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Abstract⎯Clone libraries and morphological analysis were used to investigate cyanobacterial diversity in the
cyanobacterial mat and dry crust at the bottom of the shallow, saline, alkaline Lake Khilganta (Southern
Siberia, Russia). Filamentous cyanobacteria belonging to Phormidium genus and Coleofasciculus chthonoplas-
tes were found to predominate during the dry period (2006) and the wet periods (1995 and 2012), respectively.
Community composition during the dry and wet periods differed significantly. While 11 operational taxo-
nomic units of cyanobacteria were revealed, only 3 occurred during both dry and wet periods. Occurrence of
cosmopolitan C. chthonoplastes, which is common in neutral saline environments, is not typical of a conti-
nental alkaline lake and may be explained by the similarity of the dominant ions composition in lake water
and in seawater.
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Cyanobacterial mats are multilayered organomin-
eral formations with predominance of cyanobacteria,
which are mostly found in extreme environments
(saline and soda lakes, hydrothermal vents, etc.). Cya-
nobacterial mats of soda lakes are considered as mod-
ern analogues of the stromatolite-forming communi-
ties predominant on Earth in the Proterozoic era
(2500–541 Ma ago) (Zavarzin, 1993). Soda lakes are
formed as a result of carbonate erosion of silicate
rocks, causing accumulation of bicarbonate water in
drainless areas. Extrapolating this mechanism to Pre-
cambrian conditions, Zavarzin suggested wide occur-
rence of large, shallow water bodies of the soda type in
epicontinental areas and their major role in formation
of terrestrial biota (the soda continent hypothesis).
This theory is supported by the data on considerably
heavier nitrogen isotopic composition (δ15N) of the
lake rocks of the Tumbiana formation (2.72 Ga ago)
compared to Archaean marine sediments, probably
due to ammonium dissociation under anoxic alkaline
conditions. Continental soda lakes are thought to be
widespread in the late Archaean (Stüeken et al., 2015).

Lake Khilganta (Southern Siberia, Russia) was
used as a model for investigation of the possible mech-
anisms of silicate erosion and stromatolite formation
in epicontinental Precambrian water bodies (Zavar-
zin, 1993; Alekseeva et al., 2009). Depending on cli-

matic conditions, the lake has salinity of 40 to 260 g/L
and pH from 7.1 to 9.9. A cyanobacterial mat up to 2–
3 cm thick is formed at the bottom of the lake
(Namsaraev et al., 2010). Microscopic investigation of
the phototrophic community of the lake revealed
Coleofasciculus chthonoplastes to be one of the domi-
nant cyanobacterial morphotypes in the mat (Gerasi-
menko et al., 2003), while cyanobacteria of the genera
Geitlerinema, Nodularia, Phormidium and anoxygenic
phototrophic bacteria of the genera Ectothiorhodo-
spira, Allochromatium, Thiocapsa, and Rhodovulum
were isolated from this community (Kompantseva
et al., 2005; Tsyrenova et al., 2011).

Coleofasciculus chthonoplastes is the new name of
Microcoleus chthonoplastes, a well-known species of
mat-forming cyanobacteria (Siegesmund et al., 2008).
This species has characteristic morphology (bundles
of closely interwoven trichomes surrounded by a com-
mon sheath) and is cosmopolitan, occurring in saline
and hypersaline conditions, at near-neutral pH and
usually associated with marine environments (Oren,
2010). Thus, development of С. chthonoplastes within
the phototrophic community of the alkaline continen-
tal Lake Khilganta is not typical and as yet has not
been explained. This situation is complicated further
by the absence of molecular genetic data on cyanobac-
terial diversity in the lake and by the contradictory
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data on identification of the Microcoleus (Coleofascic-
ulus) chthonoplastes strain isolated from Lake Khil-
ganta. The goal of the present work was to carry out
comprehensive investigation of cyanobacterial diver-
sity in the Lake Khilganta phototrophic community
under varying climatic conditions using morphologi-
cal and molecular genetic approaches.

MATERIALS AND METHODS
Subject of research. Lake Khilganta (50°42.5359 N,

115°06.0869 E) is located in the steppe zone in the south-
eastern Transbaikal area, 76 km south to the Aginskoe
settlement. The lake is drainless, round, with inclined
shores. The water belongs to the chloride-sulfate-sodium
type. The maximal water area during the moist period is
up to 0.3 km2, the greatest water depth is 64 cm. The tem-
perature and pH were determined at the sampling site, as
well as carbonate concentration (by titration) and salinity
(refractometrically). The data on the total annual
amount of precipitation, starting from 2005, were
obtained from the World Meteorological Organization
database, Aginskoe weather station, WMOID 30859
(https://www.ncdc.noaa. gov/data-access/land-based-
station-data/land-based- datasets).

