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Abstract Staphylococcal enterotoxin type C (SEC) is one of the classical enterotoxins
implicated in staphylococcal food poisoning. Staphylococcus aureus strains isolated
from bovine unpasteurised milk and associated cheese samples produced the SECbovine

sub-type. The objectives of this study were to determine the cell numbers required for
SECbovine production in milk and to determine if SECbovine was produced by S. aureus
during cheesemaking. To predict the point at which toxin production begins, SEC
production was modelled against cell numbers of S. aureus (at different controlled pH/
temperature combinations) in sterile reconstituted milk using a biphasic model fitted
using the Solver routine in Excel. Under the conditions tested, the average cell number
required for SECbovine production was log 8.43±0.39 in sterile reconstituted milk. A
semi-soft cheese was manufactured using milk inoculated with either washed (to
remove any pre-formed toxin) or unwashed (containing toxin) S. aureus at 105 and
107 cfu.mL−1. An enzyme-linked immunosorbent assay was used to quantify toxin
production and Baird-Parker agar to quantify S. aureus. Cheese made with washed and
unwashed cells showed a one log increase in S. aureus cell numbers during
cheesemaking. In cheese made with washed cells, no SEC was detected. With un-
washed cells, the SEC concentration remained constant throughout cheesemaking. The
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results show that SECbovine is not formed in milk or cheese at <108 cfu.mL−1, and
therefore, the risk-associated with SECbovine in cheese is low.

Keywords Staphylococcus aureus . Enterotoxin . Enterotoxin C production . Cheese .

Milk .Modelling

1 Introduction

Coagulase positive S. aureus are indicators of staphylococcal enterotoxin (SE)-
producing strains that cause staphylococcal food poisoning (SFP). Pasteurisation
kills S. aureus; however, it will not destroy SEs (Le Loir et al. 2003). SEs are large,
preformed, secreted virulent peptides produced by certain S. aureus strains.
According to the official European Union data from 2011 (EFSA 2014), 346
foodborne outbreaks were attributed to Staphylococcus spp. This represented
6.4% of all reported foodborne outbreaks. The amount of SE required to cause
illness has been reported at between 20–100 ng, although this can vary depending
on type of SE (Pinchuk et al. 2010; Asao et al. 2003). However, these concentra-
tions are taken from a limited number of food outbreaks where the SE concentration
was determined.

Enterotoxin-producing S. aureus strains can be found in the milk of animals
suffering from mastitis (Zadoks et al. 2001) or when poor hygiene in the handling
and processing environments of dairy products occurs (Gutiérrez et al. 2012). A wide
variety of SE toxins can be produced; presently, 21 SEs or enterotoxin-like proteins
have been identified (Schlievert and Case 2007; Thomas et al. 2006). Well-known
classical types SEA, SEB, SEC, SED and SEE are most frequently implicated in food
contamination, with outbreaks of SFP, for example, from chocolate milk and sheep’s
milk cheese (Asao et al. 2003; Vitale et al. 2015). SEC and SEA are the most
commonly occurring SEs in milk (Lindqvist et al. 2002; Scherrer et al. 2004;
Aragon-Alegro et al. 2007). The presence of SEs, including SEC, is not permitted in
cheese, according to Commission Regulation 2073/2005 (EC 2005). In food-related
outbreaks of SFP, SEC is amongst the least SE types implicated (Pinchuk et al. 2010).

SEC is sub-classified to six subtypes, SEC1, SEC2, SEC3, SECovine, SECbovine and
SECgoat (Argudín et al. 2010), which are structurally different (Metzger et al. 1975) and
therefore produce different toxins and have different toxin production characteristics.
Enterotoxin production, even with high bacterial growth, will not always occur in a
cheese environment (Schelin et al. 2011). SEC production in cheese depends on several
factors, such as the cheese type, the processing environment, the S. aureus cell numbers
achieved during production (Valihrach et al. 2013; Janštová et al. 2012) and the SEC
sub-type implicated (Valihrach et al. 2013).

