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　The growth kinetics of Salmonella Enteritidis in raw beef has been little studied so far. Thus, 
this study aimed to clarify the growth kinetics of the pathogen in ground beef using a growth 
model. When Salmonella cells inoculated at various initial doses into ground beef were incu-
bated at a given temperature （24℃）, the maximum population （Nmax） of the microbe at the 
stationary phase varied with the doses. This relationship was expressed with a polynomial 
equation for Nmax using the initial dose. The combination of the growth model and the polyno-
mial equation successfully predicted Salmonella growth at a given initial dose. When Salmonella 
cells inoculated in ground beef were incubated at various constant temperatures, the growth 
curves of the pathogen and natural microflora （NM） were well described with the growth 
model. The rate constant of growth and the Nmax values for Salmonella and NM were then 
analyzed kinetically.  From these results, growth curves of Salmonella and NM in ground beef 
stored at dynamic temperatures were successfully predicted. Competition between Salmonella 
and NM in ground beef was also found during the storage. This study could give usable infor-
mation on the growth of Salmonella and NM in ground beef at various temperatures.
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INTRODUCTION

　Salmonella has been estimated to cause 93.8 million 
human infections （food-borne cases were estimated to 
be 80.3 mi l l ion） and 155,000 deaths annual ly 
worldwide （Majowicz et al., 2010）.  Especial ly, 
Salmonella Enteritidis has been ranked at the top of the 
fifteen most common Salmonella serovars isolated from 
humans in 37 countries between 2001 and 2007 and 
between 2010 - 2014 in Japan （Hendriksen et al., 
2011; IDSC, 2014）.
　Beef is one of the most commonly implicated food 
commodities in the outbreaks of Salmonella infections 
（accounting for 8% of the outbreaks）. Salmonella 
Enteritidis is one of the most common serotypes 
causing beef-associated outbreaks （accounting for 
18%） （Jackson et al., 2013）. It has been estimated 

that the prevalence of Salmonella in ground beef was 
1.9%, but 1.1% in intact raw meat （USDA, 2012）.  This 
high prevalence in ground beef imposes a high risk of 
salmonellosis compared with larger pieces of beef. 
Actually, ground beef can be contaminated throughout 
its preparation process due to the increased surface 
area used and mixing done during the grinding 
operation （Ayres, 1955）. Also, inadequate cleaning and 
sanitization of meat grinder resulted in sustained 
Salmonella contamination of ground beef （Roels et al., 
1997）. Three multistate outbreaks of Salmonella 
infections were linked to ground beef in the United 
States in 1994, 2004 and 2013 （CDC, 1995, 2006, and 
2013）. Although ground beef is less commonly a 
vehicle for Salmonella Enteritidis  than other meats like 
poultry （Arthur et al., 2008）, one multistate outbreak 
occurred due to the consumption of ground beef 
contaminated with Salmonella Enteritidis in the United 
States in 2012 （CDC, 2012）. The presence of any 
Salmonella serovar is potentially a health threat. 
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MATERIALS AND METHODS

Salmonella cell preparation
　Four Salmonella Enteritidis  strains SE2, SE3,SE5 and 
04-137, which were all studied in our previous study 
with the liquid egg products  （Zaher and Fujikawa, 
2011; Sakha and Fujikawa, 2012 and 2013）, were 
activated on XLD agar plates （Oxoid, Basingstoke, UK） 
at 37℃ for 24 h. Cells of several well-grown colonies on 
the plate were incubated in Trypticase soy broth 
（Oxoid） with shaking at 110 rpm and at 37℃ for 24 h. 
Cultured cells （1 ml each） were washed with saline 
（0.85% （w/v） sod ium ch lo r ide  so lu t ion） by 
centrifugation at 13,000 x g and at 4℃ for 15 min. Cells 
were thoroughly suspended in  saline （1 mL）, yielding a 
cell suspension of about 109 CFU/ml. A cocktail of the 
four Salmonella suspensions with equal volumes was 
then made. In the experiment at different initial cell 
doses, the cell suspension was diluted to corresponding 
ratios with saline.

