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Abstract

The major part (94%) of the Bacillus cereus-like isolates from a Danish sandy loam are psychrotolerant
Bacillus weihenstephanensis according to their ability to grow at temperatures below 7 �C and/or two
PCR-based methods, while the remaining 6% are B. cereus. The Bacillus mycoides-like isolates could also
be divided into psychrotolerant and mesophilic isolates. The psychrotolerant isolates of B. mycoides
could be discriminated from the mesophilic by the two PCR-based methods used to characterize
B. weihenstephanensis. It is likely that the mesophilic B. mycoides strains are synonymous with Bacillus
pseudomycoides, while psychrotolerant B. weihenstephanensis, like B. mycoides, are B. mycoides senso
stricto. B. cereus is known to produce a number of factors, which are involved in its ability to cause
gastrointestinal and somatic diseases. All the B. cereus-like and B. mycoides like isolates from the sandy
loam were investigated by PCR for the presence of 12 genes encoding toxins. Genes for the enterotoxins
(hemolysin BL and nonhemolytic enterotoxin) and the two of the enzymes (cereolysin AB) were present in
the major part of the isolates, while genes for phospolipase C and hemolysin III were present in fewer
isolates, especially among B. mycoides like isolates. Genes for cytotoxin K and the hemolysin II were only
present in isolates affiliated to B. cereus. Most of the mesophilic B. mycoides isolates did not possess the
genes for the nonhemolytic enterotoxin and the cereolysin AB. The presence of multiple genes coding for
virulence factors in all the isolates from the B. cereus group suggests that all the isolates from the sandy
loam are potential pathogens.

Introduction

The Bacillus cereus group bacteria are ubiquitous
organisms commonly occurring in soil, feed and
food. They encompass at least four species: Bacillus
cereus, Bacillus anthracis, Bacillus mycoides and
Bacillus thuringiensis. B. cereus is motile, hemolytic
and produces lecithinase. It causes food-borne
gastrointestinal and somatic diseases and is known

to be an important food-spoiling organism.
B. anthracis is non-motile, non-hemolytic and a
weak lecithinase producer. It causes anthrax and
can be used as a biological weapon. B. thuringiensis
produces parasporal crystalline bodies contain-
ing plasmid encoded d-endotoxins and is used
for microbiological control of insect larvae.
B. mycoides is non-motile and has a rhizoid growth
on agar plates. Recently, two new species, Bacillus
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pseudomycoides, which has a specific fatty acid
composition, and a psychrotolerant species,
Bacillus weihenstephanensis, have been described
(Lechner et al. 1998; Nakamura 1998). Two
PCR-based methods have been developed to
discriminate mesophilic (B. cereus) isolates from
psychrotolerant (B. weihenstephanensis) (Francis
et al. 1998; von Stetten et al. 1998). The first
is based on the amplification of a segment of a
cold-shock protein gene cspA in psychrotolerant
isolates. The second method takes advantage of
specific sequence differences between psychrotol-
erant and mesophilic isolates in the 16S rDNA gene
sequence. The taxonomy of the B. cereus group is
controversial and it has been suggested that the
closely related species all should be grouped as
members of one species (Helgason et al. 2000).

Bacillus cereus is known to produce a number of
toxins, which are involved in its ability to cause
gastro-intestinal and somatic diseases. These fac-
tors include at least one emetic toxin, two entero-
toxins, one cytotoxin, two hemolysins and three
enzymes involved in the degradation of phospho-
lipids. The emetic toxin is a cyclic dodecadepsi-
peptide named cereulide (Agata et al. 1995a),
produced by non-ribosomal protein synthetases
(Ehling-Schulz et al. 2005). The two enterotoxins,
hemolysin BL (HBL) and nonhemolytic entero-
toxin (NHE), are both three protein components
complexes. HBL contains a binding component B,
and two lytic components L1 and L2 encoded by
hblA, hblC and hblD respectively (Heinrichs et al.
1993; Ryan et al. 1997). NHE also contains two
lytic element NheA and NheB, similar to L2 and
L1, encoded by nheA and nheB, and an unknown
protein (encoded by nheC), that probably encodes
for a protein similar to the B protein of HBL
(Granum et al. 1999). The cytotoxin K is similar to
the b-toxin of Clostridium perfringens, and is
encoded by the sequenced gene cytK (Lund et al.
2000). The two hemolysins, hemolysin II and III,
are single gene products encoded by hlyII and
hlyIII, respectively (Baida and Kuzmin 1995;
Baida et al. 1999). Hemolysin II is a structural and
functional homolog of the pore-forming staphy-
lococcal a-hemolysin (Miles et al. 2002). The
phospholipases are a phosphatidylinositol-specific
phospholipase C, a phosphatidylcholine-preferring
phospholipase C and a sphingomyelinase (Kuppe

et al. 1989; Lechner et al. 1989). The two last
mentioned enzymes constitute a functional cyto-
lytic determinant termed cereolysin AB (Gilmore
et al. 1989). The genes (piplc, pcplc and sph)
encoding these three phospholipases have been
cloned and sequenced (Kuppe et al. 1989; Lechner
et al. 1989). Further two enterotoxins, enterotoxin
T (Agata et al. 1995b) and enterotoxin FM (Asano
et al. 1997) have been reported. However, there is
no evidence that they can cause food-borne illness
(Granum 2001) and enterotoxin T is considered a
cloning artifact (Hansen et al. 2003).

