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Diversity of Cyanobacterial Species and Phylotypes in Biofilms from 
the Littoral Zone of Lake Baikal

The majority of naturally occurring biofilms contain nu-
merous microorganisms that have not yet been cultured. 
Additionally, there is little information available regarding 
the genetic structure and species diversity of these commu-
nities. Therefore, we characterised the species diversity, st-
ructure and metagenome of biofilms grown on stones and 
steel plates in the littoral zone of Lake Baikal (East Siberia, 
Russia) by applying three different approaches. First, light 
microscopy enabled identification of the species diversity of 
biofilm-forming cyanobacteria on different substrates with 
the dominance of Rivularia rufescens, Tolypothrix limbata, 
Chamaesiphon fuscus, Сh. subglobosus, and Heteroleibleinia 
pusilla. Additionally, scanning electron microscopy was used 
to show the spatial structure of biofilms. Finally, sequence 
analysis of 30,660 16S rRNA clones indicated a high diver-
sity within the biofilm communities, with the majority of the 
microbes being closely related to Cyanobacteria (8–46% se-
quences), Proteobacteria (14–43%), and Bacteroidetes (10– 
41%). Rivularia sp., Pseudanabaena sp., and Chamaesiphon 
spp. were the dominant cyanobacterial phylotypes.

Keywords: cyanobacteria, biofilm, epilithon, Lake Baikal, 
Rivularia, pyrosequencing

Introduction

Because of the unique characteristics of cyanobacteria, such 
as involvement in oxygenic photosynthesis, fixation of at-
mospheric molecular nitrogen, and considerable resistance 
to unfavourable factors, they are able to colonise different 
ecological niches, including extreme environments (Rozanov, 
2002). Numerous studies and reviews have been devoted to 
the fouling of monuments and historical buildings by epi- 
and endolithic microorganisms, as well as to the development 
of methods to prevent biodeterioration of stone (Tomaselli 
et al., 2000; Crispim et al., 2003; Scheerer et al., 2009). Stone 

colonisation by autotrophic microorganisms (cyanobacteria 
and algae) starts with the formation of biofilms, which then 
facilitate and promote the growth of heterotrophic bacteria 
and fungi, resulting in the formation of complex and well- 
organized biofilms. In the tropics, marine ecosystems are 
dominated by cyanobacteria on the stony littoral substrates, 
whereas in temperate zones, the majority of diatoms are re-
corded among epilithic microorganisms because of the better 
resistance of cyanobacteria to high temperatures (Narváez- 
Zapata, 2005). In the large oligotrophic freshwater lakes of 
North America, diatoms prevail in the upper littoral zone, 
while in the deep littoral zone they are replaced by cyano-
bacteria of the genera Hapalosiphon, Calothrix, Tolypothrix, 
Nostoc, Lyngbya, and Gloeocapsa (Stevenson et al., 1996).
  Cyanobacteria in biofilms from Lake Baikal have not been 
studied using a wide variety of methods to date. Investigation 
of the systematics and ecology of meio- and macrophytes 
(>0.1 mm) provide more data on over 60 species and forms 
of benthic cyanobacteria (Meyer, 1930; Izhboldina, 2007). 
In studies conducted from 1997–2000, more than 25 species 
of cyanobacteria were registered in the microphytobenthos 
of Lake Baikal; however, the species list was not published 
(Rodionova and Pomazkina, 2003). Hence, simultaneous 
taxonomic studies of all size groups of cyanobacteria in ep-
ilithic biofilm communities growing in Lake Baikal have not 
yet been conducted.
  Use of the 16S rRNA gene as a marker enables a wide va-
riety of bacteria in different ecological niches to be recorded. 
Currently, pyrosequencing, which is a new technology of 
sequencing by synthesis, is used worldwide. This method can 
identify a much higher number of sequences to reveal the 
diversity of the microbial community at a lower cost than 
the Sanger method (Sogin et al., 2006). Pyrosequencing of 
PCR amplicons from variable regions of the 16S rRNA gene 
has recently enabled deep bacterial diversity surveys (> 1,000 
phylotypes) in oceans (Sogin et al., 2006; Rusch et al., 2007), 
freshwater lakes (Pope and Patel, 2008; Debroas et al., 2009; 
Oh et al., 2011), and thermal springs (Gumerov et al., 2011). 
Studies of the Baikal biota by means of pyrosequencing have 
recently been started (Gladkikh et al., 2011; Kadnikov et al., 
2012). Comparative studies of phylotype diversity in plankton 
and fouling on steel plate have shown that the communities 
have similar primary bacterial phyla, but differing structures 
(Gladkikh et al., 2011; Parfenova et al., 2013). An extremely 
high percentage of the planktonic cyanobacteria, Synecho-
coccus spp., was recorded in deep methane hydrate-bearing 
sediments dominated by methanotrophic bacteria (Kadnikov 
et al., 2012). Analysis of microbial biofilms using pyrose-
quencing is of significance to both the water suppliers and 
consumers; however, ecological and microbiological inves-
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Fig. 1. Scanning electron microscopy of biofilms from different substrates. 
(A–D) colony structure from fouling on stony substrates: (A) general 
view of a colony from above and in longitudinal section; (B) rod-shaped 
and coccoid bacterial cells in the mucous matrix of a colony (arrows); 
(С) diatom cells between trichomes; (D) colony surface covered with 
diatoms. Biofilms from the steel plate with the dominance of filamentous 
(E) and coccoid (F) cyanobacteria. Scale bars: A=200 μm; B=5 μm; C, E, 
F= 20 μm; D=50 μm.

tigations are rarely performed, and focused on surveys of 
the bacterial species diversity of biofilms that form in marine 
(Narváez-Zapata, 2005; Edwards et al., 2010; Mobberley et 
al., 2012) and extreme ecosystems (Thibault et al., 2010; Klatt 
et al., 2011).
  Therefore, this study was conducted to investigate cyano-
bacterial communities inhabiting different types of substrates 
at the bottom of Lake Baikal in the littoral zone using mi-
croscopic methods and pyrosequencing of a 16S rRNA gene 
fragment.

