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ABSTRACT. We performed high-throughput sequencing of microbial community with cyanobacterium
Tychonema sp. BBK16 and heterotrophic bacteria in vitro. Representatives of the phylum Pseudomonadota/
Proteobacteria, the bacteria Hydrogenophaga, Sphingomonas, Paucibacter, Aminobacter, Devosia,
Tahibacter, and Bosea dominate and coexist with the cyanobacterium for a long period of cultivation.
It was found that this cyanobacterium is an edificator of this community providing the microbiome
with organic matter. Metabolic features of heterotrophic bacteria based on reconstructed genomes are
presented. The main processes of carbon and nitrogen metabolism in the biofilm are carbohydrate and
amino acid metabolism, as well as processes regulating the relationships between members of this
consortium. Hydrogenophaga sp. and Tychonema sp. BBK16 show carbon autotrophy due to the Calvin—
Benson-Bassham (CBB) cycle, while Sphingomonas sp. due to the glyoxylate pathway of metabolism. The
biofilm also contains the anoxygenic photoheterotroph Bosea sp. using light energy to transform organic
matter. Aminobacter sp. is an active degrader of complex organics, which possesses methylotrophy and
supplies hydrogen for oxidation by Hydrogenophaga sp., Paucibacter sp., also supplies hydrogen for this
community. Sphingomonas, Tychonema and Paucibacter release phosphate from organic compounds

providing phosphorus to this consortium.
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1. Introduction

Interactions occurring between algae and bacteria
representaparticularcirculation of organicmatter (Azam
et al., 1983). Cyanobacteria, as primary producers,
form a specific habitat environment by forming organic
matter and synthesizing biologically active metabolites
(Woodhouse et al., 2018). Heterotrophic bacteria
associated with cyanobacteria are more often species
with flexible universal metabolism, most of the strains
belong to Proteobacteria (Berg et al., 2009). High-
throughput sequencing allows a detailed inventory
of cyanobacteria-heterotrophic bacteria associations
without cultivating (Shaw et al., 2020). For example,
Nostoc macrocolony communities from lakes have
been found to repeat partly a plankton-lake motif, but
members of Shingomonadaceae, Rhodobacteriaceae,
Comamonadaceae become distinctive (Aguilar et al.,
2019). These bacteria are frequent companions of
cyanobacteria in natural conditions (Chun et al., 2017;
Park et al., 2021; Thorat et al., 2022). Metagenomic
studies of the non-axenic cultures’ microbiome of
subpolar cyanobacteria showed the occurrence of
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representatives of Proteobacteria and Bacteroidetes
in the community and ruled out the possibility of
external contamination confirming the co-evolution
of cyanobacteria and their companions (Cornet et al.,
2018). Non-axenic algal cultures are suitable model
objects for studying interactions between algae and
heterotrophic bacteria because they demonstrate in
situ relationships. The presence of different bacteria
in cyanobacterial cultures allows the study of their
genomes using bioinformatics tools for nucleotide
fragment separation (Tan et al., 2016).

The genome of the filamentous cyanobacterium
Tychonema sp. BBK16 isolated from benthic biofilms
revealed its ecology and genomic -characteristics
(Tikhonova et al., 2022; Evseev et al.,, 2023).
Analysis of DNA isolated from a non-axenic culture
of cyanobacterium revealed heterotrophic bacteria
inhabiting the mucous cover during autotrophic biofilm
growth in vitro. The aim of this work is to study the
bacteria-companions of Tychonema sp. BBK16 and the
metabolic characterization of this microbial consortium
based on DNA barcoding and metagenomics data.

© Author(s) 2023. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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2. Material and methods

Sample collection and DNA sequencing

Obtaining a non-axenic culture of
cyanobacterium and isolation of DNA was previously
described (Tikhonova et al., 2022). The strain was
cultured in vitro for seven years on autotrophic Z-8
medium containing nitrate, sulfate, carbonate, and
phosphate as nutrients. Illumina Miseq sequencing of
the V3-V4 region of 16S rRNA gene was performed
according to the manufacturer's instructions with
primers 343F (CTCCTACGGRRSGCAG) and 806R
(GGACTACNVVGGGTWTCTAAT) in Evrogen
(Moscow). Shotgun sequencing was performed by
different methods using the DNBSEQ-400 sequencer
(MGI, China) by PCR-free protocol with enzymatic
fragmentation (MGI, China) and using the Illumina
MiSeq platform (Illumina, USA) by the paired-end reads
in the case of MGI - 150 bp, in the case of Illumina -
300 bp. The quality of V3-V4 amplicon libraries and
metagenomic sequencing results were assessed using
the program MultiQC v. 1.12 (Ewels et al., 2016),
and adapters were removed using the Trim Galore v.
0.6.5 program (https://www.bioinformatics.babraham.
ac.uk/projects/trim galore/, date last accessed: 12
December 2023). A phylogenetic tree was constructed
using the BEAST v. 1.8.4 (Drummond and Rambaut,
2007). Raw data deposited PRJNA1042932 (two
metagenomic sequencing pools), SRR11929492 (16S
rRNA gene sequencing data).

DNA metabarcoding data processing

The DADA2 v. 1.16 package for the R
programming language was used for further processing,
which included filtering out non-target and chimeric
sequences, and clustering into ASVs (Amplicon Sequence
Variants) (Callahan et al., 2016; R Core Team, 2021).
Nearest homologues were selected by BLASTn searches
using the NCBI nr/nt reference sequence databases.
ASVs and nearest homologues were aligned using the
ClustalO algorithm (Sievers et al., 2011).

Shotgun data processing

Assembly of reads into contigs was performed
using the SPAdes v. 3.15.4 (Prjibelski et al., 2020).
Mapping of reads to the produced contigs was
performed with BWA v. 0.7.17 and the Samtools v.
1.18 package (Heng and Durbin, 2009; Danecek et al.,
2021). Metagenomic binning and genome isolation
was performed using MetaBAT2 v. 2.15 (Kang et al.,
2019). Completeness and contamination of the final
MAGs were evaluated using CheckM2 v. 1.0.2 based on
a machine learning algorithm (Chklovski et al., 2022).

Open reading frames (ORFs) in contigs were
detected using Prodigal v. 2.6.3 (Hyatt et al., 2010).
KEGG annotation and assignment of KO numbers to
proteins were performed using the BlastKOALA service
(Kanehisa et al., 2016) and semi-automatically using
DIAMOND v. 2.1.8 (Buchfink et al., 2021) against the
NCBI nr protein sequence database. Ribosomal RNA
genes were isolated using Barrnap v. 0.9 (Seemann,
2013). Taxonomic annotation of contigs and MAGs was
performed using the Kaiju service (Menzel et al., 2016)
and manually improved using author scripts based on
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metabolic annotation obtained previously.

The functional characteristics of microorganisms
were established based on the presence of marker genes
for metabolic processes in the genome, similar to the
methodology described by Garner et al. (2023). Carbon
autotrophy was established by the presence of genes
in the CBB cycle - rbcL, prkB; glyoxylate assimilation
pathway - mct; ammonia transport into the cell - amt,
and its assimilation - glnA; transport of nitrite/nitrate
- nrtABC, assimilation of nitrates/nitrites - narB, nirA,
nasABED; denitrification genes - narGHI, nirK, norB,
nosZ; urea transport - urtABCDE and its decomposition
to ammonia - ureABC; carboxylation of urea - E6.3.4.6
urea carboxylase; ammonium production from
glutamate - asnB; phosphonate transport phnCDE;
phosphonate decomposition — phnAB; decomposition
and modification of phosphonates - phnlJKLMPWXY,;
assimilation of phosphate from organic compounds
— phoD; transport of inorganic phosphate - pstBS;
hydrolytic enzymes for polysaccharides - argH, glgX,
susACD; sulfate and thiosulphate transport system
- cysAPUW; oxidation of sulfates and thiosulphates
in periplasm - soxABCDXZ; degradation of aromatic
compounds - vanA, dmpB, xylE; assimilation of
carbon monoxide with the release of hydrogen -
coxMLS, cutML; permeases for facilitated transport of
oligopeptides and oligosaccharides - oppABCDF, mppA,;
methylamine utilisation (methylotrophy)- gmasS,
mgsABC, mgdABCD; use of carbon monoxide - coxMLS,
cutML; synthesis of bacteriochlorophylls - bchMO;
light-gathering polypeptides, photosystem II - pufML.

3. Results and discussion

Phylogenetic diversity and bacterial genomes in
a non-axenic culture Tychonema sp. BBK16

Sequencing of the V3-V4 amplicon library of 16S
rRNA gene resulted in 62,028 paired-end reads. From
this set, 21 ASVs were isolated, the annotation of which
revealed representatives of three phyla: Cyanobacteria
(66.1%), Pseudomonadota/Proteobacteria (33.7%),
and Actinobacteriota (0.2%). The most represented
genera are Hydrogenophaga, Sphingomonas, Paucibacter,
Pseudomonas, Aminobacter, Devosia, Tahibacter, Bosea,
Methylophilus, Rhodopseudomonas, Ensifer, Tabrizicola,
Acidovorax, Caulobacter; minor genera are Rhodococcus
and Iamia (Table 1).

