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ABSTRACT. The comparative characterization of oil biodegradation processes under anaerobic condi-
tions during the cultivation of microbial communitiesof sediments from two sites of oil seeps is given.
The microbial community of sediments from the Bolshaya Zelenovskaya River oil seep, functioning
under the conditions of long-term exposure to hydrocarbons, is focused more on the processes of anaer-
obic oxidation of oil in comparison with the microbial communities of sediments from the oil seep
located near Cape Gorevoy Utes. This is evidenced by the high level of hydrocarbon biodegradation
in both surface and deep sediments, regardless of the electron acceptors present in the medium. Oil
degradation in enrichment cultures was accompanied by the formation of hydrocarbon gases (methane
and ethane). The highest concentration of methane formed was found in the experiment with sediments
from Cape Gorevoy Utes. Ethane generation, on the contrary, was more typical of the cultivation of
communities from sediments of the Bolshaya Zelenovskaya River. Microbial communities functioning
under anaerobic conditions in sediments at the sites of oil seeps are no less important in the processes
of self-purification of the lake from oil “pollution” than aerobic microbial communities of the water
column and surface sediments.
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1. Introduction Despite the constant oil emission (up to 4 t/

year), low temperatures, and a long period of complete
replacement of Lake Baikal waters by inflows (about
400 years) (Weiss et al., 1991), oil seepages are local-
ized in restricted sites. The area of lake surface showing
oil slicks near Cape Gorevoy Utes has not changed over
the period 2005 to present and is approximately 1 km?.
The permanence of the area of oil “pollution” indicates
the mechanisms of self-purification of the lake ecosys-

Lake Baikal, located in the southern part of
Eastern Siberia, is the largest natural freshwater res-
ervoir and is of tectonic origin. It is known as one of
the three freshwater lakes in the world, in line with the
rifted deep-water Lake Tanganyika and shallow-water
Lake Chapala, which are also characterized by natu-
ral oil seeps (Simoneit et al., 2000; Zarate-del Valle et

al.,, 2006). Nowadays, there are two areas of natural tem, the main contribution to which is made by aero-

oil seepages in Lake Baikal: one of them isilocated near bic hydrocarbon-oxidizing microorganisms (Pavlova et
the mouth of the Bolshaya Zelenovskaya River (BZ) and al., 2008; Pavlova et al., 2012; Pavlova et al., 2020;

has been known since the XVIII century; the other is Gorshkov et al., 2020). It is obvious that aerobic pro-

located near Cape Gorevoy Utes (GU) (discovered in cesses of oil hydrocarbon oxidation are dominant in the
2005) (Kontorovich et al., 2007; Khlystov et al., 2007) oxygenated water column and in the surface sediments

(Fig. 1). with high O, content.
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Fig.1. Map-scheme of the location of the oil seeps in Lake Baikal

On the other hand, if the oil remains in sedi-
ments for a long time, anaerobic processes of hydrocar-
bon biodegradation may occur, resulting in the appear-
ance of deeply biodegraded oil on the water surface
(as observed in the area of the Bolshaya Zelenovskaya
River). These processes may be common or different
in the two areas of oil seepages in Lake Baikal, as the
areas differ in the time of functioning, thermobaric con-
ditions, geological structure, and oil composition at the
present stage (Khlystov et al., 2022).

2. Materials and methods

Two gravity cores of sediment were collected for
the study: from the hydrocarbon discharge zone near
Cape Gorevoy Utes (10 km from the shore, depth of the
water column is 890 m), St. 5, GC. 3, and at the mouth
of the Bolshaya Zelenovskaya River (1.4 km from the
shore, depth of the water column is 320 m), St. 4, GC.
6. Two samples were taken from each core (Table).
Without oxygen, oil hydrocarbons can be oxidized by
microorganisms using electron acceptors,,, and Fe®*
(Zhang et al., 2019). To obtain enrichment cultures,
samples of sediments were aseptically collected from
the central part of the core and immediately placed in
116-mL flasks containing 50 mL of sterile anaerobic
mineral medium, oil, and various electron acceptors.
Oil conversion was assessed by the loss of n-alkanes
and polycyclic aromatic hydrocarbons (PAH) after one
year of cultivation compared to control samples not
containing sediments (Pavlova et al., 2022; Pavlova et
al., 2024).
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3. Results and discussion

As a result of these studies, the conversion of
n-alkanes and PAH was found to be more efficient in
the experiment with sediments sampled at the site of
the BZ oil seep than at the GU oil-methane seep. In the
experiment of the GU sediments, the decrease in n-al-
kanes was either insignificant or their concentration
decreased by 1.2-fold, while the concentration of poly-
cyclic hydrocarbons decreased by 1.1-1.4-fold (Pavlova
et al., 2022). While in the experiment of the BZ sedi-
ments, the concentration of n-alkanes decreased 1.2-2
times, and PAH by 2.2-2.8 times (Pavlova et al., 2024).

The presence of different electron acceptors had
an effect on n-alkanes degradation processes occurring
only in enriched cultures containing surface sediments
and was less significant for processes occurring in cul-
tures containing deep sediments. Both n-alkanes and
PAH are degraded in surface sediments, while in deep
sediments mainly polycyclic aromatic hydrocarbons
were biodegraded. The addition of electron acceptors
had little or no effect on the reduction of PAH in the
experiment with both GU and BZ sediments.

The results of the experiments correlate with
geochemical data on the composition of organic mat-
ter and selected biomarker compounds in sediments
from the two oil seepage. Sediments of GU are enriched
in organic matter, which is biodegraded to a different
extent than that of BZ, depending on the depth of occur-
rence. Group composition of bitumoids and increase in
productivity index indicate that oil saturation of the
GU sediments is continuously in progress. Moreover,
the presence of naphthenic hump, high level of n-al-
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Table. Legend keys of enrichment cultures obtained and cultivation conditions

Sampling site | Sediment sampling depth, Electron acceptor Reference
cm /legend H,:CO, Fe3+
Gorevoy Utes St. 5, GC. 3, 10-30 / (GUI) GUI_ HCO, GUII_ HCO, Pavlova et
(GU) St. 5, GC. 3, 100-120 / (GUI) |  GULSO, GUILSO, al., 2022
Bolshaya St. 4, GC. 6, 30-50 cm / K1 _BZ K1_HCO, K1.S0, K1_NO, K1 Fe Pavlova et
Zelenovskaya | o 4 Gc.6,250270cm/ | K2.HCO K250, |K2NO, | koFe | -2024
(BZ) K2_BZ ’ ) ’

kanes maturity (CPI < 2), decrease in PAH concentra-
tion, decrease in n-C,-n-C,, with depth in GU samples
indicate that biodegradation processes are taking place
(Morgunova et al., 2022). In the BZ sediments, the
concentration of organic matter is much lower, n-al-
kanes and isoprenoids are absent, and bitumoids are
dominated by asphaltic-resinous components (up to
94 %) (Khlystov et al., 2022; Kostyreva et al., 2022;
Morgunova et al., 2022).

The oil content is also influenced by geological
processes at two sites of oil seeps. As a result of oil
fractionation in the upper layers of sediments and the
formation of kerogenic structures on the lake bed in the
GU area, a fraction enriched in n-alkanes (Khlystov et
al., 2009; Gorshkov et al., 2020) enters the lake waters,
which is very efficiently oxidized by microorganisms
under aerobic conditions in the water column. A par-
tial loss of low molecular weight alkanes as a result
of oil fractionation and conservation of high molecular
weight alkanes, as well as high concentrations of poly-
cyclic hydrocarbons (terpanes, PAH), contribute to the
development of a microbial community aimed at bio-
degradation of aromatic compounds under anaerobic
conditions, as evidenced by a significant decrease in
their concentration in the oil composition during the 18
years since the discovery of the oil seepage (Gorshkov
et al., 2020).

