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Editorial on the Research Topic

Rising stars in hydrothermal vents and cold seeps: 2021

Research in the ecology and biogeochemistry of hydrothermal vents and methane seeps

are driven—just like all science—by the hard work of early career scientists. To highlight

recent work and invaluable contributions of young scholars we wanted to specifically focus

on this demographic group in this Research Topic. Thus, the first authors of all nine articles

featured here are graduate students, postdocs, and assistant professors at the beginning of

their career and almost all senior authors are early- or mid-career principal investigators.

The articles featured here span a broad range of environments around the world, from the

deep sea, via shallow marine regions to laboratory cultures, using a broad range of methods

from biogeochemical measurements to multi-omics.

This Research Topic includes studies on deep-sea hydrothermal vents and cold seeps.

These environments remain fruitful for exploring microbial diversity, as they are difficult

to access and require costly sampling vessels. As a result surveys of diversity are still an

active area of research. In this topic we had two publications that harnessed rRNA-based

studies. In Lazar et al. the authors examinedmicrobial diversity in a geothermal mud volcano

underlying the hypersaline Urania Basin, which is off the coast of Crete in theMediterranean

Sea. This study revealed distinct shifts in community structures between brines, muds,

and sediments samples. They also found a predominance of spore-forming bacteria likely

sourced from deep fluids to the volcanoes. These types of ecosystems are a window into the

subsurface. Qi et al. compared the intestinal communities of hydrothermal shrimp (Rimicaris

exoculata) in the central Indian Ridge, and found distinctions in community structures

between juvenile and adults. Juveniles mainly harbored Deferribacterota, while in adults

Campilobacterota dominated the intestines.

This Research Topic also comprises studies investigating shallow hydrothermal vent

ecosystems. In contrast to deep-sea ecosystems these shallow systems have a direct impact on

the food webs and biogeochemistry of coastal and surface environments. TheMediterranean

and North Atlantic shallow vents that were studied here are thus located in marine areas that

are under more anthropogenic influence, but also easier to access than vents in the deep sea.

The coastal hydrothermal vent field of Paleochori Bay, off the island of Milos, Greece, is an

example of an ecosystem that has been extensively studied and is used as a model ecosystem

for processes that occur at less accessible deep-sea vents. Le Moine Bauer et al. carried out a
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survey of the microbial communities across eight different

hydrothermal habitats and used select metabolic marker genes

to investigate major biogeochemical processes. They found that

microbial diversity and composition are best explained by

the thermal gradients, with archaea dominating the highest

temperature regimes. Barosa et al. carried out a similar study yet

investigated shallow hydrothermal vent ecosystems in the Aeolian

Archipelago, Italy. These vent sites comprised highly diverse

communities, potentially driven by light and chemical gradients,

and were also shaped by the distinct geochemical regimes.

In contrast to the slightly acidic (Barosa et al.) and strongly

acidic vents (Le Moine Bauer et al.) in the Mediterranean, the vents

off Iceland studied by Twing et al. were alkaline. The communities

of these vents were fundamentally different from most marine

hydrothermal ecosystems, they comprised hardly any archaea and

resembled those of terrestrial hot springs. One of the lineages

typical for terrestrial systems was the phylum Bipolaricaulota (aka

Acetothermia or OP1). This phylum was also the focus of the work

reported by Coskun et al.. The extreme physicochemical conditions

at hydrothermal ecosystems often select for communities of low

complexity that are dominated by few lineages of highly specialized

microorganisms. Coskun et al. studied such natural “enrichment

cultures” in terrestrial hydrothermal springs on the Biga Peninsula,

Turkey. The team characterized the metabolic capabilities of two

major Bipolaricaulota lineages, an autotrophic lineage thriving

in low salinity springs and a heterotrophic lineage abundant at

high salinity.

Field studies of diversity, distribution, and biogeochemistry

have, and will continue to, advance our understanding of

the microbial world. However, linking microbial activity and

diversity remains at the forefront of discovery in microbial

ecology. The growing toolbox to investigate microbial physiology

without culturing includes bioorthogonal non-canonical amino-

acid tagging (BONCAT). In Krukenberg et al. the authors couple

this approach with fluorescence-activated cell sorting (FACS) to

determine the which members of the Guaymas Basin (Gulf of

California) hydrothermal sediments are involved in polysaccharide

degradation (specifically cellulose, chitin, laminarin, and starch).

Another powerful approach to understanding physiological activity

and interactions in microbial consortia is to obtain enrichments

of mixed communities. This is what was employed by Zhu et

al. and Benito Merino et al. to understand methane-oxidizing

communities. These studies revealed that lineages commonly

associated with these communities including Bathyarchaeota,

Lokiarchaeota, and Thermoplasmatales are involved in breakdown

of organic compounds (Zhu et al.). Benito Merino et al. obtained

thermophilic methane-oxidizing enrichments of ANME-1c archaea

and their sulfate-reducing syntrophs (Thermodesulfovibrio spp)

from Gulf of California hydrothermal sediments, thus extending

the thermal range of anaerobic methane oxidation toward 70◦C.

The studies in this Research Topic covered a broad range

of hydrothermal environments, deep and shallow, marine and

terrestrial, natural and artificial. To characterize and understand

the diversity, metabolic capabilities, and ecological niches of

vent- and seep-associated microbial communities the researchers

used a broad array of culture dependent and independent

methods. Despite their different approaches, all studies show

that a comprehensive understanding of an ecosystem can only

be achieved by combining physicochemical and microbiological

analyses. Furthermore, the studies are a reminder that we still know

so little about these ecosystems that every survey and investigation

of these communities represents a substantial and valuable gain

in knowledge.
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Microbial Community Response to
Polysaccharide Amendment in
Anoxic Hydrothermal Sediments of
the Guaymas Basin
Viola Krukenberg1,2,3*†, Nicholas J. Reichart1,2,3†, Rachel L. Spietz1,2,3† and
Roland Hatzenpichler1,2,3,4*†

1 Department of Chemistry and Biochemistry, Montana State University, Bozeman, MT, United States, 2 Thermal Biology
Institute, Montana State University, Bozeman, MT, United States, 3 Center for Biofilm Engineering, Montana State University,
Bozeman, MT, United States, 4 Department of Microbiology and Cell Biology, Montana State University, Bozeman, MT,
United States

Organic-rich, hydrothermal sediments of the Guaymas Basin are inhabited by diverse
microbial communities including many uncultured lineages with unknown metabolic
potential. Here we investigated the short-term effect of polysaccharide amendment
on a sediment microbial community to identify taxa involved in the initial stage of
macromolecule degradation. We incubated anoxic sediment with cellulose, chitin,
laminarin, and starch and analyzed the total and active microbial communities
using bioorthogonal non-canonical amino acid tagging (BONCAT) combined with
fluorescence-activated cell sorting (FACS) and 16S rRNA gene amplicon sequencing.
Our results show a response of an initially minor but diverse population of Clostridia
particularly after amendment with the lower molecular weight polymers starch and
laminarin. Thus, Clostridia may readily become key contributors to the heterotrophic
community in Guaymas Basin sediments when substrate availability and temperature
range permit their metabolic activity and growth, which expands our appreciation of the
potential diversity and niche differentiation of heterotrophs in hydrothermally influenced
sediments. BONCAT-FACS, although challenging in its application to complex samples,
detected metabolic responses prior to growth and thus can provide complementary
insight into a microbial community’s metabolic potential and succession pattern. As
a primary application of BONCAT-FACS on a diverse deep-sea sediment community,
our study highlights important considerations and demonstrates inherent limitations
associated with this experimental approach.

Keywords: metabolic activity, heterotrophic community, microbial ecology, substrate analog probing,
bioorthogonal non-canonical amino acid tagging, fluorescence-activated cell sorting

INTRODUCTION

Hydrothermal vent fields provide areas of high biodiversity and primary productivity within a
predominantly oligotrophic sea. In the Guaymas Basin, Gulf of California, active seafloor spreading
and high sedimentation rates result in a unique system of hydrothermal vents within sediments with
up to 4% organic matter content (Calvert, 1966; De la Lanza-Espino and Soto, 1999). Fresh organic
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matter derived from high phytoplankton productivity in surface
waters and terrestrial runoff, is introduced into sediments
while hydrothermal pyrolysis transforms and remobilizes buried
organic matter, creating hydrocarbons and low molecular weight
compounds that are mobilized via hydrothermal circulation
(Calvert, 1966; Von Damm et al., 1985; De la Lanza-
Espino and Soto, 1999). The wide range of available organic
and inorganic substrates sustains a metabolically versatile
anaerobic microbial community including heterotrophs and
chemolithoautotrophs, and populations that typically occur
only in geographically distant hydrothermal vents, cold seeps
and organic-rich sediments (Teske et al., 2016, 2021). Recent
metagenomic surveys detected many previously unknown and
uncultured lineages and indicated that much of the metabolic
diversity of the microbial community remains to be discovered
(Dombrowski et al., 2017, 2018; Baker et al., 2021).

Revealing the metabolism of uncultured microbes and their
function in the environment remains a challenge and frequently
relies on combinatorial approaches to link taxonomic identity
with metabolic activity on a single cell level. Stable isotope
probing combined with fluorescence in situ hybridization and
nanoscale secondary ion mass spectrometry or Raman micro-
spectroscopy allows tracking incorporation of growth substrates
into biomass of individual taxonomically identified cells (Huang
et al., 2007, 2009; Dekas and Orphan, 2011; Berry et al.,
2015; Musat et al., 2016). While powerful, this approach relies
on isotope-labeled substrates that are not generally available
for experimental testing, especially in the case of complex
compound classes. Substrate analog probing is a promising
but comparatively new alternative to stable isotope probing
(Hatzenpichler et al., 2020). Currently, the most widely used
substrate analog probing approach in microbial ecology is
bioorthogonal non-canonical amino acid tagging (BONCAT)
in combination with fluorescence-activated cell sorting (FACS).
BONCAT-FACS can be combined with 16S rRNA gene
amplicon sequencing or metagenomics to assess the anabolically
active fraction of a microbial community. BONCAT uses a
non-canonical amino acid, such as L-homopropargylglycine
(HPG), that is incorporated into newly synthesized proteins
by methionyl-tRNA synthetase, and that can be fluorescently
detected via azide-alkyne click chemistry (Kiick et al., 2002;
Hatzenpichler et al., 2014). Subsequently, FACS enables the
separation of translationally active (BONCAT positive) cells for
taxonomic identification via gene sequencing. BONCAT-FACS
was recently applied on environmental and human microbiome
samples to reveal anabolically active community members and to
test responses in metabolic activity upon substrate amendments
(Hatzenpichler et al., 2016; Couradeau et al., 2019; Reichart et al.,
2020; Riva et al., 2020; Valentini et al., 2020; Marlow et al., 2021;
Taguer et al., 2021). Here, we applied this approach to investigate
the microbial community involved in anaerobic polysaccharide
mineralization in Guaymas Basin sediments.

Guaymas Basin sediments contain a variety of organic
macromolecules (lipids, proteins, DNA and polysaccharides)
(De la Lanza-Espino and Soto, 1999; Teske et al., 2002; Zheng
et al., 2021) and harbor a diverse heterotrophic community
with the genetic potential to degrade a wide range of these

compounds (Dombrowski et al., 2018; Baker et al., 2021;
Perez Castro et al., 2021). Polysaccharides are abundant in
the ocean and are commonly introduced into sediments from
surface waters or terrestrial runoffs or are produced from
decaying biomass. We focused on testing the potential for
anaerobic microbial degradation of four polymers: cellulose,
chitin, laminarin, and starch, which serve to represent marine
and terrestrial polysaccharides of differing complexity that are
introduced into Guaymas Basin sediments due to very high
sedimentation rates and terrestrial input (Calvert, 1966; De la
Lanza-Espino and Soto, 1999). Laminarin and starch are storage
polysaccharides found in marine macroalgae, phytoplankton and
microbial cells, while the structural carbohydrates cellulose and
chitin are components of fibers and exoskeletons (Arnosti et al.,
2021). The utilization of polysaccharides relies on extracellular
carbohydrate-activating enzymes (CAZymes) for the initial
cleavage and uptake through membrane transporters prior to
intracellular degradation. Substrate-specific CAZymes such as
for starch (alpha-amylase) or cellulose (glycoside hydrolase) are
synthesized by specialized functional guilds while the produced
oligo- and monosaccharides or intermediates of their degradation
provide substrates for other metabolically diverse community
members. Here, we exposed anoxic hydrothermal sediments to
polysaccharides for a short time period and analyzed shifts in
the overall community and active community via BONCAT-
FACS combined with 16S rRNA gene amplicon sequencing
providing complementary insight into primary responders and
response succession.

MATERIALS AND METHODS

Sample Collection and Material Selection
Hydrothermally heated sediments were collected with push cores
in the Marker 14 hydrothermal area in the Guaymas Basin, Gulf
of California, Mexico during R/V Atlantis research cruise AT42-
05 (November 2018) with the submersible Alvin (Dive 4998;
2011 m; 27.0079◦ N, 111.4072◦ W). In situ temperature profiles
were recorded using Alvin’s heat flow probe adjacent to the
sampled sediment cores every 10 cm down to a depth of 50 cm.
Two of the retrieved sediment cores (11 and 12; Supplementary
Figure 1) were sectioned into three horizons: (H1) upper horizon
0–10 cm (excluding bacterial mats), 4–33◦C; (H2) middle
horizon 10–20 cm, 33–74◦C; (H3) lower horizon, 20–30 cm,
74–110◦C (Supplementary Table 1). Replicate horizons from
both cores were combined into glass bottles, degassed with N2,
and stored under N2 headspace at 4◦C until further processing
(February 2020).

As fresh organic matter is frequently introduced into surface
sediments from the overlaying water column, sediments of the
upper horizon were selected for mesocosm experiments testing
the microbial community’s potential to utilize complex carbon
polymers. Furthermore, due to the steep temperature gradient
and elevated temperatures in the lower horizons, cell numbers
rapidly decreased with sediment depth. Initial cell extraction
tests showed that sufficient cells needed for the BONCAT-FACS
approach could only be recovered from the upper sediment
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horizon. This highlights that selection and preliminary evaluation
of the starting material is crucial in designing experiments
for BONCAT-FACS.

Mesocosm Setup
Mesocosms were prepared in an anoxic glove box under
N2/CO2/H2 (90%/5%/5%) atmosphere. Sediment of the top
horizon (H1) was diluted (1:5) with anoxic artificial seawater
(Widdel and Bak, 1992). During experiment set up the slurry
was homogenized by constant stirring using a magnetic plate
and stir bar. To preserve material for DNA extraction, three
aliquots (1 mL each) were centrifuged 10 min at 16,000 × g,
supernatant was decanted, and pellets were frozen at −80◦C
until further processing. To set up mesocosms, the remaining
slurry was distributed in aliquots of 30 mL into 156 mL
sterile serum vials using sterile serological plastic pipettes. All
vials were sealed with a butyl rubber stopper and aluminum
crimp. The headspace was degassed with N2/CO2 (90%/10%)
at 100 kPa for 5 min to remove H2 introduced during set
up inside the glove box and the final headspace was set to
200 kPa. The vials were placed at 33◦C, which conforms with
the upper in situ temperature measured in the sediment horizon,
for 16 h to allow the microbial community to adapt to the
incubation temperature after long-term storage at 4◦C. After
this preincubation, the following treatments were set up, each in
triplicate: (1) no substrate amendment, or amendment with (2)
cellulose, (3) chitin, (4) laminarin, or (5) starch. Substrates were
added from sterile anoxic stock solutions to final concentrations
of 0.01% w/v. The amino acid analog L-homopropargylglycine
(HPG; Click Chemistry Tools, Scottsdale, AZ) was added to all
treatments from an anoxic stock solution to a final concentration
of 100 µM. Controls were prepared without HPG and without
substrate amendment. Incubation was continued at 33◦C and
subsamples were collected after two (T1) and five (T2) days
from each mesocosm using a syringe and needle. Subsamples
(1 mL each) were preserved for DNA extraction by centrifugation
(10 min at 16,000 × g), supernatant removal, and storage at
−80◦C. Replicate subsamples (2.5 mL each) were preserved for
cell extraction by transfer into sterile 10% Glycerol Tris/EDTA
(GlyTE) solution and storage at−80◦C.

DNA and Cell Extraction
DNA was extracted from sediment pellets (see above) using
the FastDNA Spin Kit for Soil (MP Biomedicals, Irvine, CA)
following the manufacturer’s guidelines. Blank DNA extractions
were performed as a negative control. DNA extracts were
quantified using the Qubit high sensitivity assay (Invitrogen,
Carlsbad, CA) and were stored at−20◦C.

Cells were extracted from duplicate 2.5 mL aliquots preserved
in GlyTE (see above). For this, samples were thawed at 4◦C,
amended with 7.5 mL of sterile 1× phosphate buffered saline
(PBS; filter-sterilized (0.2 µm pore size) and UV treated for
16 h) containing Tween 20 at a final concentration of 0.02%
and vortexed for 10 min at speed 8 (approx. 2000 rpm, Vortex-
Genie2, Scientific Industries, Inc., Bohemia, NY, United States)
to detach cells from particles. Blank extractions using 1 × PBS
were processed in parallel to assess contamination introduced

during the extraction process. A density gradient separation
was performed by carefully adding an equal volume (10 mL)
of Nycodenz solution (60%) underneath the sample using a
sterile serological pipette and centrifugation at 14,000 × g for
45 min. Following centrifugation, avoiding any sediment particles
in the lower phase, the upper phase and interphase containing
the cells were transferred to a new tube prefilled with 20 mL
1 × PBS. To collect cells, the sample was centrifuged 10 min
at 16,000 × g, supernatant was carefully removed, and the
cell pellet resuspended in the remaining liquid (approx. 1 mL).
Subsequently, the sample was transferred to a 1.5 mL tube
and cells were concentrated by centrifugation for 10 min at
18,000 × g, supernatant removal, and resuspension in 50 µL of
1 × PBS. The cell suspensions from duplicate extractions were
combined and immediately further processed for FACS.

Click Reaction, Fluorescence-Activated
Cell Sorting and Cell Lysis
Cell extracts were subjected to click reaction as previously
described (Hatzenpichler and Orphan, 2015; Reichart et al.,
2020). For this, 200 µL of click reaction solution were added to
and mixed with the cell extract by pipetting up and down. The cell
click reaction mixture was comprised of 5 mM aminoguanidine
hydrochloride (Sigma-Aldrich, St. Louis, MO), 5 mM sodium
L-ascorbate (Sigma-Aldrich, St. Louis, MO), 100 µM copper
sulfate pentahydrate (Sigma Aldrich), 500 µM THPTA (Click
Chemistry Tools, Scottsdale, AZ) and 4 µM Cy5 picolyl-azide
dye (Click Chemistry Tools, Scottsdale, AZ), and was incubated
for 40 min in the dark at room temperature. Subsequently, the
click reaction solution was removed from the cells by three cycles
of centrifugation at 18,000 × g for 5 min, aspiration of the
supernatant by pipette, and resuspension of the cell pellet in 1 mL
of 1× PBS. To remove any remaining larger particles prior to cell
sorting, a slow centrifugation was performed at 500× g for 5 min,
followed by passage of the supernatant through a 35 µm pore
size filter cap (BD-falcon cell strainer cap, Corning, Corning, NY,
United States). A subsample (50 µL) of the final cell suspension
(filtrate) was transferred to a new tube and was stored at 4◦C
until further processing. This subsample represents the total
extractable cells in our experiment. Fluorescence signal intensity
and density of labeled cells was checked by epifluorescence
microscopy (Leica DM4B microscope).

Cell sorting was performed using a Sony SH800S FACS (Sony
Biotechnology, San Jose, CA) equipped with a 70 µm chip, set
to detect Cy5 dye on the red channel (excitation 638 nm) and
operated with 1 × PBS (sterilized as described above) as sheath
fluid. Sorting gates were established as previously described
(Reichart et al., 2020). Briefly, two gates were drawn based on
forward and back scatter to exclude any larger particles and
background noise; the third gate was drawn based on forward
scatter and Cy5 fluorescence intensity to capture BONCAT
positive cells (i.e., the fluorescent, translationally active cell
fraction). Cell extracts from control incubations without HPG
(no BONCAT signal) were used to delineate the gates for
BONCAT positive and BONCAT negative cells. Each sample
was sorted for a maximum of 250,000 fluorescent events from
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the BONCAT positive (active) fraction or until the volume was
exhausted (Supplementary Figure 2). Sorted cells were stored at
4◦C for up to 8 h until further processing.

Cells in the sorted and extractable cell fractions were lysed
for DNA recovery as previously described (Reichart et al.,
2020). In short, cells were centrifuged at 18,000 × g for 5 min
followed by supernatant removal and pellet resuspension in
20 µL of nuclease-free water. Cell suspensions were transferred
into 96-well plates, sealed with adhesive sterile aluminum foil
and subjected to three cycles of freezing (−80◦C, 10 min) and
thawing (99◦C, 10 min) with a short centrifugation prior to each
freezing step. Lysed cell extracts were stored at −80◦C until
further processing.

16S rRNA Gene Amplification and
Sequencing
Amplification of bacterial and archaeal 16S rRNA genes
was performed following the Earth Microbiome protocol
(Thompson et al., 2017) using revised primers 515F (5′-
GTGYCAGCMGCCGCGGTAA-3′) (Parada et al., 2016) and
806R (5′-GGACTACNVGGGTWTCTAAT-3′) (Apprill et al.,
2015) with DNA templates recovered from either (1) sediment
samples using a DNA extraction kit or (2) cell suspensions
of extractable and sorted fractions using freeze/thaw cycles
(described above). Polymerase chain reaction (PCR) was
performed in a final volume of either (1) 25 µL consisting of
5 µL template from extraction kits (1 ng DNA/µL), 10 µL
Invitrogen Platinum Taq II 2X Master Mix, 0.5 µL (0.2 µM) of
each primer, and 9 µL nuclease-free water or (2) 50 µL consisting
of 20 µL template from freeze/thaw extractions, 20 µL Invitrogen
Platinum Taq II 2X Master Mix, 1 µL (0.2 µM) of each primer,
and 8 µL nuclease-free water. The thermocycler conditions were:
94◦C for 3 min followed by 28 cycles of 94◦C for 45 sec, 50◦C for
60 sec, and 72◦C for 90 sec, followed by a final elongation step
at 72◦C for 10 min. PCR on sorted and extractable cell fractions
from T1 was performed with two additional cycles (for a total of
30 cycles) due to lower cell recovery. A negative control using
nuclease-free water as template was included in each PCR set
to determine PCR contamination. PCR products were checked
for the expected length on a 1% agarose gel and subsequently
were purified using AMPure XP beads (Beckman Coulter, Brea,
CA, United States) following the manufacturer’s protocol with
a final elution volume of 40 µL nuclease-free water. To prepare
amplicons for Illumina sequencing, Illumina dual index barcode
and sequencing adapters were attached in a second PCR reaction.
This PCR was performed in a final volume of 25 µL containing
5 µL of purified amplicons, 12.5 µL Invitrogen Platinum Taq II
2X Master Mix, 2.5 µL (0.25 µM) of each primer (i5 and i7), and
2.5 µL nuclease-free water. The PCR conditions were as follows:
95◦C for 3 min followed by 8 cycles of 95◦C for 30 sec, 55◦C
for 30 sec, and 72◦C for 30 sec, followed by a final elongation
step at 72◦C for 5 min. PCR products were purified using
AMPure XP beads as described above and were quantified in
triplicate reactions using the Quant-iT Picogreen dsDNA Assay
(Invitrogen) on a Biotek Synergy H1 Hybrid microplate reader
following the manufacturer’s guidelines. Purified amplicons from

all samples were pooled at 10 ng DNA each, and the pooled
library was quantified with the Qubit high sensitivity assay
(Invitrogen, Carlsbad, CA, United States). Purification, quality
assessment and sequencing of pooled libraries was performed at
the Molecular Research Core Facility at Idaho State University
(Pocatello, ID) using Illumina’s MiSeq chemistry for 2 × 250 bp
paired end reads. Sequences are deposited at NCBI’s GenBank
under BioProject PRJNA748056.

Bioinformatics Data Analyses
Amplicon data were processed using QIIME 2 version 2020.2
(Bolyen et al., 2019). In short, primer sequences were removed
from demultiplexed reads using cutadapt (Martin, 2011) with
an error rate of 0.12. Reads were truncated to 145 bp and
subsequently filtered, denoised and merged in DADA2 with
default settings (Callahan et al., 2016). The resulting 16S rRNA
gene amplicon sequence variants (ASVs) were taxonomically
classified with the sklearn method and the SILVA 132 database
(Quast et al., 2013). Contaminating ASVs were removed using
the R package decontam with the prevalence model at a threshold
of 0.6 followed by manual inspection and further curation
considering multiple controls included in the dataset (i.e., PCR
negative controls, DNA extraction blanks, sheath fluid controls)
(Supplementary Figure 3). Samples with less than 10,000 reads
were excluded and ASVs with less than 0.001% relative sequence
abundance across all samples were removed prior to further
analysis. Diversity metrics were calculated on the level of ASVs in
the R package Phyloseq (McMurdie and Holmes, 2013). ANOVA-
like differential gene expression analysis was conducted in the
R package Aldex2 (Fernandes et al., 2013, 2014) between no
amendment control and each substrate treatment on the level
of ASVs. Adjusted p-values <0.05 were considered for calling
differential abundance of ASVs (Supplementary Table 2).

RESULTS AND DISCUSSION

Sampling Site Description and
Experimental Strategy
Sediment for mesocosm experiments was recovered from
the Marker 14 site in the Guaymas Basin, an area with
strong hydrothermal influence (Supplementary Figure 1). The
sediments were covered with orange Beggiatoa mats, and
were characterized by steep temperature gradients reaching
115◦C at 35 cm depth (Supplementary Table 1). Further,
sulfide and ammonia concentrations ranged between 2–
4 mM and 2–6 mM, respectively, and sulfate concentrations
decreased with depth (Ramírez et al., 2021). Previously recorded
in situ microprofiles from the same area showed rapid
oxygen depletion in the upper two sediment millimeters, with
occasional deeper oxygen traces due to hydrothermal circulation
(Teske et al., 2016).

In mesocosm experiments we exposed sediments of the
upper horizon to polysaccharides of differing complexity for
a limited time period (2 and 5 days) to identify populations
involved in the initial polysaccharide activation and utilization
under anoxic conditions. While substrate-specific enrichments
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select for specialized communities over time, they may not
reveal the community members first responding to a substrate.
As metabolic activity precedes growth, tracking the active
community members via BONCAT-FACS after short-term
exposure to a substrate can provide complementary insight
into the primary degraders and degradation succession. To
identify substrate-specific responses we compared the active
and total communities in substrate amended mesocosms to
controls without amendments. Notably, the studied sediments
are naturally rich in organic and inorganic compounds that
support microbial metabolism. We analyzed the microbial
community composition in three fractions obtained by (1)
DNA extraction, (2) cell extraction, and (3) cell sorting, which
are considered representative of (1) the total DNA extractable
community, (2) the total cell extractable community, and (3) the
translationally active, cell extractable community. As the DNA
extractable (1) vs cell extractable (2, 3) fractions result from
different extraction processes an unbiased representation of the
in situ community cannot be provided. Furthermore, assessment
of the active fraction is affected by limitations associated with
BONCAT and FACS. Finally, primer-based PCR amplification
and sequencing introduce additional biases; thus, all relative
sequence abundance data is limited in its representation of
community composition.

Diversity and Composition of the Total
and Active Communities
Alpha diversity indices showed a decrease in diversity from
the extractable DNA to the cell extractable fraction consistent
for both timepoints analyzed (Figure 1A and Supplementary
Figure 4). However, alpha diversity was lowest in the fraction
recovered after cell sorting, representing only the subset of
taxa that have been active in a mesocosm. Generally, the
alpha diversity measure of the total community decreased with
incubation time, indicating a selective enrichment of taxa within
days. Interestingly, a slightly reversed trend was observed in
the active community, suggesting more taxa became active over
time. Community structure as displayed by principal component
analysis showed overall separation by fraction (DNA extract,
cell extract, cell sort) (Figure 1B). Within each fraction samples
tended to cluster by timepoint. A few notably different samples
included replicates amended with starch at day 5, especially
in the DNA extract and cell sort fractions, one replicate
amended with cellulose at day 2 in the cell extract fraction
and one replicate amended with chitin at day 5 in the cell sort
fraction (Figure 1C).

Based on relative sequence abundance the inoculum
sediment was largely composed of Deltaproteobacteria (17%),
Campylobacteria (15%), JS1 (14%), Gammaproteobacteria (8%),
Bacteroidia (8%), Anaerolineae (5%), and Methanomicrobia
(4%) (Figure 2). A similar, bacteria-dominated community has
previously been described for Marker 14 surface sediments
(Ramírez et al., 2021). The community in mesocosms
recovered in the DNA extract fraction after 2 and 5 days
of incubation overall showed similar composition as the
inoculum sediment. Most prominent was an increase in

relative proportion of Clostridia in mesocosms amended
with starch (1 replicate at day 2, all replicates at day 5).
Clostridia were detected initially in low abundance in
the inoculum, and may have been present as endospores.
In our experiments we exposed sediments to elevated
temperatures after long-term cold storage, which possibly
caused spore germination upon favorable temperatures
followed by activity and rapid growth upon substrate
availability. The microbial community might experience
similar conditions in their natural environment, where, due
to the high dynamics in hydrothermal activity, sediment
temperatures fluctuate over time and space. For example,
over a distance of a few centimeters sediment temperature
often ranges from 50–100◦C to 4◦C (Teske et al., 2016).
The cell extractable community was mostly dominated by
JS1 (Atribacteria) after 2 and 5 days, except for in starch
amended mesocosms where Clostridia prevailed after 5
days. The active community (cell sort fraction) at day 2
was dominated by Clostridia under starch amendment and
Thermotogae under all other treatments, and generally shifted
towards an Atribacteria (JS1) and Firmicutes (Clostridia and
Negativicutes) dominated community at day 5. Notably, while
Clostridia were prominent in incubations amended with the low
complexity polysaccharides starch and laminarin, Negativicutes
were prevalent in replicates without amendment or with
cellulose amended.

Altogether, we observed a strong contrast between the
microbial community recovered via DNA extraction and cell
extraction. A lower alpha diversity index in cell extracts
compared to DNA extracts indicates a preferential recovery
of taxa in cell extraction procedures. Cell extractions are
potentially biased and cell recovery is a frequent challenge,
in particular for complex sample types such as organic
carbon-rich hydrothermal sediments, which likely explains
the observed differences in community structure (Morono
et al., 2013; Doud and Woyke, 2017; Hatzenpichler et al.,
2020). Improved cell separation techniques might lead to
different observations than reported here; however, a comparison
of cell extraction procedures was outside the scope of
our study, which was limited by the amount of available
sediment material. Further, a size selection (35 µm filtration)
prior to FACS, necessary to avoid clogging of the sample
line, impeded the detection of larger cell aggregates and
possibly other morphologies such as long filaments in the
active fraction.

Besides possible biases introduced during cell extract
preparation, extracellular DNA, only represented in the
DNA extract may contribute to discrepancies in community
composition (Couradeau et al., 2019). Deep-sea sediments are
known to contain extracellular DNA, which is also considered an
important macromolecular carbon source for the heterotrophic
microbial community including in Guaymas Basin sediments
(Jørgensen and Jacobsen, 1996; Dell’Anno and Danovaro, 2005;
Corinaldesi et al., 2007; Perez Castro et al., 2021), but the effect
of extracellular DNA on microbial diversity surveys is disputed
and not well established (Lever et al., 2015; Carini et al., 2016;
Ramírez et al., 2018; Torti et al., 2018).
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FIGURE 1 | Alpha and beta diversity. Alpha diversity (Shannon index) decreased between fractions and timepoints (A). Principal coordinate analysis showing
differences in beta diversity between samples of all fractions (B) and each fraction separately (C). Env: environmental sample (inoculum), Cel: cellulose, Chi: chitin,
Lam: laminarin, Sta: starch, Non: no amendment. For each treatment filled symbols show day 2 and open symbols day 5.

FIGURE 2 | Community composition on class level showing relative sequence abundance (%) for taxa occurring with >1% in at least one sample. Env:
environmental sample (inoculum), Cel: cellulose, Chi: chitin, Lam: laminarin, Sta: starch, Non: no amendment.

Frontiers in Microbiology | www.frontiersin.org 6 December 2021 | Volume 12 | Article 76397112

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


fmicb-12-763971 December 4, 2021 Time: 15:31 # 7

Krukenberg et al. Polysaccharide Degradation in Hydrothermal Sediments

FIGURE 3 | Effect of polysaccharide amendment on abundant ASVs (i.e., occurring with >3% relative sequence abundance in at least one sample). Center log ratio
(clr) transformed abundance of ASVs (A). Note that clr values indicate abundance of an ASV as relative to the mean abundance of all ASVs in a sample with positive
clr values indicating abundance greater than the mean abundance. Dashed line: mean clr transformed abundance of an ASV in the environmental sample (inoculum,
day 0). Log2 fold changes >1 between no amendment and each substrate treatment for each ASV (B). Gray line represents a fold change of 0 (i.e., no difference
between no amendment and substrate amendment). No data are available for Lam at day 5 as replicate C was lost and analysis relied on triplicate samples.
Diamonds: DNA extract, squares: cell extract, triangles: cell sort, open symbols: day 2, filled symbols: day 5. Cel: cellulose, Chi: chitin, Lam: laminarin, Sta: starch,
Non: no amendment.

Effect of Substrate Amendment on
Abundant Populations
To further characterize the community members responding
to polysaccharide amendment, we analyzed the frequency of
abundant ASVs (>3% relative sequence abundance in at least one
sample) across fractions and treatments (Figure 3A) and tested
the effect of substrate amendment by comparing the differential
abundance of individual ASVs between no amendment and
each substrate treatment (Figure 3B). Notably, low number of
replicates and variation between replicates limited the statistical
significance of our differential abundance analysis, although

large fold changes were observed (Supplementary Table 2). We
identified 33 abundant ASVs, which together represented a large
proportion of the microbial community, encompassing a relative
sequence abundance of 31% in the environmental sample and up
to 97% in the active community of mesocosms, which often was
dominated by only a few ASVs (Supplementary Table 2). Most
of the abundant ASVs (17) affiliated with Clostridia representing
six families: Clostridiaceae 1 (10 ASVs), Defluviitaleaceae (2
ASVs), Lachnospiraceae (2 ASVs), Ruminococcaceae (2 ASVs),
and Caldicoprobacteraceae (1 ASV). All Clostridia-affiliated ASVs
were initially detected in low abundance in the inoculum
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sediment but generally increased in proportions in the total and
active community in mesocosms. Amendment with the more
accessible storage polymers starch and laminarin resulted in
the fasted and strongest response observed for several ASVs.
In particular ASVs affiliated with the Defluviitaleaceae (2) and
Lachnospiraceae (2) showed high fold changes (Figure 3B) upon
starch amendment. Defluviitaleaceae-affiliated ASV_20015 was
detected at elevated frequency in the active fraction of substrate
amended incubations but not unamended controls, showing a
broad response to all polysaccharides with the highest detected
fold change and highest relative sequence abundance (80%) in
response to starch amendment (Figure 3B and Supplementary
Table 2). While many ASVs affiliated with the Clostridiaceae 1
occurred mostly in laminarin and starch amended incubations,
ASV_4e8d7 was detected at elevated proportion in the active
fraction under all treatments including unamended controls
(Figure 3A); activity and growth, however, were stimulated
by substrate availability (Figure 3B). This indicates that some
members of the Clostridiaceae 1 family may utilize the substrates
available in the inoculum, as Guaymas Basin sediments are
naturally rich in organic and inorganic compounds (Calvert,
1966; Von Damm et al., 1985; De la Lanza-Espino and Soto,
1999). The response to chitin and cellulose amendment was
generally less pronounced and limited to a few Clostridia
ASVs. This suggests longer response times for these more
complex structural polymers, which would be better captured
with extended incubation times. ASV_988fa (Clostridiaceae 1)
specifically responded only to chitin amendment (Figure 3B),
suggesting specialized degradation capacities in members of
this lineage. Besides Clostridia, other Firmicutes-affiliated ASVs
belonging to an uncultured Selenomonadales clade showed
strong increase in proportions, most notably in the no
amendment control, and thus, no strong substrate specific
response was detected.

Other abundant ASVs were affiliated to Atribacteria (JS1) (4
ASVs) which showed high initial proportions in the inoculum but
little variation in mesocosms. ASVs affiliating with Petrotogaceae
(1), SBR1031 clade (Anaerolineae) (1), Desulfarculaceae (1)
and Cyanobiaceae (1) increased in the active fraction across
all treatments after 2 days relative to their proportion in the
inoculum. This indicates that their initial activity likely resulted
from utilization of substrates supplied with the sediment and
was promoted by the switch to elevated incubation temperatures
but was not sustained possibly due to substrate limitation.
Notably, Thermotogae were detected with the highest relative
sequence abundance in the active fraction of most mesocosms
after 2 days (Figure 2) but the abundant Thermotogae-affiliated
ASV (ASV_8d59c) did not show a strong substrate specific
response. However, Thermotogae are widespread in marine
hydrothermal sediments and some members have recently been
implicated in polysaccharide degradation in Guaymas Basin
sediments (Perez Castro et al., 2021). In contrast, ASVs affiliated
with Thiomicrospiraceae (1), Thiovulaceae (1), Sulfurovaceae (1)
and Desulfobulbaceae (1), while abundant in the inoculum,
decreased in proportion in the active fraction, suggesting
that these organisms initially did not benefit from selected
incubation conditions. However, their activity may be promoted
once intermediates of polysaccharide degradation are available,

possibly requiring incubation times longer than performed
here. For example, production of H2 during polysaccharide
degradation as previously observed in anoxic Guaymas Basin
sediments, may favor the activity and growth of sulfate reducers
(Perez Castro et al., 2021).

Overall, an increase in proportion of Clostridia-affiliated
ASVs in mesocosms was observed in all fractions, and was
often detected in the cell sorted fraction (day 2) prior to
the DNA extractable fraction (day 5), which shows that
BONCAT-FACS can reveal changes in metabolic activity
before changes in cell abundance (i.e., cell division) occur.
In contrast, an analysis of the DNA extractable community
detects responding taxa only after DNA replication and cell
division have occurred. However, both approaches produce
compositional sequence data and do not provide insight into
relative cell abundances.

Potential Implications for Polysaccharide
Degradation in Hydrothermal Sediments
During a relatively short incubation time, the Guaymas
Basin sediment microbial community showed activity and
growth when supplied with polysaccharides, indicative of the
capacity to quickly (within days) synthesize the enzymatic
machinery necessary to metabolize preferably low complexity
storage polymers. Notably, Clostridia showed the most
prominent response to substrate amendment (Figure 3B)
and were frequently detected with increased proportions
in all treatments but were low in abundance in the initial
sediments (Figures 2, 3A) as previously observed (Perez
Castro et al., 2021). In the sediments used for our experiment
dormant Clostridia endospores likely endured long-term cold
(4◦C) storage and germinated upon exposure to elevated
temperatures (33◦C) prior to substrate addition. Previously,
the germination of thermophilic, endospore-forming bacteria
including Firmicutes and their activity in organic matter
mineralization have been demonstrated when cold marine
sediments were exposed to elevated temperatures (Isaksen et al.,
1994; Hubert et al., 2009, 2010). Our results also suggest that
while temperature may induce germination the magnitude
of activity and growth likely depends on the availability of
suitable substrates as a stronger response was observed in
polysaccharide amended incubations compared to unamended
controls. Future BONCAT-FACS experiments testing the
effect of polysaccharide amendment on freshly recovered
sediments (i.e., no long-term cold storage) over a range of
temperatures including at 4◦C would provide extended insights
into the populations active in the environment under different
temperature regimes.

Altogether, in sediments exposed to hydrothermal activity
such as in Guaymas Basin temperature induced germination
of Clostridia spores may frequently occur resulting in these
organisms becoming active and important in community
function as primary polymer degraders for as long as temperature
regimes permit their metabolism. This suggests that a flexible
lifestyle between metabolic activity and dormancy is an effective
strategy for long-term survival in environments with extreme and
fluctuating physicochemical conditions. Thus, in hydrothermally
influenced sediments temporal and spatial fluctuations in
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temperature and substrate availability will constrain metabolic
activity and growth resulting in dynamic microbial communities.

CONCLUSION

Our study investigated the effect of polysaccharide addition
on the total and active microbial communities in anoxic
hydrothermal sediments. We identified a diverse, yet initially
minor population of Clostridia rapidly responding with activity
and growth to the availability of primarily low complexity
polymers, starch and laminarin. Clostridia likely persisted in
the sediments as spores during long-term cold storage and
their germination in mesocosms was initiated by a switch to
elevated temperatures. This indicates that in environments with
fluctuating physicochemical regimes and diverse community
assemblies, such as in Guaymas Basin sediments, taxa
that are low in abundance or possibly dormant, including
spore-forming Clostridia, may frequently assume important
functions in a heterotrophic community. Consequently, time
resolved correlative analysis of community composition
and physicochemical parameters together with experimental
investigations into metabolic activity are imperative to identify
environmentally relevant taxa and assess community function.

Our study evaluated the application of BONCAT-FACS to
trace metabolic responses in a hydrothermal deep-sea sediment
community and highlighted the prominent challenges associated
with this method when applied to a unique sample type. The
outcomes will inform experimental design for future studies
on the in situ activity and functional role of uncultured
taxa in Guaymas Basin and other deep-sea sediments. In
particular, cell recovery from the organic-rich sediment matrix
and high diversity of the microbial community limited the
comparability between DNA and cell extractable fractions and
subsequently the encompassing detection of active taxa. Further,
the detection of a selective effect of substrate amendment
was initially limited (day 2) possibly due to the naturally
high organic matter content of Guaymas Basin sediments and
was more pronounced after prolonged incubation (day 5),
suggesting that time of substrate exposure is critical (Calvert,
1966; Von Damm et al., 1985; De la Lanza-Espino and
Soto, 1999; Zheng et al., 2021). The statistical power of our
analysis was qualified by a combination of low replication
and high variability between triplicates, potentially due to
a preferential response of minor populations in individual
replicates. Thus, cell recovery difficulties together with high
cell quantity requirements and elevated replication demand

challenge both applicability and throughput of BONCAT-
FACS, especially when available sample material is limited.
However, upon careful optimization and integration into
combinatorial approaches, BONCAT-FACS expands available
methods with prospect for wider implementation in microbial
ecology research.
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Despite extreme physical and chemical characteristics, deep-sea hydrothermal vents
provide a place for fauna survival and reproduction. The symbiotic relationship of
chemotrophic microorganisms has been investigated in the gill of Rimicaris exoculata,
which are endemic to the hydrothermal vents of the Mid-Atlantic Ridge. However,
only a few studies have examined intestinal symbiosis. Here, we studied the intestinal
fauna in juvenile and adult Rimicaris kairei, another species in the Rimicaris genus
that was originally discovered at the Kairei and Edmond hydrothermal vent fields in
the Central Indian Ridge. The results showed that there were significant differences
between juvenile and adult gut microbiota in terms of species richness, diversity,
and evenness. The values of Chao1, observed species, and ASV rarefaction curves
indicated almost four times the number of species in adults compared to juveniles.
In juveniles, the most abundant phylum was Deferribacterota, at 80%, while in adults,
Campilobacterota was the most abundant, at 49%. Beta diversity showed that the
intestinal communities of juveniles and adults were clearly classified into two clusters
based on the evaluations of Bray–Curtis and weighted UniFrac distance matrices.
Deferribacteraceae and Sulfurovum were the main featured bacteria contributing to the
difference. Moreover, functional prediction for all of the intestinal microbiota showed that
the pathways related to ansamycin synthesis, branched-chain amino acid biosynthesis,
lipid metabolism, and cell motility appeared highly abundant in juveniles. However,
for adults, the most abundant pathways were those of sulfur transfer, carbohydrate,
and biotin metabolism. Taken together, these results indicated large differences in
intestinal microbial composition and potential functions between juvenile and adult vent
shrimp (R. kairei), which may be related to their physiological needs at different stages
of development.

Keywords: intestine microflora, hydrothermal vent, Rimicaris kairei, Deferribacteraceae, Sulfurovum
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INTRODUCTION

Deep-sea hydrothermal vents are distributed along mid-
ocean ridges and are characterized by high temperatures
and environments that are sulfide- and iron-rich, with a
low pH (White et al., 2006; Möller et al., 2017). Despite
the hostile environment, a large number of microorganisms
and macroorganisms can be found in the hydrothermal area.
The shrimp Rimicaris exoculata is one of the dominant
macroorganisms in the hydrothermal vents of the Mid-Atlantic
Ridge (MAR) and can reach densities of up to 3,000 individuals
per square meter in the mixing zone of hydrothermal fluid and
the surrounding cold, oxygenated seawater (Gebruk et al., 2000).

In deep-sea hydrothermal vents, symbiosis between
macroorganisms and chemoautotrophic microorganisms is
a common phenomenon (Goffredi et al., 2004; Goffredi, 2010;
Watsuji et al., 2015; Hinzke et al., 2019). R. exoculata has been
reported to coexist with branchiostegite chemoautotrophic
microorganisms (Zbinden et al., 2008; Petersen et al., 2010;
Hügler et al., 2011; Guri et al., 2012; Jan et al., 2014). Microbial
symbionts benefit from the relatively stable habitat at the
interface between electron donors and receptors for energy
metabolism and provide organic carbon in return to their
hosts. In contrast, only a few studies have been focused on
the intestinal microflora of macroorganisms in hydrothermal
vents, although intestinal microflora play important roles in
diverse physiological events, such as nutrient absorption and
immune protection, in almost all vertebrates and invertebrates
outside vents (Dick, 2019). Van Dover et al. (1988) found
that metallic sulfide crystals filled the stomach and gut
of hydrothermal shrimp in the MAR. At the time, it was
thought that they ate the sulfur compounds around the
chimneys for nutrition. The presence of microorganisms in
the gut of R. exoculata from the MAR was first observed by
transmission electron microscopy in 2003; subsequent 16S
rRNA analysis identified them as mainly Epsilonproteobacteria,
Entomoplasmatales, and Deferribacterota (Zbinden and
Cambon-Bonavita, 2003). Later, Durand et al. (2010) found
that long-term starvation changed the dominant gut microflora
of R. exoculata, supporting the hypothesis that a symbiotic
relationship existed between R. exoculata and its gut epibionts.
Durand et al. (2015) further defined the main lineage of
resident gut epibionts at five hydrothermal vent locations
and analyzed the relationship between the gut microbial
communities and the different geographical locations. Apremont
et al. (2018) reported the distribution, morphology, and
phylogeny of microbial communities associated with the
gut and gill of Rimicaris chacei in the MAR. The results
showed that ε- and γ-proteobacteria were mainly found in the
cephalothorax and digestive tract, and that Deferribacterota
and Mollicutes were mainly found in the digestive tract.
The microbial proliferation was explored during embryonic
development of R. exoculata and increased with aged eggs
(Methou et al., 2019).

Rimicaris kairei was discovered at the Kairei and
Edmond fields in 2002, near the Rodriguez Triple
Junction, Central Indian Ridge, Indian Ocean, at depths

of 2,415–3,320 m (Watabe and Hashimoto, 2002). In this
study, we comparatively characterized the gut microbial
community of two developmental stages of the vent
shrimp R. kairei, which further shed light on features
of the intestinal microbiome in hydrothermal zones and
provided basic information for functional analysis of the
intestinal flora.

MATERIALS AND METHODS

Sample Collection and Identification
The shrimps were collected at two hydrothermal vent fields on
the Central Indian Ridge, Edmond (69.59667◦E, 23.87782◦N;
3,281 m depth) and Kairei (70.04010◦E, 25.32048◦N; 2,421 m
depth), during the cruises on February 2019 by the research ship
“Tan Suo Yi Hao.” All shrimps were obtained using the suction
sampler from a manned submersible (“Shen Hai Yong Shi”).
Once onboard, specimens were immediately frozen at −80◦C or
stored in 75% ethanol at−20◦C.

According to body length, these shrimps were divided into
two groups, defined as juveniles (<4 cm in length), and adults
(>6 cm in length) (Jiang et al., 2020). Ten individuals of juvenile
and ten individuals of adult were randomly selected from the
two hydrothermalvents. Species of these shrimp were identified
based on cytochrome c oxidase subunit I (COI). We identified
the species as R. kairei (Supplementary Figure 1), based on
the similarity of the COI sequence and the phylogenetic tree
constructed through MEGA-X (64-bit) (Kumar et al., 2018) and
Neighbor-Joining using Tamura 3-parameter model, with 1,000
bootstrap replications.

DNA Extraction and Sequencing
The leg muscle (for COI sequence) and whole gut samples
were isolated under sterile conditions. The gut before the
fourth body segment is the foregut, while the rest constitute
the hindgut (Zbinden and Cambon-Bonavita, 2003; Durand
et al., 2010). DNA was extracted from each sample with
the Power Soil DNA isolation kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. The V3–V4 region
of 16S rRNA was amplified from the extracted DNA using the
bacterial universal primers 341F: 5′-CCTAYGGGRBGCASCAG-
3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3 (Gonnella
et al., 2016). Amplifications were performed on a Gene Amps
PCR System 9700 (PE Applied Biosystems, Foster City, CA,
United States) with the following program: 98◦C for 30 s; 98◦C
for 15 s, 58◦C for 15 s, and 72◦C for 15 s, for a total of 30
cycles, followed by 72◦C for 1 min. DNA was amplified in a
50 µl reaction composed of 25 µl Phusion High-Fidelity PCR
Master Mix with HF Buffer, 3 µl DMSO, 0.3 µM of each
primer, 50 ng DNA template, and nuclease-free water. The PCR
products were purified with an AxyPrep DNA Gel Extraction
Kit (Axygen, Union City, CA, United States) and quantified by
Qubit fluorometric quantitation (Life Technologies, Carlsbad,
CA, United States). Paired-end sequencing was performed on
a NovaSeq PE-250 (Illumina) platform of GuHe Bioinformatics
Technology (Hangzhou, China).
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Taxonomic Classification, Diversity
Analysis, and Statistical Analysis
The V3–V4 sequences of 16S rRNA from a total of 40
samples were deposited in an SRA (Sequence Read Archive)
database under accession numbers SRR16293710–SRR16293749.
The datasets of microbiota from the vent environment were
downloaded from SRA compared with the intestinal microbiota
of R. kairei. Relative information on the vent environmental
samples is summarized in Supplementary Table 1.

Analysis of the V3–V4 sequence was conducted with QIIME2
v2021.8 along with the built-in plugins (Bolyen et al., 2019).
First, adapters at both ends of the sequences were removed
using the q2-cutadapt plugin after demultiplex. Then, DADA2
(v1.16) (Callahan et al., 2016) was used for sequence trimming,
denoising, and dereplication. Chimera sequences were also
filtered. Paired reads were merged with a minimum length of
12 bp overlap. The ASV table was filtered out by q2-filter-
feature after removing the ASVs with frequencies less than 5.
Taxonomic classification was processed using the q2-classify-
sklearn algorithm, and the SILVA (V.138) database was used as a
reference with a threshold of 0.8. Annotations were obtained after
removing contamination using the q2-feature-table plugin and
visualized by the q2-taxa-barplot plugin. The ASVs annotated as
mitochondria, chloroplasts, or eukaryotes were also removed.

Alpha diversities (Faith_phylogenetic diversity, Pielou’s
evenness, observed_species, Chao1, Shannon and Simpson
indices) and beta diversities (Bray–Curtis, weighted UniFrac,
and unweighted UniFrac) were estimated using q2-diversity after
normalization to 16,714 sequences per sample according to the
minimum number of sequences in the samples. Kruskal–Wallis
rank-sum tests were used to detect significant differences in
alpha diversity. Beta diversities were visualized using non-metric
multidimensional scaling (NMDS) and principal coordinate
analysis (PCoA) plots. ANOSIM (analysis of similarities) was
used to analyze the similarities of the microbial community
compositions of the two groups.

Identification of Featured Microbes
To identify the discriminative microbes of juvenile and adult
groups, two methods were used: Random Forest and STAMP
(v2.1.3). Random Forest is a machine learning classification
algorithm that creates predictions by parallel learning of multiple
tree predictors built randomly and trained on different subsets
of data (Breiman, 2001). The ASV table with abundance was
divided into 80:20 for training and testing. The ‘randomForest’
package in R 4.0.3 was used to classify the training data,
specify juvenile and adult groups as classification variables,
and calculate the importance of each ASV feature by assigning
‘importance = TRUE’. The out-of-bag (oob) error estimate of the
error rate was 4%. Next, the test dataset and the key characteristic
bacteria were predicted based on the value of mean decrease
accuracy. According to the ‘confusionMatrix’ and ‘multiclass.roc’
functions, the accuracy of the confusion matrix was 93.33%,
the balanced accuracy was 95%, and the area under the curve
(AUC) value was 0.98. Finally, the 20 microbes with the highest
mean decrease accuracy were selected and visualized by bar plots

and heatmaps, using the ‘ggplot2’ package. Two-sided Welch’s
tests with 95% confidence intervals were used in STAMP v2.1.3
and corrected by Benjamini–Hochberg FDR multiple tests (Parks
et al., 2014; Li et al., 2021). The shared microbes resulting from
the aforementioned approaches were selected and considered as
featured microbes that discriminated juvenile and adult groups.

Analysis of Potential Functions
The Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) 2.0 pipeline
was used to predict the potential functions of the bacterial
communities based on 16S rRNA sequences (Douglas et al.,
2020). Sequences used in the PICRUSt analysis were first
clustered into ASVs, with a similarity threshold of 0.99 in
QIIME2 v2021.8 and using the Greengenes database (version
13.5) as a reference for clustering. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) annotation was performed
by the KEGG Automatic Annotation Server (KAAS) with a
bidirectional best-hit method and the representative genome
set of prokaryotes. According to the KEGG database, KO level
3 was displayed within the KEGG pathway hierarchy. Kruskal–
Wallis rank-sum test was used to evaluate the significance.
Pearson correlations were used to estimate the relationship
between metabolic pathways and featured bacteria. The plot was
constructed using ggplots2 in R (v.4.0.3).

RESULTS

Compositions of the Microbial
Communities
The rarefactions for these studied samples were saturated and are
displayed in Supplementary Figure 2. We obtained 1,280,230
raw sequences from the 40 samples, ranging from 16,714 to
40,375 per sample. After cleaning, a total of 1,265,852 high-
quality reads were generated, with an average of 31,646 reads
per sample. A total of 1,412 unique ASVs were identified and
included in all downstream analyses. These ASVs were classified
into 29 phyla and 340 genera.

