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Aquatic microorganisms, in spite of their key role
in biogeochemical processes and in the functioning of
freshwater reservoirs, remain insufficiently studied.
Until the 1990s, research on the biodiversity of fresh�
water bacteria was based on the study of cultured
strains [1]. It was known, however, that up to 99% of
microorganisms were uncultured and, therefore,
remained unknown and could not be used for biotech�
nological and other purposes [2]. The application of
molecular methods, in particular, the polymerase
chain reaction (PCR), made it possible to gain insight
into the composition of microbial communities in nat�
ural systems. The use of the 16S rRNA gene as a
marker resulted in the isolation of numerous DNA
sequences and revealed a great diversity of planktonic
bacteria in various lakes and rivers [1]. In recent years,
progress in the study of the composition and metabolic
potential of microorganisms is associated with investi�
gating metagenomes of microbiota in freshwater eco�
systems. This approach is based on the analysis of
thousands (tens of thousands) of sequences obtained
from one sample and allows profound characteriza�
tion of microbial communities, revealing not only the
dominant microorganisms but also the minor compo�
nents which may play an important ecological role [3].
Metagenomic analysis determines not only the quali�
tative composition of a microbial community, but also
a share of individual taxa in it. The development of
high�performance parallel sequencing method
(pyrosequencing) made it possible to perform in�

depth metagenomic studies, which are necessary for
the system approach to the investigation of bacterial
communities.

Lake Baikal, the most ancient and deep lake on the
Earth, is characterized by the highest hydrobiont
diversity among freshwater reservoirs [4]. The lake
microbial community was formed as a result of long�
time development under peculiar hydrophysical and
hydrochemical conditions of a unique freshwater eco�
system.

The first studies on bacterial plankton of Lake
Baikal based on PCR amplification and sequencing of
the 16S rRNA gene were concerned with identifica�
tion of cultured saprotrophic bacteria. The analysis of
uncultured bacterial community revealed a great
diversity of bacterial groups. Further molecular
genetic studies made it possible to gain insight into the
diversity of taxa of both isolated strains and uncultured
community of the bacterial plankton [5].

The studies on the biofilm bacterial communities
in Lake Baikal had started only recently: the first 16S
rRNA gene sequences of biofilm bacteria from the lit�
toral zone of Lake Baikal were analyzed in 2010 [6].
Investigations of biofilms, especially of bacteria form�
ing biofilms in the organisms of humans and animals,
as well as in the water supply systems, attract increas�
ing interest worldwide. In recent years, a considerable
number of biomedicine�important metagenomic
studies was carried out: microbiomes of freshwater
biofilms were obtained [7, 8].
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At present, metagenomic investigations of freshwa�
ter lakes are scarce: only a few studies were concerned
with diversity and functional capability of bacterial
plankton in meso� and eutrophic lakes [9–13]. There
is no information obtained by pyrosequencing method
on microbial diversity of plankton and biofilms in oli�
gotrophic lakes, of which Baikal is the largest.

The aim of this work was to apply pyrosequencing
of the 16S rRNA gene fragments to investigation of the
composition and structure of bacterial communities in
the water and in the biofilm formed on an artificial
substrate in Lake Baikal.

MATERIALS AND METHODS

Sampling was performed in the littoral zone of Lake
Baikal in the region of the Bol’shie Koty settlement in
June 2010; the stainless steel plates (2 × 17 cm) were
retrieved by divers from a 5�m depth where they have
been incubated for five years. Biofilms were removed
from the plates and put into sterile Eppendorf tubes.
The water (2 L) for plankton sampling was collected
close to the plates and passed through a 0.22�µm Mil�
lipore polycarbonate filter (United States).

Pyrosequencing. The total DNA was isolated from
the samples using a DNKSorb kit (Russia) after pre�
liminary enzymatic lysis. The amplification was per�
formed using the eubacterial primers 9F and 541R
flanking the V1–V3 regions of the 16S rRNA gene.
The pair of oligonucleotide primers used in the work is
specific for conservative sites of the 16S rRNA gene
and is usually applied in metagenomic studies to deter�
mine bacterial diversity of various communities [14].
Metagenomic sequencing of the 16S rRNA gene frag�
ments was carried out on a Roche/454 Genome
Sequencer FLX Titanium (ChemLab Inc., Seoul
National University, Korea).

