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Abstract

:

Over the last half-century, microbial communities of the Kamchatka hot springs have been largely studied using molecular, radioisotopic, and cultural approaches. Generally, these results were obtained for mixed samples of water with sediments, for only hydrothermal water, or for only sediment samples. Simultaneous comparative analysis of the microbial communities of water and sediments was performed for only one Kamchatka hot spring with circumneutral pH. Here, the microbial communities of both sediments and water (separately) of hot spring #4229 (the Uzon Caldera, Kamchatka) with a temperature of 50–56 °C and pH of 3.2 were analyzed by 16S rRNA gene V4 fragment amplicon sequencing. It was revealed that the microbial community of sediments was represented by uncultured phylogenetically deep-branching lineages of archaea, such as ARK-15 within Thermoplasmatota and ‘Ca. Marsarchaeales’ from the Thermoproteota phyla. Metagenome analysis showed that these archaea most probably carried out the degradation of organic matter. The microbial community of the hot water is represented by thermoacidophilic, (micro)aerobic, chemolithoautotrophic, hydrogen- and sulfur-oxidizing bacteria of the genera Hydrogenobaculum (phylum Aquificota) and Acidithiobacillus (phylum Pseudomonadota). Radioisotopic tracing and DNA-stable-isotope probing techniques proved their role as primary producers in the hot spring. The experiment revealed significant differences in the composition and functions of the microbial communities of sediments and water through the example of a typical acidic hot spring in Kamchatka.
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1. Introduction


Hot springs are unique ecosystems with a huge diversity of thermophilic prokaryotes inhabiting them. Hot springs are associated with zones of volcanic activity or higher tectono-magmatic activity. The largest active volcanic region on Earth, called the Pacific Ring of Fire, is spread from the Aleutian Islands to New Zealand and Chile. The Kamchatka Peninsula is a part of the Ring and includes the Uzon Caldera, which is located in the central part of the Eastern Kamchatka on the territory of the Kronotsky Nature Reserve. Uzon is the site of the largest manifestations of geothermal activity in Kamchatka, with numerous hot springs, fumaroles, mud pots, and mud volcanoes, as well as a relatively newly appeared geyser [1]. The caldera contains all major types of hydrothermal springs (chloride-sodium, chloride-sulfate, sulfate-chloride, sulfate, and bicarbonate), distinguishing in chemical composition and a wide range of temperatures from 20 to 97 °C and pH from 2.0 to 8.5 [1,2,3,4]. The variety of physicochemical parameters of hot springs provides a high diversity of microbial communities, which serves as a source for the isolation and characterization of novel thermophilic microorganisms [1,5].



The primary producers in hot springs, in contrast to meso- and psychrophilic ecosystems, are not only photosynthetic organisms but also chemolithoautotrophs. Microbial photosynthesis in thermal springs is limited by temperature: in neutral and alkaline environments, the boundary is 73 °C; in acidic, it is 56 °C [6,7,8]. Cyanobacteria, which carry out oxygenic photosynthesis, dominate in Kamchatka hot springs with temperatures up to 50 °C, followed by purple and green sulfur bacteria. In hot springs with temperatures from 50 to 73 °C, non-sulfur filamentous bacteria of the phylum Chloroflexota, namely representatives of the genera Chloroflexus and Roseiflexus, carry out anoxygenic photosynthesis and could represent a significant part of the community in hot springs with temperatures of up to 62 °C [9,10]. In contrast, chemolithoautotrophy using the energy of redox reactions is limited only by the boiling point of the water in terrestrial hot springs. Hydrothermal fluids, rich in reduced inorganic compounds, first of all, sulfur compounds and hydrogen, provide opportunities for chemolithoautotrophs to dominate in hot vent environments. Among them, bacteria of the phylum Aquificota are the most numerous primary producers that are widely spread in hydrothermal springs all over the world [11,12,13,14,15,16,17,18,19,20]. In Kamchatka hot springs, Aquificota representatives account for up to 85% or more of the whole microbial community [12,18]. In hot springs with temperatures between 60 and 97 °C and pH above 5.0, members of the genus Sulfurihydrogenibium, belonging to this phylum, are the most common [18,20,21,22,23], while bacteria of the genus Hydrogenobaculum inhabit acidic springs [18,20]. An anaerobic hyperthermophilic bacterium Caldimicrobium rimae (phylum Desulfobacterota), able to assimilate CO2, is also quite numerous in the hot springs of the Uzon Caldera with water temperatures from 60 to 90 °C [16,18].



