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Anoxybacillus karvacharensis sp. nov., a novel thermophilic
bacterium isolated from the Karvachar geothermal spring

in Nagorno-Karabakh

Hovik Panosyan', Armine Margaryan' and Nils-Kare Birkeland?*

Abstract

Twelve thermophilic Anoxybacillus strains were isolated from sediment and water samples from a Karvachar hot spring
located in the northern part of Nagorno-Karabakh. Based on phenotypic, chemotaxonomic and phylogenetic character-
istics, one of the isolates, designated strain K17, was studied in detail. The cells are straight, motile rods that are 0.2—
0.4x2.3-7.2 um in size. The strain is a Gram-stain-positive, moderately thermophilic facultative anaerobe with an optimum
growth temperature of 60-65°Cand a growth temperature range of 45-70°C. Growth of strain K17 was observed at pH
6-11 (optimum, pH 8-9) and was inhibited in the presence of NaCl concentrations above 2.5% (optimum, 1-1.5%). The
isolate could utilize a wide variety of carbon sources, including D-arabinose, D-ribose, b-galactose, b-fructose, b-mannitol,
maltose, aesculin, melibiose, sucrose, trehalose, raffinose, amidone, glycogen, turanose, b-lyxose, D-tagatose, potassium
gluconate and 2-keto-gluconate. The strain was able to hydrolyse starch, casein and gelatin, was positive for oxidase and
catalase, and reduced nitrate to nitrite, but was negative for H,S production. Production of urease and indole was not
observed. The major cellular fatty acids were C,, iso, C,,  and C,, iso (52.5 13.6 and 19.6% of total fatty acids, respec-
tively). Strain K17 shares >99% 16S rRNA sequence similarity and a genomic average nucleotide identity value of 94.5%
with its closest relative, Anoxybacillus flavithermus DSM 26417, suggesting that it represents a separate and novel species,
for which the name Anoxybacillus karvacharensis sp. nov. is proposed. The type strain of Anoxybacillus karvacharensis is K17

(=DSM 106524T=KCTC 158077).

INTRODUCTION

Thermophilic microbes have developed unique adaptations
to high temperatures and represent important bioresources
for thermostable enzymes and processes. Among the bacilli,
representatives of the thermophilic genus Anoxybacillus are
frequently isolated from terrestrial high-temperature habi-
tats. The type species of the genus Anoxybacillus, Anoxyba-
cillus pushchinoensis DSM 12423, was first described by
Pikuta et al. in 2000 [1]. Despite the name given to the
genus, which suggests that they are microbes that thrive
under anoxic conditions, many aerobic and aerotolerant or
facultative anaerobic anoxybacilli have been isolated and
described [2, 3]. The number of Anoxybacillus species has
rapidly increased over the last decade and, at the time of

writing, Anoxybacillus contains 23 validly described species
and two subspecies [1, 4-22]. All species belonging to the
genus Anoxybacillus are rod-shaped, spore-forming ther-
mophiles, or moderate thermophiles, and share common
ecological characteristics.

Two species, Anoxybacillus contaminans and Anoxybacillus
caldiproteolyticus have been isolated from contaminated
gelatin batches and sewage sludge, respectively [5, 15].
Another species, Anoxybacillus tepidamans, has been
isolated from sugar beet extraction juice [15]. Several
species have been isolated from heated soil samples. Two
other species, Anoxybacillus calidus and Anoxybacillus
salavatliensis, have been isolated from soil of thermal
power plant and high-temperature well-pipeline sediment
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samples in Turkey [14, 20]. Anoxybacillus geothermalis has
been isolated from mineral deposits in a geothermal station
[18], while Anoxybacillus amylolyticus was isolated from
geothermal soil located on Mount Rittmann in Antarctica

[9].

The majority of Anoxybacillus species have been isolated
from hot springs worldwide. Anoxybacillus flavithermus
(Anoxybacillus flavithermus subsp. flavithermus) was
isolated from a hot spring in New Zealand [1, 23], while
Anoxybacillus voinovskiensis and Anoxybacillus kamchat-
kensis were isolated from a hot spring on the Kamchatka
Peninsula in Russia [6, 8]. Biogeography and geological
history have a strong influence on the structure of micro-
bial diversity in geothermal springs. Many Anoxybacillus
species have been isolated from geothermal springs located
in different regions of the Alpine-Himalayan orogenic belt.
Anoxybacillus gonensis, Anoxybacillus ayderensis, Anoxyba-
cillus kestanbolensis and Anoxybacillus kaynarcensis were
isolated from the Gonen, Ayder, Kestanbol and Kaynarca
hot springs in Turkey, respectively [4, 7, 16]. Anoxybacillus
rupiensis and Anoxybacillus bogrovensis were isolated
from hot springs in the region of Rupi Basin and Dolni
Bogrov in Bulgaria [10, 11]. Anoxybacillus vitaminiphilus,
Anoxybacillus eryuanensis and Anoxybacillus tengchon-
gensis, Anoxybacillus sediminis, as well as Anoxybacillus
flavithermus subsp. yunnanensis, were isolated from
hot springs in the regions of Puge, Eryuan, Tengchong,
Tibet and Yunnan in China, respectively [13, 17, 19, 21].
Anoxybacillus mongoliensis [12] and Anoxybacillus ther-
marum [22] were isolated from the alkaline hot spring
Tsenher, in Central Mongolia, and from thermal mud of
the Euganean hot springs in Italy, respectively. Presum-
ably, plate tectonics, geographic distance and isolation can
cause biogeographical structuring, and drive speciation
and evolution among prokaryotes, as previously shown for
other terrestrial hot spring microbiota [24, 25]. Among the
lesser-known high-altitude geothermal springs on Earth,
the thermal springs located in the Lesser Caucasus moun-
tain range are natural reservoirs of as-yet-undescribed
microbial resources. These observations inspired us to
explore the microbial diversity in the Armenian Highland,
which is part of the Alpine-Himalayan orogenic belt [26].
In the present study, we report the isolation and complete
polyphasic taxonomic characterization (including whole
genome analysis and phylogenetic, chemotaxonomic,
physiological and biochemical profiles) of a novel alkali-
tolerant thermophilic, facultative anaerobic Anoxybacillus
strain, K17, which was isolated from a geothermal spring
in Karvachar, Nagorno-Karabakh. Based on its genotypic
and phenotypic properties, it is proposed that strain K1”
represents a novel species of the genus Anoxybacillus.

