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Abstract

Real-time PCR (qPCR) has been used for rapid identification of Salmonella Typhimurium and Staphylococcus aureus in dairy
foods, but is unable to differentiate viable and unviable pathogens. Ethidium bromide monoazide (EMA), a DNA-intercalating
agent, can detect only viable cells because selectively enter cells considered unviable and bind to their DNA, inhibiting its
amplification during qPCR. The objective was to establish a protocol for detection of viable Salmonella Typhimurium and
S. aureus, experimentally inoculated in coalho cheese, by the use of EMA combined with qPCR. The protocol was effective for
the identification of viable Salmonella Typhimurium in coalho cheese but not for the S. aureus cells. Concentrations of viable
Salmonella Typhimurium cells of 1 CFU/10 g of coalho cheese could be detected. The monoplex protocol enables the rapid and
specific identification of viable Salmonella Typhimurium in coalho cheese, making it an alternative method for the quality and

safety control of cheeses.

Keywords: cell viability; dairy products; DNA-intercalating agents; foodborne diseases; pathogenic microorganisms.

Practical application: Improvement in quality control of foods by the rapid detection of viable pathogens in food matrices.

1 Introduction

Due to their compositional characteristics, dairy products
are excellent substrates for the growth of various microorganisms
that cause foodborne diseases (FBD). According to the World
Health Organization, one in 10 people worldwide become ill due
to the occurrence of FBD (World Health Organization, 2015).
To avoid the occurrence of FBD cases and outbreaks involving
dairy products, the use of raw material (raw milk) of good
microbiological quality is essential, with pasteurization being
one of the most indicated ways to eliminate pathogens in raw
milk (Fusco & Quero, 2014). Normative Instruction No. 30, of
June 26, 2001, from the Ministry of Agriculture, Livestock and
Food Supply (Brasil, 2001), recommends the use of pasteurized
milk for the manufacture of dairy products, including coalho
cheese, one of the most consumed cheeses in the Brazilian
Northeast (Dias et al., 2015).

Despite its popularity, coalho cheese is often associated with
an image of unsafe food (Dias et al., 2015). The low quality of
this cheese can be attributed to the use of contaminated raw
materials, a lack of hygiene during processing and inadequate
product storage, as well as problems related to transportation
(Almeida et al., 2013). In all of the above situations, the product
may be contaminated with pathogenic microorganisms, thus

becoming a health hazard to the consumer (Duarte et al., 2005;
Evéncio-Luz et al., 2012; Machado et al., 2011).

Many studies have reported the presence of pathogens in
coalho cheese (Borges et al., 2003; Borges et al., 2008; Silva et al.,
2012; Sousa et al., 2014; Dias et al., 2015), with Staphylococcus
and Salmonella Typhimurium being the most commonly
reported microorganisms. In Brazil, these are the pathogens
most frequently associated with foodborne outbreaks, accounting
for 22.1% of the FBD outbreaks occurring in the country from
2000 to 2015 (Brasil, 2015). In these outbreaks, the rapid and
specific identification of the pathogenic agent is of fundamental
importance, both for the sanitary surveillance of the food and
for the adequate treatment of the patients affected by FBD.

Several methodologies can be used to identify microorganisms,
including microbiological culture and molecular techniques.
The methods considered the gold standard for the detection
of pathogens in food are those based on microorganism
cultivation. Generally, these methods include pre-enrichment
and selective enrichment stages, selective and differential
plating and confirmation by biochemical and serological tests
(Dwivedi & Jaykus, 2011; Elizaquivel et al., 2014). Although
they are standardized and relatively low-cost techniques, they
are laborious and require considerable time to reach a definitive
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diagnosis (Dwivedi & Jaykus, 2011; Elizaquivel et al., 2014).
Thus, the use of more accurate and rapid methodologies is
necessary, especially during a food-borne outbreak in which
the rapid identification of the causative pathogen is important
in the treatment of patients.

Molecular techniques such as Real-Time Polymerase Chain
Reaction (qQPCR) are more sensitive, specific and fast alternatives
to traditional methods. In addition, they offer the possibility
of detecting more than one pathogen in the same reaction by
performing so-called multiplex reactions. However, qPCR is
not able to differentiate viable from unviable cells of pathogenic
microorganisms, which is essential in food pathogen analysis.
For this purpose, intercalating DNA molecules, such as monoazide
ethidium bromide (EMA), can be used together with qPCR to
detect only viable cells (Nogva et al., 2003).

