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Impact of cycling temperatures on Fusarium
verticillioides and Fusarium graminearum
growth and mycotoxins production in soybean
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Abstract

BACKGROUND: Fusarium graminearum and F. verticillioides are two very important mycotoxigenic species as they cause diverse
diseases in crops. The effects of constant and cycling temperatures on growth and mycotoxin production of these species were
studied on soybean based medium and on irradiated soya beans.

RESULTS: F. graminearum grew better when was incubated at 15, 20 and 15–20 ◦C (isothermal or cycling temperature) during
21 days of incubation. Maximum levels of zearalenone and deoxynivalenol (39.25 and 1040.4 µg g−1, respectively) were
detected on soya beans after 15 days of incubation and the optimal temperature for mycotoxin production was 15 ◦C for
zearalenone and 20 ◦C for deoxynivalenol. F. verticillioides grew better at 25 ◦C in culture medium and at 15/20 ◦C and 15/25 ◦C
on soybean seeds. Fumonisin B1 was produced only in culture medium, and the maximum level (7.38 µg g−1) was found at 15 ◦C
after 7 days of incubation.

CONCLUSION: When growth and mycotoxin production under cycling temperatures were predicted from the results under
constant conditions, observed values were different from calculated for both species and substrate medium. Therefore, care
should be taken if data at constant temperature conditions are to be extrapolated to real field conditions.
c© 2012 Society of Chemical Industry
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INTRODUCTION
Soybean (Glycine max L.) is a species of legume, originally from
Asia, which is used particularly for oil and flour production.1

This commodity is the main source of protein used for food and
feedstuffs throughout the world.2 Argentina is the third largest
producer of soybean; however, it is the main exporter of the by-
products, where 57% of flour exports are destined for the European
Union.3 About 34% of soybean oil is exported to China, 20% to
India and the rest to countries such as Venezuela, Egypt, Peru and
South Africa.4

Soybean is often infected by fungi during cultivation or
postharvest (in transit or in storage), which significantly affects its
productivity.5 Fungal contamination can cause damage in cereal
grains and oilseeds, such as low germination, discolouration,
heat, wilt, rot and mycotoxin occurrence. Fungal growth and
mycotoxin production are influenced by different factors such
as temperature, substrate aeration, water activity (aw), inoculum
concentration, microbial interactions, physiological state of mould,
etc.6 Alternaria and Fusarium species are the most commonly
isolated fungi from soybean in Argentina and in other regions of the
world.7 – 10 Fusarium species have a large degree of morphological,
physiological and ecological diversity and are considered the
most important plant pathogens worldwide.11 Among the
Fusarium species a few are responsible for mycotoxin production;
F. graminearum is the main producer of deoxynivalenol (DON) and

zearalenone (ZEA), while F. verticillioides is mainly responsible for
the production of fumonisins (FBs).11

Many studies have been published during the last few years
describing the growth of mycotoxigenic fungi as a function
of environmental factors. Some of them included predictive
models for fungal growth under constant conditions of either
temperature or aw.12 – 18 However, variation of temperature
occurs during the development of soybean plants at field
stage when Fusarium species can colonise this legume. Besides,
field temperature fluctuation will result in modification of the
pattern of growth and mycotoxins production. For this reason,
the objectives of the present study were: (1) to determine the
impact of different constant temperature regimes and cycling
temperatures on growth and mycotoxin production on soybean-
based medium and on irradiated soya beans by two strains
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of F. verticillioides and F. graminearum isolated from soybean in
Argentina; and (2) to asses if growth and toxin production at
cycling temperatures could be predicted from data at constant
temperature.

MATERIAL AND METHODS
Fungal isolates
One strain of F. verticilliodes (F5017) and one of F. graminearum
(F5050) (F. graminearum sensu stricto (line 7)) isolated from soybean
in Argentina were evaluated. The strains are kept in the culture
collection at Department of Microbiology and Immunology,
Universidad Nacional de Rı́o Cuarto Culture Collection. The isolate
of F. verticillioides had proven ability to produce fumonisins, while
F. graminearum had been proven to produce ZEA and DON.10 The
isolates were sub-cultured on carnation leaves agar at 25 ◦C for
7 days to enable significant sporulation.

Medium
A 2% (w/v) milled soybean agar was used in this study (0.99 aw).
The medium was autoclaved at 121 ◦C 1 atm for 20 min and poured
into 9-cm sterile Petri dishes. The aw of the medium was checked
with an AquaLab Series 3 (Labcell Ltd., Pullman, WA, USA) with an
accuracy of ±0.003.