From a survey of unpasteurised milk used in farmhouse cheese production in
Ireland, two different strains of SECbovine were identified (Hunt et al. 2012), and
the factors affecting toxin production were studied (Hunt et al. 2014). The
objectives of this study were to establish (using a modelling approach) the
S. aureus numbers needed to produce SECbovine in milk and to assess the potential
for SECbovine production during cheesemaking of a semi-soft cow’s pasteurised
milk cheese.
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2 Materials and methods

2.1 Modelling SECbovine production against cell numbers in sterile reconstituted
milk

S. aureus and SEC data were modelled to determine the minimum cell numbers required
for SEC production in sterile milk and to predict the point at which toxin detection
began. A biphasic linear model (Buchanan et al. 1997) was fitted to the SEC concen-
tration produced at a particular log bacterial number. The model was fitted using the
Solver routine in Excel (Microsoft,WA,USA). The Solver routine minimised the sum of
squares difference between predicted and actual values of toxin by optimising the values
of the inflection point and the slope of the line representing toxin concentration.

2.2 S. aureus cultures

S. aureus strains 178 and 211 (Hunt et al. 2012) with SECbovin-producing ability were
isolated from unpasteurised milk and unpasteurised milk cheese, respectively, and
maintained at −80 °C in cryovials (Pro-Lab Microbank®). The strains were transferred
from cryovials to tryptic soya agar (TSA) and incubated at 37 °C for 18 h. One colony
was transferred to 100 mL tryptic soya broth (TSB) and incubated at 37 °C for 18 h
prior to preparation of the inoculum.

2.3 S. aureus inoculum preparation for cheesemaking

Fresh pasteurised and homogenised milk (Avonmore, Dublin, Ireland), acquired locally
on the day of the experiment, was used for cheesemaking. Prior to inoculation of the
milk, the inoculum was grown in TSB (as above) and washed twice in Maximum
Recovery Diluent (MRD) to remove the SEC that resulted from growth in TSB; the
bacterial cells were resuspended in 10% reconstituted skim milk (RSM; Kerry
Ingredients, Charleville, Ireland) and added to 10 L of pasteurised milk, resulting in
log 5 and log 7 cfu.mL−1 in the milk. Unwashed inoculum (100 mL in TSB) was added
to 10 L of milk to a final concentration of log 7 cfu.mL−1. Each experiment was
undertaken in independent triplicate for each strain.

2.4 Laboratory scale cheesemaking

The pasteurised milk used for cheesemaking was analysed for total bacterial
count, coliforms and coagulase positive S. aureus (as described below). The
temperature of the milk (inoculated with washed or unwashed cells of a
SECbovine-producing strain of S. aureus) was raised to 20 °C, and a liquid starter
culture (Lactococcus lactis 303, Chr. Hansens, Cork, Ireland), pre-incubated for
16 h at 30 °C in sterile 10% RSM, was added at 1.5%. The temperature of the
milk was increased to 32 °C, and stirred until the pH reached 6.55 (approximately
30 min). Double strength rennet (CHY-MAX PLUS Fermentation-produced
Chymosin, diluted 10-fold in sterile distilled water; CHR HANSEN, Horsholm,
Denmark) was added at a concentration of 0.18 mL.L−1. After testing the gelled
milk for firmness (approximately 45 min after the addition of the rennet), the curd
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was cut into cubes approximately 1 cm3. The curd-whey mixture was cooked from
32 to 36 °C at a rate of 1 °C every 5 min, stirring continuously. The curd was then
put into moulds (top diameter 89 mm, bottom diameter 82 mm and height 83 mm;
Moorlands Cheeemakers Limited, UK) and turned every 30 min until a pH of 5.30
was reached. During cheesemaking, milk and cheese were analysed (as described
below) after starter culture addition, and at 1, 2 and 6 h. After manufacture
(approximately 6 h), the cheese was brined in 23% NaCl/0.02% calcium chloride
solution for 1 h, and ripened for 1 week (unwashed inoculum cheese only) at 8 °C/
75% relative humidity (RH), 8 °C/85% RH and 14 °C/ 85%RH, with daily
turning. Samples were analysed (as described below) after brining and after one,
3 and 7 days of ripening. Three independent cheesemaking experiments were
undertaken at each condition.

