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ABSTRACT. In this study, we first investigated the composition of microbial communities of abundant,
intermediate and rare subcommunities in soda Lake Nukhe-Nur (the Barguzin Basin) using Illumina
MiSeq high-throughput sequencing. The results showed that abundant subcommunities mainly consisted
of Pseudomonadota, Cyanobacteriota, Bacteroidota u Bacillota. In contrast, the rare subcommunities in
the microbial mats were mainly composed of Pseudomonadota, Cyanobacteriota, Bacillota, Deinococcota,
Gemmatimonadota, Bacteroidota, Actinobacteriota, Kiritimatiellaeota. In the rare subcommunity of the bot-
tom sediments, Euryarchaeota, Actinobacteriota, Pseudomonadota, Bacillota, Bacteroidota, Chloroflexota,
Gemmatimonadota, Verrucomicrobiota, Epsilonbacteraeota, and Deinococcota were found. However, the
dominant phyla of the abundant subcommunity were also found in the intermediate and rare subcom-
munities. The predictive analysis of the microbial ecological function has revealed a broad potential
diversity of metabolic pathways in the abundant, intermediate, and rare subcommunities of microbial
mats and bottom sediments in Lake Nukhe-Nur. In soda lakes, rare subcommunities may play a greater
role in the decomposition of organic matter than do abundant subcommunities. Overall, this study pro-
vides a better understanding of the microbial community structure and potential ecological functions of
abundant and rare subcommunities in soda lakes ecosystems. The identified rare taxa open new oppor-
tunities for ecological, taxonomic, and genomic discoveries in Barguzin soda lakes.
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1. Introduction 2018). Although rare taxa are characterized by very

low relative abundance, they play an important eco-
logical role in microbial communities by maintaining
microbial diversity (Jia et al., 2022). Additionally, the
rare taxa could respond differentially at different envi-

Microbial communities play a key role in the
structure and functioning of natural aquatic ecosystems
(Simon et al., 2002; Sang et al., 2018; Chen et al., 2019;

Zhang et al., 2023). High taxonomic and functional
diversity of microbial communities is particularly char-
acteristic of soda lakes (Sorokin et al., 2014). Typically,
microbial communities consist of a few abundant dom-
inant taxa and numerous rare taxa. In terms of their
contribution to the total microbial community, taxa can
be categorized into abundant and rare (relative abun-
dance >1% and <0.1%, respectively), with the former
making a significant contribution to biomass (but low
biodiversity) and the latter making a minor contribu-
tion to biomass (but high biodiversity) (Zhang et al.,
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ronmental changes. Consequently, the presence of rare
subcommunities can enhance the resilience of microbial
communities to fluctuations in various environmental
parameters (Jones and Lennon, 2010). Recent stud-
ies employing high-throughput sequencing of the 16S
rRNA gene have demonstrated that rare taxa should be
regarded as an indispensable component of microbial
communities due to their high genetic diversity and
a considerable number of metabolically active lin-
eages (Jones and Lennon, 2010; Leininger et al., 2006;
Sjostedt et al., 2011; Sauret et al., 2014; Jiao et al.,
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2017). In the Barguzin depression, several soda lakes
have relatively high sodium carbonate content. Recent
studies of the taxonomic composition of microbial com-
munities in these saline lakes, using high-throughput
16S rRNA gene sequencing, have focused primarily
on abundant taxa (>1%) (Lavrentyeva et al., 2020;
Lavrentyeva et al., 2023). In this context, our study is
the first comprehensive investigation of the taxonomic
diversity and potential ecological functions of abun-
dant, intermediate, and rare subcommunities in Lake
Nukhe-Nur (the Barguzin depression).

2. Materials and methods

Lake Nukhe-Nur (53238781 N, 109°56’807” E,
elevation 479 m above sea level), with an area of about
2-2.5 km?, is located in the steppe part of the valley, on
the right bank of the Barguzin River. The lake consists
of two reservoirs and has the shape of an asymmetri-
cal figure eight, extending from north to south. Bottom
sediments are represented by finely dispersed silt that
uniformly covers the lake bottom. Sampling was car-
ried out in the northern reservoir of Lake Nukhe-Nur.

Bottom water pH and temperature were mea-
sured during the summer season using a portable pH
meter pH-200 (HM Digital, South Korea) with a sensor
thermometer. Mineralization was determined using a
TDS-4 test conductometer (Singapore). For hydrochem-
ical analysis, water was sampled in a sterile plastic
bottle. The analysis of macrocomponent composition
of water was carried out by hydrochemical methods
at the Research Equipment Sharing Center, Geological
Institute SB RAS (Russia, Ulan-Ude).

Lake Nukhe-Nur (the northern reservoir) is a car-
bonate-sodium type lake. The main cations in the water
were Na* (105.90-106.62 mg/L) and Ca?* (84.24-
85.80 mg/L), while the dominant anions were HCO,
(472.34-476.17 mg/L) and CO,> (75.97-76.43 mg/L).
The mean water temperature in mid-July was 16.7 °C,
while the pH of the water was alkaline, ranging from
8.54 to 8.62.

For molecular genetic analysis, bottom sediment
samples were collected in sterile 15 ml Falcon plastic
tubes and fixed with ethanol to a final concentration
of 50% (v/v). Samples were shipped to the labora-
tory within 24 hours and stored at +4 °C until DNA
extraction.

DNA was extracted from the bottom sediments
using DNeasy PowerSoil Kit (Qiagen, USA) according
to the manufacturer’s protocol. Qualitative and quan-
titative evaluation of the obtained DNA preparations
was performed using a Nanodrop 1000 spectropho-
tometer (Thermo Fisher Scientific, USA). The V3-V4
region of the 16S rRNA gene was amplified using prim-
ers 343F (5-CTCCTACGGRRSGCAGCAG-3’) and 806R
(5-GGACTACNVGGGTWTCTAAT-3"). Amplification
was conducted under conditions previously described
(Brouchkov et al., 2017). Sequencing was performed
at “Biospark” Center (Moscow) on a MiSeq system
(Illumina, USA) using a reagent kit that provided a
read length of 300 nucleotides from each end of the
amplicon. Demultiplexing was conducted using the
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appropriate scripts included in QIIME software ver-
sion 1.9.0 (Caporaso et al., 2010). Subsequent process-
ing and analysis of the sequences was also performed
in QIIME version 1.9.0. Data were filtered with a min-
imum nucleotide read quality score of 30 and a mini-
mum read length of 350 bp. Chimera checking was per-
formed using the identify_chimeric_seqs.py script with
the USEARCH algorithm version 6.1544 (Edgar, 2010)
and the Silva 123 16S-rRNA reference database (Quast
et al., 2013).

The OTU table was generated using the pick_
open_reference_otus.py script. Sequences were clus-
tered into OTUs with a cutoff value of 97% (Schloss
and Handelsman, 2006) using the USEARCH algo-
rithm version 6.1544 (Edgar, 2010) and the Silva 123
16S-rRNA reference database (Quast et al., 2013). The
NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and
EzBioCloud (https://www.ezbiocloud.net/) servers
were utilized to identify the closest homologs. To pro-
cess the data annotated in the SILVA database, the pro-
gram Tax4Fun was used. The resulting table contained
the KO (KEGG ORTHOLOGY) relative abundance val-
ues. The KO profiles were used for functional diversity
profiling based on the KEGG pathways, modules, or EC
categories.

Sampling was performed in different biotopes:
microbial mats (m) and bottom sediments (s). The rare
and abundant OTUs were arbitrarily defined as follows:
‘A - abundant”: >1% and ‘R - rare”: <0.1% (Pedros-
Alib, 2006). Taxa abundant between 0.1 and 1% were
defined as ‘I - intermediate’ subcommunity. Because the
cutoff values used to identify rare taxa may affect the
main results of this study, we also tested the 1% cut-
off (in addition to 0.1%) to ascertain that the observed
significance of the results is not an artifact (Wenkai et
al., 2017).

3. Results

3.1. Microbial diversity and its
composition (abundant, intermediate and
rare subcommunities)

A total of 80,031 sequences were obtained from
six sediment and microbial mat samples. Rarefaction
analysis indicated that the number of sequence reads
was sufficient to cover most taxa in each sampling. The
observed OTUs, as well as Shannon and Simpson indi-
ces in the three subcommunities of the studied lake, are
presented in Table.

