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Abstract

Background: The Uzon Caldera is one of the places on our planet with unique geological, ecological, and
microbiological characteristics. Uzon oil is the youngest on Earth. Uzon oil has unique composition, with low
proportion of heavy fractions and relatively high content of saturated hydrocarbons. Microbial communities of the
«oil site» have a diverse composition and live at high temperatures (up to 97 °C), significant oscillations of Eh and
pH, and high content of sulfur, sulfides, arsenic, antimony, and mercury in water and rocks.

Results: The study analyzed the composition, structure and unique genetics characteristics of the microbial
communities of the oil site, analyzed the metabolic pathways in the communities. Metabolic pathways of
hydrocarbon degradation by microorganisms have been found. The study found statistically significant relationships
between geochemical parameters, taxonomic composition and the completeness of metabolic pathways. It was
demonstrated that geochemical parameters determine the structure and metabolic potential of microbial
communities.

Conclusions: There were statistically significant relationships between geochemical parameters, taxonomic
composition, and the completeness of metabolic pathways. It was demonstrated that geochemical parameters
define the structure and metabolic potential of microbial communities. Metabolic pathways of hydrocarbon
oxidation was found to prevail in the studied communities, which corroborates the hypothesis on abiogenic
synthesis of Uzon hydrothermal petroleum.
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Background

The caldera of the Uzon Volcano (Kamchatka Peninsula,
Russia) is a region with active hydrothermal activity, which
contains outlets of unique natural hydrothermal petrol-
eum [1, 2]. Hydrothermal petroleum is the oil found in
natural outlets within active hydrothermal fields [3-5].
According to C'* dating, hydrothermal petroleum from
various regions of the Earth is modern, with the oldest
sample being 29,000 years old [1]. The Uzon petroleum is
the youngest on Earth, with initial estimates at 1000 years
[6], and later found to be only 50 years old [7].

The composition of the Uzon oil was investigated in
several studies [6, 8—12]. It belongs to the methane-
naphtene—aromatic type [10], i.e., heavy low-tar petrol-
eum with the prevalence of hydrocarbons. There is twice
as more saturated hydrocarbons (57-58%) than aromatic
ones (30-32%), with only 10-13% of tar and asphaltene
components, and less than 0.3% of asphaltens [12].

There are two main hypotheses on the origin of hydro-
thermal petroleum: (1) abiogenic synthesis by the Fischer—
Tropsch process; (2) conversion of organic sediments and/
or microorganisms [13-16]. A comprehensive study of
hydrothermal petroleum as the youngest product of naph-
tide genesis, analysis of composition, metabolism, and ecol-
ogy of microbial communities inhabiting oil sites will
ultimately reveal the mechanisms of oil formation. In our
earlier studies, geology and geochemistry of the main oil
site of the Uzon Caldera were examind [2]. This paper con-
tinues this interdisciplinary research and investigates micro-
bial communities of the oil site using metagenomics.

There are only three known hydrothermal petroleum
sites in island arcs: the Ngawa [17] and Waiotapu [18] in
New Zealand, the Wakamiko Caldera in Japan [19], and
the Uzon Caldera in Kamchatka, Russia. The Rainbow
and the Calcite Springs of the Yellowstone Park (USA)
located in a caldera of supervolcano created by a large
mantle plume also have outlets of hydrothermal petrol-
eum [4]. Although the geological settings of Uzon and
Yellowstone differ, their surface thermal outlets are simi-
lar both in morphology and geochemical properties.

The Uzon Caldera has high surface temperature, which
is similar to that found at 2—-3 km depth in classic oil and
gas basins [7]. In these conditions, organic matter from
the Pliocene and low Quaternary sediments is converted
to oil hydrocarbons and heterocyclic compounds. It is
noteworthy that the forming petroleum inherits the
hydrocarbon skeleton and lipid stereochemistry of the
source organics. These young formations have more bio-
markers than normal oils.

The aim of this work was to determine the compos-
ition and structure of microbial communities of the
Uzon oil site using 16S rRNA sequencing, to estimate
the potential of microbial communities for hydrocarbon
degradation, as well as to search for the relations
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between taxonomic composition, completeness of meta-
bolic pathways (the quantity and nature of enzymatic re-
actions), and geochemical parameters.

The Uzon Caldera as the habitat of microbial
communities

The Uzon Geyser depression is located in the middle of the
East Kamchatka Volcanic Belt, between the Kikhpinych
and Taunshitz volcanoes [2]. Several stages of caldera for-
mation within the 50—270 ky interval are known [20-23].

Currently the Uzon Caldera harbors multiple thermal
outlets with water temperatures raging from 30 to
100 °C that are found within five large thermal fields, as
well as numerous smaller springs, formed by three main
directions of faults [2]. The composition and physico-
chemical parameters are diverse [2, 22, 24, 25].

The oil site is the major petroleum seep located on the
periphery of the section III of the Eastern Thermal Field,
which is probably the axial region of the Uzon Caldera
hydrothermal system. The size of it is 40 x 15 m and it har-
bors two natural thermal outlets, a small unnamed outlet in
the center of the field, and the Yashcheritsa cauldron [2].