The ability to produce the emetic toxin is
restricted to a few serotypes of B. cereus notably
serotype 1, which is unable to degrade starch
(Ehling-Schulz et al. 2004). Almost all tested
B. cereus isolates possess the genes for NHE
(Hansen and Hendriksen 2001) and they have
also been identified in most B. thuringiensis,
B. weihenstephanensis and B. anthracis isolates
tested (Hansen and Hendriksen 2001; Stenfors
et al. 2002)). About 60% of the tested B. cereus
isolates contain genes for HBL, and at least one
of the genes of this operon has been identified in
B. thuringiensis, B. mycoides, B. pseudomycoides,
B. weihenstephanensis and B. anthracis isolates
(Ryan et al. 1997; Pruss et al. 1999b; Hansen and
Hendriksen 2001). The hemolysin II has been
shown to be present in about 30% of the
B. cereus isolates analyzed and 90% of the
B. thuringiensis isolates, while the hemolysin III
gene has been identified in a few B. cereus and
B. thuringiensis isolates (Budarina et al. 1994;
Hansen and Hendriksen 1998). The phospholip-
ases seem to be widely distributed within the
entire B. cereus group. The gene for the sphin-
gomyelinase has been identified in all B. cereus,
B. thuringiensis, B. mycoides and B. anthracis
isolates investigated (Hsieh et al. 1999), and the
two other phospholipases have been identified
in all B. cereus and B. thuringiensis isolates
investigated (Damgaard et al. 1996; Hansen and
Hendriksen 1998).

The objectives of this study were to (i) to iden-
tify, enumerate and characterize B. cereus group
bacteria in a sandy loam; (ii) to discriminate
between mesophilic and psychrotolerant iso-
lates; and (iii) to detect by PCR the hblA, hblC and
hblD genes of the HBL complex; the nheA,
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nheB and nheC genes of the NHE complex; and
the cytK, hlyII, hlyIII, piplc, pcplc and sph genes
in isolates from this soil.

Material and methods

Six surface soil samples (0 –5 cm depth, diameter
2.1 cm) were taken 26 November 2001 within
one square meter from an organic grown curly
kale field (Brasica olearacea acephala) at Møn,
Teglværksvej 50, Stege, Denmark. The field is a
sandy loam (pH 7.0). Each of the soil samples was
gently mixed in a plastic bag by hand. To a 2.5 g
sub-sample of the mixed soil was added 25 ml
demineralized water. The soil samples were shaken
for 5 min by a multi-wrist shaker (Lab-line, speed
5). Ten ml of the suspension was afterwards heat-
treated in a water bath (35 min at 65 �C). Ten-fold
serial dilutions of the suspension were plated on
T3 sporulation agar (Travers et al. 1987) and
incubated for 20 –24 h at 30 �C. Colonies having a
rugose, ice-crystal like appearance and a diameter
>1 mm was counted as B. cereus-like colonies.
Distinctive rhizoid colonies were counted as
B. mycoides-like. A total of 409 B. cereus like and
449 B. mycoides like colonies were counted and
isolated and subcultured on T3-agar. Among these
isolates 96 of each type were randomly selected for
further characterization.

The isolates were examined for their ability to
produce parasporal inclusion bodies (crystals) in
the sporangium by phase-contrast microscopy
after growth to sporulation on T3-agar for three
days. The ability to hydrolyze starch and lecithin
was studied on starch agar (Farrar and Reboli
1991) and B. cereus selective agar base supple-
mented with Egg Yolk Emulsion (Oxoid), respec-
tively. Hemolysis was studied on blood agar base
(Oxoid) supplemented with defibrinated sheep
blood. Motility of the cells was examined by the
method of Harmon (1982). Growth at 6� and
42 �C was studied on T3-agar plates in duplicate.
The plates were incubated at the two temperatures
for 28 and 4 days, respectively. The plates were
inspected regularly for growth. Isolates showing
no growth at the selected temperature were
checked for their ability to grow at 30 �C.

For DNA preparation, bacteria were plated on
Luria-Bertani (LB) agar and incubated overnight
at 30 �C. An amount of bacteria corresponding to

a colony 1 –2 mm in diameter was transferred to
200 ll of Tris –EDTA buffer. Bacteria were lysed
by incubation at 102 �C for 10 min, and debris
was removed by centrifugation at 15,000� g for
3 min. The DNA containing supernatant was
transferred to a new microfuge tube and stored at
4 �C. The primer sets used in this study are shown
in Table 1. PCR detection of hblA, hblC, hblD,
nheA, nheB nheC, sph, piplc, pcplc, hlyI and hlyIII
was performed essentially as described elsewhere
(Hansen et al. 1998). One microliter of DNA
extract was amplified with 0.5 U of Taq poly-
merase (Roche, Mannheim, Germany) in a 25-ll
reaction mixture using 30 cycles of denaturation
at 94 �C for 15 s, annealing at 55 �C for 45 s,
and extinction at 72 �C for 2 min. For cytK
the denaturation temperature was raised to 95 �C.
The multiplex PCR procedures for the affiliation
of the bacteria to the B. cereus-group and as being
psychrotolerant or mesophilic, for the detection
of the genes for cold-shock proteins and for the
anthrax-plasmids pXO1 and pXO2 was performed
as described elsewhere (Cheun et al. 2001; Francis
et al. 1998; Hansen et al. 2001; von Stetten et al.
1998)). The RAPD-PCR with the primers OPA9
was performed as described by Hansen et al.
(1998) PCR analysis of the 16S-23S rRNA gene
(rDNA) spacer region with the L1-G1 primer set
(Willumsen et al. 2005) was used as a control of
DNA quality and for the procedure. PCR prod-
ucts were analyzed by 1.5% agarose gel electro-
phoresis, using MW VI (Roche) as a molecular
weight marker.

