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MICROBIOLOGICAL DETERMINANTS OF THE FUNCTIONING OF
LAKES IN WESTERN KAZAKHSTAN FROM THE PERSPECTIVE OF THE
FORESIGHT CONCEPT

Annotation. The article presents the results of microbiome studies conducted on
Lakes Glubinnoye, Brusyanoe, and Karasu, located in the West Kazakhstan region,
using high-throughput sequencing methods. The analysis revealed that unclassified
bacteria, along with representatives of the phyla Proteobacteria, Bacteroidota, and
Actinobacteriota, dominate in these aquatic ecosystems. The main differences among
the microbiomes of the three lakes are associated with the proportion of unassigned
bacterial taxa. It was also found that the taxonomic structures of the microbial
communities across the lakes share common features. All samples contained
representatives of Verrucomicrobiae, Gamma- and Alphaproteobacteria, Cyanobacteria,
Bacteroidia, Actinobacteria, and Acidimicrobiia. Beta diversity analysis indicated that
the microbiome composition varies depending on the sampling location. When
assessing the taxonomic composition, it was observed that the microbiomes from Lake
Glubinnoye are more similar to each other, while those from Lake Karasu, despite being
grouped in the same cluster, exhibit greater diversity. Samples from Lakes Glubinnoye
and Brusyanoe showed the presence of Candidatus Aquilinia (ranging from 2.6% to
7.5%) and relatively high levels of Algoriphagus (from 2% to 8%). A notable common
feature between samples from Lakes Glubinnoye and Karasu is the relatively high
abundance of the Methylophilaceae family (ranging from 1.3% to 3.8%).

Key words: microbiology; metagenomics; microbiome; lakes; taxonomic
composition.

Introduction

The lakes located within the Ural (Zhayyk) River basin in Western Kazakhstan
represent dynamic freshwater ecosystems characterized by pronounced physicochemical
and biological gradients. These variations are driven by fluctuations in salinity,
temperature, oxygen levels, nutrient concentrations, pH, and organic matter content.
Due to the high environmental variability, the systematic collection of comprehensive
datasets covering all ecosystem components is essential for effective monitoring of
ongoing ecological transformations. In some cases, such transformations lead to severe
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consequences such as eutrophication, shallowing, and even complete desiccation of
water bodies.

In recent decades, the region has witnessed a decline in fish stocks and a sharp
reduction in populations of commercially valuable fish species, primarily due to the
combined impacts of climate change and anthropogenic pressure. Microorganisms are a
vital component of aquatic biota, forming the base of the food web and serving as a
primary source of biomass for higher trophic levels.

The study of aquatic microbiomes using metagenomic technologies has a long
history. One of the pioneering studies in this field involved the microbiome of the
Sargasso Sea, conducted even before the advent of high-throughput sequencing. Today,
metagenomic research has significantly expanded, with modern technologies such as
Illumina sequencing—capable of reading short DNA fragments up to 600 nucleotides in
paired-end mode—and Oxford Nanopore sequencing, which allows for ultra-long reads
up to 1 million nucleotides [1, 2].

Current metagenomic workflows include DNA extraction, library preparation,
sequencing, and downstream bioinformatic analysis. These protocols have evolved into
highly standardized and efficient methodologies. Key research directions include
amplicon sequencing of taxonomically informative genes (e.g., 16S rRNA, 18S rRNA,
ITS) for detailed profiling of prokaryotic and eukaryotic diversity, as well as whole-
metagenome shotgun sequencing for functional characterization of microbial
communities [3].

Particularly valuable are studies that aim to correlate microbial community
dynamics with environmental variables, highlighting the potential of aquatic
microbiomes as bioindicators. These indicators can be used in environmental
assessment, detection of key functional taxa involved in processes such as pollutant
degradation, and ecosystem health monitoring [4, 5, 6, 7].

Due to the cosmopolitan distribution of many microbial taxa, findings from such
studies can be extrapolated across diverse geographic regions. The high metabolic
activity of microbial networks supports self-purification processes in aquatic
environments and offers potential for targeted biotechnological applications.
Recognition of the microbiome’s productive capacity, which often surpasses that of
macro-organisms, also prompts a reconsideration of how trophic status is assessed in
aquatic systems [8, 9, 10].

These considerations underscore the importance of developing new analytical
frameworks for ecological data and their practical implementation.

