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Abstract

:

Ferromanganese (Fe-Mn) sedimentary layers and nodules occur at different depths within sediments at deep basins and ridges of Lake Baikal. We studied Fe-Mn nodules and host sediments recovered at the slope of Bolshoy Ushkany Island. Layer-by-layer 230Th/U dating analysis determined the initial age of the Fe-Mn nodule formation scattered in the sediments as 96 ± 5–131 ± 8 Ka. The distribution profiles of the main ions in the pore waters of the studied sediment are similar to those observed in the deep-sea areas of Lake Baikal, while the chemical composition of Fe-Mn nodules indicates their diagenetic formation with hydrothermal influence. Among the bacteria in microbial communities of sediments, members of organoheterotrophic Gammaproteobacteria, Chloroflexi, Actinobacteriota, Acidobacteriota, among them Archaea—chemolithoautotrophic ammonia-oxidizing archaea Nitrososphaeria, dominated. About 13% of the bacterial 16S rRNA gene sequences in Fe-Mn layers belonged to Methylomirabilota representatives which use nitrite ions as electron acceptors for the anaerobic oxidation of methane (AOM). Nitrospirota comprised up to 9% of the layers of Bolshoy Ushkany Island. In bacterial communities of Fe-Mn nodule, a large percentage of sequences were attributed to Alphaproteobacteria, Actinobacteriota and Firmicutes, as well as a variety of OTUs with a small number of sequences characteristic of hydrothermal ecosystems. The contribution of representatives of Methylomirabilota and Nitrospirota in communities of Fe-Mn nodule was minor. Our data support the hypothesis that chemolithoautotrophs associated with ammonium-oxidizing archaea and nitrite-oxidizing bacteria can potentially play an important role as primary producers of Fe-Mn substrates in freshwater Lake Baikal.
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1. Introduction


Fe-Mn deposits such as crusts, nodules and micronodules are composed of iron and manganese oxides and hydroxides and are widespread in both continents and the global ocean, including abyssal plains, deep-sea seamounts and ridges, shallow-water seas and freshwater lakes [1,2,3,4,5,6,7,8]. Both abiotic and microbiological processes play an important role in the precipitation of iron and manganese oxyhydroxides (e.g., [9,10,11,12,13,14,15,16]). Marine Fe-Mn deposits are formed as precipitates sourced from cold seawater (hydrogenetic), sediment porewaters (diagenetic) and fluids of submarine volcanoes at spreading centers and other tectonically active areas (hydrothermal) (e.g., [17,18,19]). There are significant variations in the chemical and mineral composition between types of Fe-Mn deposits. Crusts and nodules strongly affect the metal and organic accumulation in the ocean due to their high reactivity and oxidizing abilities [20,21,22,23]. Hydrogenetic mineralization occurs on hard-rock substrates of seabed seamounts, ridges and plateaus, and is enriched in rare earth elements (REE) and trace elements. Diagenetic influence is reflected in higher contents of Cu, Ni, Zn, Li, Mo, and Cd, and hydrothermal deposits usually show low concentrations of minor metals [24]. Shallow-water Fe-Mn deposits do not accumulate rare elements, are enriched in iron in relation to manganese and are characterized by a high content of detritus (e.g., [25,26]). Lake nodules reflect the local environment, including the composition of water and sediments. For instance, some Fe-Mn nodules from lakes accumulate As, Ba, Ce, Eu, La, Sm, Sr, Th, and U [27,28], but, in general, lake deposits are depleted in trace elements and have an increased Fe/Mn ratio [3].



The biogenesis process in the formation of Fe-Mn deposits has not been fully described and the data on microbial communities and their interrelation in crusts are limited, although the biological contribution to the formation of Fe-Mn deposits is beyond any doubt [9,12,13]. Microorganisms may be potentially involved in the transition of elements between seawater and Fe-Mn substrates [13,16,29], as well as in the oxidation and precipitation of Mn. The microbial diversity and abundance were studied in Fe-Mn crusts, host sediments throughout the global ocean [9,12,13,21,30,31]. Bacteria and archaea associated with the oxidation of nitrogen compounds, such as Nitrospirota, Nitrospinota phyla and Candidatus Nitrosopumilus in the class Nitrososphaeria occur, as well as numerous associations involved in methane oxidation, i.e., Methylomirabilales (formerly NC10) and SAR324 (Deltaproteobacteria). Chemolithoautotrophs associated with ammonia-oxidizing archaea and nitrite-oxidizing bacteria may potentially play an important role as primary producers of Fe-Mn crusts at Rio Grande Rise (RGR) [9]. The analysis of 16S rRNA gene libraries of Fe-Mn deposits from different regions of the World Ocean indicate a variety in composition of microbial communities compared to seawater [32] and the presence of phylogenetically different sequences of one taxon [9]. Metagenomic sequencing of Fe-Mn crust confirmed the presence of the putative genes in the metagenome, which are involved in the dissolution and precipitation of Fe and Mn, nitrification, sulfur oxidation, carbon fixation, and decomposition of organic matter [13].



Microbial communities associated with freshwater Fe-Mn deposits are not well studied [29,33,34,35,36,37]. Chemical composition and morphology of Fe-Mn micronodules indicate diagenetic transformations involving the activity of microorganisms [21,22,33]. Bacterial cultivation experiments confirmed the capacity to precipitate oxidized Fe and Mn [38,39,40]. Mn oxides of the crust in freshwater neutral pH environment are considered to be biogenic, but the microbial community composition and its influence on crust formation there remain unclear [41]. High-throughput sequencing of bacteria and eukaryotes, including fungi, revealed that black Mn crusts in the oligotrophic environment of the Kurokawa River contain a great number of the genera Sphingomonas, Hyphomicrobium, Bacillus, Pseudomonas, and Mortierella, including several Mn-oxidizing species in the Mn crusts or nodules of sea and fresh waters. Microbial communities in Fe-enriched sediments of Lake Superior showed the dominance of the phylum Methylomirabilota, which are anaerobic methane oxidizers, and the Nitrospira species that are the most similar to bacteria from Fe-enriched seeps [42]. The iron-enriched sediment layers of Lake Constance formed during nitrate-dependent anaerobic oxidation [43]. Wang & Muller [16] suggested that free-living and biofilm-forming bacteria serve as a matrix for Mn precipitation, and coccolithophores are the dominant organisms that act as a matrix (bioearth) for the initial Mn precipitation in Fe-Mn crusts. On the contrary, some authors believe these endolithic and epilithic microbial communities use Fe-Mn crust as a favorable physical substrate [32,44,45].



