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Detection and quantification of viable Bacillus cereus group species
in milk by propidium monoazide quantitative real-time PCR
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ABSTRACT

The Bacillus cereus group includes important spore-
forming bacteria that present spoilage capability and
may cause foodborne diseases. These microorganisms
are traditionally evaluated in food using culturing meth-
ods, which can be laborious and time-consuming, and
may also fail to detect bacteria in a viable but noncul-
turable state. The purpose of this study was to develop
a quantitative real-time PCR (qPCR) combined with a
propidium monoazide (PMA) treatment to analyze the
contamination of UHT milk by B. cereus group species
viable cells. Thirty micrograms per milliliter of PMA
was shown to be the most effective concentration for
reducing the PCR amplification of extracellular DNA
and DNA from dead cells. The quantification limit of
the PMA-qPCR assay was 7.5 x 10° cfu/mL of milk.
One hundred thirty-five UHT milk samples were ana-
lyzed to evaluate the association of PMA to qPCR to
selectively detect viable cells. The PMA-qPCR was able
to detect B. cereus group species in 44 samples (32.6%),
whereas qPCR without PMA detected 78 positive sam-
ples (57.8%). Therefore, the PMA probably inhibited
the amplification of DNA from cells that were killed
during UHT processing, which avoided an overestima-
tion of bacterial cells when using qPCR and, thus, did
not overvalue potential health risks. A culture-based
method was also used to detect and quantify B. cereus
sensu stricto in the same samples and showed positive
results in 15 (11.1%) samples. The culture method and
PMA-qPCR allowed the detection of B. cereus sensu
stricto in quantities compatible with the infective dose
required to cause foodborne disease in 3 samples, indi-
cating that, depending on the storage conditions, even
after UHT treatment, infective doses may be reached in
ready-to-consume products.
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INTRODUCTION

The Bacillus cereus group comprises spore-forming
gram-positive bacteria that are ubiquitously found in
the environment and has been isolated from a wide
variety of foods (Fricker et al., 2007; Ankolekar et
al., 2009), including raw, pasteurized, and UHT milk
(Christiansson et al., 1999; Bartoszewicz et al., 2008;
Banyké and Vyletelova, 2009; Batchoun et al., 2011).
These microorganisms are undesired in the food indus-
try due to its spoilage capability and pathogenic po-
tential (Zhou et al., 2008; Ankolekar et al., 2009). The
consumption of food contaminated with B. cereus sensu
stricto has been implicated in outbreaks of emetic and
diarrheal syndrome (Ehling-Schulz et al., 2004; EFSA,
2005; Stenfors Arnesen et al., 2008).

Traditionally, enumeration of B. cereus group cells
from food samples is performed using culture on se-
lective media and biochemical identification to obtain
definitive results, which are laborious and time-con-
suming procedures (AOAC International, 1995; Brazil,
2003; ISO, 2004). Molecular-based techniques have
extensively been applied to detect foodborne pathogens
(Wang et al., 1997; Fricker et al., 2007; Ankolekar et
al., 2009; Martinez-Blanch et al., 2009; Ceuppens et
al., 2010; Rantsiou et al., 2010; Fernandez-No et al.,
2011; Oliwa-Stasiak et al., 2011; Rantsiou et al., 2012),
and real-time PCR has been a reliable tool to detect
and quantify B. cereus from pure culture (Fykse et al.,
2003), gastrointestinal matrix (Ceuppens et al., 2010),
and food (Martinez-Blanch et al., 2009; Ferndndez-No
et al., 2011; Oliwa-Stasiak et al., 2011). Nevertheless,
the major limitation of any PCR-based assay is its in-
ability to distinguish between DNA from viable cells
and free DNA, which are either available in the environ-
ment or originate from dead cells (Rudi et al., 2005). If
DNA from nonviable cells is amplified, bacterial counts
will be overestimated. Therefore, end-point and real-
time PCR alone may not provide a reliable indication
of human health risk levels posed by the presence of
viable pathogens. To overcome this limitation, prop-
idium monoazide (PMA) has been used as a nucleic
acid-intercalating dye to inhibit PCR amplification of
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extracellular DNA and DNA from dead or membrane-
compromised cells (Nocker et al., 2006, 2007; Cawthorn
and Witthuhn, 2008; Josefsen et al., 2010; Liang et al.,
2011; Yang et al., 2011; Mamlouk et al., 2012; Martinon
et al., 2012; Barth et al., 2012; Cattani et al., 2013;
Zhang et al., 2015). Recently, PMA was associated
with an end-point PCR. to detect emetic and nonemetic
B. cereus (Zhang et al., 2014). However, to the best
of our knowledge, the effectiveness of PMA combined
with quantitative real-time PCR (qPCR) has not yet
been evaluated for the B. cereus group, which would be
of value from a food safety perspective. Therefore, we
describe qPCR combined with PMA treatment for the
detection and quantification of viable B. cereus group
species, and its evaluation in naturally contaminated
UHT milk samples.

MATERIALS AND METHODS
Bacterial Strains and Culture Conditions

Bacillus sporothermodurans CBMAI 148 was obtained
from the Brazilian Collection of Microorganisms from
the Environment and Industry UNICAMP-CPQBA.
Bacillus acidicola (NRRL B-23453), B. lentus (NRRL
NRS-1262), B. firmus (NRRL B-14307), B. circulans
(NRRL B-378) B. coagulans (NRRL NRS-609), B.
mycoides (NRRL B-14811), B. pseudomycoides (NRRL
B-617), and B. thuringiensis (NRRL B-23440 and BD-
515) were provided by the USDA. All strains mentioned
above were cultivated in brain heart infusion (BHI)
broth (Merck, Darmstadt, Germany) at 37°C for 24 h.

