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Abstract—Underground burning of coal seams accompanied by release of gases leads to development of local
thermal ecosystems. We investigated the microbial community of the ground heated to 72°C in the release
area of hot gases resulting from underground combustion of coal mining waste at the Bungurskiy-Severny
coal deposit in the Kemerovo region of Russia. Analysis of the composition of the microbial community by
16S rRNA gene profiling revealed predominance of thermophilic bacteria of the phyla Deinococcus-Thermus,
Aquificae, and Firmicutes. As a result of metagenomic analysis, 18 genomes of the main members of the
microbial community were assembled, including the complete genomes of Hydrogenobacter thermophiles, a
member of the candidate genus UBA11096 of the phylum Aquificae (RBS10-58), Thermoflexus hugenholtzii,
and Thermus antranikianii. Analysis of the RBS10-58 genome indicates that this bacterium can autotrophi-
cally fix carbon in the reductive tricarboxylic acid cycle and obtain energy via oxidation of hydrogen and sul-
fur compounds with oxygen or nitrate as electron acceptors. Genome analysis of the two dominant Firmicutes
species, Hydrogenibacillus schlegelii and an uncultured member of the class Thermaerobacteria, showed that
these bacteria could grow aerobically by oxidizing hydrogen and carbon monoxide. Overall, the community
was dominated by aerobic bacteria capable of growing autotrophically and obtaining energy via oxidation of
the main components of coal gases, hydrogen and carbon monoxide. Thermus antranikianii, which makes up
about a half of the microbial community, probably uses organic matter produced by autotrophic members of

Firmicutes and Aquificae.
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Studies of thermophilic microorganisms have
expanded our knowledge of microbial diversity, evolu-
tion, and mechanisms of adaptation to extreme envi-
ronmental conditions (Urbieta et al., 2015; Counts
et al., 2017). Most research on thermophilic microor-
ganisms has focused on thermal ecosystems associated
with volcanic activity, such as terrestrial hot springs
and deep-sea hydrothermal vents, or on technogenic
biotopes (e.g., high-temperature bioreactors). Simi-
larly to volcanic activity, natural combustion of fossil
hydrocarbons and coal can also underlie formation of
local thermal ecosystems. Characterization of micro-
bial communities in such ecosystems contributes to
our understanding of the diversity of thermophilic
microorganisms and processes mediated by them.

Underground burning of coal seams is a wide-
spread natural phenomenon and has been observed in
Australia, Germany, the United States, China, Russia,
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India, and other countries (Stracher and Taylor,
2004). Such underground fires can last for centuries;
for example, the coal seam in Dudweiler (Saarland,
Germany) has been burning since 1668. An example of
long-term natural underground coal combustion is the
Burning Mountain in Australia, which is estimated to
have burned for about 6000 years (Rattigan, 1967).

Coal burning under conditions of oxygen deficit
and in the presence of water leads to the formation of
coal gases according to the following reactions (Sha-
firovich and Varma, 2009):

3C +0, + H,0 — H, + 3CO,

CO + H,0 - CO, + H,.

Underground coal combustion is a natural analog
of the synthesis gas production by coal gasification. In
addition to CO,, coal gases contain mainly hydrogen,
CO, and gaseous hydrocarbons (Stracher and Taylor,
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2004; Engle et al., 2012). These gases can also contain
hydrogen sulfide, sulfur oxides, and other toxic com-
pounds, such as benzene, xylene, or aliphatic and
halogenated compounds (Engle et al., 2012; Zhang
et al., 2013). Sulfur and other elements present in coal
seams can be transferred to the surface with the gas
flow (Pone et al., 2007).

Local extreme ecosystems developing in areas
where hot coal gases come to the surface are character-
ized by high temperatures (>50°C) and the presence of
toxic substances (Tammy et al., 2005). The high-
energy compounds contained in coal gases, such as
hydrogen and CO, can be used by microorganisms as
substrates, while oxygen is used as an electron accep-
tor, which enables formation of specific communities
of thermophilic microorganisms. However, relatively
little is known about the composition of microbial
communities of such ecosystems and the genetic
potential of their microorganisms.

