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Abstract: In recent years, the study of marine viromes has become one of the most relevant areas
of geoecology. Viruses are the most numerous, genetically diverse and pervasive biological entities
on Earth, including in aquatic ecosystems. Information about viral diversity in aquatic ecosystems
remains limited and requires more research. This work provides the first-ever look at the current
DNA virome of the Northern Caspian Sea. A comparison with other freshwater and marine viromes
revealed that the North Caspian Sea virome has the greatest similarity with those of the Baltic Sea
and Lake Baikal. The study described in this article expands the knowledge about aquatic viromes
and provides key data for a more comprehensive analysis of viruses circulating in the Caspian Sea,
the largest inland body of water on Earth.
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1. Introduction

The diversity of living organisms in ecosystems is one of the most important biotope
characteristics [1]. Unfortunately, methods of visual observation or microbial isolation
cannot provide a complete picture as no more than 5% of the organisms making up an
ecosystem can be cultured. New generation metagenomic sequencing has revolutionized
the study of viruses, revealing greater diversity, scope and structure of the virosphere, as
the study of diversity is no longer bound to imperfect cultivation methods [2]. With the
rapid development of high-throughput sequencing technology and bioinformatic analy-
sis, metagenomics has become an important and powerful tool to better understand the
structure, diversity and variability of the viral community [3–6]. Water samples from
different geographical regions are among the most popular environmental samples for
metagenomics applications. The marine environment is a rich source of viruses. Bacte-
riophages are significantly more abundant in aquatic ecosystems than other life forms [7],
with an approximate concentration of approximately 10 billion particles per liter in surface
waters [8,9], although their abundance varies depending on ocean depth, temperature [10],
latitude [11] and phytoplankton bloom development [12]. Marine viruses play an important
role in regulating bacterial abundance, forming the structure of the microbial community
and modifying the genetic diversity of microorganisms through horizontal transfer of
genes [13]. Viral lysis mediates the transfer of organic matter between living biomass and
the pool of dissolved organic carbon through a viral shunt [14,15]. An estimated 10 billion
tons of carbon are released daily through the viral shunt; this organic matter constitutes
a fundamental part of the nutrient cycle that sustains the productivity of oceans [16,17].
The relationship between virus abundance and host abundance is introduced by the Kill-
the-Winner theory, which postulates that the higher the growth rate of a microorganism,
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the more likely it is to become a target for lytic viral infection. This feature allows slow-
growing prokaryotes to reach higher numbers than fast-growing ones because they are
less susceptible to lytic infections [18,19]. However, Piggyback-the-Winner theory pos-
tulates that when the host population is high, viruses adhere to lysogenic infection and
integrate into the host genome (as prophages). Thereby, the prophage protects the host
cell from being infected by a closely related bacteriophage by eliminating superinfection,
a process in which various proteins block other phages from establishing a productive
infection. The prophage also ensures improved fitness through lysogenic conversion, i.e.,
the prophage expresses genes that change the physiology of the lysogen [10,20,21]. During
the past two decades, studies have been conducted to characterize viral communities from
various marine sites using metagenomics. Many of them were part of major expeditions
and data collection projects such as the Global Ocean Sampling Expedition, Pacific Ocean
Virome, Tara Ocean Expedition, Malaspina Expedition, Tara Polar Circle Ocean Expedition
(TOPC), etc. [11,22–27]. Recently, the Global Ocean Viromes 2.0 (GOV 2.0) dataset derived
from 145 marine metagenomic virus samples identified a total of 195,728 viral popula-
tions, about 12 times the viral populations from the original Tara Ocean and Malaspina
expeditions [11,26,27]. To date, there have been many reviews on phages present in the
surface layers of marine environments [28–33]. However, our knowledge of the diversity of
DNA-containing viruses infecting microbes in inland water reservoirs is still very limited.
One such reservoir is the Caspian Sea. The Caspian Sea is the largest endorheic body of
water on Earth with a volume of 78,000 km3 and a surface area of 371,000 km2 [34]. As with
the Aral and Black Seas, it was once part of the world oceans Tethys and Paratethys but has
been an isolated reservoir for the last five million years [35]. The depth of the Caspian Sea
reaches a maximum of 20 m in the northern part and a maximum of 1025 m in the southern
part [36]. Approximately 130 rivers flow into the Caspian Sea, with the Volga taking the
bulk of the inflow [37]. Because of the freshwater inflow, the salinity of the Caspian Sea is
about one-third that of the world’s oceans, making it a brackish lake [38]. Unfortunately,
despite considerable progress in the study of the zoological and botanical diversity of the
region [39], only sporadic studies of the composition of the Caspian Sea’s microbiome have
been made [40,41].

This work presents a metagenomic study of viral diversity and community structure in
three surface seawater samples from the North Caspian Sea, and a comparative analysis of
the North Caspian virome and other marine and freshwater viromes. The datasets used for
comparison (from North Sea, Baltic Sea, Mediterranean Sea, Ionian Sea, Red Sea, Arabian
Sea and Lake Baikal were downloaded from the NCBI SRA database (further detailed in
the Materials and Methods section).

2. Materials and Methods
2.1. Study Site and Sampling

Sampling sites in the North Caspian region were determined according to the Kaz
Hydromet regulatory standards developed for the systematic monitoring of water quality
(Figure 1).

A total of 10 L of water was collected into sterile containers at a depth of up to 1 m
from each sampling site. The following quality indicators were determined in each of the
obtained samples: pH, dissolved oxygen, nitrite nitrogen, nitrate nitrogen, ammonium salt,
total nitrogen, phosphates and total phosphorus.

The samples were labelled as follows: (1) Maritime shipping channel—MSC; (2) Seashore
of the Ural River—SUR; (3) Shalygi Bay Islands—SBI.
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Figure 1. Water sampling sites in the Northern Caspian Sea. (1) Maritime shipping channel (Morskoy
sudokhodnyy kanal)—46◦50′05.9′′ N 51◦32′18.0′′ E (46.834972, 51.538320), (2) Seashore of the Ural
River (Vzmor’ye reki Ural)—46◦55′59.2′′ N 51◦22′02.5′′ E (46.933123, 51.367352), (3) Shalygi Bay
Islands (Ostrova zaliva Shalygi)—46◦42′52.7′′ N 51◦45′04.3′′ E (46.714651, 51.751187). All studied
samples from the Northern Caspian were taken on 21 May 2021.

2.2. Sample Processing

The seawater samples were sequentially filtered through 3 µm and 0.22 µm pore
size filters to remove any zooplankton, phytoplankton and bacteria. Then, they were
subjected to a two-step tangential flow filtration (TFF) with a 30 kDa cartridge (Vivaflow
200, Sartorius, Göttingen, Germany) to concentrate the samples to the final volume of
500 mL. After that, the samples were centrifuged at 100,000 g for 2 h at 4 ◦C using the
Avanti J30I ultracentrifuge (Beckman Coulter, Brea, CA, USA) [42]. Then, the pellet was
resuspended in a minimal volume of phosphate-buffered saline (250 µL) and used for
DNA extraction.

2.3. Transmission Electron Microscopy

To study the morphology of viruses, after sedimentation by ultracentrifugation, the
concentrated aqueous samples were applied on mesh. The samples were spotted on
formvar coated copper grid (Polysciences, Inc., Hirschberg an der Bergstrasse, Germany)
for 5 min. Then, 3% phosphotungstic acid (pH 6.8) was used to stain the samples, and
excess solution was removed.

2.4. Isolation of Nucleic Acids and Sequencing

To remove extracellular bacterial DNA, the obtained samples were treated with DNase
50 U mL−1 (Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C for 30 min. Then, 20 µL
of 50 mM EDTA was added to inactivate DNase and the solution was incubated for 10 min
at 65 ◦C. To confirm the removal of bacterial DNA from the sample after the treatment with
the enzyme, real-time PCR with primers was performed to detect 16S ribosomal RNA.

