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A B S T R A C T   

This study aims to quantify growth and cereulide production by Bacillus cereus and their potential correlation in 
an intermediate dairy wet-mix. Systematic experiments were carried out using the emetic reference strain 
F4810/72 in the suboptimal range of temperature of 12 ◦C to 20 ◦C. Growth and cereulide kinetic parameters 
were estimated and the three parameters (i) time to first cereulide quantification (tcer), (ii) maximum specific 
growth rates (μmax) and (iii) cereulide production rates (k) were modelled as a function of temperature. As 
temperature increased, growth lag time and tcer were shorter while microbial increase and cereulide production 
happened earlier, and at higher rates. Maximum concentration of cells and maximum cereulide concentration 
proved to be temperature-independent, reaching the average values of 7.9 ± 0.3 log10(CFU/mL) and 2.6 ± 0.2 
log10(ng.g− 1) respectively. Moreover, the time to reach the widely used threshold of 5 log10CFU/mL (t5log) was 
tested against tcer, and this suggested that this threshold can be used with increased confidence at lower tem
peratures to assure toxin is not quantified in this matrix. The average tcer were equal to 314 h, 118 h, 73 h and 45 
h for 12 ◦C, 15 ◦C, 18 ◦C and 20 ◦C respectively. A validation study was performed using independent data sets 
obtained with the same strain in other dairy matrices. The microbial growth models presented good predictive 
power even when extrapolated beyond the temperature range of construction. Nevertheless, the models proposed 
for prediction of toxin production over time presented limitations, especially for food matrices that deviate 
significantly from the original matrix for which the model was developed, making cereulide predictions less 
accurate. Our findings suggest that similar modelling approaches can be used to predict growth, time to first 
cereulide quantification as well as cereulide formation over time for a specific matrix, but that matrix- 
extrapolations are more suitable for growth than for cereulide.   

1. Introduction 

Bacillus cereus is a pathogenic bacterium commonly found in raw 
materials and processed foods (Ceuppens et al., 2011; Guo et al., 2021; 
Park et al., 2020; Wijnands et al., 2006). It is of particular concern for 
the food industry since its spores can endure high temperature short 
time (HTST) pasteurization, resist spray drying and survive in final 
products (McAuley et al., 2014). Spore-forming bacteria are ubiquitous 
in nature, and contamination has been shown to occur along the whole 
processing line (Eneroth et al., 2001), hence effective control of spore- 
forming bacteria in dairy products and processing environment is still 
challenging (Andersson et al., 1995; Huang et al., 2021; Oliveira Silva 
et al., 2018). 

B. cereus can cause food poisoning through the production of either 

diarrheic enterotoxins or an emetic toxin, namely cereulide. While en
terotoxins are formed in the gastrointestinal tract after contaminated 
food is consumed, cereulide is pre-formed in food matrices or in
gredients by emetic strains of B. cereus. Due to the extreme heat and pH 
stability of cereulide, posterior processing can inactivate the microor
ganism but will not destroy cereulide. The emetic toxin is not inactivated 
by proteolytic enzymes in the gastrointestinal tract either (Agata et al., 
1994; Delbrassinne et al., 2011; Shinagawa et al., 1996), which conse
quently can lead to intoxication. 

Cereulide is a cyclic 1.2-kDa dodecadepsipeptide [D-O-Leu-D-Ala-L- 
O-Val-L-Val]3 produced by a nonribosomal peptide synthetase, encoded 
by the 24-kb cereulide synthetase (ces) genecluster, which is located on a 
208-kb pXO1-like megaplasmid (Ehling-Schulz et al., 2006). As a sec
ondary metabolite, cereulide's formation mechanism is highly complex 
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and, up to this point, not completely understood. In the same way that 
B. cereus strains are highly variable in terms of their growth limits 
(Carlin et al., 2013; EFSA, 2005; Guinebretière et al., 2008), some 
studies have suggested that cereulide production can also vary signifi
cantly depending on the strain and environmental conditions such as 
storage temperature and food matrix (Delbrassinne et al., 2011; Ellouze 
et al., 2021; Jääskeläinen et al., 2004; Rajkovic et al., 2006; Shaheen 
et al., 2006; Szabo et al., 1991). Moreover, the environmental conditions 
at which emetic toxin is produced differs from that for growth (Ape
troaie-Constantin et al., 2008; Finlay et al., 2000; Häggblom et al., 2002; 
Rajkovic et al., 2006). For example, Rajkovic et al. (2006) observed that 
aeration of cultures had a negative effect on cereulide production, 
without affecting growth. Apetroaie-Constantin et al. (2008) observed 
that no cereulide was produced at temperatures of 41 ◦C or beyond, 
although the strains grew to temperatures of up to 48–50 ◦C. 

Due to the lack of understanding on the correlation between B. cereus 
growth and cereulide production, currently available guidelines for 
control of this microorganism in food are purely based on cells con
centration, established at maximum 105 CFU/g or mL (EFSA, 2005; 
EFSA, 2016). Literature has so far focused on the time cereulide starts 
being formed and some studies (Bursová et al., 2018; Rajkovic et al., 
2006) have determined that cereulide is only formed at the end of 
exponential/beginning of stationary phase. But to date, no systematic 
analysis of kinetic data is available on cereulide production as function 
of time from the moment of inoculation until when B. cereus reaches the 
stationary phase. The enabling improvements in liquid chromatography 
- mass spectrometry technology for accuracy and sensitivity of toxin 
quantification in food matrices has made more informative modelling 
approaches possible, particularly closer to the point of toxin initiation. 

