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The aim of this study was to model the effects of temperature (10–40 °C) and aw (0.80–0.98), in two media
(Czapek yeast agar: CYA; corn extract medium: CEM) on the growth rates and growth boundaries (growth–
no growth interface) of three strains of A. flavus isolated from corn in Argentina. Both kinetic and probability
models were applied to colony growth data. The growth rates obtained in CYA were significantly (pb0.05)
greater than those obtained in CEM medium. No significant differences (pb0.05) were observed among
the three isolates. The growth rate data showed a good fit to the Rosso cardinal models combined with the
gamma-concept with R2=0.98–0.99 and RMSE=0.60–0.78, depending on media and isolates. The probabil-
ity model allowed prediction of safe storage (p of growth b0.01) for one month for moist maize (e.g. 0.90 aw)
provided temperature is under 15 °C, or for dry maize (e.g. 0.80 aw) provided temperature is under 27 °C.
Storage at b0.77 aw would be safe regardless of the storage temperature. Probability models allow evaluation
of the risk of fungal contamination in the process of storage, so the results obtained in this study may be use-
ful for application in systems of food safety management.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

Fungal spoilage of food and feedstuffs is a worldwide problem
because it causes large economic losses in the producing countries
and a serious risk of undermining public health under inappropiate
storage conditions. Harvested grains can be colonised by several
fungal genera, including various species of Aspergillus, leading to
deterioration and mycotoxin production. Attention is continuously
focused on corn (Zea mays L.) because it is one of the most important
dietary staple foods in the world (FAO, 2002). This crop can be con-
taminated by a variety of toxigenic mould species during pre and
postharvest periods, Aspergillus flavus being the dominant species in
this respect (Donner et al., 2009; Jaime-Garcia and Cotty, 2010). A.
flavus is the main producer of aflatoxins (AFs), which include the
most potent natural carcinogen known (JECFA, 1997). Some isolates
of this species are able to produce other mycotoxins, particularly
cyclopiazonic acid (CPA), which is toxic to a variety of animals and
has been implicated in human poisoning (Dorner et al., 1983; Rao
and Husain, 1985). Studies of naturally occurring aflatoxins in corn
have demonstrated that the levels of contamination are variable
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(Nesci and Etcheverry, 2002). Information on natural CPA contamina-
tion is scarce (Astoreca et al., 2011). Prevention of A. flavus growth
is needed to diminish the risk of contamination with these toxic sec-
ondary metabolites.

The growth of moulds and mycotoxin accumulation in foods and
feeds depend on the effect of multiple variables such as aw, tempera-
ture, pH, atmosphere composition, substrate, interaction between
species, time, etc. To date several studies on the effect of biotic and
abiotic factors on growth and aflatoxin production by toxigenic spe-
cies have been published (Gibson et al., 1994; Holmquist et al., 1983;
Lacey et al., 1991; Marín et al., 1998; Niles et al., 1985; Pitt and
Miscamble, 1995; Sautour et al., 2001, 2002; Trenk and Hartman,
1970). Generally, aw and temperature are regarded as the main con-
trolling factors determining the potential for growth (Dantigny et al.,
2005; Panagou et al., 2003; Plaza et al., 2003).

