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Abstract—Investigation of microbial taxonomic diversity and of the rates of microbial processes of produc-
tion and decomposition of organic matter made it possible to establish considerable diversity and activity of
the sulfur cycle microorganisms in the microbial community of upper sediment layer of Lake Beloe (pH 9.4,
salinity 3.1 g/L). According to the results of pyrosequencing of the 16S rRNA gene, bacteria involved in H,
formation and oxidation were numerically predominant and highly diverse. The Hydrogenophaga spp. dom-
inating in the community are aerobic or facultatively anaerobic chemoorgano- and chemolithoautotrophs
using hydrogen oxidation as the source of energy. They play an important role in the transitory zones of mix-

ing of subterranean and surface water.
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Active application of molecular methods to the
studies of the phylogenetic diversity of microbial com-
munities in natural ecosystems significantly reorga-
nized the system of data on the taxonomic and func-
tional diversity of the microbiota [1, 2]. Determina-
tion of the dominant and minor components in
microbial communities, which became feasible due to
pyrosequencing, makes it possible to acquire and sup-
plement the data on the structure of a microbial com-
munity and to understand how the microbial commu-
nity works, develops, and participates in biogeochem-
ical cycles [3].

Alkaline lakes are extreme aquatic systems, which
are characterized by high pH values (9—11), predomi-
nance of carbonates in the ion composition, and a
wide range of salt content (from brackish to hypersa-
line) [4]. The microbial communities of soda lakes are
well studied in functional terms, and an adequate
trophic and functional scheme has been developed for
the main biogeochemical cycles with the isolation of
pure cultures of the members of different trophic
groups [5—9]. At the same time, the metabolic and
phylogenetic diversity of microbial communities in
the water and sediments of soda lakes may be assessed
more completely using molecular genetic techniques
[10—12]. Pyrosequencing was used to analyze the sur-
face sediments (0 to 5 cm) of some alkaline lakes of the
Tibetan Plateau in a salinity gradient from 0.32 to
308.0 g/L [13].
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Lake Beloe is a relatively well-studied water body;
this is a shallow, brackish, alkaline lake typical for the
Transbaikal region, with seasonal variations of water
level, temperature, pH, and mineralization. It was
shown earlier that the functioning of microbial com-
munity in Lake Beloe was determined by a number of
physicochemical parameters and their seasonal varia-
tions [14, 15]. Cultures of organotrophic bacteria with
neutral and haloalkalophilic properties were isolated
from lake water [16].

The goal of the present work was to assess the phy-
logenetic and metabolic diversity of the microbial
community in the surface sediments of brackish alka-
line Lake Beloe.

MATERIALS AND METHODS

Brackish alkaline Lake Beloe is located in the
Orongoi Depression of the Selenga Valley, 47 km
southeast of the city of Ulan-Ude (Buryat Republic,
Russia) (51°32'40"" N, 107°02'42" E). The largest
lake area is 0.63 km?; its maximum depth is 2.1 m. The
outlet of an alkaline spring with pH 8.7 is located in
the coastal zone. Surface sediments of Lake Beloe
were sampled in summer of 2012. Silt samples (0—
0.5 cm) were collected with a sterile spatula into sterile
containers and immediately placed into a refrigerator
at 5—6°C. The temperature, pH, and mineralization
were determined with portable field instruments. The
rates of microbial processes were determined by the
radioisotope method, as was described earlier [15].
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Table 1. Indices of species abundance and diversity at dif-
ferent levels of cluster distances

Distance ACE Chao S}_lannon Si.mp son
index index
0.03 6985 5173 6.67 0.005
0.05 5119 3981 6.32 0.008
0.10 2825 2357 5.73 0.015

Pyrosequencing. The DNA preparation was iso-
lated from a 0.5-g portion of sediment by the method
involving the mechanical processing of the sample by
homogenization with glass beads, removal of humic
acids, and SDS lysis of the cell wall. Three DNA
extracts from each sediment sample were combined to
reduce the shift caused by the sample heterogeneity.
The DNA preparations were stored at —80°C prior to
analysis.

