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Abstract

On the territory of the Barguzin depression (Baikal Rift Zone) there are salt lakes, 
which are unique natural formations formed in exceptional natural conditions 
and experiencing extreme shifts in seasonal environmental conditions. This pa-
per presents the results of the study of the microbial communities in the sulfate 
Lake Gudzhirganskoe and the soda Lake Nukhe-Nur in winter and summer sea-
sons: from the assessment of the taxonomic composition to potential metabolic 
pathways. For the first time, based on the 16S rRNA gene sequencing data, the 
diversity of the microbial community of bottom sediments in summer and winter 
was studied. Environmental conditions such as pH, temperature and mineraliza-
tion mainly determined the microbial community composition and led to notice-
able shifts in the composition of the community at the level of families and genera. 
The change of the “summer” obligate and moderately alkalphilic and halophilic 
community to the “winter” alkali-, halotolerant/halophilic microbial community 
is observed in the winter period in Lake Gudzhirganskoe. In Lake Nukhe-Nur, 
a change from mesophilic-thermophilic community in summer to mesophilic-
psychrophilic microbial community in winter was revealed. The totality of the ob-
tained results gives an idea about the main trends in the seasonal dynamics of 
extremophilic microbial communities in the studied lakes in response to fluctua-
tions in environmental parameters. The prediction of the metabolic pathways of 
prokaryotic communities using the Tax4Fun program made it possible to reveal 
similarities and differences in the metabolic potential of the microbial communi-
ties of the studied lakes. Potential functional genes have been found for all stages 
of the C, N and S cycles, with the exception of nitrification and aerobic CH4 oxida-
tion.Only small qualitative and quantitative variations in the relative abundance 
of predicted functional genes were found between the microbial communities of 
the studied lakes. We predicted metabolic pathways that play an important role 
in the adaptation of microorganisms to changing environmental conditions. In 
general, it has been shown that there is a change in the dominant taxa at the level 
of families and genera in the microbial community in the summer and winter 
seasons, however, the predicted functional potential of microbial communities 
differed slightly by season and between the studied lakes.
Keywords: extremophilic microbial communities, taxonomic diversity, season-
al dynamics, functional potential prediction, C, N and S cycles, salt lakes, Baikal 
Rift Zone

Sulphate Lake Gudzhirganskoe and soda Lake Nukhe-Nur located on the territory 
of the Barguzin depression are polyextremal systems that demonstrate alkaline pH 
values combined with high mineralization. The Barguzin depression belongs to the 
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Baikal Rift Zone, which is characterized by a cryoarid cli-
mate and significant temperature fluctuations through-
out the year. The annual amplitude of absolute air tem-
peratures reaches 90 °C, the maximum air temperature in 
summer is +38 °C, and the minimum in winter is –52 °C 
(Namsaraev et al., 2007). Despite the small catchment area, 
the lakes do not dry out in dry years. This is due to the fact 
that they are fed mainly by groundwater discharges and 
only partially by precipitation and land runoff (Plyusnin, 
Khazheeva, Sanzhanova, and Angakhaeva, 2020a). The 
formation of the sulfate-sodium chemical composition of 
water in Lake Gudzhirganskoe is due to the discharge of 
thermal fissure-vein waters. The supply of sulfur is associ-
ated with the dissolution of sulfate minerals, which may 
be present in metamorphogenic-sedimentary formations. 
Nitrogen thermal waters are discharged into Lake Nukhe-
Nur, where, as a result of actively occurring processes of 
evaporation and freezing, solutions are concentrated and 
the chemical composition of the lake water is transformed 
along the soda direction (Plyusnin et al., 2020b).

In a salt lake, microorganisms are key components 
with their high genetic diversity playing an important role 
in element cycling (Sorokin et al., 2014). Microbial com-
munities of salt lakes are able to develop in a wide range 
of salt concentrations and under conditions of high pH 
values. Microbial diversity “instantly” (for natural condi-
tions) responds to changes in external environmental pa-
rameters under climatic extremes (summer-winter), and 
these conditions determine the composition, structure, 
and functional activity of the microbial community.

To elucidate the question of how the structure and 
functionality of the microbial community differ between 
the two seasons, we characterized the microbial commu-
nities in summer and winter using 16S rRNA gene ampli-
cons. The study of the diversity of the microbial communi-
ty and the prediction of its functional capabilities depend-
ing on environmental factors by modern molecular genet-
ics and bioinformatic methods has not been previously 
carried out in the salt lakes of the Barguzin depression.