Morphological diversity of cyanobacteria. For
determination of cyanobacterial species composition,
the samples were fixed with 4% formalin. For micros-
copy of dry crust and cyanobacterial mat samples,
they were homogenized on a slide, covered with 5%
HCl for carbonate removal, and examined under a
light microscope at ×400–1000. Morphological iden-
tification of cyanobacteria was carried out using iden-
tification manuals (Gollerbakh et al., 1953; Komàrek
and Anagnostidis, 2005).

Analysis of diversity of cyanobacterial 16S rRNA
genes. DNA was isolated from environmental samples
according to Wilson et al. (1992) with cetyl trimeth-
ylammonium bromide (CTAB). PCR was carried out
using Kapa Taq polymerase and cyanobacterial prim-
ers CYA106F and CYA781R (Nübel et al., 1997).
Ligation of PCR products was carried out using the
pGEM-T Vector System kit (Promega). Sequencing of
the clonal inserts was carried out according to Sanger
et al. (1977) using the Big Dye Terminator v. 3.1 kit
(Applied Biosystems, Inc., United States) on the
equipment of the Biotechnology Center, Russian
Academy of Sciences. Sequencing was carried out
using the universal plasmid primer. Cyanobacterial
16S rRNA gene sequences were analyzed for the pres-
ence of chimeras using DECIPHER (Wright et al.,
2012). The remaining sequences were analyzed using
the USEARCH software package (Edgar, 2010). At
the first stage, the sequences were aligned using the
MUSCLE algorithm. Cluster analysis of aligned
sequences was carried out at 97% similarity level. For
each operational taxonomic unit (OTU), a representa-
tive centroid nucleotide sequence corresponding to
the cluster center was chosen. Taxonomic classifica-
tion of the representative sequences was carried out by
comparison with the GenBank database using the
BLAST protocol. The sequences occurring only once
(singletons) were excluded from subsequent analysis
(Brown et al., 2015). The sequences were deposited to
GenBank under accession nos. MH211207-
MH211220. Phylogenetic trees were constructed using
the FastTree v. 2.1.10 algorithm by the maximal likeli-
hood method with distance assessment according to
Jukes-Cantor (Price et al., 2010). Local support values
were determined using the Shimodaira-Hasegawa test
and 1000 replications. The trees were visualized using
FigTree v. 1.4.3. (http://tree.bio.ed.ac.uk/software/
figtree/).

RESULTS
Hydrological regimen of Lake Khilganta. Investiga-

tion of Lake Khilganta were carried out during the dry
and wet periods. In 2006, the total precipitation mea-
sured at the Aginskoe meteorological station was
259 mm (Fig. 1). At the sampling time (June 21,
2006), the lake basin was completely dry, with the
crusts of cyanobacterial mats on the surface of the bot-
tom sediments (Fig. 2b). In 2012, the total precipita-
tion was 342 mm, and at the sampling time (June 30,
2012) the basin was filled with water with 6.5 g/L salin-
ity and pH 9.5. A multilayered cyanobacterial mat 0.5
to 3 cm thick developed on the bottom (Fig. 2a). Both
the dry crust and the cyanobacterial mat exhibited
pronounced layers, with darker layers containing
microorganisms alternated with the lighter ones
enriched with mineral components.

Morphological diversity of cyanobacteria. Species
diversity of cyanobacteria was studied using their mor-
phological parameters. In the dry crust (2006), five
morphotypes were revealed: unicellular cyanobacteria
Chroococcus minutus and filamentous cyanobacteria
Leptolyngbya tenuis, Leptolyngbya woronichinii, Coleo-
fasciculus chthonoplastes, and Phormidium breve
(Fig. 2). Ph. breve was the dominant morphotype. In
the cyanobacterial community studied in 2017,
C. chthonoplastes predominated. Other morphotypes
detected were identified as unicellular cyanobacteria
Chroococcus minutus and filamentous cyanobacteria
Oscillatoria sp. and Lyngbya sp. Layer-by-layer analy-
sis of the dry crust and the cyanobacterial mat revealed
the highest diversity of cyanobacterial morphotypes in
the uppermost layer of the sample, while in deeper lay-
ers cyanobacterial cells degraded and the number of
empty cyanobacterial sheaths increased.

