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ABSTRACT. The diversity and structure of microbial communities were investigated using 16S rRNA
gene barcoding in the sediments of the Krasny Yar methane seep, in the zone of near-surface occurrence
of gas hydrates and the presence of oxidized and restored channels. The diversity of both bacteria and
archaea along the core depth was similar to the diversity found in sediments from other areas: methy-
lotrophic methanogens and microorganisms involved in different stages of the organic matter fermenta-
tion were detected in the sediment strata of all depths investigated. Migration flows of oxygen-rich and
aerobic bacteria-rich near-bottom water influenced greatly the diversity of microbial communities in
oxidized channels. Fluids migrating from the deep zone to the bottom surface provided transport from
anoxygenic sediments of anaerobic archaea involved in the AOM process. The data obtained are consis-
tent with geochemical and geothermal indicators defining the zone of active migration of near-bottom

waters.
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1. Introduction

Lake Baikal, the oldest and deepest lake in the
world, is characterized by thick bottom sediments,
ranging in thickness from 7 to 9 kilometers in differ-
ent basins (Logatchev, 1993; Scholz and Hutchinson,
2000). Long sedimentation histories and multi-kilo-
meter deposits with high organic matter content (OM)
contributed to the formation of large amounts of lig-
uid and gaseous hydrocarbons in them (Kuzmin et al.,
2001; Khlystov et al., 2013). Besides, accumulations
of gas hydrates (GH), which are found in sediments of
seas, oceans, and the permafrost of high latitudes, have
been found in the Baikal sediments. In Lake Baikal, as
in marine ecosystems (Milkov, 2005; Kopf, 2002), var-
ious geological structures (mud volcanoes, methane,
and oil seeps) have been found in sites with fluid dis-
charges to the lakebed (Khlystov et al., 2013). These
geological formations tend to form in the zones where
sediments are rapidly accumulating or in the areas
of tectonic stress and/or hydrocarbon formation that
create the overpressure necessary to discharge fluids
(Hedberg, 1974; von Huene and Lee, 1983; Brown and
Westbrook, 1988). The cold seepage systems in Lake
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Baikal are comparable in size and frequency to the
systems of oceanic high-productive continental mar-
gins but are characterized by special mechanisms of
formation and peculiarities of circulation of gas-sat-
urated fluid flows (Naudts et al., 2012; Aloisi et al.,
2019; Pogodaeva et al., 2020). High gas saturation of
the sedimentary strata, proximity to fractures or chan-
nels through which gases and fluids migrate in differ-
ent directions and, in some cases, the presence of GH
are indispensable conditions for their occurrence. For
example, in the area of the Posolsky fault, gas emis-
sions cause the clearing of the pore space in the bot-
tom sediments under the GH stability zone, which is
filled by water supplied from the water column through
neighboring faults or channels in the bottom sediments.
Water entering the sediment layers below the GH sta-
bility zone is heated, which in turn leads to the for-
mation of an upward fluid flow and its outlet into the
water column at the discharge point. This is confirmed
by the presence of high positive values of warm flows
adjacent to regions of abnormally low and negative val-
ues, allowing the formation of a convective “fluid loop”
(Vanneste et al., 2011). Fluid inflow from significant
depths (below the GH stability zone) was confirmed by
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the presence of mantle helium in gas hydrate samples
collected in this zone (Klerkx et al., 2006). According
to Chernitsyna et al. (2016), microorganisms typical of
deep recovered sedimentary strata enter the lakebed
surface together with migrating deep fluids.

Migration of fluid flows with a different mecha-
nism of their formation was also recorded in the sedi-
ments of another site of the Krasny Yar methane seep
(Naudts et al., 2012; Aloisi et al., 2019; Pogodaeva et
al., 2020). Based on geochemical and geothermal data,
the heated mineralized gas-saturated fluid rises along-
side the deep fault zone to the bottom surface, passing
the zone of the lower boundary of GH stability, desta-
bilizing them and enriching with a new composition of
water and gas. Part of this gas in subsurface sediments
forms GH again because of a temperature decrease, and
another part of the gas is discharged into the water col-
umn in bubbles and dissolved form. Gas accumulating
under the gas hydrate covers creates overpressure and
causes cracking and changes in sediment permeability,
allowing near-bottom waters to enter and mix with
retaining and fluid waters. The subsurface microcircu-
lation of water takes place in the 1.5 meter layer, where
oxidized and restored fluid discharge channels are
recorded (Aloisi et al., 2019; Pogodaeva et al., 2020).
No data are available on the influence of migration
flows on the distribution of individual microorganisms
in the sediments of this geological structure. Therefore,
the aim of this work was to study the diversity and tax-
onomic structure of microbial communities in the fluid
flow zone of sediments of the Krasny Yar methane seep
and to assess the influence of the latter on the distribu-
tion of individual taxa.

2. Materials and methods of the study
2.1. Study objects and sampling

Four cores were sampled from the R/V “G.Yu.
Vereshchagin” using a corer in the zone of the Krasny
Yar methane seep (Fig. 1), located on the western slope
of the Selenga River delta in the southern basin of Lake
Baikal. Cores were sampled from the bottom surface
to a depth of 3 m in the central part, where GHs were
previously recorded in the upper zone of the geologi-
cal section (Khabuev et al., 2016), taking into account
the presence of oxidized or restored channels in the
sediments. Two cores (St7GC1, St7GC2) (N52° 3612;
E105° 9638) meeting these criteria were collected in
July 2016 and two cores (St5GC2, St5GC3; N52° 3592;
E105° 9638) in July 2021. In the section of cores from
the GH zone (St7GC1 and St5GC2), restored channels
were observed (Fig. 2), and in the latter, an oxidized
channel was recorded. Outside this zone, there was an
oxidized channel in the St7GC2 core, and there were
oxidized and restored channels in the St5GC3 core.
Cores were opened after lifting them aboard the vessel,
and the sediment samples were packed in sterile foil
and placed in liquid nitrogen until they were analyzed
in the laboratory. Pore waters were pressed immedi-
ately after sampling from core sediments, and chemical
analysis was performed in the laboratory according to
methods generally accepted in freshwater hydrochem-
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Fig.1. Sampling sites in the area of the Krasny Yar meth-
ane seep. Yellow circles represent the core sampling site; a
solid line shows the gas hydrate zone (Khabuev et al., 2016).

istry (Wetzel and Likens, 1991; Baram et al., 1999;),
which we have described previously (Zemskaya et al.,
2010). Concentrations of the following ions were ana-
lyzed: hydrogen carbonate, sulphate, chlorine, nitrates
along the depth of the cores with the interval of 10-50
cm. Taking into account the lithological composition
and the presence of channels in the collected cores, 22
DNA samples were isolated including the cores of 2016:
St7GC1 (0-5, 15, 25, 150, 180, 216, 223, 250, 296 cm,
restored channel - 50 cm) and St7GC2 (oxidized chan-
nel - 35-38 cm); in the cores of 2021: St5GC2 (0-5, 25,
30, 160, 185, 306, restored channel — 60 cm, oxidized
channel - 200 cm) and St5GC3 (0-10 cm, oxidized
channel — 110 cm and restored channel — 186 cm).

2.2. DNA isolation. Molecular
microbiological methods

Total DNA from the bottom sediments was
isolated by phenol-chloroform extraction method
(Sambrook et al.,, 1987). The primers 16S_BV2F
(5-AGTGGCGGACGGGTGAGTAA-3) and 16S_BV3R
(5-CCGCGGCTGCTGGCAC-3") (Sahm et al., 2013)
were used for PCR amplification of fragments of
the 16S rRNA gene of bacteria, which include the
V2-V3 variable region. The primers Arch-0787F
(5-ATTAGATACCCSBGTAGTCC-3’) and Arch-1059R
(5-GCCATGCACCACCWCCTCT-3’), which include the
V5-V6 variable region (Yu et al., 2005), were used for
PCR amplification of fragments of the archaea 16S
rRNA gene. Libraries were analyzed using Illumina
MiSeq Standard Kit v.3 (Illumina) (CCU “Genomic
Technologies, Proteomics and Cell Biology” in
ARRIAM). The obtained forward and reverse sequenc-
ing reads were trimmed from the end to 270 bp using
Trimmomatic version 0.39 (Bolger et al., 2014) to
remove positions where more than 25% of the reads
had bases with relative quality scores < 20, calculated
using FastQC v. 0.11.9 (Andrews, 2020).

Further analysis was performed using the R
v4.2.2 program in RStudio v2022.12.0. Libraries were
processed using DADA2 v1.26. (Callahan et al., 2016a),
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Fig.2. Chemical composition of pore waters of the bottom sediments in the Krasny Yar seep zone: St7GC1, St7GC2 - 2016,
St5GC2, St5GC3 — 2021. Horizons of occurrence in the sediments of restored channels are highlighted in grey, and horizons of
occurrence in the sediments of oxidized channels are highlighted in red, horizons of occurrence in the sediments of gas hydrates
are highlighted in ripples. Red rhombs and curves indicate the distribution with depth of concentrations of hydrogen carbonate,
sulphate and nitrate ions; blue rhombs represent the same in the presence of gas hydrates; green triangles represent the same in
restored channels; red rhombs represent the same in oxidized channels. Thin black lines with arrows represent the concentration

levels in Lake Baikal water.

according to the proposed protocol (Callahan et al.,
2016b). The reads were filtered and united based on
a minimum overlap of 12 bp. Chimeras were filtered
out. Representative sequences were taxonomically clas-
sified using the 138_1 database (http://www.arb-silva.
de). ASV that were not taxonomically classified by phy-
lum or were not assigned to bacterial or archaeal lin-
eages, as well as ASV that were taxonomically assigned
to mitochondria and chloroplasts, were excluded from
further analysis. The results of raw 16S rRNA sequenc-
ing have been deposited in Sequence Read Archive
under Bioproject PRJNA875570.

3. Results
3.1. Sediment lithology and pore water
chemistry

The lithological composition of the selected
cores was similar; sediments are represented by dark
grey sandy silty clay with numerous swellings, degas-
sing cracks, gas filtration channels and lenses of GH
located in the lower part of the cores. The surface layer
was characterized by the presence of a brown, thin
layer several millimeters thick. The pH values ranged
from 6.7 in 2016 to 7.4 in 2021. The Eh values in core
St5GC3_21 at 15 cm depth were 96.2 mV, and at core
depths of 88 - 300 cm, they were from - 306 mV to -
205 mV, respectively, indicating the presence of recov-
ered conditions in the sediment sub-bottom layers. A
distinctive feature of the cores examined was the pres-
ence of channels that differed in color from the sedi-
ments that contained them. In the St7GC1 core, lighter
colored channels were marked at core depths of 50-75
cm, contrasting with black interlayers of hydrotroillite
and dark grey silty clay. Lenses of gas hydrates were
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present at a depth of 184 cm and deeper. The chemi-
cal composition of pore waters was characterized by a
significant increase in concentrations of hydrogen car-
bonate ions with depth. The concentrations of sulphate
and nitrate ions did not vary significantly along the
depth of the cores and were lower than those observed
in near-bottom water, their profiles near GH lenses had
a saw-toothed character (Fig. 2). In the core of St7GC2,
at a depth of 30-45 cm, there was an oxidized reddish
channel with a diameter of 1 ¢cm and a depth of 2-3
cm. The concentrations of hydrocarbonate and sulphate
ions in the oxidized channel corresponded to those
observed in the sediment-water-boundary zone (Fig.
2). In the deeper core layers, the sulphate ion concen-
tration decreased to 0.3 mg/L, and the hydrocarbonate
ion concentration increased slightly.

In the St 5 cores sampled in 2021, an increase
in pore water salinity with depth was also observed,
below 150 cm, the concentration gradient of pore
waters increased, and the values were comparable to
those in the St7GC1 core. In the St5GC2 core, restored
channels with sand inclusion were noted at depths of
56-62 cm and deeper at depths ranging from 150 cm
to 306 cm. In the St5GC2 core, oxidized channels were
of small size and were observed at a depth of 185 cm,
and in the St5GC3 core at a depth of 110 cm. In the lat-
ter core, several restored channels were also recorded
at depths of 60-130 cm, 170-180 cm, and 186 cm.
Analysis of the concentration profiles of the sulphate
ion revealed higher levels of this ion in oxidized chan-
nels compared to restored channels. Chlorine ion con-
centrations exceeding values in background sediments
are most likely related to the GH formation/dissolution
process (Ginzburg and Solov’ev, 1994), and its profiles
confirm the occurrence of this process in sediments up
to a depth of more than 3 meters. We should also note
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the unusually high nitrate ion values in the 2021 cores,
with a maximum concentration of 47.3 mg/L in the sur-
face layer of St5GC2.

