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PHYLOGENETIC ANALYSIS AND AUTECOLOGY
OF SPORE-FORMING BACTERIA FROM HYPERSALINE
ENVIRONMENTS

Multi-resistant to extreme factors spore-forming bacteria of Bacillus genus are iso-
lated from hypersaline environments of the Crimea (Ukraine) and the Dead Sea (Israel).
Phylogenetic analysis showed distinction of dominating extremophilic culturable species
in studied regions. In Crimean environments they are B. mojavensis and B. simplex, in the
Dead Sea ecosystem - B. subtilis subsp. spizizenii, B. subtilis subsp. subtilis, B. lichenifor-
mis and B. simplex. Isolates are simultaneously halotolerant and resistant to UV radia-
tion. Strains isolated from the Dead Sea and the Crimea environments were resistant to
UV: LD, and LD, ,,made 100-170 J/m* and 750-1500 J/m’ respectively. Spores showed
higher UV-resistance (LD, ,,- 2500 J/m’) than the vegetative cells. However, the number
of spores made 0.02-0.007% of the whole cell population, and should not significantly
affect the UV LD, ,,value. Isolates of both environments were halotolerant in the range
of 0.1-10% NaCl and thermotolerant in the range of 20-50 °C, and didn't grow at 15 °C.
Survival strategy of spore-forming bacteria from hypersaline environments under high UV
radiation level can be performed by spore formation which minimize cell damage as well
as efficient DNA-repair systems that remove damages.

Keywords. Hypersaline environments, Bacillus, phylogenetic analysis, UV-resis-
tance, halotolerance.

Under natural conditions, microorganisms from diverse environments exist under
the influence of numerous extreme physical, chemical and climatic factors. Previously,
we studied the effect of extreme factors such as UV radiation, high temperature and
salinity on psychrotolerant bacteria of polar region (Antarctica) and identified resistant
and sensitive strains [2, 3]. In the current work microbiological studies are expanded
to steppe and desert regions possessing extreme natural conditions - hypersaline
environments of Crimea (Ukraine) and the Dead Sea (Israel). The aim the study is to
determine the taxonomic position of spore-forming bacteria isolated from hypersaline
environments of Crimea and the Dead Sea, describe and compare their resistance to
extreme factors. We hypothesized that aboriginal microbial habitats could perform
environments-specific resistance to abiotic factors and form an adaptive response to
their action - halotolerance, thermotolerance, resistance to UV radiation.

Material and methos. Research objects were the microbial strains of hypersaline
environments of Crimea (mineral therapy mud of estuary lakes near Saki and
Pribrezhnoe settlements) and the Dead Sea (mineral therapy mud and clay-salty cliffs),
isolated at 42°C. For isolation and cultivation of bacteria was used Nutrient Agar
medium (NA), HiMedia Laboratories Pvt. Ltd. adding 50 mg/L of pharmaceutical
nystatin to suppress the growth of filamentous fungi.

Isolation of dominant bacteria. To identify dominant bacteria serial tenfold dilutions
(10>-10®) of natural sample inoculum were seeded on solid nutrient medium. The
dominant strains were isolated from the last sample dilutions (10°~10"") performing
5-10 separate colonies per plate.
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Isolation of pure cultures was carried out by conventional methods [1] inoculating
Petri dish with serial tenfold dilutions of microbial suspensions (0.1 ml), growing on
solid medium, subsequent selection of individual colonies and their reisolation. The
culture purity was checked by microscopy.

Morphological and cultural properties. Cell morphology (shape, size, mobility,
and spores) was studied by standard microscopy methods of living and Gram-stained
preparations [1]. Spores were detected by negative staining Peshkov method [1]. Strain
cultural properties (pigmentation, water-soluble pigment and extracellular mucus pro-
duction, texture and size of the colonies, the presence of air and substrate mycelium
etc.) were determined by culturing (42°C) on agar nutrient medium (NA).

