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AUTECOLOGY AND TAXONOMY OF BACTERIA
ISOLATED FROM EXTREME ENVIRONMENTS

The paper presents the final results of a five-year research (2011-2015) conducted at the
Extremophilic Microorganism Biology Department. Extremotolerant microorganisms were
isolated from phytocenoses and soils of West Antarctic; subtropical soils (Israel), karst caves
and soils of temperate regions (Ukraine, Bulgaria), silt of hypersaline lakes of Crimea (Ukraine)
and the Dead Sea (Israel), highland areas of Andes (Ecuador). 10% of them were resistant to
toxic metals, 1-chloro-4-nitrobenzene, UV radiation, high salinity, as well as to low and high
temperatures. A method of thermodynamic prognosis of microbial interaction with various toxic
compounds was developed, providing a theoretical background for designing new environmental
biotechnologies. It enabled to determine the conditions for microbial metabolism regulation that
provide for complete degradation of synthetic organic compounds and food wastes as well as
Jor production of energy carriers (H, CH, ethanol, solid fuel). The specified approach resulted
an isolation of a number of strains that were resistant to the most toxic metals (Hg”*, Cu’*,
Ni#*, Fe*', Fe’", CrO ) and performed a variety of interactions with metal compounds
including mobilization and immobilization, dissolving and sedimentation. Biodiversity of
microorganisms in West Antarctica was studied by means of standard microbiological methods
as along with phylogenetic and metagenomic analysis. Pyrosequencing of 16S rDNA amplicons
of microbial communities in the studied samples revealed representatives of 20 bacterial phyla.
Microbiological methods identified cultivable representatives of four phyla (Actinobacteria,
Firmicutes, Proteobacteria, Bacteroidetes), which included 25 species. The paper presents the
results of taxonomic and/or biotechnology studies of specialized groups of extremophiles: iron-
reducing bacteria, hydrogen-producing bacteria and obligate methane-oxidizing bacteria.

Keywords: extremophiles, Antarctica, the Dead Sea, Ecuador, resistance, toxic
metals, UV radiation, 1-chloro-4-nitrobenzene, phylogenetic and metagenomic analysis,
environmental biotechnology, biohydrogen.

An intensive study of extremophilic microorganisms (extremophiles) has
emerged fairly recently and today these bacteria attract high interest due to their
unique ability to exist in extreme conditions unsuitable for other organisms.
The research strategy aims to identify new extreme environments for
isolation of the promising industrial microorganisms. In natural environments
extremophiles are affected by a complex of extreme factors such as radiation,
desiccation, toxic metals, temperature, etc. The purpose of this work was to
explore the biodiversity of extremophiles in natural environments, to determine
their taxonomic affiliation and resistance to a complex of extreme abiotic
factors, as well as to estimate their biotechnological potential. The research
objects included extremophilic isolates from the polar region (phytocenoses
and soils of West Antarctic); subtropical regions (soils from Negev desert,
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Israel; alpine massif of Andes, Ecuador) and temperate regions (karst caves and
soils of Ukraine and Bulgaria); hypersaline habitats (lakes of Crimea, Ukraine,
coast of the Dead Sea, Israel). Specific physiological groups of extremophiles
were studied as well: metal resistant, iron-reducing bacteria, hydrogen-producing
bacteria and obligate methane-oxidizing bacteria and destructors of synthetic
organic compounds (1-chloro-4-nitrobenzene, etc).

Concerning the fundamental and applied aspects, the study of metal
resistant microorganisms is one of the most important topics nowadays. Firstly,
it broadens the understanding and vision of life existence in the presence
of toxic metals. Secondly, it provides patterns for metal transformation in
biogeochemical cycles. And finally, it allows to develop new approaches
for efficient mining and environmental biotechnologies (purification of
concentrated polymetallic sewage, etc.). To address these challenges we have
developed a theory of thermodynamic prognosis of microbial interaction with
toxic metals [14—16].

Thermodynamic prognosis and microbial resistance to toxic metals.
Microorganisms resistant to extremely high concentrations of toxic metals were
found to be abundant in the environments of West Antarctica. Microorganisms
resistant to toxic metals (100—1000 ppm of Cr(VI), Cu**, Cd** and 10-50 ppm
of Hg?") were detected in the majority of terrestrial environments (soils, mosses,
lichens, lake silt, water, humus) in the studied Antarctic regions. Metal resistant
microorganisms Kocuria carniphila, Micrococcus luteus, Rhodococcus
qingshengii, Candida tropicalis (30000 ppm of Cu®", 1500 ppm of Cr(VI),
800 ppm of Ni*", 500 ppm of Co*" and 100 ppm of Hg*") were isolated from
natural environments of Israel, Antarctica and Ecuador. [19, 20, 24, 25].

