, Ver-
rucomicrobiota, Planctomycetota and Bacillota were 
much less abundant, each representing less than 4% of all 
sequences.

Genome-resolved metagenomics was also imple-
mented and allowed the reconstruction of 23 bacterial 
MAGs, composed of 41 to 648 contigs (Supplementary 
Table S3). The 23 MAGs were affiliated to eight different 
microbial phyla (Fig. 2B), which represent around 62% of 
the microbial diversity at the phylum level in the natural 
sample, based on observed 16S rRNA gene sequences 
(Fig.  2A). No archaeal MAGs could be reconstructed. 
Based on quality criteria, 14 MAGs were of high quality 
(completion > 90%; contamination < 5% and at least 18 
tRNAs) and nine MAGs were of medium quality (com-
pletion ≥ 50%; contamination < 10%) (Supplementary 
Table S3) [90]. Seven MAGs were assigned to the phylum 
Pseudomonadota, six to Bacteroidota, three to Campylo-
bacterota, followed by two assigned to Desulfobacterota 
and Planctomycetota, and one to Verrucomicrobiota, 
Bacillota and Patescibacteria (Fig. 2B).

The two MAGs Planctomycetota_MAG01 and Patesci-
bacteria_MAG21 were derived from classes with no cul-
tivated representatives. At genus and family level, there 
were nine and seven MAGs derived from taxa with no 
cultivated representatives, respectively (Supplemen-
tary Fig.  S3). Twenty-two MAGs could be assigned up 
to the genus level with GTDB-Tk v2.4.0. Among them, 
Desulfobacterota_MAG05, Desulfobacterota_MAG12, 
Campylobacterota_MAG16, Planctomycetota_MAG17, 

and Campylobacterota_MAG22 belonged to the genera 
Desulfuromusa, Desulfocicer, Sulfurimonas, Gimesia, 
and Sulfurovum, respectively. The various closest bac-
terial relatives of these five MAGs assigned to a genus 
were known to grow by S0 reduction (Desulfuromusa kys-
ingii) [91, 92], H2S, S0 and/or S2O3

2− oxidation (Sulfuri-
monas sp. and Sulfurovum sp.) [93, 94], SO4

2− reduction 
(Desulfocicer vacuolatum) [95], and aerobic organo-
heterotrophy (Gimesia sp.), respectively [96]. Recon-
struction of these first MAGs related to taxa involved 
in the microbial sulfur cycle was probably explained 
by the abundance of sulfur compounds (H2S and S0) 
in  situ. Two other MAGs, Pseudomonadota_MAG08 
and Pseudomonadota_MAG09, belonging to the fami-
lies Beggiatoaceae and UBA6429 respectively, whose 
only genus with cultivated members is Thiohalophilus, 
could also derive from microorganisms with a dissimila-
tory metabolism involving sulfur species, as these fami-
lies contain thioautotrophic and large sulfide-oxidizing 
Bacteria, respectively [70]. Various representatives of 
the phyla Pseudomonadota and Bacteroidota, which are 
highly represented in this environment, are also known 
to reduce S0 [97]. For example, Thioflexitrix psekupsensis, 
Beggiatoa leptomitoformis and Thiotrix nivea which are 
taxonomically close to Pseudomonadota_MAG08 and 
Pseudomonadota_MAG09 notably, are sulfur-oxidizing 
bacteria [98–100].

Closest relative taxa corresponding to reconstructed 
MAGs were selected and their origin was indicated 
by colored dots in Fig.  2B (inner circle). MAGs recon-
structed in this study were close to genomes/MAGs of 
taxa from various environments such as volcanoes, sea-
water, sediments, sulfur-rich habitats and redoxcline 
environments (e.g., deep-sea hydrothermal vents) [101–
105] (Fig.  2B; Supplementary Fig.  S2). Therefore, this 
microbial community partly resembled that of chemos-
ynthetic marine environments, redoxcline habitats and 
seawater.

(See figure on next page.)
Fig. 2  A Taxonomic assignment and relative abundance of the sequences at the phylum level (Bacillota, Planctomycetota, Verrucomicrobiota, 
Patescibacteria, Desulfobacterota, Campylobacterota, Bacteroidota) or class level (Alphaproteobacteria and Gammaproteobacteria (both 
from the phylum Pseudomonadota) in the sulfur-rich sample of the Fani Maoré submarine volcano based on genes encoding the L16 ribosomal 
protein after read assembly (L16), based on 16S rRNA gene sequences before read assembly (16S), and within the reconstructed MAGs (MAG). 
For “16S”, “Others” include Bacteria (Spirochaetota with a relative abundance of 0.026, Bdellovibrionota (0.025), Fusobacteriota (0.0011), Myxococcota 
(0.0008), Pseudomonadota: Zetaproteobacteria class (0.009)) and Archaea (Nanoarcheota (0.0008)) and other microbial sequences not assignated 
to a phylum (0.0254). For L16, “Others” include Pseudomonadota: Zetaproteobacteria class with a relative adundance of 0.007. B Maximum likelihood 
phylogenetic tree based on 71 single-copy core genes, constructed with FastTree implemented in Anvi’o, showing the position of the 23 MAGs 
from the Fani Maoré submarine volcano (in red) and close relatives (in black), indicating the taxonomic affiliation at the phylum level (outer circle), 
and the estimated optimal growth temperature (middle circle). The environment of origin of the closest relatives is symbolized by a colored dot. The 
optimal growth temperature of the taxa related to the MAG(s) was calculated using the TOME software and is represented in the form of a colored 
rectangle (middle circle). Optimal growth temperature ranging from 18 to > 35 °C is represented by colors ranging from dark blue to red, 
respectively. This tree topology was confirmed by running the same alignment on IQ-TREE by maximum likelihood method, with 1000 iterations 
(Supplementary Fig. S2)
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Interestingly, although this volcanic system dif-
fers greatly from active and inactive/low-tempera-
ture hydrothermal systems of the mid-ocean ridges, 
it is interesting to note that the microbial community 
of this submarine volcano studied only 3  years after 
eruption (and with no active venting at the time of 
sampling), encompassed both many phyla frequently 
found in active hydrothermal vent systems, such as 

Campylobacterota, and phyla found in hydrother-
mal vents whose activity decreased dramatically (col-
lected ~ 7 years after the temperature of fluid emissions 
decreased significantly following a volcanic eruption), 
such as Pseudomonadota (Gamma- and Alphaproteo-
bacteria), Desulfobacterota, and Bacteroidota [4].

