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ABSTRACT. The genus Synechococcus comprises photosynthetic picocyanobacteria that, as autotrophic
microorganisms, make a significant contribution to the production of organic matter and oxygen in
marine and freshwater ecosystems. The wide distribution of representatives of the genus Synechococcus
is due to their genetic diversity and ecological plasticity. Of particular interest is the study of these micro-
organisms in unique natural ecosystems, such as Lake Baikal — a freshwater oligotrophic deep-water
lake with a high percentage of endemism among its inhabiting species. This work presents an analysis
of two genomes of Synechococcus representatives recovered from metagenomic data of microbial com-
munities from the water of Lake Baikal (MAGs): Synechococcus sp. bin7 and Synechococcus sp. bin8. A
structural and functional characterization of the genomes is provided, and genes for antibiotic resistance
and secondary metabolite synthesis are identified. Phylogenetic analysis, including 90 closely related
freshwater and marine representatives of the genus Synechococcus alongside the studied MAGs, showed
that the genomes belong to different, rather distant, phylogenetic clades.
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1. Introduction cially during summer stratification, when their abun-

) dance reaches 10° cells/mL (Belykh and Sorokovikova,

Cyanobacteria of the genus Synechococcus are a 2003; Belykh et al., 2011). Their contribution to pri-
dominant group of autotrophic picoplankton in aquatic mary production, phytoplankton biomass, and chlo-
ecosystems. They contribute significantly to primary rophyll concentration in Baikal can reach up to 80%

production of organic matter and oxygen and serve as (Nagata et al., 1994; Yoshida et al., 2003; Belykh and
the base of food webs (Flombaum et al., 2013; Callieri, Sorokovikova, 2003).

2017). Their wide distribution, adaptability to diverse

: = - Investigating the genetic diversity and phy-
environmental conditions, high abundance, and small

) : ! logeny of cyanobacteria is of considerable scientific
cell size make Synechococcus species a convenient interest, as it allows for refinement of their taxonomic
model for studying ecological and genetic adaptation of position and elucidation of evolutionary relationships
microorganisms (Shapiro and Polz, 2015). Lake Baikal between different taxa (Komarek et al., 2014; Garcia-
is a unique deep-water ecosystem characterized by a Pichel et al., 2019). The ability of Synechococcus cyano-
high degree of l?lotlc endem1§m, low water tempera- bacteria to colonize water bodies with varying salinity,
tures not exceeding 10-12 °C in the pelagic zone even temperature regimes, and trophic status depends on
during summer, and exceptional water purity (Rusinek, their affiliation with a particular evolutionary lineage
2009; Osipova et al., 2010). Picocyanobacteria, includ- (Flombaum et al., 2013). Studies on the ecological and
ing representatives of the genus Synechococcus, play a functional features of the genus Synechococcus have
notable role in the Baikal planktonic community, espe- been conducted predominantly on marine or model
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freshwater species, whereas representatives of natural
populations from extreme and endemic ecosystems,
such as Baikal, remain insufficiently described (Druce
et al., 2023; Chiriac et al., 2023; Cabello-Yeves et al.,
2018a; 2018b). For ancient oligotrophic lakes, where
Synechococcus provide up to 80% of primary produc-
tion, such data are essential for understanding ecosys-
tem stability (Callieri, 2017; Belykh and Sorokovikova,
2003).

Traditional methods of isolating pure cyano-
bacterial cultures are labor-intensive and often fail to
reflect the full spectrum of in situ genetic diversity.
An alternative approach is metagenomic sequencing,
which enables the reconstruction of metagenome-as-
sembled genomes (MAGs) from environmental sam-
ples without cultivation (Yang et al., 2021). Although
MAGs represent fragmented assemblies containing
individual contigs rather than ideal complete genomes,
this approach allows for the study of structural and
functional genome organization, identification of key
metabolic pathways and genes involved in adaptation
to abiotic and biotic environmental factors, as well as
assessment of diversity and phylogenetic position of
natural population representatives (Cerk et al., 2024).

Analysis of metabolic pathways enables the deter-
mination of the biochemical potential of a microorgan-
ism, its metabolic limitations, and mechanisms of adap-
tation to abiotic environmental factors. The metabolic
profile defines the range of assimilable compounds, the
capacity for autotrophy, respiration, and nitrate and
sulfate assimilation. Reconstruction of such pathways
from genomic data allows prediction of dependence on
external sources of carbon, nitrogen, and sulfur, as well
as identification of key regulatory nodes. Comparison
of metabolic modules between strains can reveal the
molecular basis of stress tolerance, competitive advan-
tages in specific habitats, and evolutionary trends of
gene reduction or expansion, which is important both
for understanding the ecological role of Synechococcus
and for assessing their biotechnological potential.

The aim of this work is a comparative analysis
of the structural organization of genomes, adaptive
mechanisms, and phylogenetic position of two metage-
nome-assembled genomes, Synechococcus sp. bin7 and
Synechococcus sp. bin8, recovered from water samples of
Lake Baikal, as well as an assessment of their metabolic
potential. It is hypothesized that these strains, inhab-
iting the same ecological niche, may exhibit genomic
differences reflecting distinct adaptive strategies.

2. Materials and Methods

Water samples of 20 L volume from each depth
(5 and 20 m) were collected in July 2024 at the mid-
dle of the Listvyanka-Tankhoy transect (Lake Baikal).
Samples were sequentially filtered through polycarbon-
ate filters with pore sizes of 5.0 um to remove large
particles, 0.4 pum, and 0.22 um to collect picocyano-
bacteria. Stepwise water filtration, DNA extraction,
sequencing, and metagenomic genome assembly were
performed according to a previously described proto-
col (Gutnik et al., 2024). For each sample, sequencing
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was carried out in two independent paired-end runs
(2x 150 bp). The total raw data volume was 19.1 Gb
for the 5 m sample and 26.8 Gb for the 20 m sample;
after merging the data from both runs, the total number
of paired reads reached 63.7 million and 89.3 million,
respectively. Co-assembly of reads from the 5 m and
20 m depth samples allowed reconstruction of MAGs
present in both samples. The relative abundance of
recovered MAGs in metagenomic samples across depths
was estimated using TPM (Transcripts Per Million)
(Wagner et al., 2012; Bray et al., 2016). For annota-
tion of metagenome-assembled genomes (MAGs), the
Genome Annotation Service based on the RAST plat-
form (Aziz et al., 2008) within the Bacterial and Viral
Bioinformatics Resource Center (BV-BRC) was used. To
assess the relatedness of the recovered MAGs to known
cyanobacterial genomes, the average nucleotide iden-
tity (ANI) was calculated (Jain et al., 2018).

For phylogenetic analysis of the studied MAGs,
a search for the closest publicly available genomes was
performed using the Similar Genome Finder tool inte-
grated into BV-BRC (Ondov et al., 2016), where genome
distances are calculated using the Mash method.
Genomes meeting the threshold values of P value <0.01
and Distance <0.2 were included in the phylogenetic
analysis. A total of 90 genomes were selected, including
the two studied MAGs. The cyanobacterium Gloeobacter
violaceus PCC 7421 (GCA_000011385.1) was used as an
outgroup for tree construction. From 1000 candidate
PGFam genes, the program selected 127 single-copy
markers with an acceptable level of missing data (no
more than 5 deletions or no more than 5 duplications
per gene in the dataset). Alignment of the correspond-
ing protein sequences (127 alignments, totaling 41,816
amino acid positions) was performed using MAFFT
(Katoh and Standley, 2013). A phylogenetic tree was
constructed based on the selected single-copy protein
markers using the maximum likelihood method; boot-
strap support was assessed using RAXML version 8.2
(Stamatakis, 2014).

CRISPR arrays with associated Cas proteins were
identified using Bakta on the Proksee web platform
(Grant et al., 2023). Annotation of genes involved in
antimicrobial susceptibility and resistance was per-
formed by comparison with the PATRIC and CARD ref-
erence databases (Wattam et al., 2017; Alcock et al.,
2023).

Search for biosynthetic gene clusters of second-
ary metabolites in the studied genomes was performed
using the online version of the antiSMASH software
platform 8.0.4 (Medema et al., 2011; Blin et al., 2025)
with default parameters (HMM detection stringency
level — relaxed). To assess the similarity of the detected
genetic loci to known clusters, the built-in ClusterBlast
and KnownClusterBlast modules were used. According
to antiSMASH algorithms, for ClusterBlast (comparison
with predicted clusters from the antiSMASH database),
the thresholds are minimum identity of 30% and cov-
erage of 10%, whereas for KnownClusterBlast (com-
parison with experimentally confirmed clusters from
the MIBiG database), the thresholds are 45% and 40%,
respectively (Blin et al., 2025).



Kaluzhnaya O.V. et al. / Limnology and Freshwater Biology 2026 (4): 554-574

Algae: Problems of Taxonomy and Ecology,
Use in Monitoring and Biotechnology

3. Results and Discussion
3.1. Structural and functional organization
of MAGs

The genomes of Synechococcus sp. bin7 (165 con-
tigs, 2,053,016 bp) and Synechococcus sp. bin8 (145
contigs, 1,829,603 bp), assembled from metagenomic
data, showed rather high assembly completeness —
97.7% and 96.1%, respectively — and low contamina-
tion levels — 1.8% and 1.2%, indicating the high qual-
ity of the obtained MAGs (Table 1).

Despite the fact that both MAGs were isolated
from the same habitat and assigned to the same genus,
their G+ C content differs substantially (Synechococcus
sp. bin7 — 65.87%, Synechococcus sp. bin8 — 50.22%),
which is often associated with adaptation to different
environmental conditions (Musto et al., 2004). The
high GC content of strain Synechococcus sp. bin7 may
indicate its better adaptation to stress factors in sur-
face waters, such as intense UV radiation and oxidative
stress (Zhaxybayeva et al., 2009).

Assessment of relative abundance based on
metagenomic data (TPM calculated from DNA) showed
that at a depth of 5 m, the amount of genetic material
of Synechococcus sp. bin7 (48,321 TPM) is significantly
higher than that of Synechococcus sp. bin8 (11,728 TPM).
With increasing depth to 20 m, the relative abundance
of both strains decreases; however, for Synechococcus
sp. bin7 the decline is more pronounced — by 3.3-fold
(to 14,567 TPM), whereas for Synechococcus sp. bin8 —
by 1.7-fold (to 6,835 TPM).

The decrease in relative abundance (TPM) with
depth indicates that Synechococcus sp. bin7 is con-
fined to surface waters, while Synechococcus sp. bin8
maintains higher abundance in the lower layers of the
euphotic zone. Thus, Synechococcus sp. bin7 represents a
specialized surface-water strain, whereas Synechococcus
sp. bin8 exhibits a more eurytopic distribution strategy
in the water column, which may reflect differences in
ecological niches among closely related cyanobacteria
(Pittera et al., 2014).

According to the annotation of the studied
genomes in the BV-BRC database using the RAST
toolset, the taxonomic position of the genomes is as
follows: domain Bacteria, phylum Cyanobacteriota,

class Cyanophyceae, order Synechococcales, family
Synechococcaceae, genus Synechococcus. The closest
genome to Synechococcus sp. bin7, based on average
nucleotide identity, is the Baikal strain Synechococcus
sp. Baikal-G1 (ANI 98.78%), and for Synechococcus sp.
bin8 — Synechococcus sp. LacPavin 0920 (ANI 97.75%).
Since both values exceed the generally accepted thresh-
old for species delineation (95%), Synechococcus sp.
bin7 can be assigned to the same species as strain
Synechococcus sp. Baikal-G1, and Synechococcus sp.
bin8 to the same species as strain Synechococcus sp.
LacPavin 0920 (Jain et al., 2018). The average nucle-
otide identity (ANI) value between the studied strains
Synechococcus sp. bin7 and Synechococcus sp. bin8 was
68%, which is significantly lower than the generally
accepted threshold for species delineation (95%) and
confirms their belonging to different species.

The main genomic characteristics of the strains
obtained from annotation using the PATRIC platform,
as well as the distribution of coding sequences (CDS)
across RAST functional subsystems, are presented in
Table 2.

The total number of identified coding sequences
(CDS) in strain Synechococcus sp. bin7 (2,202) is 196
genes higher than in Synechococcus sp. bin8 (2,006),
whereas the number of tRNA genes is almost identi-
cal (36 and 35, respectively). At the same time, the
CDS density per 1 Mbp was comparable (1,072.6 in
Synechococcus sp. bin7 versus 1,096.4 in Synechococcus
sp. bin8), indicating a similar overall saturation of
the genomes with genetic information, and the differ-
ences in absolute numbers are mainly due to the larger
genome size of Synechococcus sp. bin7.

The most substantial differences between the
strains were identified in the category of energy metab-
olism. Specifically, Synechococcus sp. bin7 had 161 CDS
versus 84 in Synechococcus sp. bin8, which may reflect
a more branched energy metabolism network, possibly
including additional components of photosynthetic or
respiratory chains (Brown, 2018). This phenomenon is
consistent with data on the high ecological plasticity
of Synechococcus representatives (Callieri, 2017). Also,
in the categories of metabolism, there are 445 genes
versus 355, and protein processing — 187 versus 135,
respectively. This fact may suggest a broader meta-

Table 1. Characteristics of metagenome-assembled genomes (MAGs) of Synechococcus sp. bin7 and Synechococcus sp. bin8

Characteristic Synechococcus sp. bin7 Synechococcus sp. bin8
MAG length (bp) 2 053 016 1 829 603
Completeness, % 97.7 96.1
Contamination, % 1.8 1.2

GC content, % 65.87 50.22
Number of contigs 165 145

N,, (bp) 21 397 22 259

Closest genome
(assembly accession)

Synechococcus sp. Baikal-G1
(GCA_002737305.1)

Synechococcus sp. LacPavin 0920
(GCA_026389135.1)

ANIL, % 98.78 97.75
TPM (5m) 48 321 11 728
TPM (20m) 14 567 6 835
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Table 2. Functional annotation of the genomes of Synechococcus sp. bin7 and Synechococcus sp. bin8

Annotated Genome Features Synechococcus sp. bin7 Synechococcus sp. bin8
CDS 2202 2006
tRNA 36 35
Subsystems genes
Metabolism 445 355
Protein processing 187 135
Stress response 45 43
Energy 161 84
RNA processing 48 47
DNA processing 60 44
Cellular processes 17 30
Cell envelope 11 12
Membrane transport 15 8
Regulation and cell signaling 3 3
Number of CDS per 1 Mbp 1 072.6 1 096.4

bolic potential and more efficient protein homeostasis
in Synechococcus sp. bin7. The nearly twofold differ-
ence in membrane transport genes (15 versus 8) likely
reflects the ability of Synechococcus sp. bin7 to assimi-
late a wider range of nutrients from the environment.
In the DNA processing category, a greater number of
genes was also noted in Synechococcus sp. bin7 (60 ver-
sus 44), suggesting the presence of a greater diversity
of repair systems in this genome; however, a final con-
clusion requires analysis of specific genes. As shown
in Brown (2018), an increase in the number of genes
in categories related to energy and transport often cor-
relates with specialization to specific ecological niches,
which is consistent with the data on the distribution of
relative abundance of the strains.

