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Microbial Community Structure and Functional Potential of Deep-Sea Sediments on Low Activity Hydrothermal Area in the Central Indian Ridge
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Little is known about the community structure and metabolic potential of microbial communities in hydrothermal fields in the Central Indian Ridge (CIR). In this study, a metagenomic sequencing approach was conducted to explore the microbial diversity in three sediment samples collected during the 2019 expedition from two recently discovered hydrothermal vent fields; Invent E and Onnuri Vent Field (OVF). Analysis of unassembled metagenomic reads using the Metagenomic analysis server (MG-RAST) revealed that microbial communities of the two sampling sites were very similar, showing the dominance of Bacteria over Archaea. Proteobacteria, Firmicutes, Bacteroidetes, as well as Euryarchaeota were dominant in all samples. Functional annotation based on KEGG categories shows that the microbial populations in these vent fields possess metabolic capabilities for aerobic respiration, carbon fixation through the Calvin–Bassham–Benson (CBB) cycle, the reverse tricarboxylic acid (rTCA) cycle, and reductive acetyl-CoA pathway as well as sulfur and nitrogen metabolisms. Comparative metagenome analysis with different datasets obtained from different ocean ridges showed that microbial communities at low activity or hydrothermally influenced area differ from highly active hydrothermal communities. This study provides insights into the genetic diversity and functional capability of the microbial communities of slow to intermediate spreading hydrothermal systems.
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INTRODUCTION

Deep-sea hydrothermal vents contain extreme thermal and chemical gradients, yet they harbor the most unique and diverse habitats for various microorganisms (Zeng et al., 2021). As seawater percolates into the ocean crust, volcanic water-rock reactions lead to hot, reduced metal-rich hydrothermal fluids venting from the seafloor. Biomass production in vent ecosystems is mainly fueled by oxidation of reduced compounds in hydrothermal fluids to fix carbon primarily by chemolithoautotrophic microorganisms (Fisher et al., 2007; Nakagawa and Takai, 2008) and consequently, they provide a source of nutrition for the higher organisms. In addition, many microbial populations play a crucial role in the global biogeochemical cycling of methane, nitrogen, sulfur, and carbon in these unique ecosystems (Zeng et al., 2021).

The discovery of deep hydrothermal vent fields in the 1970s (Francheteau et al., 1979) has attracted great attention to scientists with over 700 vent fields discovered and investigated along mid-ocean ridges, volcanic arcs, and tectonic settings (Dick, 2019; Beaulieu and Szafrański, 2020). However, until recently, majority of the hydrothermal system discoveries and investigation have exclusively focused on the Pacific and Atlantic Oceans (Nakamura and Takai, 2015), thus, the Indian Ocean hydrothermal systems remain understudied. To date a limited number of hydrothermal fields have been identified in the Indian Ocean including the MESO Mineral Zone (Halbach et al., 1998), Kairei (Gamo et al., 2001), Edmond (Van Dover et al., 2001), Solitaire, Dodo (Nakamura et al., 2012), and Onnuri fields (Kim et al., 2020) in the Central Indian Ridge (CIR), Daxi and Wocan fields in the Carlsberg Ridge (Wang et al., 2017, 2020), Mount Jourdanne (Münch et al., 2001), Yuhuang-1 (Liao et al., 2018), Longqi (Tao et al., 2012), Duanqiao (Yang et al., 2017), and Tiancheng (Zhou et al., 2018) in the South West Indian Ridge (SWIR), and Pelagia vent field (Han et al., 2018) in the South East Indian Ridge (SEIR).

Despite their inaccessible locations, recent advances in sampling equipment and NGS approaches have revealed that the geochemical and biological communities of the Indian Ocean hydrothermal vent systems are quite diverse (Cao et al., 2014; Ding et al., 2017; Yang et al., 2020). Using an integrated approach, the predominance of formate- and CO-utilizing bacteria among others was observed in the serpentinite-hosted Old City hydrothermal field in SWIR (Lecoeuvre et al., 2021). A previous 16S rRNA analysis of microbial communities at a black smoker in Dodo field showed that it is dominated by Bacteria with dominance of Gammaproteobacteria, Alphaproteobacteria, and Bacteroidetes (Kawagucci et al., 2016). In the high-temperature Edmond sulfide chimney, representative taxa included Epsilonproteobacteria and Aquificales as well as archaeal genera Aciduliprofundus and Thermococcus (Hoek et al., 2003) whereas H2-enriched fluids from Kairei field were dominated by (hyper)thermophilic hydrogenotrophic methanogens (Takai et al., 2004). These chemolithotrophic microbial communities involved in hydrogenotrophic, thiotrophic, and methanotrophic metabolisms have been reported to mediate biogeochemical processes in deep-sea hydrothermal systems (Nakamura and Takai, 2014).

Previous studies in the CIR listed above have solely relied on 16S rRNA gene libraries, however, 16S rRNA gene surveys offer limited information on understanding biological patterns of microbial communities within an environment. In this study, we describe the microbial structure and functional diversity in hydrothermally influenced sediments from the newly discovered vent fields in the CIR. This is the first study using metagenomic approach, to report in detail the metabolic potential of microbial communities from hydrothermal vent fields in the CIR. Comparative metagenomic analysis of hydrothermally influenced and hydrothermal samples from different locations and/or with different geochemistry would give us a better understanding of the metabolic potential of microbial communities inhabiting slow to intermediate spreading hydrothermal systems in the Indian Ocean.



MATERIALS AND METHODS


Study Site and Sample Collection

The Onnuri vent field (OVF) (Kim et al., 2020) is an ultramafic-hosted active vent located more than ∼800 km north of previously known active vent fields (i.e., Dodo and Solitaire fields) (Son et al., 2014). It is located about 11 km off axis, 1,990–2,170 m deep, characterized with small chimneys, and low-temperature clear fluid effusing from rock fissures supporting a wide range of vent fauna. The OVF vent fluids are enriched in CH4 (52.5 nM max) and low metal concentrations (Kim et al., 2020). In contrast, segment 1 (Invent B) appears to be a magmatic basaltic-hosted system with several inactive vent chimneys structures. Diffuse venting was observed characterized with high temperature, high concentration of Fe (366 nM max), Mn (46 nM max), and dissolved methane (13.0 nM max) (Kim et al., 2020). Invent E sediments geochemical compositions included Fe2O3 (45.6%), MnO (7.8%), CaO (1.4%), TN (313 μg/g), TOC (1865 μg/g), and TS (1374 μg/g) in total concentration (Table 1 and Supplementary Table 1). These unique venting styles and different geological properties of the newly identified vent fields provide an interesting opportunity to understand the microbial community structure and metabolic potentials of hydrothermal vents in slow to intermediate spreading ridges.