Results

Bacillus cereus- and B. mycoides-like colony
forming units (CFU) constituted 1.16±0.16� 105/
g and 1.79±0.33� 105/g, respectively in the soil.
The affiliation of 192 randomly chosen B. cereus-
like and B. mycoides-like isolates (96 each) to the
B. cereus group by colony-morphology was con-
firmed by two independent group specific PCR-
assays based on the 16S rDNA-23S rDNA spacer
region and the 16S rDNA genes. Furthermore,
these isolates were analyzed for production of
parasporal crystalline bodies by microscopy and
for the occurrence of the B. anthracis specific
plasmids pXO1 and pXO2 by PCR. No isolates
produced crystalline bodies nor harbored pXO1or
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pXO2. Thus B. thuringiensis and B. anthracis were
not represented in our samples.

All these isolates were separated into psychro-
tolerant or mesophilic types by their ability to grow
at 6 �C and at 42 �C and by the cspA and 16S
rDNA signatures (Table 2). Of the 96 B. cereus-like
isolates, 84 grew at 6 �C but not at 42 �C. Among
the remaining 12 B. cereus-like isolates, six did not
grow at 6 �C and 42 �C, although they possessed
the cspA and 16S rDNA pattern characteristic for
B. weihenstephanensis. The remaining six B. cereus-
like isolates are mesophilic B. cereus due to the 16S
rDNA and cspA PCR amplification patterns. Of
these, four isolates grew at 42 �C but not at 6 �C
and are therefore strictly mesophilic. Eighty-four
of the B. cereus-like isolates had growth charac-
teristics and genetic signatures identical with the
definition of the species B. weihenstephanensis. In
addition, six isolates had genetic signatures iden-
tical with B. weihenstephanensis. Hence, these 90
isolates were affiliated to B. weihenstephanensis and
the other six to B. cereus.

Of the 96 B. mycoides-like isolates, 67 grew
at 6 �C but not at 42 �C. Of the remaining 29
B. mycoides-like isolates, 10 were strictly meso-
philic as evidenced by growth at 42 �C. We desig-
nated these ten isolates as mesophilic B. mycoides.
The remaining 19 B. mycoides-like isolates all had
the cspA and 16S rDNA PCR signature charac-
teristic of B. weihenstephanensis and they were not
able to grow at 42 �C. These 19 isolates, which
differ from B. weihenstephanensis by their inability
to grow at 6 �C, together with the 67 strains
able to grow at 6 �C were collectively designated
‘‘B. weihenstephanensis-like B. mycoides’’.

Thus, of the 1.16±0.16� 105/g B. cereus-like
isolates found in the soil 93.7% were B. weihen-
stephanensis and 6.3% B. cereus. Of the 1.79 ±
0.33 � 105/g soil B. mycoides-like isolates, 89.6%
are B. weihenstephanensis-like B. mycoides, and
10.4% are mesophilic B. mycoides.

This classification of the isolates was further
evidenced by RAPD fingerprinting with the primer
OPA9 (results not shown). The six B. cereus iso-
lates showed three different patterns represented
by 1, 2 and 3 isolates respectively, while the 90
B. weihenstephanensis isolates showed 21 different
patterns, each represented by 1 –14 isolates. None
of the three B. cereus patterns were identical with
any of the B. weihenstephanensis patterns. The six
B. weihenstephanensis isolates not able to grow at1
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6 �C produced five different patterns, of which
only one strain had a pattern different from other
B. weihenstephanensis patterns. The ten strictly
mesophilic B. mycoides isolates all produced the
same RAPD pattern with OPA9. This pattern
differs from the nine patterns produced by the
86 B. weihenstephanensis-like B. mycoides. The
B. weihenstephanensis-like B. mycoides not able to
grow at 6 �C produce RAPD patterns which were
indistinguishable from patterns produced by some
B. weihenstephanensis-like B. mycoides able to
grow at 6 �C.

All 192 isolates were further analyzed for four
key phenotypic characters: motility, hemolysis
and ability to degrade lecithin and starch (Table 3).
The ability to degrade lecithin was widespread
among the B. cereus and B. weihenstephanensis
isolates (66% and 98%, respectively), whilst
fewer mesophilic and B. weihenstephanensis-like
B. mycoides isolates had this ability (40% and 28%,
respectively). Most B. weihenstephanensis (93%)
and mesophilic B. mycoides (100%) were hemolytic,
while this property was restricted to 83% of the
B. cereus and 79% of the B. weihenstephanensis-like
B. mycoides isolates. Many non-motile isolates
occurred within the collection, notably
among the B. mycoides isolates with only 6% of the
B. weihenstephanensis-like B. mycoides isolates

being mobile, while 50 and 59% of the B. cereus and
B. weihenstephanensis respectively were mobile. All
the isolates except for two B. weihenstephanensis
isolates were able to degrade starch.

