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Literature Review
Bacillus spp. are Gram-positive endospore-forming rods ubiquitous in soil
worldwide and are primarily aerobic to facultatively anaerobic saprophytes (1).
More than 60 distinct species have been described within the Bacillus genus
(43). This large number of individual species can be attributed to a high degree of
genetic diversity. Taxonomical identification of species within the Bacillus genus
has changed over time as differentiation methods have improved (45). Currently,
Bacillus species are divided into two groups - the B. subtilis and B. cereus
divisions. Within the B. subtilis group, several major species include B. subtilis, B.
pumilus, and B. licheniformis. The B. cereus group contains well-studied species
like B. cereus, B. mycoides, B. anthracis, B. thuringiensis, and B.
weihenstephanensis. There are other species within these groups that will be not
discussed below due to the ambiguity of what constitutes a species.
These species are also grouped under the name B. cereus sensu lato
(43). Interestingly, any species that is indistinguishable either phenotypically or
genetically from B. cereus is included within the B. cereus sensu stricto category
in literature (1). Unless otherwise noted, all references below to B. cereus will
encompass B. cereus sensu stricto.
B. cereus is the most highly studied species within the Bacillus genus due
to its involvement in food poisoning (45). B. cereus is not easily destroyed in
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foods due to its endospore formation and can survive passage through the
gastrointestinal tract. B. cereus produces a number of enterotoxigenic proteins
capable of inducing emesis and severe diarrhea in patients who consume
contaminated food products.
B. thuringiensis is commonly differentiated from B. cereus by the ability of
the former to produce parasporal crystalline endotoxins (1,24). These endotoxins
act as an insecticide and have been used in agricultural pest control for over 40
years in genetically modified crops and as a solution sprayed onto crops (46). B.
weihenstephanensis is much like B. cereus sensu stricto phenotypically, but is
considered to be psychotropic (1, 45). B. weihenstephanensis is able to grow at
7°C, whereas B. cereus sensu stricto cannot. B. weihenstephanensis cannot
grow at 43°C. Interestingly, at low temperatures B. weihenstephanensis has
been found to produce toxins (45). However, not all strains have this ability.
Both B. mycoides and B. pseudomycoides are distinguished from B.
cereus sensu stricto by their formation of rhizoidal colonies and altered fatty
acids in their membranes (1). B. anthracis is well known because of its ability to
cause anthrax in mammals and for its potential use in bioterrorism. B. anthracis
contains two plasmids responsible for the main virulence factors in anthrax
disease, pXO1 and pXO2. The first plasmid, pXO1, encodes the anthrax toxin
protein complex. The second plasmid, pXO2, encodes a poly-ɣ-D- glutamic acid
capsule. In addition, pXO2 encodes a positive regulation sequence for AtxA,
which is a virulence factor in pXO1.
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Endospores
The Bacillus species is one of only a few bacterial genera capable of
forming endospores. These endospores allow Bacillaceae to survive harsh
environmental stressors including temperature, desiccation, lack of nutrients,
osmotic stress, and other physical and chemical environmental extremes (1). An
endospore believed to be of Bacillus ancestry was recently isolated and cultured
successfully from a 25-40 million year old bee fossilized in amber (57). Several
Bacillus species, such as B. anthracis, produce spores that are even resistant to
ionizing radiation (12). Endospores are produced at a wide variety of
temperatures ranging from -1°C to 59°C (43, 45). However, most Bacillus
species form endospores at 30°C over the course of several days (1, 43).
Endospores of B. cereus form in direct response involving the gerA family of
operons to a number of environmental stimuli, such as exposure to nutrients like
glycine or purine ribosides (45). Additionally, endospores can form in response to
changes in temperature or pressure.
Endospores are resilient to heat, enabling the human pathogen B. cereus
to avoid destruction during food pasteurization (1, 45). Likewise, food safety
measures that involve freezing fail to kill sporulated B. cereus. Endospores are
durable structures that not only aid in survival but also attach to surfaces (1). The
spore coats of endospores are hydrophobic, and contain appendages that aid in
adherence to epithelial cells, among other cell types (45). These characteristics
differ between Bacillus species and exhibit differing levels of adherence to food
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or hosts, leading to the presence of different Bacillus species in different types of
food substrates (1).
A Bacillus endospore is made up of an outer and an inner layer, which are
collectively referred to as the spore coat (47). An endospore also possesses a
cortex, a core, and the bacterial nucleoid. The spore coat is impermeable to most
hydrophilic molecules and is believed to protect the cortex by blocking
peptidoglycolytic enzymes from entering the spore. The spore coat is also
thought to aid in spore resistance to hydrogen peroxide. For reasons not
completely understood, endospores maintain a core water content of 30 to 50%
of the bacterial wet weight. The lower the water weight of a spore, the better the
spore is able to resist moist heat. Endospores also contain DNA immersed in
α/β-type SASP proteins, which bind to the outer edge of DNA helices. Once
bound, α/β-type SASP proteins cause bacterial DNA to straighten into an A-like
helix. These proteins prevent many chemicals from interacting with bacterial DNA
and ensure that bacterial DNA remains undamaged. Should bacterial DNA be
damaged, endospores have also been found to contain DNA repair mechanisms
that are triggered upon spore germination into vegetative cells.

Bacillus and food
While innocuous in the environment, endospores are a cause for concern
in food processing facilities and human consumption (12). Endospores are easily
transferred from soil to agricultural foods like vegetables, grains, fruits, and
spices through Bacillus existence in soil (1, 43). Endospores also easily migrate
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into dairy products from bovine udders through contact with field grain, dust,
feces, and/or bedding (1, 23, 43, 45).
Because endospores survive myriad conditions, food-processing
techniques like pasteurization may not eliminate them. These endospores revert
to their vegetative bacterial state and multiply. Invariably, some bacterial cells will
reform endospores. When a new food batch is processed on contaminated
machinery, endospores transfer to the new food. Endospores can also float
through the air on dust particles and contaminate non-mechanized areas of food
processing (1, 3). Meat products can become contaminated with B. cereus
endospores in this way. It is also possible for humans who accidentally ingest
contaminated water to display symptoms of Bacillus intoxication (4).

Refrigeration/pasteurization
The production of endospores by B. cereus confers a selective advantage
over other microbes competing for the same resources (1). Vegetative B. cereus,
along with other vegetative genera of bacteria, are killed when treated at 71.7°C
for 15 seconds (12). However, the endospores remain intact. After sterilization
protocols in food processing are complete, B. cereus endospores can become
vegetative and quickly colonize food products without competition. Reproducing
B. cereus can metabolize at temperatures ranging from 10°C to 50°C (1).
However, most species prefer a smaller temperature range of 30°C to 40°C.
Hence, heat treatment and refrigeration of foods create conditions ideal for
Bacillus species to thrive. No type of food that is pasteurized or refrigerated with
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a pH of 4.8 or higher can safely be considered completely free of Bacillus
endospores.
Even if industrial food processes prevent endospores from reverting to
vegetative cells during transit, consumers do not always follow the same foodsafety guidelines as industry. When food is cooked slowly, or allowed to sit at
temperatures less than 60°C (temperature abuse), endospores are given the
opportunity to become vegetative cells and multiply. If ingested, endospores can
pass through the digestive system and into the small intestine.