Preparation of soya beans
Soya beans (14.5% moisture content, 1 kg batches) were gamma
irradiated (7 kGy) using a cobalt radiation source and stored
aseptically at 4 ◦C. Beans were adjusted at 0.99 aw by aseptically
adding sterile distilled water simulating aw at the filling step
(1.47 mL g−1 to the beans in sterile bottles). The bottles were
cooled to 4 ◦C for 48 h with periodically hand-shaking during
this time. Final aw values of each bottle were checked with an
AquaLab Series 3 (Labcell Ltd) with an accuracy ±0.003. Then,
approx. 25 g of seeds were placed in single layers into Petri
dishes.

Inoculation and incubation conditions
Petri dishes were inoculated centrally with a 4 mm diameter
agar disc taken from the margin of a 7-day-old colony of each
isolate on synthetic nutrient agar19 at 25 ◦C and transferred face
down to the centre of each plate. Inoculated plates of the same
aw were sealed in containers along with beakers containing a
water glycerol solution of the same aw as the plates in order to
maintain the aw.20 All plates were incubated at 15, 20, 25 and
30 ◦C and at 12-h cycling intervals at temperatures 15 ◦C/20 ◦C;
15 ◦C/25 ◦C and 20 ◦C/30 ◦C. Temperatures were selected based
on mean temperature at R6 soybean growth stage (full seed)
where 15 ◦C was the minimum and 30 ◦C maximum average
temperatures registered in previous years in the Rı́o Cuarto,
Córdoba, region. The experiments were repeated three times,
for both culture medium and soya beans. Moreover, separated
sets of treatments were prepared for each sampling period: 7, 15
and 21 days.

Growth assessment
For both soybean seeds and agar medium, fungal growth was
observed on a daily basis for an overall period of 21 days and
diameter measurements carried out at right angles with the aid of
a ruler and a binocular magnifier.21

Mycotoxins analysis from soybean-based medium
Extraction
Three agar plugs (diameter 5 mm) of each colony were removed
from the inner, middle and outer parts of the colonies after
7, 15 and 21 days of incubation and placed in a vial for each
repeated experiment. One millilitre of methanol for FBs and 1 mL
of acetonitrile for DON and ZEA were added, and the vials were
shaken for 5 s and allowed to rest. After 60 min, the vials were
shaken again and extracts filtered (Whatman N◦ 4) into another
vial and stored at 4 ◦C until analysis by HPLC (Waters, Milford, MA,
USA). Plug extraction was performed in duplicate.

Detection and quantification
All mycotoxins were detected and quantified separately by using
a HPLC system (Waters 2695, separations module). Chromato-
graphic separations were performed on a stainless steel C18

reversed-phase column (250 mm × 4.6 mm i.d., 50 µm particle
size; Waters Spherisorb, Dublin, Ireland) connected to a security
guard cartridge (10 mm × 4 mm i.d., 5 µm particle size; Waters
Spherisorb). Injection volume was 100 µL by automatic injector.
For fluorescence detection of fumonisins and zearalenone a Wa-
ters 2475 module was used and for absorbance detection of DON
a Waters 2487 module was employed. Quantification was always
achieved using a software integrator (Empower, Milford, MA, USA).
The mycotoxin levels were calculated by comparing the area of the
chromatographic peak of the sample with those of the standard
calibration curve.

Fumonisins B1 and B2. FBs were detected by fluorescence (λexc

335 nm; λem 440 nm). The mobile phase was methanol: 0.1 mmol
L−1 sodium dihydrogen phosphate (77 : 23) solution adjusted to
pH 3.35 with orthophosphoric acid. Dried extracts were dissolved
in methanol and derivatised with o-phthaldialdehyde.22 Detection
limit of the analysis was about 0.01 ng g−1 of culture medium for
FB1 and 0.002 ng g−1 of culture medium for FB2, based on a
signal-to-noise ratio of 3 : 1. The range of FBs standards used for
quantification was 0.015–5 µg mL−1.

Zearalenone. ZEA detection was achieved by fluorescence (λexc

274 nm; λem 445 nm). The mobile phase was acetonitrile/water
(60 : 40). Samples were dissolved in mobile phase. Detection limit
of the analysis was about 0.017 ng g−1 of culture medium, based
on a signal-to-noise ratio of 3 : 1. The range of ZEA standards used
for quantification was 5–25 ng mL−1.