Total DNA was isolated from the obtained samples using the PureLink Genomic DNA
MiniKit (Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocol.

Quantitative measurements were performed using the Qubit dsDNA HS kit (High
Sensitivity, Invitrogen, Waltham, MA, USA) according to the instructions for the Qubit
3.0 fluorimeter. The A260–A280 ratio was measured with a Tecan multi-reader using a
NanoQuant plate for measuring micro quantities of nucleic acids (Invitrogen, Waltham,
MA, USA).

DNA libraries were prepared from 1 ng DNA using the Nextera XT DNA Sample
Preparation Kit (Illumina, San Diego, CA, USA) in accordance with the instructions. In
the course of the preparation of the libraries, enzymatic fragmentation of DNA, ligation
of sequence adapters, preliminary amplification of the library, selection of fractions of
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the desired length and clonal amplification of the selected library were performed. The
purification of genomic libraries and the selection of fractions of the required length
were carried out using the Agencourt AMPure XP paramagnetic beads system (Beckman
Coulter, Brea, CA, USA). Excessive primers, nucleotides, salts and enzymes were removed
by washing with freshly prepared 80% C2H5OH. The quality of genomic libraries was
determined using the Agilent 2100 bioanalyzer with a DNA 7500 Kit.

High-throughput sequencing was performed by using Illumina MiSeq (Paired-end
sequencing, 2 × 300 bp, MiSeq Kit v3).

2.5. Initial Shotgun Metagenomic Data on DNA Viruses in Marine and Freshwater Samples

For comparative analysis, we also used the NCBI SRA datasets (Table 1) of viral
communities of other marine and freshwater ecosystems. The datasets for these rela-
tively similar ecosystems were obtained using similar library preparation techniques and
sequencing platform (Illumina) as those in our study.
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Table 1. Description of sequencing datasets used for comparative analysis.

Sample Location Experiment Project Isolation Source Fraction Date Latitude and Longitude Depth, m Salinity Temperature Platform References

North.I.sw North Sea ERX2062849 PRJEB21210 pelagic water <0.2 µm 09.08.2014 “55.8355, 3.5624” 0 34.2 18.7 Illumina MiSeq [33]
North.II.sw North Sea ERX2062850 PRJEB21210 pelagic water <0.2 µm 07.08.2014 “52.1498, 2.8427” 0 34.87 18.4 Illumina MiSeq [33]
North.III.sw English Channel ERX2062851 PRJEB21210 pelagic water <0.2 µm 06.08.2014 “50.4967, 1.1655” 0 34.99 18.3 Illumina MiSeq [33]
North.IV.sw North Sea ERX2062852 PRJEB21210 pelagic water <0.2 µm 05.08.2014 “51.5395, 3.1823” 0 32.75 20.7 Illumina MiSeq [33]

Baltic.sw Sweden: Baltic Sea SRX10076843 PRJNA700881 coastal water “viral” 01.05.2014 “57.25, 16.45” 0 NA NA NovaSeq 6000 -
Med.I.sw Spain: Mediterranean Sea SRX5385342 PRJNA522695 coastal water “viral” 12.07.2016 “42.2974, 3.2890” 3 NA 23.3 Illumina HiSeq 2500 -
Med.II.sw Spain: Mediterranean Sea SRX5385341 PRJNA522695 coastal water “viral” 12.07.2016 “42.2974, 3.2890” 3 NA 23.3 Illumina HiSeq 2500 -
Med.III.sw Spain: Mediterranean Sea SRX4501872 PRJNA484012 pelagic water 5-0.22 µm 14.10.2015 “37.3536, 0.2862” 15 NA NA Illumina HiSeq 4000 [43]
Med.IV.sw Ionian Sea ERX552354 PRJNA477650 pelagic water <0.22 µm 23.11.2009 “39.3888, 19.3905” 5 38.18 18.3 Illumina HiSeq 2000 [27]
Red.I.sw Red Sea ERX552335 PRJNA477650 pelagic water <0.22 µm 20.01.2010 “18.3967, 39.875” 5 38.65 27.6 Illumina HiSeq 2000 [27]
Arab.I.sw Indian Ocean, Arabian Sea ERX552363 PRJNA477650 pelagic water <0.22 µm 15.03.2010 “19.0393, 64.4913” 5 36.62 26.2 Illumina HiSeq 2000 [27]

Baikal.6C.fw Russia: Lake Baikal SRX3096544 PRJNA398439 coastal water <0.2 µm 08.11.2013 “51.8994, 105.0638” 0 NA NA Illumina MiSeq [44]
Baikal.V3.fw Russia: Lake Baikal SRX8913968 PRJNA398439 pelagic water <0.2 µm 03.09.2014 “53.01517, 106.9196” 0–25 NA NA Illumina MiSeq [45]
Baikal.4G.fw Russia: Lake Baikal SRX9228319 PRJNA577390 coastal water <0.2 µm 25.05.2018 “51.9023, 105.1028” 15 NA NA Illumina MiSeq [46]



Diversity 2023, 15, 813 6 of 27

2.6. Primary Processing of Virome Reads

The quality of the virome datasets (paired reads) was assessed using FastQC. Then,
quality trimming of reads was performed with Trimmomatic [47]. Trimming removed
Illumina adapters from the reads (if they were found in NCBI SRA data). Reads with an
average quality of 25 or more units and a length of 140 or more base pairs were selected for
further analysis. To make analyzing a large number of samples technically possible (for
de novo cross-assembly), the size of third-party fastq data after trimming was reduced to
the number of nucleotides corresponding to the samples from the Caspian Sea (reduced
to ≈1000 Mbp in forward and reverse reads) using a proprietary R script. If the NCBI
SRA sample contained more than 1000 Mbp, random pairs of reads were selected from
the fastq file until the data size reached 1000 Mbp. If the NCBI SRA sample contained less
than 1000 Mbp, the number of reads was not reduced. The R script used is provided in
Supplementary File S1.

2.7. Taxonomic Analysis of Original Genome Reads

Taxonomic classification was performed through the k-mers analysis in the Kraken2 soft-
ware [48] with default options according to the NCBI nr (nonredundant) nucleotide database.

2.8. Assembly of Virome Reads

All the genomic data (Table 1) were aggregated into one array for de novo cross-
assembly as recommended [46]. For cross-assembly, the MEGAHIT assembler was used
with default options [49]. The Bowtie2 [50] and SAMtools [51] software was used to
map paired-end reads on scaffolds and calculate the total coverage of the scaffolds in
the assembly and coverage of the scaffolds by reads from each sample. The scaffolds
with a total coverage of more than five and a length of ≥2500 nucleotides were used for
further analysis.

2.9. Identification of Viral Scaffolds

We identified the viral scaffolds and open reading frames (ORFs) (typically multiple
ORFs per scaffold) in them using the VirSorter tool [52] on the CYVERSE Discovery En-
vironment webserver (https://de.cyverse.org/de/; accessed on 20 December 2022). The
Bowtie2 and SAMtools results were used to determine the number of reads mapped on
each predicted viral scaffold from each sample. In Bowtie2, reads from fastq files of each
sample were mapped to cross-assembled scaffolds separately. The mapping data were
converted to a count table of viral scaffold representation per samples. TPM (transcripts
per million) normalization recommended for metagenomics was used to normalize the
count table for scaffold length and number of reads per samples [53]. For all the predicted
viral proteins (ORFs) in viral scaffolds, counts per samples were defined as the TPM of the
scaffolds containing the given proteins.