Enterotoxins
The presence of Bacillus cereus in foods makes this microorganism a
persistent problem worldwide (1, 12). B. cereus produces multiple enterotoxins
that cause diarrhea and emesis in humans through ingestion on food sources
originally contaminated with endospores and/or vegetative cells (1).
An exotoxin called cereulide is produced and secreted by vegetative B. cereus
cells growing in contaminated food, especially noodles, pasta, rice, and pastry
goods (1, 45). Humans who consume food contaminated with cereulide toxin
may acquire the emetic syndrome, a classic intoxication scenario (1).
The ingestion of food contaminated with cereulide requires between 0.5 and 6
hours for signs and symptoms to appear. Once symptomatic, nausea and emesis
occur for 6 to 24 hours. In some individuals, consumption of cereulide leads to
severe emesis and death.
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Cereulide is a 1.2 kDa protein that withstands a pH of 2 to 11 (45). This
protein also will not denature while boiled for 90 minutes at 121°C or when
treated with trypsin and pepsin. These traits enable the toxin to survive reheating
in contaminated foods as well as exposure to stomach acid. Cereulide binds to 5HT3 receptors of vagus afferent neurons. The toxin also causes mitochondria to
swell, inhibiting potassium-ion flow. Additionally, cereulide hinders RNA synthesis
and, at a concentration of 2 nM, inhibits cellular proliferation. Cereulide can also
induce cell destruction of hepatocytes. A gene cluster called ces encodes
cereulide, which requires a nonribosomal peptide synthetase for production. The
24 kb ces cluster is located on a larger megaplasmid of 208 kb. When fully
assembled, cereulide is a ring structure dodecadepsipeptide.
The diarrheal syndrome by ingestion of B. cereus can be caused by up to
three distinct enterotoxins, hemolysin BL (Hbl), non-hemolytic enterotoxin (Nhe),
and cytotoxin K (CytK) (1, 43, 45). To infect a host, B. cereus must first pass
through the stomach in its spore form and then use the adhesion of its
endospores to attach to epithelial cells in the small intestine (1). If B. cereus
endospores survive the passage through the stomach, the endospores germinate
and colonize in the small intestine to produce Hbl, Nhe, and/or CytK enterotoxins.
These enterotoxins form pores in the lining of the small intestine, leading to a
loss of interstitial and other fluids. Once established and producing enterotoxins,
this syndrome is considered a toxicoinfection. Typical signs and symptoms of Hbl
or Nhe intoxication include nausea, runny diarrhea, and periods of intense
abdominal pain, beginning 8-16 hours after ingestion of the contaminated food
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(1, 31). The onset of Gastroenteritis usually lasts for a brief 12 – 24 hours and is
self-limiting (45). In rare cases, gastroenteritis can last for several days.
B. cereus can also cause several other conditions in humans. If B. cereus
infects the eye, it can result in endophthalmitis (1,12). In severe cases, this
infection leads to a diminution of functional vision or complete blindness, caused
by permeabilization of the retinal barrier epithelium by Bacillus spp. secretory
products and growth (48). Systemic body infection by B. cereus can also lead to
pneumonia, urinary tract infections, septicemia, meningitis, and liver failure (1,45,
49).

Hbl
Hbl is a three-domain enzyme comprised of two lytic subunits (L1 and L2),
and a binding component (BC) (1, 12). Three genes encode Hbl on a single
operon. The L2 subunit is encoded by the gene hblC, L1 by hblD, and BC by
hblA. These three components combine to form a transmembrane pore protein in
the human gastrointestinal tract. This transmembrane pore increases vascular
permeability in epithelial cells, allowing fluid to leak into the intestinal
passageway and cause diarrhea.

Nhe
The Nhe enterotoxin also consists of three subunits, namely NheA, NheB,
and NheC. These three proteins are transcribed from the nheABC operon by
nheA, nheB, and nheC, respectively (1,12). Nhe forms transmembrane pores
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similar to Hbl and rapidly disrupts the plasma membrane of intestinal epithelial
cells.

CytK
Unlike Hbl and Nhe, CytK is made of only one protein (1). CytK is a
member of the β-barrel pore-forming family of toxins. Other notable β-barrel poreforming toxins include β-toxin in Clostridium perfringens and α-haemolysin in
Staphylococcus aureus. CytK also inserts a transmembrane pore into the cellular
membrane of small intestinal epithelial cells.

Comparative Information
The first evidence that B. cereus was capable of causing food-associated
illness was recorded over 100 years ago by fledgling microbiologists (43). It was
not until the 1950s that an understanding of B. cereus as a pathogen was noted
(1). Ultimately, the first enterotoxin, Hbl, was discovered in the late 1970s (44).
Hbl was believed to be the only major contributing factor from Bacillaceae
towards diarrheal gastroenteritis for many years (1). However, diarrheal
symptoms of B. cereus were discovered that were caused by strains lacking the
genes encoding Hbl. This lead to the discovery of Nhe in 1995 in Norway after B.
cereus-mediated illness associated with foods. The isolate lacked the Hbl
enterotoxin, leading scientists to search for a new enterotoxin. While not
discovered first, Nhe is believed to be far more prevalent in B. cereus than either
CytK or Hbl.
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Both the genes and the enterotoxins of Hbl and Nhe are between 18%
and 44% homologous to each other. These two enterotoxins are not believed to
be homologous with any other characterized proteins. NheB and NheC share the
highest homology between the six subunits of Nhe and Hbl with 44% similarity. In
addition, the L1 component of Hbl is most similar to NheB and NheC. Hbl and
Nhe are believed to share the same progenitor gene sequence.
Both Hbl and Nhe are toxic to a number of human cell types (35), and are
maximally enterotoxigenic when all three subunits of each protein are present
(1). However, the molar concentrations of the active enterotoxin subunits are
currently unknown. For the Hbl enterotoxin, scientists have demonstrated a
positive diarrheal response in a rabbit model using a 1:1:1 molar ratio. In some
studies, the L1 component was not detected using a two-dimensional gel
electrophoresis (2D SDS PAGE) approach. L1 might be secreted in lower
concentrations relative to L2 and B subunits, at least during specific phases of B.
cereus growth. However, Hbl is still about 15% enterotoxigenic when either the
L1 or L2 subunit is missing.
When originally identified, Nhe was only thought to contain the subunits
NheA and NheB. In 1999, a third subunit was discovered and aptly named NheC.
Like Hbl, Nhe has an optimal ratio of subunits for maximal toxicity that differs
between strains (28). However, Nhe requires a ratio of 10:10:1 of NheA, NheB,
and NheC respectively (1). Subsequent research showed that excess NheC
production interfered with the cytotoxicity of Nhe against Vero cells. This cell
type, originating from a monkey kidney, is commonly used as an indicator of
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toxigenic protein production (58). Under normal conditions, B. cereus produces
far less NheC in relation to NheA and NheB (1). This probably accounts for the
late discovery of NheC, as it is usually present in low levels during cases of
gastroenteritis. Interestingly, Nhe is still mildly enterotoxigenic even when
completely lacking the nheC gene.
It is unlikely that the cytotoxic activity of Nhe against mammalian cells is
necessary for bacterial survival. Because Nhe has been found in every strain of
B. cereus studied, some speculate that Nhe may serve a vital role for cell
survival. This suggests that B. cereus may have dual roles for Nhe genes, both
as a transmembrane pore and some other cell-specific function that is currently
unknown.
Interestingly, a host cell receptor specific to Hbl or Nhe has not been
identified. The three subunits of Hbl independently bind to erythrocytes to form
the Hbl complex responsible for lysis. It does not seem to matter which subunit
binds first in the case of Hbl. Alternatively, NheB must first bind to the target cell
to begin formation of the Nhe complex. Excess NheC seems to inhibit the
formation of Nhe proteins. Even so, it is unknown exactly how the respective
subunits of Hbl and Nhe interact. It is also currently unknown whether increased
concentrations of the two remaining subunits in each enterotoxin exert a more
concentrated lytic activity.

