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ABSTRACT

This study addresses the limited tools available for as-
sessing food safety risks from cytotoxic Bacillus cereus 
group strains in contaminated food. We quantified the 
growth, in skim milk broth, of 17 cytotoxic B. cereus 
strains across 6 phylogenetic groups with various viru-
lence gene profiles. The strains did not grow in HTST 
milk at 4 or 6°C. At 10°C, 15 strains exhibited growth; at 
8°C, one strain grew; and all strains grew at temperatures 
≥14°C. Using growth data from 16 strains, we developed 
linear secondary growth models and an exposure assess-
ment model. This model, simulating a 5-stage HTST milk 
supply chain and up to 35 d of consumer storage with an 
initial contamination of 100 cfu/mL, estimated that 2.81 
± 0.66% and 4.13 ± 2.53% of milk containers would sur-
pass 105 cfu/mL of B. cereus by d 21 and 35, respectively. 
A sensitivity analysis identified the initial physiological 
state of cells as the most influential variable affecting 
predictions for specific isolates. What-if scenarios indi-
cated that increases in mean and variability of consumer 
storage temperatures significantly affected the predicted 
B. cereus concentrations in milk. This model serves as 
an initial tool for risk-based food safety decision-making 
regarding low-level B. cereus contamination.
Key words: Bacillus cereus group, exposure assessment, 
microbial risk management, precision food safety

INTRODUCTION

The Bacillus cereus group, also referred to as B. cereus 
sensu lato (s.l.), is a complex composed of closely re-
lated species that can be categorized into 8 phylogenetic 

groups (Carroll et al., 2020). This group of bacteria raises 
concerns within the food industry due to their ability to 
form endospores that withstand heat treatments, such as 
HTST pasteurization of milk (Buss da Silva et al., 2022; 
Tirloni et al., 2022). Certain strains within this group 
possess the potential to induce foodborne illness through 
emetic intoxication, a consequence of the production of 
heat-stable toxin cereulide within a food matrix. In con-
trast, other strains from this group can cause diarrheal 
intoxication. Upon ingestion by the human host, these 
bacteria, while growing in the small intestine, produce 
pore-forming enterotoxins, leading to cell death (Jess-
berger et al., 2020). Notably, the estimated annual number 
of foodborne illnesses caused by B. cereus group mem-
bers in the United States is reported to be 63,623, with 
a hospitalization rate of 0.4% (CDC, 2018). Moreover, 
it is important to acknowledge that foodborne illnesses 
caused by B. cereus group members are often underre-
ported due to their short-lived nature and mild symptoms 
(Stenfors Arnesen et al., 2008). Most foodborne illnesses 
caused by the B. cereus group have been associated with 
105 to 108 cells/spores per gram of food. However, it has 
been proposed that any food that contains >103 B. cereus 
group cells or spores per gram cannot be considered safe 
for consumption (EFSA, 2005).

Members of B. cereus group are common biological 
hazards along the dairy production chain, and they often 
persist in dairy processing environment biofilms (Tirloni 
et al., 2022). These hazards are particularly relevant to 
perishable HTST milk, which requires refrigeration 
along the entire supply chain to ensure product quality 
and safety. Despite this requirement, HTST milk can be 
subject to temperature abuses due to an inefficient cold 
chain. For instance, although efficient temperature con-
trol of food products inside refrigerated trucks can usu-
ally be achieved, increases in temperature, sometimes to 
>10°C, during ground operations at the beginning and end 
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of transportation have been frequently reported (Ndraha 
et al., 2018). Significant temperature abuses have also 
been observed during consumer transportation from the 
retail establishment to the home, and inappropriate home 
storage of food products, which elevate the food safety 
risk (Mercier et al., 2017). It has been reported that many 
home refrigerators worldwide are running at higher than 
recommended temperatures, and this inadequate refrig-
eration is frequently cited as a factor in incidents of food 
poisoning (James et al., 2017).

As B. cereus group strains can enter the supply chain at 
multiple entry points and survive heat treatment, occur-
rence of low levels of this microorganism in pasteurized 
milk is not unexpected (Svensson et al., 2004; Barto-
szewicz et al., 2008; Berthold-Pluta et al., 2019). For 
instance, Chitov et al. (2008) reported high incidence of 
diarrheal B. cereus strain contamination in food products 
including pasteurized milk at a level of 102 to 103 cfu/mL 
in Thailand, implying potential risks of foodborne ill-
ness caused by the consumption of these food products. 
Therefore, to facilitate better food safety management 
decisions about mitigation strategies for the B. cereus 
group, industry needs a tool to quantitatively estimate the 
dose of B. cereus group strains at the point of human con-
sumption. This is possible using an exposure assessment 
model, which applies predictive modeling techniques to 
simulate B. cereus growth in food products over time 
when they are responding to different storage conditions 
(e.g., changing temperatures), given that the food prod-
uct is contaminated with a specific concentration and B. 
cereus group genotype (Notermans et al., 1997).

In this project, we modeled the growth of selected cyto-
toxic B. cereus group strains from different phylogenetic 
groups in contaminated HTST milk along a simulated sup-
ply chain and used the data to develop an exposure assess-
ment model to predict the B. cereus group concentrations 
in a product upon human consumption. We hypothesized 
that different B. cereus group strains have different growth 
capabilities in HTST milk. Therefore, the percentage of 
HTST milk containers that contain B. cereus group con-
centrations above a given threshold (i.e., 103 and 105 cfu/
mL) on a given storage day differs by the B. cereus group 
strain that contaminates the product. Although a more 
realistic HTST milk shelf life is usually 18 to 21 d, we 
modeled a 5-stage supply chain with up to 35 consumer 
storage days, as that was the timing when noticeable varia-
tions in the percentage of milk containers over 105 cfu/mL 
with different B. cereus genotypes were observed.

MATERIALS AND METHODS

Selection of Bacillus cereus Group Isolates

A total of 17 B. cereus group strains were included in 
this study, spanning 6 of the 8 B. cereus phylogenetic 

groups, from various sources including food, soil, and 
bioinsecticides that have been characterized genomically 
and evaluated for cytotoxicity toward human colorectal 
adenocarcinoma cells (Miller et al., 2018; Carroll et al., 
2020). Isolates were selected from a collection of over 
300 B. cereus group isolates with available genome as-
semblies to represent (1) diverse virulence gene clusters 
(i.e., considering the presence and absence of ces, nhe, 
hbl, cytk-1, cytk-2, sph, cap, has, bps), and (2) phylo-
genetic groups, which were assigned using BTyper3 
v3.3.3 (Carroll et al., 2020). Specifically, BTyper3 was 
used to calculate average nucleotide identity (ANI) 
values relative to the species type strain genomes of all 
validly published and effective B. cereus group species 
published at the time (n = 28, accessed March 20, 2023; 
https:​/​/​lpsn​.dsmz​.de/​text/​approved​-lists). We used 95 
ANI as the threshold to delineate bacterial species for 
the B. cereus group strains (Jain et al., 2018) except for 
one strain (PS00564) that did not share >95 ANI with 
any B. cereus group species type strain genome. The 16 
B. cereus group strains used in this study most closely 
resembled the species type strain genomes of B. pseu-
domycoides (group I isolates PS00125 and PS00135), 
albus (group II isolate PS00193), tropicus (group II 
isolate PS00457), mobilis (group II isolate PS00518), 
pacificus (group III isolate PS00474), cereus (group IV 
isolates PS00402, PS00407, PS00433, and PS00495), 
thuringiensis (group IV isolates PS00413 and PS00649), 
toyonensis (group V isolates PS00570 and PS00638), and 
cytotoxicus (group VII isolates PS00194 and PS00536). 
Isolate PS00564, the one exception, belonged to group 
II (i.e., the phylogenetic group that contains B. tropicus) 
using panC group assignment, and shared >94.0 ANI 
with the B. tropicus type strain genome, and was thus 
grouped with isolate PS00457 for this study. These se-
lected isolates were grouped into 11 clusters containing 
unique virulence gene profiles, and further subclustered 
by phylogenetic group. Consequently, we generated 10 
subclusters that contained cytotoxic isolates (61 cyto-
toxic isolates in total). Up to 2 cytotoxic isolates from 
each virulence-phylogenetic subcluster were selected 
for inclusion in this study by using a random number 
generator (Table 1).

Selection of Temperatures and Sampling Points

Three temperatures, which represent 3 industrially 
relevant scenarios, were selected for the growth experi-
ments, which were conducted with 17 cytotoxic B. ce-
reus group strains. These include 4°C, the food refrig-
eration temperature recommended by the Food and Drug 
Administration (FDA, 2023), 10°C, the refrigeration 
abuse temperature, and 22°C, the room temperature. For 
2 strains (PS00125 and PS00135), which showed growth 

Su et al.: BACILLUS CEREUS GROUP EXPOSURE ASSESSMENT MODEL

https://lpsn.dsmz.de/text/approved-lists


Journal of Dairy Science Vol. 107 No. 10, 2024

7633

at 22°C but not at 10°C, we also collected growth data 
at 16°C.

In addition, we also conducted growth/no growth ex-
periments at 6 and 8°C for 15 strains that showed growth 
at 10°C but not at 4°C to better characterize their growth. 
Two strains (PS00125 and PS00135) that showed growth 
at 22°C but not at 10°C were also tested at 14 and 18°C. 
The sampling points for growth experiments at each 
temperature were selected based on preliminary growth 
experiments in skim milk broth (SMB; BD, catalog no. 
232100, Franklin Lakes, NJ), which informed the selec-
tion of sampling time points to ensure that at least 3 data 
points were obtained for each growth phase (i.e., lag, 
exponential growth, and stationary phase).