The majority of the oil site is covered by rounded
pumice (sediments of a paleolake); the western part,
closer to the Yashcheritsa spring, by gray muddy clay
with predominance of kaolinite. Within the field, water
temperatures in sampling pits (manually dug pits that
are soon field with groundwater) ranges from 9 to 90 °C.
Oscillations of Eh and pH are also high. Almost all sam-
pling pits have oil film or droplets on the water surface,
with the most oil concentrating in the northern part of
the Field. In the southern part, minerals of the main ore
body can be found at the depth of 20-30 cm. The ore
body is located in section II of the Eastern Thermal Field
and consists of realgar, auripigment, antimonite, pyrite,
cinnabar, and metacinnabarite [22, 24—26].

The composition of the Uzon oil

Chemical analysis of the Uzon oil was the subject of two
studies [11, 12]. The Uzon oil predominantly consists of
hydrocarbons (90-93%), mostly of saturated ones (twice
as much as of aromatic hydrocarbons) [11]. The concen-
tration of heterocyclic compounds is 7-10% (here and
henceforth % denote mass %), while that of asphaltens is
less than 0.3% [27, 28].

The composition of saturated and aromatic hydrocar-
bons suggests that they were formed by lipids from sedi-
mented aboveground plants: the C,9 / C,; steranes ratio
is over 2.5, tricyclic index (2 (Cyo + Cyp) / ZC;, i =23, 24,
25, 26) exceeds 2.0, relatively high concentrations of
triaromatic steroids, aquatic life of the caldera and bot-
tom waters (n-C,; / n-Cy7 < 0.2, Pr / Ph <0.5) and living
matter of bacteria (gopans) is observed. Biogenic origin
of lipid is also confirmed by the carbon isotopes
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composition of fossilized organic matter (§'°C =-28.3
%o). Judging by hydrocarbon biomarkers, the degree of
transformation of the initial organic matter corresponds
to the very beginning of the main phase of oil formation,
as suggested by the ratio of even and odd n-alkanes (close
to 1), high concentrations of steranes with the absence of
biohopanes above C,;, prevalence of the S isomers over
the R isomers in homobiphenes, low values of hopane Ts/
Tm ratio, and low phenanthrene and dibenzothiophene
indices (0.6—1.1 and 0.3—1.2, respectively) [11].

Microbial communities of the Uzon oil site

The Uzon Caldera, a unique natural phenomenon, was
studied by many prominent scientists: B.I. Piip, S.L
Naboko, G.F. Pilipenko, N.G. Beskrovnyi, G.A. Zavazin,
and others [29]. Various collectives of researchers stud-
ied the microflora of thermal fields of the Uzon Caldera,
the Geyser valley, and other thermal outlets of the Kuril-
Kamchatka Volcanic Belt [30-32].

The microflora of the Uzon oil site was also previously
studied [33, 34]. Depending on the period of study and
the methodological base, these microbial communities
were investigated using methods of classical microbiol-
ogy, molecular biology, genomics, proteomics, and bio-
informatics [35]. These studies yielded a large amount of
data on microorganisms of Kamchtka as a whole, as well
of the oil site in particular [36—38].

A group of researchers led by E. A. Bonch-Osmolovskaya
studied thermophilic organisms from the Geyser valley and
the Uzon Caldera [36]. They found that such groups as
Actinobacteria, Bacteroidetes, Aquificales, Deinococcus-
Thermus, Thermodesulfobacteria, Verrucomicrobia, Acti-
nobacteria, Bacteroidetes, Firmicutes, etc., were prevalent in
these communities.

Metagenomics was used to study genetic diversity of
microbial communities in several outlets of the Uzon
Caldera with different temperature and pH. For example,
Gumerov [39] analyzed taxonomic diversity of the fol-
lowing natural and artificial outlets of the Uzon Caldera:
the Zavarzin and Burlyashchiy springs, as well as points
1884, 1810, 1805, and 1807. The Point 1884 and the
Zavarzin spring are located near the Uzon oil site.

The Point 1884 was a sampling pit where hydrocarbons
were carried to the surface by thermal waters. It was prob-
ably located near the oil site (author’s comment). Over 70%
of this microbial community was represented by archaeal
sequences, 90% of them uncultured. Gumerov [39] suggest
that the Point 1884 also harbors yet unidentified lithoauto-
trophs, or else it depends on the influx of organics with rain
and/or deep layers with geothermal currents.

The Burlyashchiy spring located near the Uzon oil site was
also studied in detail [39, 40]. According to 16S pyrose-
quencing, lithoautotrophs (Aquificales and Thermoproteales)
prevailed in its water, while in the sediments they were found
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together with Crenarchaeota, Korarchaeota, and bacteria of
the genus Caldimicrobium (Thermodesulfobacteria) [40].

Since the Point 1884 and the Burlyashchiy spring are
hot and contain hydrothermal petroleum, their microbial
communities might utilize certain oil components, such as
high molecular weight n-alkanes, cycloalkanes, polycyclic
aromatic hydrocarbons, terpenes, pristane, phytane, and
other resilient compounds, and/or survive in habitats with
high concentration of these substances [33]. They might
even contain enzymatic pathways capable of yet unknown
biochemical transformations of oil hydrocarbons.

