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Abstract
Extreme environmental conditions are key factors in the formation of the structure and
diversity of microbial communities. In meromictic ecosystems, extreme conditions and a stable stratiﬁcation
of physical, chemical and biological parameters lead to diversity and heterogeneity of microenvironments.
Lake Doroninskoe is located in an extreme geographical area and diﬀers from other known meromictic
reservoirs of the world by a low level of illumination in the chemocline and a rare type of alkaline water
in sedimentary rocks formed by evaporative concentration. To understand the key factors that shape the
composition and structure of the microbial community, the macro- and micro-variations in space and
time are of great importance. We investigated the short-term dynamics of the structure and diversity of
microbial communities of the meromictic soda lake, Lake Doroninskoe, at day and night using highthroughput sequencing and bioinformatics. Metagenomic analysis of 16S rRNA gene amplicons showed
that the microbial communities had a high taxonomic diversity both at day and night. Sixteen bacterial
and three archaeal phyla were identiﬁed. Proteobacteria were dominant and comprised 75% during the
day, increasing to 90% at night. Metabolically stable denitrifying bacteria that were able to use a variety of
alternative electron acceptors and electron donors were prevalent in Lake Doroninskoe. They belonged to the
families Enterobacteriaceae (class Gammaproteobacteria) and Alcaligenaceae (class Betaproteobacteria).
Statistically signiﬁcant diﬀerences between day and night microbial communities were found. During the
day, the microbial community was the most diverse. We discuss the peculiarities of the underexplored shortterm dynamics of the structure and diversity of the microbial communities of the meromictic soda Lake
Doroninskoe, and propose topics for prospective studies.
Keyword: bacterial diversity; day-night dynamics; meromixis; Lake Doroninskoe; high-throughput
amplicon sequencing

1 INTRODUCTION
Meromictic soda and saline lakes are unique
ecosystems found globally (Sorokin et al., 2002,
2007; Koizumi et al., 2004a, b; Dimitriu et al., 2008;
Lauro et al., 2011; Comeau et al., 2012; Andrei et al.,
2015; Leboulanger et al., 2017). These reservoirs are
excellent model systems for limnological studies. A
stable stratiﬁcation of a wide range of physical,

chemical and biological parameters is maintained
through-out the year (Overmann et al., 1991). Today,
biogeographical studies of meromictic ecosystems
show that in each geographic area, stratiﬁed conditions
are deﬁned by the particular combination of ecological
parameters. This is expressed by the spatial and
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temporal diversity and speciﬁc structure of microbial
communities of meromictic water bodies (Bosshard
et al., 2000; Lehours et al., 2005; Gregersen et al.,
2009; Habicht et al., 2011; Comeau et al., 2012;
Garcia et al., 2013; Hamilton et al., 2016; Zhong et
al., 2016).
Thus, studies of microbial communities, with
respect to spatial distribution, have shown that some
meromictic lakes exhibit a higher level of microbial
variety in the monimolimnion than the mixolimnion
layer. Researchers have associated these ﬁndings with
the peculiarities of the multistep process of
mineralization, that involves a diverse and complex
bacterial community, abundant diversity promoting
nutrients in the anoxic layer (Lauro et al., 2011;
Baatar et al., 2016) and a relative lack of anoxic layer
mixing and downward metabolic ﬂuxes (Andrei et al.,
2015). Analysis of dominant bacteria in the
chemocline zone of meromictic lakes conﬁrmed that
key biogeochemical transformations of sulfur
compounds in this layer are carried out by sulfuroxidizing chemoautotrophs (Sorokin et al., 2002,
2007; Gorlenko et al., 2010), anoxygenic
photoautotrophic purple sulfur bacteria (Overmann et
al., 1991; Dimitriu et al., 2008; Meuser et al., 2013),
anoxygenic photoautotrophic green sulfur bacteria
(Garcia-Gil et al., 1996; Koizumi et al., 2004a, b;
Tonolla et al., 2005), anoxygenic photoheterotrophic
purple non-sulfur bacteria (Meuser et al., 2013;
Matyugina and Belkova, 2015), iron-reducing, ironoxidizing and sulfate-reducing bacteria (Johnson and
Hallberg, 2009; Falagán et al., 2014). The dominance
of bacteria with certain metabolic strategies may be
due to a combination of functional characteristics, the
physiology of these organisms (Frigaard and Dahl,
2008) and favorable environmental conditions for the
realization of their basic ecological role.
Nowadays, improved access to modern highthroughput sequencing and bioinformatics tools has
greatly enhanced our capacity to interrogate the
complexity of microbial community dynamics in
meromictic ecosystems (Lauro et al., 2011; Comeau
et al., 2012; Lanzén et al., 2013; Andrei et al., 2015;
Leboulanger et al., 2017). Large-scale changes in
space and time in meromictic ecosystems, such as
inter-seasonal and interannual dynamics of microbial
communities (Bosshard et al., 2000; Lehours et al.,
2005; Gregersen et al., 2009; Habicht et al., 2011;
Comeau et al., 2012; Garcia et al., 2013; Hamilton et
al., 2016; Zhong et al., 2016) or their biogeographical
diversity have been well studied (Lindström and