2.10. Taxonomic Assignment of Viral Scaffolds

Taxonomic identification for the viral scaffolds was carried out by comparing the
predicted viral proteins in the scaffolds with the NCBI RefSeq [54] complete viral proteome
database. The comparison was carried out by the DIAMOND [55] algorithm using the
More-Sensitive option, e-value ≤ 0.00001 and bit score ≥ 50. During the analysis, all
the proteins from all the scaffolds were matched against the NCBI RefSeq complete viral
proteome. If the analyzed scaffold contained one predicted protein and it matched any
protein from the databases, the taxonomic identifier of this protein was chosen as the most
closely related virus taxon (virotype) of this scaffold. If the scaffold contained several
proteins and they all matched different NCBI RefSeq taxa, the best match in terms of the bit
score value was selected and its taxon was chosen as the most closely related virus taxon
(virotype) of this scaffold. If the analyzed scaffold contained several proteins and two or
more of them were associated with one NCBI RefSeq taxon, this taxon was chosen as the
most closely related virus taxon (virotype) of this scaffold regardless of the bit score value.

https://de.cyverse.org/de/
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If none of the predicted viral scaffold proteins matched NCBI RefSeq, such a scaffold was
considered to be a fragment of an unclassified virus genome. TPM value for scaffold per
samples was transformed into a table of TPM values per virotype (the sum of TPM value
for different scaffolds with the same virotype) in samples.

2.11. Functional Assignment of Viral Communities

For functional assignment, the predicted viral proteins (ORFs) were matched with
functional motifs of proteins in the KOfam database [56] using the KofamScan [57] software
with default options. All VirSorter predicted viral proteins (ORFs) (ORFs from scaffolds
both classified and not classified to virotype) were used in the analysis. All the Kofam-
Scan results were transformed to KO (KEGG pathway classification functional groups)
anthologies [58] with the KEGGREST package [59] for R. The TPM count of the predicted
viral proteins in samples was transformed by summation into per samples TPM counts
of the KEGG pathway classification groups. Based on the KEGG pathway classification,
the TPM counts of AMGs (auxiliary metabolic genes) viral proteins were isolated for
further analysis.

2.12. Statistical Analysis of Taxonomic and Functional Diversity

The potential (underestimated) number of virotypes (species richness) in communities
was evaluated using the Chao1 [60] and ACE [61] indices. The Shannon and Simpson
indices [62] of virotypes’ biodiversity were also calculated. The similarity in the taxonomic
composition of the samples (similarity in virus scaffold count table per samples) was
visualized using hierarchical cluster analysis (Bray–Curtis distances with the average
clustering method) with bootstrap support (1000 bootstrap replicas) calculation of clustering
in the pvclust [63] package for R and the nonmetric multidimensional scaling (NMDS)
ordination method (based on Bray–Curtis distances). Biodiversity analysis and NMDS
were carried out in the vegan package for R [64]. The first 30 dominant virotypes in samples
were visualized with the heat map using the gplots [65] package for R. The TPM counts of
KEGG pathway classification groups and AMGs TPM counts were visualized with the heat
map using the gplots package for the R with column (sample) clustering and were grouped
in similarity order (Euclidean distance with the average clustering method).

3. Results
3.1. Environmental Characteristics

The biogenic organic matter load of water reservoirs is one of the key parameters in
net eutrophication balance models. The biogenic organic matter content in bodies of water,
primarily the total phosphorus and nitrogen content, is an objective indicator of the trophic
state of the reservoirs. Analysis of nutrient content in the samples showed that the selected
water samples belonged to the oligotrophic type (Table 2).

Table 2. Hydrochemical parameters of the samples.

Water Property MSC SUR SBI

Water temperature (◦C) 26.2 25.1 26.4
pH 7.9 7.9 8.1

N total (mg/L) 2.6 2.3 2.7
P total (mg/L) 0.001 0.003 0.003
NO2 (mg/L) 0.005 0.012 0.023
NO3 (mg/L) 2.5 2.1 2.6
O2 (mg/L) 8.1 7.8 7.9

PO4
3− (mg/L) 0.48 0.4 0.53

3.2. Morphology of Viruses Discovered in the North Caspian Sea

The morphology of viruses from aquatic samples observed with a transmission elec-
tron microscope revealed that viruses with typical head and tail structures, such as sipho-,
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myo- and podo viruses belonging to the Caudoviricetes class, were the most common
(Figure 2).
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electron microscope. (A,C)—morphology structure typical of myoviruses group; (B,E)—morphology
structure typical of siphoviruses group, (D)—morphology structure typical of podoviruses group.

3.3. Identification of Viral Reads

In this study, high-throughput sequencing of North Caspian samples (SUR, MSC, SBI)
produced three datasets containing 2,326,049; 2,220,155; and 2,331,660 reads, respectively.
After sequence adapters and low-quality reads were removed, the sets of nucleotide se-
quences of SUR, MSC and SBI samples made 1,970,178 (mean read length 248), 1,882,933
(mean read length 249) and 1,942,399 (mean read length 250) reads, respectively. The
proportion of sequences identified as viral with significant matches to known sequences
(e-value < 10−5, bit score ≥ 50) ranged from 11.96 to 43.19% (471,151–1,677,937 reads);
these values are comparable to the number of viral reads in datasets from other ecosystems
(Table 3).
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Table 3. General statistics and indices of viral diversity in the studied datasets.

Samples Number of Reads
after Quality Control

Number of
Viral Reads

Percentage
of Viral Reads

α-Diversity (Number
of Virotype) S.chao1 S.ACE Shannon Simpson

SUR 1,970,178 471,151 11.96 622 622 622 4.988 0.982
MSC 1,882,933 480,703 12.76 632 632 632 5.040 0.982
SBI 1,942,399 1,677,937 43.19 613 613 613 3.459 0.803

Baikal.6C.fw 1,381,914 299,633 10.84 613 613 613 4.803 0.973
Baikal.V3.fw 1,145,473 554,694 24.21 560 560 560 4.684 0.978
Baikal.4G.fw 3,579,080 1,022,562 14.29 585 587 587 4.821 0.973
North.I.sw 1,363,716 121,920 4.47 410 410 410 3.972 0.939
North.II.sw 2,935,736 1,418,322 24.16 545 548 550 2.824 0.769
North.III.sw 1,804,114 302,345 8.38 498 498 498 3.650 0.925
North.IV.sw 3,449,551 738,113 10.70 571 571 571 4.591 0.971

Baltic.sw 3,611,676 799,147 11.06 615 615 616 4.868 0.981
Med.I.sw 1,795,165 757,291 21.09 522 522 523 4.230 0.958
Med.II.sw 856,737 700,585 40.89 439 439 439 3.019 0.784
Med.III.sw 3,596,948 1,999,608 27.80 535 541 546 3.211 0.813
Med.IV.sw 5,362,488 1,349,568 12.58 620 625 627 3.923 0.942
Red.I. sw 5,491,797 1,842,571 16.78 613 628 628 3.447 0.889
Arab.I. sw 5,470,618 2,273,647 20.78 671 697 695 4.057 0.949

3.4. Taxonomic Composition of Viromes of the Caspian Sea

Sequence annotation of the samples revealed 12 families of DNA-containing viruses
affecting bacteria, algae, fish, insects, etc., where 11 had the dsDNA genome and one
family possessed the ssDNA genome (Table 4). In the Caspian Sea samples, the qualitative
composition of viral families was similar, but the proportions of families differed. It was
found that among the viral sequences belonging to dsDNA viruses, the majority belonged
to the tailed myoviruses, siphoviruses and podoviruses of the Caudoviricetes class. Thus,
in the SUR and MSC samples, sequences belonging to siphoviruses dominated, while
podoviruses dominated in the SBI sample. The highest number of sequences belonging
to myoviruses was present in the MSC sample, the lowest in SBI. In the SUR and MSC
samples, the quantitative distribution of podoviruses was approximately the same, about
22%. Bacteriophages with the ssDNA genome of the Inoviridae family accounted for
0.01–0.02% of the reads in the list of virotypes. Among the normalized number of reads,
sequences similar to microalgae viruses (Phycodnaviridae) also dominated: their number
prevailed in the MSC sample and was equal to 1.45%; in the SUR sample, their number
was 1.22%, while in the SBI sample, their number did not exceed 0.42%. Additionally,
sequences of virophages of the Lavidaviridae family were identified in all samples (from
0.26% to 0.86%). These satellite viruses infect protozoa, but only when co-infected with
other viruses belonging to the Mimiviridae family [66]. Mimiviruses also represented an
insignificant part of the viral sequences; their number varied within 0.03–0.14%. Among
the others were viral families whose known representatives affect archaea, insects and fish.

