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Nineteen thermophilic aerobic endospore-formingtdréa were isolated
from Armenian terrestrial hot (Arzakan) and warmkiaurik) geothermal
springs. The phylogenetic and taxonomic diversftysolates was studied by the
16S rRNA gene (16S rDNA) analysis. The comparisbgemerated 16S rDNA
sequences of the isolates with the ones availabl@enBank database indicates
their relation to phylunfirmicutes subphylumClostridium-Bacillus group of
Bacilluslike genera. The isolates are related to elevewiep distributed in five
genera:Bacillus, Geobacillus, Sporosarcina, Paenibacillasd Thermoactino-
myces The thermophilic endospore-forming microflora wass diverse in the
Akhourik spring and included representatives of egarBacillus and Thermo-
actinomyceswith predominance oBacillusspeciesRepresentatives of the genus
Geobacilluswere prevailing in the hot spring, in total congiitg 50% of the
detected isolates.

Geothermal springs — thermophiles - Bacillus anthted genera — 16S rRNA
gene (16S rDNA) sequence - phylogeny

Zuuunuith viup (Uhaniphly) b gbpduyhtt (Upquajuity) hwbipughtt winppmpiphg
Ukynuwgyly i imwathip phpdndhy wkpnp tupnuwnp wnwgwging puljinphwitp b
puin 16S nfFuf-h gkuih (16S nYTUE) umlkninhnughtt hwgnpruljutinipimutkinh
JEpudmpjut numutuwuhpyly £ gpulg inmwpuntindhuljut b hynghitbinhljuljui
puqUuquimipniip: Ukmuwugus mpunmpubbph 16S nYuE-h uniljbninhnughiu
hwonpyujutimpiniiitph hwdbdwwnnudp GenBank-h wfjunutiph puquymu wnlju
hwonpyuljutimpiniiibph hkn hwununty | npug wunljuiitbhhmpniup Frmicutes
Smudhly, Clostridium-Bacillus Gipwbhimuht, Bacillus W wqquljhg ghnkp halphi:
Utljniuwgdus  punudubpp inyhwfutgdl) o npylu 11 whuwljubp'  pugjudus
Bacillus, Geobacillus, Sporosarcina, Paenibacillus i Thermoactinomyces ghntipmu: @hpun-
$hy Fupnuwnp wowgwgtnn dhypnginpuitt. Uemphyh hwiipuyghtt winpympmud- phy
puquuqub kb tkpunnd © Bacillus . Thermoactinomyces ghntph ubpljuyugmghstbp’
Bacillus gtinh whuwlubph qb-puyondwdp: Geobacillus ghnh nbuwljutpp glipulonmd
Eu ghipuughtt winpmipmu” juqubyng dkjmuwgdus nkuwljnkph 50%:

Eplhpwobpluypll wppymiphbp - pEpdndpiakp - Bacillus b gknulhg inkuwliakp -
168 nf}ULe-h qhlh (16S R 2ULG) hwonppuljwiniprniblkp - phyngkipu

W3 HasemHbIX Temibix (AXypHk) u ropsaux (Ap3akaH) TeoTepMaibHBIX HC-
TOYHHKOB APMEHHH H30JMPOBAHBI [IEBSTHAALATH TEPMO(QUIBHBIX a3pPOOHBIX JHIO-
cropoobpasyromux G6akrepuit. Ha ocHoBannm ananmsa resa 16SpPHK (16 SpIHK)
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M3Y4YEHO MX HHIOTEHETHYECKOE U TAKCOHOMHUYECKOE pasHoobpasue. CpaBHEHHE MO-
cnenoBarensHocTeit 16Sp/IHK n305TOB ¢ HYKICOTHAHBIMU MOCIIEA0BATEIHHOCTS-
Mmu 0asel qanHbix GenBankd ykaspiBaeT Ha UX MPUHAUISKHOCTH K uimymy Firmi-
cutes k moadunymy Clostridium-Bacillus x rpynne Bacillusc poxcrsenusiMu posa-
mu. M3omstel otHecensl Kk 11 Bumam msitu poxos: Bacillus, Geobacillus, Sporosar-
cina, Paenibacillus, ThermoactinomyceéBepmoduibsras 3H10CIOpOOOpa3yOIIast
MHKpOGIopa MeHee pa3sHOOOpa3Ha B TEIIOM HCTOYHHKE M BKIIFOYACT BHABI POLOB
Bacillusu Thermoactinomyces momunupoBanuem mpenacraButeneii poga Bacillus
IMpencraButenu poxa GeobacilluStoMUHEPYIOT B rOpsiYeM HCTOYHHMKE, COCTABIISS B
nenoM 50% o6HapyKeHHBIX H30JIATOB.