Molecular diversity of cyanobacteria. From the dry
crust collected in 2006, 91 nucleotide sequence was
retrieved, which belonged to cyanobacteria and con-
tained no chimera. Cluster analysis revealed 13 OTUs,
of which 6 OTUs were represented by single sequences
(singletons). These ones were excluded from analysis.
The most represented one (41 sequences) was the
OTU with the representative nucleotide sequence
MICROBIOLOGY  Vol. 87  No. 4  2018
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Fig. 1. Water salinity and drying episodes in Lake Khilganta from 1995 to 2013.
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“Dry mat, clone F07,” which according to the results
of BLAST analysis was most closely related (over 97%
similarity) to Phormidium etoshii and the cosmopoli-
tan species Phormidium autumnale (Fig. 3). The sec-
ond most numerous (21 sequences) was the OTU with
the “Dry mat, clone G07” representative sequence,
which exhibited over 97% similarity to the sequences
of members of the genera Geitlerinema, Leptolyngbya,
Oscillatoria, and Phormidium, as well as to Microcoleus
sp. strain IPPAS B-353 (GenBank no. KU375124),
previously isolated from Lake Khilganta (Kupri-
yanova et al., 2016). The remaining five OTUs, which
contained over one nucleotide sequence (2 to 6), were
closely related to members of the heterocystous cya-
nobacterial genera Nodularia and Anabaena (“Dry
mat, clone G02”), the genera of filamentous cyano-
bacteria Lyngbya and Planktothrix (“Dry mat, clone
G01”), Leptolyngbya and Nodosilinea (“Dry mat,
clone G09”), unicellular cyanobacteria of the genera
Aphanothece, Synechococcus, and Cyanobacterium
(“Dry mat, clone H09”). The OTU with the “Dry
mat, clone A09” representative sequence had no
closely related cultured members.

From the cyanobacterial mat collected in 2012, 89
nucleotide sequences were retrieved, which belonged
to cyanobacteria and contained no chimera. Cluster
analysis revealed 8 OTUs, of which one contained a
single sequence and was excluded from analysis. The
most represented OTU (38 sequences) with the “Wet
mat, clone H01” representative sequence, which
according to the results of BLAST analysis was most
closely related to C. chthonoplastes. The second most
represented one (26 sequences) was the OTU exhibit-
ing over 97% similarity to filamentous cyanobacteria
of the genera Leptolyngbya and Nodosilinea (“Wet
mat, clone H05” sequence). Other five OTUs, com-
prising 2 to 12 sequences, were related to filamentous
cyanobacteria of the genera Leptolyngbya and Nodosi-
MICROBIOLOGY  Vol. 87  No. 4  2018
linea (“Wet mat, clone A01”), Leptolyngbya (“Wet
mat, clone F09”), Phormidium and Oscillatoria (“Wet
mat, clone C11”), and heterocystous cyanobacteria
Nodularia and Anabaena (“Wet mat, clone E07”).
The OTU with the representative sequence “Wet mat,
clone A05” had no closely related cultured members.

Comparison of the OTUs revealed in the 2006 and
2012 samples revealed relatively low cyanobacterial
diversity in Lake Khilganta. During both the dry and
wet periods, 7 cyanobacterial OTUs were found, with
only three of them occurring in both periods. These
are the OTUs with the “Dry mat, clone G02” and
“Wet mat, clone E07” representative sequences and
related to heterocystous cyanobacteria of the genera
Nodularia and Anabaena, as well as two OTUs of fila-
mentous cyanobacteria related to Leptolyngbya and
Nodosilinea species (the “Dry mat, clone G09” and
“Wet mat, clone A01” sequences) and to members of
the genus Phormidium (the “Dry mat, clone F07” and
“Wet mat, clone C11” sequences). Thus, the overall
number of unique OTUs revealed in Lake Khilganta
was 11. All OTUs studied were cosmopolitan, with
their members occurring within a broad geographical
range.