Shotgun sequencing generated 18,4421,914
paired-end reads; taxonomic annotation of which
revealed representatives of three phyla: Cyanobacteria
(50.2%), Proteobacteria (49.6%), and Actinobacteriota
(0.2%). Metagenomic binning of the contigs obtained
after assembly identified 12 bacterial genomes of
different quality (Table 2). The most complete genomes
according to CheckM2 completeness and contamination
statistics (given in parentheses, %), were the following:
Tychonema sp. BBK16 (bin.4 — 99.15 / 2.42),
Tahibacter sp. (bin.3 — 99.3 / 0.09), Aminobacter sp.
(bin.8 — 97.44 / 1.83), Paucibacter sp. (bin.9 — 100 /
0.26), Sphingomonas sp. (bin.11 — 99.76 / 8.07). Also
noteworthy is the high percentage of assembly of the
Devosia, Bosea, and Hydrogenophaga genomes.
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Table 1. Abundance of ASVs in the biofilm of Tychonema sp. BBK16 sample

ID Phylum Class Genus Count | Value,
%

ASV001 Cyanobacteriota Cyanobacteria Tychonema CCAP 1459-11B 41016 | 66.12
ASV003 | Pseudomonadota/Proteobacteria Betaproteobacteria Hydrogenophaga 10959 | 17.66
ASV005 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Sphingomonas 5116 8.24
ASV012 | Pseudomonadota/Proteobacteria Betaproteobacteria Paucibacter 1041 1.67
ASV009 | Pseudomonadota/Proteobacteria | Gammaproteobacteria Pseudomonas 840 1.35
ASV016 | Pseudomonadota/Proteobacteria Alphaproteobacteria Aminobacter 789 1.27
ASV017 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Devosia 669 1.08
ASV004 | Pseudomonadota/Proteobacteria | Gammaproteobacteria Tahibacter 635 1.02
ASV020 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Devosia 433 0.7
ASV037 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Devosia 147 0.24
ASV041 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Bosea 81 0.13
ASV047 Actinobacteriota Actinobacteria Rhodococcus 71 0.11
ASV049 | Pseudomonadota/Proteobacteria | Gammaproteobacteria Methylophilus 60 0.01
ASV050 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Rhodopseudomonas 58 0.094
ASV051 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Ensifer 52 0.084
ASV056 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Tabrizicola 36 0.058
ASV027 Actinobacteriota Actinobacteria Rhodococcus 14 0.023
ASV093 | Pseudomonadota/Proteobacteria | Gammaproteobacteria Acidovorax 3 0.005
ASV092 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Caulobacter 3 0.005
ASV091 Actinobacteriota Acidimicrobiia Iamia 3 0.005
ASV095 Proteobacteria Gammaproteobacteria Acidovorax 2 0.003

Table 2. Metagenome-assembled genomes isolated from the Tychonema sp. BBK16 biofilm sample.

Bins with >50%

completeness and <5% contamination are in bold.

bin ID Compl. * Cont.* Contig Genome GC Total CDS Genus
N50 Size Content
bin.1 20.8 0.35 3434 1190380 0.63 1405 Rhodococcus
bin.2 7.19 0.01 149685 412532 0.6 443 Aminobacter
bin.3 99.3 0.09 214065 6110546 0.66 4716 Tahibacter
bin.4 99.15 2.42 108947 5876576 0.44 5150 Tychonema
bin.5 65.82 0.01 39311 2077122 0.69 1999 Hydrogenophaga
bin.6 84.19 2.56 14881 4250091 0.64 4320 Devosia
bin.8 97.44 1.83 134644 5591995 0.63 5427 Aminobacter
bin.9 100 0.26 214794 4356207 0.67 3973 Paucibacter
bin.10 84.96 3.7 10883 5032618 0.66 5129 Bosea
bin.11 99.76 8.07 90952 3846091 0.69 3710 Sphingomonas
bin.12 15.11 0.04 3530 797961 0.67 888 Stenotrophomonas

Note: * Compl. — Completeness, Cont. - Contamination

To assess the convergence of the targeting and
metagenomic sequencing results, a phylogenetic tree
was constructed based on the DNA alignment of the
fragment 16S rRNA gene (Fig. 1). According to the
BLASTn search, the tree also contains the nearest
homologues. As shown in the figure, in most cases, it
is possible to find a pair of sequences from ASVs and
metagenomes belonging to the same genus/species that
indicate sufficient sequencing depth for both methods.
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Even when no 16S rRNA marker gene was detected in
the metagenome, other coding sequences and genome
fragments were annotated as taxa represented in the
tree.

Metabolic functions
Tychonema sp. BBK16 biofilm

According to the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database, a total of 2387 different
functional orthologs (KO) were identified in the

of bacteria in the
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Fig.1. Phylogenetic tree based on DNA alignment of the fragment of the 16S rRNA gene. ASVs obtained from DNA-
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by BLASTn-search are in black color

biofilm-consortium. We presented 8 bins to describe
the bacterial functions (Fig.2). The analysis of the main
pathways of carbon metabolism showed that the most
significant participants in the biofilm community are the
metabolism of carbohydrates and amino acids; a large
part is represented by the categories of signaling and
cellular processes, nucleotide and energy metabolism,
membrane transport, and the metabolism of cofactors
and vitamins. See Supplementary material (S1) for
additional analysis - comparison of predicted functions
of microorganisms and actual functional genes.
Functional annotation of the assembled genomes
identified key metabolic markers of biofilm community
members (Table 3). The ability to fix inorganic carbon
was confirmed by the presence of the enzymes of the CBB
cycle in the microorganisms Tychonema sp. BBK16 and
Hydrogenophaga sp., although in the latter this process is
facultative and occurs when there is a deficit of organic
matter in the medium. The ability to use solar energy
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is confirmed by the presence of bacteriochlorophyll,
carotenoid synthesis genes, and photosystem II reaction
center enzymes in the bacterium Bosea sp.

A complex cycle of biogenic elements
phosphorus, nitrogen, and sulfur — occurs in the biofilm.
Thus, the source of phosphorus is phosphates, which in
a closed ecosystem are produced by the activity of the
enzyme alkaline phosphatase of the microorganisms
Tychonema, Paucibacter, and Sphingomonas. Most
bacteria have phosphonate transport systems. These
organic phosphorus compounds are common in
natural ecosystems and were once the first sources
of phosphorus for ancient microorganisms (McGrath
et al., 2013). Phosphonate transport systems can also
serve as phosphate transporters (Stasi et al., 2019).

Traditionally, the relationship  between
autotroph and heterotrophic bacteria is considered as a
metabolic symbiosis “carbon in exchange for nitrogen”
implying that bacteria fix atmospheric nitrogen. Thus,
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Fig.2. Abundance heatmap of different metabolic processes in the biofilm of Tychonema sp. BBK16

a microbial community represented by the filamentous
cyanobacterium Microcoleus vaginatus and strains of
Actinobacteria and Proteobacteria, many of which were
atmospheric nitrogen fixers, was isolated from arid soils
(Nelson et al., 2021). In our case, nitrogen fixation was
not detected, which was confirmed by the predictive
method (PICRUSt2) and the absence of marker
genes for the process in the genome (Supplementary
materials, S2, S3). Genes responsible for denitrification
(nitrogen removal) were identified in three members
of a consortium related to Proteobacteria (Aminobacter,
Tahibacter, and probably Paucibacter). According to
genomic characteristics, the main sources of nitrogen
for all members of the consortium may be ammonium,
nitrate, nitrite, and urea (as a metabolite and as a
decomposition product of dead biomass). Genes related
to ammonium transport and ammonium assimilation
enzymes were detected in all consortium members.
Genes coding for urea transport and its degradation
to ammonium were revealed in cyanobacteria
and heterotrophic bacteria, except Sphingomonas,
Paucibacter, and Tahibacter.

Thus, all metabolic processes are necessary
to keep the whole community alive. The autotrophic
cyanobacterium Tychonema sp. BBK16, as well as
the facultative autotrophs Hydrogenophaga and
Sphingomonas, forms organic matter for bacteria.
However, it has genes for organic matter assimilation
being a mixotroph (Evseev et al., 2023). Facultative
autotrophy of hydrogen-oxidizing bacteria is an
inducible process; they are successful organotrophs in
the presence of simple organic matter (Zavarzin, 1972).
BacteriaAminobacter, Tahibacter, Devosia, and Paucibacter
are able to consume polysaccharide substances, which
are abundant in cyanobacterial biofilm. Aminobacter
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has the most extensive metabolism being an active
polysaccharide degrader, methylotroph, denitrifier,
and, as well as Paucibacter, a supplier of hydrogen
for the hydrogen-oxidizing bacteria. Hydrogen is also
released during the anoxygenic photosynthesis of the
bacterium Bosea. Devosia are able to inhabit places rich
in organic compounds, such as wastewater and biofilms,
due to transport proteins - permeases, which uptake
short peptides of various amino acid compositions
serving as a source of carbon and nitrogen (Talwar
et al., 2020). During the phosphate depletion period,
Sphingomonas, Tychonema, and Paucibacter additionally
produce alkaline phosphatase to hydrolyze phosphate-
containing organic matter. Cyanobacteria Tychonema
sp. BBK16 is dependent on other bacteria because
the system is closed and nitrate and nitrite cannot be
provided from outside, while ammonium is released
by the bacterial decomposition of nitrogen-containing
polysaccharides and glycosides, proteins and amino
acids.

