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Microbial life in the deep subsurface occupies rock surfaces as attached communities and biofilms. Previously, epilithic Fennoscandian deep subsurface bacterial communities were shown to host genetic potential, especially for heterotrophy and sulfur cycling. Acetate, methane, and methanol link multiple biogeochemical pathways and thus represent an important carbon and energy source for microorganisms in the deep subsurface. In this study, we examined further how a short pulse of low-molecular-weight carbon compounds impacts the formation and structure of sessile microbial communities on mica schist surfaces over an incubation period of ∼3.5 years in microcosms containing deep subsurface groundwater from the depth of 500 m, from Outokumpu, Finland. The marker gene copy counts in the water and rock phases were estimated with qPCR, which showed that bacteria dominated the mica schist communities with a relatively high proportion of epilithic sulfate-reducing bacteria in all microcosms. The dominant bacterial phyla in the microcosms were Proteobacteria, Firmicutes, and Actinobacteria, whereas most fungal genera belonged to Ascomycota and Basidiomycota. Dissimilarities between planktic and sessile rock surface microbial communities were observed, and the supplied carbon substrates led to variations in the bacterial community composition.
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1. Introduction

Microbial life on Earth extends to several kilometers depths into the subsurface below the continents and the ocean floor forming the deep biosphere. These intra-terrestrial microbial communities exist as attached epilithic and endolithic biofilm communities or as planktic communities in the deep groundwater (Onstott, 1997; Pedersen, 1997, 2000; Onstott et al., 2003; Itävaara et al., 2011; Edwards et al., 2012; Colwell and D’Hondt, 2013; Escudero et al., 2018b; Smith et al., 2019; Casar et al., 2020; Kraus, 2021; Nuppunen-Puputti et al., 2021). The deep continental subsurface contains a great proportion of Earth’s microbial biomass, with ∼20–80% of the microbial cells living attached on surfaces as single cells and as microcolonies or in biofilms (McMahon and Parnell, 2014; Bar-On et al., 2018; Magnabosco et al., 2018; Bar-On and Milo, 2019; Flemming and Wuertz, 2019). As the attached rock surface microbial communities have been shown to diverge from the planktic communities at many continental subsurface locations (Momper et al., 2017; Kraus, 2021; Nuppunen-Puputti et al., 2021), the metabolic traits of microbial communities likely differ in the rock surface from the planktic ones. There is a clear knowledge gap on how direct interaction with mineral surfaces supports microbial community functionality in deep bedrock environments. As biofilm communities form a major proportion of the deep continental subsurface microbiome, there is a need to elucidate the carbon cycling in the rock-hosted communities. This will upgrade the understanding of overall metabolic feedback systems supporting the deep subsurface microbial life.

The role of carbon compounds in the microbial attachment processes in the deep biosphere is poorly known. Organic carbon compounds, such as polysaccharides, are part of the conditioning film forming over rock surfaces in the deep groundwater allowing the microbes to begin their attachment process (Schäfer et al., 2015). In addition to the effects on the surface charge properties, small 1-carbon (C1) and 2-carbon (C2) compounds have a significant role as an energy and carbon source in the biogeochemical cycles in the deep oligotrophic bedrock biosphere (Pedersen, 2012; Rajala et al., 2015; Bomberg et al., 2017; Purkamo et al., 2017; Rajala and Bomberg, 2017; Escudero et al., 2018a; Miettinen et al., 2018; Nuppunen-Puputti et al., 2018; Sahu et al., 2022). The dissolved organic carbon (DOC) pool can include various organic compounds such as methanol and acetate. These small carbon compounds link diverse metabolic pathways that are used by, e.g., methylotrophs, methanotrophs, acetotrophs, acetogens, and methanogens (Kotelnikova and Pedersen, 1998; Kotelnikova, 2002; Lever, 2012; Kietäväinen and Purkamo, 2015; Lau et al., 2016; Miettinen et al., 2018). Deep groundwaters have been shown to contain these low-molecular-weight key carbon compounds, for example, methanol (∼65 μM) and acetate (∼1.5 mM) in Olkiluoto Finland (Bell et al., 2018), and acetate (1,200–1,900 μM) and formate (480–1,000 μM) in the fracture waters of the Kidd Creek Mine, Canada (Sherwood Lollar et al., 2021). Abiotic synthesis could supply these essential organic carbon compounds to microbial communities (Sherwood Lollar et al., 2021), or they can be produced biotically by microorganisms. Acetate is an important compound in microbial metabolism. It can be formed by autotrophic acetogens, by SRB in incomplete oxidation of organic carbon compounds, or released in organic carbon degradation (Lovley and Chapelle, 1995; Lever, 2012; Pedersen, 2012); it can be further assimilated as a carbon source into biomass in the deep subsurface (Nuppunen-Puputti et al., 2018), or it can be consumed by acetoclastic methanogens (Whitman et al., 2006; Escudero et al., 2018a). Methane is abundant in the deep bedrock groundwaters in Outokumpu, and it is the dominant dissolved gas at the depth of 500 m with a concentration of 22 mmol/L groundwater (Kietäväinen et al., 2013). Based on isotopic, microbial, and metagenomic studies, it has been suggested that the methane found in the shallower parts of the deep drill hole originates dominantly from biological methanogenesis (Kietäväinen, 2017; Kietäväinen et al., 2017). Furthermore, methanol could be formed in the deep subsurface by methanotrophic microorganisms through methane oxidation (Hanson and Hanson, 1996; Kotelnikova, 2002). Formed methanol can then be oxidized to formaldehyde and further into formic acid (Hanson and Hanson, 1996). The Outokumpu deep subsurface planktic microorganisms have been shown to transfer carbon from acetate or carbonate into their biomass and nucleic acids (Bomberg et al., 2017; Nuppunen-Puputti et al., 2018) and respond fast to introduced methanol and methane turning from hibernation into an active state (Rajala et al., 2015; Rajala and Bomberg, 2017). Whether and how these essential carbon compounds activate and sustain microbial rock surface communities in a similar manner remains unresolved. Metagenome assembled genomes (MAGs) from mica schist containing microcosms with Outokumpu deep groundwater indicated that besides heterotrophy, sulfur cycling, such as sulfur oxidation and sulfate reduction, as well as saprotrophic necromass scavenging lifestyles could be common in the sessile epilithic bacterial communities (Nuppunen-Puputti et al., 2022). Moreover, the deep continental subsurface endolithic and epilithic microbial community metagenomes and MAGs contained genes for the oxidation of methane and methanol, as well as acetate metabolism (Nuppunen-Puputti et al., 2022; Sahu et al., 2022). In addition to bacteria, fungi have also been shown to occupy both mica schist surfaces and the water phase in situ and in microcosm studies from the Outokumpu deep subsurface (Nuppunen-Puputti et al., 2021, 2022). Epilithic fungi occupied up to ∼10% of the surface area of in situ enriched rock coupons in the DeMMO, USA (Casar et al., 2021), and they were also part of the endolithic microbial communities in Äspö, Sweden (Ekendahl et al., 2003; Schäfer et al., 2015; Drake et al., 2017). Analysis of fungal isolates from the oceanic deep subsurface combined with metatranscriptome analysis indicated that deep biosphere fungi likely take part in cycling organic matter (Quemener et al., 2020). However, the role of epilithic fungi in the deep continental biosphere biogeochemical cycles remains unresolved.

In this study, we aimed to examine how a short pulse of simple, low-molecular-weight carbon compounds guides the development of bacterial, archaeal, and fungal communities and their biofilm formation on mica schist surfaces in the microcosms We estimated the abundance of these communities through quantitative polymerase chain reaction (qPCR) analysis and analyzed the indicator species related to the added carbon compounds based on amplicon sequencing of taxonomical marker genes. As genes related to sulfur cycling were observed in the sessile mica schist communities previously (Nuppunen-Puputti et al., 2022), we estimated the abundance of epilithic and planktic sulfate-reducing bacteria (SRB) with dissimilatory sulfite reductase beta subunit gene (dsrB) targeting qPCR.



2. Materials and methods


2.1. Site description

The field site is located in the North Karelia region in Outokumpu, Finland (62.72 N, 29.07 E). The Outokumpu scientific deep drill hole has been drilled for scientific purposes and has a steel-pipe casing for the top 40 m. The deep drill hole reaches a vertical depth of 2,516 m and passes through several open fracture zones enabling fluid flow exchange with the surrounding bedrock. In this study, the fracture zone at the depth of 500 m was sampled for deep fracture fluids during week 42 in October 2010. Prior to the sampling, inflatable packers were installed in order to isolate the fracture zone, which was purged by pumping for 3 weeks to enable the collection of native groundwater, i.e., fracture fluid. Changes in geochemistry and in the structure of the microbial communities were monitored over the time of pumping (Purkamo et al., 2013; Kietäväinen, 2017). The microbial community and their functionality have been described previously (Itävaara et al., 2011; Purkamo et al., 2013, 2014, 2016; Nyyssönen et al., 2014; Rajala et al., 2015; Bomberg et al., 2017; Rajala and Bomberg, 2017; Nuppunen-Puputti et al., 2018, 2021, 2022). The lithology of the deep drill hole has been described earlier indicating mica schist as the dominating rock type at the 500-m depth (Västi, 2011). Hydrogeochemistry of the deep groundwaters has been thoroughly analyzed, and both hydraulic testing and temperature logs have indicated fluid flow within bedrock (Ahonen et al., 2011; Kukkonen et al., 2011; Kietäväinen et al., 2013, 2014; Sharma et al., 2016; Kietäväinen, 2017; Nuppunen-Puputti et al., 2022). The Outokumpu deep subsurface waters have been divided into five divergent water types of which the 500-m fracture zone waters belong to the saline Na-Ca-Cl-dominated water type II with methane (22 mmol/L) and nitrogen (6.1 mmol/L) as the main gases (Kietäväinen et al., 2013). The fracture zone located at the depth of 500 m has a hydraulic conductivity of 3.5 × 10–7 m/s (Sharma et al., 2016). The bacterial 16S rRNA gene copy count in the 500-m depth fracture fluid was 1.88 × 106/ml (with a standard error of mean 2.99 × 105), and the archaeal 16S rRNA gene copy count was 8.6 × 101/ml (with a standard error of mean ± 1.23 × 100) in previous studies (Purkamo et al., 2016). Furthermore, the dsrB gene copy number of the 500-m depth fracture fluid was 7.4 × 103/ml (Purkamo et al., 2013).



2.2. Experimental setup and sampling

Microcosms with crushed mica schist were prepared as previously described (Nuppunen-Puputti et al., 2022). Drill core mica schist, derived from a depth of 506.1 m, Outokumpu, was crushed with a ball mill and sieved (grain size < 5 mm) (Västi, 2011; Nuppunen-Puputti et al., 2022). A total of 3 g of mica schist was weighted into 120-ml headspace bottles and autoclaved (121°C, 15 min). Microcosms were prepared in triplicates in an anaerobic field hood as described previously (Nuppunen-Puputti et al., 2022). Briefly, anoxic groundwater was pumped through a polyamide tube (diameter 10/12 mm) from the isolated fracture zone with a membrane pump directly into an anaerobic field glove box. Deep groundwater was first collected into sterile (acid-washed, autoclaved) Schott bottles (Schott Duran, Wertheim/Main, Germany), and then, 80 ml of it was further aliquoted into the microcosms containing autoclaved crushed mica schist (Table 1). The microcosms were transported to the laboratory in cold boxes and kept at +8°C until the incubation started a week later, right after substrate additions were done in the laboratory. Triplicate microcosms containing 80 ml of sampled fracture fluid with 40 ml volume for headspace were supplied with 9 ml of methane, and 0.2 ml of methanol or acetate was added to a final concentration of 1 mM. Sulfate in the form of Na2SO4 was added to the acetate-amended microcosms to a final concentration of 0.75 mM. Three microcosms remained without added substrates. All microcosms contained crushed mica schist. In addition, two microcosms containing distilled sterile water and sterilized mica schist were prepared as abiotic mica schist and processing controls. The experiment included also 1 L duplicate samples representing the original fracture fluid without amendments collected at the field site in the anaerobic chamber on 0.22 μm pore-sized cellulose acetate bottle-top filters (Corning, NY, USA). Sample filters were then cut from the funnels with sterile scalpels, put in sterile plastic tubes, and kept on dry ice until transferred into storage at -80°C at the laboratory.