In this paper we aim to fill this knowledge gap by quantifying the 
growth kinetics of B. cereus and cereulide production in an irradiated 
intermediate dairy wet mix (DWM) and proposing appropriate model
ling approaches to identify first formation of toxin and its production 
along B. cereus growth. We also validate the predictions in similar dairy 
products to evaluate the prediction quality of the models. Our findings 
can be used in quantitative microbial risk assessments that evaluate the 
safety risk of foods contaminated with B. cereus. 

2. Material and methods 

2.1. Growth of B. cereus in dairy matrix 

2.1.1. Preparation of stock culture 
After streaking strain F4810/72 onto Trypticase Soy Agar with 0.6% 

Yeast Extract (TSAye) and incubating for 24 h at 37 ◦C to check for 
purity, one isolated colony was inoculated into BHI (Brain Heart Infu
sion) broth and incubated for 24 h at 37 ◦C. Then, 1 mL of the culture 
was added to 10 mL of sterile 80% glycerol and put into sterile 1 mL- 
tubes and stored at − 80 ◦C. 

2.1.2. Preparation of working culture 
One tube of frozen stock culture was taken out and a superficially 

thawed layer was removed with a sterile loop and inoculated into 10 mL 
of BHI and incubated for 8 h at 30 ◦C. Subsequently, 100 μL of this 
primary culture was put into 9.9 mL of BHI and incubated for 18 h at 30 
◦C to have a standardized working culture. 

2.1.3. Matrix 
One batch of intermediate dairy wet-mix (DWM) (see basic compo

nents and physical-chemical characteristics in Table 1) was sent for 
irradiation at 10 kGy (Steris, Netherlands) in several 500 mL bottles and 
kept at − 20 ◦C. Before the beginning of the experiments of each of the 
three replicates, two irradiated bottles were set aside in the fridge 
overnight. The temperature of the matrix was equilibrated by placing 
the bottles in the respective temperature-set incubators for at least half 
an hour before inoculation to ensure that the matrix temperature was 

equivalent to the test-temperature (the equilibration time was verified in 
a pre-experiment and was found to be below 30 min). The matrix “in
termediate mix” refers to storage between initial heat treatment and the 
final heat treatment of the production process. 

2.1.4. Samples inoculation and growth quantification 
The working culture was decimally diluted in BHI and added (0.67% 

v/v) to 150 mL of matrix targeting an initial concentration of ~2 log10 
CFU/mL. For B. cereus quantification, selective medium plates (Bacara, 
bioMérieux) were used. The effect of temperature on B. cereus growth 
was studied by incubating inoculated bottles of irradiated matrix with 
F4810/72 strain at four different temperatures: 12 ◦C, 15 ◦C, 18 ◦C, and 
20 ◦C, simulating different conditions at which this intermediate matrix 
would be stored before being further processed during normal operating 
conditions or occasional temperature abuses. Carlin et al. (2013) have 
determined cardinal values for the F4810/72 strain: Tmin has been re
ported to be equal to 7.9 ◦C and Topt equal to 38.7 ◦C, meaning that the 
evaluated interval is within suboptimal temperature range for growth. 
Samples were taken at different time points for the studied temperatures 
to cover the whole growth range. Three biologically independent rep
licates were performed for each temperature. 

2.2. Cereulide measurement 

Cereulide samples were taken by filling two Eppendorf tubes with 2 
mL from each of the inoculated bottles that were also used to quantify 
the growth of B. cereus. Samples were then immediately frozen in liquid 
nitrogen for further cereulide extraction. Sampling times for cereulide 
and B. cereus quantification varied with the temperature of incubation 
and were independent of each other. 

2.2.1. Cereulide extraction 
Cereulide was extracted as described in the ISO 18465-2017. Briefly, 

previously frozen samples were thawed in the fridge (4 ◦C) and then 
homogenized by mixing prior to extraction. Samples were kept on ice 
during the weighing and the addition of the internal standard and 
acetonitrile. For that, 1 g (± 0.01 g) of homogenized sample was 
weighted into a 15 mL Falcon tube and then spiked with 1 mL of 13C6- 
cereulide 15 ng/mL solution (ISTD, internal standard) (Chiralix, Nij
megen, The Netherlands) and 9 mL of acetonitrile (Honeywell Riedel-de 
Haën, Charlotte, USA) was added. Tubes were checked to guarantee they 
were hermetically closed and mixed. The tubes of extract were placed in 
the orbital shaker (VXR basic Vibrax; IKA, Staufen, Germany) and 
shaken for at least 60 min at 1800 rpm. The extracts were then centri
fuged and 2 mL of supernatant was filtered into an amber glass vial. 

