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Abstract

Once one of the largest lakes by area, the Aral Sea’s water level decreased drastically
within the last 60 years due to climate change and anthropogenic activity. This resulted in the
emergence of several distinct saline and hypersaline water reservoirs, such as the Small Aral
Sea, the West Aral Sea, and Chernyshev Bay.

This study is focused on: 1) the characterization of the epilimnion phytoplankton and
bacterioplankton communities of the Chernyshev Bay and northern parts of West Aral Sea,
and 2) the correlation of phytoplankton and bacterioplankton biodiversity to the set of
environmental variables (e.g., temperature, conductivity, salinity, pH, and nutrient
concentration). To accomplish this, water samples were collected from the Chernyshev Bay
and the West Aral Sea (expedition Aral-2022), which were further analyzed by full-length
16S rRNA next-generation sequencing (NGS) for bacterioplankton diversity, and imaging
flow cytometry (IFC) for phytoplankton diversity. The obtained bacterioplankton diversity
was further analyzed using alpha-diversity metrics via Shannon and Simpson indices and
Non-metric MultiDimantional Scaling (NMDS tests). Lastly, the effect of enviroronmental
parameters was analyzed using the Principal Component Analysis (PCA). According to the
IFC results, Chernyshev Bay, but not the Western Aral Sea, was dominated in October 2022
by Dunaliella spp.(up to 98%), which confirms the final separation of Chernyshev Bay Lake.
Several filamentous cyanobacteria, diatomic algae, and representatives of Aulacoseira,
Aphanocapsa, and Pediastrum genera were detected in Chernyshev Bay’s water samples.
NGS-based taxonomical analysis of bacteriome showed that there is a diversity dissimilarity
between Chernyshev Bay and West Aral Sea and strong similarity among littoral and limnetic
points within the Chernyshev Bay. According to the PCA result, conductivity and ammonium
concentration were the most important environmental parameters. The patterns described here
represent the first observation of bacteriome and phytoplankton distribution in Chernyshev
Bay and West Aral parts of the former Aral Sea.

The significance of this study is the contribution to our current knowledge of
biodiversity in the Aral Sea, using a combined approach of NGS and IFC analysis. The
obtained data can potentially enhance the limnological research of local and foreign
hypersaline lakes across the globe.

Next-generation sequencing and imaging flow cytometry analysis of the
microbial communities of Aral Sea remnant lakes.

Alyamdar Askerov
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Chapter 1 — Introduction

1.1 Literature Review
1.1.1 Aral Sea disaster

Until 1960, the basin of Aral Sea was the 4th largest lake by area after Caspian Sea in
Eurasia, Lakes Superior in North America and Lake Victoria in Africa (Izhitskiy et al., 2014;
Shi et al., 2014; Massakbayeva et al., 2019). After that the drying process started, and the
level of Aral Sea fall drastically within the last 60 years (Micklin, 2007; Yapiyev et al., 2017a;
Ayzel and Izhitskiy, 2018; Izhitskaya et al., 2019). Intensive studies were conducted to
analyze the reason behind one of the major environmental catastrophes of the last century
(Raskin et al., 1992; Zavialov et al., 2003; Izhitskiy et al., 2016). It is usually considered that
the main reason behind this change is a dual impact of anthropogenic processes and climate
change (Micklin, 1988; Raskin et al., 1992; Izhtskiy et al., 2014; Yapiyev et al., 2017a;
Chaudhari et al., 2018; Karami 2018).

Several expeditions and satellite altimetry measurements were conducted to describe
the effect of anthropogenic activity on the dynamics of water level of the Aral Sea (Micklin,
1988; Zavialov et al., 2003; Micklin, 2007; Singh et al., 2012). According to them, the process
began due to difference in the water inflow from Amu Darya and Syr Darya rivers, which are
two major water suppliers of the sea (Zavialov et al., 2003; Micklin, 2007; Yapiyev et al.,
2017a). The process began with the decrease in the water inflow from the Amu Darya river,
which in turn caused the split of the Aral Sea into northern (Small Aral) and southern (Large
Aral) parts (Zavialov et al., 2003; Izhitskiy et al., 2014; Izhitskaya et al., 2019). The process
of drying continued in both parts until the establishment in 2005 of the Kok-Aral dam in the
Small Aral, which restored its levels by accumulating the water coming from Syr Darya river
in the north, but still there was a channel connecting it with the Chernyshev Bay (Micklin,
2007; Plotnikov et al., 2016; Aladin et al., 2020; Massakbayeva et al., 2020). However, such
measure was not possible in the Large Aral, and the drying process continued, which in turn
split it into the West Large Aral Sea (shortly West Aral Sea) and the East Large Aral Sea
(shortly East Aral Sea) (Micklin, 2007; Singh et al., 2012). Due to the differences in the
amount of evaporation and precipitation between the eastern and western parts of Large Aral
Sea, the East Aral Sea completely disappeared (Micklin, 1988; Singh et al., 2012). The next
step was the partial segregation of Chernyshev Bay (which located in the north of West Aral
Sea) from the main waters of West Aral Sea, which were connected by the seasonally
reappearing narrow water channel (Figure 1) (Oberhénsli et al., 2007; Izhitskaya et al., 2019;
Sapozhnikov and Kalinina, 2019). Lastly, during our expedition in 2022, we observed the full
separation of the Chernyshev Bay from the main waters of West Aral Sea.



Figure 1. The change of Aral Sea profile: A) change over the last 6 decades (Aladin et al., 2018) B) the
satellite image of Aral Sea territory taken on August 19, 2019, by Landsat 7 (the picture was used with the
permission of Dr. Kanat Samarkhanov).

1.1.2 Aral Sea stratification

After the Aral Sea had segregated into several distinct water reservoirs, it was confirmed
that each lake within the system had uneven precipitation and evaporation rates and this
difference affects the temperature and salinity levels of the sea inducing the stratification
process (Micklin, 1988; Small et al., 2001; Zavialov et al., 2003; Oberhinsli et al., 2007;
Shurigin et al., 2019). The stratification process of the West Aral Sea was enhanced by the
inflows of warmer and less salty waters from the East Aral (Zavialov et al., 2003; Boehrer
and Schultze, 2008; Roget et al., 2009; Izhitskiy et al., 2014). From the data obtained in 2015,
the stratified layers were present in the West Aral Sea and Chernyshev Bay (Izhitskaya et al.,
2019). After the disappearance of the East Aral Sea, the western part still obtained seasonal
stratification, which presumably was affected by the mix of groundwater due to the position
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of the tectonic plates, which provides the supply of water that differs in its consistency (Jarsjo
and Destouni, 2004; Oberhinsli et al., 2007; Boehrer and Schultze, 2008). In addition to the
groundwater and external inflow, lake stratification may be originated from the process of
photosynthesis of the microorganisms located at the epilimnion layer (uppermost layer) of the
sea (Boehrer and Schultze, 2008). Lastly, the water interchange existed among the West Aral
Sea, Chernyshev Bay, and Small Aral Sea through seasonal connections of water channels
(Plotnikov et al., 2016; Aladin et al., 2020).

1.1.3 Aral Sea biodiversity

These dramatic changes created an endemic environment and impacted the biodiversity
of the Aral Sea (Izhitskiy et al., 2016; Shurigin et al., 2019). The early studies were majorly
focused on the change of the biodiversity of macroorganisms. However, according to
Sapozhnikov and Kalinina (2019), the last large organisms inhabiting the Aral Sea were two
fish species (Atherina boyeri caspia, Platichthys flesus luscus) and one bivalve mollusk
species (Syndosmya segmentum), which died out approximately in 2004 when the salinity
levels reached 90ppt. It was stated in the works of Cretaux et al. (2005), that by reaching the
levels of 300-350ppt, bacteria would become the only surviving organism. Starting from the
last decade the levels of salinity in the Aral Sea reached extremely high, which allowed only
hypersaline-tolerant microorganisms to survive (lzhitskiy et al., 2016; Sapozhnikov and
Kalinina, 2019; Shurigin et al., 2019). At that point, the interest in the microbiome
characterization of the Aral Sea had increased. The initial methods of investigation of water
microorganisms involved light and electron microscopy. It was pointed out in the works of
Sapozhnikov and Kalinina (2019) that the most diverse group of organisms inhabiting the
Aral Sea are microorganisms, predominantly diatoms (Navicula spp, Nitzschia spp,
Halamphora spp) and cyanobacteria (Planktolyngbya spp, Synechocystis salina). Only in
recent years, there have been some trials in using molecular biology technigues, such as Next
Generation Sequencing or gradient gel electrophoresis, to describe the biodiversity of the
microbiome, providing the data of Archaea and saline-adapted Bacteria species (Izhitskiy et
al., 2016; Shurigin et al., 2019; Begmanov et al., 2020; Alexyuk et al., 2021; Gao et al., 2021,
Jiang et al., 2021). Unfortunately, majorly those studies were performed on the territory of
Uzbekistan.