Preparation of Spore Suspensions

All strains were streaked from −80°C cryostocks onto 
brain-heart infusion (BHI) agar (BD, catalog no. 241830, 
Franklin Lakes, NJ), followed by incubating at 30°C for 
24 h. A single isolated colony was then inoculated in 
5 mL of BHI broth (BD, catalog no. 237500, Franklin 
Lakes, NJ) in a 15-mL conical tube (VWR, catalog no. 
89039–670, Radnor, PA). Inoculated broths were incu-
bated at 30°C for 24 h without shaking. Two separate 
AK Agar #2 plates (Sporulating Agar; BD, catalog no. 
210912, Franklin Lakes, NJ) were spread-plated with 
100 µL of overnight culture and incubated at 30°C for 
5 d. To confirm the growth on the AK #2 agar, a wet 
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Table 1. Number of all Bacillus cereus group isolates, cytotoxic B. cereus group isolates, and B. cereus isolates 
selected for growth experiments in all clusters and subclusters

Cluster2

Phylogenetic group1

I II III IV V VI VII VIII Total

Number of all B. cereus group isolates
  1 0 0 0 0 0 0 8 0 8
  2 0 0 0 0 1 0 0 0 1
  3 0 5 19 1 0 0 0 0 25
  4 0 0 0 1 0 0 0 0 1
  5 0 5 1 74 3 0 0 0 83
  6 0 1 0 2 0 0 0 0 3
  7 0 0 20 0 0 0 0 0 20
  8 0 16 21 0 0 0 0 0 37
  9 0 19 3 4 36 36 0 4 103
  10 5 0 0 0 1 3 0 0 9
  11 0 0 0 0 1 0 0 0 1
Number of cytotoxic B. cereus group isolates only
  1 0 0 0 0 0 0 1 0 1
  2 0 0 0 0 0 0 0 0 0
  3 0 3 1 0 0 0 0 0 4
  4 0 0 0 0 0 0 0 0 0
  5 0 1 0 42 0 0 0 0 43
  6 0 0 0 2 0 0 0 0 2
  7 0 0 0 0 0 0 0 0 0
  8 0 0 0 0 0 0 0 0 0
  9 0 1 0 2 4 0 0 0 7
  10 4 0 0 0 0 0 0 0 4
  11 0 0 0 0 0 0 0 0 0
B. cereus isolates selected for growth experiments only3

  1 0 0 0 0 0 0 2 0 2
  2 0 0 0 0 0 0 0 0 0
  3 0 2 1 0 0 0 0 0 3
  4 0 0 0 0 0 0 0 0 0
  5 0 1 0 2 0 0 0 0 3
  6 0 0 0 2 0 0 0 0 2
  7 0 0 0 0 0 0 0 0 0
  8 0 0 0 0 0 0 0 0 0
  9 0 1 0 2 2 0 0 0 5
  10 2 0 0 0 0 0 0 0 2
  11 0 0 0 0 0 0 0 0 0
1Phylogenetic groups assigned by BTyper3 are used for subclustering.
2Isolates are clustered based on unique virulence gene profiles.
3Cluster I10 (PS00125 and PS00135), cluster II3 (PS00457 and PS00518), cluster II5 (PS00193), cluster II9 
(PS00564), cluster III3 (PS00474), cluster IV5 (PS00407 and PS00495), cluster IV6 (PS00433 and PS00402), 
cluster IV9 (PS00413 and PS00649), cluster V9 (PS00570 and PS00638), cluster VII1 (PS00194 and PS00536).
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mount on a microscopy slide was prepared and examined 
using a phase contrast microscope. After the presence 
of spores was confirmed, the plates were flooded with 
8 mL of chilled sterile deionized water and biomass 
was scraped with an L-shaped spreader to suspend the 
spores. The spores were then transferred into new 15-
mL conical tubes, and the suspensions were centrifuged 
(Avanti Centrifuge J-26 XPI) at 10,000 × g for 15 min 
at 4°C. The supernatant was removed, and the spores 
were resuspended in 3.5 mL of sterile deionized water. 
Centrifugation was repeated 2 more times for a total of 
3 washes. After the final wash, the water was removed, 
and the spores were resuspended in 5 mL of 50% ethanol 
and incubated at 4°C in a tube rotator (VWR Mini Tube 
Rotator) running at 15 rpm for 12 h at 4°C to inactivate 
remaining vegetative cells. After this incubation, the 
suspension was centrifuged at 10,000 × g for 15 min 
at 4°C. The supernatant was removed, and the spores 
were resuspended in 3.5 mL of sterile deionized water. 
Centrifugation was repeated an additional 2 times for 
3 total washes. After the last centrifugation, the spores 
were resuspended in 3 mL of sterile deionized water and 
stored at 4°C for up to 6 mo.

To determine the spore suspension concentrations, 100 
µL of each spore suspension was transferred to a 1.5-
mL microcentrifuge tube (VWR, catalog no. 89000–028, 
Radnor, PA) and incubated in a water bath at 80°C for 12 
min, followed by cooling on ice. Using the 1× PBS, se-
rial dilutions of the spore suspensions were prepared and 
spread-plated, in duplicate, onto BHI agar, followed by 
a 24 h incubation at 30°C. Colonies on each plate were 
manually counted, and the colony-forming units/millili-
ter of the heat-treated spore suspension were calculated.

Growth Experiment in SMB

Growth experiment was initiated by preparing a spore 
suspension at a concentration of 103 cfu/mL in 40 mL of 
SMB followed by heat treatment at 80°C for 12 min. The 
growth experiments were conducted in 2 independent 
biological replicates, each with 2 technical replicates, 
for 17 selected B. cereus group strains at 4°C, 10°C, and 
22°C. At 4°C, samples were collected at time points 0, 
96, 144, 192, 240, 288, 384, and 576 h. At 10°C, samples 
were collected at time points 0, 6, 24, 48, 96, 192, 240, 
288, 384, and 504 h. At 22°C, data were collected in 3 ex-
periments with complementary sampling time points, as 
well as overlapping time points to ensure reproducibility. 
Specifically, in one experiment, samples were collected 
at time points 0, 1, 2, 4, 6, 8, and 24 h. In the second 
experiment, samples were collected at time points 0, 14, 
15, 16, 18, 20, and 22 h. In the third experiment, samples 
were collected at time points 0, 24, 27, and 30 h, with 

a 32 h time point being added for isolates that had not 
reached the stationary phase at 30 h. Growth experiments 
conducted at 16°C for 2 strains (PS00125 and PS00135) 
were also conducted in 2 biological replicates, each with 
2 technical replicates, with data collected at time points 
0, 1, 2, 4, 6, 8, 14, 18, 24, 48, and 96 h.

At each sampling time point, 1 mL of the sample was 
serially 10-fold diluted using a 1× PBS buffer and 100 μL 
of dilutions 10−1, 10−3, and 10−5 were plated on BHI agar 
plates, in duplicates. The BHI agar plates were incubated 
at 30°C for 12 to 24 h before colony enumeration. Isolates 
with filamentous colony morphology were pour-plated to 
prevent colony spreading and were incubated at 30°C for 
12 to 24 h. The colonies on countable plates, with 30 to 
300 colonies, were manually counted. Plating of 100 μL 
of SMB and 100 μL of 1× PBS were included in each 
experiment as negative controls. Experiments were not 
considered valid if the negative controls had observable 
colony growth.

Growth/No Growth Experiments

For growth/no growth experiments, spore suspensions 
were inoculated in SMB at a concentration of 103 cfu/
mL, and incubated at 6°C or 8°C for 504 h. The data 
were collected at time points 0 and 504 h. Experiments 
were conducted with 2 independent biological repli-
cates, each with 2 technical replicates. For 2 strains that 
showed growth at 22°C but not at 10°C, the growth/no 
growth experiments were also conducted at 14°C and 
18°C. Spore suspensions of these strains were inoculated 
in SMB at a concentration of 103 cfu/mL and incubated 
for 384 h. The data were collected at time points 0 and 
384 h. Experiments were conducted with 2 independent 
biological replicates, each with 2 technical replicates. 
Microbial concentration was determined as described in 
the previous section. An increase of cell concentration 
by 1 log cfu/mL during the growth/no growth experiment 
was considered growth.

Primary Model Fitting

To estimate the growth parameters, a Baranyi model 
(Baranyi and Roberts, 1994) was fitted to growth data 
for 17 selected B. cereus group strains collected at 22°C, 
16°C, and 10°C using the packages “nlsMicrobio” ver-
sion 0.0–3 (Baty et al., 2022) and “minpack.lm” version 
1.2–3 (Elzhov et al., 2022) in R version 4.1.2 (R Core 
Team, 2021). The Baranyi model was selected as the 
primary model because it was the one used for microbial 
growth prediction under dynamic environmental condi-
tions in R package “biogrowth” version 1.0.2 (Garre et 
al., 2022). This primary model was used for exposure 
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assessment model development to facilitate prediction 
of growth under dynamic temperature conditions. The 
equation (Equation 1) is presented below:

	 N N A t e
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where µmax is the maximum specific growth rate in ln/h, 
λ is lag time in h, N0 is the initial population in log10 
cfu/mL, Nmax is the maximum population reached in log10 
cfu/mL, A(t) is the integral function of the adjustment 
function that describes the lag phase of bacterial growth 
as the process of adjustment to the new environment, t is 
the time, and e is the base of the natural logarithm.

The last 3 data points of isolate PS00413 replicate 1 at 
10°C were excluded when fitting Baranyi model because 
cells had entered the death phase (Supplemental Figure 
S1, see Notes).

Secondary Model Fitting

A reduced Ratkowsky model was selected as the sec-
ondary model to calculate theoretical minimum growth 
temperatures (Tmin) and slope (Ratkowsky et al., 1982), 
as our available data were confined to growth under sub-
optimal temperatures. The unit of µmax was converted to 
log10/d before fitting the secondary model in R version 
4.1.2 (R Core Team, 2021). The equation (Equation 2) is 
presented below:

	 µmax b T T= −( )min ,	 [2]

where T is temperature represented in °C, b is the slope, 
and Tmin is the theoretical minimum growth temperature 
represented in °C.

Growth/no growth experiment data at 6°C, 8°C, and 
10°C were also used as input data to construct the sec-
ondary model. Specifically, for strains that showed no 
growth at 6°C, 8°C, or 10°C, µmax was assumed to be 0 at 
the given temperature and this µmax value was used as an 
input when fitting the secondary growth model.

Statistical Analysis

Kruskal-Wallis tests were performed on the λ, μmax, and 
Nmax of all strains whose growth data were obtained from 

both 22°C and 10°C growth experiments. A Bonferroni-
corrected Dunn’s test was used to identify the pairs of 
strains that showed significant differences in lag time 
and maximum growth rate. The nonparametric tests were 
applied because the growth parameters for these strains 
failed to meet normality and equal variance assumptions.

Exposure Assessment Model Overview

The exposure assessment model simulates the growth 
of selected cytotoxic B. cereus group strains in one lot 
of HTST milk transported along a 5-stage supply chain 
that includes (1) processing facility storage, (2) trans-
portation from the processing facility to retail, (3) retail 
storage, (4) transportation from retail to the consumer’s 
home, and (5) consumer storage for up to 35 d. We as-
sume standard practices at each stage of the supply chain 
until the HTST milk products reach the consumer. These 
include refrigeration storage at the processing facility, 
retail, and transportation on trucks. Furthermore, we 
assume that all personnel, including drivers and retail 
staff, were trained to handle milk products with care, 
ensuring that they were not exposed to physical damage 
or extended temperature abuse during transit. Each hy-
pothetical lot of HTST milk was contaminated by one B. 
cereus group strain and had 100 half-gallon milk contain-
ers represented by 100 iterations. This model predicts B. 
cereus group concentrations in milk containers on d 14, 
21, and 35 of consumer storage. Model outputs were also 
used to compute the percentage of milk containers with 
B. cereus group concentrations that exceeded 103 and 105 
cfu/mL at d 14, 21, and 35.

Exposure Assessment Model Parameters

The input parameters for the exposure assessment 
model include initial contamination levels, growth pa-
rameters of selected B. cereus group strains, and the tem-
perature profiles for each stage of the supply chain. The 
initial contamination levels (N0) for 100 iterations were 
generated from a Poisson distribution in R version 4.1.2 
(R Core Team, 2021) with a lambda (i.e., mean) value of 
100 cfu/mL. The seed for the initial contamination level 
generation was set to 42, for consistency.

