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Abstract

In this study, we developed a mathematical model to describe the fate of Bacillus

cereus in Saengsik, a powdered ready-to-eat food with reduced moisture content, and

to estimate the probability of B. cereus infection from Saengsik consumption, using

quantitative microbial risk assessment (QMRA). The isothermal kinetic behavior of

B. cereus was analyzed as a function of temperature (5–40�C). Bacterial cell counts

were fitted to the Weibull model using GinaFit, and the obtained delta values (required

time for the first decimal reduction) for each temperature were 128.3–17,124.1 hr and

concave (ρ < 1) were observed under all experimental conditions. The obtained delta

values were analyzed using the Davey model as a function of temperature, and the

performance of the developed model of survival of B. cereus was appropriate based on

the validation parameters (Bf, Af, and RMSE) within the acceptable range. QMRA model

was developed using data on the prevalence and concentration of B. cereus along with

time and temperature along the retail-to-consumer steps. Using a baseline model with

the currently available data, the probability of B. cereus infection was zero. These

results provide useful information for the risk assessment and management of micro-

bial risk in foods, especially those with very low-moisture content.

1 | INTRODUCTION

Bacillus cereus is a Gram-positive spore-forming facultative anaerobic

bacterium, with a size of 0.5 � 1.5 μm. It is widely distributed in

nature and is a frequent contaminant of raw food materials such as

vegetables, grains, and spices (Ray & Bhunia, 2013). B. cereus spores

are resistant to physical and chemical conditions and, therefore, can

survive during common food processing procedures, manufacturing,

and cooking of food. If appropriate conditions are available, vegetative

cells can grow vigorously and cause food spoilage and deterioration

(Giaouris & Simões, 2018). B. cereus induces diarrhea-type or vomiting

food poisoning, which are caused by enterotoxin or emetic toxin

(cereulide), respectively. The latter toxin is a metabolite produced by

growing bacteria (Ray & Bhunia, 2013).

With the increasing demand for mildly processed foods, B. cereus

outbreaks have increased in Korea, as well as worldwide. Foodborne

illness caused by B. cereus in Korea has been steadily occurring over

the past decade (Ministry of Food and Drug Safety, 2020), and has

been reported in many countries (Galié, García-Gutiérrez, Miguélez,

Villar, & Lomb�o, 2018; Osimani, Aquilanti, & Clementi, 2018;

Rouzeau-Szynalski, Stollewerk, Messelhäusser, & Ehling-Schulz, 2020).

In 2018, B. cereus was involved in 98 reported outbreaks among the
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European Union members (EFSA and ECDC, 2019). Recent outbreaks

have been also associated with this pathogen (Choi & Kim, 2020;

Osimani et al., 2018), for example, 45 cases identified in an outbreak at

an Australian restaurant (Thirkell, Sloan-Gardner, Kacmarek, &

Polkinghorne, 2019). Various foods, such as pasta salad, spaghetti, tomato

sauce, navy beans, re-fried beans, and water, acted as vehicles for trans-

mission of B. cereus, resulting in hospitalizations and deaths (Choi &

Kim, 2020). Low-moisture foods with low-water activity (aw < 0.85) are

considered less susceptible to microbial spoilage and the growth of food-

borne pathogens (Sánchez-Maldonado, Lee, & Farber, 2018). However,

long-term survival of pathogens in low-moisture foods has been reported

for years, depending on storage conditions, such as temperature (Reiji,

Masakado, Kenji, & Yutaka, 2005). In particular, B. cereus has been

considered a concerning pathogen in low-moisture foods (Bourdichon

et al., 2021).

Saengsik, a powdered ready-to-eat food with low-aw, is a mixture of

dried raw grains and other ingredients such as fruits, mushrooms, and

seaweeds. It is typically manufactured by washing, drying, crushing,

mixing, and packaging raw materials. Because no physical or chemical

inactivation steps are involved in Saengsikmanufacture, foodborne path-

ogens, such as B. cereus, which is a potential contaminant of the raw

materials, could survive in the final product (Park, Koo, & Kim, 2019).

