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ORIGINAL ARTICLE

Temperature dependence of growth
kinetics of food bacteria

B. J. Daughtry, K. R. Davey* and K. D. King

A predictive model is presented that describes the non-Arrhenius behaviour of growth and

survival kinetics of food bacteria, in both the growth phase and lag phase of growth as

influenced by temperature, in a wide range of foods and media. For independent data

spanning 88 years and seven independent researchers, the model gave a very high degree

of goodness of fit explaining between 96·1 and 99·9% of the variance accounted for (%V) in

the growth phase, and between 95·6 and 99·5% of the %V in the lag time, with an overall

mean of 98·4%V. The model is a modified Arrhenius form, formulated from consideration of
temperature-dependent chemical rate theory (CRR). This model form has not previously

been evaluated for predicting temperature-dependent growth kinetics of bacteria. The

model has two terms, namely, 1/ T and lnT, together with three coefficients. The model has

fitted all available data without exception. This very good fit of the predictions of the model

to primary data compared very well with the established and widely applied, empirical

model form of Davey. Both models imply temperature-dependent Arrhenius parameters for

the rate of microbial growth and survival. Both appear very useful to describe practically the

non-linear dependence of the rate coefficient for growth, and the lag time, which normally

prevents the use of the Arrhenius equation.  1997 Academic Press Limited

Introduction and their applications is referred to as ‘micro-
biological process modelling’, or more restric-
tively, ‘predictive microbiology’ (DaveyThe food industries are generally a nation’s

largest manufacturing sector, and one of the 1993b). It is desirable that a kinetic model
should be robust, parsimonious and be easymost stable (Anon. 1994). Realization of the

potential for an improved process design, and to use (McMeekin et al. 1993).
Arrhenius plots of the growth kinetics ofthe longer-term control and optimization of a

large number of food processes, rests on the bacteria (i.e. a plot of logarithm of the growth
rate vs reciprocal of absolute temperature)formulation of adequate models to predict the

effect of environmental factors (i.e. tempera- are widely used in the food industry and else-
where. However, these plots have beenture, salt concentration (i.e. aw), pH, etc) on

the growth and survival kinetics of bacteria known for some years to be non-linear and to Received:
27 March 1996(Davey 1992, 1994, McMeekin et al. 1993). show significant curvature (for substantiated

The development of microbial kinetic models data). That is, they show an apparent change Department of
Chemicalin the Arrhenius parameters (frequency fac-
Engineering,tor and activation energy) with temperature.
University ofThe magnitude of the activation energy Adelaide, Adelaide

(slope) increases as the value of the reciprocal 5005, Australia*Corresponding author.
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of the absolute temperature increases. See for Materials and Methods
example the illustrations of Johnson et al.
(1974) for both bacteria and fungi. As noted Chemical kinetics
by McMeekin et al. (1993) several investi- To describe chemical reactions van’t Hoff pro-gators have used broken curves, or a series or posed an equation that is given by (Buchananbroken curves, each with a separate value of and Fulmer 1930):the activation energy (e.g. Schoolfield et al.
1981), to improve fit of the Arrhenius model
to observed data. To overcome this drawback, dlnk

dT
= −

Q
RT2

(1)
a continuous model form was proposed by
Davey (1989). Subsequently this modified

where k=specific rate of reaction (or rate con-Arrhenius model has been very widely illus-
stant for growth) with dimensions of time−1,trated with a wide range of independent data
Q=heat of chemical reaction, R=gas constantspanning some 88 years (Davey 1991, 1993a,
and T=absolute temperature of the reaction.1994, Davey and Daughtry 1995). This model

If the heat of reaction is assumed to behas demonstrated a very high degree of good-
temperature dependent (Q=a''''+b''''T+ness of fit to all available data without
c''''T2. . .) then Eqn (1) on integration gives:exception.

