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Predicting heat inactivation of Staphylococcus
aureus under nonisothermal treatments at
different pH

Mounir Hassani, Pilar Ma�as, Santiago Cond�n and Rafael Pag�n

Departamento Producci�n Animal y Ciencia de los Alimentos, Facultad de Veterinaria, Universidad de
Zaragoza, Zaragoza, Spain

The aim was to assess whether heat resistance data obtained from isothermal treatments allow the
estimation of survivors of Staphylococcus aureus under nonisothermal conditions and to find a model
that accurately predicts its heat inactivation at constantly rising heating rates (0.5–98C/min) in media
of different pH (4.0–7.4). S. aureus showed a higher heat resistance under isothermal treatments at
pH 4.0 than at pH 5.5–7.4. However, under nonisothermal treatments S. aureus increased its heat
resistance at pH 5.5–7.4 and became more thermotolerant than at pH 4.0. Estimations of survival cur-
ves under nonisothermal treatments obtained from heat resistance parameters of isothermal treat-
ments did not adequately fit experimental values. Whereas the number of survivors was much higher
than estimated at pH 5.5–7.4, that obtained at the slower heating rates at pH 4.0 was lower. An equa-
tion based on the Weibullian-like distribution ðlog10 SðtÞ ¼ ðt=dÞ

pÞ accurately described survival cur-
ves obtained under nonisothermal conditions. A nonlinear relationship was observed among the scale
parameter (d) and the heating rate which allowed the development of two equations capable of predic-
ting the inactivation rate of S. aureus under nonisothermal treatments. This study might contribute to
prevent public health risks in foods requiring long heating lag phases during their processing.
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1 Introduction

The application of vacuum packaging followed by an in-
pack processing, known as the sous vide cook-chill technol-
ogy, is offering a new variety of cook-chilled products
highly demanded by consumers. In comparison with con-
ventional processing, it offers shelf life extension and eat-
ing quality. However, the use of vacuum, which would inhi-
bit the usual competitive aerobic spoilage microflora,
together with the longer shelf life, might allow the prolifera-
tion of those facultative anaerobes surviving the cooking/
pasteurization stage [1]. The purpose of the heat treatment
stage is two-fold. While ensuring microbiological food
safety, it should also preserve the product quality. However,
the great concern of the food industry to offer the best sen-
sory quality has led to the design of minimal heat treatments

which should be questioned in terms of pasteurization. In
fact, in the last 30 years pasteurized foods have been
responsible for numerous foodborne outbreaks [2].

During the cooking/pasteurization of packaged solid foods,
microorganisms might be exposed to nonisothermal phases
as a consequence of the slow heating penetration. The expo-
sure of microorganisms to sublethal temperatures for short
periods of time might act as heat shocks, increasing micro-
bial heat resistance to a subsequent heat treatment [3–5]. In
fact, anisothermal heating up lag phases during the pasteur-
ization process have been implicated as possible causes of
several food poisonings [6, 7]. So, the microbial inactiva-
tion rate under the current pasteurization processes invol-
ving anisothermal heating lag phases should be revised.

Different authors have tried to estimate the profile of survi-
val curves under nonisothermal treatments from heat resis-
tant parameters obtained under isothermal conditions; how-
ever, their conclusions are not in agreement. Whereas Mat-
tick et al. [8] and Peleg et al. [9] concluded that heat resis-
tance data of Salmonella typhimurium and Listeria monocy-
togenes, respectively, allowed the estimation of survivors
under nonisothermal treatments, Stephens et al. [10] and
Ma�as et al. [11] observed that, depending on the treatment
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conditions, the number of survivors was higher than those
estimated when L. monocytogenes and Salmonella senften-
berg were heat treated under nonisothermal conditions fol-
lowed by an isothermic treatment.

The design of nonisothermal treatments that permit the
achievement of a required level of inactivation needs appro-
priate mathematical models that define microbial inactiva-
tion kinetics under nonisothermal conditions. In this sense,
recently, our research group has described the inactivation
of L. monocytogenes under nonisothermal treatments at
different heating up lag phases (from 0.5 to 98C/min) [12].
This study allowed us to conclude that survival curves
under nonisothermal conditions might not be accurately
estimated from heat resistance parameters obtained under
isothermal treatments. Experimental values were much
higher than estimated. Therefore, an equation based on the
Weibullian-like distribution was proposed to describe the
profile of the survival curves under nonisothermal heating.
This model was capable of predicting survivors within five
log cycles of inactivation of L. monocytogenes under noni-
sothermal treatments.