The PCR genetic analysis for genes potentially
involved in pathogenesis is presented in Table 4.
The presence of the hblA, hblC and hblD genes
encoding the HBL complex, the nheA, nheB and
nheC genes encoding the NHE complex, and the
cytK, hlyII, hlyIII, piplc, pcpl and sph genes
encoding other virulence factors were detected by
PCR in the 90 B. weihenstephanensis, 6 B. cereus,
86 B. weihenstephanensis-like B. mycoides and
10 mesophilic B. mycoides isolates. The genes
occurred in 32 different combinations in
B. weihenstephanensis and 22 combinations in the
B. weihenstephanensis-like B. mycoides isolates.
Collection curves for these two groups of isolates
revealed that these combinations represent
the major part of variation occurring in the soil
(Figure 1). The combination of genes occurring
most often among B. weihenstephanensis harbored
11 isolates, whilst eight isolates were unique.
Among the B. weihenstephanensis-like B. mycoides
34 isolates were identical, while four were unique.
In both B. cereus and the mesophilic B. mycoides
three different combinations of genes were
identified.

Table 3. Phenotypic characteristics of the four groups of B. cereus-group isolates identified in this study.

Motility Lecithinase Amylase Hemolysin

B. cereus (n=6) 3 4 6 5

B. weihenstephanensis (n=90) 53 88 88 84

B. mycoides (mesophilic) (n=10) 0 4 10 10

B. weihenstephanensis like B. mycoides

(psychrotolerant) (n=86)

5 24 86 68

Table 2. Designation of B. cereus-like and B. mycoides-like isolates into groups according to their ability to grow at 6 � and 42 �C and

the presence of the gene for a coldshock protein (cspA) and a 16S rDNA signature for psychrotolerant strains.

Designated name Number of

isolates

Growth at 6 �C Growth at 42 �C Bw – cspA Bw 16S rDNA

B. cereus like

B. cereus 2 ) ) ) )
Strict mesophilic B. cereus 4 ) + ) )
B. weihenstephanensis 84 + ) + +

B. weihenstephanensis 6 ) ) + +

B. mycoides like

Strict mesophilic B. mycoides 10 ) + ) )
B. weihenstephanensis-like B. mycoides 19 ) ) + +

B. weihenstephanensis-like B. mycoides 67 + ) + +
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All B. weihenstephanensis and B. weihenstephan-
ensis-like B. mycoides isolates possessed at least one
of the genes encoding the enterotoxic HBL com-
plex (Table 4); hblC was present in all isolates ex-
cept one B. weihenstephanensis-like B. mycoides
isolate, whilst hblA and hblD were present in
between 87.8% and 97.7% of the isolates. All 86
B. weihenstephanensis like B. mycoides possessed
the nheA gene of the non-hemolytic enterotoxin
complex, while only 79 of the B. weihenstephanensis
isolates possessed this gene. The frequency of
isolates of B. weihenstephanensis and B. weihenste-
phanensis-like B. mycoides possessing nheB consti-
tuted only 65.8% and 55.6% of the isolates
possessing nheA, respectively. Even fewer isolates
possessed nheC, namely 35.4% and 20.0%, respec-
tively. Three B. weihenstephanensis isolates did not
possess any of these three genes. The genes pcplc
and sph, encoding the two-component cereolysin
AB, are present in all B. weihenstephanensis isolates
except for one. These two genes were present in
fewer B. weihenstephanensis-like B. mycoides iso-
lates, namely 91.9% and 77.9% of the isolates,
respectively. Piplc and hlyIII were present in
48.9% and 21.1% of the B. weihenstephanensis
isolates and in 12.8% and 14.0% of the B. wei-
henstephanensis-like B. mycoides isolates. Neither
B. weihenstephanensis nor B. weihenstephanensis-
like B. mycoides isolates possessed cytK nor hlyII.

All six B. cereus isolates possessed hblA and
hblC and five of them also contained hblD
(Table 4). Similarly, all ten of the mesophilic
B. mycoides isolates possessed hblC and 9 and 8
isolates possessed hblA and hblD, respectively.
Between four and six of the B. cereus isolates
possessed the genes nheA, nheB, nheC, cytK, pcplc,T
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Figure 1. Collection curves for B. weihenstephanensis isolates

(m) and B. weihenstephanensis-like B. mycoides isolates (n)

based on the presence or absence of 12 genes involved in

pathogenesis.
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sph, piplc and hlyIII. This is in contrast to the
mesophilic B. mycoides isolates where only one
strain contained the nheA, pcplc, sph, piplc genes,
whilst these strains lacked the remaining genes,
except hlyIII, which was present in 9 isolates.
HlyII was present in three B. cereus isolates and
missing from the mesophilic B. mycoides isolates;
these three B. cereus isolates also harbored cytK.

Comparison between the psychrotolerant and
mesophilic isolates (Table 4) revealed that the
main difference between the B. cereus and the
B. weihenstephanensis isolates was that cytK
and hblII were detected in the B. cereus iso-
lates exclusively. The main differences between
B. weihenstephanensis-like B. mycoides and meso-
philic B. mycoides was that the genes nheB
and nheC were not detected in the mesophilic
B. mycoides, whilst the occurrence of nheA, pcplc,
sph and piplc was limited to one mesophilic
B. mycoides isolate.

Discussion

The density of B. cereus-like bacteria detected in
the loamy sand, i.e. approximately 105 cells/g, was
just within the densities (102 –105) reported from
agricultural soils in Sweden and the Netherlands
(Tegiffel et al. 1995; Christiansson et al. 1999), but
a factor 10 below the number found in a German
soil (von Stetten et al. 1999). No comparable data
on the density of B. mycoides-like bacteria in soils
were found in the literature. B. thuringiensis gen-
erally constitutes only 0 –3% of B. cereus-like
bacteria isolated from soil (Glare and O’Callaghan
2000), while B. anthracis is very rare (Pepper and
Gentry 2002). Thus our inability to detect any
B. thuringiensis or B. anthracis among the isolates
is consistent with these reports.