The initial physiological state of cells (Q0) was calcu-
lated as shown in Equations 3 and 4 and described in the 
Baranyi model (Baranyi and Roberts, 1994):

	 h0 = μmaxλ,	 [3]

where µmax is the specific maximum growth rate in ln/h, 
and λ is the lag time in hours.
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Then h0 was averaged across 2 replicates at 22°C and 2 
replicates at 10°C for each strain to obtain hav, which was 
used to calculate Q0 specific to each strain:

	 Q
hav

0
1

1
=

( )−exp
.	 [4]

The maximum microbial population (Nmax) for each 
given B. cereus group strain was estimated from the 
Baranyi model and averaged across all replicates from 
growth experiments at different temperatures for a given 
B. cereus group strain.

The maximum growth rate at the optimum growth tem-
perature (µopt) was calculated as shown in Equation 5:

	 μopt = [b·(Topt − Tmin)]2,	 [5]

where Tmin and b were calculated from the secondary 
model. Topt is the optimum growth temperatures by clade 
previously reported (Nakamura, 1998; Baranyi et al., 
2017). The unit of μopt is in log10/d.

A unique time and temperature profile for every milk 
container in each lot was generated by randomly drawing 
a time-temperature combination from the corresponding 

time and temperature distributions (see Table 2) at each 
stage of the supply chain as described in a previous study 
(Qian et al., 2023). The seed was set to 1, for consistency.

Sensitivity Analysis

A sensitivity analysis was performed to assess the 
impact of input parameters, specifically Q0 and Nmax, on 
the model’s outcome, which is the percentage of milk 
containers exceeding B. cereus group concentrations of 5 
log on consumer storage d 35. In addition to the average 
h0, both the minimum and maximum h0 were employed to 
determine the corresponding maximum and minimum Q0. 
The input parameters for running the model on selected 
strains included the minimum, average, and maximum 
values for Q0 (representing the physiological state of 
the cell, calculated as the product of growth rate and lag 
time). Similarly, the minimum, average, and maximum 
values for Nmax were used as input parameters for run-
ning the model on the selected strains.

What-If Scenario

Here, we simulated 4 possible scenarios that could oc-
cur along an HTST milk supply chain, including (1) a 
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Table 2. Variables used in the time-temperature distributions of the 5-stage supply chain

Symbol   Variable name   Distribution   Unit   Reference

Stage 1. Processing plant storage                
  tF   Storage time of milk 

containers
  Uniform (1, 2)1   d   Qian et al., 2023

  TF   Storage temperature of milk 
containers

  Uniform (3.5, 4.5)   °C   Qian et al., 2023

Stage 2. Transportation from processing  
  plant to retail

               

  tT   Storage time of milk 
containers

  Triangular (1, 10, 5)2   d   FDA and Health Canada, 
2015

  TT   Storage temperature of milk 
containers

  Triangular (1.7, 10.0, 4.4)   °C   FDA and Health Canada, 
2015

Stage 3. Retail storage                
  tS   Storage time of milk 

containers
  TruncNormal (0.042, 10.0, 

1.821, 3.3)3
  d   Qian et al., 2023

  TS   Storage temperature of milk 
containers

  TruncNormal (−1.4, 5.4, 
2.3, 1.8)

  °C   FDA and Health Canada, 
2015

Stage 4. Transportation from retail to  
  consumer’s home

               

  tT2   Storage time of milk 
containers

  TruncNormal (0.01, 0.24, 
0.04, 0.02)

  d   Expert opinion

  TT2   Storage temperature of milk 
containers

  TruncNormal (0, 10.0, 
8.5, 1.0)

  °C   Expert opinion

Stage 5. Consumer storage                
  tH   Storage time of milk 

containers
  1–35   d    

  TH   Storage temperature of milk 
containers

  TruncLaplace (−1, 15, 
4.06, 2.31)4

  °C   Pouillot et al., 2010

1In a Uniform (a, b) distribution, a = minimum, b = maximum. 
2In a Triangular (a, b, c) distribution, a = minimum, b = maximum, c = mode. 
3In a TruncNormal (a, b, c, d) distribution, a = minimum, b = maximum, c = mean, and d = SD.
4In a TruncLaplace (a, b, c, d) distribution, a = minimum, b = maximum, c = location parameter, and d = dispersion.
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delivery delay by 3 d when HTST milk products were 
transported from processing facility to retail, with no 
temperature abuse (e.g., amid a severe snowstorm in 
New York, milk delivery was delayed by 3 d due to im-
passable roads, safety concerns, and the time required for 
road clearing and recovery operations; the products were 
kept in a well-controlled distribution center during the 
delay), (2) a temperature abuse simulating a consumer’s 
transportation of HTST milk products from retail to 
home in a hot summer, which results in an average of 
33.5°C (i.e., 25°C higher than the average temperature 
of the base model), (3) a slight temperature deviation 
in a consumer’s home refrigerator, modeled as a 1°C 
temperature increase (i.e., an average home storage tem-
perature of 5.45°C), and (4) an increase in the variability 
of refrigeration temperatures due to unstable power sup-
ply (e.g., rolling blackout in California during summer), 
modeled as a 1°C increase in the dispersion parameter of 
the distribution of consumer home storage temperature. 
Percent milk containers that had B. cereus group concen-
trations >105 cfu/mL on consumer storage d 21 and 35 
were calculated for all 4 scenarios and compared with the 
base model prediction (Table 3).

Model Programming and Data Availability

The model was developed in R version 4.1.2 (R Core 
Team, 2021) with the modified “biogrowth” package ver-
sion 1.0.2 (Garre et al., 2022). The seed for Monte Carlo 
simulation was set to 1, for consistency. The raw data 
used for model construction and R code for the entire 

study are available at https:​/​/​github​.com/​FSL​-MQIP/​
Bacillus​-cereus​-exposure​-assessment​-model.

RESULTS

Bacillus cereus Group Strains Differ in Growth 
Characteristics, Including the Observed Minimum 
Growth Temperature

The 17 selected B. cereus group strains (representing 6 
phylogenetic groups) differed in terms of their minimum 
growth temperature in SMB. No strain showed detectable 
growth (i.e., >1 log increase in cfu/mL) at 4°C, 14 out 
of 17 strains did not grow at 6 or 8°C, and 2 out of 17 
strains did not grow at 10°C (Supplemental Table S1, see 
Notes). The 2 strains that did not show growth at 10°C, 
showed growth at 14 and 16°C, as determined based on 
the growth/no growth experiments at these 2 tempera-
tures. Hence, the experimentally obtained growth bound-
aries for the 17 strains assessed here were (1) 8°C for 1 
strain, (2) 10°C for 14 strains, and (3) 14°C for 2 strains, 
representing the only 2 group I strains characterized.

Due to different minimum growth temperatures as-
sociated with the 17 tested strains, the following data-
sets were available to estimate growth parameters (i.e., 
lag time, maximum growth rate, maximum microbial 
population): (1) 22°C for all 17 strains; (2) 10°C for 15 
strains, and (3) 16°C for 2 strains. For 22°C, parameter 
estimates obtained after fitting the growth data with 
the Baranyi model were (1) lag time ranging from 0 h 
to 22.04 h, (2) maximum growth rate ranging from 0.31 
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Table 3. Implementation of what-if scenarios and outcomes

Scenario   Implementation1  
Modified time/temperature 
distribution1

Percent milk containers 
exceeding 5 logs on 

consumer storage d 35 
(mean ± SD)

Baseline   NA   NA 4.13 ± 2.53
Scenario 1          
  A 3-d delay on HTST milk  
    product delivery from  
    processing facility to retail  
    without temperature abuse

  Shift in the distribution of 
transportation time from processing 
plant to retail 3 units toward the 
right

  tT ~Triangular (4, 13, 8) 4.13 ± 2.53

Scenario 2          
  A temperature abuse when a consumer  
    transported the HTST milk products  
    from retail back home in a hot  
    summer

  Shift in the distribution of 
transportation temperature from 
retail to consumer’s home 25 units 
toward the right

  TT2 ~TruncNormal (25, 35, 
33.5, 1.0)

4.44 ± 3.03

Scenario 3          
  A slight temperature deviation in  
    consumer’s home refrigerator

  Shift in the distribution of consumer 
home storage temperature 1 unit 
toward the right

  TH ~TruncLaplace (0, 16, 5.06, 
2.31)

8.88 ± 3.84

Scenario 4          
  An increase in the variability  
    of refrigeration temperatures at  
    consumer’s home

  Increase in the dispersion parameter 
of the distribution of consumer 
home storage temperature by 1 unit

  TH ~TruncLaplace (−1, 15, 
4.06, 3.31)

10.81 ± 3.15

1Details of variables used in the time-temperature distributions of the 5-stage supply chain can be found in Table 2. NA = not applicable.

https://github.com/FSL-MQIP/Bacillus-cereus-exposure-assessment-model
https://github.com/FSL-MQIP/Bacillus-cereus-exposure-assessment-model
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ln/h to 2.02 ln/h; and (3) maximum microbial population 
ranging from 5.24 log10 cfu/mL to 7.61 log10 cfu/mL. By 
comparison, for 10°C, parameter estimates were (1) lag 
times from 10.02 to 194.05 h, (2) maximum growth rates 
from 0.03 to 0.34 ln/h, and (3) maximum microbial popu-
lation from 5.01 log10 cfu/mL to 7.37 log10 cfu/mL. At 
16°C, parameter estimates were (1) lag times from 9.12 
to 14.02 h, (2) maximum growth rates from 0.35 to 0.95 
ln/h, and (3) maximum microbial populations from 6.17 
log10 cfu/mL to 6.28 log10 cfu/mL (Supplemental Table 
S2, see Notes).

Bacillus cereus Isolates from Different Phylogenetic 
Groups Differ in Growth Characteristics, Including 
the Maximum Growth Rate at 22°C and Hypothetical 
Minimum Growth Temperature

To further evaluate B. cereus group growth characteris-
tics, the growth parameters obtained for different strains 
were analyzed based on phylogenetic groups (i.e., group 
I, II, IV, V, and VII; see Figure 1). Group III was excluded 
from these analyses because it only contained one strain. 
The Kruskal-Wallis test for 22°C growth parameters in-
dicated that both lag time and maximum growth rate dif-
fered significantly among phylogenetic groups (P-values 
of 0.040 and 0.036, respectively), although maximum 
microbial population did not differ significantly (P > 
0.1). Group I strains showed the highest median maxi-
mum growth rate (0.92 ln/h), which was significantly 

(P = 0.024) higher than that for group IV strains (0.48 
ln/h). With regard to the lag time, group VII strains had 
the longest median lag time (20.30 h), whereas group IV 
strains had the shortest median lag time (8.43 h), mean-
ing that group VII strains took longest, and group IV 
strains took shortest time to start growing.