Reports of disease by Bacillus
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As with most food-associated pathogens, the percent of cases reported is
a very small fraction of those that actually occur, owing to the self-limiting nature
of the illness (1). In 2005, only 1.4% of food poisoning in the European Union
was attributed to Bacillus genera. Between 1992 and 2006, Bacillus spp. were
confirmed in 45 cases in England and Wales. Between 1993 and 1998, 12% of
food poisoning in the Netherlands was attributed to B. cereus. Data from the
Centers for Disease Control and Prevention indicated that 1,623 reported cases
of infection and 90 outbreaks occurred between 1998 ad 2006 in the United
States. (45). It is suspected, however, that around 27,000 cases of
gastrointestinal food poisoning may occur each year in the United States.
Worldwide, the true prevalence of food poisoning by B. cereus is probably
much higher (1, 45). Because B. cereus intoxication is short-lived and usually flulike, most patients simply allow the infection to take its natural course instead of
seeking medical help (1). Even when medical help is sought, the symptoms of B.
cereus intoxication mimic those by emetic S. aureus infection and diarrheal C.
perfringens type A infection. These factors make an accurate diagnosis of B.
cereus infection difficult, affecting overall prevalence reports.

Detection of Bacillus
When patients seek medical treatment for a bacterial infection, doctors
traditionally use biochemical based identification methods for a diagnosis (1, 43).
Patients diagnosed with food poisoning by B. cereus must have eaten foods
containing between 105 and 108 cells or endospores per gram. In rare instances,
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as few as 103 endospores have been found in foods implicated in diarrhea (1).
Thus, the infectious dose for B. cereus-mediated gastroenteritis is relatively high
compared to many other bacterial pathogens.
To specifically detect B. cereus, scientists often use mannitol-egg yolkpolymyxin B (MYP) agar (1, 45, 50). B. cereus cannot ferment mannitol, and
when inoculated on MYP, both the isolates and media will remain pink (50).
Polymyxin B is included as the selective agent, and prevents growth of nonpolymyxin B resistant microbes like Gram-negative organisms (51). B. cereus
produces lecinthinase, which digests the included egg yolk from MYP agar (50).
This results in a ring of insoluble lipids around presumptive B. cereus isolates.
Scientists also commonly use other media that tests for motility, as B. cereus is
motile (1, 51). Bacillus spp. metabolize glucose, trehalose, and fructose. Some
strains can also exploit sucrose, maltose, glycerol, lactose, salicin, and mannose.
These species often break down gelatin, casein, and starch through hydrolysis.
Interestingly, foods high in protein as well as sauces and vegetables tend
to be associated with the diarrheal symptoms (1). Foods high in carbohydrates
tend to be associated with emetic food poisoning from B. cereus. In the United
Kingdom and Japan, the emetic version of B. cereus disease is most prevalent.
However, the diarrheal version of B. cereus intoxication is most prevalent in
North America and the northern part of Europe.

Identification of species
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Traditionally, the identification of species within Bacillus has been based
on phenotypic properties like colony morphology and biochemical characteristics
(1). Studies of phylogeny between B. cereus and B. thuringiensis revealed no
taxonomical differences, suggesting that the two species should not be
considered as distinct. Emerging research within Bacillaceae has revealed that
the true differences between species are not phenotypical. Rather, individual
species within the Bacillus genus should be defined based on their genotypes.
Recent genomic analysis has revealed that many Bacillus spp. are very closely
related even when expressing different phenotypes. B. cereus, B. thuringiensis,
and B. anthracis are 99% homologous among their 16S rRNA sequences.
However, both 16S rRNA and gyrB differentiation attempts fail to distinguish B.
cereus from B. thuringiensis (25). These assays can distinguish between B.
anthracis and the aforementioned species, but not between subspecies of B.
anthracis (55). Clearly, a method is still needed to definitively determine the
identity of Bacillus spp. It is thought that bacterial plasmids at least partially
confer phenotypic characteristics currently associated with Bacillus “species”
(55).

Operons and Plasmids
Plasmids are highly mobile, circular DNA structures naturally present in
bacteria (1). Many ways exist to isolate bacterial plasmids (16), allowing
scientists to determine that plasmids can confer the ability to cause disease (1).
Plasmids are highly prevalent within Bacillus strains and have been found in 92%
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of Bacillaceae analyzed (43). One such plasmid, the ces plasmid, was recently
discovered. This plasmid was found to give B. cereus the ability to produce
cereulide associated with emesis (1). The ces plasmid that produces cereulide
has been found in a small group of B. cereus sensu stricto strains. However,
other strains of Bacillus have also been observed to produce cereulide but differ
in their phenotypic and genetic attributes. In another study, a loss of plasmid in B.
thuringiensis encoding insecticidal proteins resulted in the inability to differentiate
B. thuringiensis from B. cereus (29).
This evidence supports the theory that plasmids are, at least in part, what
confer unique abilities like enterotoxin production in the Bacillus genera.
However, Nhe and Hbl enterotoxins are usually encoded on chromosomal DNA,
and not on plasmids (1). Recently, at least one hblCDAB operon has been found
to possess transposable elements and a new nhe operon has been identified on
a plasmid. These discoveries suggest that enterotoxin operons are mobile and
may be found in both nucleoids and plasmids.

Horizontal gene transfer
Both B. cereus and B. thuringiensis have been demonstrated to be
naturally competent (29). Natural competence allows rapid horizontal gene
transfer (HGT) of plasmids and other genetic material to occur between different
species. HGT can change the phenotypical properties and related pathogenicity
of Bacillus strains (29). B. cereus strain G9241 and B. anthracis have been found
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to be genetically similar, thought to be due to the interspecies transfer of genetic
material (22).
There is an overlap in the symptoms Bacillus species can cause in
patients. A strain of B. cereus was recently found to cause anthrax-like
symptoms in a patient (1). This strain contained virulence factors normally
associated with B. anthracis. While B. cereus is well documented as the
causative agent in certain cases of food poisoning, other species within the
Bacillus genus are not traditionally believed to harbor this ability. For example,
B. thuringiensis is used extensively in genetically modified crops as a genetic
insecticidal agent and is documented as being harmless to humans. New
evidence, however, has shown that B. cereus and B. thuringiensis are highly
similar in terms of chromosomal genetic distribution and expression (1, 13). To
attempt to differentiate between B. cereus, B. thuringiensis, and B. anthracis,
genomic analysis is commonly used (29).
Interestingly, when identified properly, B. thuringiensis has been found in
cases of human infection that rival symptoms caused by B. cereus (1). A study
that targeted 16s rRNA and gyrB genes using PCR found that 6 of 82 previously
described strains of B. cereus were actually B. thuringiensis and 67 of 73 strains
of B. thuringiensis were actually B. cereus (25). It is probable that like B. cereus
food poisoning, infection by B. thuringiensis is more prevalent than actually
reported because of the difficulties associated with distinguishing between these
two microbes (1).
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Only B. cereus and B. anthracis are commonly accepted as pathogens
within the Bacillus family (1, 8). Thus, no screening occurs for B. thuringiensis,
B. coagulans, or other species during food inspection because of this commonly
accepted belief. With horizontal gene transfer, other species besides B. cereus
may very well contain Hbl and Nhe enterotoxin operons and cause food
poisoning. Thus, enterotoxin operons may be more broadly distributed among
other Bacillus species than currently believed.
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Methods
Real-time PCR
Soil
Using a previously described method (2), soil was collected from locations
around Ball State University including Cooper Science, Lucina Hall, Christy
Woods, and Ball Gymnasium. A bulb planter (1946600, Ames True Temper,
Camphill, PA) was used to remove soil from an approximate depth of four inches.
This soil was placed in Ziploc Sandwich bags (SC Johnson, Racine, Wisconsin)
and stored in a dark drawer at 23°C until Bacillus endospores could be isolated.