At the same time, in the category of cellular pro-
cesses, the opposite pattern is observed: Synechococcus
sp. bin8 has 30 genes versus 17 in Synechococcus sp.
bin7, stress response (45 versus 43), RNA processing
(48 versus 47), and cell envelope (11 versus 12). In
these categories, the values differ insignificantly, which
may indicate comparable adaptation of both strains
and reflect similarity in basic survival mechanisms
(Martsinechko et al., 2024). The number of genes for
regulation and cellular signaling (3 per MAG) may indi-
cate the conservatism of these systems in the studied
picocyanobacteria.

The identified differences in the number of genes
involved in energy and metabolic exchange are in good
agreement with the data on the distribution of relative
abundance (TPM) of the two strains across depth. The
higher content of genetic material of Synechococcus
sp. bin7 in the surface layer (5 m: 48,321 TPM versus
11,728 TPM for Synechococcus sp. bin8) and its sharper
decline with depth (a 3.3-fold decrease in Synechococcus
sp. bin7 versus a 1.7-fold decrease in Synechococcus sp.
bin8) indicate the specialization of this strain to the
well-illuminated euphotic zone. The developed energy
metabolism system (161 versus 84 CDS) and membrane
transport (15 versus 8) in Synechococcus sp. bin7 likely
provide efficient utilization of light energy and nutrient
uptake in oligotrophic surface waters, where competi-
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tion for resources is particularly high (Flombaum et al.,
2013). In contrast, Synechococcus sp. bin8, which has a
more modest set of energy metabolism genes, demon-
strates more stable relative abundance in the 5-20 m
range, which may indicate its ability to exist under
reduced light conditions characteristic of the lower
boundary of the euphotic zone. Thus, genomic differ-
ences in metabolic potential reflect the differentiation
of ecological niches along the vertical light gradient:
Synechococcus sp. bin7 is a surface-water specialist,
whereas Synechococcus sp. bin8 is a generalist with a
broader depth amplitude.

The similarity in the number of anti-stress system
genes (45 versus 43) confirms the presence of common
adaptive strategies to the conditions of a deep-water
endemic lake (Rodriguez-Valera et al., 2017), where
selective factors may include seasonal temperature
fluctuations, low mineralization, and high water trans-
parency characteristic of Baikal. The elevated G+C
content in Synechococcus sp. bin7 (65.87%) compared
to Synechococcus sp. bin8 (50.22%) further supports
the hypothesis of better adaptation of the former to
oxidative stress in surface waters with high insolation
(Zhaxybayeva et al., 2009).

The circular genome annotation diagram reflects
the structural and functional organization of the stud-
ied MAGs (Fig. 1). From the outer to the inner ring,
the diagram displays: contigs in descending order of
their lengths, CDS on the forward strand and CDS on
the reverse strand, RNA genes, CDS with homology to
antibiotic resistance genes, CDS with homology to vir-
ulence factors, G+ C content, and G/C skew on contigs.
The color of CDS in the diagram corresponds to their
assignment to RAST functional subsystems according
to Table 2. The identified antibiotic resistance and vir-
ulence loci belong to the category of genes associated
with adaptive traits of microorganisms (Bertelli and
Brinkman, 2018).

It should be noted that interpretation of differ-
ences in CDS numbers requires caution, since some
genes may result from duplications, differences in
annotation, or the presence of pseudogenes in the stud-
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Fig.1. Circular diagram of genome annotation of Synechococcus sp. bin7 and Synechococcus sp. bin8. Mapped from the outer
to the inner circle: contigs of the studied MAGs, coding sequences (CDS) on the forward strand, CDS on the reverse strand, RNA
genes, genes homologous to known antimicrobial resistance genes, G+ C content, and GC-skew. Scale of the circular diagram - 1
division equals 0.1 Mbp. Colors of CDS on the forward and reverse strands indicate the gene subsystem (according to the legend).

ied MAGs. Nevertheless, the identified patterns are con-
sistent with the hypothesis of ecological niche differ-
entiation of the two Baikal Synechococcus strains along
the vertical light gradient (Flombaum et al., 2013;
Rodriguez-Valera et al., 2017).

3.2. Phylogenetic analysis

The phylogenetic tree constructed based on
90 picocyanobacterial genomes is shown in Figure 2.
The analyzed dataset included 44 genomes of fresh-
water strains, among which were: the studied MAGs
Synechococcus sp. bin7 and Synechococcus sp. bin8
(highlighted in red and bold font), a subgroup of 7
Baikal MAGs obtained previously (purple), and the
remaining 35 genomes of freshwater picocyanobacteria
from international databases (green). The marine group
comprised 45 genomes (blue). Bootstrap support val-
ues are indicated on the branches at levels above 50%.
The genome of Gloeobacter violaceus PCC 7421 (black)
was used as an outgroup — the most evolutionarily dis-
tant representative of cyanobacteria, occupying a basal
position on the phylogenetic tree.

The studied Baikal MAGs were distributed across
two phylogenetically distant clades differing in compo-
sition and ecological representativeness. Synechococcus
sp. bin7 was localized in a clade uniting exclusively
freshwater strains: Synechococcus sp. Baikal-G1 (Baikal),
Synechococcus sp. UW140 strain MsE-30apr19-67 and
Synechococcus sp. UW140 MiH-22jul19-245 (Czech
Republic), as well as uncultured Synechococcus sp.
Umealp2_bin949 and Umealp3_bin942 (Sweden). This
cluster demonstrates an association with oligotrophic
and mesotrophic ecosystems and confinement to sur-
face, well-illuminated horizons, which is consistent
with the high relative abundance of Synechococcus sp.
bin7 in the euphotic zone (5 m: 48,321 TPM) (Dvorak
et al., 2014; Callieri, 2017). In contrast, Synechococcus
sp. bin8 fell within a mixed clade comprising both
freshwater and marine genomes. The closest to it were
freshwater strains from Lake Pavin (Synechococcus sp.
LacPavin_0920 WC12_MAG 50_7, France), Lake La
Cruz (Synechococcus sp. Cruz CV12-2-Slac-r, Spain;
also known as Synechococcus lacustris), Lake Superior
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(Synechococcus sp. SupBloom_Metag_053), as well as
marine strains from the Caspian Sea (Cyanobacteria
bacterium caspl150_mb.24 and casp40_mb.49) and the
Baltic Sea (uncultured Synechococcus sp. ERR2206772_
bin.170). The presence in this clade of representatives
from water bodies of varying trophic status — from
ultra-oligotrophic to eutrophic — as well as marine
forms indicates broader ecological plasticity of this
cluster (Cabello-Yeves et al., 2018b; Carratala et al.,
2023). This is consistent with the relative abundance
of Synechococcus sp. bin8, which decreases less sharply
with depth (only 1.7-fold: from 11,728 to 6,835 TPM),
suggesting its ability to maintain metabolic activity over
a wider depth range (Pittera et al., 2014; Flombaum et
al., 2013).

The genus Synechococcus is polyphyletic: some
marine strains included in the analysis and previously
assigned to Synechococcus, according to current data,
belong to a clade sister to Prochlorococcus, validated as
the independent genus Parasynechococcus (Coutinho et
al., 2016; Komarek et al., 2020). The selection of ref-
erence genomes for the analysis was performed using
threshold values of confidence and genomic distance
calculated by the Mash method, and the phylogenetic
tree was constructed based on single-copy marker
genes, which allows assessment of the relative posi-
tion of the studied MAGs among available reference
genomes and the degree of their phylogenetic distance
from each other.

The ANI value when comparing Synechococcus
sp. bin7 and Synechococcus sp. bin8 was 68%, indicat-
ing their belonging to different species and consistent
with their placement in different phylogenetic clades.
The phylogenetic proximity of Synechococcus sp. bin7
to freshwater strains, and of Synechococcus sp. bin8 to
a mixed clade with marine representatives, indicates
their different evolutionary histories. Synechococcus
sp. bin7 likely belongs to a more ancient freshwater
lineage, whereas Synechococcus sp. bin8 shows signs of
adaptation to conditions of variable salinity or belongs
to a phylogenetic lineage characterized by tolerance
to a wide salinity range (Rosales et al., 2005; Cabello-
Yeves et al., 2018b; Flombaum et al., 2013).
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The presence of marine strains from the Caspian
Sea in the clade of Synechococcus sp. bin8 indicates the
phylogenetic relatedness of this strain to halophilic lin-
eages, which may be considered as indirect evidence of
the genetic potential of the Baikal strain for adaptation
to salinity fluctuations. However, phylogenetic posi-
tion alone is not proof of the presence of corresponding
adaptive mechanisms, and to confirm this hypothesis,
identification of specific genes involved in osmotic reg-
ulation (e.g., osmolyte transporters, compatible solute
synthesis systems) is required; their presence in the
genome of Synechococcus sp. bin8 needs separate anal-
ysis. Thus, phylogenetic analysis confirmed the genetic
diversity of Baikal Synechococcus, and also showed that
the endemic ecosystem of Lake Baikal, like other deep
lakes, serves as a reservoir of evolutionary diversity
of cyanobacteria (Callieri, 2017; Cabello-Yeves et al.,
2018a; Carratala et al., 2023).

3.3. Antibiotic resistance and immune
defense mechanisms

Comparison of the two strains Synechococcus sp.
bin7 and Synechococcus sp. bin8 with respect to the
presence of antibiotic resistance genes and defense sys-
tems revealed both conserved features and strain-spe-
cific characteristics (Table 3).

Both studied genomes contain a set of antibiotic
target genes: alr, ddl, gyrA, gyrB, rpoB, EF-G, EF-Tu,
murA, folP, dxr, inhA, fabl, kasA, S10p, S12p, and Iso-
tRNA, encoding proteins essential for cell viability:
enzymes of cell wall synthesis (Alr, Ddl, MurA), DNA
gyrase (GyrA, GyrB), RNA polymerase (RpoB), trans-
lation elongation factors (EF-G, EF-Tu), as well as
enzymes of folate (FolP) and fatty acid synthesis (InhA,
Fabl, KasA). The action of most antibiotics is directed
precisely at these proteins, so the presence of the cor-
responding genes indicates the preservation of natural
susceptibility of cyanobacteria to antimicrobial agents,
provided that mutations reducing binding affinity are
absent (Blair et al., 2015; Callieri, 2017).

Both strains contain the gidB gene, encoding the
methyltransferase GidB, which modifies 16S rRNA,
ensuring proper ribosome assembly. Upon inactiva-
tion of gidB, methylation of 16S rRNA is disrupted, the
ribosome changes conformation, and aminoglycoside
antibiotics lose their ability to bind to it. Thus, loss of
GidB function randomly confers resistance to aminogly-
cosides (Okamoto et al., 2007).

Genes for glycopeptide resistance, vanY and
vanT, are present in both strains. Gene vanY encodes

a D,D-carboxypeptidase that hydrolyzes the terminal
D-alanine from sensitive cell wall precursors (UDP-
MurNAc-pentapeptide [D-Ala]), reducing their intra-
cellular pool and thereby contributing to glycopeptide
resistance (Arthur and Quintiliani, 2001). Gene vanT
encodes a membrane-bound serine racemase that con-
verts L-serine to D-serine — a substrate for the synthesis
of vancomycin-resistant precursors, the terminal dipep-
tide of which contains D-alanine-D-serine (VanG-type
resistance) (Stogios and Savchenko, 2020). However,
additional experimental studies are required to con-
firm the functional activity of these genes in the Baikal
Synechococcus strains.

Analysis of CRISPR-Cas systems revealed the fol-
lowing differences. CRISPR-Cas is an adaptive immune
system of bacteria that stores DNA fragments of previ-
ously attacking viruses (spacers) and upon reinfection
cleaves the viral DNA. Both strains contain the type I
cas3 gene. The Cas3 protein possesses both helicase and
nuclease activity: it unwinds the double-stranded DNA
of the virus and cleaves it, providing the effector stage
of immunity (Sinkunas et al., 2011). In the genome
of Synechococcus sp. bin8, the cas4 gene, belonging to
types I-II, is additionally present. The Cas4 protein par-
ticipates in the adaptation stage: it helps distinguish
foreign DNA from self-DNA and facilitates the integra-
tion of new spacers into the CRISPR array (McGinn and
Marraffini, 2019).

Thus, Synechococcus sp. bin8 differs from
Synechococcus sp. bin7 by the presence of an additional
cas4 gene, suggesting a more complex adaptive immune
system in this strain. These differences, against the back-
ground of phylogenetic distinctness of the strains from
each other (results presented in section 3.2), reflect the
genomic diversity of Synechococcus (Martsinechko et
al., 2024; Flombaum et al., 2013). It can be hypothe-
sized that the presence of cas4 in Synechococcus sp. bin8
provides more efficient protection against bacterio-
phages, which may be an important factor for survival
in the Baikal plankton, where viral pressure is signifi-
cant (Sorek et al., 2013; Rodriguez-Valera et al., 2017).