1979

Langenheder, 2012; Baatar et al., 2016).
Comparatively little is known about small-scale
temporal changes, such as circadian dynamics, in the
structure and function of microbial communities
during day and night. Previous research was mainly
concerned with the study of circadian systems in
cyanobacteria, for example Synechococcus elongatus
(Hut and Beersma, 2011). Studies of microbial
communities have revealed diurnal changes in
composition and structure, both in soil and aquatic
ecosystems (Dvornyk et al., 2003; Tagkopoulos et al.,
2008; Poretsky et al., 2009; Gilbert еt аl., 2010;
Hewson еt аl., 2010; Hut аnd Beersma, 2011; VilaCosta еt al., 2013; Giﬀord еt аl., 2014; Ottesen еt аl.,
2014; Zhang еt аl., 2014; Andrade еt аl., 2015; Shilova
еt аl., 2016; Gunnigle еt аl., 2017; Silveira et al.,
2017). Investigations of Namib Desert soil
communities clearly demonstrated that signiﬁcant
changes in the active fraction of bacteria can occur
within a single day. Furthermore, these changes were
not primarily governed by abiotic factors (i. e.,
physicochemical variables and climatic regime), and
distinct microbial interactions may be important in
recorded community dynamics (Gunnigle et al.,
2017). In the bacterial planktonic assemblage from
the oligotrophic Lake Llebreta, studies using
metatranscriptome sequencing for the analysis of day
and night gene expression proﬁles revealed an
overabundance of energy acquisition gene transcripts
in the daytime compared with the night. Comparison
of metatranscriptomes from a freshwater lake with
pelagic marine systems led to the identiﬁcation of
common diﬀerences between day and night gene
expression patterns related to energy production
(Vila-Costa et al., 2013). Studies of the microbial
communities of coastal marine (Giﬀord et al., 2014)
and oceanic (Ottesen et al., 2014) ecosystems,
revealed that a signiﬁcant part of the community, the
heterotrophic part, had strong day-night activity
dynamics. Day-night diﬀerences in gene expression
of the coastal marine ecosystem microbial
communities were determined. Interestingly,
heterotrophic taxa activities cycled daily. Speciﬁcally,
the processes associated with the synthesis of transport
and metabolic genes were activated at night, while the
processes associated with growth, energy conservation
and repair were started at daytime. Among these
studies, only 55 of 200 taxa had no detectable temporal
pattern of potential activity, indicating a wide variety
of microbial responses and environmental interactions
within this coastal marine ecosystem (Giﬀord et al.,
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2014). A three-day series experiment on hypersaline
microbial communities of Lake Tyrrell, Australia
revealed that microbial community functioning
cycled daily. The ecological parameters of the lake
may be linked with microbial day-night ﬂuctuations
(Andrade et al., 2015). These studies suggest that
small-scale temporal changes, in particular the daily
dynamics of microbial communities, are important
and are a promising topic for research. Meromictic
ecosystems have stable physicochemical conditions
with simpliﬁed and limited biodiversity. Because of
these peculiarities, they are advantageous model
systems.
The soda lake, Lake Doroninskoe, is one of three
known
meromictic
reservoirs
of
Siberia.
Microorganisms in the lake are active under speciﬁc
environmental conditions (Gorlenko et al., 2010;
Borzenko et al., 2014; Matyugina et al., 2014;
Matyugina and Belkova, 2015), including the
continental climate of Transbaikalia, the permafrost
zone and speciﬁc physical and chemical conditions,
such as alkaline pH, relatively high salinity of water
and sediments up to 35.0 g/L (Zamana and Borzenko,
2007; Borzenko et al., 2015). Lake Doroninskoe
diﬀers from other meromictic reservoirs of the world
by certain parameters (Overmann et al., 1991;
Humayoun et al., 2003). There is a low level of
chemocline illumination (0.001%) (Matyugina et al.,
2014), and a rare type of alkaline water is formed by
evaporative concentration in the sedimentation zone
(Borzenko et al., 2015; Matyugina and Belkova,
2015). Stable in space and time, the meromictic
conditions in the lake are characterized, not only by
high microbial diversity (Matyugina and Belkova,
2015), but also in the chemocline zone, by the
dominance of the metabolically ﬂexible, anoxygenic,
photoheterotrophic, non-sulfur purple bacteria family
Rhodospirillaceae and Rhodobacteraceae (class
Alphaproteobacteria), which have the ability to switch
from anoxic photosynthesis to aerobic chemotrophic
metabolism and develop into dense microbial
populations. A speciﬁc feature of the lake was the
ﬁnding of bacteria with alternative photosynthesis
strategies
(for
example,
actinorhodopsin
photosynthesis) in a minor part of the microbial
community, with a maximum detected in the
mixolimnion (Matyugina and Belkova, 2015).
The main purpose of this study was to study the
dynamics of the structure and diversity of the
microbial community in the water column of Lake
Doroninskoe during the day and at night.
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2 MATERIAL AND METHOD
2.1 Water sampling
The dynamics of the microbial community of the
meromictic Lake Doroninskoe were studied during
natural stratiﬁcation according to the illumination
period—day and night—in September 2013.
Water samples were collected September 5 and 6,
2013 at the central station of the lake (51°14′N;
112°14′E, water depth 6.2 m) from 2.5, 3.0, 3.15, 3.4,
3.6, 3.75, 4.0, 4.25, 4.5, 5.0 and 6.0 m depth. Samples
were collected from 13:00 to 15:00 (GMT+8) during
the day, and at night, from 23:00 to 01:00. Air
temperature during the day was 21.0°C, at night 7.0°C.
Values of temperature, conductivity, oxygen, pH
and salinity were measured in the ﬁeld station
Miltu-340, Germany.
2.2 Chemical analysis
Hydrogen sulﬁde H2S (hydrosulﬁde HS‒) and
elemental sulfur S0 were precipitated from 100 mL of
water with zinc acetate and collected on 0.45 μm
ﬁlters. Thiosulfates S0S4+ and sulﬁtes SO23ˉ were
isolated from the remaining ﬁltrate with AgNO3
(Zerkle et al., 2010). All forms of sulfur were
determined by a photometric method described
previously (Volkov and Zhabina, 1990). This method
relied on successive transition of sulfur compounds
into H2S with subsequent photometric determination.
The advantage of this method consists of concentrating
solution during analysis up to required volumes. This
step signiﬁcantly increases the detection limit of all
sulfur forms up to 0.001 mg/L for S.
2.3 Molecular analysis
For metagenomic analysis, water samples were
ﬁltered sequentially through 0.65 and 0.22 μm poresized polycarbonate ﬁlters (Millipore) and stored at
-20°С. The volume of 200 mL was ﬁltered from 2.5–
4.5 m, whereas 100 mL was ﬁltered from 4.75–6.2 m.
Genomic DNA was extracted from both ﬁlters in
two replicates and pooled to construct a single library
from each water sample using commercial kits:
Bacterial Genomic DNA kit (Axygen, USA) and
DNA-sorb B (AmpliSens, Moscow) according to the
manufacturer’s protocols. In total, 22 libraries were
analyzed.
The V3 and V4 hypervariable regions of the 16S
rRNА gene were ampliﬁed with the primer pair 343F
and 806R, combined with Illuminа adapter sequences
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(Fadrosh еt аl., 2014). PCR аmpliﬁcаtion wаs
performed in 50 μL reactions containing 0.7 U
Phusiоn Hоt Stаrt II High-Fidelity and 1× Phusion
GC buﬀеr (Thermo Fisher Sciеntiﬁc), 0.2 μmol/L of
each fоrward and reverse primers, 10 ng template
DNА, 2.3 mmol/L MgСl2 (Sigma-Аldrich) and
0.2 mmol/L of each dNTP (Life Technologies). All
reactions were performed using the Bio-Rad CFX96
real-time PCR system with the following thermal
cycle protocol: initial denaturation at 98°C for 1 min,
followed by 30 cycles of 98°C for 15 s, 62°C for 15 s,
and 72°C for 15 s, with ﬁnal extension at 72°C for
10 min. Equimolar mixed PCR products were puriﬁed
using MinElute Gel Extraction Kits (Qiagen).
Amplicons were sequenced (2×300 bp) using the
MiSeq Reagent Kit v3 (Illumina) at the SB RAS
Genomics Core Facility (ICBFM SB RAS,
Novosibirsk, Russia). Data obtained in this study
have been deposited in the NCBI database with
accession no. PRJNA420191.
2.4 Bioinformatic and statistical analysis
Raw paired reads were analyzed with the UPARSE
pipeline (Edgar, 2013). The UPARSE pipeline
included merging; read quality ﬁltering; length
trimming; dereplication; discarding singletons;
removing chimeras and OTU clustering using the
UPARSE-OTU algorithm.
The ОTU sequences wеre assigned а taxonоmy
using the RDР clаssiﬁer 2.11 (Wang еt аl., 2007).
Community structure analyses were based on the
phylum and genus taxonomy levels. Microbial
community diversity values (Shannon index, Chao1)
were calculated using Explicet 2.10.5 (Robertson et
al., 2013) at the rarefaction point with 500 bootstrap
re-samplings.
Principal component analysis (PCA), non-metric
multidimensional scaling (NMDS) and redundancy
analysis (RDA) ordinations on Bray-Curtis
dissimilarities were performed in R-3.2.3 (R
Development Core Team, 2016, Oksanen et al., 2018).
All permutation tests were performed with 10 000
permutations. Constrained ordination was performed
to test for correlation between bacterial community
structure and physicochemical characteristics of water.