The phenomenon of underground coal combus-
tion is also found in coal deposits in Russia. The
Kuznetsk coal basin (Kuzbass) located in the south of
Western Siberia is one of the largest coal mining areas
in the world. Currently, coal in this region is mainly
mined by open pit mining, which produces large
quantities of waste, including overburden. Overburden
containing residual coal is stored as dumps directly at
the mining sites, where ignition and long-term burn-
ing can occur due to natural and anthropogenic
causes. A well-known example of an environmental
disaster is the burning of coal dumps near the mining
town of Kiselevsk in Kuzbass (Russia) (Kadnikov
et al., 2021).

Start new paragraph here we studied the soil micro-
bial community associated with the zone of under-
ground coal combustion and the release of hot coal
gases at the dumps of the Bungurskiy-Severny coal
deposit in the Novokuznetsk district of the Kemerovo
region (Russia). The goal of the present work was to
investigate the composition and the genetic potential
of this microbial community. We present data on the
composition of the community obtained by high-
throughput sequencing of 16S rRNA gene amplicons
and the soil metagenome in the area of hot coal gas
release to the surface. As a result of metagenomic anal-
ysis, high-quality genomes (metagenome-assembled
genomes, MAGs) of most members of the community
were obtained, which made it possible to characterize
the metabolic potential of the corresponding microor-
ganisms.

MATERIALS AND METHODS

Sampling and DNA extraction. Samples were taken
at the storage site of coal mining waste at the Bungur-
skiy-Severny coal deposit near the Apanas village of
the Novokuznetsk district, Kemerovo region
(53.542314 N, 86.862370 E). A ground sample col-
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lected at a depth of 5—10 cm and designated RBS10
represented wet ground on the slope of a mining waste
dump near the site of hot steam and gas release. The
sample collected was a finely dispersed rock contain-
ing coal. Metagenomic DNA was isolated using a MO
BIO Power Soil DNA Kit (MO BIO Laboratories,
Qiagen, United States).

Sequencing and analysis of 16S rRNA gene frag-
ments. PCR amplification of 16S rRNA gene frag-
ments including the hypervariable regions V3—V6 was
performed using the universal primers 341F (5'-CC-
TAYGGGDBGCWSCAG-3'") and 806R (5'-GGAC-
TACNVGGGTHTCTAAT-3") (Frey et al., 2016). The
obtained PCR fragments were barcoded using a Nex-
tera XT Index Kit v.2 (Illumina, United States) and
purified using Agencourt AMPure beads (Beckman
Coulter, United States); the amount of DNA was
determined using a Qubit dSDNA HS Assay Kit (Invi-
trogen, United States). Next, the amplicons were
sequenced using Illumina MiSeq (paired-end reads,
2 X 300 bp). Overlapping reads were merged using
FLASH v.1.2.11 (Magoc¢ and Salzberg, 2011). Filtering
by quality and clustering of sequences into operational
taxonomic units (OTUs) at the level of 97% sequence
identity was performed using the Usearch software
(Edgar, 2010). Chimeric sequences and singletons
were removed during clustering by the Usearch algo-
rithm. To calculate the relative abundance of OTUs,
all reads (including singletons and low-quality ones)
were mapped using Usearch on OTU sequences with
an identity threshold of 97%.

Taxonomic identification of OTUs was carried out
by searching the SILVA v.132 rRNA sequence database
using the VSEARCH algorithm (Rognes et al., 2016).

Sequencing of metagenomic DNA, assembly of con-
tigs, and their clustering to obtain MAGs. Metage-
nomic DNA was sequenced wusing Illumina
HiSeq2500 according to the manufacturer’s instruc-
tions (Illumina, United States). Sequencing of the
TruSeq DNA library (paired-end reads, 2 X 150 bp)
yielded 232885794 pairs of reads. Removal of adapters
and exclusion of low quality sequences (Q < 30) were
performed using Cutadapt v.1.8.3 (Martin, 2011) and
Sickle v.1.33  (https://github.com/najoshi/sickle),
respectively. The processed paired-end reads were
merged using FLASH v.1.2.11 (Mago¢ and Salzberg,
2011).