A total of 18,223 OTUs were obtained from the
microbial communities of microbial mats and bottom
sediments. Among these, 62, 769, and 17,392 OTUs
were identified as abundant, intermediate, and rare,
respectively. The Venn diagram (Fig. 1) illustrates the
distribution of abundant, intermediate, and rare OTUs.
Notably, 27 OTUs were found to be common across
the abundant, intermediate, and rare subcommunities
in microbial mats. In contrast, only 9 OTUs were com-
mon among the abundant, intermediate, and rare sub-
communities in bottom sediments. It is characteristic
that no OTUs were common between the abundant and
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Table. Alpha diversity indices at the 97% OTU level of 16S rRNA gene libraries of the studied soda lake samples

Biotope |Subcommunity| Number of | Number of OTUs Simpson Shannon |Community contri-
reads index index bution, %
NN_1m A 5559 11 0.73 1.8 40
NN_1m I 4020 120 0.99 4.6 30
NN_1m R 4035 2038 1.00 7.5 30
NN_2m A 6132 16 0.88 2.5 50
NN_2m I 2906 98 0.98 4.4 24
NN_2m R 3181 1634 1.00 7.3 26
NN_3m A 6137 16 0.89 2.5 45
NN_3m I 3338 98 0.98 4.4 24
NN_3m R 4282 2126 1.00 7.5 31
NN_1s A 2217 8 0.86 2.0 15
NN_1s I 5821 157 0.99 4.9 39
NN_1s R 6848 3514 1.00 8.0 46
NN_2s A 647 3 0.63 1.1 5
NN_2s I 5328 163 0.99 4.9 40
NN_2s R 7379 4347 1.00 8.3 55
NN_3s A 1564 8 0.84 2.0 13
NN_3s I 4317 133 0.99 4.7 35
NN_3s R 6320 3733 1.00 8.2 52
intermediate subcommunities in both microbial mats In the abundant subcommunity (>1%)
and bottom sediments. of microbial mats, the major phyla were
In microbial mats, 85 OTUs were common to Pseudomonadota, Cyanobacteriota, Bacteroidota,
the intermediate and rare subcommunities and 2 OTUs Bacillota, Thermodesulfobacteriota, Actinobacteriota,

were common to the abundant and rare subcommu-
nities. In the microbial communities of bottom sed-
iments, 173 OTUs were common to the intermediate
and rare subcommunities and 3 OTUs were common to
the abundant and rare subcommunities. The identified
abundant, intermediate, and rare OTUs covered 5-50%,
24-40%, and 26-55% of the total sequences obtained,
respectively.

Furthermore, 493 and 815 OTUs were identified
as unique in the rare microbial mat and bottom sedi-
ment subcommunities, respectively.

Epsilonbacteraeota, Deinococcota, and Planctomycetota.
At the family level, the most prevalent OTUs (>1%)
were assigned to Rhodocyclaceae, Trueperaceae,
Ectothiorhodospiraceae, Trueperaceae, Rhodobacteraceae,
Sulfurospirillaceae, Peptostreptococcaceae, Nitrincolaceae,
Cyanobiaceae, and Ectothiorhodospiraceae.

The abundant subcommunity (>1%) of bottom
sediments was dominated by the phyla Pseudomonadota,
Chloroflexota, Bacteroidota, Cyanobacteriota, and
Bacillota. At the family level, the most preva-
lent OTUs were assigned to ML635J-40 aquatic

R

Fig.1. Common and unique OTUs in different subcommunities (A — abundant, I — intermediate, and R - rare) in the samples
of microbial mats (a) and bottom sediments (b) of Lake Nukhe-Nur.
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group, Anaerolineaceae, Bacteroidetes vadinHA17,
Hydrogenophilaceae, Rhodocyclaceae, and Woeseiaceae.

Analysis of phylogenetic composition revealed
that the intermediate subcommunity (0.1-1%) was
slightly different from the more abundant subcommu-
nity, but was more diverse. Specifically, the top dominant
phyla in the intermediate subcommunity of microbial
mat were as follows: Pseudomonadota, Cyanobacteriota,
Bacteroidota, Bacillota, Thermodesulfobacteriota,
Actinobacteriota,  Epsilonbacteraeota,  Deinococcota,
Planctomycetota, Acidobacteriota, and Spirochaetota. At
the family level (0.1-1%), the most prevalent OTUs
were assigned to Chromatiaceae, Rhodobacteraceae,
Ectothiorhodospiraceae, Desulfobacteraceae,
Rhodocyclaceae, Nitrincolaceae, Ectothiorhodospiraceae,
Peptostreptococcaceae. The composition of the interme-
diate subcommunity of bottom sediments was domi-
nated by Pseudomonadota, Planctomycetes, Spirochaetota,
Bacillota, Bacteroidota. The predominant OTUs at the
family level were assigned to Bacteroidetes vadinHA17,
Rhodocyclaceae, Clostridiaceae 2, Spirochaetaceae,
Chromatiaceae, Cryomorphaceae, Trueperaceae.

In contrast, the rare subcommunity (<0.1%)
exhibited a phylogenetic composition that was clearly
distinct from that of the abundant and intermediate
subcommunities. The top dominant phyla in the micro-
bial mat included Pseudomonadota, Cyanobacteriota,
Bacillota, Deinococcota, Gemmatimonadota, Bacteroidota,
Actinobacteriota, and Kiritimatiellaeota. At the fam-
ily level (<0.1%), the most prevalent OTUs were
assigned to Pseudomonadaceae, Rhodobacteraceae,
Syntrophomonadaceae, Phycisphaeraceae, Woeseiaceae,
Rhodocyclaceae, Phycisphaeraceae, Burkholderiaceae,
Ectothiorhodospiraceae, and Desulfobacteraceae.

In the bottom sediments, the top 10 dom-
inant phyla in the rare subcommunity (<0.1%)
were represented by Euryarchaeota, Actinobacteriota,
Pseudomonadota, Bacillota, Bacteroidota,
Chloroflexota, Gemmatimonadetes, Verrucomicrobiota,
Epsilonbacteraeota, and Deinococcota. At the family level
(<0.1%), the most prevalent OTUs were assigned to

o

Rhodobacteraceae
Not_Assigned
Spirochaetaceae
Clostridiaceae 2
Desulfobacteraceae
Phycisphaeraceae
Peptococcaceae
Syntrophomonadaceae

Nitriliruptoraceae

uncultured

o

2
LDA score

N

. intermediate

M rare

Methanocorpusculaceae, Chromatiaceae, Rikenellaceae,
Ruminococcaceae, Marinilabiliaceae, Bacteroidetes
vadinHA17, Peptococcaceae, Desulfobacteraceae, and
Syntrophomonadaceae.

It should be noted that the phyla dominant in the
abundant subcommunity were also found in the inter-
mediate and rare subcommunities.

Thus, the abundant, intermediate, and rare sub-
communities of microbial mats and bottom sediments
serve as important reservoirs of microbial diversity.
Notable differences were observed in the community
diversity and taxonomic composition of the abundant,
intermediate, and rare taxa of each biotope.

3.2. Characterization of microbial
communities using LEfSe analysis

In accordance with established biomarker screen-
ing criteria (LDA > 4), we employed LEfSe to identify
the microbial lineages that best characterize each sub-
community type (Fig. 2).

The biomarker of the abundant subcommunity
for the microbial mat was not identified, whereas for
the bottom sediments it was represented by the family
Peptostreptococcaceae.

The indicator taxa for the intermediate sub-
community of microbial mats were Rhodobacteraceae,
Spirochaetaceae, Clostridiaceae 2, Desulfobacteraceae,
Peptococcaceae, and Nitriliruptoraceae. In contrast,
Syntrophomonadaceae and Phycisphaeraceae were the
indicator taxa for the rare subcommunity of microbial
mat.

Representatives of the families Chromatiaceae,
Trueperaceae, Cyclobacteriaceae, Bacteroidetes BD2-2,
and SRB2 were significantly more abundant within
the intermediate subcommunity of bottom sediments.
Additionally, taxonomic lineages of Pirellulaceae
and Prolixibacteraceae were identified in the rare
subcommunity.

o

Not_Assigned
Bacteroidetes BD2-2
Peptostreptococcaceae

Chromatiaceae

Trueperaceae
Cyclobacteriaceae
uncultured

SRB2
Pirellulaceae

Prolixibacteraceae

abundant
intermediate
rare

o

2
LDA score

S

Fig.2. Biomarkers of different subcommunities (A — abundant, I — intermediate, and R - rare) identified in samples from
microbial mats (a) and bottom sediments (b) of Lake Nukhe-Nur (prokaryotic taxa that best characterize each subcommunity

type using LDA scores).
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3.3. Functional prediction

A heatmap of functional prediction of microbial
subcommunities in microbial mats and bottom sedi-
ments was generated based on the genes annotated in
the KEGG database (Fig. 3). The analysis revealed the
presence of 10 enriched pathways in the intermediate
and rare subcommunities of microbial mats, as well as
14 enriched pathways in the abundant and rare sub-
communities of bottom sediments. Genes related to
methane, sulfur, fatty acid metabolism, carbon fixation,
synthesis and degradation of valine, leucine and iso-
leucine, as well as ubiquinone synthesis and pyruvate
metabolism were predicted in the subcommunities of
microbial mats.

In all subcommunities of bottom sediments,
enriched pathways were represented by nucleotide
metabolism, amino acid, nitrogen, and biotin metab-
olism, as well as oxidative phosphorylation, photosyn-
thesis, and the pentose phosphate pathway for glucose
oxidation. The intermediate subcommunity of bottom
sediments exhibited specific characteristics, with pre-
dicted 11 metabolic pathways, including sulfur metab-
olism, which had previously been predicted for micro-
bial mats.