Optimization of PMA Conditions

The optimization of PMA conditions was performed
using B. cereus ATCC 33019, which was grown over-
night in BHI broth (Merck) at 37°C, corresponding to a
concentration of 10° cells/mL. Dead cells were obtained
from 2 treatments: (i) heat, 500 pL of cell suspension
was heated at 100°C in a water bath for 30 min; and (ii)
isopropanol, cells were killed by adding 1 mL of isopro-
panol (F. Maia, Sao Paulo, Brazil) to 500 pL of a cell
suspension followed by incubation for 30 min at room
temperature. The isopropanol was removed by harvest-
ing the cells using centrifugation at 5,000 x ¢ for 5 min
at room temperature and removing the supernatant.
Pellets of killed cells were resuspended in 500 pL of
BHI broth (Merck). The absence of viable cells from
both strategies was confirmed by spread-plating 100-pL
aliquots of cells on BHI agar.

The PMA (Biotium Inc., Hayward, CA) was dissolved
in 20% dimethyl sulfoxide (Nuclear, Sdo Paulo, Brazil)
and added to 500 pL of B. cereus cell suspension (viable
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and dead cells) to achieve final concentrations of 2, 5,
10, 20, and 30 pg/mL. The tubes were then placed in
the dark for 10 min to allow PMA to penetrate into
dead cells and bind to the DNA. Afterward, tubes were
exposed to a 500-W halogen light source (Osram, Sao
Paulo, Brazil) at a 15-cm distance for 10 min. During
exposure, the samples were placed on crushed ice to
avoid excessive heating. Additionally, to determine the
effectiveness of PMA in selectively amplifying DNA
from viable cells, mixtures of viable and dead cells were
evaluated. Mixtures were prepared so that viable cells
corresponded to 100, 75, 50, 25, and 0% of the total
bacterial cell concentration, using the same protocol
for PMA treatment, before PCR amplification. To
assess PMA toxicity and ensure its selectivity, viable
cells were submitted to DNA extraction both with and
without PMA treatment.

DNA Extraction

Immediately after PMA treatment, bacterial ge-
nomic DNA from pure culture or milk was extracted as
described by Rademaker and de Bruijn (1997). Briefly,
bacterial cells were lysed with 500 pL of 5 M guanidine
thiocyanate, 0.03 M N-lauroyl sarkosine, 0.1 M EDTA,
at 4°C for 5 min. Afterward, 250 pL cold 7.5 M ammo-
nium acetate was added, and tubes were gently shaken
and incubated at 4°C for 5 min. An aliquot of 500 pL
of chloroform/isoamylalcohol (24:1) was added and the
mixture was vortexed vigorously. After centrifugation
at 16,000 x g for 10 min at room temperature, the
pellet was further washed with isopropyl alcohol. The
extracted DNA was resuspended in a final volume of 50
pl of milli-Q water.

End-Point PCR

The optimization of PMA treatment was performed
via end-point PCR using oligonucleotides targeting a
hemolysin gene (Wang et al., 1997). Polymerase chain
reaction was performed in a solution containing 1.5
U of Tag DNA polymerase (Fermentas, St. Leon-Rot,
Germany), 1x PCR buffer (Fermentas), 3 mM MgCl,,
0.2 mM of each deoxynucleoside triphosphate (Fermen-
tas), 0.8 pM of each primer (Invitrogen, Sdo Paulo,
Brazil), and 1 pL of genomic DNA, in a final volume
of 25 pL. The reactions were run on a Thermocycler
(MiniCycler MJ Research, Watertown, MA) at 95°C for
3 min followed by 35 cycles at 95°C for 10 s, 56°C for 15
s, 72°C for 15 s, and 72°C for 3 min. The PCR products
were visualized on 1% agarose gel (Invitrogen) in Tris-
borate-EDTA buffer with ethidium bromide (0.5 pg/
mL; Ludwig Biotecnologia Ltda, Porto Alegre, Brazil)
under UV light.
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The band intensity was determined using Quantity
One 4.6.3 Software (BioRad Laboratories, Hercules,
CA). The differences of band intensities between groups
were analyzed by Student’s t-test using IBM SPSS Sta-
tistics version 20 (Somers, NY). A P-value < 0.05 was
considered statistically significant.

Sample Preparation

A total of 135 UHT milk samples from 14 brands and
all from different lots were purchased from local retail
markets during the period between October 2011 and
January 2012. All samples were incubated for 7 d at
36 £+ 1°C to favor spore germination and analyzed in
parallel using a standard microbiological method and
gPCR. For the molecular analysis, two 500-pL aliquots
were collected from each milk sample; one aliquot was
treated with PMA (30 pg/mL) before DNA extraction,
whereas the other was directly submitted to DNA ex-
traction.

