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The influence of temperature (T ) and water activity (aw) on the growth rate (mm ) of seven moulds (Alternaria alternata,
Aspergillus flavus, Cladosporium cladosporioides, Mucor racemosus, Penicillium chrysogenum, Rhizopus oryzae
and Trichoderma harzianum ) was assessed in suboptimal conditions. Firstly, the dependence of fungal growth on
temperature, at aw 0.99, was modelled through an approach described previously for bacteria. A dimensionless
growth rate variable: mmdimaa=mm /mmoptaa depended on the following normalised temperature: Tdim=(T���Tmin) / (Topt���
Tmin) according to a power function: mmdimaa=[Tdim]aa, where aa was an exponent to be estimated. Secondly, the same
approach was used to describe the influence of aw on fungal growth, at the respective optimum temperatures for each
mould. Similarly, mmdimbb=mm /mmoptbb depended on the following normalised water activity: awdim =(aw���awmin) /
(awopt���awmin) according to a power function: mmdimbb=[awdim]bb. Results show: ( i ) for each mould, the aa -value is
significantly less than the bb -value, confirming that water activity has a greater influence than temperature on fungal
development; ( ii ) the aa -values and the bb -values depend on the mould; ( iii ) the aa -value is less than 1 for the
mesophilic mould A. flavus, whereas the other moulds are characterised by higher aa -values ranging from 1.10 to 1.54;
( iv) the mesophilic A. flavus exhibits a low bb -value, 1.50, compared to the hydrophilic T. harzianum, bb=2.44, while bb -
values are within the range (1.71–2.37) for the other moulds.
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Introduction

In the last 20 years, several mathematical models describing

microbial growth rate have been published. Most of these models

were used for simulating the effects of different environmental

factors on bacterial growth. Predictive modelling of filamentous

fungal growth has not received the same attention [12]. Never-

theless, moulds play a specific part in the spoilage of food products

by changing their organoleptic properties. Economic losses can be

considerable [7 ]. Two important environmental parameters that

determine the ability of moulds to grow on food are water activity

(aw) and temperature (T ) [23,25,27,36], the effect of aw on mould

growth being more important than T [19].

Recently, a dimensionless approach based on biological

parameters (e.g., �opt, Topt and Tmin ) has been described for

comparing the growth rate dependence on suboptimal temperatures,

using normalised variables implemented within a power function:

[�dim� ]=[Tdim ]
� where � is a design parameter to be estimated

[8]. This model was originally described by Bělehrádek [4,5 ] who
found that the power differs from one biological reaction to another.

Later, it was demonstrated that thermophilic bacteria are charac-

terised by � -values less than those obtained for mesophiles and

psychrotrophs [8].

This work aims at assessing, in suboptimal conditions, the effect

of T and aw on growth of various moulds responsible for food

spoilage. In order to compare moulds classified into distinct classes

by their positions in T and aw spectra, the normalised variables:

�dim�=� /�opt�, Tdim=(T�Tmin ) / (Topt�Tmin ) and �dim�=� /
�opt�, awdim=(aw�awmin ) / (awopt�awmin ) were used throughout

this study. First, the influence of T on fungal growth, at 0.99aw, was

examined using the following equation: [�dim� ]=[Tdim ]
�. Second,

the influence of aw, at the respective optimum temperatures for

each mould, was assessed using a similar equation:

[� dim� ]=[awdim ]
�. The minimum values (Tmin and awmin ) and

the parameters obtained at optimal conditions (e.g., Topt, � opt�,

awopt and �opt� ) were determined experimentally. The main

objective of this paper is to assess the relative influence of the

environmental variables T and aw on fungal growth by comparing

the estimated � - and � -values.

Materials and methods

Alternaria alternata, Aspergillus flavus, Cladosporium cladospor-

ioides and Penicillium chrysogenum were isolated from spoiled

pastry products and identified according to the descriptions of

Samson et al [36]. Mucor racemosus, Rhizopus oryzae and

Trichoderma harzianum were provided by the Department of

Mycology, University of Pharmacy (Dijon, France ). The moulds

were maintained on potato dextrose agar (PDA) medium

(BioMérieux, Marcy l’Etoile, France ) at room temperature

(18–258C). Spores, obtained from mycelium aged 4 days, were

collected by flooding the surface of the plates with �5 ml of
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sterile saline solution (NaCl, 8.5 g / l water ) containing Tween 80

(0.1% vol /vol; Prolabo, MERCK-Eurolab, Lyon, France ). Mould

growth was observed after inoculation of 104 spores (10 �l of a
106 spores /ml suspension) at the centre of the plates.