The top 5 phyla in the juvenile group included
Deferribacterota, Bacteroidetes, Firmicutes, Proteobacteria,
and Campilobacterota, accounting for almost 100% of the total
ASVs, and the predominant phylum was Deferribacterota,
accounting for approximately 80% (Figure 1A). In the adult
group, the most dominant phylum was Campilobacterota,
with approximately 50% of the total ASVs. Deferribacterota,
which accounted for approximately 80% of the total ASVs in
juveniles, accounted for the second-largest proportion in adults,
at 20%. The proportions of Bacteroidetes and Firmicutes in the
juvenile and adult groups were similar, close to 10%. However,
proteobacteria varied greatly between the adult and juvenile
groups, occupying approximately about 8% in the adult group
and only 0.5% in the juvenile group (Figure 1B). A total of
340 genera were identified, but there were only 44 genera with
an abundance of more than 1% (Supplementary Figure 3). In
juveniles, the largest group was Deferribacteraceae, accounting
for 80% ± 16% (mean ± SD), followed by Flavobacteriaceae,
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which accounted for 8% ± 7%. In adults, the top genus was
Sulfurovum, accounting for 40% ± 20%. The second one was
Deferribacteraceae, which accounted for 17% ± 17%. Among
these 44 genera, 34 showed significant differences in abundance
between the whole gut bacteria of the two developmental groups,
according to Wilcoxon rank-sum tests (Supplementary Table 2).
Among these different genera, only Deferribacteraceae and
Tyzzerella were more enriched in juveniles, while the other
32 genera were more enriched in adults. The genera with the
greatest difference were Deferribacteraceae (juvenile vs. adult:
80% vs. 17%), and Sulfurovum (juvenile vs. adult: 2% vs. 40%)
(Supplementary Figure 4).

Structural Characteristics of the
Intestinal Microbial Communities
Species richness, diversity, and evenness were compared between
the juvenile and adult groups. The results showed that the
indices examined in this study were significantly higher in
adults than in juveniles, indicating that the adult gut microbial
community had more species, more diversity, and more evenness
(Figure 2). For Chao1 and Observed species index, the adult
group was more than four times higher than the juvenile group,
which was consistent with the ASVs by rarefaction curves
(Supplementary Figure 2). And for other indices, the adult
group appeared at least two times of juveniles (Figure 2).
The beta diversity analysis clearly revealed two clusters of
juvenile and adult gut microbial communities (Figure 3). The
adult gut microbial community was dispersed in the NMDS
(non-metric multidimensional scaling) analysis (Figure 3A).
Significant differences between the two bacterial communities
were identified by the analysis of similarities (ANOSIM) based
on Bray–Curtis distance (ANOSIM statistic R: 0.972, p = 0.001).
In the PCoA, principal coordinate 1(PCo1) explained 79.1% of
the variance (Figure 3B), R was 0.938 and p = 0.001 in ANOSIM
analysis, indicating a significant difference between the juvenile
and adult groups. In addition, the gut microbial community
exhibited low richness, diversity, and evenness compared to
the environmental samples (Supplementary Figures 5A–F).
According to the beta diversity analysis, the gut community
was clearly distinct from environmental samples but had a
relatively high dispersion (ANOSIM: R = 0.485, p = 0.001)
(Supplementary Figure 5G).

Featured Gut Microbes in Juveniles and
Adults
To identify the featured microbes that differed between the
juvenile and adult gut microbial communities, a random forest
model was constructed. The top 20 genera with the highest
variable importance are shown in Figure 4. Among these
genera, only one (classified as Deferribacteraceae) was more
abundant in juveniles than in adults; the other 19 genera
were lower in juveniles. The top five most featured microbes
included Sulfurovum, Deferribacteraceae, Mycoplasmataceae,
Maritinminonas, and Entomoplasmatales_type_III. Sulfurovum,
the top-ranking microbe, had a mean decrease accuracy (MDA)
value of approximately 8 and showed high abundance in all adult

samples. Deferribacteraceae, the second-ranking microbe, had
an MDA value of 7 and the highest abundance in all juvenile
samples, but was almost absent in most of the adult samples.
The MDA values of Mycoplasmataceae, Maritinminonas, and
Entomoplasmatales_type_III ranged from 6 to 5. In the STAMP
analysis, 13 genera were filtered out (Supplementary Figure 6),
10 of which were shared with random forest analysis.

Potential Functions of Gut Microbiota
Based on 16S rRNA, 45 pathways, each with more than 1%
abundance, were predicted by PICRUSt2; of these, 39 pathways
were significantly different between the juvenile and adult groups.
These pathways were primarily concerned with metabolism, cell
processes, genetic information processing, and environmental
information processing. Most of the pathways displayed a higher
abundance in juveniles, except pathways for glycolysis; the
citrate cycle; the sulfur relay system; metabolism of glycine,
serine, threonine, pyruvate, biotin, cysteine, methionine, and
selenocompound; folate biosynthesis; and the bacterial secretion
system, which were more abundant in adults. The biosynthesis
of ansamycins and the cell motility pathway were enriched
in the juvenile group. In addition, the pathways related to
lipid metabolism and essential amino acid synthesis were
also higher in juveniles (Figure 5). Correlation analysis was
performed between 10 featured microbes and the pathways
with significant differences between juveniles and adults. The
results revealed that Deferribacteraceae, the featured bacteria
in juveniles, was negatively correlated with the other nine
featured microbes in adults in most of the different pathways
(Supplementary Figure 7).

DISCUSSION

Community Structures of Gut Microbiota
Differed Between Juveniles and Adults
The assemblage of a resident microbial community is important
for animal development. By investigating the gut microbial
communities of juvenile and adult hydrothermal vent shrimp,
we found that developmental stage is an important factor
affecting the intestinal flora of R. kairei. This study showed that
the adult gut microbial community had higher index values
of species richness, diversity, and evenness than juveniles.
This phenomenon has also been reported in other animals. In
Malaysian mahseer (Tor tambroides), the gut microbiota showed
higher diversity in the larval, juvenile, and adult stages than
that in fingerling and yearling stages by a culturable approach
(Mohd Nosi et al., 2018). The community structure of Triatoma
rubrofasciata gut microbiota also appeared to be affected by
aging, with increased species richness and evenness in aged
individuals (Hu et al., 2020). This phenomenon applies not only
to marine animals and insects but also to humans. Researchers
have reported that healthy adults have significantly higher
diversity of their gut microbiomes than young children in the
United States (Ringel-Kulka et al., 2013). Similarly, a detailed
comparison of the intestinal microbiota of 1-year-old infants
and 4-year-old children in China revealed that the species
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FIGURE 1 | Gut microbial compositions of juvenile and adult samples at the phylum level. (A) The phylum level in the juvenile group; (B) the phylum level in the adult
group.

richness, evenness, and diversity of the intestinal microbiota
were significantly lower in the 1-year-olds (Guo et al., 2020).
These aging effects not only occur in gut microbiota but also
in other parts of the symbiotic microbiota. A study reported
that the surface flora structure of R. exoculata embryos changed
during development. The species diversity and evenness of
the bacterial assemblages on egg and pleopod surfaces were
higher in the late stage than in the early and middle stages
(Methou et al., 2019). There are several possible explanations
as to why aged gut flora are richer and more diverse. First,
with aging, intestinal cells not only increase in number but
also become more increasingly complex in morphology and
physiological functions. The diverse intestinal cells and diverse
intestinal microenvironment affect the growth and composition
of attached microorganisms (Bergh, 1995). Stephens et al. (2016)
reported that the morphological changes of intestinal cells
during development may be the main driver of changes in the
intestinal microbiome, investigating 135 zebrafish intestinal
microbial communities from developmental periods given the
same diet and environmental conditions (Stephens et al., 2016).
Second, adult individuals tend to have more complex diets and
living conditions than juveniles, resulting in changes in intestinal
microbial diversity. Jin et al. (2021) evaluated the effects of dietary
changes, habitat changes, and lifestyle shifts on the gut microbiota
of giant pandas with high-throughput sequencing and genome-
resolved metagenomics. The results showed that high-fiber diets
significantly increased the species diversity and decreased the
richness of gut bacterial communities (Jin et al., 2021). Third, the

habitat can also greatly affect bacterial communities. Although it
is currently unclear whether the habitats of R. kairei adults and
juveniles are the same, it has been suggested that hydrothermal
shrimp may migrate from a few 100 m above the hydrothermal
vents to the area around the chimneys, according to the isotopic
trace of carbon found in R. exoculata (Methou et al., 2020).
External environmental conditions can certainly affect diet.
In the alpha diversity results of this study, Chao 1 indicated
that species richness exhibited the greatest difference between
juveniles and adults, with an almost fourfold change. Species
diversity and evenness differed between these developmental
stages. The changes in intestinal microflora community
indicated that their role changes between developmental stages
of R. kairei.

Potential Functions of Gut Microbiota in
Juvenile and Adult Shrimp
According to the PICRUST results, many metabolic pathways
exhibited differences between adult and juvenile R. kairei.
Although ansamycin biosynthesis was the most abundant
metabolic pathway in both juvenile and adult groups, the
relative abundance of ansamycin synthesis pathways in juvenile
compared to other pathways was almost 1.5-fold that in adults.
Carbon metabolic and sulfur transfer pathways were substantially
more abundant in the adult group. These results indicate that the
gut microbiota of juvenile individuals includes more antibacterial
functions to protect their hosts from the invasion of pathogenic
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FIGURE 2 | Alpha diversities of gut microbiota in the two developmental stages of R. kairei. (A–F): Chao1, Faith_phylogenetic diversity, Pielou’s evenness,
observed_species, Shannon and Simpson indices are displayed in the box plots (Non-parametric Kruskal–Wallis tests, ***p < 0.001). The middle lines in the boxes
indicate the median. The upper and lower lines of the box indicate the upper and lower quartiles, respectively. The scattered dots represent the values of each
sample. The larger dots represent outliers.

bacteria, while the gut microbiota of adults is more related to
energy metabolism.

The most featured bacterial group in the guts of juveniles
was Deferribacteraceae, which was also a main lineage found in
the gut of other vent shrimp (Durand et al., 2010; Apremont
et al., 2018). The functions of the phylum Deferribacterota
have received less attention, perhaps because most of them
are uncultivable. The most studied genus is Deferribacter,
which inhabits deep and shallow seas and includes four
species: Deferribacter thermophilus, Deferribacter desulfuricans,
Deferribacter abyssi, and Deferribacter autotrophicus. Of these,
D. desulfuricans and D. autotrophicus are the only two species
with an available complete genome and whose possible metabolic
pathways have been reported. The novel anaerobic heterotrophic
bacterium D. desulfuricans SSM1 was isolated from a deep-
sea hydrothermal vent chimney at the Suiyo Seamount of the
Izu-Bonin Arc, Japan (Takai et al., 2003). Genomic annotation
and comparison revealed that many of its genes were similar
to sulfur-reducing or sulfate-reducing bacteria in the phylum
Deltaproteobacteria. Analysis of metabolic pathways revealed
that the bacterium was capable of using a variety of organic

acids, such as formate, acetate, and pyruvate, as carbon sources.
This genome also encodes chemoreceptors, chemotaxis-like
systems, and signal transduction machinery, suggesting that the
bacterium possesses versatile energy metabolism for surviving
its extreme environments (Takaki et al., 2010). In contrast,
D. autotrophicus is a thermophilic chemolithoautotrophic
anaerobe that is capable of CO2 fixation by the roTCA cycle and
that couples the oxidation process of CO with nitrate reduction
using anaerobic [Ni, Fe]-containing CO dehydrogenase, the
first carbon monoxide oxidation process identified in the
phylum Deferribacterota (Slobodkin et al., 2019). A Nap-
type complex encoding nitrate reduction was also identified,
which may be involved in Fe(III) reduction. Deferribacteraceae,
along with Muribaculaceae and Lachnospiraceae, was also
the dominant family present in mouse intestines and was
associated with cofactor, vitamin, and amino acid metabolism
(Chung et al., 2020). Another study reported that the relative
abundance of Deferribacter spp. and Spirochaetes spp. in the
gut microbial community of horses increased after 160 h
of dietary treatment with moxidectin (Daniels et al., 2020).
Taken together, it is hypothesized that Deferribacteraceae in the
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FIGURE 3 | Beta diversities of the two gut microbial communities. (A) NMDS was calculated by Bray–Curtis distance for juvenile and adult shrimp (stress = 0.07).
Red dots indicate adult samples. Green triangles indicate juvenile samples. (B) PCoA indicated the similarity of microbiota composition and the phylogenetic
distance between the two groups based on the weighted UniFrac algorithm. Component axes indicate the degree of variance.

FIGURE 4 | Random forest analysis was performed between the two different developmental stages of R. kairei. The bar plot shows the influence of the top 20
bacteria based on the accuracy of the random forest model. The heatmap shows the bacteria with normalized abundance in the two different groups. Cam,
Campilobacterota; Def, Deferribacterota; Fir, Firmicutes; Bac, Bacteroidetes; Pro, Proteobacteria; Ver, Verrucomicrobia; Act, Actinobacteria; Pat, Patescibacteria. F,
foregut; H, hindgut. * indicates the shared bacteria with STAMP.

juvenile gut may be important for host health and adaptation to
extreme environments.

The genus Sulfurovum belongs to the family Sulfurovaceae.
Most strains of this genus grow chemolithoautotrophically using
sulfur as an energy source. Representatives of this genus include
Sulfurovum lithotrophicum (Inagaki et al., 2004), Sulfurovum
riftiae (Giovannelli et al., 2016), Sulfurovum sp. (Nakagawa et al.,
2007), Sulfurovum aggregans (Mino et al., 2014), Sulfurovum

denitrificans (Mori et al., 2018), and Sulfurovum indicum (Xie
et al., 2019). Most of them are from lithological samples, except
S. riftiae, which was isolated from the hydrothermal tubeworms.
Among them, only S. lithotrophicum and S. denitrificans can use
oxygen as the electron acceptor; the others can use nitrate, sulfur,
or thiosulfate as the electron acceptor. All of these species mainly
use hydrogen, sulfur, or thiosulfate as the electron donors. As
an environmental bacterium, Sulfurovum sp. NBC37-1 utilized
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FIGURE 5 | The pathways with significant differences between juveniles and adults. Pathways with more than 1% abundance were included in this differential
analysis. The diverse pathways are displayed on the y-axis. Relative abundances are displayed on the x-axis. Orange bars indicate adult samples. Blue bars indicate
juvenile samples. Asterisks indicate a significant difference. (Non-parametric Kruskal–Wallis tests, *p < 0.05, **p < 0.01).

hydrogen-oxidizing sulfur respiration and thiosulfate-oxidizing
nitrate/oxygen respiration for sulfur-related energy metabolism
(Nakagawa et al., 2007; Lösekann et al., 2008). Sulfurovum sp.
NBC37-1 can use elemental sulfur as both electron acceptor
and donor, which allows this class of microorganisms to
adapt to both highly reduced hydrothermal and oxygen-rich
environments (Yamamoto et al., 2010). S. riftiae is an anaerobic,
nitrate-reducing, sulfur- and thiosulfate-oxidizing bacterium,
which uses CO2 as the only carbon source and nitrate as
the only terminal electron acceptor (Giovannelli et al., 2016).
A recent metagenomic study on the hydrothermal vent shrimp
R. exoculata revealed that the reductive tricarboxylic acid
(rTCA) and Calvin–Benson–Bassham (CBB) cycles were used
for carbon fixation by two filamentous epibionts belonging

to Campylobacteria and Gammaproteobacteria, respectively.
These epibionts could couple the oxidation of reduced sulfur
compounds or molecular hydrogen to oxygen or nitrate
reduction (Jan et al., 2014). Sulfurovum was the most abundant
genus in the adult guts of R. kairei. At present, the understanding
of the intestinal flora of hydrothermal shrimp is unclear.
Sulfurovum lineage exists in both gill and intestinal tract besides
environments; some researchers speculated that the bacteria in
the intestinal tract may belong to the transient community
retained by permanent feeding (Zbinden and Cambon-Bonavita,
2020). A recent study on the symbiosis of gills in five different
hosts in a hydrothermal environment found that Sulfurovum is an
opportunistic combination with weak host selectivity (Lee et al.,
2021). In the guts of R. kairei, there is more than 100 ASVs in the
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genus Sulfurovum and the top 10 ASVs in abundance accounted
for 88.7%. None of the 10 ASVs was assigned as a known
species with cutoff of 0.8. Guts provide an anaerobic or hypoxic
environment. Strains in Sulfurovum are facultative anaerobes or
anaerobes. Moreover, metallic sulfide crystals filled the stomach
and gut of hydrothermal shrimp (Van Dover et al., 1988; Zbinden
and Cambon-Bonavita, 2003). All of these suggest that it is
possible for Sulfurovum to grow in guts, even as symbionts, and
to be involved in sulfur cycle and other functions.

Possible Horizontal Transmission of Gut
Microbiota in R. kairei
Like all other arthropods, R. exoculata undergoes molts, which
regularly eliminate the bacterial community that has settled on
the cuticle (Corbari et al., 2008). In contrast, the gut has no
cuticle layer, and therefore, the gut surface does not renew during
molting. The symbionts of this area were therefore supposedly
maintained throughout the lifecycle of the animal following
their acquisition (Durand et al., 2010). Regarding life history,
isotopic data have been used to argue that R. exoculata has
a long planktotrophic larval dispersal stage before it settles
on hydrothermal vents and transitions to the chemosynthetic
feeding pattern of juveniles (Gebruk et al., 2000). Lipids and
stable carbon isotope analyses of R. exoculata indicated that
these animals possess a high level of polyunsaturated fatty
acids, which can be mobilized to enable growth and maturation
of the vent shrimp at a suitable site (Pond et al., 2000).
Previous studies have shown that R. exoculata harbors two
symbioses: epibiotic communities located at branchiostegites,
including a wide diversity of Epsilon-, Gamma-, Alpha-, Beta-,
Delta-, Zetaproteobacteria, and Bacteroidetes (Zbinden et al.,
2008; Petersen et al., 2010; Hügler et al., 2011; Guri et al.,
2012; Jan et al., 2014; Cambon-Bonavita et al., 2021), and
bacterial communities colonized in guts, which are composed
of Deferribacteres, Mollicutes, Campylobacteria, and, to a lesser
extent, Gammaproteobacteria (Zbinden and Cambon-Bonavita,
2003; Durand et al., 2010, 2015). These results are consistent
with the intestinal microflora of R. kairei from the CIR in
this study, which is also mainly composed of Deferribacteres,
Mollicutes, and Campylobacteria. However, Bacteroidetes was
the major phylum in the guts of R. kairei from the CIR,
but that was not reported in the guts of R. exoculata from
MAR. Tyzzerella, belonging to the Lachnospiraceae family,
in a relatively high proportion in the juvenile group, was
not reported in the guts of R. exoculata from MAR. All of
these suggest that though R. kairei and R. exoculata belong
to hydrothermal shrimp, the microorganism community in
their guts appeared different. And the different composition
may be affected by geographical environment, species, and
others. Although the same species, gut microbial community
still showed difference to some extent, indicating the importance
of the environmental factor. Cowart et al. (2017) analyzed the
communities in three MAR hydrothermal vents across two
organs (digestive tract and stomach), three molting colors (white,
red, and black), and three life stages (egg, juvenile, and adult)
using cluster network analysis. The results showed that the

OTUs of Epsilonproteobacteria were geographically segregated,
and proposed a combination of transmission modes including
environmental selection and vertical inheritance for the symbiont
of hydrothermal shrimp R. exoculata (Cowart et al., 2017). In
the current study, of the 44 genera with abundances above 1%,
36 genera showed significant differences in abundance across
the whole gut microbiota between the two groups. These 36
significantly different genera occupied approximately 90 and 80%
of the total composition in juveniles and adults, respectively.
Taken together with the diversity and discriminative flora
analysis, this indicates that there may be horizontal transmission
in the gut microbiota of R. kairei. Whether there is vertical
propagation is uncertain and would require more information
related to embryos.

CONCLUSION

There were significant differences in the gut microflora structure,
such as species richness, diversity, and evenness, between juvenile
and adult R. kairei. These results suggest that the presence of
gut microbial variation across two developmental stages could
be an adaptation strategy for both symbionts and hosts in
extreme environments.
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Consortia of anaerobic methanotrophic archaea (ANME) and sulfate-reducing bacteria
mediate the anaerobic oxidation of methane (AOM) in marine sediments. However,
even sediment-free cultures contain a substantial number of additional microorganisms
not directly related to AOM. To track the heterotrophic activity of these community
members and their possible relationship with AOM, we amended meso- (37◦C) and
thermophilic (50◦C) AOM cultures (dominated by ANME-1 archaea and their partner
bacteria of the Seep-SRB2 clade or Candidatus Desulfofervidus auxilii) with L-leucine-
3-13C (13C-leu). Various microbial lipids incorporated the labeled carbon from this amino
acid, independent of the presence of methane as an energy source, specifically bacterial
fatty acids, such as iso and anteiso-branched C15:0 and C17:0, as well as unsaturated
C18:1ω9 and C18:1ω7. In natural methane-rich environments, these bacterial fatty acids
are strongly 13C-depleted. We, therefore, suggest that those fatty acids are produced
by ancillary bacteria that grow on 13C-depleted necromass or cell exudates/lysates
of the AOM core communities. Candidates that likely benefit from AOM biomass
are heterotrophic bacterial members of the Spirochetes and Anaerolineae—known to
produce abundant branched fatty acids and present in all the AOM enrichment cultures.
For archaeal lipids, we observed minor 13C-incorporation, but still suggesting some 13C-
leu anabolism. Based on their relatively high abundance in the culture, the most probable
archaeal candidates are Bathyarchaeota, Thermoplasmatales, and Lokiarchaeota. The
identified heterotrophic bacterial and archaeal ancillary members are likely key players in
organic carbon recycling in anoxic marine sediments.

Keywords: anaerobic oxidation of methane, archaea, bacteria, heterotrophy, stable isotope probing, lipid
biomarkers

INTRODUCTION

Methane is the most abundant hydrocarbon in marine sediments. The emission of methane
from sediments into the water column and eventually the atmosphere is attenuated by
the anaerobic oxidation of methane (AOM), which is performed by anaerobic methane-
oxidizing archaea (ANME) and sulfate-reducing bacteria consortia (SRB) (Hinrichs
et al., 1999; Boetius et al., 2000; Reeburgh, 2007; Wegener et al., 2016). The ANMEs
completely oxidize methane to carbon dioxide, and their partner bacteria use the reducing
equivalents produced in this reaction for sulfate reduction (Orphan et al., 2001). This
exchange likely involves direct electron transfer mediated by cytochromes and nanowires
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(McGlynn et al., 2015; Wegener et al., 2015). ANME archaea
are found in three clades known as ANME-1, ANME-2, and
ANME-3 (Orphan et al., 2002; Niemann et al., 2006). Psychro-
and mesophilic ANMEs form a consortium with SRB of the
Desulfosarcina/Desulfococcus (DSS), classified as Seep-SRB1, or
Desulfobulbus group (Boetius et al., 2000; Michaelis et al., 2002;
Niemann et al., 2006). The thermophilic ANME-1 archaea form
a consortium with Candidatus Desulfofervidus auxilii (Ca. D.
auxilii) in heated sediments (e.g., Guaymas Basin). In contrast to
SRBs in the psychro- and mesophilic consortia, Ca. D. auxilii has
been isolated using molecular hydrogen as an alternative electron
donor (Krukenberg et al., 2016).

ANMEs are characterized by diagnostic lipid biomarker
patterns. ANME-1 archaea predominantly synthesize glycerol
dialkyl glycerol tetraethers (GDGTs) as opposed to ANME-2 and
ANME-3 that produce archaeol-based diethers, predominantly
hydroxyarchaeol (Blumenberg et al., 2004; Rossel et al., 2008,
2011). Nonetheless, a thermophilic ANME-1 AOM enrichment
from the Guaymas Basin revealed a substantial quantity of
archaeol lipids in comparison to GDGTs, especially in the
active growth phase (Kellermann et al., 2016; Wegener et al.,
2016). The corresponding lipid patterns of SRB partners
determined from AOM environments and cultures are more
diverse and taxonomically only partly distinctive (e.g., Hinrichs
et al., 2000; Elvert et al., 2003, 2005; Blumenberg et al., 2004;
Niemann and Elvert, 2008). It has been shown that bacterial
fatty acids (FAs) from environments dominated by ANME-2
include large proportions of C16:1ω5c and cyclopropane (cy)-
C17:0ω5,6 (Elvert et al., 2003; Blumenberg et al., 2004), while
those dominated by ANME-1 predominantly produce ai-C15:0
(Blumenberg et al., 2004; Elvert et al., 2005). All of the
aforementioned archaeal or bacterial lipids show strong 13C-
depletions with δ13C values of –70h and lower, which are
assumed to be caused by the distinctively low δ13C values
of methane (e.g., Hinrichs et al., 1999; Thiel et al., 1999;
Pancost et al., 2001; Orphan et al., 2002; Elvert et al., 2003;
Blumenberg et al., 2004).

Multiple stable isotope probing (SIP) experiments indicate
that ANMEs and their direct SRB partners predominantly
assimilate inorganic carbon (Wegener et al., 2008; Kellermann
et al., 2012). Specifically, ANME-1 was classified as a methane-
oxidizing chemoorganoautotroph (Kellermann et al., 2012).
Here, we used long-term meso- and thermophilic AOM
enrichment cultures obtained from hydrocarbon-rich heated
sediments in the Guaymas Basin. The mesophilic culture grown
at 37◦C (AOM37) is dominated by ANME-1 and Seep-SRB2; the
thermophilic culture maintained at 50◦C (AOM50) is dominated
by ANME-1 and Ca. D. auxilii (Krukenberg et al., 2016; Wegener
et al., 2016). Although maintained for 5 years with methane
as the sole energy source, these cultures contain substantial
numbers of additional bacteria and archaea (Wegener et al.,
2016). The functions and carbon sources of these ancillary
microbes and their relationship with the AOM consortia remain
largely unknown. Kellermann et al. (2012) suggested that these
uncultured microbes may be heterotrophs, which likely feed
on labile organic compounds, such as acetate or protein-like
dissolved organic carbon detected in the pore waters of AOM

environments (Heuer et al., 2006; Yoshinaga et al., 2015; Yang
et al., 2020; Hu et al., 2021; Pérez Castro et al., 2021).

Leucine is one of the most abundant amino acids produced
by microorganisms and, if released into the environment,
becomes a carbon, nitrogen, and energy source (Kirchman
et al., 1985). Because leucine metabolism was found to be
particularly essential during starvation conditions (Harwood
and Canale-Parola, 1981; Mårdén et al., 1987), it is ideal
for tracking heterotrophic activity in slow-growing enrichment
cultures, such as AOM consortia. To explore the activity of these
heterotrophic community members and their signaling lipids in
AOM environments, we incubated active Guaymas Basin AOM
enrichment cultures with 13C-leu, a particular precursor for iso-
branched FAs (cf. Aepfler et al., 2019), which are abundant
in natural ANME-1 systems. Additionally, we used the same
cultures devoid of methane to suppress the activity of AOM
consortia members and to track the utilization of leucine for
lipid biosynthesis by non-AOM microbes. Based on our 13C-
leu incubation and published microbial community data on
the same cultures (Wegener et al., 2016; Krukenberg et al.,
2018), we were able to trace ancillary heterotrophic bacteria
and archaea in AOM enrichment cultures, detected by strong
13C-enrichments of diagnostic FAs but only minor for archaeal
lipids, highlighting the identification of branched fatty acids as
indicators of bacterial heterotrophy.

MATERIALS AND METHODS

Anaerobic Oxidation of Methane
Cultures
The production and maintenance of the sediment-free AOM
cultures from the Guaymas Basin were performed as described
before (Wegener et al., 2016; Laso-Pérez et al., 2018). In brief,
both AOM37 and AOM50 were incubated with marine sulfate
reducer medium supplemented with trace amounts of vitamins
(Widdel and Bak, 1992) under a CH4:CO2 atmosphere (2.5
atm; 90:10) at temperatures of 37◦C and 50◦C, respectively. The
initial concentration of sulfate was 28 mM. The carbon isotopic
composition of methane used was −35h (Wegener et al., 2021),
and sulfide concentrations were measured as described before
(Cord-Ruwisch, 1985). When sulfide concentrations exceeded
15 mM, microbial biomass was transferred into a fresh medium.
Under these conditions, the AOM37 and AOM50 cultures show
doubling times of 69 and 55 days, respectively (Holler et al., 2011).
The sulfate reducer Ca. D. auxilii was isolated from AOM50 with
hydrogen as the sole electron donor and sulfate as an electron
acceptor. It is chemolithoautotrophic and grows at temperatures
between 50 and 70◦C, and has a doubling time of 4–6 days
(Krukenberg et al., 2016).

Experimental Setup
For all experiments with the AOM cultures, the culture medium
was exchanged, and cultures were equally distributed in 156 ml
cultivation bottles. In the case of Ca. D. auxilii, new dilutions
were prepared (5 ml of active culture for inoculation). 13C-
leu was dissolved in Milli-Q water and sterilized by filtration
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TABLE 1 | Overview of incubation experiments.

Enrichment/culture δ13CDIC at T0 Incubation time (days) Experiment 1 Experiment 2
negative control

Experiment 3
positive control

Experiment 4

+ CH4 + 13C-leu + CH4 + 13C-leu + H2 + 13C-leu

AOM37 −14.9 0–28* 2 2 2

AOM50 −25.8 28 2 2 2

Ca. D. auxilii −17.5 40 2

CH4 is provided as an energy source in AOM37 and AOM50, while Ca. D. auxilii uses hydrogen (H2) as an energy source. ∗AOM37 was incubated for 0, 0.5, 3, 7, 14,
and 28 days, and both biomass and medium in each bottle were harvested to track 13C-incorporation into membrane lipids. The numbers indicate the number of bottles
used for each experiment.

(Minisart High Flow, PES, 28 mm, 0.1 µm, sterile). The
AOM37 and AOM50 cultures were amended with 100 µM of
sterilized 13C-leu and incubated under different experimental
conditions for 28 days (Table 1): experiment 1 with CH4 and
13C-leu to track characteristic lipid production by microbial
community members involved in leucine metabolism during
active AOM; experiment 2 with CH4 and without 13C-leu as a
negative control; experiment 3 with 13C-leu and without CH4
as a positive control to specifically track ancillary community
members and identify their lipids by suppressing the activity
of AOM consortia. Through these three experiments, we
were able to target ancillary microbial communities existing
in the current AOM cultures and constrain their potential
heterotrophic capabilities. In contrast, experiment 4 utilized the
autotrophic Ca. D. auxilii culture and was likewise amended
with 100 µM of sterilized 13C-leu. This experiment lasted for
40 days, and it thoroughly tested whether the partner bacterium
Ca. D. auxilii can metabolize 13C-leu and constrain its lipid
pattern. A 13C-leu concentration of 100 µM was chosen to
ensure a sufficient supply of substrate and to maximize the
potential to observe various pathways of leucine metabolism
during prolonged incubation, even though the concentration is
higher than existing leucine data from estuarine pore water (up
to 3 µM, Henrichs and Farrington, 1979).

Determination of Sulfide Concentration
and Isotopic Composition of Dissolved
Inorganic Carbon
Sulfide concentrations were used to monitor the growth of
AOM consortia and Ca. D. auxilii. The medium subsampling of
AOM37 for sulfide concentrations analysis was at 0, 0.5, 3, 7, 14,
21, and 28 days; AOM50 medium subsampling was at 0, 7, 21,
and 28 days; and Ca. D. auxilii medium subsampling was at 0 and
40 days. The subsampling for the measurements of the carbon
isotopic composition of dissolved inorganic carbon (δ13CDIC)
was performed on the same days to constrain the leucine
mineralization (Aepfler et al., 2019). In brief, 1 ml of the sample
was taken by syringe from the incubation serum bottles and
filtered through a 0.2 µm filter (Minisart regenerated cellulose
syringe filter, 15 mm) to remove cells and other particles. Finally,
samples were acidified with 100 µl phosphoric acid overnight in
an Exetainer vial pre-purged with CO2-free air before isotopic
analysis. All samples were measured with a Thermo Scientific

Delta Ray isotope ratio infrared spectrometer with an analytical
error of ±1h, which is obtained by repeated measurement of
the laboratory CO2 reference gas (n = 8). All isotopic values
are reported in the delta notation as δ13C relative to the Vienna
PeeDee Belemnite (VPDB) standard.

Lipid Extraction, Identification,
Quantification, and Isotopic Analysis
Due to potential contamination, we avoided subsampling
for lipid analysis from the same bottle as used for sulfide
concentration and δ13CDIC determination by obtaining biomass
from replicate samples. Cell pellets from these incubations were
extracted wet using a modified Bligh and Dyer protocol (Sturt
et al., 2004). Before extraction, 1 µg of 1,2-diheneicosanoyl-sn-
glycero-3-phosphocholine and 2-methyloctadecanoic acid were
added as internal standards. Polar lipid-derived fatty acids
(PLFAs) in the total lipid extract (TLE) were converted to
fatty acid methyl esters (FAMEs) using saponification with
KOH/MeOH and derivatization with BF3/MeOH (Elvert et al.,
2003). Archaeal intact polar lipids (IPLs) in the TLE were
separated from the apolar core lipids (CLs) using preparative
liquid chromatography (Meador et al., 2015), followed by ether
cleavage of both fractions with BBr3 in dichloromethane and
reduction of the resulting alkyl bromides with superhydride
to form isoprenoid hydrocarbons (Jahn et al., 2004). The
hydrocarbon products were purified by silica gel column
chromatography using 4 ml of hexane as an eluent. Both
FAMEs and isoprenoid hydrocarbons were measured by gas
chromatography coupled to flame ionization detection (GC-
FID, Thermo Finnigan Trace GC) for quantification and gas
chromatography-mass spectrometry (GC-MS, Trace GC coupled
to Trace MS, both from Thermo Finnigan) for structural
identification using the protocols described by Aepfler et al.
(2019). Using the same GC conditions, lipid δ13C values were
determined by GC-isotope ratio-MS (Thermo Finnigan Trace GC
coupled to a Thermo Scientific Delta V Plus) connected via a
GC IsoLink interface and are reported relative to VPDB. The
precision of a lab FA standard (2-methyloctadecanoic acid, n = 3)
was greater than 0.7h, while the deviations of duplicate isotopic
measurement of sample FAs were between ± 1h and ± 100h
(for PLFAs with label uptake of >1,000h).

The incorporation of 13C-leu into bacterial lipids expressed
as a percentage of 13C incorporation was calculated as the
product of excess 13C and the amount of FA carbon based on
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the quantification via GC-FID. Excess 13C is derived from the
difference between the fractional abundance (F) of 13C in FAs
after 28 days relative to T0 with F = 13C/(13C + 12C) = R/(R + 1)
and R being derived from the measured δ13C values as
R = (δ13C/1,000 + 1)× RVPDB.

RESULTS

Contents and δ13C Values of Microbial
Lipids in the Original Cultures
The FA distribution in the original AOM37 culture mainly
consisted of C18:1ω7 (37%), C16:0 (24%), and C18:0 (21%)
(Figure 1A). Branched-chain FAs accounted for 7% of the total.
The AOM50 culture was dominated by C16:0 and C18.0 with
a content of 46 and 28%, respectively. Branched-chain FAs
accounted for 12%. The original Ca. D. auxilii culture had a FA
pattern similar to AOM50, with C16:0 (40%) and C18:0 (52%) as
the dominant FAs. Branched-chain FAs were below the detection
limit in the Ca. D. auxilii culture. For archaea, we reported the
relative content of phytane (Phy) and the three biphytanes (BP0,
BP1, and BP2) derived from archaeols and GDGTs, respectively
(Figure 1B). The content of Phy in AOM 37 was 23%, higher than
that in AOM50 (10%). BPs had similar content in AOM37, with
BP1 being highest at 30%. At the higher incubation temperature
in AOM50, the BP pattern strongly shifted to BP2 (64%).

In AOM37, the δ13C values of monounsaturated FAs ranged
from −55 to −68h except C18:1ω9 with a δ13C value of −29h.
Saturated C14:0, C16:0, and C18:0 FAs had less negative δ13C
values between−25 and−38h (Figure 1C). The branched-chain
FAs were more 13C-depleted, with δ13C values ranging from−46
to −61h. FAs in AOM50 are generally less depleted in 13C
than AOM37 and showed δ13C values between −25 and −45h,
with the most negative δ13C values found for the branched-
chain FAs iC16:0 and aiC17:0. Different carbon fixation pathways
of the respective partner bacterium may cause the difference in
δ13C values of FAs in AOM37 and AOM50. The Seep-SRB-2
partner fixes carbon via the Wood-Ljungdahl pathway with a
fractionation up to 36h (Preuß et al., 1989; Krukenberg et al.,
2018), whereas Ca. D. auxilii uses the rTCA pathway with a
lower carbon isotope fractionation of up to 12h (Wirsen et al.,
2002; Suzuki et al., 2005; Krukenberg et al., 2016). The δ13C
values of FAs in the culture of Ca. D. auxilii were even more
positive, ranging between −21 and −28h. δ13C values of TLE-
derived Phy and BPs in the AOM37 and AOM50 were similar
and around−70h (Figure 1D).

Temporal Development of Sulfide
Production and δ13CDIC Values During
Incubation
Sulfide concentrations (HS−) were measured to monitor the
metabolic activity of the microorganisms involved in AOM
and of Ca. D. auxilii (Figure 2A). In AOM37 and AOM50
cultures without CH4 (experiment 3), HS− concentrations
remained stable, indicating a lack of methane-dependent sulfate
reduction. When CH4 was provided (experiments 1 and 2), HS−

increased gradually from 2.8 to 15.5 mM (1HS− = 12.7 mM)
for AOM37 and from 2.2 to 24.7 mM (1HS− = 22.5 mM)
for AOM50 within 28 days of incubation. There was no
substantial difference between incubations with and without
13C-leu addition, indicating that leucine did not affect sulfate
reduction. For Ca. D. auxilii, HS− increased from 2.7 to 26.1 mM
(1HS− = 23.4 mM) after 40 days of incubation with hydrogen
and 13C-leu (experiment 4).

We also measured the development of δ13CDIC
values as an indicator of microbial oxidation of 13C-leu
(Figure 2B). In AOM37 and AOM50 incubated with CH4
(experiment 2), δ13CDIC values decreased from −15 to −20h
(1δ13CDIC = −5h) and −26 to −34h (1δ13CDIC = −8h),
respectively, after 28 days of incubation caused by the oxidation
of CH4. When both CH4 and 13C-leu were supplied for
28 days (experiment 1), the δ13CDIC value increased from −15
to +51h (1δ13CDIC = 66h) in AOM37 and from −26 to
+118h (1δ13CDIC = 144h) in AOM50. If only 13C-leu was
provided (experiment 3), δ13CDIC increased slightly more from
−15 to +68h (1δ13CDIC = 83h) and from −26 to +125h
(1δ13CDIC = 151h) in AOM37 and AOM50, respectively. The
slight offset in 1δ13CDIC values between experiments 1 and 3
results from the dilution of the DIC signal with DIC derived from
the oxidation of unlabeled CH4 with a δ13C value of−35h in the
former experiment. The continuous increase of δ13CDIC values
suggested a replete supply of 13C-leu during the whole incubation
process. During incubation of Ca. D. auxilii, the addition of
13C-leu (experiment 4) did not alter the δ13CDIC values.

Alteration of 13C Values of Microbial
Lipids in 13C-Leu Treatments
The lipid compositions of cultures that received 13C-leu were
similar to those of the original cultures, suggesting that the
overall community was stable during the incubations (Figure 1A
and Supplementary Table 1), which did not cover a full
doubling time. However, the 13C-leu additions in experiments
1 and 3 strongly altered the isotopic compositions of bacterial
FAs (Figure 3 and Supplementary Table 1). In the AOM37
experiment, the 13C-leu addition already resulted in the increase
of δ13C values by up to 260h relative to T0 (1δ13C = δ13CT –
δ13CT 0) in iso-branched FAs iC15:0 and iC17:0 after 0.5 days. After
28 days of incubation, the anteiso-branched aiC15:0 incorporated
most of the 13C (δ13C = 2,800h), while iC15:0 showed a lower
value of 2,100h. In the AOM50 incubation, 13C-incorporation
was even more pronounced, and δ13C values reached up to
6,400h for iC15:0 and iC17:0 after 28 days. Next to the branched
FAs, the monounsaturated FA C18:1ω9 was highly labeled in
the AOM37 incubation with a δ13C value of 2,200h, which
was not the case in AOM50. In both AOM37 and AOM50
enrichment cultures, carbon-numbered saturated FAs were at
least 13C-labeled. Their δ13C values remained lower than those
of the DIC, suggesting that the autotrophic partner bacteria
mostly synthesize these lipids (Figure 2B). Overall, the δ13C
values of FAs during incubation without CH4 (experiment 3)
show a similar 13C-labeling strength to those in the incubation
with CH4 (experiment 1, Supplementary Table 1), indicating
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FIGURE 1 | Bacterial and archaeal lipid patterns (A,B) and their δ13C values (C,D) in the original cultures AOM37 and AOM50 and the isolated bacterium Ca. D.
auxilii. Phy and BP data are derived from total lipid extracts.

that the incorporation of 13C-leu is independent of AOM activity.
In contrast, the 40-day incubation with 13C-leu did not affect
the lipid isotopic composition of the isolated autotrophic SRB
partner Ca. D. auxilii (Supplementary Table 1), confirming its
autotrophic lifestyle.

We calculated the relative FA 13C-incorporation pattern
of the heterotrophic bacterial community members of both
AOM enrichment cultures (Figure 4) based on the FA content
(Figure 1A) and respective δ13C values (Supplementary Table 1)
after 28 days. In AOM37, the strongest 13C-incorporation is
observed for the monounsaturated FAs C18:1ω9 (30.0%) and
C18:1ω7 (20.6%), followed by iC15:0 (16.8%), aiC15:0 (13.3%),
and iC17:0 (7.5%). In AOM50, we observed the highest 13C-
incorporation in FAs iC15:0 (39.6%) and iC17:0 (31.2%), followed
by iC16:0 (9.0%), while even-numbered FAs (C16:0 and C18:0)
show much less 13C-incorporation, despite, as a sum, being the
dominant fatty acids in all incubations (Figure 1). These results
are independent of whether CH4 was supplied to the enrichment
cultures or not (Figure 4).

Changes in δ13C values relative to T0 of CL and IPL derived
Phy and BPs in treatments with 13C-leu of AOM37 and AOM50
are shown in Figure 5. For all data on archaeal lipid-derived
isoprenoid hydrocarbons, we refer to Supplementary Table 2. In
both 13C-leu experiments, the 13C-incorporation into Phy and
BPs was lower after 28 days (maximum δ13C value of 118h in
IPL-Phy). These values are in the range of the corresponding 13C-
label transfer into DIC (δ13CDIC values up to 151h; Figure 2).
However, the 13C-incorporation was independent of AOM

activity. Throughout the experiments, BPs incorporated less 13C
than Phy, regardless of whether they were being retrieved from
the CL or IPL fractions. In particular, BP0, which is mostly
derived from the GDGT caldarchaeol, had a δ13C value up to
16h higher in the 13C-leu-treated AOM37 and AOM50 culture
than in the original cultures, independent of the addition of CH4
(experiments 1 and 3 compared to experiment 2). The CL-derived
BP1 and BP2, AOM37, and AOM50 did not incorporate the
13C-label from 13C-leu (Supplementary Table 2). In contrast,
CL- and IPL-derived Phy increased by up to 113h with CH4
(experiment 1) and up to 118h without CH4 (experiment 3) in
AOM37 after 28 days. These values are specifically higher than
δ13CDIC values, which increased by 66h. For the AOM50 culture,
minute amounts of IPL-derived Phy and BPs obtained after ether
cleavage prevented isotope analyses.

DISCUSSION

Ancillary Microorganisms Grow on
Leucine
In the AOM enrichment cultures, sulfide production
quantitatively depends on CH4 as an energy source. The
turnover of 13C-leu, as observed by changes in δ13CDIC values,
had no measurable effect on sulfide production (Figure 2A)
and occurred independent of the supply of CH4, indicating that
leucine was predominantly metabolized by ancillary microbes
not involved in AOM. This is in line with constant δ13CDIC
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FIGURE 2 | Development of 1HS- (mM, A) and 1δ13CDIC (h, B) relative to T0 in the incubation experiments with the AOM37 and AOM50 cultures over 28 days
and the Ca. D. auxilii culture over 40 days.

values during the 40-day Ca. D. auxilii incubation (Figure 2B),
providing concrete evidence that Ca. D. auxilii does not
utilize leucine.

The microbial degradation and assimilation of leucine
proceeds in diverse reactions. Leucine is deaminated and
decarboxylated, resulting in isovaleryl-CoA, which can be used
as a primer for odd-numbered iso-series FAs in bacteria, such
as iC15:0 and iC17:0 (Kaneda, 1977; Aepfler et al., 2019). In
addition, isovaleryl-CoA can be transformed via acetoacetate into
acetyl-CoA (Yamauchi, 2010; Díaz-Pérez et al., 2016). Acetyl-
CoA can either be completely oxidized or used for the synthesis
of biomolecules, including the generation of bacterial FAs
during elongation via malonyl-CoA or isoprenoid ether lipids
in the case of halophilic archaea (Harwood and Canale-Parola,
1981; Yamada et al., 2006). Our experiments demonstrated
the incorporation of 13C-leu into selected branched FAs, such

as iC15:0 and iC17:0, independent of CH4 supply (Figure 4).
Additionally, we observed a substantial 13C-incorporation into
aiC15 and aiC17, which is explained by the production of a
2-methylbutyric acid intermediate during leucine catabolism
under starvation conditions (Ganesan et al., 2006; Díaz-Pérez
et al., 2016). This leads to the formation of 2-methylbutyryl-
CoA, which serves as a primer molecule for the synthesis
of anteiso FAs. Similarly, the interconversion of leucine and
valine gives rise to isobutyryl-CoA (Monticello and Costilow,
1982), which serves as a primer of even-numbered iso-branched
FAs, such as iC16. The high labeling of these fatty acids
suggests that abundant heterotrophic bacteria not involved in
sulfate-dependent AOM, such as Spirochetes or Anaerolineae
(Supplementary Table 3), are generally active and likely to
thrive on free amino acids or other protein-like organic
matter (Hu et al., 2021). These carbon pools are highly
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FIGURE 3 | Development of δ13C values (in h relative to T0) of bacterial FAs during 13C-leu incubation of AOM37 and AOM50 with and without (w/o) CH4 over 28
days (experiments 1 and 3, respectively).

FIGURE 4 | Pattern of 13C-incorporation into bacterial FAs in the AOM37 and AOM50 cultures during 13C-leu incubation with and without (w/o) CH4 after 28 days
(experiments 1 and 3, respectively).

FIGURE 5 | Development of δ13C values (in h relative to T0) of archaeal lipid-derived isoprenoid hydrocarbons during 13C-leu incubation of AOM37 and AOM50
cultures with and without (w/o) CH4 over 28 days (experiments 1 and 3, respectively). In the AOM50 culture, the amounts of IPL-Phy and IPL-BP0 were too low to
obtain δ13C values.
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13C-depleted if derived from the biomass of AOM consortia
in natural environments (Takano et al., 2018; Hu et al.,
2021).

The partner bacterium Ca. D. auxilii neither incorporate
13C-leu into its dominant FAs C16:0 and C18:0, nor into
any other FAs (Supplementary Table 1). The incorporation
of 13C-leu differs between the meso- and thermophilic
AOM enrichment cultures at 37◦C and 50◦C, respectively
(Figures 3, 4). Compared to AOM37, AOM50 tends to
channel more 13C from leucine into iso-branched than
anteiso-branched FAs (AOM50, iso:anteiso = 92:8; AOM37,
iso:anteiso = 63:37). Moreover, in AOM37, we observe a
predominant 13C-incorporation into straight-chain FAs C18:1ω9
and C18:1ω7. These straight-chain FAs are likely synthesized by
downstream 13C-leu products, such as acetate, and are probably
derived from ancillary heterotrophic bacterial community
members in AOM37 but not in AOM50, such as Spirochetes
(Supplementary Table 3).

In the incubation of AOM37 and AOM50 with 13C-
leu, Phy and BPs (derived from archaeal di- and tetraether
lipids, respectively) incorporated much less 13C than bacterial
FAs (Figures 3, 5). In the AOM37 culture, IPL-derived
Phy provided a 47h stronger change in its δ13C value
(1δ13C = 113h, Figure 5) than the corresponding DIC
(1δ13C = 66h, Figure 2) after 28 days. This divergence
suggests that archaeal IPLs are not solely biosynthesized via
DIC assimilation in AOM37 (Supplementary Figure 1).
Eventually, possible carbon substrates are leucine or, more
likely, secondary metabolites, such as acetate, which is
released during leucine catabolism of heterotrophic bacteria
(Aepfler et al., 2019). Unfortunately, we could not examine
this relationship in AOM50 due to very few isoprenoid
hydrocarbons obtained after ether cleavage. In the 13C-
leu incubations of our study, the relative 13C-enrichment
of BPs was negligible compared to Phy but reached up
to 16h for CL-derived BP0 in AOM50. Based on our
short-time incubation, this is in agreement with former
labeling experiments of ANME-1 dominated Guaymas Basin
sediments using 13CDIC and D2O, which revealed an initial
production of diether lipids that are later transformed into
tetraether lipids (Kellermann et al., 2016). The observed
isotopic evidence of the enhanced formation of 13C-
enriched archaeal lipids over time suggests that some archaea
participated in the leucine metabolism or the assimilation
of metabolic intermediates. Nonetheless, their role in
amino acid mineralization seems to be less important than
heterotrophic bacterial community members due to their low
13C-label incorporation.

Minor Bacterial and Archaeal Community
Members Thrive on Anaerobic Oxidation
of Methane Necromass
Methane-rich sediments contain a large number of AOM
consortia and diverse host archaeal and bacterial communities,
with a substantial proportion of heterotrophic microorganisms
(Biddle et al., 2006; Ruff et al., 2015; Dombrowski et al.,

2018; Pérez Castro et al., 2021). These heterotrophs coexist
with AOM consortia in natural environments and enrichment
cultures, even after many years of maintenance (Wegener
et al., 2016). Prior microbial composition analysis of the
Guaymas Basin AOM cultures revealed that ANME-1 archaea
and their partners dominate AOM37 and AOM50 (Seep-
SRB2 and Ca. D. auxilii, Holler et al., 2011; Wegener et al.,
2015, 2016). Ancillary microbial communities, identified by
amplified 16S rRNA gene sequences of the AOM37 and the
AOM50 culture (Wegener et al., 2016) and 16S rRNA genes
recruited from the metagenomes of the AOM37 and the AOM60
culture (Supplementary Table 3; Krukenberg et al., 2018), are
presumably unrelated to AOM. These include Anaerolineaceae
and Spirochetes, and Candidate divisions JS1, WS3, and KB,
many of which are known to be heterotrophs. Anaerolineae,
which occupy up to 3.7% of the Guaymas Basin cultures
(Supplementary Table 3), are strictly anaerobic heterotrophs
and thrive on carbohydrates and amino acids (Rosenkranz
et al., 2013; Liang et al., 2016). The cultured strains of this
group produce mainly iso- and anteiso-C15 and C17 FAs
(Yamada et al., 2006). Spirochetes similarly thrive on the
degradation of carbohydrates and proteins (Paster, 2010; Dong
et al., 2018) and are abundant in anoxic hydrocarbon-rich
habitats (Dong et al., 2018). The AOM37 culture contains
up to 5% Spirochetes, whereas these heterotrophs are absent
in the AOM50 culture (Supplementary Table 3). Spirochetes
primarily synthesize branched fatty acids, but some also produce
substantial amounts of C18:1ω9 and C18:1ω7 (Livermore and
Johnson, 1974; Vishnuvardhan Reddy et al., 2013). Hence, in the
AOM37 culture, the substantial 13C-incorporation into branched
fatty acids and C18:1ω9 and C18:1ω7 FAs is most likely due to
the Spirochetes activity (Figure 4). The production of the latter
can be attributed to the prolonged transformation and oxidation
of isovaleryl-CoA in the tricarboxylic acid cycle, leading to
acetyl-CoA and thus the production of even-numbered FAs
(Aepfler et al., 2019).

In natural AOM environments, there is circumstantial
evidence for the presence of heterotrophic bacteria because
of the abundance of branched FAs. Originally, different FA
patterns have been described as originating from environments
dominated by either ANME-1 or -2 but showing the presence
of the same SRB partner (Blumenberg et al., 2004; Elvert
et al., 2005; Niemann and Elvert, 2008). ANME-1 dominated
AOM systems are related to lower methane flux and are
dominated by aiC15:0 as well as other branched-chain
FAs (Stadnitskaia et al., 2008), while ANME-2 dominated
systems are indicated by the presence of monounsaturated
C16:1ω5 and cyC17:0ω5,6 FAs at sites with high methane
flux intensity (Elvert et al., 2003). Taking the results of
our study into account, we suggest that the different FA
patterns, particularly the larger amounts of branched and
partly unsaturated fatty acids, originate from the activity
of heterotrophic bacteria inhabiting the vicinity of AOM
consortia. These heterotrophic bacteria effectively utilize
available amino acids, such as valine, leucine, or isoleucine,
which are derived from 13C-depleted proteins from AOM
consortia necromass or AOM cell exudates/lysates, such as
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amino acids and acetate (Middelboe and Jørgensen, 2006;
Takano et al., 2018; Yang et al., 2020; Hu et al., 2021).
Thus, if amino acid-based carbon is available, especially
under energy- and nutrient-limited conditions in ANME-1
dominated settings, bacterial heterotrophs will produce more
branched FAs. Under natural conditions, such branched
FAs become even more negative in δ13C values than
FAs derived from the autotrophic SRB partner in AOM
consortia (Elvert et al., 2005). Moreover, the activity of such
heterotrophic bacteria may explain the difficulty of detecting
AOM biomarkers in the sulfate methane transition zone
(SMTZ) or their disappearance below the current SMTZ
(Niemann et al., 2005; Biddle et al., 2006; Zhu et al., 2021)
because AOM biomass is more labile and accessible to these
degraders than recalcitrant background organic matter.
As a result, they actively reshape different carbon pools
and contribute to biogeochemical carbon cycling in anoxic
marine sediments.