The maximum length of obtained sequences was
558 nucleotides; sequences shorter than 300 nucle�
otides and chimeric sequences were excluded from
analysis. Thus, each sequence contained at least two
out of three (V1, V2, and V3) hypervariable 16S rRNA
gene sites. On the whole, 11846 sequences with the
total length of 5279749 nucleotides were analyzed.

Determination of diversity and taxonomic composi�
tion of the communities. Each of the sequences derived
was taxonomically identified by comparing with those
available in the EzTaxon database by using the
BLASTN program and pairwise comparison [15]. The
thresholds of similarity (х) were used to identify spe�
cies (x≥ 97%), genera (97 > x ≥ 94%), families (94 > x≥
90%), orders (90 > x ≥ 85%), classes (85 > x ≥ 80%),
and phyla (80 > x ≥ 75%). The sequences were consid�
ered as unidentified if the similarity level was below the
threshold.

Primary analysis of the pyrosequencing data,
removing of short and chimeric sequences, clusteriza�
tion in operational taxonomic units (OTU), and the
biodiversity evaluation by calculating the ACE,

Chao1, and Shannon indices were carried out with the
use of the Mothur v.1.22.0 program (http://www.
mothur.org). Determination of the species diversity,
taxonomic composition, and comparison of commu�
nities were performed with the aid of the Pyrosequenc�
ing pipeline program (http://pyro.cme.msu.edu). The
obtained sequences were aligned and cluster analysis
was undertaken with the use of the Complete Linkage
Clustering program (a component of the Pyrose�
quencing pipeline). The clustering was carried out at
various levels; the distance between the clusters was
varied from 0 to 0.25 with a step of 0.01. The phylo�
types (OTU) were recognized at the cluster distance of
0.03; evaluation of the taxonomic complexity of the
communities was carried out at different distance lev�
els corresponding to the following taxa: species (0.03),
genus (0.05), and family (0.1) using the Rarefaction
program (a component of the Pyrosequencing pipe�
line). To characterize the taxonomic composition of
the community, cluster analysis was performed at the
cluster distance of 0.25 that corresponded to the phy�
lum level. For each cluster, a representative nucleotide
sequence corresponding to the cluster center (i.e., the
sequence having a minimal sum of squares of the dis�
tances to other sequences included in the cluster) was
found using the Dereplicate Request program
(Pyrosequencing pipeline). The representative cluster
sequences were taxonomically classified on the basis of
genotypic approach in accordance with the Interna�
tional Code of Nomenclature of Bacteria (ICNB). If
the analyzed sequence shared more than 97% similar�
ity with that of a validly described microorganism, the
cluster was attributed to the corresponding species.

RESULTS AND DISCUSSION

Bacterial community of the plankton in the littoral
zone of Lake Baikal. In plankton samples taken from
the littoral zone of Lake Baikal, pyrosequencing of the
16S rRNA gene revealed 5525 sequences with a length
of over 300 nucleotides, with 5031 sequences (91.1%)
belonging to the domain Bacteria and 494 sequences
(8.9%) to the domain Eukarya. The total length of the
analyzed bacterial sequences was 2498795 nucle�
otides; the average length was 470 nucleotides.

The bacterial community of the water samples was
characterized by high species diversity and included
888 phylotypes (OTU) belonging to 28 phyla. The rar�
efaction curve did not reach a plateau at the end of
analysis, and the number of revealed OTU increased
linearly (Fig. 1). The species richness (cluster distance
of 0.03) determined with the use of the nonparametric
ACE and Chao1 criteria was 2380 and 1474, respec�
tively (Table 1). The Shannon index characterizing the
species diversity was 4.67.