TABLE 1    Sample IDs, sample type, collected sample phase representing either original fracture fluid or the microcosms (mica schist and water), and added substrate.
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2.3. Incubation of the microcosms and DNA extraction

Microcosms were incubated statically in the dark for approximately 40 months (∼3.5 years) at +11°C, which is comparable to the in situ temperature at the depth of 500 m in Outokumpu (Ahonen et al., 2011; Kukkonen et al., 2011). At the end of the incubation, pH in the microcosm water phase was measured with a basic pH probe (Denver Instruments, Bohemia, NY, USA). The 80 ml planktic water phase microbial communities were collected on Corning cellulose acetate (CA) filters (Corning, NY, USA). This filter was cut into smaller pieces (3 mm × 3 mm) on a sterile Petri dish with a sterile scalpel, transferred into a DNA extraction tube, and frozen at -20°C until further handling. The remaining mica schist crush was transferred into a 50-ml Corning centrifugation tube (Corning Inc., New York, NY, USA) and first double washed gently with sterile 0.9% NaCl solution that was carefully removed by pipetting and discarded. The rock surface biofilm was then detached from the mica schist with 5 ml of 1 × PBS amended with 5 μl of Tween 20 (Bio-Rad, Hercules, CA, USA). The crushed mica schist samples were shaken for 20 min at 150 rpm and then sonicated for 3 min in a water bath at ambient temperature. The PBS solution was pipetted into a new sterile plastic 15-ml centrifuge tube (Corning Inc., New York, NY, USA) and centrifugated (3,200 g for 10–30 min). The supernatant was carefully removed, and finally, the pellet was suspended with 100 μl of SL1-buffer (Macherey-Nagel, Düren, Germany). The suspended sample was transferred into a DNA extraction tube and frozen at -20°C until further handling. DNA extraction was performed with the NucleoSpin Soil DNA kit (Macherey-Nagel, Düren, Germany) by following the protocols provided by the manufacturer. The acquired DNA was quantified with a NanoDrop 1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA).



2.4. Preparation of amplification libraries for iSeq100 sequencing

Samples for amplicon library sequencing with the Illumina iSeq100 were prepared as previously described (Nuppunen-Puputti et al., 2022). Bacterial amplicon sequence libraries were prepared with Bact_341F/Bact_805R primers (Herlemann et al., 2011), fungal amplicon sequence libraries were prepared with ITS1/ITS2 primers (White et al., 1990; Gardes and Bruns, 1993), and archaeal amplicon sequence libraries were prepared with S-D-Arch-0349-a-S-17/S-D-Arch-0787-a-A-20 primers (Klindworth et al., 2013). The master mix for duplicate reactions contained 1 × MyTaq Red Mix (Bioline, London, UK), 1 μl of each 20 μM primer, 2 μl of sample DNA, and nucleic acid-free water filled to the reaction volume of 25 μl. For all libraries, the same amplification program was followed: initiation for 3 min at 95°C; 40 repetitive 15 s amplification cycles at 95, 57, and 72°C each; last elongation 30 s at 72°C; and final cooling. Pooled amplicons were purified with the NucleoMag NGS Clean-up and Size Select magnetic beads and NucleoMag SEP magnet (Macherey-Nagel, Düren, Germany) in U-shaped 96-well plates (4titude, Surrey, UK). First, the magnetic-bound samples were washed two times with 80% ethanol; then, ethanol was removed carefully by pipetting and 10 min desiccation; and finally, the purified samples were eluted from the beads with 10 mM Tris, pH 8.5 (bioPLUS Buffers and Reagents, Dublin, Ohio, USA). The purified amplicons were indexed with the Nextera XT v2 kit (Illumina, Inc., San Diego, CA, USA), index C for bacteria, index D for fungi, and index B for archaea. The indexing PCR was performed with an Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) in 25 μl reactions. In detail, the PCR mix contained 1 × MyTaq Red HS Master Mix (Bioline, London, UK), 2.5 μl of indices, 1 μl of DNA, and 5 μl of nuclease-free water (Sigma-Aldrich, St. Louis, MO, USA). Indexing started with 30 s at 95°C, followed by eight repetitive cycles for 30 s at each temperature, i.e., 95°, 57°, and 72°C, final elongation for 5 min at 72°C, and cooling. The indexed amplicons were purified again with the size selective beads and diluted with Tris to 1: 100,000 dilutions. These dilutions were used for qPCR performed with the JetSeq Hi-ROX library quantification kit (Bioline, London, UK) in 10 μl reaction volumes in order to determine the sample concentrations for pooling. The qPCR program commenced with 2 min at 95°C and continued with 35 repeated cycles of 5 s at 95°C and 60 s at 60°C, melting curve analysis, and cooling. The correction for amplicon size vs. standard size was done with 550 bp amplicon size for the bacteria and archaea, and 500 bp amplicon size for the fungi. The samples were equimolarly pooled into suitable mixes. The mixes were run in 1% agarose gel electrophoresis with 1 × SB buffer at 120 V for an hour; right-sized products were excised from the gel and purified with the XS gel purification kit (Macherey-Nagel, Düren, Germany) with a final elution volume of 12 μl. The purified mixes were diluted to 1:1,000 and 1:10,000 on 96-well plates (4titude, Surrey, UK) and used in the JetSeq Hi-ROX qPCR analysis to determine the concentration of the final libraries. The final library mix was adjusted mix-wise (i.e., index plates B, C, and D) according to the number of samples included in each library and their concentrations. We targeted a 5% PhiX Control V3 concentration (Illumina, Inc., San Diego, CA, USA) in the final library mix in order to add more diversity to the samples. Finally, 20 μl of the 110 pM final library mix was loaded into an iSeq100 i1 v2 reagent cartridge and iSeq100 v1 flow cell (Illumina, Inc., San Diego, CA, USA).



2.5. Quantitative polymerase chain reaction (qPCR)

The sizes of bacterial, sulfate-reducing bacterial (SRB), archaeal, and fungal communities on mica schist and in water samples after 3.5 years of incubation were evaluated with qPCR analyses performed with the LightCycler 480 (Roche Diagnostics, Basel, Switzerland). All analyses were performed in triplicate 10 μl reactions containing 1 μl of DNA template in a white-walled 96-well qPCR plate (4titude, surrey, UK). The bacterial 16S rRNA gene was targeted with Bact_341F/Bact_805R primers (Herlemann et al., 2011). Furthermore, sulfate-reducing bacteria (SRB) were targeted by the dissimilatory sulfite reductase beta subunit gene (dsrB) with the DSRp2060F and DSR4r primers (Wagner et al., 1998; Geets et al., 2006). The SensiFAST SYBR No-ROX 2 × Master Mix (Bioline, London, UK) was used for the bacterial 16S rRNA gene qPCR, and for the SRB, the KAPA Sybr Fast qPCR Master Mix (KAPA Biosystems, Wilmington, MA, USA) was used. The reaction mixes for both qPCR assays contained 0.5 μM of each primer and molecular grade water to a reaction volume of 10 μl. The qPCR program began with an initial denaturation at 95°C for 15 min, then 40 or 45 repeated amplification cycles with denaturation at 95°C for 10 s, annealing at 57°C for 35 s, and elongation at 72°C for 30 s were run for bacteria and SRB, respectively, and the program was finalized with a final elongation at 72°C for 3 min, melting curves analysis, and cooling to 40°C. The fungal 5.8S rRNA gene was targeted with the 5.8F1/5.8R1 primers and the FAM-labeled probe 5.8P (Haugland and Vesper, 2002). Archaeal 16S rRNA gene was targeted with A344F/A744R primers (Barns et al., 1994; Bano et al., 2004) and archaea-specific FAM-labeled probe A516F (Takai and Horikoshi, 2000) as previously described (Bomberg and Miettinen, 2020). The qPCR was performed using the SensiFAST SYBR No-ROX 2 × Master Mix (Bioline, London, UK) in reactions containing 0.5 μM of each primer, 0.2 μM probe, and molecular grade water to 10 μl. The qPCR program for the archaea began with an initial enzyme activation step at 95°C for 3 min and then 40 repeated amplification cycles of 95°C for 10 s, 57°C for 35 s, and 72°C for 1 s. The gene copy numbers were calculated from a 10-fold dilution series of a plasmid standard, which contained Escherichia coli 16S rRNA gene for bacteria, the dsrB gene of Desulfobulbus propionicus for the SRB, the 5.8S rRNA gene of Aspergillus versicolor for fungi, and the 16S rRNA gene of Halobacterium salinarum for archaea as described in the studies by Rajala et al. (2016) and Bomberg and Miettinen (2020).



2.6. Amplicon sequence analysis and microbial community statistics

The sequence data were analyzed in RStudio (v. 1.1.456) with R (v. 4.0.4) (RStudio Team, 2015). Amplicon sequence libraries were analyzed with the DADA2 package v. 1.19.2 (Callahan et al., 2016). The primers were removed prior to analysis with cutadapt. The following parameters were used for trimming the bacterial and fungal sequence reads: minlength = 180; maxN = 0; truncQ = 2; trimLeft = 10; trimRight = 35; for bacteria, maxEE = 5; and for fungi, maxEE = 2. For the archaeal libraries, the trimming parameters of minlength = 150, maxN = 0, truncQ = 2, trimLeft = 10, trimRight = 40, and maxEE = 2 were used. The chimeras were analyzed and removed with the command removeBimeraDenovo. Taxonomy for bacterial and archaeal communities was assigned with Silva v. 138 (Quast et al., 2013), whereas taxonomy for fungal ITS sequences was assigned with UNITE v.8 (Kõljalg et al., 2013; Nilsson et al., 2019). The sampling and processing of the samples were performed carefully with aseptic microbiological principles and techniques; yet, typically to low biomass samples, contaminant assumed microbial genera were recognized from the amplicon data (e.g., Rhizobium and Streptococcus) during processing. Data cleaning routines suggested by Salter et al. (2014), Sheik et al. (2018), and Fullerton et al. (2021) were applied, with exception of keeping the deep groundwater genera that have been shown to represent the intrinsic microbial population in Outokumpu deep groundwaters in numerous research (e.g., Purkamo et al., 2016; Bomberg et al., 2017). The list of removed typical contaminants potentially arising from the molecular biological kits, humans, or environment is included in the supplements (Supplementary Table 1). In addition, data were compared against amplification controls and ASVs exceeding the average 3% in controls, Chloroplast ASVs and ASVs not matching with the targeted domain were removed from the data. Microbial community structures were visualized with heatmaps using the ampvis2 (Andersen et al., 2018) and ggplot2 packages in R (Wickham, 2016). Alpha diversity measures were estimated with the phyloseq package using raw sequence data (McMurdie and Holmes, 2013). Beta diversity was analyzed with principal coordinates analysis (PCoA) with relative abundance data with the phyloseq package as well as further permutational multivariate analysis of variance (PERMANOVA) testing performed with the vegan package (Anderson, 2001, 2017; McMurdie and Holmes, 2013; Oksanen et al., 2018). The dispersion effects were analyzed with the betadisp and permutest functions from the vegan package (Anderson, 2006; Anderson et al., 2006; Oksanen et al., 2018). The accuracy of the used groupwise sample sizes for multivariate dissimilarity data analysis was checked with a pseudo multivariate dissimilarity-based standard error (multSE) according to modifications in “https://github.com/jslefche/multSE” and with 10,000 repeated samplings (Anderson and Santana-Garcon, 2015; Lefcheck, 2017). Prior to multSE analysis, data were log-transformed with vegan decostand, and then, dissimilarity matrix was built with vegdist command from vegan with method “bray.” Indicator species analysis was performed with the indicspecies package in R (De Cáceres and Legendre, 2009; De Cáceres et al., 2010) with the multipatt-function with func option of either “IndVal.g” for indicator values or “r.g.” for correlation indices, with site group combination parameters duleg = TRUE, min.order = 1, max.order = 4, and with number of permutations control = how(nperm = 99999).




3. Results


3.1. Microbial community sizes

Bacteria were the most abundant microbial group both in carbon substrate-supplied microcosms and microcosms without added carbon substrate, according to the qPCR analysis (Figure 1 and Supplementary Table 2). Bacteria occupied both mica schist surfaces and the microcosm water phase. The mica schist-attached bacterial 16S rRNA gene copy counts ranged from 1.4 × 104 to 2.7 × 106 copies/g, whereas the number of dsrB gene copy numbers varied between 2.3 × 102 and 6.4 × 104 copies/g mica schist (Figure 1). Furthermore, the ratio of the dsrB gene copies to 16S rRNA gene copies was 0.02–0.06 on mica schist. In contrast, planktic bacterial 16S rRNA gene copy numbers from the equivalent microcosms varied between 1.6 × 103 and 1.2 × 105 copies/ml, and planktic dsrB gene copy numbers were lower (< 1 × 102 copies/ml). The fungal 5.8S rRNA gene copy counts varied between samples, and the lowest epilithic fungal counts were observed in microcosms without amended carbon and with added methane. The highest epilithic fungal marker gene copy counts were linked to amended methanol or acetate, whereas the highest average planktic fungal marker gene copy counts were linked to the added methane. Supplied carbon compounds supported the growth of the deep subsurface fungi increasing the detected fungal 5.8S rRNA gene copy counts from 1.7 × 101 ± 1.1 × 101/ml in the original fracture fluid water to 8.2 × 102 ± 3.7 × 102/ml in the microcosm water phase and to 1.8 × 103 ± 1.3 × 103/g on mica schist surfaces. Archaeal 16S rRNA genes were not detected in all microcosms by qPCR as marker gene copy counts remained below the reliable detection limit when the most dilute qPCR plasmid standard contained 8.45 × 101/μl archaeal 16S rRNA gene copies.
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FIGURE 1
The bacterial 16S rRNA gene, fungal 5.8S rRNA gene, sulfate-reducing bacteria dsrB gene, and archaeal 16S rRNA gene copy counts on a logarithmic scale on mica schist surfaces (A) and in the microcosm water phase (B) as quantified with qPCR. The error bars indicate the standard deviation. Sample name abbreviations are presented in detail in Table 1. FF, fracture fluid; MeOH, methanol; CH4, methane; AS, acetate + sulfate; NS, no substrate; A, B, C, rock surface sample replicates; AW, BW, CW, water phase sample replicates.