The purpose of the study is to establish the diversity 
of the prokaryotic community in the bottom sediments 
of the Gudzhirganskoe and Nukhe-Nur lakes in summer 
and winter and to determine the effect of environmental 
parameters on the composition and functionality of the 
microbial community.

Objects	and	methods	

Study area

The study area belongs to the cryoarid zone, which is 
characterized by sharp seasonal and daily temperature 
fluctuations and low precipitation. The studied lakes were 
formed in exceptional natural conditions, and, as a rule, 
the lakes are frozen for 6 months per year. Sampling for 

physicochemical, hydrochemical, and molecular ge-
netic studies was carried out in summer (August 2019) 
and winter (December 2019). In summer, at the time of 
sampling, the air temperature was +21.6 °C, in winter — 
–35 °C. In winter, the lakes were covered with ice and 
snow, sediments were collected using an ice drill. 

Lake Gudzhirganskoe (54°01ʹ890ʹʹ N 110°16ʹ537ʹʹ E, 
altitude 493 m a. s. l.) belongs to the group of Alga lakes, 
is shallow and has a relatively small area — 0.3 km2. In 
summer 2019, the lake was mainly covered with a dry 
salt crust 0.5 to 5 cm thick. Thenardite (Na2SO4) crystals 
were observed on its surface. In small depressions there 
was residual brine. The upper layers of sediments were 
represented by gray silt. Lake Nukhe-Nur (53°38ʹ781ʹʹ N 
109°56ʹ807ʹʹE, height 479 m above sea level, water surface 
area about 2–2.5 km2), is located in a depression above 
the floodplain on the steppe part of the valley, along the 
right bank of the Barguzin River. The lake consists of two 
reservoirs, and has the shape of an asymmetric figure 
“eight” elongated from north to south. Bottom sediments 
are represented by finely dispersed silt, evenly covering 
the bottom of the lake. Sampling was carried out in the 
northern Lake Nukhe-Nur. To determine the physico-
chemical and hydrochemical parameters, we used bottom 
water in summer and pore water extracted from thawed 
samples of bottom sediments in winter. We measured pH 
and temperature using a portable pH meter pH-200 HM 
Digital (South Korea) with a contact thermometer. Min-
eralization was determined by test conductometer TDS-4 
(Singapore). The macrocomponent composition of the 
brine was determined using hydrochemical methods at 
the Research Equipment Sharing Center of the Geologi-
cal Institute of Siberian Branch of the Russian Academy of 
Sciences, Ulan-Ude (www.geo.stbur.ru).

Molecular genetic analysis

At each lake site, bottom sediments from three random-
ly selected plots were selected as replicates. These three 
subsamples (depth of up to 10 cm) were pooled into a 
single bottom sediment sample. For molecular genetic 
analysis, the samples of bottom sediments were taken 
into sterile plastic 15 ml Falcon tubes and fixed with eth-
anol to a final concentration of 50 % (v/v). The samples 
were delivered to the laboratory within 24  hours and 
kept in a refrigerator at +4 °C until DNA extraction. 

DNA isolation from sediments was carried out us-
ing the DNeasy PowerSoil Kit (Qiagen, USA) according 
to the manufacturer’s protocol. Qualitative and quanti-
tative assessment of the DNA preparations was carried 
out on a Nanodrop 1000 spectrophotometer (Thermo 
Fisher Scientific, United States). The V3-V4 region of 
the 16S rRNA gene was amplified using the primers 
343F (5’-CTCCTACGGRRSGCAGCAG-3’) and 806R  
(5’-GGACTACNVGGGTWTCTAAT-3’), containing adap- 
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ter sequences (Illumina), a linker, and a barcode (Fadrosh 
et al., 2014). Amplification was carried out as described 
previously (Brouchkov et al., 2017). Sequencing was car-
ried out in the technospark company “Biospark” (Mos-
cow) on a MiSeq sequencer (Illumina, USA) using the 
Reagent Kit v3 (2 × 300, Illumina). Demultiplexing was 
carried out with the appropriate scripts of QIIME version 
1.9.0 (Caporaso et al., 2010). The subsequent sequence 
processing and analysis were also performed in QIIME 
ver. 1.9.0. The data were passed through a filter with the 
minimum nucleotide read quality of 30  and the mini-
mum read length of 350 bp. The chimerism testing of the 
reads was performed using the identify_chimeric_seqs.py 
script by the algorithm of USEARCH version 6.1544 (Ed-
gar, 2010) and the Silva 123 reference base of 16S rRNA 
reads (Quast et al., 2013). The OTU table was formed us-
ing the pick_open_reference_otus.py script. The sequenc-
es were grouped in OTUs with a similarity level of 97 % 
(Schloss and Handelsman, 2006) using the algorithm of 
USEARCH version 6.1544 (Edgar, 2010) and the Silva 
123 version reference base of 16S rRNA reads (Quast et 
al., 2013). The NCBI (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) and EzBioCloud (https://www.ezbiocloud.net/) serv-
ers were used to search for nearby homologues. 

