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ABSTRACT. The search for novel highly effective microbial strains and the engineering of polyfunctional
microbial inoculants based on them represents a key vector in the development of modern agrobiotech-
nologies. In this study, a comprehensive taxonomic and functional characterization of nine non-axenic
strains of soil filamentous cyanobacteria belonging to the order Nostocales was conducted using metag-
enomic whole-genome sequencing. The assembly of metagenome-assembled genomes (MAGs) allowed
for the reconstruction of high-quality genomic sequences of the target taxon, bypassing the labor-in-
tensive step of strain axenization. According to the phylogenomic analysis, the studied cultures occupy
a distinct position on the phylogenetic tree and can be considered candidates for novel taxa; however,
this requires further verification as the current shortage of reference genomes for soil cyanobacteria
is overcome. Based on ribosomal marker genes, the composition of the accompanying satellite micro-
biota localized within the exopolysaccharide sheaths of the hosts was characterized. The presence of
beneficial heterotrophic bacteria from the genera Devosia, Lysobacter, Brevundimonas, Variovorax, Bosea,
Achromobacter, and Pseudoflavitalea, which possess pronounced plant growth-promoting and biocontrol
potential, was verified. Functional genome annotation revealed that all strains harbor a complete nitro-
gen fixation gene cluster and well-developed phosphorus mobilization systems. The strain Nostoc sp.
VKM Al-56 was distinguished by a unique iron metabolism apparatus, whereas Nostoc edaphicum VKM
Al-156 stood out for its aromatic compound degradation pathways. An integrated analysis considering
taxonomic and biogeographic diversity, as well as the presence of key agronomically valuable traits (the
capacity for phytohormone synthesis, nitrogen fixation, phosphate mobilization, pathogen defense, and
abiotic stress tolerance), allowed for the selection of three candidate strains for further applied research
on the development of biological formulations for crop production: Nostoc sp. VKM Al-115, Hassallia
pseudoramosissima VKM Al-158, and Anabaena pirinica VKM Al-153.
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1. Introduction ble land reserves, the sole viable strategy remains the

intensification of agriculture. However, the current
model, heavily reliant on synthetic fertilizers and pesti-
cides, leads to soil fertility degradation, ecosystem con-
tamination, and rising production costs. As an alterna-
tive or supplement to chemical agronomy, agricultural
biologicalization is actively expanding. In this domain,
cyanobacteria occupy a prominent place as phototro-

The search for novel microbial strains to develop
effective biological formulations is a key factor in
ensuring food security. Global population is projected
to reach 9.6 billion people by 2050, which will neces-
sitate at least a 50% increase in annual grain produc-
tion (Singh et al., 2016). Given the exhaustion of ara-
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phs possessing a unique suite of agronomically valu-
able functions, including nitrogen fixation, phosphate
mobilization, and the synthesis of phytohormones and
exopolysaccharides (EPS) (Whitton and Potts, 2012;
Sharma et al., 2013; Temraleeva et al., 2025). More
than two thousand of their secondary metabolites with
pronounced antibacterial and fungicidal activities are
known (Li et al., 2017; Jones et al., 2021; Abo-Shady et
al., 2023), while their polysaccharide matrices form a
hydrogel network that ensures soil structural integrity
and mediates metabolic dialogue with the rhizosphere
(Costa et al., 2018). The current vector in agrobiotech-
nology is shifting from low-efficiency single-strain cul-
tures toward the engineering of multifunctional syn-
thetic microbial communities (SynComs) (Shayanthan
et al., 2022). In such systems, cyanobacteria of the
genera Nostoc and Anabaena serve as a phototrophic
backbone, establishing a niche for satellite heterotro-
phic bacteria that promote plant growth. This interac-
tion triggers a cascading activation of soil enzymes and
enhances suppressiveness against pathogens (Santos-
Merino et al., 2019; Yanti et al., 2021; Krishnan et
al., 2025). This is particularly important because the
efficiency of traditional mineral fertilizer uptake does
not exceed 30-50%, and only comprehensive microbial
action is capable of unlocking the full trophic potential
of agroecosystems (Chen et al., 2025). However, the
acute shortage of regional reference genomes remains
a key limiting factor for the implementation of these
technologies (Kouidhi et al., 2025). Pure cultures cover
less than 10% of global prokaryotic diversity (Wu et al.,
2025), and the efficacy of inoculants often decreases
when transferred from the laboratory to the field due to
a lack of adaptation to local soil and climatic conditions.
The solution to this problem lies in the transition to
metagenomic sequencing and metagenome-assembled
genome (MAG) assembly — genomic sequences recon-
structed from metagenomic data by clustering contigs
belonging to a single taxon using binning algorithms.
This approach is particularly relevant for cyanobac-
teria, since obtaining axenic cultures is an extremely
complex and labor-intensive task due to tight metabolic
connections with the accompanying microbiota and
slow growth compared to contaminating heterotro-
phic bacteria. Metagenomic sequencing of non-axenic
strains circumvents the axenization stage and directly
reconstructs the genomes of target strains, opening up
the opportunity not only to discover novel taxa but also
to predict their functional potential in silico. Moreover,
a non-axenic cyanobacterial culture with its natural
bacterial environment can be considered a simplified
model of a SynCom, wherein the phototrophic host and
satellite heterotrophs exist in metabolic interaction.
Investigating the genomic composition of such an asso-
ciation allows for the simultaneous characterization
of the cyanobacterial strain and the identification of
potential partners for engineering artificial microbial
consortia with targeted agronomic properties. In this
regard, the discovery and genomic profiling of prom-
ising autochthonous cyanobacterial strains becomes a
primary task for the development of stable and highly
effective next-generation biological formulations.
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The aim of this study was to perform a compre-
hensive genomic characterization of nine non-axenic
cyanobacterial strains of the order Nostocales from the
All-Russian Collection of Microorganisms (VKM) using
a MAG approach, including their taxonomic identifica-
tion, functional profiling, and identification of genetic
determinants promising for agrobiotechnological appli-
cations, as well as characterization of the satellite
microbiota composition. Although metagenomic assem-
bly of cyanobacterial genomes has been employed in
several studies, such an approach - integrated with
the analysis of satellite microbiota — has not been
previously applied to soil cyanobacterial strains from
Russian microorganism collections. The novelty of our
study lies in the comprehensive analysis of non-axenic
cultures as natural prototypes of synthetic microbial
consortia, enabling the simultaneous characterization
of the target phototrophic strain and the identification
of associated PGPB strains with promising potential for
biopesticide and biofertilizer formulation.

2. Materials and methods
2.1. Objects of study

The objects of study were 9 strains of soil cya-
nobacteria obtained from the All-Russian Collection
of Microorganisms (VKM; G.K. Skryabin Institute
of Biochemistry and Physiology of Microorganisms,
Russian Academy of Sciences, Federal Research Center
“Pushchino Scientific Center for Biological Research
of the Russian Academy of Sciences”, Pushchino). All
strains belong to the order Nostocales: Anabaena pirin-
ica VKM Al-153 (isolated from meadow soil, Volgograd
region), Nostoc commune VKM Al-35 (isolated from
solonetz, Volgograd region), Nostoc punctiforme VKM
Al-37 (isolated from solonetz, Volgograd region),
Nostoc sp. VKM Al-56 (isolated from grey forest soil,
Moscow region), Nostoc sp. VKM Al-115 (isolated from
grey forest soil, Tula region), Nostoc edaphicum VKM
Al-156 (isolated from brown semi-desert soil, Republic
of Kalmykia), Hassallia pseudoramosissima VKM Al-158
(isolated from brown semi-desert soil, Republic of
Kalmykia), Nostoc minutum VKM Al-168 (isolated from
chestnut soil, Volgograd region), and Nostoc sp. VKM
Al-310 (isolated from fallow land, Stavropol Krai). The
investigated strains were non-axenic and contained an
accompanying bacterial microbiota. Microscopy and
photodocumentation of the strain morphology were
performed using a Leica DM750 microscope equipped
with a Flexacam C3 digital camera (Leica Microsystems,
Germany). Morphological identification was performed
using the taxonomic key for heterocytous cyanobacte-
ria (Komarek, 2013).

2.2. DNA extraction, high-throughput
sequencing, and quality control

DNA library preparation (enzymatic fragmen-
tation, adapter ligation, and amplification) was per-
formed using the VAHTS Universal Plus DNA Library
Prep Kit for Illumina V2 (Vazyme, China) accord-



Temraleeva A.D. et al. / Limnology and Freshwater Biology 2026 (4): 283-309

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

ing to the manufacturer’s protocol. Library quality
was monitored on a Qsep400 system using the High
Sensitivity Cartridge Kit (BiOptic, Taiwan) and a Qubit
4 fluorometer using the Spectra Q HS kit (Raissol Bio,
Russia). High-throughput sequencing (PE150) was
conducted on the SURFSeq5000 platform (GeneMind,
China) at Medgen LLC (Russia). Raw read quality was
evaluated using FastQC v0.11.9 (assessing Q-score,
GC content, adapter contamination, and duplication
levels). Trimming and adapter removal were per-
formed via Trimmomatic v0.39 using the SURFseq
adapter sequences provided by Medgen with the fol-
lowing parameters: ILLUMINACLIP:SURFseq_adapt-
ers.fa:2:30:10, AVGQUAL:25, MINLEN:75. Due to
the non-axenic nature of the cyanobacterial strains,
sequencing was executed in a deep metagenomic
sequencing mode.

2.3. Genome assembly, quality
assessment, and decontamination

To eliminate signals from potential contamina-
tion stemming from the non-axenic nature of the cya-
nobacterial strains, a multi-step bioinformatic data
filtration approach was applied. De novo metagenomic
assembly of deep sequencing reads was performed
using SPAdes v3.15.5 (Bankevich et al., 2012) with
the --meta option and automatic k-mer selection (--k
auto). Contigs shorter than 1000 bp were removed
using seqkit v2.9.0. For taxonomic purification and iso-
lation of the target cyanobacterial genomes from the
associated satellite microbiota, automated binning was
carried out using MaxBin2 v2.2.7 (Wu et al., 2016).
Potential non-cyanobacterial contamination within
the obtained bins was further identified and discarded
using Kraken2 (Wood et al., 2019) against the PlusPFP
database. At the final stage, the completeness and con-
tamination levels of the assembled genomes were ver-
ified using CheckM2 v1.1.0 (Chklovski et al., 2023).
For subsequent functional profiling and gene cluster
biosynthesis (BGC) annotation, only high-quality bins
confidently assigned to the target cyanobacterial taxa
— characterized by completeness >98% and contami-
nation <4.5% - were retained. General assembly met-
rics (N50, total genome size, and contig count) were
evaluated using QUAST v5.2.0 (Gurevich et al., 2013).

2.4. Identification and taxonomic analysis
of rRNA genes

The identification of regions encoding the large
(23S) and small (16S) subunit ribosomal RNA genes
within the MAGs was performed by aligning the
genomic assembly contigs against the full-length SILVA
ribosomal gene database (Quast et al., 2013) using the
BLASTn pairwise alignment algorithm (Altschul et al.,
1990). BLASTn was executed with the following param-
eters: -word_size 12 -gapopen 2 -gapextend 1 -reward 1
-penalty -1 -evalue 0.00001. For taxonomic identifica-
tion based on the 16S rRNA gene, an identity thresh-
old of =90% was applied (Hackmann, 2025), while a
threshold of =89% was used for the 23S rRNA gene
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based on data from closely related taxa (Zimenkov and
Ushtanit, 2025). Sequences with values below the spec-
ified thresholds were excluded from further analysis as
low-quality. The risk of including chimeric ribosomal
artifacts in the final analysis was minimized due to a
multi-stage decontamination procedure (MaxBin2 and
Kraken2), where rRNA genes were analyzed strictly
within isolated and verified high-quality bins (MAGsS),
thereby excluding cross-reads from other taxa. The
taxonomic assignment of the detected sequences was
determined according to the SILVA database classifica-
tion framework.

2.5. Phylogenomic analysis

The taxonomic identification and phylogenetic
positioning of the studied strains were determined
using the Type (Strain) Genome Server (TYGS) online
platform (https://tygs.dsmz.de/) (Meier-Kolthoff and
Goker, 2019; Meier-Kolthoff et al., 2022; Freese et
al., 2025). The genome sequences were uploaded to
the server and automatically compared against the
genomes of type and reference strains available in the
up-to-date TYGS database, as well as pairwise against
each other. The closest related strains were identified
using the MASH algorithm for rapid intergenomic dis-
tance estimation, as well as via analysis of 16S rRNA
gene sequences extracted from the studied genomes
using RNAmmer (Lagesen and Hallin, 2007), followed
by a BLAST search (Camacho et al., 2009) against the
TYGS type strain database. Based on the intergenomic
distances calculated using Genome BLAST Distance
Phylogeny (GBDP) (Meier-Kolthoff et al., 2013) with
the ‘trimming’ algorithm and formula d5, a phyloge-
nomic tree was constructed using FastME 2.1.6 (Lefort
et al., 2015) with 100 pseudo-bootstrap replicates;
pseudo-bootstrap support values were displayed at the
nodes. The genomes of Gloeocapsopsis dulcis AAB1 and
Chroogloeocystis siderophila 5.2 s.c.1, belonging to dis-
tant taxa within the class Cyanophyceae, were used as
an outgroup to ensure correct rooting of the phyloge-
netic tree. Tree visualization was performed using the
iTOL platform (Letunic and Bork, 2021).

2.6. Functional annotation

Functional genome annotation was performed
using two independent approaches. In the first pipe-
line, open reading frames (ORFs) were predicted using
Prokka v1.14.5 (Seemann, 2014), after which pro-
tein functional assignment was conducted via Hidden
Markov Model (HMM) profiles using the KofamScan
v1.3.0 utility based on the KEGG database (Release
116.0) (Aramaki et al., 2020). Genomic mapping and
metabolic pathway reconstruction were executed
within the KEGG PATHWAY framework (Kanehisa et
al., 2023). In the second pipeline, genomes were anno-
tated using the RASTtk algorithm with default parame-
ters on the RAST online server (October 2025 version)
(https://rast.nmpdr.org/) (Aziz et al., 2008; Brettin et
al., 2015). Functional categorization followed the SEED
subsystems classification framework (Overbeek et al.,
2014).
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2.7. Data visualization

Data visualization was performed within the R
environment using the ggplot2, tidyr, dplyr, stringr, net-
workD3, htmlwidgets, and webshot2 packages. Based on
the 16S and 23S rRNA gene analysis data, presence/
absence heatmaps of the satellite microbiota taxa were
constructed, including sequence identity percentages.
Taxon distribution across phylogenetic levels (phylum
-> class) was displayed using Sankey diagrams. For
the comparative analysis of genomic functional pro-
files across agronomically significant KEGG categories,
a heatmap was generated illustrating the gene counts
within each category.

3. Results

3.1. Morphological characterization and
ecological-geographic diversity of the
strains

Morphologically, all investigated strains exhib-
ited a diversity of morphotypes characteristic of rep-
resentatives of the order Nostocales (Komarek, 2013).
A. pirinica VKM Al-153 formed straight or slightly
curved trichomes surrounded by a wide (up to 12 pum)
mucilaginous layer, with barrel-shaped vegetative cells
(3.3-4.2 um wide), ellipsoidal akinetes (12-17.2 X up
to 8.2 um), and intercalary heterocytes (4.3-5.3 pm).
Strains of the genus Nostoc were characterized by the

7

Fig.1. Micrographs of the investigated cyanobacterial strains. 1 — Nostoc commune VKM Al-35, 2 — Nostoc punctiforme VKM
Al-37, 3 — Nostoc sp. VKM Al-56, 4 — Nostoc sp. VKM Al-115, 5 — Anabaena pirinica VKM Al-153, 6 — Nostoc edaphicum VKM Al-156,
7 — Hassallia pseudoramosissima VKM Al-158, 8 — Nostoc minutum VKM Al-168, 9 — Nostoc sp. VKM Al-310. Scale bar: 10 um.

presence of dense colonies of various shapes (ranging
from spherical to vermiform), colorless mucilaginous
sheaths, and barrel-shaped or spherical vegetative cells.
The dimensions of the vegetative cells varied depend-
ing on the strain, ranging from 2.6-3.4 um in Nostoc sp.
VKM AI-310 to 3.3-4.3 um in N. commune VKM Al-35.
Akinetes, where observed, were predominantly spher-
ical or ellipsoidal, with diameters ranging from 4.6 to
7.7 um, except for A. pirinica VKM Al-153, whose akine-
tes reached up to 17.2 um in length. Heterocytes were
located either intercalarily or terminally and exhibited
spherical, ellipsoidal, or conical shapes with diame-
ters of 3.4-6.1 um. Hassallia pseudoramosissima VKM
Al-158 was distinguished by bushy colonies and falsely
branched filaments up to 9.4 pm wide with a robust,
stratified sheath; its heterocytes were large, measuring
up to 10.5 pm in width and 20-30 pum in length. All
strains reproduced vegetatively (via fragmentation of
filaments or colonies), as well as through hormogonia
and akinetes. Micrographs of the strains are presented
in Fig. 1.

