
Introduction

The genus Bacillus is a large and heterogeneous
collection of aerobic or facultatively anaerobic, rod-
shaped, endospore-forming bacteria that are widely
distributed in the environment. Many kinds of species
belong to this genus, which have acidophilic, alka-
lophilic, thermophilic, or other properties. The reclassi-
fication of genus Bacillus, which began in 1991, re-
vealed at least eight genera: Alicyclobacillus
(Wisotzkey et al., 1992), Aneurinibacillus (Shida et al.,
1996), Bacillus, Brevibacillus (Shida et al., 1995,
1996), Gracilibacillus (Waino et al., 1999), Paenibacil-
lus (Ash et al., 1991, 1993), Salibacillus (Waino et al.,
1999), and Virgibacillus (Heyndrickx et al., 1998).
Since these eight genera consist of more than 100
species that have similar characteristics, identifying

them is difficult.
The identification of Bacillus species has been per-

formed mainly with morphological and physiological
criteria, and this method is widely employed in various
fields. However, the process used requires skillful
techniques and is very complex and time-consuming.
With the advance of genetic engineering, the randomly
amplified polymorphic DNA (RAPD) method (Ya-
mazaki et al., 1997), the hybridization method (Giffel et
al., 1997; Timothy et al., 1994), or restriction mapping
(Ian et al., 1995) were adapted for the identification of
Bacillus species. These methods are effective for iden-
tification or detection among a small number of
species, but they are not suitable for identification
among a large number of species.

Over the years, a sizable database of 16S rRNA
gene (rDNA) has been built, and this has been suc-
cessfully applied in determining phylogenetic relation-
ships or in identifying bacteria. Moreover, it has been
reported that a partial region of 16S rDNA is effective
for the classification and identification of acetic acid
bacteria (Yamada et al., 1997) and Streptomyces
(Kataoka et al., 1997).

In this work, we investigated the identification
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method of Bacillus species by using the partial 16S
rDNA sequence. First, to search the most informative
region of the 16S rDNA, the type strains of 69 Bacillus
species were subjected to a comparison of the 16S
rDNA sequences. The results revealed that the 5� end
region was the hypervariant region (HV region) and
highly specific for each type strain. Furthermore, se-
quence analyses of the HV region from 51 strains be-
longing to four clusters suggested that the HV region
was highly conserved within species. These results
showed that the HV region is a very efficient index for
the rapid identification or grouping of Bacillus species.

Materials and Methods

Strains and culture conditions. The 107 bacterial
strains used in this study were obtained from ATCC
(American Type Culture Collection, Manassas, VA,
USA), DSM (Deutsche Sammlung von Mikroorganis-
men und Zellkulturen GmbH, Braunschweig, Ger-
many), IAM (Institute of Molecular and Cellular Bio-
sciences, The University of Tokyo, Tokyo, Japan), IFO
(Institute for Fermentation, Osaka, Japan), JCM
(Japan Collection of Microorganisms, Saitama, Japan),
NCIMB (The National Collections of Industrial and Ma-
rine Bacteria, Aberdeen, Scotland, UK), NIG (National
Institute of Genetics, Mishima, Shizuoka, Japan), and
NRRL (Agricultural Research Service Culture Collec-
tion, Peoria, IL, USA). These bacteria were cultivated
by the methods recommended in the ATCC, DSM,
IAM, IFO, JCM, NCIMB, NIG, and NRRL strain cata-
logues. The type strain of B. anthracis was not ob-
tained because of its pathogenicity, so the 16S rDNA
sequence of B. anthracisT (accession number X55059)
was used in this work. A bacterial cell of B. ther-
moamylovorans CNCM I-1378T (Collection Nationale
de Cultures de Microorganisms) was not obtained, but
chromosomal DNA of the strain was kindly provided by
Dr. Bharat Patel (Griffith University, Brisbane, Aus-
tralia).

Preparation of chromosomal DNA. The methods
used for the preparation of chromosomal DNA were
carried out by using a technique described previously
(Sadaie et al., 1997).

Complete 16S rDNA sequences. Complete 16S
rDNA sequences of type strains of 19 Bacillus species
(B. atrophaeus, B. carboniphilus, B. chitinolyticus, B.
ehimensis, B. flexus, B. halodenitrificans, B. halodu-
rans, B. halophilus, B. lentus, B. marinus, B. mojaven-

sis, B. mycoides, B. naganoensis, B. niacini, B. psy-
chrosaccharolyticus, B. stearothermophilus, B. ther-
moglucosidasius, B. vallismortis, and B. weihen-
stephanensis) were determined by using a 16S rRNA
Gene Kit following the protocols of the manufacturer
(Perkin-Elmer Co.). These sequences which we deter-
mined have been deposited in the DDBJ under the ac-
cession numbers AB021181 to AB021199. The se-
quence data of B. horikoshii DSM 8719T was obtained
from Dr. F. A. Rainey. Other 16S rDNA sequences
were obtained from the DDBJ-EMBL-GenBank data-
base.