Iron and manganese mineralization in Lake Baikal occurs in the form of sediment layers or nodules and is widespread in all three basins, as well as on the Academic Ridge [33]. The dynamics of Fe-Mn layers were presumably caused by past climatic changes [46] or by tectonic events and subsequent redistribution of Fe and Mn [37]. Och et al. [29] suggested a mechanism of diagenetic Fe-Mn mineralization: dynamic formation of Fe and Mn layers at the lower end of the oxygen penetration depth, and slowly reductive dissolution of Mn(IV) occurred at the lower margin. Upward-diffusing Mn(II) was oxidized with O2 forming the new dynamic Fe-Mn layers above. The dissolution of the buried Fe-Mn oxide layer is ultimately controlled by AOM with SO42− and/or Fe oxides in deeper sediments and by the formation of the upper dynamic Fe-Mn oxide layer due to the diffusion flux of O2 from the water column into the sediments [29]. The biogenic influence on Fe-Mn layers throughout their diagenetic formation in freshwater sediments of Lake Baikal is supported by studies by Dubinina [47], Granina [33] and Zakharova et al. [48]. The occurrence of cultivated Fe- and Mn-oxidizing bacteria in the bottom sediments of Lake Baikal was shown, as well as the relationship between bacteria distribution and abundance and redox conditions, organic matter contents, and dissolved Fe and Mn in pore waters. Members of the six genera Metallogenium, Leptothrix, Siderocapsa, Naumaniella, Bacillus, and Pseudomonas were involved in the oxidation of Fe(II) and Mn(II) in the bottom sediments of Lake Baikal [48]. High-throughput sequencing of microbial communities of the sediments with Fe-Mn layers from southern Baikal basin allowed the relation between changes in their structure and geochemical conditions to be defined, while the most significant differences in the structure of the microbial communities are in Fe-Mn layer [49]. These studies did not observe typical for communities of freshwater ecosystems members of AOM (ANME-2d and NC10), reflecting the dominance of ammonium oxidizing archaea (Nitrososphaeria), although the former are widespread in sediments from other areas of Lake Baikal.



Despite the fact that hydrothermal vent activity has not yet been discovered at the Bolshoy Ushkany Island site, its influence on Fe-Mn nodules from the slope of Bolshoy Ushkany Island was suggested previously [33,50,51]. Nodules collected by a PISES manned submersible at the intersection of neotectonic faults, where bottom waters have enhanced electrical conductivity, had high Mn concentrations and were also significantly enriched in Ni, Cu, and Ba [33,50,52,53]. In addition, the hydrothermal precipitate geyserite was observed at this site and at the Frolikha vent [54]. During the 2019 expedition on the northern slope of Bolshoy Ushkany Island, we collected Fe-Mn nodules and bottom sediments which are the subject of our research.



Here we (i) report on the chemical composition, genesis and age of Fe-Mn nodules, the chemical composition of pore water, as well as the structure and diversity of microbial communities in the sediments and nodules using high-throughput sequencing and (ii) discuss the contribution of microorganisms involved in the anaerobic oxidation of methane, nitrogen and sulfur cycles as possible participants of dissolution/precipitation of the buried Fe-Mn oxide layer according to the hypothesis of Och et al. [29].




2. Materials and Methods


2.1. Sample Collection


Sediments and nodules were collected by NIOZ-type box core (Grf), rectangular in shape, 0.78 m−2, and 70 cm high from the site located on the northern slope of Bolshoy Ushkany Island (53.884673 N, 108.615265 E, St6 Grf7) at 650 m water depth (Figure 1). The expedition was carried out using R/V “G. Yu. Vereshchagin” in 2019. T chemical analysis of pore waters, methane concentration and lithology were carried out in the laboratory on board the vessel. The sediments sampled for DNA extraction were stored in liquid nitrogen until the laboratory analysis. Age dating of Fe-Mn nodules was carried out also in the laboratory. For the chemical analysis and molecular investigation, the surface layer 0–1 cm, 9–10 cm (Fe-Mn layer), 10–11 cm, 11–12 cm, 22–23 cm, and four Fe-Mn nodules (Samples 1–4) were taken. Nodules were located at the different depths within sediments and on the sediment surface.




2.2. Chemical Analysis


Pore water extractions were obtained from samples (100 g each) on board the ship by sequentially centrifuging the sample for 20 min at 5000× g and then for 10 min at 12,000× g. Chemical analysis was carried out as described previously [55]. The pore water anion and cation contents were determined at the Collective Instrumental Center “Ultramicroanalysis” of LIN SB RAS. Pore water anion (SO42−, NO3−, HCO3−, and CH3COO−) concentrations were measured onboard the ship by liquid chromatography using Milikhrom-A-02 (Novosibirsk, Russia) immediately after preparation (relative error 5–10%) [56]. Cation (Na+, K+, Ca2+, and Mg2+, Mn2+, Fe2+) concentrations were determined using atomic absorption and flame emissivity methods (relative error 3–5%). NH4+ was determined onboard by colorimetric methods (relative error 5%). Measurements of pH and Eh were carried out in sediments using pH 3310 (“WTW”, Oberbayern, Germany).



The chemical composition of four Fe-Mn nodules (Si, Al, Ca, Fe, K, Mg, Mn, Na, P, Ti, Li, Be, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sb, Cs, Ba, REE, Hf, Ta, W, Tl, Pb, Th, and U) were determined by inductively coupled plasma mass-spectrometry (ICP-MS) using Agilent 7700x (Agilent Technologies) and by inductively coupled plasma atomic emission spectroscopy with iCAP6500 Duo (ThermoScientific) in the laboratory of Far East Geological Institute in Vladivostok. Rare Earth Element and Yttrium (REY) distribution plots were used for studying Fe-Mn deposit genesis and were normalized to shale (PAAS, Post-Archean Australian Shale) [57]. The Ce anomaly was calculated as Ce* = 2Ce/(La + Pr) for PAAS-normalized values.