The studied strains were isolated from soil sam-
ples collected across five regions of the European part
of the Russian Federation and represent a wide spec-
trum of soil and ecological conditions: ranging from
meadow and grey forest soils of Central Russia to
solonetz, chestnut, and brown semi-desert soils of the
southern regions.
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3.2. Sequencing quality, assembly, and
characterization of MAGs

As a result of deep metagenomic sequencing of
the nine non-axenic cyanobacterial strains, between
16.1 and 23.6 million paired-end reads per strain were
obtained, corresponding to 2.4-3.5 Gb of raw data
(Table 1).

Low-quality reads were absent across all strains,
demonstrating the high quality of the initial raw data.
The average GC content ranged from 40% to 46% for
most strains. The high GC content (65%) in the raw data
of strain VKM Al-310 (Table 1), which contrasts with
the other cyanobacterial strains, reflects the GC com-
position of the entire metagenomic dataset, including
the dominant satellite microbiota. After filtering and
extracting the target MAG, the GC content of this strain
was 41% (Table 2), which corresponds to typical values
for members of the order Nostocales. The read duplica-
tion rate varied from 32.5% (Nostoc sp. VKM Al-156)
to 51.7% (Nostoc sp. VKM Al-310). Following bioin-
formatic filtration and decontamination, high-quality
metagenome-assembled genomes (MAGs) were suc-
cessfully recovered for each strain (Table 2).

The completeness of the assembled genomes
varied from 98.29% (N. commune VKM Al-35) to
100% (Nostoc sp. VKM Al-115 and N. minutum VKM
Al-168), while the contamination level did not exceed
4.52% (averaging <1%), which meets the criteria for
high-quality MAGs. Genome sizes ranged from 6.32 Mb
(A. pirinica VKM Al-153) to 9.36 Mb (N. minutum VKM
Al-168), which falls within the range characteristic of
representatives of the order Nostocales. The genomic
GC content varied from 40% to 42%, with the excep-
tion of VKM Al-310 (41%). The number of predicted
coding sequences (CDS) ranged from 5477 (A. pirinica
VKM Al-153) to 8268 (N. minutum VKM Al-168). Gene
density varied from 0.787 to 0.824 genes per kilobase.
The number of contigs in the assemblies fluctuated
from 83 (A. pirinica VKM Al-153) to 461 (Nostoc sp.
VKM Al-310), while the N50 metric, reflecting assem-
bly contiguity, ranged from 46.892 to 126.872 bp, and
the maximum contig length reached 421.132 bp (N.
punctiforme VKM Al-37). Thus, all recovered MAGs met
the high-quality draft standard (completeness >98%,
contamination <5%) and are suitable for subsequent
functional profiling and taxonomic identification
(Bowers et al., 2017).

Table 1. Quality metrics of raw sequencing data.

3.3. Phylogenomic analysis

According to the results of the TYGS identifi-
cation pipeline, all nine strains were characterized as
potentially novel species that could be considered can-
didates for new taxa; however, this requires further ver-
ification incorporating morphological, physiological,
and ecological data, as well as the accumulation of soil
cyanobacterial genomes in reference databases. Based
on the intergenomic GBDP distances, a phylogenomic
tree was constructed (Fig. 2) with an average branch
pseudo-bootstrap support of 89.2%, demonstrating the
high reliability of the tree topology.

Analysis of the phylogenomic tree revealed that
strains N. edaphicum VKM Al-156 and H. pseudoramo-
sissima VKM Al-158 form a well-supported common
clade, indicating their close phylogenetic relationship.
Strains N. commune VKM Al-35, N. punctiforme VKM
Al-37, Nostoc sp. VKM Al-115, and N. minutum VKM
Al-168 group into a single clade, whereas Nostoc sp.
VKM Al-56, A. pirinica VKM Al-153, and Nostoc sp.
VKM AI-310 occupy distinct, isolated positions.

3.4. Composition of satellite microbiota in
non-axenic cyanobacterial strains

Analysis of the 16S and 23S rRNA genes identified
within the metagenomic assemblies of non-axenic cya-
nobacterial cultures allowed for the characterization of
the taxonomic composition of the accompanying bacte-
rial microbiota (Fig. 3, 4). After filtering out sequences
with identity levels below the established thresholds
=>90% for 16SrRNA, =89% for 23S rRNA), satellite bac-
teria belonging to the phyla Pseudomonadota (classes
Alphaproteobacteria and Gammaproteobacteria) and
Bacteroidota (class Bacteroidia) were detected across
the investigated strains. The distribution of satellite
phyla among host strains was uneven. The most diverse
composition of associated bacteria was observed for
N. edaphicum VKM Al-156, which, according to the
23S rRNA data, harbored representatives of three
genera from the phylum Pseudomonadota. The strain
A. pirinica VKM Al-153 was associated with two phyla:
Pseudomonadota and Bacteroidota. Strains VKM Al-56
and VKM Al-310 contained representatives of the phy-
lum Pseudomonadota. Strains VKM Al-35, VKM Al-37,
VKM Al-115, VKM Al-168, and VKM Al-158 harbored
no satellite taxa identified by marker genes with reli-
able identity levels.

VKM Strain ID Total Reads Total Bases (Gb) |Low-Quality Reads Average GC Duplication Rate
Content (%) (%)
35 23611455 3.5 0 41 46.7
37 21004509 3.1 0 41 45.4
56 19426989 2.9 0 41 45.4
115 19849606 2.9 0 41 46.7
153 18882848 2.8 0 40 35.6
156 18508027 2.7 0 46 32.5
158 17991330 2.6 0 41 44
168 19855856 2.9 0 41 41.4
310 16122818 2.4 0 65 51.7
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Table 2. Genome assembly quality metrics after binning and decontamination.

VKM | Completeness [Contamination| Genome | GC, % | Number |Gene Density| Number of | N50 | Max Contig

Strain ID (%) (%) Size, Mb of CDS | (genes/Kb) | Contigs (bp) | Length (bp)
35 98.29 4.52 8.79 42 7695 0.803 175 122592 349144
37 99.99 0.5 8.37 42 7386 0.803 224 92142 421132
56 99.97 0.19 6.90 41 5949 0.822 121 116923 360614
115 100 0.12 9.17 41 7862 0.812 248 78921 250931
153 99.95 0.5 6.32 40 5477 0.824 83 126872 357633
156 99.98 0.95 7.74 42 6869 0.795 176 81748 403056
158 99.86 0.35 7.41 42 6869 0.792 325 46892 171368
168 100 0.6 9.36 42 8268 0.813 311 77873 314191
310 99.99 0.5 8.21 41 7233 0.787 461 50634 197625

Note. CDS - coding sequence.

To quantify the proportion of the satellite micro-
biota, a genome-size-weighted approach was applied
based on the sequence coverage depth and genome sizes
of all bins obtained from the binning process. The cal-
culation revealed that satellite bins were not detected
in three strains (VKM Al-35, VKM Al-37, and VKM
Al-115), with their share remaining below 0.5%. In the

strains with identified satellite microbiota, its propor-
tion ranged from 2.04% (VKM Al-56) to 95.94% (VKM
Al-310). Specifically, the satellite bacterium dominated
the culture in strain VKM Al-158 (90.84%), while its
share reached 29.59% and 26.21% in VKM Al-156 and
VKM AI-153, respectively, and 11.19% in VKM Al-168.
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Fig.2. Phylogenomic tree of the investigated cyanobacterial strains constructed using TYGS data. Note. VKM strains are

highlighted in bold.
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16S rRNA Marker Gene
VKM Al-156
Alphaproteobacteria
Pseudomonadota
VKM Al-153 -
Bacteroidia
VKM Al-310 Bacteroidota Gammaproteobacteria I

23S rRNA Marker Gene
VKM Al-56
Alphaproteobacteria
Pseudomonadota
VKM Al-156
Gammaproteobacteria
I VKM Al-310
I VKM Al-153 H Bacteroidota Bacteroidia U

Fig.3. Sankey diagrams illustrating the distribution of satellite bacterial taxa across phylogenetic levels based on 16S and

23S rRNA gene data.

Note. Stream widths are proportional to the number of detected taxa. VKM cyanobacterial strains are highlighted in blue;
other bacterial phyla and classes are differentiated by color coding.

Analysis of ribosomal marker genes allowed
for a detailed characterization of the composition and
structure of the core heterotrophic satellite microbi-
ota localized within the exopolysaccharide sheaths of
the investigated cultures (Fig. 4). The strain A. pirin-
ica VKM Al-153 was characterized by the presence of
the genera Pseudoflavitalea and Devosia. In the strain
N. edaphicum VKM Al-156, three genera belonging
to the class Alphaproteobacteria were identified:
Bosea, Brevundimonas, and Variovorax. In the metage-
nomic assembly of Nostoc sp. VKM Al-56, the genera
Brevundimonas and Achromobacter were detected. The
profile of the strain Nostoc sp. VKM Al-310 was of par-
ticular interest. Due to the high conservation of ribo-
somal sequences within the family Xanthomonadaceae,
the associated bacterial contig of this culture exhibited
an ambiguous classification at different levels of bioin-
formatic resolution. According to the 16S rRNA gene
data, the taxon was assigned to the genus Xanthomonas
with 90.6% sequence identity, whereas the 23S rRNA
gene analysis allowed for a more refined system-
atic classification, verifying this biocontrol strain as

Lysobacter (96.8% sequence identity). For the remain-
ing five strains (VKM Al-35, VKM Al-37, VKM Al-115,
VKM Al-158, and VKM Al-168), ribosomal markers of
the accompanying microbiota were not detected within
the metagenomic contigs at all.

It is worth noting that the lack of detection of sat-
ellite ribosomal markers or separate bins of the associ-
ated microbiota for a number of strains does not imply
complete biological sterility of these cultures. This
outcome could be due to a low relative abundance of
the associated bacteria, insufficient sequencing depth
to ensure their coverage, or the fact that the satellite
genomes were not assembled into separate bins due to
data fragmentation.

3.5. General characterization of the
genomic functional profile

Functional annotation of the nine cyanobacte-
rial metagenome-assembled genomes (MAGs) was per-
formed using Prokka in combination with KofamScan
(KEGG) (Table 3).

16S rRNA Marker Gene

23S rRNA Marker Gene

Xanthomonas 90.6%
Variovorax -

Pseudoflavitalea q 98.9%

Identified Satellite Bacterial Genera

99.7%

99.3%

Lysobacter- 96.8%
Devosia- 97.4%
Brevundimonas 1 93.6% 98.7%
Bosea- 94.4% 93.5%
Achromobacter- 99.9%
R T \:g: \:g\ & e e @ @ ° \ja \9;\ &
OF aF GF G G W@ @ @ oW WG W WS
TR SR SR SR R R SO\ I\ O\ Y R SR SR SR SR SO O

Host Cyanobacterial Strains (VKM)

Fig.4. Presence of satellite bacterial taxa within non-axenic VKM cyanobacterial strains based on 16S and 23S rRNA gene

data.

Note. Cells indicate the sequence identity percentage against the SILVA reference database.
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Table 3. Results of functional genome annotation based on Prokka and KofamScan data.

VKM Strain ID Number of Number of Protein- Number of Non- Number of Enzyme-Commission
Predicted Genes Coding Genes Hypothetical Proteins Assigned Genes
35 7680 7583 2995 1367
37 7361 7268 2950 1345
56 5998 5904 2637 1224
115 7834 7741 2995 1394
153 5701 5650 2337 1115
156 6858 6786 2759 1288
158 6613 6544 2614 1214
168 8157 8063 3011 1397
310 7031 6943 2933 1358

The total number of predicted genes varied from
5701 (A. pirinica VKM Al-153) to 8157 (N. minutum
VKM Al-168). The proportion of CDS accounted for
98.1-99.1% of the total number of predicted genes.
The number of hypothetical proteins with unassigned
functions fluctuated from 2337 (A. pirinica VKM
Al-153) to 3011 (N. minutum VKM Al-168). The num-
ber of genes with assigned enzymatic functions ranged
from 1115 (A. pirinica VKM Al-153) to 1397 (N. minu-
tum VKM Al-168), corresponding to 17.8-19.6% of the
total predicted genes. The obtained data demonstrate a
functional repertoire typical for representatives of the
order Nostocales, while the variations in the number
of predicted genes and annotated functions reflect the
taxonomic diversity of the investigated strains. The
complete functional profiles based on KEGG and RAST
annotations for all nine studied genomes are provided
in Tables S1 and S2, respectively.

3.6. Analysis of the agrobiotechnological
potential of the strains

A comprehensive comparative analysis of the
genomic functional profiles allowed for the distribution
of metabolic pathways into key agronomically signifi-
cant categories and revealed a pronounced specializa-
tion among the strains (Fig. 5, Tables S1 and S2).

As expected, the highest number of genes across
all investigated cyanobacteria is concentrated within
the core metabolism and cellular signaling blocks. In
particular, the regulatory pathways “Carbohydrate
metabolism” (ranging from 311 in strain VKM Al-153
to 417 in VKM Al-115) and “Amino acid metabolism”
(from 246 in VKM Al-153 to 341 in VKM Al-115)
proved to be the most representative. Such redundancy
in fundamental pathways reflects the high energetic
and biosynthetic demands of photoautotrophic micro-
organisms. Notably, the high saturation of genes asso-
ciated with carbohydrate metabolism and glycan bio-
synthesis in strains of the genus Nostoc (primarily VKM
Al-115) genetically determines their capacity for active
formation of the exopolysaccharide matrix, which plays
a key role in soil structuring and protecting the rhi-
zosphere from desiccation. The categories forming the
“Plant growth promotion and biocontrol of phytopatho-
gens” block are moderately represented. Specifically,
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the “Biosynthesis of secondary metabolites” and
“Metabolism of terpenoids and polyketides” pathways
comprise 61-120 and 71-120 genes, respectively. The
highest potential for the synthesis of antimicrobial
compounds and non-ribosomal peptides involved in
phytopathogen suppression is observed in strains VKM
Al-115 and VKM Al-168. Interestingly, these same
strains also demonstrate the highest metrics for regula-
tory systems, including “Signal transduction” (375 and
356 genes), “Metabolism of cofactors and vitamins”
(327 and 315 genes), and “Environmental adaptation”
(16 and 17 genes, respectively), which may indicate
their high physiological plasticity and competitiveness
during plant tissue colonization. Within the mineral
nutrition block, a complete functional nitrogen fixation
gene cluster (nif cluster) was detected in all studied cul-
tures, along with a well-developed complex of phos-
phate mobilization genes (including phytases, phos-
phatases, and specialized transport systems). However,
a clear organismal specificity was revealed regarding
iron metabolism: strain VKM Al-56 sharply stands out
against the general background due to the presence of
14 iron utilization and transport (siderophore) genes,
whereas in the other investigated strains, this metric
varies within a range of only 1-4 genes. This allows for
the consideration of VKM Al-56 as a potential agent for
overcoming iron deficiency in agrocenoses.

4. Discussion

In the present study, based on deep metagenomic
sequencing of non-axenic cultures, MAGs of nine cya-
nobacterial strains belonging to the order Nostocales,
isolated from various soil and climatic zones of the
European part of Russia, were successfully recovered.
The applied approach confirmed its efficacy for work-
ing with non-axenic strains and allowed for a compre-
hensive taxonomic and functional analysis without the
axenization stage, which remains an extremely chal-
lenging task for cyanobacteria due to their slow growth
rates and tight metabolic interactions with the accom-
panying microbiota (Wu et al., 2025). The obtained
high-quality MAGs provided a robust foundation for
taxonomic identification and functional profiling. The
results of the analysis performed on the TYGS server
indicated that all nine strains represent potentially
novel species, which is consistent with data regarding
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Fig.5. Heatmap illustrating gene abundance within agronomically significant functional categories across the genomes of

the investigated cyanobacterial strains.

the insufficient knowledge of terrestrial cyanobacteria,
but may also be due to a shortage of reference genomes
in international genetic information databases.
Notably, clustering based on whole-genome data does
not always align with 16S rRNA gene phylogeny, which
is likely due to differences in the resolution capacity of
these approaches (Prabha and Singh, 2019; Dvorék et
al., 2023).

Morphological observations confirmed the pres-
ence of well-developed mucilaginous sheaths in all
investigated strains. According to multi-omics models
of rhizospheric interactions, intensive EPS production
enables microbial consortia to retain moisture near
the roots, optimize metabolite exchange, and protect
partners under conditions of oxidative and osmotic
stress (Costa et al., 2018; Kimotho and Maina, 2024).
The well-developed EPS apparatus also performs a
biomechanical function, enhancing the anti-erosion
resistance of soils (Chamizo et al., 2018). Based on the
number of glycan biosynthesis genes, strains Nostoc sp.
VKM Al-115 and N. minutum VKM Al-168 demonstrated
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the highest potential for EPS matrix formation, making
them preferred candidates for application in soils prone
to erosion and degradation.