Metagenomic DNA was additionally sequenced on
a MinlON (Oxford Nanopore, United Kingdom)
using a 1D Genomic DNA by Ligation kit (SQK-
LSK108). Sequencing this library using a MinlON
device with an R9.4 flowcell (FLO-MIN106) yielded
8280228 reads with a total length of 16.12 billion bp.

All Illumina (about 25 billion bp in total) and
Nanopore reads obtained were de novo assembled into
contigs using the metaSPAdes hybrid assembler
v.3.13.0 software (Nurk et al., 2017). Contigs longer
than 1500 bp were binned into clusters representing
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Fig. 1. Composition of the microbial community based on the analysis of 16S rRNA genes and metagenomic sequencing. The
category Others in the case of the metagenome comprises sequences not included in the MAGs assigned to the indicated groups.

MAGs using MetaBAT v.2.12.1 (Kang et al., 2015). To
improve MAG assembly, MinION reads were mapped
to the contigs included in MAG using the BWA
v.0.7.15 software (Li and Durbin, 2010). Next, Npscarf
v.1.0 (Cao et al., 2017) was used to form chains of con-
tigs (scaffolds) and to fill the gaps between contigs
using Illumina consensus sequences from the
metaSPAdes assembly graph.

In addition, MinION reads were de novo assembled
into contigs using Flye v.2.7 (Kolmogorov et al., 2019).
Contig sequences were corrected with Pilon v.1.2.2
(Walker et al., 2014) as a result of two iterations of
mapping the Illumina reads onto the assembled contig
sequences using the Bowtie 2 software (Langmead and
Salzberg, 2012). The resulting contigs were binned
into MAGs using MetaBAT v.2.12.1 (Kang et al.,
2015).

MAG annotation and analysis. The completeness of
MAGs and their possible contamination (i.e., possible
presence of contigs representing other genomes due to
incorrect binning) were assessed using CheckM v.1.05
(Parks et al., 2015). The assembled MAGs were taxo-
nomically classified using the Genome Taxonomy
Database Toolkit (GTDB-Tk) v.0.3.2 (Chaumeil
etal., 2020) and the Genome Taxonomy Database
(GTDB) (Parks et al., 2018).

Gene search and MAG annotation were performed
using the NCBI Prokaryotic Genome Annotation
Pipeline (Tatusova et al., 2016) or the RAST server 2.0
(Brettin et al., 2015) with subsequent correction of the
annotation by comparing the predicted protein
sequences to the databases of the National Center for
Biotechnology Information (NCBI). N-terminal sig-
nal peptides were predicted using Signal P v.5.0, and
the presence of transmembrane domains was pre-
dicted using the TMHMM v.2.0 (http://www.
cbs.dtu.dk/services/ TMHMMY/).

Evaluation of genome similarity and phylogenetic
analysis based on complete genome data. The levels of
average nucleotide identity (ANI) and average amino
acid identity (AAI) between selected genomes were

calculated using scripts from the Enveomics Collec-
tion toolbox (Rodriguez-R and Konstantinidis, 2016).

GTDB-Tk v.0.3.2 software was used to search for
single-copy marker genes in a given MAG and to con-
struct multiple alignments of concatenated single-
copy marker gene sequences from this MAG and all
species from GTDB. A part of the multiple alignment
created using the GTDB-Tk software was used to build
a phylogenetic tree using PhyML v.3.3 (Guindon
et al., 2010) with default parameters. Internal branch-
ing support was assessed using a Bayesian test in the
PhyML.

Deposition of nucleotide sequences. The primary
data obtained by sequencing 16S rRNA gene frag-
ments and by metagenome sequencing were deposited
in the NCBI Sequence Read Archive (SRA) under
accession numbers SRX10881305, SRX10881306 and
SRX10881307. The annotated MAG sequences were
deposited in the GenBank database and are available
via BioProject PRINA728906.