The distribution of chemical elements in the mineral phases of Fe-Mn nodules was studied for two samples (Samples 1 and 2) using the method of sequential leaching, which uses the procedure described in Konstantinova et al. [58], Koschinsky and Halbach [59], Koschinsky and Hein [60], and Mikhailik et al. [61]. Four mineral phases of different stability were dissolved step-by-step: exchangeable cations and Ca carbonates, Mn-oxides, Fe-hydroxides, and residual aluminosilicate fraction. The solutions obtained were analyzed by ICP AES and ICP MS in the Center for Collective Use of the Far Eastern Geological Institute.




2.3. Age Dating


The 230Th/U dating method was used to determine the age and average growth rate of the two samples (Samples 1 and 3). The 238U, 234U, 232Th, and 230Th isotopes were measured using alpha-spectrometer “Alpha Duo” (ORTEC). The detailed chemical procedure and counting techniques are described in Kuznetsov et al. [62]. The measurements were carried out in sublayers with a step of 2 mm in laboratory “Palaeogeography and geomorphology of Polar Countries and the World Ocean” of St. Petersburg State University.




2.4. Methane Concentration


Methane concentration in the gaseous phase was determined by the Headspace method [63] on an EKHO-PID chromatograph (Russia) (flame ionization detector, 2 m packed column with an inner diameter of 2 mm; Porapak Q sorbent, isothermal mode, column temperature 100 °C, injector temperature 100 °C, and detector 150 °C). The gas volume was 0.5 mL. The error of the determination method is 7%.




2.5. Molecular Microbiological Methods


Sediments for DNA extraction were sampled immediately after collection: 10 g of sediments were packed in sterile foil and placed in liquid nitrogen until laboratory analysis.



DNA was extracted from sediments by enzymatic lysis, followed by phenol-chloroform extraction [64]. For the PCR amplification of 16S rRNA gene fragments of bacteria, including the variable region V2–V3, the universal primers, 16S_BV2f (5′-AGTGGCGGACGGGTGAGTAA-3′) and 16S_BV3r (5′-CCGCGGCTGCTGGCAC-3′) [65], as well as the following procedure, were used: 95 °C for 15 min; 96 °C for 30 s; 53 °C for 60 s; 72 °C for 40 s (25 cycles), and 72 °C for 10 m. For the PCR amplification of 16S rRNA gene fragments of archaea, the primers that included the variable region V5–V6, Arch-0787f (5′-ATTAGATACCCSBGTAGTCC-3′) and Arch-1059r (5′-GCCATGCACCWCCTCT-3′) [66], as well as the following procedure, were used: 95 °C for 15 m; 96 °C for 30 s, 50 °C for 60 s, 72 °C for 40 s (25 cycles), and 72 °C for 10 m. The libraries were analyzed using Illumina MiSeq Standard Kit v.3 (Illumina) at the Core Centrum “Genomic Technologies, Proteomics and Cell Biology” in ARRIAM.



The resulting paired-end sequencing reads were trimmed from the end to 270 bp using Trimmomatic version 0.39 [67] to remove positions, in which more than 25% of the reads had bases with relative quality scores < 20, calculated using FastQC v. 0.11.9 [68]. The R1 and R2 sequences were then merged into contigs, filtered by size and average quality score (≥25), aligned, and checked for chimeras against SILVA 138 databases (http://www.arb-silva.de, accessed on 1 February 2022) using the Mothur v.1.34.4 software [69] and the UCHIME algorithm [70]. Thereafter, the gaps were removed, and the sequences were tested for the presence of respective forward/reverse primers, allowing for two mismatches between the forward and reverse primer and sequence. Further 16S rRNA sequence processing was performed according to MiSeq SOP recommendations [71]. The filtered sequences were aligned, clustered and identified taxonomically using the SILVA 138 databases. After clustering, operational taxonomic units (OTUs) at a cluster distance level of 0.03 containing < 5 sequences across all samples were discarded. All calculations were performed on HPC-cluster “Akademik V.M. Matrosov”. The 16S rRNA sequences were deposited in the NCBI Sequence Read Archive under Bioproject PRJNA875570 and IDs SRR21383913-SRR21383923.




2.6. Data Analysis


Before analysis, all data on the concentration of ions in pore waters, as well as OTU relative abundance, were normalized by unitization with a zero minimum [(x-min)/range].



Comparisons of environmental parameters, alpha and beta diversity of microbial communities using principal coordinate analysis (PCoA), boxplots, heat maps and non-metric multidimensional scaling (NMDS), as well as statistical tests, were performed in R [72] with the vegan, stats, cluster, clusterSim, pheatmap, ggplot2, and ggbiplot packages.





3. Results


3.1. Properties of Sediments


3.1.1. Lithology


The length of sediment section of grab St6 Grf7 is 27 cm and it has the typical lithology for the study area (Figure 2a). An oxidized layer was observed from the surface to a depth of 17 cm with pH of 8.1, and Eh = +210.7 mV. Sediments are composed of brown diatom from the surface to 11 cm, decreasing the water cut with depth. A dark brown Fe-Mn layer occurs at a depth of 9–10 cm, which are similar to the layers Och et al. [29] indicated in deep-water sediments of other areas of Lake Baikal. The lower layer 10–11 cm was the layer after Fe-Mn layer. The sediments became light brown and contained some dark-colored spots attributed to the presence of Fe and Mn hydroxides in intervals of 13–20 cm. At depths of 20 to 27 cm, the sediments are composed of grey clay with dark inclusions and lenses. Fe-Mn nodules are observed throughout the section with the maximum abundance in the lower sand layer.




3.1.2. Chemical Composition of Pore Water


The pore water of the studied sediments is calcium bicarbonate, with mineralization ranging from 82.5 to 114 mg/L. Sulfate, nitrate and nitrite ions are detected throughout the sediment depth at concentrations varying from 3.0 to 5.6 mg/L, 1.06–1.42 mg/L and 0.09–0.15 mg/L, respectively (Figure 2b). The Mn ions profile demonstrates two peaks at depths of 9–10 cm, the interval of the upper Fe-Mn layer accumulation and 22–23 cm, where the buried Mn oxide layer forms. The profile of Fe ions has maximum values at a depth of 11–12 cm, reflecting the Fe-Mn (oxy)hydroxide mineralization and coinciding with numerous studies (e.g., [29]). Ammonium ions (0.03 mg/L) were presented only in the layer 22–23 cm (Figure 2b). The distribution profiles of other ions correspond to those observed in the deep-sea regions of Lake Baikal [29]. Methane concentrations at all sediment depths are below the instrument sensitivity (0.005 mg/L). Multidimensional scaling with PCoA confirms the different chemical composition of pore water in different sedimentary layers (Figure 2d). The samples do not form shared clusters, but are scattered along different axes.





