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Bacillus kyonggiensis sp. nov., Isolated from Soil of a Lettuce Field
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A Gram-positive, rod-shaped, motile, endospore-forming bacterial strain, designated NB22", was isolated
from soil of a lettuce field in Kyonggi province, South Korea, and was characterized by using a polyphasic
taxonomic approach. This novel isolate grew optimally at 30-37°C and pH 8-9. It grew in the presence
of 0-4% NaCl (optimum, 1-2%). Comparative 16S rRNA gene sequence analysis showed that strain NB22"
was closely related to members of the genus Bacillus and fell within a coherent cluster comprising B. siralis
171544" (98.1%) and B. korlensis ZLC-26" (97.3%). The levels of 16S rRNA gene sequence similariq; with
respect to other Bacillus species with validly published names were less than 96.4%. Strain NB22  had
a genomic DNA G+C content of 36.3 mol% and the predominant respiratory quinone was MK-7. The
peptidoglycan contained meso-diaminopimelic acid. The major cellular fatty acids were iso-Cjs., anteiso-Cis.o,
Ci40, and Cigo. These chemotaxonomic results supported the affiliation of strain NB22" to the genus Bacillus,
and the low DNA-DNA relatedness values and distinguishing phenotypic characteristics allowed genotypic
and phenotypic differentiation of strain NB22" from recognized Bacillus species. On the basis of the evidence
presented, strain NB22" is considered to represent a novel species of the genus Bacillus, for which the
name Bacillus kyonggiensis sp. nov. is proposed. The type strain is NB22" (=KEMB 5401-267" =JCM 17569").
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Bacillus species are aerobic, spore-forming, rod-shaped bac-
teria that are ubiquitous in nature. It was first described by
Cohn in 1872, and the number of Bacillus species has fluc-
tuated widely. Currently, many species originally described as
Bacillus have been transferred to related genera. Nevertheless,
the genus Bacillus is still considered to be one of the largest
genera and currently includes more than 200 species (Euzéby,
2008). Bacillus species are used in many medical, pharmaceu-
tical, and industrial processes that take advantage of their wide
range of physiologic characteristics and their ability to produce
a host of enzymes, antibiotics, and other metabolites. Several
species are used as standards in medical and pharmaceutical
assays (Baron, 1996).

During the course of a study on antifungal strains against
Fusarium oxysporum present in a soil sample from a lettuce
field in Kyonggi-do, South Korea, a large number of bacteria
including NB22" were isolated. In this study, we have charac-
terized strain NB22'. On the basis of phenotypic characteristics,
chemotaxonomic data, phylogenetic analysis and DNA-DNA
hybridization, the isolate represents a novel species of the
genus Bacillus.

Material and Methods

Isolation of bacterial strains and culture conditions

Strain NB22" was originally isolated from a soil sample from a lettuce
field in Kyonggi-do, South Korea. The soil sample was thoroughly
suspended in 50 mM phosphate buffer (pH 7.0) and the suspension,
following serial dilution, was then spread onto a tryptic soy agar
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(TSA; Bacto™). The plates were incubated at 28°C for 1 week. Single
colonies on the plates were purified by subculturing. Strain NB22"
was one of the isolates that appeared on the TSA plate under aerobic
conditions. Strain NB22" was routinely cultured on TSA at 28°C and
maintained as a glycerol suspension (20%, v/v) at -70°C. The type
strains of seven Bacillus species used as reference strains included:
Bacillus siralis KACC 11246", B. circulans KACC 14392", B. drentensis
KACC 12118T, B. nealsonii KACC 12124T, and B. pochenonensis KACC
14006, obtained from the Korean Agricultural Culture Collection
(KACC); B. korlensis KCTC 132457, obtained from the Korean
Collection for Type Cultures (KCTC) and B. oceanisediminis JCM
16506", obtained from the Japan Collection of Microorganisms
(JCM).