Objective of the Study:

To conduct a metagenomic analysis of microbiomes in inland lakes of Western
Kazakhstan, evaluating their potential use as bioindicators of environmental conditions.

Research Tasks:

Collection and preservation of lake water samples;

DNA extraction from lake water samples;

Construction of amplicon libraries targeting the 16S rRNA gene;

High-throughput sequencing using the Illumina platform;

Analysis of alpha and beta diversity, as well as the taxonomic structure of
lake microbiomes.
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Material and research methods

For metagenomic analysis, microbial communities were sampled from Lakes
Karasu, Glubinnoye, and Brusyanoe. Samples consisted of membrane filters containing
organic sediment obtained through filtration of lake water.

DNA extraction was performed by mechanically disrupting filters (previously
cut into four pieces) using glass beads (0.1 mm and 0.5 mm diameter) on a Precellys
homogenizer (6000 rpm, 30 seconds) in 1 mL of CTAB extraction buffer (1x: 0.05 M
Tris-HCI, pH 8.0; 0.7 M NaCl; 0.01 M EDTA,; 1% CTAB), supplemented with 500 pL
of chloroform (chloroform:isoamyl alcohol, 24:1). Chloroform extraction was carried
out twice. DNA was precipitated using isopropanol (0.7 volume), washed with 70%
ethanol, air-dried, and resuspended in 20 pL of water.

Purified DNA was used for PCR amplification of the V4 region of the 16S
rRNA gene using universal primers F515 (GTGCCAGCMGCCGCGGTAA) and R806
(GGACTACVSGGGTATCTAAT) (Bates et al., 2010), along with Illumina adapters
and unique barcode sequences. PCR was carried out in a 15 pL reaction mixture
containing 0.5-1 U of Q5® High-Fidelity DNA Polymerase (NEB, USA), 5 pmol of
each primer, 1-10 ng of DNA template, and 2 nM of each dNTP (LifeTechnologies).
Thermal cycling conditions were: initial denaturation at 94 °C for 1 min, followed by 35
cycles of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s, with a final elongation at
72 °C for 3 min. PCR products were purified using the AMPure XP system (Beckman
Coulter, USA). Library preparation and sequencing were performed according to the
manufacturer's protocols using the Illumina MiSeq platform with the MiSeq® Reagent
Kit v3 (600-cycle paired-end reads, 2x300 bp).

Initial data processing, including demultiplexing and adapter trimming, was
performed using Illumina software. Subsequent steps, including denoising, read
merging, chimera removal, and generation of amplicon sequence variants (ASVs), as
well as taxonomic classification based on the SILVA 16S rRNA reference database
(release 132; Quast et al., 2013), were conducted using the dada2, phyloseq, and
DECIPHER packages in the R programming environment.

Taxonomic visualization and summaries were generated using the QIIME
software package (Caporaso et al., 2010). Alpha and beta diversity analyses were
performed using QIIME2 (Bolyen et al., 2019). For normalization, rarefaction was
applied to a depth of 8031 reads per sample. Alpha diversity was assessed using several
metrics: observed_ASVs, Chaol, Simpson’s evenness index, and Shannon index, the
latter of which accounts for both richness and evenness. Beta diversity was estimated
using both weighted and unweighted UniFrac distance metrics. A phylogenetic tree
was constructed using the SEPP algorithm (fragment insertion of representative
sequences into a reference tree) with the SILVA database, implemented via the
fragment-insertion sepp plugin in QIIME2.

Research results

In this study, 36 amplicon libraries were sequenced, each yielding at least 20,000
reads. Initial taxonomic analysis identified over 4,000 taxa belonging to approximately
400 genera. The dominant groups included unclassified bacteria as well as
representatives of the phyla Proteobacteria, Bacteroidota, and Actinobacteriota.
Differences among the microbiomes of the three lakes were mainly reflected in the
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proportion of unassigned bacteria. However, at the lower taxonomic level of prokaryotic
genera, it became clear that each lake has a highly specific taxonomic composition.

An alpha diversity analysis was also performed, assessing species richness
(observed ASVs, chaol), phylogenetic diversity (Faith’s PD), community evenness
(Simpson), and the Shannon index, which accounts for both richness and evenness. The
results showed that the highest species richness was found in microbiome samples from
Lakes Glubinnoye and Brusyanoye, while the lowest richness was observed in samples
from Lake Karasu (see Table 1).