In addition, both AOM enrichment cultures contain
archaea with potential heterotrophic metabolisms, including
the members of the Bathyarchaeota, Thermoplasmatales,
and Lokiarchaeota (Supplementary Table 3; Wegener et al.,
2016; Krukenberg et al., 2018). All these three archaeal
groups encode protein catabolism or have been cultured
on proteinaceous substrates (Imachi et al., 2020; Yin et al.,
2022). The metabolic activity of these microbes in the
AOM37 culture is supported by the methane-independent
incorporation of 13C-leu into IPL-derived Phy (Figure 5).
Bathyarchaeota—formerly known as the Miscellaneous
Crenarchaeotal Group (MCG)—are widespread in anoxic
sediments. Based on their genomes, some Bathyarchaeota
may be protein-degrading heterotrophs with acetyl-CoA
centralized pathways for energy conservation (Lloyd et al.,
2013). In the AOM50 culture, Bathyarchaeota, which accounts
for approximately 10% of all cells (Supplementary Table 3),
may be responsible for the trace incorporation of 13C into
the CL-derived BP0 during the incubation (Figure 5).
Another candidate for 13C-label incorporation from leucine
is Thermoplasmatales, which occupy up to 4.9% of the total
population in the Guaymas Basin cultures (Supplementary
Table 3). The members of the Thermoplasmatales have
been cultured with yeast extract as their carbon and
energy sources (Itoh et al., 2007). They, therefore, may
also be candidates for using leucine or its metabolized
derivatives in the AOM enrichments. Lokiarchaeota, the
third potential group, accounted for 0.4% of the whole
population. Lokiarchaeota were only recently isolated and
able to degrade amino acids via syntrophy, and they are likely
to produce both archaeol and GDGTs as lipid membrane
constituents (Imachi et al., 2020), which would be consistent
with our study here. In summary, the low 13C labeling of
archaeal lipids indicates that ancillary archaea play a small
role in leucine turnover. However, given the widespread
distribution of archaea and their postulated advantage over
bacteria under conditions of severe energy stress, an archaeal
contribution to the utilization of AOM-derived (dissolved)
organic matter in the methane-laden sediments has to be

taken into account (Biddle et al., 2006; Kubo et al., 2012;
Yoshinaga et al., 2015).

CONCLUSION

Meso- and thermophilic AOM cultures from the Guaymas
Basin were incubated with position-specifically labeled 13C-
leu to investigate heterotrophic lipid formation by ancillary
community members. Most of the 13C from leucine was
incorporated into branched-chain and unsaturated FAs of
heterotrophic bacteria, such as Anaerolineae or Spirochetes.
No 13C-leu incorporation into FAs was observed for the
cultured Ca. D. auxilii SRB representative, confirming that
this partner bacterium is an autotroph. Combining our results
with former environmental information of FA patterns of
different AOM consortia indicates that bacterial heterotrophs
thrive on 13C-depleted AOM necromass or cell exudates/lysates
in the form of amino acids in the marine environment,
addressing the frequently observed strong decline of AOM
biomass and lipid biomarkers below current SMTZs. In
addition, archaeol-based IPLs and some tetraether CLs showed
minor methane-independent assimilation of 13C, suggesting
that ancillary, potentially heterotrophic archaea, such as
Bathyarchaeota, Thermoplasmatales, and Lokiarchaeota, are
active. All these taxa are minor community members in our
enrichment cultures but commonly appear in subsurface
sediments and can thus be specialists for the recycling of
necromass in anoxic hydrocarbon-rich habitats. The AOM
cultures, with their limited microbial diversity, appear
to be a promising source of materials for confirming the
function of these mostly uncultured microorganisms through
targeted cultivation.
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In seafloor sediments, the anaerobic oxidation of methane (AOM) consumes 

most of the methane formed in anoxic layers, preventing this greenhouse gas 

from reaching the water column and finally the atmosphere. AOM is performed 

by syntrophic consortia of specific anaerobic methane-oxidizing archaea 

(ANME) and sulfate-reducing bacteria (SRB). Cultures with diverse AOM partners 

exist at temperatures between 12°C and 60°C. Here, from hydrothermally 

heated sediments of the Guaymas Basin, we  cultured deep-branching 

ANME-1c that grow in syntrophic consortia with Thermodesulfobacteria at 

70°C. Like all ANME, ANME-1c oxidize methane using the methanogenesis 

pathway in reverse. As an uncommon feature, ANME-1c encode a nickel-

iron hydrogenase. This hydrogenase has low expression during AOM and the 

partner Thermodesulfobacteria lack hydrogen-consuming hydrogenases. 

Therefore, it is unlikely that the partners exchange hydrogen during AOM. 

ANME-1c also does not consume hydrogen for methane formation, disputing 

a recent hypothesis on facultative methanogenesis. We hypothesize that the 

ANME-1c hydrogenase might have been present in the common ancestor 

of ANME-1 but lost its central metabolic function in ANME-1c archaea. For 

potential direct interspecies electron transfer (DIET), both partners encode 

and express genes coding for extracellular appendages and multiheme 

cytochromes. Thermodesulfobacteria encode and express an extracellular 

pentaheme cytochrome with high similarity to cytochromes of other 

syntrophic sulfate-reducing partner bacteria. ANME-1c might associate 

specifically to Thermodesulfobacteria, but their co-occurrence is so far only 

documented for heated sediments of the Gulf of California. However, in the 

deep seafloor, sulfate–methane interphases appear at temperatures up to 

80°C, suggesting these as potential habitats for the partnership of ANME-1c 

and Thermodesulfobacteria.

KEYWORDS

anaerobic oxidation of methane, ANME-1, archaea, deep sea, hydrothermal vents

TYPE Original Research
PUBLISHED 23 September 2022
DOI 10.3389/fmicb.2022.988871

OPEN ACCESS

EDITED BY

S. Emil Ruff,  
Marine Biological Laboratory (MBL), 
United States

REVIEWED BY

Maxim Rubin-Blum,  
Israel Oceanographic and Limnological 
Research (IOLR), Israel
Xiyang Dong,  
Third Institute of Oceanography of the 
Ministry of Natural Resources, China

*CORRESPONDENCE

David Benito Merino  
dbenito@mpi-bremen.de  
Gunter Wegener  
gwegener@mpi-bremen.de

SPECIALTY SECTION

This article was submitted to  
Extreme Microbiology,  
a section of the journal  
Frontiers in Microbiology

RECEIVED 07 July 2022
ACCEPTED 15 August 2022
PUBLISHED 23 September 2022

CITATION

Benito Merino D, Zehnle H, Teske A and 
Wegener G (2022) Deep-branching 
ANME-1c archaea grow at the upper 
temperature limit of anaerobic oxidation of 
methane.
Front. Microbiol. 13:988871.
doi: 10.3389/fmicb.2022.988871

COPYRIGHT

© 2022 Benito Merino, Zehnle, Teske and 
Wegener. 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.

41

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.988871&domain=pdf&date_stamp=2022-09-23
https://www.frontiersin.org/articles/10.3389/fmicb.2022.988871/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.988871/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.988871/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.988871/full
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.988871
mailto:dbenito@mpi-bremen.de
mailto:gwegener@mpi-bremen.de
https://doi.org/10.3389/fmicb.2022.988871
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Benito Merino et al. 10.3389/fmicb.2022.988871

Frontiers in Microbiology 02 frontiersin.org

Introduction

In anoxic deep-sea sediments, the greenhouse gas methane is 
produced abiotically by thermocatalytic decay of buried organic 
matter or biotically by methanogens (Whiticar, 1999). Anaerobic 
oxidation of methane (AOM) mitigates the flux of methane to the 
water column and eventually to the atmosphere by consuming 
90% of the methane produced in the deep sediments (Hinrichs 
and Boetius, 2002; Reeburgh, 2007; Regnier et  al., 2011). In 
marine sediments, AOM primarily couples to sulfate reduction in 
a 1:1 stoichiometry:

 CH SO HS HCO H O4 4
2

3 2+ ® + +- - -
.  (1)

AOM is mediated by anaerobic methanotrophic archaea 
(ANME) that oxidize methane to CO2 by reversing the 
methanogenesis pathway (Hallam et al., 2004; Meyerdierks et al., 
2010; Wang et  al., 2013). ANME do not encode respiratory 
pathways, but they pass the reducing equivalents liberated during 
AOM to sulfate-reducing partner bacteria (SRB), forming 
characteristic consortia (Boetius et al., 2000; Michaelis et al., 2002; 
Orphan et al., 2002; McGlynn et al., 2015; Wegener et al., 2015). 
The nature of this syntrophic association and the mechanisms 
involved in the transfer of reducing equivalents from ANME 
toward SRB are not completely resolved at the molecular level. 
Originally, it was proposed that the archaeal partners produce 
molecular hydrogen that is consumed by the bacterial partners 
(Hoehler et al., 1994). However, most ANME do not code for 
hydrogenases (Chadwick et al., 2022). Previous studies support 
the hypothesis of direct interspecies electron transfer (DIET) 
involving multiheme cytochromes and pilus proteins (Meyerdierks 
et  al., 2010; McGlynn et  al., 2015; Wegener et  al., 2015). The 
partner SRBs use the AOM-derived electrons for anaerobic 
respiration with sulfate as final electron acceptor (Boetius et al., 
2000; Wegener et al., 2015; Laso-Pérez et al., 2016). The limited 
energy yield of sulfate-dependent AOM [equation (1), 
ΔG°′ = −16.67 kJ mol−1 at standard conditions and ΔG = −20 to 
−40 kJ mol−1 in marine AOM habitats] needs to be shared between 
ANME and their syntrophic partner SRB (Thauer, 2011).

ANME inhabit a variety of marine habitats including cold 
seeps (Boetius et al., 2000; Orphan et al., 2001), mud volcanoes 
(Niemann et al., 2006), gas hydrates (Lanoil et al., 2001; Orcutt 
et al., 2004), hydrothermal vents (Inagaki et al., 2006; Biddle et al., 
2012) and deep subsurface sediments (Roussel et  al., 2008). 
ANME are polyphyletic and fall into three distinct phylogenetic 
groups (ANME-1, ANME-2, and ANME-3). ANME-3 often 
dominate AOM at mud volcanoes, where they form consortia with 
Desulfobulbus-related bacteria (Niemann et al., 2006; Lösekann 
et  al., 2007). Cultivation attempts of ANME-3 have not been 
successful so far. ANME-2 are globally distributed in a variety of 
benthic habitats and are typically found associated with Desulfosa
rcina/Desulfococcus bacteria (DSS, Seep-SRB1 and Seep-SRB2 
clades; Knittel et  al., 2003, 2005; Boetius and Knittel, 2010). 

ANME-2 are dominant at cold seeps with high methane fluxes 
and temperatures below 20°C (Knittel et al., 2005). Cultivation 
attempts at temperatures ≤ 20°C resulted in the enrichment of 
ANME-2c (Holler et al., 2009; Wegener et al., 2016).

ANME-1 prevail in most deep sulfate–methane transition 
zones (SMTZs; Ishii et al., 2004; Niemann et al., 2005; Treude 
et al., 2005), in hydrothermally heated sediments in the Guaymas 
Basin (Teske et al., 2002; Schouten et al., 2003; Ruff et al., 2015; 
Dombrowski et  al., 2018), and in the Auka vent field, in the 
Pescadero Basin (Gulf of California; Speth et al., 2022). Meso- and 
thermo-philic AOM cultures have been obtained from Guaymas 
Basin sediments at 37°C, 50°C, and 60°C (Holler et al., 2011; 
Wegener et al., 2016). These cultures consisted of ANME-1a and 
HotSeep-1 (Ca. Desulfofervidus) as partner bacteria. Ca. 
Desulfofervidus sequences are also found in situ at these sites 
(McKay, 2014; Dowell et al., 2016).

Previous short-term incubations revealed AOM activity at 
temperatures up to 75°C or 85°C, but the microorganisms 
performing AOM under these conditions were not assessed 
(Kallmeyer and Boetius, 2004; Holler et al., 2011; Adams et al., 
2013). Here, we obtained an active AOM culture at 70°C (AOM70) 
from Guaymas Basin hydrothermal sediments consisting of a 
previously uncultured ANME-1 subgroup (Teske et al., 2002) and 
an apparently obligate syntrophic Thermodesulfobacterium 
partner. We  describe their function and interaction based on 
physiological experiments and molecular data.

Materials and methods

Sediment collection and enrichment 
culture setup

Sediment push cores from gas-rich hydrothermal vents of the 
Guaymas Basin (Gulf of California) were collected by the 
submersible Alvin at 2013 m depth during RV Atlantis cruise 
AT42-05 (November 2018). Sediments for this AOM enrichment 
came from cores 4,991–13 and 4,991–14 in the Cathedral Hill area 
(27°00.6848′ N, 111° 24.2708′ W) collected on 17 November 2018, 
in an area covered by dense orange-white Beggiatoaceae mats, 
where temperatures at 50 cm depth reached at least 80°C. On 
board sediment samples were transferred to glass bottles sealed 
with butyl rubber stoppers, the headspace was exchanged to 
argon. Sediments were stored at 4°C until further processing. 
Sediment slurries were prepared following protocols previously 
described (Laso-Pérez et al., 2018). Anoxic sediments were mixed 
with sulfate-reducer medium (Widdel and Bak, 1992) in a 1/10 
ratio (v/v) in serum vials sealed with rubber stoppers. The 
headspace of the serum vials was replaced with 2 atm methane:CO2 
(90:10). The dry weight of the original slurries was 60 g L−1. The 
slurries were incubated at 70°C in the dark. Methane-dependent 
sulfide production was measured with the copper sulfate assay 
(Cord-Ruwisch, 1985). Incubations with methane-dependent 
sulfide productions at 70°C are referred to as AOM70 culture. 
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These cultures were diluted 1/5 with new medium when sulfide 
levels reached > 10 mM. Cultures were virtually sediment-free 
after four dilutions.

DNA extraction and long-read 
sequencing

DNA samples for long-read sequencing were prepared 
according to previous protocols with few modifications (Zhou 
et  al., 1996; Hahn et  al., 2020). In short, 50 ml culture were 
collected in a Falcon tube and biomass was pelleted by 
centrifugation at RT (4,000 rpm for 20 min). After removing the 
supernatant, 800 μl extraction buffer was added (100 mM tris–
HCl, 100 mM sodium EDTA, 100 mM sodium phosphate, 1.5 M 
NaCl, 1% CTAB, pH 8). For physical lysis of cell envelopes, the 
pellet suspension was frozen twice in liquid nitrogen and thawed 
in a water bath at 65°C. For enzymatic lysis, 1,000 μl extraction 
buffer with 60 μl proteinase K (20 mg mL−1) was used at 37°C for 
1.5 h with constant shaking. Chemical lysis was done with 300 μl 
20% SDS at 65°C for 2 h. Cell debris was pelleted again by 
centrifugation at RT (13,000 × g for 20 min). The clear supernatant 
was transferred to a new tube and 2 ml of chloroform-isoamyl 
alcohol (16:1, v:v) were added. The samples were mixed by 
inverting the tubes and centrifuged at RT (13,000× g for 20 min). 
The aqueous phase was transferred to a new tube and mixed with 
0.6 volumes isopropanol. DNA was precipitated overnight at 
−20°C. After precipitation, DNA was re-dissolved at 65°C in a 
water bath for 5 min and samples were centrifuged at RT 
(13,000× g for 40 min). Supernatant was removed and the pellet 
was washed with ice-cold 80% ethanol. Samples were centrifuged 
at 13,000× g for 10 min and the ethanol was removed. Dried 
pellets were resuspended in 100 μl PCR-grade water. Long-read 
(>10 kb) genomic DNA was sequenced on a Sequel IIe (Pacific 
Biosciences) at the Max Planck Genome Centre in Cologne. Read 
length distributions and abundances are compiled in 
Supplementary Table 1.

RNA extraction and short-read shotgun 
sequencing

Triplicates of 30 ml culture were filtered onto 0.2 μl 
polycarbonate filters under gentle vacuum. Filters were soaked 
immediately with RNAlater (Invitrogen) preheated at 70°C for 
10–15 min. RNAlater was removed by filtration and the filters 
were stored at −20°C until further processing. For RNA 
extraction, ¼ of a filter was put into a bead-beating tube (Lysing 
Matrix E, MPBio) together with 600 μl RNA lysis buffer 
(Quick-RNA MiniPrep kit, Zymo Research). Tubes were vortexed 
at maximum speed for 20 min. Biomass was pelleted by 
centrifugation at RT (10,000× g for 5 min). The supernatant was 
collected and RNA was extracted with the Quick-RNA MiniPrep 
kit (Zymo Research) including a DNA digestion step with DNase 

I. Total RNA libraries were sequenced in an Illumina HiSeq2500 
machine at the Max Planck Genome Centre (Cologne, Germany). 
We obtained 4 Mio 2 × 250 bp paired-end reads.

Metagenome and metatranscriptome 
analysis

Metagenomic long-reads were assembled using Flye v. 2.9 
(Kolmogorov et  al., 2020). Shotgun metatranscriptomic short 
reads were quality trimmed using BBduk from the BBtools 
package v. 38.871 with the parameters minlength = 50 mink = 6 
hdist = 1 qtrim = r trimq = 20. Metagenomic reads were mapped to 
the general assembly. Long reads were mapped using minimap2 v. 
2.21 (Li, 2018) with default parameters. Open reading frames in 
metagenomic contigs were predicted with prodigal v. 2.6.3 (Hyatt 
et al., 2010) and genes were annotated with PFAMs, TIGRFAMs, 
COGs, KEGGs, and RNAmmer (Kanehisa and Goto, 2000; Haft 
et al., 2001; Lagesen et al., 2007; Galperin et al., 2015; Mistry et al., 
2021). CXXCH motifs in putative multiheme cytochromes were 
searched with a custom script.2 Predicted hydrogenase sequences 
were classified into subgroups with the hydrogenase database 
(HydDB; Søndergaard et  al., 2016). Subcellular localization of 
heme-containing proteins and hydrogenases was predicted with 
PSORTb 3.0 (Yu et al., 2010). Metagenomic binning based on 
differential coverage across metagenomic samples was done with 
maxbin v 2.2.7 (Wu et al., 2016). Bins were manually refined in 
anvi’o v. 6 (Eren et al., 2015, 2020) by removing contigs with low 
coverage from high-coverage bins.

Triplicate metatranscriptomes were mapped to curated bins 
using bowtie 2 (Langmead and Salzberg, 2012). The rRNA and 
tRNA gene sequences were removed before calculating gene 
expression levels. Center-log ratio (CLR) values for relative gene 
expression were calculated according to the formula:

 
CLR x

L x x x
i

i

i nn
=

´ ´¼´
log2

1 2  
(2)

where xi  are the reads mapped to a specific gene and Li is 
the length of the gene in kbp. A 0.5 factor was added to read-
mapping values to avoid zero values.

To analyze the similarity of cytochrome-like proteins in 
ANME-1 and sulfate-reducing bacteria, amino acid sequences 
from sulfate-reducing partner bacteria genomes were downloaded 
from NCBI (Krukenberg et al., 2016, 2018). BLAST databases 
were created from the cytochrome sequences in the reference SRB 
genomes using makeblastdb (BLAST v. 2.10.1; Altschul et  al., 

1 https://sourceforge.net/projects/bbmap/

2 https://github.com/dbenitom/Metagenomics_scripts/blob/main/

CXXCH_search_anvio_import.sh
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1990). Cytochrome-like proteins in AOM70 cultures were queried 
against the custom database with BLASTp v 2.5.

Community composition and 
phylogenetic analyses based on the 16S 
rRNA gene

16S rRNA genes from long-read metagenomic assemblies 
were extracted with Metaxa2 (Bengtsson-Palme et al., 2015). Full-
length 16S rRNA gene sequences were aligned to the SILVA 
database release 138.1 using the SINA aligner within the ARB 
software (Ludwig et al., 2004; Pruesse et al., 2012; Quast et al., 
2013). Long reads were mapped against 16S rRNA genes using 
minimap2 (Li, 2018). Shotgun metatranscriptomic reads were 
aligned to 16S rRNA gene using bowtie2 (Langmead and Salzberg, 
2012). Maximum-likelihood 16S rRNA phylogenetic trees with 
selected ANME or Thermodesulfobacteria sequences were 
calculated using RAxML with 1,000 bootstraps and a 50% 
frequency base filter (Stamatakis, 2014).

Phylogenomic and phylogenetic analyses

Archaea and Bacteria genomes were downloaded from public 
databases (Supplementary Table 3). For ANME-1 phylogenomic 
analysis, the genomes were annotated with HMMs of 38 conserved 
archaeal marker genes (Supplementary Table 3; Darling et al., 
2014). For Thermodesulfobacteria, the genomes were annotated 
with HMMs of 71 conserved bacterial marker genes (Rinke et al., 
2013). The amino acid sequences of each set were aligned and 
concatenated using MUSCLE (Edgar, 2004). Maximum likelihood 
phylogenomic trees were calculated with IQTree using the –test 
option to estimate the best substitution model for each protein in 
the partition file and using 100 bootstraps (Chernomor et al., 
2016; Kalyaanamoorthy et al., 2017; Minh et al., 2020). Reference 
hydrogenase sequences (Supplementary Table 5) were downloaded 
from the hydrogenase database (HydDB; Søndergaard et  al., 
2016). ANME-1 hydrogenases and reference hydrogenases were 
aligned with muscle (Edgar, 2004). Maximum likelihood 
phylogenetic trees of the alignment were calculated with IQTree 
with 100 bootstraps (Chernomor et al., 2016; Kalyaanamoorthy 
et al., 2017; Minh et al., 2020). Trees were visualized and edited on 
the Interactive Tree Of Life (iTOL) online server (Letunic and 
Bork, 2011).

Catalyzed reporter 
deposition-fluorescent in situ 
hybridization

To prepare catalyzed reporter deposition-fluorescent in situ 
hybridization (CARD-FISH) samples, 5 ml culture were fixed at 
1% formaldehyde concentration over night at 4°C. Fixed samples 

were sonicated (15 s, 30% power, 20% cycle) to detach cells from 
sediment particles to detach larger aggregates. Samples were then 
filtered onto 0.2 μm polycarbonate filters and fixed with 0.2% 
low-melting agarose before CARD-FISH. Samples were stored at 
−20°C until further processing. CARD-FISH was performed as 
described previously (Pernthaler et al., 2002). In short, endogenous 
peroxidases were inactivated with a solution of 0.15% H2O2 in 
methanol for 30 min at RT. Cell walls were permeabilized with 
lysozyme (Sigma Aldrich, 10 mg mL−1 lysozyme in 50 mM EDTA, 
100 mM Tris–HCl; 60 min incubation at 37°C), proteinase K 
(15 μg mL−1 proteinase K in 50 mM EDTA, 100 mM Tris–HCl, 
500 mM NaCl; 10 min incubation at RT) and HCl (0.1 M HCl; 
1 min incubation at RT). Horseradish peroxidase-labeled probes 
were diluted in hybridization buffer at the adequate formamide 
concentration for each probe (Supplementary Table 2). Probes 
were hybridized at 46°C for 2 h. Signal amplification with 
fluorescent tyramides was done for 45 min at 46°C. For double 
hybridizations, peroxidases of the prior hybridization step were 
inactivated by incubating the filter in 0.30% H2O2 in methanol for 
30 min at RT.

Quantification of methane and hydrogen 
in AOM cultures

For cultures under AOM conditions, hydrogen formation in 
the headspace was measured by gas chromatography coupled to 
reducing compound photometry (RCP, Peak Performer 1 RCP, 
Peak Laboratories). For cultures under methanogenic conditions, 
methane formation in the headspace was measured via gas 
chromatography and flame ion detection (GC-FID, Focus GC, 
Thermo).

Results and discussion

AOM enrichment cultures at 70°C

A slurry produced from hydrothermally-heated sediments 
from the Guaymas Basin and sulfate-reducer medium was 
supplemented with a methane:CO2 headspace and incubated at 
70°C. These incubations showed methane-dependent sulfate 
reduction, as measured by an increase of sulfide in the medium 
(Figure 1B; Supplementary Figure 1). These incubations produced 
sulfide 12 to 15 mM sulfide within about 100 days. The slurries were 
diluted 1/10 (v/v) in fresh SRB medium, and a fresh methane:CO2 
headspace was added and the incubation was proceeded. After four 
additional incubation and dilution steps, the produced AOM70 
cultures were virtually sediment-free, contained microbial 
aggregates visible with the naked eye and produced approximately. 
100 μmol sulfide L–1 d–1. To our knowledge, this is the first long-
term cultivation of AOM-performing microorganisms above 
60°C. The culture showed strongly decreased sulfide production at 
60°C. It tolerated a transfer to 75°C, but became inactive at 80°C, 
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confirming prior results on the upper-temperature limit of AOM 
made in short-term incubations with Guaymas Basin sediments 
(Holler et al., 2011; McKay et al., 2016).

Thermophilic AOM community at 70°C

To resolve the microbial community composition of the 
AOM70 culture, we  obtained a long-read metagenome and 
triplicate short-read metatranscriptomes. The community consisted 
mainly of ANME-1 (~50% relative abundance of mapped reads) 
and Thermodesulfobacteria (~20% relative abundance) based on 
16S rRNA gene fragments recruited from the metagenome 
(Figure  1C) that were rare in the original sediment samples 

(Supplementary Figure 2). Metatranscriptomic samples were also 
dominated by ANME-1 (~70% relative abundance) and 
Thermodesulfobacteria (~15% relative abundance), forming the 
active AOM community at 70°C. Both the metagenome and 
metatranscriptome revealed noticeable populations of 
Bathyarchaeota and Acetothermia (<10% relative abundance of 
mapped reads). Yet, we were not able to reconstruct MAGs of these 
organisms; hence, their potential functions are unknown. Previous 
studies suggest that these organisms ferment or oxidize 
biomolecules produced by the AOM community (Kellermann 
et  al., 2012; Dombrowski et  al., 2017; Hao et  al., 2018; Zhu 
et al., 2022).

After long-read metagenome assembly and binning, 
we obtained two high-quality MAGs of the two members of the 
AOM consortium (Table 1). The Thermodesulfobacterium MAG 
has a size of 1.7 Mbp and GC content of 29%. The bin is almost 
complete (98.6%) and has no contamination based on the presence 
of 104 bacterial single-copy marker genes (CheckM; Parks et al., 
2015). The ANME-1 bin has a size of 1.5 Mbp and a GC content 
of 47.8%. The bin is 90.8% complete and has contamination of 
7.9% based on 149 archaeal marker genes (CheckM; Parks 
et al., 2015).

We attempted to visualize the enriched ANME-1 using a 
previously established probe targeting the whole ANME-1 clade 
(ANME-1-350, Supplementary Table 2; Boetius et al., 2000). In 
situ hybridization with the ANME-1-350 failed, because the 
probe has two mismatches with the 16S rRNA sequence of the 
enriched ANME-1. The 16S rRNA gene of this ANME-1 belong 
to a clade ancestral to all ANME-1a/b, namely ANME-1c 
(Supplementary Figure  4 and Discussion below; Laso-Pérez 
et al., 2022). A newly developed ANME-1-389 probe specifically 
binds to ANME-1c cells. Because the probes available for 
partner SRB do not target the 16S rRNA sequence of 
Thermodesulfobacteria, we designed three candidate probes to 
target this clade (Supplementary Table 2). Unfortunately, none 
of these probes hybridized the 16S rRNA of this organism after 
various CARD-FISH attempts (Supplementary Table  2). 
Thermodesulfobacteria are likely the partner bacteria of 
ANME-1c during AOM at 70°C based on the abundance of 
bacterial cells and their gene content (see Discussion below). 
Furthermore, all genes coding for dissimilatory sulfate reductase 

FIGURE 1

Microbial composition and growth of thermophilic AOM cultures. 
(A) CARD-FISH on AOM aggregates with the probes EUB388 I-III 
(green) and ANME-1-389 (red). Bacteria (green) and archaea (red) 
form shell-type consortia. (B) Methane-dependent sulfide 
production in AOM cultures. The red arrows indicate when 
culture medium was replaced. (C) 16S rRNA gene relative 
abundance in long-read metagenomic reads and shotgun 
metatranscriptomic reads (triplicate metatranscriptomes). The 
enrichment is dominated by ANME-1 and sulfate reducers of the 
class Thermodesulfobacteria. Other bacteria and archaea such as 
Acetothermia and Bathyarchaeia are side community members 
from original sediment samples.

TABLE 1 Metagenome-assembled genomes retrieved from AOM70 
enrichment cultures.

Ca. 
Thermodesulfobacterium

ANME-1c (Ca. 
Methanophagales)

No. of contigs 4 16

Genome size 1.702 Mbp 1.493 Mbp

L50/N50 2/808,565 bp 5/109,767 bp

GC content 29.0% 47.8%

Completeness* 98.6% 90.8%

Contamination* <1% 7.89%

*Completeness and contamination were calculated with CheckM.
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A B

FIGURE 2

ANME-1 phylogenomic tree and hydrogenase phylogeny. (A) Phylogeny of ANME-1 order (Ca. Methanophagales) with related Ca. Alkanophagales, 
Ca. Syntrophoarchaeales, and Ca. Santabarbaracales. Maximum likelihood phylogenomic tree based on an alignment of 38 archaeal conserved 
genes from 55 genomes (Supplementary Table 3). Geoglobus sequences were the outgroup to set the tree root (not shown). (B) Hydrogenase 
phylogeny. ANME-1, Ca. Alkanophagales and Ca. Syntrophoarchaeales hydrogenases are located at the base of groups 1 g and 1 h of NiFe 
hydrogenases. A complete hydrogenase tree is shown in Supplementary Figure 11. MAGs from cultured ANME are depicted in bold. Shading in 
both trees indicates the three subdivisions of the ANME-1: ANME-1c, ANME-1a and ANME-1b. ANME-1 AOM70 is the genome discussed in the 
main text. Scales indicate nucleotide substitution per site. Bootstrap support is based on 100 iterations above 70% and above 90%.

(dsr) in the metagenome belong to the Thermodesulfobacterium 
MAG. Double hybridization with the ANME-1c and the general 
bacterial probes (Supplementary Table 2) revealed a dominance 
of “shell-type” aggregates consisting of ANME-1c and partner 
bacteria (Figure 1A; Supplementary Figure 3). These consortia 
consist of clumps of ANME-1c cells, surrounded by smaller 
rod-shaped bacterial cells. These shell-type aggregates differ 
from the predominantly mixed-type aggregates of moderately 
thermophilic consortia growing at 50°C–60°C (Holler et al., 
2011; Wegener et al., 2015). A shell-type growth morphology is 
often observed in cold-adapted ANME (Knittel et al., 2005). The 
reason for the different association types is unknown.

Phylogeny of deep-branching ANME-1c

On the basis of whole genome comparison, the ANME-1 
population detected in the AOM70 culture falls into the recently 
named ANME-1c clade (Figure 2A; Laso-Pérez et al., 2022; Speth 
et  al., 2022).The ANME-1c group is basal to its sister groups 
ANME-1a and ANME-1b within the order ANME-1 (Ca. 

Methanophagales). The 16S rRNA gene phylogenetic tree supports 
this phylogenetic placement (Supplementary Figure 4). ANME-1c 
belong to the class Syntrophoarchaeia with the ANME-1, Ca. 
Syntrophoarchaeales and Ca. Alkanophagales. Considering an 
average nucleotide identity (ANI) of <83% for distinct species 
and >95% for the same species (Jain et al., 2018) the ANME-1c 
clade consists of two distinct species clusters (Supplementary  
Figure 5). The ANME-1c MAG from the AOM70 culture belongs 
to the cluster of Ca. Methanoxibalbensis ujae from Pescadero  
Basin (Laso-Pérez et  al., 2022). ANME-1c 16S rRNA gene  
sequences have been detected in hydrothermal sediments  
of the Guaymas Basin and the Juan de Fuca Ridge 
(Supplementary Figure 4; Teske et al., 2002; Merkel et al., 2013; 
McKay et al., 2016), and a MAG of the ANME-1c clade (accessions: 
SAMN09215218, GCA_003661195.1) was derived from Guaymas 
Basin hydrothermal sediments (Dombrowski et  al., 2018). 
ANME-1c are also present in rock samples from hydrothermal 
fields in Pescadero Basin (Gulf of California; Speth et al., 2022). The 
ANME-1c clade was originally named “ANME-1b” by Teske and 
coworkers to differentiate this lineage from previously described 
cold-seep ANME-1 (Teske et  al., 2002) and later renamed to 
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ANME-1Guaymas because it was predominantly recovered from 
Guaymas Basin (Biddle et al., 2012; Merkel et al., 2013; Dowell et al., 
2016). These sequences originate from sediment cores with sulfate-
reducing activity at temperatures between 65°C and 90°C, showing 
that these archaea are likely all thermophiles (Biddle et al., 2012). 
Furthermore, the high GC content (>60%) of ANME-1c 16S rRNA 
genes indicates that these archaea might have temperature optima 
in the upper range of thermophily above 70°C (Merkel et al., 2013).

Genomic and metabolic features of 
ANME-1c

ANME-1c codes for a complete methanogenesis pathway 
including a canonical methane-active Mcr (Figure 3). The mcrABC 
genes in ANME-1c have the highest expression (CLR > 7) among all 
genes in the dataset. This high expression of mcr confirms previous 
transcriptomic work in ANME (Haroon et al., 2013; Krukenberg 

et al., 2018). The activation of methane is the rate-limiting step of 
AOM, and ANME would promote this reaction by producing large 
amounts of Mcr (Scheller et al., 2010; Thauer, 2011). Similar to other 
ANME-1 archaea, ANME-1c does not encode a N5,N10-methylene-
H4MPT reductase (mer). This gene might be  substituted by a 
5,10-methylenetetrahydrofolate reductase (met; Stokke et al., 2012; 
Krukenberg et al., 2018). The function of this bypass has not been 
verified yet. All other genes of the methanogenesis pathway show a 
relatively high expression with CLR values between 0.1 and 3.4 
(Supplementary Table  4), supporting a catabolic function  
of the encoded genes. ANME-1c encodes and expresses  
the methanogenesis-related membrane-bound complex H+-
translocating F420:quinone oxidoreductase (fqo) that catalyzes the 
transfer of electrons from reduced cofactors to the quinone pool 
(Pereira et al., 2011). ANME-1c encodes an ATP synthase, which is 
a common feature in ANME to enable the oxidative phosphorylation 
of ATP, coupled to the influx of protons. ANME-1c encodes a 
sulfate adenylyltransferase (cysN; low expression, CLR = −0.02) and 

FIGURE 3

Key metabolic pathways in ANME-1c and Ca. Thermodesulfobacterium torris and metatranscriptomic expression during AOM. Gene expression 
values were normalized to centered-log ratios (CLR). A CLR value of 0 represents the mean expression of all genes in a genome. The asterisk next 
to the ANME-1c cytochrome indicates unknown cell localization. H4MPT, tetrahydromethanopterin; MF, methanofuran; Fd, ferredoxin; Mcr, 
methyl-coenzyme M reductase; Mtr, tetrahydromethanopterin S-methyltransferase; Met, 5,10-methylenetetrahydrofolate reductase; Mtd, 
methylenetetrahydromethanopterin dehydrogenase; Mch, methenyltetrahydromethanopterin cyclohydrolase; Ftr, formylmethanofuran-
tetrahydromethanopterin formyltransferase; Fmd, formylmethanofuran dehydrogenase; Cdh/Acs, CO dehydrogenase/acetyl-coenzyme A 
synthase complex; rTCA, reductive tricarboxylic acid cycle; Sat, sulfate adenylyltransferase; Apr, adenylylsulfate reductase; Dsr, dissimilatory sulfate 
reductase; Fqo, ferredoxin: quinone oxidoreductase; Atp, ATP synthase; Hyd, hydrogenase; Qmo, quinone-modifying oxidoreductase; Nuo, 
NADH:ubiquinone oxidoreductase; Cytc, multiheme cytochrome c-like protein; PilA, bacterial pilus protein; FlaB, archaeal flagellum protein 
(archaellum).
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an adenylylsulfate kinase (cysC; high expression, CLR = 2.21) that 
could be used for assimilatory sulfate metabolism, but it lacks the 
key genes for dissimilatory sulfate reduction. The ANME-1c MAG 
lacks a complete nitrogenase operon, suggesting it is incapable of 
nitrogen fixation. The capability for nitrogen fixation has been 
shown only in ANME-2 archaea but not in ANME-1 (Dekas et al., 
2009, 2015; Orphan et  al., 2009; Krukenberg et  al., 2018). The 
nitrogenase subunits nifDH detected in ANME-1c and other 
ANME-1 genomes (Meyerdierks et al., 2010) are likely paralogs of 
cfbCD because they are located in an operon with genes encoding 
the biosynthetic pathway of coenzyme F430 (Zheng et  al., 2016; 
Moore et al., 2017). Coenzyme F430 functions as a prosthetic group 
that binds to the active site of McrA, and is therefore a key molecule 
for methanogens and methanotrophs (Friedmann et  al., 1990; 
Ermler et al., 1997; Shima et al., 2012).

ANME-1c likely performs autotrophic carbon fixation via the 
carbon monoxide dehydrogenase/acetyl-CoA synthase complex 
(Cdh/Acs; Kellermann et al., 2012). All the cdh transcripts are highly 
abundant (CLR between 0.4 and 2.0, Supplementary Table  4), 
supporting the use of this pathway for autotrophy. ANME-1c does 
not encode other complete carbon fixation pathways. The reductive 
tricarboxylic acid (rTCA) cycle is incomplete, lacking the key enzyme 
pyruvate carboxylase. The rTCA cycle genes have relatively low 
expression (CLR −0.7 to 1.8, Supplementary Table 4). Enzymes of 
this pathway may play a role in the biosynthesis of cell building blocks 
(Meyerdierks et al., 2010). Like all ANME-1, ANME-1c contains a 
β-oxidation pathway. The phylogenetically related multi-carbon 
alkane oxidizers, Ca. Syntrophoarchaeales, Ca. Alkanophagales and 
Ca. Santabarbaracales harbor several copies of the β-oxidation genes 
and use the encoded pathway to split alkane-derived acyl-CoA into 
acetyl-CoA units (Laso-Pérez et  al., 2016; Wang et  al., 2021). 
However, the expression of β-oxidation genes in ANME-1c is 
relatively low, especially the first two reactions (CLR −0.2 to 0.5, 
Supplementary Table 4). Furthermore, ANME-1c lacks the electron 
transfer flavoprotein (etfAB) needed to oxidize acyl-CoA to 
enoyl-CoA. Hence, β-oxidation may not serve a catabolic function in 
ANME-1c, but play a role in biosynthesis of cell compounds. Wang 
and colleagues suggested that the ancestor of Syntrophoarchaeia 
(family including ANME-1, Ca. Syntrophoarchaeales and Ca. 
Alkanophagales) activated multi-carbon alkanes with their multi-
carbon-alkane specific Mcr (Acrs) forming the corresponding 
alkyl-CoM as intermediate (Laso-Pérez et  al., 2016; Wang et  al., 
2021). It was proposed that ANME-1 acquired a methane-activating 
Mcr from methylotrophic methanogens, likely from the clade Ca. 
Methanofastidiosa/Ca. Nuwarchaeia, and later lost the acr genes 
(Borrel et al., 2019; Wang et al., 2021).

Phylogeny and environmental 
distribution of AOM-associated 
Thermodesulfobacteria

We compared the Thermodesulfobacterium MAG in AOM70 
cultures with the Thermodesulfobacteria MAGs from Pescadero 

Basin and to MAGs retrieved from databases (NCBI and JGI). 
Our AOM70 Thermodesulfobacterium shares >95% ANI with a 
MAG of a Thermodesulfobacterium from Pescadero Basin (Laso-
Pérez et al., 2022; Speth et al., 2022; Supplementary Figure 7). 
Based on 16S rRNA phylogeny (Supplementary Figure 6), the 
Thermodesulfobacterium AOM70 sequences form a cluster with 
sequences originating from Guaymas Basin and Pescadero Basin 
hydrothermal seeps (McKay et al., 2016; Lagostina et al., 2021; 
Pérez Castro et al., 2021; Speth et al., 2022). Several species of 
Thermodesulfobacterium have been isolated from hot springs 
(Zeikus et al., 1983; Sonne-Hansen and Ahring, 1999; Hamilton-
Brehm et  al., 2013), petroleum reservoirs (Rozanova and 
Khudiakova, 1974) and hydrothermal vents (Jeanthon et al., 2002; 
Moussard et  al., 2004). The 16S rRNA gene sequence of our 
AOM70 Thermodesulfobacterium is 96% identical to the closest 
cultured representative, Thermodesulfobacterium geofontis, 
isolated from Obsidian Pool, Yellowstone National Park 
(Hamilton-Brehm et al., 2013). Considering an ANI <83% for 
distinct species and >95% for the same species (Jain et al., 2018) 
the Thermodesulfobacteria MAG from the AOM70 culture 
metagenome and the Pescadero MAG are a new candidate species 
in the genus Thermodesulfobacterium (Supplementary Figure 8). 
We propose the taxon name Candidatus Thermodesulfobacterium 
torris (torris “firebrand” referring to the thermophilic lifestyle and 
the formation of black aggregates in the cultures).

Metabolism of the partner bacteria 
Thermodesulfobacteria

Members of the Thermodesulfobacteria family have not  
been previously reported as partner bacteria in AOM. All 
Thermodesulfobacteria isolates are sulfate-reducing (hyper) 
thermophiles with growth optima between 65°C and 90°C. They 
differ in the range of electron donors or carbon sources they use, 
which include molecular hydrogen, formate, lactate, and pyruvate 
(Zeikus et al., 1983; Sonne-Hansen and Ahring, 1999; Jeanthon et al., 
2002; Moussard et al., 2004). Similar to other members, Ca. T. torris 
encodes a complete dissimilatory sulfate reduction pathway, 
including sulfate adenylyltransferase (sat), adenylylsulfate reductase 
(apr), and dissimilatory sulfite reductase (dsr). In Ca. T. torris this 
pathway is highly expressed during AOM (average CLR values 
between 4.0 and 6.5, Supplementary Table  4). In addition, Ca. 
T. torris contains and expresses the Dsr-associated membrane 
complex (dsrKMOP) which takes up electrons from the periplasmic 
cytochrome c pool to reduce a disulfide bond in the cytoplasmic 
DsrC (Pereira et al., 2011; Venceslau et al., 2014). The quinone-
modifying oxidoreductase (qmoABC) genes are present in an operon 
together with the Apr genes. In fact, the Qmo membrane complex 
interacts with Apr through a third unknown protein and channels 
electrons from the membrane ubiquinones via electron confurcation 
(Ramos et  al., 2012). Both the dsrKMOP and the qmoABC 
transcripts have high expression (Supplementary Table 4). Other 
cytoplasmic enzymes commonly associated with heterodisulfide 
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reductases, such as the methylviologen reducing hydrogenase (Mvh/
Hdr), were not found in the dataset. For energy conservation, Ca. 
T. torris uses a membrane-bound NADH:ubiquinone oxidoreductase 
(Nuo) and an ATP synthase (Atp). Nuo couples the reduction of 
NAD+ by reduced ubiquinones in the cytoplasmic membrane to the 
translocation of protons to the periplasmic space. The proton 
gradient generated enables oxidative phosphorylation in the 
ATP synthase.

The reductive acetyl-CoA pathway (Wood-Ljungdahl 
pathway) for carbon fixation is incomplete in the genome. Ca. 
T. torris does not encode a formate dehydrogenase (fdh) or a 
carbon monoxide dehydrogenase/acetyl-CoA complex (cdh/acs), 
but it encodes the enzymes catalyzing C1-tetrahydrofolate 
transformations. These reactions are necessary for several cell 
processes including nucleic acid biosynthesis (Ducker and 
Rabinowitz, 2017). Instead, Ca. T. torris likely fixes carbon via the 
rTCA cycle. The genome codes for an almost complete rTCA 
cycle, lacking a succinyl-CoA synthetase. This enzyme is likely 
substituted by a putative acetyl-CoA synthetase encoded in the 
genome and highly expressed (CLR = 3.39, locus MW689_000791). 
Acetyl-CoA synthetases have sequence homology with 
succinyl-CoA synthetases and are also active toward succinate 
with reduced affinity (Sánchez et  al., 2000). Similarly, the 
thermophilic partner bacterium Ca. Desulfofervidus auxilii and 
other non-symbiotic thermophilic SRB fix carbon via the rTCA 
cycle (Schauder et al., 1987; Krukenberg et al., 2016). By contrast, 
meso- and psychrophilic AOM partner bacteria fix carbon using 
the Wood-Ljungdahl pathway (Skennerton et al., 2017).

We aimed to enrich Ca. T. torris by incubating aliquots of the 
AOM70 culture with H2, formate, lactate, or pyruvate as electron 
donors. None of the substrates resulted in immediate sulfide 
production (Supplementary Figure 9). Pyruvate caused sulfide 
production after 15 days, which likely indicates the growth of 
originally rare microorganisms, similar as shown for mesophilic 
AOM cultures (Zhu et al., 2022). These incubations suggest that 
Ca. T. torris is an obligate syntrophic bacterium that fully depends 
on the transfer of reducing equivalents in AOM.

Transfer of reducing equivalents between 
ANME-1c and Thermodesulfobacteria

Because ANME have no own respiratory pathways, they need 
to transfer the reducing equivalents liberated during AOM to their 
sulfate-reducing partners. Multiple mechanisms have been 
proposed for syntrophic fermentation, including interspecies 
hydrogen transfer (Schink, 1997). A canonical syntrophy based on 
interspecies hydrogen transfer would require membrane-bound 
hydrogenases in both partners. Notably, the ANME-1c MAGs 
code for a complete nickel-iron hydrogenase, a feature that is rare 
in other ANME-1 genomes. The hydrogenase database (HydDB) 
annotation classifies this hydrogenase within the group  1 g of 
hydrogenases that are typically found in thermophilic organisms 
(Brock et al., 1972; Fischer et al., 1983; Huber et al., 2000; Laska 

et  al., 2003). Yet this hydrogenase is only poorly expressed 
(CLR < −0.3, Supplementary Table 4). In contrast, the Ca. T. torris 
MAG lacks hydrogenases. The addition of molecular hydrogen to 
the culture did not stimulate sulfide production in the AOM 
culture, which confirms that Ca. T. torris cannot grow on 
hydrogen. Based on these observations we exclude hydrogen as 
electron carrier from ANME-1c toward Ca. T. torris. Our results 
confirm thermodynamic models which excluded hydrogen 
exchange in AOM consortia (Sørensen et al., 2001). Most other 
AOM partner bacteria such as SeepSRB-1a and SeepSRB2 are also 
obligate syntrophs and do not encode hydrogenases (Nauhaus 
et al., 2002; Wegener et al., 2016; Krukenberg et al., 2018). Ca. 
D. auxilii, performs DIET when growing as partner in AOM or 
short-chain alkane oxidation at 50°C–60°C (Wegener et al., 2015; 
Laso-Pérez et al., 2016; Krukenberg et al., 2018; Hahn et al., 2020), 
but it also shows growth on hydrogen (Krukenberg et al., 2016). It 
has been shown that DIET allows more efficient growth than 
interspecies hydrogen transfer (Summers et al., 2010).

In AOM and short-chain alkane-oxidizing consortia, cells are 
densely packed and the intercellular space contains cytochromes 
and nanowire-like structures (McGlynn et  al., 2015; Wegener 
et al., 2015; Laso-Pérez et al., 2016; Krukenberg et al., 2018). In 
these mesophilic and thermophilic consortia, both partners 
express cytochrome and pilA genes (Laso-Pérez et  al., 2016; 
Krukenberg et al., 2018). The genes pilA (bacterial pilin) in Ca. 
T. torris and flaB (archaeal flagellin) in ANME-1c show a high 
expression in the metatranscriptomes (CLR values of 1.8 and 3.2, 
respectively, Supplementary Table  4). The archaeal flagellum 
(archaellum) is highly similar to bacterial type IV pili (Albers and 
Jarrell, 2015) and might also be involved in electron transfer over 
longer distances. The conductivity of the archaellum from the 
methanogen Methanospirillum hungatei was demonstrated, yet its 
possible role in interspecies electron transfer is unclear (Walker 
et al., 2019). Conductive filaments that enable the transport of 
electrons across long distances toward extracellular electron 
acceptors have been widely studied in Geobacter (Reguera et al., 
2005; Malvankar et al., 2011; Shrestha et al., 2013; Adhikari et al., 
2016). Reguera et al. (2005) showed that pilus-deficient Geobacter 
mutants could not transfer electrons to extracellular electron 
acceptors, suggesting an involvement of pilin proteins in this 
process (Reguera et al., 2005).

The molecular basis of DIET in sulfate-dependent AOM 
has been intensively discussed in the past years (McGlynn 
et al., 2015; Wegener et al., 2015; Chadwick et al., 2022; Yu 
et al., 2022). McGlynn et al. (2015) proposed a model based 
on direct interspecies electron transfer via multiheme 
cytochromes for AOM consortia, using evidence from single-
cell activities, microscopic observations and genomics 
(McGlynn et al., 2015). Krukenberg et al. (2018) showed that 
both partners highly express cytochromes with a low number 
of heme groups (3–5 heme binding motifs) during 
thermophilic AOM (Krukenberg et  al., 2018). In AOM 
consortia at 60°C, it was observed that SRB Ca. Desulfofervidus 
auxilii expressed pili genes and that the intercellular space 
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FIGURE 4

Expression and subcellular localization of multiheme cytochromes and cellular appendages in ANME-1c (top) and Thermodesulfobacterium 
(bottom) in AOM70 cultures. Gene expression is noted as centered-log ratio values, with 0 as the mean expression of all genes in each genome. 
mcrA and dsrA mean CLR values are displayed as a reference (red and green lines, respectively). Symbols show the predicted subcellular 
localization of cytochromes (PSORTb). Three symbols in a vertical line correspond to CLR values of a specific locus in triplicate 
metatranscriptomes.

was filled with nanowire structures similar to syntrophic 
consortia of Geobacter (Wegener et al., 2015). Indeed it was 
recently shown that the filaments in Geobacter sulfurreducens 
are not formed by pilin proteins (PilA), but rather by stacked 
OmcS hexaheme cytochromes (Wang et al., 2019). Instead, 
PilA might be  involved in secretion of OmcS cytochromes 
(Gu et al., 2021). Both ANME-1c and Ca. T. torris encode 
several multiheme cytochromes. ANME-1c codes for several 
proteins with 2 to 8 heme-binding motifs (Figure  4; 
Supplementary Table  4). A cytochrome c7 and a protein 
without annotation, both with 3 heme groups, are among the 
top expressed genes (CLR values of 5.9 and 2.96, respectively, 
Supplementary Table 4). However, the predicted subcellular 
localizations of these putative cytochromes are unknown, as 
reported by PSORTb. Interestingly, these cytochromes  
are highly similar to extracellular cytochromes that  
were highly expressed in ANME-1 during AOM at 60°C 
(Supplementary Table 4; Krukenberg et al., 2018). Ca. T. torris 
also contains numerous multiheme cytochromes, with up to 
26 heme-binding motifs. A cytochrome-like gene with five 
heme-binding motifs and predicted extracellular localization 
shows high expression levels similar to the dsrA (CLR value 
of 4.0, Figure 4). This putative pentaheme cytochrome shares 
high sequence identity (<40% identity) with a Ca. 
Desulfofervidus auxilii OmcS-like protein (Wegener et  al., 
2015; Krukenberg et  al., 2018) (locus tag HS1_000170, 

Supplementary Figure  10). We  hypothesize that the 
extracellular pentaheme cytochromes from Ca. T. torris are 
likely involved in receiving electrons derived from methane 
oxidation. ANME-1c cytochromes with undetermined cell 
localization might also be  involved in interspecies 
electron transfer.

Alternative roles of the 
membrane-bound hydrogenase in 
ANME-1c

Some ANME-1c MAGs code for a NiFe membrane-bound 
hydrogenase, which is an uncommon feature in most ANME 
genomes (Stokke et al., 2012; Wegener et al., 2015; Krukenberg 
et al., 2018). This hydrogenase forms a clade with those of Ca. 
Syntrophoarchaeum and Ca. Alkanophagales (Figure  2B; 
Supplementary Figure 11; Laso-Pérez et al., 2016; Wang et al., 
2021). In Ca. Syntrophoarchaeum, the hydrogenase is highly 
expressed during anaerobic propane and butane oxidation, albeit 
its function is also unknown (Laso-Pérez et al., 2016). In contrast, 
in ANME-1c the NiFe-hydrogenase has low expression (Figure 3; 
Supplementary Table 4). A recent study described the ANME-1c 
as an ancestral clade at the base of ANME-1a/1b and as a sister 
branch of Ca. Syntrophoarchaeales (Laso-Pérez et  al., 2022). 
ANME-1c were proposed to be facultative methanogens based 
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on the encoded hydrogenase and the unclear association with 
partner bacteria in environmental samples (Laso-Pérez et al., 
2022). The capability of ANME-1 to perform methanogenesis 
has been repeatedly suggested (Seifert et al., 2006; Treude et al., 
2007; Orcutt et al., 2008). ANME-1 16S rRNA and mcrA genes 
and transcripts were found in methanogenic sediment horizons 
at White Oak River estuary and in the sulfate–methane transition 
zone (Lloyd et al., 2011; Kevorkian et al., 2021). The authors 
weighted this as an argument for a potential role of ANME-1 in 
methanogenesis. There is no genomic evidence that ANME-1 
from these environment contain hydrogenases, which are 
required to perform methanogenesis from CO2, and this question 
should be  addressed in future metagenomic studies. To test 
whether ANME-1c are capable of methanogenesis, we transferred 
AOM70 culture aliquots to sulfate-free medium and exchanged 
the methane in the headspace with an H2/CO2 atmosphere. 
Hydrogen addition did not stimulate production of methane in 
AOM70 cultures in the course of 4-month incubations 
(Supplementary Figure 12). According to these results, ANME-1c 
are incapable of hydrogenotrophic methanogenesis. The 
habitable zones of the hydrothermally-heated sediments in 
Guaymas Basin are rich in sulfate due to hydrothermal 
circulation and seawater advection (Ramírez et al., 2021). This 
provides additional evidence for ANME-1c being obligate 
methane oxidizers that depend on syntrophic partnerships with 
sulfate-reducers. The hydrogenase in ANME-1c might be  a 
remnant from the common ancestor of the Ca. 
Syntrophoarchaeum/Ca. Alkanophagales/ANME-1 clade. These 
ancestral alkanotrophic archaea might have performed 
interspecies electron transfer based on hydrogen transfer. In the 
course of evolution that capability was replaced by an apparently 
more efficient DIET mechanism via extracellular multiheme 
cytochromes (Summers et al., 2010).