Materials and Methods

Sampling
The plates for the analysis of biofilm communities were 
made of the three most common rock types in the shore 
area of Lake Baikal (marble, granite, and amphibolite). The 
plates had an area of 16–24 cm2 and a stainless steel plate 
of 34 cm2. In March of 2005, these plates were placed at a 
depth of 7 m in the southern basin of Lake Baikal near Cape 
Berezovy (51°50 50.4 N, 104°54 43.3 E). An experimental 
polygon is located near this cape where regular sampling 
takes place (Timoshkin et al., 2003). The stone plates were 
exposed for 6 years (up to April of 2011) and the steel plate 
was exposed for 5 years (May of 2010). After the exposure 
periods, the experimental plates were lifted by scuba divers, 
placed into the sterile containers, and transported to the 
laboratory. A nearby stone that served as a control was also 
lifted with the experimental plates. The control stone was 
plagiogranite. The biofilm (1 cm2) was then removed with 
a sterile scalpel and put into sterile Eppendorf tubes, after 
which the samples were fixed in formalin (final concentra-
tion 2%). DNA was extracted immediately after removal of 
biofilms from the substrates as described below.

Microscopic analysis
Scanning electron microscopy (SEM) was used for the de-
tailed analysis of the biofilm structures. The biofilms were 
dehydrated in ethyl alcohol solution by gradually increasing 
the alcohol concentration. Subsequently, the samples were 
dried at 40°С, coated in gold using a Balzers SCD 004 sput-
ter-coater (Bal-Tec AG, Liechtenstein), and examined using 
a SEM Quanta 200 (FEI CO., USA).
  Qualitative analysis of the cyanobacteria was performed 
on an Axio Imager light microscope (Carl Zeiss, Germany) 
equipped with a HBO 100W mercury lamp and AxioCam 
MRm and MRc5 cameras. A green filter was used for fluo-
rescence microscopy. Cyanobacterial species were identified 
based on their morphology according to available guides 
(Gollerbakh et al., 1953; Komárek and Anagnostidis, 1999, 
2005). The Sørensen index was used to define the similarity 
of the cyanobacterial species composition.

Pyrosequencing and data analysis
Total DNA was isolated from the samples using a DNASorb 
kit (Interlabservice, Russia). Briefly, 60 μl of lysozyme (1 
mg/ml, Sigma-Aldrich, USA) was added to a pellet of bio-
film sample followed by incubation for 1 h at 37°C. The re-

mainder of the DNA extraction was continued according 
to the manufacturer’s instructions. Genomic DNA was am-
plified using primers targeting the V1–V3 hypervariable 
regions of the bacterial 16S rRNA gene. DNA pyrosequen-
cing was performed by ChunLab Incorporation (Seoul, Korea) 
using the 454 GS Junior Sequencing System (Roche, Swit-
zerland).
  The Mothur Programme v.1.22.0 (http://www.mothur.org) 
was used for primary analysis of pyrosequencing data, re-
moval of short and chimeric sequences, and calculation of 
the ACE and Chao 1 estimators. The maximum length of 
the sequences obtained was 558 nucleotides. Sequences that 
were shorter than 300 nucleotides were excluded from the 
analysis. Available tools from the RDP pyrosequencing pipe-
line (Cole et al., 2009) were used to determine the taxo-
nomic composition at the 75% confidence threshold and 
build rarefaction curves. For determination of operational 
taxonomic units (OTUs), we defined the species (phylotypes), 
genus, family, order, and phylum level at 3, 5, 10, 15, and 
25% sequence divergence, respectively, according to Schloss 
and Handelsman (2005).
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Table 1. Cyanobacterial species composition on different substrates 
Orders/Species Marble Granite Amphibolite Control stone Steel plate

Chroococcales
Aphanocapsa holsatica a (Lemm.) Cronb. et Kom. +
A. parasitica a (Kütz.) Kom. et An. + + + +
Chamaesiphon fuscus a (Rost.) Hansg. + + + + +
С. subglobosus a (Rost.) Lemm. + + + + +
Chroococcus limneticus a Lemm. + +

Nostocales
Anabaena sp. +
Calothrix epiphytica a W. et G.S. West  +
Rivularia rufescens a Näg. in Kütz. ex Born. et Flah. + + + +
Tolypothrix limbata Thur. ex Born. et Flah. + +

Oscillatoriales
Heteroleibleinia pusilla a (Hansg.) Compere +
Leibleinia epiphytica a (Hier.) Compere + +
Leptolyngbya rivulariarum a (Gom.) An. et Kom. + + +
Phormidium inundatum Kütz. ex Gom. +
Phormidium sp. +
Pseudanabaena sp. a + + +
Schizothrix rivulariarum a Voronich. + + + +

Total 11 6 5 12 5
a Species described for Lake Baikal for the first time.

Results

Biofilm structure by SEM
Visual examination of the samples showed that the stony 
substrates were fouled with dense brown hemispherical col-
onies 1–5 mm in diameter located close to each other. The 
densest fouling by colonies was observed on the control 
stone, while experimental plates were fouled with thin green 
and brown biofilms between colonies. Unlike the stony 
substrates, the steel plate was completely covered with thin 
green and brown biofilms. Scanning electron microscopy 
showed that colonies contained long vertically oriented tri-
chomes enclosed in mucilaginous sheaths. Filaments were 
adjoined close to each other and interspersed with coccoid 
and rod-shaped bacterial cells submerged in mucilage (Figs. 
1A–1B), as well as diatom frustules (Fig. 1C) that some-
times formed a dense layer on the top surface of the colony 
(Fig. 1D). The biofilm from the steel plate showed minimal 
vertical development and contained short filaments and 
coccoid cells surrounded by mucilage and diatom frustules 
embedded in the biofilm matrix (Figs. 1E–1F).