Prolonged exposure of lake surface to warm atmosphere favors the extensive growth of
microbiome species and lake stratification (Sorokin et al., 2014; Yang et al., 2016). While the
surface layers of thermally stratified lake may become warm and oxygen-rich, the bottom
layers may stay cold and anoxic initiating biodegradation of organic matter, which in turn
contributes to the methane accumulation (Izhitskaya et al., 2019). Additionally, the seasonal
existence of channels, connecting West Aral Sea, Small Aral Sea and Chernyshev Bay,
increases the stratification level and impacts the biodiversity of the corresponding region
(Oberhénsli et al., 2007; Plotnikov et al., 2016; Izhitskaya et al., 2019; Aladin et al., 2020).
The problems of surface blooms and bottom layer methane release enhances the lake
stratification, and consequently impacts the climate change through the release of greenhouse
gases (Raskin et al., 1992; Small et al., 2001; Boehrer and Schultze, 2008; Yapiyev et al.,
2017b; Izhitskaya et al., 2019). That’s why understanding the behavior of phytoplanktonic
microbiome within the stratified lakes remains an important topic of research.
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1.1.4 Phytoplankton investigation methods

There are several possible investigation methods of phytoplankton diversity analysis.
The first method used for the analysis of the phytoplankton is light microscopy. This method
primarily depends on the visual investigation of samples, where the classification is based on
the morphological characteristics of organisms (Franks and Keafer, 2003; Guillard and
Morton, 2003). This method is usually considered a standard method for phytoplankton
characterization, but still, it highly depends on the level of the researcher’s expertise. Also, if
the species have high morphological similarity, it becomes even harder to differentiate them.
An alternative method of optical analysis is imaging flow cytometry (IFC), which also
provides the opportunity to differentiate the phytoplankton organisms according to their
morphological features (Sellner et al., 2003; Dashkova et al., 2017; Mirasbekov et al., 2021).
One of the IFC tools is the FlowCAM (YYokogawa Fluid Imaging Technologies, USA), the
instrument that combines cytometry- and microscopy-based analysis (Dashkova et al., 2017;
Stauffer et al., 2019). In addition to the visual images of the organisms, this tool allows one
to precisely observe the sizes and diameters of cells within the fluid (Sellner et al., 2003;
Stauffer et al., 2019).

1.1.5 Bacterioplankton investigation methods

As was mentioned above, in recent years the Next-Generation Sequencing (NGS)
approach became a popular method of investigation, that provided us variety of tools (Gupta
and Verma, 2019). There are several generations of the NGS that involve various
technologies, such as pyrosequencing, reversible terminator sequencing, sequencing by
ligation, Nanopore technologies , etc. (Szabo et al., 2017; Pichler et al., 2019; Gupta and
Verma, 2019; Aszalos et al., 2020; Esenkulova et al., 2020) An examples of the sequencing
platforms for the analysis of environmental samples are MiSeq by Illlumina (USA) and
MinlON Oxford Nanopore (UK) (Yang et al., 2016; Winand et al., 2019; Aszal6s et al., 2020
Esenkulova et al., 2020). Among these types of sequencing instruments preferences usually
be given based on the aim of the research, since both of them have their advantages and
disadvantages (Winand et al., 2019; Nygaard et al., 2020; Egeter et al., 2022). For example,
sequencing platforms from Illumina (USA) have a lower rate of error during the sequencing,
but they use shorter reads which decrease the sensitivity (Yang et al., 2016; Winand et al.,
2019; Aszalos et al., 2020; Nygaard et al., 2020). On the other hand, Oxford Nanopore (UK)-
based platforms use longer reads that allow researchers to identify the microbiome community
diversity, however, it has a higher error percentage compared to Illumina (USA) (Nygaard et
al., 2020; Mirasbekov et al., 2021; Egeter et al., 2022; Meirkhanova, 2022). Several studies
suggested that the best option is to use them together in order to minimize the limitations of
both methods (Winand et al., 2019; Egeter et al., 2022). Besides, the NGS approach can be
used by itself for bacterioplankton analysis or it can be complimentary to the standard optical
analysis such as light microscopy or IFC during phytoplankton analysis. (Yang et al., 2016;
Mirasbekov et al., 2021; Meirkhanova, 2022).
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1.2 Hypothesis

Considering the above-mentioned information this research was based on a complex
approach, where the IFC analysis of phytoplankton was complemented by the Nanopore
sequencing for characterization of the microbiome biodiversity up to the picoplankton level.
It is hypothesized that the distribution of phytoplankton and bacterioplankton communities
differ in the Chernyshev Bay from the West Aral Sea with the change in environmental
variables of the two respective regions.

1.3 Aims

In order to test this hypothesis, a sequence of experiments was performed with a respect
to the following aims:

Aim 1: To characterize the phytoplankton and bacterioplankton communities of West
Aral Sea and Chernyshev Bay water samples by IFC and Oxford Nanopore-based NGS
techniques respectively.

Aim 2: To analyze the relationships between microbiome diversity and environmental
variables.

Chapter 2 — Materials and methods

2.1 Rationale

The method selection was based on the abovementioned aims. The water samples were
collected in October 2022. As mentioned in aim 1 the main method of sequencing was Oxford
Nanopore-based sequencing and the water samples in parallel were analyzed by imaging flow
cytometry. Prior to the sequencing, a set of preparatory steps, such as DNA extraction and
library construction was performed. The second aim is based on the establishing of
relationship between quantitative data on phytoplankton and bacterioplankton diversities, and
the differences in environmental variables such as pH, temperature, conductivity,
phosphorous, and nitrogen concentrations. After finishing the data acquisition, the data
analysis was conducted using the set of software such as Guppy, Kranken2, and Bracken.
After this step was accomplished, the statistical analysis was performed, including a-diversity
analysis, principal component analysis (PCA), and non-metric multidimensional scaling
(NMDS) with a help of Graphpad (USA), and primer 7 (USA) software. A schematic
overview of the experimental procedure is shown in Figure 2.
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Figure 2. Schematic overview of the experimental process.

2.2 Experimental plan

2.2.1 Water sample collection

The process of sample collection was taken place during the expedition (Aral-2022) in
the Chernyshev Bay and the West Aral Sea between October 3, 2022, and October 8, 2022.
A total of 13 points were selected for the sample collection, where 11 of them were located
in the Chernyshev Bay, and two were in the West Aral Sea. Then for each point, the
temperature, pH, and conductivity were measured using a set of multimeters. The collected
water was separated for further experiments, namely hydrochemistry, IFC, and Nanopore-
based sequencing. The samples for IFC were fixed with 1% glutaraldehyde to preserve their
natural state. The samples for sequencing were filtered immediately after collection, and the
filters were stored in liquid nitrogen. The process was a collaborative effort of all members
of Dr. Barteneva’s lab.
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2.2.2 Hydrochemistry analysis

2.2.2.1 Phosphorous content analysis

The total phosphorous concentration can be quantified by the conversion of inorganic
phosphorous and organic-bound phosphorous into orthophosphate molecule (EPA, 1993).
The principle consists of compound oxidation using potassium persulfate (K2S20sg). The
conversion process involves a series of different compound mixing dissolved in sulphuric
acid solution. A sample with orthophosphate produces an antimony-12-phosphomolybdenum
acid, when ammonium heptamolybdate ((NH4)sM07024) and potassium antimony (I11) oxide
tartrate (K2(Sb0O)2CgH4010) are added into the solution. Then the produced compound is
mixed with the ascorbic acid which in turn produces the compound, called molybdenum blue,
which amount is proportional to the orthophosphate content within the water sample. All 13
samples were analyzed according to this protocol, and the content of molybdenum blue was
measured using spectrophotometer Evolution 300 (Thermo Fisher Scientific, USA) at 880nm.
The absorbance values were compared to the calibration curve (attached in the Appendix 4),
which was constructed according to the same protocol.

2.2.2.2 Nitrogen content analysis

The determination of the total inorganic nitrogen content was based on the measuring
of concentration of the three most abundant ions within the sample, namely ammonium,
nitrate, and nitrite ions. The measuring process was based on the Palintest protocol (YSI,
USA):

Ammonium ion:

This method was based on the indophenol method, where ammonia reacted with
alkaline salicylate, the resulting compound produces green-blue indophenol complex. This
complex developed yellowish color and was proportional to the ammonia concentration. The
absorbance of the complex was measured using the YSI 9500 Photometer (USA) at 650nm.

Nitrate ion:

This method was based on the reduction of nitrates to nitrites, and further determination
by a diazonium reaction. This reaction of nitrites with sulfanilic acid forms reddish colored
complex at the presence of N-(1-naphthyl)-ethylene diamine. The reddish complex’s
absorbance was measured using the YSI 9500 Photometer (USA) at 500nm and was
proportional to the amount of nitrite ions. Zinc-based powder was used as a reaction catalyst.
The standard protocol required the additional step of centrifugation for zinc-based powder
removal from the solution. However, this concentration involved initial and reduced nitrite
ions. To find the corrected concentration of nitrate ions it was required to find the
concentration of initial nitrites.
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Nitrite ion:

This method was similar to the nitrate concentration determination test, but it lacked the
reduction stage, which means that only the initial nitrates present in the samples reacted with
sulfanilic acid and formed reddish colored compound at the presence of N-(1-naphthyl)-
ethylene diamine. The reddish complex concentration was measured using the YSI 9500
Photometer (USA) at 500nm and was proportional to the amount of nitrite ions initially
present in the sample.

