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Abstract

:

The oceanic crust is the world’s largest and least explored biosphere on Earth. The basaltic subsurface of Surtsey island in Iceland represents an analog of the warm and newly formed-oceanic crust and offers a great opportunity for discovering novel microorganisms. In this study, we collected borehole fluids, drill cores, and fumarole samples to evaluate the culturable bacterial diversity from the subsurface of the island. Enrichment cultures were performed using different conditions, media and temperatures. A total of 195 bacterial isolates were successfully cultivated, purified, and identified based on MALDI-TOF MS analysis and by 16S rRNA gene sequencing. Six different clades belonging to Firmicutes (40%), Gammaproteobacteria (28.7%), Actinobacteriota (22%), Bacteroidota (4.1%), Alphaproteobacteria (3%), and Deinococcota (2%) were identified. Bacillus (13.3%) was the major genus, followed by Geobacillus (12.33%), Enterobacter (9.23%), Pseudomonas (6.15%), and Halomonas (5.64%). More than 13% of the cultured strains potentially represent novel species based on partial 16S rRNA gene sequences. Phylogenetic analyses revealed that the isolated strains were closely related to species previously detected in soil, seawater, and hydrothermal active sites. The 16S rRNA gene sequences of the strains were aligned against Amplicon Sequence Variants (ASVs) from the previously published 16S rRNA gene amplicon sequence datasets obtained from the same samples. Compared with the culture-independent community composition, only 5 out of 49 phyla were cultivated. However, those five phyla accounted for more than 80% of the ASVs. Only 121 out of a total of 5642 distinct ASVs were culturable (≥98.65% sequence similarity), representing less than 2.15% of the ASVs detected in the amplicon dataset. Here, we support that the subsurface of Surtsey volcano hosts diverse and active microbial communities and that both culture-dependent and -independent methods are essential to improving our insight into such an extreme and complex volcanic environment.
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1. Introduction


The oceanic crust represents the largest habitable environment on Earth and one of the least explored ecosystems on our planet [1]. Numerous extremophiles were previously reported in crustal fluids, including thermophilic fermenters, sulfate reducers, and methanogens [2,3,4,5]. Despite the undeniable existence of microbial activity in the oceanic crust [4,5,6,7,8,9,10,11], little is known about the diversity of microbial species from such environments. Advances in molecular techniques, high-throughput sequencing technologies, and bioinformatics have led to major improvements in exploring microbial communities in their environment and provided tools for studying the diversity, distributions, and activities of microorganisms without the need to cultivate them [12]. Such methods resulted in the discovery and characterization of rare biospheres in the most extreme environments, giving precious clues to the metabolic potential and activity of many yet-to-be cultivated microorganisms [12,13,14,15]. Nevertheless, cultivation-dependent methods still remain the best tool for studying a microorganism’s physiology, metabolism, and ecology in ways that cannot be achieved using culture-independent approaches (e.g., [16]). Furthermore, cultivation can offer complementary insights into an ecosystem in combination with molecular tools, although the culturable microorganisms represent a minor component of the actual microbial community [17,18,19,20]. This includes the ecological role of the culturable microorganisms in the environment, their physiological limits, and their adaptive capacities to extreme conditions.



The island Surtsey is a rift zone volcano located in the south of Iceland that emerged from the seafloor between 1963 and 1967 [21,22,23]. In 1979, a cored borehole (SE-01) was drilled through the young volcano for geological exploration [22,24]. The active hydrothermal-seawater system discovered passes through the subsurface deposits, in which the maximal temperature of 124.6 °C in 2017 exceeded the presumed upper limit for functional life [22,25,26,27,28]. Thirty-eight years later, three new cored boreholes (SE-02a, SE-02b, and SE-03) were drilled specifically for microbiological and geological analysis [29,30,31]. Over the years, many studies have explored the Surtsey edifice in terms of geology, mineral, and chemical composition, suggesting that fluid–rock interactions in the submarine Surtsey basaltic deposits behave similarly to basaltic oceanic crust [32,33,34,35,36]. The Surtsey volcano geothermal system can be considered as analog for seawater–oceanic crust interactions that occur at seamounts and in ridge flank systems without the presence of overlying sediments [33]. Surtsey thus serves as a unique natural laboratory for investigating fluid–rock–microbe interactions, and its boreholes can be thought of as opened windows from the surface, allowing for the examination of subsurface microbial processes at high temperatures associated with oceanic crust. Diverse bacterial and archaeal taxa were detected in the subsurface of Surtsey using high-throughput sequencing [27,37]. Although many of these taxa were previously reported in surface and subsurface habitats in both terrestrial and marine settings, many of the newly discovered clades belonged to previously unknown lineages [37].



In this study, we used both specific and non-specific culture media under various temperature conditions to enrich high diversity of microorganisms from the subsurface of Surtsey, which includes fumarole, borehole fluid, and drill core samples. The objectives were (i) to describe the subsurface culturable microbial diversity; (ii) to determine if the application of a diverse range of media, temperature, and cultivation methods can enable the isolation of subsurface microorganisms previously only detected through culture-independent analysis; and (iii) to contribute to the understanding of the cultivable diversity of extreme subsurface environments, especially in the warm and newly formed oceanic crust.




2. Materials and Methods


2.1. Study Site and Sample Collection


The sampling site, Surtsey island (63°18′10.8″ N; 20°36′16.9″ W), is located approximately 35 km from the south coast of Iceland, within the southern offshore extension of Iceland’s Eastern Volcanic Zone. All samples were collected on the island between 2016 and 2018. The hydrothermal system was active with a maximal temperature of 124.6 °C at 100 m depth in 2017 [24,26,27,28]. Three sample types were collected for cultivation purposes (Table 1): (i) drill core samples collected at successive depths from SE-02a and SE-02b, (ii) borehole fluids from the four drill holes (SE-01, SE-02a, SE-02b, and SE-03), and (iii) condensed steam and biomass from fumarole outlets located on the two tephra cones (63°18′15.4″ N 20°36′07.7″ W and 63°18′19.9″ N 20°36′24.7″ W). All samples were immediately processed aseptically on-site and kept at 4 °C [30,37].



Drill cores were sampled during the ICDP SUSTAIN drilling operation at Surtsey in 2017 [30,37]. At the drill site, an 8 cm section was cut from every third 3 m core run at 70 cm from the top and was immediately removed from the liner, put into a sterile plastic bag, oxygen-removed by GasPak™ (BD), and stored at 4 °C. In the laboratory, drill core samples were fragmented with a hammer into an anaerobic chamber (atmosphere: N2/CO2/H2: 80/10/10, Coy Laboratory Inc., Grass Lake, MI, USA), and interior fractions were split into smaller pieces in a mortar. All tools for crushing were autoclaved, disinfected by ethanol, and flamed before and between each use. Two cultivation methods were tested with the drill core samples. Some basaltic samples were transferred into artificial seawater (ASW) supplemented by Wolin’s vitamin solution (DSMZ, medium 141) (1X) [38]. After being shaken overnight and stored at 4 °C for sedimentation, the supernatant was used for cultivation. In addition, small pieces of basalt were directly transferred into media for enrichment. Borehole fluid samples were collected using a stainless-steel bailer, as previously described in [27]. Steam from fumaroles was collected over 12 h of continuous sampling by introducing a sterile rubber hose into the outlet of the fumarole with the other end connected to a sterile plastic container. Both borehole fluids and steam, with were condensed into water, from fumarole were aliquoted, reduced by Na2S solution (0.05% w/v final concentration), and stored at 4 °C. In addition, biomass samples (mud and dead flies) were collected aseptically near the outlet fluxes and were stored at 4 °C in falcon tubes in anaerobic conditions using GasPak™ (BD).




2.2. Media Preparation, Enrichment, and Strains Isolation


Seven different culture media were tested, non-selective and selective (e.g., media for methanogens, iron, sulfate, and sulfur reducers), at various temperatures (i.e., 22 °C, 40 °C, 60 °C, and 80 °C) and under both aerobic and anaerobic conditions.



Aerobic cultures were performed on plates and in liquid non-selective media for marine heterotrophs (MB: Marine Broth 514 medium, BD Difco™) at pH 7 and 9 and in medium 166, a standard medium for aerobic thermophiles [39], supplemented with 2% NaCl (Table S1). Two jellifying agents were used: agar (14 g/L, Sigma-Aldrich, Deissenhofen, Germany) for incubation temperature below 60 °C or Phytagel™ (8 g/L, Sigma-Aldrich, Deissenhofen, Germany) for incubation temperature above 60 °C.



Anaerobic cultures were prepared in liquid selective media containing modified ASW, with the addition of different substrates (solution A) (Tables S2–S5). Those media were tested with different salinities (1 to 3% (w/v) NaCl). The modified ASW basis contained per liter of distilled water: NaCl (10 to 30 g), NH4Cl (0.5 g), MgSO4·7H2O (3.4 g), MgCl2·6H2O (4.18 g), KCl (0.33 g), FeSO4·7H2O (0.01 g), Na2SeO3·5H2O (1 mg), and PIPES buffer (3 g). Before being autoclaved, a few drops of resazurin (0.1% w/v) were added to the modified ASW as an indicator of O2 variations and substrates were differentially added to the different media as follows (per liter): the medium for sulfur-reducing microorganisms (modified YPS, Table S2) contained a yeast extract (0.5 g) and peptone (0.5 g), and pH was adjusted to 7; the medium for sulfate-reducing microorganisms (SO, Table S3) was supplemented by Na2SO4 (0.2 g), a yeast extract (0.2 g), L-lactate (0.5 g), Na-pyruvate (0.5 g), and L-ascorbate (0.5 g), and pH was adjusted to 7.5; the medium for iron-reducing microorganisms (I, Table S4) contained Fe (III) citrate (10 g) and Na-acetate (0.1 g), and pH was adjusted to 8; and the medium for methanogens (M, Table S5) was supplemented by a yeast extract (1 g), and pH was adjusted to 7.5.