It was previously suggested that the microbiome
associated with cyanobacteria represents an “ecological
footprint” of the habitat (Cornet et al., 2018). We assume
that the microbial consortium studied with Tychonema
is represented by typical inhabitants of substrates
rich in organic and has all necessary for this purpose:
enzymes of denitrification, methylotrophy, hydrolysis
of aromatic compounds and complex polysaccharides,
as well as organic compounds of nitrogen, phosphorus,
and sulfur. Some of the genera have been described
such as Hydrogenophaga, Methylophilus and Pseudomonas
are found in the cultivated diatoms of Lake Baikal
(Mikhailov et al., 2018). In the article also showed
that the Nocardioides are satellites of Baikal cultivated
diatom algae.
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Table 3. Microbial processes in the biofilm of Tychonema sp. BBK16

Bacterium

Metabolism

Confirmative genes

Tychonema sp. BBK16

Tahibacter sp.

Hydrogenophaga sp.

Devosia sp.

Aminobacter sp.

Autotroph. Uses nitrate, nitrite, ammonia and urea. Assimilates
phosphates of inorganic and organic compounds, synthesizes
alkaline phosphatase. Utilizes sulfates and thiosulphates.

Organotroph. Uses phosphates, phosphonates, and ammonia,
hydrolyses glycans. Denitrification.

Chemoorganotroph/chemolithoautotroph. Oxidises hydrogen as
a source of energy and CO, or simple organic matter as a carbon
source. Preferred nitrogen source is urea, glutamate. Able to
degrade oligosaccharides. Transports nitrate and phosphate.
Participates in thiosulfate oxidation by the periplasmic SOX
enzyme complex.

Organotroph. Utilizes organic and inorganic sources of
nitrogen and phosphorus, detoxifies urea by decomposition or
incorporation into organic compounds. Contains a large number
of transporters of oligopeptides and simple organic matter,
modifies aromatic compounds. Possesses a powerful chemotaxis
system.

Organotroph. Mobile due to piles, hydrolyses polysaccharides,
catechols, glycogen, urea, assimilates nitrate, phosphate,
sulfate, thiosulphate, denitrifier. Oxidizes carbon monoxide to
carbon dioxide. Methylotroph involved in the degradation of
methylamines (serine pathway).

rbcL, prkB, amt, nrtA, narB,
nirA, glnA, ureABC , urtABCE,
pstB, pstS phoD, cysU, cysW

argH, amt, phnA, pstBS, nirK,
norB

rbcL, prkB, soxABCDXZ, urtABCE
ureABC, urea carboxylase, amt,
asnB, cysU, cysW

glgX, nasC, nasABED, nrtABC,

oppABCDF, mppA, phnCIJMP,

pstBS, urtAE, ureaABC, urea
carboxylase, vanA

amt, argH, glgX, dmpB, xylE,
nasABED, nosZ, nrtABC, pstBS,
phnACDIJKLMPWY; soxABG,
cysU, cysW, urtABCE, ureABC,
gma$, mgsABC, mgdABCD,

Paucibacter sp.

Bosea sp.

Sphingomonas sp.

Aerobic heterotroph capable of hydrolysing complex
polysaccharides, a companion bacterium to cyanobacteria
in nature and cultures, utilizes nitrate, phosphate, sulfate,

thiosulphate. Possible denitrification.

Anoxygenic aerobic phototroph, contains bacteriochlorophyll a
and photosystem II. Assimilates nitrate and phosphate.

Universal organotroph capable of carbon autotrophy, fixes
carbon dioxide using an alternative carbon pathway, the
glyoxylate cycle. Hydrolyses polysaccharides. Assimilates

phosphates and phosphonates, produces alkaline phosphatase
for phosphorus production from organic compounds.

coxMLS, cutML

amt, argH, narGHI, nasABED,
nrtABC, phoD, pstBS, phnDEX,
soxBCDXZ, cysU, cysW, susA,
coxMLS, cutML

amt, glgX, argH, bchM, chlM,
bchO, bchX,Y,Z, pufM,L,
nrtAC, nasDF, urtABC, pstBS,
phnCIJKMPXY

amt, argH, mct, phoD, pstBS

4. Conclusion

We have demonstrated that Proteobacteria are
the main symbionts of the filamentous cyanobacterium
Tychonema sp. BBK16 in vitro. The dominant genera
were Hydrogenophaga, Sphingomonas, Paucibacter,
Aminobacter, Devosia, and Tahibacter. The studied
biofilm community showed processes of oxygenic
and anoxygenic photosynthesis (phototrophy and
photoheterotrophy), facultative carbon dioxide
fixation involving the glyoxylate pathway and SBB,
methylotrophy, degradation of polysaccharides and
aromatic compounds to oligosaccharides, organic acids,
aldehydes, peptides, and monosaccharides, and organic
polymers of nitrogen and phosphorus.
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KpacHornees A.10., Tuxonosa U.B., Ilognecuas I'.B., IToranos C.A., I'magkux A.C.,
Cyciosa M.IO., Jluniko U.A., CopokoBukosa E.T'., besbix O.H.

JIumHostozudeckuti uHcmumym Cubupckoeo omdesieHusa Poccutickoti akademuu Hayx, yii. Ynan-Bamopckas, 3, Hpkymck, 664033, Poccus

AHHOTAIIHWA. [TpoBefjeHO BBICOKONPOU3BOAUTEIBHOE CEKBEHHPOBAaHUE MHKPOOHOI0 KOHCOpILUyMa,
00pa30BaHHOIO KyJIbTUBHpPYeMoIl naHobakTepuell Tychonema sp. BBK16 u reteporpodHBIMU GakTe-
pusamu. [IpeacraButenu ¢uisl Pseudomonadota/Proteobacteria — 6akrepuu pomnos Hydrogenophaga,
Sphingomonas, Paucibacter, Aminobacter, Devosia, Tahibacter, Bosea — JOMUHUPYIOT U COCYIIECTBYIOT C
I[MaHoOaKTepuell Ha MPOTSXeHUU AJUTEJIbHOrO Iepuoja KyJIbTHBHpOBaHUA. lluaHobOakTepus ABJIA-
erca 5aAu(pUKaTOpOM 3TOro coobiiecTBa, obecrneurBasd BeCb MHUKPOOMOM OpPraHMYeCKHM BeIeCTBOM.
[TpuBeneHb MeTaboJIMYecKre 0COOEHHOCTH OaKTepuii, UCXOAA M3 BOCCTAHOBJIEHHBIX reHOMOB. ['JiaB-
HBIMU IIpolieccaMy MeTaboJM3Ma yrijiepoAa U asora B OHMOIJIEHKe ABJIAIOTCA MeTab0JIM3M yrjIeBOJOB U
aMUHOKUCJIOT, a TaKKe MPOLIeCCH peryyAlnN B3auMOOTHOIIEHUM MeXAy YYaCcTHUKaMU KOHCOpLHUyMa.
VYriepogHoii aBToTpoduein obnagawT Tychonema sp. BBK16 u Hydrogenophaga sp. 3a cueT IMKJa
KanbBuHa — BeHcona — baccama (KBB) u Sphingomonas sp. 3a c4eT rJIMOKCUJIATHOTO Iy TH MeTaboIM3Ma.
Takxe B OuomJIeHKe MPUCYTCTByeT aHOKCUTeHHBIN goToretepoTpod Bosea sp., KOTOPBIM UCHOIb3YyeET
SHEpru cBeTa AjA npeobpa3oBaHUA OpraHUYecKUX BemlecTB. MeTunoTpodueli ob1afaeT aKTHUBHBIN
JIeCTPYKTOP CJIOXKHOI opraHuku Aminobacter sp., KOTOPEIH ITOCTaBJIAeT BOAOPO. AJIA OKHCJIeHUA 6aKTe-
pusaMmu Hydrogenophaga sp. Taxxke BomopoJ Beifensercsa 6akrepueil Paucibacter sp. MUKpooOpraHU3MEI
Tychonema, Sphingomonas, Paucibacter ocyliecTBJAIOT BhICBOOOXAeHUE (ocdaToB U3 OpraHUYECKUX
coeAuHeHMI, obecneunBas GochopoM Becb KOHCOPLUYM.

