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Abstract
Although under-ice microbial communities are subject to a cold environment, low concentrations of nutrients, and a lack of light, they nevertheless take
an active part in biogeochemical cycles. However, we still lack an understanding of how high their diversity is and how these communities are
distributed during the long-term ice-cover period. Here we assessed for the first time the composition and distribution of microbial communities during
the ice-cover period in two subarctic lakes (Labynkyr and Vorota) located in the area of the lowest temperature in the Northern Hemisphere. The diversity
distribution and abundance of main bacterial taxa, and the composition of microalgae, varied by time and habitat. The 16S rRNA gene sequencing
method revealed, in general, a high diversity of bacterial communities where Proteobacteria (~59%) and Actinobacteria (~11%) prevailed. There were
significant differences between the communities of the lakes: Chthoniobacteraceae, Moraxellaceae, and Pirellulaceae were abundant in Lake Labynkyr,
while Cyanobacteria, Oligoflexales, Ilumatobacteraceae, and Methylacidiphilaceae were more abundant in Lake Vorota. The most abundant families
were evenly distributed in April, May and June their contribution was different in different habitats. Moraxellaceae, Ilumatobacteraceae dominated in
April in the water column, while Sphingomonadaceae dominated both in water column and on the ice bottom. In May, the number of Comamonadaceae
increased and reached the maximum in June, while Cyanobacteria, Oxalobacteraceae and Pirellulaceae followed. We found a correlation of the
structure of bacterial communities with snow thickness, рН, total nitrogen concentration, and conductivity. We isolated psychrophilic heterotrophic
bacteria both from dominating and minor taxa of the communities studied. This allowed for specifying their ecological function in the under-ice
communities. These findings will advance our knowledge of the under-ice microbial life.

Introduction
Most of the Earth’s surface, both sea and land (about 80%) is from time to time or always cold, where the temperature is under 5 °С. This makes the low
temperatures the most widespread ‘extreme’ environment of the biosphere [1, 2]. Although the habitats that are mostly or permanently frozen are, as a
rule, considered uninhabitable, psychrophilic organisms capable of living in such conditions exist, and are the most abundant, diverse and widespread
extremophiles on Earth [3–5].

There is a huge number of lakes (more than 50 millions), including mountain freshwater ecosystems and high-latitude temperate and boreal lakes,
which are seasonally covered with ice for most of the year [6, 7]. Despite this, the life that exists under the freshwater ice is one of the least studied
aspect of the winter limnology and has to be thoroughly assessed [8–12]. The cold season affects the ecology and metabolic peculiarities of freshwater
microorganisms as well as their role in the food web and global biogeochemical cycles throughout the year [13, 14]. The assumption that the cold
season is a ‘season of rest’ [15] and the total biological activity under ice is insignificant, especially in high-latitude ecosystems with thick snow cover, is
currently being revised. Studies of lakes with seasonal ice cover apparently demonstrate that the winter food webs and physical processes are active
and complex [7, 9, 11, 16].

Low temperatures, low light intensity and limited uptake of nutrients under ice cover affect the rate of biological reactions, microbial activity and, as
consequence, microbial diversity [13, 17–20]. Although the lakes with seasonal ice cover have not been yet well studied, there is more evidence that the
dynamics of the microbiome during the cold season is an important factor for understanding continuity of bacterial community into the next period.
The ice cover considerably affects incoming solar radiation and physical processes under ice [21]. Over time, there can form abrupt physical and
chemical gradients and functionally and taxonomically different microbial communities that will serve as an ‘inoculum’ for the next season of open
water [11].

Technologies of high-throughput sequencing (HTS) open up opportunities for obtaining more information on diversity, distribution, and dynamics of
bacteria and other organisms of the food web in temperate and boreal lakes. These data are limited by late spring and summer due to technical
restrictions, and only a small part of such studies deals with microbial communities under ice. The temperate oligotrophic Lake Stechlin (Germany) was
investigated for the composition and activity of under-ice heterotrophic bacteria during the decay of blooming cyanobacteria Aphanizomenon flos-
aquae [22]. The taxonomic composition, richness, and dynamics of bacterial communities on the bottom ice surface and in the water column under the
ice were studied during the peak of bloom of dominating complex of plankton in the oligotrophic Lake Baikal [23–26], and the genomes of Baikal
subglacial bacteria were assembled [27]. Seasonal dynamics of the microbial community structure during ice formation and after as well as the
bacterial carbon cycle were demonstrated for the Great Lakes [13, 28]. Genome diversity and metabolic activity of Verrucomicrobia was described under
ice in lakes of temperate and boreal regions of Quebec, Canada [29]. The relationship of the microbial community structure with physical (water clarity)
and chemical parameters (dissolved organic carbon, dissolved oxygen, total nitrogen, and conductivity) of waterbodies was assessed in the arctic lakes
of West Greenland [30] and organic matter in a cryogenic lake of the subarctic area of Quebec, Canada [31].

Our research focused on the lakes Labynkyr and Vorota, which are located in one of the coldest places of our planet near the Pole of Cold of the
northern hemisphere. This is a continental subarctic dry climate with extremely severe winter and a long ice period that lasts more than 240 days a year.
The microbial communities of these extremely cold habitats are still poorly studied due to the uninhabitability of the lake shores and the inaccessibility
of the lakes by transport. Recently, we investigated microalgae and showed a high diversity and unique composition of diatoms [32–35]. These
investigations are useful for understanding the biogeography and history of formation of the fauna of arctic and subarctic waters. Here we studied
bacterial communities inhabiting the lakes that are covered with ice for most of the year. Our aims were to (1) identify the main taxa of bacterial
communities during the cold season; (2) evaluate the dynamics of diversity during the ice formation; (3) understand the influence of environmental
parameters (thickness of ice and snow cover, temperature, microalgae bloom, and availability of nutrients) on the structure of bacterial communities.
The bacterial communities from these extremely cold habitats were described for the first time. This study gave a unique opportunity to get data on the
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microbial ecology of frozen lakes in a pristine uninhabited region free of anthropogenic stress. These data may be used as a sensitive indicator of
environmental changes and ecological status of lakes.