Food
Various forms of powder, seasonings, milk, coffee creamers, cheese,
snacks, spreads, and drink additives were obtained at local retail in order to
isolate Bacillus spp (Table 1).
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Table 1: Foods screened for the presence of Bacillus spp. endospores divided
by food type. Five grams of each food was added to 100 mL of brain heart
infusion broth and incubated at 32°C while shaking at 160 RPM for 3 days. One
mL of solution was plated on tryptic soy agar and incubated overnight at 37°C.
Bacterial growth was streaked for isolation on tryptic soy agar.

Reference Strains
Seventeen reference strains shown in Table 2 were obtained and
subcultured onto tryptic soy agar (TSA) (T20-108, Alpha Biosciences, Baltimore,
MD) slants, as TSA is standard non-selective media commonly used to culture
microorganisms (21). These cultures were refrigerated at 4°C until DNA
extraction and real-time PCR analysis.
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Table 2: All reference strains used in this study listed by their identifying code
and from what repository each strain was obtained.

Bacillus Isolation
A method to isolate Bacillus spp. endospores (5) was modified from 10 g
of food or soil to 5 g to better grow microbes in subsequent enrichment broth. In
addition, the temperature was changed to 80°C for 30 minutes instead of 85°C
for 25 minutes to better select for endospore germination. Each sample (5g) was
added to 100 mL of brain heart infusion broth (BHIB) (211059, BD Diagnostic
Systems, Franklin Lakes, NJ). After mixing, the solution was incubated at 32°C
while shaking at 160 RPM for 72h on a New Brunswick Scientific I2400
Incubator/Shaker. Samples were heat-treated at 80°C for 30 min on a
Thermolyne Type 2200 hot plate using a water jacketed vessel and constant
shaking. After heat-treatment, 1 mL of solution was pipetted onto TSA plates
and incubated overnight at 37°C in a General Electric Precision Scientific
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incubator. A loop was flame-sterilized and used to transfer bacterial growth to a
new TSA plate for streak isolation. Streak plates were incubated at 37°C
overnight to obtain pure colonies. A colony from each isolate was subjected to a
Gram stain and endospore staining. All TSA plates containing isolates were
wrapped in parafilm and stored at 4°C for further analysis.

Bacterial Growth
Using previously described methods (5), an isolated colony from each
sample was cultured in 6 mL of tryptic soy broth (TSB)(T20-110, Alpha
Biosciences). All samples were shaken at 160 RPM at 32°C for 24 h.

DNA Extraction
The following day, TSB was vortexed momentarily and 1.5. mL of culture
was transferred to a 1.5 mL microcentrifuge tube (3445, Pretech Instruments,
Sweden) according to previously published literature (6). Bacteria were pelleted
in an Eppendorf Centrifuge 5415R at 9,000 x g for 3 min at 4°C. The supernatant
was decanted into a biohazard waste container. The pellets were resuspended
with 300 µl of 1X TE buffer containing Tris (10 mM Tris (0497-500G, Amresco)
and 1 mM EDTA (0245-500G, Amresco) at a of pH 8.0. After resuspending, 30
µl of 10% SDS (H5114, Promega, Madison, WI), and 20 µl of 20 mg/mL
Proteinase K (AM2548, Ambion, Austin, TX) were added to the suspension. The
solution was incubated at 37°C for 30 min while vortexed every 5 min. To
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inactivate Proteinase K, the solution was immersed in a 90°C water bath for 5
min.
The tubes were centrifuged for 5 min at 800 x g and the supernatant from
each tube was transferred to clean labeled tubes and mixed with an equal
volume of a combined phenol, chloroform and isoamyl alcohol (25:24:1) solution
(0883-400mL, Amresco, Solon, OH) to denature proteins. The tubes were
centrifuged for 10 min at 10,000 x g at 4°C. To precipitate the DNA, the aqueous
phase was carefully transferred into clean microcentrifuge tubes and mixed with
one-tenth the volume of cold 3 M sodium acetate (S209-500, Fisher Scientific,
Pittsburgh, PA) and one volume of cold 95% isopropanol (Greenfield Ethanol
Company, Brookfield, CT). The microcentrifuge tubes were inverted to mix and
centrifuged for 30 min at 16,000 x g at 4°C. The supernatant was discarded. The
tubes were placed on their sides with the caps off to dry the DNA pellet overnight
at room temperature. The following day, all tubes were stored at -20°C.

Spectrophotometry
After drying, each sample was dissolved in 20 µL of sterile TE buffer. Ten
µL of this DNA suspension was added to 990 µL of TE buffer and inverted to mix.
DNA was then quantified at A260 to determine concentration using a Beckman
Coulter DU530 Life Science UV/Vis spectrophotometer (7). All DNA samples
were normalized to a concentration of 1 µg/µL in sterile 1X TBE using the
calculation (X A260 100*50) divided by 1000 where X A260 came from the resulting
absorbance values.
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Real-time PCR
Real-time PCR was utilized to target the nheA gene (20). The primer
sequences for the target nheA gene were found to be previously published and
are included in Table 3.

Table 3: Primer sequences, melting temperatures, and guanine and cytosine
content for the nheA gene.

Uniplex real-time PCR was performed based on reaction conditions
previously published (9). However, the annealing temperature was changed
from 55°C to 52°C to better support annealing of the nheAF primer to template
DNA. In addition, a melting curve was used instead of traditional agarose gel
electrophoresis for analysis. Each PCR reaction consisted of 1X iQ Sybr Green
Supermix (170-8880, Rio Rad, Hercules, CA), 100 pmol nheAF and nheAR
primers (Integrated DNA Technologies, Coralville, IA), and 1.0 µg/µL of template
DNA. Nuclease-free water (P119C, Promega) was added for a final volume of
25 µL in 0.2 mL PCR tubes (1055470, Corbett Research, Concord, NSW). A
negative control was also included which contained all of the aforementioned
reagents except for template DNA. The volume in the negative control was
increased using PCR water to account for the lack of template DNA in these
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negative control tubes. A positive control was included consisting of an
enterotoxigenic strain of B. cereus (14579, American Type Culture Collection,
Manassas, VA), which had been previously demonstrated to harbor the nheABC
operon (38).
All samples were loaded into a Corbett Research Rotor Gene RG-3000
thermocycler. Real-time PCR conditions were programmed for an initial
denaturation at 94°C for 120 seconds followed by 35 cycles of: a denaturation
step at 94°C for 20 seconds, an annealing step at 52°C for 60 seconds, and an
elongation step at 72°C for 60 seconds. A final elongation step followed with the
temperature held at 72°C for 300 seconds. A melting curve immediately
followed. Starting at 40°C, the temperature was increased 0.7°C per second until
a final temperature of 95°C was reached. Amplicon melting peaks were plotted
using Rotor Gene 6 software and melt peak data were exported into Microsoft
Excel for analysis. Only melt peaks within 1 standard deviation of the average
melt peak of positive control B. cereus ATCC14579 were considered as positive
for the presence of nheA.