Table 1. Alpha diversity indices characterizing species richness (observed
ASVs, chaol, Shannon), phylogenetic diversity (Faith’s PD), and evenness (Simpson,
Shannon).

ILake lobserved_ASVs|chao1 ||Faith’s PD|Shannon|[Simpson|
Karasu  [607.4 l641.06/19036  [6.87  [0.979 |
Brusyanoye](699.0 |713.2 [230.8 7.1 l0.976 |
Glubinnoye||876.7 |898.3 2852 6.8 l0.974 |

A similar pattern was observed for phylogenetic diversity, with the highest
values in Glubinnoye samples, followed by Brusyanoye and Karasu. According to the
Shannon index, Brusyanoye samples had the richest and most even communities,
followed by Glubinnoye and Karasu. The Simpson index indicated that the most even
communities were in Glubinnoye and Brusyanoye samples.

Overall, the highest species richness (including phylogenetic diversity) and
evenness (Simpson index) were observed in samples from Lakes Glubinnoye and
Brusyanoye. Samples from Lake Karasu showed the lowest species and phylogenetic
diversity as well as lower evenness, as indicated by the Shannon index.

The taxonomic composition of microbiomes from the different lakes shared
common features. All samples contained bacterial groups such as Verrucomicrobiae,
Gamma- and Alphaproteobacteria, Cyanobacteria, Bacteroidia, Actinobacteria, and
Acidimicrobiia. However, comparative analysis revealed differences already at the class
level. Glubinnoye samples were characterized by a higher abundance of Acidimicrobiia
(2.6-3.8%), a low proportion of Cyanobacteria (0.8-1.3%), and a relatively small
fraction of Bacilli (0.5-0.7%) (see Figure 1).

Karasu samples showed an increased proportion of Cyanobacteria (8.2—-13.18%),
Alphaproteobacteria (7.6-12.1%), and Verrucomicrobiae (3.2-5.9%), presence of
Rhodothermia representatives (3.3-5.5%), and a decrease in Bacteroidia (5.5-6.7%).

Brusyanoye samples were marked by a high proportion of Cyanobacteria
(11.3%), the presence of unclassified Actinobacteriota (about 2%, not seen in other
samples), a large fraction of Actinobacteria (21.3-22.9%), increased Acidimicrobiia (2—
2.4%), appearance of Clostridia (3.7-4.2%) and Chlorobia (2.1-2.5%, though not in all
replicates), a decreased proportion of Alphaproteobacteria (1.7-2.7%), and broad
representation of Bacteroidia (16—30.3%). Bacilli were also present, comprising 1-3.4%
of the community.
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Figure 1 — Differences in the taxonomic composition of communities at the class
level.

Figure 2 shows that differences in taxonomic composition are also evident at a
lower taxonomic level (the genus level is illustrated for clarity). Based on these data, we
can identify the dominant taxa for each community.
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Figure 2 — Differences in the taxonomic composition of communities at the

genus level.

In the microbiome samples from Lake Glubinnoye, dominant groups include
unclassified members of the Rhodobacteraceae family (3.6-8.5%), the genus
Algoriphagus (2-8%), Microbacteriaceae family (4.7-7.6%), and unclassified members
of the Flavoracteriaceae family (3.3-6%). There is also notable dominance of
unclassified Candidatus Aquiluna (5.5-7.5%), uncultivable representatives of
Cryomorphaeaceae (4.5-5.7%), and unclassified Gammaproteobacteria (3.3-4.4%). A
substantial portion of the community is comprised of unclassified representatives of the
kingdom Bacteria (35-53%).

In samples from Lake Karasu, the dominant taxa, besides unclassified Bacteria
(44-46.5%), include bacteria such as Synechococcus (6.7-8.7%), unclassified
Gammaproteobacteria (5.1-13.4%), Cyanobium (8-12.6%), Microbacteriaceae (6—7%),
Vibrio (1.9-7.4%), and unclassified Rhodobacteraceae (3.3-7%).

For Lake Brusyanoye, dominance is observed in unclassified Bacteria (44-46%),
Sporichthyaceae hgl clade (10-10.7%), Cyanobium PCC-6307 (about 7%),
Flavobacterium (6—7%), and a group of unclassified Actinobacteria (around 6%).