Dobretsov et al. [2] determined archaeal diversity in three
samples from the Eastern Thermal Field of the Uzon Cal-
dera, ie., the Yashcheritsa spring and two sampling pits.
Slutskaya et al. [41] discovered new groups of uncultured
prokaryotes with unique biochemical properties in micro-
bial communities of Kamchatka. Samples from hot springs
with low pH yield promising strains capable to degrade oil.
Metagenomic data on natural microbial communities could
provide us with new microorganisms for soil bioremedi-
ation and biotechnologies of oil procession, as well as to
shed light on the mechanisms of oil formation.

Results

Geochemistry of the oil site water

Comparison of geochemical characteristics of water of
the oil site and other parts of the Uzon Caldera was
already examined earlier [2, 22]. Thermal waters of the
Uzon Caldera (including those of thermal springs, mud
and water cauldrons, mud volcanos, etc.) formed one
area and three trends (Additional file 1: Fig. S1). Our
calculations demonstrated that they correspond to sta-
bility boundaries of various forms of sulfur and iron [2].

Almost all pore solutions from the sample pits lied on
the trend II that corresponds to the stability lines of H,S
and FeS,. Some were close to the trend IV that most prob-
ably reflected that stability boundary of Fe** and its oxida-
tion to Fe**, which causes the formation of iron oxides
and hydroxides. Only the water from the Yashcheritsa
spring belonged to trend III describing the oxidation of
HSO;™ to S$,0¢>7, or the most complex transition of sulfur
from the thiosulfate to the polythionate form. The Bur-
lyashchiy spring that lies at a distance from the oil site,
belonged to area I (Additional file 1: Fig. S1).

The sampled locations differed in temperature, pH,
and Eh (Additional file 2: Table S1). Sulfate and chloride
ions dominated in the majority of samples, except for
the Burlyashchiy spring that harbors a considerable part
of hydrocarobonate ions. Sampling pits with high oil
content had more chlorides compared to sulfates, which
may indicate significant influx of thermal waters. Sodium
was the prevalent cation in all solutions; only the U3-2-
3 sample had a significant amount of calcium, as well as
the highest detected mineralization (1.3 g/1).
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Like all studied waters of the Uzon Caldera, the sam-
pled points had high content of alkaline, alkaline earth,
and anionogenic elements. Samples with low pH con-
tained high amounts of iron and aluminium group
metals, as well as rare metals (Additional file 3: Fig. S2).

Structure of microbial communities

A total of 332,576 sequences at least 250 bp long were
obtained (Table 1) that grouped into 1414 clusters each
corresponding to a definite taxon. Most of the represen-
tative sequences for clusters had over 95% sequence
similarity to 16S rRNA of known microorganisms.

Current studies of microbial communities indeed use
more reads. However,the number of reads obtained in our
study allow us to detect the presenceof species that ac-
count for up to 0.1-0.01% of the number of individuals,
and to study metabolic pathways within the communities.

The number of the obtained sequences, as well of the
obtained reads after quality control, ranged from 53 to
94%. Variation in OTU number was higher, from 55 in a
small natural outlet «Kotelok» to 206 in the U3_4-9
sampling pit and 204 in the Burlyashchiy spring; it is
worth noting that the number of OTUs did not correlate
with the number of reads.

The detailed information on the structure of the stud-
ied microbial communities is given in Additional file 4:
Table S2, Additional file 5: Table S3, Additional file 6:
Table S4. Bacteria were detected in all samples, while ar-
chaea (Crenarchaeota) were found only in natural out-
lets: U3-5yashcher, U20Bur, and U5-1. Sphingomonas
(Alphaproteobacteria), Betaproteobacteria, Pseudomonas
(Gammaproteobacteria), Deltaproteobacteria, Actinobac-
teria, Bacillales, Lactobacillales, Bacteroidetes, and
Cyanobacteria were abundant in all or almost all sam-
pling points, while Proteobacteria/ Gammaproteobacteria
(Acinetobacter), Firmicutes/Halanaerobiales, Firmicutes;
Thermoanaerobacterales,  Aquificae, Fusobacteria,
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Thermotogae were rare and were found only in one or
two samples (Fig.1, Additional file 7: Fig. S3).

The maximum number of OTUs (32) was found in the
U3_2-3 sample and belonged to the most abundant
group of bacteria across all samples -Bacteroidetes type.
The majority of the rest of the taxa was represented by
few OTUs. The highest microbial diversity was found in
the natural outlets UBur and G11-1a; the lowest, in the
U3_1-3 sampling pit (Table 2).

