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Abstract

This study developed predictive models to evaluate the kinetic behaviors of Bacillus cereus and Staphylococcus aureus in

milk during storage at various temperatures. B. cereus and S. aureus (3 Log CFU/mL) were inoculated into milk and stored

at 10oC, 15oC, 20oC, and 30oC, as well as 5oC, 15oC, 25oC, and 35oC, respectively, while bacterial populations were

enumerated. The growth data were fitted to the modified Gompertz model to estimate kinetic parameters, including the max-

imum specific growth rate (µ
max

; Log CFU/[mL·h]), lag phase duration (LPD; h), lower asymptote (N
0
; Log CFU/mL), and

upper asymptote (N
max

; Log CFU/mL). To describe the kinetic behavior of B. cereus and S. aureus, the parameters were

fitted to the square root model as a function of storage temperature. Finally, the developed models were validated with the

observed data, and Bias (B) and Accuracy (A) factors were calculated. Cell counts of both bacteria increased with storage

time. Primary modeling yielded the following parameters; µ
max

: 0.14-0.75 and 0.06-0.51 Log CFU/mL/h; LPD: 1.78-14.03

and 0.00-1.44 h, N
0
: 3.10-3.37 and 2.09-3.07 Log CFU/mL, and N

max
: 7.59-8.87 and 8.60-9.32 Log CFU/mL for B. cereus

and S. aureus, respectively. Secondary modeling yielded a determination of coefficient (R2) of 0.926–0.996. B factors were

1.20 and 0.94, and A factors were 1.16 and 1.08 for B. cereus and S. aureus, respectively. Thus, the mathematical models

developed here should be useful in describing the kinetic behaviors of B. cereus and S. aureus in milk during storage.
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Introduction

Milk is not only well-known nutritious foodstuff for

humans but also an excellent matrix that facilitates

growth of many types of microbes. For this reason, milk

has received much attention, because it may serve as a

vehicle for disease agents (Klein, 1901). In fact, raw milk

often contains microorganisms that may cause food-borne

diseases (Adesiyun et al., 1995; Headrick et al., 1998;

Steele et al., 1997). Therefore, in most countries, restric-

tions and legislation regulating the marketing of unpas-

teurized milk have been introduced to minimize health

risks associated with milk products (European Commis-

sion, 2000). However, these do not ensure the safety and

quality of dairy products, because diseases associated

with milk could occur because of insufficient pasteuriza-

tion and/or cross-contamination (Altekruse et al., 1998;

da Silva et al., 1998; Gran et al., 2003). Moreover, even

though the heating process is sufficient to kill vegetative

microorganisms, this treatment may be inadequate to

remove microbial spores and toxins, such as Bacillus

cereus and Staphylococcus aureus (Rall et al., 2008; Zwi-

etering et al., 1996). Therefore, attention should also be

focused on the management of dairy products after pas-

teurization. Therefore, attention should also be focused

on the management of dairy products after pasteurization.

Microbiological challenge tests have been used for

determining food safety related to spoilage and patho-

genic microorganisms. Simulation of challenge tests

should consider the effect of environmental conditions on

food, including temperature, pH, and water activity, that

could affect the growth and proliferation of microorga-

nisms (Roberts, 1997). Even though challenge tests have

been thought to provide general assurance of food safety

in the supply chain (Baranyi and Roberts, 1995; Noter-
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mans and in’t Veld, 1994; Roberts, 1997), they have limi-

tations: these tests are expensive, labor intensive, time

consuming, and non-cumulative as a research tool (Mc-

Donald and Sun, 1999). Because of the limitations of

challenge tests and the desire for safe, wholesome foods

in the supply chain, predictive microbiology has been

developed as a relatively new discipline (McMeekin et

al., 1993).

The objective of this study was to develop mathemati-

cal models to describe the kinetic behaviors of B. cereus

and S. aureus in milk under various storage conditions,

which could affect their growth and proliferation.