Detection of B. cereus in Milk by Culturing

After incubation for 7 d, 25-mL aliquots of each milk
sample were taken aseptically and then diluted 10-fold
in 0.1% peptone saline (pH 7.0). Immediately after, all
dilutions were spread on B. cereus selective agar base
mannitol egg yolk polymyxin B (Himedia, Mumbai, In-
dia) in duplicate and incubated at 30°C for 24 to 48 h.
Colonies surrounded by a precipitate zone were selected,
transferred onto the stock agar, and submitted for con-
firmation by Gram staining and other phenotypic tests,
which included motility, nitrate reduction, hemolytic
activity on sheep blood agar, tyrosine decomposition,
rhizoid growth, and the absence of crystal parasporal
inclusion (Brazil, 2003). Bacillus cereus ATCC 33019
was used as a reference culture.

Standard Calibration Curves

A standard curve was generated using 10-fold dilu-
tions of plasmid DNA harboring the target gene by
gPCR. The 185-bp fragment of the hemolysin gene was
cloned into the pGEM-T Easy vector system (Promega,
Madison, WI), according to the manufacturer’s instruc-
tions. The recombinant vectors were used to transform
Topl0 Escherichia coli strain by heat shock (42°C/45
s) and were then spread on Luria Bertani agar with
ampicillin (100 pg/mL) and incubated for 12 h at 37°C.
Colonies were selected and inoculated in Luria Bertani
broth with ampicillin (100 pg/mL) for 12 h at 37°C with
shaking at 200 rpm. Plasmid DNA was purified using a
PureYield Plasmid Miniprep kit (Promega), separated
by electrophoresis in a 0.6% agarose gel, stained with
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ethidium bromide, and visualized under UV light. The
corresponding band was isolated from the agarose gel
and purified using a Quick gel extraction kit (Promega).
The concentration of extracted plasmid DNA harbor-
ing the target insert was determined using fluorimetry
(Qubit, Invitrogen). Subsequently, 10-fold serial dilu-
tions of the extract were prepared, ranging from 10°
to 10" plasmid copies per PCR. A standard curve was
generated by plotting the DNA amount (mathemati-
cally adjusted to the supposed copies/mL) against the
threshold cycle (Ct) value exported from the StepOne
Real-Time PCR System (Applied Biosystems, Foster
City, CA).

Another standard curve to analyze B. cereus con-
tamination in milk was constructed by considering all
steps required to perform the PMA-qPCR assay. Then,
an overnight culture of B. cereus ATCC 33019 in BHI
containing 7.5 x 10° cfu/mL was inoculated in 9 mL of
milk. Ten-fold dilutions were prepared in UHT milk and
subsequently treated with PMA in duplicate. The DNA
from 500-pL aliquots of inoculated milk was extracted
as described above. The standard curve was generated
by plotting the DNA amount (expressed in the cor-
responding cell concentration in cfu/mL) against the
Ct value exported from the equipment.

The determination of the quantification limit has
taken into account that this hemolysin (a putative
cereolysin O, a thiol-activated cytolysin from the
family of perfringolysin O) gene is present as a single
copy in the B. cereus strains (B. cereus ATCC 14579,
NC_004722.1; B. cereus ATCC 10987, NC_003909.8;
B. cereus NC 7401, NC_016771.1; B. cereus AH187,
NC_011658.1; B. cereus AH820, NC_011773.1), as
found in the BLAST analysis (http://blast.ncbi.nlm.
nhi.gov) of the genomes deposited in the GenBank da-
tabase (data not shown).

qPCR

A TagMan qPCR method able to detect and quantify
species of B. cereus group based on the amplification
of a 185-bp fragment of the hemolysin gene was per-
formed on a StepOne Real-Time PCR System (Applied
Biosystems). The primers used were the same as the
end-point PCR primers, and the TagMan MGB probe
(5'-FAM-AGCTGTACAACTTGC-3') was designed us-
ing the Primer Express 3.0 software from Applied Bio-
systems. The qPCR using the primers and the probe
was optimized with the Path-ID qPCR Master Mix
(Ambion, Life Technologies, Carlsbad, CA) in a final
volume of 20 pL that contained 10 pL of 2x Path-ID
qPCR Master Mix, 0.6 pM of each primer, 0.2 pwM of
probe, and 2 pL of template DNA. Amplifications were
performed with 1 cycle at 95°C for 10 min, 40 cycles
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at 95°C for 15 s and 58°C for 45 s. A negative control
was always included by using 2 pL of Milli-Q water
instead of the DNA template, and the plasmid DNA
standard calibration curve was included. Reactions
were performed in duplicate.

The specificity of the qPCR assay was tested against
different species of Bacillus: B. sporothermodurans,
B. mycoides, B. pseudomycoides, B. thuringiensis, B.
acidicola, B. lentus, B. firmus, B. circulans, and B.
coagulans.

Statistical Analysis

To compare the B. cereus positive sample frequencies
obtained by the PMA-qPCR and qPCR without PMA,
the McNemar test was employed. One-way ANOVA,
followed by Tukey’s post hoc test, was used to evaluate
the significant mean differences among PMA treat-
ments in dead and viable cells. The data were analyzed
using IBM SPSS Statistics version 20, and the level of
significance (o) was set to 0.05 for all tests.