3 RESULT
3.1 Analysis of physicochemical characteristics of
water at day and night
The physicochemical parameters of the meromictic

1981

soda Lake Doroninskoe at day and night were
characterized by strong stratiﬁcation and clear
separation of the water layers into:
a) an upper-oxic layer with vertical seasonal
mixing (mixolimnion), which extended to a depth
from the surface to 3.75 m during the day and up to
4.0 m at night;
b) a narrow redox zone, which had sharp gradients
of O2/S2- and was located between the depths of 3.75–
4.0 m at daytime and 4.0–4.25 m at night;
c) a deep hydrogen sulﬁde layer that is immiscible
with the upper oxidized waters (monimolimnion),
which covered depths from 4.0 to 6.2 m at daytime
and was below 4.25–6.2 m at night (Table 1).
The water temperature in the mixolimnion during
the day ﬂuctuated from 16.28–13.17°C, to 16.23–
11.50°C at night, with a more gradual decrease in
depth (Table 1). The thermocline was detected in the
redox zone, both during the day and at night. The
temperature in the monimolimnion at night was
slightly lower than during the day.
The chemical composition of the water, on average,
was composed of 70% Na2CO3+NaHCO3; 29% NaCl,
1% Na2SO4. These results are consistent with data
obtained previously (Zamana and Borzenko, 2007).
Chloride, sodium carbonate and hydrogen carbonate
dominated the stratiﬁed layers of the mixolimnion,
monimolimnion and redox zones, while sulfates were
present in lake water in insigniﬁcant amounts.
During the studied period, the salinity of the top
layers of the mixolimnion was 22.23 g/L both at day
and night. At a depth of 3.0 m, it increased sharply to
33.63 g/L at night and to 32.59 g/L during the day,
reaching the maximum values in the anaerobic
monimolimnion, where it was 35.82 (night) and 36.01
(in the day) g/L (Table 1). Such water stratiﬁcation
according to salinity is typical for seasonal and annual
cycles of Lake Doroninskoe, but higher values have
been reported (Borzenko et al., 2015).
The day-night stratiﬁcation of the water column
was veriﬁed by the heterogeneous distribution of
hydrosulﬁde (HS‒), thiosulfate (S0S4+) and elemental
(S0) sulfur, dissolved oxygen O2 and values of pH and
Eh (Table 1).
The daytime concentration of oxygen in the
mixolimnion was determined at a depth of 4.0 m and
ranged from 6.08–0.46 mg/L, whereas the night
values of oxygen varied from 5.94–0.09 mg/L at a
depth of 4.25 m. At depths between 3.75–4.0 m at
daytime and 4.0–4.25 m at night, a transition of Eh
from positive to negative values was observed. At
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Table 1 Physicochemical characteristics of water at day and night from diﬀerent layers of Lake Doroninskoe (September,
2013)
Sample Depth (m) T (°С)