In the plankton, three phyla predominated in the
numbers of sequences and genera: Bacteroidetes
(32.9%, 52 genera), Actinobacteria (28.7%, 31 gen�
era), and Proteobacteria (23.7%, 196 genera); these
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phyla comprised 85.3% of the total number of bacte�
rial sequences (Fig. 2a). The dominant phylotypes in
the plankton were represented by Planktophila sp. and
Flavobacterium sp. (Table 2). It should be noted that
the plankton community contained, apart from bacte�
rial genotypes, the genotypes of eukaryotic algae:
Chlorophyta, Cryptophyta, Dinophyta, and Ochrophyta.
Most of the eukaryotic sequences belonged to the phy�
lum Ochrophyta (219 sequences assigned to 14 gen�
era).

The phylum Bacteroidetes consisted of four clusters
containing two cultured genera: Flavobacterium (Fla�
vobacteriales) and Sediminibacterium (Sphingobacteri�
ales) and two uncultured ones: EU800805 (Flavobac�
teriales) and EU800176 (Cytophagales). It is notice�
able that the representative species of these clusters
showed more than 98% similarity with the known
members of the Bacteroidetes (Table 2). The Flavobac�
terium cluster with the representative phylotype Fla�
vobacterium sp. was the largest among planktonic
Bacteroidetes in Lake Baikal. A new genus Sedimini�
bacterium was first isolated from an eutrophic reservoir
in Beijing [16]; together with the other representatives
of Sphingobacteriales, it is a usual inhabitant of natural
environments. This genus is characterized by high
sphingophospholipid content in the cell walls. The
genotypes EU800805 and EU800176 were revealed in
the marine plankton samples within the scope of the
“Global Ocean Sampling” program [9].

The phylum Bacteroidetes includes the most
diverse bacteria (both phenotypically and metaboli�
cally), mainly chemoorganoheterotrophs, inhabiting
soil and water and forming symbiosis with human
beings, animals, and plants. Filamentous morpho�
types of Bacteroidetes are known to dominate in bacte�
rial plankton of a mesotrophic lake in Germany [17].
Most of the nucleotide sequences revealed in freshwa�
ter samples were assigned to the order Flavobacteriales
[18]. Our data also demonstrate the domination of
members of this order in plankton of Lake Baikal. The
population of Flavobacterium in subalpine lakes was
shown to exhibit rapid growth during the spring phy�
toplankton boom [19]. The domination of the Fla�
vobacterium phylotype in the plankton of Lake Baikal

is possibly associated with the subglacial development
of planktonic algae.

The phylum Actinobacteria was characterized by
two clusters including a common planktonic species
Planktophila sp. and a uncultured phylotype
EU803276, which showed 98% similarity with the
sequences of a clone from freshwater Lake Gatun [9]
(Table 2). By using methods of molecular biology
including FISH, it has been earlier revealed that acti�
nobacteria are among the most abundant groups of
freshwater bacterial plankton amounting to up to 50%
of the DAPI�stained prokaryotes [18]. Actinobacteria
were also found in deeper water layers, although their
number decreased with depth. They inhabit lakes with
different trophicity levels (from oligo� to dystrophic)
in all climatic zones. The genus Planktophila (Actino�
mycetales), which representatives have been recently
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Fig. 1. Rarefaction curve at different taxonomic cutoffs
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solid lines.

Table 1. Indices of species richness and diversity detected at different cluster distances

Sample Distance Number of sequences Number of clusters ACE Chao1 Shannon

Biofilm 0 5074 2381 23011 9873 6.83

0.03 461 1211 840 4.19

0.05 344 916 652 3.61

0.1 195 366 265 2.59

Water 0 5031 2527 24576 11101 7.00

0.03 752 2380 1474 4.67

0.05 602 1691 1145 4.26

0.1 366 765 584 3.63
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Fig. 2. Metagenomic analysis of bacterial communities of the plankton (a) and biofilm formed on an artificial substrate (b) in Lake
Baikal based on the 16S rRNA gene sequencing. The numbers of detected sequences are shown above the columns.