Organic matter, produced by autotrophic organisms, and organic compounds from the outside are metabolized in hydrothermal environments by a diverse group of heterotrophic prokaryotes, mainly facultative or strict anaerobes [1,24]. Representatives of heterotrophic bacteria of the Dictyoglomota, Thermotogota, Bacillota, Caldisericota, Bacteroidota, and Deinococcota phyla are the most common [3,22,23,25]. Among cultivated archaea with heterotrophic metabolism, representatives of the phylum Thermoproteota, such as the Fervidicoccus or Caldisphaera species, as well as the Conexivisphaera species (=the Terrestrial Hot Spring Crenarchaeotic Group or THSCG) dominate in acidic hot springs [1,18]. In hot springs with circumneutral pH, archaea of the genera Pyrobaculum and Thermoproteus (both from Thermoproteota), as well as uncultivated representatives of Korarchaeia (phylum Thermoproteota) and Nanoarchaeota occur [12,16,26].



Thus, over the last half-century, classical microbiological, radioisotopic, and molecular-biological studies have succeeded extensively in studying the microbial metabolism and communities of Uzon hot springs. However, these results were obtained either only for thermal water samples, only for sediments, or microbial mats/filamentous “streamers”, or for a mix of water and sediments [2,4,12,18,20,26,27,28]. Previously, only one work was devoted to the comparison of water and sediment microbial communities separately in the Bourlyashchy Pool of the Uzon Caldera [16]. That study showed the significant difference in the composition and function of microbial communities in water and sediments, where lithoautotrophic representatives of the phyla Aquificota (affiliated to the genera Sulfurihydrogenibium and Hydrogenobacter) and Thermoproteota (genus Pyrobaculum) predominated in the water, whereas Desulfobacterota and Aquificota occupied the sediments. Bourlyashchy is a very special spring in the caldera. It is the hottest one there (with a temperature of above 90 °C) with pH 6.0–7.0, while the majority of hot springs are mildly acidic with moderate temperatures (54–72 °C) [18]. Characterization of the latter with regard to a separate study of microbial community structures in water and sediments is still absent, which may lead to incorrect conclusions about the role of a particular microorganism in microbial associations.



Here, we studied separately the microbial communities of water and sediments of an acidic spring with moderate temperatures using radioisotopic tracing, DNA-stable-isotope probing (DNA-SIP), and the next-generation sequencing (NGS) techniques, including metagenomic and 16S rRNA gene sequences analyses, in order to demonstrate the significant difference in their composition and functions.




2. Materials and Methods


2.1. Characteristics of the Sampling Site


The sediments or water samples of hot spring #4229 (N54.50077111°, E160.00748449°) were collected on the East Thermal Field of the Uzon Caldera (the Kronotsky National Park) in July 2021. Hot spring #4229 is located in the central part of an acidic stream called Izumrudny and has a circle shape about 0.5 m in diameter with gray-yellow sandy-clay sediments (Figure 1). The water in the spring was muddy with a gray-yellow color. The temperature of water and sediments varied from 50 to 56 °C depending on the site. The pH value of the hot spring water was 3.2. The emanation of gases in the form of bubbles rising from the hot spring bottom was observed. Hot spring #4229 received water from an upstream spring and then flowed into the acidic Izumrudny stream. The Izumrudny stream, together with associated hot springs and #4229, was located inside a ravine with clay slopes. The upper part of the ravine was covered with plants, which indicates the entry of allochthonous organic matter into hot springs. Moreover, small depressions in the clay filled with water and cyanobacterial mats were located around the Izumrudny stream and its hot springs.




2.2. DNA Extraction and 16S rRNA Gene Sequencing


For DNA isolation, sediment or water samples were taken aseptically with spoon or spatula in 2 mL Eppendorf tubes with screw caps and then fixed with a stabilizing buffer (100 mM EDTA, 100 mM Tris·HCl, 150 mM NaCl). The water sample was collected at a distance of 25 cm from the edge of the hot spring and from a depth of 5 cm. Sediments were collected at the edge of the hot spring from a depth of 10 cm. During transportation and storage, the fixed samples were maintained at +4 °C and then stored at −20 °C until DNA was extracted. DNA isolation from water (designated as 4229w) and sediment (designated as 4229s) samples fixed with stabilizing buffer was performed using a commercial FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s instructions, including the step of mechanical cell disruption using a FastPrep-24™ 5G homogenizer (MP Biomedicals, USA).