3.2. Beta diversity of the microbial
community

There were identified 1342087 fragments
of the 16S rRNA gene characterizing the com-
position of microbial communities. The bacte-
rial community of the studied cores is represented
by 11 phyla: Chloroflexota, Atribacterota (previous
Caldatribacteriota), Actinobacteriota, Pseudomonadota
(previous Proteobacteria), Acidobacteriota, Nitrospirota,
Desulfobacterota, Sva0485, Patescibacteria,
Caldisericota, Elusimicrobiota. Spirochaetota, MBNT15,
and Bacteroidota made a minor contribution (no
more than 3%) to the communities in 2016, and
Caldisericota, Desulfobacterota, and Spirochaetota (no
more than 6%) in 2021. Representatives of such taxa
as Alphaproteobacteria, Sva0485, and Patescibacteria,
Elusimicrobiota constituted a higher percentage only in

the communities of some sediments layers. All commu-
nities were dominated by members of the five phyla
(Chlorofiexota,  Caldatribacteriota, = Actinobacteriota,
Acidobacteriota, Nitrospirota) and of the class
Gammaproteobacteria. At the same time, the contri-
bution of these taxa to the communities of different
core layers in the studied years was not equal, with
the most significant differences in bacterial community
structure observed between oxidized surface sediments
and lower-lying restored sediments (Figs. 3 and 4), as
confirmed by community analysis based on Bray-Curtis
dissimilarity. The studied communities were divided
into two clusters (Fig. 4). The first included bacterial
populations from the surface sediments of St7 (2016),
and the second cluster contained the samples from the
anoxygenic zone, divided into numerous subclusters. At
the same time, communities from oxidized (St7GC2_35-
38) and restored (St5GC2_60) channels were included
in the same subcluster, which could be a consequence
of the compensation of environmental conditions after
GH dissolution, ensuring the development of metaboli-
cally diverse taxa.
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Fig.3. The average relative abundance (16S rRNA) of key bacterial taxa in communities from different sediment layers of

the Krasny Yar methane seep.
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The communities of all cores were dominated
by Chloroflexota; their contribution in St7 cores ranged
from 17.3% to 51%, and in St5 cores from 15.6 to
68.7%. These organoheterotrophic bacteria made a
significant contribution to the microbial communities
of the bottom sediments in other areas of Lake Baikal,
including the zones of discharge of gas-containing min-
eralized fluids (Zemskaya et al., 2021; Lomakina et al.,
2023). In the studied cores, the sequences of this phy-
lum belonged mainly to the families Anaerolineaceae
and Dehalococcoidaceae, and only a small percentage of
them belonged to uncultivated Chloroflexota from differ-
ent clusters (KD4-96, JG30-KF-CM66 and SHA-26) (Fig.
3). The maximum relative abundance of the first family
was observed in sediment communities below 200 cm
and of the second family at various depths, including
communities of restored channels. Bacteria of the class
Anaerolineae are obligate anaerobes and secondary fer-
menters, whereas members of the class Dehalococcoidia
are organotrophic homoacetogens (Fincker et al., 2020;
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Vuillemin et al., 2020). Some of them use oxygen as
the final electron acceptor in respiration, participating
in the fermentation of sugars and amino acids under
anaerobic conditions (Hug et al., 2013).

The communities of surface samples St7GC1 and
to a depth of 15 cm, as well as in the oxidized channel
(St7GC2_35-38), also showed a high relative abundance
of Nitrospirota representatives (12.7, 18.5, and 12.7%,
respectively), whose contribution in the underlying sed-
iments did not exceed 5.2%. The communities of these
layers of sediments differed from each other by the con-
tribution of Gammaproteobacteria, whose percentage was
less than 1% in the oxidized channel and about 20% in
the surface sediments, which may be determined by the
presence of energy sources, particularly oxygen, in this
zone. The sequences of this class belonged to the orders
Burkholderiales and Methylococcales. Representatives of
the last order, aerobic methanotrophs are mainly found
in surface sediments, where their contribution reached
1.5 and 8.3% in St5 cores and 10.6-16.8% in St7 cores.
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The oxidized (St7GC2_35-38) and restored (St7GC1_50)
channel communities were also characterized by higher
sequence contributions of Caldatribacteriota (13.7 and
3.7%) and Nitrospirota (12.7 and 2.7%) (Fig. 4) consis-
tent with their metabolic capabilities. The chemoorgan-
ogetrotrophic Caldatribacteriota are involved in the oxi-
dation of peptides, amino acids, fatty acids, and simple
sugars through aerobic and anaerobic respiration (Mori
et al., 2009; Carr et al., 2015; Nobu et al., 2016). They
were therefore predominant in anoxygenic sediments,
where their contribution ranged from 5.3 to 30% of the
total sequences, with a minor contribution in surface
sediments (up to 3.4%). Among Nitrospirota, sequences
of Thermodesulfovibrionia class are the most abundant
and have been shown to be involved in hydrogen oxi-
dation, sulphate and nitrate reduction, and sulfur dis-
proportionation (Umezawa et al., 2022), allowing them
to survive in a wide range of environmental conditions.
The communities of the underlying sediments had a
similar structure, with only sample St7GC1_25 showing
a high percentage of Patescibacteria (33.3%), which was
less than 4.6% in other sediments.

The community structure in the surface layers of
St5 cores differed from that observed in St7 communi-
ties due to the presence of representatives of the can-
didate phylum MBNT15 (14 and 11.3%, respectively).
In addition, the relative abundance of sequences
of Caldatribacteriota (0-7.8%), and Desulfobacterota
(0-0.7%) in the communities of the studied St5 cores
is significantly lower with their higher values in the
oxidized channels of St5GC2_185 and St5GC3_110
(1.6-3.5%). The latter communities were dominated
by Gammaproteobacteria (24 and 37%), and their rel-
ative abundance was higher than in the surface sed-

0.01

100

52

98

99

100

100

57

97

100

iments (14-19%). The oxidized channel communi-
ties (St5GC3_110 and St5GC2_185) were dominated
by sequences of the order Methylococcales (24.5 and
13.5%, respectively), the percentage of which exceeded
the values observed in the surface and deep sediments
of this core, as well as in the restored channels (0.3-
1.8%). In the deep layer of St5GC2_200, where higher
concentrations of hydrogen carbonate and nitrate ions
were recorded, the structure of the bacterial commu-
nity differed from others by the predominance (70%)
of Anaerolineaceae (Chloroflexota) sequences and the
minor contribution of taxa dominant in the upper-lay-
ing sediments (Fig. 3). The presence of taxonomically
diverse representatives of this phylum in different
ecotopes is confirmed by phylogenetic analysis. The
Chlorofilexota sequences in the studied cores formed 5
clusters on the phylogenetic tree (Fig. 5) with unclassi-
fiable sequences. Two of them combined the sequences
from either deep and GH-associated or surface sedi-
ment layers. Some sequences from surface sediments
and oxidized channels formed two more clusters: one
was represented by sequences from the surface and oxi-
dized channel St5GC3_110, and the other by sequences
from the surface and oxidized channel St7GC2_35-38.
Another cluster was formed by sequences found in all

ecotopes.
Common  bacterial amplicon sequences
(ASV) in communities from different ecotopes

were determined using the Venn diagrams. The
number of common ASV in the St7 core commu-
nities was 4%, including GIF9 sequences (fam-
ily  Dehalococcoidia), MSB-5B2 (Anaerolineae),
Cutibacterium (Actinobacteriota), Thermodesulfovibrionia
(Nitrospirota), JS1 (Caldatribacteriota), Spirochaetota,

@ ASV150-0cm-10cm-21/0-5cm-21/25cm-21/30cm-21
§|_— Uncultured Chloroflexota bacterium FJ485587 (biomat sample in El Zacaton)
Uncultured Chloroflexi bacterium AY324522 (Gulf of Mexico cold seep sediment)
Dehalogenimonas alkenigignens Q994267
I—Deha!ococcoides sp. EU073964
100 L Dehalococcoides mccartyi KC342960
[ ® ASV216-0cm-10em-21/110em-21
100 L Uncultured bacterium JX441266 (surface marine sediment Kara sea)
Uncultured Chloroflexi bacterium EU266870 (oil contaminated aquifer sediments)
@ ASVS58 surface and deep sediments

96 I: Uncultured bacterium JF583005 (methanogenic enrichments)

Anaerolineae bacterium KT861598
Anaerolinea thermophila NR 036818 (type strain)
Uncultured Anaerolineaceae bacterium HE974800 (red mud contaminated soil)
50 -I:chultured Chloroflexi bacterium KC836772 (sediment of Weishan Lake)
100L @ ASV102-0cm-10em-21/0-5cm-21/0-5em-16/35-38cm-16
—— Uncultured Anaerolineaceae bacterium KC769136

I: @ ASVI10 deep sediment
98 Uncultured bacterium JQ668589 (oil reservoir)

Fig.5. Phylogenetic tree of representatives of the phylum Chlorofiexota based on 16S rRNA gene sequence analysis indicating
the position of bacteria from different layers of the bottom sediments. The obtained sequences are highlighted by triangles on the
phylogenetic tree. The scale bar shows the evolutionary distance corresponding to one nucleotide sequence per 100 nucleotides.
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Sva0485, and Zixibacteria. Total ASV in the St5 core
communities were less significant (<1%), and they
also belonged to GIF9 (Dehalococcoidia), Sva0485,
Thermodesulfovibrionia (Nitrospirota). The diversity of
common ASV in the oxidized and restored channel
communities in both years of the study was 4%, with
GIF9 and Thermodesulfovibrionia sequences identified,
as well as Cutibacterium, WCHB1-8 (Actinobacteriota),
MSB-5B2 (Anaerolineae) and Spirochaetota found in cer-
tain ecotopes.

In 16S rRNA gene libraries of archaea, sequences
of 9 phyla were detected in the studied cores, among
which the most represented sequences are the follow-
ing Thermoproteota (42%) (previous Crenarchaeota),
Thermoplasmatota (31%), and Halobacteriota (18%).
Representatives of Nanoarchaeota (4%), Hadarchaeota
(8%), Iainarchaeota (0.5%), Euryarchaeota (0.8%),
Aenigmarchaeota (0.3%), and Asgardarchaeota (0.6%)
constituted a minor part of the communities (Fig. 6).
Among Thermoproteota, Bathyarchaeia dominated in all
studied communities (5.5 to 70.5% of all sequences),
mostly belonging to the unclassified communities.
Bathyarchaeia play a significant role in the global car-
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bon cycle and are the most abundant group of microor-
ganisms in anaerobic ecosystems (Feng et al., 2019). In
the Baikal sediments, these archaea were usually found
in the deep sediment layers, while in the cores of the
investigated site their contribution was also significant
in the surface layers (up to 37%). The aerobic archaea
Nitrososphaeria (Thermoproteota) dominating in the sur-
face sediments of other sites are represented in a greater
degree by ammonium-oxidizing members of the family
Nitrosopumiliaceae and in a lesser degree by sequences
of the family Nitrosopumiliaceae (Lomakina et al., 2018;
Zemskaya et al., 2018). Sequences of the first family
accounted for about 13% in the surface layers of the St7
cores and in the deep layer of St5GC2_306. In other sam-
ples from the studied site, they belonged to the minor
component of the archaea communities (0.4-3.5%).
Archaea involved in methane production are typical of
Lake Baikal sediments. Among methanogenic archaea,
the largest contribution was made by sequences of
the order Methanomassiliicoccales (Thermoplasmatota),
consuming uncompetitive C -methylated compounds.
The relative abundance of this order varied in the St7
core communities from 12 to 38% and in the St5 cores
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Fig.6. Taxonomic composition of archaeal communities from the bottom sediments of the Krasny Yar methane seep. Based
on 16S rRNA gene analysis and classification from the SILVA database with a confidence threshold of 80%.
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from 5 to 41%. In addition, acetoclastic and hydrog-
enotrophic archaea of the orders Methanomicrobiales
(mainly of the genus Methanoregula, 1.2-12.4%) and
Methanosarciniales (mainly of the genus Methanosaeta,
0.3-4.5%) were observed in the communities of the
studied cores at different depths). The relative abun-
dance of Methanoperedens (order Methanosarcinales)
involved in anaerobic methane oxidation was high
at depths from the surface and up to 25 cm (up to
12.8%), and in the oxidized and restored channels of
St5GC3_110 and 186 cm (9.7-20.7%, respectively).
As we mentioned above, a high percentage of aerobic
methanotrophs were observed in the same samples,
confirming the diverse environmental conditions in the
channels that support the development of both aerobic
and anaerobic microorganisms. Marine Benthic Group
D archaea (now Thermoprofundales) are mixotrophic
H,-producers found in the sediments of this site, among
other taxa widespread in the deep sediments (Zhou et
al., 2019; Zhang et al., 2022). Representatives of this
taxon and DHVEG-1 contributed little (no more than
2%) to archaea communities. The percentage of com-
mon archaeal ASV in the St7 communities was 7%,
among which Bathyarchaeia (Thermoproteota) and
Methanomassiliicoccales (Thermoplasmatota) sequences
were identified, whereas in the St5 communities, the
common ASV were those of the last phylum (3%).
Communities from oxidized and restored channels were
characterized by the presence of ASV in the aforemen-
tioned two phyla and representatives of Methanoregula
(Halobacteriota).

A heat map showing clustering (Bray-Curtis sim-
ilarity) of the studied samples based on the relative
abundance of key archaea families (Fig. 7) indicates
a different community structure in different sediment

)
3

layers in both years of the study. The presence of strict
anaerobic methanogens and anaerobic methanotrophic
archaea Methanoperedens in the surface sediments and
aerobic ammonio-oxidising Nitrosopumilaceae in the
deep reduced sediments may be a consequence of the
migration of multidirectional fluid flows supporting
the development of a wide range of taxa. In addition,
the development of archaea may also be influenced
by differences in physicochemical conditions. Archaea
belonging to the same phylum correlated differently
(positively or negatively) with chemical parameters
of the habitat (Spearman correlation) (Fig. 8). They
formed two clusters with a small number of signifi-
cant correlations between individual taxa of archaea
and ion concentration in pore water and sediment
depth. Positive correlations were observed between
depth, HCO,, Ca®*, Mg** concentrations and the
archaea Methanocella (Halobacteriota), Hadarchaeia
(Hadarchaeota) and Asgardarchaeota. A wider range
of taxa was negatively correlated with these parame-
ters because sediment substrates are depleted in deep
restored sediments and this may have limited the devel-
opment of many species (Fincker et al., 2020; Vuillemin
et al., 2020).

