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Staphylococcal food poisoning outbreaks are a major cause of food-borne illness in
the European Union and their notification has been mandatory since 2005. Criteria
for the enumeration of coagulase-positive Staphylococci (CPS) and the detection of
staphylococcal enterotoxins (SEs) in cheese have been set down in Commission
Regulation EC 2073/2005. Currently, few information are available about the distribution
of SEs in naturally contaminated cheeses, including raw-milkk and artisanal dairy
products. The aim of this study was therefore to investigate at both the CPS enumeration
and the succession of the enterotoxigenic Staphylococcus aureus and produced
enterotoxins levels on the rind and the core of a raw-milk semi-hard cheese, produced
on farm. The study has been conducted in three steps: () seven wheels at different time
of ripening where tested for the presence of SEs. (Il) from each wheel, four portions were
subsequently sampled from four different areas (peripheral rind, central rind, peripheral
core and central core). (lll) two cheese wheels, characterized by the highest and lowest
CPS numbers and SEs quantification, based on the second step of the study, were
further analyzed. A significant difference has been observed in the distribution of CPS
and SEs in the four areas sampled, irrespectively of the batch and the time of ripening.
The results of this study provided a set of previously unknown information on the
influence of natural conditions on the distribution of CPS and SEs thereof in the cheese
matrix, filing a gap in the understanding of SEs biosynthesis process.

Keywords: Staphylococcus aureus, enterotoxins (SEs), foodborne, cheese, raw milk

INTRODUCTION

Staphylococcal food poisoning outbreaks are a major cause of food-borne illness in the European
Union and their notification has been mandatory since 2005 (European Food Safety Authority
[EFSA] and European Centre for Disease Prevention and Control [ECDC], 2015). Criteria for
the enumeration of coagulase-positive Staphylococci (CPS) and the detection of staphylococcal
enterotoxins (SEs) in cheese have been set down in Commission Regulation EC 2073/2005
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(European Commission [EC], 2005) amended by Commission
Regulation (EC) 1441/2007 (European Commission [EC], 2007).
This regulation defines process hygiene criteria and food
safety criteria. For milk and milk products, SEs detection
must be performed when the CPS count exceeds 10*5 colony
forming units per gram (cfu/g) (Bianchi et al., 2014; Nia
et al., 2016). In fact, in cheese, this is considered a favorable
condition for the production of enterotoxins and, as a result
of the heat-stable nature of the SEs, they may be present
where viable Staphylococcus aureus are absent (Jablonski and
Bohach, 1997; Le Loir et al, 2003). The diversity of cheese
production reflects its uniqueness in terms of taste, flavoring
and textures (Macori and Cotter, 2018). Some productions
can follow traditional processes and recipes, including the
use of raw milk that has been reported as the responsible
source that caused foodborne outbreaks (Jorgensen et al., 2005;
Johler et al., 2015, 2018; Armani et al., 2016), concur with
contamination in different critical stage of the production
pipelines (Kiimmel et al., 2016; McHugh et al, 2017). The
growth of S. aureus and the production of enterotoxins are also
influenced by environmental conditions such as temperature, pH,
water activity, salt concentration (Sihto et al., 2014; Beuchat,
2017) and cheese microbiota, competing and affecting its
virulence (Schelin et al., 2011; Bueno et al.,, 2012; Bonham
et al., 2017; Cotter et al., 2017). Cheese microbiota has been
recently used as a model for describing the formation and
function of microbial communities (Wolfe et al., 2014) and
for better understand the role of individual species in the
rind of surface-ripened cheese (Bertuzzi et al., 2018). The
microbial distribution in cheeses can be spatially affected by
the ripening and different studies investigated its evolution
over time, especially starters and non-starter lactic acid bacteria
(NSLAB) (Fitzsimons et al.,, 2001; Levante et al., 2017).
Currently, few information are available about the distribution
of SEs in naturally contaminated cheeses, including raw-milk
and artisanal dairy products. The aim of the current study
was to investigate the distribution and quantification of CPS
and produced enterotoxins on the rind and the core of a
raw-milk semi-hard cheese, produced on farm. Studies were
performed on batches of cheeses sampled over the course of
10 weeks of ripening to correlate surfaces and cores bacterial
dynamics in order to understand how CPS contamination
levels and spatial distribution relates to SEs diffusion and
concentrations.