TABLE 1. Sampling information, physico-chemical characteristics of samples, and summary statistics of the three metagenomes studied obtained from MG-RAST.
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Deep-sea sediments were obtained from three different vent fields along the CIR during the deep-sea expedition aboard R/V ISABU of Korea Institute of Ocean Science and Technology (KIOST) in June 2019. Sediment samples were collected using either a TV-grab (GTV), multiple corer (MC) and/or box corer (BC). Eight sediment samples BC1902, BC1903, GTV1904, GTV1907, GTV1906, MC1906, and MC1912 were collected around Onnuri Vent Field (OVF), a newly identified and the sixth hydrothermal vent system discovered in the Central Indian Ridge (Kim et al., 2020). Two other sediment samples GTV1902 and GTV1908 were collected from Invent E and Invent B fields respectively, currently inferred hydrothermal vent fields in the CIR (Figure 1). In case of OVF samples were retrieved from the venting areas (∼100–150 m diameter), however, samples from Invents B and E were obtained from areas that did not show signature of plume. Once on board, samples were subsampled, preserved at −80°C until further use.
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FIGURE 1. Location of the studied hydrothermal vent fields. Bathymetric map of Invent B, Invent E and Onnuri Vent Field (OVF) located on segment 1, segment 3 and Segment 4 along the Central Indian Ridge [map modified from Pak et al. (2017)]. Sampling site at OVF is noted with yellow star.




Amplicon Sequencing and Analysis

DNA in duplicate was extracted from each of the sediments using the FastDNA™ SPIN Kit for soil (MP Biomedicals, LLC, Solon, OH, United States) following the manufacturer’s instructions. Microbial communities were characterized by sequencing the 16S rRNA gene using prokaryotic universal primers 314F (5′-CCTACGGGRBGCASCAG-3′)/805R (5′-GACTACNVGGGTATCTAAT-3′) which target the V3-V4 regions (Takahashi et al., 2014). The concentration of the amplicons was quantified using NanoDrop™ 2000 spectrophotometer and visualized by gel electrophoresis. The purified PCR products were pooled at equimolar concentrations and paired-end sequenced using Illumina Miseq platform at Chunlab, Inc., South Korea. 16S rRNA gene reads were processed using Mothur version 1.41.0 (Schloss et al., 2009), and operational taxonomic units (OTUs) at 97% similarity were classified using the SILVA v128 database (Quast et al., 2013). Sequence data were normalized by randomly sub-sampling all datasets to the lowest sample size. Statistical analyses were carried out in R version 4.1.0 (R Core Team, 2021). Diversity analyses (alpha and beta diversity) were calculated using the packages phyloseq (McMurdie and Holmes, 2013) and microeco (Liu et al., 2021). Visualization was performed using the ggplot2 package (Wickham et al., 2016).



Metagenome DNA Extraction and Sequencing

Based on the amplicon preliminary results, three representative samples (GTV1902, GTV1904, and GTV1906) were selected for shotgun sequencing. GTV1902 presented the most contrasting microbial community from the other studied sediments while GTV1904 and GTV1906 from which high-quality DNA could be obtained were the most diverse representative community among OVF samples. DNA purification from the three sediment samples was carried out using sterilized spatulas, separate pipettes, and reagents to avoid cross contamination. Sediment samples (0.5 g each) were subjected to DNA extraction using the FastDNA™ SPIN Kit for soil (MP Biomedicals, LLC, Solon, OH, United States). Briefly, each sample was transferred into separate lysing matrix E tubes and then used for community DNA extraction. Two to four DNA extractions were pooled into a single sample and further concentrated by ethanol precipitation to obtain sufficient DNA for each sediment sample. DNA quality was verified by agarose gel electrophoresis and quantified using NanoDrop™ 2000 spectrophotometer. Paired-end read sequencing of 2 × 250 bp was performed using Illumina MiSeq platform 2500 at Chunlab, Seoul (South Korea).



Metagenome Analysis, Assembly, and Annotation

Unassembled reads from the three datasets (GTV1902, GTV1904, and GTV1906) were submitted to the MG-RAST webserver version 4.0.31 (Meyer et al., 2019) for processing following their standard protocol. Briefly, the mate-pairs were joined and then pre-processed for quality control. Adapter sequences were identified and trimmed using skewer (Jiang et al., 2014). Using duplicate read inferred sequencing error estimation (DRISEE) (Keegan et al., 2012) artificial duplicate reads (ADRs) (Gomez-Alvarez et al., 2009) were analyzed and de-replicated. Host DNA contamination was removed using Bowtie2 (Langmead and Salzberg, 2012). Coding regions within the sequences were predicted using FragGeneScan (Rho et al., 2010) and clustered at 90% homology using CD-HIT (Fu et al., 2012). Sequences similarity searches were then performed using BLAST-like alignment tool (BLAT) (Kent, 2002) against the M5NR non-redundant protein database (Wilke et al., 2012) in MG-RAST version 4.0.3 (Meyer et al., 2019). Taxonomic and functional classification was performed using the RefSeq (O’Leary et al., 2016) and Kyoto Encyclopedia of Genes and Genome (KEGG) Orthology (KO) (Kanehisa et al., 2007) or SEED (Overbeek et al., 2005) databases with default parameters, respectively. The resulting profiles were downloaded for further analyses in R version 4.1.0 (R Core Team, 2021). The taxonomic composition and relative abundance of the key metabolic genes in the metagenomes were visualized using the package ggplot2 (Wickham et al., 2016).

The raw sequence reads were also assembled de novo into contigs using metaSPAdes (v 3.10) (Nurk et al., 2017) implemented in ATLAS (Kieser et al., 2020), using the default parameters for the three metagenomes (GTV1902, GTV1904, and GTV1906). Genome binning was carried out individually for each sample using two binning methods MetaBat v2.12.1 (Kang et al., 2019) and MaxBin v2.2.6 (Wu et al., 2016). The resulting bins were further refined using the DAS Tool (Sieber et al., 2018) into metagenome-assembled genomes (MAGs) and the quality of each MAG was assessed using CheckM (Parks et al., 2015). Open reading frames (ORFs) within MAGs from each sample were predicted using Prodigal v2.6.3 (Hyatt et al., 2010), clustered using mmseqs (Steinegger and Soding, 2017) and the resulting gene catalogs were mapped to the eggNOG catalog v5 (Huerta-Cepas et al., 2019) using eggNOG mapper implemented in ATLAS (Kieser et al., 2020). Taxonomic annotation of the resulting MAGs was inferred using the genome taxonomy database tool kit (GTDB-tk) (Parks et al., 2018).