DISCUSSION
In the alkaline Lake Khilganta, cyanobacterial

communities develop as multilayered mats with pre-
dominance of filamentous cyanobacteria. Morpho-
logical and molecular genetic investigation of cyano-
bacteria revealed the differences in cyanobacterial
composition between the dry and wet periods. Thus, a
filamentous cyanobacterium morphologically identi-
fied as Phormidium breve predominated during the dry
period (2006). This was in agreement with the results
of molecular genetic analysis, which revealed predom-
inance of the “Dry mat, clone F07” sequence related
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Fig. 2. Lake Khilganta cyanobacterial mat and cyanobacterial diversity: mat structure during the 2012 wet period (a); structure
of the dry crust during the 2006 dry period (b); Coleofasciculus chthonoplastes in 2012 (c, d); Phormidium breve in 2006 (e, e');
Chroococcus minutus in 2006 (f); and Microcoleus sp. IPPAS B-353 (h). Scale bar is 10 μm.
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to the 16S rRNA gene sequence of Phormidium etoshii
KR2008/49 (NR_125647.1) in the dry crust sample.

Ph. breve from Lake Khilganta (Fig. 2e) was morpho-

logically and ecologically similar to Ph. etoshii
described for saline, alkaline environments in Etosha-

Pan solonchak, Namibia (Dadheech et al., 2013).

During the wet period of 2012, both morphological

and molecular biological data indicated predomi-

nance of C. chthonoplastes “Wet mat, clone H01.”

While individual filaments of C. chthonoplastes were

revealed by microscopy of the dry crust collected in

2006, its nucleotide sequences were not present in the

clone library.
Taking into account the earlier contradictory
reports of the presence of C. chthonoplastes in Lake
Khilganta, we carried out a retrospective analysis of
the data obtained during investigation of the samples
collected in summer 1995. Gerasimenko et al. (2003)
performed layer-by-layer investigation of these sam-
ples by transmission electron microscopy. Filamen-
tous nonheterocystous forms identified as Phormidium
molle and Microcoleus chthonoplastes (C. chthonoplas-
tes) were found to predominate in different layers of
the mat. Ultrastructural properties of cyanobacterial
cell sections reported by Gerasimenko et al. (2003)
confirm the taxonomic identification of C. chthono-
plastes. The taxonomically important features charac-
MICROBIOLOGY  Vol. 87  No. 4  2018
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Fig. 3. Phylogenetic tree of the representative nucleotide sequences of the 16S rRNA genes of the cyanobacterial operational tax-
onomic units retrieved from Lake Khilganta and of the homologous sequences with similarity over 97%. “Dry mat, clone XXX”
designates the nucleotide sequences from the 2006 dry crust, “Wet mat, clone XXX” designates the nucleotide sequences from
the 2012 cyanobacterial mat. The phylogenetic tree was constructed using the approximate maximum likelihood method.
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terizing this species were the bundles of parallel tri-
chomes bound by a common mucous sheath and
radial thylakoid arrangement in the cells (Gerasi-
menko et al., 2003).

From this mat, the strain Z-9627 was isolated,
which was identified as Microcoleus chthonoplastes and
became a model organism for investigation of the
components of the СO2-concentrating mechanism in

haloalkaliphilic cyanobacteria (Kupriyanova et al.,
2004, 2011, 2016; Kupriyanova and Samylina, 2015)
and for modeling of the transformations of minerals
under alkaline conditions (Alekseeva et al., 2009;
Zavarzin et al., 2003; Zaitseva et al., 2007). The strain
was deposited to two collections: the Microalgae Col-
lection, Timiryazev Institute of Plant Physiology,
Russian Academy of Sciences (Microcoleus sp. IPPAS
B-353) and Culture collection of Autotrophic Organ-
isms, Institute of Botany, Czech Republic (Microco-
leus chthonoplastes CCALA 1011). Investigation by
transmission electron microscopy (Kupriyanova et al.,
2011) revealed the ultrastructural features of this strain
to be different from those observed on the photo-
graphs of intact Lake Khilganta mats published by
Gerasimenko et al. (2003). Thus, the cells of strain B-
353 were characterized by parietal thylakoid arrange-
ment, which is an important feature in cyanobacterial
taxonomy, not depending on the growth phase and
cultivation conditions. Analysis of the 16S rRNA gene
sequence of this strain suggested its identification as a
member of the Geitlerinema phylogenetic group,
group IV (by Perkerson et al., 2010) or of marine
Geitlerinema (by Strunecký et al., 2017). The
sequences of this phylogenetic group form a close
cluster and may be later described as a new taxon of
the genus level. The nucleotide sequences of this clus-
ter were also detected in the sample collected at Lake
Khilganta in 2006, with the “Dry mat, clone G07”
representative sequence, where they were the second
most abundant group.