Amplicon libraries of the V4 hypervariable region of the 16S rRNA gene were prepared according to Gohl et al. [29]. The following primer system was used: 515F (5′-GTGBCAGCMGCCGCGGCGGTAA-3′) [30] and 806R (5′-GGACTACNVGGGGTMTCTAATCC-3′) [31]. Libraries were prepared in two replicates for each sample. High-throughput sequencing of the obtained libraries was performed using the MiSeq Reagent Micro Kit v2 (300-cycles) MS-103-1002 (Illumina, San Diego, CA, USA) on a MiSeq System (Illumina, USA).



Primary raw reads were processed using QIIME 2 (version 2019.1) [32] and analyzed using the SILVAngs service (https://ngs.arb-silva.de/silvangs/; SILVA138.1 database, accessed on 19 November 2022) [33]. Taxonomic classification was performed using GTDB taxonomy (https://gtdb.ecogenomic.org/).




2.3. Sequencing and Analysis of the 4229s Metagenome


Libraries for metagenomic sequencing were prepared using the KAPA HyperPlus kit (Roche, Basel, Switzerland). Paired-end sequencing of metagenome 4229s was performed using the Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA). Adapter trimming was done using Cutadapt (https://github.com/marcelm/cutadapt). Further reads were filtered in CLC Genomics Workbench v.10 (Qiagen, Venlo, The Netherlands) using the Trim tool (quality limit = 0.03, maximum ambiguous nucleotides = 2, minimum length = 80).



The metagenome was assembled using metaSpades v.3.15.5 [34]; scaffolds with lengths below 200bp were discarded from the assembly. The recovery of metagenome-assembled genomes (MAGs) was done using the metaWRAP v1.3.2 pipeline [35] with three tools, CONCOCT v.1.1.0 [36], MaxBin2 v.2.2.7 [37], and metaBAT2 v.2.12.1 [38]. The following bins consolidation was done using the Bin_refinement module of metaWRAP with a threshold of 50% completeness and 10% contamination estimated CheckM [39]. Taxonomic classification of MAGs was performed using GTDB-Tk v.2.1.1 [40] with the GTDB r207 database as a reference.



The rapid annotation subsystem technology (RAST) [41] was used to perform a general functional annotation of each of the obtained MAGs. The number of genes that were detected by RAST was counted in each functional category for each MAG. R studio using the library ggplot2 v.3.3.5 (ggplot2.tidyverse.org) was used for visualization of the absolute abundance of the subsystem feature counts.



The heatmaps were generated using R studio using the library ggplot2 v.3.3.5 (ggplot2.tidyverse.org).




2.4. DNA Stable-Isotope Probing (DNA-SIP)


In situ incubation of the samples was performed using stable isotope-labeled 13C-carbonate (enrichment of Na213CO3—85%; All-regional association “Izotop”, Russia) and was carried out in 1-L bottles with gas-tight butyl rubber stoppers and screw caps filled with a sample of water from the hot spring with no headspace. Two milliliters of 1M Na213CO3 solution was added to each tube with a syringe through the stopper. Further, the sample bottles were placed at the sampling site and incubated for 6 and 24 h. Each series of measurements had a control sample with unlabeled carbonate to help confirm the enrichment of specific organisms in the 13C-exposed samples. After incubation, the samples were fixed with 6 mL of 2 M NaOH solution and filtered using Sterivex™ filters (Merck Millipore, Darmstadt, Germany) with a pore diameter of 0.22 microns for cell deposition. The filters, together with the cells, were fixed with stabilizing buffer (100 mM EDTA, 100 mM Tris·HCl, 150 mM NaCl) and transported to the laboratory. During transportation and storage, the fixed samples were maintained at +4 °C and then stored at −20 °C until DNA was extracted.