We believed that there was a striking simi-
larity between the curvature in the lnk = a''' + b'''

T
+ c'''lnT + . . . + I (2)

Arrhenius plot for bacteria, and that exhib-
ited by some chemical reactions that also
show a non-linearity in an Arrhenius plot. In where I is the integration constant. Van’t
chemical reactions this can arise if there are Hoff pointed out that Eqn (2) has the follow-
two competing reactions with different acti- ing approximate form:
vation energies, for example, where the same
reaction may occur both homogeneously or dlnk

dT
=

a''
T2

+ b'' (3)heterogeneously (Levenspiel 1972). It is per-
haps not surprising that the Arrhenius equ-
ation is not obeyed by a complex reaction sys- However, Arrhenius found the empirical
tem. This is because the temperature relation of Eqn (4) below:
dependence of such a reaction is likely to be a
complicated function of the temperature dlnk

dT
=

E
T2

(4)dependencies of many reactions rather than
an individual reaction. In this, the growth
and survival of a bacterial cell is analogous to

gave a better fit to observed reaction datathe operation of a whole chemical plant, and
such as the hydrolysis of sucrose (Buchanannot a single reaction. Chemical reaction rate
and Fulmer 1930) than the form of Eqn (3).(CRR) theory appeared to provide a theoreti-

The integral of Eqn (4) is the widely famil-cal justification for a modified Arrhenius equ-
iar form of the empirical Arrhenius equation,ation. An investigation was therefore under-
namely:taken to test the applicability of this non-

linear CRR model to predict the temperature
dependence of the growth kinetics of bacteria, k = Aexp( −

E
RT

) (5)
and in particular, food bacteria.

We report the fit of the CRR model to both
the growth phase and lag phase of growth of where E=the activation energy (J mole−1) and

A=the frequency, or pre-exponential, factorfood bacteria. A comparison is made with an
established empirical predictive model that is (time−1). A plot of lnk vs 1/T (an Arrhenius

plot) should be linear.widely demonstrated in the literature. The
CRR model has not previously been applied A CRR theory was attempted by Eyring

that aimed to give a theoretical basis to theto the growth kinetics of food bacteria.
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Arrhenius form. This takes the general math- the bacteria), whilst the lag phase is import-
ant to the modelling of foodborne pathogensematical form (Levenspiel 1972):
(Zwietering et al. 1992) where delaying the
initiation of growth, by maximizing the dur-k = A'T nexp( −

E'
RT

) (6) ation of the lag, is a primary consideration.
Of the many environmental factors that
affect growth, those considered to be of par-With n=1 Eqn (6) yields the temperature
ticular importance are temperature, waterdependence predicted by the Eyring Tran-
activity and pH. Temperature, however, is ofsition-state theory, with n=1/2, the equation
primary importance in determining the sur-yields the temperature dependence predicted
vival and growth of bacteria (Ross andby collision theory, and with n=zero, the equ-
McMeekin 1991), and model formulation gen-ation reduces to the familiar Arrhenius form
erally starts with temperature effects.of Eqn (5). Readers should note that:

The value of the rate constant for the
growth k is obtained from the bacterialE' = E − nRT (6a)
growth curve. This can be done by traditional
(subjective) methods (Stanier et al. 1972,and
McMeekin et al. 1993) or by more recent
mathematical means, using for example,A' = A(eT)−n (6b)
derivatives of forms of a fit of a logistic equ-
ation (Zwietering 1992, Gibson 1988,Equation (6) can be more generally

expressed as: McMeekin et al. 1993, Davey and Daughtry
1995).

lnk = A'' + B/T + ClnT (7) To account for the observed curvature in
Arrhenius plots of bacterial growth data,

where A''=lnA', B=−E'/R and C=n, are coef- Davey (1989) proposed an empirical and
ficients. modified additive Arrhenius model. This was

based initially on a series of observations,
and later extensive testing against indepen-

Microbial kinetics dent and published data (Davey 1991, 1993a,
1993b, 1994, Davey and Daughtry 1995).An idealized growth curve for bacteria

involves at least four identifiable phases Where temperature is the sole environmental
factor this model for the growth rate of bac-(Stanier et al. 1972, McMeekin et al. 1993)

the: lag phase; growth (exponential) phase; teria in the growth phase is given by:
stationary phase, and; the death (decline)

lnk = C0 + C1/T + C2/T2 (8)phase. The idealized curve shows growth
starts from a zero rate which accelerates

where C0–C2 are coefficients. The model hasgradually with time to a maximal value,
fitted all published data without exception. Itresulting in a lag phase. The lag phase can
is apparent from Eqn (8) that the model is anvary considerably and does not always occur
Arrhenius form with an additional term(Stanier 1972). In the growth phase the bac-
(1/T2) to account for curvature.teria divide regularly, with the daughter cells

For the ‘Davey’ model the lag time is givenbehaving in an identical manner, giving rise
by (Davey 1991, 1993a):to an exponential increase in cell numbers.

