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Abstract⎯Taxonomic diversity of Lake Baikal bacteria during the period of massive under-ice development
of dinoflagellate Gymnodinium baicalense was studied. During the ice-covered period in 2013, both the abun-
dance and biomass of G. baicalense were several orders of magnitude higher than the values for previous years,
the maximum values were 8.9 × 106 cells/L and 405 g/m3, respectively. The taxonomic structure of bacterial
communities was determined using the data obtained by 454 pyrosequencing (Roche) with Mothur 1.19.0.
Predominance of three phyla was revealed: Bacteroidetes, Proteobacteria, and Actinobacteria. Massive dino-
flagellate development resulted in a considerable decrease in the richness and diversity of bacterial commu-
nities compared to the results of the earlier long-term studies.
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In the under-ice water systems at the water–ice
interface, a complex dynamic environment is formed,
in which microbial communities containing bacteria,
microalgae, and dinoflagellates develop due to low
temperature, under-ice currents, changes in the nutri-
ent concentrations, and decreased illumination
depending on the snow depth.

Dinoflagellates are unicellular organisms belong-
ing to the Alveolata supertype, which are second after
diatomic algae in formation of primary products in
water reservoirs (Belyakova et al., 2006). The ice-cov-
ered period is characterized by massive dinoflagellate
bloom both in marine (Spilling, 2007) and freshwater
reservoirs (Phillips and Fawley, 2002), including Lake
Baikal (Votintsev et al., 1975; Bashenkhaeva et al.,
2015). Endemic species Gymnodinium baicalense
Antip. and Peridinium baicalense Kiss. et Zwetkow
(Pomazkina et al., 2010) in Lake Baikal can be respon-
sible for up to 65% of the annual primary phytoplank-
ton production (Votintsev et al., 1975). Bacteria were
also found in the under-ice community with dinofla-
gellates (Bowman et al., 1997); their total number was
several orders of magnitude higher than that in the
water column in spite of low temperature (Smith et al.,
1989) due to intense development of microalgae at the
water–ice interface.

Recent studies carried out under laboratory condi-
tions revealed that interrelations between marine
dinoflagellates and bacteria can be both symbiotic
(Tilney et al., 2014) and antagonistic (Zhang et al.,

2015). Bacteria are necessary for growth and develop-
ment of G. catenatum during the period from cyst ger-
mination to intense bloom (Bolch et al., 2011); they
can also stimulate toxin production by this dinoflagel-
late species (Albinsson et al., 2014). It is known that
dinoflagellates Gymnodinium sp. are able to use cyano-
bacteria Synechococcus sp. as a nutrition source
(Jeong, 1999). We have earlier studied the composi-
tion and structure of bacterial under-ice communities
with domination of different species of microscopic
eukaryotes (Bashenkhaeva et al., 2015). Taxonomic
composition of bacteria in the under-ice communities
was found to be independent of the diatom or dinofla-
gellate species, but the relative abundance of predom-
inant bacterial forms varied depending on both the
place of sampling and the period of community devel-
opment.

In the present work, we studied biodiversity of bac-
terial communities during the period of intense under-
ice development of dinoflagellates G. baicalense in the
South Basin of Lake Baikal using massively parallel
pyrosequencing of the V3–V4 region of the 16S rRNA
gene. The following questions were put forward:
(1) whether certain bacterial taxa prevailed through
the whole period of the dinoflagellate bloom and
(2) whether the taxonomic composition of bacteria
was changed during development of dinoflagellates in
the under-ice communities of Lake Baikal., 

EXPERIMENTAL ARTICLES



MICROBIOLOGY  Vol. 86  No. 4  2017

BACTERIAL COMMUNITIES DURING THE PERIOD OF MASSIVE 525

MATERIALS AND METHODS
Sampling. Fifteen water samples were collected

from the lower ice surface at four stations of the
Bol’shie Koty region (southern Lake Baikal) in the lit-
toral zone (LZ), 80 m from the shore (the lake depth
was 5–40 m); the slope zone (SZ), 200 m from the
shore (the lake depth was 250 m); in the deep-water
zone (DWZ), 1 km from the shore (the lake depth was
600 m); and in the pelagic zone (PZ), 6 km from the
shore (the lake depth was 1000 m). The samples were
collected at the end of February (26.02), in the middle
and at the end of March (13.03 and 28.03, respec-
tively), and in the beginning of April (10.04) in 2013
(Table 1). Samples were collected by divers using
syringes and dispensed into sterile 2-L bottles. At each
station, an integral sample was taken from the area of
70−100 m2.

