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Hydrothermal vents supporting persistent plumes and microbial chemoautotrophy at Gakkel Ridge (Arctic Ocean)
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Hydrothermal vents emit hot fluids enriched in energy sources for microbial life. Here, we compare the ecological and biogeochemical effects of hydrothermal venting of two recently discovered volcanic seamounts, Polaris and Aurora of the Gakkel Ridge, in the ice-covered Central Arctic Ocean. At both sites, persistent hydrothermal plumes increased up to 800 m into the deep Arctic Ocean. In the two non-buoyant plumes, rates of microbial carbon fixation were strongly elevated compared to background values of 0.5–1 μmol m−3 day−1 in the Arctic deep water, which suggests increased chemoautotrophy on vent-derived energy sources. In the Polaris plume, free sulfide and up to 360 nM hydrogen enabled microorganisms to fix up to 46 μmol inorganic carbon (IC) m−3 day−1. This energy pulse resulted in a strong increase in the relative abundance of SUP05 by 25% and Candidatus Sulfurimonas pluma by 7% of all bacteria. At Aurora, microorganisms fixed up to 35 μmol IC m−3 day−1. Here, metal sulfides limited the bioavailability of reduced sulfur species, and the putative hydrogen oxidizer Ca. S. pluma constituted 35% and SUP05 10% of all bacteria. In accordance with this data, transcriptomic analysis showed a high enrichment of hydrogenase-coding transcripts in Aurora and an enrichment of transcripts coding for sulfur oxidation in Polaris. There was neither evidence for methane consumption nor a substantial increase in the abundance of putative methanotrophs or their transcripts in either plume. Together, our results demonstrate the dominance of hydrogen and sulfide as energy sources in Arctic hydrothermal vent plumes.
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1 Introduction

The chemistry of hydrothermal fluids differs strongly between and among mid-ocean ridges, back-arc spreading centers, and submarine volcanoes (Beaulieu and Szafranski, 2020; Diehl and Bach, 2020; Früh-Green et al., 2022). Hydrothermal fluids carry highly variable amounts of reduced components such as Fe2+, Mn2+, H2S, CH4, and H2 as well as complex organic molecules into the water column (Baker and German, 2004; Beaulieu et al., 2013). Upon cooling of hydrothermal fluids, the solubilities of different minerals change, resulting in the formation of metal sulfide and metal oxide deposits. At the seafloor, the chemical energy transported by vent fluids feeds diverse benthic microorganisms and their symbioses with invertebrates (Jannasch, 1985; Petersen et al., 2011). Accordingly, distinct assemblages of microbial taxa are associated with hydrothermal vents, including rock-associated, mat-forming, and invertebrate-hosted chemosynthetic microorganisms at the seafloor (Früh-Green et al., 2022). Some vent fields even host the largest biomasses known in marine environments (Dubilier et al., 2008; Jannasch, 1983; Van Dover et al., 2002). Because of the vigorous emission of hot fluids from some vents, the majority of reduced compounds escape the seafloor communities and form persistent plumes. These plumes may rise hundreds of meters above the seafloor and then spread laterally hundreds of kilometers away from their source (German and Seyfried, 2014; Schultz and Elderfield, 1997). While heat and fluid transports in hydrothermal plumes are relatively well understood, the influence of their variable chemical energy fluxes on the distribution of deep-sea life remains understudied, especially in polar regions (Bennett S. A. et al., 2013; Cathalot et al., 2021; Dick, 2019; Edmonds et al., 2003; McCollom, 2000). The total geothermal heat arising from Gakkel Ridge significantly warms the deep basin waters (Björk and Winsor, 2006), but little is known about the chemistry and microbiology of its hydrothermal vent fields (Edmonds et al., 2003). Thus, this study focuses on the influence of hydrothermal venting on microbial biodiversity associated with persistent plumes in the ice-covered Arctic Ocean.

Gakkel Ridge extends across the Arctic Ocean for a length of 1,800 km from Greenland to the Russian Shelf and has an ultraslow spreading rate of 8–13 mm per year (Cochran et al., 2003). An initial exploratory mission in 2001 discovered approximately 30 hydrothermal plumes along this ridge (Baker et al., 2004; Edmonds et al., 2003; Jokat and Schmidt-Aursch, 2007). This confirmed that hydrothermal venting along ultraslow spreading ridges is more abundant than previously anticipated (Bach et al., 2002; German et al., 1998; German et al., 1996). A combination of seafloor topography and rock sampling, coupled with plume detection, suggested that the majority of hydrothermal sources are associated with volcanic centers (Edmonds et al., 2003; Michael et al., 2003). Their occurrence under year-round ice cover has recently intrigued several international expeditions, including those conducted in conjunction with astrobiology and space science researchers, due to the potential analogy with hydrothermalism under ice on Earth to that possibly occurring on other celestial bodies, such as Saturn’s moon Enceladus (Hsu et al., 2015; Ramirez-Llodra et al., 2023; Seewald, 2017; Waite et al., 2017).

In their recent global analysis, Zhou et al., 2023 proposed that sulfur is the major energy substrate shaping the diversity of microorganisms in plumes (Zhou et al., 2023). In an earlier study of the first hydrothermal plume sampling at Gakkel Ridge, we discovered a novel Sulfurimonas type (USulfurimonas pluma) distinct from previously known microaerophilic types, whose abundance and global distribution in hydrothermal plumes seems to depend on the hydrogen availability (Molari et al., 2023). In contrast, a biogeochemical model suggests that the highly diluted chemical energy in hydrothermal plumes can support only minor chemolithoautotrophic activity (Cathalot et al., 2021). Here, we studied hydrothermal fields at the western and central Gakkel Ridge, and the relationship of energy sources, biogeochemical reactions, and microbial community compositions in their deep-water plumes. We analyzed the role of hydrogen, sulfur, and methane as energy sources available for the composition of the plume-hosted deep-water life, using a combination of in situ measurements, shipboard incubations, and sequencing of plume samples (16S rRNA genes and transcriptomes). Specifically, we tested to what extent hydrogen supports microbial life in the studied hydrothermal plumes.



2 Materials and methods


2.1 Bathymetry and maps

The Gakkel Ridge areas investigated here were partially previously mapped during the AMORE cruise in 2001, which used the former Hydrosweep DS-2 system of RV Polarstern (59 beams) and a Seabeam system of Healy (121 beams) (Thiede, 2002). During PS86 and PS101, we added survey tracks to fill up gaps in the AMORE bathymetry grid. RV Polarstern’s shipboard deep-sea multibeam echo sounder was an Atlas Hydrosweep DS-3. Its transducer frequency ranged from 13.6 to 16.4 kHz. The individual beam width was approximately 2.3°, which allowed a beam footprint of approximately 160 m at an area depth of 4,000 m. The swath width was set to 150% of the water depth throughout the entire mission. Peripheral sensors connected to the multibeam were a GPS Trimble receiver for positioning, an internal navigation system, and heave sensor system HYDRINS (Inertial Navigation System) for retrieving the ship’s roll, pitch, heading angles, and sound velocity keel probe. The acquired data were processed on board using Caris HIPS/SIPS Editor. The data were manually edited, filtered by applying matrix-based median filters, and exported to grids and xyz soundings. The resulting grids were produced at 100 m resolution. These grids were regularly updated as background layers for the real-time mapping tool GlobalMapper, which was used for the navigation and tracking of underwater instruments. All data are available in PANGAEA (links in the cruise reports), as well as further details on the methods reported below (Boetius, 2015; Boetius and Purser, 2017). The event labels are registered in the Earth System database www.pangaea.de and all further station information and data can be retrieved in open access from there.



2.2 OFOS photography transects

The Ocean Floor Observation System OFOS is an underwater camera system towed a few meters above the seafloor and equipped with both a high-resolution photo camera (iSiTEC, CANON EOS 5D Mark III) and a high-definition video camera (iSiTEC, Sony FCB-H11). The cameras are mounted on a steel frame (1,400 mm in length, 920 mm in width, and 1,350 mm in height), together with two strobe lights (iSiTEC UW-Blitz 250, TTL driven) four LED lights, and a USBL positioning system (Posidonia; iXblue) to track the position of the OFOS during deployments. Three laser pointers at a distance of 50 cm from each other were used to estimate the size of seafloor structures (Boetius, 2015). For PS101, the OFOS was upgraded with bathymetry technology to additionally mount side-scan and forward-looking sonar systems, referred to thereafter as the OFOBS system (Boetius and Purser, 2017; Purser et al., 2019).



2.3 Configuration and operation of the CTD and connected in situ pumps

The CTD rosette was operated with sensors recording conductivity as a measure of salinity, temperature, and density. The CTD was equipped with sensors for oxygen, sulfide, turbidity, and highly sensitive redox sensors (courtesy of Koichi Nakamura, National Institute of Advanced Industrial Science and Technology, Japan) and NOAA PMEL. Signals were processed and digitally transmitted to the ship. Additionally, Miniature Autonomous Plume Recorders (MAPR, supplied by the PMEL Earth-Ocean observation program of the National Oceanic and Atmospheric Administration; NOAA) were deployed along the ship’s wire and in particular at depths of the in situ pumps to enhance the resolution of measurements. Within the target areas, the CTDs were operated as towed yo-yo casts to detect and size plumes. In specific depths of interest (bottom water, below, in, and above the plume as identified by combined changes of temperature, turbidity, and E), the water column was sampled by closing one of the Niskin water samplers.



2.4 In situ filtration of seawater for molecular and geochemical analysis

To retrieve larger quantities of biomass and particles from plumes, background and reference water for molecular and trace metal analyses, we used large volume in situ pumps (WTS-LV04; McLane) equipped with polycarbonate filters (142 mm diameter; 0.2 μm pore size for molecular analyses) or hydrophilic polyethersulfone filters (HPWP1425; Millipore Express PLUS membrane filters, pore size 0.2 μm). In total, we analyzed the gene expression from 19 samples (Polaris) and 6 samples (Aurora). The filters were washed with trace metal-free solvents according to GEOTRACES protocols (Cutter et al., 2010). The pumps were programmed to operate at a maximum pump rate for 90 min. Pumps were installed on the CTD 10 to 60 meters above the CTD or at specific reference horizons. The pumps were placed in the plume for pumping time by placing the ship and lowering the CTD. Because filters have very small pore sizes, on average only 200 liters of water were filtered. For molecular analysis, pump heads were opened directly after retrieval, the filter was collected and sectioned into four equal pieces, which were shock-frozen in liquid nitrogen and stored at −80°C until analysis in the home laboratory. For trace metal analysis, pump heads were opened and complete filters were percolated with Milli-Q grade water (>18.2 MΩ) by using the in situ pumps in the manual operation mode. Filters were dried and stored at −20°C until analysis.



2.5 Determination of noble gas concentrations and isotopic ratios in water column samples

For the analysis of helium and neon isotopic composition, samples were collected in two ways from the Niskin bottles. All samples from the Polaris site and parts of the Aurora samples were collected by flushing a copper tube and closing the ends gas-tight with clamps. In addition, the Aurora site was sampled with an ampoule-based water sampler, where previously evacuated glass ampoules were filled half with the sample, and the headspace was directly available for analysis (Roether et al., 2013b). To compare the two approaches, 13 Niskin bottles were sampled with both methods. Because the background signals for 3He in this area are unknown, samples for CFC/Freon and Tritium analysis were taken around the plume signal to determine tritiugenic 3He as suggested by Roether et al. (2013a). These and the noble gas samples were analyzed and quality controlled in the Bremen Trace Gas Laboratory. After extraction, helium and neon were separated from other gases in cryo-traps at 25 and 14 K. Helium isotopes were analyzed with a high-resolution static mass spectrometer (MAP 215–50). The system is capable of resolving 3He from the mass-3 hydrogen species (HD and H3) leaking from metal walls. The high stability of the system provides an uncertainty of 0.5% for the 3He/4He ratio (Sültenfuß et al., 2009).