3.2. Properties of Fe-Mn Nodules


3.2.1. Morphology


The most common morphology for the nodules discovered was disk-like flattened (length up to 6 cm, thickness up to 2 cm) (Figure 2c). Some of the nodules found had spherical and nodular shapes. Two types of nodules were identified: black, dense, often with a two-layered structure (Type 1; Samples 1–3) and reddish, and more fragile (Type 2; Sample 4) (Figure 2c). The surfaces of both types are usually smooth.
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Figure 2. (a) Sediment section of grab St6 Grf7; red rectangles indicate Fe-Mn nodule locations throughout the sediment section; (b) Pore water concentration profiles; (c) Two morphological types of nodules: black, with a two-layered structure (Type 1) and reddish (Type 2); (d) Scatter plot of points in the space of two principal components based on the chemical composition of the pore water in different sedimentary layers. The arrows indicate the vectors directed along the gradients of changes in the parameters studied in the samples. 
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3.2.2. Chemical Composition


The content of the main elements (Fe, Mn, Co, Ni, Cu) in the nodules studied was lower than in the samples from the same area described earlier [53]. The mean Mn was 2.54%, Fe was 17.58%, Mn/Fe ratio was 0.14, Co was 56 ppm, Ni was 234 ppm, and Cu was 168 ppm. The Ni content exceeded Co by 4.2, which is typical for diagenetic nodules, in particular in the Clarion–Clipperton Zone [24]. The content of rare and rare-earth elements (REE) of nodules was insignificantly lower than the values observed in Fe-Mn nodules from different regions of the global ocean. Total REY for the bulk crusts varied from 280 ppm to 505 ppm. A key characteristic of the Baikal nodules was significantly higher U and Cr content than those in oceanic nodules [5,73] and samples from the southern Lake Baikal (Figure 3). Thus, the mean content of U was 36.2 ppm and Cr was 88.5 ppm in comparison with the mean data for crusts and nodules from other areas in the global ocean of U 10–13 ppm, Cr 16–46 ppm [5,73]. The high concentrations of uranium were also observed in the sediments of lake Baikal, U > 20 ppm [74,75] and U ~ 15 ppm [76].



The sequential leaching experiments showed that uranium is predominantly associated with iron mineral phase, represented by iron (oxy)hydroxides. The U percentage in the iron phase was constant and was about 60%, and was not reliant on the total U content in the sample (Figure 4). About 6% of uranium was associated with phase 1, represented by exchangeable cations and Ca carbonates and 4% related to the detrital material in the residual phase. Manganese oxides of nodules did not concentrate U, as was previously found by Och et al. [76].




3.2.3. Age of Fe-Mn Nodules


Layer-by-layer 230Th/U dating analyses of two Fe-Mn nodules included four and three measurements for each sample, with an analysis step of 2 mm (Table 1). The initial time of the sample 1 formation, which corresponds to the nodule inner layer, was approximately 131 ± 8 Ka. Sample 3 was slightly younger and showed 96 ± 5 Ka, which may be related to its location near the surface. The results indicate a high growth rate, which is characteristic of diagenetic deposits.





3.3. Microbial Communities


3.3.1. Alpha Diversity of Microbial Communities in the Sediments and Fe-Mn Nodules


Species richness (Chao1), and Shannon and Simpson diversity indices were normalized relative to the minimum number of reads, to compare alpha diversity in different layers of the sediments (Figure 5).



Analysis of alpha diversity revealed that the highest indices among all sedimentary layers reflecting the hidden richness (ACE and Chao1), and richness and evenness (Shannon and Inverse Simpson) are typical for bacterial and archaeal communities from the surface layer (0–1 cm) (Figure 5; Supplementary Table S1). The taxonomic diversity of bacterial and archaeal communities decreases with the depth of the sediments. The bacterial community of Fe-Mn nodules had the highest species richness indices with the ACE and Chao of 1439 and 1450, respectively, and the Shannon and Inverse Simpson values were lower in comparison to the sediment communities (Figure 5).




3.3.2. Beta Diversity of Microbial Communities


Organoheterotrophic members of Chloroflexi (16–51%), Acidobacteriota (4.2–15%), Actinobacteriota (4.0–16.7%), and Methylomirabilota (5.2–13%) involving in AOM, significantly contribute to the bacterial communities of all the sedimentary layers studied (Figure 6a). The amount of phylum Acidobacteriota sequences, which is capable of phototrophy and iron reduction [77,78], was 4% in sample 22–23 cm (St6 Grf7) and was much higher in other samples (11–17%). They were also able to dissimilate inorganic and/or organic sulfur compounds [79]. The sequences of the phyla Nitrospirota and Proteobacteria (mainly Gammaproteobacteria) in the surface sediment community reach 9% and 15%, respectively (Figure 6a) and had a low content in the lower sedimentary layers (1–3%). Organoheterotrophic members of the order Pseudomonadales predominate among Gammaproteobacteria, and the sequences of the order Nitrospirales—among Nitrospirota. The taxa Bacteroidota and Verrucomicrobiota are widely spread in the sediments of Lake Baikal although they only existed in small amounts in all communities of the sediments studied and amount to 0.1 and 2.5%, respectively. Members of Firmicutes are also minor, the number of sequences was 3.5% in the 22–23 cm sample, decreasing by less than 1% in the upper layers. The sequences of Verrucomicrobiota, Latescibacterota, Gemmatimonadota, Dadabecteria, and RCP2-54 were less than 3% of reads in the communities (Figure 6b).