The DNA sequences in this study have been de-
posited in the National Center for Biotechnology In-
formation (NCBI) under BioProject PRJNA903517 and  
BioSample accession SAMN31807139.

Statistical analyses and functional prediction

Heat map of classified taxa was created using the Micro-
biomeAnalyst online resource (https://www.microbio-
meanalyst.ca) (Dhariwal et al., 2017; Chong, Liu, Zhou, 
and Xia, 2020). 

The correlation of the composition of the dominant 
genera in the summer and winter communities with 
physicochemical parameters was assessed by the princi-
pal component analysis (PCA) using Past 3.14 software 
(Hammer, Harper, and Ryan, 2001). Prior to the analysis, 
all environmental data were standardized by subtracting 
the mean and dividing by the standard deviation.

The Tax4Fun program was used for data annotated 
in the SILVA database (Aßhauer, Wemheuer, Daniel, and 
Meinicke, 2015). The result is a table containing relative 
levels of KO (KEGG ORTHOLOGY). KO profiles were 
used to profile functional diversity based on KEGG (EC 
pathways, modules or categories).

Results	and	discussion	

Ecological conditions for microbial communities

The water of Lake Gudzhirganskoe in summer was char-
acterized by a high pH value of 9.3, the water tempera-
ture in the lake was +23.1 °C, and the total mineraliza-

tion of the water reached 137 g/dm3. The studied lake is 
characterized by the redox potential –0.76 mV. The mac-
rocomponent composition of the lake was dominated by 
sodium cation — 43856.9 mg/dm3. In dry climate, sodi-
um is a characteristic element of the evaporative concen-
tration of salt lakes in the steppe regions. The content of 
magnesium ions was 243 mg/dm3. The dominant ion in 
the anionic composition was the sulfate ion, its content 
was 86127 mg/dm3. The content of carbonates did not 
exceed 510 mg/dm3, hydrocarbonates — 3051 mg/dm3.  
Chlorides are a constant component of water; their con-
tent in the lake was 2570 mg/dm3. In the water of Lake 
Gudzhirganskoe, fluorides and silicon ions were deter-
mined (Table 1). In winter, the pH of the water in the 
lake was 8.76, the mineralization was 102 g/dm3, and the 
redox potential was –166 mV. Determination of the cat-
ionic-anionic composition of water in winter also showed 
the dominance of sodium cation (35400  mg/dm3),  
sulfates dominated in the anionic composition of wa-
ter  — 62120  mg/dm3. In Lake Nukhe-Nur at the time 
of sampling in summer, the pH value was 9.62 and 
the mineralization was 9.8  g/dm3. The redox potential 
was — 0.75 mV. In winter, the pH value of pore water was 
8.8, mineralization 7 g/dm3, redox potential was within 
–0.53 mV. The study of the hydrochemical composition 
of the water of Lake Nukhe-Nur in the summer period 
showed that the dominant cation was Na+ — 2941 mg/dm3,  
the concentration of Mg2+ ions was 42  mg/dm3. The 
content of Ca 2+ in the water of the lake in summer was 
12 mg/dm3, while in winter it decreased to 10 mg/dm3.  
The alkaline pH of the lake water is created due to high 
concentrations of HCO3

– and CO3
2– ions, the content of 

which in summer reached 5186 mg/dm3 and 780 mg/dm3.  
The concentration of sulfates in the water was insig-
nificant and amounted to 157  mg/dm3, in winter  —  