Staphylococcus aureus is an opportunistic pathogenic bac-
terium causing a wide range of diseases and intoxications.
In fact, staphylococcal food poisoning remains a significant
cause of foodborne illnesses in many parts of the world
[13]. Although the risks associated to S. aureus are mainly
related to the synthesis of exotoxins previously to the heat
treatment, there are scarce studies on the influence of envir-
onmental factors affecting the heat resistance of this micro-
organism that allow to assess its heat inactivation under cur-
rent heat treatments applied by the food industry. In fact, to
the best of our knowledge, the capacity of increasing its
thermotolerance under nonisothermal heating has not been
previously investigated. This might be of the most concern
when evaluating public health risks in foods requiring long
heating up lag phases during the cooking/pasteurization
stage.

The aim of this study was to assess whether heat resistance
data obtained from isothermal treatments allow the estima-
tion of survivors of S. aureus under nonisothermal condi-
tions in media of different pH and to find a model that accu-
rately predicts the heat inactivation of this bacterial species
under nonisothermal treatments.

2 Materials and methods

2.1 Bacterial culture and media

The strain of S. aureus (ATCC 4459) was supplied by the
Spanish Type Culture Collection. During these experiments
the culture was maintained on slants of tryptic soy agar

(Biolife, Milan, Italy) with 0.6% of yeast extract added
(Biolife) (TSAYE). A broth subculture was prepared by
inoculating with one single colony from a plate of TSAYE a
test tube containing 5 mL of tryptic soy broth (Biolife) with
0.6% of yeast extract added (TSBYE) followed by incuba-
tion at 378C for 18 h.

With this subculture, 250 mL Erlenmeyer flasks containing
50 mL of sterile TSBYE were inoculated to a final concen-
tration of 104 cells/mL and incubated at 378C under agita-
tion (130 rpm) (Selecta, mod. Rotabit, Spain). Flasks were
removed from incubation after 24 h, since at this time the
cultures had already attained the stationary growth phase
and its maximum thermotolerance (data not shown).

2.2 Microbial inactivation experiments

Before treatments, microorganisms were centrifuged at
60006g for 5 min at 48C and resuspended in TSBYE to a
final concentration of 261010 cells/mL approximately.

Heat treatments under isothermal and nonisothermal condi-
tions were carried out in a thermoresistometer TR-SC as
previously described [14]. The thermoresistometer was
operated with a compatible control thermostat which
allowed the performance of heating ramps at different rates
[15].

TSBYE adjusted to pH 4.0, 5.5 and 7.4 with HCl or NaOH
(Panreac, Barcelona, Spain) was used as treatment medium.

Either under isothermal or nonisothermal heat treatments
the inactivation of approximately four log cycles of cells
was investigated. All survival curves were carried out in
duplicate.

2.3 Isothermal heat treatments

Once the temperature (from 58 to 668C) of the treatment
medium (350 mL) had attained stability (T l 0.058C), it was
inoculated with 0.2 mL of the suspension. At preset inter-
vals, 1 mL samples were collected and appropriate serial
dilutions were prepared in sterile 0.1% peptone water (Bio-
life) and plated into TSAYE.

2.4 Nonisothermal heat treatments

The thermoresistometer was programmed to perform a lin-
ear temperature profile from 40 to 708C at an established
rate (0.5, 1, 2, 5 or 98C/min). Once the temperature (408C)
of the treatment medium (350 mL) had attained stability, it
was inoculated with 0.2 mL of the suspension and the heat-
ing ramp selected was run up. At preset intervals, 1 mL
samples were collected and appropriate serial dilutions
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were prepared in sterile 0.1% peptone water and plated into
TSAYE. No growth was detected over the long period of
exposures to moderate temperatures at any heating rate
investigated.

2.5 Incubation of heated samples and survival
counting

Plates were incubated at 378C for 24 h. Previous experi-
ments showed that longer incubation times did not influ-
ence survivor counts (data not shown). After incubation,
colony forming units (CFU) were counted with a modified
Image Analyser Automatic Counter (Protos, Analytical
Measuring Systems, Cambridge, UK) as described else-
where [16].

2.6 Thermotolerance parameters

The traditional model based on the first-order kinetics was
used to describe survival curves. Decimal reduction times
(DT value: minutes of heating at,

,

T ’ temperature for the
number of survivors to drop one log cycle) were calculated
from the slope of the survival curves. z values (8C increase
in the temperature of treatment for DT value to decrease one
log cycle) were calculated from the slope of the decimal
reduction time curves obtained by plotting the log DT versus
their corresponding heating temperature.

Correlation coefficients (r 2) and 95% confidence intervals
were calculated with the appropriate statistical package
(Excel 5.0, Microsoft, Seattle, Washington, DC, US).