Species composition, abundance, and biomass of
dinoflagellates and microalgae were analyzed under
an AxiostarPlus light microscope (Zeiss, Germany);
calculations were carried out according to the earlier
described conventional methods (Bashenkhaeva et al.,
2015).

Isolation of total DNA was performed with the use
of lysozyme, 10% sodium dodecyl sulfate (SDS), and
phenol-chloroform extraction, as described earlier
(Bashenkhaeva et al., 2015).

Pyrosequencing. Amplification of fragments of the
16S rRNA gene encoding the V3–V4 regions was car-
ried out using the universal primers U341F (CCTAC-
GGGRSGCAGCAG) and U785R (GGACTAC-
CVGGGTATCTAAKCC); the program parameters
were as follows: 96°С, 3 min; 96°С, 30 s; 55°С, 30 s;
72°С, 40 s (30 cycles); and 72°С, 10 min. The ampli-
fied fragments obtained in four replicates were com-
bined. Pyrosequencing was performed on a GS FLX
454 sequencer (Roche, United States) using the
reagents of Titanium series according to GS FLX Tita-
nium Sequencing Method Manual following the man-
ufacturer’s instructions.

Analysis of pyrosequencing data was performed
using Mothur 1.35.1 program (http://www.
mothur.org). The obtained sequences were analyzed
using the Pyronoise algorithm; to avoid errors, only
sequences of over 150 bp were selected and aligned
with bacterial 16S rRNA gene sequences from the
Silva database [http://www.mothur.org/wiki/Sil-
va_reference_files]. Preclusterization was performed
by grouping the sequences which differed by two
nucleotides. The chimeric sequences were revealed
using the UCHIME algorithm with the standard
parameters. Taxonomic analysis was carried out
according to the Ribosomal Database Project (RDP)
(Cole et al., 2009) at the confidence threshold of 80%.
The obtained sequences were grouped into the opera-
tional taxonomic units (OTUs) with genetic distance
of 0.03. The biodiversity indices Chao1 (richness) and
Shannon (diversity) were calculated on the basis of

revealed OTUs. Taxonomic identification of 27 the
most abundant OTUs (the total number of sequences
was not lower than 276) was performed by their com-
paring with the 16S rRNA nucleotide sequences from
the GenBank database using the BLASTN program
(http://blast.ncbi.nlm.nih.gov). A phylogenetic tree
was constructed by the Maximum Likelihood method
using the Kimura two-parameter model and MEGA
(version 6) program. The obtained sequences were
deposited to the GenBank (SRA section) under acces-
sion number SRR3999046.

RESULTS

Species composition, abundance, and biomass of
dinoflagellates. In the ice-covered period of 2013, the
snow-covered ice surface in the littoral and slope
zones comprised 80% at the end of February and
March and 100% at the beginning of April; in the
deep-water and pelagic zones, it was about 30–50%.
In the under-ice communities, dinoflagellates Gym-
nodinium baicalense Antip. prevailed. At the end of
February, the under-ice fouling was brownish black
and formed structured lines on the lower surface of
ice. In March, foulings began to move away from the
ice surface; by the beginning of April, water was
brown-colored at the depth of over 1 m from the ice
surface, and a clearly defined border with transparent
water layer was formed in the upper under-ice horizon.
At the end of February, in the littoral zone, the G. bai-
calense biomass was 98.05 g/m3 and increased gradu-
ally up to the maximum (388.33 g/m3) at the begin-
ning of April (Fig. 1, Table 1). In the slope and deep-
water zones, biomass at the beginning of vegetation
was 125.08 and 141.22 g/m3, respectively, decreased in
the middle of March, and increased again by April up
to the maximum of 405.01 and 283.6 g/m3, respec-
tively. In the pelagic zone, biomass was the lowest at
the beginning of March with the minimum value
(2.18 g/m3), peaked at the middle of March
(283.6 g/m3), and then decreased by the beginning of
April.