MICROBIOLOGY  Vol. 82  No. 1  2013

COMPARATIVE ANALYSIS OF BIODIVERSITY IN THE PLANKTONIC 95

Table 2. Composition of the water bacterial community (25% difference)

Phylum Number 
of sequences

Representative sequence 
characterizing the cluster Class Share 

in the cluster, %

Similarity with the 
closest related 
sequence, %

Bacteroidetes 837 Flavobacterium sp. Flavobacteria 16.6 98.0

338 EU800805 Flavobacteria 6.7 99.7

242 EU800176 Cytophagia 4.8 98.0

232 Sediminibacterium sp. Sphingobacteria 4.6 98.7

Actinobacteria 923 Planktophila sp. Actinobacteria 18.4 100.0

508 EU803276 Actinobacteria 10.1 98.1

Proteobacteria 156 Reyranella massiliensis Alphaproteobacteria 3.1 99.5

10 Alphaproteobacteria Alphaproteobacteria 0.2 81.7

796 Albidiferax ferrireducens Betaproteobacteria 15.8 97.5

42 AB355082 Deltaproteobacteria 0.8 97.2

10 DQ906906 Deltaproteobacteria 0.2 94.5

5 Desulfuromonadales Deltaproteobacteria 0.1 86.6

12 Arcobacter cryaerophilus Epsilonproteobacteria 0.2 99.1

142 DQ009153 Gammaproteobacteria 2.8 94.9

Cyanobacteria 134 Synechococcus rubescens Chroobacteria 2.7 100.0

Verrucomicrobia 128 EU800366 Opitutae 2.5 99.4

46 DQ415853 Verrucomicrobiae 0.9 95.4

Planctomycetes 73 AF418943 Phycisphaerae 1.4 97.9

28 Schlesneria sp. Planctomycetacia 0.6 98.1

15 EU234279 Planctomycetacia 0.3 98.7

5 AF316773 EU373996_c 0.1 100.0

Acidobacteria 34 FJ479430 FJ478837_c 0.7 92.5

17 EF515323 Holophagae 0.3 90.4

9 EF632805 Solibacteres 0.2 98.5

Chloroflexi 26 AF316759 Anaerolineae 0.5 99.1

12 AJ306742 Caldilineae 0.2 95.4

11 4P001458 4P001458_c 0.2 98.3

Chlorobi 23 AY555788 Ignavibacteriae 0.5 91.9

21 EU234260 Ignavibacteriae 0.4 95.2

8 DQ520175 OPB56 0.2 98.9

Note: Only the clusters exceeding 0.1% of the community are listed; the similarity level over 97% is shown in bold.
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isolated in pure cultures, belongs to acI lineage, the
most abundant actinobacterial group in bacterial
plankton; however, the physiological characteristics of
this genus are scarcely studied. At the same time, the
affiliation of Planktophila with actinomycetes is indic�
ative of their ability to utilize difficult�to�degrade sub�
strates.

The phylum Proteobacteria included eight clusters
containing Alpha�, Beta�, Gamma�, Delta�, and Epsi�
lonproteobacteria (Table 2). Three out of eight repre�
sentative species showed more than 97% similarity
with well�known species Reyranella massiliensis, Albi�
diferax ferrireducens, and Arcobacter cryaerophilus.
The Betaproteobacteria cluster was the most abundant
among the proteobacteria; it was characterized by the
species A. ferrireducens, chemoorganoheterotrophic
iron�reducing bacteria. Betaproteobacteria are known
to predominate in freshwater accounting for 60–70%
of the cells (determined by the FISH method) and are
the best�studied group of freshwater bacteria [18]. The
number and composition of Betaproteobacteria varied
in different lakes depending on the depth and season.

The class Alphaproteobacteria was a planktonic
group second in abundance; these bacteria prevail in
marine ecosystems and have been also found in fresh�
water lakes over the world, but in a smaller number
than in the seas [18]. The freshwater Alphaproteobacte�
ria are insufficiently studied; it is only known that they
prefer oligotrophic water bodies and are able to
degrade complex organic substances. In the plankton,
this class was represented by the species Reyranella
massiliensis (99.5% similarity); three strains exhibiting
high oxidase activity have been recently isolated from
freshwater samples in France [20]. The closely related
genus Magnetospirillum is characterized by magneto�
taxis. The occurrence of bacteria associated with the
iron cycle in near�bottom zones is associated with the
active functioning of this cycle in Lake Baikal [21].