The wide spectrum of soil and climatic condi-
tions from which the investigated strains were isolated
suggests the presence of genetic adaptations to various
stress factors, such as salinity, drought, and nutrient
deficiency. This makes them promising candidates for
the development of biological formulations effective
across a broad range of agroecological conditions, which
is particularly relevant for the soils of the southern
regions of Russia that are prone to degradation (Chen
et al., 2025). Bioinformatic analysis suggests a certain
correlation between the ecological characteristics of
the strains’ sites of origin and their functional profiles.
In particular, the isolation of strains N. commune VKM
Al-35 and N. punctiforme VKM Al-37 from the solonetz
soils of the Volgograd region coincides with the record-
ing of the highest metrics for carbohydrate and amino
acid metabolism pathways in these strains. This may
indicate a well-developed genetic potential for the syn-
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thesis of intracellular osmoprotectants necessary for
survival under elevated osmotic pressure. Conversely,
adaptation to the arid conditions of the semi-desert
soils of the Republic of Kalmykia might have stimulated
the formation of a coupled biosynthesis apparatus for
three key classes of phytohormones (auxins, cytokinins,
and gibberellins) in the strain H. pseudoramosissima
VKM Al-158, and gene cassettes potentially involved
in the degradation of aromatic compounds in the strain
N. edaphicum VKM Al-156. Similar trends can be traced
for other southern isolates. For instance, the origin of
the strain A. pirinica VKM Al-153 from a meadow soil is
associated with the recording of the maximum number
of signal transduction genes within the studied sample,
which theoretically could provide it with higher sensi-
tivity to root exudates during rhizosphere colonization.
The specificity of the chestnut soils of the dry steppe,
characterized by a severe moisture deficit, may explain
the enrichment of the genome of strain N. minutum
VKM Al-168 with terpenoid and polyketide synthesis
pathways potentially involved in interspecies competi-
tion. Strains Nostoc sp. VKM Al-115 (Tula region) and
Nostoc sp. VKM Al-56 (Moscow region), isolated from
forest soils, demonstrate an increased abundance of
carbohydrate and iron transport pathways.

Functional genome profiling revealed a com-
plete nitrogen fixation gene cluster (nif cluster) and
well-developed phosphate mobilization systems across
all strains, which represents a key advantage of cya-
nobacteria as agrobiotechnological agents (Sharma
et al., 2013; Chen et al., 2025). The high abundance
of signal transduction and membrane transport genes
indicates an ability to efficiently recognize root exu-
dates, migrate into the rhizosphere, and utilize organic
compounds secreted by the plant (Santos-Merino et al.,
2019; Li et al., 2024). Strain VKM Al-56 is distinguished
by the presence of 14 iron metabolism (siderophore)
genes, which provides a competitive advantage by lim-
iting iron availability to phytopathogens (Krishnan et
al., 2025). The aromatic compound metabolism appa-
ratus identified in N. edaphicum VKM Al-156 indicates
a potential capacity for herbicide detoxification and the
bioremediation of agroecosystems (Ksiazek-Trela et al.,
2025). The utilization of non-axenic cultures minimizes
the carbon burden on the plant, as the phototrophic
backbone independently satisfies the trophic demands
of the satellite PGPB “helpers” (Palkina et al., 2025).
According to modern concepts, the division of labor
between the host and satellites accelerates the min-
eralization of aromatic structures in the soil (Raj and
Shahid, 2026).

A key aspect of this study is that non-axenic
cyanobacterial cultures with their natural bacterial
environment can be conceptually viewed as natural
prototypes and biological models of synthetic micro-
bial communities. In such systems, the phototrophic
host acts as a keystone species responsible for primary
element fixation and the production of the exopolysac-
charide matrix, whereas the heterotrophic satellites
function as helper species that protect the consortium
from pathogens and enhance its rhizospheric fitness
(Li et al.,, 2024). Analysis of the satellite microbi-
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ota revealed the presence of bacteria from the phyla
Pseudomonadota and Bacteroidota. The identification
of plant growth-promoting bacteria belonging to the
genera Lysobacter, Devosia, and Achromobacter aligns
with current concepts regarding their crucial role as
functional helpers in the rhizosphere. The presence of
the genera Lysobacter and Devosia is traditionally asso-
ciated with the mechanisms of induced systemic resis-
tance in plants and the biocontrol of pathogens (Abbasi
et al., 2021). In the rhizosphere and soil consortia,
species of the genus Lysobacter are capable of actively
suppressing the growth of fungal phytopathogens due
to the production of a wide range of extracellular lytic
enzymes (Gomez Expésito et al., 2015), while represen-
tatives of Devosia effectively mitigate the adverse effects
of abiotic stresses and enhance seedling vigor (Monjezi
et al., 2023). The involvement of Achromobacter and
Brevundimonas in consortium metabolism contributes
significantly to nutrient cycling. Achromobacter strains
complement the general model of metabolic labor divi-
sion within microbial systems due to their high phos-
phate-solubilizing activity (Ma et al., 2011; Zhang et
al., 2026). In turn, the associated bacteria of the genus
Brevundimonas demonstrate a pronounced synergistic
activity within complex biostimulants, not only inten-
sifying auxin production and phosphorus mobilization
(Mukherjee et al., 2022) but also performing biological
nitrogen fixation (Naqqash et al., 2020), which directly
accelerates root system development and biomass
growth of the hosts.

In accordance with the diversity-stability hypoth-
esis, the maximum biocontrol potential and stable man-
ifestation of complex applied traits in the rhizosphere
depend on synergistic interspecies interactions at the
level of the entire consortium, rather than isolated
monocultures (Niu et al., 2017; Trivedi et al., 2020).
This theoretically substantiates the applied value of
non-axenic cyanobacterial cultures as natural proto-
types of synthetic microbial communities, making the
selection of such multifunctional natural associations a
priority direction for modern agrobiotechnologies.

Concurrently, comprehensive de novo profiling
(the MAG approach) allows not only for the effective
resolution of polyphasic taxonomy issues in terrestrial
cyanobacteria (Sudianto et al., 2026) but also for a
detailed characterization of the associated microbiota
composition, which plays a pivotal role in the func-
tional stability and biotechnological potential of soil
consortia (Garcia et al., 2025; Palmer et al., 2025).

Despite the high significance of the findings, the
present study has several limitations. The functional
characterization of the strains is based exclusively on in
silico bioinformatic predictions. Although the presence
of genetic determinants, such as nif clusters or phyto-
hormone biosynthesis pathways, indicates metabolic
potential, their actual expression and applied efficiency
in vivo are heavily dependent on dynamic soil-climatic
factors, plant root exudates, and complex epigenetic
regulatory networks. An additional challenge when
transitioning from laboratory models to real agroeco-
systems remains the field stability of the consortia, as
associative diazotrophs inevitably face intense com-
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petition from the native soil microbiome for trophic
resources and ecological niches during root coloniza-
tion. Finally, a significant limitation of current anno-
tation methods is the high proportion of unclassified
genes and hypothetical proteins, the number of which
in the investigated genomes significantly exceeds that
of functionally characterized CDS. This indicates that
the actual biotechnological and metabolic potential of
the studied autochthonous strains may be substantially
higher than predicted; however, its precise identifica-
tion is currently limited by the fragmentation of refer-
ence genetic databases for soil cyanobacteria.

5. Conclusions

As a result of the conducted study, a comprehen-
sive genomic characterization of nine non-axenic soil
cyanobacterial strains of the order Nostocales from the
All-Russian Collection of Microorganisms was achieved
using metagenomic  whole-genome  sequencing
approaches. The application of a de novo metagenomic
assembly strategy followed by bioinformatic binning
allowed for the reconstruction of high-quality genomes
of the target phototrophic strains, bypassing the classical
step of obtaining pure isolated cultures. Phylogenomic
analysis revealed a high degree of distinctness among
the investigated strain repository, which allows for
the consideration of these strains as candidates for
novel species. Nevertheless, the observed novelty
may be partially attributed to the current fragmenta-
tion of global databases and the shortage of reference
sequences for soil cyanobacteria. Profiling of marker
ribosomal genes revealed the presence of heterotrophic
bacteria belonging to the genera Devosia, Lysobacter,
Brevundimonas, Variovorax, Bosea, Achromobacter, and
Pseudoflavitalea, which confirms the presence of taxa
possessing pronounced plant growth-promoting and
biocontrol properties within the non-axenic cyanobac-
terial cultures. Screening of the agrobiotechnological
potential confirmed the presence of a universal genetic
basis for nitrogen fixation and phosphorus mobiliza-
tion systems across all nine studied strains. Based on an
integrated analysis of genomic profiles for the presence
of key agronomically valuable traits (the capacity for
phytohormone synthesis, nitrogen fixation, phosphate
mobilization, pathogen defense, and abiotic stress tol-
erance), and considering their taxonomic and biogeo-
graphic diversity, the strains A. pirinica VKM Al-153,
H. pseudoramosissima VKM Al-158, and Nostoc sp. VKM
Al-115 were identified as promising candidates for fur-
ther plant growth experiments aimed at developing sta-
ble, next-generation biological formulations.
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AHHOTAIIHA. ITorick HOBBIX BEICOKO3((EKTUBHBIX MITAMMOB MUKPOOPIaHM3MOB U KOHCTPYyHUpOBaHUEe
Ha UX OCHOBe NOJM(QYHKINOHAJIBHBIX MUKPOOHBIX NpenapaToB ABJIAETCA OAHUM U3 KJIIOUEBHIX BEKTO-
POB pa3BUTHsA COBPEMEHHBIX arpobMoTexHOJIOrUN. B HacTosmell paboTe ¢ UCHOJIb30BaHUEM METO0B
[IOJTHOT€HOMHOT'0 aHaJIM3a MeTareHoMOB IIpoBeJieHa KOMILIEKCHAsA TaKCOHOMHUYecKas U QyHKIHMOHaJIb-
HasA XapaKTepUCTHKa AeBATH HeaKCeHWYHBIX ITaMMOB IIOYBEHHBIX HUTUYATHIX [IMaHOOAKTepuil OpAAKa
Nostocales. C60pka reHOMOB, COOpPaHHBIX U3 MeTareHOMOB, II03BOJIMJIA PEKOHCTPYUPOBATh BHICOKOKA-
YyeCTBEeHHBIE TeHOMHBIE [T0CJIeJOBAaTeIbHOCTH IiejIeBbIX TAKCOHOB 0e3 TpyA0eMKOro dTana akCeHHU3auu
mTaMMoB. CorjlacHO (PUIOTeHOMHOMY aHaJN3y, HccJieJoOBaHHble KyJIbTYPBl 3aHUMAaIOT 060c0o0JIeHHOe
[I0JI0XeHre Ha GUjIoreHeTU4eCcKoM AepeBe U MOT'yT pacCMaTpUBaThCsA B KaueCTBe KAHANAATOB B HOBEIE
TaKCOHBI, YTO, OJIHAKO, TpeOyeT AajibHeliell BepuduKanuu 1Mo Mepe MpeofoJieHNus CyIeCTBYIOIero
AedbunuTa pepepeHCHbIX TeHOMOB ITI0YBEHHBIX [IMaHoOakTepuli. Ha ocHOBe MapkepHBIX pub0COMaIbHBIX
reHOB OXapaKTepHU30BaH COCTaB CONMYTCTBYIONIEN caTeJUIMTHON MUKPOOUOTHI, JIOKAJIM30BAaHHOU B 5K30-
[oJIMcaxapuAHbIX YexJiax Xxo3sdeB. BepubunypoBaHo MprcyTCTBHE I0JI€3HBIX reTepoTPOGHBIX OaKTepuil
u3 ponioB Devosia, Lysobacter, Brevundimonas, Variovorax, Bosea, Achromobacter v Pseudoflavitalea, o61a-
JAIOLINX BBHIPaXX€HHBIM POCTOCTHUMYJIMPYIOIUM M OMOKOHTPOJIBHBIM IOTeHI[aaoM. DyHKIHOHaIbHAA
aHHOTAaIMA TeHOMOB BBIABUJIA y BCeX IITaMMOB Hajuyue [OJIHOTO KjacTepa IeHOB a30TdUKcaluu U
pasBUTHIX cucteM mobumsanuu docdopa. [Mitamm Nostoc sp. VKM Al-56 BbimesssicAs YHUKAJIbHBIM
amnmapaToMm MeTaboJsm3ma xesie3a, a Nostoc edaphicum VKM Al-156 — nyTAMH pacuienyieHus apoMaTH-
YecKUX coequHeHUH. MHTerpajbHbIi aHaIN3, YYUTHIBAIOI[UI TaKCOHOMUYECKOe 1 Ouoreorpaduyeckoe
pasHooOpasue, a TakXe Hajau4ue KJIYeBbIX arpOHOMUYECKU I[eHHBIX IPHU3HAKOB (CIIOCOOHOCTh K CHH-
Te3y (PUTOrOPMOHOB, az0TduUKcany, Mobuansauuu Gocdaros, 3amMTe OT NATOTEHOB U yCTONYMBO-
CTU K abMOTUYECKUM CTpeccam), TO3BOJIMJI OTOOpaTh TPU MITaMMa-KaHAuAaTa AJiA JaJbHEeHIUX Ipu-
KJIa[THBIX MCCJIEOBAHUH MO pa3paboTke GronmpenapaToB AjiA pacteHueBoAcTBa: Nostoc sp. VKM Al-115,
Hassallia pseudoramosissima VKM Al-158 u Anabaena pirinica VKM Al-153.

Kouegvie ciiosa: nmaHo6akrepu, Nostocales, MeTareHOMHO-aCCOIIMMPOBAHHbBIE TeHOMBI, CHHTETHYeCKHe
MHKPOOHEIE COO00IecTBa, arpodNOTEeXHOJIOTUA
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1. Beepenne JeHue 3eMyid AOCTUTHeT 9,6 MWIIMapAOB YeJIOBEK,

IToricKk HOBBIX IITAMMOB MHUKPOOPTaHU3MOB [JIS 4yT0 mnorpebyeT yBeJWYEeHUs T'OJ0OBOTO INPOU3BOACTBA
cozgaHusa 3(GheKTUBHBIX OHONpenapaToB ABJIAETCA 3epHOBBIX Kak MUHUMYM Ha 50% (Singh et al., 2016).
KJII04eBBIM (akTOpoM obeclieueHHsl IMPOAOBOJILCTBEH- B ycioBuAX ucuepmaHus pe3epBOB HOBBEIX 3eMeJib
Hol 6e3onacHoctu. ITo mporrosam, k 2050 rogy Hace- eIUHCTBEHHOHN cTpaTerveil ocraercs HHTeHcHpUKa-
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BOOOPOCHU.' ﬂpOﬁfleMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

LU CeJIbCKOI'O XO3AMCTBA, OJHAKO CYIIeCTBYHOIIasd
MoOJiesib, OCHOBaHHas Ha CHUHTETHYeCKUX yA0oOpeHU:X
U IecTUulax, IPUBOOUT K Jerpajalyuul IJIOAOpO-
U, 3arpA3HEHNI0 SKOCUCTEM U POCTy ce0ecTOMMOCTHU
NpoAyKIMHU. B kayecTBe ajbTepHATHUBHl WJIN ONOJIHEe-
HUA K XMMHUYeCKOM arpOHOMMH aKTUBHO pa3BHBaeTCA
6uoJiorusalys cejIbCKOro X03ANHCTBa, B KOTOPOH Bax-
HOe MeCTO 3aHMMAaI0T Ijua”HobakTepun — GOTOTPOPHI C
YHUKaJIbHEIM HaOOpOM arpOHOMHUYECKU IIeHHBIX (PYHK-
uuii: asordukcanusa, dochaTrMoOUIM3aAIUA, CUHTE3
duToropmoHoB U 3k3omoucaxapugoB (OI1C) (Whitton
and Potts, 2012; Sharma et al., 2013; Temraleeva et
al., 2025). U3BecTHO 60Jiee OBYX THICAY UX BTOPUYHBIX
MeTaboJIMTOB C BBIpaXeHHOU aHTHUOaKTepuaJbHON U
dyurunuaHoit aktuBHocThio (Li et al., 2017; Jones et
al., 2021; Abo-Shady et al., 2023), a ux noysmcaxapum-
Hble MaTPUKChl (GOPMUPYIOT THpPOreseByl0 ceTb, o0e-
CIeYyBalIlyl0 CTPYKTYPHYIO LI€JIOCTHOCTh IIOYBHI M
MeTabosmveckuil guasior ¢ pusocdepoii (Costa et al.,
2018).