4. Discussion

Jousset et al., 2017 reported that between 1.5%
and 28% of all microbes are “conditionally rare taxa”,
which are typically rare in most conditions, but in cer-

P —

Group

Glycolysis

-

3 3
Py >

3

% %)
> Py

Citrate cycle (TCA cycle)

tain instances are dominant. Often overlooked, these
taxa may hold the key to understanding the formation
and functioning of microbial communities (Jousset et
al., 2017). In contemporary research, rare species are
increasingly recognized as drivers of key functions
in terrestrial and aquatic ecosystems. This is primar-
ily due to the fact that species that are considered
functionally insignificant under certain environmen-
tal conditions can become important under changing
conditions, providing new interspecific interactions
for community functioning (Shade et al., 2014; Fetzer
et al.,, 2015). To date, numerous taxa belonging to
the abundant subcommunity (representing more than
1% of the total number of all sequences) have formed
the basis of contemporary understanding of micro-
bial diversity in the lakes of the Barguzin depression
(Lavrentyeva et al., 2020; Lavrentyeva et al., 2023).
This study provides new insights into the structure and
composition of microbial communities in the ecosys-
tem of soda Lake Nukhe-Nur. The differentiation of the
microbial community into abundant, intermediate, and
rare subcommunities has expanded our understanding
of the composition and structure of the microbial com-
munity in soda Lake Nukhe-Nur. The diversity indices
have demonstrated that the rare subcommunity made
the greatest contribution to the composition of micro-
bial mats and bottom sediments of Lake Nukhe-Nur.
Overall, the rare and intermediate subcommunities
contributed to the community’s diversity and provided
a genetic resource pool for Lake Nukhe-Nur, which can
be activated under changing environmental conditions

15 Group

B mat
! sediment
05

Amino sugar and nucleotide sugar metabolism 0

-05

-1
-15

Starch and sucrose metabolism

Glycine, serine and threonine metabolism
Biotin metabolism

Oxidative phosphorylation

Nitrogen metabolism

Photosynthesis

Alanine, aspartate and glutamate metabolism
Pentose phosphate pathway

Cysteine and methionine metabolism

Purine metabolism

Pyrimidine metabolism

Fatty acid degradation

Valine, leucine and isoleucine degradation
Fatty acid biosynthesis

Methane metabolism

Valine, leucine and isoleucine biosynthesis
Carbon fixation pathways in prokaryotes
Sulfur metabolism

Ubiquinone and other terpenoid- quinone biosynthesis
Carbon fixation in photosynthetic organisms

Pyruvate metabolism

Fig.3. The potential microbial ecological functions identified from prediction and their relative abundance in the abundant,
intermediate, and rare subcommunities of the studied soda lake Nukhe-Nur.
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(seasonal temperature changes, fluctuations in salinity,
pH, etc.).

With regard to taxonomic diversity, our findings
were in line with those of previous studies, which indi-
cated that the dominant taxa observed in the abundant
subcommunity (> 1%) (Pseudomonadota and CFB bacte-
ria) were commonly present in microbial mats and bot-
tom sediments of other soda lakes (Jiang et al., 2006;
Szabé et al., 2017). A high abundance of these bacteria
has been previously reported in various alkaline lakes
(Humayoun et al., 2003; Vavourakis et al., 2016; Zhao
et al., 2020). The presence of unclassified and uncultur-
able prokaryotes in Lake Nukhe-Nur, in addition to the
dominant taxa, suggests that these groups may play a
significant role in the ecosystem of this lake.

Using established biomarker screening criteria
(LDA score ~4), we assessed the significance of dif-
ferences between subcommunities at the family level.
It was found that Peptostreptococcaceae can serve as a
biomarker for an abundant subcommunity of bottom
sediments. Bacteria of the family Peptostreptococcaceae
were abundant in the bottom sediments of the lake
studied and their share was more than 1%. Previously,
He et al., 2022 showed that members of the family
Peptostreptococcaceae were widely distributed in saline
lakes (salinity >35g/L) of the Tibetan Plateau.

Bacteria enriched in the intermediate subcommu-
nity (0,1-1%) of microbial mats and bottom sediments
were assigned to Rhodobacteraceae, Spirochaetaceae,
Clostridiaceae 2, Desulfobacteraceae, Peptococcaceae,
Nitriliruptoraceae, Chromatiaceae, Trueperaceae,
Cyclobacteriaceae, and SRB2, which have previously
been found in soda lakes in Kenya, the Kulunda Steppe,
and Mongolia Sorokin et al., 2004; Rees et al., 2004;
Sorokin and Kuenen, 2005; Grant and Jones, 2016;
Tandon et al., 2020). Representatives of the rare sub-
community of microbial mats (<0,1%), specifically
Syntrophomonadaceae of the phylum Bacillota, has the
capacity to convert fatty acids produced by ferment-
ing bacteria into acetate, formate, or hydrogen, which
can then be utilized by methanogens (Dworkin et al.,
2006). Typically, syntrophic bacteria can be found in
environments containing decomposing organic matter
in the absence of inorganic electron acceptors.

The aerobic organoheterotrophic Phycisphaerae
of the phylum Planctomycetota are also a biomarker
of a rare subcommunity (<0.1%) of microbial mats.
Metabolic analysis of Phycisphaerae revealed that they
are capable of utilizing complex sugars (Robbins et
al., 2016). Currently, little is known about the fam-
ily Phycisphaerae isolated from salt lakes. However,
it has been reported that an isolate of the bacterium
Phycisphaerales PLM2.Bin57, derived from a microbial
mat of a Canadian soda lake, has undergone whole-ge-
nome shotgun sequencing and been registered in NCBI
(BioSample: SAMN10237425).

The family Pirellulaceae of the phylum
Planctomycetota is a representative of a rare subcommu-
nity (<0.1%) of the bottom sediments of Lake Nukhe-
Nur. Espin et al., 2021 reported that representatives of
the Pirellulaceae family were involved in the anammox
processes in the bottom sediments of stratified saline
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lakes in Spain. Members of the family Prolixibacteraceae
(phylum Bacteroidota) are also biomarkers of a rare
subcommunity in bottom sediments and include Gram-
negative bacteria that specialize in the degradation of
high molecular weight compounds in the marine envi-
ronment (Fernandez-Gomez et al., 2013).

A functional prediction of microbial communi-
ties in microbial mats and bottom sediments of Lake
Nukhe-Nur showed a wide potential diversity of met-
abolic pathways. In addition, its rare subcommunities
exhibited a comparable diversity of predicted functions
to the abundant subcommunities. This likely confirms
the important role of rare taxa in ecosystem stability
in response to environmental changes (Ashley et al.,
2012; Lynch and Neufeld, 2015).

The conducted studies demonstrated that the
microbial communities of Lake Nukhe-Nur exhibit high
taxonomic and functional diversity. A relatively small
number of abundant taxa coexist with a significant pro-
portion of rare taxa. Assessing microbial communities
by considering abundant, intermediate, and rare sub-
communities is important for understanding the het-
erogeneous and rapidly changing nature of soda lake
ecosystems in a cryoarid climate.
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O6unbHOe u peakoe cybcoobuiecTeo B
copoBom o3epe Hyxa-Hyp (bapry3uHnckan
KOTAOBMHA, Poccun)

JlaBpenTtneBa E.B.**, banzapakijaeBa T.I'.!, Jlamb6aeB B.B.!, bByanryesa JI.b.?,
MBanos B.JI.!, Hukutuna E.I1.3, Tkaues I1.A.!, Jopxues L].3.2

I HHcmumym o6uwyeii u sxcnepumeHmastbHol 6uosiocuu CO PAH, yi. CaxbaHogoll 6, YiaH-Y03, 670047, Poccua
2 Bypamckuil eocydapcmaeHHblll yHugepcumem umeHu Jjopacu Bansapoea, ys1. Cmontuna 20a, YiaH-Y03, 670000, Poccua
3 Batikatsekull uHcmumym npupodonostsdogarus CO PAH, yii. CaxeaHoGBoll 6, YiiaH-Y03, 670047, Poccus