The class Gammaproteobacteria was third in num�
ber among proteobacteria and, like the Deltaproteo�
bacteria, did not contain closely related cultured
strains. The least common cluster Epsilonproteobacte�
ria was represented by the species Arcobacter cryaero�
philus (99.1% similarity).

The phylum Cyanobacteria consisted of one cluster
which included 134 sequences (2.3% of the total bac�
terial sequences) belonging to 20 phylotypes.
Sequences of the order Chroococcales (88% of all
cyanobacteria) with the representative species Syn�
echococcus rubescens (=Cyanobium rubescens) pre�
vailed. These are the smallest representatives of
autotrophic picoplankton, which predominates every�
where in marine and freshwater ecosystems and may
reach op to 3 × 106 cells/mL in Lake Baikal [22].

The phylum Planctomycetes contained four domi�
nated by the number of sequences clusters of uncul�
tured bacteria and the cluster Schlesneria (the order
Planctomycetales), which included cultured species.

The order Planctomycetales is represented by budding
bacteria capable of degrading complex carbohydrates
which were produced by the phytoplankton [18]; they
are widespread in acidic swamped lakes but are rare in
oligotrophic lakes.

The other clusters found in the water samples con�
tained no relative cultured bacterial strains. However,
representatives of these phyla are widespread in fresh�
water systems; for instance, Verrucomicrobia (the fam�
ily Opitutaceae) were found in the plankton of 73 out
of 81 European lakes [23] and reached 3.4% in
Lake Baikal. The phyla Chloroflexi, Acidobacteria,
Chlorobi, Nitrospirae, and Firmicutes (including bacte�
ria with different metabolism and functions) com�
prised less than 5% of the planktonic microbiome.
Seven minor phyla (Gammatimonadetes, Thermobacu�
lum, Lentisphaerae, Caldithris, Fibrobacteres, Spiro�
chaetes, and Elusimicrobia) and ten phantom phyla
(SAR202, OP10, GN02, GN04, SR1, WS3, OP8,
TM6, OD1, and CS) were revealed in the water sam�
ples.

The data obtained by metagenomic analysis of bac�
terial plankton in other lakes differed from our results
primarily due to the different hydrophysical and
hydrochemical conditions in these water bodies. In
the mesotrophic lake Lac du Bourget, the phylum Ac�
tinobacteria dominated (about 45%), Proteobacteria
comprised about 40%, and Bacteroidetes was the
minor phylum (no more than 15%) [11]. In the
eutrophic lake Samsonvale, which was characterized
by a toxic cyanobacterial bloom, the composition and
structure of the bacterial community were similar to
those in lake Lac du Bourget [10].

Lake Baikal differed from the other lakes studied by
metagenomic analysis in its high diversity of bacterial
community (Table 3). The number of phylotypes
revealed in the plankton of Lake Baikal was an order of
magnitude higher than in lakes Lanier, Gatun, Sam�
sonvale, Lac du Bourget, and Taihu [9–13]. This dis�
tinction was probably due to the fact that metage�
nomic analysis of the planktonic bacterial community
in Lake Baikal was performed for the first time on the
basis of pyrosequencing of the 16S rRNA gene frag�
ments. Bacterial communities in the other lakes were
analyzed by the whole genome shotgun sequencing or
by constructing of clone libraries that considerably
limited the number of revealed 16S rRNA gene
sequences.

The phyla Actinobacteria and Proteobacteria domi�
nated in Baikal, as in other freshwater lakes. Earlier,
direct sequencing of the 16S rRNA gene of samples
from two oligotrophic and one mesotrophic lakes
revealed the predominance of Betaproteobacteria and
Actinobacteria [24]. It was also shown that microor�
ganisms inhabiting the water in Lake Baikal were rep�
resented mainly by cyanobacteria, proteobacteria, and
actinobacteria; the FISH method revealed the domi�
nation of proteobacteria and “other” bacteria not
hybridized with the known species probes [5].
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Thus, in the plankton, chemoorganoheterotrophic
microorganisms prevailed, whereas phototrophic bac�
teria (cyanobacteria and green or purple bacteria),
various chemolithoautotrophic, nitrifying, iron�oxi�
dizing bacteria, etc., were found in lower amounts.