In order to improve the quality and safety of food, there is a need
for tools allowing the prediction of fungal growth (Dantigny et al.,
2005). Growth of a fungal colony is not synonymous with production
of mycotoxins, even for a mycotoxigenic mould, because the environ-
mental conditions may allow growth but not production of myco-
toxins and toxin production may be triggered under stressing
conditions for growth. Prevention of fungal growth effectively pre-
vents mycotoxin accumulation (García et al., 2009). Mathematical
modelling can be a useful tool to predict and, consequently, to pre-
vent the growth of mycotoxigenic moulds. A few studies have applied
secondary kinetic models to model growth of aflatoxigenic A. flavus
hts reserved.
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(Baranyi et al., 1997; Gibson et al., 1994; Marín et al., 2009;
Samapundo et al., 2007a; Sautour et al., 2001; Yue et al., 2011) in a
number of substrates, while probability models have seldom been
used, as far as we know. Whereas Gibson et al. (1994) and Sautour
et al. (2001) proposed pioneer kinetic models for the modelling of
mould growth as affected by aw, only Samapundo et al. (2007a) and
Yue et al. (2011) considered the combined effect of both aw and tem-
perature in their models. Sautour et al. (2001) developed a tempera-
ture type (Rosso type) model to describe the relationship between
the growth of several fungi (including A. flavus) on potato dextrose
agar and aw, from which cardinal aw (awmin, awopt and awmax) could
be estimated. This model was later applied by Marín et al. (2009)
for the prediction of growth of aflatoxigenic moulds isolated from
red chili powder. Linear logistic regression was also applied by the
latter to predict the probability of growth over storage time. Similarly,
García et al. (2011) developed a probability modelling approach that
could be satisfactorily employed to quantify the combined effect of
temperature and aw on the growth responses of Aspergillus parasiticus
(isolated from peanuts).

The objective of the present study was to use the gamma concept
to assess the combined effects of temperature and aw on the growth
rate of three strains of A. flavus isolated from corn in Argentina based
on data obtained in two different media. However this approach did
not account for the interactions between temperature and aw close to
the growth/no growth interface. Accordingly, a probabilistic approach
was used to model the growth boundaries.

2. Materials and methods

2.1. Experimental design

A full factorial design was used in which four factors were
assayed: isolate, media, aw and temperature. Two growth parameters
(μ and λ) were recorded at each condition as response variables. The
aw levels assayed were 0.80, 0.83, 0.86, 0.90, 0.94, 0.96 and 0.98 and
the incubation temperatures were 10, 15, 25, 30, 35 and 40 °C. Four
replicates for each treatment were used.

2.2. Fungal isolates

Three strains of A. flavus isolated from corn used in the production
of poultry feeds in Argentina were used in this study. The corn sam-
ples were collected from a feed plant located in the south of Córdoba
Province in 2009 and these isolates are kept in the Buenos Aires
0

10

20

30

40

50

60

70

80

90

0 5 10 15 20

C
o

lo
n

y 
d

ia
m

et
er

 (
m

m
)

Time (d) 

Fig. 1. Growth curves for A. flavus BAFC4273 on CYA at 35 °C (■, 0.98 aw; ▲, 0.94 aw; ●,
0.90 aw; ♦, 0.86 aw), 25 °C ( , 0.98 aw; , 0.94 aw; , 0.90 aw; , 0.86 aw; , 0.83 aw)
and 15 °C (□ , 0.98 aw;△, 0.94 aw) fitted to Baranyi model (—, 35 °C; , 25 °C;—, 15 °C).
Faculty of Sciences (BAFC) collection. They had previously been
characterised to be aflatoxin and/or CPA producers: BAFC4273
(AFB1–/CPA+), BAFC4274 (AFB1+/CPA+) and BAFC4275 (AFB1+/
CPA–) (Astoreca et al., 2011).

2.3. Media

Czapek Yeast Agar (CYA) and corn extract medium (CEM) were
used in this study. The later was made by boiling 30 g of corn in 1 L
of distilled water for 45 min and filtering the resulting mixture
through a double layer of muslin. The volume was made up to 1 L
and 1.5% agar was added. The aw of both media was modified by
the addition of known amounts of glycerol to reach 0.80, 0.83, 0.86,
0.90, 0.94, 0.96 and 0.98. The aw of representative samples of each
medium was checked with an AquaLab Series 3 (Decagon Devices,
Inc., WA, USA). Additionally, control plates were prepared and
measured at the end of the experiment in order to detect any significant
deviation of aw.