It should be noted that diatomic algae Aulacoseira
baicalensis (K.I. Meyer) Simonsen, which typically
bloom in Lake Baikal during this period (Bondarenko
et al., 2006; Popovskaya et al., 2011), were found in the
deep-water zone only in one station at the end of Feb-
ruary (Fig. 1, Table 1). The under-ice communities
contained the following algae species as minor com-
ponents (no more than 3%) dinoflagellates G. coeru-
leum Dogiel, Peridinium baicalense Kiselev & Cvetkov,
and P. euryceps K. Rengefors & B. Meyer; diatoms
Nitzschia graciliformis Lange-Bertalot & Simonsen,
Synedra acus subsp. radians (Kütz.) Skabitsch.,
A. islandica (O. Müller) Simonsen, and Cyclotella
minuta (Skvortzov) Antipova; green algae Monora-
phidium arcuatum (Korshikov) Hindák, M. contortum
(Thuret) Komárková-Legnerová, M. griffithii (Berke-
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ley) Komárková-Legnerová, and Chlorella vulgaris
Beyerinck [Beijerinck]; and cryptophytes Сrypto-
monas sp.

Evaluation of bacterial diversity in the under-ice
communities. Analysis of 15 under-ice samples
(pyrosequencing of V3–V4 regions of the 16S rRNA
gene with subsequent alignment, preclusterization,
and removing of chimeric sequences) revealed 31409
sequences belonging to the domain Bacteria with the
mean sequence length of 268 bp. In further studies,
samples SZ10/04 and DWZ10/04 containing low
numbers of sequences were discarded. The number of
sequences varied from 353 to 7658 per sample. In
total, 408 OTU0.03 were revealed; the number of OTUs
per sample varied from 52 to 142. The values of
Good’s Coverage index were high (from 94.3 to
99.6%) in all samples, which indicated rather suffi-
cient sequencing effort to capture the taxonomic
diversity of samples (Table 1). The values of Chao1
(richness) and Shannon (diversity) indices varied from
104.83 to 303.65 and from 1.74 to 3.32, respectively
(Table 1). According to the values of diversity indices,
the most taxonomically complicated communities
occurred in the littoral zone at the end of February and
in the beginning of March. The richness of communi-
ties in the period of their development decreased, as
was confirmed by a decrease in the Chao1 indices in
all zones except for the pelagic zone, where the index
value increased.

Composition of bacterial communities. Taxonomic
composition of bacterial communities in the studied
samples is shown on Fig. 2. The identified sequences
were assigned to 14 phyla, 54 families, and 128 genera.
The highest number of sequences in all samples
belonged to the phyla Bacteroidetes (37.9%), Proteo-
bacteria (31.7%), Actinobacteria (19.1%), Verrucomi-
crobia (4.3%), and Deinococcus-Thermus (3.9%). The
members of phyla TM7, Acidobacteria, Chloroflexi,
Gemmatimonadetes, Nitrospira, Planctomycetes, Cya-

nobacteria, Firmicutes, and SR1 constituted not more
than 1% of the total number of sequences.

