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ABSTRACT. In Lake Baikal, the number, diversity, and structure of femtoplankton — bacteria passing
through filters with a 0.2 pm pore size — were studied for the first time using a complex of methods. The
bacterial abundance in the femtoplankton fraction was 7 X 10* cells/mL in the 0-50 m water layer, as
measured by epifluorescence microscopy, and their contribution to the total bacterial number reached
an average of 4.4%. High-throughput sequencing of 16S rRNA gene fragments revealed a significant
genetic and taxonomic diversity of femtobacterioplankton in the pelagic and littoral zones of the lake.
Dominant and minor phyla, orders, families, genera, and phylotypes of bacteria were identified in two
fractions of Lake Baikal bacterioplankton: larger and smaller than 0.2 uym. We determined the contri-
bution of ultra-small bacteria to the taxonomic composition of microbial communities in different parts
of the lake. The microbiomes of bacterioplankton and femtobacterioplankton fractions differed signifi-
cantly, and we described the peculiarities of ultramicrobacteria composition. The results demonstrated
an important role of ultra-small bacteria in Lake Baikal’s ecosystem.
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1. Introduction size during prolonged cultivation even on “enriched”

media; the authors called these microorganisms ultra-
microbacteria (UMB). Ultramicrobacteria have a diam-
. ) Ot eter of proliferating cells less than 0.3 pm, cell volume
and freshwater planktonic bacteria are small in size and less than 0.1 pm? and genome size between 3.2 and
cell volume. Their small size is a significant advantage 0.58 Mb; they form microcolonies on low nutrient agar
over larger organisms in the competition for nutrients. after filtration (Torrella and Morita, 1981; MacDonell
Thanks to their high surface-to-volume ratio, small- and Hood. 1982: Schut et al..1997b: Velimirov. 2001:
cell bacteria absorb nutrients most efficiently, which Duda et al., 2012; Nakai, 2020). Ultra-small cells with
is especially important in oligotrophic water bodies extremely small genome size were also described
with low organic matter concentrations; they are also among archaea; the superphylum DPANN (an acronym
better protected from predation by predators and can of the names of the first phylum included in this super-
adapt more quickly to extreme environmental condi- phylum) mainly represents ultramicroarchaea.

tions (Hirsch, 1986; Schut et al.,1997b; Cavicchioli and Under natural conditions, UMB adapt to low
Ostrowski, 2003; ‘Ha}‘m et al.‘ , 2003). _ nutrient concentrations and demonstrate a high growth
~ In the cultivation on “poor” media, most bacte- rate. According to numerous studies, in marine and
ria usually show a decrease in cell size. When the cells freshwater habitats, UMB reach high abundance and
are transferred to more favorable conditions, the size play important roles in biogeochemical cycles, nutri-
is restored or increased. Torrella and Morita (1981), ent cycling, and biomass formation (reviewed by Schut

investigating very small marine heterotrophic bacteria, et al.,1997b; Cavicchioli and Ostrowski, 2003; Duda et
revealed for the first time that they grow very slowly al., 2012; Nakai, 2020).

on standard nutrient media and do not increase in

Bacterioplankton plays a key role in the cycling of
matter and energy in aquatic ecosystems. Most marine
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Cultivation of UMB, unlike copiotrophic bacteria,
is extremely difficult. The marine oligotrophic alphapro-
teobacterium Sphingomonas sp. (Sphingopyxis alaskensis)
RB2256 isolated from the Gulf of Alaska water by the
dilution-to-extinction culture technique was the first
successfully isolated species (Schut et al., 1993; Schut
et al.,, 1997a). Later, some cells exceeding the size of
UMB were detected in the cultures (Vancanneyt et al.,
2001). Additionally, S. alaskensis was found to possess
a genome of 3.35 Mb (Lauro et al., 2009).

Subsequently, the first freshwater UMB were
isolated from geographically distant lakes of differ-
ent trophic status, namely actinobacterium species
and strains with consistently ultrafine size and cell
volume <0.1 um® (Hahn et al., 2003). The newly
developed filtration-dilution-acclimatization method
that was subsequently used for other bacterial groups
yielded many strains of freshwater UMB, mainly
Proteobacteria and Actinobacteriota (e.g. clusters of
the species Polynucleobacter, Fonsibacter, Planktophila,
and Rhodoluna).

Ultra-small bacteria pass through filters with
pore size of 0.45 and 0.2 um. This property plays a role
in differentiating and cultivating various size groups,
and it is also important to take into account during
sterilization of solutions and water treatment. The
terms “filterable bacteria” and/or “filtered forms bacte-
ria” also found in literature primarily refer to bacteria
capable of passing through a 0.45-um pore size filter
(Oppenheimer, 1952; Anderson and Heffernan, 1965;
Tabor et al., 1981; MacDonell and Hood, 1982; Nakai,
2020). The terms “UMB” and “filterable bacteria” were
often interchangeable or equivalent in publications.
However, it is possible to make a clear distinction
between these terms with the introduction of genetic
studies, in particular, the determination of the size
of the bacterial genome clearly defined in the case of
UMB. At the same time, during filtration, pleomorphic
bacteria with genome sizes > 3.2 Mb still pass into the
fraction <0.2 um due to peculiarities of cell wall struc-
ture and morphology. A recent review by Nakai (2020)
gives a detailed classification of five types of ultra-small
and filterable microorganisms in the environment.

In water bodies, UMB and filterable bacteria (FB)
form femtoplankton, the smallest (0.02-0.2 pum) and
less-studied size fraction of plankton, also including
viruses. In Lake Baikal, femtobacterioplankton (FBP)
and ultrafine bacteria have not been studied in detail,
despite numerous studies concerning microbial com-
munity diversity in the lake (http://lin.irk.ru/bibl/).

This study aims to estimate the number of bac-
teria from the femtoplankton fraction in Lake Baikal
using epifluorescence microscopy and to determine the
genetic and taxonomic diversity of bacteria in two bac-
terioplankton fractions using high-throughput sequenc-
ing and bioinformatic analysis methods.

2. Materials and methods

Water samples for quantitative assessment and
high-throughput sequencing of 16S rDNA amplicon
libraries were collected in September in the littoral
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zone of the Maloye More Strait (Kurkut Bay) and in
the pelagic zone of the lake at the central stations of
the following transects: the Listvyanka settlement-the
Tankhoy settlement (southern basin of Lake Baikal)
and Ukhan Cape-Tonky Cape (central basin of Lake
Baikal), at depths of 0, 5, 10, 15, 15, 25, and 50 m
(Fig. 1). In late August-early September, water samples
were taken in the Barguzin Bay (from the 0-50 m water
layer), in the littoral zone near the Turka settlement
(from the 0-5 m water layer), and 2 km away from the
Severobaikalsk town (from the 0-15 m water layer) (Fig.
1). Sampling was carried out from the board of the LIN
SB RAS research vessels using the SBE-3 bathometer
system (Carousel Water Sampler, Sea Bird Electronics
Inc., USA) and the Rutner bathometer.

To estimate bacterial abundance, 100 mL sam-
ples were fixed with formalin (final concentration 2%).
Then they were filtered through polycarbonate filters
(Millipore, USA). The total bacterioplankton abun-
dance (TBA) was measured on filters with a pore size
of 0.2 pum. For counting UMB and FB, samples were
passed through filters with a pore diameter of 0.2
um, and then cells from filtrate were precipitated on
polycarbonate filters with a pore diameter of 0.05 um
(Whatman, UK). Cells on filters were stained with DAPI
dye (4‘,6’-diamidino-2-phenylindole) (Sigma, USA).
The preparations were observed in an Axio Imager M1
microscope (Carl Zeiss, FRG). Cell counting was per-
formed under ultraviolet light (A =358 nm) in 20 fields
of vision in 3 replicates.

For metabarcoding, the 500 mL plankton sam-
ples collected from different depths (O to 50 m) at one
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Fig.1. Map of Lake Baikal. Sites of sampling.
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site were combined into an integral sample. Samples
were then concentrated on polycarbonate filters with
a pore diameter of 0.2 um for fractions >0.2 um (bac-
terioplankton, BP) and on 0.05 pm filters for fractions
< 0.2 um (femtobacterioplankton). The total DNA was
isolated from samples after filtration using the DNA-
Sorb B kit (InterLabService, Russia). Primers 343F and
806R flanking the V3-V4 region of the 16S rRNA gene
were used for amplification. Metagenomic sequencing
of samples was performed on a Miseq Illumina genomic
sequencer (Center for Collective Use “Genomika”,
Russia).

Assessing the quality of the sequencing data,
clustering into OTU, and taxonomic identification of
OTU were performed as described previously (Belykh
et al., 2023). The taxonomic classification in this paper
is given here according to the Silva database 138.1
(https://www.arb-silva.de). In the case of unidentified
sequences, an additional data search carried out using
BLAST analysis (http://blast.ncbi.nlm.nih.gov). Raw
sequencing data is available at Zenodo platform by doi
10.5281/zenodo.13254752.

3. Results and discussion
3.1. Abundance of femtobacterioplankton

In the pelagic zone of Lake Baikal, TBA ranged
from 0.5 to 2.5x10° cells/mL. The number of small-
cell bacteria in the fraction less than 0.2 pm in the 0-50
m layer averaged 7.0x10* cells/mL; the maximum
(1.0 x10° cells/mL) was observed at depths of 10 and
15 m, while uppercase below 25 m, the concentration
was two or more times lower. The proportion of ultra-
small bacteria in the total bacterial count averaged
4.4%.

In general, the quantitative data on UMB and
FB in Lake Baikal exceeded those obtained for other
freshwater bodies. For example, in acidic lakes in the
northern part of Russia, the number of bacteria pass-
ing through 0.2 pum filters was 1.69-3.1 X 10* cells/mL,
which amounted to 0.4-3.1% of the TBA (Fedotova
et al., 2012). In the Rybinsk reservoir, their number
was 2.28 + 0.16 X 10* cells/mL, reaching 1.6% of TBA
(Fedotova et al., 2013). Similar values were observed in
the Swiss water bodies; the proportion of bacteria less
than 0.2 um averaged 3.61% of TBA in Lake Zurich,
0.53% was in Lake Greifensee, and 1.9% was in Lake
Lugano. At the same time, the contribution of ultra-
small cells to TBA in rivers was lower, accounting for
0.03-1.3% (Wang et al., 2007). On the contrary, sam-
ples from oligomesotrophic Lake Mondsee contained
up to 3 X 105 cells of bacteria with a volume of 0.1 pm?
per mL of water, i.e. up to 20% of the total bacterio-
plankton (Hahn, 2003).

Compared to oligotrophic regions of seas and
oceans, the number of femtobacterioplankton in Lake
Baikal was lower. In low-productive regions of the
oceans, the concentration of ultrafine cells was 10°-10°
cells/mL (Schut et al., 1993).

Notably, estimating the number of ultra-small
forms of bacteria using the direct microscopic method is
very difficult. Literature data vary considerably, mainly
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due to the use of different types of filters, and also due
to mixing the concepts such as ultramicrobacteria and
filterable bacteria, as mentioned above. Nevertheless,
the development of filtration techniques, the introduc-
tion of fluorescence microscopy and polycarbonate fil-
ters with a pore size of 0.2 pm or less, and a range
of fluorescent dyes in microbiological research have
improved bacterial quantification (Zimmermann and
Meyer-Reil, 1974; Hobbie et al., 1977; Porter and Feig,
1980; Kepner and Pratt, 1994). In recent decades, flow
cytometry has become the most efficient method for
counting natural planktonic bacteria, but, at the same
time, it has some drawbacks (Gasol and del Giorgio,
2000). The morphology and ultrastructure of bacte-
rio- and femtoplankton were successfully character-
ized using electron microscopy (Fischer and Velimirov,
2000; Colombet et al., 2020). Obviously, a reliable esti-
mation of the number of bacteria with different size
fractions in aquatic ecosystems using a complex of the
latest methods is currently required.

3.2. Composition and structure of
microbial communities based on
metagenomic analysis

In littoral zones of Lake Baikal, members of
the phylum Proteobacteria (Pseudomonadota) with a
prevalence of Gammaproteobacteria dominated bac-
terioplankton (Fig. 2, Fig. 3). Proteobacteria averaged
55% of all nucleotide sequences (NS) in the littoral
microbial communities, of which femtoplankton frac-
tion accounted for 48% of NS. Bacteria of the phyla
Bacteroidota (26%) and Cyanobacteria (11%) were sub-
dominants. Among them, ultramicrobacteria were not
abundant (6% and 2%, respectively). The proportion
of Actinobacteriota in the littoral zone of the lake was
6.2% of the total bacterioplankton, of which 5.6% in the
fraction of larger-sized bacterioplankton and 0.6% — in
the femtoplankton. Bacteria of the phyla Deinococcota,
Firmicutes, and Patescibacteria (class Gracilibacteria),
as well as the Nitrososphaerota archaea, were minor;
these groups were found only in femtoplankton.

Actinobacteria predominated in samples from
the deep-water zone of Lake Baikal, up to 37% of the
total number of NS in the pelagic bacterioplankton,
while the proportion of ultra-small cells reached 29%
(Fig. 2, Fig. 3). In the pelagic zone, the dominant phyla
included Cyanobacteria (26%), Proteobacteria (19%),
and Bacteroidota (9%).

Among  Proteobacteria, ultra-small mor-
photypes were abundant (14%). On the contrary,
Bacteroidota more often had large-sized cells (6%),
and cyanobacteria contained almost only picoplank-
tonic genera of the Cyanobium/Synechococcus cluster,
with cell diameters exceeding 0.3 um (26%). In the
pelagic zone, Alphaproteobacteria were more abun-
dant than Gammaproteobacteria. The composition of
bacterial communities in the pelagic zone was more
diverse compared to the littoral zone due to minor
phyla, including Acidobacteriota, Armatimonadota,
Bdellovibrionota, = Campilobacterota,  Chloroflexi,
Dependentiae, Desulfobacterota, Fibrobacterota,
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Fig.2. Bacterial abundance heatmap at the levels of phylum and some classes (alpha- and gammaproteobacteria) in two
fractions of Lake Baikal water samples: > 0.2 pm (BP - large-sized bacterioplankton), < 0.2 pm (FBP - femtobacterioplank-
ton). Sampling stations: Barguz. Bay — Barguzinsky Bay, Turka — near the Turka settlement, Severobaikalsk — near the town of
Severobaikalsk, L-T — central station of the Listvyanka settlement — Tankhoy settlement transect, U-T — central station of the
Ukhan Cape - Tonky Cape transect, and MM - Maloye More Strait (Kurkut Bay).