Model formulation for bacterial growth
kinetics has largely been concerned with the ln (

1
lagtime

) = C0' + C1'/T + C2'/T2 (9)
growth, and lag, phases of growth, although
we note the work of McKee and Gould (1988)
in developing a simple mathematical model Readers should note that it is the reciprocal

of lag time that is used in Eqns (8) and (9).of the thermal death of micro-organisms. The
growth phase is important to the growth of This is so as to retain consistent dimensions

of time−1.bacteria (and for defining the growth state of
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For the CRR model a corresponding lag Results
time, based on a similarity with Eqns (8) and
(9), could be given by: Table 1 summarizes the values of the model

coefficients, determined from the statistical
analyses for a range of independent pub-

ln (
1

lagtime
) = A''' + B'/T + C'lnT (10) lished data, together with the degree of good-

ness of fit of both the CRR and Davey models
for the growth rate. Also shown in the table is
the temperature range of the experimentalIt is noteworthy that the value of the tem-
data, and, the predicted temperature for opti-perature where the first derivative of the
mum value of the growth rate determinedCRR model—equations (7) and (10)—and the
from the first derivative of the models, EqnsDavey models—equations (8) and (9)—is
(7) and (8). The derivatives are, respectively,zero, namely, Topt, is the value at which the
Topt=B/C and Topt=−2C2/C1 for the CRR andgrowth rate constant (k) and the reciprocal of
Davey forms.the lag time are an optimum. This follows

Substitution of the value of the coefficientsfrom the structural form of the two models.
into the models gives the value of the growth
rate constant in hour−1. For example, for the
Escherichia coli data of Barber (1908), theFitting the models to published data
CRR rate model for growth is:

Equations (7) and (8) for the growth phase,
and (9) and (10) for the lag phase, were fitted lnkh − 1 = 4505.1 − 2.091 ×
to published and independent data in the 105/T − 667.6 lnT (12)literature for a range bacteria using the stat-
istical package GENSTAT (Lane 1987, Digby The %V value of 98·7% indicates a very high
1989, Payne 1989). degree of accurate fit of Eqn (12) to these

As a measure of goodness of fit of the experimental data. Substitution for a mid-
models, the per cent variance accounted for range value of T=30°C yields a value of the
(%V) was used (Davey 1993a). The per cent growth rate constant of k=1·67 h−1.
variance accounted for is a measure of the In similar fashion, Table 2 summarizes the
difference between the observed and the pre- fit of the models for the lag phase to pub-
dicted values and is given by (Snedecor and lished and independent data. The lag time is
Cochran 1969): given in hours. For example, the Davey

model for the lag time for the E. coli data of
Smith (1985) is given by:

%V = [ 1 −
(1 − r2) (N − 1)
(N − NT − 1) ] × 100 (11)

ln(/lagtime)h = − 403.71 + 2.4792 ×

105/T − 3.8083 × 107/T2 (13)where N=number of observations, NT=num-
ber of terms (1/T, lnT, 1/T2 etc) and r2=mul-

The value of the percent variance accountedtiple regression coefficient. Because the %V
for of 99·2% indicates a very high degree of fittakes into account the number of terms used
of Eqn (13) to these data. Substitution for ain a model it is a more stringent and appro-
mid-range of T=25°C, yields a lag time ofpriate test than the multiple regression coef-
1·84 h.ficient (r2). At N@NT the %V~r2. An alterna-

Tables 3 and 4 are illustrative of thetive measure of goodness of fit is the mean
residuals from the models. Table 3 shows thesquare error (MSE). Ratkowsky et al. (1991),
residuals (i.e. observed value−predictedhowever, have criticized the use of MSE as a
value) from the CRR model fit to the growthtest for the goodness of fit because bacterial
rate data of Barber (1908). Table 4 shows thegrowth responses (generation time and lag
residuals from the Davey model fit to the lagtime) become more variable as their mean
time data of Smith (1985).magnitude increases.
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Fig. 1 illustrates the Arrhenius model (see
Eqn 5) fit to the Yersinia enterocolitica data
(pH 5·5 with the acidulant H2SO4) of Adams
et al. (1991) over the temperature range
2·8–24·1°C. Two linear portions to the curva-
ture are judged to give the best fit. Each gives
rise to a separate activation energy, namely
E1 and E2. In part (b) of Fig. 1 a comparison of
the two Arrhenius activation energies is
made with the smooth function of the tem-
perature-dependent CRR activation energy
(see Eqn 6a).