Further processing of the samples was conducted according to the previously described method [42,43] without ethidium bromide addition to a gradient solution of CsCl. To separate light and heavy DNA, ultracentrifugation was performed in an 8.9 mL OptiSeal Polypropylene Tube (16 × 60 mm—56 Pk) using Optima XPN-80 Ultracentrifuge (Beckman Coulter Inc., Brea, CA, USA). Ultracentrifugation conditions were 44,100 rpm (177,000× g) at 20 °C for 40 h with vacuum, maximum acceleration, and without brake (takes an additional 2 h to stop). After ultracentrifugation, the retrieval of DNA was carried out by gradient fractionation from gradients without EtBr. Eighteen fractions with a volume of 0.5 mL were obtained. DNA concentration was determined in each fraction using the Qubit DNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). According to the measurement results, fractions with a high concentration of DNA were selected. One fraction was obtained in the control samples, while two fractions were obtained in the experimental samples. These fractions were used for subsequent high-throughput sequencing by the 16S rRNA gene (V4 region).




2.5. Radioisotopic Tracing Experiments


The rates of autotrophic CO2 fixation were measured by means of the radioisotopic technique using 14C-bicarbonate. Radioisotope experiments were performed in three replications in 17 mL Hungate tubes with screw caps that were filled completely with the water sample. To each tube, 0.2 mL of 14C-bicarbonate (28 × 104 Bq) was added with a syringe through the stopper. Incubation was performed in situ at the sampling site for 0, 6, 24, 48, and 72 h, which also allowed tracing the dynamics of the process. After incubation, the samples were fixed with 1 mL of 2 M NaOH solution. Each series of measurements had an abiotic control, which was a sample with the initial addition of NaOH solution before the incubation began. The subsequent treatment was performed as described previously [44].





3. Results


3.1. The Microbial Communities of Sediments and Water in Hot Spring #4229


The taxonomic composition of the microbial communities of sediments or water of hot spring #4229 was determined by NGS data analysis based on 16S rRNA gene sequencing (Figure 2). More than 87% of the microbial population of the sediments (4229s) was represented by archaea, mainly affiliated with the uncultured lineages. The most numerous was the ARK-15 group, with the order level belonging to the phylum Thermoplasmatota, and the uncultured ‘Candidatus Marsarchaeales’ order from the phylum Thermoproteota, representing 41% and 37% of the microbial community, respectively. Another group of archaea, Conexivisphaerales order (=THSCG), comprised 7% of the sediments’ microbial community. Among bacterial components in sediments, members of the genera Mesoaciditoga (3%), Hydrogenobaculum (2%), and Desulfurella (1%) accounted for the greatest number of sequences. The dominant component of the microbial community of hydrothermal water (4229w) was members of the genus Hydrogenobaculum (70% of the total composition). Representatives of the genera Acidithiobacillus (11%), Thiomonas (7%), and Desulfurella (7%) were also abundant.




3.2. Metagenome Analysis of the Sediments Samples 4229s


The metagenome assembly of 4229s included 56,941 contigs with a total size of 30,957,030 bp(N50 = 659 bp). Seven MAGs were obtained from the metagenome during the binning process (Figure 3A). Relative abundances of MAGs were 19.7%—4229S_bin.1, 12.7%—4229S_bin.2, 15.3%—4229S_bin.3, 4.1%—4229S_bin.4, 7.7%—4229S_bin.5, 34.8%—4229S_bin.6, and 5.6%—4229S_bin.7 (Figure 3B).



The completeness levels of MAGs were relatively high 64.89–100%, while contamination levels were low, 0-1.25% (Table 1). All seven MAGs were affiliated to the Archaea domain (Table 1). Five MAGs belonged to the Thermoproteota phylum, including ‘Ca. Marsarchaeales’ order (4229S_bin.1 and 4229S_bin.5), Conexivisphaerales order (4229S_bin.3 and 4229S_bin.6), and Caldisphaera genus (4229S_bin.4). Each of Thermoplasmatota (ARK-15 order) and Nanoarchaeota (Parvarchaeales order) phyla were represented by a single MAG, 4229S_bin.2 and 4229S_bin.7, respectively.



The obtained MAGs were screened for the genes of enzymes of CO2 fixation pathways. This analysis showed that the MAGs lacked the genes encoding enzymes of all known autotrophic pathways: the Calvin–Benson–Bassham cycle, the Wood–Ljungdahl pathway, the reductive glycine pathway, two variants of the reductive tricarboxylic acid cycle, the 3-hydroxypropionate bicycle, the 3-hydroxypropionate/4-hydroxybutyrate cycle, and the dicarboxylate/4-hydroxybutyrate cycle. At the same time, in all obtained MAGs, a large number of genes encoding enzymes involved in the metabolism of proteins, amino acids, carbohydrates, lipids, and fatty acids were identified (Figure 4).




