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Abstract

Growth of Penicillium chrysogenum, Aspergillus flaÕus, Cladosporium cladosporioides and Alternaria alternata at their
Ž . Ž .respective optimum temperatures was studied in Potato Dextrose Agar PDA medium at different water activities aw

Ž .adjusted with glycerol. The growth rate m was expressed as the increase in colony radius per unit of time. This paper
wextends the model that showed the relationship between temperature and bacterial growth rate developed by Rosso et al. J.

Ž . xTheor. Biol. 162 1993 447 to describe the influence of a on fungal development. An excellent correlation between thew
Ž 2.experimental data and the model predictions was obtained, the regression coefficients r were greater than 0.990, with the

Ž 2 .exception of that for A. flaÕus r s0.982 . In addition, the use of such a model allows predictions of the cardinal water
Ž .activities: a , a and a . The estimation of the minimum water activity a was in accordance with datawmin wopt wmax wmin

literature for all the moulds considered here, but seemed to be slightly underestimated for P. chrysogenum and A. flaÕus
Ž .when compared to our experimental values. The estimations of the optimal water activity a and the optimal growth ratewopt

Ž .m were in excellent agreement to the experimental results for the four moulds. Through this example, it is suggested thatopt
Ž .the same approach for modelling can be used for various microorganisms e.g. bacteria and moulds , and different

Ž .environmental parameters e.g. temperature and water activity . q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

For 15 years, predictive food microbiology has included the development of models capable of describing the
Ž .growth of pathogenic bacteria Buchanan and Phillips, 1990 . However, predictive modelling of filamentous

Ž .fungal growth has not received the same attention Gibson et al., 1994; Gibson and Hocking, 1997 . Two of the
most important environmental parameters that determine the ability of moulds to grow on foods are water

Ž . Ž . Ž .activity a and temperature T Scott, 1957 . An empirical approach to modelling the effects of a on mouldw w
Ž . Žgrowth was used by Gibson et al. 1994 who found that the logarithm of the fungal growth rate m, measured

.as the increase in colony diameter per unit of time showed a parabolic relationship with the square root of
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Ž .b s1ya , leading to lnmsb qb 1ya qb 1ya . They investigated the appropriateness of(Ž .w w 0 1 w 2 w

models that were previously used to predict bacterial growth for the interpretation of mould growth data.
Much work has been directed towards the development of models for bacterial growth as a function of

Ž .temperature and a McMeekin et al., 1987; Zwietering et al., 1994; Rosso et al., 1995 . The temperaturew

dependence of the specific growth rate of bacteria may be modeled by means of the square root model
Ž . ŽRatkowski et al., 1983 with the cardinal parameters e.g. the minimum temperature for growth, T and themin

. Ž .w Ž Ž ..x'maximum temperature for growth, T as follows: msb TyT 1yexp c TyT , where b and cmax min max
Ž .are design parameters. Rosso et al. 1993 proposed another model of temperature dependence that uses the

Ž . Ž .three cardinal temperature T , T , T and the specific growth rate at the optimum temperature m asmin max opt opt

parameters:

2
m TyT TyTŽ . Ž .opt max min

ms . 1Ž .
T yT T yT TyT y T yT T qT y2TŽ . Ž . Ž . Ž . Ž .opt min opt min opt opt max opt min

Although this model is different from the Ratkowsky model, it usually fits the data equally well and has the
Ž .advantage that the four parameters have a physiological meaning Cuppers et al., 1997 . In addition, the Rosso

Ž .model provides an estimation of the optimal parameters m and T .opt opt
Ž .Cuppers et al. 1997 successfully combined the Rosso and Ratkowsky models to describe the combined

effects of temperature and NaCl on the growth rate of some food spoilage moulds. However, our work only
studies the effect of a on fungal growth. The four moulds used, Penicillium chrysogenum, Cladosporiumw

cladosporioides, Aspergillus flaÕus and Alternaria alternata, were incubated at their optimum temperature for
growth and at pH close to the optimum. The main objective of this paper was to determine whether the Rosso
model could be extended to describe the relationship between growth rate and water activity and to estimate the

Ž .cardinal water activities a , a , a for the moulds studied.wmin wmax wopt

2. Materials and methods

2.1. Fungal isolates

P. chrysogenum, A. flaÕus, C. cladosporioides and Alt. alternata were isolated from spoiled pastry products
Ž .and identified according to Samson et al. 1995 .