2.2.2. Cereulide quantification 
In order to quantify the cereulide concentration, the extracted 

components were isocratically separated using Ultra High Performance 
Liquid Chromatography (UPLC) and detected using tandem mass spec
trometry. Quantification was done using an external calibration curve 
with standard (synthesized) cereulide (Chiralix, Nijmegen, The 
Netherlands) concentrations varying from 0.01 ng/g to 100 ng/g and 
fixed ISTD concentrations (1.5 ng/g). Cereulide concentrations were 

Table 1 
Physical-chemical characteristics and components of DWM 
used in this study  

Characteristic/Components Value 

Water activity  0.98 
pH  6.8 

Total solids (%)  33.1% 
Fat (w/w solids)  23.9% 

Protein (w/w solids)  12.5% 
Carbohydrates (w/w solids)  56.8% 

Minerals (w/w solids)  2.4%  
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expressed in ng/g of matrix. 
For cereulide quantification, UPLC-ESI-TOF MS analysis was carried 

out using Waters Acquity HClass Bio UPLC system with Synapt G2Si 
HDMS (Waters, Milford, MA, USA) with an electrospray interface (ESI). 
The chromatograph system was equipped with an Acquity UPLC BEH 
C18 column (1.7 μm, 2.1 mm × 50 mm). The column and auto sampler 
temperature were set on 30 ◦C and 12 ◦C respectively and flow rate was 
set to 0.5 mL/min. The mobile phase consisted of eluent A (water/(ACN 
and MeOH (80:20, v/v)) 95:5, v/v) and eluent B (ACN and MeOH 
(80:20, v/v))/ water, 98:2, v/v). Both eluents contained 0.3% formic 
acid and 1 mM ammonium acetate. The elution program for gradient is 
eluent B at 70% and eluent A at 30%. 

All analyses were performed with lock mass correction using leucine 
enkephalin (Tyr-Gly-Gly-Phe-Leu, m/z 556.2771), in a solution (150 
pmol/μL) of 50:50 water: acetonitrile. Calibration of the Synapt G2-Si in 
the range from m/z 40 to 1200 was performed using a solution of sodium 
iodate (5 mmol/L) in 2-propanol/H2O (9:1, v/v). The method was based 
on the ISO 18465 2017–01, modified to lower its quantification limit. 

The data was collected and processed by MassLynx software v. 4.1. 
The calibration and quantification of cereulide and ISTD concentration 
were carried out by TOF MS2 spectra integration TIC spectra of the MS/ 
MS 1171 and 1176 daughter ions, being m/z = 172.15 the quantifier ion 
for ISTD and m/z = 357.25 the quantifier ion for cereulide. Limit of 
Detection (LoD) and Limit of Quantification (LoQ) are 0.01 ng/g and 
0.02 ng/g of extract, respectively, and translates into LoD and LoQ of 
0.1 ng/g and 0.2 ng/g of matrix, respectively. When samples were 
concentrated, LoQ and LoD were ten times lower. The method with 
lower detection and quantification limits (for samples that went through 
the concentration step) is described in detail in Ellouze et al. (2021). 

2.3. Modelling of B. cereus growth 

In order to estimate the growth parameters, the adapted model of 
Baranyi and Roberts (1994) with m = 1 and ν = μmax, presented in Eq. 
(2.1), was fitted to the obtained log counts by using the Excel add in 
DMFit (version 3.5, kindly provided by ComBase). 

log10N(t) = log10N0 +
μmax

ln(10)
A(t) −

1
ln(10)

ln
(

1+
eμmaxA(t) − 1

10(log10Nmax − log10N0)

)

(2.1)  

with : A(t) = t+
1

μmax
ln
[
e− μmax t + e− μmaxλ − e− μmaxt− μmaxλ]

where μmax is the maximum specific growth rate in 1/h, λ is lag duration 
in hours, log10N0 is the initial population in log10 CFU/mL and log10Nmax 
the maximum population reached in log10 CFU/mL. 

When an initial decrease in the counts was observed, values below 
log10N0 were considered as part of the lag phase. 

The goodness of fit was evaluated by means of the standard error of 
the regression (se(fit)) presented in Eq. (2.2). 

se(fit) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(yi − fi)2

n − p

√

(2.2)  

where yi are observations, fi are the fitted values, n is number of ob
servations and p is the number of parameters in the model. 

By means of the growth parameters and Eq. (2.1), the time taken for 
B. cereus to reach 5 log10CFU/mL (t5log) could be estimated for each of 
the replicates. 

The effect of temperature on μmax was assessed by fitting the Rat
kowsky et al. (1982) model (Eq. (2.3)) to the square root of the μmax 
estimates. 
̅̅̅̅̅̅̅̅̅μmax

√
= b(T − Tmin) (2.3)  

where T is temperature [◦C], b is the slope [1/(√h .◦C)] and Tmin is the 
theoretical minimum temperature for growth [◦C]. Model 95% 

prediction interval was determined considering the regression ±1.96 
times the standard error of prediction (Eq. (2.2)). 

2.4. Modelling of cereulide production 

The same primary model (Baranyi and Roberts (1994)) (Eq. (2.1)) 
used for describing B. cereus growth was used and adapted to describe 
cereulide production over time (see Eq. (2.4)), due to its sigmoid shape 
of the log10 transformed cereulide concentration. 

log10C(t) = log10C0 +
k

ln(10)
B(t) −

1
ln(10)

ln
(

1+
ekB(t) − 1

10(log10Cmax − log10C0)

)

(2.4)  

with : B(t) = t+
1
k
ln
[
e− kt + e− kλcer − e− kt− kλcer

]

where k is the specific cereulide production rate in ln(ng/g)/h, λcer is the 
cereulide lag time in hours, log10C0 is the initial cereulide level in log10 
ng/g and log10Cmax is the maximum cereulide level reached in log10 ng/ 
g. k was evaluated and visualized in the log10 scale (log10(ng/g)/h), by 
dividing the results of each fitting by 2.303. 