3.2. Bacterial communities


3.2.1. Beta diversity analysis of the bacterial communities

Bacterial communities in the original fracture fluid and microcosms differed from each other (Figure 2A, Supplementary Table 3, and Supplementary Figure 1). Observed differences between mica schist attached and planktic phase of the bacterial communities (PERMANOVA:Phase* R2 = 0.22565, p ≤ 0.0001) were more apparent than dissimilarities between microcosms supplied with different simple carbon compounds (PERMANOVA:Set, R2 = 0.23706, p = 0.0056). However, both observed dissimilarities were statistically significant. Replicates clustered more closely for the methanol-amended microcosms indicating higher similarities in the bacterial community structure. Bacterial communities in the microcosms without added substrates also clustered more closely, but the water and rock phase communities of the individual microcosms differed from each other (Figure 2B and Supplementary Figure 1). Furthermore, significant dispersion effects were not observed [permutest for the Phase (p > 0.2) and Set (p > 0.5)] indicating that detected location effects can be considered relevant (Supplementary Table 4). The accuracy of the sample group sizes used for multivariate dissimilarity analyses for both phase and treatments was adequate as the multSE analysis suggested that both group centroids were calculated with adequate precision (Supplementary Figure 2).
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FIGURE 2
PCoA for bacterial community based on Bray-Curtis’ dissimilarity (A,B), and alpha diversity measures for bacteria (C). For PCoA, axis 1 explains 28.4% (A) or 28.3% (B), and axis 2 explains 20% (A) or 21.2% (B) of the bacterial community variance, respectively. Panel (A) includes the original fracture fluid samples, whereas panel (B) illustrates dissimilarities in the microcosms. Plot C illustrates the observed number of ASVs, Chao1 and ACE richness estimators, and Shannon and Simpson diversity estimates across sample types. In panel (A), colors and shape indicate the sample phase. In panel (B), colors indicate the amended carbon source, and shape indicates the sample phase. In panel (C), colors indicate sample origin either from fracture fluid or sampled phase in microcosm, and shape indicates the sample type.




3.2.2. Alpha diversity metrics for the bacterial communities

The bacterial read counts varied between 2,464 and 36,255 across the dataset with 13,651 reads per sample on average (Supplementary Table 5). The number of observed bacterial ASVs ranged from 74 to 77 and from 35 to 83 in the fracture fluid and microcosm samples, respectively (Figure 2C and Supplementary Table 6). Similarly, the predicted richness by estimators Chao1 and abundance-based coverage estimator (ACE) both varied between 74 and 77 in original fracture fluid bacterial communities (with standard errors of ± 0.0 for Chao1 and ± 3.4 to 3.8 for ACE). The methanol-supplied microcosms and the original fracture fluids had the highest ASV richness, whereas the lowest bacterial community richness was observed in microcosms without any substrate additions. In most microcosms, the bacterial community richness decreased during the enrichment compared to the original fracture fluids. There were differences in the bacterial community richness between the mica schist surface and water phase as in some microcosms the planktic community showed higher richness, and in some microcosms, the epilithic community showed higher richness. Shannon and Simpson diversity indices were higher for the microcosm bacterial communities than that for original fracture fluid samples indicating higher bacterial community diversity and evenness after enrichment. In detail, Shannon diversity ranged between 1.3 and 2.1 in the original fracture fluids, and between 1.5 and 2.7 in the microcosm samples, whereas Simpson diversity varied between 0.4 and 0.7 in the original fracture fluids and between 0.6 and 0.9 in the microcosms.



3.2.3. Bacterial community composition

Actinobacteriota (0.6–1% of the bacterial communities), Bacteroidota (0–0.2%), Firmicutes (2–11%), and Proteobacteria (86–97%) phyla, as well as bacteria for which phylum level classifications could not be determined (0.3–1%), were detected in the original fracture fluids (Figure 3 and Supplementary Table 7). The main observed bacterial phyla in the microcosms were Actinobacteriota (0.4–17%), Firmicutes (1–75%), and Proteobacteria (23–97%) (Figure 3 and Supplementary Table 7). Other detected bacterial phyla across microcosms were Bacteroidota, Chloroflexi, Spirochaetota, and unclassified bacteria. All other observed phyla were detected mainly in single microcosm samples (Supplementary Table 7).
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FIGURE 3
Top 8 bacterial phyla in fracture fluids and different microcosms mica schist or water phase. The remaining taxa show 11 lower abundance phyla and their abundances across treatments and phases. Color scale indicates relative abundance as percentages. Sample name abbreviations are presented in detail in Table 1. A, B, and C in the sample names represent replicate microcosms; W, water phase of the microcosms.


The main bacterial genus detected in the original fracture fluid samples was Hydrogenophaga (68–79% of the bacterial communities). Other major bacterial genera were observed in the fracture fluid samples affiliated with Brevundimonas (2–8%), Pseudorhodobacter (1–5%), Seohaeicola (3–5%), unclassified Acholeplasmataceae (1–8%), unclassified Comamonadaceae (1–2%), and Pseudomonas (1–2%). The main bacterial genera observed across the microcosms were Brevundimonas (1–41%), Desulfosporosinus (0.1–72%), Hydrogenophaga (4–30%), Pseudomonas (15–75%), and Pseudorhodobacter (0.5–13%) (Figure 4). In addition, the relative abundance of some genera, such as unclassified OPB41 (0–10%) and Dethiosulfatibacter (0–4%), was higher in some microcosms. Many genera remained unclassified indicating that a major part of the bacterial community represents previously unidentified potentially new genera. Comparing the relative abundance of the detected genera in original fracture fluid samples to that of the microcosms, it was shown that the enrichment favored Pseudomonas, Brevundimonas, Desulfosporosinus, and unclassified OPB41. In addition, some genera were not detected in fracture fluid samples prior to the enrichment, such as Sphaerochaeta, likely representing more rare, low-abundance taxa in the deep groundwaters. The eight Hydrogenophaga sp. affiliating ASV sequences were compared against the NCBI nr database using BLAST, and two of these ASVs (ASV12, ASV20) matched closest to Serpentinomonas raichei (100% similarity) (Supplementary Table 8). We will henceforth discuss this group as Hydrogenophaga/Serpentinomonas as these ASVs likely represent both genera.
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FIGURE 4
Top 20 bacterial genera across different treatments and samples. Legend color indicates relative abundance (as %). The remaining taxa row shows the remaining 129 lower abundance taxa with their merged relative abundances. Sample name abbreviations are presented in detail in Table 1. FF, fracture fluid; MeOH, methanol; CH4, methane; AS, acetate + sulfate; NS, no substrate; A, B, C, rock surface sample replicates; AW, BW, CW, water phase sample replicates.




3.2.4. Indicator species analysis for bacteria

Indicators for different sample types and treatments were investigated with both genus and ASV level indicator species analysis in order to determine in detail which genera/ASVs were linked to the observed differences between differently supplied microcosms. In addition, indicator species for sessile mica schist surface or planktic phase were examined separately. Pseudomonas was a significant indicator species for the acetate-amended microcosms (p ≤ 0.016), and Proteiniphilum was a significant indicator species for the methane-amended microcosms (p = 0.0004) (Supplementary Tables 9, 10). In addition, Pseudorhodobacter was a significant indicator when considering correlation indices for the methane-amended microcosms (p = 0.03) (Supplementary Table 10). Original fracture fluids hosted a variety of significant indicator species, such as Phenylobacterium, Hydrogenophaga/Serpentinomonas, and unclassified Desulfuromonadaceae (p = 0.003 for all). Desulfosporosinus (p = 0.008), unclassified Caulobacteraceae (p = 0.003), and Pseudomonas (p = 0.002) were individual indicator species for all microcosms. Pseudomonas ASV2 (p < 0.001) was an indicator in acetate-amended microcosms at ASV level. Hydrogenophaga ASV6 (p = 0.003) and Hydrogenophaga/Serpentinomonas ASV12 (p = 0.004) were important individual indicator ASVs for the methanol-amended communities according to indicator values, whereas statistically significant indicator ASVs in methane-supplied microcosms were unclassified Microbacteriaceae ASV110 (p < 0.001), Pseudorhodobacter (p < 0.006), and unclassified Proteobacteria ASV150 (p < 0.006). Sessile unclassified Comamonadaceae (p = 0.016), Acholeplasmataceae affiliating EUB-322 (p = 0.018), Brevundimonas (p = 0.036), unclassified Thermotaleaceae (p = 0.018), and Hydrogenophaga/Serpentinomonas (p = 0.018) were significant individual indicators for methanol-supplied mica schist. Proteiniphilum was significant for the planktic phase of the methane-supplied microcosms (p = 0.01).




3.3. Fungal communities


3.3.1. Beta diversity analysis of the fungal communities

The fracture fluid and microcosm fungal communities clustered closely together indicating a more similar community composition as Axis 1 explained only a small part of the observed dissimilarities (Figure 5). Yet, minor dissimilarities were observed (PERMANOVA:Type, R2 = 0.05545, p = 0.006) (Supplementary Table 3). The mica schist attached and microcosms planktic fungal communities showed some minor dissimilarities in the community structure (PERMANOVA:Phase, R2 = 0.09581, p = 0.028), which were more clear for the microcosms without added carbon compounds and for the acetate and methane supplied microcosms (Figure 5B and Supplementary Figure 4). In addition, supplied carbon compounds induced some significant dissimilarities in the microcosm fungal community composition (PERMANOVA:Set, R2 = 0.17854, p = 0.05) as different carbon source additions explained ∼18% of the observed variance between fungal communities in different microcosms. The fungal communities in methanol-supplied microcosms clustered more closely indicating higher similarity, yet fungal community structures in different phases of individual microcosms separated (Figure 5 and Supplementary Figure 4). However, multivariate homogeneity of dispersions was statistically relevant for the fungal communities regarding different sample types (permutest, Type, p = 0.001) and sampled phases (permutest, Phase, p = 0.002), whereas no significant betadispersion effects were observed regarding different treatments (permutest, Set, p > 0.1) (Supplementary Table 4). In addition, the estimated sample group sizes for multivariate analysis of fungal communities were adequate (Supplementary Figure 3).
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FIGURE 5
PCoA for fungal community based on Bray-Curtis’ dissimilarity (A,B), and alpha diversity measures for fungi (C). In PCoA, X-axis explains 8.9% (A) or 9.9% (B), and Y-axis explains 7.5% (A) or 8.3% (B) of variance in the fungal community composition, respectively. Panel (A) includes the original fracture fluid samples, whereas panel (B) illustrates dissimilarities in the microcosms. In panel (A), colors and shape indicate the sample phase. In panel (B), colors indicate the amended carbon source, and shape indicates the sample phase. Plot C illustrates the observed number of ASVs, Chao1 and ACE richness estimators, and Shannon and Simpson diversity estimates in different sample types and phases. Colors indicate sample origin either from fracture fluid or sampled phase in microcosm.




3.3.2. Alpha diversity metrics for the fungal communities

The fungal read counts varied between 301 and 7,695 across the dataset with an average of 2,210 reads per sample (Supplementary Table 5). The number of observed ASVs was lowest in the methane-amended microcosms (13–33), and it was highest in the methanol-amended microcosms (18–34) (Figure 5C and Supplementary Table 11). The richness estimators Chao1 and ACE were in line with the observed ASV counts and predicted highly similar ASV richness across sample types. Shannon and Simpson diversity indices estimated the highest diversity and evenness of fungal communities for the acetate-amended microcosms as Shannon’s (H’) ranging from 1.4 to 2.7 and Simpson index varying between 0.7 and 0.9 (Figure 5C and Supplementary Table 11). The fungal community alpha diversity measures for the original fracture fluid samples FF_A and FF_B differed from each other (Figure 5C) as sample FF_B had high diversity and richness, whereas FF_A represented the lowest.