RESULTS

Composition of the microbial community based on
analysis of 16S rRNA gene amplicons. A ground sam-
ple was collected from a burning coal mining dump
with numerous vents releasing combustion products to
the surface. The ground temperature at the sampling
site was 72°C.

The composition of the microbial community was
characterized based on 57213 sequences of 16S rRNA
gene fragments. As a result of clustering these
sequences, 29 OTUs were identified with an identity
threshold of 97%. All identified OTUs belonged to
bacteria; no archaea were detected. The results of the
taxonomic classification of the OTUs are shown in
Fig. 1.

The community was dominated by members of
three phyla: Deinococcus-Thermus (47.7% of the total
number of 16S rRNA gene sequences), Firmicutes
(34.9%), and Aquificae (16.5%). Members of the phyla
Bacteroidetes (0.48%), Proteobacteria (0.27%), Chlo-
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roflexi (0.02%), and Actinobacteria (0.01%) were
found in minor amounts.

The phylum Deinococcus-Thermus was represented
by two OTUs, one of which dominated the commu-
nity, accounting for 47.4% of the total number of 16S
rRNA gene sequences. This OTU belonging to the
genus Thermus had 98.7% sequence identity to the
thermophilic heterotrophic bacterium  Thermus
antranikianii isolated from hot springs in Iceland
(Chung et al., 2000).

The phylum Firmicutes was represented by
12 0TUs. The most abundant of them (14.1%)
belonged to the genus Brevibacillus and had 98.73%
16S rRNA gene sequence identity with Brevibacillus
borstelensis, a moderately thermophilic heterotrophic
spore-forming bacterium found in soils and hydro-
thermal habitats (Shida et al., 1995; Khalil et al.,
2018). Approximately 11% of the sequences repre-
sented one OTU belonging to the genus Hydrogeniba-
cillus (order Thermicanales, family Thermicanaceae
according to the Genome Taxonomy Database). A
cultured representative of this genus, Hydrogenibacil-
lus schlegelii, is a facultative chemolithotrophic aero-
bic thermophilic bacterium capable of oxidizing
hydrogen and, presumably, CO (Schenk and Aragno,
1979; Kampfer et al., 2013). About 6.3% of the com-
munity belonged to an OTU phylogenetically distant
from the cultured members of the phylum Firmicutes
(<87% 16S rRNA gene sequence identity).

The phylum Aquificae was represented by one OTU
phylogenetically close to the genus Hydrogenobacter of
the family Aquificaceae. Members of Hydrogenobacter,
typical inhabitants of high-temperature thermal
springs, are chemolithoautotrophic thermophiles
capable of aerobic hydrogen oxidation (Reysenbach
et al., 2000; Takacs-Verbach et al., 2013).

Metagenome sequencing and MAGs assembly. To
obtain the genomes of the microbial community
members, we sequenced the metagenome of RBS10
sample using a combination of Illumina and Oxford
Nanopore technologies. The assembled contigs were
binned into 18 MAGs with completeness of more than
80% and contamination (redundancy) of less than
10% as assessed by CheckM based on the analysis of a
set of conserved single-copy marker genes (Table 1).
Altogether, these MAGs represented approximately
80% of the total metagenome of the community. The
taxonomic affiliation of the obtained MAGs was
determined based on phylogenetic analysis of concat-
enated sequences of conserved marker genes accord-
ing to the Genome Taxonomy Database (Parks et al.,
2018).

The taxonomic classification of the MAGs identi-
fied the same main bacterial phyla that were found
using 16S rRNA profiling. The relative abundances of
some groups differed between the pool of 16S rRNA
gene sequences and the complete metagenome
(Fig. 1), probably due to the different number of 16S
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rRNA gene copies in the genomes and different sizes
of the genomes. Nearly a half of the total metagenome
was represented by a single MAG, RBS10-92,
assigned to the phylum Deinococcus-Thermus. About
26% of the metagenome were represented by ten
MAGs of the phylum Firmicutes; three MAGs were
attributed to Agquificae (2.4% of the metagenome);
three belonged to Chloroflexi (3.3% of the metage-
nome); two were assigned to Proteobacteria (0.5% of
the metagenome), and 0.02% of the metagenome was
the MAG of the candidate phylum WOR-3 (Table 1).