Rep-PCR
Rep-PCR Preparation
Rep-PCR reagents were supplied in a Diversilab kit (270603, Bacterial
Barcodes, Athens, GA) specific for fingerprinting Bacillus spp. The concentration
of DNA of each sample previously isolated for real-time PCR was restandardized to 50 ng/µl as required by Diversilab. Primers for repetitive
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elements within Bacillaceae were included in the Diversilab kit and are shown in
Table 4.

Table 4: Primer sequences for the forward and reverse components of the
repetitive element palindromic sequences in Bacillus spp.

The reagents in the Diversilab kit were thawed completely on ice. Each
reagent was vortexed and subsequently centrifuged for 3 seconds at 10,000 x g.
A clean 1.5 mL microcentrifuge tube was selected to act as a mastermix tube
and placed on ice. The mastermix tube was subjected to UV light for one minute
to destabilize any contaminant DNA. To the mastermix tube, 18 µl of Rep-PCR
MM1, 2.5 µl of GeneAmp® 10X PCR Buffer, 2.0 µl of Primer Mix E, and 0.5 µl of
Taq DNA Polymerase (2900164, 5 PRIME, Gaithersburg, MD) were added for
every desired reaction. The mastermix tube was completely homogenized using
repeated pipetting. Twenty-three µl of master mix were aliquotted to each of the
desired number of 0.2 mL PCR reaction tubes. Two µl of 50 ng/µl bacterial
template DNA were added to each 0.2 mL tube. Two µl of a positive and
negative control provided within the Diversilab kit were included in each rep-PCR
run to ensure clear results.

PCR Conditions

26

Rep-PCR was accomplished using a Corbett Research Rotor Gene
according to the directions from the manufacturer. An initial denaturation step of
94°C was programmed for 2 min. This denaturation step was immediately
followed by 35 cycles consisting of a denaturation step of 94°C for 30 s, an
annealing step of 55°C for 30 s, and an extension step of 70°C for 90 s. A final
extension step ensued consisted of 3 min at 70°C.

Agarose Gel Electrophoresis
DNA was immediately removed from each tube and loaded into a 1.5%
agarose gel (E-3121-125, BioExpress, Kaysville, UT) containing 0.625 μg/μl
ethidium bromide (15585-011, Invitrogen, Carlsbad, CA) (14). Each gel was
made with 1X TBE from a stock solution of 10X TBE consisting of 121.10 g/mol
Tris base, 61.83 g/mol boric acid (S93143, Fisher Scientific), and 372.24 g/mol
EDTA (13). Lane one of each gel was loaded with 6 μl of a DNA ladder ranging
from 100 to 1500 bp (G2101, Promega) containing 1 μl of 6X loading dye
(G2101, Promega). Five microliters of each rep-PCR reaction were mixed with 1
μl of 6X loading dye using repeated pipetting. Six microliters of each sample
were then loaded into each respective well. A negative rep-PCR control was
also included in the last lane of the gel. Once loaded, the electrophoresis
reaction ran for 1.5 hours at a constant voltage of 70 V. After finishing, the gel
was immediately visualized on a Bio Rad Gel Doc XR using transient UV light.
All images were saved digitally. The resulting banding patterns were recorded in
Microsoft Excel in a virtual gel, as shown in Table 7. All banding patterns of

27

nheA positive and nheA negative were compared against the B. cereus control
strain and three B. thuringiensis strains. Each resulting band was recorded in
Microsoft Excel on a virtual gel. Sample bands identical to each reference strain
(B. cereus, B. thuringiensis var. kurstaki, B. thuringiensis var. japonensis, and B.
thuringiensis var. israelensis) were divided by the number of total bands in each
reference strain. The resulting number was multiplied by 100 to determine the
percent each sample was identical to B. cereus, B. thuringiensis var. kurstaki, B.
thuringiensis var. japonensis, and B. thuringiensis var. israelensis.
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Results
Samples
Excluding reference microbes purchased from Presque Isle Cultures, a
total of 45 food and soil samples were screened for the presence of Bacillus spp.
Of these, 21 isolates (48.9%) were found to contain no detectable Bacillaceae.
Twenty isolates (44.4%) were Gram-positive, spore-forming rods after heattreatment and subsequent streak-plating on TSA. These included basil
seasoning, nutmeg seasoning, Tazo tea powder, a beef taco from Taco Bell,
Lesaffre Yeast, Prairie Farms Whole Milk, Food Club Quick Oats, Ann‟s House
Healthy Energy Blend Nuts, Peter Pan Peanut Butter, Great Value Peanut Butter,
Dannon Yogurt, Chevre Fresh Goat Cheese, Saputo Stella Gorgonzola Cheese,
Black Creek Extra Sharp Cheddar Cheese, Pilgrim‟s Choice Blue Stilton Cheese,
Cooper Science Building Soil, Lucina Building Soil, Christy Woods Soil, and Ball
Gymnasium Soil. An additional 6 isolates, 3 of which were isolated from Jiffy
Corn Muffin Mix, were Gram-positive cocci. Aside from Jiffy Corn Muffin Mix,
Gram-positive cocci were isolated from mustard seasoning and Mix n‟ Drink
Powdered Skim Milk. These Gram-positive cocci accounted for a total of 6.7% of
the entire sample pool.
Seventeen Bacillus spp. reference strains were purchased from Presque
Isle Cultures for subsequent real-time PCR analysis. Overall, a total of 37
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samples were either pure-type cultures or Gram-positive rods that were
subsequently subjected to DNA extraction in preparation for real-time and repPCR.