Phylogenetic Analysis of Dissimilatory Sulfite Reductase Genes

The dissimilatory sulfite reductase (dsr) is a key enzyme in both the reduction of sulfate in sulfate-reducing microorganisms or functions in reverse in sulfide-oxidizing microorganism. To distinguish the pathway directionality of dissimilatory sulfate reduction or oxidation, dsrAB phylogeny was conducted (Müller et al., 2015). The gene sequences encoding dsrAB (KO number K11180, K11181) were retrieved manually from all metagenomic contigs based on KEGG annotations. Reference protein sequences for phylogenetic analyses were obtained by BLAST searches against the NCBI protein database. Using several reference sequences, phylogenetic trees were reconstructed using the maximum-likelihood treeing method with Jones–Taylor–Thornton (JTT) amino acid substitution model (Jones et al., 1992). All processes were conducted by using MEGA ver. 7 (Kumar et al., 2016).



Comparative Metagenomic Analysis

The CIR metagenomic datasets were compared to seven hydrothermal vent metagenomes available within the MG-RAST pipeline. Two datasets from Mid Atlantic Ridge (MAR) were retrieved by searching the MG-RAST database using appropriate keywords (e.g., “hydrothermal vent,” “shotgun metagenome,” “sediment”). The other five Southwest Indian ridge metagenome datasets were downloaded from the NCBI’s SRA, uploaded into MG-RAST server, and processed according to the methods described above. A double hierarchical heatmap was constructed using the RefSeq, SEED, and KEGG profiles of each metagenome to compare the taxonomic and functional diversity in different vent systems. The number of sequence hits in each metagenome was normalized, and their Euclidean distances were calculated and visualized in R using the package pheatmap (Kolde, 2019).



Data Availability

The raw reads from this study were deposited to NCBI under the Bio project accession number PRJNA751690 The metagenomic sequencing data are also publicly available from the MG-RAST server version 4.0.3 (see text footnote 1) (Meyer et al., 2008) under the following IDs: mgm4898492.3 for GTV1902, mgm4898484.3 for GTV1904, and mgm4898483.3 for GTV1906.




RESULTS


Physico-Chemical Composition of the Sediments

The geochemical compositions of the sediments were found to vary across sediment samples. TN, TS, and TOC were enriched in GTV1904 (OVF) than in the other two studied sediments, whereas TIC and CaCO3 were found to be higher in GTV1902 (Table 1). The detailed geochemical and elemental compositions of the three sediment samples studied are given in Table 1 and Supplementary Table 1, respectively. The concentration of Ba was the highest in GTV1904 and GTV1906, whereas that of Cu was the highest in GTV1902. In addition, sediment GTV1902 from Invent E presented higher concentrations of Fe2O3, MnO, CaO, K2O, Na2O, V, and Zn than those of sediments from OVF (GTV1904 and GTV1906); however, SiO2, Sn, and Pb concentrates were lower (Supplementary Table 1). These differences in physicochemical compositions may be reflected in the microbial community composition of the three sediment samples.



16S rRNA Sequencing Diversity

Initially, we assessed the microbial community diversity associated with hydrothermally influenced sediments from different vent fields along the CIR by targeting the 16S rRNA gene V3-V4 region. Bacteria were the most diverse across all samples dominated by Gammaproteobacteria (26.7% in the Invent B; 40.8%–12.5% in the OVF samples) except GTV1902 (Invent E) where Thermoplasmata (18.2%) were the most dominant OTUs observed (Supplementary Figure 1). Gammaproteobacterial marine benthic group JTB255, the OM1 clade (Actinobacteria), SAR202 (Chloroflexi), and Epsilonproteobacteria members Sulfurovum and Sulfurimonas were some of the abundant OTUs identified (Supplementary Figure 2). The NMDS plot showed that sediment from Invent B clustered together with OVF sediments while Invent E sample clustered further apart from the rest of the samples (Supplementary Figure 3). Sample GTV1902 had the most contrasting microbial community composition and GTV1904 presented the highest abundance of Bacteroidetes while GTV1906 was the most diverse and representative sample among OVF samples. These preliminary findings prompted us to further investigate the microbial communities of GTV1902, GTV1904, and GTV1906 by shotgun metagenome sequencing.



Microbial Community Composition

Shotgun metagenomic sequencing resulted in a total of 65,672,806 raw sequencing reads from the three samples with an average length of 166 bases. Quality processing produced 17,533,939 sequence reads from GTV1902, 15,395,496 for GTV1904, and 16,971,386 from GTV1906. Of the sequence reads that passed QC, 6,305,326 (GTV1902), 6,081,369 (GTV1904), and 5,459,878 (GTV1906) sequences contained predicted proteins with known functions while 10,101,194 (GTV1902), 8,363,064 (GTV1904), and 10,586,291 (GTV1906) sequence contained predicted proteins with unknown functions. The metagenome sequence statistics for the three metagenomes and the publicly available metagenomes used in this study are shown in Table 1 and Supplementary Table 2.

Taxonomic classification of protein-coding genes was assigned using the NCBI RefSeq (O’Leary et al., 2016) protein database as implemented in MG-RAST. Bacterial sequences dominated in all metagenomes with 85.6% (GTV1902), 97.2% (GTV1904), and 93.8% (GTV1906) of the total assigned reads (Table 1). GTV1902 metagenome exhibited the highest archaeal representatives accounting for 13.3% of the total hits. Eukaryotic reads were also detected while less than 1% of the reads were assigned to viruses (Table 1). Sequences from all datasets were assigned to 28 different bacterial and 5 archaeal phyla.

All three samples shared Proteobacteria as the most dominant phylum. GTV1902 was dominated by Deltaproteobacteria (12.9%), within those the genus Geobacter, was the most abundant taxa (Supplementary Figure 4). Bacteria belonging to the phylum Firmicutes had the second highest relative abundance (17.6%), followed by Chloroflexi (8.7%), Actinobacteria (7.5%), and Bacteroidetes (4.8%) (Figure 2A). Members of the genera Clostridium and Bacillus were the representatives of the phylum Firmicutes while the most abundant Chloroflexi genera detected in GTV1902 were Roseiflexus and Dehalococcoides (Supplementary Figure 4). In contrast, the bacterial community in GTV1904 and GTV1906 were mainly composed of Gammaproteobacteria (29.6% and 22.3%, respectively; Figure 2A). Thioalkalivibrio, Pseudomonas, and Nitrosococcus were the dominant gammaproteobacterial genera found in GTV1904 and GTV1906 metagenomes (Supplementary Figure 4 and Supplementary Table 3). Other dominant bacterial phyla within GTV1904 and GTV1906 included Bacteroidetes, Firmicutes, Actinobacteria, and Planctomycetes (Figure 2A).
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FIGURE 2. Taxonomic composition and relative abundance of (A) Bacteria and (B) Archaea in the three different metagenomes based on protein-coding genes using RefSeq database at class level. “Others” represent those accounting for <1% of the total hits in each sample and are shown in gray at the top of each bar.