2.2.3 Imaging flow cytometry analysis

Priorly fixed samples were analyzed using the IFC technique. This procedure was done
using FlowCAM VS-4 benchtop imaging flow cytometer (Yokogawa Fluid Imaging
Technologies, USA). The FlowCAM instrument (Yokogawa Fluid Imaging Technologies,
USA) was calibrated according to the manufacturer’s protocol followed by the process of data
acquisition from the liquid samples. Recommended magnification, which is suitable for
phytoplankton analysis, was set up on the x10 objective in autoimage mode (Mirasbekov et
al., 2021). This process was performed with a help of other lab members. The personal
contribution involves the analysis of the obtained images using the VisualSpreadsheet
software version 4 (Yokogawa Fluid Imaging Technologies, USA). Analysis of
phytoplankton genera was conducted using the manual selection and semi-manual mode of
software (Dashkova et al., 2017; Mirasbekov et al., 2021). The subsets of the genera were
created based on statistical filtering where the threshold value would be established to the
highest score value (Mirasbekov et al., 2021). The likeness value of an image was compared
to the threshold value, where the images with the higher value were selected (Mirasbekov et
al., 2021).

2.2.4 Next-generation sequencing

2.2.4.1 DNA extraction

The Whatman glass microfiber filters (Merck KGaA, Germany), pore size of 1.2 um
contained the material for sequencing and were stored in liquid nitrogen. Then after arriving
back to the lab they were transferred to the -80°C fridge. After taking the samples from the
fridge, the next stage was the DNA extraction. It was performed using the DNEasy
Powerwater Kit (Qiagen, Germany). The standard manufacturer’s DNA extraction protocol
(Qiagen, Germany) was used for this purpose. According to the protocol, the samples were
lysed by vortexing in the lysis buffer containing glass beads. The next step was the removal
of proteins and inhibitors, followed by the DNA capturing in the spin column and the DNA
elution. The concentration of eluted DNA will be further measured by Nanodrop
(ThermoFisher Scientific, USA). Extracted DNA will be stored in the Eppendorf tubes
(Germany) at -20°C.

2.2.4.2 Library construction

The process of library preparation for DNA sequencing started with PCR amplification.
For this purpose, the 16S Barcoding Kit 1-24 (SQK-16S024) (Oxford Nanopore
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Technologies, UK) was used for the barcoding of DNA samples. The procedure was
conducted according to the manufacturer protocol, for which the set of following reagents is
needed: 1) SuL of nuclease-free water; 2) 25uL DreamTaqg Hot Start PCR Master Mix; 3)
10uL of the corresponding 16S primer pair: (27F (5'-AGAGTTTGATCCTGGCTCAG-3')
and 1492R (5'-TACGGYTACCTTGTTACGACTT-3")); 4) 10uL of DNA solution, where
the DNA had 10ng by mass. The thermocycler was set up as follows: 1) Initial denaturation
for 1 min at 95°C; 2) denaturation for 20 sec at 95°C (x 25 cycles); 3) Primer annealing for
30 sec at 55°C (x 25 cycles); 4) Extension for 2 min at 65°C (x 25 cycles); 5) Final extension
for 5 min at 65°C. The obtained PCR products were cleaned using the AMPure XP beads
(Beckman Coulter, USA), followed by the addition of sequencing adapters. In order to ensure
the presence of DNA after abovementioned stages, the DNA concentration was measured
after PCR amplification and PCR product purification using Nanodrop (ThermoFisher
Scientific, USA).

2.2.4.3 Nanopore-based sequencing

After the library preparation step, the sample was sequenced using the MinlON Mk1C
device (Oxford Nanopore, UK). The process started with the priming of FLO-MIN106D flow
cell (Oxford Nanopore, UK) using the flow cell priming kit EXP-FLP002 (Oxford Nanopore,
UK). The next step was the mixing of the DNA library with loading beads, followed by the
sequencing run which last about 40 to 46 hours.

2.2.4.4 Raw data analysis

Data analysis starts with data formatting followed by data analysis. Firstly, the
sequencing data should be converted from raw data (FAST5 format) to analyzable data
(FASTQ format) through the process of basecalling by Guppy neural network-based
basecaller integrated into the MinlON Mk1C device (Oxford Nanopore, UK). Further data
manipulation involves several procedures:1) automatical demultiplexing and filtration
(quality score of 7 and above) of the reads using Guppy (Oxford Nanopore, UK); 2) quality
assessment using the NanoPlot package (https://github.com/wdecoster/NanoPlot); 3)
classification of demultiplexed reads against SILVA database (v. 138.1) using Kraken2
(https://github.com/DerrickWood/kraken2), based on the exact k-mer matches to enhance the
classification speed and accuracy up to genus level; 4) calculation of relative abundances
using Bracken (https://github.com/jenniferlu717/Bracken); 5) taxonomical analysis using
Pavian tool (https://github.com/fbreitwieser/pavian).

2.2.5 Statistical analysis

The statistical analysis involves the description of microbial communities based on the
alpha diversity and Dbeta diversity metrics using Vegan R  package
(https://github.com/vegandevs/vegan) and PRIMER-7 (PRIMER-e, New Zealand). It was
used for a-diversity analysis, non-metric multidimensional scaling (NMDS) and principal
component analysis (PCA).
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2.2.6 Permits and approvals

This research did not require approval from NU IREC because it did not involve the
work with human subjects or human material. The samplings were collected from the public
area of northern parts of the West Aral Sea, that’s why no additional permit required.
Additionally, one of the members of the expedition was a representative of the Barsakelmes
Nature Reserve, and field works were conducted with the representative’s participation.

Chapter 3 — Results

3.1 Water sample collection

Overall, there was 13 water samples collected during the expedition conducted in
October 2022. The samples were categorized according to the ecological zone and
geographical location of collection. Table 1 provides the summary of the collected samples
location and ecological zone category. According to it all points were assigned as follows: 7
points from the Chernyshev Bay’s limnetic zone (CH_LIM_1 — CH_LIM_7), 4 points from
the Chernyshev Bay’s littoral zone (CH_LIT_1 — CH_LIT_4), and 2 points West from the
West Aral Sea’s littoral zone (WAL — WA2).

Table 1. Summary of the collected samples’ location.

Point Name: Ecological Zone: Geographical Location:
CH_LIM_1 Limnetic Chernyshev Bay
CH_LIM_2 Limnetic Chernyshev Bay
CH_LIM_3 Limnetic Chernyshev Bay
CH_LIM_4 Limnetic Chernyshev Bay
CH_LIM_5 Limnetic Chernyshev Bay
CH_LIM_6 Limnetic Chernyshev Bay
CH_LIM_7 Limnetic Chernyshev Bay
CH_LIT_1 Littoral Chernyshev Bay
CH_LIT_2 Littoral Chernyshev Bay
CH_LIT 3 Littoral Chernyshev Bay
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CH_LIT 4 Littoral Chernyshev Bay

WALl Littoral West Aral Sea

WA2 Littoral West Aral Sea

* before the publication of a journal paper the geographical coordinates are available only
upon request to Pl of the project

3.2 Hydrochemistry analysis

The hydrochemistry analysis is the process of measuring the following water
parameters: 1) pH; 2) temperature; 3) conductivity; 4) total phosphorous concentration; 5)
nitrite concentration; 6) nitrate concentration; 7) ammonium concentration. Table 2
summarizes the above-mentioned water parameters across 13 points and the control group of
ultrapure H20.

Table 2. Summarized hydrochemistry dataset.
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Temperature, pH, and conductivity were measured on the field, while the other
measurements were conducted in the laboratory. The measurements of ion concentrations
required an initial process of serial dilutions (initial measurements are attached to Appendix
3). Ultrapure H>O was used as the negative control in each measurement conducted in the
laboratory. The graphical visualization is represented in Figure 3.
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Figure 3. Summary of hydrochemistry measurements conducted in the Chernyshev Bay and the West Aral
Sea. The x-axis (A-E) indicates the corresponding locations. The y-axis indicates a corresponding parameter as
follows: A) pH; B) Temperature; C) Conductivity; D) Total phosphorous concentration; E) Ammonium ions
concentration.

According to the pH measurements (Figure 3A), the values ranged from 7.10 up to 7.75
in the Chernyshev Bay, while in the West Aral Sea from 7.69 to 7.75. Overall, the values fell
into the slightly alkaline zone. Since points WA1 and WAZ2 had the highest pH values, it may
indicate that the West Aral Sea had higher alkalinity compared to the Chernyshev Bay. During
comparison of ecological zones of Chernyshev Bay, the average values of pH were equal to

7.44 and 7.40 for the limnetic and littoral zones respectively, indicating almost identical
acidity.

The temperature measurements (Figure 3B) differed across all points, and the tendency
of temperature difference was dependent upon the time they were collected. Consequently,
the comparison of geographical and ecological differences was not attainable.
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With the exception of CH_LIM_1 and CH_LIT_1, the conductivity measurements
(Figure 3C) of Chernyshev Bay indicated similar values across limnetic and littoral zones,
and ranged from 189 mS/cm to 197 mS/cm. On the other hand, points from the West Aral Sea
showed lower values of conductivity, 182.1 for WA1 and 181.2 for WA2, which may
represent a slightly lower values of conductivity of West Aral Sea, compared to Chernyshev
Bay

Next, the total phosphorous concentration measurements (Figure 3D) showed higher
values in the Chernyshev bay (0.336 — 0.658 mg/L) than in the West Aral Sea (0.108 — 0.348
mg/L). Within the Chernyshev Bay the concentration of phosphorous was approximately
equal at 5 limnetic zone points (CH_LIM_1 — CH_LIM_5), and on average were equal to
0.607 mg/L. The exceptions were points CH_LIM 6 and CH_LIM_7 where the
corresponding concentrations were lower (0.502 mg/L and 0.376 mg/L respectively).
However, in the littoral zone there was no tendency across the points (CH_LIT 1 —
CH_LIT_4).

