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Abstract

The organisms inhabiting the deep-seafloor are known to play a crucial role in global biogeochemical cycles. Chemolithoautotrophic
prokaryotes, which produce biomass from single carbon molecules, constitute the primary source of nutrition for the higher
organisms, being critical for the sustainability of food webs and overall life in the deep-sea hydrothermal ecosystems. The present
study investigates the metabolic profiles of chemolithoautotrophs inhabiting the sediments of Menez Gwen and Rainbow deep-sea
vent fields, in the Mid-Atlantic Ridge. Differences in the microbial community structure might be reflecting the distinct depth,
geology, and distance from vent of the studied sediments. A metagenomic sequencing approach was conducted to characterize the
microbiome of the deep-sea hydrothermal sediments and the relevant metabolic pathways used by microbes. Both Menez Gwen and
Rainbow metagenomes contained a significant number of genes involved in carbon fixation, revealing the largely autotrophic
communities thriving in both sites. Carbon fixation at Menez Gwen site was predicted to occur mainly via the reductive tricarboxylic
acid cycle, likely reflecting the dominance of sulfur-oxidizing Epsilonproteobacteria at this site, while different autotrophic path-
ways were identified at Rainbow site, in particular the Calvin—-Benson—Bassham cycle. Chemolithotrophy appeared to be primarily
driven by the oxidation of reduced sulfur compounds, whether through the SOX-dependent pathway at Menez Gwen site or through
reverse sulfate reduction at Rainbow site. Other energy-yielding processes, such as methane, nitrite, or ammonia oxidation, were also
detected but presumably contributing less to chemolithoautotrophy. This work furthers our knowledge of the microbial ecology of
deep-sea hydrothermal sediments and represents an important repository of novel genes with potential biotechnological interest.
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Since the discovery of deep-sea hydrothermal vents 40 years
ago, numerous studies on natural communities of Bacteria,
Archaea, and highly specialized fauna, such as novel species
of mussels, annelids, and crabs, have been undertaken in sev-
eral vent habitats, distributed on the global ocean.
Chemolithoautotrophic microorganisms at these ecosystems
attracted a large body of research, given their relevant role at
the basis of food chains and their intricate chemosynthetic sym-
bioses with both micro- and macroorganisms [1, 2]. Those
microorganisms are the primary producers of organic matter
through their ability to fix inorganic carbon from the geother-
mal source and transfer of energy up to the higher trophic levels
[3]. Considerable knowledge has already been gained about the
diversity and the geographic distribution of microorganisms in
distinct hydrothermal habitats, such as in sediments [4, 5], dif-
fuse vent fluids [6-9], black smoker chimneys [10—12], hydro-
thermal plumes [13, 14], and deposits [15, 16].
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Recent advances in metagenomic sequencing approaches
have expanded our knowledge of the microbial ecology in
these ecosystems, simultaneously exploring the taxonomic di-
versity and the metabolic potential and functions of microbial
communities [6, 15, 17-19]. Possible scenarios for carbon
fixation and energy generation in the deep-sea have been sug-
gested by metagenome-derived information. The type of mi-
croorganisms mediating these reactions and the metabolic
strategies employed in the different vent systems are still to
be fully understood as many hydrothermal vent environments
remain largely understudied.

This work reports on the investigation of two vent fields lo-
cated on the northern Mid-Atlantic Ridge (MAR), one of the
most slow-spreading ridge systems on the Earth. The MAR sup-
ports a series of high-temperature (250-400 °C) hydrothermal
vent fields, some of which are magmatically heated and hosted
by basaltic rocks while others are hosted by ultramafic rocks,
undergoing reactions with peridotite [20, 21]. The Menez
Gwen and the Rainbow hydrothermal fields are examples of
ecosystems hosted by basaltic and ultramafic rocks, respectively,
and were the chosen sites for this work. These two geochemically
distinct vent systems are located on two different segments of the
southeastern branch of the Azores Triple Junction (ATJ), at 800
and 2300 m deep, and within 2° of latitude (Fig. 1).

The Rainbow vent field is a vigorous ultramafic-hosted hy-
drothermal system that discharges hot fluids over a 20,000-m>
area from about 10 major groups of extremely active black
smokers located on an isolated sulfide mound [22] (Fig. 2a).
The hydrothermal fluids have the highest temperature reported

Menez Gwen
N 37°50'40.20" W 31°31'9.32"

Fig. 2 Bathymetric maps of the studied hydrothermal vent ficlds P
Rainbow (a) and Menez Gwen (b). Sampling sites are noted with red
dots, while the black triangles represent the nearest known active vents.
Maps adapted from [23] (a) and [80] (b)

for MAR fluids (~ 360 °C), very high rates of fluid flow [22], the
lowest end-member pH (2.8), and the highest Fe, Cu, and Zn
metal contents [23]. The fluids emitted by the active chimneys of
the Rainbow, as a result of serpentinization processes, have ele-
vated concentrations of H, and CH, and low levels of H,S,
relative to fluids from basalt-hosted systems [24].

In contrast, the Menez Gwen vent field is the shallowest
and youngest (~ 100 years) among all the MAR hydrothermal
vent fields [21] (Fig. 2b). Its active area occupies approxi-
mately 200 m? being composed by small and white anhydrite
chimneys, typically less than 5 m high. Diffuse low-
temperature (10-50 °C) hydrothermal vents dominate over
focused ones, the black smokers are rare, and there are no
plumes [21]. The Menez Gwen fluids are characterized by
particularly high concentrations of CH, and CO,, moderate
concentrations of H,S, and very low H, concentrations [25].
Moreover, Menez Gwen hydrothermal fluids reported the
highest value ever of dissolved organic carbon (DOC) con-
centration for a diffusive vent system [26].