The B. cereus-like bacteria isolated from the soil
could be divided into B. cereus and B. weihenste-
phanensis on the basis of genotypic and phenotypic
characteristics, as described by Francis et al.
(1998) and von Stetten et al. (1999). We found the
frequency of B. cereus and B. weihenstephanensis in
the Danish soil to be 6.3% and 93.7%, respectively.
Thus the two species coexist in this temperate soil,
as also found in two temperate soils in Germany
(von Stetten et al. 1999). However in these soils the
ratio between the two species was about 1 to 1
(von Stetten et al. 1999). Von Stetten et al. (1999)

found that 16% of their isolates had either a
psychrotolerant genotype but a mesophilic phe-
notype (i.e. no growth below 7 �C) or a mesophilic
genotype but a psychrotolerant phenotype.
Among the Danish isolates, only psychrotolerant
genotypes with a mesophilic phenotype were
identified, with a frequency of 6.3%.

As well the B. cereus-like bacteria, the B. my-
coides-like could be divided into B. weihenste-
phanensis-like and mesophilic isolates on the basis
of their ability to grow at temperatures below 7 �C
and genotypic characteristics. At the genotypic
level 89.6% of the B. mycoides-like bacteria were
identical with B. weihenstephanensis and 10.4%
identical with B. cereus. Of the former, 77.9% were
able to grow at temperatures below 7 �C. Francis
et al. (1998) found three mesophilic and three
psychrotolerant isolates of B. mycoides from milk
and soil, respectively. All three psychrotolerant
isolates harbored the cspA gene. Von Stetten
et al. (1998) found 100% correlation between the
16S rDNA signature for psychrotolerant and
mesophilic isolates of the B. cereus group. Their
analysis included 33 B. mycoides isolates, of
which at least two were mesophilic. Bell and
Friedman (1994) characterized a soil population of
B. mycoides by standard metabolic tests, multilo-
cus enzyme electrophoresis, RFLP and hybridiza-
tion techniques. Their results with the molecular
assays indicated that the B. mycoides isolates could
be separated into two different groups but they did
not provide any information about minimal
growth temperature of the different isolates. Fur-
ther, Nakamura and Jackson (1995) concluded
that the species B. mycoides is composed of two
genetically distinct groups which were subse-
quently established as two species, B. mycoides
senso stricto and B. pseudomycoides (Nakamura
1998). Evidence for this division of the species has
also been provided by sequence analysis of
16SrRNA, 23S rRNA and gyrB genes (Bavykin
et al. 2004). The two species are not distinguish-
able by physiological and morphological charac-
teristics but are clearly separable based on fatty
acid composition (Nakamura 1998). However, the
type strain of B. mycoides is psychrotolerant,
harbors the cspA gene (Lechner et al. 1998) and
has the 16S rDNA signature for psychrotolerant
isolates (Pruss et al. 1999a), while the minimal
growth temperature of B. pseudomycoides is indi-
cated to be 15 �C (Nakamura 1998). Thus, it seems
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likely that of the strains identified herein, the
B. weihenstephanensis-like B. mycoides are B. my-
coides senso stricto whilst the mesophilic B. myco-
ides are B. pseudomycoides. Further evidence for
this is a close relationship between B. weihenste-
phanensis and psychrotolerant B. mycoides deduced
by RAPD and sequence analysis (Lechner et al.
1998; Bavykin et al. 2004). Further clarification of
these relationships will be dependent on fatty acid
composition analysis, which is in progress.

The widespread occurrence of genes encoding
virulence factors in B. cereus and B. thuringiensis is
in accordance with other studies on the occurrence
of these genes (Hsieh et al. 1999; Hansen and
Hendriksen 2001; Guinebretiere et al. 2002) and
the full genome sequences of three B. cereus strains
(Ivanova et al. 2003; Hoffmaster et al. 2004;
Rasko et al. 2004). However, knowledge of the
occurrence of these genes in B. weihenstephanensis
and B. mycoides is much more restricted. Pruss
et al. (1999b), Stenfors and Granum (2001) and
Stenfors et al. (2002) found genes encoding the
enterotoxins HBL and NHE in 28 of 42 B. wei-
henstephanensis isolates. Mäntynen and Lindstrom
(1998) and Hsieh et al. (1999) found the hblA gene
to be present in 17 of 26 B. mycoides isolates.
Further, Hsieh et al. (1999) found the gene (sph)
for sphingomyelinase in three B. mycoides isolates.
In addition to this, we have here found that
B. weihenstephanensis strains have genes encoding
cereolysin AB, phosphatidylinositol-specific phos-
pholipase C and hemolysin III. B. mycoides was
found to have the genes for NHE, phosphatidyl-
inositol-specific phospholipase C and hemolysin
III. Further, we have here found one mesophilic
B. mycoides strain that possessed the same viru-
lence genes as psychrotolerant B. mycoides, while
the other nine B. mycoides strains only contained
genes for HBL and hemolysin III. Four
B. pseudomycoides isolates were all found to pos-
sess hblA (Pruss et al. 1999b). Thus it seems rea-
sonable to conclude that all species in the B. cereus
group include many isolates which contain genes
for the enterotoxins HBL and NHE, hemolysin
III, and the phospholipases cereolysin AB and a
phosphatidylinositol-specific phosphoplipase C.
On the contrary, the occurrence of cytolysin K
seems, based on current knowledge, to be re-
stricted to some B. cereus isolates and hemolysin II
seems to be restricted to some B. cereus and B.
thuringiensis isolates.