Deoxynivalenol. DON was detected by absorbance (λ 220 nm).
The mobile phase was water/acetonitrile/methanol (90 : 5:5).
Samples were dissolved in mobile phase. Detection limit of the
analysis was about 0.31 ng g−1 of culture medium, based on a
signal-to-noise ratio of 3 : 1. The range of DON standards used for
quantification was 0.5–15 µg mL−1.

Mycotoxins analysis from soya beans
Fumonisins B1 and B2

Fumonisins were analysed by using the method of Shephard
et al.23 as modified by Doko et al.24 The detection limit of the
analytical method was 20 µg kg−1 for both mycotoxins. The HPLC
system consisted of a Hewlett Packard 1050 pump (Palo Alto,
CA, USA) connected to a Hewlett Packard 1046A programmable
fluorescence detector and a Hewlett Packard 3395 integrator.
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Chromatographic separations were performed on a stainless steel,
C18 reversed-phase column (150 × 4.6 mm i.d., 5 µm particle size;
Luna-Phenomenex, Torrance, CA, USA) connected to a security
guard cartridge (4 × 3 mm i.d., 5 µm particle size; Phenomenex).

Deoxynivalenol and zearalenone
DON detection and clean-up was done by using the method
described in Barros et al.,25 while ZEA was analysed using the
methodology proposed by Silva and Vargas.26

For DON, the mobile phase was water/methanol (88 : 12) at a
flow 1.5 mL min−1. Mycotoxin was detected by UV absorbance (λ:
220 nm; Hewlett Packard 1100, programmable UV detector, Palo
Alto, CA, USA) and quantified by a data module Hewlett Packard
Kayak XA (HP ChemStation Rev. A.06.01, Palo Alto, CA, USA). The
detection limit of the analytical method was 50 µg kg−1. The HPLC
system consisted of a Hewlett Packard 1100 pump (Palo Alto,
CA, USA; Rheodyne manual injector with a 50 µL loop; Rheodyne,
Cotati, CA, USA). Chromatographic separations were performed
on a stainless steel, C18 reverse-phase column (150 × 4.6 mm i.d.,
5 µm particle size; Luna-Phenomenex, Torrance, CA, USA).

For ZEA, the mobile phase was methanol/water (80 : 20, v/v)
at a flow rate of 0.5 mL min−1 and detection was achieved by
fluorescence (λexc 280 nm; λem 460 nm). The detection limit of the
analytical method was 10 µg kg−1. The HPLC system was the same
as described above for FBs.

Statistical analyses
Diameters of growing colonies were plotted against time, and the
Baranyi and Roberts27 model was used to estimate growth rate
and time to visible growth for each growth condition and isolate
(Equations 1 and 2) by using Statgraphics Plus 5.1 (Manugistics,
Inc, Maryland, USA) with the nonlinear regression option. Analysis
of variance of growth rates and time to visible growth was used in
order to assess significant differences due to growth conditions.
Mycotoxins were expressed as µg g−1 of agar medium/soybean
seeds. LSD test was used to establish the differences among mean
values of the variables under the different levels of factors at
P < 0.05.

D = µA − ln 1 + [exp(µA) − 1]

exp Dmax
(1)

where

A = t +
(

1

µ

)
ln[exp(−µt) + exp(−µ�) − exp(−µt − µ�)]

(2)

where D is the colony diameter (D: cm), Dmax is the maximal colony
diameter (mm), t is the time (days), � is the time to visible growth
(days), µ is the growth rate (cm day−1).

RESULTS
Effects of constant and fluctuating temperatures conditions
on mould growth
There were significant differences on mould growth due to
constant temperatures assayed (P < 0.05). In general, 20 ◦C was
the best temperature for the growth of F. graminearum and 25 ◦C
for F. verticillioides.

Figure 1 shows growth rate values, µ (cm day−1) for
F. graminearum, growing on soya beans and soybean-based
medium. Significant differences in the growth rate among the

different temperatures and temperature cycles studied were
found (P < 0.05) on both soya beans and soybean-based medium.
On culture medium, the higher growth rate was obtained at 20 ◦C
and at 15/20 ◦C cycling temperature and on seeds the major
growth rate was observed at 15/20 ◦C. Besides, on soya beans
the lower growth rate was observed at 25 ◦C and 15/25 ◦C. No
growth was found at 30 ◦C and 25/30 ◦C in any of the substrates.
Regarding time to visible growth, it increased with decreasing
growth rates, except at 15/20 ◦C in soya beans where the higher
growth rate was reported together with a relatively long lag time.