3.4. Biosynthetic gene clusters of
secondary metabolites

Analysis using antiSMASH revealed several bio-
synthetic gene clusters of secondary metabolites in the
genomes of the studied strains, presented in Table 4.
In the MAG of Synechococcus sp. bin7, a terpene clus-
ter containing the genes PSY/CrtB and PT FPPS like
was detected, as well as a type III polyketide syn-

Table 3. Genes of antimicrobial sensitivity and resistance, and CRISPR-Cas systems according to PATRIC and CARD data

Resistance mechanism

Synechococcus sp. bin7

Synechococcus sp. bin8

Antibiotic targets

alr, ddl, dxr, EF-G, EF-Tu, folP, gyrA,
gyrB, inhA, fabl, Iso-tRNA, kasA, murA, | gyrB, inhA, fabl, Iso-tRNA, kasA, murA,
rpoB, S10p, S12p

alr, ddl, dxr, EF-G, EF-Tu, folP, gyrA,

rpoB, S10p, S12p

Gene conferring resistance by loss-of-function gidB
Glycopeptide resistance (CARD)
CRISPR-Cas (nucleases/helicases)

vanY, vanT

cas3 (type I)

gidB

vany, vanT

cas3 (type D), cas4 (type I-1I)
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Table 4. Key genes of biosynthetic gene clusters of secondary metabolites in the genomes of the studied MAGs, identified

using antiSMASH analysis

Cluster Synechococcus sp. bin7 Synechococcus sp. bin8
Terpene PSY/CrtB, PT_FPPS like Lycopene cyclase, FPPS, PSY/CrtB
PKS T3PKS T3PKS
NRPS — CDPS

thase cluster (T3PKS). In the MAG of Synechococcus
sp. bin8, homologs of terpene genes (lycopene cyclase,
FPPS, PSY/CrtB), a type III PKS cluster (T3PKS), and
an NRPS cluster with CDPS (cyclodipeptide synthase)
were identified.

The presence of the PSY/CrtB gene in both strains
and Lycopene cyclase in Synechococcus sp. bin8 indicates
the presence of a carotenogenic pathway that provides
cell protection against oxidative stress (Srivastava et al.,
2022). Type III polyketide synthase clusters (T3PKS)
catalyze the condensation of malonyl-CoA with acyl-
CoA primers to form aromatic polyketides, including
alkylresorcinols and phloroglucinols (Abe and Morita,
2010; Austin and Noel, 2003). The detected T3PKS
clusters show similarity to the known hierridin B/C
cluster, which is responsible for polyketide biosynthesis
in cyanobacteria (Ledo et al., 2019).

Secondary metabolites of cyanobacteria play a
key role in interspecies interactions, protection against
abiotic and biotic stresses, as well as in shaping the
structure of microbial communities (Dittmann et al.,
2015). The revealed heterogeneity of biosynthetic
clusters between the two strains reflects the metabolic
diversity of the genus Synechococcus, which may deter-
mine the differentiation of ecological niches and com-
petitive strategies in natural microbial communities.
The presence of a unique NRPS cluster with CDPS only
in Synechococcus sp. bin8 suggests its ability to pro-
duce bioactive peptides, which, according to studies,
may provide this strain with a competitive advantage
under specific ecological conditions (Cimermancic et
al., 2014; Pancrace et al., 2017). The production of sec-
ondary metabolites, such as terpenes and polyketides,
according to the literature, provides protection against
photodegradation, antimicrobial activity, and allelo-
pathic effects on other microorganisms, which is par-
ticularly important under conditions of high-water
transparency and low trophic status characteristic of
Baikal (Kust et al., 2018). The detected genes associ-
ated with the biosynthesis of terpenes, polyketides, and
NRPS indicate the potential ability of the strains to pro-
duce bioactive compounds, which opens prospects for
their possible application in pharmacology, bioremedi-
ation, and other biotechnological fields (Dittmann et
al., 2015; Pancrace et al., 2017).

4. Conclusion

The application of a metagenomic approach
enabled the reconstruction and comparative analysis
of genomes of natural populations of picocyanobacte-
ria of the genus Synechococcus from Lake Baikal. Lake
Baikal is a deep-water oligotrophic water body with
consistently low water temperatures. In the pelagic
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zone, representatives of this genus produce up to 80%
of organic matter during primary synthesis. Both recov-
ered MAGs were characterized by high assembly com-
pleteness (97.7% and 96.1%) and low contamination
levels, confirming their high quality. Phylogenetic
analysis revealed that the studied strains belong to two
distant clades, indicating long-term evolutionary diver-
gence within a single biotope. Synechococcus sp. bin7
belongs to a freshwater clade, whereas Synechococcus
sp. bin8 belongs to a mixed clade that also contains
genomes of marine strains. Additionally, genes asso-
ciated with stress response, antibiotic resistance, and
CRISPR-Cas systems were identified in the genomes.
Genes associated with antibiotic resistance (including
the conserved vanY/vanT) and CRISPR-Cas systems,
which are characteristic of freshwater cyanobacteria,
were found in the genomes. The identified differences
in metabolic potential, including a more developed
energy metabolism and membrane transport system
in Synechococcus sp. bin7, as well as the presence of
the strain-specific cas4 gene in Synechococcus sp. bin8,
reflect the differentiation of ecological niches along the
vertical light gradient and competitive strategies under
oligotrophic conditions. The identified genes associ-
ated with the synthesis of terpenes, polyketides, and
non-ribosomal peptides suggest that the studied strains
possess biotechnological potential, which, after further
investigation, may find application in pharmacology
and bioremediation. It should be emphasized that all
conclusions regarding antibiotic resistance and biosyn-
thetic potential are based on genomic data and are pre-
dictive in nature, requiring experimental verification.
The obtained results expand the existing understanding
of genomic diversity, ecological plasticity, and molecu-
lar mechanisms of adaptation of freshwater picocyano-
bacteria in the endemic ecosystem of Lake Baikal.
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AHaAu3 reHOMOB nuKouuaHo6aK'revpuu [IMNOLOGY
poaa Synechococcus u3 o3epa bankan FRESHHTWATER
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Kamoxnas O.B.”, I'yrauk JL.U.", KpacHorees A.J0.", TuxoHosa HU.B.%,
ITortamnos C.A.”, Benpix O.1."

JIumHostoeuneckuti uHcmumym Cubupckozo omdesteHua Poccuiickoti Akademuu Hayk, yi. Yian-Bamopckas, 3, e. Hpkymck,664033,
Poccusa

AHHOTALIUA. Pox Synechococcus — GOTOCUHTE3UPYIOLINE NUKOINAHOOAKTEPUH, KOTOPhIE, KaK aBTO-
TpodHbIE MUKPOOPTaHU3MbI, BHOCAT 3HAYMTEJIbHBIN BKJIAJ B MPOAYKIUI0 OPraHUYECKOro BellecTBa U
KHCJIOPO/ia B MOPCKHUX U MPECHOBOJHBIX 3KOocucTeMax. [[lMpokoe pacmpocTpaHeHue MpefCcTaBUTETIeN
poaa Synechococcus 06yCJIOBJIEHO UX TeHETHYEeCKIM PasHO0Opa3ueM U S3KOJIOTNIeCKON IIaCTUYHOCTHIO.
Oco0blli MHTepec IpeAcTaBisAeT u3yueHre 3TUX MUKPOOPraHU3MOB B YHUKAJIbHBIX IPUPOAHBIX SKOCHU-
CcTeMax, TaKUX Kak 03epo Batikas — npecHoe oJUuroTpodHoe riryboKOBOAHOE 03EPO C BHICOKMM ITPOIIEH-
TOM 3HJeMK3Ma HaceJIAIIUX ero BUAoB. B paboTe mpoBefeH aHaIN3 [BYX T'€HOMOB MpefcTaBUTeJIei
pona Synechococcus, BOCCTaHOBJIEHHBIX 3 METAareHOMHBIX JaHHBIX MUKPOOHBIX COOOIIECTB BOIBI 03epa
Baiikan (MAGs): Synechococcus sp. bin7 u Synechococcus sp. bin8. JaHa cTpyKTypHO-GYHKIIMOHAIIb-
HaA XapaKTE€pHCTUKa '€ HOMOB, OIIpEEJIEHBI I'€HbL aHTI/I6I/IOTI/IKOpe3I/ICTeHTHOCTI/I Y CMHTE€3a BTOPUYHBIX
MeTabomToB. DUIOreHETUYEeCKUH aHan3, BKIYAmMui 90 OJImKkaiinX MPeCHOBOAHBIX, MOPCKUX
npezacTaBUTesen poxa Synechococcus u uccienyemerx MAGS, okasai, YTO FeHOMBI OTHOCATCS K pas-
HBIM, IOCTaTOYHO yAaJeHHbIM, (UIOreHeTUYeCKUM KJlagaM.

Kimioueawie citosa: Synechococcus, o3epo Baiikas, MeTareHOMHO-coOpaHHble reHoMBl (MAGS), pujioreHoMuKa,
aHTUONOTUKOPE3UCTEHTHOCTD

Jia nutupoBanusna: Kamoxnasa O.B., I'ytauk J[.U., KpacHonees A.1O., Tuxonosa U.B., [Totanos C.A., beasix O.W. AHanu3 reHo-
MOB IHKoIMaHobakTepui poaa Synechococcus u3 ozepa Baiikan // Limnology and Freshwater Biology. 2026. - No 4. - C. 554-574.
DOI: 10.31951/2658-3518-2026-A-4-554

1. BeepeHnue Hoi uncroroi (Rusinek, 2009; Osipova et al., 2010).

[MukornanobakTepyy, BKJIOYas NpefcTaBuTesell poaa
Synechococcus, UrparmT 3aMeTHYI0 POJIb B HAHKaIbCKOM
IUIAaHKTOHHOM COOOII[eCcTBe, 0COOEHHO B Mepuof JeT-
Hell cTpatuduKanuy, Korga UX YMCJIEHHOCTb AOCTU-
raet 10° knerox/mi (Belykh and Sorokovikova, 2003;
Belykh et al., 2011). Vx Bkj1ag B IepBUYHYIO IPOAYK-

Iluano6akrepun poaa Synechococcus — 310 joMu-
HUpyOI[asg Trpynna aBTOTPOGHOr0 MNHUKOILIAHKTOHA
B BOOHBIX J3KOCHCTEMax. OHM BHOCAT 3HAYUTEJIbHBIN
BKJI[ B IEPBUYHYIO NIPOAYKI[UIO OPraHNYeCKOro Bellle-
CTBa M KHCJIOpOJla U CJIyXaT OCHOBOH MMUIIEBbIX I_IeHefI
(Flombaum et al., 2013; Callieri, 2017). Illupokoe pac- M0, GHOMAccy (MTOMNAHKTOHA U KOHLEHTPALMIO
npoCcTpaHeHmue, HpI/ICI'IOCO6.T[eHHOCTb K pa3HbIM 3KOJIO- xnopoq»mna B Bartixasie JOCTUTAET 80% (Nagata et al.’

TUYECKUM yCJIOBUAM OOUTaHUS, BBICOKASA YMCIEHHOCTD 1994; Yoshida et al., 2003; Belykh and Sorokovikova
U MaJible pa3Mephl KJIETOK JeJIaloT BUbl Synechococcus 2003).

yAOOHOUN MOZEJbI0 JiA M3y4YeHMA SKOJIOTUYeCKOU U
reHeTUYeCcKOl afganTaluyu MuKpoopranusmMos (Shapiro
and Polz, 2015). Ozepo Baiikajg — yHUKaJbHas TJIy-

HccrieoBaHe TE€HETMYECKOTO Pa3sHO0Opasus
u duioreHny nuaHobakTepuil IpeAcTaBJisAeT 3HAYU-
TeJIbHBINI Hay4HBINI HHTepec, IIOCKOJIbKY I103BOJIAET
60§°B°HHaﬂ SKOCHCTEMA, XapaKTEpU3YIOIIAACA BBICO- YTOYHUTD UX CCTEMATUYECKOE MOJIOKEHUE U BBIABUTH
KOI1 CTeTNeHbI0 SHAEMHM3Ma OMOTHI, HH3KOH TeMmepa- 5BOJIIOLMOHHBIE CBA3U MEX/y Pa3JIMYHbBIMU TaKCOHAMU
Typou BOJBI, HE IIPpEBRINIAIOMEN B Iejlarnajin o3epa (Komérek et al., 2014; Garcia-Pichel et al., 2019).
10-12 °C paxe B JIETHUH NEPUOA U €€ MCKITIOUUTETb- Crnioco6HOCTh IMaHOGaKTepuii poma Synechococcus
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KOJIOHU3UPOBAaTh BOJOEMBI C pa3HOM COJIEHOCTHIO,
TeMIIepaTypHbIM PeXHUMOM U TPOMHOCTHIO 3aBUCUT
OT UX MPUHAJIJIEXXHOCTU K ONpefesIeHHOU 3BOJIIOLINOH-
Hoit juHnu (Flombaum et al., 2013). HccieqoBanus
3KO0JIOTO-(PYHKIMOHAIBHBIX ocobeHHOCTEN pona
Synechococcus poBeJieHbl TPEUMYIIECTBEHHO Ha MOp-
CKUX WM MOJIeJIbHBIX MPECHOBOIHBIX BUAAX, TOTrAa
KakK TIpeJCcTaBUTENN NPUPOAHBIX MOMYJIAUI M3 3KC-
TpeMaJIbHbIX U 3HJEMHUYHBIX 3KOCHUCTEM, TaKUX Kak
baiikaj, onucanbl HemoctatouHo (Druce et al., 2023;
Chiriac et al., 2023; Cabello-Yeves et al., 2018a; 2018b).
Joa npeBHUX oUroTpodHBIX 03€p, rae Synechococcus
obecneurBaloT A0 80% mNepBUYHOI NMPOAYKINU, TaKue
JaHHBle HEOOXOAUMBI AJI MOHMMAaHUA yCTONYMBOCTU
skocucremsl (Callieri, 2017; Belykh and Sorokovikova,
2003).