Firmicutes, Gemmatimonadota, Margulisbacteria,
Myxococcota, Nitrospirota, Patescibacteria
(Gracilibacteria, Parcubacteria, and Saccharimonadia),
Planctomycetota, and Verrucomicrobiota. Of these,
UMBs were detected among the phyla Campilobacterota,
Chloroflexi, Cyanobacteria, Firmicutes, Nitrospirota,
Verrucomicrobiota and Patescibacteria including
Gracilibacteria, Parcubacteria, and Saccharimonadia
classes.

Analysis of the diversity of the microbial com-
munity in Lake Baikal at the level of taxa below the
phylum rank revealed the following peculiarities in its
composition (Fig. 4, Fig. 5).

Actinobacteriota. Two classes represented
the wultrafine actinobacteria: Acidimicrobiia and
Actinobacteria. Microtrichales was the most abun-
dant order of the class Acidimicrobiia, among which
the family Ilumatobacteraceae, namely, CL500-29_
marine_group, was the most common. This group was
often detected in two bacterioplankton fractions of the
deep-water zone. Perhaps, they enter the femtoplank-
ton fraction by filtration. The CL500-29_marine_group
lacks culturable species. Bacteria of this group are
widespread in the epilimnion of lakes and can use aer-
obically some different carbon sources (acetate, pyru-
vate, amino acids, glucose, and glycolate). Presumably,
members of the CL500-29 group play some role in the
degradation of dissolved organic carbon, especially
high-molecular-weight compounds such as humic sub-
stances (Guo et al., 2023).

The Actinobacteria class contained many
UMB belonging to the order Frankiales, family
Sporichthyaceae, mainly representatives of the can-
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didate genus ‘Ca. Planktophila’ and unidentified
sequences of the acl/hgcl_clade and Sporichthyaceae.

Planktophila genotypes were numerous and
diverse (five of them were among the first 100 “top”
OTUs). The identity of the Baikal OTUs with the known
ones from Genbank database was more than 97%, and
the closest relatives were ‘Ca. planktophila limnetica’
(OTU5), ‘Ca. Planktophila sulfonica’ (OTU13), ‘Ca.
Planktophila lacus’ (OTU29), and ‘Ca. Planktophila
versatilis’ (OTU65) from Lake Zurich. Type species ‘Ca.
Planktophila limnetica’ was first isolated in the mixed
culture with other UMBs from a small lake in Austria.
The strain had C-shaped cells of 0.4-0.5 um in diameter
and 1.0-1.2 um in length, showing a good growth in the
presence of L-alanine (Jezbera et al., 2009).

A significant proportion of the sequences of
the acl/hgcl clade from Lake Baikal belonged to the
genus ‘Ca. Nanopelagicus’ based on the BLAST anal-
ysis. The most abundant bacterioplankton genotype
(OTU1) was 100% identical to ‘Ca. Nanopelagicus
hibericus’ from Lake Zurich (Neuenschwander et al.,
2018). ‘Ca. Nanopelagicus hibericus’ was character-
ized by extremely small cell volume (0.012 um?®) and
streamlined small genome (1.22 Mb) along with other
obtained strains of the genera ‘Ca. Nanopelagicus’
and ‘Ca. Planktophila’. The two candidate genera are
now unified into a new order ‘Ca. Nanopelagicales’
that includes only true UMBs (Neuenschwander et al.,
2018).

Actinobacteria of the acl/hgcl_clade are among
the most successful and widespread in freshwater lakes
of different trophic status, where they account for more
than 50% of all bacteria (Newton et al., 2007; 2011).
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Fig.3. Bacterial abundance heatmap at the levels of phylum and classes in two fractions of Lake Baikal water samples:
> 0.2 um (BP - large-sized bacterioplankton), < 0.2 um (FBP - femtobacterioplankton). Sampling stations: Barguz. Bay —
Barguzinsky Bay, Turka — near the Turka settlement, Severobaikalsk — near the town of Severobaikalsk, L-T - central station of
the Listvyanka settlement — Tankhoy settlement transect, U-T - central station of the Ukhan Cape — Tonky Cape transect, and

MM - Maloye More Strait (Kurkut Bay).

They often contain actinorhodopsins, allowing them to
transform sunlight energy into ATP and leading a pho-
toheterotrophic lifestyle. Among all UMBs from Lake
Baikal, bacteria of the acl/hgcl_clade predominated in
the number of NS and OTUs. It is suggested that bac-
teria of the acl/hgcl_clade lineage are abundant during
the mass development of phytoplankton because they
utilize polysaccharide-rich algal exudates (Garcia et
al., 2013; Salcher et al., 2013; Pérez et al., 2015) in
addition to allochthonous carbon sources (Buck et al.,
2009; Pérez and Sommaruga, 2006). A characteristic
feature of ‘Ca. Nanopelagicus’ is their ability to con-
sume nitrogen-rich compounds; they can assimilate
ammonia, amino acids, and the polyamines spermi-
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dine and putrescine. Moreover, all ‘Ca. Nanopelagicus’
degrade cyanophycin, an accumulative polymer of cya-
nobacteria consisting of arginine and L-aspartic acid
(Neuenschwander et al., 2018).

A small number of the Microbacteriaceae
(Micrococcales) OTUs was detected in the femtoplank-
ton fraction. Well-known bacteria of the genus ‘Ca.
Aquiluna’ were rarely identified in the pelagic zone of
the lake; sequences of the genus ‘Ca. Planktoluna’ were
determined only in the fraction greater than 0.2 pm.

Bacteroidota. In Lake Baikal, ultrafine
Bacteroidota belonged to the class Bacteroidia, the
orders Bacteroidales, Chitinophagales, Cytophagales,
Flavobacteriales, and Sphingobacteriales. Among
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Fig.4A. Bacterial abundance heatmap at the levels of orders in two fractions of Lake Baikal water samples: > 0.2 um (BP
— large-sized bacterioplankton), < 0.2 pm (FBP - femtobacterioplankton). Sampling stations: Barguz. Bay — Barguzinsky Bay,
Turka — near the Turka settlement, Severobaikalsk — near the town of Severobaikalsk, L-T — central station of the Listvyanka set-
tlement — Tankhoy settlement transect, U-T - central station of the Ukhan Cape — Tonky Cape transect, and MM — Maloye More

Strait (Kurkut Bay).

the classified genotypes, we identified members of
the genera Dinghuibacter, Emticicia, Pseudarcicella,
Flavobacterium, Fluviicola, and Solitalea; a significant
part of Bacteroidota contained unidentified OTUs. It
should be noted that Bacteroidota typically have by a
low number of ultra-small cells; perhaps some of them
occur the femtoplankton fraction as a result of filtration
and are filterable bacteria.

Proteobacteria. In Lake Baikal, ultra-small
bacteria of the phylum Proteobacteria are classified
as Alpha- and Gammaproteobacteria and unidenti-
fied Proteobacteria. Among Alphaproteobacteria, we
identified members of the orders Caulobacterales,
Rhodobacterales, Rickettsiales, Sphingomonadales,
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SAR11 _clade, and Sphingomonadales.

SAR11 clade, one of the most abundant groups
in Lake Baikal, contained a diverse and abundant
Clade_III_ge lineage, dominant in the femtoplankton in
the pelagic zone of Lake Baikal. The ‘Ca. Fonsibacter
ubiquis’ phylotypes, including the third-ranked one by
a number of OTU sequences in the lake microbiomes,
represented clade_IIT_ge.

The SAR11 clade, originally known as the marine
clade, is one of the most abundant clades in water bod-
ies, and its bacteria are particularly well-adapted to
oligotrophic conditions (Giovannoni, 2017; Chiriac et
al., 2023). The family ‘Ca. Pelagibacteraceae’ includes
four clades: SAR11-I and SAR11-II are found almost
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Strait (Kurkut Bay).

exclusively in marine waters, SAR11-Illa is detected
in brackish waters, and the SAR11-IIIb clade (also
called LD12 or ‘Ca. Fonsibacter ubiquis’) found only
in freshwater bodies (Henson et al., 2018; Tsementzi
et al., 2019). SAR11_clade consists of photohetero-
trophic bacteria capable of oxidizing a wide range of
one-carbon compounds and utilizing light as an energy
source via proteorhodopsin. In the stratified oligotro-
phic water column of Lake Baikal, their role is probably
great but has not been studied at all. Marine SAR11_
clade bacteria, mainly Pelagibacter spp. consume low
molecular weight dissolved organic matter. We did not
detect phylotypes closely related to Pelagibacter spp.
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in Lake Baikal. Previously, two SAR11 genomes from
Lake Baikal pelagic samples, which were part of marine
clade I, were recovered (Cabello-Yeves et al., 2020);
they showed no identity to our sequences.

Genotypes of Brevundimonas spp. (Caulobactera-
les) were one of the most abundant genera in the littoral
and pelagic zones of the lake. They were less abundant
in the large-sized fraction. The genus Brevundimonas
consists of obligately aerobic, moderately psychrophilic
bacteria that are highly resistant to environmental fac-
tors. Members of this genus can cause infections in
humans and animals; they pass through filters with a
pore size of 0.45 um. Brevundimonas spp. are often iso-
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lated from treated water, including drinking water, and
are resistant to antiseptics and disinfectants. Detection
of filterable bacteria of the genus Brevundimonas in a
fraction less than 0.2 um indicates the need for careful
sample preparation of natural water when it is used as
drinking water.

Opportunistic species of the genus Wolbachia
(Rickettsiales) were identified as a part of femtoplank-
ton in the Maloye More Strait and in the central basin
of Lake Baikal. Wolbachia are obligate intracellular
symbionts of arthropods and nematode filarias; that
can infect humans.

Among Sphingomonadales, genotypes of the
genera Sphingomonas and Sphingorhabdus were iden-
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tified in large numbers in both fractions. Members of
Sphingomonas were abundant near the Turka settle-
ment; Sphingorhabdus — in the Barguzin Bay.

Gammaproteobacteria included 12 orders,
with ultrafine bacteria found in Alteromonadales,
Burkholderiales, Enterobacterales, and
Pseudomonadales.

The genus Rheinheimera (Alteromonadales) ranks
fourth in terms of the NS abundance among the UMB of
gammaproteobacteria. The genus Rheinheimera includes
aerobic chemoheterotrophic bacteria that utilize a wide
range of carbohydrates. Perhaps, in our case, they are
filterable forms of bacteria rather than true UMBs
because the size of cells of the genus Rheinheimera
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exceeds the limits of UMBs.

Burkholderiales (formerly Betaproteobacteria)
is the most abundant order in terms of the number
of UMB NS. The Burkholderiaceae family contained a
significant number of the smallest morphotypes. For
example, Ralstonia spp. were often detected in the lit-
toral zone, and genotypes of Polynucleobacter spp. were
often found in the pelagic zone of Lake Baikal. Members
of the genus Polynucleobacter are the most frequently
detected Proteobacteria in fresh waters with differ-
ent degrees of trophicity and pH. Numerous strains of
free-living aerobic heterotrophic ultramicrobacteria of
this genus (mainly from subclades PnecC and PnecD)
were isolated from various freshwaters (Hahn, 2003;
Hahn et al., 2005; Wu and Hahn, 2006a; Vannini et al.,

2007; Chiriac et al., 2023).
Noteworthy is

Acidovorax, Delftia, Malikia, and Paucibacter.

The family Methylophilaceae with ultramicro-
bacteria of the genus ‘Ca. Methylopumilus’ was identi-
fied in two plankton fractions from the pelagic zone of
Lake Baikal; phylotypes of this genus were among 100
“top” OTUs. Bacteria of the family Methylophilaceae
recognized as one of the most important methylotrophs
that play a key role in carbon cycling in aquatic hab-
itats (Chistoserdova, 2015; Salcher et al.,, 2019).
Methylophilaceae specialize in using reduced one-car-
bon (C1) compounds such as methanol, methylamine,
and formaldehyde as sole sources of energy and car-
bon (Salcher et al., 2019). Two strains of the genus
‘Ca. Methylopumilus’ were isolated from the Lake
Zurich: ‘Ca. Methylopumilus planktonicus’ (LD28) and
‘Ca. Methylopumilus turicensis’ (PRD01a001B), with
genome sizes of 1.36 Mb and 1.76 Mb, respectively
(Salcher et al., 2015). Freshwater ‘Ca. Methylopumilus
planktonicus’ are ubiquitous and abundant in lakes
with the abundance maxima of up to 11.3 x10* cells/
mL (4% of total prokaryotes) during mass development
of diatoms and/or cyanobacteria (Salcher et al., 2015;

Salcher et al., 2019).

In the family Oxalobacteraceae, two ultrafine
members of the genera Duganella and Rugamonas and
two uncultivated genera were observed in the pelagic
zone. Bacteria of the order Enterobacterales with the
genus Serratia were identified only in the femtoplank-

ton from coastal zone.

Pseudomonadales is the second order

Gammaproteobacteria in terms of the number of ultra-
microbacteria NS, among which the genus Pseudomonas
is most diverse in phylotypes and abundance. The genus
Pseudomonas, facultatively aerobic, chemoorganohet-
erotrophic bacteria, show great metabolic diversity and
can colonize a wide range of niches. UMB morphotypes
of this genus with streamlined small genome inhabit
Lake Baikal, as shown in the analysis of recovered
MAGs from metagenomic samples using the “shotgun”

method.

Verrucomicrobiota. Diverse and abundant 16S

denitrifying organoheterotro-
phic bacteria of the genus Vogesella within the family
Chromobacteriaceae. The family Comamonadaceae had
diverse genera and species in Lake Baikal and included
bacteria of the genera Limnohabitans, Rhodoferax,
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rRNA gene sequences (208 OTUs) were found in the
pelagic femtoplankton with 98.8% identity to uncul-
tured Methylacidiphilaceae according to Silva v.138.1.
Members of the family ‘Ca. Methylacidiphilaceae’ are
described as thermoacidophilic methane-oxidizing bac-
teria with a growth optimum at 55-60°C and in the
pH range of 0.8 to 6. In the GTDB database (https://
gtdb.ecogenomic.org/), 26 genomes and three gen-
era: Methylacidiphilum, Methylacidimicrobium, ‘Ca.
Methylacidithermus’, with genomes ranging in size from
1.88 to 2.77 Mb, represent ‘Ca. Methylacidiphilaceae’.
The ‘Ca. Methylacidiphilaceae’ genomes contain three
pmoCAB operons encoding methane monooxygenase
(pMMO) (Kruse et al., 2019; Awala et al., 2023). BLAST
analysis revealed a high identity of Lake Baikal isolates
with uncultured sequences from freshwater lakes in
North America (Martinez-Garcia et al., 2012), from the
alpine Lake Bourget, where they formed an LD19 clade
characterized by a high proportion of free-living OTUs
(Parveen et al., 2013), and Lake Baikal itself (more than
98%). The environmental conditions in Lake Baikal are
unsuitable for known cultured bacteria, as shown by a
functional analysis of recovered genomes of this family.
Obviously, further detailed study of the smallest verru-
comicrobia in the lake is required.