In the longer existing BZ area, oil has a long
pathway from its source of generation and accumulates
for long periods in sediments, where active anaerobic
biodegradation of both n-alkanes and PAH takes place.
The long distance travelled by the oil from the source
and its long-term accumulation in sediment layers is
evidenced by the perylene content in the bitumen (a
stable end product of organic matter transformations
in sediments), which is two orders of magnitude higher
than in the oil sampled in the area of the GU oil seep
(Khlystov et al., 2022).

Oil degradation was accompanied by the forma-
tion of hydrocarbon gases (methane and ethane). In
the BZ and GU sediment experiments, the maximum
concentration of methane formed was 2.4 mmol/L (54
mL/L) and 32.54 mmol/L (728 mL/L), respectively.
The range of methane concentrations in sediments of
Lake Baikal is from a few mcl/]1 to 20 ml/1 (Zemskaya
et al., 2008; Pogodaeva et al., 2017). Thus, the values
of the concentration of methane formed during oil bio-
degradation under experimental conditions are highly
significant, especially in the case of samples from the
GU oil seep. In contrast, ethane generation was more
characteristic in cultured communities from BZ sedi-
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ments, where C,H concentration increased 2.3-7 times
after one year of cultivation compared to the beginning
of the experiment.

Analysis of the structure of microbial communi-
ties in the surface and deep sediments from the GU and
BZ oil seeps revealed the dominance of representatives
of nine phyla of the domain Bacteria: Chlorofiexota,
Pseudomonadota, Actinomycetota, Nitrospirota,
Acidobacteriota, Bacteroidota and Desulfobacterota,
Atribacterota, CaldisericotaandfiveofthedomainArchaea:
Thermoproteota, = Halobacterota, = Thermoplasmatota,
Nanoarchaeota, and Ca. Hadarchaeota. Compared to
sediments from methane seeps and mud volcanoes, the
composition of the microbial communities is mostly
similar at the phylum level and differs significantly at
the family level (Zemskaya et al., 2024, in press).

The dominant phylum Chloroflexota was repre-
sented by the families Anaerolineaceae and the non-clas-
sified Dehalococcoidia; the share of families within the
phylum varied with depth (Fig. 2). Microorganisms
belonging to these families have been found in a wide
range of anaerobic habitats, including sediments, hot
springs, anaerobic reactors, and hydrocarbon-contami-
nated ecotopes, where they are capable of syntrophic oxi-
dation of hydrocarbons (Anaerolineaceae) to form meth-
ane with the participation of methanogenic archaea,
reductive dechlorination of chlorinated hydrocarbons,
and organohalogen respiration (Dehalococcoidia) (Liang
et al., 2015; Loffler et al., 2015).

The phylum Actinomycetota is mainly represented
by OTU belonging to the families OPB,, (Coriobacteriia),
the chemoorganoheterotrophic  Gaiellaceae, and
WCHB1-81 (Thermoleophilia). Most of the phylotypes
associated with OPB,, were found in oil-bearing, sedi-
mentary, and subsurface environments. Analysis of the
metabolism of cultured representatives of OPB,, showed
that the microorganisms are anaerobic lithotrophs
using thiosulphate, elemental sulphur, or Fe (III) as
electron acceptors (Khomyakova et al., 2022). The phy-
lum Acidobacteriota consisted mainly of representatives
of the families Aminicenantales and Vicinamibacteraceae
— chemoorganoheterotrophs fermenting carbohydrates
and protein substrates under anaerobic and aerobic
conditions, respectively (Kadnikov et al., 2019; Dedysh
and Yilmaz, 2018). Aminicenantales have been shown
to be most abundant in hydrocarbon-exposed environ-
ments, followed by marine habitats (especially hydro-
thermal vents) and freshwater habitats (Farag et al.,
2014). The phylum Bacteroidota is represented by the
family Bacteroidetes_vadinHA17, proteolytic bacte-
ria that ferment carbohydrates to form volatile fatty
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The relative share of Bacteria 16S rRNA gene fragment sequences represented at the phylum (a) and family (b) levels

in libraries from sediments of the GU and BZ oil seeps. Listed taxa representing >1% in at least one of the libraries

acids (Kampmann et al., 2012). OTU related to the
phylum Desulfobacterota belonged to anaerobic bac-
teria oxidizing short-chain fatty acids (Syntrophaceae,
Smithellaceae) or acetate (Desulfobaccaceae) in syntro-
phic interaction with methanogenic archaea (Galushko
and Kuever, 2019).

The representatives of the phylum Nitrospirota,
Pseudomonadota,  Patescibacteria, =~ MBNT15, and
Verrucomicrobiota were mainly revealed in the surface
sediments and are characterized as chemoorganohet-
erotrophs oxidizing peptides, amino acids, fatty acids
and simple sugars by aerobic and anaerobic respiration.

At the same time, Atribacterota and Caldisericota
were revealed in deep sediments. Representatives of
Atribacterota are most commonly found in geother-
mal systems, oil reservoirs, anaerobic marine sedi-
ments and methane seeps (Mori et al., 2009; Carr et
al., 2015; Nobu et al., 2016). Metabolic reconstructions
of Atribacterota genomes have now shown that bacteria
can not only ferment carbohydrates via glycolysis to
produce hydrogen, acetate and ethanol, but can also
ferment short-chain n-alkanes to fatty acids, which are
then consumed by secondary degraders. The oxidation
of n-alkanes is controlled by a complete set of genes
that mediate the attachment of fumarate to hydro-
carbons (FAE, fumarate-adding enzymes) (Liu et al.,
2019). Thermophilic obligate anaerobic heterotrophs
that reduce sulphur compounds and belong to the phy-
lum Caldisericota were also among the dominant taxa
in the deep sediments. Sequences belonging to this
phylum are currently being identified in hydrother-
mal systems, hydrocarbon contaminated aquifers, soda
lakes, bioreactors, etc. (Mori et al., 2009). Phylogenetic
analysis based on the comparison of the concate-
nated amino acid sequences of 120 conserved proteins
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showed that the Caldisericota phylum, together with
Coprothermobacterota, Dictyoglomota, Thermotogota,
and Thermodesulfobiota, forms an ancient clade whose
ancestor may have been a thermophilic, strictly anaer-
obic, motile, hydrogen-dependent, mixotrophic bacte-
rium similar in metabolism to the last universal com-
mon ancestor (LUCA) (Leng et al., 2023). Also in deep
sediments, sequences of representatives of the phylum
Zixibacteria and Elusimicrobiota, which usually account
for less than 1% of microbial communities and are
representatives of the “rare biosphere” or “microbial
dark matter”, were found in significant amounts (up to
4.7%) (Pascoal et al., 2021). Based on the reconstruc-
tion of the genomes of these bacteria, it is shown that
they possess enzymatic metabolism, and magnetotaxis
are involved in iron and sulphur cycling (Castelle et al.,
2013; Uzun et al., 2023).

The Archaea domain in the oil seeps sediments
was represented by the same dominant taxa at the
phylum level as in the mud volcano sediments, only
the share of microorganisms from different systematic
groups varied (Zemskaya et al., 2024). This pattern was
established earlier, when studying microbial diversity
in sediments of Lake Baikal associated with oil and gas
discharge (Zemskaya et al., 2015). The Thermoproteota
phylum was abundant in sediments in the zone of oil
seepages (Fig. 3). The dominant OTU belonged to the
Bathyarchaeia (up to 60% of all sequences) and to the
unclassified Crenarchaeota. Based on metabolic recon-
structions of Bathyarchaeia genomes, it has now been
shown that microorganisms can not only ferment car-
bohydrates, but also oxidize short-chain n-alkanes and
aromatic compounds to fatty acids, which are then
consumed by secondary degraders (Zhou et al., 2018;
Dong et al., 2019; Liu et al., 2019; Zhang et al., 2021).
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Fig.3. The relative share of Archaea 16S rRNA gene fragment sequences represented at the phylum (a) and class (b) levels in
libraries from sediments of the GU and BZ oil seeps. Taxa representing >1% in at least one of the libraries are listed

The Halobacterota phylum is represented by families
of hydrogenotrophic archaea (Methanomicrobiaceae,
Methanoregulaceae, Methanoperedenaceae, and
Methanosaetaceae). Aerobic archaea of the family
Nitrosopumilaceae have been identified in the surface
and subsurface sediments, carrying out chemolithoau-
totrophic growth through ammonia oxidation and CO,-
fixation (Qin et al., 2016). The phylum Nanoarchaeota
consisted mainly of OTU belonging to the fami-
lies GW2011_GWC1_47_15 and Woesearchaeales fa,
archaea identified in a wide range of habitats, includ-
ing oil reservoirs and sulphur springs. They are part of
a consortium with bacteria where bacteria are involved
in carbon cycling and archaea are involved in nitrogen
fixation, denitrification and sulphate reduction under
anaerobic conditions (Liu et al., 2021; Kohler et al.,
2023). The myxotrophic Thermoplasmatota were repre-
sented by Marine_Benthic_Group_D_and DHVEG-1 _fa,
and the unidentified Thermoplasmata.

