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Abstract Two novel (14BT and 7B) Gram-stain-positive,
rod-shaped, motile and endospore-forming bacterial strains
were isolated from Lonar soda lake, India. Based on 16S
rRNA gene sequence analysis, the strains 14BT and 7B
were identified as belonging to the class Firmibacteria and
were most closely related to Bacillus halodurans LMG
71217 (99.7 and 99.8%, respectively), Bacillus okuhiden-
sis LMG 22468 (99.1 and 99.2%, respectively) and other
members in the genus Bacillus (<97.0%). However, the
DNA-DNA relatedness studies indicated that the strains
14BT and 7B were distantly related to B. halodurans LMG
71217 (49.1 + 0.6 and 45.7 & 0.6, respectively) and B.
okuhidensis LMG 22468 (40.9 4+ 0.9 and 42.1 + 0.5,
respectively). The high 16S rRNA gene sequence similarity
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The EMBL accession numbers for the 16S rRNA gene
sequences of strains 14BT and 7B are LT617054 and LT837688,
respectively. The DPD Taxonumber of the type strain 14B7 is
TA00127.
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(99.9%) and DNA-DNA relatedness (88 + 9) indicated
that strains 14BT and 7B were members of a single species.
The strains grew optimally at a pH of 9.0-9.5 with 2-5%
(w/v) NaCl and temperature of 37 °C. Strains 14BT and 7B
were catalase positive and oxydase negative. The cell wall
of strain 14BT contained meso-diaminopimelic acid as the
diagnostic diamino acid. Polar lipids include diphosphati-
dylglycerol (DPG), phosphatidylglycerol (PG), phosphati-
dylethanolamine (PE), an unknown aminophospholipid
(APL1) and three unknown lipids (L1-3). The predomi-
nant isoprenoid quinone is MK-7. anteiso-Cs.q (30.8%)
was the predominant fatty acid, and significant proportions
of iso-C,s.y (24.9%), iso-C 49 (17.9%) and anteiso-C,q.,
(12.3%) were also detected in strains 14BT and 7B. The
DNA G+C content of strains 14B™ and 7B was 41.6 and
41.3 mol%, respectively. The results of molecular, physi-
ological and biochemical tests allowed a clear differentia-
tion of strains 14BT and 7B from all other members of the
genus Bacillus, for which the name Bacillus alcaliphilum
sp. nov. is proposed. The type strain is 14BT (=KCTC
337777 = CGMCC 1.15474T).

Keywords Bacillus alcaliphilum sp. nov - Polyphasic
taxonomy - Lonar soda lake

Introduction

The cells of the genus Bacillus are rod-shaped, straight
or slightly curved, occurring singly and in pairs, some in
chains and occasionally as long filaments. Endospores are
formed in the cells of the members of the genus Bacillus;
these spores are very resistant to many adverse conditions.
Members of the genus are mostly Gram-stain-positive;
however, they may be Gram-stain-positive only in early
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stages of growth and later exhibit Gram-stain-negative
characteristic. A meso-diaminopimelic acid (m-DAP) direct
murein cross-linkage type is most common, but L-Lys-D-
Glu (Rheims et al. 1999; Nakamura et al. 2002), Orn-p-
Glu (Abd El-Rahman et al. 2002) and L-Orn-p-Asp (Suresh
et al. 2004) have also been occasionally reported. Most
members of the genus are motile by means of peritrichous
or degenerately peritrichous flagella, but sometimes they
are even non-motile. The cells are mostly aerobes or facul-
tative anaerobes, but a few species are described, which are
strictly anaerobic. The terminal electron acceptor is mostly
oxygen, but at times is replaced by alternatives in some
species. The genus members have a wide diversity of phys-
iological abilities, ranging from psychrophilic (e.g. Bacil-
lus insolitus, now reclassified as Psychrobacillus insolitus;
Bacillus psychrosaccharolyticus, etc) to thermophilic (e.g.
Bacillus schlegelii and Bacillus infermus) and acidophilic
(e.g. Bacillus tusciae, now reclassified as Kyrpidia tusciae;
Bacillus acidocaldarius, now reclassified as Alicyclobacil-
lus acidocaldarius; Bacillus acidicola, etc) to alkaliphilic
(e.g. Bacillus alcalophilus; Bacillus algicola and Bacillus
clarkii); some strains are salt tolerant (e.g. Bacillus salitol-
erans and Bacillus solisalsi), and some are halophilic (e.g.
Bacillus taeanensis and Bacillus chungangensis). Catalase
is produced by most species of the genus, but oxydase may
be positive or negative. Members of the genus are predom-
inantly isolated from soil or from environments that may
have been contaminated directly or indirectly by soil, but
also found in water, food and clinical specimens (Logan
and De Vos 2009).

