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ABSTRACT. The paper presents the analysis of putatively complete and near-complete genomes of bac-
teriophages extracted from metagenomic data obtained from DNA samples isolated from Lake Baikal
water using modern bioinformatic programs. A total of 73 sequences with lengths ranging from 13.8
kb to 163.7 kb belonging to phages of the Caudoviricetes class were identified. Two contigs belonging
putatively to cyanophages with lengths of 36.8 kb and 163.7 kb were detected, and in the latter one an
ORF with a length of 159 amino acid residues similar to the small heat shock protein (Hsp20) was iden-
tified. Analysis of the amino acid sequences identified in the assembled bacteriophage genomes using
the PHROG database revealed that 27.5% of them have an unknown function, while the majority of
those with similarity to known ones (23.7%) belong to the category “DNA, RNA and nucleotide metab-
olism”. A number of accessory metabolic genes (AMGs) were also detected in the assembled genomes:
nadM, cysC, cobS, galE, cobT, etc. Most of the sequences with similarity to sequences from the IMG/VR
database (89.6%) corresponded to sequences obtained from freshwater bodies.
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1. Introduction terminal repeats, and the genome can also be deter-

mined by covering the known virus genome (homology
search), but due to the small number of cultured viruses
and the huge diversity of viruses, this approach cur-
rently has limitations.

Nevertheless, due to the difficulty of cultur-
ing viruses, the metagenomic approach has probably
become the key approach to date, as evidenced by
recent work (Gregory et al., 2019; Castro-Nallar et al.,
2023), as well as the increase in the number of publicly
available viral genomes (fragments) assembled from

is negatively affected by several factors, such as con- metagenomic data, from 84 in 2010 to 775,000 in 2018
tamination by non-viral sequences (Roux et al., 2013), (Roux et al., 2021). For example, the number of viral

prophages may be flanked by regions belonging to the sequences from all oceans, including the Arctic Ocean,
host, and the presence of many short sequences obtained was recently increased 12-fold. The study identified 5
during assembly. Short contigs are often discarded, and ecological zones whose formation was primarily driven
only those longer than 5-10 kb are included in the anal- by temperature (Gregory et al., 2019). A global study of
ysis (Gregory et al., 2019). The lack of universal marker viromes from freshwater ecosystems based on 380 pub-
genes and the large variability in viral genome lengths licly available viral metagenomes enabled the recovery

also contribute to the difficulty in virus identification. of 549 complete high-quality genomes. The abundance
Circular genomes can be identified by the presence of study showed that less than 0.2% of viral contigs occur

Currently, metagenomics provides an oppor-
tunity to analyze the diversity of viruses in different
habitats, particularly in marine and freshwater ecosys-
tems. Virus diversity is extremely high, but only a small
fraction of viruses is represented by complete genomes
(Paez-Espino et al., 2016).

The assembly of viral genomes from metage-
nomes is a challenging task (Smits et al., 2014). The
identification of viral genomes from metagenomes
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in all biomes studied, i.e. the total pool of contigs is
minimal. It is concluded that each water body has a
separate virome specific to it. It is shown that 41.4%
of viral contigs from freshwater ecosystems are not
identified by taxonomy, while the rest mainly belong
to tailed phages (Elbehery and Deng, 2022).

The first assembled complete genomes of bacte-
riophages from Lake Baikal MD8 Pseudomonas aerugi-
nosa (Siphoviridae) and P. aeruginosa PaBG (Myoviridae)
were obtained by cultivation (Sykilinda et al., 2014;
Drucker et al., 2015). Previously, the complete genome
of the phage Baikal-20-5m-C28 with a length of 166
kb was assembled from metagenomic data obtained on
Lake Baikal, whose host is presumably Polynucleobacter
spp. (Cabello-Yeves et al., 2018). In addition, 16 puta-
tive complete genomes of virophages belonging to the
three families Burtonviroviridae, Dishuiviroviridae, and
Omnilimnoviroviridae (Potapov and Belykh, 2023) and
near-complete genomes of RNA-containing viruses
obtained from mollusks (Butina et al., 2023) and the
water column (Potapov et al., 2023) were identified.

The aim of this work is to obtain high-quality
(i.e., with high confidence) sequences of complete DNA
genomes of viruses from metagenomic data obtained
from Lake Baikal, annotation of protein sequences, and
taxonomic identification of the recovered genomes.

2. Materials and methods
2.1. Sampling, DNA extraction and
sequencing

Water samples for analysis were collected from
Lake Baikal in its three basins (Southern, Central,
Northern), as well as in the Maloye More Strait (Table
1).

Samples were collected from depths of 0 to 50 m
(BVP1-8) and 0 to 15 m (RVP4-6) using Niskin bathom-
eters and mixed to obtain an integrated sample, totaling
20 liters per sample. Water samples were sequentially
filtered through 0.4 pum and 0.2 pm pore size filters

Table 1. Water samples collected for virome analysis.

(Sartorius, Germany) to remove detritus, zoo-, phyto-
and bacterioplankton. Concentration was then carried
out by ultrafiltration in tangential flow with a cutoff of
50 kDa using VivaFlow 200 (Sartorius, Germany) and
Vivaspin 15 ultracentrifuge tubes (Sartorius, Germany).
This resulted in 100 pl of concentrate per sample. To
purify free viral particles from foreign DNA, the sam-
ple was treated with DNAase (Thermo Fisher Scientific,
MA, USA). The reaction was stopped by adding 50
mM EDTA and incubated at 65°C for 10 min. DNA was
extracted using the phenol-chloroform method. DNA
concentration was measured on a Qubit 2.0 (Invitrogen,
USA). Libraries were prepared and sequenced using
[Nlumina MiSeq (Illumina, USA) and MGIseq 2000 (MGI
Tech Co., Ltd., PRC) at the “Genomics Core Facility”
(ICBFM SB RAS, Novosibirsk, Russia).

2.2. Bioinformatics analysis

The raw reads were analyzed in FastQC v. 0.12.1
(Andrews, 2010). Adapter removal as well as quality
filtering was performed in Trimmomatic v. 0.36 (Bolger
et al., 2014). Removal of ribosomal DNA contaminants
was performed using SortMeRNA v. 4.3.6 (Kopylova et
al., 2012), and Bowtie2 v. 2.4.4 was used to remove
human sequences (Langmead and Salzberg, 2012) by
mapping reads to a known genome (GRCh38_noalt_as).
Combined assembly was performed by combining all
samples (“cross-assembly”) to achieve longer contigs
and increase the number of viral contigs (Bukin et al.,
2023), using metaSPAdes v. 4.0.0 (Nurk et al., 2017)
with the additional parameter -k 21, 33, 55, 77. Viral
sequence extraction was performed using VirSorter2 v.
2.2.4 (Guo et al., 2021) with a score parameter > 0.9,
minimum contigs length of 5 kb. The reads were then
mapped to the resulting contigs putatively belonging to
viruses using Bowtie2, coverage was calculated by the
program SAMtools v. 1.13 (Li et al., 2009). Only contigs
with coverage depth more than 5 were taken for further
analysis. Using the program COBRA v. 1.2.3 (Chen and

Labeling |Sampling date Sampling site Project number Reference
in the SRA
BVP1 22.03.18 7 km from Listvyanka settlement
BVP2 8.06.18 3 km from Listvyanka settlement
BVP3 31.05.18 3 km from Turka settlement
BVP4 4.06.18 3 km from Elokhin Cape
(Potapov and
BVP5 5.08.18 central station Maloye More Strait PRJNA1006167 | Belykh, 2023)
BVP6 27.09.18 central station Listvyanka settlement — Tankhoy
settlement
BVP7 25.09.18 central station Ukhan Cape — Tonkiy Cape
BVP8 23.09.18 central station Elokhin Cape — Davsha settlement
RVP4_DNA 29.07.22 central station Listvyanka settlement — Tankhoy
settlement
RVP5_DNA 07.08.22 central station Ukhan Cape — Tonkiy Cape Not deposited B
RVP6_DNA 02.08.22 central station Elokhin Cape — Davsha settlement
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Banfield, 2024), we joined the assembled sequences
and achieved higher accuracy by increasing the length
and completeness of contigs. The contigs were then
checked using the program CheckV v. 1.0.3 (Nayfach et
al., 2021). Further, only direct terminal repeats (DTR)
were used to identify complete genomes, as this is the
most established approach. In addition, parameters
such as AAl-based completeness > 90%, confidence_
level - high were taken into account. Similar sequences
were clustered at the 95% identity level (ANI) using
clustering scripts from the CheckV program.

Taxonomic identification of viral genomes was
performed using geNomad v. 1.8.0 (Camargo et al.,
2023b), Diamond v. 2.1.8.162 with e-value parame-
ters - 10, bit score = 50, more sensitive and BlastN
v. 2.12.0+ (e-value - 10%) using the amino acid and
nucleotide database of viral genomes RefSeq v. 222.
Functional analysis of translated ORFs from contigs was
performed applying PHROG v. 4 (Terzian et al., 2021)
and VOG v. 219 databases applying HHMER v. 3.2.1
(Eddy, 2011). The IMG/VR v. 4 database (Camargo et
al., 2023a) was used to search for similar proteins from
uncultured viruses. We also used the automatic phage
annotation program VIBRANT v. 1.2.1 (Kieft et al.,
2020) to search for auxiliary metabolic genes (AMGsS).
A proteomic tree was constructed using the on-line ser-
vice VipTree v. 4.0 (Nishimura et al., 2017).

