
fmicb-12-639546 February 16, 2021 Time: 18:40 # 7

Ellouze et al. B. cereus Growth and Cereulide Formation

Cereulide formation was, however, observed in all
the other matrices.

At 42◦C, cereulide was not quantified up to 25 and 47 h in the
meat-based and the vegetable-based products, respectively, while
it was quantified at very low levels (close to LoQ) in the other
matrices at different storage times.

Finally, at 45◦C, growth was still observed in all matrices but,
cereulide was not quantified in any, even well after the cells
entered the stationary phase.

Modeling Bacillus cereus Growth
The growth rates obtained for each matrix at a given temperature
were averaged and plotted against the respective temperatures.
The results of the secondary model fitting are shown in Figure 3
and Tables 2, 3.

In Figure 3, the square root (SQRT) of the growth rate follows
the usual delta shape. It is close to linear between 15 and 25◦C,
starting from a Tmin value, which is lower than the observed
minimum temperature for growth. High non-linearity can be
observed between 40 and 45◦C, around the Topt temperature,
where the curve reaches its maximum. Note that the growth rates
obtained in food matrices at high temperatures, from plate count
experiments, are usually associated with high uncertainty and
can influence the secondary fit. Therefore, the cardinal values
(Tmin, Topt , and Tmax) were estimated based on the BHI data
only (Table 2) and for the other matrices, we assumed these

TABLE 2 | Cardinal values of strain F4810/72 estimated on BHI data and
assumed to be valid for food matrices, too.

Tmin se(Tmin)
(◦C)

Topt

(◦C)
se(Topt)

(◦C)
Tmax

(◦C)
se(Tmax)

(◦C)
se(fit)*
(h−0.5)(◦C)

7.99 0.35 39.66 0.33 47.84 0.078 0.059

*In terms of sqrt (µ).

TABLE 3 | Estimated µopt.food values and the derived correction factors for the
tested matrices.

Matrices µopt.f

(h−1)
se (mopt.f )

(h−1)
t-value

(−)
se (fit)*
(h−1)

Cf

(−)

BHI 3.33 0.076 43.8 0.059 1

Cereal-based 1.41 0.074 19.0 0.069 0.42

Dairy-based 1.78 0.269 6.61 0.180 0.53

Meat-based 2.16 0.084 25.7 0.058 0.65

Vegetable-based 2.17 0.110 19.7 0.091 0.65

*In terms of sqrt (µ).

cardinal temperature values to be conserved. This is a widely used
tertiary-model-assumption (see Pinon et al., 2004).

The optimum growth rates mopt.f were derived for each f
matrix using the cardinal temperatures from Table 2. Table 3
shows that the highest optimum growth rate was reached in
BHI, followed by the vegetable- and meat-based products (very

FIGURE 3 | Secondary models (continuous lines) fitted to the maximum specific growth rates of B. cereus strain F4810/72 (empty symbols) as a function of
temperature (◦C) for BHI (black), cereal- (orange), dairy- (blue), meat- (red), and vegetable-based matrices (green). The Square Root (Sqrt) link function was used.
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similar estimates for their optimum growth rate), then the
dairy products; the cereal-based products showing the lowest
optimum growth rate.

Table 3 also shows the correction factors estimated for each
food matrix based on the broth data. The meat and vegetable-
based products have an identical correction factor (Cf = 0.65)
suggesting that B. cereus growth in these two matrices is
comparable and higher compared to the dairy-based (Cf = 0.53)
or the cereal-based matrices (Cf = 0.42).

Notice that the smallest standard error of fit associated to
the µopt.f parameter was obtained for BHI. This is explained
by the assumption that the food matrix does not affect the
cardinal temperatures, therefore the fitting procedure was
restricted to the estimation of the µopt.f parameter only while
the other parameters Tmin, Topt , and Tmax were fixed to the
values obtained for BHI. However, in culture medium, all the
four model parameters were estimated, resulting in a better
standard error of fit.

The significance of the estimates was quantified by t-statistics.
In each case, the respective probabilities were less than 2.10-16,
robustly signifying the existence of an optimum specific growth
rate value for each matrix.

Figure 4 shows the results of the validation growth study
with a good agreement between the observed and the predicted
growth rates. The observed data were generated independently
from the data used to build the model (obtained with strain
F4810/72), involving different strains (see Table 1), suggesting
that the newly developed growth models including the concept

of the correction factor can be used to predict the growth rates in
a variety of matrices.