3.3.3. Fungal community composition and indicator species analysis

The main observed fungal phyla across samples were Ascomycota, Basidiomycota, and unclassified fungi for which phylum level classification could not be assigned (Figure 6 and Supplementary Table 7B). In addition, Mortierellomycota was observed in one original fracture fluid sample (Figure 6). The fungal community composition detected in both replicate samples of the original fracture fluids hosted the genera Alternaria, Meyerozyma, and Fusarium (Figure 7). The fungal community composition in fracture fluids showed great variability as the other sample contained a larger number of different genera. In the microcosms, Aspergillus, Beauveria, Cladosporium, Penicillium, and Sporobolomyces were common and abundant. Meyerozyma and Fusarium were statistically significant indicators for fracture fluid samples (p = 0.003) (Supplementary Tables 12, 13). Sarocladium was a significant indicator fungus in the acetate-amended microcosms (p = 0.009). Aspergillus ASV17 (p = 0.02), Naganishia ASV42 (p = 0.002), Malassezia ASV111 (p = 0.01), and Phaeotremella ASV113 (p = 0.003) represented individual indicator ASVs in methanol-amended microcosms. Unclassified Leotiomycetes was a significant indicator in the planktic phase of methane-amended microcosms (p = 0.03), and Vexillomyces was a significant indicator in the sessile phase of acetate-amended microcosms (p = 0.02).
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FIGURE 6
Fungal phyla in fracture fluids and different microcosms mica schist or water phase. The remaining taxa show merged lower abundance phyla and their abundances across treatments and phases. Color scale indicates relative abundance as percentages. Sample name abbreviations are presented in detail in Table 1. A, B, and C in the sample names represent replicate microcosms; W, water phase of the microcosms.
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FIGURE 7
Top 25 fungal genera across different treatments and samples. Legend color indicates relative abundance (as %). The remaining taxa row shows the remaining 65 lower abundance taxa with their merged relative abundances. Sample name abbreviations are presented in detail in Table 1. FF, fracture fluid; MeOH, methanol; CH4, methane; AS, acetate + sulfate; NS, no substrate; A, B, C, rock surface sample replicates; AW, BW, CW, water phase sample replicates.





3.4. Archaea

The archaeal 16S rRNA gene copy counts remained below the detection limit in the qPCR analysis. Accordingly, archaeal 16S rRNA gene amplicons were not obtained from most of the microcosms. Nevertheless, archaeal amplicon libraries produced 15 different ASVs. The original 500 m depth fracture fluid community consisted of Nitrosopumilaceae, Methanobacteriaceae, Methanocellaceae, unclassified Woesearchaeales, Methanoperedenaceae, and Methanococcaceae families (Supplementary Table 7C), whereas all the sequences obtained from the microcosms belonged to Methanobacteriaceae. Most of the observed archaeal sequences were detected from microcosms without any added carbon compounds, with the highest number of sequences (16,212) observed in the rock surface sample NS_B. Four rock surface samples with different substrate additions had only very low levels of archaeal sequences (MeOH_C, CH4_A, CH4_B, and AS_C).



3.5. Other measurements

The pH in the microcosms at the end of the incubation ranged from 5.5 to 6.8, whereas the original fracture fluid pH at the depth of 500 m have been shown to range from 6.3 to 8.7 during the sampling period in October 2010 (Kietäväinen, 2017; Supplementary Table 14). The highest acquired DNA concentration 5 ng/μl was measured for crushed mica schist from methanol-amended microcosms (Supplementary Table 14).




4. Discussion

Lithology is a major driver of the deep subsurface groundwater and biofilm microbiome structure as the main rock type and minerals in turn affect local hydrogeochemistry (Nyyssönen et al., 2014; Casar et al., 2020; Mehrshad et al., 2021; Sahu et al., 2022; Soares et al., 2023). Microcosms mimicking the in situ geochemistry offer a possibility to study the development of biofilm communities and their interactions with the available mineral surfaces, and long-term incubations facilitate observations of changing dynamics in the rock–water interphase dwelling microbial communities (Leandro et al., 2018; Sanz et al., 2021; Nuppunen-Puputti et al., 2022). As energy and carbon sources are limiting factors in the deep subsurface as well as in long microcosm incubation simulations, the microbial genera able to use rock surfaces as their nutrient source are more likely to thrive. In this experiment, we investigated the effect of a short pulse of low-molecular-weight key carbon compounds on the epilithic microbial community development for 3.5 years in microcosms containing both mica schist surfaces and fracture fluids.


4.1. Sessile and planktic microbiome

There were statistically significant differences between epilithic and water-phase bacterial communities enriched in the microcosms. As no significant betadispersion was detected, these observed differences between sampled phase (rock or water) bacterial communities may be considered relevant and also carried out with adequate sample size for multivariate analyses according to the multSE analysis. In addition, there were indications that different carbon substrate additions also produced statistically significant differences in bacterial community structure. Fungal community composition showed less dissimilarities overall, and dispersion may have affected part of the observed fungal community variance. Furthermore, the enriched microbial communities in the microcosms were derived from the deep groundwater and could differ from the intrinsic biofilm communities. Differentiation of the resident rock surface microbiome and the planktic microbiome has been shown from other deep subsurface locations (Momper et al., 2017; Kraus, 2021). In the serpentinizing Oman subsurface environment, SRB and methanogenic genera diverged between the rock and fluid phase (Kraus, 2021). Moreover, SRB inhabited the fluid phase in the SURF, whereas rock communities had a lower diversity compared to fluid inhabiting microbial communities (Momper et al., 2017).

The fracture fluids hosted a microbial community that as such was not represented in the microcosms. Most of the microcosms also showed some dissimilarities between replicate samples (Figures 2B, 5B). Small differences in the microbial community structure between replicates could develop during enrichment, for example, due to local mineral heterogeneities or uneven distribution of microorganisms in the deep groundwater as sampled volume was 80 ml. The incubation without additional substrates led to the lowest bacterial community richness but did not show any major drop in the relative abundance of opportunistic taxa such as Pseudomonas. However, microcosm enrichments indicated that a methanol pulse may enhance the settlement of some microbial taxa, such as Hydrogenophaga, EUB33-2, and unclassified Comamonadaceae, on the rock surfaces. The main enriched bacterial genera across microcosms were affiliated with Pseudomonas, Hydrogenophaga/Serpentinomonas, Brevundimonas, Desulfosporosinus, and unclassified OPB41. Similar epilithic microbial communities have been cultivated from deep continental subsurface drill cores directly after drilling in the Iberian Pyrite Belt (IPB), Spain (Leandro et al., 2018). These IPB enrichment cultures produced isolates of, e.g., Pseudomonas, Brevundimonas, and Desulfosporosinus, thus further linking these genera to the deep subsurface epilithic microbiome (Leandro et al., 2018). In our study, the relative abundance of Brevundimonas was higher in the water phase but was frequently encountered on mica schist suggesting that this genus inhabits both water and rock surfaces. A Brevundimonas MAG (OKU12) studied previously showed that this genus is involved in both the sulfur cycle and organic carbon oxidation (Nuppunen-Puputti et al., 2022), whereas the IPB enrichment isolate Brevundimonas sp. T2.26MG-97 genome also contained numerous genes for a fermentative lifestyle (Sanz et al., 2021). Brevundimonas has been shown to inhabit deep continental groundwater in Olkiluoto, Finland (Bell et al., 2020), and in basaltic rock cores from deep oceanic crust in the South Pacific Gyre further affirming the presence of this taxon in multiple deep subsurface groundwater and rock microbiomes (Suzuki et al., 2020).

Sessile rock surface microbiome functionality has been linked to processes involved in both the sulfur cycle and heterotrophy in Outokumpu deep bedrock biosphere (Nuppunen-Puputti et al., 2022). The copy numbers of epilithic community dsrB genes were approximately two orders of magnitude lower than those of bacterial 16S rRNA gene copies/g mica schist. However, the proportion of SRB in the bacterial communities may be underestimated, because dsrB gene copies are usually present in single copies per genome, whereas bacteria may contain up to 15 copies of 16S rRNA genes per genome (Větrovský and Baldrian, 2013; Müller et al., 2015). In Outokumpu deep subsurface, the ratio of planktic dsrB gene copy counts to microscopically enumerated total number of cells in the deep groundwater at the depth of 500 m was previously shown to be 1 dsrB: 7.7 planktic cells (Purkamo et al., 2013). Sulfur and thiosulfate cycling bacterial genera, such as Desulfosporosinus and Dethiosulfatibacter, were observed both on mica schist surfaces and in the water phase of the studied microcosms, and SRB formed a substantial proportion of the epilithic bacterial community. The abundance of dsrB gene copies was previously shown to increase over a 2-month incubation period in response to acetate addition in the rock-free microcosms containing groundwater from 967 m from Outokumpu (Purkamo et al., 2017). However, considering that in this study enrichment of SRB was observed especially on the rock surfaces, this could indicate that mica schist could be an important factor affecting the SRB community richness. The Outokumpu mica schist has been shown to contain 0.42% carbon and 0.057% sulfur, whereas the reported total sulfur amount in the Outokumpu deep groundwater at 500 m was 3.36 mg/L, and the concentration of sulfate has been below the detection limit (< 50 mg/L) (Västi, 2011; Kietäväinen, 2017; Nuppunen-Puputti et al., 2022). Epilithic Desulfosporosinus MAGs derived from Outokumpu were shown to contain the necessary genes not only for sulfate reduction but also for sulfur oxidation, sulfite oxidation, and sulfite reduction, as well as thiosulfate disproportionation (type 1) (Nuppunen-Puputti et al., 2022). As the sulfate levels in the Outokumpu deep groundwater are low, the ability to use different rock-derived sulfur species may serve as a potential driver of the deep subsurface biological sulfate reduction in the epilithic SRB communities. In the mica schist, sulfur occurs mainly in pyrrhotite [Fe(1–x)S] and more rarely in pyrite (FeS2) and chalcopyrite (CuFeS2) (Västi, 2011). Moreover, sulfides in rocks may be leached by the saline groundwater (Na+ and Cl–), oxidized in anoxic conditions abiotically with ferric iron Fe (III) or by microorganisms, and released as sulfate or other intermediate sulfur species (Müller and Regenspurg, 2017; Jakus et al., 2021; Bao et al., 2022), which is evident in the recent reviews on sulfide mineral–microbe interactions (Bomberg et al., 2021; Ortiz-Castillo et al., 2021; Spietz et al., 2022). Rock surface biofilms could potentially facilitate interactions in the necessary cycling processes between different groups of microorganisms. High levels of rock-associated sulfate-reducing microorganisms have similarly been observed in the Oman drill cores that hosted endolithic resident SRB genera Desulfovibrio, Desulfomonas, and Desulfomonile (Kraus, 2021). These SRB were accompanied by several genera of methanogenic archaea, whereas the mica schist in our study supported only low levels of archaea mainly affiliating with the family Methanobacteriaceae. Furthermore, archaea remained below the detection limit of the qPCR assay. In accordance, archaea were not found to occupy rock surface biofilms in our previous 6-month in situ incubation in the Outokumpu subsurface (Nuppunen-Puputti et al., 2021). In addition to sulfur cycling, previous Desulfosporosinus MAGs suggested the potential for C1-cycling as genes for formaldehyde oxidation were identified (Nuppunen-Puputti et al., 2022). Formaldehyde is the main intermediate in methane/methanol oxidation (Hanson and Hanson, 1996), and thus, this suggests that Desulfosporosinus could gain some secondary benefit from methanotrophic and/or methylotrophic actions of other microorganisms and therefore become enriched in the microcosms.

Pseudomonas was enriched in all microcosms, both on the rock surfaces and in the planktic phase. Previously, enrichment of Pseudomonas has been observed in deep groundwater microcosms with nitrite/nitrate and sulfate amendment, but without rock (Bell et al., 2020), and enrichment of planktic Pseudomonadaceae has also been linked to the addition of acetate (Purkamo et al., 2017). Pseudomonas and Hydrogenophaga were major genera in the deep subsurface rock microbiome in SURF further affirming the ability of these genera to inhabit rock surfaces in the deep biosphere (Momper et al., 2017). Moreover, collective analysis of the deep groundwater microbial communities has identified Pseudomonas as a globally relevant core taxon within the deep continental subsurface environments (Soares et al., 2023). The low-abundance taxa affiliated with Chloroflexi and unclassified OPB41 were more frequent in the mica schist surface samples than in the water phase according to the amplicon sequences. Previously collected MAGs of these deep rock surface taxa showed that these groups may be involved in organic carbon cycling and hydrogen oxidation in the epilithic microbiome (Nuppunen-Puputti et al., 2022).