Kitiouegsie citoga: nuanobakTepus, 6aktepun, OMOIIEHKY, (PyHKI[MOHAIbHBIE TeHbl, MeTaboI13M

1. Beeaenue JIeHHOCTh OaxTepumil cemeiicTB Shingomonadaceae,

Rhodobacteriaceae, Comamonadaceae (Aguilar et al.,
2019). Otu OGakTepuu uYacTble CIYTHUKU IIBETeHUN
POCTIAMU U GaKTePHAMU NPEZCTABIIAIOT COGOL 0COGbIH [IMaHOGAKTEPUI B €CTECTBEHHBIX YCJIOBUAX, a TAKXeE B
KPYTOBOPOT OpraHM4YecKoro BemecTa (Azam et al., HeaKCeHMYHBIX KysbTypax (Chun et al., 2017; Park et
1983). LinanoGakTepun, KaKk IepBUYHbIE POIYLEHTH, al., 2021; Thorat et al., 2022). MeTareHOMHEIE HCCJIe-
CO3AK0T  crienudIYecKyio Cpeay MecTOOOHTaHuS, JIOBAHUSA COCTABA MUKPOOHOMA HEAKCEHUYHBIX KYJIbTYD
obpasys OpraHMYeckie BemecTBa U CHHTE3UPYs HOJIAPHBIX LMAaHOOAKTEpUI IOKa3aju INpeobJiafaHue
Guostorudecky  akTuBHbie MetaGomTel (Woodhouse Proteobacteria u Bacteroidetes B cocTaBe coo0iiecTsa,
et al., 2018). AcconrpoBaHHblie C I[MAHOGAKTEPUAMU Ipe/IosIaras COBMECTHYIO 3BOJIOLHI0 [IUAHOOAKTEPUIl
rerepoTpodHble GaKTepUH 4alle ABJIANTCA KyJIbTH- u ux cuyTHUKoB (Cornet et al., 2018). HeakceHnuHbIe
BUPYEMbIMU BHaMU C IJIACTUYHBIM yYHHUBEPCAJIBHBIM KYJTbTYPBI BOIOPOCIIElt ABJIAIOTCA MOJETBHBIMY 0GbeK-
MeTabosn3MoM, OoJibIllasg YacTh IITaMMOB NpHUHAJ- TaMU U U3yYeHUs B3aMMOJEHCTBHI BOJOPOCIHA
sexur Proteobacteria (Berg et al., 2009). Beicokormnpo- M TeTepOTPODHBIX OAKTEPHil, IMOCKOJBKY HEMOH-
U3BO/IMTEIIbHOE CeKBEHUPOBAHME [ACT BO3MOXKHOCTD CTPUPYIOT B3aMMOOTHOWEHWs in situ. IIpuCyTCTBUE
HNPOBECTH [eTajbHYI) WHBEHTAPM3alAI0 acCOLUaIyi DA3NMYHBIX GAKTepUil B KyJbTYPaX MUAHOGAKTEpHil
nuaHobaKTepuii ¢ reTepoTpopamu Ge3 MOJTydeHHs I03BOJIAET MCCJIeJOBATh MX FE€HOMEBI 6J1arofaps 6MovH-
mraMMoB Gaktepuii (Shaw et al., 2020). Hampumep, (opMaTHUeCKUM HMHCTPYMEHTaM pasiesieHus par-

BELABJIEHO, YTO COOOMIECTBA MAKPOKOJIOHHI [aHOGak- MEHTOB HyKJIEOTHJHBIX IOCIEA0OBATEIbHOCTEN 1 T€HOB
Tepun Nostoc 13 03epHOi IIPHGPEXHOI 30HHI B LIEJIOM (Tan et al., 2016)
o .

IIOXOXHW Ha IJIaHKTOHHBbIE€, HO B HUX BbIIIE€ IMpEACTaB-

BzaumoeicTBYsA, MPOUCXOAIINE MeXAy BOLO-
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Panee mpu aHajm3e reHomMa HUTYaTOU IMAHO-
b6aktepuu Tychonema sp. BBK16, BbIgesieHHON u3
OeHTOCHBIX OHOIIEHOK 03. bBalikas, mokasaHbl ee
dKOJIOTHYecKre u reHoMHble ocobeHHoctu (Tikhonova
et al., 2022; Evseev et al., 2023). Ilpu ananuze JTHK
HEaKCEeHUYHO! KyJibTypbl Tychonema sp. BBIBJIEHBI
MHOTOYHCJIEHHBIE II0CJIe/I0BAaTEJIbHOCTA TeTepoTpo-
¢ubIXx OakTepuil. Ilespio paboOTH ABJAETCA HU3yUeHHE
6akTepuii-cmyTHUKOB Tychonema sp. BBK16 u meta6o-
JIM4ecKas XapakTepHuCTHKa 3TOr0 MUKPOOHOT0 KOHCOP-
nuyMa Ha ocHoBe gaHHBIX JIHK-mTpuxkogupoBaHus u
MeTareHOMUKU.

2. MaTepuanbl ¥ METOAbDI

Cexgenupoganue JTHK kyiomyput

[MosryuyeHre HEAKCEHUYHOM KYJIbTYPHI IIMaHOOAK-
Tepuu u BeifesieHue JJHK onucano panee (Tikhonova et
al., 2022). Itamm Tychonema sp. BBK16 KyJbTUBUPY-
eTcsA Ha aBTOTPOoQHOM cpefie Z-8, coepxaiieil HUTPaTHI,
cynbdaThl, kapboHaTsl 1 pocdaTsl B KauecTBe O1IOT€HOB,
B TeueHHe ceMu JieT. CekBeHHUpOBaHUe yyacTka V3-V4
16S pPHK rena mpoBefjeHO MO MHCTPYKLUUWU MPOU3BO-
autesia c npatiMepamu 343F (CTCCTACGGRRSGCAG)
u 806R (GGACTACNVGGGTWTCTAAT) B KOMIaHUU
EBporen (MockBa) Ha miatdopme Illumina Miseq.
[lloTraH cekBeHUPOBAHWE MPOBEAEHO PA3HBIMU METO-
Jamu — ¢ ucnojb3oBaHueM cekBeHaTopa DNBSEQ-400
(MGI, Kwurait) no mportokosy 6e3 IILP c depmeHTa-
TuBHOHN (pparmenTtanueii (MGI, Kurait) u ¢ ucnoin3o-
BanueM miatdopmsel lllumina MiSeq (Illumina, USA)
METOJOM TIapHO-KOHIIEBBIX mpouTeHuii (paired-end
reads). JlsiMHa TOJIy4eHHBIX (parMeHTOB B CJIyuae
MGI cocraBwia 150 m.H., B ciyuae Illumina — 300
m.H. O1eHKy kadecTtBa 61bmoTexk V3-V4 aMIJIMKOHOB
U pe3yJbTaTOB METareHOMHOTO CEKBEHHPOBAHUSA
MPOBOAMJIN C HOMOIIbI0 mporpaMmsl MultiQC v. 1.12
(Ewels et al., 2016), amanTepsl yaajieHbl C ITOMOII[bIO
nporpammbl  Trim Galore v. 0.6.5 (https://www.
bioinformatics.babraham.ac.uk/projects/trim galore/,
Jnara nocJjieqHero gocrymna: 12 gexabps 2023 r.). ®@uio-
reHeTUYeCcKoe JIePeBO PEKOHCTPYHWPOBAHO C KCIIOJIb-
soaureM BEAST v. 1.8.4 (Drummond and Rambaut,
2007). Cripble maHHbIe JemoHUpoBaHbl B Genbank mof
HoMepamu foctyna PRJNA1042932 (aBa myJia MeTare-
HOMHOT0 cekBeHUpoBaHUs1) 1 SRR11929492 (maHHBIE
CEeKBEHHMPOBAHUA aMIUIMKOHOB yd4acTka V3-V4 16S
rRNA rena).

AHatu3 ¢ppazmenmoa 16S pPHK zena

[Taker DADA2 v. 1.16 fgna A3bIKa NporpaMMu-
poBanus R ncnosis3oBaH a4 gaabHeliel o0paboTku,
BKJIIOUAMOIEell B ce0A (QUIbTpalMi0 HeleJIeBHX U
XHUMEPHBIX TOCJIeJOBAaTEIbHOCTEH, a TaKXe KJIacTepu-
3anuio nocJjiefoBareabHocTel B ASVs (Exact Sequence
Variants) (Callahan et al., 2016; R Core Team, 2021).
Bawmxaiimie romosiorn BeiOpaHbl nyTeM BLASTn-mo-
ncka no 6a3zam pecdepeHCHBIX MOCJIeI0BATETbHOCTEN
NCBI nr/nt. ASVs n 6irrxarimye roMoJIOTY BEIPOBHEHEI
¢ momorisio anroputma ClustalO (Sievers et al., 2011).

O6pabomka pe3ysibmamod womeeaH CeKGeHU-
pogaHua

CO60pKy pUJIOB B KOHTUTU MPOBOUIN C UCIIOJIb-
soBaHueM SPAdes v. 3.15.4 (Prjibelski et al., 2020).
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KaptupoBaHue puioB Ha O Ty4YeHHbIE KOHTUTY BBITIOJI-
HeHo B BWA v. 0.7.17 u makerom Samtools v. 1.18
(Heng and Durbin, 2009; Danecek et al., 2021). Mera-
TeHOMHBIN OMHHUHT U BbIJIeJIeHHEe TEHOMOB ITPOBEEHbI
¢ nmomompio MetaBAT2 v. 2.15 (Kang et al., 2019).
BBIYMTaHHOCTD ¥ KOHTAaMHWHAI[YS ITOJIYYEHHBIX TEHOMOB
orjeHeHbl ¢ wucmojb3oBaHueM CheckM2 v. 1.0.2 Ha
OocHOBe ajroputMa MamuHHOro obyuenus (Chklovski
et al., 2022).