CoBpeMeHHBI1 BEeKTOp  arpoOHOTeXHOJIOrMHU
cMemaercs OT Masio3d@eKTUBHBIX MOHOIITAMMOBBIX
KyJIbTYP K KOHCTPYHPOBAaHHI0 MHOTO(PYHKIMOHAIbHBIX
cuHTeTHYeckux coobmiectB (SynCom) (Shayanthan et
al., 2022). B Takux cucTeMax LUAaHOOAKTEPUM POJIOB
Nostoc 1 Anabaena BBICTYAIOT B poJjii GOTOTPODHOTrO
OCTOBa, CO3JAOLIEr0 HUIY AJiA CaTeJUIUTHBIX rere-
pOTPOQHBIX OaKTepuil, CTUMYJIUPYIOLIIMX POCT pacTe-
HUI, 4TO [TO3BOJIAET 3allyCTUTh KacKaJHYyI0 aKTUBaLUIO
[I0YBEHHBIX ()epMEeHTOB U IOBBICUTH CYIIPECCUBHOCTD
K matoreHaM (Santos-Merino et al., 2019; Yanti et al.,
2021; Krishnan et al., 2025). 3To 0coGeHHO BaXXHO,
IIOCKOJIBKY YCBOSAAEMOCTb TPaJULIIOHHBIX MUHEPaJIbHBIX
yo6peHuii He npessiaet 30-50%, 1 UMb KOMILIEKC-
HOe MUKpPOOHOe BO3/elCTBHe CIIOCOOHO PaCKPHITh MOJI-
HOIIeHHBIIl TpoduuecKuil NMOTeHLHasl arpo3KOoCUCTEM
(Chen et al., 2025).

OpaHako KJII0YeBHIM JIMMUTUPYIOIUM (akToOpoM
BHeJpeHNs TaKUX TeXHOJIOTUI ocTaeTcsA OCTPHIN Aedu-
LUT peruoHabHBIX pedepeHcHBIX reHOMOB (Kouidhi
et al., 2025). YucTele KyJbTyphl OXBAaTHIBAIOT MeHee
10% rio6aspHOr0 IPOKApUOTUYECKOro pasHoobpa-
3ua (Wu et al., 2025), a 3G PeKTUBHOCTP MHOKYJISH-
TOB 4acTO CHIDKaeTcs NpU IlepeHoce U3 Jiaboparo-
pUu B INOJIe U3-3a OTCYTCTBUA afalTalli K MeCTHBIM
[I0YBEHHO-KJIMMaTHU4YeCcKUM ycJIoBUAM. PelneHue aToi
npoOJieMBl JIEXUT B Iepexojle K MeTareHOMHOMY
CEeKBEHHPOBAaHMIO U cOOpKe FeHOMOB K3 MeTareHOMOB
(MAG, metagenome-assembled genomes) — reHOMHBIX
nocjeoBaTeJIbHOCTeH, peKOHCTPYUpPyeMBbIX U3 MeTa-
TeHOMHBIX JaHHBIX IIyTeM KJjacTepus3ald KOHTUIOB,
IpUHaAJIeXalX OJHOMY TaKCOHY, C MCIOJIb30BaHUEM
ajropuTMoB OMHHUHTA. Takoil moAxoA 0COOeHHO aKTy-
ajleH UIA NUaHOOaKTepul, IIOCKOJIbKY IOJIyuyeHUe UX
aKCeHUYHBIX KyJIbTYp HpPeACTaBJisseT coboii KpaiiHe
CJIOXKHYI0 U TPYAOEMKYI0 3aJady K3-3a TeCHBIX MeTa-
0oJIMUecKrx CBf3ell C COMYTCTBYIOL[El MHKPOOHUOTOM
U MeJJICHHOIO pOCTa B CpPaBHEHUU C reTepoTpod-
HBIMU OaKTepUAMU-KOHTaMHUHaHTaMu. MeTareHOMHOe
CeKBeHHpOBaHNEe HeaKCeHWYHBIX HMITaMMOB I103BOJIAET
000OHTU 3Tal aKceHM3aluy U HanpsAMYH PeKOHCTPY-
HMpOBaTh T'€HOMBHI I[eJIeBBIX HITaMMOB, YTO OTKphLIBaeT
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BO3MOJKHOCTb He TOJIBKO BBIABJIATh HOBblE TAKCOHBI, HO
1 IIPOrHO3UpOBaTh MX (YHKIMOHAJIBHBIM MOTeHLIHAa
in silico. Bonee Toro, camMa HeaKCeHHYHas KyJIbTypa
I[aHo0aKTepuil C ee eCTeCTBeHHbIM OaKTepHuaJIbHBEIM
OKpy’keHHeM MOXeT paccMaTpUBaTbCA KaK yNpOIleH-
Hag Mojenb SynCom, rae GoToTpodHBIN XO3AUH U
caTeJUIMTHbIE reTepoTpodb! HaXOAATCA B MeTabosnde-
CKOM B3aumofelcTBun. VidyueHre reHOMHOIO cocTaBa
TaKOH accollaliy I03BOJIAeT OAHOBPEMEHHO OoXapak-
TepHU30BaTh IIMaHOOAKTepHUAJIbHBIN IITAMM U HUAEHTU-
dunupoBaTh NOTEHIMAIbHBIX TAPTHEPOB AJIA KOHCTPY-
HMPpOBaHMA UCKYCCTBEHHBIX MUKPOOHBIX KOHCOPI[IYMOB
€ 3aJaHHBIMH arpOHOMHUYEeCKUMH CBOMicTBaMU. B cBA3u
C 3TUM IIOMCK U TeHOMHas IacnopTusanus INepclek-
TUBHBIX aBTOXTOHHBIX MITAMMOB IaHOOAKTepUl CTa-
HOBUTCS IepBOOYepeqHON 3ajaueil i pa3paboTKu
CcTabUJIbHBIX U BbICOK03(h)EKTUBHBIX OHOIpernapaToB
HOBOT'O [TIOKOJIEHUA.

Ilesbio paboTH! ABJIAIACH KOMILIEKCHAsA FeHOM-
HasA nacnopTusanysa AeBATH HeaKCeHWYHBIX IITaMMOB
1raHobakTepuii mopsgka Nostocales u3 Becepoccuiickoi
KOJUIeKIIMM MuKpoopraHusmos (BKM) c¢ ucnosb3oBa-
HueM MAG-noaxoda, BKJIOYasA WX TaKCOHOMHUYECKYIO
naeHtTrudukanuo, GQyHKINOHAJbHOEe IpoduanpoBa-
HHUe U HAeHTUOUKALNI0 TeHeTUYeCKUX AeTepMUHAaHT,
[IepPCIEeKTUBHBIX I arpoOMOTEeXHOJOTHYeCKUX Npu-
MeHEeHUM, a Takxe XapaKTepHUCTHUKy cocTaBa caTell-
JIUTHOM MUKpPOOMOTHL. XOTA MeTareHoMHas cOopka
reHOMOB LMaHOOAaKTepuil yke IpUMeHAJIach B psAfle
HcCJIeIOBaHUM, [JIA MOYBEHHBIX LITaAMMOB IaHOOaK-
Tepuil U3 POCCUNCKUX KOJUIEKINN MHKPOOPraHH3MOB
TaKOH MOAX0[ B KOMILJIEKCE C aHaJIM30M CaTeJUIMTHOMN
MHKpPOOMOTH! paHee He NpuMeHsucsa. HoBusHa Hamreid
paboTHl 3aKJIoyaeTcs B MHTErpajibHOM aHajiu3e Heak-
CEHUYHBIX KyJIbTyp KaK MPHUPOAHBIX INPOTOTUIIOB CHH-
TeTUYeCKUX MUKPOOHBIX COOOIIeCTB, YTO IO3BOJIAET
OAHOBPEMEHHO OXapaKTepH30BaTh IieieBOi (POTOTpo-
GHBIN WTaMM U WOeHTUOUIMPOBATh COMYTCTBYIOILINE
PGPB-6akTepun, nepcrnekTuBHbIE A1 KOHCTPYUPOBa-
HUA Ouonpenaparos.

2. MaTepuanbl 1 MEeTOADI
2.1. 0O6beKTbI HCCAGAOBaHHUA

OOBbexkTaMu HUcC/IeAOBaHUA MOCTIYXUINA 9 mTaMm-
MOB IOYBeHHBIX IuaHoOakTepuii u3 BKM (HUHCcTUTYT
6uoxyuMumn U GU3N0JI0ruyd MUKpoopraHusMos uMm. I'.K.
Ckpsabuna PAH, ®UL] I[THLBU PAH, IlymwuHo), npu-
Haggexamue mopsanky Nostocales: Anabaena pirinica
VKM Al-153 (;tyroBas mousa, Bosirorpasickas o6J1acTb),
Nostoc commune VKM Al-35 (cosonel, Bosirorpaackas
obutacts), Nostoc punctiforme VKM Al-37 (coJsoner,
Bosrorpazckasa o6sacts), Nostoc sp. VKM Al-56
(cepas jyecHas mouBa, MockoBckas ob6JacTtb), Nostoc
sp. VKM Al-115 (cepas JecHas mouBa, TyJjbckas
obJutacts), Nostoc edaphicum VKM Al-156 (6ypas moJty-
IyCTBIHHAs MouBa, Pecnybisnka Kanmeikus), Hassallia
pseudoramosissima VKM Al-158 (6ypas noJiymycThiHHAA
nouBa, Pecny6iiuka Kanmeikus), Nostoc minutum VKM
Al-168 (kamrTaHoBas movBa, Bosrorpaackas o6J1acTb),
Nostoc sp. VKM Al-310 (3asexp, CTaBpOMHOJIbCKUIA
kpaii). Mccienyemsle mTaMMBl He ABJIAJIMCh aKCEHUY-
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HBIMM U COJIepXXaJld CONYTCTBYIOI[YI0 OaKTepHaIbHYI0
MUKpOOHOTY. MuKpockonuio U (HoTOAOKYyMeHTALUI0
MOpP®OIOTUH MITAMMOB IPOBOMIIM C IIOMOIIIBI0 MUKPO-
ckoma Leica DM750 ¢ uudpoBoii kamepoii Flexacam C3
(Leica Microsystems, I'epmanus). Mopdosioruyeckyio
naeHTUGUKAINIO IPOBOIMIIM C HCIIOJIb30BAHUEM OIIpe-
JeJuTelIsl TEeTEPOUUTHBIX IuaHoOaktepuil (Komarek,
2013).

2.2. Boipenenue AHK,
BbICOKONPOU3BOAUTEAbHOE
CEeKBEHHMpPOBaHHE U KOHTPOAb KauecTBa

[Moaroroeky JHK-6ubmmorek (pepmMeHTaTUBHAA
dparmeHTanus, JUrHpoBaHUe afanTepoB, aMILTUGU-
Kalus) BBHIIOJIHAJIU C UCIIOJIb30BaHUeM Habopa VAHTS
Universal Plus DNA Library Prep Kit for Illumina V2
(Vazyme, Kwuraill) mo mnpoTOKOJy NPOU3BOAUTEJIA.
KauecTBo OuOJIMOTEK KOHTPOJIMPOBAJIM Ha cCHUCTeMe
Qsep400 ¢ mabopom High Sensitivity Cartridge Kit
(BiOptic, TaiiBanb) u dpayopuMerpe Qubit 4 ¢ HaGopom
Spectra Q HS (Raissol Bio, Poccus). CekBeHUpOBaHHE
(PE150) nposoaunu Ha maatdopme SURFSeq5000
(GeneMind, Kurtait) B komnanuu «Meparexn» (Poccus).
KauecTtBo coippix puaoB oneHuBanu B FastQC v0.11.9
(Q-score, GC-cocrtaB, afanTepHasg KOHTaMUHAaLUA,
Aymaukanusa). TpuMMUHT U yAajleHue aJanTepoB
— B Trimmomatic v0.39 c¢ apganTepHBIMH MOCJIE[O-
BaresibHOcTAMU SURFseq or «MeareH» u mnapame-
Tpamu: ILLUMINACLIP:SURFseq_adapters.fa:2:30:10,
AVGQUAL:25, MINLEN:75. BBugy HeakCeHWYHOCTU
ITaMMOB [HMaHOOaKTepuil CeKBeHWpPOBaHME BBINIOJI-
HEHO B pexuMe IIy0OOKOH MeTareHOMHKH.

2.3. C60opkKa reHOMOB, OLLeHKA KauecTBa M
A€KOHTaAMHWHaUUA

Jlyia ycTpaHeHUs CUTHAJIOB OT IOTeHI[hasIb-
HOHM KOHTaMMWHaUuu, oOyCJIOBJIEHHOU HeaKCeHUYHBIM
XapaKTepoM LMaHOOAKTepUaJbHBIX ILITaMMOB, OBLI
MpUMeHeH MHOTOCTYIleH4aThlil OronHpOpMaTHYeCKUil
noAxo K puibTpanuu JaHHbX. De novo MeTareHOMHY10
cOOpKy IPOUTEHUI I'TyOOKOT0 CeKBeHMPOBaHUS BBITIOJI-
HsUIU ¢ ucnosib3oBauueM SPAdes v3.15.5 (Bankevich et
al., 2012) c onnuer --meta 1 aBTOMaTUYECKUM MOA00-
pom k-mepos (--k auto). Kornturu anmHoi meHnee 1000
IL.H. YOaJI14 ¢ moMomipio segkit v2.9.0. 1 TakCOHO-
MUYECKOM OUMCTKHU W BBIJeJIEHUs I[eJIeBhIX I[aHOo0aK-
TepuaJbHbIX I'€HOMOB M3 COCTaBa acCCOLMMPOBAHHOI
CcaTeJUIMTHOW MUKPOOHOTH MPOBOAWUIM aBTOMAaTHye-
CKoe OMHHPOBaHUE C ucIoJib3oBaHueM MaxBin2 v2.2.7
(Wu et al., 2016). IToTeHMaJIbHYIO HelMAaHOOAKTEPU-
aJIbHYI0 KOHTaMHHAIMIO B TMOJIyYeHHBIX OMHAX JOMOJI-
HUTEJIbHO UAeHTUDUIIUPOBAIIU U YAAJIAIN C TIOMOIIbIO
Kraken2 (Wood et al., 2019) o 6a3e gaHubix PlusPFP.
Ha ¢unanpHOM 3Tare NoJHOTY COOpaHHBIX I€HOMOB U
ypOBeHb KOHTaMMWHAIWU BeEpU(PULINPOBAIUN C HCIOJIb-
soBanueM CheckM2 v1.1.0 (Chklovski et al., 2023).
Juia nocnenymoiero ¢GyHKIMOHAJIBHOTO NPOPUINPOBa-
HUA ¥ aHHOTAI[UU KjacTtepoB 6uocuHTe3a reHos (BGC)
OCTaBJIsUIM TOJIBKO OWHBI BBICOKOT'O KauyecTBa, YBe-
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PEeHHO OTHeceHHble K IeJIeBhIM TaKCcOHaM LMaHoOaK-
Tepu, C MOJIHOTOHN >98% u koHTamMuHauuen < 4,5%.
O6uue metpuku cbopku (N50, o6muii pasamep reHoma,
KOJIMYECTBO KOHTUTOB) OIleHUBaJIM ¢ moMoinbio QUAST
v5.2.0 (Gurevich et al., 2013).

2.4. UpenTHPUKaALMA U TAKCOHOMHUUYECKHH
aHanu3 reHoB pPHK

WpenTudukanuio y4yacTKoB, KOOUPYIOIIMX T'eHbl
6omnbmoit (23S) u masnoit (16S) cyOGwpemuHuULl pUOO-
COMaJIbHBIX TeHOB B MAG, IpOBOAWJIM IyTEM COIIO-
CTaBjIeHUs KOHTUIOB T'eHOMHBIX COOPOK C IIOMOIIBIO
ajroputTMa mapHoro BeipaBHHBaHUA BLASTn (Altschul
et al., 1990) c mosHOpa3MepHO! 6a30il JaHHBIX pUOO-
coMaibHBIX reHoB SILVA (Quast et al., 2013). BLASTn
3amyckaJiv ¢ mapamerpamu: -word_size 12 -gapopen 2
-gapextend 1 -reward 1 -penalty -1 -evalue 0,00001.
Hna  TakcoHOMMYecKoU wuAeHTHUKanuu 10 16S
pPHK wucnosb3oBasyM MNOpOr HAEHTUYHOCTHU =90%
(Hackmann, 2025), mo 23S pPHK - =89% Ha ocHOBe
JaHHBIX J1JI1 6JIM3KOPOJICTBEHHBIX TAKCOHOB (Zimenkov
and Ushtanit, 2025). IlocyieqoBaTeJIbHOCTA CO 3Ha-
YeHUAMH HIXKe yKa3aHHBIX IIOpPOrOB MCKJIIOYaJId U3
JlajbpHeNIero aHajau3a Kak Hu3KoKauecTBeHHble. Puck
BKJIIOUEHNA XHUMEpPHBIX pHUOOCOMasbHBIX apTedaKkToB
B (uHaJIbHBINM aHaju3 ObJI MHUHUMU3WUPOBAH 3a CueT
MHOT'OCTYIIEHYaTO¥ Mpoledypbl AeKOHTaMUHAaIuu
(MaxBin2 u Kraken2), mpu koTopoii reds pPHK anasu-
3HpOBAJIMCh CTPOTO B COCTaBe N30JIMPOBAaHHBIX U Bepu-
(puLMpOBaHHBIX BHICOKOKauecTBeHHbIX OUHOB (MAGS),
HCKJII0Yas MoNajaHue IepeKpPecTHBIX IIPOYTeHUH Wu3
JpyTUX TakCOHOB. TakcoHOMMYecKas NpUHaJIeXHOCTh
JIeTeKTUPOBAHHBIX I0CJIeJOBAaTeIbHOCTEH oOInpenesid-
J1achk corsacHo kyaccudukanuu 6assl SILVA.