All experiments were performed in triplicate on PDA medium.

The initial pH for all experiments, 5.8±0.1, was close to the values

considered as optimal for most moulds [22].

Cultivations were carried out on Petri dishes containing about

25 ml of PDA medium at 0.99aw. Inoculated Petri dishes were

incubated at different temperatures between �6 and 358C with an

accuracy of ±18C: Alt. alternata, �6, �4, �2, 1, 3, 9, 11, 16, 19,

21 and 258C; A. flavus, 3, 9, 12, 15, 19, 21, 25, 28 and 318C; C.

cladosporioides, �6, �4, �2, 0, 3, 11, 15, 17, 21 and 258C; M.

racemosus, �6, �4,�2, 0, 4, 10, 13, 16, 19, 23 and 258C;
P. chrysogenum, �6, �4, �2, 0, 3, 9, 11, 16, 21 and 258C; R.
oryzae, �4, �2, 0, 4, 10, 13, 16, 19, 23, 25, 28, 31 and 358C;
T. harzianum, �4, �2, 0, 1, 4, 9, 11, 16, 18, 20 and 258C. In order
to determine Topt, experiments at greater temperatures were carried

out for each mold, but the results were not used because the model

described here is valid at suboptimal temperatures and water

activities.

Media were adjusted to various aw (0.99, 0.985, 0.98 and then

in decrements of 0.01 to a minimum of 0.80) by substituting a part

of water by glycerol (wt /wt ). Water activity measurements were

determined using an Aqualab CX2T (Decagon Devices, Pullman,

Washington, USA) with an accuracy of ±0.003. The plates were

incubated at the optimum temperatures for growth. Alt. alternata,

M. racemosus and P. chrysogenum, 258C; C. cladosporioides and
T. harzianum, 268C; A. flavus, 318C and R. oryzae, 368C in

closed boxes in which relative humidity was controlled by a large

volume of a glycerol–water solution.

Growth was evaluated daily by measurement of the average

increase of the fungal colony along two perpendicular diameters

[11,38]. A radial growth rate (�, mm/day) was evaluated from the

slope of the plot radius versus time by means of a linear regression

[6,21]. The results obtained in triplicate were averaged.

The minimum temperature, Tmin, was defined, at 0.99aw, as the

temperature at which no growth was observable after 6 weeks. The

minimum water activity, awmin, was defined, at the respective

optimum temperatures for each mould, as the water activity at

which no growth was observed after 6 weeks. The optimum

temperature, Topt, was defined as the temperature at which the

growth rate, � opt�, was maximum. The optimum water activity was

defined as the water activity at which the growth rate, � opt�, was

maximum.

The dimensionless variables Tdim and awdim are described as

follows:

Tdim ¼ T�Tmin

Topt�Tmin

ð1Þ

awdim ¼ aw�awmin

awopt�awmin

ð2Þ

Thereafter, these variables were implemented within Bělehrádek-
type models:

�dim� ¼ �=�opt� ¼ ½Tdim�� ð3Þ

and

�dim� ¼ �=�opt� ¼ ½awdim�� ð4Þ

In order to stabilise the variance of the growth rate, a logarithmic

transformationwas used forEqs. (3 ) and (4) as suggested previously

[1,40]. All coefficients were estimated by means of a nonlinear

regression software based upon the Levenberg–Marquardt

Algorithm (SlideWrite 5.0; Advanced Graphics Software, Carlsbad,

CA, USA) as described previously [8].