Conclusion

Here we cultured a thermophilic AOM consortium at 70°C 
consisting of methane-oxidizing archaea from the ANME-1c clade 
with Thermodesulfobacteria as sulfate-reducing partner bacteria. 
Our study bridges the temperature gap between AOM activity 
previously observed by pore water profiles and tracer experiments, 
and its in vitro demonstration in cultures. ANME-1c is a basal 
lineage to the ANME-1a/b clade. Interestingly, ANME-1c MAGs 
encode a hydrogenase operon that is not present in the ANME-
1a/b clades. ANME-1c neither produces nor consumes hydrogen. 
The hydrogenase genes have low expression and this enzyme is 
likely a remnant of the ancestor of the Ca. Syntrophoarchaeia, an 
organism that was likely a multi-carbon alkane oxidizer. The 
function of this hydrogenase in ANME-1, but also other members 
of the Syntrophoarchaeia is unresolved. Based on indirect 
evidence ANME-1 were repeatedly suggested to be  facultative 
methanogens (Seifert et al., 2006; Treude et al., 2007; Orcutt et al., 
2008; Lloyd et  al., 2011; Kevorkian et  al., 2021). Here, 

we demonstrated that even ANME-1c that encode a hydrogenase 
are not able to reverse their metabolism toward net 
methanogenesis. Cultivation-based approaches should be used to 
test whether the ANME-1a/b that encode hydrogenases are 
capable of methanogenesis.

Most likely, ANME and their partners interact via DIET. The 
partner Thermodesulfobacterium encodes an extracellular 
pentaheme c-type cytochrome with high expression. This 
cytochrome is highly similar to Ca. Desulfofervidus auxilii 
cytochromes that have high expression during AOM at 
60°C. This evidence suggests a central role of this pentaheme 
cytochrome of Thermodesulfobacteria in DIET. In addition, 
multiheme cytochromes and flagella from ANME-1c are highly 
expressed under AOM conditions. However, the role of these 
cytochromes with unknown subcellular location in DIET needs 
further investigation.

Our study provides culture-based evidence for the feasibility 
of AOM at high-temperature conditions and the versatility and 
evolutionary diversity of the organisms mediating AOM in 
marine environments. To our knowledge, this is the first report 
of syntrophic consortia of ANME and Thermodesulfobacteria. 
ANME-1c and Ca. T. torris co-occur in environmental samples 
from the Guaymas Basin and Pescadero Basin (Gulf of 
California; Laso-Pérez et  al., 2022; Speth et  al., 2022). This 
limited geographical distribution is likely a result of 
undersampling of heated methane-rich environments. Apart 
from the rather rare methane-rich hydrothermal vents, consortia 
of these phylotypes might inhabit deep sulfate–methane 
interfaces. Indeed, these sulfate–methane interfaces occur at 
depths up to 150 m below the seafloor and at temperatures of up 
to 80°C (Teske et al., 2021; Beulig et al., 2022). The question of 
whether these sulfate–methane interfaces are a habitat for AOM 
needs to be addressed. Future studies should aim to search for 
the ANME-1c and Thermodesulfobacteria co-occurring in such 
deep-sea sediments.
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Strýtan Hydrothermal Field (SHF) is a submarine system located in Eyjafördur

in northern Iceland composed of two main vents: Big Strýtan and

Arnarnesstrýtan. The vents are shallow, ranging from 16 to 70 m water depth,

and vent high pH (up to 10.2), moderate temperature (Tmax ∼70◦C), anoxic,

fresh fluids elevated in dissolved silica, with slightly elevated concentrations

of hydrogen and methane. In contrast to other alkaline hydrothermal vents,

SHF is unique because it is hosted in basalt and therefore the high pH is not

created by serpentinization. While previous studies have assessed the geology

and geochemistry of this site, the microbial diversity of SHF has not been

explored in detail. Here we present a microbial diversity survey of the actively

venting fluids and chimneys from Big Strýtan and Arnarnesstrýtan, using 16S

rRNA gene amplicon sequencing. Community members from the vent fluids

are mostly aerobic heterotrophic bacteria; however, within the chimneys oxic,

low oxygen, and anoxic habitats could be distinguished, where taxa putatively

capable of acetogenesis, sulfur-cycling, and hydrogen metabolism were

observed. Very few archaea were observed in the samples. The inhabitants

of SHF are more similar to terrestrial hot spring samples than other marine

sites. It has been hypothesized that life on Earth (and elsewhere in the solar

system) could have originated in an alkaline hydrothermal system, however

all other studied alkaline submarine hydrothermal systems to date are fueled

by serpentinization. SHF adds to our understandings of hydrothermal vents in

relationship to microbial diversity, evolution, and possibly the origin of life.
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Introduction

Alkaline submarine hydrothermal vents have been proposed
as potential sites for the origin of life on Earth (and potentially
elsewhere in the solar system) because they promote strong
proton and redox gradients and facilitate the abiotic synthesis of
organic molecules (Russell, 2009; Russell et al., 2010; Price et al.,
2017). Specifically, the geochemistry of these systems appears
to provide a template for autotrophic metabolic pathways
(McCollom and Seewald, 2007; Proskurowski et al., 2008;
Hudson et al., 2020), such as the Wood-Ljungdahl pathway
shared by methanogens, acetogens, and sulfate-reducers (Martin
and Russell, 2007; Adam et al., 2018; Hudson et al., 2020), which
may be one of the most ancient metabolic pathways (Ward and
Shih, 2019). Previous work on submarine alkaline hydrothermal
vents has focused on systems fueled by serpentinization, such
as Lost City (Kelley et al., 2005; Lang and Brazelton, 2020;
Brazelton et al., 2022), Prony (Monnin et al., 2014; Quéméneur
et al., 2014; Postec et al., 2015), and Old City hydrothermal
fields (Lecoeuvre et al., 2021). While incredibly valuable, these
studies have left many open questions about how opportunities
for microbial life may differ in alkaline hydrothermal vents with
different geological bases.

Strýtan Hydrothermal Field (SHF), while highly alkaline, is
not a serpentinizing system, providing a point of comparison
to other alkaline sites. Fresh groundwater is heated, enriched in
silica, and brought to high pH before venting into the bottom
of the marine Eyjafördur. As the hydrothermal and surrounding
marine waters mix, they precipitate magnesium silicate minerals
which form chimneys rising up to 55 meters from the seafloor
(Figure 1) and create steep sodium ion gradients. Harnessing
energy as ion gradients across membranes is as universal as the
genetic code (Lane and Martin, 2012). As a result, environments
with these types of gradients may be important for considering
the origin of life (Price et al., 2017); the Na+ cell membrane
pump is crucial for many ancient microbial lineages, including
methanogens and acetogens, and is involved in adenosine
triphosphate (ATP) synthesis and carbon assimilation in diverse
organisms (Lane and Martin, 2012; Branscomb et al., 2017).
Although not a focus of this study, it is fascinating to consider an
energy source invoked in origin of life theory as possibly being
operative in today’s microbial communities.

Very little microbiological research has been conducted
at SHF. In a study from 2001, researchers exploring vent
fluids isolated Aquificales and Korarchaeota from clone
libraries (Marteinsson et al., 2001b). However, a full census
of microbial diversity at SHF has not been previously
conducted. By characterizing the microbial diversity of vent
fluids and mineral precipitates at SHF, we can better
understand the ability of alkaline hydrothermal systems, and
this unique site in particular, to support microbial communities
and better constrain their potential roles in the origin of
life.

Materials and methods

Sample collection

In August 2017, we performed a 7-day field-sampling
campaign to SHF, where scientific SCUBA divers collected
actively venting fluids from both Big Strýtan and
Arnarnesstrýtan using 30 m of cleaned polypropylene tubing
by swimming to the appropriate sampling location and holding
the tubing inlet in the actively venting water. On the boat, the
tubing was connected to two 12V inline electric galley pumps
to pull water from the vent. During sample collection, pH and
temperature were monitored to ensure the capture of vent
fluids, rather than background seawater. Vent fluid samples for
DNA analyses were collected in triple-rinsed 20 L carboys and
background seawater samples were collected in sterilized 4 L
carboys. A field station laboratory was established in the port
dive shop, where collected fluid samples were filtered through
0.22 µm Sterivex cartridge filters (Millipore, MA, United States)
using a peristaltic pump and flash-frozen in liquid N2.

Hydrothermal vent chimney samples from Big Strýtan and
Arnarnesstrýtan were collected by scientific divers by breaking
off small (∼15 cm × 5 cm) pieces into sterile Whirl-pak bags
(Nasco, WI, United States). Back in the field-station laboratory,
the chimney samples were subsampled into distinct chimney
layers (Supplementary Figures 1, 2) using a flame-sterilized
scalpel, and these solid samples were immediately frozen in
liquid N2. All frozen filter and chimney samples were shipped
back to the University of Utah in dry shippers and stored at
–80◦C until nucleic acid extraction.

DNA extraction

DNA was extracted from the Sterivex filter cartridges using a
lab protocol previously developed for low-biomass alkaline fluid
samples (Brazelton et al., 2022). Briefly, cell lysis was performed
by alternating freeze/thaw cycles in an alkaline buffer, followed
by purification with phenol-chloroform and precipitation with
ethanol. Additionally, a laboratory extraction blank (ICEd062,
Supplementary Table 1), consisting of a new Sterivex filter,
was extracted alongside the fluid samples to track any potential
laboratory contamination.

DNA was extracted from ∼0.5 to 1.0 g of homogenized
chimney samples using the MP Biomedical FastDNA
Spin kit (CA, United States), per the manufacturer’s
instructions, with the exception of the use of a Mini-
Beadbeater-16 (Biospec Products, OK, United States) in
place of the recommended FastPrep Instrument. Technical
replicates were pooled, to a total starting mass of 1.5–
3.5 g per chimney sample, using an Amicon Ultra-2
Centrifugal Filter Unit with Ultracel-30 membrane (Millipore,
Darmstadt, Germany). All DNA samples were purified
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FIGURE 1

Map of sampling site and vents. (A) Map of Iceland, highlighting hydrothermal vents. Eyjafjördur, where Big Strýtan and Arnarnesstrýtan are
located, is highlighted by the red box; (B) photograph of Big Strýtan chimney (courtesy of E. Bogason); (C) bathymetric map of Arnarnesstrýtan.
Figure from Price et al. (2017). The figure is reprinted with permission under a Creative Commons CC-BY license.

using AMPure XP speedbeads (Rohland and Reich, 2012)
and quantified via the Qubit high-sensitivity DNA assay
(Invitrogen, CA, United States). A list of all DNA samples
included in the study can be found in Supplementary
Table 1.

16S rRNA sequencing and data analysis

DNA samples were submitted to the Michigan State
University Research and Technology Support Facility Genomics
Core for sequencing of the V4 region of the 16S rRNA gene
on an Illumina MiSeq platform using the universal duel-
indexed Illumina fusion primers 515F-806R (Kozich et al.,
2013). Amplicon concentrations were normalized and pooled
using an Invitrogen SequalPrep DNA Normalization Plate. After
library quality control and quantitation, the pool was loaded on
an Illumina MiSeq v2 flow cell and sequenced using a standard
500 cycle reagent kit. Base calling was performed by Illumina
Real Time Analysis (RTA) software v1.18.54. Output of RTA
was demultiplexed and converted to fastq files using Illumina
Bcl2fastq v1.8.4.

16S rRNA gene amplicon sequences were processed with
cutadapt v. 1.15 (Martin, 2011) and DADA2 v. 1.10.1 (Callahan
et al., 2016), including quality trimming and filtering of reads,
removal of chimeras, and inference of amplicon sequence
variants (ASVs). Taxonomic classification of all ASVs was

performed with DADA2 using the SILVA reference alignment
(SSURef v138) and taxonomy outline (Pruesse et al., 2012)
with the default minimum bootstrap value of 50 for taxonomic
assignments (Callahan et al., 2016).

Quality control of sequence data was performed by
removing putative contaminant sequences from the dataset.
For vent fluid and background seawater samples, which
were collected by filtration through Sterivex filters, a
laboratory extraction blank (ICEd062; Supplementary
Table 1) was sequenced and the 73 ASVs detected in
that extraction blank were removed from the 8 vent
fluid samples and 2 background seawater samples.
Chimney samples were extracted via a DNA extraction
kit, and 203 ASVs belonging to the genera outlined in
Sheik et al. (2018) as putative kit contaminants were
removed from the 12 chimney samples. A detailed list
of all taxa removed from the dataset can be found in
Supplementary Table 2. Additionally, any sequences classified
to Domain “NA” or “Eukaryota” and all Bacteria classified
as “Chloroplast” or “Mitochondria” were removed from the
dataset.

After removing potential contaminant sequences,
raw counts were converted to proportions to normalize
for variations in sequencing depth among samples. The
proportional abundances of all 872 unique ASVs among
all seawater, vent fluid, and chimney samples were used to
calculate the Morisita-Horn community dissimilarity between
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each pair of samples. Similar results were obtained with other
metrics of dissimilarity (e.g., Bray-Curtis, Sørensen). The multi-
dimensional scaling (MDS) plot was generated from a table
of ASV proportional abundances across all sample categories
(vent fluids, chimneys, and background seawater) using the
distance, ordinate, and plot_ordination commands in the R
package phyloseq v.1.26.1 (McMurdie and Holmes, 2013). All
sequence data is available in the NCBI Sequence Read Archive
(SRA) under BioProject PRJNA861241.

Comparison to other high pH vents

We cross-referenced the taxa detected in previous studies
of alkaline submarine vents (Quéméneur et al., 2014; Postec
et al., 2015; Lecoeuvre et al., 2021; Brazelton et al., 2022)
and alkaline hot springs (Reysenbach et al., 1994; Marteinsson
et al., 2001a; Blank et al., 2002; Nakagawa and Fukui, 2003;
Purcell et al., 2007; Boomer et al., 2009; Meyer-Dombard
et al., 2011; Tobler and Benning, 2011; Meyer-Dombard and
Amend, 2014; López-López et al., 2015; Martinez et al., 2019)
with the abundant (>1% of any sample) taxa detected in
this study (Supplementary Table 3). For studies conducted
with clone-libraries, we included all reported taxa (Reysenbach
et al., 1994; Marteinsson et al., 2001a; Blank et al., 2002;
Nakagawa and Fukui, 2003; Purcell et al., 2007; Boomer et al.,
2009; Meyer-Dombard et al., 2011; Tobler and Benning, 2011;
Meyer-Dombard and Amend, 2014; Quéméneur et al., 2014;
Postec et al., 2015), while for studies conducted with amplicon
and/or metagenomic sequencing, we included taxa representing
a relative abundance of >1% of any sample (López-López
et al., 2015; Martinez et al., 2019; Lecoeuvre et al., 2021;
Brazelton et al., 2022). Similarities between phylum through
genus for Archaeon and class through genus for Bacteria were
included with the lowest common taxonomic level reported in
Supplementary Table 3.

Additionally, the only previous microbiological study of
SHF was published in 2001 (Marteinsson et al., 2001b) using
Sanger sequencing of clone libraries. Given that microbial
taxonomy is ever evolving, in order to compare the taxonomy
of these previously detected microorganisms to our current
data, we classified the sequences reported in Marteinsson et al.
(2001a) by searching them against the current (November
2021) NCBI nr database using the BLASTn function (Altschul
et al., 1990). Data originally reported in Marteinsson et al.
(2001a) and the updated taxonomic assignments can be found
in Supplementary Table 4.

Aqueous geochemistry

Fluid samples were collected directly from the tubes
through which microbial samples were taken. Temperature

FIGURE 2

Distinct microbial communities between sample types
(background seawater, chimney, and vent fluids) and different
vents (Big Strýtan, pink; Arnarnesstrýtan, teal). Multi-dimensional
scaling plot of community dissimilarity, calculated with the
Morisita-Horn dissimilarity index.

was measured in situ with a Thermo Fisher Scientific
temperature probe in an underwater housing constructed at
the Max Planck Institute for Marine Microbiology. pH was
measured in the field just after surfacing from each dive
using a Hanna HALO Bluetooth pH meter with temperature
compensation. Samples for major anion concentrations were
preserved in the field by 0.2 µm syringe filtered into acid
washed HDPE Nalgene R© bottles and frozen until analysis.
Analyses were performed in the Wehrmann Biogeochemistry
Laboratory, School of Marine and Atmospheric Sciences,
Stony Brook University using a Metrohm 930 compact
ion chromatograph with matrix elimination. Samples for
major cation concentrations were preserved in the field by
0.2 µm syringe filtered into acid washed HDPE Nalgene

R©

bottles, acidified to 0.1% acid with ultrapure nitric acid,
and frozen until analysis. Analyses were performed in
the Black Paleooceanography Laboratory, School of Marine
and Atmospheric Sciences, Stony Brook University using a
Horiba Ultima 2C inductively coupled plasma–optical emission
spectrometer (ICP-OES).

Results

Geochemistry of Strýtan Hydrothermal
Field

Strýtan Hydrothermal Field is located in Eyjafördur
in northern Iceland and consists of two main vent sites:
Big Strýtan and Arnarnesstrýtan (Figure 1). Each site
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TABLE 1 Geochemical parameters measured at Strýtan
hydrothermal field.

Background
seawater

Big Strýtan Arnarnesstrýtan

Date 28 August
2017

31 August 2017 27 August 2017

pH 8.0 10.2 9.4

SO4 (mM) 27.3 0.1 1.2

H2S (µM) n.d. 28.0 10.9

Cl (mM) 530.0 1.3 21.6

Br (µM) 795.3 2.3 36.5

Na (mM) 412.4 4.1 15.2

Ca (mM) 9.9 0.08 0.82

K (mM) 9.12 0.04 0.25

Mg (mM) 49.5 0.1 1.0

Si (mM) 0 1.5 1.3

Fe (µM) n.d. 1.8 0.32

Sr (µM) 86.0 0.4 3.1

n.d., no data.

consists of several large (up to 55 m tall) chimneys in
shallow water (<60 m depth) composed of saponite,
a magnesium silicate material with basaltic host rock
(Geptner et al., 2002; Price et al., 2017). The chimneys
vent pH 10.2 freshwater that is enriched in dissolved silicate
and slightly elevated in H2 (0.1–5.2 µM) and methane
(0.5–1.4 µM) (Price et al., 2017). In contrast to other
alkaline hydrothermal vents, the Strýtan Hydrothermal
Field is hosted in basalt and therefore the high pH is not
created by serpentinization but rather a combination of (1)
plagioclase hydrolysis, coupled with calcite precipitation,
and (2) hydration of Mg in pyroxene and olivine in basalt
(Geptner et al., 2002; Price et al., 2017). SHF vent fluids
are sourced in groundwater, and the steep sodium ion
gradients from the fluids at SHF (from <3 to 468 mM),
may be important for understanding processes involved
in the origin of life (Lane and Martin, 2012; Price et al.,
2017).

Five types of samples were collected during our expedition:
(1) vent fluids from Big Strýtan vent, (2) chimney samples
from Big Strýtan vent, (3) vent fluids from Arnarnesstrýtan
vent, (4) chimney samples from Arnarnesstrýtan vent,
and (5) background seawater samples, each of which
harbored distinct microbial communities (Figure 2). The
chimney samples from the two vents, while distinct from
one another, were more similar to each other than to
any of the fluid samples and all the vent and chimney
samples were distinct from the background seawater
(Figure 2).

The background seawater sample exhibited chemical
characteristics typical of seawater (e.g., pH 8, mM
concentrations of ions; Table 1; Pinet, 2019). The chemistry

of the vent fluids from Big Strýtan and Arnarnesstrýtan were
similar, with high pH (∼10) and generally low in dissolved ions.
This is in agreement with previous studies (Marteinsson et al.,
2001b; Price et al., 2017). The sample from Arnarnesstrýtan
had slightly higher dissolved ions, likely as a result of mixing
with seawater, either deeper in the hydrothermal edifice or
during sampling. Of particular interest, H2S and Fe were
slightly elevated in the vent fluids relative to seawater. While the
relative contributions to the H2S content of microbial SO4

2−

reduction and mobilization from subsurface basalts during
water-rock reactions has not been confirmed, the abundance
of known dissimilatory sulfate reducing microorganisms in the
vent fluids (such as Thermodesulfovibrionales, e.g., Sekiguchi
et al., 2008; Figure 3) does suggests a role for biological sulfur
cycling.

Microbial community of Big Strýtan
vent

The microbial communities between background seawater,
vent fluids, and chimney material from the Big Strýtan site
are distinct (Figure 3). Vent fluids from Big Strýtan were
dominated by members of the orders Alteromonadales
(29.6%), Pseudomonadales (19.1%), Flavobacteriales (14.9%),
Saccharimonadales (6.4%), Caulobacterales (6.0%), and
Thermodesulfovibrionales (5%; Figure 3). Two of the three
most abundant ASVs in Big Strýtan vent fluids both belonged to
the genus Pseudoalteromonas within the class Alteromonadales.
The best hit for ASV sq4, which made up 18–21% of the vent
fluid community, was Pseudoalteromonas carrageenovora,
isolated from extremely deep marine sediments from the
Challenger Deep (Chen et al., 2021; Table 2). ASV sq11,
classified as Pseudoalteromonas and comprising 5–7% of the
vent fluids, had a best hit from a recently formed, circumneutral
hydrothermal vent (García-Davis et al., 2021; Table 2). There
were five ASVs belonging to the Pseudomonadales in Big
Strýtan vent fluids (Supplementary Table 3). The third most
abundant ASV in Big Strýtan vent fluids was sq31 (7.8%), which
was classified as Acinetobacter sp. and has 100% similarity to
a sequence from a subsurface aquifer (Table 2; Espín et al.,
2020). Two other ASVs belonging to the Pseudomonadales
were classified at least the genus level and their best hits
were also from hydrothermal vents: ASV sq63 (3.3%) is 100%
similar to Psychrobacter sp. found at the recently formed vent
referenced above (García-Davis et al., 2021) and ASV sq113
(2.2%) is 99.6% similar to Acinetobacter johnsonii (unpublished;
Supplementary Table 3). The two ASVs of Flavobacterium spp.
had best hits that originated in Arctic sediments (F. petrolei,
Chaudhary et al., 2019) or volcanic soil samples (F. degerlachei,
Zeglin et al., 2016; Supplementary Table 3). Two ASVs (sq28,
sq112) classified as Thermodesulfovibrio were close matches
to sequences found in terrestrial alkaline hot spring samples
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FIGURE 3

Relative abundance of microbial communities in Big Strýtan vent fluids, chimneys, and background seawater at the order level.

TABLE 2 Abundant (>5%) ASVs in big Strýtan vent fluid and chimney samples.

ASV Best hit Max abundance (%)

% Identity Environment Accession number Fluid Chimney Background seawater

Interior Exterior

sq4_Pseudoalteromonas 100 Deep-sea sediments MW9266241 21 0.2 0.01 0.2

sq11_ Pseudoalteromonas 100 Hydrothermal vent MW8267012 7.3 0.1 0.002 0.1

sq31_Acinetobacter 100 Subsurface aquifer MT9417333 7.8 0.08 0 0.01

sq2_Sutterellaceae 99.6 Hot spring LK9362814 0.07 16.6 25.6 0.01

sq3_Thermocrinis 98.8 Hot spring, Iceland AF3612175 0.07 6.3 17.4 0

sq16_Thermodesulfovibrionia 95.7 Hot spring FJ2062456 0 6.7 2.5 0

sq17_Candidatus_Thiobios 99.6 Marine sediments FM2422567 0.03 2.2 9.6 0

1Chen et al. (2021). 2García-Davis et al. (2021). 3Espín et al. (2020). 4Anda et al. (2014). 5Marteinsson et al. (2001b). 6Boomer et al. (2009). 7Païssé et al. (2010).

from Iceland (Marteinsson et al., 2001a). While the orders
Saccharimonadales and Caulobacterales made up 6.4 and 6.0%
of the vent fluids, respectively (Figure 3), no individual ASV
belonging to these orders was >1% of any sample.

We subsampled a piece of chimney from Big Strýtan
into interior and exterior sections for microbial analyses
(Supplementary Figure 1). The interior of the Big Strýtan
chimney samples, which were in direct contact with
actively venting fluids, were dominated by members of the
Burkholderiales (22.1%), Thermodesulfovibrionales (9.1%),
Saccharimonadales (8.9%), Rhodobacteriales (7.4%), and
Aquificales (6.8%) (Figure 3). The exterior of the chimney
samples, which were in contact with surrounding seawater, were

dominated by Burkholderiales (33.4%), Aquificales (18.2%),
and Chromatiales (9.7%) (Figure 3). The most abundant ASV
was sq2_Sutterellaceae (Burkholderiales), which accounted
for 16.6% of the inner layers and 25.6% of the outer layers
of the chimney (Table 2) and had a best hit match from a
circumneutral hot spring in Hungary (Anda et al., 2014). ASV
sq3, identified as Thermocrinis albus (Aquificales) and first
isolated from Hvergerthi in Iceland (Eder and Huber, 2002),
was 6.3% and 17.4% of the interior and exterior of Big Strýtan
chimney samples, respectively. ASV sq16 was classified to the
class Thermodesulfovibrionia and was only 95.7% similar to
the best hit match in the NCBI SRA database, which was a
sequence from an alkaline spring at Yellowstone National Park
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FIGURE 4

Relative abundance of microbial communities in Arnarnesstrýtan vent fluids, chimneys, and seawater at the order level.

(Boomer et al., 2009; Table 2). Finally, ASV sq17, comprising
9.6% of the exterior chimney, was classified as Candidatus
Thiobios (Chromatiales) and had a best hit to a sequence from
marine sediments (Table 2).

The background seawater samples, which were collected
on two separate dives (Supplementary Table 1) shared
marked similarities in their community composition and were
dominated by members of the Flavobacteriales (17.4%),
Rhodobacterales (10.4%), Verrucomicrobiales (10.7%),
Oceanospirillales (10.3%), SAR86 (9.5%), Opitutales (6.6%),
Omnitrophales (6.6%), and SAR11 (6.5%) (Figures 3, 4). It
is important to note that the genera within these orders were
distinct from members found in the vent or chimney samples
(Supplementary Table 3).

Microbial community of
Arnarnesstrýtan vent

Even at the order level of taxonomy, distinct communities
were observed in Arnarnesstrýtan vent fluids, chimney
samples, and background seawater (Figure 4). Vent fluids
from Arnarnesstrýtan were dominated by members of
the orders Aquificales (33.9%), Flavobacteriales (19.5%),
Pseudomonadales (16.3%), Thermodesulfovibrionales (9%),
Burkholderiales (7.5%), and Thermales (6.4%), as well as
a significant proportion of unclassified Bacteria (9.7%)
(Figure 4). There were six ASVs belonging to the Aquificales,
two of which were “uncultured” Thermocrinis sp. and four

classified as Thermocrinis albus (Table 3). The best hits of all
six sequences were from previous studies conducted in alkaline
Icelandic hot springs (Marteinsson et al., 2001a; Wirth et al.,
2010; Tobler and Benning, 2011), though not specifically at
SHF. Three ASVs of Flavobacterium spp. all had best hits that
originated in Arctic sediments (F. petrolei, Chaudhary et al.,
2019) or thawing permafrost samples (F. psychrolimnae, Aszalós
et al., 2020 and F. degerlachei, Zeglin et al., 2016) (Table 3
and Supplementary Table 3). Pseudomonas extremaustralis
(sq55) was also detected in Arnarnesstrýtan vent fluids and
has previously been observed in other alkaline hot springs
(Table 3; Wang and Pecoraro, 2021). Furthermore, this
ASV (Sq55_Pseduomonas) was not detected in background
seawater samples. There were two ASVs of Thermodesulfovibrio
(sq28, sq60), both of which were previously detected in
alkaline hot springs in Iceland (Marteinsson et al., 2001a;
Supplementary Table 3). ASV sq14 was classified as Thermus
islandicus and was 100% similar to the type strain, isolated
from a hot spring in southern Iceland (Bjornsdottir et al.,
2009).

The Arnarnesstrýtan chimney exhibited distinct color
zones and was subsampled to assess the microbial diversity
of each zone independently (Supplementary Figure 2).
The interior-most zone (gray) was in direct contact with
venting fluids and expected to be a more anoxic environment
than the exterior-most zone (yellow), which was in direct
contact with the surrounding seawater (Supplementary
Figure 2). The interior Arnarnesstrýtan chimney samples
were dominated by members of the Burkholderiales (25.9%),
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Thermodesulfovibrionia (11.6%), Acetothermiia (6.5%),
and Saccharimonadales (5.8%) (Figure 4). Meanwhile, the
exterior Arnarnesstrýtan chimney samples were dominated
by Burkholderiales (13.7%), Acetothermiia (6.5%), Sva0485
(5.4%), and Pseudomonadales (5.0%) (Figure 4). Similar to the
vent fluids, there was a significant proportion of unclassified
Bacteria (7%) found in Arnarnesstrýtan chimney samples
(Figure 4). Five ASVs from the class Burkholderiales were
detected in the chimney samples. The most abundant was
ASV sq2_Sutterellaceae, which accounted for 10–20% of the
inner layers and 2–3% of the outer layers of the chimney
(Table 3). ASV sq66 was identified as Hydrogenophaga
and was abundant in the exterior layers (white, yellow;
Supplementary Table 3). ASV sq7_Hydrogenophilaceae
was detected at high abundance (4–7%) in all layers of the
chimney sample (Table 3). Thermodesulfovibrio spp. were
detected in Arnarnesstrýtan vent fluids and in the inner
most chimney sample there were three ASVs of unclassified
Thermodesulfovibrionia (same Class) that accounted for
7–10% of the replicate samples (Figure 4 and Table 3).
Two of those ASVs (sq16, sq134) had sequence similarity
of 95% with their closest BLAST hits, both of which were
from an alkaline hot spring in Yellowstone National Park
(Boomer et al., 2009; Supplementary Table 3). There were
two ASVs identified as uncultured Acetothermiia. ASV
sq32 was most abundant (4.5%) in the interior layer, while
ASV sq41, the closest BLAST hit of which is also from
alkaline vents in Iceland (Tobler and Benning, 2011), was
abundant (5.9%) in the exterior layer of the chimney (Table 3
and Supplementary Table 3). Finally, an ASV classified as
Sva0485 (phylum) was 6% of the exterior (yellow) layer and

found in other studies looking at microbialite formation
(Table 3; Corman et al., 2016; Couradeau et al., 2017).
While the orders Saccharimonadales and Pseudomonadales
made up 5.8 and 5.0% of the chimney samples, respectively
(Figure 4), no individual ASV belonging to these orders
was >1% of any sample. Only one ASV belonging to the
domain Archaea accounted for >1% of any sample in the
study. This was ASV sq175_Candidatus Nitrosopumilus,
present in exterior Arnarnesstrýtan chimneys (Supplementary
Table 3).

Discussion

Microbial ecology of Strýtan
Hydrothermal Field

The vent fluids from both Big Strýtan and Arnarnesstrýtan
contain an abundance of Flavobacterium, Pseudoalteromonas,
Psychrobacter, Acinetobacter, and Pseudomonas species
(Tables 2, 3 and Supplementary Table 3). Type strain
members of these genera are all aerobic, heterotrophic bacteria
(Akagawa-Matsushita et al., 1992; Bozal et al., 2003; Van
Trappen et al., 2004, 2005; Chaudhary et al., 2019), with the
exception of Pseudomonas extremaustralis, which is capable
of nitrate-reduction (López et al., 2009, 2017). Interestingly,
almost all of the species detected exclusively in vent fluids
are also found in Arctic and Antarctic samples (Bozal et al.,
2003; Van Trappen et al., 2004, 2005; López et al., 2009;
Chaudhary et al., 2019). None of these ASVs were detected
in background seawater samples, so it is unlikely that the

TABLE 3 Abundant (>5%) in Arnarnesstrýtan vent fluid and chimney samples.

ASV Best hit Max abundance (%)

% Identity Environment Accession number Fluid Chimney Background seawater

Interior Exterior

sq3_Thermocrinis 98.8 Hot spring, Iceland AF3612171 7.9 0.2 0.8 0

sq15_Thermocrinis 99.6 Hot spring, Iceland GU2338212 8.9 0.007 0.009 0

sq20_Thermocrinis 99.2 Hot spring, Iceland AF3612171 8.7 0.007 0.006 0

sq14_Thermus 100 Hot spring, Iceland NR_1164423 6.3 0.3 0 0

sq18_Flavobacterium 100 Arctic sediment NR_1694574 12.5 0 0 0.02

sq55_Pseudomonas 100 Alkaline hot spring MZ4973115 5.4 0 0 0

sq2_Sutterellaceae 99.6 Hot spring LK9362816 0.6 24.0 2.5 0.01

sq7_Hydrogenophilaceae 100 Microbialites JQ7668127 0 6.7 8.0 0

sq13_Thermodesulfovibrionia 99.2 Hot spring LC4224968 0.002 7.9 0.1 0

sq39_Rhodocyclaceae 99.6 Deep gold mine EF2052759 0.004 1.6 9.6 0

sq41_Acetothermiia 100 Hot spring, Iceland GU2338482 0.3 1.8 5.9 0

sq69_Sva0485 99.2 Microbialites KP58917010 0 0.8 6.1 0

1Marteinsson et al. (2001b). 2Tobler and Benning (2011). 3Bjornsdottir et al. (2009). 4Chaudhary et al. (2019). 5Wang and Pecoraro (2021). 6Anda et al. (2014). 7Couradeau et al. (2017).
8Shiraishi et al. (2019). 9Onstott et al. (2009). 10Corman et al. (2016).
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samples were “contaminated” by seawater. Instead, the vent
fluid samples from Big Strýtan and Arnarnesstrýtan represent
a mixing zone within the chimney, where deeply sourced
hydrothermal fluids, enriched in H2, CH4, and H2S, come
into contact with oxygenated seawater, creating a niche habitat
for aerobic to microaerophilic organisms capable of H2 and
H2S-oxidation.

Two ASVs were abundant in both vent fluids from
Arnarnesstrýtan and exterior chimney samples from Big
Strýtan, but not detected in the other samples. These belonged
to Thermus islandicus (sq14) and Thermocrinis albus (sq3;
Tables 2, 3 and Supplementary Table 3). Additional ASVs
of Thermocrinis albus (sq15, sq20) were detected only in
Arnarnesstrýtan vent fluids (Supplementary Table 3). The best
hit matches for these four ASVs all originally come from alkaline
geothermal vents in Iceland (Marteinsson et al., 2001a; Tobler
and Benning, 2011). Thermus islandicus is a microaerophilic,
mixotrophic, sulfur-oxidizer, originally isolated from a pH 6
hot spring in southern Iceland (Bjornsdottir et al., 2009).
Thermocrinis albus belongs to the phylum Aquificota and is
a microaerophilic chemolithoautotroph that uses the reverse-
TCA cycle and is able to utilize H2, S0, and thiosulfate
as electron donors (Eder and Huber, 2002; Hügler et al.,
2007; Wirth et al., 2010). These microaerophilic, sulfur-
oxidizing organisms, are likely inhabiting an oxic/anoxic
mixing zone within Arnarnesstrýtan fluids and a low-oxygen
cavity within the exterior of the Big Strýtan chimney.
The chemistry of the fluids suggest that seawater was
entrained slightly more for Arnarnesstrýtan compared to Big
Strýtan. It is possible that this occurred prior to sampling,
deeper within the chimney edifice. If true, then the entire
edifice might have elevated O2 concentrations from seawater,
which would help explain the presence of more aerobic
metabolisms in Arnarnesstrýtan fluids compared to Big
Strýtan.

Taxa with putatively diverse metabolisms were detected
within the chimney samples from both vents. Interior chimney
samples from both Big Strýtan and Arnarnesstrýtan had
an abundance of Thermodesulfovibrionia (sq13, sq16, sq84,
sq110, sq117, and sq134) and Sutterellaceae (sq2, sq38, sq78,
sq87, sq92, and sq146; Tables 2, 3 and Supplementary
Table 3). Members of both these groups are anaerobes and
Thermodesulfovibrionia are capable of nitrate- and sulfate-
reduction (Morotomi, 2014; Arshad et al., 2017; Umezawa
et al., 2021). The exterior chimney samples from both vents
contained Acetothermia (sq41; Table 3 and Supplementary
Table 3), a phylum that is also referred to OP1 and
Bipolaricaulota in the literature. Genomes of Acetothermia
contain the complete Wood-Ljungdahl pathway, allowing
for potential acetogenesis in these samples (Youssef et al.,
2019). Various taxa putatively capable of carbon-fixation via
the Calvin-Bassam-Benson cycle were detected in exterior
samples from Big Strýtan (Ca. Thiobios) and Arnarnesstrýtan

TABLE 4 Comparison of geology and geochemistry of
submarine alkaline vents.

Strýtan
HF1

Prony
HF2,3

Lost City
HF4

Old city
HF5

pH 10.2 10.6 11 7.88–8.18

Temp (C) 70 40 90 Not
reported

(H2) 0.30–
5.19 µM

6.4 mM 1–15 mM Not
reported

(CH4) 0.46–
1.41 µM

8.0 mM 1–2 mM Not
reported

Water depth (m) 20–60 16–47 700–900 3,100

Host rock Basalt Ultramafic Ultramafic Ultramafic

Water source Meteoric Meteoric Marine Marine

Cone material MgSiO2 CaCO3 CaCO3 CaCO3

Serpentinization No Yes Yes Yes

1Price et al. (2017). 2Postec et al. (2015). 3Quéméneur et al. (2014). 4Kelley et al. (2005).
5Lecoeuvre et al. (2021).

(Hydrogenophilaceae, Hydrogenophaga) chimney (Tables 2, 3
and Supplementary Table 3; Willems et al., 1989; Rinke
et al., 2009; Orlygsson and Kristjansson, 2014). The apparent
transition from Wood-Ljungdahl dominated autotrophy in
interior samples to CBB-driven carbon fixation in the exterior
may reflect the different sensitivities of these pathways to O2

concentration (e.g., Berg, 2011) across the chimney/seawater
boundary. Additionally, the sulfate-reducing Ca. Desulforudis
(sq149) was detected in exterior Arnarnesstrýtan chimney
samples (Chivian et al., 2008). This organism has previously
been shown to be capable of carbon fixation via the O2-sensitive
Wood-Ljungdahl pathway (Karnachuk et al., 2019), suggesting
low-oxygen conditions extended into at least some distal regions
of the chimney interior. Interestingly, no phototrophic bacteria
were detected, even in exterior chimney samples, despite the
shallow water depth.

Our subsampling of the chimney samples (Supplementary
Figures 1, 2) have allowed for us to distinguish oxic, low
oxygen, and anoxic habitats within the chimneys. The inferred
metabolisms suggest that O2 and perhaps SO4

2− are important
electron acceptors, along with NO3

2−, whereas H2 and H2S
may be the most important electron donors. It appears that
sulfur metabolisms may play a crucial role. With the observation
that O2 and SO4

2− may be entrained deeper within the
system, H2S observed in the vent fluids may be produced
by SO4 (or thiosulfate) reduction with H2. Support for this
observation comes from Rucker et al. (2022), who conducted
thermodynamic calculations of Gibbs free energy to evaluate
the highest energy yielding reactions as a proxy for microbial
metabolism. The most energetically favorable reactions in all
mixing schemes for Strýtan includes CO2 or O2 reduction with
H2, or O2 reduction with H2S oxidation. Numerous NO3

−

reduction reactions are also favorable, and NO3
− reduction
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with H2S oxidation is among the “top five most” energetically
yielding reactions.

As noted above, the only previous microbiological study
conducted at SHF was published in 2001 and used cultivation-
dependent and clone library methodologies (Marteinsson et al.,
2001b). Of the ∼100 bacteria described in Marteinsson et al.
(2001b), accession numbers were only available for eight of
them. To compare the taxonomy of those eight sequences from
2001 to our current dataset, we performed a BLASTn search
of the sequences against the current (Nov. 2021) NCBI SRA
database (Supplementary Table 4). Most notable is the presence
of Thermocrinis albus (referred to as Aquificales in Marteinsson
et al., 2001b), which dominated clone-libraries in the 2001
study and accounted for 19 and 34% of the amplicon libraries
from Big Strýtan chimney and Arnarnesstrýtan vent fluids,
respectively, in the present study (Supplementary Table 3, 4).
We similarly detected members of the Actinobacteriota,
Nitrospirota, Caulobacteraceae, and Burkholderiales at SHF
(Marteinsson et al., 2001b).

It should be noted that 16S rRNA derived discussion
of metabolic capacity may not accurately represent what
is happening in the natural environment. Future study of
metagenomic and metranscriptomic data from this site will help
clarify the metabolic strategies employed at SHF and the current
work is a first insight.

Comparison of Strýtan Hydrothermal
Field to other alkaline hydrothermal
vent sites

To put the unique nature of Strýtan Hydrothermal Field
into context, we compared the microbial composition reported
here to the two most similar ecosystem classes–alkaline
submarine hydrothermal vents and alkaline terrestrial hot
springs. Aside from SHF, the only other studied alkaline
submarine hydrothermal vents are hosted in ultramafic rocks,
rather than basalt, and are fueled by serpentinization, which
creates high pH and millimolar concentrations of hydrogen and
methane (Table 4). Prony hydrothermal field (PHF), located in
New Caledonia is a shallow vent (16–47 m) where freshwater
fluids influenced by serpentinization mix with seawater (Table 4;
Quéméneur et al., 2014; Postec et al., 2015). The Lost City and
Old City hydrothermal fields, also fueled by serpentinization,
are much deeper (700–900 m and 3,100 m, respectively)
and the source water for the vents is marine, rather than
freshwater (Table 4; Kelley et al., 2005; Lecoeuvre et al.,
2021). While elevated compared to seawater, the H2 and
CH4 concentrations at SHF are in the micromolar range and
therefore not as elevated as is found at serpentinite-hosted
sites (Table 4). Therefore, high pH is the strongest geochemical

FIGURE 5

Detection of abundant taxa from SHF at other alkaline submarine hydrothermal vents and hot springs. Abundant ASVs (>5%) are listed at the
class level, or order level for Proteobacteria. In the heatmap, the colors represent: red = not present, orange = phylum present (or class for
Proteobacteria), yellow = class present (or order for Proteobacteria), and green = detected at a lower taxonomic level or the same level as in the
current study. Additional details about these abundant ASV’s can be found in Tables 2, 3 and Supplementary Table 3.
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similarity between SHF and serpentinite-hosted hydrothermal
vents.

Similarities between phylum through genus for the single
observed Archeon and class through genus for Bacteria were
included with the lowest common taxonomic level reported in
Supplementary Table 3, with the closest matches highlighted in
bright colors and higher (more distant) matches in faint colors.
Commonalities between PHF and SHF include Acetothermia,
Thermus, and Rhodocyclaceae (Gammaproteobacteria),
as well as an unclassified bacterium, with 99% sequence
similarity. Lost City and Old City hydrothermal fields shared
Nitrosopumilaceae, Acetothermia, Thermodesulfovibrionia,
Thiomicrospiraceaea, and various families belonging to the
Bacteroidota and Gammaproteobacteria within SHF (Figure 5
and Supplementary Table 3). Notably, Flavobacterium and
Thermocrinis abundant in SHF were absent in other alkaline
submarine systems.

Our BLASTn results of abundant (>5%) ASVs indicate that
the inhabitants of SHF are actually more similar to terrestrial hot
spring samples than to marine sites (Tables 2, 3). Therefore, we
additionally compared our diversity data to alkaline terrestrial
hot springs (Table 5 and Figure 5 and Supplementary Table 3),
such as Lower Geyser Basin, Yellowstone National Park,
United States, Teppanom Hot Spring in Thailand, Lobios Hot
Spring, Spain, Ambitle Island in Papua New Guinea, Nakabusa
Hot Springs, Japan, and geothermal springs from southern
Iceland. Notably, SHF has a higher pH than these sites (with the
exception of other Icelandic sites) and a potentially high energy
mixing zone where geothermal waters come into contact with
oxygenated seawater (Table 5).

Thermocrinis and Thermus are two hallmark genera of
terrestrial hot spring systems and were detected in most of the
hot spring sites compared here (Figure 5 and Supplementary
Table 3; Reysenbach et al., 1994; Blank et al., 2002; Nakagawa
and Fukui, 2002, 2003; Purcell et al., 2007; Boomer et al.,
2009; Meyer-Dombard et al., 2011; Meyer-Dombard and
Amend, 2014; López-López et al., 2015; Nishihara et al.,

TABLE 5 Comparison geochemistry of SHF and terrestrial
hot spring sites.

Geographic location pH Temp ◦(C)

Strýtan HF1,2 Iceland 10.2 70

Icelandic hot springs3 Iceland 9–10 70–90

Lower geyser basin4,5,6,7 Yellowstone NP, United States 8–9.5 70–90

Teppanom hot spring8 Thailand 9 89

Lobios hot spring9 Spain 8.2 76

Ambitle Island10 Papua New Guinea 8.5 93.5

Nakabusa hot springs11,12 Japan 8.9 72–80

1This Study. 2Price et al. (2017). 3Tobler and Benning (2011). 4Reysenbach et al. (1994).
5Blank et al. (2002). 6Boomer et al. (2009). 7Meyer-Dombard et al. (2011). 8Purcell et al.
(2007). 9López-López et al. (2015). 10Meyer-Dombard and Amend (2014). 11Nakagawa
and Fukui (2003). 12Nishihara et al. (2018).

2018; Martinez et al., 2019). However the exact species
detected at SHF, Thermocrinis albus and Thermus islandicus,
were only previously found in other hot springs in Iceland
(Figure 5 and Supplementary Table 3; Marteinsson et al.,
2001a; Tobler and Benning, 2011). Additional taxa that
were found in terrestrial hot springs and SHF include the
Nitrosopumilus, Acetothermia, Thermodesulfovibrionia, and
Desulfobacteriota. Abundant taxa that are unique to SHF,
compared to alkaline submarine and terrestrial geothermal
systems, include Thermoanaerobaculaceae, Hydrogenispora,
Hydrogenophaga, Sutterellaceae, Ca. Alysiosphaera, Ca.
Thiobios, SAR324, and Sva0485 (Figure 5 and Supplementary
Table 3).

Conclusion

Strýtan Hydrothermal Field is a unique site, both
geochemically and microbiologically. Close relatives to
sequences found here have been described in submarine
hydrothermal vents, terrestrial hot springs, Antarctica, the
deep subsurface, and geothermal ground waters, suggesting it
represents an amalgamation of various different environments
and therefore a unique habitat. Community members from
the vent fluids are mostly aerobic heterotrophic bacteria;
however, within the chimneys we see taxa putatively capable
of acetogenesis, sulfur-cycling, and hydrogen metabolism.
Previous studies have hypothesized that alkaline vents, such as
the ones described here could be a potential site for the origin
of life on Earth (Russell, 2009; Russell et al., 2010). Additionally,
the steep sodium gradient at SHF, which is not present at the
other vents, could make it an even more likely analog for the
cradle of life (Martin and Russell, 2007; Lane and Martin, 2012;
Price et al., 2017). While the presence of O2 in seawater at
SHF and other alkaline vents—and therefore a bioenergetically
favorable oxygen gradient with reduced hydrothermal fluids—
makes these sites inexact analogs for the early Earth, which
was anoxic at the time of the origin of life (e.g., Farquhar et al.,
2000; Johnson et al., 2014), this may actually position these
systems as optimal analogs for habitable environments on other
planets. In particular, both Mars (due to photochemistry and
hydrogen escape) and Europa (due to radiolysis of surface ice
followed by mixing with the subsurface ocean) possess now,
and likely have for much of their history, O2 at concentrations
that may be sufficient to support aerobic metabolisms (Hand
et al., 2007; Lanza et al., 2016; Stamenković et al., 2018; Ward
et al., 2019). Future metagenome-, metatranscriptome-, and
culture-based work at SHF may therefore serve as an excellent
natural laboratory to investigate the possibility of the origin
and survival of life elsewhere in the solar system. Here we
demonstrate that SHF is not only geochemically distinctive
compared to other submarine hydrothermal vents, but also
microbiologically unique. Future studies of the system may
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further help us to decipher the possible roles of both freshwater
and marine alkaline hydrothermal systems in the origin of life.
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Mud volcanoes transport deep fluidized sediment and their microbial

communities and thus provide a window into the deep biosphere. However,

mud volcanoes are commonly sampled at the surface and not probed at

greater depths, with the consequence that their internal geochemistry and

microbiology remain hidden from view. Urania Basin, a hypersaline seafloor

basin in the Mediterranean, harbors a mud volcano that erupts fluidized mud

into the brine. The vertical mud pipe was amenable to shipboard Niskin

bottle and multicorer sampling and provided an opportunity to investigate

the downward sequence of bacterial and archaeal communities of the Urania

Basin brine, fluid mud layers and consolidated subsurface sediments using 16S

rRNA gene sequencing. These microbial communities show characteristic,

habitat-related trends as they change throughout the sample series, from

extremely halophilic bacteria (KB1) and archaea (Halodesulfoarchaeum spp.) in

the brine, toward moderately halophilic and thermophilic endospore-forming

bacteria and uncultured archaeal lineages in the mud fluid, and finally ending

in aromatics-oxidizing bacteria, uncultured spore formers, and heterotrophic

subsurface archaea (Thermoplasmatales, Bathyarchaeota, and Lokiarcheota)

in the deep subsurface sediment at the bottom of the mud volcano. Since

these bacterial and archaeal lineages are mostly anaerobic heterotrophic

fermenters, the microbial ecosystem in the brine and fluidized mud functions

as a layered fermenter for the degradation of sedimentary biomass and

hydrocarbons. By spreading spore-forming, thermophilic Firmicutes during

eruptions, the Urania Basin mud volcano likely functions as a source of

endospores that occur widely in cold seafloor sediments.

KEYWORDS

archaea, bacteria, hypersaline basin, cold seep, marine subsurface sediments, Urania
Basin
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1 Introduction

The Urania Basin is situated southwest off the coast of Crete,
in the inner plateau of the Mediterranean Ridge characterized by
the presence of Messinian salt evaporites within the sediments,
hundreds of meters below the seafloor (Westbrook and Reston,
2002). With a chloride content of 120 g/L, i.e., more than five
times of that in Mediterranean seawater, Urania Basin brine is
the least saline of the Mediterranean DHABs (deep hypersaline
anoxic basin); yet Urania Basin brine contains exceptionally
high levels of methane (up to 5.56 mM) and sulfide (up to
16 mM) (Borin et al., 2009), making Urania Basin one of the
most sulfidic marine water bodies on Earth (Karisiddaiah, 2000;
Charlou et al., 2003). Despite these extreme conditions, active
microbial communities are present (van der Wielen et al., 2005)
and contribute to biogeochemical cycling of carbon and sulfur
in the deep anoxic hypersaline brine of the Urania Basin.

A unique feature of the Urania Basin is the presence
of an active mud volcano in the southwestern part of the
horseshoe-shaped basin, found by a CTD survey (conductivity,
temperature, depth) during the R/V Urania expedition that
discovered the basin in 1993. Elevated temperatures of up
to 55◦C coincide with active mud volcanism underneath the
brine layer (Corselli et al., 1996; Fusi et al., 1996). A direct
association between brines and active mud volcanism has been
previously documented by exotic deposits sampled in the outer
rim of the basin (Hübner et al., 2003) and by the presence
of sediments containing Plio-Pleistocene microfossils at the
bottom of the basin (Aloisi et al., 2006). The fluidized mud
volcano sediment, consisting of micrometer-sized particles,
nannofossils, carbonate and gypsum grains, constitutes a
convectively mixed suspended seafloor that extends vertically
over 110 m before transitioning into solidified subsurface
sediment (Aiello et al., 2020).

The Urania Basin mud volcano provides a valuable model
system to test the working hypothesis that mud volcanoes bring
deep subsurface microorganisms to the surface and distribute
them across the deep-sea floor. As conduits of fluid migration
from the deep subsurface to the seafloor, mud volcanoes provide
windows into the deep subseafloor biosphere (Hoshino et al.,
2017) that is otherwise only accessible by deep drilling. Since the
chemistry of the discharging fluidized muds varies within and
between sites, different combinations of brine, methane, gaseous
and liquid hydrocarbons, sulfides, nutrients and low-molecular
weight organic acids shape the resident microbial communities
and their activities, as shown in numerous individual studies
(Joye et al., 2009; Pachiadaki et al., 2010, 2011; Lazar et al.,
2011a,b, 2012; Pachiadaki and Kormas, 2013). Mud volcanoes
are pulsating with fluidized mud that frequently overflows their
surrounding seafloor basins (McDonald et al., 2000; Hübner
et al., 2003; Teske and Joye, 2020) and by the same token deposit
fluid mud-hosted bacteria and archaea. Mud volcano and cold
seep geofluids have been proposed as the carrier medium for
seeding surficial seafloor sediments with endospore-forming

thermophilic Firmicutes that could not grow under cold in situ
conditions (Hubert et al., 2009; Rattray et al., 2022).

To explore the spatially shifting microbial community in the
Urania Basin brine/mud volcano system, we analyzed bacterial
and archaeal 16S rRNA gene amplicons along a vertical profile
from consolidated subseafloor sediments at the underlying
seabed at the bottom of the mud volcano (the “pit”), through
fluidized mud volcano sediment layers that extend from the
subsurface seabed to the bottom of the brine lake, to the
overlying brine lake. This approach was supported by analysis
of gaseous hydrocarbons and hydrocarbon lipid biomarkers
from selected sediment samples. A previous 16S rRNA gene
sequencing survey of deep mud fluid sediment has uncovered
diverse bacterial and archaeal populations (Yakimov et al., 2007)
but did not produce a microbial profile through all three
layers (subsurface sediment, fluid mud layers, brine fluid). The
geochemical and microbiological changes observed along this
depth profile indicate that each sediment and brine layer has
selected for its unique microbial community.