In parallel, solutions B (K2HPO4 at 2.8% w/v) and C (CaCl2·2H2O at 10% w/v) were prepared and autoclaved separately. A trace elements solution (DMSZ 141 medium) was prepared as well and was filtrated-sterilized (0.22 µm filter). After sterilization and cooling, the solutions were added to solution A as follows: 5 mL of solution B, 5 mL of solution C, and 10 mL of the trace element solution. In addition, 10 g of elemental sulfur and 10 mL of the filtrated-sterilized solution of vitamins (DMSZ 141 medium) were added into the medium YPS (Table S2); 20 mL of NaHCO3 (0.1% w/v) was added into the medium SO (Table S3); 10 mL of a filtrated-sterilized solution of vitamins (DMSZ 141 medium), 20 mL of NaHCO3 (0.2% w/v), and 0.25 mL of Na2WO4·2H2O (0.1% w/v, N2) were added into the medium for I (Table S4); and 10 mL of a vitamin solution (DMSZ 141 medium), 20 mL of NaHCO3 (0.2% w/v), 0.5 g/L of coenzyme M (2-mercaptoethanesulfonic acid), and 5 mL of methanol were added into the medium M (Table S5).



All media were supplemented with a gas phase of H2/CO2 (80/20, 1.5 to 2 bars), except medium SO, which was supplemented with a gas phase of N2 (100, 1.5 to 2 bars). All media were reduced with a sterile Na2S·9H2O solution (0.05% w/v, pH 7, N2) with the addition of a L-Cysteine-HCl·H2O solution (0.05% w/v, pH 7, N2) in the medium M.



In the dark, culture media were inoculated with 1 to 3% of the basaltic suspension, small bits of rock, fumarole biomass fragments, or 1% of fluid samples (borehole fluid and condensed water from fumarole). The uninoculated culture media were incubated for each medium and incubation temperature under the same conditions as the negative controls. After growth was observed in the enrichment cultures, the plates were directly inoculated with the enrichment culture as an inoculum. If no growth was observed on the plate after 5 days, the dilution-to-extinction technique was employed. Growth was monitored by colony observation on plates or under the microscope (Olympus BX51 at 100X/1.30 Oil pH3). Colonies with unique morphological features were selected and were streaked at least six times before being considered pure. Using the dilution-to-extinction technique for strain isolation in liquid cultures, pure cultures were obtained from the highest positive dilution tube [40].



In total, 195 isolates were added to the Icelandic Strain Collection and Records (ISCaR) and stored at −140 °C (Table 2). Glycerol (20% v/v) was used as cryoprotectant for aerobic isolates, and two different preservation methods were used for anaerobic isolates—glycerol (20% v/v) and dimethyl sulfoxide (DMSO) (0.025% v/v).




2.3. Identification of Isolates by 16S rRNA Gene Sequencing


Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, MALDI-TOF MS (Microflex LT, Bruker Daltonics, Bremen, Germany), was used for strain differentiation, allowing for the selection of colonies to be sequenced. Each colony was extracted using a standard formic acid/acetonitrile procedure. In brief, a full loop of fresh culture was diluted in 300 µL of autoclaved milliQ water and 900 µL of ethanol. After centrifugation and elution of ethanol, the pellet was dried. Then, depending on the size of the pellet, a volume between 5 and 30 µL of a 70% formic acid solution was added, followed by the same volume of acetonitrile. After centrifugation, 1 µL of the supernatant was spotted on the target plate using a saturated α-cyano-4-hydroxycinnamic acid (HCCA) matrix solution. Measurements were consistently carried out using the same instrument parameters.



In parallel, single colony DNA was extracted from pure cultures and was carried out using a fresh 6% Chelex® 100 solution, as previously described [41]. DNA was quantified with a NanoDrop® ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA). From the selected isolates, partial sequences of the 16S rRNA gene were amplified using forward primer F9 (“5-GAGTTTGATCCTGGCTCAG-3”) and reverse primer R805 (“5-GACTACCCGGGTATCTAATCC-3”) [42]. PCR was performed using OneTaq® Hot Start DNA Polymerase (New England BioLabs Inc. (NEB), Ipswich, MA, USA; #M0481L), according to the recommendation of the manufacturers. The PCR program started with an initial denaturation step at 94 °C for 30 s, followed by 35 cycles of denaturation at 94 °C for 30 s, annealing at 52 °C for 1 min, and extension at 68 °C for 1 min. A final extension at 68 °C for 5 min was also included. The negative control was always used to exclude contamination. The amplification products were confirmed by agarose gel electrophoresis (1%) stained with SYBR® Safe DNA Gel Stain (Thermo Fischer Scientific, Waltham, MA, USA; #S33102) for 40 min at 100V and 400 mA in a 1X TAE buffer (2 M Tris, 1 M acetic acid, 50 mM EDTA disodium salt). PCR products were purified using Exonuclease I (ExoI, NEB, Ipswich, MA, USA; #M0293S), Shrimp Alkaline Phosphatase (SAP, NEB, Ipswich, MA, USA; #M0289S) and were sequenced with an ABI 377 DNA sequencer using a BigDye Terminator Cycle Sequencing Ready Reaction kit according to the manufacturer (Perkin-Elmer Applied Biosystems, Foster City, CA, USA). The quality and analysis of partial 16S rRNA gene sequences obtained from the isolates were checked with the software Sequencher 5.2.4 software (Gene Codes Corp., Ann Arbor, MI, USA), and closely related sequences were identified using BLASTn (Basic Local Alignment Search Tool) at NCBI (National Center for Biotechnology Information) and the 16S ribosomal RNA (Bacteria and Archaea type strains) database.




2.4. Construction of Phylogenetic Trees


One or two representative 16S rRNA gene sequences of each taxonomic group (55 sequences) were selected to build the phylogenetic tree. Sequences were classified and aligned using the online portal of the SILVA Incremental Aligner (SINA 1. 2. 11) tool of the ARB-Silva database (http://www.arb-silva.de/aligner/, accessed on 7 July 2021) [43]. The SILVA reference alignment searched the related sequences (two nearest neighbors per sequence) to 90% min identity of the 16S rRNA gene sequences from this study. Columns containing 10% or less rows of sequences were stripped of the full alignment, generating a final alignment with 158 taxa (55 from this study) and 1571 nucleotides. Maximum likelihood analyses were carried out using RAxML BlackBox (https://raxml-ng.vital-it.ch/#/, accessed on 13 September 2021) [44], as implemented on the CIPRES webserver [45] under the GTR GAMMA model. The tree in NEWICK format was imported into Interactive Tree Of Life (iTOL) v6.4 [46]. An additional tree that aligned all the sequences (151) with 442 sequences from the ARB-Silva database can be found in the Supplementary Materials (Figure S1).



Seven representative sequences of the novel strains (<98.65% 16S rRNA gene sequence similarity) isolated in this study were selected and aligned against 16S rRNA gene sequences of the closest cultured type strains using the clustal_w program [47]. Phylogenetic trees were reconstructed using the neighbour-joining tree algorithm [48] in MEGA7 [49], based on 1000 bootstrap replications and a total of 224 positions in the final dataset.




2.5. Bacterial Cultured Collection vs. 16S rRNA Amplicon Gene Sequencing


The 16S rRNA amplicon datasets used for the comparison with the sequences of the isolated strains were previously published in the European Nucleotide Archive (ENA) at EMBL-EBI (accession number ERP126178) [37]. Briefly, the datasets were obtained by Illumina MiSeq paired-end (2 × 300 base pair) tag sequencing using the universal primers 515f (5′-GTG CCA GCM GCC GCG GTA A-3′) and 806r (5′-GGA CTA CHV GGG TWT CTA AT-3′) [50]. Sequence variants were inferred using the R Package DADA2 [51] version 1.4, as described elsewhere [37], and the SILVA SSU database release 138 was used for taxonomic assignation [43]. A phyloseq object [52] was constructed directly from the DADA2 outputs and the Amplicon Sequence Variant (ASV) table before any contaminant removal was used for the alignment. The comparisons between the ASVs from 16S rRNA amplicon gene sequencing datasets and partial 16S rRNA gene sequences obtained by Sanger sequencing were performed using BLASTn optimized for highly similar sequences (megablast). All ASVs were basted against the 55 representative sequences of the isolated strains (Figure S2).





3. Results


3.1. Cultivated Bacterial Diversity


Under the microscope, 151 of the 270 enrichment cultures in the tested media and temperatures indicated growth. Positive growing enrichments were used as an inoculum in a subsequent medium. The isolates were obtained after either randomly selecting colonies that appeared on plates or after using the dilution-to-extinction method [40]. We obtained 195 isolates of bacteria from fumarole samples, borehole fluids, and drill cores collected from Surtsey island (Table 1). Most of the isolates were grown on the culture media 166 (101 strains), at 22 °C (120 strains), and in aerobic conditions (148 strains). The highest number of isolated strains came from borehole fluid samples (49.23%), followed by fumarole (26.15%) and drill cores (24.62%) (Figure 1 and Table 2).



Although many enrichment cultures showed growth in anaerobic conditions, subsequent growth was unsuccessful and most of the isolates were aerobic and heterotrophic bacteria. Thermophilic strains represented almost 30% of the strain collection, with 58 strains isolated at temperatures above 60 °C.



The isolates were identified by comparative analysis of their partial 16S rRNA gene sequences against the NCBI reference sequences (RefSeq) database. They were assigned to different families of five bacterial phyla (Figure 1), representing 42 different genera (Table 2 and Table S6). No Archaea isolates were obtained in pure culture under the culture conditions tested. The isolates were assigned to Actinobacteriota (43 strains), Bacteroidota (8 strains), Alphaproteobacteria (6 strains), Gammaproteobacteria (56 strains), Deinococcota (4 strains), and Firmicutes (78 strains) (Table 2). Firmicutes were mostly isolated from fumarole samples (80%), Gammaproteobacteria were mostly isolated from the drill core samples (46%), and Actinobacteriota were mostly isolated from borehole fluid (35%) (Figure 1). Most of the thermophilic strains belonged to the phylum Firmicutes, while eight strains of thermophilic Bacteroidetes and four strains of thermophilic Actinobacteria were isolated. In addition, four strains were isolated at 80 °C, and all belonged to the phylum Deinococcota. Only strains that belong to Rhodobacteraceae, Enterobacter, Micrococcus, and Microbacterium were isolated on the medium SO, while one strain of Sphingomonadaceae was isolated on the medium YPS. Enrichment cultures targeting iron, sulfur, sulfate reducer microorganisms, and methanogens showed growth, but only Cryobacterium, Frigoribacterium, Leifsonia, Acinetobacter, Micrococcus, and species that belong to the Enterobacterales were isolated on the media M and I and the rest of the enrichments could not be maintained by the dilution-to-extinction technique to isolate strains.