Moreover, Saengsik is consumed after rehydration with cold water or

milk; thus, it is inevitable that exposure to surviving foodborne patho-

gens, including B. cereus, pauses health risks to consumers. Thus, risk

management of B. cereus in low-aw foods, such as Saengsik, is needed to

prevent foodborne outbreaks caused by pathogens of concern.

Mathematical models can describe bacterial behavior in food under

various environmental conditions, including those of temperature and

pH, and are thus essential for food safety management (Devlieghere,

Francois, De Meulenaer, & Baert, 2006). Predictive models are used to

evaluate microbial risk and develop appropriate intervention methods

(Cassin, Paoli, & Lammerding, a M., 1998; Daelman et al., 2013; Ha

et al., 2019). Various models have been developed to predict the

growth or survival of B. cereus in cereal, dairy, meat, and vegetable-

based foods, and culture media (Ellouze et al., 2021). Although B. cereus

is a potential contaminant of low-aw foods and can survive in powdered

foods reconstituted with liquids such as juice or milk before consump-

tion, no mathematical model for the organism has been reported

(Jaquette & Beuchat, 1998). However, few studies have developed a

mathematical model for the survival of B. cereus in powdered food with

low aw. A quantitative microbial risk assessment (QMRA) for B. cereus

in powdered food has not been conducted, although a better under-

standing of improved food safety can be obtained using a risk assess-

ment that includes hazard identification and food consumption

scenarios using a stochastic modeling approach. Most studies on

QMRA of B. cereus involved ready-to-eat products such as cooked

rice, kimbap, rice cakes, etc. (Bahk, Todd, Hong, Oh, & Ha, 2007;

Daelman et al., 2013; Kwon, Rhee, & Yoon, 2020; McElroy, Jaykus, &

Foegeding, 1999; Park & Yoon, 2019).

In this study, a mathematical model for the survival of B. cereus in

Saengsik products was developed as a function of temperature. The

QMRA model was also developed using data on the concentration of

B. cereus, time, and temperature along the retail-to-consumer proces-

sing stages. A predictive model was developed to estimate the proba-

bility of B. cereus infection after consuming Saengsik, a powdered food

with very low-moisture content.

2 | MATERIALS AND METHODS

2.1 | Prevalence of B. cereus

To evaluate the contamination levels of B. cereus, Saengsik samples

(n = 75) were purchased from retail markets and online shops in

Korea. Twenty-five grams of powdered food samples were placed in

sterile filter bags (Nasco, Fort Atkinson, WI, USA) and homogenized

in 225 ml of 0.85% saline for 120 s at 230 rpm using Stomacher

400 (Seward, Worthing, UK), according to the Food Code (Ministry of

Food and Drug Safety, 2022). Subsequently homogenate (1 ml) was

serially diluted (10-fold) with saline, and 1 ml of each dilution suspen-

sion was spread onto mannitol egg yolk polymyxin agar plates (MYP,

Merch, Darmstadt, Germany). Then, the plates were incubated at

30�C for 18–24 hr and the number of colonies were counted to calcu-

late log CFU/g. Suspected colonies were confirmed using the VITEK2

BCL ID card (Biomérieux, Marcy-l'�Etoile, France). Microbial data were

obtained from three independent experiments performed in duplicate.

2.2 | Inocula preparation

Three strains of B. cereus (KCCM 11204 [bceT and hbl], KCTC 1014 [nhe

and entFM], and KCTC 1092 [bceT, hbl, nhe, entFM, and cytK and ces])

were obtained from the Korean Culture Center of Microorganisms

(Seoul, Korea; KCCM 11204) and the Korean Collection for Type

Cultures (Daejeon, Korea; KCTC 1014 and 1092). To develop the mathe-

matical prediction model, a colony of each strain was cultured in 5 ml of

tryptic soy broth (TSB, Merck) in sterile glass tubes in a shaking incubator

at 140 rpm (SI-600R, Jeio Tech, Korea) at 30�C for 24 hr. Inocula (50 μl)

of stationary phase grown cells were inoculated into 5 ml tubes contain-

ing sterile TSB broth and incubated at 30�C for 24 hr with agitation. The

cultures were centrifuged at 2,111 � g for 10 min using an Eppendorf

centrifuge 5804R (Eppendorf AG, Hamburg, Germany), and the superna-

tant was carefully removed. The cells were then washed twice and resus-

pended in phosphate-buffered saline (PBS, Gibco, Rockville, MD) to a

final concentration of approximately 107 CFU/ml. Bacterial suspension

was serially diluted with PBS and was spread onto MYP at 30�C for

18–24 hr. The observed colonies were enumerated. Culture aliquots

were mixed and used for inoculation.