The microbial community of the Fe-Mn nodule had a lower number of dominant phyla and a wide range of OTUs with a small number of sequences of different taxa (Figure 6a,b). The dominant phyla include Actinobacteriota (36.2%), Firmicutes (9.5%), Chloroflexi (5.8%), Acidobacteriota (5.3%), and classes Alpha- and Gammaproteobacteria (10 and 17.8%, respectively). Sequences of the phyla Methylomirabilota and Nitrospirota occurred in small amounts. The wide range of OTUs in the 16S rRNA gene library of the Fe-Mn nodule had a minor component of the community (less than 3% of reads less than 3% of reads of all bacterial 16S rRNA sequences; Figure 6b). They were most similar to those involved in the destruction of substrates under aerobic and anaerobic conditions from different ecotopes, such as anaerobic chemoheterotrophic members of the candidate phylum Acetothermia that obtain energy and carbon by fermenting peptides, amino acids and simple sugars to acetate, formate and hydrogen [80]; anaerobic Dehalococcoidia (FS117-23B-02_ge, GIF9, MSBL5) that use halogenated compounds as electron acceptors [81] and occur in the communities of the sediments and deep water in the southern basin of Lake Baikal (personal data) [82]; and microarophillic Ca. Methylospira involved in methane oxidation, and others.



The comparison of beta diversity based on the Bray–Curtis distance matrix displayed the heterogeneity of the structure of bacterial communities at different depths of sediments and in comparison with Fe-Mn nodule (Figure 6a,b). The structure of the bacterial community in sample 22–23 cm differed from the others by the dominance of members of Chloroflexi, GAL15, Firmicutes, Actinobacteriota, and unclassified bacteria. Communities from other sediment layers had a more similar composition. They contained Methylomirabilota members and different contribution of dominant members of Chloroflexi, Acidobacteriota and Actinobacteriota.



Contribution to the bacteria of the phylum Methylomirabilota involved in the methane cycle is a varied. The number of sequences of this phylum in the communities of Fe-Mn nodules was less (2.4%) than in the communities of Fe-Mn layers (12–13%) and in sedimentary layers 0–1 cm and 22–23 cm (8.7% and 5.2%, respectively). Some order Methylomirabilales sequences of different OTUs formed one cluster in the phylogenetic tree and some OTU (Figure 7) groups with the sequences that we had previously detected in the sediments of methane seeped from the southern and central basins of Lake Baikal as well as in other ecosystems, including sediments of the freshwater Lake Constance. Members of Rokubacteriales (Methylomirabilota) order with mixotrophic metabolism that associated with nitrate respiration are more popular in the communities of Ushkanyi sediments [83]. The sequences from volcanic and manganese deposits and from soil and freshwater ecosystems were identified among the closest homologues.



The taxonomic composition of the archaea was obtained only in sediments (Figure 6c,d). Archaeal communities were less diverse in comparison to bacterial ones, which is typical for benthic microbial communities of Lake Baikal [84]. The surface sediment community contained predominantly ammonium-oxidizing archaea of the class Nitrososphaeria (Crenarchaeota) (81.6%) and a lower amount of the phylum Nanoarchaeota sequences (13.5%) (order Woesearchaeales) and the unclassified Thermoplasmata (3.8%). The community of lower sedimentary layers consisted of the class Nitrososphaeria (45.6–53.1%) and the unclassified Thermoplasmata (39.4–54.0%), which increased significantly. The unclassified archaea grew in the community of sample 11–12 cm (6.3%), while members of Nanoarchaeota (0.3–2.1%) decreased in the community of the anaerobic zone. Phylogenetic analysis of Woesearchaeales (Figure 8) revealed a predominance of nucleotide sequences of two OTUs (16 and 17) in the surface layer related to sequences from deep-sea ferromanganese in the western Pacific (unpublished data) and iron-silica-rich microbial mats in deep-sea crusts hydrothermal fields (Figure 8). Sample 9–10 cm showed high concentrations of Mn ions and its community contained sequences another OTU (34) also belonging to the order Woesearchaeales.



Methylotrophic methanogens of Methanomassiliicoccales of the phylum Thermoplasmatota (formerly Euryarchaeota) are depleted in three upper core communities (0.05–0.4%) and were not detected in the lower layers (11–12 cm and 22–23 cm). In the phylogenetic tree, the sequences of this order were combined with the closest homologue from the hypersaline microbial mat into one OTU (22) (Figure 8). The sequences of other groups of methanogenic archaea that provide hydrogenotrophic and acetoclastic methanogenesis were not observed; this was also the case during the previous study of archaeal communities in Fe-Mn layers of the southern basin with a slow sedimentation rate [49]. The class Nitrososphaeria members of the phylum Crenarchaeota (formerly Thaumarhaeota) predominated, which is common for the communities of Baikal surface sediments [85]. Among members of this class, we detected archaea of the orders Nitrosopumilales and Nitrososphaerales, known as participants in the aerobic oxidation of ammonium [86]. The number of order members decreased with the sediment depth, caused most likely by the lack of oxygen necessary for their development. Presumably, Nitrososphaeria obtained energy from ammonium oxidation and carried out not only autotrophic metabolism but also heterotrophic metabolism [87]. The homologues of samples 0–1 cm and 9–10 cm, which are the closest to the uncultivated sequences of Nitrososphaeria, were identified in Fe-Mn sediments and Mn nodules [88]. In the phylogenetic tree, the sequences of some OTUs formed separate clusters or separate branches with uncultivated members of this taxon. The tree topology of the taxon based on the analysis of 16S rRNA gene fragments of individual OTUs was similar to the topology of the tree (Figure 8) that was previously obtained in areas of mineralized fluid discharge by using the other platform (Roshe 454) [49,89].





3.4. Community Analysis


Venn diagrams revealed general and unique OTUs for each analyzed community (Figure S2). The largest number of unique OTUs were in the 16S rRNA gene library of the Fe-Mn nodule, including sequences that were identical to bacteria from different ecotopes. The contribution of OTUs with the abundance of 0.5% in the communities of Fe-Mn sedimentary layers and the Fe-Mn nodule was assessed (Figure 9). Fe-Mn nodule community predominantly had OTUs of unclassified members of different taxa, which complicated the assessment of their metabolism and participation in Fe and Mn cycling. Nevertheless, the Fe-Mn nodule community contained sequences of the genus Pedomicrobium, the cultivated members of which are involved in Fe cycling [90], and uncultivated members of Alphaproteobacteria, some of which predominate in hydrogenetic crusts [91,92]. Genomic studies of Ca. Kryptonia confirmed the capacity of iron to redox transformation under thermophilic conditions. The Ca. Kryptonia sequences were more numerous in the communities of the sediments. The members of the genus Delftia and Sulfurifustis that participate in the immobilization of heavy metals and are typical of thermophilic ecotopes minor OTUs (<0.5%) occurred in the community of the Fe-Mn nodule [93,94]. These sequences were similar to thermophilic green non-sulfur bacteria (Thermomicrobiales AKYG1722), Thermodesulfovibrionia (Nitrospirota) involved in the nitrogen cycle [95]; thermophilic thiosulfate-reducing bacteria of the genus Caldisericum (Caldisericota) [96]; aerobic Tumebacillus from hot spring [97], and bacteria of the Planifilum df genus of the Thermoactinomycetales family (Firmicutes).