ISOLATION AND ECOLOGY

Combined water-sediment slurry samples were collected
from a high-elevation geothermal spring at Karvachar
(40° 17" 41.00" N, 46° 27’ 50.00" E, at 1584 m altitude),

Nagorno-Karabakh (Fig. S1, available in the online version
of thisarticle) in August 2016. Temperature, pH and conduc-
tivity were measured in situ using a portable combined pH/
EC/TDS/ temperature tester (HANNA HI98129/HI98130).
The temperature of the sampling site was 70 °C. The spring
water was circumneutral (pH 7.3) and showed relatively
high mineralization (4600 uS cm™). No specific permis-
sions were required for the sample collection from the
geothermal spring. All samples were kept in sterilized
thermostatic flasks to maintain the habitat temperature
and were transported to the laboratory. Before inoculation,
all samples were pasteurized at 80 °C for 10 min to enrich
for endospore-forming bacilli. Samples were enriched in
nutrient broth (NB; Difco; pH 7.0) and incubated overnight
with shaking at 250 r.p.m. and 60 °C. Turbid cultures were
serially diluted and streaked onto nutrient agar (NA) plates
to obtain separate colonies. All plates were incubated at
60°C until visible colonies formed. Distinctive colonies
were picked and subcultured by streaking onto the same
medium several times to obtain pure isolates. The cultures
were considered pure when only one morphological type
of bacterium was observed by phase-contrast microscopy.

Twelve white/cream, smooth surface and circular colonies
were selected for 16S rRNA sequence analysis, as described
below, to determine their phylogenetic classifications. The
16S rRNA gene sequence similarities between the selected
strains K1, K-1, K-33, K-35, K-80, K-83, K-97, K-98, K-99,
K-QB2, KS-1 and KV-1 with those available in the GenBank
database were between 98.0 and 99.9% (Table S1). Because
of its high amylase activity [26], strain K1 was selected for
turther characterization.

16S rRNA GENE PHYLOGENY

Genomic DNA was extracted from a pure culture using
a GenElute Bacterial Genomic DNA Kit (Sigma-Aldrich),
according to the manufacturer’s instructions. The 16S rRNA
gene was selectively amplified using a universal bacterial
primer set, 16SF (5'-GAGTTTGATCCTTGGCTCAG-
3') and 16SR (5-GAAAGGAGGTGATCCAGCC-3)
[27] corresponding to positions 27 to 1525 of the 16S
rRNA gene of Escherichia coli. PCR reaction mixtures,
with a final volume of 50 ul, contained 10 ng DNA, 10 ul
5xOneTaq standard reaction buffer, 0.2 mM dNTP mix,
0.2 uM of each primer and 0.2 ul OneTag DNA polymerase
(BioLabs). Amplification was performed using an initial
denaturation at 94°C for 5min, followed by 30 cycles of
denaturation at 94°C for 30, annealing at 54°C for 40s,
extension at 68 °C for 1 min, and a final extension at 68 °C
for 5min. The reaction was subsequently cooled to 4°C.
The PCR products were purified using the GenElute PCR
Cleanup Kit (Sigma). Sanger sequencing of the amplicons
was performed on an ABI PRISM capillary sequencer using
the ABI Prism Big-Dye Terminator kit (Perkin Elmer) at the
University of Bergen Sequencing Facility. The 16S rRNA
gene sequence of strain K1' was deposited in GenBank
under the accession number MK418417, and was compared
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Fig. 1. Phylogenetic tree based on 16S rRNA gene sequences of strains K17 and K-99 (shown in bold) and representatives of all currently
validly described species of the genus Anoxybacillus, inferred using the NJ method. Gaps and missing data were excluded. The optimal
tree with the sum of branch length of 0.31395809 is shown. Accession numbers are shown in brackets. Bootstrap values (=50%) based
on 1000 iterations are shown as percentages at the nodes. Bar, 0.01 nucleotide substitutions per site. Evolutionary analyses were
conducted in MEGA X [28]. The tree was rooted with Geobacillus and Parageobacillus 16S rRNA gene sequences.

with available 16S rRNA gene sequences of cultured species
deposited in GenBank using the BLAST algorithm. Phyloge-
netic analysis was performed using the neighbour-joining
(NJ) and maximum-likelihood (ML) methods in MEGA X
software [28]. Bootstrap analysis, based on 1000 replicates,
was conducted to obtain confidence levels for the branches.
The sequence of 1550 bases of the 16S rRNA gene of strain
K1" showed high sequence similarity to members of the
genus Anoxybacillus. Strain K1" had 99.81% similarity to A.
flavithermus DSM 2641". A lower degree of similarity was
found to other species of the genus Anoxybacillus. Strain
K17 is therefore a member of the genus Anoxybacillus,
its closest relative being A. flavithermus DSM 2641". The
phylogenetic tree revealed distinct clustering of K17 and
K99, forming a separate lineage with high confidence with
A. flavithermus DSM 2641" and A. flavithermus subsp.
yunnanensis DSM 23293 as closest neighbours (Fig. 1). In
addition, phylogenetic analysis was performed using the
ML method (Fig. S2), supporting the NJ-based branching
order. Strain K99 was indistinguishable from K17 at the 16S

RNA gene sequence level, but differed from K17 in that it
was unable to utilize starch and casein. A. flavithermus DSM
2641" was used as the reference strain for further analyses.