EMA is a molecule capable of selectively penetrating cells
with damaged membranes and covalently binding to the DNA of
the cells after exposure to visible halogen light, thus not allowing
DNA amplification to occur during qPCR (Nogva et al., 2003).
Therefore, cells with intact membranes do not experience the
action of the intercalator since their membranes constitute physical
barriers to entry (Rudi et al., 2005a). Thus, the distinction between
viable and unviable cells, by the use of EMA, is based on the
integrity of the cell membrane. The use of EMA combined with
the qPCR technique thus allows the detection of viable pathogens
in food in a faster and more sensitive way than the traditional
methods that are used (Omiccioli et al., 2009). This technique
has been used for the detection and identification of viable
pathogenic microorganisms in several types of food, but it has
not yet been used for the detection of Salmonella Typhimurium
and S. aureus in coalho cheese, an extremely challenging food
matrix due to the compositional characteristics of the product.

Thus, the objective of the present work was to establish a
protocol for the detection of viable Salmonella Typhimurium
and S. aureus in artificially contaminated coalho cheese using
EMA combined with qPCR.

2 Materials and methods
2.1 Preparation of Viable and Unviable Cell Suspensions

The pre-inoculum was prepared by transferring isolated
colonies of Salmonella Typhimurium IAL 1472 and Staphylococcus
aureus ATCC 51651 to 3 mL of Brain and Heart Infusion (BHI)
broth (Oxoid Ltd., England). Incubation was performed at
35 °Cfor 18+2 h under a rotational agitation of 220 rpm. Then,
200 pL of each pre-inoculum was transferred to 20 mL BHI
broth before proceeding with incubation at 35 °C at 200 rpm,
with the S. aureus inoculum being incubated for 3 h and that
of Salmonella Typhimurium for 3 h 30 min.

After the incubation period, the bacterial suspensions were
divided into 500 pL aliquots. Half of the Salmonella Typhimurium
and S. aureus samples were then submitted to heat treatment in
boiling water for 15 min to eliminate cell viability. The viable and
inviable suspensions of Salmonella Typhimurium and S. aureus
were plated on BHI agar to count the colonies (viable) and to
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confirm the unviability of suspensions that were submitted to
heat treatment (data not shown).

2.2 Inoculation of the pathogens in the coalho cheese samples

The coalho cheese samples were acquired in local markets
in in Fortaleza, Cear4, Brazil. These samples were previously
analysed by microbiological tests for S. aureus and Salmonella
Typhimurium. Those proved to be negative were storedin 10 g
aliquots of cheese in sterile bags.

89 mL of IX PBS (2.7 mM KCl; 2 mM KH,PO ; 137 mM NaCl;
10 mM Na HPO,) were added to the samples and homogenized
for the inoculation of pathogens. Then, 1 mL of the viable and
unviable S. aureus and Salmonella Typhimurium cell suspensions
(previously plated for counting) containing 10° CFU/mL were
added, forming a ‘cheese suspension’ (macerated cheese + 1X
PBS + bacterial suspension) at 10° CFU/mL. Subsequently,
serial dilutions (up to 10) of the cheese suspensions inoculated
with viable cultures were performed. The last three dilutions
(104, 10° and 10°) were plated on BHI agar (Liofilchem®).
Samples inoculated with unviable (undiluted) cultures were
also plated for confirmation of the cell inviability.

2.3 Treatment of the pathogen-inoculated cheese samples
with EMA

The EMA (Molecular Probes® - by Life Technologies ™,
USA) was added to the coalho cheese samples inoculated with the
bacteria at concentrations of 0.5, 7.5, 10, 17.5, 25 and 50 pg/mL.

After the addition of the EMA to the samples, they were
incubated in the dark for 5 min at 4 °C under vigorous agitation
(200 rpm). The samples were then transferred to trays containing
ice and exposed to 650 W halogen light (Osram AS, Drammen,
Norway) for 5 min at a distance of 20 cm from the light source.

2.4 DNA Extraction and Real-Time PCR

The DNA extraction of the cheese suspensions inoculated
with pathogenic bacteria was performed with the PrepMan™
Ultra Sample Preparation Reagent (Applied Biosystems®, Foster
City, CA, USA), following the manufacturer’s recommendations.

