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Abstract

similar, but quantitatively different, compositions.

performed.

Background: Geothermal areas are of great interest for the study of microbial communities. The results of such
investigations can be used in a variety of fields (ecology, microbiology, medicine) to answer fundamental questions,
as well as those with practical benefits. Uzon caldera is located in the Uzon-Geyser depression that is situated in the
centre of the Karym-Semyachin region of the East Kamchatka graben-synclinorium. The microbial communities of
Zavarzin spring are well studied; however, its benthic microbial mat has not been previously described.

Results: Pyrosequencing of the V3 region of the 165 rRNA gene was used to study the benthic microbial
community of the Zavarzin thermal spring (Uzon Caldera, Kamchatka). The community is dominated by bacteria
(>95% of all sequences), including thermophilic, chemoorganotrophic Caldiserica (33.0%) and Dictyoglomi (24.8%).
The benthic community and the previously examined planktonic community of Zavarzin spring have qualitatively

Conclusions: In this study, we performed a metagenomic analysis of the benthic microbial mat of Zavarzin spring.
We compared this benthic community to microbial communities found in the water and of an integral probe
consisting of water and bottom sediments. Various phylogenetic groups of microorganisms, including potentially
new ones, represent the full-fledged trophic system of Zavarzin. A thorough geochemical study of the spring was

Background

Microbial communities in geothermal areas are of great
interest in a variety of fields, including ecology, micro-
biology and medicine. They have the potential to answer
fundamental questions, as well as those with practical
benefits [1-4]. The microbiology of these geothermal
habitats has been studied during the last few decades
[5,6]. Classical microbiology techniques can only be used
to study microorganisms that can be cultured; however,
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many microbial species, including those from thermal
habitats, cannot be cultured in the laboratory. There is a
growing realization that uncultured microbiota are
untapped resources for basic and applied research. Mod-
ern molecular biology techniques have revealed a species
richness of microbial systems that has far surpassed that
which was expected based on the use of traditional
microbiological techniques. The earliest studies of micro-
bial communities in Yellowstone National Park (USA)
using analyses of 16S rRNA genes resulted in the detec-
tion of many novel, unculturable microorganisms that
are active at high temperatures [7,8].
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Microbial communities in Kamchatka (Russia) thermal
springs have been studied since the 1960s using traditional
microbiology methods based on morphology, physiology
and biochemistry of the indigenous microorganisms [9].

Subsequent studies of the microbial communities in
Kamchatka used more modern molecular biological
approaches [10-15] Thus, numerous phylogenetically
diverse microorganisms were found in the waters
of Zavarzin spring (caldera of the Uzon volcano in the
Kronotsky Nature Reserve). Zavarzin is prominent
among the Uzon thermal springs. It is a large, deep pool
with fine blue sediment and thick layers of sulphur
deposits, and microbial communities have developed
along its creek [16,17].

Water samples from the Zavarzin thermal spring have
only recently been characterized [16]. A metagenomic
study of integral water and sediment samples collected
from two thermal outlets of the Uzon caldera, Arkashin
Shurf and Zavarzin thermal spring, has been performed
[17]. The composition of water samples from Zavarzin
thermal spring has recently been determined by pyrose-
quencing [16].

Our aim here was to study the metagenome of the
Zavarzin benthic microbial community by 16S rRNA
pyrosequencing, and to compare the microbial commu-
nities found in the water and the benthos in Zavarzin.

There are two major thermal outlets in Kamchatka, the
Uzon caldera and the Geyser Valley. We performed our
studies in the Uzon caldera. The Uzon-Geyser depression
is located in the centre of the Karym-Semyachin region
of the East Kamchatka graben-synclinorium. Uzon cal-
dera is located in the western part of the depression. The
caldera of the Uzon volcano is a 150-km? depression
about 10 km in diameter. One of the largest craters made
by a volcanic eruption in Kamchatka, which resulted in
the formation of Dalneye Lake, is 1.65 km in diameter
and is situated in the eastern part of the caldera. This
part of the caldera is swampy; several lakes are located
there, of these Dalneye is the largest. Multiple spring-
heads of the Shumnaya River flow through the caldera.

Uzon caldera is filled with lake sediments and pumice.
Lake sediments are represented by aleuropelitic tuffs
and various pumice sands formed at the bottom of vol-
canic lakes. Dacite extrusions formed at the same tame
as lake sediments; the closest extrusion to the Uzon
thermal anomaly is Belaya Mountain. Glacial moraines
formed during the last glaciation, and peatbog deposits
are Holocene deposits. Talus-proluvial gravel-pebble
deposits are also found there [18].

In Uzon, recent hydrothermal activity is manifested by
outlets of overheated water that produces a zone of
local surface warming in its northeastern part. This is
the most depressed and swampy part of the caldera.
Thermal activity is confined to several regions of various
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sizes, scattered over an area of about 15 km”. There are
five thermal fields in the Uzon caldera: South, West,
North, Orange and East (Figure 1). The East thermal
field is the largest of the five. All types of surface hydro-
thermal activity are found there: hot springs, water and
dirt pools, dirt volcanoes, fumaroles, etc. The field is
1.5 km long, and the heated zone is 200-400 m wide
[19]. The field may be divided into three sectors.