2.5. ®UNOreHOMHbDbIN aHaAU3

TakCOHOMUYECKYIO HeHTHUUKANUio 1 duore-
HETHUYECKOe TI0JIOXKEeHNE UCCJIeyeMBIX IITaMMOB OIpe-
JIeJISITA C UCIOJIb30BaHUEM OHJIaMH-TaT®opMmbr Type
(Strain) Genome Server (TYGS) (https://tvgs.dsmz.
de/) (Meier-Kolthoff and Goker, 2019; Meier-Kolthoff
et al., 2022; Freese et al., 2025). I'eHOMHEBIE TIOCJIE-
JIOBATEJIbHOCTHU 3arpy’kajii Ha cepBep M B aBTOMATH-
YEeCKOM peXHMe CPaBHUBAJIM C T€HOMAaMU THUIOBBIX U
pedepeHCHBIX ITAMMOB, JOCTYMHBIMU B aKTyaJIbHOM
6aze manHbix TYGS, a Takxe momapHo Mexay coOoi.
Bymkaiiimre pOACTBEHHBIE INTAMMBI OMPEAESIAIN C
noMmortipio anropurmMa MASH pasa ObICTPOI OIleHKU
MEXTE€HOMHOT'O POJCTBA, a TAaKXKe Ha OCHOBE aHAJIN3a
nocjieoBatenbHocTeil reHa 16S pPHK, wusBieuen-
HBIX U3 HCCJIEAYEeMBIX T€HOMOB C HCIOJIb30BAHUEM
RNAmmer (Lagesen and Hallin, 2007), c mocJyieayio-
M BLAST-norickoM (Camacho et al., 2009) mo 6aze
JaHHBIX THOOBBIX mmTaMMoB TYGS. Ha ocHoBaHuU
MEXTE€HOMHBIX PAaCCTOSHUM, PACCYMTAHHBIX C HCIIOJIb-
3oBaHueM Genome BLAST Distance Phylogeny (GBDP)
(Meier-Kolthoff et al., 2013) o anroputMy ‘trimming’
dopmyte d5, cTponsit GUIIOTEHOMHOE JIepeBO ¢ MTOMO-
mipio FastME 2.1.6 (Lefort et al., 2015) co 100 nceBgo6-
YTCTpeN-peIyiuKaMy; 3HaYeHUsA ICeBAO0YTCTpen-mo/-
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JIepXKK1 oToOpaxxasii Ha y3jaX. B kauecTBe BHeIIHel
TPYIIBl MCHOJIB30BAIM TreHOMBI Gloeocapsopsis dulcis
AAB1 u Chroogloeocystis siderophila 5.2 s.c.1, oTHOCS-
muyecs K OTAaJIeHHBIM TakcoHaM kiiacca Cyanophyceae,
4TO OobecreuynBaeT KOPpeKTHOe YKopeHeHHe duioreHe-
TUYECKOTo AepeBa. Buayanusaiuio gepesa BITOJIHAIN
¢ ucnoss3oBanueM miardopmel iTOL (Letunic and
Bork, 2021).

2.6. dyHKuUMOHANbHAA aHHOTaAUUA

OYHKINOHAIBHYI0 aHHOTAIMI0 TeHOMOB IIPOBO-
JWIU IByMs He3aBUCUMBIMU MeToaMu. B mepsom ciy-
yae npecKa3aHue OTKPBIThIX paMoK cuuTeiBaHusA (ORF)
ocymecTBJsUU ¢ momolnbio Prokka v1.14.5 (Seemann,
2014), nocyie dYero omnpedesisiid (HYHKIUOHAJIBHYIO
MPUHA/IJIEXXHOCTh OeJIKOB M0 MPOMUIIAM CKPBITHIX Map-
koBckux Mofeneri (HMM) c wucnonb3oBaHUEM YTU-
autbl KofamScan v1.3.0 Ha ocHoBe 6a3bl qaHHbx KEGG
(Release 116.0) (Aramaki et al., 2020). TeHOMHOEe Kap-
TUPOBaHNE U PEKOHCTPYKIMIO MeTaboJINYecKux MmyTeil
BeImoJiHATY B cpefie KEGG PATHWAY (Kanehisa et al.,
2023). Bo BTOpOM cjlyuyae aHHOTALMIO FTeHOMOB IIPOBO-
JWIU ¢ UCIoJib3oBaHueM asroputMa RASTtk ¢ mapa-
MeTpaMU IO yMOJIYaHHIO Ha OHJaiiH-cepBepe RAST
(okTsa6ps 2025 1.) (https://rast.nmpdr.org/) (Aziz et
al., 2008; Brettin et al., 2015). ®yHKIIMOHAJIBHYIO KaTe-
ropusanuio OCyU[eCTBJISUIM B COOTBETCTBUU C KJIacCH-
dukanmeit mogcuctem SEED (Overbeek et al., 2014).

2.7. Busyanusauua AaHHbIX

Busyasmzanunio JaHHBIX BEIIOJHAIM B cpefie R ¢
WCIIOJIb30BaHUEM MakKeToB ggplot2, tidyr, dplyr, stringr,
networkD3, htmlwidgets 1 webshot2. Ha ocHOBe JJaHHBIX
a”Hanusa resoB 16S u 23S pPHK cTtpomiu TemioBbie
KapThl MPUCYTCTBUS/OTCYTCTBUS TAaKCOHOB CaTeJUIUT-
HOI MHUKPOOHOTHI C YKa3aHHeM IIpOIeHTa UIeHTUYHO-
ctu. PacnpesiesieHrie TaKCOHOB M0 (GUJIOreHETUYECKUM
ypoBHAM (Ppuyiym - > kjacc) orobpaxasiu B BUJle CaH-
Kel-quarpamMM. {11 cpaBHUTEJIBHOrO aHainm3a (QyHK-
[[MOHAJIBHOTO MpOo(UssA reHOMOB I10 arpOHOMHYECKU
3HauuMBIM KaTeropusM KEGG CcTpowaM TeIJIOBYIO
KapTy Cc OTOOpaXeHHeM KOJIMYecTBAa I'eHOB B KaXIOH
KaTeropum.

3. Pe3ynbTarthbl

3.1. Mopdonrornueckan xapakrepucTuka
M 3KOAOro-reorpadpuueckoe pasHoobpasue
wramMmmosB

Mopdosoruuecku Bce ncciieIoOBaHHbIE ITaMMBI
JEMOHCTPHPOBAIU pasHooOpasue MOpPGOTUTIOB,
XapaKTepHOe JIJId MpefcTaBuTesiel mopsaaka Nostocales
(Komarek, 2013). A. pirinica VKM Al-153 ¢opmupo-
BaJia mpsIMble WJIM CJIerka U30THYThle TPUXOMBI, OKPY-
’KeHHBbIe MUPOKUM (0 12 MKM) cJjioeM cIu3u, ¢ 60UOH-
KOBUAHBIMU BereTaTUBHBIMHU KJieTkaMu (3,3-4,2 MKM
MIMPUHON), 3JUIMIICOUAHBIMU akuHeTamu (12-17,2 X
Jo 8,2 MKM) U MHTepKaJIApHBIMU retepouutamu (4,3-
5,3 MmxMm). IlItammel poga Nostoc xapaKTepr30BaInCh
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HaJInuvieM IUIOTHBIX KOJIOHUH pa3indyHoi (opmbl (0T
IIapOBUAHBIX O YepBeoOpa3HbIX), GeclBeTHHIX CJIN3U-
CTBIX 000JI0YeK U BereTaTHUBHBIX KJIETOK O00UYOHKOBUA-
HO¥ WJIM MapoBUAHON GOpMEL. Pa3zmeps! BereTaTUBHBIX
KJIETOK BapbUpOBajy B 3aBUCHMOCTH OT MITaMMa: OT
2,6-3,4 mxm y Nostoc sp. VKM Al-310 go 3,3-4,3 MkMm
y N. commune VKM Al-35. AKuHETHI, TAe OHU HaOJIIo-
Jlanuch, ObUIM IPeMMYyIleCTBeHHO IMapOBUAHBIMU WU
3JUIANCOMHBIMY, AuaMeTpoM oT 4,6 no 7,7 MKM, 3a
uckmodyenneM A. pirinica VKM Al-153, y kotopoi
aKuHeTH fJocturanyd 17,2 MKM B AjuHy. ['eTeponuThl
pacrnojlarajJiicb HHTEPKaJIIDHO WJIM TepMHHAJIBHO,
“Mesy IIapOBUAHYIO, SJUIMICOUAHYI0 WM KOHYCO-
BUAHyl0 (opmy auamerpom 3,4-6,1 mxm. Hassallia
pseudoramosissima VKM Al-158 Bbiiensanach KycTu-
CTBIMM KOJIOHHSAMH W JIOXKHOBETBALIMMUCA HUTAMU
MIUPUHON [0 9,4 MKM C IPOYHBIM CJIOUCTBHIM BJIarajiu-
meM; ee reTepoluThl ObLIM KpynHBIMU (m0 10,5 MKM
mupuHoil u go 20-30 MkM B JUInMHy). Bce mraMmbl
pa3MHOXaJich BereTatuBHO ((pparMeHTanueil HUTEN
WIN KOJIOHHUI), a TakXe C IIOMOIIbI0 TOPMOIOHUEB U
akuHeT. Mukpodortorpadpuu mTaMMOB IIpefCTaBJIeHbl
Ha Pucynke 1.

W3ydeHHble mMTaMMBl OBUIM W30JINPOBAHBL U3
IIOYBEHHBIX 00paslioB, OTOOpPAaHHBIX B IATU PeruoHax
eBporetickoil yactu Poccutickoii ®enepanuu, u npem-
CTaBJIAIOT MMPOKUN CIEKTP MOYBEHHO-3KOJIOTHUYeCKUX
YCJIOBUI: OT JIYyTOBBIX M CEPHIX JIECHBIX [TOYB LIEHTPaJIb-
Ho¥ Poccun 10 COJIOHIIOB, KAIITAHOBBIX U OyphIX IIOJIYy-
IIyCTHIHHBIX N10YB 10’)KHBIX PETrHOHOB.

3.2. KauecTBO cCeKBeHUpOBaHuA, cOopka u
Xxapaxkrepuctuka MAG

B pesysbTare riiybokoro MeTareHOMHOI'O CeKBe-
HUPOBAaHUA [eBATH HeaKCeHWYHBIX IITaMMOB LMaHO-
b6akTepuil noygydeHo ot 16,1 mo 23,6 MJIH mapHOKOH-
I[eBbIX MPOYTEHUII Ha IITaMM, 4TO COOTBETCTBOBAJIO
2,4-3,5 I'6 ceipbix faHHbIX (Tabmuna 1).

[IpouTeHus c HU3KUM KaueCTBOM OTCYTCTBOBAJIU
JUIA BCeX IITaMMOB, YTO CBUJETEJIbCTBYET O BBICOKOM
KayecTBe MCXOJHBIX faHHBIX. CpeaHee comepxaHue GC
BapbupoBasio ot 40 go 46% pas1a GOJIBIIMHCTBA LITaM-
MoB. Bricokoe comepxannie GC (65%) B CBIpBIX JaHHBIX
mramma VKM Al-310 (Ta6auma 1), KoHTpacTupyoiiee
C OCTaJIbHBIMU IHaHOOAKTepHaIbHBIMM IITaMMaMH,
oTpaxaer GC-cocTaB Bcell MeTareHOMHOI BBIOOPKU,
BKJII0YAsA JOMUHUPYIOIYIO caTeUINTHYI0 MUKPOOUOTY.
[Tocne ¢unbTpanuu u BblAesleHUsA LesaeBoro MAG
GC-cocTaB aToro mraMmMma coctaBuit 41% (Tabmuia 2),
YTO COOTBETCTBYeT THUIHWYHBIM 3HAUYeHWAM [JIA Iped-
craBuresieii nopsaka Nostocales. CremeHp AyIUIMKa-
I[UM IpouTeHuil cocraBuna ot 32,5% (Nostoc sp. VKM
Al-156) no 51,7% (Nostoc sp. VKM Al-310). ITocye 6uo-
nHbopMaTnieckoll QuIbTpaluM U JeKOHTaMHUHALUU
JUIA KaxJoro IMITaMMa IIOJIy4yeHbl MeTareHOMHO-ac-
conunpoBaHHble reHOMB (MAG) BBICOKOrO KadecTBa
(Tabsmuma 2).

[Tos1HOTa cOOpaHHBIX reHOMOB BapbHpoOBajia OT
98,29% (N. commune VKM Al-35) mo 100% (Nostoc
sp. VKM Al-115 u N. minutum VKM Al-168), npu 3Tom
ypOBeHb KOHTaMUHaLUU He npeBsiman 4,52% (B cpen-
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Puc.1. MukpodoTorpaduu ncciaefoBaHHBIX IITAMMOB IfaHoOakTepuil. 1 — Nostoc commune VKM Al-35, 2 — Nostoc punctiforme
VKM Al-37, 3 - Nostoc sp. VKM Al-56, 4 — Nostoc sp. VKM Al-115, 5 — Anabaena pirinica VKM Al-153, 6 — Nostoc edaphicum VKM
Al-156, 7 — Hassallia pseudoramosissima VKM Al-158, 8 — Nostoc minutum VKM Al-168, 9 — Nostoc sp. VKM Al-310. [lIkana 10 MxMm.

HeM <1%), 9TO COOTBETCTBYEeT KPUTEPUSIM BBICOKO-
kadecTBeHHBIX MAG. Pasmepsl reHOMOB COCTaBJIAIU
oT 6,32 M6 (A. pirinica VKM Al-153) mo 9,36 M6
(N. minutum VKM Al-168), yTo HaxoguTcd B [uamna-
30He, XapaKTepHOM /A IpeiAcTaBUTeslell MOpsAJKa
Nostocales. Comepxxanue GC B reHOMax BapbUpPOBAJIO
oT 40 mo 42%, 3a uckmouyeHuneM VKM Al-310 (41%).
KonuuectBo npenckaszaHHbeix CDS cocrasisano ot 5477
(A. pirinica VKM Al-153) go 8268 (N. minutum VKM
Al-168). TlnoTHOCTH TeHOB BaphupoBasia ot 0,787 mo
0,824 renoB Ha TheicsAuy nap ocHoBaHui. KosmuecTBo
KOHTUTOB B cOopkax kojebanock ot 83 (A. pirinica
VKM Al-153) go 461 (Nostoc sp. VKM Al-310), npu
aToM nokaszaTesib N50, XxapakTepu3yomuil HellpephiB-
HOCTh c6opKkH, BappupoBa oT 46 892 no 126 872 n.H.,
a MakcuMaJibHas IJIMHA KOHTUra mocturaja 421 132
m.H. (N. punctiforme VKM Al-37). Takum oGpa3om, Bce

nosiyyeHHble MAG COOTBETCTBOBAJIM KpUTEPUAM BBICO-
Koro kadectna (mmoyiHora > 98%, koHTaMuHaIUA < 5%)
1 NPUTOAHBl [UIA IocjeAyiomero (QyHKINOHAJIbHOTO
npoduINpoBaHUsA U TAaKCOHOMUYECKOU HaeHTUdUKa-
nuu (Bowers et al., 2017).