Phylogenetic analysis. Sequencing 16S rRNA genes of isolates from hypersaline
environments of the Crimea and the Dead Sea was held by staff of the Limnological
Institute of Russian Academy of Sciences. Obtained 16S rRNA gene sequences were
used to determine closely related species and phylogenetic analysis of bacterial iso-
lates. Sequences were compared with GenBank database, using the BLAST package
software. Related species were determined by calculating the pairwise similarity (%)
based on ratio of matching / analyzed nucleotide of 16S rRNA genes of each isolate
with the reference bacteria. Phylogenetic position was determined by constructing a
tree showing the taxonomic status of the studied strains among closely related and
typical species (program ClustalX 2.1, Mega v. 6.00). Phylogenetic analyses of gene
sequence data were conducted using the neighbor-joining (NJ) method. The reliability
of internal branches was assessed from 1000 bootstrap pseudoreplicates.

The temperature range of extremophilic strain growth was studied using liquid NB
medium in 10 ml tubes. The strains were cultured at 10—70°C for 2-5 days in stationary
conditions. Visual changes, lag phase duration, rate of biomass production and growth
patterns were recorded and assessed with 1-3-day intervals.

Halotolerance was studied on NaCl concentration range (0.1-250 g/L) by plating
strain onto agar media containing listed NaCl concentrations. After inoculation, the
plates were incubated at an optimal growth temperature. Results were assessed after
2-10 days of growth.

UV-resistance (UV-C) was determined as described previously [2]. Spore UV-
resistance was studied on heated bacterial suspensions [1]. For this purpose, diurnal
(24- hour) and 4-day bacterial suspensions in sterile vials were heated in a water bath
(20 min, 100°C) [1]. Next active non-pasteurized (active cells and spores) and heated
pasteurized (sole spores) suspensions were seeded onto plates with nutrient agar and
exposed to UV-radiation. Survival rate was estimated both for active bacterial popula-
tion and spores by method described in [2].

Results and discussions. Strains of spore-forming bacteria are isolated from
hypersaline environments of the Crimea and the Dead Sea regions. 6 dominating
isolates (Table. 1) were selected for identification of taxonomic position and study
their resistance to extreme factors typical to specified ecosystems

Table 1.
List of dominating strains and sampling sites
Isolate No | Sampling site (region, environment)
Crimea (Ukraine)
2s1 Black mineral therapy mud, saline lake (Saki settlements)
3s2 Black mineral therapy mud, lake Sasyk (Pribrezhnoe settlements)
the Dead Sea (Israel)

7t1, 712 Black mineral therapy mud
1t3, 1t4 Saline clay formations from the cliff
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All isolates were gram-positive, spore-forming, acrobic chemoorganotrophic bac-
teria. Oval-shaped endospores did not inflate cell and possessed central or terminal
location. Halo- and thermotolerant strains form on the surface of liquid medium dense,
folded film.

Strains 3s2 and 1t4 are similar in cell morphology and colony shape. Strain 3s2 -
oval hyphae-forming cells up to 15 microns, breaking down into short filaments
and individual cells 0.8 x 1 microns. Colonies are brown, shiny and pasty, convex,
2-5 mm diameter. Strain 1t4 - straight or curved rods, form a segmented hyphae,
1.5-2.0 x 10-30 microns. Colony characteristics are identical to strain 3s2.

Strain 2s1. Cells — cocci, size 3 microns. Colonies light brown, pasty, wrinkled,
irregular edges, up to 20 mm.

Strains 1t3, 7tl1, 7t2 are similar in cell and colony morphology. Cell are rods
1.5-2.0 x 0.7-1.0 mm, motile. Colonies are large, light-brown (sometimes non-pig-
mented), pasty, wrinkled, round, regular or irregular, with jagged edges. Listed prop-
erties of isolated strains testify to their close relation with Bacillus genus. To clarify
their taxonomic position was conducted phylogenetic analysis based on 16S rRNA
gene sequencing.