A detailed taxonomic analysis of the archaeal representatives found in the different metagenomes is shown in Figure 2B. While GTV1902 and GTV1904 archaeal community was dominated by Euryarchaeota, the archaeal community of GTV1906 was equally dominated by Euryarchaeota and Thaumarchaeota. Methanomicrobia was the most prevalent class in GTV1902 and GTV1904 accounting for 22.9% and 23.7% of the total assigned sequences, respectively. Unclassified (derived from Thaumarchaeota) was the most abundant class accounting for 44.4% of the total assigned reads of GTV1906 and followed by Methanomicrobia (15.1%). GTV1902 exhibited a predominance of Aciduliprofundum while the thaumarchaeotal genera Nitrosopumilus dominated the archaeal community in both GTV1904 and GTV1906 (Supplementary Figure 4 and Supplementary Table 4).



Metagenome-Assembled Genomes

The GTV1902 assembly generated 61,732 contigs of sizes from 500 to 105,415 bp with an N50 of 12,795. The GTV1904 assembly generated 57,779 contigs of sizes from 500 to 99,270 base pairs with an N50 of 9,946 while 38,882 contigs of sizes from 500 to 39,457 base pairs with an N50 of 9,769 were retrieved from GTV1906 assembly (Supplementary Table 5). Metagenome binning yielded 20 medium- to high-quality MAGs on the established standards (Bowers et al., 2017) including 4 Archaea and 16 Bacteria (Supplementary Table 6). Taxonomic annotation based on the GTBD-Tk revealed that the 16 bacterial MAGs could be assigned to 8 phyla including the KSB1 (2 MAGs), Actinobacteriota (3), Bacteroidota (4), Chloroflexota (1), Gemmatimonadota (2), Nitrospirota (1), Planctomycetota (1), and Proteobacteria (2). In addition, we assembled four archaeal MAGs, which were affiliated to two phyla: Thermoplasmatota (3) and Asgardarchaeota (1) (Supplementary Table 6). Except for archaeal phylum Asgardarchaeota, similar taxa as the MAGs assembled here were observed in the 16S rRNA gene amplicon data.



Functional Composition

To determine the functional potential of the communities across the different metagenomes, we analyzed the relative abundance of key metabolic genes in the three CIR metagenomes. Biomass production in deep-sea hydrothermal vents is fueled by the oxidation of reduced inorganic compounds to fix inorganic carbon, therefore, key metabolic genes for carbon, sulfur, nitrogen, and methane metabolism were analyzed. The overall functional potential was similar across metagenomes with majority of the genes universally present across all samples and a few differences in relative abundances. The relative normalized abundances of the key genes involved in energy generation and biogeochemical cycling based on assembled contigs and unassembled raw reads are shown in Figure 3 and Supplementary Figure 5, respectively.
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FIGURE 3. The relative abundance of key metabolic genes involved in energy-yielding processes and carbon fixation pathways in the different metagenome assemblies. Each bubble size represents the relative abundance of specific genes against the total number of KO hits in each assembly.




Carbon Fixation

Genes related to the key enzymes of Calvin–Benson–Bassham (CBB) cycle (rbcLS and prkB) were found in all metagenomic datasets (Figure 3 and Supplementary Table 7) however they were highly enriched in OVF (GTV1904 and GTV1906). Sequences were most related to gammaproteobacterial genera Nitrosococcus and Allochromatium, among others were observed (Supplementary Table 8). The three key genes of the reductive tricarboxylic acid (rTCA) cycle, ATP citrate lyase (acly), 2-oxoglutarate ferredoxin oxidoreductase (korABCD), and pyruvate ferredoxin oxidoreductase (porABCD) are higher in GTV1902 (Invent E) compared to GTV1904 and GTV1906. However, the marker gene for the complete rTCA cycle ATP citrate lyase (aclAB) was not found in GTV1902 (Figure 3 and Supplementary Table 7). The acly sequences found in the GTV1906 sites were closely affiliated with Chlorobi. In contrast sequences in GTV1904 share high similarities with those from Epsilonproteobacteria (Table 2 and Supplementary Table 8). Markers for the Wood-Ljungdhal (WL) (=reductive acetyl-CoA) pathway had a slightly higher abundance in GTV1906 (OVF) metagenome (Figure 3). These genes were closely related to Firmicutes and Deltaproteobacteria groups (Supplementary Table 8). The key enzymes for the 3-hydroxypropionate (3-HP) and 3-HP/4-hydroxybutyrate (3-HP/4-HB) cycle, 4-hydroxybutyryl-CoA dehydratase (abfD), propionyl-CoA synthetase (prpE), and malyl-CoA lyase (mcl), were also detected in low abundance, however, malonyl-coA reductase (mcr) was missing in all datasets (Figure 3 and Supplementary Table 7).


TABLE 2. Assignment of metabolic roles to major taxonomic groups based on detection of key genes-coding proteins in the metagenomes.
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Sulfur Metabolism

The complete set of genes encoding the enzymes dissimilatory sulfite reductase (dsrAB), adenylylsulfate reductase (aprAB), and sulfate adenylyltransferase (sat) were enriched in GTV1904 (Figure 3). Majority of the dsrAB sequences in all the metagenomic datasets were taxonomically assigned to Gamma- (e.g., Allochromatium, Thioalkalivibrio, Alkalilimnicola), Alpha- (e.g., Rhodomicrobium, Magnetospirillum), Betaproteobacteria (e.g., Thiobacillus, Sideroxydans) as well as Chlorobi representatives, with the remainder being closely related to the reductive type of Deltaproteobacteria, Firmicutes, and Nitrospirae (Table 2 and Supplementary Table 9). Most aprAB (66.2%) hits were affiliated to Firmicutes and Deltaproteobacteria in GTV1902 metagenome while those from GTV1904 and GTV1906 were largely assigned to Beta-, and Gammaproteobacteria representing 88.9% and 81.9%, respectively.