Chloroflexi. Chloroflexi of the SL56_marine_
group_fa lineage (47 OTUs) were often present in the
deep-water zone Lake Baikal. For example, in the
Rimov Reservoir (Czech Republic), the maximum
proportion of SL56 group was 1.1% of all bacterio-
plankton based on 16S rDNA and CARD-FISH analysis
(Mehrshad et al., 2018; Chiriac et al., 2023). Genomes
of the uncultured SL56 lineage of ~1.0 Mb were recon-
structed from different water bodies in Europe, North
and South America. According to ANI (average nucle-
otide identity), they belonged to nine different species
(Mehrshad et al., 2018). The genome of the SL56 lin-
eage, Limnocylindrus sp009692905, was also recovered
from deep-water samples of Lake Baikal (Cabello-Yeves
et al., 2020). Chloroflexi of the SL56 lineage utilize light
energy due to the presence of rhodopsins. Some species
can fix CO, through the Calvin-Benson-Bassem cycle,
and contain a group of NiFe-hydrogenases that pro-
vide electrons to RuBisCO (West-Roberts et al., 2021;
Chiriac et al., 2023). Mehrshad et al. (2018) proposed
to classify the Chloroflexi SL56 lineage as the candi-
date genus ‘Ca. Limnocylindrus’ within the order ‘Ca.
Limnocylindrales’ and the class ‘Ca. Limnocylindria’.

Patescibacteria. Uncultured, with some excep-
tions, bacteria with relatively small cell sizes (~0.7 um
(Albertsen et al., 2013) and genomes (<~1 Mb) rep-
resent the CPR/Patescibacteria superphylum, which is
often associated with symbiotic and parasitic lifestyles
(Lemos et al., 2019). In the pelagic zone of Lake Baikal,
there were members of the Saccharimonadia class (18
OTUs), having the 97.8% identity to the candidate
species ‘Ca. Mycosynbacter amalyticus’ (OTU86). ‘Ca.
Mycosynbacter amalyticus’ is a parasitic species with a
genome size of 1.0 Mb, which was isolated from waste-
water together with the host strains, Gordonia amarae
and Gordonia pseudoamarae, contributing to foam sta-
bilization in wastewater treatment plants and making
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wastewater treatment difficult (Batinovic et al., 2021).
Bacteria of the genus ‘Ca. Moranbacteria_ge’ of
the class Parcubacteria were present only in the pelagic
femtoplankton of Lake Baikal. Based on the analysis of
reconstructed genomes, it is known that Moranbacteria
ferment organic matter to acetate and degrade chitin,
playing a key intermediate role in carbon and methane
cycling in subarctic lakes (Vigneron et al., 2020).

Members of the class Gracilibacteria were
detected in Barguzin Bay and the Maloye More
Strait: ‘Ca. Peregrinibacteria_ge’ and unidentified
Absconditabacteriales. ‘Ca. Peregrinibacteria_ge’ have
highly streamlined small genomes encoding a set of
large extracellular proteins, some of which are very
rich in cysteine and may have an attachment function,
possibly to other cells. Overall, the cell envelope fea-
tures combined with a lack of ability to biosynthesize
many essential cofactors, fatty acids and most amino
acids indicate a symbiotic lifestyle (Anantharaman et
al., 2016).

Previously recovered genomes and 16S rRNA
gene sequences of Patescibacteria were described
in Lake Baikal in deep-water layers of Lake Baikal
(Cabello-Yeves et al., 2020; Haro-Moreno et al., 2023).

Other phyla. 16S rRNA gene sequences
belonging to the phyla Deinococcota, Firmicutes,
Campilobacterota, and Nitrospirota were detected in
small amounts in femtoplankton fraction. Sequences of
Deinococcus sp. (Deinococcota) are homologous (100%)
to Deinococcus aquaticus were detected in the coastal
zone near the Severobaikalsk town. Firmicutes are rep-
resented by phylotypes closely related (97-99%) to bac-
teria associated with human and animal microbiomes:
Gemella sanguinis, Peptoniphilus lacydonensis, Blautia
wexlerae and Ruminococcus spp. Sequences identical
(98%) to Arcobacter sp. (Campilobacterota), a psychro-
philic denitrifying bacterium of bacilliform form, were
identified in the pelagic zone and in the Maloye More
Strait. The phylum Nitrospirota contained phylotypes
of Nitrospira spp. — ubiquitous nitrifying bacteria that
oxidize nitrite at the second stage of nitrification. Most
likely, Lake Baikal members of the above taxa are filter-
ing forms; larger cell sizes than UMB characterize their
close relatives.

Picoplanktonic cyanobacteria showed mass
development during the study period. This phenomenon
is typical of Lake Baikal, being observed annually from
July to September. The maximum number of the small
cyanobacteria of the Cyanobium/Synechococcus genera
with the size of 0.2-2.0 pum can reach 3 million cells/
mL (Belykh et al., 2006). Genotypes of the Cyanobium/
Synechococcus cluster dominated the microbial commu-
nities, e.g. OTUs 2, 4, 12, 15, 16, 21, etc. Probably, the
summer-autumn period is extremely favorable for the
development of ultra-small heterotrophic bacteria also
because of the elevated concentration of organic sub-
stances supporting their growth, which are produced
by photoautotrophic cyanobacteria.

4. Conclusions

We assessed for the first time the bacterial abun-
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dance in the Lake Baikal plankton fraction less than
0.2 pm. Lake Baikal demonstrated a high abundance
of ultrafine bacteria, which is consistent with the con-
cept of the predominance of the smallest bacteria in
oligotrophic aquatic ecosystems. Comparative analysis
of the abundance of ultra-small bacteria in Lake Baikal
and other water bodies revealed a need to improve the
methods of femtoplankton counting.

In Lake Baikal, high-throughput sequencing and
bioinformatic analysis were used to determine for the
first time the genetic composition and structure of fem-
toplankton communities; showing a high diversity of
ultra-small bacteria. The microbiomes of large-sized
bacterioplankton and femtoplankton (ultramicro-
bacteria) differed considerably in their composition
and structure at all taxonomic levels. Bacterio- and
femtoplankton in the littoral zone and pelagic zone
of Lake Baikal were also characterized by significant
differences.

In the littoral zone, Proteobacteria, with
Bacteroidota and Cyanobacteria as subdominants,
prevailed the bacterioplankton. Actinobacteriota
predominated in the pelagic zone; the dominant
phyla also included Cyanobacteria, Proteobacteria,
and Bacteroidota. Bacteria of phylum Deinococcota,
class Parcubacteria (Patescibacteria) and archaea
Nitrososphaerota were detected only in the femto-
plankton fraction.

In Lake Baikal, the phyla Actinobacteriota and
Proteobacteria were characterized by the largest num-
ber of ultra-small bacteria. Within the Saccharimonadia
(Patescibacteria) class, more than half of 16S rDNA
sequences were identified in the femtoplankton fraction;
among the phyla Chloroflexi, Firmicutes, Bacteroidota,
Nitrospirota, class Gracilibacteria (Patescibacteria),
and Verrucomicrobiota, less than half of the sequences
belonged to ultra-small cell morphotypes.

In the femtoplankton, we detected multi-
ple sequences of five orders of Actinobacteriota
(IMCC26256, Microtrichales, Frankiales,
Micrococcales, and Propionibacteriales), nine orders
of Proteobacteria (Caulobacterales, Rhodobacterales,
Rickettsiales, Sphingomonadales, SAR11 _clade,
Alteromonadales, Burkholderiales, Enterobacterales,
and Pseudomonadales), five orders of Bacteroidota
(Bacteroidales, Chitinophagales, Cytophagales,
Flavobacteriales, and Sphingobacteriales),
Chloroflexi (SL56_marine_group), Verrucomicrobiota
(Methylacidiphilaceae) and class Saccharimonadia
(Patescibacteria) were identified. Members of archaea,
such as Nitrososphaerota (Nitrosopumilus), Deinococcota
(Deinococcus), Firmicutes (Gemella, Peptoniphilus,
Blautia, and Ruminococcus), Nitrospirota (Nitrospira),
and classes Gracilibacteria (Absconditabacteriales
and ‘Ca. Peregrinibacteria) and Parcubacteria (‘Ca.
Moranbacteria’) (Patescibacteria) were present in small
numbers.

Filtering bacteria belonging to different taxa
were found in the femtoplankton of Lake Baikal; their
homologs and closest relatives were identified in the
large-sized bacterioplankton. Opportunistic bacteria
were identified among the filtering bacteria, which may
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pose a potential hazard to human and animal health.

The first results of the quantitative and quali-
tative assessment of the femtoplankton of Lake Baikal
indicate the high importance of the smallest fraction
of bacterioplankton for the lake ecosystem and require
further study.
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AHHOTAILIUA. B o3epe batikas KOMILJIEKCOM MeTOAOB BIEPBble U3yUeHb! YNCIEHHOCTh, pa3HoOOpasue
U CTpyKTypa ¢eMTOO0aKTEpHOIIaHKTOHA — OaKTepuli, IPOXOAAIMX dYepe3 (PUJIBTPEL C pa3MeEPOM IOp
0.2 MxM. YucieHHOCTh GakTepuii BO ppaximy HeMTOIIaHKTOHA cocTaBuia 7 X 10* kj1/Mi1 B ¢J10e BOABI
0-50 M 10 AaHHBIM SIK(IIYOpPeCcleHTHON MUKPOCKONNM, UX BKJIaJ B OOMHIyI0 UMCJIEHHOCTh OaKTepuil
pocturaia B cpegHeM 4.4%. C nomompio JIHK-metabapkoaunra reHa 16S pPHK BEIABIE€HO BEICOKOE
reHeTUYeckoe M TaKCOHOMHYECKOoe pa3HooOpasue GakTepuil (peMTOIJIAaHKTOHA B Iejlarhajiy U JIUTO-
panu o3epa. B aByx (dpakumax 6akTepuonJIaHKTOHa 03. Baiikanm pasmepom 6osiee u MeHee 0.2 MKM
yCTaHOBJIEHB! JOMUHMPYIOIIYE 11 MUHOPHBIe (DHJIyMBI, IIOPAAKY, ceMelcTBa, poja U GpUIOTUIE OaKTe-
puii, onpefiesieH BKJIa[ yJIbTpaMesIKuX 6aKTepuii B TAKCOHOMMYECKHI COCTaB MUKPOOHBIX COOOIIEeCTB B
PAa3JIMYHBIX yyacTKax o3epa. BeIABJIeHbl 3HaUUTEJIbHbIE Pa3Inuusa MUKPOOMOMOB ABYX (dpakxiuii 6aKTe-
PHOIJIAaHKTOHA, OIMCAaHbl 0COOEHHOCTH COCTaBa yJIbTpaMUKpobakTepuil 1 GuibTpyoommxes Gopm H6ak-
Tepuil. Pe3ynbTaThl NOKa3aau 3HaUMTEJIbHYIO POJIb YJIbTpaMeJIKuxX 6akTepuil B 9kocrucTeMe 03. baiikal.

Krmouegvie ciioéa: ynbTpaMukpobakTepuy, peMTOIUIaHKTOH, 03. Baiikas, unicjieHHOCTDb, pasHooGOpasue,
MeTabapKOAMpOBaHNUE

Jiia nutuposanus: besbix O.U., Kpacronees A.1O., [Totanos C.A., I'ytauk J{.1., Copokosukosa E.I'., Bytuna T.B., Tuxoxnosa U.B.
YnpTpamMukpobakTepun U GuibTpyompecs 6aKkTepuu B IJIAaHKTOHe 03. Baiikan // Limnology and Freshwater Biology. 2024.
-Ne 4. - C. 795-820. DOI: 10.31951/2658-3518-2024-A-4-795

1. Beepenne B 6oJiee G61aronpuATHEIE YCJIOBUA pa3Mephl BOCCTaHAB-

JINBAIOTCA WM yBeJauuuBawTcs. Bmepsoie Torrella u
Morita (1981), uccnenys mMeJikiie MOpCKHe reTepoTpo-
dHble OakTepuu, OOHAPYXXWUIW, YTO OHU OYEHb Me[-
JIEHHO pacTyT Ha CTAaHJAPTHHIX NMUTATEJbHBIX Cpefax
Y He YBeJIMYMBAIOTCA B pa3Mepax NpU IJIUTEJIBHOM
KyJIbTUBUPOBAHUMU J1aXke Ha «0oraThix» Cpejiax; aBTOPBI
Ha3BaJIM 3TU MUKPOOPTaHU3MBI YJIbTPAMUKPOOAKTEPU-
avu (YMB). YapTpamukpobakTtepun — 3To 6aKTepuu C
Byiarogapss BHICOKOMY COOTHOIIEHHUIO TOBEPXHOCTU K JMAMETPOM MPOJTHdepHpYIOIHX KIETOK MeHee deM 0.3
06beMy MeJIKOKJIETOUHBIe OakTepun Haubosee sddek- MKM, 06beMoM MeHee 0.1 MKM?, pa3sMepoM reHoma OT
THBHO TOTJIOMAIOT HYTPUEHTHI, YTO OCOGEHHO BAXHO 0.58 110 3.2 M6 (Torrella and Morita, 1981; MacDonell
B OJIUTOTPOHBIX BOJOEMAX C HU3KHM COJepXaHHem and Hood, 1982; Schut et al.,1997b; Velimirov, 2001;

OpraHMveCcKoro BEMECTBA, TAKXE OHU JIydHle 3allu- Duda et al., 2012). YisTpamenkue GOpPMbI KJIETOK C
IeHbl OT BbIEJAHNMA XUIIHMKAMH 1 ObICTpee ajianty- KpaiiHe MajbiM pa3MepoM FeHOMa ONHCaHbl TakXe U

PYIOTCA K 3KCTpeMasIbHBIM ycitoBusaM cpensl (Hirsch, Cpefl apxeit; yJIbTPAMUKpOApXeW Mpe/ICTABIeHbl, B

1986; Schut et al.,1997b; Cavicchioli and Ostrowski, ocHOBHOM, cymepduiymom DPANN (Duda et al., 2012;
2003; Hahn et al., 2003). Nakai, 2020).