AHHOTALIUA. B gaHHo! paboTe MBI BIIepBhle KCCJIE[OBAId COCTaB MUKPOOHBIX COOOIIEeCTB OOWJIb-
HBIX, TIPOMEXYTOYHBIX U PeOKuX cyOcooOiiecTB B cofoBoM o3epe Hyxa-Hyp (BaprysuHckas KOTJIO-
BMHA) C HCIOJIb30BAHMEM BHICOKOIPOM3BOOUTEJIFHOTO cekBeHMpoBaHUs Illumina MiSeq. Pe3ynabpTaTsl
IOKa3ajIu, YTo OOMJIbHEIE cyOcoobimecTBa B OCHOBHOM cocTosuiu u3 Pseudomonadota, Cyanobacteriota,
Bacteroidota w Bacillota, B oT/inuve OT HUX, PeAKUe CyOCOOOIeCTBA B MUKPOOHBIX MaTaX B OCHOB-
HOM coctostii u3 Pseudomonadota, Cyanobacteriota, Bacillota, Deinococcota, Gemmatimonadota,
Bacteroidota, Actinobacteriota, Kiritimatiellaeota. B peakomM cy6cooOIecTBE MOHHBIX OCAJKOB OOHA-
pyxennl Euryarchaeota, Actinobacteriota, Pseudomonadota, Bacillota, Bacteroidota, Chloroflexota,
Gemmatimonadota, Verrucomicrobiota, Epsilonbacteraeota, Deinococcota. Tem He MeHee, JOMUHUPYIOIILE
$uymB1 0OUIIBHOTO cyOcoo0IecTBa ObLIN OOHAPYKEHEI B IPOMEXYTOYHOM U peAKOM cyOcoo0mecTBax.
ITporHo3upoBaHre MUKPOOHON SKOJIOTMYECKON (DYHKI[UU TOKA3aJIo MIMPOKOE MOTEHI[MAIbHOE Pa3HOO-
O6pa3ue MeTaboJIMUeCKUX MyTell B OOMJIBHBIX, IPOMEXYTOYHBIX 1 peAKUX cy0coobiecTBax MUKPOOHBIX
MaTOB M AOHHBIX O0CaAKOB B cogoBoM o3epe Hyxs-Hyp. Pemgkue cyGcoobmiectBa MOTyT uUrparh OoJiee
Ba)XHYIO POJIb B PA3JIOXKEHUH OPTaHMYECKOTO BEIECTBa, YeM OOUIJIbHBIE Cy6COOOIecTBa B COMOBhIX O3€-
pax. B COBOKymHOCTH 3TO HccjaeoBaHUe oOecledynBaeT Jiyyllee MOHUMAaHUEe CTPYKTYPBl MUKPOOHOTO
co00IIecTBa U MOTEHI[UAJIBHBIX 9KOJIOTUYECKUX QYHKIUIN OOUIBHBIX U PEIKUX CyOCOOOIIECTB B 3KOCH-
CTéMaXxX COOOBLIX O3€pP. BroissBi1ieHHEBIE peaKre TaKCOHbI OTKPBIBAIOT HOBBIE BO3MOXKHOCTHU AJIA 3KOJIOTUYe-
CKMX, TAKCOHOMUYECKNX 1 FT€HOMHBIX OTKPBITUH B COAOBBIX 03epax bapry3snHCKON KOTJIOBUHEI.

Kitioyeasie csto8a: MHOTOUNCJIEHHOE, IIPpOMEXYTOYHOE, peJKoe CYGCOOGH.IGCTBO, coOoBOE 03€po

s mutupoBanusa: JlaBpeHTbheBa E.B., BanzapaknaeBa T.I'., [Jamb6aeB B.B., byautyesa JI.B., BanoB B.JI., Hukutuna E.IL.,
Tkaues I1.A., Jopxues L1.3. O6uybHOe U pefikoe cyOcooOdiiecTBo B cogoBoM o3epe Hyxa-Hyp (Bapry3uHckas KoTji0BUHa, Poccus)
// Limnology and Freshwater Biology. 2024. - No 4. - C. 971-985. DOI: 10.31951/2658-3518-2024-A-4-971

1. Beeaenue pa3fenuTh Ha MHOTOYMCIIEHHBIe U penikue (OTHOCHU-

TeJIbHas yrcjieHHOCTh >1 u <0,1% coOTBETCTBEHHO)
TaKCOHBI, [IpHYeM [lepBble BHOCAT 3HAUUTEJIbHBIN BKJIa]
B OroMaccy, HO He3HauUTeJibHOoe 6ropa3Hoobpasue, a
BTOpHIe BHOCAT He3HauuTeJIbHBIN BKJIaJ B OroMaccy,
HO GoJspimoe 6uopaszHoobpasue (Zhang et al.,, 2018).
Penikyie TakCOHBI XOTA U CYLIECTBYIOT B O4eHb HHU3KOM
OTHOCUTEJIbHOM YMNCJIEHHOCTY, HO WrpaloT BaXHYIO
SKOJIOTMYEeCKYI0 pOJib B MUKPOOHBIX COOOIIecTBax, 4To
JleJiaeT UX KJII0YeBBIMU y4acTHHKaMU MUKPOOHOTO pas-
HooGpa3us (Jia et al., 2022). Kpome Toro, penkue cy6-
coobmecTBa MoryT quddepeHIMpOBaHHO pearupoBaTh

MukpoOHBle CcOoO0IecTBa UrpalT KIII0YEBYHO
pOJIb B CTPYKTYPHUPOBaHUM U (YHKIMOHMPOBAHUU
MPUPOAHBIX BOAHBIX 3KocucTeM (Simon et al., 2002;
Sang et al., 2018; Chen et al.,, 2019; Zhang et al.,
2023). MukpobHBIE CcOO0OIIeCTBAa XapaKTepPU3YIOTCA
BBICOKMM TaKCOHOMMYECKUM U (DYHKIMOHAJIBHBIM Pa3-
HooOpa3ueM B COJIOBHIX o3epax (Sorokin et al., 2014).
MuxkpoOHble coobmecTBa OOBIYHO COCTOAT U3 OOWUJIb-
HBIX MHKPOOOB € HECKOJBKHUMH JOMUHUPYIOIMIMU
TaKCOHAMM U MHOTOUYMCJIEHHBIX PEeIKUX TaKCOHOB. [1o
BKJIQJly TAKCOHOB B MHKPOOHOE COOOIeCTBO MOXHO
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MpU Ppas3jIMYHbIX KU3MEHEeHUSAX OKpYyXalollell cpeJbl.
Takum obpas3oM, peaxue cybcoobiiecTBa MOTYT MOBBI-
CUTHh YCTONYMBOCTh MUKPOOHOI'O cOOOIecTBa K HU3Me-
HEHUsAM MapaMeTpoB OKpyxarwiieil cpeabl (Jones and
Lennon, 2010). HemaBHue wuccieqoBaHHS Ha OCHOBe
BBICOKOITPOM3BO/IUTEJIBHOTO CEKBeHNPOBaHUsA reHa 16S
pPHK nokaszanu, 4To pelkue TaKCOHBI cjlefyeT pac-
cMaTpuBaTh B KayecTBe He3aMeHNMOro KOMIIOHEHTa
MUKPOOHBIX COOOIIEeCTB U3-3a UX OOJIBIIOrO reHeTu-
YecKoro pasHooOpasusa U 3HAUYUTEJIbBHOrO KOJIM4ecTBa
MeTaboJIMYeck akKTUBHBIX JuHUK (Jones and Lennon,
2010; Leininger et al., 2006; Sjostedt et al., 2011,
Sauret et al., 2014; Jiao et al., 2017).

B BaprysuHCKoOl KOTJIOBUHE eCThb Psil COJIOBBIX
03ep, KOTOpHBIe Mpe/ICTaBJIAIT coO60 0COOBIN TUN CoJle-
HBIX 03ep 3a CYeT OTHOCUTEJIbHO OOJIBIIOro Kojuye-
cTBa KapboHaTa HaTpus. Bce HeJjaBHUe KccileJOBaHNA
10 M3y4YeHNI0 TAaKCOHOMHYECKOr0 COCTaBa MUKPOOHBIX
CoO0IIeCTB COJIeHBIX 03ép Bapry3nHCKON KOTJIOBUHEHI C
KCIOJIb30BaHNEM BBICOKOIIPOU3BOAUTEIBHOIO CeKBe-
HUPOBaHNUA Ha OCHOBe reHa 16S pPHK paccmarpuBaiu
JIVIIb MHOTOYHMCJIEHHBIE TaKcOHHBI (>1%) (Lavrentyeva
et al., 2020; Lavrentyeva et al., 2023). B cBsA3U ¢ 3TUM,
B JaHHOUM paboTe HaMu BIlepBble OBLJIO IIPOBEJIEHO
1IeJIOCTHOEe HcCCJIefJOBaHNEe TaKCOHOMHUYECKOTO pa3Ho-
o6pa3us U NOTeHLUUAJIbHBIX 3KOJIOTMYECKUX (PYyHKIUN
MHOT'OYHCJIEHHBIX, IPOMEXYTOYHBIX U peJKux cybco-
obujects B comoBoM o3epe Hyxs-Hyp (BaprysunHckas
KOTJIOBUHA).

2. MaTepuanbl U MEeTOADI

Ozepo Hyxs-Hyp (53°38’781” c.m. 109°56’°807”
B.[., BEIcOTa 479 M HaJ ypOBHEM MOp:), IJIOIIAAbIO
okoyio 2-2.5 kM? pacnojiaraerci B HaJIONMEHHOM
MIOHIXXEHNH Ha CTEeITHOM y4yacTKe AOJIMHEL, II0 IPaBOMY
6epery peku baprysus. O3epo cOCTOUT U3 BYX BOJO-
eMOB, 1 umeeT (PopMy acHMMeTPUYHON BOCbMEpPKH,
BBITAHYTOM C ceBepa Ha or. JIoHHBIe OTJIOKEHU Ipef-
CTaBjieHbl MeJIKOAUCIEPCHBIM WJIOM, PpaBHOMEPHO
MOKpHIBalOIM AHO o3epa. OTOop 00paslnoB MNpPOBO-
auiau B ceBepHOM o3epe Hyxa-Hyp.

B npunoHHOI1 Bofie (JieToM) 661U M3MepeHsl pH
U TeMIlepaTypa ¢ IoMoIblo nopratusHoro pH merpa
pH-200 HM Digital (FOxHas Kopes) ¢ ceHCOPHBIM Tep-
MoMeTpoM. MuHepanusanuio onpeAesiaiy Ipy MOMOIIN
TecT-KOHAYKTOMeTpa TDS-4 (Cunranyp). [lns rugpo-
XMMUYECKOro aHajIu3a BOAY OTOHMpasli B CTEPUJIbHYIO
IJIACTUKOBYI0 OyTBIJIKY. MaKkpOKOMIIOHEHTHBIN COCTaB
BOJBl ONIpeAesiId C [OMOIIBI0 T'MAPOXUMUYECKUX
metonoB B LIKIT I'MH CO PAH (r. Yiau-Yop).