Because the same set of genes are involved in both types of dissimilatory sulfur metabolism, the oxidative or reductive directionality of the pathway cannot easily be deduced from taxonomy and the presence of these genes alone. To determine whether the dsrAB genes identified were associated with sulfate reduction or sulfur oxidation, we inferred the taxonomy and catalytic type of the dsrAB based on their phylogenies. Sequence analysis of the dsrAB proteins assembled from the GTV1904 and GTV1906 metagenomes suggested that were of the oxidative type, which clustered with sulfur-oxidizing bacteria affiliated to Alpha- (e.g., Rhodospirillales) and Gammaproteobacteria such as Thiogranum, Thiotrichaceae, Acidithiobacillales, and other unclassified hydrothermal environmental sequences (Supplementary Figures 6, 7). Sulfate-reducing bacteria-type dsrAB sequences affiliated to Deltaproteobacteria (Desulfobulbaceae) were also detected. In contrast, the DsrAB protein tree demonstrated that the dsrAB genes assembled from GTV1902 were only of the reductive type affiliated with genes from uncultured sulfate-reducing bacterium (Supplementary Figures 6, 7).

Incomplete oxidation of sulfides can produce thiosulfate, which can be oxidized to sulfate through sulfur-oxidizing proteins (soxABXYZ). The key genes involved in sulfur-oxidizing (SOX) system were found in all the metagenomes with a higher relative abundance in GTV1906 whereas thiosulfate sulfurtransferase (tst) that oxidize thiosulfate to sulfite (SO32–) and sulfide:quinone oxidoreductase encoding gene (sqr) for periplasmic sulfide oxidation, similar abundances were identified across all metagenomes. Potential oxidation of reduced sulfur compounds via the SOX system was affiliated to the Alpha- and Gammaproteobacteria (Table 2 and Supplementary Table 9).



Nitrogen Metabolism

All the genes, including periplasmic nitrate reductase (napA), nitrate reductase (narGH), nitrite reductase (NO-forming) (nirKS), nitric oxide reductase (norBC), and nitrous oxide reductase (nosZ) encoding for complete denitrification pathway were identified in all three metagenomes, but with divergent abundances, being overrepresented in GTV1904 (Figure 3), with most of the sequences assigned to Gammaproteobacteria members (Table 2 and Supplementary Table 10). Dissimilatory nitrate reduction to ammonia via nitrite reductases (nirBD) were also detected and were found to be closely related to Beta- and Gammaproteobacteria groups. Nitrogenases (nifDHK), genes required for nitrogen fixation and ammonia monooxygenases (amoABC), and key enzymes in ammonia oxidation were absent across all samples; however, genes encoding for hydroxylamine oxidase (hao) mainly associated with Deltaproteobacteria were detected across all metagenomes (Figure 3 and Table 1). Members of the genera Anaeromyxobacter, Nitrosomonas, and Nitrosospira seemed to be the primary ammonia oxidizers in all metagenomes (Supplementary Table 10).



Other Metabolic Pathways

Cytochrome c oxidase and cbb3-type cytochrome c oxidase complexes involved in aerobic respiration were predominately identified in OVF samples GTV1904 and GTV1904 (Figure 3). Both cytochrome c oxidase and cbb3-type cytochrome c oxidase genes majorly affiliated to aerobic proteobacterial lineages (Table 2 and Supplementary Table 11). GTV1904 showed a higher abundance of both hydrogenases (hyaAB) and [NiFe]-hydrogenases (hydAB) with the highest similarity to Proteobacteria and Firmicutes (Table 2 and Supplementary Table 12). Genes encoding enzymes involved in methane oxidation (pmoABC and mdh12) and marker genes for methanogenesis (metyl-CoM reductase; mcr) were absent in all metagenomes. However, traces of soluble methane monooxygenase (mmoX) were identified in GTV1904 and GTV1906 (Figure 3 and Supplementary Table 13).



Comparative Metagenomic Analysis

To explore the unique features of the CIR metagenomes, we compared our datasets to a collection of selected metagenomes obtained by shotgun sequencing from different ocean ridges (Supplementary Table 2). The double hierarchical clustering of the samples and KEGG pathways is shown in Figure 4. A cluster analysis of the KEGG level 3 pathways did group the samples into two clusters; the hydrothermally influenced sediments formed one group while the hydrothermal chimney samples clustered together and formed another group. The three CIR metagenomes (GTV1902, GTV1904, and GTV1906) clustered most closely with RB35 sample from MAR, and they formed a group with the sample MG35 from MAR and OCT chimney sample from the SWIR, whereas the rest of the chimney samples from SWIR (ToMo, BaC, PiMo, and Chan) grouped separately. A very similar grouping pattern was observed by clustering of samples based on the SEED subsystems and RefSeq databases (Supplementary Figures 8, 9).
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FIGURE 4. Two-way cluster analysis of samples and level 3 KEGG pathways based on the relative abundances of the KEGG-annotated sequences with hits in each category. The heatmap was clustered based on the Euclidean distance matrix. The shading is proportional to the normalized values calculated based on the functional hits of each category per sample. Only pathways with sum of hits >186,000 across the 10 metagenomes are shown.


The hydrothermally influenced or low activity field sediment samples (GTV1902, GTV1904, GTV1906, RB35, and MG35) were almost depleted in KEGG level 3 categories, while the chimney samples (ToMo, BaC, PiMo, Chan, and OCT) showed higher abundance in majority of the KEGG categories. Compared to other hydrothermally influenced sediments, GTV1902 and GTV1904 samples were more enriched with enzymes for methane and nitrogen metabolisms respectively. Further comparison of the taxonomic relative abundances of the ten metagenomes against the RefSeq database revealed that GTV1902 had a higher proportion of sequences related with Euryarchaeota and Korarchaeota, when compared with other metagenomes (Supplementary Figure 9).




DISCUSSION

Microbial communities in deep-sea sediments play important roles in biogeochemical processes (Zeng et al., 2021). This study is the first to report the microbial community of deep-sea sediment from recently discovered hydrothermal vents in the CIR using shotgun metagenomic sequencing. To reveal the unique features of the CIR microbial community structures we conducted a comparative study with datasets from different hydrothermal systems, including five chimney metagenomes from Old City in SWIR (Lecoeuvre et al., 2021), and two sediment metagenomes from the Azores in the MAR (Cerqueira et al., 2018).