RESULTS AND DISCUSSION

In the present study, we report a useful PMA-qPCR
assay to allow the detection and quantification of viable
species of the B. cereus group, enabling the DNA-based
method to evaluate the microbial load within foods,
mainly those that are submitted to stressing conditions
during processing and storage. First, end-point PCR
was used to evaluate the efficiency of PMA to exclude
the DNA from dead cells. The amplifications of DNA
from PMA-treated dead cells gradually reduced with
increasing concentrations of PMA (P < 0.05; Figure
1, lanes 5, 6, 8, 9, 11, 12, 14, 15, 17, and 18). Similar
results were obtained using either heat or isopropanol
as cell killing methods, and isopropanol treatment was
used throughout the remainder of this study because
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of its ease of use. The PMA at 30 pg/mL was used
in the remaining experiments, as this concentration
was shown to completely inhibit the PCR amplifica-
tion from dead cell DNA (Figure 1, lanes 17 and 18).
In contrast, we detected specific amplifications from
PMA-treated viable cell DNA, nontreated viable cells
(Figure 1, lanes 1, 4, 7, 10, 13, and 16), and nontreated
dead cells (Figure 1, lanes 2 and 3). Furthermore, we
showed that PMA associated with PCR could spe-
cifically detect DNA from B. cereus-viable cells in
the presence of DNA from dead cells, which can be
observed from the direct relation between the relative
intensity of the DNA bands (P < 0.05) and the percent-
age of viable cells in the range of cell mixtures (Figure
2). Therefore, PMA treatment effectively inhibited the
PCR amplification of DNA from dead B. cereus cells
without having an effect on the amplifications of DNA
from viable cells. Viable cells did not interfere with
the effect of PMA on dead cells, even in a background
containing a high load of bacterial cells. These findings
indicate the potential application of the PMA-PCR
method to evaluate food exposed to treatments that
injure bacterial cells, especially those treatments that
interfere with membrane integrity. However, end-point
PCR is not an ideal method to evaluate contamination
in some foods because certain levels of B. cereus sensu
stricto may be acceptable, which indicates the need for
a quantitative method. We associated the standardized
PMA treatment with qPCR to specifically quantify vi-
able B. cereus cells. Evaluating the effect of PMA on
qPCR-~amplifiable DNA from viable or dead cells, the
ACt (Ct value for PMA-treated cells — Ct values for
untreated cells) values found were 0.83 and 14.93, re-
spectively (Table 1), which indicates that PMA showed
no significant interference in the detection of viable B.
cereus using the qPCR assay. Although PMA is exten-
sively more specific for live cells when compared with
EMA (Nocker et al., 2006; Cawthorn and Witthuhn,

Control PMA
Viable: dead cells | 100:0 | 0:100 | 0:100 | 100:0 | 0:100 | 0:100 | 100:0 [ 0:100 | 0:100 | 100:0 | 0:100 | 0:100 | 100:0 | 0:100 [ 0:100 | 100:0 | 0:100 | 0:100
Viability! v H 1 v H 1 v H fi v H 1 v H 1 v H 1
PMA (ug/mL) (i 0 0 2 2 2 5 5 5 10 10 10 20 20 20 30 30 30
Lane @ 2 3) ) ®) (©) (@] ®) ©) (10) @an 12) 13) 14 @as) (16) an (18)

Figure 1. The effect of different concentrations of propidium monoazide (PMA) on the detection of viable and dead (heat- or isopropanol-
killed) Bacillus cereus cells using PCR. Lanes 1 to 3: control samples, without PMA treatment; lanes 4 to 6: 2 pg/mL PMA; lanes 7 to 9: 5 pg/
mL PMA; lanes 10 to 12: 10 pg/mL PMA; lanes 13 to 15: 20 pg/mL PMA; lanes 15 to 18: 30 pg/mL PMA; V = viable, H = heat-killed, and I
= isopropanol-killed. See Supplemental Figure S1 (http://dx.doi.org/10.3168/jds.2015-10019) for corresponding agarose gels.
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Control (without PMA treatment)

PMA treatment (30 pg/mL)

100:0 | 75:25 | 50:50

Ratio viable: dead cells

25:75 | 0:100 | 100:0 | 75:25 | 50:50 | 25:75 | 0:100

Lane @ (0)) (©))

@ (©) © ) ® ® (10

Figure 2. The effect of propidium monoazide (PMA) treatment on the PCR-based detection of viable and isopropanol-killed Bacillus cereus
cells mixed at different ratios. See Supplemental Figure S2 (http://dx.doi.org/10.3168/jds.2015-10019) for corresponding agarose gels.

2008), a slight increase in Ct value was observed in
viable cells treated with PMA, which possibly indicates
the presence of some viable cells with compromised
membrane due to a physiological status that can imply
changes in membrane permeability, or can even be as-
signed to a small proportion of dead cells present in
the viable cell culture (Yanez et al., 2011; Fittipaldi
et al., 2012). Conversely, amplification signal was not
completely suppressed (Ct value of 36.45) when dead
cells were treated with 30 pg/mL PMA, indicating that
PMA did not penetrate into some dead cells, which
enables the generation of false-positive results. This
has been pointed out as a disadvantage of the use of
PMA combined with PCR for the detection of viable
microorganisms, because not all nonviable cells have
compromised membranes (Nocker and Camper, 2009;
Fittipaldi et al., 2011; Lgvdal et al., 2011; Fittipaldi et
al., 2012; Cangelosi and Meschke, 2014).

Regarding the specificity of the qPCR method em-
ployed, the primers selected had previously presented
a high specificity when tested against a broad panel of
bacterial species (Wang et al., 1997). Furthermore, the
TagMan probe used was shown to restrict the detection
of 3 genetically close species of the B. cereus group (B.
cereus sensu stricto, B. mycoides, and B. thuringien-
sis), and accordingly, these species were detected by
the PMA-qPCR method developed here, whereas the
DNA of 6 other species of Bacillus was not amplified.