Ground beef
　Ground beef （10 kg） was purchased at a retail store 
in Tokyo and examined for contaminat ion with 
Salmonel la  sp.  wi th the convent iona l  method 
（Anonymous, 2004）. After thorough mixing, samples of 
about 250 g were placed in sterile plastic bottles. The 
bottles were frozen at -40˚C until use and then thawed 
at <10℃ overnight for use.

Salmonella inoculation and storage
　Ground beef samples were inoculated with the 
pathogen and stored in the same manner as had been 
used for ground chicken and liquid egg products （Zaher 
and Fujikawa, 2011; Sakha and Fujikawa, 2012 and 
2013）. Briefly, ground beef samples were inoculated 
with the Salmonella cell suspension prepared above （2 
ml/100 g beef）. After thorough mixing with a sterile 
stainless steel spoon, 10-g portions were placed in 
sterile glass bottles （vacant volume 110 ml） with tight 
caps. The bottles were then stored at a constant 
temperature. Immediately after incubation, each sample 
（one bottle per data point） was taken from the 
incubator and cooled in ice water. Three trials were 
performed at a constant temperature. For the dynamic 
temperature experiment, the glass bottles were placed 
in a programmable incubator and the temperature at 
the center of each sample was measured in triplicate 
every 30 s throughout the experiment with a digital 
thermometer. Immediately after each incubation period, 
the sample in triplicate was taken from the incubator 
and cooled in ice water.
 

　Therefore an effective strategy to control food-borne 
salmonellosis needs to be made with the knowledge of 
the growth kinetics of the pathogen in ground beef. This 
approach is named predictive microbiology （McMeekin 
et al., 1993）. Predictive mathematical models can be 
used to evaluate the change in pathogen density at any 
given time and according to the temperatures during 
storage and distribution. As a result, the models enable 
users to evaluate the effect of processing, distribution, 
and storage operations on the microbiological safety 
and quality of foods （McMeekin et al., 1993）. As such, 
it can provide insight on the shelf life or safety of foods 
（D’Aoust, 1991）.
　Among many environmental factors affecting the 
Salmonella growth in ground beef, temperature is one 
of the major factors that can influence microbial growth 
during its passage through the food chain. Mackey and 
Kerridge （1988） studied mathematically the relationship 
between the growth rate of Salmonella in minced beef 
and temperature using the square root model 
（Ratkowsky et al., 1982）. However, it was a simple 
study with only two levels of Salmonella inoculum and 
the temperature patterns examined were only isothermal 
temperatures （Mackey and Kerridge, 1988）. Juneja et 
al. （2009） studied the growth rate of Salmonella in 
ground beef, but at constant temperatures in irradiated 
ground beef. Therefore, their study lacked factors found 
in the real environment for food, namely the interaction 
between natural microflora （NM） and Salmonella. 
Moreover, all growth curves obtained in their study did 
not contain the stationary phases, and the rate constant 
of growth and the lag period were only kinetically 
studied （Juneja et al., 2009）. Thus, it is not likely that 
the growth kinetics of the pathogen in raw ground beef 
has been fully studied so far.
　Since Salmonella Enteritidis often contaminates 
chicken and eggs and has caused serious food 
poisoning outbreaks worldwide, the authors （Zaher and 
Fujikawa, 2011; Sakha and Fujikawa, 2012 and 2013） 
studied the growth of Salmonella Enteritidis in raw 
ground chicken and the commercial products of 
pasteurized and unpasteurized liquid egg with a growth 
model extended from the logistic model （Fujikawa et 
al., 2003 and 2004）. The growth model successfully 
predicted the Salmonella growth in raw ground chicken 
and the liquid egg products at dynamic temperatures 
（Zaher and Fujikawa, 2011; Sakha and Fujikawa, 2012 
and 2013）. 
　 In the present study, therefore, the growth of 
Salmonella Enteritidis in raw ground beef under 
conditions of various initial doses of the pathogen and 
temperature was kinetically studied with our model.  
The relationship between the pathogen and NM in 
ground beef during storage was also studied. 
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parameters related to the curvature of the deceleration 
phase and the period of the lag phase, respectively. The 
equation was solved numerically with the 4th-order 
Runge-Kutta method. Numerical data of microbial 
counts were analyzed by a computer program to fit to 
the growth model, which was developed using a 
spreadsheet software program, Microsoft Excel 
（Fujikawa and Kano, 2009）. Here microbial populations 
es t imated  by  the  mode l  （CFU/g） were  then 
transformed to logarithms to make a growth curve.
　The value for Nmax of a Salmonella growth curve at a 
given temperature was estimated with a third-order 
polynomial equation with the initial population （I） of 
Salmonella. The value for Nmax under a given condition 
of the in i t ia l  populat ion （ I） of  Salmonel la  and 
temperature （T） was also estimated with a polynomial 
equation of the third order.  The parameters in these 
polynomial equations were obtained with the Solver 
function in Excel.