Bacteria with a highly versatile physiology and 
metabolism were pesent, in particular members of 

Fig. 2  (See legend on previous page.)
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certain Campylobacterota genera. Within this phylum, 
the genera Sulfurimonas and Sulfurovum include mem-
bers able to grow by oxidation of sulfur compounds 
using NO3

– or O2 as terminal electron acceptors, by 
reduction of S0 and by disproportionation of S0 or 
S2O3

2– [93, 94, 106].
Notably, certain species of the genus Sulfurovum have 

been reported to be particularly efficient at exploit-
ing solid S0 [107]. Sulfurimonas taxa have also been 
shown to be highly competitive Bacteria for colonizing 
new habitats and to be widespread in various natural 
environments, including marine sediments, mangrove 
sediments, redoxcline habitats, oxygen minimum zones 
and deep-sea hydrothermal vents and plumes, and to 
predominate in the warm zones of marine hydrother-
mal vents [26, 70, 71, 106, 108]. They have also been 
reported to be among the main diazotrophs in man-
grove sediments, dominating dark nitrogen fixation 
[109]. Among them, Campylobacterota_MAG16 repre-
sented a new species of Sulfurimonas (ANI value < 95%) 
not referenced in GTDB and most closely related to a 
MAG from Brothers volcano (referenced as Sulfuri-
monas_sp027047745 in GTDB), on the Kermadec vol-
canic arc (Fig. 3), which clustered mainly with taxa from 
hydrothermal vents and volcanic zones, including the 
ubiquitous taxon Ca. “Sulfurimonas pluma” [26, 27] and 
Sulfurimonas autotrophica [93].

The optimal growth temperatures predicted by the 
TOME software were between 18 and 33 °C (Fig. 2B, mid-
dle circle). This environment could therefore be mainly 
colonized by mesophilic microorganisms that may have 

migrated from deep-sea relay habitats (whale carcasses 
or submerged woods) for chemosynthetic microorgan-
isms, from deep-sea distant hydrothermal vents, from 
subsurface sediments or cold seeps, or simply from back-
ground seawater where they may have persisted as seed 
banks (Fig. 3).

Versatile metabolic potentials
Presence of key enzymes and completion of metabolic 
pathways involved in carbon fixation, ATP synthe-
sis, sugar metabolism, fatty acid metabolism, nitrogen 
metabolism, amino acid metabolism, hydrogen metabo-
lism, iron metabolism, and sulfur metabolism were ana-
lyzed for the reconstructed MAGs (Figs. 4 and 5).

Firstly, regarding carbon fixation, based on the pres-
ence of key enzymes (detailed in Fig. 4 legend) from the six 
known natural carbon fixation pathways (the Calvin-Ben-
son-Bassham cycle (CBB), the reductive tricarboxylic acid 
cycle (rTCA), the reductive acetyl-CoA (also called Wood-
Ljungdahl (WL)) pathway, the 3-hydroxypropionate (3-HP) 
bicycle, the 3-hydroxypropionate/4-hydroxybutyrate 
(3-HP/4-HB) cycle and the dicarboxylate/4-hydroxybu-
tyrate (DC/HB) cycle)) [110], results revealed that, with 
only three exceptions (Pseudomonadota_MAG15, Ver-
rucomicrobiota_MAG11, and Bacillota_MAG13), all 
MAGs encoded one or more key enzymes of these car-
bon fixation pathways. This suggests that many taxa could 
grow autotrophically (Fig.  4). Carbohydrate degradation 
pathways (Embden-Meyerhof-Parnas, Entner-Doudor-
off, and pentose-phosphate pathways) were also encoded 
in nine MAGs, and the fatty acid degradation pathway 

Fig. 3  Maximum-likelihood phylogenomic tree showing the phylogenomic position of MAG16 relative to Sulfurimonas species and closest MAGs, 
based on 250 concatenated single-copy gene clusters. The genome sequence of Sulfurovum riftiae was used as an outgroup. Bootstrap scores 
are shown at branch nodes by circles of different shades of grey. Bar, 0.1 amino-acid substitution rate. Colored dots on the right represent origin: 
orange: hydrothermal vent system, dark blue: marine ecosystem, light blue: freshwater ecosystem, dark red: submarine volcano and brown: 
terrestrial mud volcano. ANI values between Campylobacterota_MAG16 and other genomes of the genus Sulfurimonas are shown on the right
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(beta-oxidation) in all but four MAGs (Pseudomonadota_
MAG08, Pseudomonadota_MAG15, Planctomycetota_
MAG17, and Bacillota_MAG13). Altogether, these results 
tend to indicate that most MAGs were from mixotrophic 
taxa, although it should be kept in mind that many enzymes 
in these pathways are reversible and could be used to syn-
thesize amino acids, fatty acids or nucleic acids (Fig. 4).

The presence of pathways for organic carbon degra-
dation could indicate that there was available organic 
carbon near the submarine volcano. This is in line with 
a recent study which showed that ocean waters located 
in the same province as the Fani Maoré volcano were 

rich in organic carbon, which could come from rivers 
in Mozambique and Madagascar [111]. The organic 
matter present in the deep waters and sediments could 
also have been resuspended by the violent volcanic 
eruptions of the Fani Maoré volcano. Alternatively, as 
typically observed in new chemosynthetic habitats, het-
erotrophic growth could be based on biomass or necro-
mass synthesized by autotrophic microorganisms.