The members of Chloroflexi with a wide habitat are the most typical for communities of sediments. They were observed in underground environments, in communities of sub-surface sediments [98] including iron-rich hot springs [99]. Many members of this phylum occur in the microbial communities of the studied Fe-Mn layers and Fe-Mn nodules, forming several clusters from different ecosystems with the closest homologues in the phylogenetic tree (Figure 7). Uncultivated members of Chloroflexi (lineages S085_ge, KD4-96_ge, JG30-KF-CM66_ge) and members of the order Rokubacteriales (Methylomirabilota) exist in the communities of Fe-Mn layers and Fe-Mn nodules (Figure 9).



The results of the interaction of bacterial and archaeal taxa (positive or negative) with chemical parameters of the habitat (Spearman correlation) are shown as a heat map (Figure 10a,b). Both were divided into two clusters with a small number of significant correlations between individual taxa of bacteria and the ions concentration in the pore water. Thus, members of Methylomirabilota and Nitrospirota positively correlated with SO42− with a high degree of significance (pv ˂ 0.05); Actinobacteriota—with K+ and Na+; Firmicutes—with NO3−, K+ and Na+ and Alphaproteobacteria—with NO2−. Significant negative correlation existed between unclassified bacteria members and NO2−. The individual ions with various archaeal taxa also showed both positive and negative correlation (Figure 10b). Members of Nitrososphaeria (Crenarchaeota) positively correlated (pv ˂ 0.05) with the SO42− and negatively correlated with K+. By contrast, unclassified members of the same phylum showed a positive correlation with K+ and a negative correlation with SO42−. There were negative relationships between K+, Na+ and Mn2+ ions and the sequences of Woesearchaeales and positive ones between members of Thermoplasmata and Mn2+ as well as between unclassified Archaea and Fe2+.





4. Discussion


Fe-Mn sediment layers and Fe-Mn nodules occurred on the northern slope of Bolshoy Ushkany Island at a depth of 650 m within the first metre of sediments. The results coincided with the PISCES submarine discovery of Fe-Mn mineralization at the depth of 450–510 m on the same slope [50]. The lithology of the sediments studied (Figure 2a) corresponds to areas with calm sedimentation [100,101] but with the narrower boundaries of Holocene sediments (diatom ooze M1 (0–~11 Ka)). The age of Fe-Mn nodules collected from the Holocene sediments indicated their earlier formation with the initial age of accumulation as 131 ± 8 Ka and 96 ± 5 Ka, as well as the conditions for their preservation up to the present day. Many scientists agree that the preferential concentration of nodules at and near the sediment surface is due to the activity of benthic organisms, which can slightly move the nodules and not allow sediments to cover them [102]. Another explanation of the Fe-Mn nodule existence in the more recent Holocene sediments is the landslide processes that have partly occurred in the area, and which were previously shown using the PISES submarines [50]. Landslide processes at the slope might also have influenced the diagenesis processes and the structure of microbial communities. The most significant changes in the structure of microbial communities of area studied were observed between oxidized and reduced conditions, as in other freshwater lakes such as Lake Stechlin and five lakes in Central Switzerland [103,104]. The contribution of Verrucomicrobiota and Bacteroidota members are decreased, and representatives of phyla Chloroflexi, Methylomirabilota are increased in this samples. Ammonium-oxidizing archaea of the Nitrososphaeria (Crenarchaeota) class comprised more than 80% in the sediment communities, which may reflect the availability of ammonium in the sediments studied. It is consistent with the diversity of the communities of Fe-Mn deposits from RGR [9], where bacterial and archaeal groups are associated with the oxidation of nitrogen compounds (such as Nitrospirota, Nitrospinota and Nitrosopumilus) and are involved in methane oxidation (i.e., Methylomirabilales (Methylomirabilota) and SAR324 (Deltaproteobacteria)). Chemolithoautotrophs, which were related to ammonium-oxidizing archaea and nitrite-oxidizing bacteria, can potentially play a very important role as primary producers of Fe-Mn deposits [9]. Thaumarchaeota (now Nitrososphaeria) members may be involved in manganese oxidation due to presence of multicopper oxidase in their genomes [105]. Therefore, the chemolithoautotrophic bacteria, ammonia-oxidizing archaea (Nitrososphaeria), and Methylomirabilota bacteria using nitrite ion as electron acceptor dominated in the sedimentary Fe-Mn layers in deep-water Baikal and Bolshoy Ushkany Island. Based on the genome investigations, Acidobacteriota members can participate in the iron cycle [106], although cultural studies of only B. elongata species confirmed this capacity [38]. The dominance of phylogenetically diverse chemoautotrophs such as Chloroflexi and Actinobacteriota does not exclude their active role in the formation of organic matter, which is required for the community activity in general [107]. Members of Alphaproteobacteria and Gammaproteobacteria, in particular Alteromonadales, prevailed in bacterial communities of Fe-Mn deposits from the CCZ of the North Pacific Ocean [107]. Furthermore, members of Bacteroidota, Actinobacteriota, Planctomycetota, and Verrucomicrobiota often occur in the community of CCZ nodules and reach approximately from 1 to 10% of the total abundance [107]. We indicated a minor contribution of Verrucomicrobiota, Latescibacterota, Gemmatimonadota, Dadabecteria and RCP2-54 members in the communities of the core studied, but their role in Fe-Mn layers formation is not obvious.