In accordance with the thermodynamic prognosis, microorganisms reduce
only those metals that have the standard reduction potential (Eo”) within the
thermodynamic water stability (+814>E ’>-414 mV). An important consequence
of these theoretical calculations is that a metal is inevitably reduced even when the in
the redox potential between a donor system (metabolically active microorganisms)
and an acceptor (metal with strong oxidizing properties) is 100 mV. We theoretically
substantiated the growth of microorganisms at very high concentrations of toxic
metals-oxidizers, for example at 1 M Hg**, CrO,* and Cu** [17].

Furthermore, each of the toxic metals is a stereochemical analogue of
an appropriate “macroelement”, i.e. their ionic radii are equal or similar.
For example, toxic Cu?* and Hg?" are the stereochemical analogues of such
macroelements as Mg** and Ca*', whereas CrO,* is the stereochemical analogue
of SO,*. This undermines that the acceptor and transport microbial systems “get
mistaken” which results an accumulation of toxic metal ions along with the
macroelements required for metabolism [16].

Microbial resistance to metals and their interaction are determined
solely by thermodynamic conditions: by the difference of potentials in the
donor-acceptor systems and by the stereochemical analogy of toxic metals
and “macroelements”. This implies that the interaction of microorganisms
with metals can occur non-specifically. Therefore, it can be carried out by
microorganisms of a wide variety of physiological and taxonomic groups, and
metal resistant microorganisms should be present in practically all natural and
man-made environments.

Experimental data supporting the theoretical assumptions are presented
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Fig. 1. Experimental confirmation of thermodynamic prognosis of growth of microor-
ganisms* under maximal permissible concentrations of toxic metals

Note: *Mixed microbial communities: Microbacterium trichothecenolyticum, Enterobacter
hormaechei, Rhodococcus gingshengii (isolates from Antarctic); Candida tropicalis, Penicillium
chrysogenum (isolates from Ecuador). The reactions shown: (1) Hg*" + 2e = Hg"; (2) CrO,> +
(n-1) H,0 + 5H* + 3e = Cr(OH), n(H,0); (3) 2Cu** + H,O + 2e = Cu,0 + 2H".

above. The possibility of microbial growth at extremely high concentrations of
the most toxic oxidizing metals (Hg**, CrO,> and Cu*") is based on the fact that
the metal Eo’ stays within the zone of thermodynamic stability of water even
under multiple increase in the metals concentration (Fig. 1, reaction 1-3). This
theoretical position was confirmed experimentally. Thus, microorganisms of
the granular microbial biocatalyst MBC (microbial communities of fermented
methane tank sludge, etc.) adapt quickly to 1000 ppm of Hg*" [27], antarctic
microorganisms grow in the presence of 60000 ppm of Cr(VI) [17], and
yeasts from the alpine environment of Ecuador grow at 30000 ppm of Cu** [6]
(Fig. 1).

Thermodynamic prognosis implies not only the resistance of microorganisms
to toxic metals, but the inevitable interaction of microorganisms with metals.
Microorganisms resistant to oxidizing metals reduce the latter to form insoluble
compounds. For example, metabolically active microorganisms from MBC
lowered the concentration of Hg** from 1000 to 0.1 ppm within three days,
due to their reduction of Hg** to Hg" through sorption of Hg?" by cells and its
deposition by metabolites (Fig. 2 ).

Ten strains of microorganisms resistant to ultra-high concentrations of
Cr(VI) were isolated from pristine Antarctic soils (Fig. 3). These strains were
not only highly resistant (up to 30000 ppm) to Cr(VI), but reduced CrO,* to
insoluble blue-gray Cr(OH),:

CrO =+ (n—1)xH,0 +5H" +3e = Cr(OH) ,xnH,O|

102 ISSN 0201-8462. Mixpobion. scypnu., 2017, T. 79, No 1



Eh, mV Phases of MBC metabolic activity: Hg(1I), ppm
+1000 B C
< > > < > | 1000
+900 : :
\f_i o n HgM)) - 900
800 F | |
T | 100 % | | 800 pH
+700 ]\, : ! 17
: It L 700 D, un. opt.
+600 | [P o @i @ 6 density
- 8 e : | 600 -
+500 | 5 kR 0,5
- I | 500
+400 : 14 L 0.4
| 400
+300 I, 3 0,3
- : __________ | 300 - -
+200 1 2 L 0,2
b | 200 -
+100 ! 1 0,1
- ) 3 | 100 T B
: 0 0
J | Lo - -
0 6 12 18 24 30 36 42 48 54 60 66 72 Time, hour

Fig. 2. Extraction of Hg** by microorganisms of microbial communities of activated sludge
granules from model flow in A, B and C phases (weight ratio of microbial communities of
granules and solution is 1:40)

Note: 1 — Eh, mV; 2 — pH; 3 — concentration of Hg?" in solution, mg / L; 4 — D, units of optical
density (biomass).
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Fig. 3. Resistance of Antarctic strains to ultra-high concentrations of Cr(VI)
Note: #*50000-60000 ppm in the presence of electron donor (glucose, 20 g/ L of medium).