In this sense, although the main concern has focused
on the pathogenicity of B. cereus sensu stricto, B.
mycoides and B. thuringiensis were also isolated from
different milk samples (Bartoszewicz et al., 2008; Zhou
et al., 2008). Indeed, it has been described that some
B. thuringiensis strains can produce the same diarrheal
enterotoxin as B. cereus sensu stricto, indicating a po-
tential effect on food safety (Hansen and Hendriksen,
2001); it was shown that B. mycoides might present
enterotoxin genes and affect the quality of milk during
storage (Priiss et al., 1999).

The enumeration of species of B. cereus group by
qPCR was performed using cloned DNA- and cell-based
standard curves. The plasmid DNA standard curve
showed an amplification efficiency of 96.15%, with good
quantitative accuracy (R* = 0.9995), and allowed us to
determine the quantification limit of the designed gPCR
in 1.6 x 10*> DNA copies/mL (Figure 3A). However,
to determine the actual sensitivity, which takes into
account the possible losses that can occur when pro-
cessing the samples, we constructed another standard
curve from milk that was artificially contaminated with
a known number of B. cereus. The contaminated milk
was submitted to PMA treatment and DNA extraction,
and the curve generated from these cells showed an
amplification efficiency of 97.41% and a high coefficient
of determination (R* = 0.9971), providing a quantifica-
tion limit of 7.5 x 10% cfu/mL (Figure 3A). Because

Table 1. Effect of propidium monoazide (PMA) treatment on cycle threshold (Ct) values obtained in
quantitative PCR assay from viable or dead Bacillus cereus derived from a culture with cell density of 10% cfu/

mL

Ct value
Cells Not treated with PMA SD PMA treated SD ACt
Viable 21.88" 0.35 22.48" 0.57 0.83
Dead 21.52" 0.48 36.45" 0.7 14.93

**Numbers with different letters differ significantly at P < 0.05.
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both standard curves had very similar efficiencies, we
used the linear equation resulting from the cell-derived
curve and compared it to each point of the plasmid
DNA curve, thus estimating the differences in the final
outcome for both curves (Figure 3B). The comparison
showed a reduction of approximately 38% of genetic
material in the cell-derived curve, indicating the pro-
portion of DNA loss during the process. This difference
reinforces the need to estimate the possible bias between
plasmid and cell-based standard curves and correct the
quantification error in the final result, as described by
Pérez et al. (2013). Therefore, the loss of 38% of DNA,
as demonstrated by the comparison of both curves, was
then considered when determining the quantity of vi-
able cells in UHT milk samples. The developed method
was compared with the traditional culturing technique
by analyzing 135 UHT milk samples. The qPCR with-
out PMA treatment detected B. cereus group species
in 78 samples (57.8%), and the PMA-qPCR method
detected 44 positive samples (32.6%; Ct ranging from
26.9 to 37.0), presenting a significant difference (P <
0.001; Table 2). The PMA treatment is believed to have
inhibited the amplification of a large amount of DNA
from cells that were killed during the UHT processing,
which prevented an overestimation of bacterial cells
when using qPCR and, thus, did not overvalue poten-
tial health risks. Importantly, B. cereus sensu stricto
was detected by culture-based method in 15 samples,
and also detected by PMA-qPCR; here, 29 additional
samples were positive only by PMA-qPCR. The detec-
tion of more positive samples by PMA-qPCR can be
due to the presence of B. mycoides, B. thuringiensis, or
both, or the presence of B. cereus sensu stricto at quan-
tities below the culture-based method detection limit.
Moreover, another difference among these methods is
that the cultural assay can detect only viable and repli-
cating bacteria, whereas the molecular-based assays as-
sociated with PMA can detect DNA from viable and vi-
able but nonculturable microorganisms. The viable but
nonculturable state has previously been described in
B. stratosphericus (Cooper et al., 2010), which enables
us to consider that it can also occur in other Bacillus
species, especially when submitted to stress conditions,
such as high temperature. This cellular condition is of
special concern because of the maintenance of infection
potential, despite the inability of cells to grow in cul-
ture media (McDougald et al., 1998; Wéry et al., 2008).
It should also be considered that not all nonviable cells
have compromised membranes, including spores that
can remain structurally intact after heat inactivation,
despite the loss of viability (Rawsthorne et al., 2009;
Tabit and Buys, 2010; Probst et al., 2012; Cangelosi
and Meschke, 2014), which prevents PMA penetration
and, consequently, might be detected by PMA-qPCR.
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Figure 3. Standard curves used to calibrate the propidium monoa-
zide (PMA)-quantitative real-time PCR (qPCR) method. (A) Plasmid
DNA and cell-derived standard calibration curves for the Bacillus ce-
reus PMA-qPCR assay. A standard curve of 10-fold serial dilutions of
(@) plasmid DNA (from 1.6 x 10° to 1.6 x 10° of DNA copies/mL)
and (M) 10-fold serial dilutions of B. cereus in artificially inoculated
milk (from 7.5 x 107 to 7.5 x 10° cfu/mL). (B) The standard curve
generated by the interpolation of the resulting linear equations for the
cell-derived curve and the plasmid DNA curve.
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Table 2. Quantification of viable Bacillus cereus group species in UHT milk by quantitative real-time PCR (qPCR) associated with propidium