2.5 Microbiological and physico-chemical analyses

Samples were enumerated for total bacterial count on milk plate count agar
(Merck KGaA, Darmstadt, Germany), coliform on Violet Red Bile Agar
(LAB031, United Kingdom), S. aureus on Baird Parker Rabbit Plasma
Fibrinogen selective agar (CM0961, Oxoid Limited, United Kingdom) and starter
bacteria on lactose modified Lactococcus species agar with 0.5% lactose (Merck,
Germany), using the methods ISO 6610:1992, ISO 4831:2006, ISO 688-2-1999
and ISO 27205:2010, respectively. All cheese samples were tested for moisture
(IDF4A and IDF21B), pH (BS770:5:1975) and the temperature recorded. The
salt (chloride) content of brined cheese was tested using the IDF 88:2006
method.

2.6 SECbovine quantification in milk, cheese and curd

An enzyme-linked immunosorbent assay (ELISA) method described by Wallin-
Carlquist et al. (2010) was used for quantification of SECbovine in milk, curd and
cheese. The antibodies used were as described by Valihrach et al. (2013). SEC in 10%
RSM was used to construct a standard curve to obtain a quantification range of 0.16
−10 ng.mL−1. For cheese and curd samples, the standard curve was constructed in
phosphate buffered saline (PBS), as the toxin from the cheese was concentrated by
dialysis to PBS by the method described by Hennekinne et al. (2003), except that a pH
of 5.5 (instead of pH 3.5) was used, as better recovery was obtained. A recovery rate of
69% was obtained with cheese deliberately inoculated with SEC (Toxin Technologies
® 7165 Curtiss Ave Sarasota, FL 34231, USA), and this was accounted for in
experimental cheeses. The limit of quantification for SECbovine in the milk samples
was 0.16 ng.mL−1 and in the curd and cheese samples was 0.32 ng.mL−1. The
concentration of SECbovine was determined in triplicate in all samples.

To determine the stability of toxin in frozen cheese, SEC (Toxin Technologies),
dissolved in sterile RSM, was added to the milk prior to cheesemaking to obtain
cheese samples at 0.32, 5, and 10 ng.mL−1 final concentration. Independent
triplicate cheeses were manufactured at each SEC concentration. The cheeses
were frozen at −20 °C, and the toxin concentration determined after 6 months,
using the method described above.
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2.7 Pre-incubation of SEC-producing S. aureus with added starter culture in milk

In order to determine the effect of pre-incubation of S. aureus-contaminated milk with
starter culture, washed cells of strains 178 and 211 were inoculated into pasteurised
milk at log 6 cfu.mL−1. This culture was split into three parts, no starter culture was
added to one, L. lactis 303 was added at a concentration of 1.5% to the second which
was incubated at 36 °C for 5 h and L. lactis 303 was added at a concentration of 1.5%
to the third which was incubated at 4 °C for 24 h, followed by further incubation for 5 h
at 36 °C. The milk was sampled in duplicate for enumeration of S. aureus using Baird
Parker Rabbit Plasma Fibrinogen selective agar.

2.8 Statistical analysis

Statistical analysis was performed in Microsoft Excel (Microsoft) and Graph Pad InStat
(Graph Pad Software, La Jolla, CA., USA). For analysis of the data in RSM, Combase
DMFit (IFR web access DMFit; Baranyi and Roberts no lag model) was fitted, where
different growth rates were compared by multiple regression analysis at the conditions
tested.

3 Results

3.1 S. aureus growth and modelling SECbovine production in sterile RSM

A full factorial experiment of four temperatures (25, 30, 37 and 40°C) and four pH
values (5.5, 6.0, 6.5 and 7.0) in batch cultures of 10% sterile RSM inoculated with log
4.5 cfu.mL−1 was undertaken (Hunt et al. 2014). In a modelling approach, the data from
that study was further analysed using the Baranyi and Roberts (no lag) model in DMFit
(ComBase DMFit 2015). For all fitted conditions, there was good agreement between
predicted and actual values, see for example Fig. 1, except in 3 of 16 conditions tested
where there was a decline in cell numbers during the stationary phase (30°C/pH 7,