Since nitrite and nitrate were negligible or absent in majority of point, the graph (Figure
3E) only represented ammonium ions concentration. Overall, the graphical data did not
exhibit a discernible pattern or trend, however, the values of ammonium concentrations in the
West Aral Sea were slightly lower (25.20 — 25.80 mg/L) than in the Chernyshev Bay (20.00
— 41.20 mg/L). The average values of Chernyshev bay’s limnetic and littoral zones’
ammonium concentrations were equal to 31.4 mg/L and 35.9 mg/L respectively.

3.3 Phytoplankton analysis by IFC

Based on the IFC results, the Chernyshev Bay’s water samples exhibited higher number
of phytoplankton cells (4522 — 8467) compared to the West Aral Sea’s samples (23 — 139).
However, phytoplankton community in Chernyshev Bay was dominated by green algae, that
belongs to Dunaliella genus (Figure 4) Its percentage abundance in the littoral zone of
Chernyshev Bay was higher than 98% of all phytoplankton organisms (Figure 4B). On the
other hand, IFC analysis of the West Aral Sea identified the negligible amount (2.1% in WA2)
or the complete absence (0% in WAL) of Dunaliella spp. (Figure 4B). Since Dunaliella spp.
cells contain high concentration of -carotene (Figure 4C), the on-site picture indicates the
potential blooming of the Chernyshev Bay with Dunaliella spp. (photo at Figure 4D).

Additionally, analysis of IFC images showed that Aulacoseria spp., aff. Aphanocapsa
salina, filamentous cyanobacteria, diatomic algae, Aulacoseria spp, and Pediastrum spp. were
also presented in low numbers within the waters of Chernyshev Bay (Figure 5). Potentially
this indicates that the total phytoplankton diversity was higher in Chernyshev Bay than in the
West Aral Sea.
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Figure 4. Dunaliella spp analysis results of Chernyshev Bay and West Aral Sea: A) Dunaliella spp images
obtained from CH_LIT_1; B) percentage abundance of Dunaliella spp across the Chernyshev Bay and the
West Aral Sea; C) Schematic image of Dunaliella salina (Polle et al., 2020b); D) On site image of Chernyshev
Bay representing the reddish water due to the presence of Dunaliella spp. (Aral-2022 expedition).
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Figure 5. Images of Chernyshev Bay’s non-dominant genera found in trace amounts: A) aff. Aphanocapsa

salina; B) filamentous cyanobacteria; C) Navicula spp.; D) Aulacoseira spp.; E) Pediastrum spp.

3.4 Bacterioplankton analysis by NGS

3.4.1 Read quality assessment

After the sequencing was finished, the raw reads were undergone the base-calling
process using guppy software with a minimum quality score of 7. Afterward, to confirm that
the reads with lower quality were trimmed from the dataset a report containing the data before
and after the filtering was constructed using NanoPlot software (Table 3).

Table 3. NanoPlot general summary before and after filtering by the quality score (>Q7).

Before filtering:

After filtering:

Active channels: 479 467

Mean read length: 1525.7 1554.8

Mean read quality: 10.6 11.8

Median read length: 1581.0 1588.0

Median read quality: 11.0 11.8

Number of reads: 4509518 2369019

Read length N50: 1583.0 1589.0

STDEYV read length: 457.0 215.7

Total bases: 6880251990 3683292292
Quiality cutoff (>Q5): 4375208 (97.0%) 2369019 (100.0%)
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Quality cutoff (>Q7): 3995212 (88.6%) 2369019 (100.0%)
Quality cutoff (>Q10): 2881925 (63.9%) 2016974 (85.1%)
Quality cutoff (>Q12): 1532586 (34.0%) 1070678 (45.2%)

Quality cutoff (>Q15):

36181 (0.8%)

24669 (1.0%)

According to the NanoPlot report all parameters had improved after the dataset of DNA
reads was filtered based on the quality score. An increase in the mean and median length of
reads as well as the increase in mean and median quality score after filtration is seen in the
Table 3, which overall improved the further taxonomical and statistical analyses. Besides, the
standard deviation of the read length was decreased after filtration, which indicates that there
is less data dispersion compared to the mean length. The last 5 rows of Table 3 show the
quality cutoff data across the DNA reads. It is seen that the number of reads in >Q5 and >Q7
became equal after the filtering process was done, which means that the trimming went
successfully. To visualize the effect of filtering on the dataset, a graphical representation of
read length vs average read quality is shown in the Figure 6. On the graph dots, x-axis, and
y-axis represent a particular DNA reads, read length, and average read quality respectively. It
is seen that there are no dots below the average read quality of 7 and below.

Figure 6. Read length vs Average read quality graphs constructed using NanoPlot: A) before the filtering by
the quality score; B) after filtering by the quality score (>Q7).

3.4.2 Taxonomical analysis of bacterioplankton

The first stage of taxonomical analysis involved the process of read classification
against the SILVA database using the Kraken2 software. The Kraken2 tool was based on the
k-mer approach, which in turn involves the process of breaking the large DNA sequences into
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subsequences of a certain length k (consequently being called k-mers). These k-mers were
compared to the data of the SILVA database, which contains data about ribosomal RNA
sequences of different lengths. Kraken2 generally uses a hierarchical approach where the
compares the sequences with the database starting from the highest taxon and then narrowing
down to the lowest taxon as more k-mers match references occur in the program. The lowest
level of classification involved the genera-level taxon. The Kraken2 produced the
corresponding kreport which was further used in the phylogenic tree production using the
Pavian software (Appendix 4).

After the phylogenetic tree construction, the next stage of analysis involved the relative
abundance estimation of genera across 13 points. The first step was the conversion of kreports
to braken reports using the Braken software. The braken reports involved the data required to
compute the total genera number and corresponding relative abundances in bacterioplankton
DNA sequences.

The visual representation of total number of genera indicated within each location is
represented on Figure 7. Overall, there is no certain trend in the number of genera. The lowest
and highest number of identified genera was in location WA1 (83 genera), and WA2 (554
genera) respectively. With the exception of CH_LIM_6 (264 genera) and CH_LIM_7 (277
genera), the average number of genera within the Chernyshev Bay’s limnetic points was
approximately 403. Next, excepting the CH_LIT_1 (157) pint the average genera number
within littoral zone of Chernyshev Bay was about 388.

The relative abundances of bacterioplankton genera were shown using heatmap (Figure
8). It involved the representation of the top 14 most abundant genera including some
uncultured groups. The rest of the genera were summed into a separate group, called “Others”.
The visual analysis of the heatmap indicates high similarity in biodiversity and relative
abundance of genera across all 11 points of Chernyshev Bay. In these points, the most
abundant genera, which account for more than 75% of genera present within each location,
are Spiribacter (19.96% - 30.36%), Halopeptonella (21.68% - 30.36%), Halanaerobacter
(8.83% - 32.77%), and Salinibacter (5.56% - 12.66%). On the other hand, the West Aral Sea
points showed a different data. Similarly, to the Chernyshev Bay, in WAL there is a high
abundance of genera such as Spiribacter (44.66%) and Halopeptonella (16.42%) accounting
for about 61% of total abundance within the point, but Halanaerobacter and Salinibacter
were in negligible amount (0.66% and 0.48% respectively). In WA2 the picture is slightly
different, a high abundance corresponded to the Spiribacter (22.25%) and Halopeptonella
(7.25%), Halomonas (34.94%) genera. However, Halomonas was in negligible amount in the
Chernyshev Bay (less than 0.35%).
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Figure 7. The graph shows the total bacterioplankton genera number across 13 locations in the
Chernyshev Bay and the West Aral Sea
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Figure 8. Heatmap showing the relative abundance of top 15 most abundant bacterioplankton genera across 13
locations in the Chernyshev Bay and West Aral Sea.

Due to the high presence of crustacean Artemia spp. within the basin of Chernyshev
Bay, the abundance of chitin-degrading bacteria such as Saccharospirillum spp.,
Arhodomonas spp., and Orenia spp. was investigated as well (Figure 9). Overall, their
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abundance across 13 locations was negligible, 0.008% - 0.088% for Saccharospirillum spp.,
0.091% - 0.613% for Arhodomonas spp., and 0.064% - 0.210% for Orenia spp. Comparative
analysis showed that Saccharospirillum spp. were indicated to be present in the Chernyshev
Bay (0.008% - 0.027%) and the West Aral Sea (0.010% - 0.088%). Arhodomonas spp. were
present in all points, but higher abundance was indicated in the West Aral Sea (0.231% -
0.613%) compared to the Chernyshev Bay (0.091% - 0.166%). Lastly, Orenia spp. were
present only in the waters of Chernyshev Bay with almost identical abundance values for
limnetic and littoral zones (0.103% - 0.210% and 0.064% - 0.204% respectively).
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Figure 9. The graph of percentage abundance of chitin-degrading bacteria genera in the Chernyshev Bay and
West Aral Sea.