The goodness of fit was evaluated by means of the standard error of 
the regression (se(fit)) presented in Eq. (2.2). 

The effect of temperature on the cereulide production rates was 
assessed by adapting and fitting the Ratkowsky et al. (1982) model (Eq. 
(2.5)) to the results obtained from the primary fitting. 
̅̅̅
k

√
= d(T − Tmin.cer) (2.5)  

where T is temperature [◦C], d is the slope [√(log10(ng/g)/h).1/◦C)] 
and Tmin.cer is the theoretical minimum temperature for cereulide pro
duction [◦C]. Model 95% prediction interval was determined consid
ering the regression ±1.96 times the standard error of prediction (Eq. 
(2.2)). 

The precise estimation of cereulide lag times (λcer) was compromised 
by the difficulty to pro-actively identify adequate sampling times 
capturing the start of production and describing the cereulide kinetic 
during exponential production. Taking this and data uncertainty into 
account, a complementary approach was used to estimate tcer (in h), the 
time taken for cereulide to be produced, namely the time to first quan
tification. The tcer was estimated by a linear interpolation between the 
last sampling point where cereulide levels were below log10(LoQ) level 
and the subsequent point where cereulide was quantified (Point A and B) 
in Fig. 1. The interpolation method was proposed by Hornung and Reed 
(1990) and has already been successfully used for tcer estimation in 

Fig. 1. Linear interpolation to calculate tcer, the time to quantifiable cer
eulide level. 
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different matrices by Ellouze et al. (2021). The log10(LoQ/2) value was 
assigned to the last time point when the measured cereulide concen
tration was below LoQ level (a point called A.bis in Fig. 1). Then the 
slope and intercept of the line combining A.bis and B were used to es
timate tcer: 

tcer =
log10LoQ − intercept

slope
(2.6) 

Three approaches were evaluated to predict cereulide formation: (i) 
prediction of the time to first cereulide formation tcer using t5log, (ii) 
prediction of tcer using a model for dependence of tcer with temperature, 
and (iii) prediction of cereulide production over time considering cer
eulide formation rate (k) and tcer, using the three-phase linear model 
(Eqs. (2.7a) and (2.7b)), adapted from Buchanan et al. (1997). 

log10C(t) = log10(LoQ) for t ≤ tcer (2.7a) 
log10C(t) = min(log10C0 + k(t − tcer), log10Cmax ) for t > tcer (2.7b)  

2.5. Validation 

In order to evaluate the applicability and extendibility of the 
modelling approaches adopted here, a validation study was carried out 
with data for growth and cereulide formation by the same strain 
(F4810/72) in five other matrices: (1) non-irradiated intermediate dairy 
wet-mix, same matrix used for models construction without going 
through pre-irradiation process (non-irradiated DWM), (2) irradiated 
intermediate dairy wet-mix with total solids content of 30% (DWM30), 
(3) irradiated intermediate dairy wet-mix with total solids content of 
35% (DWM35), (4) irradiated intermediate dairy wet-mix with total 
solids content of 40% (DWM40), and (5) reconstituted dairy-based 
matrix (RDM). The first matrix was chosen to verify whether naturally 
present background flora can interfere in growth or cereulide produc
tion. The second (DWM30) to verify whether growth and cereulide 
production are similar in matrices of the same kind, while the other 
three matrices were selected to assess whether changes in the original 
matrix (either formulation or moisture content) can have a significant 
role in B. cereus growth and/or cereulide production. 

The root mean square error (Eq. (2.8)) was selected to evaluate 
prediction performance. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(ŷi − yi)2

n

√

(2.8)  

where ŷi are predicted values, yi are observed data and n are the number 
of observations. 

3. Results 

3.1. Bacillus cereus growth 

Growth of B. cereus was observed at all tested temperatures, con
firming the suboptimal temperature region of mesophilic B. cereus 
strains with the higher maximum specific growth rate at the higher 
temperature (Table 2). 

The square-root plot following the Ratkowsky et al. (1982) model is 
shown in Fig. 2, with its parameters b equal to 0.044 ± 0.003 h-1/2 ◦C− 1 

and Tmin equal to 4.98 ± 0.32 ◦C. 

3.2. Modelling cereulide formation 

Cereulide was quantified in DWM at all studied temperatures 
(Fig. 3A). Variability among replicates appears more pronounced at 18 
◦C, while remaining fairly small for 20 ◦C, 15 ◦C and 12 ◦C. Regarding 
the variability between temperatures, 12 ◦C is easily distinguished with 
cereulide being produced later and at lower rate, followed by 15 ◦C, 
while data at 18 ◦C and 20 ◦C are quite close to each other for some of 
the replicates. 