The members of Bacteroidetes were evenly distrib-
uted in various samples during the studied period;
however, in the pelagic zone, the number of sequences
was considerably lower than that in the samples from
other stations. A percentage of Bacteroidetes in the
samples from all studied stations was the highest in the
initial period (end of February−early in March) and
then decreased by the beginning of April (Fig. 2a). It
can be assumed that a decrease in the Bacteroidetes
number occurred when the biomass of dinoflagellates
increased, which was clearly observed in the littoral
zone. Representative OTU sequences from were taxo-
nomically assigned on the basis of the full-size
sequences of the 16S rRNA genes from the GenBank
database. Out of 27 the most abundant OTUs, 11 were
assigned to the phylum Bacteroidetes, among which
9 OTUs belonged to the family Flavobacteriaceae and
by 1 OTU to each of the families Cryomorphaceae and
Chitinophagaceae. The nearest homologues of
OTU019 and OTU025 were Flavobacterium psychro-
limnae from Lake Michigan (JX287711) and Flavobac-
terium psychrolimnae from an Antarctic lake
(AJ585427) (Fig. 3). The ОTU022 had 100% similar-
ity with an Antarctic bacterium (AJ440977) and
uncultivated Flavobacterium sp. from the high-altitude
lake of Tibetan Highlands (EU703408); OTU009 and
OTU013 showed high similarity (100%) with freshwa-
ter Flavobacterium sp. (KF499997) and uncultivated
bacterium of the family Flavobacteriaceae from Lake
Michigan (EU642364) (Fig. 3). The OTU023 had
100% similarity with uncultivated bacterium of the
family Cryomorphaceae (FN668164) and uncultivated
bacterium Fluviicola sp. from the high-altitude lake of
Tibetan Highlands (EU703457).

In the under-ice communities of Lake Baikal, a
percentage of Proteobacteria increased in the littoral
and pelagic zones from the end of February to the

Fig. 1. Biomass of dinoflagellates in the under-ice communities in 2013. An asterisk marks the station, where diatomic algae Aula-
coseira baicalensis developed.
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beginning of April, whereas in the slope and deep-
water zones, the percentage of this phylum changed
insignificantly. The predominant sequences belonged
to the class β-Proteobacteria (20.7%), families Oxalo-
bacteraceae (9.8%) and Comamonadaceae (9.7%), and
others (1.2%). A percentage of the class γ-Proteobacte-
ria was lower almost by half (9.3%); it contained fam-
ilies Pseudomonadaceae (6.7%) and Moraxellaceae
(1.9%). The class α-Proteobacteria comprised 1.4%
and was represented mainly by families Caulobactera-
ceae, Sphingomonadaceae, and Rhodobacteraceae.
Among abundant OTUs, five sequences belonged to
the phylum Proteobacteria. In the phylogenetic tree,
these OTUs formed clusters with Massilia sp. from the
ice cores (KF295189)—OTU004; members of Limno-
habitans sp. (KT175907) and Limnohabitans curvus
(HE600681)—OTU024; Antarctic bacteria, unculti-
vated bacteria from an under-ice methane seep and
high-altitude lakes, and Rhodoferax antarcticus—
ОТЕ005. The nearest homologues of bacteria belong-
ing to the families Pseudomonadaceae and Moraxella-
ceae were Pseudomonas psychrophila (AB041885) and
Pseudomonas psychrotolerans (AJ575816) for OTU006
as well as Acinetobacter sp. (KM979185) and unculti-
vated Acinetobacter sp. from the bottom sediments of
Lake Dragon (China) (JF733705) for OTU021
(Fig. 3).

As seen from Fig. 2, during the studied period, a
percentage of the phylum Actinobacteria decreased in
the littoral and pelagic zones and increased in the

slope and deep-water zones. About 9.4% of bacteria
belonged to unidentified Actinobacteria and 4.5%—to
the family Acidimicrobiaceae. The most abundant
OTU belonging to the phylum Actinobacteria had 97–
100% similarity with uncultivated bacteria from Lake
Ontario (KM031281), a member of the genus Actino-
bacterium from frozen ground (JN897005), unculti-
vated bacteria Actinomycetales from Lake Michigan
(EU641194) and the high-altitude lakes of Tibetan
plateau (EU703381), and with Ilumatobacter fluminis
(JQ899217) (Fig. 4).