3.2. Phylogeny of the Isolates and Habitat of the Closest Relatives


The 16S rRNA genes of the isolates were partially sequenced. After trimming the end of the sequences to increase quality, the sizes of the sequence were mostly between 400 and 600 bp and sequence quality along all sequences was above 90%. Few sequences were smaller than 400 bp and thus were unambiguously assigned at the family level. To overcome this, taxonomic assignment of partial 16S rRNA gene sequences obtained from the 55 representative sequences of the isolates was performed using both the BLASTn on NCBI using the RefSeq database and SILVA Incremental Aligner (SINA 1. 2. 11) tool with Silva database version 138.1 [43] (Figure 2 and Figure S1, and Table S6).



Few isolated strains obtained in this study potentially represent novel species, according to the percentage value used as a boundary for species delineation of 98.65% 16S rRNA sequence similarity [53,54,55]. Twelve thermophilic strains belonging to the Actinobacteriota and the Bacteroidota showed sequence similarity below 98% and were related to Rhodothermus marinus (NR_074728) (95 to 96.41% sequence similarity) and Rubrobacter xylanophilus (NR_074552) (96.75–97.57%). The closest neighbor sequences corresponded to uncultured Rhodothermus species detected in seawater (EU249949) and Rubrobacter xylanophilus DSM 9941 isolated from hot spring water samples (CP000386) (Figure 2). The novel strains of Rhodothermus were characterized, and the name Rhodothermus bifroesti was attributed to the new species [56]. In addition, other isolated strains potentially represent novel species. Their sequences fell close to 98% of sequence similarity and were related to the genera Planococcus (97.80%), Halomonas (97.87–98.18%), Microbacterium (98.11–98.97%), and Polaromonas (98.01%) (Figure 3, Table S6). The closest neighbor sequences were detected in permafrost soil (JQ684228), seawater and deep-sea sediment (KP975360, AY582931), soil or continental Antarctic lake (CBVQ010000169, FR691402), and glacial sediment (JF719329) (Figure 2).



Other thermophilic strains were isolated in this study and showed sequence similarity percentages higher than 98%, with the closest related sequences usually detected from thermal environments. They belonged to the genera Thermus within the phylum Deinococcota and to Geobacillus, Ureibacillus, Brevibacillus, Caldalkalibacillus, and Planifilum within the Firmicutes. The only strains isolated at 80 °C were closely related with Thermus thermophilus (NR_113293.1), a hyperthermophilic bacterium that was originally isolated in saline hot spring [57]. The closest neighbor sequence was detected in a hydrothermal vent (AE017221) (Figure 2). Three strains showed 99.62% sequence similarity with Geobacillus subterraneus (NR_025109.1, NR_132400.1), a hydrocarbon-oxidizing thermophilic bacterium isolated from a petroleum reservoir located at 1200–2730 m b.s. [58]. Other strains isolated in this study were identified as Geobacillus sp. and fell into the Geobacillus thermoleovorans group. They were closely related to Geobacillus thermoparaffinivorans (KP218042), previously isolated from a crude oil deep reservoir [59]. Seven non-thermophilic isolated strains identified as Paeniglutamicibacter sp. were also closely related to sequences previously detected in oil-brine from an oilfield reservoir (NR_026237.1). Four strains were closely related to Ureibacillus thermosphaericus isolated from the air (NR_119203.1, X90640), while six strains were identified as Brevibacillus spp. and showed a high sequence similarity percentage with species previously isolated from hot spring (NR_117986.1) or hot water (ATNE01000001). One isolated strain was closely related at 99.93% sequence similarity to Planifilum yunnanense (NR_043563.1), a thermophilic thermoactinomycete that has been isolated from hot spring [60]. In addition, six other thermophilic strains isolated from borehole fluids showed 99.45% sequence similarity with Caldalkalibacillus uzonensis (NR_043653.1; DQ221694), an alkali-thermophilic bacterium isolated from hot spring [61].



Non-thermophilic strains isolated in this study were also closely related to alkaliphilic bacteria. Their sequences were closely related to Dietzia natronolimnaea (NR_116683.1), which has been isolated from soda lake [62], and to Bacillus pseudofirmus (X76439, AF406790, NR_026139.1) and Bacillus patagoniensis (AY258614, X76438, NR_025741.1), which were both recently reclassified to the genus Alkalihalobacillus [63].



Twenty-six isolates were closely related to species previously reported in marine habitats, including deep-sea sediments. These comprised Planomicrobium (NR_113593.1, AB680292), Paracoccus (NR_113921.1, AB185961), Pseudoalteromonas (NR_044837, FJ200650), Sulfitobacter (NR_043547.1, AY902204), Marinomonas (NR_116234.1, JX530896, JX310213), Shewanella (NR_040951.1, KF799558), and Halomonas (NR_116997.1, NR_027185.1, KP975360, AY582931) (Figure 2).



Few isolated strains identified in this study belonging to the Intrasporangiaceae family were closely related to Janibacter limnosus (NR_026362.1). Although this species has been previously reported as endemic from deep-sea sediments along with Rhodococcus, Arthrobacter, Kocuria, and Dietzia [64], the closest neighbor sequences were detected in a wastewater treatment plant (Y08539) and metazoan gut’s (HQ753139, AY837752). While some of the isolated strains were closely related to sequences that could be potential contaminants (e.g., Paenibacillus pasadenensis (AB681404), Rhodococcus from group 2 (KC422675), Glutamicibacter bergerei (AJ609630), and Micrococcus cohnii (FR832424, NR_117194.1)), other strains isolated in this study were closely related to sequences that were previously detected in the environment. This involved the permafrost (e.g., Rhodococcus cercidiphylli (KR233770), and Cryobacterium arcticum (CP016282, MK135913) and soil (e.g., uncultured Arthrobacter (KM253224, KC554602, NR_041546.1), uncultivated Kocuria (FM873503), Leifsonia poae (AF116342), Bacillus licheniformis (MH061919), Frigoribacterium faeni (Y18807), Rhizobium sp. RN11-2 (KC842249), and Brevundimonas sp. D11 (JQ977003)).



Overall, our results showed that many of the isolated species were closely related to sequences previously reported in marine (e.g., seawater, sediment, and deep-sea hydrothermal vent), alkaline (e.g., submarine alkaline or terrestrial hot springs, soda lake, and salty soil), and subsurface environments (e.g., petroleum reservoirs), while others showed percentages of 16S rRNA gene sequence similarity below 98%, suggesting that they might represent novel species.




3.3. Comparison of the Bacterial Diversity Observed by Amplicon Sequencing from Environmental Samples and Cultured Diversity


The culture-dependent (isolation) and -independent (metabarcoding) approaches showed different taxonomic distributions at the phylum level (Figure 4a,b). As expected, the number of phyla obtained by the culture-dependent approach was much lower than observed using the molecular method. Of the 49 phyla detected in the 16S rRNA gene amplicon datasets, only 5 were recovered in the culture collection (Figure 4a,b). However, those five phyla represented more than 80% of the ASVs obtained by amplicon sequencing (Figure 4a).



To determine if the cultured strains were detected in the subsurface of Surtsey island, we used a culture-independent method (Figure S2). The partial 16S rRNA gene sequences of the isolates were aligned against Amplicon Sequence Variants (ASVs) from the 16S rRNA gene amplicon datasets (accession number ERP126178), which were obtained from the same samples as for cultivation [37] (Figure S2). Only the ASVs matching at percentages higher than 98.65% sequence similarity with sequences from the cultured strains were kept for investigation (Figure 4d and Table 3; bold values). This threshold was selected for species delimitation, assuming that the same species was detected using culture-dependent and -independent methods at an equal or higher percentage. Among a total of 5642 unique ASVs from the amplicon datasets, only 121 ASVs (≥98.65% sequence similarity) were represented by the culturable strains, which correspond to 2.14% of the in situ diversity (Figure 4c). This fraction belongs to 34 different genera, such as Pseudomonas, Brevibacillus, Geobacillus, Thermus, Acinetobacter, a non-assigned genus from the Intrasporangiaceae family, and Brevundimonas, accounting for half of the 121 ASVs (Figure 4c,d). This suggests that some of the species isolated in this study were also detected in the subsurface of Surtsey island using high-throughput sequencing.



Table 3 indicates in which sample type the 121 ASVs were detected, in addition to the samples origin of the isolates. The sample types correspond to the 16S rRNA amplicon gene sequencing of fumarole, borehole fluid, and drill core samples (Table 3, F, BF, and DC) as well as the sequencing of blank as extraction controls (Table 3, Control). For example, ASVs detected in the borehole fluid and drill core samples possibly represent the same species as the Dietza sp. isolated in this study from a drill core sample (Table 3). Likewise, other cultured species were detected in the samples using a culture-independent approach. These species include Kocuria, Leifsonia, Paeniglutamicibacter, and Rhodococcus from group 2; Bacillus (para)licheniformis, Brevibacillus, Geobacillus, and Geobacillus from the thermoleovorans group; and Paenibacillus, Ureibacillus, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Paracoccus, Sphingobium, Halomonas, Marinomonas, and Pseudomonas from groups 1 and 3; and the cultured strains that belong to the family Rhodobacteraceae (Table 3). The latter species were not detected in the blank extraction controls (Table 3; Control), indicating that they might be endemic to the subsurface of the island.



Surprisingly, we cultivated genera that were not detected using metabarcoding (≤98.65%). They belong to Arthrobacter, Georgenia, Rubrobacter, Rhodothermus, Caldalkalibacillus, Planifilum, Planomicrobium, Polaromonas, Serratia, and Shewanella. Indeed, if no ASVs matched with a cultured strain sequence above 98.65%, ASVs with the highest score were kept in Table 3 as an indication of the closest taxa (Table 3, light values). Two species isolated in this study, Georgenia and Planifilum, did not match any detected ASVs, while other isolated species aligned with ASVs at low sequence similarity. These include Arthrobacter (97.78%), Rubrobacter (93.6%), Rhodothermus (95.58%), Bacillus from group 1 (97%), Caldalkalibacillus (98.53%), Polaromonas (98.27%), Shewanella (96.7%), and the cultured strain from the Planococcaceae family (97.67%).



Many of the species isolated in this study matched at high sequence similarity percentages with ASVs detected in the extraction blanks. These include Microbacterium lacus, Micrococcus, and Rhodococcus from group 1; Thermus, Caldalkalibacillus, Brevundimonas, Acinetobacter, Polaromonas, Pseudoalteromonas, and Pseudomonas from group 2; and the cultured strains belonging to the families Intrasporangiaceae and Enterobacteriaceae. While those taxa were detected in the extraction blanks, they were frequently detected at a much higher abundance in the samples. In contrast, the strain identified as Glutamicibacter sp. was only detected in the extraction blanks at 100% sequence similarity, suggesting that it is a potential contaminant.