The resistance to Cr(VI) even increased upon addition of the extra source
of carbon and energy (glucose, 20 g/l) to the nutrient medium. Thus, three
strains out of ten grew at 50000 ppm of Cr(VI), and two strains grew even at
60000 ppm of Cr(VI) (Enterobacter hormaechei) [17]. Similar results were
obtained for copper resistant microorganisms from soils of Antarctica and
Ecuador. For example, Antarctic microorganisms Enterobacter hormaechei
and Brevibacterium antarcticum resistant to 1000 ppm of Cu?** reduced Cu**
to the insoluble Cu,0 or CuOH in the process of their growth [32]. Candida

ISSN 0201-8462. Mixpobion. scypn., 2017, T. 79, Ne 1 103



tropicalis, isolated from the rocky cliffs in Ecuador (4000 m) was resistant to
30000 ppm of Cu?*-citrate and provided two opposite processes. It immobilized
Cu*" due to its accumulation by the cell biomass (164 mg Cu** in 1 g of dry
cells) and mobilized the insoluble CuO and CuCO, by lowering the pH and
synthesizing organic acids that chelat Cu(Il) (Tab. 1) [6]. These long-term
studies confirm the results of our thermodynamic calculations.

Microorganisms resistant to high and ultra-high concentrations of metals
were present in all natural environments and constituted 0.01-2.0 % of the
total amount of bacteria. The ability of microorganisms to interact with metals
proves their significant role in the biogeochemical cycles of metals (migration
and redeposition of metals in ecosystems). Thermodynamic prognosis of
microbial interaction with metals and its experimental confirmation provide the
basis for development of new mining and environmental biotechnologies. For
example, galvanic waste water was effectively decontaminated of chromate
by microbial communities of activated sludge granules. Metabolically active
anaerobic microorganisms of these microbial communities lowered the redox
potential to —300...—380 mV, whereas the waste water with 180-200 ppm of
CrO,* had the redox potential +480 mV. The +780...+860 mV difference in the
potentials ensured a rapid decrease in chromium compounds in the solution by
means of microbial reduction of CrO,* to the insoluble Cr(OH), [21].

Table 1
Metal resistant microorganisms
Number | Region Species Resistance to toxic metals, ppm | Interaction
of strain Cu* [Hg? | Cr(VI)| Ni#* | Co* with metals
3201 Antarctic | Micrococcus luteus | 1000 | 100 | 30000 - - —
3202 Enterobacter 1000 | 100 | 60000 - — | Reduction of
hormaechei CrO,* and
Cu2+
3204 Brevibacterium 1000 | 100 | 30000 |2000| - Reduction of
antarcticum CrO,* and
Cu2+
3208 Microbacterium 1000 | 500 | 1000 |2000 | 1000 -
trichothecenolyticum
190n2 Rothia nasimurium | 1250 | 50 | 20000 | 2000 | 100 -
KG5 Rhodococcus 4000 | 30 100 100 | 500 | Accumulation
gingshengii Cu?" in cells
PD1 Ukraine Rhodotorula sp. 700 - - - — | Accumulation
Cu?" in cells
HS Israel Micrococcus luteus | 200 - 900 200 | 200 | Accumulation
Cu?" in cells
H7 Kocuria carniphila | 200 - 800 500 | 200 | Accumulation
Cu?" in cells
RomCu5 | Ecuador | Candida tropicalis |30000| 50 1000 | 100 | 50 |Accumulation
Cu?" in cells
Penicillium 30000 — - - - -
chrysogenum

Note: «—» — was not studied.

Two mechanisms were used for elimination of Cu?" from waste water by an
Antarctic copper resistant strain Brevibacterium antarcticum in a model system.
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The first one is the reduction of Cu* to the insoluble Cu,O, and the second
one is the accumulation of Cu?" in cells due to the stereochemical analogy of
Cu?" and Mg?*. The strain cells immobilized on potato cubes decreased the
concentration of Cu?* in the flow bioreactor from 325 ppm to 0.3 ppm [32].

Biotechnology for purification of liquid radioactive waste (LRW) of a broad
spectrum of radionuclides (°'Cr, **Mn, %°Co, **Rb, **Sr, 13*Cs, ¥’Cs, “)La, “Ce,
226Ra, 28U, *Pu, ' Am) was designed based on the stereochemical analogy of
radionuclides and macroelements and was tested in a pilot flow bioreactor. The
activity of LRW decreased on average by 3—4 orders of magnitude, except for
3ICr, ¥Rb and *°Sr, which activity decreased by 6 orders [26].