2.2. Media and preparation

Ž .The moulds were maintained on Potato Dextrose Agar PDA; BioMerieux, Marcy l’Etoile, France at room´
temperature, from 178C to 258C. Experiments were carried out on Petri dishes containing PDA at the optimum
temperatures: 25"18C for P. chrysogenum and Alt. alternata, 26"18C for C. cladosporioides and 31"18C

Žfor A. flaÕus. Media were adjusted to various a e.g. 0.99, 0.985, 0.98 and then in decrements of 0.01 to aw
. Ž .minimum of 0.83 by substituting a part of water by glycerol wrw . Water activity measurements of the

Ž .adjusted media were determined using an Aqualab CX2T Decagon Devices, Pullman, WA, USA with an
accuracy of "0.003.

To maintain the a of the culture medium at an exact value for the duration of the experiment, Petri dishesw

corresponding to a particular a value were placed in 1.5-l closed boxes in which relative humidity wasw

controlled by a large volume of a glycerol–water solution. All experiments were performed in triplicate, for a
Ž .maximum period of 3 weeks. The initial pH for all the experiments 5.8"0.1 was close to the value of 5

Ž .considered as an optimum for most moulds Lacey, 1989 .
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2.3. Assessment of hyphal growth rate

Growth was evaluated daily by visual measurement of the average increase of the fungal colony along two
Ž .perpendicular diameters Trinci, 1969; Gervais et al., 1988 . Radius vs. time was plotted and radial growth rates

Ž y1 .m, mm day were evaluated from the slopes by linear regression.

2.4. Determination of optimum temperatures

The moulds were incubated on PDA at 0.99 a at 11 or more temperatures ranging from y28C to 358C forw

P. chrysogenum, C. cladosporioides and Alt. alternata, from 38C to 408C for A. flaÕus. Growth rates were
plotted and the optimum temperatures were established.

2.5. Model

The relationship between the growth rate and water activity has been assessed using the following Rosso-type
relationship:

2
m a ya a yaŽ . Ž .opt w wmax w wmin

ms . 2Ž .
a ya a ya a ya y a ya a qa y2 aŽ . Ž . Ž . Ž . Ž .wopt wmin wopt wmin w wopt wopt wmax wopt wmin w

2.6. Determination of optimum temperatures

To stabilise the variance of the growth rate, a logarithmic transformation was used as suggested by
Ž . Ž .Zwietering et al. 1991 and Alber and Schaffner 1992 .

2
m a ya a yaŽ . Ž .opt w w max w wmin

lnms ln .
a ya a ya a ya y a ya a qa y2 aŽ . Ž . Ž . Ž . Ž .wopt wmin wopt wmin w wopt wopt wmax wopt wmin w

3Ž .

Ž .The cardinal water activities a , a and a and the specific growth rates at the optimum temperatureswmin wmax wopt
Ž .m were estimated by means of nonlinear regression software based upon the Levenberg–Marquardtopt

Ž . Žalgorithm SlideWrite 5.0, Advanced Graphics Software, Carlsbad, CA, USA as described previously Dantigny,
.1998 .

3. Results and discussion

3.1. Optimum growth temperatures

The optimum temperatures were found to be 258C
for P. chrysogenum and Alt. alternata, 268C for C.
cladosporioides and 318C for A. flaÕus.