3. Resulits

The results of stepwise processing are presented
in Table 2. A total of 8288 sequences belonging to
viruses were identified from the obtained mix assembly
after processing in the VirSorter2 program, which was
39.6% of all assembled contigs of more than 5 kb.

After processing 8033 sequences in COBRA,
49.1% of the sequences managed to increase their length
by an average of 37.6%. Quality control of viral contigs
in CheckV determined that 73 sequences belonged to
high quality over 90% with DTR. At the same time,
60 sequences belonged to complete genomes, and 13
sequences were characterized as near-complete (extend
partial group, COBRA). The length of these putative
complete and near-complete virus genomes ranged
from 13871 to 163727 nucleotides (Supplementary

Table 2. Number of reads/contigs after each processing
step.

Processing stage Pair of reads/
contigs
1. Raw reads 176329692
2. Trimmomatic 152536284
3. SortMeRNA 151248958
4. Deletion of human sequences 149200074
5. metaSPAdes, contigs of more than 5 thou- 20929
sand nucleotides
6. VirSorter2, contigs of more than 5 thou- 8288
sand nucleotides
7. Bowtie2, SAMtools, coverage depth more 8033
than 5
8. COBRA 3191
9. CheckV 73

material). The number of ORFs ranged from 20 to 216.
The statistical information is presented in Figure 1.

Taxonomic identification based on geNo-
mad (virus_score > 0.96) showed that all genomes
belonged to the class Caudoviricetes, with 4 sequences
(NODE_7814, NODE_610, NODE_598, NODE_665) iden-
tified up to the family Autographiviridae. It is worth not-
ing that we also identified virophages that were discov-
ered earlier, but we did not include them in this paper
because they were described in detail in (Potapov and
Belykh, 2023).

Functional analysis using the PHROG database
revealed that the category “DNA, RNA, and nucleotide
metabolism” was the most represented (23.7%); in addi-
tion, 27.5% of amino acid sequences had an unknown
function (Fig. 2). Structural proteins accounted for
38.3% (categories “Capsid and Packaging”, “Tail”, and
“Connector”). A large terminase subunit was detected
in all bacteriophage genomes by PHROG and VOG
databases.

In the genome of NODE_40, presumably belong-
ing to a cyanophage, an ORF of 159 amino acid residues
in length similar to a small heat shock protein (Hsp20,
YP_009134378) was detected. In addition, genes related
to microbial resistance to oxidative stress, such as
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Fig.1. Statistical information of 73 phage sequences. A - range of sequence lengths, nucleotide bases, B - number of reads per

genome, C - average depth of genome coverage.
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NAMPT (nicotinamide phosphoribosyltransferase) and
nadM (bifunctional NMN adenylyltransferase/nudix
hydrolase) were identified in this genome. NODE_334
included the cysC gene, which is involved in the assim-
ilatory reduction of sulfate. The cobS (NODE_4873,
NODE_40, NODE_506), cobT (NODE_4873) genes are
involved in cobalamin biosynthesis. PurA (adenylosuc-
cinate synthase) and purB (adenylosuccinate lyase) are
found in NODE_996 - involved in purine metabolism.
Other AMG were also detected: rfbC, DNMT1, galE,
IpxA, TSTA3, pimC.

Six sequences contained integrase (NODE_506,
NODE 926, NODE _ 7814, NODE_ 610, NODE_598,
NODE_660), with similarities ranging from 28.2% to
39%.

Out of the 4266 ORFs, 4108 (96.3%) had similar-
ities to uncultured virus representatives from the IMG/
VR database. Of these, 89.6% corresponded to repre-
sentatives derived from freshwater ecosystems, with
the majority (78.8%) derived from lakes, 16.5% from
rivers, and 2.5% from ponds. Only 3.2% of the 4108
ORFs were of marine origin. The rest belonged to rep-
resentatives obtained from other sources (soil, waste-
water, etc.).

According to the RefSeq database, 126 ORFs
were similar to phages recently isolated on the basis of
the Flavobacterium strains from the Baltic Sea (Nilsson
et al., 2020; Hoetzinger et al., 2021). Sequence iden-
tity at the amino acid level ranged from 21.5 to 87%.
Fifty-four ORFs are similar to Nonlabens phage (isolates
P12024S and P12024L), whose host is the bacterium
Persicivirga sp. IMCC12024 isolated from the coastal
water of the Yellow Sea (Republic of Korea). The amino
acid sequence similarity ranged from 22.4 to 68.8 %.

ORFs (203 sequences) similar to proteins of
63 different cyanophages at the amino acid level had
similarities ranging from 22.1 to 81.3%, while the
lowest e-value (0) was observed with the major cap-
sid protein (YP_004421726) of Synechococcus phage
S-CBS3 (62.4% similarity, 99.9% coverage) and
DNA polymerase (YP_010669768) of Synechococcus
phage S-SCSM1 (55.7% similarity, 99.6% coverage).
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Synechococcus phage S-CBS3 was isolated from a
strain of Synechococcus sp. CB0202 (isolation source is
Chesapeake Bay), Synechococcus phage S-SCSM1 was
isolated from Synechococcus sp. strain WH 7803 (iso-
lation source is South China Sea). The two sequences
NODE 40 (163.7 kb, 216 ORF) and NODE_1081 (36.8
kb, 49 ORF) had 50 and 23 ORFs, respectively, similar
to cyanophages from the RefSeq database, indicating
with high probability that they belong to cyanophages.
Other sequences with similar proteins to cyanophages,
but with a smaller number per genome, are difficult
to identify due to the lack of known cyanophages in
databases.

Seventy-five amino acid sequences were sim-
ilar to different Ralstonia phage isolates (NC_047946,
NC_047888, NC_030948 etc.), with similarities at the
amino acid level ranging from 25.6 to 75.1%.

Overall, based on the blastp results from the
RefSeq database, only 34.7% of ORFs were similar to
known proteins. In addition, 80.8% of the sequences
similar to proteins from the database showed less than
50% similarity to known proteins, which may indicate
the discovery of new phages representing the so-called
viral dark matter pool. This is also supported by the
low percentage of similarity with known viruses from
the RefSeq nucleotide database of complete genomes,
such that the maximum similarity and coverage was
registered with Ralstonia phage RsoP1EGY (13% sim-
ilarity, 67.4% coverage), Synechococcus phage S-CBS3
(25% similarity, 70% coverage), and Ralstonia phage
RsoP1EGY (18% similarity, 69.6% coverage).

The representation analysis based on TPM (tran-
scripts per kilobase million) showed that 32 sequences
(42.5%) were present in all samples. NODE_923 was
detected only in sample BVP5 (Maloye More Strait).
Two sequences were assembled only from the 2022
reads (NODE_996, NODE_660). Eight sequences were
missing from summer 2018 (BVP5, BVP6, BVP7,
BVP8) (NODE_598, NODE_660, NODE_547, NODE,_996,
NODE_5829, NODE_506, NODE 665, NODE_1217).
This type of analysis can indicate both the prevalence
of phages in the lake across all basins and seasons and
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the uniqueness and replication of phages at particular
time intervals.

The proteomic tree built on the basis of our
assembled genomes shows both formed clusters and
individual branches, with the formed clusters contain-
ing the closest relatives according to the RefSeq data-
base. This type of analysis also allows us to identify
putative hosts, for example, the presence of the clos-
est relative in a cluster for which the host is known
and which contains our assembled genomes. Thus,
we found 4 phyla of potential hosts Pseudomonodata,
Bacteroidota, Cyanobacteriota and Bacillota (Fig. 3).

4. Discussion

In this study, we were able to identify 60 puta-
tively complete and 13 nearly complete phage genomes
(VMAG, viral metagenome-assembled genome) belong-
ing to the class Caudoviricetes from the metagenomes
of freshwater Lake Baikal.

Due to the mosaic nature of phage genomes, as
well as their lack in databases, there is a nontrivial
task of determining the closest relative at the species,
genus, and even family level arises. It should be noted
that we used strict virus identification conditions when
using the VirSorter2 program: max_score > 0.9 - high
confidence, CheckV: confidence_level - high, aai_com-
pleteness more than 90%, checkv_quality - complete,
presence of DTR, contamination - O, etc., as this is the
optimal option for obtaining high-quality complete
genomes.