Materials And Methods

Study site, sampling and environmental parameters
Lake Labynkyr (LL) is located at the meeting of the Suntar-Khayata Range and the Oymyakon Highland in the catchment area of the Indigirka River at
an altitude of 1020 m above sea level. Lake Vorota (LV) is located at an altitude of 1014 m, 23 km eastward of Lake Labynkyr (Fig. 1). The cold season
lasts from the late October to the middle of June. During this time, the lakes remain frozen and are covered with 40–60 cm of snow cover. The mean
annual temperature varies between − 4 and − 16°C, while in January it goes below − 40°C, and the lowest recorded temperature is − 71.2°C. Water
temperature is always relatively low, being 1 to 4 °С in the cold season, and not exceeding 9 °С in June.

Samples were taken in the northern (L1), central (L2, L3) and southern (L4) parts of Lake Labynkyr, and in the central (V1) and northern (V2) parts of
Lake Vorota (Fig. 1) in April-May 2016 and in June 2017 (Table 1). Samples (V = 2 L) from the bottom surface of the ice were taken by divers with
syringes, while those from water column (5 m depth) were obtained using the Niskin bottle. The list of samples from the bottom surface of the ice (SI)
and water column (WC) is given in the Supplement (Table S1). Thickness of ice and snow cover, water temperature (T °С) under ice and in water
column, pH and O2 concentration (DO) were measured immediately after sampling. Water electrical conductivity (EC25) was measured by means of a

conductivity meter equipped with a thermal compensation sensor, the conductivity value is normalized by 25 оС. Samples for determining
concentrations of silicon (Si), phosphate (PO4

3+), nitrite (NO2
−), nitrate (NO3

−), ammonium (NH4
+), sum of Nmin (N-NO3 + N-NH4 + N-NO2), total dissolved

solids (TDS) and total organic carbon (TOC) were frozen at − 20 °С and transported to the laboratory. All measurements of concentrations of major ions
and DOC were performed as previously described [26, 32].

Table 1
Characteristics of the sampling site

Sampling
site

Lake Labynkyr Lake Vorota

L1 L2 L3 L4 V1 V2

Coordinates 62°33′33″N

143°36′27″E

62°30′44″N

143°34′35″E

62°32′3″N

143°35′44″E

62°27′14″N

143°37′26″E

62°25′20″N

144°06′55″E

62°25′20″N

144°06′55″E

Depth at
the
sampling

point (m)

6 20 34 38 45 30

Time point 04/16 05/16 06/17 04/16 04/16 05/16 06/17 04/16 05/16 06/17 05/16 06/17 06/17

Snow cover
thickness

(cm)

30 5 5 32 30 0.5 0.5 35 0.5 1 1 5 5

Ice
thickness
(cm)

91 111 110 86 109 110 80 86 86 86 100 110 110

Water samples were analysed to determine the abundance and biomass of microalgae and bacteria. For quantification of microalgae, 500 mL of each
sample fixed with Lugol’s solution was concentrated by settling and siphoning. Microalgae were counted twice using a light microscope Axiostar Plus
(Zeiss, Germany) at ×20 and ×40 magnification. The total microalgae abundance of (TMA) was quantified by Kuzmin’s method [36]; the total
microalgae biomass (TMB) was estimated by the method of Makarova and Pichkily [37]. For identification of microalgae composition, water samples
were filtered through 0.8 µm filters (Whatman, USA). The filters were then placed on SEM stubs and coated with colloidal gold in an SDC 004 vacuum
evaporator (Balzers, Liechtenstein). Samples were examined using a QUANTA 200 scanning electron microscope (FEI Company, Hillsboro, USA). For
estimation of total bacterial abundance (TBA), samples were fixed with 2.5% glutaraldehyde solution and stained with 4, 6-diamidino-2-phenylindole
(DAPI), then filtered through 0.22-mm black polycarbonate filters according to the standard protocol [38]. Samples were analysed on an inverted
fluorescence microscope Axiovert 200 (Zeiss, Germany).

Isolation and taxonomic identification of cultured bacteria
Organotrophic psychrotolerant bacteria were cultivated at 4 °С using fish peptone agar diluted 10 times (FPA:10). All the bacterial strains were
subcultured every 3 month and kept at 4 °С, 10 °С and 25 °С. The procedure described in Bashenkhaeva and Zakharova [24] was used for counting the
abundance, isolating bacterial strains, extracting DNA, and deriving amplicons of 16S rRNA gene fragments. PCR amplification of the obtained DNA
was performed using universal primers for the 16S rRNA gene of eubacteria 27F (AGA GTT TGA TCM TGG CTC AG), 500L (CGT GCC AGC AGC CGC
GGT AA) and 1350R (GAC GGG CGG TGT GTA CAA G) [39, 40]. Sequencing was performed using a BigDye 3.1 (Applied Biosystems, USA), while
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analysis was performed by means of a Genetic Analyser 3130XL (Applied Biosystems, USA) in the Genomics Core Facility, Institute of Chemical Biology
and Fundamental Medicine, Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia. The obtained nucleotide sequences were
analysed via Sequence Scanner v1.0 (Applied Biosystems, USA), BioEdit 7.2.5 [41], BLASTN software, and GenBank database. The phylogenetic tree
was built using the neighbour-joining method based on Kimura two-parameter algorithm (bootstrap 1000 replicates) in MEGA version 6 software [42].
The sequences were published under the GenBank accessions (MW007890-MW007915).

