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ABSTRACT
Report 80 pages, 1book, 17 figures, 7 tables, 45 sources, 5 appendices.

BACTERIOPHAGES, BIODIVERSITY, ARAL – SYRDARYA BASIN, ECOSYSTEM, METAGENOMICS
Research objects: reservoirs of the Aral-Syrdarya basin, genomic DNA, viruses. 
The aim of the project was to study the biodiversity of bacteriophages in ecologically adverse regions of the Aral-Syrdarya basin to assess the anthropogenic impact on aquatic ecosystems. 
As a result of the conducted research, using published data for 2017-2018, an analysis of the ecological state of various reservoirs of the Aral-Syrdarya basin was carried out. It was shown that the reservoirs of the region belong to three groups of pollution level. The Keles River belongs to a highly polluted reservoir. The Bogen and Katta-Bugun rivers are considered to be normatively clean water bodies. Shardara reservoir, the river Syrdarya and the Small Aral Sea are classified as sites with a moderate level of pollution. Samples were collected from all three groups of water bodies. After stepwise concentration, nucleic acids were isolated from the collected samples and metagenomic libraries were constructed. Sequencing of the 6 metagenomic libraries was carried out, as a result of which 12 databases were obtained, each of which contained from 1768633 to 2346461 reads. Taxonomic classification of the obtained sequences showed that the number of viral sequences ranged from 0.9% to 5.2% in the investigated samples. Among them, up to 26 families of dsDNA viruses were identified, the majority belonged to the Caudovirales order and the Phycodnaviridae, Mimiviridae, and Herpesviridae families. Taxonomic analysis of the ssDNA virome revealed the presence of 8 virus families: Anelloviridae, Circoviridae, Geminiviridae, Parvoviridae, Nanovirida, Spiraviridae, Inoviridae, and Microviridae. It was shown that, in addition to autochthonous viruses typical for water ecosystems, aquatic samples contain bacteriophages of microorganisms that cause diseases in humans and animals. A laboratory collection of 6 strains of bacteriophages lysing E. coli, and database on fragments of genomes of representatives of 7 viral families were created. Practical recommendation for possible use of bacteriophages as an indicator of the ecological state of reservoirs was developed. According to the research results, 13 works were published, of which 4 are included in the international database.
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LIST OF ABBREVIATIONS AND SYMBOLS
In the research report, the following abbreviations and symbols are used:
	WGS – Whole genomic sequencing

	PFU – Plaque-Forming Unit

	DNA – Deoxyribonucleic  acid

	dsDNA – Double stranded deoxyribonucleic acid

	ssDNA – Single stranded deoxyribonucleic acid

	MPC – Maximum permissible concentration

	RNA – Ribonucleic acid

	PBS – Phosphate buffered saline


INTRODUCTION
The increase in anthropogenic impact on natural ecosystems has led to the transformation of more than 50% of the Earth's surface. In this connection, in order to preserve the ecological balance, it becomes necessary to continuously conduct research on the study of biological diversity in combination with the development of complex systematic measures to protect and regulate the quasi-stable state of the ecosystem on the verge of the interaction of its external and internal processes. The first step in this direction is to determine the main biological characteristics of the ecosystem, including the species composition, its abundance and distribution over areas depending on the landscape, the role of each species in ecological interactions and its possible benefits for humans, as well as the likelihood of risks and the calculation of their consequences when anthropogenic loads and natural disasters. Regular research, inventory and monitoring of the state of the ecosystem and its biodiversity will make it possible to develop a strategy for maintaining the ecological balance and provide the basic knowledge necessary to obtain scientific and technological experience in carrying out effective environmental protection measures [1].

Biological research aimed at studying the diversity of species is necessary, both nationally and globally. National biological registries provide a more detailed view of biological diversity and can be used to develop national conservation programs and policies, while global research provides much-needed information on the extent, distribution, status and fate of biodiversity around the world.
The hydrosphere is the main source of life and biodiversity. About 86% of the species of living organisms known to science live in the world's oceans, providing a continuous cycle of biogenic substances. Therefore, the well-being of the entire biosphere of our planet depends on the ecological well-being of the components of the hydrosphere (lakes, rivers, seas, oceans) and the integrity of its biodiversity. 

Analysis of aquatic ecosystems showed that prokaryotic viruses (bacteriophages) are an integral part of the equilibrium ecological state of water bodies, representing one of the most numerous populations of aquatic ecosystems. Since the oceans are the world's largest biosphere, marine viruses are the most abundant biological objects on the planet. The estimated total number of marine viruses in the oceans is about 1030 [2, 3], which is 10 times higher the number of prokaryotes [2]. Marine viruses store 200 million tons (2x1011 / g) of biogenic carbon, are one of the main causes of the death of planktonic microorganisms and thus play an exceptional role in nutrient cycles. Viruses act as catalysts that accelerate the transition of nutrients from a bound state (that is, living microorganisms) to a dissolved state, from where they can be easily incorporated into new metabolic processes [4]. This so-called viral shunt reduces the efficiency of carbon transfer to higher trophic levels, reducing its export from the euphotic zone to deeper waters. Viruses also provide a high mobility of genetic material, directly participating in the evolution of living organisms, passing on new genes to their hosts that encode important biological functions, such as photosynthesis or regulation of phosphorus metabolism. As symbionts, prokaryotic viruses can form long-lived associations with their hosts, decreasing their fitness or, conversely, giving infected bacteria a competitive advantage [5]. Thus, viruses have a significant impact on global biogeochemical cycles and evolutionary processes. [6].  Despite the difficulty of routinely observing and describing aquatic viruses, coupled with the lack of conservative evolutionary genes such as RNA ribosomal genes, the aquatic viruses are considered to represent a huge reservoir of untapped genetic diversity. In addition, the discovery and description of a unique group of archaeal viruses has an impact on the field of prokaryotic virology, expanding our knowledge of viral diversity and changing the views of early stages of evolution [7]. 

In this work, the object of research was the communities of viruses inhabiting the salt and fresh water bodies of the Aral-Syrdarya basin of the Republic of Kazakhstan. The studies were carried out by the method of metagenomic analysis, the data of which allow a better understanding of the interactions between viral and microbial communities and their habitat.

The aim of the project was to study the biodiversity of bacteriophages in ecologically adverse regions of the Aral-Syrdarya basin to assess the anthropogenic impact on aquatic ecosystems.
Phase 2020: Creation of a laboratory collection of bacteriophages and development of practical recommendations on the possible use of bacteriophages as an indicator of the ecological state of water bodies.
The final report contains the materials previously presented in the progress reports:  report for 2018,  project phase – “Obtaining samples of virus-specific nucleic acids from various reservoirs of environmentally adverse regions of the Aral-Syrdarya basin”, under inventory number  0218RK00462, report for 2019,  project phase – “Genomic libraries construction and metagenomic research of bacteriophages of aquatic ecosystems of the Aral-Syrdarya basin”,  under inventory number 0219RK00197.
THE MAIN PART OF RESEARCH AND DEVELOPMENT

REPORT 
1 Justification of the selected studies

Metagenomic studies of microbial communities obtained from extreme habitats have revealed many new taxa of bacteria and archaea [8]. A parallel study of the viral fraction of microbial communities also revealed a previously unknown, wide genetic diversity of various taxonomic groups of viruses [9].
Aquatic viruses were first identified as causative agents of fish diseases such as pancreatic infection, necrosis and Oregon sockeye disease in the early 1960s [10], and have since been proven to be infectious agents for all marine life from bacteria to protozoa, molluscs, crustaceans, fish and mammals [11]. Since the early 1990s, aquatic viruses began to be perceived not only as pathogens of plants and animals, but also as one of the key factors in the regulation of interspecific interactions in ecosystems and the cycle of nutrients, since viruses (bacteriophages) can significantly affect the species and abundance of the main producers and reducers of the food pyramid. Since the pioneering work of Karl-Heinz Moebus on bacteriophage isolation during a transect across the North Atlantic [12, 13], research on marine viruses has developed into a significant and independent field of research in marine biology, prompted by the increasing realization of the importantand diverse role of viruses in marine environment [14, 15].

The discovery that viruses are the most widespread biological entities in the oceanic marine environment [16], reaching up to 108 viruses per ml, further stimulated research on marine viruses. Technical assistance in the detection and enumeration of marine viruses [17] has facilitated more detailed studies of their abundance and diversity. Further expansion of studies of viruses on coral reefs [18], bottom sediments [19, 20], deep-sea biosphere [21] and freshwater environment [22] revealed that viruses are inhabitants of all levels of aquatic ecosystems. Consequently, research over the past decades confirms that viruses are key players in the marine ecosystem, from reducing mortality and the evolution of bacteria and algae at the nanoscale to affecting global biogeochemical cycles and ocean productivity. The advent of new molecular tools and new generation sequencing have provided more effective methods for studying viral diversity and genetic mechanisms of virus-cell interaction, which has changed our conceptual understanding of the functionality and regulation of elements of aquatic ecosystems.  The accumulation of data on viral metagenomes over the past decade has revealed a huge viral diversity [23, 24], and the marine virome is considered the largest unexplored pool of genetic diversity on the globe: 63–93% of sequences are not presented in publicly available databases [25]. A recent analysis of viral metagenomic sequence data from 43 areas of the surface ocean revealed about 5500 populations of dsDNA viruses, 39 of which may be cultivated [26]. Even on a very small scale, viral diversity can be high, as shown by Flaviani et al. [27], who found 254 unique viral phylotypes in a 250 ml sample of ocean water, supporting previous assumptions that local viral diversity is relatively similar to global diversity [26].