Bacterial community of the biofilm. Pyrosequenc�
ing of the metagenomic DNA from the biofilm
revealed 6291 sequences of the 16S rRNA gene frag�
ments containing over 300 nucleotides. An average
length of the analyzed sequences was 430 nucleotides,
whereas the total length was 2780954 nucleotides. Out
of obtained sequences, 5074 (80.7%) were attributed
to the domain Bacteria and 1217 (19.3%) to the
domain Eukarya. Bacterial community of the biofilm
contained 552 phylotypes (OTU) belonging to
15 phyla. The rarefaction curve did not reach a pla�
teau; by the end of analysis, the number of revealed
OTU increased linearly (Fig. 1). The species richness
values (cluster distance of 0.03) determined with the
use of nonparametric criteria ACE and Chao1 were
1211 and 840, respectively; the Shannon index at the
same cluster distance was 4.19 (Table 1). Therefore,
biodiversity in the biofilm was somewhat lower than in
the plankton.

In the biofilm, the phyla dominated in the number
of sequences and genera were represented by Cyano�
bacteria (43.9%, 27 genera), Bacteroidetes (38.2%,
30 genera), and Proteobacteria (15%, 96 genera) that
comprised 97% of the total bacterial community
(Table 4, Fig. 2b). The dominant genera in the biofilm
were Flavobacterium (1027 sequences, 25 phylotypes,
Bacteroidetes), Chamaesiphon (812 sequences, 3 phy�
lotypes, Cyanobacteria), and Variovorax (84 sequen�
ces, 2 phylotypes, Proteobacteria).

The phylum Cyanobacteria was represented by one
numerous cluster comprising the orders Chroococ�
cales, Oscillatoriales, and Nostocales and unidentified
groups (AB355089 and AY212703). The dominant
order Chroococcales (1228 sequences, 55.12%) was
followed by Oscillatoriales (937 sequences, 42.06%),
and Nostocales was the minor component
(63 sequences, 2.69%). The cyanobacterial commu�
nity included 33 OTU, in which the phylotypes of the
genus Chamaesiphon with the representative species
Chamaesiphon sp. prevailed. The genus Chamaesiphon
comprises cyanobacteria inhabiting cold and clean
water bodies and having heteropolar cells and
exospores surrounded by mucous pseudosheaths by
which they attached to various substrates. Among the
dominating sequences, a unique phylotype
EF580987_s (385 sequences) of the order Oscillatori�
ales was revealed; it possibly belonged to the species
Heteroleibleinia pusilla which was found in large num�
bers upon microscopic observation of the biofilm (data
not shown).

The phylum Bacteroidetes was represented by seven
clusters, of which four included cultured representa�
tive species (Flavobacterium glaciei, Arcicella sp., Fer�
ruginibacter sp., and Leadbetterella sp., over 97% sim�
ilarity), and three unidentified clusters belonging to
the classes Sphingobacteria, Flavobacteria, and
Cytophagia (Table 4). These bacteria were chemoorga�
noheterotrophs capable of hydrolyzing complex
organic substances. The genus Flavobacterium
(1027 sequences, 25 phylotypes) dominated among
the Bacteroidetes: it was represented by the psychro�
philic species Flavobacterium glaciei, which was first
isolated from a glacier in China [25]. The genus Arci�
cella included cosmopolitan species found in freshwa�

Table 3. Comparative data on metagenomic analysis of bacterial communities in different lakes

Lake, country Number 
of bacterial taxa

Number 
of 16S rRNA 

gene sequences
Dominating phyla References

Lake Gatun, Panama 10 phyla, 
20 families

174 Actinobacteria, Proteobacteria, Acidobacteria [9]

Lake Samsonvale, 
Australia

8 phyla, 25 OTU 71 Proteobacteria, Actinobacteria, Verrucomicrobia [10]