Microbial Community Composition

Taxonomic analyses revealed that the bacterial community was highly diverse. Proteobacteria (especially Gammaproteobacteria) was the most dominant followed by Firmicutes and Bacteroidetes. Although the three metagenomes shared several taxa, they differed with respect to overall phyla abundances (Figure 2). Sulfur-oxidizing genera Thioalkalivibrio, and ammonia-oxidizing bacteria Nitrosococcus were the most abundant genera within the Gammaproteobacteria. Previous investigation on the microbial diversity in the Indian Ocean Ridge (IOR) also revealed that Proteobacteria were the dominant bacterial phylum, but with contrasting proportions in its classes (Cao et al., 2014; Lecoeuvre et al., 2021). Serpentinite-hosted systems are enriched in hydrogen and methane as a result of seawater-rock reactions (Charlou et al., 2002; Proskurowski et al., 2008). The presence of H2 and metal oxides (mainly Fe and Mn) as alternative electron acceptors especially at OVF site (Kim et al., 2020) may have contributed to the abundance of Firmicutes present in the CIR samples. Among the phylum Firmicutes Clostridium and Bacillus were the predominant genera found in the three metagenomes. Representatives of Bacillus are known for their tolerance in extreme environments. Members of the genus Clostridium are strict anaerobes that use hydrogen as electron donor to fix CO2, autotrophically, through the acetyl-CoA pathway. In this study, a higher abundance of Firmicutes representatives in the metagenomes capable of H2-dependent carbon fixation indicates that the microbial communities depend on these hydrogen-utilizing microorganisms for biomass production. The presence of high concentrations of methane and sulfides in the OVF could explain the predominance of methane-oxidizing Gammaproteobacteria related to the genus Methylococcus. Indeed, several studies have shown that the predominance of Gammaproteobacteria is associated with serpentinite-hosted hydrothermal fields (Brazelton et al., 2006; Lecoeuvre et al., 2021). Members of Chloroflexi, Actinobacteria, and Planctomycetes among others which are generally recovered from deep-sea hydrothermal environments (Zeng et al., 2021) were also identified in the CIR metagenomes.

Euryarchaeota, Thaumarchaeota, and Crenarchaeota were the dominant archaeal phyla identified in the three metagenomes studied. Previous studies have shown that these are known to be the three major archaeal phyla found in deep-sea hydrothermal vents in the chimney fluids from SWIR (Lecoeuvre et al., 2021) as well as in hydrothermal sediments from the MAR (Cerqueira et al., 2018). Similar to a recent metagenomic study in serpentinite-hosted Old City hydrothermal field in SWIR (Lecoeuvre et al., 2021), Euryarchaeota was the most frequently observed archaeal phyla in the three metagenomes. Specifically, majority of the Euryarchaeota sequences in the GTV1902 were assigned to Aciduliprofundum a thermoacidophilic iron and sulfur reducing heterotroph originally isolated from deep-sea hydrothermal vents (Reysenbach et al., 2006). On the other hand, potential methanogenic Archaea (i.e., Methanosarcina) were predominant in GTV1904 and GTV1906. The presence of these methanogenic Archaea in methane-rich sediments from OVF suggests that the high concentration of methane at this site may be accumulated as a result of both biotic and abiotic processes.

In addition, although in low abundances Korarchaeota and the Nanoarchaeota represented by the genera “Candidatus Korarchaeum” and Nanoarchaeum respectively were also observed in our metagenomes. Several 16S rRNA gene studies have reported Korarchaeota to be found in extreme terrestrial and marine environments including hot springs (Barns et al., 1994), coastal thermal areas (Yan et al., 2018), as well as hydrothermal systems (Takai and Sako, 1999; Teske et al., 2002; Schrenk et al., 2003). However, “Cand. Korarchaeum” has been reported in terrestrial hot springs (Elkins et al., 2008) and more recently in a shallow hydrothermal vent in Eolian Islands (Gugliandolo and Maugeri, 2019). To the best of our knowledge, this is the first metagenome survey to observe “Cand. Korarchaeum” in deep-sea hydrothermal vents. The finding of Cand. Korarchaeum in hydrothermally influenced deep-sea sediments in CIR suggests that Korarchaeum are globally distributed in extreme environments.



Carbon Metabolism

Carbon fixation by deep-sea hydrothermal vents organisms has been reported to occur through several metabolic pathways such as CBB cycle, rTCA cycle, 3-HP, 3-HP/4-HB, WP pathway, and dicarboxylate/4-HB cycle (Nakagawa and Takai, 2008; Minic and Thongbam, 2011). In this study key genes for CBB cycle were affiliated primarily with sulfur-oxidizing and nitrifying Gammaproteobacteria as well as Euryarchaeota members (Supplementary Table 8) similar to what has been reported from the metagenomic studies in the SWIR (Cao et al., 2014; Lecoeuvre et al., 2021) and other deep-sea vent systems (Elsaied et al., 2007; Nakagawa and Takai, 2008; Cerqueira et al., 2018).

The rTCA cycle in deep-sea hydrothermal systems is preferred by Epsilonproteobacteria, Aquificae, and Nitrospirae (Nakagawa and Takai, 2008; Minic and Thongbam, 2011; Cerqueira et al., 2018; Zeng et al., 2021) which were also observed in our datasets. However, compared to the above-mentioned groups, majority of the acl sequences a key enzyme in the rTCA cycle were affiliated to the phylum Chlorobi represented by Chlorobium, Chlorobaculum, and Pelodictyon (Supplementary Table 8). The rTCA is ubiquitous among the Chlorobiaceace family (Imhoff, 2014; Ward and Shih, 2021) whose members have been identified in deep-sea black smoker along the East Pacific Rise (Beatty et al., 2005). The predominance of Chlorobi acl indicates that the rTCA in the metagenomes is supported by geothermal light which provides a selective advantage for phototrophs over chemoautotrophs. Like other studies in deep-sea sediments (Cerqueira et al., 2018), some key enzymes in the 3-HP pathway were missing in our metagenomes suggesting that the 3-HP pathway was not an important carbon fixation pathway in the hydrothermally influenced sediments in OVF and Invent E sites. Therefore, carbon fixation is thought to occur either via CBB, and/or the rTCA in the OVF and Invent E metagenomes.



Sulfur Metabolism

The accumulation of metal oxides and sulfides in OVF (Kim et al., 2020) make OVF site as a great habitant for sulfur-oxidizing microorganisms. Sulfur-oxidation in deep-sea hydrothermal vents occurs via the reverse sulfate reduction and SOX pathways. Majority of the key genes in sulfur cycle observed in the OVF metagenomes were affiliated to families Ectothiorhodospiraceae and Chromatiaceae within the class Gammaproteobacteria. Sulfur-chemolithoautotrophs such as Thiomicrospira and Thioalkalivibrio and photolithotrophic Allochromatium were the dominant sulfur-oxidizing genera which were consistent with the findings from previous studies in other deep-sea vent systems (Nakagawa and Takai, 2008; Yamamoto and Takai, 2011; Cao et al., 2014; Cerqueira et al., 2018).