3.5 Statistical analysis

3.5.1 a-Diversity analysis of bacterioplankton diversity

To estimate the bacterioplankton diversity of genera within each location an a-diversity
test was conducted using the variations in Simpson and Shannon indices (Figure 10).

According to the Shannon index there is higher diversity within the West Aral Sea,
where values were 2.37 for WAL and 2.60 for WA2, in comparison, Chernyshev Bay had
lower values ranged from 2.02 to 2.25. Evaluating Chernychev Bay’s limnetic and littoral
zones particularly, the limnetic location showed lower average value (2.07) than the littoral
ones (2.16).

For the Simpson analysis, excluding the WAL point where the index was equal to 0.76,
the rest of the points showed approximately identical index values for the Chernyshev Bay
and the West Aral Sea, which ranged from 0.79 to 0.82. Comparing limnetic and littoral zones
of the Chernyshev Bay, the first ones were more identical to each other (0.80 — 0.81), while
the second showed a higher range (0.79 — 0.82).

Potential reason that two indices showed different results lies in their derivation. The
Shannon index usually makes emphasis on common as well as rare genera. This indicates that
the West Aral Sea’s rare genera increased the Shannon index-based bacterioplankton diversity
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within the points. On the other hand, the Simpson index’s emphasis usually comes from
common only, and because the major genera involve only 5 groups (Spiribacter,
Halopeptonella, Halanaerobacter, Salinibacter, and Halomonas) the index values were
almost identical.
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Figure 10. Bar plots of a-diversity analysis of the Chernyshev Bay and the West Aral Sea: A) Shannon index;
B) Simpson index.

3.5.2 NMDS analysis of bacterioplankton diversity

To visualize the dissimilarity across all 13 points, non-metric multidimensional scaling
(NMDS) was conducted using the PRIMER-7 software (Figure 11). All points were color
coded according to their geographical location, blue for the Chernyshev Bay and red for the
West Aral Sea. As it seen from the NMDS, WAL and WA2 points were segregated from the
rest of dataset, which indicates that there is high dissimilarity in diversity between the West
Aral Sea and Chernyshev Bay. All points from the Chernyshev Bay were located close to
each other indicating their high similarity to each other. Both WAL and WAZ2 are located
separately from each other indicating a dissimilarity among the points of West Aral Sea. This
data was also supported during the taxonomical analysis in Figure 8 and Figure 9.
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Figure 11. Non-metric multidimensional scaling (NMDS) ordination of Chernyshev Bay (blue) and West Aral
Sea’s (red) sample points based on the Bray-Curtis dissimilarity indices. Sample points are represented by
colored dot that correlate with corresponding sample point.

3.5.3 PCA analysis of the environmental parameters

To estimate the impact of environmental variables on biodiversity, a principal
component analysis (PCA) was using the data from Table 2 and illustrated on the Figure 12.
X-axis of the graph corresponds to the Principal Component 1 (PC1), while y-axis to the
Principal Component 2 (PC2). The proportion of variance for PC1 and PC2 was 92.36% and
6.88% respectively. Each vector corresponds to a particular environmental variable
contribution to the dissimilarity, that may correlate with the diversity. Based on the magnitude
of the vectors the top 2 most contributing variables to biodiversity of the Chernyshev Bay and
the West Aral Sea were conductivity and ammonium concentrations, where the first one was
highly correlated with the PC1 (Conductivity vs PC1 correlation = 1.000), and the second one
highly correlated with the PC2 (Ammonium vs PC2 correlation = 0.974).
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Figure 12. Principal Component Analysis (PCA) of ecological data in Chernyshev Bay and West Aral Sea.
Parameters involved: pH, temperature, conductivity, phosphorous concentration, and ammonium ion
concentration.

Chapter 4 — Discussion

Intensive research was conducted on the topic of aquatic phytoplankton and
bacterioplankton communities’ biodiversity analysis for their effect on the corresponding
ecosystem. In particular, the studies of aquatic communities experiencing environmental
problems are important for the impact of phytoplankton and bacterioplankton on climate
change, nutrient cycles, and human health, and these are a few among many various fields of
interest (Arrigo, 2005; Madsen, 2011; Zeglin, 2015; Verde et al., 2016; Salazar and
Sunagawa, 2017; Chen et al., 2019).This study was focused on the characterization of
phytoplankton and bacterioplankton communities using the complex approach consisting of
IFC and Nanopore-based NGS taxonomical analyses within the basins of the Chernyshev Bay
and the West Aral Sea, and their further correlation with environmental variables measured
using common hydrochemistry methods.

4.1. Analysis of hydrochemistry trends of the Chernyshev Bay and West
Aral Sea

The increase in salinity in the parts of the former Aral Sea was extensively described in
the works of Zavialov et al. (2003), Mirabdullayev et al. (2004), Micklin (2016), and others.
The general trend states that the salinization of the Aral Sea increases with the decrease of the
water basin. In this study, we included the measurement of salt concentration conducted based
on the conductivity measurements. Even though there were several trials on the conversion
of conductivity to salinity and the traditional conversion methods are not applicable to the
Aral Sea because of hypersalinity (Friedrich and Oberhénsli, 2004, Zavialov, 2010; Stunzhas,
2016). The empirical comparison of the conductivity values of this research to the data
obtained in 2002 shows a 10-fold increase in conductivity in Chernyshev Bay (Friedrich and
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Oberhiénsli, 2004). The latest measurements of conductivity in the territory of the currently
separated West Aral Sea were conducted in 2008, however, the measurements were adjusted
with the use of a specific coefficient which may no longer be applicable due to the constant
salt precipitation (Zavialov, 2010). Previously the trend of conductivity increase was usually
explained in the context of salinity, where it states that salinity increase within the Aral Sea
was the various effects of global warming and anthropogenic factors, which still may be
applicable (Micklin, 1988; Raskin et al., 1992; Izhtskiy et al., 2014; Yapiyev et al., 2017a;
Chaudhari et al., 2018; Karami 2018). The empirical explanation of conductivity trends
requires additional data.

The pH values of the Aral Sea in 1947 reached values up to 8.0 (Friedrich and
Oberhinsli, 2004). Then after the segregation of basins became significant in 2002, the pH
measurements were taken separately for Chernyshev Bay and were slightly over 8.2
(Friedrich and Oberhénsli, 2004). By the year 2013, the pH value had changed to 8.11
(Makkaveev et al., 2016). The current study showed that pH values decreased and ranged
from 7.10 to 7.69, which potentially indicates the tendency of Chernyshev Bay to become
more acidic as it further splits from the West Aral Sea over the years. Temperature increase
and consequent global warming may be the reasons behind the trend of acidification in Asian
water reservoirs (Jamshidi and Bin Abu Bakar, 2011; Dutta et al., 2021). Also, the studies of
other saline lakes showed that the pH values might show seasonal fluctuations (Jamshidi and
Bin Abu Bakar, 2011). However, additional studies are needed to test it.

According to Friedrich and Oberhénsli (2004) in the summer of 2002, the phosphorous
concentration was equal to 0.001-0.002 mg/L in Chernyshev Bay and about the same in the
West Aral Sea. However, the increase in phosphorous concentration range was observed later
in the West Aral Sea and was equal to 0.0014 — 0.0171 mg/L by 2012 (Makkaveev et al.,
2016). Similar to the studies of Makkaveev et al. (2016), this work involves the analysis of
total phosphorous concentration in littoral and limnetic zones. As stated previously, there was
approximately similar phosphorous concentration across limnetic zone points, which ranged
from 0.376 mg/L to 0.628 mg/L. On the other hand, there was no trend across the littoral zone,
but concentration rage was equal to 0.108 mg/L — 0.658 mg/L. Overall is seen as a tendency
to increase in total phosphorous concentration; however, it remains questionable why there
such a significant change between 2016 and 2022 (Makkaveev et al., 2016).

According to the hydrochemistry analysis, the ammonium ion concentration had
increased. Presumably, the increased ammonium concentrations follow the Artemia spp.
concentration which was abundant in the West Aral Sea since the 1990s (Berdimbetova et al.,
2019; Marden et al., 2020; Utemuratova et al., 2022). It is stated in the work of Marden et al.
(2020) that the high concentration of ammonium ions in the Great Salt Lake results from the
accumulation of excreted ammonium from Artemia spp., where its values reached over 50
mg/L in summer and slowly decreased in autumn. The measured values were still high, which
may be explained as potential instrumental errors. However, this method was commonly used
to assess freshwater samples and hypersaline ones (Reed et al., 2012; Berard et al., 2013;
Makaya and Zuvarinopisa, 2019; Buzgeia et al., 2022). The concentration can be measured
by alternative methodologies of total nitrogen concentration measurement (e.g., Kjeldahl
digestion, persulphate oxidation) (Raveh and Avnimelech, 1979; Andrei et al., 2015).
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4.2 IFC-based phytoplankton taxonomy analysis

Overall, the IFC analysis showed that phytoplankton diversity was higher in
Chernyshev Bay compared to the West Aral Sea. Firstly, the most dominant phytoplankton
organism was the halophilic algae Dunaliella spp. The presence of Dunaliella spp. was
described in the previous studies of the Aral Sea and other hypersaline lakes as well (Oren,
2014; Barteneva et al., 2019; Mavzhudova et al., 2020; Mirzahasanlou and Hejazi, 2022).
However, this work analysis showed that Dunaliella accounted for more than 98% of
phytoplankton (> 2 um size range) in the waters of Chernyshev Bay. The negligible amount
and complete absence were observed in points WA2 and WAL, respectively. One of the
reasons for its high amounts in Chernyshev Bay is the presence of intensive NaCl crust within
the littoral zone, where only thick-walled cysts of Dunaliella spp. can survive. Similar results
were obtained by Heidelberg et al. (2013) during phytoplankton abundance analysis across
hypersaline Lake Tyrrell, where they stated that Dunaliella spp. accounted for about 83% of
the total identified phytoplankton organisms within the areas of high salt crust availability.
Another reason may be the high concentration of Artemia that provided the nitrogen source
enhancing the growth of the algae (Oren, 2014).