TpagunroHHbBIE MeTOABl BbIAEJIEHUS YUCTBIX
KYyJbTyp I[aHOOaKTepUil TPyJOEMKU U YacTO He OTpa-
’KalT BeCch CIEKTP T'eHeTUYecKOoro pasHoobpasus in
situ. AJIbTEpDHAaTHMBHBIM MOJXOJOM CJIYXWUT MeTare-
HOMHOe CeKBeHHPOBaHNe, M03BOJIAIollee PeKOHCTPYU-
poBaTh MeTareHOMHO-coOpaHHble reHOMbl (MAGS) u3
06pa3noB okpyxarlei cpefibl 6e3 KyJIbTUBUPOBaHUA
(Yang et al., 2021). Xota MAGS npeAcTaBJIAIOT cO00M
¢pparmeHTHpOBaHHBIE COOPKM, coAepXkallue OT/esb-
Hble KOHTUTH, a He UeasibHble ITOJIHblEe T€HOMBI, 3TOT
MOJX0/ 1aeT BO3MOXHOCTb U3y4aTh CTPYKTYPHO-DYHK-
LMOHAJIPHYI0 OPraHMU3alui0 T'€HOMOB, BBIABJIATH KJIIO-
yeBble MeTaboJsiyeckrie MyTU U TeHbl ajanTanuu K
abuoTuvyeckuM u OHoTUYecKUM (aKTopaMm Ccpenbl, a
Takxe OlleHHBaTh pa3HooOpa3ue u puioreHeTUYeCcKoe
MOJIOXKEHUEe MpeACcTaBUTesell MPUPOJHON MNOMYJIALUN
(Cerk et al., 2024).

Ananu3 MeTaboJIM4ecKUX IMyTeil IO03BOJIAET
YCTAaHOBUTh OUOXHMMHUYECKUI TOTEeHI[UaJl MHKPOOp-
raHusMa, ero mMertabosiyeckrie orpaHMYeHUsA U Mexa-
HU3MBI ajanTanuu K abruotudeckuM (pakropam cpejbl.
Metabosnuueckuii poduib oInpejiesseT CIeKTp ycBa-
UBaeMbIX COeJVHEHNI, CIOCOOHOCTh K aBTOTpoduu,
OBIXaHUI, ACCUMWIALMKA HUTPATOB U CyJb(aToB.
PekoHCTpyKIMA TakuX NMyTel 1O reHOMHBIM AaHHBIM
[aéT BO3MOXHOCTH NPOTHO3MPOBATh 3aBUCUMOCTb OT
BHEITHUX UCTOYHUKOB yTJIepo/a, a30Ta U Cephl, a TaKxe
BBIABJIATH KJIIOUEBble Y3/l peryssanuu. CpaBHeHUe
MeTaboJIMUecKUX MOJyJiell MexXAy HITaMMaMU I03BO-
JseT OOHapYXUTh MOJIEKYJIIpHblE OCHOBBl YCTOMUYHUBO-
CTU K cTpeccaM, KOHKYpeHTHbIe NTpenuMYyIecTBa B KOH-
KpPEeTHBIX MeCTOOOHUTAHUAX U 3BOJIIOIMOHHBIE TPEH[IbI
pPeayKIMy WM SKCIAaHCHUU TeHOB, YTO BaXXHO KakK [Jif
MOHUMAaHUS SKOJIOTMYecKol posii Synechococcus, Tak
U JIJIA OlIEHKU UX OMOTEXHOJIOTNYEeCKOro MoTeHnraa.

Ilests paboTHI — CpaBHUTEJIBHBIN aHAIN3 CTPYK-
TYpPHOU OpraHu3aliy reHOMOB, aJJalTUBHBIX MeXaHU3-
MOB U (UJIOTeHeTUYEeCKOro IMOJIOXEHUs ABYyX MeTare-
HOMHO-COOpPaHHBIX TeHOMOB Synechococcus sp. bin7
u Synechococcus sp. bin8, BoccTaHOBJIEHHBIX U3 MPOO
BOJBI 03epa Baiikas, a Takxe oljeHKa UX MeTabosuye-
cKoro norexHnuana. [Ipeanosiaraercs, YTo 3TU MITaMMBI,
obuTarwle B eJUHON 3KOJIOTMYeCcKON HUIle, MOTYT
JEMOHCTPHPOBATh T€eHOMHbBIE Pa3/INuKs, OTpaxaloliue
pa3Hble afanTuBHBIE CTPATeruu.
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2. MaTepuanbl U MEeTOADI

[Tpo6s! Boabl 06béMOM 20 JI ¢ KaxJ0MH IJIyOUHBI
(5 u 20 M) ObuUn OoTOOpaHH B utosie 2024 r. Ha cepe-
nuHe paspes3a JlucrBsauka-Tauxoii (o3epo bBatikan).
O6pasnpl noce0BaTeNIbHO GUIbTPOBAJIN YePe3 MOJIN-
kapboHaTHble GUJIBTPH C AuaMeTpoM Iop 5,0 MKM
JU1A yaaneHus KpynHbeix vactull; 0,4 MM u 0,22 MKM
nisa cbopa mukonuaHobaktepuil. [lostamHyio Guib-
Tpauuio BoAwl, 3KkcTpakuuio JIHK, cexkBenuposanue,
MeTareHOMHY!0 cOOPKY I'eHOMOB BBIIIOJIHSJIN COTJIACHO
paHee omucaHHou MeToauKe (Gutnik et al., 2024). [
KaxJol IpoOBl CeKBeHHMpOBaHNE BBHINOJHAIA B JBYX
HEe3aBUCHMBIX [MapHO-KOHI[EBBIX 3amyckax (2% 150
n.H.). CymMMapHbIii 0ObEM CBHIPBIX JaHHBIX COCTaBUJI
19,1 I'6 nu1s1 po6s ¢ 5 M u 26,8 I'6 11 ipobsl ¢ 20 Mm;
nocJjie o0beJHEHNs JaHHBIX 3allyCKOB 00lijee KoInde-
CTBO MApHBIX PUAOB AOCTUrJIO 63,7 MyH U 89,3 MIH
cooTBeTcTBeHHO. CoBMecTHasA cOopka puoB U3 Ipod ¢
riyouH 5 1 20 M 103BoJInIa peKOHCTpyupoBaTth MAGsS,
IPUCYTCTBYyIOIINX B 00eux mnpobax. OTHOCUTeJIbHOe
KOJINYECTBO BOCCTaHOBJEHHBIX MAGS B MeTareHoM-
HBIX Mpobax 1o riybnHaM olleHuBasu ¢ nomoisio TPM
(Transcripts Per Million) (Wagner et al., 2012; Bray
et al.,, 2016). /{711 aHHOTAMM MeTareHOMHO-COOpaH-
HbIx reHoMoB (MAGSs) ucnoJsib3oBasiu cepBuc Genome
Annotation Service Ha 06a3e miatdopmbl RAST (Aziz
et al., 2008) B pamkax pecypca Bacterial and Viral
Bioinformatics Resource Center (BV-BRC). [/is1 oIjeHK!
CTeNneHu POJACTBA BOCCTAHOBJIEHHbIX MAGS ¢ m3BecT-
HBIMU FeHOMaMU I[MaHo0aKTepuil pacCUMThHIBAIN Cpell-
HIOI0 HYKJIEOTUHYIO uaeHTUYHOCTh (ANI) (Jain et al.,
2018).

Jna ananusza QuiioreHeTUYECKOIro IOJIOXKEHU
nccaenyeMbix MAGs nposesy NMOKWCK HaubOosiee 6jm3-
KUX OOIIeJOCTYIHBIX I'€HOMOB C IIOMOIIbI0 WHCTPY-
MeHTa Similar Genome Finder, BcrpoerHoro B BV-BRC
(Ondov et al., 2016), rae paccTOAHUE MEXIY TeHOMaMU
paccuuThiBaeTcsa MetoioM Mash. B GuioreHeTnveckuii
aHajy3 BKJII0YaIM IeHOMBI, YJOBJIETBOPsBIINE IOPO-
TFOBBIM 3HavyeHUsAM: goctoBepHocTu (P value) <0,01
u guctraniuu (Distance) <0,2. Bcero 6pu10 BHIGpaHO
90 reHoMOB, BKiOYasg nBa uccienyembix MAGs. B
KayecTBe BHeIIHeH rpymmbl (outgroup) /A MOCTPO-
eHUs JlepeBa MCIOJIb30BaJM TeHOM NuaHoOaKTepuu
Gloeobacter violaceus PCC 7421 (GCA_000011385.1).
s Bcex oToOpanHbIX reHOMOB 13 1000 kaHAUAATHBIX
PGFam-reHos nporpamMmoii 6u1711 oTo6pansl 127 ogHo-
KOMUIHBIX MapKepoB IIpU JONYyCTUMOM YPOBHE IIpOILy-
ckoB (He 6oJiee 5 festeruii Wyin He 6ostee 5 qynuTUKaun
Ha reH B BbIOOPKe). BelpaBHIBaHNE COOTBETCTBYIOMINX
nM OeJIKOBBIX MocJiefjoBaresibHocTel (127 BhIpaBHUBA-
HUH, cymMMapHO 41 816 aMHHOKUCJIOTHBIX MO3UINI)
BHIMOJTHUIN ¢ Tiomoisio MAFFT (Katoh and Standley,
2013). Ha ocHoBe O0TOOpaHHBIX OJHOKOIUMHBIX OeJl-
KOBBIX MapKepoB ObLIO IOCTPOEHO ¢rIoreHeThu4ecKoe
JlepeBO MeTOJOM MaKCHMaJIbHOIO IIpaBonoA00us;
OIleHKy OyTCTpen-NoJJepXKH IIPOBeJM B IIporpaMme
RAXML Bepcuu 8.2 (Stamatakis, 2014).

Onpepenenue CRISPR-maccuBoB ¢ acconuu-
poBaHHBIMU OenkamMu Cas BBHINOJIHAINM C IIOMOIIbIO
Bakta Ha Be6-mtatdopme Proksee (Grant et al., 2023).
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AnHOTAaIVA TeHOB, BOBJIEYEHHBIX B YyBCTBUTEJIBHOCTD
Y1 YCTONYMBOCTb K NPOTHBOMMKPOOHEIM IIpenaparam,
BHINOJIHATIACh IIyTEM CpaBHEHUA ¢ pedepeHCHBIMU
6asamu maHHsx PATRIC u CARD (Wattam et al., 2017;
Alcock et al., 2023).

ITorck OMOCHHTETUYeCKUX KJIacTepOB I'eHOB BTO-
PUYHBIX MeTabOoJIMTOB B HCCJIeAyeMbIX FTeHOMaXx BBIIOJI-
HAJIY C WCIO0JIb30BaHHEM OHJIAiH-BepCUU IIpOrpaMM-
Hoii matdopmel antiSMASH 8.0.4 (Medema et al.,
2011; Blin et al., 2025) ¢ mapameTpamMu 0 YMOJTYaHUIO
(ypoBenb ctporoctu HMM-getekiuu — relaxed). s
OLIeHKU CXOJCTBAa OOHaApyXeHHBIX FeHeTUYeCKUX JIOKY-
COB C M3BECTHHIMHU KJIacTepaMH{ MCIOJIb30BaJId BCTPO-
enHple Moxysm ClusterBlast u KnownClusterBlast.
CornacHo anroputmam antiSMASH, mis ClusterBlast
(cpaBHeHMe c npeAcKa3aHHBIMU KjacTepaMu u3 6asbl
antiSMASH) mnpuMeHSIOTCA TOpPOrd MUHHUMAaJIbHON
naestuyHocty 30% u nokpeitua 10%, Toraa Kak A
KnownClusterBlast (cpaBHeHHe C 3KCIIEpHMEHTAJIBHO
MOATBEPXKIEHHBIMU KJiacTepaMu u3 6a3el MIBiG) —
45% u 40% cootBetcTBeHHO (Blin et al., 2025).

3. Pe3ynabTatbl M 06Ccy)xpeHue
3.1. CTpykTtypHaa U PyHKUMOHaAbHAA
opranusauma MAGs

CobpaHHble Ha OCHOBE MeTareHOMHBIX JaHHBIX
reHoMbI Synechococcus sp. bin7 (165 konTuros, 2 053
016 m.H.) u Synechococcus sp. bin8 (145 konTuros, 1
829 603 11.H.) moKa3aJsiu JOCTaTOYHO BBICOKYIO MOJIHOTY
cbopxku — 97,7% u 96,1% COOTBETCTBEHHO — U HU3-
Kuil ypoBeHb KOHTamMuHauu — 1,8% u 1,2%, uto cBu-
JIeTeJIbCTBYeT O BBICOKOM KadecTBe [oJIyuyeHHbIX MAGS
(Tabsmna 1).

HecmoTps Ha To, uTo 06a MAGS BBIJ€JIEHBl U3
OAHOr0 MecTOOOMTaHWA U OTHEeCEeHH K OOHOMY POy,
cogepxaHue G+C y HUX CyLIeCTBEHHO pasjMyYaeTcs
(Synechococcus sp. bin7 — 65,87%, Synechococcus sp.
bin8 — 50,22%), 4TO YacTO acCOLMMPYETCs C ajarnTa-
el K pa3HBIM 3KoJjiornyeckum ycioBusam (Musto et
al., 2004). Beicokuii GC-coctas mramma Synechococcus
sp. bin7 Moxer cBuIeTeslBCTBOBaTh O €ro JIyduiei
ajanTanuy K CTpeccoBbIM (aKkTOpaM NOBEpXHOCTHBIX
BOJ, TAKMM KaK MHTeHCHUBHOe Y®-u3jyyeHue U OKHC-
JuTeNIbHBIN cTpecc (Zhaxybayeva et al., 2009).