Cyanobacterial species diversity according to light micro-
scopy
Sixteen species of cyanobacteria belonging to the orders 
Chroococcales, Oscillatoriales, and Nostocales (Table 1) were 
detected on five different substrates using light and epi-
fluorescence microscopy. Most of the species were repre-
sentatives of benthos, mainly epilithic and epiphytic cyano-
bacteria, with the exception of the typical planktonic species 
Aphanocapsa holsatica and Chroococcus limneticus. Two 
dominant species associations were distinguished in the foul-
ing on the stony substrates. The Rivularia association in-
cluded Rivularia rufescens with species-satellites inhabiting 

its colonies, Leptolyngbya rivulariarum and Schizothrix rivu-
lariarum. This association inhabited the marble, granite, 
amphibolite, and the control stones (Fig. 2A and 2B). The 
Tolypothrix association consisting of Tolypothrix limbata 
colonies and Leibleinia epiphytica on its filaments inhabited 
the marble and control stone (Fig. 2C). Colonies of the epi-
phyte Aphanocapsa parasitica were not associated with a 
specific host and were recorded in the biofilm communities 
on all types of stone. Few periphytic cyanobacteria of the 
genera Phormidium and Pseudanabaena were observed on 
the marble and the control stone. The epiphytic and epilithic 
chroococcoid cyanobacteria Chamaesiphon fuscus and С. 
subglobosus inhabited all types of and were dominant on 
the steel plate forming a biofilm with the filamentous cya-
nobacteria Heteroleibleinia pusilla (Fig. 2D). The singular 
heterocystous species Calothrix epiphytica and Anabaena 
sp. were detected in the cyanobacterial community on the 
steel plate.
  The dominant Rivularia rufescens involved in stone foul-
ing possessed a number of interesting morphophysiological 
attributes. Specifically, it formed hemispherical gelatinous 
colonies, tapered trichomes, a basal heterocyst, false-branch-
ing, a thick sheath, was often coloured brown with scytone-
min, and deposited calcite crystals inside the mucilage (Figs. 
2A–2B). The crystals occurred in concentric zones, and 
colonies could contain a series of calcite laminations. The 
scytonemin pigment distribution also varied continuously 
throughout the colony, appearing as a series of dark brown 
concentric zones. The Rivularia colonies are perennial, and 
alteration of the pigmented zones shows changes in light 
intensity during a year. It should be noted that the largest 
R. rufescens colonies were found on the control stone with 
3–4 zones coloured with scytonemin and calcite crystal 
deposits. The colonies on the experimental plates contained 
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Fig. 2. Dominant cyanobacterial species in biofilms. (A–C) light micro-
scopy, (D) fluorescence microscopy, autofluorescence of cyanobacteria, 
green filter. (A–B) Rivularia rufescens, (C) Tolypothrix limbata, (D) Cha-
maesiphon fuscus (cylindrical cells), and Heteroleibleinia pusilla (thin tri-
chomes). Designations: с, calcite crystals zone; e, exocyte; h, heterocyst. 
Scale bars: A–C=30 μm; D=5 μm.

         (A)

         (B)

Fig. 3. Taxonomic structure of biofilm 
communities on different substrates. (A) 
the ratio of main microbial phyla; (B) the 
ratio of Cyanobacteria orders (according 
to NCBI Taxonomy Browser).

no visible calcite crystals, but did have 1–2 dark brown con-
centric zones. Morphological differences were likely due to 
the younger age of colonies on the experimental plates than 
on the control stone.
  The highest diversity of cyanobacteria (11–12 species) was 
recorded on the marble and control stones (Table 1). Accor-

ding to the Sørensen index, the species composition of the 
communities from the stony substrata was 59–91%. The 
maximum similarity of the species composition was detected 
on the granite and amphibolite (Ks=91%), and marble and 
control stones (Ks=87%). The species cyanobacterial com-
position on the steel plate was least similar to the commun-
ities that developed on the natural substrates (Ks=33–36%).
  Green algae of filamentous and laminar morphotypes were 
observed among autotrophic microorganisms in the biofilms. 
There were recorded numerous benthic diatoms of the ge-
nera Cocconeis and Gomphonema, and, additionally, plank-
tonic diatoms Synedra sp. settled to the biofilm surface from 
the water column.

Taxonomic structure of biofilm communities identified by 
pyrosequencing
A total of 30,660 reads with an average length 430 bp was 
retrieved from pyrosequencing of PCR amplicons (12,844; 
3,670; 3,854; 4,393; and 5,899 reads from the marble, granite, 
amphibolite, control stone, and stainless steel, respectively). 
Overall, 1.6 to 3.1% reads obtained from lithophytic com-
munities (mean 2.2%, STD=0.6) and 10.1% from the steel 
plate communities belonged to the Eukarya domain, and 
these primarily included diatoms. Genotypes of cryptophytic 
and green algae were also recorded. The Bacteria domain 
prevailed on the substrates. The taxonomic structure of the 
biofilm communities was diverse on different substrates con-
sisting of 30 bacterial phyla, and over 85% of the sequences 
belonged to the phyla Cyanobacteria, Proteobacteria, and 
Bacteroidetes (Fig. 3A).
  The phylum Cyanobacteria was the most abundant in phy-
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Table 2. The most numerous phylotypes in cyanobacterial biofilm communities from a 16S rRNA gene (according to GenBank taxonomy)
Substrate Phylotype No. of sequences Percentage Accession no. of closest relative Identity (%)

Marble
Rivularia sp. 4 367 76.23 AM230702 95–96
Pseudanabaena sp. 835 14.57 AJ580007 98–100
Nostocaceae_uc 176 3.07 AM230702 94

Granite

Rivularia sp. 284 44.38 AM230702 95–96

Pseudanabaenaceae_uc 235 36.72 AB179527
EF032660

93–94
93–94

Nostocaceae uc 41 6.41 AF091150 93–94
Microcystaceae_uc 23 3.59 СР001701 92–94
Geitlerinema carotinosum 14 2.19 AY423710 98–99