Thus, the data obtained during Lake Khilganta
study show that during the wet periods (1995 and
2012) C. chthonoplastes was one of the dominant cya-
nobacteria in the lake, while during the dry period
(2006) its role in the community was less pronounced.

Analysis of biogeographical distribution of
4700 nucleotide sequences with over 97% similarity to
that of the type strain C. chthonoplastes SAG 2209
(NR_125521.1) revealed members of this species to
occur mainly in the coastal zones of seas and oceans,
saline soils, salterns, and saline lakes (Fig. 4). This
finding does not contradict the earlier conclusion on
its cosmopolitan occurrence and association with
halophilic habitats with near-neutral pH, which was
made based on the morphological and molecular
genetic data (Garcia-Pichel et al., 1996; Oren, 2010).
However, periodic predominance of C. chthonoplastes
in an alkaline continental lake located at least 1200 km
from the nearest sea requires additional discussion.
Importantly, C. chthonoplastes was predominant in the
cyanobacterial community during the wet period
when pH was in the range from 9.5 to 9.9.

The hydrochemical data on lake water obtained by
Namsaraev et al. (2010), show that the chemical com-
position of Lake Khilganta water was similar to marine
conditions, unlike the typical soda lakes, in which car-
bonates are responsible for over 30% of the total
anions (Namsaraev et al., 2015). During the wet
period, the water of the lake, similar to seawater,
belongs to the chloride-sulfate-sodium type, with car-
bonate content not exceeding 3.5% of the total
amount of ions. However, during the wet period the
water of the lake is alkaline with a stable high pH. This
may be explained by the ratio of the carbonate and cal-
cium ions according to the Hardie−Eugster equation:

2mCa2+ =  +  (Hardie and Eugster,

1970). During the wet period carbonate content in lake
water exceeds that of calcium, which results in high pH
values. However, the ratio of carbonates to chlorides
and sulfates remains low, with probably no significant
effect on C. chthonoplastes. Importantly, this cyano-
bacterial species has as yet not been found in classical
soda lakes with high carbonate levels. At the same
time, marine Geitlerinema, which comprise Microco-
leus sp. IPPAS B-353, as well as members of the OTU
with the “Dry mat, clone G07” representative
sequence, from Lake Khilganta, are widespread in
classical soda lakes (Samylina et al., 2015).

Our data on the composition of the Lake Khilganta
cyanobacterial community support two different sce-
narios of development of the lake community depend-
ing on climatic and weather conditions in the south-
eastern Transbaikal region. Since in this area ~70% of
precipitation occurs in summer, the water level in the
lake basin in summer depends on the net annual pre-
cipitation. At relatively high amount of precipitation in
the area (e.g., 342 mm in 2012), the lake basin is filled
with water, and the water has low salinity (6.5−55 g/L)
and pH from 9.5 to 9.9. During such periods, filamen-
tous cyanobacteria C. chthonoplastes are among the
dominant forms. At relatively low annual precipitation
(259 mm in 2006 and 152 mm in 2007), the lake basin
is filled only during short-term rains, followed by rapid
water evaporation, and the lake bottom is covered with
a dry crust. During this period, filamentous cyanobac-
teria of the genus Phormidium, as well as marine
Geitlerinema, predominate in the cyanobacterial com-
munity, while the role of C. chthonoplastes is less pro-
nounced than in more humid years.

Thus, it may be suggested that formation of the
thick multilayer cyanobacterial mat in Lake Khil-
ganta, which was of considerable interest to research-
ers, may be explained by the chemical composition of
lake water, which is close to that of seawater and makes
it possible for the filamentous cyanobacterium
C. chthonoplastes to form cyanobacterial mats on the
lake bottom.

3HCOm
− 2

32 COm
−

MICROBIOLOGY  Vol. 87  No. 4  2018



CYANOBACTERIAL DIVERSITY IN THE ALKALINE LAKE KHILGANTA 589

Fig. 4. The map showing the distribution of the 16S rRNA gene sequences with similarity of at least 97% to the sequence of the
type strain C. chthonoplastes SAG 2209 (NR_125521.1). Lake Khilganta (1). The data on the geographical sources of the following
sequences were used: AB784075, AF210048, AM709630.1, AY500274.1, DQ058853, EF160050.1, EF654025.1–EF654089.1,
EU251080.1, FN678385.1, GQ402017.1, GQ441199.1, GU213185.1, HG938320.1, HM628456.1, HQ343413.1, JN166563.1,
JN427152.1, JX002103.1, KJ998017.1, KT037024.1, NR_125521.1, X70770.1.
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