Y OospminHCTBA OakTepuil MpU KyJIbTUBHPOBA-
HUU Ha «0OefHBIX» CpeflaX, KaK IIPaBUJIO, OTMeYaeTcCs
YMEHbIIeHe pa3MepoB KJIeTOK, IPU MepeHoce KIeTOK

bakTeproOIlJIaHKTOH HWrpaeT KJIIYeBYH POJb B
KpPYTOBOPOTE BeIlecTBA U SHEPIrUuM B BOAHBIX JKOCUCTe-
Max. BOJIBIIMHCTBO MOPCKMX M NPECHOBOAHBIX ILJIaH-
KTOHHBIX OakTepuil MMeT HeOOJIbIINe pa3Meph U
006beM KJIETOK. MaJsible pasMepsl ABJIAITCA 3HAUYNUTEIIb-
HBIM [IPEUMYIIIECTBOM B KOHKYPEHIIUM 3a NUTaTeJIbHbIe
BeIllecTBA [0 CPaBHEHUIO C KPYIHBIMM OpraHu3MaMU.

B npupoanbix ycnosusax YMbB amantupoBaHb K
HU3KOM KOHILIEHTpaluyd HYTPUEeHTOB U XapaKTepu3sy-
I0TCA BBICOKOM CKOPOCTBIO pOCTa. YCTaHOBJIEHO, YTO
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B MOPCKUX U MNPEeCHOBOAHBIX cpepax obutaHusa YMB
JOCTUTAIOT BBICOKOH YMCJIEHHOCTH U BBHINOJIHAIOT BaX-
HyI0 poJib B OMOreoXMHYEeCcKUX LUKJIaX, KpyroBOpoTe
NUTaTeJIbHBIX BelleCTB M B 00Opa3oBaHWM OHOMAaCCHI
(o630psI Schut et al.,1997b; Cavicchioli and Ostrowski,
2003; Duda et al., 2012; Nakai, 2020).

KynetuBupoBanve YMDB B oT/iMuMe OT KOIUO-
TpodHBIX 6aKTepuil IpeAcTaBysAeT cOO0! Upe3BbIYaliHO
TpyAHyI0 3afauy. IlepBbIM yCHELIIHO BBIeJIEHHBIM
BUOM fABJIAETCA MOpCKasd OJUroTpodHasa anbdanpo-
TeobakTepus Sphingomonas sp. (Sphingopyxis alaskensis)
RB2256, wusosupoBaHHas 13 BOABl 3ajyBa AJifAcka
METOJIOM TpeJieIbHBIX pa3BedeHuit (Schut et al., 1993;
Schut et al., 1997a). Ilpu gajpHeNIIEM U3YYeHUU B
KyJIbTypax OOHapyXujid HEKOTOpOe KOJIMYeCTBO Kile-
TOK, npeBblmammux pasMmepsl YMbB (Vancanneyt et
al., 2001). Kpome Toro, ycraHoBuiu, uto S. alaskensis
obyragaer reHomoM paHbM 3.35 M6 (Lauro et al.,
2009). [o3aHee u3 reorpaduyeckn ygajeHHBIX 03ep
pasHoro Tpoguueckoro craryca OBLUIM H30JIMPOBAaHBI
nepBhle IpecHOBOAHBIE YMB, a, UMEHHO, AeBATH LITaAM-
MOB aKTHHOOaKTepuil co cTabWIbHO yJIbTpaMeJIKUMU
pasMmepamu U oobeMoM kKjeTku <0.1 mxm® (Hahn et
al., 2003). Byrarogaps pa3paboTaHHOMY METOJY «bUIb-
TpOBaHUA-pa3BefleHNA-aKKIMMaTu3aun»,  KOTOPBII
Hayasl MHPOKO NMPUMEHATbCA [JIA ApPYTUX Ipynn Oak-
Tepul, 0JIy4eHO MHOXXeCTBO IITaMMOB IIPECHOBOAHBIX
YMB, B ocHOBHOM, IpoTeob6aKTepuil U aKTMHOOAaKTe-
puii, HampuMmep, kjactepbl BUAoB Polynucleobacter,
Fonsibacter, Planktophila, Rhodoluna.

VYapTpamenkue (GopMbl OakTepuil NPOHUKAIOT
yepe3 puiabTphl ¢ AuaMmeTpoM mnop 0.45 u 0.2 MKM, 3TO
CBOICTBO MCIOJIB3YIOT A1 AuddepeHINanul U KyJjb-
TUBMPOBaHUA Pa3/IMYHBIX pa3MepHHBIX I'PYIII, a Takxke
Heo0XO0AMMO YUUTHIBATh IPY CTEPUJIN3ALNU PACTBOPOB
1 BOAOMNOArOTOBKHU. [[yia GakTepuii, CIOCOOHBIX IpO-
XoouTh 4yepe3 GUIbTPH ¢ AuameTrpoM mop 0.45 MkKwM,
0OBIYHO MCIOJIb3YIOT Ha3BaHUA «(pUIIbTpyeMble» U/UIN
«bunpTpyomuecs» 6aktepun, (Oppenheimer, 1952;
Anderson and Heffernan, 1965; Tabor et al.,, 1981;
MacDonell and Hood, 1982; Nakai, 2020). TepMuHbI
YMB u ¢unsrpyouecs 6akTepuu Hepeako MpuMe-
HAJMYM KakKk B3auMo3aMeHsAeMble WM paBHO3HauyHEBIE,
O[HAKO C MOABJIEHNMEM TeHeTH4eCcKHUX MCCefOBaHUM,
B YacTHOCTH, C OIlpefieJieHreM pa3Mepa reHoMa, KOTo-
pbiii B citydae ¢ YMDB uMeeTr ycTraHOBJIEHHBIE TPAHULIBI,
CTaJI0O BO3MOXHBIM YeTKO pa3JejIuTh 3THA IOHATUA
BmecTe ¢ TeM ciieAyeT yu4WTHIBaTh, YTO NpU QUIIBTPO-
BaHUU IleoMoOpgHble OaKkTepuu ¢ pa3MepoM reHoMa
6osiee 3.2 MO Bce ke MPOHUKAaT BO (Qpakuuio MeHee
0.2 MkM Gsarogaps 0COOEHHOCTAM CTPOeHUA KJIeTOY-
HOH creHKU. [TogpoOHas kiaccudukanua NATU TUIOB
yJabTpaMeJKuX U puibTpyoomuxca GopM MHUKpoopra-
HU3MOB TIpUBeJleHa B HejaBHeM o630pe Nakai (2020).

B Bogoemax YMB u ¢unbTpyomuecsa 6akTepuun
(®B) ¢opMupyoT (PEeMTONIAHKTOH — MeJIbYakIIyio
(0.02-0.2 MxM) U HauMeHee H3yYeHHYI0 pa3MepHYIO
dpakunio NJIaHKTOHA, BKJIIOYAIOIIYI0 TaKXe U BUPYCHL
B Baiikane demrobakrepuoniankToH (®BII) u yib-
Tpamesikie OakTepuu He OBUIM AeTaJbHO H3Yy4YeHHI,
He CMOTps Ha MHOIOYMCJIEHHBIe pPaboThl [0 aHaJIU3y
pasHoobpa3rsa MUKPOOHBIX coobiiecTB o3epa (http://

55°¢c.m=—

53%.m
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lin.irk.ru/bibl/). MeTtareHoMHbIe KccJIeqOBaHUA ILJIaH-
KTOHA NOCJIeJHUX JIET, HallpaBJieHHble HA BOCCTAHOB-
JieHMe TeHOMOB (metagenome-assembled genomes,
MAGSs) u3 ¢paknuu pazamepoMm 6osee 0.2 MKM, MMO3BO-
JIWIN BBIABUTH OaKTEPUM Pa3HBIX TAKCOHOMHUYECKUX
I'PYIII C BEICOKOYIIOPAA0YeHHBIMI MaJIBIMU pa3Mepamu
reHoMoB B rpanunax YMB (Cabello-Yeves et al., 2018;
Cabello-Yeves et al., 2020; Haro-Moreno et al., 2023).
Panee u3 nia o3. Baiikas BeifjesieHa SIIMOUOHTHAsS YJIb-
TpaMukpobakTepusa poxa Chryseobacterium ¢ pasmepom
reHoma ~1.7 M6, napasutupyomas Ha Bacillus subtilis
(Suzina et al., 2011).

Llestb paGoOTHL — OIIEHUTH YHCJIEHHOCTh GaKTEPUil
BO (paknuu ¢peMTOIUIaHKTOHA B 03. Bafikasn ¢ momo-
mIbI0 SIHGITyOpeCeHTHON MUKPOCKOIINY, ONpeNenuTh
reHeTHUYecKoe U TAKCOHOMUYecKoe pasHooOpasie 6ak-
Tepuil B JIByX ¢pakiusx 0aKTepHOIUIAaHKTOHA METO-
JlaMH BBICOKOIIPOU3BOAUTEIBHOIO CEKBEHUPOBAHUA U
6uonHGOpMaTHYECKOro aHajM3a U IPOBeCTH UX Cpas-
HUTEeJIbHBIH aHaJIN3.

2. MaTtepuanbl U MEeTOADI

[Tpo6Bl BOABI I KOJIMYECTBEHHOH OIIeHKU U
JHK-meTtabapkogunra reHa 16S pPHK ortob6paHbl B
ceHTAOpe B JINTOPaJIbHOM 30He IposmBa Masoe Mope
(zanuB KypkyTckuil) U B mejlaruajii o3epa Ha lieH-
TPaJIbHBIX CTAHIUAX pa3pe3oB noc. JIucTBgHKa — MoC.
Tanuxon (FOxubMi Baiikam), M. YxaH — M. ToHKum
(Cpennuii batikan) Ha riayounax: 0, 5, 10, 15, 25, 50
M (Puc. 1). B KoHIle aBrycra-Havaje CeHTAOps MpoObl
BOZBI B3ATH B BaprysuHckoMm 3anuse B cjioe 0-50 M, B
IpuOpeXHOM ydacTKe okoJio noc. Typka B cioe 0-5 M,

B 2 kM ot I. CeBepobatikanbcka B cjioe 0-15 m (Puc. 1).

105° Bt 10%8.1
| |

s e
Poccenst o. Battkan

v /}i -
;}(\Mfwjg ~
€

e
L
A=

Kurait

S

HNnpusa A}‘ﬁ

< . )
g¢epeanHa pa3pesa 1

BN
/ ! noc.JIuctesaaka-noc. Tauxoit Okm 20 40 60 80 100

| |
105°k.1. Macmrra6 1:2,600,000 1081

Puc.1. Kapra o3epa Batikan. Mecra oT6opa npo6.

— 55°.m1.

— 53%.m.


http://lin.irk.ru/bibl/
http://lin.irk.ru/bibl/

Benbix O.U. u dp. / Limnology and Freshwater Biology 2024 (4): 795-820

Cnevy. sbinyck: « VI Mex0yHapoOHbili
Balikanbckuli Mukpobuonoaudeckuli Cumnosuym»

OT60p mpo6 MpOBOAWIM Ha HAy4YHO-HCCJIeAOBaTeb-
ckux cyaax JIMH CO PAH, ucnomnb3ys cucreMmy 6aTo-
MeTpoB SBE-3 (Carousel Water Sampler, Sea Bird
Electronics Inc., CIIIA) u 6aTomeTp Huckuna.

JIUiA OlleHKU YHCJIEHHOCTH OakTepuil mHpoObI
o6bémoM 100 M puxcuposanu GpopmMaarHoM (KOHeu-
Hasg KoHIeHTpaiusa 2%). [Hasnee ux GuibTpoBaiu
yepe3 nosmkapooHatHeie ¢uibTphl (Millipore, CIIIA).
VYuer obmiell yrcieHHOCTU GakTepuoriaHkToHa (OYB)
BBINOJIHAIN Ha puibTpax ¢ guaMmerpom nop 0.2 MkwM,
nnsa yuera YMB u @B npo0Gsl BoJbI pOITycKajid yepes
¢uapTpH ¢ AuaMeTpoM mop 0.2 MKM, 3aTeM KJIeTKU U3
dubpTpaTa ocaxaaaiu Ha NoJInKapOOHaTHbIEe (PUIIBTPEL C
aumetpom nop 0.05 mxm (Whatman, Besiuko6putanus).
Knerku Ha GuinbTpax okpalnsanu kpacureaeM JADOU
(4’,6’-quamuuHo-2-benunuuaoa) (Sigma, CIHA).
[IpenapaThl npocMaTpUBaJIM NOA MHMKPOCKOIOM Axio
Imager M1 (Carl Zeiss, ®PT). IlofcyeT KJIETOK MPOBO-
o B yiabTpaduosietoBoM cBeTe (A =358 M) B 20
MIOJIAX 3peHUA B 3-X NOBTOPHOCTSX.

Juia merabapkoauHra npoObl BOJBI 00bEMOM
500 M, oTobpaHHBIe ¢ pa3HBIX I'TyouH oT 0 Ao 50 M
Ha OOHOHN CTaHIU{, OObeJUHAIN B HHTErpajbHyIH0
npoOy. [lasee oOpaslpl KOHI[EHTPUPOBAJIM Ha IOJIM-
KapOoOHATHHIX QUIbTPax ¢ AuaMeTpoM mop 0.2 MKM
ana dpaknuu pasmepom 6Gosiee 0.2 MkM (6GakTepuo-
wiaHkToH, BIT) u Ha ¢unbTpax 0.05 mMxMm miia ¢pak-
uuu pasMmepom MeHee 0.2 MkM (peMTOOAKTEPUOILIAH-
kToH, ®BIT). Cymmapnyio JHK 13 o6pasiioB BbIeIAIN
nocsyie ¢uabTpauuu ¢ nomoirpio Habopa «AHK-Copb
B» (MuTepJlabCepBuc», Poccus). Jina amnimudukanmuu
ucnosb3oBanu npaiimepsl 343F u 806R, diankupyio-
mue yvyactok V3-V4 rena 16S pPHK. MertareHoMHoOe
CeKBeHHpOBaHHe oO0pasloB IIpou3BeAeHO Ha TeHOM-
HOM cekBeHaTope Miseq Illumina (LIKII «'eHOMMKa»,
HUXBO®M CO PAH, Poccus).