GENOME FEATURES

Whole-genome shotgun sequencing was performed using
Ilumina paired-end technology at Eurofins Genomics,
Germany (www.gatc-biotech.com). The sequence data
were assembled using CLC Genome Workbench software.
Annotation was performed using RAsT (http://rast.nmpdr.
org/) and the NCBI prokaryotic annotation pipeline (www.
ncbi.nlm.nih.gov/genome/annotation_prok/). The whole-
genome shotgun project has been deposited in GenBank
under the accession number MQADO00000000. A draft
genome sequence of approximately 2.7 Mb distributed onto
59 contigs was produced. The draft genome contained 2689
predicted-coding genes, 115 pseudogenes and two CRISPR
arrays (Table 1), with a completeness of 99.34% according
to a CheckM analysis as implemented in KBase (https://
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Table 1. Genome features and statistics of strain K17

GenBank accession MQADO00000000
No. contigs 59

No. base pairs 2722200
Genome coverage 1500x

G+C content (mol%) 41.6

No. rRNAs 5,4, 1 (58S, 16S, 23S)
No. tRNAs 64
No. genes (total) 2883

No. CRISPRs Two arrays, 68 spacers

*Assessed by CRISPRCasFinder (https://crisprcas.i2bc.paris-
saclay.fr/CrisprCasFinder/Index).

www.kbase.us/). Strain K17 shares 99.81% 16S rRNA gene
sequence similarity and a genomic average nucleotide iden-
tity (ANI) value of 94.5% (two-way ANI), according to the
ANI Calculator (http://enve-omics.ce.gatech.edu/ani/), with
its closest relative, A. flavithermus DSM 26417 (accession no.
CP020815.1). Pairwise genome sequence similarities were
calculated using the in silico Genome-to-Genome Distance
Calculator and revealed 60.1% overall genome similarity
(using formula 2) between K1* and strain DSM 26417 (Table
S2). These genomic DNA relatedness values are well below
the threshold values recommended for the separation of
novel bacterial species [29, 30]. For some species, e.g. A.
eryuanensis vs. A. tengchongensis and A. aydarensis vs. A.
kamchatkensis the pairwise digital DNA-DNA hybridization
values were considerably higher (72.5 and 78.5%, respec-
tively). Strain K17 can thus be considered as a separate
species in the genus Anoxybacillus. This is also supported by

a genome-based phylogenetic tree including all the closest
genome neighbours (Fig. 2) showing a clustering of strain
K1T and DSM 2641" and confident separation from all
other Anoxybacillus species. A circular representation of the
genome of strain K1" compared with that of Anoxybacillus
flavithermus DSM2641" is shown in Fig. 3 and shows a large
number of scattered small non-homologous regions, some of
which represent genomic islands and strongly G+C biased
regions in the reference strain, commonly indicating later-
ally transferred genes. The G+C content of strain K17 was
41.6mol%, which is within the 41.4-42.0 mol% range of its
closest relatives in Fig. 2.

MORPHOLOGY, PHYSIOLOGY AND
CHEMOTAXONOMY

After 24h of growth on NA, colonies of strain K17 were
2-3mm in diameter, cream-coloured, smooth and circular
with regular round edges. K1* did not form pigmented (yellow)
colonies, unlike A. flavithermus DSM 26417, when cultivated
on agar or in liquid NB medium (Fig. S3), suggesting a lack of
carotenoids. The morphological properties of strain K17 were
determined using light microscopy and scanning electron
microscopy. In the exponential growth phase, most of the cells
occurred singly. Endospore formation was verified by light
microscopy in both liquid and solid media. Gram-positive
staining was confirmed using standard Gram’s reaction.
Motility was observed using oil immersion phase-contrast
microscopy. The rod-shaped cells were 2.3-7.2 um long and
0.2-0.4pm wide with ellipsoidal subterminal endospores
located in swollen sporangia (Fig. S4). The motility of strain
K1* was observed by phase-contrast microscopy and was
confirmed by the identification of flagellar gene clusters (in
total, 39 operons and regulatory genes distributed within
contigs 8, 11, 24 and 31).

100

A. karvacharensis K17

A. flavithermus DSM 26417

A. flavithermus subsp. yunnanensis DSM 23293
A. tengchongensis DSM 232117

is DSM 232127

A.ery
A. mongoliensis DSM 191697
A. thermarum DSM 171417

69 E A. ayderensis DSM 101127
97 A. kamchatkensis DSM 149887

100

A. gonensis NCIMB 139337

A. pushchinoensis DSM 124237
is DSM 171277

A. rupic

Fig. 2. Phylogenomic tree of A. karvacharensis strain K17 and related Anoxybacillus type strains. The tree was inferred with FastME 2.1.6.1
[34] from genome BLAST distance phylogeny (GBDP) distances calculated from genome sequences using the TYGS server (https://
tygs.dsmz.de) [35]. The branch lengths are scaled in terms of GBDP distance formula d5. The numbers at branches are GBDP pseudo-
bootstrap support values 264 % from 100 replications with an average branch support of 97.7%. The tree was rooted at the midpoint [36].
Genome sequence accession numbers are as follows: A. flavithermus, CP020815.1; A. flavithermus subsp. yunnanensis, GCA_000753835;
A. tengchongensis, JACHES000000000.1; A. mongoliensis, JACHEQO00000000.1; A. pushchinoensis, NZ_F0JQ00000000; A. thermarum,
JXTHO0000000.1; A. ayderensis, JXTGO0000000.1; A. kamchatkensis, JACDUV000000000.1, A. eryuanensis, Gp0456347; A. gonensis,