In total, 15 MAGs may have the ability to respire O2, 
as they coded for aerobic respiration enzymes or for 
cytochromes optimized for microaerobic environments 
(cbb3-type cytochrome c oxidase; cytochrome c oxidase; 

Fig. 4  Map illustrating the presence of complete metabolic pathways or the presence of a gene- or gene clusters-encoding proteins after gene 
prediction with Prokka, MaGe and Anvi’o, for 22 MAGs from the Fani Maoré submarine volcano. Genes involved in iron metabolism were 
predicted with FeGenie. Patescibacteria_MAG21 is not included because it does not code for any of these pathways/enzymes with the exception 
of the Fur enzyme. *The presence of carbon fixation pathways was based on the search for key enzymes for each pathway [110] and are indicated 
by a dark blue rectangle if key enzymes were present. For the CBB cycle, the key enzyme sought was the ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO), for the rTCA cycle, the key enzymes were 2-oxoglutarate synthase and isocitrate dehydrogenase, for the reductive 
acetyl-CoA pathway, the key enzymes were the NADP + dependent formate dehydrogenase, the carbon-monoxide dehydrogenase 
and the carbon-monoxide-methylating acetyl-CoA synthase, for the 3-HP, the key enzymes were the acetyl-CoA carboxylase and the propionyl-CoA 
carboxylase, for the 3-HP/4-HB, the key enzymes were the acetyl-CoA carboxylase and the propionyl-CoA carboxylase, and for the DC/4-HB, the key 
enzymes were the pyruvate synthase and the phosphoenolpyruvate carboxylase. For other metabolisms, the presence of complete pathways 
or the presence of genes clusters coding for the enzymes listed, are indicated by a dark blue rectangle
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cytochrome bd ubiquinol oxidase) (Fig. 4). O2, present in 
the surrounding seawater, was most likely available near 
the outer surface of the cavity and could be used as a ter-
minal electron acceptor for respiration, notably coupled 
with oxidation of S0 and H2S present in situ.

As for Campylobacterota_MAG16, affiliated to the 
genus Sulfurimonas, it may be able to assimilate CO2 with 
the rTCA cycle. This is consistent with the known ability 
of this taxon to fix carbon dioxide using the rTCA cycle 

[112]. Moreover, Campylobacterota_MAG16 encoded 
cytochrome c oxidase and cbb3-type cytochrome c oxi-
dase, suggesting that it could reduce oxygen via cbb3-type 
cytochrome c oxidase under microaerobic conditions (< 
20%; typically 2–10% dioxygen), and via cytochrome c 
oxidase under fully oxic conditions, coupled with sulfur 
oxidation [108].

Regarding iron metabolism, reconstructed MAGs 
did not code for any known iron reduction pathways, 

Fig. 5  Map showing the presence or absence of predicted microbial sulfur cycle genes/proteins based on Prokka, MaGe and Anvi’o annotations 
(and with DiSCo software for the genes dsrABC, dsrMKJOP, dsrD, dsrEFH, dsrL, dsrT, hdrABC, qmoABC, sat, aprAB, and aprM). The “ox.” and “red.” labels 
correspond to the flags given in the DiSCo output: ox. for oxidative; red. for reductive or disproportionation. The presence of the listed genes 
is indicated by a dark green cell
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but three of them did code for enzymes involved in 
iron oxidation. Campylobacterota_MAG04 and 
Pseudomonadota_MAG20 coded for cyc2 genes, belong-
ing to cyc2 clusters 2 and 1, respectively, described 
elsewhere [113] (Supplementary Table S4; Fig.  4). 
Verrucomicrobiota_MAG11 encoded a sulfocyanin, an 
iron oxidase present in certain iron-oxidizing archaea 
[114]. The ability to produce energy through iron catabo-
lism may be underestimated, as the iron catabolic path-
ways remain largely unknown [115]. In addition, several 
MAGs also encoded genes involved in iron transport 
(FeoAB, FutB, YfeAB, FbpABC), regulation of iron uptake 
(Fur, FecR), siderophore synthesis, siderophore transport 
(TonB-ExbB-ExbD, PirA, LbtU), and iron storage (ferri-
tin) (Supplementary Table S4) [68].

Regarding nitrogen metabolism, three MAGs belong-
ing to the phylum Pseudomonadota, two to Campy-
lobacterota, and two to Bacteroidota encoded a full 
denitrification pathway.

The MAGs Pseudomonadota_MAG03, Pseudomon-
adota_MAG06, Pseudomonadota_MAG09, Pseu-
domonadota_MAG14, Pseudomonadota_MAG15, and 
Bacteroidota_MAG23, coded for a complete glutathione 
biosynthesis pathway. Glutathione has many functions, 
including improving the assimilation and oxidation of 
sulfur [116]. Pseudomonadota are known to own a large 
number of glutathione S-transferases in their genome 
[117]. A complete pathway for glutathione biosynthesis 
was encoded in some MAGs (Fig. 4) from sulfur-oxidiz-
ers like MAGs Pseudomonadota_MAG03, Pseudomon-
adota_MAG09 and Pseudomonadota_MAG15. However, 
for some MAG, such as Campylobacterota_MAG16 affil-
iated to Sulfurimonas sp., the glutathione biosynthesis 
pathway was not complete, as previously reported for this 
genus [112].

Eight MAGs encoding for hydrogenases were also iden-
tified (Fig. 4). Hydrogenases are metalloenzymes catalyz-
ing the reversible oxidation of hydrogen; thus, they can 
be involved in hydrogen uptake coupled to the reduction 
of various terminal electron acceptors such as S0 or NO3

– 
for example, or in the release of H2 to remove excess 
reduced equivalents from cellular metabolism (e.g., fer-
mentation) [118]. This was consistent with the fact that 
during the volcanic eruption, large quantities of H2 were 
released, allowing the colonization of the volcano by 
hydrogenotrophic microorganisms. Hydrogenotrophic 
organisms could then have been maintained thanks to 
the hydrogen produced by microbial fermentation or by 
switching to organotrophic growth for organisms that 
code for the enzymatic arsenal needed to oxidize organic 
compounds.