4. Discussion

The bottom sediments in the methane seep zone
are visually similar to the previous description: they
are gas saturated, characterized (Aloisi et al., 2019;
Pogodaeva et al.,, 2020) by fractures, the presence
of oxidized and restored channels, and lens-shaped
accumulations of gas hydrates. The profiles of major
ion concentrations are also consistent with previously
obtained data (Aloisi et al., 2019; Pogodaeva et al.,
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Fig.7. Heat map shows differences in the relative abundance of archaea (at the order level) in different core layers based on
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2020), which indicate both the presence of fluid advec-
tion from the bottom (St7 GC1) and the inflow of the
near-bottom lake water into the sedimentary strata of
the studied cores (St7 GC1 and St5 GC2). HCO, trends
in the upper few meters of the anaerobic zone of the
Baikal sediments are also preserved, which are deter-
mined by submarine weathering processes occurring in
deeper sediments (Lomonosov, 1974). The pore waters
of 2021 were characterized by high concentrations
of NO,, which is an energetically advantageous oxi-
dant and is used by microorganisms in the diagenesis
of organic matter. Its significant concentrations were
registered in certain years only in some regions of dis-
charges; it was associated with the inflow of more min-
eralized hydrothermal and deep pore waters (Granina,
2008). We observed high concentrations of this ion in
the surface sediments of St5 and a decrease with sed-
iment depth (Figs. 2, 3, 4), which may be related to
a more active consumption of this ion in the anoxy-
genic zone compared to oxygenated surface sediments,
which was consistent with the taxonomic composition
of microbial communities. Using nitrate as an elec-
tron acceptor during anaerobic methane oxidation, the
archaea of Methanoperedens contributed significantly to
the subsurface sediments, where a decrease in concen-
trations of this ion was observed.

The bottom sediments of the Krasny Yar meth-
ane seep are home to complex microbial communities
involved in the transformation of various compounds
and are common to freshwater lakes (Newton et al.,
2011; Winters et al., 2014; Zhang et al., 2015; Vuillemin
et al., 2016; Vuillemin et al., 2018; Han et al., 2020).
The dominance of Chloroflexota representatives in com-
munities is quite reasonable since they participate in
the decomposition of vegetative compounds, which is
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confirmed by the presence of cellulose, starch, long-
chain sugars, and pyrogallol degradation pathways in
their genomes (Hug et al., 2013). The development of
organoheterotrophic bacteria in Lake Baikal sediments
is favored by the presence of labile sources of organic
matter, vegetated diatom algae, which are developed
in Lake Baikal in spring and autumn (Votintsev et al.,
1975). However, the difference in relative abundance
and taxonomic affiliation of these bacteria does not indi-
cate an increasing importance of anaerobic metabolism
with increasing depth. As in other lakes, this may be a
consequence of heterogeneity in organic carbon con-
tent, or differences in the intensity of migration flows
and their component composition (Hug et al., 2013).
The wide range of phylogenetic diverse ASV suggests
that Chloroflexota are adapted to changing redox hab-
itat conditions, and the broad plasticity of species in
this phylum allows them to dominate at all sediment
depths we studied under energy resource limits. The
presence of other taxa, although less represented in the
cores studied, provides further degradation that pro-
duces substrates used by other microorganisms. Thus,
the anaerobic bacteria Desulfobacterota, present in the
communities, are able to provide oxidation of short-
chain fatty acids (Syntrophaceae, Smithellaceae) or ace-
tate (Desulfobaccaceae) in syntrophic interaction with
methanogenic archaea (Galushko and Kuever, 2019).
Representatives of the chemoorgano-getrotrophic
Atribacterota and Caldisericota participate in the oxida-
tion of peptides, amino acids, fatty acids, and simple
sugars in the processes of aerobic and anaerobic respi-
ration (Mori et al., 2009; Carr et al., 2015; Nobu et al.,
2016).

We did not find any special changes in the struc-
ture of methanogenic archaea communities; their tax-
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onomic composition and diversity corresponded to
those observed in sediments from other regions of the
lake. Among the participants in anaerobic methane
oxidation, archaea of the family Methanoperedenaceae
using nitrate as electron acceptor were mainly detected
(Raghoebarsing et al., 2006), while bacteria of the order
Methylomirabilales (Methylomirabiota) using nitrite as
electron acceptor were a minor component of the com-
munities. Distinct differences were observed between
oxidized and restored channel communities, as well as
when compared to communities from other core lay-
ers. The oxidized channel communities (St5GC2_110
and 185 cm) were characterized by the presence of a
significant number of sequences of aerobic methano-
trophic bacteria of the families Methylophilaceae and
Methylomonadaceae. Its high relative abundance at
depths below 1 m may be explained by the entry of
oxygenated and cell-containing methanotrophs from
the near-bottom water into the anoxygenic zone. The
gradual depletion of oxygen in the presence of nitrate
ions may also have contributed to the development of
anaerobes that oxidize methane via a nitrate-dependent
pathway of Methanoperedenaceae in the underlying sed-
iments (Lomakina et al., 2020). In addition, the com-
munity structure in the sediments of the studied seep
may be influenced by the dissolution of GH during fluid
migration leading to pore water freshening. This could
explain the reducing contribution of aerobic ammoni-
um-oxidizing archaea of the family Nitrosopumiliaceae
(Thermoproteota) in the surface sediments, while in
deep sediments it explains the reducing contribution of
bacteria of the phylum Caldatribacteriota.

5. Conclusions

Microbial communities in the deep lake sed-
iments are known to be structured according to the
principle of energy-conserving enzymatic metabolism
with gradual depletion of electron acceptors in pore
water (Berg et al., 2022) and labile OM (Glombitza et
al., 2013). In the sediments of the Krasny Yar methane
seep, changes in the structure of the microbial commu-
nities were recorded in the zone of fluid flow migra-
tion, mainly in oxidized channels, while outside them
the diversity of both bacteria and archaea was similar
to that observed in the sediments from other regions: at
all sediment depths studied, methylotrophic methano-
gens and microorganisms involved in different stages
of OM fermentation were identified. The similarity of
community structure in anoxic sediments and restored
channels differed little, most likely due to the presence
of electron acceptors in these ecotopes at the time of
the study. It is also clear that the gradual depletion of
energy sources and compensation of chemical condi-
tions will, over time, lead to the disappearance of aero-
bic microorganisms in the channels and the dominance
of taxa common to the anoxygenic zone. Our studies
have shown that the presence of aerobic bacteria has
been observed in the sediments down to a depth of 2
m, which coincides with geochemical and geothermal
indicators that define the zone of active migration of
near-bottom waters (Pogodaeva et al., 2020). The struc-
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ture of microbial communities and chemical parame-
ters in the sediments of the Krasny Yar methane seep
also differs from that observed in the Posolskaya Banka
upwelling region by a more active influence of the
near-bottom waters on the structure in the anoxygenic
zone, whereas in the fluid loop zone a greater influence
of deep migration currents transporting anaerobic bac-
teria to the lake bottom surface was observed. It is also
evident that migration flows contribute to the degrada-
tion of buried organic matter by supplying substrates
that promote the development of aerobic and anaerobic
microorganisms in the subsurface sediments.
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OpuruHanbHan craTbf

Mukpobnbie coobuiecTBa B 30He L IMNOLOGY
Mmurpauum GAIOMAONOTOKOB B AOHHbIX FRESHWATER
OTAO)XEHUAX MeTaHoBoro cuna KpacHboiun BIOLOGY

fip (I0O>xHbIM Bankan) - —

3emckasn T.WU.*, JlomakuHa A.B., ITorogaesa T.B., bykun C.B., Kosnecaukos I1.M.,
[lly6enkoBa O.B., Xabyes A.B., XibicToB O.M.

JlumHostoeuyeckuti uHcmumym, Cubupckoe omoesieHue Poccutickoti akademuu Hayk, YiaH-Bamopckas, 3, Hpkymck, 664033, Poccua

AHHOTAIIHSL. B ocankax metaHoBoro cuna KpacHsiii fIp, B 30He IPUNIOBEPXHOCTHOT'O 3aJIeraHusA ra3o-
BBIX TMAPATOB 1 HAaJIW4MsA OKHCJIEHHBIX U BOCCTAaHOBJIEHHBIX KaHAJIOB, MCCJIEAOBAaHO pasHooOpasue u
CTPYKTYpa MUKPOOHBIX COOOIECTB MeToioM OapkogupoBaHusa reHa 16S pPHK. PazHooOpa3ue kak Oak-
TEPU, TaK U apXxel Mo rjiyorHe KepHOB ObLIIO CXOQHO C TAKOBBIMU B OCaJIKax APYTUX PalilOHOB: HAa BCeX
HcCJIeJOBAaHHBIX IJIyOMHAX OCaJ0YHON TOJII[Y BBIABJIAINCHE METHUJIOTPOQHBIE MeTaHOIe€Hbl U MHUKPO-
OpraHu3MBbl, yYacTBYIOI[Yie B pasHBIX dTanax ¢pepMeHTaluu opraHuyeckoro BemjecTBa. CyliecTBeHHOe
BJIMHWE Ha pa3HooOpasre MUKPOOHBIX COOOIIEeCTB M3 OKHCJIEHHBIX KaHaJIOB OKasblBajld MUTpald-
OHHBIE TIOTOKU MPUJOHHON BOJBI, 0OOTrameHHON KUCJIOPOJAOM U a’3pOoOHBIMU OakTepusaMU. DIIONIbI,
MUTpUpyIoIre 13 rTyOMHHON 30HBI K IIOBEPXHOCTH AHA, oOecreurnBay epeMelieHre 13 aHOKCHUTeH-
HBIX 0CaJKOB aHa3pPOOHBIX apxel, yyacTBylomux B npouecce AOM. IlosyuyeHHble JaHHBIE COIJIACYIOTCA
C TeOXUMHUYECKUMH 1 TeOTepMHYeCKMMHU MoKa3aTeJiAMH, ONpeeIAINMMY 30Hy aKTUBHOM MUTpaun
IIPUAOHHBIX BOJ.

Kitiouegsie citoga: o3epo batikas, JoHHBIE OTJIOXeHNA, PIIIOUAONOTOKHU, MUKPOOHBIe coobmecTBa, reH 16S pPHK,
pasHooOpasue

Jiia mutupoBanus: 3emckas T. 1., JlomakuHa A.B., [Torogaesa T.B., BykuH C.B., Konecuukos [1.M., [Ily6enkosa O.B., XaOyes A.B.,
XseictoB O.M. Mukpo6HbIie coob1iecTBa B 30He MUTPAIUU GJITIONIONOTOKOB B JJOHHBIX OTJIOXKEHUAX MeTaHoBoro cumna KpacHsii Ap
(¥Oxusrit Barikan) // Limnology and Freshwater Biology. 2024. - Ne 4. - C. 1155-1179. DOI: 10.31951,/2658-3518-2024-A-4-1155

1. Beeaenne BaThCA B TeX palioHax, rje ocafku OBICTPO HaKarlIu-

BAIOTCA WJIM B 30HAX, MOIBEPKEHHBIX TEKTOHUIECKOMY
HANPAXKEHUI0 W/WIM 0Opa3oBaHUIO YTJIEBOAOPO/IOB,
MHpa XapakT€pu3yeTCA MOIIHBIMM JIOHHBIMU  OTJIO- CO3/TAIOMUX M30BITOYHOE AaBJIEHHe, HeOOXOANMOe IA
KEHWsAMM, TOJIIIMHA KOTOPHIX B PA3HBIX KOTJIOBHUHAX BhiGpoca dmonzos (Hedberg, 1974; von Huene and
cocrapjisier ot 7 fo 9 kusometpos (Logatchev, 1993, Lee, 1983; Brown and Westbrook, 1988). CucTeMsl
Scholz and Hutchinson, 2000). [[imuTespHass UCTOPUS XOJIOMHOrO TpocauMBaHus B Bafikase To pasmepy
celMMEHTAlMd ¥ MHOTOKMJIOMETPOBBIE OTJIOXKEHHUS C M UACTOTE CPABHHMEI C CHCTEMAMU OKEAHHYECKUX
BBICOKMM CO/IepXaHIeM opraHuveckoro semecrsa (OB) BBICOKONPOYKTUBHBIX KOHTHHEHTAIbHBIX OKPauH, HO
croco6CcTBOBAIM 00pPa30BaHUI0 B HUX OOJIBIINX KOJIU- XapaKTepU3ylOTCs 0COOBIMH MeXaHM3MaMi 00pa3’oBa-
4eCTB XKUJIKHX, Ta3000pa3HbIX yrieBo0posos (Kuzmin HUA U OCOGEHHOCTSIMU [BUKEHUSA Ta30HACHIIIEHHBIX
et al., 2001; Khlystov et al., 2013). Kpome Toro, B ocaf- dmonmonorokos (Naudts et al., 2012; Aloisi et al.,
kax Barikasa O6Hapy)KeHbI CKOIIJIEHWA ra30BbIX Ir'vipa- 2019’ Pogodaeva et al.’ 2020) HeHPEMeHHHMI/I ycio-
ToB (IT), KOTOpble BCTpevaloTcs B JIOHHBIX OCajKax BUAMM IJISL UX [IPOTEKAHNUSA SIBJIAETCS BBICOKAs a30Ha-
MOpeii, OKeaHOB U B BEYHOI Mep3JI0Te BBICOKHUX IIUPOT. CHIEHHOCTH OCANOUHOI TOJIIH, GIM3OCTH K PA3TOMAM
Kak u B Mopckux sxocucremax (Milkov, 2005; Kopf, WIM KaHajaM, 10 KOTOPhIM B PasHBIX HANpaBJIeHMAX
2002), B Baiikaysie Ha y4yacTkaX C BBIXOAOM (QJIIOMJOB MUTPUPYIOT Tasbl U KUOKOCTH, U B HEKOTOPHIX CIIy-
Ha JHO 03epa OGHApyXeHbl pas/IMYHbIe TUIIbl Te0JIo- yasx, Hanuuue IT. Hanpumep, B paitoHe IT0COJIbCKOTO
TUHeCKUX CTPYKTYP (IpsA3eBbie ByJIKAHE, METaHOBbIE U pasjioMa BBIXOJ| ra3a o0ycJaBJIMBaeT OCBOOOXIeHHe
HedTsausle cunsbl) (Khlystov et al., 2013). Takue reoJio- [OPOBOTO MPOCTPAHCTBA B HOHHBIX OTJIONKEHUAX MOJ
rudeckue oGpa3oBaHus UMEIOT TeH/CHII0O 06Pa30BhI- 30HOI1 cTabuabHocTH I'T, KOTOpOe 3amoIHAeTCS BOAOI,
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BcachIBaoIlelicsa U3 BOAHOM TOJIIM [0 COCEIHUM pas-
JoMaM WM 4Yepe3 KaHaJbl B JOHHBIX OTJIOXKEHMAX.
Bopna, nmonajas B cjioM ocajka IoJ 30HOH CTaOHJIBHO-
ctu I'T, HarpeBaeTcs, 4YTO BHOBb IPUBOAUT K GOPMUPO-
BaHUIO BOCXOZAIIEro IMOTOKA XUAKOCTUA U €ro BHIXOAY
B BOAHYIO TOJII[y B MecCTe pasrpy3Ku. DTO IOATBEPXK-
JIeHO HaJINuMeM BBICOKHUX IIOJIOXKUTEJIbHBIX 3Ha4eHUN
TeIJIOBBIX IIOTOKOB, COCEACTBYIOIIUX ¢ 00JIaCTAMU aHO-
MaJIbHO HU3KHUX U OTpHUI[AaTesIbHBIX, 00ecleYrBaomnX
dopMupoBaHrue KOHBEKTHUBHOH «(JIIOMAHON IeTJIN»
(Vanneste et al., 2011). IoctymieHun GJIIOUIOB CO
3HAQUUTEJIbHBIX IJTIyOUH (HuXe 30HBI cTabunbHOCTU I'T)
MIOATBEPXKAaJ0oCh NPUCYTCTBHUEM MAaHTUIHOIO TIejuA
B o0paslax rasoBbIX I'MApaToOB, OTOOpPaHHBIX B [aH-
HoM patioHe (Klerkx et al., 2006). Kak 6bL10 MOKa3aHO
Chernitsyna et al. (2016) BMecTe ¢ MHUTPUPYIOIIUMU
rIyOMHHEBIMU GJUIIoNaMy Ha IIOBEPXHOCTh JHA IOCTY-
NalT U MUKPOOPTraHM3MBbl, XapaKTepHble JJIf IJIyOuH-
HBIX BOCCTAHOBJICHHBIX O0CaJI0YHBIX TOJIII.