Both hydrothermal vent fields exhibit therefore contrasting
environmental conditions, including different depths, geologic
settings, and underlying rocks (Table 1). Consequently, the
hydrothermal sediments formed during hydrothermal activity
[27] presumably harbor distinct microbial communities,
sustained by the energy and carbon sources available [28].

MG)

Fig. 1 Location of the sampling sites in the hydrothermal vent fields Menez Gwen and Rainbow, southwest the Azores archipelago, in the Mid-Atlantic

Ridge, at 850 and 2300 m deep, respectively
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Table 1 Sampling information

and main environmental Sampling information MG RB
parameters for the hydrothermal
sediments retrieved in Menez Deep-sea vent field Menez Gwen Rainbow
Gwen (MG) and Rainbow (RB) Host rock Basalt Ultramafic
vent fields Sampling date 6 August 2013 13 August 2013
Sampling hour 02:46:56 02:29:30
Latitude N 37° 50" 40.20"” N 36° 13" 51.27"
Longitude W 31°31'9.32" W 33° 54’ 16.08"
Sample depth [m] 825 2362
In situ temperature [°C] 8.5 3.7
Closest active vent Woody Regner
Distance from active vent [m] 4 100
Maximum fluid temperature [°C] 285 360
H,S [mM]? 33 1.5
CH4 [mM]* 1.4 1.9
CO, [mM]* 28 26
H, [mM]* 0.0004 13.5
SO4 [mM]* 26.9 4.02
Dissolved organic carbon (DOC) [uM]® 1180 <1l
Total dissolved nitrogen (TDN) [uM]° 16 n.d.

# End-member concentrations have been previously determined for “Woody™ [25] and “Regner” [36] hydrother-
mal fluids, the closest active vents to the sampled sediments in Menez Gwen and Rainbow fields, respectively

®DOC data was obtained from the same locations in MG [26] and RB [37]. TDN data was only available for MG

site [26]

Until recently, very few surveys conducted in Menez Gwen
and Rainbow vent fields had reported on the sediment-associated
microbiota owing to the limited accessibility and critical sam-
pling techniques [11, 29-31]. This lack of understanding has
encouraged the authors to carry out a 16S tRNA gene sequenc-
ing approach to assess the microbial community diversity asso-
ciated with sediments retrieved in both vent fields [32]. The
outcome of this work showed sulfur-oxidizing
Epsilonproteobacteria, archacal methanogens, and
thermoacidophiles from the archaeal DHVE group 2 together
with some thermophilic microorganisms as the more abundant
taxa associated with the Menez Gwen hydrothermal sediments.
These results contrasted with the higher microbial diversity asso-
ciated with Rainbow sediments, which were found to be mainly
composed of sulfur-oxidizing Gammaproteobacteria, sulfate-
reducing Deltaproteobacteria, acidophilic Actinobacteria, and
some thermophilic and methanogenic archaeal members.
However, the metabolic pathways used by the sediment-
associated communities could not be inferred from the phyloge-
netic information provided by the amplicon sequencing tools.

In the present work, these studies were followed up by a
shotgun metagenomic sequencing procedure to characterize
the metabolic potential and functions of microorganisms
inhabiting the sediments of basalt-hosted Menez Gwen and
peridotite-hosted Rainbow fields. The comparative genomic
analysis gave us a better understanding of the diversity and
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functional potential of microbial communities inhabiting sed-
iments of these two deep-sea hydrothermal fields of the
Azores.

Materials and Methods
Sampling and Total Community DNA Extraction

The sediment samples used in this study were retrieved from
the Menez Gwen (MG) (37° 51’ N, 31° 31’ W) and Rainbow
(RB) (36° 14' N, 33° 54" W) deep-sea hydrothermal fields in
the MAR, during the BioBaz cruise, on August 2013, aboard
the research vessel “Pourquoi Pas?” (Table 1). The more de-
tailed sampling process, geochemical characteristics of sam-
pling sites, as well as the DNA extraction procedures from the
sediment samples have been described previously [32].
Briefly, sampling sites in each hydrothermal field were
chosen from an area as close as possible to an active vent
chimney, where the sediment surface was suitable for corer
deployment. MG sediments were collected approximately at
4 m of the active vent “Woody,” where diffuse fluids are
regularly discharged. However, the same sampling scheme
could not be applied to RB site, since core sampling was
hampered by the unsedimented nature of the field. Here, the
black smokers are dispersed and built on massive
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hydrothermal structures hosted by ultramafic rocks with very
scarce sedimentary cover. Thus, the RB sediments could only
be retrieved at approximately 100 m from an active vent.
Despite the circumstances, the very high flow rates of fluids
emitted by the active chimneys of the Rainbow, together with
the homogeneity of both the chemistry and temperature of the
vent fluids [22], led us to assume that RB sampling site was
under the influence of hydrothermal emissions from the near-
by black smokers.

The outcome of our previous 16S rRNA gene sequenc-
ing approach [32] showed that MG and RB sites presented
the most contrasting microbial communities from the stud-
ied hydrothermal sediments. This prompted us to further
explore the functional potential of the sediment-associated
communities by means of metagenomic analyzes. From the
environmental DNA samples obtained in this previous
work, a representative sample of each hydrothermal vent
site, MG and RB, was selected for metagenomic shotgun
sequencing. Based on the DNA integrity and absence of
inhibitors, MG35B and RB35B were selected. Both sam-
ples were obtained from the same depth in the sediment,
from 3 to 5 cm below the sediment surface, at each sam-
pling site, and from the subcore B [32].