2.6 Determination of methane and hydrogen concentrations of water column samples

To determine methane and hydrogen concentrations of the CTD Niskin bottles, replicates of 40 mL of seawater were headspace-free sampled using a 60 mL syringe. Samples were heated to room temperature, and a 10 mL N2 headspace was applied. The syringes were vigorously shaken for 1 min to transfer the dissolved gases to the headspace. Methane was detected using gas chromatography coupled with flame ionization detection (Hewlett–Packard HP 5890 Series II Gas Chromatograph). Standard calibration was performed daily using NIST-traceable 100.0 ppm CH4 in N2. For hydrogen measurements, a Peak Performer gas chromatograph with a reduced compound photometer (Peak Performer 1, Peak Laboratories) with a 250 μL sampling loop was used and measured against 100 ppm H2 in air standards. At Polaris, we measured hydrogen and methane concentrations from 56 horizons. At Aurora, methane concentrations were determined from 30 samples.



2.7 Rates of dark CO2 fixation

Measurements of dark CO2 fixation (DCF) rates were carried out by applying a modification of the methodology previously described by Herndl et al. (2005) for deep-sea water. Water samples were collected from Niskin bottles using a sterilized silicon tube connected to sterilized 50-mL plastic syringes. Before the collection of the sample, the syringe and tube were washed with HCl (0.1 M), Milli-Q water, and three times with the Niskin seawater. Samples were stored in the dark at in situ temperature (−1 to −0.8°C) until the radiotracer injection, which occurred within 30 min after sampling. DCF rates were measured in 40-mL seawater in triplicate, with two formaldehyde-killed blanks supplemented with 40 μL of [14C]bicarbonate (1,380 kBq) and incubated in the dark at in situ temperature for 3 to 12 h for plume water and 48 h for background water. For assessing the concentration of added radiotracer, 5 μL of samples were added to 6 mL of scintillation cocktail (Filter Count, Perkin Elmer) and measured with a scintillation counter (TRI-CARB, Perkin Elmer). The incubations were terminated by the addition of formaldehyde (2% final concentration) to the samples. The samples were filtered onto 0.22-μm cellulose nitrate filters (Millipore) and rinsed three times with 10 mL of sterile-filtered seawater. Subsequently, the filters were exposed to fuming HCl (37%) for 2 h. After that, filters were transferred to a scintillation vial containing 6 mL of Filter Count, and the disintegration per minute (DPM) was measured using a scintillation counter. The DCF rates (μmol C m−3 d−1) are determined according to Reinthaler et al. (2010) (Equation 1):
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with DPMnet = DPMsample – DPMblank (counts of the sample – counts of killed sample), CDIC is the dissolved IC in seawater (i.e., 2,100 μmol L−1), SA is the specific activity of [14C]bicarbonate (59 mCi mmol−1; Hartmann Analytic, Germany), Tr is the concentration of injected tracer measured at the start of incubation, volume V (cubic meter) and the time T (days). The factor 1.05 accounts for the discrimination of the 14C isotope in carbon fixation. A total of 86 samples (Polaris) and 75 samples (Aurora) were analyzed in these assays.



2.8 Time course experiments to determine methane and hydrogen consumption rates

Directly after recovery, we sampled water from dedicated Niskin bottles into multiple serum bottles (256 mL), which were sealed headspace-free with gas-tight rubber stoppers. In each experiment, 9 to 21 replicates were produced and immediately transferred back to in situ temperature (−1°C). Because oxygen concentrations were three orders of magnitude higher than that of potential electron donors, we based activity measurements on the consumption of the electron donors, not the oxygen. To measure potential methane and hydrogen consumption in reference and non-buoyant plume water samples, 250 μL of H2 and CH4 saturated seawater were added through the stopper to reach approx. 200 nM of both substrates. For other experiments, only hydrogen was added (see Supplementary Figure S3). At each sampling point, three of the replicate bottles were supplied with a headspace of 24.1 mL (1 mmol) synthetic air, in exchange for the same medium volume, which was removed with another syringe. After that, samples were warmed up to room temperature, and bottles were vigorously shaken for 30 s using a vortexer. To measure hydrogen from the headspace, 3 mL of sterile-filtered hydrogen/methane-free medium was injected into the bottle, and in exchange, 3 mL of headspace gas was pressed through connected tubing into the 250-μl sampling loop of the Peak Performer gas chromatograph (see above). For methane concentration measurements, 10 mL of gas phase was collected with a syringe, replacing 10 mL headspace with 10 mL of sterile medium. Methane concentrations were measured using a Hewlett–Packard GC and FID detection as described above. The resulting concentrations in ppmv were converted into nmol per liter seawater (nM). The hydrogen results are based on a total of 148 bottles of incubation (hydrogen), and all measurements were performed in technical replicates.



2.9 Determination of methane oxidation using 14CH4 tracer

Methane oxidation rate were determined in incubation experiments. Therefore we filled 156-ml cultivation vials completely with plume water and capped it with headspace-free with butyl rubber stoppers. We injected 20 µL of 14C-methane containing water through the rubber stopper (approx. 1 kBq per sample) and incubated the water at 0°C for 3 days. To stop potential microbial methane turnover, a headspace of 5 mL was supplied to all samples and 1 mL of 50% NaOH was added to the sample. In the home laboratory, concentrations of methane, methane tracer content, and produced 14C IC were determined following the protocol of Treude et al. (2005) Only a few of the incubated water samples showed 14C-IC values that were significantly elevated (>2 × standard deviation) compared to an average of ≥3 killed controls. A total of 46 samples (Polaris) and 107 samples (Aurora) were analyzed in these assays.



2.10 Determination of cell numbers

At sea, 500 mL of seawater was fixed with formaldehyde (2% final concentration) for 8 h at 4\u00B0C and filtered onto a 0.22-μm polycarbonate filter (47 mm diameter, Millipore). The filters were washed with sterile-filtered seawater and with 70% ethanol in MQ-water, and then after drying, they were stored at −20°C until further processing. In the home, laboratory cells were stained with DAPI (4′,6′-diamidino-2-phenylindole; Sigma-Aldrich). For a subset of samples, catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) was performed using a specific probe for USulfurimonas pluma (Molari et al., 2023) and the SUP05 cluster (Meier et al., 2016). After that, cells were counter-stained with DAPI. All filters were enumerated under the epifluorescence microscope. For this, at least 1,000–2,000 DAPI-stained cells were counted and numbers were extrapolated for the filter size and seawater volume. A total of 12 samples (Polaris) and 34 samples (Aurora) were analyzed for total cell numbers. In total, 5 samples (Polaris) and 10 samples (Aurora) were analyzed with specific probes specific for S. pluma and SUP05, respectively.



2.11 Amplification and sequencing of 16S rRNA genes

Seawater samples for DNA analysis were filtered immediately after the retrieval of Niskin bottles, and the filtration was carried out in a temperature-controlled room (2°C) in the dark and did not exceed 1–1.5 h. At Aurora, 3 L of seawater was filtered onto 0.22-μm polycarbonate filters (47 mm diameter, Millipore) with a vacuum pump (N 022 AN.18; KNF, Freiburg, Germany). At Polaris, 8–10 L of seawater was filtered onto 0.22-μm Sterivex filters (Millipore) with a peristaltic pump (Masterflex; Cole Parmer, Vernon Hills, IL). After the filtration, the filters were stored at −80°C. DNA was extracted from the filter with DNeasy PowerWater Kit (MO BIO Laboratories, Inc., Carlsbad, CA, United States) following the protocol. Extracted DNA was stored at −20°C. Amplicon sequencing was performed at the Center for Biotechnology (CeBiTec laboratory, Bielefeld University). For the 16S rRNA gene amplicon library preparation, we used the bacterial primers 341F (5 ́-CCTACGGGNGGCWGCAG-3 ́) and 785R (5 ́-GACTACHVGGGTATCTAATCC-3 ́) (Herlemann et al., 2011), which amplify the 16S rDNA hypervariable region V3–V4 in Bacteria (400–425 bp fragment length). Sequences were obtained on the Illumina MiSeq platform (Illumina, San Diego, CA, United States) in a 2 × 300 bp paired-end run aiming for >50 000 reads per sample at CeBiTec Bielefeld, Germany, following the standard instructions of the 16S Metagenomic Sequencing Library Preparation protocol (Illumina, San Diego, CA, United States). The quality cleaning of the sequences was performed with the following software tools. The primer clipping was performed with the tool cutadapt (v1.9.1; Martin, 2011). Then the TRIMMOMATIC software v0.35 (Bolger et al., 2014) was used to remove low-quality sequences (SLIDINGWINDOW:4:20 MINLEN:300). The merging of forward and reverse reads was performed with the PEAR software (v0.9.6); setting a minimum overlap of 10 bp (Zhang et al., 2014). SWARM algorithm (v2.2.2; Mahé et al., 2014) was applied for clustering the sequences into operational taxonomic units (OTUs; local clustering threshold for operational taxonomic units set d = 1). The taxonomic classification of OTUs was based on the SILVA database, release 132 (Quast et al., 2013). The total number of sequences and OTUs generated in this study are reported in Supplementary Table S7. Sequences were deposited at the European Nucleotide Archive (ENA) under BioProject PRJEB48226 (accession numbers are reported in Supplementary Table S7). The sequences were archived using the brokerage service of the German Federation for Biological Data [GFBio; (Diepenbroek et al., 2014)]. A total of 21 (Polaris) and 16 (Aurora) samples were analyzed for these assays.



2.12 Metatranscriptomic analysis

After the recovery of in situ pumps, filters were immediately cut into six pieces, transferred to screw-cap tubes, frozen in liquid nitrogen for 5 min, and then transferred to −80°C. The RNA was extracted from three replicate filter sections using an RNase-free tube and the mirVana mRNA Isolation kit (Ambion GmbH, Germany). For DNA depletion, the extracted nucleic acids were treated with a TURBO DNA-free Kit (Ambion GmbH, Germany), and the RNA was purified and concentrated using RNeasy MinElute Kit (Qiagen GmbH, Germany). The RNA quantification, library preparation, and sequencing were carried out at CeBiTec laboratory (Bielefeld University) as described (Molari et al., 2023). The library was sequenced on a HiSeq1500 platform (Illumina, San Diego, CA), in 1 × 150 bases single-end runs, with a total number of reads per sample > 20 million. The adaptor sequence was removed and a read quality trimming with Q20 was performed using bbduk v34 from the BBMAP package and TRIMMOMATIC software v0.35 (Bolger et al., 2014). The trimmed reads were sorted in ribosomal RNA (rRNA) and non-ribosomal RNA (non-rRNA) using SortMeRNA software v2.0 (Kopylova et al., 2012) with the SILVA rRNA database. Statistics and ENA accession numbers are reported in Supplementary Table S8. The taxonomic classification of rRNA reads (1 million per sample) was assigned with phyloFlash software v3.0 beta 1 (Gruber-Vodicka et al., 2020) based on the SILVA database (release 132).

The non-rRNA reads of the transcriptome were de novo assembled using rnaSPAdes (Nurk et al., 2017) The genes were predicted on reconstructed transcripts using Prodigal [v.2.6.3 (Hyatt et al., 2010)], and the genes clustered using MMseq2 [v13.45111; (Steinegger and Söding, 2017) --min-seq-id 1 -c 0.80 --cov-mode 1 --cluster-mode 2]. Genes with length < 150 nucleotides were removed (ca. 12% of total genes). Taxonomic affiliation of the contigs was performed with Kaiju [v.1.9.2 (Menzel et al., 2016)] using a non-redundant protein sequences database (“nr”) and protein sequences from representative assemblies from NCBI BLAST (“refsed”). The functional annotation of genes was conducted using Pfam [v.35.0; (Mistry et al., 2021)] with hmmsearch HMMER [v.3.3.2; (Wheeler and Eddy, 2013)], NCycDB, a curated database for nitrogen cycling genes (Tu et al., 2019) with diamond v.2.0.15; (Buchfink et al., 2015), iron cycling genes FeGenie’s database (Garber et al., 2020) with diamond v.2.0.15, and Greening lab metabolic marker gene databases [Version 3; (Greening, 2021); with diamond v.2.0.15]. The metatranscriptomic reads were mapped to the gene sequences using bwa-mem2 v.2.2.1 (Vasimuddin et al., 2019) and converted in counts per gene with htseq-count script from HTSeq [v.2.0.2;(Putri et al., 2022)]. On average, 71 and 65% of reads from Polaris and Aurora metatranscriptomes, respectively, were retrieved by the catalog of genes (Supplementary Table S9). Gene read counts were divided by the length of each gene in kilobases (RPK) and reported as transcripts per million (TPM). We defined the genes highly transcribed in the plume, as those genes that have a level of transcription with centered log ratio value higher than 2 at PS101/188 (2,645 mbsl) and at PS86/055 (2,958 mbsl). A total of 19 samples (Polaris) and 6 samples (Aurora) were analyzed for these assays.