A number of auxiliary metabolic genes have
been discovered in phage genomes. Changes in produc-
tivity at the ecosystem level occur through horizontal
transfer of ecologically important genes and expression
of virus-encoded AMGs (Hurwitz and U’Ren, 2016).
These genes are expressed during infection, increas-
ing and redirecting energy and resources to virus pro-
duction (Thompson et al., 2011; Hurwitz and U’Ren,
2016; Smet et al., 2016; Howard-Varona et al., 2018).
The identified AMGs demonstrate the involvement
of viruses in biogeochemical reactions. The cobS are
involved in cobalamin biosynthesis and may support
deoxynucleotide synthesis. The cysC gene is involved
in the assimilatory reduction of sulfate. The presence
of phages with this gene in freshwater ecosystems may
influence the sulfur cycle through the process of assimi-
latory sulfate reduction. Respiratory complex I (NADH:
ubiquinone oxidoreductase) uses the energy released
by electron transfer from NADH to quinone to pump
protons through the plasma membrane (Walker, 1992).
The bioavailability of this complex can be altered by the
expression of viral auxiliary metabolic genes involved
in NAD + biosynthesis (NAMPT, nadM). Recently,
these genes have been found in contigs assigned to
Caudoviricetes derived from the mouse intestine (Ishola
et al., 2024) as well as in earthworm intestinal phages
(Xia et al., 2023). The galE gene encoding UDP-glucose-
4-epimerase mediates the conversion of UDP-galactose
and UDP-glucose in galactose metabolism and probably
allows the virus to participate in carbohydrate metab-
olism (Heyerhoff et al., 2022). In general, AMGs in
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phages and their role are still poorly understood, but
their importance in phage survival is beyond doubt.

A small heat shock protein (sHSP) was found in
the NODE_40 sequence, which is thought to belong to
a cyanophage. It was previously shown to be present
in some cyanophages (marine and freshwater) that
infect the unicellular cyanobacteria Synechococcus
and Prochlorococcus (Dreher et al., 2011; Maaroufi
and Tanguay, 2013). Cyanophages have been shown
to have acquired the sHSP gene from a class A bac-
terial ancestor by lateral gene transfer (Maaroufi and
Tanguay, 2013).

Detection of assembled phage genomes from Lake
Baikal in different seasons and years demonstrates that
half of them is constantly present in the time intervals
we observed. Inversely, some of them are detected only
at a certain time and place. Monthly sampling through-
out the year and sequencing will help us to understand
how many phages are present in a given season, which
we will continue to study.

Compliance with sample preparation require-
ments to obtain high-quality virus genomes from
metagenomic data, such as deliverance from bacterial
and eukaryotic DNA, pre-filtering and using DNase, and
sequencing with the highest possible read depth in order
to get enough reads out of the total number of reads to
assemble virus genomes is essential. Besides, attention
should be paid to the timely updating of databases in
the analysis, as the growth of new known sequences
may reveal additional new viruses. In addition, the
emergence of new programs simplifies the analysis and
also enables to identify new sequences.

5. Conclusions

Bioinformatic analysis of data obtained from
sequenced water DNA samples from Lake Baikal (metag-
enomes of the fraction less than 0.2 pm) was used to
recover 60 complete and 13 near-complete genomes
of bacteriophages. Taxonomic analysis showed low
similarity of the obtained genomes with the available
virus genomes in the RefSeq database. Two genomes,
putatively belonging to cyanophages, with lengths of
36.8 kb (NODE_1081) and 163.7 kb (NODE_40), were
discovered; a small heat shock protein (sHSP) was iden-
tified in NODE_40. A number of auxiliary metabolic
genes in the genomes of the obtained phages were iden-
tified: nadM, cysC, cobS, galE, cobT, etc. It was shown
that half of the assembled phage genomes were present
in all seasons and in all three basins and the M. More
Strait, while the rest were detected only at a certain
time and location.
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Fig.3. Proteomic tree based on comparison of translated nucleotide sequences of genomes (tBLASTx) with their closest rel-
atives identified using VipTree. Asterisk indicates sequences from this study. Colored squares indicate affiliation with a known

reference taxon and its host.
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NMouck npeanonaraeMbiX NOAHbIX U MOUTH
noAHbIX reHomoB AHK- coaepXxawmux
BMPYCOB B MeTareHomMmax, NOAYy4YeHHbIX U3
03. bankan

[Toranos C.A.'*, TynukuH A.E.?, TuxonoBa U.B.!, )Kyuenko H.A.!, Beasx O.1.!

T TumHostoeuyeckuti uHcmumym Cubupckozo OmdesteHus Poccutickoti Akademuu Hayk, yi1. Yran-Bamopckas, 3, HUpkymck, 664033,
Poccua

2 HiHcmumym xumuyeckotl 6uostoeuu u pyHdameHmabHol meduyuHsl Cubupckoeo OmoesieHua Poccutickoti Axademuu Hayx, np.
Axademuka JlagpeHmovesda, 8, Hogocubupck, 630090, Poccus

AHHOTAIIHSI. B paGoTe npe/icTaBjeH aHaIN3 [IPEANOJIOKUTEIbHO MTOJIHBIX U TTOYTH MTOJIHBIX TeHOMOB
6axTeprodaros, U3BJIEYEHHBIX U3 MeTareHOMHBIX JaHHBIX, [TOJIyYeHHbIX u3 obpasuos JJHK, BrigeseH-
HOMU 13 BOZBI 03. batikas ¢ npuMeHeHHeM COBpeMeHHbIX O1MonHGOpMaTUiYecKUX IporpaMm. Beero 66110
BBHIIBJIEHO 73 MOCJIeoBaTeIbHOCTU AJIMHOM oT 13,8 Thic. 10 163,7 ThiC. OCHOBaHUH, IPHUHAJJIeXalye
daram kytacca Caudoviricetes. O6Hapy>eHbI ABa KOHTHUTa, NMPUHALJIEXAIIHAE MPEAIOJI0XKUTEIBHO IHa-
Hodaram giIuHOM 36,8 Thic. u 163,7 ThIC. HYKJIEOTH/IOB, IPUYEM B IocjieaHeM naeHTuduiuposana ORF
AIrHOM 159 aMUHOKUCIOTHBIX OCTATKOB CXOAHAsA ¢ MaJjibiM OekoM TeruioBoro moka (Hsp20). Ananus
NOeHTU(PUIPOBAaHHBIX B COOpPaHHBIX reHOMax OakTeprodaroB aMHUHOKHCIIOTHBIX ITOCJIeAOBaTeIbHO-
creii no 6a3ze maHHbex PHROG BoIABWII, 4TO 27,5% 13 HUX UMEIOT HEU3BeCTHYI0 (DYHKIUIO, B TO BpeMs
Kak OoJiplias 4acTh M3 UMEIOHIMX CXOJICTBO ¢ u3BecTHBIMU (23,7%) npuHagiexut kateropuu «JHK,
PHK u Hyk/1eOTUHBIN MeTabom3M». Takxe B COOpaHHBIX reHOMax OOHapyXeH psJi BCIIOMOTaTeIbHbIX
MeTabosmueckux reHoB (AMG): nadM, cysC, cobS, galE, cobT u np. BoJsipinas 4acTh MOCaEq0BATEIbHO-
CTel, UMEIINX CXOACTBO C IIOCJed0BaTeIbHOCTAMMA 13 0asnl faHHbBIX IMG/VR (89,6%) cooTBETCTBO-
BaJia [ocjie0BaTeIbHOCTAM, IIOJIyYeHHBIM 13 IIPECHOBOJHBIX BOJOEMOB.

Kitiouegsie ctoga: MeTareHOMHUKa, 6akteprodaru, BEICOKOIIPOU3BOAUTEIbHOE CeKBEHNPOBaHue, 03. Baiikai,
MOJIHBI T€HOM

Jia mutupoBanus: [Toranos C.A., TynukuH A.E., TuxoHnosa U.B., XXyuenko H.A., Benpix O.U. [Touck npefmnosiaraeéMbx HOJIHBIX
Y TIOYTH MOJTHBIX reHoMOB JITHK- cofiepaiiix BUPyCOB B MeTareHoMax, MoJIydyeHHbIX 13 03. Baiikas // Limnology and Freshwater
Biology. 2024. - No 4. - C. 1050-1065. DOI: 10.31951/2658-3518-2024-A-4-1050

1. Beeaenne KpoMe TOro, mnpodaru MOryT ObITh (JIaHKUPOBAHbI

obJylacTAMY, IpUHaAJIeXalMMKu Xo3AuHy. IIpu aHa-
Ju3e KOpoTKHUe KOHTUru (MeHee 5-10 ThIC. HYKJIEOTU-
JIoB) vaile Bcero oropaceiBaioT (Gregory et al., 2019).
CJI0XKHOCTh B MAeHTU(GUKAI[UN BUPYCOB TaK e 3aKJII0-
yaeTcd B OTCYTCTBUE YHHBEpPCAJIbHBIX MapKepHBIX

B Hacrosmee BpeMs MeTareHOMHUKA IIpeNo-
CTaBJIsIeT BO3MOXHOCTh aHAJIM3UPOBATh pa3sHOOOpa-
3We BUPYCOB B PA3JIMYHBIX cpedax OOUTaHUsA, B 4acT-
HOCTH, B MOPCKHX U IPECHOBOJHBIX DSKOCHCTEMaX.

Pa3zHooOpasue BUPYCOB YPE3BBIYANHO BBICOKO, OJTHAKO
TOJIBKO HeOoJIbIllasA X 4YacTh NpeJicTaBjleHa MOJIHBIMU
renomamu (Paez-Espino et al., 2016).