CP012152.1; A. rupiensis, Gp0401003.
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Fig. 3. Circular representation of the genome of strain K1" compared to A. flavithermus DSM26417 as a reference. The rings were made
using the BLAST Ring Image Generator (BRIG) server [37]. Rings from inside to outside: (1) G+C content (black); 2) GC skew (-, purple;
+, green); (3) A. flavithermus strain DSM2641T; (4) A. karvacharensis strain K17, (5) the position of the nine rRNA operons (blue arcs)
and the 12 genomic islands (red arcs) in the reference strain genome. Genomic islands were predicted by using IslandViewer 4 (www.

pathogenomics.sfu.ca/islandviewer/).

The physiological and biochemical characteristics of the
isolate were investigated as described by Smibert and Krieg
[31]. Each experiment was performed in triplicates. The range
and optimal values of growth at different temperatures, pH
values and salinities were determined by measuring the
optical density spectrophotometrically at A=540nm. The
temperature range for growth was determined by incubating
the strain in NB at 5°C temperature intervals, ranging from
30 to 80°C with shaking. The effect of pH on growth was
determined at optimal growth temperature in the pH range
5.0-12.0, with 0.5 pH increments. The pH values of the media
were adjusted with either 1 M NaOH or 1 M HCI at room
temperature. Strain K17 grew between 45-70 °C, with optimal
growth at 60-65°C, and at pH 6.0-11.0, with optimum
growth at pH 8-9. The growth characteristics indicated that
strain K17 is an alkali-tolerant moderate thermophile. The
effect of salinity was also determined by growing K1" in the
medium containing 0.5% peptone, 0.5% yeast extract and

supplemented with 0.5-5% (w/v) NaCl at intervals of 0.5%,
compared to a control broth without NaCl supplementation,
and at optimal growth temperature and pH. The growth of
strain K1" was optimal at 1-1.5% NaCl and was inhibited at
NacCl concentrations above 2.5%. Growth occurred in the
absence of NaCl.

Anaerobic growth was observed in NA stab culture tubes
incubated at optimal growth conditions (60 °C, pH 8.0) and
covered with a paraffin film to reduce oxygen diffusion.
Growth under strict anaerobic conditions in a serum flask
with a mineral salt freshwater medium supplemented with
0.2% glucose (w/v) and reduced with sulfide was also demon-
strated. Based on its ability to grow under both anaerobic and
aerobic conditions, strain K17 can be classified as a faculta-
tive anaerobe. The shortest doubling time for the strain was
30 min under optimal conditions for growth.
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Table 2. Differential phenotypic characteristics of strain K17 and related species from the genus Anoxybacillus

Strain: 1, K17, 2, A. flavithermus subsp. flavithermus DSM 26417 [1]; 3, A. flavithermus subsp. yunnanensis KCTC 13759" [19]; 4, A. gonensis NCIMB 139717
[4]; 5, Anoxybacillus, salavatliensis DSM 226267 [20]; 6, A. kamchatkensis JW/VK-KG4T [8]; 7, A. tengchongensis KCTC 137217 [13]; 8, A. eryuanensis KCTC
137207 [13]; 9, A. pushchinoensis DSM 124237 [1, 38]. A. flavithermus DSM 26417 was used as a reference strain. FA, facultative anaerobe; A, aerobe; AA,
aerotolerant anaerobe; E, ellipsoidal; S, spherical; O, oval; T, terminal; ST, subterminal; VP, Voges—Proskauer; +, positive; -, negative; ND, not detected

or no data.
Characteristics 1* 2% 3 4 5 6 7 8 9
Size (um), long/wide 2.3-7.2/ 2.3-7.1/ 1.2-7.0/ 5.0/ 2.34/ 2.5-8.8/1.0 4.5-5.5/ 4.5-4.7/ 2.5-3.0/
0.2-0.4 0.85 0.4-0.7 0.75 0.71 0.6-1.2 0.5-0.7 0.4-0.5
Motility + + + + + + + + -
Spore shape E S E N E (¢] E E N
Spore location ST T T T T T T T T
O, requirement FA FA FA FA FA FA FA FA FA/AA
Temperature range (°C) 45-70 30-72 30-66 40-70 37-69 37-66 30-75 35-70 37-65
(optimum) (60-65) (60) (60) (55-60) (60) (57-62) (50) (55) (62)
pH range 6.0-11.0 6-9.0 5.5-10.0 6.0-10.0 6.0-10.0 5.7-9.9 7.0-11.0 7.0-11.0 8.0-10.5
(optimum) (8.0-9.0) (7.0) (7.0-7.5) (7.5-8.0) (8.0) (6.8-8.5) (8.5) (8.0) (9.5-9.7)
NaCl tolerance 2.5 2.5 35 4 4.5 ND 4 3 3
(%, w/v) (1.0-1.5) (0.5) (0.3) (2.0) (2) (ND) (1.5) (0.5) (0.5-1.0)
(optimum)
Catalase + + + + + - + + -
Oxidase + + ND + + - + + ND
VP test - + ND ND - ND ND ND ND
Nitrate reduction + + - + + ND + - +
Utilization of:
D-Glucose + + + + + + + + +
L-Arabinose - + + - - - ND ND -
D-Mannitol + + + + + + + + -
Maltose + + + ND + + + + ND
p-Ribose + + - ND ND - ND ND -
p-Galactose + - + ND + + ND ND -
p-Fructose + - - ND + + + + +
D-Xylose - - + + - - - - -
D-Sorbitol - + ND ND - - ND ND -
Hydrolysis of:
Starch + + - + + - + + +
Casein + + ND - - - ND ND -
Gelatin + - - + + - + + -

*Data obtained in this study.