KoHTpoJsib KauecTBa pe3yjbTaTOB CEKBEHUPO-
BaHus, kiactepusanuio B OTE u TakcoHOMHYeCKy:0
naeHTH(UKAIMI0 IPOBOAWIM KaK OIMCAHO paHee
(Belykh et al., 2023). TakcoHoMuyeckas kiaccudu-
Kalysa B JaHHOM paboTe AaHa corsiacHO 0ase JaHHBIX
Silva v.138.1 (https://www.arb-silva.de). B ciyuae
HenJeHTU(GUINPOBAHHBIX IOCJIeoBaTeIbHOCTeH OCy-
IIeCTBJIAIN JOIOJHUTEJIbHBIN MTOMCK AAHHBIX C IIOMO-
mpio BLAST-anammza (http://blast.ncbi.nlm.nih.gov).
JlaHHBIe CeKBeHMPOBaHHsA [OCTYNHBI Ha IL1aTdopMe
Zenodo (doi 10.5281/zenodo.13254752).

3. Pe3ynbTatbl M 06Ccy)xpeHue
3.1. YucneHHOCTDb
demTOo6aKTEpHONNAHKTOHA

B memaruanu o3. Baiikan OUB BappupoBasa oT
0.5 o 2.5x10° xii/mia B cimoe 0-50 M. YUncIeHHOCTD
b6akTepuil BO ¢pakuum pasMmepom MeHee 0.2 MKM B
cioe 0-50 M coctaBuia B cpegHeM 7.0 X 10* xii/mu,
Ha UCCIIeyEMBIX CTaHIUAX MakcumyM 1.0 X 10° i/
MJI OTMeueH Ha riiyounax 10 u 15 m. Huxe 25 M uuc-
JIEHHOCTb OakTepuil B JByX (QpakluAXx yMeHbIIaeTcA
B [iBa U OoJsiee pa3. [loyiA yjapTpaMesKux OakTepuil B
ob1eil yricJieHHOCTH GaKTepuil JocTUrajaa B CpeJJHEM
4.4%.

810

B 1iesiom, kosiiuecTBeHHble faHHble YMb u @b B
03. balikas npeBblliain oKa3zaTesy, IoJy4eHHble A1
JpyTrux IpecHBIX BoAoeMoB. Tak, B alUOHBIX O3epax
ceBepa Poccun uncsieHHOCTh 6aKkTepuii, IPOHUKAIOMINX
yepe3 ¢ubTpel 0.2 MM, Obuta 1.69-3.1 X 104 xyi/mi
KJIETOK, uTO cocTtaBmyio 0.4-3.1% ot OUYB (Fedotova et
al., 2012), B PRIOMHCKOM BOAOXPaHUJIMILE UX YHCJIEH-
HOCTh paBHssIachk 2.28+0.16 X 10* xi/mn win 1.6%
ot OYb (Fedotova et al., 2013). CxoaHble TOKa3aTeIn
OTMeueHHl B BOCBMHU IIpecHBIX BoAoeMax IlIBelinapuy;
JoJiA OakTepuii, MpolleAnX Yepe3 GUIbTPH C AUaMe-
Tpom nop 0.2 MkM, cocTaBuia B cpeHeM 3.61% ot OUb
B 03. Lopux, B 03. I'pefidenze — 0.53%, B 03. JIyraHo
— 1.9%, B pekax BKJIaJ yJbTpaMeJIKUX KJIETOK HIIXe,
o 0.03-1.3% (Wang et al., 2007). HanpoTus, npo6s
u3 ojuromesorpodHoro oszepa Monaszee B ABCTpuu
cogepxaynu 3.0x10° kjeTOK GakTepuil CeJeHOUIHON
dopmbr 1 o6bemom meHee 0.1 MM B 1 MUT BOJIBL, T.€.
o 20% ot Bcero GaktepuomiankToHa (Hahn, 2003).

[lo cpaBHeHMI0O C OJUrOTPO(PHBIMU parioHaMU
MoOpel 1 oKeaHOB B Baiikase unicjieHHOCTb peMTOOaK-
TEepUOIIJIAHKTOHA HIXe. B MasionpoJyKTUBHBIX paiio-
HaX OKeaHOB KOHI[eHTpalusA KJIETOK ¢ 00beMOM MeHee
0.1 mxm® coctaBisiia 10%-10° KJ1/Mu1 IO JAHHBIM MPO-
To4HOU nuToMeTpuu (Schut et al., 1993).

Heo0xoanmMo OTMeTHTh, YTO NpPU OL[eHKe YKC-
JIeHHOCTH MaJiblx (GopM OakTepuil IPAMBIM MHKPO-
CKOIIMYeCKUM MeTOJOM BO3HHMKaeT MHOIO TpPYAHO-
cTell. B smTepaType JaHHBIEe CyIIeCTBEHHO pPa3HATCA
IIpeMMyIIeCTBeHHO M3-3a MCIOJIb30BaHUA Pa3jIM4HBIX
THUIOB (PUIIBTPOB, a TaKXe BCJIACTBHE TOAMEHHI TAaKUX
MOHATUM KakK yJIbTpaMUKpoOaKTepuu U GUIbTPYIOIIN-
eca ¢opMmbl O6akTepuil, KaKk yXxe yIOMHHAJIOCh BBHIIIE.
HecMoTpsa Ha BO3HHKalOI[Ye CJIOXHOCTU C pasBUTHEM
MeTOAUK (UIbTpOBaHWA, BHeJpPEHHEM B IPaKTUKY
MHKPOOMOJIOTHYeCKUX HCCIeJoOBaHUN (yopecreHT-
HOM MMKPOCKONMU U IOJUKApOOHATHHIX (UJIBTPOB
¢ auaMmeTpoM mop 0.2 MKM U MeHee, a Takxe LIHUPO-
KOro cmekTpa (JIyopecleHTHBIX KpacuTesieil, KOJIH-
YecTBEHHBIN ydeT OakTepuil cTaj OoJjiee yCHeIIHBIM
(Zimmermann and Meyer-Reil, 1974; Hobbie et al.,
1977; Porter and Feig, 1980; Kepner and Pratt, 1994).
B mocnemHue necATWsIeTUsA NPOTOYHAA IUTOMETPUA
cTtajia Haubosiee 3(PheKTHBHBIM MeTOAOM MOoJAcYeTa
IIPUPOAHBIX IIJIAHKTOHHBIX OakTepuil, OJHAKO M OHa
He JjumieHa HemocTtaTkoB (Gasol et al., 1999; Gasol
and del Giorgio, 2000). Mopdosorus u yJabTpPacTpyK-
Typa OakTepuo- U (eMTOIUIaHKTOHA YCIeIIHO OINU-
caHa C MCIOJIb30BaHHEM 3JIEKTPOHHON MHUKPOCKONUU
(Fischer and Velimirov, 2000; Colombet et al., 2020).
OueBUAHO, YTO B HacTosAllee BpeMs TpebyeTcsa OCTO-
BepHasA OIleHKa YHCJIeHHOCTH OakTepull pas3jIM4HBIX
pa3MepHBIX (ppakLKii B BOJHBIX 9KOCHUCTEMax C IpumMe-
HeHNeM KOMILJIeKca HOBEeHIINX MeTOOB.

3.2. CocTtaB M CTPYKTYpa MUKPOOHBIX
coo6LwwecTB No0 AAHHBIM MEeTareHOMHOro
aHanu3a

B mpubpexHbix patioHax o3. bafikan B 6ak-
TEPUOIUIAHKTOHEe  JIOMUHUPOBAJIM  IpPeICTaBUTEIN
dunmyma Proteobacteria (Pseudomonadota) ¢ mpeo6-
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JagaHueM kyiacca Gammaproteobacteria (Puc. 2, Puc.
3). IIporeobakTepuu cocTaBjasau B cpefjHeM 55% ot
BCEX HYKJIEOTUIHBIX IocjiefoBaTesabHOCcTell  (HII)
reHa 16S pPHK MukpoOHBIX c000lecTB JIUTOPAJIU,
n3 HUX Ha Opakyuio YMb npuxoaunoces 48% HII.
CyOAoMHHAaHTaMM BBICTYNaIM OakTepuu (UIyMOB
Bacteroidota (26%) u Cyanobacteria (11%), yabTpa-
Mesikue GOpMBI cpel HUX OBLJIM HEMHOT'OYKCJIEHHBL,
6% u 2% coorBeTcTBeHHO. J[loiAa Actinobacteriota
B JIMTOpaJM o3epa HacuuThiBaja 6.2% ot HII Bcero
OakTepUOILUIaHKTOHA, U3 HUX BO (pakiuu 6osee 0.2
MKM — 5.6% u MmeHee 0.2 mMkM — 0.6%. MuHopHbIe
¢unymsl mpencraBaeHbl Deinococcota, Firmicutes,
Patescibacteria (kmacc Gracilibacteria) u apxesamu
Nitrososphaerota, 3Tu Ipynisl BCTPEYaJINCh UCKIIOUH-
TeJIbHO BO ¢pakiuu MeHee 0.2 MKM.

Ha riyGokoBOAHBIX cTaHIMAX 03. Balikan mnpe-
obnamanu akTuHoGakTepuu, 10 37% OT OOIIero KoJiu-
yectrBa HII B menarudeckux npobax, goas YMDB 3nech
pocrturana 29%; B coctaB JOMHHHPYIOIUX (PUIYMOB
pxoauu Cyanobacteria (26%), Proteobacteria (19%) u
Bacteroidota (9%) (Puc. 2, Puc. 3). Y npoteo6akTepuii
ObLIM MHOTOYHCJIEHHBl yJIbTpaMeJKhe MOPQOTHUIIBI
(14%), HanpoTuB, y 6aKTepoUJOB 4allle BCTpeYaNCh
KpynHopa3MepHble ¢dopMbl (6%), a mnuaHobaKTepuu
cofepXajid NpPaKTU4YeCcKd TOJIBKO IHUKOIIAHKTOH-
Hble poma kjactepa Cyanobium/Synechococcus, nua-
MeTp KJIETOK KOTOpBIX mpeBbiman 0.3 MxMm (26%). B
neJjlaryajayd B OOJiblIeM KOJIMYeCTBe IIPHCYTCTBOBAJIU
Alphaproteobacteria, uyem Gammaproteobacteria.
CoctaB OakTepuasIbHBIX COOOLIeCTB B MeJjlarvaiu
ABJIsICA OoJlee pPa3sHOOOpa3HBIM IIO CPaBHEHHUIO C
JIUTOpAJIbl0 3a CYeT MMHOPHBIX (UIYMOB, KOTO-
peie Bryroyasin  Acidobacteriota, Armatimonadota,

Y-T-

Typka =
C_bBaiikansck =
MM -

n-T-

Baprys. 3-B -
Y-T-

Typka -
C_bBankanbck -
MM -

N-T-

Baprys. 3-B -

BM > 0.2 ym

O6paszen/dpakums

®BMN < 0.2 ym

0.0

Chloroflexi,
Fibrobacterota,
Margulisbacteria,

Bdellovibrionota,
Dependentiae,
Firmicutes,

Campilobacterota,
Desulfobacterota,
Gemmatimonadota,
Myxococcota, Nitrospirota, Patescibacteria
(Gracilibacteria, Parcubacteria, Saccharimonadia),
Planctomycetota, Verrucomicrobiota. M3 Hux YMB
obHapyxeHsl cpeau ¢uiymoB Campilobacterota,
Chloroflexi, Cyanobacteria, Firmicutes, Nitrospirota,
Verrucomicrobiota u  Patescibacteria, BxJIOUan
Gracilibacteria, Parcubacteria, Saccharimonadia.

Ananus pa3HooOpa3usa MHUKPOOHBIX COOOIIECTB
H6akTepHOILIAaHKTOHA 03. Baiikayi Ha YpOBHE TaKCOHOB
HIXe paHra GUIyMoOB, [TO3BOJIMJI BBLIBUTh HEKOTOPHIE
ocobeHHOCTH B ero cocrtase (Puc. 4, Puc. 5).

Actinobacteriota. YibTpamenkue  aKTUHO-
O6akTepuy OBUIM IMpeCTaBJEHH JBYMsA Kjaccamu:
Acidimicrobiia wu Actinobacteria. HauGoJsiee MHO-
FOYMCJIEHHBIA MOpANOK Kkiacca Acidimicrobiia -
Microtrichales, cpemu koTtoporo mo OOGWIMIO BBIfE-
Jserca ceMelictBo Ilumatobacteraceae, a, MMeHHO,
CL500-29_marine_group (OTE6, 11, 19, 35, 83 u ap.).
OTa rpymnma 4acto BcTpevasnach B ABYX dpakuusax 6ak-
TEePUOIUIAHKTOHA B IeJlarhaii 03epa, BO3MOXHO, BO
dpaxkmuio GeMTOIUTAaHKTOHA OHHU IMONAJAIT IMyTeM
punprpanuu. B CL500-29_marine_group HeT KyJIbTU-
BHUpPYeMBIX BUOB. BakTepuu 3TO! IpymIIE IIMPOKO pac-
IPOCTPaHEHH! B SIUJIMMHUIOHE 03ep, KaK [OKa3BIBaIOT
MOJIEKYJIADHO-TeHeTUYeCKHe HCCIeJOBaHusA, B TOM
yucjie PpeKOHCTPyKius reHoMoB. CL500-29_marine_
group 6akTepuu CHOCOOHBI a3POGHO HUCIIOJIB30BAThH
HECKOJIBKO PAa3JINYHBIX HCTOYHUKOB yrjepoza (are-
TaT, MUPyBaT, aMUHOKUCJIOTH, IJII0OKO3a U IJIMKOJIAT).
[Ipeanomnaraercs, uto npeacrasuteny rpynnel CLS00-
29 urparT poJib B pa3yIoKeHUU PacTBOPEHHOr'o Opra-

25 5.0 7.5

log10 (npeacraeBneHHOCTb ®unyma)

Puc.2. TemoBas kapTa IpeJCcTaBJIeHHOCTU OakTepuil Ha YpoBHe (PuIyMOB U KjaccoB (ajibda- ramMmanpoTeobakTepun)
B AByx ¢paknusax 6akTepuoIUIaHKTOHA 03. Baiikan: 6osiee 0.2 MkM (KpynHopa3MepHBIH 6akTepuoriaHkToH, BIT) u menee 0.2
MKM (demTobakTepuoriankToH, ®BIT). Cranuuu orbopa mpob: Baprys. 3-B — Baprysunckuii 3aius, Typka — B6m3u noc. Typka,
C-Baiikanbsck — BOm3u r. CeBepobatikaibck, JI-T — LeHTpasibHasA cTraHusA paspes3a noc. JlucresHka-noc. Tanxol, ¥Y-T — neH-
TpajbHas CTaHIUA pa3pesa M. YxaH-M. Tonkuii, MM — nposu Majsioe Mope (3-B KypkyTtckuii).
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Puc.3. TemioBas kapTa npecTaBJeHHOCTH 6aKTepUii Ha ypOBHE KJIacCOB B ABYX dpakiuax 6akTeproruiaHKToHa o3. batikai:
6omee 0.2 mxMm (BIT — kpynHOpa3MepHbIli 6akTepuoriaHkToH) u MeHee 0.2 MkM (DBIT — peMTobGaKTeprONIaHKTOH). CTaHI[UNU
orbopa npob: Baprys. 3-B — bapry3uHckuii 3anuB, Typka — B6su3u noc. Typka, C-Batikanbek — B6u3u r. CeBepobatikaibck, JI-T
— I[eHTpaJjibHas cTaHIuA pa3pesa noc. JiucresHka-noc. Tanxoi, V-T — nieHTpasbHas cTaHnuA pa3pe3a M. YxaH-M. ToHkuil, MM

— nposiB Masnoe Mope (3-B KypkyTckuit).