4. Discussion


Most of the isolates cultured in this study were highly related to aerobic bacteria, and only a few taxa were isolated under anaerobic conditions. Among the 270 enrichment conditions tested, two nutrient-rich media, 166 and MB, were the most successful in the isolation of strains (Table 2). No archaea were isolated, and all of the bacterial isolates were heterotrophic. Our results suggest that the media and conditions tested were ineffective for isolating archaea and chemolithoautotrophs, although those taxa were detected in the subsurface of the Surtsey volcano [37]. The vast majority of the bacterial diversity in our samples seems to be uncultivable with our cultivation techniques, as it has been previously reported [17,19,20,65]. Archaeal cultivation is even more challenging [66]. Our results are comparable with other findings and could be explained by insufficient care during sampling, transportation, incorrect storage of the samples used as inoculum, or inadequate cultivation conditions and isolation methods [67]. In this study, many isolates could not be maintained or subsequently cultivated, especially colonies obtained in anaerobic conditions. Colonies obtained using the Hungate roll-tube technique [68,69] that could not grow after being transferred on solid or liquid media represent a good example. This could be due to a lack of information on the habitat’s physicochemical parameters, which are necessary for establishing cultivation settings that mimic in situ environmental conditions. For example, trace micronutrient substances or growth factors originally present in the samples could be essential for growth. The utilization of 0.22 µm filtered borehole fluids for media preparation may have thus facilitated the second transfer of colonies and aided in the maintenance of the subcultures. However, the volume of sterilized fluids was insufficient to serve as cultivation medium basis. In addition, some microorganisms can only be cultivated in the presence of other cells. Syntrophic relationships, competition, or inhibition between microorganisms can also exclude the cultivation and isolation of specific taxa. Lowering the nutrient content of the rich media used for enrichment could have improved the diversity of culturable microorganisms (e.g., [70]). In this study, fast-growing bacteria may have been favored due to the nutrient-rich substrate and short incubation time. The multiplication of experiments, methods (e.g., acclimation step, use of antibiotics, innovative cultivation techniques for co-cultivation, simulation of the natural environment, or single-cell isolation), media (wide range of carbon and energy sources), and culture conditions (e.g., temperature and pressure) may overcome these challenges.



Closest relatives to our isolated strains were previously detected in soil, seawater, and geothermal active sites near the surface (e.g., hot springs and hydrothermal vents) (Figure 2). This observation supports the hypothesis based on 16S rRNA gene amplicon sequencing results that microbial cells from the surrounding environment are transported into the subsurface of Surtsey island by fluid inflow (meteoric water and seawater inflow) and that the colonization of young basalt has been driven by the ability of some microorganisms to adapt to a new environment and to disperse across ecosystems [37]. Our culture-based approach brings insight into the question of whether the cells die, survive, or adapt to the extreme environmental conditions that exist within the volcano since seawater bacteria were alive and cultured from borehole fluid or drill core samples (e.g., Pseudoalteromonas, Halomonas, and Marinomonas, Table 3). In addition, alkaliphilic bacteria (e.g., Thioalkalimicrobium) were previously detected in the subaerial deposits of the Surtsey volcano [37]. The isolation of alkaliphilic bacteria (e.g., Caldalkalibacillus) from the subsurface of Surtsey confirmed that the environmental conditions occurring at some depths are highly saline and alkaline. This could be the result of the biotic or abiotic dissolution of some minerals or basaltic glass at low fluid–rock ratios [33]. It suggests that these groups of adapted microorganisms are present and active within the high-temperature geothermal system of Surtsey (range of 50–150 °C) and could have significant impacts on subsurface geochemistry [71].



As expected from other environmental microbiome research, a disparity was observed between the microbial communities identified in the samples using cultivation-independent methods in comparison with the cultured strains [72]. Among the total ASVs detected using a culture-independent approach (metabarcoding), only 2.14% were recovered in the cultured collection (Figure 4). The threshold of 98.65% sequence similarity was selected for species delimitation. Because some species share a high level of 16S rRNA gene sequence similarity (>99%), it is challenging to differentiate two species using 16S rRNA gene sequences alone. However, many comparative studies investigated large datasets to determine an optimal 16S rRNA gene sequence similarity threshold for microbial species demarcation, considering DNA–DNA hybridization (DDH) and average nucleotide identity (ANI) values, and taking into account the effect of the taxonomic group [55]. These studies suggested that 98.65% of 16S rRNA gene sequence similarity can be used as an adequate threshold for differentiating two species. The high proportion of ASVs detected in subsurface environment samples that remained uncultured could be explained by several reasons. The DNA detected in the samples might come from dead cells, prohibiting their detection using culture-dependent methods [67]. Additionally, as previously mentioned, the cultivation methods applied may be unsuitable for the cultivation of specific microbial taxa, and the application of unappropriated elements such as the composition of the medium, temperature, and oxidative stress can proscribe their growth [73]. Therefore, culturing efforts to characterize microbial communities should include a variety of methodologies and media. Still far too few microorganisms were isolated from extreme environments, especially autotrophic anaerobic microorganisms discovered using molecular techniques. The number of previously uncultured taxa may be increased with the application of innovative culturing methods, the addition of growth factors in the media, and the use of in situ cultivation methods in their original habitats [74,75,76]. At the same time, some of the cultivated genera were not detected with a culture-independent approach and could represent members of the rare biosphere. For example, Planifilum, which belongs to the Thermoactinomycetaceae family, was isolated from borehole fluid but was not detected using metabarcoding (Table 3). This observation has been made in a variety of environments [77,78] and suggests that cultivation not only provides a small percentage of what was detected in the sequencing data but also could increase the total diversity present in a sample.



When investigating low biomass samples from subsurface environments using a molecular approach, the incorporation of contaminants is very high during sample collection and processing [79,80]. Based on the datasets obtained through the activity of the Census of Deep Life (CoDL) and the Deep Carbon Observatory on low biomass subsurface environments, a list of genera was published and identified as “typical” potential contaminants that were usually associated with molecular reagents or potential human contamination [80]. Although the approach to removing all of the listed genera from a dataset has been proven effective [81,82,83], it can still result in the removal of “species” that may be indigenous and ecologically important. In this study, we isolated species that belong to genera identified as contaminants in previous studies [80,84]. These comprise Brevibacillus, Dietzia, Kocuria, Paenibacillus, Paracoccus, Pseudomonas, Rhodococcus, and Sphingobium. However, a distinction between species should be made to differentiate the false from the true contaminants. Nonetheless, comparing ASVs and 16S rRNA gene sequences from cultured strains can bring evidence. For example, sequences from the strains of Bacillus cereus isolated in this study were blasted at 100% sequence similarity with ASVs that were detected in almost all the samples, including the blank extraction controls (Table 3), and were closely related with sequences previously detected in human (LZOD01000018). In this case, we assume that this taxon is likely a contamination. Likewise, the isolated Serratia is most likely a contaminant, as it was only detected in the blank extraction controls (Table 3) and was closely related with sequences detected in human (Figure S1). While culture-independent methods may be affected by possible inherent contamination problems of subsurface samples, the question of whether a microorganism is truly indigenous may be answered by a comparison with a culture-dependent approach. Cultured strains may have the advantage of representing microorganisms that are adapted to subsurface conditions.




5. Conclusions


To conclude, our study is the first to report the culturable microbial diversity from the basaltic subsurface of Surtsey island. In total, we tested 270 enrichments using different temperatures and media. We isolated 195 strains, representing 42 different genera. Most of the isolates were aerobic and heterotrophic bacteria, and few novel species were isolated. In this perspective, a bacterium isolated in this study, Rhodothermus bifroesti, has been characterized [56]. The comparison of our cultured strains and ASVs from 16S rRNA amplicon gene datasets obtained from the same samples [37] revealed that isolates were detected using both culture-dependent (isolation) and -independent methods (metabarcoding). This study provided a valuable supplementary description of the microbial diversity in the subsurface of Surtsey. Both culture-independent and dependent methods are essential to improving our insight into the microbial communities inhabiting such an extreme and complex volcanic environment.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/microorganisms10061177/s1, Figure S1: Maximum likelihood 16S rRNA gene sequence phylogenetic tree of the cultured strains using ARB; Figure S2: Sampling and workflow of experiment. Table S1: Medium 166 modified from [39] (without proline). Grunnur base from medium 162 from [85]. Table S2: Medium YPS. Table S3: Medium sulfate reducer (SO). Table S4: Medium iron reducer (I). Table S5: Medium methanogen (M). Table S6: Culture collection represented by 55 selected strains.





Author Contributions


Conceptualization, P.B., P.V. and V.Þ.M.; methodology, P.B., P.V. and V.Þ.M.; formal analysis, P.B.; investigation, P.B., J.F. and A.M.; writing—original draft preparation, P.B.; writing—review and editing, P.B., P.V. and V.Þ.M.; visualization, P.B.; supervision, V.Þ.M.; project administration, V.Þ.M.; funding acquisition, V.Þ.M., P.V. and P.B. All authors have read and agreed to the published version of the manuscript.




Funding


The drilling operation was funded by International Continental Scientific Drilling Program (ICDP) through the Surtsey Underwater volcanic System for Thermophiles, Alteration processes and INnovative Concretes (SUSTAIN) project (led by M.D. Jackson). This research was funded by the Icelandic Research Fund (IRF, RANNÍS) through the grant of excellence IceSUSTAIN, number 163083-051 (led by M.T. Gudmundsson and V.Þ. Marteinsson), and the doctoral student grant ELiBSS, number 206582-051 (led by P. Bergsten).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Partial 16S rRNA gene sequences obtained in this study have been deposited in the GenBank databases under accession numbers OK534092 to OK534145.