Microbial sample collection and DNA extraction
For DNA analyses, approximately 1.5 L of each sample was first filtered through a 27-µm mesh and then through 0.2 µm polycarbonate membrane
(Whatman, USA). Material was washed from the filters into sterile flasks filled with 5 mL of TE buffer (10 mM Tris-HCl, 1 mM EDTA; pH 7.5), stored and
transported at − 20°C to the laboratory where the samples were stored at − 80°C until further analysis. DNA was extracted using lysozyme (1 mg/mL),
proteinase K, 10% SDS and phenol:chloroform:isoamyl alcohol mixture (25:24:1) according to the protocol based on Rusch et al. [43].

Sequencing of V3-V4 16S Metagenomic Libraries
Purified genomic DNA was sent to Evrogen (Moscow, Russia) for amplicon library preparation and sequencing the V3-V4 variable region of 16S rRNA
gene was amplified with primer pair U341F (5′-CCTACGGGRSGCAGCAG-3′) and U785R (5′-GGACTACCVGGGTATCTAAKCC-3′) [44]. Sequencing was
performed using the Illumina MiSeq Sequencer as described in “Illumina 16S Metagenomic Library Preparation Guide #15044223 Rev. B”.

Sequencing data and statistical analyses
Analysis of sequencing data was performed in Usearch v.10 [45]. Sequences were clustered at 0.97 identity threshold to generate operational taxonomic
units (OTUs). The number of reads in samples was normalized. OTU consensus sequences were taxonomically classified using Silva v.138 in Mothur
v.1.43.0. The rarefaction curves, observed species richness, Chao1 index (non-parametric species richness estimators), Shannon and Simpson indices
(a combination of richness and evenness) were calculated to measure the alpha diversity. Exploratory analysis of community composition and
constrained ordination ware performed in R using vegan v.2.5-6 [46], phyloseq [47] and pvclust [48]. First, OTUs having abundance above 0.3% were
selected to produce a count matrix with 58 OTUs. OTU counts were transformed with log(x + 1) and subjected to principal component analysis
(transformation-based PCA). Linear regression of exploratory variables was performed by the evnfit function of package vegan. The distance matrix
computed with Bray-Curtis similarity index was used for clustering by UPGMA. A robustness of clustering dendrogram was accessed by bootstrap- and
au-values in the pvclust package. Transformation-based redundancy analysis was used to evaluate an impact of environmental factors to species
composition. Exploratory variables were chosen by a “forward selection” approach. The DESeq2 package [49] was used to evaluate the significance of
OTU abundance differences between the groups of samples. The bottom annotation block in Fig. 4 has a detailed explanation of groupings used in the
analysis. For each contrast, a subset of phyloseq objects were transformed to DESeq2 objects, followed by estimation of a size factors with geometric
means of OTU counts, “local” dispersion estimate, and computation of Wald-test statistics. For testing of OTU differential abundance, the FDR-adjusted
p-value and log-fold change (LFC) thresholds were set to 0.05 and log2 (1.5), respectively.

Nucleotide Sequence Accession numbers
The sequence data were submitted to the Sequence Read Archive database (https://www.ncbi.nlm.nih.gov/sra/) of the National Center for
Biotechnology Information under accession number PRJNA573475 and PRJNA575317.

Results

Environmental characterization
Ice bottom (SI) and water column (WC) samples from Lake Labynkyr (LL) and Lake Vorota (LV) were collected and analysed during three ice-cover
periods in April through May 2016 and June 2017 (Table 1). Both lakes were 100% covered with snow, and its thickness in April was 30 cm, while in
May-June it varied between 1 and 5 cm. The ice thickness in the sampling sites varied between 86 and 111 cm. The ice in April and May was solid and
transparent, while in June it became acicular and dark. Ice bottom sampling was not performed in June, because the ice was impregnated with water.
Water temperature near the ice bottom varied between 0.4 and 1.2°C. A water temperature of 1.2–3.6°C recorded in water column of the northern and
central parts of LL was lower compared to that in the southern part of the lake, 3.7–5.6°C. Water temperature in LV did not exceed 3.2°C (Table 2). The
pH values in April were weakly alkaline, 7.70–8.28, and in May they shifted to more alkaline range 7.81–9.34, and were neutral in June, 6.80–7.21.
Dissolved oxygen values were stable between 6.7 mg/L and 10.6 mg/L.