Thus, the theory of thermodynamic prognosis of microbial interaction
with metals is an effective tool for isolation of microorganisms super
resistant to toxic metals, for implementation of all known types of microbial
interaction with metals and for development of new mining and environmental
biotechnologies for industrial wastewater treatment from a wide range of
metals and radionuclides.

West Antarctica: taxonomy, autecology and metagenomic analysis of
bacteria. Phylogenetic and phenotypic analysis of isolates from ornithogenic
soils, vascular plants, mosses, black and orange lichens and biofilm foulings on
vertical rocks allowed us to determine primarily the representatives of gram-
positive bacteria (Actinobacteria and Firmicutes). Among Actinobacteria
there were found Micrococcus luteus, Microbacterium trichothecenolyticum,
M. phyllosphaerae, Rhodococcus fascians, Frondihabitans spp.
and Arthrobacter sp., among Firmicutes Sporosarcina aquimarina
and Staphylococcus sp. were identified. Gram-negative bacteria are
represented by Pseudomonas mandelii, Ps. fluorescens, Stenotrophomonas
rhizophila, Brevundimonas vesicularis, Serratia sp. (Proteobacteria), and
Sphingobacterium anhuiense (Bacteroidetes) [9, 10, 11, 33]. This suggests that
the terrestrial Antarctic ecosystems are characterized taxonomically diverse
bacteria.

All the tested bacteria are capable of growing both at low (1-5 °C) and
moderate (18-30 °C) temperatures, regardless of the temperature during the
primary isolation of strains from natural sources (1-5 °C or 30 °C). Hence, they
are psychrotolerant bacteria [11]. Consequently, the Antarctic strains are able to
grow in the temperature range that is representative for the Antarctic. Thus, the
temperature from 1 to 5 °C is typical of the polar summer, and on the south side
of rocks it reaches 20°C in summer. The destruction of the ozone layer over
Antarctica, results in high levels of solar radiation in the region. Therefore, we
explored the level of resistance of Antarctic bacteria to UV radiation. It was
established that 10-30 % of the isolates from the same sample are resistant to
UV radiation (200-500 J / m?) [10, 12].

We studied the structure and diversity of bacterial communities from five
soil samples collected on the Fildes Peninsula (King George Island, Antarctica)
by using high-throughput pyrosequencing-based analysis of amplified
16S rRNA genes. At the phylum level, the highly diverse soil microbial
communities were represented by 19-21 bacterial phyla. The most abundant
phylotypes at the genus level in all samples were Gaiella, Gemmatimonas,
Serratia, Spartobacteria, as well as groups 4, 6, and 7 of Acidobacteria. The
distance from the coastline and the thickness of the plant cover were found to be
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important biogeographic factors influencing the composition of soil microbial
communities. Soils from the top of the hills with poor vegetation showed the
greatest bacterial diversity — 851 OTUs with the 3 % evolutionary distance, the
Shannon diversity index concluded 5.93. Also, fifteen unique genera specific
only for these samples were detected. The lowest bacterial diversity (497 OTUs)
and the most equable proportion of the dominating phyla were detected in the
sample of the coastal soil with thick moss and D. antarctica cover. Among
all samples, the abundance of Proteobacteria was the lowest (20.4 %) but the
proportions of Acidobacteria (24 %) and Verrucomicrobia (16 %) were 2.6-3.6
times higher compared to the soils from the area distant from the coastline.
The coastal soil was the only sample that revealed Gemmatimonadetes as the
dominant phylum (8.5 %), which indicates that the marine environment has a
significant impact on the formation of terrestrial microbial communities.