OtkpeiThie  pavku cunthiBanus (ORFs) B
KOHTUTax oOHapyXeHH ¢ momorbio Prodigal v. 2.6.3
(Hyatt et al., 2010). AuHotanus no KEGG u mpucBoeHue
KO HOMepoB GesikaM BBITIOJIHEHH! C IOMOIIBI0 CepBHCa
BlastKOALA (Kanehisa et al., 2016) u B moJlyaBTOMaTH-
yeckoM pexrMe ¢ momoinbio DIAMOND 2.1.8 (Buchfink
et al., 2021) npotuB 6Ga3bl GEJIKOBBIX MOCJIEIOBATEb-
Hoctell NCBI nr. I'ersl pubocomusix PHK BeIieI€HEI €
ucnoJib3oBaHueM Barrnap 0.9 (Seemann, 2013). Takco-
HOMUYECKasi aHHOTAI[Ms KOHTUTOB U T'€HOMOB BBITIOJI-
HeHa ¢ momortbio cepeuca Kaiju (Menzel et al., 2016)
U YTOYHEHa BPYYHYIO C IIOMOII[BI0 aBTOPCKUX CKPUIITOB
Ha OCHOBe MeTaboJIMUeCcKOi aHHOTaluuU.

OyHKI[IOHAJIbHBIE O0COOEHHOCTH MUKpPOOpra-
HU3MOB YCTAaHOBJIEHH Ha OCHOBAHUU MPUCYTCTBUS B
reHOMe MapKepHBIX T€eHOB MeTab0JIMYeCKUX MPOLeCCOB
B COOTBETCTBUU C METOJIUKOM, ONMMCAaHHON ['apHepoM u
ap. (2023). YraepogHas aBToTpodUs yCcTaHABIMBAJIACh
0 MPUCYTCTBUIO0 TeHoB nukyia KBB — rbcl, prkB; myTh
ACCUMWJIAIIMY TJTMOKCUJIaTa — mCt; TPaHCIOPT aMMOHUSA
B KJIETKy — amt, U ero accummwmanusa — glnA; Tpasc-
MOPT HUTPUTOB/HUTPaTOB — nrtABC, accumuAnuA
HUTPaTOB/HUTPUTOB — narB, nirA, nasABED; neHu-
Tpupukaiua — narGHI, nirK, norB, nosZ; tpaHcnopt
MoueBrHH — UrtABCDE u e€ pasjoxxeHue 00 aMMOHUSA
— ureABC; xapOokcuanpoBaHUe MOYEBUHBI — KapOOK-
criasa moueBrHBl E6.3.4.6; mosydyeHHe aMMOHUA U3
raytaMmaTa — asnB; TpaHcnopT dochonatoB — phnCDE;
passioxenne ¢docdonator — phnAB; paszyoxeHue u
momudpukanus dochonatos — phnlJKLMPWXY; ycBo-
enue ¢ocdara U3 opraHNUEeCKUX coequHeHUi — phoD;
TpaHCHOPT Heopranudeckoro ¢ocdara — pstBS; ruapo-
autndeckre pepMeHTHl [JiA Mojvcaxapuios — argH,
glgX, susACD; TpaHCHOpTHas cucteMa CyJabdaToB U
ThocyJyibdatoB — cysAPUW; okucieHue cyiabdaTtoB U
ThoCyJibdaToB B mnepumiasMme — soxABCDXZ; perpa-
Janusa apoMaTUYeCKUX coequHeHuit — vanA, dmpB,
xylE; ycBOeHHEe MOHOOKCHAA YIJIepoAa C BBHIAETIEHHEM
BogopoAaa — coxMLS, cutML; nepmeassl 4jis objerdeH-
HOTO TpaHCIOpPTa OJIMTONENTHOB U OJIUTOCaxapoB
oppABCDF, mppA,; yrtunusanus MeTUJIaMUHOB
(meTtunmoTpodus) - gmaS, mgsABC, mgdABCD; ucmosib-
30BaHMe MOHOOKcHAa yrjepoma — coxMLS, cutML;
cuHTe3 GakrepuoxsopodusuioB — bchMO; cBeTocobu-
patorue mosmnentusl porocuctems II — pufML.

3. Pe3ynbTaTthbl H 06Cy)kAeHHe

duniozeHemuueckoe pasHoobpasue Oaxmepuil
U ux 2eHOmMo@8 @ HeakceHuyHoli kysiomype Tychonema
sp. BBK16

B pesynbraTe cexkBeHHpOBaHUA OubGIUOTEKU
amMInkoHoB V3-V4 16S pPHK rena ObuIO IOJIyYeHO


https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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62 028 mnapHO-KOHLeBbIX puaoB. M3 storo Habopa
BeIZlesieHO 21 ASV, mpu aHHOTaIMu KOTOPHIX OOHApy-
JKEeHBl mpejacTaBUTeN Tpex ¢uiymon: Cyanobacteria
(66,1%), Pseudomonadota/Proteobacteria (33,7%) u
Actinobacteriota (0,2%). HauGoJiee mnpejcTaBIeHHbIE
poma — Hydrogenophaga, Sphingomonas, Paucibacter,
Pseudomonas, Aminobacter, Devosia, Tahibacter, Bosea,
Methylophilus, Rhodopseudomonas, Ensifer, Tabrizicola,
Acidovorax, Caulobacter, mutopHble — Rhodococcus u
Iamia (Tabaumna 1).

B pesynbpTaTe CekBeHHMpPOBaHHUS TOTAJIbHOM
JHK metomom apo6oBuka ObIO mojtydeHO 18 4421
914 napHO-KOHIIEBBIX PHJIOB, IIPU TaKCOHOMUYECKOMN
aHHOTAIlMA KOTOPBIX OOHApyXeHbl NpeACTaBUTEIN
Tpex ¢uaymoB: Cyanobacteria (50,2%), Proteobacteria
(49,6%) u Actinobacteriota (0,2%). B xoge MeTareHom-
HOro OMHHUHTA IOJIyYeHHBIX Nocjie COOpKHU KOHTUTOB
ObLJIO BEIAEJIEHO 12 GakTepuaabHbIX T€HOMOB PasHOTO
kauectBa (Tabsuna 2). Haubosiee mOJIHBEIMHU IIO ITOKAa-
3aTesiAM BBIYMTAHHOCTH M KOHTaMMHAIMN, COTJIaCHO

Ta6smna 1. IpexncraBieHHOCTh MocyiefoBaresibHOCTER (ASVs) dparmentoB 16S pPHK rena GakTtepuil B OHOIIEHKe

Tychonema sp. BBK16

Homep dunym Kiace Pox KosngectBo | Moisa, %
pUaoB
ASV001 Cyanobacteriota Cyanobacteria Tychonema 41016 66,125
ASV003 | Pseudomonadota/Proteobacteria | Betaproteobacteria Hydrogenophaga 10959 17,668
ASV005 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Sphingomonas 5116 8,248
ASV012 | Pseudomonadota/Proteobacteria | Betaproteobacteria Paucibacter 1041 1,678
ASV009 | Pseudomonadota/Proteobacteria | Gammaproteobacteria Pseudomonas 840 1,354
ASV016 | Pseudomonadota/Proteobacteria| Alphaproteobacteria Aminobacter 789 1,272
ASV017 | Pseudomonadota/Proteobacteria| Alphaproteobacteria Devosia 669 1,079
ASV004 | Pseudomonadota/Proteobacteria | Gammaproteobacteria Tahibacter 635 1,024
ASV020 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Devosia 433 0,698
ASV037 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Devosia 147 0,237
ASV041 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Bosea 81 0,131
ASV047 Actinobacteriota Actinobacteria Rhodococcus 71 0.114
ASV049 | Pseudomonadota/Proteobacteria | Gammaproteobacteria Methylophilus 60 0,097
ASV050 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Rhodopseudomonas 58 0.094
ASV051 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Ensifer 52 0,084
ASV056 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Tabrizgicola 36 0,058
ASV027 Actinobacteriota Actinobacteria Rhodococcus 14 0,023
ASV093 | Pseudomonadota/Proteobacteria | Gammaproteobacteria Acidovorax 3 0,005
ASV092 | Pseudomonadota/Proteobacteria | Alphaproteobacteria Caulobacter 3 0,005
ASV091 Actinobacteriota Acidimicrobiia Iamia 3 0,005
ASV095 Proteobacteria Gammaproteobacteria Acidovorax 2 0,003

Tabsmna 2. XapakTepuCTHKa I'€HOMOB, BOCCTAHOBJIEHHBIX M3 MeTareHOMHBIX JaHHBIX CEKBEHHPOBAaHUsA HeaKCeHUYHOH
kyssTyphl Tychonema sp. BBK16. JKupHbIM noka3aHbl reHOMEI nMeromye 6osiee 90% BRIYUTAHHOCTU U MeHee 5% KOHTaMUHAIHM.