Real-time PCR
B. cereus ATCC14579 was used as a positive control to test for the
presence of nheA and had an average melt peak of 81.96°C over three runs. As
shown in Table 5, fourteen test samples (37.84% = green highlighted) were
consistently within 1 SD of the positive control over three separate real-time PCR
runs. Standard deviations of samples positive 3 of 3 times for nheA are included
in Table 6, part B. These samples included reference strains B. macerans, B.
brevis, B. cereus, B. thuringiensis var. kurstaki, B. thuringiensis var. japonensis,
and B. thuringiensis var. israelensis. Food samples consistently within 1 SD of
the positive control originated from Prairie Farms Whole Milk, Ball Gymnasium
soil, Lucina Hall soil, Cooper Science soil, Christy Woods soil, basil seasoning
powder, “Clean” Peter Pan Peanut Butter, and Great Value Peanut Butter.
Five samples (13.51% = yellow highlighted) had two melt peaks within 1
SD of the positive control strain. These included the pure strain B. laterosporos
and food samples from a beef soft taco from Taco Bell, nutmeg powder, Chevre
Fresh Goat Cheese, and Saputo Stella Gorgonzola Cheese.
Six samples (16.22% = orange highlighted) had one melt peak within 1
SD of the positive control strain. These included pure strains B. polymyxa and B.
coagulans. In addition, food samples with only 1 of 3 melt peaks consistent with
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B. cereus positive control were from Food Club Quick Oats, Pilgrim‟s Choice
Blue Stilton Cheese, Ann‟s House Energy Blend Nuts, and a jar of Peter Pan
Peanut Butter involved in a food recall that may have contained Salmonella.
Twelve of the 37 samples (32.43% = red highlighted) had either no melt
peaks or melt peaks greater or less than 1 SD of the positive control strain.
These included pure strains B. subtilis globigii, B. stearothermophilus,
Geobacillus stearothermophilus, B. spaericus, B. megaterium, G. pumulis, B.
circulans, and B. subtilis. Foods negative for nheA included Black Creek Extra
Sharp Cheddar, Tazo Tea powder, Dannon Yogurt, and Lesaffre Yeast.
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Table 5: Samples were positive or negative for the presence of nheA 3/3, 2/3,
1/3, or 0/3 times. Green samples indicate positive detection of nheA in real-time
PCR over three separate runs. Yellow samples indicate nheA positive samples in
two of three real-time PCR runs. Orange samples indicate nheA positive samples
in one of three real-time PCR runs. Red samples indicate negative nheA
detection in real-time PCR.
As shown in Table 6, part A, there were 4 of 16 food samples that tested
positive for nheA for three melt peaks. Additionally, 4 food samples displayed
two positive melt peaks, while 4 more displayed one melt peak. Four food
samples displayed zero melt peaks. All soil samples were positive for nheA with
three melt peaks. Six reference strains displayed three positive melt peaks for
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nheA, while only one strain had two melt peaks consistent with the positive
control. Two strains had one melt peak in line with the positive control, while 8
strains were completely negative for the presence of nheA.
After real-time PCR, standard deviations (SD) were calculated for sample
melt peaks to compare against B. cereus ATCC14579. Samples 6, 8, 14, 15,
16, 17, 18, 24, 25, 26, 28, 32, 37, and 42 resulted in standard deviations less
than 1 when compared against the 82°C average positive control melt peak. Any
sample with a SD less than 1 indicated a positive “hit” for the nheA gene. Data
are shown in Table 6, part B.

A.

B.

Table 6: A: Number of samples with nheA positive melt peaks three, two, one,
and zero times in divisions of food, soil, and reference strains.
B: Samples with corresponding SDs less than 1 when compared against the
positive control strain B. cereus ATCC14579 during real-time PCR.
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Rep-PCR
Rep-PCR was utilized on B. cereus (ATCC14579), which was labeled as
sample 14 for real-time and rep-PCR. This strain was subsequently used as the
standard against which all other nheA positive samples in rep-PCR were
compared. Sample 14 displayed 16 bands within the range of the DNA ladder,
as shown in Table 7. These bands corresponded to lengths of 1500 bp, 1200 bp,
1100 bp, 1025 bp, 950 bp, 900 bp, 825 bp, 750 bp, 700 bp, 625 bp, 575 bp, 550
bp, 450 bp, 375 bp, 300 bp, and 250 bp. Table 5 includes all banding patterns for
all nheA positive samples. All other banding patterns were compared against B.
cereus reference strain (#14) and three B. thuringiensis spp. reference strains
(#15-17).
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Table 7: Banding patterns of all nheA positive samples excluding samples 9, 10,
22, 27, 31, 39, and 43. Red cells represent the length in base pairs of each DNA
ladder band. Yellow cells represent the column of positive control B. cereus
ATCC 14579. Green cells represent banding of B. thuringiensis var. kurstaki
(#15), B. thuringiensis var. japonensis (#16), and B. thuringiensis var. israelensis
(#17).
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All samples were compared against B. cereus, B. thuringiensis var.
kurstaki, B. thuringiensis var. japonensis, and B. thuringiensis var. israelensis.
The resulting percent identities of the banding patterns to each reference strain
of each sample are recorded in Table 8.
B. cereus (sample #14)
Samples 17 and 25 were 6% identical to the banding pattern of sample
14. Samples 6, 15, 18, 24, and 32 were 13% identical to sample 14. Samples 8,
13, 26, and 28 were 19% identical to sample 14 banding. Samples 16 and 42
were 25% identical to sample 14, while samples 33 and 35 were 31% identical.
Samples 36 and 37 were 44% identical to sample 14. No samples were more
than 44% identical to sample 14.
Nine nheA negative samples were analyzed using rep-PCR, and include
samples 1-5, 7, 9, 11, and 12 (data not shown). Samples 2, 3, 5, and 7 were 6%
identical to the banding pattern of sample 14. Samples 1, 4, and 12 were 19%
identical to sample 14. Sample 11 was 44% identical to the banding pattern from
sample 14.

B. thuringiensis var. kurstaki (sample #15)
When compared against B. thuringiensis var. kurstaki, samples 17, 24, 25,
and 35 shared no identical banding. Samples 8, 16, 18, 26, 32, 33, and 36 were
20% identical to B. thuringiensis var. kurstaki. Samples 6, 13, 14, 28, and 42
were 40% identical, while sample 37 was 80% identical to B. thuringiensis var.
kurstaki.
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B. thuringiensis var. japonensis (sample #16)
Samples 6, 17, and 35 shared no identical banding with B. thuringiensis
var. japonensis, while samples 15 and 18 were 8% identical. Samples 28 and 32
were 17% identical to B. thuringiensis var. japonensis, but samples 8, 13, 26, and
37 were 25% identical. Samples 14 and 42 were 33% identical to B.
thuringiensis var. japonensis. Samples 24 and 33 were 42% identical to B.
thuringiensis var. japonensis banding, while sample 36 was 50% identical.

B. thuringiensis var. israelensis (sample #17)
When compared against B. thuringiensis var. israelensis, samples 15, 16,
24, and 25 were 0% identical. Samples 6, 14, 26, 28, 32, 33, 36, and 37 were
25% identical to B. thuringiensis var. israelensis. Samples 13, 35, and 42 were
50% identical to B. thuringiensis var. israelensis, while samples 8 and 18 were
75% identical.
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Table 8: Comparison of all rep-PCR banding patterns with B. cereus (sample
#14), B. thuringiensis var. kurstaki (sample #15), B. thuringiensis var. japonensis
(sample #16), and B. thuringiensis var. israelensis (sample #17). Yellow cells
denote the specific sample all other banding patterns were compared against.
Blue cells represent banding patterns 20% to 29% identical to each yellow
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reference strain. Green cells represent banding patterns 30% to 39% identical to
each yellow reference strain. Red cells represent banding patterns identical
banding that was 40% and above to each yellow reference strain. No samples
were more than 44% identical to B. cereus. Sample 37 was 80% identical to B.
thuringiensis var. kurstaki. Sample 36 was 50% identical to B. thuringiensis var.
japonensis. Samples 13, 35, and 42 were 50% identical to B. thuringiensis var.
israelensis, while samples 8 and 18 were 75% identical.