Acknowledgments


The authors thank all members of the SUSTAIN onsite, science teams, and the Surtsey Research Society for their contributions to the drilling project and sampling, especially M.T. Gudmundsson, M.D. Jackson, A.M. Klonowski, B. Kleine, T. Weisenberger, S. Prause, and C.F. Gorny.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Magnabosco, C.; Lin, L.H.; Dong, H.; Bomberg, M.; Ghiorse, W.; Stan-Lotter, H.; Pedersen, K.; Kieft, T.L.; van Heerden, E.; Onstott, T.C. The Biomass and Biodiversity of the Continental Subsurface. Nat. Geosci. 2018, 1, 707–717. [Google Scholar] [CrossRef]

	



Huber, J.A.; Johnson, H.P.; Butterfield, D.A.; Baross, J.A. Microbial Life in Ridge Flank Crustal Fluids. Environ. Microbiol. 2006, 8, 88–99. [Google Scholar] [CrossRef] [PubMed]

	



Nakagawa, S.; Inagaki, F.; Suzuki, Y.; Steinsbu, B.O.; Lever, M.A.; Takai, K.; Engelen, B.; Sako, Y.; Wheat, C.G.; Horikoshi, K. Microbial Community in Black Rust Exposed to Hot Ridge Flank Crustal Fluids. Appl. Environ. Microbiol. 2006, 72, 10. [Google Scholar] [CrossRef] [PubMed]

	



Lever, M.A.; Rouxel, O.; Alt, J.C.; Shimizu, N.; Ono, S.; Coggon, R.M.; Shanks, W.C.; Lapham, L.; Elvert, M.; Prieto-Mollar, X.; et al. Evidence for Microbial Carbon and Sulfur Cycling in Deeply Buried Ridge Flank Basalt. Science 2013, 339, 6125. [Google Scholar] [CrossRef]

	



Jungbluth, S.P.; Lin, H.T.; Cowen, J.P.; Glazer, B.T.; Rappé, M.S. Phylogenetic Diversity of Microorganisms in Subseafloor Crustal Fluids from Holes 1025C and 1026B along the Juan de Fuca Ridge Flank. Front. Microbiol. 2014, 5, 119. [Google Scholar] [CrossRef]

	



Robador, A.; Jungbluth, S.P.; LaRowe, D.E.; Bowers, R.M.; Rappé, M.S.; Amend, J.P.; Cowen, J.P. Activity and Phylogenetic Diversity of Sulfate-Reducing Microorganisms in Low-Temperature Subsurface Fluids within the Upper Oceanic Crust. Front. Microbiol. 2015, 5, 748. [Google Scholar] [CrossRef]

	



Baquiran, J.P.M.; Ramírez, G.A.; Haddad, A.G.; Toner, B.M.; Hulme, S.; Wheat, C.G.; Edwards, K.J.; Orcutt, B.N. Temperature and Redox Effect on Mineral Colonization in Juan de Fuca Ridge Flank Subsurface Crustal Fluids. Front. Microbiol. 2016, 7, 396. [Google Scholar] [CrossRef]

	



Cowen, J.P.; Giovannoni, S.J.; Kenig, F.; Johnson, H.P.; Butterfield, D.; Rappé, M.S.; Hutnak, M.; Lam, P. Fluids from Aging Ocean Crust That Support Microbial Life. Science 2003, 299, 120–123. [Google Scholar] [CrossRef]

	



Orcutt, B.N.; Bach, W.; Becker, K.; Fisher, A.T.; Hentscher, M.; Toner, B.M.; Wheat, C.G.; Edwards, K.J. Colonization of Subsurface Microbial Observatories Deployed in Young Ocean Crust. ISME J. 2011, 5, 692–703. [Google Scholar] [CrossRef]

	



Jungbluth, S.P.; Grote, J.; Lin, H.T.; Cowen, J.P.; Rappé, M.S. Microbial Diversity within Basement Fluids of the Sediment-Buried Juan de Fuca Ridge Flank. ISME J. 2013, 7, 161–172. [Google Scholar] [CrossRef]

	



Jungbluth, S.P.; Bowers, R.M.; Lin, H.T.; Cowen, J.P.; Rappé, M.S. Novel Microbial Assemblages Inhabiting Crustal Fluids within Mid-Ocean Ridge Flank Subsurface Basalt. ISME J. 2016, 10, 2033–2047. [Google Scholar] [CrossRef] [PubMed]

	



Parks, D.H.; Rinke, C.; Chuvochina, M.; Chaumeil, P.-A.; Woodcroft, B.J.; Evans, P.N.; Hugenholtz, P.; Tyson, G.W. Recovery of Nearly 8,000 Metagenome-Assembled Genomes Substantially Expands the Tree of Life. Nat. Microbiol. 2017, 2, 1533–1542. [Google Scholar] [CrossRef] [PubMed]

	



Lynch, M.D.J.; Neufeld, J.D. Ecology and Exploration of the Rare Biosphere. Nat. Rev. Microbiol. 2015, 13, 217–229. [Google Scholar] [CrossRef] [PubMed]

	



Hug, L.A.; Baker, B.J.; Anantharaman, K.; Brown, C.T.; Probst, A.J.; Castelle, C.J.; Butterfield, C.N.; Hernsdorf, A.W.; Amano, Y.; Ise, K.; et al. A New View of the Tree of Life. Nat. Microbiol. 2016, 1, 16048. [Google Scholar] [CrossRef]

	



Thompson, L.R.; Sanders, J.G.; McDonald, D.; Amir, A.; Ladau, J.; Locey, K.J.; Prill, R.J.; Tripathi, A.; Gibbons, S.M.; Ackermann, G.; et al. A Communal Catalogue Reveals Earth’s Multiscale Microbial Diversity. Nature 2017, 551, 457–463. [Google Scholar] [CrossRef]

	



Nunoura, T.; Chikaraishi, Y.; Izaki, R.; Suwa, T.; Sato, T.; Harada, T.; Mori, K.; Kato, Y.; Miyazaki, M.; Shimamura, S.; et al. A Primordial and Reversible TCA Cycle in a Facultatively Chemolithoautotrophic Thermophile. Science 2018, 359, 559–563. [Google Scholar] [CrossRef]

	



Amann, R.I.; Ludwig, W.; Schleifer, K.H. Phylogenetic Identification and in Situ Detection of Individual Microbial Cells without Cultivation. Microbiol. Rev. 1995, 59, 143–169. [Google Scholar] [CrossRef]

	



Hugenholtz, P.; Goebel, B.M.; Pace, N.R. Impact of Culture-Independent Studies on the Emerging Phylogenetic View of Bacterial Diversity. J. Bacteriol. 1998, 180, 4765–4774. [Google Scholar] [CrossRef]

	



Rappé, M.S.; Giovannoni, S.J. The Uncultured Microbial Majority. Annu. Rev. Microbiol. 2003, 57, 369–394. [Google Scholar] [CrossRef]

	



Steen, A.D.; Crits-Christoph, A.; Carini, P.; DeAngelis, K.M.; Fierer, N.; Lloyd, K.G.; Cameron Thrash, J. High Proportions of Bacteria and Archaea across Most Biomes Remain Uncultured. ISME J. 2019, 13, 3126–3130. [Google Scholar] [CrossRef]

	



Thorarinsson, S.; Þórarinsson, S. The Surtsey Eruption: Course of Events and the Development of the New Island. Surtsey Res. Prog. Rep. 1965, 1, 51–55. [Google Scholar]

	



Jakobsson, S.P.; Moore, J.G. The Surtsey Research Drilling Project of 1979. Surtsey Res. Prog. Rep. 1982, 9, 76–93. [Google Scholar]

	



Jakobsson, S.P.; Thors, K.; Vésteinsson, Á.T.; Ásbjörnsdóttir, L. Some Aspects of the Seafloor Morphology at Surtsey Volcano: The New Multibeam Bathymetric Survey of 2007, Surtsey Research. Surtsey Res. Prog. Rep. 2009, 12, 9–20. [Google Scholar]

	



Jakobsson, S.P.; Moore, J.G. Hydrothermal Minerals and Alteration Rates at Surtsey Volcano, Iceland. Geol. Soc. Am. Bull. 1986, 97, 648–659. [Google Scholar] [CrossRef]

	



Takai, K.; Nakamura, K.; Toki, T.; Tsunogai, U.; Miyazaki, M.; Miyazaki, J.; Hirayama, H.; Nakagawa, S.; Nunoura, T.; Horikoshi, K. Cell Proliferation at 122 °C and Isotopically Heavy CH4 Production by a Hyperthermophilic Methanogen under High-Pressure Cultivation. Proc. Natl. Acad. Sci. USA 2008, 105, 10949–10954. [Google Scholar] [CrossRef] [PubMed]

	



Ólafsson, M.; Jakobsson, S.P. Chemical Composition of Hydrothermal Water and Water-Rock Interactions on Surtsey Volcanic Island: A Preliminary Report. Surtsey Res. 2009, 12, 29–38. [Google Scholar]

	



Marteinsson, V.; Klonowski, A.; Reynisson, E.; Vannier, P.; Sigurdsson, B.D.; Ólafsson, M. Microbial Colonization in Diverse Surface Soil Types in Surtsey and Diversity Analysis of Its Subsurface Microbiota. Biogeosciences 2015, 12, 1191–1203. [Google Scholar] [CrossRef]

	



Jackson, M.D.; Couper, S.; Stan, C.V.; Ivarsson, M.; Czabaj, M.W.; Tamura, N.; Parkinson, D.; Miyagi, L.M.; Moore, J.G. Authigenic Mineral Texture in Submarine 1979 Basalt Drill Core, Surtsey Volcano, Iceland. Geochem. Geophys. Geosyst. 2019, 20, 3751–3773. [Google Scholar] [CrossRef]

	



Jackson, M.D.; Gudmundsson, M.T.; Bach, W.; Cappelletti, P.; Coleman, N.J.; Ivarsson, M.; Jónasson, K.; Jørgensen, S.L.; Marteinsson, V.; McPhie, J.; et al. Time-Lapse Characterization of Hydrothermal Seawater and Microbial Interactions with Basaltic Tephra at Surtsey Volcano. Sci. Drill. 2015, 20, 51–58. [Google Scholar] [CrossRef]

	



Jackson, M.D.; Gudmundsson, M.T.; Weisenberger, T.B.; Rhodes, J.M.; Stefánsson, A.; Kleine, B.I.; Lippert, P.C.; Marquardt, J.M.; Reynolds, H.I.; Kück, J.; et al. SUSTAIN Drilling at Surtsey Volcano, Iceland, Tracks Hydrothermal and Microbiological Interactions in Basalt 50 Years after Eruption. Sci. Drill. 2019, 25, 35–46. [Google Scholar] [CrossRef]

	