2.4. Inoculation and incubation conditions

The media for each treatment were centrally inoculated using 5 μl
of a fungal spore suspension harvested from 7-day-old cultures on
malt extract agar (MEA) using glycerol solutions adjusted to the aw
appropriate for each treatment. The suspensions were mixed and
diluted to obtain a suspension of 105 spores/ml adjusted using a
Thoma chamber. Inoculated Petri dishes of the same aw were sealed
in polyethylene bags. Four replicate plates per treatment were used
and incubated for 28 days at 10, 15, 25, 30, 35 and 40 °C.

2.5. Growth assessment

Two perpendicular diameters of the growing colonies were mea-
sured daily (mm) until the colony reached the edge of the plate.
The diameters (D) of the colonies were plotted against time and a
non linear regression was applied to estimate the maximum growth
rate (μmax, mm/day), time to visible growth (λ, day) and maximum
colony diameter (Dmax), if applicable, by fitting the experimental
data to the primary model of Baranyi and Roberts (1994) [1] by
using Statgraphics® Plus version 5.1 (Manugistics, Inc, Maryland,
USA).

D ¼ μmaxA− ln 1þ exp μmaxAð Þ−1½ �
exp Dmaxð Þ

� �

A ¼ t þ 1
μmax

� �
ln exp −μmaxtð Þ þ exp −μmaxλð Þ− exp −μ maxt−μ maxλð Þ½ �

ð1Þ

Analysis of variance (ANOVA) was applied to μmax and λ repeated
data in order to establish the significance of the assayed factors (aw,
temperature, strain, medium) The estimates of μmax were further
fitted to the gamma-concept (Zwietering et al., 1996) combined sec-
ondary models proposed by Rosso et al. (1995) and Sautour et al.
(2001) by multivariable regression to describe the effect of tempera-
ture and aw on fungal growth rate. The model is described by the
following equation:

μmax T; awð Þ ¼ μopt � τ Tð Þ � ρ awð Þ ð2Þ

where

τ Tð Þ ¼ T−T minð Þ2⋅ T−T maxð Þ
Topt−T min

� �
⋅ Topt−T min

� �
T−Topt

� �
− Topt−T max

� �
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Fig. 2.Multifactorial cardinal model (lines) fitted to observed growth rate values (symbols) of A. flavus isolates: A) BAFC4273, B) BAFC4274 and C) BAFC4275 in CYA (left) and CEM
(right) media at different aw and temperature levels. aw levels: 0.83 (♦)- 0.86 (☓)- 0.90 (◊)- 0.94 (▲)- 0.96 (△) and 0.98 (■).
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ρ awð Þ

¼ aw−awminð Þ2⋅ aw−awmaxð Þ
awopt−awmin

� �
⋅ awopt−awmin

� �
aw−awopt

� �
− awopt−awmax

� �
awoptþ awmin−2aw

� �h i
0
@

1
A

ð4Þ

where

Tmin is the temperature below which growth is no longer
observed

Tmax is the temperature above which no growth occurs
Topt is the temperature at which maximum growth rate equals

its optimal value μopt
awmin is the aw below which growth is no longer observed
awmax is the aw above which no growth occurs
awopt is the aw at which maximum growth rate equals its optimal

value μopt

The non linear regression option in Statgraphics® Plus version 5.1
(Manugistics, Inc, Maryland, USA) was used to fit the multifactorial
secondary models to the data. Homogeneity of variance of the
untransformed dependent variable was checked by determining the
correlation between the mean growth rate and the variance of the
three isolates at different temperature and aw levels. Untransformed
μmax data were uncorrelated to the variance, and for this reason
Eq. (2) was used with no further transformation of growth rate data.