Metagenomic Sequencing, Assembly, and Annotation

Sequencing libraries were prepared with the Nextera XT DNA
Library Prep Kit (Illumina, San Diego, USA). Shotgun se-
quencing of metagenomic DNA was performed with
[lumina MiSeq platform using 2 x 250 bp cycles and the
MiSeq Reagent Kit v2 (Illumina, San Diego, USA), according
to manufacturer’s instructions, at the Next Generation
Sequencing Unit in UC-Biotech (Cantanhede, Portugal).
Assembly of the Illumina high-quality sequencing reads was
performed by MetaSPAdes [33] for the two metagenomes
(MG and RB). Final assemblies were submitted to the Joint
Genome Institute (JGI) Integrated Microbial Genomes/
Metagenomics Expert Review (IMG/MER) [34] for annota-
tion and analysis.

A total of 398,414 and 1,382,338 protein-coding genes
were identified in MG and RB metagenomes, respectively,
using the IMG annotation. Genes were assigned the taxonom-
ic classification of their “top” hits against the microbial refer-
ence genomes of NCBI (including Bacteria, Archaea,
Eukaryota, and viruses). Genes having no identified homo-
logue with an E value <0.01, a percent sequence identity >
60%, and a percent alignment length >50% were designated
as unclassified.

Unassembled raw sequencing reads from the two datasets
(MG and RB) were also submitted to the MG-RAST server
(version 4.0) provided by Argonne National Laboratory, for
gene annotation and analyses [35]. For simplicity, we report
only on results of assembled metagenomes in IMG/M.

Comparative Metagenomic Analyses

Of the identified protein-coding genes, 32.1 and 33.4% were
assigned against Kyoto Encyclopedia of Genes and Genomes
(KEGG) Orthology (KO) database for MG and RB
metagenomes. To enable comparison, gene counts were nor-
malized against the total number of gene assignments in the
KO database for each metagenome.

Data Availability

Assembled sequences annotated using the IMG/M
metagenome analysis system [34] are available in the IMG/
M system (https://img.jgi.doe.gov/cgi-bin/mer/) with
accession numbers 3300017525 and 3300017530 for Menez
Gwen and Rainbow metagenomes, respectively.

The metagenomic sequence data is publicly available in the
MG-RAST v4 database (http://metagenomics.anl.gov/) [35],
with accession numbers 4718937.3 for the Menez Gwen
metagenome and 4718936.3 for the Rainbow metagenome.

Results and Discussion

Two sediment cores were sampled from the Menez Gwen and
Rainbow hydrothermal vent fields in the northern MAR,
278 km apart from each other (Figs. 1 and 2 and Table 1). A
representative sample from each hydrothermal vent site was
selected for metagenomic shotgun sequencing. A total of
4,550,463 and 12,720,510 high-quality sequences with an av-
erage length of 265 and 228 bp/read were obtained for MG and
RB, respectively. Assembly and annotation resulted in 393,124
and 1,112,629 scaffolds for MG and RB metagenomes, respec-
tively. Gene counts for each metagenome were retrieved from
the IMG/M version 4.0 management system [34] (Table 2).

Microbial Community Composition

Taxonomic annotation of metagenomic sequencing data
showed that the MG and RB hydrothermal sediments carry
different microbial assemblages (Fig. 3). Bacteria prevailed
relatively to Archaea and viruses in both metagenomes.
Archaeal representatives abounded at Rainbow over Menez
Gwen, while viral reads had similar relative abundances.
Eukaryotic reads were also detected, more abundant in the
Menez Gwen metagenome (Table 2 and Fig. 3).
Epsilonproteobacteria members accounted for nearly 40%
of'the total abundance found at Menez Gwen site, followed by
Gammaproteobacteria (19%) and Deltaproteobacteria
(10%). The epsilonproteobacterial genera Sulfurovum and
Sulfurimonas were dominant, comprising 17.8 and 10.0% of
the total MG sequences, respectively, which is in accordance
with the taxonomic data obtained from 16S amplicon
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Table 2 Metadata statistics obtained from the IMG/M management  Fjg. 3 Taxonomic distribution and relative abundance of the sediment
system for the two metagenomes under study (assembled data only) communities in the two different metagenomes, Menez Gwen (MG)
M. ic librari MG RB and Rainbow (RB), based on protein-encoding genes. Sunburst charts
etagenomic libraries show the Phylum-Class-Genus taxonomic distribution of assigned reads.
Alpha, Beta, Delta, Gamma, and Epsilon correspond to the related
Total no. of bases [Mbp] 213 574 Proteobacterial classes. Poorly represented taxa are grouped into Other
Mean GC [%] 412 554 Phyla
No. of Genes with predicted protein product 398,414 1,382,338
No. of scaffolds 393,124 1,112,629  number of genera relatively to the ones detected in MG
Coding bases [%] 99.9 99.9 metagenome, which suggest a higher level of taxonomic di-
Coding sequences (CDS) [%] 99.63 99.51 versity in the microbial communities of the RB site.
RNA genes [%] 0.37 0.49 A detailed taxonomic analysis of the archaeal representa-
Protein-coding genes COG [%] 38.9 46.3 tives found in both metagenomes is presented in Fig. 4.
Protein-coding genes Enzyme [%] 18.9 20.5 Whereas MG archaeal community was predominantly repre-
Protein-coding genes KEGG [%] 19.7 20.2 sented by Euryarchaeota, the archaeal community at the RB
Protein-coding genes KO [%] 32.1 33.4 site was equally dominated by Euryarchaeota and
Protein-coding genes Pfam [%] 394 45.0 Thaumarchaeota members. Methanomicrobia was the preva-
COG clusters [%] 83.2 91.2 lent class at both MG and RB sites. The thaumarchaeotal ge-
Pfam clusters [%] 38.3 387 nus Nitrosopumilus dominated the archacal community at RB.
Bacterial reads (> 60% ident.) [%] 94.29 96.55 Overall, these findings are in agreement with the microbial
Archaeal reads (> 60% ident.) [%] 026 320 diversity pattern previously reported using 16S rRNA gene
Eukaryotic reads (> 60% ident.) [%] 5.40 0.20 amplicon sequencing [32].
Virus reads (> 60% ident.) [%] 0.05 0.05 As reflected by the DOC concentration of fluids emitted

MG Menez Gwen, RB Rainbow-associated metagenomes

sequencing [32]. Less represented proteobacterial members
belonged to the Alpha- (3.8%) and Betaproteobacteria
(1.2%) classes (Fig. 3). The remaining bacterial sequences
affiliated to Bacteroidetes (12.0%), Spirochaetes (1.3%),
Firmicutes (1.1%), and also to thermophilic lineages of the
Thermotogae (1.7%) and Caldiserica (0.5%) phyla.