Both filamentous fungi and yeasts were enriched on the mica schist surfaces in the microcosms. Many detected fungal genera inhabited both planktic and rock phases of the microcosms, and the supplied organic carbon increased the fungal 5.8S rRNA gene copy numbers on the mica schist surfaces (methanol, acetate), or in the microcosm water phase (methane). Fungi are heterotrophs and are likely adapted to the deep subsurface by either close syntrophy with bacteria or by saprotrophic actions linked to the use of dead biomass. The rock surfaces may act as a facilitator for these interactions. Fungi are also known for their rock-solubilizing skills that could in turn enhance the actions of attached bacteria (Sterflinger, 2000; Gadd, 2007). There are indications that fungi and sulfate reducers would benefit from each other’s metabolisms in the deep subsurface, and our microcosm study further affirms the co-occurrence of SRB and deep biosphere fungi both on rock surfaces and as planktic communities (Drake et al., 2017; Nuppunen-Puputti et al., 2021). Epilithic Aspergillus, Aureobasidium, Cadophora, Cladosporium, Dioszegia, and Penicillium detected from Outokumpu represent fungal genera that have also been detected or cultured from the crushed rock material from the deep oceanic crust (Quemener et al., 2020). Furthermore, Beauveria isolates from the ocean crust could use bacterial and archaeal peptidoglycans (Quemener et al., 2020). Thus, the enrichment of this taxon could be related to the enrichment of overall microbial biomass in microcosms.



4.2. Low-molecular-weight carbon compounds and microbial communities

Our recent study showed that genetic potential for oxidation of organic carbon and fermentation was common across mica schist bacterial MAGs, and genetic potential for the usage of C1-compounds was observed in Desulfosporosinus, Brevundimonas, and Pseudomonas MAGs (Nuppunen-Puputti et al., 2022). This study further investigated how the pulse of these low-molecular-weight carbon compounds supported epilithic community development in microcosms. The rock surface attached Hydrogenophaga/Serpentinomonas had a statistically significant response to methanol. In addition, the relative abundances of Hydrogenophaga/Serpentinomonas and unclassified Comamonadaceae on mica schist were the highest in the methanol-amended microcosms. Hydrogenophaga and Serpentinomonas strains have been shown to grow on acetate and formate (Bird et al., 2021). Correspondingly, one mica schist epilithic Serpentinomonas MAG had genes for acetate metabolism (Nuppunen-Puputti et al., 2022). In addition to bacteria, supplied methanol supported the richest fungal communities, and indicator species analysis linked Naganishia and Malassezia ASVs to the addition of methanol in the microcosms. The ribulose monophosphate (RuMP) or serine pathway is used by various methylotrophic bacteria for methanol oxidation, whereas methanol-utilizing yeasts have the dihydroxyacetone pathway for the use of formaldehyde (Hanson and Hanson, 1996). A variety of methanol-assimilating yeasts have been described from soil environments, where the decaying plant materials release methanol (Morawe et al., 2017). The ability to assimilate methanol has been described for some Naganishia yeasts isolated from hypersaline marine environment (Fotedar et al., 2018). In the deep subsurface, methanol is a relevant intermediate and could favor the growth of these small yeasts in the microcosms. In our previous in situ experiment, Naganishia yeasts were enriched on mica schist surfaces (Nuppunen-Puputti et al., 2021). Malassezia has been shown to be activated by CO2 amendment in fluid samples from the 180-m depth fracture from Outokumpu (Bomberg et al., 2017). Another potential bacteria benefiting from added methanol would be Pseudomonas, which was enriched in all microcosms. Previously, an epilithic mica schist-dwelling Pseudomonas MAG was shown to host the mxaF gene for methanol oxidation (Nuppunen-Puputti et al., 2022). Moreover, methanol amendment has also been shown to activate dormant deep groundwater microbes, especially Pseudomonas and Rhodobacteraceae, from a depth of 500 m in Outokumpu (Rajala and Bomberg, 2017).

In the Outokumpu deep groundwaters, methane is the dominant dissolved gas and thus widely available for microorganisms (Kietäväinen, 2017; Kietäväinen et al., 2017). The planktic microbial community has been shown to rapidly respond to increased availability of methane and methanol together with sulfate, resulting in an increase in the transcription of functional genes representing sulfate reducers (dsrB), nitrate reducers (narG), and methanotrophs (pmoA) (Rajala et al., 2015). In this study, Proteiniphilum and Pseudorhodobacter also benefited from the added methane. Proteiniphilum was solely detected in the methane-supplied microcosms (both rock and water phase) as a low-abundance genus. Previously, Proteiniphilum sp. has been enriched in lignocellulolytic degradation bioreactors with simultaneous enrichment of methanogenic archaea (Wu et al., 2021). However, no methane usage-related genes have been described in Proteiniphilum genomes, and it is not considered a methanotroph (Wu et al., 2021). Instead, Proteiniphilum has been shown to produce acetate, formate, and multiple volatiles, as well as a variety of extracellular enzymes (Kabaivanova et al., 2022). Similarly, analysis of our previous mica schist-derived Proteiniphilum MAG (OKU04) suggested the genetic potential for a wide enzyme pool and the potential for acetogenesis and nitric oxide reduction in the deep subsurface (Nuppunen-Puputti et al., 2022). Therefore, the Proteiniphilum genus could represent a potential necromass degrader that in this case could act as a key-compound producer in the microbial community. Another indicator for methane-supplied microcosms was Pseudorhodobacter. Previously, Pseudorhodobacter was shown to occupy both water and mica schist phases in deep groundwater microcosms without substrate amendments (Nuppunen-Puputti et al., 2022). Pseudorhodobacter sp. has been isolated from marine environments, and it has been detected as part of the microbial community in terrestrial subsurface sediments (Li et al., 2016; Ohkubo et al., 2020). Considering that enrichment of this genus was observed also in the shallow hard rock aquifer microbial communities after injection of acetate (Lee et al., 2021), low-molecular-weight carbon compounds appear to benefit this genus in different groundwater environments either directly or through cross-feeding. Pseudomonas was abundantly present in all microcosm enrichments. Furthermore, Pseudomonas was demonstrated to be a statistically significant indicator for acetate-amended microcosms at both genus and ASV levels. Pseudomonas has been linked to the active use of acetate at 2,260 m depth in Outokumpu (Nuppunen-Puputti et al., 2018), and the epilithic Pseudomonas MAG OKU15 indicated the potential capability of transforming acetate into acetaldehyde through ethanol fermentation (Nuppunen-Puputti et al., 2022). Acetate-linked metabolism has been shown to hold a central role in another granitic deep terrestrial biosphere location in the KSZ, in the Deccan traps, India (Sahu et al., 2022), where enriched endolithic microbial community metagenomes showed potential for the oxidation of methane and methanol, as well as genes for sulfur cycling (Sahu et al., 2022). The fungal indicator for acetate-amended microcosms was Sarocladium. Previously, Sarocladium fungi have been shown to occupy both rock surfaces and the water phase after a 6-month in situ incubation trial at 500 m and 967 m depth in Outokumpu, where Sarocladium also positively correlated with sulfate reducer group SRB2 (Nuppunen-Puputti et al., 2021). Sarocladium is part of the deep subsurface groundwater community in Romuvaara, Finland (Purkamo et al., 2018). Furthermore, Sarocladium fungi inhabit other extreme environments as they are the primary fungal occupiers of glacier forefield soils after ice sheet melting (Dresch et al., 2019) and occupy plant roots in the Atacama Desert salt lakes (Santiago et al., 2018).




5. Conclusion

Sessile and planktic bacterial communities of the Outokumpu deep subsurface-derived mica schist groundwater microcosms differed from each other and from the original 500 m depth fracture fluid communities. Especially, sulfate-reducing bacteria were frequent occupiers of the rock surfaces. Several microbial genera occupied both niches and thus could gain a competitive advantage over solely planktic or epilithic lifestyle in the resource-limiting conditions of the Outokumpu deep subsurface. Significant dissimilarities in the community composition could be observed for the bacterial communities with different supplied carbon sources. Pseudomonas, Brevundimonas, and Hydrogenophaga/Serpentinomonas dominated the communities along with genera affiliated with Desulfosporosinus, Sphaerochaeta, and unclassified OPB41. Fungal rock surface genera were affiliated with Aspergillus, Cladosporium, and Penicillium. Different carbon amendments were selected for different indicator species suggesting that simple carbon compounds may act as a potential driver influencing the microbial community structure. In sessile rock communities, Hydrogenophaga/Serpentinomonas and unclassified Comamonadaceae were individual indicators for supplied methanol. When considering both phases of the microcosms, unclassified Anaerolineae and Naganishia were significant individual indicators in methanol-amended microcosms, and Pseudomonas and Sarocladium for added acetate. Although the epilithic and planktic bacterial communities differ in their community structure, it is likely that some sort of metabolic cooperation exists between them and with the fungal communities.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ebi.ac.uk/ena, PRJEB51996.



Author contributions

MN-P and MB designed the experiments and prepared the original manuscript. MN-P performed the laboratory analyses, the data visualization, and the formal analysis. RK did the sampling, compiling, and interpretation of geochemical data. IK provided the funding and field site management. MB provided the project leadership. All authors contributed to the manuscript editing and approved the final version of the manuscript.



Funding

This research was conducted with research funding and a personal grant for MN-P from the Maj and Tor Nessling Foundation, and a material cost grant from the University of Helsinki Funds. The original groundwater sampling for the microcosms was performed during the Academy of Finland DEEPLIFE (Grant No. 133348/2009). MB and RK were funded by the Finnish Research Programme on Nuclear Waste Management (KYT2022) project grants MIMOSA and BIKES, respectively.



Acknowledgments

We would like to thank Tarja Eriksson (VTT alumni) and Mirva Pyrhönen (VTT) for skilled laboratory work, Pauliina Rajala (VTT alumni) for help during the field work, Merja Itävaara (VTT alumni) for the sampling possibility, and Satu Vuoriainen (GTK) for the preparation of the crushed mica schist.



Conflict of interest

MN-P and MB were employed by the VTT Technical Research Centre of Finland Ltd.

The remaining 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.



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.2023.1054084/full#supplementary-material



References

Ahonen, L., Kietäväinen, R., Kortelainen, N., Kukkonen, I. T., Pullinen, A., Toppi, T., et al. (2011). Hydrogeological characteristics of the outokumpu deep drill hole. Spec. Pap. Geol. Surv. Finl. 2011, 151–168.

Andersen, K. S., Kirkegaard, R. H., Karst, S. M., and Albertsen, M. (2018). ampvis2: An R package to analyse and visualise 16S rRNA amplicon data. bioRxiv [Preprint]. doi: 10.1101/299537

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. Austral Ecol. 26, 32–46. doi: 10.1046/j.1442-9993.2001.01070.x

Anderson, M. J. (2006). Distance-based tests for homogeneity of multivariate dispersions. Biometrics 62, 245–253. doi: 10.1111/j.1541-0420.2005.00440.x

Anderson, M. J. (2017). “Permutational multivariate analysis of variance (PERMANOVA),” in Wiley StatsRef: Statistics reference online, eds N. Balakrishnan, T. Colton, B. Everitt, W. Piegorsch, F. Ruggeri, and J. L. Teugels (Hoboken, NJ: Wiley). doi: 10.1002/9781118445112.stat07841

Anderson, M. J., and Santana-Garcon, J. (2015). Measures of precision for dissimilarity-based multivariate analysis of ecological communities. Ecol. Lett. 18, 66–73. doi: 10.1111/ele.12385

Anderson, M. J., Ellingsen, K. E., and McArdle, B. H. (2006). Multivariate dispersion as a measure of beta diversity. Ecol. Lett. 9, 683–693. doi: 10.1111/j.1461-0248.2006.00926.x

Bano, N., Ruffin, S., Ransom, B., and Hollibaugh, J. T. (2004). Phylogenetic composition of arctic ocean archaeal assemblages and comparison with antarctic assemblages. Appl. Environ. Microbiol. 70, 781–789. doi: 10.1128/AEM.70.2.781-789.2004

Bao, Z., Bain, J., Saurette, E., Zou Finfrock, Y., Hu, Y., Ptacek, C. J., et al. (2022). Mineralogy-dependent sulfide oxidation via polysulfide and thiosulfate pathways during weathering of mixed-sulfide bearing mine waste rock. Geochim. Cosmochim. Acta 317, 523–537. doi: 10.1016/j.gca.2021.10.012

Barns, S. M., Fundyga, R. E., Jeffries, M. W., and Pace, N. R. (1994). Remarkable archaeal diversity detected in a Yellowstone National Park hot spring environment. Proc. Natl. Acad. Sci. U.S.A. 91, 1609–1613. doi: 10.1073/pnas.91.5.1609

Bar-On, Y. M., and Milo, R. (2019). Towards a quantitative view of the global ubiquity of biofilms. Nat. Rev. Microbiol. 17, 199–200. doi: 10.1038/s41579-019-0162-0

Bar-On, Y. M., Phillips, R., and Milo, R. (2018). The biomass distribution on Earth. Proc. Natl. Acad. Sci. U.S.A. 115, 6506–6511. doi: 10.1073/pnas.1711842115

Bell, E., Lamminmäki, T., Alneberg, J., Andersson, A. F., Qian, C., Xiong, W., et al. (2018). Biogeochemical cycling by a low-diversity microbial community in deep groundwater. Front. Microbiol. 9:2129. doi: 10.3389/fmicb.2018.02129

Bell, E., Lamminmäki, T., Alneberg, J., Andersson, A. F., Qian, C., Xiong, W., et al. (2020). Active sulfur cycling in the terrestrial deep subsurface. ISME J. 14, 1260–1272. doi: 10.1038/s41396-020-0602-x

Bird, L. J., Kuenen, J. G., Osburn, M. R., Tomioka, N., Ishii, S., Barr, C., et al. (2021). Serpentinimonas gen. Nov., Serpentinimonas raichei sp. nov., Serpentinimonas barnesii sp. nov. and Serpentinimonas maccroryi sp. nov., hyperalkaliphilic and facultative autotrophic bacteria isolated from terrestrial serpentinizing springs. Int. J. Syst. Evol. Microbiol. 71:004945. doi: 10.1099/ijsem.0.004945

Bomberg, M., and Miettinen, H. (2020). Data on the optimization of an archaea-specific probe-based qPCR assay. Data Brief 33:106610. doi: 10.1016/j.dib.2020.106610

Bomberg, M., Miettinen, H., Kietäväinen, R., Purkamo, L., Ahonen, L., and Vikman, M. (2021). “Chapter 3 microbial metabolic potential in deep crystalline bedrock,” in The microbiology of nuclear waste disposal, eds J. R. Lloyd and A. Cherkouk (Amsterdam: Elsevier), 41–70.