By comparison, the Kruskal-Wallis test for 10°C 
growth parameters showed no significant differences 
(P > 0.1) for any of the 3 parameters (i.e., lag time, 
maximum growth rate, maximum microbial popula-
tion) among phylogenetic groups. Numerically, group 
V strains had the highest median maximum growth rate 
(0.10 ln/h), whereas group IV strains had the lowest me-
dian maximum growth rate (0.06 ln/h). Group II strains 
had the longest median lag time of 89.11 h, whereas 
group V strains had the shortest median lag time of 53.94 
h (Figure 1). This suggested that this temperature was 
high enough to not significantly affect growth dynam-
ics of any of the isolates that were able to grow at this 
temperature.

To further assess differences in secondary growth 
parameters between groups, we successfully fitted 
maximum growth rates for 16 strains with a secondary 
growth model (i.e., reduced Ratkowsky model). This 
model converged when using data from all strains ex-
cept isolate PS00135 (group I), which had a nonlinear 
relationship between maximum growth rate and temper-
ature under suboptimal growth conditions (Supplemen-
tal Figure S2, see Notes). We therefore were not able 
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Figure 1. Boxplot showing the within- and between-group variability of growth parameters (i.e., lag and µmax at 22°C) for (A, D) 16 Bacillus 
cereus group strains representing 5 phylogenetic groups (group I [n = 4], group II [n = 8], group IV [n = 12], group V [n = 4], group VII [n = 4]), (B, 
E) 14 B. cereus group strains at 10°C, representing 4 phylogenetic groups, and (C, F) 2 B. cereus group strains from group I at 16°C (group I strains 
did not grow at 10°C). Group III was excluded from this plot because it only had 1 strain. ***P < 0.05 based on post hoc Dunn’s test performed 
following a Kruskal-Wallis test that found μmax to be significantly different between group I and group IV strains when grown at 22°C. The upper and 
lower edges of boxes are the third and first quartiles. Midlines are medians. The whiskers are the 2 lines outside the box that go from the maximum 
to the third quartile and then from the first quartile to the minimum. The dots are the outliers.
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to calculate Tmin (i.e., hypothetical minimum growth 
temperature) for this strain. For the rest of the strains, 
Tmin ranged from 4.26°C to 9.22°C. The average Tmin of 
strains from groups II, III, IV, V, and VII were similar, 
ranging from 5.47°C to 6.98°C. The only strain from 
group I (PS00125) showed a substantially higher Tmin 
(9.22°C) compared with the strains from other groups 
(Table 4). This suggests different ecological adaptation 
of strains from group I, which require a higher mini-
mum temperature for growth.

The Base Model Predicts a Higher Percent 
of Containers Exceeding B. cereus Group 
Concentrations of 105 and 103 cfu/mL for One  
Group IV Strain and One Group V Strain

The growth data for the 16 B. cereus group strains that 
showed linear secondary models were used for the devel-
opment of an exposure assessment model. We assessed 
the growth predictions of the base model for 16 B. cereus 
group strains in HTST milk products stored at 3°C for 90 
d, with an initial contamination level of 100 cfu/mL. This 
temperature was selected because it was 1°C below the 
lowest Tmin of all strains calculated from the secondary 
model. Hence, we expected that the model would predict 
no growth for any of the 16 strains at 3°C. Indeed, the 
model predicted no growth for any of the 16 strains at 
3°C, which aligned with the experimental outcomes that 
none of the strains had detectable growth at 4°C.

The exposure assessment model was subsequently 
used to predict growth in HTST milk for each of the 16 
included strains up to d 35 of consumer storage. Exposure 
assessment model used temperature profiles that include 
different time and temperature distributions for 5 stages 
of the supply chain (Table 2). The growth predictions 
were used to compute the percentage of simulated milk 

containers that had B. cereus group concentrations >105 
cfu/mL and 103 cfu/mL on consumer home storage d 14, 
21, and 35, respectively. The percentage of milk con-
tainers exceeding 105 cfu/mL on d 14, 21, and 35 were 
1.94 ± 0.85 (mean ± SD), 2.81 ± 0.66, and 4.13 ± 2.53, 
respectively, whereas the percentage of milk containers 
exceeding 103 cfu/mL on the same days were 3.00 ± 0.82, 
3.88 ± 2.25, and 5.63 ± 3.67.

Our analyses identified 5 strains for which the percent-
age of containers above 103 cfu/mL (i.e., 3%) was the 
same at consumer storage d 14, 21, and 35 (i.e., isolates 
PS00193 and PS00518 from group II, isolate PS00407 
from group IV, and isolates PS00194 and PS00536 from 
group VII; Figure 2b). These 5 strains, as well as 4 addi-
tional strains (i.e., isolate PS00457 from group II, isolate 
PS00474 from group III, isolates PS00495 and PS00649 
from group IV) also showed the same percentage (i.e., 
3%) of containers above 105 cfu/mL at consumer stor-
age d 21 and 35 (Figure 2a). We further evaluated the 
conditions for strains that had the same model predic-
tions at different consumer storage times to verify our 
model was performing reasonably. An analysis of the 100 
model simulations for these 9 strains (which represented 
3 group II strains, 1 group III strain, 3 group IV strains, 
and 2 group VII strains) showed that for each of these 
strains, only 3 out of 100 simulated temperature profiles 
had a consumer home storage temperature >10°C. For 
the other 97 simulations, the consumer storage tempera-
ture was either (1) below Tmin of these 9 strains (and thus 
resulted in no predicted growth) or (2) above Tmin but 
below 10°C, a temperature at which our model predicts 
that these isolates grew so slowly that they would not 
exceed 105 cfu/mL by consumer storage d 35.

Sensitivity Analysis Revealed that Variation  
in the Input Parameter Q0 Significantly Influenced 
the Model Predictions for Certain Strains

In the sensitivity analysis, we evaluated the effect of 
both Nmax and Q0 on the percentage of milk containers 
exceeding B. cereus group concentrations of 105 cfu/
mL on consumer storage d 35 for 16 strains. This com-
bination of consumer storage day and concentration 
cut-off was used because 105 cfu/mL represents the B. 
cereus regulatory threshold in several countries and d 35 
showed some of the largest variations in model predic-
tions between strains. The sensitivity analysis for Nmax 
predicted an average of 4.06 ± 2.54 (mean ± SD) and 
4.13 ± 2.53% milk containers exceeding B. cereus group 
concentrations of 105 cfu/mL on consumer storage d 
35 when using the minimum and maximum Nmax as the 
input parameters, respectively, as compared with 4.13 ± 
2.53% when using the average Nmax. Only 1 out of the 16 
strains (PS00402; group IV) showed detectable changes 
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Table 4. Slope of secondary model (b) and theoretical minimum growth 
temperature (Tmin) for 16 isolates

Isolate   Phylogenetic group b Tmin (°C)

PS00125   I 0.30 9.22
PS00193   II 0.17 6.79
PS00457   II 0.14 5.88
PS00564   II 0.20 6.28
PS00518   II 0.20 6.86
PS00474   III 0.15 6.41
PS00413   IV 0.13 4.88
PS00433   IV 0.12 5.83
PS00495   IV 0.17 6.79
PS00407   IV 0.15 6.71
PS00402   IV 0.13 4.26
PS00649   IV 0.15 6.46
PS00570   V 0.14 5.42
PS00638   V 0.15 5.52
PS00194   VII 0.21 6.89
PS00536   VII 0.21 7.06
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in the percentage of milk containers over 105 cfu/mL. For 
this strain, the percentage of milk containers over 5 logs 
dropped by 1 percentage point when using the minimum 
Nmax as the input as compared with using the average 
Nmax (Supplemental Table S3, see Notes). Our data thus 
indicate that model outcomes showed limited sensitivity 
to changes in Nmax.

In contrast, the model outcomes were more sensitive to 
the physiological state parameter, Q0. Using the minimum 
and maximum Q0 as the input parameters in the sensitiv-
ity analysis resulted in an average of 3.00 ± 2.42 (mean 
± SD) and 6.31 ± 4.14% milk containers exceeding B. 
cereus group concentrations of 105 cfu/mL on consumer 
storage d 35, respectively, as compared with 4.13 ± 2.53% 

Su et al.: BACILLUS CEREUS GROUP EXPOSURE ASSESSMENT MODEL

Figure 2. Base model prediction results. The percentage of simulated milk containers contaminated with a given Bacillus cereus group (i.e., group 
I, II, III, IV, V, VII) that exceeded 5 log10 cfu/mL (A) and 3 log10 cfu/mL (B) on consumer home storage d 14, 21, or 35.
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when using the average Q0. This analysis also revealed 
that the sensitivity of model outcomes to variation in 
Q0 differed substantially by strain. The 4 strains where 
model outcomes were most sensitive to changes in Q0 
were isolates PS00402 (group IV), PS00638 (group V), 
PS00564 (group II), and PS00570 (group V). The model 
outcomes were not sensitive to the change in Q0 for 3 
strains from group IV and the same predictions were 
generated with varying Q0 values (Figure 3). This is be-
cause (1) one strain (i.e., isolate PS00433 from group IV) 
had lower variability in the parameter Q0 compared with 
other strains, and (2) our model predicted that the other 
2 strains (i.e., isolates PS00407 and PS00495 from group 
IV) grew very slowly and would not reach >105 cfu/mL 
on consumer storage d 35 under storage temperature of 
<10°C even in the worst-case situation (i.e., highest ex-
perimentally determined Q0).

Small Temperature Increases and Increased 
Temperature Fluctuations in Consumer Refrigerators 
Can Substantially Increase the Percentage of Milk 
Containers Predicted to Contain B. cereus Group 
Concentrations >105 cfu/mL

What-if scenario analyses were used to evaluate the 
impact of 4 different practical scenarios on possible con-
sumer exposure to milk with B. cereus group concentra-
tions >105 cfu/mL at consumer storage d 21 (representing 
a more realistic HTST milk shelf life) and 35 (the timing 
when we start to observe distinguishable variations in the 
percentage of milk containers containing over 105 cfu/
mL among B. cereus group strains). Our results show that 
a 3-d delay on HTST milk product delivery from pro-

cessing facility to retail without temperature abuse (sce-
nario 1) did not alter the percentage of milk containers 
exceeding 105 cfu/mL of B. cereus group concentrations 
on consumer home storage d 21 and 35 (i.e., 2.81% and 
4.13%, identical to the base model prediction). Similarly, 
a temperature abuse simulation of consumer transporta-
tion of HTST milk products from retail to home in a hot 
summer (average milk temperature of 33.5°C with an 
average time of 1 h; scenario 2) led to 3.06% and 4.44% 
milk containers exceeding 105 cfu/mL on consumer home 
storage d 21 and 35, which are slightly higher than the 
base model predictions (2.81% and 4.13%). Under sce-
nario 2, the model also predicted that 3 strains had higher 
percentages of milk containers containing B. cereus group 
concentrations >105 cfu/mL compared with the baseline 
on consumer storage d 21. Specifically, 5% and 3% of the 
milk containers contaminated with isolates PS00413 and 
PS00433 from group IV and 5% of the milk containers 
contaminated with isolate PS00638 from group V had B. 
cereus group concentrations >105 cfu/mL, which is high-
er compared with 4%, 2%, and 3% predicted by the base 
model, respectively. In contrast, 2 strains (PS00413 from 
group IV and PS00570 from group V) were predicted to 
exceed 105 cfu/mL in a higher percentage (11% and 10%, 
respectively) of milk containers on consumer storage d 
35, compared with the prediction by the baseline model 
(i.e., 10% and 6%, respectively).