MG dataset accounted for a substantial amount of eukary-
otic hits (5.4%). The majority was associated to Mollusca
which is in line with the presence of vent-associated macro-
fauna in Menez Gwen hydrothermal environments, mainly
colonized by Bathymodiolus azoricus mussels. Previous stud-
ies already reported eukaryotic sequences related to mollusks
in hydrothermal sediments of Menez Gwen vent field [29, 32].

Gammaproteobacteria was the most abundant class found
at Rainbow site, accounting for 21.7% of the total sequences,
while Alpha- (9.6%), Delta- (9.1%), and Betaproteobacteria
(4.7%) were also present in relatively high contents (Fig. 3).
Particularly Epsilon- and Gamma- subdivisions of
Proteobacteria are known to play significant roles in carbon,
nitrogen, and sulfur cycles in deep-sea hydrothermal environ-
ments, owing to their remarkably metabolic versatility in en-
ergy generation [38—40].

Planctomycetes (10.3%), Chloroflexi (8.0%),
Actinobacteria (6.3%), Bacteroidetes (5.1%), and Firmicutes
(4.4%) members were also present in the RB metagenome
(Fig. 3), where Nitrospina (1.4%), Nitrospira (1.3%), and
Thioalkalivibrio (1.3%) were the dominant genera found.
Sequences of the RB metagenome were assigned to a larger
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from the nearest vents (Table 1), it is reasonable to consider
that the vent fluids represent an important carbon source fuel-
ing microbial communities at the MG site, while at RB site,
the availability of DOC from hot hydrothermal vent fluids is
considerably lower. For this reason, it would seem plausible
that MG sediments were specifically enriched in heterotrophic
microorganisms likely feeding on the available organic
carbon.

However, the detected MG community was found to be
particularly enriched in the epsilonproteobacterial genera
Sulfurovum and Sulfurimonas (Fig. 3). The dominance of
these groups, known to harbor chemoautotrophic species, sug-
gests that the oxic mixing zone where MG site is located is
likely a niche for Sulfurovum and Sulfurimonas, which is in
agreement with previous studies that reported the abundance
of Epsilonproteobacteria members at diffuse venting sites
[30, 41, 42]. Moreover, MG site is likely exposed to particu-
larly high rates of H,S and CO, (Table 1) that may favor the
growth of especially adapted microbes while limiting the di-
versity of other microbial taxa in the sediments.

On the other hand, the broader taxonomic diversity found
at RB site might reflect a suitable combination of environmen-
tal conditions, including temperature, pH, and appropriate hy-
drothermal vents’ exposure, that favor the growth of distinct
autotrophic and heterotrophic microbes, for which the avail-
able energy and nutrient supplies are sufficient.

Functional Composition

Functional properties of the MG and RB metagenomes were
investigated and compared using KO. Similar distributions of
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<« Fig. 4 Taxonomic distribution and relative abundance of the archaeal
communities in the two different metagenomes, Menez Gwen (MG)
and Rainbow (RB), based on protein-encoding genes. Sunburst charts
show the Phylum-Class-Genus taxonomic distribution of the assigned
archaeal reads

annotated genes between the Menez Gwen and Rainbow
metagenomes were observed for broad categories (data not
shown). As deep-sea hydrothermal vents are typically domi-
nated by chemolithoautotrophic communities known for fix-
ing inorganic carbon, and using energy derived from the oxi-
dation of reduced inorganic compounds that arise with hydro-
thermal fluids (such as reduced sulfur compounds, hydrogen,
and methane), we analyzed these processes in detail by eval-
uating marker genes for key enzymatic steps for CO, fixation,
sulfur, nitrogen, and methane metabolism.

Carbon Fixation

Carbon fixation is a fundamental biosynthetic process used by
hydrothermal vent microbes to assimilate inorganic carbon (i.e.,
CO,) into organic matter. Presently available data suggest that
the Calvin—Benson—Bassham (CBB) cycle and the reductive
tricarboxylic acid TCA) cycle are the predominant carbon fix-
ation pathways at hydrothermal vent environments [38, 41, 43].

Gene sequences related to the key enzymes of CBB cycle,
ribulose-bisphosphate carboxylase (RuBisCO) (rbc
EC:4.1.1.39), and phosphoribulokinase (prk EC:2.7.1.19), were
found in both metagenomic datasets (Fig. 5). The most abun-
dant sequences were related to members of the
gammaproteobacterial order Thiotrichales, represented by
Beggiatoa, Thiomicrospira, Thiothrix, and Sedimenticola.
Other affiliating with members of the betaproteobacterial gen-
era Nitrosomonas and Nitrosospira and with the
gammaproteobacterial genus Thioalkalivibrio were found only
across the RB metagenome (Table S1). These findings are in
line with previous studies that report the existence of many
sulfur-oxidizing and nitrifying bacteria belonging to these gen-
era in different hydrothermal environments of MG and RB vent
fields [15, 29, 31, 32]. Also, the occurrence of endosymbiont-
related sequences in the sediments under study (Table S1) is
consistent with the presence of macrofaunal hosts in both MG
and RB hydrothermal vent fields, typically colonized by
B. azoricus mussels. B. azoricus endosymbionts are known to
belong to the Gammaproteobacteria class and to use the CBB
cycle for carbon fixation [44, 45]. Furthermore, a host-
independent life-style for Bathymodiolus endosymbionts has
already been reported [46—49].