Figure 2 shows growth rate, µ (cm day−1) for F. verticillioides
growing on soya beans and soybean based medium. Significant
differences on growth rate for the different temperatures and
temperature cycles studied were found (P < 0.05). On culture
medium the higher growth rate was observed at 25 ◦C and in
temperature cycles, the fastest growth was observed at 15/25 ◦C.
The slowest growth was observed at 30 ◦C. On the other hand,
there was a decrease in growth when F. verticillioides grew in soya
beans compared to the growth obtained on culture medium. On
soybeans, higher growth rates were observed at 15 ◦C, 15/20 ◦C
and 15/25 ◦C. As for F. graminearum, no growth was observed at
30 ◦C and 25/30 ◦C on soya beans; however, at these temperatures
growth occurred on soybean based medium.

Regarding time to visible growth, �, in general, it increased with
decreasing growth rates, except at 15/25 ◦C in soya beans where
delayed growth was observed with a subsequent relatively high
growth rate, similarly growth rate and lag time were not negatively
correlated at 30 ◦C in culture medium.

For both species, longer times to visible growth were reported
on soy beans compared to agar medium, suggesting an easier
initial nutrient uptake in agar medium.

Results obtained under fluctuating temperatures were
compared with the sum of 12 h growth under each constant tem-
perature, for both soya beans and soybean based medium (Table 1
and Table 2, respectively). On culture medium, F. graminearum
showed significant differences (P < 0.05) between observed
and calculated growth at cycling 25/30 ◦C and 15/20 ◦C (the
difference was small in this later case) (Table 1), while for soya
beans this difference occurred at 15/25 ◦C and 25/30 ◦C (Table 2).
F. verticillioides showed remarkable differences at 15/20 ◦C and
at 15/25 ◦C between observed and calculated growth on culture
medium, as well as at 15/20 ◦C in soya beans.

As a conclusion, growth at cycling temperatures can not be
predicted from data at constant temperature.

Production of zearalenone and deoxynivalenol on culture
medium and soybean seeds at different temperatures
Table 3 shows ZEA production by F. graminearum under the differ-
ent conditions studied. When this mould grew in culture medium, it
produced the mycotoxin at all temperatures, although the produc-
tion was low. The major production was observed at 15/25 ◦C, but
the levels did not exceed 0.35 µg g−1 agar. Mycotoxin production
at 15/20 ◦C was lower than expected taking into account predic-
tion at constant 15 and 20 ◦C, while production at 15/25 ◦C was
higher than the expected, in contrast to growth results. Respect to
ZEA production on soya beans, this mycotoxin was only detected
under the lowest temperatures studied (15 ◦C and 15/20 ◦C);
however production levels on seeds were higher compared
with production on soybean based medium. The highest level
(39.25 µg g−1) was observed at 15 ◦C after 15 days of incubation.

With regard to DON production, the toxin was detected in
culture medium under all temperatures at which growth occurred,
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Figure 1. (A) Growth rate, µ (cm day−1) and (B) time to visible growth, � (days) of Fusarium graminearum on culture medium � and on soybean seeds
�. Bars with different letters denote significant differences according to the LSD test (P < 0.05).
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Table 1. Calculated and observed and growth rates, µ (cm day−1) of Fusarium isolates at fluctuating temperatures on culture medium

F. graminearum F. verticillioides

Measurement 15/20 ◦C 15/25 ◦C 25–30 ◦C 15/20 ◦C 15/25 ◦C 25/30 ◦C

Calculated 1.20b 1.08a 0.61 3.02b 0.76b 0.92a

Observed 1.40a 1.10a NG 0.91a 1.23a 0.85a

a,b Different superscript letters in the same column denote significant differences according to LSD test (P < 0.05). NG, no growth.

Table 2. Calculated and observed growth rate, µ (cm day−1) of Fusarium isolates at fluctuating temperatures on soybean seeds

F. graminearum F. verticillioides

Measurement 15/20 ◦C 15/25 ◦C 25–30 ◦C 15/20 ◦C 15/25 ◦C 25/30 ◦C

Calculated 1.39a 0.84b 0.15 0.27b 0.27a 0.10

Observed 1.93a 0.34a NG 0.50a 0.39a NG

a,b Different superscript letters in the same column denote significant differences according to LSD test (P < 0.05). NG, no growth.

except at 15 ◦C (Table 4). The higher production was observed
at the temperature cycles, where the highest level was recorded
at 15/25 ◦C at 21 days of incubation. When F. graminearum grew
on soya beans, the DON levels were higher than those observed
on culture medium. Production was detected at all temperatures
where growth occurred. High levels of production were observed
at 15 days of growth, decreasing at 21 days, except at 25 ◦C, where

the highest concentration occurred after 7 days of incubation. The
highest level of DON was found at 20 ◦C (1040.4 µg g−1).