Bomberg, M., Raulio, M., Jylhä, S., Mueller, C., Höschen, C., Rajala, P., et al. (2017). CO2 and carbonate as substrate for the activation of the microbial community in 180 m deep bedrock fracture fluid of outokumpu deep drill hole, Finland. AIMS Microbiol. 3, 846–871. doi: 10.3934/microbiol.2017.4.846

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: High-resolution sample inference from illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Casar, C. P., Kruger, B. R., and Osburn, M. R. (2021). Rock-Hosted subsurface biofilms: Mineral selectivity drives hotspots for intraterrestrial life. Front. Microbiol. 12:658988. doi: 10.3389/fmicb.2021.658988

Casar, C. P., Kruger, B. R., Flynn, T. M., Masterson, A. L., Momper, L. M., and Osburn, M. R. (2020). Mineral-hosted biofilm communities in the continental deep subsurface, deep mine microbial observatory, SD, USA. Geobiology 18, 508–522. doi: 10.1111/gbi.12391

Colwell, F. S., and D’Hondt, S. (2013). Nature and extent of the deep biosphere. Rev. Mineral Geochem. 75, 547–574. doi: 10.2138/rmg.2013.75.17

De Cáceres, M., and Legendre, P. (2009). Associations between species and groups of sites: Indices and statistical inference. Ecology 90, 3566–3574. doi: 10.1890/08-1823.1

De Cáceres, M., Legendre, P., and Moretti, M. (2010). Improving indicator species analysis by combining groups of sites. Oikos 119, 1674–1684. doi: 10.1111/j.1600-0706.2010.18334.x

Drake, H., Ivarsson, M., Bengtson, S., Heim, C., Siljeström, S., Whitehouse, M. J., et al. (2017). Anaerobic consortia of fungi and sulfate reducing bacteria in deep granite fractures. Nat. Commun. 8, 1–9. doi: 10.1038/s41467-017-00094-6

Dresch, P., Falbesoner, J., Ennemoser, C., Hittorf, M., Kuhnert, R., and Peintner, U. (2019). Emerging from the ice-fungal communities are diverse and dynamic in earliest soil developmental stages of a receding glacier. Environ. Microbiol. 21, 1864–1880. doi: 10.1111/1462-2920.14598

Edwards, K. J., Becker, K., and Colwell, F. (2012). The deep, dark energy biosphere: Intraterrestrial life on earth. Annu. Rev. Earth Planet. Sci. 40, 551–568. doi: 10.1146/annurev-earth-042711-105500

Ekendahl, S., O’Neill, A. H., Thomsson, E., and Pedersen, K. (2003). Characterisation of yeasts isolated from deep igneous rock aquifers of the Fennoscandian shield. Microb. Ecol. 46, 416–428. doi: 10.1007/s00248-003-2008-5

Escudero, C., Vera, M., Oggerin, M., and Amils, R. (2018b). Active microbial biofilms in deep poor porous continental subsurface rocks. Sci. Rep. 8, 1–9. doi: 10.1038/s41598-018-19903-z

Escudero, C., Oggerin, M., and Amils, R. (2018a). The deep continental subsurface: The dark biosphere. Int. Microbiol. 21, 3–14. doi: 10.1007/s10123-018-0009-y

Flemming, H. C., and Wuertz, S. (2019). Bacteria and archaea on earth and their abundance in biofilms. Nat. Rev. Microbiol. 17, 247–260. doi: 10.1038/s41579-019-0158-9

Fotedar, R., Kolecka, A., Boekhout, T., Fell, J. W., Anand, A., Al Malaki, A., et al. (2018). Naganishia qatarensis sp. Nov., a novel basidiomycetous yeast species from a hypersaline marine environment in Qatar. Int. J. Syst. Evol. Microbiol. 68, 2924–2929. doi: 10.1099/ijsem.0.002920

Fullerton, K. M., Schrenk, M. O., Yücel, M., Manini, E., Basili, M., Rogers, T. J., et al. (2021). Effect of tectonic processes on biosphere–geosphere feedbacks across a convergent margin. Nat. Geosci. 14, 301–306. doi: 10.1038/s41561-021-00725-0

Gadd, G. M. (2007). Geomycology: Biogeochemical transformations of rocks, minerals, metals and radionuclides by fungi, bioweathering and bioremediation. Mycol. Res. 111, 3–49. doi: 10.1016/j.mycres.2006.12.001

Gardes, M., and Bruns, T. D. (1993). ITS primers with enhanced specificity for basidiomycetes – application to the identification of mycorrhizae and rusts. Mol. Ecol. 2, 113–118. doi: 10.1111/j.1365-294X.1993.tb00005.x

Geets, J., Borremans, B., Diels, L., Springael, D., Vangronsveld, J., van der Lelie, D., et al. (2006). DsrB gene-based DGGE for community and diversity surveys of sulfate-reducing bacteria. J. Microbiol. Methods 66, 194–205. doi: 10.1016/j.mimet.2005.11.002

Hanson, R. S., and Hanson, T. E. (1996). Methanotrophic bacteria. Microbiol. Rev. 60, 439–471.

Haugland, R., and Vesper, S. (2002). Method of identifying and quantifying specific fungi and bacteria. US Patent 6,387,652, 2002.

Herlemann, D. P., Labrenz, M., Jürgens, 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

Itävaara, M., Nyyssönen, M., Kapanen, A., Nousiainen, A., Ahonen, L., and Kukkonen, I. (2011). Characterization of bacterial diversity to a depth of 1500m in the Outokumpu deep borehole, Fennoscandian Shield. FEMS Microbiol. Ecol. 77, 295–309. doi: 10.1111/j.1574-6941.2011.01111.x

Jakus, N., Mellage, A., Höschen, C., Maisch, M., Byrne, J. M., Mueller, C. W., et al. (2021). Anaerobic neutrophilic pyrite oxidation by a chemolithoautotrophic nitrate-reducing iron(II)-oxidizing culture enriched from a fractured aquifer. Environ. Sci. Technol. 55, 9876–9884. doi: 10.1021/acs.est.1c02049

Kabaivanova, L., Hubenov, V., Dimitrova, L., Simeonov, I., Wang, H., and Petrova, P. (2022). Archaeal and bacterial content in a two-stage anaerobic system for efficient energy production from agricultural wastes. Molecules 27:1512. doi: 10.3390/molecules27051512

Kietäväinen, R. (2017). Deep groundwater evolution at Outokumpu, Eastern Finland: From meteoric water to saline gas-rich fluid. Espoo: Geological Survey of Finland.

Kietäväinen, R., Ahonen, L., Kukkonen, I. T., Hendriksson, N., Nyyssönen, M., and Itävaara, M. (2013). Characterisation and isotopic evolution of saline waters of the Outokumpu deep drill hole, Finland - Implications for water origin and deep terrestrial biosphere. Appl. Geochem. 32, 37–51. doi: 10.1016/j.apgeochem.2012.10.013

Kietäväinen, R., Ahonen, L., Kukkonen, I. T., Niedermann, S., and Wiersberg, T. (2014). Noble gas residence times of saline waters within crystalline bedrock, Outokumpu deep drill hole, Finland. Geochim. Cosmochim. Acta 145, 159–174. doi: 10.1016/j.gca.2014.09.012

Kietäväinen, R., Ahonen, L., Niinikoski, P., Nykänen, H., and Kukkonen, I. T. (2017). Abiotic and biotic controls on methane formation down to 2.5 km depth within the Precambrian Fennoscandian Shield. Geochim. Cosmochim. Acta 202, 124–145. doi: 10.1016/j.gca.2016.12.020

Kietäväinen, R., and Purkamo, L. (2015). The origin, source, and cycling of methane in deep crystalline rock biosphere. Front. Microbiol. 6:725. doi: 10.3389/fmicb.2015.00725

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al. (2013). Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 41, 1–11. doi: 10.1093/nar/gks808

Kõljalg, U., Nilsson, R. H., Abarenkov, K., Tedersoo, L., Taylor, A. F. S., Bahram, M., et al. (2013). Towards a unified paradigm for sequence-based identification of fungi. Mol. Ecol. 22, 5271–5277. doi: 10.1111/mec.12481

Kotelnikova, S. (2002). Microbial production and oxidation of methane in deep subsurface. Earth-Science Rev. 58, 367–395. doi: 10.1016/S0012-8252(01)00082-4

Kotelnikova, S., and Pedersen, K. (1998). Distribution and activity of methanogens and homoacetogens in deep granitic aquifers at Äspö hard rock laboratory, Sweden. FEMS Microbiol. Ecol. 26, 121–134. doi: 10.1111/j.1574-6941.1998.tb00498.x

Kraus, E. A. (2021). The Endolithic and planktonic subsurface microbiome within zones of active low-temperature serpentinization in the Samail ophiolite of Oman. Available online at: https://hdl.handle.net/11124/176451 (accessed March 2022).

Kukkonen, I. T., Rath, V., Kivekäs, L., Šafanda, J., and Čermak, V. (2011). Geothermal studies of the Outokumpu deep drill hole, Finland: Vertical variation in heat flow and palaeoclimatic implications. Phys. Earth Planet. Inter. 188, 9–25. doi: 10.1016/J.PEPI.2011.06.002

Lau, M. C. Y., Kieft, T. L., Kuloyo, O., Linage-Alvarez, B., Van Heerden, E., Lindsay, M. R., et al. (2016). An oligotrophic deep-subsurface community dependent on syntrophy is dominated by sulfur-driven autotrophic denitrifiers. Proc. Natl. Acad. Sci. U.S.A. 113, E7927–E7936. doi: 10.1073/pnas.1612244113

Leandro, T., Rodriguez, N., Rojas, P., Sanz, J. L., da Costa, M. S., and Amils, R. (2018). Study of methanogenic enrichment cultures of rock cores from the deep subsurface of the Iberian Pyritic Belt. Heliyon 4:e00605. doi: 10.1016/j.heliyon.2018.e00605

Lee, D., Ahn, Y., Pandi, K., Park, J., Yun, S.-T., Jang, M., et al. (2021). Evaluation of natural attenuation-potential and biogeochemical analysis in nitrate contaminated bedrock aquifers by carbon source injection. Sci. Total Environ. 780:146459. doi: 10.1016/j.scitotenv.2021.146459

Lefcheck, J. (2017). multSE: Multivariate dissimilarity-based SE. Available online at: https://github.com/jslefche/multSE (accessed November 2022).

Lever, M. A. (2012). Acetogenesis in the energy-starved deep biosphere-a paradox? Front. Microbiol. 2:284. doi: 10.3389/fmicb.2011.00284

Li, A. H., Liu, H. C., Hou, W. G., and Zhou, Y. G. (2016). Pseudorhodobacter sinensis sp. nov. and Pseudorhodobacter aquaticus sp. nov., isolated from crater lakes. Int. J. Syst. Evol. Microbiol. 66, 2819–2824. doi: 10.1099/ijsem.0.001061

Lovley, D. R., and Chapelle, F. (1995). Deep subsurface microbial processes. Rev. Geophys. 33, 365–381.