Results and discussion

For PDA medium at 0.99aw, it appeared that the optimal growth

rate (� opt� ) for Alt. alternata, A. flavus, C. cladosporioides and

P. chrysogenum remained low, ranging from 3 to 6 mm/day,

compared to M. racemosus and T. harzianum, which were

characterized by greater growth rates ranging from 10 to 20 mm/

day. In contrast, R. oryzae presented the highest value of 57.0 mm/

day. The differences in the optimal growth rate observed between

the moulds can be attributed to the nature of the microorganism. For

example, due to the absence of septa in hyphae, which facilitates

rapid translocation of nutrients and organelles between sites of

growth, mucorales (M. racemosus and R. oryzae ) grow very

rapidly [32]. The optimum temperature for growth (Topt ) was

about 258C with the exception of A. flavus and R. oryzae, which

exhibited values of 31 and 358C, respectively. For each mould, the

growth rate was almost constant at temperatures close to Topt.

Table 1 shows that awopt was 0.985 or 0.99, which was the

nominal value for PDA medium, except for A. flavus (0.970). For

this mould, � opt� was significantly larger than � opt�, the influence

of temperature being carried out at nonoptimum conditions in

Table 1 The selected organisms grown on PDA medium at pH 5.8±0.1

Moulds Topt ( 8C) � opt� (mm/day ) awopt � opt� (mm/day ) Tmin ( 8C) awmin

Alt. alternata 25 4.8 0.985 4.7 �2 0.88

A. flavus 31 5.7 0.970 9.7 12 0.83

C. cladosporioides 25 3.0 0.985 4.4 �4 0.86

M. racemosus 25 11.2 0.985 13.3 �4 0.91

P. chrysogenum 25 3.1 0.985 4.6 �4 0.81

R. oryzae 35 56.7 0.985 56.8 2 0.89

T. harzianum 25 19.6 0.990 15.3 4 0.91

Their optimum temperature (Topt ) and water activity (awopt ), the optimal growth rates at 0.99aw (� opt� ) and at the respective optimum temperature for each
mould (� opt� ).
The minimum temperature (Tmin ) and water activity (awmin ) for growth were experimentally determined after 6 weeks of incubation.
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terms of aw. By decreasing aw from 0.99 to 0.97 at 318C, the
optimum growth rate for A. flavus was increased from 5.7 to

9.7 mm/day. For Alt. alternaria and R. oryzae, no significant

difference between �opt� and �opt� values were observed. There-

fore, both of these moulds were characterised by awopt ranging from

0.985 to 0.990. In contrast, C. cladosporioides and M. racemosus

exhibited greater values for �opt� than �opt�, suggesting that the

optimum aw was closer to 0.985–0.990. For some moulds, a slight

difference of about 0.005 at aw close to the optimum may lead to

significant differences in growth. This may explain the differences

observed between �opt� and �opt� with T. harzianum.

The minimum temperatures for growth are reported in Table 1.

Most of the moulds exhibited Tmin close to the freezing point, with

the notable exception of A. flavus. The minimum temperatures

reported in the literature (Table 2) exhibit a wide range of

variation for Alt. alternata and P. chrysogenum. In this study, both

moulds grew at temperatures below the freezing point. The

experimental determinations of Tmin for A. flavus, C. cladospor-

ioides, M. racemosus and T. harzianum were consistent with

literature data. R. oryzae grew at a lower temperature, 28C, than
previously described [33]. Comparisons between experimental

awmin and literature data are often difficult because authors used a

wide range of temperature and aw depressors [13]. Despite these

facts, our results are in accordance with the literature data shown in

Table 2 .

The � -values describe the influence of temperature on fungal

growth (Table 3). A. flavus was characterised by a very low � -
value of 0.81. All other moulds were characterised by � -values
greater than 1, exhibiting clearly a concave shape of the curve �dim

versus Tdim (Figure 1). It should be pointed out that A. flavus was

characterised by a greater Tmin and by a smaller value of �. The
� -values describe the influence of temperature on the growth rate.

First, in contrast to the square root model, which is a particular case

of the Bělehrádek model [35], the power � is not necessarily equal

to 2, but a design parameter to be estimated [8]. Second, with

regard to temperature, fungi as well as other microorganisms are

divided into psychrophiles, mesophiles and thermophiles [27]. In

this study, the majority of fungal species are mesophiles, growing at

temperatures within the range 0–358C with the optimum being

25–308C. The genus Aspergillus is typical, growing readily at

temperatures between 15 and 408C [37]. This was confirmed in this

study for A. flavus, which grew in the range 12–428C. This fungus
could be considered as upper mesophilic [23] and presented a value

of the power � less than for other species. It would be interesting to

test other common fungi, such as the thermotolerants (A. fumigatus,

M. pusillus ), to strengthen this hypothesis.

Table 3 Estimation of the � - and � values with 95% confidence intervals
and regression coefficients for the selected organisms