Weisenberger, T.B.; Gudmundsson, M.T.; Jackson, M.D.; Gorny, C.F.; Türke, A.; Kleine, B.I.; Marshall, B.; Jørgensen, S.L.; Marteinsson, V.T.; Stefánsson, A.; et al. Operational Report for the 2017 Surtsey Underwater Volcanic System for Thermophiles, Alteration Processes and INnovative Concretes (SUSTAIN) Drilling Project at Surtsey Volcano, Iceland; GFZ German Research Centre for Geosciences: Potsdam, Germany, 2019; 240p. [Google Scholar] [CrossRef]

	



Schipper, C.I.; Le Voyer, M.; Moussallam, Y.; White, J.D.L.; Thordarson, T.; Kimura, J.I.; Chang, Q. Degassing and Magma Mixing during the Eruption of Surtsey Volcano (Iceland, 1963–1967): The Signatures of a Dynamic and Discrete Rift Propagation Event. Bull. Volcanol. 2016, 78, 33. [Google Scholar] [CrossRef]

	



Kleine, B.I.; Stefánsson, A.; Kjartansdóttir, R.; Prause, S.; Weisenberger, T.B.; Reynolds, H.I.; Sveinbjörnsdóttir, Á.E.; Jackson, M.D.; Gudmundsson, M.T. The Surtsey Volcano Geothermal System: An Analogue for Seawater-Oceanic Crust Interaction with Implications for the Elemental Budget of the Oceanic Crust. Chem. Geol. 2020, 550, 119702. [Google Scholar] [CrossRef]

	



McPhie, J.; White, J.D.L.; Gorny, C.; Jackson, M.D.; Gudmundsson, M.T.; Couper, S. Lithofacies from the 1963-1967 Surtsey Eruption in SUSTAIN Drill Cores SE-2a, SE-2b and SE-03. Surtsey Res. 2020, 14, 85–90. [Google Scholar] [CrossRef]

	



Moore, J.C.; Jackson, M.D. Observations on the Structure of Surtsey. Surtsey Res. 2020, 14, 33–45. [Google Scholar] [CrossRef]

	



Prause, S.; Weisenberger, T.B.; Cappelletti, P.; Grimaldi, C.; Rispoli, C.; Jónasson, K.; Jackson, M.D.; Gudmundsson, M.T. Alteration Progress within the Surtsey Hydrothermal System, SW Iceland—A Time-Lapse Petrographic Study of Cores Drilled in 1979 and 2017. J. Volcanol. Geotherm. Res. 2020, 392, 106754. [Google Scholar] [CrossRef]

	



Bergsten, P.; Vannier, P.; Klonowski, A.M.; Knobloch, S.; Gudmundsson, M.T.; Jackson, M.D.; Marteinsson, V.T. Basalt-Hosted Microbial Communities in the Subsurface of the Young Volcanic Island of Surtsey, Iceland. Front. Microbiol. 2021, 12, 2789. [Google Scholar] [CrossRef]

	



Wolin, E.A.; Wolin, M.J.; Wolfe, R.S. Formation of methane by bacterial extracts. J. Biol. Chem. 1963, 238, 2882–2886. [Google Scholar] [CrossRef]

	



Hjorleifsdottir, S.; Skirnisdottir, S.; Hreggvidsson, G.O.; Holst, O.; Kristjansson, J.K. Species Composition of Cultivated and Noncultivated Bacteria from Short Filaments in an Icelandic Hot Spring at 88 °C. Microb. Ecol. 2001, 42, 117–125. [Google Scholar] [CrossRef]

	



Button, D.K.; Schut, F.; Quang, P.; Martin, R.; Robertson, B.R. Viability and Isolation of Marine Bacteria by Dilution Culture: Theory, Procedures, and Initial Results. Appl. Environ. Microbiol. 1993, 559, 881–891. [Google Scholar] [CrossRef]

	



Walsh, P.S.; Metzger, D.A.; Higuchi, R. Chelex® 100 as a Medium for Simple Extraction of DNA for PCR-Based Typing from Forensic Material. BioTechniques 1991, 10, 506–513. [Google Scholar] [CrossRef]

	



Skirnisdottir, S.; Hreggvidsson, G.O.; Hjörleifsdottir, S.; Marteinsson, V.T.; Petursdottir, S.K.; Holst, O.; Kristjansson, J.K. Influence of Sulfide and Temperature on Species Composition and Community Structure of Hot Spring Microbial Mats. Appl. Environ. Microbiol. 2000, 66, 2835–2841. [Google Scholar] [CrossRef] [PubMed]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA Ribosomal RNA Gene Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res. 2013, 41, D590–D596. [Google Scholar] [CrossRef] [PubMed]

	



Kozlov, A.M.; Darriba, D.; Flouri, T.; Morel, B.; Stamatakis, A. RAxML-NG: A Fast, Scalable and User-Friendly Tool for Maximum Likelihood Phylogenetic Inference. Bioinformatics 2019, 35, 4453–4455. [Google Scholar] [CrossRef]

	



Miller, M.A.; Pfeiffer, W.; Schwartz, T. Creating the CIPRES Science Gateway for Inference of Large Phylogenetic Trees. In Proceedings of the 2010 Gateway Computing Environments Workshop (GCE 2010), New Orleans, LA, USA, 14 November 2010. [Google Scholar]

	



Letunic, I.; Bork, P. Interactive Tree of Life (ITOL) v5: An Online Tool for Phylogenetic Tree Display and Annotation. Nucleic Acids Res. 2021, 49, W293–W296. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the Sensitivity of Progressive Multiple Sequence Alignment through Sequence Weighting, Position-Specific Gap Penalties and Weight Matrix Choice. Nucleic Acids Res. 1994, 22, 4673–4680. [Google Scholar] [CrossRef]

	



Saitou, N.; Nei, M. The Neighbor-Joining Method: A New Method for Reconstructing Phylogenetic Trees. Mol. Biol. Evol. 1987, 4, 406–425. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Huntley, J.; Fierer, N.; Owens, S.M.; Betley, J.; Fraser, L.; Bauer, M.; et al. Ultra-High-Throughput Microbial Community Analysis on the Illumina HiSeq and MiSeq Platforms. ISME J. 2012, 6, 1621–1624. [Google Scholar] [CrossRef]

	



Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-Resolution Sample Inference from Illumina Amplicon Data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef]

	



McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census Data. PLoS ONE 2013, 8, e61217. [Google Scholar] [CrossRef]

	



Goris, J.; Konstantinidis, K.T.; Klappenbach, J.A.; Coenye, T.; Vandamme, P.; Tiedje, J.M. DNA-DNA Hybridization Values and Their Relationship to Whole-Genome Sequence Similarities. Int. J. Syst. Evol. Microbiol. 2007, 57, 81–91. [Google Scholar] [CrossRef] [PubMed]

	



Richter, M.; Rosselló-Móra, R. Shifting the Genomic Gold Standard for the Prokaryotic Species Definition. Proc. Natl. Acad. Sci. USA 2009, 106, 19126–19131. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.; Oh, H.S.; Park, S.C.; Chun, J. Towards a Taxonomic Coherence between Average Nucleotide Identity and 16S RRNA Gene Sequence Similarity for Species Demarcation of Prokaryotes. Int. J. Syst. Evol. Microbiol. 2014, 64, 346–351. [Google Scholar] [CrossRef] [PubMed]

	



Bergsten, P.; Vannier, P.; Mougeolle, A.; Rigaud, L.; Marteinsson, V.T. Rhodothermus Bifroesti Sp. Nov., a Thermophilic Bacterium Isolated from the Basaltic Subsurface of the Volcanic Island Surtsey. Int. J. Syst. Evol. Microbiol. 2022, 72, 005214. [Google Scholar] [CrossRef] [PubMed]

	



Oshima, T.; Imahori, K. Description of Thermus Thermophilus (Yoshida and Oshima) Comb. Nov., a Nonsporulating Thermophilic Bacterium from a Japanese Thermal Spa. Int. J. Syst. Bacteriol. 1974, 24, 102. [Google Scholar] [CrossRef]

	



Nazina, T.N.; Tourova, T.P.; Poltaraus, A.B.; Novikova, E.V.; Grigoryan, A.A.; Ivanova, A.E.; Lysenko, A.M.; Petrunyaka, V.V.; Osipov, G.A.; Belyaev, S.S.; et al. Taxonomic Study of Aerobic Thermophilic Bacilli. Int. J. Syst. Evol. Microbiol. 2001, 51, 433–446. [Google Scholar] [CrossRef]

	



Elumalai, P.; Parthipan, P.; Narenkumar, J.; Anandakumar, B.; Madhavan, J.; Oh, B.T.; Rajasekar, A. Role of Thermophilic Bacteria (Bacillus and Geobacillus) on Crude Oil Degradation and Biocorrosion in Oil Reservoir Environment. 3 Biotech 2019, 9, 79. [Google Scholar] [CrossRef]

	



Zhang, Y.X.; Dong, C.; Biao, S. Planifilum Yunnanense Sp. Nov., a Thermophilic Thermoactinomycete Isolated from a Hot Spring. Int. J. Syst. Evol. Microbiol. 2007, 57, 1851–1854. [Google Scholar] [CrossRef]

	



Zhao, W.; Zhang, C.L.; Romanek, C.S.; Wiegel, J. Description of Caldalkalibacillus Uzonensis Sp. Nov. and Emended Description of the Genus Caldalkalibacillus. Int. J. Syst. Evol. Microbiol. 2008, 58, 1106–1108. [Google Scholar] [CrossRef]

	



Duckworth, A.W.; Grant, S.; Grant, W.D.; Jones, B.E.; Meijer, D. Dietzia Natronolimnaios Sp. Nov., a New Member of the Genus Dietzia Isolated from an East African Soda Lake. Extremophiles 1998, 2, 359–366. [Google Scholar] [CrossRef]

	



Patel, S.; Gupta, R.S. A Phylogenomic and Comparative Genomic Framework for Resolving the Polyphyly of the Genus Bacillus: Proposal for Six New Genera of Bacillus Species, Peribacillus Gen. Nov., Cytobacillus Gen. Nov., Mesobacillus Gen. Nov., Neobacillus Gen. Nov., Metabacillu. Int. J. Syst. Evol. Microbiol. 2020, 70, 406–438. [Google Scholar] [CrossRef] [PubMed]

	



Ettoumi, B.; Chouchane, H.; Guesmi, A.; Mahjoubi, M.; Brusetti, L.; Neifar, M.; Borin, S.; Daffonchio, D.; Cherif, A. Diversity, Ecological Distribution and Biotechnological Potential of Actinobacteria Inhabiting Seamounts and Non-Seamounts in the Tyrrhenian Sea. Microbiol. Res. 2016, 180, 366–376. [Google Scholar] [CrossRef] [PubMed]