The same soil samples were used to study the formation of metal-resistant
microbial communities and their succession in the presence of 200 mg/L of
Cu(I) ions during 6 days by means of 454 pyrosequencing of V4—V 8 variable
regions of 16S rDNA amplicons. Metal-resistant communities included 11
phyla (3-8 phyla in each community, which make up 7-25 % of diversity
in the natural samples) — Proteobacteria, Firmicutes, Verrucomicrobia,
Actinobacteria, Gemmatimonadetes, Acidobacteria, Bacteroidetes,
Cyanobacteria, Planctomycetes Chloroflexi and Nitrospira. The dominant
phylotypes of the Cu-resistant communities — Pseudomonas, Ralstonia,
Microbacterium, Caulobacter, Methylobacterium, Sphingomonas and
Bacillus — were detected in the natural soil samples only as low-abundant
or unique sequences. We observed 3 different scenarios of succession in the
Antarctic Cu-resistant bacterial communities: 1) rapid increase in the proportion
followed by a complete dominance of Gammaproteobacteria; 2) shift of the
dominant phylum from Proteobacteria to Firmicutes; 3) gradual increase
in the proportion of Actinobacteria during the community incubation. The
diversity of Cu-resistant community significantly varied and did not depend
on the initial diversity of the soil sample. During the microbial community
growth and succession, the tendency to diversity decrease was observed. At
the same time, at the late stages a surprisingly high diversity of Cu-resistant
anaerobic bacteria was found. They belonged to the class Clostridia-Tissierella,
Clostridium sensu stricto and Anaerosporobacter. Unclassified bacteria of
the family Ruminococcaceae formed the dominant phylotype that comprised
30 % of total reads. Three abundant strains representing Cu-resistant Antarctic
soil bacterial communities were isolated and identified as Ralstonia picketti,
Pseudomonas veronii and Microbacterium laevaniformans.

Karst (limestone) caves. The presence of ecophysiological groups
of nitrogen, carbon and sulfur redox cycles (10>~10® cells / g of clay) was
demonstrated for the microbial communities of Mushkarova Yuma (Western
Ukraine) and Kuibyshev (Western Caucasus) caves. Cave microbial
communities included bacteria providing the compete nitrogen cycle. Sulfate-
reducing microorganisms were not identified in the sulfur cycle as well as
cellulolytic, methanogenic and methanotrophic microorganisms were not
detected in the carbon cycle. Microorganisms of karst caves were affiliated
with Microbacterium testaceum, Rhodococcus erythropolis, Arthrobacter
oryzae and Pseudomonas azotoformans species. The studied strains grew in
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high concentrations of toxic compounds: 1000 mg / L of Cu?"and 300 mg / L
of 1-chloro-4-nitrobenzene and in kopio- oligocarbotrophic conditions [13,
23, 28]. The specified strains were not only resistant to Cu** and 1-chloro-4-
nitrobenzene, but also interacted with these toxic compounds. Thus, microbial
cells accumulated 10 % of Cu*". The efficiency of 1-chloro-4-nitrobenzene
transformation depends on the redox potential and its initial concentration.
Thus, we demonstrated for the first time that microorganisms of karst caves
are highly resistant to organic and inorganic toxic compounds and are able to
detoxify them. It follows that microbial communities are capable of quick and
effective adaptation to the alien extreme factors.

The Dead Sea coastal ecosystems. Bacillus licheniformis,
B. amyloliquefaciens, Bacillus sp., Staphylococcus hominis strains were isolated
from the vertical cliffs of clay-salt plains and black highly mineralized mud
collected near the Dead Sea. All isolates grew at 0—10 % NaCl concentration
at 20-50 °C and were resistant to UV radiation. For Bacillus sp. the lethal dose
of UV radiation (LD, ,,) was 11001500 J / m*. Several Bacillus strains had a
strong antagonistic effect on conditionally pathogenic Staphylococcus aureus
and Candida albicans test bacteria.

Andes Mountains and mountain jungles (Ecuador). UV resistant
microorganisms (LD, ,, 280-500 J / m*) were isolated from soil and plant
samples of mountain ecosystems (Andes Mountains, Papallacta, 4020 m), from
the foot of Tungurahua volcano (1.010 meters) and also from the mountain
jungle (La Favorita, 1600 m). Isolates from the Tungurahua volcanic ash
and sand were found to be the most resistant to UV radiation (LD, ,, 1000~
1440 J / m?) [18]. Overall, 50 % of aerobic chemoorganotrophic bacteria from
Ecuadorian ecosystems are resistant to high doses of UV radiation. Bacteria
resistant to toxic metals were detected in the mountainous regions of Ecuador.
High resistance to mercury (25 mg Hg?"/ L) was shown for the isolate from
mountain jungle lichen. Candida tropicalis and Penicillium chrysogenum
isolated from Ecuadorian ecosystems (4000 m) exhibited resistance to
30000 mg of Cu?/ L (in Cu* citrate form). The isolate from rock lichens was
resistant to 3000 mg of Cr (VI) / L [20]. The correlation between the resistance
to toxic metals and to UV radiation was not found, probably due to their
different cell damage / repair mechanisms.