3.3. DNA Stable-Isotope Probing of the Water Samples 4229w


After 6 h of incubation (Figure 2) of the control sample without 13C-carbonate, the share of representatives of the genus Hydrogenobaculum in the microbial community increased from 70% to 88%, while the share of other bacteria decreased (Acidithiobacillus—from 11% to 8%, Thiomonas—from 7% to 0.7%, and Desulfurella—from 7% to 2%). The DNA obtained from the sample with the addition of 13C-carbonate was separated into light and heavy fractions in a gradient solution of CsCl. Analysis of heavy DNA fraction showed that 86% of all sequences belonged to the bacteria of the genus Hydrogenobaculum and 11% to the genus Acidithiobacillus.



After 24 h of incubation (Figure 2) of the control sample, the share of prokaryotes affiliated with the Hydrogenobaculum genus decreased to 60%, while the fractions of the genera Acidithiobacillus and Thiomonas increased up to 15% and 17%, respectively. Analysis of heavy DNA fractions showed that 42% of all sequences belonged to the bacteria of the genus Hydrogenobaculum, 27% to the genus Acidithiobacillus, and 27% to the genus Thiomonas. Thus, it was shown that after 6 h of incubation, the growth rate of Hydrogenobaculum was significantly reduced, but the growth rate of Acidithiobacillus and Thiomonas increased.




3.4. Rates of Carbon Assimilation in the Water Samples 4229w


The intensity of the dark assimilation of carbon dioxide in the water samples 4229w was measured dynamically (Figure 5). The maximum rate of carbon dioxide fixation was observed for the first 6 h of incubation and was 2.67 ± 1.21 nmol CO2/(mL day), after which the intensity of this process decreased sharply to a final value of 0.2 ± 0.09 nmol CO2/(mL day).





4. Discussion


By its physicochemical parameters, hot spring #4229 is a typical thermal spring of the Uzon. Although the microbial communities of many Uzon hydrothermal springs have been studied using NGS and other approaches, the vast majority of these works were based on narrow studies of individual water, sediment, or microbial mat samples or, alternatively, they considered total microbial communities of springs. This is one of the few articles where a comparative analysis of microbial communities of water and sediments of the same hot spring was carried out. The 16S rRNA-based taxonomic profiling showed that the microbial community of hot spring #4229 sediments was represented by archaea, mainly affiliated with uncultured lineages. Bacteria comprised only 7% of the sediments’ microbiome. Actually, the ratio between the bacterial and archaeal components in various samples of the Uzon Caldera hot springs varies widely. The archaeal component may consist of 1% to 90% of a total microbial community [4,12,16,18,20,22,26,45]. An archaeal component is often represented there by uncultured phylogenetically deep-branching lineages. Among them, for example, uncultured representatives of the phyla Thermoplasmatota, Nanoarchaeota, or Thermoproteota are the most numerous groups in hot springs [4,12,18,23,26,45,46,47,48,49]. In the considered case, the most abundant archaeal component in hot spring #4229 sediments (41% of the sediments’ microbiome) was an uncultured phylogenetically deep-branching group within the phylum Thermoplasmatota, designated as ARK-15 at the order level. Archaea of this group were detected previously in another hot spring in the Uzon caldera, and the genome of one of them was assembled from the spring metagenome [23]. As it was shown, the ARK-15 MAG was dominated by genes involved in carbohydrate, proteins, and aromatic compounds metabolism. The second archaeal component of the sediments’ microbial community (37%) was another uncultured archaeal phylogenetic group—the order ‘Ca. Marsarchaeales’ within the class Thermoprotei of the phylum Thermoproteota. MAG analysis of some representatives of these archaea indicated an obligate heterotrophic type of metabolism, such as hydrolysis of peptides and complex carbohydrates [50]. The third archaeal component of the sediments’ microbial community (7%) was representatives of the order Conexivisphaerales within the class Nitrososphaeria of the phylum Thermoproteota. Cultivated representatives of this group (Conexivisphaera calida) could not oxidize ammonium and fix inorganic carbon. Instead, it is an anaerobic organoheterotroph, which utilizes yeast extract and peptides [51]. MAG analysis from this study also indicated the chemoorganoheterotrophic metabolism of all archaea inhabited #4229 sediments. From the above, it appears that the sediments’ microbiome, consisting mainly of thermoacidophilic archaea, most likely carries out the destruction of organic matter in hot spring #4229.