monoazide (PMA) and bacterial culture method

PMA-qPCR Culture method'
Count (cfu/mL) Ct? range No. of samples (no. of samples)
>3.9 x 10* to <3.8 x 10° 23.6 < Ct <27.0 3 3
>3.9 x 10° to <3.8 x 10 27.1 < Ct <30.8 10 9
>3.8 x 10” to <3.8 x 10° 30.9 < Ct <34.4 25 3
>1.8 x 10 to <3.7 x 10 345 < Ct <37.0 6 0
Not detectable >37.0 or undetermined? 91 120
Total number of analyzed samples 135 135
!Cultural method quantified specifically Bacillus cereus sensu stricto.
2Ct = cycle threshold.
3Assumed to indicate absence of B. cereus.
Concerning the UHT milk analyses, it was found REFERENCES

that 44 samples contained B. cereus group species in
concentrations ranging from approximately 10* to 10°
cfu/mL (Table 2). In this context, it is important to
note that the samples were incubated at 36°C for 7 d
before the analyses, and therefore, cell counts do not
correspond to those originally present in the samples
when were purchased on the market. This incubation
simulates storage conditions found in many places of
tropical weather. However, these data show that raw
milk can be contaminated with B. cereus group spores
that survive the UHT treatment. Consequently, as
temperature and time of storage until consumption
vary widely, it may be inferred that UHT milk can
provide growth conditions for B. cereus to reach infec-
tive doses required to cause foodborne disease (Granum
and Lund, 1997; Granum, 2002; Stenfors Arnesen et al.,
2008), as enumerated in 3 UHT milk samples by both
methods (Table 2).

CONCLUSIONS

Propidium monoazide combined with qPCR may
be useful for the selective detection of Bacillus cereus
group species viable cells, which is particularly impor-
tant in thermally treated dairy products. Therefore,
these microorganisms can be promptly detected, pre-
venting contaminated milk from being packaged and
stored, perhaps, in conditions such that infective doses
may be achieved.

ACKNOWLEDGMENTS

Financial support was provided by MAPA-SDA/
CNPq (Conselho Nacional de Pesquisa), Brazil,
and Fernanda Cattani received a scholarship from
PROBOLSAS/Pontificia Universidade Catélica do Rio
Grande do Sul (PUCRS).

Ankolekar, C.; T. Rahmati, and R. Labbé. 2009. Detection of toxigenic
Bacillus cereus and Bacillus thuringiensis spores in U.S. rice. Int.
J. Food Microbiol. 128:460-466.

AOAC International. 1995. Microbiological Methods—Bacillus cereus
in Foods-Enumeration and Confirmation—-Official Method 980:31.
AOAC International, Gaithersburg, MD.

Stenfors Arnesen, L. P., A. Fagerlund, and P. E. Granum. 2008. From
soil to gut: Bacillus cereus and its food poisoning toxins. FEMS
Microbiol. Rev. 32:579-606.

Banyké, J., and M. Vyletelova. 2009. Determining the source of Ba-
cillus cereus and Bacillus licheniformis isolated from raw milk,
pasteurized milk and yoghurt. Lett. Appl. Microbiol. 48:318-323.

Barth, V. C. Jr., F. Cattani, C. A. S. Ferreira, and S. D. Oliveira.
2012. Sodium chloride affects propidium monoazide action to dis-
tinguish viable cells. Anal. Biochem. 428:108-110.

Bartoszewicz, M., B. M. Hansen, and 1. Swiecicka. 2008. The members
of the Bacillus cereus group are commonly present contaminants of
fresh and heat-treated milk. Food Microbiol. 25:588-596.

Batchoun, R., A. I. Al-Sha’er, and F. Khabour. 2011. Molecular char-
acterization of Bacillus cereus toxigenic strains isolated from differ-
ent food matrices in Jordan. Foodborne Pathog. Dis. 8:1153-1158.

Brazil. 2003. Ministério da Agricultura, Pecudria e Abastecimento.
Secretaria Nacional de Defesa Agropecuaria. Departamento de
Defesa Animal. Métodos Analiticos Oficiais para Andlises Micro-
biolégicas Para Controle de Produtos de Origem Animal. Cap III,
p. 14-15. Didrio Oficial da Uniao [Republica Federativa do Brasil],
Poder Executivo, Brasilia, DF, 18 set. 2003.

Cangelosi, G. A., and J. S. Meschke. 2014. Dead or alive: molecu-
lar assessment of microbial viability. Appl. Environ. Microbiol.
80:5884-5891.

Cattani, F., C. A. S. Ferreira, and S. D. Oliveira. 2013. The detec-
tion of viable vegetative cells of Bacillus sporothermodurans us-
ing propidium monoazide with semi-nested PCR. Food Microbiol.
34:196-201.

Cawthorn, D. M., and R. C. Witthuhn. 2008. Selective PCR detec-
tion of viable Enterobacter sakazakii cells utilizing propidium
monoazide or ethidium bromide monoazide. J. Appl. Microbiol.
105:1178-1185.

Ceuppens, S., N. Boon, A. Rajkovic, M. Heyndrickx, T. Van de Wiele,
and M. Uyttendaele. 2010. Quantification methods for Bacillus
cereus vegetative cells and spores in the gastrointestinal environ-
ment. J. Microbiol. Methods 83:202-210.

Christiansson, A., J. Berttilsson, and B. Svensson. 1999. Bacillus ce-
reus spores in raw milk: factors affecting the contamination of milk
during the grazing period. J. Dairy Sci. 82:305-314.