Production of fumonisins on culture medium and soybean
seeds at different temperatures
On culture medium F. verticillioides produced fumonisin B1 at
all temperatures tested at 7 days of incubation (Table 5). The

Table 3. Production of zearalenone on culture medium and soybean seeds at different temperatures at 7, 15 and 21 days

Culture medium (µg g−1 agar) Soybean seeds (µg g−1)

Temperature 7 days 15 days 21 days 7 days 15 days 21 days

15 ◦C <LD 0.23 ± 0.23 0.11 ± 0.03 10.7 ± 0.14 39.25 ± 7.85 31.15 ± 9.83

20 ◦C 0.03 ± 0.04 0.29 ± 0.28 0.06 ± 0.08 <LD <LD <LD

25 ◦C 0.08 ± 0.11 <LD <LD <LD <LD <LD

30 ◦C NG NG NG NG NG NG

15/20 ◦C 0.09 ± 0.12 0.04 ± 0.62 0.08 ± 0.11 <LD 19.95 ± 10.39 21.9 ± 1.23

15/25 ◦C 0.34 ± 0.45 <LD 0.33 ± 0.35 NG NG NG

25/30 ◦C NG NG NG <LD <LD <LD

NG, no growth; LD, limit of detection.

Table 4. Production of deoxynivalenol on culture medium and soybean seeds at different temperatures at 7, 15 and 21 days

Culture medium (µg g−1 agar) Soybean seeds (µg g−1)

Temperature 7 days 15 days 21 days 7 days 15 days 21 days

15 ◦C <LD <LD <LD 158.2 ± 223.73 244.04 ± 192.74 <LD

20 ◦C <LD <LD 0.35 ± 4.98 <LD 1040.4 ± 11.31 0.25 ± 0.07

25 ◦C 0.11 ± 0.16 0.41 ± 0.58 <LD 708.08 ± 993.1 32.09 ± 37.41 <LD

30 ◦C NG NG NG NG NG NG

15/20 ◦C <LD <LD 1.03 ± 1.46 <LD 223.48 ± 259.40 1.18 ± 0.67

15/25 ◦C <LD <LD 2.48 ± 3.5 <LD 424.62 ± 600.50 0.18 ± 0.25

25/30 ◦C NG NG NG NG NG NG

NG, no growth; LD, limit of detection.
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Table 5. Production of fumonisin B1 on culture medium and soybean seeds at different temperatures at 7, 15 and 21 days

Culture medium (µg g−1 agar) Soybean seeds (µg g−1)

Temperature 7 days 15 days 21 days 7 days 15 days 21 days

15 ◦C 7.38 ± 4.56 <LD <LD <LD <LD <LD

20 ◦C 1.77 ± 0.27 1.75 ± 0.50 <LD <LD <LD <LD

25 ◦C 0.80 ± 1.14 <LD 0.60 ± 0.86 <LD <LD <LD

30 ◦C 1.77 ± 2.50 2.55 ± 1.22 <LD NG NG NG

15/20 ◦C 0.62 ± 0.87 0.79 ± 1.12 <LD <LD <LD <LD

15/25 ◦C 1.27 ± 0.06 0.84 ± 1.19 0.96 ± 0.08 <LD <LD <LD

25/30 ◦C 1.24 ± 0.29 <LD 0.66 ± 0.004 NG NG NG

NG, no growth; LD, limit of detection.

toxin was mainly detected after 7–15 days of growth. The highest
production was observed at 15 ◦C after 7 days of incubation. When
F. verticillioides grew directly on soya beans, no FBs were detected.

DISCUSSION
Great potential exists for infection of different grains with multiple
Fusarium species, probably resulting in contamination of feed
with multiple Fusarium mycotoxins. Soybean matrix has been
poorly studied compared to other commodities in relation
to the mycobiota and their mycotoxin production. However,
some research has shown natural contamination with Fusarium
mycotoxins in soybean and by-products.7,9,10,28

There are many published works regarding growth and
mycotoxin production by different Fusarium species under
different conditions.17,18,29 – 34 However, the majority of these
studies were made under isothermal conditions. Nevertheless,
these results cannot necessarily be extrapolated to natural
ecosystems where temperature conditions fluctuate during
the day.