Statistical analysis
　Performance of a mathematical model was evaluated 
with the square root of the mean of the square error, 
RMSE between log-transformed cell concentrations 
was estimated with the model （log Nest） and those 
observed （log Nobs） at the observation points, which is 
described below.

（2）

Here k is the number of observation points. Statistical 
analyses of data including regression analyses and the 
t-test were performed with Microsoft Excel. 

RESULTS

Growth kinetics at various initial doses
　Growth kinetics of Salmonella Enteritidis （a cocktail 
of four strains） in raw ground beef at various initial 
doses of the pathogen was first studied. Ground beef 
was originally contaminated with 5.7 log CFU/g of NM, 
but free of Salmonella. Salmonella was injected into 
ground beef at various initial doses ranging from 2.3 to 
5.3 log CFU/g and then stored at the given temperature 
of 24℃. Salmonella growth curves in ground beef were 
similar during the storage （Fig. 1A）. The growth curves 
in the figure were precisely described with the growth 
model. The values of the rate constant of growth （r） 
were similar among them, ranging from 0.60 to 0.70 （1/
h）. Also, the lag periods in the growth curves were also 
similar, ranging from 1.6 to 3.1 h. However, the Nmax 

value in the stationary phase was clearly higher with 
higher initial doses. Values for Nmax were 7.2, 8.3, 8.8, 

Bacterial cell counts
　Bacterial cell counts in the ground beef samples were 
done in the same manner as had been done for ground 
chicken and liquid egg products （Zaher and Fujikawa, 
2011; Sakha and Fujikawa, 2012 and 2013）. Briefly, the 
beef samples in the bottles were mixed with a buffered 
sodium chloride peptone solution to make 10% food 
homogenates in filtered plastic bags. After stomaching, 
the sample homogenate was serially 10-fold diluted 
with saline （Anonymous, 2004）. Total （aerobic） 
bacteria counts of the sample were enumerated in 
duplicate with the surface-plating method using 
standard method agar plates （Nissui Pharmaceuticals） 
（Anonymous, 2004）. Salmonella counts of the sample 
were enumerated in duplicate with the surface-plating 
method using XLD agar plates. Suspected colonies 
were examined for identification with a serological test 
using antiserum to Salmonella O antigens （Denka-
Seiken, Tokyo） on a glass slide. The counts of NM were 
calculated by subtracting the Salmonella counts from 
the total bacteria counts for each sample. For the 
original ground beef without Salmonella inoculation, the 
NM counts were those of total bacteria counts with 
standard method agar plates. The average count with 
two plates was obtained for NM and Salmonella for 
each data point. 
　Salmonella cells at a very low dose were enumerated 
with the 5-tube most probable number （MPN） method 
（Anonymous, 2004）. Namely, 3 dilutions consisting of 
10, 1, and 0.1 mL of a 10% food homogenate of a 
sample were cultured in each 5 tubes containing 
Enterobacteriaceae Enrichment Mannitol broth （Merck, 
Darmstadt, Germany） and then isolated on XLD plates. 
Suspected colonies were then tested as described 
above.

Growth model
　Averages of bacteria counts for the three trials of the 
constant temperature experiments or the three samples 
of the dynamic temperature experiments were 
calculated for analysis （Zaher and Fujikawa, 2011; 
Sakha and Fujikawa, 2012 and 2013）. Salmonella and 
total bacteria counts of the samples during the storage 
were then analyzed with the extended logistic model, 
which is expressed as follows （Fujikawa et al., 2003 
and 2004）. 