2.6. Modelling of the growth/no growth interface

For each treatment of the three fungal isolates, growth data were
converted into probabilities of growth by assigning the value of 1 in
the case where visible fungal growth was evident, and 0 in the case of
absence of growth during the overall period of the experiment. The
resulting data were fitted to a logistic regression model as previously
described (Ratkowsky and Ross, 1995) to determine the growth/no
growth boundaries regarding aw and temperature. The model
employed was a full second order logistic regression model (Battey et
al., 2002) that included also linear and quadratic terms for time [5]

Logit P ¼ ln
P

1� P

� �
¼ b0 þ b1aw þ b2T þ b11a

2
w þ b22T

2 þ b12awT

þ timeþ time2 ð5Þ
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Fig. 3. The predicted effect of temperature and aw on probability of growth of A. flavus BAFC4273 isolate growing in A) CYA and B) CEM incubated for 7, 14, 21 and 28 days.
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Where P is probability that growth occurs and bi are the coefficients
to be estimated. The equation was fitted by using Statgraphics® Plus
version 5.1 (Manugistics, Inc, Maryland, USA) linear logistic regression
procedure. The automatic variable selection option with a backward
stepwise factor selection method was used to choose the significant
effects (Pb0.05). The cut off level for growth/no-growth was set at
P=0.5.

3. Results

3.1. Kinetic primary model

Increasing diameters of the three isolates in both media followed,
in general, a lag-linear curve with some exceptions occurring mainly
at 30–35 °C and 0.83–0.90 aw where growth followed a sigmoidal
function (with an upper asymptote) (Fig. 1). Maximum growth rate
(μmax) and time to visible growth (λ) were estimated through
Baranyi's primary model (Tables 1 and 2). The differences in μmax

and λ among the three assayed isolates were not significant
(p>0.05). For the three assayed moulds, μmax decreased and λ in-
creased under marginal conditions. No growth was observed under
extreme conditions but these were slightly different depending on
the culture media (pb0.05). In CYA, no growth was observed at
10 °C at any assayed aw, nor at 15 °C at aw b0.94 and at 40 °C at aw
b0.90; growth was not observed at 0.80 aw. In CEM, the growth was
more limited since none of the isolates were able to grow at 10 °C
and 40 °C regardless of the aw level, while they only grew at 15 °C
at aw >0.94, and growth was never observed at 0.83 aw. Overall,
growth was faster in CYA than in CEM (pb0.05).

3.2. Secondary modelling for the effects of aw and temperature on the
growth rate and time to visible growth

The cardinal values of environmental factors (minimum, maxi-
mum and optimum value) estimated with the cardinal secondary
model are shown in Table 3 and the fitted models are presented in
Fig. 2. Model [2] showed a good fit with R2=0.983–0.988 and
RMSE=0.600–0.782, depending on medium and isolates. The three
isolates showed a similar pattern of behaviour, based on both, the
estimated values of the secondary model and the results obtained
experimentally. In the temperature and aw range studied, the optimal
conditions of growth for the three assayed A. flavus isolates on both



Table 1
Mean (n=4) estimated maximum growth rates (μmax) and time to visible growth (λ) for Aspergillus flavus isolates on Czapek Yeast Agar (CYA) at different temperature and water
activity levels.

Temperature
(°C)

aW BAFC4273 BAFC4274 BAFC4275

μmax(mm/day)±SD λ(day)±SD μmax(mm/day)±SD λ(day)±SD μmax(mm/day)±SD λ(day)±SD

15 0.83 – – – – – –

0.86 – – – – – –

0.90 – – – – – –

0.94 0.95±0.15a 10.03±0.83a 1.02±0.08a 10.74±0.67a 1.29±0.11a 7.86±0.34a

0.96 1.98±0.05b 3.66±0.47b 1.71±0.15c 3.07±0.40b 2.11±0.06c 3.39±0.34b

0.98 1.50±0.03ab 1.72±0.24c 1.29±0.08b 1.85±0.72c 1.60±0.02b 1.88±0.21c

25 0.83 0.76±0.05a 12.39±1.14a – – - -
0.86 1.91±0.06b 3.89±0.22b 1.53±0.06a 2.77±0.08a 2.13±0.16a 3.86±0.09a