Secondly, the Dunaliella spp. group was not further classified to the species taxon;
however, presumably, Dunaliella salina and Dunaliella viridis were some of the species
present in the sample as they are usually a few of the most abundant algae found in waters
with extreme salinity, such as the Great Salt Lake and Dead Sea, where it usually serves as
the primary producer of a such ecosystem (Oren, 2014; Barteneva et al., 2019; Polle et al.,
2020a; Polle et al., 2020b). The visual analysis of water images obtained during the Aral-2022
expedition supports the presence of Dunaliella salina and Dunaliella viridis due to the
intensive blooming of Chernyshev Bay (Figure 4D). As seen, the water had the reddish color
corresponding to the usual color of the B-carotene molecules that are extensively accumulated
in the Dunaliella cells (Oren, 2014). In these lakes, the high salinity levels inhibit the growth
of many phytoplankton organisms; however, Dunaliella spp. can tolerate such levels for
exactly unknown mechanisms (Oren, 2014, Polle et al., 2020a). As a result, Dunaliella spp.
are currently used as the model organism for the high salinity response, and there are a variety
of ongoing transcriptome and proteome studies intended to find the mechanisms of tolerance
(Oren, 2014; Polle et al., 2020a). For example, in the works of Chen et al. (2009), the glycerol-
3-phosphate dehydrogenase (G3pgh) may be responsible for the tolerance mechanism.
Another later work suggested that the system-to-salt response depend on the early and late
responses and found a relation between some photosystem component (psaA, psaB, psbB,
psbC), various chaperones (HSP70B, HSP90A) and ATP synthase subunits (atpA, atpB, atpE)
to the salt stress regulation (Wang et al., 2019).

Lastly, several other phytoplankton genera were observed in the Chernyshev Bay,
namely filamentous and biofilm cyanobacteria (e.g., Aphanocapsa), diatomic algae
(Aulacoseira and non-identified diatoms), and Pediastrum genera (green algae). The presence
of filamentous cyanobacteria was majorly described in studies of the Small Aral Sea, but no
relevant data regarding the West Aral Sea and Chernyshev Bay (Orlova and Rusakova, 1999;
Komarek, 2012; Klimaszyk et al., 2022). The existence of diatomic algae correlated with the
studies of Barteneva et al. (2019), Bulatov (2021), and Plotnikov et al. (2023). Diatomic algae

found in this study had the boat-shaped body type and presumably belonged to the Navicula
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or Nitzschia genera; however, further analysis is needed (Barteneva et al., 2019; Guo et al.,
2021; Khalil et al., 2021; Klimaszyk et al., 2022; Ruiz-Villarreal et al., 2022; Plotnikov et al.,
2023). The presence of other genera is unique for the hypersaline lakes as they are most
prevalent in freshwater.

4.3 NGS-based bacterioplankton taxonomy analysis

This study conducted a Nanopore-based 16S rRNA gene sequencing for the
taxonomical analysis of bacterioplankton diversity of the Chernyshev Bay and the West Aral
Sea. It was found that 4 genera, namely Spiribacter, Halopeptonella, Halanaerobacter, and
Salinibacter, were the most abundant in Chernyshev Bay and accounted for more than 70%
of total genera present. On the other hand, within the basin of the West Aral Sea, the most
abundant genera were Spiribacter, Halopeptonella, and Halomonas. Spiribacter and
Halopeptonella are the members of Gammaproteobacteria class and belong to the same
family of Ectothiorhodospiraceae (Shurigin et al., 2019; Le6n et al., 2020). Halomonas are
also the members of Gammaproteobacteria class, however, it belongs to a different family
called Halomonadaceae (Begmatov et al., 2020; Hu et al., 2021). Both littoral and limnetic
zones of Chernyshev Bay had a high abundance of Halanaerobacter and Salinibacter which
belong to classes Halanaerobiia and Rhodothermata respectively (Taroepratjeka et al, 2021;
Viver et al., 2023). The above-mentioned prokaryotic genera were previously mentioned as
the most abundant genera in the Aral Sea basin as well as other hypersaline water and soil
reservoirs (Shurigin et al., 2019; Begmatov et al., 2020; Leon et al., 2020; Hu et al., 2021;
Taroepratjeka et al., 2021; Viver et al., 2023). All of them are halophilic bacteria, however,
the optimal level of salt concentration, pH, temperature and nutrients concentration differs
across the species of each genera, and in order to compare the exact behavior of growth
preferences, the classification up to the strain level is needed (Shurigin et al., 2019; Begmatov
et al., 2020; Leodn et al., 2020; Hu et al., 2021; Taroepratjeka et al, 2021; Viver et al., 2023).

These bacterioplankton genera are extensively studied for their potential roles in a
variety of biogeochemical processes (e.g., arsenic cycling, sulfur cycling, and carbon fixation)
(Paul et al., 2016; Edwardson and Hollibaugh, 2018). Besides, Halomonas spp. are
extensively used for biotechnological purposes (e.g., production of amylases, cellulases,
several dehydrogenases, and kinases) (Begmatov et al., 2020). Similarly, Halanaerobacter
spp. are also used for the production of such materials as hydrogen and carbon dioxide gases,
ethanol, formate, and lactate (Taroepratjeka et al., 2021).

The high concentrations of chitin producing Artemia spp that are extremely abundant
in hypersaline lakes favored the interest in studies of chitinolytic bacterioplankton. This study
also showed the presence of such bacterial genera as Saccharospirillum spp., Arhodomonas
spp., and Orenia spp. in basins of the Chernyshev Bay and the West Aral Sea.
Saccharospirillum spp. and Arhodomonas spp. were present in both regions, while Orenia
was exclusively found in Chernyshev Bay. This difference can potentially be explained by
the oxygen metabolism, where Saccharospirillum spp. and Arhodomonas spp. are aerobic
bacteria and Orenia spp. anaerobic (Oren, 2015). Potentially the oxygen concentration in
Chernyshev Bay favors the growth of Orenia spp. and of aerobic genera at lower levels. On
the other hand, the West Aral Sea shows a high abundance of Arhodomonas spp. which may
indicate the high oxygen availability in that region. Nevertheless, oxygen measurements are
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required to confirm this correlation. The presence of chitinolytic bacteria was also confirmed
in other hypersaline systems, for example, Lake Mono, the Great Salt Lake, the Dead Sea,
soda lakes of Kulunda Steppe (Sorokin et al., 2012; Oren, 2015; Sorokin et al., 2016). The
importance of these organisms comes from their role in the chitin degradation cycle and also
their potential application in biotechnology and agriculture (Swiontek Brzezinska et al., 2013;
Veliz et al., 2017; Edwardson and Hollibaugh, 2018).

In total, it is seen that in this study, the most abundant bacterioplankton genera within
the West Aral Sea were represented by different genera of the same class
Gammaproteobacteria, while higher taxonomical diversity was recorded in the samples of
Chernyshev Bay. Nevertheless, WA2 had the highest number of genera compared to the other
locations; oppositely WA1 had the lowest. Additionally, Shannon index analysis showed that
higher values for the points from the West Aral Sea, which may indicate that it has higher
bacterioplankton biodiversity compared to Chernyshev Bay. Besides NMDS test showed
genera dissimilarities between Chernyshev Bay and the West Aral Sea. Comparing the littoral
and limnetic zones of the Chernyshev Bay, the locations were represented close to each other
on the NMDS graph, indicating the strong similarity among the littoral and limnetic zones.
Also, it indicated the difference between the West Aral Sea’s points among themselves, which
may be because of the high difference in the total genera number. Additional studies are
required to test whether there is such dissimilarity or not.

4.4 Statistical confirmation of hypothesis

The abovementioned hydrochemistry and taxonomical data were further correlated to
test the hypothesis, which assumed that the distribution of phytoplankton and
bacterioplankton communities differs among the Chernyshev Bay and the West Aral Sea.
Considering the information gathered during both experimental stages and following analysis,
the hypothesis was confirmed, and there are certain dissimilarities in phytoplankton and
bacterioplankton diversities that are majorly influenced by conductivity and ammonium
concentration.

4.5 Limitations

A variety of limiting sources occurred during this study. Firstly, in the hydrochemistry
analysis, one of the major limitations was that all concentration measurements were
conducted on the diluted samples. The necessity of this approach arises due to the high
concentration of measured particles within the stock solution and the requirement to bring the
concentration within the detectable ranges of the corresponding devices. Besides, depending
upon the methodology, the desired ranges and, consequently the dilution factor was also
different (e.g., for detectable ammonium range: 0 — 1.0 mg/L N; nitrate detectable range: O -
20.0 mg/L N; nitrite detectable range: 0 — 0.5 mg/L N). In general, as there is an increase in
the dilution factor, there is an increase in the error of measurement of the initial concentration
(Chase and Hoel, 1975). Besides, the resulting solutions required different dilution factors for
each test, which may differently impacted the potential error in measurements.