3.3. ®DunoreHOMHbIN aHaANAU3

CorjtacHO pe3yJbTaraM UAeHTHU(PUKALNOHHON
nponenypsl TYGS, Bce AeBATH MITAMMOB OBUIM OXapak-
TepHU30BaHbl KaK IOTEHI[MaJIbHO HOBBIE BUABI, KOTO-
pble MOI'yT paccMaTpHBaThCA B KauecTBe KaHAUJATOB
B HOBBIE TAaKCOHBI, UTO, OJJHAKO, TpebyeT najibHeHIIen
BepudUKauuy C NpuUBJIeYeHreM JaHHBIX 10 MOpGOJIo-
ruy, GU3NO0JIOTUH U 3KOJIOTHH, a TaKXe 10 Mepe I0MoJI-
HeHUsa pedepeHCHBIX 0a3 JaHHBIX T€HOMaMU IOYBEH-
HBIX I[MaHOOakTepuil. Ha OCHOBaHMU MeXI€HOMHBIX

Ta6suna 1. MeTpuKu KauecTBa ChIPHIX JAHHBIX CEKBEHUPOBAHUS

Homep mramma Bcero Bcero ocHOBaHUH, IIpourenus c CpenHee CreneHs ny6sMpo-
VKM Al IPOYTEeHUH I'6 HU3KHUM KadecTBOM | coaepxkanue GC, % BaHusA, %
35 23611455 3,5 0 41 46,7
37 21004509 3,1 0 41 45,4
56 19426989 2,9 0 41 45,4
115 19849606 2,9 0 41 46,7
153 18882848 2,8 0 40 35,6
156 18508027 2,7 0 46 32,5
158 17991330 2,6 0 41 44
168 19855856 2,9 0 41 41,4
310 16122818 2,4 0 65 51,7
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Ta6suna 2. MeTpuku kauecTBa c60pKY reHOMOB I0cJIe GMHHUHIA U JeKOHTaMUHAaI[UU

Homep | CrenmeHs moji- | Kontamu- | Pasmep | GC, % | Kosu- | IlmotHOcTh |KosmdectBo | NSO, n.H. (Makc. quiuHa

mTaMMa | HOTbI T'€HOMa, | HaluA, % reHoma, 4eCTBO T€HOB, KOHTUI'OB KOHTI/II‘a,

VKM Al % M6 CDS | (remoB/K0) IL.H.
35 98,29 4,52 8,79 42 7695 0,803 175 122592 349144
37 99,99 0,5 8,37 42 7386 0,803 224 92142 421132
56 99,97 0,19 6,90 41 5949 0,822 121 116923 360614
115 100 0,12 9,17 41 7862 0,812 248 78921 250931
153 99,95 0,5 6,32 40 5477 0,824 83 126872 357633
156 99,98 0,95 7,74 42 6869 0,795 176 81748 403056
158 99,86 0,35 7,41 42 6869 0,792 325 46892 171368
168 100 0,6 9,36 42 8268 0,813 311 77873 314191
310 99,99 0,5 8,21 41 7233 0,787 461 50634 197625

IIpumeuanue. CDS — xoaupymomas nocjae0BaTeIbHOCTD.

GBDP-paccTtosHuil OBUIO HOCTPOEHO (UIIOTEeHOMHOE
nepeBo (Puc. 2), co cpenHeil mnceBaoOyTCTpemn-noa-
Aepxkoi BeTBel 89,2%, 4TO CBUAETEIbCTBYET O BHICO-

KoM HaAEXHOCTU TOIIOJIOTMH AE€peEBa.

AnHamu3  QUIOreHOMHOTO

JepeBa

ImoKa-

3aj, yro mramMmbl N. edaphicum VKM Al-156 u H.

pseudoramosissima VKM Al-158 dopMupyoT o61yro
KJIaQy C BBICOKOH IOJEPXXKOH, YTO yKa3blBaeT Ha UX
6m3koe pojctBo. Illtammer N. commune VKM Al-35,
N. punctiforme VKM Al-37, Nostoc sp. VKM Al-115 u
N. minutum VKM Al-168 rpynmupymoTcs B OJHY KJIajay,
toraa kak Nostoc sp. VKM Al-56, A. pirinica VKM Al-153
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Puc.2. ®dusoreHoMHOe iepeBo HccjeyeMbIX IITaMMOB lIMaHOOAKTepUi, TOCTpoeHHoe 1o AaHHEIM TYGS.
[Tpumeuanue. IItammel BKM BoliesieHbI )KUPHBIM HIPUAGDTOM.
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u Nostoc sp. VKM Al-310 3aHuMaoT 060co6JIeHHbIE
nosioxkeHusa. CiefyeT OTMETUTb, 4TO KJlacTepusalus
Ha OCHOBe IIOJIHOT€HOMHBIX AaHHBIX He Bcerja corJia-
cyerca ¢ dusoreHueir no 16S pPHK, uro, BeposTHO,
00yCJI0BJIEHO Pa3jIM4yMAMHU B paspellaomieli CiocoOHo-
ctu mapkepoB (Prabha and Singh, 2019; Dvorak et al.,
2023).

3.4. CocTtaB caTeAAMTHOM MUKPOOHOTDLI B
HeaKCeHMYHbIX WTaMmMmaxX umaHobakrepum

Ananu3s resHoB 16S u 23S pPHK, uaentudpunu-
POBaHHBIX B MeTareHOMHBIX COOpPKax HeaKCeHHYHBIX
KYJIBTYP [I1aHOOaKTepUIl, IO3BOJILII OXapaKTEPU30BaTh
TaKCOHOMHUYECKUI COCTaB COIYTCTBYIOIlell 6GakTepu-
anpHON MuKpo6uoTsl (Puc. 3, 4). [locie ¢unbTpanuu
[IOCJIeTOBaTEJIBHOCTEH C WIEHTUYHOCTBI0 HIXe ycTa-
HOBJIEHHBIX TOoporoB (=90% nnsa 16S pPHK, =89%
ana 23S pPHK) B uccnejoBaHHBIX HMITaMMaXx AeTeKTU-
POBaHHI caTeJINTHbIe 6aKTepuy, OTHOCAIMecA K GUTy-
MmaM Pseudomonadota (xsaccer Alphaproteobacteria
u Gammaproteobacteria) u Bacteroidota (xiacc
Bacteroidia). PacmpeneneHue caTeJUIUTHBIX QUITY-
MOB II0 IITaMMaM-X03sieBaM OBUIO HepaBHOMEPHBIM.
HawnGoJsiee pa3sHooOpas3HBIl COCTAB acCOIMMPOBAHHBIX
G6aktepuil otmeueH s N. edaphicum VKM Al-156, y
kotoporo no gaHHeM 23S pPHK BbisABjIeHHI IIpefcTa-
BUTeJIM Tpex poaoB ¢unyMa Pseudomonadota. [ltamm
A. pirinica VKM Al-153 accouumpoBaH ¢ AByMsA PUITy-
Mmamu — Pseudomonadota u Bacteroidota. IITammel
VKM Al-56 u VKM Al-310 comepxaiu mpencTaBUTe-
aen ¢unyma Pseudomonadota. IItammer VKM Al-35,
VKM Al-37, VKM Al-115, VKM Al-168 u VKM Al-158
He coJepXajy CaTeJUIMTHBIX TAaKCOHOB, WIEeHTU-
GUIMPOBAaHHBIX 10 MapKepHBIM reHaM C HaJeXHOH
HUJIeHTUYHOCTBIO.

Jlnsa KOJIM4eCTBEHHO! OIleHKU [IOJIM CaTeJLJIUT-
HOI MHKpPOOHOTH! HCII0JIb30BAJIN B3BElIeHHHIH 110 pas-
Mepy reHOMa IIOJIXOJ] Ha OCHOBe JaHHBIX O TJIyOHHe
MOKPHITHUSA U pa3Mepax reHOMOB BceX OUHOB, IOJIy4YeH-
HBIX B pe3yJsibTaTe OMHHUHra. PacueT mokasaj, yTo B
Tpex mrammax (VKM Al-35, VKM Al-37, VKM Al-115)
caTeJUIUTHble OUHBI He OBUIM [IeTeKTHPOBaHHBI (IOJIsA
< 0,5%). B mrammax ¢ BBIABJIEHHOH caTeJJINTHOU

Mapxepnbiii ren 16S pPHK
VKM Al-156
Alphaproteobacteria

Pseudomonadota
VKM Al-153

Bacteroidia

VKM Al-310

Bacteroidota Gammaproteobacteria I

MHUKpPOOUOTON ee AosA BappupoBaia oT 2,04% (VKM
Al-56) o 95,94% (VKM Al-310). B mramme VKM
Al-158 caTesuuTHas 6aKTepus JOMUHUPOBAJIA B KyJIb-
type (90,84%), B VKM Al-156 u VKM Al-153 ee monsa
cocraBuia 29,59% u 26,21% cooTBeTcTBeHHO, a B VKM
Al-168 - 11,19%.

AHanu3 MapKepHBIX pPHOOCOMAaJIbHBIX TI'€HOB
[IO3BOJIWJI AeTajJibHO OXapaKTepu3oBaTb COCTaB U
CTPYKTYpy KOHCEpPBAaTHBHOIO fAJpa reTepoTpodHON
caTeJUIMTHOU MHUKPOOMOTHI, JIOKAJIM30BaHHOI B 3K30-
[OJIMCaXapuAHbIX YexylaX HCCJIeJOBAHHBIX KYJIBTYP
(Puc. 4). llltamm A. pirinica VKM Al-153 xapakrepu-
3oBaJicA HaymuueM ponaoB Pseudoflavitalea w Devosia.
Y mramma N. edaphicum VKM Al-156 Gbutd UIEeHTH-
dunupoBansl Tpu poma kyacca Alphaproteobacteria:
Bosea, Brevundimonas u Variovorax. Y mramma Nostoc
sp. VKM Al-56 B MeTareHOMHOI cO0pKe ObLITH OOHApY-
XeHBl poabl Brevundimonas u Achromobacter. Oco0siii
nHTepec BbI3BajJ npoduiap mramma Nostoc sp. VKM
Al-310. H3-3a BBICOKOU KOHCEPBAaTUBHOCTH PpUOO-
COMaJIBHBIX IIOCJef0oBaTeJIbHOCTel BHYTpPU OOIIero
cemericta Xanthomonadaceae acconunpoBaHHBIH
OakTepuaJibHBINI KOHTUT 3TON KYyJIbTYPHI IOKa3aj Heol-
HO3HAuyHyI0 KJIaccuUKaIMIO HAa pasHBIX YPOBHAX OHO-
nHopmaTtuyeckoro paspemeHus. [Io AaHHBIM TreHa
16S pPHK TakcoH GbLJT OTHECEH K poAy Xanthomonas co
cxoacTtBoM 90,6%, Torma kak aHamu3 reHa 23S pPHK
[I03BOJIWJI YTOUHUTDH CUCTEMaTUKy U BepudUIpoBaTh
3TOT GMOKOHTPOJIBHBIN IITaMM Kak Lysobacter (cxon-
ctBO 96,8%). [yia octanbHBIX nATv mrtammoB (VKM
Al-35, VKM Al-37, VKM Al-115, VKM Al-158 u VKM
Al-168) pubocomMasibHBle MapKephl COMYTCTBYIOIIEH
MHKpPOOMOTE B MeTareHOMHBIX KOHTUrax He ObLIU
JIeTeKTUPOBaHBI BOBCE.

BaxxHO OTMeTHUTb, YTO OTCYTCTBUE JeTeKIuu
caTeJUIMTHBIX prU0OCOMAaJIbHBIX MapKepoB WY OTHeJlb-
HBIX OMHOB COIYyTCTBYIOIIEI MHUKPOOHOTHI A pAfa
IITaMMOB He O3HaydaeT NOJHON OHOJIOrMYecKoil cTe-
PWIBHOCTU [JaHHBIX KyJbTyp. IIomoOHBIN pe3ysbTat
MOXeT OBIThb CBA3aH C HHU3KUM OTHOCUTEJIbHBIM OOH-
JiieM COIyTCTBYIOIIMX OakTepuii, HeJOCTaTOYHOM! IJIy-
OMHOI CeKBeHUPOBaHUA [JIs1 UX IOKPHITHSA, JIMOO ¢ TeM,
4YTO reHOMBI CcaTeJIJINTOB He ObIM acceMOJIMpOBaHH! B
OoTAeJIbHble OMHBI B CHJTy (PparMeHTapHOCTH JaHHBIX.

Mapxepnsiii ren 23S pPHK
VKM Al-56
Alphaproteobacteria
Pseudomonadota
VKM Al-156
Gammaproteobacteria
I VKM Al-310
I VKM Al-153 H Bacteroidota Bacteroidia U

Puc.3. Cankeii-quarpamMMsl pacipefiejieHusA caTeJUIMTHBIX TAKCOHOB 6akTepuil 1o pujioreHeTHYeCKUM YPOBHAM Ha OCHOBe

naHHbx 16S u 23S pPHK reHos.

IMpumeuanue. IlluprHa NOTOKOB NMPONOPLMOHAJIbBHA YHCJIYy AeTeKTUPOBAHHBIX TakCOHOB. IllTammel 1uaHobaxkTepuii BKM
BblJIeJIEHbl CHHUM IIBETOM; Apyrye 6akTeprasbHble GUIIyMBbl U Kiacchl fuddepeHIpoBaHbl [IBETOBON KOJMPOBKOM.
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MapkepHbii reH 16S pPHK

MapkepHsbii reH 23S pPHK

Xanthomonas 4 90.6%
Variovorax -
Pseudoflavitalea - 98.9%
Lysobacter-
Devosia - 97.4%
Brevundimonas 4
Bosea 94.4%

Achromobacter -

99.7%

99.3%

96.8%

93.6%

98.7%

93.5%

99.9%

<o) \a]
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LLitammbl unaHo6akrepuint BKM

Puc.4. HpI/ICYTCTBI/Ie CaTeJIJINTHBIX 6aKTepI/IaﬂbeIX TaKCOHOB B HEAKCEHUYHBIX IITaMMax LII/IaHOGaKTepI/Iﬁ BKM no JaHHbIM

reHoB 16S u 23S pPHK.

IIpumeuanue. B A4elikax ykazaH IPOLIEHT WAEHTUYHOCTH ITOCIeq0BaTeJbHOCTH ¢ pedepeHCHON 6a3oil SILVA.

3.5. O6wan xapakrepucTuka
GYHKUHMOHANBHOIO NPOPUAA FEeHOMOB

OYHKITMOHAJIPHYI0 aHHOTAI[MIO JIEBATH MeTare-
HOMHO-aCCOIMUPOBaHHBIX TeHoMoB (MAG) nmaHo6ak-
Tepuil MPOBOJWIIU C HCIOJIb30BaHueM Prokka B coue-
tanuu ¢ KofamScan (KEGG) (Ta6ura 3).

Obmee KOJIWYECTBO INpeCKa3aHHBIX TE€HOB
BapbupoBaJio ot 5701 (A. pirinica VKM Al-153) mo 8157
(N. minutum VKM Al-168). Tosisg 6e710K-KOAUPYIOIINUX
rexoB (CDS) cocrtasisiiia 98,1-99,1% oT obmiero uuciia
MpeJICKa3aHHbIX TeHOB. KOJMYeCTBO TUMOTETUYECKUX
6eIKOB, Il KOTOPBIX HEe YJaJIOCh OMpefeuTh QyHK-
o, kojebanoch ot 2337 (A. pirinica VKM Al-153) no
3011 (N. minutum VKM Al-168). Uucjio reHoOB ¢ H/IeH-
TubUIUpPOBaHHON depMeHTaTUBHOM (QYHKIMel cocTa-
Buio oT 1115 (A. pirinica VKM Al-153) no 1397 (N.
minutum VKM Al-168), uto cooTBetcTByeT 17,8-19,6%
OT 00IIero yrcsia mpecKa3aHHbIX TeHoB. I1oJTyueHHbIe
JlaHHbIEe CBU/IETEJIbCTBYIOT O TUTIMYHOM J{JIs IPe/ICTaBU-
Tesielt nopsaka Nostocales PyHKITMOHATIBHOM penepTy-
ape, TIpY TOM Pa3INYMA B KOJTUYECTBE MpeIcKa3aHHbIX

reHOB 1 aHHOTHUPOBAHHBIX (PYHKLIUIN OTPaXarmT TaKCo-
HOMUYEeCKoe pasHooOpa3ue uccjieJ0BaHHbBIX IITAMMOB.
[TonHble (PyHKIMOHAIBHBIE NPOPUIN IO AHHOTALUU
KEGG u RAST pgj1a Bcex AeBATU UCCIeAyeMbIX TeHOMOB
npuBefeHHbl B Tabaunax S1 u S2 cOOTBETCTBEHHO.

3.6. AHanM3 arpo6HOTEXHONOrHYEeCcKoro
NoTeHuHaAa WTaMMoB

KoMmruiekcHBIN CpaBHUTEJIBHBIN aHANU3 (PyHKIN-
OHAJIbHBIX MPOPUIIEN 1CcIIeTyeMbIX TEHOMOB TT03BOJIIT
pacnpefesuTh MeTabomyeckre MyTU IO KJTI0YEeBBIM
arpoOHOMHWYECKN 3HAYUMBIM KaTeropusiM U BBIABUTH
BBHIPAaXEHHYI0 crenuaamsanuio mramMmMmoB (Puc. 5,
Ta6mwuia S1, S2).