Magnabosco, C., Lin, L.-H. H., Dong, H., Bomberg, M., Ghiorse, W., Stan-Lotter, H., et al. (2018). The biomass and biodiversity of the continental subsurface. Nat. Geosci. 11, 1–11. doi: 10.1038/s41561-018-0221-6

McMahon, S., and Parnell, J. (2014). Weighing the deep continental biosphere. FEMS Microbiol. Ecol. 87, 113–120. doi: 10.1111/1574-6941.12196

McMurdie, P. J., and Holmes, S. (2013). phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 10.1371/journal.pone.0061217

Mehrshad, M., Lopez-Fernandez, M., Sundh, J., Bell, E., Simone, D., Buck, M., et al. (2021). Energy efficiency and biological interactions define the core microbiome of deep oligotrophic groundwater. Nat. Commun. 12, 1–12. doi: 10.1038/s41467-021-24549-z

Miettinen, H., Bomberg, M., and Vikman, M. (2018). Acetate activates deep subsurface fracture fluid microbial communities in Olkiluoto, Finland. Geosciences 8:399. doi: 10.3390/geosciences8110399

Momper, L., Kiel Reese, B., Zinke, L., Wanger, G., Osburn, M. R., Moser, D., et al. (2017). Major phylum-level differences between porefluid and host rock bacterial communities in the terrestrial deep subsurface. Environ. Microbiol. Rep. 9, 501–511. doi: 10.1111/1758-2229.12563

Morawe, M., Hoeke, H., Wissenbach, D. K., Lentendu, G., Wubet, T., Kröber, E., et al. (2017). Acidotolerant bacteria and fungi as a sink of methanol-derived carbon in a deciduous forest soil. Front. Microbiol. 8:1361. doi: 10.3389/fmicb.2017.01361

Müller, A. L., Kjeldsen, K. U., Rattei, T., Pester, M., and Loy, A. (2015). Phylogenetic and environmental diversity of DsrAB-type dissimilatory (bi)sulfite reductases. ISME J. 9, 1152–1165. doi: 10.1038/ismej.2014.208

Müller, D. R., and Regenspurg, S. (2017). The element-release mechanisms of two pyrite-bearing siliciclastic rocks from the North German Basin at temperatures up to 90 °C under oxic and anoxic conditions. Geotherm. Energy 5, 1–21. doi: 10.1186/s40517-017-0080-1

Nilsson, R. H., Larsson, K. H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S., Schigel, D., et al. (2019). The UNITE database for molecular identification of fungi: Handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 47, D259–D264. doi: 10.1093/nar/gky1022

Nuppunen-Puputti, M., Kietäväinen, R., Purkamo, L., Rajala, P., Itävaara, M., Kukkonen, I., et al. (2021). Rock surface fungi in deep continental biosphere—exploration of microbial community formation with subsurface in situ biofilm trap. Microorganisms 9, 1–29. doi: 10.3390/microorganisms9010064

Nuppunen-Puputti, M., Kietäväinen, R., Raulio, M., Soro, A., Purkamo, L., Kukkonen, I., et al. (2022). Epilithic microbial community functionality in deep oligotrophic continental bedrock. Front. Microbiol. 13:826048. doi: 10.3389/fmicb.2022.826048

Nuppunen-Puputti, M., Purkamo, L., Kietäväinen, R., Nyyssönen, M., Itävaara, M., Ahonen, L., et al. (2018). Rare biosphere archaea assimilate acetate in Precambrian terrestrial subsurface at 2.2 km depth. Geoscience 8:418. doi: 10.3390/geosciences8110418

Nyyssönen, M., Hultman, J., Ahonen, L., Kukkonen, I., Paulin, L., Laine, P., et al. (2014). Taxonomically and functionally diverse microbial communities in deep crystalline rocks of the Fennoscandian shield. ISME J. 8, 126–138. doi: 10.1038/ismej.2013.125

Ohkubo, S., Saito, T., Abul Kalam Azad, M., Kawai, H., Suda, W., Kore-eda, S., et al. (2020). Microbial community structures in terrestrial subsurface sediments from the Southern Kanto Plain, Japan. Geomicrobiol. J. 37, 595–602. doi: 10.1080/01490451.2020.1743390

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al. (2018). Package ‘vegan’ title community ecology package. Available online at: https://cran.r-project.org/web/packages/vegan/vegan.pdf (Accessed August 24, 2018).

Onstott, T. C. (1997). Deep gold mines of South Africa: Windows into the subsurface biosphere. Proc. SPIE 3111, 344–357. doi: 10.1117/12.278789

Onstott, T. C., Moser, D. P., Pfiffner, S. M., Fredrickson, J. K., Brockman, F. J., Phelps, T. J., et al. (2003). Indigenous and contaminant microbes in ultradeep mines. Environ. Microbiol. 5, 1168–1191. doi: 10.1046/j.1462-2920.2003.00512.x

Ortiz-Castillo, J. E., Mirazimi, M., Mohammadi, M., Dy, E., and Liu, W. (2021). The role of microorganisms in the formation, dissolution, and transformation of secondary minerals in mine rock and drainage: A review. Minerals 11:1349. doi: 10.3390/min11121349

Pedersen, K. (1997). Microbial life in deep granitic rock. FEMS Microbiol. Rev. 20, 399–414. doi: 10.1016/S0168-6445(97)00022-3

Pedersen, K. (2000). Exploration of deep interterrestrial microbial life: Current perspectives. FEMS Microbiol. Lett. 185, 9–16. doi: 10.1111/j.1574-6968.2000.tb09033.x

Pedersen, K. (2012). Subterranean microbial populations metabolize hydrogen and acetate under in situ conditions in granitic groundwater at 450 m depth in the Äspö hard rock laboratory, Sweden. FEMS Microbiol. Ecol. 81, 217–229. doi: 10.1111/j.1574-6941.2012.01370.x

Purkamo, L., Bomberg, M., Kietäväinen, R., Salavirta, H., Nyyssönen, M., Nuppunen-Puputti, M., et al. (2016). Microbial co-occurrence patterns in deep Precambrian bedrock fracture fluids. Biogeosciences 13, 3091–3108. doi: 10.5194/bg-13-3091-2016

Purkamo, L., Bomberg, M., Nyyssönen, M., Ahonen, L., Kukkonen, I., and Itävaara, M. (2017). Response of deep subsurface microbial community to different carbon sources and electron acceptors during ~2 months incubation in microcosms. Front. Microbiol. 8:232. doi: 10.3389/fmicb.2017.00232

Purkamo, L., Bomberg, M., Nyyssönen, M., Kukkonen, I., Ahonen, L., and Itävaara, M. (2014). Heterotrophic communities supplied by ancient organic carbon predominate in deep Fennoscandian bedrock fluids. Microb. Ecol. 69, 319–332. doi: 10.1007/s00248-014-0490-6

Purkamo, L., Bomberg, M., Nyyssönen, M., Kukkonen, I., Ahonen, L., Kietäväinen, R., et al. (2013). Dissecting the deep biosphere: Retrieving authentic microbial communities from packer-isolated deep crystalline bedrock fracture zones. FEMS Microbiol. Ecol. 85, 324–337. doi: 10.1111/1574-6941.12126

Purkamo, L., Kietäväinen, R., Miettinen, H., Sohlberg, E., Kukkonen, I., Itävaara, M., et al. (2018). Diversity and functionality of archaeal, bacterial and fungal communities in deep Archaean bedrock groundwater. FEMS Microbiol. Ecol. 94:fiy116. doi: 10.1093/femsec/fiy116

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, 590–596. doi: 10.1093/nar/gks1219

Quemener, M., Mara, P., Schubotz, F., Beaudoin, D., Li, W., Pachiadaki, M., et al. (2020). Meta-omics highlights the diversity, activity and adaptations of fungi in deep oceanic crust. Environ. Microbiol. 22, 3950–3967. doi: 10.1111/1462-2920.15181

Rajala, P., and Bomberg, M. (2017). Reactivation of deep subsurface microbial community in response to methane or methanol amendment. Front. Microbiol. 8:431. doi: 10.3389/fmicb.2017.00431

Rajala, P., Bomberg, M., Huttunen-Saarivirta, E., Priha, O., Tausa, M., and Carpén, L. (2016). Influence of chlorination and choice of materials on fouling in cooling water system under brackish seawater conditions. Materials. 9:475. doi: 10.3390/ma9060475

Rajala, P., Bomberg, M., Kietäväinen, R., Kukkonen, I., Ahonen, L., Nyyssönen, M., et al. (2015). Rapid reactivation of deep subsurface microbes in the presence of C-1 compounds. Microorganisms 3, 17–33. doi: 10.3390/microorganisms3010017

RStudio Team (2015). RStudio: Integrated Development for R. Available online at: http://www.rstudio.com/ (accessed August 24, 2018).

Sahu, R. P., Kazy, S. K., Bose, H., Mandal, S., Dutta, A., Saha, A., et al. (2022). Microbial diversity and function in crystalline basement beneath the Deccan traps explored in a 3 km borehole at Koyna, western India. Environ. Microbiol. 24, 2837–2853. doi: 10.1111/1462-2920.15867

Salter, S. J., Cox, M. J., Turek, E. M., Calus, S. T., Cookson, W. O., Moffatt, M. F., et al. (2014). Reagent and laboratory contamination can critically impact sequence-based microbiome analyses. BMC Biol. 12:87. doi: 10.1186/s12915-014-0087-z

Santiago, I. F., Gonçalves, V. N., Gómez-Silva, B., Galetovic, A., and Rosa, L. H. (2018). Fungal diversity in the atacama desert. Antonie Van Leeuwenhoek 111, 1345–1360. doi: 10.1007/s10482-018-1060-6

Sanz, J. L., Rodriguez, N., Escudero, C., Carrizo, D., and Amils, R. (2021). Biological production of H2,CH4 and CO2 in the deep subsurface of the Iberian Pyrite Belt. Environ. Microbiol. 23, 3913–3922. doi: 10.1111/1462-2920.15561

Schäfer, N., Schmidt, B. C., Quéric, N. V., Röring, B., and Reitner, J. (2015). Organic compounds and conditioning films within deep rock fractures of the Äspö hard rock laboratory, Sweden. Geomicrobiol. J. 32, 231–242. doi: 10.1080/01490451.2014.911992

Sharma, P., Tsang, C. F., Kukkonen, I. T., and Niemi, A. (2016). Analysis of 6-year fluid electric conductivity logs to evaluate the hydraulic structure of the deep drill hole at Outokumpu, Finland. Int. J. Earth Sci. 105, 1549–1562. doi: 10.1007/s00531-015-1268-x

Sheik, C. S., Reese, B. K., Twing, K. I., Sylvan, J. B., Grim, S. L., Schrenk, M. O., et al. (2018). Identification and removal of contaminant sequences from ribosomal gene databases: lessons from the census of deep life. Front. Microbiol. 9:840. doi: 10.3389/fmicb.2018.00840

Sherwood Lollar, B., Heuer, V. B., McDermott, J., Tille, S., Warr, O., Moran, J. J., et al. (2021). A window into the abiotic carbon cycle – Acetate and formate in fracture waters in 2.7 billion year-old host rocks of the Canadian Shield. Geochim. Cosmochim. Acta 294, 295–314. doi: 10.1016/j.gca.2020.11.026

Smith, A. R., Kieft, B., Mueller, R., Fisk, M. R., Mason, O. U., Popa, R., et al. (2019). Carbon fixation and energy metabolisms of a subseafloor olivine biofilm. ISME J. 13, 1737–1749. doi: 10.1038/s41396-019-0385-0

Soares, A., Edwards, A., An, D., Bagnoud, A., Bomberg, M., Budwill, K., et al. (2023). A global perspective on microbial diversity in the terrestrial deep subsurface. Microbiology 169, doi: 10.1099/mic.0.001172

Spietz, R. L., Payne, D., Szilagyi, R., and Boyd, E. S. (2022). Reductive biomining of pyrite by methanogens. Trends Microbiol. 30, 1072–1083. doi: 10.1016/j.tim.2022.05.005

Sterflinger, K. (2000). Fungi as geologic agents. Geomicrobiol. J. 17, 97–124. doi: 10.1080/01490450050023791

Suzuki, Y., Yamashita, S., Kouduka, M., Ao, Y., Mukai, H., Mitsunobu, S., et al. (2020). Deep microbial proliferation at the basalt interface in 33.5–104 million-year-old oceanic crust. Commun. Biol. 3, 1–9. doi: 10.1038/s42003-020-0860-1

Takai, K., and Horikoshi, K. (2000). Rapid detection and quantification of members of the archaeal community by quantitative PCR using fluorogenic probes. Appl. Environ. Microbiol. 66, 5066–5072. doi: 10.1128/AEM.66.11.5066-5072.2000

Västi, K. (2011). “Petrology of the drill hole R2500 at Outokumpu, Eastern Finland – the deepest drill hole ever drilled in Finland,” in Outokumpu Deep Drilling project 2003-2010. Geological survey of Finland, Special Paper 33, ed. I. T. Kukkonen (Espoo: Geological Survey of Finland), 197–210.