Fe(IlD)-reducing microorganisms. Systematic screening of ecosystems
of six geographic regions (Antarctic, Arctic, Dead and Black Seas, Ukraine,
Georgia and Ecuador) demonstrated a broad area of Fe(Ill)-reducing
microorganisms distribution. There were found microorganisms resistant to
citrate-soluble Fe(III) at concentrations ranging from 500 to 20000 mg / L
(in terms of Fe*" cation). On the basis of thermodynamic calculations it was
shown that microorganisms can carry out both mobilization and immobilization
of iron compounds, as well as reduction of Fe(IIl) to Fe(Il). For example,
we experimentally verified our thermodynamic prognosis using the strain
Citrobacter freundii M1-31.1/1. The possibility of microbial metabolism
regulation for Fe(IIl) reduction, mobilization and immobilization of iron
compounds [1-4] was demonstrated. Our results contribute to the development
of a novel environmental water treatment biotechnology for elimination of iron
compounds, as well as to the biotechnology aimed at increasing the efficiency
of iron extraction from depleted deposits.
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Methane-oxidizing bacteria (methanotrophs). The importance of
methanotrophs in nature is determined by their unique ability to obligately
assimilate only methane, thus they belong to the extremophiles. Methanotrophs
represent unique biocatalytic systems, which can utilize methane of biological
and geochemical origin. They serve as a kind of biological filter, which
prevents an excessive accumulation of methane in the atmosphere. Ukrainian
collection of microorganisms (UCM) includes 50 methane-oxidizing strains
from different ecosystems of Ukraine isolated by Department of Gas-
oxidizing Microorganism Biology (in 2005 it was renamed as the Department
of Extremophilic Microorganism Biology) and 17 more strains provided by
foreign researchers. This significantly exceeds the number of methanotrophic
strains, which is available in the well-known collections. The audit of the
collection has shown that it is necessary to clarify the taxonomic position of
22 strains. On the basis of phylogenetic analysis the examined methanotrophs
were classified as the family Methylococcaceae (the genus Methylobacter) and
the family Methylocystaceae (the genera Methylocystis and Methylosinus).
According to their phenotypic properties and the results of phylogenetic analysis
they belong to «Methylobacter ucrainicusy» (7 strains), M. marinus (5 strains),
M. luteus (1 strain), Methylosinus trichosporium (3 strains), Methylocystis
rosea (2 strains), M. hirsuta (1 strain) [7]. Nucleotide sequences of 16S rRNA
genes of 22 methanotrophic strains were deposited in the international database
GenBank (GenBank accession No LT220828-LT220849).

Draft genome sequences of five methanotrophic strains isolated from
terrestrial habitats were obtained [5]. Of these two strains, Methylobacter
whittenburyi UCM-B-3033 and M. luteus UCM-B-3098, earlier were isolated
and studied by researchers in the Department of Gas-oxidizing Microorganism
Biology (later in 2005 it was renamed as the Department of Extremophilic
Microorganism Biology). Draft genome sequences were generated at the DOE
Joint Genome Institute (JGI). These investigations were conducted by 22
scientists from 14 countries. Genome statistics and predicted core metabolic
pathways (for the strains UCM-B-3033 and UCM-B-3098) demonstrated
the presence of membrane-bound methane monooxygenase (pMMO), PQQ-
linked methanol dehydrogenase, PQQ-linked methanol and formaldehyde
dehydrogenase, formate dehydrogenase, methanopterin-linked C, transfer
pathway, folate-linked C, transfer pathway, partial serine cycle (i.e., no
evidence for glyoxylate regeneration pathway is found), dissimilatory pentose
phosphate cycle; assimilatory ribulose monophosphate pathway (RuMP),
Entner-Doudoroft pathway, Embden-Meyerhof-Parnas pathway, tricarboxylic
acid cycle.

Hydrogen-producing bacteria are used for processing (fermentation) of
environmentally hazardous solid organic substrates, organic polymers, and
for obtaining gaseous energy carrier, which was the ultimate goal of our
research. The principal possibility of producing environmentally friendly
H, (120 liters/ kg dry waste), as well as low-molecular alcohols (198 g / kg)
during fermentation of solid food waste was shown. This process was provided
by spore-forming bacteria: Bacillus licheniformis, Bacillus atrophaeus,
Clostridium butyricum [22].

It was found that the production of hydrogen and stable and effective
waste recycling occurs at establishing and maintaining the optimal pH and
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redox potential values. Two optimum pH ranges were determined: 5.0-5.5 —
for soil and aerobic sludge microbial communities; 3.8-4.0 — for poultry
manure microbial community and aboriginal food waste microflora. The
optimal redox potential values for all microbial communities constituted
200 ... =300 mV [29, 30, 31]. Based on the data obtained several processes
of food waste fermentation using various metabolic pathways of hydrogen-
producing bacteria were developed — ethanol fermentation for recycling of the
organic fraction of household landfills, butyric acid fermentation for recycling
of multicomponent vegetable waste and metabolic shift fermentation (propionic
/ butyric) for disposal of cooking waste [29]. It was shown that soil can be a
source of hydrogen-producing microbial communities for effective recycling
of multicomponent food waste. This idea was confirmed at three sites such as
tropical soils of Ecuador forests (a mixture of fruit waste), agricultural soils
of South Korea (Korean food waste), and meadow soils of Ukraine (vegetable
and cooking waste). In all cases, spore-forming hydrogen-producing microbial
communities provided the destruction of 70-95 % of solid waste, and yielded
up to 120 liters of hydrogen per kg of absolutely dry waste mass [31].