2.13 Data analysis

Non-parametric multidimensional scaling (NMDS) based on the Bray–Curtis dissimilarity index was used to depict differences in microbial communities based on counts of 16S rRNA genes, rRNA reads, and gene transcripts. All datasets were Hellinger transformed. The significance of differences between sites and seawater types was tested using the analysis of similarity (ANOSIM) (Clarke, 1993). The total effective number of species, exponential Shannon entropy, and inverse Simpson index were used to describe alpha-diversity (Chao et al., 2014) in each seawater type for Aurora and Polaris mounds. Beta-diversity between Aurora and Polaris plumes was quantified by calculating Jaccard dissimilarity based on rarefied (15,427 sequences) counts of 16S rRNA genes presence-absence (PA) transformed.

For the construction of the 16S rRNA phylogenetic tree, the sequences were aligned with MAFFT using the L-INS-i method with default settings (Katoh and Standley, 2014), and the alignment was cleaned with BMGE with default settings (Criscuolo and Gribaldo, 2010). Both programs were used on the Galaxy platform (Afgan et al., 2018). A maximum-likelihood-based tree was constructed using W-IQ-TREE (Trifinopoulos et al., 2016), first searching for the best substitution model (Kalyaanamoorthy et al., 2017), before evaluating branch support using 1,000 ultrafast bootstraps (UFBoot) and SH-aLRT branch test replicates. Phylogenetic trees for NiFe hydrogenase were constructed following the workflow described for the backbone 16S rRNA gene tree, with amino acids as coding sequence and MAFFT alignment method set to ‘auto’.

Significant differences in alpha-diversity, total cell counts, and CARD-FISH counts between seawater types and sites were tested by analysis of variance (one-way ANOVA) or by the non-parametric Kruskal–Wallis (KW) test when the ANOVA’s assumptions were not satisfied. Differentially abundant OTUs and 16S–18S rRNA reads (cDNA), and differential expressions of reconstructed transcripts were detected using the R package edgeR (Robinson and Smyth, 2007) at a significance threshold of 0.01 for Benjamini–Hochberg adjusted [BH; (Benjamini and Hochberg, 1995)] p-values (see Supplementary Tables S9, S10).

All statistical analyses and plots were conducted in R using the core distribution with the additional packages vegan (Oksanen et al., 2013), ggplot2 (Villanueva and Chen, 2019), and pheatmap (RRID:SCR_016418) (Kolde and Kolde, 2015).




3 Results


3.1 Identification of active vent fields at Gakkel Ridge

After the original detection of hydrothermalism across the ice-covered ultraslow spreading Gakkel Ridge in 2001 with temperature and turbidity sensors (Edmonds et al., 2003), this study had the objective to revisit plumes, assessing for the first time their sources at the seafloor and identifying potential chemoautotrophic life associated with the venting. The “Polaris” vent field was first visited in 2016 in the central part of the Eastern Volcanic Zone (Boetius and Purser, 2017) and “Aurora” in 2014 at the westernmost end of the Western Volcanic Zone (Baker et al., 2004; Boetius, 2015; Edmonds et al., 2003; German et al., 2022). In both areas, year-round full sea-ice coverage had prevented thorough studies of the source of the plumes prior to the RV Polarstern expeditions PS86 and PS101. Our main survey instruments to find the hydrothermal vents were ocean floor observing systems (PS86:OFOS; PS101:OFOBS) for seafloor morphology and geobiology (Purser et al., 2019) and a CTD (conductivity, temperature, depth) rosette that was equipped with highly sensitive redox and turbidity sensors, 24 Niskin bottle samplers, and in situ pumps. To survey the vent fields and sample their plumes, the icebreaker Polarstern had to drift with the ice floes across specific locations according to predicted trajectories (Boetius, 2015; Boetius and Purser, 2017).

During PS101, we visited the Eastern Volcanic Zone to investigate the source of a large hydrothermal plume hovering above the NW flank of a previously unnamed seamount discovered 15 years earlier (Baker et al., 2004; Edmonds et al., 2003). We named this structure “Polaris” (86°87.5’N, 55°42.4’E; 3,170 m water depth) (Figure 1A). In OFOBS surveys, we found indications for hydrothermal activity on the NW flank of the mount in the form of small vents with shimmering water. Some of the small vents contain orange precipitates or microbial mats. In the venting area, we detected a higher number of ophiuroids and polychaetes (Supplementary Figures S1A–E; for additional images, see Supplementary Table S1). The temperature sensor mounted on the OFOBS instrument recorded a temperature anomaly up to 1°C close to the seafloor, and high turbidity was visually detected above the seafloor by OFOBS, yet we did not find large chimneys or black smokers in the studied area. At Polaris, 13 CTD casts were performed in tow-yo mode to assess the size and extent of the plumes. The plumes and the surrounding water column were repeatedly sampled with Niskin bottles and high-volume in situ pumps.
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FIGURE 1
 Locations and water column profiles of the studied vents. (A,D) Bathymetric maps and location of the Polaris and the Aurora vent. The star on the map indicates the position of vents observed by OFOBS. (B,E) Water column profiles for turbidity. (C,F) Water column profiles for plume-driven anomalies in redox potential (ΔEh).


During PS86, we discovered the Aurora field of black smoker vents at the southwestern flank of the mound (82°53.83’N; 6°15.32’W, in 3900 m water depth) (Figures 1D–F) during the PS86 expedition (Boetius, 2015). Subsequent expeditions (German et al., 2022; Ramirez-Llodra et al., 2023; Schlindwein, 2023) further studied the vent field with its giant, highly active chimneys. The chimneys were black to bright yellow-orange and released substantial amounts of particulate metal sulfides, visible as black smoke. The surroundings of the Aurora vent field showed basalt rocks, populated by glass sponges, amphipods, limpets, and snails of higher density than in the surroundings or at other mounds of this part of Gakkel Ridge (Supplementary Figures S1F–J, for additional images, see Supplementary Table S1; Boetius, 2015). Near the vent field, a number of cracks and fissures with diffuse vents and dead chimneys were discovered, the latter fully overgrown with sponges. The Aurora hydrothermal plume had a relatively strong turbidity signal that we could follow over a distance of approximately 2 km and for more than 800 m vertically (Figures 1D–F). Using OFOS, we were able to link the origin of this plume to the above-described field of black smokers (Supplementary Figure S1F; German et al., 2022). At Aurora, 14 CTD casts were performed, yet due to unpredictable ice flow movements, only approximately half of the casts reached the target area and allowed the sampling of the plume with Niskin bottles and in situ pumps.



3.2 Chemical energy in persistent non-buoyant plumes above vent fields

This study analyses the chemistry of large hydrothermal plumes associated with active venting from two volcanic seamounts. The plumes are rising several hundred meters above the rift valley of the Gakkel Ridge and were originally identified in 2001 (Edmonds et al., 2003). The non-buoyant component of the “Polaris” hydrothermal plume assessed by tow-yo CTD showed sharp anomalies in turbidity, redox values, and temperature extending from a depth of >2,800 meters below sea level (mbsl) to ca. 2,400 mbsl, i.e., ca 400–800 m above seafloor, with a horizontal stretch of over 1,200 m according to the turbidity signal (Figures 1B,C; Figure 2A). The CTD cast PS101-226 (86° 57.41’ N, 55 44.42′ E) intercepted the buoyant part of the plume closer to the seafloor (~2,900 m) with temperature anomalies up to 160 mK above ambient seawater (−0.8°C), suggesting further, more vigorous venting at the NW flank of the mound. Based on the plume rise height and the measured stratification of the water column, we calculate a vent power of 130 MW. At an endmember fluid temperature of maximal 270° C, which is typical for a low H2:CH4 ratio observed here (Table 1), this could translate into a water flux of at least 11,600 m3 per day (for calculation, see Supplementary material). The observed maximal redox anomaly was relatively low with −25 mV, and this redox signal disappeared faster than the turbidity signal (Figures 1B, 2A). The low redox anomaly likely results from the low concentrations of reduced iron and manganese in the plume below the detection limit (Table 1). The Polaris plume was rich in 3He, with δ3He values of up to 75% compared to atmospheric helium standards, indicating a substantial concentration of mantle-derived gas in the rising fluids (Figure 2B). The seawater samples from the buoyant part of the plume closer to the seafloor contained up to 300 nM CH4 and 360 nM H2 (Figures 2C,D). During the closure of Niskin bottles, temperature anomalies of up to 30 mK were measured. Hence, in all plume samples, the fluids were diluted by at least a factor of 1:9000 in the seawater (see Table 1). This suggests that the original vent fluids contained approximately 2.7 mM CH4 and 3.3 mM H2. Based on the calculated fluid flux rates, the Polaris vents would feed approximately 51,200 mol hydrogen and 43,200 mol methane per day into the plume. We detected neither dissolved nor precipitated iron (detection limit between 10 and 50 μM), and sulfide was analytically undetectable in the plume according to the Cline assay (detection limit ~10 μM). However, several plume samples had a noticeable sulfidic smell, which suggests sulfide concentrations greater than 100 nM. Therewith, sulfide total sulfide emissions from the Polaris vents could theoretically be in a similar range as hydrogen and methane emissions (Radford-Knoery et al., 2001).
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FIGURE 2
 Biogeochemical signatures of the water column of (A–D) the Aurora and (F–I) the Polaris hydrothermal plume. (A,F) Redox potential measured as an offset of Eh value from background values; (B,G) helium isotopic composition measured as δ3H (%) against atmospheric helium as standard; (C,H) concentrations of methane in the water column; (D) hydrogen water column concentrations; and (E,I) cell numbers. Samples of different casts through the plume and reference sites are color-coded.




TABLE 1 Physical–chemical parameters of hydrothermal venting at Polaris and Aurora.
[image: Table1]

Based on the observed plume characteristics, we estimate that the vents have a power of at least 24 MW (for calculation see Supplementary material). Endmember fluids of volcanically hosted black smokers at ultraslow spreading ridges typically have temperatures of 370°C (Beaulieu and Szafranski, 2020; Diehl and Bach, 2020; Kumagai et al., 2008; Noowong et al., 2021), which would result in fluid fluxes of 1,400 m3 per day to feed the observed plume. In all retrieved samples, the temperature anomalies were low (< 8 mK), translating to dilution factors of ≥45 × 103 for all samples. This high dilution of the Aurora plume is consistent with measured small 3He anomalies (δ3He values ≤10%) (Figure 2G). By contrast, the redox anomaly of the Aurora plume was much greater than that measured in the Polaris plume. The pronounced redox anomaly is consistent with high concentrations of dissolved iron and manganese in the plume, derived from the large black smoker field at Aurora (Figure 2F; German et al., 2022). In situ filtration of the water yielded a yellowish residue, suggesting partial precipitation of metal oxides and metal sulfides. The calculated concentrations of metals in the vent fluid endmember (6.8 mM Fe, 0.7 mM Mn) represent a conservative estimate, missing the fraction precipitated from the plume. Dissolved sulfide was not detectable, and the plume waters did not smell sulfidic. The plume contained up to 30 nM methane (German et al., 2022; Figure 2H), which translates to 1.4 mM methane in the fluid endmember. On board of PS86, we were not able to measure hydrogen concentrations. Typically, high-temperature vent fluids have a molar H2:CH4 ratio of approximately 10 or higher (Aquino et al., 2022; Charlou et al., 2002; Kumagai et al., 2008). Future studies should measure the endmember compositions. Based on the calculated fluid volume flux rates (see earlier), we estimate corresponding geochemical fluxes from the Aurora vents (Table 1) of approximately 17,000 mol H2, approximately 1,700 mol CH4 per day; >8,000 mol Fe per day (168 tons per year), and ≥ 850 mol of Mn per day (17 tons per year).