2.7 Prediction of survivors under nonisothermal
heating from heat resistance parameters
obtained under isothermal conditions

Survival curves under isothermal conditions were fitted by
the Eq. (1) proposed by Peleg and Cole [17]

log
Nt

N0
¼ �btn ð1Þ

where t is the treatment time (min), Nt and N0 are the popu-
lation densities (CFU/mL) at time t and time zero, respec-
tively, b is a rate parameter dependent on temperature, and
n is a shape parameter dependent on the profile of the survi-
val curve: n a 1 for concave upwards survival curves, n = 1
for linear survival curves and n A 1 for concave downwards
survival curves. The estimated values of b and n were com-
puted with GraphPad PRISM. The determination coeffi-
cients (R 2) and the root mean square errors (RMSE) were
calculated.

The theoretical survival curves under nonisothermal condi-
tions were estimated using a differential equation based on
Eq. (1) as described by Peleg and Penchina [18]

d ½log½SðtÞ��=dt ¼ �b½TðtÞ�6n½TðtÞ�6

ð�log ½SðtÞ�=b½TðtÞ�ÞKðn ½TðtÞ� � 1Þ=n½TðtÞ� ð2Þ

where logS(t) is the survival curve whose slope at any time t
is the slope of an isothermal survival curve at the momen-
tary temperature, T(t), i. e. b (T)n (T) t*n(T) – 1 at a time t*
which corresponds to the momentary survival ratio
log10 S(t), i. e. t* = {–log[S(t)]/b [T(t)]}1/n[T(t)] . This momen-
tary slope, or logarithmic inactivation rate, depends on the
momentary values of the model coefficients, b½TðtÞ� and
n½TðtÞ�, which in turn depend on the thermal history T (t).
The thermal history, T(t), is expressed algebraically by fit-
ting the actual heating to the equation of a straight line.

2.8 Modelling of nonisothermal survival curves

Survival curves under nonisothermal conditions were fitted
by the following equation [19]:

log
Nt

N0
¼ t

d

h ip

ð3Þ

where t is the treatment time (min); Nt and N0 are the popu-
lation densities (CFU/mL) at time t and time zero, respec-
tively, and d and p are two characteristic parameters of the
equation. The d value is called the time to the first decimal
reduction (time necessary to inactivate the first log cycle of
the microbial population). The p value is equivalent to the n
value of Eq. (1) described above. The estimated values of d
and p were computed with GraphPad PRISM (Graph Soft-
ware, San Diego, CA).

2.9 Model validation

For the model validation study, bias (Bf) and accuracy (Af)
factors were used as a quantitative way to measure the per-
formance of the model investigated [20]. The bias factor
indicates by how much, on average, a model overpredicts
(Bf A 1) or underpredicts (Bf a 1) the observed data. The
accuracy factor indicates by how much the predictions dif-
fer from the observed data.

3 Results

Figure 1 shows typical survival curves of S. aureus heat
treated at pH 4.0, 5.5 and 7.4 at 648C. This figure has been
included to illustrate the shape of the survival curves within
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the four log cycles investigated. As it can be observed, sur-
vival curves were nearly linear at any pH investigated. The
figure includes the fitting of the first-order kinetic model to
the survival curves.

Figure 2 shows the relationship between the log of DT

values calculated from the regression lines that described
survival curves at every temperature and pH investigated.
As seen in the figure, DT values decreased with increased
temperature and pH of treatment medium. A linear relation-
ship was also observed between the log of the DT value and
the treatment temperature. No statistically significant dif-
ferences (p A 0.05) were detected between z values of cells
heat treated at the three pH values investigated (z = 3.6 l
0.28C). So, in the range of temperatures investigated, the
influence of the pH of treatment medium on the reduction

of the resistance of S. aureus was constant. At any tempera-
ture investigated a reduction of the pH of treatment medium
from 7.4–5.5 to 4.0 increased the DT value by two times.

3.1 Prediction of survivors under nonisothermal
heating from heat resistance parameters
obtained under isothermal conditions

Equation (1) based on the Weibullian-like distribution accu-
rately described isothermal survival curves corresponding
to the heat inactivation of S. aureus in media of different
pH. The estimated parameters with their 95% confidence
limits, the determination coefficients (R 2) and the RMSE
are listed in Table 1. As the n values were very similar and
randomly changed with temperature, the curves were
refitted considering a constant n value (0.96) estimated
from the best fit to the experimental values and the b values
were recalculated.