	



Hugenholtz, P.; Pitulle, C.; Hershberger, K.L.; Pace, N.R. Novel Division Level Bacterial Diversity in a Yellowstone Hot Spring. J. Bacteriol. 1998, 186–187, 71–80. [Google Scholar] [CrossRef]

	



Sun, Y.; Liu, Y.; Pan, J.; Wang, F.; Li, M. Perspectives on Cultivation Strategies of Archaea. Microb. Ecol. 2020, 73, 770–784. [Google Scholar] [CrossRef]

	



Hahn, M.W.; Koll, U.; Schmidt, J. Isolation and Cultivation of Bacteria. In The Structure and Function of Aquatic Microbial Communities; Springer: Cham, Switzerland, 2019. [Google Scholar]

	



Hungate, R.E. The Anaerobic Mesophilic Cellulolytic Bacteria. Bacteriol. Rev. 1950, 14, 1–49. [Google Scholar] [CrossRef] [PubMed]

	



Clark, H. Culturing Anaerobes. Nat. Res. 2019, 2019. [Google Scholar]

	



Cho, J.C.; Giovannoni, S.J. Cultivation and Growth Characteristics of a Diverse Group of Oligotrophic Marine Gammaproteobacteria. Appl. Environ. Microbiol. 2004, 70, 432–440. [Google Scholar] [CrossRef]

	



D’Hondt, S.; Pockalny, R.; Fulfer, V.M.; Spivack, A.J. Subseafloor Life and Its Biogeochemical Impacts. Nat. Commun. 2019, 10, 1–13. [Google Scholar] [CrossRef]

	



Demko, A.M.; Patin, N.V.; Jensen, P.R. Microbial Diversity in Tropical Marine Sediments Assessed Using Culture-Dependent and Culture-Independent Techniques. Environ. Microbiol. 2021, 23, 6859–6875. [Google Scholar] [CrossRef]

	



Tang, L. Culturing Uncultivated Bacteria. Nat. Methods 2019, 16, 1078. [Google Scholar] [CrossRef]

	



Jung, D.; Liu, L.; He, S. Application of in Situ Cultivation in Marine Microbial Resource Mining. Mar. Life Sci. Technol. 2021, 3, 148–161. [Google Scholar] [CrossRef]

	



Jung, D.; Machida, K.; Nakao, Y.; Kindaichi, T.; Ohashi, A.; Aoi, Y. Triggering Growth via Growth Initiation Factors in Nature: A Putative Mechanism for in Situ Cultivation of Previously Uncultivated Microorganisms. Front. Microbiol. 2021, 12, 1107. [Google Scholar] [CrossRef] [PubMed]

	



Berdy, B.; Spoering, A.L.; Ling, L.L.; Epstein, S.S. In Situ Cultivation of Previously Uncultivable Microorganisms Using the Ichip. Nat. Protoc. 2017, 12, 2232–2242. [Google Scholar] [CrossRef] [PubMed]

	



Crespo, B.G.; Wallhead, P.J.; Logares, R.; Pedrós-Alió, C. Probing the Rare Biosphere of the North-West Mediterranean Sea: An Experiment with High Sequencing Effort. PLoS ONE 2016, 11, e0159195. [Google Scholar] [CrossRef] [PubMed]

	



Pédron, J.; Guyon, L.; Lecomte, A.; Blottière, L.; Chandeysson, C.; Rochelle-Newall, E.; Raynaud, X.; Berge, O.; Barny, M.A. Comparison of Environmental and Culture-Derived Bacterial Communities through 16S Metabarcoding: A Powerful Tool to Assess Media Selectivity and Detect Rare Taxa. Microorganisms 2020, 8, 1129. [Google Scholar] [CrossRef]

	



Kallmeyer, J. Contamination Control for Scientific Drilling Operations. Adv. Appl. Microbiol. 2017, 98, 61–91. [Google Scholar] [CrossRef]

	



Sheik, C.S.; Reese, B.K.; Twing, K.I.; Sylvan, J.B.; Grim, S.L.; Schrenk, M.O.; Sogin, M.L.; Colwell, F.S. Identification and Removal of Contaminant Sequences from Ribosomal Gene Databases: Lessons from the Census of Deep Life. Front. Microbiol. 2018, 9, 840. [Google Scholar] [CrossRef]

	



Orsi, W.D.; Edgcomb, V.P.; Christman, G.D.; Biddle, J.F. Gene Expression in the Deep Biosphere. Nature 2013, 499, 205–208. [Google Scholar] [CrossRef]

	



Inagaki, F.; Hinrichs, K.U.; Kubo, Y.; Bowles, M.W.; Heuer, V.B.; Hong, W.L.; Hoshino, T.; Ijiri, A.; Imachi, H.; Ito, M.; et al. Exploring Deep Microbial Life in Coal-Bearing Sediment down to ~2.5 Km below the Ocean Floor. Science 2015, 349, 420–424. [Google Scholar] [CrossRef]

	



Reese, B.K.; Zinke, L.A.; Sobol, M.S.; LaRowe, D.E.; Orcutt, B.N.; Zhang, X.; Jaekel, U.; Wang, F.; Dittmar, T.; Defforey, D.; et al. Nitrogen Cycling of Active Bacteria within Oligotrophic Sediment of the Mid-Atlantic Ridge Flank. Geomicrobiol. J. 2018, 35, 468–483. [Google Scholar] [CrossRef]

	



Salter, S.J.; Cox, M.J.; Turek, E.M.; Calus, S.T.; Cookson, W.O.; Moffatt, M.F.; Turner, P.; Parkhill, J.; Loman, N.J.; Walker, A.W. Reagent and Laboratory Contamination Can Critically Impact Sequence-Based Microbiome Analyses. BMC Biol. 2014, 12, 87. [Google Scholar] [CrossRef] [PubMed]

	



Degryse, E.; Glansdorff, N.; Piérard, A. A Comparative Analysis of Extreme Thermophilic Bacteria Belonging to the Genus Thermus. Arch. Microbiol. 1978, 117, 189–196. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 10 01177 g001 550] 





Figure 1. Taxonomical distribution at the phylum level (classes for Proteobacteria) of the bacterial isolates from Surtsey island by sampling sites. The percentages represent the relative cultivable bacterial abundance. Thermophilic strains (≤60 °C) are framed in bold. 
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Figure 2. Maximum likelihood phylogeny of the partial 16S rRNA gene sequences placing the cultured bacteria from the subsurface of Surtsey island. The final alignment contained 158 sequences, 55 from this study (in bold), and was generated using the SILVA SINA alignment tool and the SILVA reference alignment. The tree was constructed using RAxML under the GTR GAMMA model of evolution. 
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Figure 3. Phylogenetic tree based on partial 16S rRNA gene sequences showing the relationship between the novel species isolated in this study and closest cultured type strains. GenBank accession numbers are given in parentheses. The tree is based on the clustal_w and the neighbour-joining method with 1000 bootstraps using a total of 224 positions in the final dataset. Bar, 0.05 represented the nucleotide substitution per position. 
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Figure 4. For each phylum, number of ASVs obtained by high throughput sequencing (a) and cultured strains (b). (c) The fraction of the in situ diversity represented by cultured strains, and taxonomic classification (d). An ASV was considered to be represented by the cultured strains if the ASV had equal or higher than 98.65% sequence similarity with the 16S rRNA gene sequence of cultured strains. The taxonomic classification of the ASVs represented by the cultured strains at the genus level. Family given in parenthesis for Enterobacteriaceae, Intrasporangiaceae, Planococcaceae and Rhodobacteraceae. NA. Not assigned genera. 
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Table 1. Sample collection.






Table 1. Sample collection.





	Sample ID
	Sample Type
	Sampling Date
	Collection Depth

(m b.s.)
	Collection

Temperature (°C)





	16.2
	Borehole fluid
	9 June 2016
	166
	54



	16.7
	Borehole fluid
	9 June 2016
	160
	60



	16.8
	Borehole fluid
	9 June 2016
	mix
	n.a.



	17.1
	Borehole fluid
	3 August 2017
	58
	85



	17.2
	Borehole fluid
	3 August 2017
	120
	116



	17.3
	Borehole fluid
	3 August 2017
	150
	76



	17.4
	Borehole fluid
	3 August 2017
	160
	52



	17.5
	Fumarole
	5 August 2017
	0
	64.2–82.3



	17.6
	Fumarole
	4 August 2017
	0
	40.8



	17.8, 17.9, 17.F
	Fumarole
	4 August 2017
	0
	56.1–74.6



	17.11
	Borehole fluid
	6 September 2017
	140
	116



	17.13
	Borehole fluid
	6 September 2017
	280
	58



	17.14
	Borehole fluid
	6 September 2017
	mix
	n.a.



	17.15
	Borehole fluid
	6 September 2017
	75
	98



	17.16
	Borehole fluid
	5 September 2017
	60
	90



	17.17
	Borehole fluid
	5 September 2017
	80
	116



	17.18
	Borehole fluid
	5 September 2017
	90
	122



	17.19
	Borehole fluid
	5 September 2017
	100
	124



	17.22
	Borehole fluid
	5 September 2017
	160
	61



	17.23
	Borehole fluid
	5 September 2017
	mix
	n.a.



	18.1
	Borehole fluid
	19 September 2018
	mix
	n.a.



	18.2
	Borehole fluid
	19 September 2018
	mix
	n.a.



	18.3
	Borehole fluid
	19 September 2018
	mix
	n.a.



	B3
	Drill core
	10 August 2017
	15
	15.3



	B9
	Drill core
	11 August 2017
	32
	30



	B24
	Drill core
	12 August 2017
	70
	109



	B30
	Drill core
	13 August 2017
	87
	121



	B36
	Drill core
	14 August 2017
	105
	123



	C55
	Drill core
	25 August 2017
	156
	64



	C59
	Drill core
	25 August 2017
	167
	55



	C62
	Drill core
	25 August 2017
	176
	44.5



	C65
	Drill core
	25 August 2017
	181
	37







n.a.: not availble.
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Table 2. Phylogenetic affiliations of the isolates based on a comparative analysis of their 16S rRNA gene sequences with the SILVA database.
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	Phylogenetic Phylum or Class
	Family or Genus
	Sample Origin
	Culture Conditions
	Number of Strains Isolated
	Borehole Fluid
	Fumarole
	Drill Core