Table	1.	Hydrochemical	analysis	of	water,	mg/dm3

Ions
Lake Gudzhirganskoe Lake Nukhe-Nur

Summer Winter Summer Winter

Na+ 43856.89 35440 2940.86 1963.6

Ca2+ 120.24 74.19 12.02 10.7

Mg2+ 243.2 116 42.56 36

HCO3– 3050.9 2146.3 5186.53 4217.1

CO3– 510.09 321.4 780.13 571.2

NO3– 5.33 nd 5.1 1.7

SO4
2– 86127.31 62120.0 157.07 89.4

Cl– 2570.63 1682.5 613.41 22.4

F– 7.49 nd 6.17 5.13

SiO3
2– 3.20 nd 41.8 nd

nd stands for not determined.

https://www.microbiomeanalyst.ca
https://www.microbiomeanalyst.ca
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89.4 mg/dm3. The content of chloride ions was 613.0 mg/dm3  
in August 2019, while in December 2019 the content of 
chloride ions was 22.4 mg/dm3. Fluorides, bromides and 
silicon ions were also found in the water of the lake.

Taxonomic composition of microbial 
communities

The Shannon, ACE, and Chao1  diversity indices were 
calculated (Table 2).

Table	2.	OTUs	and	alpha	diversity	indices	in	summer	and	
winter	periods

Sample
Number 
of reads 

(n=2)
Shannon_H Chao 1 ACE

Gudzh_summer 13453 3.2 40 40.7

Gudzh_winter 12985 2.2 48.1 42.6

Nukhe-Nur_summer 13905 2.5 49.3 54.5

Nukhe-Nur_winter 11706 2.7 46.5 46.7

The diversity index according to Shannon ranged 
from 2.2  to 3.2  in Lake Gudzhirganskoe in winter and 
in summer. The largest number of OTUs and the maxi-
mum species richness, estimated using the Chao 1 and 
ACE indices were found in the bottom sediments of 
Nukhe-Nur in summer.

The bottom sediment communities of the studied 
lakes were predominantly represented by the Bacte-
ria domain. The share of the Archaea domain ranged 
from 0.8 to 2 %. The analysis showed that, at the phylum 
level, the microbial communities of the studied lakes 
were similar in composition and diversity (Fig. 1). The 
predominant phyla were Bacteroidetes (6–42 %), Acti-
nobacteria (3–30 %), Firmicutes (4–25 %) and Proteo-
bacteria, classes Gammaproteobacteria (10–24 %), Alp-
haproteobacteria (5–18 %) in the community of bottom 
sediments of lakes Gudzhirganskoe and Nukhe-Nur. In 
Lake Nukhe-Nur, Chloroflexi (5–12 %) was present as 
subdominants, its ratio slightly varied in different pe-
riods of the study. A feature of the taxonomic compo-
sition of the microbial community of the bottom sedi-
ments of the studied lakes was the dominance of OTUs 
classified as uncultivated clones belonging to taxa of 
different ranks.

Determination of taxonomic diversity at the level 
of families and genera showed a difference in the com-
position of microbial communities in the bottom sedi-
ments of lakes Gudzhirganskoe and Nukhe-Nur with 
changes in external environmental parameters under 
conditions of climatic extremes (summer-winter). Com-
parative analysis of the heat map of dominant bacteria 
(representation in the community ≥ 1 %) indicates the 
specificity of the microbial community of each studied 

lake (Fig.  2). Probably, the sulfate type of water (Lake 
Gudzhirganskoe) and the soda type of water (Lake 
Nukhe-Nur) determine the formation of a specific mi-
crobial community in the studied lakes. Similar changes 
in the taxonomic composition depending on ecological 
conditions were also observed in other aquatic ecosys-
tems (Lew et al., 2015; Vigneron et al., 2019; Cotta et 
al., 2022). Characteristically, the change of seasons re-
sults in the shift of the composition of the community 
of the studied lakes at the level of genera and families. 
Thus, in summer, the microbial community of the bot-
tom sediments of Lake Gudzhirganskoe was dominated 
by representatives of the genera Rhodobaca, Loktanella, 
Nitrincola, Methylophaga, the Izimaplasmataceae fam-
ily, as well as uncultivated representatives of the Blvii28 
wastewater-sludge group and uncultivated Planctomy-
cetes of the class VadinHA49. Their proportion in win-
ter significantly decreased and in some cases was not 
detected at all. In the winter microbial community of 
Lake Gudzhirganskoe, representatives of completely dif-
ferent families and genera dominated in the taxonomic 
structure. The sequences identified as Аctinobacteria of 
the Nitriliruptoraceae family were the most common in 
winter. Sequences assigned to the genera Roseinatrono-
bacter, Paracoccus, and nitrogen-fixing cyanobacteria 
Nodularia PCC-9350 were also widely represented. Co-
dominants in the studied community were sequences 
assigned to the genera Salinarimonas and Truepera. Se-
quences presented exclusively in winter were assigned to 
the genus Antarcticibacterium.