Page 5/15

Table 2
Physical, chemical and biological characteristics of samples

Time

point

Sample T

ºC

рН EC

µS/cm

DO

mg/L

PO4
3−

mg/L

NH4
+

mg/L

NO2
−

mg/L

NO3
−

mg/L

Nmin

mg/L

TDS

mg/L

TOC

mgC/L

TMA×103

cells/L

TMB

g/m3

April L1SI04 0.4 8.28 49.00 10.6 0.001 0.021 0.002 0.35 0.10 33.19 3.26 19.57 0.07

L1WC04 1.2 7.84 43.22 0.003 0.059 0.002 0.30 0.12 29.29 2.58 13.70 0.03

L2SI04 1.2 7.71 45.98 7.5 0.001 0.062 0.002 0.34 0.13 31.82 2.88 24.10 0.06

L2WC04 2.6 7.93 39.49 0.002 0.058 0.001 0.29 0.11 26.67 2.21 35.95 0.01

L3SI04 0.4 7.55 44.92 8.9 0.001 0.014 0.002 0.33 0.08 30.72 3.45 20.95 0.02

L3WC04 1.9 7.93 39.49 0.002 0.058 0.001 0.29 0.11 26.67 2.21 28.85 0.03

L4SI04 0.4 7.48 50.1 8.2 0.004 0.019 0.001 0.42 0.11 33.96 3.04 40.40- 0.04

L4WC04 3.7 7,70 39.85 0.001 0.069 0.002 0.28 0.12 26.54 3.04 39.55 0.13

May L1SI05 0.5 8.78 38.41 8.5 0.009 0.013 0.002 0.33 0.08 25.33 1.45 15.75 0.01

L1WC05 2.6 9.34 45.72 0.003 0.012 0.002 0.34 0.09 30.30 2.14 222.23 0.08

L3SI05 1.2 7.81 23.34 9.8 0.006 0.007 0.003 0.19 0.05 17.16 1.99 34.40 0.03

L3WC05 3.4 9.26 40.76 0.002 0.016 0.001 0.20 0.09 27.71 2.66 313.67 0.03

L4SI05 1.3 6.97 8.517 9.6 0.000 0.009 0.002 0.17 0.05 6.56 1.50 52.56 0.06

L4WC05 3.7 9.20 41.53 0.007 0.012 0.002 0.33 0.08 28.47 1.28 227.78 0.07

V1SI05 0.4 8.94 41.48 8.5 0.008 0.001 0.003 0.10 0.02 31.74 1.24 192.7 0.03

V1WC05 3.1 8.82 51.21 0.012 0.004 0.000 0.08 0.02 42.47 0.86 79.55 0.08

June L1WC06 3.6 6.80 30.89 8.3 0.003 0.017 0.003 0.33 0.09 n.d. 1.05 173.3 0.02

L3WC06 2.5 6.97 37.71 7.3 0.003 0.012 0.003 0.38 0.09 n.d. 0.86 127.1 0.03

L4WC06 5.6 6.98 41.07 8.4 0.016 0.012 0.005 0.45 0.11 n.d. 0.86 121.3 0.05

V1SI06 0.4 7.15 49.55 6.7 0.014 0.015 0.003 0.05 0.02 n.d. 0.83 55.67 0.02

V1WC06 3.2 7.21 54.75 0.023 0.016 0.006 0.06 0.02 n.d. 1.84 95.13 0.04

V2WC06 2.2 7.10 33.80 8.3 0.014 0.016 0.003 0.04 0.03 n.d. 0.75 84.91 0.02

Phosphate, nitrite, nitrate and total nitrogen concentrations in SI samples did not considerably differ from those in WC samples. Phosphate
concentrations in April did not exceed 0.004 mg/L in LL, in May and June they increased to 0.009 mg/L and 0.016 mg/L respectively. In LV they
remained within 0.008–0.024 mg/L. Nitrite concentrations in all samples did not exceed 0.006 mg/L. Nitrate concentrations in LL were between 0.17
mg/L and 0.45 mg/L, exceeding those in LV, which were in the range of 0.04–0.10 mg/L. Ammonium ion content in WC samples was equal to 0.058–
0.069 mg/L in April and 0.004–0.017 mg/L in May-June, and was higher than in SI samples. The lakes have a low salt content; the sum of main ions
did not exceed 33.96 mg/L in LL and 42.47 mg/L in LV. Organic matter indicators varied between 0.75 mgC/L and 3.26 mgC/L; they were higher in April
than in May and June.

LL phytoplankton included Bacillariophyta, Chrysophyta, Dinophyta, Haptophyta, Cryptophyta, and Chlorophyta species, and the biomass of algae was
in the range 0.01 to 0.13 g/m3. Small centric diatoms Pantocsekiella costei (J.C. Druart & F.Straub) K.T.Kiss & E.Ács were the most abundant in all
samples (65–90%), while larger diatoms Lindavia minuta were within 5%. Bacillariophyta and Cryptophyta species dominated LV phytoplankton; the
biomass of algae varied between 0.02 and 0.08 g /m3. Diatoms P. costei and Lindavia ocellata (Pantocsek) T.Nakov et al. prevailed in all samples;
Lindavia minuta (Skvortsov) T.Nakov et al. was about 20% of the total number in May, while in June the contribution of cryptophytic Rhodomonas
pusilla (H.Bachmann) Javornicky was in the range 10 to 50%.