Taxonomic annotation and analysis of the rTCA pathway revealed several sequence hits related to sulfur-oxidizing Epsilonproteobacteria representatives of the genera Sulfurimonas and Sulfurovum in the OVF sediments. Interestingly, sulfur oxidation via the SOX complex was dominated by the sulfur-oxidizing Gammaproteobacteria (e.g., Thiomicrospira and Thioalkalivibrio genera), although the Epsilonproteobacteria are known to use the SOX pathway for oxidation of reduced sulfur compounds in deep-sea environments (Yamamoto and Takai, 2011). This result is consistent with the predominance of Gammaproteobacteria and low proportion of Epsilonproteobacteria observed in sediments. Epsilonproteobacteria are known to dominate less oxygenated/high sulfide hydrothermal fluids and chimneys (Hou et al., 2020) while the Gammaproteobacteria require presence of high reduced compounds and oxygen concentrations. The level of hydrothermal activity together with the degree of mixing of diffuse flow fluids with surrounding seawater in OVF possibly favors Gammaproteobacteria over Epsilonproteobacteria. This indicates that oxidation of reduced sulfur compounds in OVF occurs in multiple niches via both the reverse sulfate reduction and SOX pathway similar to what was observed in hydrothermally influenced Rainbow sediments in the MAR (Cerqueira et al., 2018) and consistent with other hydrothermal systems (Hügler et al., 2010).

The presence of key metabolic genes for sulfur utilization affiliated with Alphaproteobacteria and Bacteroidetes groups suggests the role of these taxa in the sulfur cycle. Sulfur-oxidizing Alphaproteobacteria and Bacteroidetes are widely distributed in marine environments including deep-sea hydrothermal vents (Sylvan et al., 2013; Stokke et al., 2015). The sulfur-oxidizing members of the Rhodobacterales within Alphaproteobacteria are enriched in all samples and these were also observed in Old City hydrothermal vent in SWIR (Lecoeuvre et al., 2021). An amplicon survey in inactive sulfide chimneys in Lau Basin also reports the dominance of sulfur-oxidizing Alphaproteobacteria and Bacteroidetes linages outside the chimneys (Sylvan et al., 2013).

We observed differences in gene abundances as well as differences in microbial community abundance suggesting that Invent E was distinct from the OVF. OVF sediments (GTV1904 and GTV1906) were dominated by Gammaproteobacteria while Deltaproteobacteria were predominant in GTV1902. The predominance of Deltaproteobacteria and Firmicutes in GTV1902 (Figure 2) suggests dissimilatory sulfate-reduction dominates in Invent E site. However, it should be noted that dissimilatory sulfite reductase (dsrAB) responsible for oxidation of sulfur to sulfite, adenylylsulfate reductase (aprAB) were nearly absent in GTV1902 metagenome. A similar set of dsr genes is found in both sulfur-reducing microorganism and sulfur-oxidizing microorganisms (Müller et al., 2015). Recent findings of Thorup et al. (2017), show that Deltaproteobacteria possess the capabilities to perform dissimilatory sulfate reduction and oxidation by the same reversible enzymes, sat, apr, and dsr. Based on phylogeny of the dsrAB genes assembled from GTV1902, the identified sequences were of the reductive type affiliated with uncultured sulfate-reducing bacterium. This affiliation is strongly suggestive that the Deltaproteobacteria identified in GTV1902 perform dissimilatory sulfate reduction. Within OVF, many sulfur-oxidizing bacteria were found, such as Ectothiorhodospiraceae, and Thiotrichaceae families, but also some sulfate-reducing bacteria such as Desulfobulbaceae. Analysis of dsrAB genes also indicated that sulfate reduction by Deltaproteobacteria appeared to be occurring exclusively in GTV1902 while sulfur oxidation by the Gammaproteobacteria was occurring at OVF. This result is also consistent with the finding of higher total sulfur concentrations in OVF (GTV1904 and GTV1906) samples compared to GTV1902 (Invent E) which is most likely controlling the community structure of total bacteria and sulfur-cycling bacteria.



Nitrogen Metabolism

Nitrate and nitrite are important electron acceptors for oxidation of reduced sulfur compounds although they are usually depleted in serpentinite-hosted systems (Nakagawa and Takai, 2008; Zeng et al., 2021). Analysis of key genes involved in the nitrogen cycle identified genes involved in the dissimilatory nitrate reduction, and denitrification, across all three metagenomes which were consistent with the diverse taxonomic abundance of nitrogen metabolizing taxa in the three metagenomes including Proteobacteria, Firmicutes, Chlorobi, Cyanobacteria, and Archaea among others. Denitrification pathway was the most prevalent among metagenomes affiliated with primarily the Delta- and Gammaproteobacteria. Similar observations of denitrification-related taxa have been documented in the SWIR (Cao et al., 2014; Lecoeuvre et al., 2021). These findings indicate that sulfur-oxidation/sulfate reduction coupled with denitrification are important energy-generating pathways fueling the microbial communities at the OVF and Invent E sites. Although marker genes amoABC for ammonia oxidation were not detected in three metagenomes, ammonia-oxidizing members in the Betaproteobacteria such as Nitrosomonas and Nitrosospira are potential ammonia oxidizers identified in all three metagenomes consistent with what was reported previously from hydrothermally influenced sediments from Rainbow vent in MAR (Cerqueira et al., 2018) but different from SWIR Old City chimneys where Thaumarchaeota was reported to be involved in ammonia oxidation (Lecoeuvre et al., 2021).



Other Metabolic Pathways

Methane concentrations produced by serpentinization reactions in OVF site were recorded up to 52.5 nM (Kim et al., 2020), therefore, methane oxidation is expected in the OVF sediments. The pmmo catalyzes the production of methanol, which is further oxidized to formaldehyde by a periplasmic methanol dehydrogenase. However, pmmo/mmo key enzymes in the methanotrophy are missing in all datasets with a very low abundance of mmoX observed exclusively in OVF. Potential methane-oxidizing Methylococcales (Gammaproteobacteria) which have been reported in several serpentinite-hosted hydrothermal systems including Old City in the SWIR (Brazelton et al., 2006; Cerqueira et al., 2018; Lecoeuvre et al., 2021) were observed in the studied sediments. The presence of methanotrophic Methylococcus in our datasets suggests a possibility that methane oxidation exists in OVF sediments although it might not be an important energy-yielding metabolic pathway.

Interestingly, the key genes for methanogenesis were missing in all metagenomes, however methanogenic Archaea dominated by Methanosarcinales were observed and being almost exclusive to GTV902 (Supplementary Table 13). Previous studies have also reported similar methanogenic Archaea in several deep-sea hydrothermal vents, such as presence of Methanosarcinales in Old City in SWIR (Lecoeuvre et al., 2021), Lost City (MAR) chimneys being dominated by Methanosarcinales (Brazelton et al., 2006), as well as the predominance of Methanococcales in CIR Kairei field (Takai et al., 2004). Although we recognize that no significant conclusions can be made due to lack of replicate samples, we speculate that Invent E site is highly enriched in hydrogen that supports the high abundance of methanogenic Archaea observed in this site. Nevertheless, much work remains to be conducted within each of these vent fields for a clear understanding of the resident microbial communities and their metabolic potentials.