MaxkcuMaJsibHOe YKCJI0 TeHOB Y BCEX HCCJIefO0-
BAHHBIX I[[MAHOOAKTEpUH OXUJAaeMO COCPeIOTOYEeHO B
6Ji0Kax obiero MetaboJy3Ma U KJIETOYHOM CUTHAJIU-
3anquu. B uyacTtHOCTH, HanboJiee pemnpe3eHTAaTUBHBIMU
OKa3aJIUCh PeryJIATOpHbIe MyTU «MeTabom3M yTJIeBo-
noB» (ot 311 y mramma VKM Al-153 mo 417 y VKM

Ta6smmna 3. Pe3ysbraThl PyHKIMOHAIBHON aHHOTALUK reHOMOB 1o gaHHbiM Prokka n KofamScan.

Howmep KosmyecTBO mpen- KosinuecTBo 6ej10K- KosmuecTBO KosinyecTBO reHoOB, 4151 KOTOPBIX
mraMma CKa3aHHBIX T€HOB KOOUPYIOIIUX T€HOB He TUMOTeTHYeCKUX | ompepnesieHa pepMeHTAaTHUBHAsA
VKM Al 0eJIKOB byukiusa

35 7680 7583 2995 1367
37 7361 7268 2950 1345
56 5998 5904 2637 1224
115 7834 7741 2995 1394
153 5701 5650 2337 1115
156 6858 6786 2759 1288
158 6613 6544 2614 1214
168 8157 8063 3011 1397
310 7031 6943 2933 1358
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KEGG: BrocunTes BTOPHIHBIX MeTA00INTOR 111 61 112 105

KEGG: MeTa00,1H3M TepPHCHONIOB H HOIHKETH/IOB | 120 71 105 2

RAST: Bropuunbiii MeTaoimsMm -

RAST: Otser na crpecc | 46 36 41 4

115 89 120 110 90

113 110 104 104 77

OHOKOHTDOJIB

14

Pocrcrumy snust 1

43 48 43 45 42

RAST: Mera6oim3sm docdopa 1 18 17 21

RAST: Yruumsanust 1 MeTaloJIn3M Keie3a - 1 1 4 1

RAST: MeTaGo/1u3M a30Ta 7 7 8 8

21 17 22 21

Mnnepa;lbnoc NHTAHHE
H MOOH/TH3ANHS

KEGG: Buojerpajannsi KCeHoGHOTHKOB | 116 70 108 88

RAST: MeraGou3M apoMaTHYECKAX COe/IHHEHHI - 3 1

118 131 121 122 95

Buojerpajanust
KCeHOGHOTHKOB

Kosi-Bo renos

KEGG: MeTa0/113M YIJIEBOJIOB |

KEGG: BuocHuTe3 H MeTa00.IM3M IIIHKAHOB |

RAST: Yriesoapi - 132 147 146

RAST: Kiterounasi CTeHKa H KancyJa - 27 22 21

I 400

300
200

100

147 142 150 142

TLoopone u
CTPYKTYpooGpazoBanue

24 22 25 25 21

@DyHKUHOHAIBHBIE NYTH B ATPOHOMHYECKHX KATErOPHSIX

KEGG: Mera6o,1u3M aMHHOKHCIIOT

KEGG: MeTa60/1m3M Ko(paKTOPOB H BHTAMHHOB 7

KEGG: K.

BO (] bI)

KEGG: CurnajbHast TPAHCIYKIHSI -

KEGG: Anantanus K okpyxatomeii cpeje - 12

RAST: MemOpanublii TPaHCHOPT 24 34 32 32

RAST: Peryisiuusi ¥ KIeTOYHAS! CHIHAJIH3AIHS 7 15
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uccjieaoBaHHBIX HITAMMOB I.II/IaHOGaKTepI/IfL

Al-115) u «MeTaboi13M aMUHOKHCITIOT» (0T 246 y VKM
Al-153 mo 341 y VKM Al-115). ITogqo6Has u3GHITOY-
HOCTh (pyHOAMEHTaJIbHBIX IyTell oTpaXaeT BHICOKHE
SHepreTuyeckue M IJjiacTUuveckue norpedbHoctu HoTo-
aBTOTPOMHBIX MMKPOOpPraHu3MoB. IIpuMeuaTesibHO,
YTO BBICOKAasA HACHINEHHOCTh T'€HAMU YTJIEBOLHOI'O
oOMeHa U OMWOCHMHTe3a TIJIMKAHOB y MMITaMMOB poja
Nostoc (B mepByio ouepeb VKM Al-115) reHeTuuecku
ompefessAeT UX CIOCOOHOCTh K aKTUBHOMY (popMHUpo-
BaHUIO 3K30I0JINCAXapUAHOTO MaTpUKCa, Urparouiero
KJII0YEBYI0 POJIb B CTPYKTYpOOOpa3oBaHMU IIOYBHL U
3amure pusocdepsl oT BbIcbIxaHuA. Kareropuu, ¢dop-
Mupylomue 050K «CTUMyJIAMA pOCTa pacTeHUN u
OMOKOHTPOJIb (UTONATOI€HOB», IpeCTaBJIeHbl yMe-
penHo. Tak, myTu «BuOCHMHTE3 BTOPUYHBIX MeTabo-
JIATOB» «MeTabo13M TepleHOUJ0B U IOJIHUKEeTU-
noB» BKIIOYaKT oT 61 10 120 u ot 71 1o 120 reHos
CcOoOTBeTCTBeHHO. Hanbospmuii noTeHnuan K CUHTe3y
AHTHMUKPOOHBIX COEAVHEHUN U HepubOoCOMaJIbHBIX
MenTu/JI0B, BOBJIEYEHHBIX B Cylpeccuio duronarore-
HOB, HaOiofaercsa y mrammoB VKM Al-115 u VKM
Al-168. UHTepecHO, YTO 3TH Xe IITaMMbI JeMOHCTPH-
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PYIOT U caMble BBICOKHE IIOKa3aTesil PperyJiATOPHBIX
cucreM, BkJIoYas «CUTHaAJIbHYI0 TpaHcAykuumo» (375
u 356 reHoB), «MeTabo0113M KO(PaKTOpOB U BUTaAMU-
HOB» (327 u 315 reHoB) U «AanTaIuio K OKpyXaromen
cpene» (16 u 17 TeHOB COOTBETCTBEHHO), YTO MOXET
yKa3blBaTh Ha WX BHICOKYIO JIAOMJIBHOCTb U KOHKYpPEH-
TOCIOCOOHOCTD IIPU KOJIOHMU3ALUU PACTUTEJIbHBIX TKa-
Hell. B Oyioke MUHepaJIbHOTO NMUTAHUA y BCeX U3y4eH-
HBIX KYyJIbTYp OOHapyXeH IOJIHBIN (QYHKIHOHAIBHBIN
KJIacTep reHoB aszoTdukcanuu (nif-kiaactep), a TaKxke
Pa3BUTHIN KOMIUJIEKC TeHOB MoOuimsanuu docdatos
(Bxoiovyas ¢urassl, docdarassl U ClENUATN3UPOBAH-
HBle TPAHCHOPTHEIE cucTeMbl). OJHAKO B OTHOIIEHUU
MeTaboJIr3Ma XKeJie3a BhIABJIEHA OIpe/esieHHas CIelu-
¢duxa: mramm VKM Al-56 pe3ko BeIesIsieTCs Ha 001ieM
done HamuueM 14 reHoB yTWUIM3aIluU U TPaHCIOPTa
xeJjie3a (cugepodopoB), TOrAa Kak y OCTaJIbHBIX HCCJIEe-
JOBaHHBIX MITaMMOB 3TOT IlOKa3aTejlb BapbUpyeT B
npejesax Bcero 1-4 reHoB. DTO IO3BOJIAET paccMaTpu-
BaTh VKM Al-56 B KauecTBe BO3MOXKHOI'O areHra mJis
[IpeojioJieHns xeje3oepuiiTa B arpoueHo3ax.
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4. 06cyxpeHue

B HacTosmelt paboTe Ha OCHOBe I'JTyGOKOTo MeTa-
reHOMHOI'O0 CeKBEeHHPOBAaHUA HEaKCeHUYHHBIX KYJIbTYP
[IOJIyYeHbl MeTareHOMHO-aCCOLUPOBAaHHble T'€HOMBI
JIeBATH IITaMMOB HnaHo6akTepuii nopsiaka Nostocales,
BbI/IeJIEHHbIX U3 Pa3/IMYHBIX IIOYBEHHO-KJIMMaTU4YeCKUX
30H eBpomnelicko yactu Poccun. Hcnosib30BaHHBIN
NOAXO NOATBepANJI CBOI0 3G GEeKTUBHOCTD A1 paboTeI
C HeaKCeHWYHBIMM IITaMMaMH U IO3BOJIMJI IIPOBECTHU
MOJIHOLIEHHBIN TaKCOHOMUYECKUN 1 QYHKIINOHAJIBHBIN
aHanu3 0e3 sTama akceHW3aluy, KoTopas AJid Ifua-
HOOaKTepuil IMpeJicTaBjisieT COOOH KpaiiHe CJIOXKHYIO
3afjauy M3-3a MeJJIEHHOTO PocTa U TecHBIX MeTaboJiu-
YecKUX CBsA3el € COIyTCTBYyIomell Mukpobuoroii (Wu
et al., 2025). IMosyueHHsle MAG BBICOKOTO KayecTBa
obecrieunii HaJeXHYI0 OCHOBY JIJI1 TAKCOHOMUYECKOH
naeHTUGUKaANMU U QYHKINOHAJIBHOIO NpOoGUINpOBa-
HusA. Pe3ysnibraThl aHanusa Ha cepsepe TYGS nokasany,
YTO BCe JeBATh MITaMMOB IIPe/ICTaBJIAIOT cO0O0 NOTeH-
[[1aJIbHO HOBBIE BU/BL, UYTO coOrjlacyeTcsA ¢ JaHHBIMU O
HeI0CTaTOYHON H3y4YeHHOCTU IOYBEHHBIX I[HaHOOaK-
Tepuii, HO MOXeT ObITh 00YCJIOBJIEHO Takxe aeduriu-
TOM pedepeHCHBIX TeHOMOB B MeXAyHapOAHBIX 0Oa3ax
reHetuyeckoil nH@opmaiuu. OTMeTHM, YTO KJIaCTepH-
3a1usa Ha OCHOBe IIOJIHOTeHOMHBIX AaHHBIX He Bcerga
corjylacyerca ¢ ¢uioreHuell mo reny 16S pPHK, uro,
BEPOSITHO, OOYCJIOBJIEHO PA3JIMUMAMU B pa3pelaniei
croco6HoCTH 3THX moAxoAoB (Prabha and Singh, 2019;
Dvorak et al., 2023).

Mopdonoruueckre HabmMOAeHUS NOATBEpAWIN
HaJlMuue pa3BUTHIX CJIM3UCTHIX YeXJIOB Y BCeX McCiielo-
BaHHBIX IITaMMOB. COrJIacCHO MYJIbTUOMUKCHBIM MoOJe-
JAM  pusocdepHBIX B3aMMOJENCTBUI, WHTEHCHUBHOE
npoussocTBo JIIC 1o3BoJIAeT MUKPOOHBIM KOHCOPIIH-
yMaM yAepXuBaTh Bjary y KOpHel, ONTUMHU3HUpPOBATh
00MeH MeTaboJIMTaMU U 3alyIaTh IapTHEPOB B YCJIO-
BUAX OKMCJIUTEJIBHOT'O 1 0OcMOTHYecKoro crpecca (Costa
et al., 2018; Kimotho and Maina, 2024). Pa3Burhiii
OIIC-annapaT TakXe BBHINOJHAET OHMOMEXaHUYECKYIO
dyHKIMIO0, MOBHIIAA ITPOTUBO3PO3UOHHYI0 CTOHKOCTH
nouyB (Chamizo et al., 2018). Hau6opInii moTeHIyall
K ¢opmuposanuto JIIC-MaTpukca, COIJIaCHO YHUCITY
reHoB OHWOCHHTe3a TJINKaHOB, IIPOJIEMOHCTPUPOBAJIU
mrammbl Nostoc sp. VKM Al-115 u N. minutum VKM
Al-168, uTo fesiaeT UX NPeANOYTUTEIPHRIMU KaHAUIA-
TaMu AJIA IpUMeHeHUs B II0YBax, [IOABEPXXeHHBIX 3PO-
3UH U Aerpajaiuu.

[Iupoxkuii cHeKTp IOYBEHHO-KJIUMaTU4YeCcKuX
YCJIOBUI, U3 KOTOPBIX OBLIM HM30JIMPOBaHHBI KCCJIEAO-
BaHHble INTaMMBI, [I03BOJIAET MpeAnosararb Hajauuue
Yy HUX IeHeTUYeCKuX afalTalyil K pa3jM4yHBIM CcTpec-
CcOBEIM (akTOpaM - 3acoJieHuw, 3acyxe, Aeduuuty
NUTaTeJIbHBIX BellecTB. JTO AejlaeT UX IepCleKTUB-
HBIMU KaHAUAaTaMu Ajid pa3paboTku Ouomnpenaparos,
9¢PeKTUBHBIX B MIMPOKOM JMana3oHe arpo3KO0JIOTU-
YeCKUX YCJIOBUI, YTO OCOOEHHO aKTyaJIbHO i IOYB
I0XKHBIX PerMoHOB Poccun, ofiBepKeHHbIX Aerpajanuu
(Chen et al., 2025). BuouHGOPMALMOHHBIN aHAIN3
[I03BOJIAET MPEAINOJIOKUTh HaJuuue oIpeAeleHHON
CBA3MU MeXJy 5KOJOTMYeCKUMU OCOOEHHOCTAMHU MecCT
IIPOMCXOXJEHUA MTaMMOB U (YHKI[MOHAJIBHBIM IIPO-
¢unem. B yactHOoCTH, n30sANMA TaMMOB N. commune
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VKM Al-35 u N. punctiforme VKM Al-37 13 COJIOHIIOBBIX
nouB Bosrorpazckoii o6siacty coBnagaer ¢ Gukcanuen
y HUX Hau0oJiee BBICOKUX [TOKa3aTeJsiell 1o MyTAM yrJe-
BOJHOTO W aMUHOKHCJIOTHOIO OOMEHOB. DTO MOXeT
yKa3blBaTh Ha pa3BUTHIN IeHeTUYeCKUI MOTeHIHasl K
CHHTe3y BHYTPUKJIETOYHBIX OCMOIIPOTEKTOPOB, He00-
XOJWMBIX [AJiA BBDKMBAHUA IIPU IOBBIIIEHHOM OCMO-
TUYeCKOM AaBjieHnu. HampoTus, agantanus K 3acyml-
JIUBBIM YCJIOBUAM MOJIYIYCTHIHHBIX I0YB PecrryGsnku
KanMeikusa worjia cTuMyJmpoBaTh (GoOpMHUpOBaHHe
y mramMma H. pseudoramosissima VKM Al-158 comps-
KEHHOTo anmnapaTta 6uocuHTe3a (GHUTOrOPMOHOB TpeXx
KJII0UEBBIX KJIaccoB (ayKCHMHOB, IIUTOKHMHWHOB U THO-
GepesnHOB), a y mramMa N. edaphicum VKM Al-156
— KacceT, IOTeHNMAJIbHO BOBJIEUEHHEIX B Jierpajanuio
apoMaTHyecKux coeAuHeHUi. CXOAHBIE TPEHABI IMPO-
CJIeXKUBAIOTCA U AJIA APYTUX I0XKHBIX M30J1ATOB. Tak,
npoucxoxaeHue mramma A. pirinica VKM Al-153 u3
JIyrOBOH IIOYBHI CONPsDKEHO ¢ dUKcanyrel MakCuMalb-
HOIO [J1 UCCJIe[JOBaHHOH BBHIOOPKM 4YKcJjia F€HOB CHUT-
HaJIbHON TPaHCAYKLIMH, YTO TEOpeTUYeCKH MOXeT o0e-
creyyBaTh eMy 0OoJiee BBICOKYIO0 UYBCTBUTEJIBHOCTb K
KOPHEBBIM 3KcCyaTaM IIpU KOJIOHU3anuu pu3ocdepsl.
Crnennduka KallTaHOBBIX [I0YB CYXOH CTeIH, XapaKTe-
PHU3YIOLIMXCA )KeCTKUM edUIUTOM BJIaru, MoxeT 00b-
ACHATH oboraimjeHne reHoma mraMmma N. minutum VKM
Al-168 nyTAMHM CUHTE3a TEPNEHOU OB U MOJIUKETU/IOB,
MOTEHI[MAJIbHO YYacTBYIOUIMX B MEXBHUJOBOH KOHKY-
pernun. IlItammer Nostoc sp. VKM Al-115 (Tysbckas
obsracts) U Nostoc sp. VKM Al-56 (MockoBckas
obJiacTh), BbleJIeHHble U3 JIeCHBIX [10YB, J€MOHCTPU-
PYIOT MOBHIIIIEHHYIO0 NPeICTaBIeHHOCTh YIJIEBOAHBIX U
XKeJjie30-TPaHCIOPTHBIX My Tel.