Teomepmanvrvie ucmounuxu — mepmogunvi— Bacillusu podcmeennvie poovr —
cexsenc 2ena 16SpPHK (16Sp/JHK) — ¢unocenus

Microbial ecology of geothermal springs locateddifferent parts of the world
has been arising interest of scientists duringl#éis¢ decades [5, 10, 12, 19]. Natural
geothermal springs are primarily associated witttorgically active zones. Numerous
warm and hot mineral springs of different geoteitamigin and with different physical-
chemical properties are found in Armenia, where@ence of recent active volcanism is
still noticeable [1].

Thermophilic microorganisms are not grouped inseparate taxonomic unit, but
appear in various taxonomic groups and at varitwy$ogenetic distances throughout the
taxonomic system [2, 5, 9, 17]. RepresentativethefgenusBacillus and related genera
have been shown to be the thermophilic aerobes fremgiently isolated from terrestrial
geothermal water environments [10, 12, 23]. Nuna¢ritassification based on a series
of phenetic characteristics is used for identifmatand classification of bacilli [14, 21].
At the present, the phylogenetic approacBagillusand related genera taxonomy is ac-
complished mainly by analysis of 16S rRNA genesS(iIBNA) [8, 16, 20, 25].

Distribution of some groups of extremophilic bddill different natural habitats
(mainly in soils) and investigation of their biokewlogical potential have appeared the
basic directions of microbiological research in Ama [6]. In this context, geothermal
springs located in Armenia represent unique nativabitats of the thermophilic
microbes. Recently, distribution of cultivable agimothermophilic endospore-forming
bacteria in some geothermal springs of Armenia wasglied and characterized
tentatively based on the phenotypic features [3]e Ppresent study reports on the
phylogenetic diversity of cultivable thermophilierabic chemoorganotrophic endo-
spore-forming bacteria isolated from earlier unstigated warm (Akhourik) and hot
(Arzakan) geothermal springs of Armenia based an dhalysis of their 16S rRNA
genes.

Materials and MethodsSampling and physical-chemical measuremente location of
warm (Akhourik) and hot (Arzakan) geothermal mines@rings of Armenia was determined using
GPS technology. Water temperature and pH were me@dsu situ using a portative combined
pH/EC/TDS/Temperature tester (HANNA HI98129/HI981L.3Water and sediment samples of the
studied springs were collected in sterile bottled enaintained on ice until processed. Sampling
and all physical-chemical measurements were mablewember 2008.

Enrichment experiments and microscopy enrich aerobic thermophilic bacteria, filtrate
of water (1l filtered through 0.4 um membrane f#)eand sediment (1g) samples were inoculated
in Nutrient Broth (Difco) and incubated overnights®, 60 and 65°C with shaking at 240 rpm. Be-
fore inoculation, all samples were treated at 88%C10 min to isolate the endospore-forming
microorganisms only [4]. Cultures were further fiad by streaking samples on the same medium
supplemented with agar (2%, w/v). All colonies abta on plates were picked and purified by
streaking onto the same medium at least three tifffes subcultures purity, cell morphology, spo-
rulation and motility were determined by phase-casit microscopy (Nikon, Eclipse E400 light
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microscope) of freshly prepared wet mounts. Colamyrphology, Gram reaction, thermophilic
growth and catalase activity of all isolates wersie¢d using the commonly accepted methods [4].

Nucleic acid extraction and polymerase chain reatt{PCR).DNA was extracted from
pure isolates using GenEluteTM Bacterial GenomicADNt (Sigma) according to the manufac-
turer's recommendations and used as a templatdenPCR assays. 16S rRNA genes were
amplified using universal primer pairs 27f (5-GAGIGATCCTGGCTCA-3") and 1525r
(5'-GAAAGGAGGAGATCCAGCC-3') Escherichia colinumbering) [18].