Lake Lac du Bourget, 
France

12 phyla, 68 OTU 288 Actinobacteria, Proteobacteria, Bacteroidetes [11]

Lake Taihu, China More than 5 phyla No data Proteobacteria, Actinobacteria [12]

Lake Lanier, United 
States

17 phyla, 28 families 447 Proteobacteria, Actinobacteria, Verrucomicrobia [13]

Lake Baikal, Russia 28 phyla, 888 OTU 5031 Bacteroidetes, Actinobacteria, Proteobacteria This study
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ter biofilms [26]. The genus Ferruginibacter was
recently isolated from the sediment of a freshwater
lake in South Korea [27]. The genus Leadbetterella is
also novel; the only described species was isolated
from the substrate for mushroom cultivation in
South Korea [28].

The phylum Proteobacteria was represented by
three clusters: Alpha�, Beta�, and Deltaproteobacteria
(Table 4). Betaproteobacteria contained the largest
number of sequences with two predominant phylo�
types of the genus Variovorax exhibiting denitrifying
activity. The representative species of the Betaproteo�
bacteria (Curvibacter sp.) and Alphaproteobacteria
(Beijerinckia sp.) belonged to the nitrogen�fixing gen�
era. Among the Deltaproteobacteria, an unknown
genus of the family Haliangiaceae prevailed; it proba�
bly possessed the ability to lyse prokaryotic and
eukaryotic cells that is typical of mycobacteria.

The less abundant phyla in the biofilm (comprising
less than 1%) included Actinobacteria, Firmicutes, Aci�
dobacteria, Planctomycetes, Chloroflexi, Chlorobi, Ver�
rucomicrobia, Nitrospirae, and the phantomic phylum
EU246293_p; the minor phyla (less than 0.1%) were
represented by Gammatimonadetes, Deinococcus–
Thermus, and the phantom phylum OP�10. Apart
from these, the bacterium Microbacterium flavescens
was revealed, several strains of which are used for oil
degradation. The genotypes of Chlorophyta, Cripto�
phyta, and Ochrophyta were found in the biofilm;
91.5% of the eukaryotic genotypes (1113 sequences,
10 genera) belonged to Ochrophyta.

The studies performed with marine ecosystems
showed that biologically inert substrates (e.g., stainless
steel or glass) submerged into seawater were
rapidly inhabited by organisms, which formed a com�
plex two�layer film. At the first stage, the substrates
were mainly occupied by bacteria; at the second stage,
after a 5�week exposition, large motile colonial and
single diatoms appeared, as well as protozoa and fungi
[29].

In the biofilms of drainage systems, Proteobacteria
was the dominant group, whereas Firmicutes, Actino�
bacteria, Bacteroidetes, and Deinococcus–Thermus
were the minor groups comprising no more than 4%
[7]. In water pits, Alphaproteobacteria dominated
(74%), whereas Betaproteobacteria were not revealed
[8]. By using cultivation techniques and the Sanger
sequencing, it has been earlier shown that biofilms
from Lake Baikal contained representatives of Beta�
proteobacteria, Cyanobacteria, Flavobacteria, Firmic�
utes, Verrucomicrobia, and Sphingobacteria [6].
According to other studies, Proteobacteria prevailed in
the biofilms formed in the regions of drink water
intakes [7, 8].

Thus, the analysis of the biofilm developing in Lake
Baikal revealed a great diversity of microbial species,
which differed from those observed in other ecosys�
tems both in the structure and composition. The bio�
film bacterial community was dominated by photo�
lithoautotrophs (cyanobacteria) producing a number
of organic substances, which may be used as an energy

Table 4. Composition of the biofilm bacterial community (25% cutoff)