Of particular interest are studies of viral diversity in water bodies with extreme habitat conditions, which include some water bodies of the Aral-Syrdarya basin, which have critically high values of salt concentration due to the drying up of the Aral Sea. In such environments, the distribution of viruses occurs along the salinity gradient, and when the salinity of the reservoir is above 20%, the level of bacterial flora sharply decreases. In this case, the number of heterotrophic nanoflagellates and ciliates decreases by about 25%, as a result of which the role of bacteriophages in the control of the number and species diversity of halophilic microbial communities increases many times [28]. 

The territory of the Aral-Syrdarya basin, occupies about 345 thousand km2, includes two administrative regions of Kazakhstan: South Kazakhstan and Kyzylorda, and is a zone of ecological disaster resulting from the irrational use of the limited water resources of the region.
Analysis of the literature data on the ecological state of one of the eight water basins of Kazakhstan: the Aral-Syrdarya basin shows that the water systems of this region are experiencing a huge anthropogenic load [29, 30 - 32]. This is due to the fact that more than 30% of the used irrigated lands of the Republic of Kazakhstan are concentrated in this basin (figure 1) [33], which are the main consumers of the region's water resources.
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Figure 1 - Zone of reclamation agriculture of the Aral-Syrdarya basin
The main water consumers include hayfields, pastures, agricultural water supply, pond farming, natural systems, including the Aral (Small North) Sea.  To provide irrigated lands with irrigation water, an appropriate water infrastructure has been built: in addition to natural reservoirs (river network, lakes, groundwater deposits, etc.); reservoirs for seasonal regulation of river flow for irrigation purposes (Shardara, Bugunskoye, etc.); waterworks, dams, pumping stations and other structures for the intake of water from sources; systems of main (interregional, interdistrict) inter-farm canals and waterways for transporting water to consumers; on-farm irrigation and collector-drainage networks; agricultural water supply and pasture irrigation systems. For 30 years, uncontrolled water withdrawal for irrigation of agricultural crops was carried out, insecticides, pesticides, herbicides and other chemical reagents were used without restriction, which eventually led to the drying up of rivers, salinization and degradation of the region's soils.
In addition, more than 700 enterprises of the construction industry, metallurgical, chemical, petrochemical, engineering, light, food and pharmaceutical industries are located on the territory of this basin. The huge water consumption of these enterprises and the insufficient degree of purification of industrial wastewater, as well as the peculiarities of the formation of the main volume of the basin's runoff in the agricultural regions of Kyrgyzstan and Uzbekistan led (in different years of observation) to an increase in the Coli index to 25,000, and the excess of maximum permissible concentrations (MPC) in groups of some metals and ions ranged from 400 to 800 percent.

The territory of the Aral-Syrdarya basin is an area of ​​ecological disaster that arose as a result of the irrational use of the limited water resources of the region. The ecological disaster of the Aral-Syrdarya basin led to huge economic losses and social disasters, creating a critical situation for human health. Over the past six decades, the Aral Sea has suffered from an unprecedented human-induced ecological disaster, leading to rapid, wide-ranging changes in water level, accompanied by increased salinity and changes in biodiversity [34, 35] At the present stage, the development of the Aral Sea ecosystem is not rich in biological diversity. The local fauna of free-living invertebrates is represented by less than 250 species, among which representatives of continental freshwater, brackish and salty water bodies prevail (~ 80%). There are also representatives of the Ponto-Caspian and marine Mediterranean-Atlantic fauna. The largest number of species was represented by groups of rotifers (Rotatoria) and crustaceans (Crustacea). Studies on the diversity of sponges (Porifera) and polychaete worms (Polychaeta), higher crustaceans (Malacostraca) and cladocerans (Cladocera), benthic fauna and ichthyofauna are also underway [36]. Earlier, studies were carried out to study the structure of communities of eubacteria and archaea, as well as the biodiversity of benthic diatoms algae [29]. However, studies of the diversity of viral communities in the Aral Sea and the adjacent basin have not yet been carried out. The studies carried out within the framework of this project will allow for the first time to obtain data on viral diversity, the structure of viral communities of surface waters in the Aral-Syrdarya basin.
The study of aquatic viromes, the constant discovery of new viruses, and the study of the mechanisms underlying their distribution and diversity, reveal a huge, unexplored layer of biology and ecology of the hydrosphere. The oceans largely shape the Earth's climate, contain 1.37 billion km3 of seawater, produce half of the oxygen in the atmosphere, and are an integral part of life on the planet. At the same time, the continuously increasing anthropogenic load creates threats and risks (global warming, acidification, pollution, economic use), biodiversity and life in the ocean. Preventing ecological disasters requires a clear understanding of the interaction of all aspects of the planet's hydrosphere, including knowing how viruses affect the dynamics of the host population, biodiversity, biogeochemical cycles and the efficiency of aquatic ecosystems. 

The aim of this work is to study the biodiversity of bacteriophages in ecologically adverse regions of the Aral-Syrdarya basin to assess the anthropogenic impact on aquatic ecosystems.

2 Materials and methods
Sampling. Water samples were collected from the surface of the investigated reservoirs (volume of 10 liters into sterile bottles during May 2018).
Water samples were sequentially filtered through 3 μm and 0.22 μm pore size filters to remove any zooplankton, phytoplankton and bacteria, and then a two-step tangential flow filtration (TFF) with a 50-kDa cartridge (Vivaflow 200, Sartorius, with a 200 cm2 polyethersulfone membrane) was used to concentrate the samples to a final volume of 500 ml. For sedimentation of viral particles concentrated water samples were centrifuged using a Beckman Coulter, Avanti J30I ultracentrifuge at a speed of 29,000 rpm during 2 hours at 4 ˚C. 

To remove extracellular bacterial DNA, the obtained sample was treated with DNase (1000 U / mL; 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 incubated for 10 min at 65 ° C. To confirm the removal of bacterial DNA in the sample after 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», USA) according to the manufacturer's protocol. 
Electrophoretic analysis of nucleic acids was perfomed in a 1% agarose gel with followed staining the gel in a solution of ethidium bromide.

Quantitative measurements of nucleic acids were performed using the Qubit dsDNA HS kit (High Sensitivity, Invitrogen, USA) according to the instructions for the Qubit 3.0 fluorimeter. The A260 - A280 ratio was measured on a Tecan multi-reader using a NanoQuant plate for measuring micro quantities of nucleic acids (Invitrogen, USA).
DNA libraries were prepared from 1 ng DNA using the Nextera XT DNA Sample Preparation Kit (Illumina, USA) in accordance with the instructions. During the libraries preparation process enzymatic fragmentation of DNA, ligation of sequence adapters, preliminary amplification of the library, selection of fractions of 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 beads system (Beckman Coulter). Excessive primers, nucleotides, salts, and enzymes were removed by washing with freshly prepared 80% C2H5OH. 
Quality of genomic libraries was determined using an Agilent 2100 instrument using the DNA 1000 Kit. 

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

The quality control of the reads was performed using the Fast QC program (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Then the obtained data was processed in Trimmomatic v. 0.36, sequences shorter than 50 nucleotides were excluded from the analysis; adapters have been removed. Further bioinformatic processing of the obtained metagenomic data was performed using Geneious Prime 2019 software (https://www.geneious.com/prime-features/) and the Kaiju program (http://kaiju.binf.ku.dk/), intended for precise taxonomic classification of readings from high throughput metagenomic and metatranscriptomic sequencing. Each read was assigned to a node in the NCBI taxonomy and was labeled by a taxon and the number of matching reads. Due to its protein level classification, Kaiju algorithm usually achieves higher sensitivity compared to the nucleotide-based methods [37]. 

Genome Detective Virus Tool (https://www.genomedetective.com/) was used in the work, which allows taxonomically classifying eukaryotic viruses and phages. After pretreatment using Trimmomatic, the reads are filtered and sorted at the protein level using DIAMOND and the UniRef90 database, and then assembled using SPADes assembler 
Bacterial strains. E. coli 753 was used as an indicator bacterial culture necessary for the bacteriophages propagation and testing their activity; E. coli K99, E. coli 4325, E. coli 4238, P. aeruginosa 325, P. aeruginosa 153, Bacillus subtilis strains were used for determination the spectrum of lytic activity of the isolated bacteriophages. All bacterial cultures were taken from the own collection of microorganisms of LLC "RPC for Microbiology and Virology"
Growth medium. Nutrient Broth (Titan Biotech, India) was used for the cultivation of bacteria and bacteriophages propagation. For storage bacteriophages isolation, determination of the Gratia titer and description of the morphology of plaque-forming units (PFU), 2% nutrient agar (Titan Biotech, India, India) was used.
Isolation and propagation of bacteriophages from filtrates obtained from water samples. Isolation of phages against E. coli strain was performed using water samples collected from Keles River. Initially, 50 ml of each sample was centrifuged at 1000 g for 5 min. After the filtration of centrifuged samples using a 0.45-μm Membrane Filter, 5 ml of concentrated nutrient broth and 5 ml of 18-24 h incubated indicator bacterial suspension were added to 45 ml of the filter-sterilized water sample. The mixture was shaken at the temperature of 37 °C for 24 h.; after the end of incubation, the mixture was centrifuged for 30 min at 3000 rpm. The supernatant was filtered through bacterial filters with a pore diameter of 0.45 nm. The resulting phage lysates were stored under sterile conditions at 4 ... 8 ° C [38, 39]. 