Table 4. Viral families identified in the studied viromes from the North Caspian.

Family Type Known Hosts SUR MSC SBI

Myoviridae dsDNA bacteria 16.87 * 20.78 9.98
Siphoviridae dsDNA bacteria 49.78 46.24 30.50
Podoviridae dsDNA bacteria 22.93 21.80 55.39

unclassified mainly
dsDNA - 7.61 7.61 2.86

Phycodnaviridae dsDNA algae 1.22 1.45 0.42
Lavidaviridae dsDNA protists infected by mimivirus 0.70 0.86 0.26

Herelleviridae dsDNA bacteria of the phylum
Firmicutes 0.09 0.20 0.07

unknown - - 0.55 0.65 0.37
Haloviruses dsDNA archaea 0.01 0.02 0.01

Ackermannviridae dsDNA bacteria 0.02 0.04 0.01
Mimiviridae dsDNA protists 0.03 0.14 0.06
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Table 4. Cont.

Family Type Known Hosts SUR MSC SBI

Iridoviridae dsDNA amphibia, insects, fish 0.02 0.05 0.01
Sphaerolipoviridae dsDNA bacteria, archaea 0.08 0.03 0.02

Marseillevirus dsDNA protists 0.06 0.11 0.03
Inoviridae ssDNA bacteria 0.02 0.01 0.01

Bicaudaviridae dsDNA archaea 0.01 0.01 0.01
*—the percentage of the normalized number of reads from the samples related to this taxon.

3.5. Diversity of Virotypes in the North Caspian Sea Datasets

Taxonomic identification of viral scaffolds by comparing predicted viral proteins
with the NCBI RefSeq database identified 621, 631 and 612 different virotypes in the SUR,
MSC, and SBI samples, respectively (Supplementary Table S1). The number of virotypes
and viral diversity indices in the Caspian samples were approximately the same or often
higher than in other compared samples (Table 3). We assume that the virus recovery was
incomplete (this was not assessed in this study) because loss of viruses is inevitable at
different stages of extraction and concentration of virus-like particles (during filtration,
TFF or ultracentrifugation). However, statistical data showed that the viral fraction was
sufficiently enriched and we were able to detect a wide variety of viruses in the samples
using the chosen protocol.

A large number of sequences in the Caspian samples belonged to the virotype infecting
representatives of the proteobacteria of the Alphaproteobacteria class (Sulfitobacter phage
pCB2047-A), as well as to the virotype infecting unicellular cyanobacteria, Synechococcus
sp. (Synechococcus phage S-CBS4). In the studied samples, basically all the identified
cyanophages belonged to siphoviruses.

Viruses of the Alphaproteobacteria (Pelagibacter phage HTVC010P, Puniceispirillum phage
HMO-2011, Dinoroseobacter phage vB_DshS-R5C, Agrobacterium phage Atu_ph07, Sphingobium
phage Lacusarx), Gammaproteobacteria (Psychrobacter phage Psymv2, Idiomarinaceae phage 1N2-
2, Marinomonas phage P12026, Shigella phage), Betaproteobacteria (Rhodoferax phage P26218,
Burkholderia phage KS9, Bordetella virus BPP1), Actinobacteria (Rhodococcus phage REQ1, Strepto-
myces virus phiBT1) classes and of FCB-group bacteria (Cellulophaga phage phi38: 1, Nonlabens
phage P12024L) were among the top 30 dominant virotypes of North Caspian viromes
(Figure 3). More than 1% of the sequences belonged to the virus of Archaea of the halobac-
teria class (Salicola phage CGphi29). Despite the similar composition of the viromes, the
number of certain virotypes differed in the studied samples: in the SBI sample, 44% of the
viral sequences belonged to the Sulfitobacter phage pCB2047-A, whereas in the SUR and MSC
samples, the sequences of cyanobacteria viruses (Synechococcus phages) dominated. In the
SBI virome, there was a higher content of the Salicola phage CGphi29 and the Marinomonas
phages compared to other samples. Virotypes affecting the Idiomarinaceae families were
more abundant in the SUR sample. In addition, it was found that a greater number of
sequences belonging to virotypes for which pathogenic microorganism genera, such as
Burkholderia and Bordetella, are potential hosts were contained in the SUR and MSC samples.
The Burkholderia phage KS9 sequences were represented more in the SUR and MSC samples,
and the Bordetella virus BPP1 sequences dominated only in the SUR sample.

Eukaryotic viruses were less represented in the studied datasets (<1%) than prokary-
otic viruses. The dominant virotype in all the samples was the Paramecium bursaria Chlorella
virus 1 of the Phycodnaviridae family, with a quantitative predominance in the MSC sample.
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3.6. Analysis of Assembled Reads

Metagenomic assembly of all analyzed datasets (including previously published ones,
Table 1) using the MEGAHIT program resulted in 15,784 viral scaffolds ranging in length
from 2500 bp to 98,420 bp (Supplementary Table S2). The number of scaffolds covered by
reads from the samples of the Caspian Sea was 2933; of these, taxonomic affiliation (as a
virotype) was assigned to 1093 (78.9%) scaffolds. Obtained scaffolds and predicted open
reading frames are available in the Supplementary Materials (Supplementary Table S3).
Table 5 presents a set of viral scaffolds most represented in the North Caspian viromes
(the first ten scaffolds were selected and arranged in descending order by the number
of reads per scaffold in each sample). The similarity of the predicted ORF scaffolds to
the data from the RefSeq protein database averaged from 31.5 to 64.4% (Table 5). The
largest number of scaffolds belonged to phages infecting blue-green algae Synechococcus
spp. and Prochlorococcus spp. As can be seen from Table 5, the composition of predominant
scaffolds varied in the studied samples. The longest scaffold, k141_561861, which belonged
to the Paracoccus phage Shpa, was predominant in the SUR and MSC samples based on the
number of reads assigned to the scaffold. Virotypes such as the Marinomonas phage P12026,
Sulfitobacter phage pCB2047-A and Ralstonia phage RP12 were mostly represented in the SBI
virome. The number of reads per scaffold assigned to such virotypes as the Idiomarinaceae
phage Phi1M2-2 (k141_1342719), Pseudoalteromonas phage H103 (k141_3192492), Acinetobacter
phage Loki (k141_2823432) and Salicola phage CGphi29 (k141_275) also overwhelmingly
prevailed in the SBI dataset. An equal ratio of detected ORFs and predicted proteins was
found only in the scaffold that had a maximum identity of 83.8% with proteins of the
Synechococcus phage S-CBS4. A dominant number of reads belonging to this phage was
detected in the SUR and MSC samples.
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Table 5. The most represented viral scaffolds in the samples of the Northern Caspian Sea.