The ability to utilize various substrates (glucose, arabinose,
mannitol, maltose, sucrose, lactose, ribose, galactose, fruc-
tose, xylose, sorbitol and citrate) as carbon and energy sources
was examined in a minimal liquid salt medium consisting of
(g1"): K,HPO,, 2.6; KH,PO,, 0.8; KNO,, 5.0; NaCl 5.0; and
MgSO,, 0.5. Carbohydrates were added at a final concentra-
tion of 1% (w/v). Gas production and acid formation were
tested using a medium containing (g 1'): carbohydrates, 10;

(NH4)2HPO4, 1; KClL, 0.2; MgSO,-7H,0, 0.2; and yeast extract,
0.2, with the addition of 15ml of a 0.04% (w/v) solution of
bromocresol purple. In addition, the use of carbon sources
was assessed using an API 50 CHB strip (bioMerieux).

The strain was positive for gas and acid formation from
D-glucose and could utilize a wide range of carbon sources
including p-arabinose, D-ribose, D-galactose, p-fructose,
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D-mannitol, maltose, aesculin, melibiose, sucrose, trehalose,
raffinose, amidone, glycogen, turanose, D-lyxose, D-tagatose,
potassium gluconate and 2-keto-gluconate (Tables 2 and
S3). The following carbon sources were not assimilated
according to the API 50 CHB strips: glycerol, erythritol,
L-arabinose, D-xylose, L-xylose, D-adonitol, D-mannose,
L-sorbose, L-rhamnose, dulcitol, inositol, b-sorbitol, methyl
o-D-mannopyranoside, methyl o-D-glucopyranoside,
N-acetylglucosamine, amygdalin, arbutin, salicin, cellobiose,
lactose, inulin, b-melezitose, xylitol, gentiobiose, b-fucose,
L-fucose, D-arabitol, L-arabitol and 5-keto-gluconate (Table
S3).

A range of hydrolytic enzyme activities was tested. Starch
hydrolysis was tested by flooding cultures onto solid enrich-
ment medium containing 0.2% (w/v) starch with Lugol’s
iodine solution (2% KI and 1% I, in dH,O). For assessing
casein hydrolysis, a solid minimal medium with an equal
quantity of skimmed milk was used. For assessing gelatin
hydrolysis, 1% (w/v) gelatin was used in minimal medium.
Lipolytic activity was assessed using a minimal medium
containing 1% Tween 40 (v/v) as the carbon source. Strain
K1" was positive for gelatin liquefaction and hydrolysis
of casein and starch but was negative for lipolytic activity.
Catalase activity was tested using 3% (w/v) H,O, by assessing
bubble production. Oxidase activity was assessed using 1%
(w/v) N,N,N,N-tetramethyl-p-phenylenediamine. The strain
was both catalase- and oxidase-positive. Nitrate reduction to
nitrite, Voges—Proskauer (VP) reaction, production of H S
and indole, utilization of citrate, p-galactosidase, arginine
dihydrolase, lysine decarboxylase, ornithine decarboxylase,
urease and tryptophan deaminase activities were tested using
an API 20 E strip, according to the manufacturer’s instruc-
tions (bioMérieux). The strain was capable of reducing nitrate
to nitrite but was negative for the VP reaction. The strain
was not able to produce urease, H_S, or indole. According
to the API 50 CHB strip, the strain was negative for arginine
dihydrolase, lysine decarboxylase, ornithine decarboxylase
and tryptophan deaminase, but positive for p-galactosidase.
The reference strain A. flavithermus DSM 2641T was positive
for arginine dihydrolase, B-galactosidase, lysine decarboxy-
lase and tryptophan deaminase, but negative for ornithine
decarboxylase [23].

Although strain K17 shared common properties with other
members of the genus Anoxybacillus, it was distinguishable
from its closest relatives by certain phenotypic characteristics.
The specific physiological properties differentiating strain
K1" from its most closely related type strain, A. flavithermus
(A. flavithermus subsp. flavithermus) DSM 26417, include:
(1) lack of pigmentation, (2) endospore shape and location
(ellipsoidal subterminal), (3) a more restricted temperature
range for growth, (4) alkaline-tolerance, (5) -galactosidase
positivity, (6) spectrum of carbon and nitrogen source utiliza-
tion (e.g. hydrolysis of gelatin), and (7) a negative VP test
(Table 2).

According to the API 50 CHB strip, the two strains differed
in the use of 17 carbon sources (Table S3). Strain K17 also

differs from A. flavithermus subsp. yunnanensis by cell size,
endospore shape and location, more restricted temperature
and pH range for growth, NaCl tolerance, ability to reduce
nitrate, and to hydrolyse starch and casein (Table 2). A disc
diffusion test was performed on NA plates to determine the
antimicrobial susceptibility of strain K1'. Antimicrobial
susceptibility test discs (HiMedia) of the following antibi-
otics were used: ciprofloxacin (5ug), doxycycline (30 ug),
erythromycin (15 pg), ampicillin (10 ug), kanamycin (30 pg),
gentamycin (10 ug), tetracycline (30 pg), streptomycin (10 pg),
penicillin (6 ug), trimethoprim (5pg), imipenem (10 pg),
furadonin (300 pg), ceftriaxone (30pg), cefoxitin (30 ug),
amoxicillin/clavulanic acid (20/10 pg) and sulfamethoxazole
(100 ug). The strain was sensitive to all antibiotics tested.