Isolation of bacteriophages on a solid nutrient medium. The initial phage lysates were titrated to nine 10-fold dilutions. 10 ml of each dilution was mixed with 14 ml of 2% nutrient agar and 1 ml of the 18-24 hour E. coli  suspension was added. The resulting mixture was poured into Petri dishes and incubated for 18 hours at 37 ° C. The same mixture was used as negative control, but 10 ml of sterile PBS was added instead of the water sample. At the end of the incubation period, the formation of individual PFU on the continuous lawn of the bacterial culture was observed.
Purification of isolated phages. After the detection of PFU on a continuous lawn of the bacterial culture, a separate lysis zone was selected at the maximum dilution of phage lysate, In this process, a single phage plaque was harvested from the agar overlay plate using a sterile Pasteur pipette. Afterwards, 5 ml of nutrient broth was added to the harvested single plaque, which was incubated for 2 h at the temperature of 37 °C. The mixture was centrifuged at the temperature of 4 °C for 15 min in 14000 g and filtered through a 0.45-μl filter. Co-cultivation of the phages and bacterial host was performed by adding 100 μl of the filtered suspension to the 18-24 h. bacterial host culture (1 ml) and incubation of the resultant at the temperature of 37 °C for 24 h. Moreover, single plaque isolation steps were repeated three times.
Determination of the lytic activity of the obtained phage lysates was carried out by the Appelman method [40]

The titer of the bacteriophage in suspension was determined by the Gratia methods [41].

For tabular and graphical representation of the obtained results, the Microsoft Office software was used.
3 Research results
3.1 Obtaining samples of virus-specific nucleic acids from various reservoirs of environmentally adverse regions of the Aral-Syrdarya basin
3.1.1 Analysis of aquatic ecosystems status for studying the biodiversity of bacteriophages in environmentally adverse regions of the Aral-Syrdarya basin 

The selection of sampling sites was carried out using the analysis of data of the RSE "Kazhydromet" for 2017-2018, carried out on hydrochemical indicators at 382 hydrochemical sites, distributed over 132 water bodies: 86 rivers, 13 reservoirs, 28 lakes, 4 canals, 1 sea [42]. Analysis of the studied data showed a number of regularities in the state of water bodies in the region. Thus, it was found that the concentration of dissolved oxygen (mg / dm3) can indirectly indicate the state of purity of the reservoir. Figure 2 show that the concentration of dissolved oxygen in the cold period of 2017 and 2018 is 30% higher than in the warm season, which is comparable to the data on the periods of activity of microalgae in water bodies. [43, 44]. It has also been proven that in eutrophied and heavily polluted water bodies with organic compounds, a significant oxygen deficiency can occur. A similar picture is observed when analyzing the excess of the MPC of nitrite nitrogen in the warm season, which indicates biochemical processes of microbial origin (figure 3) [43]. 
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The ordinate axis is the concentration of dissolved oxygen (mg / dm3), the abscissa 1-4 is I – IV quarters of 2017, and 5-6 are I and II quarters of 2018.

Figure 2 - Change in the concentration of dissolved oxygen in the Syrdarya river (mg / dm3) depending on the observation time
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The ordinate axis is the excess of the MPC of nitrite nitrogen, the abscissa 1-4 is I – IV quarters of 2017, and 5-6 are I and II quarters of 2018.

Figure 3 - Change in in excess of MPC of nitrite nitrogen in the Syrdarya river (mg / dm3) depending on the observation time

Thus, it was established the possible timing of water sampling for the study of the diversity of bacteriophages in the Aral-Syr Darya basin.

Further analysis of the RSE "Kazhydromet" data showed that the water quality of the studied basin can be divided into 3 groups: normatively clean water, water of moderate level of pollution, water of high level of pollution.
Analysis of purity index of the reservoirs for 2017 - 2018 years showed that, despite the high degree of contamination with phenols and sulphates, most analyzed reservoirs of the  region refers to moderate water pollution. Analysis of the sample of water body cleanliness indicators for 2017-2018 showed that, despite the high degree of pollution with phenols and sulfates, most of the analyzed water bodies in the region belong to water of moderate pollution. The water of a high level of pollution is the Keles River, the waters of which are completely regulated by livestock and agricultural enterprises, and the Bogen and Katta-Bugun rivers, the sources of which are associated with mountain formation with almost complete absence of anthropogenic influence, are considered to be clean water.
3.1.2 Sampling from ecologically favorable reservoirs of the Aral-Syrdarya basin for studying the biodiversity of bacteriophages
In our research, sampling sites in the supposed ecologically favorable reservoirs of the Aral-Syrdarya basin were determined (figures 4-5).
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Figure 4 – Sampling site from the Bogen river, 42°56'06.9"N 69°38'36.8"E
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Рисунок 5 -  Sampling site from the Katta-Bugun river, 42°51'51.1"N 69°44'35.8"E
Water samples were collected from the surface from the indicated places on the map (figures 4, 5) volume of 10 liters into sterile bottles. The coordinates of the sampling sites were marked using GPS and Google maps. Each sample was sequentially filtered through membrane filters with pore diameters of 3 and 0.22 μm. Samples were concentrated by tangential flow filtration, followed by precipitation of viral particles by ultracentrifugation. The obtained virus –containing pellet was dissolved in a minimum volume of sterile PBS and stored at -80 ° C for subsequent isolation of nucleic acids.
As a result, 2 samples were collected from ecologically favorable reservoirs of the Aral-Syrdarya basin from which virus-containing material was obtained for further studying of the biodiversity of bacteriophages.
3.1.3 Sampling from environmentally adverse reservoirs of the Aral-Syrdarya basin for studying the biodiversity of bacteriophages
According to the observation data of the RSE "Kazhydromet" over the pollution of surface waters, which included the MPC indicators for substances from the groups of main ions, biogenic substances and organic substances, in our research we determined a number sampling sites from the supposed ecologically adverse reservoirs of the Aral-Syrdarya basin related to water of moderate pollution or water of high pollution (figures 6-9). 
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Figure 6 -  Sampling site from the Shardara Reservoir, 41°14'51.3"N 67°58'11.7"E
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Figure 7 – Sampling site from the Syrdarya river (at the place where the canal from irrigated fields flows into the river), 41°37'35.3"N 68°02'46.7"E
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Figure 8 – Sampling site from the Small Aral Sea (the sample was water combining the resources of the Small Aral Sea and the delta of the Syr Darya,  near Kokaral dam), 46°06'07.2"N; 60°46'17.6"E
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Figure 9 – Sampling site from the Keles River, 41°20’22.8"N 68°57’36.3"E
Water samples were collected from the surface from the indicated places on the map (Figures 4, 5) volume of 10 liters into sterile bottles. The coordinates of the sampling sites were marked using GPS and Google maps. Each sample was sequentially filtered through membrane filters with pore diameters of 3 and 0.22 μm. Samples were concentrated by tangential flow filtration, followed by precipitation of viral particles by ultracentrifugation. The obtained virus –containing pellet was dissolved in a minimum volume of sterile PBS and stored at -80 ° C for subsequent isolation of nucleic acids.
3.1.4 Obtaining of virus-specific nucleic acids from water samples collected in different regions of the Aral-Syrdarya basin
To study the biodiversity of bacteriophages in aquatic ecosystems of the Aral-Syrdarya basin, nucleic acids were isolated from concentrated virus - containing materials of 6 water samples according to the manufacturer's protocol (table 1). Quality assessment of the nucleic acids at the ratio of optical density at 260 and 280 nm showed that the isolated DNA without contamination with protein ingredients. The amount of nucleic acid in the samples from the studied reservoirs ranged from 68 ng to 750 ng.
Table 1 ( Description of quality of the nucleic acid isolated from water samples of the Aral-Syrdarya basin
	Objects of sampling
	Concentration of dsDNA in the sample, ng / μl
	A260 - A280 ratio

	Bogen River
	7,8
	1,8

	Katta – Bugun River
	2,35
	1,81

	Shardara Reservoir
	3,7
	2,0

	Syrdarya river (at the place where the waste channel from irrigated fields flows into the river)
	15
	1,8

	Small Aral Sea (near Kokaral dam) 
	10,5
	1,9

	Keles River
	1,36
	2,0


To determine the length of the extracted dsDNA samples, electrophoretic analysis was performed in 1% agarose gel, followed by staining in a solution of ethidium bromide (figure 10).
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1 – Keles River, 2 – Bogen River, 3 – Katta-Bugun River, 4 – Shardara Reservoir, 5 - р. Syrdarya river, 6 – Small Aral Sea (near Kokaral dam), L – 1kbs plus ladder (Invitrogen).

Figure 10 – Electropherogram of DNA isolated from virus – containing material of the water samples
According to the electrophoretogram, all DNA samples were more than 15 kbs in length; the sample from the Keles River contained fragments of 1250 and 2500 base pairs in length.
Thus, virus-specific nucleic acids were obtained from the concentrated water samples collected in various regions of the Aral-Syrdarya basin for further study of the diversity of bacteriophages by new generation sequencing method.