The wuniversal bacterial primers 27F (5'-3'
AGAGTTTGATCCTGGCTCAG) and 553R (5'-3'
TTACCGCGGCTGCTGGCAC) flanking the hyper-
variable regions of the 16S rRNA gene—V1 (positions
66—69 on 16S rRNA) and V3 (positions 433—497),
respectively—were synthesized by the Shanghai
Majorbio Biopharm Technology Co., Ltd. (Shanghai,
China). Amplification carried out using an ABI 9700
thermal cycler (Foster City, United States) included
primary denaturing at 95°C for 2 min followed by
25 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for
30 s, and the final elongation at 72°C for 5 min. PCR
products were purified using the AxyPrep DNA gel
extraction kit (Axygen, United States). Pyrose-
quencing was performed according to the manufac-
turer’s instructions for amplicon pyrosequencing on
a Roche/454 Genome Sequencer FLX Titanium
instrument.

The data were processed using the mothur system
[18]. The valid sequences were processed using the
UCHIME software and the Needleman algorithm and
grouped in the SILVA bacterial database [19]; cluster-
ing into the operational taxonomic units (OTUs) was
performed using the mothur and chopseq (Majorbio)
software packages (http://www.majorbio.com). Taxo-
nomic diversity of the community was assessed at the
difference levels corresponding to the following taxa:
species, 003 (97%); genus, 0.05 (95%); and family,
0.1 (90%). Classification of the species was based on
the genotypic approach in accordance with the Inter-
national Code of Nomenclature of Bacteria (ICNB).
A cluster was assigned to the corresponding species
when homology with the sequence of a validated
microorganism exceeded 97%.

ZAITSEVA et al.

The indices of species abundance and community
diversity were calculated using the mothur software:

Chao, the Chaol estimator (http://www.mothur.org/
wiki/Chao);

ACE, the ACE estimator (http://www.mothur.org/

wiki/Ace);

Shannon index (http://www.mothur.org/
wiki/Shannon);

Simpson index (http://www.mothur.org/
wiki/Simpson).

RESULTS AND DISCUSSION

The temperature at the sampling site was 20.5°C,
pH was 9.4, and the salt content in the bottom water
was 3.1 g/L.

Diversity of microbial community in the surface sed-
iment layer of Lake Beloe. Pyrosequencing revealed
12190 sequences of the 16S rRNA gene in the surface
sediment sample from the coastal zone of Lake Beloe.
The microbial community was sufficiently diverse:
2684 phylotypes (OTUs) belonging to 38 phyla were
revealed. The curve of species accumulation did not
reach a plateau, and the number of revealed OTUs
increased linearly (Fig. 1). The species richness (at a
cluster distance of 0.03) was estimated from the ACE
and Chaol nonparametric criteria (6985 and 5173,
respectively). The Shannon index of species diversity
at the species level was 6.67; the Simpson index was
0.0005 (Table 1).

By the numbers of sequences and genera, the fol-
lowing phyla predominated: Proteobacteria (52.98%),
Bacteriodetes (18.40%), and Firmicutes (6.5%). The
calculations presented here and below do not include
unclassified sequences.

More than half of the determined sequences
belonged to the phylum Profeobacteria, which was
mainly represented by the Betaproteobacteria (32.5%)
and Deltaproteobacteria (11.0%).

Betaproteobacteria was the most abundant class of
proteobacteria (32.5%); it was characterized by pre-
dominance of uncultured members of two genera:
hydrogen-oxidizing facultative chemolithoautotrophs
Hydrogenophaga (14.4%) and sulfur-oxidizing Thio-
bacillus (12.4%). The genus Hydrogenophaga (the
family Comamonadaceae, the order Burkholderiales,
the class Betaproteobacteria) comprises chemoorgano-
and chemolithoautotrophic bacteria using the oxida-
tion of hydrogen to provide energy [20]. It is known
that Hydrogenophaga species are aerobes or facultative
anaerobes capable of oxidizing hydrogen only when
organic carbon is unavailable; i.e. they belong to fac-
ultative autotrophs [21]. Recent data indicate an
important role of these microorganisms in the transi-
tion zones, where hydrogen-enriched ultrabasic
groundwater is mixed with oxygen-containing surface
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Fig. 1. Assessment of the bacterial community diversity: curves of species accumulation at different levels of cluster analysis (0.03,

0.05, and 0.1).

water, so that this genus may be considered an indica-
tor of deep geochemical processes of hydrogen forma-
tion.