Two modelling approaches were considered here: (i) with the 
objective of estimating the time to first cereulide formation with t5log 

Table 2 
Primary parameters estimates with their respective standard errors, and quality of fitting parameter se(fit) for the growth of B. cereus F4810/72 in irradiated dairy 
intermediate wet-mix (DWM)  

T (◦C) Treal 
b(◦C) Replicate μmax (1/h) [se] λ (h) [se] log10N0 (log10 CFU/mL) log10Nmax (log10 CFU/mL) [se] se(fit)  

12 12.0 ± 0.1 A 0.095[0.008] 260.8[16.4]  2.52 7.19[0.17]  0.2602  
12 12.1 ± 0.2 B 0.081[0.004] 103.5[13.0]  2.36 nda  0.2611  
12 12.6 ± 0.1 C 0.099[0.005] 118.7[11.9]  2.26 7.45[0.15]  0.2702  
15 15.1 ± 0.1 A 0.222[0.010] 73.9[4.4]  2.55 7.98[0.10]  0.1854  
15 15.0 ± 0.1 B 0.253[0.008] 53.5[2.9]  2.19 7.82[0.12]  0.1567  
15 15.1 ± 0.1 C 0.226[0.013] 51.4[5.2]  2.30 7.81[0.10]  0.2301  
18 18.1 ± 0.0 A 0.313[0.009] 24.4[1.8]  2.37 7.99[0.05]  0.0925  
18 18.1 ± 0.1 B 0.290[0.011] 24.2[2.7]  2.26 8.00[0.07]  0.1496  
18 18.1 ± 0.1 C 0.297[0.007] 25.3[1.7]  2.21 8.00[0.05]  0.0976  
20 20.2 ± 0.2 A 0.449[0.039] 28.0[3.9]  2.52 8.16[0.08]  0.2033  
20 20.1 ± 0.2 B 0.484[0.035] 33.0[3.4]  2.54 8.30[0.07]  0.1803  
20 20.1 ± 0.1 C 0.448[0.013] 24.5[1.8]  2.17 8.04[0.08]  0.1573  

a nd = not determined. 
b Treal stands for the measured temperature inside the incubator. Average and standard deviations are presented. 
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Fig. 2. Secondary modelling using Ratkowsky model for the effect of temper
ature on maximum specific growth rates of F4810/72 strain when growing in 
DWM. Open circles are the raw data, continuous line is the fitted model to the 
respective data, error bars represent standard error of estimated maximum 
specific growth rates and the dashed lines represent the model prediction in
terval at 95% level. 
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and tcer and (ii) to evaluate cereulide production over time with cer
eulide formation rate (k). The time to first quantification of cereulide 
(tcer) was estimated for each of the replicates in irradiated DWM 
(Table 3). In Fig. 3B, three of the fittings performed to obtain cereulide 
primary parameters are presented and the fitting results for all replicates 
are presented in Table 3. 

As temperature increased, tcer decreased, suggesting a correlation 
between temperature and first cereulide formation. Therefore, the 
square-root link-function was applied here to the reciprocal of tcer 
parameter (a “rate-like” quantity) as suggested by Ellouze et al. (2021). 
Fig. 4 shows a strong correlation (p-value = 0.0056) between the square 
root of tcer reciprocal and temperature. The relevance of this approach to 
predict the time to first quantification was assessed in the validation 
study. 

Current guidelines for control of B. cereus in food products relies 
upon bacterial concentration. Therefore, we assessed the safety of this 
measure for control of toxin in food by evaluating whether cereulide 
could be quantified (i.e. equal or higher than LoQ) only after B. cereus 
concentration reaches a 5 log10CFU/mL threshold. The estimated t5log 
values are shown in Table 3 and were estimated based on the fitted 
primary growth model (results presented in Table 2). Fig. 5 correlates 
the time to reach 5 log10CFU/mL (t5log) with the estimated time to first 
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Fig. 3. (A) Logarithm of cereulide concentration vs. time for the four tested 
temperatures in DWM. Symbols represent different temperatures: 12 ◦C (tri
angles), 15 ◦C (circles), 18 ◦C (stars) and 20 ◦C (squares) with replicate A in 
blue, replicate B in black and replicate C in orange. (B) Example of fitting of 
Baranyi and Roberts (1994) model to cereulide production data at 15 ◦C (cir
cles), 18 ◦C (stars) and 20 ◦C (squares). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 3 
Times to first quantification of cereulide (tcer), times at which B. cereus concentration reaches 5 log10 CFU/mL (t5log), and values of estimated primary parameters for 
cereulide with their respective standard errors and quality of fitting parameter for DWM at different temperatures and replicates   

Approach (i) Approach (ii) 

T (◦C) Rep. tcer (h)c t5log (h) k (log10 (ng/g)/h) [se] log10Cmax (log10 (ng/g)) [se] λcer (h) [se] se (fit) 