Eh (mV) Conductivity (mS/cm)

Salinity

pH

O2 (mg/L)

HS–* (mg/L)

S0S4+* (mg/L)

S0* (mg/L)

Night
NB-41

2.5

16.23

126

23.4

22.23

10.09

5.94

8.2±0.10

0.032±0.002

<0.001

NB-42

3.0

15.05

115

35.4

33.63

10.04

4.92

0.96±0.004

<0.001

0.073±0.004

NB-43

3.15

15.00

141

36.2

34.39

9.99

4.38

0.338±0.001

0.020±0.004

0.011±0.0005

NB-44

3.4

14.50

141

36.7

34.86

9.98

3.71

14.0±1.14

0.049±0.004

<0.001

NB-45

3.6

14.03

151

37.2

35.34

9.58

3.30

0.046±0.002

0.005±0.001

0.018±0.001

NB-46

3.75

13.03

25

37.1

35.24

9.97

1.00

11.6±0.20

0.115±0.001

0.700±0.004

NB-47

4.0

11.50

18

37.0

35.15

9.99

0.75

6.0±0.10

0.058±0.004

0.084±0.002

NB-48

4.25

9.50

-300

37.4

35.53

10.00

0.09

9.6±0.10

0.045±0.004

9.70±0.04

NB-49

4.5

7.50

-328

37.2

35.34

9.98

0

1.53±0.04

0.035±0.002

6.10±0.04

NB-50

5.0

6.50

-418

37.7

35.81

9.98

0

6.60±0.05

0.047±0.001

6.90±0.08

NB-51

6.0

5.25

na

37.7

35.81

9.98

na

na

na

na

1.37±0.04

0.037±0.001

Day
NB-30

2.5

16.28

115

23.4

22.23

10.07

6.08

0.089±0.002

NB-31

3.0

17.08

107

34.3

32.58

10.00

4.91

8.8±0.10

0.116±0.004

6.90±0.03

NB-32

3.15

16.72

78

35.8

34.01

9.99

4.50

<0.001

0.061±0.003

<0.001

NB-33

3.4

15.58

98

36.2

34.39

9.98

3.80

1.17±0.04

0.413±0.001

<0.001

NB-34

3.6

14.23

103

37.1

35.24

9.97

3.07

6.8±0.10

0.079±0.002

0.450±0.004

NB-35

3.75

13.17

28

37.1

35.24

9.97

0.89

7.0±0.10

0.052±0.004

0.183±0.002

NB-36

4.0

11.60

-56

37.5

35.62

9.96

0.46

2.23±0.05

0.109±0.004

1.28±0.04

NB-37

4.25

9.49

-90

37.5

35.62

9.98

0

2.03±0.03

0.005±0.0005

1.24±0.02

NB-38

4.5

7.84

-303

37.7

35.81

9.94

0

9.4±0.10

0.020±0.001

3.24±0.01

NB-39

5.0

6.24

-382

37.9

36.01

9.93

0

0.11±0.04

2.20±0.04

0.026±0.002

NB-40

6.0

5.34

na

37.9

36.01

9.93

na

na

na

na

Note: na: not analyzed; *: data on sulfur forms are given in accordance with the accuracy (0.001 mg/L) of the method described previously (Volkov and
Zhabina, 1990) and the precision of measurements (GOST R ISO 5725- 1-2002 - GOST R ISO 5725-6-2002).

night it was higher and changed from +18 to -300 mV
(Table 1).
The content of hydrosulﬁde sulfur (HS‒), both
maximum and average, was higher at night. This was
conﬁrmed by lower values of Eh. The elemental
sulfur content (S0), on average, was 2.45 mg/L in the
water column during the day and 3.27 mg/L at night.
During the day, the average concentration of
thiosulfate sulfur (S0S4+) was one order of magnitude
higher than at night, and amounted to 0.47 mg/L. At
night, a consistent water column distribution of the
hydrosulﬁde and elemental sulfur forms was
determined. At day the distribution was reversed
(Fig.1). A signiﬁcant decrease in the concentration of
hydrosulﬁde sulfur in the direction S2‒→S0S4+→S0 to
the surface water layer was not detected for Lake
Doroninskoe, even though it is characteristic of other

meromictic lakes, such as Mono Lake, USA (Gulati et
al., 2017). The day-night depth distribution of the
hydrosulﬁde, thiosulfate and elemental sulfur forms
(Fig.1) was consistent with previously identiﬁed
seasonal peculiarities (Borzenko and Zamana, 2011).
This indicates the possibility of simultaneous
oxidation processes in the anoxic reducing
environment and reduction processes in the oxidized
layers. The day-night values of pH varied slightly,
except at a depth of 3.6 m, where the lowest value of
9.58 was noted.
The Principal Component Analysis (PCA)
established a correlation between some of the
physicochemical parameters of the water (Fig.2). The
ﬁrst component was most closely related to Eh and
oxygen, as well as salinity and depth. The second
component showed a positive correlation with the
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Fig.1 Day-night distribution of hydrosulﬁde (HS ), thiosulfate (S S ) and elemental (S ) sulfur forms at diﬀerent depths of
Lake Doroninskoe (September, 2013)

hydrosulﬁde and elemental sulfur forms and a
negative correlation with thiosulfate.