2 Materials and methods

2.1 Sediment sampling

Brine, mud fluids and subseafloor sediments were sampled
in the Urania Basin during cruise M84/1 (DARCSEAS) of R/V
Meteor in February 2011. Two CTD casts GeoB15101-1 and
GeoB15101-6 (35◦13.86′N, 21◦28.30′E) deployed twenty-four
Niskin bottles each at increasing water depths, and samples were
used for stable ion measurements (Aiello et al., 2020) and DNA
extractions, respectively. Based on stable ion concentrations
and CTD pressure readings, the seawater-brine interface was
located between 3,461 and 3,463 m water depth (mwd), and
the brine/fluid mud interface between 3,607 and 3,610 m water
depth (Aiello et al., 2020). Within the fluid mud layers, sampling
depths were conservatively based on CTD cable length since
the high density of the mud interfered with reliable pressure
measurements by the CTD sensors as soon as the CTD entered
the fluid mud layer. For GeoB15101-1, bottles 1 (70 m water
depth, mwd) to 8 (3,461 mwd) sampled the overlying seawater,
whereas bottles 9 (3,463 mwd) to 24 (3,598 mwd) sampled
the hypersaline brine lake. For cast GeoB15101-6 (used in this
study), bottle 1 sampled overlying seawater (3,000 mwd), and
bottles 2 (3,560 mwd) to 7 (3,605 mwd) sampled the hypersaline
brine. The underlying mud fluid layers were sampled in 10-
m intervals by bottles 8 (3,610 m cable length) to 20 (3,730
m cable length). The deepest mud fluid sample, no. 21, was
collected at a cable length of 3,736 m when the sediment became
sufficiently consolidated to prevent further sinking of the CTD.
Subsamples taken from the 24 Niskin bottles of the CTD
cast GeoB15101-6—sampled progressively from the seawater,
through the Urania brine lake, down to the seafloor—clearly
demonstrated the fluid mud layer starting with bottle 8, and
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continuing downcore toward gradually darker mud (Figure 1).
The bottom of the fluidized mud layer (sample 21, 3,736 m
cable length) was 110 m below the expected seafloor depth,
where brine transitions into mud, based on echo-sounder data
(Zabel, 2012).

The subsequently deployed gravity core GeoB15101-7
(35◦13.87′N, 21◦28.30′E) recovered 4.5 m of the consolidated
sediments below the mud fluid layers, and depths for
these sediment samples are given in cm from the top
of the core. Subsamples of each Niskin bottle of cast
GeoB15101-6 as well as selected gravity core sections of cast
GeoB15101-7 were immediately stored at –20◦C for subsequent
molecular analyses, including hydrocarbon lipid biomarkers.
Concentration measurements of methane and ethane were
carried out onboard the ship, whereas investigation of the
gaseous hydrocarbon’s stable carbon isotopes was performed
in the home lab.

2.2 Hydrocarbon measurements

Concentrations of dissolved methane and ethane were
determined according to previously reported protocols (Pimmel
and Claypool, 2001; D’Hondt et al., 2003), using two to three
mL of brine, mud fluid and subseafloor sediment samples
(see Supplementary Methods for details). Isotope values of
methane and ethane are reported in the delta notation (δ13C)
relative to the Vienna Pee Dee Belemnite (VPDB) standard
using a calibrated in-house CO2 reference gas standard. For
hydrocarbon lipid biomarker analysis of two gravity core
sediments samples from 10 to 30 and 260–280 cm core
depth, 50 g of freeze-dried sample material was extracted
using a modified Bligh and Dyer protocol (Sturt et al., 2004).
Hydrocarbons were identified via their known mass spectra
and concentrations were calculated from their peak area in
the FID chromatogram relative to the injection standard (see
Supplementary Methods for details).

2.3 DNA extraction, PCR amplification
and 16S rRNA gene library construction

Samples chosen for molecular analyses included Niskin
bottles 5 (3,590 mwd, hypersaline brine), 8 (3,610 m, top of
the mud fluid layer), 14 (3,670 m, middle of the mud fluid
layer) and 21 (3,736 m, bottom of the mud fluid layer) from
the GeoB15101-6 CTD cast (Figure 1), and depth sections 10–
30 and 260–280 cmbsf of the GeoB15101-7 gravity core. DNA
was extracted using a bead beating soil extraction kit on 10 g
of wet sediment for the mud fluid and gravity core samples
(UltraClean

R©

Mega Soil DNA Isolation Kit, MO BIO, CA now
QIAGEN), and using 50 mL of filtered brine (PowerSoil

R©

DNA
Isolation Kit, Mo BIO, CA now QIAGEN). The extracted DNA

was then purified using the Wizard DNA Clean-Up System
(Promega, Wisconsin, USA).

Archaeal 16S rRNA genes were amplified using the primers
A24F (5′-CGGTTGATCCTGCCGGA-3′) and A1492R (5′-
GGCTACCTTGTTACGACTT-3′) (Casamayor et al., 2000) and
the Flexi GoTaq DNA polymerase (Promega, WI). A total of 35
PCR cycles (1 min denaturation at 94◦C, 1′30 min annealing
at 50◦C, and 2 min elongation at 72◦C) were run in a BIO-
RAD iCycler (Hercules, CA). A nested PCR using the primer
set A24F (5′-CGGTTGATCCTGCCGGA-3′; Casamayor et al.,
2000) and Arch915R (5′-GTGCTCCCCCGCCAATTCCT-3′,
Stahl and Amann, 1991) was necessary in order to obtain
sufficient amounts of archaeal 16S rRNA gene amplicons for
cloning, using the following conditions: 1 min denaturation at
94◦C, 1′30 min annealing at 58◦C, and 2 min elongation at 72◦C,
repeated for 35 cycles.

Bacterial 16S rRNA genes were amplified using the
B8F-B1492R primer set (5′-AGRGTTTGATCCTGGCTCAG-3
and 5′-CGGCTACCTTGTTACGACTT-3; Teske et al., 2002)
using the following PCR conditions: 1 min denaturation at
94◦C, 1′30 min annealing at 50◦C, and 2 min elongation
at 72◦C, repeated for 26 cycles to limit contamination
since the extracted DNA concentrations were extremely low.
A nested PCR using the primer combination B27F (5′-AGA
GTTTGATCCTGGCTCAG-3′) and U1406R (5′-GACGGGC
GGTGTGTRCA-3′; Heuer et al., 1997) was necessary to obtain
sufficient amplicon material for cloning, using the following
conditions: 1 min denaturation at 94◦C, 1′30 min annealing at
50◦C, and 2 min elongation at 72◦C, repeated for 30 cycles. PCR
products were purified using the QIAquick Gel Extraction Kit
(QIAGEN, CA, USA) prior to cloning, and were then cloned
using the TOPO XL cloning kit (Invitrogen, CA). After inserting
the PCR amplified genes into the provided plasmid, the plasmid
DNA was incorporated into Escherichia coli TOPO10 One Shot
cells. Transformed cells were grown overnight, and colonies
were collected for Sanger sequencing.

2.4 DNA sequencing and phylogenetic
analysis

The microbial census of the Urania Basin mud layers is
deliberately based on nearly full-length 16S rRNA gene clone
libraries for Bacteria (1,379 bp in E. coli standard notation)
and widely used large fragments for archaea (890 bp for
the Archaea), in order not to compromise the phylogenetic
placement and taxonomic identification of potentially novel
microbial populations in this unusual extreme habitat, and to
provide a well-curated reference dataset for 16S-rRNA based
comparison that is not limited by sequence length. Furthermore,
given the nature of the extremely hypersaline samples, DNA
analyses via high-throughput sequencing revealed themselves to
be ineffective by only yielding a dozen reads.
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FIGURE 1

(A) Lower left, bathymetry of Urania Basin with bottom brines highlighted in red, and profile line drawn from the mud volcano in the
northwestern end toward the southeastern end of Urania Basin. (B) Geologic sketch of Urania Basin, following the profile line between points a
and b. (C) Sample vials with Niskin bottle samples from seawater, brine, and fluidized mud. The samples between brine and mud layer represent
perturbed samples from the CTD upcast (GeoB15101-6, Zabel, 2012) at 3,605 and 3,610 m depth. All figure panels modified from Aiello et al.
(2020).

Sequences were obtained by Genewiz (South Plainfield,
NJ) on an ABI Prism 3730xl sequencer using the M13R
primer. Chimeras were identified with Mothur’s chimera
slayer feature (Schloss et al., 2009), complemented by Blast
analysis of sequence segments, and removed from phylogeny
inferences. For initial phylogenetic analyses, the 16S rRNA
gene sequences were edited in the BioEdit v7.0.5 program
(Hall, 1999) and aligned by using the SINA webaligner (Pruesse
et al., 2012).1 The alignment was then manually checked
using ARB (Ludwig et al., 2004) and initial phylogenetic
trees were calculated using the neighbor-joining method
in ARB. Robustness of the inferred topology was tested by
bootstrap resampling with 1,000 replicates. Final phylogeny
figures were constructed with sequences selected from cultured
bacteria and archaea and complemented by environmental
sequences (limited to ca. 50–80 sequences for readability),
and manually aligned for secondary rRNA structure to ensure
consistent comparisons of homologous nucleotide positions
across variable and hypervariable regions (Schloss, 2013);
subsequently, tree topology was checked by 1,000 bootstrap

1 http://www.arb-silva.de/aligner

replicates (Swofford, 2000). Whenever possible, pure-culture
isolates with close sequence similarity to Urania Basin clones
(for genus level > 95%, Schloss and Handelsman, 2005) were
preferred for phylogenetic comparisons, to limit the inherent
uncertainties of sequence-based physiological inferences (see
Langille et al., 2013 for discussion). For uncultured lineages,
Urania Basin sequences were identified as specifically as
possible by comparisons to published subgroup analyses
and phylogenies, with metagenomes when possible. The
sequence data reported here were submitted to the GenBank
nucleotide sequence database under the accession numbers
OP352539-OP352606, OP352609-OP352677, OP352609-
OP352677, OP352680-OP352749, OP352780-OP352844,
OP389299-OP389989, and OP856603-OP856629.

3 Results

3.1 Depth stratification and
biogeochemistry

During CTD deployment, a prominent halocline was
detected at about 3,465 mwd, and corresponded to a salinity
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increase from∼39 to∼152 PSU (practical salinity unit), a 2.5◦C
increase in temperature (14–16.5◦C) and the complete depletion
of free oxygen; this transition marks the seawater-brine interface
(Zabel, 2012). Once the CTD cast went through the brine layer
and reached the depth of the seafloor, identified by onboard
echo sounder at approximately 3,600 m, the cable tension did
not drop, and the deployment was continued below that depth.
About 160 m within the brine, at 3,625 mwd, a second density
boundary was detected below which the CTD malfunctioned,
and from then on depth was measured in cable length. The
deployment continued until 3,735 m cable length, when a
relatively fast decrease of the cable tension indicated a third
boundary as the CTD rosette reached sufficiently consolidated
sediments that stopped further sinking. This depth was 110 m
below the expected seafloor depth based on echo sounder data
(Zabel, 2012).

Overlying the subseafloor sediments and fluidized muds of
the Urania Basin like a lid, a massive brine layer extends between
3,463 and 3,610 mwd. The samples recovered in Niskin bottles

returned clear brine fluids from the 3,465 m to 3,610 mwd
interval (Figure 1). The redox potential in the brine lake was
extremely negative at 3,560 mwd, i.e., –427 mV, consistent with
previous results showing that oxygen was completely depleted
in the reducing brine lake environment (Borin et al., 2009). The
brine contained chloride and sodium at constant concentrations
of 2,823 and 2,450 mM, respectively (Aiello et al., 2020), ca. 4.5
times higher than in the underlying fluid mud and subseafloor
sediments (Figure 2).

For over 110 vertical meters below the brine layer, the
Niskin bottles collected fluid mud (Figure 1) with much
higher density (>1.6 g/cm3) than the brine (1.13 g/cm3),
comparable to the bulk-saturated density of similar pelagic
sediments (Fusi et al., 1996). The water content in the
fluid mud ranges between ∼61 and 68%, which is above
the Attemberg’s liquid limit measured for similar sediments
recovered during ODP Leg 160 at the Olimpi Mud Volcano
field (Kopf et al., 1998). The flat pore water profiles of Na+ and
Cl− across the fluid mud layer suggest some internal mixing

FIGURE 2

Depth profiles of water and sediment porewater geochemistry and phylogenetic affiliations of the archaeal and bacterial 16S rRNA gene
sequences for the three Urania Basin habitats: subseafloor sediments, mud fluid layers and brine lake. For the subseafloor sediments, depth is
given in cm below the top of the gravity core. Depth is given as CTD depth for the brine fluid, and as cable length for the fluid mud layer.
Sodium and chloride concentration profiles are derived from Aiello et al. (2020). Presumable contaminants are shown with a white dot pattern.
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to obscure internal biogeochemical stratification (Figure 2).
Internal mixing is also supported by consistent total sulfur
concentrations, dominated by sulfate, near 95 and 53 mM
for brine and fluid mud, respectively (Aiello et al., 2020).
Above-seawater salinities suggest that the fluid mud was mixed
with pre-existing brine fluids. In lakes, temperature and salt
differences between two bodies of water/sediment can lead to
double-diffusive convection cells, which can highly enhance
vertical transport of heat and salt (Boehrer, 2012). Consistent
with the maximum depth reached by CTD rosette deployment
in the fluid mud layers, the Gravity corer (GeoB15101-7)
encountered a resistant sediment layer at about 3,735 m cable
length. The Gravity corer returned 4.5 m of sediment, soupy
and homogeneous within the upper 80 cm but increasingly
firm below; the sediment at the very bottom of the core
was consolidated.

3.2 Gases and hydrocarbon lipid
biomarkers

Previously measured temperatures of 45◦C in the bottom
of the southwestern part of the basin (Corselli et al., 1996) are
a strong indicator of a deep subsurface reservoir fueling fluids
and mud to the Urania Basin seafloor. Since high pressure and
temperature transform buried organic matter to hydrocarbons,
the consolidated subseafloor sediment samples obtained by
gravity coring were examined for methane and ethane, as
well as hydrocarbon lipid biomarkers. The concentrations of
methane and ethane are consistently high, 0.14–0.79 mM and
0.03–0.13 mM in the brine, respectively, and 0.4–3.3 mM and
0.07–0.60 mM, respectively, in the consolidated subseafloor
sediments (Supplementary Table 1). The δ13C values of
methane and ethane in the fluid mud layers are rather
invariable (approximately –30.7 and –30.2h, respectively) and
nearly identical to δ13C values in the subseafloor sediment
(approximately –30.3 and ∼ –29.1h, respectively). Both are
indicating a deep thermogenic source, which is corroborated by
exceptionally low C1/C2 ratios of∼5 in the fluid mud and in the
sediments (Supplementary Table 1).

Polycyclic aromatic molecules in subseafloor sediments
(Supplementary Table 2) included compounds typically found
in petroleum such as naphthalene, fluorine, phenanthrene or
pyrene but also high amounts of benzidine. The portion of
polyaromatic hydrocarbons was high compared to the relative
sum of identified hydrocarbons, including odd n-alkanes in
the range from C21 to C33 as well as terpenoids such as
squalene, Hop-17,21-ene and lycopane, i.e., 82.6% in the deep
subseafloor sample (260–280 cm core depth) and 86.7% in the
shallow sample (10–30 cm core depth). The extremely high
proportion of thermally altered hydrocarbons detected in the
subseafloor sediments of the Urania Basin is consistent with the
hypothesis of a deep, hot reservoir that charges deep sediments

and fluidized mud with gas of thermocatalytic or hydrothermal
origin (Karisiddaiah, 2000; Hübner et al., 2003).

3.3 Microbial community of the Urania
Basin brine

The bacterial and archaeal community of Urania
basin, as evaluated by 16S rRNA gene sequencing (Table 1
and Supplementary Table 3), underwent pronounced
compositional changes between brine, fluid mud and bottom
sediment samples (Figure 2). Since these samples differ mainly
by salinity, and less by biomarker content (only the bottom
sediment) or by gas concentration and isotopic signature,
microbial community differences are likely to be connected to
salinity; extreme halophiles would be expected in the brine layer
and might diminish in the fluid muds below.

Indeed, the uncultured halophilic Kebrit deep group 1
(KB-1) dominated the bacterial 16S rRNA data set from the
brine sample (Figure 3 and Table 1). This bacterial lineage
was first detected in brine sediments from the Kebrit Deep,
Red Sea (Eder et al., 1999), and has so far been exclusively
found in saline and hypersaline habitats, anoxic brines and
sediments (Eder et al., 2001, 2002; Antunes et al., 2011;
Ferrer et al., 2012). Yakimov et al. (2013) suggested that
KB-1 could carry out reductive cleavage of glycine betaine
and consequently produce acetate and methylamines, which
could be used by halophilic methylotrophic H2-producing
methanogens, such as the putatively methanogenic uncultured
MSBL-1 group (Nigro et al., 2016). KB-1 also shares the
carbon monoxide dehydrogenase (subunit CooS) and the
Acetyl-CoA synthase (subunit AcsB) of the CO2-fixing acetyl-
CoA pathway with Candidatus Acetothermum autotrophicum,
a member of its sister lineage Acetothermia (Nigro et al.,
2016), suggesting shared physiological flexibility with both
autotrophic and acetogenic potential (Youssef et al., 2019).
Six sequences were affiliated with sulfate-reducing bacteria
(Figure 4). Three of these sequences were affiliated with the
Desulfobacterium anilini group within the Desulfobacteraceae,
a cluster of obligately aromatics-degrading sulfate-reducing
bacteria that oxidize and remineralize substituted aromatics
and polyaromatic substrates (Teske, 2019). Two sequences
were related to the haloalkaliphilic genus Desulfonatronobacter
(Sorokin et al., 2012), and one clone belonged to the family
Desulfobulbaceae, a diverse group of incompletely oxidizing
sulfate-reducing or elemental sulfur-disproportionating bacteria
(Kuever et al., 2005). Generally, sulfate-reducing bacteria have
access to high sulfate concentrations in the brine and fluid
mud layers (Aiello et al., 2020). Eight sequences were affiliated
with ε-Proteobacteria, chemolithoautotrophs that probably use
the reverse TCA cycle to fix carbon, and usually thrive in
sulfidic interface environments, for example the redoxcline
of sulfidic waters (Schmidtova et al., 2009). Four sequences
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TABLE 1 Summary of Urania Basin 16S rRNA gene sequences and their phylogenetic affiliations based on Genbank searches for
Bacteria and Archaea.

Sample Total clones Proteobacteria Other
bacteria

Grampositives Archaea

Brine layer/Sample 5 82 bact. clones
93 arch. clones

4 Desulfatiglandales (δ)
1 D. natronobacter (δ)
1 Desulfococcus sp. (δ)
1 Desulfobulbales (δ)
2 Sulfurimonas sp. (ε)
2 Sulfurovum sp. (ε)
4 Arcobacter sp. (ε)

10 MSBL5
1 Planctomycetales
2 Parcubacteria
3 MSBL2
1 MSBL2-related
1 Bacteroidetes
2 KB1 (type 1)
47 KB1 (type 2)

79 Halodesulfoarchaeum sp.
9 MSBL1
4 MSBL1 sister lineage
1 Thermoprofundales/MBGD

Upper fluid mud
layer/Sample 8

59 bact. clones
90 arch. clones

6 Stenotrophomonas sp. (γ)*
3 Cupriavidus sp. (β)*
4 Halomonas sp. (γ)

4 Thermus sp. 7 Bacillus sp.
12 Piscibacillus sp.
3 Anoxybacillus sp. (near A.
flavithermus)
12 Anoxybacillus sp. (near A.
geothermalis)
7 Geobacillus sp.
(near G. pallidus)

63 MBSL1
4 MSBL1 sister lineage
19 Halodesulfoarchaeum sp.
4 Bathyarchaeota/
MCG-17

Central fluid mud
layer/Sample 14

57 bact. clones
95 arch. clones

1 Bradyrhizobium (α)
12 Stenotrophomonas sp.(γ)*
3 Cupriavidus sp. (β)*
4 Halomonas sp. (γ)

1 Chloroflexi
1 Spirochete

2 Bacillus sp.
1 Terrilactibacillus sp.
2 Anoxybacillus sp. (near A.
flavithermus)
16 Anoxybacillus sp. (near
A. geothermalis)
6 Geobacillus sp.
(near G. pallidus)
1 Geobacillus sp.
(near G. stearothermophilus)
7 uncult. Firmicutes

32 MSBL1
62 Thermoprofundales/MBGD
1 Marine Thermoplasmata

Lower fluid mud
layer/Sample 21

56 bact. clones
93 arch. clones

4 Bradyrhizobium sp. (α)
6 Stenotrophomonas sp. (γ)*
1 Cupriavidus sp. (β)*

2 Acetothermia
1 Thermus sp.

12 Anoxybacillus sp. (near A.
flavithermus)
24 Anoxybacillus sp. (near A.
geothermalis)
5 Geobacillus sp.
(near G. pallidus)
1 Caldialkalibacillus sp.

2 MSBL1
1 Halodesulfoarchaeum sp.
90 Marine Thermoplasmata

Sediment core
10–30 cm

80 bact. clones
85 arch. clones

16 Cycloclasticus sp. (γ) 25 uncultured Firmicutes
39 Veillonellaceae sp.*

85 Urania Basin Euryarchaeotal
Group (UBEG)

Sediment core
260–280 cm

75 bact. clones
73 arch. clones

12 Stenotrophomonas sp. (γ)*
18 Delftia sp. (β)*
7 Acinetobacter sp. (γ)
5 Achromobacter sp. (β)*

27 uncultured Firmicutes
6 Propionibacterium sp.*

38 Thermoprofundales/MBGD
20 Bathyarchaeota/MCG-8
10 Bathyarchaeota/
MCG-6
5 Lokiarchaeota

Sequence similarities in % to Genbank matches are listed in Supplementary Table 3. Asterisks identify likely contaminants.

were affiliated to the genus Arcobacter, efficient CO2 fixers in
hypoxic sulfide-rich habitats that oxidize sulfide to produce
elemental sulfur while surviving under severe electron acceptor
limitation (Wirsen et al., 2002). The remaining sequences were
affiliated with the sulfide-oxidizing, nitrate-, or sulfur-reducing
genera Sulfurimonas and Sulfurovum (Campbell et al., 2006).
Sequences affiliated with uncultured, presumably halophilic
bacterial lineages from seafloor brine lakes (Bannock Brine
Basin) were recovered in the Urania brine, and include the
MSBL5 lineage within the Chloroflexi, and the MSBL2 lineage
that is currently not closely affiliated with other bacteria

(Daffonchio et al., 2006). Other bacterial community members
were represented by small numbers of clones of most
likely heterotrophic and/or fermentative groups among the
Planctomycetes, Parcubacteria (Castelle et al., 2017), and
Bacteroidetes (Figure 3 and Table 1).

The archaeal sequences in the brine were dominated by
anaerobic halophiles (Figure 5 and Table 1). Archaeal 16S
rRNA gene sequences in the Urania Basin brine were closely
related to Halodesulfoarchaeum formicicum, a lithoheterotroph
that oxidizes formate or H2 with elemental sulfur, thiosulfate
or DMSO as the electron acceptor, and to Haloanaeroarchaeum

Frontiers in Microbiology 07 frontiersin.org

77

https://doi.org/10.3389/fmicb.2022.1043414
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-1043414 December 15, 2022 Time: 16:3 # 8

Lazar et al. 10.3389/fmicb.2022.1043414

FIGURE 3

Phylogeny of general bacteria-affiliated 16S rRNA genes based on distance minimum evolution analysis and 1,000 neighbor-joining bootstrap
iterations using PAUP (Swofford, 2000).

sulfureducans, which oxidizes acetate by sulfur respiration
(Sorokin et al., 2018). The Urania Basin haloarchaeal
counterparts to these cultured strict anaerobes are frequently
recovered from the highly reducing and sulfide-rich Urania
Basin brine. Other members of the archaeal brine community
include members of the uncultured, presumably methanogenic
MSBL1 lineage (Daffonchio et al., 2006) that grow potentially
in syntrophy with KB1 bacteria (Yakimov et al., 2013), four
clones of a MSBL1-related sister lineage, and a single clone of
the heterotrophic Thermoprofundales (Zhou et al., 2019).

3.4 Microbial community of the Urania
Basin fluid mud layers

The taxonomic affiliation of bacterial sequences in the
fluid mud layers changed considerably from those in the brine
layer, to such a degree that the clone libraries showed no
overlap at all (Figure 2 and Table 1). Instead of being affiliated
with diverse sulfur-cycling delta- and epsilonproteobacteria and
phylum-level halophilic lineages, most bacterial sequences of
the three fluid mud layers comprised sequences specifically
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FIGURE 4

Phylogeny of the Proteobacteria-affiliated 16S rRNA genes based on distance minimum evolution analysis and 1,000 neighbor-joining bootstrap
iterations using PAUP (Swofford, 2000).
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FIGURE 5

Phylogeny of the Archaea-affiliated 16S rRNA genes based on distance minimum evolution analysis and 1,000 neighbor-joining bootstrap
iterations using PAUP (Swofford, 2000).

affiliated with genera of the family Bacillaceae within the
Firmicutes (Figure 6). The upper fluid mud layer yielded
a higher proportion of sequences affiliated with moderately
halophilic and alkaliphilic Bacillaceae related to the genus
Piscibacillus (Amoozegar et al., 2009), and—a little more
distant but within the same monophyletic cluster—halophilic
Bacillaceae of the genera Terrilactibacillus, Halobacillus, and

Pontibacillus cultured from Urania Basin sediment (Sass
et al., 2008). The halophile-related clones co-occur in the
upper fluid mud layer with clones related to moderately
thermophilic genera Anoxybacillus and Geobacillus, facultatively
anaerobic chemoorganotrophs with a fermentative metabolism
(Pikuta et al., 2000; Nazina et al., 2001). In the central and
lower fluid mud layer, the halophile-related clones are no
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FIGURE 6

Phylogeny of the Firmicutes-affiliated 16S rRNA genes based on distance minimum evolution analysis and 1,000 neighbor-joining bootstrap
iterations using PAUP (Swofford, 2000).

longer recovered, and the thermophilic lineages, especially
Anoxybacillus, predominate. The Anoxybacillus-affiliated clones
fall into two distinct clusters, one very similar to Anoxybacillus
flavithermus (Pikuta et al., 2000), whereas the second and more
frequently recovered cluster represents a sister lineage to the
thermophilic, alkalitolerant, facultatively or strictly anaerobic
species A. rupiensis and A. geothermalis (Filippidou et al., 2016).
In contrast to the apparent halophile-thermophile transition,
all fluid mud layers yielded almost equal numbers of clones

affiliated with the thermophilic, alkalitolerant, but aerobic
species Geobacillus pallidus, recently renamed Aeribacillus
pallidus (Miñana-Galbis et al., 2010). We speculate that
these populations represent a terrestrial import that remains
detectable due to endospore formation.

Other Bacillaceae-affiliated lineages were recovered less
frequently, or in only a single layer. Clones related to the
marine species Bacillus songklensis (Kang et al., 2013) and
Bacillus abyssalis (You et al., 2013) of the thermophilic,
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endospore-forming genus Bacillus were recovered from the
upper and middle fluid mud horizon. A sequence each from the
middle and bottom layer of the mud fluid were affiliated with the
thermophilic, heterotrophic, alkalitolerant, and hydrocarbon-
degrading species Geobacillus stearothermophilus (Nazina et al.,
2001) and Caldalkalibacillus uzonensis (Zhao et al., 2008),
respectively. Further, the central mud layer yielded clones of
an uncultured Firmicutes lineage that has consistently close
Genbank matches in diverse marine and terrestrial sediment
and subsurface environments, and thus appears to represent
an evolutionary lineage with a preference for these habitats
(Figure 6 and Table 1).

Gamma-, Beta- and Alphaproteobacterial clones formed
the second major bacterial group detected in the fluid
mud layers, affiliated with the genera Delftia, Cupriavidus,
Stenotrophomonas, Halomonas and Bradyrhizobium (Figure 4
and Table 1). Of these, the genus Halomonas (Vreeland
et al., 1980) consisting of halotolerant or halophilic, aerobic
or facultatively anaerobic isolates from diverse saline
environments, occurs specifically in marine environments
(Wang and Shao, 2021, and refs. therein). The Halomonas
clones are closely related to Halomonas sulfidoxydans, a
highly sulfide-tolerant marine sediment species that oxidizes
sulfide aerobically or with nitrate or N2O as electron acceptor
(Wang and Shao, 2021). Rhizobium strains were among
the most consistently isolated bacteria from subsurface
Mediterranean sapropels (Suess et al., 2004, 2006). In contrast,
the hydrocarbon-degrading freshwater and soil bacterium and
opportunistic pathogen Delftia (Wen et al., 1999; Højgaard et al.,
2022), the heavy metal-resistant soil bacterium Cupriavidus
(Vandamme and Coenye, 2004) and the plant-and human-
associated bacterium Stenotrophomonas (Ryan et al., 2009)
lack marine or subsurface associations. We caution that these
sequences were most likely introduced as contaminants during
handling of samples, reagents or PCRs, and we are reporting
them to provide reference sequences for critical evaluations of
microbial community surveys in extreme habitats (Table 1).

The upper and lower mud fluid samples yielded sequences
related to Thermus aquaticus, a heterotrophic, thermophilic
bacterium from thermal springs in Yellowstone National Park
that uses several sugars and organic acids as carbon sources
(Brock and Freeze, 1969). The genus contains aerobic as well
as facultatively anaerobic strains, for example a facultatively
anaerobic Thermus sp. isolated from South African Gold mines
oxidizes organic compounds such as lactate with Fe (III) and/or
Mn (IV) as electron acceptors (Kieft et al., 1999). Sequences
affiliated with Thermus sp. were reported independently at 3,727
m depth in the deep fluid mud of the Urania Basin mud volcano
(Yakimov et al., 2007), indicating that this thermophile is indeed
a member of this microbial ecosystem.

The archaeal profile of the mud layers shows a
transition from predominantly Halodesulfoarchaeum-
and MSBL-1-affiliated clones in the top layer toward

uncultured Thermoplasmatales lineages, specifically the
Thermoprofundales [formerly Marine Benthic Group D
(MBG-D)] in the middle layer and a previously undescribed
Thermoplasmata lineage in the bottom layer (Figure 4 and
Table 1). Extensive Genbank searches and comparisons with
published phylogenies specified the phylogenetic position
of the Urania Basin clones within the globally distributed
and highly diverse Thermoplasmatales. The clones from the
middle mud layer were affiliated with the marine sediment
subclusters 6, 7, and 8 of the Thermoprofundales (Zhou et al.,
2019), indicating tolerance to marine salinity at a minimum.
MBG-D sequences have previously been found in abundance
in hypersaline, sulfidic methane seep sediments in the Gulf
of Mexico (Lloyd et al., 2006), and MBG-D was the major
archaeal group in highly sulfidic anoxic sediments of the Salton
Sea (Swan et al., 2010). The marine Thermoplasmata clones
of the lower mud layer represented a sister lineage of the
uncultured DHVE-9/20c-4 clade (Durbin and Teske, 2012) that
was originally found at hydrothermal vents (Pagé et al., 2004).
Genomic reconstruction has predicted that marine subsurface
Thermoplasmatales are involved in detrital matter degradation,
as well as acetogenesis (Lloyd et al., 2013; Lazar et al., 2017). The
Urania Basin phylotypes were only distantly related to cultured
sulfur-and iron-reducing Thermoplasmatales, for example the
genera Thermoplasma, Picrophilus, or Aciduliprofundum.

Detection of MSBL1 archaea-related sequences is consistent
with previous observations of this group in Urania Basin
mud fluids (Yakimov et al., 2007) and the brine lake of the
Urania Basin (van der Wielen et al., 2005). The MSBL1 archaea
have been detected in many hypersaline environments, such as
an endoevaporitic microbial mat (Sørensen et al., 2005), the
Bannock, Urania and Thetis brine lakes (Daffonchio et al., 2006;
Borin et al., 2009; La Cono et al., 2011), or Tunisian multipond
solar salterns (Baati et al., 2008).

3.5 Microbial community of the Urania
Basin subseafloor sediments

Sequences from the subseafloor sediments (the “mud
pit”) differed considerably from those in the overlying fluid
mud layers and brine (Figure 2). The uncultured subsurface
Firmicutes lineage-affiliated clones that were previously
identified in the middle fluid mud layer occurred in larger
proportions in both subseafloor sediment samples (Figure 6
and Table 1). The upper gravity core sediments (10–30 cm)
yielded sequences affiliated with the fermentative, anaerobic
genus Veillonella, a widely occurring inhabitant of animal and
human intestinal and oral mucosa and an unlikely community
member of Urania Basin (van den Bogert et al., 2013). The
lower core section (260–280 cmbsf) yielded sequences closely
related to the fermentative Actinobacterium Propionibacterium
acnes, reclassified as Cutibacterium acnes, a common epibiont
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on human skin (Scholz and Kilian, 2016). Due to their likely
human origin, we regard the Veillonella and Cutibacterium
sequences as contaminants.

Gammaproteobacterial sequences recovered from the
upper gravity core sediments (10–30 cmbsf) were affiliated
with the genus Cycloclasticus, which utilizes various
aromatic hydrocarbons such as naphthalene, phenanthrene,
biphenyltoluene, xylene or pyrene as the sole carbon and
energy source (Wang et al., 2008; Lai et al., 2012). Cultured
representatives of the genus Cycloclasticus are strictly aerobic,
but their counterparts in anaerobic Urania Basin sediments
might represent a related but distinct anaerobic group,
compatible with the sequence divergence (ca. 4%) between the
cultured strains the Urania Basin clones (Figure 4). Clones
from the deeper core section (260–280 cmbsf) were affiliated
with the gammaproteobacterial genus Acinetobacter, capable of
hydrocarbon degradation in hydrocarbon-polluted soils or in
oilfield production liquids (Chaîneau et al., 1995; Gong et al.,
2012). Sequences of the gamma- and betaproteobacterial genera
Stenotrophomonas (associated with human clinical samples;
Ryan et al., 2009), Delftia (an opportunistic emergent pathogen;
Højgaard et al., 2022) and Achromobacter (described from
human sample material; Yabuuchi and Yano, 1981), were found
in the deep gravity core sample (260–280 cmbsf) and represent
likely contaminants from human contact and handling in
the lab.

Archaeal sequence datasets from the upper layers of the
gravity core (10–30 cmbsf) were exclusively composed of an
uncultured Euryarchaeotal Group (Figure 5). This lineage
is not phylogenetically close to any known cultured or
uncultured archaeal lineage, and the closest uncultured clones
were retrieved from lake sediments or Arctic thermal springs.
Extensive chimera checks of whole and partial sequences did not
uncover any evidence for a mosaic sequence; all sections of the
16S rRNA gene remained ≈15% different from other sequences
in Genbank. We called this group Urania Basin Euryarchaeota
Group (UBEG).

The deeper gravity core sample (260–280 cmbsf) was
dominated by the same uncultured Thermoprofundales lineage
as in the middle fluid mud layer, and by heterotrophic, anaerobic
and presently uncultured Bathyarchaeota of the MCG-6 and
MCG-8 subgroups (Kubo et al., 2012). These Bathyarchaeota
were distinct from the subgroup MCG-17 clones that were
recovered in the upper fluid mud layer (Figure 5). Of these
subgroups, MCG-6 has a wide environmental distribution in
soil, hot springs, estuarine and marine sediments, whereas
MCG-8 and MCG-17 are specifically associated with estuarine
and marine sediments (Xiang et al., 2016). Finally, sequences
affiliated with the Lokiarchaeota (Spang et al., 2015) were
found in smaller numbers. Mixed archaeal communities of
Thermoplasmatales, Bathyarchaeota and Lokiarchaeota are
characteristic for marine sediments, and were already found in

the first major sequencing survey of marine deep-sea sediments
(Vetriani et al., 1999).

4 Discussion

The bacterial and archaeal communities of the Urania
Basin brine fluids, fluid mud layers and deep sediments show
characteristic, habitat-related trends as they change throughout
the sample series, after discounting contaminant sequences
affiliated to bacteria associated with medical, human, or
animal samples (Achromobacter, Delfia, Propionibacterium,
Stenotrophomonas, Veillonellaceae) or terrestrial soil
(Cupriavidus). Sequences affiliated with sulfur-cycling
Epsilon- and Deltaproteobacteria, extremely halophilic KB1
bacteria, and extremely halophilic Halodesulfoarchaeum spp.
in the brine are replaced by sequences affiliated with diverse
Firmicutes, and by halophilic archaea (putatively methanogenic
MSBL-1) and Thermoplasmatales in the fluid mud layers.
Toward deeper fluid mud layers the Firmicutes change from
halophilic (Piscibacillus) to thermophilic (Anoxybacillus)
lineages, and the Archaea change from extreme halophiles
(Halodesulfoarchaeum and MSBL1) toward subsurface sediment
lineages (Thermoprofundales and Thermoplasmata). Finally,
the deep subsurface sediment below the mud volcano retains
sequences related to uncultured Firmicutes, hydrocarbon-
degrading Gammaproteobacteria (Cycloclasticus spp.,
Acinetobacter spp.), and marine subsurface archaea of the
Bathyarchaeota, Thermoprofundales, and Lokiarchaeota, plus
an unidentified archaeal group that appears only in the upper
gravity core sample. Nearly all bacterial and archaeal clones are
affiliated to heterotrophic groups, indicating that this downward
microbial succession (brine—fluid mud—subsurface sediment)
degrades organic substrates and hydrocarbons that are available
in the brine, fluid mud layers, and subsurface sediment.

The mud volcano fluids and subsurface sediment
microbial communities resemble each other in the presence of
gram-positive, sometimes thermophilic, and presumably spore-
forming genera and families within the phylum Firmicutes.
Thus, the Urania Basin sediment microbiota provide an
illustrative example for a “firmicute hotspot,” the previously
postulated point sources that distribute endospore-forming,
moderately thermophilic Firmicutes across cold marine
sediments world-wide (Hubert et al., 2009; Müller et al., 2014;
Gittins et al., 2022). These spore-forming bacteria require a
certain minimum temperature but cannot grow in deep-sea
surficial sediments that are permanently cold. Possible sources
include hydrothermal vents, mud volcanoes, and terrestrial
sedimentation. Hydrothermal vents have generally very low
proportions of gram-positive bacteria, which require lab
enrichment for detection (Castro et al., 2021). Terrestrial
imports appear likely in some coastal locations (Lee et al., 2005).
However, mud volcanoes are the most promising source of
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these widespread seafloor thermophiles (Rattray et al., 2022).
The Urania Basin Mud volcano, prone to occasional eruptions
(Hübner et al., 2003) adds to the database of sources for widely
spread gram-positive bacteria in the deep-sea. We speculate
further that the carbon and energy source for at least some of
these Firmicutes might be petroleum-derived hydrocarbons
of deep subsurface origin, since polyaromatic compounds and
long-chain alkanes are abundant in the fluidized mud and
subseafloor sediment of Urania Basin.

The high contribution of gram-positive Firmicutes in
this study stands in contrast to the near-absence of gram-
positive bacteria (a single Actinomycete clone) in a previous
survey of the Urania mud volcano (Yakimov et al., 2007).
These differences might reflect different nucleic acid extraction
protocols and PCR targets: chemical extraction of RNA via
QIAGEN RNA/DNA mini extraction kit followed by reverse
transcription to cDNA (Yakimov et al., 2007) vs. bead-beating
cell breakage before kit-based DNA extraction and column
purification in this study. The mechanical force of bead-beating
has very likely increased the recovery of DNA from spore-
forming gram-positive bacteria. When bead-beating techniques
are used for cell disruption and DNA extraction, gram-positive
spore-forming bacteria are recovered from diverse marine
sediments (for example, Teske et al., 2002). We note that any
DNA-based study might include dead or dormant cells. We
also note that the previous study did not involve a nested PCR
approach (Yakimov et al., 2007), and thus avoided a likely source
of contaminating sequences.

Active sulfur and methane cycling characterize the
brine/seawater transition of Urania Basin, where seawater
sulfate and subsurface methane overlap (Borin et al., 2009). At
present, our data do not rule out active sulfur and methane
cycling in the deep brine and the mud volcano fluid. Although
the PCR data of this study indicate that sequences affiliated with
microbial taxa involved in sulfur cycling appear to be limited to
the brine layer, sequences related to sulfur-oxidizing Epsilon-
and sulfate-reducing Deltaproteobacteria have been recovered
as dominant and active groups by rRNA transcript sequencing
from deep fluid mud of Urania Basin (Yakimov et al., 2007).
The mud volcano sediments and the overlying brine contain
millimolar amounts of methane and sulfate (Borin et al., 2009;
Zabel, 2012) and would in principle allow sulfate-dependent
methane oxidation to take place. Although anaerobic sulfate-
dependent methane-oxidizing archaea (ANME) were not found
in this survey, they were detected as a single clone in the deep
mud volcano fluid (Yakimov et al., 2007). Few studies have
reported on ANME archaea in hypersaline environments.
ANME-1 archaea were detected in a moderately briny, sulfidic
methane seep in the Gulf of Mexico (Lloyd et al., 2006), and
(in low numbers) in the bottom sediments of Orca Basin in
the Gulf of Mexico (Nigro et al., 2020). ANME1 and ANME2
archaea were found in the Red Sea seafloor brine lakes (Atlantis
II and Discovery Deep), predominantly in a sediment sample

with high total sulfur content (Siam et al., 2012). A consensus
reading of the available data indicates that small populations of
ANME archaea exist in hypersaline basins and in the Urania
Basin mud volcano, but these hard-to-find sequences are not
comparable to the global microbial community signature of
marine methane seeps, methane/sulfate interfaces or methane-
rich subsurface sediments that are dominated by ANME archaea
and deltaproteobacterial sulfate reducers (Ruff et al., 2015).
Accordingly, we do not observe any evidence of decreasing
concentrations of 13C-isotope enrichments in the methane
pool.

Overall, this study highlights the diversity of bacteria
and archaea thriving in the extremely harsh conditions of
the Urania Basin brine lake and mud volcano. Further
activity measurement or culture-based experiments could help
understand which microbial metabolisms play a role in the
Urania Basin, or how the microbes work together to survive in
such an environment.
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Introduction: Shallow hydrothermal systems share many characteristics with 

their deep-sea counterparts, but their accessibility facilitates their study. One 

of the most studied shallow hydrothermal vent fields lies at Paleochori Bay 

off the coast of Milos in the Aegean Sea (Greece). It has been studied through 

extensive mapping and its physical and chemical processes have been 

characterized over the past decades. However, a thorough description of the 

microbial communities inhabiting the bay is still missing.

Methods: We present the first in-depth characterization of the prokaryotic 

communities of Paleochori Bay by sampling eight different seafloor types 

that are distributed along the entire gradient of hydrothermal influence. We 

used deep sequencing of the 16S rRNA marker gene and complemented the 

analysis with qPCR quantification of the 16S rRNA gene and several functional 

genes to gain insights into the metabolic potential of the communities.

Results: We found that the microbiome of the bay is strongly influenced by 

the hydrothermal venting, with a succession of various groups dominating the 

sediments from the coldest to the warmest zones. Prokaryotic diversity and 

abundance decrease with increasing temperature, and thermophilic archaea 

overtake the community.
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Discussion: Relevant geochemical cycles of the Bay are discussed. This study 

expands our limited understanding of subsurface microbial communities 

in acidic shallow-sea hydrothermal systems and the contribution of their 

microbial activity to biogeochemical cycling.

KEYWORDS

Milos, shallow hydrothermal vent field, microbial community, functional genes,  
16S rRNA sequencing, thermal gradient

Introduction

Marine hydrothermalism is a phenomenon where 
seawater percolates though the crust or the sediments, 
becomes heated by volcanic or tectonic activity, and returns 
to the seafloor in the form of focused or diffuse hydrothermal 
venting. During its journey through the subsurface, the 
seawater reacts with the substrate, resulting in hydrothermal 
fluids that are often enriched in metals and reduced 
compounds while being depleted in oxidized compounds (Alt, 
1995). At venting sites, the physical and chemical gradients 
generated by the mixing of the fluids and the seawater allows 
for the growth of unique microbial communities (Orcutt 
et  al., 2011; Price and Giovannelli, 2017). While such 
hydrothermal vents can be found at all depths, a separation is 
made around 200 m depth to differentiate deep and dark 
hydrothermal systems on one hand and shallow and photic 
hydrothermal systems on the other hand (Tarasov et al., 2005; 
Price and Giovannelli, 2017).

As of 2020, around 70 shallow systems are reported in the 
InterRidge 3.4 database (Beaulieu and Szafranski, 2020). While 
they occur in a variety of tectonically active settings, they are 
mostly associated with submarine volcanism, island and intra-
oceanic arcs, ridge environments, intraplate oceanic volcanism, 
continental margins, and rift basins (Tarasov et al., 2005) and can 
be  found all around the world (see for a review Price and 
Giovannelli, 2017). Despite similarities with their deep-sea 
counterparts, shallow systems present also significant 
particularities, such as the presence of light allowing 
photosynthesis, and the common presence of a gas phase due to 
a lower hydrostatic pressure than in the deep sea. They are 
furthermore exposed to stronger time-dependent external 
forcing such as tidal influence, wind- and wave-driven circulation, 
and coastal processes such as land-derived nutrient loading 
(Chen et al., 2005; Yücel et al., 2013; Price et al., 2015; Price and 
Giovannelli, 2017).

Milos Island and its surroundings, situated on the 
Hellenic Volcanic Arc in the South Aegan Sea, is one of the 
most studied shallow hydrothermal vent system (Figure 1A). 
This arc was formed by the convergence of the African plate 
beneath the Aegean micro-plate and has been volcanically 
active since the Pliocene (Varnavas and Cronan, 2005; Jolivet 

et  al., 2013). The subduction results in magmas of 
intermediate to felsic composition, influenced by andesitic to 
dacitic volcanic rocks and low-grade (greenschist facies) 
metamorphic rocks that compose the host rock at Milos (see 
Fytikas et  al., 1986, and references within). Overlying the 
igneous and metamorphic rocks are carbonate-rich sediments 
with elevated concentrations of lead and zinc (Karageorgis 
et al., 1998). Although the last volcanic eruption at Milos was 
~90 ka ago, remnant heat from the quiescent magma system 
still drives hydrothermal circulation on land and offshore, 
making it one of the largest shallow-sea hydrothermal systems 
described to date, covering ~35 km2 (Dando et al., 1995a). 
The most intense submarine venting identified to date occurs 
at Paleochori Bay (Figure 1A), off the south-eastern coastline 
at water depths from 3 m to at least 300 m (Dando et  al., 
2000). The venting fluids are chemically reduced, rich in 
sulfide and mercury, and acidic (pH ~ 4.4), with temperatures 
up to 122°C (Dando et al., 1995a, 2000; Valsami-Jones et al., 
2005; Price R.E. et al., 2013; Roberts et al., 2021). Furthermore, 
the fluids from Milos have to date the highest arsenic 
concentrations of any submarine vent analyzed, with 
concentrations approximately 3,000 times higher than 
seawater values (Price et al., 2015). The gas phase is mainly 
composed of CO2 (commonly exceeding 90%), with lower 
amounts of H2, H2S and CH4 (Dando et  al., 1995a). Low 
salinity fluids can also be  found with different metal 
enrichments, resulting from the reliquefaction of the gas 
phase (Valsami-Jones et  al., 2005). The hydrothermal 
discharge mixes with oxic, slightly alkaline seawater to 
produce white, yellow, orange, and brown manganese, iron, 
arsenic and sulfur mineral precipitates (Wenzhöfer et  al., 
2000; Kotopoulou et al., 2022) that are easily visible using 
satellite, drone, or underwater vehicle imagery (Khimasia 
et al., 2020; Martelat et al., 2020; Puzenat et al., 2021). This 
hydrothermalised seafloor provides surfaces and sources of 
nutrients and energy for microbial communities at or near the 
seafloor (Dando et al., 1998; Price R.E. et al., 2013; Gilhooly 
et al., 2014; Godelitsas et al., 2015).

Microbes in a system like Milos play several ecological roles, 
by fixing CO2 through chemo- and photolithoautotrophy, 
remineralizing organic matter, and mediating several metal cycles. 
Dando et al. (1995b) and Sievert et al. (1999) were the first to study 
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the microbiology of the hydrothermal field of Paleochori Bay on 
Milos, followed by Brinkhoff et al. (1999) which focused on sulfur 
oxidizers. Since, several new microbial species have been isolated 
from the bay (Jochimsen et al., 1997; Arab et al., 2000; Sievert and 
Kuever, 2000; Schlesner et al., 2001), while other studies have 
looked at the microbial communities in general using most 
probable numbers, denaturing gradient gel electrophoresis, 

fluorescence in situ hybridization, lipid analysis and 16S rRNA 
gene clone libraries (Sievert et al., 1999; Giovannelli et al., 2013; 
Price R. et al., 2013; Sollich et al., 2017). There are to date only two 
studies on Paleochori Bay that involve deep-sequencing 
technology of the 16S rRNA marker gene, both focusing on a 
single vent (Bühring and Sievert, 2017; Sievert et al., 2022). A 
detailed structural analysis of the communities throughout 

A

B

D

C

FIGURE 1

Map and photographies of the sampling locations. (A) Localization of Milos and Paleochori Bay. (B) Localization of the cores taken in Paleochori 
Bay. (C) Zoom into the location of “The hexagon.” (D) Photographies of the various types of seafloor investigated here. The lower right picture 
represents the Saganaki vent field. The colors used are consistent throughout the figures, with light blue/grey for seagrass patches, green for 
bioturbation, blue for ochre patches, dark pink for white patches, salmon for mat patches, black for black patches, and yellow for yellow patches. 
See Puzenat et al. (2021) for details on the publicly available AUV and drone background photomosaics in (B,C) (Martelat et al., 2019; Puzenat et al., 
2019a,b).
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Paleochori Bay and their links to patterns of fluid discharge is 
therefore still missing. Similarly, little is known about prokaryotic 
abundances, as the quantification of microbial communities both 
in Paleochori Bay and in the neighboring Spathi Bay has only been 
done on a limited number of samples (Sievert et  al., 1999; 
Giovannelli et al., 2013; Callac et al., 2017; Fru et al., 2018).

In this study, we report the first in-depth characterization of 
the prokaryotic communities of Paleochori Bay using deep 
sequencing of the 16S rRNA marker gene as well as quantitative 
polymerase chain reaction (qPCR) quantification of the 16S rRNA 
gene and several functional genes. The study uses samples 
collected during 2 field expeditions in 2014 and 2019, summing 
to a total of 84 samples over 20 sediment cores, 2 microbial mats, 
and seawater. Our results provide a high-resolution description of 
the microbial communities inhabiting a wide range of habitats 
along hydrothermal gradients in the bay. Furthermore, we also 
discuss in situ interactions between the biosphere and the 
geochemical environment in the bay and review previous 
publications on the topic.

Materials and methods

In this study, data collected during two different field 
campaigns are presented, called thereafter Saganaki and 
CarDHynAl datasets. The two datasets were produced using 
protocols with slight differences which are highlighted below. 
Both datasets describe microbial community composition using 
deep sequencing of the 16S rRNA marker gene, while qPCR 
analysis was performed only on the CarDHynAl dataset. A 
graphical summary of the Material and methods can be found in 
Supplementary material 1.

Sampling

Saganaki dataset
Saganaki is a single vent site located ∼300 m offshore in 

Paleochori Bay (36.671490053°N, 24.516882251°E) at a water depth 
of 12 m (Figure 1B). It is characterized by temperatures up to 76.2°C 
in the shallow subsurface (~10 cmbsf), weak to moderate gas 
venting, and the colonization of the sediment surface by a white 
∼1 cm thick microbial mat. Areas of flourishing seagrass surround 
the area of active venting, separated from the white mats by a 
transition zone (~1 m wide) of sediment where the burrowing 
activity of the mud shrimp Calianassa truncata is visible. In May 
2014, scuba divers measured in situ temperatures and collected 
sediment cores and water samples. Sediments were cored with 
polycarbonate tubes and sealed underwater with rubber caps. Four 
sediment cores were collected along a 2 m transect, starting from 
the center of a white mat, through a transition zone, and ending in 
a seagrass-covered region (Figure 1D). A background area, devoid 
of seagrass and visually unaffected by venting, was also sampled. 
Sediment cores were immediately subsampled onshore by collecting 

2 cm-thick slices in sterile falcon tubes. Subsamples were then stored 
and shipped on dry ice and then kept frozen at −80°C until 
processing. A seawater sample was also taken at less than 1 m depth 
in the vicinity of Saganaki. All cores and samples are listed in 
Supplementary material 2.

CarDHynAl dataset
In September 2019, a field campaign was organized for the 

CarDHynAl project to map and characterize temperature outflows 
(Puzenat et al., 2021) and microbial communities in Paleochori Bay. 
The sediments were sampled throughout Palaeochori Bay, from 3 
to 10 m depth, and from a variety of visually different seafloor types 
such as background sand, bioturbation sand, ochre sand, white 
precipitates, zones covered with microbial mats, yellow sand, and 
black sand (Figure 1D). A hydrothermal hexagonal seafloor pattern 
in the south-east of the bay (36.672334236°N, 24.519504665°E; 
Figures  1B,C) was used to sample a high-resolution sediment 
transect across a zone of diffuse hydrothermal outflow. Sediment 
cores were taken using plexiglass tubes of 3.6 cm in diameter. Upon 
recovery of the cores, the sediment was immediately pushed out of 
the tubes and subsampled by using tip-sectioned syringes. 
Subsamples were stored at −20°C within the hour of sampling until 
further processing. Furthermore, 2 mat samples were collected 
using syringes (Figure  1B). All samples are listed in 
Supplementary material 2. Eleven fluid samples were also sampled 
around 5 cm below seafloor using a syringe connected to a short 
tubing (see list in Supplementary material 3). Temperatures were 
measured using a thermal blanket and multiple thermal probes as 
described in Puzenat et al. (2021).

Fluid analyses

Within an hour after sampling, the fluids from the CarDHynAl 
dataset were split into two aliquots of 10 ml. Few grains of zinc 
acetate were added to the aliquot for anion analysis, and 0.3 ml of 
concentrated nitric acid was added to the aliquot for cation 
analysis. Samples were then kept at room temperature until 
analysis. Major anions were measured using Ion Chromatography 
(IC, Metrohm CompactIC), and major cations were measured 
using Inductively coupled plasma optical emission spectrometry 
(ICP-OES, Thermo Scientific iCAP 7,600).

DNA extraction and sequencing

Saganaki dataset
Around 0.5 g of sand/sediment samples were homogenized 

using a sterile mortar and pestle, and bulk environmental DNA was 
extracted from both sediments and fluids according to the method 
of Mills et  al. (2012). Negative controls were routinely used to 
confirm the absence of contamination during the process. Extracted 
DNA samples were then sent to Molecular Research DNA 
(Shallowater, TX, United States) for sequencing of the 16S rRNA 
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gene using an Illumina Miseq platform with universal 515f and 806r 
primers (Caporaso et al., 2011). The list of all primers and PCR 
programs used in this study can be found in Supplementary material 4.

CarDHynAl dataset
DNA was extracted from ∼0.5 g of sediment/mat using the 

Dneasy® PowerLyzer® Power Soil Kit (Qiagen) following the 
manufacturer’s instructions and a FastPrep 24 Tissue Homogenizer 
(MP Biomedical). Negative controls were routinely run to assess 
contamination throughout the protocol. In order to produce 
amplicon libraries for sequencing, a 2-step amplification approach 
was used as described in Berry et al. (2011). First, triplicate PCRs 
were run on each sample using the HotStarTaq kit (Qiagen) and 
the 519F and 805R primers (see Supplementary material 4). After 
pooling of the triplicates and cleaning of the amplicons using 
AMPure XP beads (Beckman Coulter, Inc.), a second PCR was 
run to attach tags and sequencing adaptors to the PCR products. 
The final products were cleaned again using AMPure XP beads, 
and pooled equimolarly prior to sequencing on an Ion Torrent 
7467 PGM machine at the University of Bergen.