The qPCRs were performed in multiplex, using TagMan®
Universal PCR Master Mix (Applied Biosystems® - by Life
Technologies ™, Foster City, CA, USA) at 1X concentration,
50 nM of each primer for Salmonella Typhimurium, 100 nM each
primer for S. aureus, 300 nM of the Salmonella Typhimurium
and S. aureus probes and 50 ng of S. aureus DNA and 200 ng of
Salmonella Typhimurium DNA, with a final volume of 25 pL in
each reaction. The sequences of the primers and probes used are
listed in Table 1, as well as the efficiency value of each reaction.

The reactions were performed in duplicate in 96-well optical
plates sealed with optical adhesive film and amplified on the ABI
Prism 7300 Sequence Detection System (Applied Biosystems®, USA)
equipment. The thermocycling steps used in this work were
2 min at 50 °C, 10 min at 95 °C and 40 cycles of 15 sec at 95 °C
and 1 min at 60 °C.
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Table 1. Sequence of primers and probes used.

Target species Sequence of primers (5 - 3’) and probes Efficiency Reference
Salmonella Typhimurium F: ATAAATCCGGCGGCCTGATG 0.4 Piknova et al. (2005)
R: TGGTATCGACGCCTTTATCTGAGA
P: 5VIC-TTACACCGGAGTGGATTA AACGGCTGGG-MGB3’
Staphylococcus aureus F: TGTAGTTTCAAGTCTAAGTAGC TCAGCAA 0.5 Shortle (1983)

R: TGCACTATATACTGTTGGATCT TCAGAA
P: 5 FAM-TGCATCACAAACAG ATAACGGCGTAAATAGAAG-MGB3’

F: foward primer; R: reverse primer; P: probe.

2.5 Calculation of EMA Reduction Signal

The cycle threshold (Ct) values obtained in the qPCR, as well
as the efficiency values of the reactions, were used to calculate
the EMA Reduction Signal or EMASR (Equation 1). The EMASR
represents the fraction of DNA that can be amplified by qPCR
in the samples treated with EMA (Rudi et al., 2005a; Rudi et al.,
2005b; Nogva et al., 2003). In this equation, “E” represents the
amplification efficiency.

(1+E)Cones

EMASR = C
(1+E)Cre

M

For the efficiency of the reactions, three concentrations of both S.
aureus and Salmonella Typhimurium (50, 100 and 200 ng/reaction)
and three concentrations of the forward and reverse primers
of each target (50, 100 and 200 nM) were tested in monoplex
reactions.

2.6 Calculation of the technique detection limit

To calculate the technique detection limit, suspensions of
pure Salmonella Typhimurium cultures were serially diluted
to 10 for subsequent inoculation in the coalho cheese (10 g)
samples and then homogenized with 89 mL of sterile 1X PBS.
Each cheese sample was then inoculated with 1 mL of each cell
dilution, and a manual homogenization was performed. Coalho
cheese samples (10 g) were also inoculated with 1 mL of pure
suspensions of viable and unviable Salmonella Typhimurium
cells. For the negative control, samples containing only 10 g
of coalho cheese and 90 mL of 1X PBS were used, without the
inoculation of viable or unviable cells of the microorganism.

Because of the possible presence of unviable cells in the
coalho cheese (due to the previous thermal treatment that must
be performed on the raw milk), mixed aliquots of the samples
inoculated with viable and unviable cells were prepared for
treatment with EMA.

Thus, each 500 uL aliquot was formed by 250 uL of the sample
inoculated with unviable cells and 250 L of the samples inoculated
with decreasing concentrations of viable cells. Likewise, aliquots
of 500 pL of the uninoculated samples - negative controls - were
also treated with the EMA.

EMA treatment was performed by adding 25 pL of the
intercalating dye (1 mg/mL) to half of the 500 uL aliquots formed,
resulting in a final concentration of 50 pg/mL. The other part of
the aliquots was the control (without EMA). The samples were
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then subjected to the photoactivation of the EMA and DNA
extraction, as described in Sections 2.3 and 2.4.

The qPCRs were run in monoplex using TagMan® Universal
PCR Master Mix (Applied Biosystems®) at 1X concentration,
50 nM of each primer for Salmonella Typhimurium, 300 nM of
the Salmonella Typhimurium probe and 200 ng of Salmonella
Typhimurium DNA, with a final reaction volume of 25 pL.
The equipment and the thermocycling conditions were the same
as those described in Section 2.4.