Ter BeruutaHHoOCTh, | KoHTaMUHanus, | Cratuctuka| Pasmep Moyt | Yucsio paMok Popn
reHoMa % % N50 reHoma, nmH| GC-map | cuuThIBaHUA
bin.1 20,8 0,35 3434 1190380 0,63 1405 Rhodococcus
bin.2 7,19 0,01 149685 412532 0,6 443 Aminobacter
bin.3 99,3 0,09 214065 6110546 0,66 4716 Tahibacter
bin.4 99,15 2,42 108947 5876576 0,44 5150 Tychonema
bin.5 65,82 0,01 39311 2077122 0,69 1999 Hydrogenophaga
bin.6 84,19 2,56 14881 4250091 0,64 4320 Devosia
bin.8 97,44 1,83 134644 5591995 0,63 5427 Aminobacter
bin.9 100 0,26 214794 4356207 0,67 3973 Paucibacter
bin.10 84,96 3,7 10883 5032618 0,66 5129 Bosea
bin.11 99,76 8,07 90952 3846091 0,69 3710 Sphingomonas
bin.12 15,11 0,04 3530 797961 0,67 888 Stenotrophomonas
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CheckM2 cratucTuke (maHO B CKOOKax), ObLIN
reHoMsl: Tychonema sp. BBK16 (bin.4 — 99.15 / 2.42),
Tahibacter sp. (bin.3 — 99.3 / 0.09), Aminobacter sp.
(bin.8 — 97.44 / 1.83), Paucibacter sp. (bin.9 — 100 /
0.26), Sphingomonas sp. (bin.11 — 99.76 / 8.07). Takxe
cJielyeT OTMETUTh BBICOKUI MPOILEHT COOPKU T€HOMOB
Devosia, Bosea n Hydrogenophaga.

JUUIsT OIleHKU CXOQWMOCTHU Pe3yJIbTaTOB Taprer-
HOr0 ¥ METAareHOMHOTO CEeKBEHUPOBAHUA OBLIO
MOCTPOEHO (DUJIOTEHETUYECKOE JIEPEBO, OCHOBAaHHOE
Ha BBIpaBHHMBaHMHU MNocjenosaresbHocTell 16S pPHK
rera (Puc. 1). B apeBo TakXxe BKJIIOUEHHI OjIMXKaiinyie
romMoJioru corjiacHo BLASTn-noucky. Kak rmokasaHo Ha
pucyHke 1, B GOJIBIIMHCTBE CJIy4aeB yOaETCA HAUTU
napy mnocjefoBaresibHOCTell u3 ASVs u MeTtareHoMma,
MPUHAAJIEXAMMNX OJHOMY POJIY/BUAY, YTO TOBOPUT O
JOCTATOYHOU TJIyOMHE CeKBEeHUPOBAHUA IJiA 000UuX
MeTOI0B. [laxe B cJIyJyae, eCJIi B MeTareHoMme He o6Ha-
pyXxuBajiocb MapkepHoro reHa 16S pPHK, npyrue

KOAUpYIOIIe IOCJefOBaTeJIbHOCTY U (PparMeHTH
reHoMOB OBLIM aHHOTUPOBAaHBI KaK IpefCcTaBjeHHbIE
Ha JiepeBe TaKCOHHL.

Memabostuueckue ¢QyHkyuu 6axkmepuarbHOLL
cocmagsraouyetli 6uonstenku Tychonema sp. BBK16

CymMMapHO B OHOIUJIEHKe-KOHCOpI[yMe BBIAB-
JeHo 2387 pa3ynuHbBIX (QYHKIMOHAJIBHBIX OPTOJIOTOB
(KO) no 6aze mauuex KEGG (Kyoto Encyclopedia
of Genes and Genomes). [[7iA onucaHus (QYHKIME
Oaktepuili MbI mnpencTtaBuim 8 OwHOB (Puc. 2).
AHanu3 OCHOBHBIX WyTeil MeTrabosu3Ma yrjepoaa
BBIAIBWJI aKILeHT OCHOBHBIX YYaCTHHKOB COOOIecTBa
OUOIUIeHKN Ha MeTaboJinu3Me VIJIeBOLOB U aMHHO-
KHUCJIOT, OOJIBIIYI0 JOJII0 MpefCTaBJIAIT KaTeropuu
CHUTHAJIBHBIX U KJIETOYHBIX IIPOL[eCCOB, HYKJIEOTHIHOTO,
SHepreTUYECcKOro MeTaboJiM3Ma, TPaHCIOpPTa BellecTB
yepe3 MeMmOpaHy, MeTabom3Ma KOPaKTOpPOB U BUTA-
MHHOB. J[OIIOJIHUTE/IBHBI aHa/IN3 — CpaBHeHHe Ipef-
CKa3aHHBIX (YHKIUI MUKPOOPTraHM3MOB U peasibHO

= *CP026747_Devosia-sp.-1507

= *NR_170430-Devosia-marina-strain-L53-10-65

- *16S rRNA_NODE_ 1122

= =lUCLuck2_FXWK01000003_Devosia_lucknowensis

- I\Ané\l\(/igilgsﬂ' Devosia-submarina-strain-MT_CA_E_9_27F.27F
- lGS IRNA NODE_153_length_59105

- MH929644 Devosia-psychrophila-strain-0B12
= *MH929683-Devosia-epidermidihirudinis-strain-2b05-2

= =ASV037
- -CP045422 Devosia-beringensis-strain-S02

= *EF473294-Aminobacter-aminovorans-strain-EM0364

= +IK6Speld_FJ907162_Aminobacter_sp._Sokolova

- «16S_rRNA_k119 3942

- *ASV016

= +IK6Anthy FR869633_Aminobacter_anthyllidis

= =MT373615-Aminobacter-anthyllidis-strain-BaM-89

= =0X341517_Aminobacter-niigataensis-strain-MiD1

= "MF689017-Rhizobium-sp.-strain-D13

= *NR_165690-Ensifer-collicola-strain-Mol-12

- -ASV051

= =CP023067-Ensifer-sojae-CCBAU-05684

= =CP014301-Bosea-sp.-PAMC-26642

= *MN421246-Bosea-lathyri-strain-P4F133

= =ASV041

= *MK249675-Bosea-lath r| strain-WS15

= «16S_rRNA_k119_ 129

= =CP016464-Bosea-sp. RACOS

= =CP017147-Bosea-vaviloviae-strain-Vaf18

= =ASV050

= =0L773533-Rhodopseudomonas-sp.-strain-21YS11W-21

= =KF663061-Rhodopseudomonas-sp.-N-I-2

= =ASV092

= «16S_rRNA_k119 1811

= =MH688815-Caulobacter-sp.-strain-S22
=KF360053-Caulobacter-profundus-strain-DS48-6-3

_E- NR 117979 Tabrizicola-aquatica-strain-RCRI19
= =MT278152-Tabrizicola-sp.-strain-2R39

= =ZZZPol36_KP274054_Sphingoaurantiacus_polygranulatus
- =16S_rRNA_NODE_94 length_89036

= =ASV005

- -AP01871178phingosinicella-microcyslinivorans-BQ-DNA

= *KU233250-Acidovorax-sp.-S'

= *H6WRad12_MF101116_Acidovorax_radicis
= =ASV095

= =ASV093

= +16S_rRNA k119 4954

= *OP787488-Paucibacter-sp.-strain-PLA-PC-4
= =ASV012

= «16S_rRNA_NODE_141 length_65976

= *HW7Speld CP013692_Paucibacter_sp. KCTC_42545
- «CP013692-Paucibacter-sp.-KCTC-42545~

= =KR606034-Methylophilus-sp.-TWE2

- =ASV049

- AY772089—Methylophllus—quaylel—strain—MT
= =ASV004

= «16S_rRNA_k119 5447

= *HOASpec3_JX949967_Dokdonella_sp. TMN-36

= =CP015249-Dokdonella-koreensis-DS-123

= *ON176163- Stenolroghomonas rhizophila-strain-Vur

= *GFURhizo_CP007597 Stenotrophomonas rhizophila

- +16S_rRNA_k119 31230

- MT626825 Pseudomonas-gessardii-strain-SeaQual_P_B791/1

- MN715320 Pseudomonas fluorescens-strain-KP7
- 168 IRNA 403

- DE 600_length_5758

- Rd4$1264 CP010797 Rhodjococcus _sp._B7740

- lBS IRNA k119 11887
- -OP323136-Rhodococcus-erythropolis-strain-CEMT075277

- -CP050948 lamia-sp.-SCSI0-61187
= =MT258873-lamia-sp.-strain-SCSIO-61187

- =ASV091

= *16S_rRNA_k119 28448

= =J8OBour2_AB045897 ‘I:F/chonema bourrellyi CCAP 1459/11B
= =J80Tenue_GQ324973_Tychonema_tenue_SAG_4.82

- *16S_rRNA_NODE 258 length 33478

= *MN969972_Tychonema_sp_BBK16

-e- 16S_Metagenome - a-

= =ASV003
= -16S IRNA NODE 454 length_4915
= *H70Spe75_KT756664 Hg/drogenophaga laconesensis
= *H70Atypi AJ585992 Hy: ro%enophaga atypica
i
L
L
|
L
L

= =ASV001
= -|OGAutu4_EF654084_Phormidium_autumnale_SAG_78.79

ASVs - a- references

Puc.1. YapTpamerpudeckoe ¢puioreHeTu4ecKoe iepeBo, OCHOBaHHOe Ha BrlpaBHuBaHuu JJHK ¢parmenta 16S pPHK rena.
KpacubiM BeifiesieHBl ASV nocjieqoBaTesIbHOCTH, CUHUM — ¢parMeHTH reHa 16S pPHK u3 merareHoma, yepHbIM — OJirpkaiimive

cocenu 1o gaHHeIM BLASTn-noncka
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09124 Replication and repair

09103 Lipid metabolism

09181 Protein families: metabolism

09132 Signal transduction

09123 Folding, sorting and degradation

09107 Glycan biosynthesis and metabolism

09106 Metabolism of other amino acids

09192 Unclassified: genetic information processing
09145 Cellular community - prokaryotes

09142 Cell motility

09111 Xenobiotics biodegradation and metabolism
09193 Unclassified: signaling and cellular processes
09143 Cell growth and death

09109 Metabolism of terpenoids and polyketides
09183 Protein families: signaling and cellular processes
09122 Translation

09104 Nucleotide metabolism

09108 Metabolism of cofactors and vitamins

09102 Energy metabolism

09191 Unclassified: metabolism

09131 Membrane transport

09182 Protein families: genetic information processing
09105 Amino acid metabolism

09101 Carbohydrate metabolism

09175 Drug resistance: antimicrobial

09121 Transcription

09110 Biosynthesis of other secondary metabolites
09141 Transport and catabolism

Puc.2. TemioBas KaprTa npeAcTaBJIeHHOCTH MeTabondeckux myTel no 6ase nanHeix KEGG B mertareHome Tychonema sp.
BBK16. I]BeToM 0603HaY€HO KOJIMYECTBO I'€HOB, aHHOTHPOBAHHBIX B KXXOM U3 I'€HOMOB.