2.3 | Analysis of physicochemical properties

To develop and validate the predictive model, we analyzed the

moisture content (Lee, Park, Park, & Kim, 2021), aw and pH of

Saengsik samples. The aw was measured using the LabSwift-aw system
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(Novasina, Zürich, Switzerland). Saengsik samples (10 g homogenized

in 90 ml distilled water) pH was measured using an Orion Star A211

benchtop pH meter (Thermo Fisher Scientific, Waltham, MA). Physi-

cochemical data were obtained from two independent experiments,

and duplicate samples were used for each experiment.

2.4 | Preparation of inoculated Saengsik samples

A previously described (Park et al., 2019) technique was followed to mini-

mize changes in aw of Saengsik inoculated with B. cereus cultures (Saengsik

product A). B. cereus inoculum size was approximately 4.0 ± 0.5 log

CFU/g. Inoculated Saengsik samples (10 g) were placed in an aluminum

metalized polyethylene bag, normally used as packaging material for the

product, and incubated at 5, 10, 20, 30, and 40�C for up to 10 days. Via-

ble counts of B. cereus were carried out on samples taken after 0, 0.5,

1, 2, 3, 6, 12, 24, 48, 72, 144, and 240 hr. Into each sample bag, 90 ml of

saline was added and homogenized. The serially diluted samples were

plated on MYP agar and incubated at 30�C for 20 h. To obtain stable fit-

ting data, we performed four to six replicate experiments in duplicate.

2.5 | Development of primary and secondary
model

The cell counts at each temperature were fitted into the Weibull

model (Equation (1)) using the GInaFit V1.6 tool (Geeraerd, Valdrami-

dis, & Van Impe, 2005) to determine the δ (delta, time of first decimal

reduction) and p (a shape parameter) for microbial survival of

B. cereus. The Weibull model (Equation (1)) was as follows:

N¼Ni� t=δð Þp� � ð1Þ

where N is the number of cells (log CFU/g) at time t (h), Ni is the initial

inoculum size of B. cereus (log CFU/g), δ (delta) is the simple dimension of

time, which is the first decimal reduction time, and ρ is a shape parameter.

For p > 1, convex curves were obtained, and for ρ < 1, concave curves

were obtained (Geeraerd et al., 2005). The goodness-of-fit of the data

was evaluated using coefficient of determination (R2) provided by GInaFiT.

Delta values and ρ values of the Weibull model were plotted as a

function of temperature and fitted into the Davey model (Davey, 1991)

and polynomial model, respectively. GraphPad Prism V 5.0 (GraphPad

Software, San Diego, CA, USA) was used to assess the effect of tempera-

ture on the kinetic parameters of the primary survival curve (secondary

survival model). Where a, b, and c are constants and T is the temperature.

δ¼ aþ b=Tð Þþ c=T2
� �

ð2Þ

2.6 | Model validation

The developed predictive model was validated through additional

experiments performed at 15 and 25�C. The observed data for 15 and

25�C were compared with the predicted data obtained from the

developed predictive model. The differences between the observed

and predicted data were quantified using the accuracy factor (Af,

Equation (3]), and bias factor (Bf, Equation [(4]), and root mean square

error (RMSE, Equation [(5]) (Ross, 1996). The equations for Af, Bf, and

the RMSE are as follows:

Af ¼10
1
n

P
j log10

predicted
observedð Þj ð3Þ

Bf ¼10
1
n

P
log10

predicted
observedð Þ ð4Þ

RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

observed�predictedð Þ2
n

s

ð5Þ

The deviation between the observed and predicted values was evalu-

ated by three indices: Bf, Af, and RMSE. It is generally interpreted that

Bf and Af value of 0.9–1.05 is good, while values of 0.7–0.9 and 1.06–

1.15 are acceptable ranges for predictive models. When Af = Bf = 1,

there is an exact match between the experimental observations and

the model predictions (Ross, 1996). An RMSE value approaching zero

indicated a closer fit of the model to the data. The validation data are

representative of three to four individual experiments performed in

duplicate.