3.3 Hydrogen consumption in the plumes

To quantify the influence of the energy sources on the carbon fixation by the non-buoyant plume microbiota, we collected water samples from the plume and local background waters (above and below each plume) and deep-sea reference water (>five nautical miles from the vents) from both, Polaris (n = 29) and the Aurora (n = 25) area. We incubated replicate samples of these waters with 14C-bicarbonate at in situ temperatures (−1°C) and measured the transfer of the radioisotope into the particulate carbon fraction (Reinthaler et al., 2010). Both reference waters distant from the vent, and local background water samples from above and below the plume, showed carbon fixation rates between 0.5 and 1 μmol C m−3 d−1 (Polaris n = 22 Aurora n = 15; Figure 3). These are typical values for dark carbon fixation in the oligotrophic deep ocean, as fueled by anaplerotic activity during heterotrophy and ammonium oxidation (Braun et al., 2021; Reinthaler et al., 2010). In contrast, plume water samples from both sites with notable in situ redox anomalies exhibited much higher carbon fixation rates between 5 and 45 μmol m−3 d−1 (Polaris n = 6; Aurora n = 10; Figure 3). At a mean carbon fixation of 13 μmol m−3 at Polaris, or 14 μmol m−3 at Aurora, and a carbon content of 10 fmol per cell (Fukuda et al., 1998), this would allow the growth of approx. 1.35 × 109 autotrophic microorganisms per cubic meter of plume water each day. This translates into a maximal increase of cell mass of 60% per day compared to the background community. This value matches well with the moderately increased cell numbers (Kruskal–Wallis chi-squared = 0.18182, df = 1, p-value = 0.6698). Only one of the plume samples at Polaris (PS101/139) had three times elevated cell numbers compared to the average in the background (Figures 2E,I).
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FIGURE 3
 Stimulation of carbon fixation in (A) the Aurora and (B) Polaris plumes. Dark CO2 fixation (DCF) rates in deep-sea water collected above the plume (AP), in the plume (P), below the plume (BP), and at reference locations (R). Each data point represents a single rate measurement.


To evaluate the microbial metabolism associated with the non-buoyant plume waters, we compared hydrogen and methane concentrations in the water column and incubated replicate water samples from the hydrothermal plume and reference waters, (hydrogen data only available for Polaris). Within the different plume water samples, the concentrations of methane correlated with the helium isotope ratios, which suggests pure dilution and no consumption of methane during plume dispersion (Bennett B. et al., 2013). In contrast, the hydrogen concentrations dropped faster than the helium isotope ratios (Supplementary Figures S2A,B), indicating the microbial consumption of hydrogen. Consequently, the ratios of H2/CH4 dropped from values of 1.35 in the most concentrated plume samples close to the vent (characterized by higher δ3He values, CH4 concentrations, and/or temperature anomalies) to ratios near zero in more dilute samples (Supplementary Figures S2C–E). At Aurora, the methane: helium ratio is relatively constant, confirming that methane is not consumed (Supplementary Figure S2F).

To further compare the microbial consumption of methane and hydrogen, we incubated replicate bottles of background water (two different sites, 2,542 m; n = 24), buoyant plume water, (from one site; 3,010 m water depth; n = 19), and non-buoyant plume waters (7 sites, 2,722 m water depth; n = 90). We incubated water samples from the Polaris plume with low amounts of hydrogen and methane (for most samples, approx. 200 nM) at in situ temperatures of −0.8°C and in situ oxygen concentrations of 200 μM (Figure 4; Supplementary Figure S3), to mimic natural availabilities. In the background water (station PS101-175-5), concentrations of added hydrogen (165 nM ± 8) and added methane (31 nM; ±3) remained stable throughout incubation times of up to 5 days, i.e., neither of the energy substrates were consumed by microorganisms. (Figure 4A). Similarly, in the buoyant plume waters, the natural concentrations of hydrogen (323 nM) and methane (272 nM) remained stable (Figure 4B). In contrast, in samples of the non-buoyant plume, concentrations of added hydrogen decreased from 150 nM to 22 nM within only 2 days, whereas concentrations of added methane remained stable for the entire observation period of 5 days (Figure 4C). Four of six additional incubation experiments with non-buoyant plume water show clear hydrogen consumption (Supplementary Figure S3). Aerobic hydrogen oxidizers have growth efficiencies of up to 25% of the reducing equivalents released during hydrogen oxidation (Yu and Lu, 2019). An estimated average hydrogen oxidation rate of 30 μmol m−3 day−1 from all experiments would translate into the fixation of 7.5 μmol C m−3 day−1. This is approximately 50% of the carbon fixed in the plume. This amount might enable the growth of 0.75 × 109 cells m−3 day−1.
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FIGURE 4
 Development of hydrogen and methane concentrations in different water types. (A) In reference to waters incubated with hydrogen or methane (B) in buoyant plume water (C) in the outer, non-buoyant plume. In the reference and non-buoyant plume waters, hydrogen, and methane were added as sterile-filtered seawater equilibrated with methane/hydrogen-saturated water. Each symbol is a mean of n = 3 biological replicates, and error bars mark standard deviations.




3.4 Linking plume chemistry with microbial community activity

We investigated methane oxidation rates in the plume samples using highly sensitive 14C-methane radiotracer assays. Methane oxidation was not detectable, neither in the Aurora nor the Polaris plume nor in reference waters (lifetime of environmental methane ≥5 years; see Supplementary Table S2). To our knowledge, similar experimental quantifications of the fate of hydrogen and methane do not exist for any other non-buoyant vent plume to date. However, we were not able to test the influence of nanomolar amounts of reduced metals and sulfide on plume microbiota because of the lack of respective clean lab trace metal equipment and methods to measure low quantities of environmental sulfide at sea. In the Polaris plume, low metal concentrations result in the presence of free sulfide, allowing high microbial sulfur oxidation rates. In the Aurora plume, the excess of metals caused the formation of metal sulfides (black smoke), which will be less bioavailable.

To investigate the influence of the reduced compounds in the plumes on the abundance and activity of microorganisms, we analyzed the 16S rRNA genes and gene transcripts (here referred to as “active members”) extracted from plume, local background and reference waters (Polaris n = 19; Aurora n = 6; Figures 5, 6; Supplementary Figure S3; Supplementary Tables S7, S8). In the Polaris non-buoyant plume characterized by the highest carbon fixing activity, the most abundant taxon was SUP05 with 9% (PS101/139) to 47% (PS101/159) of total 16S rRNA gene sequences (average of 25% across all plume samples). In the background water and at reference stations, this taxon had a much lower relative abundance of 1–9% and 3–4%, respectively. At Polaris, Sulfurimonas contributed 4–19% in the non-buoyant plume compared to <1% in reference samples (Figure 5). Most of the other active fraction of microbial communities was similar in both plumes and in the background waters (Supplementary Figure S3). A difference between the non-buoyant plumes was the fraction of Sulfurimonas, which dominated the microbial communities at Aurora with 16 to 66% (PS86/055; Figure 5) of bacterial 16S rRNA gene sequences and 69 to 79% of all SSU rRNA reads (PS86/055; Figure 5; Supplementary Figure S4). SUP05 reached on average 10 and 8% in the Aurora plume, of total and active community members, respectively (Figure 5; Supplementary Figure S3).
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FIGURE 5
 Relative abundance of microorganisms of different water masses at Polaris and Aurora based on 16S rRNA amplicon sequences. Relative abundance is calculated from amplified bacteria 16S rRNA genes. Only the 10 most abundant/significantly different abundant genera are shown (in brackets: numbers of samples and the sum of listed 10 taxa).
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FIGURE 6
 Expression of functional genes in different at Polaris and Aurora. Left: Heatmap depicts normalized transcription values at logarithmic scale for key functional genes of the hydrogen, sulfur, and methane metabolism assigned to Sulfurimonas, SUP05, and Methylococcaceae and their key genes for carbon fixation. In addition, the transcription values for metal transporters in Sulfurimonas in different water bodies are shown. In brackets: number of replications. Right: Enrichment of specific gene transcripts in plume samples of Aurora or Polaris, respectively. Each circle represents the fold change in for an individual gene encoding enzymes of a group specified with Pfam v.35.0 (Mistry et al., 2021). These genes do not necessarily belong to the same organism (see Supplementary Table S9 for details). The bars represent the geometric mean of the fold change in transcription for the genes encoding the same enzyme and were assigned to the same taxon. Negative values translate into enrichment in Aurora and positive values enrichment in Polaris. Genes: [NiFe]hyd1b/−l/1d: a large subunit of the different group 1 membrane-bound Ni,Fe hydrogenases; fccB, sulfide dehydrogenase flavoprotein chain; sqr, sulfide quinone reductase; dsrA, dissimilatory sulfite reductase alpha subunit; aprA, adenylylsulfate reductase alpha subunit; SoxA, sulfur oxidation protein subunit A; pmoA, particulate methane monooxygenase alpha subunit; aclA,B; ATP citrate lyase; alpha and beta cbbL: Rubisco large subunit. Cft, arsC: genes coding for metal metabolism.


The substantial enrichments of SUP05 and Sulfurimonas (i.e., US. pluma) cells in Arctic hydrothermal plume waters were confirmed by microscopy applying specific oligonucleotide probes, reaching values of 6–12% and SUP05 2–20% Sulfurimonas cells, respectively, in the plume samples (Supplementary Table S3; Kruskal–Wallis chi-squared = 6.6, df = 1, p-value = 0.01). In background waters, Sulfurimonas still accounted for up to 2–10% of all SSU rRNA reads (PS86/074 at 2500 m), and SUP05 was 2%. These numbers—especially for Sulfurimonas—appear very high and suggest that Arctic deep-sea waters may be thoroughly mixed with hydrothermal waters from Gakkel Ridge (Edmonds et al., 2003), and that their mortality is very low. Furthermore, it remains to be investigated, if both taxa can maintain their energy needs by other electron donors.

To assess the impact of venting on the overall microbial community structure, we statistically analyzed the amplified 16S rRNA gene patterns. In both plumes, the increase of specific taxa resulted in a significant decrease of evenness as described by exponential Shannon entropy and inverse Simpson index, while the overall species richness of the water types was not affected (Supplementary Figures S5, S6; Supplementary Table S4). Aurora and Polaris plumes shared on average 36 ± 6% of bacterial 16S rRNA gene sequences with reference seawater, with lowest values at stations PS101/177 (25 ± 2%) and PS86/055 (29 ± 1%; Supplementary Table S5). The two plumes shared on average 32 ± 4% of the 16S rRNA genes, which is slightly lower than the value of 16S rRNA genes shared among the different non-plume waters (40 ± 1%; Supplementary Table S5). As previously reported by Molari et al. (2023), phylogenetic comparison of the Sulfurimonas SSU rRNA gene sequences from both hydrothermal plumes revealed two main distinct but closely related populations that share >99% SSU rRNA nucleotide sequence identity. Similarly, the analysis of the V3 − V4 region of the 16S rRNA gene of SUP05 revealed two related ribotypes (similarity >98%). One ribotype dominates at Polaris, and the other is more dominant at Aurora (Supplementary Table S6). These results were confirmed by the 98–100% identity between dominant OTUs of the 16S rRNA gene amplicons and 16S rRNA gene sequences from three metagenomic assembled genomes obtained from Aurora and Polaris water samples (Scilipoti and Molari, 2024). Based on phylogenetic analysis of their 16S rRNA, one of the two SUP05 strains clusters with SUP05 sequences from Pacific Ocean hydrothermal plumes, and the other species was more similar to SUP05 sequences from the Atlantic and the Pacific oxygen minimum zone (Supplementary Figure S7). In addition, some less abundant taxa show differential abundance. For instance, the Polaris plume was enriched in Oleispira, which include alkane oxidizers from the Arctic Ocean (Yakimov et al., 2003) and methane oxidizers of the Methylococcales cluster Milano-WD1B-03 (Supplementary Figure S4).

To analyze the metabolism of key community members, we analyzed the transcription activity for different functional genes. Transcripts for carbon fixation of Sulfurimonas via the reverse tricarboxylic acid cycle (i.e., aclA and aclB) are highly enriched at Aurora, whereas SUP05 transcripts for carbon fixation via the ribulose monophosphate pathway (rbcL) are more enriched at Polaris. This is in line with the dominance of either Sulfurimonas or SUP05 at Aurora and Polaris, respectively.