The first 2 scenarios, which represent practical events 
during transportation, did not change model predictions 
for most, if not all, strains. However, the last 2 scenarios, 
which represent consumer behavior or ability to manage 
refrigeration temperature, resulted in a more profound 
effect. A slight temperature deviation at prolonged con-
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Figure 3. Tornado diagram for sensitivity analysis of Q0 showing the percentage point increases (when using the maximum Q0 as the input) and 
decreases (when using the minimum Q0 as the input) from the base model prediction results (i.e., the percent of milk containers over 5 log10 cfu/mL 
on consumer storage d 35 when using the average Q0 as the input parameter) for 16 Bacillus cereus group strains.
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sumer home storage (scenario 3) had a much higher pre-
dicted effect on the percentage of milk containers con-
taining >105 cfu/mL than the 2 scenarios detailed above. 
The model predicted 4.56 ± 3.05 (mean ± SD) and 8.88 
± 3.84% milk containers with B. cereus group concentra-
tions >105 cfu/mL on consumer storage d 21 and 35, re-
spectively (as compared with the base model prediction 
of 2.81% and 4.13%). Under scenario 3, 1 of 6 group IV 
strains and both group V strains were predicted to exceed 
105 cfu/mL on consumer storage d 21 in more than 10% 
milk containers, whereas the base model predicted that 
none of the strains would exceed 105 cfu/mL in more than 
10% milk containers. In contrast, 2 of 4 group II strains, 
1 of 1 group III strain, 2 of 6 group IV strains and 2 of 
2 group V strains were predicted to exceed 105 cfu/mL 
in more than 10% milk containers on consumer storage 
d 35 (compared with 1 of 6 group IV strains and 1 of 2 
group V strains predicted by the base model). Increasing 
the variability in consumer storage temperature has an 
even more substantial effect on the percentage of milk 
containers exceeding B. cereus group concentrations of 
105 cfu/mL than a consistently higher average storage 
temperature (scenario 3). The model predicts that 7.56 ± 
3.20% and 10.81 ± 3.15% milk containers had B. cereus 
group concentrations over 105 cfu/mL on consumer stor-
age d 21 and 35. Under this scenario, 1 of 4 group II 
strains, 1 of 6 group IV strains and both group V strains 
were predicted to have more than 10% of milk containers 
exceeding 105 cfu/mL on consumer storage d 21, while 

15 of 16 strains were predicted to have more than 10% of 
milk containers exceeding 105 cfu/mL on consumer stor-
age d 35 (compared with 0 and 2 strains predicted to have 
more than 10% of milk containers with over 105 cfu/mL 
on consumer storage d 21 and 35 by the base model; Table 
5). The more profound effect from scenarios 3 and 4 can 
be explained by the fact that (1) consumer storage is the 
longest time in the entire supply chain, and therefore any 
temperature change would have a more extended effect, 
and (2) changing deviation and variability increases the 
number of abnormal temperature conditions that exceed 
the growth boundaries of more strains.

DISCUSSION

The exposure assessment model we developed using 
a genomically diverse set of B. cereus group strains 
presents a tool to facilitate industry risk assessments 
for diarrheal B. cereus group members in HTST milk. 
Our experimental data suggest that B. cereus group 
strains show a range of growth characteristics, includ-
ing differences in minimum growth temperature, which 
ultimately affect the exposure through consumption of 
contaminated HTST milk. Specifically, our research re-
veals 2 significant insights (1) B. cereus group strains 
from different phylogenetic groups differ in key cardinal 
values (i.e., minimum growth temperatures) and (2) there 
are differences in growth parameters within a given phy-
logenetic group. Consequently, our data support that the 
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Table 5. Percentage of milk containers with over 5 log10 cfu/mL at consumer storage d 35 and 21 predicted by base model compared with what-if 
scenarios

Isolate   Group

Base model

 

Scenario 11

 

Scenario 22

 

Scenario 33

 

Scenario 44

d 35 d 21 d 35 d 21 d 35 d 21 d 35 d 21 d 35 d 21

Average of all isolates5     4.13 2.81 4.13 2.81 4.44 3.06 8.88 4.56 10.81 7.56
PS00125   I 1 1 1 1 1 1 3 2 2 2
PS00193   II 3 3 3 3 3 3 6 3 10 5
PS00457   II 3 3 3 3 3 3 10 3 12 9
PS00518   II 3 3 3 3 3 3 7 3 10 9
PS00564   II 5 3 5 3 5 3 12 7 13 10
PS00474   III 3 3 3 3 3 3 10 3 10 7
PS00402   IV 4 2 4 2 4 2 9 3 11 5
PS00407   IV 3 3 3 3 3 3 5 3 10 5
PS00413   IV 10 4 10 4 11 5 17 11 17 14
PS00433   IV 3 2 3 2 3 3 6 3 10 4
PS00495   IV 3 3 3 3 3 3 7 3 10 9
PS00649   IV 3 3 3 3 3 3 10 3 10 9
PS00570   V 6 3 6 3 10 3 14 10 14 10
PS00638   V 10 3 10 3 10 5 14 10 14 12
PS00194   VII 3 3 3 3 3 3 6 3 10 6
PS00536   VII 3 3 3 3 3 3 6 3 10 5
1Scenario 1, a 3-d delay on HTST milk product delivery from processing facility to retail without temperature abuse.
2Scenario 2, a temperature abuse when a consumer transported the HTST milk products from retail back home in a hot summer.
3Scenario 3, a slight temperature deviation in consumer’s home refrigerator.
4Scenario 4, an increase in the variability of refrigeration temperatures at consumer’s home.
5Percent milk containers (%) over 5 log10 cfu/mL at consumer storage d 35 and d 21 averaged across all 16 isolates.
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accuracy of B. cereus group exposure assessments can 
be improved by accounting for genetic diversity within 
the B. cereus group. Notably, what-if scenarios run with 
the initial exposure assessment yield crucial insights into 
B. cereus group risk assessment and risk management. 
These analyses highlight the substantial effect of both 
absolute temperature and temperature variation during 
consumer storage on predicted B. cereus group exposure. 
Although our model proves beneficial for industry risk 
assessments concerning diarrheal disease-causing B. ce-
reus group members, advances in the understanding of B. 
cereus group virulence potential are needed to develop 
full risk assessment models that include public health 
metrics.

Bacillus cereus Group Members Show a Range 
of Growth Characteristics, Including Differences 
in Minimum Growth Temperatures and Maximum 
Growth Rates, Which Affect the Risk Associated  
with the Contamination of HTST Milk

We found that the 16 tested B. cereus group strains 
showed practically relevant variations in both experi-
mental and theoretical minimum growth temperatures. 
The experimentally obtained growth boundaries of these 
16 strains are consistent with the findings of Lott et al. 
(2023) and Saleh-Lakha et al. (2017) that some cytotoxic 
sporeformers in the B. cereus group may grow at abuse 
temperatures (e.g., 10°C), but not at lower temperatures 
(e.g., 4°C). By comparison, one study reported that 
experimentally observed minimal growth temperatures 
of 30 diarrheal enterotoxin producing B. cereus group 
strains ranged from ≤5°C to 11°C (Dufrenne et al., 1994). 
Similarly, a growth study of 11 psychrotolerant B. ce-
reus strains (Andersen Borge et al., 2001) reported that 
the lowest temperatures with observed growth (in BHI 
medium and commercial 1.5% UHT milk) were 4°C for 
one strain, 6°C for 2 strains, and 7°C for 7 strains. Guine-
bretière et al. (2008) reported phylogenetic group-specific 
minimum growth temperatures: (1) 10°C for group I (28 
strains tested), (2) 7°C for group II (33 strains tested), (3) 
15°C for group III (96 strains tested), 10°C for group IV 
(101 strains tested), 8°C for group V (17 strains tested), 
and 20°C for group VII (2 strains tested). This is generally 
consistent with our findings except that the group III and 
group VII isolates in our study had lower experimental 
minimum growth temperatures (i.e., 10°C) as compared 
with data reported by Guinebretière et al. (2008). This 
finding is novel and significant, because these 2 phylo-
genetic groups are known to contain strains with disease-
causing potential. Specifically, group III isolates contain 
cereulide-producing strains that can cause emetic illness, 
and group VII isolates contain cytotoxinK-1-producing 

strains that are known to cause diarrheal illness (Dietrich 
et al., 2021; Jovanovic et al., 2021; Cairo et al., 2022).

The experimental minimum growth temperatures for all 
strains in our study were consistent with their theoretical 
Tmin predicted by the secondary model. Specifically, the 
one group I strain with a minimum growth temperature 
of 14°C also had a substantially higher theoretical Tmin of 
9.2°C compared with the other 15 strains that showed de-
tectable growth at 10°C (Tmin ranging from 4.26–7.06°C). 
Notably, Carlin et al. (2013) reported Tmin for strains from 
groups II to V are comparable to our study; however, 2 
group VII strains in their study were reported to have sub-
stantially higher Tmin (i.e., 12.6°C and 19.1°C) than the 
Tmin in our study (i.e., 6.89°C and 7.06°C). Our growth 
experiment also showed that B. cereus group members 
have a wide range of estimated maximum growth rates at 
22°C and 10°C. This is comparable to the reported range 
of B. cereus group maximum growth rates (12 strains, 
growth experiment conducted in BHI supplemented with 
yeast extract at 2 g/L and glucose at 3 g/L) of 0.27/h to 
1.17/h at 22°C and 0.02/h to 0.17/h at 10°C (Carlin et 
al., 2013). Other studies such as Ellouze et al. (2021) 
also investigated B. cereus growth in a dairy matrix (i.e., 
reconstituted milk) and collected kinetic data across a 
temperature range of 9 to 45°C. However, they examined 
only one reference emetic B. cereus strain, F4810/72, 
which was not included in our study. Overall, the high 
variability of growth characteristics of B. cereus group 
members, including minimum growth temperatures and 
maximum growth rates, suggests that it is crucial to eval-
uate a diverse set of strains when predicting B. cereus 
group growth. This is particularly important, as accurate 
predictions of the growth of different B. cereus strains 
are essential to correctly predict the exposure risk if milk 
is contaminated with a specific B. cereus group strain.