All water types characteristic of recent volcanic hydro-
thermal fields are found in the Uzon caldera. Over-
heated chloride-sodium solutions are discharged in
sector II of the East thermal field (Figure 1), which is
characterized by high concentrations of boron, arsenic,
antimony, mercury and lithium. The main ore body,
consisting mostly of realgar, orpiment, antimonite, pyr-
ite, cinnabar and metacinnabar, is located within sector
II [18-20]. The others water types (chloride-sulphate,
sulphate-chloride, sulphate and bicarbonate) are believed
to be formed by complex processes of the differentiation
of highly mineralized chloride-sodium solutions, as well
as by its mixing with acid solutions formed by the oxi-
dation of sulphide material and surface hydrocarbonate
water. The water of Zavarzin thermal spring located in
the extreme south of sector I of the East thermal field,
far from the discharge of the main thermal solutions, is
precisely the product of such a mixing.

Results and discussion

Object of the study

Zavarzin is a round pool about 3 m in diameter,
enclosed in caldera lake sediments. The bottom of the
pool is covered with loose, fine, milk-cream-coloured
native sulphur bottom sediment. Green cyanobacterial
communities are found along the edge of the pool and
the course of the stream (Figure 2).

Zavarzin and its microbial communities have been
described in detail elsewhere [16,17]. However, the
benthic microbial mat, which we found serendipitously
in the fall of 2010 when sampling bottom sediments,
has not been described.

Zavarzin water content

The Zavarzin thermal spring water temperature is 56-58°C
and the pH is 6.6, which is at the boundary between neu-
tral and acidic water (Table 1). The total dissolved solids
(TDS) is 410 mg/l. Its water content is complex: although
sodium and hydrocarbonate ions prevail, the content of
magnesium, calcium and sulphates is also very high, as is
its silica content. As in the Uzon caldera, the water is a
sodium chloride hydrothermal solution, with high concen-
trations of Li (47 ppb), B (980 ppb), Mn (610 ppb), As
(22 ppb), Br (47 ppb), I (6 ppb), Cs (2.4 ppb) and Ba
(98 ppb). The high contents of Al (33 ppb), P (160 ppb)
and Fe (16 ppb,) in the Zavarzin thermal spring water
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Figure 1 Location of the Zavarzin thermal spring. A, B - A map that shows the location of the Kronotsky reserve, Kamchtka Russia. C - A
schematic thermometrical map of the East field in the Uzon caldera, Kamchatka, Russia.

possibly result from a mixed solution formed by the oxida-
tion of sulphides. As in all springs of the Uzon caldera, the
concentration of Ag is high (0.8 ppb).

Mineral content of bottom sediments and the microbial
community

As mentioned above, the bottom of Zavarzin is covered with
highly dispersed sulphur particles, which have a sphere-like,
drop-like or elongated shape (Figure 3a). No faceted crystals
are observed. This sulphur layer also includes grains of
amorphous silica and the detritus of lake sediments that fill
the Uzon caldera. Clusters of well-faceted prismatic crystals
of gypsum often occur under the sulphur layer (Figure 3b).

The mineral content of the organomineral aggregate of the
benthic microbial community is more diverse. A consider-
able amount of igneous rock detritus is found among bacter-
ial filaments and diatom shells (Figure 3c). In addition, there
are local areas of silicification and many sphere-like pyrite
coalescences (possibly framboids) up to 10 um in diameter.
Well-faceted, octahedral pyrite crystals (up to 5 um in
diameter) are occasionally found.

Elemental content of the bottom sediments and
microbial community

Table 2 presents the elemental contents of Zavarzin gry-
phon walls that are represented by fragmented lake
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Figure 2 Zavarzin thermal spring. Arrow indicates the sampling site.

-

deposits (enclosing sediments), highly dispersed sulphur
bottom sediments precipitated from water, a benthic
microbial community and a cyanobacterial community
living along the edge of the gryphon. In comparison to
enclosing sediments, highly dispersed sulphur bottom
sediments are characterized by much higher contents of
Sb and Te, about the same concentrations of Ni, Cu, Br
and As, and lower concentrations of other elements; the
Hg content is 190 ppm. We used the logarithm of the
ratio of the content of an element in the sediments (Cs)
to its content in water (Cw) to compare these phases.
The log (Cs/Cw) ranged from 1 to 3 for the elements
that are mobile in these conditions: alkaline and alkali-
earth elements (Na, Ca, Rb, Sr, Cs, K), anionic elements
(Ge, Se, V, As), halogenides (Br and I), as well as Mn
and Zn. For such elements as Cr, Co, Mo, Ad and Pb,
the contents in sediments exceeds that in water by four
orders of magnitude, while the contents of Fe, Ni, Cu,
Ga, Cd, Sn, Sb, Te, Hg and U were five orders of magni-
tude greater. Ti, Y, Zr, Nb and Th are the least mobile
elements (Table 2). The elemental content of the

cyanobacterial community found along the edge of the
gryphon is identical to that of sulphur layer.