3.2 Genomic libraries construction and metagenomic research of bacteriophages of aquatic ecosystems of the Aral-Syrdarya basin
3.2.1 Genomic libraries construction and metagenomic research of bacteriophages of aquatic ecosystems of the Aral-Syrdarya basin
Genomic DNA isolated from various water samples of the Aral-Syrdarya basin with different levels of pollution were used to create pair-end genomic libraries. Construction of DNA libraries for metagenomic sequencing was carried out in accordance with the Illumina instructions. As a result, 6 genomic libraries were created, the average fragment size of which was 700-900 nucleotides, which fully meets the requirements for high-quality multiple parallel sequencing on the MiSeq using kit v3 (figure 11).

Thus, 6 genomic libraries were obtained from water samples collected in different regions of the Aral - Syrdarya basin for further study of the diversity of bacteriophages by massive parallel sequencing, 
3.2.2 Massive parallel sequencing of prepared genomic libraries
Massive parallel sequencing of 6 genomic libraries obtained from water samples of the Aral-Syrdarya basin was carried out. Sequencing was performed by using Illumina MiSeq kit v3, which allows obtaining at least 301 nucleotides per read.
As a result, 12 databases were obtained containing the sequences of R1 and R2 reads of multiple parallel sequencing, each database contained from 1768633 to 2346461 reads (table 2). The largest number of reads after sequencing was obtained from the sample of the Katta-Bugun River, the smallest from the sample of the Small Aral Sea. Thus, metagenomic sequencing of libraries obtained from water samples collected in different regions of the Aral - Syrdarya basin was carried out to study the diversity of bacteriophages.
3.2.3 Sequencing quality assessment and preliminary bioinformatics analysis of sequencing reads

Quality control of obtained sequencing databases was performed using the Fast QC program. Качество полученных последовательностей проверено с помощью программы Fast Quality Control (FastQC) which produces several different statistics that allow you to evaluate the quality of short reads (figure 12). Figure 12 shows an example of a general assessment of the quality of nucleotide sequences by the FastQC program. In this graph, the X-axis represents the position of the nucleotide in the read, and the Y-axis represents its quality.
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1 – Small Aral sea (near Kokaral dam), 2 – Bogen River, 3 – Shardara Reservoir, 4 – Keles River,  5 - Syrdarya river (at the place where the waste channel from irrigated fields flows into the river), 6 – Katta-bugun River.

Figure 11 - Quality of the genomic libraries
Table 2 - Description of databases obtained after sequencing
	Genomic library
	Number of reads
	GC-content
	Minimum read length
	Maximum read length

	Shardara Reservoir 
	R1
	2169637
	47,0
	35
	301

	
	R2
	2169637
	47,0
	35
	301

	Small Aral Sea
(near Kokaral dam)
	R1
	1768633
	51,0
	35
	301

	
	R2
	1768633
	51,0
	35
	301

	Syrdarya river 
	R1
	2074483
	44,0
	35
	301

	
	R2
	2074483
	44,0
	35
	301

	Bogen River
	R1
	1769680
	47,0
	35
	301

	
	R2
	1769680
	47,0
	35
	301

	Katta-Bugun River
	R1
	2346461
	46,0
	35
	301

	
	R2
	2346461
	46,0
	35
	301

	Keles River
	R1
	2198506
	49,0
	35
	301

	
	R2
	2198506
	49,0
	35
	301
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А – before processing, B – after processing
Figure 12 – Quality control of the obtained reads
Analyzed the summary data for the nucleotides at specific positions in all reads: the green area contains nucleotides with the best quality, beige - with acceptable quality, and red - with low quality. As shown, on average, about 10% of all obtained reads had a Q value below 20 and was unacceptable. The length of the reads varied from 35 to 301 nucleotides. The percentage of GC content varied from 46% to 59%. After removal of sequence adapters and reads with low quality, sequences showing acceptable quality required for further processing were obtained. In this case, the average length of reads varied from 210 to 284 nucleotides (figure 12 B, table 3).

Table 3 – Statistical analysis of the sequencing databases
	Statistical information
	Sequencing databases

	
	r. Keles
	r. Katta-Bugun
	r. Bogen
	r. Syrdarya
	Shardara Reservoir
	Small Aral Sea

	Before QC: Sequences Count
	2,198,506
	2,346,461
	1,769,680
	2,074,483
	2,169,637
	1,767,754

	Before QC: Mean Sequence Length
	211 ± 87 bp
	205 ± 88 bp
	264 ± 56 bp
	286±62

bp
	211 ± 87

bp
	264 ± 56 bp

	Before QC: Mean GC percent
	49 ± 10 %
	46 ± 9

%
	47± 10

%
	44± 10

%
	47± 10

%
	51± 10

%

	Post QC: Sequences Count
	2,093,657
	2,034,847
	1,615,951
	1,919,889
	2,035,948
	1,749,537

	Post QC: Mean Sequence Length
	213 ± 82 bp
	210 ± 84 bp
	262 ±50 bp
	284±58

bp
	213 ± 82

bp
	263 ± 55 bp

	Post QC: Sequences Count
	49 ± 10 %
	46 ± 9

%
	47± 10

%
	44± 10

%
	47± 10

%
	51± 10

%


For a fast and accurate metagenomic classification of large databases based on comparison with known reference data, there are several fast metagenomic classifiers based on a comparison of genomic k-mers. However, for nucleotide comparisons using a fixed length of k-mers, there is often not enough sensitivity to overcome the evolutionary divergence between selected species and genomes in a reference database. Therefore, we used the Kaiju metagenome classifier, which finds maximum (in-)exact matches on the protein-level using the Burrows–Wheeler transform. Kaiju can classify more reads with higher sensitivity and similar precision compared with current k-mer-based classifiers, especially in genera that are underrepresented in reference databases. For the taxonomic classification of metagenomic data was carried out using a database of non-redundant proteins: bacteria, archaea, viruses, fungi, and microbial eukaryotes (NCBI BLAST nr + euk). Greedy mode allowing five amino acid substitutions during the search was used. As a result of preliminary bioinformatic analysis with the specified processing parameters, it was shown that up to 99.5% of the sequences were taxonomically classified.
Thus, the quality of sequencing was assessed, after the removal of sequence adapters and reads with low quality, preliminary bioinformatic analysis showed that up to 99.5% of the annotated reads belonging to the main domains of cellular organisms and viruses.
3.2.4 Bioinformatics analysis of the databases obtained after sequencing of the prepared genomic libraries to assess viral diversity
After metagenomic classification of sequencing data, it was found that the database of the studied samples contains the sequences of archaea, bacteria, eukaryotes and viruses. At the same time, the largest number of reads belongs to prokaryotes and eukaryotes, the minimum number belongs to archaea. Viral sequences in the studied samples accounted from 0.9% to 5.2% (figure 13), the largest amount of viral reads was found in the Small Aral Sea, the smallest number was determined in the sample of "high level of pollution"  (r. Keles) and in the normatively pure sample (r.Katta-bugun), in the remaining samples their amount was within 3.5%. According to figure 13, in all studied samples, regardless of the pollution level, the maximum number of reads referred to the prokaryotic fraction (bacteria), their amount ranged from 72.6% to 86.2%. The bacterial part (73%-86%) of the metagenomes is probably overvalued due to the erroneous classification of metavirome sequences of prophage, because, according to the databases and the annotation programs used, they are of bacterial origin [45].
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X-axis – Breakdown of the sequences into viruses, bacteria, archaea and eukaryote, in %, y-axis – investigated samples: 1 - Shardara Reservoir, 2- r. Syrdarya, 3 – Small Aral Sea, 4 - r. Bogen, 5 - r. Katta-Bugun, 6 - r. Keles.

Figure 13 – Content and structure of the viromes
The largest number of eukaryotic sequences was determined in the samples from the Small Aral Sea and the Shardara reservoir. In the remaining samples, eukaryotic sequences accounted for 9-10%. In all studied samples, the least represented group were archaea, the percentage of their sequences was within 1%.
Viromes analysis showed that in all samples, up to 69% of the viral sequences belonged to the group of uncultivated prokaryotic viruses. Among classified by the type of nucleic acid, the group of viruses with dsDNA genome was a most common group in all investigated samples, the number of their sequences ranged from 31% to 54% (figure 14). A smaller percentage of sequences among the obtained metagenomic data sets related to viruses with ssDNA viruses, and maximum amounted to 1% of the number of viral reads.
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X-axis – percentage of viral groups, y-axis – investigated samples: 1 - Shardara Reservoir, 2- r. Syrdarya, 3 – Small Aral Sea, 4 - r. Bogen, 5 - r. Katta-Bugun, 6 - r. Keles.
Figure 14 – Relative distribution of viromes
It was established that among the viral sequences affiliated with dsDNA, the majority belonged to tailed bacteriophages of the Caudovirales order, consisting of the Myoviridae, Siphoviridae and Podoviridae families and eukaryotic viruses of the Phycodnaviridae (7% - 25%), Mimiviridae (2% - 5.6%) and Herpesviridae (0.99% - 3.7%) families. Among taxonomically unclassified sequences, the largest numbers belonged to dsDNA phages (3.5%-8.3%) and dsDNA to eukaryotic viruses (up to 10.4%) (figure 15). 
An analysis of annotated sequences revealed 26 dsDNA families of viruses (Table 4) that infect bacteria, algae, birds, fish, insects, humans, etc., and all of the above described families comprised 91%  - 96,4% of all identified viruses with dsDNA genome.
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X-axis – percentage of viral groups, the “Other” category pools families that represented the smallest number of dsDNA virome sequences, y-axis – investigated samples: 1 - Shardara Reservoir, 2- r. Syrdarya, 3 – Small Aral Sea, 4 - r. Bogen, 5 - r. Katta-Bugun, 6 - r. Keles.
Figure 15 – Taxonomic composition at the viral family level of dsDNA virome
Table 4 – Viruses diversity of dsDNA virome
	Virus Family
	Primary Host