MATERIALS AND METHODS

Natural-Contaminated Samples

Seven wheels of naturally contaminated cheese matrices,
representing seven different batches at different ripening time
(4 - 10 weeks) were identified during own check analysis
performed by a local producer in Italy and conferred to the
Italian National Reference Laboratory for Coagulase Positive
Staphylococci (NRL CPS). The cheeses studied were a local
type of “toma cheese,” a semi-hard cheese from raw cows’
milk, produced on farm. After milking, milk was immediately

cooled to not more than 6°C and processed every 48 h;
the procedure for cheese making is as follows: the milk is
heated to 35°C; rennet is added and the curd is heated
to 39°C (semi-cooked) for 60 min, lightly pressed into the
mold and left draining at room temperature for approximately
12 h. The characteristics of the seven batches are reported in
Table 1.

Experimental Design

The study has been conducted in three steps: (I) 25 g from
each of the seven wheels where tested for the presence of SEs
using both Vidas SET2 detection kit (bioMerieux, Marcy-
I'Etoile, France) and Ridascreen SET Total (R-Biopharm,
Darmstadt, Germany). In-house developed quantitative
ELISA method was then used to confirm and quantify
the SEs; (II) from each wheel, four portions of 25 g
were subsequently sampled from four different areas
(peripheral rind, central rind, peripheral core and central
core) (Figure 1). In total, 28 samples were collected and
submitted to CPS enumeration and SEA and SED quantification.
(ITII) two cheese wheels, batch 4 and 7, characterized,
respectively, by the highest and lowest CPS numbers and
SEs quantification, based on the second step of the study,
were further analyzed. From each wheel, ten slices were
sampled (130 g) and sub-sampled as previously described.
In total, 40 samples were collected from each wheel and
tested as described in the second step. The cheese rinds
were aseptically removed using a sterile knife and the core
sampled using a sterile cheese trier after all the rind had been
removed.

TABLE 1 | Size and ripening of the seven cheese wheels included in this study.

No Weight (kg) Diameter (cm) Height (cm) Ripening time
Batch (weeks)
1 1.7 22 55 4
2 1.7 22 5.5 5
3 1.7 22 5.5 6
4 1.7 22 55 7
5 1.7 22 5.5 8
6 1.7 22 5.5 9
7 1.4 17 6.0 10
Central core
\
Central rind . . Peripheral rind

\ /_/

Peripheral core

FIGURE 1 | Sampling location.
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Enterotoxins Detection

Twenty five gram of samples (cores and rinds) were analyzed for
the presence of SEs according to the European Screening Method
(ESM) of the European Reference Laboratory for Coagulase
Positive Staphylococci (EU RL CPS), consisting of extraction
followed by a dialysis concentration. The staphylococcal
enterotoxins where detected by immunological detection using
both the methods previously described. With these methods,
the enterotoxins A, B, C, D and E are simultaneously detected
in dairy products. For VIDAS, the results are expressed as TV,
which is the ratio between the relative fluorescence value (RFV)
of the solution tested and the RFV of the standard in the
VIDAS SET2 kit. A TV value >0.13 was considered positive.
Characterization and quantification of SEs were performed by
a quantitative indirect sandwich-type ELISA. A single sandwich
type was used for SEB whereas double sandwich ELISA types
were used for SEA, SEC and SED. For the detection step,
specific commercially available antibodies (Toxin Technology,
Sarasota, Florida, United States) were used as coating (ref
SLAII 01, SLBI202, SLCI11, SLDI303 for SEA, SEB, SEC and
SED, respectively) and probing antibodies (ref LAI101, LCI
111, and LDI303 for SEA, SEC and SED, respectively). The
presence of toxins was revealed by immunoglobulins coupled
to horseradish peroxidase (ref LBC202 for SEB and goat-anti
rabbit coupled to peroxidase antibodies for SEA, SEC and
SED, KPL) and determined by a colorimetric measurement
at 405/630 nm after addition of ABTS (KPL) (Hennekinne
et al, 2012). All statistical analysis was executed using
GraphPad Prism 7.0 software (GraphPad, San Diego, CA,
United States).