Patescibacteria_MAG21, did not code for any of the 
pathways/enzymes listed above (except Fur), but did code 

for numerous genes whose function is unknown. The 
phylum Patescibacteria is known for its small genome 
sizes and lack of genes encoding metabolic functions 
[119]. They probably depend on a host for their survival, 
with which they would establish symbiotic or parasitic 
interactions [120]. Patescibacteria have been observed in 
many environments, including terrestrial environments 
[121] and various marine environments such as deep-
sea hydrothermal vents and submarine volcanoes [120]. 
Their presence in this sample suggested the possibility of 
symbiotic or parasitic microbial interactions in this sub-
marine volcano.

A majority of the MAGs have the metabolic potential to use 
sulfur compounds
Enzymes of the microbial sulfur cycle were investigated 
in greater details, as there was a massive input of sulfur 
in this ecosystem. Indeed, the massif and cavity of the 
singular meter-size structure contained abundant min-
eralization of native sulfur on the Fani Maoré submarine 
volcano, including deposits of S0, H2S degassed by miner-
als and SO4

2− from seawater, which could be used to fuel 
the chemosynthetic microbial communities.

A majority of the reconstructed MAGs (70%, n = 23) 
coded for many enzymes involved in the microbial sul-
fur cycle, suggesting that they came from taxa capable of 
metabolizing sulfur compounds (Fig. 5).

Most of the reconstructed MAGs encoded sev-
eral enzymes for oxidation of inorganic sulfur com-
pounds (ISC), in particular Pseudomonadota_MAG03, 
Pseudomonadota_MAG08, Pseudomonadota_MAG09, 
Pseudomonadota_MAG15 and Pseudomonadota_MAG20, 
and Campylobacterota_MAG16 (Fig.  5). They 
belonged, among others, to the family Beggiatoaceae 
(Pseudomonadota_MAG08), the genus Sulfurimonas 
(Campylobacterota_MAG16), and the family UBA6429 with 
no cultivated representatives (Pseudomonadota_MAG09). 
These results are consistent with the fact that sulfur oxida-
tion abilities have been experimentally demonstrated or 
proposed for most of these lineages [93, 122, 123].

Campylobacterota_MAG16, for example, from the 
genus Sulfurimonas, coded for the Sqr system, Fcc subu-
nits, and for a truncated Sox system. These bacteria may 
be able to oxidize sulfur compounds using the SQR-
FCC-Sox-CDY2Z2 system, as previously shown for other 
strains of this genus (Fig. 5) [124].

Campylobacterota_MAG22, of the genus Sulfurovum, 
encoded a full S0 oxidation pathway which, in this genus, 
is the truncated Sox-CDY2Z2 system [106], consistent 
with the ability to grow by sulfur oxidation demonstrated 
for this genus. Based on these results, in this habitat, the 
main phyla capable of using sulfur oxidation were prob-
ably Campylobacterota and Pseudomonadota.
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In addition, few MAGs had the genetic potential to 
perform SO4

2− reduction (Fig.  5). This is the case for 
Desulfobacterota_MAG12, which was 93% complete and 
closely related to Desulfocicer vacuolatum, and coded for 
Sat, AprA, DsrABC, DsrMKJOP, QmoABC but not for 
AprB, perhaps because this MAG was incomplete. The 
ability of Desulfocicer vacuolatum to reduce SO4

2− has 
been demonstrated experimentally [125].

Although the ability to reduce S0 is widely distributed 
among microbial diversity, it was somewhat more diffi-
cult to discriminate between genetic potential for sulfur 
reduction from sulfur oxidation or sulfate reduction, as 
only few enzymes involved in sulfur reduction are cur-
rently identified (HydDACB; ShyCBDA/SuDH; Npsr; 
SreABC), and in some taxonomic groups long known to 
reduce S0, none of them are detected. With regard to sul-
fur reduction metabolism, it is worth noting the presence 
of Campylobacterota_MAG04 from the family Sulfuro-
spirillaceae, which encoded HydDC. However, given the 
taxonomic distance separating it from its closest culti-
vated taxa, it is difficult to speculate on the potential abil-
ity of this bacterium to respire S0.

It was also difficult to determine which MAGs had the 
genetic potential to perform sulfur disproportionation, 
because there are clearly several sulfur disproportiona-
tion pathways, parts of which are not yet identified, and 
some of these pathways share enzymes with other metab-
olisms of the sulfur cycle, such as sulfate reduction for 
example [126–128]. Some MAGs could be derived from 
strains that might be able to grow via this catabolism.

Organic sulfur compound (OSC) transformation is also 
a key component of the sulfur cycle as OSC represent 
the second most important pool of reduced sulfur mol-
ecules in marine sediments [70]. The hydrolysis of these 
molecules can release sulfate or sulfite in the environ-
ment, which can enter the microbial sulfur cycle (Sup-
plementary Table S5) [70]. Genes encoding enzymes 
involved in the transformation of OSC (formylglycine-
generating sulfatase enzyme, arylsulfo-hydrolase, sul-
foacetaldehyde acetyltransferase, taurine dioxygenase 
and sulfatase-domain encoding genes) were searched. 
It was found that many MAGs of Bacteroidota (Bac-
teroidota_MAG07 and Bacteroidota_MAG23), Ver-
rucomicrobiota (Verrucomicrobiota_MAG11) and 
Planctomycetota (Planctomycetota_MAG01 and Planc-
tomycetota_MAG17) encoded such genes, sometimes 
in large numbers (Supplementary Table S5). It has 
been previously reported that genomes of members 
of these phyla encoded numerous sulfatase genes, and 
were therefore involved in the release of sulfate [70]. 
For example, the Verrucomicrobiota_MAG11 encoded 
for four formylglycine-generating enzyme genes, five 
arylsulfohydrolases genes and 107 sulfatase-domain 

encoding genes. One or two genes coding for enzymes 
involved in the release of sulfite (sulfoacetaldehyde 
acetyltransferase and taurine dioxygenase) were also 
encoded in Pseudomonadota_MAG03, Pseudomon-
adota_MAG06, Pseudomonadota_MAG08, Pseu-
domonadota_MAG09, Pseudomonadota_MAG14, and 
Pseudomonadota_MAG20, so all representatives of the 
phylum Pseudomonadota.