Discussion

The majority of the studied sites contained representa-
tives of Actinomycetales (Actinobacteria). Actinomycet-
ales are soil aerobic bacteria capable of degrading
resilient substrates [42] that have acid-resistance cell
walls, which enable them to survive at low pH. For ex-
ample, representatives of the genus Rhodococcus that
was also found in the studied sites are long known to in-
habit surfaces containing petroleum [43, 44]. These bac-
teria can exist in a wide range of temperatures and pH,
and their lipophilic cell wall allows them to passively ab-
sorb petroleum hydrocarbons. The genus is character-
ized by the presence of several genes of the alkB alkane
dehydrogenase family with different substrate specificity,
which allows its representatives to live on a wide range
of organic substrates [45, 46]. However, certain species
have high substrate specificity. For example, Rhodococcus
rhodochrous KUCC 8801 from Kuwait can rapidly grow
on linear alkanes with 12 to 20 carbon atoms, but is un-
able to utilize short and branched alkanes, as well as aro-
matic hydrocarbons [47]. Rhodococcus salmonicolor
oxidized side chains of aromatic hydrocarbons, as well as
terminal methyl groups of n-alkanes to carboxylic groups
with subsequent [B-oxidation [48]. Rhodococcus sp. BPM
1613 can utilize various isoprenoid hydrocarbons, i.e.,
pristane, phytane, and farnesan. After the oxidation of the
terminal methyl group, pristane can undergo either p-

Table 1 Number of sequences and operational taxonomic units (OTUs) in the studied samples

Sample Initial number of reads Number of reads before quality control Number of reads longer % of reads longer ~ OTUs
(sequences) (excluding chimeric ones) than 250 bp than 250 bp
U3_kot 33,436 26,305 15,875 60.34974 55
U3_AS (U- 29,664 23117 11,899 5147294 106
003-3-3/11)
U3_1-3 37,597 31475 21,396 6797776 102
U3_2-3 29,404 25,506 13,675 53.61484 177
U3_4-9 35,763 28,885 19,721 6827419 206
U3_4-10 44,969 35,903 29,101 81.05451 150
U3_5yasher 41,817 34,346 26,071 75.90695 130
U20Bur 30,409 21,406 11,795 55.10137 204
Us-1 23,066 22,509 21,689 94.03017 106
G11-1a 26,451 25,392 22,480 84.98734 178
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Fig. 1 Dominant prokaryote groups in the studied communities
A
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oxidation, or w-oxidation to dicarboxylic acids [49]. Rho-
dococci, like other alkane-degrading microorganism, can
produce emulsifiers [50], that increase the surface of hy-
drocarbons in water and thus the rate of decomposition.
Up to 21.7% of sequences in certain sampling points
belonged to the genus Pseudomonas, which includes
mesophilic and obligate aerobic chemoorganotrophic
bacteria. Some strains of that genus are capable of me-
tabolizing hydrocarbons [51, 52]. The alkB alkane mono-
oxygenase is the catalyst of the alkane dehydrogenase
complex that provides the first stage of alkane degrad-
ation. The alkB operon was found, e.g., in the OCT plas-
mid of P. putida GPol that is amenable to horizontal

Table 2 Diversity indices

Sample Shannon index Inverse Simpson index
U3-AS 35 16.13
U3-1-3 23 342
U3-2-3 39 2001
U3-4-9 39 22.59
U3-4-10 3.7 1717
U3-0-kot 28 1148
U3-5-yasch 29 7.68
U20-Bur 4. 2899
U5-1 29 539
G11-1a 39 26.01

transfer [53]. Pseudomonas is known to decompose al-
kanes to alcohols and carboxylic acids.

Enterobacteriaceae (Gammaproteobacteria) was an-
other abundant group in the studied samples. This
group is immensely diverse in morphology and meta-
bolic capacities [54]. Gammaproteobacteria MFB021
strain (Enterobacteriaceae) was isolated from petroleum-
contaminated soil from India and was found to degrade
oil components at salinity level reaching 25% [55].

Bacteria of the genus Bacillus (Bacillales), detected in
the majority of the studied samples, are known to decom-
pose oil hydrocarbons at high temperatures. For example,
Bacillus thermoleovorans strains B23 and H41 from Japan
can grow at 50—80 °C, with the optimum of 70 °C for B23
and 65°C for H41 [56]. These strains efficiently (up to
60%) degrade n-alkanes longer than C;, and C;;, respect-
ively. Triglycerides of the cell wall of both strains were
found to contain palmitate and stearate when grown on
n-heptadecane, which suggests that they oxidize methyl
groups of n-alkanes with subsequent B-oxidation. Eleven
strains of the genus Geobacillus (Bacillales) grown on a
mixture of Cyo-Cyo saturated hydrocarbons contained a
set of three to six alkB genes, only two of which were
common for all studied strains [57].

All sampling points, except for the control G11-1a,
harbored Alphaproteobacteria. The genus Sphingomonas
belonging to this class contains Gram-negative rod-
shaped chemoheterotrophic obligate aerobes having cat-
echol 1,2-dioxygenase (1-pyrocatechase, 1.13.11.1) that
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has an important role in decomposition of aromatic sub-
stances [58]. These bacteria can grow on organic sub-
strates at low temperatures; e.g., the Ant 17 strain from
contaminated soil of the Scott Base in the Antarctica
survives multiple freeze-thaw cycles and is capable to
grow on and metabolize substrates containing aromatic
fragments at 1 to 35°C [59].