Phylum Number 
of sequences

Representative sequence 
characterizing the cluster Class Share 

in the cluster, %*

Similarity with 
the closest 

BLAST hit, %

Cyanobacteria 2225 Chamaesiphon sp. Chroobacteria 43.8 95.0

Bacteroidetes 1107 Flavobacterium glaciei Flavobacteria 21.8 99.0

347 Ferruginibacter sp. Sphingobacteria 6.8 99.3

235 Arcicella sp. Cytophagia 4.6 97.2

108 Leadbetterella sp. Cytophagia 2.1 99.0

70 Sphingobacteriales Sphingobacteria 1.4 87.3

55 EF203200 Flavobacteria 1.1 88.4

14 AY887012 Cytophagia 0.3 94.6

Proteobacteria 274 Beijerinckia sp. Alphaproteobacteria 5.4 94.8

477 Curvibacter sp. Betaproteobacteria 9.4 97.1

9 Haliangiaceae Deltaproteobacteria 0.2 93.1

Note: * Only the clusters exceeding 0.1% of the community are listed; the similarity level over 97% is shown in bold.
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source by numerous chemoorganoheterotrophic bac�
teria including those involved in the nitrogen cycle.

Comparative analysis of microbial communities of
the biofilm and water samples. Bacterial communities
of biofilm and plankton in Lake Baikal were similar in
the content of the main bacterial phyla but differed in
their taxonomic composition. In the plankton,
Bacteroidetes was the predominant phylum, whereas
in the biofilm, Cyanobacteria prevailed. The plankton
was characterized by higher species richness than the
biofilm; the identified OTU comprised 888 and 552,
respectively. In the plankton, the number of phyla was
1.9 times higher than in the biofilm (28 and 15, respec�
tively); the number of phantom bacterial phyla was 15
and 2, respectively. The number of common OTU in
the biofilm and water was 112 of which 72% belonged
to the domains Proteobacteria and Bacteroidetes.

In both communities, the Proteobacteria members
dominated: it is the largest bacterial phylum contain�
ing a great variety of phenotypes which occupy most
ecological niches. Proteobacteria play a key role in the
cycles of biogenic elements due to their high diversity,
great number, and wide distribution [30].

A rank abundance curve demonstrates the irregu�
larity of species distribution in microbiomes: in both
communities, most of the taxonomic units belonged to
rare organisms, which were represented by only a few
sequences, whereas numerous species were few in
number (Fig. 3).

The rarefaction curve reached no plateau either at
the level of species, genus, or family. It indicates that
the sequencing volume used in this study was insuffi�
cient for complete characterization of community
diversity. New phylotypes may possibly be found if the
number of analyzed sequences will be increased. The
data on the number of clusters and the species richness
evaluated at the difference levels of 0.03, 0.05, and 0.1
are given in Table 1. The values of species diversity
both in the biofilm and water determined by the
Chao1 coefficient were twofold higher than those
obtained by the pyrosequencing method. A character
of the rank abundance curve indicated that the largest
taxa determining the community composition were
already identified and the following pyrosequencing
would reveal only rare species (Fig. 3).

Bacterial community of biofilm contained mainly
representatives of the phyla Cyanobacteria,
Bacteroidetes, and Proteobacteria; the contribution of
other groups did not exceed 1%. Bacterial community
of the water was more heterogeneous and included not
only the dominant phyla (Bacteroidetes, Actinobacte�
ria, and Proteobacteria), but also the members of other
phyla (up to 15% of total community); the level of
such phyla as Cyanobacteria, Verrucomicrobia, and
Planctomycetes reached 2.5% (Fig. 2).

Thus, for the first time, taxonomic composition
and distribution of different microbial groups in the
biofilm and plankton of Lake Baikal were described in

detail by using the pyrosequencing method. A great
diversity of microorganisms was revealed in two com�
munities. Earlier, no more than ten bacterial groups
were found in the water [31], whereas the application
of the pyrosequencing method allowed for determina�
tion of 28 phyla, some of which (Chloroflexi, Chlorobi,
Deinococcus–Thermus, Gemmatimonadetes, and the
phantomic phyla) were revealed in Lake Baikal for the
first time. Moreover, minor groups of microorganisms
containing only few sequences were revealed, which
could not be recognized by other methods. A great
number of sequences revealed by the pyrosequencing
method had no close BLAST hits in the world data�
base; they can represent novel species, which need fur�
ther investigation.
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