During the study of cultivable bacterial diversity from
the alkalophilic Lonar soda lake, India, strains 14BT and
7B were isolated. The present study focuses on the taxo-
nomic position of the strains 14BT and 7B based upon the
polyphasic approach.

Materials and methods
Isolation and maintenance of cultures

Strains 14B™ and 7B were isolated from the alkaline Lonar
Lake, located at Buldhana, Maharashtra, India (latitude
19°58’, longitude 76°36’), which is a unique basaltic rock
meteorite impact crater, situated in the volcanic Deccan
trap geological region. One gram of air-dried sediment (at
the time of sample collection, the sample had a pH of 10.0,
salinity of 5.0% and temperature of 31 °C) was serially
diluted up to 1073 in sterile saline solution (0.4%, NaCl
solution), and 100 pl of the same was spread on a alkaline
nutrient agar medium (pH 10.0) consisting of (g/L) peptone
(5), NaCl (5), beef extract (1.5), yeast extract (1.5), agar
(15) in 1 1 NaHCO4/Na,CO; buffer (100 mM in deionized
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water). Pure cultures of strains 14BT and 7B were obtained
by repeated streaking of the isolates on alkaline nutrient
agar plates. Pure cultures were then preserved in 15% glyc-
erol stock solution at 4 °C for further use.

Morphological and biochemical characterization

The phenotypic characters of strains 14BT and 7B were
characterized following the minimum standards for describ-
ing new taxa of aerobic, endospore-forming bacteria rec-
ommended by Logan et al. (2009). Morphological proper-
ties, such as cell shape, cell size and motility (hanging drop
method), were observed by phase-contrast light micros-
copy (Magnus MLX). Flagellum staining was performed
as described by Kodaka et al. (1982). The pH (range 6-12,
with an interval of 0.5 were tested with K,HPO,~KH,PO,
buffer for pH 6.0-8, NaHCO;—NaOH buffer for pH 8.5-11
and NaCO;-NaOH buffer for pH 11.5-12). The pH tests
were conducted in triplicate, and the results reported were
an average value of the two highest values found during the
tests. The temperature (0, 4, 10, 16, 20, 28, 35, 37, 40, 45,
50, 55 and 60 °C) and salt concentration (0-25% w/v, with
an interval of 0.5% w/v) ranges for growth were examined
in LB broth medium, and the results were recorded after
48 h of incubation. The tests for temperature and salt con-
centration were performed in the medium emended with
10% Na,COj so as to get pH 9.0. Growth under anaerobic
conditions was determined on modified NA supplemented
with 0.5% (w/v) glucose and with or without 0.1% (w/v)
nitrate using the anaerobic systems (Himedia). Various bio-
chemical tests, such as hydrolysis of starch, tyrosine, xan-
thine, hypoxanthine, casein and gelatin, as well as urease,
nitrate reduction, Voges—Proskauer test, methyl red test,
H,S production, indole production, oxydase and catalase
activities, were carried out as mentioned by Smibert and
Krieg (1981) and Oren et al. (1997) in the alkaline nutri-
ent medium or the specified medium for these tests. In both
media, the buffer was autoclaved separately and added
after sterilization. Utilization of various substrates as sole
carbon and energy sources or carbon, nitrogen and energy
sources was determined using a basal medium with the fol-
lowing composition (g/L): yeast extract, 0.01; KNO3, 1.0;
KH,PO,, 1.0; MgSO, 7H,0, 0.2; (NH,),HPO,, 1.0; NaCl,
80; Na,COj, 20. To this liquid medium, a 0.1% (w/v) filter-
sterilized substrate was added. Carbohydrates were used
at a final concentration of 0.2% (w/v). Antibiotic sensitiv-
ity tests were performed by growing the strain as a lawn
on the alkaline nutrient agar plate and inserting discs con-
taining ciprofloxacin (5 pg), amikacin (30 pg), gentamicin
(120 pg), vancomycin (30 ug), tetracycline (30 ug), chlo-
ramphenicol (20 pg), streptomycin (10 pg), penicillin
(10 pg), ampicillin (30 pg), erythromycin (15 pg), kana-
mycin (30 pg) and nalidixic acid (30 pg). The zone of
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inhibition was measured to identify the antibiotic effect on
the strain.