	Relative Abundance (% of dsDNA Viral Sequences)

	
	
	Shardara Reservoir
	r. Syrdarya
	Small Aral Sea
	r. Bogen
	r. Katta-Bugun
	r. Keles

	1
	2
	3
	4
	5
	6
	7
	8

	Caudovirales
	Bacteria
	56,78
	63,42
	64,96
	55,94
	50,91
	63,00

	Phycodnaviridae
	Algae
	15,28
	13,14
	12,14
	24,52
	22,84
	6,82

	Mimiviridae
	Amoeba
	3,71
	3,23
	2,54
	2,05
	5,57
	3,18

	Herpesviridae
	Animals, including humans
	2,01
	2,28
	1,83
	0,99
	1,82
	3,71

	unclassified dsDNA phages
	Bacteria
	7,95
	5,47
	8,27
	4,61
	3,51
	7,85

	unclassified dsDNA viruses
	-
	9,34
	7,14
	6,63
	8,20
	10,42
	6,43

	Poxviridae
	Birds, mammals
	1,10
	1,14
	0,68
	0,66
	1,06
	1,89

	Baculoviridae
	Insects
	0,78
	0,85
	0,58
	0,52
	1,03
	1,60

	Adenoviridae
	Mammals
	0,42
	0,42
	0,35
	0,23
	0,47
	0,95

	Papillomaviridae
	Birds, mammals
	0,51
	0,51
	0,28
	0,76
	0,25
	0,75

	"unclassified archaeal

dsDNA viruses"
	Archaea
	0,14
	0,32
	0,25
	0,12
	0,17
	0,33

	Marseillviridae
	Amoeba
	0,37
	0,22
	0,21
	0,19
	0,34
	0,46

	Alloherpesviridae
	Fish, amphibians
	0,28
	0,20
	0,19
	0,17
	0,17
	0,34

	Iridoviridae
	Insects, amphibians, fish, invertebrates
	0,67
	1,08
	0,65
	0,57
	0,79
	1,12

	

	Continuation of table 4

	1
	2
	3
	4
	5
	6
	7
	8

	Ascoviridae
	Invertebrates
	0,14
	0,08
	0,08
	0,09
	0,15
	0,28

	Nudiviridae
	Insects, marine crustaceans
	0,04


	0,09


	0,08


	0,05


	0,13


	0,28



	Polydnaviridae
	Insects
	0,14
	0,11
	0,07
	0,10
	0,10
	0,17

	Polyomaviridae
	Birds, mammals
	0,05


	0,04


	0,06


	0,06


	0,08


	0,14



	Nimaviridae
	Crustaceans
	0,13
	0,07
	0,04
	0,05
	0,04
	0,08

	Asfaviridae
	Insects, pigs
	0,08
	0,08
	0,03
	0,04
	0,06
	0,14

	Tectiviridae
	Bacteria
	-
	0,01
	0,02
	0,02
	0,01
	0,24

	Lipothrixviridae
	Archaea
	0,04
	0,08
	0,02
	0,02
	0,02
	0,06

	Malacoherpesviridae
	Molluscs
	0,01
	0,01
	0,01
	-
	-
	0,01

	unclassified Herpesvirales
	Animals, including humans
	-
	-
	0,01
	0,01
	0,01
	0,05

	Bicaudaviridae
	Archaea
	0,01
	-
	0,01
	0,01
	0,01
	0,06

	Rudiviridae
	Archaea
	0,02
	-
	0,01
	0,02
	-
	0,02

	Fuselloviridae
	Archaea
	0,01
	0,01
	-
	0,02
	0,02
	0,03

	Ampullaviridae
	Archaea
	-
	-
	-
	-
	-
	0,03


Among the ssDNA virome, representatives of 8 families were identified (figure 16). It was shown that significant hits were belonging to the Geminiviridae, their number ranged from 28% to 32% of the number of detected ssDNA viral sequences. It was followed by the Anelloviridae (17%), Parvoviridae (13.6% - 21%), Microviridae (9.5% - 26%) and Circoviridae (5.8% - 15%) families. The smallest number of sequences of ssDNA viruses belonged to the Spiraviridae, Inoviridae, and Nanoviridae families. The samples also contained unclassified ssDNA  reads within 7%.
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X-axis – percentage of viral families (of total sequences of ssDNA viruses), y-axis – investigated samples: 1 - Shardara Reservoir, 2- r. Syrdarya, 3 – Small Aral Sea, 4 - r. Bogen, 5 - r. Katta-Bugun, 6 - r. Keles
Figure 16 – Taxonomic composition at the viral family level of ssDNA virome
Thus, the diversity of DNA virome in various water bodies of the Aral-Syrdarya basin was studied. It was found that the number of viral sequences varied from 0.9% to 5.2%, among them the most numerous were viruses with dsDNA. An analysis of annotated sequences revealed 26 dsDNA families of viruses, among them the largest number belonged to the Caudovirales order and the Phycodnaviridae, Mimiviridae, and Herpesviridae families. Taxonomic analysis of ssDNA virome revealed the presence of 8 families of viruses: Anelloviridae, Circoviridae, Geminiviridae, Parvoviridae, Nanovirida, Spiraviridae, Inoviridae, and Microviridae.
3.3 Creation of laboratory collection of bacteriophages and development of practical recommendations on the possible use of bacteriophages as an indicator of the ecological state of water bodies
3.3.1 Comparative analysis of the bacteriophages biodiversity in the reservoirs of the Aral-Syrdarya basin, depending on the ecological state of the environment
In accordance with the planned work plan, a taxonomic classification of metagenomic databases obtained as a result of high-throughput sequencing of nucleic acid isolated from various water samples of the Aral-Syrdarya basin was carried out. For comparative analysis of the diversity of bacteriophages, water bodies with different levels of pollution were selected: a normatively pure sample (Katta-Bugun River and Bogen River), a sample of a high level of pollution (the Keles), and 3 samples of a moderate pollution level (Shardara reservoir, Syrdarya River and the Small Aral). Taxonomic classification was carried out using the Kaiju program using a database of non-redundant proteins: bacteria, archaea, viruses, fungi, and microbial eukaryotes (NCBI BLAST nr + euk). After analysis of the obtained metagenomic databases, it was found that most of the detected sequences of bacteriophages belonged to the Caudovirales order, which includes the Myoviridae, Siphoviridae, and Podoviridae families (figure 17). Among them, the most dominant were the Myoviridae and Siphoviridae families; in total, their number reached 60% of dsDNA the virome. A smaller percentage of the sequences among this order of phages belonged to the Podoviridae family. An exception is a normatively pure sample (Katta-Bugun River), in which the number of the Podoviridae sequences prevailed over Siphoviridae sequences, and was comparable to the number of sequences of the Myoviridae family.
A comparative analysis of bacteriophages of the Myoviridae family revealed up to 24 phage species in each of the studied samples (table 5).
As a result of the analysis of the phage sequences, it was found that from 8% to 17% of the sequences belonged to bacteriophages affecting the autochthonous microflora of the reservoir, such as Synechococcus, Prochlorococcus, and also Pelagibacter, with the exception of a sample of a high level of contamination (Keles River) in which bacteriophages of 
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X-axis – исследованные образцы: investigated samples: 1 - Shardara Reservoir, 2- r. Syrdarya, 3 – Small Aral Sea, 4 - r. Bogen, 5 - r. Katta-Bugun, 6 - r. Keles, y-axis – percentage of viral families (of total sequences of dsDNA viruses)
Figure 17 – The ratio of the main families of bacteriophages in the investigated samples
Table 5 – Comparative analysis of the species diversity of bacteriophages
	Bacteriophages
	Shardara Reservoir

	r. Syrdarya
	Small Aral Sea
	r. Bogen
	r. Katta-Bugun
	r. Keles

	1
	2
	3
	4
	5
	6
	7

	Synechococcus phage
	10,99*
	11,72
	7,13
	5,18
	5,30
	2,20

	Cyanophage
	1,13
	1,53
	1,35
	1,02
	0,90
	0,34

	Prochlorococcus phage 
	1,18
	2,36
	1,08
	1,08
	1,21
	0,41

	Pelagibacter phage 
	1,04
	1,12
	0,93
	0,78
	0,74
	0,22

	Acinetobacter phage
	0,25
	1,02
	0,31
	0,86
	0,40
	0,60

	Aeromonas phage
	0,32
	0,33
	0,50
	0,35
	0,21
	0,59

	Bacillus phage 
	0,49
	0,71
	0,49
	0,32
	0,41
	1,11

	Burkholderia phage
	0,04
	0,04
	0,21
	0,04
	0,09
	0,25

	Caulobacter phage
	0,24
	0,24
	0,35
	0,16
	0,28
	0,07

	Cronobacter phage 
	0,19
	0,23
	0,25
	0,24
	0,28
	0,25

	Erwinia phage 
	0,22
	0,17
	0,27
	0,21
	0,25
	0,34

	Escherichia phage
	0,12
	0,22
	0,41
	0,20
	0,20
	0,47

	Enterobacter phage
	0,30
	0,23
	0,17
	0,07
	0,12
	0,22

	Pseudomonas phage
	0,52
	0,75
	0,90
	0,45
	0,83
	0,83

	Arthrobacter phage
	0,01
	0,00
	0,07
	0,01
	0,03
	0,05

	Bdellovibrio phage
	0,04
	0,05
	0,10
	0,00
	0,06
	0,09

	Cellulophaga phage
	0,01
	0,00
	0,07
	0,05
	0,03
	0,17

	Clostridium phage
	0,03
	0,00
	0,02
	0,01
	0,03
	0,07

	Campylobacter phage 
	0,00
	0,00
	0,01
	0,01
	0,01
	0,08

	Edwardsiella phage
	0,05
	0,04
	0,01
	0,04
	0,04
	0,09

	Flavobacterium phage
	0,02
	0,00
	0,07
	0,03
	0,03
	0,08

	