Only in their deep sediment samples were
revealed sequences assigned to thermophilic Ca.
Hadarchaeota. Archaea were first discovered in a gold
mine in South Africa at a depth of about 3 km. They
were also found in methane cold seep sediments con-
taining gas hydrates (Takai et al., 2001; Mara et al.,
2023). According to the genome reconstructions of Ca.
Hadarchaeota has genes related to carbon fixation via
the Wood-Ljungdahl pathway, methanogenesis and
alkane metabolism (Hua et al., 2019; Baker et al., 2016;
Wang et al., 2019).

Thus, metabarcoding studies of sediments from
oil seeps (BZ and GU) revealed a complex composition
of microbial communities consisting of bacteria and
archaea specialized in the degradation processes of a
wide range of substrates (organic carbon and oil hydro-
carbons), as well as the presence in microorganisms of
genes encoding the synthesis of enzymes for the aer-
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obic degradation of hydrocarbons and biosurfactants
(Pavlova et al., 2010; Lomakina et al., 2014; Likhoshway
et al., 2014). The microbial community of sediments of
the GU is mostly represented by sequences of microor-
ganisms found in thermal springs of Yellowstone Park,
sediments of mud volcanoes, and hydrocarbon-contam-
inated environments geographically very distant from
Lake Baikal, as well as sequences of representatives
of the “rare biosphere” — Elusimicrobiota, Zixibacteria,
and Ca. Hadarchaeota. Representatives of these taxa
are also found in the deep sediments of the BZ, but
in smaller amounts. The main difference in the taxo-
nomic composition of the microbial communities was
observed between the subsurface and deep sediments
(Pavlova et al., 2022; Pavlova et al., 2024).

4. Conclusions

The microbial community of sediments of the
Bolshaya Zelenovskaya oil seep, functioning under con-
ditions of long-term exposure to hydrocarbons, is more
focused on the processes of anaerobic oxidation of oil
in comparison with the microbial communities of sed-
iments of the oil seep located near Cape Gorevoy Utes.
This is demonstrated by the high level of biodegradation
of PAH in both surface and deep sediments, regardless
of the electron acceptors present in the medium. And
n-alkanes, the degradation rate of which was higher in
enrichment cultures with BZ sediments than with GU.

Microbial communities functioning under anaer-
obic conditions in sediments in areas of oil seepages
are no less important link in the processes of self-pu-
rification of the lake from oil “pollution”. This is evi-
denced by the high hydrocarbon-oxidizing capacity of
microorganisms, which carry out anaerobic biodegra-
dation of oil components (up to 65%) in the low-tem-
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perature conditions of Lake Baikal. As in other oil
reservoirs, hydrocarbon conversion is accompanied
by the formation of hydrocarbon gases (methane and
ethane). Bacteria (Bacillota, Gammaproteobacteria,
Chloroflexota, Actinomyceota, Desulfobacterota) and
archaea (Halobacteriota, Bathyarchaeia), which oxidize
syntrophically oil hydrocarbons, may be the key partic-
ipants in the anaerobic degradation of oil hydrocarbons
in sediments of Lake Baikal.
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CpaBHHMTEeAbHAA XapaKTepucTuKa
npoueccoB aHA3pPOO6HOro oKUCAEHHUA
HePTH MMKPOOHBLIMM coobLLecTBaAMM
AOHHBIX OCaAKOB PAaMOHOB €CTEeCTBEHHbIX
HedTenpoasreHuH 03. bankan (FfopeBon
Y1ec, bonbluaa 3eneHOBCKanR)

[TaBnmoBa O.H.*, U3ocumoBa O.H., YepHurpina C.M., bykun C.B.,
WBanoB B.I'.,Xa0byeB A.B., [Torogaesa T.B., CmupHosa /[.K.,
I'opwmikos A.T'., 3emckas T.U.

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

AHHOTAILIUS. TlpuBefieHa cpaBHUTebHasg XapaKTepUCTHKa IMPOLlecCOB Ouoferpamanuu HedTu B
aHadpPOOHBIX YCJIOBUAX MPU KYJIbTUBUPOBAHUN MUKPOOHBIX COOOIIECTB JOHHBIX OCAZIKOB JIBYX PalilOHOB
HedTenposBiaeHUN. MUKpoOHOe COOOIIECTBO JOHHBIX O0CAKOB U3 palioHa HedTenposBiieHUs Bosbinas
3esieHOBcKasA, QYHKIMOHUpYIOLee B YCIOBUAX AJIUTEIbHOIO BO3AEICTBUA YIIeBOAOPOAOB, 60jiee opu-
€HTHPOBaHO Ha [IPoLlecChl aHa3pOOHOr0 OKKUCIeHN A HedTU B CPaBHEHUY C MUKPOOHBIMH COO01ecTBaMuU
13 0CagKOB He(TelIpOsBJIEHNA, PaclioIoKeHHOro y M. 'opeBoii YTec. O6 3TOM cBUAETeJIbCTBYET BhICOKAA
cTelleHb OroAerpaganyy yrieBogOpOoAOB, KaK B IOBEPXHOCTHHIX, TaK 1 IIyOMHHBIX OCajKax, B He3aBU-
CHMOCTHU OT IIPUCYTCTBYIONINX B Cpejie aKleNTOPOB 3JIeKTPOHOB. Jlerpaganusa HeTHU B HAKOMUTEIbHBIX
KyJIbTypax COIIpOoBOXAajlach 06pa3oBaHueM yIjieBOAOPOAHBIX ra3oB (MeTaHa 1 3TaHa). MakcuMaabHas
KOHIIeHTpal1s 00pa30oBaBIlerocs MeTaHa BbIABJIEHA B SKCIIepUMeHTe ¢ ocaakamu u3 ['opeBoro Yreca.
l'eHepalus 3TaHa, HaIPOTUB, OblJIa OOJIee XapaKTepHa MpU KyJIbTUBUPOBAHUM COOOIIECTB U3 OTJIOXE-
Huil Bospiioil 3eseHoBcKOM. MUKpoOHBIe coolIiecTBa, PYHKIUMOHUPYIOMINE B aHA3POOHBIX YCJIOBUAX
B JIOHHBIX OCaJKax B paiioHax He(TeNpOsBJIEHUH, ABJAIOTCA He MeHee BaXHBIM 3B€HOM B Ipoleccax
CaMOOYUIIeHNs 03epa OT HeDTAHOro «3arpsA3HeHUs», YeM aspoOHble MUKPOOHBIE cOO0IIecTBa BOJHOMN
TOJIIIY Y TOBEPXHOCTHBIX OTJIOKEHUH.