16S rRNA gene sequencing, phylogenetic analysis,
DNA-DNA relatedness and G+C composition
determination

Genomic DNA was extracted and purified according
to the method of Marmur (1961). The 16S rRNA gene
sequences of strains 14BT and 7B were obtained by PCR
as described earlier (Vishnuvardhan Reddy et al. 2013).
Identification of phylogenetic neighbours and calcula-
tion of pairwise 16S rRNA gene sequence similarity were
achieved using the EzBioCloud server (http://www.ezbio-
cloud.net/; Yoon et al. 2016). The CLUSTAL_W algorithm
of MEGA 5 (Tamura et al. 2011) was used for sequence
alignments and the phylogenetic analysis of the near-
complete (~1450 bp) sequence of the 16S rRNA gene.
Distances were calculated by using the Kimura correction
in a pairwise deletion manner (Kimura 1980). Neighbour-
joining (NJ), minimum evolution (ME), maximum likeli-
hood (ML) and maximum parsimony (MP) methods in
the MEGA 5 software (Tamura et al. 2011) were used to
construct phylogenetic trees. Percentage support values
were obtained using a bootstrap procedure. The taxonomic
relationship between strains 14B™, 7B, B. halodurans
LMG 71217 and B. okuhidensis LMG 22468 was exam-
ined using DNA-DNA hybridization, which was deter-
mined using a membrane filter technique (Tourova and
Antonov 1987), using Nick translation kit (code no. LCK-
1) supplied by BRIT, Jonaki, CCMB campus, Hyderabad.
Hybridization was performed with three replications for
each sample (control: reversal of strains was used for bind-
ing and labelling). a- P3> dCTP was used for labelling the
probe. The DNA immobilized on the blots (nylon mem-
branes) was probed with labelled DNA and then exposed
to phosphor-imaging screen (Amersham Biosciences).
The phosphor-imaging screen was scanned and quantified
using a Typhoon (3480) variable mode imager. The per
cent hybridization is calculated according to the formula:
%Hybridization = (Counts obtained from heterologous
hybridization/counts obtained from homologous
hybridization) x 100. The mol% G+C of the DNA of
strains 14BT and 7B was determined by HPLC (Mesbah
et al. 1989).

Chemotaxonomic characterization

Fatty acids, quinones and polar lipids of strain 14BT and
reference strains were analysed from cells grown in nutri-
ent broth medium at 37 °C with 9.5 pH and 5% (w/v) NaCl.
Cells were harvested by centrifugation (10,000g for 15 min
at 4 °C) on reaching a cell density of 70% of the maximum

optical density (100% = 0.8 OD540), and the lyophilized
pellet was used for analysis. Cellular fatty acids, polar
lipids, quinones and peptidoglycan of strain 14BT and ref-
erence strains were extracted and analysed as described
previously (Reddy et al. 2015).

Results and discussion
Morphological and biochemical characterization

Strains 14BT and 7B form colourless colonies with entire
margin in contrast to B. halodurans LMG 71217 and B.
okuhidensis LMG 22468". Further, the spore shape, posi-
tion and the sporangium type (Table 1) were not similar
to that of the reference strains (Nielsen et al. 1995 and Li
et al. 2002, respectively). The substrates that supported the
growth of the strains and the other biochemical character-
istics of the strains are mentioned in the species descrip-
tion. Strains 14BT and 7B were sensitive to ciprofloxacin
(5 pg), gentamycin (120 pg), vancomycin (30 pg), tetra-
cycline (30 pg), chloramphenicol (20 pg), streptomycin
(10 pg), penicillin (10 pg), ampicillin (30 pg) and resistant
to erythromycin (15 pg), kanamycin (30 pg) and nalidixic
acid (30 pg). However, the two strains varied in their reac-
tion to amikacin (30 pg); strain 14BT was resistant to it,
whereas strain 7B showed sensitivity to this antibiotic. The
differentiating phenotypic properties of strain 14BT from
the related species of the genus Bacillus are summarized in
Table 1.