Cellular fatty acid composition was determined at the Leibniz
Institute DSMZ-German Collection of Microorganisms and
Cell Cultures. Fatty acid methyl esters (FAMEs) were obtained
from freeze-dried cell pellets by saponification, methylation
and extraction using a previously described method with
minor modifications [32, 33]. The FAME mixtures were
analysed using the Sherlock Microbial Identification System
(m1D1, Microbial ID), which consists of an Agilent model
6890N gas chromatograph fitted with a 5% phenyl-methyl
silicone capillary column (0.2 mmxx25m), a flame ionization
detector and an Agilent model 7683 A automatic sampler, and
then identified using the miDI database. Peaks were automati-
cally integrated, and fatty acid names and percentages were
calculated using MIS Standard Software (Microbial ID). The
gas chromatographic parameters were as follows: carrier gas,
ultra-high-purity hydrogen; column head pressure, 60 kPa;
injection volume, 2 pl; column split ratio, 100:1; septum purge,
5ml min™'; column temperature, 170-270°C at 5°C min™;
injection port temperature, 240 °C; and detector tempera-
ture, 300 °C. The fatty acid analysis revealed that strain K1*
synthesized mainly iso- and anteiso-branched saturated fatty
acids, similar to other thermophilic Bacillus and Geobacillus
species. The FAME profiles of K1* showed that the main fatty
acids were C . iso (52.02%), followed by C _ iso (19.09%)

15:0 17:0

and C, (13.15%) (Table S4). Iso-branched saturated fatty
acids were dominant, accounting for more than 84% of the
total cellular fatty acids. This finding is in agreement with
the general features of the fatty acid profiles of recognized
Anoxybacillus species. The contents of fatty acids with longer
chains for strain K17 were as follows: C,_(13.15%), C, __iso

16:0 16:0
(3.83%), C._ (0.48%), C __iso (19.09%) and C _ _ anteiso

(4.62%). H(1)7\}3ever, lower awnioounts of shorter fatty 2117cﬁoids, such
asC, (1.90%), C,,  iso (0.25%), C,, , (0.4%), C,,  iso 3-OH
(0.31%) and C ,  anteiso (2.18%) were also observed. In
contrast to other Anoxybacillus species, strain K1" contained

low amounts of C_, iso 3-OH (0.31%) and C,,_ w9c¢ (1.01%).

14:0 18:1

According to the 16S rRNA gene sequence analysis, strain K17
is closely related to A. flavithermus DSM 2641" and A. kestanbo-
lensis NCIMB 13971". DNA-DNA relatedness and phenotypic
differences indicate that the isolate is distinct from these related
strains, and therefore represents a novel species of the genus
Anoxybacillus. Therefore, we propose the name Anoxybacillus
karvacharensis sp. nov. for this novel isolate.
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PROTOLOGUE

Based on the results of morphological, physiological chemo-
taxonomic and phylogenetic analyses, strain K1* belongs
to the genus Anoxybacillus and represents a novel species,
for which the name Anoxybacillus karvacharensis sp. nov. is
proposed.

DESCRIPTION OF ANOXYBACILLUS
KARVACHARENSIS SP. NOV.

Anoxybacillus karvacharensis [kar.va.cha.ren” sis. N.L. masc.
adj. karvacharensis, pertaining to Karvachar, which is a
geothermal spring in the province of Shahumyan, Nagorno
Karabakh (Republic of Artsakh), where the type strain was
isolated].

Cells are Gram-stain-positive, rod-shaped, occurring singly
or in short chains, motile and 0.2-0.4x2.3-7.2 um in size.
Subterminal ellipsoidal endospores were formed. Colonies
are 2-3 mm in diameter, cream-coloured, and regular in shape
with round edges. The strain is moderately thermophilic,
facultatively anaerobic and alkali-tolerant. The temperature
range for growth is 45-70°C, with an optimum temperature
range of 60-65°C. The pH range for growth is pH 6.0-11.0,
with an optimal pH of 8.0-9.0. Growth occurs at NaCl
concentrations of up to 2.5%. The strain is catalase- and
oxidase-positive. The isolate is able to utilize a wide variety of
carbon sources including D-arabinose, D-ribose, D-galactose,
D-fructose, D-mannitol, maltose, aesculin, melibiose, sucrose,
trehalose, raffinose, amidone, glycogen, turanose, D-lyxose,
D-tagatose, potassium gluconate and 2-keto-gluconate.
Starch, casein and gelatin are hydrolysed by the strain, but
Tween 40 is not. Nitrate is reduced to nitrite, but the strain is
negative for H,S production. The strain is negative in the VP
test. Urease, dihydroxyacetone and indole are not produced.
Arginine di-hydrolase, lysine decarboxylase, ornithine
decarboxylase and tryptophan deaminase tests are negative,
but the B-galactosidase test is positive. The fatty acid profile
contains C, iso, C  and C _  iso as major components.
Growth is inhibited in the presence of ciprofloxacin (5 pg),
doxycycline (30 pug), erythromycin (15 pg), ampicillin (10 pg),
kanamycin (30 pug), gentamycin (10 ug), tetracycline (30 ug),
streptomycin (10 pg), penicillin (6 ug), trimethoprim (5 pg),
imipenem (10 pg), furadonin (300 ug), ceftriaxone (30 ug),
cefoxitin (30 ug), amoxicillin/clavulanic acid (20/10 pg) and
sulfamethoxazole (100 pg).

The genomic G+C content of K1" is 41.6mol%. The type
strain, K17 (=DSM 106524"=KCTC 15807"), was isolated
from the Karvachar geothermal spring, Nagorno Karabakh.