Sulfur oxidation, sulfur reduction, sulfate reduction, 
and sulfur disproportionation were prevalent catabolic 
pathways in culture
The abundance of cultivable microorganisms in the nat-
ural sample for the different metabolisms of the sulfur 
cycle was determined using a method derived from the 
most probable number (MPN) [73]. Serial dilutions to 
extinction were carried out at three temperatures (6 °C, 
20 °C and 40 °C), with nine dilution series (five replicates 
and one non-inoculated control per series), for eight dif-
ferent culture conditions. These conditions included (i 
and ii) disproportionation with S0 or with S2O3

2− and 
SO3

2−, (iii and iv) sulfate reduction with H2 or acetate as 
an electron donor, (v and vi) sulfur oxidation with S0 or 
H2S as an electron donor, and (vii and viii) sulfur reduc-
tion with H2 or amino acids as electron donors. By com-
paring the abundance of cultivable microorganisms with 
the total microbial cell density in the natural sample, it 
was possible to determine the percentage of cultivability 
for each metabolism (Fig. 6). An analytical control of the 
substrates/products of the reactions was also carried out 
to ensure that growth was due to the targeted catabolism. 
The dominant cultivable taxa in the latest dilutions were 
also identified by 16S rRNA gene sequencing. Results of 
these experiments are shown in Fig.  6 and Supplemen-
tary Table S6.

Microbial growth was observed for the four targeted 
metabolisms of the sulfur cycle and differences in the 
abundance of cultivable microorganisms were observed 
between these metabolisms. It is worth noting that the 
abundance of microorganisms was generally lower for 
the metabolisms with the lowest energy yields (Supple-
mentary Table S7).

The highest cultivable abundances were observed 
under conditions of sulfur-oxidation and sulfur-reduc-
tion with CO2 as the carbon source, with 47% of the 
microorganisms present in the natural sample being 
cultivable (Fig.  6). Growth was observed in incubations 
carried out under sulfur (S0) or sulfide (H2S) oxidation 
conditions at 6 and 20 °C, as indicated by the production 
of SO4

2− and the consumption of NO3
− under certain 

conditions (Supplementary Table S6). Given the abun-
dance of cultivable microorganisms, the oxidation of sul-
fur compounds could be one of the main metabolisms of 
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the sulfur cycle in this sulfur-rich deposit of the volcano 
(Fig. 6). Cultivable abundance of sulfur-oxidizing micro-
organisms (SOM) was significatively different between 
temperatures and no microbial growth was observed at 
40 °C for any of these conditions (Fig. 6). High cultivable 
abundance of microorganisms for this metabolism was 
congruent with the large prevalence of S0 in situ and the 
release of H2S by the minerals near sulfur-rich deposits 
coupled to the presence of electron acceptors (e.g., O2) in 
the surrounding seawater.

Similar cultivable abundance of microorganisms was 
also obtained in incubation targeting sulfur reduction, 
and growth was observed for the three incubation tem-
peratures tested (6 °C, 20 °C, and 40 °C), when H2 was 
used as the electron donor (Fig.  6). The growth was 
indeed attributable to the targeted catabolism, as H2S 
was measured, indicating the reduction of S0 (Supple-
mentary Table S6). Under S0 reduction conditions but 
with amino acids as electron donors and carbon sources, 
lower cultivable abundance was measured. However, at 

Fig. 6  Results of serial dilution for the different culture conditions and temperatures. The number in the bar charts indicates the percentage of cells 
in the cell community of the natural sample grown using this metabolism (e.g., 10–4 means that 0.0001% of microorganisms were able to grow 
by this metabolism at this temperature). The name above each bar chart is the closest cultured relative to the dominant species in the last dilution 
in which growth was obtained. Between the different temperatures, the difference in cultivable abundance was statistically significant only for the 
sulfur-oxidation metabolism (p-value 0.00279). ISC disproportionation: Inorganic Sulfur Compounds disproportionation
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40 °C, the absence of H2S production and the formation 
of organic acids suggested that microorganisms did not 
grow by S0 reduction under this condition, but by fer-
mentation (Supplementary Table S6).

Up to 13.7% of the initial cell concentration in the nat-
ural sample was also cultivable in incubation targeting 
SO4

2− reduction with H2 as the electron donor (at 6  °C) 
and growth was also observed at 20 and 40 °C with lower 
abundance (Fig. 6). As with S0 reduction, microorganisms 
able to use H2 as an energy source were fairly abundant, 
consistent with the large quantities of H2 released during 
the volcanic eruption [15]. However, a lower cultivable 
abundance was also obtained (only at 20 °C) when acetate 
was added as the electron donor and carbon source, and 
SO4

2− as the terminal electron acceptor, which could be 
explain by the low energy yield of the reaction (Fig. 6).

Comparing the four catabolisms tested, the lowest 
cultivable abundances were observed under conditions 
of disproportionation of inorganic sulfur compounds. 
Microorganisms were able to grow under conditions of S0 
disproportionation or S2O3

2− and SO3
2− disproportiona-

tion. Under conditions of S2O3
2−/SO3

2− disproportiona-
tion, SO4

2− and small amounts of H2S were produced, 
and S2O3

2− and SO3
2− were consumed, confirming that 

microorganisms were able to grow by this catabolism. For 
S0 disproportionation, small amounts of SO4

2− and H2S 
were produced, but it is not possible to assert that the 
strains grew via this metabolism, as S0 consumption was 
not monitored. However, since the cultivation of sulfur-
disproportionating microorganisms is favored if H2S is 
removed by means of iron (III) hydroxide chelators [126] 
or by continuous sparging with N2, which was not done 
in this study (in order to provide the same conditions in 
all experiments), it is possible that the actual abundance 
of sulfur-disproportionating microorganisms has been 
underestimated. Nevertheless, the disproportionation of 
sulfur compounds, although exergonic under the in situ 
conditions of various natural habitats [129, 130], remains 
a less energetic and therefore less favorable reaction over-
all than the other metabolisms of the sulfur cycling [131], 
and is probably not predominant at this site.