COopka BUPYCHBIX T'€HOMOB U3 METareHOMOB
SABJIAETCS CJIOXKHOI 3ajaueit (Smits et al., 2014). Ha
naeHTH(UKAINI0 BUPYCHBIX TeHOMOB 13 MeTareHOMOB
HeraTuBHO BJIMAIOT HECKOJIbKO (aKTOpOB, HanmpuMmep,
3arpsi3HeHNe HeBUPYCHBIMHU IIOCJIeJOBaTeJIbHOCTAMY,
[IPUCYTCTBYIOUIMMU B Iyjle IIepBOHAYaJIbHBIX [IaH-
Hbix (Roux et al., 2013), HaMYMe MHOXECTBA KOPOT-
KHUX TOCJieloBaTeJIbHOCTe!, MOJIyuYeHHBIX pu cOopKe,
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reHoB U OOJIbIION BapuabesibHOCTBI0 AJUH BUPYCHBIX
reHoMoB. KoJiblieBble I'€HOMBI MOIYT OBITP HUAEHTU-
$unrpoBaHs N0 HAJIWYUI0 TePMUHAJIBHBIX IIOBTOPOB.
BupycHbIill reHOM TakXe MOXeT ObITh OIpe/ie/IEH My TEM
HOKPBITHSA pUJaMU U3BECTHOI'O reHOMa BHpYyca (IOUcK
rOMOJIOTHY), OJHAKO BBUAY MaJIOr0 KOJIMYEeCTBA KYyJIb-
THBUPOBAHHBIX BHPYCOB U OTPOMHOIO Pa3zHOOGpa3us
BHUPYCOB TaKO¥ IOJXOA B HACTOsllee BpeMs KMeeT
OTrpaHUYeHU.

TeM He MeHee H3-3a CJIOXKHOCTH KYJIbTUBUPO-
BaHUSA BUPYCOB METareHOMHBIN ITOAXOJ] Ha CeroHAII-

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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HUI AeHb BEpOATHO CTajl KJIIOYeBBIM, O 4€M CBHe-
TEJIbCTBYIOT HenaBHUe paboTsl (Gregory et al., 2019;
Castro-Nallar et al., 2023), a Tak ke poCT KOJIMYeCTBa
001[eIOCTYITHBIX BUPYCHBIX T'€HOMOB ((parMeHTOB),
coOpaHHBIX U3 MeTareHOMHBIX JaHHBIX, ¢ 84 B 2010 1.
no 775 Teic. B 2018 r. (Roux et al., 2021). Hanpumep,
HelaBHO yJajoCch pacumpuTh B 12 pa3 KoJM4ecTBO
BUPYCHBIX IIOCJIeJOBaTeJIbHOCTEel M3 BCeX OKEeaHOB,
Bkitouyass CeBepHbIM JlemoBUTHII oOkeaH. B uccieno-
BaHUU BBIABJIEHO 5 3KOJIOTMYECKUX 30H, (popMupoBa-
HUe KOTOpPHIX OBLJIO 00yCJIOBJIEHO, B IEpBYI0 OYepe[ib,
temnepatypoii (Gregory et al.,, 2019). I'mo6ayibHoe
HccjiefloBaHre BUPOMOB M3 NPECHOBOJHBIX 3KOCHCTEM
Ha ocHoBe 380 001eJOCTYNHBIX BUPYCHBIX MeTareHo-
MOB II03BOJINJIO BOCCTAHOBUTH 549 IOJIHBIX BBICOKO-
KayeCcTBEHHBIX F'eHOMOB. M3yueHne o0MINA MOKA3aJlo,
yto MeHee 0,2% BHPYCHBIX KOHTUT'OB BCTpPEUYalOTCA BO
BCeX HMccjeOBaHHBIX O1oMax, T.e. OOIIMI IIyJl KOHTH-
rop MyuHuMasieH. CeslaHO 3aKJIl04eHHe, YTO KaKABI
BOJIOEM HMMeeT OTAeJIbHBIM BUpPOM, crenudUUHBIN 1A
Hero. IlokaszaHo, 4yTO 41,4% BUPYCHBIX KOHTUTI'OB W3
IIPECHOBOAHBIX 5KOCHCTEM He HWAeHTU(PUIMPYIOTCA IO
TaKCOHOMUMU, B TO BpeMs KaK OCTaJbHble B OCHOBHOM
npuHaaiexaT xsocrathiM daram (Elbehery and Deng,
2022).

I[TepBrle pacmudpoBaHHbIE IIOJHBIE TeHOMBI 6aK-
Tepuodaros u3 03. Baiikas MD8 Pseudomonas aeruginosa
(Siphoviridae) u P. aeruginosa PaBG (Myoviridae), moy-
YeHbl METOJIOM KyJbTuBHpoBaHusA (Sykilinda et al.,
2014; Drucker et al., 2015). IIlpu aHanu3e Xe MeTa-
FeHOMHBIX [JaHHBIX K3 03. balikan paHee ynOaioch
cobpatb noJiHBIN reHoM (ara Baikal-20-5m-C28 myu-
HOU 166 ThIC. HK., XO3IMHOM KOTOPOT'O IpeAnoJIOXH-
TesqbHO sBJIsieTcsA Polynucleobacter spp. (Cabello-Yeves
et al., 2018). Kpome aToro, BeIsABJIEHO 16 mpeArmoJiara-
eMBIX IIOJIHBIX TeHOMOB BHpodaros, IpUHaJIexamnye
TpéM cemetictBaM Burtonviroviridae, Dishuiviroviridae,
Omnilimnoviroviridae (Potapov and Belykh, 2023) u
nmoutu mnoJiHele reHoMmbl PHK-copepxamiux BHPYCOB,
MoJTy4YeHHble U3 MOJUTIOCKOB (Butina et al., 2023) u
BojHOM ToJiu (Potapov et al., 2023).

Llespio paboOTHI ABJIAETCA MOJIyYeHHEe KauyeCcTBEH-
HBIX (T.e. ¢ BBICOKOI CTelleHbI0 JOCTOBEPHOCTU) MOCJIe-
JIoBaTeJIbHOCTEN TMOJHBIX reHoMmoB JIHK BupycoB u3
METareHOMHBIX AaHHBIX, MMOJIyYeHHBIX U3 03. Baiikaur,
aHHOTanus OeJIKOBHIX IIOCJIEIOBATEJIBHOCTENl M TakK-
COHOMUYECKAsA WAeHTU(PUKAIMA BOCCTAHOBJIEHHBIX
reHOMOB.

2. MaTtepuanbl U MEeTOADI
2.1. OT60p 06pa3uoB, akcTpakuua AHK n
CeKBeHupoBaHue

OOpa3sipl BOABl AJIA aHajiW3a OTOOpaHBl U3 03.
bBatikan B Tpéx ero kotioBuHax (IOxHoii, Cpenneii,
CeBepHoli), a Takxe B nnposuee Masioe Mope (Tabsuia
1.

OT60p npob npoBouIU ¢ rayous ot 0 go 50 m
(BVP1-8) u ot 0 go 15 m (RVP4-6), ucnonbsysa 6ato-
MeTpsl HuckuHa u cMemmBaau AJjiA NOJIy4eHUA UHTe-
rpajibHOM Npo6H, Bcero 20 IUTPOB Ha OOUH oOpasell.
OO0pa31ipl BoAbl ITocjeqoBaTeIbHO GUIbTPOBaIN Yepes
¢unbTpH ¢ pazmepom nop 0,4 mxm u 0,2 mxM (Sartorius,
OPI") na yaajieHUus OeTpuTa, 300-, GUTO- U OaKTepu-
oIUlaHKTOHA. Jlajiee IPOBOAWIN KOHIIEHTpHpOBaHUeE,
C IOMOIIBI0 yJabTpauUIbTpallM¥ B TaHreHI[UAJIbHOM
[IOTOKe C HOMMHAJBHBIM OTCeYeHHeM IO MOJIEKYJIAp-
Hoit macce 50k/]a, mpumenss VivaFlow 200 (Sartorius,
OPI") u ynpTpaueHTpudyxHsle npobupku Vivaspin 15
(Sartorius, ®PI'). Takum o6pa3oM nosaydanau 100 MK
KOHIleHTpaTa Ha oOpasel. [ OYUCTKHA CBOOOAHBIX
BUPYCHBIX 4acTul oT uyxepogHoil JHK mposoawniu
o6paboTky mpobel JJTHKa3zoii (Thermo Fisher Scientific,
MA, CIIA). Peakiuio ocTaHaBJIMBaJIU qoOaBeHUEM
50 mM EDTA u BbigepxuBaau npu 65°C 10 MuUHYT.
Jkcrparuposanu JJHK ¢ nomoibio GpeHoI-Xx10poPopM-
Horo Metoja. Kornenrtpanuio JHK namepsu Ha Qubit
2.0 (Invitrogen, CIIIA). IloaroroBka OGMOJIMOTEK U UX
cexkBeHupoBaHue Ha Illumina MiSeq (Illumina, CIITA) u
MGlIseq 2000 (MGI Tech Co., Ltd, KHP) BBIIOJIHEHBI B
LIKTII «'enomuka» (MUXB®M CO PAH, r. HoBocubupck,
Poccus).

Ta6suna 1. O6pa3us! BoAsl, 0OTOOpaHHBIE [JI aHAIN3a BUPOMOB.