A minimal number of both RuBisCO and prk gene se-
quences were also detected in RB metagenome associated to
archaeal representatives (Table S1). Despite the CBB cycle
has not been so far reported in the archaeal domain, a recently
published study [50] suggests that the key enzymes of this

cycle might participate in an alternative CO, fixation pathway
in Archaea—the reductive hexulose-phosphate (RHP) path-
way. The archacal RHP pathway only differs in a few steps
from the CBB cycle and might be a primitive carbon metabol-
ic pathway utilizing RuBisCO that later evolved to the photo-
synthetic Calvin—Benson cycle [50].

The presence of gene sequences coding for 2-
oxoglutarate:ferredoxin oxidoreductase (kor EC:1.2.7.3), fuma-
rate reductase (fird EC:1.3.5.4), and pyruvate:ferredoxin oxido-
reductase (por EC:1.2.7.1) in our metagenomic datasets sug-
gested that the microbial communities of both MG and RB sites
might use rTCA cycle to fix CO,. However, the key enzyme of
this cycle, ATP citrate lyase (acl EC:2.3.3.8), was remarkably
overrepresented in the MG metagenome (Fig. 5). The preva-
lence of acl sequences in MG dataset might be the reflection of
the dominant sulfur-oxidizing Epsilonproteobacteria members
in the MG site (Fig. 5 and Table S1). In contrast, sequences
found in RB metagenome affiliated most with Nitrospira and
Methanosaeta genera (Table S1). These findings are consistent
with previous studies that report hydrothermal
Epsilonproteobacteria and nitrite-oxidizing Nitrospirae
employing the rTCA cycle for CO, fixation [51]. The rTCA
cycle might be an advantage in an energy limiting environment
since this pathway requires significantly less ATP and reducing
equivalent compared with other cycles [40].

The reductive acetyl-CoA or Wood-Ljungdahl (WL) path-
way is considered a significant mechanism of CO, fixation
under anaerobic and reducing conditions in both Bacteria
and Archaea domains [40]. Markers of this pathway were
detected in both sites: cdhA coding for carbon monoxide de-
hydrogenase (EC 1.2.7.4) and acsB coding for acetyl-CoA
synthase (EC:2.3.1.169), apparently in higher proportions in
the RB metagenome (Fig. 5). Carbon monoxide dehydroge-
nase is the key enzyme of the WL pathway, which may also
couple CO oxidation to sulfate reduction, or reduce CO, to
either acetate (acetogenesis) or methane (methanogenesis)
[52, 53]. In this study, markers of the WL pathway were most-
ly related to deltaproteobacterial sulfate reducers and archaeal
methanogens (Table S1). The results are in line with previous
studies that reported WL pathway in acetogenic members, in
autotrophic sulfate-reducing bacteria and archaea as well as in
methanogenic Archaea [54, 55].

Similarly, sequences encoding for propionyl-CoA synthe-
tase (prpE EC:6.2.1.17) and malyl-CoA lyase (mc!
EC:4.1.3.24), key enzymes in 3-hydroxypropionate (3-HP)
bicycle [40], were found across RB metagenome. The
marker genes were found to be mostly related to
Gammaproteobacteria and Alphaproteobacteria members,
which is in accordance with previous reports that identified
single genes of this pathway in various strains of these classes
[18, 56]. However, one of the key enzymes of the 3-HP path-
way could not be identified in the metagenomic datasets, the
malonyl-coA reductase (EC:1.2.1.75), which presumably
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Fig. 5 a The key gene encoding proteins involved in energy-yielding
processes and carbon fixation pathways suggested by metagenome-
derived information. Each bubble represents an identified gene in the
respective metagenomic dataset and its size the relative abundance in
percentage of all genes detected in the sample. Gene encoding proteins

indicates the absence of the 3-HP operating in the microbial
communities of both MG and RB sites.

The 3-hydroxypropionate/4-hydroxybutyrate (3-HP/4-HB)
cycle is mainly known to be conducted by autotrophic
thermoacidophilic members of the Thaumarchaeota phylum
[40]. The most significant enzyme of this cycle, 4-
hydroxybutyryl-CoA dehydratase (abfD EC:4.2.1.120), was
detected in RB metagenome specifically related to the genus
Nitrosopumilus and Candidatus Nitrosotenuis (Fig. 5 and
Table S1). These aerobic chemolithoautotrophs are known to
be ammonia oxidizers, and the energy gained likely harnessed
to fix carbon via the 3-HP/4-HB carbon fixation pathway [57].
The detection of the critical genes of this pathway in our
metagenomic databases further confirms the presence of

@ Springer

were grouped based on their respective metabolic categories inferred
from the KEGG Orthology (KO) database. b Assignment of metabolic
roles to major taxonomic groups based on detection of key gene-encoding
proteins in Menez Gwen (MG) and Rainbow (RB) metagenomes

Nitrosopumilus representatives in RB hydrothermal sediments
as previously suggested [32].

Sulfur Metabolism

Sulfur oxidation is reported as dominant energy-generating path-
ways for chemolithoautotrophic growth in hydrothermal vent
environments, where hydrogen sulfide is presumably the main
electron donor used by chemolithotrophic microbes [58, 59].
Queries to the metagenomic datasets identified genes encoding
proteins from diverse pathways of sulfur energy metabolism,
including the dissimilatory oxidation of sulfide to elemental sul-
fur, the sulfur oxidation Sox system responsible for thiosulfate
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Fig. 5 continued.

oxidation, and the reverse dissimilatory sulfite reduction pathway
for oxidation of sulfur to sulfate.