MPUCYTCTBYIOIUX (DYHKIIMOHAJIBHBIX T'€HOB IpUBEJEH
B JlomostHuTebHBIX MaTepuasax (S1).

[Tpu GyHKIMOHANIBHON aHHOTAlMM COOpPAaHHBIX
TeHOMOB BBIfleJIeHBl OeJIKM OCHOBHBIX MeTaboJiuye-
CKUX TmyTed B coobmectBe OGuoruienku (Tabmuma 3).
Cnoco6HOCTH K (pUKcald HEOPraHUYeCKoro yrjaepoja
MIOATBepXJaeTcsA NIPUCYTCTBHEM (epMeHTOB I[HKJIa
KanbBuHa — BeHcoHa — baccama y MUKpPOOpPraHU3MOB
Tychonema sp. BBK16 u Hydrogenophaga sp., 0JHaKO JJist
rocJjief{Hell 3TOT Mpolecc ABsAeTcA GaKyJIbTaTUBHBIM U
peasiusyeTcs Npu Aeduiiyre OpraHNYeckrux BelecTB B
cpene. CriocoOHOCTh GakTepuu Bosea Sp. UCIIOJIb30BaTh
SHEprui0 COJIHEYHOr'0 CBeTa MOATBepXKOaeTcs NpUCYT-
CTBHEM TeHOB CHHTe3a OakTepuoxyiopodpuslia, Kapo-
TUHOWOB, a TakxXe (PepMeHTOB peaKLLIOHHOTO IieHTpa
doTocuctemsi II.

B OuomsieHke NPOUCXONAT Mpoleccs obpa-
30BaHMA U Ppas3jioKeHUs COeJUHEHUNl OHUOreHHBIX
3J1eMeHTOB — ¢pocdopa, a3oTa U cephl. Tak, ICTOYHUKOM
dochopa aBasawTca docdaTel, KOTOpble B 3aMKHYTOH
SKOCHCTeMe MOCTYNAaloT 3a CYeT aKTUBHOCTHU LIeJIOUHOMN
docdarassl Mukpoopranuzmos Tychonema, Paucibacter,
Sphingomonas. Y GospIIMHCTBA GaKTepuil HaiileHbI
TpaHCIOPTHBIE cucTeMbl AJiA pochoHATOB. ITU Opra-
HUYeckue coequHeHusa gocdopa 4acTo MpUCyTCTBYIOT
B IPUPOHBIX 3KOCHCTEMAX U KOTJA-TO OBLJIU NEPBBHIMU
ncrouyHukamu ¢ocdopa A OpeBHHUX MUKpOOpra-
HusaMmoB (McGrath et al., 2013). [TokasaHo, uyTo ¢ocdo-
HaTHBIE TPAHCIIOPTHBIE CICTEMBI MOTYT CJIYXKUTh TIepe-
Hocumkamu ¢ocdaros (Stasi et al., 2019).

TpaguIMOHHO B3aMMOOTHOIIEHUsA aBTOTpoda
U reTepoTpodHBIX OaKTepuUil paccMaTpUBAIOTCA Kak
MeTaboInYecKknii cuM0103 «yriiepo[] B OOMeH Ha a3oT»,
noagpasyMmeBas, uTo OakTepuu (GUKCHUPYIOT aTMOC-

depHbI1 a3oT. Takoe co00IMECTBO MHKPOOPraHH3MOB
BbIJIeJIEHO U3 IIOYB IICTHIHb U IIpeJiCTaBJIeHO HUTYATOMN
nmaHobakTepueil Microcoleus vaginatus ¥ mraMMamu
Actinobacteria u Proteobacteria, MHOTHE U3 KOTOPBIX
ABJUIUCH PuKcaTopamu atMmocdepHoro azora (Nelson
etal., 2021). B HameMm ciry4ae pukcarusa a3ota He oGHa-
pyXeHa, YTO NOATBEPXIEeHO MPeqUKTUBHEIM METOI0M
(PICRUST2) u oTCyTCTBHEM B T€HOME MapKEPHBIX TEHOB
nporecca (JonosHuTesbHBIE MaTepuasibl, S2, S3).
leHbl, oTBevawouye 3a AeHuTpudukanuo (ynaieHue
asoTa), BeIsABJEHb y ponoB Tahibacter, Aminobacter u
Paucibacter (Proteobacteria). [Io reHOMHBIM XapakTe-
pUCTUKaM, OCHOBHBIMM HCTOYHHKAaMU a3oTa JJiAd BceX
Y4aCTHUKOB KOHCOPLMYMa MOTYT ABJIATHCSA aMMOHUH,
HUTPAThl, HUTPUTHL ¥ MOYeBHHA (KaK MeTaboJIUT U KaK
MPOAYKT Ppa3jIoXeHUWs OTMepInell Omomacce). ['eHsl,
CBA3aHHBIE C TPAHCIOPTOM aMMOHUA U (depMeHTaMu
ero acCUMWJIALUY, BBIABJIEHBl y BCeX WIEHOB KOHCOD-
ruyMa. ['eHsl, KOgUpyolie TPaHCIIOPT MOYEBUHEI U ee
pasJiokeHNe 40 aMMOHUS BBIABJIEHH! Y [[MaHOOaKTepUn
u rerepoTpodHbIXx OakTepuii, Kpome Sphingomonas,
Paucibacter u Tahibacter.

TaxuMm oOpa3om, Bce MeTaboInuecKyie MPOoLecCH
HeoOXOAUMBL [JI HOAJepXaHUs XU3HU BCEro co00-
mectBa. ABToTpod mnmaHoGakTepus Tychonema
sp. BBK16 oOpa3yeT opraHuveckoe BeIIeCTBO IJiA
OakTepulil, HapAAy ¢ paKyJIbTaTUBHBIMU aBTOTpodamu
Hydrogenophaga w Sphingomonas. OgHakKo OOHOBpe-
MEHHO OHa MMeeT T'eHBl [IJI YCBOEeHHsA OpraHUYecKux
BeIeCTB, ABJIAsACh Mukcorpodom (Evseev et al., 2023).
®dakybTaTUBHAsA aBTOTPO(PUs BOJOPOAHBIX OaKTepuil
SABJIAETCA WHAYLUPYEMBIM IIPOIIECCOM, OHU SABJIAIOTCS
YCHEIHbBIMU OpraHoTpoaMy IpU HaJIWYUU MPOCTHIX
opranuyeckux BemiecTB (3aBap3uH, 1972). Bakrepuu
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Ta6suna 3. MukpoGHbie mpouecch B 6uorienke Tychonema sp. BBK16

Pon

Ocob6eHHOCTH MeTaboJIM3Ma

IMoaTBep kK AaIOIIie TeHBI

Tychonema sp. BBK16

Tahibacter sp.

Hydrogenophaga sp.

Devosia sp.

Aminobacter sp.

Paucibacter sp.

Bosea sp.

Sphingomonas sp.

ApTOoTpO®. Mcnosb3yeT HUTpaThl, HUTPUTHI, aMMOHUI U MOYe-

BUHY. YcBauBaeT ¢pocdhaThl HEOPraHMYeCKUX U OpraHuYeckKux

coelMHEHUH, CUHTe3upyeT IeJIouHy0 GocdaTasdy. AcCUMUIIU-
pyer cyabdaTthl U TUOCYJIbGATHL.

OprasoTpo®, rcnoab3ytomuii docdatel, pochoHaTH, aMMOHUH,
TUApOIN3yeT IJIMKaHbl. JleHuTpudruKaTop

XeMoopraHoTpod,/XeMoJIUTOaBTOTPOd, OKUCIIAET BOAOPOJ B
KavecTBe UCTOYHMKA dHepruu U CO2 1M NpocThle opraHuye-
CKHe BellleCcTBa B KauecTBe UCTOYHUKA yrilepoja. [Ipeamnouru-
TeJIbHBIN MCTOYHUK a30Ta — MOUeBHHa, riryramar. Cnoco6Ha
K Aerpajanuu ojaurocaxapuaos. TpaHcnopTUpyeT HUTPATH U
docdaThl. YuacTByeT B OKMCIIEHUU TUOCYJIbdaTa ¢ IIOMOLIBI0
MepUIIaZMaTu4eckoro GepMeHTHOro KoMiiekca SOX.