Contamination 

of B. cereus

Storage before 

consumption

Room 

temperature
FreezerRefrigerator

No Risk

Foods

Yes

Yes

No

No

Change in cell 

concentration
No change

• Consumption amount frequency

• Minimum infectious dose

• Probability of illness caused by 

intake of Saengsik

F IGURE 1 Schematic diagram for the microbial risk assessment of
Bacillus cereus in Saengsik
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TABLE 1 Description of the variables

Input model Unit Variable Formula Reference

Product

Prevalence of

Bacillus cereus

Pbc Beta (1, 76) Vose (1998)

Initial contamination

level

Log CFU/g Di log10 (�LN[1 � Pbc]/25) Sanaa et al. (2004)

Transport to retail

Transport temp �C T1 Risk Pert (3.5, 5.7, 10.5) National Institute of Food and Drug

Safety Evaluation (2019)

Transport time h t1 Risk Uniform (0.5, 5) National Institute of Food and Drug

Safety Evaluation (2019)

Delta D1 �1,474 + (43,245/T1) + (249,956/T1^2) This study

ρ P1 1.257 � 0.3477 � T1

+ 0.03435 � T1^2 � 0.001160 � T1^3
+ 0.00001257 � T1^4

This study

Change level during

transport to retail

C1 (t1/D1)^P1 Mafart, Couvert, Gaillard, and Leguerinel

(2002)

Contamination level

after transport to

retail

Log CFU/g D1 Di � C1

Storage at retail warehouse

Storage temp �C T2 Risk Pert (22, 24, 26) National Institute of Food and Drug

Safety Evaluation (2019)

Storage time h t2 Risk Uniform (1/6, 48) National Institute of Food and Drug

Safety Evaluation (2019)

Delta D2 �1,474 + (43,245/T2) + (249,956/T2^2) This study

ρ P2 1.257 � 0.3477 � T2 + 0.03435 � T2^2–
0.001160 � T2^3 + 0.00001257 � T2^4

This study

Change level during

storage at retail

warehouse

C2 (t2/D2)^P2 Mafart et al. (2002)

Contamination level

after storage at

retail warehouse

Log CFU/g D2 D1 � C2

In retail

Storage temp �C T3 Risk Pert (22, 24,26) National Institute of Food and Drug

Safety Evaluation (2019)

Storage time h t3 Risk Uniform (0, 4, 380) National Institute of Food and Drug

Safety Evaluation (2019)

Delta D3 �1,474 + (43,245/T3) + (249,956/T3^2) This study

ρ P3 1.257 � 0.3477 � T3 + 0.03435 � T3^2–
0.001160 � T3^3 + 0.00001257 � T3^4

This study

Change level during

in retail

C3 (t3/D3)^P3 Mafart et al. (2002)

Contamination level

in retail

Log CFU/g D3 D2–C3

Transport to home

Transport temp �C T4 Risk Pert (9, 13.6, 18.9) Korea Meteorological Administration

(2019)

Transport time h t4 Risk Uniform (0.325, 1.643) Jung (2011)

Delta D4 �1,474 + (43,245/T4) + (249,956/T4^2) This study

ρ P4 1.257 � 0.3477 � T4 + 0.03435 � T4^2–
0.001160 � T4^3 + 0.00001257 � T4^4

This study
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TABLE 1 (Continued)

Input model Unit Variable Formula Reference

Change level during

transport to home

C4 (t4/D4)^P4 Mafart et al. (2002)

Contamination level

after transport to

home

Log CFU/g D4 D3 � C4

Consumer practice

Ratio of

consumption

(without storage

or consumption

after storage at

freezing)