The genes encoding for enterotoxin NHE, nheA,
nehB and nheC, occurred with a decreasing fre-
quency in the isolates, but as the occurrence of the
three genes shows significant association and the
functioning of the complex depends on products
from all three genes (Granum 2001), it is most
likely that polymorphism among the genes, at least
partly, was responsible for our inability to detect
all three genes in a number of isolates. The ob-
served variation in occurrence of the genes
encoding HBL and Cereolysin AB might also be
due to sequence polymorphism.

We found the 90 B. weihenstephanensis and the
86 psychrotolerant B. mycoides isolates to be
composed of 32 and 22 different genotypes,
respectively, most likely representing most of the
variation present in the soil, as evidenced by col-
lection curves. Such high diversity in a single soil
has previously only been shown for B. cereus,
B. thuringiensis (Vilas-Boas et al. 2002) and
B. mycoides (Bell and Friedman 1994) by mul-
tilocus enzyme electrophoresis.

Conclusions

The presence of multiple genes coding for viru-
lence factors in all isolates representing the species
B. cereus, B. weihenstephanensis, B. weihenste-
phanensis-like B. mycoides and mesophilic
B. mycoides, in this soil, suggests that all the
isolates are potential pathogens. Thus, one gram
of this soil harbors 2 –3 �105 potential pathogenic
B. cereus group bacteria. As these pathogenic
traits are widely present in the isolates from the
soil, it is very likely that these traits play
an important role in the lifestyle of these bacteria.
Ivanova et al. (2003) suggest that the insect intes-
tine could have been the natural habitat for the
common ancestor of the B. cereus group, as the
abundance of proteolytic enzymes, the multiplicity
of peptide and amino-acid transporters and the
variety of amino-acid degradation pathways indi-
cate that proteins, peptides and amino-acids may
be their preferred nutrient source. Furthermore,
Jensen et al. (2003) hypothesized that B. cereus
group bacteria all disclose symbiotic relationships
with appropriate invertebrates and Margulis et al.
(1998) showed that B. cereus group bacteria
formed filamentous segmented bacteria in the gut
of a number of different arthropods. The functions
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of all the virulence factors mentioned are related to
interactions with plasma membranes, as pore-
formers or enzymes with phospholipid degrading
abilities, suggesting that B. cereus group bacteria
are capable of interacting with plasma membranes
and that their activities are associated with cell
surfaces.

Acknowledgements

The project was supported by a grant from the
Danish Ministry of Food, Agriculture and Fishery
(FØS100-DMU-5). We thank Bente R. Hansen
and Lillian F. Larsen for excellent technical
assistance.

References

Agata N., Ohta M., Mori M., and Isobe M. 1995a. A novel

dodecadepsipeptide, cereulide, is an emetic toxin of Bacillus

cereus. FEMS Microbiol. Lett. 129: 17 –19.

Agata N., Ohta M., Arakawa Y., and Mori M. 1995b. The Bcet

gene of Bacillus cereus encodes an enterotoxic protein.

Microbiology 141: 983 –988 Part 4.

Asano S., Nukumizu Y., Bando H., Iizuka T., and Yamamoto

T. 1997. Cloning of novel enterotoxin genes from Bacillus

cereus and Bacillus thuringiensis. Appl. Environ. Microbiol.

63: 1054 –1057.

Baida G.E., and Kuzmin N.P. 1995. Cloning and primary

structure of a new hemolysin gene from Bacillus-cereus.

Biochim. Biophys. Acta 1264: 151 –154.

Baida G., Budarina Z.I., Kuzmin N.P., and Solonin A.S. 1999.

Complete nucleotide sequence and molecular characteriza-

tion of hemolysin II gene from Bacillus cereus. FEMS

Microbiol. Lett. 180: 7 –14.

Bavykin S.G., Lysov Y.P., Zakhariev V., Kelly J.J., Jackman J.,

Stahl D.A., and Cherni A. 2004. Use of 16S rRNA, 23S

rRNA, and gyrB gene sequence analysis to determine phy-

logenetic relationships of Bacillus cereus group microorgan-

isms. J. Clin. Microbiol. 42: 3711 –3730.

Bell J.A., and Friedman S.B. 1994. Genetic-structure and

diversity within local-populations of Bacillus mycoides. Evo-

lution 48: 1698 –1714.

Budarina Z.I., Sinev M.A., Mayorov S.G., Tomashevski A.Y.,

Shmelev I.V., and Kuzmin N.P. 1994. Hemolysin-II is more

characteristic of Bacillus thuringiensis than Bacillus cereus.

Arch. Microbiol. 161: 252 –257.

Cheun H.I., Makino S.I., Wataral M., Shirahata T., Uchida I.,

and Takeshi K. 2001. A simple and sensitive detection system

for Bacillus anthracis in meat and tissue. J. Appl. Microbiol.

91: 421 –426.

Christiansson A., Bertilsson J., and Svensson B. 1999. Bacillus

cereus spores in raw milk: factors affecting the contamination

of milk during the grazing period. J. Dairy Sci. 82: 305 –314.

Damgaard P.H., Larsen H.D., Hansen B.W., Bresciani J., and

Jorgensen K. 1996. Enterotoxin-producing strains of Bacillus

thuringiensis isolated from food. Lett. Appl. Microbiol. 23:

146 –150.

Ehling-Schulz M., Fricker M., and Scherer S. 2004. Bacillus

cereus, the causative agent of an emetic type of food-borne

illness. Mol. Nutr. Food Res. 48: 479 –487.