Thus, microorganisms resistant to toxic metals, 1-chloro-4-nitrobenzene, UV
radiation, dehydration, low and high temperatures and specific physiological
groups of extremophiles (Fe-reducing, hydrogen-producing bacteria and
obligate methane-oxidizing bacteria) were isolated from phytocenoses and soils
of West Antarctic, sub-tropical soils (Israel), karst caves and soils of Ukraine
and Bulgaria, mud of hyper saline lakes of Crimea (Ukraine) and the Dead Sea
(Israel), Andes Mountains (Ecuador, more than 4200 m above sea level) and
deep waters of the Black sea. This greatly expands the space for the search of
extremophilic microorganisms in natural environments and for development
of new environmental biotechnologies.
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MikpoopranizmMu. Cepen Hux 10 10 % — MikpoopraHi3mu, CTifKi O TOKCHYHAX METANTIB,
n-HiTpoxaopOeH3ony, YO pamiarii, BUCOKHX KOHIIEHTPAIlill CONCH, a TaKOXK 10 HU3BKHAX
1 BUCOKMX Temrieparyp. st CTBOpEHHS MPUPOIOOXOPOHHHUX O10TEXHOJIOTH po3pobiIeHO
METOJl TePMOIMHAMIYHOTO TPOTHO3Y B3a€MOIl MIKPOOpPraHi3MiB 3 KCEHOOIOTHKAMH.
Brepiiie Ha HOro OCHOBI €KCIIEPUMEHTAIBHO BU3HAYEHO YMOBU PEryJIsiilii MiKpoOHOTO
MeTaboITi3My, sIKi 3a0e3MeuyroTh TNIMOOKY IECTPYKIII0 CHHTETHYHHX OPTaHiqHUX CIIOIYK
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i Xap4OBHX BiJIXOJIiB 3 OIHOYACHUM OTpMMaHHAM eHepronociis (H,, CH,, eranon, TBepae
maauBo). BumineHo MikpoopraHi3mu, CTiiiKi 10 Haibinbm Tokenurnx metanis (Hg?', Cu?,
Ni*", Fe*", Fe*, CrO,*), a Takox MoKa3aHa MOKJIMBICTb K MOOiTi3allil, Tak i iMMoOimizarii
MmeTaiiB. CTaHAapTHUMH MIKpOOI1OJOTIYHUMHM METOAaMH, a TaKOX 3a JONOMOIOI0
(hiTOTEHEeTHIHOTO 1 METareHOMHOTO aHaJi3y MOKAa3aHO Pi3HOMAHITTS MiKpOOPTaHi3MiB
y 3axiguiii Antapkrumi. [lipocukBenyBanus ammiikoHiB 16S p/IHK MmikpoOHuX
YIPYHOBaHb y JOCIHI/DKEHUX 3pa3Kax BHUSBHJIO MpeacTaBHUKIB 20 OakrepiadbHUX (i
MikpoOioTOTIYHIMH METOAaMHU BUSBIEHO KYIHTHBOBAHI MPEICTABHUKU YOTHPHOX
bin (Actinobacteria, Firmicutes, Proteobacteria, Bacteroidetes), ski BKIodanu 25
BuiB. HaBe/eHO pe3ynbraTd 1Mo TaKCOHOMIi Ta/abo 0i0TEeXHOJOrIl creliani30BaHuX
Tpyn excTpeModiniB: 3ami30BiTHOBIIOIOYNX, BOACHBCHHTE3YIOUHX 1 OOIIraTHHX
METAaHOKHCITIOIOUUX OaKTepii.

Kuwouosi crnosa: exctpemodinu, Anrapktuka, MeptBe mope, ExBagop, CTIHKICTb,
TOKCHYHI MeTanu, YO pamiamis, #n-HITpoXIopOeH301, (HiTOTeHeTHYHUHN 1 MeTareHOMHUI
aHaJIi3H, TPUPOTOOXOPOHHI Oi0TeXHONOT], 010BOJICHB.