0.90 5.29±0.31c 1.34±1.13c 4.34±0.57b 0.70±0.39b 5.88±0.41b 1.80±0.33b

0.94 8.20±0.32d 0.82±0.16d 9.22±0.07c 0.88±0.06b 9.86±0.21c 1.12±0.12c

0.96 12.94±0.21e 0.86±0.09d 13.00±0.35d 0.91±0.09b 12.99±0.29d 1.00±0.10cd

0.98 13.16±0.63e 0.67±0.19d 12.97±0.51d 0.65±0.09b 13.64±0.64d 0.72±0.09d

30 0.83 0.81±0.26a 7.81±2.85a 1.34±0.49a 6.07±0.68a 1.16±0.27a 7.74±1.66a

0.86 2.24±0.59b 2.09±1.51b 2.83±0.46b 1.09±0.16b 2.41±0.11b 1.68±0.14b

0.90 6.91±0.12c 0.66±0.05b 7.99±0.25c 0.73±0.14bc 7.70±0.21c 0.93±0.08b

0.94 11.33±0.06d 0.57±0.03b 12.63±0.03d 0.71±0.04bc 12.58±0.14d 0.78±0.05b

0.96 14.32±0.06e 0.39±0.04b 13.92±0.11e 0.27±0.05c 14.21±0.07e 0.45±0.03b

0.98 17.02±0.24f 0.34±0.06b 17.92±0.46f 0.36±0.08c 16.71±0.18f 0.32±0.06b

35 0.83 – – 1.31±0.53a 5.25±1.17a 0.48±1.14a 4.73±3.99a

0.86 1.60±0.41a 0.33±0.19a 2.41±0.45b 0.56±0.23b 1.64±0.40b 0.65±0.47b

0.90 7.36±0.33b 0.66±0.16b 6.63±0.29c 0.30±0.07b 7.28±0.36c 0.68±0.01b

0.94 13.26±0.38c 0.54±0.05ab 11.32±0.78d 0.27±0.09b 11.14±0.68d 0.14±0.11b

0.96 17.56±1.16d 0.37±0.05a 16.59±0.06e 0.27±0.01b 16.46±0.27e 0.32±0.04b

0.98 19.83±1.22d 0.42±0.11a 18.90±0.28f 0.33±0.1b 17.21±0.70e 0.39±0.03b

40 0.83 – – – – – –

0.86 – – – – – –

0.90 0.70±0.04a 14.23±2.11a 0.83±0.06a 12.63±2.74a 0.73±0.09a 11.50±5.83a

0.94 0.94±0.02b 10.41±2.72a 2.00±0.59b 3.94±1.59b 1.08±0.14b 2.74±0.38b

0.96 2.15±0.16d 4.01±1.49b 2.70±0.24c 2.58±0.96b 2.18±0.24c 3.74±0.44b

0.98 1.82±0.03c 5.73±1.84b 2.09±0.03bc 3.27±1.64b 1.93±0.05c 4.95±2.62b

No growth was observed for 28 days. SD: standard deviation.
For each strain and temperature level, different letters next to the means mean significant differences (pb0.05) among growth at the different aw levels according to Tukey HSD test.
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tested media were 0.98–1 aw and 32–36 °C with maximum predicted
growth rates of 18.3–20.0 mm/day and 15.1–19.6 mm/day on CYA
and CEM, respectively. Estimated awmin varied from 0.79 to 0.85; all
Table 2
Mean (n=4) estimated maximum growth rates (μmax) and time to visible growth (λ) for A

Temperature
(°C)

aW BAFC4273 BAFC4

μmax(mm/day)±SD λ(day)±SD μmax(

15 0.83 – – –

0.86 – – –

0.90 – – –

0.94 – – –

0.96 1.30±0.28a 3.58±1.99a 0.86±
0.98 1.48±0.14a 2.87±0.43a 0.75±

25 0.83 – – –

0.86 1.43±0.26a 8.29±1.73a 1.31±
0.90 2.43±0.15a 2.25±0.14b 2.26±
0.94 5.07±0.17b 1.45±0.18b 5.68±
0.96 8.00±1.38c 1.49±0.42b 7.56±
0.98 11.74±0.52d 1.35±0.09b 9.04±