Phenotypic and biochemical characteristics

Cell morphology and size were examined by using a transmission
electron microscope (JEM 1010; JEOL, Japan), with cells grown for
2 days at 28°C on TSA. Sporulation was induced in a modified
Schaeffer’s medium [KCl 0.1%, MgCl, 0.01%, Ca(NO;), 1.0 mM,
MnCl; 0.01 mM, FeSO4 0.001 mM Nutrient broth 8 g/L] according
to Kempf et al. (2005), and spore morphology was determined after
1 week of incubation by phase-contrast microscopy (BX50 micro-
scope; Olympus, Japan) at x1,000. Motility was tested by culturing
the organism in TSB medium that contained 0.4% agar. The Gram
reaction was carried out according to the classic Gram procedure
described by Doetsch (1981). Growth at different temperatures (4,
10, 15, 20, 25, 30, 37, 42, 50, and 55°C) and various pH values (pH
5.0-12.0; at intervals of 1 pH unit) was assessed after incubation for
up to 5 days. The effect of pH on growth was determined on tryptic
soy broth media using three different buffers (final concentration,
50 mM): acetate buffer (for pH 5.0), phosphate buffer (for pH
6.0-8.0) and Tris buffer (for pH 9.0-12.0). Salt tolerance was tested



on TSA supplemented with 0-10% (w/v) NaCl after 5-day incubation
at 30°C. Growth on nutrient agar, and brain heart infusion (BHI)
agar, were also evaluated at 30°C. The ability to grow under anaerobic
conditions was evaluated by culturing the organisms on a TSA plate
in a sealed container that contained a BBL GasPak anaerobic system
envelope for 1 week at 30°C. Catalase activity was determined by
bubble production in 3% (v/v) H,O»; oxidase activity was determined
using 1% (w/v) tetramethyl-p-phenylenediamine. API 50 CH (with
API 50 CHB/E medium) and API ZYM strips (bioMérieux, France)
were used to determine the activities of constitutive enzymes and other
physiological properties according to the manufacturer’s instructions.

Isopernoid quinones, cellular fatty acids, and polar lipids
Isoprenoid quinone was extracted with chloroform/methanol (2:1, v/v),
evaporated under vacuum conditions and re-extracted in n-hexane/
water (1:1, v/v). The crude n-hexane-quinone solution was purified
using Sep-Pak Vac silica cartridges (Waters, Ireland) and subsequently
analysed using HPLC, as described by Hiraishi et al. (1996). Cellular
fatty acid profiles were determined for strains grown on TSA (for
B. pocheonensis it was R2A agar) for 2 days at 30°C. The cellular
fatty acids were saponified, methylated and extracted according to
the classical protocol of the Shelock Microbial Identification System
(MIDI, Sasser, 1990). The fatty acids were then analysed by gas chro-
matography (HP 6890 series GC system; Hewlett Packard, USA) using
the Microbial Identification software package (vision 6.08, database
TSBAG6). The value range was obtained by duplicate experiments.
The isomer type of diaminopimelic acid in the peptidoglycan was
determined as described by Staneck and Roberts (1974). Polar lipids
of strain NB22" were extracted according to the procedures described
by Minnikin er al. (1984). Extracted lipids were separated by two-di-
mensional TLC and identified by spraying with an appropriate de-
tection reagent (Minnikin et al., 1984; Komagata and Suzuki, 1987).
Ninhydrin reagent (ninhydrin reagent 0.2% solution, Sigma Life
Science) was used to detect free amino-group-containing lipids, zin-
zadze reagent (molybdenum blue spray reagent, 1.3%, Sigma Life
Science, USA) for phosphorus-containing lipids and molybdophosh-
polic acid (phosphomolybdic acid reagent, 20 wt% solution in ethanol,
Sigma-Aldrich, Germany) for total lipids.

Determination of G+C content and DNA-DNA hybridization
For DNA-DNA hybridization experiments and determination of the
DNA G+C content, genomic DNA of strain NB22" and reference
strains were prepared according to a modification of the procedure
of Wilson (1987). The DNA G+C content of strain NB22" was de-
termined by reversed-phase HPLC according to the method of Mesbah
et al. (1989). DNA-DNA hybridization was performed fluorometri-
cally by the method of Ezaki et al. (1989), using photobiotin-labelled
DNA probes and microdilution wells. Hybridization was performed
with five replications for each sample. The highest and lowest values
obtained for each sample were excluded and the means of the re-
maining three values were quoted as DNA-DNA relatedness values.