The concentration of most elements in the biomineral
aggregate of the benthic community is close to that of
the sandy material of gryphon walls. By calculating the
logarithm of the ratio of the content of an element in
the biomineral aggregate (Cc) to that in water (Cw), we
can see that the contents of Br and Se in the community
aggregate are higher than those in water by three orders
of magnitude; by four for As; by five for Cu and Sb; and
by six for Hg. This enrichment may be explained by
sorption of the elements by the organic substance of the
community and their subsequent fixation as sulphide
minerals. An excess of sulphide ions may be due to sul-
phate-reducing bacteria. Additionally, one cannot
exclude the specific accumulation of mercury by certain
members of the microbial community. In earlier studies
[19], the highest Hg content in the Uzon caldera was
found in the sediments of Chloridnoye Lake near water
gryphons. This implies that the history of its formation
was the same as we observed for Zavarzin. We suggest
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Table 1 Zavarzin water content

Elemental Units C, Elemental Units Cw
composition composition
Temperature °C 58 Ga ppb 0.13
pH pH 662 Ge ppb 0.7
Eh mvV 54 As ppb 22
DOC ppm 10 Se ppb 038
Ca** ppm 180 Br ppb 47
Mg?* ppm 56 Rb ppb 9.5
Na* ppm 35 Sr ppb 100
K* ppm 49 Y ppb 00054
HCO5 ppm 180 Zr ppb 0011
SO, ppm 60 Nb ppb < 300E-
6
H>S ppm 36 Mo ppb 0.022
cr ppm 135 Ag ppb 0.04
Si ppm 8 Cd ppb 0.003
TDS, calculated ppm 410 Sn ppb 0.015
Li ppb 47 Sb ppb 0.028
B ppb 980 Te ppb 0.006
Be ppb 0015 | ppb 6
Al ppb 33 G ppb 24
p ppb 160 Ba ppb 98
Zn ppb 85 Ta ppb < 200E-
6
Ti ppb 075 W ppb 0.083
\% ppb 0084 Re ppb 2.00E-
04
Cr ppb 011 Hg ppb 08
Mn ppb 610 TI ppb  0.0011
Fe ppb 16 Pb ppb 0.13
Co ppb 0054 Bi ppb  0.0015
Ni ppb 017 Th ppb < 500E-
6
Cu ppb 04 U ppb 00015

that the mechanism of formation of high Hg content in
Chloridnoye Lake is the same.

Microbial communities

A thin green cyanobacterial film living at 45-49°C is
found along the edge of the crater. With the decrease in
water temperature along the stream, this cyanobacterial
community is replaced gradually by filamentous green
algae (Table 3). Further downstream, a thin, green (up to
0.7 cm), easily disintegrated community is present at 35°
C (30-40°C). A dark greenish-grey “bushy” community,
consisting of thin fields, is found at 22°C. Its appearance
persists as temperatures decreased from 22 to 17°C.
Colonies of green soil algae develop here, not far from
the spring, in water (13°C)-filled depressions made by
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humans and animals. In the crater itself, under thick
layers of sulphur, orange-brown leathery organomineral
mat-like structures, about 0.3 cm thick, are found.
According to microscopic observations, this mat is
formed by filamentous bacteria (Figures 4, 5).

Composition of the bacterial community

Bacteria of the type Caldiserica, which is also widely
represented in thermal springs in Japan and Yellowstone
(USA), are the most numerous in the studied commu-
nity (34.8%). The majority of these sequences have 99%
sequence similarity to Caldisericum exile AZM16c01
(Figure 6). About 1.0% of sequences are not closely
related to any cultured microorganisms. The representa-
tives of this type are filamentous thermophiles and het-
erotrophs, with growth optima ranging from 60-75°C,
and pH optima ranging from 5.5-7.5 [21]. About 0.4% of
sequences of this type are 98% similar to bacteria from
hot springs in Papua New Guinea [22] and Yellowstone
[23]. Most represented species of prokaryotes are show
in Table 4

The next most abundant group contains sequences
related to the Dictyoglomi type (25.5%) These microorgan-
isms are abundant in thermal habitats [24]. Almost all
sequences are very similar or identical to the Dictyoglomus
turgidum DSM 6724 strain, which was isolated from
Kamchatka thermal springs [25]. These bacteria are fila-
mentous obligate anaerobes and chemoorganotrophs;
their optimal temperature is about 70°C and their pH
optima range from 6.0-9.0 [26].

Bacteria of the Aquificae type are usually dominant in
thermal waters with neutral pH, and 12.7% of the
sequences fall into this type. Members of the Aquificae
are heterotrophs or chemolythotrophs, microaerophiles
or obligate anaerobes [27]. About 11.3% of the sequences
we analysed belong to the Sulfurihydrogenibium genus.
One of the species of this genus, Sulfurihydrogenibium
rodmanii is found in the Kamchatka hydrotherms [28].
Our sequences show 99% sequence similarity to Sulfuri-
hydrogenibium yellowstonense SS5 [29]. This species is a
chemolithoautotroph and can oxidize sulphur in micro-
aerophilic conditions. Another 1.3% of sequences belong
to members of the Thermosulfidibacter genus, and have
98% sequence similarity to Thermosulfidibacter takaii
ABI70S6, which is an obligate anaerobe, a hydrogen-
oxidizing chemolithoautotroph and a sulphate reducer,
with growth optimum at 70°C and pH optima ranging
from 5.0-7.5 [30].