0 4+

0

1.0

‒

HS–

3.2 Alpha diversity of microbial communities
0.5
PC2
0.0

pH

Eh
O2

Salinity

-0.5

Depth

S0;4+

-1.0

A total of 676 343 sequences were obtained
(average length of 300 bp), which were grouped into
2 254 OTUs.
Analysis of the microbial community alpha
diversity showed high microbial diversity in the water
column during the day (Table 2, Fig.3). The diversity
indices were maximal and varied in a wide range of
magnitudes (Table 2). At daytime, maximum values
were obtained in the chemocline zone (ACE 261.4;
Chao1 256.6; Shannon 3.46). According to the reverse
Simpson index, the species richness at daytime was
most pronounced in the mixolimnion of the oxic zone:
5.70. At night, the indices of species richness were
higher in the monimolimnion of the anoxic zone
(ACE 155.2; Chao1 170.0), while the diversity indices
in the mixolimnion of the oxic zone of the lake lower
(Shannon 2.61; Simpson 3.61) (Table 2).
The day-night species richness at the diﬀerent
depths of the lake did not signiﬁcantly diﬀer (Fig.3).
It was higher at daytime than at night; while at lower
depths, opposite trends are observed: in the daytime,
the richness of the chemocline was higher and
decreased to the bottom, and at night, vice versa.
Thus, in the day, the microbial community was more

S0

-1.0

-0.5

0.0
PC1

0.5

1.0

Fig.2 PCA analysis of environmental variables in Lake
Doroninskoe (September, 2013)

diverse, stratiﬁed and diﬀerentiated in depth, unlike
the microbial community at night.
3.3 Comparison of microbial communities at day
and night. Beta diversity
Statistical and non-statistical methods (RDA,
NMDS and heatmap) were used to compare microbial
communities at day and night in Lake Doroninskoe.
RDA analysis established reliable diﬀerences
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Table 2 Alpha diversity of microbial communities from diﬀerent layers of Lake Doroninskoe (September, 2013)
Sample

Zone

Depth (m)

OTUs

Richness (OTUs)

Richness and diversity indices
ACE

Chao1

Shannon

Simpson

Night
NB-41

2.5

93

89

120.2

140.5

2.61

3.41

NB-42

3.0

96

90

117.9

126.1

2.43

2.86

3.15

57

64

80.3

72.1

2.41

3.61

3.4

58

73

83.6

97.0

1.85

2.18

NB-45

3.6

52

64

99.2

148.0

1.59

2.04

NB-46

3.75

75

90

115.0

127.7

1.83

2.14

NB-43
NB-44

Oxic

Mixolimnion

NB-47
NB-48

Red-ox

Chemocline

NB-49
NB-50

Anoxic

Monimolimnion

4.0

62

57

81.7

85.4

1.50

1.94

4.25

102

86

141.4

159.1

1.80

2.02

4.5

70

69

109.9

114.9

1.49

1.92

5.0

100

74

138.1

141.9

1.79

2.11

NB-51

6.0

123

90

155.2

170.0

1.77

2.07

NB-30

2.5

147

116

180.5

191.0

3.63

5.70

NB-31

3.0

87

89

112.7

118.0

2.42

3.23

NB-32

3.15

79

80

117.3

169.0

2.82

4.02

3.4

98

83

131.7

129.5

2.72

3.47

3.6

60

61

86.9

88.0

1.68

2.23

3.75

178

108

222.1

234.7

3.38

4.68

4.0

194

126

261.4

256.6

3.46

4.99

4.25

130

105

171.0

209.3

2.94

3.37

4.5

82

72

105.3

125.0

1.69

2.21

5.0

142

99

185.2

189.8

2.45

2.74

6.0

169

89

202.1

219.0

3.01

3.38

Day

Oxic

NB-33

Mixolimnion

NB-34
NB-35
NB-36

Red-ox

Chemocline

NB-37
NB-38
NB-39

Anoxic

Monimolimnion

NB-40

Night

Day

Richness (OTU)

120

100

80

60

3

4
5
Depth (m)

6

3

4
5
Depth (m)

6

Fig.3 Day-night observed OTU richness at the diﬀerent
depths in Lake Doroninskoe (September, 2013)
Individual points represent the samples at diﬀerent depths through
the water column.

between microbial communities formed during the
day and night at all depths in the lake (Fig.4). The
phylotypes of Pseudomonas, Enterobacteriaceae,
Bacteroidetes were dominant and correlated with the
night microbial community, whereas the dominant
phylotypes
of
Achromobacter,
Firmicutes,
Nitriliruptor, Microbacteriaceae and cyanobacteria
group GpIIa correlated with the daytime microbial
community. It is interesting to note that the phylotype
Serratia had the highest positive correlation for the
main component of RDA1. Moreover, we observed a
correlation between microbial community structure
and depth. The night bacterial community of analyzed
layers correlated and formed a dense cluster, whereas
the daytime bacterial community did not have an
explicit correlation.
Based on our statistical analysis, a reliable
correlation
of
dominant
phylotypes
with
environmental factors aﬀecting the diﬀerentiation of
the night and day microbial communities was
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3.6

3.2

Serratia

Firmicutes
RDA2
0.0

3.4

3.8

-0.5
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-0.6
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0.0
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0.0
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Fig.4 RDA analysis of microbial comminutes at day (red
dots) and night (blue dots) and dominant phylotypes
in Lake Doroninskoe (September, 2013)

revealed. A clear spatial diﬀerentiation demonstrated
higher heterogeneity in the microbial communities
from the day, than those in the night, which were
grouped closer to each other. NMDS analysis showed
that bacterial communities at the diﬀerent water
layers reliably correlated with depth, salinity, oxygen
and Eh (Fig.5). In addition, some bacterial
communities were closely correlated with speciﬁc
environmental variables: e.g., night microbial
community of upper oxic mixolimnion (2.5 m for
NB-41) associated with Eh and oxygen (Fig.5), while
the daytime microbial community of oxic (3.6 m for
NB-34) and hydrogen sulﬁde layers (4.5 m for NB38) were associated with salinity and depth.
Additionally, NMDS analysis showed that the night
microbial communities of oxic layers from 3.4–4.0 m,
including the chemocline, and the oxygen-free
hydrogen sulﬁde layers from 3.4–6.0 m were grouped
together. Exceptions were found for night microbial
communities of the oxic layer from 2.5–3.15 m and
daytime microbial communities from 2.5–6.0 m:
which showed weak correlation, clear diﬀerentiation
and high spatial heterogeneity.
3.4 Phyla and phylotype composition of day-night
microbial communities
Metagenomic analysis of 16S rRNA gene amplicons
revealed that the microbial community of the lake’s
water, both at day and night, was characterized by high
taxonomic diversity (Fig.6). Representatives of sixteen