HUYECKOTO YTJIEPOJA, 0COOEHHO BEICOKOMOJIEKYIAPHBIX
coeJUHEHUH, TaKUX KaK ryMUHOBBIe BellecTBa (Guo et
al., 2023).

Knacc Actinobacteria cofepxa 60JbIlIoe KOJIU-
YecTBO MoOcJe/loBaTepbHOCTe YMB, npuHajjexanmx
ceMeiicTBy Sporichthyaceae (mopsmox Frankiales),
BKJIIOYAasA IpeNCTaBUTesell  KaHOUOATHOIO  poxa
‘Candidatus_Planktophila’, HeumeHTHUDUIMPOBaHHBIE
nocienoBaresbHocTy JinHUKM acl (=hgcl_clade) wu
Sporichthyaceae. T'enotunsr Planktophila 6p111 MHOTO-
YHMCJIEHHB U pa3HOoOOpa3Hbl (IATh U3 HUX BXOUIU B
nepsble 100 «romoBbix» OTE), cxoncTBo GaiikajibCKUX
OTE c usBectHeiMu U3 BJI Genbank cocTasJisisio Gosiee
97%, HauboJsiee 6JIM3KUMU POJACTBEHHUKAMU ABJIAJINCH
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‘Ca. Planktophila limnetica’ (OTE5), ‘Ca. Planktophila
sulfonica’ (OTE13), ‘Ca. Planktophila lacus’ (OTE29),
Ca. Planktophila versatilis’ (OTE65) u3 Llropuxckoro
o3epa. Tumosoi Buj ‘Ca. Planktophila limnetica’ Bnep-
Bble M30JIMPOBAJIM B CMEIIAaHHOU KyJIbTYpe C APYTUMU
YMb u3 HeGobmioro o3epa B ABCTpuy, IMTaMM UMeJ
C-o0pa3sHble kieTku guameTrpoM 0.4-0.5 MKM U AJIMHON
1.0-1.2 MKM U JJeMOHCTPUPOBAJI XOPOIUIUI POCT B MPU-
cytcTBue L-asanuHa (Jezbera et al., 2009).
3HauuTesbHAsA 1011 MIOCJIEIOBATEJIbHOCTEH
quaun  acl/hgcl_clade wu3 o03. Baiikan mnpuHape-
kaja corjlacHo BLAST-ananmu3y poay ‘Candidatus
Nanopelagicus’. Camblii MHOTOYMCJIEHHBIH Te€HOTUI
6akrepuorianktoHa (OTE1) 6su1 Ha 100% cxomeH c
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Puc.4A. TeruioBas KapTa npejcTaBjIeHHOCTH OakTepuil Ha ypoBHe mopsakos: 6oJiee 0.2 MkMm (BIl — kpynHOpa3MepHBIi
6akTepronsankToH) u MeHee 0.2 mxM (DBIT). Craniuu or6opa npob: baprys. 3-B — Bapry3uHckutt 3anus, Typka — B6J113U IOC.
Typka, C-Batikanbck — B6m3u r. CeBepobatikaibck, JI-T — neHTpasibHaA cTaHUUA pa3pesa noc. JlucrBanka-noc. Tauxod, Y-T —
LleHTpaJibHasA cTaHIMA pa3pe3a M. YxaH-M. Toukuii, MM - nposius Masnioe Mope (3-B KypKyTckuii).

‘Ca. Nanopelagicus hibericus’ u3 Lopuxckoro osepa
(Neuenschwander et al.,, 2018). ‘Ca. Nanopelagicus
hibericus’ xapakrepnsopajcs uype3BBIYAIIHO MaJIbIMU
pasmepamu kJeTok (o6bem 0.012 mxm®) u ymops-
JOYeHHBIM HeOoJbmM reHoMoM (1.22 MG6) Hapsany
C OPYrMMH TMOJIyYeHHBIMHM INTaMMaMU poAoB ‘Ca.
Nanopelagicus’ u ‘Ca. Planktophila’. B Hacrosmee
BpeMs [Ba KaHOUIATHBIX pPoJa OObeJUHEHbl B HOBBII
nopsafok ‘Ca. Nanopelagicales’, Bkitouaronuii TOJIbKO
uctuHHbsle YMB (Neuenschwander et al., 2018).
AxrtuHoGakTepun JsmmHHM acl/hgcl clade aBnsa-
I0TCA OOHUMH U3 HauboJiee YCIEIIHBIX U IIHPOKO
pacIpoCcTpaHEHHBIX MUKPOOPTaHU3MOB B IPECHBIX
o3epax pasJIMYHOro TpoduyecKoro craryca, COCTaB-
s 6osiee 50% Bcex Gaktepuii (Newton et al., 2007,
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Newton et al., 2011; Neuenschwander et al., 2018).
OHU dYacTo coAepXaT aKTUHOPOAOICHUHEBI, C IOMO-
b0 KOTOPBIX TPaHC(HPOPMHUPYIOT SHEPTUI0 COJTHEU-
Horo cseta B AT®, u BeayT QororeTepoTpOdHBIN
obpa3 xwu3HHU. Bakrepunm acl/hgcl_clade momunHpO-
Basiu no kosmdectBy HIT u OTE cpeau Bcex YMb oa3.
bBatikan. Ilpeanonaraercsa, yto 6akTepuu JUHUU acl/
hgcl_clade mHOrOUYHCIEHHB BO BpeMsA MacCOBOTO pas-
BUTHA (PUTOIUIAHKTOHA, T.K. HCIIOJB3YIOT Oorarsie
noJjMcaxapyuiaMu  3KcCyZaTel Bojopocieli (Garcia
et al., 2013; Salcher et al., 2013; Pérez et al., 2015)
MIOMHMO aJUJIOXTOHHBIX NCTOYHHUKOB yriepona (Buck et
al., 2009; Pérez and Sommaruga, 2006). XapakTepHOI
ocobeHHOCTBIO ‘Ca. Nanopelagicales’ aABnsaercsa ux cro-
coOHOCTh TOrJIOmaTh Oorateble a30TOM COeAUHEeHMH,
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Puc.4b. TennoBas kapTa IpefcTaBJIeHHOCTH OakTepuil Ha ypoBHe nopsakoB: 6osiee 0.2 mkm (BIl — xpynHOpa3MepHBIi
GakTepronsankToH) u MeHee 0.2 mxM (DBIT). Craniuu orbopa npob: baprys. 3-B — Bapry3uHckuti 3anus, Typka — B6J113U IOC.
Typka, C-Batikanbck — B6m3u r. CeBepobatikaibck, JI-T — neHTpasibHasA cTaHUUA pa3pesa noc. JlucrBanka-noc. Tauxoi, Y-T —
LleHTpaJibHasA cTaHIuA pa3pe3a M. YxaH-M. Toukuii, MM — nposius Masnioe Mope (3-B KypKyTckuii).

OHHU MOT'yT aCCMMWJINPOBATh aMMHAK, aMUHOKHCJIOTHI,

kam Bacteroidales, Chitinophagales, Cytophagales,

a Takxe MOJIMaMUHbI CIIEPMUUH U myTpeciiuH. Kpome
Toro, Bce ‘Ca. Nanopelagicales’ paznaraioT nuaHodu-
IUH — HaAKONHUTEJIbHBIM MOoJMMep LHUaHOOaKTepHi,
COCTOAINWI M3 aprMHUHA U L-acraparnHOBOIN KHUCJIOTHI
(Neuenschwander et al., 2018).

HebGompmoe koaudectBo OTE  cemelicTBa
Microbacteriaceae (Micrococcales) o6GHapyXeHO BO
dpaknuyu GeMTOIIaHKTOHA. Tak, XOpOIIO H3BeCT-
Hble YMB kaHgumaTHeIX pofoB ‘Ca. Aquiluna’ u ‘Ca.
Planktoluna’ (Hahn, 2009) peako BCcTpedasnch B meJia-
ruajm osepa, mocyiefoBaTesibHocTu ‘Ca. Planktoluna’
oTmpejiesieHbl TOJIbKO BO dpakmuu GoJiee 0.2 MKM.

Bacteroidota. B o3. Baiikan yisTpamesikue 6ak-
Tepouabl TpUHAAJeXaTu kiaccy Bacteroidia, mopsg-
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Flavobacteriales, Sphingobacteriales. Cpegu kaccu-
$unrpoBaHHEIX TEHOTUIIOB OIpejesieHbl IpeAcTaBU-
teiu pomoB Dinghuibacter, Emticicia, Pseudarcicella,
Flavobacterium, Fluviicola, Solitalea, 3HaunTebHAA
qacTth Bacteroidota comepxkasnia HeUJeHTUPUIMPOBAH-
Hele OTE. CrenyeT oTMeTUTh, YTO AJiA OAKTEpOUOB
XapaKTepHO HM3KOe KOJIMYECTBO YJIbTpaMesiKux GopM
KJIETOK, BO3MOXHO, MHOTMe U3 HUX IoNajau Bo ¢pak-
nuio YMB B pesyibTate GUIBTPOBAHUA U ABJIAIOTCA
unpTpyomuMucsa 6akTeprusamMuy.

Proteobacteria. BakTepun dunyma
Proteobacteria, o6HapyXeHHble BO ¢pakuuu pas-
MepoM MeHee 0.2 MM B 03. batikajs, OTHeCeHB K
Alpha- 1 Gammaproteobacteria u HemgeHTUOUIUPO-
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Puc.5. TemsoBas kapTa npejcTaBjieHHOCTH JoMuHupyomux 6akrepuanbabix OTE (ton-53): 6osee 0.2 mxm (BIT — kpynHo-
pa3MepHBINl GakTepronsIaHkToH) 1 MeHee 0.2 MxM (®BII). Crannuu or6opa npob: baprys. 3-8 — BaprysuHckuii 3aius, Typka
— B6su3u noc. Typka, C-Batikanbck — B6m3u r. CeBepobarikanibck, JI-T — 1eHTpanbHas cTaHIusA pa3pesa noc. JIncTBsHKa-TIoC.
Tauxoi, ¥-T — nieHTpasibHas cTaHUUsA pa3pe3a M. YxaH-M. Tonkuii, MM — nponus Majioe Mope (3-B KypkyTckuii).

BaHHBIM Proteobacteria. YipTpamesikue (GOpMEHI ajb-
danporeobakTepuil AeTeKTUPOBaHbl cpeay NopAAd-
xoB Caulobacterales, Rhodobacterales, Rickettsiales,
Sphingomonadales, SAR11_clade.

SAR11 clade — omHa M3 camMbIX MHOTOYMCJIEH-
HBIX Ipynn B o03. Baiikan — copepxasia pasHooOpas-
Hyl0o U oOwipHyr0 JinHHIO Clade Il ge, AOMUHUpY-
oy Bo ¢ppakuun mMeHee 0.2 MKM B Iejarvaiy 03.
Barikasn. Clade_Ill_ge mpexncrapyieHa ¢uiotunamu ‘Ca.
Fonsibacter ubiquis’, Bkirouas TpeThio MO KOJIMYECTBY
nocaenosaresbHocTell OTE B Mukpo6uomax osepa.

Kimama SAR11, nmepBoHauyajbHO H3BEeCTHas Kak
MopcKas, fABJAeTCS OJHOM M3 CaMBIX paclpocTpa-
HEHHBIX B BOJOEMax, OCOOEHHO XOpoIlo OakTepuu
KJIajbl MPUCIOCOOJIEHb K OJMTIOTPOMHBIM YCJIOBUAM
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(Giovannoni, 2017; Chiriac et al., 2023). Kak 13BecTHO,
ceMericTBO ‘Ca. Pelagibacteraceae’ BkilouaeT ueTsipe
kiactepa: SAR11-I m SAR11-II BCcTpeuawTcAa HOYTHU
HCKJIIOUYMTEIbHO B MoOpckux Bojax, SAR11-Illa oGHa-
PYXeHHl B COJIOHOBATBHIX BoAaX, a kyiactep SAR11-IIIb
(taxxe HaseBaemsblil LD12 wnu ‘Ca. Fonsibacter’) uaii-
JleH UCKJII0UUTEJIbHO B IpecHBIX Bogoemax (Henson et
al., 2018; Tsementzi et al., 2019). SAR11_clade cocTtout
u3 ¢ortoretepoTpodHBIX GaKTepHii, CIOCOOHBIX OKUC-
JIATh MMPOKUHN CIEKTP OAHOYIJIEPOAHBIX COeqUHEHUN
1 HCNOJIb30BaTh CBET KaK MCTOYHUK 3HEPIUM € IIOMO-
b0 I[POTEOpOJOICHHA. B cTpaTuduUUMpPOBaHHON
ouroTpoHOM BOAHOI Touile o03. balikan ux poJib,
0YeBHHO, BeJIMKa U cOBceM He usydeHa. Mopckue 6ak-
tepunn SAR11_clade, mpemmyimectBeHHO Pelagibacter
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Spp., HOTPeOJIAI0T HU3KOMOJIEKYJIIDHOE pacTBOpEeH-
HOe opraHuyeckoe BellecTBo. B Bafikane duuioTuisr
6sim3kopojicTBeHHble Pelagibacter spp. HaMu He O6Ha-
pyXeHbl. PaHee OBUIO BOCCTAHOBJIEHO JiBa reHOMa
SAR11 u3 nenaruveckux npo6 o3. Baiikas, KOTOpbe
BXOAWJIN B cocTaB Mopckod kianael I (Cabello-Yeves
et al.,, 2020), oHM He IIOKa3ajJy CXOJCTBAa C HAIIMMMU
[I0CJIeI0BATEJIbHOCTSIMU.