（1）

Here N is the population of a microorganism （CFU/g） 
at time t （h）, r is the rate constant of growth （1/h）, Nmax 
is the maximum population （CFU/g）, and Nmin is the 
in i t ia l  populat ion （CFU/g）.  m  and n  （>0） are 
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and 9.1 log CFU/g with the initial doses of 2.3, 3.3, 4.1, 
and 5.3 log CFU/g, respectively. 
　The relationship between the initial dose （I） and Nmax 
was well fitted with a cubic equation with I （equation3）.

（3）

The equation could precisely describe the data points 
with the coefficient of regression of 0.999 （Fig. 1B）. A 
growth curve of Salmonella in ground beef at a given 
value of I was then estimated with equation 3 to validate 
the polynomial model for Nmax. The value for I in the 
experiment was measured to be 3.8 log CFU/g and 
thus the Nmax value was estimated to be 8.6 log CFU/g 
with equation 3. Other parameter values in the growth 
model （equation 1） were the averages from the values 
of the curves studied in Fig.1A, namely r=0.64, m=0.58, 
and n=8.5. With those parameter values, a growth 
curve was predicted and the curve was very close to 
the observed data （Fig. 1C）: the RMSE value for the 
curve was as low as 0.12 log CFU/g. This result 
showed that the polynomial model with I was applicable 
to estimate Nmax at a constant temperature.

Growth kinetics at constant temperatures
　The growth kinetics of Salmonella Enteritidis in 
ground beef was then studied at constant temperatures 
ranging from 8℃ to 36℃. Here the values for I were 
constant （3.2 log CFU/g） at these temperatures. 
Growth curves of Salmonella in ground beef at the 
constant temperatures were all sigmoidal and well 
described with  the growth model （Fig. 2）.  No 
Salmonella growth was observed at 8℃. Growth curves 
of NM in ground beef at those temperatures were also 
sigmoidal and well described with the growth model 
（data not shown）. 
　The values of r for Salmonella and NM in beef were 
well described with the square root model （Fig. 3）. 
Linear regression lines for r for Salmonella and NM were 
described by equations 4 and 5, respectively. Here T is 
temperature （℃）.

（4）

（5）

The coefficients of determination for Salmonella and NM 
were 0.995 and 0.988, respectively. The values for Nmax 
for Salmonella and NM in beef were shown in Fig. 4. 
The values for Nmax for Salmonella were described as a 
line broken at 28.3℃, which is shown in equation 6. 

FIG. 1．Growth of Salmonella Enteritidis in raw ground beef 
at various initial doses. 
A. Growth curves of the pathogen with initial doses ranging 
from 102.3 to 105.3 CFU/g.  Symbols: ●, 102.3; ■, 103.3; ▲, 
104.1; ◆, 105.3 CFU/g. Asterisks show the counts enumerated 
with the most-probable-number method.
B. The initial dose dependency of the value for Nmax. The 
curve is expressed with equation 3. 
C. Prediction of the pathogen with a given initial dose (103.8 
CFU/g). 
The temperatures studied were all 24℃. Bars which show the 
standard deviations at data points are too small to appear in 
the figures. Growth curves in A and C are described and 
predicted with the extended logistic model.
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（6）

（　　　　）

（　　　　）

The values for Nmax for NM were described as a straight 
line （equation 7）.

（7）

The values for m and n for Salmonella at these 
temperatures were almost constant, being 0.47 and 6.4 
as the averages, respectively. The values for m and n 
for NM were also almost constant, being 0.79 and 4.5, 
respectively.

Prediction at dynamic temperatures
　Using the above equations （equations 4-7） and the 
averages of the parameters of the growth model 
（equation 1）, growth curves of Salmonella and NM 
were predicted at dynamic temperatures. Here the 
value for I was constant （3.2 log CFU/g）. The growth 
model could well predict both at dynamic temperatures 
（Fig. 5A, B）. The RMSE values for Salmonella in Fig. 5A 
and B were very low, which were 0.16 and 0.15, 
respectively. The RMSE values for NM were also low, 
which were 0.27 and 0.34, respectively.  When the 
predicted populations were plotted to the measured 
ones, both were very close to each other for Salmonella 
and NM （Fig. 6）. That is, most of the symbols in the 
figure were located on the line of equivalence or close 
to the line. Also, very high linearity between the 
predicted and measured populations was found for 
Salmonella and NM （Fig. 6）; the values for the 
coefficient of determination for the pathogen and NM 