Fig.5 NMDS analysis of environmental factors and
microbial comminutes at day (red dots) and night
(blue dots) at diﬀerent depths in Lake Doroninskoe
(September, 2013)
Day-night diﬀerence is signiﬁcant (P=0.000 1), while depth and
oxygen (O2) correlate to microbial community structure with high
signiﬁcance P=0.004 and P=0.003 respectively.

bacterial and three archaeal phyla were identiﬁed.
Among candidate phyla, only representatives of SR1
(Candidatus Absconditabacteria) and Candidatus
Saccharibacteria (TM7) were detected. Proteobacteria
were dominant. They comprised 75% of the species at
day and increased up to 90% at night. The share of
such phyla as Acidobacteria, Cyanobacteria,
Firmicutes, Bacteroidetes, Spirochaetes, Tenericutes
and Verrucomicrobia ranged from 0.1%–7.3% at day
and from 0.1%–4.4% at night. Chloroﬂexi were
detected only at night, whereas SR1 (Candidatus
Absconditabacteria), Euryarchaeota, Candidatus
Saccharibacteria were detected only during the day.
Pacearchaeota, Woesearchaeota, Parcubacteria were
detected only in separate layers of the lake during day
or night.
Heat map analysis of the microbial communities
helped to establish the presence of phylotypes and
their compact clustering at day and night (Fig.7). At
the
genus
level,
Desulfurivibrio
and
Desulfuromonadaceae were more prevalent in the
lower oxygen zone at a depth of 3.75‒4.0 m during
the day, while Clostridia were observed in the
hydrogen sulﬁde zone at a depth of 5.0 m and 6.0 m at
night. The microbial community, at day and night,
was clearly clustered in the contact zone of oxygen
and hydrogen sulﬁde layers, including the chemocline.
Phylotypes of Alcaligenaceae, Aliidiomarina and
Spirochaetaceae were reliably located in this zone at
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Fig.6 Phyla composition of microbial communities at day and night at the diﬀerent depths in Lake Doroninskoe (September,
2013)

depths of 2.5 m at night; and 3.4 m at day. During the
day in the upper oxygen zone at a depth of 2.5 m,
Rhodobaca, Alishewanella, Cyclobacteriaceae and
Rhodobacteraceae were present, while at night in the
oxygen zone at a depth of 3.15 m, Acidimicrobiales,
Ilumatobacter, and cyanobacteria were identiﬁed.
Among top 15 phylotypes, Serratia was dominant
in microbial communities at both day and night in the
water column of the lake (Table 3). The Serratia
fraction in the communities was on average, 60%.
These
bacteria
are
known
as
chemoorganoheterotrophic facultative anaerobes. They
reduce nitrate and possess both respiratory and
fermentative types of metabolism. The maximum
fraction of Serratia bacteria was recorded in the
anoxic zone for day and night. The proportion of the
bacteria increased at night from 58.8%–69.3%.
Microorganisms of the genus Achromobacter were
also dominant in the lake microbial community. These
chemoheterotrophic microorganisms reduce nitrate to
nitrogen. On average they comprised about 23.5% of
the microbial communities. The maximum fraction
was 34% at day in the anoxic zone and 24.8% at night
in the upper oxygen zone. Anoxygenic phototrophic
bacteria of genus Rhodobaca represented 0.1%–6.2%
of the lake microbial community. The 2.5-meter layer
was the only one, where Rhodobaca was dominant

and its maximum was 6.2% during daytime,
decreasing to 4.1% at night. Interestingly, these
bacteria were dominant in the winter, in the
chemocline of the lake (Matyugina and Belkova,
2015). Oxygenic phototrophic chlorophyll a—
containing cyanobacteria consisted from 0.1%–9.1%
in the microbial community. These bacteria showed a
maximum of 32.7% at night in the oxic zone. Minor
phylotypes accounted for up to 14.7% of the microbial
community of the lake. These bacteria were
represented by 67 genera.

4 DISCUSSION
The species and sub-species level dynamics
underpin a vast array of microbial population diversity
(Shilova et al., 2016). To better understand the factors
aﬀecting the composition and structure of the
microbial community, it is extremely important to
investigate the macro and micro-changes in the
community in space and time.
During the studied period, the water column of the
lake was characterized by a stable stratiﬁcation of
physical and chemical characteristics, as well as in
other long-term periods, including interseasonal and
interannual (Zamana and Borzenko, 2007; Borzenko
et al., 2015). A distinctive peculiarity of night
stratiﬁcation from the day was the depth of the lower
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1987

Table 3 Top 15 microbial community phylotype compositions at day and night at diﬀerent layers of Lake Doroninskoe
(September, 2013)
Day
Depth (m)

2.5

3.0

3.2

3.4

Phylotype

3.6

3.8

4.0

4.3

4.5

5.0

6.0

Fraction in the community (%)

Serratia

34.6

48.7

42.8

46.2

58.8

38.1

35.4

47.0

58.0

52.8

48.6

Achromobacter

19.7

24.5

22.2

26.2

32.0

19.0

19.8

27.0

34.0

29.2

23.6

Unclassiﬁed_bacteria

0.6

0.6

2.9

0.4

1.0

23.4

25.1

10.3

2.4

8.2

15.2
0.1

GpIIa

8.3

0.3

0.2

0.9

0.8

3.6

3.9

1.4

0.6

0.2

Stenotrophomonas

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Unclassiﬁed_microbacteriaceae