Kitiouegsie citoga: anaspoOHoe okucjaeHne HedTH, 03. Balika, JOHHBIE OCaAKU, MUKPOOHOE COOOIeCTBO

Jiia nutupoBanus: [lasiosa O.H., M3ocumosa O.H., Yepuuipina C.M., Bykun C.B., Banos B.I'.,Xa6yes A.B., [Torogaesa T.B.,
CmupHoBa [I.K., Topmkos A.T'., 3emckasa T.W. CpaBHUTeJIbHasA XapaKTepPUCTHUKA MPOLECCOB aHA3POOHOTO OKUCJIeHUsA HedTu
MUKPOOHBIMY COO0II[eCTBaMU JOHHBIX OCAJIKOB PAallOHOB eCTeCTBEeHHBIX HedTenposBieHuii 03. Batikas (I'opeBoit Ytec, Bosbmas
3eneHoBckas) // Limnology and Freshwater Biology. 2024. - No 4. - C. 1035-1049. DOL: 10.31951/2658-3518-2024-A-4-1035

1. BeepeHne Bospmas 3eneHoBckas (B3) u usBecteH ¢ XVIII Beka,

BTOpOU pacnoyioxeH y M. ['opeBoit Ytec (I'Y) (OTKpHIT
B 2005 r.) (KonTtoposuu u ap., 2007; XseicToB U Ap.,
2007) (Puc. 1).

HecMmoTps Ha nocTosHHyI0 sMuccuio HepTtu (o
4 T/TOA), HU3KUE TeMIepaTyphl, a TakXKe AJIUTeJIbHBIN
IepuoA NOJIHOTO 3aMelleHus BoA balikana nputokamu
(oxoso 400 siet) (Weiss et al., 1991), Beixoasl HehTH
JIOKaJIN30BaHbl Ha OrpaHMYeHHBIX ydacTKax. [Imomanb
BOJTHOM IOBEPXHOCTHU 03epa, Ha KOTOPOU MPOSBJIAIOTCA
HedTAHBIEe NATHA y M. ['opeBoil YTec He u3MeHUJIAch
3a nepuon ¢ 2005 r. mo HacTosIlee BpeMs U COCTaB-
JsetT okoso 1 kM2 TIoCTOAHCTBO IUIOMAAN HedTs-

Ozepo bailikaj, pacnosyioxxeHHOe B I0XXHOH 4acTu
Bocrounoii Cubupm, sABJsgeTcA KpYyNHEHIINM ecTe-
CTBEHHBIM pPe3epBYapOM IPeCHOH BOIHI U IMEET TEKTO-
HUYECKOe MpoucxoxaeHre. OHO U3BECTHO KaK OOHO U3
TpeX IPEeCHOBOJHBIX 03ep B MUpe, HapsALy ¢ PUGTOBEIM
rIyOOKOBOAHBIM 03epoM TaHraHpUKa U MeJIKOBOAHBIM
o3epoM Yanaja, KOTOpHE TaKXe XapaKTepU3YITCs
€CTeCTBEHHBIMM BbIXozaMu HedTu (Simoneit et al.,
2000; Zarate-del Valle et al., 2006). B HacTosIIee BpeMs
B 03. Balikas ycTaHOBJIEHH JBa palioHa eCTeCTBEHHBIX
HeTenposBIIEHNI: OOUH U3 HUX HAXOOUTCA Y YCThA P.
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Puc.1. Kapra-cxema pacnoJioxeHUs paiioHOB HeTenposABIeHNs B 03. Baiika

HOT'O «3arps3HEeHUsA» CBUJETEJIbCTBYET O MeXaHU3MaX
CaMOOYMIIIeHNA dKOCHCTEMBI 03epa, OCHOBHOH BKJIaJ B
KOTOpBble BHOCAT a3pOoOHbIe YIIeBOAOPOAOKUCIIAIOLIE
Mukpoopranusmsl (IlaByioBa u np., 2008; ITaBioBa u
ap., 2012; IMaBaosa u 1p., 2020; Gorshkov et al., 2020).
OueBUIHO, YTO B BOJHOM TOJIIIE, HACHIIIeHHON KHCJIO-
POAOM, 1 B IIOBEPXHOCTHBIX AOHHBIX OCAJKax C BBHICO-
KkuM cofepxanvieM O, OJOMUHUPYIOT a3po0HbIe IIPO-
1[eCChl OKHCJIEHUS YIIeBOAOPOJOB HepTHU.

C Apyroil CTOpPOHEBI, IpU [JIUTEJIBHOM HaXOX-
JeHun HedTU B AOHHBIX OcajKaxX, B HUX MOTYT IIpO-
HUCXOAUTh aHaspoOHBle IIpollecchl OuoAerpaaanuu
yIJ1€BOAOPOAOB, KOTOpHEe 00yCJaBIMBAIOT IIOABJIE-
HUe yxXe TJyOOKO OuojerpagupoBaHHOU HedTU Ha
BOJIHOI noBepxHOCTU (Kak 3TO HabJIloaeTcs B palioHe
Bospiioit 3esieHOBCKOLT). DTU MpoOIecchl MOTYT UMeTh
OOIHOCTh WJIM pa3jiMyus B JIBYX paiioHax HedTerpo-
sIBJIEHUH B 03. batikani, Tak Kak paliOHbI pa3IUyaTCs
BpeMeHeM (YHKIHOHUPOBAaHUA, TepMoOapHUyecKuMu
YCJIOBUAMY, T'e0JIOTUYeCKHM CTPOE€HHEM U COCTaBOM
HedTH Ha coBpeMeHHOM 3Tane (XJIbICTOB U Ap., 2022).

2. MaTepuanbl U MEeTOADI

Ja uccnegoBaHuss oToOpaHBl ABAa KepHa AOH-
HBIX OCAJKOB: U3 30HBI pasrpy3ku YIrJIeBOLOPOJOB Y
M. 'opeBoit YTec (10 kM oT Gepera, riybuHa BOJHOM
tomqu 890 M) — St. 5, GC. 3 u y yctba p. Bosbias
3enenoBckasg (1.4 xm or Oepera, riaybuHa BOAHOMN
tomqu 320 m) — St. 4, GC. 6. U3 kaxaoro KepHa OTo-
Opansl o ABa o6pasia (Tabiuna). B oTcyTerBue kuc-
Jjopoaa HedTsAHBIE YTJIEBOJAOPOAbI MOIYT OKUCJIATHCA
MHMKpOOpraHu3MaMu IIpU HCIO0JIb30BAaHUU B KauyecTBe
aKIEenTOPOB 3JIEKTPOHOB,, U Fe** (Zhang et al., 2019).
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JnA nosiydeHUs HaKOIUTEJBHBIX KYJIbTYp, 00paslbl
JIOHHBIX OCAIKOB acelnTHYeCcKy 0TOMpaIu U3 LIeHTpaJlb-
HOM 4YacTu KepHa U cpasdy noMelaayd BO (JIaKOHBI
obbemMoM 116 M1, comepxaique 50 MJI CTepUIBHOMN
aHadpoOHON MUHepasbHOU cpenbl, HeDTh U pazIny-
HBle aKLeNTOopH! 3JeKTpoHOB. KoHBepcuio HedTu oue-
HUBaJM N0 yObUIM H-aJIKAHOB U MOJIMIUKJINYECKUX
apoMartuueckux yriaeogoponoB (I[TAY) mo ucreueHuu
OAHOr0 rojia KyJbTHBHPOBAHHA B CpPaBHEHUM C KOH-
TPOJIbHBIMU ITIpo6aMu, He cofiepXKalliX JOHHbBIe 0CaKu
(Pavlova et al., 2022; Pavlova et al., 2024).

3. Pe3yAabTatbl M 06Ccy)xpeHue

B pesynbpTaTe mNpoBeJeHHBIX HCCJIeJOBaHUN
YCTaHOBJIEHO, YTO KOHBepcUusA H-aJikaHoB U [TAY mpo-
xoguna 3bdeKTruBHee B JKCIEpHMEHTe C OcaJKaMH,
oToOpaHHBIMU B palioHe HedTemnposiBieHus b3, yem B
HedTe-MeTaHoBOM curie I'Y. B skcnepumeHnTe ¢ ocaf-
xamu I'Y, yObUIb H-aJIKaHOB JIMOO Obljla HE3HAYUTEJIb-
HOMU, 00 MX KOHLeHTpamnus cHmXxasach B 1.2 pasa,
KOHIIeHTpal{s IOJUIMKINYEeCKUX YIIeBOOOPOJOB — B
1.1-1.4 paza (Pavlova et al., 2022). B To BpeMs Kak
B JKCIlepUMeHTe ¢ ocagxkaMiu b3, KoHIleHTpanua H-ajl-
KaHOB cHuswiaack B 1.2-2 pasa, [IAY B 2.2-2.8 pa3
(Pavlova et al., 2024).