A linear relationship was observed between the log of b
values obtained after the second fit and the treatment tem-
perature at the three treatment medium pH values investi-
gated as indicated by the following equations:

pH 4.0 logb = 0.22(T)–13.69; R 2 = 0.99 (4)

pH 5.5 log b = 0.28(T)–17.06; R 2 = 0.99 (5)

pH 7.4 logb = 0.27(T)–16.11; R 2 = 0.96 (6)

where T is the treatment temperature (8C). These equations
are valid at the lethal temperature range investigated.

Figure 3 shows nonisothermal survival curves at a heating
up rate of 1, 5 and 98C/min of S. aureus heat treated in TSB
at pH 5.5 (Fig. 3A) and 7.4 (Fig. 3B). As shown by the fig-
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Figure 1. Survival curves of S. aureus heat treated at 648C in
TSB at pH 4.0 (0), 5.5 (f) and 7.4 (h).

Figure 2. Influence of the treatment medium pH on the heat
resistance of S. aureus: relationship between the log of Dt and
the temperature at pH 4.0 (0), 5.5 (f) and 7.4 (h).

Table 1. b and n values estimated from the fitting of Eq. (1) to
experimental data of S. aureus heat treated under isothermal
conditions at pH 4.0, 5.5 and 7.4

pH T
(8C)

b (min)
(CL 95%)a)

n (CL 958C) R 2b) RMSEc)

4 60 0.50 (0.45 – 0.55) 1.23 (1.16 – 1.31) 0.99 0.10
62 2.01 (1.56 – 0.55) 0.83 (0.45 – 1.18) 0.97 0.09
64 5.84 (5.18 – 6.04) 1.17 (0.96 – 1.37) 0.98 0.44
66 20.0 (0 – 25.6) 0.97 (0.46 – 1.48) 0.99 0.30

5.5 58 0.14 (0.06 – 0.21) 1.25 (1.00 – 1.50) 0.99 0.29
60 0.77 (0.62 – 0.92) 0.95 (0.73 – 1.17) 0.98 0.23
62 3.24 (2.81 – 3.67) 0.83 (0.60 – 1.06) 0.96 0.22
64 9.86 (8.47 – 11.2) 0.76 (0.70 – 0.88) 0.99 0.24

7.4 58 0.28 (0.26 – 0.30) 0.94 (0.91 – 0.98) 0.99 0.14
60 1.10 (0.98 – 1.22) 0.71 (0.53 – 0.89) 0.99 0.21
63 7.05 (6.06 – 8.05) 0.82 (0.74 – 0.91) 0.99 0.10
65 20.4 (18.4 – 22.4) 1.01 (0.96 – 1.05) 0.99 0.12

a) CL 95%, confidence limit.
b) R 2, determination coefficient.
c) RMSE, root mean square error.
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ures, experimental values were much higher than estima-
tions at both pH. The differences between experimental and
estimated values were very similar independently of the
heating rate investigated. After a heat treatment at pH 5.5
or 7.4 for 22 min at a heating rate of 18C/min the number of
survivors was more than five log cycles higher than esti-
mated.

Figure 4 shows nonisothermal survival curves at a heating
up rate of 0.5, 1, 2 and 58C/min of S. aureus heat treated at
pH 4.0. As shown in the figure, estimations adequately
fitted experimental values at the higher heating rates inves-
tigated (A28C/min). However, at the slower heating rates,
estimations were higher than experimental values. After a
heat treatment for 35 min at a heating rate of 0.58C/min the
number of survivors was more than three log cycles lower
than estimated.

Since inactivation under nonisothermal conditions was not
accurately estimated from heat resistance parameters of iso-
thermal treatments at any pH investigated, nonisothermal
survival curves obtained at these pH were fitted by Eq. (3).

3.2 Modelling of nonisothermal survival curves

Equation 3 accurately described the complete survival
curve profile obtained under nonisothermal conditions
independently of the heating rate and the treatment medium
pH investigated. Results demonstrated that d values
decreased with increased heating rate and p values varied as
a function of the treatment medium pH. No significant dif-

ferences (p a 0.05) were detected among p values of survi-
val curves obtained at pH 5.5 and 7.4, but they were higher
(p A 0.05) than those obtained at pH 4.0. Therefore, in order
to reduce the number of parameters of the equation, survi-
val curves were refitted considering a constant p value esti-
mated from the best fit to the experimental values obtained
at pH 5.5 and 7.4, and a different constant p value estimated
from the best fit to the experimental values obtained at
pH 4.0. The estimated parameters with their 95% confi-
dence limits are listed in Table 2. R 2 and RMSE indicated
the goodness of the fit.
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Figure 3. Influence of the heating rate on the heat resistance of S. aureus under nonisothermal conditions: survival curves at a
heating rate of 1 (1), 5 (2) and 98C/min (3) of S. aureus heat treated in TSB at pH 5.5 (A) and 7.4 (B). (- - -) Experimental data; (– )
theoretical inactivation rate.