An analysis of the microbial community of the bot-
tom sediments of Lake Nukhe-Nur in the summer and 
winter periods also revealed significant changes in the 
taxonomic composition. In summer, representatives of 
the phylum Bacteroidetes ML635J-40 aquatic group, 
the genera Azoarcus, Desulfurivibrio, Mangroviflexus, 
Dethiobacter, Rhodobaculum, Tindalia, and other repre-
sentatives dominated in the microbial community of the 
bottom sediments of Lake Nukhe-Nur. Characteristical-
ly, for the microbial community of the summer period, 
sequences with close homology to thermophilic bacteria 
were found among the dominants (Nepomnyashchaya 
et al., 2012; Zhao, Gao, Qin, and Ruan, 2012; Lee, Wong, 
and Adav, 2014). Probably, the discharge of underground 
nitrogen thermal waters in Lake Nukhe-Nur favors the 
spread of this ecological group of bacteria. An analysis of 
the taxonomic diversity of the microbial community in 
the winter period showed an almost complete replace-
ment of the dominant representatives. The composition 
of the microbial community in winter shifted to repre-
sentatives of bacteria of the genera Arthrobacter, Gla-
ciihabitans, Rhodoferax, Acetobacterium, Polaromonas, 
Clostridium sensu stricto 13, Trichococcus, etc., whose 
closest homologues are psychrophilic orga nisms (Kotsy-
urbenko et al., 1995; Liu et al., 2002; Spring, 2003; Zhang 
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et al., 2008; Margesin, Spröer, Zhang, and Busse, 2012; 
Kaden, Spröer, Beyer, and Krolla-Sidenstein, 2014).

The physicochemical factors affecting the composi-
tion of the dominant genera of the summer and winter 
periods in the studied lakes were determined by using the 
method of principal components (РСА) (Figs S1, S2). The 
results demonstrated the predominance of obligate and 
moderate alkaline and halophilic bacteria in summer in 
Lake Gudzhirganskoe (рНopt > 8 and Мopt > 3 % NaCl). 
For example, the summer community was dominated by 
bacterial sequences whose closest homologues belonging 
to the genera Methylonatrum, Anoxynatronum, Desulfo-
natronobacter, Desulfonatronovibrio, Mongoliibacter had 
growth optima at pH > 9.5 (Alazard et al., 2007; Sorokin 
et al., 2007; Sorokin et al., 2011; Sorokin, Tourova, Pan-
teleeva, and Muyzer, 2012; Wang et al., 2016). We ob-

tained sequences whose closest homologues belonged to 
the bacteria Wenzhouxiangella, Methylonatrum, Alcanivo-
rax, Nitrincola, Anoxynatronum, Spirochaeta. This group 
of bacteria was assigned to moderate halophiles (Zhilina 
et al., 1996; Wang et al., 2022; Borsodi et al., 2017; Liao et 
al., 2020). In winter, alkaliphilic bacteria were presented 
by the genus Roseinatronobacter (рНopt  >  9.5) (Sorokin 
et al., 2000). All other bacterial sequences of the winter 
period were phylogenetically close to alkali-, halotolerant 
bacteria (Fig. S3).

Only the temperature factor was used for the domi-
nants of the Nukhe-Nur Lake community, since accord-
ing to РСА, the strongest correlation of the composition 
of the bacterial community in both periods with this 
factor is observed (Fig. S4). An analysis of the distribu-
tion of dominant genera showed that in summer there 

Fig. 1. Taxonomic diversity of prokaryotes at the phylum level (classes for Proteobacteria) in bottom sediments in summer and winter in Gudzhir-
ganskoe and Nukhe-Nur lakes.
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was a high proportion of bacterial sequences whose 
closest homologues had an optimal growth tempera-
ture above 35 °C, including bacteria of the genera De-
thiobacter and Truepera (Topt 65 °C and 50 °C, respec-
tively). In the winter community, a clear predominance 
of bacterial sequences closely related to bacteria with a 
temperature optimum below 20 °C was noted. However, 
it should be noted that representatives of thermophilic 
bacteria of the genus Chloroploca, Anaerolinea, and Sac-
charofermentans were also found in the winter microbial 
community (Pierson and Castenholz, 1974; Yamada et 
al., 2006; Chen, Niu, and Zhang, 2010).