Phylogenic analysis. To detemine the taxonomic position of the isolates we per-
formed the comparative and phylogenetical analysis of the nucleotide sequences of
16S rRNA genes of our isolates and the 16S rRNA genes of the reference bacteria from
database GenBank. For the comparative analysis the BLASTN (2.2.28+) software
application was used. Related species for own isolates were detected by calculating
pairwise similarity (%) of 16S rRNA gene sequences of each isolate to the reference
bacteria from GenBank. Based on the data obtained, closely related strains (species)
for the studied bacteria were detected (Table 2).

Table 2.
Comparative analysis of the pairwise similarity of 16S rRNA genes of the
extremophilic bacteria from hypersaline environments with the ones of the bac-
teria in the GenBank database.

StrainNe Bacterial species, the most related to the studied strains,
according to software application BLASTN 2.2.28+
Species, strain Ne (GenBank accession No) similarity, %
2sl *Bacillus mojavensis IFO15718 (NR_24693) 99.5
Bacillus subtilis subsp. inaquosorum BGSC 3A28T (NR104873) 99.4
[Brevibacterium] halotolerans DSM 8802" (NR 042638) 99.4
3s2 [Brevibacterium] frigoritolerans DSM 88017 (NR042639) 99.8
*Bacillus simplex DSM 13217 (NR_042136) 99.7
Bacillus muralis LMG 20238T (NR 042083) 99.6
163 *Bacillus subtilis subsp. spizizenii NRRL B-23049" (NR024931) 99.9
[Brevibacterium] halotolerans DSM 8802" (NR_042638) 99.8
Bacillus mojavensis IFO15718" (NR_024693) 99.7
1t4 *Bacillus simplex DSM 13217 (NR_042136) 99.4
[Brevibacterium] frigoritolerans DSM 88017 (NR_042639) 99.3
Bacillus muralis LMG 20238 (NR_042083) 98.9
7t1 *Bacillus licheniformis DSM 13T (NR_074923) 99.8
Bacillus aerius 24K"(NR_042338) 99.3
Bacillus atrophaeus 19427 (NR_075016) 98.1
7t3 *Bacillus subtilis subsp. subtilis DSM 10T (NR_027552) 99.8
[Brevibacterium] halotolerans DSM 8802T (NR_04263) 99.6
Bacillus vallismortis DSM11031T(NR_024696) 99.6
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In the comparative analysis (Table 2) for each of the isolates three most close
related strains are offered. Most isolates had approximately equal level of pairwise
similarity with several related strains (species). Therefore in Table 2 related species
that comply with the most close species, obtained in the result of the following phylo-
genetical analysis (Fig. 1) are pointed out (*).

113
NR 024931 B. subtilis subsp. spizizenii NRRL B-23049T
LNR 042638 [Brevibacterium] halotolerans DSM 8802T
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Fig. 1. Phylogenetic tree developed by NJ method (ClustalX 2.1, Mega v. 6.00 soft-
ware) basing on 16S rRNA sequences of strains Bacillus isolated from hypersaline
environments of Crimea (strains 2s1 and 3s2) and the Dead Sea (strains 1t3, 1t4, 7t1,
7t3).

Note. The scale corresponds to 5 substitutions per 1000 of nucleotide pairs

During the comparative analysis of the pairwise similarity of 16S rRNA genes of
isolated bacteria, with the ones of the bacteria from GenBank database we also formed
the extended list of closely related and typical strains of the corresponding species for
each isolate. The 16S rRNA gene sequences of the bacteria from the list were used for
constructing of the phylogenetic trees (Neighbor Joining algorythm, bootstrap NJ tree),
software applications ClustalX 2.1, Tree view, Mega v. 6.00), which allowed detection
of the taxonomic position of isolates. The results of the phylogenetic analysis (Fig. 1)
confirmed that studied strains are the species of the genus Bacillus, their taxonomic
position is Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae, Bacillus.

The spore-forming bacteria from the hypersaline lakes of Crimea could be assigned
to the following species: 2s1 —to B. mojavensis, 3s2 —to B. simplex (Fig. 1, Table. 2).
The spore-forming thermotolerant bacteria from the Dead Sea ecosystems could be
assigned to the species, as follows: 1t3 — to B. subtilis subsp. spizizenii, 1t4 —to B. sim-
plex, 7t1 —to B. licheniformis and 7t3 —to B. subtilis subsp. subtilis (Fig. 1, Table. 2).
Thus in the studied hypersaline lakes the Bacillus species are dominating.