Amphibolite

Rivularia sp. 103 34.68 AM230702 96 
EF580958_s 42 14.14 EF580958 99–100
Pseudanabaenaceae_uc 26 8.75 AB179527 93–94
AF448080_s 23 7.74 AF448080 98
Leptolyngbya sp. 15 5.05 EF122600 96–97
Limnothrix sp. 11 3.70 AJ580007 95
AF448080_g_uc 10 3.37 AF448080 95–97

Control stone

Pseudanabaena sp. 381 39.32 AJ580007 99–100
Rivularia sp. 201 20.72 AM230702 96 
Pseudanabaena limnetica 144 14.86 AJ007908 99–100
Rivulariaceae_uc 106 10.93 AM230683 93
AF448080_g_uc 33 3.41 AF448080 97
Pseudanabaenaceae_uc 29 2.99 AB179527 93–94
AF448080_s 20 2.06 AF448080 98
EU340161_s 14 1.44 EU340161 99–100
Geitlerinema carotinosum 13 1.34 AY423710 98–99

Steel plate

EF580937_s 386 17.59 EF580937 99–100
Chamaesiphonaceae_uc 330 15.04 AY170472 93–94
Chamaesiphon subglobosus 288 13.13 AY170472 98–100
EF580958_s 276 12.58 EF580958 100
EU340161_s 252 11.49 EU340161 99–100
Chamaesiphon sp. 248 11.30 AY170472 96–97
EF580937_g_uc 161 7.34 EF580937 95–96

lotypes on the marble and steel plate (45.7% and 41.4%, ac-
cordingly), whereas it was the third most abundant phylum 
on the control stone, granite and amphibolite (22.4, 18.0, 
and 7.8%, respectively) (Fig. 3A). Cyanobacterial taxonomic 
diversity was high in the biofilms. Specifically, phylotypes 
of six orders were heterogeneously spread on different sub-
strates, with the maximum being observed on the marble 
and the minimum on the steel plate (Fig. 3B). Sequences of 
the orders Nostocales and Oscillatoriales dominated the com-
munities of epilithic cyanobacteria, accounting for 80.8% 
and 18.0% on the marble, 51.3% and 43.6% on the granite, 
37.2% and 54.7% on the amphibolite, and 32.6% and 66.6% 
on the control stone, respectively. Members of the orders 
Chroococcales (54.1%) and Oscillatoriales (42.3%) were 
dominant on the steel plate.
  The composition of dominant phylotypes of cyanobacte-
rial communities was similar on all stony substrates, but was 
quite different from the communities on the steel plate. The 
metagenome analysis revealed that the phylotype Rivularia 
sp. dominated on the marble, granite, amphibolite, and con-
trol stones, possessing an average of 93% of the OTUs of the 
order Nostocales (Fig. 3B and Table 2). Phylotypes Pseuda-
nabaena sp. and P. limnetica dominated among Oscillato-

riales on the marble, granite, and control stone, accounting 
for 85% and 19% of the OTUs on the amphibolite. Pyrose-
quencing and microscopy revealed the phylotype Chamae-
siphon among Chroococcales on the granite, amphibolite, 
and control stone. All stony substrates were inhabited by 
Limnothrix sp., Geitlerinema carotinosum, phylotypes of the 
order Pleurocapsales, and the family Prochlorococcaceae. 
Differences in the community structures recorded on the 
stony substrates were attributed to minor phylotypes repre-
sented by several sequences in the communities. Phylotypes 
EF580987, Chamaesiphon sp., and С. subglobosus prevailed 
on the steel plate (Table 2). A unique phylotype EF580987 
was likely referred to Heteroleibleinia pusilla, which is com-
monly found in large amounts in the biofilm during micro-
scopic studies. Minor phylotypes with 1–2 sequences were 
homologous (99–100%) to Pseudanabaena sp., P. limnetica, 
Pseudoformidium sp., and uncultivated clones from the mi-
crobial mats in fresh water and thermal springs.
  The results of metagenome analysis and light microscopy 
were consistent with each other and revealed a dominant 
phylotype, Rivularia sp. and R. rufescens, on the stony sub-
strates and Chamaesiphon spp. on the steel plate. However, 
the taxonomic diversity of cyanobacterial biofilms revealed 
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Fig. 4. Estimation of cyanobacterial 
diversity in biofilm communities from 
different substrates. Dependence of 
phylotype number of different level on
the number of analysed sequences of a 
16S rRNA gene fragment. Phylotypes 
are defined at different distances, as 
shown in the legend on the plot for the
marble. Designations of x- and y-axes 
are as on the plot for the marble.

by pyrosequencing was one order of magnitude richer than 
that found in samples identified by microscopy, with 122 
phylotypes versus 16 species.
  To determine the cyanobacterial richness on different sub-
strates, the non-parametric estimators ACE and Chao 1 were 
calculated for every library (genetic distance 0.03) and com-
pared with the OTUs observed. For marble, the numbers of 
Chao 1 and ACE observed were 124.58 and 257.59, respec-
tively, while only 35 OTUs were observed. For granite, 21.50 
and 21.71 instances of Chao 1 and ACE were observed, res-
pectively, which was close to the number of OTUs observed 
(21). The values of Chao 1 and ACE in the amphibolite cy-
anobacterial community were 41.00 and 34.38, respectively, 
whereas 28 OTUs were observed. For the control stone, the 
values of Chao 1 and ACE were 19.50 and 26.81, respectively, 
while the observed OTUs were calculated to be 20. For the 
steel plate, the values of Chao 1 and ACE were 111.00 and 
153.04, respectively, while only 30 OTUs were observed. The 
number of unseen phylotypes was presented by the gap be-
tween the observed and estimated (ACE and Chao 1) OTUs. 
Thus, the cyanobacterial communities were analysed in detail 
in the biofilms from the granite, amphibolite, and control 
stone.
  The species richness of communities was estimated from 
rarefaction curves that showed the dependence of the re-
vealed phylotype number on the analysed sequence number 
(Fig. 4). The shape of rarefaction curves showed that the 
pyrosequencing depth obtained in this study was sufficient 
for complete characterisation of the cyanobacterial taxo-
nomic composition in the biofilms on the granite, amphib-
olite, and control stone. By the end of the analysis, the curves 
reached a plateau at a cluster distance of 0.03. Distances of 
0.03, 0.05, and 0.1 corresponded to species (phylotypes), 
genus, and family at the taxonomic level. The rarefaction 
curves for marble and steel plates suggested that the pyro-
sequencing depth was insufficient (Fig. 4); however, analysis 
of taxonomic composition indicated that the most numerous 
taxa have been already identified, and further sequencing 
will only help identify rare species of cyanobacteria repre-
sented by singular sequences.