Materials and Methods

Bacterial strains and sample preparation

Milk was purchased from a supermarket in Seoul,

Korea. The milk was transported to the laboratory at low

temperatures (< 7oC), stored at 4oC, and analyzed within

24 h. The inoculums consisted of B. cereus KCCM40935

and S. aureus KCCM12193, obtained from the Korea

Culture Center of Microorganisms (KCCM, Korea). Each

strain was pre-cultured in 10 mL of tryptic soy broth

(TSB, Difco, USA) at 35oC at 24 h. Diluted cell suspen-

sions that had been pre-cultured were added to milk at a

volume ratio of 1:100 mL, resulting in initial inoculums

of approximately 3 Log colony-forming units (CFU)/mL.

Samples were then stored at 10oC, 15oC, 20oC, or 30oC

for 2 d (48 h) for B. cereus, and at 5oC, 15oC, 25oC, or

35oC for 7 d (168 h) for S. aureus, and the samples were

taken for microbial growth measurements at regular inter-

vals throughout the storage period.

Microbial analysis

To quantify the pathogenic bacteria in milk, B. cereus

and S. aureus were enumerated throughout the storage

period (7 d) at different temperatures (B. cereus: 10oC,

15oC, 20oC, or 30oC; S. aureus: 5oC, 15oC, 25oC, or

35oC). Preparation and microbial analyses were based on

standard methods described in the FDA Bacteriological

Analytical Manual (FDA, 2010). For each sampling,

10 mL of milk was aseptically transferred into a sterile

bottle, and 90 mL of sterile 0.1% peptone water was

added. The sample was homogenized for 1 min, and ali-

quots were plated out directly, or as 10-fold dilutions in

0.1% peptone water. After serial dilution of each sample

in sterile peptone water, 0.1 mL aliquot of each sample

was separately plated onto each of 2 duplicate agar plates.

Viable cells were evaluated by incubating inoculated

tryptic soy agar (TSA, Difco, USA) at 35±2oC for 24±

2 h. After incubation, plates with 30–300 colonies were

selected for counting. All analyses were performed 3

times, with 2 samples used for each replication, and

counts were expressed as Log CFU per milliliter (Log

CFU/mL).

Primary model development

Microbiological data (Log CFU/ml) of S. aureus and B.

cereus were fitted to the modified Gompertz model

(Gibson et al., 1987). The modified Gompertz model is

expressed as

(1)

where N
t 
is the bacterial cell number at time t(h), A is

the initial cell number of the pathogens, C is the differ-

ence between the upper asymptotic line of the growth

curve and the lower asymptotic line, B is the relative

growth rate at time M, and M is the time at which the

growth rate is maximum (h). Maximum specific growth

rate (µ
max

; Log CFU/ml/h), lag phage duration (LPD; h),

and N
max 

(Log CFU/mL) were calculated by following

equations

(2)

where e is 2.7182, and

(3)

(4)

Secondary model development

For S. aureus, µ
max 

and LPD were fitted to the square

root model and to a polynomial equation, respectively.

The square root model is

(5)

where a
µ
 is the slope of the regression line for µ

max
, and

T
min 

is the theoretical minimum temperature (oC). The

polynomial equation is

(6)

where a, b, and c are regression parameters, and T is the

temperature (°C). 

For B. cereus, µ
max 

and LPD were fitted to the square

root model, and the power model was used for N
max

. As

the µ
max 

of S. aureus, square root model was used for

N
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 of B. cereus, and the square root model for LPD is

(7)

where a
LPD

 is the slope of the regression line for LPD.

The power model equation is

(8)

where a and b are regression parameters, and T is the

temperature (oC).

Model validation

To validate the developed models, observed bacterial

populations were compared to the predicted bacterial

populations of the pathogen calculated from the simula-

tion using the developed model (Jung and Lee, 2010;

Medved’ová et al., 2009). The bias (B) and accuracy (A)

factors were calculated as follows (Ross, 1996; Tamplin

et al., 2005; Zhao et al., 2001). The B factor shows

whether the models over- or under-predict.

(9)

The A factor describes how close the predicted values

are to the observed values,

(10)

where n is the number of observed values. The value

for perfect agreement between predicted values and

observed values is 1 for both factors.