Quantitative B. cereus Group Exposure 
Assessments Can Be Improved by Accounting  
for Genetic Diversity of B. cereus Group Members 
and Common HTST Milk Microbiota

Very few of the previous quantitative exposure assess-
ments conducted in pasteurized fluid milk have addressed 
how the genetic diversity of B. cereus group members 
might affect human exposure. For instance, Notermans 
et al. (1997), Ačai et al. (2014), and Lewin et al. (2019) 
omitted reporting the phylogenetic grouping of B. cereus 
when presenting their risk assessment findings. Carlin et 
al. (2013) reported the variation of cardinal values for 
B. cereus group members with respect to their phyloge-
netic affiliation but were lacking data for isolates from 
phylogenetic group I. Our study further emphasizes the 
need to account for genetic variability when conducting 
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B. cereus group quantitative exposure assessments. This 
is specifically supported by the fact that group I isolate 
PS00125, which has the highest Tmin (9.22°C) in our 
study, was indeed predicted to have the lowest percentage 
of milk containers exceeding 105 cfu/mL on consumer 
storage d 35. Importantly, model input parameters other 
than Tmin (e.g., the initial physiological state of cells, Q0) 
may also affect exposure risk. This is supported by our 
exposure assessment model predictions that the risks of 
B. cereus group exposure on a given consumer storage 
day (especially consumer storage d 35) varies among 
strains and phylogenetic groups that show similar Tmin. 
For instance, isolates PS00413 and PS00402, both from 
group IV, had similar Tmin (i.e., 4.88°C and 4.26°C); 
however, they showed substantial variations in another 
model input parameter, Q0 (i.e., 1.26E-02 and 1.91E-09). 
As a result, the model predicted that on consumer storage 
d 35, as high as 10% of the milk containers with isolate 
PS00413 exceeded 105 cfu/mL, whereas only 4% of the 
milk containers with isolate PS00402 exceeded the same 
threshold. This finding also suggests that, as the sensitiv-
ity analysis indicated, additional growth data collection 
for strains with great uncertainty in Q0 is necessary to 
improve the prediction precision.

Additionally, HTST milk is known to have a rich 
microbiota that consists of thermoduric bacteria (e.g., 
Microbacterium spp.) and gram-negative bacteria associ-
ated with postpasteurization contamination (e.g., Pseu-
domonas; Lott, 2023). This suggests the need to account 
for the effect of these competing microorganisms on the 
growth of B. cereus group strains in HTST milk. Although 
our current research scope limits the depth of investiga-
tion into factors such as competing microbiota, pH, and 
secondary metabolites such as organic acids produced 
by lactic acid bacteria, we recognize their relevance. 
Incorporating these variables in future studies could pro-
vide a more comprehensive understanding of microbial 
interactions within HTST milk and shed further light on 
the complexities of microbial behavior, enhancing the 
accuracy of our analysis of B. cereus growth dynamics in 
milk. Future studies might be conducted to quantify the 
microbial interactions between B. cereus group strains 
and other microbial contaminants in the HTST milk, 
similar to previous studies that modeled the interactions 
between 2 microorganisms in the same system (Martens 
et al., 1999; Courtin and Rul, 2004).

What-If Scenarios Suggest That Absolute 
Temperature and Temperature Variation During 
Consumer Storage Have a Large Effect  
on the Predicted B. cereus Group Exposure

The exposure assessment reported here was used to 
run selected what-if scenarios to assess the importance 

of selected supply chain disruptions and changes, as well 
as different consumer storage temperature scenarios that 
may mimic practices in different locations, seasons, or 
infrastructure conditions. The 2 what-if scenarios that 
modeled disruption to distribution included scenarios that 
mimicked (1) extended storage in a distribution center 
(without temperature abuse) and (2) temperature abuse 
during consumer transport from retail to home. Both 
what-if scenarios showed limited effects on risk metrics, 
which is not surprising, as scenario (2) was modeled as 
a relatively short time period of temperature abuse (me-
dian of 1 h; range of 14 min to 6 h). Our findings indicate 
short-term temperature deviations do not substantially 
increase bacterial growth. This reinforces the importance 
of adhering to recommended consumer time-temperature 
controls, commonly referred to as the 2-h rule and 1-h 
rule. This rule suggests that foods should be kept outside 
the danger zone (4.4–60.0°C) for less than 2 h (for tem-
perature between 4.4 and 32.2°C) or 1 h (for temperatures 
>32.2°C; Cho et al., 2020). Importantly, these what-if 
scenarios also illustrate how this model could be used to 
predict B. cereus group exposures if supply chains might 
experience certain “worst case” disruptions (e.g., lack of 
refrigeration for extended time periods).

The 2 what-if scenarios assessing the effect of varying 
temperature conditions during home storage comprised 
(1) a slight deviation in temperature within a consumer’s 
home refrigerator, and (2) an increase in the variability of 
refrigeration temperatures in a consumer’s home. These 
scenarios demonstrated that even small differences in 
refrigeration conditions (e.g., a 1°C shift in mean tem-
perature) can substantially affect likely B. cereus group 
exposure. This finding aligns with our existing knowl-
edge that prolonged temperature abuse during consumer 
home storage accelerates the growth of many cytotoxic 
B. cereus group isolates (Ceuppens et al., 2011). It leads 
to a notable occurrence, with more than 8% and 4% of 
milk containers exceeding 105 cfu/mL on consumer home 
storage d 35 and d 21, respectively. Changes in the vari-
ability of home refrigeration temperatures also yielded 
substantial effects. A higher variability may arise from 
the use of older refrigerators, more commonly prevalent 
in households with lower income, or in regions or seasons 
(e.g., hot summers) where rolling blackouts (i.e., planned 
short-term power outages), are common. Our findings 
are consistent with previous studies (Jofré et al., 2019) 
that refrigeration temperature fluctuation increases the 
risk of exposure to foodborne pathogens, thus negatively 
affecting the safety of food products.

Although our current assessment used a modeled 
temperature profile for a 5-stage supply chain, accom-
modating static storage temperatures at each stage, we 
acknowledge the potential for future model improve-
ments to incorporate a comprehensive dynamic tempera-
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ture profile, which would better simulate temperature 
fluctuations within each stage. However, implementing 
such improvements would require more precise supply 
chain temperature data.

While Our Model Will Facilitate Industry Risk 
Assessments for Diarrheal B. cereus Group Strains, 
Advances in the Understanding of B. cereus 
Group Virulence Are Needed to Develop Full Risk 
Assessments That Include Public Health Metrics

The model reported here will provide industry with 
an initial tool that can facilitate risk-based food safety 
decision-making for products that are contaminated with 
low B. cereus group levels. For example, if an HTST fluid 
milk product is found to contain low levels of a specific 
B. cereus group strain, our model can be used to predict, 
at different time points, which proportion of products are 
expected to exceed a certain concentration threshold (e.g., 
3 or 5 log10 cfu/mL). Risk managers could then use this 
information to inform their decision-making. In addition, 
this model could also be adopted to assess regulatory risk, 
such as the likelihood that a lot with low B. cereus group 
levels may yield a test result that exceeds a regulatory 
threshold, using approaches such as those described previ-
ously (Chen et al., 2022). We, however, do appreciate that 
many users may be hesitant to use this initial model for 
risk management related decisions because we currently 
lack the ability to predict the number of human cases that 
may be caused by a given lot. This is due to the lack of 
a universally applicable dose-response relationship that 
will allow us to predict the likelihood of B. cereus toxico-
infection per serving and estimate the number of cases 
within the population (Notermans et al., 1997; Ačai et al., 
2014; Lewin et al., 2019). Nevertheless, our model could 
be easily adapted into a full risk assessment if B. cereus 
group dose-response data become available.

CONCLUSIONS

This study comprehensively analyzed the growth char-
acteristics of 17 Bacillus cereus group strains under vari-
ous temperature conditions. Key findings include that no 
strains grew at 4°C, only one grew at temperatures ≤10°C, 
and all demonstrated growth at ≥14°C. Growth param-
eters varied significantly with temperature; for instance, 
at 22°C, lag times ranged from 0 to 22.04 h, whereas at 
10°C they extended up to 194.05 h. The exposure assess-
ment model predicted that 1.94 ± 0.85%, 2.81 ± 0.66%, 
and 4.13 ± 2.53% of milk containers would exceed 105 
cfu/mL on d 14, 21, and 35, respectively. What-if scenario 
analyses suggested that small increases in temperature or 
fluctuations within consumer refrigerators could signifi-
cantly raise the risk, with predicted concentrations of B. 
cereus over 105 cfu/mL in up to 10.81% of milk contain-

ers by d 35 under varying storage conditions. Sensitivity 
analyses highlighted the physiological state parameter 
(Q0) as having a significant effect on model predictions, 
emphasizing its importance in risk assessments. Overall, 
the results underscore the necessity of maintaining strict 
temperature controls in consumer settings to manage 
risks associated with B. cereus in milk.

NOTES

This work was supported by the USDA National 
Institute of Food and Agriculture (NIFA; Washington, 
DC) project 2019-67017-29591, Hatch Appropriations 
under Project PEN04853 and Accession 7005519, and 
the Multistate Project S-1077. Supplemental material 
for this article is available at https:​/​/​doi​.org/​10​.6084/​m9​
.figshare​.25733265. No human or animal subjects were 
used, so this analysis did not require approval by an 
Institutional Animal Care and Use Committee or Insti-
tutional Review Board. The authors have not stated any 
conflicts of interest.

Nonstandard abbreviations used: ANI = average 
nucleotide identity; BHI = brain-heart infusion; N0 = 
initial contamination levels; Nmax = maximum microbial 
population; Q0 = initial physiological state of cells; SMB 
= skim milk broth; Tmin = theoretical minimum growth 
temperature.

REFERENCES

Ačai, P., Ľ. Valík, and D. Liptakova. 2014. Quantitative risk assess-
ment of Bacillus cereus in pasteurised milk produced in the Slovak 
Republic. Czech J. Food Sci. 32:122–131. https:​/​/​doi​.org/​10​.17221/​
106/​2013​-CJFS.

Andersen Borge, G. I., M. Skeie, T. Sørhaug, T. Langsrud, and P. E. 
Granum. 2001. Growth and toxin profiles of Bacillus cereus isolated 
from different food sources. Int. J. Food Microbiol. 69:237–246. 
https:​/​/​doi​.org/​10​.1016/​S0168​-1605(01)00500​-1.

Baranyi, J., N. Buss da Silva, and M. Ellouze. 2017. Rethinking tertiary 
models: Relationships between growth parameters of Bacillus ce-
reus strains. Front. Microbiol. 8:1890. https:​/​/​doi​.org/​10​.3389/​fmicb​
.2017​.01890.

Baranyi, J., and T. A. Roberts. 1994. A dynamic approach to predicting 
bacterial growth in food. Int. J. Food Microbiol. 23:277–294. https:​/​
/​doi​.org/​10​.1016/​0168​-1605(94)90157​-0.

Bartoszewicz, M., B. M. Hansen, and I. Swiecicka. 2008. The members 
of the Bacillus cereus group are commonly present contaminants of 
fresh and heat-treated milk. Food Microbiol. 25:588–596. https:​/​/​doi​
.org/​10​.1016/​j​.fm​.2008​.02​.001.

Baty, F., M.-L. Delignette-Muller, and A. Siberchicot. 2022. Package 
‘nlsMicrobio.’ Accessed Dec. 12, 2023. https:​/​/​cran​.r​-project​.org/​
web/​packages/​nlsMicrobio/​nlsMicrobio​.pdf.