OyHKIMOHAJIbHOEe NpOoQUWINpOBaHNEe TIeHOMOB
BBIAABWJIO Y BCeX INTaMMOB IOJIHBIM KJlacTep IeHOB
asordukcanuu (nif-kylacrep) M pasBUTHE CHUCTEMBI
mobOmnm3anuu  ¢ochaTtoB, 4UTO ABJIAETCA KJIHOUEBHIM
MpenuMyllecTBOM IMaHOOaKTepuil Kak arpobHOTeXHO-
Jorudyeckux areHToB (Sharma et al., 2013; Chen et al.,
2025). Bricokas npeAcTaBIeHHOCTb T€HOB CUTHAJIbHOMN
TPaHCAYKLIMUN U MeMOpaHHOIO TpaHCIOPTa yKa3blBaeT
Ha CII0COOHOCTh 3(p(PeKTUBHO pacro3HaBaTh KOPHEBbIE
dKCCyAaThl, MUI'PUPOBaTh B puszocdepy U yTUIU3UPO-
BaThb OpraHuyecKkue coeHEHUs, BbIesiAeMble pacTre-
HueM (Santos-Merinoetal., 2019; Lietal., 2024). IllTamm
VKM Al-56 BbigesiseTcs HaauuueM 14 reHoB MeTa-
6onmm3Ma xene3a (cugepodopsl), uTO obecneuynBaeT
KOHKYyPEeHTHOe IIpeHMyIecTBO 3a cueT OrpaHudeHusd
JIOCTYIHOCTH XeJie3a Ay duronaroreHoB (Krishnan et
al., 2025). Beianennbii y N. edaphicum VKM Al-156
anmapaTr MeraboJsiM3Ma apoMaTH4ecKuUX COeAUHEeHUN
yKasblBaeT Ha BO3MOXHBIN MOTEHIMas AJIA JeTOKCH-
Kaluy repOUIMI0OB U OMOJIOTMYECKOM OYMCTKU arpoa-
kocucteM (Ksiazek-Trela et al., 2025). HcnoJib3oBaHue
HEaKCeHNWYHBIX KyJIbTYp MMHUMH3UpPYeT YIJepoJHoe
OpemsA Ha pacTeHHe, IIOCKOJIbKY (POTOTPOdHEIN OCTOB
CcaMoCTOATeJIbHO obecnieunBaeT Tpoduueckue norped-
HOCTH caTe/UIMTHBIX PGPB-«momorHukos» (Palkina et
al., 2025). CorylacHO COBpEMEHHBIM MpeCTABIEHUAM,
pasfeJieHre TpyJa MeXAy XO03AWHOM U caTesuIdTaMu
yCKOpsieT MUHepaJIU3alHio apOMaTHYeCKUX CTPYKTYP B
mouBe (Raj and Shahid, 2026).
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Ki1i0ueBbIM acIeKTOM MOaHHOTO MCCJIeIOBAHUS
SIBJIAETCA TO, YTO HEaKCeHWYHBle KYJIbTYPHI I[MAHO-
OakTepuil ¢ UX ecTeCTBeHHBIM OaKTepuabHBIM OKpPY-
XXeHHeM MOTyT KOHIENTyaJbHO paccMaTpuBaThCs B
KavecTBe NPUPOAHBIX MPOTOTUIOB U OHUOJIOTMYECKUX
Mozesiell MCKYCCTBEHHBIX MMKPOOHBIX c000iecTB. B
Takux cucreMax GOTOTPOGHBIII XO3fAMH BHICTYIAET B
posm kmoveBoro Bupna (keystone species), OTBETCTBEH-
HOTO 3a MepBUYHYI0 (GUKCALNI0 3JIeMEHTOB U Hapa-
60TKY 3K30MOJIMCAaXapUOHOrO MAaTpHKca, TOrja Kak
reTepoTpodHBe CATEJUIUTHL BHITOJHAT (GYHKINU
BUJIOB-TTIOMOITHUKOB (helper species), 3amuimiaronyx
KOHCOPIIYM OT [IaTOT€HOB 1 MOBHIIIAIOIINX €r0 PU30C-
depnsiit putHec (Li et al., 2024). AHaIN3 caTeJUTUTHON
MHUKPOOUOTH BBIABUJI NPUCYTCTBUE OakTepuil (puiiy-
MoB Pseudomonadota u Bacteroidota. UneHTudukarms
OakTepuii, CTUMYJIMPYIOLIUX POCT pacTeHU, 13 POJOB
Lysobacter, Devosia u Achromobacter coryacyercsa c
COBpEMEHHBIMH IIPeJICTABJIeHUAMU 00 HUX BaXHOH
poi1 B KauecTBe (YHKIMOHAIBHBIX IOMOIIHUKOB B
pusocdepe. IlpucyrcTBue ponos Lysobacter m Devosia
TPaJUIMOHHO CBS3BIBAIOT C MeXaHU3MaMU WHIYK-
UM CHUCTEMHOM YCTOMYMBOCTU pacTeHUl U OWOKOH-
TpoJia natoreHoB (Abbasi et al., 2021). B pusocdepe
U TIOYBEHHBIX KOHcOpIMyMax BuAbl pofa Lysobacter
CIIOCOGHBI aKTHBHO ITOJABJIATh POCT TPUOHEBIX (uTomna-
TOTEHOB 32 CYeT MPOAYKIMU IIHPOKOro CIeKTpa BHe-
KJIETOYHBIX JIUTUYecKux depmeHTOB (GOmez Expésito
et al.,, 2015), a npexacraButenu Devosia 3GHEKTUBHO
HUBEJIPYIOT HeraTUBHBIE NOCJIEACTBUA abHOTUYECKUX
CTPeccOoB U MOBBIMAIOT CUJIy ImpopocTkoB (Monjezi et
al., 2023). Yuactue Achromobacter u Brevundimonas B
MeTaboam3Me KOHCOPLYMOB BHOCHUT CYIIECTBEHHHBIN
BKJIQZ] B KPYrOBOPOT 3JieMeHTOB mnurTaHus. [Itammel
Achromobacter TOTIOJIHAIOT OOIIYI0 MOEb pa3iesieHUs
MeTab0IM4ecKOro Tpya BHYTPU MUKPOOHBIX CHICTEM 32
CYET BhICOKOH ochaTMobun3ytomieii aktusHocTU (Ma
et al., 2011; Zhang et al., 2026). B cBoiw ouepe[ib, acco-
[[UUpOBaHHbBle GakTepuu pona Brevundimonas nemMoH-
CTPUPYIOT BEIpAXKEHHYI0 CHEPreTHYeCKYI0 aKTHBHOCTh
B COCTaBe KOMILJIEKCHBIX OLOCTHUMYJIATOPOB, HE TOJIBKO
WHTeHCUGUIUPYs IPOAYKIMI0 ayKCUHOB U MOOWJIN3a-
nuio pocdopa (Mukherjee et al., 2022), Ho u ocymiecT-
BJIsAA Huostornyeckylo asorduxkcanuio (Naqqash et al.,
2020), yTo HaANMpAMYI YyCKOpsieT pa3BUTHE KOPHEBOU
CHCTEMEI U pOCT OGHIOMAacCCHl X035I€B.

B COOTBETCTBUM C TUIIOTE30H YCTOMYMBOCTU 32
cueT pa3zHoobOpasus, MaKCUMAaJIbHBIN OMOKOHTPOJIBHBIH
[IOTeHNMa U CTabUJIbHOE IpOsBJIEHHE KOMIJIEKCHBIX
MIPUKJIATHBIX IPU3HAKOB B pr3ocdepe 3aBUCAT OT CHHED-
reTU4ecKUX MeXBUJIOBBIX B3aUMOJIeIICTBUI Ha ypOBHE
BCero KOHCOPIIMYMa, a He U30JIMPOBAHHBIX MOHOKYJIb-
Typ (Niu et al., 2017; Trivedi et al., 2020). 3To Teope-
TUYeCKH OODOCHOBHIBaeT NPUKIANHYIO I[EHHOCTh Heak-
CEHUYHBIX KYJIbTYpP HIHaHOOAKTepUil KaK eCTeCTBEHHbIX
MIPOTOTUIIOB MCKYCCTBEHHBIX MMKPOOHBIX COOOIECTB,
Jeyiasi oTOOP TaKMX MHOTOQYHKIMOHAIBHBIX MIPUPOI-
HBIX accoUMalnuil NPHOPUTETHHIM HalpaBjeHUeM IJIf
COBpeMeHHBIX arpoOUOTEXHOJIOTUM.

B TO xe BpeMs KoMILIeKCHOe de novo npoduim-
poBanue (MAG-noaxof) Mo3BoJisieT He ToJIbKO 3ddek-
THUBHO paspeniaTs nNpobJieMsl 1oandasHON TAKCOHOMUU
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MOYBEHHBIX naHoOakTepuil (Sudianto et al., 2026), HO
U JleTaJIbHO OXapaKTepu30BaTh COCTaB aCCOLMHUPOBAH-
HOUM MUKPOOHUOTEHI, Urpalieil KJII0ueByIo poJib B QyHK-
I[MIOHAJIbHOM CTaOWJIBHOCTU U OMOTEXHOJIOTMYEeCKOM
IoTeHIIMasle MMOYBEHHHBIX KOoHcopiuyMmoB (Garcia et al.,
2025; Palmer et al., 2025).

HecMoTpsA Ha BBICOKYI0 3HAaYMMOCTb IOJIy4YeH-
HBIX pe3yjbTaToOB, HacTosdAllee HCcaefoBaHUE KMeeT
pAn orpaHudeHuil. @OyHKIMOHAJIbHAsA XapaKTepH-
CTHKa HITaMMOB OCHOBaHa HCKJIIOUHUTEJIbHO Ha OHO-
MHGOPMATUYECKOM MPOTrHO3WpOBaHUM in silico. XoTs
IOPUCYTCTBUE TaKUX [IeTepMUHAHT, KaK nif-KjacTepsl
Wiy nytyu 6uocuHTe3a GUTOrOPMOHOB, yYKa3blBaeT Ha
MeTaboJsimdecKril NMoTeHIKasl ITaMMOB, UX (akTHuye-
cKkas aKcmpeccus U npukiaagHad 3¢G¢eKTUBHOCTh in
Vivo B 3HAUMTEJIBHON CTelleH! 3aBUCAT OT AUHaMuue-
CKHUX MOYBEHHO-KJINMaTh4ecKux (HakTOpoB, KOPHEBBIX
SKCCyAaTOB paCTeHUN M CJIOXKHBIX SIUTe€HeTHUYeCKUX
peryJIATOpHBIX ceTel. JONOJHUTEeIbHBIM BEI30BOM NIpU
nepexofile OT JabOpaTOpPHBIX Mofesiell K peayibHBIM
arposkKocucTeMaM OcCTaeTcs IojieBas CTaOMJIBHOCTh
KOHCOpI[MYMOB: accolMaTHBHBIE AUA30TPO(Hl Heus-
6eXHO CTAJIKMBAIOTCA C JKECTKOU KOHKYpeHIMeHl co
CTOPOHBI HATUBHOTO MOYBEHHOI0 MUKpPOOHOMA 3a Tpo-
(dudeckue pecypchl 1 5KOJIOTUYECKHe HUIIY KOJIOHU3a-
1My KopHell. HakoHel], cyliecTBeHHBIM OrpaHHYeHHeM
COBPEMEHHBIX METOJI0B aHHOTAI[UU ABJIAETCA BBICOKAA
Jl0J11 HekJaccU(pUUHUPOBAHHBIX I'€HOB U TUIIOTeTHYe-
CKUX 0eJIKOB, KOJIMYeCTBO KOTOPHIX B MCCJIeJOBAHHBIX
reHoMax 3HAUMTeJIbHO IIpPeBHIIaeT 4ucjio (QYHKIHO-
HaJIbHO oxapakTepusoBaHHBIX CDS. D10 ykasbiBaeT Ha
TO, YTO peaJibHbII OHMOTEXHOJIOTUYEeCKU 1 MeTaboJu-
YecKUil MOTeHNMaJl U3yYeHHBIX aOOPUIeHHBIX IITaM-
MOB MOXeT OBITb CYyL[eCTBEHHO BBIlIe BBIABJIEHHOIO,
OAHAKO ero ToYHasA uAeHTU(GUKAIMA B HacTosAllee
BpeMs JIMMUTHPOBaHa (pparMeHTapHOCTbI0 pedepeHc-
HbIX 6a3 JaHHBIX reHeTH4ecKol nHGpopMaIuy AJ1d IoY-
BEHHBIX [[aHOOaKTepUi.

5. 3akniouenue

B pesysbTaTe NpPOBENEHHOTO MCCJIeOBAHUSA
OCyIecTBJIEHA KOMIUIEKCHas TeHOMHas IMaclopTU3a-
1A IeBATH HeaKCEeHNWYHBIX IITAMMOB IIOYBEHHBIX I[11a-
HoOakTepuil mopsigka Nostocales u3 Bcepoccuiickoi
KOJUIEKIIMM MMKPOOPTaHU3MOB C KCIOJIb30BAaHUEM
IOJIXOZOB IOJIHOTEHOMHOI'O aHajl3a MeTareHOMOB.
[TpumMmeHenmue crpareruu de novo MeTareHOMHOH CO0PKU
U mocjefnymounero 6ronHbopMaTHYecKoro OUHHUHIA
IIO3BOJIMJIO PEKOHCTPYHPOBATh BBICOKOKAYeCTBEHHBIE
r€HOMBI IleJIeBBIX (OTOTPOGHBIX IITAMMOB, MUHYA
KJIaCCUYeCKUH 3Tall IOoJIydYeHUs YHCTHIX H30JIMPOBaH-
HBIX JIMHUN. DUIOTeHOMHBIN aHaJIN3 BBIABIII BHICOKYIO
crernieHb 060c06JIeHHOCTH KCCleJoBaHHOTO GoH/Ia, YTO
IO3BOJIsIET pacCMaTpHUBaTh JJaHHBIE IITAaMMBI B Kade-
CTBe KaHAUIATOB B HOBBIE BUEL. TeM He MeHee, Ha6JIIo-
JlaeMasi HOBM3HA MOXeET OBITh YaCTHMYHO OOYCJIOBJIEHA
TeKyllel GparMeHTapHOCTbHIO IJ100aIbHBIX 623 JAHHBIX
n gebunuroM pedepeHCHBIX I0C/IeI0BaTEIbHOCTEN
NOYBEHHBIX IMaHobakTepuil. [IpodupoBaHue Map-
KEepHBIX puOOCOMAJIbHBEIX I'€HOB BBISIBUJIO IPUCYTCTBUE
rerepoTpodHBIX 6akTepuil ponoB Devosia, Lysobacter,
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Brevundimonas, Variovorax, Bosea, Achromobacter u
Pseudoflavitalea, yTo MOATBEpXAAeT HAIUYUE B Heak-
CEHUYHBIX IHaHOOAKTepHaJIbHBIX KYJIbTYpaX TaKCOHOB,
006J1aJaloIMX BEIPAXXEHHBIMU POCTOCTUMYJIUPYIOIIMU
1 OUOKOHTPOJIBHBIMM cBoOMicTBaMU. CKPUHUHT arpo-
OHOTEXHOJIOTMYECKOTO [TOTeHNIasa IOATBEPAII HaJIU-
Yyrie YHHUBEPCAJIbHOI'O TeHeTHuYecKoro 6asuca a3oTduk-
canuu U cucteM Mobunusanuu pocdopa y Bcex AeBATU
M3y4YeHHBIX MTaMMOB. Ha ocHOBaHMU HHTEIrpajibHOTO
aHa/IM3a TeHOMHBIX Ipodusiell Ha HaJIMule KJII0YeBhIX
arpoOHOMHYECKH IeHHBIX IPU3HAKOB (CIOCOGHOCTH K
cuHTe3y (UTOrOPMOHOB, a3oTduKcany, MoOUIM3a-
uu GocdaTos, 3amKTe OT IATOTEHOB M YCTOHYNBOCTHU
K abuoTHYecKUM cTpeccaMm), a TakXe YUUThIBasA TaK-
coHOMUYecKoe U Ouoreorpaduyeckoe pasHoobpasue,
mTaMMhbl A. pirinica VKM Al-153, H. pseudoramosissima
VKM Al-158 u Nostoc sp. VKM Al-115 6sutu onpefe-
JIeHBl KaK IepCleKTHBHBle KaHIUIAThl IJis IpoBefe-
HUS AajIbHEHIINX BereTalOHHBIX SKCIEPUMEHTOB B
[eJIAX CO3qaHusA CTabWJIbHBIX OHOIpernapaToB HOBOTO
MTOKOJIEHUSI.
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