Table 2. d Values estimated from the fitting of Eq. (3) to
experimental data of S. aureus heat treated under nonisother-
mal conditions at pH 7.4, 5.5 and 4.0 considering a constant p
value estimated from the best fit to experimental data

pH Hr
(8C/min)

d (min) (CL 95%)a) p R 2b) RMSEc)

7.4 0.5 42.8 (42.4 – 43.1) 19.7 0.94 0.35
1 21.7 (21.5 – 22.0) 0.89 0.38
2 11.5 (11.4 – 11.6) 0.95 0.34
5 4.91 (4.87 – 4.95) 0.94 0.38
9 2.91 (2.90 – 2.92) 0.99 0.12

5.5 0.5 42.6 (42.1 – 43.0) 19.7 0.87 0.46
1 23.4 (23.4 – 23.5) 0.99 0.05
2 12.3 (12.3 – 12.3) 0.99 0.08
5 5.32 (5.29 – 5.34) 0.97 0.14
9 3.11 (3.10 – 3.14) 0.97 0.18

4 0.5 33.6 (33.5 – 33.7) 17.7 0.98 0.10
1 19.3 (19.1 – 19.5) 0.89 0.41
2 10.5 (10.5 – 10.6) 0.96 0.20
5 4.77 (4.73 – 4.81) 0.95 0.15

a) CL 95%, confidence limit.
b) R 2, determination coefficient.
c) RMSE, root mean square error.
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Figure 5 illustrates the relationship between the log of the d

values and the heating rate at pH 7.4 and 5.5 (Fig. 5A) and
pH 4.0 (Fig. 5B). Since there were no significant differ-
ences (p a 0.05) among d values obtained at pH 5.5 and 7.4,
a secondary model (Eq. (7)) was obtained to estimate the
influence of the heating rate on the heat inactivation of S.
aureus at pH 5.5–7.4. The relationship between d values of
the survival curves obtained at pH 4.0 and the heating rate
is illustrated by Eq. (8)

Logd = –0.40 Ln(Hr) + 1.35; R 2 = 0.999 (7)

Logd = –0.39 Ln(Hr) + 1.27; R 2 = 0.999 (8)

where Hr is the heating rate (8C/min).

The secondary models were introduced in the primary one
and two equations capable of predicting heat inactivation
under nonisothermal conditions at pH 5.5–7.4 (Eq. (9))
and at pH 4.0 (Eq. (10)) were obtained

log10
Nt

N0
¼ t

10�0:40 LnðHrÞþ 1:35

� �19:7

ð9Þ

log10
Nt

N0
¼ t

10�0:39 LnðHrÞþ 1:27

� �17:7

ð10Þ

where Nt and N0 are the population densities (CFU/mL) at
time t and time zero, respectively, Hr is the heating rate (8C/
min), and t is the treatment time (min) when initial treat-
ment temperature is 408C. When initial treatment tempera-
ture is lower or higher than 408C, t can be substituted by the
following: t–(T–40)/Hr], where T is the initial treatment
temperature (8C) and Hr is the heating rate (8C/min).

Figure 6 shows the comparison between experimental
values obtained at pH 7.4 or 5.5 (Fig. 6A) and at pH 4.0
(Fig. 6B) and estimated values obtained from the models
developed. The bias factor was 1.64 and 1.01, and the accu-
racy factor 1.20 and 1.50, respectively, indicating that Eq.
(3) predictions were a good fit to the measured data.
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Figure 4. Influence of the heating rate on the heat resistance of S. aureus under nonisothermal conditions: Survival curves at a
heating rate of 0.5 (A), 1 (B), 2 (C) and 58C/min (D) of S. aureus heat treated in TSB at pH 4.0. (- - -) Experimental data; (– ) theore-
tical inactivation rate.
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4 Discussion

S. aureus is an ubiquitous organism on humans and animals
and an opportunistic pathogenic bacterium causing a wide
range of diseases and intoxications [13]. However, very
scarce studies have been conducted in order to determine its
heat resistance and how it is influenced by the environmen-
tal factors such as the pH of the treatment medium or the
heat shocks previous to the heat treatment. Experimental
heat resistance data obtained in this study have demon-
strated that this strain of S. aureus might be as heat resistant
as other pathogenic Gram-positive bacteria such as L.
monocytogenes [12, 21] and its heat resistance might dra-
matically increase under nonisothermal treatments. To the
best of our knowledge, the capacity of response of S. aureus
under nonisothermal heating has not been previously inves-
tigated. Under isothermal treatment conditions, the kinetic
of inactivation of S. aureus has not shown deviations from
the first-order inactivation kinetics so any of the models
proposed were capable of describing survival curves inde-
pendently of the treatment medium pH. On the other hand,
it is notable that S. aureus, in comparison to most bacterial
species [13], has shown a higher heat resistance at pH 4.0
than at neutral pHs. These results are not in agreement with
those published 40 years ago by Stiles et al. [22]. Also, this
strain has shown a very low z value (z = 3.6 l 0.28C) in com-
parison with other Gram-positive bacterial strains [2].