Ehling-Schulz M., Vukov N., Schulz A., Shaheen R., Anders-

son M., Martlbauer E., and Scherer S. 2005. Identification

and partial characterization of the nonribosomal peptide

synthetase gene responsible for cereulide production in eme-

tic Bacillus cereus. Appl. Environ. Microbiol. 71: 105 –113.

Farrar W.E. and Reboli A.C. 1991. The Genus Bacillus –

Medical. The Prokaryotes, 2nd ed. Springer Verlag, New

York, pp. 1746 –1768.

Francis K.P., Mayr R., von Stetten F., Stewart G.S.A.B., and

Scherer S. 1998. Discrimination of psychrotrophic and me-

sophilic strains of the Bacillus cereus group by PCR targeting

of major cold shock protein genes. Appl. Environ. Microbiol.

64: 3525 –3529.

Gilmore M.S., Cruzrodz A.L., Leimesterwachter M., Kreft J.,

and Goebel W. 1989. A Bacillus-cereus cytolytic determinant,

cereolysin-AB, which comprises the phospholipase-C and

sphingomyelinase genes-nucleotide-sequence and genetic-

linkage. J. Bacteriol. 171: 744 –753.

Glare T. R. and O’Callaghan M. 2000. Bacillus thuringiensis:

Biology, Ecology and Safety. John Wiley & Sons, Ltd.

Granum P. E. 2001. Bacillus cereus. Food Microbiology:

Fundamentals and Frontiers, 2nd. ed. ASM Press, pp. 373 –

381.

Granum P.E., O’Sullivan K., and Lund T. 1999. The sequence

of the non-haemolytic enterotoxin operon from Bacillus

cereus. FEMS Microbiol. Lett. 177: 225 –229.

Guinebretiere M.H., Broussole V., and Nguyen-The C. 2002.

Enterotoxigenic profiles of food-poisoning and food-borne

Bacillus cereus strains. J. Clin. Microbiol. 40: 3053 –3056.

Hansen B.M., and Hendriksen N.B. 1998. Bacillus thuringiensis

and B. cereus toxins. IOBC Bull. 21(4): 221 –224.

Hansen B.M., and Hendriksen N.B. 2001. Detection of en-

terotoxic Bacillus cereus and Bacillus thuringiensis strains by

PCR analysis. Appl. Environ. Microbiol. 67: 185 –189.

Hansen B.M., Hoiby P.E., Jensen G.B., and Hendriksen N.B.

2003. The Bacillus cereus bceT enterotoxin sequence reap-

praised. FEMS Microbiol. Lett. 223: 21 –24.

Hansen B.M., Damgaard P.H., Eilenberg J., and Pedersen J.C.

1998. Molecular and phenotypic characterization of Bacillus

thuringiensis isolated from leaves and insects. J. Invert.

Pathol. 71: 106 –114.

Hansen B.M., Leser T.D., and Hendriksen N.B. 2001. Poly-

merase chain reaction assay for the detections of Bacillus

cereus group cells. FEMS Microbiol. Lett. 202: 209 –213.

Harmon S.M. 1982. New method for differentiating members

of the Bacillus-cereus group – collaborative study. J. Assoc.

Off. Anal. Chem. 65: 1134 –1139.

Heinrichs J.H., Beecher D.J., Macmillan J.D., and Zilinskas

B.A. 1993. Molecular-cloning and characterization of the

HBLA gene encoding the B-component of hemolysin BL

from Bacillus-cereus. J. Bacteriol. 175: 6760 –6766.

Helgason E., Okstad O.A., Caugangt D.A., Johansen H.A.,

Fouet A., Mock M., Hegna I., and Kolsto A.B. 2000. Bacillus

anthracis, Bacillus cereus, and Bacillus thuringiensis – One

248



species on the basis for genetic evidence. Appl. Environ.

Microbiol. 66: 2627 –2630.

Hoffmaster A.R., Ravel J., Rasko D.A., Chapman G.D., Chute

M.D., Marston C.K., De B.K., Sacchi C.T., Fitzgerald C.,

Mayer L.W., Maiden M.C.J., Priest F.G., Barker M., Jiang

L.X., Cer R.Z., Rilstone J., Peterson S.N., Weyant R.S.,

Galloway D.R., Read T.D., Popovic T., and Fraser C.M.

2004. Identification of anthrax toxin genes in a Bacillus cereus

associated with an illness resembling inhalation anthrax.

PNAS 101: 8449 –8454.

Hsieh Y.M., Sheu S.J., Chen Y.L., and Tsen H.Y. 1999.

Enterotoxigenic profiles and polymerase chain reaction

detection of Bacillus cereus group cells and B-cereus strains

from foods and food-borne outbreaks. J. Appl. Microbiol. 87:

481 –490.

Ivanova N., Sorokin A., Anderson I., Galleron N., Candelon

B., Kapatral V., Bhattacharyya A., Reznik G., Mikhailova

N., Lapidus A., Chu L., Mazur M., Goltsman E., Larsen N.,

D’Souza M., Walunas T., Grechkin Y., Pusch G., Haselkorn

R., Fonstein M., Ehrlich S.D., Overbeek R., and Kyrpides N.

2003. Genome sequence of Bacillus cereus and comparative

analysis with Bacillus anthracis. Nature 423: 87 –91.

Jensen G.B., Hansen B.M., Eilenberg J., and Mahillon J. 2003.

The hidden lifestyles of Bacillus cereus and relatives. Environ.

Microbiol. 5: 631 –640.