Modeling the Time to the Appearance of
Quantifiable Cereulide
We used the reciprocal of the tcer (time to the first appearance
of quantifiable cereulide) as a response variable against the
temperature. We generated the tcer values as averages of three
replicates, for each matrix, over the same temperature range
used for bacterial growth (see Supplementary Material). The
1/tcer values also followed a delta shape i.e., a convex-from-below
function of temperature (see Figure 5, prepared with the square-
root-scale). At low temperatures (9◦C), no cereulide formation
was detectable during the observation time of those experiments
(17 days), so 1/tcer = 0 was assigned to those temperatures. At
sub-optimum conditions, 1/tcer increased with the temperature
to reach a matrix-specific maximum value at Topt.cer , then
the curve dropped again, at super-optimum temperatures. The
optimum temperature range for cereulide formation was between
22 and 37◦C.

The parameter estimates are given in Table 4. They are in
good agreement with the observations with similar goodness-of-
fit indicators as for bacterial growth. The relative errors (standard
error per parameter) for the 1/tcer.opt estimates are lower than
10%, for all the five matrices and the standard errors of the
cardinal temperature values for cereulide formation are all lower
than 1◦C.

FIGURE 4 | Predicted vs. observed growth rates of different strains of B. cereus in different matrices: BHI (black), cereal- (orange), dairy- (blue), meat- (red), and
vegetable-based matrices (green). The Square Root (Sqrt) link function was used.
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FIGURE 5 | Fitting the square root (Sqrt) of the Cardinal Parameter Models (continuous lines) to square root of observed 1/tcer values (empty symbols) as a function
of temperature, in different matrices: BHI (black), cereal- (orange), dairy- (blue), meat- (red), and vegetable-based matrices (green) for strain F4810/72.

TABLE 4 | Secondary modeling results for cereulide formation by strain F4810/72 in different matrices.

Matrices 1/tcer.opt

(h−1)
se (1/tcer.opt)

(h−1)
RE
(%)

Tmin.cer

(◦C)
se (Tmin.cer )

(◦C)
Topt.cer

(◦C)
se (Topt.cer )

(◦C)
Tmax.cer

(◦C)
se (Tmax.cer )

(◦C)

BHI 0.095 0.007 7 8.7 0.5 30.8 0.8 43.6 0.5

Cereal-based 0.138 0.007 5 9.6 0.4 30.5 0.5 43.3 0.2

Dairy-based 0.091 0.008 9 9.1 0.7 31.2 0.9 43.5 0.5

Meat-based 0.086 0.005 6 8.8 0.5 34.9 0.6 42.9 0.2

Vegetables-based 0.078 0.006 7 11.6 0.9 32.2 0.8 40.9 0.5

Average 9.6 – 31.9 – 42.8 –

Std. 1.2 – 1.8 – 1.1 –

Figure 5 and Table 4 show that the cereal-based matrix has the
highest 1/tcer.opt value. This means that, in optimum conditions,
the time for B. cereus to produce cereulide to quantifiable
levels is the fastest. It is estimated at 7 h in this matrix and
at 13 h in the vegetable-based matrix. These results underline
the importance of the matrix-effect, when assessing the time to
cereulide formation.

Table 4 shows variability of the Tmin.cer parameter. It
varies from 8.7◦C in BHI to 11.6◦C in the vegetable-based
matrix, suggesting that the minimum temperature for cereulide
formation is also matrix-specific. The maximum temperature
for cereulide formation Tmax.cer also varies with the matrix
from 40.9◦C for the vegetables based to 43.6◦C in the cereal-
based products.

Figure 6 shows good agreement between the predictions and
the independent observations suggesting that the cereulide model
is sufficiently robust when used to predict times to quantifiable
cereulide formation in the studied matrices.

DISCUSSION

This work provides new models to describe B. cereus growth
and time to cereulide formation by emetic strain F4810/72 when
artificially inoculated in BHI, cereal-, dairy-, meat- and vegetable-
based products.

The growth and cereulide formation were simultaneously
monitored over time and appropriate primary models were
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FIGURE 6 | Predicted vs. observed square root (Sqrt) of 1/tcer for the different strains of the validation study in the different matrices: BHI (black), cereal- (orange),
dairy- (blue), meat- (red), and vegetable-based matrices (green).

fitted to the data generated in different matrices. The secondary
modeling was based on the cardinal values approach both for the
growth and cereulide models.