PCR amplification, 16S rRNA sequencing, and phylogenetic
analysis

For 16S rRNA gene sequencing and phylogenetic analysis, DNA was
extracted using a commercial genomic DNA Extraction kit (Solgent,
Korea) and PCR-mediated amplification of the 16S rRNA gene and
sequencing of the purified PCR product were carried out using the
universal bacterial primer set, 27F and 1492R (Weisburg et al., 1991),
according to Kim et al. (2005). The identification of phylogenetic
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neighbors and the calculation of pairwise 16S rRNA gene sequence
similarities were achieved using the EzTaxon sever (http://www.eztaxon.
org/; Chun et al., 2007). The full sequence of the 16S rRNA gene was
compiled with SeqMan software (DNASTAR Inc., USA). The 16S
rRNA gene sequences of related taxa were obtained from GenBank
and edited using the BioEdit program (Hall, 1999). Multiple align-
ments were performed with the CLUSTAL_X program (Thompson
et al., 1997). Evolutionary distances were calculated using the Kimura
two- parameter model (Kimura, 1983). Phylogenetic trees were con-
structed using the neighbor-joining, maximum likelihood, and maxi-
mum parsimony methods in the MEGAS.03 program (Tamura et al.,
2011) with bootstrap values based on 1,000 replications (Felsenstein,
1985).

The NCBI GenBank/EMBL/DDBIJ accession number for the 16S
rRNA gene sequence of strain NB22" (=KEMB 5401-267" =JCM
17569") is JF896450.

Results and Discussion

Morpholog;cal and phenotypic characteristics

Strain NB22" was found to be Gram-positive, facultative, non-
motile, rod-shaped cells. Central and subterminal ellipsoidal
endospores were observed in swollen sporangia (Fig. 1).
Colonies grown on TSA plates at 30°C for 2 days were round,
smooth, crateriform, light-yellow, and 1.5-3.0 mm in diameter.
Strain NB22" was able to grow within a temperature range
of 15-42°C, but not at 45°C. The optimal temperature was
30-37°C. Growth occurs at pH 7.0-10.0, with optimal growth
at pH 8.0-9.0. Growth occurs in the presence of 0-4% (w/v)
NaCl (optimal, 1-2%). Oxidase and catalase reactions were
positive. Other phenotypic features of strain NB22" are sum-
marized in the species description and a comparison of selec-
tive characteristics with closely related type strains is given
in Table 1.

Cellular fatty acids and isoprenoid quinones

The major fatty acids of strain NB22" were iso-Ciso (27.9%),
anteiso-Cisy (24.2%), Ciao (11.3%), and Cigo (10.3%). As
shown in Table 2, some qualitative and quantitative differ-

A) (B)
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Fig. 1. A phase-contrast photomicrographs showing endospores (A)
and a transmission electron microscope photo (B) of B. kyonggiensis
strain NB22". Bar, 0.5 um. Ellipsoidal endospores are formed sub-
terminally, paracentrally (A).
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Table 1. Different phenotypic characteristics of strain NB22" and some related Bacillus species

Strains: 1, B. kyonggiensis NB22"; 2, B. siralis KACC 11246"; 3, B. korlensis KCTC 13245"; 4, B. circulansis KACC 14392"; 5, B. drentensis
KACC 12118"; 6, B. oceanisediminis JCM 16506"; 7, B. nealsonii KACC 12124"; 8, B. pocheonensis KACC 14006". +, positive; -, negative;
w, weakly positive; v, viriable.

Characteristic 1 2 3 4 5 6 7 8

Motility - - + + + + + -
Gram staining + + + + +/v + + +
Anaerobic growth + - - - + - + -
Optimal growth temperature (°C) 30-37 30 30-37 30 30 37 30-35 25
Growth on

TSA + + + + + + + -

50°C - + - + + - + -

NaCl 5% - + + + + + + +

pH 6 - + + + + + + +
Acid production from

D-Arabinose + - - - - - - -

L-Arabinose - w + + - - + W

Galactose + - + + + - + +

Amygdalin + - + + - - + -

Melibiose - - + + + - + -

Starch + - + + + + w

Gentiobiose + - + + - - + +

Gluconate + - w + - w + -
DNA G+C content (mol%) 36.3 37.7 38.2 35.7 39.4 44.8 ND 449
Isolation source Lettuce field Silage Sand soil Sewage Hay field Marine Spacecraft-  Ginseng

soil soil sediment assembly field soil
facility

Table 2. Fatty acid composition (%) of strain NB22" and related species of the genus Bacillus
Strains: 1, B. kyonggiensis NB22"; 2, B. circulansis KACC 14392"; 3, B. drentensis KACC 12118"; 4, B. korlensis KCTC 13245"; 5, B. nealsonii
KACC 12124T; 6, B. oceanisediminis JCM 16506T; 7, B. pocheonensis KACC 14006T; 8, B. siralis KACC 11246". -, Not detected; Tr, Trace.