Resistance to extreme factors. The resistance to UV radiation of the bacteria,
dominating in the hypersaline ecosystems of Crimea and the Dead Sea, has been
studied. All studied spore-forming bacteria showed resistance to UV radiation (Fig. 2).

To compare the sensibility to UV of different monocultures from the hypersaline
lakes of Crimea and the Dead Sea, on the dose curves representing the dependance of
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Fig. 2. Survival of strains isolated from hypersaline environments of Crimea and the
Dead Sea, after action of UV-radiation.
Note. The legend numbers marked strains

the quantity of survived cells from the UV doses, we calculated LD, and LD, ,, — the
UV doses that cause death of 90% and 99.99% of the cells accordingly (Table 3). The
lethal UV doses (LD, and LD, ) for the spore-forming strains of the Bacillus genus
made respectively 100-170 and 750—-1500 J/m?.

As follows from the data presented in Table 3 the studied strains were growing in
the range of NaCl concentration 0.1-10%, strain 3s2 was the exclusion (it was growing
at presence of 0.1-5% NacCl). Thus, strains, isolated from the hypersaline Crimea and
the Dead Sea ecosystems belong to moderate halophylic (halotolerant) bacteria. This
group typically includes microorganisms growing at presence of 3%- 15% NaCl [6].
They are widely occurred in various environments, such as hypersaline lakes, saline
soils, saltwork reservoirs, salt mines etc.

Table 3.
Ecophysiological properties of bacteria from the Dead Sea hypersaline
environments
Strain Lethal doses UV, J/m? Growth range
Ne Species LD, LD, | NaCl, g/l t,°C
2sl Bacillus mojavensis 100 1200 0.1-100 20-50
3s2 Bacillus simplex 100 750 0.1-50 20-50
1t3 Bacillus subtilis subsp. spizizenii 170 1300 0.1-100 20-50
1t4 Bacillus simplex 150 1400 0.1-100 20-50
7t1 Bacillus licheniformis 150 1500 0.1-100 20-55
7t3 Bacillus subtilis subsp. subtilis 100 1200 0.1-100 20-50

Temperature range of growth for isolated bacteria was studied (Table 3). The strains
were incubated on the liquid medium in the test-tubes under stationary conditions. The
growth was observed in the form of dense, rugous film, or in the form of thin crumbly
smooth film. All the studied strains were growing in the range of 20-50°C and can be
considered as thermotolerant. Upper and lower temperature limits are 55°C and 15°C.
At 55°C the single strain possessed ability to grow; at 15°C growth was not observed.

During analysis of the UV impact on the survival of spore-forming bacteria from
hypersaline ecosystems of Crimea and the Dead Sea we were taking into account,
that the damage minimization under the UV radiation could be provided by spore
formation. For instance Bacillus subtilus spores are protected by a thin protein layer
from the damaging effect of UV-B and UV-C and solar UV. Layer-free mutants were
very sensitive to these factors [4]. Bacillus subtilus spores include DNA-bound protein
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protecting the spore DNA from the brakes induced by UV or desiccation [5]. Therefore
appeared a question whether the survival of studied spore-forming bacteria under the
UV radiation could be supported exclusively by high resistance of spores?

Thereby we studied separately UV spores and active cell population. Spore
selection was carried out by heating active strain population at 100°C. The results
showed (Fig. 3) that number of spores is 4-5 orders lower than the general number
of the active cells; spores make 0.02—0.007 % of the total cell population (Table 4).