Functional Prediction 

Based on the Tax4Fun program, 7084  KEGG Orthol-
ogy (KOs) were predicted from the 16S rRNA gene se-
quences in the microbial communities of the bottom 
sediments of the Gudzhirganskoe and Nukhe-Nur lakes 
in winter and summer seasons. According to the KEGG 
database, potential metabolic functions were classified 
by gene orthology (KO).

Small qualitative and quantitative variations in the 
predicted KOs were found between the microbial com-
munities of the studied lakes (Fig. 3).

Fig. 2. Heat map of classified taxa (abundance ≥ 1 %) in bottom sediments of lakes Gudzhirganskoe and Nukhe-Nur in summer (Gudzh_S and 
NN_S) and winter (Gudzh_W and NN_W) periods.
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Thus, we did not predict the metabolic pathways 
of pentose and glucuronate interconversions and C5-
Branched dibasic acid metabolism in Lake Gudzhirgan-
skoe, which are important carbohydrate metabolic path-
ways and play an important role in many biosynthetic 
pathways. In Lake Nukhe-Nur, we did not predict the 
pathways that provide the degradation of xylene. Inter-
estingly, carbon fixation pathways in prokaryotes are 
predicted only in summer, both in Lake Gudzhirgans-
koe and in Lake Nukhe-Nur.

In general, the predicted functional profile of mi-
crobial communities differed slightly between lakes and 
seasons, in contrast to the taxonomic diversity of bac-
teria.

Biogeochemical cycles C, N and S are important 
ecological functions in salt lakes (Sorokin et al., 2014).

We analyzed the relative abundance of potential 
functional genes from the identified KOs and selected 
marker genes associated with the C, N, and S cycles 
(Table S1). It was shown that the expected functional 
differences between microbial communities in different 
seasons and between the studied lakes were not obvious.

The microbial communities in Lake Gudzhirgans-
koe had a higher relative abundance of genes associated 
with C, N, and S cycles. Thus, the microbial community 
in Lake Gudzhirganskoe in summer had a higher rela-
tive abundance of genes associated with aerobic C fixa-
tion (Calvin cycle), CO oxidation, denitrification, nitro-
gen assimilation, nitrogen fixation and sulfur mineral-
ization. Greater functional potential of anaerobic C fixa-
tion, assimilatory sulfate reduction, dissimilatory sulfate 
reduction, sulfide oxidation and polysulfide reduction 
were predicted for the winter microbial community in 
Lake Gudzhirganskoe.

In Lake Nukhe-Nur, the predicted functions in 
the C-metabolism, N-metabolism, and S-metabolism 
pathways had a significantly higher relative abundance 
in winter for aerobic respiration, anaerobic C fixation, 
CO oxidation, fermentation, ammonification, nitrate re-
duction, nitrogen assimilation and nitrogen mineraliza-
tion. It was shown that in the microbial communities of 
Lake Nukhe-Nur, the relative number of predicted genes 
for fermentation was higher both in summer and win-
ter seasons than in the microbial communities of Lake 
Gudzhirganskoe.

Based on the dataset of the 16S rRNA gene se-
quences, it can be assumed that bacteria of the orders 
Bacteroidales, Spirochaetales, Rhizobiales, Clostridiales, 
Rhodobacterales Desulfobacterales and Micrococcales can 
potentially participate in the carbon cycle of the studied 
lakes. It is assumed that the nitrogen cycle pathways in 
the studied microbial communities can be implemented 
with Pseudomonadales, Rhodobacterales, Bacillales and 
Clostridiales. Representatives of these orders were found 
both in the summer and winter seasons in the studied 

lakes. The low prevalence of anammox genes and the 
lack of nitrification potential was a characteristic fea-
ture of the microbial communities of the studied lakes. 
In the sulfur cycle, the assimilation reduction of sulfate 
and sulfur mineralization were the main pathways in 
Lake Gudzhirganskoe both in winter and in summer. 
We assume that representatives of the orders Rhodobac-
terales, Pseudomonales, Propionibacteriales, Clostridiales 
and Bacteroidales are involved in these pathways. In the 
studied microbial communities of the studied lakes, the 
proportion of each order was ≤ 1 %.