When examining the taxonomy of cultured microor-
ganisms, some taxa present in the natural sample and 
identified by molecular approaches were not observed 
in culture. This is the case of Planctomycetota, Patesci-
bacteria, and Verrucomicrobiota, which did not code for 
the catabolic pathways of the sulfur cycle and were obvi-
ously involved in other cycles. Pseudomonadota encod-
ing sulfide oxidation pathways, on the other hand, were 
not dominant in cultures targeting sulfur/sulfide oxida-
tion, suggesting either (i) that their in situ abundance was 
lower than that of other sulfide-oxidizing taxa (Sulfuri-
monas for example) or, (ii) that Pseudomonadota were 

slow growing bacteria (K-strategists) that were outcom-
peted by metabolically versatile bacteria with fast growth 
rates (R-strategists).

Campylobacterota were predominant taxa in culture
According to the sequencing results of the highest dilu-
tions in culture, Bacteria belonging to the Campy-
lobacterota phylum (in particular those of the genus 
Sulfurimonas) were predominant in cultures in terms of 
abundance and were grown by all four sulfur metabo-
lisms tested (Fig. 6).

In sulfur oxidation conditions with H2S or S0 as the 
electron donor, at temperatures of 6  °C and 20 °C, the 
microorganisms grown in the latest dilutions were taxo-
nomically close to Sulfurimonas autotrophica, a chemo-
lithotrophic bacterium whose ability to oxidize S0 and 
H2S has been demonstrated in vitro [93]. These observa-
tions were also consistent with the genetic potential pre-
dicted for Campylobacterota_MAG16, which was also 
closely related to Sulfurimonas autotrophica (ANI score: 
73.52%) and encoded a complete sulfur oxidation path-
way (Fig. 5).

In the culture targeting S0 reduction, identification of 
growing species also indicated the presence of strains 
closely related to Sulfurimonas autotrophica (with 
98.10% 16S rRNA gene sequence similarity) at 6  °C and 
20 °C, a species not reported to use sulfur reduction to 
grow, but which belongs to a genus encompassing other 
sulfur-reducing species [132, 133].

In S0 disproportionation condition, taxonomic affili-
ation indicated the presence of two strains of Sulfuri-
monas at 6 °C and 20 °C and one Hydrogenimonas strain 
at 40 °C. Some Sulfurimonas species have been identified 
as capable of disproportionating sulfur [134], however, 
the 2 closest species (S. autotrophica and S. paralvinel-
lae) have not been identified as such. Hydrogenimonas 
thermophila which is the closest relative of a strain grown 
under S0 disproportionation conditions, grows anaerobi-
cally by using H2 and S0 as energy sources, and is known 
to grow by sulfur reduction, but not by sulfur dispropor-
tionation [135].

Overall, Sulfurimonas taxa were predominant micro-
organisms under six different autotrophic catabolic con-
ditions at 6  °C and 20 °C, accounting for around 47% 
of the microbial cell concentration of the natural sam-
ple, suggesting that these taxa were probably abundant 
in  situ. This result is congruent with the fact that Sul-
furimonadaceae represented 14.4% of 16S rRNA gene 
sequences in metagenome dataset before read assembly. 
These Sulfurimonas strains were phylogenetically very 
close to each other (Fig. 7). Eight of them shared the same 
16S rRNA gene sequence (Fig. 7). They belonged to the 
same sequence cluster as Campylobacterota_MAG_16 
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(which does not encode a 16S rRNA gene sequence) 
(Fig.  3). Their genetic proximity added to the fact that 
the metagenome sequencing depth deployed here could 
have been greater may explain why only one Sulfuri-
monas MAG, Campylobacterota_MAG_16, has been 
reconstructed using metagenomics.

The finding that these strains were grown under six dif-
ferent metabolic conditions and at two different tempera-
tures is consistent with the fact that the Sulfurimonas 
genus is known for its metabolic versatility, O2 tolerance 
and involvement in sulfur metabolisms [108]. Moreover, 

the genus Sulfurimonas appears to be responsible for 
a large chemoautotrophic activity in different aquatic 
environments [108, 136], and a previous study showed 
the dominance of this genus in a volcanic ecosystem [3]. 
This genus is also ubiquitous in non-buoyant hydrother-
mal plumes and includes taxa (Ca. ‘S. pluma’) that have 
acquired genes enabling growth in oxygen-saturated 
pelagic environments, which have been proposed to be 
part of the oceanic microbial seed bank supporting dis-
persal and connection between pelagic and seabed/sub-
surface habitats via seawater [26].

Fig. 7  Maximum likelihood tree showing the phylogenetic positions of the Sulfurimonas strains grown in the latest culture dilutions (highlighted 
in beige) and representatives of the genus Sulfurimonas (cultivated species and MAGs including a 16S rRNA gene), based on the 16S rRNA genes 
sequences (1056 nucleotide positions). Bootstrap values (expressed as percentages of 1000 replications) are shown at branch nodes. Bar, 0.06 
nucleotide substitutions
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Desulfobacterota, Bacteroidota, and Bacillota also showed 
a high culturability
Bacteria belonging to the Desulfobacterota phylum were 
also cultivated from the natural sample and observed in 
different culture conditions (S0 reduction, S2O3

2−/SO3
2− 

disproportionation, SO4
2− reduction). Under S0 reduction 

conditions with H2 as the electron donor, a strain represent-
ing a putative new genus close to Desulfobulbus alkaliphi-
lus (92.90% 16S rRNA gene sequence similarity) grew at 40 
°C [137]. Under S2O3