The Proteobacteria type in the Zavarzin community
is represented by the Deltaproteobacteria, Betaproteo-
bacteria and Gammaproteobacteria classes. 6.9% of the
sequences are identical to Desulfurella kamchatkensis
K-119 (Deltaproteobacteria), which was isolated from
the Kamchatka thermal springs. Representatives of this



Rozanov et al. BMC Genomics 2014, 15(Suppl 12):512
http://www.biomedcentral.com/1471-2164/15/512/512

Page 6 of 15

Figure 3 Mineral deposits of Zavarzin. (a) drop-like particles of native sulfur, a big opal formation is located in the center. (b) gypsum crystals
among igneous rock detritus. (c) organomineral aggregate of the benthos microbial communities includes bacterial filaments, diatom shells,
detritus of igneous rock from the Uzon caldera, sphere-like pyrite coalescences regions consolidated by opal, and submicron particles of mercury
sulfide. (d) sphere-like pyrite coalescences and submicron particles of cinnabar cover the organomineral aggregate of the benthos community.

genus are obligate anaerobes, sulphate reducers, can
live on media containing hydrogen and sulphur, and
may act as heterotrophs, processing organic acids to
CO? and water. These bacteria have growth optima
ranging from 50-70°C and pH optima ranging from
6.0-8.0 [31]. The remaining 0.6% have 96% sequence
similarity to Syntrophorabdus aromaticivorans Ul,
which is an obligate anaerobe, can oxidize phenol, and

has a growth optimum at 37°C and pH optima ranging
from 6.0-7.0 [32].

Sequences belonging to the Nitrospirae type constitute
3.3% of all sequences; 1.2% are identical to Thermode-
sulfovibrio yellowstonii DSM 11347 [33]. The remaining
2.0% are 97% similar to a bacterium in thermal springs
in Thailand [34], which is placed within the Nitrospirae,
despite its low sequence similarity (78%) to other
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Table 2 Elemental composition in bottom sediments and the benthos microbial community of Zavarzin

Elemental Units  Sulfur bottom Cyanobacterial community along Enclosing lake Benthos C- Log Log
composition sediments (C;) the edge of the gryphon deposits (C;) community C, (Cs/Cy) (C/Cy)
(CJ
Ca % 0.15 0.2 1.7 14 ~* 2 -
Na % 0.1 0.08 1.2 1.2 ~ 1 -
K % 0.25 028 1.9 0.85 ~ 3 -
Sc ppm 18 14 17.0 17.1 ~ nd. -
Ti % 0.04 0.03 0.90 0.90 ~ 6 -
\ ppm < 005 < 0.05 160 113 ~ 3 -
Cr ppm <3 <2 7.5 9 ~ 4 -
Mn ppm 6 3 89 94 ~ 2 -
Fe % 04 03 5.0 46 ~ 5 -
Co ppm 13 09 135 133 ~ 4 -
Ni ppm 100 75 115 122 ~ 5 -
Cu ppm 17.7 192 24.5 380 135 5 5
n ppm 22.5 20.5 66.0 60.5 ~ 2 -
Ga ppm 56 50 19.2 16.5 ~ 5 -
Ge ppm < 0.05 < 0.05 24 <005 ~ 2 -
As ppm 27 16 52 122 70 3 4
Se ppm < 0.05 < 005 < 0.05 0.7 0.7 2 3
Br ppm 79 87 40 825 785 2 3
Rb ppm 04 0.5 215 9.5 ~ 2 -
Sr ppm 135 10.6 280.0 154.0 ~ 2
Y ppm 3.2 24 226 250 ~ 6 -
Zr ppm 170 103 1415 1545 ~ 6 -
Nb ppm 04 05 34 32 ~ 6 -
Mo ppm 025 028 140 145 ~ 4 -
Ag ppm 042 035 030 030 ~ 4 -
Cd ppm 0.20 040 0.70 045 ~ 5 -
Sn ppm 055 115 150 1.90 ~ 5 -
Sb ppm 34 04 14 30 1.6 5 5
Te ppm 0.34 < 005 < 0.05 027 ~ 5 -
| ppm 0.34 032 093 0.20 ~ 2 -
Cs ppm 04 0.2 13 1.55 ~ 2 -
Hg ppm 190 163 20 1300 1280 5 6
Pb ppm 27 38 105 1.7 ~ 4 -
Th ppm 03 nd. 1.5 1.5 ~ 6 -
U ppm 0.05 14 255 0675 ~ 5 -

Table 3 Types of microbial communities found in Zavarzin

Type of community Localization site, temperature

Composition of dominant microorganisms

Bottom scale brown organomineral
formation

Crater of Zavarzin, depth of 30-50 cm. 56°C

Filamentous bacteria

Thin green flowing single-layer films Develop along the edge of Zavarzin. About 40°C

Filamentous cyanobacteria

Develop along the stream branching off from
Zavarzin, 20°C

Loose thin dark green-gray epibioses

Filamentous cyanobacteria and filamentous green
algae

Green epibioses/films on cold soil Ubiquitous. 10-15°C

Unicellular and colonial green algae
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Figure 4 Dominant morphotypes of the Zavarzin benthos microbial community (location U-1-1). Transmitted light microscopy.

representatives of this type [35]. The sequence is 89% simi-
lar to an uncultured Dehalococcoides (Chloroflexi) [36] and
89% similar to other published sequences [37]. Therefore,
its phylogenetic position requires further revision.