Plate Counting of CPS

Coagulase-positive Staphylococci were counted in samples using
the standard method EN ISO 6888 part 2 (International
Standardization for Organization [ISO], 1999) at the Italian
National Reference Laboratory for CPS, including S. aureus
(ITNRL-CPS) in Turin, Italy. Briefly: 10 g of the sampled cheese
was added to 9 parts of buffered peptone water (90 ml) and mixed.
1 ml was then pour-plated with freshly prepared Rabbit plasma
fibrinogen agar medium, after appropriate decimal dilutions and
incubated at 37°C for 24 h.

TABLE 2 | Coagulase-positive Staphylococci enumeration and SEs detection and
quantification in the first step of the study.

Typing and Characterization of the
Isolates by Multiplex PCR

Two colonies, isolated from counting plates from each sub-
sampled portion in the second step of the study, were subjected to
SEs genes characterization, through two multiplex PCR protocols
used according to European Union Reference Laboratory
for Coagulase-Positive Staphylococci (EU-RL CPS) methods

TABLE 3 | Coagulase-positive Staphylococci enumeration and SEs detection and
quantification in the second step of the study.

Batch Sampling location Log UFC/g Vidas (TV) SEA (ng/g) SED* (ng/g)

1 Central core 3.2 2.25 0.90 2.28
Peripheral core 3.3 2.43 0.30 0.60
Central rind 6.4 2.16 0.68 1.89
Peripheral rind 6.6 1.17 0.39 1.57
2 Central core 1.5 2.40 0.26 0.61
Peripheral core 3.7 1.29 0.35 0.74
Central rind 6.8 1.75 0.62 1.87
Peripheral rind 6.6 1.24 0.30 412
3 Central core 3.2 3.97 2.71 4.64
Peripheral core 3.0 3.04 1.51 2.31
Central rind 6.8 2.42 1.93 4.07
Peripheral rind 6.8 2.60 1.00 4.41
4 Central core 2.8 3.02 1.85 3.67
Peripheral core 2.3 2.99 1.27 2.92
Central rind 6.9 3.01 1.65 4.97
Peripheral rind 6.7 2.99 1.80 8.34
5 Central core < 10 cfu/g 3.45 0.64 3.14
Peripheral core 1.5 0.62 1.79 8.98
Central rind 5.4 2.73 0.62 2.44
Peripheral rind 5.8 3.21 0.85 3.59
6 Central core 2.2 3.54 0.58 1.47
Peripheral core 2.8 3.02 0.54 1.30
Central rind 6.6 2.79 0.55 2.22
Peripheral rind 6.4 2.65 0.41 2.07
7 Central core < 10 cfu/g 1.09 0.01 < LoQ
Peripheral core < 10 cfu/g 0.38 0.03 0.09
Central rind 3.3 0.25 0.01 < LoQ
Peripheral rind 3.5 1.17 0.05 0.06

*LOQ for SED was estimated at 0.035 ng/g.

TABLE 4 | Profiles obtained combining biotyping and SEs genes presence.

No. batch Log cfu/g Result of ESM Quantification Profile Biotype SEs genes Isolates
Vidas (TV) Ridascreen (AU) SEAng/g SEDng/g ! Human seh 2
2 Human sef 1
1 5 2.70 3.957 0.721 1.524 3 Human sea-sod-ser 3
2 5 2.82 3.778 0.262 0.474 4 Human sea-sed-sej-ser >
3 5 2.52 3.956 1.538 2.414 5 Human neg 5
4 4.08 2.35 3.957 1.784 3.187 6 NHS3 sea-sed-sgj-ser 8
5 4.36 3.01 3.961 0.175 1.503 7 NHS3 neg 6
6 3.52 2.90 3.835 0.151 1.071 8 NHS5 sea-sed-sej-ser ’
7 3.52 0.85 0.623 0.020 < LoD* 9 NHS5 neg ’
*Limit of detection estimated at 0.013 ng/g. 10 NHS6 sea-sed-seh-segj-ser 1
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(Kérouanton et al., 2007), and biotyped as described by Devriese
(1984).