Burkholderia (Betaproteobacteria) is a genus of Gram-
negative mobile obligate aerobic rod-shaped bacteria. Bur-
kholderia sp. are able to degrade a wide range of natural
pollutants [60]. Different components of oil pollutants were
shown to be processed at different rates: a bacterial consor-
tium consisting mostly of Burkholderia sp. decreased the
amount of hexadecane 12-fold (by 60% by the 21st day),
and of pristane, twice as much as of phenanthrene [61].
Representatives of the genus Methylobacterium (Alphapro-
teobacteria) are obligate aerobes, mesophiles, and chemoor-
ganotrophes. Their ability to degrade components of the
vaseline oil, as well as aromatic substances and medium-
and short-chain alkanes was also described [62].

There is no data on the role of other microorganisms
found by us in primary oxidation of carbohydrate compo-
nents of oil. However, they have the potential to act as the
energy-storage part of the microbial community by me-
tabolizing the resulting alcohols and carbohydrates. More-
over, minor components are known to have a crucial
impact in metabolic pathways of a community [63]. For
example, representatives of Hydrogenothermaceae (Aqui-
ficae) are typical extremophiles living in hot springs, sulfur
baths, as well as thermal outlets of the ocean floor. These
bacteria were earlier found in warm waters of the Hengill
volcano (Iceland) [64]. Other rare groups were Thermoto-
gae, Gram-negative anaerobic thermophiles capable of
metabolizing complex hydrocarbons and producing
hydrogen [65], as well as Thermodesulfobacteria, sulfate
reducing thermophiles that have an important role in pri-
mary uptake of minerals. Thermoanaerobacter uzonensis
initially described by Wagner was also detected [66]. It is a
heterotrophic Gram-positive spore-forming thermophilic
anaerobe isolated from hot springs of Uzon. Its
temperature optimum lies at 61°C, and the pH, at 7.1, with
the growth range of pH 4.2 to 8.9 [67].

Completeness of the KEGG metabolic pathways in the
Uzon oil site microbial communities

In order to test the hypothesis whether microbial com-
munities are able to degrade the volcanogenic oil, as hy-
pothesized in [2, 7, 11], the completeness of metabolic
pathways was analyzed.

It was found that the following metabolic pathways
had the highest completeness (over 90%): Synthesis and
degradation of ketone bodies, Furfural degradation, D-
Glutamine and D-glutamate metabolism, D-Alanine me-
tabolism, Flagellar assembly, Cell cycle — Caulobacter,
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Xylene degradation, Bacterial chemotaxis, Bacterial
secretion system, Phosphotransferase system (PTS),
Nitrotoluene degradation, Dioxin degradation, Valine,
leucine and isoleucine biosynthesis, Lipopolysaccharide
biosynthesis, Benzoate degradation, Styrene degradation,
Peptidoglycan biosynthesis. The following ones are in-
volved in hydrocarbon metabolism: Xylene degradation,
Nitrotoluene degradation, Dioxin degradation, Benzoate
degradation, Styrene degradation. The completeness of
the Naphthalene degradation and Benzoate degradation
pathways for the U3.4.10 sample is given in Add-
itional file 8: Fig. S4-A, Additional file 8: Fig. S4-B.

It is obvious (Additional file 8: Fig. S4-A, Additional file 8:
Fig. S4-B) that the Naphthalene degradation pathway is
complete, and the Benzoate degradation pathway is mostly
complete. This might indicate that the studied Uzon com-
munities are capable of hydrocarbon destruction. Enzymes
involved in the Ethylbenzene degradation also participate in
decomposition of naphtens. Additional file 9: Fig. S5 shows
the completeness of the Ethylbenzene degradation pathway
for two samples from the olil site, the U3.4.10 pit character-
ized by the maximum observed completeness, and the
U3kot natural outlet with the lowest completeness. It is note-
worthy that U3.4.10 contained many oil drops, while U3kot
had no visible oil.

Two-block partial least-square sanalysis demonstrated
statistically significant correlation between the first 2B-
PLS axis (geochemical parameters: TDS, Na*, K%, Cl7, B,
Cu, Ga, Ge, etc) and taxonomic diversity (0.94 (p <
10~ %) (Fig. 2).

Maximum differences for these factors were found for
the U3-2-3 sample (pH 2.85, 67 °C), high differences
were also found for the G11-1a control sample from the
Geyser valley. Other samples had no significant differ-
ences in these coordinates.

The correlation between the primary 2B-PLS axis
(geochemical parameters: TDS, Na+, K+, Cl-, B, Cu, Ga,
Ge, etc.) and completeness of metabolic pathways was
0.73 (p < 0.05) (Fig. 3).

Samples with high oil content (U3-4-9, U3-4-10, U3_
AS, the Yashcheritsa spring U3-5) had minimal differ-
ences in the geochemical component, as well as the fol-
lowing samples: the Burlyashchiy spring U-20, the
Thermophilic spring U5-1, and the U3-1-3 sampling pit.
For the component of the completeness of metabolic
pathways, the following samples had minimal differences:
the Burlyashchiy spring U-20, the Thermophilic spring
U5-1, the U3-1-3 and U3-2-3 sampling pits.

The control sample G11-1a demonstrated statistically sig-
nificant differences for the studied parameters from the rest
of the samples, but was similar in the completeness compo-
nent with the U-3-0 sample (the «Kotelok» natural outlet).