The Thermotogae type is represented by 2.0% of
sequences, all of which are 99% similar to Fervidobacterium

nodosum Rt17-B1, extracted from thermal springs in
New Zealand [38,39]. This microorganism is an obligate
anaerobe and a chemoheterotroph, which actively grows at
50-80°C and pH 6.0-8.0.

Approximately 1.5% of the sequences belong to the
Firmicutes type and have 93% to 98% similarity to

\

Figure 5 Morphology of the dominant microorganisms of Zavarzin community (location U-1-2). Microscopy A, transmitted light B,
fluorescence.
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Chlorobi 0.8%
Deferribacteres 0.9%

Armatimonadetes 1.3%
Firmicutes 1.5%
Chloroflexi 2%

Thermotogae 2%

Archaea 2.7%

Nitrospirae 3.2%

Proteobacteria 8.0%

Aquificae 12.7%

\

Other 5.0%

Figure 6 Dominant microorganisms in the Zavarzin thermal spring benthos community.
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Dictyoglomi 25.5%

representatives of the Clostridia class (1.4%). Half are 94%
similar to Clostridium cellulosi, which is an obligate anae-
robe and a heterotroph, with a growth optimum at neutral
pH and 55-60°C [40]. About 0.1% of the sequences have
93% sequence similarity to Eubacterium sp. from Yellow-
stone cyanobacterial mats [41]. Another 0.1% is 98% simi-
lar to Clostridium symbiosum, and the remaining 95% are
similar to Desulfotomaculum geothermicum DSM 3669,
which is an obligate anaerobe, a heterotroph and a hydro-
gen-oxidizing, sulphate reducer [42].

About 1.2% of all sequences belong to the Thermodesul-
fobacteria type. All are 99% similar to Caldimicrobium
rimae DS, an obligate anaerobe, a facultative autolitho-
troph, which can grow in the presence of hydrogen and
thiosulfate, using CO? as a carbon source; it's growth opti-
mum is at pH 6.8-7.5 and 52-82°C [43].

Another 0.1% of sequences have sequence similarity to
bacteria of the Actinobacteria type. They have 94%
sequence similarity to uncultured, rhizospheric Gaiella
occulta F2-233 [44] and are not closely related to any
cultured thermophilic microorganism.

About 1.4% of our sequences had 93-100% sequence
similarity to the following candidate types: AC1, OP1
and OD1. Our sequences falling into OP1 are closely
related to those from Uzon [17] and Central Tibet [45].

Representatives of the Armatimonadetes (1.3%) are clo-
sely related (99%) to the uncultured bacteria found in
Uzon [17], Yellowstone [8] and Central Tibet [45].

Approximately 2.6% of our sequences are not closely
related to culturable microorganisms, but are >99%
similar to the sequences obtained from environmental
samples from the Uzon caldera [17].

Representatives of the Deferribacteres type make up
0.8% of our sequences. They are 99% similar to Caldi-
terrivibrio nitroreducens DSM 19672 from thermal
springs in Japan, which is an obligate anaerobe, a het-
erotrophic nitrate reducer that reduces nitrate to ammo-
nium, and which has a growth optimum of 55°C and pH
7.0-7.5 [46].

Chloroflexi accounted for less than 2% of all sequences.
Half of these were highly similar to Chloroflexus aurantia-
cus J-10-fl from Japanese hot springs, a photosynthetic
autotroph that can also grow heterotrophically in darkness
at 52-60°C and pH 8.0.

Archaeal community

About 2.7% of the obtained sequences fall into the
Archaea domain. Representatives of Crenarchaeota
(37%), Euryarchaeota (3.7%), and Thaumarchaeota
(59%) were found. Euryarchaeota-related sequences are
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Domain Phylum % of the total sequence