16S rRNA gene sequencing and phylogenetic analysis

The almost complete 16S rRNA gene sequences (1478
and 1443 bp) of strains 14BT and 7B were obtained. The
results of phylogenetic analysis of the 16S rRNA gene
sequences show that the strains 14BT and 7B form a clus-
ter with their nearest Bacillus neighbours B. halodurans
LMG 71217 and B. okuhidensis LMG 22468 (a com-
posite tree is shown in Fig. 1). EzBioCloud server search
analysis revealed that strains 14BT and 7B were most
closely related to B. halodurans LMG 71217 (99.7 and
99.8%, respectively), B. okuhidensis LMG 224687 (99.1
and 99.2%, respectively) and other members in the genus
Bacillus (<97.0%). Further, the DNA-DNA hybridiza-
tion results suggest that the strains 14BT and 7B are dis-
tantly related to B. halodurans LMG 71217 (49.1 £ 0.6
and 45.7 = 0.6, respectively) and B. okuhidensis LMG
22468" (40.9 + 0.9 and 42.1 + 0.5, respectively), and
the hybridization values are within the recommended
standards to delineate a bacterial species (Stackebrandt
and Goebel 1994; Stackebrandt and Ebers 2006; Meier-
Kolthoff et al. 2013). However, high 16S rRNA gene
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Table 1 Characteristics used to distinguish strain 14BT from the type strains of phylogenetically related Bacillus species

Characteristic 1 2 3
Spore shape Oval Ellipsoidal Ellipsoidal
Spore location T ST T
Sporangium Slightly swollen Swollen Unswollen
NaCl range (%, w/v) 2-24 2-15 2-12
NaCl optimal (%, w/v) 2-5 5-10 5-10
pH range 7.0-10.5 7.0-10.5 6.0-10.5
pH optimal 9.0-9.5 8.0-10.0 9.5
Temp range (°C) 15-50 15-55 30-60
Temp optimal (°C) 37 37 37-45
Oxydase - + +
Catalase + + +
Nitrate reduction + - +
Hydrolysis of
Hippurate - + -
Cellulose + + -
Tween 20 - + -
Gelatin + + +
Urea + - -
Arginine dihydrolase activity + - +
H,S production + - +
Indole production + - +
Voges—Proskauer test + + -
Utilization of
Cellobiose + + +
Sorbitol - - +
L-arabinose + - +
Inositol - + +
Lactose + - +
D-mannose + + -
Raffinose + - +

Major fatty acids

Major polar lipids
G + C content (mol%)

Source

anteiso-Cs., is0-Cys.g, is0-C 4.9,
and anteiso-C ..

DPG, PG, PE, APL1, L1-3

41.6

Soda lake sediment

anteiso-Cs., is0-Cs.q, i50-C .05
iso-C ;.o and anteiso-C,,,

DPG, PG, PE, APL2, L3-4

42.8*

Soil*

Ci¢.0> anteiso-Cs., is0-Cys., iso-
C,3.0.0H and summed feature 4

DPG, PG, PE, APL3, L5-7
41.0*

Hot water from spa®

Strains 1, 14BT; 2, B. halodurans LMG 71217, 3, B. okuhidensis LMG 22468T. “+4 positive; “—" negative

All data were obtained from this study unless indicated otherwise. All strains are endospore-forming, motile, Gram-stain-positive, facultative
anaerobic rods. All strains are positive for hydrolysis of casein, gelatin and starch, but negative for nitrite reduction, methyl red test, hydrolysis
of DNA, activities of phenylalanine deaminase and ornithine decarboxylase. All the strains were able to utilize b-fructose, melibiose, p-salicin,
sucrose and D-xylose. All the strains contained m-Dpm as the diagnostic diamino acid and MK-7 as the major quinone