12 A 325.0 324.0 nda >2.00b >250b nda 

12 B 290.4 188.6 nda >0.14b >250b nda 

12 C 326.1 188.4 nda >0.26b >250b nda 

12 Av.[sd]= 313.8[20.3] 233.7[78.2] nda nda nda nda 

15 A 109.7 105.0 0.027 [0.002] 2.78 [0.04] 126.50 [4.32] 0.0768 
15 B 123.1 82.0 0.016 [0.001] 2.49 [0.06] 103.50 [9.75] 0.1063 
15 C 122.7 80.8 0.019 [0.002] nda 96.21 [18.33] 0.3093 
15 Av.[sd]= 118.5[7.6] 89.2[13.6]     
18 A 55.8 46.4 0.041 [0.004] 2.65 [0.07] 42.65 [5.14] 0.1393 
18 B 81.0 48.0 0.042 [0.009] 2.43 [0.07] 74.23 [8.88] 0.2128 
18 C 81.0 48.6 0.023 [0.004] 2.46 [0.09] 58.54 [13.34] 0.2151 
18 Av.[sd]= 72.6[14.5] 47.7[1.1]     
20 A 33.2 40.8 0.049 [0.009] 2.75 [0.06] 42.94 [6.27] 0.1743 
20 B 39.3 44.8 0.094 [0.012] 2.86 [0.03] 56.83 [2.39] 0.08709 
20 C 62.1 39.0 0.116 [0.038] 2.19 [0.08] 64.58 [4.13] 0.2403 
20 Av.[sd]= 44.9[15.3] 41.5[2.9]      

a nd = not determined; at 12 ◦C, no fitting was performed due to limited data. 
b Estimated value based on data since fitting was not possible at 12 ◦C. 
c tcer was estimated through linear interpolation considering LoQ equal to 0.02 ng/g (see Fig. 1). 

Fig. 4. Square-root of reciprocal of estimated time to first quantification of 
cereulide (tcer) vs. temperature for DWM. Open circles are the raw data, crosses 
are averages per temperature, continuous line is the fitted model, and the 
dashed lines represent the model prediction interval at 95% level. 
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cereulide quantification (tcer) for all replicates in irradiated dairy mix at 
the tested temperatures. For temperatures below or equal to 18 ◦C, all 
data were below the equivalence line where tcer is higher than t5log, 
while for two replicates at 20 ◦C the time to first quantification of cer
eulide was slightly shorter than time for B. cereus to reach the specified 
threshold (33.2 h and 39.3 h compared to 40.8 h and 44.8 h). However, 
tcer is always higher than t5log if we take the averages per temperature. 
Seemingly, the difference between the times represented in Fig. 5 in
creases as temperature decreases, noted by the closeness of data at 15 ◦C, 
18 ◦C and 20 ◦C to the equivalence line, suggesting that the lower is the 
temperature, the higher are the B. cereus counts at tcer in this matrix. 
Note that the LoQ that is used as threshold to estimate tcer is equipment 
dependent. In the present study, LoQ is equal to 0.02 ng/g, but higher 
values have been reported in the literature: Häggblom et al. (2002) re
ported an LoQ equal to 1 ng/g, Agata et al. (2002) equal to 5 ng/g and 
Guerin et al. (2017) an LoQ of 0.33 ng/g. Assessing tcer with higher LoQs 
would result in an overestimation of this parameter. Moreover, the 
estimated tcer values were valid for an inoculum level of 2–2.5 log10CFU/ 
mL, which represented a rather highly contaminated matrix. The liter
ature reports much lower numbers (− 1 to 0 log10CFU/mL) for natural 
contamination of milk with B. cereus (Bartoszewicz et al., 2008; Svens
son et al., 2004; Svensson et al., 2006). 

Among the tested conditions in DWM, 12 ◦C is the temperature at 
which B. cereus F4810/72 grows and produces cereulide later and 
seemingly at slowest rate. However, 12 ◦C is also the condition with 
more erratic cereulide production data, preventing an estimation of the 
primary parameters (due to lack of convergence during fitting). 

The maximum cereulide concentration (ymax.cer) reached for the 
performed kinetic experiments remained fairly constant (for all tem
peratures, ymax.cer [sd] = 2.58 [0.22] log10 (ng.g− 1)) and is therefore 
independent of temperature at 95% significance level (p-value = 0.873). 

Fig. 6 presents the relationship between square-root of cereulide 
production rates (k) and temperature. Even though the observed vari
ability is quite high, the cereulide production rate (k) is positively 
correlated to temperature in the range 15 ◦C -20 ◦C (p-value = 0.048) at 
95% confidence level. 

3.3. Validation 

A validation study was carried out using five matrices: non-irradiated 
DWM, reconstituted dairy-based matrix (RDM), intermediate dairy wet- 

mix with total solids content of 30% (DWM30), of 35% (DWM35) and of 
40% (DWM40). 

Fig. 7 compares the maximum specific growth rates obtained in the 
validation media with the model based on dairy wet-mix (total solids 
content of 33%) presented in Fig. 2. As data from temperatures above 20 
◦C were collected for RDM, the model was extrapolated from 20 ◦C to 31 
◦C, which is a reasonable extrapolation since the square-root of the 
growth rates follow a linear relationship with temperature in the sub
optimal growth region (Ratkowsky et al., 1982) and the optimal tem
perature for growth of this strain is 38.7 ◦C (Carlin et al., 2013). The 
calculated RMSE was 0.017 for non-irradiated DWM, 0.076 for RDM 
data and 0.105 for DWM at various total solids content, showing good 
agreement between the model developed in dairy wet-mix and the data 
observed in other similar matrices and suggesting matrix-extrapolation 
is possible for maximum specific growth rate prediction. 