	Continuation of table 5

	1
	2
	3
	4
	5
	6
	7

	Pectobacterium phage
	0,00
	0,12
	0,13
	0,08
	0,06
	0,10

	Vibrio phage
	0,12
	0,04
	0,05
	0,02
	0,01
	0,05

	Mycobacterium phage
	0,27
	0,07
	0,50
	0,02
	0,23
	0,29

	Unclassified
	0,20
	0,22
	0,16
	0,08
	0,10
	0,22

	* - Percentage of bacteriophage sequences in the samples ((of total sequences of dsDNA viruses)


autochthonous microflora accounted for only 3.2% of the species diversity. In total, the largest number of sequences of cyanobacterial and Pelagibacter viruses was found in a sample of moderate pollution level (Syrdarya river).
Among the bacteriophages of the allochthonous microflora, sequences of Acinetobacter, Aeromonas Mycobacterium bacteriophages, as well as phages infecting bacteria of coliform bacteria, such as Enterobacter and Escherichia were found. Acinetobacter phages also prevailed in the r. Syrdarya, in smaller amount were present in the samples of the Shardara reservoir and the Small Aral Sea. Aeromonas and E. coli зhages, in addition to к. Keles, also predominated in the sample from the Small Aral Sea. The maximum numbers of Enterobacter bacteriophages were found both in samples of moderate pollution levels (Sharadara reservoir, Syrdarya river) and in the sample of high pollution (Keles river), the lowest number in normatively pure water bodies (in the Katta-Bugun and Bogen rivers). Also, in all the studied samples, sequences of Vibrio phages that cause infections in molluscs, crustaceans, fish and humans, as well as mycobacterial phages, the number of which prevailed in samples from the Keles River and the Shardara reservoir, were identified.
Thus, taxonomic classification and comparative analysis of metagenomic data  showed that among the viral sequences, bacteriophages with a dsDNA genome of the Caudovirales order were dominated. Based on the results of studying the species diversity of the Myoviridae family, a spectrum of not only autochthonous viruses typical for hydroecosystems, but also bacteriophages, the hosts of which are various microorganisms that cause diseases of humans and animals, was identified. Moreover, the number of viruses of allochthonous microflora prevailed not only in samples of high and moderate levels of pollution, but also in normatively pure samples.
3.3.2 Isolation and description of bacteriophages typical for reservoirs of the Aral-Syrdarya basin

Bacteriophages were isolated from a sample collected from the Keles River belonging to the Aral-Syrdarya basin. Escherichia coli strain 753 was used as an indicator bacterial culture. As a result of selective passages, 6 bacteriophages were isolated. In accordance with the specificity, the phages were named: vB_Eco_K1, vB_Eco_K2, vB_Eco_K3, vB_Eco_K4, vB_Eco_K5, vB_Eco_K6. The isolated phages were investigated according to the properties having taxonomic significance: 1) morphology of plaques; 2) lytic activity and 3) specificity. The morphology of plaques was studied by plating the obtained phage lysates on 2% nutrient agar together with a 18-24 hour of indicator bacterial culture. Observation of plaque-forming units was carried out after 18-20 hours of incubation at a temperature of 37 ° C. As negative control, culture of indicator bacteria plated on nutrient agar mixed with sterile PBS was used (table 6).
Table 6 – Description of the isolated E. coli bacteriophages

	Bacteriophage

Strain
	Morphotype of plaques
	Isolation source
	Phage titer by Gratia
	Lytic activity by Appelman

	vB_Eco_K1
	clear plaque with a diameter of ≈ 3 mm  with a zone of incomplete lysis with a diameter of up to 8 mm

	Water sample from the Keles River, Saryagash city 41°26'54.8" N, 69°11'08.8" E
	1,1±0,1х109
	10-8

	vB_Eco_K2
	clear plaque with a diameter of ≈ 4 mm  with a zone of incomplete lysis with a diameter of up to 8 mm
	
	8±0,3х108
	10-8

	vB_Eco_K3
	clear plaque with a diameter of ≈ 3 mm  with a zone of incomplete lysis with a diameter of up to 7 mm
 
	
	2±0,1х107
	10-6

	vB_Eco_K4
	clear plaque with a diameter of ≈ 3 mm  with a zone of incomplete lysis with a diameter of up to 7 mm 
	
	3±0,1х107
	10-6

	vB_Eco_K5
	clear plaque with a diameter of ≈ 1.5 mm  with a zone of incomplete lysis with a diameter of up to 5 mm 
	
	1±0,1х108
	10-7

	vB_Eco_K6
	clear plaque with a diameter of ≈ 2 mm  with a zone of incomplete lysis with a diameter of up to 6 mm 
	
	2±0,1х108
	10-7


Host range of the phages was determined by spotting 1 ml of phage lysate onto the bacterial isolate lawn cultures to be tested. Four E. coli strains and two Ps. aeruginosa strains and 1 strain of Bacillus subtilis were used for studying of host range. It was found (table 7) that the isolated bacteriophages, in addition to the indicator culture, lysed 2 more E. coli strains (4325, 4238), but were inactive against Ps. аeruginosa and Bacillus subtilis strains, therefore, it can be concluded that isolated phages possessed specificity for E. coli.
Table 7 – Spectrum of lytic activity of the isolated phages
	Bacteriophage
	Lytic activity

	
	E. coli 753
	E. coli K99
	E. coli 4325
	E. coli 4238
	Ps.aeruginosa 325
	Ps. aeruginosa 153
	Bacillus subtilis

	vB_Eco_K1
	+
	-
	+
	+
	-
	-
	-

	vB_Eco_K2
	+
	-
	+
	+
	-
	-
	-

	vB_Eco_K3
	+
	-
	+
	+
	-
	-
	-

	vB_Eco_K4
	+
	-
	+
	+
	-
	-
	-

	vB_Eco_K5
	+
	-
	+
	+
	-
	-
	-

	vB_Eco_K6
	+
	-
	+
	+
	-
	-
	-


Thus, 6 strains of bacteriophages were isolated that lyse E. coli strains. All isolated strains of bacteriophages had a high titer of viral particles, a significant level of lytic activity, from 10-7 to 10-8, and host species-specificity.
3.3.3 Creation of a laboratory collection of bacteriophages typical for reservoirs of the Aral-Syrdarya basin
In accordance with the work schedule, for creation of laboratory collection of bacteriophages, propagation of all isolated bacteriophage strains was carried out, after obtaining of purified phage lysates the titer of viral particles by Gratia was determined. The obtained phage lysates were centrifuged and filtered through bacterial filters, and were stored under sterile conditions at 4 ... 8 ° C.

Thus, based on the conducted metagenomic studies on diversity of phages of the reservoirs of the Aral-Syrdarya basin, a laboratory collection of 6 strains of bacteriophages lysing E. coli, and database on fragments of genomes of representatives of 7 viral families were created. The database is presented on the site http://fitovir.b2s.kz/collection.html.
3.3.4 Development of practical recommendations for the possible use of bacteriophages as an indicator of the ecological state of reservoirs
Based on the results of a metagenomic study of the viral diversity of water bodies in the Aral-Syrdarya basin with different ecological sates, practical recommendations were developed on the possible use of bacteriophages as an indicator of the ecological state of water bodies, including the main sections: 1) scope; 2) objects of research; 3) basic materials, equipment and reagents; 4) general rules for sampling from various water bodies; 5) methods for concentrating viruses from water samples; 6) a technique for construction of genomic libraries, their sequencing and data processing (appendix A).
CONCLUSION
As a result of the research, the following main results were obtained:
Using published data for 2017-2018, an analysis of the ecological state of various reservoirs of the Aral-Syrdarya basin was carried out. It was shown that the reservoirs of the region belong to three groups of pollution level. The Keles River belongs to a highly polluted reservoir. The Bogen and Katta-Bugun rivers are considered to be normatively clean water bodies. Shardara reservoir, the river Syrdarya and the Small Aral Sea are classified as sites with a moderate level of pollution. Samples were collected from all three groups of water bodies. After stepwise concentration, nucleic acids were isolated from the collected samples and metagenomic libraries were constructed.
High throughput sequencingof 6 metagenomic libraries was carried out on the MiSeq instrument using the MiSeq Kit v3. As a result of which 12 databases were obtained, each of which contained from 1768633 to 2346461 reads.  After removal of low quality reads and adapters, taxonomic classification was carried out, as a result it was shown that the number of viral sequences ranged from 0.9% to 5.2%. Among them, up to 26 families of dsDNA viruses were identified, the majority belonged to the Caudovirales order and the Phycodnaviridae, Mimiviridae, and Herpesviridae families. Taxonomic analysis of the ssDNA virome revealed the presence of 8 virus families: Anelloviridae, Circoviridae, Geminiviridae, Parvoviridae, Nanovirida, Spiraviridae, Inoviridae, and Microviridae.