OrneHka OTHOCUTEJBHOrO0 OOWINA IO JAaHHBIM
merareHomuku (TPM, paccuuranusiii no JHK) noka-
3aja, 4TO Ha IJIyOuHe 5 M KOJIN4eCTBO FeHeTUYecKOro
Matepuana Synechococcus sp. bin7 (48 321 TPM) 3Ha-
YUTEJIbHO BHIIIE, yeM y Synechococcus sp. bin8 (11 728
TPM). C yBenuueHueM ri1yOuHB 0 20 M OTHOCUTEJID-
Hoe obuiane 0o0OMX WITAMMOB CHIXaeTcsd, OJHAKO Y
Synechococcus sp. bin7 nagenue BelpaxkeHO CUJIbHEE —
B 3,3 pa3a (o 14 567 TPM), Toraa Kak y Synechococcus
sp. bin8 — B 1,7 pasa (mo 6 835 TPM).

CHmxeHUe oTHocutejbHoro obwmma (TPM) c
rayOuHON yKasplBaeT Ha TO, 4TO Synechococcus sp.
bin7 npuypoueH Kk IOBepXHOCTHHIM BoAaM, TOrfa Kak
Synechococcus sp. bin8 coxpaHseT 6ojiee BBICOKYIO
YUCJIEHHOCTh B HWXKHHUX CJI0AX 3Y(POTHYECKOl 30HHL.
TakuMm o6pazoM, Synechococcus sp. bin7 npexncrasiser
co0oll crenraaIu3upOBaHHBIN [TOBEPXHOCTHO-BOJHBIN
IMTaMM, TOrJa Kak Synechococcus sp. bin8 nemonctpu-
pyeT OoJjiee 3BPUTONHYIO CTpPaTeruio paclpeiesieHus B
TOJIIIe BOABI, YTO MOXET OTpakaTb pa3/IMuUs B 3KOJIO-
rMYecKUX HUMIAX y OJIM3KOPOJACTBEHHBIX I[MaHoOaKTe-
puii (Pittera et al., 2014).

ITo pe3yspTaTaM aHHOTALMM UCCJIeyEeMBIX T'eHO-
MoB B 6a3e BV-BRC ¢ ucnosp3oBaHrieM Habopa UHCTPY-
MeHTOB RAST, TakcoHOMHYecKOe M0JIOXeHHe TeHOMOB
creqyromiee: noMmeH Bacteria, Tun Cyanobacteriota, kiacc
Cyanophyceae, mnopspok Synechococcales, cemelicTBO
Synechococcaceae, poxn Synechococcus. Haubomnee 6m3-
KUM reHoMmoM i Synechococcus sp. bin7, coryiiacHo
cpeJiHel HyKJIeOTUAHOUN UIeHTUYHOCTHU, sBJIsieTCs Oaii-
kaJibckuil Synechococcus sp. Baikal-G1 (ANI 98,78%),
a gma Synechococcus sp. bin8 — Synechococcus sp.
LacPavin 0920 (ANI 97,75%). ITockobKy 06a 3HaUeHUs
MpEeBHIIAIOT OOIIENPUHATHI Mopor BUAOBON Audde-
pennmaruu (95%), Synechococcus sp. bin7 moxet ObITH
OTHECEH K TOMY Xe BHJY, YTO U IITaMM Synechococcus
sp. Baikal-G1, a Synechococcus sp. bin8 — k Tomy xe
BUAYy, yTOo M mTaMm Synechococcus sp. LacPavin 0920
(Jain et al., 2018). 3HaueHHne cpedHEN HYKJIEOTUAHOM
uneaTuyHoctu (ANI) Mexay ucciaegyeMbIMM IITaM-
Mamu Synechococcus sp. bin7 u Synechococcus sp. bin8
cocTaBuwyio 68%, YTO 3HAUUTEJIBHO HIUKe OOIIenpuHs-
TOro nopora BujoBoi audpdepenunanuu (95%) u moxd-
TBepXJaeT UX IPUHAJIEKHOCTh K pa3HbIM BHAJaM.

Tabsuna 1. XapakTepuCTUKH MeTareHOMHO-coOpaHHbIX TeHoMOB (MAGs) Synechococcus sp. bin7 u Synechococcus sp. bin8

XapakTepucTuKa Synechococcus sp. bin7 Synechococcus sp. bin8
Jumza MAG, 11.H. 2 053 016 1 829 603
ITonmHOTa cO0pKU, % 97,7 96,1
Konramunarus, % 1,8 1,2
Copepxanue G+C, % 65,87 50,22
Yucsio KOHTUTOB 165 145
N50, m.H. 21 397 22 259

Bvkatimuii reHoM (HOMep
noctyna NCBI)

Synechococcus sp. Baikal-G1
(GCA_002737305.1)

Synechococcus sp. LacPavin 0920_
WC12 (GCA_026389135.1)

cpeaHAsA HyKJIeOTUAHAA UOEeHTUY- 98,78 97,75
HOCTh, ANI, %

TPM (5m) 48 321 11 728

TPM (20Mm) 14 567 6 835
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OcHOBHBIE Te€HOMHEBIE XapaKTepUCTHUKU MITaM-
MOB, [IOJIy4yeHHble B pe3yJibTaTe aHHOTALUM C HUCIIOJIb-
soBaHueM miaatdopMmel PATRIC, a Takxe pacnpene-
JleHre KOAUpPYIUX mnociefoBaTesibHocTell (CDS) mo
dyHkIoHaIbHBIM noAcucteMaMm RAST, npeacraByieHb!
B Tabsuie 2.

OOmiee 4KCJIO BBIABJIEHHBIX KOJUPYIOIKX 1OCTIe-
noatespHOCcTel (CDS) y mramma Synechococcus sp.
bin7 (2 202) 6oJibie Ha 196 reHoB, yeM y Synechococcus
sp. bin8 (2 006), Torma kak kosmvectBo TPHK mpak-
TU4YecKku ufeHTU4YHO (36 u 35 cooTBeTcTBeHHO). [Ipu
3TOM IUIoTHOCTh CDS Ha 1 MUIH I.H. OKasaJiach COIIO-
crasumoii (1 072,6 y bin7 npotus 1 096,4 y bin8), uro
yKasblBaeT Ha CXOJHYI0 OOIIyI0 HacCHIIIEHHOCTb I'eHO-
MOB reHeTHueckoi nHdopmanuei, a pazanuus B abco-
JIIOTHBIX YHCJIaX CBsA3aHBI [IPENMYIIECTBEHHO ¢ 00Jib-
1M pa3MepoM reHoma bin7.

Haunbosnee cymecTBeHHble pas3iduus MeXOy
mTaMMaM¥ BBIABJIEHBl B KaTerOpyUU SHepreTUYecKoro
MeTtabosmama. Tak, y Synechococcus sp. bin7 o6Hapy-
xeHo 161 CDS nportus 84 y Synechococcus sp. bin8, uto
MOXeT OTpaxaTh 60Jiee pa3BeTBJIEHHYIO CeTh SHEPIeTH-
4yeckoro Metrabosn3Ma, BKJII04asA, BO3MOXHO, JOIIOJIHU-
TeJIbHble KOMIIOHEHTHl (OTOCUHTETUYECKUX WM JblXa-
TeabHBIX Ileneii (Brown, 2018). IlomobHoe sBieHUe
corjlacyercsa C JAHHBIMU O BBICOKOM 3KOJIOTMYECKOH
IJTACTUYHOCTH TpefcTaBuTesieli poma Synechococcus
(Callieri, 2017). Takxe B Kareropusax merabosu3Ma
HacuuThiBaeTcsa 445 reHoB npoTtuB 355, Ipolec-
cuHra 6eskoB — 187 mpotuB 135 coOTBeTCTBEHHO.
Bo3MoxHO, AaHHBIH (QaKT npeAnoJsaraer 0ojee MUPO-
KUl MeTtabosMueckuil noteHuuan u 6osee spdexTuB-
HBIN OeJIKOBBINI romeocTta3 y Synechococcus sp. bin7.
Iloutn AByKpaTHOe pasjnuue B reHaXx MeMOpaHHOIO
TpaHcnoprTa (15 npoTtus 8), BepOATHO, OTpaXkaeT CIIO-
cobHocTh Synechococcus sp. bin7 ycpauBath 6osee
HIMPOKUI CIEeKTp NUTaTeJIbHBIX Bel[eCTB M3 OKpyXa-
fome cpensl. B kateropuu mporeccunra JJHK Taxxke
oTMeuYeHO 6oJiblllee KOJIMYECTBO 'eHOB y Synechococcus
sp. bin7 (60 npoTtus 44), npeanosyiaras HaJIMYMe B STOM
reHoMe 0OoJiblllero pasHooOpa3usA CUCTeM penapalnuu,
OJHAaKO AJ1A OKOHYATeJbHOro BEIBOJAA HEOOXOAUM aHa-

JIN3 KOHKpeTHHIX reHoB. Kak nokasaHo B pa6ote Brown
(2018), yBenuueHue 4ucja reHOB B KaTeropusx, CBsi-
3aHHBIX C DHepreTHKOM M TPaHCIOPTOM, 4YacTO KOP-
pespyeT co crenuaausanyiell K olnpeaeéHHBIM 3KO-
JIOTMYeCKHM HHIaM, 4TO corJjiacyercs ¢ JaHHBIMU IO
pacrpejieJIeHHI0 OTHOCUTEJIBHOIO OOMINA IITaMMOB.
[Ipu 3TOM B KaTreropuu KJIETOYHBIX IIPOILIECCOB
HabJsofjaeTcss obpaTHasA KapTuHa: y Synechococcus
sp. bin8 3adukcupoBano 30 reHoB mnpoTtuB 17 y
Synechococcus sp. bin7, crpeccoBoro oTBeTa (45 mpoTus
43), npoueccunra PHK (48 mpoTtuB 47) 1 KJIeTOYHOU
ob6osiouku (11 mpotus 12). B aTuX KaTeropusax nokasa-
TeJIU pa3jinvyaloTcsA He3HAauyuTeJIbHO, YTO MOXeT I'OBO-
PUTH O CONOCTaBMMOM ajanTanyuy oO0MX MTaMMOB U
OTpaxaThb CXOJCTBO 6a30BbIX MeXaHNU3MOB BBDKUBaHUA
(Martsinechko et al., 2024). YucJio reHOB peryJiALun
U KJIETOYHOHN curHajuzanuu (mo 3 Ha xaxabiii MAG)
MOXeT CBUJETeJIbCTBOBATh O KOHCEPBATHUBHOCTU 3TUX
CHCTeM Y UccilefyeMBbIX MNKONaHOOaKTepUl.
BoisiBrieHHBIE pa3siduuA B KOJINUYECTBE TIEeHOB
SHepreTU4YecKOro 1 MeTab0JIn4ecKoro ooMeHa XOpoIIo
COTJIaCyIOTCA C AAHHBIMHU [0 paclpefesIeHHI0 OTHO-
curesibHoro obunua (TPM) AByxX WmITaMMOB MO TJIy-
6uHe. DbBoJiee BBICOKOe cojfepxaHUe TIeHeTUYecKOro
Matepuasna Synechococcus sp. bin7 B moBepXHOCTHOM
cioe (5 m: 48 321 TPM mpotus 11 728 TPM y bin8)
u OoJiee pe3Kkoe ero CHIXeHHe c ITyOuHON (majeHue
B 3,3 pasa y Synechococcus sp. bin7 nportus 1,7 pasa
y Synechococcus sp. bin8) ykaspiBaloT Ha crenuaIu-
3aIMI0 3TOT0 HITaMMa K XOpOILIO OCBEIIEHHOH 3ydo-
THYecKoH 30He. PasBuTas cucremMa 3HepreTUYecKOro
Merabommzma (161 nmporusB 84 CDS) u membpaHHOTO
tpaHcrnopTa (15 mpotuB 8) y Synechococcus sp. bin7,
BEpPOATHO, obOecrednBanT 3(PPeKTUBHYI YTUIU3ALUI0
CBETOBOM 3HEPIruM M 3axBaT NUTATeJIbHBIX BelleCTB B
0IMroTpOo(dHBIX IOBEPXHOCTHHIX BOAAX, Ile KOHKYpeH-
1A 3a pecypchl ocobeHHO Bbicoka (Flombaum et al.,
2013). Hampotus, Synechococcus sp. bin8, umerormmii
6oJsiee CKpOMHBIN HAaOOp reHOB YHEepPreTU4eckoro MeTa-
6osim3Ma, JeMOHCTpUpyeT 6oJiee cTabuIbHOE OTHOCU-
TeJIbHOe obuire B quanasoHe 5-20 M, YTO MOXeT CBU-
JleTeJIbCTBOBATh O €ro CIIOCOOHOCTH CYIIeCTBOBATh NpU

Ta6smmna 2. @yHKIUOHAIBHAS aHHOTaIUA reHoMoB Synechococcus sp. bin7 u Synechococcus sp. bin8

ITokasaTesu aunotanuu (PATRIC)

CDS
tRNA
CDS rens! noacucreMm (RAST)
Meta6om3m
ITponieccuHr 6eJIKOB
CTpeccoBbIll OTBET
OHepreTU4eCcKril MeTaboI3M
ITponieccunr PHK
ITporeccnur THK
KiieTounsle npoueccst
Krnetoynas o6osiouka
Mem6paHHBIN TPaHCIOPT

Pel"yIIHI_II/IH " KJIETOYHAA CUTHaJIn3alnus

Yucao CDS Ha 1 MJIH II.H.