[IpucyTcTBUe pa3/MYHBIX aKLEe[ITOPOB 3JIEKTPO-
HOB OKa3bplBaJI0 BJIUAHME Ha IIpollecchl Aerpagaiuu
H-aJIKaHOB, NPOMCXOAAIINE TOJBKO B HAaKOIUTEJbHBIX
KyJIbTypax, cojepXalluxX IOBepXHOCTHBIE OCaJAKH,
1 MeHee 3HAuMMO [JiA IIPOLECCOB, MPOUCXOMAMIMNX
B KyJIbTypax, cojepxaliue IJIyOMHHBIE ocagku. B
IIOBEPXHOCTHBIX OCafKaX MPOMCXOAUT Aerpajanus Kak
H-aJIKaHOB, Tak U [TAY, B ryyOMHHBIX — OMoerpaaanuu
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PaiioH oTr60pa I'smy6una oT60pa npob qOH- AK11enTOp 3JIEKTPOHOB CchLiIKa
npo6 HBIX 0CaJKOB, CM /yCJIOBHOE H.:CO Fe3+
o6Go3HaueHne 2
T'opeBoii YTec St. 5, GC. 3, 10-30 / (GUI) GUI_ HCO, | GUII_ HCO, Pavlova et al.,
(ry) St.5,GC. 3,100-120 / (GUID | Guiso, | Gumso, 2022
Bosbmasa St. 4, GC. 6, 30-50 cm / K1_B3 K1_HCO, K1.S0, K1_.NO, K1 _Fe |Pavlova et al.,
Sene(‘g’s‘;c“a” St. 4, GC. 6, 250-270 cm /K2 B3 | K2HCO, | K2.80, | K2NO, | K2Fe 2024

IoABeprajaych, B OCHOBHOM, MOJUIMKJINYECKHE apo-
MaTHueckue yrijieBogopoasl. Jlo6aBieHNne akIenTOpOB
3JIEKTPOHOB MPAaKTUYeCKU He BJIMAJTO Ha yObuib [TAY B
JKCIIepuMeHTe Kak ¢ ocafgkamu I'Y, Tak u ocaakamu B3.

PesysipTaThl 9KCIEpUMEHTOB KOPpEJUPYIT C
reoX¥MH4ecKMMM MOaHHBIMU II0 COCTaBy OpraHuue-
CKOTO BellecTBa U OTJEJIbHBIX OMOMapKepHBIX COelu-
HEHUM B OcaJikax ABYX pailloHOB He(TeNnposBJIEHU.
Ocagxu TI'Y oforaiieHbl OpraHMYecKHM BellecTBOM,
KOTOpoe OH1oJierpaqpoBaHo B pa3HON CTelleHU B 3aBU-
CHUMOCTU OT TJIyOMHBI 3ajieraHusA B cpaBHeHuu c b3.
I'pynnoBoii coctaB GUTYMOUAOB, MOBBIILIEHHBIE NHAEKC
MIPOAYKTUBHOCTH CBUJIETEJIbCTBYIOT O TOM, YTO HedTe-
HachlleHne ocagxos I'Y mpoucxonut noctosaHHo. [Ipu
3TOM, IpUCYTCTBHe HapTeHOBOro ropba, BEICOKHUH ypo-
BeHb 3peJiocTu H-asikaHoB (CPI < 2), cHuXeHue KOH-
uentpanuu I1AY, cuuxenune H-C,—H-C, ¢ TIyOuHON B
obOpasnax I'Y ykasplBaloT Ha MPOUCXOAANINE MPOLeCCH
ouoperpamanuu (Morgunova et al., 2022). B ocagkax
B3 koHIleHTpanusA OpraHNUYecKoro BellecTBa 3HAYM-
TeJIbHO HUXe, OTCYTCTBYIOT H-aJIKaHbl 1 N30IIPEHONBL,
B cOCTaBe OMTYMOMJIOB JOMUHUPYIOT acaibTOBO-CMO-
JIMCThIe KOMIIOHeHTHI (10 94 %) (XusbicTOB U Ap., 2022;
KoctripeBa u fAp., 2022; Morgunova et al., 2022).

Ha cocTaB HedTU Takxke BJUAIOT reojioruieckre
IIpolLiecchl B IBYX palioHaX BBIXOJ0B HedTu. B pesysib-
TaTe (QpaKIuOHNPOBaHNUA He(TU B BEPXHUX CJIOAX JJOH-
HBIX OTJIOXKeHUI U 0Opa3oBaHMs OMTYMHBIX MTOCTpPOEK
Ha JiHe o3epa B paiioHe I'Y, B BoAbl 0o3epa IocTynaeT
dpaxuusa, oboraijeHHasA H-ajakaHaMu (XJIBICTOB U [Ip.,
2009; Gorshkov et al., 2020), koTopas BecbMa 3hdek-
TUBHO OKHUCJIAETCA MHKPOOpraHu3MaMM B aspOOHBIX
YCJIOBUAX B BOAHOU ToJe. YacTUyHaA oTepsA HU3KO-
MOJIEKYJIIPHBIX aJIKaHOB B pe3yJibTaTe (PpaKIOHUPO-
BaHUA HedTU U COXpaHeHUe BBICOKOMOJIEKYJIAPHBIX, a
TakXe BBHICOKHE 3HaUeHHsA KOHLIEHTpaluy IOJUIUKIIN-
YyecKUX yryieBofopodos (Tepnansl, [IAY) criocobCcTBYIOT
Pa3BUTHI0 MUKPOOHOIO cOooO0IIecTBa, HaleJIeHHOro Ha
6uojerpajanyio apoMaTU4eCcKux COeJUHEHUI B aHas-
POOHBIX YCJIOBUAX, O 4YeM CBUIETEJIbCTBYET 3HAUUTeJIb-
HOe CHWXeHHe MX KOHIeHTpaluu B cocTaBe HedTU B
TeyeHUe 18 jeT ¢ MOMeHTa OTKPHITUA HedTenposBJie-
Husa (Gorshkov et al., 2020).

B GoJsiee amTesIbHO cyllecTBYyIolleM paiioHe B3,
He(dTh UMeeT NMPOAOJDKUTENBHBIN MyTh INPOX0XOEHUA
OT MCTOYHMKA ee reHepalluy U JAJIMTeJIbHO HaKaIlluBa-
eTcsA B JOHHBIX OTJIOXKEHUAX, e U IPOUCXOAUT aKTUB-
HasA aHa’poOHas Ouoferpafalys Kak H-ajJIKaHOB, Tak
u [TAY. O giuTenbHOM NyTH, TPOHJeHHOM He(dThIO
OT MCTOYHUKA, TaK U O ee JJIMTeJIbHOM HaKOIlJIeHUU
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B CJIOAX OCAIKOB CBUAETEJIbCTBYET COAepXaHue Iepu-
JeHa B 6uryMe (cTabUJIBHOIO KOHEYHOI'O IPOAYKTa
IpeBpalleHNuil OpraHW4YecKoro BellecTBa B JOHHBIX
OTJIOXKEHUSIX) — Ha JBa I[OpsJKa BeJIMYMHBI BHIIE,
yeM B HedTH, B3ATON B paiioHe HedTenposieHus ['Y
(XnpIcTOB M Jp., 2022).