FIG. 2．Growth of Salmonella Enteritidis in raw ground beef 
at various temperatures ranging from 8⁰C to 36⁰C. 
Symbols: ●,8℃; ○, 12℃; ◆, 16℃; ◇, 20℃; ■, 24℃; □, 
28℃ ;▲, 32℃; ∆, 36℃. The initial doses of the pathogen 
were constant （103.2 CFU/g）. Bars which show the standard 
deviations at data points are too small to appear in the 
figures. Growth curves are described with the growth model.

FIG. 3．Square root model for the rate constant of growth for 
the pathogen and NM. Symbols: ●, Salmonella; ■, NM. 
Straight lines are regression lines.

FIG. 4．The maximum population for Salmonella and NM at 
various constant temperatures. Symbols: ●, Salmonella; ■, 
NM. Lines are regression lines.
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not shown）. These results showed that NM and the 
pathogen in inoculated ground beef competed with 
each other during the growth.

DISCUSSION

　The whole growth curves of Salmonella Enteritidis 
and NM in ground beef at various temperatures were 
kinetically studied in our study, different from previous 
studies （Mackey and Kerridge, 1988; Juneja et al., 

FIG. 5．Prediction of growth of Salmonella and NM in ground 
beef at dynamic patterns of temperature. Symbols: ●, 
Salmonella; ■, NM. Bars which show the standard deviations 
at data points are too small to appear in the figures. Curves 
are described with the growth model. A dotted line shows the 
measured temperature of ground beef.

FIG. 6． Differences between the predicted and measured 
populations at the dynamic temperatures in Fig. 5. Symbols: 
●, Salmonella; □, NM. The straight line is the line of 
equivalence.

FIG. 7．Growth of NM in ground beef with and without 
Salmonella inoculation at 36℃. Symbols; □, NM in beef 
without Salmonel la ;  ■ ,  NM in beef inoculated with 
Salmonella; ●, Salmonella in inoculated beef. Bars which 
show the standard deviations at data points are too small to 
appear in the figure. Asterisks show the significant difference 
in the NM population between two types of ground beef by 
the t-test （P<0.05）. Curves are described with the growth 
model.

were 0.999 and 0.987, respectively.

Competition between Salmonella and NM
　To investigate the relationship between Salmonella 
and NM in ground beef during the storage, the growth 
of NM in ground beef that was not inoculated with 
Salmonella, namely the original ground beef, was also 
studied at a given temperature （36℃）. When NM in the 
beef samples inoculated with the pathogen was 
compared to NM in the original beef sample without the 
pathogen, the growth of the former was a l itt le 
suppressed （Fig. 7）. The difference between the two 
types of NM was actually very small; the values for Nmax 
were 9.4 log CFU/g for the former and 9.8 log CFU/g 
for the latter. However, a significant difference was 
found between them （P<0.05）, showing that the Nmax 

value for NM in ground beef inoculated with Salmonella 
was lower than that without inoculation. Here the 
growth of Salmonella was also great with the Nmax value 
of 9.1 log CFU/g （Fig. 7）. Similar observations were 
also found at a lower temperature such as 20℃ （data 