Scaffolds Length Detected/Predicted
ORFs

Max
Similarity

Average
Similarity Virotype SUR MSC SBI

k141_561861 62,327 31/2 82.6 * 42.2 ** Paracoccus phage Shpa 4644 3700 1056
k141_540989 57,017 25/8 71.8 35 Bacillus phage BCD7 1821 5479 1688
k141_3238893 51,202 28/2 70.7 39.7 Bacillus virus Spbeta 4734 2507 1440
k141_2605433 43,836 7/1 40.8 31.5 Escherichia phage PA2 13,500 3824 1526
k141_2739484 49,163 13/1 60.9 41.6 Mycobacterium phage Gaia 1597 3038 701
k141_1342719 43,505 32/3 67.7 42.4 Idiomarinaceae phage Phi1M2-2 142 3882 29,027
k141_3196554 39,462 28/4 74.3 44.3 Marinomonas phage P12026 0 0 18,080
k141_3133183 34,942 14/4 70 39.5 Sulfitobacter phage pCB2047-A 13 11 1,271,919
k141_951171 25,693 13/5 72.2 40.5 Dunaliella viridis virus SI2 3675 2976 1102
k141_901516 23,381 7/1 50.3 35.7 Cyanophage KBS-S-2A 3571 1621 632
k141_2614875 21,747 16/2 70.5 32.8 Sulfitobacter phage pCB2047-A 0 0 23,616
k141_3192492 15,033 11/5 69.3 47 Pseudoalteromonas phage H103 637 8 9379
k141_3094011 14,478 8/6 40.3 32.3 Cellulophaga phage phi38:1 1923 6218 1574
k141_2823432 14,268 11/1 63.6 40.4 Acinetobacter phage Loki 230 8 7971
k141_2750614 13,418 13/5 48.8 32.8 Salicola phage CGphi29 331 3 17,120
k141_1428325 12,744 12/1 75.2 47.4 Pseudoalteromonas phage BS5 865 8 10,626
k141_3152013 10,986 9/2 60.7 39.5 Pseudomonas phage PS-1 97 11 7776

k141_1766657 10,510 8/2 48.5 35.9 Prochlorococcus phage
MED4-184 3823 3066 1104

k141_1497533 8196 4/1 53.8 42.5 Ralstonia phage RP12 0 0 8339
k141_2718434 6625 7/4 68.4 53.9 Synechococcus phage S-CBS4 3909 4021 1370
k141_1814893 5436 4/1 76 53.4 Synechococcus phage S-CBP3 3152 3262 1052
k141_3168875 4180 1/1 36.7 36.7 Cellulophaga phage phi38:1 6521 3034 1518
k141_86617 2836 3/1 45.7 38.5 Psychrobacter phage Psymv2 6818 2871 1725

k141_1441527 2540 6/6 83.8 64.4 Synechococcus phage S-CBS4 3525 3730 1276

*—the maximum and **—average similarity (in %) of the predicted viral proteins with the NCBI RefSeq proteome database and related virotypes (7 largest sets of reads corresponding to
a specific virotype in each sample are in bold).
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3.7. Functional Analysis

Functional analysis according to the KEGG Orthology database revealed genes of the
four highest hierarchical categories in each sample (Figures 4a and 5a), including genes for
proteins involved in global ecological processes (Figure 4b).
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Figure 4. General functional annotation of the analyzed Caspian viromes: (a)—the main functional
categories (were indicated according to the KEGG Orthology); (b)—the involvement of viral proteins
in global ecological processes (according to KEGG pathway enrichment analysis).

The highest percentage of reads in all three Caspian Sea samples belonged to the
“Genetic Information Processing” category, followed by the “Environmental Information
Processing category. However, the percentage of reads in the “Genetic Information Pro-
cessing” category was higher in the SBI sample, whereas the percentage of reads belonging
to the “Environmental Information Processing” category was higher in the SUR and MSC
samples. The percentage of reads related to cellular processes was the lowest in all the
samples and had various levels under 4%. The percentage of reads in the “Metabolism”
category was the highest in the MSC sample (8%), followed by the SUR sample (6.8%) and
the SBI sample (4.3%).

Analysis of the profile of auxiliary metabolic genes (Figure 5b) showed that, overall,
proteins involved in the metabolism of glycans, cofactors and vitamins, nucleotides, carbo-
hydrates and terpenoids and polyketides dominated the northern region of the Caspian
Sea, although the percentage of individual auxiliary genes in each sample differed. In the
SUR and MSC samples, the greatest number of reads corresponded to the scaffolds with
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genes encoding proteins of glycan biosynthesis and metabolism, carbohydrate metabolism,
nucleotides, terpenoids and polyketides, whereas in the SBI sample, proteins involved in
cofactor and vitamin synthesis significantly prevailed.
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A more detailed analysis of the metabolism category showed that the SBI sample had
a high content of the hemX gene involved in porphyrin metabolism (cofactor and vitamin
metabolism category), with the maximum number of reads attributed to the scaffold
k141_3133183 (Sulfitobacter phage pCB2047-A, Podoviridae) that contains this gene.

The SUR and MSC samples mainly contained auxiliary genes from the “Glycan
Biosynthesis and Metabolism” category encoding enzymes involved in the biosynthe-
sis of lipopolysaccharides, lipoarabinomannan and teichoic acids. In the “Carbohydrate
Metabolism” category, the largest number of reads represented the scaffold of the Syne-
chococcus phage S-SKS1 (myovirus, k141_886840) and Synechococcus phage S-SSM7 (myovirus,
k141_1343683) virotypes, in which auxiliary genes encoding amino- and nucleotide sugar
metabolism proteins were identified.

The enzymes from the “Metabolism of terpenoids and polyketides” category were related
to the biosynthesis of secondary metabolites: novU, C-methyltransferase; tylC3, NDP-4-keto-
2,6-dideoxyhexose 3-C-methyltransferase; mtmC, D-mycarose 3-C-methyltransferase; and elm-
MII, 8-demethyl-8-(2-methoxy-alpha-L-rhamnosyl)tetracenomycin-C 3’-O-methyltransferase,
which were mainly identified in the scaffolds of the following virotypes: the Synechococcus
phage S-CBS4 (siphovirus, k141_1383679) and Paramecium bursaria Chlorella virus 1 (Phycod-
naviridae, k141_268211). The Lipid Metabolism category was represented by genes encoding
bacterial membrane biogenesis enzymes (bgsB; 1,2-diacylglycerol 3-alpha-glucosyltransferase)
in the SUR and MSC samples (Supplementary Table S4).

The KEGG pathway enrichment analysis revealed 259, 315 and 200 proteins of energy
metabolism in the SUR, MSC and SBI samples, respectively. The detected proteins were
involved in the metabolism of carbon, nitrogen, methane and sulfur, as well as in photosyn-
thesis (Figure 4b). The greatest number of proteins detected pertained to carbon and sulfur
metabolism, while nitrogen metabolism proteins were the least represented.

The largest number of proteins involved in carbon, methane and nitrogen metabolism
was recorded in the MSC sample. The number of proteins involved in photosynthesis was
dominant in the SUR sample. Proteins involved in carbon fixation pathways in prokaryotes
and sulfur metabolism were found in relatively equal amounts in all three studied samples
from the Caspian Sea.

3.8. Comparative Analysis of Viromes from Various Marine and Freshwater Ecosystems

A comparative analysis of the virome of the Northern Caspian with viromes of fresh-
water (Lake Baikal) and marine (Baltic Sea, North Sea, Mediterranean Sea, Red Sea, Arabian
Sea) aquatic ecosystems (Table 1) was carried out.