The dynamic growth of Fe and Mn initiates immediately under the layer of maximum O2 penetration and the dissolution of particulate Fe and Mn is caused by AOM or sulfate reduction (SO42−) and subsequent formation of Fe(II) via S(II) oxidation, or is directly associated with Fe reduction Och et al. [29]. An alternative process of Fe(II) dissolution by anaerobic NH4+ nitrification was proposed by Torres et al. [108]. As mentioned above, the sequences of microorganisms of the nitrogen cycle, including ammonium oxidizing archaea (Nitrososphaeria), Woesearchaeales and the Nitrosomonadaceae bacteria in the communities of the sediments studied are the most diverse. They can provide denitrification processes and dissimilatory reduction of nitrates to ammonium and be involved in the chain of trophic interactions with anaerobic methanotrophs. Genomic studies of anaerobic enzymatic heterotrophs of the order Woesearchaeales also display their capacity to participate in iron metabolism and methanogenesis processes [109] in consortium with methanogens [30]. Sequences of methylotrophic methanogens of the order Methanomassiliicoccales occurred in three communities (0–1 cm, 9–10 cm and 10–11 cm), but the methane concentrations of sediments did not confirm their activity. A comparative genomic analysis and ecological distribution of archaea of this taxon also suggested their possible participation in the denitrification processes, nitrogen fixation and dissimilatory nitrite reduction [110]. The contribution of archaea that use other metabolic ways to produce methane was insignificant, raising doubts about their active role in the Mn and Fe cycles in the sediments studied. The bacteria of the phylum Methylomirabilota participating in nitrite dependent AOM [85] represented anaerobic methanotrophs in the microbial communities analyzed. Sequences of the order Rokubacteriales, having mixotrophic metabolism associated with nitrogen respiration, predominated among them [83]. The dissolution of particulate Fe and Mn in the studied sediments most likely occurred due to anaerobic nitrification of NH4+ and nitrate dependent AOM, which corresponds to the assumption of Torres et al. [108], rather than due to sulfate reduction [29]. The reduction of iron with sulfur using anoxygenic phototrophs is also unlikely, due to the great depth of the area studied, although the process is typical for some freshwater lakes [111,112,113]. Analysis of 16S rRNA gene libraries did not reveal typical phototrophic iron-oxidizing and sulfate-oxidizing bacteria, whereas a small amount of the latter was observed in Fe-Mn nodules and the surface sedimentary layer. It is also possible that high Mn and low Fe(II) content in sediments at a depth of 22–23 cm did not provide the reductive dissolution of its oxides by Fe(II) [29] and their migration into the upper sedimentary layers.



The Fe-Mn nodules studied differ from those of the deep-ocean and southern Baikal by the predominance of iron over manganese [5,114]. Fe-Mn nodules sampled at a depth of 27 cm have a Mn/Fe ratio of 0.13, and those near the redox boundary is 0.33. The differences in Mn/Fe ratio might reflect the burial process and remobilization of iron and manganese layers in the sediments, which are described in Och et al. [29]. REY distribution was a useful tool for studying Fe-Mn deposits genesis. Nodules studied showed negative Ce anomaly, which is typical for diagenetic deposit distribution of REY normalized to PAAS (Figure 11a,b). The porewaters were not able to reduce or transport Ce4+, therefore sub-oxic porewaters mobilized Mn2 + and REY3 + while Ce4 + remained fixed in discrete Ce (IV) compounds [17]. Due to the subsequent oxidation of divalent Mn and the formation of diagenetic nodules, Ce was not quantitatively mobilized. Hydrothermal type also has a negative Ce anomaly and a positive Y anomaly, which, however, is typical only for hydrothermal fluids with temperatures above 200 °C [17]. On the bivariate diagram of CeSN/CeSN* ratio vs. Nd concentration, the samples plot in the diagenetic nodules field (Figure 11c), confirming the assumption about the predominant diagenetic formation of nodules from pore water [17]. Samples at the CeSN/CeSN* ratio vs. YSN/HoSN, located on the boundary of diagenetic and hydrothermal deposit fields, reflected a YSN/HoSN ratio of approximate 1 (Figure 11d), coinciding with the YSN/HoSN ratio of porewater from the Bering Sea Slope (mean 1.07) [115]. Hydrothermal Fe–Mn deposits can trend towards hydrogenetic Fe–Mn crusts in plots of the CeSN/CeSN* vs. YSN/HoSN ratio and CeSN/CeSN* vs. Nd concentration [17], which supports the assumption of a hydrothermal influence, in particular, an additional supply to pore waters in the area of diagenetic formation of nodules. The influence of low-temperature hydrothermal activity was also observed in films on rock fragments collected from the Ushkani island slope [50]. The hydrothermal influence may explain the higher diversity of the bacterial community in the Fe-Mn nodules compared to the diversity in the sediment, including the Fe-Mn layers, and the presence of a wide range of minor OTUs closely related to the inhabitants of geothermal ecotopes.



According to Colman et al. [100] and Vologina et al. [101], the age of the sediments studied is about 10,000–12,000 years, which is younger than the Fe-Mn nodules. The DNA from microorganisms, which are involved in diagenetic processes, and those from sediments presumably precipitate for a long time on the surface or inside the Fe-Mn nodules and have been preserved until now. Therefore, it is most likely that the bacterial diversity of Fe-Mn nodules reflects the communities of the area studied for a period of 100 Ka. The hypothesis presented here will have to be tested through a more thorough sampling of Fe-Mn nodules from different depths of sediments, as well as through studies of isotopic composition and composition of microbial communities in nodules from different depths.