Synechococcus sp. bin7 Synechococcus sp. bin8
2202 2006
36 35
445 355
187 135
45 43
161 84
48 47
60 44
17 30
11 12
15 8
3 3
1072,6 1 096,4




Kantoxrasi O.B. u dp. / Limnology and Freshwater Biology 2026 (4): 554-574

Bodopocnu: ﬂpOﬁﬂeMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

MIOHMXXEHHOH OCBEIIEHHOCTH, XapaKTepHOM AJ1A IJIyOuH
HIDXHeH rpaHulbl sydorudeckoil 30HBL. TakuMm ob6pa-
30M, FeHOMHBbIe pas3yiuuus B MeTaboJIM4ecKoM INOTeH-
nuasge orpaxamnT auddepeHIMaNNI0 3KOJIOTHMYeCKUX
HUII [0 BEPTHUKAJIBHOMY I'DagueHTy OCBELIEHHOCTU:
Synechococcus sp. bin7 — cnenuannucT HOBepXHOCTHBIX
BOf, Toraa kak Synechococcus sp. bin8 — renepasnucr ¢
6oJiee MIMPOKOU I'TyOMHHON aMILTUTYIOM.

CXOoACTBO B 4YHCJIe TE€HOB aHTHUCTPECCOBBIX
cucteM (45 mnpotuB 43) MNOATBEPXJAeT HaJIUyle
o0mMX aJanTUBHBIX CTpaTeruili K YyCJIOBUAM IJ1y0o-
KOBOOHOro sHjaeMuyHoro osepa (Rodriguez-Valera et
al.,, 2017), roe dakTopamu oT60pa MOTYT BBICTYMHaTh
ce30HHBIe KojiebaHUsA TeMIepaTypbl, HU3KasA MUHe-
pajm3anusA U BBICOKAs IIPO3payHOCTh BOJ, XapakTep-
Hasa AnA bailikana. IloBelmieHHOe copepxaHue G+C
y Synechococcus sp. bin7 (65,87%) mo cpaBHEHHUIO C
Synechococcus sp. bin8 (50,22%) 1ONMOJHUTEBHO TOI-
JlepXuBaeT rUNnoTe3y o Jiydllel ajanTalyy [epBoro K
OKHCJINTEJIBHOMY CTpPeccy B IIOBEpXHOCTHBIX BOJax C
BBICOKOM MHcossAnuen (Zhaxybayeva et al., 2009).

Kpyrosas auarpamma aHHOTalU FeHOMOB OTpa-
)KaeT CTPYKTYPHO-QYHKIMOHAJIbHYI0 OpraHU3aLUIo
ucciaenyeMsix MAGs (Puc. 1). OT BHelllHero K BHyTpeH-
HeMy KOJIbIly Ha JuarpaMme OTOOpa’keHbl: KOHTUTH B
nopsiake yoeiBaHua ux giuH, CDS Ha mpsamoit u CDS
Ha obpaTHOU HuTAX, reHsl PHK, CDS c romoJiorueii k
reHaMm aHTHUOMOTHKOpe3ucTeHTHocTH, CDS ¢ romoJio-
ruei Kk akTopaM BUpyJieHTHOCTH, G + C-coctaB u G/C-
acuMMeTpus Ha koHTurax. Liser CDS Ha Aguarpamme
COOTBETCTBYeT HX IPUHAMJIEKHOCTH K (QYHKIMO-
HasbHBIM moacricteMaM RAST corsiacHo TabGuuie 2.
BrlsiB/IeHHBIE JIOKYCHl aHTUOMOTHUKOPE3UCTEHTHOCTU U
BUPYJIGHTHOCTH OTHOCATCA K KaTeropuu reHoB, acco-
LUUPOBaHHBIX C aJaNTUBHBIMU IIpU3HaAKaMH MHUKPOOP-
ranusmos (Bertelli and Brinkman, 2018).

CrnenyeTr OTMeTUTb, YTO MHTepIipeTalysa pasJjiu-
uynii no yuciay CDS TpebyeT 0CTOPOXHOCTHU, IOCKOJIBKY
4acTh I'€HOB MOXeT OBITb pe3yJIbTaTOM JyIUIMKAallui,
pasnuvii B aHHOTAIMM WJIM HajJW4yus IICeBAOreHOB
B uccienyeMbix MAGs. TeM He MeHee, BBIABJICHHBIE
NaTTePHBI COIJIACylTCA € TUNOTe30H 0 AuddepeHnna-
LY 3KOJIOTUYECKUX HUII JIByX OaliKaJbCKUX IITaMMOB

\\ // / j \
&y, I
Ny
L e~~~

Synechococcus 110 BepTUKAJIbHOMY I'DaIUEHTY OCBEIEH-
Hoctu (Flombaum et al., 2013; Rodriguez-Valera et al.,
2017).

3.2. dunoreHeTHUeCKHUHM aHaAAU3

dusioreHeTU4YeCcKoe JepeBO, IOCTPOEHHOe Ha
ocHoBe 90 reHOMOB IUKOLMAaHOOAKTepUl, MpeACTaB-
JieHO Ha Pucynke 2. AHajm3upyeMas BBIOOpKa BKJIIO-
yaja 44 reHoMa IIPeCHOBOAHBIX INTaMMOB, Cpeau
KoTOphIX: uccienyembie MAGs Synechococcus sp. bin7
u Synechococcus sp. bin8 (BrAesIeHB KPaCHBIM I[BETOM
U KUPHBIM MIpUQTOM), MOATPYIINA U3 7 OaliKaabCKUX
MAGs, mnosyueHHbIX paHee ((HUOJIeTOBBINI LBET), U
ocTasibHble 35 TeHOMOB IIPeCHOBOAHBIX IHKOLMAHO-
OakTepuil U3 MeXAyHapoAHbIX 6a3 MaHHBIX (3eJIEHBIN
1BeT). Mopckyio rpynny coctaBuiiu 45 reHoMoB (CUHUN
1BeT). 3HaueHWA OYyTCTpen-NOANepXKU yKa3aHbl Ha
BeTBAX IpU ypoBHe Oosiee 50%. B xauecTBe BHeIIHeN
rpynnsl (outgroup) ucnoJib3oBaH reHom Gloeobacter
violaceus PCC 7421 (uépHbIi 1[BeT) — HauboJjiee 3BO-
JIIOIMOHHO YJaJI€HHBII IpeAcTaBUTeJb IMaHoOaKTe-
puii, 3aHUMalONM 6a3aibHOe MOJIoXeHUe Ha (uiore-
HEeTHUYeCcKOM JiepeBe.

Hccnenyemsle Gatikanbckue MAGs pacnpefeiu-
Jich 1o AByM (UJIOreHeTUYeCKH yAaJIeHHBIM KJlagaM,
Pa3IMYanUMCA 10 COCTaBy U SKOJIOTMYECKOi perpe-
3eHTaTUBHOCTU. Synechococcus sp. bin7 jokanu3oBaH
B KJajie, o0beqUHAIIEN UCKIII0UUTEIBHO IPeCHOBO-
JHBIe mTaMMbl: Synechococcus sp. Baikal-G1 (Batikaur),
Synechococcus sp. UW140 strain MsE-30apr19-67 u
Synechococcus sp. UW140 MiH-22jul19-245 (Yexus),
a Takxe HeKyJIbTUBUpOBaHHBE Synechococcus sp.
Umealp2 bin949 u Umealp3_bin942 (lIeenwus).
JlaHHBIN KjlacTep AEeMOHCTPUPYeT CBA3b C OJIUIOTPO-
$HBIMU ¥ Me30TPOMHBIMH 3KOCHCTEMaMH U NPUYPO-
YeHHOCTb K IIOBEPXHOCTHBIM, XOPOIIO OCBEI[EHHEIM
FOPU30HTaM, 4TO COIJIaCyeTCs C BBICOKUM OTHOCUTEJIb-
HBIM oOuseM Synechococcus sp. bin7 B 3BdoTHYECKO
3oHe (5 Mm: 48 321 TPM) (Dvorak et al., 2014; Callieri,
2017). Hampotus, Synechococcus sp. bin8 Bomén B
CMeIIaHHyI0 KJaJly, 00beAUHAIIIYI0 KaK IIPeCHOBO-
JHble, TaK W Mopckue reHoMsl. Haunbosiee Gu3kuMU
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Synechococcus sp. bin7 Synechococcus sp. bin8

Puc.1. KpyroBas guarpaMmMa aHHOTaIMKU TeHOMOB Synechococcus sp. bin7 u Synechococcus sp. bin8. OT BHeIHero K BHY-
TpeHHeMy KpyTy KapTHPOBaHbI: KOHTUTU HccyieayeMbix MAGs, koaupyomye nocjiefgoarenbHoctu (CDS) Ha mpsaMoit Huty, CDS
Ha obpaTHOH HUTH, reHbl PHK, reHsl roMosiornuHble M3BECTHHIM I'eHaM YCTOMYMBOCTU K aHTUMMKPOOHBEIM IIpenapaTtam, cofep-
xaHue G+ C u acumMmertpusa GC. Macmrab kpyrosoii quarpammsl — 1 fenenue 0,1 muH n.H. I[eta CDS Ha npsamoii u o6paTHOI
HUTHU YKa3bIBAIOT Ha NOJACUCTEMY I'€HOB (COTJIACHO JIereHe).
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Target group
Baikal group
Freshwater
Seawater
Outgroup

(=]
UI

100

100

2847862.76 | Cyanobacteria bacterium casp40-mb.93
2847862.82 | Cyanobacteria bacterium casp15-mb.180
11 02847862.87 | Cyanobacteria bacterium casp150-mb.219
1353147.5 | Synechococcus sp. CBW1108
2823704.5 | Cyanobium sp. BA20m-p-22
2823703.5 | Cyanobium sp. BA20m-14
2823706.5 | Cyanobium sp. BA5m-21
_I.EZBZ3705 7 | Cyanobium sp. BAS5m-10
10 2116684.15 | Cyanobium usitatum str. Tous
2823721.3 | Cyanobium sp. T1B-Tous
2692793.3 | Cyanobium sp. FACHB-13342
2164130.6 | Cyanobium sp. strain CSSed162cmA_499R1
2164130.7 | Cyanobium sp. strain CSSed165cm_191R1
2480217.3 | Cyanobium sp. PLM2.Bin73
180281.4 | Cyanobium sp. PCC 7001
261284.3 | Cyanobium sp. NSO1
2815603.3 | Synechococcus sp. CCY 0621
00- 2823699.5 | Cyanobium sp. AMD-g
2823711.5 | Cyanobium sp. Cruz-8D1
2847976.3 | Synechococcus sp. CS-1328
2026890.3 | Synechococcus sp. Baikal-G1
01129.364 | Synechococcus sp. bin7
368503.27 | Synechococcus sp. UW140 MiH-22jul19-245
368503.4 | Synechococcus sp. UW140 strain MsE-30apr19-67
2588875.17 | Synechococcaceae bacterium TE-Jun18-206
154535.26 | uncultured Synechococcus sp. strain Umea1p2_bin-0949
100 154535.30 | uncultured Synechococcus sp. strain Umea1p3_bin-942
154535.39 | uncultured Synechococcus sp. strain SRR4030076
2588875.14 | Synechococcaceae bacterium RE-23may17-332
2823735.5 | Synechococcus sp. GreenBA-s
2823732.5 | Synechococcus sp. Cruz-9H2
2025605.3 | Synechococcus sp. 1G10
2789857.3 | Synechococcus sp. CBW1107
2978474.3 | Synechococcus sp. CCFWC 502
2823741.5 | Synechococcus sp. RedBA-s
2847984.3 | Synechococcus sp. CS-205

100

0

100

R
h

100 L 2599077.3 | Synechococcus sp. BSA11S
2164130.4 | Cyanobium sp. strain ULC065bin1
3137388.3 | Cyanobium sp. ATX-6F1
1866940.3 | Synechococcus sp. A18-46.1
10084588.4 | Synechococcus sp. WH 8102
1901442552.3 | Synechococcus sp. BOUM118
1866939.3 | Synechococcus sp. A18-40
1050635.3 | Synechococcus sp. A15-24
1131.49 | Synechococcus sp. strain MCMED-G31
2024887.3 | Synechococcus sp. SAT82
2781772.3 | Synechococcus sp. BS30m-G31
2781767.3 | Synechococcus sp. BS307-5m-G36
100 316279.6 | Synechococcus sp. CC9902
L— 166314.3 | Synechococcus sp. WH 8109
221345.3 | Synechococcus sp. RS9902
2024872.3 | Cyanobium sp. NAT70
585423.3 | Synechococcus sp. KORDI-49
2823751.3 | Synechococcus lacustris Maggiore-St4-Slac
2116544.47 | Synechococcus lacustris TE-Jun18-294
2116544.44 | Synechococcus lacustris Tobar12m-G28
1910958.3 | Synechococcus sp. Tous strain Tous
2055796.3 | Synechococcales bacterium UBA8138
2116544.3 | Candidatus Synechococcus lacustris strain Tous
3137390.3 | Synechococcus lacustris Tous-12m
2823750.3 | Synechococcus lacustris L1F-Slac
2823747.3 | Synechococcus lacustris Cruz CV12-2
368503.15 | Synechococcus sp. UW140 strain LE-02apr19-94
2448790.3 | Synechococcaceae bacterium WB4_2_ 0805
l2461364 .3 | Synechococcaceae bacterium WBA_2_066

190 304488083 | Synechococcaceae bacterium WB9_2_069

1910957.3 | Synechococcus sp. Lanier strain Lanier
2448787.3 | Synechococcaceae bacterium LLD_019
2968983.3 | Synechococcus sp. LacPavin_0920

100

100 1002823748.5 | Synechococcus sp. Cruz CV12-2-Slac-r

1£01129.357 | Synechococcus sp. bin8

100 2847862.86 | Cyanobacteria bacterium casp150-mb.246
847862.75 | Cyanobacteria bacterium casp40-mb.49
154535.155 | uncultured Synechococcus sp. ERR2206772
2782401.3 | Synechococcus sp. SupBloom_Metag_053
2055797.3 | Synechococcales bacterium UBA8647
1947892.3 | Cyanobacteria bacterium UBA6965