B ocagkax gpyroro palioHa, MeTaHOBOI'O CHUIIA
Kpachriii flp Takxke 3adukcupoBaHa murpauusa ¢Jiwo-
HUJONIOTOKOB C MHBIM MeXaHM3MOM HX GOpMUPOBaHUA
(Naudts et al., 2012; Aloisi et al., 2019; Pogodaeva et
al., 2020). CoryacHO TeOXMMUYECKUM U TeoTepMHYe-
CKUM JaHHBIM pa3orpeThlii MUHepaJU30BaHHBIN ras3o-
HacChIleHHBIN (UIion MOoAHMMAaeTCsA BAOJIb 30HBI IJIy-
OMHHOI0 pa3jioMa K IOBEPXHOCTHU AHA, Y IPOXO/s 30HY
HIDKHel rpaHunbl crabuiasHocTtu I'T, nectabunusupyer
ux, oboramasch HOBOI MO COCTaBy BOJOM U Ta3oM.
YacTb 3TOro rasa B MOAIOBEPXHOCTHBIX OCaJKax M3-3a
CHIDXEeHHUs TeMmnepaTypsl BHOBb obpasyeT IT, a yacTh
pasrpyxaeTcs B BOOHYIO TOJII[Y B IIy3BIPbKOBOM U pac-
TBOopeHHO!U dopMe. I'a3, ckaminBasach oA ra3oruapar-
HBIMHU IIOKpBIIKaMM, CO3[aeT U30BITOYHOE JaBJjieHue
Y BBI3bIBaeT pacTpecKrBaHUe U M3MeHeHNe IpOoHUIlae-
MOCTHU ocajKa, obecrnieurBas NOCTyIJleHHe TPUAOHHBIX
BOJI M UX CMellleHle ¢ BMelllaloIMMU BOJaMu U BoJgaMu
dmonaa. IlpunoBepxHOCTHAA MUKPOLUPKYJIANUA BOJ
ocymecTBisAercsa B 1.5 MeTpoBoM cJioe, rae GUKCUpPY-
I0TCA OKHCJIEHHBIe M BOCCTAHOBJIEHHble KaHaJIbl pas-
rpy3ku duongos (Aloisi et al., 2019; Pogodaeva et
al., 2020). JaHHBIX O BJIUAHUNA MUTPAIMOHHBIX MMOTO-
KOB Ha paclipejiejieHre OT[eJIbHBIX MUKPOOPraHU3MOB
B JOHHBIX OTJIOXKEHMAX 3TOH TIe0JIOTMYeCKOH CTPYK-
TypHl He uMeeTcs. [Io3ToMy Liesiblo HacTosAme paboThl
ABJIAJIOCHh MCCJIlefloBaHKe pa3HooOpa3usA U TaKCOHO-
MHYeCKON CTPYKTYPbl MUKPOOHBIX COOOIIECTB B 30HE
(10 A0NOTOKOB OCaJKOB MeTaHOBOro cumna KpacHsli
flp u olleHKe BJIMAHMA MOCJIEOHUX Ha paclpefeseHue
OTAeJIbHBIX TAKCOHOB.

2. MaTepuanbl U MeTOADI
2.1. 06beKTbl HCCAEGAOBaHUA U OTOOD
ob6pa3uos

C noMoIbIo IPaBUTAIMOHHBIX TPYO ¢ 6opTa HUC
“T'.10. BepemaruH” oro6paHo 4 KepHa, B paiioHe MeTa-
HoBoro cuna Kpacueii fIp (Puc. 1), pacnosioxeHHOro
Ha 3amaJHOM CKJIOHe JieJIbTH peku CeJieHr'H B I0KHOM
KOTJIOBUHe o3epa Bafikai. KepHbl oTbupanuch B IieH-
TpaJIbHOH 30He, I/le B BEPXHEHN YacTU reoJoru4eckoro
paspesa - OT IOBEpXHOCTH JHA W JO TJIyOUHH 3 M,
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Puc.1. Mecra ot6opa npo6 B palioHe METAHOBOI'O CHIa
Kpacsusiii fIp. XKetsle Kpyru — MecTo 0T60pa KEPHOB, CILJIONI-
HOI1 JTMHUel ToKazaHa rasorugpaTHas 3oHa (Khabuev et al.,
2016).

paHee peructpupoBaych IT (Khabuev et al., 2016), a
TakXe C YYeTOM HaJIUYus B OcaKaX OKUCJIEHHBIX UJIU
BOCCTQHOBJIEHHBIX KaHaJIOB. COOTBETCTBYIOLIHE 3TUM
kpurepusam aBa kepHa (St7GC1, St7GC2) mostydeHH B
miojie 2016 r. (N52° 3612; E105° 9638) u aBa (St5GC2,
St5GC3) B uroste 2021 r. (N52° 3592; E105° 9638). B
paspese kepHOB u3 I'T 30HHbI (St7GC1 u St5GC2) otme-
YaJich BOCCTaHOBJIEHHBIe KaHaJIb (Puc.2), a B mocjien-
HEM - U OKHCJIeHHbIN. BHe 3Tol1 30HbI, B kepHe St7GC2,
HabJTI0jajicsA OKUCJIeHHBIH KaHau, a kepHe St5GC3 okuc-
JIeHHble U BOCCTAHOBJIEHHble KaHaJbl. KepHBI mociie
MOOHATUA Ha OOpPT cyAHA BCKpPBIBAJIH, OOpasl{bl AOH-
HBIX OTJIOXKEHUI YIIaKOBBIBAJIA B CTEPWJIBHYIO (OJIBTY
U MoMemaau B KUIKUHM a30T 4O MOMEHTa UX aHaju3a
B JtabopaTopuu. [lopoBbie BOABI OTXKUMAJU HENOCPeN-
CTBEHHO IocJjie oTOopa Mpob M3 JOHHBIX OTJIOXKEHUN
KepHa, XUMUYeCKUI aHajiu3 MPOBOAWJIUA B Jaboparo-
pUM B COOTBETCTBUU C OOIENNPUHATHIMU B TUAPOXUMUN
npecHsix BoA Metomamu (Wetzel and Likens, 1991,
Baram et al., 1999), koTopble ONMMCaHB HAMU paHee
(Zemskaya et al., 2010). AHaTM3UpOBAJIUCh KOHI[EH-
Tpanuu CcJIeAyIMX KWOHOB: TruApokapOoHaTa, CyJib-
dara, xs0pa, HUTPATOB MO ITyOUHE KEPHOB C MHTEp-
BasioM 10-50 cM. C y4eTOM JIUTOJIOTUYECKOrO cocTaBa
1 HaJIN4uA KaHaJIOB B 0TOOpPaHHBIX KepHaX ObLJIO Bhife-
JeHo 22 obpasna JHK, B Tom unicsie B 2016 r. B KepHax
St7GC1 (0-5, 15, 25, 150, 180, 216, 223, 250, 296 cmM,
BOCCTAHOBJIEHHBIHN KaHaJ - 50 cm) u St7GC2 (okucjeH-
HBIN kaHan - 35-38 cm); B 2021 r. B kepHax St5GC2
(0-5, 25, 30, 160, 185, 306, BoccTaHOBJIEHHBIM KaHAaJI
— 60 cM, okucyieHHBIH kaHas — 200 cm) u St5GC3 (0-10
CM, OKHCJIEHHBIN KaHaJl — 110 ¢cM 1 BocCcTaHOBJIEHHBIN
KaHaJ — 186 cm).

2.2. Buipenenue AHK. MonekynapHo-
MHUKpPOOGHONOTHUECKHE METOADI

CymMmaphyio JJHK U3 [OHHBIX OCAJKOB BBIe-
Js MetofioM  GeHOJI-XJTOPODOPMHOM  SKCTPAKITUU
(Sambrook et al., 1987). Iua MIP-ammmbukanqumn
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Puc.2. XuMuueckuil cocTaB IOPOBBIX BOJ JOHHBIX OTJIOXKeHUH B paiioHe cuma Kpacueiii fAp: St7GC1, St7GC2 - 2016 r.,
St5GC2, St5GC3 - 2021 r. CepbIM LBETOM BbBIJi€JIEHB I'OPU3OHTHI IIPUCYTCTBUA B OTJIOXKEHUAX BOCCTAHOBJIEHHBIX KaHAJIOB,
PBDKHM LIBETOM BblJieJIEHbl TOPU30HTHI NIPUCYTCTBUA B OTJIOXKEHUAX OKMCJIEHHBIX KaHAJIOB, PAOBIO BbIAeJIeHbl TOPU30HTH IIPU-
CYTCTBUA B OTJIOXKEHUAX ra3oBBIX ruapaToB. KpacHele poMOBl U KpUBBIE — pacipejiesieHHe ¢ TJIyOMHOIN KOHIeHTpal[iil NOHOB
rufpokapboHara, cyjbdara U HUTpaTa; CUHHUE POMOBI — TO Xe B IIPUCYTCTBHE ra30BbIX I'MAPATOB; 3eJieHble TPEYTOJIbHUKUA — TO
ke B BOCCTaHOBJIEHHBIX KaHaJlaX; pbkKe poMObI — TO Xe B OKMCJIEHHBIX KaHaslaXx. ToHKHe YepHble JIMHUU CO CTPEeJIKOH — YPOBEHb

KOHIIeHTpauui B Bosie 03. baiika.

dparmenToB reHa 16S pPHK 6akTepuii, BKIII0YAOIIEro
BapuabeJsibHBII ydacTok V2-V3, ncrosb3oBajiy mpaii-
Mepbl 16S_ BV2F (5-AGTGGCGGACGGGTGAGTAA-3")
n 165 BV3R (5-CCGCGGCTGCTGGCAC-3") (Sahm et
al., 2013). Jna MIP-ammndukanuy ¢pparMeHTOB reHa
16S pPHK apxeii ncnoss3oBanu npatimepst Arch-0787F
(5’-ATTAGATACCCSBGTAGTCC-3’) and Arch-1059R
(5”-GCCATGCACCWCCTCT-3"), BKJIIOUAIOIIEr0 BapHua-
6ebHBIN yuacTok V5-V6 (Yu et al., 2005). BubiuoTteku
aHaJWU3MpOBaJIM C MCHOJIb30BaHHEM CTaHAAPTHOTO
Habopa Illumina MiSeq Standard Kit v.3 (Illumina)
(LIKII «I'eHOMHBIE TEXHOJIOTUH, POTEOMUKA U KJIETOY-
Has O6uoJiorus», BHUMAM). IlosryyeHHbIE YTEHUS TPS-
MOro U 0OOpaTHOrO CeKBeHHpOBaHHA ObLIN OOpe3aHbl
¢ koHIja go 270 1m.H. ¢ ucnoJjb3oBaHueM Trimmomatic
Bepcum 0.39 (Bolger et al., 2014), aJia yaajieHus MO3U-
I[1i1, B KOTOPHIX 6oJiee 25% uyTeHUI NMeJld OCHOBAaHUA
C OTHOCUTEJIbHBIMU IloKaszaTesiIMU KadectBa < 20,
paccunTaHHbBIMU ¢ ucnosabs3oBaHueM FastQC v. 0.11.9
(Andrews, 2020).