On the whole, in this coordinate system there is a dis-
tinct group of samples with high oil content and the
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Yashcheritsa spring, as well as the Burlyashchiy spring,
the Thermophilic spring, and the U3-1-3 sampling pit.

Therefore, our results corroborate the hypothesis that
the Uzon microbial communities metabolize oil hydro-
carbons of volcanogenic origin.

Conclusions
The Uzon Caldera is one of the places on our planet with
unique geological, ecological, and microbiological charac-
teristics. Although hydrothermal petroleum is found else-
where, Uzon oil is the youngest on Earth. Our studies
across several years (2010-2012) and seasons (May and
September) allowed us to describe the Uzon olil site [2].
Microbial communities of the oil site live at high tem-
peratures (up to 97 °C), significant oscillations of Eh and
pH, and high content of sulfides, arsenic, antimony, and
mercury in water and rocks. Our NGS approach yielded
over 300,000 sequences longer than 250 bp, which is simi-
lar to that found in other microbial communities of the
Uzon Caldera [33, 40] and other geothermal ecosystems
[68, 69]. Over 1400 microbial taxa were found. The num-
ber of sequences and OTUs was similar in various sample
types: natural outlets, sampling pits, and control samples.
Bacteria dominated the studied communities, accounting
for up to 98.5% of all identified sequences. The majority of
the studied sites contained certain microbial taxa that
were able not only to survive in extreme environments,
but also to metabolize hydrocarbons. Seventeen KEGG
metabolic pathways had an average of 90% completeness;
five of those were involved in hydrocarbon metabolism.
There were statistically significant relationships be-
tween geochemical parameters, taxonomic composition,
and the completeness of metabolic pathways. It was
demonstrated that geochemical parameters define the
structure and metabolic potential of microbial commu-
nities. Metabolic pathways of hydrocarbon oxidation
were found to prevail in the studied communities, which
corroborates the hypothesis on abiogenic synthesis of
Uzon hydrothermal petroleum.

Material and methods

Object of the study

A series of expeditions to the Uzon Caldera were per-
formed in 2010-2013.

Field analyses. In 2011 and 2012, collected samples of
water from the following thermal outlets of the Uzon oil
site were collected: the Yashcheritsa, «Kotelok», and
Burlyashchiy springs. In addition, pore solutions from
manually excavated sample pits along four transects
were sampled (Additional file 10: Fig. S6) [2].

In each sampling point, temperature, pH, Eh were
measured, water samples for chemical analysis were col-
lected, and the quantity of surface oil was estimated.
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Water samples were filtered through 0.45 um filters; a
portion of water was preserved by distilled HNO3 (2 ml
per 0.51 of water). Physicochemical parameters (pH, Eh,
T) and concentrations of O, and HS™ that can signifi-
cantly change upon storage were determined in the field
using an ANION 4151 multichannel combined water
analyzer. Water pH was measured using an ESLK-01.7
combined electrode; Eh, by an ERP-101 platinum elec-
trode with an EVL-1 M3.1 silver chloride electrode with
reference to the standard electrode potential. For HS™
measurements an EKOM-S2” ion selective electrode
with an EVL-1M3.1 silver chloride reference electrode
were used. Concentrations of dissolved oxygen were de-
termined using an amperometric sensor of oxygen par-
tial pressure with a gas permeable membrane (Clark
electrode). In addition, concentrations of Oy, and HS™
were assayed using MERCK (Germany) mobile tests.
Parallel measurements ensured error level below 5-10%.

For metagenomic analysis, a total of eight points in the
oil site were sampled, as well as two control points
(Table 3). Water with sediments or microbial films was
placed in sterile vials and fixed with an equal volume of
96% ethanol.

A total 30 samples were obtained for the Collection of
biotechnological microorganisms as a source of novel
promising objects for biotechnology and bioengineering
of Federal Research Center “Institute of Cytology and
Genetics of the Siberian Branch of the RAS”.

Laboratory analyses

Elemental composition (Additional file 2: Table S1) in
the thermal waters was determined by mass spectrom-
etry with inductively coupled plasma (ICP-MS) on an
Agilent Technologies Agilent 7500 quadrupole ICP-MS
spectrometer (USA). Analytical accuracy was under 10%
if the concentrations were an order of magnitude higher
than the detection limit (see Additional file 11: Table
S5). Detection limits (see Formula 1) were calculated for
each element as 3x SD of the signal for the control
water sample with the concentration of the analyte ap-
proaching zero, divided by the sensitivity coefficient (de-
termined by analysis of standard element concentration),
as recommended in the application manual of Agilent
7500. Sensitivity was determined by the number of
counts per unit concentration.

Formula 1.