OpraHoTpod, HCNOJIb3YIOMINI OpraHuiecKrle 1 HeopraHuyeckue
HCTOYHMKY a3oTa u dpocdopa, feTOKCUPUIUPYEeT MOUEBUHY
pasJiokeHHeM WIN BKJII0OYeHHEM B OpraHuyeckie coeAHEeHU .
AccuMunupyeT oJIMronenTUAbl U IPOCThle OpraHuyuecKue Belle-
cTBa, MoAUGUIPyeT apoMaTHieckue coefuHeHns. O6anaTesb
MOII[HO! CHCTeMBbI XeMOTaKCHca.

OpraHoTpo®, NOABMXHEIN 3a CUeT IuJIel, THAPOJIN3yeT MoJIu-
caxapuabl, KaTeXOJIbl, IJINKOTeH, MOYEBUHY, aCCUMUJIUPYET
HUTpAaTHI, pocdaTel, cyabdarTsl, THOCYIbdATH. JeHuTpudu-

kaTop. OKucsAeT MOHOOKCHUJ yIjiepoAa A0 yTJIeKMCIJIOro rasa.

MetuioTpo@, y4acTByeT B Jerpajaliy MeTUIaMUHOB

A>poOHEBIl reTepoTpod, CIOCOOHBIN TUAPOJIU30BATh CJI0KHEIE
noJjicaxapupsl, 6aKTepua-CIyTHUK [MaHOOAKTepUll B IpHUpofe
U KyJIbTypax, UCIOJIb3yeT HUTpaTH, docdaTel, cyabdaTsl,
THocysbdartel. JeHuTpudukatop?

AnoxcureHHbIN a3poOHBIN PoTOTPOd, COepk UT OHaKTepPHOX-
nopoduii a u porocucremy II. AccumuanpyeTr HUTpAaTh U
docdatsr

YHUBepcaJbHBII OpraHOTPO®, CIIOCOOHBIH K YTIEPOJHOM aBTO-
Tpoduy, GUKCUPYeT YIJIEKUCIIBIN ra3 ¢ MOMOIIBI0 aJIbTepHATUB-
HOT'O yTJIEPOJIHOTO IIyTU — IJIMOKCUJIATHOTO IuKJIa. 'uaposu-
3yeT nosmcaxapugsl. Accumunupyet Gocdatsl U pocdoHaTsI,
nMeeT mesI0uHylo docdaTtasy AsA noaydeHusa Gocdopa us
OpraHUYecKUX COeqHEHNN

rbcL, prkB, amt, nrtA, narB, nirA,
glnA, ureABC , urtABCE, pstB,
pstS phoD, cysU, cysW

argH, amt, phnA, pstBS, nirK,
norB

rbcL, prkB, soxABCDXZ, urtABCE
ureABC, urea carboxylase, amt,
asnB, cysU, cysW

glgX, nasC, nasABED, nrtABC,
oppABCDF, mppA, phnCIJMP,
pstBS, urtAE, ureaABC, urea
carboxylase, vanA

amt, argH, glgX, dmpB, xylE,
nasABED, nosZ, nrtABC, pstBS,
phnACDIJKLMPWY; soxABG,
cysU, cysW, urtABCE, ureABC,
gmasS, mgsABC, mgdABCD,
coxMLS, cutML

amt, argH, narGHI, nasABED,

nrtABC, phoD, pstBS, phnDEX,

soxBCDXZ, cysU, cysW, susA,
coxMLS, cutML

amt, glgX, argH, bchM, chlM,
bchO, bchX,Y,Z, pufM,L,
nrtAC, nasDF, urtABC, pstBS,
phnCIJKMPXY

amt, argH, mct, phoD, pstBS

Aminobacter, Tahibacter, Devosia v Paucibacter criocoGHBI
noTpebJIATh MOJMcaxapuibl, KOTOpble B U30BITKE
MPUCYTCTBYIOT B I[MaHOOaKTepuasibHON OHOILJIEHKE.
Aminobacter vMeeT caMblil pa3BETBJIEHHBII OOMeEH
Bell[eCTB, ABJIAACh aKTUBHBIM AECTPYKTOPOM IIOJIHCa-
XapuzoB, MeTWIOTpopoM, AeHUTpUPUKATOpOM, W,
BMecte ¢ Paucibacter, mocTaBIIIKOM BOJOPOZA OJIA
BOJOPOJHEIX OakTepuil. Takxe BOJOPOJ BblJeJisAeTCA
IpU aHOKCcUreHHOM (QoTocuHTe3e Oaktepuu Bosea.
bakrepuu poaa Devosia cnocoOOHBI BEDKUBATh B Cpefax,
foraTblx OpraHWYeCKUMHU COeAMHEHUAMM, TaKuX Kak
CTOYHBIEe BOJIbl, OMOIJIEHKH, 6J1arofjaps TPaHCIOPTHHIM
OenkaM — nepMeasaM, KOTOpPblE IIO3BOJIAIOT yCBauBaTh
KOpOTKME MeNTUAbl pasjIMYHOIO0 aMUHOKHCJIOTHOIO
COCTaBa U yJIOBJIETBOPATh UX OTPEOHOCTU B yrjiepofe
u asote (Talwar et al., 2020) B mepuop ucueprnaHus
docdharoB Tychonema, Sphingomonas, Paucibacter
JOMOJIHUTEJIBHO BBIAEJIAIT IesiouHyo ¢ocdaTtasy
oA rufgpoansa ¢docdaT-cogepKamux OpraHruvYecKux
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BemecTB. llnaHoOakTepusa 3aBUCUT OT APYIHX ydacT-
HUKOB COOOIlecTBa, IIOCKOJIBKY, KOrJla B 3aMKHYTOH
crucTeMe HUTpaThl M HUTPUTHL He IOCTYHAIOT U3BHE,
aMMOHUI1 BEICBOOOXJaeTcs B pe3yJjbTaTe pa3JiokXeHUA
OakTepusAMM a30TCOAEpXalluxX I[oJMcaxapuioB U
IJINKO3U/I0B, 6eJIKOB 1 aMHHOKHUCJIOT.

Panee BbICKa3aHO yTBepX[eHUe, YTO acCOIUU-
POBaHHBIN € IMaHOOAKTEPUAMHU MUKPOOUIOM IpeJICTaB-
JisieT cO6O0M «3IKOJIOTUUYECKU CJIel» UX CpeJibl OOUTaHUS
(Cornet et al., 2018). Msl mokasajau, YTO MUKPOGHBIH
KOHcopLuyM Iuanobakrepuu Tychonema npencTaBiieH
TUNWYHBIMA ~ oOUTaTe MU  OOraThiX  OPraHUKON
cyOCTpaToOB, KOTOPBIe UMEIOT BCe HeoOXOAUMOe AJIA UX
npeoOpa3oBaHUA U aCCUMWIALNUU: (HepMeHTHl OeHU-
TpuduKanuu, MeTUI0Tpopuu, TUAPOJIM3a apoMaTruye-
CKUX COeJHEHUII 1 CJIOKHBIX IIoJIMcaXapyuioB, a Takxe
OpraHUYecKUX CcOoeUuHeHUi a30Ta, docdopa U cepsl.
Hekoropsle 13 onycaHHBIX BUOB Takke BCTpevyaloTcA
B KYJIbTypaxX QUATOMOBBIX BOJIOpoOcyeil o3epa Barika



KpacHonees A.FO. u dp. / Limnology and Freshwater Biology 2023 (6): 229-243

(Mikhailov et al., 2018). O6HapyXeHb GaKTepUH-acco-
nuantel Hydrogenophaga, Methylophilus, Pseudomonas,
KOTOpHIe TakXe BBbIABJIEHBI U B Hamiell paborte. Takxke
oKasaJi, YTo akTuHobakTepuu nopsaka Nocardioides
ABJIAIOTCS CITyTHUKAMU GalKaIbCKUX KYJIbTUBHUPYEMBIX
BOJOPOCJIE.

4. 3aknioueHue

Hamu  mokasaHo, urTo Proteobacteria
rJlaBHble CHUMOMOHTBI HUTYATON I[MaHOOAKTepuu
Tychonema sp. BBK16. [JOMHMHaHTHBIMH ABJIAIOTCA
poma Hydrogenophaga, Sphingomonas, Paucibacter,
Aminobacter, Devosia, Tahibacter. B uicciieyemom coo6-
miecTBe MpOTeKaM IMPOLECCH OKCUTeHHOIO0 M aHOK-
cureHHoro ¢orocunre3a (¢poroTrpodus u dortorere-
poTpodusa), dakyspTaTuBHasA GUKcAIUA YTJIEKHUCJIOro
rasa ¢ Iomoluiplo rimokcuiaTaoro nyti u Kbb, metu-
Jotpodus, AecTpyKLusA MOJIMcaxapyuioB U apoMaTu-
YeCcKUX COeJUHEHUIl 10 OJIMrocaxapuioB, OpraHuye-
CKUX KUCJIOT, aJbJeru/ioB, NENTUAOB U MOHOCAXapoOB,
a Takxe opraHrvecKux MoJMuMepoB aszota u pocdopa.
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