Hyxs-Hyp ceBepHbIll - 03epo KapOOHAaTHO-HATpU-
eBoro tuna. OCHOBHBIMHM KaTHOHaMU BOABI B HeM ObLIN
Na* (105,90-106,62 mr/s) u Ca?* (84,24-85,80 mr/),
JoMUHMpYIMMU annoHamu Obim HCO,™ (472,34-
476,17 mr/n) u CO2*~ (75,97-76,43 mr/n). Cpennss
TeMmnepaTypa BOABl B cepeJiiHe HI0JiA cocTasysia 16,7
°C, B To BpeMs Kak pH Boabl ObLI IeJIOUYHBIM U KOJIe-
baJsicsa B npefesnax oT 8,54 no 8,62.

J7iA  MOJIeKyJIApDHO-TeHeTHYecKoro  aHajamsa
poObl AOHHBIX 0CAJAKOB OTOMpasld B CTepUIbHBIE ILjIa-
cTukoBele 15 mu1 npobupku tuna Falkon u ¢ukcupo-
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BaJI JTAHOJIOM [0 KOHEYHO! KOHIleHTpauuu 50%
(06./06.). IIpoGbl 6BLIM [JOCTaBJIEHB B JIaODOpaTOPHUIO
B TeyeHue CyTOK U Jo BeifesieHusa JJHK Haxoausuch B
XoJIOqWJIbHUKe ipu + 4°C.

Brigenenue JJHK 13 ocagkoB IpOBOAMIIU C IOMO-
mpio Habopa DNeasy PowerSoil Kit (Qiagen, CIIIA) mo
IIPOTOKOJIy Mpou3BoauTesid. KauecTBeHHyI0 W KOJIU-
YecTBEHHYI0 OLIeHKYy IOJIydeHHBIX MpenapartoB JHK
IPOBOAWJIH € TTOMOIIBI0 criekTpodoToMerpa Nanodrop
1000 (Thermo Fisher Scientific, CIIIA). Peruon V3-V4
resa 16S pPHK 6»i1 amMmimnduiiipoBaH € MOMOIIbIO
npaiimepoB 343F (5’-CTCCTACGGRRSGCAGCAG-3’)
u 806R (5’-GGACTACNVGGGTWTCTAAT-3).
Avmndukanuio IpoBOAWIN B YCJIOBHAX ONMCAHHBIX
panee (Brouchkov et al., 2017). CekBeHUpOBaHUE MPO-
Boaunu B LIKII “Buocnapk” (r. MockBa) Ha cucreme
MiSeq (“Illumina”, CIIA) c ucnoJib3oBaHreM Habopa
peareHTOB, o0ecrneunBalNero JINHY [POYTEHUA
300 HyKJIEOTHUAOB C KaXOOro KOHI[a aMIUIMKOHA.
JleMyIbTUIIJIEKCHpOBaHUe IPOBOAWIN INPU IOMOILU
cooTBeTcTByOIUX ckpunroB 10 QIIME Bepcuu 1.9.0
(Caporaso et al., 2010). IMocieaymwouy 06paboTKy U
aHaau3 IocjefoBaTeJbHOCTEH TakXke MPOBOAWUJIU B
QIIME ver. 1.9.0. laHHble ObIM NOPOMYIIEHH 4Yepe3
GuiabTp € MHUHMMaJIbHBIM KadyeCTBOM IIPOYTEHUA
Hykjeotuaa 30 ¥ MHUHHUMAaJIbBHOW JUIMHOHM NpPOYTEeHUA
350 m.o. IIpoBepky NpoYTeHUI Ha XMMEPHOCTh IIPOBO-
auau ¢ nomoimnsio ckpunta identify_chimeric_segs.py
o anroputMy USEARCH Bepcuu 6.1544 (Edgar, 2010)
u pedepeHcHoU 6asoii mpouteHuii 16S pPHK Silva
123 (Quast et al., 2013). ®opmupoBaHUe TaOIULBI
OTE mnpousBoguiu c mnomompio ckpunrta pick open_
reference_otus.py. IlocyieoBaTesIbHOCTH TI'PYIIIUPO-
Basu B OTE ¢ ypoBHeM cxozactBa 97% (Schloss and
Handelsman, 2006), ucmons3ysa aaroputm USEARCH
Bepcun 6.1544 (Edgar, 2010) u pedepeHcHyw 6Gasy
npoutenuii 16S pPHK Silva 123 Bepcun (Quast et al.,
2013). Cepsepst NCBI (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) u EzBioCloud (https://www.ezbiocloud.net/)
OBLIM UCIIOJIb30BaHBI [JIA [ToMcKa OJIMXalInX roMOJIO-
roB. [Tporpammy Tax4Fun ucrnosb3oBanu AJis JaHHBIX,
aHHOTUPOBaHHBIX B Oa3e maHHbIX SILVA. PesyibraToM
ABJIAeTcA TabJyWla, cojepxamas OTHOCUTeJIbHBIe
ypoBHu conepxanus KO (KEGG ORTHOLOGY).
[Ipopnnn KO wcnosb3oBanu i IpopuiainpoBaHUA
pyHkuroHaspHOrO pasHoobpaszusa Ha ocHoBe KEGG
(nytu, moaysu unu kareropuu EC).

Mectra otbopa Ipo0 OCYILIeCTBJIUIMCh B pas-
JIMYHBIX OHOTONax: MUKPOOHbIE MaThl (M) U JOHHBbIE
ocanku (s). Pegkue u mHorouriciieHHbie OTE 6v11u mipo-
M3BOJIBHO OIlpefielieHbl CJIeAyIoIUM oO0pa3oM: 0OWJIb-
Hele: >1% u pemkue: <0,1% (Pedrds-Ali6, 2006).
Takconnl yncsieHHOcTh0 OT 0,1 g0 1% 6buLIM ompene-
JIeHBI KaK IpoMeXyTo4Hoe cy0coobiiecTBo. IToCKOIbKY
[IOpOroBhle 3HauyeHUs, HCIIOJIb3yeMble [JiA olpejesie-
HUA pelIKUX TaKCOHOB, MOTYT IOBJIMATh HAa OCHOBHBIE
pesyJibTaThl, NIpeJicTaBJIeHHble B 3TOM HCCJIeJOBAaHUU,
MBI IIPOBEpWJIM MOPOroBoe 3HadyeHue 1% MOMHUMO
0,1%, 94TOOBl YTOUHUTH, YTO 3HAYMMOCTb Pe3yJIbTaToOB
sIBJIAETCA MaJioBepoATHEIM apTedakToM (Wenkai et al.,
2017)
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3. Pe3ynbTaTthbl

3.1. Mukpobnoe pasHoob6pa3ue u coctaB
o6weH, MHOroUHCAEHHOM, NPOME)XYTOUYHOM
U peaxon 6uocdepbi

N3 6 obpasiioB JOHHBIX OCAOKOB U MHUKPOOHBIX
MaToB OBLJIO NOJIydyeHO B obmieil cyoxsHoctu 80031
rocJiefjloBaTeJIbHOCTeN. AHaIN3 papedeKITH yKa3bBaeT
Ha TO, YTO KOJIMYeCTBO IIPOUYTEeHUI IocJjieJoBaTesIbHO-
cTell OBLJIO JOCTAaTOYHBIM JJI OXBaTa OOJIBIIMHCTBA
TaKCOHOB B Kaxaol Beibopke. Habmomaembie OTE,
nHAekch Shannon u Simpson B Tpex cy6coobmiecTBax
rccjieyeMoro o3epa IipeficTaBjeHsl B Tabulle.

B MukpoOHBIX cooOl[ecTBaX MUKPOOHBIX MAaTOB
YU JOHHBIX OCA[KOB Bcero ObLI0 nojydeHo 18223 OTE.
W3 Hux 62, 769 u 17392 OTE 6blin naeHTUOUIAPO-
BaHbl KaK MHOTO4YMCJIEHHble, IPOMEeXYTOUYHble U pef-
Kue cooTBeTcTBeHHO. Ha mguarpamme Benna (Puc. 1)
[IOKa3aHo paclpejiesieHre 00NJIbHbIX, IPOMEeXYTOYHBIX
u peakux OTE. B obumeit cioxHoctu 27 OTE 6vuin
o0muMU AJ1A MHOTOYMCJIEHHOIO, IPOMEeXYTOYHOI'0 M
penkoro cybcoofiecTs MUKpoO6HOro mara. J[yisi JoH-
HbIX ocagxoB 9 OTE Oputu pacnpocTpaHeHHBIMU cpeu
MHOT'OYKCJIEHHOTO0, IIPOMEXyTOYHOTO U peaKoro cyo-
coobiiecTB. XapakTepHO, YTO B MUKPOOHOM Marte U B
JIOHHBIX ocafikax He oOHapyxeHo obmux OTE y o6uJib-
HOT'O U MMPOMEXyTOYHOIr'0 cy0Cco0011IecTB.