As shown in Table 5, samples 9, 10, 22, 39, and 43 had one nheA positive
amplicon during real-time PCR. Samples 27 and 31 had two nheA positive
amplicons late in analysis after initially appearing to only contain one positive
melt peak. Consequently, these samples were not subjected to rep-PCR, as the
real-time results were inconsistent. Rep-PCR efforts were instead directed at
samples that had either three melt peaks or two melt peaks early in analysis
within 1 SD of the positive control.
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Discussion
The debate over the ideal method for identification of Bacillus isolates has
raged for over 50 years (55). Recent public awareness of potential bioterrorism
using the anthrax toxin produced by B. anthracis has lead government agencies
to fund multiple studies aimed at rapidly differentiating B. anthracis from other
closely related Bacillus species such as B. cereus and B. thuringiensis. B.
anthracis produces the anthrax toxin encoded by two plasmid-based operons,
pXO1 and pXO2 (1,45,55). The anthrax toxin primarily kills herbivore mammals,
but can also kill humans (12,55). Not to be underestimated, B. cereus can cause
severe food poisoning through its production of emetic and diarrheal toxins (1,
29). While heavily used as an insecticidal agent in crops with its Cry crystalline
toxins, B. thuringiensis has also recently been demonstrated to cause food
poisoning symptoms in humans similar to B. cereus (1, 55). Ironically, species
like Bacillus coagulans, which was found to contain nheA at least once in this
study, are readily used as probiotics in human health (34).
These strains were originally differentiated into species at a time when
biologists did not possess the molecular tools to delve deeper than biochemical
tests and phenotypical observations (1, 45, 55). While this strategy worked well
for other genera, 16S rRNA analysis of differences among B. cereus, B.
thuringiensis, and B. anthracis have shown these species to have a nucleotide
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sequence difference of less than 1% (12). Thus, the emerging “holy grail” of
Bacillus research would be to accurately differentiate these species. Recent
advances in molecular biology have allowed scientists to scrutinize the genetic
properties of these three “species” (55). After exhaustive studies using DNADNA hybridization, 16S and 23S rRNA comparative analyses, multilocus
sequence typing (MLST), fluorescent amplified fragment length polymorphism
analysis, rep-PCR, and small nucleotide polymorphism (SNP) analyses,
scientists have been unable to reliably differentiate these three Bacillus species.
While many methods have been pursued, most results have suggested
that B. cereus, B. thuringiensis, and B. anthracis should be considered the same
species due to highly conserved nucleoidal genetic sequences (1, 12, 13, 45,
55). Due to the easily identifiable symptoms of B. anthracis and B. cereus, there
is recent concern among biologists that the “B. anthracis” species may in fact be
an oversampled subset of B. cereus (55). Other scientists speculate that B.
anthracis may have only recently evolved to the point to be considered distinct
from B. cereus (30). Either way, a separate study confirmed that enough of a
difference exists between the genome of B. anthracis when compared against B.
cereus or B. thuringiensis to consider B. anthracis as identifiable using pulsedfield gel electrophoresis (41).
Of the 45 total food and soil samples in this study, 20 Bacillus isolates
were obtained (44.4%). Twenty-one samples (48.9%) were not found to contain
Bacillus isolates. Three isolates were plated from Jiffy Corn Muffin Mix along with
two other samples for a total of 6.7% after heat-treatment but were Gram-positive
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cocci. Because this research examined Bacillus spp., any non-Gram-positive rod
specimens were not analyzed further.
Bacillus spp. are ubiquitous in nature and form endospores that readily
transfer to foods (1,43,45). Initially for the Bacillus isolation approach, nutrientrich BHIB incubation overnight at 32°C did not allow for endospore formation.
Endospores optimally form when the bacteria are stressed, and require 1 to 2
days for full development (1,47). While most samples had already been screened
for Bacillus presence, the remaining few were instead shaken for three days at
the same conditions to allow sufficient time for endospore formation.
Consequently, endospores were better isolated after this change. It is likely that
Bacillus spp. endospores were present in many samples that lacked detectable
Bacillus isolates initially, like Nestle Nesquik, given their general ubiquity (45).
These samples were then subjected to real-time PCR analysis.
There are three nhe genes that are encoded on the nheABC operon (1),
and have been shown to remain conserved as a cluster during genetic
recombination (29). It can reasonably be assumed that the presence of the most
proximal subunit of nhe indicates the presence of the other two genes. In the
literature, all genes encoding the Nhe and Hbl enterotoxins have been readily
located downstream in both B. cereus and B. thuringiensis (36). Of 616 Bacillus
isolates tested, none were found to harbor only a single or two of the genes for
each operon.
Over three separate real-time PCR runs, all 4 soil samples had three melt
peaks within 1 SD of nheA positive B. cereus ATCC14579. Thus, they were also
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positive for the presence of the nheA gene. By extension, these strains were
also positive for the presence of the nheABC operon and could be considered
pathogenic. Samples with three melt peaks consistent with B. cereus positive
control also resulted in standard deviations much less than 1, as shown in Table
5B. These melt peaks were extremely similar to each other and to the positive
control, meaning that the amplified product was, in fact, nheA.
Of 16 total food isolates, four displayed three nheA positive melt peaks,
while four displayed two nheA positive melt peaks. Additionally, 4 food isolates
displayed only one nheA positive melt peak, while four were found to contain no
identifiable nheA genes. Over three real-time PCR runs, samples with three melt
peaks within 1 SD of the nheA positive control strain were also considered
positive for the presence of nheA. Samples with two of three melt peaks within 1
SD of the positive control strain were also considered to be positive for the
presence of nheA, even with an erroneous third melt peak. While real-time PCR
is an accurate assay for gene detection, it is still sensitive to pipette error as well
as PCR inhibitors (53). Thus, it is likely that user error prevented a third melt
peak within 1 SD of the positive control.
Samples with one of three melt peaks within 1 SD of the positive control
were treated as potentially positive for the presence of nheA. However, further
research of these strains needs to be performed for a definitive answer. One
positive melt peak was not determined to be strong enough evidence to ignore
two negative results.
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After real-time PCR analysis, reference cultures B. macerans, B. brevis, B.
cereus, B. thuringiensis var. kurstaki, B. thuringiensis var. japonensis, and B.
thuringiensis var. israelensis also displayed three melt peaks within 1 SD of nheA
positive B. cereus over three runs. Additionally, B. laterosporos displayed two of
three total melt peaks consistent with the positive control strain, and by extension
contained the nheABC operon. The B. thuringiensis and B. cereus sample results
were expected and confirm earlier work indicating that both are pathogenic
(12,13,54). While the reference strains B. circulans and B. megaterium were not
positive for the presence of nheA in this study, they were found to harbor each
Hbl gene in a separate study (39). It is very possible these strains contained a
polymorphic version of nheA.
To the best of our knowledge these samples, minus B. cereus and B.
thuringiensis, are novel findings that are not usually associated with food
pathogenicity (1,9,43,45). However, it is an unsurprising find that Bacillus
isolates harboring the nheA gene were identified in food, at least in B.
thuringiensis and B. cereus. B. cereus and B. thuringiensis are arguably the
same species (1), and have been demonstrated to be pathogenic in food (9).
There is a general consensus among biologists that most, if not all, Bacillus
isolates undergo horizontal gene transfer (45).
One study determined that of the B. cereus and B. thuringiensis isolates
obtained from rice, 84.3% and 100% of them produced the Nhe enterotoxin,
respectively (10). Sixty-one percent and 100% of these same isolates produced
the Hbl enterotoxin, respectively. A separate study found that of 136 B. cereus
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isolates obtained from milk, over half were toxic against HeLa cells (17).
Additionally, 73.2% were toxic against HEL cells. A third study noted that of
emetic strains identified, 77.5% of B. cereus strains also produced Nhe (19). Yet