Our results show that the composition of microbial communities of Fe-Mn sedimentary layers differed from those of surface sediments and Fe-Mn nodules. Bacterial and archaeal groups associated with the oxidation of nitrogen and methane compounds mainly dominated the communities of Fe-Mn layers. Chemolithoautotrophs that are associated with ammonia-oxidizing archaea and nitrite-oxidizing bacteria can potentially play an important role as primary producers of Fe-Mn substrates in freshwater Lake Baikal, which is similar in marine ecotopes. However, the above results are not final because the diversity of microbial communities from Fe-Mn deposits also clearly demonstrates an individual variability in different areas of Lake Baikal as well as in the World Ocean [9,21,49,105]. Nevertheless, the data obtained expanded our knowledge about the diversity and structure of microbial communities as well as their potential role as possible participants of dissolution/formation of the buried Fe-Mn oxide layer in the deep-water Lake Baikal.
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Figure 1. (a) Geographic location of Lake Baikal; (b) Geographic location of Bolshoy Ushkany Island; (c) Area of sampling sediments and Fe-Mn deposits (St6 Grf7). Light brown shows the slope slides. 
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Figure 3. U and Cr concentrations in Fe-Mn nodules from the slope of Bolshoy Ushkany Island and the Southern basin of Lake Baikal (our data), cobalt-rich crusts from North Pacific Prime Zone (NPPZ) and nodules of the Clarion–Clipperton Zone in the Pacific Ocean (CCZ) [5,73]. 
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Figure 4. U distribution between four leaching steps in nodules from the Bolshoy Ushkany Island. Blank bars are analytical data with poor recovery through the leaching steps with respect to the bulk analyses, using a cutoff of 100% ± 20% recovery. Key: L1, exchangeable ions plus carbonate; L2, Mn-oxide; L3, Fe-oxyhydroxide; L4, residual fraction. 
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Figure 5. Box plots show (a) bacterial and (b) archaeal alpha diversity (ACE and Chao1 hidden richness estimators, Shannon Index and inverse Simpson Index); variation across samples from Bolshoy Ushkany Island based on non-rarefied data (for a cluster distance of 0.03). 
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Figure 6. Taxonomic composition (a,b) of the bacterial and (c,d) archaeal communities in the bottom sediments near Bolshoy Ushkany Island, as well as in the Fe-Mn nodule at the phylum level; a,c—more than 97% of reads; (b,d)—less than 3% of reads. 
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Figure 7. Neighbor-joining (NJ) phylogenetic tree of dominant phyla based on 16S rRNA gene sequences of phyla Methylomirabilota, Nitrospirota, and Chloroflexi. Bootstrap values  >  50% (of 100 replicates) are shown in front of respective nodes, and the scale bar represents 5% sequence divergence. OTUs described in this work is represented by circles, lozenges, and upside triangles. 






Figure 7. Neighbor-joining (NJ) phylogenetic tree of dominant phyla based on 16S rRNA gene sequences of phyla Methylomirabilota, Nitrospirota, and Chloroflexi. Bootstrap values  >  50% (of 100 replicates) are shown in front of respective nodes, and the scale bar represents 5% sequence divergence. OTUs described in this work is represented by circles, lozenges, and upside triangles.



[image: Diversity 14 00868 g007]







[image: Diversity 14 00868 g008 550] 





Figure 8. NJ phylogenetic tree of dominant phyla based on 16S rRNA gene sequences of class Nitrososphaeria (Crenarchaeota), order Woesearchaeales and phylum Thermaplasmatota. Bootstrap values  >  50% (of 100 replicates) are shown in front of respective nodes, and the scale bar represents 5% sequence divergence. OTUs described in this work are represented by squares, lozenges, and triangles. 
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Figure 9. OTUs0.03 with relative abundance > 0.5% (on average for sediments and in absolute values for the nodule) and difference in relative abundance between the nodule and sediments by a factor of three or more. 
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Figure 10. Heat map of correlation relationships (Spearman correlation) between (a) bacterial/(b) archaeal taxa and the concentration of individual ions in the pore water of the investigated bottom sediments. Different colors indicate correlation coefficients based on the color scale to the right of the heat map. The coefficients pv < 0.05 are shown. 
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Figure 11. (a) Distribution of REY normalized to PAAS of Fe-Mn nodules from Ushkani islands; (b) Examples of typical REY patterns of marine hydrothermal Fe and Mn deposits, diagenetic Fe–Mn nodules, hydrogenetic Fe–Mn nodules, hydrogenetic Fe–Mn crusts, and phosphatized hydrogenetic Fe–Mn crusts; Marine Fe–Mn oxyhydroxide deposits for (c) CeSN/CeSN* vs. Nd concentration and (d) CeSN/CeSN* ratio vs. YSN/HoSN (Bau et al., 2014); SN is shale normalized to Post-Archean Australian Shale, PAAS (McLennan, 1989); Ce* = Ce anomaly (CeSN* = 0.5LaSN + 0.5 PrSN). 
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Table 1. Results of radiochemical analysis of the samples 1 and 3.
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Samples

	
Study Layers (cm)

	
238U

dpm/g *

	
234U

dpm/g

	
230Th

dpm/g

	
232Th

dpm/g

	
230Th/234U

	
234U/238U

	
230Th/232Th

	
Age, Kyr






	
Sample 1

	
0.6–0.8

	
32.96 ± 0.59

	
38.54 ± 0.68

	
21.10 ± 0.52

	
1.27 ± 0.08

	
0.55 ± 0.02

	
1.17 ± 0.02

	
16.59 ± 1.05

	
88 ± 4




	
0.4–0.6

	
21.28 ± 0.35

	
24.58 ± 0.40

	
17.64 ± 0.47

	
1.52 ± 0.09

	
0.72 ± 0.02

	
1.16 ± 0.01

	
11.64 ± 0.67

	
131 ± 8




	
0.2–0.4

	
28.67 ± 0.69

	
34.43 ± 0.80

	
24.07 ± 0.68

	
1.44 ± 0.11

	
0.70 ± 0.03

	
1.20 ± 0.02

	
16.68 ± 1.26

	
124 ± 8




	
0.0–0.2

	
35.95 ± 0.73

	
42.52 ± 0.84

	
29.28 ± 0.65

	
1.28 ± 0.08

	
0.69 ± 0.02

	
1.18 ± 0.02

	
22.93 ± 1.41

	
121 ± 7




	
Sample 3

	
0.4–0.6

	
31.93 ± 0.94

	
47.44 ± 1.34

	
27.69 ± 0.81

	
2.10 ± 0.11

	
0.58 ± 0.02

	
1.49 ± 0.03

	
13.20 ± 0.63

	
90 ± 5




	
0.2–0.4

	
25.93 ± 0.64

	
39.32 ± 0.91

	
23.48 ± 0.60

	
2.05 ± 0.11

	
0.60 ± 0.02

	
1.52 ± 0.03

	
11.45 ± 0.56

	
92 ± 5




	
0.0–0.2

	
24.50 ± 0.62

	
38.80 ± 0.91

	
23.84 ± 0.48

	
2.02 ± 0.09

	
0.61 ± 0.02

	
1.58 ± 0.03

	
11.79 ± 0.51

	
96 ± 5








* dpm/g = decays/min/g.
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