MapkupoBKa JlaTta ot6opa Mecto oTr6opa Howmep npoekta B SRA CcpLIKa
BVP1 22.03.18 7 kM oT 1. JIucTBAHKa
BVP2 8.06.18 3 kM OT 1. JINCTBAHKA
BVP3 31.05.18 3 kM ot 1. Typka
BVP4 4.06.18 3 kM ot M. Enoxun PRINA1006167 (Potapov and
Belykh, 2023)
BVP5 5.08.18 1. cT. nposus Majioe Mope
BVP6 27.09.18 II. CT. . JIucTBAHKA — 1. TaHXOM
BVP7 25.09.18 . CT. M. YXaH — M. ToHKuU#
BVP8 23.09.18 . cT. M. EstoxuH — 1. J[aBma
RVP4_DNA 29.07.22 II. CT. . JIucTBsAHKa — 1. TaHxoM He penoHupoBaHb
RVP5_DNA 07.08.22 . CT. M. YXaH — M. ToHKU# -
RVP6_DNA 02.08.22 . cT. M. EstoxuH — . JlaBma
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2.2. BuonndopmaTHUeCKuH aHanu3

[TosryyeHHBIEe NepBOHAYAJIBHBIE IIPOYTEHUs aHa-
ausupoBasii B FastQC v. 0.12.1 (Andrews, 2010).
Vnanenue aganTepos, a Takxke (QUIBTpALMIO IO Kaye-
cTBy mpoBoawin B Trimmomatic v. 0.36 (Bolger et
al., 2014). Ynanenue 3arpsasHeHuil pubocomsor JHK
BHINTOJIHSAIIY, McHoJb3ysa SortMeRNA v. 4.3.6 (Kopylova
et al., 2012); mocJiemOBaTEIBHOCTH, PUHAJIEXAIIIE
YeJI0BeKy, YOAJLUIA ¢ MIOMOIIBI0 IMporpaMMbl Bowtie2
v. 2.4.4 (Langmead and Salzberg, 2012), nytém kapTu-
poBaHMA pyuoB Ha u3BecTHBIN reHoM (GRCh38_noalt_
as). KombuHupoBaHHYI0 COOPKY OCYIIECTBJIJIN MYTEM
obbeuHEeHYs Bcex o6pasroB («cross-assembly») mms
oJIy4eHus1 6ojiee JIMHHBIX KOHTUTOB U YBeJIMYEHUSA
KOJINYeCcTBa BUPYCHBIX KoHTHUroB (Bukin et al., 2023),
ucnosb3ys metaSPAdes v. 4.0.0 (Nurk et al., 2017)
¢ JOMOJTHUTEJbHBIM TapameTpoMm -k 21, 33, 55, 77.
V3BjleyeHrie BUPYCHBIX NOCJI€OBATEIBHOCTEN IIPO-
Boquin ¢ nomoiisio VirSorter2 v. 2.2.4 (Guo et al.,
2021) c mapamerpoMm score > 0,9 U MUHHUMAJIbHON
annHe koHTUros 5000 HK. 3aTeM pyabl KapTUPOBAIU
Ha MOJIyYeHHble KOHTUTH, NPENIOJIOKUTEIIBHO HIpU-
Ha/Iexarnye BHUpycaM, ¢ IOMOIIb0 Bowtie2, mokpsr-
THe cuutany nporpammont SAMtools v. 1.13 (Li et al.,
2009). B manpHeHmmMil aHaau3 6paju TOJIBKO KOHTUTU
¢ ry1yOuHOU NOKpHITUA 60Jiee 5. Mcnosb3ys nporpaMmy
COBRA v. 1.2.3 (Chen and Banfield, 2024), coenuusiu
coOpaHHEIe I0CTIeJOBAaTeJIbHOCTU U JOOUBAIUCh OoJiee
BBICOKOHM TOYHOCTHU, OCPEACTBOM YBEJIMYEHUA IJIHMHEL
U TOJIHOTH KOHTUTrOB. Jlajiee KOHTUT'H IMPOBEPSUIA C
nomorpio nporpammsel CheckV v. 1.0.3 (Nayfach et al.,
2021). B maypHeNIIeM HMCIIOJIb30BaHbl UCKJIIOUUTEILHO
MpsiMble TepMHUHaJIbHBle MOBTOpPH (direct terminal
repeat, DTR) myisa wufeHTUPUKALIUM TOJHBIX T'€HO-
MOB, ITOCKOJIBKY 3TO HauboJiee YCTOABIIUNCA IOOXO[I.
Kpome Toro, yunteiBaju Takue mapamerpnl kKak AAI-
based completeness > 90%, confidence_level - high.
CXOoZiHBIE TIOCJIENOBATEIBHOCTH CrPYIIIMPOBAHEl HA
ypoBHe 95% naeHTruHOCTU (ANI), 1CII0JIB3YA CKPUIITHI
I KJ1actepusanuy u3 nporpammel CheckV.

TakCOHOMUYECKYI0 HAEHTUODUKAIUI BHUPYC-
HBIX T'€HOMOB BBINOJIHAIM, HpuMeHsss geNomad v.
1.8.0 (Camargo et al., 2023b), Diamond v. 2.1.8.162
¢ mapamerpamu e-value — 107, bit score = 50, more
sensitive u BlastN v. 2.12.0+ (e-value — 10®), ucmoJib-
3ysA aMUHOKHCJIOTHYIO ¥ HYKJICOTUOHYIO 6a3bl JaHHBIX
BUPYCHBIX TeHOMOB RefSeq v. 222. MOyHKIMOHAJIBHBIN
anaimu3 TpaHcanposaHHbBIX ORFS 13 KOHTUTOB BHINOJI-
HeH, npumMmeHssa 6a3bl JaHHex PHROG v. 4 (Terzian et
al.,, 2021) u VOG v. 219 npumenss HHMER v. 3.2.1
(Eddy, 2011). Ba3za mauubix IMG/VR v. 4 (Camargo et
al., 2023a) ucrnoJib30BaHa AJId MOMCKA CXOXUX OeJIKOB
13 HeKyJIbTUBUPOBAHHBIX BHPYCOB. TakXe KCIIOJIb30-
BaHa IporpaMMa aBTOMAaTHUYeCcKOU aHHoTanuu (aros
VIBRANT v. 1.2.1 (Kieft et al.,, 2020) nad moucka
BCIIOMOTaTEJIbHBIX MeTaboJimueckux reHoB (auxiliary
metabolic gene, AMG). [IpoTeoMHOe AEPeBO CTPOWIH,
ncmosb3ys on-line cepeuc VipTree v. 4.0 (Nishimura et
al., 2017).
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Ta6suna 2. KosuuecTBO NpPOYTEHUI/KOHTUTOB IOCTe
Kaxaoro stana o6paboTKu.

dTan 06paboTku ITap npouteHuii/
KOHTHI'OB
1. VicXo{HBIX IPOYTEHUI 176329692
2. Trimmomatic 152536284
3. SortMeRNA 151248958
4. Y najeHue mocJieIoBaTeJIbHOCTEHN 149200074
yeJioBeKa
5. metaSPAdes, koHTUTOB 6oJiee 5 ThIC. 20929
HYKJIEOTHIOB
6. VirSorter2, KOHTUTOB 0o0Jiee 5 ThHIC. 8288
HYKJIEOTHIOB
7. Bowtie2, SAMtools, riry6uHa yTeHuA 8033
6ostee 5
8. COBRA 3191
9. CheckV 73

3. Pe3yAabTarthl

PesysibraTel Mmo3TanmHoOl 00paboTKU IpeAcTaB-
Jiensl B Tabsmie 2. Bcero u3 moJry4YeHHOM MUKC-COOPKU
nocje obpaboTku B mporpammMe VirSorter2 BHIABJIEHO
8288 mnocienoBaTenbHOCTEN, MPUHAAJIEXAIIUX BUPY-
caMm, 9To coctaBmyio 39,6% OT Bcex cOOpaHHBIX KOHTHU-
roB 6oJsiee 5000 HYKJI€OTUOB.

[Tocne ob6paborku 8033 mocsieqoBaTEIBHOCTEN
B nporpamme COBRA, 49,1% mnocjeqoBaTeJbHOCTAM
yOajoCh yBEeJIWYWTh [UJIMHY B cpegHemM Ha 37,6%.
KoHTposib KkauecTBa BUPYCHBIX KOHTUTrOB B CheckV
OmIpeJieJINJI, YTO K BBHICOKOKAYECTBEHHBIM KOHTUTaM
(high quality > 90%) ¢ DTR npuHaziexasno 73 nocie-
noBaTtespHOCTU. IIpy 3TOoM 60 TOCIIEI0BaTEIBHOCTEN
MpUHAJJIeXaT MOJHEIM reHoMaM, a 13 mocjejoBaTesib-
HOCTEN XapaKTEPU3YITCSA KaK MOYTH IMOJIHbIE (rpyrima
extend partial, COBRA). [l;iHa 3TUX Mpe/nojiaraeMbIxX
MOJIHBIX YW TOYTHU TIOJIHBIX T€HOMOB BHPYCOB BapbUPO-
Bajla ot 13871 po 163727 HykeOTHUIOB (JIOMOJTHU-
TespHbIE MaTepuai). KomnuectBo ORFs Obu10 B 1ua-
nazoHe ot 20 go 216. Cratuctudeckasa uHbopManus
IpeJicTaBjieHa Ha pUCyHKe 1.