Richness, diversity and bacterial community composition
2177 OTUs (97% similarity) from 997349 quality-filtered, chimera-free, paired sequences obtained from 21 samples (47517 reads in average in a
sample, mean length 455 bps) were identified in total. Rarefaction curves built for all samples at a genetic distance of 0.03 reached the saturation,
indicating that the bacterial diversity was sufficiently embraced (Fig. S1). The number of OTUs and the values of taxonomic richness (Chao1) and
diversity (Shannon and Simpson) indices of the communities were higher in LL than in LV, with higher values being found in water column of the
northern (L1WC05, L1WC06) and southern parts of LL (L4WC06) in May and June. In total, the number of OTUs in SI and WC communities was similar
(406–465) in April; in May and June, it was higher in WC (535–1301) than in SI (439–600) (Table 3).
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Table 3
Non-parametric alpha diversity metrics calculated for the bottom surface of the ice

and water column samples collected from lakes Labynkyr and Vorota over three
sampling dates

Time

point

Samples Reads Richness (OTU) Chao1 Simpson Shannon

April L1SI04 47504 431 431.0 0.0286 4.31

L1WC04 47535 424 424.0 0.041 4.11

L2SI04 47512 433 433.0 0.0268 4.32

L2WC04 47508 417 417.0 0.0217 4.52

L3SI04 47513 406 406.0 0.0238 4.41

L3WC04 47488 465 465.7 0.0286 4.35

L4SI04 47453 434 435.9 0.0269 4.37

L4WC04 47468 464 464.9 0.018 4.61

May L1SI05 47485 439 440.4 0.054 3.85

L1WC05 47449 1301 1301.3 0.0371 4.86

L3SI05 47491 600 606.4 0.182 3.16

L3WC05 47519 568 569.2 0.0254 4.51

L4SI05 47558 379 381.2 0.393 1.82

V1SI05 47513 409 410.2 0.0902 3.44

V1WC05 47474 447 448.1 0.0338 4.13

June L1WC06 47632 1022 1023.7 0.133 3.21

L3WC06 47534 535 536.2 0.0482 4.01

L4WC06 47729 1253 1253.0 0.0232 4.98

V1WC06 47459 509 513.9 0.102 3.35

V1SI06 47521 392 393.8 0.0928 3.15

V2WC06 47504 342 345.7 0.130 2.82

All OTUs were distributed by 15 phyla, about 3% of all sequences belonged to unclassified Bacteria. The bacterial phyla, to which the most sequences
had been attributed, included Proteobacteria (OTUs, ~ 59%) and Actinobacteriota (OTUs, ~ 11%). It is noteworthy that the abundance of Proteobacteria
was represented mainly by Gammaproteobacteria and Alphaproteobacteria was relatively even in all communities, while the abundance of
Actinobacteriota dramatically decreased in all communities of both lakes in June, compared with April and May (Fig. 2). Other abundant phyla that had
a different distribution among the communities included Planctomycetоta (OTUs, ~ 6%), Cyanobacteria (OTUs, ~ 5%), Bacteroidota (OTUs, ~ 4%),
Verrucomicrobiota (OTUs, ~ 4%), and Patescibacteria (OTUs, ~ 3%). These taxa were relatively evenly abundant in April in all communities. In May and
June, Planctomycetоta were decreased, while Bacteroidota and Verrucomicrobiota were more abundant. Cyanobacteria were the most abundant in all
LV communities, while the Patescibacteria species was found in quantity in several LL water column communities (Fig. 2). Distribution of
Acidobacteriota, Bdellovibrionota, Chloroflexi, Dependentiae, and Firmicutes phyla were within 1% of all sequences, and also differed depending on
community.

Community structure relationships
Exploratory analysis revealed a high intra-group similarity of April and May LL communities as well as an isolated position of LV samples (Fig. 3). June
LL communities formed a more diffuse cluster. According to the analysis, L4SI05 and L3SI05 communities were excluded from the sampling when
quantifying the number of OTUs by sampling time. LV communities are divided in two groups: the first includes V1SI06 and V2WC06 (group June), the
second unites three remaining samples V1WC06, V1SI05 and V1WC05 (group May). Heat map clustering results (Fig. 4) confirm that April LL
communities are similar. The analysis of dissimilarity of OTU number among samples of this group revealed only Moraxellaceae (OTU27
Acinetobacter) and Sphingomonadaceae (OTU49 Sphingobium) were more abundant in WC samples than in samples from communities at the ice-
water interface (SI samples).

The most significant dissimilarities are observed between bacterial communities are taken in April and June LL (Fig. 4). For example, OTUs
taxonomically affiliated to chloroplast-specific sequences, Comamonadaceae (Curvibacter, Acidovorax), Cyanobiaceae (Cyanobium_PCC-6307),
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uncultured Methylacidiphilaceae, Mycobacteriaceae (Mycobacterium), uncultured Pirellulaceae, and uncultured Gaiellales were significantly more
abundant in June. OTUs affiliated to Burkholderiaceae (Polynucleobacter), Chthoniobacteriaceae (Chthoniobacter), Comamonadaceae (Limnohabitans),
Ilumatobacteraceae (CL500-29_marine_group), Moraxellaceae (Acinetobacter), Sporichthyaceae (Candidatus_Planktophila, hgcI_clade), Burkholderiales
(TRA3-20) were less abundant in June then in April (Table S2). Oxalobacteraceae (Massilia) have a similar temporal dynamics when comparing LL
communities in April/May and April/June, their abundance increases in end spring and early summer.

May/June and April/June LL communities demonstrated a similar pattern of changes, though the list of differentially abundant OTUs and the range of
abundance differences was slightly less pronounced (Fig. 4, Table S2). OTUs affiliated to uncultured Pirellulaceae and uncultured Gaiellales were found
mainly in June, while Polynucleobacter, Chthoniobacter, SAR11, Limnohabitans, unclassified Comamonadaceae, Ilumatobacteraceae (CL500-
29_marine_group), and Acinetobacter were significantly more abundant in in May. Within LV communities Sporichthyaceae and Ilumatobacteraceae
were abundant in May, while Beijerinckiaceae (Methylobacterium-Methylorubrum) had the opposite dynamics. Comparative analysis of the distribution
of the most abundant OTUs also suggests differences in OTU abundance across the LL and LV communities. OTUs belonged to unclassified
Beijerinckiaceae, Burkholderiaceae (Polynucleobacter), Chthoniobacteraceae, (Chthoniobacter), Moraxellaceae (Acinetobacter), uncultured Pirellulaceae,
and Pseudomonadaceae (Pseudomonas) were more abundant in LL communities, while chloroplast-specific sequences, Cyanobiaceae
(Cyanobium_PCC-6307), Ilumatobacteraceae (CL500-29_marine_group), uncultured Methylacidiphilaceae, uncultured Oligoflexales, and uncultured
Gaiellales were found mainly in LV communities (Fig. 4, Table S2).