The composition of viral families determined in the samples of the North Caspian
Sea (Table 4) differed from the composition of viral families in comparison samples from
other reservoirs (Table 1). In the comparison samples, in addition to the main families
of viruses indicated in Table 4, viruses belonging to the Monodnaviria (families Circoviri-
dae, Microviridae, Pleolipoviridae), Adnaviria (Lipothrixviridae) and Varidnaviria (Tectiviridae,
Adenoviridae, Poxviridae, Ascoviridae families) realms, and also to the Baculoviridae family
of the Naldaviricetes class, were identified (Supplementary Table S5). Viruses of the Cir-
coviridae family were detected only in one of the studied samples of the Mediterranean
Sea (Med.III.sw), while representatives of the Microviridae family were found in two other
samples (Med.I.sw and Med.II.sw). The archaeal viruses of the family Pleolipoviridae were
identified in insignificant amounts only in a sample from the Baltic Sea (Baltic.sw). Repre-
sentatives of the Tectiviridae family were present only in the virome from Lake Baikal with
quantitative predominance in the sample Baikal.V3.fw. Sequences related to adenoviruses
were also found in small amounts in Lake Baikal (Baikal.6C.fw). A small number of reads
close to the viruses of the Poxviridae and Ascoviridae families were identified in samples
from the North Sea (North.Sea.II.sw and North.Sea.III.sw) and the Mediterranean Sea
(Med.III.sw and Med.IV.sw), respectively. Viruses of the Lipothrixviridae family that infect
archaea were present only in Red Sea samples. Insect baculoviruses were identified in two
Baikal samples, with quantitative dominance in the Baikal.6C.fw sample.
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According to the hierarchical clustering, when comparing the taxonomic composition
of viral communities of the North Caspian samples with other freshwater and marine
samples, two main clusters were identified: the first and most numerous cluster included
samples from the Mediterranean, Arabian, Red and North seas; the second cluster included
samples from the North Caspian Sea, Baltic Sea and Lake Baikal (Figure 6). The Caspian
Sea samples SUR and MSC were similar to each other but differed from SBI.
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The differences in viral communities were investigated using nonmetric multidimen-
sional scaling (NMDS) analysis (Figure 7). In general, according to the analysis, the gradient
vector in the samples of the Caspian Sea, Baltic Sea and Lake Baikal shifted towards the
dominance of siphoviruses. The samples from Lake Baikal (Baikal.6C.fw and Baikal.V3.fw)
were more similar to each other and differed from Baikal.4G.fw by the predominance of
the virotypes of the family Tectiviridae and the presence of baculoviruses. The sample from
the Baltic Sea was placed into the main cluster with the samples from the Caspian Sea and
Lake Baikal based on the taxonomic composition of the identified virotypes and families,
but differed in their percentage. Virotypes related to siphoviruses also predominated in the
samples from the Mediterranean Sea, but the Med.III.sw and Med.IV.sw samples differed
from the Med.I.sw and Med.II.sw samples by the predominance of Haloviruses in them,
the presence of representatives of Ascoviridae and the absence of viruses of the Microviridae
family. In all the samples from the North Sea, the gradient vector shifted towards the
predominance of myoviruses, but samples North.Sea.II.sw and North.Sea.III.sw differed in
the presence of reads similar to poxviruses in them.

As a result of the comparative functional analysis of the viral communities of the
North Caspian viromes and those of other freshwater and marine ecosystems, based on
the assembled datasets and the KEGG database, the genes of the four highest hierarchical
categories were identified in each of the samples (Figure 5a, Supplementary Table S6).
A dendrogram based on the distribution of the highest functional categories grouped
the analyzed samples into four clusters and showed the similarity of the virus communi-
ties of two Caspian samples (SUR and MSC) with freshwater samples Baikal_4G.fw and
Baikal.6C.fw and with a sample from the Mediterranean Sea Med.III.sw (1 cluster). The
second cluster combined samples from the Baltic Sea (Baltic.sw), Lake Baikal (Baikal.V3.fw),
Mediterranean Sea (Med.IV.sw and Med,I,sw) and North Sea (North.Sea.I.sw). The smallest
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number of samples represented the third cluster: the Caspian Sea (SBI) and Mediterranean
Sea (Med.II.sw) samples. The fourth cluster (4) consisted of five samples and included
samples from the North Sea (North.Sea.II.sw; North.Sea.III.sw; North.Sea.IV.sw), Red Sea
(Red.I.sw) and Arabian Sea (Arab.I.sw) (Figure 5a).
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The analysis of the metavirome reads using the KEGG Orthology (KO) AMG pathway
database showed the presence of auxiliary metabolic genes belonging to 11 secondary KO
categories (Figure 5b). According to the heat map distribution, the highest proportion
of reads of auxiliary metabolic genes in all the secondary categories was determined in
samples from the North Sea (North.Sea.II.sw, North.Sea.III.sw, North.Sea.IV.sw), Red Sea
(Red.I.sw) and Arabian Sea (Arab.I.sw), and the distribution of reads among secondary
categories in these samples, as well as in sample North.Sea.I.sw, was relatively even. In
the remaining samples, identified proteins predominantly represented categories “Glycan
Biosynthesis and metabolism”, “Metabolism of Cofactors and Vitamins”, “Nucleotide
metabolism” and “Metabolism of amino acids”, with the exception of the Med.I.sw sample,
where proteins of the “Nucleotide metabolism”, “Metabolism of other amino acids” and
“Xenobiotics biodegradation and metabolism” categories dominated, as well as samples
Med.II.sw, Med.III.sw, Baikal.4G.fw and SBI, in which a significant dominance of auxiliary
genes was identified in only one of the categories: “Amino Acids Metabolism” (Med.II.sw,
Med.III.sw), “Glycan Biosynthesis and metabolism” (Baikal.4G.fw) or “Metabolism of Co-
factors and Vitamins”(SBI). At the same time, Baikal.4G.fw was one of the studied samples
where virotypes with genes encoding proteins involved in the process of metabolism and
biodegradation of xenobiotics were least represented. Moreover, the heat map based on
the distribution of the number of reads of auxiliary metabolic genes demonstrated the
similarity of the viral communities of the Baika.6C.fw and Med.IV.sw samples, in which the
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largest number of encoded functions was related to glycan biosynthesis and metabolism,
nucleotide, terpenoid and polyketide metabolism, and lipid metabolism. The most numer-
ous proteins in terms of the number of reads were the categories “Glycan Biosynthesis and
metabolism”, “Metabolism of cofactor and vitamin”, “Nucleotide Metabolism” and Amino
Acid Metabolism in the Baikal.V3.fw and Baltic.sw samples, as well as the categories of
lipid metabolism in the sample Baikal.V3.fw. Thus, the cluster analysis of the studied
virotypes based on the profile of auxiliary metabolic genes showed that the samples of the
Caspian Sea, Baltic Sea, Lake Baikal (Baikal.V3.fw, Baikal.4G.fw) and Mediterranean Sea
(Med.III.sw) were in the same cluster, that SUR and MSC viromes of the Caspian Sea were
similar to the virome of the Baltic Sea and that the SBI sample stood apart from the others
(Figure 5b). Clustering of data from taxonomic analysis of virus communities grouped the
studied samples mainly by bodies of water and revealed the highest similarity of all the
samples of the Caspian Sea with the sample of the Baltic Sea (Figure 6a).

4. Discussion

Although viruses are recognized as the most widespread marine organisms and play a
major role in nutrient cycling and genetic material transfer in marine ecosystems [8,14,67], our
knowledge of the diversity, structure and functional features of marine virus communities
is still far from being comprehensive.

This study, for the first time, investigated three viromes obtained from surface water
samples from the Northern Caspian Sea and determined the genetic diversity of DNA
viruses in the viromes. Taxonomic classification using the k-mers analysis based on the
Kraken2 search using the NCBI nr (nonredundant) database revealed that viral sequences
made up 11.96–43.19% of all reads. The taxonomic analysis showed that among the
annotated viral sequences, the predominant group in the viromes of the SUR, MSC and SBI
samples were tailed phages with double-stranded DNA along with other representatives
of Phycodnaviridae that infect algae. These results are consistent with the fact that podo-,
sipho- and myoviruses are known to be the main viral communities in aquatic viromes,
and they greatly exceed eukaryotic DNA viruses in number [68].