The microbial community of the hydrothermal water differed significantly from the microbial community of sediments and was almost exclusively represented by bacteria (99% of the total microbial population). Representatives of the genus Hydrogenobaculum were the dominant component, comprising 70% of the water microbial community. The only cultivated representative of this genus is a thermoacidophilic obligate chemolithoautotrophic bacterium Hydrogenobaculum acidophilum that was isolated from a solfataric field in Japan [52,53]. H. acidophilum uses hydrogen, reduced sulfur compounds, or arsenite as electron donors, oxygen as an electron acceptor, and fixes CO2 via the reductive tricarboxylic acid cycle. The obtained results of DNA-SIP confirmed that bacteria of the genus Hydrogenobaculum were the primary producers in hot spring #4229. In this respect, the hot spring #4229 is similar to many well-studied moderately acidic hot springs around the world, where Hydrogenobaculum representatives are the dominant component [11,13,14,15,16,17,18,19,20,27,54,55,56,57,58,59,60,61]. DNA-SIP in water samples of acid hot springs of the Yellowstone National Park also demonstrated that Hydrogenobaculum species acted as primary producers [7,62].



The next predominant bacteria in the water microbial community of hot spring #4229 were representatives of the genus Acidithiobacillus (phylum Pseudomonadota). The DNA-SIP results demonstrated the autotrophic metabolism of these bacteria; however, their growth rates were probably lower compared to Hydrogenobaculum ones. The genus Acidithiobacillus comprises seven validly published species, and all of them are acidophilic chemolithoautotrophic aerobes oxidizing reduced sulfur compounds, ferrous iron or hydrogen, and fixing CO2 via the Calvin-Benson-Bassham cycle [63,64,65]. Representatives of the genus Acidithiobacillus occur worldwide in sulfur- and iron-rich environments with low pH, including a diverse range of natural (acid rock drainage, sulfur springs, including hot springs, acidic soils, etc.) and industrial settings (ore concentrates, pulps, and leaching solutions of the mining industry, etc.) [20,22,28,57,64,65,66,67,68,69,70,71,72]. Most of them are mesophiles [73], with only one moderate thermophilic species, Acidithiobacillus caldus, with the temperature range for growth at 32–52 °C [74]. At the upper boundary, it fits the conditions of hot spring #4229.



The third most abundant component of the water microbial community was bacteria related to Thiomonas (phylum Pseudomonadota). Some of the validly published species of this genus are thermophiles [75,76,77]; all of them grow aerobically and are capable of chemolithoautotrophic growth on reduced sulfur compounds, hydrogen, iron or arsenite, or heterotrophic growth on a wide range of organic compounds, or mixotrophic growth on several organic compounds, thiosulfate and/or hydrogen [75,77,78,79,80,81,82]. Thiomonas strains are mainly ubiquitous in arsenic-contaminated environments like acid mine drainage, and iron and sulfur-rich environments with a pH range from moderately acidic to neutral and an optimum temperature range of 25–30 °C [80,83,84,85]. In different hydrothermal environments, representatives of the Thiomonas genus were often detected as a minor component in water communities of acid hot springs [17,19,26,86,87,88]. The DNA-SIP results obtained in the present study did not show the inclusion of heavy carbon in the DNA affiliated with the genus Thiomonas during the first six hours of incubation. Significant 13C inclusion in the DNA was observed only after 24 h of incubation, when the rates of carbon dioxide dark assimilation decreased sharply. Therefore, it can be assumed that bacteria of the genus Thiomonas grow heterotrophically or mixotrophically in the water of hot spring #4229.



Bacteria related to Desulfurella (phylum Campylobacterota) were another noticeable component of the water microbial community of hot spring #4229. This genus comprises five validly published species, mostly isolated from Kamchatka hot springs [89,90]. They are moderate thermophilic, obligately anaerobic, and facultatively chemolithoautotrophic bacteria able to grow with hydrogen, acetate, or fatty acids by sulfur respiration, as well as ferment pyruvate [91]. Desulfurella sp. are frequently detected in hydrothermal environments all over the world [3,11,17,23,26,27,67], where they accompany Hydrogenobaculum, Acidithiobacillus, and Thiomonas representatives, which is well compared with the present study. However, during the entire period of incubation, no significant 13C inclusion in the DNA affiliated with the genus Desulfurella was observed. That is why one can assume that the representatives of this genus were introduced into the hot spring water from the below anaerobic zones and do not grow under aerobic conditions.