Herpaganua HedTH compoBoxaasack o6pa3o-
BaHMEM YIJIeBOJOPOAHBIX ra3oB (MeTaHa u 3TaHa). B
aKkcrepuMeHTe ¢ ocagkamu B3 u I'Y makcumasbHas
KOHIleHTpalus o0pa3oBaBlIerocss MeTaHa COCTaBHJIA
2.4 MMmoJib/J1 (54 mn/n) u 32.54 mmoun/n (728 mi/in),
COOTBETCTBEHHO. Jlama3oH KOHI[EHTpalii MeTaHa B
JIOHHBIX Oca/ikax 03. Bafikas cocTaBiisfeT OT HECKOJIBKIX
MKJI/J1 Ao 20 mui/n (3emckas u np., 2008; Pogodaeva
et al., 2017). Takum obGpa3om, 3HAUYE€HUSA KOHI[EHTPA-
1y obpasyeMoro MeTaHa npu 6uoferpaganuu HeGTu
B YCJIOBUAX SKCIEPUMEHTA, ABJIAIOTCA BechbMa 3HA4U-
MBIMH, OCOOEHHO B cjIiyuae ¢ obpasnamu u3 Hedre-
nposinenusa I'Y. I'eHepanusa 3TaHa, HaNpoTUB, ObLIA
6oJlee xapakTepHa P KyJIbTUBHUPOBAHUU COOOLIECTB
u3 oTJioxenuii B3, rae konnentpanua C,H, mocsie roga
KyJIbTUBUPOBAaHUA yBeJInumiachk B 2.3-7 pa3 B cpaBHe-
HUM C HAYaJIOM dKCIEPUMEHTA.

AHanu3 CTPYKTYphl MUKPOOHBIX COOOIIEeCTB B
[IOBEPXHOCTHBIX U TIJIyOMHHBIX JOHHBIX OCajKax W3
patioHoB HedTenpossienuii I'Y u B3 BbIABUI JOMUHU-
poBaHue mpejcTaBUTesell NeBATH (QUIYMOB JOMeHa
Bacteria: Chloroflexota, Pseudomonadota, Actinomycetota,
Nitrospirota, Acidobacteriota, Bacteroidota u
Desulfobacterota, Atribacterota, Caldisericota n nATU
nomeHa Archaea: Thermoproteota, Halobacterota,
Thermoplasmatota, Nanoarchaeota u Ca. Hadarchaeota.
CocTtaB MUKPOOHBIX COOOIIECTB, B OCHOBHOM, SIBJISIETCS
CXOXHUM Ha ypoBHe G1IJIyMOB, B CPAaBHEHUHU C OCAKaAMU
M3 METAaHOBBIX CHUIIOB, I'PA3EBBIX BYJIKAHOB, M 3HAYU-
TeJIPHO pa3jinyaJics Ha ypoBHe ceMelicTB (Zemskaya et
al., 2024, B neuyatn).

Homunupylomuii  Guimym  Chloroflexota 6b1n
npejicTaByieH ceMerictBamu Anaerolineaceae v HekJiac-
cupurnupyemeiMu - Dehalococcoidia, pojii  ceMeHcTB
BHyTpU ¢uiayma MeHseTca ¢ riaybuHon (Puc. 2).
MuKpoopraHusMsbl, OTHeCeHHble K 3THM CeMelCcTBaM,
oOHapyXeHB B IIMPOKOM [Hana3oHe aHa’>pPOOHBIX
cpen obuTaHus, BKJIIOYasA JJOHHBIE OTJIOXKEHUs, rops-
Yyle VCTOYHUKY, aHadpOOHBIE PEeaKTOPHl, 3KOTOIIH,
3arpsA3HEHHBIE YTJIEBOJOPOJAMHU, TJe OHU CIIOCOOHBI
OCYIIeCTBJIATh CUHTPOGHOE OKHCJIEHHe YTrjIeBOAOPO-
noB (Anaerolineaceae) c obpa3oBaHUEM MeTaHa IpU
y4acTUU MeTAHOTeHHBIX apxXeil WU BOCCTAHOBUTEIIb-
HOe JIeXJIOpHpOoBaHe XJIOPUPOBAHHHIX YTJIEBONOPOIOB
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Puc.2. OTHocuTesbHaA [oJA IocjefoBaTesibHOCTel ¢parMeHToB reHa 16S pPHK Bacteria, mpeficTaBjieHHBIX Ha YpOBHe
duyMoB (a) u ceMericTB (6) B 6ubamoTeKax U3 JOHHBIX OCAOKOB pailioHOB HedTemnpossienuil I'Y u B3. [lepeuriciieHbl TaKCOHBI,

cocrasJiAwne > 1% xoTa Obl B OJHOIN 13 OMOJIMOTEK

U rajoreHopraHudeckoe msixaHue (Dehalococcoidia)
(Liang et al., 2015; Loffler et al., 2015).
®unym Actinomycetota, B OCHOBHOM, IIiped-

CTaBJIEH OTE, IpUHaLJIeXauum ceMercTBaM
OPB,, (Coriobacteriia) u XeMOPraHOreTepoTPOd-
HbIM  Gaiellaceae wn WCHB1-81 (Thermoleophilia).

BospmmmHeTBO rstoTunos, cesasaHHbix ¢ OPB, , Gbuin
oOHapyxeHB B He(dTEHOCHBIX, OCAJOYHBIX U IOJIO-
BEepPXHOCTHBIX cpefax. AHanu3 Mertaboyin3Ma KyJib-
TUBUPYEMBIX mpejcTaButesiein OPB, mokasan, uTO
MUMKPOOPraHU3MBl ABJIAIOTCA aHa3pOOHBIMU JIUTOTPO-
damuy, MCnonab3yMUMHN THOCYJIb)AT, dJIeMeHTapHYI0
cepy, Jiubo Fe(Ill) B kauecTBe aKi[enTopa 3JIEKTPOHOB
(Khomyakova et al., 2022). ®unym Acidobacteriota
COCMOsUT, 8 OCHOBHOM U3 npedcmagumeJteli CEMENCTB
Aminicenantales u Vicinamibacteraceae — XxemoopzaHo-
eemepompogoa, bepMeHTUPYIONUX YTrJIEBOAb U GeJl-
KOBBIe CyOCTpaThl 8 AHA3POOHBIX U A3POOHBIX YCII08UAX,
coomgemcmaeenHo (Kadnikov et al., 2019; Dedysh and
Yilmaz, 2018). IToka3aHo, uTo Aminicenantales Han6o-
Jlee 4acTo BBIABJIAIOTCA B cpefaX, I0/IBEpKeHHbIX BO3-
JeiCTBUIO yTJIeBOJIOPOJIOB, 3a HUMU CJIeAyI0T MOpPCKUe
cpeibl obuTtanus (0cobeHHO THIpOTepMaJibHbIe NCTOY-
HUKU) U npecHoBojHbie (Farag et al., 2014). ®unym
Bacteroidota mpeficTaBJieH ceMeiicTBoM Bacteroidetes_
vadinHA17, nporteosutuyeckuMu Gaktepusmu, bep-
MEHTHUPYIOIMMU YTJIeBOAbl C oOpa3oBaHUeM JieTy-
yux XUpHBIX kucaoT (Kampmann et al., 2012). OTE,
oTHeceHHble K uaymy Desulfobacterota mpuHaie-
KaJ aHA3pOOHBIM OaKTepusiM, OKUCIIAIIUM KOPOT-
KOIleTIOYeyHble JXXUpHble KHUCJIOTHL  (Syntrophaceae,
Smithellaceae), mu6o anetat (Desulfobaccaceae) B cuH-
TpodHOM B3auMMOJENCTBUM C MeTaHOTeHHBIMU apxe-
savu (Galushko and Kuever, 2019).

[IpeacraButenu dutyMoB Nitrospirota,
Pseudomonadota, Patescibacteria, MBNT15 u
Verrucomicrobiota BBIABJIEHB, B OCHOBHOM, B IOBEpX-
HOCTHBIX OCaJIKaX 1 XapaKTepU3yloTcsa KaKk XeMOOpraHo-
reTepoTpodHl, OKUCIIAININE NeNTH b, aMUHOKHCJIOTHL,
XKUpPHBIe KHCJIOTBl U IIPOCThle caxapa IOCpeJCTBOM
a3po6HOro U aHA3POOHOTO JIBIXaHUS.