Results and Discussion

Estimation of kinetic parameters

During the storage of milk at 10oC, 15oC, 20oC and

30oC for B. cereus, and 5oC, 15oC, 25oC and 35oC for S.

aureus, growths of these pathogens were observed at

temperatures exceeding 15oC. Hence, the growth data at

15oC, 25oC, and 35oC for S. aureus were fitted to the

modified Gompertz model; similarly, growth data of B.

cereus at 15oC, 20oC, and 30oC were analyzed using this

model. In kinetic parameters for S. aureus, the differences

of LPDs among storage temperatures were minimal, and

µ
max

 values increased up to 0.51 Log CFU/mL/h as the

storage temperature increased (Table 1). No effect of sto-

rage temperatures on N
0
 values was observed, and thus no

secondary model for N
0
 was developed (Table 1). For B.

cereus, longer LPD was observed at lower storage

temperatures, and µ
max

 values were also markedly increa-

sed up to 0.75 Log CFU/mL/h (Table 2). As for S. aureus,

N
0
 values were not influenced by storage temperature,

and thus, a secondary model was not developed for N
0

(Table 2). No increase of N
max

 with storage temperature

was observed in S. aureus, but a correlation between N
max

and storage temperature was observed in B. cereus, and

thus N
max

 values were used for secondary modeling only

for B. cereus. Because R2 values were greater than 0.926,

regardless of storage temperature, and the predicted lines

passed through most observed data (Tables 1 and 2, and

Figs. 1 and 2), fitting of the growth data to the modified

Gompertz model was considered acceptable.

Lag, exponential, and stationary phases in the bacterial

growth curve could be influenced by food-related factors

and/or environmental conditions (Medved’ová et al.,

2009). Especially, Baranyi and Roberts (1995) demon-

strated that the LPD is a period of adaptation to the envi-

ronment while the intracellular conditions change. Dens

et al. (2005) also suggested that medium, temperature,

and physiological state of the cells were closely related to

LPD. However, in our study, the increase in LPD by stor-

age temperature was observed in B. cereus not in S.

aureus (Tables 1 and 2). This finding indicates that LPD

of S. aureus in milk may not be affected by storage tem-

µ
max

1

LPD
----------- a

LPD
T T

min
–( )=

N
max

a T
b

×=

B factor 10
Σlog predicted value/observed value( )n[ ]

=

A factor 10
Σ predicted value/observed value( )log /n[ ]

=

Table 1. Kinetic parameters calculated by the Gompertz model for Staphylococcus aureus in milk

Temperature (oC) LPD (h) µ
max

 (Log CFU/mL/h) N
0
 (Log CFU/mL) N

max
 (Log CFU/mL) R

2

15 0.00±0.00 0.06±0.00 2.58±0.30 9.32±0.04 0.966–0.969

25 1.17±2.02 0.33±0.15 2.09±0.56 8.67±0.80 0.926–0.990

35 1.44±0.16 0.51±0.00 3.07±0.09 8.60±0.02 0.945–0.948

LPD: lag phase duration, µ
max

: maximum specific growth rate, N
0
: lower asymptote, N

max
: upper asymptote

Table 2. Kinetic parameters calculated by the Gompertz model for Bacillus cereus in milk

Temperature (oC) LPD (h) µ
max

 (Log CFU/mL/h) N
0
 (Log CFU/mL) N

max
 (Log CFU/mL) R

2

15 14.03±2.10 0.14±0.00 3.10±0.08 7.59±0.09 0.985–0.993

20 5.35±0.38 0.35±0.03 3.37±0.04 8.70±0.03 0.977–0.994

30 1.78±0.53 0.75±0.11 3.15±0.27 8.87±0.06 0.974–0.996

LPD: lag phase duration, µ
max

: maximum specific growth rate, N
0
: lower asymptote, N

max
: upper asymptote
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perature.

Secondary modeling

To describe the kinetic behavior of S. aureus and B.

cereus, the kinetic parameters, which were influenced by

storage temperatures, were fitted to secondary models.