DL = (30 x standard element concentration)/(S - B)

where DL is the detection limit; o, standard deviation
(SD) from the control water sample signal; S, standard
element signal (concentration 10 pg/l); B, control water
sample signal at zero analyte concentration.
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Table 3 Sampling points
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Sample name

Sample type

U3_kot

U3_AS (U-003-3-3/11)
U3_1-3

U3_2-3

U3_4-9

U3_4-10

U3_5yasher

U20Bur

Us-1

G11-1a

Water with sediments, an unnamed natural outlet in the center of the oil site («Kotelok»)
Water with sediments from the sampling pit with high level of arsenic sulphides

Water with sediments, sampling pit

Water with sediments, sampling pit

Water with sediments, sampling pit

Water with sediments, sampling pit

Water with sediments, Yashcheritsa spring

Water with sediments, Burlyashchiy spring

Water, Thermophilniy spring

Water, dome formation with multiple outlets (Geyser valley)

Metagenomic analysis

Total DNA extraction

DNA extraction was performed in September 2011.
Samples were triturated in a sterile ceramic mortar if ne-
cessary. Approximately 300 ul of sample suspension was
added to an Eppendorf tube (2 mL). The suspension was
centrifuged at 8000xg for 10 min. The pellet was re-
suspended by pipetting in 500 ul buffer containing
100mMol Tris-HCl, pH8, 100mMol EDTA, pH -8.0;
30 pl of chloroform and 200 ul of lysozyme (50 mg/ml)
were added, and cells were incubated at 37°C for 1h,
with shaking at 5min intervals, and with subsequent
addition of 100pl 10% SDS and 100 pl 10% sarkosyl
(Sigma). Three cycles of freezing in liquid nitrogen for 2
min and thawing for 5 min at 65°C were performed. An-
other freeze-thaw cycle was performed after addition of
100 pl 10% Polyvinylpyrrolidone (Sigma). Then 50 ul of
2.5M CaCl, were added, and the suspension was incu-
bated at 65°C for 10 min with occasional shaking. The
supernatant was transferred to a sterile tube, and an
equal volume of phenol/chloroform (1/1) was added to
the tube. The tubes were vortexed for 2 min and centri-
fuged at 13,000xg for 10 min. The supernatant (400 pl)
was transferred to a new tube containing 100 ul 10 M
NHzAc and 1 ml of 96% ethanol, incubated overnight at
—20°C and centrifuged at 16,000xg for 20 min. The pre-
cipitate was washed with 70% ethanol, dried at room
temperature and dissolved in water (mQ).

Library construction

DNA extracted from the samples was used as a template
for amplification of bacterial and archaeal 16S rRNA
genes with universal primers: 343F (50-CTCCTACGGR
RSGCAGCAG) and 806R (50-GGACTACNVGGG
TWTCTAAT) [22, 70]. Reagents for PCR (DMSO, PCR
buffer, polymerase, nucleotide triphosphates) were pur-
chased from Agilent Technologies, USA. PCR mix
(50 ul) contained 1x herculase buffer, 10 uM of each
dNTPs, 10pmoles of forward and reverse primers, 100

ng of DNA, and 2.5u of Herculase. The following ampli-
fication profile was used: 3 min at 95 °C; 6 cycles of 15s
at 95°C, 15s at 50°C, and 60s at 72 °C; 35 cycles of 10's
at 95°C, 10s at 55°C, and 60s at 72°C; and an add-
itional elongation phase of 5min at 72°C. Amplified
products were purified using commercial kits (Fermen-
tas, Lithuania) and used for an additional PCR reaction
with primers containing marker sequences designed for
the 2x250bp read lengths sequencing protocol, according
to the manufacturer’s instructions (Illumina, USA). The
following re-amplification profile was used: 3 min at 95 °C;
4 cycles of 15s at 95°C, 15 at 56 °C, and 60's at 72 °C; 15
cycles of 10s at 95°C, 10s at 55 °C, and 30s at 72 °C; and
an additional elongation phase of 5 min at 72 °C. The ob-
tained PCR fragments for the different samples were
mixed and purified by electrophoresis in 1.5% agarose gel.
Libraries were constructed in October 2012.

NGS sequencing

NGS sequencing of the variable V3-V4 regions of the
16S rRNA gene was performed on MiSeq (Illumina)
using the MiSeq reagent kit v.2 (Illumina). Library prep-
aration was done with Nextera DNA sample prep (Illu-
mina). Sequencing was performed at the Faculty of
Bioengineering and Bioinformatics, Lomonosov Moscow
State University in April 2013.

Metagenomic data processing

16S rRNA reads (a total of 232,310 reads) were filtered,
denoised, and processed with a QIIME pipeline v1.9.1
[71]. All sequences were clustered, de novo chimera
checked and quality filtered using USEARCH (Ultra-fast
sequence analysis) tool v5.2.236 [72] against the Gold
database (http://drive5.com/uchime/gold.fa). Sequences
tagged as non-chimeric were combined and sorted by
abundance. Then, operational taxonomic units (OTUs)
picking was performed; each non-chimeric read was
assigned to a specific OTU identifier. A representative
sequence for each OTU was queried against the GREE
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NGENES database v13_8 [73] using UCLUST v1.2.22q
program (http://www.drive5.com/uclust) from QIIME.

Statistical analysis

Statistical analysis was performed using the QIIME -
UniFrac software; a- and B-biodiversity, and the Shan-
non index were calculated.