Evidence of periplasmic sulfide oxidation was detected in
both MG and RB metagenomes suggested by the presence of
genes coding for sulfide-oxidizing flavoproteins: the sulfide-
quinone oxidoreductase (sqr EC:1.8.5.4) and, in a lesser ex-
tent, the flavocytochrome-C sulfide dehydrogenase (fccAB
EC:1.8.2.3) (Fig. 5). These enzymes mediate the oxidation
of sulfide to polysulfide and are responsible for starting the
electron flow from sulfide to the transport chain. The taxo-
nomic identities of the matched genes in the metagenomic

datasets indicated relatedness to diverse genera of sulfur-
oxidizing Epsilon- and Gammaproteobacteria (Table S2).
The full set of genes that constitute the thiosulfate oxidizing
multienzyme system of the SOX pathway, including a core set
(soxABXYZ) and supplementary genes (soxCD), capable of
oxidizing various reduced sulfur compounds to sulfate (SO,
) [60], was overrepresented in the MG metagenome (Fig. 5).
Genes encoding the Sox enzyme complex (soxABXYZ) for ox-
idation of thiosulfate (S,05") to elemental sulfur (S°) and the
supplementary soxCD genes for the further oxidation of thio-
sulfate to sulfate (SO,>) were mainly found related to the
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epsilonproteobacterial genera Sulfurovum, Sulfurimonas,
Arcobacter, and Nitratiruptor. The presence of this Sox multi-
enzyme system in MG site is in accordance with the sulfur
compound-oxidizing oxygen/nitrate-reducing pathway predict-
ed for deep-sea chemoautotrophic Epsilonproteobacteria [61].

Additionally, evidence of polysulfide reduction to sulfide
catalyzed by polysulfide reductase (psrA), an important pro-
cess in deep-sea vent environments [62], was also detected in
MG metagenomic dataset (Fig. 5) and mainly associated with
representatives of the Campylobacterales order (Table S2).
The detection of the Epsilonproteobacteria genera linked to
both polysulfide reduction and Sox system pathways was pre-
viously identified in deep-sea hydrothermal isolates:
Sulfurovum sp. [63], Nitratiruptor sp. [64], Sulfurimonas
autotrophica [65], and Sulfurimonas denitrificans [43].

The set of genes encoding sulfur oxidation proteins detected
in RB metagenome was mostly related to Chromatiales order
and other unclassified Gammaproteobacteria (Table S2).

Indeed, the reduced sulfur compounds in the sediments of
RB site might likely be oxidized to sulfate via the reverse sul-
fate reduction pathway, reported before in hydrothermal micro-
bial communities [18, 19, 66]. The complete repertoire of genes
involved in this pathway encode the enzymes thiosulfate
sulfurtransferase (zst EC 2.8.1.1) that oxidize thiosulfate to sul-
fite (SO;"), reverse dissimilatory sulfite reductase complex
(dsrAB EC:1.8.99.5 and supplementary shuttle molecules
dsrEFH and dsrC) responsible for oxidation of elemental sulfur
to sulfite, adenylylsulfate reductase (aprAB EC:1.8.99.2), and
sulfate adenylyltransferase (sat EC:2.7.7.4) responsible for ox-
idation of sulfite to sulfate [67] (Fig. 5). The majority of the
corresponding sequences in the metagenomic datasets were as-
sociated with sulfur-oxidizing Gammaproteobacteria (e.g.,
Thioalkalivibrio, Thiohalomonas, Beggiatoa, Sedimenticola,
Thiothrix), Betaproteobacteria (e.g., Thiobacillus,
Sulfuricella), as well as some Epsilonproteobacteria represen-
tatives (Table S2). The use of the reverse sulfate reduction path-
way instead of the Sox pathway by hydrothermal
Gammaproteobacteria has been previously reported [39, 61]
and is potentially overrepresented in RB metagenome (Fig. 5).

The dissimilatory sulfate reduction pathway, occurring in
sulfate-reducing prokaryotes, is carried out by the same revers-
ible enzymes, sulfate adenylyltransferase (saf), adenylylsulfate
reductase (apr), and dissimilatory sulfite reductase complex
(dsr). In total, only about one-third of the sequences coding
for these enzymes were affiliated to sulfate-reducing
Deltaproteobacteria (e.g., Desulfobulbus, Desulfopila,
Desulfovibrio), Nitrospirae (e.g., Thermodesulfovibrio), and
Archaea (e.g., Archaeoglobus) representatives (Table S2).
Together, these data suggest that the enzymes are most likely
involved in the reverse process, the oxidation of sulfite to sul-
fate, in RB microbial communities.

Additionally, the co-occurrence of sulfur-oxidizing and
sulfur-reducing activities could point to a reciprocal exchange
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of sulfur compounds and thereby an increase in the overall
energy efficiency of the systems.

The metagenomic data suggest sulfur-oxidizing pathways
as being the most representative energy sources supporting
chemolithoautotrophy in both MG and RB sites, where the
diverse populations of chemolithoautotrophs are potentially
using different electron acceptors such as oxygen, nitrate,
and nitrite. These results are in line with the reducing condi-
tions and elevated levels of sulfide associated with both MG
and RB hydrothermal fluids (Table 1).

Nitrogen Metabolism

Nitrogen cycle has been previously shown to play a crucial
role in the establishment of the geochemical environment in
hydrothermal vent fields. Dinitrogen (N,) is the most abun-
dant form of nitrogen in seawater but only accessible to
nitrogen-fixing microbes. Inorganic nitrogen compounds such
as nitrite and nitrate are important terminal electron acceptors
for chemolithoautotrophic growth in different hydrothermal
vent environments [19, 38, 68].

Our results showed that microbial communities from both
MG and RB sites possess a diversity of metabolic genes in-
volved in nitrogen cycling (Fig. 5).