	Actinobacteriota
	Arthrobacter
	17.9, 18.1
	166, O2, 22 °C
	3
	1
	2
	0



	
	Cryobacterium
	16.8
	M, O2, 40 °C
	1
	1
	0
	0



	
	Frigoribacterium
	16.8
	M, O2, 40 °C
	1
	1
	0
	0



	
	Microbacterium
	B3, C59
	166, MB, SO, O2, 22 °C
	4
	0
	0
	4



	
	Dietzia
	B9
	MB, O2, 22 °C
	1
	0
	0
	1



	
	Georgenia
	B24
	MB, O2, 22 °C
	1
	0
	0
	1



	
	Glutamicibacter
	17.16
	166 and MB, O2, 22 °C
	4
	4
	0
	0



	
	Janibacter
	17.3, 16.7
	166, O2, 22 °C
	4
	4
	0
	0



	
	Leifsonia
	16.8
	M, O2, 40 °C
	1
	1
	0
	0



	
	Intrasporangiaceae
	17.4
	166, O2, 22 °C
	2
	2
	0
	0



	
	Kocuria
	17.15, 17.16
	166, O2, 22 °C
	2
	2
	0
	0



	
	Micrococcus
	16.8, B3
	M and SO, O2, 22 and 40 °C
	2
	1
	0
	1



	
	Paeniglutamicibacter
	17.17, 17.19, 18.2, 18.3
	166 and MB, O2, 22 °C
	7
	7
	0
	0



	
	Rhodococcus group 1
	17.17
	MB, O2, 22 °C
	1
	1
	0
	0



	
	Rhodococcus group 2
	17.2, 17.17, 17.22, 18.1
	166 and MB, O2, 22 °C
	5
	5
	0
	0



	
	Rubrobacter
	17.15, 17.2, 17.22, B24
	166, O2, 60 °C
	4
	3
	0
	1



	
	
	
	
	43
	33
	2
	8



	Bacteroidota
	Rhodothermus
	17.15, 17.2, 17.22, B24
	166, O2, 60 °C
	8
	6
	0
	2



	
	
	
	
	8
	6
	0
	2



	Deinococcota
	Thermus
	17.5, 17.8, 17.9
	166, O2, 80 °C
	4
	0
	4
	0



	
	
	
	
	4
	0
	4
	0



	Firmicutes
	Bacillus group 1
	17.11, 17.14, 17.15, B9
	MB, O2, 22 °C
	5
	5
	0
	0



	
	Bacillus group 2
	17.1
	166, O2, 22 °C
	1
	0
	0
	1



	
	Bacillus (para)licheniformis
	17.2, 17.5, 17.8, 17.9, 17.F
	166, with and without O2, 22, 50 and 60 °C
	15
	2
	13
	0



	
	Bacillus cereus group
	17.8, 17.15, 17.F, C55, C65
	166, with and without O2, 22 and 37 °C
	5
	1
	2
	2



	
	Brevibacillus
	17.8
	166, O2, 60 °C
	2
	0
	2
	0



	
	Brevibacillus thermoruber
	17.1, 17.5, 17.9
	166, O2, 60 °C
	4
	1
	3
	0



	
	Caldalkalibacillus
	17.1, 17.4
	166, O2, 60 °C
	6
	6
	0
	0



	
	Geobacillus
	17.16
	166, O2, 22 and 60 °C
	4
	4
	0
	0



	
	Geobacillus thermoleovorans group
	17.5, 17.8, 17.F
	166, O2, 60 and 65 °C
	20
	2
	18
	0



	
	Paenibacillus
	B3, C55, C65
	166, O2, 22 °C
	8
	0
	0
	8



	
	Planifilum
	18.3
	166, O2, 60 °C
	1
	1
	0
	0



	
	Planococcaceae
	18.3
	MB, O2, 22 °C
	1
	1
	0
	0



	
	Planomicrobium
	18.3
	166, O2, 22 °C
	2
	2
	0
	0



	
	Ureibacillus
	17.4, 17.6
	166, O2, 60 °C
	4
	1
	3
	0



	
	
	
	
	78
	26
	41
	11



	Alpha-proteobacteria
	Brevundimonas
	17.16
	166, O2, 22 °C
	1
	1
	0
	0



	
	Paracoccus
	C65
	MB, O2, 22 °C
	1
	0
	0
	1



	
	Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
	B9
	MB, O2, 22 °C
	2
	0
	0
	2



	
	Sphingomonadaceae
	B3
	YPS, O2, 22 °C
	1
	0
	0
	1



	
	Rhodobacteraceae
	B3
	SO, O2, 22 °C
	1
	0
	0
	1



	
	
	
	
	6
	1
	0
	5



	Gamma-proteobacteria
	Acinetobacter
	16.8
	M, O2, 40 °C
	1
	1
	0
	0



	
	Halomonas
	17.15, 17.23, 18.2, 18.3
	166 and MB, O2, 22 °C
	11
	11
	0
	0



	
	Marinomonas
	17.13, 17.15
	166 and MB, O2, 22 °C
	2
	2
	0
	0



	
	Enterobacter
	16.2, 16.7, 17.5, B3, C55, C65
	166, M, I and SO, without O2, 22 °C
	18
	5
	1
	12



	
	Enterobacteriaceae
	17.5
	166, O2, 22 °C
	1
	0
	1
	0



	
	Pseudoalteromonas
	17.23
	166 and MB, O2, 22 °C
	7
	7
	0
	0



	
	Pseudomonas group 1
	B30, B36, B9, C62
	166 and MB, O2, 22 °C
	8
	0
	0
	8



	
	Pseudomonas group 2
	18.2, 18.3
	166, O2, 22 °C
	3
	3
	0
	0



	
	Pseudomonas group 3
	17.8
	166, O2, 22 °C
	1
	0
	1
	0



	
	Serratia
	17.5
	166, O2, 22 °C
	1
	0
	1
	0



	
	Shewanella
	B9
	MB, O2, 22 °C
	2
	0
	0
	2



	
	Polaromonas
	16.8
	M, O2, 40 °C
	1
	1
	0
	0



	
	
	
	
	56
	30
	4
	22



	Total number of isolated strains
	
	
	
	195
	96
	51
	48
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Table 3. Heatmap comparing partial 16S rRNA gene sequences from the isolated strains to ASVs from 16S rRNA amplicon gene sequencing datasets from [37] (EMBL-EBI, accession number PRJEB42339). F, Fumaroles; BF, Borehole fluids; DC, Drill cores; Control, extraction blanks. Values in bold correspond to sequence similarity percentages above 98.65%, potentially indicating that the same isolated species has been detected in the subsurface using culture-independent method.
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	Phylogenetic Class
	Genus
	F
	BF
	DC
	Control
	Closest Sequence Similarity Percentage (Megablast)
	Isolated From





	Actinobacteriota
	Arthrobacter
	0
	1
	0
	0
	97.794
	BF and F



	
	Dietzia
	0
	2
	2
	0
	99.265–100
	DC



	
	Georgenia
	0
	0
	0
	0
	
	DC



	
	Glutamicibacter
	0
	0
	0
	1
	100
	BF



	
	Intrasporangiaceae
	3
	7
	6
	1
	100
	BF



	
	Kocuria
	0
	1
	1
	0
	99.259
	BF



	
	Leifsonia
	0
	2
	2
	0
	98.684
	BF



	
	Microbacterium lacus
	0
	0
	2
	1
	99.029
	DC



	
	Micrococcus
	1
	2
	4
	2
	99.457–100
	BF and DC



	
	Paeniglutamicibacter
	1
	1
	2
	0
	100
	BF



	
	Rhodococcus group 1
	1
	1
	2
	1
	100
	BF



	
	Rhodococcus group 2
	1
	2
	2
	0
	100
	BF



	
	Rubrobacter
	2
	0
	1
	0
	93.605
	BF and DC



	Bacteroidota
	Rhodothermus
	0
	2
	0
	0
	95.588
	BF and DC



	Deinococcota
	Thermus
	0
	4
	5
	1
	98.693–100
	F



	Firmicutes
	Bacillus (para)licheniformis
	0
	1
	3
	0
	99.495–100
	BF and F



	
	Bacillus cereus
	2
	2
	2
	1
	100
	BF, F and DC



	
	Bacillus group 1
	0
	0
	1
	0
	97.024
	BF and DC



	
	Bacillus group 2
	0
	0
	0
	0
	/
	BF



	
	Brevibacillus
	0
	1
	8
	0
	99.052–100
	BF and F



	
	Caldalkalibacillus
	0
	2
	0
	1
	98.529
	BF



	
	Geobacillus
	0
	2
	2
	0
	99.074–99.537
	BF



	
	Geobacillus thermoleovorans group
	0
	2
	5
	0
	99.487–100
	F



	
	Paenibacillus
	0
	0
	2
	0
	100
	DC



	
	Planifilum
	0
	0
	0
	0
	/
	BF



	
	Planococcaceae
	0
	2
	2
	0
	97.674
	BF



	
	Planomicrobium
	0
	1
	0
	0
	98.897
	BF



	
	Ureibacillus
	0
	0
	2
	0
	100
	F and BF



	Alphaproteobacteria
	Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
	0
	1
	1
	0
	99.034
	DC



	
	Brevundimonas
	1
	1
	5
	1
	99.457–100
	BF



	
	Paracoccus
	0
	0
	1
	0
	100
	DC



	
	Rhodobacteraceae
	0
	0
	3
	0
	100
	DC



	
	Sphingobium
	2
	1
	1
	0
	99.425–100
	DC



	Gammaproteobacteria
	Acinetobacter
	4
	4
	5
	2
	99.254–100
	BF



	
	Enterobacteriaceae
	2
	3
	4
	2
	99.533–100
	F, BF and DC



	
	Halomonas
	0
	4
	0
	0
	99.265–100
	BF



	
	Marinomonas
	0
	1
	3
	0
	99.052–100
	BF



	
	Polaromonas
	0
	2
	3
	1
	98.276
	BF



	
	Pseudoalteromonas
	2
	4
	4
	1
	100
	BF



	
	Pseudomonas group 1
	2
	7
	3
	0
	99.306–100
	DC



	
	Pseudomonas group 2
	0
	2
	2
	2
	98.529–98.897
	F



	
	Pseudomonas group 3
	3
	4
	7
	0
	98.907–100
	BF



	
	Serratia
	0
	0
	0
	1
	97.619
	F



	
	Shewanella
	0
	0
	1
	0
	96.691
	DC
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