In the littoral zone, a percentage of the phylum
Verrucomicrobia decreased with the community devel-
opment as distinct from that in the pelagic zone,
where the highest abundance of this phylum was
observed at the end of April (57.5% of the community
members). This phylum was represented mainly by
unidentified sequences. Among the most abundant
OTUs, two sequences were assigned to Verrucomicro-
bia, the nearest homologues of which (97–100% sim-
ilarity) were Verrucomicrobia inhabiting freshwater
reservoirs (HQ663543) and uncultivated forms of this
phylum (KC24626, HM856577, and HQ663066)
(Fig. 3).

A percentage of the phylum Deinococcus-Thermus
at all the studied stations increased to the end of
March; in the littoral zone, this phylum was the most
abundant at the beginning of April. In the phyloge-
netic tree, the nearest relatives of OTU011 were Deino-
coccus aquaticus (JF276903), Deinococcus sp.

Fig. 2. Taxonomic composition of bacterial sequences from the under-ice communities at the level of phyla (a) and families (b).
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(AB299741), Deinococcus caeni (DQ017709), and
Deinococcus sp. from the Antarctic (DQ341427)
(Fig. 4).

DISCUSSION

During the ice-covered period 2013, in the Bol’shie
Koty (southern Baikal), communities with domina-
tion of dinoflagellates Gymnodinium baicalense Antip.
were revealed. This species was described as a psychro-

philic endemic from Lake Baikal which is specific for
the under-ice period (Obolkina et al., 2000). Massive
under-ice development of dinoflagellates has been
observed earlier; however, in previous years, biomass
of G. baicalense was considerably lower (from 1 to
100 g/m3) (Votintsev et al., 1975; Annenkova et al.,
2009; Pomazkina et al., 2010; Bashenkhaeva et al.,
2015). Intense development of dinoflagellates in the
littoral and slope zones can be associated with high
snow cover in these regions, as was reported for the

Fig. 3. Phylogenetic tree of nucleotide sequences of the most abundant OTUs belonging to the phyla Bacteroidetes, Proteobacteria,
and Verrucomicrobia with genetic distance of 0.03 from the under-ice communities of Lake Baikal under massive development of
dinoflagellates G. baicalense, which was constructed by the Maximum Likelihood method using the Kimura two-parameter algo-
rithm. Numerals show the reliability of branching points determined by bootstrap analysis of 1000 alternative trees (values above
70 are considered significant). 
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community from the lower ice surface in the Franklin
Bay (Beaufort Sea, Canada), where dinoflagellates
dominated in the case of the highest snow cover
(Różańska et al., 2009). Moreover, many dinoflagel-
lates are capable of mixotrophic nutrition; under
insufficient illumination because of high snow cover,
they can use bacteria as a source of organic substances
(Kirchner et al., 1996), thus adapting to environmen-
tal conditions.

Pyrosequencing of the V3–V4 regions of the 16S
rRNA gene revealed that the under-ice communities
with dinoflagellate domination were characterized by
lower richness and diversity of bacteria than the previ-
ously studied communities, which contained various
microalga species and had Chao1 index from 941 to
6477 (Bashenkhaeva et al., 2015). According to the
Chao1 and Shannon indices, communities in the litto-
ral zone at the end of February and in the beginning of
March were characterized by the highest taxonomic
diversity. In the coastal zone, the bottom effect and
heterogeneity of snow covering of the ice may result in
formation of under-ice currents (Zhdanov et al.,
2002), which due to the water mixing can increase
microbial diversity compared with that in the other
zones.