JlapHeHmUN aHaM3 MPOBOWJICA C KCIOJIB30-
BaHueM mporpammsel R v4.2.2 B RStudio v2022.12.0.
bubnmorekn oO0pabaTeHBaINCh C KCHOJIB30BaHHEM
DADA2 v1.26. (Callahan et al.,, 2016a) B cooTBert-
CTBUU C IpeayioKeHHBIM mpoTtokosioM (Callahan et al.,
2016b). CunteiBanuA ObUIM OT(UIBTPOBAHB U O0B-
eJUHEeHbH Ha OCHOBe MHHHMMAaJIbHOTO HepeKphiThsa 12
I.LH. PenpeseHTaTuBHBIE IOCJIEOBATEeJIbHOCTU OBLIN
TaKCOHOMHUYECKU KJlaccuUIUPOBaHbl, HCIIOJIb3ysA
6a3y 138_1 (http://www.arb-silva.de). ASV, xotopsie
He OBUIM TaKCOHOMHYECKM KJlacCU(PUUIUPOBAHE IO
punymy niam He ObUIM OTHeECeHBI K OaKTepuasIbHBIM
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WJIN apXelHBIM JIMHUAM, a Tak e ASV, KoTopsle ObLIN
TaKCOHOMMUYECKH OTHeCeHbl K MUTOXOHAPUAM U XJIOPO-
IIactaM, ObLIN MCKIJII0UeHbl U3 JajlbHelIIero aHaamsa.
PesynpraThl HEOOpaOOTAaHHOrO CEKBEHUPOBaHUA 16S
pPHK 6pumn genoHupoBaHsl B Sequence Read Archive
buonpoext PRINA875570.

3. PesyabTarthl
3.1. AMTONOIUAI OCAAKOB U XMMHUUYECKUH
COCTaB NOPOBbIX BOA

Jlutosioruyeckuii cocTaB OTOOpPAaHHBIX KEPHOB
OBLT CXOJHBIM, OCaJIK{ IIpe/iCTaBJIeHbl TEMHO - Cepoi
MeCYaHNCTOU aJIEBPUTUCTOM TJIMHOU C MHOTOYMCJIEH-
HBIMHU BCIIyYMBaHUAMH, TpelIMHaMU Jierasaluy, raso-
BEIMM KaHajamu ¢uibTpauuu u jguH3amu [T, pacmoo-
JIOXKEHHBIX B HIKHEHN 4acTU KepHOB. [I0BEPXHOCTHBIN
CJIONl XapakTepu30BaJIC HaMyleM KOPHUYHEBOIO
TOHKOI'O CJIOS TOJII[MHOW HEeCKOJIbKO MUJLIMMETPOB.
3Hauenus pH BapbpupoBaiu ot 6.7 B 2016 1. 1 10 7.4 B
2021 r. 3unauenus Eh cocraBysum B kepHe St5GC3_21,
Ha riaybune 15 c¢cm -96,2 mV, u Ha riyObuHe KepHa 88
— 300 cm ot — 306 mV o — 205 mV COOTBETCTBEHHO,
YTO CBUJIETeJIbCTBYeT O HaJMYM{ BOCCTAHOBJIEHHBIX
YCJIOBUAX B MOJJOHHBIX CJIOAX OCAAKOB. XapaKTepHOM
4yepToil KcCcIeJOBaHHBIX KEepHOB SABJISUIOCH Hajnuuue
KaHaJIoB, OTJIMYAIOIIUXCA IO IBEeTy OT BMeNIAlolero
nx ocagka. B kepHe St7GC1, GoJiee cBeTsBIE MO I[BETY
KaHaJIbl 0TMevaIvch Ha riyouHe kepHa 50-75 ¢, Boifie-
JisAAch Ha (OHe YepHBIX IIPOCJIOeB T'MAPOTPOWIIINTA U
TEeMHO-Cepoil ajleBpUTUCTON I'MHBL. Ha riybune 184
CM ¥ HWXe IPHUCYTCTBOBAJIM JIMH3BI I'a30BBIX TUAapa-
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TOB. XUMHUYEeCKUH COCTaB MIOPOBHIX BOJ XapaKTepUu3o-
BaJicA 3HAYUTEJIbHBIM yBeJIMueHHeM KOHLeHTpalui
rupokap0oOHaT MOHOB C rJiyomHOU. KoHIeHTpanuu
cyabdar U HUTpAT MOHOB IO IJIyOMHE KepHOB H3Me-
HAJIYCh He 3HAYMTEJIbHO U OBbLJIM HHUXXe OTMeuYaeMBbIX B
NIpUJIOHHOM BoJe, Ux npoduian Bou3u unHs [T nmesnu
nuoobpas3Hseiil xapakTep (Puc. 2). B kepHe St7GC2 Ha
riy6uHe 30-45 cM MpUCYTCTBOBAJI OKHCJIEHHBIN KaHal
pbDKero npeTta AuaMeTpoM 1 c¢M u riaybuHoi 2-3 cM.
KoHneHTpanuu rugpokapOoHaT- U CyjabdaT HOHOB B
OKHCJIEHHOM KaHaJle COOTBETCTBOBAJIM OTMeYaeMbIM B
npugoHHoN obnactu (Puc. 2), B HUXepacloJI0XKeHHBIX
CJIOSIX KepHa KOHIleHTpauua cyiabdaT MOHA yMeHbIa-
nace go 0.3 mr/i, a rugpokapOoOHaT MOHA HECKOJIbKO
yBeJINUMBasach.

B kepHax St 5, oro6panHBIXx B 2021 TI. Takxe
HabJI0jaJIoch yBeJIMYeHHe MUHepaJIu3alyui MOPOBBIX
BOJ c IIyOuHOM, Huxe 150 cM KOHIIEeHTPaI[MOHHBIN
rpagyeHT MOPOBBIX BOJA BO3pacTaJ U IO 3HAUYEeHUAM
OBLJI COTIOCTAaBUM C TakOBBIM B kepHe St7GC1l. B kepHe
St5GC2 BOCCTaHOBJIEHHBIE KaHAJIbl C BKJIIOYEHHUEM
rnecka oTMevajiuch Ha riybuHe 56-62 cM, U HUXe Ha
riy6uHax oT 150 cM go 306 cm. B keprHe St5GC2 okuc-
JIeHHble KaHaJIbl MMeJsii HeOoJblliie pa3Mepsl U OTMe-
yaiuch Ha ri1ybuHe 185 cwm, a B kepHe St5GC3 Ha 110
cM. B nociieqnem takxke HaOJII0AAJIOCh HECKOJIBKO BOC-
CTAHOBJICHHBIX KaHasIo0B Ha riybuHax 60-130 cMm, 170-
180 cm u 186 cM. AHanu3 npoduseil KOHIeHTpaluil
cyabdar MOHA CBHUAETEJbCTBOBAJI O 0oJiee BBICOKUX
3Ha4YeHUAX 3TOT0 MOHA B OKMCJIEHHBIX KaHaJlaX I10 CpaB-
HEHHIO C BOCCTAHOBJICHHBIMU. KOHIIEHTpaluu HOHOB
XJlopa, IpeBhlallre 3HaueHUs B (OHOBBIX OCajKax,
CKOpee Bcero 00YCJIOBJIEHH! MpolieccoM o0pa3oBaHUs/
pactBopenus IT (Ginzburg and Solov’ev, 1994), a ero
npoduin NOATBEPXKAA0T NpoTeKaHKe 3TOro Ipolecca
B ocajike A0 IIybuHbl 6osiee 3 M. CielyeT OTMETHUTH
TakXke HeoObIYaliHO BBICOKME 3HAYeHWsA HUTPAT UOHA B
kepHax 2021 r., ¢ MakcUMaJbHON KOHIleHTpaluel 47,3
MI/J1 B IOBEPXHOCTHOM cJioe St5GC2.

3.2. Bera pa3Hoo6pa3ue mukpo6Horo
coobuwectBa

HUpentudunupoano 1342087 ¢parmMeHTOB
reHa 16S pPHK, xapakTepusymouux cocTaB MHKpPOO-
HBIX coo0miecTB. BakTepuasibHOe COOOIEeCTBO HCCIe-
JOBaHHBIX KepHOB IpefcTaBjieHO 11 duiaymamu:
Chlorofilexota, Atribacterota (panee Caldatribacteriota),
Actinobacteriota, Pseudomonadota (paHee Proteobacteria),
Acidobacteriota, Nitrospirota, Desulfobacterota, Sva0485,
Patescibacteria, Caldisericota, Elusimicrobiota. B 2016
r. MUHOpPHBIN BKkyan (He Oojiee 3%) B coobiecTBax
COCTaBJIAIN TNpeJicTaBuTesu Spirochaetota, MBNT15 u
Bacteroidota, a B 2021 r. Caldisericota, Desulfobacterota
u Spirochaetota (He OGosiee 6%). IIpencraBUTETU
TaKUX TaKCOHOB Kak Alphaproteobacteria, Sva0485,
Patescibacteria, Elusimicrobiota cocTaBjisaan 60Jiee BbICO-
KU MPOIEHT JIWIIb B COOOIEeCTBAaX HEKOTOPHIX CJIOEB
ocazka. Bo Bcex coobiiecTBax JOMUHUPOBAJIU MPEJICTA-
putenu 5 ¢unymoB (Chloroflexota, Caldatribacteriota,
Actinobacteriota, Acidobacteriota, Nitrospirota) u kiacca
Gammaproteobacteria. BMecTe ¢ Tem, BKJIaJ 3THUX TaK-
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COHOB B coo0IlecTBa pasHBIX CJI0eB KepHOB B HCCJIe-
Jiyemble robl He OBLJI OMHAKOBBIM, HanuboJiee 3HAUYU-
MBbIe OTJINYUA B CTPYKType OaKTepHasIbHBIX COOOIIeCTB
HabJII01aINCh MEXAY OKHUCJIEHHBIMU IIOBEPXHOCTHBRIMU
Y HIKEPaCIOJIOKEHHBIMHU BOCCTAHOBJIEHHBIMU OCa/I-
kamu (Puc. 3 u Puc. 4), 4To nmoAgTBEpXKAAIOCh aHAIM-
30M cooOIiecTB Ha ocHOBe Bray-Curtis dissimilarity.
HUccienoBaHHbBe coolIecTBa pas3fe/LUINCh Ha JiBa
kiactepa (Puc. 4). B nepBeiil Bxoauau 6aKkTepuabHble
MOMYJIALIMY 13 MOBEPXHOCTHHIX ocagkos St7 (2016 r.),
BO BTOPOM, 0Opaslbl U3 aHOKCUT'eHHOUI 30HBI, pasje-
Jigomyecss Ha MHOTOYMCJIEHHBIE MMOAKJIacTephl. Ilpu
3TOM, B OAWH IOAKJIACTEp BXOAWIM cOOOIlecTBa K3
okuciieHHoro (St7GC2_35-38) m BoOCCTaHOBJIEHHOI'O
(St5GC2_60) kaHa/I0B, YTO MOTJIO OBITH CJIEJICTBHEM
BBIDAaBHUBAaHUA YCJIOBUI Cpelsl IOCJe pacTBOPEHUs
IT, obecneurBarommell pa3BUTHe MeTabOJIMYECKU pas-
HOOGPa3HbIX TAKCOHOB.

B coofmecTBax BceX KepHOB IJOMHHHPOBAIN
Chloroflexota, nx Bkjaj B KepHax St7 BapbUpOBaja OT
17.3 % mo 51%, a B kepHax St5 ot 15.6 1o 68.7%. Otu
opraHoretepoTpodHble 6aKTepuy BHOCHJIN 3HAUKUMBIH
BKJIaJ B MUKPOOHBIE COOOIleCcTBA JOHHBIX OCAOKOB U
B JIpPYyIrUXx pabioHax o3epa Baiikas, BKjIO4Yas 30HBH pas-
IPY30K Tra3ocofepXalix MUHepaJN30BaHHBEIX GJIIo-
unoB (Zemskaya et al., 2021; Lomakina et al., 2023).
B mcciieoBaHHBIX KEPHAX IOCJIE0BATEIBHOCTH 3TOTO
¢wiyma mnpuHAIUIEXAJIM B OCHOBHOM ceMelicTBam
Anaerolineaceae u Dehalococcoidaceae, 1 nuilib HeG0JIb-
IO WX MPOLIEHT HeKyJabTHUBUpyeMbiM Chloroflexota u3
pasnbix kiactepoB (KD4-96, JG30-KF-CM66 u SHA-
26) (Puc. 3). Ilpu sToM MakcuMajibHasg OTHOCUTEJIb-
Has 4YMCJIEHHOCTh IIEpPBOTO ceMelicTBa HabJI0[asiach
B coobmecTtBax ocagkosB Huxe 200 c¢M, a BTOpPOro Ha
pasHBIX IJIyOMHAaX, BKJIIOYAss COOOIIecTBA BOCCTa-
HOBJIEHHBIX KaHaJyioB. Bakrepuu kiacca Anaerolineae
SIBJIAIOTCS OOJINTaTHBIMM aHa’po6aMy U BTOPUYHBIMU
depMeHTEepaMy, Torja Kak IpelCTAaBUTENIM Kjacca
Dehalococcoidia opraHoTpo®HBMU TrOMoOAalleTOreHaMu
(Fincker et al., 2020; Vuillemin et al., 2020). YacTtb
13 HUX, B [Ipoliecce JBIXaHUs HUCIOJIb3YIOT KUCIOPO B
KavecTBe KOHEYHOI'O aKIeNTopa 3JIEKTPOHOB, Y4aCTBYA
B depMeHTaI{ CaXapoB U aMUHOKHCJIOT B aHa’pob-
HbIX ycosusax (Hug et al., 2013).