We also introduced a new concept here, inasmuch we
considered the primary model as an [f1(t), f2(t)] dynamic vector-
function. The first component, f1(t), described the concentration
of bacteria, x(t), while that of the cereulide, p(t), was described
by the second component f2(t). We used the natural logarithm
link function for both, to transform them to the same scale.
This is closely related to the objective that our fitting should
minimize the expected relative error between the measured
concentrations and their primary models, for both cases. These
models can be used to derive the maximum storage times
before the concentration of B. cereus and cereulide reach certain
threshold levels in the different tested matrices.

For the growth models, we estimated the cardinal temperature
values for the studied strain, based on data generated by plate
counts in BHI medium. Those cardinal values were within the
confidence intervals reported by Carlin et al. (2013), for the
same strain and medium. They were thus used as the cardinal
parameters of the BHI model and for the other food matrices. We
proposed a correction factor Cf to link the optimum growth rates
of each matrix to the optimum growth rate in BHI. The validation
study, conducted on independent data with other B. cereus
strains, showed that the developed models are robust and can
be used with confidence to predict growth rates in the different
tested matrices. Based on the correction factors calculated in this
study for the major food categories, it becomes possible to deduce
from predicted growth rates obtained at given temperatures in
broth, more realistic and matrix-specific growth rates to be used
in future B. cereus risk assessments.

In the cereulide models, we described the variation of the
1/tcer values with the temperature analogously to the above
secondary model for the specific growth rate of B. cereus.
We observed noticeable, matrix-specific differences between the
cardinal values for B. cereus growth and cereulide production.

This observation is in agreement with other studies indicating
that the temperature range for growth of emetic B. cereus strains
is broader than the temperature range for cereulide formation
(Carlin et al., 2006; Apetroaie-Constantin et al., 2008) and that
cereulide production was low or undetectable at temperatures
around 37◦C but optimal between 15 and 30◦C (Finlay et al.,
2000). The results also showed that the “1/tcer vs. temperature”
curves were less skewed and exhibited wider plateaus around
their optimum range (around 30◦C) than the growth rate models
did (around 40◦C).

As the measurements are much more reliable at the sub-
optimum range of temperature, we separated the respective 1/tcer
values, and modeled them with the two-parameter Ratkowsky
function (Ratkowsky et al., 1983), which is valid in that
temperature range, and linear there: b(T-Tmin). The results
are shown by Figure 7. The goodness of fit of this simple
model is remarkable, keeping in mind that the definition of
tcer , is much more arbitrary and data-dependent, than that
of the maximum specific growth rate for the bacteria. The
role of this parameter is similar to the lag time for bacterial
growth, which depends on the pre-inoculation history of the
cells (Baranyi, 1994). This gives a hint that the B. cereus
cells had the same gene-expression potential, before the
inoculation, to produce cereulide, however, it is the substrate
in the growth environment that determines, at what rate this
potential is realized.
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FIGURE 7 | Growth rates (A) and time to first cereulide formation (B) for strain F4810/72 at the sub-optimum temperature range, fitted by the Ratkowsky model.
The Square Root (Sqrt) link function was used.

The figure also demonstrates that, at suboptimal conditions,
the bacteria grow the fastest in BHI, while the cereulide formation
is the fastest in the cereal-based matrix. This finding casts doubt
whether the cereulide formation is strongly correlated with the
growth of B. cereus, with consequences on food safety assessment,
as the hazard is not its growth but is toxin production.

The b-parameters of the Ratkowsky model (see Table 5) can be
used to quantify relationships between these identified secondary
models; indeed, tertiary modeling is about the very analysis of
such relationships. Within the growth models, the correction
factor for an f food, for the suboptimal temperature range, is
equivalent to Cf

′
≈ (bf /bb)2 (see Baranyi et al., 2017). The

difference between Cf
′ and Cf depends on how close the data

trend is to linearity.
The b-values for the cereulide, too, can be used to characterize

the relationships between the various matrices:

Group (1): “Cereal-based matrix,” with the highest
cereulide formation rate and the lowest growth rate, this
means that cereulide will be produced faster in this matrix
compared to the others even though the growth rate would
be lower;
Group (2): “Dairy and BHI” with intermediate cereulide
formation rates and the highest growth rates; this means
that cereulide in these two matrices will be produced more
slowly compared to the cereal-based matrix but the growth
rates will be the highest;
Group (3): “Meat and Vegetables,” with low cereulide
formation rates and moderate growth rates; this means
that cereulide is expected to be produced slowly in those
matrices while the growth rates are higher than the cereal-
based matrix and lower than the Dairy and BHI matrices.