Funding information

This work was supported by the RA MES State Committee of Science,
within the scope of the research projects No. 15 T-F399 and 18
T-1F261, as well as grants from the Norwegian Agency for International
Cooperation and Quality Enhancement in Higher Education (CPEA-
LT-2016/10095 and CPEA-LT-2017/10061).

Acknowledgements
We are grateful to the Molecular Imaging Center at the University of
Bergen for performing the electron microscopy.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
1. Pikuta E, Lysenko A, Chuvilskaya N, Mendrock U, Hippe H, et al.
Anoxybacillus pushchinensis gen. nov., sp nov., a novel anaerobic,
alkaliphilic, moderately thermophilic bacterium from manure, and
description of Anoxybacillus falvithermus comb. nov. Int J Syst Evol
Microbiol 2000;50 Pt 6:2109-2117.

2. Goh KM, Gan HM, Chan K-G, Chan GF, Shahar S, et al. Analysis
of anoxybacillus genomes from the aspects of lifestyle adapta-
tions, prophage diversity, and carbohydrate metabolism. PLoS One
2014;9:90549.

3. Margaryan A, Shahinyan G, Hovhannisyan P, Panosyan H,
Birkeland NK, et al. Geobacillus and Anoxybacillus spp. From Terres-
trial Geothermal Springs Worldwide: Diversity and Biotechnological
Applications. Singapore: Springer; 2018.

4. Belduz AO, Dulger S, Demirbag Z. Anoxybacillus gonensis sp. nov.,
a moderately thermophilic, xylose-utilizing, endospore-forming
bacterium. Int J Syst Evol Microbiol 2003;53:1315-1320.

5. De Clerck E, Rodriguez-Diaz M, Vanhoutte T, Heyrman J, Logan NA,
et al. Anoxybacillus contaminans sp. nov. and Bacillus gelatini sp.
nov., isolated from contaminated gelatin batches. Int J Syst Evol
Microbiol 2004;54:941-946.

6. Yumoto |, Hirota K, Kawahara T, Nodasaka Y, Okuyama H, et al.
Anoxybacillus voinovskiensis sp. nov., a moderately thermophilic
bacterium from a hot spring in Kamchatka. Int J Syst Evol Microbiol
2004;54:1239-1242.

7. Dulger S, Demirbag Z, Belduz AO. Anoxybacillus ayderensis sp. nov.
and Anoxybacillus kestanbolensis sp. nov. Int J Syst Evol Microbiol
2004;54:1499-1503.

8. Kevbrin VV, Zengler K, Lysenko AM, Wiegel J. Anoxybacillus
kamchatkensis sp. nov., a novel thermophilic facultative aerobic
bacterium with a broad pH optimum from the Geyser valley,
Kamchatka. Extremophiles 2005;9:391-398.

9. Poli A, Esposito E, Lama L, Orlando P, Nicolaus G, et al. Anoxy-
bacillus amylolyticus sp. nov., a thermophilic amylase producing
bacterium isolated from Mount Rittmann (Antarctica). Syst Appl
Microbiol 2006;29:300-307.

10. Derekova A, Sjoholm C, Mandeva R, Kambourova M. Anoxybacillus
rupiensis sp. nov., a novel thermophilic bacterium isolated from
Rupi basin (Bulgaria). Extremophiles 2007;11:577-583.

11. Atanassova M, Derekova A, Mandeva R, Sjoholm C, Kambourova M.
Anoxybacillus bogrovensis sp. nov., a novel. thermophilic bacterium
isolated from a hot spring in Dolni Bogrov, Bulgaria. Int J Syst Evol
Microbiol 2008;58:2359-2362.

12. Namsaraev ZB, Babasanova OB, Dunaevsky YE, Akimov VN,
Barkhutova DD, et al. Anoxybacillus mongoliensis sp. nov., a novel
thermophilic proteinase producing bacterium isolated from alka-
line hot spring, Central Mongolia. Mikrobiologiia 2010;79:491-499.

13. Zhang C-M, Huang X-W, Pan W-Z, Zhang J, Wei K-B, et al. Anoxy-
bacillus tengchongensis sp. nov. and Anoxybacillus eryuanensis
sp. nov., facultatively anaerobic, alkalitolerant bacteria from hot
springs. Int J Syst Evol Microbiol 2011;61:118-122.

14. Cihan AC, Cokmus C, Koc M, Ozcan B. Anoxybacillus calidus sp.
nov., a thermophilic bacterium isolated from soil near a thermal
power plant. Int J Syst Evol Microbiol 2014;64:211-219.

15. Coorevits A, Dinsdale AE, Halket G, Lebbe L, De Vos P, et al.
Taxonomic revision of the genus Geobacillus: emendation of
Geobacillus, G. stearothermophilus, G. jurassicus, G. toebii, G. ther-
modenitrificans and G. thermoglucosidans (nom. corrig., formerly
Thermoglucosidasius); transfer of Bacillus thermantarcticus to
the genus as G. thermantarcticus comb. nov.; proposal of Caldi-
bacillus debilis gen. nov., comb. nov.; transfer of G. tepidamans
to Anoxybacillus as A. tepidamans comb. nov.; and proposal of


http://doi.org/10.1601/nm.5012
http://doi.org/10.1601/nm.5012
http://doi.org/10.1601/nm.5012
http://doi.org/10.1601/nm.5012

Panosyan et al., Int. J. Syst. Evol. Microbiol. 2021;71:005035

20.

21.

22.

23.

24,

25.

26.

Anoxybacillus caldiproteolyticus sp. nov. Int J Syst Evol Microbiol
2012;62:1470-1485.