another study found that the nheABC operon was present in every B.
thuringiensis strain tested (36). The presence of the nheABC operon does not
necessarily indicate a virulent strain, but has a very high likelihood of expressing
these genes in a host environment or in food under permissive conditions (1, 42).
Thus, future work to determine the pathogenicity of nheA positive samples would
include the use of a Tecra VIA to detect enterotoxin proteins (1, 9,19,45).
Without this step, the virulence of nheA positive samples cannot be definitively
determined.
These data suggest that at least 8 of the 16 isolates from food were
positive for the presence of the nheABC operon. An additional four food isolates
may also be enterotoxigenic, meaning that there is a 75% chance of any food
isolate consumed being potentially enterotoxigenic. Additionally, three reference
strains were identified that have not been previously known to harbor
enterotoxigenic genes. A large degree of genetic variation exists in nhe
sequences among Bacillus spp. (9), giving rise to false negative results in PCRbased detection assays. Strains negative for nheA in real-time PCR have been
found to produce the enterotoxin Nhe as determined using a Tecra VIA kit. It is
very possible that some of the nheA negative strains from real-time PCR may still
be enterotoxigenic due to polymorphism (52).
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After real-time PCR analysis, it was necessary to determine how similar
the unidentified Bacillus food and soil isolates were to the reference strains B.
cereus, B. thuringiensis var. kurstaki, B. thuringiensis var. japonensis, and B.
thuringiensis var. israelensis using rep-PCR. If banding patterns of the
unidentified isolates were very similar to rep-PCR banding patterns of reference
strains, then this research would not have identified new strains harboring
enterotoxigenic genes.
Unfortunately, recent literature is contradictory when discussing how
similar two separate Bacillus genomes need to be in order to be considered the
same species (1, 29, 45, 55). There are claims that B. thuringiensis, B. cereus,
and B. anthracis should be considered one species on the basis of genetic
evidence (1, 29, 45, 49, 55). Alternatively, other scientists claim that current
taxonomy has not divided Bacillus strains enough, suggesting that more species
or subspecies than currently listed in literature exist (12, 27, 56). No commonly
accepted definition that separates these species on genetic evidence has been
found.
Rep-PCR was performed on eighteen samples that had two melt peaks
within 1 SD of the positive control. These included samples 6, 8, 13, 14, 15, 16,
17, 18, 24, 25, 26, 28, 32, 33, 35, 36, 37, and 42. Interestingly, after rep-PCR
samples 36 and 37 displayed banding patterns 44% identical to B. cereus
ATCC14579. While these samples may be other strains of B. cereus, their low
banding pattern similarities suggest the isolates may be other species within the
Bacillus genus. Previous studies utilizing rep-PCR have demonstrated the
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variability strains of Bacillus exhibit (11, 14, 18). The other isolates fingerprinted
via rep-PCR were less than 44% identical to B. cereus ATCC14579, and are
even more likely to be other Bacillus species.
While not commonly believed to be a food pathogen, B. thuringiensis has
been shown to harbor enterotoxin operons (1, 45). Hence, it was appropriate to
compare all genotyped samples against the three B. thuringiensis spp. used in
this study. As previously mentioned, banding with less than 70% identity were
treated as separate strains. Only one sample, clean Peter Pan Peanut Butter
(sample #37), was more than 70% identical to B. thuringiensis var. kustaki. This
isolate was 80% identical and was likely to be B. thuringiensis var. kurstaki.
None of the samples analyzed using rep-PCR were more than 70% similar to B.
thuringiensis var. japonensis, indicating that none of the unknown isolates were
B. t. var. japonensis.
Interestingly, the reference strain B. brevis (sample # 8) was 75% identical
to B. thuringiensis var. israelensis. This indicated that while obtained as a pure
reference strain, the B. brevis strain in question might actually have been B.
thuringiensis var. israelensis. This highlights the difficulty in accurately labeling
species within the Bacillus genus. The bacterial isolate from Prairie Farms Whole
Milk (sample #18) was also 75% identical to B. thuringiensis var. israelensis,
indicating that this isolate may be identified as B. t. var. israelensis.
More work is needed to determine the identity of these soil and food isolates to
directly compare nheA presence with different species of Bacillus.
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These data corroborate other work showing that the nheABC operon is
mobile among Bacillus spp. through horizontal gene transfer (HGT) (1,45).
Indeed, HGT has been observed among Bacillus spp. and can serve as a
mechanism explaining the incidence of non-B. cereus samples positive for nheA
(1,22,29). While no data has been found to suggest that this gene transfer
mechanism uses an integron, the anthrax-like operon pXO16 found in B.
thuringiensis is part of a conjugative plasmid (55). It is reasonable conjecture that
other Bacillus species may also harbor conjugative plasmids that aid in HGT.
Within Bacillus, most virulence factors are encoded on plasmids (55), which have
been demonstrated to readily transfer between differing species (1, 29). Indeed,
a recent study indicated that the virulence genes associated with B. cereus
infection undergo frequent rearrangement both within the bacterial nucleoid and
between species (32). Thus, a better method than traditional biochemical tests to
detect pathogenic Bacillus strains is to screen for virulence operons present in
plasmids or in nucleoidal DNA (33, 55).
Bacillus genomes that have been sequenced display a high level of
genetic synteny in their gene order. Two genes that encode for bacterial
ribosomes, 16S and 23S rDNA, contain genetic sequences that are less than 1%
different when compared between B. cereus, B. thuringiensis, and B. anthracis
(12). A dissimilarity of 3% between 16S or 23S rDNA sequences is the minimal
“cut off” between two strains to be considered as distinct species. Additionally,
the gyrB gene sequence shared among these species is very homologous (37).
Because these genes are shared among different species within the Bacillus
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genus, they cannot be used to differentiate species (12, 55). However, 16S and
23S rRNA can be used to differentiate between different strains of B. anthracis
(26).
Ultimately, the many attempts at differentiating B. cereus, B. thuringiensis,
and B. anthracis have lead to complete genomic sequencing of 16 strains of
these three species (55). This large data pool has allowed Bacillus to serve as a
good model for genetic conservation and to allow thorough study of virulence
gene transfer. Additionally, the abundance of sequencing information on Bacillus
genomes has allowed scientists to statistically differentiate sequencing error from
actual polymorphisms.
Interestingly, there are a number of mechanisms that facilitate the
movement of genes between different members of the Bacillus genus. One such
mechanism is through the natural action of bacteriophage. After lysing its host
cell, the bacteriophage will insert its genes into Bacillus genomes. While normally
either lytic or lysogenic, it is possible for prophage to undergo random mutation,
which renders it unable to enter the lysogenic cycle. In this way, genes from one
species of bacteria can be transferred to Bacillus spp. As previously mentioned,
Bacillus operons may be on conjugative plasmids. Additionally, Bacillus spp. are
naturally competent, allowing these microbes to naturally take up random DNA in
their vicinity (29).
The virulence genes for Nhe are present in more strains of Bacillus than is
currently accepted within the scientific community. This research identified
several “species” of Bacillus that were not previously known to harbor the Nhe
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enterotoxigenic operon. Given that a debate is currently underway about the
very identity of B. cereus and other strains, it is improper for food safety experts
to screen food products only for B. cereus. Phenotypic-based classification
techniques have failed to accurately differentiate Bacillus species. Additionally,
no molecular-based approach can accurately differentiate Bacillus (55). The
bottom line is the determination of species within Bacillus does not even matter
when concerned with food safety. Molecular techniques should instead screen
for virulence determinants in microbes instead of identifying said microbes (40).
Since endospore formation enables Bacillus spp. to be ubiquitous in the
environment and on food, all foods should be examined in this way (1, 43, 47).
This is the only true way to determine whether food products are safe for human
consumption.
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