Sequencing of the HV region. For amplification
and sequencing of the HV region, two primers were
constructed based on the result of the multiple align-
ment of 16S rDNA sequences from 69 Bacillus species
(type strain) by using CLUSTAL W version 1.7 (Fig. 1).
A forward primer: 5�-TGT AAA ACG ACG GCC AGT
GCC TAA TAC ATG CAA GTC GAG CG-3� (�21 M13
forward primer [5�-TGT AAA ACG AAC GGC CAG T-
3�] was bound to an oligonucleotide [5�-GCC TAA TAC
ATG CAA GTC GAG CG-3�] corresponding to nu-
cleotide positions 47 to 69), and a reverse primer: 5�-
CAG GAA ACA GCT ATG ACC ACT GCT GCC TCC
CGT AGG AGT-3� (M13 reverse primer [5�-CAG GAA
ACA GCT ATG ACC-3�] was bound to an oligonu-
cleotide [5�-ACT GCT GCC TCC CGT AGG AGT-3�]
corresponding to nucleotide positions 345 to 365). The
HV region was amplified with the primer pair according
to a method of Sadaie et al. (1997). The sequence of
PCR product was determined by using a Dye Primer
Cycle Sequencing Kit (Perkin-Elmer Co.) following the
protocols of the manufacturer, and a model ABI 373
automatic DNA sequencer (Perkin-Elmer Co.).

Computer analysis and construction of phylogenetic
tree. A sequence analysis was performed by using
Gene Works (version 2.0, IntelliGenetics, Inc.) and the
EMBL, GenBank, and DDBJ database. Multiple se-
quence alignment, calculation of nucleotide substitu-
tion rates (Knuc values), construction of a neighbor-join-
ing phylogenetic tree, and bootstrap analysis with
1,000 replicates for evaluation of phylogenetic tree
topology were carried out with the Clustal W version
1.7 program (Kimura, 1980; Saitou and Nei, 1987;
Thompson et al., 1994). Alignment gaps and unidenti-
fied base positions were not taken into account for the
calculations.

DNA-DNA hybridization. For an analysis of chro-
mosomal DNA homologies between different strains,
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bacterial DNA was isolated and purified by using a QI-
AGEN Blood & Cell Culture DNA Midi Kit (QIAGEN
Inc.), according to the QIAGEN Genomic DNA Hand-
book 09/97. The DNA concentration and purity were
determined spectrometrically at 230, 260, and 280 nm.
Levels of DNA relatedness were determined fluoro-
metrically by the method of Ezaki et al. (1989), using
photobiotin-labeled DNA probes and microplates.

Results

Selection of variable region in the 16S rDNA for identi-
fication of Bacillus species

To find the most informative region of 16S rDNA for
the rapid identification of Bacillus species based on se-
quence differences, multiple sequence alignment was
carried out by using the 16S rDNA sequences of 69
type strains of Bacillus species. We were able to select
a hypervariable region (HV region; nucleotide positions
70–344) in common with the 69 type strains. A se-
quence similarity of the HV region among the type
strains was shown to be mostly lower than 90.0%; thus

the HV region was specific for the individual type
strains. The only exception was that the HV region of
B. atrophaeusT coincided with that of B. mojavensisT in
spite of low hybridization value (25%) (Nakamura,
1989; Robert et al., 1994). Other variable regions were
not common to all strains because of lack of enough
sequence information and large nucleotide deletions of
B. schlegelii or B. tusciae.

Using sequences of the selected HV region, the
phylogenetic tree was constructed by the neighbor-
joining method. This HV region tree was not the same
as a tree obtained from complete 16S rDNA se-
quences; however, major clusters were strictly con-
served, and the genetic distance was more empha-
sized in the HV region tree (Figs. 2 and 3). Thus we
considered that the HV region was sufficient for identi-
fication of Bacillus strains at species level.

Amplification of the HV region
To examine the specificity of the designated primers

to the HV region, PCR was performed with chromoso-
mal DNA of 68 type strains (B. anthracisT was not
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Fig. 1. Consensus nucleotide sequence derives from B. subtilis (rrnE) (Sadaie et al., 1997) based on the result of
the multiple sequence alignment of 16S rDNA from type strains of 69 Bacillus species.