Using the long reads obtained by nanopore
sequencing, the complete circular sequences of four
genomes were assembled: Hydrogenobacter thermo-
philes (MAG RBS10-74), candidate genus UBA11096
of the phylum Aquificae (MAG RBS10-58), Thermo-
flexus hugenholtzii of the phylum Chloroflexi
(MAG RBS10-4), and Thermus antranikianii (MAG
RBS10-92).

To characterize the metabolic capabilities of the
dominant members of the microbial community, we
performed a detailed analysis of several MAGs.

Genomes of members of the phylum Firmicutes. Two
bacteria of the phylum Firmicutes, represented by
MAG RBS10-35 and MAG RBS10-49, were abun-
dant members of the microbial community. The
RBS10-35 genome represented 11.0% of the total
metagenome and was identified only at the class level
as belonging to Thermaerobacteria according to the
genomic taxonomy system. Probably, this genome
corresponded to the OTU that constituted 6.3% of the
16S rRNA sequences and was assigned to unclassified
Firmicutes. A GenBank search for closest relatives of
RBS10-35 revealed only one 16S rRNA gene sequence
(FN687452) with 91% identity found in a thermal aer-
obic bioreactor for processing activated sludge waste
(Hayeset al., 2011). Analysis of the RBS10-35 genome
showed that this bacterium had a complete aerobic
respiratory chain and CO dehydrogenase, which indi-
cated the possibility of CO oxidation.

The organism represented by the genome
RBS10-49 was the second most abundant among Fir-
micutes (10.7% of the metagenome). This genotype
was identified as Hydrogenibacillus schlegelii based on
97.68% AAI with H. schlegelii strain MA48 (Maker
etal.,, 2017). Analysis of the RBS10-49 genome
revealed the presence of the genes for the aerobic
respiratory chain, membrane-bound uptake [NiFe]-
hydrogenase of group 1d, and respiratory CO dehy-
drogenase, which indicates the ability of this bacte-
rium to obtain energy by oxidation of coal gas compo-
nents, hydrogen and CO. The genome also encoded a
complete Calvin cycle, which can enable autotrophic
carbon fixation.

It should be noted that among the assembled
MAGs, there was no genome belonging to the genus
Brevibacillus, although its members accounted for
about 15% of'the 16S rRNA gene sequences. Probably,
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Table 1. Principal characteristics of MAGs
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MAG | Completeness/ Genome | Number of Share in the
. . . GC, % Taxonomy*
ID |contamination, %| size, bp contigs metagenome, %
2 97.63/1.36 1699 170 143 416 0.08 p__Aquificota,
g Hydrogenobacter
s p__Aquificota;
74 99.59/0.51 1794458 1 44 0.17 s Hydrogenobacter thermophilus
o p__Aquificota;
58 99.59/0.41 1722082 1 431 2.13 ¢ UBAI1096
s p__Chloroflexota;
4 97.27/0.91 3316678 1 67.6 3.17 s Thermoflexus hugenholtzii
7 85.55/1.87 2784472 202 65.1 0.03 p_ Chloroflexota;
g Thermomicrobium
p__ Chloroflexota;
30 96.23/0 3717411 433 65.6 0.11 £ UBA6265
o p__Deinococcota;
92 100/0 2424424 1 64.9 48.83 s Thermus antranikianii
p__ Firmicutes;
77 93.16/1.82 2294372 228 45 0.16 f_Amphibacillaceae
p__ Firmicutes A;
39 98.09/0.68 2502348 201 37.5 0.12 s Caldanacrobacter subterraneus
35 94.06/0.2 2368455 4 63.5 11.01 p__Firmicutes _E;
¢__Thermaerobacteria
62 92.57/13.9 4585313 204 68.9 2.34 p__Firmicutes_E;
g Thermaerobacter
p__ Firmicutes G;
82 92.25/2.97 3307331 619 58.5 0.09 o DTU0S0
p__ Firmicutes_I;
36 96.15/2.95 4121736 396 53.4 0.25 s Bacillus BB thermozeamaize
p__Firmicutes I;
40 84.97/4.92 2109662 127 64 0.37 s Brockia lithotrophica
p__ Firmicutes I;
8 91.28/1.72 2288228 67 61.8 0.48 ¢ Hydrogenibacillus
p__ Firmicutes_I;
49 92.44/8.08 2964420 72 66.1 10.75 s Hydrogenibacillus schlegelii
91 99.19/2.07 4672685 147 66.4 0.18 p_Proteobacteria,
g Paracoccus
48 99.38/1.91 3146152 2 70.2 0.29 p__Proteobacteria;
g Lysobacter
29 92.37/1.69 1580388 114 27.6 0.02 p_ WOR-3 A;o LBFQO1