# Data from Nielsen et al. 1995 and Li et al. 2002, respectively

sequence similarity (99.9%) and DNA-DNA relatedness
(88 + 9) indicated that strains 14BT and 7B were the
members of a single species. The mol% G + C content
of the DNA of strains 14BT and 7B was 41.6 and 41.3%,
respectively, which was similar to that of the nearest phy-

logenetic neighbours.
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Chemotaxonomic characterization

Whole-cell fatty acid analysis of strain 14BT revealed that
anteiso-Cys,, (30.8%) was the predominant fatty acid.
However, significant proportions of iso-C;s., (24.9%),
i50-Cig.o (17.9%) and anteiso-C,,., (12.3%) were also
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Fig. 1 Phylogenetic analysis
of strains 14BT and 7B with
other closely related members
based on 16S rRNA gene
sequences available from the
EMBL database (accession
numbers are given in paren-
theses). Multiple alignments,
distance calculations (distance
options according to the Kimura
two-parameter model) and
clustering with the neighbour-

Bacillus wakoensis N-1T (AB043851)

Bacillus okhensis Kh10-101T (AB043851)
Bacillus akibai 1139 T (AB043858)

Bacillus pseudalcaliphilus DSM 87257 (X76449)
Bacillus hemicellulosilyticus JCM 91527 (BAUU01000088 )
Bacillus ligniniphilus L1T (ANNK01000138)
Bacillus nanhaiisediminis NH3™ (GQ292773)

Bacillus okuhidensis GTC 854" (AB047684)

Bacillus halodurans ATCC 275577 (AB021187)
Bacillus alcaliphilum 7B (LT837688)

Bacillus alcaliphilum sp. nov. 14B" (LT617054)

joining method were performed
by using the software package
MEGA version 5 (Tamura et al.
2011). Bootstrap values based
on 1000 replications are listed
as percentages at the branch-
ing points. Bar 0.01 nucleotide 99
substitutions per nucleotide
position. Black circle indi-
cates that these branches are
clustering similarly in different
algorithms tested

Bacillus gibsonii DSM 87227 (X76446)
Bacillus marmarensis GMBE 727 (EU621902)
Bacillus pseudofirmus DSM 87157 (X76439)

Bacillus wuyishanensis FIAT-172127 (KF040589 )
Bacillus deserti ZLD-8 T (GQ465041)

Bacillus kribbensis BT080T(DQ280367)
Bacillus jeotgali YKJ-10 T (AF221061)
Bacillus thioparans BMP-1T (DQ371431)
Bacillus kyonggiensis NB22T (JF896450)
Bacillus infantis NRRL B-14911T (CP006643)
Bacillus gottheilii WCC 45857 (FN995266)

100 = Bacillus mesophilum TITR-54T (JN210567)

Bacillus kochii WCCT (4582 FN995265)
Bacillus eiseniae A1-2T (HM035089)
Bacillus solani FTAT-18043T (LJIX01000006)
Bacillus dabaoshanensis GSS04T (KJ818278)

100

0.01

Table 2 Fatty acid compositions of strain 14BT and phylogenetically

closely related Bacillus species

Peak name 1 2 3 4
Ciso - - 1.9 1.2
Ciso - - 1.0 1.6
Ciso 35 3.1 3.9 6.6
Ci7o - - - 2.0
Ciso - - - -
iso- Cy3. - - - -
iso- Ci40 4.5 29 13.1 4.8
iso- Cis. 24.9 20.1 22.8 20.5
iso- Ci6.0 17.9 19.1 14.5 49
iso- C79 3.9 2.1 7.5 49
anteiso- Cys. 30.8 34.6 22.6 10.9
anteiso- Cy7, 12.3 154 11.9 -
iso- C,3,,.0H - 1.1 - 21.2
Cig.1 @9c 1.9 1.1 - -
Summed feature 4* - - - 20.9

Data above 5% are shown in bold

Strains 1, 14BT; 2, 7B; 3, B. halodurans LMG 71217; 4, B. okuhiden-
sis LMG 22468". Data are percentages of the total fatty acid content.
— not detected. All data were from this study