100221341.3 | Synechococcus sp. Minos11 strain MINOS11
2267260.3 | Synechococcus sp. MED-G67
316278.4 | Synechococcus sp. RCC307
1131.47 | Synechococcus sp. strain SW22112_bin_11

100

0

100

1131.46 | Synechococcus sp. strain SW42618_bin_11
100. 2899787.3 | Synechococcus sp. eddy-syn-bin2
1986593.3 | Synechococcus sp. TMED169 strain TMED169
2267256.3 | Synechococcus sp. MED-G71
_1.*01 947895.3 | Cyanobacteria bacterium UBA7373

100

0.2

Vi
77

1986592.3 | Synechococcus sp. TMED155 strain TMED155
I: 1986596.3 | Synechococcus sp. TMED19 strain TMED19
154535.53 | uncultured Synechococcus sp. strain ERR599100
251221.4 | Gloeobacter violaceus PCC 7421

100

Puc.2. ®dusnoreHernyeckoe JlepeBO MUKOIMaHOOaKTepuii, TIOCTPOEHHOEe Ha OCHOBe 127 OAHOKOMUIHBIX MapKePHBIX T'eHOB.
ByTctpen-nmoanepxka >50% oTMeueHa Ha BeTBAX. LIBeTaMu BbIAEJIEHBI TPYIIBL: KPACHBIH — uccienyeMmbie MAGs Synechococcus
sp. bin7 u Synechococcus sp. bin8, dbrosieToBEI — GalikaJbCKye IMTAMMEI, 3€JIEHBIE — OCTaIbHbIE IPeICTAaBUTEIN IPECHOBOJHOM
I'PYMIIB], CHHUI — IPyIa MOPCKUX IITaMMOB. BHermHssa rpynma — Gloeobacter violaceus PCC 7421.
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K HeMy OKasaJliChb IIPeCHOBOJHBIE IITAMMbI U3 03epa
IaBun (Synechococcus sp. LacPavin_0920 WC12_
MAG_50_7, ®pannus), ozepa Jla-Kpyc (Synechococcus
sp. Cruz CV12-2-Slac-r, UcnaHus; U3BECTEH TaKXe KaK
Synechococcus lacustris), o3epa BepxHee (Synechococcus
sp. SupBloom_Metag_053), a Takxe MOPCKHE LITaMMBbI
u3 Kacnuiickoro wmops (Cyanobacteria bacterium
caspl150_mb.24 u casp40_mb.49) u BasTuiickoro Mops
(mexynpTUBHpYeMBIil Synechococcus sp. ERR2206772_
bin.170). IIpucyTcTBUE B 3TOH KJIaje MpeAcTaBUTENEN
13 BOOOEMOB pa3IMYHOro Tpopuueckoro craryca — OT
YJIbTPaOJIUTrOTPOMPHBIX A0 3BTPODHBIX — a TakkKe MOp-
ckux GopM yKasbplBaeT Ha 6oJiee MIMPOKYIO dKOJIOrHYe-
CKYI0 TJTACTUYHOCTH JJaHHOTO kiactepa (Cabello-Yeves
et al., 2018b; Carratala et al., 2023). 3To cornacyercs
C OTHOCUTEJIbHBIM obuyeMm Synechococcus sp. bin8,
KOTOpOe CHUXaercsl ¢ I'IyOUMHON MeHee pe3ko (Bcero
B 1,7 paza: c 11 728 go 6 835 TPM), uTo cBUJETED-
CTByeT O ero CIOCOOHOCTH COXpaHATh MeTaboJmye-
CKyl0 aKTUBHOCTb B 0OoJjiee IIMPOKOM JHana3oHe IJTy-
6uHn (Pittera et al., 2014; Flombaum et al., 2013).

Pon Synechococcus sBisieTcss mnosuduieTnye-
CKUM: YacThb MOPCKUX INTaMMOB, BKJIIOUEHHBEIX B aHa-
JU3 U paHee OTHOCUMBIX K Synechococcus, coriacHo
COBpPeMEeHHBIM JaHHBIM, IPUHAJIEKUT K CECTPUHCKON
o oTHoUIeHuIo K Prochlorococcus xiane, BaJuaupo-
BAHHOI KaK CaMOCTOATEJIbHBIN poa Parasynechococcus
(Coutinho et al., 2016; Komarek et al., 2020). Ot6op
pedepeHCHBIX TeHOMOB /[JjiA aHajKi3a BBIIOJHEH C
HCIIOJIb30BaHWEM IIOPOrOBBHIX 3HAUYEeHHI JOCTOBEpPHO-
CTH U FeHOMHOH JUCTaHIM{, PaCCYUTAHHON MeTOAOM
Mash, a dunoreneruueckoe IepeBO IOCTPOEHO Ha
OCHOBE OJIHOKOIMIHBIX MapKepHBIX I'eHOB, YTO M03BO-
JiieT OLIeHWTh OTHOCHUTEJIbHOe II0JIOXKeHHe Hcciefdye-
MbBIX MAGS cpeay OOCTYNHBIX pedepeHCHBIX FeHOMOB
U cTeleHb UX (UIOreHeTUYeCcKoy yAaJIéHHOCTU ApYT
OT Apyra.

3HaueHue ANI 1npu cpaBHEHUN IITaMMOB
Synechococcus sp. bin7 wu Synechococcus sp. bin8
coctaBuyio 68%, 4UTO yKasblBaeT Ha WX NPUHAIJIEXK-
HOCTh K pasHbIM BHJAaM U COIJIacyeTcsA C PpacroJio-
)KeHHeM B pas3jIM4YHBIX (UIJIOTeHeTUYeCKUX KJlafax.
duioreHeTnyeckas 6am3ocTh Synechococcus sp. bin7
K NIPecHOBOJHBIM IITaMMawMm, a Synechococcus sp. bin8
— K CMeNIaHHOM KJaJie ¢ MOPCKHMH IpeJicTaBUTe-
JIAMUA yKasblBaeT Ha MUX pa3jIMYHYyI0 DBOJIOIMOHHYIO
ucropuro. Synechococcus sp. bin7, BeposATHO, OTHO-

cutca K OoJiee ApeBHel IMPeCHOBOJHOM JIMHUM, TOTAA
kak Synechococcus sp. bin8 memoHcTpupyeT npusHaKu
ajjanTtaniy K yCJIOBUAM IepeMeHHOH COJIEHOCTHU 1160
OPUHALJIEXUT K GUIOreHeTUYecKOH JIMHUY, XapaKTe-
pusylomelicss TOJIEPAaHTHOCTBIO K IIMPOKOMY JAuarna-
3oHy cosiéHoctu (Rosales et al., 2005; Cabello-Yeves et
al., 2018b; Flombaum et al., 2013).

IpucytctBue B kiage Synechococcus sp. bin8
MOPCKUX MTaMMOB 13 Kacnuickoro Mops ykasbIBaeT Ha
¢dunoreHeTnveckoe poACTBO JAHHOIO LITaMMa C rajo-
GUIBHBEIMM JIMHUAMY, YTO MOXET pacCMaTpUBAaThCS
KaK KOCBeHHOe yKazaHue Ha Hajuuue y 6aiikaJbCcKoro
mTaMMa reHeTHMYecKOro IOTeHIMaa JJid afanTanuu
K kojebaHuAM coJiéHocTtu. OAHako (uoreHeTuye-
CKOe TI0JIOXeHHe camo Mo cebe He sABJIIETCA JOKas3a-
TeJIbCTBOM HaJIMYHsA COOTBETCTBYIOMINX aJalTHBHBIX
MeXaHN3MOB, U I HOATBepPXIEHUs 3TON TUIIOTe3Bl
HeobxouMa neHTUGUKAINA KOHKPETHEIX TeHOB, y4a-
CTBYIOIIMX B OCMOTHYecKOl peryysmuu (HampuMmep,
TPAHCIIOPTEPOB OCMOJIUTOB, CUCTEM CHHTE3a COBMe-
CTUMBIX DaCTBODEHHHIX BelllecTB), MPUCYTCTBHE KOTO-
pBIX B reHoMe Synechococcus sp. bin8 tpebyeT oTaesb-
Horo aHayims3a. TakuMm obpasoM, QuioreHeTHYecKUi
aHaiM3 NOATBepAUJI reHeTHYeckoe pasHoobpasue Oaii-
KaJIbcKUxX Synechococcus, a Takxe Mmokasaj, 4TO dHAe-
MMYHas dKocHucTeMa o3epa Balikasi, nofo6HO Ipyrum
rIy0OKUM 03épaM, CIIyXUT pe3epByapoM 3BOJIIOIMIOH-
HOro pasHoobpasus nuaHobaktepuii (Callieri, 2017;
Cabello-Yeves et al., 2018a; Carratala et al., 2023).

3.3. AHTHOMOTHKOPE3UCTEHTHOCTb U
MeXaHH3Mbl MMMYHHOMW 3aLUTDI

CpaBHeHHe OBYX WITaMMOB Synechococcus sp.
bin7 u Synechococcus sp. bin8 o HayIMYMIO reHOB aHTH-
OUOTHKOPE3UCTEHTHOCTH Y CHCTEM 3aLIUTH BBLIBUJIO
KaK KOHCEpBATUBHbIE YepPTHl, TaK U UX IITAMMOCIHEIH-
¢puunbie ocobenHocTu (Tabaumna 3).

Oba wucciiefyeMbBIXx reHOMa cojepxar Habop
reHOB-MUIlleHel aHTuOuoTuKoB: alr, ddl, gyrA, gyrB,
rpoB, EF-G, EF-Tu, murA, folP, dxr, inhA, fabl, kasA,
S10p, S12p u Iso-tRNA, xoaupylomux 6enku, Heo6Xo-
IUMBle Ul KU3HEeNesATeJIbHOCTU KJIeTKU: (GepMeHTHI
cuHTe3a kierouHoii creHku (Alr, Ddl, MurA), JHK-
rupasy (GyrA, GyrB), PHK-nonumepasy (RpoB), dax-
TOopHl soHTanuu tpaHcssanuu (EF-G, EF-Tu), a Takxke
depmenTh cuHTe3a PosreBoil KUCJIOTH (FolP) u Xup-

Ta6smna 3. ['eHbl 4yBCTBUTEJIBHOCTU M YCTOMYMBOCTU K IIPOTMBOMUKPOOHBIM npenaparam u cucteMsl CRISPR-Cas no fjaH-

HbIM PATRIC u CARD

MexaHHU3M yCTOMYHBOCTH

Synechococcus sp. bin7

Synechococcus sp. bin8

MuilleHr aHTUOWOTHUKOB

alr, ddl, dxr, EF-G, EF-Tu, folP, gyrA,
gyrB, inhA, fabl, Iso-tRNA, kasA, murA,|gyrB, inhA, fabl, Iso-tRNA, kasA, murA,
rpoB, S10p, S12p

TeH, yTpaTa KOTOpPOro AaéT gidB
YCTONYMBOCTD
Y CTONYMBOCTD K TJIMKOIENTHaM vanY, vanT vanY, vanT
(CARD)
CRISPR-Cas (HykJiea3bl/TeIMKa3bl) cas3 (tum I) cas3 (tumn 1), cas4 (tumnsl I-1I)

alr, ddl, dxr, EF-G, EF-Tu, folP, gyrA,

rpoB, S10p, S12p
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HbIx kucioT (InhA, Fabl, KasA). UmeHHO Ha paboTy
3THUX OeJIKOB HalpaBjieHO JAelcTBHe OOJIBIINHCTBA
aHTUOMOTUKOB, IIO3TOMY NPUCYTCTBUE COOTBETCTBYIO-
IIMX F'eHOB yKa3blBaeT HAa COXPAHHOCTb eCTeCTBEHHOM
YYBCTBUTEJIbHOCTHU I[1aHOOaKTepUil K IPOTUBOMUKPOO-
HBIM IIpeniapaTaM IIpU yCJIOBUM OTCYTCTBUA MyTallui,
cHkamux adduHHOCTh cBsa3biBaHuA (Blair et al.,
2015; Callieri, 2017).

VY ob6oux mrTaMMoB OO6HapyXeH reH gidB, Koau-
pyromuil Metwitpadcdepasy GidB, kotopas mogudu-
uupyet 16S pPHK, obGecrieunBas npaBuUIbHYI0 COOPKY
pubocomsl. [Ipy uHakTUBanuu gidB MeTHUIMpOBaHUe
16S pPHK Hapymaetcsa, pubocoMa n3MeHsAeT KOHGOp-
Maluio, 1 aMHHOIJIMKO3UJHble aHTUOMOTHUKU Tepsi0T
CIIOCOOHOCTh C Hel cBA3bIBaThbcA. TakuM o00pasow,
yrpata ¢yHkuun GidB ciyvyaiiHeiM o6pa3oMm Oaét
KJIETKe YCTOHYMBOCTh K aMHUHOrImKo3uaam (Okamoto
et al., 2007).

l'eHBl rIMKONENTHAHON ycTOMYMBOCTU vanY u
vanT npucyTcTBYIOT y 06oux mramMMoB. ['eH vanY kogu-
pyetr D,D-kap6okcunentuaasy, KoTopas rMApOJIU3yeT
KOHIIeBOM D-ajlaHMH y 4yBCTBUTEJIbHBIX IIpefllecTBeH-
HUKOB KJjieTouHOU cTeHKH (UDP-MurNAc-TieHTaIenTu
[D-Ala]), cHWXaA WX BHYTPUKJIETOYHBINA MyJ U TEM
CaMBIM CIIOCOOCTBYS YCTOMYMBOCTHU K IJIMKOIENTHaM
(Arthur and Quintiliani, 2001). T'en vanT xomupyeTt
MeMOpaHOCBA3aHHYI0 CEpUHOBYIO palemasy, KOTO-
pas npespamaeT L-cepuH B D-cepun — cybcrpat AiA
CHHTe3a yCTOMYMBBIX K BAHKOMULMHY IIpeAllecTBeH-
HUKOB, TEpPMUHAJIbHBI AUNENTH] KOTOPhIX COAEPXKUT
D-ananuH-D-cepun (VanG-tumn ycroiunbocti) (Stogios
and Savchenko, 2020). OgHako i MOATBEPXKIEHUSA
pyHKIMOHAIBHON aKTUBHOCTU 3TUX IreHOB y Oalikab-
CKUX IITaMMOB Synechococcus HeoOXOAUMEI JTOOJIHU-
TeJIbHBIE DKCIIepUMeHTaJIbHble KCC/IeJOBaHNUs.