* Taxonomic affiliation according to the Genome Taxonomy Database, version R89. The phylum and the lowest-rank taxon up to
which classification was possible are indicated. ** Complete circular genome.

Brevibacillus were represented by several closely
related phylotypes, which made it difficult to assemble
long contigs and, accordingly, to obtain their MAGs.

Complete genome of Thermus antranikiani
RBS10-92. As a result of metagenome sequencing,
the complete genome of the bacterium RBS10-92 was
assembled. This genome had 97.79% AAI with Ther-
mus antranikianii DSM 12462 (GCF_000423905),

and therefore was assigned to this species. The genome
of T. antranikianii RBS10-92 was sequenced with
5030-fold average coverage and was 2424424 bp long.
It is the first known complete genome of 7. antraniki-
anii. The relative abundance of RBS10-92 in the
metagenome was 48.8%, which was in good agreement
with the 47.64% share of the corresponding OTU
among the 16S rRNA gene reads. Annotation of the
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RBS10-92 genome identified 2636 potential protein-
coding genes. The functions were predicted for only a
half of the genes revealed. Two copies of the rRNA
operon and 50 transfer RNA (tRNA) genes were iden-
tified in the genome.

Analysis of the genome of 7T. antranikianii
RBS10-92 showed that this bacterium is probably an
aerobic heterotroph capable of hydrolyzing various
carbohydrates. This microorganism also has the ability
to grow under anaerobic conditions using nitrate as an
electron acceptor. These predictions are consistent
with the microbiological characteristics of 1. antrani-
kianii isolates (Chung et al., 2000).

Complete genome of Hydrogenobacter thermophilus
RBS10-74. Three genomes of representatives of the
phylum Aquificae were assembled with completeness
of more than 97% and contamination of less than 2%.
Complete circular genomic sequences were obtained
for two of these organisms. RBS10-74, which accounts
for 0.17% of the total metagenome, was classified as
Hydrogenobacter thermophilus based on 95.7% ANI
with H. thermophilus TK-6 (GCA_000010785) iso-
lated from a hot spring in Japan (Arai et al., 2010).

Analysis of the genome of H. thermophiles
RBS10-74 predicted that, like cultured strains of
H. thermophiles, it is an obligate autotrophic organism
capable of oxidizing hydrogen and fixing CO, through
the reverse tricarboxylic acid cycle. When growing
under anaerobic conditions, this bacterium can use
nitrate as an electron acceptor. RBS10-74 can also oxi-
dize elemental sulfur or thiosulfate.

Complete genome of MAG RBS10-58, a member of
the candidate genus UBA11096. The second complete
genome of a member of the phylum Aquificae was
assigned to the genus UBA11096 of the family Aquifi-
caceae according to the genomic taxonomy system. To
date, no cultured members of this genus have been iso-
lated; for this reason, its definition is based on several
draft genomes assembled from metagenomes that have
not been analyzed previously.