Table 4.
Lethal doses of UV for: (v) total cell population before heating and (s) heated
cell population (contains only spores) of Bacillus mojavensis 2s1

Experiment | Culture age, UV, J/m? CFU/ml
variants days Total number Spores
LD, LD, ,, of cell Number %
v 1 100 1200 600 000 000
s 1 100 2400 44 000 0.007
v 4 70 600 1200 000 000
s 4 180 1400 270 000 0.02

To determinate the lethal doses of UV we built graphs exhibiting, in per cent, the
survival under different doses of UV radiation of all the cell population (before heating)
and spores (after heating) (Fig. 4). The 4-day culture was more sensitive to UV than a
1-day one (Fig. 4, Table 4). This may be connected to lower physiological activity of
«old cultures» (4-days) cells. It was shown that for the spores the lethal dose of UV
(LD, ,,) was practically twice higher comparing vital populations independently on
their age (Table 4), i.e. spores are more resistant to UV. At the same time, the presence
of 0.02-0.007 % spore cells of the number of all microbial cell population (Table 4)
could not make a significant impact on the UV lethal dose (LD, ) for the whole cell
population where vegetative cells make 99.980-99.993%. The similar results were
obtained other isolated Bacillus strains.

Apparently, the survival strategy of the studied spore-forming bacteria under the
effect of UV radiation (DNA-damaging factor) is provided by the damage minimizing
mechanism (spore presence) and the effective mechanism of DNA damages reparation.
Basing on main autecology principles (study impact of external factors on the viability
of the whole cell population), at the evaluating action of certain extreme factor, the
main indicator is survival rate of the whole population independently on variety of

1-day culture _ 4-day culture
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Fig 3. Total number of survived cells of Bacillus mojavensis 2s1 population under various
UV doses
Note. v —cell population before heating, s — heated cell population (contains only spores).
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Fig. 4. Number (%) of survived cells of Bacillus mojavensis 2s1 at various UV doses
Note. See Fig 3.

survival mechanisms. Therefore from the ecological point of view it does not matter
what cells (vegetative or spores) provide population survival. The presence of spores
could be crucial for the population survival under the UV radiation in the case when
vegetative cells do not possess effective mechanisms of DNA damage reparation.
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Hnemumym muxpobduonoeuu u eupyconoeuu um. J{.K. 3a6oromnoeo HAH Ykpauno,
yn. Akao. 3abornomnoco, 154, Kuee 03143, Ykpauna

®UJIOTEHETUYECKUI AHAJIU3 U AYTIKOJIOTUSI CITIOPOOBPA3YIO-
IIIAX BAKTEPUI U3 TUMEPCOJIEHBIX 9KOCUCTEM
PeszwmwMme

W3 runepconénsix sxocucteM KpeiMa n MEpTBOTO MOpS M30IMPOBaHbI CIIOPOOOpa-
3yrolye OakTepuH MPEUMYILECTBEHHO poja Bacillus. B pe3ynbrare (pUIOreHeTHUECKOTO
aHaJM3a MOKA3aHo, YTO M30JATHI U3 KpbiMa MOXKHO OTHECTH K BuAaM B. mojavensis u B.
simplex, n3 sxocucteM MEpTBoro MOpst — K B. subtilis subsp. spizizenii, B. subtilis subsp.
subtilis, B. licheniformis n B. simplex. VI30mTbl U3 runepcosn€npix sKkocrcreM Kppima u
Méptsoro mopst pesuctenthsl K Y® pagnanuu. Jletansusie noser YO (JI, n JII, ) ams
HUX COCTABJISIH, cOOTBeTCTBEHHO, 100—170 11 750—1500 J[3x/M2. Criopsl 6osiee YCTONUMBEI
Kk YO (JI]]

criop coctasisieT 0.02—0.007 % oT 4mcia KIeTOK Bceil MUKPOOHOI MOMYIISAIIH, U HE JOJDK-