Most closely related 16S sequence

Sequence similarity

set (%)
Bacteria  Caldiserica 334 Caldisericum exile AZM16c01 98
1.0 Uncultured bacterium clone ZB_P11_J22 99
04 Uncultured bacterium clone OPB14 98
Dictyoglomi 255 Dictyoglomus turgidum DSM 6724 99
Aquificae 113 Sulfurihydrogenibium yellowstonense strain SS5 99
13 Thermosulfidibacter takaii strain ABI70S6 98
08 Uncultured Aquificales bacterium clone YNP_SBC_QL1_B3 89
Deltaproteobacteria®* 6.0 Desulfurella kamchatkensis K-119 100
13 Syntrophorhabdus aromaticivorans Ul 96
Nitrospirae 1.2 Thermodesulfovibrio yellowstonii DSM 11347 100
2.0 Uncultured Nitrospirae bacterium clone OTU74 96
Thermotogae 20 Fervidobacterium nodosum Rt17-B1 99
Bacteroidetes/ 0.1 Chitinophagaceae bacterium enrichment culture clone 97
Chlorobi NB-10
04 Chlorobi bacterium enrichment culture clone phylotype 97
P1
0.7 Uncultured Chlorobium sp. clone OPPB063 94
Thermodesulfobacteria 1.2 Caldimicrobium rimae strain DS 16S 99
Candidate divisions 1.1 Candidate division clone -
Other 6.0
Archaea Crenarchaeota 04 Uncultured Crenarchaeota 16S rRNA gene, clone C10 95
03 Uncultured crenarchaeote clone A14-32 95
0.2 Uncultured crenarchaeote clone A14-45 96
Thaumarchaeota 16 Uncultured thaumarchaeote clone 8_Kam37 96
Euryarchaeota 0.1 Uncultured archaeon clone ZA_P5_B12 97
03 Uncultured archaeon 16S rRNA gene, clone N8-H5 93

97% similar to those of the uncultured microorganisms
obtained from the Uzon caldera [47]. Sequences belonging
to the Crenarchaeota were closely related to those from
the Uzon caldera obtained by other authors, and less simi-
lar (95%) to those from thermal springs in Bulgaria [48],
Mexico [49] and China [50]. Thaumarchaeota-like
sequences were 96% similar to the sequences of the
archaea found in the Kamchatka thermal springs [51,52].

Metabolism of the benthic microbial community

In this study, we obtained information on the structure
and composition of the benthic microbial community in
the Zavarzin spring. Given the high degree of sequence
similarity that was characteristic of most obtained
sequences, assumptions regarding the metabolic path-
ways characteristic of the community and its interac-
tions with the water microbial community appear
reasonable.

Gumerov et al. [16] have suggested that the primary
production of organic substances in Zavarzin may be
formed both by photosynthesis and chemolithoautotrophy.
Chloroflexi (2.0%) and chemolithotrophs (about 15%)

account for significantly smaller numbers of sequences in
comparison with the water and cyanobacterial mats of
Zavarzin. It was demonstrated that chemolithooauto-
trophic production may be performed by the following
groups: the Aquificae (Sulfurihydrogenibium yellowsto-
nense SS5, 11.3%, and Thermosulfidibacter takaii, 1.3%)
and the Thermodesulfobacteria (Caldimicrobium rimae
DS, 1.2%) [33,34,49]. It is evident that the main production
of organic substances in Zavarzin takes place in the water
and the cyanobacterial mat. However, Burgess et al. [17],
who searched for primary producers in an integral sample
from Zavarzin, did not find any primary producers, sug-
gesting that this ecosystem depends on an allochthonous
carbon source.

Most sequences that we obtained from the benthic mat
belong to decomposers of organic substances. These are
organotrophs that form the structure of the community.
Over 50% of the sequences belong to the Caldiserica
(34.8%) and Dictyoglomi (25.5%), while Proteobacteria,
Thermotogae, Firmicutes and Deferribacteres are less
abundant. Decomposition of organic substances may be
achieved either by fermentation or by complete oxidation
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using oxygen, nitrate, sulphur or thiosulfate as electron
acceptors. Most microorganisms from the benthic mat
use sulphur, which is formed by the oxidation of
hydrogen sulphide in the water, as an electron accep-
tor. No organisms capable of nitrification were found
in the water of Zavarzin. However, they were found in
the benthic mat: Archaea belonging to the Thau-
marchaeota type (1.6%) and bacteria belonging to the
Nitrospirae (3.3%).

Thus, the decomposition of the organic substances
that are produced in the water in the cyanobacterial mat
is the major process that takes place in the benthic
microbial mat.

A comparison of the microbial communities in water,
benthos, and the integral sample
In their work [17] concerned with thermal ecosystems of
the Uzon caldera, Burgess et al [17] used cloning to deter-
mine the microbial composition in a Zavarzin thermal
spring integral sample. Two previous studies [16,17], and
our current study, are based on pyrosequencing, allowing
direct comparisons of microbial communities in the water
and the benthic mat of the Zavarzin thermal spring.
Microbial communities of the benthos and water of
Zavarzin are similar in composition, but have considerable
quantitative differences, as the dominant microorganisms
clearly demonstrate (Table 5), that is, the representatives
of the Caldiserica and Dictyoglomi, which are able to form
a hard matrix and the structure of the benthic mat, are
only weakly represented in the water. Representatives of
the Aquificae, which are dominant in surface hydrother-
mals at hyperthermophilic temperatures, are prevalent in
the water, but less abundant in the benthic mat.

Page 11 of 15

Other microorganisms that are dominant in the water
sample are either absent or scarce in the benthic mat.
The Proteobacteria type is widely represented in the
water (Alpha-, Beta-, Gamma- and Epsilonproteobac-
teria), while only Deltaproteobacteria are abundant in
the benthic mat.

Thermotogae, Thermodesulfobacteria and Deferribac-
teres are also less abundant in the benthic mat. No
representatives of Deinococcus-Thermus, Verrucomicro-
bia and Cyanobacteria, as well as no archaea belonging
to the Korarchaeota and Nanoarchaeota, are found in
the benthos mat.