These results are similar to the findings of other investigations of marine viromes, such
as Monterey Bay (65% of reads belong to tailed phages), the Indian Ocean (95.3%), the East
China Sea, the Baltic Sea, the Southern Ocean near the Antarctic Peninsula and the Pacific
Ocean (~80%), where this group of bacteriophages also predominated [23–25,69–71]. The
predominance of dsDNA phages in marine viral communities is related both to the abun-
dance of their hosts, the bacterial microflora and to their capacity for lysogenic and lytic
replication [26]. It is known that viruses of the Caudoviricetes class infect a wide range
of host bacteria, including Proteobacteria and Bacteroidetes types, whose representatives
are a dominant and integral part of marine bacterial communities [68,72] and are directly
involved in the degradation of biopolymers, phytoplankton lysis and processing of organic
matter obtained after the death of living organisms [73]. In general, phages belonging to the
Myoviridae and Siphoviridae groups were the most numerous in the SUR and MSC samples
but not in the SBI sample where up to 55% of the viral reads belonged to the Podoviridae
group. In addition, eukaryotic DNA viruses of the Lavidaviridae family, commonly known
as virophages, whose reproduction depends on a co-infecting giant virus of the Mimiviri-
dae family, were detected in all the investigated viromes. Reads related to virophages
predominated in the MSC sample, as did those related to mimiviruses. Other studies of
viromes [46,74–76] showed that virophages are widely spread throughout the world in a
variety of environments, both marine and freshwater. In addition to virophages and tailed
phages, viruses of seven other different families were quantitatively predominant in the
MSC compared to the SUR and SBI samples. This diversity of viruses is most likely due
to the high species diversity of the biota in the wetland ecosystem of the Ural River delta
and along the Ural–Caspian navigation channel in the location where this sample was
collected [77].
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The analysis of the viral community composition revealed that there were up to
631 different virotypes in the Northern Caspian Sea, while the composition of the viral
communities of the SUR and MSC samples was similar to each other and significantly
differed from that of SBI, which is explained by the fact that the collection areas of the first
two samples are geographically connected by the influence of the inflowing Ural River.

SUR and MSC samples were dominated by viruses closely related to known cyanophages
of unicellular cyanobacteria, mainly Synechococcus sp. The dominance of cyanophages in
these samples may be a consequence of increased cyanobacterial content because of the
introduction of freshwater phytoplankton by the Ural River and their more active growth
in the shallow, and hence warmer, water of the Northern Caspian Sea [78].

In the SBI sample, the viral sequences predominantly belonged to the virotype that
infects bacteria of the Sulfitobacter genus (Sulfitobacter phage pCB2047-A). Bacteria of this
genus belong to the Alphaproteobacteria class and are gram-negative and sulfur-oxidizing
chemolithoheterotrophs [79]. It was reported that representatives of this genus, on the one
hand, stimulate the growth of some algae through the production of a hormone (indole-3-
acetic acid) using the secreted and endogenous tryptophan of diatom algae [80]. On the
other hand, they can also have an algicidal effect in microalgae in response to the presence
of dimethylsulfoniopropionate (DMSP) [81] that is produced in large quantities by certain
microalgae species involved in the sulfur cycle [82]. Sulfitobacter species, being in an
environment with a high content of phytoplankton, are able to degrade DMSP and use
it as a source of sulfur [80]. Thus, the presence of an active phytoplankton community
is probably responsible for the presence of a dominant number of sequences similar to
the Sulfitobacter phage virus in the SBI water sample. Unfortunately, it is not yet possible
to confirm this assumption since we did not analyze bacterio- and phytoplankton in the
SBI area at the time of sampling. To determine the cause of the dominance of the virus
related to Sulfitobacter phage pCB2047-A, more extensive and targeted studies of the SBI area
are needed, including the analysis of hydrochemical parameters and microbiota diversity.
Such a difference in the SBI sample may be due to the formation of special conditions of
environmental factors at a given sampling point (local pollution or other anthropogenic
factor, nesting place of birds or habitat of a certain species of animals, etc.). It should be
noted that strong fluctuations in the abundance and species composition of phytoplankton
and bacterioplankton with a clear dominance of individual taxa were found in Lake Baikal,
at sites less than 20 km away from each other, studied at the same time [83]. It is possible
that such a heterogeneous development of bacteria and algae under similar environmental
conditions is typical for large lakes, given that the Caspian Sea is essentially a lake.

In addition, the detection of a large number of reads similar to the Psychrobacter phage
Psymv2 in the SUR sample was unexpected. Host bacterial strains of this phage include
representatives of the Psychrobacter genus, which are found primarily in Antarctic latitudes
from surface and deep water, sediments and soils [84,85].

The prevalence of phages specific to the widespread groups of the Candidatus Pelag-
ibacter bacteria was detected in all the Caspian Sea samples studied. Pelagiphages
HTVC010P morphologically belong to the group of short-tailed podoviruses, and are
widely distributed in marine ecosystems. Pelagibacter phage HTVC010P was found in large
quantities in surface ocean waters and is one of the most common members of the Cau-
doviricetes class in the biosphere [86]. Moreover, the viral communities were dominated
by Puniceispirillum phages belonging to podoviruses. Another dominant virotype in the
northern region of the Caspian Sea was Cellulophaga phage phi38:1, and the number of reads
per virotype prevailed in the SUR and MSC samples. This virus infects marine heterotrophs
belonging to the phylum Bacteroidetes. The number of representatives of the phylum Bac-
teroidetes increases during algal blooms because they are responsible for the degradation of
polysaccharides and participate in the processing of organic matter from algal blooms [87].
To date, most Bacteroidetes infecting phage isolates affect bacteria of the Cellulophaga genus,
which inhabit the surface of macroalgae [88]. The wide distribution of this phage in the
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environment is partially due to the structure of its genome, which contains a large number
of tRNAs, allowing it to have a wider range of hosts [88].

In the studied viromes, sequences related to phages of pathogenic bacteria were found.
The presence of such virotypes as Shigella phage Sf13, Bordetella virus BPP1 and Burkholderia
phage KS9, specific for bacteria of the Shigella, Bordetella and Burkholderia genera, shows the
presence in the studied water area of pathogens of bacterial infections, which may have
ended up in the water with wastewater discharge.

Sequences of the Sphingobium phage were also identified in the Northern Caspian
Sea samples. Bacteria of the species Sphingobium are their hosts. The detection of the
Sphingobium bacteria indicates the presence of various oil products in this reservoir since
these bacteria can degrade polycyclic aromatic hydrocarbons that constitute an integral
part of crude oil. This fact is confirmed by active oil production on the Caspian shelf
that causes contamination of seawater during transportation and pumping on oil tankers
and in terminals [89]. The presented data confirm the fact that the population growth in
the cities of the Caspian basin, increasing discharge of various wastewaters (industrial,
agricultural and urban wastewater), development of oil production in the area, growing
river navigation and eventual connection of the Caspian Sea with the World Ocean resulted
in a significant increase in anthropogenic pressure on the unique ecosystem of the Caspian
Sea and disturbance of its balance [90].

After assembling the reads, no full-genome viral sequences were found that showed
a significant similarity to the reference sequences. Long scaffolds (greater than 25 kb)
accounted for 1.5%, 1.4% and 1.7% of the total number of scaffolds with identified virotypes
in the SUR, MSC and SBI samples, respectively. The k141_540989 scaffold was the longest,
and was similar to the reference sequence, having the maximum number of predicted ORFs
with a similarity of 71.8% according to the RefSeq protein database. Bacillus phage BCD7
was the closest relative of this scaffold. The k141_1441527 scaffold with the Synechococcus
phage S-CBS4 virotype identified it was next in terms of the number of predicted ORFs with
the maximum similarity of 83.8% in the RefSeq protein database.