Fig. 1 Representative fitting of S. aureus concentration (log cfu.mL−1) using the Baranyi and Roberts (no lag)
model at 25°C/pH 5.5 (time in min)
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40°C/pH 7 and 40°C/pH 6.5). The growth rate of S. aureus was not correlated with the
pH or temperature (p>0.05). The average S. aureusmaximum specific growth rate was
0.22±0.04 log cell number. h−1 At each pH/temperature combination used, the con-
centration of SECbovine was plotted against the S. aureus cell number (see example in
Fig. 2). The inflection point of the fitted biphasic model is the cell number at which
toxin production was detected and represents the minimum bacterial numbers required
for formation of detectable SECbovine. The inflection point from the modelled data for
SEC production generally fitted the experimental data obtained, except at conditions of
pH 6.5/40 °C and all temperatures at pH 7.0. Over the range of pH and temperature
conditions, the average cell number required for SEC production was log 8.43±
0.39 cfu.mL−1. There was no correlation between the inflection point and the
temperature/pH combinations tested.

3.2 SECbovine production in cheese with washed and unwashed cells of S. aureus

The total bacterial count for all pasteurised milk used was <log 4 cfu.mL−1. No
coagulase positive S. aureus or coliforms were detected in the pasteurised milk prior
to inoculation. In cheese made with washed/unwashed cells of both strains 178 and
211, lactic acid bacterial numbers increased to approximately log 9.9 cfu.g−1 whilst
S. aureus numbers increased to approximately log 7.3 cfu.mL−1. The pH reduced
from 6.70 to 5.21 after 6 h. At all sampling times up to the end of manufacture, the
SEC concentration was <0.32 ng.mL−1 in cheese made with washed cells. In cheese
made with unwashed cells, equivalent to added SECbovine at a concentration of
approximately 3 ng mL−1, SECbovine concentrations were similar throughout
ripening at 8 °C/75% RH and 14 °C/85% RH and were reduced at ripening
conditions of 8 °C/85% RH (Fig. 3).

3.3 Effect of freezing on measurement of SECbovine

After freezing the cheese samples for 6 months, the concentration of SEC in the spiked
cheese samples was ±15% of the initial concentration at 10 and 5 ng.mL−1 and±20% at
0.32 ng.mL−1.
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3.4 Effect of pre-incubation of starter culture with S. aureus

In the milk with no added starter culture, the numbers of S. aureus reached approximately
log 8 cfu.mL−1 at 36 °C for 5 h.When starter culture was added at 1.5% prior to incubation,
the growth of S. aureus was inhibited. There was further inhibition of S. aureus if the
culture was incubated at 4 °C for 24 h prior to incubation at 36 °C for 5 h (Fig. 4).
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Fig. 4 S. aureus growth in pasteurised milk incubated at 36 °C for 5 h with different treatments: A S. aureus
culture only, B S. aureus with starter culture and incubated immediately, C S. aureus with starter culture and
chilled for 24 h prior to incubation
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Fig. 3 SECbovine stability in cheese during 7 days of ripening at three different conditions: 8 °C/75% RH
(closed circle); 8 °C/85% RH (open circle); 14 °C/ 85% RH (closed triangle). RH relative humidity
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4 Discussion

Production of SEC in cheese is considered a risk factor, particularly with respect to rawmilk
cheese. Therefore, it is important to understand the factors affecting SEC production in
cheese. Hunt et al. (2014) showed that pH and temperature influenced SECbovine production
in milk. Modelling this data with a biphasic linear model demonstrated that at combinations
of controlled pH and temperature values in the range of 25–40 °C and pH5.5–7, the required
levels of S. aureus cell numbers for SECbovine detection were log 8.43±0.39 cfu.mL−1. At
cell numbers below log 8.43±0.39 cfu.mL−1, no detectable SECbovine was produced.