Cooper, M., G. Fridman, A. Fridman, and S. G. Joshi. 2010. Bio-
logical responses of Bacillus stratosphericus to floating electrode-
dielectric barrier discharge plasma treatment. J. Appl. Microbiol.
109:2039-2048.

Journal of Dairy Science Vol. 99 No. 4, 2016



2624

Ehling-Schulz, M., M. Fricker, and S. Scherer. 2004. Bacillus cereus,
the causative agent of an emetic type of food-borne illness. Mol.
Nutr. Food Res. 48:479-487.

European Food Safety Authority (EFSA). 2005. Opinion of the sci-
entific panel on biological hazards on Bacillus cereus and other
Bacillus spp. in foodstuffs. EFSA J. 175:1-48.

Fernandez-No, I. C., M. Guarddon, K. Bohme, A. Cepeda, P. Calo-
Mata, and J. Barros-Velazquez. 2011. Detection and quantifica-
tion of spoilage and pathogenic Bacillus cereus, Bacillus subti-
lis and Bacillus licheniformis by real-time PCR. Food Microbiol.
28:605-610.

Fittipaldi, M., F. Codony, B. Adrados, A. K. Camper, and J. Morato.
2011. Viable real-time PCR in environmental samples: can all data
be interpreted directly? Microb. Ecol. 61:7-12.

Fittipaldi, M., A. Nocker, and F. Codony. 2012. Progress in under-
standing preferential detection of live cells using viability dyes
in combination with DNA amplification. J. Microbiol. Methods
91:276-289.

Fricker, M., U. Messelhduber, U. Busch, S. Scherer, and M. Ehling-
Schulz. 2007. Diagnostic real-time PCR assay for the detection
of emetic Bacillus cereus strains in food and recent food-borne
outbreaks. Appl. Environ. Microbiol. 73:1892-1898.

Fykse, E. M., J. S. Olsen, and G. Skogan. 2003. Application of sonica-
tion to release DNA from Bacillus cereus for quantitative detection
by real-time PCR. J. Microbiol. Methods 55:1-10.

Granum, P. E. 2002. Bacillus cereus and food poisoning. Pages 37
46 in Applications and systematics of Bacillus and relatives. R.
Berkeley, M. Heyndrickx, N. Logan, and P. De Vos, ed. Blackwell
Publishing, Oxford, UK.

Granum, P. E., and T. Lund. 1997. Bacillus cereus and its food poison-
ing toxins. FEMS Microbiol. Lett. 157:223-228.

Hansen, B. M., and N. B. Hendriksen. 2001. Detection of enterotoxic
Bagcillus cereus and Bacillus thuringiensis strains by PCR analysis.
Appl. Environ. Microbiol. 67:185-189.

ISO (International Organization for Standardization). 2004. Micro-
biology of Food and Animal Feeding Stuffs—Horizontal Method
for the Enumeration of Presumptive Bacillus cereus—Colony Count
Technique at 30°C. ISO 7932:2004. ISO, Geneva, Switzerland.

Josefsen, M. H., C. Lofstrom, T. B. Hansen, L. S. Christensen, J. E.
Olsen, and J. Hoorfar. 2010. Rapid quantification of viable Cam-
pylobacter bacteria on chicken carcasses, using real-time PCR and
propidium monoazide treatment, as a tool for quantification risk
assessment. Appl. Environ. Microbiol. 76:5097—5104.

Liang, N., J. Dong, L. Luo, and L. Yong. 2011. Detection of viable
Salmonella in lettuce by propidium monoazide real-time PCR. J.
Food Sci. 76:M234-M237.

Lgvdal, T., M. B. Hovda, B. Bjorkblom, and S. G. Mgller. 2011. Prop-
idium monoazide combined with real-time quantitative PCR un-
derestimates heat-killed Listeria innocua. J. Microbiol. Methods
85:164-169.

Mamlouk, K., S. Macé, M. Guilbaud, E. Jaffreés, M. Ferchichi, H.
Prévost, M. Pilet, and X. Dousset. 2012. Quantification of viable
Brochothriz thermosphacta in cooked shrimp and salmon by real-
time PCR. Food Microbiol. 30:173-179.

Martinez-Blanch, J. F., G. Sanchez, E. Garay, and R. Aznar. 2009.
Development of a real-time PCR assay for detection and quantifi-
cation of enterotoxigenic members of Bacillus cereus group in food
samples. Int. J. Food Microbiol. 135:15-21.

Martinon, A., U. P. Cronin, J. Quealy, A. Stapleton, and M. G.
Wilkinson. 2012. Swab sample preparation and viable real-time
PCR methodologies for the recovery of Escherichia coli, Staphylo-
coccus aureus or Listeria monocytogenes from artificially contami-
nated food processing surfaces. Food Contr. 24:86-94.

McDougald, D., S. A. Rice, D. Weichart, and S. Kjelleberg. 1998.
Nonculturability: Adaptation or debilitation? FEMS Microbiol.
Ecol. 25:1-9.

Nocker, A., and A. K. Camper. 2009. Novel approaches toward pref-
erential detection of viable cells using nucleic acid amplification
techniques. FEMS Microbiol. Lett. 291:137-142.

Nocker, A., C. Y. Cheung, and A. K. Camper. 2006. Comparison of
propidium monoazide with ethidium monoazide for differentiation

Journal of Dairy Science Vol. 99 No. 4, 2016

CATTANI ETAL.

of live vs. dead bacteria by selective removal of DNA from dead
cells. J. Microbiol. Methods 67:310-320.