Discussion

It is seen from Tables 1 and 2 that both the
CRR and Davey model give a very high
degree of fit to independent data for a range

Table 3. Table of residuals (=observed−
predicted value) for the CRR predicted rate
constant (k) for Escherichia coli of the data of
Barber (1908)

Temperature k (h−1)
(°C)

150

275
T (K)

E
 (

kJ
 m

ol
–1

)

125

E2 = 59.8 kJ mol–1

13.3 ≤ T ≤ 24.1 °C

E1 = 123.8 kJ mol–1

2.8 ≤ T ≤ 11.7 °C

–2

0.00335

1/T (K–1)
In

k 
(h

–1
)

–3

–4

–5

–6
0.00340 0.003650.003600.00345 0.00350 0.00355

E2 = 59.8 kJ mol–1

13.3 ≤ T ≤ 24.1 °C

E1 = 123.8 kJ mol–1

2.8 ≤ T ≤ 11.7 °C

(a)

280 285 295 300290

100

75

50

25

0

CRR
E = f(T)
2.8 ≤ T ≤ 24.1 °C

(b)

Figure 1. Comparison of the activation energy
Predicted Residual for both the Arrhenius and CRR models for the

Yersinia enterocolitica data of Adams et al. (1991).10·0 0·0952 −0·0152
(a) Arrhenius separate activation energies, E1 and15·4 0·320 0·0522
E2, for best fit to lnk vs 1/T (b) CRR temperature-18·1 0·530 0·108
dependent activation energy, and Arrhenius21·5 0·908 0·0562
activation energies as a effected by temperature.23·6 1·205 −0·0379

25·5 1·507 −0·0148
27·6 1·865 −0·221
29·6 2·209 −0·0892 of food bacteria. The %V ranges between 96·1
33·6 2·827 −0·427 and 99·9% for the growth phase, and,37·2 3·189 0·054

between 95·6 and 99·5% for the lag phase.39·6 3·284 0·246
The overall mean value of the %V is 98·4%. It40·8 3·28 0·206
is apparent that predictions from either
model for the growth rate or lag time would
be in very good agreement with the observedTable 4. Table of residuals (=observed−

predicted value) for the Davey predicted lag time values. This is borne-out in the values of the
for Escherichia coli of the data of Smith (1985) residuals illustrated in Tables 3 and 4 and,
Temperature Lagtime (h) those for all the data sets of Tables 1 and 2.
(°C) Because there was no apparent structure inPredicted Residual

the residuals, it is unlikely that either model
8·2 39·7 0·31 form could be reduced to fewer than the two
10 24·1 2·91 temperature terms used.15 7·56 −1·46

Both the CRR and Davey models apply to a20 3·24 −0·044
25 1·84 0·155 wide range of data for food bacteria spanning
30 1·36 0·144 several independent authors and some 88
35 1·26 −0·0575 years. This apparent universality of the
40 1·44 −0·0393 respective model forms is strengthened from
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observation of two facts. The first, only the vation energies. The temperature-dependent
activation energy for the CRR model permitsvalues of the coefficients change for each bac-

terium (the model form remains constant). a single smooth and continuous function to
the curvature. This is advantageous in that itSecond, the sign on the coefficients of both

models for all data of Tables 1 and 2 are con- obviates the subjective assessment needed
for the Arrhenius model fit to observedsistent. That is, the CRR model has a consist-

ent positive sign on the coefficient A'', and a curvature.
An interesting feature of the two modelnegative sign on the other model coefficients,

B and C; and the coefficients C0 and C2 of the forms is the large magnitude of the values of
the coefficients. This is most noticeable whenDavey form are consistently negative in sign.