It was shown that, in addition to autochthonous viruses typical for water ecosystems, aquatic samples contain bacteriophages of microorganisms that cause diseases in humans and animals. A laboratory collection of 6 strains of bacteriophages lysing E. coli, and database on fragments of genomes of representatives of 7 viral families were created. Practical recommendation for possible use of bacteriophages as an indicator of the ecological state of reservoirs was developed. According to the research results, 13 works were published, of which 4 are included in the international database.
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M3BECTHO, 4TO BUPYCHI ARISIOTCS OIHHM H3 OCHOBHBIX CTPYKTYPHBIX 3¢ MEHTOB GHOJIOr HUeCKHX
€00011ecTB BOIHBIX IKOCHCTEM. OHH OKa3bIBAIOT 3HAYHTENLHOE RIMAHUE HA BUIOBOI COCTAB, Pa3HOO0-
PasHe 1 YHCICHHOCTb GAKTEPHAT bHBIX IOMYJIALINIA, @ TAKKE HIMEHSIOT HANIPARICHHE N10TOKA BEWIECTBA H
SHepIUH B MUKPOGHOH n1eTiie. B CBOIO 04ep b, BHPYChI BOLHBIX SKOCHCTEM MO HIH KOCBEHHO BIHAIOT
Ha GHOreOXHMHYECKHE LHKJIBI, CTIOCOOCTBY K0T YCKOPEHHIO KPYTOBOPOTA YITIEPOJIa B OKEaHe H Ha ra3000-
MeH MEK/TY TOBEPXHOCTBIO OKeaHa HaTMOC(EpOi, AKTHBHO RIMSIOT Ha COCTOR HHE GHOCHCTEM U ARIAIOT-
Al KIII0YEBbIM OHOLEHOTHYECKHM KOMITOHEHTOM. [TosTy YeHie HOBBIX 3HAHMIT O IMHAMHKE B3AHMOOTHO-
wenHi BHPYC — KIETKA — XO35HHY H O BHPYCHOM Pa3HOOGPA3H [103BOIHT BKIIOUHTS BHPYCHBIH KOMIIO-
HeHT B Oy/1ylme MPOrHOCTHYECKHE MOJIEIH H3MEHEHHI OKPY/KalOwIeH CPe/ibl H MOBBICHTD HX TOUHOCTD.

Boub10ii HHTepeC UIs M3y YeHH s PE/CTABIAIOT BOJAH ble BUPYChI cemeiictBa Phycodnaviridae,
KOTOpOE cocTonT 13 Gobimx By uenodedHbix JIHK BUpYCOB, NOpaxaiomyx 3yKapHoTHIECKHE BOIO-
pocian. Msyuenne storo cemeiicrsa Gakrepuodaros npeacrasisier GobIoe IKOIOrHIECKOe 3HAYCHHE,
TaK KaK OHO OKA3bIBAET 3HAUN TE/ILHOE BJIHS HUE HA PA3BUTHE NIONYIISLINI O/IHOKJIETOUHbIX BOJOPOCIIEH,
TEM CAMBIM H3MEHSS! IMHAMHKY T0TOKA GHOTEHHBIX BEILECTB B ITHLIEBLIX LIETIAX BOAHBIX IKOCHCTEM.

L{e/1b10 IPe ACTABIISEMBIX HCCIE0BANMIE SRISLIOCH H3yUEHHE PA3HOOGPA3Hs BHPYCOB CeMelicTBa
‘Phycodnaviridae B ipecHOBOJIHOI 9KOCHCTEME HA MOJIE/IH ITPECHOIT YacTH o3epa basxamr.

U3 06pasua, otoGpannoro B npeckoii uacTi o3epa basxau (46°49'24.9” N 74°58'51.7” E), Gbuta
BBIE/ICHA TOTA/IbHAS HY KJICHHOBAS KHCJIOTA 1 T10.Ty4e Hbl OHOIHOTEKH JUI METATCHOMHOTO CEKBEHHPO-
Banus. [locsie NpoBeIeH s MHOXKECTBEHHOT O IIAPAIUIEILHOr O CEKBEHHPOBAHHS 1 GHOHHpOpMAaTHUecKOit
06pabOTKH MOy YEHHBIX JAHHBIX ObLJIO Y CTAHOBJIEHO, YTO H3 BCEX 0OHAPYKEHHBIX BUPYCHBIX 10C/E10-
BATEJILHOCTEH KOJIMYECTBO NOCIEA0BATENLHOCTE I BUPYCOB cemeiicrsa Phycodnaviridae coctasisio
11%. Takske Gbu10 nI0Ka3aHO, 4T0 cemeiicTBo Phycodnaviridae npe/icTaBieHo BCeMH OCHOBHBIMH POJia-
s Chlorovirus, Coccolithovirus, Phaeovirus, Prasinovirus, Prymnesiovirus. TIpn 3Tom 6110 HOKa3aHo
BBICOKOE COIEPKAHHE HEKIACCH(HIIMPOBAHHBIX BHPYCOB, JI0KA3bIBAIONIMX IO PAHUECKYIO YHHKA b~
HOCTB HCCIIEYEMOTO BOAOEMA.

OBnapyKenHe WHPOKOTo PasH00Bpa3Hs BUPYCOB cemeiictsa Phycodnaviridae, nopaxaioutnx.
BOZIOPOCITH, KOCBEHHBIM 00PA30M CBHETELCTBYET O HAMYHH B IPECHOI YacTH 03epa Basnxau Gonbwo-
0 BH0BOTO Pa3Hoo6pasus GUTOIIIAHKTOHA, YTO ABJIAETCSH HEOTHEMIIEMOT KOMIIOHEHTOii Giarononyy-
HOM SKOCHCTEMbI H TOBOPHT O €€ YCTOHUHBOCTH K BO3ACHCTBHIO BHELIHUX HETaTHBHBIX (PAKTOPOB.
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MPHTH 34.25.29

M.C. ATIEKCIOK, A.I1. BOTOSIBIIEHCKHIT, ILT. AJIEKCIOK. K K. KYMAHOB, E.C.
MOJITAXAHOB, K.C. AKAHOBA. 3.11. AHAPKYJIOBA. 3.C. OMHPTAEBA.
A.C. TYPMATAMBETOBA, B.3. BEPE3NH
TOO «Hay4Ho-NPOR3BOACTBSRHBII LCHTP MIKPOSHOTIOFHH  BUPYCOTOTID, I ATMATEL

CPABHHTE.IbHBIIl METATEHOMHBII AHATH3 IOCJIETOBATEIBHOCTEN
®ATOB OTPATA CAUDOVIRALES B PEKAX HTH H ChIPTAPBS

AHHOTAIHS
B KatecTBe HHQEKIHONHBIX ATEHTOB BeeX THIIOB MBEIX OPFAHH3MOB BHPYCH ABITOTCE HAHGOTee

Ppa3HooOpasHeM. B CBS3H C 3THM, BHPYCHl H HX Pa3sHOOOpasHe, SBISETCH HEOTBEMIEMOH
YaCTBIO HCCTIeIOBARMI COCTOSHAS H OHOPA3HOOOPA3HA BOAHBIX SKOCHCTEM.

Iensio 1aHHOM PaGOTHI ABIATOCH CPABHHTEIBHOE H3YUEHHE PA3HOOOPAsHA BHPYCOB IPOKAPHOT
(6axtepHodaros) nopsxa Caudovirales B pexax Fori 1 CHipaapbs.

B pe3yIbTaTe MeTareHOMHOTO HCCTelOBAHNS 0GPA3LOB OTOBPAHHBIX 13 pek VLT 1 CHpIapss
BHARTHO HATHTHE TPEX OCHOBHBIX CeMeficTs mopwtka Caudavirales: Myoviridae, Siphoviridae u
Podoviridae. B peke Chipaapss cemeiicTso Myoviridae 610 mpeacTasaeso 15 posas, Siphoviridae — 3
ToxcemeficTeaMu H 21 poxom, Podoviridae — 15 pomamm. B pexe ImH naHHble ceMeficTBa ObLTH
npeacTasienst: Myoviridae - 21 poxow, Siphoviridae - 16 poxasu 1 Podoviridae - 11 poxasu. Tlpi
STOM OCHOBRYIO 9acT OT OOHAPY/KEHHBIX BHPYCHSIX TOCTe0BATETHHOCTeH, OTHOCKITNXCE K TOPETKY
Caudavirales, cocTaBIUTH He KIacCHpHIMpyeMble 7o poia OakTepmodarnm. MX WHCIEHHOCTH
BapsHPOBATa OT 33 710 70% OT 0BIIero KOTHIECTBA [IOCIeIOBATEMBHOCTel! ceMeficTBa

KiTioueBble ¢10B2: GAKTEPHOGAH, MeTareHOMHBI AHATHS, CeKBEHMPOBAHHE, GHOPA3HOOGpATIE,
aKocHcTeMa.
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Calendar work plan
Under contract No. _______ dated __________________2018

1. NAME OF THE CONTRACTOR:

RSE "Institute of Microbiology and Virology" CS MES RK

1.1 Priority: Life and Health Sciences
1.2 Fundamental and applied research in biology. 

- Environmental problems. Evaluating status and problem of plants and animals biodiversity preservation in the Republic of Kazakhstan. Scientific backgrounds of biological resources rational use reproduction.
1.3 Topic of the project: AP05131106 "Study of biodiversity of bacteriophages in environmentally adverse regions of the Aral-Syrdarya basin".
1.4 The total project cost is 24 000 000 (twenty four million) tenge, including with a breakdown by years, for the performance of work according to paragraph 3:

- in 2018 - 8,000,000 (eight million) tenge;

- in 2019 - 8,000,000 (eight million) tenge;

- in 2020 - 8,000,000 (eight million) tenge;

2. CHARACTERISTICS OF SCIENTIFIC AND TECHNICAL PRODUCTS BY QUALIFICATION SIGNS AND ECONOMIC INDICATORS
2.1 Direction of work: fundamental research
2.2 Application area: ecology, virology.
            2.3 Results: 

- in 2018: Samples of virus-specific nucleic acids from various reservoirs of environmentally adverse regions of the Aral-Syrdarya basin will be obtained.