Nonconserved nucleotides and gaps are represented ‘-’. Underlines indicate a part of sequencing primer used in this
work.
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Fig. 2. Phylogenetic relationships of Bacillus species based on the 16S rDNA sequences.
The branching pattern, which is rooted by using A. acidocaldarius as the outgroup, was generated by the neighbor-

joining method based on an alignment of 1,057 nucleotides of the 16S rDNA. Bootstrap values are given for each node
having 70% or greater support. Bar�0.01 nucleotide substitution per site. The accession number is shown in parenthe-
ses. The sequence data of B. horikoshii DSM 8719T were obtained from Dr. F. A. Rainey.
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Fig. 3. Phylogenetic relationships of Bacillus species based on sequences of the HV region.
The branching pattern, which is rooted by using A. acidocaldarius as the outgroup, was generated by the neighbor-

joining method based on an alignment of 219 nucleotides of the HV region. Bootstrap values are given for each node
having 70% or greater support. Bar�0.01 nucleotide substitution per site. The accession number is shown in parenthe-
ses.
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Fig. 4. Similarity pattern of Bacillus strains based on the sequence analysis of the HV region.
(A) B. subtilis cluster, (B) B. megaterium cluster, (C) B. alcalophilus cluster, (D) B. stearothermophilus cluster. The

number indicates bootstrap values. Bar�0.005 nucleotide substitution per site. The values (%) in parentheses indicate
the results of DNA-DNA hybridization to identical type strain, and the values are obtained from the average of five de-
terminations. a Nakamura (1989); b Robert et al. (1994); c O’Donnell et al. (1980); d Seki et al. (1978); e Nielsen et al.
(1995).



tested). Agarose gel electrophoresis of the PCR prod-
ucts showed that only one predicted fragment (approx.
320 bp) was amplified in all the strains (data not
shown). The sequences of PCR products were in good
agreement with the HV region of the identical strain. It
was therefore confirmed that the designated primers
amplified the HV region specifically.

Conservation of the HV region within species
To corroborate conservation of the HV region within

species, we compared 51 sequences of the HV region
from Bacillus strains belonging to the clusters A, B, C,
and D in Figs. 3 and 4. The sequences of the HV re-
gions of the strains tested were demonstrated to be in
good agreement with those of their corresponding type
strain. Moreover, the HV region of each species was
not generally superimposable on that of other species.
Thus it was revealed that the HV region was highly
conserved within species.

As described above, it was clearly demonstrated
that the HV region was different among species and
was conservative within species. Consequently, the
HV region will be applicable for facile identification or
grouping of species in the genus Bacillus.

Discussion

In this paper, we proposed a facile method for the
identification or grouping of species in the genus Bacil-
lus based on the sequence differences of the HV re-
gion. The identification of an unknown Bacillus strain
will be performed by selecting already known Bacillus
species of which the sequence of the HV region has
the highest homology with the unknown strain, using
the BLAST database search system.

Exceptionally, no sequence differences were found
between B. atrophaeus and B. mojavensis in either the
HV region (sequence similarity 100%) or the complete
16S rDNA gene (sequence similarity 99.3%). Accord-
ingly, it is necessary for the identification of these
species that oxidase activity, which is the only key dis-
tinctive characteristic (Nakamura, 1989; Robert et al.,
1994) be examined besides the analysis of the HV re-
gion. Although these two species were not clearly dif-
ferentiated by the HV region, these strains will be dealt
with one group, and this group can be distinguished
from other species by the sequence differences of the
HV region. Furthermore, B. anthracis, B. cereus, and
B. thuringiensis belonging to the B. cereus cluster (Fig.

2) were not distinguished from each other, but they
formed one group with the same sequence of the HV
region (data not shown). This group was distinguish-
able from other species similarly to the case of B. mo-
javensis and B. atrophaeus.

We also attempted to apply these methods to other
genera (Alicyclobacillus acidocaldarius IFO 15652T,
Aneurinibacillus aneurinilyticus IAM 1077T, Brevibacil-
lus brevis IFO 15304T, Gracilibacillus dipsosauri DSM
11125T, Paenibacillus polymyxa IAM 13419T, Salibacil-
lus salexigens DSM 11483T, and Virgibacillus pan-
tothenticus IAM 11061T). We found that the amplified
fragments were in agreement with the 5� end region of
their 16S rDNA, which corresponded to the HV region
of genus Bacillus. These seven sequences were differ-
ent from each other; moreover, they were not found to
be identical to any of the Bacillus strains. From these
observations, it may be possible to identify or to group
these bacteria in the same way as genus Bacillus. Fur-
ther investigations are in progress, using many strains
to ascertain whether these methods are applicable to
the identification or grouping of species belonging to
Bacillaceae besides genus Bacillus.
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