Genes for hydrogen and sulfur metabolism were highly expressed in the Polaris and the Aurora plumes, but the transcription levels differed between the two plumes and the abundant taxa (Figure 6). In both plumes, the hydrogenase [Ni,Fe]hyd1b assigned to Sulfurimonas was the highest expressed hydrogenase. This is the prototypical oxygen-sensitive hydrogenase of hydrogen oxidizers isolated from hydrothermal vents and other redoxcline environments (Adam and Perner, 2018, Lappan et al., 2023, Molari et al., 2023; Supplementary Figure S7), which supports the hypothesis of a dominant role of hydrogen oxidation at these Arctic vents. The dataset also contains transcripts of the groups 1d and 1 L [NiFe]-hydrogenase that belong to SUP05. Group 1d was highly enriched in the Polaris plume, but comparatively depleted in the Aurora plume. In contrast, the [NiFe]-hydrogenases group 1 L was similarly highly expressed in both plumes (Figure 6). These two hydrogenases most likely belong to two different SUP05 strains (Supplementary Figures S7, S8). Group 1d is the canonical enzyme for aerobic hydrogen oxidation, and it catalyzes hydrogen oxidation in the SUP05 symbionts of Bathymodiolus mussels from hydrothermal vents (Petersen et al., 2011). Hence, it is likely that the SUP05 of the Arctic plumes is also capable of growing on hydrogen. Recently, Lappan et al. (2023) reported that 1 L [NiFe]-hydrogenases are widespread in marine microorganisms; however, their function in many of these organisms remains unclear. SUP05 has been shown to grow on reduced sulfur compounds (Shah et al., 2017), and it was suggested that it also utilizes hydrogen (Anantharaman et al., 2013). Yet, not all SUP05 MAGs from hydrothermal plumes code for [NiFe]-hydrogenases (Dede et al., 2022; Zhou et al., 2023). Thus, it remains to be shown how widespread and important hydrogen metabolism is in pelagic SUP05 bacteria (Morris and Spietz, 2022).

At both sites, the transcripts of sulfur metabolism of SUP05 and Sulfurimonas are highly expressed. The highest enrichment of transcripts of the sulfur metabolism is found at Polaris. Here, the transcripts of SUP05 encoding the sulfur oxidation pathway, including sulfur oxidation to sulfate (dsrA, aprA) and thiosulfate oxidation to sulfate (soxA, soxB), belonged to the most enriched functional gees (Figure 6). In addition, transcripts of sulfur metabolism assigned to Sulfurimonas are substantially expressed, which points toward the potential of S. pluma to metabolize and grow on sulfur compounds. However, the dominance of Sulfurimonas in the hydrogen-rich Aurora plume and the dominance of SUP05 in the sulfur-rich Polaris plume combined with the transcriptomic data suggest different substrate affinities of both organisms and therefore potential niche separation as reported for other marine environments (Meier et al., 2017; Rogge et al., 2017).

Puzzled by the lack of evidence for microbial oxidation of methane, we also looked for the transcription of methane monooxygenases (pmo). Surprisingly, the pmo expression was relatively high in all water samples, and only in the Polaris plume some subunits were enriched compared to measurements in other water bodies (Figure 6). The relative abundance and activity of potential methanotrophs were low (≤ 2%; Figure 5; Supplementary Figure S4). These findings suggest that methanotrophs do not profit from the elevated methane concentration in the non-buoyant plumes, which has been predicted previously (Reed et al., 2015). This fits to the apparent lack of methane consumption in the plume as determined by the gas ratios and the incubations with 14C methane radiotracer. Moreover, we did not identify enrichment of transcripts related to iron oxidation within the pool of highly transcribed genes at Polaris and Aurora, suggesting minor importance of microbial metal oxidation (Dick, 2019; Zhou et al., 2023). Only some metal-related metabolic genes assigned to Sulfurimonas (cft, arsC) were highly transcribed in the plumes, matching the physiology of Sulfurimonas in their need for particulate metals (Molari et al., 2023).




4 Discussion

Our geobiological surveys of seamounts of the Western and Eastern Volcanic Zones resulted in the identification of persistent hydrothermal activity linked to large non-buoyant plumes in the deep Arctic Ocean. At both sites, i.e., Aurora and Polaris, we detected the plumes at the same sites as described in 2001 (Edmonds et al., 2003), showing significant turbidity and temperature anomalies compared to the background. At the Aurora mound, we tracked down the plume to a typical high-temperature black smoker field, where metals co-precipitate with sulfide. We calculated emissions of 168 tons of iron per year and similar amounts of sulfide from the Aurora field and observed the formation of large chimneys and iron–sulfur precipitates at the seafloor (Supplementary Figures S1F,H). At Polaris, we located the source of the plume at the previously described location at the NW axial volcanic ridge and detected a mound with substantial hydrothermal features. Yet the many small clear-water vent chimneys observed (20–30 cm in height) and the fissures between the rocks are unlikely the source for the large plume rising up to 800 m into the water column (Figure 1). The lack of iron in the overlying plume suggests a low-temperature type venting. According to preliminary seafloor observations, the hydrothermal areas hosted a higher number of different invertebrates than the surrounding area (e.g., accumulations of filter feeders, polychaetes, mat-type precipitates, and crustaceans; Supplementary Figure S2), yet it remains to be assessed if any of the different macrofauna species benefit directly or indirectly from microbial chemosynthesis.

Due to the low stratification of the Arctic Ocean’s deep waters, the formed hydrothermal plumes increased up to 900 meters in the water column. In the deep buoyant part of the plume, the numbers of potentially autotrophic microorganisms were low, and at Polaris, the water did not show immediate hydrogen oxidation activity. We explain the absence of microbial activity in the buoyant plume with the short rising period of approximately 1 h (Reed et al., 2015). Within this period, the ambient microbial communities are unlikely yet to respond to the presence of hydrogen or other reduced compounds. Moreover, most microorganisms transported from the vent chimney are likely thermo- or mesophilic and not adapted to the plume temperatures of −0.8°C. Thus, the high carbon fixation rates of up to 45 μmol m− 3 in the non-buoyant hydrothermal plumes are best explained by a specific functional microbial assemblage able to adapt to this extreme niche in the central Arctic Ocean. All samples showing an increased carbon fixation also showed a specific microbial community composition, selecting for chemosynthetic bacteria. The very sluggish tidal current regime of the deep Arctic Ocean can retain the same water mass for relatively long times above the vents.

At Polaris, the most abundant and active taxon is SUP05. SUP05 is widely distributed across different pelagic environments (Canfield et al., 2010; Glaubitz et al., 2013). Recent analyses based on amplified 16S rRNA genes and metagenomic analyses revealed that non-buoyant plumes are generally enriched in globally distributed SUP05 clades, which are recruited from background waters (Anantharaman et al., 2013; Dede et al., 2022; Dick, 2019; Dick et al., 2013; Lesniewski et al., 2012). Based on their dominance in most studied plumes to date, it was concluded that their specific deep-water niches are low-temperature, high-oxygen waters with low concentrations of reduced sulfur species (Dede et al., 2022; Meier et al., 2017). Hence, the microorganisms were exposed to physiologically relevant concentrations of vent-derived energy sources. Polaris and Aurora represent the coldest habitats of SUP05 so far found in the ocean. Still, their 16S rRNA genes cluster with sequences from strains in the Pacific and South Atlantic deep waters. At Aurora, Ca. S. pluma was more dominant. Here, hydrogen was the by far most abundant energy source, suggesting that the availability of hydrogen is a factor selecting for this group. Due to the precipitation of iron sulfide, reduced sulfur phases were only available in minor quantities; hence, the abundance of SUP05 increased only moderately. The use of hydrogen as the main energy source was supported by the highest expression of the hydrogenase in Ca. S. pluma, and the presence of Ca. S. pluma in other hydrogen- or metal-rich hydrothermal plumes (Molari et al., 2023). All previous cultures of Sulfurimonas showed a preference for suboxic conditions (Han and Perner, 2015). So far, it is not fully resolved how Ca. S. pluma thrives in oxygen-saturated Arctic seawater, but modifications in the reductive tricarboxylic acid pathway seem to have a role in this adaption (Molari et al., 2023).

The biogeochemistry of the hydrothermal vent plumes is also largely reflected in the gene expression patterns extracted from the plume waters. In the hydrogen-rich and sulfur-depleted Aurora plume, the hydrogenase of Sulfurimonas is the most expressed gene, suggesting the dominance of hydrogen oxidation by S. pluma. However, based on substantially expressed pathways for elemental sulfur oxidation (Sox pathway) and potentially sulfide oxidation (non-canonical flavocytochrome c), Ca. S. pluma may also be capable of growing on sulfur compounds. To test this hypothesis, further experiments and cultures are required.

In contrast, at Polaris, the genes of the oxidative sulfur metabolism dsr, apr, and the sox complex were enriched and linked to the higher bioavailability of sulfur. Interestingly, the sulfide quinone reductase (sqr) that encodes the enzyme for the activation of hydrogen sulfide was not strongly enriched. This may indicate that much of the hydrogen sulfide is oxidized chemically, and the Arctic plume microbiota rather thrives on the products, i.e., elemental sulfur and thiosulfate. The highly expressed dsr, apr, and sox genes belong primarily to SUP05, supporting the hypothesis that SUP05 relies on sulfur species as its main substrate (Anderson et al., 2013; Rogge et al., 2017). Because SUP05 also expresses hydrogenases, it might also utilize hydrogen in competition with Ca. S. pluma.

Altogether, hydrogen emissions appear responsible for a dominant fraction of microbial biomass production at the Polaris and the Aurora vents, respectively. Sulfur oxidation provides another important energy source in both vent plumes, similar to what is known from temperate vent environments (Zhou et al., 2023). Yet, our results showed that in the Arctic hydrothermal vent plumes, the sulfur-oxidizing community is less diverse than in other hydrothermal plumes (Zhou et al., 2023). Most interestingly, the bacteria selected by the persistent plume environment are represented in the background deep waters, even far away from the vent sites. It remains to be studied how they can survive in the absence of their main electron donors. Our study further confirms that sulfur speciation has a great influence on the bioavailability of sulfur. A co-occurrence with high metal loads in the endmember limits the bioavailability of this energy source.

Methane has been often suggested to play a role as an energy source to plume microorganisms, based on the widespread presence of aerobic methanotrophs, e.g., in 16S rRNA gene surveys as well as based on functional genes (Anantharaman et al., 2016; Lesniewski et al., 2012). However, in the plume waters studied here, the relative numbers of methane oxidizers such as Methylomonaceae were not significantly increased compared to surrounding waters (Figure 5). Despite notable transcription of the pmo genes both in the plume and in the background waters, we could not detect methane oxidation (Figure 4; Supplementary Figures S2, S3; Supplementary Table S2). Cultured methanotrophs show relatively high half-saturation constants for methane in the range of 2 to 12 μM (Bender and Conrad, 1992; Knief and Dunfield, 2005). In the plumes, methane rapidly diluted to low nanomolar concentrations, and together with temperatures below 0°C, this may be the reason, why methane-consuming microorganisms do not grow, even though methane oxidation is thermodynamically favorable. We conclude that methanotrophs may not be able to grow fast enough in these icy oceans to exploit the methane enrichments observed. Other vent plumes in warmer waters, such as those of the Juan de Fuca Ridge, show comparatively higher methane consumption (Cowen et al., 2002; de Angelis et al., 1993).

The location and exploration of vents and retrieving endmember fluids of vents in Arctic oceans remains technologically challenging. However, this study shows that relatively few chemical analyses, experiments, and simple community descriptions can already provide insights into the nature of the venting present. Conversely, it is also possible to predict plume community compositions from the fluid endmember chemistry. The vigorous venting found at Aurora and Polaris releases large amounts of geothermal energy, provides a source of rare elements into the deep ocean, and fuels a specific community, apparently hydrogen and sulfur-based microbial growth. Further studies are needed to resolve the extent of venting and its influence on the deep-sea microbiome and fauna across the Gakkel Ridge.



Data availability statement

The datasets presented in this study can be found in online repositories. The data presented in this study have been deposited at the European Nucleotide Archive (ENA) under the project number PRJEB48226. The 16S rRNA gene amplicon data can be found under the accession numbers ERR7132482-ERR7132512. The metatranscriptomic data was deposited under the accession numbers ERR7132513-ERR7132538. Further information can be found in the article/Supplementary material.