The RBS10-58 genome was sequenced with 309-
fold average coverage and assembled into a 1722082-
bp-long circular chromosome. The relative abundance
of this genotype in the metagenome was 2.13%. Anno-
tation of the RBS10-58 genome identified 1848 poten-
tial protein-coding genes, as well as one 165S—23S—5S
rRNA operon and 42 tRNA genes; gene functions
were predicted for a half of the protein-coding genes
revealed.

To determine the phylogenetic position of the bac-
terium RBS10-58, a phylogenetic tree was constructed
based on concatenated amino acid sequences of con-
served marker genes belonging to members of all gen-
era of the family Aquificaceae determined in
the genomic taxonomy system. It was shown that
RBS10-58, together with several other MAGs, repre-
sented a separate genus-level lineage, along with the
genera Aquifex, Hydrogenivirga, Hydrogenobacter, and
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Thermocrinis, as well as Thermocrinis minervae, which
represents a separate genus 7Thermocrinis A in the
genomic taxonomy (Fig. 2).

Analysis of the RBS10-58 genome revealed a com-
plete set of genes for the reverse tricarboxylic acid
cycle, which is used in Aquificae for autotrophic CO,
fixation (Hiigler et al., 2007), as well as genes of the
gluconeogenesis pathway. The pentose phosphate
pathway was absent in RBS10-58. The genome con-
tained a complete set of genes for oxidative phosphor-
ylation, including NADH dehydrogenase, succinate
dehydrogenase, cytochrome bcl complex, and several
cytochrome ¢ oxidases. The presence of membrane-
bound uptake [NiFe]-hydrogenases of the groups 2a
and 1d indicates the possibility of using molecular
hydrogen as an electron donor during respiration,
which is typical for members of the phylum Aquificae.
Formate can also serve as energy source, as evidenced
by the presence of membrane-bound formate dehy-
drogenase.

Under anaerobic conditions, nitrate can serve as an
electron acceptor, as indicated by the presence of
membrane-bound nitrate reductase, which reduces
nitrate to nitrite. Further, nitrite can be reduced by
cytochrome c¢dl nitrite reductase to form nitric
oxide(IT). Subsequent denitrification steps can be car-
ried out by nitric oxide reductase and nitrous oxide
reductase to form molecular nitrogen.

The bacterium RBS10-58 can also use sulfur com-
pounds as an electron donor. Oxidation of hydrogen
sulfide can be carried out by sulfide:quinone oxidore-
ductase and flavocytochrome c:sulfide dehydroge-
nase. The genome also encoded a Sox-Hdr-Soe vari-
ant of the pathway for the oxidation of sulfur com-
pounds to sulfate (Watanabe et al., 2019), including a
cluster of sox genes soxYZAXB, sulfite dehydrogenase
genes soeABC, and a gene cluster encoding subunits of
heterosulfide reductase hdrCBAhyphdrCB.

Thus, the bacterium RBS10-58 is a chemolithoau-
totroph capable of obtaining energy by oxidation of
molecular hydrogen and sulfur compounds through
aerobic respiration, while under anaerobic conditions
it can perform all stages of denitrification.

DISCUSSION

Despite the fact that one of the first described ther-
mophiles, Thermoplasma acidophilum, was isolated
from coal waste samples by Thomas Brock’s group in
the late 1960s (Darling et al., 1970), the composition
of the microbial communities of these ecosystems
remains poorly understood. The composition of soil
microbial communities in areas of underground coal
burning was studied in Pennsylvania (United States)
(Tobin-Janzen et al., 2005; Lee et al., 2017). Analysis
of microbial communities by 16S rRNA gene sequenc-
ing revealed the presence of archaea of the phylum
Crenarchaeota, as well as bacteria of the phyla Chloro-
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Fig. 2. Phylogenetic position of RBS10-58 in the family Aquificaceae. The maximum likelihood phylogenetic tree was based on
concatenated sequences of conserved marker genes. The branching support levels were determined using a Bayesian test in the
PhyML software. The taxonomy is shown according to the GTDB system.

flexi, Acidobacteria, Proteobacteria, Bacteroidetes, Elu-
simicrobia, and Gemmatimonadetes. Further metage-
nomic studies showed that microorganisms with
smaller cell and genome sizes predominate in areas of
soil with higher temperatures (Sorensen et al., 2019).