30 0.83 – – –

0.86 1.25±0.08a 3.37±0.34b 1.18±
0.90 4.68±0.11b 3.99±0.34a 3.17±
0.94 8.97±0.16c 1.43±0.13c 8.31±
0.96 10.46±1.20d 1.27±0.36c 12.54±
0.98 12.51±0.63e 0.42±0.13d 13.69±

35 0.83 – – –

0.86 1.07±0.12a 2.67±0.44a 0.66±
0.90 4.44±0.14b 1.99±0.25b 2.75±
0.94 8.85±0.14c 1.19±0.09c 8.86±
0.96 12.30±1.53d 1.10±0.32cd 16.98±
0.98 15.68±1.53e 0.54±0.15d 19.75±

No growth was observed for 28 days. SD: standard deviation.
For each strain and temperature level, different letters next to the means mean significant dif
estimations may well be accurate, as awmin values were 0.01–0.05
units under the aw where growth was observed. Regarding tempera-
ture, Tmin predicted values in model [2] were between 8.4 and 10.0 °C,
spergillus flavus isolates on CEM at different temperature and water activity levels.

274 BAFC4275

mm/day)±SD λ(day)±SD μmax(mm/day)±SD λ(day)±SD

– – –

– – –

– – –

– – –

0.08a 4.36±1.74a 1.45±0.08a 3.07±0.64a

0.04b 1.57±0.29b 1.54±0.10a 3.06±0.54a

– – –

0.07a 7.10±0.95a 1.09±0.15a 9.54±0.57a

0.16b 1.69±0.41bc 1.59±0.14a 1.98±0.43b

0.33c 2.35±0.10b 6.03±0.10b 3.33±0.25c

0.52d 1.07±0.41cd 8.08±0.97c 0.86±0.32d

0.37e 0.50±0.06d 8.74±0.51c 0.71±0.14d

– – –

0.15a 2.32±0.44ab 0.62±0.05a 1.68±0.76b

0.25a 2.57±0.46a 2.33±0.26b 2.59±0.49a

0.22b 1.45±0.10bc 7.46±0.16c 1.45±0.09b

2.65c 1.54±0.71bc 11.97±1.14d 1.07±0.27b

0.66c 0.85±0.10c 12.79±0.18d 0.87±0.07b

– – –

0.12a 0.55±0.47a 0.67±0.08a 2.85±0.79a

0.05b 0.99±0.47ab 2.22±0.10b 1.67±0.19b

0.04c 1.32±0.25b 7.54±0.46c 1.29±0.03bc

1.68d 1.06±0.04ab 10.76±0.75d 0.11±0.41bc

1.35e 1.04±0.14ab 15.42±0.14e 0.69±0.04c

ferences (pb0.05) among growth at the different aw levels according to Tukey HSD test.



Table 3
Parameters estimated by the cardinal model applied to growth rates of A. flavus isolates (estimated parameter±standard error).

Parameters BAFC4273 BAFC4274 BAFC4275

CYA CEM CYA CEM CYA CEM

μopt(mm/d) 19.96±1.07 17.34±6.43 19.69±1.55 19.63±1.78 18.27±0.66 15.14±1.31
Tmax (°C) 40.20±0.10 40.00±0.10 40.40±0.10 40.00±0.00 40.40±0.10 40.00±0.10
Tmin (°C) 8.40±1.10 8.40±1.40 10.03±1.00 10.00±1.70 9.40±1.00 9.30±1.30
Topt (°C) 33.60±0.30 33.50±0.40 32.60±0.30 35.50±0.70 32.10±0.30 33.20±0.40
awmin 0.80±0.01 0.81±0.01 0.79±0.01 0.85±0.00 0.80±0.01 0.85±0.01
awopt 0.98±0.00 1.00±0.01 0.98±0.01 0.98±0.00 0.98±0.01 0.98±0.00
R2 0.988 0.983 0.988 0.985 0.988 0.987
RMSE 0.750 0.703 0.724 0.782 0.717 0.600

Table 4
Validation of the CEM probability model (at 28 days) on A. flavus growth data on corn
from the literature. Existing studies showing growth (1) or no-growth (0)/estimated
probability. Characters in bold highlight no concordance between observed and pre-
dicted values.