Author contributions

GW: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. MM: Conceptualization, Data curation, Formal analysis, Investigation, Resources, Software, Visualization, Writing – original draft, Writing – review & editing. AP: Data curation, Investigation, Writing – review & editing, Formal analysis, Methodology, Software, Visualization. AD: Writing – review & editing, Data curation, Investigation. EA: Methodology, Writing – review & editing, Investigation. MW: Methodology, Writing – review & editing, Formal analysis, Investigation. CM: Data curation, Writing – review & editing, Investigation, Visualization, Methodology. CG: Conceptualization, Funding acquisition, Supervision, Writing – review & editing, Investigation. AB: Conceptualization, Funding acquisition, Project administration, Writing – review & editing, Methodology, Writing – original draft.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Leibniz Grant by Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) to AB; funding of material and salaries European Research Council (ERC) Advanced Investigator Grant ABYSS (294757) to AB; funds allowed the purchase of instruments necessary for research. Germany’s Excellence Initiative of the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) through the Clusters of Excellence ‘The Ocean in the Earth System’ (EXC-309-49926684) and ‘The Ocean Floor-Earth’s Uncharted Interface’ (EXC-2077-390741603) to the University of Bremen; Funding of first author, and instruments. This study was further supported by the Alfred Wegener Institute Helmholtz Center for Polar and Marine Research, Bremerhaven, the Helmholtz Association (HGF), and the Max Planck Society (MPG). Both institutes contributed to the funding of the research expeditions.



Acknowledgments

We thank the captain, crew, and science party of RV Polarstern expeditions PS86 and PS101 for high-precision sampling during the ice-drift. We thank Janna Köhler and Jill McDermott for geophysical and geochemical data acquisition, W. Bach for scientific discussion and equipment, and M. Meiners, W. Stiens, R. Stiens, J. Barz, M. Alisch, F. Schramm, and A. Nordhausen (HGF-MPG Joint Research Group for Deep-Sea Ecology and Technology) for technical support.



Conflict of interest

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

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1473822/full#supplementary-material



References

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

 Afgan, E., Baker, D., Batut, B., van den Beek, M., Bouvier, D., Čech, M., et al. (2018). The galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 46, W537–W544. doi: 10.1093/nar/gky379 

 Anantharaman, K., Breier, J. A., and Dick, G. J. (2016). Metagenomic resolution of microbial functions in deep-sea hydrothermal plumes across the eastern Lau spreading center. ISME J. 10, 225–239. doi: 10.1038/ismej.2015.81 

 Anantharaman, K., Breier, J. A., Sheik, C. S., and Dick, G. J. (2013). Evidence for hydrogen oxidation and metabolic plasticity in widespread deep-sea sulfur-oxidizing bacteria. Proc. Natl. Acad. Sci. 110, 330–335. doi: 10.1073/pnas.1215340110 

 Anderson, R. E., Beltran, M. T., Hallam, S. J., and Baross, J. A. (2013). Microbial community structure across fluid gradients in the Juan de Fuca ridge hydrothermal system. FEMS Microbiol. Ecol. 83, 324–339. doi: 10.1111/j.1574-6941.2012.01478.x 

 Aquino, K. A., Früh-Green, G. L., Rickli, J., Bernasconi, S. M., Lang, S. Q., Lilley, M. D., et al. (2022). Multi-stage evolution of the lost City hydrothermal vent fluids. Geochim. Cosmochim. Acta 332, 239–262. doi: 10.1016/j.gca.2022.06.027


 Bach, W., Banerjee, N. R., Dick, H. J., and Baker, E. T. (2002). Discovery of ancient and active hydrothermal systems along the ultra-slow spreading southwest Indian ridge 10°–16° E. Geochem. Geophys. Geosyst. 3, 1–14. doi: 10.1029/2001GC000279


 Baker, E. T., Edmonds, H. N., Michael, P. J., Bach, W., Dick, H. J. B., Snow, J. E., et al. (2004). Hydrothermal venting in magma deserts: the ultraslow-spreading Gakkel and southwest Indian ridges. Geochem. Geophys. Geosyst. 5. doi: 10.1029/2004GC000712


 Baker, E. T., and German, C. R. (2004). On the global distribution of hydrothermal vent fields. Mid-Ocean ridges: hydrothermal interactions between the lithosphere and oceans. Geophys. Monogr. Ser 148, 245–266. doi: 10.1029/148GM10


 Beaulieu, S. E., Baker, E. T., German, C. R., and Maffei, A. (2013). An authoritative global database for active submarine hydrothermal vent fields. Geochem. Geophys. Geosyst. 14, 4892–4905. doi: 10.1002/2013GC004998


 Beaulieu, S. E., and Szafranski, K. (2020). InterRidge global database of active submarine hydrothermal vent fields, Version 3.4. World Wide Web electronic publication. Available online at: http://vents-data.interridge.org


 Bender, M., and Conrad, R. (1992). Kinetics of CH4 oxidation in oxic soils exposed to ambient air or high CH4 mixing ratios. FEMS Microbiol. Lett. 10, 261–269. doi: 10.1111/j.1574-6941.1992.tb01663.x


 Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate - a practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Stat. Methodol. 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x


 Bennett, B., Adams, J. J., Gray, N. D., Sherry, A., Oldenburg, T. B. P., Huang, H., et al. (2013). The controls on the composition of biodegraded oils in the deep subsurface - part 3. The impact of microorganism distribution on petroleum geochemical gradients in biodegraded petroleum reservoirs. Org. Geochem. 56, 94–105. doi: 10.1016/j.orggeochem.2012.12.011


 Bennett, S. A., Coleman, M., Huber, J. A., Reddington, E., Kinsey, J. C., McIntyre, C., et al. (2013). Trophic regions of a hydrothermal plume dispersing away from an ultramafic-hosted vent-system: Von Damm vent-site, mid-Cayman rise. Geochem. Geophys. Geosyst. 14, 317–327. doi: 10.1002/ggge.20063


 Björk, G., and Winsor, P. (2006). The deep waters of the Eurasian Basin, Arctic Ocean: geothermal heat flow, mixing and renewal. Deep-Sea Res. I Oceanogr. Res. Pap. 53, 1253–1271. doi: 10.1016/j.dsr.2006.05.006


 Boetius, A. (2015). The expedition PS86 of the research vessel POLARSTERN to the Arctic Ocean in 2014. Bremerhaven, Germany: Alfred-Wegener-Institut, Helmholtz-Zentrum für Polar- und Meeresforschung;. Report no, 1866–3192.


 Boetius, A., and Purser, A. (2017). The expedition PS101 of the research vessel POLARSTERN to the Arctic Ocean in 2016. Bremerhaven, Germany: Alfred-Wegener-Institut, Helmholtz-Zentrum für Polar- und Meeresforschung;. Report no, 1866–3192.


 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170 

 Braun, A., Spona-Friedl, M., Avramov, M., Elsner, M., Baltar, F., Reinthaler, T., et al. (2021). Reviews and syntheses: heterotrophic fixation of inorganic carbon – significant but invisible flux in environmental carbon cycling. Biogeosciences 18, 3689–3700. doi: 10.5194/bg-18-3689-2021


 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176 

 Canfield, D. E., Stewart, F. J., Thamdrup, B., De Brabandere, L., Dalsgaard, T., Delong, E. F., et al. (2010). A cryptic sulfur cycle in oxygen-minimum-zone waters off the Chilean coast. Science 330, 1375–1378. doi: 10.1126/science.1196889 

 Cathalot, C., Roussel, E. G., Perhirin, A., Creff, V., Donval, J.-P., Guyader, V., et al. (2021). Hydrothermal plumes as hotspots for deep-ocean heterotrophic microbial biomass production. Nat. Commun. 12:6861. doi: 10.1038/s41467-021-26877-6 

 Chao, A., Gotelli, N. J., Hsieh, T., Sander, E. L., Ma, K., Colwell, R. K., et al. (2014). Rarefaction and extrapolation with hill numbers: a framework for sampling and estimation in species diversity studies. Ecol. Monogr. 84, 45–67. doi: 10.1890/13-0133.1


 Charlou, J. L., Donval, J. P., Fouquet, Y., Jean-Baptiste, P., and Holm, N. (2002). Geochemistry of high H2 and CH4 vent fluids issuing from ultramafic rocks at the rainbow hydrothermal field (36°14′N, MAR). Chem. Geol. 191, 345–359. doi: 10.1016/S0009-2541(02)00134-1


 Clarke, K. R. (1993). Non-parametric multivariate analyses of changes in community structure. Aust. J. Ecol. 18, 117–143. doi: 10.1111/j.1442-9993.1993.tb00438.x


 Cochran, J. R., Kurras, G. J., Edwards, M. H., and Coakley, B. J. (2003). The Gakkel ridge: bathymetry, gravity anomalies, and crustal accretion at extremely slow spreading rates. J Geophys Res Solid Earth 108:2116. doi: 10.1029/2002JB001830


 Cowen, J. P., Wen, X., and Popp, B. N. (2002). Methane in aging hydrothermal plumes. Geochim. Cosmochim. Acta 66, 3563–3571. doi: 10.1016/S0016-7037(02)00975-4


 Criscuolo, A., and Gribaldo, S. (2010). BMGE (block mapping and gathering with entropy): a new software for selection of phylogenetic informative regions from multiple sequence alignments. BMC Evol. Biol. 10, 210–221. doi: 10.1186/1471-2148-10-210


 Cutter, G., Andersson, P., Codispoti, L., Croot, P., François, R., Lohan, M. C., et al. (2010). Sampling and sample-handling protocols for GEOTRACES cruises.


 de Angelis, M. A., Lilley, M. D., and Baross, J. A. (1993). Methane oxidation in deep-sea hydrothermal plumes of the Endeavour segment of the Juan de Fuca ridge. Deep-Sea Res. I Oceanogr. Res. Pap. 40, 1169–1186. doi: 10.1016/0967-0637(93)90132-M


 Dede, B., Hansen, C. T., Neuholz, R., Schnetger, B., Kleint, C., Walker, S., et al. (2022). Niche differentiation of sulfur-oxidizing bacteria (SUP05) in submarine hydrothermal plumes. ISME J. 16, 1479–1490. doi: 10.1038/s41396-022-01195-x 

 Dick, G. J. (2019). The microbiomes of deep-sea hydrothermal vents: distributed globally, shaped locally. Nat. Rev. Microbiol. 17, 271–283. doi: 10.1038/s41579-019-0160-2 

 Dick, G. J., Anantharaman, K., Baker, B. J., Li, M., Reed, D. C., and Sheik, C. S. (2013). The microbiology of deep-sea hydrothermal vent plumes: ecological and biogeographic linkages to seafloor and water column habitats. Front. Microbiol. 4:124. doi: 10.3389/fmicb.2013.00124


 Diehl, A., and Bach, W. (2020). MARHYS (MARine HYdrothermal solutions) database: a global compilation of marine hydrothermal vent fluid, end member, and seawater compositions. Geochem. Geophys. Geosyst. 21:e2020GC009385. doi: 10.1029/2020GC009385


 Diepenbroek, M., Glöckner, F. O., Grobe, P., Güntsch, A., Huber, R., König-Ries, B., et al. (2014). Towards an integrated biodiversity and ecological research data management and archiving platform: the German federation for the curation of biological data (GFBio). Informatik.