Fatty acid 1 2 3 4 5 6 7* 8
Straingt-chain saturated
Ciao 11.3 3.6 Tr 1.2 8.7 6.6 1.5 35
Ciso 10.3 8.1 2.2 3.7 15.9 12.7 2.8 254
Cigo - Tr Tr Tr Tr Tr - 1.2
Branched saturated
i50-Ci3 Tr Tr 1.1 Tr 1.4 Tr - Tr
is0-Cia0 6.4 2.1 14.1 9.9 4.1 3 24.5 53
i50-Cis 279 13 27 40.2 24.5 23.8 15.4 28.7
is0-Cis0 6.2 5.5 4.7 7.3 2.8 2.9 12.9 53
is0-Ci7:0 34 2.4 2.5 54 3.6 1.1 Tr 4
anteiso-Ci3. Tr - Tr - Tr - - -
anteiso-Cisy 24.2 46.6 29.6 8 28.5 22.6 34.8 17.6
anteiso-Ci7. 6.1 13.3 2 2.1 6.8 5 1.8 3.5
Ci50-20H - 1.8 - - - - - -
Monounsaturated
Cis1 olle 1.9 Tr 3.3 6.5 2.4 11.6 1.5 34
Ci61 @7c alcohol Tr Tr 5.4 9.8 Tr 3.4 4.4 Tr
is0-Ci71 @10c - - 3.7 2.3 - 1.1 - Tr
Cis1 @5c¢ - - - - - 1 - -
Summed features™
4 - Tr 1 1 - 3.6 - Tr

* All the strains were grown on TSA plates and incubated at 30°C for 24 h except strain 7, B. pocheonensis KACC 14006", which was grown on the R2A agar.
* Summed features repersent groups of two or three fatty acids that could not be separated by GLC with the MIDI system. Summed feature 4 contained
iso-Ci7.1 I and/or anteiso-Ci71 B.
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Fig. 2. Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences showing the relationships of strain NB22" and related taxa.
Percentage bootstrap values based on 1,000 replications are given at branch points. B. brevis ATCC 8246" (AB2717456) was used as the
outgroup. Bar, 0.01 substitutions per nucleotide position. A filled circle indicates the common nodes recovered from either the maximum-parsi-
mony tree or the maximum-likelihood tree. Filled double circles indicate that, the corresponding nodes were recovered in both the maximum-

parsimony tree and maximum-likelihood tree.

ences in fatty acid contents could be observed between strain
NB22" and closely related species. In particular, in compari-
son with B. siralis KACC 11246', B. korlensis KCTC 13245',
B. circulans KACC 14392", B. drentensis KACC 12118", and
B. pocheonensis KACC 14006", strain NB22" contained larger
amounts of Cisy.

The predominant isoprenoid quinone was MK-7, in agree-
ment with those of numerous species of genus Bacillus (Claus
and Berkeley, 1986).

Phylogenetic analysis

For strain NB22', 1,463 bp of the 16S rRNA gene sequence
were determined. Comparative 16S rRNA gene sequence
analysis showed that strain NB22" was most closely related
to members of the genus Bacillus. Strain NB22" exhibited the
highest 16S rRNA gene sequence similarities to B. siralis
KACC 11246" (98.1%), B. korlensis KCTC 13245" (97.3%),
B. circulans KACC 14392" (97.0%), B. drentensis KACC
12118" (96.9%), B. ocenisediminis JCM 16506" (96.8%), B.
nealsonii KACC 12124" (96.8%), and B. pocheonensis KACC
14006" (96.5%). The 16S rRNA gene sequence similarities

to the type strains of all other Bacillus species with validly
published names were below 96.4%. These data indicate that
strain NB22" is separate from the recognized Bacillus species
other than the seven mentioned above (Stackebrandt and
Goeble, 1994). In the phylogenetic tree based on the neigh-
bor-joining algorithm, strain NB22" fell within a coherent
cluster comprising B. siralis KACC 11246" and B. korlensis
KCTC 13245". The topologies of the phylogenetic trees gen-
erated using the maximum-parsimony and maximum-likelihood
algorithms were somewhat different from that of the tree con-
structed using the neighbor-joining method. Nevertheless,
strain NB22" formed a branch with B. siralis KACC 11246"
and B. korlensis KCTC 13245" in these three phylogenetic
trees. (Fig. 2)

DNA G+C content and DNA-DNA hlybridization
The DNA G+C content of strain NB22" was 36.3 mol%,
which lies within the range observed for members of the ge-
nus Bacillus (Shida et al., 1997).