PCR mixtures used for amplification of sequencestained 10 ng DNA, 5 ul 20PCR
buffer, 5 ul 10 mM dNTP (dATP, dGTP, dCTP and dT,TP)ul each primer (25 pmol/ul),
1,5 mM MgC}, 0,2 ulTag DNA polymerase, 2 p0.1% bovine serum albumin, and sterile water
up to the final volume of 50 pl. PCR amplificatiamas completed using a DNAEngine
thermocycler (BIO RAD). First, the templates weemnaturized for 3 min at 96°C, then 30 cycles
of the following steps were completed: denaturafian30 s at 96°C for, annealing for 30 s at
55°C, and extension at 2.5 min at 72°C. The 3Cesywkre followed by a final 10 min extension at
72°C. PCR products were viewed under UV light afstandard ethidium bromide gel
electrophoresis.

Sequencing and phylogenetic analy$%CR products were purified using GenEluteTM
PCR Clean-up Kit (Sigma) according to the manufitss recommendations, and were
sequenced with 27f primer. Sequencing was perfororech ABI PRISM capillary sequencer
according to the protocol of the ABI Prism BigDyerminator kit (Perkin Elmer) [11].

A nucleotide BLAST search was performed in ordeolttain information on the phyloge-
netically closest relative [7, 29]. The assemblé& tRNA gene sequence was aligned with a re-
presentative set of 16S rRNA gene sequences olthimm the GenBank database. The sequences
were edited and aligned with EditSeq and MegAligihasergene software package (DNASTAR
program). The alignments were initially done witle CLUSTAL W program option in MegAlign
and were manually adjusted. Phylogenetic trees \gererated using a neighbor-joining tree-
building algorithm. Confidence in the branching mei was determined by bootstrap analysis
(1000 replicates) [15].

Results and Discussiortudy sites and physical-ochemical analysis of rgaet
mal waters.The warm geothermal spring (Akhourik) is locatedhes coordinates of 40°
44' 34.04 N, 43° 46' 53.95E, up to 1469 m high above the sea level, anddrapera-
ture in the range of 28.4-32.0°C, pH 6.2. The legitigermal spring (Arzakan) is located
at the coordinates of 40° 27' 36: 10, 44° 36' 17.76E, up to 1490 m high above the sea
level, and has temperature »#4°C, pH 7.0-7.2. Despite the varying physical-cioam
properties of the thermal springs used for the $imgpthey belong to the category of
hot springs from low-temperature fields and arerati@rized by neutral to alkaline pH
and high concentration of dissolved minerals argkgaThe hot spring is related to the
hydrocarbonate sodium class of mineral springs %28 HCQ™ and >20% is N3,
while the warm spring is related to the hydrocadiersulphate sodium-magnesium
class (>20% are HCOand S@Q, >20% are Naand Md@") [1].

Taxonomic affiliation and phylogenetic relationshipf isolatesCollected water
and adjacent sediment samples were analyzed toaeahe total thermophilic aerobic
endospore-forming bacterial abundance. In totalaérbbic thermophilic strains from
the hot spring and 5 aerobic thermophilic straimenf the warm one were isolated and
identified. These strains were all rod-shaped (wétkception of one, which was
spherical), Gram-positive, endospore-forming anthleae-positive bacteria related to
the phylumFirmicutes

According to the Bergey's Manual of Systematic Baotogy [13], the phyloge-
netic classification schemes placed the two mastprent types of endospore-forming
bacteria, clostridia and bacilli, in two differentasses of the phylurkirmicutes -
Clostridia (mainly anaerobes) arilacilli (mainly aerobes). Cla®3acilli includes the
order Bacillales and 10 families (such asAlicyclobacillaceae, Bacillaceae,
Paenibacillaceae, Planococcaceae, Sporolactobawglése, Thermoactinomycetaceae
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and others). The familBacillaceaeis systematically and phylogenetically diverseotax
that is presently being re-evaluated. Molecular otepmic methods, based on
comparative analysis of small-subunit-ribosomal Rike sequences, have had a huge
impact on the classification of these organismg] #we number of taxa, including
thermophiles, has increased greatly [8, 16]. Culyethe Bacillaceaefamily has more
than 40 new genera of the same leveBasillus [13]. Considering this large number of
novel endospore forming bacteria, the new terrBatillus-like genera was introduced
[12, 27]. Aerobic spore-forming thermophilic Grarositive rods isolated from hot
springs and related habitats are also taxonomickgrse. Thermophilic aerobic spore-
forming bacteria having growth optima in the tengpere range of 45 to >70°C are
classified into the several genera, includBevibacillus, Alicyclobacillus, Anoxyba-
cillus, Ureibacillus, Geobacillus, BacillusndThermoactinomycgg0].