Apart from the metabolic pathways discussed above, the geochemistry of the vents especially OVF offers preferable conditions for aerobic respiration hydrogen metabolism. Although our study didn’t focus on these pathways, it was evident through taxonomic characterization which reveals presence of genera such as Geobacter, Thiobacillus, Anaeromyxobacter, Acidithiobacillus, Sideroxydans, and Pseudomonas among others capable of hydrogen utilization and aerobic respiration. Majority of the hydrogenases identified in the OVF site were closely related to Beta-, Gamma-, and Alphaproteobacteria while Clostridia, Deltaproteobacteria, and Chloroflexi dominated in the Invent E site (Supplementary Table 12). Chemosynthesis in deep-sea hydrothermal environments may be coupled to both aerobic and anaerobic respiration. Genes encoding cytochrome c oxidase and cbb3-type cytochrome c oxidase involved in aerobic respiration were identified across metagenomes (Figure 3) suggesting that chemosynthesis in OVF and Invent E depends on oxygen as a terminal electron acceptor other than nitrate, sulfate, etc. Both cytochrome c oxidase and cbb3-type cytochrome c oxidase genes majorly affiliated to aerobic proteobacterial linages (Table 2 and Supplementary Table 11). Thus, oxygen derived from the constant mixing of diffuse fluids with the surrounding seawater is thought to be a key electron acceptor allowing sulfur-oxidizing Proteobacteria to thrive in the OVF and Invent E sites.



Metagenome Comparison From Other Hydrothermal Systems

Currently, no metagenomes from hydrothermal vent field in the CIR are available for comparison. Within the SWIR, only two metagenome studies have been reported, one from chimney sulfides (Cao et al., 2014) and more recently from Old City hydrothermal system (Lecoeuvre et al., 2021). Unfortunately, only the metagenomes from Old City were used for comparison due to the unavailability of the sequencing data of sulfides metagenomes in NCBI’s database. Metagenome comparisons showed that the Old City chimney metagenomes clustered together except sample OCT, which may be attributed to the fact that OCT chimney had a greater influence on seawater intrusions than in other chimney samples (Lecoeuvre et al., 2021). In addition, metagenomes from hydrothermal vent chimneys (ToMo, BaC, PiMo, Chan, and OCT) were enriched in metabolic functions suggesting that hydrothermal microbial communities have evolved extensive metabolisms as an adapting strategy in response to the steep chemical and thermal gradients observed at vent chimneys.

Rainbow metagenome (RB35 collected 100 m from the active vent) did not cluster together with its counterpart Menez Gwen (MG35 collected near the chimney) from the MAR but rather closely clustered next to our metagenomes from the CIR. The difference in the microbial community structure of the two metagenomes from MAR is also consistent with the one that has been reported before (Cerqueira et al., 2018). The physicochemical conditions of the Rainbow vent and OVF are strikingly different (for example, the diffuse flow of OVF is weak with low temperature, metal-poor, and methane-rich (Kim et al., 2020), whereas Rainbow is characterized with very high rates of fluid flow ∼360°C and high metal contents (Cerqueira et al., 2018), however the sediment samples studied both represent low hydrothermal activity samples that are continuously exposed to the surrounding sea water as a result these prevailing environmental conditions have a significant influence on the microbial community structure and distribution of functional gene categories. This result indicates the stratification in hydrothermally influenced and hydrothermal microbial communities.




CONCLUSION

In this study, using a metagenomic approach, we report for the first time the microbial ecology of the recently discovered hydrothermal vents (OVF and Invent E) located along the slow-spreading CIR. The microbial community structures and metabolic properties across metagenomes were largely similar although dominant taxa and functional potential vary between vent fields. The oxidation and reduction of sulfur may be important energy metabolism pathways in the two sampling sites. We illustrated these key metabolic pathways fueling microbial communities at the OVF and Invent E sites (Figure 5). The Gammaproteobacteria are the major primary producers at OVF site fixing CO2 via CBB cycle and retrieving energy from oxidation of reduced mineral sulfides through reverse sulfate reduction pathway or SOX complex leading to the oxidation of sulfide to sulfate. Deltaproteobacteria lineages known to be involved in sulfate reduction characterized Invent E. We speculate that the Deltaproteobacteria and Firmicutes utilize the sulfates from the seawater, fixing CO2 through the WL cycle contributing to the production hydrogen sulfide in the hydrothermal fluids. In addition, hydrogen from serpentinization processes supplies metabolic energy for methanogenic Archaea. Oxygen and nitrates from the surrounding seawater are possible electron acceptors for sulfate-reducing and sulfur-oxidizing bacteria.
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FIGURE 5. Schematic illustration of key microbial metabolisms of carbon, sulfur, methane, and nitrogen in the diffuse flow hydrothermal vents at OVF and Invent E sites. SO42–, sulfate; S0, sulfur; S2O32–, thiosulfate; S2–, sulfide; H2S, hydrogen sulfide; NO3–, nitrate; N2, nitrogen; H2, hydrogen; CH4, methane; CO2, carbon dioxide; O2, oxygen.


Although our study is limited by lack of replicate samples and sufficient environmental data, our results indicate that OVF and Invent E may exhibit diverging geochemistry reflected in the sediment microbial ecology. Autotrophic Gammaproteobacteria known to be involved in oxidation of reduced sulfur compounds, using oxygen or nitrate as electron acceptors to fix carbon via CBB characterized OVF. The microbial lineages and functional profiles of sediments from diffuse-flow OVF are similar to hydrothermally influenced sediments from highly active vents. This study provides a baseline of the microbial ecology associated with deep-sea sediments from low activity hydrothermal vents in the CIR. Further sampling and investigations are required to broadly determine the microbial metabolic activities and specific contributions of the above-described metabolic pathways in slow to intermediate spreading hydrothermal systems.
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3,540,030,759
17,533,939
170 £ 44
57 + 11
6,305,326
10,101,194
85.57
13.28
1.12
0.03

GTV1904 (OVF)

CHy, Hz, metal-poor, volcaniclastic grains
11.248869'S
66.254197'E

2014.5
625
19177
3166
156
0.13
3,048,036,623
15,395,496
167 £+ 43
52 +£12
6,081,369
8,363,064
97.16
1.72
1.07
0.04

GTV1906 (OVF)

CHy, Ho, metal-poor, volcaniclastic grains
11.24962'S
66.253989'E
2023.2
338
7998
783
94
0.08
4,266,969,176
16,971,386
154 + 24
55 + 12
5,459,878
10,586,291
93.79
4.83
1.33
0.04