Molds � r 2 � r 2

Alt. alternata 1.10±0.08 0.950 2.11±0.10 0.965

A. flavus 0.81±0.05 0.972 1.50±0.08 0.985

C. cladosporioides 1.26±0.09 0.956 1.71±0.05 0.978

M. racemosus 1.10±0.04 0.984 1.91±0.14 0.951

P. chrysogenum 1.54±0.12 0.933 2.00±0.08 0.954

R. oryzae 1.40±0.03 0.990 2.37±0.18 0.924

T. harzianum 1.44±0.09 0.966 2.44±0.12 0.971

Figure 1 Dimensionless plots, growth rate versus temperature (� ) and
growth rate versus water activity (& ) for (A ) Alt. alternata; (B ) A. flavus;
(C ) C. cladosporioides; (D) M. racemosus; (E ) P. chrysogenum; (F ) R.
oryzae; (G) T. harzianum and power function curves.

Table 2 Minimum temperature and water activity for some species of
fungi as reported in the literature

Moulds Tmin ( 8C) References awmin References

Alt. alternata �5, 6.5 [10,17 ] 0.85 [27 ]

0 [27 ] 0.89 [15 ]

0.88 [24 ]
A. flavus 6–8 [27 ] 0.78 [3 ]

10–12 [10 ] 0.85 [19,39 ]

C. cladosporioides �5 [14 ] 0.84 [15,20 ]

0.88 [24 ]
M. racemosus �3, �4 [28 ] 0.92 [27 ]
P. chrysogenum �4 [27 ] 0.78 [2 ]

4 [31 ] 0.81 [26 ]

0.85 [27 ]
R. oryzae 7–9 [27 ] 0.88 [18 ]
T. harzianum 5 [32 ] 0.91 [16 ]
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The � -values describe the influence of water activity on fungal

growth. They were significantly different from � -values (Table 3).
Again, A. flavus presented the lower � -value, whereas R. oryzae
and T. harzianum presented higher values of �. Alt. alternata, M.

racemosus and P. chrysogenum were characterized by � -values
close to 2, whereas A. flavus and C. cladosporioides exhibited

lower values of �. The � -values describe the influence of water

activity on fungal growth. Xerophilic, mesophilic and hygrophilic

species are classified depending on whether optimum growth

occurred below 0.95aw, from 0.95 to 1.00aw or only at 1.00aw

[28]. All fungi examined in this study can be considered

mesophiles, although care should be taken with these criteria for

no mould is capable of growing in pure water (aw=1). According

to our results, some moulds T. harzianum, 2.44±0.12; R. oryzae,

2.37±0.17 and Alt. alternaria, 2.11±0.10 grew at the same rate at

0.985aw and 0.99aw. In contrast, C. cladosporioides,M. racemosus

and P. chrysogenum grew faster at 0.985aw than at 0.99, suggesting

that these moulds required less humidity to grow at the optimum

rate. Xerophilic fungi are capable of growing at 0.85aw or less

[29]. P. chrysogenum and A. flavus could be considered xerophiles

as suggested by Pitt and Hocking [31,32], although P. chrysoge-

num exhibited a high � -value (2.00±0.08). Attempting to classify

the moulds according to their � -value is rather difficult. Never-

theless, in this study, moulds growing faster at 0.99 than 0.985 were

characterised by � -values greater than 2.

In all cases, r 2 coefficients were greater than or equal to 0.924.

The power function cannot represent the S-shaped curves of �
versus T and � versus aw. For example, the S-shaped curve �dim

versus awdim described for A. flavus in Figure 1 made it difficult to

obtain a regression coefficient greater than 0.972. In a previous

study [8], the regression coefficients were generally greater

because Tmin was estimated. The reported Tmin for Alt. alternata

and P. chrysogenum depends on the literature cited (Table 2).

Therefore, it would have been impossible to check the consistency

of the exponent � if Tmin was estimated. Accordingly, Tmin was

experimentally determined, such as Topt and �opt.