4.1 Prediction of survivors under nonisothermal
heating from heat resistance parameters
obtained under isothermal conditions

As it happened with L. monocytogenes cells [12], survival
curves of S. aureus obtained under nonisothermal treat-
ments were not accurately estimated from heat resistance
parameters obtained under isothermal treatments. Never-
theless, S. aureus showed a markedly different behaviour
under nonisothermal conditions.

As previously described by Hassani et al. [12], survival
curves under nonisothermal conditions were estimated, by
the solution of a differential equation (Eq. (2)), from heat
resistance parameters obtained under isothermal treatments
following the procedure originally proposed by Peleg and
Penchina [18]. The procedure assumes that no growth,
damage repair or heat shock-increased thermotolerance
occur, so the momentary inactivation rate only depends on
the momentary temperature. This procedure was chosen
since it allows estimating the survival curve under the spe-
cified nonisothermal conditions when microbial inactiva-
tion under isothermal conditions follows or not a first-order
kinetic. The comparison of the theoretical and the experi-
mental survival curves obtained under nonisothermal heat-
ing allows the estimation of the magnitude of the thermoto-
lerance increase.
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Figure 5. Influence of the heating rate on
the heat resistance of S. aureus under noni-
sothermal conditions: Relationship between
the d value and the heating rate at pH 5.5 and
7.4 (A), and at pH 4.0 (B).

Figure 6. Comparison between observed and
estimated data obtained with the tertiary model
(Eqs. (8) and (9), respectively) for S. aureus trea-
ted under nonisothermal conditions in TSB at
pH 7.4 and 5.5 (A) and at pH 4.0 (B).
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Neither survival curves of S. aureus obtained under noni-
sothermal treatments (from 0.5 to 98C/min) at pH 5.5 and
7.4 (Fig. 3) nor those obtained at the slower heating up rates
investigated (f28C/min) at pH 4.0 (Fig. 4) were accurately
estimated from heat resistance parameters obtained under
isothermal treatments. In the first case, the number of survi-
vors was much higher than estimated which means that the
thermotolerance of S. aureus was higher than expected. Pre-
dictions underestimated experimental values. Other authors
[3, 10–12, 23–25] have previously demonstrated that ani-
sothermal heating up lag phases may act as heat shocks
inducing a thermotolerance enhancement in other bacterial
species. On the contrary, in the second case, at the slower
heating up rates at pH 4.0, predictions overestimated
experimental values. This fact has not been previously
reported and it might be related to the sensitivity of S. aur-
eus to a long exposure at sublethal temperatures under acid
conditions. Nevertheless, it is noticeable that, under the
same experimental conditions, L. monocytogenes cells,
which had shown a lower heat resistance at pH 4.0, did not
show any susceptibility to the same slow heating up rates
investigated at the same pH [12]. These results are in agree-
ment with those reported by Stephens et al. [10] with L.
monocytogenes cells and Ma�as et al. [11] with S. senften-
berg 775W cells. These authors were also not able to esti-
mate survivors under nonisothermal conditions followed by
an isothermic treatment from heat resistance parameters
obtained after describing isothermal survival curves by a
model based on a logistic algorithm, or on the traditional
first-order kinetics, respectively.

Only the inactivation of S. aureus under nonisothermal con-
ditions at pH 4.0 at the higher heating up rates investigated
(A28C/min) could be reasonably predicted from heat resis-
tance parameters of isothermal treatments (Fig. 4) follow-
ing the procedure established by Peleg and Penchina [18].

Our results also confirm that thermotolerance increases can
also occur as a consequence of a heat shock in media at pH 5.
5. As demonstrated by Fig. 3, S. aureus heat treated at pH 5.5
increases its heat resistance as much as when treated at pH 7.
4. These results are in agreement with th previous studies of
our research group with L. monocytogenes [12] and differ
from those obtained by Hansen and Knochel [23]. These
authors did not observe any thermotolerance increase when
L. monocytogenes was heat shocked in ,sous vide’ cooked
beef at pH 5.8 or 5.4. Perhaps, the different heating media
composition might explain this disagreement.