Berthold-Pluta, A., A. Pluta, M. Garbowska, and I. Stefańska. 2019. 
Prevalence and toxicity characterization of Bacillus cereus in 
food products from Poland. Foods 8:269. https:​/​/​doi​.org/​10​.3390/​
foods8070269.

Buss da Silva, N., M. Ellouze, K. Rouzeau-Szynalski, N. Johnson, M. 
H. Zwietering, and H. M. W. den Besten. 2022. Predicting B. cereus 
growth and cereulide production in dairy mix. Int. J. Food Microbiol. 
364:109519. https:​/​/​doi​.org/​10​.1016/​j​.ijfoodmicro​.2021​.109519.

Su et al.: BACILLUS CEREUS GROUP EXPOSURE ASSESSMENT MODEL

https://doi.org/10.6084/m9.figshare.25733265
https://doi.org/10.6084/m9.figshare.25733265
https://doi.org/10.17221/106/2013-CJFS
https://doi.org/10.17221/106/2013-CJFS
https://doi.org/10.1016/S0168-1605(01)00500-1
https://doi.org/10.3389/fmicb.2017.01890
https://doi.org/10.3389/fmicb.2017.01890
https://doi.org/10.1016/0168-1605(94)90157-0
https://doi.org/10.1016/0168-1605(94)90157-0
https://doi.org/10.1016/j.fm.2008.02.001
https://doi.org/10.1016/j.fm.2008.02.001
https://cran.r-project.org/web/packages/nlsMicrobio/nlsMicrobio.pdf
https://cran.r-project.org/web/packages/nlsMicrobio/nlsMicrobio.pdf
https://doi.org/10.3390/foods8070269
https://doi.org/10.3390/foods8070269
https://doi.org/10.1016/j.ijfoodmicro.2021.109519


7646

Journal of Dairy Science Vol. 107 No. 10, 2024

Cairo, J., I. Gherman, A. Day, and P. E. Cook. 2022. Bacillus cytotoxi-
cus—A potentially virulent food-associated microbe. J. Appl. Micro-
biol. 132:31–40. https:​/​/​doi​.org/​10​.1111/​jam​.15214.

Carlin, F., C. Albagnac, A. Rida, M.-H. Guinebretière, O. Couvert, and 
C. Nguyen-The. 2013. Variation of cardinal growth parameters and 
growth limits according to phylogenetic affiliation in the Bacillus 
cereus group. Consequences for risk assessment. Food Microbiol. 
33:69–76. https:​/​/​doi​.org/​10​.1016/​j​.fm​.2012​.08​.014.

Carroll, L. M., R. A. Cheng, and J. Kovac. 2020. No assembly required: 
Using BTyper3 to assess the congruency of a proposed taxonomic 
framework for the Bacillus cereus group with historical typing meth-
ods. Front. Microbiol. 11:580691. https:​/​/​doi​.org/​10​.3389/​fmicb​
.2020​.580691.

CDC (Centers for Disease Control and Prevention). 2018. Estimates 
of foodborne illness in the United States. Accessed Dec. 12, 2023. 
https:​/​/​www​.cdc​.gov/​foodborneburden/​index​.html.

Ceuppens, S., A. Rajkovic, M. Heyndrickx, V. Tsilia, T. Van De Wiele, 
N. Boon, and M. Uyttendaele. 2011. Regulation of toxin production 
by Bacillus cereus and its food safety implications. Crit. Rev. Micro-
biol. 37:188–213. https:​/​/​doi​.org/​10​.3109/​1040841X​.2011​.558832.

Chen, R., R. H. Orsi, V. Guariglia-Oropeza, and M. Wiedmann. 2022. 
Development of a modeling tool to assess and reduce regulatory and 
recall risks for cold-smoked salmon due to Listeria monocytogenes 
contamination. J. Food Prot. 85:1335–1354. https:​/​/​doi​.org/​10​.4315/​
JFP​-22​-025.

Chitov, T., R. Dispan, and W. Kasinrerk. 2008. Incidence and diarrhe-
genic potential of Bacillus cereus in pasteurized milk and cereal 
products in Thailand. J. Food Saf. 28:467–481. https:​/​/​doi​.org/​10​
.1111/​j​.1745​-4565​.2008​.00125​.x.

Cho, T. J., S. A. Kim, H. W. Kim, S. M. Park, and M. S. Rhee. 2020. 
Changes in consumers’ food purchase and transport behaviors over 
a decade (2010 to 2019) following health and convenience food 
trends. Int. J. Environ. Res. Public Health 17:5448. https:​/​/​doi​.org/​
10​.3390/​ijerph17155448.

Courtin, P., and F. Rul. 2004. Interactions between microorganisms in a 
simple ecosystem: Yogurt bacteria as a study model. Lait 84:125–
134. https:​/​/​doi​.org/​10​.1051/​lait:​2003031.

Dietrich, R., N. Jessberger, M. Ehling-Schulz, E. Märtlbauer, and P. E. 
Granum. 2021. The food poisoning toxins of Bacillus cereus. Toxins 
(Basel) 13:98. https:​/​/​doi​.org/​10​.3390/​toxins13020098.

Dufrenne, J., P. Soentoro, S. Tatini, T. Day, and S. Notermans. 1994. 
Characteristics of Bacillus cereus related to safe food production. 
Int. J. Food Microbiol. 23:99–109. https:​/​/​doi​.org/​10​.1016/​0168​
-1605(94)90225​-9.

EFSA (European Food Safety Authority). 2005. Opinion of the Scientific 
Panel on Biological Hazards (BIOHAZ) on Bacillus cereus and other 
Bacillus spp. in foodstuffs. EFSA J. 3:175. https:​/​/​doi​.org/​10​.2903/​
j​.efsa​.2005​.175.

Ellouze, M., N. Buss Da Silva, K. Rouzeau-Szynalski, L. Coisne, F. 
Cantergiani, and J. Baranyi. 2021. Modeling Bacillus cereus growth 
and cereulide formation in cereal-, dairy-, meat-, vegetable-based 
food and culture medium. Front. Microbiol. 12:639546. https:​/​/​doi​
.org/​10​.3389/​fmicb​.2021​.639546.

Elzhov, T. V., K. M. Mullen, A.-N. Spiess, and B. Bolker. 2022. Package 
‘minpack.lm.’ Accessed Dec. 12, 2023. https:​/​/​cran​.r​-project​.org/​
web/​packages/​minpack​.lm/​minpack​.lm​.pdf.

FDA (Food and Drug Administration). 2023. Are you storing food 
safely? Accessed Dec. 12, 2023. https:​/​/​www​.fda​.gov/​consumers/​
consumer​-updates/​are​-you​-storing​-food​-safely.

FDA (Food and Drug Administration) and Health Canada. 2015. Joint 
FDA/Health Canada quantitative assessment of the risk of Listerio-
sis from soft-ripened cheese consumption in the United States and 
Canada. Accessed Sep. 22, 2023. https:​/​/​www​.fda​.gov/​media/​90488/​
download.

Garre, A., J. Koomen, H. den Besten, and M. Zwietering. 2022. Package 
‘biogrowth.’ Accessed Dec. 12, 2023. https:​/​/​cran​.r​-project​.org/​web/​
packages/​biogrowth/​biogrowth​.pdf.

Guinebretière, M. H., F. L. Thompson, A. Sorokin, P. Normand, P. 
Dawyndt, M. Ehling-Schulz, B. Svensson, V. Sanchis, C. Nguyen-
The, M. Heyndrickx, and P. De Vos. 2008. Ecological diversification 

in the Bacillus cereus group. Environ. Microbiol. 10:851–865. https:​
/​/​doi​.org/​10​.1111/​j​.1462​-2920​.2007​.01495​.x.

Jain, C., L. M. Rodriguez-R, A. M. Phillippy, K. T. Konstantinidis, and 
S. Aluru. 2018. High throughput ANI analysis of 90K prokaryotic 
genomes reveals clear species boundaries. Nat. Commun. 9:5114. 
https:​/​/​doi​.org/​10​.1038/​s41467​-018​-07641​-9.

James, C., B. A. Onarinde, and S. J. James. 2017. The use and perfor-
mance of household refrigerators: A review. Compr. Rev. Food Sci. 
Food Saf. 16:160–179. https:​/​/​doi​.org/​10​.1111/​1541​-4337​.12242.

Jessberger, N., R. Dietrich, P. E. Granum, and E. Märtlbauer. 2020. The 
Bacillus cereus food infection as multifactorial process. Toxins (Ba-
sel) 12:701. https:​/​/​doi​.org/​10​.3390/​toxins12110701.

Jofré, A., M. L. Latorre-Moratalla, M. Garriga, and S. Bover-Cid. 2019. 
Domestic refrigerator temperatures in Spain: Assessment of its im-
pact on the safety and shelf-life of cooked meat products. Food Res. 
Int. 126:108578. https:​/​/​doi​.org/​10​.1016/​j​.foodres​.2019​.108578.

Jovanovic, J., V. F. Ornelis, A. Madder, and A. Rajkovic. 2021. Bacil-
lus cereus food intoxication and toxicoinfection. Compr. Rev. Food 
Sci. Food Saf. 20:3719–3761. https:​/​/​doi​.org/​10​.1111/​1541​-4337​
.12785.

Lewin, A., G. Delage, F. Bernier, and M. Germain. 2019. Banked human 
milk and quantitative risk assessment of Bacillus cereus infection 
in premature infants: A simulation study. Can. J. Infect. Dis. Med. 
Microbiol. 2019:1–8. https:​/​/​doi​.org/​10​.1155/​2019/​6348281.

Lott, T. T. 2023. Gram-negative bacteria and Microbacterium spp. 
represent greater processing challenges than psychrotolerant spore-
forming bacteria do for extending the shelf-life of high temperature, 
short time (HTST) pasteurized fluid milk. Doctoral dissertation. 
Department of Food Science, Cornell University, Ithaca, NY.

Lott, T. T., M. Wiedmann, and N. H. Martin. 2023. Shelf-life storage 
temperature has a considerably larger effect than high-temperature, 
short-time pasteurization temperature on the growth of spore-form-
ing bacteria in fluid milk. J. Dairy Sci. 106:3838–3855. https:​/​/​doi​
.org/​10​.3168/​jds​.2022​-22832.

Martens, D. E., C. Béal, P. Malakar, M. H. Zwietering, and K. van ’t Riet. 
1999. Modelling the interactions between Lactobacillus curvatus 
and Enterobacter cloacae: I. Individual growth kinetics. Int. J. Food 
Microbiol. 51:53–65. https:​/​/​doi​.org/​10​.1016/​S0168​-1605(99)00095​
-1.

Mercier, S., S. Villeneuve, M. Mondor, and I. Uysal. 2017. Time–tem-
perature management along the food cold chain: A review of recent 
developments. Compr. Rev. Food Sci. Food Saf. 16:647–667. https:​/​
/​doi​.org/​10​.1111/​1541​-4337​.12269.