Kuppe A., Evans L.M., McMillen D.A., and Griffith O.H.

1989. Phosphatidylinositol-specific phospholipase-C of

Bacillus-cereus – cloning, sequencing, and relationship to

other phospholipases. J. Bacteriol. 171: 6077 –6083.

Lechner M., Kupke T., Stefanovic S., and Gotz F. 1989.

Molecular characterization and sequence of phosphatidyli-

nostitol-specific phospholipase C of Bacillus thuringiensis.

Mol. Microbiol. 3: 621 –626.

Lechner S., Mayr R., Francis K.P., Pruss B.M., Kaplan T.,

Wiessner-Gunkel E., Stewartz G.S.A.B., and Scherer S. 1998.

Bacillus weihenstephanensis sp nov is a new psychrotolerant

species of the Bacillus cereus group. Int. J. Syst Bacteriol. 48:

1373 –1382.

Lund T., De Buyser M.L., and Granum P.E. 2000. A new

cytotoxin from Bacillus cereus that may cause necrotic

enteritis. Mol. Microbiol. 38: 254 –261.

Mantynen V., and Lindstrom K. 1998. A rapid PCR-based

DNA test for enterotoxic Bacillus cereus. Appl. Environ.

Microbiol. 64: 1634 –1639.

Margulis L., Jorgensen J.Z., Dolan S., Kolchinsky R., Rainey

F.A., and Lo S.C. 1998. The Arthromitus stage of Bacillus

cereus: intestinal symbionts of animals. PNAS 95: 1236 –1241.

Miles G., Bayley H., and Cheley S. 2002. Properties of Bacillus

cereus hemolysin II: a heptameric transmembrane pore.

Protein Sci. 11: 1813 –1824.

Nakamura L.K. 1998. Bacillus pseudomycoides sp. nov. Int.

J. Syst. Bacteriol. 48: 1031 –1035.

Nakamura L.K., and Jackson M.A. 1995. Clarification of the

taxonomyofBacillusmycoides. Int. J. Syst. Bacteriol. 45: 46 –49.

Pepper I.L., and Gentry T.J. 2002. Incidence of Bacillus

anthracis in soil. Soil Sci. 167: 627 –635.

Pruss B.M., Francis K.P., von Stetten F., and Scherer S. 1999a.

Correlation of 16S ribosomal DNA signature sequences with

temperature-dependent growth rates of mesophilic and psy-

chrotolerant strains of the Bacillus cereus group. J. Bacteriol.

181: 2624 –2630.

Pruss B.M., Dietrich R., Nibler B., Martlbauer E., and Scherer

S. 1999b. The hemolytic enterotoxin HBL is broadly dis-

tributed among species of the Bacillus cereus group. Appl.

Environ. Microbiol. 65: 5436 –5442.

Rasko D.A., Ravel J., Okstad O.A., Helgason E., Cer R.Z.,

Jiang L.X., Shores K.A., Fouts D.E., Tourasse N.J., An-

giuoli S.V., Kolonay J., Nelson W.C., Kojsto A.B., Fraser

C.M., and Read T.D. 2004. The genome sequence of Bacillus

cereus ATCC 10987 reveals metabolic adaptations and a

large plasmid related to Bacillus anthracis pX01. NAR 32:

977 –988.

Ryan P.A, Macmillan J.D., and Zilinskas B.A. 1997. Molecular

cloning and characterization of the genes encoding the L(1)

and L(2) components of hemolysin BL from Bacillus cereus.

J. Bacteriol. 179: 2551 –2556.

Stenfors L.P., and Granum P.E. 2001. Psychrotolerant spe-

cies from the Bacillus cereus group are not necessarily

Bacillus weihenstephanensis. FEMS Microbiol. Lett. 197:

223 –228.

Stenfors L.P., Mayr R., Scherer S., and Granum P.E. 2002.

Pathogenic potential of fifty Bacillus weihenstephaninsis

strains. FEMS Microbiol. Lett. 215: 47 –51.

Tegiffel M.C., Beumer R.R., Slaghuis B.A., and Rombouts

F.M. 1995. Occurrence and characterization of (Psychro-

trophic) Bacillus-cereus on farms in the Netherlands. Neth.

Milk Dairy J. 49: 125 –138.

Travers R.S., Martin P.A.W., and Reichelderfer C.F. 1987.

Selective process for efficient isolation of soil Bacillus spp..

Appl. Environ. Microbiol. 53: 1263 –1266.

Vilas-Boas G., Sanchis V., Lereclus D., Lemos M.V.F., and

Bourguet D. 2002. Genetic differentiation between sympatric

populations of Bacillus cereus and Bacillus thuringiensis.

Appl. Environ. Microbiol. 68: 1414 –1424.

von Stetten F, Francis K.P., Lechner S., Neuhaus K., and

Scherer S. 1998. Rapid discrimination of psychrotolerant

and mesophilic strains of the Bacillus cereus group by

PCR targeting of 16S rDNA. J. Microbiol. Methods 34:

99 –106.

von Stetten F., Mayr R., and Scherer S. 1999. Climatic influ-

ence on mesophilic Bacillus cereus and psychrotolerant

Bacillus weihenstephanensis populations in tropical, temper-

ate and alpine soil. Environ. Microbiol. 1: 503 –515.

Willumsen P.A., Johansen J.E., Karlson U., and Hansen B.M.

2005. Isolation and taxonomic affiliation of N-heterocyclic

aromatic hydrocarbon-transforming bacteria. Appl. Micro-

biol. Biotechnol. 67: 420 –428.

249



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