The aim of the present study is to reveal the gstetic diversity of isolated
thermophilic aerobic endospore-forming bacteriaedasn their 16S rRNA gene ana-
lysis. For this purpose, 16S rRNA genes from theeagxed DNA of each isolate were
successfully amplified by PCR and further sequenéetiomology search was carried
out by using the basic BLASTN search program aiNG&| web site [28].

BLAST results for the isolates, based on 16S rRMAegsequences for identification
of the closest relatives in the GenBank databaseeported in Table 1. The correlation of
the generated 16S rRNA gene sequences of theesoléth the ones stored in the GenBank
database indicates that they all belon@lmstridium-Bacillussubphylum group ofBacillus
like genera distributed in four familie®acillaceae (generaBacillus and Geobacillug,
Paenibacillaceae (genus Paenibacilluy, Planococcaceae(genus Sporosarcing and
Thermoactinomycetaceggenus Thermoactinomycgs They are closely related with the
members of eleven species of five genBiillus (B. pumilus, B. murimartini, B. licheni-
formis and B. simpl@xGeobacillus(G. stearothermophilus, G. caldoxylosilyticus G. ther-
modenitrificansand G. toebi), Sporosarcina sp.,Paenibacillus sand Thermoactino-
myces sp.

Among the described species, the closest relatifesolates ArzA-8, ArzA-33
and ArzA-33a weréeG. toebii with the sequence homology rates of 97, 99 and,99%
respectively. Successive analysis of the amplifié8 rRNA gene revealed phylogenetic
relationship of isolate ArzA-7 tdGeobacillus sp.(99%, 810 bp), ArzA-6 toG.
thermodenitrificang98%), ArzA-11 toG. stearothermophilug99%) and ArzA-3 tdG.
caldoxylosilyticus(96%, 500 bp). Isolates ArzA-4 had identical 16SNfsequences
with 99% identity to the 16S rDNA from. licheniformis while other isolates (ArzA-2,
ArzA-10 and ArzA-13a) shared a significant simitar{96-98%) toB. simplex The
isolate ArzA-5 exhibited 98% similarity by 16S rRNgene (955 bp) t®aenibacillus
sp. Another one, ArzA-13, had the 16S rRNA gene (91 bighly similar to
Sporosarcina sp(98%).

The phylogenetic tree based on comparative stidiegeen the 16S rDNA sequ-
ences (>700 bp) of isolates obtained from water aadiments of the Arzakan
geothermal mineral spring, on one hand, and a teelazumber of membeBacillus,
Geobacillus, SporosarcinandPaenibacillusavailable in GenBank, on the other hand, is
shown in Figure 1 (a). The phylogenetic tree comdirthat isolates ArzA-6, ArzA-7,
ArzA-8, ArzA-11, ArzA-33 and ArzA-33a constitute @art of the cluster within the
thermophilic group of bacilli (genuSeobacillu3. The resulting tree reveals two groups
containingBacillus species. The isolate ArzaA-9 is related to theigréhe members of
which were closely similar t@®. simplex,in spite of the fact that the sequences the
isolate produced had the closest match Witinicutesbacterium EU810844 (98%, 955
bp). Additional phenotypic and genotypic analyses reecessary to confirm taxonomic
affiliation of this isolate. Each of the other twevealed clusters contained species from
two different generaRaenibacillusandSporosarcina
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Table 1. BLAST results on bacterial 16S rRNA gesguences for
identification of the closest relatives in the GenB database

c 9 Isolates Closest match % of
B T (temperature of Taxonomic affiliation, Phylotype identity
'8 ° § isolation, T°C) accession no.
ArzA-2 (50) B. simplexAY833099 99
ArzA-3 (65) G. caldoxylosilyticu$J823099 96
ArzA-4 (50) B. licheniformisFJ435674 99
ArzA-5 (50) Paenibacillus spDQ497239 97
ArzA-6 (65) G. thermodenitrifican$J823098 98
= ArzA-7 (65) Geobacillus sp EU093964 99
< ArzA-8 (65) G. toehiiGQ487459 97
N ArzA-9 (60) Firmicutesbacterium EU810844 98
< ArzA-10 (60) B. simplexGU048877 98
ArzA-11 (60) G. stearothermophiludY608948 99
ArzA-13 (50) Sporosarcina spDQ227775 98
ArzA-13a* (50) | B. simplexAY833099 96
ArzA-33 (65) G. toebiiAB116120 99
ArzA-33a* (65) | G. toebiiAB116120 99
o AkhA-1 (50) B. pumilusFJ237277 99
E AkhA-12 (60) Thermoactinomyces spB362275 97
8 AkhA-14 (50) B. licheniformisEF427891 97
if AkhA-14a* (50) Uncultured bacterium EU773370 97
AkhA-15 (50) B. murimartiniAJ316316 99

*|solates designated as Arz13 and Arz13a, Arz33Amn83a, Arz14 and
Arz14a were obtained from the same enrichmentsfrbur different plates.