R1 Risk Binomial(1, [0.3095 + 0.1667]) Ministry of Food and Drug Safety (2012)

Ratio of storage at

refrigerator before

consumption (from

storage at room

temperature and

refrigerator)

R2 Risk Binomial (1, 0.750) Ministry of Food and Drug Safety (2012)

Storage time before

consumption

h t5 Risk Pert (0, 245, 8,760) Ministry of Food and Drug Safety (2012)

Home storage

Refrigerator

temperature

�C T6 Risk Loglogistic (�10.407, 13.616, 8.6107,

Risk Truncate [�5.1, 14.4])

Bahk (2010)

Delta D6 �1,474 + (43,245/T6) + (249,956/T6^2) This study

ρ P6 �1.257 � 0.3477 � T6

+ 0.03435 � T6^2–0.001160 � T6^3
+ 0.00001257 � T6^4

This study

Change level during

storage at

refrigerator

Log CFU/g C6 (t5/D6)^P6 Mafart et al. (2002)

Contamination level

after storage at

refrigerator

Log CFU/g D6 D4 � C6

Room temperature �C T7 Risk Pert (15, 20, 25) National Institute of Food and Drug

Safety Evaluation (2019)

Delta D7 �1,474 + (43,245/T7) + (249,956/T7^2) This study

ρ P7 1.257 � 0.3477 � T7

+ 0.03435 � T7^2 � 0.001160 � T7^3
+ 0.00001257 � T7^4

This study

Change level during

storage at room

temp

Log CFU/g C7 (t5/D7)^P7 Mafart et al. (2002)

Contamination level

after storage at

room temp

Log CFU/g D7 Dth � Crt

Concentration

considering

consumer practice

on storage before

consumption

Log CFU/g Cr =IF(R1 = 1,D4,Cs)

Concentration

change (room

temp or

refrigerator)

Log CFU/g Cs =IF(R2 = 1, D6, D7)

(Continues)
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2.7 | Probabilistic risk modeling

To estimate the probability of infection by B. cereus from the

consumption of Saengsik, the quantitative risk modeling framework

comprised (i) food contamination amounts, (ii) cell number changes,

and (iii) consumption amount and frequency, and minimum infectious

dose was considered, as shown in Figure 1.

Data on the prevalence and survival of B. cereus in commercially

available Saengsik products were obtained from this study to set the dis-

tribution parameters for the risk model. The prevalence data of B. cereus

were fitted to the Beta distribution (α1, the number of positive samples

+ 1; α2, tested total samples—positive samples + 1) (Vose, 1998), and

the initial contamination level (CFU/g) was then evaluated, using the

equation: [–LN(1–Beta[α1, α2])/g] (Sanaa, Coroller, & Cerf, 2004). Other

information to derive the distribution function, including time and tem-

perature during retail to consumption, consumers' consumption amount

and frequency of Saengsik, and minimum infectious dose for B. cereus,

were obtained from previous studies (Ministry of Food and Drug

Safety, 2012; 2016) or from experts' opinions.

The time and temperature for market storage were collected

through personal communication with experts from the wholesale mar-

ket (National Institute of Food and Drug Safety Evaluation, 2021). On

average, Saengsik was kept at room temperature and sold out within

6 months (half of its shelf life). Thus, an appropriate probabilistic distri-

bution for time and temperature in the market was a uniform distribu-

tion with parameters (0, 4,380) and (22, 24, 26) (Table 1). The

transportation time from the market to home was at a minimum of

0.325 h and maximum of 1.643 h (Jung, 2011). In addition, the

minimum, mean, and maximum temperatures during transportation

were 9, 13.6, and 18.9�C, in Korea, respectively (Korea Meteorological

Administration, 2019). We considered that Saengsik samples can be

stored at home at room temperature or in the refrigerator before con-

sumption, depending on consumer practices (Ministry of Food and

Drug Safety, 2012). Saengsik is usually consumed within approximately

120 h at home and stored for up to 720 h at room temperature

(Ministry of Food and Drug Safety, 2012). The temperature distribution

of the home refrigerator was adopted from a previous work

(Bahk, 2010). Thus, the appropriate distribution for the time, tempera-

ture at home (room temperature), and temperature of the home refrig-

erator were set to the Pert distribution with parameters (0, 245, and

8,760) and (15, 20, and 25), and RiskLoglogistic (�10.407, 13.616,

8.6107, RiskTruncate [�5.1, 14.4]), respectively (Table 1).