Beta-diversity analysis showed that the taxonomic composition of microbial
communities varies depending on the sampling site (see Figure 3). According to the
weighted UniFrac metric, which reflects the qualitative composition of the community
(presence or absence of taxa), similarity in taxonomic composition is found only in the
microbiome of Lake Karasu. When comparing quantitative composition (weighted
UniFrac), similarity in taxonomic structure is observed in samples from Lake
Glubinnoye, whereas the microbiomes of samples from Lake Karasu, although clustered
together, show considerable divergence.
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Figure 4 — Beta diversity, weighted and unweighted UniFrac.

The results of the comparative analysis of community structures indicate that
water samples from different locations exhibit distinct uniqueness; however, groups of
samples with similar compositions can be identified, including those from Lakes
Glubinnoye and Karasu.

Conclusion
During the metagenomic analysis, dominant groups were identified, including
unclassified bacteria and representatives of the phyla Proteobacteria, Bacteroidota, and
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Actinobacteriota. Clear differences were observed among the three water bodies:
Karasu, Glubinnoye, and Brusyanoe.

Distinctive features can also be highlighted for the studied communities. For
example, samples from Lake Karasu are characterized by a high abundance of
cyanobacteria, predominantly from the genera Cyanobium and Synechococcus. A
similar pattern is seen in samples from Lakes Glubinnoye and Brusyanoe. Among the
Bacteroidota representatives, Algoriphagus is more typical for Glubinnoye, while
Flavobacterium dominates in Brusyanoe samples.

Distinctive groups for Glubinnoye samples include representatives of
Luteolibacter; for Karasu samples, Cyclobacteriaceae (about 4% of the community) and
an unclassified group of Verrucomicrobiae are notable; these are also characteristic for
Brusyanoe samples.

Additionally, the microbiomes of Lakes Glubinnoye and Brusyanoe commonly
contain Candidatus Aquilina (ranging from 2.6 to 7.5%) and relatively high levels of
Algoriphagus (2 to 8%). Among the shared traits between Glubinnoye and Karasu
samples is a relatively high presence of Methylophilaceae (1.3-3.8%).
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Cepraaunes H.X., Kakumen M.I'.

BOJIAITAK KOHHEIIIUACBIHBIH KAPACTAYBIHAH BATBIC
KA3AKCTAH OHIPIHAEI'T KOJIAEP/AIH @ YHKIUAJIBIK KY¥YMbICBIHBIH
MHUKPOBHUOJIOT'UAJIBIK IETEPMUHAHTTAPBI

Annortamnus. Makanana bateic Kazakcran oOnmbickiHnare! [ryOnnHOe, BpycsHoe
xaoHe Kapacy keniepiHiH MUKPOOHOMBIH JKOFaphl ©TKI3y KAaOLIETTI CeKBEHHUpIIEY SICIMEH
3epTTey HOTIXKesepi OepinreH. 3epTTenreH Ccy aiaplHAapbiHAa KiaccupukanusianOaran
OaxrepusiiapMeH Karap Proteobacteria, Bacteroidota >xone Actinobacteriota ¢purymaapsiaa
KATaThIH OKUIIepPIiH OachlM E€KEHIIN aHBIKTAIABL. YII KOJAiH MHKpOOHOMasaphl
apachlHJAFbl HETI3r1  albIpMaIbUIBIKTap —KiaccuduKkanusuianOaran —OaKTepusuIapIbIH
yiecine  kareictbl.  CoHmaii-ak,  opTypial cy  albIHIApBIHBIH ~ MHKPOOTBIK
KaybIM/IaCTHIKTApBIHBIH TAKCOHOMUSUTBIK KYPBUIBIMBIHA YKcac Oenriiep Oap ekeHi Oenrii
oonnel.  bapneik  ynrinepne  Verrucomicrobiae, Gamma- xone Alphaproteobacteria,
Cyanobacteria, Bacteroidia, Actinobacteria sxone Acidimicrobiia Tontapsl aHBIKTAIIBI.
Bera-opTypiisik Tangaybl MUKpOOHMOMAanapblH Kypambl YIT1 aly OpHbIHA OaiIaHBICTHI
eKeHIH KepceTTi. TakCOHOMUSUIBIK Kypamipl Oaranay OapbichiHIa [yOMHHOE KeiHIH
MHKpoOuomanapsl  0ip-Oipine kebipek ykcac Ooinica, Kapacy KemiHIH MHKPOOTHIK
KaybIMJIaCTBIKTaphl, Oip KiacTepre Kipce A€, OpTYPIUIri KOFapbl €KEHi aHBIKTAJIbI.
I'myounHoe sxoHe BpycsiHoe kenaepinin yiritepinae Candidatus Aquilinia (2,6-man 7,5%-
Fa JICHiH) JKOHE calbICThIpMaibl Typae korapbl Algoriphagus menmepi (2-men 8%-ra
nevin) anbiktanapl. CoHbIMEH Katap, [yOunHOe skoHe Kapacy kesnjepiHiH yiriiepinae
Methylophilaceae orGacbiHa >xaraThlH MHKpPOOpPraHU3MICPIIH aitapibikraii comysr (1,3-
teH 3,8%-ra nieliin) oprak Oelri peTiHze aTan eTuUl.