B mnpubpexHbX y4yacTKax U B IeJlardaim
o3epa YacTO BCTpPEYINCh YJbTpaMeskue GOPMBI
Brevundimonas spp. (OTE20) (Caulobacterales), B MmeHb-
IeM KOJINYeCTBe OHU HaHJeHHl U B COCTaBe KPYIIHO-
pasMepHoii ¢pakuuu. Pox Brevundimonas o6beuHAET
00JIMraTHO adpOOHBIX YMEpPEeHHO ICUXPOdUIBHBIX
OakTepuii, KOTOpDble OTJIMYAIOTCA BBICOKON YCTOMYM-
BOCTBIO K (akTopaM BHelHel cpefsl. [IpeacraBuresu
po/Jia MOT'YT BBI3BIBATh MHOMEKINH ¥ YesioBeKa U )KUBOT-
HBIX, OHHM IpOXOJAT dYepe3 GUIIBTPH C JUAMETPOM
mop 0.45 MkM. Brevundimonas spp. 4acTO BBIEJIAIOT
U3 OYHUIEeHHON BOABI, B T.4. NUTbEeBOI, OHU YyCTON-
YUBBL K [IeHICTBUI0 AHTUCENTHKOB U Ae3nHbeKTaH-
ToB. OOHapyxeHue (puabTpyoUUXCcA HGakTepuil poja
Brevundimonas Bo ¢ppakuum pazmepoMm MeHee 0.2 MKM
yKa3bBaeT Ha HeOOXOMMOCTh TIIATEJIBHON Po6onomd-
TOTOBKU IIPUPOJHON BOAHI IIPU €€ HCIOJIb30BAaHUM B
KavecTBe MUTHEBOM.

W3 ycjIOBHO MATOTeHHBIX B cocTaBe ¢eMTo-
IUTAaHKTOHA OOHapyxeHb Buabl poja Wolbachia
(Rickettsiales) B Manom Mope u B CpenHem Baiikase.
Pox Wolbachia — o6iuraTHble BHYTPUKJIETOYHBIE CHIM-
OUOHTHl WIEHHCTOHOTMX M HeMaToA-GWJIApUil, KOTO-
pBIe TaKXe MOryT UHGUIMPOBATh YeJIoBeKa.

Cpean Sphingomonadales B o6enx ¢pakiuax B
60JIBIIOM KOJINYecTBe MAeHTU(PUINPOBAHBI I'eHOTHUIIBI
ponos Sphingomonas u Sphingorhabdus. TpencraBuTenu
Sphingomonas MHorouucjieHHbl BOJINM3M Moc. Typka,
Sphingorhabdus — B Bapry3nHCKOM 3aJivBe.

Gammaproteobacteria Bxrouasim 12 mnopsan-
KOB, VyJibTpaMesikue (opmbl OakTepuil HaiijeHbl
cpenu mnopsgkoB Alteromonadales, Burkholderiales,
Enterobacterales, Pseudomonadales.

Pox Rheinheimera (Alteromonadales) — 4-i1 mo
xonuuectBy HII cpenqu YMbB rammanpoteo6akTepuii.
Pon Rheinheimera o0benuHsieT a’poOHbIE XeMoreTe-
poTpodHble 6GakTepuy, YTWIM3HUPYIOIIMe IINPOKUI
CIIEKTp YTJIeBOJOB. BeposATHO, B HalleM cjiyuae OHU
ABJAIOTCA  GUIIbTpylomuMucs dopMmamMu OakTepuii,
a He ucTUHHBIMU YMB, T.K. pasMep KJIETOK pona
Rheinheimera nipeBbimaeT rpanunb YMB.

Burkholderiales (paHee U3BECTHEBIE Kak
Betaproteobacteria) — caMpIii MHOTOYMCJIEHHBIA TOPS-
gok 1o koauvectBy HIT  YMB. CewmeticTBo

Burkholderiaceae comepxajsio 3HauWUTeJBHOE KOJIU-
4yecTBO MeJikux (opMm OGakTepuii, Hampumep, B NPU-
OpeXxHBIX palioHaX 4acTo BCTpevanuch Ralstonia spp.,
B Hejaruaau o3. Bailikan B AByX (Gpakiusax BBIAB-
neH Polynucleobacter spp. IlpencraButesn poja
Polynucleobacter sBnsioTcsa Haubojiee 4yacTto OOHapy-
KUBAaeMbIMM MEJIKUMU MPOTe0OaKTepusMU B IIpec-
HBIX BOJax pasHOl cTemeHu TpodHOCTH U pH cpemsl
MHOro4KCIIEHHBIE IITaMMBI CBOOOAHOXUBYIINX a3p06-
HBIX TeTEPOTPOMHBIX YIBTPAMUKPOGAKTEPUI 3TOTO
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pona (mpeumymlecTBeHHO u3 cy6kiafioB PnecC u
PnecD) BbiJlejieHbl U3 Pa3/IMYHBIX IPECHHIX BOJOEMOB
(Hahn, 2003; Hahn et al., 2005; Wu and Hahn, 2006a;
Vannini et al., 2007; Chiriac et al., 2023).

Cpenu cemetictBa Chromobacteriaceae B pemTo-
IUIAHKTOHE CJIeiyeT BBAEJIUTh [eHUTpUPUIMPYIO-
mue opraHorereporpodHsie GakTepuu pona Vogesella.
CemerictBo Comamonadaceae oTjinyajsioch pasHoob6pa-
3UeM pOJOB M BUMOB B 03. Balikas u BKJIIOYasio Gak-
Tepun pofoB Limnohabitans, Rhodoferax, Acidovorax,
Delftia, Malikia, Paucibacter.

CemetictBo Methylophilaceae ¢ ynprpamuxpo-
Gaktepusavu poaa ‘Ca. Methylopumilus’ BeisABIEHO B
IIByX (paknusax IUIaHKTOHA B INejiarvayiu o3. Baiikai,
¢unotunel aToro pofa sxoawiu B 100 «ronoBeix» OTE.
Kak u3BecTHO, 6akTepum cemerlictBa Methylophilaceae
OTHOCATCA K HanboJlee BAXXHBIM MeTHIoTpodam, urpa-
I0IMM KJIIOYeBYI0 POJIb B KPYroBOpOTe yrjiepoia B
BoZHON cpefe ooutanus (Chistoserdova, 2015; Salcher
et al., 2019). Methylophilaceae cneruanusupyoTcsa Ha
HCIOJIb30BAHUN BOCCTAHOBJIEHHBIX OHOYIJIEPOAHBIX
(C1) coenunHeHUi, TaKUX KaK MeTaHOJI, METUJIAMHH U
dopmanpreru B KauecTBe eJUHCTBEHHBIX KUCTOYHU-
KOB 3Hepruu u yriepona (Salcher et al., 2019). IBa
mramMmbl poaa ‘Ca. Methylopumilus’ BeigesneHsl u3
nesiaruanu L{iopuxckoro o3epa: ‘Ca. Methylopumilus
planktonicus’ (LD28) u ‘Ca. Methylopumilus turicensis’
(PRD01a001B) ¢ paamepamu reHoma 1.36 M6 1 1.76 M6
cootBeTcTBeHHO (Salcher et al., 2015). [IpecHOBOAHBIE
‘Ca. Methylopumilus planktonicus’ moBcemecTHO U B
M300MJINY BCTPEYaloTCs B 03epax ¢ MaKCUMyMaMU YC-
JeHHocty g0 11.3 X 10* xi/mi (4% oT o6I1iero Koyu-
YecTBa I[POKApPHOT) BO BpeMs MacCOBOTO Pa3BUTUSA
JMaTOMOBBIX W/Wiu nuaHob6aktepuii (Salcher et al.,
2015; Salcher et al., 2019).

Cpenu cemerictBa Oxalobacteraceae oTMeuyeHB!
B IeJjlarvajgy yJbTpaMesKue IMpeACTaBUTEIN pPOJIOB
Duganella n Rugamonas W [JByX HeKyJIbTUBUPOBaH-
HBIX poJoB. Bakrepuu mnopsgka Enterobacterales c
poaom Serratia nAeHTUPULVPOBAHBI NCKIIOYUTEIIBHO B
coctaBe GeMTOIIAaHKTOHA TPUOPEXHON 30HHI.

Pseudomonadales — BTopo#i mo kosuuyectBy HII
yJIbTPaMUKPOOAKTepuil MOPANOK TaMManpoTeodak-
Tepull, cpefu KoToporo poxd Pseudomonas oTiuvancs
HauboNBIIMM BHIOBBIM OOraTCTBOM U  OOWIMEM.
IpencraBurenu pona Pseudomonas — pakyabTaTUBHO
aspobHBle, XeMoopraHorereporpodHsle 6akTepunt —
JIEMOHCTPUPYIOT BEICOKOE MeTaboJIiyecKkoe pa3Hoo6pa-
3Me U CIIOCOOHOCTh KOJIOHM3UPOBATh IIMPOKUH CIEKTP
Hum. B o03. Bafikays, mo HamuM IpeaBapUTEIbHBIM
JIaHHBIM, HapsAy C KpynHopa3MepHBIMHU Pseudomonas
obuTtatoT uctuHHbie YMB pona Pseudomonas ¢ ynops-
JIOYeHHBIM, MaJIbIM pa3MepoM reHOMa, KakK I0Kasall
aHaJIN3 PEKOHCTPYNPOBAHHBIX FT€HOMOB U3 MeTareHoM-
HBIX P00 C MCIOJIb30BAHUEM MeTo/a «JPOOOBUKa>.

Verrucomicrobiota. B dbemMTONIIAaHKTOHE
nejarvuajgy HalijleHl pa3HooOpa3Hbele U  MHOIO-
YyhCJIeHHble TocjiefoBaTeJpHOCTH TreHa 16S pPHK
(208 OTE) cxomubie Ha 98.8% c HeKyJIbTUBHUPOBAH-
vHeiMu  Methylacidiphilaceae coriacHo 6a3e maH-
veix Silva v.138.1. IlpencraBurtenn cemelictBa ‘Ca.
Methylacidiphilaceae’ onmcanpl kak TepMoalugoO-
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duipHBIE MeTaHOKMC/AIIMEe OaKTepud € ONTUMY-
MoMm pocta npu 55-60°C u B nuanaszosHe pH ot 0.8 go
6. B 6ase manasix GTDB (https://gtdb.ecogenomic.
org/) ‘Ca. Methylacidiphilaceae’ mpencTaBieHb
26 reHomMamu u Tpemsa pojamu: Methylacidiphilum,
Methylacidimicrobium, ‘Ca. Methylacidithermus’, pazamep
reHoMoB BapbupyeT oT 1.88 no 2.77 M6. I'enomn ‘Ca.
Methylacidiphilaceae’ cogepxart Tpu orepora pmoCAB,
KOAUPYIOIIMX MOHOOKCHUreHasy MertaHa (pMMO)
(Kruse et al., 2019; Awala et al., 2023). BLAST-anaju3
IoKa3aJjl BBICOKOE CXOJCTBO OalKaJIbCKUX H30JIATOB C
HeKyJIbTUBUPOBAaHHBIMHU I10CJIEIOBATEJIbHOCTAMU U3
npecHbIx o3ep CeBepHoil AMepuku (Martinez-Garcia et
al., 2012), u3 ampnmiickoro o3. Bypxe, rie oHu GopMu-
poBay kiany LD19, oTiuyaroniyiocs BBICOKOHN JoJjiei
cBobogHoxuBymx OTE (Parveen et al., 2013), u3 o3.
Batikan (6osiee 98%). DkoJsioruueckue ycJOBUS B 03.
bBatikan ABiAIOTCA HENOAXOAAIMMH AJiA W3BECTHBIX
KyJIbTUBUpPyeMBIX OaKkTepuil U Kak IOKa3blBaeT (PyHK-
LMOHAJIbHBIN aHaJIM3 BOCCTAHOBJIEHHBIX F€HOMOB 3TOI0
ceMerictBa. OdeBHMIOHO, 4TO TpeOyeTcsA HajbHelillee
JeTasibHOe U3ydyeHHue Mespbdyaimux GopM BeppyKOMHU-
Kpobuii B o3epe.

Chloroflexi. Chloroflexi amHum SL56_marine_
group_fa (47 OTE) yacTo MpHCyTCTBOBAJIM B NeJIaruain
o3epa. M3BecTHO, uTO rpynmna SL56 ABgeTca JOMUHU-
pymoliell B SIMWJINMHHUOHE 03ep U MPeCHBIX BOJIOEMOB,
HampuMep, B BoJoXpaHmmmle Rimov (Yexus) mMakcu-
MmaJibHasA nosig SL56 cocrasisiia 1.1% oT Bcero 6ax-
TEepUOIUIAaHKTOHAa M0 AaHHBIM aHainu3a 16S pJHK u
CARD-FISH (Mehrshad et al.,, 2018; Chiriac et al.,
2023). 'eHOoMBI HeKyJbTHUBHpYeMOU JIUHUM SL56 pas-
MepoM okoJio 1.0 M6 6pLIM pEKOHCTPYUPOBaHBI 13 Ieo-
rpadudecku ynaneHHbXx BogoeMos (EBpomna, CeBepHas
u KOxHasa Amepuka), corsacHo ANI (average nucleotide
identity) oHM mNpUHALJIEXKATU [EBATA PAJTUYHBIM
pugaMm (Mehrshad et al., 2018). U3 ri1yGOKOBOAHBIX
npo6 o03. bafikan Takke OBUTI BOCCTAHOBJIEH T'eHOM
auaun SL56 — Limnocylindrus sp009692905 (Cabello-
Yeves et al.,, 2020). Xmopodiekcun JsmHUU SL56
HCIIOJIb3YIOT CBETOBYIO 3HEPruo Ojaromaps HaJIUuUio
POAOIICHHOB, HEKOTOpble BUAB MOTYyT (UKCHUPOBAThH
CO, uepes nukn KanpBuHa-Bercona-baccema u comep-
xart rpynny NiFe-rugporeHas, KoTopble 00ecliedyrBaiT
anekTpoHamMu RuBisCO (West-Roberts et al., 2021,
Chiriac et al., 2023). Bakrepuu smHuu Chloroflexi
SL56 6pUIO MpeAsoxeHO KilaccupUIUpoBaTh Kak KaH-
auaaTtHeE pof ‘Ca. Limnocylindrus’ B cocTaBe nopsaka
‘Ca. Limnocylindrales’ u knacca ‘Ca. Limnocylindria’
(Mehrshad et al., 2018).