2.7 Experimental design and statistical analyses

All treatments were arranged in a split-plot design in
randomized complete blocks (days), with EMA treatments
(0 or 50 ug/mL) allocated to subplots and viability treatments
(viable or unviable cells after thermal heating) allocated to
main plots, with the exception of the limit of detection (LoD)
experiment, where the viable cell concentration was the whole-plot
treatment. Eight blocks were used in the assay to evaluate the
EMA concentration, 11 blocks were used in the inoculated
coalho cheese main assay and four blocks were used in the
LoD experiment. The qPCR reactions in all experiments were
performed in duplicate to verify the intra-assay reproducibility
(only those with CV < 5% were accepted).

The data of all assays were analysed by split-plot ANOVA
using the MIXED procedure of SAS software, version 9.4
(SAS Institute Inc., 2014), and graphs were created in R software,
version 3.3.1 (R Core Team, 2016). Significance was established
when p < 0.05.

3 Results
3.1 Action of EMA on bacteria in coalho cheese samples

Among the concentrations of EMA tested, 50 ug/mL gave
the best results for differentiate Salmonella Typhimurium in
viable and unviable cells. However, for the S. aureus inoculated
cheese samples, none of the tested concentrations presented
satisfactory results since all of them presented an influence of
the intercalating dye on the amplification signal of the viable
cells (Figure 1), probably due EMA were uptake by S. aureus
viable cells.

An unexpected difference was observed between the mean
C, values of the viable Salmonella Typhimurium and S. aureus
samples treated and not treated with EMA (Figure 2), probably
due to the concentration of EMA used (50 pg/mL).
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Figure 1. Box plot representation of C, value distributions at each EMA concentration for the tested pathogens Salmonella Typhimurium (A)

and Staphylococcus aureus (B).

A. SalmonellaTyphimurium

p<0.0001 i p<0.0001
40 —_—
@ — o
388 o [ 2 7
2 /Ry LB
y 30— i P
==l | _
251 L 1 =
' I

0 50 0 50

viable
cells

unviable
cells

B. Staphylococcus aureus
p=0.0004 : p<0.0001
40 — -
- ‘II E i
$ 35
E — T i .
> ! :
G 30 o F 5%
- AR I T
< e

Wi:ll
0 5 0 50

viable
cells

unviable
cells

Figure 2. Comparisons of C value distributions between EMA concentration levels for unviable and viable samples of coalho cheese inoculated
with Salmonella Typhimurium (A) and Staphylococcus aureus (B); means comparisons by split-plot ANOVA F-test.

The EMASR calculated for the unviable samples of Salmonella
Typhimurium inoculated in coalho cheese was 12 times lower
than the EMASR calculated for the viable samples. However,
for S. aureus, this ratio was only approximately 1.8 (Figure 3).

3.2 Detection limit

Because the multiplex used in the study (Salmonella
Typhimurium and S. aureus) was not efficient for the detection
of the cell viability by qPCR combined with the use of EMA in
inoculated coalho cheese samples, we decided to continue the
study using the coalho cheese samples inoculated with only
Salmonella Typhimurium.

For the calculation of the detection limit of the technique,
mixed aliquots of viable and unviable cells of Salmonella
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Typhimurium inoculated in coalho cheese were used to
determine the lowest concentration of viable cells at constant
concentrations of unviable cells that the presented protocol
is able to detect.

A difference was observed between the mean C, values
of the samples treated and untreated with EMA (50 pg/mL)
within each viable cell concentration tested (Figure 4;
p <0.006 for all concentrations), indicating the ability of
EMA to differentiate between viable and unviable Salmonella
Typhimurium cells.

As expected, among the samples not treated with EMA, no
significant difference was observed between the means of C,
obtained for different concentrations of viable cells (Figure 4;
p=0.34).
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Figure 4. C, values distributions obtained for EMA-treated and non-treated samples of coalho cheese, containing 10° CFU/10 g unviable cells,
inoculated with increasing concentrations of Samonella Typhimurium viable cells.

4 Discussion
4.1 Action of EMA on bacteria in coalho cheese samples

Several authors have suggested that the ideal concentration
of EMA for viable and unviable cell differentiation is 10 pg/mL
(Wang et al., 2009; Minami et al., 2010; Soejima et al., 2011a).
In the present study, it was observed that the higher the EMA
concentration is (up to 50 ug/mkL), the greater the differentiation
of viable and unviable cells for the Salmonella Typhimurium
samples. For S. aureus, it was not possible to establish the best
concentration for the differentiation between viable and unviable
cells. This result confirms that the EMA uptake by viable cells is
dependent on the species studied and on the EMA concentration,
as reported by Nocker et al. (2006) and Flekna et al. (2007).
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The difference observed between the mean C values of the
viable Salmonella Typhimurium and S. aureus samples treated
and not treated with EMA. Figure 2 indicate that the EMA had
an influence on the DNA amplification signal of the viable cells
of the two pathogens, probably due to the concentration of
EMA used (50 ug/mL). As previously mentioned, the action of
EMA on viable cells depends on the bacterium, with S. aureus
being one of the most affected species (Kobayashi et al., 2009).