It is interesting that Hydrogenophaga-related bac-
teria dominated in microbial communities of the sur-
face water layers in strongly alkaline (pH to 11.5) and
brackish springs (The Cedars, California, United
States) [22], although other Betaproteobacteria repre-
sentatives (the new genus Serpentinomonas) prevailed
in deeper water layers [23]. The 16S rRNA gene
sequences related to Hydrogenophaga predominated
in the metagenome of ultrabasic springs in Tablelands
(Canada) with extreme pH values (10—12) [21, 24].
The comparative abundance of Hydrogenophaga bac-
teria in the metagenome of ultrabasic springs corre-
lated with their high pH and low redox potential values
but exhibited no correlation with the contents of H,
and CH,. The metagenomic data associated with
Hydrogenophaga included the genes encoding the
enzymes involved in CO, fixation via RuBisCO and in
aerobic oxidation of H, and CO [24]. Due to the
extreme conditions in these springs, they may be con-
sidered analogues of the ecosystems of ancient Earth.
Pyrosequencing of water and sediments from the shal-
low soda lakes of Transbaikalia also revealed Hydro-
genophaga, although their abundance in the soda lakes
with higher mineralization (12—17 g/L, pH 9.2) was
low (1-2%) [16].

Chemolithoautotrophic and chemoorganohet-
erotrophic bacteria of the genus Thiobacillus oxidize
molecular sulfur and reduced sulfur compounds to
sulfate. Along with them, a significant amount of
No. 6
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sequences of uncultured Leptothrix, Thauera, and
Hydrogenophiales species was found.

Deltaproteobacteria represented the second most
abundant group of sequences in the microbial com-
munity of the sediments (11%). Similarly to Betapro-
teobacteria, there were almost no closely related cul-
tured strains. Among the Deltaproteobacteria, 78% of
the sequences belonged to the group of sulfate- and
sulfur-reducing bacteria from the orders Desulfo-
bacterales (6.11%), with predominance of the genera
from the families Desulfobulbaceae, Desulfobacter-
aceae, and Desulfuromonadales (2.42%), with predom-
inance of the genera from the family Desulfuromona-
daceae. Phylogenetic analysis showed a significant
diversity of sulfate-reducing bacteria (Table 2):
sequences from 24 genera were identified in the sample.

Alphaproteobacteria (5.7%) were mainly repre-
sented by the families Rhizobiales and Rhodobacteri-
ales. Gammaproteobacteria (4.7%) were more diverse:
they included the well-known and widespread species
Thiocapsa roseopersicina, as well as uncultured repre-
sentatives of the genera Arenimonas, Thioalkalivibrio,
and Acidiferrobacter.

The least abundant cluster Epsilonproteobacteria
(1.3%) consisted of the genus Sulfurimonas; its repre-
sentatives are capable of chemolithoautotrophic
growth with hydrogen, sulfur, or reduced sulfur com-
pounds as electron donors and nitrate, nitrite, or oxy-
gen as electron acceptors. The only carbon source for
these bacteria is CO,.

The presence of numerous microorganisms of the
sulfur cycle in the microbial community of Lake Beloe
upper sediments is due to a number of factors. The
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Table 2. Diversity of sulfate-reducing bacteria in a sediment
sample from Lake Beloe

Genus Number % of total
of sequences sequences

Desulforhopalus 328 2.69
Desulfuromusa 196 1.61
Desulfatiferula 54 0.44
Desulfobulbaceae 51 0.42
uncultured

Desulfobacteraceae 45 0.37
uncultured

Desulfobacterium 37 0.30
Desulfobacula 35 0.29
Desulfuromonas 31 0.25
Desulfobulbus 23 0.19
Desulfomicrobium 20 0.16
Desulfopila 17 0.14
Desulfosarcina 15 0.12
Dethiosulfatibacter 14 0.09
Desulfosalsimonas 11 0.04
Desulfobotulus 5 0.03
Desulfarculaceae 4 0.03
uncultured