7.6

5.6

4.5

5.7

2.9

1.2

1.1

1.7

1.7

1.0

1.4

Nitriliruptor

3.2

8.1

8.3

5.1

2.5

0.6

0.9

1.0

0.7

0.7

0.9

Pseudomonas

0.0

0.0

0.0

0.0

0.2

0.0

0.0

0.0

0.0

0.1

0.0

Unclassiﬁed_ﬁrmicutes

0.9

6.6

10.7

4.1

0.4

1.1

1.1

0.0

0.4

0.1

0.6

Rhodobaca

6.2

0.1

0.1

0.9

0.0

0.0

0.2

0.1

0.0

0.0

0.1

Spirochaeta

0.1

0.0

3.0

3.4

0.2

0.2

0.3

0.2

0.2

0.2

0.7

Unclassiﬁed_actinomycetales

1.5

1.4

0.5

0.1

0.1

0.5

0.4

0.9

0.2

0.4

0.4

Acholeplasma

0.0

0.0

0.6

0.6

0.3

2.6

2.2

0.2

0.2

0.1

0.6
0.4

Ilumatobacter

0.6

0.1

0.0

0.1

0.0

0.2

0.4

1.3

0.0

0.7

Alkalimonas

1.8

1.1

2.0

1.1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Others

14.9

2.9

2.2

5.2

0.8

9.5

9.2

8.9

1.6

6.3

7.4

Depth (m)

2.5

3.0

3.2

3.4

3.6

3.8

4.0

4.3

4.5

5.0

6.0

Serratia

46.9

55.3

39.4

64.9

66.7

65.5

68.9

68.2

69.3

65.8

66.6

Achromobacter

24.8

18.8

10.9

18.2

20.1

18.2

19.3

15.8

18.6

19.2

18.8

Night

Phylotype

Fraction in the community (%)

Unclassiﬁed_bacteria

0.3

0.1

0.0

0.1

0.2

1.9

0.5

2.3

0.1

0.4

0.6

GpIIa

9.1

1.0

32.7

0.9

0.1

0.7

0.4

0.2

0.6

1.5

0.8

Stenotrophomonas

0.0

4.6

3.8

5.8

6.3

6.6

6.4

6.5

6.6

6.6

6.1

Unclassiﬁed_microbacteriaceae

6.8

4.5

1.7

2.0

0.7

0.5

0.4

0.4

0.2

0.2

0.2

Nitriliruptor

0.5

6.2

0.1

1.0

0.7

0.3

0.3

0.3

0.0

0.1

0.0

Pseudomonas

0.0

3.4

2.3

3.7

4.0

3.6

3.1

3.3

3.4

3.2

3.8

Unclassiﬁed_ﬁrmicutes

0.1

1.7

0.0

1.2

0.2

0.7

0.0

0.5

0.0

0.0

0.2

Rhodobaca

4.1

0.4

1.3

0.1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Spirochaeta

0.0

0.3

0.0

1.2

0.5

0.3

0.0

0.3

0.0

0.0

0.2

Unclassiﬁed_actinomycetales

1.1

0.8

0.8

0.0

0.0

0.1

0.0

0.2

0.0

0.0

0.1

Acholeplasma

0.0

0.0

0.0

0.2

0.1

0.7

0.0

0.4

0.1

0.0

0.1

Ilumatobacter

0.4

0.1

3.7

0.1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Alkalimonas

0.3

0.8

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Others

5.6

2.0

3.3

0.6

0.4

0.9

0.7

1.6

1.1

3.0

2.5

boundary of the mixolimnion. During the day the
boundary was at a depth of 4.0 m, and at night it
deepened to 4.25 m. A similar pattern was revealed
earlier, in August 2009 (unpublished data). Variations
of the basic physicochemical parameters of stratiﬁed
water layers were mainly related to depth. These
trends persisted both during the day and at night. The
day-night dynamics of the basic physicochemical

parameters are also characteristic of other ecosystems
(deserts, oceans, and seas) (Ottesen et al., 2014;
Andrade et al., 2015; Shilova et al., 2016; Gunnigle et
al., 2017).
It is interesting to note that the stratiﬁed conditions
in Lake Doroninskoe were characterized by a diﬀerent
direction of processes associated with sulfur behavior
at day compared to night. In the daytime, processes of
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Fig.7 Heatmap showing the relative abundance of bacterial phylotypes representing >1% in microbial communities at day
and night at diﬀerent depths in Lake Doroninskoe (September, 2013)
Table 4 Shannon diversity indices of microbial communities from the diﬀerent meromictic lakes
Lake

Oxic mixolimnion

Doroninskoe (Russia) day

2.77

Red-ox chemocline Anoxic monimolimnion
3.46

2.52

Reference
This paper

Doroninskoe (Russia) night

2.03

1.8

1.68

This paper

Shira (Russia)

3.68

Nd*

3.68

Baatar et al., 2016

Shunet (Russia)

4.87

Nd

4.55

Baatar et al., 2016

Oigon (Mongolia)

3.72

Nd

4.37

Baatar et al., 2016

Soap (USA)

3.26

3.32

3.70

Dimitriu et al., 2008

Pavin (France)

Nd

3.10

3.60

Lehours et al., 2007

Ursu (Romania)

4.64

4.99

5.52

Andrei et al., 2015

Fara Fund (Romania)

3.51

2.29

3.53

Andrei et al., 2015

Nd: no data.

sulfur reduction (S0→S0S4+→S2‒) were the most
pronounced, while at night, its oxidation