Although S. aureus had shown a greater heat resistance at
pH 4.0 under isothermal treatments, it was more heat resis-
tant at pH 5.5 or 7.4 under nonisothermal heating. The lack
of any microbial response at pH 4.0, as observed with L.
monocytogenes cells under the same experimental condi-
tions [12], indicate that the risk of survival in acid foods

under nonisothermal heating would not be underestimated
when predicting survivors from heat resistance parameters
obtained under isothermal conditions.

Regarding the influence of the heating rate on the magni-
tude of the thermotolerance enhance, results obtained with
S. aureus cells differ from those obtained with L. monocyto-
genes by Stephens et al. [10] and Hassani et al. [12] and
with S. typhimurium by Mackey and Derrick [3] which
showed a greater thermotolerance increase at the slower
heating rates investigated. Heat shock-induced thermotoler-
ance of S. aureus at pH 5.5 and 7.4 was just about the same
independently of the heating rate (Fig. 4). Therefore, it can
be deduced that the shorter exposure to sublethal tempera-
tures at the higher heating rates would induce in S. aureus
cells a heat shock response as intense as that caused by the
slower heating rates investigated, allowing to achieve the
same thermotolerance increase.

Since heat resistance data obtained from isothermal treat-
ments overestimate or underestimate survivors of S. aureus
under nonisothermal conditions, a new tentative based on
the modelling of those survival curves obtained under non-
isothermal conditions was evaluated in order to predict the
inactivation of S. aureus under nonisothermal heating.

4.2 Modelling of nonisothermal survival curves

Survival curves under nonisothermal treatments do not fol-
low the first-order kinetics since inactivation rate varies as
temperature does. Moreover, thermal adaptation of cells, as
occurred during the nonisothermal treatment, has also been
shown to be responsible for the deviations of the logarith-
mic order of death [5, 11]. So, modelling of nonisothermal
survival curves required a mathematical model capable of
describing nonlinear survival curves.

Following the same procedure previously described by our
research group [12], survival curves under nonisothermal
conditions were described using an equation based on the
Weibullian-like distribution (Eq. (3)). This equation, as
others based on the Weibullian-like distribution [17, 26], is
very flexible and allows describing survival curves showing
shoulders or tails.

Our results have shown that this equation accurately
described the complete survival curve profile of S. aureus
obtained under nonisothermal conditions independently of
the magnitude of the thermotolerance increase (Table 2).

Mathematical models should be as simple as possible
describing the experimental data using the smallest possible
number of parameters. Thus, the primary model was simpli-
fied by considering a constant p value estimated from the
best fit to the experimental values obtained at the pH inves-
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tigated. The constant p value obtained for those survival
curves obtained at pH 5.5 and 7.4 differed (p A 0.05) from
that obtained for the survival curves obtained at pH 4.0. In
our opinion, the thermal adaptation suffered by those cells
heat treated at pH 5.5 or 7.4 in comparison to the sensibili-
zation suffered by those heat treated at pH 4.0 might be
responsible for the different profile of the survival curves.
On the other hand, p values obtained at any pH were higher
than those shown by L. monocytogenes heat treated under
the same experimental conditions [12]. Regardless of the
different behaviour shown by both species in relation to the
thermotolerance increase as a consequence of the heating
rate, the differences in the p value might be related to the
differences detected among the z values. The smaller z
value observed in S. aureus cells (3.6 vs. 5.2 for L. monocy-
togenes cells [21]) means a faster increase in the inactiva-
tion rate at rising temperatures, which would cause a modi-
fication in the profile of the survival curve under noni-
sothermal conditions.

The other parameter of the equation (d value) was related to
the heating rate obtaining two secondary models: Eq. (7)
when treated at pH 7.4–5.5 and Eq. (8) when treated at
pH 4.0. As it happened with L. monocytogenes cells [12],
there were no significant differences (p a 0.05) among d

values obtained at pH 7.4 and 5.5 at any heating rate inves-
tigated which allowed us to develop an equation (Eq. (9))
able to accurately predict survival counts for different times
in media of pH 5.5 and 7.4 (Fig. 5A). Predicting survival
curves under nonisothermal conditions at pH 4.0 required a
second equation (Eq. (10)). In both cases, the model predic-
tions were a good fit to the measured data.