Effect of the environmental factors on community composition
We studied the correlation between the structure of bacterial communities and different environmental parameters, such as thickness of snow mantle,
water temperature, pH, EC25, DO, PO4

3−, NH4
+, NO3

−, NO2
−, Nmin, TOC, TMA and TMB. According to the results of transformation-based RDA, the

important exploratory variables were the thickness of snow mantle (R2
adj = 0.19, p = 1.3E-3), pH (R2

adj = 0.11, p = 2E-3), conductivity (R2
adj = 0.11, p = 

1.3E-3), and total nitrogen concentration (R2
adj = 0.10, p = 1.3E-3) (Fig. 5a). The proportion of the total variation explained by these four variables is ~ 

70%, which is rather high. The grouping pattern revealed by the constrained ordination approach is very similar to that of the unconstrained approach
(Fig. 3a). Variance partitioning (Fig. 5b) shows almost no overlap between the model variables except snow thickness and total nitrogen. The latter fact
highlights that snow thickness and TN are autocorrelated considerably.

Cultivated organotrophic bacteria
The total number of microorganisms in the lakes was not high, 0.2–1.0×106 cells/mL, and the quantity of cultivable bacteria varied between 10 to 330
CFU/mL. Forty-nine strains were isolated from the under-ice communities of the lakes. Twenty-six strains with different morphological characteristics
were chosen for taxonomical identification via the phylogenetic analysis of 16S rRNA gene. The resulting sequences of the cultivable strains were
attributed to Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes (Fig. 6). More than half of the sequences had a high similarity (99–100%)
with bacterial sequences from cold habitats (Table S3). The genus Pseudomonas represented by seven species (Ps. gramilis, Ps. fragi, Ps. antarctica,
Ps. collierea, Ps. yamanorum, Ps. tolaasy and Ps. fluorescens) dominated among Proteobacteria. In addition, Proteobacteria were represented by strains
closely related to Janthinobacterium (J. lividum), Rahnella (R. aquatilis), Serratia (S. myotis). Actinobacteria belonged to the genera Micrococcus (M.
yunnanensis) and Rhodococcus; their sequences were attributed to three species: R. cerastii, R. fascians, and R. qingshengi. Bacteriodetes species were
from the genera Chryseobacterium and Pedobacter (P. terrae). Firmicutes was represented by a sole strain Paenibacillus amylolyticus.

Discussion
We have to note that these lakes are of interest for investigations because they are classified as a “unique lake” of the protected areas of Yakutia. These
territories received this status for preservation of unique natural complexes and objects, biological resources and their genetic diversity, and for the
study of global biosphere processes and control of their changes [50]. For the first time, we studied microbial communities of LL and LV located in an
extremely cold place of the northern hemisphere using the HTS method and phylogenetic analysis of cultivable strains. In total, our study shows
astonishing differences in the diversity and composition of bacteria both on ice bottom and in water column at different time points (April, May, June)
during the ice-cover period in both lakes. The microbial community present under the ice showed progressive changes in accordance with previous
studies, demonstrating an active accretion of microbial communities and changes of bacterial communities during the ice-cover period [11, 13, 17, 28].

Lake conditions
The environmental parameters during this period were relatively stable. Water temperature (1 °С at SI, not more than 5.6 °С in WC) and concentrations of
nutrients and organic matter were quite low (Table 2). Dissolved oxygen in the surface water layer was in the range of 6.7–10.6 mg/L (49–78%
saturation), suggesting that surface water was oxygenated enough and thus allowed the dominance of aerobic processes during the long ice-cover
period. These days, the turnover of the ultraoligotrophic lakes mostly depends on natural factors such as permafrost soil, additional runoff from
adjacent lands due to intensive thawing, and erosion of surface soil as well as water replenishment from snow and rain. The lakes are considered a low
carbon environment due to the long ice-cover period that disturbs the input of organic matter from the atmosphere and land, and diminishes the primary
productivity because of low light levels under ice. These conditions explain the low salt and nutrient content in the lakes during the warm and cold
season [32].
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Microalgae also actively developed within the under-ice microbial communities. We recorded a rapid more than 10-fold increase in the number of
diatoms and cryptophytic algae (Table 2) during one month from April to May. In June, with the ice melt, the abundance of microalgae was average. We
had previously shown the high richness of the lake microflora [34, 35, 51]. Its diversity starts increasing under ice and reaches the maximum in summer
during the open water period. Nonetheless, more than 80% of cold-adapted taxa found during the under-ice period kept growing in summer
phytoplankton and periphyton [33]. Such development of under-ice algal bloom coincides with observations described in previous papers [11, 23, 52,
53].