B 1o Bpems kak Atribacterota n Caldisericota —
B TJIyOWHHBIX. IlpenmcraButesnn Atribacterota Haubo-
Jiee 4acTO BCTpevyaloTCsA B reoTepMaJIbHBIX CHCTeMax,
HedTAHBIX pe3epByapax, aHa3pPOOHBIX MOPCKUX OTJIO-
XKEeHUAX ¥ MeTaHOBhIX cumax (Mori et al., 2009; Carr
et al., 2015; Nobu et al., 2016). B HacTosIee BpeMs,
Ha OCHOBe MeTaboJIMuecKoll PeKOHCTPYKIMK I'eHOMOB
Atribacterota mokazaHo, 4TO GaKTEpPUH MOTYT OCYIIECT-
BJIATH He TOJIBKO (pepMeHTaI1I0 yTJIeBOAOB ¢ 00pa3oBa-
HHeM BOJOPO/ia, alleTaTa U 3TaHoJjIa B pe3yJibTaTe IJIu-
KoJn3a, HO U (epMeHTHPOBAaTh KOPOTKOILle[I0YeyHble
H-aJIKaHbl B )XMpPHbIe KHCJIOTH, KOTOPBIE 3aTeM MOTpe-
OJIAI0TCA BTOPUYHBIMM JecTpykTOopaMu. OKuCIIeHHe
H-aJIKaHOB IIPOMCXOJUT IIPU IIOMOIIU [IOJIHOTO Habopa
reHOB, OIOoCpefyIIuX pucoefrHeHNe (ymapara K
yrieBomopoaaMm (FAE, fumarate-adding enzymes) (Liu
et al., 2019). TepmoduIbHBIE OOIUTAaTHBIE AHAYPOOHBIE
reTepoTpodrl, BOCCTaHaBJIMBAIOIIEe COeAUHEeHNA Cephl
1 oTHeceHHBIE K puymy Caldisericota makdice 8x00wtu @
YUCITO OOMUHUPYIOWUX MAKCOHOG @ 2JTYOUHHBIX 0CA0KaX.
B nacrosmiee BpeMs, OCIeJOBATeIbHOCTH, IPUHA/IJIe-
xKaiye 3ToMy (puiIyMy, BBIABJIAIOTCA B TUAPOTEpMaJb-
HBIX CHCTeMax, BOOOHOCHBIX IOPU30HTAaX, 3arps3HeH-
HBIX YIJIEBOAOPOJaMH, COJOBBIX 03epax, OropeakTopax
u T.1. (Mori et al., 2009). ®duJioreHeTUYECKUI aHAJIU3,
OCHOBaHHBII Ha CpaBHEHUM KOHKaTeHUPOBaHHBIX aMU-
HOKHCJIOTHBIX IIocJIeioBaTesibHOCTel 120 KoHCepBaTUB-
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HBIX 6eJIKOB, moka3as uto ¢uiayM Caldisericota Hapaay
¢ Coprothermobacterota, Dictyoglomota, Thermotogota,
and Thermodesulfobiota 06pa3yrT IPEBHIO KJaay,
IIpeIKOM KOTOPOH MorJia ObITh TepMOdUIbHAA, CTPOTO
aHadpoOHas1, MOABIXHASA, BOJOPOA3aBUCUMAsL, MUKCO-
TpodHas 6akTepus 1o MeTaboJIM3My cxoXas ¢ ocjeld-
HUM YHUBEpPCAJIbHBIM oOmuM mnpekoM (last universal
common ancestor, LUCA) (Leng et al., 2023). Takxe
B IJIyOMHHBIX OcajikaX, B 3HAYMMBIX KoJmyecTBax (10
4.7%) obHapyXeHBl IOCJIENOBATEIbHOCTH NpeCTaBU-
Tesent duymos Zixibacteria v Elusimicrobiota, koTopbie
OOBIYHO COCTaBJIAIOT MeHee 1% B MUKPOOHBIX cO0OIIe-
CTBax W fABJIAIOTCA NpeNCTaBUTEIAMU «peJKOoN Gumoc-
depr» WM «MUKpOOHOI TeMHOI MaTepun» (Pascoal et
al., 2021). OcHOBBIBAsICh HA PEKOHCTPYKLIUHN TE€HOMOB
3TUX GaKkTepuil MokasaHo, YTO OHU obsiafaiT hepMeH-
TaTUBHBIM MeTab0JIM3MOM, MarHUTOTaKCHCOM M y4a-
CTBYIOT B KPyroBopoTe xeJjie3a u cephl (Castelle et al.,
2013; Uzun et al., 2023).

Jomen Archaea B OOHHBIX OcajKaxX U3 paliOHOB
HedTenposBiieHNs ObUI Mpe/iCcTaBleH TeMU Xe JOMU-
HUPYOIINMH TaKCOHAMU Ha ypoBHe Griiyma, yTo U
B JIOHHBIX OCAJIKaX I'Ps3eBBIX BYJIKAHOB, BapbHPOBAJIO
JIMIIb TIPOLIEHTHOEe cofepXaHue MHUKPOOPIaHM3MOB
pas3IMyYHBIX cucTeMaTtuyeckux rpynm (Zemskaya et al.,
2024). Takasa 3aKOHOMEpPHOCThH OblIa yCTaHOBJIEHA U
paHee, IpU U3yYeHUHU MUKPOOHOro pasHoobpasusa B
JIOHHBIX ocafikax o3. Bafikas, acconurpoBaHHbIX C pas-
rpy3koi He¢Tu U rasa (Zemskaya et al., 2015). ®unym
Thermoproteota 6bUT caMbIM MHOTOYKCJIEHHBIM B JOH-
HBIX OCajikax 13 palioHoB HedTenpossieHuil (Puc. 3).
Homunupytomue OTE, oTtHocwimch K Bathyarchaeia
(mo 60% oT Bcex IMoOcJieqOBaTeJIbHOCTEM) M HeKJac-
cubunupyemeM Crenarchaeota. B Hacrosimee BpeMs
Ha OCHOBe MeTabo/IMYecKOll pPeKOHCTPYKIMH TIeHOo-
MOB Bathyarchaeia mokasaHO, 4TO MUKPOOPraHHU3MEI
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MOTYT OCYIIECTBJIATh He TOJBKO (DepMeHTalU0 yrIJie-
BOJZIOB, HO M OKHCJIATH KOPOTKOIIENOYeYHble H-aJIKaHbI
U apoMaThyYecKre COeVHEHUsA [0 XHUPHBIX KHCJIOT,
KOTOpbIE 3aTeM MOTPEGIIATCA BTOPUYHBIMU TECTPYK-
topamu (Zhou et al., 2018; Dong et al., 2019; Liu et

al., 2019; Zhang et al., 2021). ®unym Halobacterota
OpeJCTaBJIeH  ceMelCTBaMU  THOPOreHOTPOMHBIX
apxeil  (Methanomicrobiaceae, = Methanoregulaceae,

Methanoperedenaceae n Methanosaetaceae). B moBepx-
HOCTHBIX U IIOATIOBEPXHOCTHBIX OCAAKaX BBIABJIEHBI
aspoOHBle apxeu cemelictBa Nitrosopumilaceae, ocy-
IIeCTBJIAIIINE XeMOJIUTOaBTOTPODHBIN POCT 3a cueT
OKHCJIeHUs ammuaka u gukcanuu CO, (Qinetal., 2016).
®unym Nanoarchaeota coctosii, B ocHOBHOM, u3 OTE,
oTHeceHHBIX K ceMerictBaM GW2011_ GWC1 47 15 u
Woesearchaeales_fa — apxesimu, BBISIBJIEHHBIMY B CAMBIX
Pa3JIMYHBIX cpeax OOWTaHUsA, cped KOTOpPhIX HedT:-
HEble pe3epByaphl U cepHble NCTOYHUKYU. OHU ABJIAIOTCA
4acThl0 KOHcopLMyMa c OakTepuaAMH, rae OakTepuu
y4acTBYIOT B KpyTOBOPOTe yrjepoAa, a apXxeu — B QUK-
caluy asoTa, AeHUTpUGUKAIUUM W BOCCTAHOBJIEHUU
cyapdara B aHaspoOHBIX ycaoBuax (Liu et al., 2021,
Kohler et al., 2023). Mukcotpodusie Thermoplasmatota
ObuTH  mpenctaBiieHsl  Marine_Benthic_Group_D_and_
DHVEG-1_fa, a Takkxe HeuJeHTUGUINPOBAHHBIMU
Thermoplasmata.