Interestingly, meat and vegetables have the lowest cereulide
formation rates. Literature shows that emetic strains tend
to be abundant in vegetables but rare in meat products
(Ehling-Schulz et al., 2015). We showed here that the toxin
formation rate in this meat-based matrix is the lowest while
the growth rate is not (see Table 5). This finding is also in
alignment with Jääskeläinen et al. (2004) who reported that

adding meat peptone to the growth medium of B. cereus increased
its growth capabilities only, without no significant effect on
cereulide formation.

Our study showed that cereulide formation was faster and
reached higher levels in the cereal-based matrix compared to
the other tested matrices. This means that when evaluating the
exposure to the emetic toxin cereulide, considering B. cereus
growth alone does not provide enough information to assess
the safety of a given food product. To do so, it is important
either to quantify the toxin directly or to be able to identify via
prior studies the link between bacterial counts and the time to
quantifiable cereulide levels in each food category.

This study has shown differences in cereulide formation in the
tested matrices. It is out of the scope of our investigations, why
we observe those differences. The literature provides guidance
on potential factors supporting cereulide formation such as
temperature, pH, oxygen, certain types of nutrients, sugars, fiber,
even some micro-nutrients, food structure (liquid or solid) but
without a direct indication of their mechanism of action, or a
ranking of the most important ones.

For example, we know that cereulide formation requires
oxygen (Finlay et al., 2000). For cereal-based foods like rice,
Jääskeläinen et al. (2004) showed that storage under nitrogen
atmosphere reduced the production of cereulide by a factor
of 140 times and that the presence of L-Leucine and L-valine
stimulated cereulide production by a factor of 10 or 20 in nutrient
agar or rice water agar. But it is unclear how oxygen levels
influence cereulide formation in presence of complex nutrient
environments such as those encountered in food systems.

TABLE 5 | Estimates of the b-parameters of Ratkowsky, for the growth and
cereulide models.

Matrices b (growth) [(1/
√

h)/◦C] b (cereulide) [(1/
√

h)/◦C]

BHI 0.059 0.012

Cereal-based 0.038 0.015

Dairy-based 0.052 0.012

Meat-based 0.048 0.0090

Vegetable-based 0.048 0.0094
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Moreover, Dommel et al. (2011) reported that increasing salt
levels in liquid medium lowers cereulide production without
affecting the bacterial growth rate. Another study reported
that long chain polyphosphates used as preservatives in the
food industry are likely to negatively influence the ces gene
transcription and therefore cereulide synthesis (Frenzel et al.,
2011) but the role of other preservatives such as organic acids is
yet to be investigated.

Finally, Jääskeläinen et al. (2004) investigated the effect of
the structure (solid vs. liquid culture medium) on cereulide
formation and showed that solid media support more cereulide
production compared to liquid media. However, in our study
the cereal-based matrix (viscous liquid) supported the cereulide
formation more than solid food did (such as the meat-based or
vegetable-based foods, indicating that the effector is not only the
structure of the food, much rather a complex interaction between
several factors.

One can think about performing meta-analysis to identify and
rank those influencing factors. However, gathering information
from the literature on cereulide production in different
foods and under different conditions is challenging because
the methodologies and the analytical methods are varied.
Methodologies sometimes focus on the production of cereulide
by a certain time and do not study the whole kinetic for
cereulide formation. As the exact time for cereulide formation
is often non-observable, it is difficult to compare the different
studies. Moreover, some focus on cereulide quantification at a
given bacterial concentration or at a specific phase of growth
(generally stationary phase). However, we showed here, and
it has also been reported in the literature, that the start of
cereulide production is matrix-specific and not directly linked
to the growth phases. In fact, in cereal-based matrices and
some dairy matrices, cereulide was already quantified when
B. cereus growth reached 4 log CFU/g or /ml while for the
other matrices, cereulide was not detected before the limit of
5 log CFU/g or /ml. Besides, from an analytical perspective,
it is not easy to compare the results obtained by the different
cereulide methods (bore sperm motility assays, monkey feeding
tests, Hep 2 cells, LC-MS/MS). The publication of the ISO
standard (ISO 18465, 2017) will promote the harmonization
efforts and will make it easier to compare the results obtained
from future studies.

Ensuring a high level of safety for food products is the number
one priority of the food companies. Our study proposed validated

models to predict B. cereus growth and cereulide formation in the
main food categories. However, it is important to have a better
understanding of the underlying ces gene expression mechanism
to form cereulide and the impact of the extracellular factors on
this synthesis. This is key to provide safe-by-design foods using
the appropriate combination of hurdles to prevent cereulide
formation in foods and better manage the associated risks.
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