Distribution and diversity of bacterial communities
We observed a persistently high diversity and richness of LL bacterial communities in April; their values (Chao1, Shannon) became even higher (Table 3)
in some communities in May and June, although the quantity of microorganisms in under-ice communities remained low. The maximal diversity was
found in the southern and northern parts of LL, near the places where the Labynkyr River flows in and out (Fig. 1). As it has been previously shown,
bacterial communities in seasonally frozen river ecosystems resort to different ecological strategies, such as metabolic flexibility and morphological
variability. This enlarges species diversity and richness during the cold season in comparison with warm one [54]. It is thus likely that the growth of
biodiversity can be induced by mixture of river and lake waters. We do not know whether this diversity persists during open water period in the warm
season or decreases according to other studies. Butler et al. [28] suggest that increasing temperature and concentrations of nutrients during the warm
season allow the dominance of individual taxa in the system, while the growth of warm-adapted microorganisms is inhibited during ice-cover period.
The nutrients thus became more available for other organisms, thereby facilitating development of a more diverse community.

Our findings demonstrated that the composition of dominating bacterial taxa was similar not only to other freshwater ecosystems during ice-cover
period, but they also revealed some peculiarities in their diversity and abundance. Our data and scientific literature indicate that Proteobacteria,
Actinobacteriota, and Bacteroidetes usually abound in the ecosystems covered with ice [27, 30, 55, 56]. The lakes we studied allow tracing a difference
in distribution of dominating taxa in different time points (Fig. 3). Relative contributions of eight the most abundant families of γ-Proteobacteria were
found even in all April samples, while in May and June most OTUs belonged to Comamonadaceae, Oxalobacteraceae, and Diploricketsiaceae. It should
be noted that γ-Proteobacteria were more successful in LL and LV unlike Bacteroidetes (Chitinophagaceae, Flavobacteriaceae) [22, 23, 57] and
Verrucomicrobia (Methylacidiphilaceae, Chthoniobacteraceae) [27, 29] that are widespread and usually dominate under-ice communities of freshwater
ecosystems. Actinobacteria were represented mostly by Sporichthyaceae and Ilumatobacteraceae, and they prevailed in both lakes during the stable ice
period (April, May). When the ice became acicular (June), their contribution to the communities noticeably diminished. Such a sharp difference was
surprising, especially taking into account that Actinobacteria are, as a rule, a constant abundant taxon in freshwater communities [58], including those
living under ice and in open water immediately after ice melt [23–26, 31, 59–61]. Planctomycetоta, whose abundance decreased a little in June, gave a
relatively large contribution to the composition of the bacterial communities. Planctomycetоta species occur quite often in lakes covered with ice [27],
but are typically less abundant members of a community [22, 28, 55]. Nonetheless, as it was previously reported [31], Planctomycetоta dominated in
winter communities of a cryogenic lake in the sporadic permafrost zone of subarctic Quebec, while their genomic bins contained a significant potential
for degradation of organic matter (cellulose, starch, xylan and pectin) due to the presence of multiple genes responsible for degradation of
carbohydrates. Cyanobacteria, on the contrary, became more abundant in both lakes in May and arrived at their maximum in Lake Vorota in June
(Figs. 2, 4); this was most likely due to increasing solar radiation because of a considerable reduction of snow cover thickness and partial ice melt at
that time (Table 1). Cyanobacteria, which seem to belong to the species adapted to low temperature and low light intensity, often bloom under ice in
temperate lakes [22]. A high abundance of Cyanobacteria including some species known to fix nitrogen was found in High-Arctic snow and freshwater
[55]. The authors suggest the nitrogen fixed by Cyanobacteria could stimulate the primary algal production, while carbon and nitrogen produced by
autotrophs were feeding heterotrophic bacteria and thus controlling their growth and diversity.

Comparison LL and LV communities
The beta diversity comparison revealed a clear separation of the communities according to their habitat and time points (Fig. 5). According to our
results, the microbial community is not stable during the long ice-cover period, but exposed to continuous change. Our data agree with those obtained
during previous studies of ice-covered lakes that showed an active development of their microbial communities and changes in the species composition
during the ice-cover period [18, 23, 28, 62]. Diversity and composition of bacterioplankton change in time and by sampling sites. It can be also seen on
the heat map of the most abundant OTUs (Fig. 4, Table S2), where a change takes place in the dominating taxa in individual communities. Microalgae
seem to be a part of this actively growing community in LV. We saw a considerable number of chloroplast sequences in May and their number increased
in June in LV though it was still covered with ice; meanwhile these sequences were not numerous in LL. The under-ice bloom of microalgae can cause
manifest shifts in the bacterial community structure, as was previously reported during Cyanobacteria blooms [22, 63]. The authors assume that energy
and availability of substrate are key factors controlling dynamics of aqueous organisms under ice, and not temperature. Although our study was limited
by a short-time interval of a long ice-cover period before ice melting, it was not difficult to see that the under-ice conditions were quite stable. The given
change of diversity may not thus depend too much on temperature, concentrations of nutrients, and organic matter as well as on other physical and
chemical parameters. This assumption is confirmed by the RDA results, which show that the thickness of snow mantle, Nmin, and EC25 are important
exploratory variables (Fig. 5). This implies that the processes of community development dynamics under ice at this time may include interspecies
relationships regulating the composition of the communities. As the example of Cyanobacteria shows, their abundance and diversity increase, while
those of Proteobacteria decrease in June communities correlating with thickness of snow cover and EC25 value.