As shown in Table 1, the majority of isolates frahe warm spring shared
significant similarity (97-99%) tdBacillus by their 16S rDNA sequences. The 16S
rDNA sequence of isolate ArzA-12 was identical (97845 bp) to the sequences of
Thermoactinomycesp.

The phylogenetic tree built to demonstrate thetialahip between the retrieved
16S rDNA sequences for the Akhourik spring andrtbkisest relatives from GenBank
is shown in Figure 1 (b). According to the presdntiendrogram, the genacillus
appears heterogeneous. The four bacilli isolatedestributed among the three distinct
groups (with the closest relatives Bf licheniformis B. pumilus and B. murimartinj
respectively). A separate group contains AkhA-THlze 16S rDNA sequence of isolate
AkhA-14a was affiliated (97%, 725 bp) with uncultdrrepresentatives of the Domain
Bacterig but showed less than 95% similarity whcillus sp This suggests that isolate
AkhA-14a may appear to be a novel bacterial species

As shown on the dendrogramm in Figure 1 (b), tieeeseparate cluster that con-
tains representatives of thermoactinomyces. Acagrdd earlier reports based on 16S
rRNA gene sequence analysis [2Bhermoactinomyces more closely related tBa-
cillus species than to actinomycetdhermoactinomycespecies produce endospores
like bacilli, are aerobic, Gram-positive and thetaberant. Yoon and Park [26] suggest
that genu§ hermoactinomyceshould be placed within the famiBacillaceae

Therefore, thermophilic microflora in the Akhouriknineral spring is
taxonomically less diverse than in the ArzakanrgpriAll isolates detected in the warm
spring were thermotolerant ones and included reptatives of only two genera -
Bacillus and Thermoactinomyces with prevailing content adBacillus composing 80%
of the isolates in totaBacillusand Geobacilluswith their 5 and 7 isolates, respectively,
were the predominant genera in the hot spring.
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Fig. 1. Phylogenetic tree based on the comparative stubietween 16S rDNA

sequences of the isolates obtained from Arzakana(a) Akhourik (b) geothermal
mineral springs, on one hand, and selected membér8acillus, Geobacillus,

Sporosarcina, PaenibacilliendThermoactinomycesvailable in GenBank, on the other
hand. Scale bar corresponds to one nucleotideitutist per 100 nucleotides.
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From the metabolic point of view, gen@eobacillusincludes chemoorgano-
trophic, aerobic or facultative aerobic (oxygeritaselectron acceptor is in some species
replaceable by nitrate) obligatory thermophiles, [2@]. In total, 50% of the isolates
detected in the hot spring samples are most clastifed to members of the genus
Geobacillus which are known to thrive in similar habitats [1¥]. Representatives of
G. toebii are the most distributed obligate thermophilesttia studied hot spring.
Abundance of geobacilli is in agreement with terapee regime of the studied thermal
spring & 44°C). All isolates from the hot spring that beleddo the genuBacillus were
thermotolerant microorganisms among whiclsimplexappeared as the dominating species.

Although representatives of the gendétaenibacillus, Thermoactinomycesd
Sporosarcinare commonly considered the species most frequisaiigted from similar
habitats [12, 23, 25, 26], both springs samplethia study demonstrated significantly
lower content of these species.

As part of microbial communities, thermophilic esgore-forming bacteria
presumably have significant contribution in formithge composition of mineral waters,
and promote normal course of geochemical circutationder extreme temperature con-
ditions. Moreover, apart from the thermal condiiprabiotic factors such as pH,
dissolved gases ¢1CO,, H,S, CH,) and high mineralization could act as limiting
factors for microbial diversity and biomass [22fedent studies have also highlighted
that other factors such as biogeography and gemlbgistory can also be important in
determining the thermophilic diversity in geothetmsgrings [24].

The results obtained in this study show the impaaof further investigation of
the phylogenetic diversity of microbes in geothdrepings to discover and isolate new
thermophilic species.
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