In the present work, growth and mycotoxin production by
F. graminearum and F. verticillioides, isolated from Argentinean
soybean, were evaluated at different constant and cycling temper-
atures on culture media and soybean seeds. Temperatures assayed
in this study simulated field conditions for growing soybean dur-
ing February, March and April in Argentina. F. graminearum, grew
better when was incubated at 15/20 ◦C and 15/25 ◦C (isothermal
or cycling temperature). F. verticillioides grew better at 25 ◦C in cul-
ture medium and at 15/20 ◦C and 15/25 ◦C on soybean seeds. Our
results agree with other studies which found that the optimal tem-
perature for growth of different Fusarium species was between 20
and 25 ◦C.17,18,29,30,32 – 35 However, Samapundo et al.17 and Marı́n
et al.31 found that the optimal temperature for F. proliferatum and
F. verticillioides growth on corn was 30 ◦C; both authors worked
with the same strains isolated from Spanish maize. The different
optimum temperature reported may be attributed to either the
geographical and host origin of the strains which may lead to
genetic differences or to the different growth substrate.

On the other hand, in general, the isolates grew better in culture
medium compared with soya beans (except in some conditions
for F. graminearum); for this reason, care should be taken when
using only culture medium for fungal growth studies, because in
some cases this may lead to overestimated growth values.

F. graminearum is the most important DON and ZEA producer
species isolated from soybean growth stages in Argentina10 and
co-occurrence of ZEA and DON has been well documented.36 – 41

In our work, F. graminearum synthesised both ZEA and DON, and
production was affected by temperature, time and substrate. In
general, the higher levels of both toxins were recorded in soybean
seeds at 15 days of incubation. Besides, levels of DON were higher
compared with level of ZEA, and temperatures for higher DON
production (15, 15/20 ◦C) were similar to those for growth, while
temperature for optimal ZEA accumulation varied (15 ◦C, 20 ◦C;
15/20 ◦C and 15/25 ◦C). In some cases DON and ZEA production
did not occur at cycling temperature but did so at constant one.
Eugenio et al.42 and Mirocha et al.43 concluded that incubation at
low temperatures (12–14 ◦C) following initiation of fungal growth
at room temperature resulted in higher amounts of ZEA and DON
by some strains of F. graminearum. However, Eugenio et al.42 and
Vaamonde et al.44 concluded that soybean is not favourable for
the production of this mycotoxin. They hypothesised that soybean
possess some factors that limits production of ZEA by Fusarium
isolates.

In contrast, F. verticillioides only produced fumonisin B1 on
culture medium and the maximum level was at 30 ◦C at 15 days of
growth. However, at this temperature the species was unable to
grow in soybean seeds. As for F. graminearum, under isothermal
temperatures the level of FBs was higher compared to cycling
temperatures. The optimum condition for FB1 production on corn
was reported to be 20 ◦C at aw between 0.956 and 0.968.31,45

Ryu et al.,46 when studying FB1 production by F. moniliforme and
F. proliferatum in milling rice, with cycling temperatures, found that
the optimal condition for fumonisin B1 production was different
for each species: a cycling temperature between 10 and 25 ◦C for
F. moniliforme and between 5 and 25 ◦C for F. proliferatum. Thus,
toxin production depends, among other factors, on temperature,
isolate and matrix.

In summary, when growth obtained under fluctuating temper-
atures was compared to predicted growth by pooling growth
at constant temperature, in general, the observed values were
different from the calculated values (P < 0.05) for both species
and incubation medium with some exceptions. Obviously, the
real temperature gradient was not reproduced in this work.
Therefore, temperature fluctuation influences the colonisation
of Fusarium species in the field. Taking into account the results in
soybean seeds, predicted growth was faster than the observed for
F. graminearum and vice versa for F. verticillioides, while predicted
toxin production was, in general, higher than the observed. Al-
though both of them are fail-safe prediction cases, this highlights
the fact that extrapolation from constant conditions to real field
conditions must be done with extreme care.
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Currently, predictive models on growth contamination and
mycotoxin production in cereal crops tend to be on field
situations to simulate real conditions.47,48 To our knowledge,
this is the first study on F. graminearum and F. verticillioides
on soybean-based medium and soya beans where growth
parameters and mycotoxin production are studied at isothermal
and cycling temperatures. Although incubation of fungal cultures
at alternating temperature is impractical, it is very important to
study ecophysiological behaviour under these conditions, because
growth and subsequent mycotoxin production at isothermal
conditions seem to be different compared to cycling temperatures.
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