No cereulide was detected in non-irradiated DWM up to 24 days at 
12 ◦C and detected only after 13 days (<0.02 ng/g) at 15 ◦C. Limited 
toxin formation was observed in the non-irradiated matrix, even at 18 ◦C 
and 20 ◦C where cereulide reached a maximum concentration of 0.4 and 
1.3 ng/g, respectively, indicating that non-irradiated matrix supported 
about 1000 times less cereulide than the irradiated matrix. Therefore, 

Fig. 5. Time to reach 5 log10 CFU/mL (t5log) versus time to first quantification 
of cereulide (tcer) in DWM when inoculum level is ~2 log10 CFU/mL. Replicates 
are represented in open black symbols and averages per temperature in filled 
red symbols. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 6. Ratkowsky et al. (1982) secondary model describing dependence of 
square-root of cereulide production rates with temperature. Replicates are 
represented by crosses and averages per temperature are circles. Continuous 
line is fitted model and dashed lines represent 95% prediction interval. 

Fig. 7. Ratkowsky et al. (1982) model for specific growth rates of B. cereus 
F4810/72 built with dairy wet-mix (DWM) data (extrapolated version of model 
and P.I. presented in Fig. 2) and validation data in five other dairy matrices. 
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toxin modelling approaches were validated on the other four irradiated 
matrices. Non-irradiated DWM data can be found in the Supplementary 
material. 

For cereulide, the validation was conducted using two approaches: 
(i) the times for first toxin quantification at various temperatures for the 
four matrices were compared to the data and secondary model presented 
in Fig. 4 and (ii) the predictions for cereulide production over time were 
generated (considering models and assumptions presented in Figs. 4 and 
6) and compared to cereulide data in a similar dairy-based matrix with 
different TS contents (DWM30, DWM35 and DWM40) at 18 ◦C and 20 
◦C. 

The first approach compares tcer in the different matrices with the 
model developed in dairy wet-mix (Fig. 8) and one can observe that as 
temperature increases from 15 ◦C, the bigger is the discrepancy between 
the model and data in RDM. The same figure also shows that data for the 
three kinds of DWM were close to the upper boundary of the 95% pre
diction interval. That means the tcer in dairy-based matrices with 
different TS are close to the expected range, while cereulide was quan
tified earlier in RDM than predicted for DWM. This suggested that the 
starting point of cereulide quantification is matrix dependent and that 
limited extrapolations to other type of matrices can be made when 
predicting tcer. Even though the results are very similar for the different 
kinds of DWM, one can notice that the higher the total solids content, the 
lower is the maximum specific growth rate and the later cereulide is first 
quantified. 

As for the validation of cereulide production over time, mean pre
dictions were generated and plotted against data in the DWM adjusted 
for three different levels of total solids (DWM30, DWM35 and DWM40) 
as shown in Fig. 9 with the respective RMSE values for each individual 
set of data presented in Table 4. The maximum cereulide concentration 
reached was set to the observed mean value of 2.58 log10 ng/g and tcer 
was considered as the time to first cereulide quantification. 

In general, good agreement between predictions and the indepen
dent data were observed. As TS level increased, RMSE values also 
increased and a greater discrepancy between prediction and observa
tions could be perceived. As predictions were based in the original dairy 
wet-mix with total solids content of 33%, this is not an unanticipated 
observation. 

4. Discussion 

In our study, the time to first quantification of cereulide (tcer) could 
be estimated in irradiated dairy mix and, as suggested by Ellouze et al. 
(2021) when studying cereulide formation in a wide range of food 

matrices, the square root of the reciprocal of tcer follows a linear rela
tionship with temperature. This serves as a valuable tool to predict 
maximum storage times for DWM at temperatures ranging from 12 ◦C to 
20 ◦C. 

When comparing B. cereus growth and cereulide production in irra
diated and non-irradiated DWM, we observed that cereulide production 
was suppressed by the presence of background flora in the non- 
irradiated matrix. This agrees with Rajkovic et al. (2006), who 
observed the same when evaluating toxin production in a variety of 
matrices. However, no differences were observed between B. cereus 

Fig. 8. Validation of model for first time to cereulide quantification developed 
with DWM data (black symbols and lines) compared to data in other dairy- 
based matrices (colored circles). 

Fig. 9. Validation of cereulide production over time for three dairy wet-mixes 
(DWM) with different total solids content at 18 ◦C (A) and 20 ◦C (B). Contin
uous line represents prediction generated using modelling approaches devel
oped for DWM along this study; dashed line represents the prediction interval at 
95% confidence, squares are independent data for DWM30 (in yellow), DWM35 
(in red) and DWM40 (in green). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
RMSE values for predictions of cereulide production over time when 
compared to data in intermediate dairy wet-mixes (DWM) at various total 
solids (TS) levels at 18 ◦C and 20 ◦C  

T (◦C) TS (%) RMSE  

18  30  0.430  
18  35  0.558  
18  40  0.632  
20  30  0.460  
20  35  0.469  
20  40  0.800  
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growth rates of non-irradiated and irradiated matrices in the present 
study. This confirms the dissimilarities between growth and toxin for
mation and highlights the need for the simultaneous measurement of 
B. cereus growth and cereulide production. 