Thus, we predicted the potential participation of 
various taxa of microorganisms in the biogeochemical 
cycles C, N, and S in the bottom sediments of the studied 
lakes.

In addition, it should be noted that the pres-
ence of metabolic pathways predicted in the microbial 
communities of the studied lakes referred to the ABC 
transporters (283  KOs) and the Two-component sys-
tem (381  KOs). It is known that ABC transporters of 
microbial communities are able to effectively perceive 
and respond to environmental changes. Two-compo-
nent systems play an important role in the adaptation of 
microorganisms to changing environmental conditions 
(Giuliani et al., 2011; Capra and Laub, 2012).

Bacteria in the microbial communities of the stud-
ied lakes had genes that were predicted to be involved 
in the synthesis of halo-adaptive compounds such as 
ectoine, glycine-betaine, glutamate, trehalose, and cho-
line (Table S2). Characteristically, the largest number of 
genes involved in adaptation to a high salt environment 
was predicted in the summer in Lake Gudzhirganskoe. 

Conclusion

Microbial communities are fundamental components 
of lake ecosystems, encompassing great diversity and 
playing a key role in the management of biogeochemical 
processes, including carbon, nitrogen and sulfur cycles 
(Ren et al., 2017).

This paper presents the results of the study of the 
microbial communities in the sulfate Lake Gudzhir-
ganskoe and the soda Lake Nukhe-Nur in winter and 
summer seasons: from the assessment of the taxonomic 
composition to potential metabolic pathways. The stud-
ied lakes are unique natural ecosystems formed in ex-
ceptional natural conditions and experiencing extreme 
shifts in seasonal environmental conditions.

The taxonomic structure and functional potential 
of microbial communities of the sulfate Lake Gudzhir-
ganskoe and the soda Lake Nukhe-Nur in winter and 
summer seasons were studied for the first time by high-
throughput sequencing of the 16S rRNA gene. Our re-
sults showed that environmental conditions, such as pH, 
temperature and mineralization, mainly determined the 
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composition of the community in the bottom sediments 
of lakes Gudzhirganskoe and Nukhe-Nur. The change 
of the “summer” obligate and moderately alkaliphilic 
and halophilic community to the “winter” alkali-, halo-
tolerant/halophilic microbial community was observed 
in the winter period in Lake Gudzhirganskoe. In Lake 
Nukhe-Nur, a change from mesophilic-thermophilic 
community in summer to a mesophilic-psychrophilic 
microbial community in winter was revealed. Thus, the 
results obtained give an idea of the main trends in the 
seasonal dynamics of extremophilic microbial commu-
nities in the studied lakes in response to fluctuations in 
environmental parameters.

Prediction of the functional profiling of micro-
bial communities using the Tax4Fun program made it 
possible to reveal the similarities and differences in the 
metabolic potential of the microbial communities in the 
studied lakes. Between the microbial communities of 
the studied lakes, only small qualitative and quantitative 
variations in the relative abundance of predicted func-
tional genes were found. Potential functional genes have 
been found for all stages of the C, N and S cycles, with 
the exception of nitrification and aerobic CH4 oxidation. 
In addition, we should note the presence of metabolic 
pathways predicted in the microbial communities of the 
studied lakes, which play an important role in the ad-
aptation of microorganisms to changing environmental 
conditions (ABC transporters, a two-component system 
and genes that may be involved in the synthesis of halo-
adaptive compounds, such as ectoine, glycine-betaine, 
glutamate, trehalose and choline).

In general, it has been shown that there was a 
change in the dominant taxa at the level of families and 
genera in the microbial community in the summer and 
winter seasons, however, the predicted functional profile 
of microbial communities differed slightly between sea-
sons and between the studied lakes. At the same time, it 
should be noted that the predictive nature of functional 
profiling based on high-throughput 16S rRNA gene se-
quencing data provides a preview of the metabolic func-
tioning of microbial communities in these lakes, which 
should be further explored using a shotgun sequencing 
approach.
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