Candidate types represent 0.3% to 6% of this commu-
nity, but only one type (BRC1) was found in the water;
this type belongs to soil and rhizosphere microorganisms
that were probably transferred from nearby locations to
the soil of Zavarzin. In addition, no representatives of
Nitrospirae and Thaumarchaeota are found in the water.

A phylogenetic clade endemic to Zavarzin was detected
in the water and in the integral sample. This clade is pre-
sent in the benthic mat as well: sequences that have no
sequence similarity to cultured microorganisms, but are
closely related (>99%) to the sequences from the study of
Burgess et al [17].

Conclusions

Pyrosequencing of the benthic mat of Zavarzin allowed
us to study the composition and structure of microbial
communities of Zavarzin, the distribution of some of its
components, as well as some of their functional charac-
teristics. The Zavarzin community is a full-fledged
trophic system containing various phylogenetic groups of
microorganisms, including some potentially new ones.

Table 5 Composition of the microbial communities in water, integral sample, and benthos mat in Zavarzin thermal

spring

Domain Phylum % in benthos mat % in water sample % in integral sample **

Bacteria Caldiserica 348 1.72 1
Dictyoglomi 255 1.65 2
Aquificae 12.7 3227 3
Proteobacteria 8.0 23 13
Alphaproteobacteria® - > 1 -
Deltaproteobacteria® 73 301 -
Betaproteobacteria® 03 6.57 13
Gammaproteobacteria* 04 10.99 -
Epsilonproteobacteria® - > 1 -
Nitrospirae 32 - 3
Thermotogae 20 6.27 -
Firmicutes 1.5 > 1 03
Thermodesulfobacteria 12 6.32 -
Bacteroidetes/Chlorobi 0.8 > 1 -
Actinobacteria 0.1 > 1 -
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Table 5 Composition of the microbial communities in water, integral sample, and benthos mat in Zavarzin thermal

spring (Continued)

Chloroflexi 20 > 1 38
Deferribacteres 09 12.15 8
Armatimonadetes 13 - 6
Candidate divisions AC1, OP1, OD1 14 - -
Acidobacteria 03 > 1 1
Deinococcus-Thermus - 435 -
Verrucomicrobia - 1.01 -
Candidate division BRC1 0.1 1.70 03
Cyanobacteria - > 0.20 -
New lineage 1 - 1.04 +
New lineage 2 - - -
Unclassified 38 - 24
Archaea Crenarchaeota 1.0 2.25 59
Thaumarchaeota 16 - -
Euryarchaeota 0.1 1.89 7
Korarchaeota - 034 21
Nanoarchaeota - 0.02 -
Unclassified - - 13
*class

** 9% of bacterial (300) and archaeal (91) sequences

+ this group was found in the integral sample, but the percentage of clones was not specified

Geochemistry dramatically influences the structure and
metabolism of microbial communities, as both are
directly associated with the environment and depend on
strict conditions. Therefore, in contrast to the water of
the spring, only sessile microorganisms with particular
metabolism types, adapted to strict anaerobic conditions
and able to live on certain substrates can inhabit the
benthic microbial mat of Zavarzin.

Geothermal systems that exist in areas of recent volcan-
ism are characterized by common geochemical para-
meters, e.g., high temperature, lack of oxygen, presence of
sulphides and many rare and trace metals, etc. However,
despite extreme conditions, these ecosystems harbour a
great diversity of microorganisms [53]. The fact that DNA
sequences belonging to microorganisms of various taxa,
including new phylogenetic groups, have been found in
Zavarzin, and other extreme ecosystems as well, indicates
that the microbial population of our planet is insufficiently
studied, and suggests that extensive speciation may take
place in areas of recent volcanism.

It is noteworthy that some elements accumulated in this
benthic community, such as Br and Se, are enriched by
three orders of magnitude in comparison with the water of
this spring, while others, such As, Cu and Sb, and Hg, are
enriched by four, five, and six orders of magnitude, respec-
tively. These elements may be adsorbed either actively or
passively with subsequent fixation as sulphide minerals.
This fact may dramatically influence the composition and

structure of the community, and may also enhance the
potential mutagenic effects of some of these elements.

A multitude of new microorganisms, including those
having unique metabolic pathways, have recently been
described, and many biotechnologically important genes
and enzymes have been cloned [54]. With this in mind, it
is hoped that this ecosystem will continue to give insights
into microbial biodiversity. However, studying these eco-
systems remains important for biodiversity, conservation
and biotechnology. We are planning further studies of
various hydrothermal outlets in Kamchatka.

Methods

Sampling and microscopy

Mat pieces were collected using a sterile sampler and
placed into sterile containers and stored at 4°C. Some
samples were fixed using 4% formalin or 50% ethanol.
Mat samples were studied using light and fluorescence
microscopy (Axioskop Al; Axioimager Z1, Carl Zeiss,
Germany) in the Microscopy Centre (IC&G SB RAS,
Novosibirsk).