RESULTS

Population Structure
All the batches, analyzed in the first step, showed the presence
of CPS, with counts ranging from 3,52 to 5 Log cfu/g (Table 2).
In 3 sub-samples, out of the 28 obtained in the second part of
the study, CPS count was <1 Log cfu/g. The presence of CPS,
in the second step of the study, was observed in 82% (n = 23)
of the samples analyzed (n = 28), with a concentration ranged
between values <1 and 3,7 Log cfu/g in the core samples and
between 3,3 and 6,9 Log cfu/g in the rind samples (Table 3).
CPS counts from the four different areas (peripheral rind, central
rind, peripheral core and central core) in the second and third
steps demonstrated a significant difference between rind and core
numbers of CPS (Kruskal-Wallis test, p < 0,001) with a higher
contamination in the rind and lower contamination in the core
(Figures 2, 3), while the center versus periphery effect was not
significant (data not shown). In Figure 3 cumulative frequency
was calculated and plotted against the average logarithmic values
to show the difference between the two areas.

From a total of 50 isolates, 41 showed the presence of at
least one SE gene, with the most prevalent SE genes profile
being sea-sed-sej-ser, representing the 68% of all the isolates. The

human biotype demonstrated to be the most common in the
population studied (Table 4).

Enterotoxins

Limits of detection (LOD) and of quantification (LOQ) were
estimated at 0.003 and 0.01 ng/g for SEA, and at 0.013 and
0.035 ng/g for SED, respectively.

The results obtained, in the first part of the study, by the ESM
method using both Vidas SET2 and Ridascreen SET Total kits
showed the presence of SE in all the studied cheeses. Results
obtained by the quantitative ELISA method confirmed the SEs
contamination and indicated the presence of two SE types, SEA
and SED and therefore only these two SEs were targeted in
the following steps of the study. The results are summarized in
Table 2.

The results obtained in the second step of the study are shown
in Table 3. The quantitative ELISA method confirmed the high
concentrations of SEA and SED for six wheels (No. 1-6). In
the case of wheel No. 7, both SEA and SED were detected in
contrast to the results obtained in the first step where only SEA
was detected in this wheel. However, the wheel No. 7 appeared
to be contaminated by, SEA and SED, at low concentration level
compared to the other wheels.

As for SEs quantification, while SED concentrations were
significantly higher than SEA concentrations, whatever the wheel
or the sampling area studied (Wilcoxon test, p < 0,0001)

single area was added.

7 ° 2
® [ ]
[ ]
6
[ ]
Central rind
5 @ Peripheral rind
4
=) ®
E ®
3 | ‘ °
° 3
- l ®
2 ?
@ Central core
1 @ Peripheral core
0 { J L4 ®
1 2 3 4 5 6 7

Batches

FIGURE 2 | Coagulase-positive Staphylococci (CPS) counts according to the four sampled areas (step Il). The smallest convex shape containing the points of a

Frontiers in Microbiology | www.frontiersin.org

January 2019 | Volume 9 | Article 3233


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Bellio et al.

Staphylococcal Enterotoxins Distribution in Cheese

Cumulative frequency of CPS counts
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0%-
0 1 74 3 4 5 6 7

Cumulative Frequency

Core

log ufc/g

FIGURE 3 | Cumulative frequency of CPS counts (step Il).

ng/g

1 ¢

SEA SED

FIGURE 4 | Means difference of SEA and SED quantification (step Il). Means
and standard deviation are showed.

(Figure 4 and Tables 5, 6), the analysis performed in the third
step of the study demonstrated a higher contamination in core
(Mann-Whitney test, p < 0,05) for both SEA and SED whatever
the wheel sampled. In Figures 5, 6 cumulative frequency was
calculated and plotted against the average quantification values
to show the difference between the two areas.

DISCUSSION AND CONCLUSION

The presence of SEs in any foodstuff represents a potential
hazard for human health, under the definition of Article 14
of Regulation (EC) No. 178/2002. Absence of SEs in 5 sample
units of 25g has been set as food safety criteria in cheese,
by Commission Regulation (EC) No. 2073/2005, amended by
Commission Regulation (EC) No. 1441/2007 (Ostyn et al., 2012).

Seven cheese wheels, found positive during own check
sampling for CPS presence, with counts exceeding 10"5 cfu/g,
were used to study the distribution of microorganisms and
enterotoxins within the matrix.

TABLE 5 | Batch N°4 -SEs detection and quantification in the third step of the
study.