2− disproportionation conditions, the 
presence of a strain distantly related to Desulfobulbus alka-
liphilus (93.19% 16S rRNA gene sequence similarity) grew 
in the latest dilutions, but this sulfate-reducing species is 
not known to use this catabolism to grow. However, it has 
already been shown that some Desulfobulbus species grow 
by anaerobic disproportionation of SO3

2− and S0 [126, 138]. 
Under conditions of S0 reduction with amino acids as elec-
tron donors and carbon sources, at 20 °C, a production of 
H2S and acetate was observed, and sequencing results indi-
cated the presence of two species belonging to the genus 
Desulfuromusa, close to D. succinoxidans and D. kysingii 
(98.88 to 99.30% 16S rRNA gene sequence similarity). The 
latter are known to use sulfur reduction, under anaerobic 
mesophilic and anaerobic conditions with S0 as electron 
acceptor. D. kysingii is also known to use amino acids as 
electron donors [92]. A strain close to D. kysingii (98.48% 
16S rRNA gene sequence similarity) was also cultivated at 
20 °C under SO4

2− reduction conditions with acetate as an 
electron donor and a carbon source, but it is not possible 
to confirm that it grew by using this metabolism because 
no sulfate consumption was observed. Under SO4

2− reduc-
tion conditions with H2 as an electron donor at 40 °C, a 
representative of a new genus of Bacteria close to Desulfo-
lithobacter dissulfuricans (93.74% 16S rRNA gene sequence 
similarity) was also cultivated. Desulfolithobacter species 
have already been isolated from marine hydrothermal vent 
ecosystems [139].

Bacteria of the Bacillota phylum were grown under the 
condition of S0 reduction with amino acids as electron 
donors and carbon sources. At 6  °C, a bacterium close to 
Psychrobacillus faecigallinarum (99.48% 16S rRNA gene 
sequence similarity) was identified, and H2S production was 
measured in this culture, suggesting that S0 reduction was 
at work.

A representative of the Bacteroidota phylum grew 
under S0 reduction conditions at 40 °C but no H2S pro-
duction was detected, while acetate production was 
measured. This strain identified in culture, which is dis-
tantly related to Lentimicrobium saccharophilum (89.36% 
16S rRNA gene sequence similarity), may have developed 
via the Stickland reaction, which is a reaction based on 
two amino acids used as electron donor and electron 
acceptor, and which produces organic acids [140].

Autotrophic and heterotrophic carbon fixation could occur 
at Fani Maoré submarine volcano
In cultures, efficient growth was observed under auto-
trophic and heterotrophic conditions with either CO2, 
amino acids or acetate as carbon sources, showing that 
both autotrophic and heterotrophic or mixotrophic 
microorganisms were present in this ecosystem, in line 
with the genetic potential of MAGs (Fig.  6). As men-
tioned above, most MAGs encoded key enzymes of 
known carbon fixation pathways (Fig.  4). Nor can we 
rule out the possibility that new carbon fixation pathways 
or variants of known pathways were encoded in these 
MAGs. For example an autotrophic carbon fixation path-
way that cannot be predicted from metagenomic analy-
ses alone was not included in our investigations, which 
if present, would potentially increase the importance of 
autotrophy in microorganisms in this environment. This 
is a variant of the rTCA cycle, known as the reverse oxi-
dative tricarboxylic acid (roTCA) cycle, which could 
be expressed in some MAGs (e.g., Desulfobacterota_
MAG05 and Desulfobacterota_MAG12) [141, 142]. Com-
pared with rTCA cycle, this pathway lacks ATP-citrate 
lyase and requires abnormally high expression of citrate 
synthase to replace it.

Microbial growth was observed under both hetero-
trophic and autotrophic conditions at all three tem-
peratures. Based on the maximum cultivable abundance 
measured, autotrophic microorganisms were about 104 
more abundant than heterotrophic microorganisms 
(Fig. 6). Although not all microorganisms were cultivable 
here, these results suggest that this environment would 
be colonized mainly by autotrophic microorganisms, 
including representatives of the genus Sulfurimonas, 
which were predominant under eleven different combi-
nations of metabolism and temperature.

Conceptual model of microorganisms/geosphere 
interaction in the Fani Maoré submarine volcano
Geological observations and geochemical analyses indi-
cated that the sulfur deposit was intrinsically associated 
with volcanic activity and eruptive event. The latter has 
produced a significant amount of CO2, methane (CH4), 
H2 [15] and probably sulfur dioxide (SO2) and H2S, which 
were released into the water column. H2S was still being 
degassed by minerals. Large amounts of S0 were also 
clearly visible in the vicinity of the sulfur deposit, in the 
form of small droplets and drips that suggest fallout of 
liquid sulfur that was quenched as it mixed with seawater. 
As the volcano was located in a marine environment, sea-
water SO4

2− was also present in the surrounding waters. 
All these elements could be used by microorganisms in 
their metabolism. The biosphere-geosphere interactions 
likely to occur in this environment can be represented 
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in the form of a conceptual interaction model described 
below, based on environmental data, cultivation data and 
genomic potential of the main taxa (Fig. 8).

This environment could likely be subdivided into 3 
areas as a function of the redox state of sulfur and the 
availability of O2. The walls of the sulfur deposit and 
inside the cavity, where minerals continued to outgas 
H2S, were probably anoxic, although fluid sampling did 
not identify such conditions due to rapid entrainment 
of surrounding seawater. Significantly lower pH in the 
fluid inside the cavity relative to seawater was however 
consistent with on-going oxidation of S0 or SO2 hydrol-
ysis. The temperature inside the closed cavity may have 
been higher than that of seawater, at least in the initial 
stages of deposit formation and cooling. In the immedi-
ate outer layer of the deposit, where there was no longer 
any influence from gases (e.g., H2S) and acidity emitted 
by degassing minerals and mineral dissolution, envi-
ronmental conditions were most likely oxic and similar 
to background seawater, as confirmed by the extensive 
occurrence of Fe-oxyhydroxide covering the deposit. At 
the interface between these two zones was probably an 
Oxic Anoxic Transition Zone (OATZ), where a gradient 
of oxygen and chemical species would be established at 
the interface between the surface minerals and seawater.