B Mukpo6HOM MaTe ObUIO OOHapyXkeHO 85
obmux OTE 1jia mpoMeXyTO4YHOro W peaKoro cyoco-
obuiectB u 2 obmux OTE ama oOMIJIBHOTO U PeiKoro
cybcoobiiecTs.

B MHKpPOOHBIX coOOLIeCTBaX MOHHBIX OCAIKOB
173 OTE 6b1711 00IMUMM [J1s1 MPOMEXYTOYHOTO U pef-
Koro cy6coobiects u 3 OTE 6bu11 0OIIMMU AJ11 OOUJTb-
HOTO U pefKoro cybcooobiiecTsa.

WpnentudunyipoBanHele 0OWIbHBIE, IIPOMEXY-
TouHsle U peakue OTE oxBateiBamu 5-50%, 24-40%
u 26-55% ot oOlero yucja NoJy4YeHHBIX MOCjaeJoBa-
TeJIPHOCTE COOTBETCTBEHHO.

Kpowme Toro, 493 1 815 OTE 6b111 yHUKAIBHBIMU
B peJIKoM cy6coobIiecTBe MUKPOOHBIX MAaTOB U JJOHHBIX
ocajikax, COOTBETCTBEHHO.

B obunsHOM cyGcoobmiectBe (T1%) MHUKpOOG-
HBIX MAaTOB JIOMUHUDYOIIUMH GujiyMaMu ObLIN
Pseudomonadota, Cyanobacteriota, Bacteroidota,
Bacillota, Thermodesulfobacteriota,  Actinobacteriota,
Epsilonbacteraeota, Deinococcota n Planctomycetota. Ha
ypOBHe ceMmelicTBa Haubosiee pacnpoctpaHeHHse OTE
(*1%) 6b111 oTHeceHBI K Rhodocyclaceae, Trueperaceae,
Ectothiorhodospiraceae, Trueperaceae, Rhodobacteraceae,
Sulfurospirillaceae, Peptostreptococcaceae, Nitrincolaceae,
Cyanobiaceae, and Ectothiorhodospiraceae. B o6uibHOM
cy6coobIecTBe JOHHBIX 0CaAKOB (~1%) AJOMUHUPOBATIU
dumymsr Pseudomonadota, Chloroflexota, Bacteroidota,
Cyanobacteriota, Bacillota. Ha ypoBHe ceMeNCTB B
JIOHHBIX Ocajkax oOHapyxXeHO HaubOoJiblllee KOJIUYe-
ctBo OTE (1%), otHeceHHbix k ML635J-40 aquatic
group, Anaerolineaceae, Bacteroidetes vadinHA17,
Hydrogenophilaceae, Rhodocyclaceae, Woeseiaceae.

[lpu anHanmu3e GUIOTEeHETUYECKOTO COCTaBa
OBUIO IIOKA3aHO, YTO MIPOMEXYTOUYHOe cy6coobIIecTBo,
He3HaYUTEIbHO OTJINYAJIOCh OT MHOTOYUCIIEHHOTO CYy0-

Ta6suma. UHpekcol anbda-pazHoobpasusa Ha ypoBHe 97% OTE Oubsmorek reHos 16S pPHK uccienoBaHHbBIXx 00pa3LnoB

COOOBOIO O3€pa

Buorton Cy6coobmectBo |KosmuectBo|KosmngyectBo OTE Simpson Shannon Bkian B
NPOYTEeHUH coobiecTBo %
NN_1m A 5559 11 0,73 1,8 40
NN_1m I 4020 120 0,99 4,6 30
NN_1m R 4035 2038 1,00 7,5 30
NN_2m A 6132 16 0,88 2,5 50
NN_2m I 2906 98 0,98 4,4 24
NN_2m R 3181 1634 1,00 7,3 26
NN_3m A 6137 16 0,89 2,5 45
NN_3m I 3338 98 0,98 4,4 24
NN_3m R 4282 2126 1,00 7,5 31
NN_1s A 2217 8 0,86 2.0 15
NN_1s I 5821 157 0,99 4.9 39
NN_1s R 6848 3514 1,00 8.0 46
NN_2s A 647 3 0,63 1.1 5
NN_2s I 5328 163 0,99 4.9 40
NN_2s R 7379 4347 1,00 8.3 55
NN_3s A 1564 8 0,84 2,0 13
NN_3s | 4317 133 0,99 4.7 35
NN_3s R 6320 3733 1,00 8.2 52

IIpumeuanue: A — o6uspHOe cyGcoobuectso ~ 1% OTE; I — npomexyTtouHoe cybcoobimectso 0,1-1% OTE; R — penkoe cy6-

coobmectBo <0,1% OTE

980
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85
(14%)

493
(81.2%)

R

815
(81.4%)

R

Puc.1. O6mue u yHukaabHele OTE B pazinuHbIX cyOcooOmecTBax (MHOrourcjieHHble A, IpoMexyTouHble I u penkue R) B
obpazuax MUKpOOHBIX MaToB (a) U JOHHBIX ocaAkoB (6) o3epa Hyxs-Hyp

coob1iecTBa, HO 6b1I0 6oJiee pa3HOOOpa3HbBIM. B yacT-
HOCTU, B TON JOMHUHUPYIOIUX (GUIYMOB B MPOMEXY-
ToyHOM cyb6coobmecTBe (0,1-1%) MUKPOOHBIX MaTOB
Bonwtu Pseudomonadota, Cyanobacteriota, Bacteroidota,
Bacillota, Thermodesulfobacteriota, Actinobacteriota,
Epsilonbacteraeota,  Deinococcota,  Planctomycetota,
Acidobacteriota, Spirochaetota. Ha ypoBHe ceMeHCTB
Haubosiee pacnpocrpaHeHHble OTE (0,1-1%) Obuinu
oTHeceHhl K  Chromatiaceae, = Rhodobacteraceae,
Ectothiorhodospiraceae, Desulfobacteraceae,
Rhodocyclaceae, Nitrincolaceae, Ectothiorhodospiraceae,
Peptostreptococcaceae. B cocTaBe NPOMEXYTOYHOTO
cybecoobmectBa (0,1-1%) OOHHBIX OCAIKOB JIOMHHMU-
poBasi Pseudomonadota, Planctomycetes, Spirochaetota,
Bacillota, Bacteroidota. Hau6ossiiee OTE (0,1-1%) Ha
YPOBHE CEMEHCTB OTHeCeHO K Bacteroidetes vadinHA17,
Rhodocyclaceae, Clostridiaceae 2, Spirochaetaceae,
Chromatiaceae, Cryomorphaceae, Trueperaceae.

HampoTus, peakoe cy6coo0IIeCTBO MPOAEMOH-
CTPHPOBAJIO PUITOTEeHETUYECKUE COCTAB, ABHO OTJINYAI0-
HIUICAOT OOUIIBHOTO M ITPOMEXXY TOUHOT'0 CyOCco0b11eCTB.
B ton gomunupylomux ¢uiaymos (<0,1%) B MUKPOO-
HOM Mare Bounu Pseudomonadota, Cyanobacteriota,
Bacillota, Deinococcota, Gemmatimonadota, Bacteroidota,
Actinobacteriota, and Kiritimatiellaeota. Ha ypoBHe
ceMericTBa Haubosiee MHorouriciaeHHsie OTE (<0,1%)
oTHeceHbl K Pseudomonadaceae, Rhodobacteraceae,
Syntrophomonadaceae, Phycisphaeraceae, Woeseiaceae,
Rhodocyclaceae, Phycisphaeraceae, Burkholderiaceae,
Ectothiorhodospiraceae, Desulfobacteraceae.

B Ton-10 HauboJiee AOMUHUPYIOIIUX (PUIIy-
MOB peakoro cybcoobmectBa (<0,1%) B HOHHBIX
ocajkax oOTHeceHBl Euryarchaeota, Actinobacteriota,
Pseudomonadota, Bacillota, Bacteroidota,
Chloroflexota, Gemmatimonadetes, Verrucomicrobiota,
Epsilonbacteraeota, Deinococcota. Ha ypoBHe ceMelicTBa
Haub6oJiee pacnpoctpaHénusle OTE (< 0,1%) oTHeceHH
K Methanocorpusculaceae, Chromatiaceae, Rikenellaceae,
Ruminococcaceae, Marinilabiliaceae, Bacteroidetes
vadinHA17, Peptococcaceae, Desulfobacteraceae, and
Syntrophomonadaceae.

CrnegyeT  OTMETWUTH,

YTO JOMUHHUpYIOIINe

981

¢unymsl o6myIBHOTO cyOcoofiecTBa ObUIM OOHaApY-
JKEeHBl B IPOMEeXYTOYHOM M pefKoM cybcoobiiecTBax.

Takum o6pa3zoM, oOUIbHbIE, PeKIe U IPOMEeXY-
TOYHbIe cyOcooblecTBa cJIyXkaT OrPOMHBIMU XPaHUIU-
I[aMy MUKPOOHOT'0 pa3Ho00pa3us B MUKPOOHBIX MaTax
1 IOHHBIX OcajJikax, a pasHooOpasue cooOIIecTB U TakK-
COHOMMHYECKHI COCTaB MHOTOYMCJIEHHBIX, IIPOMEXY-
TOYHBIX Y PeJKUX TAaKCOHOB KaXXJ0ro 61oToIa 3aMeTHO
OTJINYaJINCh.