Desulfatirhabdium 4 0.03
Desulfobacter 4 0.03
Desulfococcus 4 0.02
Desulfofustis 3 0.02
Desulfocapsa 2 0.01
Desulfonatronum 1 0.01
Desulfotignum 1 0.01
Desulfovibrio 1 0.01

ZAITSEVA et al.

sulfur cycle is an essential component in the bio-
geochemistry of soda environments, which deter-
mines the activity of their microbial communities
[25]. One of the possible reasons is the energetic effi-
ciency of the oxidative and reductive transformations
of inorganic sulfur compounds, which is sufficient to
compensate for the high energy consumption required
for survival under extreme conditions [11]. The abrupt
diurnal transitions from aerobic conditions (up to
O, saturation) to anaerobic conditions with an excess
of H,S provide for the development of facultative
organotrophic anaerobes (e.g., with sulfur respiration
or fermentative metabolism) and of aerotolerant
anaerobes. Anaerobic anoxygenic phototrophs belong
to the secondary phototrophic producers using the
metabolic products of the microbial community.

High activity of sulfate-reducing bacteria in the
bottom sediments of the lakes of southeastern Trans-
baikalia and Mongolia in the wide ranges of total min-
eralization and alkaline pH indicates the key role of
sulfate reducers at the final stages of organic matter
decomposition [8, 26, 27]. The maximum rates of sul-
fate reduction in the bottom sediments of the studied
saline—soda lakes were comparable to those in marine
sediments and reached 69 mg S dm—3 day~! [14]. In the
bottom sediments of Lake Beloe, the rate of the bacte-
rial sulfate reduction was lower; its maximum value
(1.82 mg S dm™3 day!) was noted in summer.
Although hydrogenotrophic methanogenesis was
detected (up to 1 pL CH, dm~3 day™"), sulfate-reduc-
ing bacteria are primarily responsible for the hydrogen
sink in alkaliphilic microbial communities. The data
on the quantitative assessment of the in situ activity of
different groups of hydrogenotrophic secondary
anaerobes agree with the earlier conclusions about the
key role of sulfate reduction at the final stages of
organic matter decomposition in the soda lakes based
on investigation of alkaline lakes with different salt
contents [11, 26].

The revealed sulfate-reducing bacteria mainly
belonged to uncultured forms with similarity at the
genus level. Only few sequences represented such
prevalent and diverse genera of soda ecotopes as Thio-
alkalivibrio and Desulfonatronovibrio, which can be
due to the relatively low mineralization of the lake
water.

The phylum Bacteroidetes was mainly represented
by two classes: Flavobacteria (4.2%) and Sphingobac-
teria (4.0%). Most of the nucleotide sequences in this
phylum were most similar to uncultured and unclassi-
fied bacteria.

Various uncultured species from the classes
Clostridia (4.1%) and Erysipelotrichi (2.3%) prevailed
among the Firmicutes. At the genus level,
262 sequences of FErysipelothrix (family Erysipelot-
richaceae, order Erysipelotrichales, class Erysipelotri-
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Fig. 2. Comparative abundance of dominating bacterial phyla in the sediments of alkaline lakes grouped by the pH values: pH 9.4
(Lake Beloe); pH 8.0—8.5; pH 9—9.5; pH 9.5—10 (lakes of the Tibetan Plateau [13]).

chi) were identified; these bacteria are characterized
by the presence of [ Fe—Fe]-hydrogenases, which par-
ticipate in the microbial formation of H, [21]. These
bacteria are subdominants in the metagenomes of
highly alkaline seepage springs; like the genus Hydro-
genophaga, they serve indicators of the deep formation
of hydrogen in the groundwater—surface water mixing
transition zones.

The phylum Chloroflexi was fourth in the abun-
dance of sequences; Anaerolineae (2.5%) and Caldili-
nae (1.2%) were the predominant classes. The
sequences belonging to these classes had no cultured
representatives among the nearest homologues. The
known classes Anaerolineae and Caldilinae are anaer-
obic filamentous bacteria with neutral pH optimum
for growth [28].