TakcoHOMM4YeCcKass uAeHTUDUKAIUSA  BUPYC-
HBIX TeHOMOB Ha ocHoBe geNomad (virus_score >
0,96) moxkazajsia, 4YTO BCEe TeHOMBI MPUHAJIEXATA
kiaccy Caudoviricetes, mpu 3TOM [0 CeMeHCTBa
Autographiviridae geNomad omnpeneynieHo 4 mocjezno-
BateapHocT (NODE_7814, NODE_ 610, NODE_598,
NODE_665). CTOUT OTMETUTH, YTO MBI UAEHTUPUITUPO-
BaJi Takxe BHpodary, KoTopble OOHAPYXUJIM paHee,
HO B 3TOU CTaThe WX HE paccMaTpuBaeM (MCKJTIOUEHBI
Ha sTare CheckV) T.k. oHUM ObLIN MOAPOGHO OMKCAHBI B
cratbe (Potapov and Belykh, 2023).

OYHKIMOHAIBHBIN aHAJIN3, IPOBEIEHHBIN IO
6aze PHROG, BeiaBmi, yto karteropusa «JJHK, PHK u
HYKJIEOTHHBIN MeTabo13M» HauboJiee IipeJicTaBjieHa
(23,7%), xpome ToOrO, 27,5% AaMUHOKHUCIIOTHBIX TOCJIE-
JIOBaTeJIbHOCTEHN MMeJu Hen3BecTHyI0 ¢yHKIuo (Puc.
2). CTpyKTypHBIe 6esiku cocTaBuiu 38,3% (xaTteropuu
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Puc.1. Cratuctuueckas nHbopmanusa o 73

IMOCJI€0BATECJIbHOCTAX (I)al"OB. A - OnamaszoH JIMH HOCHEI[OBaTeJ'IbHOCTefI,

HYKJIEOTUJHBIX OCHOBaHI/Iﬁ, B — xosinm4yecTBO HpO‘—ITeHI/Iﬁ Ha IreHoM, C- cpeaHAasn 1"J'Iy6I/IHa IOKPBITHUA T'€HOMOB.

«Kamcug u ynakoBka», «XBocT», «<KOHHeKTOp»). Bo Bcex
reHoMmax 6axtepuodaros no 6aszam gasHeix PHROG n
VOG obHapy>xeHa 6oJibmias cy0ObeJUHNIIA TePMHUHA3HI.

B renome NODE 40, npeAnosoXUTeIbHO NpU-
Hajajexailero nuaHodary, BwiaBaeHa ORF pimnHo
159 aMMHOKMCJIOTHBIX OCTATKOB CXOJHAs C MaJIbiM
6enkom TemsioBoro moka (Hsp20, YP_009134378).
Kpome TOro, B 3TOM reHoMe BBIABJIEHBI I'€HBI, CBA3aH-
Hble C YCTOMYMBOCTBI0O MUKPOOPTraHM3MOB K OKHCJIH-
TeJIbHOMY cTpeccy, Takue kak NAMPT (nicotinamide
phosphoribosyltransferase) u nadM (bifunctional NMN
adenylyltransferase/nudix hydrolase). NODE_334 xJtio-
yaJi reH cysC, KOTOPBIII BOBJIeUeH B aCCUMUJIALIIOHHOE
BoccTaHoBjieHue cyybdara. 'enbt cobS (NODE_4873,
NODE_40, NODE_506), cobT (NODE_4873) y4acTByOT
B OuocuHTe3e kobaimamuHa. PurA (adenylosuccinate
synthase) u purB (adenylosuccinate lyase), o6Hapy-
skeHHBle B NODE_996 y4acTBYIOT B IIypUHOBOM MeTa-
6osmsme. Tak e BBIABJIEHBl ApPyTrve BCIOMOTaTesIb-
Hble MeTabosmueckue rensr: rfbC, DNMT1, galE, IpxA,

TSTA3, pimC.
IllecTs mOC/IENOBATEIBHOCTEN MMEJIM B COCTaBe
uHTerpazy (NODE_506, NODE_926, NODE_7814,

NODE_610, NODE_598, NODE_660), cXOACTBO aMu-
HOKMCJIOTHBIX TIOCJIeIOBaTEIbHOCTEN BapbUPOBAJIO OT
28,2 no 39%.

N3 4266 ORFs 4108 (96,3%) mMean CXOACTBO
C HEKYJIbTUBMPOBAHHBIMU TPEACTABUTESMU BUPYCOB
u3 6as3el gaHHbeix IMG/VR. U3 Hux 89,6% cooTBeT-
CTBOBAJIM TPEJICTABUTEJISAM, IMOJIYYEHHBIM M3 MPECHO-
BOJTHBIX DKOCHCTEM, MPU 3TOM OOJIBINIAS YAaCTh U3 HUX
(78,8%) mosyueHa u3 o3ép, 16,5% us pek, 2,5% us
npyaos. Tosabko 3,2% n3 4108 ORFs OblJIM MOPCKOTO
npoucxoxaenusa. OcrajibHble IPUHAAJIEXAJIH TIpeJICTa-
BUTEJISIM, TOJIYYEHHBIM M3 APYTUX UCTOYHUKOB (IIOYBA,
CTOYHBIE BOIBI U JIP.).

I[To 6a3e manHbix RefSeq 126 ORFs umenu cxof-
CTBO C (paramu, HeJJaBHO BBIJIEJIEHHBIMM Ha IITaMMax
Flavobacterium w3 Bantutickoro mops (Nilsson et al.,
2020; Hoetzinger et al., 2021). UneHTUYHOCTbH TOCJIE-
JIOBaTeJIbHOCTEN Ha aMUHOKHCJIOTHOM YDOBHE BapbU-
poBasa ot 21,5 1o 87%. 54 ORFs cxonaus! ¢ Nonlabens
phage (m3os1atet P12024S 1 P12024L), X0351HOM KOTO-
pbix sABisAeTcA Oakrepus Persicivirga sp. IMCC12024,
M30JIMpPOBaHHasA M3 NpUOpexHou BoAwl XKEnTtoro mops
(YOxuas Kopes). Cxo71cTBO G€JIKOBHIX MOCJIEOBATETh-
HOCTel BapbHpoBasio oT 22,4 1o 68,8 %.

W3 BBIABJIEHHBIX PaMOK cuuThiBaHUA 203 mocie-
J0BaTeJIbHOCTH ObLIIN CXOAHBI ¢ OeikaMu 63 pa3IMyHbIX
1uaHo(aroB Ha aMUHOKUCJIOTHOM YPOBHE U HMEJU
cxoactBo oT 22,1 mo 81,3%, mpu 3TOM HanMeHbIllee
sHauyeHue e-value (0) OTMeYE€HO C OCHOBHBIM KallCH/I-

@ HewsgecTHast yHKUUS

@ [OHK, PHK v HykneoTuaHbIi MeTabonuam
O Kancup 1 ynakoska

@ Xsoct

@ [pyrve

O INMuanc

@ BcromorarerbHble MeTabonmnyeckume reHbi
@ KoHHekTop

@ Perynsaiumsi TpaHCKpUnuum

O Wnrerpauus

Puc.2. OyHKIMOHAIBHBIN aHAIN3 aMUHOKUCJIOTHBIX IIOC/IefjloBaTeIbHOCTel 73 BBIABJIEHHHIX (aros. Jlojiu KaTeropui npu-

BeJleHBI B NIPOI[eHTaX.
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HbeIM GesikoMm (YP_004421726) Synechococcus phage
S-CBS3 (cxoxcTBo — 62,4%, nokpeitre — 99,9%) u JJHK
nosuMepasoit (YP_010669768) Synechococcus phage
S-SCSM1 (cxomctBo — 55,7%, mnokpweitue — 99,6%).
Synechococcus phage S-CBS3 BbifesieH U3 IITaMMa
Synechococcus sp. CB0202 (MCTOYHUK M3OJIANUUA —
Yecanukckuil 3amuB), Synechococcus phage S-SCSM1
U30JIMpOBaH u3 mramma Synechococcus sp. WH 7803
(ucrounuk uzossAnuu HOxHo-Kuratickoe Mmope). [IBe
nocsiegosatensHocTy NODE_40 (163,7 ThIC. HyKII., 216
ORF) u NODE_1081 (36,8 TbIC. HYKJI., 49 ORF) umenu
50 u 23 ORF, cxOOHBIX € TaKOBHIMU LMaHO(daroB u3
6a3pl qaHHBIX RefSeq, 4To roBopuT ¢ GOJIBLION HOJIEH
BEpOATHOCTU 00 MX INPUHAMJIEKHOCTH K NuaHodaram.
Jpyrue mnocsenoBaTeJbHOCTY, HMeOILIe CXOJHbIe
6enku ¢ npaHodaramy, HO ¢ MEHBIINM KOJIUYECTBOM
Ha reHOM CJIOXXHO OIlpeJieJIUTh BCJIe[CTBHE HeJoCTaTKa
M3BeCTHBIX I1aHO(aroB B 0asax AaHHBIX.

75 AaMHUHOKHMCJIOTHBIX IIOCJIeJoBaTeJIbHOCTeMN
BBIABJIGHHBIX (paroB OBUIM CXOAHBI C PasJNYHBIMU
nsosnAaTamu Ralstonia phage (NC_047946, NC_047888,
NC_030948 u ap.), npu 3TOM CXOJACTBO Ha aMHHOKMUC-
JIOTHOM YpPOBHE BapbHpoOBasio oT 25,6 1o 75,1%.

