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Abstract 

The fungal pathogen Fusarium graminearum (teleomorph Gibberella zeae) causes a disease of 
wheat and barley known as scab or Fusarium head blight. The objective of this study was to determine 
the effects of water activity (0.914 – 0.995), temperature (18°C, 25°C, 28°C, 33°C) and their 
interactions on the fungal growth on grains (barley and wheat) extract agar media. The colony growth 
rates or g (mm  day-1) values were estimated by fitting a primary growth model. Subsequently, secondary 
models relating g to water activity (aw), or temperature, or aw and temperature combined, were developed. 
The nonlinear Arrhenius–Davey and Gibson models describing the individual effects of aw or temperature 
on g proved adequate predictors of the growth parameters. Based on the quality of fit criteria, a general 
quadratic polynomial function proved to be a reliable model for describing the combined effect of aw 
and temperature on g. The study shows that Fusarium graminearum has optimum growth conditions in 
the temperature range 24.5-25.5°C, combined with 0.977-0.995 water activity range. 
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Introduction 
 

Fungal contamination is one of the major contributors to the spoilage of stored grains. 
Fungi are able to change the quality of grains, decreasing the germinability and significantly 
affecting their nutritional value (CE AIREDE & al. 1987 [1]; J LACEY & al. 1991[2]). 
The contamination pathway is linked to the saprophytic mycelia and chlamydospores 
presence over winter on barley and wheat crop residues. These are forming air-borne 
inoculums (conidia or ascospores) that, depending upon moisture conditions, readily attack 
barley and wheat seed spikes (DW PARRY & al. 1995 [3]). 
Therefore, the fungal pathogen Fusarium graminearum (teleomorph Gibberella zeae) causes 
a disease of barley and wheat known as scab or Fusarium head blight (FHB) (WR 
BUSHNELL & al. 2003 [4]). When toxic secondary metabolites that are a threat to human 
and animal health are formed by Fusarium they render the harvest unsuitable for food, feed or 
malting.  
Fungal growth and mycotoxin biosynthesis may result from the complex interaction of several 
factors and, consequently, an understanding of each factor involved is essential to get insight 
into the overall process and to predict and prevent the mycotoxin formation (LL CHAMLEY 
& al. 1994 [5]). Temperature and water activity (aw) are the primary environmental factors 
that have a major impact on the fungal growth and play a critical role in the epidemiology of 
FHB and mycotoxin presence (S MARIN  & al. 1995a [6]; S MARIN  & al. 1995b [7]; RJ 
HOPE & al. 2003 [8]; RAMIREZ ML & al. 2004 [9]).  
Mould growth and mycotoxin formation are related to: the presence of fungal inoculum on 
susceptible crops; plant stress caused by extreme weather; faulty water and fertilization 
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balance; insect damage; inadequate storage conditions. In general biotic and abiotic stresses 
(insect damage, heat and water) cause plant stress and predispose plants in the field to 
mycotoxin contamination (LW WHITLOW & al. 2005 [10]). Thus there is an urgent need to 
know the level of contamination in real time or in advance (A PRANDINI  & al. 2009 [11]). 
This aspect stimulated the efforts to develop mathematical models (P DANTIGNY & al. 2005 
[12]) able to predict the mycotoxins formation. 
Even if lately numerous static and dynamic models were developed for quantifying  FHB 
presence and mycotoxin contamination (ED DE WOLF & al. 2003 [13];  
P DETRIXHE & al. 2003[14]; AW SCHAAFSMA & al. 2006 [15]) there is need for more 
tools to predict the fungal growth and the impact on food quality and safety, taking into 
account the effect of biotic and abiotic factors (A PRANDINI  & al. 2009 [11]) and the 
particularities of different strains (TY GAGKAEVA  & al. 2010 [16]). 
These tools must be integrated in the good agricultural practices (GAPs) and in the safety 
management systems along the food chain, where they will improve the prevention strategies 
of mycotoxin formation.  
Accurate information is therefore needed on the impact of key environmental factors such as 
aw, temperature and their interactions and on identifying the marginal and optimum conditions 
for fungal growth and toxin biosynthesis (V SANCHIS & al. 2004 [17]). 
The objective of this study was to determine the effects of aw, temperature, and their 
interactions on the growth of F. graminearum on grains (barley and wheat) extract agar 
media. 
 
Materials and Methods  
 
Isolates  
Fusarium graminearum (MI 113) strain was obtained from USAMV (University of 
Agricultural Sciences and Veterinary Medicine, Bucharest, Romania). The mould strain was 
isolated from bakery products and maintained on malt extract agar (MEA). 
 