16 °C 20 °C 22 °C 25 °C 26 °C 30 °C 32 °C 37 °C

0.69 aw 0/0 – – – 0/0 – 0/0 –

0.73 aw 0/0 – – – 0/0 – 0/0 –

0.75 aw 0/0 – – – 1/0 – 1/0 –

0.77 aw 0/0 – – – 1/0 – 1/0 –

0.80 aw 1/0 – – – 1/0 – 1/0.11 –

0.85 aw 1/0 – – 1/0.79 1/0.88 – 1/0.97 –

0.86 aw 0/0 – 1/0.43 1/0.93 – 1/0.99 – 1/0.83
0.88 aw – 1/0.51 – – – 1/1 – –

0.89 aw 0.5/0.01 – 1/0.98 1/1 1/1 1/1 1/1 –

0.90 aw – – – 1/1 – – – –

0.92 aw 1/0.33 – 1/1 1/1 – 1/1 – 1/0.98
0.93 aw – – – – 1/1 – –

0.94 aw – – – 1/1 – – – 1/0.97
0.95 aw 1/0.95 – 1/1 1/1 – 1/1 – –

0.96 aw – – – 1/1 – – – –

0.97 aw – – – 1/1 – 1/1 – 1/0.95
0.98 aw 1/1 1/1 1/1 1/1 – 1/1 – –

0.99 aw – – – 1/1 – 1/1 – –

Growth/no-growth values extracted from: Bluma and Etcheverry (2006, 2008), Giorni
et al. (2008), Moretzsohn De Castro et al. (2002), Nesci et al. (2007, 2009), Oyebanji
and Efiuvwevwere (1999), Samapundo et al. (2007a,b), Trucksess et al. (1988).
Duration of the experiments ranged from 11 to 180 days.
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much lower than the observed ones, as none of the isolates was able
to grow at 10 °C. Tmax was consistently predicted at 40 °C, which may
be slightly low, although values over 40 °C were not tested in the
study.

3.3. Modelling the growth/no-growth boundaries

Plots of probability of growth for temperature and aw at 7, 14, 21
and 28 days of incubation for A. flavus BAFC4273 isolate is presented
in Fig. 3. The other two isolates showed a similar response. It is graph-
ically depicted that the probability plot shifted to lower aw for the
same temperature level as time advances, for all the assayed fungal
isolates.

For a 4-week storage period, the probability of growth was always
under 0.50 when water availability was under 0.81 aw., although
values under 0.79 aw were required for a pb0.10 if no temperature
control is exerted. As observed in the figures, probabilities of growth
for the assayed isolates over 0.90 were predicted in the range 0.91–
0.93 aw at 23–33 °C in a week-period.

4. Discussion

Kinetic growth and growth/no growth models were described for
A. flavus isolated from corn based feed products, in a synthetic (CYA)
and a corn-based medium. Significant differences between the
growth rates reached by the isolates in both media were observed,
being higher in CYA than in CEM. CYA is a rich laboratory medium
which probably encouraged A. flavus growth, whereas CEM might
be closer to the nutrient levels in the real corn ecosystem. The devel-
opment of predictive models in rich laboratory media may overesti-
mate the ability of fungi to grow in foods, and lead to a predicted
unrealistic broad range of growth conditions. García et al. (2011)
validated a kinetic model for A. parasiticus and A. ochraceus developed
on MEA in sterile maize grain, and they confirmed that growth of the
fungi in maize was in general much slower than predicted by the
models. The use of a food-analogue media, as CEM in the present
study may be more convenient.