B mesioM, OCHOBBIBasiCh Ha pesysbTaTax blastp
o 6aze gaHHBIX RefSeq MOXHO 3aK/II0YNTH, YTO TOJIBKO
34,7% ORFs nmMesn cXOACTBO C M3BECTHBIMH OeJIKaMHU.
ITomumo sToro, 80,8% mocjiegoBaTeIbHOCTEN M3 HMMe-
IOIIUX CXOACTBO € OesikaMM K3 0as3bl JaHHBIX IOKa3bl-
Bajy cXOACTBO MeHee 50% € M3BeCTHBIMU, YTO MOXET
yKasplBaTh Ha OOHapy’keHHe HOBBIX (aros, NpecTaBs-
JIAIONIMX TaK Ha3blBaeMbIMi IyJ1 TEMHOM BUPYCHOU
maTtepuu (viral dark matter). B moggepxky 3TOro Tak
J)Ke CBUJeTeJIbCTBYeT HU3KWM IPOLEHT CXOJCTBa C
W3BECTHBIMU BHpyCaMH{ W3 HYKJIEOTUAHOH 06a3bl MOJI-
HBIX TeHOMOB RefSeq, Tak MakcuMmasibHOe CXOJICTBO U
MOKphITHE 3aduKcrpoBaHo ¢ Ralstonia phage RsoP1EGY
(cxoactBo — 13%, mokpeiThe — 67,4%), Synechococcus
phage S-CBS3 (cxoactBo — 25%, mokpsitue — 70%),
Ralstonia phage RsoP1EGY (cxomctBo — 18%, MOKpHI-
THE — 69,6%).

AHanu3 mnpeacTaBJIeHHOCTM Ha oOcHoBe TPM
(transcripts per kilobase million) mokasas, uro 32
nocjiefoBareabHOCTU (42,5 %) NPUCYTCTBYIOT BO BCexX
obpazuax. NODE_923 BrisiBJIeH TOJIbKO B 06pasiie BVP5
(mponuB Masnoe Mope). [IBe mnocjieqoBaTesIbHOCTU
cobpaHbl ToJbKO u3 mpoureHuii 2022 r. (NODE_996,
NODE_660). B netnuii nepuog 2018 r. (BVP5, BVP6,
BVP7, BVP8) ortcyrcTBOoBasii 8 mocjiefoBaTeIbHO-
creii (NODE_598, NODE_660, NODE_547, NODE_996,
NODE_5829, NODE_506, NODE_665, NODE_1217).
DTOT BUJ aHa/JM3a MOXeT CBUJETEeJbCTBOBAaTh KaK O
pacrpocTpaHéHHOCTU (aroB B 03epe BO BceX KOTJIOBU-
HaXxX U Ce30HH, TaK U 00 YHUKAJIbHOCTU U PeIUIMKaIun
(daros B oTiesIbHBIE BpeMeHHbIe IPOMEXYTKH.

[IporeoMHOe JiepeBO, IOCTPOEHHOe Ha OCHOBE
coOpaHHBIX HAMU T'eHOMOB, AeMOHCTpUpYeT Kak chop-
MHpPOBaHHEIE KJIACTEepPHl, TaK U OTAeJIbHble BeTBU, NpU
3ToM cHOpMUPOBaHHBEIE KJIacTephl cofepxar OJyikail-
MINX POJICTBEHHUKOB 110 6a3e maHHBIX RefSeq. TaHHBIN
TUIN aHaJIN3a TaK e II03BOJIAET BBIABUTH IIpejrosiara-
eMBIX X035€B, HallpuMep, Hajnuue Oskaiimero pop-
CTBEHHUKaA B KJlacTepe, [ji1 KOTOPOr'o U3BeCTeH XO3AUH
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U cofepxaiiero cobpaHHble HAMH T'€HOMBI. TaKuM
o6pa3oM OGHapykeHbI 4 DUl MOTEHINATBHBIX X035€B
Pseudomonodata, Bacteroidota, Cyanobacteriota wu
Bacillota (Puc. 3).

4. 06cyxpenue

B nanHoit pabote HaM yaanock BeIABUTH 60 npen-
IIOJIOXKUTEJIBHO TOJIHBIX U 13 MOYTH MOJIHBIX TeHOMOB
daroe (VMAG, viral metagenome-assembled genome),
npuHagiexamux kiaccy Caudoviricetes u3 merareHo-
MOB IIpECHOBOAHOIO 03. BaiikaJr.

W3-3a Mo3anyHOCTH (HaroBbIX FeHOMOB, a TaKXe
HeJloCTaTKe UX B 06a3ax JaHHBIX, BOZHMKAaeT HETPUBU-
asibHas 3a7ava onpefeseHusA OJIMKaHIIEro poJCTBeH-
HUKa Ha BUJOBOM, POJIOBOM YPOBHE U Jake Ha ypPOBHe
cemerictBa. CnefyeT OTMETUTh, YTO MBI HCIIOJIB30-
BaJIU CTPOTrHUe YCJIOBUA HMIOeHTU(DUKAIUYU BUPYCOB MU
MCIOJIB30BAaHUM IporpamMMel VirSorter2: max_score >
0,9 - Beicokasa mgoctoBepHOcTh, CheckV: confidence_
level — high, aai_completeness 6Gosiee 90%, checkv_
quality - complete, Hanuune DTR, contamination — O
U Op. T.K. 9TO ONTUMAJIbHBIF BapUaHT JJIA [OJIy4YeHUs
BBICOKOKAYeCTBEHHBIX IIOJIHBIX T€HOMOB.

B reHomax ¢arop obGHapyXeH psI BCIOMOTra-
TeJIPHBIX MeTaboJINYecKuX TIeHOB. V3MeHeHHe IIpo-
IYKTUBHOCTH Ha YpOBHE 3KOCHUCTEMBI IIPOUCXOIUT
IOCPEAICTBOM T'OPU30HTAJIBHOIO IlepeHoca SKOJIorude-
CKU BaXKHBIX T'€HOB M 3KCIIPECCUU KOOUPYEMBIX BUPY-
camu AMG (Hurwitz and U’Ren, 2016). OTu reHbl 3KC-
IIpecCUpyIOTCs BO BpeMs HH(MEKINY, yBeIuuyuBas U
nepeHanpasJisasa SHePrui0 U pecypchl Ha IPOU3BOJICTBO
Bupyca (Thompson et al.,, 2011; Hurwitz and U’Ren,
2016; Smet et al., 2016; Howard-Varona et al., 2018).
BhisiBIIeHHBIE BCIIOMOTaTeIbHBIE TeHbl JeMOHCTPUPYIOT
ydJacTre BUPYCOB B 6IOre0OXMMUYECKUX peaklusax. Taxk,
cobS yuacTtByeT B GMOCHHTe3e KoOajlaMHUHA M MOXET
NONIep)XMUBAaTh CUHTE3 [1e30KCUHYKJIeOTHZI0B. I'eH
cysC BOBJIeYEH B aCCUMMJIAIIOHHOE BOCCTAHOBJIEHUE
cysibdata. IlpucyrcrBrue Garos ¢ 3TUM reHOM B IIpec-
HOBOJIHBIX SKOCHCTEMaXx, MOXeT BJIUATh Ha IUKJI Cephl
Yepe3 Ipollecc acCUMIIALNOHHON cyJbdaTpeyKIuu.
HeixaTenbHbiii koMiuieke I (NADH: yOUXUHOH OKCHU/IO-
penyKTasza) HCHOJIb3yeT 3HEepPruio, BbICBOOOXIAEMYIO
npu nepeHoce 37eKTpoHOB ¢ NADH Ha XWHOH 1A
nepekayky IIPOTOHOB Yepe3 IIJIa3MaTUYeCcKyl MeM-
Oopany (Walker, 1992). BUoJOCTYMHOCTb 3TOTO KOM-
IjIeKca MoXxeT OBITh M3MeHeHa MoCpeCTBOM SKCIIpec-
CHUY BHUPYCHBIX BCIIOMOTaTeJIbHBIX MeTaboIrm4ecKux
reHoB, yyacTBywI[UX B O6uocuHTeze NAD + (NAMPT,
nadM). HemaBHO 3TU reHB OOHapyXeHbl B KOHTHUIaX,
[OJIyYeHHBIX U3 KUIIEYHUKA MBIIIel, OTHEeCeHHBIX K
Caudoviricetes (Ishola et al., 2024), a Takxe B (parax
KHUIIIEYHUKA JOXAEBBIX uepBel (Xia et al., 2023). T'en
galE, xopupytomuii UDP-T/110K030-4-31MMepasy, OIo-
cpenyer mnpeobpasoBanHue UDP-ramaktosst u UDP-
[JIIOKO3Bl B MeTaboJii3Me TajlakTO3B, U BEPOSTHO,
IIO3BOJISIET BUPYCY y4acTBOBaTh B MeTabosM3Me yrjie-
BozoB (Heyerhoff et al., 2022). B uesiom AMGs B (parax
U UX POJIb OO CHUX IIOP OCTAIOTCSA MaJIOM3y4YeHHBIMH,
HO MX BaXHOCTh B BBDKMBAHUU (aroB He BBHI3BIBaET
COMHEeHUN.
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Left line: Virus family &