Thus, although a secondary model for N
max

 of S. aureus

in milk was not developed, secondary models for µ
max

,

LPD, and N
max

 of B. cereus were developed as follows:

In addition, secondary models describing the kinetic

behavior of S. aureus in milk were developed as follows:

The secondary models showed that the theoretical mi-

nimum temperatures for B. cereus and S. aureus growth

were 3.42oC and 2.55oC in milk, respectively. A linear

µ
max

0.0331 T 3.4108–( )=

1

LPD
----------- 0.0329 T 6.8632–( )=

N
max

2.0333 T
0.1153

×=

µ
max

0.0231 T 2.554113–( )=

1

LPD
----------- 0.0024029T

2
0.0783T– 0.6342+=

Fig. 1. Observed growth (symbol) and predicted growth (line) of Staphylococcus aureus in milk at 15oC (a), 25oC (b), and 35oC (c)

for 168 h; the predicted line was produced by primary modeling with the Gompertz model.

Fig. 2. Observed growth (symbol) and predicted growth (line) of Bacillus cereus in milk at 15oC (a), 20oC (b), and 30oC (c) for

48 h; the predicted line was produced by primary modeling with the Gompertz model.

Fig. 3. The square root plot of µ
max 

(a) and the polynomial

plot of LPD (b) of Staphylococcus aureus in milk as a

function of temperature. Symbols represent observed

values; lines indicate predicted values according to the

square root and the polynomial model; dashed lines

indicate lower and upper 95% confidence intervals of

the models.
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relationship between LPD and storage temperature was

observed only for B. cereus in milk.

The T
min 

for B. cereus was in the range found in another

study, viz., 9.15oC and 0.04oC in nutrient broth (Nauta et

al., 2003). The variances of T
min 

values for B. cereus,

including the T
min 

found in our study, may be caused by

strain variation. For T
min 

of S. aureus, other studies have

shown that the lowest S. aureus growth temperature was

6.5-7.0oC (Asperger and Zangerl, 2003; Baird-Parker,

2000; Halpin-Dohnalek and Marth, 1989; Jay, 2000).

Medved’ová et al. (2009) evaluated the T
min
 values of 3

S. aureus strains in milk, and showed strain variation of

T
min
 values (4.89-7.02oC), which are slightly higher than

the T
min 

calculated in our study. Thus, the lower T
min
 in

our study may be caused by strain variation of S. aureus.

Validation

To validate model performance, the data from the

studies by Jung and Lee (2010) and Medved’ová et al.

(2009) were used as observed data. The observed data

were compared with the predicted bacterial populations

of B. cereus and S. aureus by using our model simulation,

predicted values were plotted against observed values,

and B and A factors were calculated. For B. cereus, the B

and A factors were 0.94 and 1.08, respectively (Fig. 5),

whereas those for S. aureus were 1.16 and 1.2, respec-

tively (Fig. 6). Perfect agreement between predicted and

observed values should be 1 for both B and A factors

(Ross et al., 2000). If the B factor exceeds 1, the model

prediction is more than the true value, but if the B factor

is less than 1, the predicted value is lower than the true

value (Ross et al., 2000). For instance, the predictive

model for B. cereus on average under-predicted by 6%,

whereas the model for S. aureus over-predicted by 16%

in our study. Ross et al. (2000) suggested that a model

yielding a B factor of 0.7-0.9 or 1.06-1.15 is considered

acceptable, whereas a model yielding a B factor of < 0.7

or > 1.5 is considered unacceptable. The A factor is a

measure of average deviation, and this factor should be

greater than 1; the higher this value, the less accurate the

prediction (Ross, 1996; Yoon et al., 2009). The A factors

(1.08-1.2) in our study may suggest that the prediction by

Fig. 4. The square root plot of µ
max 

(a) and LPD (b), and the power plot of N
max 

(c) of Bacillus cereus in milk as a function of

temperature. Symbols represent observed values; lines indicate predicted values according to the square root and the

polynomial model; dashed lines indicate lower and upper 95% confidence intervals of the models.

Fig. 5. Plots of observed Staphylococcus aureus cell counts

against predicted Staphylococcus aureus cell counts in

milk, after storage at 30oC.

Fig. 6. Plots of observed Bacillus cereus cell counts against

predicted Bacillus cereus cell counts in milk, after

storage at 25oC.
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the developed model is accurate. Taken together, the

predictive models developed in our study could be con-

sidered as having good predictive value.

In conclusion, the mathematical models developed here

should be useful for describing the kinetic behaviors of B.

cereus and S. aureus in milk during storage at various

temperatures.
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