Sequence processing

After retrieval of the sequences, they were processed using an 
adaptation of the «alternative VSEARCH pipeline» (Rognes, 2021). 
In short, the two datasets were first separately trimmed of their 
primers using Cutadapt 3.2 (Martin, 2011), truncated at 220 bp and 
quality filtered at a max expected error of 1 for the Saganaki dataset 
and 2 for the CarDHynAl dataset using VSEARCH v.2.19.0 (Rognes 
et al., 2016). The reason for the difference is that Illumina produces 
higher quality sequences, allowing for a stricter cleaning process. 
Both datasets where then concatenated and processed in VSEARCH 
as follow: Dereplication and removal of singletons, clustering of 
OTUs at 97% similarity, denovo and reference-based chimera 
removal (using SILVA138.1 (Quast et  al., 2013)), and finally 
mapping of the pre-dereplication sequences to the OTUs. The 
OTUs were further curated using LULU v.0.1.0 (Frøslev et al., 2017), 
prior to be given taxonomic assignments using the CREST4 LCA 
classifier (Lanzén et al., 2012) and the SILVA138.1 database. Finally, 
the remaining OTUs were run through a thorough decontamination 
process: Removal of OTUs with no domain assignments, 
contamination removal using the frequency approach in the 
decontam package (Davis et al., 2018), contamination removal using 
a list of known contaminants (Eisenhofer et al., 2019), and removal 
of low-abundance OTUs (Bokulich et al., 2013). The script used to 
process the sequences is available from https://github.com/
MeinzBeur/LeMoineBauer-2022-Milos.

qPCR

Quantitative PCR was used on the DNA extracted from the 
samples of the CarDHynAl dataset in order to quantify a selection 

of genes involved in various metabolic pathways. Several genes 
were successfully quantified: aprA, dsrA and soxB (sulfur cycle), 
arrA and aoxB (arsenic cycle), nirK and nirS (nitrogen cycle), and 
mcrA (CO2/methane cycle). For these genes, the standard curve 
allows to quantify down to ~103 copies per gram of sediments. As 
well, two primer sets targeting separately the archaeal and bacterial 
16S rRNA genes were used to quantify prokaryotic abundances. 
However, primer sets targeting the archaeal amoA, bacterial amoA, 
and hzo (nitrogen cycle) did not show any product during 
preliminary PCR screening on a selection of samples. They were 
therefore not used for qPCR and the genes were considered to 
be not present in the dataset. Furthermore, primer sets targeting 
arsC, arxA and arsB (arsenic cycle) and psbA (algal photosynthesis) 
did not produce any amplicon during preliminary PCR testing on 
a selection of samples either. However, due to the lack of a positive 
control, we cannot rule out the possibility of unsuccessful PCR 
protocol optimization for these genes. Finally, qPCR assays of the 
nifH gene (nitrogen fixation) and pmoA (methane/CO2 cycle) 
showed abnormal amplification pattern (likely due to low 
amplification efficiency) and were therefore not further used. The 
genes were however present in our samples. All qPCRs were run 
on a StepOne™ Real-Time PCR System (ThermoFisher Scientific) 
using the Quantitect SYBR green PCR kit (Qiagen). Gene copy 
numbers are given as copies per gram sediment but are not scaled 
for the number of copies per cell, and therefore do not represent 
true cell abundance. Total 16S rRNA copy numbers (or prokaryotic 
16S rRNA numbers) were calculated as the sum of bacterial and 
archaeal 16S rRNA gene copies. A summary of all successfully and 
failed primer sets used, along with primer sequences, thermocycler 
programs and comments can be found in Supplementary material 4.

Statistical analysis

The different cores were positioned and assigned to seafloor 
types by carefully comparing in situ observations and published 
photomosaics (Martelat et al., 2019; Puzenat et al., 2019a,b). All 
statistical analyses were made in R v.4.1.2 (R Core Team, 2021), with 
the recurrent use of the phyloseq package (McMurdie and Holmes, 
2013) and the ggplot2 package (Wickham et al., 2022). The alpha 
diversity was assessed using the Shannon diversity index, as it is 
robust to differences in sequencing depth. The index was computed 
at the OTU level. Barplots of the compositions are shown at the 
family, phylum, and domain level. For the rest of the study, the 
analyses were made at the family taxonomic level, as this showed to 
be a good balance between keeping relevant taxonomic information 
and decreasing the noise created by having more and rarer taxa in 
the dataset. We  followed the principle of Compositional Data 
Analysis (Aitchison, 1986; Pawlowsky-Glahn et al., 2015; Gloor et al., 
2017). After clustering at the family level, 63% of our OTU table were 
zeros, and we therefore decided to add 1 as a pseudo count to all 
counts of the table as this zero-imputation method has been shown 
to be more efficient than other methods for very sparse data (i.e., 
with high proportion of zeros; Lubbe et al., 2021). The OTU table 
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was then clr-transformed, centered, and subjected to principal 
component analysis based on singular value decomposition. The 
scores of the form biplot were then extracted and plotted in R using 
a modified version of geom_link2 (Pedersen, 2021). In order to 
describe the different seafloor types, we computed balances using the 
selbal R-functions (Rivera-Pinto et al., 2018) as such approach has 
been suggested to be more suitable for compositional data than 
simple differential abundance analysis (Quinn et al., 2021). In our 
study, the algorithm identifies two groups of microbial taxa of which 
the ratio will statistically differ between samples belonging to 
different seafloors (For more explanation, see Supplementary Data 8). 
The script used to process the sequences is available from https://
github.com/MeinzBeur/LeMoineBauer-2022-Milos.

Results and discussion

Seafloor types of Paleochori Bay

The seafloor of Paleochori Bay exhibits a wide range of distinct 
visual diversity (Figure 1D). These differences can easily be linked 
to the influence of the hydrothermal activity, and each seafloor 
type can be constrained by its temperature range (Puzenat et al., 
2021). As temperature is known to be a major structuring variable 
of microbial communities in hydrothermal systems (Lagostina 
et al., 2021), we decided to classify our samples according to the 
seafloor type they were taken from. This resulted in 8 different 
seafloor types, described here and shown in Figure  1D. (i) 
Background sediments are gray/beige and appear unimpacted by 
hydrothermal activity, with temperatures in cores at Saganaki and 
in the CarDHynAl dataset similar to that in  local seasonal 
seawater (19°C and 23–25°C, respectively). (ii) Seagrass patches 
are covered by the sparse growth of Cymodocea nodossa. Despite 
being only 2 meters away from a venting place, the seagrass core 
at Saganaki shows temperatures close to the background seafloor, 
only rising from 19 to 21°C in the upper 20 cm of the sediments. 
Pore water chemistry from Saganaki’s seagrass and background 
cores show strong similarities, except for slightly higher dissolved 
iron, As(III), dissolved organic carbon and total dissolved nitrogen 
in seagrass patches (data not shown). (iii) The bioturbation 
seafloor has the same color as the background seafloor but is easily 
identified by the burrowing activity of the mud shrimp Calianassa 
truncata. The zone is typically present as a band of up to a couple 
of meters width that surrounds the white hydrothermal patches 
but can also be found in bigger patches disconnected from visible 
hydrothermal activity (Puzenat et  al., 2021). At Saganaki, the 
increase in temperature from 23.1 to 34.2°C in the upper 20 cm is 
in agreement with the measurements from Puzenat et al. (between 
21.7 and 41.4°C at 35 cm depth). The temperatures at the seafloor 
interface are close to seawater temperatures. (iv) Ochre patches are 
characterized by the brown color of the sand, due to the 
precipitation of iron and manganese oxides (Wenzhöfer et al., 
2000), and can be found surrounding warmer seafloor areas (e.g., 
white and mat patches, described below), or in broad and isolated 

patches. Temperatures at 35 cm depth vary between 42.0 and 
54.7°C (Puzenat et al., 2021). (v) White patches can be recognized 
by the presence of a superficial white dust precipitate, and were 
mainly observed in the eastern zone of Paleochori Bay, near the 
hexagon. This seafloor type is under stronger hydrothermal 
influence than the previous types described, and the fluids 
sampled in this seafloor show notably a higher silicon content 
than the Background ones (Supplementary Data 3). Nevertheless, 
we did not observe intense venting zones or thick microbial mats 
on the seafloor. It is however likely that a gradual transition can 
be  observed from white patches to mat patches (see below). 
Puzenat et al. measured temperatures at 35 cm depth between 52.8 
and 73°C with an average of 66.8°C (Puzenat et al., 2021). (vi) Mat 
patches exhibit dark gray/black sand and are characterized by 
white fluffy microbial mats of up to a couple of centimeters that 
accumulate in the ripple marks. It appears in the vicinity of 
strongly degassing black patches or very hot yellow patches. It is 
therefore subject to intense hydrothermal venting, as shown by the 
fluid chemistry (Supplementary material 3). Temperatures for this 
environment are very heterogeneous (Puzenat et al., 2021), but 
measurements for our two cores show temperatures of 54.3 and 
57.6°C at 10 cm and rising to 59.8 and 71.3°C by 20 cm, 
respectively. (vii) Black patches are found in association with 
intense degassing sites, where no bacterial mat grows anymore. 
The temperatures are between 30 and 40°C near the surface and 
reach 90°C at 10 cm depth. The chemical analysis of the fluid 
however shows very little difference compared to seawater, except 
for the increase in silicon concentrations (Supplementary Data 3). 
This suggests limited hydrothermal fluid flow at this degassing 
location, and/or that there is a strong recharge of seawater at that 
location, as suggested previously (Wenzhöfer et al., 2000; Yücel 
et al., 2013). (viii) Yellow patches are recognizable by their yellow/
orange sand and are also subject to very high hydrothermal 
impact, exhibiting similar temperature as the black patches 
(around 90°C at 10 cm depth). However, the degassing is much 
weaker and the pore fluid chemistry showed very strong 
hydrothermal influence (Supplementary Data 3). Notably, 
we measured an arsenic concentration of 84.3 μM.

Microbial community structure of the 
different seafloor types

A compositional data principal component analysis [CoDa-
PCA; (Aitchison, 1983; Pawlowsky-Glahn et al., 2015)] of all 81 
seafloor samples provided a visual assessment of microbial 
community structures from OTUs to phylum level. The general 
clustering pattern remained consistent at each taxonomic level 
(Supplementary material 5), but here we present only the family 
level analyses, apart from the Shannon diversity index which was 
computed using OTUs. The family level was chosen for the 
following reasons: (1) We wanted to decrease the noise that would 
be present in OTU level analyses, (2) it separates the abundant 
families Arcobacteraceae, Sulfurimonadaceae and Sulfurovaceae 
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which have a distinct distribution pattern and would be clustered 
together at a higher taxonomic level, (3) it allows to reduce the 
dissimilarity observed between the CarDHynAl and Saganaki 
datasets that could arise from differences in sample preparation 
and primer sets used, and (4) it decreases the occurrences of zero 
counts in the dataset that need to be  accounted for in the 
compositional analysis.

On the resulting ordination, PC1 explains 30% of the variance, 
PC2 explains 14% and PC3 explains 9%. PC1 is segregating the 
samples along the first part of the temperature gradient, with the 
cold background and seagrass samples on the left side, and then in 
order bioturbation, ochre patches, and white patches when moving 
along PC1 (Figure 2A). On the warmer end of PC1, PC2 then 
separates the remaining cores, with the mat patches first and finally 
the yellow and black patches in the upper right corner. The 
correlation between PC1 and temperature is also visible within 
each core, with the shallower and colder end of each core being 
almost systematically aiming to the left side of PC1. This pattern is 
lost in the background and seagrass seafloors where there is almost 
no temperature gradient throughout the cores. The CoDa-PCA 
analysis also shows that the samples from the Saganaki dataset tend 
to separate from the samples of the CarDHynAl dataset along PC3 
(Supplementary material 5), as well as PC2 for the Bioturbation 
and Mat patches (Figure 2A). While the use of different primer sets 
(see Supplementary material 6 for the in silico primer analysis) are 
likely influencing the separation, real biological heterogeneity 
within each seafloor type is also possible. Despite these differences, 
the Saganaki dataset shows the same correlation between PC1 and 
temperature, strengthening our observation of temperature and 
hydrothermal activity being the main structuring factor (in 
agreement with Dando et al., 1995b; Sievert et al., 1999; Sollich 
et al., 2017). This hydrothermal impact on microbial communities 
is also observable on the diversity, as shown by the decrease of the 
Shannon diversity index along the temperature gradient 
(Figure 2C; Sievert et al., 1999). Furthermore, absolute 16S rRNA 
concentrations decrease from around 108 to 104 copies per gram 
sediments when getting closer to the vents (Figure  2D). Our 
estimates are however around an order of magnitude lower than in 
previous studies that used direct cell counts (Sievert et al., 1999 and 
Giovannelli et al., 2013), likely due to the different methods used 
(Lloyd et al., 2013). Finally, the archaeal fraction of the community 
composition increases with temperature (Supplementary Data 7; 
Sievert et al., 2000a), which is also observed in other hydrothermal 
systems (Lagostina et al., 2021). The hydrothermal impact is also 
highlighted by fluid/seawater mixing models at Milos, which 
suggest that microbial metabolic strategies often shift with mixing 
ratio, and therefore temperature (Lu et al., 2020).

The following sections describe the prokaryotic communities 
inhabiting each type of seafloor. However, the ordination and the 
diversity analysis highlighted a strong similarity between the 
communities inhabiting the seagrass and background seafloors, the 
bioturbation and ochre patch seafloors, and the black and yellow 
patch seafloors (Figures 2A,C). Therefore, these seafloor types will 
be described together from now on. This also allows us to use the 

selbal R-functions on all groups, while the low number of samples 
for some seafloor types would have otherwise prevented it.

Background and seagrass patches
The background seafloor possesses the second highest 

absolute prokaryote abundance of our dataset after the 
bioturbation samples (Figure 2D), with 16S rRNA copy numbers 
ranging from 1.66e+7 to 1.03e+8 copy.g−1 sediment. Deeper 
samples tend to have lower absolute abundances than the shallow 
ones, which is mainly linked to the decrease in Bacteria (Figure 3). 
Based on these qPCR measurements, Archaea copies account for 
1.0 to 22.1% of the total prokaryote gene copies and are less 
influenced by depth than Bacteria (Figure 3). No quantitative data 
are available for the seagrass seafloor type but considering the 
similarity with the background seafloor type one might expect 
similarly high 16S rRNA copy numbers.

The background and seagrass cores are the most diverse of our 
samples (Figure 2C). Their prokaryotic community composition 
at the phylum taxonomic level is shown in Figure 4 and at the 
family level in Supplementary Material 7. The composition of the 
seagrass core is very similar to the background core from the 
Saganaki dataset (Figure 4). Background and seagrass samples can 
be  segregated from the others using the balance of 
Desulfatiglandaceae and Unclassified_Woesearchaeales against 
Desulfosarcinaceae, with balance values between −2.54 and − 1.60 
(median − 1.97) for the background and seagrass samples, and 
between −1.58 and 4.96 (median 0.00) for the others (Figure 5A; 
Supplementary Material 8).

Bioturbation and ochre patches
The bioturbation zone has the highest prokaryote abundance 

of our dataset (Figure 2D), with 16S rRNA copy numbers ranging 
from 1.22e+6 to 1.95e+8 copy.g−1 sediment. The deeper samples 
exhibit the lower counts, with a decrease of around 2 orders of 
magnitude in the top 15 cm (Figure 3). Based on these qPCR 
measurements, Archaea copies represent between 1.8 and 20.3% 
of the total prokaryote gene copies. The core from the ochre patch 
shows little variation in prokaryote copy numbers, with a total of 
1.6e+7 to 2.48e+7 16S rRNA copy.g−1 sediment. Neither Bacteria 
nor Archaea copy numbers decrease in the top  15 cm, and 
therefore the relative abundance of Archaea remains between 6.0 
and 7.7% (Figure 3). The low Archaea content in the bioturbation 
and ochre patches is similar to the background and seagrass 
seafloor type, suggesting a rather low hydrothermal impact on 
these zones.

The CoDa-PCA analysis shows that the bioturbation and 
ochre patches act as a transition zone, with the deepest samples 
clustering with the warmer seafloors, while the shallower samples 
are similar to the background and seagrass samples (Figure 2A). 
This is also observed in the spatial distribution of these patches, 
which are often surrounding warmer white and mat patches. The 
bioturbation and ochre patches cores are less diverse than the 
background and seagrass samples (Figure 2C). Their prokaryotic 
community composition at the phylum taxonomic level is shown 
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in Figure 4 and at the family level in Supplementary material 7. 
The high heterogeneity of the community within and between 
each bioturbation and ochre patch core (Figure 2A), as well as its 
similarity with the center of the dataset (centers plotted close to 
the origin of PC1 and PC2 on Figure 2B) makes it more difficult 
to characterizes this seafloor types using selbal. The resulting 
balance opposes Unclassified_SPG12-343-353-B69 to 

Desulfobulbaceae, Unclassified_Anaerolineae and Marinifilaceae, 
with balance values between −3.17 and −1.60 (median −2.06) for 
the bioturbation and ochre patch samples, while all other samples 
have values between −1.75 and 2.10 (median −0.42; Figure 5B; 
Supplementary material 8). Major compositional differences can 
be seen between the bioturbation cores from the Saganaki and the 
CarDHynAl datasets. We suggest that the Saganaki core exhibits 

A B

C D

FIGURE 2

Heterogeneity between the different seafloor types. The color legend as given in B is true for the whole figure. Samples from the Saganaki dataset 
have a red border, while the ones from the CarDHynAl dataset have a black border. (A) Form CoDa-biplot, representing 44% of the variance. It 
approximately reflects the Aitchison distances between the 16S rRNA composition of the sample at the family taxonomic level. Each linked 
samples represent a core, with the width of the link being proportional to depth of the sample. (B) Covariance CoDa-biplot where the center of 
each seafloor type is shown, as well as the taxa involved in the balances described in the text. (C) Shannon diversity index of each sample grouped 
per seafloor type. (D) Absolute prokaryotic abundance as copies of 16S rRNA per gram of sediment quantified by qPCR. For (C,D), the seafloor 
types are ordered by increasing temperature/hydrothermal influence, and the bars represent the median.
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FIGURE 3

Absolute abundances per gram of sediments of various genes in the samples from the CarDHynAl dataset measured by qPCR. Samples are plotted 
according to their depth and their seafloor type. For each plot, the gray background lines represent the values for this gene in the other seafloor 
types. Horizontal error lines represent the standard deviation of qPCR triplicates.
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warmer temperatures, as supported by the presence of taxa mainly 
found in cores from warmer seafloor types (Figure  4 and 
Supplementary material 7), its lower diversity compared to the 
CarDHynal core, and the geographical location of the Saganaki 
bioturbation zone that surrounds a mat patch, which is warmer 

than the white patch the CarDHynAl bioturbation zone 
surrounds. The composition of the ochre patch is similar to a 
subcomposition of the bioturbation patch, where Sulfurovaceae 
has been removed. The presence of iron oxidizing 
Zetaproteobacteria in ochre patches at the nearby Spathi Bay has 

FIGURE 4

Microbial community compositions of the different seafloor types based on 16S rRNA analysis. The barplots show phyla that represent at least 10% 
of the community in at least one sample from the dataset. The color code to the right for the seafloor types is as in Figure 2.
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been shown through qPCR (Callac et  al., 2017), but our 
sequencing data do not support this in our ochre core, with only 
few Zetaproteobacteria sequences detected in the surface of the 
core (data not shown).

White patches
In the cores from the white patches, the 16S rRNA gene copy 

numbers range from 8.74e+5 to 2.03e+8 copy.g−1 sediment, with a 
strong decrease with depth (Figure 2D). The decrease is particularly 
visible for Bacteria, and therefore the relative abundance of Archaea 
increases with depth, with values between 2.6 and 55.9% of the total 
prokaryote copies according to qPCR data (Figure 3).

The white patches show a further decrease in diversity 
compared to previously described seafloor types. Their 

prokaryotic community composition at the phylum taxonomic 
level is shown in Figure  4 and at the family level in 
Supplementary material 7. The balance Unclassified_Caldisericales 
and Unclassified_Bacillales against Unclassified_Incertae Sedis 
(Desulfobacterota), Korarchaeaceae and Oscillatoriaceae 
segregates the white patch samples from the rest, with values 
from −4.07 to −1.66 (median −2.85) for the white patches and 
from −1.62 to 4.27 (median 0.00) for the others (Figure  5C; 
Supplementary material 8). Puzenat et al. (2021) reports some 
very strong gradients of temperature within the white patches, 
which is also reflected in the change of composition along the 
cores. For example, the logratio of Sulfurovaceae over 
Unclassified_Bathyarchaeota systematically decreases with depth 
in each core, turning negative around 4–6 cm depth.

A B

C

E

D

FIGURE 5

Values for the balances selected by the selbal algorithm for the separation of each group of seafloors. The values are plotted against depth, and 
each path represents one core, colored as in Figure 2. The color code for the seafloor types is as in Figure 1. (A) Background and seagrass, 
(B) bioturbation and ochre patches, (C) white patches, (D) mat patches, (E) black and yellow patches.
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Mat patches
The cores from the mat patch show lower absolute 16S rRNA 

abundance than cores from colder seafloor types, with values 
going from 3.2e+6 to 4.1e+7 copy.g−1 sediments (Figure 2D). Both 
Bacteria and Archaea copy numbers decrease with depth, and the 
relative abundance of Archaea goes from 6.4 to 25.6% of the total 
prokaryote copies according to qPCR data.

Mat patches samples have a lower diversity than the colder 
seafloors. Their prokaryotic community composition at the 
phylum taxonomic level is shown in Figure 4 and at the family 
level in Supplementary material 7. The CoDa-PCA analysis 
(Figure  2A) and the barplots reveal that the 2 cores exhibit 
different compositions. For the selbal analysis, we removed the 
sample WM1 (1 cm deep in the Saganaki core), due to the 
complete lack of similarity with the rest of the core (We suggest 
that the surface community of the sediments may be influenced 
by the surroundings; see discussion in the “Sulfur cycling” 
section). The selbal analysis selected the balance Unclassified_
Dehalococcoidia against Unclassified_Acetothermiia to segregate 
this seafloor type from the others, with balance values between 
−6.48 and −4.95 (median −6.00) for the mat patch samples and 
between −4.74 and 3.06 (median −0.36) for the others (Figure 5D; 
Supplementary material 8). We observe some differences between 
the Saganaki core and the CarDHynAl core, with for example a 
much stronger decrease in the logratio of Arcobacteraceae over 
Unclassified_Geothermarchaeota in the Saganaki core, along with 
a lower diversity (Figure 2C). This could be linked to different core 
temperatures, as well as the different types of fluids at the sampling 
location: The Saganaki core shows the presence of low salinity 
fluids in the deep section while the CarDHynAl core had high 
salinity fluids (Supplementary Data 3). Based on clone libraries, 
differences in bacterial and archaeal community composition 
between high and low salinity cores has already been shown (Price 
R. et al., 2013). It is difficult to compare the results we obtain with 
the ones from Price et al., but taken together these observations 
suggest some heterogeneity in the mat patches that cannot 
be constrained by only a few cores.

Black and yellow patches
These seafloor types have the lowest absolute 16S rRNA 

abundance of the dataset, with values ranging from 4.0e+5 to 
3.4e+6 copy.g−1 sediment for the black patch and from 7.2e+3 to 
7.5e+5 copy.g−1 sediment for the yellow patch (Figure 2D). While 
both Archaea and Bacteria copies decrease with depth in the 
yellow patch, Archaea remains stable in the top 15 cm of the black 
patch (Figure 3). According to qPCR data, Archaea 16S rRNA 
copies account for 34.1 to 99.1% of the total in black patches, and 
3.7 to 42.9% in yellow patches.

Black and yellow patches are the seafloor types with the lowest 
diversity within our dataset. Their prokaryotic community 
composition at the phylum taxonomic level is shown in Figure 4 
and at the family level in Supplementary material 7. The 
CoDa-PCA analysis (Figure  2A) clusters both seafloor types 
together, but the barplots reveal that the 2 cores exhibit different 

compositions. Notably, the logratio of Sulfurimonadaceae over 
Desulfurococcaceae is positive in the yellow patch, while it is 
negative in the black patch. The selbal algorithm selected the 
balance Sulfurovaceae against Desulfurococcaceae to discriminate 
these two seafloor types from the others, with balance values 
between −7.01 and −1.69 (median −3.35) for the samples from 
the black and yellow patches and between 0.00 and 7.21 (median 
4.58) for the others (Figure 5E; Supplementary material 8). The 
fact that Desulfurococcaceae are almost only detected in these 
seafloor types plays an important role in the balance. Stetteria 
hydrogenophila, a member of this family, has been previously 
isolated at Milos in sediments of 107°C (Jochimsen et al., 1997).

Microbial mats
Two different types of microbial mats were sampled in this 

study, with MAT1 growing on a rock in a flow of hydrothermal 
fluids, while MAT2 was a 2 cm thick mat lying on top of the Mat 
patches (as already described in Dando et  al., 1995b). The 
microbial mats are entirely devoid of Archaea (only 0.1% of the 
community in the mat sample attached to the rock). Both samples 
present the same community pattern, with a composition 
dominated by Campylobacterota (around 80% of the community), 
as well as some Bacteroidetes (Figure  4). This composition is 
similar to mats observed in deep sea hydrothermal systems, such 
as at Loki’s Castle Vent Field (Stokke et al., 2015). Both samples 
contain the families Sulfurimonadaceae and Arcobacteraceae, but 
Sulfurovaceae is only present in the mat sample from the rock. The 
genus Arcobacter has already been found in the mats previously 
(Sievert et al., 1999), and has been suggested to possibly play a key 
role in their formation (Sievert et  al., 2007). However, the 
composition described here is in contradiction to earlier 
descriptions who showed the dominance of Achromatium volutans 
in the mats, a genus not detected in our study (Dando et al., 1995b; 
Fitzsimons et al., 1997). Similarly, Fitzsimons et al. (1997) reported 
the presence of Thiobacillus sp. in the mat, which we  did not 
detect. Diatoms have also been reported in the mats, but we did 
not investigate these here (Sievert et al., 1999).

Seawater
The seawater sample of the Saganaki dataset is completely 

different from any other sample taken in this study (Figure 4). The 
taxa with highest relative abundance belong to Clade I of SAR11 
and the AEGEAN-169 marine group (both Alphaproteobacteria), 
the SAR86 clade and the Halieaceae (both Gammaproteobacteria) 
and the Puniceicoccaceae (Verrucomicrobiota).

Microbial metabolic capabilities in 
Paleochori sediments

In addition to our extensive sequencing data of the prokaryotic 
communities, we have also quantified several functional genes 
using qPCR on the CarDHynAl dataset. In the following section, 
we discuss these results in light of previous studies on bioenergetic 
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landscapes (Lu et al., 2020), most probable numbers of various 
functional groups (Sievert et al., 1999), and reaction rates (Dando 
et  al., 1995b; Bayraktarov et  al., 2013; Gilhooly et  al., 2014; 
Houghton et al., 2019) to investigate some metabolic capabilities 
of the communities. It is however important to note that the 
detection of functional genes in the DNA extraction of a sample 
merely suggests the potential for the community to perform the 
metabolic pathway but does not imply its use. We  divide the 
discussion into the following geochemical processes relevant to 
this ecosystem: Organic carbon remineralization, nitrogen 
cycling, sulfur cycling, iron cycling, methanogenesis, and 
arsenic cycling.

Organic carbon remineralization
In sediments, microbes typically use organic matter (OM) 

deposited from the seawater as an electron donor. The process 
oxidizes the organic matter through the reduction of various 
electron acceptors, which will be used in sequence according to the 
amount of energy released: Oxygen first, then nitrate, manganese, 
iron, sulfate, and carbon dioxide. The more organic matter present 
in the sediments, the faster these electron acceptors will 
be depleted, and the penetration of oxygen in sediments is therefore 
closely linked to organic matter content (Middelburg, 2019). In 
hydrothermal settings, the pattern is however more complex as 
rising fluids are also a source of electron donors, allowing the 
growth of autotrophic species that will in turn be a new source of 
OM for remineralization. At Milos, oxygen has been shown to 
penetrate the sediments with only a few centimeters at the venting 
sites and a few millimeters to no penetration at all when leaving the 
vents (Sievert et al., 1999; Wenzhöfer et al., 2000; Yücel et al., 2013). 
The deeper penetration at vents is however suggested to be due to 
short-scaled seawater recharge patterns rather than lower OM 
content. Indeed, Dando et al. (1995b) showed that there is more 
total organic carbon (TOC) at the vents compared to background 
sediments, which they suggest reflects an increase in microbial 
biomass at the venting sites. However, Giovannelli et al. (2013) 
rather show a decrease in microbial biomass and abundance when 
leaving the vents, and therefore hypothesize that the higher TOC 
at vents is due to a decrease in remineralization. This effect is likely 
enhanced by the inhibition of sulfate reduction under the acidic 
conditions created by the hydrothermal fluids (Bayraktarov et al., 
2013). Our qPCR results of bacterial and archaeal 16S rRNA genes 
confirm the previous observations that microbial abundance 
decreases with increasing temperature (Figures 2D, 3). Organic 
matter remineralization is nevertheless likely a important process 
in Paleochori Bay, as suggested by the regular detection of putative 
heterotrophs such as Acidimicrobiia, Anaerolineae, Bacteroidia, 
Fusobacteriia, Thermodesulfobacteria and Thermotogae (this study; 
Sievert et al., 2000a,b, 2022; Giovannelli et al., 2013; Price R. et al., 
2013; Price R.E. et al., 2013).

Nitrogen cycling
The nirK gene, involved in heterotrophic and autotrophic 

denitrification, has highest absolute abundance (around 10e+7 

copies per gram sediment) in the shallowest samples of the 
background cores, and shows decreasing trends with depth and 
increasing temperature (Figure  3). There is however some 
variance, with for example the background core C18 that 
exhibits concentrations 2 orders of magnitude lower than the 
other background cores, suggesting some heterogeneity even 
within the background seafloor. As well, the white patches have 
higher concentrations of nirK than the colder bioturbation and 
ochre patch seafloor types close to the surface, however nirK 
falls below detection limit at sediment depth below 6 cm in the 
white patches. NirK is then only detected at 2 cm depth in the 
mat patches and is absent in the very hot black and yellow 
patches. However, the nirK gene has been shown to divide into 
two phylogenetically distinct clades, and our primers amplify 
only a clade composed of Alphaproteobacteria plus few Gamma- 
and Betaproteobacteria (Helen et  al., 2016). Most nirK gene 
diversity is found in the other clade, which include members of 
Bacteroidetes, Chloroflexi, Nitrospirae, Firmicutes, Actinobacteria, 
Planctomycetes, and several archaeal lineages. This can 
potentially explain why we  do not detect the nirK gene in 
warmer seafloor. Our quantification of the nirS gene shows a 
similar pattern, but once more our primer set has been shown 
to omit numerous taxa, including members of the 
Campylobacterota which are dominant in the hydrothermally 
influenced sediments and known to reduce nitrate and nitrite 
(Murdock and Juniper, 2017). Nitrate/nitrite reduction is likely 
still happening at higher temperatures, as supported by models 
showing that the energy released by sulfide oxidation coupled to 
nitrite reduction could support much of the chemolithotrophic 
primary production at the venting site (Lu et al., 2020). Such 
chemolithotrophic nitrate-reducing sulfur-oxidizing bacteria 
have been isolated from Milos in the past, but they are 
mesophilic and therefore unlikely to grow directly at the venting 
site (Kuever et  al., 2002). The identification of potential 
denitrifier in our dataset using the 16S rRNA sequences is 
difficult, as the process is potentially performed by a wide 
phylogenetic range of microbes (Helen et  al., 2016). 
Nevertheless, most Campylobacterota can use nitrate as a 
terminal elecron acceptor, and we also detect the presence in the 
bioturbation and ochre patch seafloors of the Calditrichaceae 
family which are moderately thermophilic and some members 
are known to grow by respiring nitrate (Bonch-Osmolovskaya 
and Kublanov, 2021).

We do not detect in our 16S rRNA dataset any 
Nitrosopumilaceae, a family known for the potential of its 
members to oxidize ammonia aerobically (Qin et  al., 2017). 
Consistently, no bacterial or archaeal amoA gene was detected in 
the CarDHynAl dataset. However, we  detect high relative 
abundances of Geothermarchaeaceae in the mat patch core from 
the Saganaki dataset. While very little is known about this family, 
they also belong to the Thaumarchaeota/Nitrososphaeraeota 
phylum. This, along with the observation that ammonia oxidation 
is exergonic under these conditions (Lu et al., 2020), could suggest 
that Geothermarchaeaceae might be involved in this process.
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Sulfur cycling
Sulfur cycling in marine sedimentary environments is a 

complex network of connected biotic and abiotic reactions driven 
largely by the marine sulfate reservoir as the ultimate sulfur 
source. These processes transform sulfur species between the 
oxidized (sulfate) and reduced (sulfide) end members, along with 
numerous intermediate valence compounds (reviewed in 
Jørgensen et  al., 2019). DsrA and aprA, involved in sulfate 
reduction, display a similar distribution pattern as nirK, with 
around 10e+7 copies per gram sediment in the shallowest 
background cores, and a decrease with increasing depth and 
temperature (Figure 3). Most of the previous studies at Milos on 
sulfate reduction have shown a similar trend. Notably, the same 
dsrA qPCR trend was found in the neighboring Spathi Bay, albeit 
with much higher gene copy concentration compared to this study 
(Callac et al., 2017). Sulfate reduction rates were found to peak in 
the upper 2 cm, although with no relation to the distance from the 
vent (Dando et al., 1995b), while other isotopic studies found an 
increase of sulfate reduction when leaving the vents (Bayraktarov 
et al., 2013; Houghton et al., 2019). Only one study reported that 
no obvious isotopic signature for biotic sulfur cycling could 
be found (Gilhooly et al., 2014), but they suggest that this could 
be linked to a lack of available TOC for remineralization in their 
samples, highlighting once more the spatial heterogeneity within 
each type of seafloor at Paleochori Bay. Most probable number 
studies found an increase of sulfate reducing bacteria away from 
the vent (Sievert et al., 1999). However, we find members of the 
Desulfobacterota phylum, of which many members can reduce 
sulfate using dsrAB (Waite et al., 2020), throughout our dataset. 
While lower pH has been shown to inhibit sulfate reduction at 
Milos, some sulfate reducers can also adapt to life at low pH 
(Bayraktarov et al., 2013). In support, the thermophilic sulfate-
reducing bacterium Desulfacinum hydrothermale was isolated 
from pH 5 sediments (Sievert and Kuever, 2000). However, in our 
study, the family Syntrophobacteraceae, to which D. hydrothermale 
belongs, is mainly detected in seafloors with colder temperatures 
and pH close to neutral. In our core from the black patch, we find 
the genus Staphylothermus, a sulfur reducing hyperthermophilic 
Archaeon belonging to the family Desulfuroccocaceae also isolated 
from Milos (Supplementary Data 7; Arab et al., 2000; Hao and 
Ma, 2003).

In areas of hydrothermal activity, the advective influx of 
reduced sulfur species can also fuel the growth of sulfur oxidizing 
organisms (Sievert et al., 2008, 2022). At Milos, the fluids contain 
abundant H2S (Fitzsimons et al., 1997), and the sulfidic zone has 
been shown to reach or nearly reach the seafloor, except directly 
at the vent where seawater microcirculation allows for oxygen to 
penetrate a few centimeters (Wenzhöfer et al., 2000; Yücel et al., 
2013). As a result, many studies at Milos have reported the 
presence of bacteria able to oxidize sulfide (SOB). The most 
striking feature is the presence of cotton-like white microbial mats 
whether lying on the mat patches or attached to rocks where fluids 
come out (Dando et al., 1995b). We find that these mats consist to 
around 80% of Arcobacteraceae, Sulfurimonadaceae, and 

Sulfurovaceae, which contain the well-known marine SOB genera 
Arcobacter, Sulfurimonas, and Sulfurovum, respectively (Wirsen 
et al., 2002; Inagaki et al., 2003, 2004; Sievert et al., 2007). In the 
sediments, the energy densities of sulfide oxidation are very 
variable, suggesting highly localized processes, but with higher 
potential for autotrophy in the more hydrothermally influenced 
areas where sulfide oxidation coupled to the reduction of oxygen, 
nitrate, and/or nitrite could support much of the 
chemolithotrophic primary production (Lu et al., 2020; Sievert 
et al., 2022). As well, sulfur isotopic analyses suggest that H2S is 
oxidized by microbes close to the venting zone (Houghton et al., 
2019). However, our qPCR analysis of the soxB gene shows that 
the gene is most abundant in the background samples, decreasing 
with depth and increasing temperature to finally be only present 
in the shallowest sample of the mat patch seafloor type (Figure 3). 
The presence of SOB in the background and bioturbation seafloor 
types was already shown using most probable number dilution 
series (Brinkhoff et al., 1999; Sievert et al., 1999), and isotopic 
studies then suggested that they could recycle the sulfide produced 
by sulfate reducer (Houghton et al., 2019). The rapidly changing 
geochemical conditions at Milos, for example due to waves and 
storms, could shift the direction of the reaction, explaining why 
we observe both sulfate reducers and sulfide oxidizers in the same 
samples (Figure 4; Supplementary material 7). The absence of soxB 
genes in our warmer cores is likely the result of primer specificity. 
Indeed, we  measure very low gene abundance of soxB in our 
samples (around 10e+4  in the background and the seagrass 
seafloors) in comparison to the high abundance of bacterial 16S 
rRNA copies (around 10e+7 in the same seafloors), and in silico 
analysis shows that our soxB primers do not target 
Campylobacterota (Supplementary Data 6). Our sequencing data 
show a change in the family distribution within the 
Campylobacterota phylum: While Sulfurovaceae dominate in the 
background, seagrass and white patches, they are then replaced by 
Arcobacteraceae and Sulfurimonadaceae in the mat, yellow and 
black patches (Supplementary material 7). The bioturbation 
seafloor type shows all three families, and our ochre patch core 
seems mostly devoid of Campylobacterota, despite the soxB gene 
being detected there. Recently, the Sulfurovaceae family was 
similarly not detected in an in-situ carbon fixation experiment in 
the mat patches (Sievert et  al., 2022). However, community 
compositions of 0–1 cmbsf hydrothermal and background 
sediment where Sulfurovaceae is a major part of the composition 
in both types of sediments have been described (Giovannelli et al., 
2013). They report that Epsilonproteobacteria (now 
Campylobacterota) represent 60% of each prokaryotic community, 
which is much more than what we measured. However, superficial 
sediment communities are likely impacted by microbial mats and 
seawater communities, and are therefore highly dissimilar to 
deeper samples as seen in some of our cores (data not shown). The 
genus Thiomiscrospira, and the strain Thiomicrospira sp. Milos-T1 
isolated at Milos, has been suggested to be a major actor of sulfur 
oxidation in Paleochori Bay (Brinkhoff et al., 1999), but these 
results were not supported in a recent study (Sievert et al., 2022), 
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and in our dataset the family Thiomicrospiraceae is mainly present 
only in the yellow patch composition. Similarly, the family of the 
sulfur oxidizing bacteria Halothiobacillus kellyi isolated at Milos 
(Sievert et al., 2000b) represents at best 0.9% of any sample.

Finally, the family Desulfocapsaceae and the genus 
Desulfocapsa known for sulfur disproportionation (Finster et al., 
1998) are detected in the background cores 
(Supplementary material 7). This reaction had been shown to 
be exergonic in most niches around hydrothermal systems (Alain 
et  al., 2022), but we  cannot confirm its use at Milos with 
our dataset.

Iron cycling
We did not directly investigate the presence of genes involved 

in iron reduction in our study. Nevertheless, dissimilatory iron 
reducing bacteria have been found at Milos in the colder seafloor 
types, seemingly correlated to Fe(III) concentrations (Sievert et al., 
1999). It is however difficult to identify which organisms are 
responsible for iron reduction. The iron reducer Deferrisoma 
palaeochoriense has been isolated from Paleochori Bay (Pérez-
Rodríguez et al., 2016), but we find Deferrisomataceae, its family, to 
represent a maximum of 0.3% of the community of any sample in 
our dataset. Similarly, the Deferribacteraceae (Huber and Stetter, 
2015), the sva1033 family of the Desulfobacterota (supposed to 
perform dissimilatory iron reduction (Wunder et al., 2021)), and the 
Archaeoglobaceae (to which Geoglobus belongs (Kashefi et al., 2002; 
Slobodkina et al., 2009)) represent at best 0.2% of the community in 
any sample. Among the taxa with higher relative abundance, the 
order Actinomarinales, representing up to 14.6% of the community 
in the ochre patches, have been shown to have a gene cluster related 
to the acquisition of Fe(III) (López-Pérez et al., 2020).

Methanogenesis
McrA in our study is detected only in the background and in 

3 single samples in the bioturbation and white patch seafloors. In 
the background cores, the gene abundance peaks between 5 and 
10 cm. This would suggest that methanogenesis would only occur 
at a specific horizon. While Callac et al. also found the highest 
mcrA copies in their background reference sediments, they also 
detect the gene in the brown and white sediments and do not have 
an abundance peak at a few centimeters depth (Callac et al., 2017). 
Based on the data available, the relevance of methanogenesis at 
Milos remains elusive.

Arsenic cycle
Arsenic is a compound that is ubiquitous in the marine 

biosphere, where it is poisonous to most organisms due to its 
chemical similarity with phosphate (Bidlack, 2002). However, some 
prokaryotes have developed strategies to detoxify from arsenic, and 
sometimes even use it as an energy source (Páez-Espino et al., 2009; 
Tsai et  al., 2009). In Paleochori Bay, the hydrothermal venting 
discharges high concentrations of arsenic, with concentrations  
of up to 78 μM previously measured in low salinity fluids  
(Price R.E. et al., 2013). At the yellow patch location of our C27 core, 

we measured concentrations of arsenic of 84 μM in high salinity 
fluids (Supplementary material 3), and observed under scanning 
electron microscopy the precipitation of arsenic oxides and orpiment 
(As2S3) coating the sand grains as described previously 
(Supplementary material 3; Price R.E. et al., 2013; Godelitsas et al., 
2015). We investigated the adaptation of prokaryotes to arsenic by 
quantifying the arrA (Arsenate respiratory reductase) and aoxB 
(Arsenite oxidase) genes involved in energy production. We also 
tried to amplify arxA, also involved in energy production, and arsB 
and C, involved in detoxification, but with no avail. Both arrA and 
aoxB showed similar abundance pattern, with highest concentrations 
found in the shallow background sediments, and a decrease with 
increasing depth and temperature (Figure 3). The arrA gene is not 
detected beyond the shallowest sample in the mat patch seafloor, 
while the aoxB gene is not present beyond the white patches. We do 
not detect these genes in the core from the yellow patch, where high 
concentrations of arsenic are measured. While seemingly counter-
intuitive, similar results were found in the nearby Spathi Bay, where 
higher concentrations of aoxB, arrA, arsB, acr3-1 and acr3-2 were 
found away from the venting zone (Fru et al., 2018). The authors 
suggest that in the vicinity of the vents, the acidic fluids and high 
sulfur concentrations effectively trap arsenic into orpiment by 
precipitation. The lack of such arsenic sink further away correlates 
with the increase of arsenic-related genes. Also, arsenic-resistance 
genes are much more abundant than arsenic-metabolism genes, 
suggesting the ability of the community to rapidly adapt to arsenic 
surges in the system (Fru et al., 2018). Similar to our qPCR analysis, 
our 16S rRNA sequencing data does not show any clear response of 
the community composition to the high arsenic concentrations in 
the yellow patch. This observation matches the results from Callac 
et al., who did not find arsenic to be a major selector for carbon 
fixation genes in the nearby Spathi Bay (Callac et al., 2017). Price 
et al. found some aioA (other name of aox) sequences in the mat 
patches, but the clones, belonging to Alphaproteobacteria and 
Betaproteobacteria, showed little overlap with their 16S rRNA data 
(Price R. et al., 2013), suggesting that these are not major parts of the 
community composition. This is consistent with the models showing 
that reactions using As(V) as an electron acceptor can provide only 
very little energy at Milos (Lu et al., 2020). However, we found that 
As(III) is present in low concentrations in the shallows to middle 
depths in the bioturbation core from Saganaki (data not shown). In 
this core we also find the presence of the Sulfurospirillaceae family, 
to which the Fe(III) and As(V) respiring bacterium Sulfospirillium 
barnesii belongs (Stolz et al., 1999), and the presence of arsenic could 
therefore be linked to the desorption of arsenic upon the dissolution 
of solid iron phases (Herbel and Fendorf, 2006).

Conclusion and future 
perspectives

The present study has provided a significant upgrade in our 
understanding of the prokaryotic communities in the Paleochori 
Bay of Milos. For the first time we present a thorough description 
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of the visual diversity of seafloor types present in the bay and the 
prokaryotic communities inhabiting them (Figure 6). Our results 
show the strong impact of hydrothermal activity on community 
composition, abundance, diversity, and metabolic potential. It 
should however be noted that we observe some heterogeneity 
within seafloor types, and hence our samples are unlikely to cover 
the entire span of microbial diversity inhabiting the bay.

Furthermore, several aspects of the ecosystem are still poorly 
investigated, and we find the following potential research subjects 
very relevant to further increase our understanding of the microbial 
communities inhabiting Paleochori Bay. (i) The physical, chemical, 
and microbiological heterogeneity of some seafloor types are not 
well constrained. Notably we present only one core taken from the 

ochre patches while they represent a massive surface area. As well, 
the difference between low-salinity and high-salinity communities 
in the mat patches needs further investigation. (ii) A major 
difference between deep and shallow hydrothermal systems is the 
possibility for phototrophic organisms to play a role in the food 
chain. During our sequence decontamination protocol, we removed 
in some samples up to 8% of reads assigned to chloroplasts. This 
mainly happened in the colder seafloor types, suggesting higher 
importance of phototrophy there. However, the importance of 
phototrophy in the ecosystem is yet to be investigated. (iii) While 
we have presented here a substantial dataset of 16S rRNA gene 
sequences, the general understanding of the microbial communities 
would highly benefit from transcriptomic studies. This could for 

FIGURE 6

Description of the various seafloors observed in Paleochori Bay, along with the general trends of abundance, diversity, and composition of the 
prokaryotic communities (modified from the hydrothermal distribution model for Milos in Puzenat et al. (2021)).
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example help understanding why sulfur reducers and oxidizers are 
present in the same samples, and also constrain the temporal impact 
of tides on the communities. (iv) Sulfur oxidizing microbial mats 
are common in hydrothermal systems. However, due to its temporal 
instability, the mats at Paleochori Bay are ideal to investigate their 
development and growth, allowing for in situ experiments on mat 
growth that would be otherwise difficult in the deep sea. (v) Viruses 
are known to be key player in marine ecosystems (Suttle, 2007; 
Rohwer et al., 2009; Sime-Ngando, 2014), and are likely to play a 
strong ecological and evolutionary role in deep hydrothermal 
systems (Ortmann and Suttle, 2005; Castelán-Sánchez et al., 2019). 
In shallow systems, Manini et al. (2008) described a rather low viral 
abundance, but there is to our knowledge no other investigation of 
the viral community in shallow hydrothermal systems. Milos, with 
its high temporal variability, would be an ideal place to study and 
monitor the virus-host dynamics at play. (vi) Milos is a major 
natural discharge of arsenic and therefore an ideal place to 
investigate how organisms cope with this highly poisonous 
compound. Godelitsas et  al. (2015) and our study identified 
potentially biogenic arsenic-sulfide filaments and spirals 
(Supplementary Data 3), which have previously been suggested to 
result from the mineralization of hyphae (Dekov et  al., 2013). 
Further investigations on arsenotrophy and arsenic detoxification 
based on cultures or molecular approaches could potentially help 
developing new arsenic bioremediation approaches.
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Terrestrial hydrothermal springs and aquifers are excellent sites to study microbial

biogeography because of their high physicochemical heterogeneity across relatively

limited geographic regions. In this study, we performed 16S rRNA gene sequencing

and metagenomic analyses of the microbial diversity of 11 different geothermal

aquifers and springs across the tectonically active Biga Peninsula (Turkey).

Across geothermal settings ranging in temperature from 43 to 79◦C, one of

the most highly represented groups in both 16S rRNA gene and metagenomic

datasets was affiliated with the uncultivated phylum “Candidatus Bipolaricaulota”

(former “Ca. Acetothermia” and OP1 division). The highest relative abundance of

“Ca. Bipolaricaulota” was observed in a 68◦C geothermal brine sediment, where

it dominated the microbial community, representing 91% of all detectable 16S

rRNA genes. Correlation analysis of “Ca. Bipolaricaulota” operational taxonomic

units (OTUs) with physicochemical parameters indicated that salinity was the

strongest environmental factor measured associated with the distribution of this

novel group in geothermal fluids. Correspondingly, analysis of 23 metagenome-

assembled genomes (MAGs) revealed two distinct groups of “Ca. Bipolaricaulota”

MAGs based on the differences in carbon metabolism: one group encoding the

bacterial Wood-Ljungdahl pathway (WLP) for H2 dependent CO2 fixation is selected

for at lower salinities, and a second heterotrophic clade that lacks the WLP that

was selected for under hypersaline conditions in the geothermal brine sediment.

In conclusion, our results highlight that the biogeography of “Ca. Bipolaricaulota”

taxa is strongly correlated with salinity in hydrothermal ecosystems, which coincides

with key differences in carbon acquisition strategies. The exceptionally high relative

abundance of apparently heterotrophic representatives of this novel candidate

Phylum in geothermal brine sediment observed here may help to guide future

enrichment experiments to obtain representatives in pure culture.

KEYWORDS

“Candidatus Bipolaricaulota”, deep biosphere, hydrothermal, carbon fixation, pangenomics,
phylogenomics
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Introduction

All of the Earth’s ecosystems are built on the fixation of carbon
dioxide into organic carbon by metabolic carbon fixation pathways.
Out of seven carbon fixation pathways known to date (Fuchs, 2011,
Sánchez-Andrea et al., 2020), the Wood-Ljungdahl pathway (WLP)
is found in a wide range of anaerobic bacterial and archaeal lineages.
This pathway has been proposed as one of the ancient metabolic
carbon fixation pathways where the last common ancestor of all
organisms (LUCA) might have been used to fix carbon in anaerobic
hydrothermal settings in the early Earth (Fuchs, 2011).

“Candidatus Bipolaricaulota” (Hao et al., 2018), formerly known
as OP1 (Hugenholtz et al., 1998) and “Candidatus Acetothermum
autotrophicum” (Takami et al., 2012), are deeply branching in
the bacteria domain with members capable of fixing carbon
autotrophically via an ancient WLP pathway (Takami et al., 2012).
The phylogenetic analysis of the carbon monoxide dehydrogenase
enzyme of “Ca. Bipolaricaulota,” a key feature of the CO2 fixation
in the WLP, placed this as one of the most ancient carbon-fixing
organisms that have been detected to date (Takami et al., 2012).
A recent metagenomic study investigating “Ca. Bipolaricaulota” in a
serpentinization-driven ecosystem also concluded that this phylum is
among the earliest evolving bacterial lineages (Colman et al., 2022).
These suggested that members of the “Ca. Bipolaricaulota” retain
ancestral traits of the WLP that evolved on the early Earth, and
the WLP is a metabolism that has been predicted for the LUCA
(Martin et al., 2008; Fuchs, 2011). “Ca. Bipolaricaulota” have been
found in hot springs (Hugenholtz et al., 1998; Tobler and Benning,
2011), deep-sea hydrothermal environments (Teske et al., 2002; Stott
et al., 2008), subsurface thermophilic mat communities (Takami et al.,
2012), oil fields (Hu et al., 2016), the sediment of hypersaline lagoons
(Fernandez et al., 2016), serpentinized subsurface fluids (Colman
et al., 2022), and anaerobic bioreactors (Hao et al., 2018). Based on its
phylogenomic divergence, it has been proposed as a novel candidate
phylum (Hao et al., 2018).

Recently, a complete metagenome-assembled genome (MAG) of
the phylum “Ca. Bipolaricaulis” anaerobic sp. Ran-1 was obtained
from an anaerobic sludge digestor, and this MAG showed a potential
chemoheterotrophic mode of lifestyle where members of this
bacterium derive energy primarily via heterotrophic fermentation
(Hao et al., 2018). Moreover, the first photographs of these cells
revealed an unusual morphology that exhibited bipolar prosthecae
(Hao et al., 2018). The WLP was reported to be ubiquitous in the
candidate phylum (by analyzing 14 MAGs), and used in four different
catabolic capabilities, namely, (1) homoacetogenic fermentation, (2)
autotrophy, (3) syntrophic oxidation of acetate, and (4) respiratory
capacity while using oxygen or nitrate as a terminal electron acceptor
(Youssef et al., 2019). As such, metabolically versatile memberes of
the candidate phylum Bipolaricaulota (Acetothermia, OP1) likely
uses the WLP in homoacetogenic fermentation (Youssef et al.,
2019).

During 2019–2021, we performed a survey of microbial
diversity in geothermal environments on the Biga Peninsula,
Turkey, a geothermal field spanning more than 9,000 km2. We
examined the genomic potential within microbial communities
from 11 different geothermal environments in the Biga Peninsula
and around the vicinity of Edremit from diverse geothermal
conditions including brine pools and subsurface (60–1,350 m
below surface) hydrothermal aquifers. This survey revealed

several environments where “Ca. Bipolaricaulota” reached notably
high levels of relative abundance in the microbial communities
(>90%). We proceeded to investigate how the diverse geothermal
and physicochemical conditions of the Biga Peninsula influence
the distribution of “Ca. Bipolaricaulota”. By using shotgun
metagenomic techniques and bioinformatic tools, four MAGs
associated with “Ca. Bipolaricaulota” were assembled and their
carbon metabolism and biogeographic distribution across the
geothermal environments was assessed. Our analyses show how the
carbon metabolism of this novel phylum is distributed across key
geothermal environments.