Maximum growth rate data were fitted to a cardinal model; the
cardinal estimated parameters were sometimes not concordant with
the observed ones, e.g. Tmin, Tmax, awmin, probably due to the limited
number of experimental points. Estimated Tmin values were in the
range 8–10 °C, while Tmin values for A. flavus have been previously
reported at 12 °C on potato dextrose agar (Sautour et al., 2002) and
at 13.2 °C on paddy (Mousa et al., 2011). It has been noted in some
publications (Ratkowsky et al., 2005) that Tmin, as well as the other
cardinal parameters, is a notional, or theoretical, minimum tempera-
ture for bacterial growth and its estimate is typical several degrees
below the minimum temperature at which growth is observed. The
latter temperature can be described as MINt (Ross et al., 2011).
Whereas Tmin appears to be constant regardless of the effects on
growth rate of other environmental factors, MINt is known to increase
systematically as other environmental factors become more inhib-
itory to growth (Le Marc et al., 2002). That is the reason why the
use of growth/no-growth models may be of more interest for applica-
tion in food safety, as foods are usually stored under marginal condi-
tions of either aw or temperature. Regarding the other parameter
which is determinant for the aims of the present study, awmin, its
value was accurately estimated by the model, if we observe the ex-
perimental data. awmin values for A. flavus have been previously
reported at 0.82–0.83 on potato dextrose agar (Sautour et al., 2001,
2002), and at 0.83–0.85 on paddy and chilli extract agar medium
(Mousa et al., 2011; Marín et al., 2009). In order to compare the out-
put of both cardinal and growth/no-growth models, the probabilities
estimated by the second were calculated for the estimated awmin.
While probabilities of growth as high as 0.99 were observed at
awmin (0.85) for strains BAFC4274 and BAFC4275, an estimation of
awmin=0.81 for strain BAFC4273 corresponded to a probability of
growth under this aw level up to 0.17. Growth rates values in maize
grain were only reported in Samapundo et al. (2007a,b); their
observed values were comparable to those estimated in the present
study, in the range 0.921–0.982 aw and 22–30 °C. At 16 and 37 °C,
however, the growth rates estimated in our study were higher than
those in maize grain, while at 0.855–0.893 aw, the results reported
by Samapundo et al. (2007a,b) were, in general, higher. Regarding
the probability model, it can be concluded that for safe storage of
crops such as corn, a aw b0.79 should be maintained but aw as high
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as 0.83 could be permitted if temperatures over 22 °C are avoided;
alternatively, cool storage (b10 °C) could be applied (values based on
experiments on both CYA and CEM and p of growth b0.10). If only
data obtained in CEM are considered, it allows predicting safe storage
(p of growth b0.01) for one month of moist maize (e.g. 0.90 aw) as
long as temperature is under 15 °C, or of dry maize (e.g. 0.80 aw) as
long as temperature is under 27 °C. Storage at b0.77 aw would be safe
regardless of the storage temperature. Probability models allow evalu-
ating the risk of fungal contamination in the process of storage, so the
results obtained in this study may be useful for application in systems
of food safety management. For evaluation of the performance of the
probability model, the results were compared to existing studies in
the literature reporting either growth or no-growth situations under
different temperature/aw levels in maize grain (Table 4). Despite the
impact of aflatoxins in food safety, such studies carried out in maize
grain were surprisingly scarce. Out of 56 conditions from which data
in maize were available, 10 predicted values were not concordant
with the observed ones (18%); 8 of those cases were linked to
Trucksess et al. (1988) study, which has been pointed out before
(Giorni et al., 2011) as reporting growth at unusually low aw levels.
Apart from those, the two non-concordant values were at 16 °C/0.92
aw and at 22 °C/0.86 aw, at the boundary of growth. Although the
three A. flavus isolates tested in this study were not significantly differ-
ent in terms of growth, which gives more relevance to the predictive
models presented, it must be kept in mind that a higher number of iso-
lates would be required to better represent the intraspecific variability
and for a better prediction performance, including strains fromdifferent
geographical origin if the models are to be applied at a worldwide level.
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