Inan K, Belduz AO, Canakci S. Anoxybacillus kaynarcensis sp. nov.,
a moderately thermophilic, xylanase producing bacterium. J Basic
Microbiol 2013;53:410-419.

Zhang XQ, Zhang ZL, Wu N, Zhu XF, Wu M. Anoxybacillus vitamin-
iphilus sp. nov., a strictly aerobic and moderately thermophilic
bacterium isolated from a hot spring. Int J Syst Evol Microbiol
2013;63:4064-4071.

Filippidou S, Jaussi M, Junier T, Wunderlin T, Jeanneret N, et al.
Anoxybacillus geothermalis sp. nov., a facultatively anaerobic,
endospore-forming bacterium isolated from mineral deposits in a
geothermal station. Int J Syst Evol Microbiol 2016;66:2944-2951.

Dai J,LiuY,LeiY,GaoY, Han F, et al. A new subspecies of Anoxyba-
cillus flavithermus ssp. yunnanensis ssp. nov. with very high ethanol
tolerance. FEMS Microbiol Lett 2011;320:72-78.

Cihan AC, Ozcan B, Cokmus C. Anoxybacillus salavatliensis sp. nov.,
an o-glucosidase producing, thermophilic bacterium isolated from
Salavatli, Turkey. JBM 2011;51:136—-146.

Khan IU, Habib N, Xiao M, Devi AM, Habib M, et al. Anoxybacillus sedi-
minis sp. nov., a novel moderately thermophilic bacterium isolated
from a hot spring. Antonie van Leeuwenhoek 2018;111:2275-2282.

Poli A, Romano |, Cordella P, Orlando P, Nicolaus B, et al. Anoxyba-
cillus thermarum sp. nov., a novel thermophilic bacterium isolated
from thermal mud in Euganean hot springs, Abano Terme, Italy.
Extremophiles 2009;13:867-874.

Heinen W, Lauwers AM, Mulders. JWM Bacillus flavothermus, a
newly isolated facultative thermophile. Antonie van Leeuwenhoek
1982;48:265-272.

Reno ML, Held NL, Fields CJ, Burke PV, Whitaker RJ. Biogeog-
raphy of the Sulfolobus islandicus pan-genome. Proc Natl Acad Sci
2009;106:8605-8610.

Erikstad H-A, Ceballos RM, Smestad NB, Birkeland N-K. Global
biogeographic distribution patterns of thermoacidophilic verru-
comicrobia methanotrophs suggest allopatric evolution. Front
Microbiol 2019;10:1129.

Panosyan H, Margaryan A, Birkeland N-K. Geothermal springs in
Armenia and Nagorno-Karabakh: potential sources of hydrolase-
producing thermophilic bacilli. Extremophiles 2020;24:519-53625.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Rainey FA, Dorsch M, Morgan HW, Stackebrandt E. 16S rDNA anal-
ysis of Spirochaeta-Thermophila - Its phylogenetic position and
implications for the systematics of the order Spirochaetales. Syst
Appl Microbiol 1992;15:197-202.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular
Evolutionary Genetics Analysis across computing platforms. Mol
Biol Evol 2018;35:1547-1549.

Stackebrandt E, Frederiksen W, Garrity GM, Grimont PAD,
KampferP,etal.Reportoftheadhoccommittee for the re-evaluation
of the species definition in bacteriology. Int J Syst Evol Microbiol
2002;52:1043-1047.

Chun J,0ren A, Ventosa A, Christensen H, Arahal DR, et al. Proposed
minimal standards for the use of genome data for the taxonomy of
prokaryotes. Int J Syst Evol Microbiol 2018;68:461-466.

Smibert RM, Krieg NR, et al. General characterization. Gerhardt
P, Murray R, Costilow R, Nester E and Wood W (eds). In: Manual
of Methods for General Microbiology. Washington, DC: American
Society for Microbiology; 1981. pp. 409-443.

Kuykendall LD, Roy MA, Oneill JJ, Fatty-Acids DTE. Antibiotic-
resistance, and deoxyribonucleic-acid homology groups of
Bradyrhizobium-Japonicum. Int J Syst Bacteriol 1988;38:358-361.

Miller LT. Single derivatization method for routine analysis of
bacterial whole-cell fatty acid methyl esters, including hydroxy
acids. J Clin Microbiol 1982;16:584-586.

Lefort V, Desper R, Gascuel 0. FastME 2.0: a comprehensive, accu-
rate, and fast distance-based phylogeny inference program. Mol
Biol Evol 2015;32:2798-2800.

Meier-Kolthoff JP, Goker M. TYGS is an automated high-throughput
platform for state-of-the-art genome-based taxonomy. Nat
Commun 2019;10:2182.

Farris JS. Estimating phylogenetic trees from distance matrices.
The American Naturalist 1972;106:645-668.

Alikhan NF, Petty NK, Ben Zakour NL, Beatson SA. BLAST Ring
Image Generator (BRIG): simple prokaryote genome comparisons.
BMC Genomics 2011;12:402.

Pikuta E, Cleland D, Tang J. Aerobic growth of Anoxybacillus
pushchinoensis K1(T): emended descriptions of A. pushchi-
noensis and the genus Anoxybacillus. Int J Syst Evol Microbiol
2003;53:1561-1562.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

the world.

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.



	﻿Anoxybacillus karvacharensis﻿ sp. nov., a novel thermophilic bacterium isolated from the Karvachar geothermal spring in Nagorno-­Karabakh
	Abstract
	Introduction
	Isolation and ecology
	16S ﻿r﻿RNA gene phylogeny
	Genome features
	Morphology, physiology and chemotaxonomy
	Protologue
	Description of ﻿﻿﻿Anoxybacillus﻿﻿ karvacharensis﻿ sp. nov.
	References