Shaheen et al. (2006) observed that diluting the reconstituted food 
with water resulted in increased toxin production when evaluating 
cereulide production in different infant formulae. This trend was not 
observed here for our validation matrix (DWM) at three different total 
solids (TS) content. The measured concentrations were rather compa
rable for the temperatures of 18 ◦C and 20 ◦C, possibly due to the fact 
that TS levels varied from 30% to 40% only. Walser et al. (2021) have 
investigated cereulide production in cow milk with various fat contents 
and have concluded that the emetic toxic has a clear affinity towards the 
lipid phase. This can explain the dissimilarities we have observed in the 
present study when evaluating cereulide production in various dairy- 
based matrices. 

Similarly to growth, cereulide is produced earlier and at higher rate 
as temperature increases from 12 ◦C to 20 ◦C. In agreement, Guérin et al. 
2017 observed that cereulide production by Bacillus weihenstephanensis 
BtB2–4 in agar media was 5 times higher when temperature increased 
from 8 ◦C to 10 ◦C or 15 ◦C and more than 100 times greater when the 
temperature went from 15 ◦C to 25 ◦C. Agata et al. (2002) studied the 
growth of B. cereus NC7401 in boiled rice and reported that cereulide 
production in a fixed time interval was higher when temperature 
increased from 20 to 35 ◦C. 

Cereulide formation kinetics follows a sigmoid shape in the log10 
scale. Its production does not start and evolves along with growth unlike 
some primary metabolites, such as lactic acid. Cereulide was detected 
only at late exponential phase in DWM when B. cereus counts were 
already above 5 log10 CFU/mL threshold and continues along the sta
tionary phase for the temperatures of 12 ◦C, 15 ◦C and 18 ◦C, while 
cereulide was sometimes quantified just before or just after that B. cereus 
reached 5 log10 CFU/mL at 20 ◦C (Fig. 5). Similarly, Rajkovic et al. 
(2006) analysed cereulide formation in five different groups of com
mercial ready-to-eat food products and showed that for none of the 
products and temperature tested (12 ◦C, 22 ◦C and 28 ◦C) cereulide was 
detected (detection limit not reported) below 5 log10 CFU/g threshold. 
However, in contrary to this present study findings, Rajkovic et al. 
(2006) showed that B. cereus counts at cereulide detection times were 
higher for lower temperatures when compared with higher 
temperatures. 

The tcer coincided with t5log at higher temperatures (18 ◦C and 20 ◦C), 
while t5log is a fail-safe assumption for lower temperatures (15 ◦C and 12 
◦C) in the evaluated matrix. As one can easily determine t5log based on 
bacterial counts without further testing for cereulide production, this 
threshold can be safely used as an indicator of cereulide concentrations 
below LoQ for closely related matrices. To the best of our knowledge, 
dose-response data are limited and have been obtained by semi- 
quantitative or indirect methods like vacuolation by the Hep-2 cell 
test (Finlay et al., 1999) or inhibition of sperm motility as described by 
Andersson et al. (2004). The minimum concentration of cereulide 
causing emetic food poisoning is still unknown and can be lower than 
the concentrations linked to outbreaks. Therefore, safety limits linked to 
cereulide consumption cannot be established without further investi
gation. Yet, a study from Jääskelainen et al. (2003) has observed that the 
concentration of cereulide inducing serious emetic food poisoning was 
approximately 1.6 μg of cereulide per gram of food, more than ten 
thousand times higher than the LoQ and level used for tcer estimation in 
this study (0.02 ng per gram of matrix). 

These findings suggest that the current guidelines based exclusively 
on B. cereus counts are adequate to ensure emetic toxin formation does 
not exceed critical levels, especially considering that natural contami
nation is generally lower than the inoculum level used in the present 
study (2–2.5 log10 CFU/mL). As reported by Shaheen et al. (2006), the 
total amount of cereulide produced in a fixed time interval increased 
with the increase on the quantity of inoculated bacteria. However, tcer 

could also be used, where appropriate equipment and technique are 
available to measure cereulide, particularly when evaluating whether 
the current guidelines based on logcounts would guarantee non- 
detectable levels of toxin for different matrices. 

Temperature abuse of food may occur in daily life. Considering the 
experimental set-up presented by this study, if DWM is left at 20 ◦C for 
40 h, B. cereus counts reach the threshold level of 5 log10 CFU/mL and 
start forming cereulide if producer strains were present. Even if the 
product goes through a subsequent heat treatment to inactivate the 
bacteria, the toxin will not be destroyed. 

When evaluating B. cereus growth and cereulide production in 
different food matrices, Ellouze et al. (2021) have reported that the 
matrix supporting the fastest growth will not necessarily allow the 
fastest cereulide production. The variability and uncertainty linked to 
cereulide production can make toxin production less predictable and 
matrix extrapolations limited, as shown by the validation study. 

The scope of the present work was limited to five closely related 
dairy products, meaning that for a full risk assessment on the hazards 
connected to the emetic toxin production in dairy products additional 
data will be needed. However, the results presented in this study sig
nifies one important step towards understanding how the emetic toxin is 
produced in such matrices to be able to predict it accurately and act 
preventively. 

Declaration of competing interest 

The authors have no competing interests to declare. 

Acknowledgments 

Marcel Tempelaars, Marie-Claude Courtet-Compondu and Chris
tophe Fuerer are warmly acknowledged for their help with optimizing 
the LCMS/MS method and Mounia Bijlaart for her support with the 
experiments. 

Funding 

The authors declare that this study received funding from Nestlé. The 
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