Statistical comparisons for soil chemical analyses were
performed in JMP (SAS Institute, Cary, NC, USA).
Repeated-measures analysis of variance (ANOVA) was
used on time-series C mineralization measurements, with
site (control vs burned), depth and atmosphere (aerobic vs
anaerobic) as independent factors and CO, flux as the
dependent factor. Two-way ANOVA (site depth) was used
to test for differences in soil pH, soil EC and soil C and N.
All other statistical tests were produced by using R pack-
ages in the R statistical environment (http: //www.r-pro-
ject.org). Results were significant at P<0.05. To test
differences in enzyme activity in the control vs burned
samples, one-way ANOVA followed by the Tukey’s hon-
estly significant difference test was used. Ordination of the
whole community detected by 16S rRNA gene amplicon
sequencing was created from UniFrac matrix calculated
by QIIME software and presented in a principal coordi-
nates analysis plot. The contribution of sampling strategy
(fire depth) and soil geochemistry to the observed vari-
ation in b-diversity was tested via variation partitioning
and subsequent ANOVA analysis. Furthermore, principal
component analysis (PCA) was performed on Hellinger
transformed relative OTU abundances (downweights
highly abundant OTUs while avoiding overweighting of
rare OTUs). To determine which environmental param-
eter (ie. depth, burn, soil geochemistry and total enzyme
activity) could significantly explain the variation in bacter-
ial community structure, a canonical redundancy analysis
was used, and its significance was assessed by ANOSIM
(analysis of similarities; 999 Monte Carlo permutation
tests). In cases where the redundancy analysis achieved
statistical significance, Pearson’s correlation tests were
used to detect significant positive or negative correlations
of each OTU abundance distribution with the correspond-
ing environmental variable. Pairwise similarities calculated
by Compareads between the metagenomes were visualized
by heatmaps and hierarchical clustering. Normalized KO
(KEGG ORTHOLOGY) relative abundances were used to
explore the correlations between different depths of fire-
impacted and control samples. Between-class analysis was
used as implemented in ade4 package, where the analysis
finds the principal components based on the center of
gravity of each group. Significance of this analysis was
tested with a subsequent ANOVA. Differences in the rela-
tive abundances of C- and N-cycle genes were represented
as a heatmap, where data matrix was centered by
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subtracting the column means and scaled by dividing the
(centered) columns by their standard deviation.

Data on bacterial and archaeal proteins (uniprot_
trembl_bacteria.dat, uniprot_sprot_bacteria.dat, uniprot_
trembl_archaea.dat, uniprot_sprot_archaea.dat) was taken
from UniProt (ftp://ftp.uniprot.org/pub/databases/uni-
prot/current_release/knowledgebase/taxonomic_divisions/
). According to the taxonomic annotation, all proteins
from the UniProt database for the given species were ex-
tracted. For each sampling point, a non-redundant protein
dataset combining all species was constructed. The com-
pleteness of metabolic pathways was estimated as the ra-
tion of the number of detected enzymes involved in a
given pathway to the total number of enzymes for this
pathway. Enzyme overlap was estimated by KEGG
ORTHOLOGY (KO) identifiers. 146 KEGG pathways
found in microorganisms were selected manually.

The Principal Component Analysis and 2B-PLS [74]
were performed using Statistica 8, Excel, and PAST [75].

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512866-020-02012-1.

Additional file 1: Figure S1. Eh-pH values of the oil site waters. Lines |,
Il 11, and IV represent the detected trends. 1, natural outlets; 2, sampling
pits from the southwestern part of the field with clay minerals and no vis-
ible oil; 3, sampling pits with oil film; 4, sampling pits with large oil drops.
Sites with red borders represent the samples for which microbial com-
position was studied.

Additional file 2: Table S1. Water samples. Note: b.d.l. — below
detected limit, n.d. - no data.

Additional file 3: Figure S2. lon content of the oil site waters.

Additional file 4: Table S2. Percentage of reads in the studied samples
(values below 0.05% not shown) based on the number of reads longer
than 250 bp.

Additional file 5: Table S3. The number of OTUs in the studied
communities

Additional file 6. Table S4. Percentage of OTUs in the studied samples
(values below 0.05% not shown)

Additional file 7: Figure S3. Color code for Fig. 1 (main text).

Additional file 8: Figure S4-A, Additional file 7: Fig. S4-B.
Completeness of the naphthalene degradation (A) and benzoate
degradation (B) metabolic pathways for the U3.4.10 sample. Red borders
indicate the proteins found in U3.4.10 sample. Visualization was made
with ANDVisio program of ANDSystem (www.bionet.sscc.ru/and/cell/
#!/app/andvisio).

Additional file 9: Figure S5. Completeness of the Ethylbenzene
degradation metabolic pathway for the U3.4.10 and U3kot samples. Red
borders indicate the proteins found in U3kot; purple, in U3.4.10.
Visualization was made with ANDVisio program of ANDSystem (www.
bionet.sscc.ru/and/cell/#/app/andvisio).

Additional file 10: Figure S6. The Uzon oil site. Left, Yashcheritsa
spring (natural outlet, 3 m diameter); right, U3_2-3 sampling pit (0.3 m
diameter).

Additional file 11: Table S5. Detection limits of elements for ICP-MS, ppb.
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