The intensity of carbon dioxide dark assimilation is a reliable indicator of the activity of the chemolithoautotrophic microbial community. Therefore, the rate of CO2 fixation by the radioisotope method using 14C-bicarbonate was determined for the water of hot spring #4229. To calculate the rate of microbial processes measured by the radioisotope method accurately, it is essential to select an incubation time, at which the amount of labeled substrate consumed is directly proportional to the incubation time. The maximum rate of carbon dioxide fixation was observed after the first 6 h of incubation, followed by its decrease by an order of magnitude. The reduction in the rate of carbon dioxide fixation is probably related to the depletion of substrates for chemolithoautotrophic growth. The obtained results were consistent with previously published data on rates of dark CO2 fixation in various hot springs of the Uzon Caldera that varied significantly in the range from 0.1 to 54.7 nmol CO2/(mL day) and achieved a maximum rate in microbial black sulfidic mat samples [16,18,92,93,94]. The same rates of CO2 fixation were observed for acidic hot springs in Yellowstone National Park [7,95].




5. Conclusions


This work revealed significant differences in the composition and functions of the microbial communities of sediments and water of one of the typical moderately acidic hot springs in Kamchatka. The sediments’ community consists mainly of the uncultured phylogenetically deep-branching lineages of archaea, such as ARK-15 from Thermoplasmatota, ‘Ca. Marsarchaeales’ and Conexivisphaerales from Thermoproteota degrading organic matter. The high number of these archaea in hot spring #4229 makes it a promising source for their isolation. The microbial community of the hydrothermal water was dominated by aerobic, chemolithoautotrophic, hydrogen- and sulfur-oxidizing thermoacidophilic bacteria of the genera Hydrogenobaculum and Acidithiobacillus, which are responsible for the primary production of organic matter in the studied hot spring. In addition, the results emphasize the importance of conducting microbiological, radioisotopic, and molecular-biological studies separately for water, sediments, and microbial mats of hot springs. This approach will allow comparing the structure and functionality of microbial communities inhabiting different fractions, as well as understanding more deeply the role of a particular microorganism in microbial associations.
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Figure 1. Location of hot spring #4229 and the sampling site. 
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Figure 2. Relative abundance of taxonomic groups of prokaryotes in sediments (4229s) or water (4229w) samples of the acidic hot spring #4229 and DNA stable-isotope probing incubated for 6 (SIP.6h) and 24 (SIP.24h) hours. 
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Figure 3. (A) coverage and GC contents of assembled contigs of the 4229s metagenome; (B) relative abundance of MAGs obtained from the 4229s metagenome. 
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Figure 4. Absolute abundance of the subsystem feature counts found in the functional categories established by RAST (rapid annotation using subsystem technology) for each of the representative MAGs. 
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Figure 5. The rates of dark carbon dioxide assimilation in the water samples 4229w. 
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Table 1. Characteristics of MAGs from the 4229s metagenome.
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	MAG
	Size, Mbp
	Completeness, %
	Contamination, %
	Taxonomical Assignment (According to the GTDB Taxonomy)





	4229S_bin.1
	1.36
	87.62
	0.93
	Thermoproteota/Thermoproteia/’Ca. Marsarchaeales’/NA



	4229S_bin.2
	1.23
	100
	0.93
	Thermoplasmatota/Thermoplasmata/ARK-15/NA



	4229S_bin.3
	1.54
	91.59
	0
	Thermoproteota/Nitrososphaeria/Conexivisphaerales/Conexivisphaeraceae/Conexivisphaera



	4229S_bin.4
	1.14
	80.61
	0
	Thermoproteota/Thermoproteia/Sulfolobales/Acidilobaceae/Caldisphaera



	4229S_bin.5
	0.99
	86.99
	0
	Thermoproteota/Thermoproteia/’Ca. Marsarchaeales’/NA



	4229S_bin.6
	1.26
	90.81
	0
	Thermoproteota/Nitrososphaeria/Conexivisphaerales/NA



	4229S_bin.7
	0.48
	64.89
	1.25
	Nanoarchaeota/Nanoarchaeia/Parvarchaeales/Parvarchaeacea/NA
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