Kint ce3aep:  MukpoOHOIOrHs;, METareHOMHKA, MHKPOOHOM;  Kejiep;
TaKCOHOMUSIIBIK KYPaM.
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Cepraamnes H.X., Kakumen M.T'.
MHUKPOBHUOJIOI'HYECKHUE JETEPMHUHAHTbBI
OYHKIIMOHUPOBAHMUSA O3EP 3AITA/THOI'O KA3BAXCTAHA C TOYKHA
3PEHUA KOHIENIIAU ®OPCAWTA

AHHoTanmsA. B craThe mpeacTaBieHbl pe3ysbTaThl UCCIEI0BAaHUM MUKpOOHOMa
03ép I'mybunnoe, bpycsnoe u Kapacy, pacmonoxeHHbIX B 3amaaHo-Kazaxcranckoi
00JIacTH, BBIIIOJHEHHBIX C HCIHOJB30BAHUEM METO/a BBICOKOIIPOU3BOIUTEIHLHOIO
CeKBCHMPOBAHHUS. YCTAHOBJICHO, YTO B HCCIEAyeMBIX BOJOEMax MpeoliagaroT
HeKJ1acCU(UIMPOBAaHHBIE OAKTEpUH, a TaKkXkKe MpeAcTaBuTeNnd GuirymoB Proteobacteria,
Bacteroidota u Actinobacteriota. OcHoBHbIE paznuuust MEKIY MUKpoOMOMaMH TPEX
03¢p KacaloTcsi [OJM HeaTpuOyTHpOBaHHBIX Oakrepuil. Takke BBISIBIEHO, YTO
TAaKCOHOMMYECKasi CTPYKTypa MHUKPOOHBIX COOOIIECTB PAa3JIMYHBIX BOJOEMOB HMEET
CXoJHbIe 4epThl. Bo Bcex mpobax oOHapysKeHbI Takue TpynIbl, kak Verrucomicrobiae,
Gamma- wu Alphaproteobacteria, Cyanobacteria, Bacteroidia, Actinobacteria u
Acidimicrobiia. Ananu3 Oera-pazHOOOpa3usi IMOKaszaj, YTO COCTaB MHUKPOOHOMOB
3aBUCUT OT Mecta oTOopa mpoO. Ilpu oleHKe TaKCOHOMUYECKOTO COCTaBa OBLIO
BBISIBIIEHO, YTO MHUKpPOOMOMBI M3 o3epa [nmyOmHHOE 001a7aroT OOJNBIIEH CXOXKECTBHIO
MEX]ly co00ii, B TO BpeMs Kak MUKpOOHbIe cooOIiecTBa 3 o3epa Kapacy, HecMoTpst Ha
MOTaJlaHue B OJUH KJIACTep, IEMOHCTPUPYIOT Ooibiee pa3HooOpasue. B mpobax u3
03ép I'mybunnoe u bpycsnoe obnapysxeno mpucyrcteue Candidatus Aquilinia (ot 2,6
1o 7,5%) u otHOCHTENBHO BBICOKOE coaepikanue Algoriphagus (ot 2 mo 8%). Kpome
TOTr0, Kak obmas yepta npod u3 03p Inmybunnoe n Kapacy ormeuaercs 3HaUUTENbHOE
npucytctBue cemeiictBa Methylophilaceae (ot 1,3 no 3,8%).

KiawueBble cjoBa: MHKpOOMONOTHS; METareHOMHUKA, MHKPOOHMOM; 03epa;
TaKCOHOMHYECKHUM COCTaB.
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