(S2‒→S0→S0S4+). During the day, there was a
pronounced reverse relationship between the
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elemental (S0) and thiosulfate (S0S4+) forms of sulfur
and oxygen, the oxidation-reduction potential and a
direct correlation with depth and salinity. At night, the
hydrosulﬁde (HS‒) and elemental (S0) forms of sulfur
weakly correlated with salinity, while thiosulfate
(S0S4+) sulfur correlated with depth.
The values of Shannon indices from the stratiﬁed
mixolimnion and monimolimnion layers revealed
that they were higher in the oxic zone then anoxic
ones (Table 4). A signiﬁcant part of the study of
meromictic ecosystems pertains to daytime studies.
In some ecosystems of previously studied meromictic
lakes, such as Pavin (Lehours et al., 2007), Soap Lake
(Dimitriu et al., 2008), Ursu (Andrei et al., 2015), and
Oigon (Baatar et al., 2016), a higher bacterial diversity
in the anoxic layer was noted, while in the lakes
Shunet, Shira (Baatar et al., 2016) and Fara Fund
(Andrei et al., 2015), the Shannon index was either
higher in the oxic zone or similar in the both zones.
Daytime microbial communities revealed higher
diversity, were diﬀerentiated and layer-speciﬁc.
Moreover, microbial communities of the upper
oxygenated layers of the mixolimnion had the most
pronounced horizon-speciﬁcity. The core of the
microbial community in the daytime was made up of
bacteria with various types of metabolism, from
photo- and heterotrophy to nitrate and metal reduction,
with a high proportion of bacteria possessing
alternative photosynthetic strategies or unidentiﬁed
ones. The night microbial community was
characterized by both lower diversity and insigniﬁcant
depth stratiﬁcation. In this community, the proportion
of heterotrophic bacteria with denitriﬁcation as a key
function was increased. Interestingly, a high content
of cyanobacteria was detected at night. A similar
result was previously noted in day-night studies of
marine microbial communities (Gilbert et al., 2010),
and might be associated with a nightly increase in
cyanobacteria cell division. Thus, it can be assumed
that an increase in the diversity of microbial
communities during the day may be associated with
metabolite production that promotes a variety of
niches through the maintenance of various sources of
nutrients, not only in the illuminated zone, but also
deeper, as well as the existence of multiple parallel
metabolic pathways that continue to act over time.
For each trophic step, a functionally diverse microbial
community represented a set of parallel pathways and
systems with a more reliable function over time
(Hashsham et al., 2000). Moreover, a balance in the
structure of microbial diversity ensures that the

1989

community has more opportunities to use its diverse
set of metabolic pathways and that the microbial
community has a more robust function with greater
evenness (Wittebolle et al., 2009). An oxygen-free
environment has the ability to support a wider range
of energy generation pathways than oxygen-rich ones,
leading to a higher ecological diversity, combined
with lower interspeciﬁc competition (Humayoun et
al., 2003). It is interesting to note that the night
microbial community from the oxygen-free
environment of the Lake Doroninskoe monimolimnion
was characterized by higher bacterial richness
compared with the oxic mixolimnion.
We assumed that the day-night changes in both
taxonomic and functional diversity microbial
communities of the lake might be related to
environmental factors. It was found that during day in
mixolimnion in the zone of a sharp decrease of
salinity, the reduction of richness and diversity indices
was observed. However, in the studies of other authors
(Andrei et al., 2015), a smooth, rather than an abrupt
decrease in bacterial diversity with increasing salinity
and depth was found. The day-night link of
phylogenetic community structure with environmental
gradients showed that such ecological factors as
salinity and depth do not form a cluster with night and
daytime microbial communities from oxic layers of
mixolimnion and redox zones. At the same time, these
microbial communities possessed the highest diversity
indicators, despite the fact that according to the
research of other authors (Lozupone and Knight,
2007; Wang et al., 2011), salinity is the major factor
relating microbial communities. In the community
there may be additional regulation or compensation
mechanisms that can lead to acceleration or
deceleration of the biological response to an external
factor. However, the data obtained do not allow us to
draw any meaningful conclusions about the inﬂuence
of environmental factors on day-night changes in
bacterial diversity. Our ﬁndings are in accordance
with the discussion of Gunnigle and coauthors, who
studied desert ecosystems (Gunnigle et al., 2017).
They did not associate variability in richness and
diversity
of
microbial
communities
with
environmental factors.
The analysis revealed day-night shifts in dominant
taxa. It was found that bacteria of the families
Enterobacteriaceae (class Gammaproteobacteria) and
Alcaligenaceae (class Betaproteobacteria) were
dominant in Lake Doroninskoe during both day and
night. These bacteria are known as denitrifying
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microorganisms (Imhoﬀ, 2016). They are facultative
aerobic bacteria, which switch to denitriﬁcation in the
absence of oxygen. Their denitriﬁcation ability is
associated with the use of oxygen as the terminal
electron acceptor. Under anaerobic conditions, these
bacteria used nitrate as a terminal electron acceptor.
They display diﬀerent reactions to diﬀerent
environmental conditions and occupy a variety of
ecological niches (Imhoﬀ, 2016). Some representatives
of denitrifying bacteria, such as Serratia (Thorpe et
al., 2012), might be dominant in the microbial
community under conditions of a sharp change in
environmental parameters and the high availability of
electron donors and acceptors. Some denitrifying
bacteria are capable of anaerobic oxidation of
thiosulfate and sulﬁde during denitriﬁcation.
Clariﬁcation of the functional role of denitriﬁcation in
the lake is a task for future studies.

5 CONCLUSION
This is the ﬁrst study of short-term dynamics of the
structure and diversity of microbial communities of
the meromictic soda Lake Doroninskoe. High
taxonomic diversity of day-night microbial
communities formed under extreme environmental
conditions and in stable water stratiﬁcation was
shown. The study conﬁrmed that, both in the largescale (inter-annual and inter-seasonal) and in shortterm periods, Lake Doroninskoe is a dynamic extreme
system with a wide variety of niches, and is supported
by high phylogenetic and functional diversity of
microbial communities. The microbial community of
the lake is dominated by bacteria that use a variety of
alternative acceptors and electron donors under
extreme conditions, which is indicative of a complex
and heterogeneous environment in the lake. These
results may indicate the relationship between
environmental parameters and the lake microbial
community as well as the complex system of response
of the microbial community in time.
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