Materials and methods

Field sampling

Sediment and fluid samples were collected in the summertime
between 2019 and 2021 from geothermal springs and boreholes in
the Biga Peninsula and in the vicinity of Edremit Town (Balikesir,
Turkey) (Figure 1 and Supplementary Table 1). Hydrothermal
sediments (Tuzla, Hidirlar, Büyükılıca, and Nebiler) were collected
directly from the hot spring ponds using falcon tubes or with a
shovel. Hot spring fluids (10–20 L) were collected from geothermal
pools directly from the spring and immediately filtered (0.2 µm;
Millipore Express, Merck, Darmstadt, Germany) from three sites,
namely, Tuzla, Hidirlar, and Nebiler, using a peristaltic pump
(Masterflex E/S 07571-05, Cole Parmer, USA). Several geothermal
fluids were sampled from existing boreholes where deeply sourced
hydrothermal aquifer water is constantly pumped to the surface.
These fluids were collected either from a water collector (Güre
250 m-deep borehole) or directly from the pipe opening (Güre
1,390 m-deep borehole, Bardakcilar boreholes, Can, and Entur).
Additional information on the fluid chemistry boreholes is found in
Supplementary Table 1.

Physicochemical analyses

Electrical conductivity (Ec) (WTW, Cond 3110 Set 1, Weilheim,
Germany), temperature, salinity (WTW, Cond 3110 Set 1, Weilheim,
Germany), pH (WTW, pH 3110 Set 2, Weilheim, Germany),
dissolved oxygen (WTW Oxi 3310, Weilheim, Germany), and
total dissolved solids (TDS) were measured in the field using
handheld probes. Fluids were filtered through 0.2-µm hydrophilic
polyethersulfone (PES) filters (Millipore Express, Merck, Darmstadt,
Germany) placed within in-line filter holders. Filters were stored
in 15 mL sterile falcon tubes and immediately placed on dry
ice, shipped back to Germany, and stored at −80◦C until
DNA extractions at the University of Munich (LMU Munich).
Geochemical analysis of the fluids was performed as described
previously (Einsiedl et al., 2020; Supplementary Table 1). Briefly,
samples for laboratory-based measurements of major anion and
cation concentrations and water isotopes (δ2H and δ18O) were
collected in 1.5 mL tubes after filtering with 0.2 µm PES filters
(Millipore Express, Merck, Darmstadt, Germany). All samples
were stored on dry ice. Laboratory measurements were done
in the hydrogeology department of the Technical University
of Munich (TUM) and the General Directorate of Mineral
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FIGURE 1

Study sites and microbial community structure. (A) Map showing the location of the 11 geothermal sampling sites in Biga Peninsula, Turkey. The legend
shows the names of the samples corresponding to the numbers on the map. (B) Microbial community structure of collected samples (filtered fluids,
sediments, mud, and biofilm samples) from the studied geothermal represented as relative abundance of 16S rRNA gene sequences (y axis). These bars
are only displayed for those samples where a phylum/class reached relative abundance in the 16S rRNA gene dataset >1% in any of the samples. Legends
show corresponding groups (left) and type of samples (right). The map used in this figure was created by Maps-For-Free which is credited in the image
(https://maps-for-free.com/#close).

Research and Exploration of Turkey (MTA) (Supplementary
Table 1).

DNA extraction

DNA was extracted as described previously for filters (Orsi
et al., 2015) and sediments (Coskun et al., 2018). DNA from the
sediments was performed exactly as described previously (Coskun
et al., 2018). For the filters, some modifications to the original DNA

extraction protocol (Orsi et al., 2015) were made. For the filters,
the silica bead contents from four 2 mL Lysing Matrix E tubes
(MP Biomedicals, Solon, OH, USA) was poured into a 15-ml falcon
tube containing the filter 4 ml of a sterile-filtered sucrose ethylene-
diaminetetraacetic lysis buffer (0.75 M sucrose, 0.05 M Tris-Base,
0.02 M ethylenediaminetetraacetic, 0.4 M NaCl, 4 ml 10% sodium
dodecyl sulfate, and pH 9.0) was added to the tubes and then bead
beating was performed for 40 s using a Fast-Prep 5G homogenizer
(MP Biomedicals, OH, USA) at a speed of 6 m/s. Samples were
subsequently heated for 2 min at 99◦C. After heating, 25 ml of
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20 mg/ml proteinase K was added, and tubes were incubated at
55◦C overnight with constant gentle rolling in a Bambino oven.
DNA was extracted and purified from the lysate using the DNeasy
Blood and Tissue Kit (Qiagen). Extracted DNA was quantified
fluorometrically using a Qubit 3.0 Fluorometer (Invitrogen, Eugene,
OR, USA).

PCR of 16S rRNA genes and bioinformatic
analysis

Universal primers targeting the V4 hypervariable region of 16S
ribosomal RNA (rRNA) genes were used to PCR amplify the gene
fragments from DNA extracts from the environmental samples.
We used a version of the 515F primer with a single-base change
(in bold) to increase the coverage of certain taxonomic groups
including the archaea (515F-Y, 5′-GTGYCAGCMGCCGCGGTAA;
Parada et al., 2016). PCR reactions were carried out as described
previously (Coskun et al., 2019). The 16S rRNA genes were subjected
to dual-indexed barcoded sequencing of 16S rRNA gene amplicons
on the Illumina MiniSeq as described previously (Pichler et al.,
2018).

The MiniSeq reads (Pichler et al., 2018) were quality trimmed
and assembled using USEARCH version 11.0.667 with the default
parameters (Edgar, 2010). Reads were then de novo clustered
at 97% identity using UPARSE; operational taxonomic units
(OTUs) represented by a single sequence were discarded (Edgar,
2013). Taxonomic assignments were generated by QIIME 1.9.1
(Caporaso et al., 2010) using the implemented BLAST method
against the SILVA rRNA gene database release 132 (Quast
et al., 2013). The genera Pseudomonas, Ralstonia, Variovorax,
or Streptococcus were also removed as these are common
contaminants of molecular reagent kits (Salter et al., 2014) and
we typically find these genera in DNA extraction blanks from
our lab (Coskun et al., 2018; Pichler et al., 2018). Statistical
analyses and plots were performed using R. Studio version 3.3.0
(RStudio Team, 2015). The 16S rRNA gene sequence data is
stored in the NCBI Short Read Archive under BioProject ID
PRJNA888248.

Metagenomic analysis

Samples selected for metagenomic shotgun sequencing (see
Supplementary Figure 1) were prepared into metagenomic libraries
using the Nextera XT DNA Library Prep Kit (Illumina) by following
the manufacturer instructions with some modifications. The starting
concentration of genomic DNA could not be set to 0.2 ng as suggested
by the manufacturer due to low DNA content in some samples.
Instead, the PCR program in the amplification step of the tagmented
DNA was modified from 12 to 15 cycles to increase the resulting
DNA yield from <1 nM concentration to the values between 5 and
10 nM as previously done (Coskun et al., 2021). Quality control and
quantification of the metagenomic libraries were done on an Agilent
2100 Bioanalyzer System using high-sensitivity DNA reagents and
DNA chips (Agilent Genomics). Metagenomic libraries were diluted
to 1 nM and pooled together to be sequenced on the Illumina MiniSeq
platform. SqueezeMeta (Tamames and Puente-Sánchez, 2018) and
the Anvi’o snakemake workflow (Köster and Rahmann, 2012; Eren

et al., 2015) were used for downstream analysis in co-assembly
mode with default settings. In short, the SqueezeMeta workflow
deployed Trimmomatic for adapter removing, trimming, and quality
filtering by setting the parameters: leading = 8, trailing = 8, sliding
window = 10:15, and minimum length = 30 (Bolger et al., 2014).
Contigs were assembled using a Megahit assembler with a minimum
length of 200 nucleotides (Li et al., 2015). Open reading frames (genes
and rRNAs; ORFs) were called using Prodigal (Hyatt et al., 2010);
rRNAs genes were determined by Barrnap1. The Diamond software
(Buchfink et al., 2015) was used to search for gene homologies
in the databases GenBank nr for taxonomic assignment, eggNOG
v4.5 (Huerta-Cepas et al., 2016), and KEGG (Kanehisa, 2000). The
cutoff values for assigning hits to specific taxa were performed
at an e value of 1 × e−3 and a minimum amino acid similarity
of 40 for taxa and 30 for functional assignment, which was the
default settings of SqueezeMeta. Bowtie2 (Langmead and Salzberg,
2012) was used to map the read onto contigs and genes. Anvi’o
snakemake workflow (anvi’o v7) was used to bin and refine the
MAGs. MaxBin (Wu et al., 2016), CONCOCT (Alneberg et al., 2014),
and Metabat2 (Kang et al., 2019) were used for the binning, and the
DAS Tool (Sieber et al., 2018) was used to choose the best bin for
each population. The completeness and contamination of the bins
were checked in anvi’o v7 based on the “Bacteria_71” single-copy
gene database embedded in anvi’o v7. The metagenomic sequence
data is stored at https://doi.org/10.6084/m9.figshare.21286227.v1 and
entered in the NCBI Short Read Archive under BioProject ID
PRJNA888248.

For the pangenomic analysis, the MAGs to compare against our
study were downloaded from public databases deposited as a part
of research efforts (Takami et al., 2012; Jungbluth et al., 2017; Parks
et al., 2017; Hao et al., 2018; Kadnikov et al., 2019; Smith et al.,
2019; Youssef et al., 2019; Liu et al., 2020; Reysenbach et al., 2020;
Zhou et al., 2020; Bhattarai et al., 2021; Schneider et al., 2021; Wang
et al., 2021; Brazelton et al., 2022; Speth et al., 2022). Supplementary
Table 2 provides information on the 23 origins of all the genomes
examined in this study.

Phylogenomics of “Ca. Bipolaricaulota”

A total of 69 different sets of ribosomal genes (in total) were
determined by anvi’o (Eren et al., 2015) using the “Bacteria_71”
ribosomal protein dataset in anvio’s “anvi-get-sequences-for-hmm-
hits” command (Eren et al., 2015). These ribosomal proteins were
aligned using muscle (Edgar, 2004), and the phylogenetic tree
was constructed using FastTree Version 2.1.10 (Price et al., 2010)
using BLOSUM45, which is embedded in anvi’o (Eren et al.,
2015).

Statistical analysis

For the statistical assessment of the influence of the
environmental parameters on “Ca. Bipolaricaulota” and the rest
of the identified phyla in the fluids, we applied a redundancy analysis
(RDA) (Figure 2). RDA is a multiple linear regression between the
explanatory variables (environmental parameters) and the response

1 github.com/tseemann/barrnap
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FIGURE 2

Redundancy analysis (RDA) ordination plot for Biga Peninsula Phylum operational taxonomic units (OTUs) distribution constrained by six environmental
variables. Environmental parameters (blue arrows) included: oxygen concentration (O2), temperature (T), pH, salinity, silica (Si), and sulfate (SO4

2-)
concentration. Color codes of the different phylum are the same as in Figure 1, being “Ca. Bipolaricaulota” highlighted in red.

variables (OTUs abundance per different phylum), followed by a
principal component analysis (PCA). Sediment, biofilm, mud, and
soil samples were discarded from the analysis as physicochemical
parameters were only measured from the fluids. Previous to the
RDA plot, Pearson correlations (r > 0.8, P < 0.05) were applied
to all physicochemical parameters (Supplementary Table 1) and
only those parameters that did not correlate among themselves
(O2, T, pH, salinity, [Si] and [SO4

2−
]) were included in the further

regression. A total of 177 OTUs grouped into 27 different phyla
were included in the RDA plot, including those OTUs representing
>1% of the relative abundance in any sampling site (Figure 2
and Supplementary Table 1). Statistical analyses were performed
using the R software package using the corrplot package (Wei et al.,
2013) and the vegan package (Oksanen et al., 2013), and plots were
displayed using the ggplot2 package (Wickham, 2016).

Results

Fluid geochemistry and the origin of
thermal waters in Biga Peninsula

The origin of the different geothermal fluids sampled from
different sites in the Biga Peninsula (Figure 1A) was assessed using
stable isotopic composition, δ2H and δ18O, of the geothermal fluids
(Figure 3). The results showed that the isotopic composition of most
samples fell between the global meteoric water line (GMWL; Craig,

1961) and East Mediterranean meteoric water line (EMMWL; Gat
and Carmi, 1970). The exceptions to this trend were geothermal
fluids sampled from Kestanbol, Tuzla, and Can (Figure 3), as
their δ2H vs. δ18O values did not plot between the EMMWL and
GMWL (Figure 3). The geothermal fluids sampled from Tuzla
and Kestanbol were likely affected by higher salinities, as they
had higher conductivity values and were enriched with high NaCl
concentrations, whereas the other sites were dominated by NaSO4-
enriched waters (Supplementary Table 1). The Ec value of the
Kestanbol geothermal field was between the definition of high saline
waters (∼15,000 to ∼55,000 µS/cm according to USGS standards),
which equals a salinity of 20 g/kg. On the contrary, the measured
conductivity of the geothermal fluid at Tuzla (80,000 µS/cm) showed
that the sampled fluids were brine, as this Ec value corresponds to
a salinity of 55 g/kg, which is much higher than the Mediterranean
seawater (38 g/kg) (Nessim et al., 2015).

16S rRNA gene profile of hydrothermal
ecosystems in the studied area

Across 11 geothermal sites from the Biga Peninsula and
the vicinity of Edremit 29 phyla were detected with relative
abundance higher than 1% in the 16S rRNA gene datasets
(Figure 1B). The overall microbial community from the studied
geothermal sites, which display a broad spectrum of different
geochemical conditions (Supplementary Table 1), was dominated
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FIGURE 3

Isotopic composition of the geothermal waters. The δ2H (h) and δ18O (h) plot of thermal waters obtained in the study (blue), and other studies (Yalcin,
2007; Magnabosco et al., 2016). The GMWL and EMMWL stand for Global Meteoric Water Line (Craig, 1961) and East Mediterranean Water Line (Gat and
Carmi, 1970). The hypersaline brine waters at the Tuzla site (Figure 1) that do not fall on the EMMWL or GMWL are highlighted in red circle.

by OTUs affiliated with known thermophilic groups within
the Gammaproteobacteria, Deinococcus-Thermus, Chloroflexi,
Aquificae, “Ca. Bipolaricaulota”, Planctomycetes, Cyanobacteria, and
Acidobacteria (Figure 1B).

OTUs affiliated with Gammaproteobacteria (particularly
uncultured members of the family Hydrogenophilaceae) were
found to be relatively dominant in filtered hydrothermal fluids
from Can (40.9%), Güre (41.1%), Karailica (76%), Bardakcilar
(21.6 and 48.7% in 750 and 75 m-deep boreholes, respectively),
Kestanbol (34%), and a sediment sample from Nebiler (68.7%).
OTUs affiliated with the Aquificae dominated the microbial
community in the filtered fluids from Hidirlar (91.8%; mainly
Hydrogenobacter sp.), Kestanbol (52.8%, Hydrogenivirga sp.), and
Tuzla (48.5%, Hydrogenivirga sp.), and were well represented in
Bardakcilar geothermal fluids from 75 and 750 m-deep boreholes
with 10% relative abundance. Bacterial OTUs affiliated with the
Deinococcus-Thermus phylum were also relatively abundant in
the filtered fluids from the deepest sampled well from this study
(1,390 m with a temperature of 94◦C) in Güre town (43.9%),
750-m-deep borehole in Bardakcilar geothermal field (22.2%), and
were relatively abundant in the fluids of Tuzla village (11.8%) and
Güre 260 m-deep borehole (12.1%). On the contrary, biofilms and
filters taken above the biofilms from hot springs of Buyukilica,
Hidirlar, and Nebiler geothermal fields were predominated by OTUs
associated with Cyanobacteria with relative abundances ranging
from 38.4 to 68.9%.

The relative abundance of the total 16S rRNA gene sequence
reads assigned to “Ca. Bipolaricaulota” varied substantially between
the different sites sampled and ranged from <1 to 91.5% in terms
of their fractional abundance of total 16S rRNA gene sequences
(Figure 1). The highest abundance of “Ca. Bipolaricaulota” (5

abundant OTUs; 91.5% of the total reads) was found in the
sediments of a 68.1◦C brine pool (Tuzla) (Figure 1). Moreover,
the “Ca. Bipolaricaulota” in sediment samples from the 78◦C
Hidirlar geothermal field had a 35.5% relative abundance. OTUs
affiliated with “Ca. Bipolaricaulota” were also detected in all
of the sampled subsurface geothermal wells, extending down
to a depth of 1,300 m below the Earth’s surface at the Güre
borehole (Figure 1) and were relatively abundant specifically in
a 260 m-deep borehole in the Güre region with 12.9% relative
abundance.

“Ca. Bipolaricaulota” distribution in
geothermal environments correlated with
physicochemical parameters

RDA analysis showed that the major microbial groups detected
at the Biga Peninsula were differently affected by the environmental
conditions of the fluids, as they were clustered in different ordination
spaces that positively or negatively related to different geochemical
parameters (salinity, pH, O2, Si, SO4

2−, and temperature) in the
RDA (Figure 2). The first RDA axis explained 21.05% of the
OTUs variability and the second RDA axis explained 12.95%.
The distribution of “Ca. Bipolaricaulota” OTUs in the various
geothermal environments sampled (Figure 1) was positively related
to salinity and negatively related to pH and sulfate concentration
(Figure 2). Out of all five key physicochemical parameters tested
(salinity, pH, O2, Si, SO4

2−, and temperature), salinity had the
strongest relationship with the biogeographic distribution of “Ca.
Bipolaricaulota” taxa (Figure 2).
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Microbial composition within
metagenomes and
metagenome-assembled genomes

In line with the 16S rRNA gene-based microbial community
structure (Figure 1), taxonomical annotations of open reading
frames (ORFs) from the samples showed that microbial communities
were dominated by the Aquificae, Proteobacteria, Nitrospirae,
Deinococcus-Thermus, Bacteroidetes, and Crenarchaeota at
different proportions (Supplementary Figure 1). On the contrary,
the differences in relative abundances of microbial communities
between 16S rRNA profiles and ORFs showed unexpected
discrepancies, especially in the samples where members of “Ca.
Bipolaricaulota” were detected (Figure 1 and Supplementary
Figure 1). For example, sediment samples from Tuzla brine
exhibited a 4% relative abundance of ORFs annotated as “Ca.
Bipolaricaulota” (Supplementary Figure 1), whereas the 16S
rRNA gene sequences from this sample was dominated by this
candidate phylum (Figure 1). It should be noted that based on the
60% similarity threshold of ORFs in Squeezemeta (Tamames and
Puente-Sánchez, 2018), some ORFs could not be taxonomically
assigned whose relative abundances reached around 50% in Tuzla
brine (Supplementary Figure 1). 137 MAGs were assembled
from the samples taken from the Biga Peninsula and the vicinity
of Edremit town (Supplementary Tables 3, 4), which were used
to investigate the metabolic potential of “Ca. Bipolaricaulota” in
more detail.

MAGs affiliated with “Ca. Bipolaricaulota”

Out of a total of 137 MAGs, four of them were taxonomically
assigned to “Ca. Bipolaricaulota”, with completeness ranging from
91.5 to 83% (0% redundancy) and redundancy varying from 0 to
4% based on the presence of single copy genes (see the Section
“Materials and methods”) (Supplementary Table 2). Read mapping
against these MAGs revealed that they had a relatively high
abundance in the metagenomes, reaching up to 10% of binned total
reads in the Tuzla geothermal brine sample (Figure 4). This high
relative abundance of the “Ca. Bipolaricaulota” TUZ33 MAG in the
Tuzla brine sediments coincided with a high relative abundance of
“Ca. Bipolaricaulota” 16S rRNA gene OTUs in this same sample
that reached >90% relative abundance (Figure 1). In contrast,
the other three “Ca. Bipolaricaulota” MAGs (CK84, CK101, and
HID15) were largely restricted to geothermal fluids with much
lower salinities (measured as Ec) (Figure 4 and Supplementary
Table 4). Of these MAGs, the HID15 had the highest relative
abundance at the Hidirlar geothermal sediments, whereas MAGs
CK84 and CK101 had their highest relative abundances in the
subsurface borehole Entur (300 m) (Figure 4 and Supplementary
Table 4).

A phylogenomic analysis of a concatenated single-copy gene
alignment revealed the phylogenetic relation of the MAGs sampled
in our study to existing MAGs from other studies (Figure 4). Two
MAGs (CK101 and CK84) from the less-saline Turkish geothermal
sites had the closest phylogenetic affiliation to the deeply branching
Candidatus ‘Acetothermum autotrophicum’ (Takami et al., 2012).
MAG HID15 with the highest relative abundance in the geothermal
sediments from the Hidirlar site (Figure 1) was affiliated with Order

Bipolaricaulales and branched basal to a larger clade, including the
Ran_1 MAG that was recovered from anaerobic sludge (Hao et al.,
2018). The fourth MAG (TUZ33) that was highly abundant in the
geothermal brine pool from Tuzla (Figure 1) branched basal to the
Candidatus ‘Acetothermum autotrophicum’ clade and was clustered
within Order RBG-16-55-9 (Figure 4).

WLP and energy metabolism of “Ca.
Bipolaricaulota” genomes

We compared the “Ca. Bipolaricaulota” MAGs reconstructed
from the Turkish geothermal sites (Figure 5 and Supplementary
Figure 2) to most of the publicly available mid/high-quality “Ca.
Bipolaricaulota” MAGs using pangenomic analysis in order to better
understand the carbon metabolism of this phylum (Supplementary
Tables 2, 5). The pangenome analysis uncovered that pairwise
average nucleotide identities were spanning from nearly 65 to 99.9%
in the “Ca. Bipolaricaulota” phylum (Figure 5 and Supplementary
Table 2). The MAG from the Turkish geothermal fluids with
the highest average nucleotide identity to the deeply branching
Candidatus ‘Acetothermum autotrophicum’ (Takami et al., 2012) was
found to be CK101 (Figure 5). The pangenomic analysis shows
that the core genome within “Ca. Bipolaricaulota” is relatively small
compared to the flexible genome content of the individual MAGs
(Supplementary Figure 2). The majority of the “Ca. Bipolaricaulota”
pangenome is dominated by singleton genes (those genes detected in
only one MAG and not any other MAGs) (Supplementary Figure 2).
Pathways for fermentation were prevalent in the “Ca.Bipolaricaulota”
MAGs (Supplementary Figure 2).

The pangenomic analysis identified two groups of “Ca.
Bipolaricaulota” MAGs: one that contained the WLP pathway
for H2-dependent CO2 fixation (Schuchmann and Müller, 2016) and
another group of “Ca. Bipolaricaulota” MAGs that did not contain
this pathway (Figure 5; Supplementary Figure 2 and Supplementary
Table 5). The concatenated single-copy gene alignment revealed
that the presence or absence of the WLP was restricted to particular
clades and branches, and did not correlate with a monophyletic
pattern (Figure 5). From our Turkish geothermal sites, three of the
MAGs (CK84, CK101, and HID15) contained the WLP pathway
(Figure 5 and Supplementary Figure 2), whereas the fourth MAG
(TUZ33) did not encode it (Figure 5 and Supplementary Figure 2).
Pyruvate:ferredoxin oxidoreductases were found in 17 MAGs, 12 of
which had complete/incomplete genes encoding WLP components
(CK101, CK84, jdFR48, jdFR52, Olivine4, UBA3560, UBA3574,
Candidatus ‘Acetothermum autotrophicum’, GSL_GSL3510,
SZUA1496, UMWA_0174, and HID15) (Supplementary Table 5).
A total of 12 MAGs encoded membrane-bound hydrogenases
(alpha, beta, and mbhJ were observed) [EC:1.12.7.2]. In addition,
10 WLP-encoding MAGs had subunits of heterodisulfide reductase,
which is involved in electron bifurcation (Buckel and Thauer, 2018;
Supplementary Table 5). Moreover, all MAGs had the capacity for
multiple fermentation pathways (Supplementary Figure 2).

Discussion

Despite featuring more than 2,000 geothermal sources within
460 geothermal fields (Mertoglu et al., 2020), the geothermal
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FIGURE 4

The phylogenetic tree is an analysis of concatenated 69 ribosomal proteins extracted from 23 metagenome assembled genomes affiliated to ‘Ca.
Bipolaricaulota’. Black circles at nodes represent bootstrap support of 90%, gray circles represent bootstrap support from 70 to 90%, and white circles
represent bootstrap support from 70 to 50%. Blue boxes represent the MAGs with no Wood-Ljungdahl pathway (WLP) encoded. The green stars show
the MAGs containing the WLP. Bold and colored fonts represent the MAGs assembled from the geothermal sites in this study (dark blue and red). The
bubble plot shows the relative abundance of the “Ca. Bipolaricaulota” MAGs assembled in this study corresponding to their position in the phylogenetic
tree. The histograms above the bubble plot show the relative abundance of ‘Ca. Bipolaricaulota’ from 16S rRNA gene datasets for each sampling
location. The map represents the sampling locations, which are also shown in Figure 1 and Supplementary Figure 1.

environments of Turkey are historically undersampled for microbial
communities. There are few studies from geothermal springs
and aquifers in Turkey that have mainly applied cultivation-
based techniques that have isolated thermophilic organisms (Belduz
et al., 2003; Çelikoğlu and Cankılıç, 2016; Guven et al., 2018).
However, how the microbial diversity and metabolism relates to
the diverse physicochemical conditions of the numerous geothermal
environments is still poorly understood.

The origin of the thermal waters in the
Biga Peninsula

The origin of geothermal waters in the Biga Peninsula was
determined using the stable isotopic composition, δ2H and δ18O,
of the fluids (Figure 3). The results showed that the isotopic
composition of most samples, together with deep water from a
South African gold mine (Magnabosco et al., 2016), fell between
the global meteoric water line (GMWL; Craig, 1961) and the East
Mediterranean meteoric water line (EMMWL; Gat and Carmi,
1970), suggesting that the subsurface hydrothermal water had been
replenished by modern meteoric water (Figure 3). An exception to
this trend was found in the samples from Tuzla, Kestanbol, and Can,
which had higher salinities and did not plot on the EMMWL and
GMWL (Figure 3). These results were also in line with the findings
published by Yalcin (2007). Samples taken from Kestanbol and Tuzla
contained high amounts of sodium and chloride, hence they have

been classified as NaCl-dominated waters (Yalcin, 2007). The stable
isotopic composition of the thermal waters in these areas, δ2H and
δ18O, fell onto a mixing line between meteoric waters and deep-seated
hot brine waters whose origin is not known, which is consistent with
the previous study (Yalcin, 2007). It has been proposed that the origin
of water could be the fossil water trapped in Miocene sediments
(Balderer, 1997), whereas another study stressed that hypersalinity
in these waters could result from the dissolution of salt deposits
(Vengosh et al., 2002). In our study, we identified a δ18O-shift in Can
thermal water, most likely explained by CO2 input from a geological
source, which was also suggested by a previous study that investigated
thermal waters in the Biga Peninsula (Yalcin, 2007).

Carbon metabolism of “Ca.
Bipolaricaulota”

Our pangenome analysis indicates that the WLP is restricted to
a subset of clades within the ‘Ca. Bipolaricaulota’ (Figures 4, 5). The
WLP can function in reductive (CO2-reduction to acetyl-CoA) and
oxidative (acetate utilization) directions depending on the metabolic
demands of a microorganism. The reductive WLP is used in the
reductive direction for energy conversion and autotrophic carbon
fixation in acetogens and methanogens (Ragsdale and Pierce, 2008).
The WLP may be involved in homoacetogenic fermentation during
the anaerobic oxidation of sugars and amino acids (Schuchmann
and Müller, 2016), coupled with autotrophy to fix CO2 into biomass

Frontiers in Microbiology 08 frontiersin.org116

https://doi.org/10.3389/fmicb.2023.1063139
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-14-1063139 February 20, 2023 Time: 16:46 # 9

Coskun et al. 10.3389/fmicb.2023.1063139

FIGURE 5

Comparative genomic analysis of gene clusters encoding Wood-Ljungdahl pathway (WLP) (top row), and those lacking the WLP (bottom row). The
metagenome-assembled genomes (MAGs) recovered in this study are shown with bold letters and bigger font size; the MAGs taken from the public
databases are displayed in black with relatively smaller font size. The heatmap shows average nucleotide identity between MAGs across the entire core
genome. Values were calculated in the anvio v7 using pyANI (Pritchard et al., 2016). The colored squares represent the enzymes catalyzing the WLP.

(Fuchs, 2011). However, it is possible that the WLP is reversible and
in the reverse direction, it would potentially function as oxidation
of acetate, producing CO2 and H2 as end products (Müller et al.,
2013). In oxidative WLP, acetate is oxidized to form CO2 and H2,
which is performed by syntrophic acetate-oxidizing bacteria (SAO)
when growing with hydrogenotrophic methanogens. Thus, the WLP
provides exceptional metabolic flexibility to the organisms if they can
use it in both directions.

H2 production during fermentation of organic matter by “Ca.
Bipolaricaulota” was indicated for a strain inhabiting anaerobic
sludge, where it might support syntrophic interactions with H2
utilizing methanogenic archaea and/or sulfate-reducing bacteria
(Hao et al., 2018).

The WLP leads from two molecules of CO2 that are reduced
via H2 making acetyl-CoA, which can contribute to biomass
synthesis, ATP production via substrate-level-phosphorylation, and
also provides reducing power to drive a proton motive force at the
membrane for ATP synthesis (Schuchmann and Müller, 2016). It is
a key metabolism for many homoacetogenic bacteria and helps to
increase the efficiency of ATP production via fermentation under
energy-limited conditions, such as those in anoxic environments
lacking high-energy terminal electron acceptors with extremely low
redox potential (Schuchmann and Müller, 2016). In our pangenome
analysis of the WLP in “Ca. Bipolaricaulota”, we identified many

key WLP genes, including acsB (K14138), cdhD (K00194), and
cdhE (K00197). However, some necessary genes for the WLP
were missing in most MAGs (Figure 5; Supplementary Figure 2
and Supplementary Table 5), whereas the complete WLP was
detected in the “Ca. Bipolaricaulota” MAGs JdFR 48, JdFR 52, and
Acetothermium autotrophicum. This is in accordance with prior
results (Youssef et al., 2019). Our phylogenomic analysis shows that
the WLP is specific to particular sub-groups of “Ca. Bipolaricaulota”
but is not phylum-wide distributed. The WLP containing MAGs
in several geothermal environments of the Biga Peninsula can
apparently fix carbon dioxide (CK101, CK84, and HID15) (Figure 5),
but also have the genomic capacity for fermentation (Supplementary
Figure 2). Therefore, their energy metabolism bears a resemblance
to homoacetogens that use the WLP to harness CO2 as an electron
sink to improve ATP production efficiencies under energy-limited
conditions (Schuchmann and Müller, 2016).

Salinity controls the distribution of “Ca.
Bipolaricaulota” in geothermal fluids

The highest abundance of “Ca. Bipolaricaulota” was found
in the sediments of a geothermal brine pool at the Tuzla site,
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and our statistical analysis shows that OTUs affiliated with “Ca.
Bipolaricaulota” correlated most strongly with salinity compared
to five other key physicochemical parameters such as temperature,
O2, pH, Si, and SO4

2− (Figure 2). This indicates that salinity is
a key driver of the biogeographic distribution for some members
of this particular clade. Notably, the “Ca. Bipolaricaulota” MAGs
that were dominant in this brine setting are lacking the WLP,
indicating that they are heterotrophs (Figure 5). In line with our
analysis, it has been reported that the Tuzla sample contains nearly
twice the amount of salt concentration compared to the same
concentrations in seawater as sodium and chloride concentrations,
which reach 17 and 68 mg/L, respectively (Baba et al., 2009). These
findings are consistent with other studies that found an affinity of
this group for brine environments such as in Orca Basin (Nigro
et al., 2016), Hephaestus and Kryos basins (Fisher et al., 2021),
hypersaline stratified layers of Ursu Lake (Baricz et al., 2021), saline
pan sediments in the Kalahari Desert of southern Africa (Genderjahn
et al., 2018), anoxic hypersaline layers of Witpan in South Africa,
and in surface sediments of salty Siberian soda lakes (Vavourakis
et al., 2018). Our findings show that (a) the WLP encoding (carbon-
fixing) “Ca. Bipolaricaulota” MAGs are enriched at lower salinities
(Figures 1, 4, 5) and (b) they were still detected in the brine at a
relatively low abundance, suggesting that they are halotolerant.

Energy metabolism and survival under
extreme conditions

Many of the WLP-encoding MAGs in the pangenome analysis
encode fermentation pathways that are known to produce formate,
H2, and acetate (Supplementary Figure 2). These MAGs also
encode the pyruvate: ferredoxin oxidoreductase complex (porABCD)
that produces acetyl-CoA from pyruvate, thereby generating
reduced ferredoxin. The encoded Acetyl-CoA synthases (acs) can
then produce ATP (for energy) and acetate (as a fermentation
product) during fermentation (Supplementary Table 5). The
potentially produced formate and H2 from fermentation processes
(Supplementary Figure 2), could be utilized by syntrophic partners
(Hao et al., 2018). Also, in line with a recent metagenomic study
conducted in Samail Ophiolite in Oman, the fermentation capability
of “Ca. Bipolaricaulota” MAGs has been shown, especially in
MAGs associated with Order RBG-16-55-9, where they dominate
alkaline fluids (Colman et al., 2022). The combined potential for
fermentation in the MAGs, which also encode the WLP, highlights
the genomic capacity of some “Ca. Bipolaricaulota” to survive
via mixotrophy (combining H2-dependent CO2 fixation via the
WLP with heterotrophy). The mixotrophic “Ca. Bipolaricaulota”
might exhibit a homoacetogenic fermentation metabolism, which
is a common feature of many anaerobic heterotrophic bacteria
living close to the energy limit of life (Schuchmann and Müller,
2016). Specifically, CO2 acts as an electron sink (via the WLP)
during the oxidation of organic matter during fermentation in order
to provide a reducing potential to drive a proton motive force
at the membrane (Schuchmann and Müller, 2016). The encoded
heterodisulfide reductases in the MAGs suggest the potential for
electron bifurcation to play a role in linking the fermentation and
WLP processes (Schuchmann and Müller, 2016).

The extreme energy limitation of the deep subsurface
environments sampled here (up to 1,300 m below the surface)

presents a challenge for microbial life to survive. It is proposed
that a prosthecate provides a competitive advantage for “Ca.
Bipolaricaulota” to survive under nutrient-limited conditions by
increasing the surface area for nutrient uptake (Hao et al., 2018).
This would be important for energy-limited environments such
as the deep subsurface. However, the Ran1 MAG from which
the prosthecates were observed (Hao et al., 2018) shares less
than 70% average nucleotide identity with the MAGs recovered
from the Turkish geothermal settings here (Figure 5 and
Supplementary Table 2) and is part of a more derived clade within
the Bipolaricaulales Order that does not encode WLP (Figure 4).
This level of ANI difference likely corresponds to different microbial
genera (Konstantinidis and Tiedje, 2005) and indicates the in-group
diversity of the proposed novel phylum “Ca. Bipolaricaulota” (Hao
et al., 2018; Youssef et al., 2019) is relatively large. Moreover,
the flexible genomes of the Ran1 MAG and the MAGs from the
geothermal aquifers of Turkey show minimal overlap (Figure 5).
The large genetic difference and the large differences in flexible
genome content raise the possibility that “Ca. Bipolaricaulota” in the
Turkish geothermal settings has a different phenotype that may not
have prosthecate, but additional microscopy is needed to confirm
this. Future studies combining metagenomics with microscopy,
cultivation, and phylogenomics will help to reveal how phenotypic
traits correlate with life histories in the novel candidate phylum “Ca.
Bipolaricaulota”.
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Shallow-water hydrothermal vents are unique marine environments ubiquitous 
along the coast of volcanically active regions of the planet. In contrast to their 
deep-sea counterparts, primary production at shallow-water vents relies on both 
photoautotrophy and chemoautotrophy. Such processes are supported by a 
range of geochemical regimes driven by different geological settings. The Aeolian 
archipelago, located in the southern Tyrrhenian sea, is characterized by intense 
hydrothermal activity and harbors some of the best sampled shallow-water 
vents of the Mediterranean Sea. Despite this, the correlation between microbial 
diversity, geochemical regimes and geological settings of the different volcanic 
islands of the archipelago is largely unknown. Here, we  report the microbial 
diversity associated with six distinct shallow-water hydrothermal vents of the 
Aeolian Islands using a combination of 16S rRNA amplicon sequencing along 
with physicochemical and geochemical measurements. Samples were collected 
from biofilms, fluids and sediments from shallow vents on the islands of Lipari, 
Panarea, Salina, and Vulcano. Two new shallow vent locations are described here 
for the first time. Our results show the presence of diverse microbial communities 
consistent in their composition with the local geochemical regimes. The shallow 
water vents of the Aeolian Islands harbor highly diverse microbial community and 
should be included in future conservation efforts.
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1. Introduction

The vast and diverse metabolic repertoire of microorganisms 
enables their ubiquitous distribution on our planet, making them key 
mediators of biogeochemical cycles on a planetary scale (Falkowski 
et al., 2008). Notwithstanding their ubiquity, their distribution and the 
environmental factors shaping it, are not fully resolved. However, 
significant correlations between microbial community composition 
and environmental geochemistry have been established in diverse 
environments (Jorgensen et al., 2012; Alsop et al., 2014; Liu et al., 
2014; Yamamoto et al., 2019). Geothermal environments are ideal 
systems to study the complex relationships between community 
composition and geochemistry due to the wide geochemical gradients 
present across proximal geographic distances, and relatively 
constrained microbial communities (Power et al., 2018). Additionally, 
geothermal ecosystems harbor diverse communities of extremophiles 
that are an untapped source of potential biotechnological compounds 
(Sayed et  al., 2020). Hence, there is an increasing necessity to 
characterize in detail the microbial diversity in these ecosystems and 
to prioritize their conservation.

Marine hydrothermal vents are dynamic systems where water is 
discharged through the Earth’s crust in areas where there is enough 
heat to drive fluid circulation, e.g., plate boundaries and mid-ocean 
ridges (Price and Giovannelli, 2017; Brovarone et  al., 2020). The 
interaction between the seawater with the hot, deep-subsurface 
lithologies, promotes the leaching of inorganic reduced species, such 
as volatiles and metals (McDermott et al., 2018). Upon arrival at the 
surface, the mixing of the reduced hydrothermal fluids (enriched in 
electron donors) with the oxidized sea water (enriched in electron 
acceptors), creates a thermodynamic disequilibrium that fuels diverse 
microbial consortia and sustains complex food webs (Dahle et al., 
2015; Price et  al., 2015; Reed et  al., 2015). In contrast with their 
deep-sea counterparts, shallow-water hydrothermal vents (SWHV) 
are closer to the surface, thus they are strongly influenced by solar 
energy. In these shallow systems, the primary production is reliant 
upon a mixture of phototrophy and chemolithotrophy, making them 
high-energy environments (Tarasov et al., 2005; Gomez-Saez et al., 
2017). Additionally, the shallower depths and the resultant decrease 
in pressure allow for the presence of a generally abundant free gas 
phase (Bastianoni et al., 2022). The proximity to landmasses promotes 
the input of terrigenous organic carbon to the system, while tidal 
waves and tides make SWHV transient ecosystems subject to strong 
dynamic forcing (Giovannelli et al., 2013; Yücel et al., 2013; Price and 
Giovannelli, 2017).

The shallow-water hydrothermal vents of the Aeolian archipelago 
are some of the most studied marine shallow vents in the world. The 
archipelago, located north of Sicily, is composed of seven volcanic 
islands (Stromboli, Vulcano, Panarea, Salina, Lipari, Alicudi, and 
Filicudi) and several sea-mounts. The archipelago lies between the 
Tyrrhenian sea back-arc basin and the Calabrian fore-arc. While most 
of its volcanic activity developed during the Quaternary period, it 
continues to the present day on some of the islands (Vulcano and 
Stromboli) in the form of volcanic eruptions and secondary 
geothermal manifestations (Gamberi et al., 1997). The geomorphism 
of the region is very dynamic, marked by the presence of rock types 
belonging mainly to the calc-alkaline, shoshonitic, and potassium 
associations (De Astis et al., 2000; Peccerillo and Turco, 2004). The 

islands of Lipari, Salina, and Vulcano, are aligned on an NNW–SSE 
striking fault, while a NNE–SSW to NE–SW striking fault affects the 
islands of Stromboli and Panarea (De Astis et al., 2003; Favallim et al., 
2005). Most of the described marine geothermal activity is present 
along the coast of the islands of Vulcano and Panarea, where the 
majority of microbiological studies on the shallow-water vents have 
been focused so far. Despite this, additional sites of geothermal 
activities have been described on the other islands (Cardellini et al., 
2003; Inguaggiato et al., 2012, 2013).

Previous studies have mapped the thermodynamic chemical 
reaction landscape of SWHVs of Vulcano and Panarea islands, 
showing that a wide range of exergonic chemical reactions are capable 
of sustaining diverse metabolic strategies (Amend et al., 2003; Rogers 
and Amend, 2005, 2006; Rogers et  al., 2007; Price et  al., 2015). 
Accordingly, through metagenomics analysis, amplicon sequencing, 
and DGGE analysis, previous studies reported complex and diverse 
microbial communities inhabiting these ecosystems (Gugliandolo and 
Italiano, 1999; Simmons and Norris, 2002; Rogers and Amend, 2005, 
2006; Rusch et al., 2005; Lentini et al., 2007, 2014; Manini et al., 2008; 
White et al., 2008; Maugeri et al., 2009, 2010, 2013; Gugliandolo et al., 
2012, 2015; Placido et al., 2015; Antranikian et al., 2017; Fagorzi et al., 
2019; Gugliandolo and Maugeri, 2019; Sciutteri et al., 2022). These 
communities were found to be  enriched in sulfur-oxidizing 
chemolithoautotrophic bacteria at higher temperatures and at lower 
temperatures by heterotrophic and photoautotrophic-based life-styles. 
Furthermore, thermophilic microorganisms have been isolated from 
several vents (Hafenbradl et al., 1996; Deckert et al., 1998; Lentini 
et al., 2007; Gugliandolo et al., 2012). However, only a few studies tried 
to couple in more detail both the geochemistry of the shallow vents 
and the microbial communities inhabiting them. In addition, these 
studies were conducted exclusively on the SWHV of Vulcano and 
Panarea, with the exception of one study, based on culture-dependent 
approaches that included communities from Lipari and Stromboli 
(Gugliandolo and Italiano, 1999). Currently, there is a lack of a more 
comprehensive survey of the microbial communities associated with 
the diversity of shallow-water hydrothermal vent ecosystems of the 
Aeolian archipelago.

To address this, and to understand how geochemically different 
shallow-water hydrothermal vents shape the microbial community 
composition, we used a combination of 16S rRNA gene amplicon 
sequencing and geochemical approaches to survey six shallow-water 
hydrothermal vents located in four different islands of the Archipelago, 
including two new locations that have never been characterized in the 
literature before. Our results show that shallow-water hydrothermal 
vents of the Aeolian islands are ecosystems that support diverse and 
complex microbial communities, providing important ecological roles 
to the surrounding marine environment. For this reason, they should 
be included in current and future conservation efforts.

2. Materials and methods

2.1. Sampling and site description

The samples were retrieved on the AEO19 expedition to the 
islands of the Aeolian archipelago: Vulcano, Panarea, Salina, and 
Lipari in the summer of 2019. Six different locations were sampled: 
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Vulcano - Levante Bay (LB), Vulcano - Levante Port (PL); Panarea - 
Bottaro (BO), Panarea - Baia Calcara (BC), Salina - Pollara (PO), 
and Lipari - Pietra del bagno (PB) (Figure 1), representing different 
shallow-water geothermal environments. All the samples were 
retrieved by SCUBA divers, using sterile falcon tubes and syringes. 
To accomplish a broader characterization of the different sites, 
different types of samples were collected: sediments, hydrothermal 
fluids, and biofilms. In the sites Levante Bay, Pollara, Baia Calcara, 
and Pietra del Bagno, abundant white microbial mats were observed 
near the venting sites. The shallow vents across the sampled 
locations were sulfide-rich, with the exception of the Pietra del 
Bagno site, where the presence of conspicuous orange precipitates 
suggests the presence of iron-rich hydrothermal fluids. Intense 
degassing was observed in the Bottaro venting site. All samples were 
stored either at +4°C or − 20°C in accordance to the specific 
protocols for later processing in the lab. Subsamples used for 
molecular analysis and organic matter determination were stored 
frozen at −20°C, while samples for the determination of the major 
ions were filtered through a 0.22 μm filter and stored at 
+4°C. Temperature was measured in situ using a waterproof 
thermocouple, while pH, oxidation–reduction potential, 
conductivity, and dissolved oxygen were measured using a multi-
parameter sensor probe (Hanna- multiparameter, model HI98194) 
on the boat immediately after the dive, with a fluid sample collected 
with syringes at the seafloor.

2.2. Sedimentary organic matter

The determination of the concentration of pigments (chlorophyll-a 
and phaeopigments) was carried out according to Lorenzen and 
Downs (1986). Briefly, the samples were supplemented with 90% of 
acetone and further incubated in the dark, at 4°C, for 12 h. After 
incubation, in order to remove the sediments, the samples were 
centrifuged and the concentration of chlorophyll-a and phaeopigments 
was estimated using a spectrofluorometer (at wavelengths of 430 nm 
and 630 nm), before and after being supplemented with 200 μL of 
0.1 N HCl, respectively. Pigment concentrations were normalized to 
sediment dry weight (Manini et al., 2003).

Total protein concentrations were determined according to 
Hartree (1972), and further modified for analysis of sediment samples 
from Fabiano et al. (1995). The total carbohydrate concentrations were 
determined according to Gerchakov and Hatcher (1972), and 
expressed as glucose equivalents. Total lipids were extracted from the 
sediments by a direct elution with chloroform and methyl alcohol 
(1:1 v/v), and further determined according to Bligh and Dyer (1959). 
The readings were performed spectrophotometrically. The 
concentrations of carbohydrates, proteins and lipids were converted 
to carbon equivalents using the conversion factors, 0.40, 0.49 and 
0.75 μg C × μg−1, respectively, and further normalized to sediment dry 
weight (Fabiano et  al., 1995). The biopolymeric carbon (BPC), 
calculated through the sum of the concentration of carbohydrates, 

FIGURE 1

Map of the volcanic Aeolian island archipelago, located north of Sicily. Sample sites are shown in red. Major fault systems are illustrated here, as well as 
the gradient of the different slab depths (100–250 Km).
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proteins and lipids, represents the fraction of the total organic carbon 
potentially available to heterotrophs and benthic consumers in the 
environment. All measurements are reported as an average of 
three replicates.

2.3. Geochemical analysis

The concentrations of major cations (sodium-Na+, potassium-K+, 
magnesium-Mg2+ and calcium-Ca+) and anions (chlorine-Cl−, 
sulfate-SO4

2− and bromide-Br−) of the hydrothermal fluids were 
measured using ion chromatography (ECO, IC Metrohm) equipped 
with conductivity detectors in two independent measurements. 
Calibration curves for the ion species of interest were run in the range 
of 0.1 and 10 ppm with R ≥ 0.999. In order to reduce the amount of 
Cl− and Na+ entering the system, before the analysis, all samples were 
filtered (0.22 μm) and diluted to guarantee a conductivity of 600 μS/
cm. All dilutions were made using 18.2 MΩ/cm type I water, which 
was also used as a blank for blank subtractions. Anions were run using 
a 3.2 mM Na2CO3 + 1 mM NaHCO3 mobile phase on a Metrosep A 
Supp  5 column equipped with a 0.15 M ortho-Phosphoric acid 
suppressor. The flow of the anionic eluent was 0.7 mL min-1 for 
30 min, effective for good resolution of all anions in the standard 
solution. Cations were run using a 2.5 mM HNO3  + 0.5 mM 
(COOH)2 × 2H2O mobile phase on a Metrosep C4 column. The flow 
of the cationic eluent was 0.9 mL min-1 with a total separation of 
35 min, effective for good resolution of all cations in the standard 
solution. Data acquisition and analysis were carried out through 
MagIC Net 3.3 software. Additionally, calibration curves were carried 
out using certified CPA chem external standards for each of the anions 
and cations analyzed. Detection limits for each of the ions analyzed 
correspond to 95% confidence levels, and were as follows: Mg2+ 
(0.08 mM), Na+ (0.3 mM), Ca2+ (0.3 mM), K+ (0.7 mM), SO4

2− 
(0.03 mM), Br− (0.02 mM), Cl− (0.1 mM).

2.4. DNA extraction and amplicon 
sequencing

DNA extraction was performed using the DNeasy PowerSoil Kit 
(QIAGEN), following the manufacturer’s instructions, with small 
modifications. The modifications of the protocol included a further 
elution step to better recover the DNA from the column. For samples 
where the PowerSoil kit protocol resulted in low quantity of DNA, a 
modified phenol-chloroform extraction method was employed 
(Cordone et  al., 2005, 2011; Zanfardino et  al., 2016), specifically 
adapted for the conditions found in shallow-water hydrothermal 
vents, such as the higher presence of clays and anions (Giovannelli 
et al., 2013, 2016). Briefly, 0.8 g of sediment was suspended in 850 μL 
of extraction buffer (100 mM Na2HPO4 pH 8, 100 mM tris–HCL pH 
8, 100 mM EDTA pH 8, 1.5 M NaCl, 1% CTAB) and further 
supplemented with 100 μL of Lysozyme (100 mg/mL), followed by two 
incubation periods at 37°C for 30 min, the latter after the addition of 
5 μL of Proteinase K (1 mg/mL). Subsequently, 50 μL of 20% SDS was 
added to the samples and incubated 1 h at 65°C, with regular mixing. 
The sediments were removed through consecutive centrifugations 
(2 × 14,000 g) after the addition of a solution of 
phenol:chloroform:isoamyl alcohol (25:24:1/24:1). The supernatant 

was collected and supplemented with Na-acetate (0.1 vol) and 
isopropanol 100%, and incubated at room temperature for 12 h. The 
precipitated DNA was then washed with 70% ice-cold ethanol, and 
re-suspended in 50 μL of Tris–HCL. DNA was visualized with agarose 
gel electrophoresis and quantified spectrophotometrically and 
spectrofluorimetrically (NanoDrop and Qubit). Obtained DNA was 
sequenced at the Integrated Microbiome Resource (IMR)1 using 
primers targeting the V4-V5 of the 16S rRNA (515FB = GTGYCAGCM 
GCCGCGGTAA 926R = CCGYCAATTYMTTTRAGTTT515FB), 
using Illumina MiSeq technology.

2.5. Bioinformatic and statistical analysis

The raw sequence data was processed using the DADA2 package 
(Callahan et al., 2017). The analysis of the quality profile was carried 
out after removing primers and adapters. Sequences with an average 
call quality for each base between 20 and 40, were retained for 
downstream analysis. DADA2, through estimation of the error profile 
for each possible transition, identifies amplicon sequencing variants 
(ASVs). Taxonomy was assigned to the ASVs by matching with the 
SILVA Database, release 138.12 (Quast et  al., 2013). Taxonomic 
assignments, together with the variant abundance table, were used to 
calculate diversity indices and investigate microbial diversity with the 
Phyloseq package (McMurdie and Holmes, 2013), as previously 
reported (Cordone et al., 2022). Briefly, the ASVs count table and the 
assigned taxonomy were combined into a phyloseq object. 
Mitochondria, Chloroplast, and Eukaryotic sequences were removed. 
Then, groups related to human pathogens and common DNA 
extraction contaminants (Sheik et  al., 2018) were removed. The 
remaining reads represented 96.97% of the original reads, with 
149,351 reads assigned to 2,145 ASVs preserved for downstream 
analysis. Diversity analyzes were carried out using the Phyloseq 
package (McMurdie and Holmes, 2013) with the relative abundance 
values set to 100%. Top abundance ASVs and genera were further 
defined as having accumulative abundances above 0.1%. Additionally, 
the alpha diversity was investigated using Shannon diversity index. 
The beta diversity was investigated using the UniFrac diversity index 
(Unweighted and Weighted) as implemented in the vegan package 
(Oksanen et al., 2018). Subsequently, the resultant similarity matrix 
was plotted using non-metric multidimensional scaling techniques. 
The resulting ordination was used to investigate the correlation 
between the environmental and geochemical variables using 
environmental fitting (envfit and ordisurf functions in vegan). All 
statistical investigations, data processing and plotting were carried out 
in the R statistical software version 4.1.2 (R Core Team, 2021), using 
the vegan (Oksanen et al., 2018), ggplot2 (Wickham, 2011), and the 
packages supra-referred. All the sequences analyzed in this study are 
available through the European Nucleotide Archive (ENA) under 
project accession PRJEB54611 under the ENA Umbrella project 
CoEvolve PRJEB55081. A complete R script containing all the steps to 
reproduce our analysis is available at https://github.com/
giovannellilab/Barosa_et_al_Aeolian_shallow_vent_diversity with 

1 https://imr.bio

2 www.arb-silva.de
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DOI: https://doi.org/10.5281/zenodo.7480614 together with all the 
environmental and geochemical data.

3. Results

3.1. Physico-chemical parameters and 
sedimentary organic matter content

The physico-chemical parameters of the hydrothermal sites sampled 
in the present study are presented in Table  1. Overall, the physico-
chemical parameters measured varied between the sites. The shallow-
water vent sediment temperatures at the sampled venting orifice ranged 
from 28°C in Pollara to 90°C in Baia Calcara. The salinity ranged from 
33.0 psu in Levante Bay to 41.5 psu in Pietra del Bagno. Dissolved oxygen 
(DO) values ranged from 11% in Levante Bay to 57.3% in Pietra del 
Bagno. Additionally, the oxidation–reduction potential of the different 
sites was negative for Levante Bay, Bottaro, and Levante Port, while Baia 
Calcara, Bottaro, and Pietra del Bagno had positive reduction potentials. 
The pH was slightly acidic for every sample, with the exception of 
Bottaro, which had circumneutral pH (8).

The sampled sediments showed a wide range of sedimentary organic 
matter content, with concentrations of biopolymeric organic carbon 
(BPC) ranging from 99.44 μg C g−1 (± 2.22) in Pollara to 3499.0 μg C g−1 
(± 2740.5) in Bottaro. The higher values of BPC in Bottaro, as well as the 
high variability between the measured replicates, was hypothesized to 
be related to the presence of a biofilm ingrained in the coarse sediment. 
Total protein and carbohydrates ranged from 492.88 μg C g−1 (± 39.5) 
and 39.23 μg C g−1 (± 4.64) in Levante Bay to 6547.72 μg C g−1 (± 599.9) 
and 1756.92 μg C g−1 (± 279.88) in Bottaro, respectively. Total lipids 
ranged from 10.17 μgC g−1 (± 3.02) in Pollara to 222.48 μg C g-1 (± 
65.91) in Levante Port. Protein to carbohydrate ratios ranged from 1.1 in 
Pietra del Bagno to 15.2 in Baia Calcara. Chlorophyll-a concentration 
values ranged from 0.01 μg g−1 (± 0.003) in Levante Bay to 6.9 μg g−1 (± 
0.126) in Levante Port. The highest chlorophyll-a concentrations were 
measured at the moderate temperature sites, Bottaro and Levante Port, 
while the lowest values were measured at the high temperature sites, 
Levante Bay and Baia Calcara (Figure 2).