3.2. Growth rates

The results for growth rates of the four moulds
are reported in Table 1. The 95% confidence inter-
vals are all narrow, suggesting the suitability of the
model. At 258C, the growth rate for A. flaÕus was

y1 Žfound to be equal to 4.37 mm day data not
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Table 1
Estimation of the cardinal water activities and the optimum growth rate and 95% confidence intervals obtained for four moulds using the

Ž Ž ..Rosso-type model in Eq. 2
y1Ž .Fungus m mm day a a aopt wmin wopt wmax

P. chrysogenum 4.55"0.15 0.810"0.006 0.985"0.002 0.991"0.001
A. flaÕus 8.70"0.46 0.822"0.020 0.974"0.004 0.993"0.003
C. cladosporioides 4.46"0.17 0.850"0.007 0.983"0.002 0.991"0.001
Alt. alternata 4.62"0.38 0.883"0.005 0.987"0.003 0.990"0.002

.shown . It appears that at 25–268C, the radial growth
rate of A. flaÕus and the optimal growth of the three
other moulds, P. chrysogenum, C. cladosporioides

Žand Alt. alternata are similar 4.37, 4.55, 4.46 and
y1 .4.62 mm day , respectively . At 318C, m ob-opt

tained for A. flaÕus is about twice the value of mopt

obtained for P. chrysogenum, C. cladosporioides
and Alt. alternata at 268C.

3.3. Cardinal water actiÕities

The cardinal a values are reported in Table 1.w

For the moulds considered here, the maximum aw

can be considered as constant. A. flaÕus exhibits
95% confidence intervals for a and a aswmin wopt

about twice the intervals found for P. chrysogenum,
C. cladosporioides and Alt. alternata. Nevertheless,
A. flaÕus is characterised by significantly lower awopt

than the other three fungi.
Depending on the temperature and the nature of

Ž .the a depressant, Gibson et al. 1994 reportedw
Ž .optimum water activities a ranging from 0.980wopt

to 0.995 for A. flaÕus and closely related species.
Due to shortage of literature data, the estimated
values have been compared to the experimental re-
sults shown in Fig. 1. The optimal water activity can
be defined as the water activity at which the growth
rate, m , is the greatest.opt

For P. chrysogenum, the average growth rates
and standard deviations are 4.44"0.05 and 4.54"
0.03 mm dayy1 at a 0.98 and 0.985, respectively.w

Therefore, the experimental values are within the
95% confidence intervals reported in Table 1 for mopt

and a .wopt

For A. flaÕus, the definition as above mentioned
for the optimum water activity leads to an experi-
mental value of a equal to 0.98 for which thewopt

Ž .growth rate defined as m equals 8.58"0.06 mmopt

dayy1. The experimental value a of 0.98 iswopt

outside the 95% confidence interval, but no experi-
ment was carried out at a 0.975. Should thisw

experiment be carried out, the growth rate would
likely have been greater than 8.08 mm dayy1, which
was the average growth rate obtained at a 0.97, butw

this should be verified. In addition, the estimation of
m for A. flaÕus is consistent with the experimentalopt

value.
For C. cladosporioides, the average growth rates

were 4.42"0.08 and 4.40"0.16 mm dayy1 at aw

0.98 and 0.985, respectively. All the experimental
values are within the 95% confidence intervals shown
on Table 1.

Alt. alternata is characterised by a sharp decrease
in the radial growth rate from a to a , aswopt wmax

shown in Fig. 1. The model does not predict any
significant difference between the estimations of
a and a .wopt wmax

The four species considered in this study are
characterised by significantly different estimated val-

Ž .ues for a see Table 1 . The estimated value ofwmin

a 0.85 obtained for C. cladosporioides is consis-wmin
Žtent with literature data: 0.88 Magan and Lacey,

. Ž . Ž1984 , 0.84 Grant et al., 1989 , 0.845 Rowan et al.,

. Ž .1999 and 0.86 a Hocking et al., 1994 . Similarly,w

the estimated value of a 0.88 obtained for Alt.wmin

alternata is in good agreement with other published
Ž . Ždata, 0.85 Panasenko, 1967 , 0.89 Grant et al.,

. Ž .1989 , 0.88 Magan and Lacey, 1984 and 0.885 aw
Ž .Rowan et al., 1999 .