Discussion

SEM studies of the biofilm structure on different substrates 

in Lake Baikal showed that cyanobacteria were basic com-
ponents of biofilms. Filamentous and coccoid cyanobacte-
rial species covered with mucilaginous sheaths and pseu-
dovaginae served as a matrix for heterotrophic bacteria and 
diatoms. Phototrophic organisms are considered to initiate 
colonisation of stony substrates at sufficient light intensity, 
whereas heterotrophic organisms that need organic matter 
colonise the biofilm later. Mucilage extracted by cyanobac-
teria possesses adhesive properties and serves as a nutrient 
substrate for heterotrophic bacteria (Ljaljević-Grbić et al., 
2010).
  The species composition of cyanobacterial biofilms in Lake 
Baikal consisted of the genera Tolypothrix and Calothrix, 
which are common cyanobacteria of the stony littoral area 
in large freshwater lakes (Stevenson et al., 1996). According 
to long-term observations by Izhboldina (1990), species such 
as Stratonostoc verrucosum, Tolypothrix distorta, Calothrix 
sp., C. parietina, Schizothrix sp., Oscillatoria sp., and Phor-
midium sp. dominated annually in meio- and microphyto-
benthos near Bolshie Koty on the western shore of Southern 
Baikal (the nearest area to our observation site). In 1997– 
2000, Oscillatoria amoena and unidentified representatives 
of the genera Oscillatoria and Lyngbya were recorded in 
microphytobenthos in the same area (Rodionova and Poma-
zkina, 2003). The dominance of Rivularia rufescens during 
fouling of stony substrates has not been described before in 
Lake Baikal. The nearest known habitat of this species is 
freshwater oligotrophic Lake Hovsgol in Mongolia (Elenkin, 
1949). However, cyanobacteria of the genus Rivularia are 
recorded more often in calcareous streams, and their ability 
to calcify and form stromatolites was described by Pentecost 
and Edwards (2002). Visible areas of deposition of calcite 
crystals were only recorded by us in Rivularia colonies on 
the control stone, which was likely due to their older age 
when compared to the colonies on the experimental plates. 
The water in Lake Baikal is ultra-fresh, containing bicar-
bonate and calcium with low mineralisation. The total con-
tent of dissolved salts in the Baikal water does not exceed 
100 mg/L and Ca2+ – 16 mg/L, respectively (Grachev et al., 
2004), and it is likely that the formation of calcified zones 
in the colonies occurs very slowly under such conditions.
  The difference in the species composition of epilithic cya-
nobacteria on experimental stony plates exposed to similar 
conditions (habitation depth, temperature, pH, light, concen-
tration of nutrients in water, and exposition time) is probably 
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associated with the physical and chemical characteristics of 
the substrates. The rock structures have differing porosities, 
which influence the absorption of microorganisms and col-
onisation of the substrate (Guillitte and Dreesen, 1995). In 
the series marble-granite-amphibolite, which was positioned 
in this study according to a decrease in cyanobacterial species 
diversity, the marble had the highest porosity and amphib-
olite the lowest, confirming the significance of this factor. 
Different chemical compositions of substrates can also affect 
epiliths. Microorganisms in biofilms play a role in biodes-
truction of rocks, as well as metal leaching (Gorbushina and 
Krumbein, 2005). The chemical composition of stony plates 
used in this study was identified earlier (Parfenova et al., 
2008). For example, the marble contained minimal concen-
trations of heavy metals able to inhibit the growth of cya-
nobacteria, whereas the experimental granite and amphib-
olite plates had high and very high concentrations of heavy 
metals. The inhibitory effect of zinc, lead, cobalt, nickel, and 
chrome on physiological processes and growth of cyanobac-
teria has been demonstrated in numerous studies (Azeez and 
Banerjee, 1991; Prasad et al., 1991; Ybarra and Webb, 1999; 
Sekar et al., 2004). Hence, the low species diversity of epilithic 
cyanobacteria on the granite and amphibolite and high di-
versity on the marble were consistent with the presence of 
high concentrations of certain heavy metals. In addition, the 
preference of cyanobacteria for the marble may be attributed 
to its high calcium content. It is known that many species 
of epilithic cyanobacteria are calciphils characterised by se-
lective growth on different substrates. For example, the anal-
ysis of fouling in 45 European monuments showed that the 
species diversity of cyanobacteria on marble was 5.5 times 
higher than that on granite (Tomaselli et al., 2000).
  The low species diversity in the biofilm from the stainless 
steel plate with the dominance of Chamaesiphon fuscus, Сh. 
subglobosus, and Heteroleibleinia pusilla (which were minor 
species on the stony substrates) was likely due to the smooth 
steel surface and its chemical inertness. The cyanobacteria 
on the steel plate had small cell sizes, sheaths, and pseudo-
vaginae, which likely allowed them to attach to the smooth 
substrate and colonise the steel plate while consuming nu-
trients from the aquatic environment. Experiments with 
different types of substrates demonstrated that cyanobac-
teria, green algae and diatoms attached more easily to titanic 
and stainless steel surfaces than to glass, copper, and its alloys 
(Sekar et al., 2004).
  Pyrosequencing of the 16S rRNA gene revealed that the 
taxonomic structure of biofilm communities was diverse on 
different substrates. However, 85% of sequences belonged 
to the phyla Cyanobacteria, Proteobacteria, and Bacteroi-
detes. The same phyla (DGGE analysis) dominated the epi-
lithon structure in European and Japanese rivers (O’Sullivan 
et al., 2002; Honma et al., 2009). The planktonic bacteria of 
Lake Baikal were dominated by Bacteroidetes, Actinobacteria 
and Proteobacteria (Parfenova et al., 2013). Metagenome 
analysis and light microscopy revealed that the dominant 
phyla were Rivularia sp. and R. rufescens on the stony sub-
strates and Chamaesiphon spp. on the steel plate. The phy-
lotype Pseudanabaena limnetica (=Oscillatoria limnetica), 
a freshwater cosmopolitan species capable of anaerobic pho-
tosynthesis (Oren and Padan, 1978), was detected on all sub-