B coobmiecTBax noBepXHOCTHHIX 06pa31oB St7GC1
U 70 rIy6uHE 15 cM, a Takkxe B OKHCJIEHHOM KaHase
(St7GC2_35-38) naburogasiach TaKXe BBICOKAas OTHO-
cuTeJIbHAs YMCJIEHHOCTh NpefcTaBuTesieil Nitrospirota
(12.7, 18.5 1 12.7% cooTBeTCTBEHHO), BKJIaJ KOTOPHIX
B HIXEPACIIOJIOKEHHBIX OcafKax He IMpeBhIman 5,2%.
Coob1iecTBa 3TUX CJIOEB OCAAKA PA3JINYaAJIMCh MeXay
coboil BkagjoM Gammaproteobacteria, TpoLEHT KOTO-
PHIX B OKHCJIEHHOM KaHajle ObLT MeHee 1%, U OKOJIO
20% B MOBEpXHOCTHHIX OCa[KaX, YTO MOXeT ompefe-
JiseTcs HaJIMYMeM B 3TON 30HE HCTOYHHKOB 3HEprum,
B YaCTHOCTU Kucjopoja. IlocienoBaTelbHOCTH 3TOTO
KJjacca mpuHaIexanu nopsaakam Burkholderiales u
Methylococcales. TIpeacTaBUTE N MOCJIEAHETO MOPAIKA,
aspoOHBle MeTaHOTPO(BE B OCHOBHOM XapaKTePHBI
I IOBEPXHOCTHBIX OCAIKOB, IZle MX BKJIaJ B KepHax
St5 pocturan 1.5 u 8.3%, a B kepHax St7 10.6-16.8%.
CoobmiectBa okucjeHHoro (St7GC2_35-38) u Boccra-
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Puc.3. CpeqHsaa oTHOCUTESIbHAA YUCJIeHHOCTH (16S rRNA) kittoueBbIX 6aKTepHasIbHBIX TAKCOHOB B COOOIIECTBaX M3 Pa3HbBIX

CJIOEB JOHHBIX OCAJIKOB MeTaHOBOTro cuma KpacHsiii fAp.

HoBJleHHOro (St7GC1_50) xaHajloB Takxe XapaKTepu-
30BaJIMCh 0OoJiee BBICOKMM BKJIAJIOM IOCJIeIOBaTEIb-
Hocreli Caldatribacteriota (13.7 u 3.7%) u Nitrospirota
(12.7 1 2.7%) (Puc. 4), uTo coriacyeTcs ¢ uX MeTaboJiu-
YeCKMMH BO3MOXHOCTAMU. XeMOOpraHoreTpoTpodHbie
Caldatribacteriota y4acTBYIOT B OKHCJIEHUM TENTUIOB,
aMUHOKUCJIOT, XHUPHBIX KHUCJIOT U IPOCTBHIX CaxapoB
MOCpeJICTBOM a3pOoOHOTO0 U aHa3pOOHOTO JIbIXaHUSA
(Mori et al., 2009; Carr et al., 2015; Nobu et al., 2016).
[TosToMy OHU Ipeobaaay B aHOKCUTE€HHBIX OCafKax,
rfe ux BkJaj Bapbuposai oT 5.3 go 30% ot obugero
KOJIMYecTBa I[OCJIeJOBaTeIbHOCTEH, HPU MHHOPHOM
BKJIaJle B IOBEPXHOCTHHBIX (710 3.4%). Cpenu Nitrospirota
Hanbojiee  MHOTOUYMCJIEHHBI  IIOCJIeJOBaTeIbHOCTU
kiacca Thermodesulfovibrionia, jiA KOTOPBIX MMOKa3aHO
ydyacTue B IIpolleccax OKHCJIEHUS BOLOPOAa, BOCCTa-
HOBJIEHUsA CyJb(aToB, HUTPATOB U JUCIPOIOPIHO-
HupoBaHusa cepsl (Umezawa et al., 2022), yTo no3Bo-
JAeT UM BBDKMBATh B HIMPOKOM JMala3oHe yCJIOBUM
cpenpl. CoobllecTBa HUKEpACHOJIOKEHHBIX CJIOEB
ocajJika UMeJI CXOOHYI0 CTPYKTypy, JIMIIb B oOpaslie
St7GC1_25 peructpupoBajcs BBICOKUI MPOIEHT Mpen-
craButesienn Patescibacteria (33.3%), cocTaBJIAIOIIX B

1171

Jpyrux ciosix He 6osiee 4.6%.

CTpyKTypa cooOILIeCTB B MOBEPXHOCTHBIX CJIOAX
KepHOB St5 oTinyasack OT HabyrogaeMoll B cooblie-
cTBax St7 HaJM4YMeM IpeAcTaBUTesIed KaHOUAATHOTO
¢dunyma MBNT15 (14 u 11.3% cCOOTBETCTBEHHO).
Kpome Toro, B coofmjecTBax HCCJIETOBAHHBIX KEPHOB
St5 3HAYKNTEIbHO MEHbIIIe OTHOCUTEJIbHAA YKCJIEHHOCTh
nocyegoBartesibHocTer Caldatribacteriota (0 - 7.8%),
U B r1youHHBIX cJosx Desulfobacterota (0-0.7%) mipu
60Jiee BHICOKMX MX 3HAUEHHAX B OKKCJIEHHBIX KaHajax
St5GC2_185 m St5GC3_110 (1.6-3.5%). B mociemHux
coobmecTBax JOMHUHUpOBasM Gammaproteobacteria
(24 u 37%), npuyeM uX OTHOCHUTeJIbHasA YHCJIeH-
HOCTb TIPEBHIIAJIA TAKOBYI0 B IIOBEPXHOCTHBIX OCa-
kax (14-19%). B cooOlijecTBax OKHCJIEHHBIX KaHAJIOB
(St5GC3_110 u St5GC2_185) mpeobiyaganu mnocjiaefo-
BaTeJIbHOCTU mopsigka Methylococcales (24.5 u 13.5%,
COOTBETCTBEHHO), MPOLIEHT KOTOPHIX MPEBHIIIAJI OTMe-
yaeMble 3HAYeHUA B IOBEPXHOCTHBIX U TJIyOMHHBIX
ocaZKaxX 3TOTO KepHa, a TakXe M B BOCCTAHOBJIEHHBIX
kaHanax (0.3-1.8%). B riy6unsoMm cyoe St5GC2_200,
rge perucTpHUpOBAJINCH IMOBHIIIEHHBIE KOHILEHTpauu
rugpoKapOOHAT M HUTPAT WUOHOB, CTPYKTypa OaKTepu-
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Puc.4. TensioBas KapTa, IIOKa3bIBawIas pa3jimirAa B OTHOCUTEJIbHOM oomIu 6aKTepI/IaJIbHI)IX KJIaCCOB B Pa3HBIX CJIOAX Kep-
HOB Ha OCHOBE paCCTO}IHI/Iﬁ BpeH-KepTI/Ica. uBETaMI/I TNOKa3aHO HOpMaJIn30BaHHOE€ OTHOCUTEJIbHOE o6uJirie TaKCOHOB B Ppa3HbIX

CJIOAX KEPHOB.

aJIbBHOT'O COOOIIeCTBa OTJIMYasiach OT APYrux npeobdJia-
nanneMm (70%) mocyenoBaresibHOCTElN Anaerolineaceae
(Chloroflexota) ¥ MUHOPHOM BKJiaJle TaKCOHOB, JOMU-
HUDYIOIIUX B BhIIepacloIoXKeHHBIX ocafkax (Puc.
3). IlpucyrcTBue TaKCOHOMUYECKH Pa3HOOOPA3HBIX
npeAcTaBUTesell 3TOro (¢pujiymMa B pasHBIX 3KOTO-
nax HOATBepXJaeTcs (pUIOreHeTHYeCKMM aHaJIn30M.
IMocnenoBatenbHocTu Chloroflexota B mccieqOBaHHBIX
kepHax ¢hopMHpoBaIn Ha QuUIoreHeTHYECKOM JipeBe 5
kiactepoB (Puc. 5) ¢ HexyaccupuipyeMbeMu moce-
JoBaTeJbHOCTAMU. J[Ba 13 HUX O00BbEAUHSIM ITOCJIE0-
BaTeJIbHOCTU JIMO0 U3 MJIyOMHHBIX U aCCOIMUPOBAHHBIX
¢ IT, nmbo 13 MOBEPXHOCTHHIX CJI0eB OocajkoB. YacTb
rnocJjiefJoBaTeJIbHOCTENl U3 IOBEPXHOCTHBIX OCAOKOB
U OKHCJIEHHBIX KaHasIoB (GOpMMPOBaJIM ellle JBa KJa-
cTepa: OOUH IpeJicTaBJIEH MOCJIeOBATEJIBHOCTSMU U3
MOBEPXHOCTHBIX U OKMUCJIEHHOro kanasna St5GC3_110,
BTOPOH M3 MOBEPXHOCTHHIX M OKUCJIEHHOTO KaHaja
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St7GC2_35-38. Eme oquH kjactep Obls1 cpopMUPOBaH
MOCJIEOBAaTEJIBHOCTAMY, BCTPEYAIOIIUMUCA BO BCEX
9KOTOIIaX.

Crnowmolrsio AuarpaMmM BeHHa onpefieieHbI 001He
OakTepuaJibHbIE IOCJIEJOBATETbHOCTH aMILTUKOHOB
(ASV) B coobiiecTBax 13 pa3HbIX 3KoTomoB. KoyituecTBo
obmux ASV B coobmiecTBax KepHOB St7 COCTaBJIsAJIO
4%, cpeou HUX OTMEYAJIMCh TOCJIEIOBATEIBHOCTU
GIF9 (cem. Dehalococcoidia), MSB-5B2 (Anaerolineae),
Cutibacterium (Actinobacteriota), Thermodesulfovibrionia
(Nitrospirota), JS1 (Caldatribacteriota), Spirochaetota,
Sva0485, Zixibacteria. O6uux ASV B coo0IecTBax Kep-
HOB St5 ObLTI0O MeHee 3HAUUTeJIbHBIM (< 1%), OHU TpU-
Hammexann Ttakxe GIF9 (Dehalococcoidia), Sva0485,
Thermodesulfovibrionia (Nitrospirota). Pa3HooGpa3ue
o6mux ASV B coo0IIeCTBaX OKKCJIEHHBIX X BOCCTAHOB-
JIEHHBIX KAHAJIOB B 00a rojia MccJjieJOBaHU COCTABJIAIO
4%, cpeau HUX MAEHTU(UIMPOBAHBI MOCJIe0BaTesIb-
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® ASV150-0cm-10em-21/0-5cm-21/25e¢m-21/30cm-21
§|_— Uncultured Chloroflexota bacterium FJ485587 (biomat sample in El Zacaton)
Uncultured Chloroflexi bacterium AY 324522 (Gulf of Mexico cold seep sediment)
Dehalogenimonas alkenigignens 71Q994267
I—Deha!ococmides sp. EU073964
100 L Dehalococcoides mccartyi KC342960
[ ® ASV216-0cm-10em-21/110cm-21
100 L Uncultured bacterium JX441266 (surface marine sediment Kara sea)
Uncultured Chloroflexi bacterium EU266870 (oil contaminated aquifer sediments)
Ij @ ASVS58 surface and deep sediments
96 Uncultured bacterium JF583005 (methanogenic enrichments)
Anaerolineae bacterium KT861598
Anaerolinea thermophila NR 036818 (type strain)
Uncultured Anaerolineaceae bacterium HE974800 (red mud contaminated soil)
60| Uncultured Chloroflexi bacterium KC836772 (sediment of Weishan Lake)
@ ASV102-0cm-10em-21/0-5cm-21/0-5cm-16/35-38cm-16
—— Uncultured Anaerolineaceae bacterinm KC769136
@ ASVI10 deep sediment
E|_— Uncultured bacterium JQ668589 (oil reservoir)

Puc.5. ®dunoreHetnyeckoe iepeBo npepacrasuresieii Grzyma Chloroflexota Ha ocHOBe aHaIM3a NOC/IeJOBATEILHOCTE! IeHOB
16S pPHK, yka3siBaiolilee Ha 0OJIOXeHHe OaKTepuil U3 pa3HBIX CJI0EB JOHHBIX OTJIOXKeHUH. MacmtabHas JinHelKa MOKa3blBaeT
9BOJIIOIIIOHHOE PACCTOSIHYE, COOTBETCTBYIOIEe OJHON HYKJIEOTHAHOH NocaeoBaTebHOCTY Ha 100 HyKJIEOTHIOB.

Hoctu GIF9 u Thermodesulfovibrionia, a Takxe BCTpe-
yaluecs B ONpeJesieHHBIX dKotomax Cutibacterium,
WCHBI1-8 (Actinobacteriota), MSB-5B2 (Anaerolineae) u
Spirochaetota.