In conclusion, the heat resistance of S. aureus varied under
nonisothermal heating and survival curves could not be
estimated from heat resistance parameters obtained under
isothermal treatments at any pH investigated. The risk of
survival of S. aureus in foods (pH 5.5–7.4), such as those
processed by the sous vide cook-chill technology, requiring
long heating up lag phases during the cooking/pasteuriza-
tion stage, should be evaluated by modelling experimental
data obtained during the pasteurization process. Our results
have shown that the equation log SðtÞ ¼ t=dÞpð allows
describing survival curves of S. aureus obtained at pH 4–
7.4 within the range of heating up rates investigated (0.5–
98C/min). The equations developed fitted experimental
data independently of the changes in the heat resistance
under nonisothermal heating. This equation might contri-
bute to prevent public health risks in foods requiring long
heating up lag phases during their processing.

Further research is needed to describe the behaviour of
other pathogenic and spoiling bacteria under nonisothermal
heating and to find a model that could accurately predict
the number of survivors from a characteristic heat resis-
tance parameter of each bacterial species.
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01443 projects for support.

5 References

[1] Church, I. J., Parsons, A. L., Int. J. Food Sci. Technol. 1993,
28, 563–574.

[2] Lund, B. M., Baird-Parker, T. C., Gould, G. W. (Eds.), The
Microbiological Safety and Quality of Food, Aspen Publish-
ers, Gaithersburg, Maryland 2000.

[3] Mackey, B. M., Derrick, M. D., Lett. Appl. Microbiol. 1987,
4, 13 –16.

[4] Mackey, B. M., Derrick, M. D., J. Appl. Bacteriol. 1990, 89,
373–383.

[5] Pag�n, R., Cond�n, S., Sala, F. J., Appl. Environ. Microbiol.
1997, 63, 3225 –3232.

[6] Farber, J. M., Pagotto, F., Lett. Appl. Microbiol. 1992, 15,
197–201.

[7] Fleming, D. W., Cochi, S. L., MacDonald, K. L., Brondum, J.,
et al., New Engl. J. Med. 1985, 312, 404 –408.

[8] Mattick, K. L., Legan, J. D., Humphrey, T. J., Peleg, M., J.
Food Prot. 2001, 64, 606–613.

[9] Peleg, M., Penchina, C. M., Cole, M. B., Food Res. Int. 2001,
34, 383–388.

[10] Stephens, P. J., Cole, M. B., Jones, M. V., J. Appl. Bacteriol.
1994, 77, 702–708.

[11] Ma�as, P., Pag�n, R., Alvarez, I., Cond�n, S., Food Microbiol.
2003, 20, 593–600.

[12] Hassani, M., Ma�as, P., Raso, J., Cond�n, S., Pag�n, R., J.
Food. Prot. 2005, 68, 736 –743.

[13] Baird-Parker, T. C., Staphylococcus aureus, in: Lund, B. M.,
Baird-Parker, T. C., Gould, G. W. (Eds.), The Microbiological
Safety and Quality of Food, Aspen Publishers, Gaithersburg,
Maryland 2000, pp. 1317–1335.

[14] Cond�n, S., Arrizubieta, M. J., Sala, F. J., J. Microbiol. Meth.
1993, 18, 357–366.

[15] Conesa, R., Periago, P. M., Esnoz, A., L�pez, A., Palop, A.,
Eur. Food Res. Technol. 2003, 217, 319–324.

[16] Cond�n, S., Palop, A., Raso, J., Sala, F. J., Lett. Appl. Micro-
biol. 1996, 22, 149–152.

[17] Peleg, M., Cole, M. B., Crit. Rev. Food Sci. Nutr. 1998, 38,
353–380.

[18] Peleg, M., Penchina, C. M., Crit. Rev. Food Sci. Nutr. 2000,
40, 159–172.

[19] Mafart, P., Couvert, O., Gaillard, S., Leguerinel, I., Int. J.
Food Microbiol. 2002, 72, 107–113.

[20] Ross, T., J. Appl. Bacteriol. 1996, 81, 501 –508.

[21] Hassani, M., Alvarez, I., Raso, J., Cond�n, S., Pag�n, R., Int.
J. Food Microbiol. 2005, 100, 213–222.

[22] Stiles, M. E., Witter, L. D., J. Dairy Sci. 1965, 48, 677–681.

[23] Hansen, T. B., Knochel, S., Lett. Appl. Microbiol. 1996, 22,
425–428.

[24] Thomson, W. S., Busta, F. F., Thompson, D. R., Allen, C. E.,
J. Food Prot. 1979, 42, 410–415.

[25] Tsuchido, T., Hayashi, M., Tacano, M., Shibasaki, I., J. Anti-
bact. Antifung. Agents 1982, 10, 105 –109.

[26] Van Boekel, M. A. J. S., Int. J. Food Microbiol. 2002, 74,
139–159.

580

i 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com