strates except amphibolite during metagenome analysis, but 
not upon microscopic analysis.
  Overall, cyanobacterial species diversity in the biofilms was 
one order of magnitude higher when pyrosequencing was 
used than when microscopic analysis was conducted. Discre-
pancies in estimates of species diversity based on microscopic 
and genetic approaches are often observed during compre-
hensive studies of different microbial communities (Fuhrman 
and Campbell, 1998; Brambilla et al., 2001). One of the rea-
sons for this may be microdiversity, which is commonly 
found in molecular ecology studies (Fuhrman and Campbell, 
1998). However, technical problems should also be taken into 
account. For example, a recent communication by Gomez- 
Alvarez et al. (2009) reported a systematic error in meta-
genomes generated by 454 pyrosequencing and introduced 
by artificial replicates that may cause overestimation of the 
gene and taxon abundance by up to 35%. A number of pub-
lications dedicated to this problem (Quince et al., 2009; 
Reeder and Knight, 2009; Kunin et al., 2010) revealed ob-
vious overestimation of microbial diversity by studies using 
pyrosequencing. The 3% threshold of intraspecific differ-
ences is the average used for all bacterial groups; however, 
this value is currently the subject of debate. Conversely, the 
divergence of bacterial strains per 1% of nucleotide substi-
tutes in a marker 16S rRNA gene allows their identification 
as separate species (Stackebrandt and Ebers, 2006). Never-
theless, intraspecific differences among certain species of fil-
amentous cyanobacteria can reach 7% (Ezhilarasi and Anand, 
2009), which also adds to errors in estimation of phylotype 
number during the analysis of pyrosequencing data.
  In conclusion, this paper demonstrated the presence of dis-
tinct dominant cyanobacterial species on stony substrates 
and a steel plate. The biofilm from the steel plate was thin-
ner, with minimal vertical development, and consisted of 
Chamaesiphon spp. and Heteroleibleinia pusilla. Macroscopic 
colonies were observed on stony plates and were dominated 
by Rivularia and Tolypothrix associations. Differences in the 
cyanobacterial species richness are more likely to be attrib-
uted to physical and chemical characteristics of the substrates. 
Twelve of 16 species identified in our study have not been 
described for Lake Baikal before. Metagenome analysis of 
microbial communities showed significantly higher diver-
sity of phylotypes when compared with the species richness 
revealed by microscopy. However, the dominant phylo-
types were similar to the species identified by microscopy.

Acknowledgements

The authors express their gratitude to S.M. Boiko for mak-
ing stony plates, V.V. Malnik for sample collection, and 
A.P. Fedotov for identifying the type of the control stone. 
This work was financially supported by the basic project 
VI.51.1.9 “Specific Characteristics of Formation and Vital 
Strategy of Microbial Communities and Viruses in Biofilms 
from Lake Baikal” and Russian Foundation for Basic Research 
projects Nos. 10-05-01078, 10-04-01613, 11-04-92220, and 
12-04-31672.



764 Sorokovikova et al.

References

Azeez, P.A. and Banerjee, D.K. 1991. Nickel uptake and toxicity in 
cyanobacteria. Toxicol. Environ. Chem. 30, 43–50.

Brambilla, E., Hippe, H., Hagelstein, A., Tindall, B.J., and Stackeb-
randt, E. 2001. 16S rDNA diversity of cultured and uncultured 
prokaryotes of a mat sample from Lake Fryxell, McMurdo Dry 
Valleys, Antarctica. Extremophiles 5, 23–33.

Cole, J.R., Wang, Q., Cardenas, E., Fish, J., Chai, B., Farris, R.J., 
Kulam-Syed-Mohideen, A.S., McGarrell, D.M., Marsh, T., Garrity, 
G.M., and et al. 2009. The Ribosomal Database Project: im-
proved alignments and new tools for rRNA analysis. Nucleic 
Acids Res. 37, 141–145.

Crispim, C.A., Gaylarde, P.M., and Gaylarde, C.C. 2003. Algal and 
cyanobacterial biofilms on calcareous historic buildings. Curr. 
Microbiol. 46, 79–82.

Debroas, D., Humbert, J.-F., Enault, F., Bronner, G., Faubladier, M., 
and Cornillot, E. 2009. Metagenomic approach studying the 
taxonomic and functional diversity of the bacterial community in 
a mesotrophic lake (Lac du Bourget – France). Environ. Microbiol. 
11, 2412–2424.

Edwards, J.L., Smith, D.L., Connolly, J., McDonald, J.E., Cox, M.J., 
Joint, I., Edwards, C., and McCarthy, A.J. 2010. Identification 
of carbohydrate metabolism genes in the metagenome of a ma-
rine biofilm community shown to be dominated by gammapro-
teobacteria and bacteroidetes. Genes 1, 371–384.

Elenkin, A.A. 1949. Blue-green algae of the USSR. Special part II. 
AN SSSR, Moscow-Leningrad, Russia.