A preliminary analysis of the environmental status of the various reservoirs of Aral-Syrdarya basin to identify locations of sampling will be conducted. Samples from the reservoirs of the Aral-Syrdarya basin with various ecological states to study the biological diversity of bacteriophages will be collected. Samples of virus-specific nucleic acids will be obtained for metagenomic analysis for the presence of bacteriophages and estimates of their diversity. According to the research results, one publication will be published in a domestic peer-reviewed scientific journal with a nonzero impact factor. Participation in the scientific conference will be taken.

- in 2019: Genomic libraries will be constructed and metagenomic study of bacteriophages of the Aral-Syrdarya basin will be carried out. Genomic libraries for metagenomic research will be constructed, massive parallel sequencing of the genomic libraries will be carried out. An assessment of the quality of sequencing and a preliminary bioinformatic analysis of the sequencing reads will be carried out, a bioinformatic analysis of the databases obtained after sequencing of the prepared genomic libraries to assess viral diversity will be carried out. According to the research results, one publication will be published in a domestic peer-reviewed scientific journal with a non-zero impact factor. Participation in the scientific conference will be taken.

- in 2020: Laboratory collection of bacteriophages will be created and practical recommendation for possible use of bacteriophages as an indicator of the ecological state of reservoirs will be developed. The results of assessing the biodiversity of bacteriophages in various reservoirs of the Aral-Syrdarya basin, depending on their ecological state, will be obtained. The bacteriophages of the reservoirs of the Aral-Syrdarya basin will be isolated and characterized, based on the selected strains the laboratory collection will be created, the database on fragments of viruses’ genomes typical for the Aral-Syrdarya basin will be compiled, practical recommendations for the possible use of bacteriophages as an indicator of the ecological state of reservoirs will be developed. According to research results (during 2018-2020) 3 publications will be published in foreign journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor (presumably in the journals: WaterEnvirRes, VirusDisease, Vopr. Virology, Arch.of.Virology) or a similar peer-reviewed foreign scientific journals indexed in the Web of Science or Scopus databases.

2.4 Patentability: research results are patentable.
2.5 Scientific and technical level (novelty): high.
2.6 The use of scientific and technical products will be carried out: by the Customer and the Performer jointly.

2.7 Type of the use of the result of scientific and (or) scientific and technical activities: publications, reports.
3. NAME OF WORKS, TERMS OF THEIR IMPLEMENTATION AND RESULTS

	Job code, stage
	Name of work under the Agreement and the main stages of its implementation
	Period of implementation
	Expected Result

	
	
	Start
	End
	

	1.
	Obtaining samples of virus-specific nucleic acids from various reservoirs of environmentally adverse regions of the Aral-Syrdarya basin.


	February 2018
	November 1, 2018
	A preliminary analysis of the environmental status of the various reservoirs of Aral-Syrdarya basin to identify locations of sampling will be conducted.

Samples from the reservoirs of the Aral-Syrdarya basin with various ecological states to study the biological diversity of bacteriophages will be collected.

Samples of virus-specific nucleic acids will be obtained for metagenomic analysis for the presence of bacteriophages and estimates of their diversity.

According to the research results, one publication will be published in a domestic peer-reviewed scientific journal with a nonzero impact factor. Participation in the scientific conference will be taken.

	1.1
	Analysis of aquatic ecosystems for studying the biodiversity of bacteriophages in environmentally adverse regions of the Aral-Syrdarya basin.
	February 2018
	 March 

2018 year
	A preliminary analysis of the environmental status of the various reservoirs of Aral-Syrdarya basin to identify locations of sampling will be conducted.

	1.2

	Sampling from ecologically favorable reservoirs of the Aral-Syrdarya basin for studying the biodiversity of bacteriophages.
	April

2018 year
	June

 2018 year
	Samples from  ecologically favorable reservoirs of the Aral-Syrdarya basin for studying the biological diversity of bacteriophages will be collected.

	1.3
	Sampling from environmentally adverse reservoirs of the Aral-Syrdarya basin for studying the biodiversity of bacteriophages.
	 July

2018 year
	September

2018 year

	Samples from  environmentally adverse reservoirs of the Aral-Syrdarya basin for studying the biological diversity of bacteriophages will be collected.



	1.4
	Obtaining of virus-specific nucleic acids from water samples collected in different regions of the Aral-Syrdarya basin.
	 October

2018 year
	November 1, 2018
	Samples of virus-specific nucleic acids will be obtained for metagenomic analysis for the presence of bacteriophages and estimates of their diversity.



	2.
	Genomic libraries construction and metagenomic research of bacteriophages of aquatic ecosystems of the Aral-Syrdarya basin.
	January 2019
	November 1, 2019
	Genomic libraries for metagenomic research will be constructed.

Massive parallel sequencing of the genomic libraries will be carried out .

An assessment of the quality of sequencing and a preliminary bioinformatics analysis of the sequencing reads will be carried.

Taxonomic analysis of the databases obtained after sequencing of the genomic libraries to assess viral diversity will be carried out.

According to the research results, one publication will be published in a domestic peer-reviewed scientific journal with a non-zero impact factor. Participation in the scientific conference will be taken.

	2.1

	Genomic libraries construction for metagenomic research of bacteriophages of aquatic ecosystems of the Aral-Syrdarya basin.
	January 2019
	 March

 2019 year
	Genomic libraries for metagenomic research will be constructed.



	2.2
	Massive parallel sequencing of prepared genomic libraries.
	April

2019 year
	 June 2019
	Massive parallel sequencing of the genomic libraries will be carried out.

	2.3
	Sequencing quality assessment and preliminary bioinformatics analysis of sequencing reads
	July

2019 year
	September

2019 year

	Sequencing quality assessment and preliminary bioinformatics analysis of sequencing reads

	2.4
	Bioinformatics analysis of the databases obtained after sequencing of the prepared genomic libraries to assess viral diversity
	October

2019 year
	November 1, 2019
	Bioinformatics analysis of the databases obtained after sequencing of the prepared genomic libraries to assess viral diversity will be carried out.

	3.
	Creation of a laboratory collection of bacteriophages and development of practical recommendations on the possible use of bacteriophages as an indicator of the ecological state of water bodies
	January 2020
	November 1, 2020
	Laboratory collection of bacteriophages will be created and practical recommendation for possible use of bacteriophages as an indicator of the ecological state of reservoirs will be developed. The results of assessing the biodiversity of bacteriophages in various reservoirs of the Aral-Syrdarya basin, depending on their ecological state, will be obtained. The bacteriophages of the reservoirs of the Aral-Syrdarya basin will be isolated and characterized, based on the selected strains the laboratory collection will be created, A database on fragments of viruses genomes typical for the Aral-Syrdarya basin will be compiled, practical recommendations for the possible use of bacteriophages as an indicator of the ecological state of reservoirs will be developed. According to research results (during 2018-2020) 3 publications will be published in foreign journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor (presumably in the journals: WaterEnvirRes, VirusDisease, Vopr. Virology, Arch.of.Virology)  or a similar peer-reviewed foreign scientific journals indexed in the Web of Science or Scopus databases.



	3.1
	Comparative analysis of the biodiversity of bacteriophages in the reservoirs of the Aral-Syrdarya basin, depending on the ecological state of the environment.


	January 2020
	 March

 2020 year
	The results of assessing the biodiversity of bacteriophages in various reservoirs of the Aral-Syrdarya basin, depending on their ecological state, will be obtained.

	3.2
	Isolation and description of bacteriophages typical for reservoirs of the Aral-Syrdarya basin.
	April

2020
	June

 2020 year
	The bacteriophages typical for reservoirs of the Aral-Syrdarya basin will be isolated and characterized.

	3.3
	Creation of a laboratory collection of bacteriophages typical for reservoirs of the Aral-Syrdarya basin.
	July

2020 year
	September

2020 year


	Laboratory collection of bacteriophages typical for reservoirs of the Aral-Syrdarya basin  and  the database on fragments of viruses’ genomes of the Aral-Syrdarya basin will be created.

	3.4
	Development of practical recommendations for the possible use of bacteriophages as an indicator of the ecological state of reservoirs.


	October

2020 year
	November 1, 2020
	Practical recommendations for the possible use of bacteriophages as an indicator of the ecological state of reservoirs will be developed.
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