Patescibacteria. Cyneppuiym CPR/
Patescibacteria mpefncTaBiieH 3a HEKOTOPBIM HCKJIIO-
yeHHeM HeKyJIbTUBHpyeMbIMU OaKTepusMH C OTHO-
CUTeJIbHO HeOoJIbIIMMHM pa3MepaMu kjeTok (~0,7
MkM) (Albertsen et al., 2013) u resomoB (MeHee ~1
MO0), 4TO YacTo accolUupyeTcsa ¢ CUMOMOTUYECKUM U
napasuTuieckuM obpaszoM xu3Hu (Lemos et al., 2019).
B menarmanmu o3. balikanm MBI OOHApyXWIu INPUCYT-
CTBUE TMpeJicTaBUTeNIel Kilacca Saccharimonadia (18
OTE), BkJIIO4Yasi CXOAHBIX Ha 97.8% c KaHAWAATHBIM
BuaoM ‘Ca. Mycosynbacter amalyticus’ (OTE86). ‘Ca.
Mycosynbacter amalyticus’ ommcaH Kak rapasuTHpPYIO-
il BUJ ¢ paaMepoM reioma 1.0 M6, oH uzosinpoBaH
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M3 CTOYHBIX BOJ COBMECTHO CO IITaMMaMH-X035eBaMu
Gordonia amarae n Gordonia pseudoamarae, KOTOpBIE
CIOCOOCTBYIOT CTaOMIN3aLUY [TeHBl B OYNCTHBIX COOPY-
XKeHUAX, 3aTPYAHAS OUMCTKY CTOUHBIX BoA (Batinovic
et al., 2021).

Baktepum poga ‘Ca. Moranbacteria_ge’ xiracca
Parcubacteria mpuCyTCTBOBAJIM TOJIBKO B Mejlarvajiyu
03. Baiikan. Ha ocHoBe aHaim3a BOCCTaHOBJIEHHBIX
reHOMOB U3BecTHO, YTo Moranbacteria depmeHTHpYIOT
opraHuyeckye BelllecTBa A0 areTara W AerpagupyloT
XUTHUH, Urpas KJIl04eBylo IPOMeXyTOUHYIO POJIb B KPY-
roBOpoOTe yIjepojia U MeTaHa B cy0apKTUYeCKHX O3e-
pax (Vigneron et al., 2020).

B BaprysunckoM 3anuse 1 MasoMm Mope BbIAB-
JIeHBl TpencTaBUTeNn kiacca Gracilibacteria: ‘Ca.
Peregrinibacteria_ge’ u HeuneHTUUIIMPOBAHHEIE T€HO-
tunbl Absconditabacteriales. ‘Ca. Peregrinibacteria_ge’
HMMeIOT yInopsAAoYeHHble HeOoJblliie TeHOMBI, KOJUpY-
fomye HabOp KPYINHBIX BHEKJIETOYHBIX OeJIKOB, HeKO-
TOpBIe M3 KOTOPBIX O4YeHb Oorarsl HUCTEMHOM U MOTYT
BBHINOJIHATh (PYHKIMIO IIPUKpEIUIeHUs, BO3MOXHO, K
JpyruM KJieTkaMm. B 1esoM, ocoGeHHOCTH KJI€TOYHOMH
000JI04YKM B COYETAaHUU C OTCYTCTBHEM CIIOCOOHOCTHU K
O6MOCHHTe3y MHOTMX HeoOXOAMMBIX KOaKTOPOB, XUP-
HBIX KMCJIOT ¥ OOJIBIIMHCTBA AMUHOKHCJIOT YKa3bIBAIOT
Ha cuMOMoTHYecKkuii o6pa3 xu3Hu (Anantharaman et
al., 2016).

Panee BoccTaHOBJIEHHBle T€HOMEI U NOCJIeJOBA-
TesibHOCTU reHa 16S pPHK Patescibacteria 6puti onu-
caHbl B 03. Baiikai B riy6okux ciiosx Boasl (Cabello-
Yeves et al., 2020; Haro-Moreno et al., 2023).

HApyrue ¢unymel. [lociegoBaTesbHOCTH TIeHa
16S pPHK, mpunamiexamue ¢urymam Deinococcota,
Firmicutes, Campilobacterota, Nitrospirota, Bo ¢pak-
I[My pa3mepoM MeHee 0.2 MKM OOHapy>keHbl B He00JIb-
oM KoJjindecTBe. B npubpexHoil 30He OKOJIO T.
CeBepoOaiikajbCKa BBIABJIEHHl I10CJIEJOBATEJIbHOCTU
Deinococcus sp. (Deinococcota) romosioruussie (100%)
Deinococcus  aquaticus. Firmicutes mnpencTaBsieHbI
punotunamu 6M3KOpoJicTBeHHBIMU (97-99%) GakTe-
pUAM, acCOLMHPOBAaHHBIMU C MHKpOOHMOMaMH YeJio-
BeKa U XUBOTHBIX: ¢ Gemella sanguinis, Peptoniphilus
lacydonensis, Blautia wexlerae u Ruminococcus Spp.
ITocenoBaTesibHOCTU cxomHble (98%) ¢ Arcobacter
sp. (Campilobacterota) — mcuxpodUJIBHON OEHUTPU-
unupyromeil 6akTeprell NaJOYKOBUAHON (HOPMBI—
ornpejfesieHbl B nejarvaau U B Majgom Mope. ®uiym
Nitrospirota cogepxan ¢unorunsl Nitrospira spp. —
[IOBCEMECTHO PacIpoCTpaHeHHbIX HUTPUPUIMPYIOMIIX
6axTepuli, OCyL[eCTBJIAININUX OKHCIeHe HUTPUTOB Ha
BTOpOM 3Tane HuTpudukanuu. BeposaTHee Bcero, 0ail-
KaJIbCKUe IpeJICTaBUTEJM BhIIeHa3BaHHBIX TaKCOHOB
ABJIAIOTCA QuibTpylomuMuca Gopmamy, ux O6jm3Kue
POACTBEHHUKU XapaKTepusylTcA OOJIbIIMMH pa3Me-
pamu KJIeToK, yeM YMB.

B wuccnegyemblil mepuoJi OTMEUYE€HO MaccoOBOe
pasBUTHE MUKOIUIAHKTOHHBIX NHMaHOOaKTepuil. OTO
sIBJIEHHE XapaKTepHo AJid 03. balikan u HaOogaercs
€XerogHo B UI0Jie-CeHTA0pe, MakcUMaJbHas 4YHCJIeH-
HOCTh MeJIbYalInX uaHo6akTepuii pogos Cyanobium/
Synechococcus pazmepom 0.2-2.0 MKM MOXET OCTHU-
ratb 3 MuH ki1i/Mia (Belykh et al., 2006). B Muxpo6-
HBIX cooOllecTBax Ipeo0Jaiajii FeHOTUIBl KjacTepa
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Cyanobium/Synechococcus, Hanpumep, OTE 2, 4, 12,
15, 16, 21 u T.n. BO3MOXHO, JIeTHe-OCeHHUI NepuoL
KpaiiHe OJlarompusaTeH [Ji Pa3BUTHUA YJIbTpaMeJIKHUX
¢opm rerepoTpodHbIX GaKTEpHUil, B TOM uucje 6jaro-
Japsl MOBHINIEHHON KOHI[eHTpaluu NOoAAepKUBAIOIIX
UX POCT OPraHUYeCcKUX Bell[eCcTB, BbliesisieMbIX (oToaB-
TOTPOGHBIMU ITMAaHOOAKTEPUAMU.

4. BoiBOADI

BriepBrle B 03. Balikaj IpoBe/ieHa OlLleHKa YFKC-
JeHHoctd (GeMTOOAKTepUOILUIAHKTOHA. Pe3yJbrathl
[I0Ka3ajiy BBICOKYIO YMCJIEHHOCTh OakTepuil Bo (dpak-
[[UU [JIAHKTOHA pa3MepoM MeHee 0.2 MKM, YTO COOT-
BETCTBYET KOHIENNNY O IpeobagaHuy MeJIKUX Gopm
6akTepuil B OJIUTOTPOGHBIX BOJHBIX 3KOCHCTEMaX.
CpaBHUTENBHBIN aHAIN3 YHCJIEHHOCTU YJIbTPaMeJIKUX
¢opm bGakTepuii B 03. Baiikan u B Apyrux BojgoeMax
IoKasajl HeoOXOJHMOCTh yCOBepIIEHCTBOBAHUS MeTO-
J10B yueTa HeMTOIIJIaHKTOHA.

B o3. Batikan metogamu JIHK-metabapkoauHra
1 6ronMH(OPMATHYECKOTO0 aHAJIN3a BIIepBble YCTAHOB-
JIeHbl TeHEeTMYeCKUH U TaKCOHOMUYECKUII COCTaB U
CTPYKTypa coo0IiecTB OakTepuii, MpOIIEAIINX depes
¢unpTpsl pasmepom MeHee 0.2 MKM. [TokazaHo BEICOKOE
pasHoobpa3ue U MHOTOYHCJIEHHOCTh YJIbTPaMeJIKHX
6akrepuii. Mukpo6HoMBl KpyIHOpa3MepHOro Oakre-
PUOIUTAaHKTOHA U GeMTOobaKTepHOIIaHKTOHA (YJIbTpa-
MUKpOOAKTepHil) 3HAYUTEJIBHO OTJIMYAJINCh JPYT OT
JIpyra 10 COCTaBy U CTPYKType Ha BCeX TaKCOHOMMUYe-
CKUX YpOBHsAX. CylllecTBeHHBIE pa3anuns 0OHapyXeHbI
MeXJy COCTaBOM U CTPYKTYpOl MHUKPOOHBIX CO0O-
[IecTB JINTOpAJK U INejiarhaau. B npubpexHsx paio-
Hax 03. Bafikaj B 6aKTepHOIJIaHKTOHEe JOMUHHUPOBAJIU
npeacrasuTenu ¢uiyma Proteobacteria, cy6moMuHaH-
Tamu ObUTH Bacteroidota u Cyanobacteria. B menaru-
aym npeobaamanu Actinobacteriota, B coctaB moMu-
Hupyomux GuiymMoB Takxe xofauin Cyanobacteria,
Proteobacteria u Bacteroidota.

MuHopHble  GuiIyMel  0aKTepHOILUIAHKTOHA
BKJIIOYAJIN Acidobacteriota, Armatimonadota,
Campilobacterota, Bdellovibrionota, Dependentiae,
Desulfobacterota, Fibrobacterota, Gemmatimonadota,
Margulisbacteria, Myxococcota, Planctomycetota,
cpenu HUX (PeMTOIIAHKTOHHEBIE IIpe/ICTABUTENI He
HalfileHBl HU B [eJjlaruajy, HU B JIMTOPaJIM oO3epa.
Bakrepun ¢prstyma Deinococcota, kiacca Parcubacteria
u apxeu Nitrososphaerota BELIBJIEHHE TOJIBKO BO (dpak-
uuu pasMmepoMm MeHee 0.2 MKM.

B o03. Dbaiikan HaubOOJBUIUM KOJIMYECTBOM
YMB otiauyanuchk ¢uiayMel  Actinobacteriota u
Proteobacteria. ¥ 6aktepuii kiacca Saccharimonadia
(Patescibacteria) ©OoJjiee MOJIOBHMHBI I1OCJIeqOBATEJIb-
Hoctell 16S p/IHK obHapyxeHo Bo (ppakuuu dhemro-
IUTaHKTOHA; cpeau ¢uaymoB Chloroflexi, Firmicutes,
Bacteroidota, Nitrospirota, wmacca Gracilibacteria
(Patescibacteria), Verrucomicrobiota — MeHee moJIO-
BUHEI II0OCJIe[IOBATEJIBHOCTEH MPUHAIJIEXAJIO YJIbTpa-
MeJIKUM MOopGbOoTHIaM.

B  deMToIIaHKTOHe  oOmpefesieHBl  MHOIro-
YUCJIeHHBlE  [IOCJIe[IOBATeJIBHOCTU  IATH  NOPSAA-
KoB akTuHoOakTepuil (IMCC26256, Microtrichales,
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Frankiales, Micrococcales, Propionibacteriales),
JeBATU MOpsAOKoB npoTeobakTepuil (Caulobacterales,
Rhodobacterales, Rickettsiales, Sphingomonadales,
SAR11_clade, Alteromonadales, Burkholderiales,
Enterobacterales, Pseudomonadales), mAatu mopsag-
koB OaktepousioB (Bacteroidales, Chitinophagales,
Cytophagales, Flavobacteriales, Sphingobacteriales),
Chloroflexi (SL56_marine_group), Verrucomicrobiota
(Methylacidiphilaceae), wmacca  Saccharimonadia
(Patescibacteria). IlpencraButesn apxeii  Nitro-
sosphaerota (Nitrosopumilus), 6aktepuii Deinococcota
(Deinococcus), Firmicutes (Gemella, Peptoniphilus,
Blautia w Ruminococcus), Nitrospirota (Nitrospira),
kiaccoB Gracilibacteria (Absconditabacteriales u ‘Ca.
Peregrinibacteria) uParcubacteria (‘Ca. Moranbacteria’)
MPUCYTCTBOBAJIU B HEGOJIBIIIOM KOJIYECTBE.

B dewmTormtankToHe o03. Baiikan oOHapyXeHbI
dunpTpyronmecsa 6aKkTepur, NpUHALJIEXKAIIAE PA3JTUY-
HBIM TaKCOHaM, UX TOMOJIOTU U OJIMKaNIINe POJICTBEH-
HUKWA HalJleHbl BO (PAKIUU KPYyITHOPa3MepHOro 6ak-
TEepUOIJIAaHKTOHA. CpeAu GUIbTPYOIIUXCA OGaKTepuit
BBISIBJIEHBI YCJIOBHO MATOTe€HHbIE GaKTEpUU, KOTOPHIE
MOTYT TPEeJCTaBIATh MOTEHIMAIBHYI0 ONMACHOCTD IJIA
3[I0POBbSA YeJIOBEKa U KUBOTHBIX.

[epBBle MOJIyYeHHbIE PE3YJIbTATH KOJTUYECTBEH-
HOU U KavyeCTBEHHON OLEHKU (PEMTOIJIAHKTOHA O3.
Baiikas yka3slBalOT Ha BBICOKYIO 3HAYUMOCTh MeJTb4aki-
mer ppakuum OGaKTEpPUOIUIAaHKTOHA MJISl SKOCHUCTEMBI
o3epa U TpeOYIOT JAJIbHENIIEro N3yYeHusl.
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