Miller, R. A., J. Jian, S. M. Beno, M. Wiedmann, and J. Kovac. 2018. 
Intraclade variability in toxin production and cytotoxicity of Bacil-
lus cereus group type strains and dairy-associated isolates. Appl. 
Environ. Microbiol. 84:e02479-e17. https:​/​/​doi​.org/​10​.1128/​AEM​
.02479​-17.

Nakamura, L. K. 1998. Bacillus pseudomycoides sp. nov. Int. J. Syst. 
Bacteriol. 48:1031–1035. https:​/​/​doi​.org/​10​.1099/​00207713​-48​-3​
-1031.

Ndraha, N., H.-I. Hsiao, J. Vlajic, M.-F. Yang, and H.-T. V. Lin. 2018. 
Time-temperature abuse in the food cold chain: Review of issues, 
challenges, and recommendations. Food Control 89:12–21. https:​/​/​
doi​.org/​10​.1016/​j​.foodcont​.2018​.01​.027.

Notermans, S., J. Dufrenne, P. Teunis, R. Beumer, M. te Giffel, and P. 
Peeters Weem. 1997. A risk assessment study of Bacillus cereus 
present in pasteurized milk. Food Microbiol. 14:143–151. https:​/​/​doi​
.org/​10​.1006/​fmic​.1996​.0076.

Pouillot, R., M. B. Lubran, S. C. Cates, and S. Dennis. 2010. Estimating 
parametric distributions of storage time and temperature of ready-to-
eat foods for U.S. households. J. Food Prot. 73:312–321. https:​/​/​doi​
.org/​10​.4315/​0362​-028X​-73​.2​.312.

Qian, C., S. Murphy, T. Lott, N. Martin, and M. Wiedmann. 2023. De-
velopment and deployment of a supply-chain digital tool to predict 
fluid milk spoilage due to psychrotolerant sporeformers. J. Dairy 
Sci. 106:8415–8433. https:​/​/​doi​.org/​10​.3168/​jds​.2023​-23673.

R Core Team. 2021. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. 
Accessed Dec. 12, 2023. https:​/​/​www​.R​-project​.org.

Su et al.: BACILLUS CEREUS GROUP EXPOSURE ASSESSMENT MODEL

https://doi.org/10.1111/jam.15214
https://doi.org/10.1016/j.fm.2012.08.014
https://doi.org/10.3389/fmicb.2020.580691
https://doi.org/10.3389/fmicb.2020.580691
https://www.cdc.gov/foodborneburden/index.html
https://doi.org/10.3109/1040841X.2011.558832
https://doi.org/10.4315/JFP-22-025
https://doi.org/10.4315/JFP-22-025
https://doi.org/10.1111/j.1745-4565.2008.00125.x
https://doi.org/10.1111/j.1745-4565.2008.00125.x
https://doi.org/10.3390/ijerph17155448
https://doi.org/10.3390/ijerph17155448
https://doi.org/10.1051/lait:2003031
https://doi.org/10.3390/toxins13020098
https://doi.org/10.1016/0168-1605(94)90225-9
https://doi.org/10.1016/0168-1605(94)90225-9
https://doi.org/10.2903/j.efsa.2005.175
https://doi.org/10.2903/j.efsa.2005.175
https://doi.org/10.3389/fmicb.2021.639546
https://doi.org/10.3389/fmicb.2021.639546
https://cran.r-project.org/web/packages/minpack.lm/minpack.lm.pdf
https://cran.r-project.org/web/packages/minpack.lm/minpack.lm.pdf
https://www.fda.gov/consumers/consumer-updates/are-you-storing-food-safely
https://www.fda.gov/consumers/consumer-updates/are-you-storing-food-safely
https://www.fda.gov/media/90488/download
https://www.fda.gov/media/90488/download
https://cran.r-project.org/web/packages/biogrowth/biogrowth.pdf
https://cran.r-project.org/web/packages/biogrowth/biogrowth.pdf
https://doi.org/10.1111/j.1462-2920.2007.01495.x
https://doi.org/10.1111/j.1462-2920.2007.01495.x
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1111/1541-4337.12242
https://doi.org/10.3390/toxins12110701
https://doi.org/10.1016/j.foodres.2019.108578
https://doi.org/10.1111/1541-4337.12785
https://doi.org/10.1111/1541-4337.12785
https://doi.org/10.1155/2019/6348281
https://doi.org/10.3168/jds.2022-22832
https://doi.org/10.3168/jds.2022-22832
https://doi.org/10.1016/S0168-1605(99)00095-1
https://doi.org/10.1016/S0168-1605(99)00095-1
https://doi.org/10.1111/1541-4337.12269
https://doi.org/10.1111/1541-4337.12269
https://doi.org/10.1128/AEM.02479-17
https://doi.org/10.1128/AEM.02479-17
https://doi.org/10.1099/00207713-48-3-1031
https://doi.org/10.1099/00207713-48-3-1031
https://doi.org/10.1016/j.foodcont.2018.01.027
https://doi.org/10.1016/j.foodcont.2018.01.027
https://doi.org/10.1006/fmic.1996.0076
https://doi.org/10.1006/fmic.1996.0076
https://doi.org/10.4315/0362-028X-73.2.312
https://doi.org/10.4315/0362-028X-73.2.312
https://doi.org/10.3168/jds.2023-23673
https://www.R-project.org


Journal of Dairy Science Vol. 107 No. 10, 2024

7647

Ratkowsky, D. A., J. Olley, T. McMeekin, and A. Ball. 1982. Relation-
ship between temperature and growth rate of bacterial cultures. J. 
Bacteriol. 149:1–5. https:​/​/​doi​.org/​10​.1128/​jb​.149​.1​.1​-5​.1982.

Saleh-Lakha, S., C. G. Leon-Velarde, S. Chen, S. Lee, K. Shannon, 
M. Fabri, G. Downing, and B. Keown. 2017. A study to assess the 
numbers and prevalence of Bacillus cereus and its toxins in pasteur-
ized fluid milk. J. Food Prot. 80:1085–1089. https:​/​/​doi​.org/​10​.4315/​
0362​-028X​.JFP​-16​-521.

Stenfors Arnesen, L. P., A. Fagerlund, and P. E. Granum. 2008. From 
soil to gut: Bacillus cereus and its food poisoning toxins. FEMS 
Microbiol. Rev. 32:579–606. https:​/​/​doi​.org/​10​.1111/​j​.1574​-6976​
.2008​.00112​.x.

Svensson, B., K. Ekelund, H. Ogura, and A. Christiansson. 2004. Char-
acterisation of Bacillus cereus isolated from milk silo tanks at eight 
different dairy plants. Int. Dairy J. 14:17–27. https:​/​/​doi​.org/​10​
.1016/​S0958​-6946(03)00152​-3.

Tirloni, E., S. Stella, F. Celandroni, D. Mazzantini, C. Bernardi, and 
E. Ghelardi. 2022. Bacillus cereus in dairy products and production 
plants. Foods 11:2572. https:​/​/​doi​.org/​10​.3390/​foods11172572.

ORCIDS

Jun Su  https:​/​/​orcid​.org/​0000​-0003​-3627​-6693
Tyler Chandross-Cohen  https:​/​/​orcid​.org/​0000​-0003​-4367​-0293
Chenhao Qian  https:​/​/​orcid​.org/​0000​-0002​-3835​-1952
Laura Carroll  https:​/​/​orcid​.org/​0000​-0002​-3677​-0192
Kayla Kimble  https:​/​/​orcid​.org/​0009​-0007​-6208​-0658
Mackenna Yount  https:​/​/​orcid​.org/​0009​-0005​-3250​-1197
Martin Wiedmann  https:​/​/​orcid​.org/​0000​-0002​-4168​-5662
Jasna Kovac  https:​/​/​orcid​.org/​0000​-0002​-9465​-4552

Su et al.: BACILLUS CEREUS GROUP EXPOSURE ASSESSMENT MODEL

https://doi.org/10.1128/jb.149.1.1-5.1982
https://doi.org/10.4315/0362-028X.JFP-16-521
https://doi.org/10.4315/0362-028X.JFP-16-521
https://doi.org/10.1111/j.1574-6976.2008.00112.x
https://doi.org/10.1111/j.1574-6976.2008.00112.x
https://doi.org/10.1016/S0958-6946(03)00152-3
https://doi.org/10.1016/S0958-6946(03)00152-3
https://doi.org/10.3390/foods11172572
https://orcid.org/0000-0003-3627-6693
https://orcid.org/0000-0003-4367-0293
https://orcid.org/0000-0002-3835-1952
https://orcid.org/0000-0002-3677-0192
https://orcid.org/0009-0007-6208-0658
https://orcid.org/0009-0005-3250-1197
https://orcid.org/0000-0002-4168-5662
https://orcid.org/0000-0002-9465-4552

	Assessment of the exposure to cytotoxic Bacillus cereus group genotypes through high-temperature, short-time milk consumption
	INTRODUCTION
	MATERIALS AND METHODS
	Selection of Bacillus cereus Group Isolates
	Selection of Temperatures and Sampling Points
	Preparation of Spore Suspensions
	Growth Experiment in SMB
	Growth/No Growth Experiments
	Primary Model Fitting
	Secondary Model Fitting
	Statistical Analysis
	Exposure Assessment Model Overview
	Exposure Assessment Model Parameters
	Sensitivity Analysis
	What-If Scenario
	Model Programming and Data Availability

	RESULTS
	Bacillus cereus Group Strains Differ in Growth Characteristics, Including the Observed Minimum Growth Temperature
	Bacillus cereus Isolates from Different Phylogenetic Groups Differ in Growth Characteristics, Including the Maximum Growth Rate at 22°C and Hypothetical Minimum Growth Temperature
	The Base Model Predicts a Higher Percent of Containers Exceeding B. cereus Group Concentrations of 105 and 103 cfu/mL for One Group IV Strain and One Group V Strain
	Sensitivity Analysis Revealed that Variation in the Input Parameter Q0 Significantly Influenced the Model Predictions for Certain Strains
	Small Temperature Increases and Increased Temperature Fluctuations in Consumer Refrigerators Can Substantially Increase the Percentage of Milk Containers Predicted to Contain B. cereus Group Concentrations >105 cfu/mL

	DISCUSSION
	Bacillus cereus Group Members Show a Range of Growth Characteristics, Including Differences in Minimum Growth Temperatures and Maximum Growth Rates, Which Affect the Risk Associated with the Contamination of HTST Milk
	Quantitative B. cereus Group Exposure Assessments Can Be Improved by Accounting for Genetic Diversity of B. cereus Group Members and Common HTST Milk Microbiota
	What-If Scenarios Suggest That Absolute Temperature and Temperature Variation During Consumer Storage Have a Large Effect on the Predicted B. cereus Group Exposure
	While Our Model Will Facilitate Industry Risk Assessments for Diarrheal B. cereus Group Strains, Advances in the Understanding of B. cereus Group Virulence Are Needed to Develop Full Risk Assessments That Include Public Health Metrics

	CONCLUSIONS
	NOTES
	REFERENCES