3.2. XapakrepucTuKa MUKPOOHbIX
coobuiects ¢ nomowbio LEfSe ananusa

B cooTBeTcTBUM C yCTaHOBJIGHHBIMU KpHUTepU-
sAMM CKpUHMHra ovuomapkepoB (oneHka LDA > 4) mb
ucross3oBanu LEfSe s umeHTHMOUKANMM crelya-
JIU3UPOBAHHBIX JIMHUN MUKPOOPraHHU3MOB, KOTOpHIE
JIyullle BCEro XapaKTepU3yIoT KaXIblil Tun cybcoobiie-
ctBa (Puc. 2).

XapakTepHO, 4YTO M MUKPOOHOro marta He
obHapyxeH OuoMapkep OOWJIBHOTO cybcoobiiecTBa.
Torma xak B JOHHBIX Ocajkax 00mJibHOe cybcoobiie-
CTBO IIpefICTaBJIeHO ceMelicTBoM Peptostreptococcaceae.

CemetictBa Rhodobacteraceae, Spirochaetaceae,
Clostridiaceae 2, Desulfobacteraceae, Peptococcaceae,
Nitriliruptoraceae OBITM WHOWKATOPHBIMU TaKCOHAMU
A7 NPOMEeXyTOYHOro cybcooOijecTBa MUKPOOHOTO
maTta, Syntrophomonadaceae wi Phycisphaeraceae sBs-
JINChb MapKepHBIMU TaKCOHAMM AJIA pedKoro cyb6cooob-
njecTBa MUKpOOHOI0O Marta.

lpencraButrenu  cemeiictBa  Chromatiaceae,
Trueperaceae, Cyclobacteriaceae, Bacteroidetes BD2-2,
SRB2 Obuin 3HAUYUTEIBHO OoOJiee MHOTOYHCJIEHHHI B
MPOMEeXyTOYHOM cyb6coobiiecTBe TOHHBIX OcCalkoB. B
penkoM cyOcoobliecTBe BBIABJIEHB TaKCOHOMHYECKHe
sHuu Pirellulaceae v Prolixibacteraceae.

3.3. OYHKUMOHANBHDbIW NPOrHO3

CreHeprpoBaHHas TeIUIoBasA KapTta (QyHKIU-
OHAJIPHOTO MPOTHO3UPOBAHUA MUKPOOHBIX CyOCO00-
IIecTB MaTa 1 JOHHBIX OCaJIKOB Ha OCHOBE aHHOTHPO-
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Rhodobacteraceae — a
Spirochactaceae —
Clostridiaceae 2 _

Desulfobacteraceae _
Phycisphaeraceae _
Peptococcaceae _
Syntrophomonadaceae _
Nitriliruptoraceae | NN
B intermediate © 2
M rare LDA score

Peptostreptococcac _
weperaceae |
Cyclobacteriaceae _
o2 [
Prolixibacteraceae _

B abundant
intermediate 0 ’ 4

rare LDA score

Puc.2. Buomapkepsl pa3ianyHbeX cybcoobiiecTB (MHOrourcjieHHble A, mpoMmexyTouHble I u penkue R) ompeneneHHble B
obpa3uax MUKpPOOHBIX MaToB (a) U JOHHBEIX ocafkoB (6) o3epa Hyxs-Hyp (mpokapuoTuiecKkre TaKCOHBI, KOTOPHIE JIyYllle BCero
XapaKTepU3yIoT KX TUN cy6coobiiecTBa ¢ momMobio 6ayuioB LDA).

BaHHBIX reHOB KEIT, mokazasna 10 6oJiee oboraieHHbIX
nyTell B IPOMEXYTOUYHOM M pefkoM cybcoobiecTBax
MUKPOOHBIX MaToB U 14 GoJsiee oboraieHHbIX TyTell B
00MJIBHOM U peJKoM cyOcoo0IiecTBax AOHHBIX OCAAKOB
(Puc. 3). B cyb6coobiecTBax MUKPOOHOIO MaTa ObLIN
CIIPOrHO3UPOBAHBI I'eHBl, CBA3aHHbBIE C MeTab0JIM3MOM
MeTaHa, Cephbl, XXUPHBIX KUCJOT, (QuUKcauuen yrie-
poAda, CUHTe30M U paspyllleHneM BaJIiHa, JIeHIMHa U
U30JIeHI[UHa, CUHTe30M YOMXMHOHA U MeTaboJIM3MOM
nvpysara.

[Tytu, oboramjeHHBIE BO BCceX cyOcoolIiecTBax
JOHHBIX OCAJKOB, OBUIM IpeAcTaBjIeHbl HYKJIEOTH[-
HBIM MeTa00M3MOM, MeTab0JM3MOM aMHHOKHCJIOT,
asoTa, OMOTWHA, OKHUCJIMUTEJIBHBIM (GochOopUInpoBa-
HUeM, GOTOCUHTE30M U IeHTo30(ochHaTHHIM IyTeM
OKHCJIEHNA IJTI0K03HL. [IpomexyTouHoe cy6coobmecTBo
JIOHHBIX OCaJIKOB MMeJIO CBOU 0COOeHHOCTH. B faHHOM
cybcoobuiectBe ObIO IpefckaszaHo 11 metabosnye-
CKUX NyTel, B TOM 4Hcje MeTaboJIM3M cepbl, KOTOPHIH
paHee ObLI CIPOrHO3UPOBAaH B MUKPOOHOM Mare.

4. 06cyxpeHue

B craTthe Jousset et al.,, 2017 coobimaercsa, YTO
or 1,5 no 28% Bcex MHKPOOOB ABJIAIOTCA «yCJIOBHO
PeIKUMU TaKCOHAMU», KOTOPBIE PEOKU B OOJIBIIHCTBE
cjlydyaeB, HO WHOrJa CTAHOBATCA AOMHUHMPYIOIKMU.
ODTH TaKCOHBI, KOTOpBIE YacTO YMNyCKawTCs U3 BUAY,
MOTYT OBITh KJIIOUOM K NMOHMMaHUI0 (GOPMUPOBAaHUA U
dyHKIIOHUpOBaHUA coobigecTB (Jousset et al., 2017).
B coBpeMeHHBIX HCCIefOBaHUAX peAKHWe BUABI Bce
yalle IPU3HAITCA ABMXKYIIEH CUJION KJIF0UeBHIX (PYHK-
LU B Ha3eMHBIX M BOJHBIX JKOCHCTeMax. B mepByio
odepelib 5TO CBA3AaHO C T€M, YTO B €CTECTBEHHBIX YCJIO-
BUAX OKpYyXalolllell cpelibl, peiKhe BUIbl MOTYT CTaTh
BaXXHBIMH KOMIIOHEHTaMM B U3MEHSAIIUXCA YCIOBUAX,
obecrieurBasg HOBBIE MeEXBHIOBBIE B3aHUMOJENCTBUA
a1 pyHKIMoHUpoBaHuA coobmiectBa (Shade et al.,
2014; Fetzer et al., 2015).

Jlo ceromHAmHero OHS, MHOIOYHCJIEHHBIE Tak-
COHBI OOMJIbHOTO cyOcoobmectBa (T1% ot obuiero
4lcJIa BceX MocjieoBaTeIbHOCTe) COCTaBJIAIM OCHOBY
OoJiblllell yacTH HAIIUX COBPEMEHHEBIX IIpeACcTaBJIeHUN
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0 MUKpOO6HOM pa3Hoob6pasuu o3ep bapry3snHcKoil KOT-
soBuHH (Lavrentyeva et al., 2020; Lavrentyeva et al.,
2023). 1o uccyieqoBaHue JaeT HOBOe MpeiCcTaBJieHe
0 CTPYKType U coCTaBe MUKPOOHBIX COOOIIECTB B 3KOCH-
creMe comosoro o3zepa Hyxas-Hyp. IIpoBenenHas qud-
(depeHnmanysa MUKpoOHOro coobiiecTsa Ha OOMJIbHBIE,
IIPOMeXyTOYHbIE U peJikue cyOcoobIecTBa pacupuiIn
Hallle IOHMMaHNe COCTaBa U CTPYKTYPHI HCCJIeyeMOoro
comoBoro ozepa Hyxs3-Hyp. MHpaekcsl pa3HooOpasus
MoKaszajii HauboJIBIINI BKJIa[ Ppeakoro cybcoolre-
CTBAa B COCTaB MHUKPOOHBIX MaToOB M AOHHBIX OCAaAKOB
o3sepa Hyxs-Hyp. B njesiom pefxue v npomexyTOYHEIE
cybcoobiiecTBa BHOCAT BKJIaJ B pa3HooOpasue cool-
mecTBa U o0ecnevynBalT IyJl FeHeTUYeCKUX pecypcoB
o3epa Hyxa-Hyp, KoTOpble MOr'yT OBITh aKTUBUPOBAHBI
IIpY U3MEeHEeHUM YCJIOBUH OKpyXarolel cpeds! (ce30H-
Hble U3MeHeHUs TeMIlepaTyphl, Kojle0aHusA MUHepaIu-
3aiuu, pH u apyrue).