B 6ubnmorekax resos 16S pPHK apxeii B uccie-
JIOBAaHHBIX KepHaX BBIABJIEHBI MOCJIENOBATEJIBHOCTU 9
duymoB, cpequ KOTOPHIX HaubOoJiee MpencTaBJIEHBI
nocyenoBaresbHocT  Thermoproteota (42%) (paHee
Crenarchaeota), Thermoplasmatota (31%), Halobacteriota
(18%). [IpencraBurenu Nanoarchaeota (4%),
Hadarchaeota (3%), Iainarchaeota (0.5%), Euryarchaeota
(0.8%), Aenigmarchaeota (0.3%), Asgardarchaeota
(0.6%) cocTaBsAIM MUHOPHYI0 9acTh coobmecTs (Puc.
6). Cpenu Thermoproteota Bo Bcex UCCJIEAYEMBIX CO00-
miecTBax JoMuHuposaiu Bathyarchaeia (ot 5.5 10 70.5%
OT BCEX TMOCJIeNOBaTebHOCTEH), B OCHOBHOM OTHO-
cammeca K HekjaccuduUUpoBaHHBIM. Bathyarchaeia
UrpaloT 3HAYWUTEBHYI0 POJIb B TJIOOAJIBHOM LIUKJIE
yrjiepofila U ABJAIOTCA Haubojiee pacnpoCTpaHEHHOMN
TPYIIION MHKPOOPTraHMU3MOB B aHA’POOHBIX 3KOCH-
cremax (Feng et al., 2019). O6pyHO B GaliKaJIbCKUX
ocaZKaxX 3TU apXeu BBIABJIAIMCH B TJIyOMHHBIX CJIOSX
ocajika, TOr[a Kak B KepHax MCCJIeJOBaHHOTO paioHa
WX BKJIQ[ OBUI 3HAYMTEJIbHBIM M B IIOBEPXHOCTHBIX
(mo 37%). JoMuHUpYyIOIie B MOBEPXHOCTHBIX OCaf-
Kax Opyrux parioHOB a’poOHBle apxeu Nitrososphaeria
(Thermoproteota) mpencraBjeHsl B OoJbIlIell cTe-
MeHW aMMOHMHI-OKUCIIAIIUMU  TpeCTaBUTEJIAMU
ceM. Nitrosopumiliaceae, 1 MeHee, IMOCJIeJOBATEIbHO-
ctaMU ceM. Nitrososphaeraceae (Lomakina et al., 2018;
Zemskaya et al., 2018). ITociefoBaTeIbHOCTH MIEPBOTO
CeMEMCTBA COCTABJIAIM OKOJIO 13% B MOBEPXHOCTHBIX
cJI0sX KepHOB St7 u B riryouHHOM ciioe St5GC2_306. B
Apyrux obpasiax HcCcJeJOBaHHOrO0 palioHa OHU OTHO-
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CHJIMCh K MHUHODHOM KOMIIOHEHTe COO0O0IlecTB apxei
(0.4-3.5%). Apxeu, yuacTBylolye B NPOAYIIPOBaHUM
MeTaHa XapaKTepHBHI [ 0caAKoB o3epa baiikan. Cpeau
MeTaHOTI'e€HHBIX apXell HanOOoJIbIINE BKJIa[ COCTaBJIAIN
nocJiejoBaTesibHOCTH nopsanka Methanomassiliicoccales
(Thermoplasmatota), noTpebJIAIIINE HEKOHKYPEHTHEBIE
Cl-metuinpoBaHHble coeAuHeHUs. OTHOcCUTesIbHAA
YHMCJIEHHOCTh 3TOr0 NOpsAAKA BapbUpoBajia B cooOIie-
cTBax KepHOB St7 ot 12 go 38%, u B kepHax St5 oT
5 mo 41%. Kpome Toro, B cooOIiecTBax HcCjefOBaH-
HBIX KEpHOB Ha pa3HBIX IJIyOMHAaxX OTMeuYeHHl aleTo-
KJIacTUYeCKHe U THApOreHOTPO(HEIe apxeu MOPAAKOB
Methanomicrobiales (B ocHoBHOM pona Methanoregula,
1.2-12.4%) u Methanosarciniales (B OCHOBHOM poja
Methanosaeta, 0.3-4.5%). OTHocUTeJbHAA YMCJIEH-
HOCTh YYacTBYMIIUX B aHa’poOHOM OKHCJIEHUU
MertaHa Methanoperedens (nopsmoxk Methanosarcinales)
ObLJIa BBICOKOM Ha IyIyOMHax OT MOBEPXHOCTH U A0 25
cMm (go 12.8%), a Takke B OKHCJIEHHOM M BOCCTaHOB-
JeHHOM KaHajax St5GC3.110 u 186 cm (9.7-20.7%
COOTBETCTBEHHO). Kak MBI 0TMeuasnu BhIIIe, B 3TUX Xe
obpasnax HabsroAasicsi BBICOKMI MPOLIEHT a3pOOHBIX
MeTaHOTpOo(OB, YTO NOATBEPXJaeT HaJnuule pa3HOo-
Opa3HBIX 5KOJIOTHYECKUX YCJIOBUM B KaHaslax, [I03BOJIA-
I0IIMX pa3BUBAaThCA KaK a3pOOHBIM, TaK U aHA3POOHBIM
MHKpPOOpraHUu3MaM.

B ocaio4HBIX OTJIOKEHUAX 3TOr0 palioHa cpeau
JpPyTUX TaKCOHOB, IIMPOKO PaCIpOCTPAaHEHHBIX B IJIy-
OMHHBIX OocafKaxX, oOHapyxeHbl apxen Marine Benthic
Group D (cetiuac Thermoprofundales) - MukcoTpodHBIe
npoayuupyromue H, (Zhou et al., 2019; Zhang et al.,
2022). TIlpeacraButenu sToro TakcoHa 1 DHVEG-1 BHo-
crn HebOoJibIIoN BKJIaZ (He 6oJiee 2%) B coobIjecTBa
apxeti. IIporjeHT o6uux apxeiiHbIx ASV B cooOIiecTBax



3emckas T.U. u dp. / Limnology and Freshwater Biology 2024 (4): 11565-1179

Cnevy. sbinyck: « VI Mex0yHapoOHbili
Balikanbckuli Mukpobuonoaudeckuli Cumnosuym»

Thermoproteota#unclassified organism

Thermopr #Nitr
Thermoproteota#Nitrososphaerales
Thermoproteota#SCGC AB-179-E04

Thermoproteota#Nitrosotaleales

Thermoproteota#Methanomethyliales

Thermoplasmatota#Methanomassiliicoccales

Thermoplasmatota#Marine Benthic Group D and DHVEG-1

Ther ota# ified or

Thermoplasmatota#SG8-5

a#Ther

ota#Met

Taxonomy

erota#Meth

ota#Mett

chaeota#

Hadarchaeota#Hadarchaeales

Euryar ta#Mett

or #1

or

Asgardarchaeota#unclassified organism

h o 1A h 1

lainar

Aenigmarchaeota#Aenigmarchaeales

[ ]
.
.

Micrarchaeota#Micrarchaeales

.

0T-0 £29S35 -

OTT €295 1

09T 20983¥S -
G8T 209615

S-0 2095IS

981 €295

5 LLU o lﬂ T

- 0 0@@® - c0oc0cc000 - 0o

0027209535 1

Number of sequences, %
O .o
20

/\

o
O
O
ERRTR o

\/Q

.
.
.

90€£ 2095315 1

ST 209535
0€ 209%3IS
S-0 TD9/3S
ST 109435
081 109435 1
912 109435 1
€27 109435 1

ST 109435
8€-GE ¢DDL3S

09 209S3IS

0S 10935

Samples

Puc.6. TakCOHOMUYECKHUI COCTaB apXeiHbIX COOOIIeCTB U3 IOHHBIX OTJIOKEeHUI MeTaHoBoro cumna Kpachsiil fIp. Ha ocHoBe
ananmsa resa 16S pPHK u knaccndukannu u3s 6a3sl gaHHbX SILVA ¢ noporom goctoepHoctu 80 %.

St7 coctraBua 7%, cpeiu KOTOPBIX UAeHTUPULVPOBAHEI
nocenoBarebHOCTU Bathyarchaeia (Thermoproteota) u
Methanomassiliicoccales (Thermoplasmatota), Torga Kak
11 coobmectB St5, obmumMu O6bIu ASV mocieiHero
dunyma (3%). CoobmiecTBa U3 OKUCJIEHHBIX U BOC-
CTAHOBJIEHHBIX KAHAJIOB XapaKTEPU30BAJIMCH MPHUCYT-
ctBreM ASV AByX BhIIeyKa3aHHBIX QUIIYMOB U Ipef-
crasutesieii Methanoregula (Halobacteriota).

TemioBasA KapTa, AEMOHCTpPUpYIOLIas Kjacre-
pusanuio (cxoactBo Bpesa - Kepruca) wu3ydyeHHBIX
00pa3loB HAa OCHOBE OTHOCHUTEJIBHON YHCJIEHHO-
CTU KJIIOUEeBBIX ceMmelicTB apxeil (Puc. 7) cBupereb-
CTBYET O Pa3JIMYMU CTPYKTYPHI COOOIIECTB B Pa3HBIX
CJIOSX OCA[OYHOM TOJIIM B obOa roma McCCJIeJOBaHU.
IIpucyTcTBHe B MMOBEPXHOCTHBIX OCAOKaX CTPOTHWX
aHa’pOOHBIX METAHOTEHOB U aHA3POOHBIX METAHOTPO-
dHeIXx apxeii Methanoperedens, a B TJIyOMHHBIX BOC-
CTAHOBJIEHHBIX OCA[KaX a’3pOOHBIX AMMOHUE-OKUC-
asmomux Nitrosopumilaceae mMoxeT OBITH CJIeICTBUEM
MUTpAll  pa3HOHAMpPAaBJIEHHBIX  (DJIIOMIOMOTOKOB,
MOAAEPKUBAIOIIUX PA3BUTHE IMIMPOKOTO CIIEKTpa TaK-
coHoB. Kpome TOro, Ha pa3BUTHE apXel MOXET BJIU-
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AT U pasinune GU3NKO-XUMUYeCKUX YCIOBUH. Apxen,
npUHaJexamye ogHoMy GUIyMy, [O-pa3HOMY KOp-
pesipoBanu (IOJIOXKUTENBHO WM OTPHUIATENIBHO) C
XUMHYeCKUMH NapamMeTpaMu cpefsl obutaHus (Kop-
pensanusa Cnupmena) (Puc. 8). OHu dopMupoBanu gsa
KjacTepa ¢ HeOOJBIIMM YKCJIOM 3HAYMMBIX KOppeJis-
I MeXAy OTAEeIbHBIMU TaKCOHAMU apxel U KOHIIeH-
Tparueil HOHOB B NMOPOBOM BoJAe U IJIyOMHOI ocaaou-
HOH Touy. ITomoxuTenpHas KOPpeAnusa oTMeyaach
Mexy riyOuHoM, KoHueHnTpanueir HCO,, Ca**, Mg?*
u apxesamu Methanocella (Halobacteriota), Hadarchaeia
(Hadarchaeota) w Asgardarchaeota. Bosee MIMPOKUI
CIIEKTP TaKCOHOB ObUI OTpHUI[ATeJIbHO B3aHMMOCBS3aH
C 3TUMHU IapaMeTpaMU, [OCKOJIbKY B IJIyDOKHUX BOC-
CTAHOBJIEHHBIX OTJIOXEHUAX OCAIO4YHBlEe CyOCTpaTHI
obeIHEHE! U 3TO MOTJIO OrPAaHUYUTh PA3BUTHE MHOTUX
Bupos (Fincker et al., 2020; Vuillemin et al., 2020).

4. 06cyxpenue

,Z[OHHLIe OTJIOKE€HUA B paﬁOHe METaHOBOI'O CUIla
BU3yaJIbHO CXOAHBI C paHee NIpUBEJEHHbIM OIMMCaHMEM,
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Puc.7. TenoBas kapTa, oKasblBalollias pasjinyrie OTHOCUTEJIbHOTO 001N apxell (Ha ypoBHe MOPSAJIKOB) B Pa3HbIX CJIOAX
KEepHOB Ha OCHOBe paccTosHui Bpesa-Kepruca. LiBeTamMu oka3aHO HOPMAJIM30BAHHOE OTHOCHUTEJIBHOE OOMJINE TAKCOHOB B pas-

HBIX CJIOAX KEPHOB.

OHU ra30HaCHITeHHbI, XapakTepusyioTcsa (Aloisi et al.,
2019; Pogodaeva et al., 2020) TpeIMHHOBATOCTHIO,
MPUCYTCTBHEM OKHCJIEHHBIX 1 BOCCTAHOBJIEHHBIX KaHa-
JIOB, a TaKXe JIMTH30BUAHBIMU CKOILJIEHUMMY Ta30THU/Ipa-
TOB. [Ipoduin KOHIEHTPALUE OCHOBHBIX IOHOB TaKXe
COTJIACYIOTCA C paHee MOJIyuYeHHBhIMU JaHHbIMU (Aloisi
et al., 2019; Pogodaeva et al., 2020), KOoTOpHIE CBUAE-
TEJIbCTBYIOT KaK O HAJIMYUU aIBeKINY QIIIONAO0B CHU3Y
(St7 GC1), Tak 1 0 NOCTYIUIEHUU IPUJOHHBIX 03€PHBIX
BOJI B OCaJJ0OYHbIe IOPOAHB! UCCIIeJOBAaHHBIX KepHOB (St7
GC1 u St5 GC2). Taxxe coxpaHawTca Tpenasl HCO, B
BEPXHUX HECKOJIbKMX MeTpax aHaspoOHOI1 30HHI Oaii-
KaJIbCKUX OTJIOXXEHH, KOTOPble 00yCJIOBJIEHHI MTPOIlec-
caM{ TOJBOAHOTO BBIBETPUBAHUS, MPOUCXOMAIMINMU
B OoJsiee riiybokux oTJiokeHUsx (Lomonosov, 1974).
ITopoBele Boabl 2021 r. OTJIMYAINCh BBICOKMMM KOH-
nenTpanuaMu NO,', KOTOPHIA ABJIAETCA SHEPTETUYECKU
BBITOAHBIM OKHCJIMTEJIEM M HCIOJIb3yeTCsA MUKpPOOpra-
HU3MaMM B JluareHe3e opraHudeckoro BemjecTBa. Ero
3HAYUTE/IbHBIE KOHI[EHTPAI[MU PETrUCTPUPOBAJINCH B
OTAeIbHBIE TOJBI JIUIIb B HEKOTOPHIX palioHaX pasrpy-
30K, YTO CBS3BIBAJIOCH C OCTYIUJIeHHeM 0oJiee MUHepa-
JIN30BaHHBIX TMAPOTEPMAJIBHBIX, & TaKXe TJIyOMHHBIX
nopoBbix Bof (Granina, 2008). Habuiojaemble HamMu
BBICOKHE KOHIIEHTPALUK 3TOTO MOHA B MOBEPXHOCTHBIX
ocajikax St5 u yMeHbllleHre ¢ TJIyOUHOM ocajka MOIYyT
OBITh 00yCJIOBJIEHB 60Jiee aKTUBHBIM IOTpebIeHueM
3TOTO MOHA B AHOKCUT'€HHON 30HE 10 CPaBHEHUIO C
HACHIIIEHHBIMU KHCJIOPOAOM IOBEPXHOCTHBIMU OCaM-
KaMM, 4TO cOrjlacyeTcAi C TaKCOHOMHYEeCKHM COCTa-
BOM MHKpPOOHBIX coo0mecTB. Mcrosb3yoone HUTpaT
B KayecTBe aKIeNTOPOB 3JIEKTPOHOB B IIpollecce aHad-
pOOHOTO OKMCJIEHUsS MeTaHa, apxeu Methanoperedens
COCTaBJIAIM JOCTATOYHO BHICOKHMI BKJIaJ B MOANOBEPX-
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HOCTHBIX CJIOSIX Ocajika, e HabJroanoch yMeHblle-
HHeE KOHI[eHTpalWi 3TOro MoHA.