Ananu3 cucteM CRISPR-Cas BEIABUII ciieyome
paznuuus. CRISPR-Cas mpefncrasiisier coboli aganTus-
HyI0 UMMYHHYIO cUcTeMy OakTepuii, KOTOpas XpaHUT
dparmentsl IHK paHee aTakoBaBIIMX BUPYCOB (creil-
cephl) ¥ IIpY MOBTOPHOM MHQEeKIUN paspe3aeT BUpYC-
Hylo [THK. ¥ o6oux mramMMoB oOHapyxeH reH cas3 I
tuna. benok Cas3 obsiafaer OAHOBPEMEHHO rejIiKas-
HOM U HyKJIeasHOM aKTHBHOCTBIO: OH pa3MaThiBaeT
asyxuenoveunyo JJHK Bupyca u paspesaert eé, obeclie-
yuBas 3¢dekTopHy0 cTaaguio umMMmyHutera (Sinkunas
et al., 2011). B renome mramma Synechococcus sp. bin8
JIOIIOJTHUTEJIbHO NPHUCYTCTBYET I'eH cas4, OTHOCAMMUIICA
k tunam I-II. Besnok Cas4 yyacTByeT Ha cTaguu afar-
Taluu: OH IOMOraeT OTJMYUTh uyxepoiHyio JHK ot
cobCcTBeHHOH U obJieryaeT MHTErpawLuio HOBHIX cIierice-
poB B CRISPR-maccuB (McGinn and Marraffini, 2019).

Takum obGpazoM, Synechococcus sp. bin8 otiu-
yaeTcs oT Synechococcus sp. bin7 Hanuunem gonoHU-

TeJIHOro reHa cas4, 4To NpejroJjaraeT 0oJiee CJIOX-
HyI0 CHCTeMy aJanTUBHOTO MMMYHHTeTa y AAHHOIO
mTaMMa. OTU pasjinuus, Ha ¢GoHe PUIoreHeTHU4YecKon
060Cc006JIeHHOCTH WITaMMOB APYr OT Apyra (pe3yJib-
TaTHl IpeICTaBJIeHH B pa3fesie 3.2), oTpaxaloT TeHOM-
Hoe pasHoobOpasue Synechococcus (Martsinechko et al.,
2024; Flombaum et al., 2013). M0OXHO MpeI0JI0XUTh,
4yTo Hajmuue cas4 y Synechococcus sp. bin8 obecneun-
BaeT 6oJiee 3G PeKTUBHYIO 3alUTy OT GakTeprodaros,
9TO MOXeT OBIThb BaXHBIM (AKTOPOM BBDKHMBAEMOCTH
B 0alikaJIbCKOM IIaHKTOHe, I'Zle BUPYCHBIN IIpecc 3Ha-
yutesieH (Sorek et al.,, 2013; Rodriguez-Valera et al.,
2017).

3.4. buocMHTEeTHYECKHE KAACTepbl
BTOPHYHBIX MeTabonuToB

Ananus c ucnosib3oBaHueM antiSMASH BbvisABII
B reHoOMax HccJielyeMbIX IITaMMOB HECKOJIbKO OHO-
CHHTETUYeCKHUX KJIaCTepOB BTOPUYHBIX MeTabO0JIMTOB,
npefcTaBjeHHbx B Tabauie 4. B MAG Synechococcus
sp. bin7 o6HapyXeH TepIEeHOBHI KjacTep, BKIIIO-
yaromuii redbl PSY/CrtB u PT FPPS like, a Taxxe
nonuketuHbN kiactep III tuma (T3PKS). B MAG
Synechococcus sp. bin8 maeHTUGUIIMPOBAHB aHAJIOTU
TepreHOBHIX TeHOB (lycopene cyclase, FPPS, PSY/CrtB),
PKS-kmnactep III Tuna (T3PKS) u NRPS-xnacrep ¢ CDPS
(IMKIOAUIIENTHA-CHTA30k).

[TpucytcrBue rena PSY/CrtB y ob6oux MITaMMOB
u lycopene cyclase y Synechococcus sp. bin8 yka3swsiBaeT
Ha Hajuyhe KapOTHHOIeHHOIo IyTH, obeclednBalo-
mero 3amuTy KJIETOK OT OKHCJIWTEJBHOro cTpecca
(Srivastava et al., 2022). IMoJMKeTUAHBIE KJIACTEPHI
I tuna (T3PKS) kxaTanu3upyloT KOHJeHCalUi MaJjo-
HuI-KoA c arnun-KoA-npaiimepamu c obpa3zoBaHUEM
apoMaTH4ecKUX IOJIMKeTHUIOB, BKJIIOYas aJIKWJIPe30p-
1uHE U GuioporonuHsl (Abe and Morita, 2010; Austin
and Noel, 2003). O6HapyxenHble T3PKS-kiactepsi
MPOSIBJIAIOT CXOJICTBO C U3BECTHBIM KJ1acTepoM hierridin
B/C, orBeyarnmuM 3a 6MOCHHTE3 MOJIMKETHUIOB Yy I[Ha-
HoOakTepuii (Ledo et al., 2019).

BropuuHele ~ MeTaboyUTBl  LMaHOOAKTepUi
WUrpaloT KJII0UEBYI0 pOJib B MEXBHIOBBIX B3auMOJeil-
CTBUSIX, 3al[ATe OT abMOTUYeCKUX ¥ OMOTUYECKUX CTpec-
COB, a Takxe B (OPMHUPOBAaHUMN CTPYKTYPH MHKPOO-
HbIX coobmecTB (Dittmann et al., 2015). BoigBieHHas
reTeporeHHOCTb OMOCUHTETUYECKUX KJIACTEPOB MeXAY
JByMsA HITaMMaMM OTpaxkaeT MeTabojuyecKkoe pasHo-
obpasue poma Synechococcus, 4TO MOXeT OIpedessiTh
auddepeHuanui0 5KOJIOTMYeCKUX HUII U KOHKYPEHT-
Hble CTpaTeruy B IPUPOJHBIX MHUKPOOHBIX cooOIie-
ctBax. Hamnuune yHukanpbHoro NRPS-knacrepa ¢ CDPS
TOJIBKO y mrTaMMa Synechococcus sp. bin8 nosBosisieT

Ta6suma 4. OcHOBHBIE TeHbl OMOCHMHTETUYECKUX KJIaCTepOB BTOPUYHBIX MeTabOJIUTOB B reHoMax ucciegyemboix MAGs,

BBISIBJIEHHBIE C ITOMOIIbIO aHaM3a antiSMASH

Kinacrep Synechococcus sp. bin7 Synechococcus sp. bin8
Terpene PSY/CrtB, PT FPPS like Lycopene cyclase, FPPS, PSY/CrtB
PKS T3PKS T3PKS
NRPS CDPS
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MIPeJIOJIOKUTh €ro CIOCOOHOCTh K MPOAYKIUU OHo-
aKTHBHBIX NENTHJIOB, 4YTO, COTJIACHO HCCJIe[JOBaHUAM,
MOXeT IpefOCTaBJIATb 3TOMYy MITaMMy KOHKYpeHTHOe
NIpeUMyIIecTBO B cnenu@HUYecKnuX 3KOJIOTHYeCKUX
ycnosusax (Cimermancic et al., 2014; Pancrace et al.,
2017). IIpoaykiusi BTOPUYHBIX MeETAaOOJIUTOB, TaKUX
Kak TepIleHbl U OJIMKEeTU/bI, COTJIACHO JIUTepaTypPHBIM
JaHHBIM, obeclieunBaeT 3alUTy oT (oTomerpagaluy,
aHTUMUKPOOHYI0 aKTHBHOCTb U aJulesionaThyeckoe
BO3elicTBUe Ha [pyrue MUKPOOPraHW3MEI, YTO OCO-
OeHHO BaXXHO B YCJIOBUAX BBICOKOHN NPO3pavyHOCTU U
HU3KOH TpodHOCcTH Garikaibckoil Boawl (Kust et al.,
2018). OGHapyxeHHBle TeHBl, acCOIUMPOBAaHHbIE C
O6uocHUHTe30M TepleHoB, mojuketusioB U NRPS, yka-
3BIBAIOT Ha MOTEHIMAJIbHYI0 CIIOCOOHOCTh IITaMMOB K
MPOAYKLMY OMOAKTUBHBIX COeAUHEHUH, YTO OTKphIBaeT
[epCHeKTUBHl /I X BO3MOXHOIO IpUMeHeHUs B (ap-
MakoJioruu, bruopeMeAuanuy U Apyrux 6MOTEeXHOJIOT -
yeckux obiactax (Dittmann et al., 2015; Pancrace et
al., 2017).

4. 3aknioueHue

[IpumMeHeHNe MeTareHOMHOro IOAXOAa IO3BO-
JINJI0O PEKOHCTPYUPOBaTh U NMPOBECTH CPaBHUTEJIbHBIN
aHajayu3 reHOMOB MPUPOAHBIX MOIYJIANUN NHUKOLHUAHO-
6aktepuii poaa Synechococcus u3 o3epa Batikas. O3epo
Batikan oTHOCUTCA K IJIyOOKOBOAHBIM OJIUTOTPO(PHBIM
BOJOEMAaM C YCTOMYMBO HU3KMMM TeMIlepaTypamu
BOJbl. B mesarmueckoil 30He IpefCcTaBUTEIN AAHHOIO
pona npoayuupyoTr o 80% opraHuyeckoro Bellle-
CTBa B XOJie NepBUYHOro cuHTe3a. O6a BOCCTaHOBJIEH-
HbIXx MAGS xapakTepu3oBajICh BBICOKOH IIOJIHOTOH
cbopku (97,7% u 96,1%) 1 HU3KUM yYpPOBHEM KOHTa-
MMHaLUM, YTO MOATBEPXJaeT HMX BHICOKOE KauecTBO.
dusioreHeTUYECKU aHAJIU3 BBIABUJI IPUHAAJIEXXHOCTD
HccjielyeMbIX MTaMMOB K ABYM yAaJjI€éHHBIM KJlajaM,
YTO CBUAETEJIbCTBYeT O IJIUTEJIbHOM 35BOJIIOI[OHHOM
JUBepreHnuy B Ipefejax oAHoro Ouorona. IHItamm
Synechococcus sp. bin7 oTHOcUTCS K IPECHOBOAHOI
kiage, Torga kak Synechococcus sp. bin8 mnpunamne-
JKUT K CMeIllaHHOM KJIafle, cofiepxallieil Takxe reHOMBI
MOPCKHX IITaMMOB. J[OIOJIHUTEJIBHO B reHOMax U/eH-
TUGULIMPOBAHEl T'eHbl, acCOLMHpOBaHHBEIE CO CTpec-
COBBIM OTBETOM, AHTHUOMOTHMKOPE3UCTEHTHOCTHI0 U
cucremaMu CRISPR-Cas. B reHomax 06GHapyXeHbI I'eHbl,
accolMMpoOBaHHBIE C YCTOMYMBOCTBIO K aHTUONOTUKAM
(B TOM uncJie KOHcepBaTuBHEIEe vanY/vanT) u cuCTeMbl
CRISPR-Cas, 4TO XapakTepHO AJiA NPeCHOBOAHBIX L1a-
HoOakTepuil. BhIABJIeHHBIE pas3jinuusa B MeTabojnue-
CKOM IIOTeHIuasle, BKJIo4asa Oojiee pa3BUTYI0 CUCTEMY
JHepreTuyeckoro MerabonusMa U MeMOpaHHOTO
TpaHcnopTa y Synechococcus sp. bin7, a Takxe Haau-
yye mramMmocnenuduuHoro reHa cas4 y Synechococcus
sp. bin8, oTpaxaroT AuddepeHINAINIO IKOTIOTUYECKUX
HUII 110 BePTUKAJIbHOMY IpaJUleHTy OCBEIEHHOCTU U
KOHKypeHTHBIe CTpaTeruu B OJIMTOTPOQHBIX YCJIOBUAX.
BriAB/IeHHBIE TeHBl, ACCOLMHUPOBAHHBIE C CHUHTE30M
TepIIeHOB, NOJIMKETUA0B U HepuOOCOMHBIX IEeNTH/IOB,
MI03BOJIAIOT NPEANOJIOXKUTh HaJlure y UCCleJOBAaHHBIX
IITaMMOB OMOTEXHOJIOTMYECKOro IMOTeHIHasa, KOTOo-
PBI IIOCJIe JOMOJIHUTEJIBHOIO U3yYeHNUs MOXeT HalTu

572

npuMeHeHHe B (dapMakoJoruM U OropeMeaualiiu.
CrieiyeT OqUYepKHYTh, YTO BCE BBHIBOJ(BI OTHOCHUTEJIBHO
aHTUOMOTUKOPE3NCTEHTHOCT U OHOCHHTETUYECKOTO
[OTeHIIajla OCHOBAHB HA F€HOMHBIX TaHHBIX U HOCAT
npeJicka3aTesIbHBI XapaKTep, TpeOyoLuil 3Kclepu-
MeHTaJIbHOU Bepudukanuy. I[losyueHHble pe3yJIbTaThl
pacIIUpAI0T CYIIeCTBYIOIINe NpeCTaBJIeHNsI O TeHOM-
HOM pa3HOo0Opa3uy, 3KOJIOTUYECKON IJIACTUYHOCTU U
MOJIEKYJIADHBIX MeXaHH3Max aJalTalii IPecHOBO-
JTHBIX NMIKOI[MAHOOAKTepU B SHAEMUYHOI dKOCUCTEME
o3epa batikan.
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