[Io TakcoHOMHUYECKOMY pa3HO0Opas{i Halu
pe3yJIbTaThl COIJIACyIOTCA C MpeAblAyIiUMy HCCcIe-
JIOBaHUAMHM, [IOKa3blBalOIINMH, YTO JOMUHHPYIO-
mye TaKCOHB OOMJIbHOTO cy6coobmectBa (T1%)
(Pseudomonadota u ©Gaxktepuu (GUIOreHETUYECKOHN
rpynnsl CFB) o6plYHO Hab6mofalTcss B MUKPOOHBIX
MaTax M JOHHBIX OTJIOXKEHUAX APYIHMX COMOBBIX O3ep
(Jiang et al., 2006; Szabd et al., 2017). Panee coobuja-
JIoch O OOJIBIIOM KOJINYeCTBe Takux OakTepuil B pas-
JIMYHBIX MIeJ0YHBIX o3epax (Humayoun et al., 2003;
Vavourakis et al., 2016; Zhao et al., 2020). Hapsgy c
JOMUHUPYIOIIMMU TaKCOHaMH, IPUCYTCTBHEe HeKJac-
cU(pUIMPOBAHHBIX U HEKYJIbTUBUPYEMBIX IIPOKapHoOT B
o3epe Hyxa-Hyp, MoxeT ykasblBaThb Ha 3HAUUTEJIbHYIO
POJIb 3TUX TPYII B 3KOCUCTEMeE 3TOTr0 03epa.

CpaBHeHMe 3HAQUMMOCTH pa3IMuUi  MexQy
cybcoobiiecTBaMyu Ha YpOBHe ceMelCTBa B COOTBET-
CTBUM C YCTAQHOBJICHHBIMU KPUTEPUAMM CKPHUHHHIA
ouomapkepoB (omeHka LDA ~4) Mbl 0GHApYXUIU
Peptostreptococcaceae xak 6GrioMapKep OOUJIBHOTO CyO-
cooliecTBa AJiA JAOHHBIX OcafgkoB. bakTtepum cemeil-
cTBa Peptostreptococcaceae pacnpocTpaHeHB B JOH-
HBIX OcCajikax HCCJIeJyeMOro HaM{ o3epa M UX [0JiA
cocraBwia 6Gosiee 1%. Panee, B pabore He et al,,
2022 0BUIO MOKAa3aHO, YTO IpeJCTaBUTEJIN ceMelcTBa
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Puc.3. HPOFHOBI/IpyeMHe IIOTEHIIMaJIbHbI€ 3KOJIOTNYE€CKH1e Cl)yHKI.II/II/I U UX OTHOCUTEJIbHOEe 00ujIre B 06I/IJ'[bHOM, IIPOMEXY-

TOYHOM U peJIKOM cyGcoobiecTBax cofoBoro o3epa Hyxa-Hyp.

Peptostreptococcaceae IMPOKO pacpoOCTPaHEHHI B COJie-
HBIX 03epax (cosieHocTs > 35r/51)) TubeTckoro miaaro.

Baktepun, oboramjeHHbBIE B IMPOMEXYTOYHOM
cybecoobmiectBe (0,1-1%) MuKpoOHOro Mata U [JOH-
HBIX OCaJKOB ObLIM OTHeceHbl K Rhodobacteraceae,
Spirochaetaceae, Clostridiaceae 2, Desulfobacteraceae,
Peptococcaceae,  Nitriliruptoraceae, Chromatiaceae,
Trueperaceae, Cyclobacteriaceae, SRB2, KOTOpbIe
paHee OOHApYyXUBAJINCh B COMOBHIX o3epax KeHwuwu,
Kynyunuackoi crenn, Monrosimu (Sorokin et al., 2004;
Rees et al., 2004; Sorokin and Kuenen, 2005; Grant and
Jones, 2016; Tandon et al., 2020). IIpencraBuTenu
peaxoro cy6coobiiectBa MukpooHoro Mata (<0,1%)
Syntrophomonadaceae dunyma Bacillota moryT mpe-
00pa3oBbIBaTh XHUPHBIE KHCJIOTHl, BhIpabaThIBaeMbIe
pepMeHTHPYIOIINMMU GaKTEpUAMU, B aleTaT, popmuar
WIN BOJOPOJl, KOTOpPbIE 3aTeM MOTYT MNOTPeOIAThCA
MmertanoreHamu (Dworkin et al., 2006). Kak nmpasuio,
cuHTpo(dHBIEe GaKkTepur OOHAPYXXMBAKTCA MPU PasJio-
)KEHUU OPTraHWYecKOro BelIeCcTBAa M OTCYTCTBHU HEOP-
raHUYeCKUX aKLENTOPOB 3JIEKTPOHOB.

AspobHble opraHoreTeporpodHsie Phycisphaerae
¢duwryma Planctomycetota makdce AgAomca ouomap-
Kepom pedKozo cybcoobujecmea MUuKpoOHOZO Mmama
(<0,1%). Merabomuueckuii aHanu3 Phycisphaerae
MoKa3aJl, YTO OHM CIIOCOOHBI HCIOJIb30BaTh CJIOXKHBIE
caxapa (Robbins et al., 2016). B HacTosmee Bpems
MaJio YTO U3BECTHO O cemelicTBe Phycisphaerae, gbide-
JIEHHbIX U3 COJIeHblx 03ep. W3BecTHO, 4TO OJaromaps
MOJIHOreHOMHOMY shotgun sequence BbIJeJIEH U30JIAT
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G6aktepuu Phycisphaerales PLM2.Bin57 13 MUKpOGHOTO
MaTa cofioBoro osepa KaHajpl U 3aperucTpupoBaH B
NCBI (BioSample: SAMN10237425).

CewmetictBo Pirellulaceae duyma Planctomycetota
SIBJIAETCA TIpeJICTaBUTeJIeM peakoro cybcoobiiecTBa
JOHHBIX ocagkoB (<0,1%) ozepa Hyxs-Hyp. B paborte
Espin et al., 2021 oTMeuYeHO, YTO B JAOHHBIX OTJIOXe-
HUSX CTPaTUGUIIMPOBAHHOIO COJIEHOTO o3ep Mcmanuu
npejcraBuTenu cemelictBa Pirellulaceae y4acTBYIOT
B aHaMMOKc-TIponleccax. IIpezcraBuTesi ceMelcTBa
Prolixibacteraceae ¢uiiyma Bacteroidota Takxke sABJIA-
0TCcs OroMapkepamMu peakoro cybcoobiecTBa B JJOH-
HBIX OCaJKaX M BKJIIOYAIOT rpaMoTpuLaTesbHble 6ak-
TepHuy, KOTOpble CIEeNUaJN3UPYITCS Ha pas3sioXeHUHN
BBICOKOMOJIEKYJIAPHBIX COeUHEHUIT B MOPCKOH cpefie
(Fernandez-Gomez et al., 2013).

OyHKIHOHAJIBHOE NPOTHO3UpOBaHNe B MUKPOO-
HBIX cOO0IIecTBaX MUKPOOHBIX MaTOB M JOHHBIX OCal-
KoB o3epa Hyxa-Hyp mokasajio MUpoOKoe MMOTeHINaIb-
Hoe pa3HooOpasue Metabosnueckux nytei. [Ipuuem
penkue cybcoobmecTBa MUKPOOHBIX MaTOB U JIOHHBIX
0Ca/IKOB He YCTYIaJIX [0 pa3HOOOpa3uio pOrHo3upye-
MBIX QYHKIMI OT OOUJIbHBIX CyDCOo00b1ecTB, YTO Bepo-
SITHO TIOATBEPXKAAET BAaXHYI0 POJIb PEOKHUX TaKCOHOB
B CTaOWIBHOCTH 3KOCUCTEMHBI B OTBEeT Ha M3MeHeHUs
okpyxatomeii cpensl (Ashley et al., 2012; Lynch and
Neufeld, 2015).

TakuMm o0pa3oM, IpoBefleHHBIe HCCIIeoBa-
HUS TI0Ka3ayd, 4YTO MUKPOOHBIE coofIlecTBa o3epa
Hyx3-Hyp oT/inyaTcs BEICOKUM TaKCOHOMMYECKUM U
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(dyHKIIMOHAJIBHBIM pa3HOOOpa3reM U MPU 3TOM OTHO-
CUTEJIPHO HeOOJIbIIOE KOJIMYECTBO PACIPOCTPAHEH-
HBIX TaKCOHOB COCYIIECTBYET CO 3HAYMTEJIbHOU JIOJIei
penKux TakcoHOB. OleHKa MHUKPOOHBIX COOOIIECTB C
y4eTOM MHOTOYHCJIEHHBIX, MPOMEXYTOYHBIX U pe-
KUX cyOcooOIlecTB MMeeT peliamllee 3HaYeHUEe A
MOHUMAaHUA HEOJHOPOJHOU UM OBICTPO MeHsoIIelncs
MPUPOABl IKOCUCTEM COIOBBIX O3€p B KPHOAPUIHOM
KJIIMare.

bAaaropapHoCTH

HccrienoBaHue BBHINOJIHEHO 3a
Poccuiickoro HayuHoro d¢onma No
https://rscf.ru/project/24-24-20050/)

CYeT TpaHTa
24-24-20050,

KoHpAUKT UHTEpecoB

ABTOpHI 3asBJIAIOT 06 OTCYTCTBUM KOHQIIMKTA
HMHTEPECOB.
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