Větrovský, T., and Baldrian, P. (2013). The variability of the 16S rRNA gene in bacterial genomes and its consequences for bacterial community analyses. PLoS One 8:e57923. doi: 10.1371/journal.pone.0057923

Wagner, M., Roger, A. J., Flax, J. L., Brusseau, G. A., and Stahl, D. A. (1998). Phylogeny of dissimilatory sulfite reductases supports an early origin of sulfate respiration. J. Bacteriol. 180, 2975–2982. doi: 10.1128/jb.180.11.2975-2982.1998

White, T. J., Bruns, T. D., Lee, S. B., and Taylor, J. W. (1990). “Amplification and direct sequencing of fungal ribosomal RNA Genes for phylogenetics,” in PCR Protocols: A Guide to Methods and Applications, eds M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (New York, NY: Academic Press), 315–322.

Whitman, W. B., Bowen, T. L., and Boone, D. R. (2006). “The methanogenic bacteria,” in The prokaryotes, eds M. Dworkin, S. Falkow, E. Rosenberg, K. H. Schleifer, and E. Stackebrandt (New York, NY: Springer). doi: 10.1007/0-387-30743-5_9

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. New York, NY: Springer-Verlag. Available online at: https://ggplot2.tidyverse.org (accessed January 2023).

Wu, Z., Nguyen, D., Lam, T. Y. C., Zhuang, H., Shrestha, S., Raskin, L., et al. (2021). Synergistic association between cytochrome bd-encoded Proteiniphilum and reactive oxygen species (ROS)-scavenging methanogens in microaerobic-anaerobic digestion of lignocellulosic biomass. Water Res. 190:116721. doi: 10.1016/j.watres.2020.116721


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Implications of a short carbon pulse on biofilm formation on mica schist in microcosms with deep crystalline bedrock groundwater



		1. Introduction



		2. Materials and methods



		2.1. Site description



		2.2. Experimental setup and sampling



		2.3. Incubation of the microcosms and DNA extraction



		2.4. Preparation of amplification libraries for iSeq100 sequencing



		2.5. Quantitative polymerase chain reaction (qPCR)



		2.6. Amplicon sequence analysis and microbial community statistics







		3. Results



		3.1. Microbial community sizes



		3.2. Bacterial communities



		3.2.1. Beta diversity analysis of the bacterial communities



		3.2.2. Alpha diversity metrics for the bacterial communities



		3.2.3. Bacterial community composition



		3.2.4. Indicator species analysis for bacteria







		3.3. Fungal communities



		3.3.1. Beta diversity analysis of the fungal communities



		3.3.2. Alpha diversity metrics for the fungal communities



		3.3.3. Fungal community composition and indicator species analysis







		3.4. Archaea



		3.5. Other measurements







		4. Discussion



		4.1. Sessile and planktic microbiome



		4.2. Low-molecular-weight carbon compounds and microbial communities







		5. Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Implications of a short carbon
pulse on biofilm formation on
mica schist in microcosms
with deep crystalline bedrock
groundwater












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







OPS/images/fmicb-14-1054084-t001.jpg
Sample ID Sample type Collected phase Substrate
FF_A Fracture fluid Fracture fluid No
FF_B Fracture fluid Fracture fluid No
NS_A Microcosm Mica schist No
NS_B Microcosm Mica schist No
NS_C Microcosm Mica schist No
CH4_A Microcosm Mica schist Methane
CH4_B Microcosm Mica schist Methane
CH4_C Microcosm Mica schist Methane
AS_A Microcosm Mica schist Acetate, sulfate
AS_B Microcosm Mica schist Acetate, sulfate
AS_C Microcosm Mica schist Acetate, sulfate
MeOH_A Microcosm Mica schist Methanol
MeOH_B Microcosm Mica schist Methanol
MeOH_C Microcosm Mica schist Methanol
NS_AW Microcosm Water No
NS_BW Microcosm ‘Water No
NS_CW Microcosm Water No
CH4_AW Microcosm Water Methane
CH4_BW Microcosm Water Methane
CH4_CW Microcosm Water Methane
AS_AW Microcosm ‘Water Acetate, sulfate
AS_BW Microcosm ‘Water Acetate, sulfate
AS_CW Microcosm ‘Water Acetate, sulfate
MeOH_AW Microcosm Water Methanol
MeOH_BW Microcosm Water Methanol
MeOH_CW Microcosm ‘Water Methanol
MSCNegl Abiotic microcosm |Sterile mica schist, sterile No

water
MSCNeg2 Abiotic microcosm |Sterile mica schist, sterile No

water

One liter original situation representing fracture fluid sample replicates were collected and

filtered on site at the field laboratory (FF), whereas incubated 80-ml microcosm rock or water

phase samples were collected in the laboratory at the end of the experiment after 3.5 years

enrichment. NS-coded samples represent treatments without added substrates, CH4, methane,

AS, acetate and sulfate, MeOH, methanol. Both planktic and mica schist phases were combined

into one filter for the negative mica schist controls containing sterile milli-Q water as well as
sterile mica schist (MSCNeg).





OPS/images/email.jpg





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fmicb-14-1054084-g006.jpg
Fracture fluid Mica schist Water
% Read
Abundance

Ascomycota- 99.2 32,7 95.6 79.7 54.2 35.7 5.6 639 538 779 89.2 14.2 86.8 97.3 92 HEE 9/7.1 EEE /2.9 97.8 N B 80.3 68.8 93.1 52.8 80

25
10

Basidiomycota -

42 39 458 638 944 304 46.2 221 105 856 129 26 /7.8 61.2 p2 0N 61.2 21 8 Bl 82.6 53.5 [18.¥ 8ie 6.9 47.1

Unclassified
Fungi”

Mortierellomycota -

)
2

i
7

&2
S

\z\b‘/ \z\b./ Q‘b‘/ o\e\/ O\e\/ 00 / e(‘9
RN





OPS/images/fmicb-14-1054084-g007.jpg
Asperag

L2 O

B -
DOIrobolo
adoSpo

By

()
osphae

ala

ada

Alte

evero
aroclad
ed Leotlo s
e 0

ed Sorda
ed DI ella
anoqge

3 20
ortie
Pseudombrop
andad
‘- -
2 g taxea

ACE

c






OPS/images/fmicb-14-1054084-g004.jpg
Acetate Methane Methanol None Original
Pseudomonas- 40.1 62 74.9 33.3 71.4 65.3 63 50.4 63.5 38.6 64.9 225 402 523 525 26 385 322 59.1 62.6 15.1 28.4 33.2 69.4 --

Hydrogenophaga- 38 58 91 81 78 8 9 154 48N P56 | 8.5 FENR 24.7 | 9 293 |67 30.4 14.7 (154 |83 [88Y FeiN 13.2 74| 684 785

Brevundimonas- 2.1 242 24 259 24 96 S 196 e S5O e 32.1 44 137 19 406 24 55 22 81

| || a7 07 04 03 127 o7 a3 648002 11 08
Pseudorhodobacter - . 2.3 -.. el 13 (94 |76 Tj; - 240 |22 139 .
Unclassified OPB41 - .- 56 - 104- 3.6 . 4.8 . - .

18 71.9 BS:S RO e

Unclassfied Rhodobacteraceae- (03] 05 @8] 27 [08] 48 31 38 117 . 54 . .- 1o
- ‘ % Read
oservaiobmmng | | ||| N | [T s
Unclassified Peptostreptococcales- 60
Tissierellales e L s g o
actiotaiea- IS Y 72 [ [ llllll W6 = [o2] o4 [GHIIB o5 o7 6] -+ BN oz o2
10

Unclassified Lachnospirales-----.. 2 --.-. -..-.- --.. 211 . -.
Unclassified Proteobacteria-....-. .--[ uﬂ‘.. ... 2.2 .- .

Unclassified Acholeplasmataceae-..--.. --.i.- .. 2.3 -.-

Dethiosulfatibacter-.---.. 23 43 -.-- 2 B2 ..--

Unclassified Caulobacteraceae - ...--- -....- ....--

Acetobacterium - .----.

Seohaeicola- ...-..

Unclassified Pseudomonadaceae - ..

oieprorocecter- [ I S [
spnacrocheeta- [ S I I I l---

Remaining taxa (129) - ... 52 . 20 || 2

$ 3: IR Y Q0N O N IR \e Q O v o
o O ¥ x99 s O Y RO O o’ ¥ © 9% o O &/ &7
v@/ w2 \;9 2 @’ 0~2~ow O%ow 0~2~0\2\w S QO&O‘?‘/\&%O O Ve Ve Ve <7<





OPS/images/fmicb-14-1054084-g005.jpg
A
Ll
027 g - m =
p— L]
Q L] a Phase
o
N, 0.0- .A 7 A ¢ Fracture fluid
AN A A - A Mica schist
2
é - Ll . " Ll B Water
A
0.4~ 0
-O.l25 O.bO O.;25
Axis.1 [8.9%]
C Observed Chao1 ACE
A o 1o
. :
A &
o 30 + A
> A 7 \ t A + +
D ‘ A A
= PO~ A
2 t t A 7\ =0
% & 20 - * i A
5 A 4
< > : +
10 4 - 10 4
& o ‘
l..q-'J l8 IB lg lc_U l..9 lg lB l8 la l"9 l8 lB l8 l(—U
<23 o <25 o <25 o

B
Acetate Methane
0.4 4 »
0.2- ® A Phase
il ® Mica schist
0.0+ ° .
. A A Water
g}‘; 20,9+ a A A A
0,
- Methanol None Set
g 04 A {  Acetate
<L 55 Ah @ Methane
ol @ A @® Methanol
A o ¢ None
-0.2 e
-Ol.2 OTO 072 074 -0.2 OTO 072 OT4
Axis.1 [9.9%)]
Shannon Simpson
A A ° A .
2.5 ﬁ A A A
0.8 A
A A A4 Type
A ‘ = A .
A A A ® Fracture fluid
S n A Microcosm
A 42 A 064
75 - A Phase
“1A A
A A -®- Fracture fluid
A A 0.4 - ® -® Mica schist
1.0 - AA A A @ Water
&
4 0.2 4 A
§ 5 25 g § £ 2¢g &
2 £ 2P g £ 220D
< 2 g O < 2 g o)





OPS/images/fmicb-14-1054084-g002.jpg
- . o
o\o 0.2 N Phase
- ’.
N, ¢ Fracture fluid
0.0 1
%‘5 A A Mica schist
3 - 1
> Water
< 02- } o
-0.8 -0.6 -04 -0.2 0.0 0.2
Axis.1 [28.4%)]
C Observed Chao1 ACE
A A
80 - 80 - +
o @ 801
@ @
) A
= 10+ A 704 ﬁ 20
S A
o) A
= | 2
>,
m o9 A Bl y § 60 -
()]
s |A A N
& A,
©
< 50- : R 4. - : 50 -
< A A A +
014 A A s0{h + 4 il
i A
seses zeses peses
2 & 83 5 &2 8 2 5 g &2 8 8 B
G £ = C B % g = O = % =
<C s % @) <C s = O <C s 2 O

B
Acetate Methane
0.4 - A
[
027 @ o L - Phase
0.0 1 Alle A A ® Mica schist
T 02- A Water
AN
X
Methanol None Set
o\
% 0.4 7 {  Acetate
X
< 2- @® Methane
« @® Methanol
0.0 A A
D. ® " ¢ None
-0.2 - A A
A
| 1 T 1 1 |
-02 00 0.2 -0.2 0.0 0.2
AXis.1 [28.3%]
Shannon Simpson
A 0.9 - A
A
A
A A - f 4
2.4 A 084 A Lipe
A f ® Fracture fluid
: A,aL © A Microcosm
A o 077 A
A 3
2.0
A A Phase
A i A .
0.6 -~ Fracture fluid
& ® Mica schist
1.6 - 05- @ Water
& &
T T T T T 04- T T T T T
8 £ £z 2 8 £ £z 2
<C = g O <C = % O





OPS/images/fmicb-14-1054084-g003.jpg
-’ U
) D
q)
O
U
o
°’'m






OPS/images/fmicb-14-1054084-g001.jpg
A

1e+05 1

1e+03 1

Gene copies / g mica schist

1e+01 A

None

Methanol

Methane

4@
g

%
e

%

NG

%,
%
¢

QQO

C
ﬁao 69
% g
@ QO

Sample ID

%
e

C
%%
\

Acetate B None Methanol Methane Acetate
1e+05 4
E% 1e+03 4
w
Q
o)
ml &
&
(O]
@,
1e+01 4
- - ' Y Y b 4 4 4 G G O qe 4
W% s 0 Sa Sa B, B, B, = % T, % X
o 9 e ‘o W% % X, e, %o, % % G T % %

group [Ji] Bacteria [] Fungi [ | srB

Sample ID