Complex matrices of food, such as coalho cheese, can
negatively influence the efficiency of the EMA treatment since
the reduction of the effective concentration of EMA by chemical
absorption can occur and organic and inorganic components
can interfere in the photoactivation process (Kramer et al., 2009;
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Fittipaldi et al., 2011). Fittipaldi et al. (2012) stated that other
factors related to the sample matrix may also negatively affect
the efficiency of the EMA. High salt concentrations present in
the samples can cause a greater osmotic shock, leading to an
increase in signal reduction, in both viable and unviable cells
(Shi et al., 2011). Additionally, samples with high turbidity,
caused by the presence of organic and inorganic compounds
in the matrix, can reduce the light incidence needed for the
photoactivation of the intercalator, negatively affecting the
EMA efficiency (Fittipaldi et al., 2012). Thus, it can be stated
that the characteristics of the sample matrix (coalho cheese)
interfered with the uptake of EMA on the unviable cells in this
study since EMA was not able to completely inhibit their DNA
amplification during the qPCR.

The EMASR calculated for the unviable samples of Salmonella
Typhimurium and S. aureus inoculated in coalho cheese again
indicates the efficacy of EMA in differentiating viable from
unviable Salmonella Typhimurium cells, even within a food
matrix, while demonstrating the inability of EMA to produce
the same effect on samples inoculated with S. aureus.

Based on this information, it was concluded that the multiplex
used in the study (Salmonella Typhimurium and S. aureus)
was not efficient for the detection of the cell viability by qPCR
combined with the use of EMA in inoculated coalho cheese
samples. Therefore, we continued the study using the coalho
cheese samples inoculated with only Salmonella Typhimurium.

4.2 Detection limit

The impossibility of differentiating the mean C, values of
the samples not treated with EMA is because the unviable cells,
present in all samples at a concentration of 10° CFU/10 g of
cheese, also undergo amplification during qPCR since there is
no EMA action on their DNA.

Thus, although the qPCR technique allied with the use of
EMA was able to detect concentrations of viable Salmonella
Typhimurium cells as low as 10" CFU/10 g of coalho cheese,
it was only possible to significantly differentiate the mean C,
values in cell concentrations greater than 10° CFU/10 g of cheese.
Therefore, the C value considered as the limit for differentiation
between positive and negative samples in this study was 31.68.
In the Standard Plate Count, the presence of the pathogen could
only be detected in the coalho cheese samples inoculated with
viable cell concentrations higher than 10° CFU/10 g. Thus, the
high efficiency and specificity of the protocol developed in
detecting low amounts of viable Salmonella Typhimurium cells,
even in the presence of unviable cells, can be observed.

In addition to high sensitivity, it is very important to consider
the time to be spent on the detection of viable pathogens in food
samples. With the traditional culture methods, the confirmation
of Salmonella Typhimurium in coalho cheese would take
approximately one week, whereas the gPCR technique, combined
with the use of EMA, allows the identification of viable cells of
the pathogen in similar samples in approximately 36 h. In FBD
cases, the rapid identification of the pathogen is of paramount
importance, both for control measures and for patient treatment.
Thus, once again, the technique used in this study has proven
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its applicability both for the dairy industry producing coalho
cheese and for epidemiological surveillance agencies.

5 Conclusion

The protocol established in the monoplex form was effective
for the identification of viable cells of Salmonella Typhimurium in
coalho cheese samples using EMA combined with the real-time
PCR technique. However, the differentiation of viable and
nonviable S. aureus cells by the use of EMA in coalho cheese
was not efficient, once the action of EMA on viable cells depends
on the bacterium, with S. aureus being one of the most affected
species. Therefore, it was not possible to perform the detection
of viable cells of these pathogens, in multiplex, in coalho cheese.
The qPCR technique, coupled with the use of EMA, is able to
detect viable Salmonella Typhimurium cells in concentrations
as low as 10" CFU/10 g of coalho cheese. However, it is only
possible to significantly differentiate the mean C, values at cell
concentrations higher than 10* CFU/10 g of cheese. Therefore,
the C value limit for differentiation between positive and negative
samples is 31.68.
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