To test this model, SECbovine production was studied during cheesemaking. During
cheesemaking with washed cells of S. aureus, the SECbovine-producing S. aureus cell
numbers never reached levels above log 8 and no SECbovine was detected. Initial concen-
trations of log 5 and log 7 cfu.mL−1 SECbovine-producing S. aureus culture inoculated into
pasteurised milk prior to manufacture of cheese resulted in no detectable SECbovine in the
cheese, with an increase in S. aureus and lactic acid bacteria numbers to approximately log
7.3 cfu.mL−1 and log 9.9 cfu.g−1, respectively. It has been reported that SEA production
occurred in cheese at cell numbers of S. aureus at log 5 and log 6 cfu.g−1 (Vernozy-Rozand
et al., 1996), whilst Rola et al. (2013) found that no SED was produced in cheese with
numbers of S. aureus reaching less than log 7 cfu.g−1. Even though SEC can cause SFP,
based on the results of this study, there is a low risk of SECbovine production in this type of
cheese. The study indicates that the results from themilk-basedmodel were valid in cheese.

Alternatively, the cheese matrix may have inhibited toxin production or inactivated
the toxin. When SECbovine was deliberately added to the cheese at approximately
3 ng.mL−1, along with the S. aureus producing strain (unwashed cells), after
cheesemaking, the SECbovine remained at a similar concentration, even when the
bacterial cell numbers increased by over one log. During the ripening of cheese, the
SECbovine concentration remained constant for 7 days at 8 °C/75% RH and 14 °C/85%
RH. The SEC concentration decreased after 7 days of ripening at 8 °C/85% RH,
indicating that the cheese matrix may have an effect on pre-formed toxin. In boiled
ham, Wallin-Carlquist et al. (2010) also reported a reduction in SEA concentration
during storage at room temperature. The reason for such a reduction requires further
investigation, but may be due to conformational changes in the enterotoxin structure,
altering the antibody/antigen complex binding during the ELISA quantification.

The results from the experiments on the effect of freezing on toxin measurement are
acceptable under the guidance for Industry of Bioanalytical Method, FDA, (FDA 2001),
indicating that freezing had no significant impact on SEC measurement in cheese.

The starter culture inoculated to the milk 24 h prior to cheesemaking with refriger-
ation at 4 °C showed a reduction in S. aureus growth (Fig. 4) compared to milk
inoculated immediately prior to cheesemaking and milk not inoculated with starter
culture. Cretenet et al. (2011), Le Marc et al. (2009) and Pacheco and Galindo (2010)
predicted that starter cultures inhibited SEA production in cheese. The effect of the
starter culture L. lactis inhibition on S. aureus is thought to be partially attributable to a
reduction in the pH of the milk (Alomar et al. 2008) whereas Charlier et al. (2008)
discussed that acidification was not involved.

It has been shown previously that L. lactis and other lactic acid bacteria (LAB) can
influence the behaviour of S. aureus under different conditions (Nouaille et al. 2014). In
particular, it has been shown that in a cheese matrix, the accessory gene regulator (agr),
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the main regulatory system controlling S. aureus virulence factors such as enterotoxins, is
affected by LAB; metabolism of S. aureus is also affected by LAB (Cretenet et al. 2011).
The presence of the L. lactis cells, even at concentration of log 3 cfu.g−1 (Charlier et al.,
2008; LeMarc et al., 2009) can affect S. aureus in a multifactorial way, leading to difficulty
in studying the effect of individual parameters in a mixed culture context (Even et al.,
2009). Regardless of the mode of action, using L. lactis as a biocontrol agent in food to
control virulence of S. aureus seems to be a realistic possibility, offering a mechanism of
improving food safety with respect to SEs.

5 Conclusion

There is little risk of SECbovine formation in this cheese type even from milk containing
high bacterial cell numbers. When SECbovine is preformed (unwashed cells added) in the
milk before cheesemaking, there is a risk of SECbovine persisting during cheesemaking in
this cheese type, and during ripening for 1 week at 8 °C/75%RH and 14 °C/85%RH. The
addition of starter culture to the milk prior to cheesemaking reduced the S. aureus growth
in milk; growth was further reduced by pre-incubating the starter culture at 4 °C for 24 h.
As S. aureus contamination of milk at high bacterial numbers would be visually identified
to the manufacturer as the milk coagulates at levels required for detectable toxin forma-
tion, the risk to public health from enterotoxin-producing S. aureus in cheese during
cheesemaking can be quantified to some extent and can be managed by physical control.
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