B [OHHBIX OTJIOXEHHUSIX METAHOBOTO CHMa
Kpacueiii fIp obuTtaioT cJjioxkHbIE MUKPOOHEBIE cooOIie-
CTBa, y4YacTBymoUIe B TpaHChOPMAIUU PpPa3InYHBIX
coeMHEeHUN U XapaKTepHble [JIs IPEeCHOBOJHBIX 03ep
(Newton et al., 2011; Winters et al., 2014; Zhang et al.,
2015; Vuillemin et al., 2016; Vuillemin et al., 2018; Han
et al., 2020). loMuHUpOBaHME B COOOIIIECTBAaX MPeJICTa-
Butesieil Chloroflexota BrosHe OOBACHUMO, MOCKOJIBKY
OHU Y4YacCTBYIOT B pa3JIOXKeHUHN PacTUTEJIbHBIX COelu-
HEHUI, YTO MOATBEPXOEHO HAJIMYMEM B UX reHOMax
IyTel pasJjioxkeHus 1[eJUTI0JNI036], KpaxMalia, JJIMHHOIe-
MOYEYHBIX caxapoB u nuporasuiona (Hug et al., 2013).
PazBuTnio opraHoreTepoTpodHbIx OakTepuil B ocaf-
Kax osepa batikasn cnocoOcTByeT Hajnuue JIaOKJIbHBIX
ncroyHrkos OB OTBETeTUPOBABLINX JUATOMOBBIX
BOZIOpOCJIeli, B Macce pa3BuBawIuxcs B o3epe batikan B
BECEHHUIT 1 oceHHUE nmepuobl (Votintsev et al., 1975).
BmecTe ¢ TeM, pazjinunie OTHOCUTEIbHOM YUCJIEHHOCTHU
1 TaKCOHOMMYeCKOM MpUHAJIeKHOCTU 3TUX OaKkTepuit
He yKasblBaeT Ha Bo3pacTarllee 3HaueHUe aHa’poO-
HOro MetabosiM3Ma C yBeaudeHueM rIyOuHb. Kak u B
JpPyTUX 03epax, 3TO MOXeT OBITh CJIe[ICTBEM reTepo-
reHHOCTU COoJiepXaHUs OpraHWYecKoro yrijiepofa WJd
Pa3HO¥ MHTEHCUBHOCTU MUTPALMOHHBIX TIOTOKOB U UX
KOMITIOHEHTHOTO cocTaBa (Hug et al., 2013). ITupokwuii
CIIeKTp (pryioreHeTUYECKUX pasHOOOpa3HbIX ASV 1103BO-
JIAIOT mpenmnosaraTs, yTo Chloroflexota amanTupoBaHbI
K U3MEHSAIIINMCS OKUCIUTEIbHO-BOCCTaHOBUTEIbHEIM
YCJIOBUAM Cpefnl 00UTaHUA, a MHUPOKasA IJIACTUIHOCTD
BUJIOB 3TOr0 (priTymMa HO3BOJIAET UM 3aHUMATh JOMU-
HUpYIOIllee MTOJIOKeHNe Ha BCeX MCCJIeJOBAHHBIX HaMU
rjyOnHaxX 0caJO4YHON TOJIIM [P JINMUTE dHepreTuye-
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Thermoplasmatota#Thermoplasmata l 0.6

Nanoarchaeota#Nanoarchaeia 04
lainarchaeota#lainarchaeia 0.2
Aenigmarchaeota#Aenigmarchaeia 0
Halobacterota#Methanocellia 2
Asgardarchaeota#lLokiarchaeia z;
0.47 Unclassified#Unclassified . 08

1047 | Euryarchaeota#Thermococci

Micrarchaeota#Micrarchaeia

Asgardarchaeota#Odinarchaeia

Halobacterota#Methanomicrobia

Halobacterota#Methanosarcinia

Thermoproteota#Nitrososphaeria

Thermoproteota#Methanomethylicia

Hadarchaeota#Hadarchaeia

048

-0:59

Thermoproteota#Bathyarchaeia

0.52

Thermoproteota#Unclassified

depth Mg HCO3 Ca Na K

Fe

NO3 Cl S04

Puc.8. TermioBas KapTa KOPpeJIIUOHHBIX cBs3dell (koppessnua CnupMeHa) MeXIy TaKCOHAMH apXeil U KOHIeHTparuei
OT/IeJIbHBIX MOHOB B IIOPOBOI BOJie KCCJIe[JOBAaHHBIX OTJIOKeHui. CripaBa OT TENJIOBOM KapThl Pa3HBIMU LiBeTaMu 0003HaueHbI
3HauYeHus K0a¢pduireHToB Koppessaun. [Tokazansl koagdunuents p < 0.05.

CKUX pecypcoB. [IpucyTcTBHe OPYruX TaKCOHOB, XOTs
1 MeHee IIpeJICTaBJIEHHBIX B MCCJIe[OBAaHHBIX KepHax,
obecrieunBaeT AajibHEHIy0 JeCTPYKLMIO, B Pe3yJib-
TaTe KOTOPOIl o0pa3yloTcsa cyOCTpaThl, HCIOJIb3yeMble
JpyTrMMU MHUKpoopranusMamu. Tak, IIpHUCYTCTBYIOIINe
B coobIecTBax aHaspobHule 6akTepuu Desulfobacterota,
CIIOCOOHBI o0ecreynBaTh OKKCJIeHNe KOPOTKOllernoyey-
HBIX XUPHBIX KHUCJOT (Syntrophaceae, Smithellaceae),
aubo anerarta (Desulfobaccaceae) B cuHTpodHOM B3a-
MMOJIeHICTBUN ¢ MeTaHOreHHbIMH apxesamu (Galushko
and Kuever, 2019). A npeJcTaBuUTeJI1 XeMOOpraHore-
TpoTpodHHIX Atribacterota u Caldisericota, y4acTBYIOT B
OKMCJIEHNH TeNTUI0B, aMUHOKUCIIOT, )KUPHBIX KUCJIOT
U MPOCTHIX CaxapoB B IIpolieccax aspo0HOro U aHas-
pobHoro aeixanusA (Mori et al., 2009; Carr et al., 2015;
Nobu et al., 2016).

Ms! He HabJr04aNI 0COOBIX U3MEHEHUH B CTPYK-
Type cooOIlecTB MeTaHOTeHHBIX apxel, NX TaKCOHO-
MMYeCKHUIl cocTaB M pa3HooOpasue COOTBETCTBOBAJIU
OTMeYaeMEIM B OCaJiKax JIpyrux patioHoB o3epa. Cpeau
y4acTHHKOB aHa3pOOHOT0 OKHCJIEHUs MeTaHa B OCHOB-
HOM JleTeKTUPOBaJIICh apxen ceM. Methanoperedenaceae,
HCITI0JIb3YIONIMe HUTPAThl B KauecTBe aKIleNTopa 3JIeK-
TpoHOB (Raghoebarsing et al., 2006), Torga kak 6ax-
Tepun mnopsiaka Methylomirabilales (Methylomirabiota),
HCIIOJIb3YIONIHe B KadecTBe akIelTopa 3JIeKTPOHOB
HUTPUT, OTHOCWINCh K MUHOPHOI KOMIIOHEHTe C000-
mecTB. SIBHBIe pasymuus HabJoAaIuch MeXIy coo0-
IlecTBaMH OKMCJIEHHBIX U BOCCTaHOBJIEHHBIX KaHAJIOB,
a TakXe IIPU CpaBHEHUU C COOOIIeCTBaMU M3 APYIUX
cinoeB KepHOB. CoobfmiecTBa OKHCJIEHHBIX KaHaJIOB
(St5GC2_110 m 185 cM) xapaKTepu30BaJIMCh IPUCYT-
CTBMEM 3HAYUTEJIBHOIO KOJIMYeCTBA II0Cje[0BaTesIb-
HOCTel a’pOOHBIX MeTaHOTPOQHBIX OaKTepuil CeM.
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Methylophilaceae 1 Methylomonadaceae. VIx BvicOKas
OTHOCHTeJIbHAs YMCJIEHHOCTh Ha IJIyOuHe Hike 1 M
MOXeT OBITh 00yCJIOBJIeHa [TOCTYIJIEeHHEM B aHOKCUTeH-
HYI0 30HY NPUIOHHBIX BOJ, HACHIIIEHHBIX KUCJIOPOJOM
U cojepxalix KJIeTKu MeTaHOTpodoB. IlocTeneHHoe
HCTOIlleHNe KUCJIopoJia NpX HaJW4UKU MOHOB HUTpaTa
MOTJIM TaKXe CIIoCOOCTBOBATh B IOJJOHHBIX OCaJKax
Pa3BUTHIO aHA3POOHBIX, OKUCJIAIIINX MeTaH 110 HUT-
pasasucumoMy nytu Methanoperedenaceae (Lomakina
et al., 2020). Kpome ToOro, Ha CTPyKTypy COOOILIECTB
B 0CaJIKaxX KCCJIeJOBAaHHOI'O CHUIla MOXeT BJIMATH pac-
TBOpeHue IT npu murpaium (QJronaos, KOTopoe Npu-
BOAUT K paclpecHeHUI0 MOPOBHIX BOJ. DTUM MOXHO
O0OBACHUTH YMeHbIIeHNe BKJIaJla a3pOOHBIX aMMOHUI
OKHCJIAIONMX apxell cemelictBa Nitrosopumiliaceae
(Thermoproteota) B OBEPXHOCTHBIX OCaJKaX, a B IJIy-
OuHHBIX — OakTepuil puiryma Caldatribacteriota.

5. BoiBOADI

H3BecTHO, YTO MUKPOOHBIE cOoOOLiecTBa B IJIy-
OOKHX O3€pHBIX OTJIOXKEHUAX CTPYKTYPUPYIOTCA IO
OpUHLUIY 3Heprocbeperamwinero ¢epMeHTaTUBHOTO
MeTaboJm3Ma C MOCTENEHHBIM HUCTOLIEHNEM aKLeNTo-
POB 3JIEKTPOHOB B MopoBoii Boje (Berg et al., 2022)
n jabunsHoro OB (Glombitza et al., 2013). B ocax-
Kax MertaHoBoro cumna KpacHsiii fIp, B 30He Murpanuu
drona0NnoTOKOB 3aPUKCUPOBAHEI U3MEHEHUS B CTPYK-
Type MUKPOOHBIX COOOIIECTB, B OCHOBHOM B OKHCJIEH-
HBIX KaHajlaX, TOrga Kak BHe X, pa3HooOpasue Kak
OakTepulii, TaKk U apxei OBLIIO CXOAHO C OTMeYaeMbIM
B OCaJKaxX APYIruX paliOHOB: Ha BCEX HCCJIEJOBAHHBIX
rJiybrHax ocaJOYHOM TOJIIU BBIABJIAINCH METHUJIOTPO-
(HBIE MeTaHOTEHBI I MUKPOOPTaHNU3MBI, YIaCTBYIOLIIE
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B pasHbIX dTanax gepmeHtanuu OB. CXOACTBO CTpPYyK-
TYpH COOOIIECTB B aHOKCUI'€HHBIX OCajKax M BOCCTa-
HOBJIGHHBIX KaHajlax MaJIo pas3jiiyajoch 4TO, CKopee
BCero, OnpeAesiAJioch HaJUYWeM aKLeNTOpPOB 3JIeK-
TPOHOB Ha MOMEHT HCCJIEJOBaHUA B 3THUX 3KOTOIMAaX.
Takxe oueBUHO, YTO MOCTENIeHHOEe UCTOIeHle UCTOY-
HUKOB 5HEpruyd M BBIpaBHMBAaHHE XMMHWYECKHUX YCJIO-
BUIl, OyZeT IpUBOOUTH C TeueHHeM BpeMeHHU K Hhcues-
HOBEHHIO a3pOOHBIX MHKPOOPraHM3MOB B KaHajlax U
JOMMHUPOBAaHUI0 TaKCOHOB, XapaKTEepHBIX AJIA aHOK-
cuUreHHO! 30HBL. Kak Mokasanu Hamu HccaeqoBaHUs,
Hajyuhe a’poOHBIX OakTepuil B ocakax OTMedasioch
J0 TJIyOMHBL 2 M, 4TO COBHNafaeT C IeOXUMHUYeCKUMU
Y reoTepMHYeCcKrMHU [T0Ka3aTesIAMH, OIpeAesAIIuMU
30HYy aKTHUBHON MUTpalyy IpuioHHEX Boa (Pogodaeva
et al., 2020). CTpykTypa MHKPOOHBIX COOOILIECTB U
XMMUYECKUX IapaMeTpOB B OCaAKaX MeTaHOBOI'O CHUIIA
Kpacheiii fIp oTinuaercsa Takxke OT HabJogaeMoil B
paiione noaHatus Iloconbckas banka Oojiee akTUB-
HBIM BJIMAAHUEM NPUJIOHHBIX BOJ HAa CTPYKTYpPYy B aHOK-
CUT'eHHOH 30He, Torfa Kak B 30He (JIIOWAHON NeTyIn
OoTMeuasioch OoJblliee BJIMAHUE ITyOMHHBIX MUTpaLy-
OHHBIX IIOTOKOB, IlepeMellalolliX Ha TOBePXHOCTh AHA
o3epa aHa’poOHBIX OakTepuil. TakXke OYeBUIHO, YTO
MUTIpalIOHHBIe IOTOKU CIIOCOOCTBYIOT OeCTPYKIUHU
3aXOPOHEHHOI'0 OPraHNYecKoro BellecTBa, MOCTaBJIAA
cyOcTpaThl, CIocoOCTByIOIIMEe Pa3BUTHIO a3pOOHBIX U
aHa’pOOHBIX MUKPOOPraHMW3MOB B IIOANIOBEPXHOCTHBIX
ocajKax.
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