GROWTH OF SALMONELLA IN GROUND BEEF 191

That is, the initial populations of NM of the samples 
throughout the present study were almost constant, 
ranging from 5.6 to 5.9 （log CFU/g） with the average of 
5.7±0.07 （log CFU/g）. Also, there was no decrease in 
the NM population of the samples as the freezing period 
proceeded during the study （data not shown）.
　The regression line of the rate constant for Salmonella 
in the square root plot intersected with the regression 
line for NM in Fig. 3. The temperature of intersection 
was calculated to be 20.0℃. This meant that the growth 
of the pathogen at the temperatures above 20.0℃ 
would overcome the growth of NM in the beef sample 
and vice versa. The same phenomenon between 
Salmonella and NM was observed in our previous study 
with ground chicken （Zaher and Fujikawa, 2011）. 
Competition between the pathogen and NM, which was 
quantitatively observed in Fig. 7, might be also related 
to the above relationship seen in Fig. 3. On the other 
hand, the Nmax values for Salmonella at various constant 
temperatures were suppressed at temperatures >28.3℃ 
（Fig. 4）. This phenomenon might be also derived from 
the competition between the pathogen and NM.
　The growth characteristics of Salmonella Enteritidis in 
ground beef at various initial doses shown in Fig. 1A 
were the same as in ground chicken and unpasteurized 
liquid egg in our previous studies （Zaher and Fujikawa, 
2011; Sakha and Fujikawa, 2012 and 2013）. That is, 
the growth rates of the pathogen were similar to each 
other, while the Nmax values for the pathogen were 
dependent on the initial doses. On the other hand, the 
growth of the pathogen in sterile food were quite 
different; the Nmax values with various initial doses of the 
pathogen were much higher and constant （Zaher and 
Fujikawa, 2011; Sakha and Fujikawa, 2012）. 
　The present study confirmed that the growth model 
can successfully describe and predict the growth of 
Salmonella inoculated at a given initial population in raw 
ground beef at various temperatures. The growth data 
obtained here would be valuable information for the 
regulation of the pathogen in ground beef. It was also 
confirmed that the Nmax value for Salmonella in ground 
beef was successfully expressed with the polynomial 
equation 3 with I （Fig.1C）. These findings would lead to 
a hypothesis that the value for Nmax might be expressed 
by a polynomial equation with the initial dose and 
temperature. If so, a model system consisting of our 
growth model, the polynomial equation for Nmax, and the 
square root model for r might describe and predict the 
growth of the pathogen in ground beef at given values 
for I and temperature. In the near future, we would like 
to study if this system can predict such growth of the 
pathogen.

2009）. The growth curves of Salmonella and NM in 
ground beef at dynamic temperatures in Fig. 5 were 
precisely predicted with the combination of the growth 
model, the square root model for r, and equations 6 
and 7 for Nmax. This was also observed in the growth of 
the pathogen in ground chicken and the liquid egg 
products （Zaher and Fujikawa, 2011; Sakha and 
Fujikawa, 2012 and 2013）. These results confirmed 
that the system of the models and the equations using 
a given initial dose were usable for the prediction of the 
growth of Salmonella and NM at various patterns of 
temperature. 
　Many researchers have studied the growth of a food-
borne pathogen competing with NM in food using 
mathematical models. Gimenez and Dalgaard （2004） 
also developed a competition model for Listeria 
monocytogenes and lactic acid bacteria, which was a 
log-transformed logistic model. In this model, the 
equation for L. monocytogenes includes a term of 
suppression with lactic acid bacteria and vice versa. Le 
Marc et al. （2009） developed a competition model by 
introducing the concept of critical population density for 
lactic acid bacteria against a competing bacterium （S. 
aureus）. Breidit and Fleming （1998） also modeled the 
compet i t ive growth of  L. monocytogenes  and 
Lactococcus lactis by modeling the concentration of 
lactic acid produced and the pH of vegetable broth. 
These models were primary models modified for 
microbial competition and seemed to be specific to the 
species of concern. 
　On the other hand, the Lotka-Volterra （LV） model is 
a very well-known and general model for the expression 
of competit ion between two species in ecology 
（Vandermeer and Goldber, 2003）. Dens et al. （1999） 
proposed a microbial competition model constructed 
with the Baranyi model and the LV model and showed 
the characteristics of the competition model by 
mathematical simulations. For the LV model, however, 
one needs to know the growth data of each microbe in 
monoculture in a given steri le food in advance 
（Fujikawa et al., 2014）. With such monoculture data, a 
growth model coupled with the LV model can describe 
and predict the growth curves of the competitors in 
mixed culture （Fujikawa et al., 2014）. This means that 
the LV model is limited in application to the growth of a 
microbe in actual raw food contaminated with NM, 
because it is generally very hard to sterilize the raw food 
without any changes in the food. Therefore we now 
think that the present system consisting of the growth 
model, the square root model, and the equations for 
Nmax would be a practical system applicable to actual 
food. 
　The freezing of the beef samples at -40℃ did not 
affect the survival of NM in the samples in this study. 
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