To differentiate strain NB22" from closely related species,
DNA-DNA hybridization was performed. Levels between
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Fig. 3. Two dimensional thin-layer chromatogram of the polar lipids
of B. kyonggiensis nov. sp NB22". Abbreviations: DPG, diphosphati-
dylglycerol; PG, phosphatidylglycerol; PE, phosphatidylethanola-
mine; PL, unknown phospholipid; APL1-APLS, unknown amino-
phospholipid; L, unknown polar lipid.

strain NB22' and B. siralis KACC 11246 and B. korlensis
KCTC 13245" were 18% and 9%, respectively. These values
indicate that strain NB22" is not related to them at the species
level (Wayne et al., 1987).

Taxonomic conclusion

The phenotypic and phylogenetic characterizations indicated
that strain NB22" belongs to the genus Bacillus. The phyloge-
netic distinctiveness, together with DNA-DNA hybridization
data, confirmed that this strain represents a species that dif-
fers from the recognized Bacillus species. There are some
phenotypic differences between strain NB22" and phyloge-
netically related Bacillus species. Therefore, on the basis of
the data presented, strain NB22" should be classified within
the genus Bacillus as the type strain of a novel species, for
which the name Bacillus kyonggiensis sp. nov., is proposed.

Description of Bacillus kyonggiensis sp. nov.

Bacillus kyonggiensis (ky.ong.gi.en’sis. N.L. masc. adj. kyong-
giensis, pertainging to Kyonggi Province, South Korea from
where the type strain was isolated).

Cells are Gram-positive, rod-shaped, facultative, spore-
forming, non-motile, 1.8-3.0 um long, and 0.5-0.7 pm wide.
Endospores are oval, lie subterminally, occasionally para-cen-
trally, and usually cause the sporangia to swell. Growth occurs
at 15-42°C (optimal, 30-37°C), at pH 7.0-10.0 (optimal, pH
8.0-9.0), and in the presence of 0-4% (w/v) NaCl (optimal,
1-2%). Oxidase- and catalase-positive. Acid is produced from
D-arabinose, amygdalin, arbutin, celiobiose, esculin, ribose,
fructose, galactose, gentiobiose, gluconate, glucose, mannose,
mannitol, maltose, salicin, starch, trehalose, and D-xylose,

and weakly from glycerol, methyl-a-D-glucose, N-acetyl-glu-
cosamine, lactose, rhamnose, and D-turanose, but not from
L-arabinose, D-arabitol, L-arabitol, L-adobitol, dulcitol, ery-
thritol, D-fucose, L-fucose, 2-keto-gluconate, 5-keto-gluco-
nate, glycogen, inositol, inulin, D-lyxose, methyl-a-D-manno-
pyranside, melezitose, melibiose, raffinose, sorbitol, sucrose,
sorbose, D-tagatose, xylitol, xylose or methyl-B-D-xylopyranside.
According to the API ZYM gallery, strain NB22" produces
alkaline phosphatase, a-chymotrypsin, esterase (C4), esterase
lipase (C8), a-glucosidase, f-glucuronidase, naphtol-AS-BI-
phosphohydrolase, but not acid phosphatase, cystine arylami-
dase, o-fucosidase, o-galactosidase, f-glucosidase, N-acetyl-f-
glucosaminidase, lipase (C14), leucine arylamidase, a-manno-
sidase, trypsin or valine arylamidase. The cell wall peptidoglycan
contains meso-diaminopimelic acid. The polar lipid profile is
composed of the major compounds phosphatidylethanolamine,
phosphatidylglycerol, diphosphatidylglycerol, an unkown pho-
spholipid, five kinds of unknown aminophospholipid and a
unknown polar lipid. The predominatant menaquinone is MK-7.
Major fatty acids are iso-Cis,, anteiso-Cis.o, Ciao, and Cieo.
The DNA G+C content of the type strain is 36.3 mol%.
The type strain, NB22' (=KEMB 5401-267" =JCM 17569"),
was isolated from soil of a lettuce field in Kyonggi province,
South Korea.
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