3.2. Geochemical analysis

The concentration of the major elements in the hydrothermal 
fluids were measured in the forms of major anions and cations 

(Figure 3; Table 2). Chloride concentrations ranged from 535.9 (% 
RDS 0.38) to 701.9 mM (% RDS 0.38), compared to 618.0 mM in 
seawater. Bottaro, Pollara and Pietra del Bagno have the highest Cl− 
values. Sulfate concentrations ranged from 22.71 mM (% RDS 0.69) in 
Baia Calcara to 27.89 mM (% RDS 0.69) in Pietra del Bagno. Sulfate 
was depleted in the hydrothermal fluids of all the samples compared 
to seawater concentrations (32.9 mM). Additionally, Br− 
concentrations ranged from 0.74 mM (% RDS 0.59) in Levante Bay to 
0.91 mM (% RDS 0.59) in Bottaro, compared to sea water 
concentrations (0.94 mM). As for the major cations, Mg2+ 
concentrations ranged from 49.04 mM (% RDS 3.8) in Levante Bay to 
62.36 mM (% RDS 3.8) in Bottaro, compared to seawater 
concentrations of 58.3 mM. Bottaro and Pollara were the only sites 
where fluids were enriched in Mg2+, relative to seawater. The 
concentrations of K+, Ca2+ and Na+ ranged from 11.18 mM (% RDS 
11.75) in Pollara to 13.23 mM (% RDS 11.75) in Levante Bay, from 
8.55 mM (% RDS 10.37) in Pietra del Bagno to 17.87 mM (% RDS 
10.37) in Bottaro, and from 445.9 mM (% RDS 7.4) in Levante Port to 
551.6 mM (% RDS 7.4) in Bottaro, compared to the seawater 
concentrations of 11.0 mM, 11.1 mM and 547.0 mM, respectively. 
Additionally, we combined our data from previous publish data on the 
geochemistry of the fluids sampled from the shallow water 
hydrothermal vents of Vulcano, Panarea, and Stromboli (Italiano and 
Nuccio, 1991; Sedwick and Stüben, 1996; Gugliandolo et al., 2006; 
Rogers et al., 2007; Sieland, 2009; Tassi et al., 2009; Inguaggiato et al., 
2013; Price et al., 2015; Kürzinger, 2019). Fluid data from the present 
study falls within a mixing trend resembling Type 3 fluids previously 
described by Price et al., 2015.

3.3. Microbial diversity

The bacterial diversity of the shallow-water hydrothermal vents of 
the Aeolian archipelago was investigated using the V4-V5 variable 
region of the 16S rRNA gene. After guaranteeing high-quality data 
(quality check and data filtering steps), a total of 149,351 reads were 
obtained, and 2,145 ASVs identified. Regarding the alpha diversity of 
the different sample types, the biofilm samples had lower alpha 
diversity measure (3) in comparison with the fluid and sediment 
samples (4.3 and 4.2, respectively). In terms of variability, the fluid 
samples showed less sample variability (the difference between the 
lowest diversity value points to the highest) in relation to the biofilm 
and sediment samples, which could be related to the differences in the 
matrix of the different sample types (Figure 4A). For instance, deep 

TABLE 1 Location (GPS coordinates), depth, and the physico-chemical parameters measured on the venting fluids at the different sampled locations.

Station Island Latitude 
(°N)

Longitude 
(°E)

Depth 
(m)

Temperature 
(°C)

Salinity 
(PSU)

DO 
(%)

ORP 
(mV)

pH

LB Vulcano 38.416729 14.959821 0.2 83.9 33.0 11 −295 5.8

PL Vulcano 38.4161941 14.9611976 6.1 52 37.7 24.4 −202 5.22

BC Panarea 38.64557 15.076182 15 90 37.5 43 150 5.26

BO Panarea 38.6388904 15.1104468 6.5 46 40.94 15 −260 5.4

PO Salina 38.574516 14.799716 10 28 39.0 48 121 5.6

PB Lipari 38.47514 14.898117 12 45 41.5* 57.3 77 8.08

ORP - Oxido-reduction potential; DO - Dissolved oxygen; *Value of salinity for Pietra del Bagno calculated from Cl− concentrations using the formula: Salinity (ppt) = 0.00180665 × Cl− 
(mg/L).
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geothermal fluids impose a stronger bottleneck in terms of possible 
redox couples and ecological niches to the microbial communities, 
compared to the sediment samples. Additionally, the temperature was 
found to be a major driver of diversity between samples (Pearson 
correlation test, R2 = 0.41), where higher temperature sites showed a 
decrease in alpha diversity (Figure 4B).

The high-temperature sites, Baia Calcara and Levante Bay, 
characterized by temperatures above 80°C, were dominated by 
members belonging to Campylobacterota (formerly 
Epsilonproteobacteria), Proteobacteria, Aquificota, Bacteroidota, 
Chloroflexi and Acidobacteriota phylum (Figure  5). Among 
Campylobacterota, the order Campylobacterales was present in high 
abundances in all the high-temperature sites. Within 
Campylobacteriales, the genus Nitratifactor was only present at higher 
abundances (44%) in the biofilm sample of Baia Calcara, followed by 
Sulfurimonas (average abundance of 6.08% between the biofilm and 
sediment samples of Baia Calcara), Campylobacter (average abundance 
of 9% between the fluid and sediment sample of Levante Bay), and 
Sulfurovum genera (6.55% in the fluid sample of Levante Bay). The 
phylum Proteobacteria was composed entirely by class 

Gammaproteobacteria in the Baia Calcara site (average abundance of 
12% between sediments and biofilm samples), and by 
Gammaproteobacteria and Alphaproteobacteria in the Levante Bay 
site (average abundance of 15% in both sample types and 8.5% in the 
fluid samples, respectively). Within Gammaproteobacteria, the orders 
Chromatiales and Thiomicrospirales were present in the highest 
abundances (average abundance of 24.6% at Levante Bay between the 
fluid and sediment samples, and 13.3% between the sediments and 
biofilm samples of Baia Calcara and the fluid samples of Levante Bay, 
respectively), with ASVs classified only to the genus Candidatus 
thiobios and Thiomicrorhabdus. The order Nitrococcales was present 
in lower abundances (average abundance of 6.1% between both 
sampling sites and all sample types, with the exception of the 
sediments of Levante Bay), and composed by the genus Sulfurivirga. 
Among Alphaproteobacteria, all ASVs were classified into the order 
Rhodobacterales in both the fluid and sediment samples of Levante 
Bay (average abundance of 8.5%), however, it was not possible to 
resolve them down to the genus level. The phylum Aquificota was 
composed entirely of members belonging to the order 
Hydrogenothermales, and the genus Hydrogenothermus, and only 

FIGURE 2

Content and quality of the organic matter measured in the sampled sediments. (A) Biopolymeric organic carbon (BCP); (B) Chlorophyll-a pigments 
content; (C) Proteins; (D) Carbohydrates; (E) Lipids. All sites are organized by increasing temperatures and are expressed in μg g−1 of dry sediment. Error 
bars represent standard deviation (n  =  3).
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observed at the sediment samples of Baia Calcara (25.09%). Within 
Bacteroidota, only the order Flavobacteriales was identified in both 
the sediment and fluid samples at the Levante Bay site (average 
abundance of 9.3%), however, no ASVs were classified to the genus 
level. Acidobacteriota and Chloroflexi, albeit present in lower 
abundances (5.14% in sediment samples of Baia Calcara and 5.51% in 

fluid samples of Levante Bay, respectively), had as most abundant, 
members belonging to the order Thermoanaerobaculares, genus 
subgroup 23, and to the class Anaerolineae, respectively (Table 3).

Moderate-temperature sites, such as Bottaro, Pietra del Bagno, 
and Levante Port, characterized by temperatures ranging from 40°C 
to 53°C, presented a higher diversity of bacterial phyla. These sites 

FIGURE 3

Concentrations of the major anions and cations measured in the present study (bold colors), as well as from previous reports from the Literature 
(opaque colors): (A) SO4

2− vs. Mg2+, with the three visible Mg2+ end-member extrapolations; (B) K+ vs. Mg2+ with the three fluid mixing trends observed; 
(C) Na+ vs. Mg2+; (D) Cl− vs. Mg2+; (E) SO4

2− vs. Ca2+ (vector illustrating end-member extrapolation); (F) Br−/Cl− ratio vs. Cl−, where it is possible to infer 
the presence of halite in solution; (G) Br− vs. Cl− and extrapolations to zero; (H) Cl− vs. Na+; (I) ternary plot with the influence of albitization on the 
hydrothermal fluids. The literature data was retrieved from Italiano and Nuccio (1991), Sedwick and Stüben (1996), Gugliandolo et al. (2006), Rogers 
et al. (2007), Sieland (2009), Tassi et al. (2009), Inguaggiato et al. (2013), Price et al. (2015), and Kürzinger (2019).
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were dominated by members belonging to Campylobacterota, 
Proteobacteria, Bacteroidota, Calditrichota, Chloroflexi, 
Cyanobacteria, as well as the Archaeal phylum Crenarchaeota and 
Altiarchaeota at low abundances. Among Campylobacteriota, the 
order Campylobacterales was only identified at the sediments and 
biofilm samples of the Levante Port site, with the highest abundant 
ASVs belonging to the family Arcobacteraceae (37.92% at the sediment 
samples), without classification to the genus level. Additionally, it was 
also possible to classify Campylobacterales into the genera Thiovulum 
and Sulfurimonas in the biofilm samples (23.40 and 19.40%, 
respectively), and Sulfurovum in the sediment samples (6.51%). 
Within Proteobacteria, the order Rhodobacterales (21.96% in biofilm 
sample at Bottaro and 5.70% in biofilm sample of Pietra del Bagno) 
was the most abundant group, however, it was not possible to classify 
them down to the genus level. Additionally, the family 
Mariprofundaceae and the assigned genus Mariprofundus, was the 
second most abundant genus within Proteobacteria (15.03%) and only 
present at the sediment samples of Pietra del Bagno. While in lower 
abundances, it was possible to identify the family Thioprofundae, 
composed by the genus Thioprofundum (7.47% in the sediment 

samples of Levante Port), and the family Colwelliaceae, where all the 
ASVs were assigned to the genus Colwellia (11.54% in biofilm sample 
of Pietra del Bagno). Moreover, it was also possible to identify the 
family Thioglobaceae, with the ASVs assigned to the clade SUP05 
cluster (8.03% in the biofilm samples of Pietra del Bagno). Within the 
Bacteroidota, the order Flavobactereales constituted most of the ASVs 
(26.17% in the biofilm sample of Bottaro); however, classification 
could not be  resolved to the genus level. Lower abundance ASVs 
belonging to Bacteroidota were also assigned to the order 
Ignobacteriales and the clade LheB3-7 (11.52% in sediment samples 
of Levante Port). The phyla Aquificota, similarly to the high-
temperature sites, was composed entirely of ASVs belonging to the 
genus Hydrogenothermus, and only present at the fluid sample of 
Bottaro (16.57%). Among Calditrichota, the genus Caldithrix 
represented all the ASVs (17.32% in the sediment sample of Pietra del 
Bagno and 8.06% in the fluid sample of Bottaro). Additionally, the 
phototrophic bacterial phyla Cyanobacteria, was composed by the 
genus Synechococcus of the order Synechococcales in only the fluid 
samples (6.03 and 5.55% in Levante Port and Bottaro, respectively). 
The Archaeal phyla were detected in low abundances. Archaeal ASVs 

TABLE 2 Concentrations of the major anions and cations (mM) of the hydrothermal fluids from the Aeolian Shallow-water vents.

Station Island Mg2+ Na+ Ca2+ K+ SO4
2− Br− Cl−

LB Vulcano 49.04 445.9 9.65 13.23 24.96 0.74 535.9

PL Vulcano 54.13 469.1 9.47 11.19 26.19 0.77 571.2

BC Panarea 52.6 474.1 9.25 11.37 22.71 0.77 580.6

BO Panarea 62.36 551.6 17.87 14.96 27.31 0.91 701.9

PO Salina 58.46 506.3 9.41 11.18 26.41 0.83 620.2

PB Lipari 58.06 508.6 8.55 11.32 27.89 0.83 647.4

Sea Water – 58.3 547.0 11.1 11.0 32.9 0.94 618.0

FIGURE 4

Shannon Alpha diversity indexes. (A) Alpha diversity measures in relation to the different sample types (Biofilm, Fluid, Sediment). (B) Alpha diversity 
measures in relation to the temperature, with the different Islands sampled, as well the different sample types.
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were classified into the genera Candidatus_Nitrosopumilus and 
Candidatus_Altiarchaeum (6.06% in the biofilm sample of Pietra del 
Bagno and 5.76% in the fluid sample of Levante Port, respectively). 
Interestingly, some lower abundance ASVs could not be classified up 
to the phylum level (8.59% in the sediment sample of Pietra del Bagno 
and 5.67% in the biofilm sample of Bottaro, respectively).

The lowest temperature site, Pollara, at the island of Salina, 
marked by temperatures of 28°C, was dominated by Cyanobacteria, 
Proteobacteria, Bacteroidota, and Firmicutes. The majority of the 
ASVs at lower temperatures were assigned to the phylum 
Cyanobacteria and the species Synechococcus sp. CC9902 (20.15% in 
the fluid sample). The order Alteromonadales with the genus 

FIGURE 5

Phylum level abundance and distribution of the 16S rRNA diversity in all of the sample sites and sample types at the different islands of the Aeolian 
Archipelago. For simplicity, only abundances above 5% at each site are illustrated. (A) Biofilm samples; (B) Fluid samples; (C) Sediment samples.
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TABLE 3 Taxonomic affiliation of the most abundant ASVs through SILVA database (to the lowest possible taxonomic resolution) and Ezbiocloud closest 
relative.

Sample type SILVA classification Ez-biocloud 
classification

Similarity (%) Acc. no.

Biofilm Nitratifractor JQ611125_s 97.32 JQ611125

Biofilm Thiomicrorhabdus Galenea microaerophila 99.73 JQ080912

Biofilm Sulfurimonas JN873929_s 98.39 JN873929

Biofilm Sulfurivirga Sulfurivirga caldicuralii 99.73 jgi.1107633

Biofilm Bacteria JF320743_s 95.99 JF320743

Biofilm Rhodobacteraceae Actibacterium pelagium 100 NSBU01000007

Biofilm Arcobacteraceae AY922188_s 100 AY922188

Biofilm Flavobacteriaceae Urechidicola croceu 95.38 KX066850

Biofilm Colwellia Colwellia rossensis 100 U14581

Biofilm SUP05_cluster Maorithyas hadalis gill symbiont I 99.2 AB042413

Biofilm Nitrincolaceae AM402959_s 99.2 AM402959

Biofilm Candidatus Nitrosopumilus Nitrosopumilus cobalaminigenes 98.67 KX950757

Biofilm Sulfitobacter EU795102_s 100 EU795102

Biofilm Thiovulum DQ295692_s 92.25 DQ295692

Sediments Hydrogenothermus Hydrogenothermus marinus 99.2 AJ292525

Sediments Thiomicrorhabdus Galenea microaerophila 99.73 JQ080912

Sediments Sulfurivirga Sulfurivirga caldicuralii 99.73 jgi.1107633

Sediments Sulfurimonas JN873929_s 98.39 JN873929

Sediments Anaerolineae JF320743_s 96.52 JF320743

Sediments Candidatus_Thiobios AY310506_s 98.13 AY310506

Sediments Campylobacter JQ287068_s 98.12 JQ287068

Sediments Flavobacteriaceae Urechidicola croceus 95.38 KX066850

Sediments Rhodobacteraceae Actibacterium pelagium 100 NSBU01000007

Sediments Anaerolineaceae FJ905697_s 94.39 FJ905697

Sediments Mariprofundus Mariprofundus aestuarium 99.73 CP018799

Sediments Caldithrix Caldithrix abyssi 98.94 CM001402

Sediments Bacteria JF320743_s 95.99 JF320743

Sediments Caldithrix DQ925879_s 94.69 DQ925879

Sediments Woeseia JF344416_s 99.2 JF344416

Sediments Rhodothermaceae EU925913_s 99.19 EU925913

Sediments Rhodobacteraceae Actibacterium pelagium 100 NSBU01000007

Fluids Hydrogenothermus Hydrogenothermus marinus 99.2 AJ292525

Fluids Caldithrix Caldithrix abyssi DSM 13497(T) 98.94 CM001402

Fluids Synechococcus CC9902 Synechococcus sp. CC9902 99.47 CP000097

Fluids Rhodobacteraceae Actibacterium pelagium JN33(T) 100 NSBU01000007

Fluids Candidatus_Thiobios AY310506_s 98.13 AY310506

Fluids Flavobacteriaceae Urechidicola croceus LPB0138(T) 95.38 KX066850

Fluids Sulfurovum HM591450_s 97.32 HM591450

Fluids Campylobacter JQ287068_s 98.12 JQ287068

Fluids Sulfurivirga Sulfurivirga caldicuralii 99.73 jgi.1107633

Fluids Thiomicrorhabdus Galenea microaerophila 99.73 JQ080912

Fluids Subgroup_23 EU542513_s 98.39 EU542513

Fluids Candidatus_Altiarchaeum Altarchaeum hamiconexum 96.55 JAACVF010000098

Fluids Pseudoalteromonas Pseudoalteromonas shioyasakiensis 100 AB720724

Fluids NS5_marine_group PAC001209_s 100 PAC001209

Fluids Anoxybacillus Anoxybacillus rupiensis 100 AJ879076
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Pseudoalteromonas (7.53% in the fluid sample), and the order 
Steroidobacterales, with the genus Woesia (9.15% in the sediment 
sample) were the most abundant within Proteobacteria. The phyla 
Bacteroidetes was composed of the orders Flavobacteriales and 
Rhodothermales (5.83% in the fluid sample and 5.06% in the sediment 
sample, respectively).

To understand the role of the environmental parameters and the 
geochemistry in the structuring of the microbial communities 
inhabiting the SWHV of the Aeolian islands, we investigated the beta-
diversity using both quantitative and qualitative approaches, more 
specifically, using weighted and unweighted UNIFRAC dissimilarity 
indexes, respectively, followed by environmental fitting. The 
unweighted UniFrac nMDS analysis shows a statistically significant 
separation between the communities of the islands of Lipari and 
Salina, and Vulcano and Panarea (ADONIS, p = 0.0016, n = 6). 
Additionally, the same separation was found between the composition 
of the communities of the biofilm samples, compared to the other 
sample types analyzed in the present study (ADONIS, p = 0.0075, 
n = 6). Through linear vector fitting versus the nMDS ordination, 
we observe which are the main parameters that better explain the 
microbial diversity of our samples (Figure 6). The group of Vulcano 
and Panarea can be explained by the temperature, and the group of 
Salina and Lipari, by the major cations and anions, Mg2+, Na+, and Br−. 
Using the weighted UniFrac, which weights the abundance of the taxa 
present, we  found the same statistically significant separations 
between the same island groups (ADONIS, p = 0.0075, n = 6), and 
between biofilms and the other sample types analyzed in the present 
study (ADONIS, p = 0.0475, n = 6). However, we found differences 
regarding the main parameters explaining the abundance of microbial 
communities with vector fitting. For instance, here the biofilm samples 
of Levante Port and Baia Calcara were mainly explained by 
temperature and longitude. Additionally, the microbial diversity of 
Bottaro and Levante Port, in contrast with the unweighted version, are 
also explained by the major anions and cations, with the 
addition of Cl−.

4. Discussion

Shallow-water hydrothermal vents are marine environments 
associated with volcanic activity and tectonically active margins. Due 
to their unique characteristics, such as the presence of light, proximity 
to landmasses, and dynamic geochemistry, they harbor a highly 
diverse microbial consortia (Tarasov et al., 2005; Price and Giovannelli, 
2017). The Aeolian archipelago is one of the most studied shallow-
water hydrothermal systems in the world (Gugliandolo and Italiano, 
1999; Simmons and Norris, 2002; Rogers and Amend, 2005; Rusch 
et al., 2005; Lentini et al., 2007, 2014; Manini et al., 2008; Maugeri 
et al., 2009, 2010, 2013; Gugliandolo et al., 2015; Gugliandolo and 
Maugeri, 2019). However, the role of the diverse geochemical 
environments found in the different islands in controlling the 
microbial community structure, is still poorly understood, and usually 
investigated in a handful of sites. To address this, we  surveyed 6 
different shallow water vents located in four different islands, 
combining 16S rRNA amplicon sequencing with geochemical and 
physico-chemical data. To the best of our knowledge, two of the 
investigated shallow vents (Pietra del Bagno and Pollara) were never 
reported before in the literature.

4.1. Geochemistry of the Aeolian 
shallow-water hydrothermal vents

Hydrothermal systems are characterized by the convective 
circulation of water that percolates into the crust, gets heated, and 
then is discharged at the sea floor. During this journey, the fluids are 
chemically and physically transformed by subsurface processes, such 
as temperature-dependent water-rock reactions, leaching of transition 
metals and volatiles from the host lithologies, and phase-separation 
events (Fournier, 2007; German and Seyfried, 2014). These processes, 
although occurring in a dynamic continuum, are generally separated 
into three distinct areas: the recharge zone, the reaction zone, and the 
upflow zone. Due to the inherent characteristics of the locations 
within the subsurface where they take place, these areas are marked 
by the occurrence of different processes. The recharge zone is 
characterized by the fixation of alkali metals, boron, and the fixation 
of Mg2+ associated with the mineralization of smectite and chlorite. 
Deep in the system (reaction zone), anorthite is transformed to albite 
(albitization), resulting in the exchange of Na+ and Si4+ for Ca+ into the 
fluids, as well as metal mobilization. Additionally, the high 
temperatures and pressures present at depth allow phase separation 
events, separating the low weight ions (migrate to the vapor phase) 
from the heavier weight ions (remain in the fluids). Cl−, by remaining 
in the fluid phase, modifies the salinity content of the hydrothermal 
fluids. In the upflow zone, further low-temperature water-rock 
reactions can occur, such as the precipitation of anhydrite and other 
minerals (Berndt et al., 1988; Tivey, 2007; Alt, 2013; German and 
Seyfried, 2014). During ascent, the fluids can either be channeled, 
feeding directly from deep subsurface reservoirs, or diffuse, with 
significant mixing of end member fluids with seawater prior to 
discharge. All together these processes entail different ratios of mixing 
with seawater, contributing to additional alterations to the fluids 
before they are discharged at the seafloor where they are collected 
(Price and Giovannelli, 2017). By analyzing the enrichment and 
depletion of major ions and cations in vent fluids, we  can have a 
deeper understanding of the main processes occurring in the 
subsurface. These geochemical processes define the geochemical space 
available for microbial communities to thrive in these ecosystems, and 
are fundamental in investigating the microbial diversity of shallow-
water hydrothermal vents (Price et  al., 2015; Price and 
Giovannelli, 2017).

In the present study, we leverage the information available in the 
already published literature on the geochemistry of hydrothermal 
fluids of the shallow vents of Vulcano, Panarea, and Stromboli 
(Figure 3) combined with new data. Furthermore, we add for the first 
time geochemical data for the shallow vents of Lipari and Salina 
(Pietra del Bagno and Pollara, respectively). It is important to note that 
subsurface processes at shallow-water hydrothermal vents hosted in 
volcanic arc settings have not been characterized to the same level of 
detail as Mid-Ocean Ridge hosted deep-sea systems. For this reason, 
our study relies on previous characterization of Panarea fluids by Price 
et al. (2015) and conceptually extended to the other shallow vents 
investigated. By combining published and new geochemical data 
we identified three mixing trends (Type 1, Type 2, and Type 3) already 
described for Panarea by Price et al. (2015).

The observed different trends reveal that these hydrothermal 
fluids evolved differently, and therefore were subjected to different 
subsurface processes within the Panarea hydrothermal system. Data 
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from Vulcano, Lipari, and Salina shallow vents shows that fluids from 
diverse islands fall within the Type 3 trend (Figure 3). These fluids do 
not show enrichments of major anions and cations, but instead, show 
depletions of the major species. The evolution of Type 3 fluids results 
in acidic fluids, with concentrations of major ions similar to sea-water 
concentrations, whereas type 1 and type 2 fluids are the result of deep 

recirculating brine and focused upflow of shallower brines, 
respectively. This suggests that the difference between these fluid types 
is directly related to subsurface processes, such as phase-separation 
deep in the system, the scrubbing of exsoluted gasses that percolate up 
the crust, as well as the mixing of the diffuse flow fluids with sea-water 
(Price et al., 2015). Based on our data, it appears that the evolution of 

FIGURE 6

Non-metric multidimensional scaling (nMDS, stress 0.075) plot of the 16S gene amplicon microbial diversity based both the weighted and unweighted 
UniFrac measures, overlaid with environmental vector fitting, illustrating vectors with significant p values (p  <  0.01).
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Type 3 fluids might be a common process in the shallow water vents 
of the Aeolian Archipelago. Additionally, and as evident in Price et al. 
(2015), most of the fluids, including the ones in the present study, do 
not extrapolate to zero in both SO4

2− and Mg2+. This can be related to 
seawater mixing as the fluids approach the surface, due to their diffuse 
nature. However, in the Bottaro site, the fluids are enriched in Mg2+. It 
was hypothesized that Mg2+ enrichments in Panarea could be related 
to the leaching of host rocks due to acidification, by means of argillic 
alteration (Reeves et  al., 2011). Since volcanic arc hydrothermal 
systems are not exposed to the same pressures compared to their 
deep-sea counterparts (Price and Giovannelli, 2017), the presence of 
free gas phases may also be contributing to the depletion of Na+ and 
Cl− observed relative to sea water (Figure 3), altering the salinities of 
the fluids as they percolate through the hydrothermal system. All the 
fluid samples collected in our study had Br−/Cl− ratios lower than 
seawater, suggesting the presence of dissolved halite in solution. 
Albitization, which occurs deep in the system and results in the release 
of Ca+ in exchange for Na+ (Alt, 2013), does not seem to be a major 
process affecting the evolution of our fluid samples, compared to other 
fluids recovered from Panarea and Vulcano (Figure 3).

While the geochemical composition of the fluids is an important 
parameter in controlling the diversity of microbial communities, the 
availability of organic carbon for heterotrophic consumption is 
fundamental in driving community composition. In hydrothermal 
systems organic carbon can either be delivered through the subsurface 
fluids as dissolved organic carbon produced or recycled at depth 
(Fullerton et al., 2021), or from the water column, either as sinking 
organic matter particles, lateral advections of surface primary 
productivity, and terrigenous run offs (Gomez-Saez et al., 2015; Price 
and Giovannelli, 2017; LaRowe et al., 2020). Additionally, it could 
be directly produced in situ by a diverse community of phototrophic 
and chemolithotrophic microorganisms (Price and Giovannelli, 
2017). The organic carbon delivered to the system is accumulated in 
the sediments, and analyzing the sedimentary organic matter content 
can provide an estimate of the organic load on the vent system. In our 
data the sedimentary organic matter, measured as biopolymeric 
organic carbon (BPC) was highly variable between the different sites, 
and did not show linear relationships with temperature, in contrast to 
what has been observed in a previous study on a shallow-water 
hydrothermal vent system (Giovannelli et al., 2013; Figure 2A). The 
lowest amounts of BPC was measured in the site with the lowest 
temperatures (Pollara, 28°C and Pietra del Bagno, 45°C), and could 
be related to a to hydrodynamic processes, perturbing the system in 
these specific locations (Bao et al., 2018), as well as to the fact that 
these sites are further away from the coast, and thus representing 
lower amounts of terrigenous inputs to the system. The high 
concentrations found in Bottaro are instead related to the thick 
microbial biofilms attached to the sand and gravel. The concentration 
of chlorophyll-a (chl-a) pigments was lower at the higher temperatures 
sites (>80°C; Figure  2B) in line with previous observations 
(Giovannelli et al., 2013). The presence of Chl-a in the sediments can 
be  either related to input of fresh organic carbon from the water 
column or to the presence of phototrophs in the sediments and 
biofilms of the vent. The presence of known phototrophs in the 
sediment and biofilm samples (see below) suggests that the high 
chlorophyll concentrations found in the same sites are the results of in 
situ production, possibly taking advantage of the nutrients and CO2 
released by the shallow vents. Additionally, the chl-a values were 

higher at the Levante Port and Bottaro sites, which had similar depths 
(average 6.4 meters), suggesting that beside temperature, the depth of 
the shallow vent could play a role in controlling the presence and 
abundance of photosynthetic organisms.

4.2. Microbial diversity

Previous studies conducted at shallow-water hydrothermal vents 
have demonstrated that a highly diverse microbial consortia inhabit 
these ecosystems (Hoaki et al., 1995; Sievert et al., 2000; Manini et al., 
2008; Maugeri et al., 2009, 2010; Zhang et al., 2012; Price et al., 2013; 
Kerfahi et al., 2014; Lentini et al., 2014; Dávila-Ramos et al., 2015; 
Gugliandolo et al., 2015; Gomez-Saez et al., 2017). In the present 
study, we found that the microbial communities of the Aeolian Islands 
shallow-water vents are dominated by members belonging to diverse 
phyla, such as Proteobacteria, Campylobacteriota, Bacteroidota, 
Cyanobacteria, Chloroflexi, among others present at lower 
abundances. The major lineages found here have been reported in 
other shallow-water vents (Maugeri et al., 2010; Zhang et al., 2012; 
Kerfahi et al., 2014; Lentini et al., 2014; Dávila-Ramos et al., 2015; 
Gugliandolo et  al., 2015; Gomez-Saez et  al., 2017; Price and 
Giovannelli, 2017), illustrating their important ecological role in the 
functioning of the shallow-water vent ecosystem.

Our data shows that temperature is a major driver explaining the 
microbial diversity (alpha-diversity, Pearson correlation test, R2 = 0.41, 
p < 0.05). High-temperature sites (>80°C) were characterized by lower 
diversity in comparison to lower and moderate temperatures sites 
(28°C to 50°C; Figure 4B). Temperature has been shown to be one of 
the major factors controlling microbial diversity in a number of 
diverse geothermal ecosystems, including shallow-water vent 
environments (Giovannelli et  al., 2013; Gugliandolo et  al., 2015), 
deep-sea hydrothermal vents (Dick et al., 2013; Ding et al., 2017), and 
hot springs (Chan et al., 2017; Fullerton et al., 2021).

High-temperature locations, such as Baia Calcara and Levante Bay 
sites in the islands of Vulcano and Panarea, respectively, were 
characterized by temperatures above 80°C. The microbial 
communities inhabiting these high-temperature shallow vents were 
dominated by groups related to known chemolithoautotrophic, 
thermophilic bacteria, harnessing energy through the oxidation of 
reduced sulfur species and hydrogen. These types of metabolic 
strategies have been widely reported in shallow-water, deep-sea 
hydrothermal vents, as well as hot-springs (Tarasov et  al., 2005; 
Yamamoto and Takai, 2011; Inskeep et al., 2013; Price and Giovannelli, 
2017). The Baia Calcara and Levante Bay sites had as most abundant, 
ASVs related to the genera Nitratifactor, Thiomicroarhdbus, 
Hydrogenothermus, Candidatus_thiobios, and the family 
Rhodobactereceae. The biofilm community at the Baia Calcara site was 
mostly composed of members belonging to Nitratifactor and 
Thiomicroarhdbus. Nitratifactor has been previously described in 
shallow and deep-sea hydrothermal systems (Zhang et al., 2012; Zeng 
et al., 2021). The closest sequence to our ASVs was recovered from a 
shallow-water hydrothermal system in Kueishan Island, Taiwan 
(unpublished data). Interestingly, this group was not present in the 
sediment samples of the same site. Additionally, the genus 
Thiomicroarhdbus was also present in high abundances in the biofilm 
samples, and in lower abundance also in the sediment sample. It was 
possible to assign this ASVs to the species Galenea microaerophila 
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(99.73% similarity) (Giovannelli et al., 2012). Initially described from 
a shallow-water vent from Paleochori Bay, on the island of Milos, 
Galenea microaerophila grows chemolithoautotrophically, through the 
oxidation of thiosulfate as electron donor, and oxygen (5%) as electron 
acceptor (Giovannelli et  al., 2012). The sediment sample at Baia 
Calcara was mostly composed by the genus Hydrogenothermus, of the 
phylum Aquificota. This ancestral and deep-branching bacterial 
phylum is highly prevalent in geothermal environments (Hedlund 
et al., 2015; Giovannelli et al., 2017), and it is capable of fixing CO2 
into biomass using energy derived from H2S and H2 with either 
elemental sulfur, nitrate or oxygen (at low partial pressures) as electron 
acceptor. The dominant ASV in our dataset was related to the species 
Hydrogenothermus marinus (99.2% similarity), a hydrogen-oxidizing, 
chemolithoautotrophic, thermophilic bacterium (Stöhr et al., 2001) 
originally isolated from sediment samples from Vulcano island.

At the fluid and sediment samples at Levante Bay, the other high 
temperature site, the family Rhodobactereceae and the genus 
Candidatus thiobios were present in highest abundances. The family 
Rhodobactereceae is widespread in marine environments, and are 
capable of growing through the utilization of multiple organic, as well 
as inorganic compounds, contributing to their vast ecological diversity 
(Pohlner et  al., 2019). In our study, it could also be  identified in 
moderate to lower temperature sites. The ASVs classified as 
Rhodobactereceae were further related to the species Actibacterium 
pelagium (100% similarity), which have been isolated from the 
seawater of the Mediterranean Sea, Pacific and Atlantic Oceans, 
growing heterotrophically on a variety of organic carbon sources (Guo 
et al., 2017). Even though members belonging to Rhodobactereceae 
have been previously identified in other hydrothermal systems (Forget 
et al., 2010; Zhang et al., 2012; Pohlner et al., 2019), to our knowledge, 
this is the first time this species has been reported in a hydrothermal 
vent environment. The genus Candidatus thiobios is associated with 
ectosymbiotic bacteria growing on the marie ciliate Zoothamnium 
niveum, commonly found in sulfide-rich habits, including 
hydrothermal vents (Rinke et  al., 2006; Bright et  al., 2014). The 
presence of high abundance of this genus could be  related to the 
presence of the Zoothamnium niveum inhabiting this specific site.

Both sites (Baia Calcara and Levante Bay), included lower 
abundances of sequences assigned to the genus Sulfurimonas, 
Sulfurivirga, Sulforovum, and Campylobacter, all belonging to the 
Campylobacterota phylum (formerly known as Epsilonproteobacteria). 
Members of the Sulfurimonas genus are widespread in sulfidic 
environments and are capable of using multiple reduced sulfur species 
as electron donors, such as thiosulfate, hydrogen sulfide, and elemental 
sulfur (Han and Perner, 2015). The genus Sulfurivirga could 
be assigned to the species Sulfurivirga caldiculari (99.73% similarity), 
a thiosulfate-oxidizing, thermophilic, chemolithoautotrophic 
bacterium, described in a shallow-water vent system in Japan (Takai 
et al., 2006). Similarly, Sulfurovum is also associated with thiosulfate 
oxidation and chemolithoautotrophy (Inagaki et  al., 2004). 
Campylobacter, within Campylobacteriota, is ubiquitous in 
hydrothermal environments, including shallow-water hydrothermal 
vents (Rinke et  al., 2006; Anderson et  al., 2011; Giovannelli and 
Vetriani, 2017; Wang et al., 2017). These genera have been associated 
with high-temperature high sulfidic locations in other shallow-water, 
as well as deep-sea hydrothermal systems (Forget et al., 2010; Zhang 
et al., 2012; Giovannelli et al., 2013; Gugliandolo et al., 2015; Gomez-
Saez et  al., 2017; Price and Giovannelli, 2017). Members of the 

Campylobacterota are present in most sites presenting higher 
temperatures (Levante Bay, Levante Port, Bottaro, Baia Calcara and 
Pietra del Bagno) and dominate the biofilm communities of Levante 
Port and Baia Calcara. Hydrothermal vents are often enriched in 
reduced sulfur species (German and Seyfried, 2014; Price and 
Giovannelli, 2017). The presence of sulfur-related metabolisms, 
coupled to inorganic carbon fixation, highlights the importance of 
these types of metabolic strategies for the function of hydrothermal 
systems, as well as the importance of these ecosystems to mediate the 
biogeochemical cycles of sulfur and carbon. Additionally, these high 
temperature locations had the highest protein/carbohydrate ratios 
(15.2 in Baia Calcara and 12.6 in Levante Port), suggesting high in situ 
productivity. Since at these locations, recovered ASVs are related to 
known chemolithoautotrophic groups, indicates that they are major 
contributors to primary productivity in high temperature shallow 
water hydrothermal vents. Similarly, Gomez-Saez et  al. (2017), 
reported that chemoautotrophy constitutes an important contribution 
to fresh organic matter production, accounting for up to 65% of 
autotrophic carbon fixation in the shallow-water hydrothermal vents 
of Dominica.

At moderate to low temperatures an increase in phototrophic 
microbial lineages was observed, also reflected in the quantities of 
BPC and Chlorophyll-a. The prevalent photosynthetic group observed 
in this study was assigned to the genus Synechococcus and to the 
species Synechococcus sp. CC9902 (99.47% similarity), belonging to 
the phylum Cyanobacteria. The presence of phototrophs in shallow-
water hydrothermal systems is well documented, as well as a key 
feature of these systems (Tarasov et al., 1990, 1999, 2005; Sievert et al., 
2000; Zhang et al., 2012; Maugeri et al., 2013; Price et al., 2013; Lentini 
et  al., 2014; Dávila-Ramos et  al., 2015; Gugliandolo et  al., 2015; 
Gomez-Saez et  al., 2017; Price and Giovannelli, 2017). Here, 
Synechococcus sp. CC9902 was present in lower abundances at 
moderate temperatures in Bottaro and Levante Port, and high 
abundances in Pollara, the lowest temperature site. Synechococcus sp. 
CC9902 is widespread in the oceans and is described as having 
increased plasticity to diverse saline concentrations and light 
intensities (Ludwig and Bryant, 2012; Kim et al., 2018). Furthermore, 
the presence of this taxon has already been described in shallow-water 
hydrothermal vent environments (Maugeri et al., 2013). However, in 
other shallow-water vents systems, the specific lineages within 
Cyanobacteria differ. This suggests that in shallow-water hydrothermal 
vents the photoautotrophic niche space can be occupied by diverse 
lineages of phototrophic taxa. Notwithstanding, it is important to note 
that, even though the presence of Cyanobacteria in shallow water 
hydrothermal vents is well documented, the possibility of mixing with 
background seawater cannot be discarded. For instance, it has been 
shown that fluid mixing with seawater could be  the result of the 
convective cells in porous media (Yücel et al., 2013).

The shallow water vent Pietra del Bagno, Lipari, due to the 
presence of orange precipitates surrounding the venting site, was 
deemed to be  iron-rich. The sediment community was mainly 
composed by the family Anaerolineares of the phylum Chloroflexi, and 
the genus Mariprofundus belonging to Proteobacteria. Members 
belonging to Chloroflexi are ecologically and physiologically diverse, 
allowing them to colonize a wide variety of environments (Ward et al., 
2018; Vuillemin et al., 2020). Despite being originally associated with 
anoxygenic phototrophy, they are also known to employ other 
metabolic strategies (McIlroy et al., 2017). The family Anaerolineares 

134

https://doi.org/10.3389/fmicb.2023.1134114
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Barosa et al. 10.3389/fmicb.2023.1134114

Frontiers in Microbiology 15 frontiersin.org

is associated with hydrocarbon oxidation and is known to have 
important roles in the functioning of anaerobic digestion systems 
(McIlroy et  al., 2017). Nonetheless, they have been reported in 
deep-sea and shallow-water hydrothermal vents (Rajasabapathy et al., 
2018; McGonigle et al., 2020; Wang et al., 2020). The closest relative to 
our sequences was reported from Fe-rich hydrothermal sediments of 
two submarine volcanoes of the Tonga volcanic arc (Forget et al., 
2010). Interestingly, this bacterial family has also been observed to 
be present in high abundances in Fe-enriched locations (Hoshino 
et al., 2016; Ward et al., 2017). Other members of Chloroflexi, such as 
Ardenticatena maritima, grow by dissimilatory iron-reduction 
(Kawaichi et al., 2013). Thus, it is possible that Anaerolineares can 
couple the oxidation of organic matter to iron-reduction, making 
them major players in the biomineralization of organic matter in 
shallow-water vent environments.

The genus Mariprofundus of Zetaproteobacteria are well-known 
iron(II)-oxidizers that couple the iron (II) oxidation to the reduction 
of oxygen or nitrate (Chiu et  al., 2017; McAllister et  al., 2019). 
Members belonging to the phyla Zetaproteobacteria are widespread 
in hydrothermal Fe-rich environments (Emerson and Moyer, 2002; 
Emerson et al., 2010; Forget et al., 2010; Gomez-Saez et al., 2017; 
McAllister et  al., 2019). Within Mariprofundus, it was possible to 
assign to the species Mariprofundus aestuarium (99.73% similarity), 
previously isolated from redox-stratified water columns, and capable 
of growing through the oxidation of iron (II) (Chiu et  al., 2017). 
Additionally, albeit in lower abundances, it was possible to identify the 
genus Caldithrix. More specifically, we could assign our sequences to 
the species Caldithrix abyssi (98.94% similarity). This species is a 
known chemolithoautotroph, capable of growing anaerobically 
through the reduction of nitrate, using hydrogen as an electron donor 
(Miroshnichenko et  al., 2003). Our geochemical analysis did not 
identify nitrate in the fluids at this site (data not shown); however, it 
was recently found that an environmentally assembled genome 
(MAG) of this species codes for a homolog of an extracellular 
respiratory system found in Geobacter, associated with iron reduction 
(Fortney et al., 2018). Given that this terminal electron acceptor was 
not tested in the original isolate (Miroshnichenko et al., 2003), the 
coupling of hydrogen oxidation to iron reduction could potentially 
suggest a metabolic strategy employed by Caldithrix. Notably, previous 
studies conducted at Fe-rich shallow-water vents have reported similar 
communities to the ones observed at this site (Handley et al., 2010; 
Meyer-Dombard et al., 2013; Gomez-Saez et al., 2017). Thus, these 
lineages can be considered to be important in driving the iron cycling 
in the shallow-water vent ecosystem, making important contributions 
to the biogeochemical cycles of iron. Interestingly, it was not possible 
to identify iron oxidizers in the biofilm community in high abundance 
at the same site. Conversely, the genus Collwelia was present in high 
abundances, followed by the clade SUP05. Members belonging to 
Collwelia are psychrophilic, heterotrophic bacteria, ubiquitous in cold 
marine environments (Techtmann et  al., 2016), including sea ice 
(Zhang et al., 2008), polar sediments (Wang et al., 2015), and deep-sea 
trenches (Nogi et  al., 2004). Specifically, we  identified the species 
Colwellia rossensis (100% similarity), isolated from coastal Antarctic 
sea ice (Bowman et al., 1998). Colwellia species have been isolated 
from marine environments, and are characteristically psychrophiles 
(Bowman et al., 1998). The presence of ASVs related to this species at 
higher temperatures suggests a bigger temperature gradient to which 
this group is adapted to. The clade SUP05 is composed of known 

sulfur-oxidizing bacteria, also described as having a heterotrophic-
based metabolism (Spietz et al., 2019; Morris and Spietz, 2022). At this 
location, the protein to carbohydrate ratios is 1.13. As reported by 
Pusceddu et  al. (2003), since proteins are readily mobilized, as 
compared to carbohydrates, low ratios suggest the presence of aged 
organic matter (not freshly produced), and probably indicates external 
input as a potential source of organic matter to the 
biofilm communities.

Additionally, in moderate temperatures sites, it was possible to 
identify in higher abundance the families Flavobactereceae and 
Arcobactereceae, in the biofilms of Bottaro and Levante Port, and the 
genus IheB3-7 at the sediment sample of Levante Port. The family 
Flavobacteriaceae of the Phylum Bacteroidetes, ubiquitous in marine 
environments, are known to degrade complex hydrocarbons, with 
large numbers of glycosyl hydrolases and peptidases encoded in the 
genomes of this bacterial group (Gavriilidou et al., 2020). Moreover, 
the family Arcobactereceae, also widely distributed in marine 
environments (Venâncio et al., 2022), has been reported in shallow 
vent hydrothermal environments (Maugeri et al., 2009; Gugliandolo 
et al., 2015; Gomez-Saez et al., 2017).

At the lowest temperature site (Pollara), Cyanobacteria was the 
most abundant group, and with lower abundances, the genera 
Pseudoalteromonas, Woesia, NS5 marine group, and Anoxybacillus. 
These microbial groups are associated with heterotrophic metabolisms, 
and given the protein/carbohydrate ratios at this location of 3.64, as 
well as Chla-a concentration of 1.0 μg g−1, suggests that these groups 
rely on the export of organic carbon from the water column into the 
vent system, coupled with the usage of aged organic matter derived 
from external input, and in situ production from phototrophic 
organisms. Pseudoalteromonas, Woesia, and NS5 marine group are 
widely distributed in marine environments (Holmström and 
Kjelleberg, 1999; Du et al., 2016; Priest et al., 2022). Additionally, 
Anoxybacillus was also reported in deep-sea hydrothermal vent 
sediments (Cheng et  al., 2021). Here, it was possible to assign 
Anoxybacillus to the species Anoxybacillus rapiensis (100% similarity), 
a thermophilic, anaerobic, heterotrophic bacterium, isolated from 
diverse hot springs in Bulgaria (Derekova et al., 2007).

While temperature is one of the key variables controlling the 
microbial diversity in our dataset, other environmental parameters 
contribute significantly in shaping microbial communities of the 
different sample types collected (fluids, sediments and biofilms) across 
the geochemically diverse vents sampled. This has been recently 
demonstrated in hot springs (Fullerton et  al., 2021), where a 
combination of the geological settings, the aqueous geochemistry and 
trace element availability provided strong explanatory power of the 
beta diversity turnover among the sampled springs. In this work 
unweighted and weighted UniFrac based multivariate analysis 
(Figure  6) revealed the presence of three statistically significant 
groups. The first was composed of the biofilm samples, where no 
significant correlations with the measured parameters were found to 
significantly explain the diversity. The biofilm composition and 
architecture are found to be influenced by both deterministic, as well 
as stochastic effects. For instance, previous studies have shown that 
biofilm thickness drives the biofilm community and diversity (Suarez 
et  al., 2019), combined with the age of the biofilm and other 
environmental variables. The second major group, encompassing the 
samples of fluids and sediments from the islands Vulcano and Panarea, 
could be explained by the temperature. As discussed above, these 
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locations were marked by moderate to high temperatures, with ASVs 
associated with microbial lineages related to the oxidation of hydrogen 
or reduced sulfur species. In hydrothermal systems fluid ascent is 
facilitated by the permeability of lithospheric fault systems, allowing 
a more focused channeling of the fluids to the surface (Pearce et al., 
2019). Moreover, hydrothermal systems further away from fault 
systems are likely to show weak thermal anomalies (Taillefer et al., 
2018). Consistent with this, the site with the lowest temperature, 
Pollara in Salina, is the sampling site further away from known fault 
systems in the area. Interestingly, we found that temperature and Mg2+ 
follow opposite correlation patterns. Magnesium is depleted in 
end-member hydrothermal fluids, resulting from water-rock reactions 
during the circulation of the fluids in the hydrothermal system (Alt, 
2013). The presence of higher quantities of Mg2+ in low temperature 
sites, can entail less degree of water-reactions, which could be  a 
function of the weak thermal anomalies found in the island of Salina 
and Lipari. Consistent with this, these islands present less geothermal 
activity compared to the other island samples in this study.

In the third group, encompassing the sites from the islands of 
Salina and Lipari, the microbial diversity was explained by the major 
anions and cations Mg2+, Br−, and Na+. Despite the geochemical 
analysis encompassing our samples in combination with the literature 
available placed our samples within Type 3 fluids, small variations of 
the major anions and cations show statistically significant correlation 
with the microbial distribution in both these islands. Diverse 
subsurface processes could result in similar concentrations of the 
major anions and cations, but result in a differential enrichment of 
minor elements, such as trace elements (Rollinson and Pease, 2021). 
Recent studies have shown that trace elements play key roles in 
shaping microbial niche occupation, as well as have been used to 
improve the cultivation of extremophilic organisms from natural hot 
springs (Meyer-Dombard et al., 2012; Shafiee et al., 2021).

Similarly to the unweighted UniFrac, with the weighted version, 
which weights the abundance of the taxa present, we found the same 
statistically significant separation between the communities of 
Vulcano/Panarea and Salina/Lipari, as well as the biofilm samples and 
the other samples types. However, conversely to the unweighted 
UniFrac, we  found the temperature to be  correlated with the 
abundance of taxa of Baia Calcara and Levante Port biofilm 
communities. These were dominated by thermophilic communities 
belonging to Nitratifractor and Thiomicrorhabdus. Therefore, both 
these parameters can act as strong selective pressures, driving not the 
structuring of the biofilm communities of Baia Calcara and Levante 
Port, but selecting for thermophilic, chemolithoautotrophic groups. 
The correlation with longitude could be related with the location of 
the islands within the Aeolian volcanic arc. It has been previously 
demonstrated that the magmatic composition of the Aeolian arc 
exhibits within-islands variations (Peccerillo et  al., 2013). These 
differences could entail differential inputs of magmatic volatiles into 
the hydrothermal fluids, which in turn could be  influencing the 
microbial communities inhabiting the shallow-water hydrothermal 
vents. It was also possible to find the major elements correlating with 
the abundance of the communities of the islands of Lipara and Salina, 
and with weighted UniFrac, the communities of Vulcano and Salina.

In the Aeolian Archipelago it is possible to find a highly diverse 
set of marine habitats. These habitats, in turn, harbor an abundant 
number of species, some of which with endangered status (Álvarez 
et al., 2019). For this reason, over the years, there have been increasing 

efforts to enhance the conservation measures on the Aeolian Islands, 
through the practices of sustainable fishing, tourism, and community 
education (Álvarez et al., 2019). The presence of high hydrothermal 
activity should further augment the need for conservation practices 
in these islands, for different reasons. One is that the microbial 
communities inhabiting these vents play important ecological roles 
for the entire shallow marine ecosystem (Tarasov et al., 2005; Price 
and Giovannelli, 2017), potentially sustaining primary productivity in 
surrounding ecosystems (Price and Giovannelli, 2017). Given their 
key roles as primary producers, these microbial communities sustain 
complex food webs on the surrounding islands. Secondly, extreme 
environments are often looked upon for the isolation of 
microorganisms that produce industrially and medically relevant 
metabolites, such as novel enzymes and antibiotics (Littlechild, 2015; 
Sayed et al., 2020; Petrillo et al., 2021). For instance, novel enzyme-
producing Bacillus have been isolated from the Island of Panarea, 
whereas novel hydrolases have been identified on environmental DNA 
libraries from the sediments of the shallow-vents of the island of 
Vulcano (Lentini et al., 2007; Gugliandolo et al., 2012; Placido et al., 
2015). Thirdly, in recent years there have been efforts to apply 
conservation status to deep-sea hydrothermal vents (Van Dover, 2012; 
Van Dover et al., 2018). We argue that shallow-water hydrothermal 
vents play an equally important role in the functioning of marine 
ecosystems, and should be explicitly acknowledged in marine spatial 
planning and conservation efforts, not only because of their 
uniqueness, but because they represent an accessible window for us to 
appreciate the intricate relationships between the geosphere 
and biosphere.

5. Conclusion

In conclusion, our study shows that the Aeolian archipelago 
shallow water hydrothermal vents harbors a highly diverse microbial 
consortia. In line with previous studies conducted in these unique 
ecosystems, we  found the presence of ASVs related to organisms 
employing diverse metabolic strategies, ranging from 
chemolithoautotrophy, heterotrophy and phototrophy. Furthermore, 
we  found those same groups to be  correlated strongly with 
temperature, where we  could observe a transition from higher 
temperatures (mainly ASVs related to chemolithoautotrophic groups) 
to moderate and lower temperatures (mainly ASVs related to 
phototrophic and heterotrophic groups). This transition is commonly 
observed in geothermal environments, and can be considered as a 
definite characteristic of these systems. Furthermore, through the 
analysis of BPC, we found that different types of organic matter are 
available to the resident communities, from terrigenous input 
exported to the system, as well as in situ production by 
chemolithoautotrophic and phototrophic groups. This supports the 
literature on how shallow water hydrothermal vents are considered 
high energy environments. Through beta diversity analysis, we found 
the presence of three significant groups, composed of the biofilm 
samples, and the sediment and fluid samples of the islands of Vulcano 
and Panarea, and Lipari and Salina. The group of Vulcano and Panarea 
was correlated with temperature, as these locations were marked by 
moderate to high temperatures, and they were dominated by ASVs 
related to chemolithoautotrophic groups. As for the group of Lipari 
and Salina, the distribution of the microbial communities was 
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correlated with major ions. This suggests that subsurface water rock 
reactions have an influence on the concentration of the major ions, 
which in turn, can influence the microbial communities inhabiting 
these shallow water hydrothermal vents. Additionally, we found that 
the longitude, together with the temperature, was a significant vector 
in the weighted UNIFRAC. This correlation could be  due to the 
location of the islands within the Aeolian volcanic arc and the different 
geothermal activity within each island.

Additionally, our compilation of fluid data from previous studies 
showed the same trend noted by Price et al. (2015), wherein in these 
hydrothermal systems, one can find 3 types of fluid evolution, showing 
differential enrichments and depletions of the major anions and 
cations, and therefore hinting at different subsurface processes taking 
place in the different islands. Given that the Aeolian archipelago 
shallow water hydrothermal vents, and the microbial communities 
inhabiting them, have important ecological roles for the surrounding 
marine environment, we think it is important their inclusion into 
present and future conservation efforts. Finally, shallow-water vents 
and the volcanic arc lithologies at which they occur are still 
understudied, compared to the basaltic, mid-ocean ridge lithologies 
from their deep-sea counter-parts. Our study is the first stage of a 
deeper characterization of the Aeolian archipelago shallow-water 
systems, and future studies will shed light on the ecological role of the 
communities in these systems, as well as on the local 
biogeochemical cycles.
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