Spirochaeta (2.3%) were mainly represented by
uncultured species. In the trophic system of soda
lakes, spirochetes carry out the function of dissipotro-
phs (organisms that use organic substances in low con-
centrations dispersed from the sites of their decompo-
sition by hydrolithics); they are specialized in the
fermentation of carbohydrate substrates and utilize
di- and monosaccharides [8].

The sufficiently abundant phylum Planctomycetes
(2.16%) was characterized by the predominant pres-
ence of uncultured Pirellula sp. and other species from
the family Planctomycetaceae.

Only isolated sequences from the phylum Cyano-
bacteria (1.74%) were identified in the lake sediments.
These were mainly uncultured taxons classified at the
genus level. Exceptions were provided by two species
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from the genus Oscillatoria: O. kawamurae and
0. sancta.

The revealed presence of numerous sequences with
the highest similarity to uncultured forms and an
uncertain taxonomic position does not contradict the
literature data. In the communities of water and sedi-
ments from the alkaline hypersaline lakes of the Wadi
an Natrun (Egypt), 42% of bacterial clones showed a
similarity less than 90% to the earlier described
sequences of 16S rRNA from alkaline lakes [29].

The comparison of the phyla distribution in the
sediments of alkaline lakes with different salt contents
located on the Tibetan Plateau with our data revealed
a significant distinction of the composition of micro-
bial community in the sediments from Lake Beloe
(Fig. 2, Table 3).

Thus, pyrosequencing data revealed that the phylo-
genetic diversity of the microbial community in the
surface bottom sediments of Lake Beloe is character-
ized by the predominance and diversity of sequences
from the bacteria involved in the formation and oxida-
tion of H, and the sulfur-cycle bacteria. The presence
and dominance of hydrogen-utilizing bacteria in the
microbial community of sediments is a potential indi-
cator of the groundwater feeding of the lake. The
groundwater feeding of Lake Beloe is proven by the
presence of an alkaline mineral source (pH 8.7) in the
limnetic zone of the lake and insignificant changes in
the water level and mineralization during a droughty
period, which was observed in the region from 1999
through 2012. The salt content in the lake water insig-
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Table 3. Metagenomic analysis of bacterial communities from the bottom sediments of Lake Beloe and alkaline lakes of the
Tibetan Plateau grouped by pH values (% of the total classified sequences)

Phylum pH 8.0—8.5* pH 9.0-9.5% pH 9.5%—10.0* Lake Beloe, pH 9.4
Bacteroidetes 9.62 22.45 12.97 17.95
Firmicutes 8.36 13.64 20.63 6.19
Gammaproteobacteria 9.71 10.07 9.32 4.36
Deltaproteobacteria 6.25 10.10 8.22 10.11
Betaproteobacteria 13.72 3.06 1.18 29.94
Actinobacteria 11.26 2.46 4.11 1.76
Alphaproteobacteria 8.68 4.49 5.02 5.26
Chloroflexi 2.41 3.36 3.81 3.68
Cyanobacteria 3.78 3.88 0.98 1.70
Deinococcus-Thermus 0.34 2.31 4.41 0.63
Acidobacteria 1.37 0.33 0.41 0.64
Planctomycetes 1.73 0.29 0.79 2.11
Nitrospira 0.84 0.01 0.04 0.06
Spirochaetes 0.02 0.46 0.18 2.39
WS3 0.23 0.09 0.15 0.24
Gemmatimonadetes 0.17 0.04 0.01 0.82
Verrucomicrobia 0.07 0.09 0.02 0.92
OP10 0.06 0.03 0.02 <0.01
Tenericutes <0.01 0.01 0.05 1.31
™7 0.02 <0.01 <0.01 0.38
BRC1 0.03 <0.01 <0.01 0.24
Deferribacteres 0.02 <0.01 <0.01 0.02
OP11 0.01 <0.01 <0.01 0.06
ODl1 <0.01 <0.01 <0.01 0.62

* Results based on the analysis of 454 sequencings of bottom sediments from the alkaline lakes of the Tibetan Plateau (Xiong et al., 2012
[13]) are indicated by asterisks.
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lakes, FEMS Microbiol. Ecol., 2011, vol. 76, pp. 393—
400.

nificantly varied in these years (within the range from
0.3t0 3.4g/L); the water level varied from 1.9 to 2.1 m.
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