For the Davey model these signs are consist- comparison is made between the value of the
coefficients for bacterial growth kinetics,ent with all previous studies (Davey 1989,

1991, 1993a, 1994, Davey and Daughtry Tables 1 and 2, and data available for the
kinetics of chemical reactions.1995).

Despite the very good fit of both models, Chemical reactions in solution exhibit
more curvature in the Arrhenius plot than doextrapolation outside the range of experimen-

tal data must be done with caution. Neither reactions in the gas phase. That is, the coef-
ficient C, in the CRR model of equation (7), ismodel predicts a limiting value. Neverthe-

less, the very good fit obtained suggests greater than that predicted from either colli-
sion or transition-state theory. Some reactionlimited extrapolation could be done reliably,

especially at the lower temperatures. examples are (Benson 1982):
From Tables 1 and 2 it can be seen that the

BrCH2CO−
2 + S2O2−

3 →values of Topt, the temperature at which there
is a maximum value of the growth rate con- S2O3CH2CO2−

2 + Br− (14)stant, or alternatively, the lag time, lies out-
side the range of experimental data. See for CH3Br + H2O → CH3OH + H+ + Br− (15)example, the Y. enterocolitica data of Adams
et al. (1991) in Table 1, and in Table 2, the CCl3CO2H → CHCl3 + CO2 (16)
Pseudomonas spp. data of Chandler (1988). It
is not known, therefore, whether these are α − glucose → β − glucose (17)
accurate predictions. Confirmation could be
readily be obtained with limited experimen- In reaction (14) the non-Arrhenius behaviour
tal work. is attributed to ion activities, and the effect

Because both the models have an identical vanishes at zero ionic strength. When the
number of coefficients (A'', B and C, and kinetic data for reactions (15)–(17) are
C0–C2, respectively) and give a very high fitted according to the CRR model of Eqn (7)
degree of fit, there appears little advantage the following values for the model coefficients
in using one over the other. The Davey form are obtained, Table 5.
might be said to be slightly easier to obtain A comparison of the values of these model
from the necessary regression analyses of coefficients with those for example for the
data however. Both models have fitted all
available data without exception.

The temperature-dependent activation Table 5. CRR model coefficientsa for reactions
(15), (16) and (17)energy of the CRR model is clearly high-

lighted through comparison with the two sep- Reaction A'' B C Temperature
(×10−5) range (°C)arate activation energies necessary for the

Arrhenius model fit to the Y. enterocolitica (15) 267·6 −0·08158 −34·30 17–100
data of Adams et al. (1991), Fig. 1. Arrhenius (16) 119·0 −0·23513 −10·07 50–100

(17) 97·1 −0·11605 −10·32 0–50model fits to these and other data, from
Tables 1 and 2, requires that a series of aTaken from Benson (1982) and converted to
separate portions of the curvature of the values consistent with Eqn (7) and with the rate

constant, k, in hours−1.Arrhenius plot are defined by separate acti-
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CRR model in Table 1, shows that the sign on of the CRR model compares very well with
the established and widely-applied modifiedthe model coefficients (A'', B and C) for bac-

terial growth, and that for the chemical reac- Arrhenius model of Davey.
(3) This very good fit of the CRR andtions, is consistent. The magnitudes, how-

ever, for the chemical reactions are Davey model forms to independent data sug-
gest that food bacteria have large, tempera-significantly less than those values for bac-

terial growth. One implication of the values ture-dependent, activation energies for
growth.of the B coefficient shown in Tables 1 and 2 is

that food bacteria have large activation (4) Our findings could assist future formu-
lations of mechanistic models of bacterialenergies for growth.

It is apparent that the CRR model could be growth, based on rates of reaction and acti-
vation energies.of immediate practical use for temperature-

dependent data that cannot be fitted accu- (5) The CRR model, in addition to the
Davey model, is of immediate practicalrately with the Arrhenius model.

In modelling the kinetic behaviour of bac- assistance for growth data that cannot be
accurately fitted by the use of the Arrheniusteria, models that reliably predict the com-

bined effect of a number of environmental equation.
factors, e.g. combined T and pH or T and
pH & aw, are of particular interest (Davey,
1989, 1994, McMeekin et al. 1993, Davey and Acknowledgments
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