Ezhilarasi, A. and Anand, N. 2009. Phylogenetic analysis of Ana-
baena spp. (Cyanobacteria) using sequences of 16S rRNA gene. 
Aust. J. Basic Appl. Sci. 3, 4026–4031.

Fuhrman, J.A. and Campbell, L. 1998. Microbial microdiversity. 
Nature 393, 410–411.

Gladkikh, A.S., Belykh, О.I., Levina, O.V., and Parfenova, V.V. 
2011. Metagenomic analysis of the bacterial communities from 
Lake Baikal. Herald Ural Med. Acad. Sci. 4, 76–77.

Gollerbakh, M.M., Kosinskaya, E.K., and Polyanskii, V.I. 1953. 
Index to freshwater Algae of the Soviet Union, vol. 2: Blue-green 
Algae. Sov. nauka, Moscow, Russia.

Gomez-Alvarez, V., Teal, T.K., and Schmidt, T.M. 2009. Systematic 
artifacts in metagenomes from complex microbial communities. 
ISME J. 3, 1314–1317.

Gorbushina, A.A. and Krumbein, W.E. 2005. Role of microorganisms 
in wear down of rocks and minerals. In Varma, A. and Buscot, F. 
(eds.). Microorganisms in soils: Roles in genesis and functions, 
pp. 59–84. Springer Berlin Heidelberg.

Grachev, M.A., Domysheva, V.M., Khojer, T.V., Korovyakova, I.V., 
Golobokova, L.P., Pogodaeva, T.V., Vereshchagin, A.L., Granin, 
H.G., Gnatovskiy, R.Y., and Kostornova, T.Y. 2004. Depth water 
of lake Baikal: a natural reference of fresh water. Chemistry Sus-
tainable Development 4, 409–420.

Guillitte, O. and Dreesen, R. 1995. Laboratory chamber studies and 
petrographical analysis as bioreceptivity assessment tools of 
building materials. Sci. Environ. 167, 365–374.

Gumerov, V.M., Mardanov, A.V., Beletsky, A.V., Bonch-Osmolov-
skaya, E.A., and Ravin, N.V. 2011. Molecular analysis of micro-
bial diversity in the Zavarzin Spring, Uzon Caldera, Kamchatka. 
Microbiology 80, 244–251.

Honma, H., Asano, R., Obara, M., Otawa, K., Suyama, Y., and Nakai, 
Y. 2009. Bacterial populations in epilithic biofilms along two 
oligotrophic rivers in the Tohoku region in Japan. J. Gen. Appl. 
Microbiol. 55, 359–371.

Izhboldina, L.A. 1990. Meio- and maсrophytobenthos of Lake 
Baikal (algae). Publ. Irkutsk University, Irkutsk, Russia.

Izhboldina, L.A. 2007. Guide and key to benthic and periphyton 
algae of Lake Baikal (meio- and macrophytes) with short notes 

of their ecology. Nauka-Tsentr, Novosibirsk, Russia.
Kadnikov, V.V., Mardanov, A.V., Beletsky, A.V., Shubenkova, O.V., 

Pogodaeva, T.V., Zemskaya, T.I., Ravin, N.V., and Skryabin, K.G. 
2012. Microbial community structure in methane hydrate- 
bearing sediments of freshwater Lake Baikal. FEMS Microbiol. 
Ecol. 79, 348–358.

Klatt, C.G., Wood, J.M., Rusch, D.B., Bateson, M.M., Hamamura, 
N., Heidelberg, J.F., Grossman, A.R., Bhaya, D., Cohan, F.M., 
Kühl, M., and et al. 2011. Community ecology of hot spring cy-
anobacterial mats: predominant populations and their func-
tional potential. ISME J. 5, 1262–1278.

Komárek, J. and Anagnostidis, K. 1999. Cyanoprokaryota - 1. Teil: 
Chroococcales. In Ettl, H., Gerloff, J., Heynig, H., and Mollen-
hauer, D. (eds.) Süβwasserflora von Mitteleuropa, Band 19/1, 
pp. 548. Gustav Fischer Verlag.

Komárek, J. and Anagnostidis, K. 2005. Cyanoprokaryota - 2. Teil: 
Oscillatoriales. In Buedel, B., Krienitz, L., Gaertner, G., and 
Schagerl, M. (eds.) Süβwasserflora von Mitteleuropa, Band 19/2, 
pp. 759. Elsevier/Spektrum, Heidelberg.

Kunin, V., Engelbrektson, A., Ochman, H., and Hugenholtz, P. 2010. 
Wrinkles in the rare biosphere: pyrosequencing errors can lead 
to artificial inflation of diversity estimates. Environ. Microbiol. 
12, 118–123.

Ljaljević-Grbić, M., Vukojević, J., Subakov-Simić, G., Krizmanić, 
J., and Stupar, M. 2010. Biofilm forming cyanobacteria, algae 
and fungi on two historic monuments in Belgrade, Serbia. Arch. 
Biol. Sci. 62, 625–631.

Meyer, K.I. 1930. An introduction to flora of algae of Lake Baikal. 
Byul. MOIP, otd. biol., nov. ser. Moskva 39.

Mobberley, J.M., Ortega, M.C., and Foster, J.S. 2012. Comparative 
microbial diversity analyses of modern marine thrombolitic mats 
by barcoded pyrosequencing. Environ. Microbiol. 14, 82–100.

Narváez-Zapata, J., Tebbe, C.C., and Ortega-Morales, B.O. 2005. 
Molecular diversity and biomass of epilithic biofilms from in-
tertidal rocky shores in the Gulf of Mexico. Biofilms 2, 93–103.

O’Sullivan, L.A., Weightman, A.J., and Fry, J.C. 2002. New degen-
erate cytophaga-flexibacter-bacteroides-specific 16S ribosomal 
DNA-targeted oligonucleotide probes reveal high bacterial di-
versity in River Taff epilithon. Appl. Environ. Microbiol. 68, 
201–210.