The consumption amount of Saengsik were described as a proba-

bilistic distribution. According to a report by the Ministry of Food and

Drug Safety in Korea (Ministry of Food and Drug Safety, 2012), the

daily consumption frequency of Saengsik was 8.51% and the daily

consumption amount was fitted to the LogLogistics distribution. The

distribution function for the daily consumption amount was derived

using the best-fit function in the @Risk program (version 8.0, Palisade

Corp., Ithaca, NY, USA). The average daily consumption of Saengsik

was 47.94 ± 21.92 g per serving.

For the last phase of risk modeling, hazard characterization was con-

ducted using the minimum infectious dose of B. cereus to estimate the

probability of infection because a dose–response model for B. cereus has

not been developed (Ministry of Food and Drug Safety, 2016). In previous

reports, 105 cells/g was found as the minimal infectious dose (Park, Cho,

TABLE 1 (Continued)

Input model Unit Variable Formula Reference

Concentration

considering

consumer practice

on storage before

consumption

CFU/g Ci =10^Cr

Consumption

Daily consumption

(consumer)

g Consump Risk Log logistics (�8.9743, 52.272, 6.4020,

risk truncate [0, 200])

Ministry of Food and Drug Safety (2012)

Daily consumption

frequency

% Fixed 8.5071 Ministry of Food and Drug Safety (2012)

A person who does not

eating Saengsik

CF(0) 1–8.5071/100 Ministry of Food and Drug Safety (2012)

A person eating

Saengsik

CF(1) 8.5071/100 Ministry of Food and Drug Safety (2012)

CF Risk Discrete ([0, 1], [CF(0)], CF[1]) Ministry of Food and Drug Safety (2012)

Daily consumption

(total)

ConFre If(CF = 0, 0, Consump) Ministry of Food and Drug Safety (2012)

Dose–response

B. cereus amount

(consumed)

CFU/g D Ci � Confre

Probability of illness/

serving

Risk If(D > 100,000, 1, 0)
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Lee, & Bahk, 2014). Thus, we assumed that exposure to 105 CFU or more

of B. cereus cells per person per day would result in disease (1), and any

dose below that would not cause disease (0).

To build a probabilistic exposure model, @Risk program (version

8.0; Palisade, Ithaca, NY) was used to perform Monte Carlo simula-

tions with 100,000 iterations.

2.8 | Growth of B. cereus in reconstituted Saengsik

Saengsik samples (20 g) were added to 80 ml sterile distilled water and

mixed by shaking, according to the manufacturer's recommendations.

B. cereus cells were added at a concentration of 2.5 ± 0.5 log CFU/g,

then incubated at 5, 20, 30�C for 24 h. The viable count of the organ-

ism for each inoculated Saengsik sample at each incubation tempera-

ture was determined.

3 | RESULTS AND DISCUSSION

3.1 | Prevalence of B. cereus

All the 75 Saengsik samples were analyzed below the detection limit

of B. cereus. The initial contamination level was estimated from these

F IGURE 2 Primary and secondary model of Bacillus cereus in Saengsik. (a–e); Primary model of the survival of B. cereus in Saengsik according
to Weibull model at 5, 10, 20, 30, and 40�C for a, b, c, d, and e, respectively, (f); Secondary model describing the effect of temperature on the
survival of B. cereus in Saengsik (delta) according to Davey model
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prevalence data with a beta distribution and the calculation formula

reported by Sanaa and others using @Risk (Sanaa et al., 2004). The initial

level of B. cereus contamination in Saengsik was a minimum of �7.6, an

average of �3.5, and a maximum of �2.3 log CFU/g, indicating that the

initial potential infection level of B. cereus was very low (Figure S1).