Sub-sample ID Sampling location Vidas (TV) SEA* (ng/g) SED (ng/g)

1 Central core 3.35 3.75 4.58
Peripheral core 3.7 2.75 3.15
Central rind 1.55 0.84 0.78
Peripheral rind 3.14 1.41 0.87
2 Central core 3.52 1.75 3.26
Peripheral core 4.21 0.96 1.39
Central rind 2.27 0.88 1.18
Peripheral rind 0.67 0.35 1.33
3 Central core 3.29 1.51 1.96
Peripheral core 3.57 1.04 1.64
Central rind 2.13 0.56 0.35
Peripheral rind 2.9 0.50 0.71
4 Central core 3.06 2.47 3.41
Peripheral core 3.55 1.97 2.24
Central rind 2.28 2.08 2.62
Peripheral rind 1.84 1.21 2.71
5 Central core 4.12 1.40 1.70
Peripheral core 4.2 0.72 1.06
Central rind 2.29 1.41 1.38
Peripheral rind 2.59 0.81 2.05
6 Central core 3.33 3.35 3.74
Peripheral core 3.98 2.09 2.39
Central rind 2.74 1.08 1.73
Peripheral rind 2.43 0.70 2.43
7 Central core 4.21 1.03 1.55
Peripheral core 4.21 0.92 0.88
Central rind 2.34 1.56 1.40
Peripheral rind 1.99 0.76 0.79
8 Central core 3.18 0.54 0.60
Peripheral core 4.21 0.80 0.93
Central rind 3.83 1.10 1.55
Peripheral rind 2.11 0.67 1.21
9 Central core 4.21 1.18 1.77
Peripheral core 2.67 0.44 0.32
Central rind 1.36 < LOD 0.65
Peripheral rind 2.63 0.08 1.31
10 Central core 4.05 o 2.81
Peripheral core 3.9 ok 2.85
Central rind 2.05 0.60 0.68
Peripheral rind 4.01 0.14 3.48

*LOD for SEA was estimated at 0.003 ng/g. **uninterpretable results.

The presence of CPS, performed in the second step of the
study, was confirmed in 82% (n = 23) of the samples analyzed
(n = 28), with a concentration ranged between values <1 and 3.7
Log ufc/g in the core samples and between 0.3 and 6.9 Log cfu/g
in the rind samples. These values demonstrated that the amount
of toxigenic CPS in the milk was enough for SEs production, as
SEA and SED were detected in all samples. Even if these results
were considered qualitative, the TV and AU values indicated
that SEs were present at high concentration level and this was
confirmed by the quantification analysis. The amount of SED in
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TABLE 6 | Batch N°7 -SEs detection and quantification in the third step of the
study.

Sub-sample ID Sampling location Vidas (TV) SEA* (ng/g) SED** (ng/g)

1 Central core 1.7 0.04 0.14
Peripheral core 1.3 0.02 0.08
Central rind 0.59 < LOQ < LOD
Peripheral rind 0.47 < LOQ < LOD
2 Central core 2.01 0.03 0.21
Peripheral core 1.19 0.01 0.04
Central rind 0.56 <LOD < LOD
Peripheral rind 0.67 < LOQ < LOD
3 Central core 1.81 0.03 0.16
Peripheral core 0.94 < LOQ < LOQ
Central rind 0.68 < LOD < LOD
Peripheral rind 0.47 < LOD < LOD
4 Central core 1.36 0.03 0.17
Peripheral core 0.62 0.01 < LOQ
Central rind 0.23 < LOD < LOD
Peripheral rind 0.29 < LOQ < LOD
5 Central core 1.69 0.02 0.17
Peripheral core 0.31 < LOQ <LOQ
Central rind 0.2 <LOD < LOD
Peripheral rind 0.36 < LOQ < LOD
6 Central core 1.42 0.04 0.18
Peripheral core 1.5 0.04 0.18
Central rind 0.19 <LOD < LOQ
Peripheral rind 0.39 < LOQ < LOD
7 Central core 1.6 0.05 0.24
Peripheral core 1.64 0.06 0.25
Central rind 0.52 < LOQ < LOQ
Peripheral rind 0.83 0.03 < LOD
8 Central core 1.26 0.03 0.13
Peripheral core 1.44 0.02 0.18
Central rind 0.69 < LOD 0.12
Peripheral rind 0.9 0.05 < LOD
9 Central core 1.43 0.04 0.19
Peripheral core 1.68 < LOD 0.06
Central rind 0.47 <LOD < LOD
Peripheral rind 0.47 < LOD < LOD
10 Central core 1.36 0.03 0.12
Peripheral core 1.41 0.02 0.11
Central rind 0.81 < LOD < LOD
Peripheral rind 0.42 < LOD < LOD