MG metagenome was found to be highly enriched with
genes required for denitrification, suggesting that nitrate could
be an important electron acceptor in addition to oxygen in MG
hydrothermal sediments, possibly coupled to the oxidation of
sulfur or organic matter. Denitrification involves the stepwise
reduction of nitrate (NO5 ) to nitrite (NO, ), nitric oxide (NO),
nitrous oxide (N,0O), and dinitrogen (N,) by the enzymes nitrate
reductase (narGH or napA EC:1.7.99.4), nitrite reductase (nirk
EC:1.7.2.1), nitric oxide reductase (norB EC:1.7.2.5), and ni-
trous oxide reductase (nosZ EC:1.7.2.4), respectively [69]. The
marker genes of these enzymes were all identified in the
metagenomic datasets being overrepresented in MG site
(Fig. 5), and most of the hits related to members of
Epsilonproteobacteria (e.g., Sulfurovum, Sulfurimonas, and
Nitratifactor genera) (Table S3). This is consistent with the fact
that the mesophilic Epsilonproteobacteria isolates collected
from deep-sea hydrothermal vents, Sulfurovum lithotrophicum
[70], Sulfurimonas paralvinellae [71], and Nitratifactor
salsuginis [72] reduce nitrate to dinitrogen gas, coupling sulfur
oxidation to denitrification pathway [73]. Furthermore, our re-
sults indicate that sulfur oxidation linked to denitrification is
likely an important energy-generating pathway fueling the mi-
crobial community associated with MG site. In contrast, deni-
trification seems to be less usual across the microbial commu-
nities inhabiting the RB sediments since the genes encoding
some enzymes of this pathway were scarcely found within
RB metagenome (Fig. 5).

Despite the low number of ammonia monooxygenase
(amoA EC:1.14.18.3) sequence markers observed in both
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datasets (Fig. 5), members of the genera Nitrosospira and
Nitrosopumilus seemed to be the primary ammonia oxidizers
at RB site (Table S3). Representatives of these taxa are known
as ubiquitous members of the deep-sea, playing a pivotal role
in the overall nitrogen cycle, and already found associated
with Rainbow hydrothermal environments [11, 31, 32].
Besides ammonia oxidation, ammonia monooxygenase is also
a key enzyme for nitrification, where it catalyzes the oxidation
of ammonia to nitrite together with hydroxylamine dehydro-
genase (hao EC:1.7.2.6). Here, the sequences related to hao
were only observed in RB metagenome and related to
Nitrosospira genus and novel Candidatus lineages of
Planctomycetes phylum (Table S3). These novel
Planctomycetes are likely anaerobic ammonia oxidizers [74],
suggesting that hydroxylamine might be an important inter-
mediate for RB-associated bacteria that use ammonia as an
energy source.

Members of the bacterial phyla Nitrospirae and
Nitrospinae, mainly associated with RB dataset, were poten-
tially involved in nitrite oxidation, as suggested by the pres-
ence of genes encoding enzymes involved in the nitrification
process, namely narG and narH (Table S3) [75, 76].

In turn, the amo sequence markers detected in the MG
dataset were found related to the family Methylococcaceae
(Table S3). In aerobic methane-oxidizing bacteria, the same
gene encodes for the particulate methane monooxygenase
(pMMO) responsible for oxidizing ethane to methanol (see
"Methane metabolism" section).

Although in low number, other marker genes encoding
enzymes involved in dissimilatory nitrate reduction to ammo-
nium (DNRA) (nap EC:1.7.99.4, nirB EC:1.7.1.15, and nrfA
EC:1.7.2.2) and in nitrogen fixation (nifD, nifK, and nifH
EC:1.18.6.1) were identified in our data mostly related to
RB metagenome (Fig. 5 and Table S3). The evidence of
DNRA and nitrogen fixation pathways in hydrothermal vent
environments has been previously reported [19, 77, 78].

Together, these results suggested that RB communities
showed a broader diversity of metabolic genes involved in
nitrogen metabolism, likely ammonia oxidation, denitrifica-
tion, nitrification, nitrogen fixation, and dissimilatory nitrate
reduction to ammonia, which contrasted with the MG com-
munities where denitrification activity seems to dominate.

The TDN concentration previously measured in MG fluids
(Table 1) gives evidence supporting the poor nitrogen supply
for the microbial communities provided by MG fluids and
might be reflected in a scarce nitrifying community at MG
site.

Methane Metabolism
Despite the high concentrations of CHy, reported before in the

hydrothermal vent fluids from both “Woody” vent in MG
(1.4 mM) and “Regner” vent in RB (1.9 mM) (Table 1), in

the present study, genes encoding enzymes involved in methane
oxidation were scarcely found and being almost exclusive to
MG dataset. Some evidence of methanotrophy (i.e., methane as
sole carbon and energy source) was identified in MG
metagenome and possibly restricted to gammaproteobacterial
Methylococcaceae lineages. Specifically, the marker genes de-
tected here, methanol dehydrogenase (mdhil EC:1.1.2.7) and
particulate methane monooxygenase (pmo EC:1.14.13.25),
were related to Methylococcaceae members (Fig. 5 and
Table S4). The presence of these methane oxidation proteins
in the Menez Gwen hydrothermal sediments is consistent with
the presence of both CH,4 and O, at this site and with a previous
survey reporting methanotrophic members inhabiting these sed-
iments [29].

Marker genes for methanogenesis (methyl-CoM reductase,
mcr EC:2.8.4.1), involved in methane formation, were absent
in both metagenomes as were other methane or hydrocarbon
monooxygenase genes. Thus, the high levels of CH, at these
hydrothermal sites might have an abiogenic origin, as a con-
sequence of the interaction between H, and CO, carbon diox-
ide dissolved in the ocean water. This has been reported par-
ticularly for Rainbow hydrothermal system, where conditions
for abiotic synthesis of CH,4 (and other hydrocarbons) were
found to be promoted by the serpentinization reactions of the
ultramafic rocks [23].