Chemical analysis of water and the benthic mat

Unstable water parameters were analysed in situ: O, con-
tent (commercial test, Merck, Germany) and pH and Eh
(“Anion 4100” calibrated using standard solutions). The
basic absolute error of pH measurement was +0.1. Tem-
perature was determined using an electronic thermometer.
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Water was filtered through a 0.45-pm membrane filter,
and 2 ml of distilled HNOj3 were added per 0.5 1 of water
for metal content analysis. Samples for basic ion content
measurements were kept without preservation.

Water composition and trace element concentrations
were determined using a set of methods that enabled
cross-checking of the results. Atomic emission spectro-
metry with inductively coupled plasma (ICP-AS)
(Optima 4300 DV), capillary electrophoresis, ICP-MS,
and atomic absorption methods were used. Inorganic
and organic carbon in solutions were measured using a
Total Organic Carbon Analyzer, TOC-VCSH (Shu-
madzu, Japan). Mercury content was determined using
atomic absorption spectrometry by the cold steam
method (analyst Zh.O. Badmaeva).

The samples of the microbial community and bottom
sediments were analysed via the SR-XRF method (K, Ca,
Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Ge, Se, Br, Rb, Sr, Y,
Zr, Nb, Mo, Ag, Cd, Sn, Sb, Te, Cs, As, Pb, Th and U).

The SR-XRF method was used at the element analysis
station VEPP-3 at the synchrotron emission Siberian Cen-
tre of the Nuclear Physics Institute SB RAS. An energy-
dispersive X-ray optical SR-XRF scheme was applied in
two modes of the primary monochromatic emission, 23
and 36 KeV [55]. Processing of the spectra was conducted
using the program AXIL. The contents of the elements
were calculated using standard samples: BIL-1 (Baikal silt),
1633A (fly ash, National Bureau of Standards, USA), soil-7
(IAEA standard). For determining some of the elements,
the instrumental neutron activation method was used.

The LEO 1430VP scanning electron microscope was used
to examine the micromorphology and to determine the
contents of minerals formed in the microbial communities.

PCR amplification of metagenomic DNA

Metagenomic DNA extracted from the Zavarzin benthic
microbial community was used as a template for amplifi-
cation of bacterial 16S rRNA genes with universal primers:
U341F (5-CCTACGGGRSGCAGCAG-3’, where R is A or
G, S is G or C) and U515R (5-TTTCCGCGGCK
GCTGVCAC-3’, where Kis GorR,Ris Aor G, Vis A,
G, or C). Reagents for PCR (DMSO, PCR buffer, polymer-
ase, nucleotide triphosphates) were products of Agilent
Technologies, USA. 50 pl of PCR mix contained 1x Her-
culase buffer, 10 uM of each dNTPs, 10 pmoles of forward
and reverse primers, 100 ng of DNA, and 2.5 u of Hercu-
lase. The following amplification profile was used: 3 min
at 95°C; 6 cycles of 15 s at 95°C, 15 s at 50°C, and 30 s at
72°C; 35 cycles of 10 s at 95°C, 10 s at 55°C, and 30 s at
72°C; and an additional elongation phase of 5 min at 72°C.
Amplified products were purified using commercial kits
(Fermentas, Lithuania) and used for an additional PCR
reaction with primers containing marker sequences that
were designed for the “One-Way Reads” sequencing
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protocol, according to the manufacturer’s instructions
(Roche, Switzerland). Reamplification was performed
using the same profile as for the initial amplification. The
obtained PCR fragments were purified by electrophoresis
in 1% agarose gels.

Pyrosequencing

Pyrosequencing of the variable V3 region of the 16S
rRNA gene was performed on a GS Junior System
sequencer (Roche) using the “ONE-WAY READS
AMPLICON SEQUENCING” protocol at the Engel-
hardt Institute of Molecular Biology RAS by Dr. A.V.
Kudriavtseva.

Sequence analysis

A preliminary, quality filtering of 847 short nucleotide
sequences (reads) was done with the PRINSEQ tool [56].
Then, 16S rRNA gene sequence reads with a mean length
of about 187 bp were filtered, de-noised and processed by
the QIIME software package [57] using the USEARCH
sequence analysis tool [58] implemented into the QIIME.
The pipeline, including 11 steps, was performed. In the
first step, sequences were sorted by length. In the second
step, sequences were de-replicated, and the output file
had unique sequences only, where each sequence
description contained information regarding how many
sequences exactly matched the sequence in question. In
the third step, de-replicated sequences were sorted by
abundance using the information from step 2. In the
forth step, sequences were clustered at 97% identity. In
the fifth step, de-novo chimera checking using UCHIME
[59] was performed. In the sixth step, reference-based
chimera checking against the Gold database (http://
drive5.com/uchime/gold.fa) was made. In the next two
steps, sequences tagged as non-chimeric during steps 6
and 7 were combined and sorted by abundance, and clus-
ters with less than four reads were discarded. In the last
three steps, an operational taxonomic units (OTU) pick-
ing, with an identity level greater than 0.80, was per-
formed; each non-chimeric read was assigned to the
specific OTU identifier to which it belongs. In summa-
tion, 834 reads were clustered into 144 OTUs. The repre-
sentative sequence for each OTU was queried against the
GREENGENES database [60] with a make_otu_table.py
script from QIIME.
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