A. Tawupes, B. Pomanoeckas, Il. Poxumko, A. Tawupesa, H. IIpumyna,
O. Cycnosa, B. I'osopyxa, K. Ilpexpacnas, I. I'naoka

Huemumym muxpoodouonocuu u eupyconoeuu um. /.K. 3aboromnoco HAH Yxpaunul,
ya. 3abonomnoeo, 154, Kues, 03143, Yxpauna

AYTAKOJOI'USI U TAKCOHOMUSA BAKTEPHUI, U30JIMPOBAHHBIX
N3 O9KCTPEMAJIBHBIX DKOCUCTEM
Pe3ome

IIpencraBieHBI HTOTOBEIC PE3YINBTATHI MATHICTHUX HccnenoBanmii (2011-2015) ornena
OHMONOTHH SKCTPEMODUIBHBIX MUKPOOPTaHU3MOB. 13 (huTOLEHO30B 1 MOYB 3anagHon
AHTapKTHKH, CyOTponudeckux nous (M3pauis), KapCTOBBIX MONOCTEH M MTOYB YKPAHHbI
u Bonrapuu, nna runepconenpix o3ep Kpriva (Vikpanna) 1 moGepeskbst MepTBoro Mopst
(13pawniib), BEICOKOTOpHOT0 MaccuBa AHJBI (DKBAIOP) BIICICHBI IKCTPEMOTOJICPAHTHBIC
MuKpoopranusmsl. Cpean HuX 10 10 % — MUKpPOOPTaHU3MBI, YCTOWYHUBBIC K TOKCHYHBIM
MeTalliaM, n-HATpOXJjopOeH3ony, YO paguanuu, BRICOKMM KOHIEGHTPAIUSIM COJCH,
a TaK)Ke K HU3KHM M BBICOKMM Temreparypam. s co3naHusi TPHPOIOOXPAHHBIX
OMOTEeXHOJIOTHI pa3paboTaH METOJ TEPMOAMHAMUYECKOTO MPOTHO3a B3aMMOICHCTBHS
MHKPOOPTaHU3MOB ¢ KCCHOOMOTHKaMH. BIiepBBIe Ha €ro OCHOBE IKCIECPHUMEHTAIBHO
OTpE/ICIICHBI YCIOBHSI PETYJISIIUM MUKPOOHOTO MeTaboimn3Ma, KOTOphIe 00eCIeUnBAIOT
DIYOOKYIO AECTPYKIIMIO CHHTETUICCKUX OPIraHUYCCKUX COCTUHEHHUH U MUIIIEBBIX OTXOI0B
C OJJHOBPEMEHHBIM ToNTyueHneM snepronocurenedt (H,, CH,, sTanon, TBepaoe Tommeo).
BbljiesieHbl MUKPOOPIaHU3MBbI, YCTONYMBbIE K Hanbojiee TOKCHYHbIM MeTatam (Hg>,
Cu*, Ni**, Fe’", Fe*', CrO,*), a Taxxke Moka3aHa BO3MOKHOCTh Kak MOOMJIM3AIMH, TaK
1 uMMoOuIu3auu MeTauioB. CTaHIapTHBIMH MHUKPOOMOJIOTHYECKUMH METOJaMH,
a TaKXKe C IMOMOIIbI (DHIOTCHETHYECKOTO M METAarcHOMHOTO aHaju3a IMOKa3aHo
pasHooOpa3ue MUKpOOpPraHu3MOB B 3amagHoii AHTapkTuke. [IMpocekBeHHUpOBaHUE
amruimkoHoB 16S p/IHK MukpoOHBIX coOOmEeCTB B HCCIEIOBaHHBIX O0pasmax
BBISIBIIIO TipencTtaButeiein 20 OakrtepuanbHbIX (Guia. MUKPOOMOIOTHYCCKUMHU
METOAAMH BBISIBICHBI KYTBTUBHPYEMBIC MPEACTABUTENN YETHIpEX (i (Actinobacteria,

Firmicutes, Proteobacteria, Bacteroidetes), koTopbie BKItouagu 25 BunoB. [IpuBencHs
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pe3yjabTaTbl MO TAKCOHOMHH u/unu OMOTEXHOJOTHH CIICHUATIUIUPOBAHHBIX T'PYIIIL

9KCTPEMO(MIIOB: JKENE30BOCCTAHABINBAIONINX, BOJOPOICHHTE3UPYIOMINX U OOIUTaTHBIX

METAaHOKHCIAOINX 6&KT€pHI7[.

Knioueswvie cnosa: sxcrpeModuiibl, AHTapKTHKa, MEpTBOE MOpe, DKBaI0p, YCTOM-

YMBOCTb, TOKCHYHBIE METAIUIbI, YO paguarus, n-HUTPOXJIOpOCH30I, (PUIOTeHETHUECKHIH

M METareHOMHBIN aHaJIn3, IpUpOAOOXPAHHBIC 6I/IOTGXHOHOFI/II/I, 6I/IOBOIIOPOH.
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