Secondly, IFC analysis was conducted on the samples that were taken under 10x
magnification at autoimage mode. This mode generally provides a higher estimation of cell
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abundances due to insufficient samplings (Dashkova et al., 2017). However, the nano- and
microplankton image characterization was excluded from this study. An alternative solution
may be the use of a fluorescence-triggered mode, where the scientist can narrow the image
collection towards the organism of interest (Alvarez et al., 2013; Dashkova et al., 2017).. This
limitation comes because IFC is a semi-automated method itself and potentially can be
decreased as it moves towards more automated image analysis (Blaschko et al., 2005; Drews
et al., 2013; Dashkova et al., 2017).

Next, during the NGS, there are several potential sources of limitations that can be
categorized as follows: 1) Nanopore sequencing limitation and 2) database limitation. As
stated above, Nanopore-based sequencing uses long reads, but the reading of electric signal
during the sequencing is prone to the errors, which may influence the results (Winand et al.,
2019; Egeter et al., 2022; Meirkhanova, 2022). Another limitation is the use of the SILVA (v.
138.1) database only. The problem lies in the necessity to constantly update it, which
sometimes raises certain difficulties, like not having the opportunity to cultivate the species
in the laboratory conditions or the absence of the species in the corresponding database
(Malashenkov et al., 2021).

Chapter 5 — Conclusions and Future directions

In this research, we demonstrated the difference in the distribution of phytoplankton
and bacterioplankton communities of Chernyshev Bay and West Aral Sea with the change in
environmental variables. First of all, during the Aral-2022 expedition we observed the full
separation of the Chernyshev Bay and the main waters of West Aral Sea. Secondly, the
hydrochemistry analysis revealed a significant increase in conductivity and related salinity
comparing for the results of the previous expeditions. Next, the developed methodology for
IFC and NGS phytoplankton and bacterioplankton analysis was successfully applied for the
characterization of the Chernyshev Bay and the West Aral Sea. The characterization of
phytoplankton was conducted using the IFC approach at autoimage mode at 10x
magnification. It showed that the Dunaliella spp was the dominant genus within the waters
of Chernyshev Bay, accounting for more than 98% of total phytoplankton abundance, while
its amounts were negligible or completely absent in the West Aral Sea. Nanopore-based NGS
bacterioplankton analysis indicated that West Aral Sea had higher genera number compared
to Chernyshev Bay. The 4 most abundant genera in the Chernyshev Bay are Spiribacter spp.,
Halopeptonella spp., Halanaerobacter spp., and Salinibacter spp. In the West Aral Sea, the
situation was slightly different, where 3 most abundant genera are Spiribacter spp.,
Halopeptonella spp., and Halomonas spp. Additionally, the analysis showed the presence of
chitin-degrading bacteria genera such as Saccharospirillum spp., Arhodomonas spp., and
Orenia spp., potentially due to the presence of crustacean of the Artemia spp. Lastly,
according to NMDS and PCA results conductivity and ammonium concentration were shown
to be the most important parameters contributing to bacterioplankton dissimilarity among
Chernyshev Bay and the West Aral Sea.

The future directions involve the use of new in silico based methods for IFC analysis,
categorization of the data against other databases with the comparison of the resulting outputs,
performing an additional test on the plankton dataset such as 18S rRNA sequencing, and
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completion of full IFC and NGS analysis of Aral-2022 expedition samples which involves
samples from different water depths.

Chapter 6 — Significance and applications

This research is the first work which used an NGS-based approach for the
characterization of the bacterioplankton communities in Chernyshev Bay and has the potential
to contribute to local and international limnology research.

From the local perspective, there are several studies performed on the Aral Sea, which
primarily focused on the drying process, the changes in water basin levels, and its effect on
salinity and temperature levels (Roget et al., 2009; Shi et al., 2014; Ayzel and Izhitskiy, 2018;
Massakbayeva et al., 2020). For many years the primary focus in studies of Aral Sea
biodiversity was focused on macroorganisms (Mirabdullayev et al., 2004; Micklin, 2016;
Aladin et al., 2018). The interest in its microbiome has increased over the last decade,
however, the major technology used for the analysis didn’t involve sequencing (Sapozhnikov
and Kalinina, 2019). Only in the last 5 years, there has been an increase in performing the
analysis of the Aral Sea’s microbiome using sequencing analysis. There are several studies
obtained on several parts of the West Aral Sea, but the majority of them were performed on
the territory of Uzbekistan, majorly involving the coastal soil samples and some water
samples (Shurigin et al., 2019; Begmanov et al., 2020; Gao et al., 2021; Jing et al., 2021).
Only one work was based on the description of the microbiome on the territory of Kazakhstan,
but the sequencing was performed in the Small Aral Sea (Alexyuk et al., 2021). The current
study substantially contributed to the data on water microbiome biodiversity of northern parts
of the West Aral Sea.

Considering the fact that the West Aral Sea is a stratified and hypersaline lake, this
study provided the information on the distribution and composition of multiple phytoplankton
genera in the stratified parts of the Aral Sea along with several abiotic factors, such as
temperature, conductivity, and pH gradients. Correlation between diversity and abiotic factors
was obtained using statistical tools. NGS procedure allowed us to identify the presence of the
smallest picoplankton and their relative composition within the ecosystem. Combining the
IFC and the sequencing datasets with statistical analysis provided the opportunity to estimate
the quality of water in hypersaline lakes. This will broaden the knowledge about the
phytoplankton and bacterioplankton diversity of the Aral Sea.

From the international perspective, the Aral Sea has many similarities with other
hypersaline lakes such as the Dead Sea, Lake Urmia, Lake Poopo, Lake Eyre, Lake Mead,
lakes of Carpathian Basin, and Lake Chad (Oren et al., 2010; Ahmadi et al., 2016; Singh et
al., 2016; Wurtsbaugh et al., 2017; Chaudhari et al., 2018; Karami 2018; Shurigin et al., 2019;
Varotsos et al., 2020; Somogyi et al., 2022). This means that the research on the
phytoplankton and bacterioplankton diversity may contribute to the current knowledge by
providing new data about epilimnion genera of hypersaline lakes. Other hypersaline lakes of
the world are also at high risk of disappearance, which means that the delivery of the current
ecological situation of the Aral Sea may provoke people towards certain actions intended to
solve such problems on their territory. Besides this research has described Nanopore-based
studies that can provide quantitative data on genera diversity and their relative composition
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in the endemic aquatic ecosystem. Also, being a relatively portable sequencing tool, Nanopore
sequencing allows the seasonal monitoring of the Aral Sea and potentially other hypersaline
lakes (Ahmadi et al., 2016; Yapiyev et al., 2017b; Chaudhari et al., 2018; Somogyi et al.,
2022). This approach can be reproduced by other researchers across the globe to study their
local lakes.
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Appendix 1 — Protocol links

Method name:

Link:

Phosphorous https://www.epa.gov/sites/default/files/2015-08/documents/method 365-1_1993.pdf
content

analysis

Nitrogen https://www.ysi.com/File%20L ibrary/Documents/Manuals/YPT282-9300-9500-
content manual-with-test-procedures.pdf

analysis

DNA https://www.qiagen.com/kz/resources/resourcedetail?id=58f43d7e-172a-4970-84f0-
extraction 9cb335a8d262&lang=en

Library https://community.nanoporetech.com/docs/prepare/library _prep_protocols/16S-

construction

barcoding-1-24/v/16s 9086 v1 revx 14aug2019/library-preparation-
16s?devices=minion *

Sequencing

https://community.nanoporetech.com/docs/prepare/library prep _protocols/16S-
barcoding-1-24/v/16s 9086 vl revx_14aug2019/priming-and-loading-the-
sp?devices=minion *

* - requires community account to access the protocol
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Appendix 2 — Summary of reagents and resources

REAGENT or RESOURCE \ SOURCE \ IDENTIFIER

Sample Collection

Multimeter Extech EC400 FLIR® Systems, Inc. N/A

Glutaraldehyde Solution Merck KGaA, Germany 340855

Liquid Nitrogen Vessel N/A N/A

Whatman® glass microfiber filters Merck KGaA, Germany WHAZ2822-047

Corning® 50 mL centrifuge tubes Merck KGaA, Germany CLS430291

Smart2Pure Water Purification System Thermo Fisher Scientific, Catalog No:
USA 50129688

Ultrapure Water N/A N/A

Manual Vacuum Pump N/A N/A

Hydrochemistry: Phosphorous Content Analysis

Corning® 50 mL centrifuge tubes Merck KGaA, Germany CLS430291

Potassium peroxidisulphate (K;S20s)

Merck KGaA, Germany

60489-250G-F

conc. Sulphuric Acid (H2SO4)