Metagenomic analysis indicated that a majority of the 
taxa present in this habitat had the genetic potential to 
participate in one or more reactions of the microbial 
sulfur cycle and cultivation analyses demonstrated that 
strains can express one or more sulfur metabolisms, thus 
covering all reactions of the microbial sulfur cycle of all 
oxidation states (Fig. 8).

Representatives of three phyla could develop in the 
anoxic zone, in the walls of the sulfur deposit and 
inside the cavity, close to sulfide-degassing miner-
als given the metabolisms expressed in culture and 
the genetic potential of MAGs (Fig.  8). This was the 
case for Desulfobacterota representatives, as Desul-
fobulbaceae members were shown to be able to grow 
at 40 °C by anaerobic S2O3

2− disproportionation and 
by SO4

2− reduction. In addition, Desulfuromusa rep-
resentatives were shown to grow by sulfur or sulfate 
reduction. These anaerobic microorganisms would 
likely be mainly responsible for the reductive reactions 
of the microbial sulfur cycle. Indeed, SO4

2− reduction, 
S0 reduction, and anaerobic sulfur disproportionation 
are three metabolisms known to occur under anaero-
bic conditions.

Then, in the OATZ, at the interface between the 
anoxic zone and the oxic zone, certainly on the outer 

Fig. 8  Conceptual model of microorganisms/geosphere interactions at the Fani Maoré submarine volcano. This diagram summarizes 
the metabolisms expressed in culture (green dashed lines) and the metabolic genetic potential determined by metagenomic approach (solid blues 
lines). Biological transformations of sulfur and abiotic sources of sulfur are indicated by solid black and brown lines respectively. The form of this 
diagram is inspired by a graph published elsewhere [71]. Legend: OSM stands for Organic Sulfur Compounds
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surface of the cavity walls, sulfur oxidation was likely 
to be prevalent. Indeed, sulfur/sulfide oxidizers could 
grow either in oxic or anoxic conditions, with H2S 
oxidation occurring at a higher rate under oxic con-
ditions than under anoxic ones. Under anoxic condi-
tions, NO3

− could be used as an electron acceptor 
instead of O2. Several representatives of Campylobac-
terota are known to grow via this catabolism, such 
as Sulfurimonas species which were prevalent in cul-
tures. The genus Sulfurovum is also known to use this 
catabolism under microaerophilic conditions. Cul-
tivable microbial cell numbers were high at 6  °C and 
20 °C in MPN incubations targeting S0 and H2S oxi-
dation, which likely corresponded to temperatures 
encountered in the OATZ. Several MAGs affiliated to 
the Pseudomonadota could also be involved in sulfur 
oxidation and operate in this transition zone, such as 
the MAGs of the families Beggiatoaceae and UBA6429, 
which encoded several sulfur oxidation genes of the 
Sox system. Representatives of the phylum Alphapro-
teobacteria might also be involved in sulfur catabo-
lism, especially in sulfur oxidation. Inorganic sulfur 
compound disproportionators could also be found in 
this zone. Some facultative anaerobic microorganisms 
could also be indirectly involved in the sulfur cycle, 
such as Bacteroidota that mediate transformations of 
organo-sulfur compounds, releasing SO4

2− or SO3
2− in 

the environment, which could then be used by other 
microorganisms.

Finally, in the oxic zone, a diversity of microorgan-
isms could be found, some of them being involved in 
the sulfur cycle. They would include sulfur oxidiz-
ing Bacteria that were also found in the OATZ, rep-
resented by the class Gammaproteobacteria and the 
families Beggiatoaceae and UBA6429. Campylobacte-
rota of the family Sulfurospirillaceae known to grow by 
S0 reduction under microaerophilic conditions could 
also grow in this area [143]. This oxic zone would also 
be favorable for the growth of aerobic heterotrophs 
such as Bacteroidota or Planctomycetota, which have 
the ability to transform organosulfur compounds and 
release SO3

2− and SO4
2−, and also to produce H2 to sus-

tain hydrogenotrophs.

Conclusion
The Fani Maoré submarine volcano hosted a diversity 
of microorganisms using organic and inorganic carbon 
sources and a wide array electron donors and electron 
acceptors. Due to the abundance of sulfur compounds in 
the habitat, the study was focused on the microbial sul-
fur cycle. From the metagenomic approach, 23 MAGs 
belonging to 8 different phyla could be reconstructed. 
Most of them were affiliated with Pseudomonadota, 

Bacteroidota, and Campylobacterota. The large majority 
of the MAGs were derived from Bacteria involved in the 
sulfur cycle, especially in sulfur oxidation. The cultivable 
fraction of microorganisms shown by the culture-based 
approach derived from the MPN method highlighted 
a diversity of sulfur metabolisms, with high cultivation 
rates for sulfur reduction, sulfate reduction with dihy-
drogen, and sulfur oxidation. The identification of the 
dominant strains in each culture condition indicated 
the prevalence of strains belonging to the genus Sulfuri-
monas, under various autotrophic metabolic conditions. 
Their metabolic versatility may explain why they were 
prevalent. Culture-based experiments also showed that 
there were in  situ microorganisms capable of produc-
ing energy from one or more sulfur-based metabolisms, 
giving ultimately a complete sulfur cycle. Only 3  years 
after the volcanic eruption this work demonstrated that 
the microorganisms identified in this intraplate sulfur-
rich massif of the submarine volcano Fani Maoré, some 
of which are metabolically versatile, have the genetic 
and functional potential to drive a complete sulfur cycle, 
including reactions of oxidation, disproportionation and 
reduction of sulfur compounds. The Fani Maoré volcano 
represents a new example of a redoxcline habitat where 
the genus Sulfurimonas is fairly abundant. In the future, 
it would be interesting to investigate the genetic basis of 
the ecological success of the Sulfurimonas taxa and the 
reservoirs that enable them to colonize marine transient, 
neo-formed or changing habitats.
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