 Dubilier, N., Bergin, C., and Lott, C. (2008). Symbiotic diversity in marine animals: the art of harnessing chemosynthesis. Nat. Rev. Microbiol. 6, 725–740. doi: 10.1038/nrmicro1992 

 Edmonds, H. N., Michael, P. J., Baker, E. T., Connelly, D. P., Snow, J. E., Langmuir, C. H., et al. (2003). Discovery of abundant hydrothermal venting on the ultraslow-spreading Gakkel ridge in the Arctic Ocean. Nature 421, 252–256. doi: 10.1038/nature01351 

 Früh-Green, G. L., Kelley, D. S., Lilley, M. D., Cannat, M., Chavagnac, V., and Baross, J. A. (2022). Diversity of magmatism, hydrothermal processes and microbial interactions at mid-ocean ridges. Nat. Rev. Earth Environ. 3, 852–871. doi: 10.1038/s43017-022-00364-y


 Fukuda, R., Ogawa, H., Nagata, T., and Koike, I. I. (1998). Direct determination of carbon and nitrogen contents of natural bacterial assemblages in marine environments. Appl. Environ. Microbiol. 64, 3352–3358. doi: 10.1128/AEM.64.9.3352-3358.1998 

 Garber, A. I., Nealson, K. H., Okamoto, A., McAllister, S. M., Chan, C. S., Barco, R. A., et al. (2020). FeGenie: a comprehensive tool for the identification of iron genes and iron gene neighborhoods in genome and metagenome assemblies. Front. Microbiol. 11:37. doi: 10.3389/fmicb.2020.00037 

 German, C. R., Baker, E. T., Mevel, C., and Tamaki, K., the FUJI Science Team (1998). Hydrothermal activity along the southwest Indian ridge. Nature 395, 490–493. doi: 10.1038/26730


 German, C. R., Parson, L., HEAT Scientific Team,
, German, C. R., Parson, L. M., Bougault, H., et al. (1996). Hydrothermal exploration near the Azores triple junction: tectonic control of venting at slow-spreading ridges? Earth Planet. Sci. Lett. 138, 93–104. doi: 10.1016/0012-821X(95)00224-Z


 German, C. R., Reeves, E. P., Türke, A., Diehl, A., Albers, E., Bach, W., et al. (2022). Volcanically hosted venting with indications of ultramafic influence at Aurora hydrothermal field on Gakkel ridge. Nat. Commun. 13:6517. doi: 10.1038/s41467-022-34014-0 

 German, C., and Seyfried, W. (2014). Treatise on geochemistry. Treatise on Geochemistry. Amsterdam: Elsevier.


 Glaubitz, S., Kiesslich, K., Meeske, C., Labrenz, M., and Jurgens, K. (2013). SUP05 dominates the Gammaproteobacterial sulfur oxidizer assemblages in pelagic redoxclines of the Central Baltic and black seas. Appl. Environ. Microbiol. 79, 2767–2776. doi: 10.1128/AEM.03777-12 

 Greening, C. (2021). Greening lab metabolic marker gene databases.


 Gruber-Vodicka, H. R., Seah, B. K., and Pruesse, E. (2020). PhyloFlash: Rapid small-subunit rRNA profiling and targeted assembly from metagenomes. mSystems. 5:10.1128/msystems.00920-20. doi: 10.1128/msystems.00920-20


 Han, Y., and Perner, M. (2015). The globally widespread genus Sulfurimonas: versatile energy metabolisms and adaptations to redox clines. Front. Microbiol. 6:989. doi: 10.3389/fmicb.2015.00989


 Herlemann, D. P. R., Labrenz, M., Jurgens, K., Bertilsson, S., Waniek, J. J., and Andersson, A. F. (2011). Transitions in bacterial communities along the 2000 km salinity gradient of the Baltic Sea. ISME J. 5, 1571–1579. doi: 10.1038/ismej.2011.41 

 Herndl, G. J., Reinthaler, T., Teira, E., van Aken, H., Veth, C., Pernthaler, A., et al. (2005). Contribution of Archaea to total prokaryotic production in the deep Atlantic Ocean. Appl. Environ. Microbiol. 71, 2303–2309. doi: 10.1128/AEM.71.5.2303-2309.2005 

 Hsu, H.-W., Postberg, F., Sekine, Y., Shibuya, T., Kempf, S., Horányi, M., et al. (2015). Ongoing hydrothermal activities within Enceladus. Nature 519, 207–210. doi: 10.1038/nature14262 

 Hyatt, D., Chen, G.-L., LoCascio, P. F., Land, M. L., Larimer, F. W., and Hauser, L. J. (2010). Prodigal: prokaryotic gene recognition and translation initiation site identification. BMC Bioinformat. 11, 1–11. doi: 10.1186/1471-2105-11-119


 Jannasch, H. W. (1983). Microbial processes at deep sea hydrothermal vents. Berlin: Springer, 677–709.


 Jannasch, H. (1985). Review lecture-the chemosynthetic support of life and the microbial diversity at deep-sea hydrothermal vents. Proc. Royal Soc. London 225, 277–297.


 Jokat, W., and Schmidt-Aursch, M. C. (2007). Geophysical characteristics of the ultraslow spreading Gakkel ridge, Arctic Ocean. Geophys. J. Int. 168, 983–998. doi: 10.1111/j.1365-246X.2006.03278.x


 Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K., Von Haeseler, A., and Jermiin, L. S. (2017). ModelFinder: fast model selection for accurate phylogenetic estimates. Nat. Methods 14, 587–589. doi: 10.1038/nmeth.4285 

 Katoh, K., and Standley, D. M. (2014). MAFFT: iterative refinement and additional methods. Berlin: Springer, 131–146.


 Knief, C., and Dunfield, P. F. (2005). Response and adaptation of different methanotrophic bacteria to low methane mixing ratios. Environ. Microbiol. 7, 1307–1317. doi: 10.1111/j.1462-2920.2005.00814.x 

 Kolde, R., and Kolde, M. R. (2015). Package ‘pheatmap’. R package 1:790. doi: 10.32614/CRAN.package.pheatmap


 Kopylova, E., Noé, L., and Touzet, H. (2012). SortMeRNA: fast and accurate filtering of ribosomal RNAs in metatranscriptomic data. Bioinformatics 28, 3211–3217. doi: 10.1093/bioinformatics/bts611 

 Kumagai, H., Nakamura, K., Toki, T., Morishita, T., Okino, K., Ishibashi, J. I., et al. (2008). Geological background of the Kairei and Edmond hydrothermal fields along the central Indian ridge: implications of their vent fluids’ distinct chemistry. Geofluids 8, 239–251. doi: 10.1111/j.1468-8123.2008.00223.x


 Lappan, R., Shelley, G., Islam, Z. F., Leung, P. M., Lockwood, S., Nauer, P. A., et al. (2023). Molecular hydrogen in seawater supports growth of diverse marine bacteria. Nat. Microbiol. 8, 581–595. doi: 10.1038/s41564-023-01322-0 

 Lesniewski, R. A., Jain, S., Anantharaman, K., Schloss, P. D., and Dick, G. J. (2012). The metatranscriptome of a deep-sea hydrothermal plume is dominated by water column methanotrophs and lithotrophs. ISME J. 6, 2257–2268. doi: 10.1038/ismej.2012.63 

 Mahé, F., Rognes, T., Quince, C., de Vargas, C., and Dunthorn, M. (2014). Swarm: robust and fast clustering method for amplicon-based studies. PeerJ 2:e593. doi: 10.7717/peerj.593 

 Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10–12. doi: 10.14806/ej.17.1.200


 McCollom, T. M. (2000). Geochemical constraints on primary productivity in submarine hydrothermal vent plumes. Deep-Sea Res. I Oceanogr. Res. Pap. 47, 85–101. doi: 10.1016/S0967-0637(99)00048-5


 Meier, D. V., Bach, W., Girguis, P. R., Gruber-Vodicka, H. R., Reeves, E. P., Richter, M., et al. (2016). Heterotrophic Proteobacteria in the vicinity of diffuse hydrothermal venting. Environ. Microbiol. 18, 4348–4368. doi: 10.1111/1462-2920.13304 

 Meier, D. V., Pjevac, P., Bach, W., Hourdez, S., Girguis, P. R., Vidoudez, C., et al. (2017). Niche partitioning of diverse sulfur-oxidizing bacteria at hydrothermal vents. ISME J. 11, 1545–1558. doi: 10.1038/ismej.2017.37 

 Menzel, P., Ng, K. L., and Krogh, A. (2016). Fast and sensitive taxonomic classification for metagenomics with kaiju. Nat. Commun. 7:11257. doi: 10.1038/ncomms11257 

 Michael, P., Langmuir, C., Dick, H., Snow, J., Goldstein, S., Graham, D., et al. (2003). Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge. Arctic Ocean. Nature 423, 956–961. doi: 10.1038/nature01704 

 Mistry, J., Chuguransky, S., Williams, L., Qureshi, M., Salazar, G. A., Sonnhammer, E. L., et al. (2021). Pfam: the protein families database in 2021. Nucleic Acids Res. 49, D412–D419. doi: 10.1093/nar/gkaa913 

 Molari, M., Hassenrueck, C., Laso-Pérez, R., Wegener, G., Offre, P., Scilipoti, S., et al. (2023). A hydrogenotrophic Sulfurimonas is globally abundant in deep-sea oxygen-saturated hydrothermal plumes. Nature 8, 651–665. doi: 10.1038/s41564-023-01342-w


 Morris, R. M., and Spietz, R. L. (2022). The physiology and biogeochemistry of SUP05. Annu. Rev. Mar. Sci. 14, 261–275. doi: 10.1146/annurev-marine-010419-010814 

 Noowong, A., Gomez-Saez, G. V., Hansen, C. T., Schwarz-Schampera, U., Koschinsky, A., and Dittmar, T. (2021). Imprint of Kairei and Pelagia deep-sea hydrothermal systems (Indian Ocean) on marine dissolved organic matter. Org. Geochem. 152:104141. doi: 10.1016/j.orggeochem.2020.104141


 Nurk, S., Meleshko, D., Korobeynikov, A., and Pevzner, P. A. (2017). metaSPAdes: a new versatile metagenomic assembler. Genome Res. 27, 824–834. doi: 10.1101/gr.213959.116 

 Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’hara, R., et al. (2013). Package ‘vegan’. Community ecology package, version 2.


 Petersen, J. M., Zielinski, F. U., Pape, T., Seifert, R., Moraru, C., Amann, R., et al. (2011). Hydrogen is an energy source for hydrothermal vent symbioses. Nature 476, 176–180. doi: 10.1038/nature10325 

 Purser, A., Marcon, Y., Dreutter, S., Hoge, U., Sablotny, B., Hehemann, L., et al. (2019). Ocean floor observation and bathymetry system (OFOBS): a new towed camera/sonar system for Deep-Sea habitat surveys. IEEE J. Ocean. Eng. 44, 87–99. doi: 10.1109/JOE.2018.2794095


 Putri, G. H., Anders, S., Pyl, P. T., Pimanda, J. E., and Zanini, F. (2022). Analysing high-throughput sequencing data in Python with HTSeq 2.0. Bioinformatics 38, 2943–2945. doi: 10.1093/bioinformatics/btac166 

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219 

 Radford-Knoery, J., German, C. R., Charlou, J.-L., Donval, J.-P., and Fouquet, Y. (2001). Distribution and behavior of dissolved hydrogen sulfide in hydrothermal plumes. Limnol. Oceanogr. 46, 461–464. doi: 10.4319/lo.2001.46.2.0461


 Ramirez-Llodra, E., Claudio, A., Maria, B., Antje, B., Carolina, C., Håkon, D., et al. (2023). Hot vents beneath an icy ocean - the Aurora vent field, Gakkel Rdige, revealed. Oceanography 36, 6–17. doi: 10.5670/oceanog.2023.103


 Reed, D. C., Breier, J. A., Jiang, H. S., Anantharaman, K., Klausmeier, C. A., Toner, B. M., et al. (2015). Predicting the response of the deep-ocean microbiome to geochemical perturbations by hydrothermal vents. ISME J. 9, 1857–1869. doi: 10.1038/ismej.2015.4 

 Reinthaler, T., van Aken, H. M., and Herndl, G. J. (2010). Major contribution of autotrophy to microbial carbon cycling in the deep North Atlantic’s interior. Deep-Sea Res. II Top. Stud. Oceanogr. 57, 1572–1580. doi: 10.1016/j.dsr2.2010.02.023


 Robinson, M. D., and Smyth, G. K. (2007). Small-sample estimation of negative binomial dispersion, with applications to SAGE data. Biostatistics 9, 321–332. doi: 10.1093/biostatistics/kxm030 

 Roether, W., Jean-Baptiste, P., Fourré, E., and Sültenfuß, J. (2013a). The transient distributions of nuclear weapon-generated tritium and its decay product 3 He in the Mediterranean Sea, 1952–2011, and their oceanographic potential. Ocean Sci. 9, 837–854. doi: 10.5194/os-9-837-2013


 Roether, W., Vogt, M., Vogel, S., and Sültenfuß, J. (2013b). Combined sample collection and gas extraction for the measurement of helium isotopes and neon in natural waters. Deep-Sea Res. I Oceanogr. Res. Pap. 76, 27–34. doi: 10.1016/j.dsr.2013.02.006


 Rogge, A., Vogts, A., Voss, M., Jürgens, K., Jost, G., and Labrenz, M. (2017). Success of chemolithoautotrophic SUP05 and Sulfurimonas GD17 cells in pelagic Baltic Sea redox zones is facilitated by their lifestyles as K-and r-strategists. Environ. Microbiol. 19, 2495–2506. doi: 10.1111/1462-2920.13783 

 Schlindwein, V. (2023). The expedition PS137 of the research vessel POLARSTERN to the Arctic Ocean in 2023 Alfred-Wegener-Institut Helmholtz-Zentrum für polar- und Meeresforschung.