* Summed features are groups of two or three fatty acids that can-
not be separated by GLC using the MIDI system. Summed feature 4
comprised iso-C,;. | I and/or anteiso-C;. | B

Paenibacillus polymyxa IAM 134197 (D16276)

detected in strain 14BT (Table 2). Polar lipids of strain
14BT include diphosphatidylglycerol (DPG), phos-
phatidylglycerol (PG), phosphatidylethanolamine (PE),
unknown aminophospholipid (APL1) and three unknown
lipids (L1-3) (Supplementary Fig. S1). These profiles are
somewhat similar to the polar lipid profile of Bacillus
subtilis subsp. subtilis DSM 10T (Kampfer et al. 2006).
Major quinone of strain 14BT is MK-7 (97.5%) with
traces of MK-6 (2.5%). The type species of the genus
Bacillus (Bacillus subtilis subsp. subtilis) also contains
a MK-7 predominant quinone system (Collins and Jones
1980). The peptidoglycan cell-wall amino acids of strain
14BT contain meso-DAP as the diagnostic diamino acid
with the peptidoglycan-type Aly (Schleifer and Kandler
1972) or A31 (Schumann 2011).

Conclusion

The phenotypic and genotypic distinctiveness of strains
14BT and 7B supports the proposal of the isolates as a
new member of the genus Bacillus for which the name
Bacillus alcaliphilum sp. nov. is proposed.

@ Springer
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Description of Bacillus alcaliphilum sp. nov

Bacillus alcaliphilum (al.ca.li.phil’unm. M.L. alcali alkali
[from Arabic al end; galiy soda ash]; Gr. adj. philum loving;
M.L. adj. alcaliphilum liking alkaline media or conditions).

Cells are motile with peritrichous flagella, rod-shaped
[0.3-0.4 ym (w) x 1-5 pum ()], Gram-stain-positive and
terminal oval endospore forming in the slightly swollen
sporangium. Facultative anaerobe. Strain forms colour-
less colonies with entire margins on alkaline nutrient agar.
Positive for nitrate reduction and catalase activities, whereas
oxydase and lipase show negative activity. Growth occurs
between pH 7.0 and 10.5. NaCl is essential for growth; opti-
mum growth occurs at 2-5% and can tolerate up to 24%.
Optimal growth occurs after 3 days of incubation on nutrient
agar at 37 °C and pH 9.0-9.5. Casein, cellulose and starch
are hydrolysed, whereas hippurate, esculin, DNA and Tween
20 are not hydrolysed. Gelatin is liquefied. The indole pro-
duction from tryptophan, VP test and citrate utilization is
positive. Produce H,S and show positive result for arginine
dihydrolase, but, show negative results for phenylalanine
deaminase and ornithine decarboxylase activities. Show neg-
ative result for methyl red test. Acids are not produced from
most of the sole carbon sources tested. But, growth of the
strain is supported by lactose, b-maltose, b-mannitol, cellobi-
ose, D-glucose, sucrose and D-fructose are readily utilized as
the sole carbon source. Ammonium chloride and urea are the
most suitable nitrogen sources, but growth is also observed
with glutamate and aspartate. Major (>5%) fatty acids are
anteiso-Cs.q, i50-Cs., 150-Cis, and anteiso-C,q.,,. Polar
lipids include diphosphatidylglycerol (DPG), phosphatidyl-
glycerol (PG), phosphatidylethanolamine (PE), an unknown
aminophospholipid (APL1) and three unknown lipids (L1-3).
The predominant isoprenoid quinone is MK-7. The DNA G
+ C content of the type strain is 41.6 mol%. Type strain is
14B" (=KCTC 33777" = CGMCC = 1.15474").

The type strain is isolated from a sediment sample of
Lonar Lake, India. An additional strain 7B with almost
similar features and DNA G + C content of 41.3 mol% is
also isolated from the same sediment sample. The addi-
tional strain 7B differed from the type strain 14B™ in ami-
kacin sensitivity, positive lipase activity and inability in
utilization of lactose as a sole carbon source.
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