Tosbko B oOpasnax uX TIJIyOMHHBIX OCAaJKOB
BBIABJIEHBI IIOCJIeOBaTeIbHOCTY, OTHEeCEeHHBle K Tep-
ModmibHEIM  Ca. Hadarchaeota. Apxew BmepBbie
ObUIM OOHapyXeHBl Ha 30JI0TOM pyAHUKe B HOXHOM
Adpuke Ha riiybMHe OKOJIO 3 KM, a TakXe B JOHHBIX
ocajKaXx MeTaHOBHIX XOJIOJHBIX CHUIIOB, COAepKaliue
razossle rumpatbl (Takai et al.,, 2001; Mara et al.,
2023). CorsiacHO JaHHBIM PeKOHCTPYKIUI reHoma Ca.
Hadarchaeota o6nagaer reHamu, CBA3aHHBIMU C ITyTeM
dukcanuu yriepoaa uepe3 nyTh Bypa-JIbioHrnass,
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Puc.3. OTHOcuTesbHAA [0JIA mocjefoBaTeabHOcTel dparmeHToB reHa 16S pPHK Archaea, mpencraBiieHHBIX Ha YpOBHeE
duymos (a) u kiaccos (6) B 6ubmoTekax U3 JOHHBIX OCAAKOB pailloHOB HedTenpossieHuil I'Y u B3. [lepeunicieHs! TaKCOHHI,

cocrapJAwme > 1% xoTs Obl B OHON U3 OMOJIMOTEK
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MeTaHOoreHe3oM U MeTabosim3MoMm ajikaHos (Hua et al.,
2019; Baker et al., 2016; Wang et al., 2019).

Takum o6Gpa3om, MpoBeJeHHBIE MeTabapKOAUH-
rOBBIE WCCJENOBAaHUSA JOHHBIX OCAJKOB W3 PaliOHOB
HedTenposineHuii (b3 u I'Y), BBIABUIM CJIOXKHBIN
COCTaB MHUKPOOHBIX COOOIIECTB, COCTOAIUX U3 Oak-
TEpUH U apxeH, CHEUaJM3NPYIOIUXCA Ha MpoIeccax
Pa3JIOKeHUsl MIMPOKOro crekTpa cybcrparoB (opra-
HUYECKOro yrjepojia U HeDTAHBIX YTJIEBOJOPOJOB),
a TakXxe HaJIMYME Y MUKPOOPraHU3MOB I'€HOB, KOIU-
pyoommx cuHTe3 (GepMeHTOB a’poOHOM Aerpaaaruu
yrjieBogopoAoB U OuocypdakranToB (IIaBioBa u
ap., 2010; JlomakuHa u Ap., 2014; Likhoshvay et al.,
2014). Mukpo6Hoe coob1[ecTBO OHHBIX 0caakoB I'Y
B OOJIBIIIEN YaCTH TPEACTABJIEHO IOCJIeAOBATEIbHO-
CTAMH MUKPOOPTaHU3MOB, BHISBJIAEMBIX B TEPMAJIbHBIX
MCTOYHMKAX MeJIIoyCTOHCKOro mapka, ocajkax rpsse-
BBIX BYJIKAHOB U 3arpsA3HEHHBIX YTIJIEBOAOPOAAMHU Cpe/I,
reorpadryecKky BechMa OTJAJIEHHBIX OT 03. Bafikai, a
TaKXe MMOCJIeJOBATEIbHOCTAMU MPEJCTABUTEIIEH «pefl-
Ko# 6uocdepr» — Elusimicrobiota, Zixibacteria u Ca.
Hadarchaeota. B riy6unHBIX ocaakax B3 mpejcraBu-
TEJIM 3TUX TAKCOHOB TAKXe MPUCYTCTBYIOT, HO B MEHb-
mei fosie. OCHOBHOE pasjiMuvie B TaKCOHOMUYECKOM
cocTaBe MUKPOOHBIX COOOIIECTB HabJII0AasIOCh MeXAy
MOATIOBEPXHOCTHBIMM U TJIYOMHHBIMUA ~ OCAJKaMuU
(Pavlova et al., 2022; Pavlova et al., 2024).

4. BoiBOADI

Mukpo6Hoe co00IIecTBO MOHHBIX OCAAKOB U3
paiioHa HedTenposBiieHUss BoJsibmas 3esieHOBCKad,
GbyHKIMOHUpYIOLlee B YCJIOBUAX 6Gojee IIUTEJIBHOTO
BO3/IeIICTBUS YTJIEBONOPOJIOB, 60jiee OPUEHTUPOBAHO
Ha TIpollecchl aHAadpOOHOro OKUCJIeHUs HedTU B cpas-
HEHUM C MUKPOOHBIMM COOOIIECTBAMU U3 [IOHHBIX
0caikoB He(dTenposiBJIeHUs], PACIOJIOKEHHOIO Y M.
T'opeBoii Yrec. O ueM CBUAETEIBCTBYET BHICOKAs CTe-
neHb 6uoferpaganuu ITAY, Kkak B IOBEPXHOCTHBIX, TaK
U TJIyOMHHBIX OCAAKaX, B HE3aBUCUMOCTU OT IIPUCYT-
CTBYIOIIX B Ccpefle aKIeNTOPOB 3JIEKTPOHOB. A Takxe
H-aJIKaHOB, NPOLEHT Jlerpajjaliy KOTOPHIX ObLI 6oJsiee
3HAYMM B HAKONUTEJIBHBIX KYJIbTypax ¢ ocagkamu B3,
yem I'Y.

Mukpo6Hsle coobimecTBa, GYHKIMOHUPYIOLINE B
aHadpPOOHBIX YCJIOBUAX B JOHHBIX OCAOKax B paiioHax
HedTeNnposBJIeHN!, SABJIAIOTCS He MeHee BaXHBIM 3Be-
HOM B IIpoIleccax caMOOYUIIeHNs 03epa OT HeDTAHOTO
«3arpsi3HeHuss». O6 3TOM CBUAETEJIbCTBYET BBICOKAS
yTJIeBOAOPOIOKUCIIAIONAs CIOCOOHOCTh MUKpPOOpra-
HU3MOB, OCYIIECTBJIAIOIMINX aHa’pobHylo Ouonerpana-
LU0 KOMIIOHEHTOB HedTu (10 65%) B HU3KOTEMIIEpa-
TYPHBIX yCJIOBUSAX 03. Batika. Kak 1 B Apyrux HeTsAHBIX
pe3epByapax, KOHBEPCUS YIJIEBOIOPOLOB COIPOBOXAA-
ercsi 06pa3oBaHUEM YIJIEBOJIOPOIHEIX ra3oB (MeTaH U
aTaH). KiroueBpIMM y4yacTHHMKaMu aHa3poOHOU Aerpa-
Januy yriieBogopojoB HedTH B JOHHBIX OCAAKax O3.
Baiikay MoryT 6BITh CUHTPO()HO OKUCJIAOIINE YT TIEBOI0-
poasl HedTu 6akTepun (Bacillota, Gammaproteobacteria,
Chlorofilexota, Actinomyceota, Desulfobacterota) n apxeu
(Halobacteriota, Bathyarchaeia).
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