In all the studied samples, bacteria of the phylum
Bacteroidetes were revealed. Members of this phylum
are among predominant taxa in communities from the
cold-water seas (Zhang et al., 2014; Li et al., 2015), as
well as from Lake Baikal in the freeze-up period (Ahn
et al., 1999; Bashenkhaeva et al., 2015). Moreover,
members of Bacteroidetes represent one of the wide-
spread taxa associated with blooms of marine dinofla-
gellates (Garcés et al., 2007; Green et al., 2010). A per-
centage of Bacteroidetes in communities was the max-
imum in summer, period of intense bloom of
Alexandrium taylori, and decreased with diminishing
the dinoflagellate number (Garcés et al., 2007). In the
studied communities, most Bacteroidetes belonged to
family Flavobacteriaceae (34%) (Fig. 2b). Members of
this family are widespread in various ecotopes (soils,
freshwater reservoirs, and Arctic regions) (Li et al.,
2015); they were also predominant in the plankton of
Lake Baikal littoral zone (Parfenova et al., 2013).
Moreover, a number of Flavobacteriaceae taxa are psy-
chrophiles, which due to production of pigments and
high content of fatty acids are able to survive in cold
ecotopes (cited from Bergey’s Manual…, 2005). The
family Cryomorphaceae, which members are also
found in our samples, is widespread in aquatic ecosys-

Fig. 4. Phylogenetic tree of nucleotide sequences of the most abundant OTUs belonging to the phyla Deinococcus-Thermus, TM7,
and Actinobacteria with genetic distance of 0.03 from the under-ice communities of Lake Baikal under massive development of
dinoflagellates G. baicalense, which was constructed by the Maximum Likelihood method using the Kimura two-parameter algo-
rithm. Numerals show the reliability of branching points determined by bootstrap analysis of 1000 alternative trees (values above
70 are considered significant). 
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tems; moreover, most of the cultivated species have
been isolated from cold ecotopes (Bowman et al.,
2003).

Bacteria of the phylum Proteobacteria belonging
mainly to the classes β- and γ-Proteobacteria were also
revealed in all samples. Some members of the genus
Pseudomonas (γ-Proteobacteria) are psychrophiles and
possess mechanisms of surviving under extreme con-
ditions (Muryoi et al., 2004); moreover, pure cultures
of pseudomonads have been earlier isolated from the
under-ice communities of Lake Baikal (Bashenkhaeva
et al., 2015). In the dinoflagellate-dominated commu-
nities, a high level of Proteobacteria, mainly members
of the class α-Proteobacteria, as well as low content of
γ-Proteobacteria have been also found (Green et al.,
2004; Garcés et al., 2007).

The under-ice communities contained bacteria
belonging to the phyla Actinobacteria, Verrucomicro-
bia, and Deinococcus-Thermus, which are widespread
in diverse natural habitats, including communities of
Arctic soils as well as of marine and freshwater reser-
voirs (Zhang et al., 2014); they are known as degraders
of organic substances (cited from Bergey’s Manual…,
2005). It was found that under massive development of
marine toxic dinoflagellates, bacteria of the genus
Deinococcus were able to excrete deinoxanthin, an
algicidal component decreasing the number of dino-
flagellates (Li et al., 2015). However, in the under-ice
communities of Lake Baikal, a percentage of members
of the family Deinococcaceae was the highest when the
dinoflagellate biomass was the maximum.

Thus, in the ice-covered period 2013, in Lake Bai-
kal (Southern Basin), unusually massive development
of dinoflagellates Gymnodinium baicalense was
observed; their biomass was several times higher than
that in previous years. Massive development of dino-
flagellates was accompanied by a considerable
decrease in the richness and diversity of bacterial com-
munities. During the period of dinoflagellate bloom,
the phyla Bacteroidetes, Proteobacteria, and Actinobac-
teria prevailed in bacterial communities. The family
Flavobacteriaceae was the most abundant (about 30%
of the total number of sequences). In the littoral zone,
unlike slope, deep-water-, and pelagic ones, a succes-
sive change in the composition of predominant bacte-
rial taxa was observed during development of dinofla-
gellates: a decrease of percentages of the phyla Bacte-
roidetes and Actinobacteria was accompanied by an
increase in the Proteobacteria level. Of interest is that
the same phyla prevailed in the communities during
bloom of marine dinoflagellates (Garcés et al., 2007;
Green et al., 2010).
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