The minimum water activity for growth of A.
Ž .flaÕus ranges from 0.81 to 0.95 Gibson et al., 1994

depending on the humectant and the temperature. For
conditions similar to those of our experiments, awmin

has been reported as 0.85 for A. flaÕus, grown at
temperatures ranging from 228C and 338C using

Ž .glycerol as humectant Holmquist et al., 1983 and at
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Ž . Ž Ž .. Ž . Ž . Ž . Ž . Ž .Fig. 1. Experimental plots q and the Rosso-type model Eq. 2 y , growth rate vs. a for P. chrysogenum a , A. flaÕus b , C. cladosporioides c Alt. alternata dw
Ž . Ž . Ž .grown in PDA medium, pH 5.8 at their respective optimal temperatures of 25"18C a and d ; 26"18C c .
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308C using a mixture of glucose and glycerol as
Ž .humectant Wheeler et al., 1988 . Lower values for

Ža have been reported also, 0.78 at 338C Ayerst,wmin
. Ž1969 and 0.81 a at 308C Pitt and Miscamble,w
.1995 .

Ž .For P. chrysogenum, Hocking and Pitt 1979
reported 0.78 a at 258C, as compared to 0.79 atwmin

Ž .258C Armolik and Dickson, 1956 and 0.81 a atw
Ž .238C Mislivec and Tuite, 1970 . The model estima-

tion of 0.81 agrees well with these published data.
The model estimations have been compared to the

experimental a defined as the water activity atwmin

which no growth can be observed after 3 weeks of
incubation. Experimental values of 0.83, 0.87, 0.86,
and 0.88 have been found for P. chrysogenum, A.
flaÕus, C. cladosporioides and Alt. alternata, respec-
tively. The experimental results are in accordance
with the estimated values for C. cladosporioides and
Alt. alternaria. For P. chrysogenum and A. flaÕus,
the estimated values are significantly less than the
experimental ones. It has been suggested that 3
weeks of incubation is not enough to determine
whether growth occurs. For example, Pitt and Hock-

Ž .ing 1977 incubated mould spores for 100 days and
Ž .Snow 1949 found growth of Eurotium echnulatum

after 3 years. In our experiments, no growth of P.
chrysogenum was observed after 3 weeks at 0.83 a ,w

and this was taken as the lower a limit for growth.w

Water activity cannot exceed the value of 1,
which is obtained for pure water. Slightly lower

Ž .values were obtained as a using Eq. 2 . There-wmax

fore, values of 0.99 could represent a media where
no growth can be observed, but different from pure
water. Nevertheless, by substituting a for 1 inwmax

Ž .Eq. 2 no significant alteration in the estimation of
Ž .the other parameters e.g. m , a and a wasopt wopt wmin

observed. Therefore, for convenience the maximum
Ž .water activity a for growth of these mouldswmax

can be set to 1.
Comparisons between experimental data and the

model estimates are shown in Fig. 1. Excellent re-
gression coefficients greater than 0.990 are observed
for P. chrysogenum, C. cladosporioides and Alt.
alternata suggesting the validity of this model for
describing the influence of water activity on mould
growth. The regression coefficient of 0.982 obtained
for A. flaÕus can be explained partly by a discrep-
ancy in the data obtained at a 0.88. Should thesew

data be omitted the regression coefficient increases
to 0.987, without any significant alteration in the
parameter estimations. This result suggests that the
difference in the estimated and the observed values
for a is not due to the data obtained at a 0.88.wmin w

Although the influence of environmental factors
on microbial growth can be explained by a variety of
models, there is a need for standardising protocols.
Through this example, the use of the model of Rosso
established to represent the relationship between
temperature and bacterial growth rate has been ex-
tended to the relationship between water activity and
the growth of the four moulds considered here. This
was possible because the shapes of the curves m vs.
temperature and m vs. water activity are similar.
Therefore, the shape of the curve should determine
the choice of the model rather than the organism
type or the environmental parameter.
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