Similar results have been noted in previous reports (Choi et al., 2021; Ha

et al., 2019; Kwon et al., 2020; Lee et al., 2019).

3.2 | Development of predictive model and
validation

The predictive model was developed using Saengsik product. The

moisture content, pH, and aw were 2.8 ± 0.2%, pH 6.55, aw < 0.1,

respectively. The bacterial survival patterns and the primary survival

model of B. cereus in Saengsik incubated at different temperatures are

shown in Figure 2. The delta and ρ values calculated from the Weibull

model used to develop the primary survival prediction model are listed

in Table 2. Storage temperatures at 5, 10, 20, 30, and 40�C, the delta

values were 17,124.05, 5,695.95, 603.83, 292.54, and 128.63 h,

respectively. At all storage temperatures studied, the ρ value was <1,

indicating a concave-shaped survival pattern. The inactivation

kinetics of B. cereus, which decreased with increasing temperature,

was undoubtedly temperature dependent. However, B. cereus was

not dramatically decreased compared with other strains, such as a

spore forming bacterium Clostridium perfringens (Choi et al., 2021;

Park et al., 2019). When incubated at 40�C for 24 h, the viability of

B. cereus in Saengsik samples decreased by approximately 1 log

CFU/g (Figure 2e). The delta obtained from the primary model was

used to develop a secondary model for the function of temperature

using the Davey model (Davey, 1991). The developed secondary

model is shown in Figure 2f, and Table 3. The R2 value of the sec-

ondary model of delta and ρ value for B. cereus in Saengsik was

0.996 and 1.000, respectively. Indicating that the secondary models

were appropriate for describing the effects of temperature on the

kinetic parameters.

The developed secondary model was validated using tempera-

tures that were not used for model development. By conducting addi-

tional storage experiments at temperatures of 15 and 25�C to verify

the model for predicting survival of B. cereus in Saengsik, the devel-

oped model was found suitable for a Bf value of 1.008, Af value of

1.012, and an RMSE value of 0.069 (Figure 3a). Figure 3b shows a

comparison of cell number for B. cereus between observed values and

predicted values. The predicted values were well correlated with the

observed bacterial cell numbers.

3.3 | Probabilistic risk assessment for consumption
of Saengsik

The Monte Carlo simulation showed that the probability of food

poisoning caused by B. cereus was estimated to be zero under the

current contamination level, distribution conditions, and consumption

patterns. Therefore, it is reasonable to assume that the risk of B. cereus

foodborne illness due to the consumption of low-moisture powdered

Saengsik food is very low. Our results are in agreement with a study (Ha

et al., 2019) showing low risk of foodborne pathogens due to C. jejuni

in beef jerky, which is also a low-moisture food. In a previous study

on modeling the risk of salmonellosis after consuming pistachios, most

pistachios were not contaminated Salmonella and hence carry zero

probability of illness (Lambertini, Barouei, Schaffner, Danyluk, &

Harris, 2017). The simulation results of this study showed that the

probability of infection was estimated to be zero. Guidelines of

B. cereus contamination level in Saengsik products in the Food Code in

Korea support the very low risk of B. cereus infection due to consump-

tion of Saengsik products. The Food Code in Korea allows the detection

level of B. cereus in Saengsik products as less than 3 log CFU/g

(Ministry of Food and Drug Safety, 2022). The risk assessment obtained

in this study was based on limited data. It is, therefore, necessary to

continuously perform risk assessment to establish a risk-based micro-

bial standard if additional data are produced.

3.4 | Growth of B. cereus in reconstituted Saengsik

Although we observed a very low risk of B. cereus infection from the

consumption of Saengsik, possible bacterial growth in the reconstituted

TABLE 2 Kinetic parameters calculated by the Weibull model for
Bacillus cereus survival in Saengsik during storage at 5, 10, 20, 30
and 40�C

Storage
temperature (�C)

Weibull model

Delta ρ N0 R2

5 17,124.05 0.24 4.22 0.656

10 5,695.95 0.18 4.48 0.874

20 603.83 0.77 4.18 0.964

30 292.54 0.59 4.15 0.973

40 128.63 0.22 4.44 0.903

Note: Delta, time for the first decimal reduction (h); ρ, shape; N0, initial

contamination level (log CFU/g).