Autographiviridae (2) g

Others (1) &

§ & 92 sequences

Right line: Host group A'*Qs

Pseudomonadota (7) 0.001 0.005 0.01 0.05 0.1 0.5

Bacteroidota (5) r [ Synechococcus phage S-CRMO01 (NC_015569)

Cyanobacteriota (4) NODE_40

Bacillota (1) I : Eggg_gzy

Others (1 2

o W | Pelagibacter phage HTVCO011P (NC_020482)
I Y NODE_610

[ | Ralstonia phage RsoP1EGY (NC_047946)

NODE_598
I Y NODE_1289

% NODE_1678
T—E Y NODE_917

Y& NODE_4430
I Y NODE_915

NODE_4873

NODE_583
NODE_334
NODE_618
NODE_10729
NODE_1759
r B Pelagibacter phage HTVCO010P (NC_020481)
L Y& NODE_703
— NODE_1007
—— Y NODE 942

— W NODE_775
YT——  XNoven
Y NODE_1217
q Y& NODE_1041
r B . Rhodoferax phage P26218 (NC_029061)
: Y NODE_1240
| Ochrobactrum phage vB_OspP_OH (NC_070933)
r Sulfitobacter phage pCB2047-C (NC_020856)
. Y NODE_2758

Y NODE_923
Y NODE_2143

r [ . Thermoanaerobacterium phage THSA-485A (NC_018264)

&, s

. Y NODE_683

Y NODE_805
I_+ f — % NODE_4213
— Y NODE_4681

I Y NODE_660

I Rhizobium phage 16-3 (NC_011103)

Y NODE_996
I—+—+: Y NODE_1057
Y NODE_9615

[ Y NODE_1009

phage S-CBS2 (NC_015463)

Sy
— Yr NODE_1081
| ; I Synect phage S-CBS3 (NC_015465)

Synechococcus phage S-CBS1 (NC_016164)
Y NODE_517

Y NODE_463
I B . Pseudomonas phage KPP25 (NC_024123)

! —— : NODE_506

NODE_926
Y NODE_5829
% NODE_547
Y NODE_839

, * NODE_5163
1 M | Thermoproteus spherical piliferous virus 1 (NC_074654)
{ I Y NODE_3257

= NODE_1247

Y NODE_1073

Y NODE_3714
—  NODE_84
[: * NODE_3066

NODE_3582

I Y NODE_525

— I Flavobacterium phage vB_FspP_elemoF_6-3D (NC_055853)

NODE_256
NODE_9043
NODE_2439
NODE_4210
NODE_508

|  S— NODE_668
‘ e Y NODE_1088

&

r [ Cellulophaga phage phi46:1 (NC_021800)
. % NODE_951
T Y NODE_12073
r B Flavobacterium phage vB_FspS_snusmum6-1 (NC_048841)
L Y NODE_1014
NODE_1110
I Nonlabens phage P12024S (NC_018271)
Nonlabens phage P12024L (NC_018272)
L  %nooens
Y NODE_11093
NODE_3356
NODE_4447
NODE_9872
NODE_7290
NODE_6048
NODE_1388

Puc.3. IIpoTeoMHOE AePEBO, MIOCTPOEHHOE HA OCHOBE CPABHEHUA TPAHCIMPOBAaHHBIX HYKJIEOTHUIHBIX MOCJIEJOBATEIFHOCTEHN
reHoMoB (tBLASTx) c GpkallliiMu poJCTBEHHUKAMU, UAeHTUPUIUPOBAHHHIX ¢ noMormibio VipTree. 3Be310YKON OTMeueHb
MOCJIEIOBATEJIbHOCTH M3 3TOTO MCCJIeOBaHMsA. [[BeTHbIe KBaJpaThl 03HAYAIOT NMPUHA/IJIEXHOCTh K U3BECTHOMY TaKCOHY pede-
peHca U ero xo3srHa.

[ng|
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B nocneposatensHocT NODE_40, npeamnosio-
JKUTEJIbHO IpUHAajJiexaniell nuaHodary, oOHapyxeH
MaJieill Oesiok TerioBoro ioka (sHSP). Panee moka-
3aHO, YTO OH IIPUCYTCTByeT y HEKOTOpHIX LuaHoda-
roB (MOpPCKUX U TPECHOBOJHBIX), KOTOpble NHOUIM-
PYIOT OOHOKJIETOYHBIE IMaHobakTepum Synechococcus
u Prochlorococcus (Dreher et al., 2011; Maaroufi and
Tanguay, 2013). IlokazaHo, yTo IUaHodaru Mnpuod-
penu reH, xkogupylommuii sHSP, or GakrepuasibHOro
IpejKa kjacca A ¢ IOMOIUIBIO JIaTepaIbHOro NepeHoca
reHoB (Maaroufi and Tanguay, 2013).

ObHapyxeHue cOOpaHHBIX ()aroBbIX T€eHOMOB U3
03. balikan B pa3jnuHble Ce30HB U rOABI JEMOHCTPU-
pyeT, U4TO MOJIOBUHA M3 HUX IIOCTOSHHO IPUCYTCTBYET
B Te BpeMeHHBIe OTpe3KH, YTO Mbl Habsoganu. ¥ Hao-
60pOoT, YacThb M3 HUX OOHapykeHa TOJIbKO B oIpeje-
JI€HHOe BpeM:A U ompeAes€HHOM MecTe. [loHMMaHUIO
MpUCYTCTBUA (ParoB B Te MM HMHBIE CE30HBI IOMOXET
exeMeCsYHBIE 0TOOp 00pa3loB B TeueHHe rofa U UX
CeKBEeHHPOBaHMe, YTO ABJIAETCA IieJIbl0 Halllero Jajib-
HeMHIllero uccjaefoBaHuA.

CobusoieHre TpeboBaHUII NPOOOMOATOTOBKU
0o0pas3loB A MOJyueHWsA KauyeCTBEHHBIX I'€HOMOB
BUPYCOB U3 MeTareHOMHBIX HaHHBIX, B YaCTHOCTH,
u3baBjieHNs OT OaKTepHUaJIbHOM U 3YKapUOTUYECKOM
JHK, npeadunsrpanysa u ucnoas3doBanue JJHKasel, a
TakXe CEeKBEHHpPOBaHHE C MaKCUMaJIbHO BO3MOXHOH
rJIyOMHOM YTeHUs ABJIAeTCsA HeoOXOAUMBIM yCJIOBUEM.
JlaHHBIe 3Tanbl MO3BOJIAT U3 O0I[ero KOJIWYecTBa yTe-
HUI TOJIyYUTh AOCTATOYHOE KOJIMYECTBO AJIA COOpKHU
reHOMOB BUpycoB. Kpome Toro, cienyeT yaesaTh BHU-
MaHHe CBOeBpeMeHHOMY OOHOBJIEHMIO 6a3 AaHHBIX B
aHau3e, T.K. POCT KOJINYeCTBa M3BECTHHIX IMOCJEeO-
BaTeJIbHOCTe MOXeT CIocOOCTBOBAaTh BBIABJIEHUI0 U
naeHTH(UKaMNU GoJIbIIEr0 KOJIMYecTBa HOBBIX BUPY-
coB. [lomMuMo 3TOro, mnosBjeHHe U MCIOJb30BaHUE
HOBBIX IIpOrpaMM yIpollaeT aHaJiu3, a TakXe IOBHI-
maeT BEepOATHOCTh WAeHTU(UKALUN BbIABJIEHHBIX
nocjeoBaTeJIbHOCTEH.

5. BoiBOABI

Hcnons3ysa 6uonHGopMaTUUeCKUI aHaIu3 JaH-
HBIX, IOJIyUYeHHBIX U3 CEKBeHPOBaHHBIX 06pa3ioB JJHK
BOHI U3 03. batikan (MeTareHoMoB (pakiuu meHee 0,2
MKM) BoccTaHOBJIeHB 60 MOJIHBIX Y 13 MOYTU MOJIHBIX
reHoMoB OaktepuodaroB. TakcOHOMUYECKUN aHa-
JIM3 TI0Ka3ajl HU3KOe CXOJICTBO IOJIyYeHHBIX MeHOMOB
C HUMeIoIUMNCA FeHOMaM{d BHPYCOB B 0a3e MaHHBIX
RefSeq. OGHapyxeHO [iBa TeHOMA, NMPEMOJI0XKUTETHHO
npuHajajaexamue IuaHodaram, gIuHONM 36,8 THIC.
(NODE_1081) u 163,7 Teic. (NODE_40) HyKJIEOTUOB,
B IocJIeJHEM UAeHTU(PULIPOBaH MaJiblii 6eJIOK Terio-
Boro moka (sHSP). BeisiBjieH ps BcHoOMOTaTebHBIX
MeTaboJIMuecKUX I'eHOB B reHOMax I0JTy4eHHbIX (aros:
nadM, cysC, cobS, galE, cobT u ap. [Toka3aHo, 4TO MOJIO-
BUHA COOpaHHBIX TeHOMOB (paroB IpHCYTCTBOBaJia BO
BCe Ce30HHI U BO BCceX TPEX KOTJIOBMHAX U MpoJiree M.
Mope, ocTtanbHble 0OHapyXeHbl TOJIBKO B ONpefesI€H-
HOe BpeMs U B Ollpe/ieIEHHOM MecCTe.
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