Phylogenetic composition of cultivated bacteria
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As we expected, the composition of cultivable bacteria did not reflect the composition found by the HTS method, illustrating the well-known discrepancy
between molecular methods of total DNA analysis and cultivation-based methods [55]. Nevertheless, the cultivation method allowed identification of
both dominating (Pseudomonas, Janthynobacterium) and minor taxa (Micrococcus, Rhodococcus, Serratia, Pedobacter, Chryseobacterium,
Paenibacillus) revealed by the NTS method. Moreover, the cultivation method allowed the species identification of available sequences with a high
degree of similarity (99–100%) to known strains from cold habitats (Table S3). The cultivation method was useful for understanding ecological
importance of some phylogenetic groups in extremely cold environments.

The cultivation showed a dominance of γ-Proteobacteria represented by the genus Pseudomonas (Fig. 6). It was not surprising, as Pseudomonas grew
well on depleted media and successfully competes in heterotrophic conditions. Pseudomonas is a cosmopolitan genus found in different habitats of
cold ecosystems [24, 56, 64–66]. Some Pseudomonas developed different strategies of survival and colonization of extremely cold habitats, including
polyunsaturated fatty acid biosynthesis, mRNA chaperones, and other cold-inducible proteins [67, 68]. The isolation of cultivable Actinobacteria species
was also expected, particularly as the HTS results had shown them to be a dominating taxon in the communities. The necessity to use new methods for
isolating Actinobacteria from extreme environments had been already emphasized in discussions [69]. Despite metagenome descriptions, the access to
cultivable organisms is of crucial importance for identification of the phenotypic features that affect adaptation and survival in an extreme biosphere. A
thoroughly selected set of conditions allowed the successful isolation of 80% of Actinobacteria (all members of the Micrococcineae) of the total
number of cultivable bacteria from Spitzbergen permafrost soil [70], and more than 60% from Greenland glacier ice core [71]. The dominance in a
cultivable community and the presence of viable metabolically active Actinobacteria (mostly members of Micrococcineae) in permafrost [72, 73] and
glacier samples [71, 74] prove their ecological function in the cryosphere.

The finding of representatives of the genus Janthinobacterium is of great interest, especially as the isolated strains had the strongest resemblance to J.
lividum. This bacterial species occurs in soil and water of cold and temperate regions. J. lividum produces violacein, a compound having a diverse
biological activity [75] including a strong antimicrobial action against a wide range of important human pathogens [76]. The authors claim that the J.
lividum ROICE173 strain isolated from arctic snow is promising for the biotechnological industry, oriented to development of new antimicrobial drugs or
to reduction of proliferation of multidrug-resistant pathogens into the environment. Bacteria of the phylogenetic lineage of Bacteroidetes were found
among the strains attributed to the genera Chryseobacterium and Pedobacter. Bacteroidetes representatives showed to be very abundant in cold
freshwater ecosystems, including Antarctica, where they could play special roles in natural carbon cycles consuming and degrading the high molecular
mass fraction of dissolved organic matter [56]. This idea is corroborated by finding of isolates and clones able to hydrolyse macromolecules, likely via
producing extracellular enzymes [66, 77, 78]. Firmicutes representatives, in particular the genus Paenibacillus, had been isolated from the Greenland
Glacier Ice Core [79], snow cover at Spitzberg [80], and the deep Lake Vostok ice core [81]. This confirms their sustainability in the very cold
environments.

Conclusions
We would like to note that the combination of high-throughput sequencing and cultivation methods allowed us to obtain for the first time information
about microbial communities of Lake Labynkyr and Lake Vorota, which are covered with ice for long periods of time. Despite the severe conditions and
low quantity of microorganisms, we found a high diversity and changes in the richness of the structure of the communities during the ice-cover period.
These results may enrich our conception of the under-ice life. Expanding on earlier investigations of ice-covered habitats, we characterized here the
microbial communities that are important for understanding their ecological function in aquatic ecosystems, considering that the study area is
uninhabited and free of anthropogenic stress. Further, it is necessary to characterize the temporal changes in the composition of microbial communities
during a short period of open water in order to better understand how seasonal variations and ice cover affect the ecosystem function.
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Figures

Figure 1

Sampling sites in lakes.
Note: The designations employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 2

Taxonomic composition of bacterial communities based on data from a sequencing of the V3-V4 regions of the 16S rRNA gene and bacterial
classification from the SILVA v.138 database.
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Figure 3

Unconstrained ordination and clustering of top 58 OTUs. a PCA ordination of log2(x+1)-transformed OTU counts. Exploratory variables with Holm-
adjusted p-values ≤ 0.01 are indicated by the blue vectors. Red labels show positions of centroids for “lake” factor variable; b UPGMA-dendrogram
computed on a matrix of Bray-Curtis dissimilarity distances. Red and green numbers indicate the “approximately unbiased” p-values and “bootstrap
probability” values, respectively.

Figure 4

Hierarchical clustering of log2(x+1)-transformed OTU counts. Rows – OTUs, columns – samples. Clustering was performed on a matrix of Bray-Curtis
dissimilarity distances. Clustering dendrogram of columns is a minimized version of UPGMA-tree in Fig 3b. The color-coded annotation of samples is
drawn in the upper part of the heatmap. The grouping of samples used for differential abundance analysis by DESeq2 is indicated in the bottom part of
the heatmap.

Figure 5

Constrained ordination of top 58 OTUs. a Transformation-based RDA with exploratory variables chosen by “forward selection” approach. Exploratory
variables included in the final model are indicated by the blue vectors. Gradient of pH is drawn by orange lines; b Venn diagram describing the variance
partitioning.
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Figure 6

Phylogenetic tree of 16S rRNA nucleotide sequences of bacteria from under ice communities. Digits indicate the reliability of ramification found by
means of the “bootstrap” analysis of 1000 alternative trees; isolated strains are marked with red circles.
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