*LOD and LOQ were estimated at 0.003 and 0.010 ng/g, respectively. **LOD and
LOQ were estimated at 0.013 and 0.035 ng/g, respectively.

all the samples was higher than SEA. In fact, SEA was detected
in all wheels of cheese with a concentration between 0.02 to
1.78 ng/g, while SED was quantified in 6 out of 7 wheel (from 0.47
to 3.19 ng/g). The highest concentrations of toxins were found in
the wheels 4, while in the wheel 7 it was possible to verify the
presence only of SEA.

In total, were identified 50 S. aureus isolates among the 7
wheels and 41 were found to have at least one gene able to
encode for SE, while 9 were negative. The biotyping results
combined with the m-PCR for the identification of SE-encoding

Cumulative frequency of SEA quantification
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ng/g

FIGURE 5 | Cumulative frequency of SEA quantification (step Il).

Cumulative frequency of SED quantification

Cumulative Frequency

ng/g

FIGURE 6 | Cumulative frequency of SED quantification (step Ill).

genes, highlighted ten different S. aureus profiles (Table 4),
demonstrating the diversity of the S. aureus population structure
among seven different cheese productions. The data obtained
show the variability of SEs concentrations between the 7 wheels
of cheese belonging to different batches and also within the same
wheel. It should also be considered that due to the artisanal
production, there is no standardization of the final products
and that small variations during the production process could
have influenced the final concentration of the SEs. Enterotoxin
expression is coordinated by a complex network of regulatory
elements. Among them, the agr regulatory system plays a crucial
role. The agr system positively regulates the expression of
many virulence genes (including some genes for enterotoxins:
seb, sed, and, presumably, sec), and this expression increases
simultaneously with increasing cell density (Valihrach et al.,
2014). The study of Duquenne et al. (2016) compared the relative
expression levels of the genes sea, seb, sec, and sed in S. aureus
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strains during the manufacture of heat—untreated semi—hard
cheeses, with sed shown to have the highest expression. While
this observation was confirmed by our results, no correlation
between the CPS counts and the SEs concentrations was found,
when investigating the four areas sampled.

A further factor to take in account is the possible presence
of gene variants with different expression rates. A recent study
(Johler et al., 2016) demonstrates the presence of different sed
gene variant sequences with different enterotoxin expression,
highlighting the importance of strain-specific differences and
host-specific variation in enterotoxin sequences. The difference
observed in the distribution of CPS in the four areas sampled in
the second step of the study, is irrespective of the batch and the
time of ripening. This is actually in accordance with the previous
literature data. Several studies in fact, demonstrated that cheese
wheel portions under the rind show a wider biodiversity in the
microbiota (Pasquale et al., 2016) and higher bacterial density
(Ercolini et al., 2003; Jeanson et al., 2011; Fleurot et al., 2014).

In the present study, however, SEs distribution in the cheese
matrix resulted affected by the core versus rind effect, both in
the second step of the study, where all the batches were analyzed
and the third one, where batch 4 and 7 have been further sub-
sampled. This is in contrast with previous findings (Fleurot et al.,
2014) where SEs expression was correlated to the cell density.
The discrepancy might be due to several factors: firstly, the study
conducted by Fleurot et al. analyzed the cheese after 15 days of
ripening, while in the present study, the first batch had already
21 days of ripening; secondly, experimental conditions, under
which the previous study was conducted, imply that no SEs were
present before the cheese making, while in the present study,
carried out under “natural” conditions, SEs were likely present in
the raw milk. Hence, on one hand, the bacterial density changes
in the first 21 days are not known and might have affected the
SEs distribution at the time of the analysis; on the other hand,
the fact that SEs were likely present before the cheese making,
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