TABLE 3 Secondary model for Bacillus cereus survival in Saengsik as a function of storage temperature

Parameter Equation R2

Delta Y = �1,474 + (43,245/Temperature) + (249,956/Temperature2) 0.996

ρ Y = 1.257�0.3477 � Temperature + 0.03435 � Temperature2�0.001160 � Temperature3 + 0.00001257 � Temperature4 1.000
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Saengsikwith water or milk, which was not consumed immediately, cannot

be neglected. Thus, growth and survival curve of B. cereus in Saengsik

reconstituted with water was evaluated. When inoculated samples were

stored at 5�C for 12 h, growth of B. cereus was not observed (Figure 4).

However, if inoculated Saengsik samples with an amount of serving size

(52.27 g) were kept at 20�C for 4 h, B. cereus population growth (Figure 4)

exceeded the assumed infective dose (105 CFU/g). Furthermore, storage

at 30�C required only 2 h to reach infectious dose amount. In a previous

study, C. perfringens did not grow in reconstituted Saengsik stored at 20�C

(Park et al., 2019); however, in this study, B. cereus count reached the

infectious amount within 4 h at 20�C (serving size of 52.27 g was consid-

ered). This study has some limitations. The microbial growth model of the

reconstituted Saengsik was not incorporated in QMRA because the lack of

data on the holding temperatures and time of reconstituted Saengsik in

the consumer's behavior survey. Under the currently available data, it does

not seem desirable to insert growth model of reconstituted Saengsik into

QMRA because many assumptions have to be involved. This result shows

that microorganisms can grow rapidly when powdered food is reconsti-

tuted. It is, therefore, recommended that reconstituted Saengsik be con-

sumed as fast as possible or be kept refrigerated to avoid any health risks.

Further study is needed to describe the consumers' behavior to handle the

reconstituted Saengsik before consumption.

4 | CONCLUSION

Long-term survival of foodborne pathogens, especially B. cereus, in low-

moisture foods is a concern in the food industry. Mathematical modeling

of the behavior of B. cereus and probabilistic modeling for the risk of

B. cereus in very low-moisture food are required before the development

of safety management technologies. In this study, grain-based Saengsik

products with very low-aw were selected as a model for low-moisture

food. A survival model of B. cereus was developed and it was found that

it can survive well in low-moisture food, suggesting that control of initial

contamination of raw materials is crucial. Despite a lack of prior informa-

tion, a predictive model of B. cereus in very low-aw food was developed

that can be applied to the safety management of low-moisture food in

the food industry. Although the estimated probability of B. cereus infec-

tion was zero when using the baseline model with currently available

data, the developed QMRA model may help identify intervention steps

to further reduce the risk of foodborne illness for low-moisture food.

When reconstituted Saengsik samples were stored at 20�C or 30�C,

B. cereus grew rapidly. The growth patterns of B. cereus in reconstituted

samples should therefore provide important insight when setting con-

sumer guidelines, that is, consumers should refrigerate or immediately

consume reconstituted Saengsik to avoid potential health hazards. During

this study, data gaps regarding consumers' handling of reconstituted

Saengsik samples were identified, including storage time and temperature

before consumption of reconstituted Saengsik at home. Further study is

needed on the holding time and temperatures of reconstituted Saengsik

at home and dose–response model of B. cereus. These results provide

useful information for the risk assessment and management of microbial

risk in foods, especially in foods with very low-moisture contents.

F IGURE 3 Model validation of survival of Bacillus cereus in Saengsik with various temperature. (a) validation of delta value in Saengsik sample
at 15 and 25�C and (b) Observed and predicted values of cell numbers in Saengsik sample at 15 and 25�C

F IGURE 4 Growth kinetics of Bacillus cereus in Saengsik
prepared according to the manufacturer's recommendations
for the consumption and stored at various temperatures: ● 5,

■ 20, and ▲ 30�C. The dotted line represents the number of
B. cereus to reach 105 CFU/g in an average single serving size
of Saengsik (52.27 g)
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