Merck KGaA, Germany

339741

Smart2Pure Water Purification System Thermo Fisher Scientific, Catalog No:
USA 50129688
Ultrapure Water N/A N/A
Ascorbic Acid (CsHgOs) Merck KGaA, Germany A92902
Ammonium heptamolybdate ((NH4)sM07024) Merck KGaA, Germany M1019
Potassium antimony (111) oxide tartrate (K2(SbO)2CgH4010) Merck KGaA, Germany 244791
Potassium dihydrogen phosphate (KH2POa) Merck KGaA, Germany P5655
conc. Sodium Hydroxide (NaOH) Merck KGaA, Germany S5881
Pyrex® glass culture tubes Merck KGaA, Germany 2653586
Eppendorf Research® plus (100 — 1000 pL) Eppendorf Ltd., UK Catalog No:
0030000927
Eppendorf Research® plus (20 — 200 pL) Eppendorf Ltd., UK Catalog No:
3123000055
epT.L.P.S.® Standard (50 — 1000 pnL) Eppendorf Ltd., UK Catalog No:
0030000870
epT.L.P.S.® Standard (2 — 200 pL) Eppendorf Ltd., UK Catalog No:
0030000870

BRAND® glass beaker with spout, low form

Merck KGaA, Germany

BR91236-10EA

Evolution 300 UV-Vis Spectrophotometer

Thermo Fisher Scientific,
USA

N/A

Hydrochemistry: Nitrogen Content Analysis

Corning® 50 mL centrifuge tubes Merck KGaA, Germany CLS430291
Smart2Pure Water Purification System Thermo Fisher Scientific, Catalog No:
USA 50129688

Ultrapure Water N/A N/A

YSI Photometer 9500 YSI, USA discontinued
YSI Ammonium Test Kit YSI, USA discontinued
YSI Nitrate Test Kit YSI, USA discontinued
YSI Nitrite Test Kit YSI, USA discontinued

Eppendorf Research® plus (100-1000 pL) Eppendorf Ltd., UK Catalog No:
0030000927
Eppendorf Research® plus (20-200 pL) Eppendorf Ltd., UK Catalog No:
3123000055
epT.L.P.S.® Standard (50 — 1000 pL) Eppendorf Ltd., UK Catalog No:
0030000870
epT.L.P.S.® Standard (2 — 200 uL) Eppendorf Ltd., UK Catalog No:
0030000870
BRANDZ® glass beaker with spout, low form Merck KGaA, Germany BR91236-10EA
IEC Medilite Microcentrifuge Thermo Fisher Scientific, Catalog No:
USA 004580F
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IFC analysis

Corning® 50 mL centrifuge tubes

Merck KGaA, Germany

CLS430291

FlowCAM

Yokogawa Fluid Imaging
Technologies, USA

discontinued

VisualSpreadsheet

Yokogawa Fluid Imaging
Technologies, USA

N/A

NGS: DNA Extraction

Whatman® glass microfiber filters

Merck KGaA, Germany

WHA2822-047

DNEasy Power Water Kit

QIAGEN, Germany

ID: 14900-100-NF

Nanodrop Thermo Fisher Scientific, Catalog No: ND-
USA 8000-GL
Eppendorf Research® plus (20-200 pL) Eppendorf Ltd., UK Catalog No:
3123000055
Eppendorf Research® plus (0.5-10 pL) Eppendorf Ltd., UK Catalog No:
3123000020
Eppendorf Research® plus (0.1-2.5 uL) Eppendorf Ltd., UK Catalog No:
3123000012
epT.L.P.S.® Standard (2 — 200 uL) Eppendorf Ltd., UK Catalog No:
0030000870
epT.L.P.S.® Standard (0.1 — 20 uL) Eppendorf Ltd., UK Catalog No:
0030000838
Eppendorf Safe-Lock Tubes Eppendorf Ltd., UK Catalog No.
0030120086
NGS: Library Construction
16S Barcoding Kit Oxford Nanopore SQK-16S024
Technologies, UK
AMPure XP Beads Beckman Coulter, USA A63881
Thermocycler Eppendorf Ltd., UK Catalog No:
6331000041
DreamTaq™ Hot Start DNA Polymerase Thermo Fisher Scientific, EP1701
USA
0.2 ml PCR Tubes Bio-Rad Laboratories, Inc., | TFI0201
USA
Eppendorf Research® plus (20200 pL) Eppendorf Ltd., UK Catalog No:
3123000055
Eppendorf Research® plus (0.5-10 pL) Eppendorf Ltd., UK Catalog No:
3123000020
Eppendorf Research® plus (0.1-2.5 pL) Eppendorf Ltd., UK Catalog No:
3123000012
epT.L.P.S.® Standard (2 — 200 uL) Eppendorf Ltd., UK Catalog No:
0030000870
epT.L.P.S.® Standard (0.1 — 20 uL) Eppendorf Ltd., UK Catalog No:
0030000838
Eppendorf Safe-Lock Tubes Eppendorf Ltd., UK Catalog No:
0030120086
NGS: Sequencing
MinlON Mk1C Device Oxford Nanopore MIN-101C
Technologies, UK
Flow Cell Oxford Nanopore FLO-MIN106D
Technologies, UK
Flow Cell priming kit Oxford Nanopore EXP-FLP002
Technologies, UK
Eppendorf Research® plus (0.5-10 pL) Eppendorf Ltd., UK Catalog No:
3123000020
Eppendorf Research® plus (0.1-2.5 puL) Eppendorf Ltd., UK Catalog No:
3123000012
epT.I.P.S.® Standard (0.1 — 20 pL) Eppendorf Ltd., UK Catalog No:
0030000838

NGS: Raw Data Analysis
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Guppy Oxford Nanopore N/A
Technologies, UK
NanoPlot De Coster et al., 2018 https://github.com/w
decoster/NanoPlot
Kraken2 Wood et al., 2019 https://github.com/D
errickWood/kraken2
Bracken Wood et al., 2019 https://github.com/je
nniferlu717/Bracken
Vegan R N/A https://github.com/ve
gandevs/vegan
Pavian Breitwieser and Salzberg, https://github.com/fb

2020

reitwieser/pavian

NGS: Statistical Analysis

Vegan R

N/A

https://github.com/ve
gandevs/vegan

PRIMER-7

PRIMER-e, New Zealand

https://www.primer-
e.com/our-
software/primer-
version-7/
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Appendix 3 — Supplementary tables

Table S1. Hydrochemistry raw data. Samples were diluted for several test: 1) DF of x40 was used for
Conductivity, TDS, Salinity, Nitrate concentration, and Ammonium concentration measurements; 2) DF of x2
was used for Total phosphorous concentration, and Nitrite concentration measurements. The samples were not

diluted during the pH and temperature measurements.
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Table S2. The Nanodrop measurements of DNA concentration during NGS stage.

DNA concentration DNA concentration DNA concentration

after DNA extraction: after PCR after PCR product
amplification: purification:
LIM1 15.79 ng/pL 246.2 ng/ uL 1.09 ng/ uL
LIM 2 24.12 ng/ uL 326.4 ng/ uL 19.70 ng/ uL
LIM 3 23.39 ng/ uL 341.5ng/ pL 8.48 ng/ uL
LIM 4 37.79 ng/ pL 305.4 ng/ pL 28.83 ng/ uL
LIM5 45.93 ng/ pL 545.6 ng/ pL 13.76 ng/ uL
LIM6 34.17 ng/ pL 527.8 ng/ pL 11.33 ng/ uL
LIM?7 57.53 ng/ pL 496.3 ng/ pL 7.57 ng/ uL
LIT1 49.60 ng/ uL 871.8 ng/ uL 47.69 ng/ uL
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LIT?2 14.37 ng/ uL 573.6 ng/ uL 23.72 ng/ uL
LIT3 23.28 ng/ uL 305.5 ng/ uL 15.34 ng/ uL
LIT4 17.20 ng/ uL 556.9 ng/ pL 4.03 ng/ pL
LITS 0.22 ng/ uL 529.1 ng/ pL 2.42 ng/ uL
LIT6 2.82 ng/ uL 501.7 ng/ pL 7.32 ng/ uL
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Appendix 4 — Supplementary figures

TOTAL PHOSPHOROUS CALIBRATION CURVE
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Figure S1. Calibration curve was used for the Total phosphorous content analysis for Evolution 300
spectrophotometer.

59



16.4k

2 ymeultred

0 L :
== OnIINONES
1,25k

Salimibacter

418

@ Bradvmonas

2 Desulfocella
Desulfohalobium

2 Desulfovermiculus

Halanzerobacter

22 Halobacteraides

23 Natroniella

=== (renia

<2 gelenihalanaerobacter

1:'.5' Halofilim
» Thichalozpira

—22 Escherichiz-Shigells

20 Halomenas

70 -
— zal
mona . ; TkAqLu imonzs
oThoaasnIraceas
Enterchacteriaceas
2. Hilomonzdaceas Halopeptonella
Idiomarinaceas
12 Nitrocoeous
328k
Ni Spirtbacter
1 Pseudomonas
llq Nitrozeco
19__—; Peeriddmonadaceas
> Rhizobizceze 25
£ Bhodobacteraceas ' uncultured
. 2 Thioalkalibacteraceae —5g meultured
Spirochastota =
2 Verrucomicrebiota B uncultured
) T T 1
D P F G

Bay’s littoral zone.

Figure S2. An example (CH_LIT_1) of phylogenetic analysis of the most abundant genera in the Chernyshev
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Figure S3. An example (CH_LIM_1) of phylogenetic analysis of the most abundant genera in the Chernyshev
Bay’s limnetic zone.
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Figure S4. An example (WAL) of phylogenetic analysis of the most abundant genera in the West Aral Sea
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