One of the key aspects of virus evolution is the acquisition of host genes and their
fixation in viral genomes [91]. It was suggested that such genes could improve the efficiency
of viral reproduction and adaptation [92,93] by supporting key stages of host metabolism,
due to which they are called “auxiliary metabolic genes”. Expression of auxiliary metabolic
genes accelerates cellular processes of the host cell during viral infection [94]. Such auxil-
iary genes play crucial roles in successful viral proliferation. Thus, in energy metabolism,
virotypes carrying genes involved in sulfur metabolism were identified in all the examined
samples. Among them, the most frequent AMG was the cysH gene. The enzyme encoded by
this gene is involved in the synthesis of sulfite from phosphoadenosine-5’-phosphosulfate
(PAPS) and is thus part of the sulfate reduction pathway [95]. This enzyme is normally
repressed during photoautotrophic growth using hydrogen sulfide as an electron donor
and is used to incorporate sulfate into amino acids. Expression of cysH, encoded by the
phage, can increase the intake of sulfite consumed by Mo-containing enzymes, which
leads to an increase in cysteine synthesis and, presumably, a decrease in the difference of
sulfur isotope fractionation between sulfate and sulfide [96,97]. The cysH gene has been
identified in phages affecting members of the SAR11 clade that lack phosphoadenosine-5’-
phosphosulfate reductase and other genes required for assimilative sulfate reduction, but
has recently been found to be widely distributed among marine phages [98]. Additionally,
in the Caspian Sea SBI sample, the genes responsible for porphyrin metabolism domi-
nated: hemX, ahbD and CobS. These genes encode proteins that catalyze two sequential
methylation reactions involved in the conversion of uroporphyrinogen III to precorrin-2
through the intermediate formation of precorrin-1, which are steps in the biosynthesis
of both cobalamin (vitamin B12) and siroheme. The CobS gene encodes a protein that
catalyzes the last stage of bacterial cobalamin (vitamin B12) biosynthesis, which promotes
a more active proliferation of bacterial cells [99]. Assumptions about the participation
of viruses in the biosynthesis of cobalamin in the marine ecosystem are very tempting
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but require more targeted research and experimental evidence to confirm this fact. The
ahbD gene encodes an AdoMet-dependent hemosintase, which participates in protoheme
biosynthesis by catalyzing the conversion of Fe-coproporphyrin III to heme [100]. This
phenomenon was discovered and studied in sulfate-reducing bacteria of the Desulfivibrio
genus and in methanogenic archaea [101]. Heme is an important prosthetic group involved
in fundamental biological processes such as respiration, photosynthesis, metabolism and
oxygen transport [102]. Similar accessory genes were also previously found in the Baltic Sea
virome. Presumably, the genes cysH, ahbD and CobS are some of the conservative AMGs
that are present independently of hosts and the environment and are found in various viral
assemblies of different origins, such as the human gut, marine sediments and deep sea
subsoil [103,104].

An analysis of the Global Ocean Survey metagenomic data based on the global
metabolic network suggests that many auxiliary metabolic genes of viruses from vari-
ous categories are closely related to purine and pyrimidine metabolic pathways. Therefore,
there are suggestions that metabolic genes contained in marine virus genomes expand the
nucleotide pool in infected hosts using two combined strategies: (1) recycling the building
blocks of the cellular genome and transcriptome; and (2) altering host metabolism to form
a substrate for de novo synthesis of purines and pyrimidines [105]. Thus, viral transfer into
the host cell and subsequent expression of auxiliary metabolic genes result in increased
energy metabolism and the accelerated assembly of viral particles by reducing the latent
period, which increases the rate of the infection process and the accumulation of subsequent
virus generations.

The functional analysis of viral scaffolds revealed the predominant accessory genes
(pimA, pimC) in the SUR and MSC samples. These genes encode enzymes belonging
to a new group of membrane-associated glycosyltransferase B (GT-B) [106,107]. There is
evidence that a significant number of members of this group of enzymes are involved in the
biosynthesis of major glycoconjugates in bacteria, including major human pathogens such
as Neisseria meningitidis, Pseudomonas aeruginosa, Staphylococcus aureus and Streptococcus
pneumoniae [108,109]. The predominance of such genes in these samples may indicate the
presence of human pathogenic microorganisms in the environment, and as a consequence,
a significant anthropogenic load.

It is known that the Caspian Sea is a relict basin from the ancient oceans Tethys and
Paratethys that existed in the Mesozoic and early Cenozoic eras. Thus, the Caspian Sea
was part of the World Ocean and finally separated from it about 14–10 million years ago as
part of the Sarmatian Sea [110]. Therefore, probably, the general profile of the Caspian Sea
virome retained some features of and similarity to the viromes of the open seas. Therefore,
it was interesting for us to compare the viromes of the studied samples of the Caspian Sea
with the viromes of both the open sea (North Sea, Baltic Sea, Mediterranean Sea, Red Sea,
Arabian Sea) and lake ecosystems (Lake Baikal) uploaded to public databases.

Nonmetric multidimensional scaling of the identified viral families in the North
Caspian Sea and comparison samples resulted in the formation of two main clusters: the
first one containing samples from the Mediterranean, Arabian, Red and North Seas; the
second cluster consisting of samples from the Caspian Sea, Baltic Sea and Lake Baikal.
Such a distribution of the investigated samples in these two clusters on the NMDS scale
indicated significant differences in the structure of viral communities. The comparison
showed the similarity of the taxonomic diversity of the North Caspian Sea viromes with
those of the Baltic Sea and Lake Baikal. The similarity of viromes in these reservoirs, located
at a considerable distance from each other, can be explained by several reasons. Firstly, it
is known that during the glacial maximum of the Quaternary period, ice sheets formed
in the north of the Eurasian continent, and this prevented the flow of rivers into the open
seas and oceans. As a result, vast ice-dammed lakes were formed at the base of glaciers.
The flow of these lakes often occurred in the southern reservoirs, the path to which was
not blocked by ice sheets. About 90,000 to 80,000 years ago, the Barents and Kara Ice Sheet
blocked the flow of Siberian rivers, including the Yenissei and the Ob into the Arctic Ocean,



Diversity 2023, 15, 813 22 of 27

rerouting them to the Aral and the Caspian Seas and thus creating a direct connection
between Lake Baikal and these seas at that time. About 18–17 thousand years ago, due
to the Scandinavian Ice Sheet in the north of Eastern Europe, a network of ice-dammed
lakes was formed, directly connecting the Baltic Sea with the Volga river and the Caspian
Sea [111]. Secondly, presumably since the second half of the 4th century, there has been
the Volga–Baltic trade route (from the Varangians to the Persians), along which portage
river transport has moved a lot of people and goods for 17 centuries, including the present,
through a system of rivers and lakes. Moreover, the Volga–Baltic Waterway was created,
thanks to whose canals, the Baltic Sea and the Caspian Sea became directly connected,
which led to a significant intensification of river navigation and a multifold increase in the
movement of ships, goods and people along waterways, and as a consequence, the transfer
of microflora between the Baltic and Caspian Seas [112,113].

5. Conclusions

The study of the diversity of viruses of water samples of the Northern Caspian Sea
showed that the formation of the main features of the virome is a long historical process
affected by global abiogenic and biogenic factors. Thus, the movement of large volumes
of water from the North to the South has caused some commonality in the viromes of the
Northern Caspian Sea, the Baltic Sea and Lake Baikal. The development of oil fields in the
Caspian Sea has led to the appearance of viruses that infect microorganisms feeding on oil
products, while the identification of viruses similar to those that infect pathogenic human
microflora indicates the presence of wastewater from human settlements. Functional
analysis of the virome revealed auxiliary metabolic genes that are part of nutrient cycling
pathways such as sulfur, carbon, nitrogen and others. These and other identified auxiliary
genes are likely to enhance the adaptability of the viruses in the respective ecosystem
by increasing the viability of their hosts, including under conditions of global climate
change [27,114,115].

To comprehensively assess the viral diversity and determine its impact on the Caspian
Sea ecosystem, the study of viruses from different regions of the Caspian Sea will be
continued, and studies on the vertical distribution of marine viral communities of the
Caspian basin will be made.
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