Microbial communities of heated soil near hot coal
gas release sites in Xinjiang (China) were investigated
using T-RFLP analysis and 16S rRNA gene clone
libraries (Zhang et al., 2013). Predominant groups of
microorganisms included members of the phyla Fir-
micutes, Proteobacteria, Acidobacteria, Bacteroidetes,
Planctomycetes, and Actinobacteria. The most abun-
dant group was Firmicutes, mainly represented by the
genera Bacillus and Paenibacillus.

In both these cases, the objects of study were “ordi-
nary,” organic-rich soils heated due to release of hot
gases, which led to predominance of soil groups of
microorganisms in the communities. In the present
work, the object of study was not soils, but dumps of
open-pit coal mining composed of coal-bearing rocks.
It is assumed that coal gases can sustain development
of specific communities of thermophiles in such eco-
systems. The closest analog of the object studied in the
present work was the microbial community of heated
rocks in the area of underground coal burning in the
Altai Mountains (Russia) (Kadnikov et al., 2018). It
had a simple composition and included only three
dominant phylotypes, all of which represented the
phylum Firmicutes. It was the aerobic heterotroph

Ca. Carbobacillus altaicus, the anaerobic chemolitho-
autotroph Brockia lithotrophica, and the aerobic bacte-
rium Hydrogenibacillus schlegelii capable of both using
organic compounds and growing autotrophically. All
these microorganisms can obtain energy by oxidation
of molecular hydrogen, and some of them can also
oxidize CO (Kadnikov et al., 2018). This community
was also found to contain uncultured lineages of Fir-
micutes related to Thermaerobacteria.

Another close analog was the burning dumps of a
coal mine near the city of Kiselevsk, Kemerovo region
(Russia). The microbial community of the surface
ground layer heated to 58°C was dominated by mem-
bers of Ktedonobacteria (phylum Chloroflexi) capable
of oxidizing hydrogen and CO, while thermophilic
hydrogenotrophic Firmicutes constituted a minor
share of the community (Kadnikov et al., 2021). The
differences between this community and the object
studied in the present work were probably due to dif-
ferences in temperature and humidity.

In the RBS10 community studied in the present
work, Firmicutes accounted for about one third of the
community and were represented by thermophilic
groups. H. schlegelii and uncultured Thermaerobacte-
ria were among the dominant groups, while Brockia
lithotrophica was found in small numbers. However,
along with Furmicutes, the dominant groups in the
RBS10 community were members of the genus 7Ther-
mus and the family Aquificaceae, which are character-
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istic of hydrothermal ecosystems (Counts et al., 2017;
Bonch-Osmolovskaya, 2020). Previously, their pres-
ence in soils of underground coal burning areas has
not been reported. Aquificaceae are capable of autotro-
phic carbon fixation and energy production through
oxidation of hydrogen and sulfur compounds; along
with Firmicutes, they represent the autotrophic com-
ponent of the community sustained by coal gases. In
turn, the organic substances produced by autotrophic
Firmicutes and Aquificaceae are used as substrates by
T. antranikianii, which constitutes about a half of the
microbial community.

The thermal ecosystem associated with burning
coal dumps that was studied in this work, as well as
other similar objects in the Kemerovo region and Altai
Mountains, formed no more than a few decades ago;
they are young in comparison to geothermal objects.
Previously, it was suggested that thermophilic Firmi-
cutes with spores that can spread over long distances
(Bonjour et al., 1988; Aullo et al., 2013) may be the
first colonizers of such novel thermal ecological
niches (Kadnikov et al., 2018). The discovery of mem-
bers of Thermus and Agquificaceae indicates that the
spread of non-spore-forming thermophiles, the
source of which may be hot springs and other geother-
mal objects found in southern Siberia, can also be fast.
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