09,00 10 2500 JIx/M?), deM BereTaTuBHBIE KIETKH. BMecTe ¢ TeM, KOIUYeCTBO

HO CYyILIECTBEHHO NOBIUATH Ha 3HaueHue JI YO nns Bcelt monmynsuuu. U30asTh U3

99.99
rHIepcoNéHbIX akocucteM Kpbsima 1 MEpTBOro Mopst ObUIH raJloTOIEPaHTHBIMU (POCIH B
muarnasone 0.1-10% NaCl B cpene) u TepmoTonepanTHBIME (pocnu B quanaszone 20-50°C,
mpu 15°C poct orcyrcTBoBai). CTparerus BEDKUBaHUA MIPH BEICOKOM ypoBHE YO panna-
LUK CIIOPOOOPasyIoMMX OAKTEPHid U3 THIIEPCOIEHBIX SKOCUCTEM MOXKET OCYILIECTBIISITHCS
Kak 3a C4€T CIIOp, KOTOPble MUHUMU3HPYIOT HOBPEKACHNUS, TaK U dPPEKTUBHBIX CUCTEM
penapanuu, KoTopele ycrpansitor nospexaenus JHK.

Knwueeguwl e cnoea. I'nnepconénpie 9KOCUCTEMBI, OaKTepHH, (PUIIOTCHETHYECKUI

aHanus, Y®O-pe3ucTeHTHOCTh, ralIOTOJIEPAHTHOCTD.
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I'B. I'naoka, B.O. Pomanosceka, I.0. Tawmupesa, O.b. Tawupes

Incmumym mikpobionoeii i eipyconoeii im. J{.K. 3a6onomnoco HAH Yxpainu,
8yn. 3abonommnoeo, 154, Kuis 03143, Yxpaina
®LIOTEHETUYHUI AHAJII3 I AYTEKOJIOT'ISI CHOPOY TBOPIOIOYMX
BAKTEPIH 3 TIIMEPCOJIOHUX EKOCUCTEM
PeswowMme
3 rinepcononux exocucreM Kpumy i MepTBoro Mopsi i30J1b0BaHi CIIOpOyTBOPIOOUi
Oakrepii nepeBaxHo poay Bacillus. Buacnigok (inoreHeTHYHOro aHali3y MoKa3aHo, 110
i3omstr 3 KpriMy Mo)kHA BiTHECTH 10 BUAIB B. mojavensis i B. simplex, 3 ekocucteM MepT-
BOTO MOps — 110 B. subtilis subsp. spizizenii, B. subtilis subsp. subtilis, B. licheniformis i B.
simplex. 130oms1TH 3 Tinepcononux exocucreM Kpumy i MeprBoro mops pe3rcteHTHi 10 YO
paniarii. Jlerampai 1031 YO (HI[90 1 J'[I[””) JUIS HUX CTaHOBMIM, BigmosigHo, 100—-170 i
750-1500 JIax/m. Criopu Gisbi cTidiki go YO (JI,
KIiTHHH. Pa3oMm i3 Tum, KibKicTk criop cranoBuTh 0.02—-0.007 % Bij uncna KIiTHH BCi€el

o110 2500 JIx/M?), HiK BereTaTUBHI

MiKpOOHOT TOMyYIIALi, 1 He TOBUHHO CYTTEBO BIUTMHYTH Ha 3HadeHHs JI/I . YO mis Beiel

99.99
nomysinii. [3o5stTH 3 rinepcononux ekocucreM Kpumy i MeprBoro mopst Oyiu rajgoTo-
aepantHuMU (pociiu B nianazoni 0.1-10 % NaCl B cepenoBuiili) i TepMOTOIIEPAHTHUMH
(pocmu B miamazoni 20-50°C, 3a 15°C pict OyB BifcyTHil). CTparerist BIDKHBaHHS 32 BH-
cokoro piBHs Y® pajianii ciopoyTBOPIOIOUHX OaKTepiil 3 FiepcoIOHUX EKOCHCTEM MOXKeE
3IIIICHIOBATUCS SIK 32 PAXyHOK CIIOP, SIKI MiHIMI3YIOTh YIIKOJDKEHHS, TaK 1 e()eKTUBHUX
CHCTEM pemnapariii, ki ycyBaroTs nonrkompxenas JJHK.

Knwuoei cnoea: I'inepcononi ekocucTeMu, 6akrepii, piIOreHeTHIHUH aHaJIi3,

YO-pe3nucTeHTHICTh, TANIOTOIEPAHTHICTD.
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