Nocker, A., P. Sossa, M. Burr, and A. K. Camper. 2007. Use of prop-
idium monoazide for live/dead distinction in microbial ecology.
Appl. Environ. Microbiol. 73:5111-5117.

Oliwa-Stasiak, K., O. Kolaj-Robin, and C. C. Adley. 2011. Develop-
ment of real-time PCR assay for detection and quantification of
Bacillus cereus group species: Differentiation of B. weihenstepha-
nensis and rhizoid B. pseudomycoides isolates from milk. Appl.
Environ. Microbiol. 77:80-88.

Pérez, L. M., M. Fittipaldi, B. Adrados, J. Moraté, and F. Codony.
2013. Error estimation in environmental DNA targets quantifica-
tion due to PCR efficiencies differences between real samples and
standards. Folia Microbiol. (Praha) 58:657-662.

Probst, A., A. Mahnert, C. Weber, K. Haberer, and C. Moissl-Eich-
inger. 2012. Detecting inactivated endospores in fluorescence mi-
croscopy using propidium monoazide. Int. J. Astrobiol. 11:117-123.

Priiss, X. M. B., R. Dietrich, B. Nibler, E. Martlbauer, and S. Scher-
er. 1999. The hemolytic enterotoxin HBL is broadly distributed
among species of Bacillus cereus group. Appl. Environ. Microbiol.
65:5436-5442.

Rademaker, J. L. W., and F. J. de Bruijn. 1997. Characterization and
classification of microbes by REP-PCR genomic fingerprinting and
computer-assisted pattern analysis. Pages 151-171 in DNA Mark-
ers: Protocols, Applications, and Overviews. G. Caetano-Anollés,
and P. M. Gresshoff, ed. J. Wiley and Sons, New York, NY.

Rantsiou, K., V. Alessandria, and L. Cocolin. 2012. Prevalence of
Shiga toxin-producing Escherichia coli in food products of animal
origin as determined by molecular methods. Int. J. Food Microbiol.
154:37-43.

Rantsiou, K., C. Lamberti, and L. Cocolin. 2010. Survey of Campy-
lobacter jejuni in retail chicken meat products by application of a
quantitative PCR protocol. Int. J. Food Microbiol. 141:S75-S79.

Rawsthorne, H., C. N. Dock, and L. A. Jaykus. 2009. PCR-based
method using propidium monoazide to distinguish viable from
nonviable Bacillus subtilis spores. Appl. Environ. Microbiol.
75:2936-2939.

Rudi, K., B. Moen, S. M. Dromtorp, and A. L. Holck. 2005. Use of
ethidium monoazide and PCR in combination for quantification of
viable and dead cells in complex samples. Appl. Environ. Micro-
biol. 71:1018-1024.

Tabit, F. T., and E. Buys. 2010. The effects of wet heat treatment on
the structural and chemical components of Bacillus sporothermo-
durans spores. Int. J. Food Microbiol. 140:207-213.

Wang, R. F., W. W. Cao, and C. E. Cerniglia. 1997. A universal pro-
tocol for PCR detection of 13 species of foodborne pathogens in
food. J. Appl. Microbiol. 83:727-736.

Weéry, N., C. Lhoutellier, F. Ducray, J. P. Delgenes, and J. J. Godon.
2008. Behavior of pathogenic and indicator bacteria during urban
wastewater treatment and sludge composting as revealed by quan-
titative PCR. Water Res. 42:53-62.

Yanez, M. A., A. Nocker, E. Soria-Soria, R. Murtula, L. Martinez, and
V. Catalan. 2011. Quantification of viable Legionella pneumoph-
ila cells using propidium monoazide combined with quantitative
PCR. J. Microbiol. Methods 85:124-130.

Yang, X., M. Badoni, and C. O. Gill. 2011. Use of propidium monoaz-
ide and quantification PCR for differentiation of viable Escherichia
coli from E. coli killed by mild or pasteurizing heat treatments.
Food Microbiol. 28:1478-1482.

Zhang, Z., W. Liu, H. Xu, Z. P. Aguilar, N. P. Shah, and H. Wei. 2015.
Propidium monoazide combined with real-time PCR for selective
detection of viable Staphylococcus aureus in milk powder and meat
products. J. Dairy Sci. 98:1625-1633.

Zhang, Z., L. Wang, H. Xu, Z. P. Aguilar, C. Liu, B. Gan, Y. Xiong,
W. Lai, F. Xu, and H. Wei. 2014. Detection of non-emetic and
emetic Bacillus cereus by propidium monoazide multiplex PCR
(PMA-mPCR) with internal amplification control. Food Contr.
35:401-406.

Zhou, G., H. Liu, J. He, Y. Yuan, and Z. Yuan. 2008. The occurrence
of Bacillus cereus, B. thuringiensis and B. mycoides in Chinese
pasteurized full fat milk. Int. J. Food Microbiol. 121:195-200.



	Detection and quantification of viable Bacillus cereus group species in milk by propidium monoazide quantitative real-time PCR
	Introduction
	Materials and Methods
	Bacterial Strains and Culture Conditions
	Optimization of PMA Conditions
	DNA Extraction
	End-Point PCR
	Sample Preparation
	Detection of B. cereus in Milk by Culturing
	Standard Calibration Curves
	qPCR
	Statistical Analysis

	Results and Discussion
	Conclusions