The metagenomic results indicate that other strategies dif-
ferent from methane-oxidizing pathways likely operate in the
sediments associated with MG and RB deep-sea hydrothermal
vents for energy generation.

Alternative Electron Donors

In addition to the oxidation of reduced sulfur compounds,
nitrogen compounds, and methane, taxonomy annotation also
indicates the presence of taxa involved in hydrogen oxidation
(e.g., Aquificae, Hydrogenimonas) particularly in the MG site
(Tables S1 and S2) and iron oxidation (e.g., Acidithiobacillus,
Leptospirillum, Thiobacillus, Sideroxydans) mainly in the RB
site (Tables S3 and S5). However, marker genes for Ni-Fe
hydrogenases and for enzymes involved in iron oxidation
were barely detected in both metagenomes (data not shown).
Still, the acidic nature of RB hydrothermal fluids [24, 79],
together with the elevated Fe content detected in RB sedi-
ments [32], provides the conditions for iron oxidizers as well
as acidophilic lineages to inhabit the RB hydrothermal
sediments.

Oxygen as Electron Acceptor
Vent microorganisms are known to thrive aerobically and an-

aerobically in the deep-sea hydrothermal environments in
low-oxygen waters.
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Evidence that oxygen is one important electron acceptor in
energy metabolisms occurring within both sites was provided
by the presence of the set of genes in the MG and RB
metagenomes encoding for both enzyme complexes: cyto-
chrome ¢ oxidase (coxABC) and cbbs-type terminal cytochrome
¢ oxidase (ccoNOP) (Fig. 5 and Table S5). Representatives of
Beta-, Delta-, and Gammaproteobacteria, as well as
Nitrospirae, Nitrospinae, Chloroflexi, Gemmatimonadetes,
and Actinobacteria, are apparently going through aerobic res-
piration in RB site. On the other hand, Alpha-, Beta-, Gamma-,
and Epsilonproteobacteria representatives are the main aerobic
microorganisms in MG site (Table S5).

Conclusion

The microbial community structure of hydrothermal sedi-
ments from Menez Gwen and Rainbow vent fields was eval-
uated by a metagenomic sequencing approach. Community
members’ phylogeny and function were inferred by protein-
coding genes analysis. For the first time, key genes of sulfur,
nitrogen, and methane energy-yielding processes were ana-
lyzed together with key genes of different carbon fixation
pathways in order to characterize the genetic capabilities of
the chemolithoautotrophic primary producers inhabiting
Menez Gwen and Rainbow deep-sea hydrothermal sediments.
The results evidenced versatile energy-yielding pathways for
the microbial communities associated with the two geochem-
ically contrasting hydrothermal environments. Some similari-
ties with previously studied hydrothermal vent habitats have
been observed, namely the high abundance of genes encoding
for enzymes of reduced sulfur compounds oxidation and car-
bon fixation pathways.

Sulfur-oxidizing Epsilonproteobacteria were the predomi-
nant microorganisms in the Menez Gwen metagenome. These
bacteria were mainly predicted to undergo sulfur oxidation
coupled to denitrification to provide energy sources for carbon
fixation, generally occurring viarTCA cycle. Apart from sulfur-
oxidizing pathways, some genes potentially involved in meth-
ane and hydrogen oxidation were found in MG metagenome
but apparently contributing less to chemolithoautotrophy.

From the Rainbow metagenomic dataset, we could outline
a higher level of taxonomic diversity in the microbial commu-
nities. Thioalkalivibrio, Beggiatoa, Thiohalomonas,
Sedimenticola, and other gammaproteobacterial genera were
likely undergoing sulfur oxidation by the reverse sulfate re-
duction pathway. Moreover, oxidation of nitrogen compounds
was favored in RB sediments where members of Nitrospira
and Nitrospina were likely involved in nitrification and
Nitrosospira and Nitrosopumilus genera in ammonia oxida-
tion. Additionally, the metagenomic data indicated the poten-
tial for different carbon fixation pathways in RB site, where
the CBB cycle was found to be the most significant one.
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We anticipated that the high concentrations of dissolved hy-
drogen and carbon in hydrothermal fluids of peridotite-hosted
Rainbow would be reflected in the RB community structure,
likely carrying abundant methane- and hydrogen-metabolizing
chemolithoautotrophs. However, in the metagenomes here an-
alyzed, only a few hits related to key enzymes involved in
methanotrophy were encountered. A possible interpretation is
that an active mixing of Rainbow fluids with seawater might
occur in the surface sediments, which would result in low H,
and CH, available to support hydrogen and methane-oxidizing
communities at RB site. On the other hand, the high concentra-
tion and availability of sulfur species in the circulating seawater
within the sediments might favor the growth of distinct auto-
trophic microbes at RB site.

Overall, this study pointed to autotrophic carbon fixation
being mainly driven by the rTCA and CBB cycles predictably
supported by the oxidation of reduced sulfur compounds.
Thioautotrophic microorganisms were seen to encode sulfur
oxidation genes involved in different pathways, suggesting the
utilization of multiple sulfur oxidation pathways according to
substrate availability in the two geochemically distinct habitats.
The presence of chemolithoautotrophs using different electron
donors, such as hydrogen and methane in MG metagenome and
nitrogen compounds in RB metagenome, points to a metabolic
versatility in the microbial communities thriving in both sites.

Since the data presented here only reveals the genetic poten-
tial of the microbial communities in RB and MG sediments, we
are unable to determine whether these metabolisms are actively
being used by the microbes. This work provides a basis for
future functional omics approaches, such as transcriptomics
and proteomics studies that would further confirm and accu-
rately quantify the functional capacity of microbial communi-
ties in these remote and understudied habitats. Nevertheless, the
genomic data presented here highlights the microbial ecology
of Menez Gwen and Rainbow hydrothermal sediments and the
opportunity for future studies concerning non-conventional en-
zymes with potential biotechnological interest.
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