Oh, S., Caro-Quintero, A., Tsementzi, D., DeLeon-Rodriguez, N., 
Luo, C., Poretsky, R., and Konstantinidis, K.T. 2011. Metageno-
mic insights into the evolution, function, and complexity of the 
planktonic microbial community of lake Lanier, a temperate 
freshwater ecosystem. Appl. Environ. Microbiol. 77, 6000–6011.

Oren, A. and Padan, E. 1978. Induction of anaerobic, photoauto-
trophic growth in the cyanobacterium Oscillatoria limnetica. J. 
Bacteriol. 133, 558–563.

Parfenova, V.V., Gladkikh, A.S., and Belykh, O.I. 2013. Compara-
tive analysis of biodiversity in the planktonic and biofilm bac-
terial communities in Lake Baikal. Microbiology 82, 91–101.

Parfenova, V., Malnik, V., Boiko, S., Sheveleva, N., Logacheva, N., 
Evstigneeva, T., Suturin, A., and Timoshkin, O. 2008. Commu-
nities of hydrobionts developing at the water-rock interface in 
Lake Baikal. Russ. J. Ecol. 39, 198–204.

Pentecost, A. and Edwards, H.G.M. 2002. Raman spectroscopy and 
light microscopy of a modern and sub-fossil microstromatolite: 
Rivularia haematites (cyanobacteria, Nostocales). Int. J. Astrobiol. 
1, 357–363.

Pope, P.B. and Patel, B.K.C. 2008. Metagenomic analysis of a fresh-
water toxic cyanobacteria bloom. FEMS Microbiol. Ecol. 64, 9– 
27.

Prasad, S.M., Singh, J.B., Rai, L.C., and Kumar, H.D. 1991. Metal- 
induced inhibition of photosynthetic electron transport chain 
of the cyanobacterium Nostoc muscorum. FEMS Microbiol. Lett. 
82, 95–100.

Quince, C., Lanzen, A., Curtis, T.P., Davenport, R.J., Hall, N., Head, 



Diversity of cyanobacteria in biofilms from Lake Baikal littoral zone 765

I.M., Read, L.F., and Sloan, W.T. 2009. Accurate determination 
of microbial diversity from 454 pyrosequencing data. Nature 
Methods 6, 639–641.

Reeder, J. and Knight, R. 2009. The ‘rare biosphere’: a reality check. 
Nature Methods 6, 636–637.

Rodionova, Y.V. and Pomazkina, G.V. 2003. Benthic Bacillariophyta 
in Southern Baikal. Int. J. Algae 5, 12–23.

Rozanov, A.Y. (ed.). 2002. Bakterialnaya paleontologiya (Bacterial 
Paleontology). Paleontol. Inst. Ross. Akad. Nauk, Moscow, Russia.

Rusch, D.B., Halpern, A.L., Sutton, G., Heidelberg, K.B., Williamson, 
S., Yooseph, S., Wu, D., Eisen, J.A., Hoffman, J.M., Remington, 
K., and et al. 2007. The Sorcerer II Global Ocean Sampling 
Expedition: Northwest Atlantic through Eastern Tropical Pacific. 
PLoS Biol. 5, 398–431.

Scheerer, S., Ortega Morales, O., and Gaylarde, C. 2009. Chapter 5 
Microbial Deterioration of Stone Monuments – An Updated 
Overview. In Laskin, A.I., Geoffrey, S.S., and Gadd, M. (eds.) 
Advances in Applied Microbiology, pp. 97–139. Academic Press.

Schloss, P.D. and Handelsman, J. 2005. Introducing DOTUR, a 
computer program for defining operational taxonomic units 
and estimating species richness. Appl. Environ. Microbiol. 71, 
1501–1506.

Sekar, R., Venugopalan, V.P., Satpathy, K.K., Nair, K.V.K., and 
Rao, V.N.R. 2004. Laboratory studies on adhesion of micro-
algae to hard substrates. Hydrobiologia 512, 109–116.

Sogin, M.L., Morrison, H.G., Huber, J.A., Welch, D.M., Huse, S.M., 
Neal, P.R., Arrieta, J.M., and Herndl, G.J. 2006. Microbial di-
versity in the deep sea and the underexplored “rare biosphere”. 
Proc. Natl. Acad. Sci. USA 103, 12115–12120.

Stackebrandt, E. and Ebers, J. 2006. Taxonomic parameters revisited: 
tarnished gold standards. Microbiol. Today 4, 152–155.

Stevenson, R.J., Bothwell, M.L., and Lowe, R.L. 1996. Algal Ecology. 
Freshwater Benthic Ecosystems. Elsevier Inc.

Thibault, V., Lovejoy, C., Jungblut, A.D., Vincent, W.F., and Corbeil, 
J. 2010. Metagenomic profiling of Arctic microbial mat com-
munities as nutrient scavenging and recycling systems. Limnol. 
Oceanogr. 55, 1901–1911.

Timoshkin, O.A., Suturin, A.N., Maximova, N.V., Semiturkina, N.A., 
Galkin, A.N., Kulikova, N.V., Khanaev, I.V., and Roepstorf, P. 
2003. Rock preferences and microdistribution peculiarities of 
Porifera and Gastropoda in the shallow littoral zone of Lake 
Baikal East Siberia as evidenced by underwater macrophoto-
graph analysis. Berliner Geowissenschaftliche Abhandlungen 4, 
193–200.

Tomaselli, L., Lamenti, G., Bosco, M., and Tiano, P. 2000. Biodi-
versity of photosynthetic micro-organisms dwelling on stone 
monuments. Int. Biodeter. Biodegr. 46, 251–258.

Ybarra, G.R. and Webb, R. 1999. Effects of divalent metal cations 
and resistance mechanisms of the cyanobacterium Synechococcus 
sp. strain PCC 794. J. Hazard. Subst. Res. 2, 1–9.