 Schultz, A., and Elderfield, H. (1997). Controls on the physics and chemistry of seafloor hydrothermal circulation. Philosophical transactions of the Royal Society of London. Philos Trans A Math Phys Eng Sci 355, 387–425. doi: 10.1098/rsta.1997.0014


 Scilipoti, S., and Molari, M. (2024). High-quality draft genome of Gammaproteobacterial SUP05 cluster from non-buoyant hydrothermal plumes of ultraslow spreading Gakkel ridge (Central Arctic Ocean). Microbiol Resour Announc 13:e0012124. doi: 10.1128/mra.00121-24 

 Seewald, J. S. (2017). Detecting molecular hydrogen on Enceladus. Science 356, 132–133. doi: 10.1126/science.aan0444 

 Shah, V., Chang, B. X., and Morris, R. M. (2017). Cultivation of a chemoautotroph from the SUP05 clade of marine bacteria that produces nitrite and consumes ammonium. ISME J. 11, 263–271. doi: 10.1038/ismej.2016.87 

 Steinegger, M., and Söding, J. (2017). MMseqs2 enables sensitive protein sequence searching for the analysis of massive data sets. Nat. Biotechnol. 35, 1026–1028. doi: 10.1038/nbt.3988 

 Sültenfuß, J., Roether, W., and Rhein, M. (2009). The Bremen mass spectrometric facility for the measurement of helium isotopes, neon, and tritium in water. Isot. Environ. Health Stud. 45, 83–95. doi: 10.1080/10256010902871929 

 Thiede, J. (2002). Polarstern ARKTIS XVII/2: Cruise Report: AMORE 2001 (Arctic Mid-Ocean Ridge Expedition). Bremerhaven: Alfred Wegener Institute for Polar and Marine Research.


 Treude, T., Krueger, M., Boetius, A., and Joergensen, B. (2005). Environmental control on anaerobic oxidation of methane in the gassy sediments of Eckernfoerde Bay (German Baltic). Limnol. Oceanogr. 50, 1771–1786. doi: 10.4319/lo.2005.50.6.1771


 Trifinopoulos, J., Nguyen, L.-T., von Haeseler, A., and Minh, B. Q. (2016). W-IQ-TREE: a fast online phylogenetic tool for maximum likelihood analysis. Nucleic Acids Res. 44, W232–W235. doi: 10.1093/nar/gkw256 

 Tu, Q., Lin, L., Cheng, L., Deng, Y., and He, Z. (2019). NCycDB: a curated integrative database for fast and accurate metagenomic profiling of nitrogen cycling genes. Bioinformatics 35, 1040–1048. doi: 10.1093/bioinformatics/bty741 

 Van Dover, C. L., German, C., Speer, K. G., Parson, L., and Vrijenhoek, R. (2002). Evolution and biogeography of deep-sea vent and seep invertebrates. Science 295, 1253–1257. doi: 10.1126/science.1067361 

 Vasimuddin, M., Misra, S., Li, H., and Aluru, S. (2019). Efficient architecture-aware acceleration of BWA-MEM for multicore systems. 314–324. 2019 IEEE international parallel and distributed processing symposium (IPDPS): IEEE.


 Villanueva, R. A. M., and Chen, Z. J. (2019). ggplot2: Elegant graphics for data analysis. Oxfordshire: Taylor & Francis.


 Waite, J. H., Glein, C. R., Perryman, R. S., Teolis, B. D., Magee, B. A., Miller, G., et al. (2017). Cassini finds molecular hydrogen in the Enceladus plume: evidence for hydrothermal processes. Science 356, 155–159. doi: 10.1126/science.aai8703 

 Wheeler, T. J., and Eddy, S. R. (2013). Nhmmer: DNA homology search with profile HMMs. Bioinformatics 29, 2487–2489. doi: 10.1093/bioinformatics/btt403 

 Yakimov, M. M., Giuliano, L., Gentile, G., Crisafi, E., Chernikova, T. N., Abraham, W.-R., et al. (2003). Oleispira antarctica gen. Nov., sp. nov., a novel hydrocarbonoclastic marine bacterium isolated from Antarctic coastal sea water. Int. J. Syst. Evol. Microbiol. 53, 779–785. doi: 10.1099/ijs.0.02366-0


 Yu, J., and Lu, Y. (2019). Carbon dioxide fixation by a hydrogen-oxidizing bacterium: biomass yield, reversal respiratory quotient, stoichiometric equations and bioenergetics. Biochem. Eng. J. 152:107369. doi: 10.1016/j.bej.2019.107369


 Zhang, J., Kobert, K., Flouri, T., and Stamatakis, A. (2014). PEAR: a fast and accurate Illumina paired-end reAd mergeR. Bioinformatics 30, 614–620. doi: 10.1093/bioinformatics/btt593 

 Zhou, Z., Tran, P. Q., Adams, A. M., Kieft, K., Breier, J. A., Fortunato, C. S., et al. (2023). Sulfur cycling connects microbiomes and biogeochemistry in deep-sea hydrothermal plumes. ISME J. 17, 1194–1207. doi: 10.1038/s41396-023-01421-0 


Copyright
 © 2024 Wegener, Molari, Purser, Diehl, Albers, Walter, Mertens, German and Boetius. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hydrothermal vents supporting persistent plumes and microbial chemoautotrophy at Gakkel Ridge (Arctic Ocean)



		1 Introduction



		2 Materials and methods



		2.1 Bathymetry and maps



		2.2 OFOS photography transects



		2.3 Configuration and operation of the CTD and connected in situ pumps



		2.4 In situ filtration of seawater for molecular and geochemical analysis



		2.5 Determination of noble gas concentrations and isotopic ratios in water column samples



		2.6 Determination of methane and hydrogen concentrations of water column samples



		2.7 Rates of dark CO2 fixation



		2.8 Time course experiments to determine methane and hydrogen consumption rates



		2.9 Determination of methane oxidation using 14CH4 tracer



		2.10 Determination of cell numbers



		2.11 Amplification and sequencing of 16S rRNA genes



		2.12 Metatranscriptomic analysis



		2.13 Data analysis









		3 Results



		3.1 Identification of active vent fields at Gakkel Ridge



		3.2 Chemical energy in persistent non-buoyant plumes above vent fields



		3.3 Hydrogen consumption in the plumes



		3.4 Linking plume chemistry with microbial community activity









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers = Frontiers in Microbiology

Hydrothermal vents supporting
persistent plumes and microbial
chemoautotrophy at Gakkel
Ridge (Arctic Ocean)












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






OPS/images/fmicb-15-1473822-g004.jpg
PS101/175 (reference) B PS101/226 (buoyant plume) c PS101/181 (non-buoyant plume)
400 200
t { * % { s + » 't s "
£200 M MR ? . = M
3 200 % 100 %
= = = m = =100 £ 50 % + ;
04 0 S
2 A 0 2 4 6 2 4 P
Time (days)

Time (days)

Time (days)





OPS/images/fmicb-15-1473822-g005.jpg
Sulfurimonas *
SUPOS cluster *
SAR324 clade (Marine group B) unclassified
Oleispira *
SAR202 Clade unclassified
SAR11 Clade Il unclassified
Marinimicrobia (SAR406 clade) unclassified
SAR11 Clade Ib
Pseudoalteromonas
Colwelia
Milano-WF1B-03 *
Cycloclasticus *

Polaris ] Aurora 1
Reference Above ~ Plume  Below  Bottom  Reference Above  Plume  Bottom
(2,54%) plume  (8;69%) plume  water  (255%) plume (5,76%) water
(3 51%) (4:59%) (4 53%) (4 59%) (4; 68%)
ot 006 o | [ m 630
az 215 210 04
se Tass o
oo om oo
53 s 23
s 540 257 385
o5 an a3 |
an [ am 02 15
26 2o | [ am | [ em a0
o om 0w ) 007
oo om om . 20
o0 oot 008 130 212






OPS/images/fmicb-15-1473822-g002.jpg
AEh CH, H, Cells

& A 07 cells L™
r 107 e
I:)(nmol ] E( )

Polaris A ™ ) G (molL™)

2000

2200

-

2400 N X *
g o N ° —@— 139
< 2600 - — = 159
] @ Y =8 L —A— 177
§ 2800 o 188
o / * 226

AA
/
3000 z r *  Ref
3200 *
[ ]
3400

-80-60-40-20 0 0 20 40 60 80 0 100 200 300 400 O 100 200 300400 O 2 4 6 8 10
Aurora
G H

2600

2800

3000
E 3200
£

3400

3600

3800

4000

-80-60-40-20 0 0 5 10 15 20 0 10 20 30 40

23
36
57
43
Ref

Dept






OPS/images/fmicb-15-1473822-g003.jpg
A\ Polaris  Carbon fixation (umol C m™ d™')

90 10 20 20 i 5

1500
AP

— 2500

£ Ay, A A, A, A

H V' P
3500 BP

4500

B O Aurora Carbon fixation (umol C m d-')
0 10

20 30 40 50
1500
€ AP
£ 2500
£ R
£
.Y Ly :
3600 e 330 008

BP





OPS/images/fmicb-15-1473822-g006.jpg
Sulfurimonas — [NiFeJhyd-1b

SUPOS5 cluster < [ﬁf;]:yy::;

fccB
sqr

. SoxA
Sulfurimonas

SUPO5 cluster

pmoA

Methylococcaceae <pm05
pmoC

; aclA
Sulfurimonas < aciB

SUPO5 cluster —  rbeL.

cft

Sulfurimonas < .

I Hydrogen oxidation
M Methane oxidation
@ Metal metabolism

Polaris

Ref AP P

(7)

0.06
0.00

(2) 6

@ Sulfur oxidation
| Carbon Fixation

Aurora

Transcripts enriched
in Aurora in Polaris

logFC

Polaris plume

Fold Change (FC)=—Aurora olume





OPS/images/fmicb-15-1473822-t001.jpg
Polaris

Max. values in the hydrothermal plume

CH, (nM) 300 30
H, (nM) 360 300°
Max. AT (mK) 60 8
Dilution factor 9,000 46,250

Vent fluid endmember (calculated)

Temp (°C) <270 370°
Mn (mM) bd. 07
Fe (mM) bd. 68
CH, (mM) e 14
H, (mM) 33 147
Sulfide >3 mM¢ <10t

Total vent fluxes
Power (MW) 130° 24
Volume (m* d~') 11600* 1400*
Mn (10* mol d 5 0.85
Fe (10°mol d™") = 8
CH, (10°mol d') 432 1
H, (10°mol & 512 217

“Typical temperature for observed CH :H, ratios "calculated based on dilution factors; ‘min.
Concentrations based on sulfdic smell and absence of free iron and the calculated dilution
factor; “alculated based on ocean physics and plume height, see methods; typical black
smoker temperature; calculated from H;:CH, ratios of typical black smokers.





OPS/images/fmicb-15-1473822-e001.jpg
DCF = (DPMnet x1.05x Cpic ) / (SAx Trx V xT)





OPS/images/fmicb-15-1473822-g001.jpg
Polaris

B
£ 2000
3
]

0 200 400 600 800 1000 1200 1400 1600 1800
Distance (m)

0.05
004
0 g
02§
0.01

piainy.

(LN

200 400 600 800 1000 1200 1400 1600 1800
Distance (m)