The use of normalised variables allowed the dimensionless plots

of growth rate versus temperature, and growth rate versus aw to be

plotted on the same graphs. It should be pointed out that the former

curve was always above the latter one. The relative influence of T

and aw on fungal growth can be interpreted by comparing � - and
� -values. After logarithmic transformation of Eqs. (3 ) and (4),

ln(�dim� ) and ln(� dim� ) can be plotted against ln(Tdim ) and

ln(awdim), respectively. � and � can be considered as the following

derivatives:

� ¼ dðln�dim�Þ
dðlnTdimÞ

ð5Þ

and

� ¼
dðln�dim�Þ
dðlnawdimÞ

: ð6Þ

For the same X -axis deviation, d( lnTdim )=d( lnawdim ),

d( ln�dim� ) and d( ln�dim� ) are proportional to � and �,
respectively. In such a condition, if � is less than �, the decrease

in the growth rate in logarithmic coordinate due to temperature

d( ln�dim� )= ln�� ln� opt� is less than the one due to water activity

d( ln�dim� )= ln�� ln� opt�. For all fungi examined in this paper, the

� -value was significantly less than the � -value, confirming that

water activity has a relatively greater effect on fungal development

than temperature.

Let us consider, for example, M. racemosus, at Tdim=(25�T ) /

(25� (�4))=0.4 and awdim=(0.985�aw) / (0.985�0.91)=0.4.

In these conditions, the temperature is about 13.48C for the � curve,

and aw about 0.955. The dimensionless approach predicts that at

0.99aw and 13.48C, the growth rate is decreasing to 0.41.10 (36.5%)

of �opt� (4.60 mm/day). At 258C and 0.955aw, the growth rate is

decreasing to 0.41.91 (17.4%) of � opt� (2.31 mm/day).

Conclusions

The shape of the curves � versus temperature and � versus water

activity are similar; therefore, the same structure of equation has

been used for describing the effects of T and aw on fungal growth.

The use of normalised variables allowed moulds classified into

distinct classes by their position into the T and aw spectra to be

compared. In addition, it was possible to compare � and � for

assessing the influence of each variable on the growth rate.

This study also contributes to the improvement of existing

models for predicting mould growth in foods. Due to a shortage of

models dedicated to fungal growth, there is a tendency to use

models that were developed for bacteria. It has been demonstrated

that the use of the square root model when � -values are

significantly less than 2 leads to an estimation of Tmin less than

the experimental one [9]. Therefore, when � -values are signifi-

cantly less than 2, the use of square root models [33,34,40] for

describing the effect of temperature on fungal growth may lead to

erroneous estimation of Tmin. This point should be examined.

Compared to bacteria, aw is a key parameter for controlling fungal

growth; � -values were greater than the � -values for all moulds.

The individual effects of T and aw have been assessed by means of

this progressive approach. The combined effects of these factors on

fungal growth should also be evaluated. These are the future

developments we are currently looking at.
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35 Ross T. 1987. Bělehrádek temperature functions and growth of
organisms. CSIRO-DSIR Joint Workshop on Seafood Processing,
Nelson, New Zealand, April 1986. Occasional Paper 18 CSIRO
Tasmanian Regional Laboratory, Hobart, Australia, 16 pp.

36 Samson RA, ES Hoekstra, JC Frisvad and O Filtenborg. 1995. In:
Centraalbureau Voor Schimmelcultures (Ed), Introduction to Food-
Borne Fungi. 4th edn. Baarn, the Netherlands, 322 pp.

37 Smith JE. 1994. Physiology of Aspergillus. In: Aspergillus. Plenum,
New York, pp. 23–39.

38 Trinci APJ. 1969. A kinetic study of the growth of Aspergillus nidulans
and other fungi. J Gen Microbiol 57: 11–24.

39 Wheeler KA, AD Hocking and JI Pitt. 1988. Water relations of some
Aspergillus species isolated from dried fish. Trans Br Mycol Soc 91:
631–637.

40 Zwietering MH, HGAM Cuppers, JC de Wit and K van’t Riet. 1994.
Evaluation of data transformations and validation of a model for the
effect of temperature on bacterial growth. Appl Environ Microbiol 60:
195–203.

Effects of temperature and water activity
M Sautour et al

315