Media 
Barley (Andrei) and wheat (Dropia) 2010 harvest, from SCDA (Agricultural Research Center 
of Braila, Romania) with an initial moisture content of 6.74% (aw =0.530) and 8.72% (aw 
=0.578), respectively, were used in this study. Cereal based media consisting in 3% (w/v) 
barley malt extract agar (BMEA) and the 3% (w/v) wheat malt extract agar (WMEA) were 
prepared. The media were obtained by boiling 30 g of dry ground barley or wheat in 1 L of 
water for 30 min. The resulting mixture was filtered through a double layer of muslin and the 
volume was made up to 1 L. The values of water activity in media, measured with Fast Lab 
meter (GBX), were adjusted with glycerol between 0.914–0.995 to monitor the fungal growth. 
Previous studies on different strains indicated that the interval 0.900–0.920 for the aw could be 
considered marginal for the growth of  
F. graminearum  (A MEDINA & al. 2010 [18]). 
 
Inoculation, incubation and measurement of growth 
 
An inoculation loop was used to aseptically scrape the sporulated mycelia from the surface of 
the MEA slants on which the isolates were maintained. The scraped mycelia were used to 
centrally inoculate the surface of Petri plates (90 mm) containing BMEA and WMEA. Petri 
plates containing medium with a particular aw value were then placed over glycerol – water 
solutions with the same aw, in sealed containers (S SAMAPUNDO & al. 2005 [19]). Ten Petri 
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plates were placed in each container. The containers were then incubated at 18°C, 25°C, 28°C 
or 33°C. From each container four randomly chosen Petri plates containing growing colonies 
were examined periodically for changes in growth. The growth, assessed as the change in 
diameter of the approximately circular growing colony, was determined by measuring two 
perpendicular diameters per chosen plate. The diameters were measured with the 
stereomicroscope Leica (EZ4 HD). The average of the eight diameters was used for assessing 
the colony diameter at a particular time of measurement. All experiments were repeated twice. 
 
Mathematical and statistical methods 
Statistical analysis was performed using SAS 9.1 for Windows (Cary, NC, USA).  Linear and 
regression equations were applied to estimate the growth rate during ten days of incubation. 
The Arrhenius-Davey and the Gibson second order polynomial equations were applied using 
nonlinear regression equations. To describe the combined effect of temperature and water 
activity on the colony growth rate a multilinear model was applied. Surface plots were 
developed using the SAS 9.1 for Windows (Cary, NC, USA) software. Correlation 
coefficients (R2) showed the strength of the linear models fitting the experimental data. For all 
the second order polynomial equations applied, RMSE (residual mean square error for the 
model) values were estimated. 
 
Primary modeling 
 
Primary modelling was done using a simple linear regression model: 

gtad                                                      (1) 

where d is the colony diameter (mm), g is the growth rate (mm  day-1), t is the time (days) 
and a is the model constant. The exponential phase of the growth was taken into account for 
all the regression equations. 
 
Secondary modeling 
 
Individual effects of aw and temperature on the growth rate  
 
The colony growth rates (g) were modeled as a function of temperature for each aw level by 
the modified linear Arrhenius–Davey model: 

2
210 /ln TCTCCg                                                      (2) 

where T is the temperature in Kelvin degrees (°K) and C0, C1 and C2 are model parameters. 
The effect of aw on the colony growth rate was modeled for each temperature level by Gibson 
nonlinear regression equation: 

2
210ln ww bCbCCg                                                      (3) 

where aw is transformed to bw by ww ab  1  for better hyperbolic fitting and C0, C1 and  C2 

are model parameters (S SAMAPUNDO & al. 2007 [20]). 
 
The combined influence of aw and temperature on the colony growth rate 
  
A polynomial equation was evaluated for its ability to describe the combined influence of aw 
and temperature on the growth rate. The second-order equation in which the aw was 
transformed to bw is: 

www btCtCtCbCbCCg 5
2

43
2

210 
                    (4) 
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where t is temperature in Celsius degrees (°C), bw is the variable in which water activity was 
transformed, as in Eq. (3) and C0, C1, C2, C3, C4 and C5 model parameters. 
 
Results and Discussions 
 
Growth curves  
 
The growth curves determined from the colony diameters as a function of time are 
characteristic for the fungal growth on BMEA and WMEA media. Diameters larger than 80 
mm could not be assessed due to non-radial growth caused by extensive sporulation. The 
maximum diameter measured was limited by the maximum diameter of the Petri plate (90 
mm).  
For the estimation of the mould growth rate the primary model (Eq. 1) was applied and good 
correlation coefficients were noticed for all the water activities and temperatures tested.  
As it can be seen in Fig. 1 the higher the water activity values for all the studied temperatures 
and for both media, BMEA and WMEA, the faster the colony grew. The same behavior was 
reported by researchers (S SAMAPUNDO & al. 2007 [20]) for Aspergillus parasiticus and 
Aspergillus flavus. Comparing the growth rates for the 0.995 aw value it can be noticed that at 
all experimental temperatures (18°C, 25°C, 28°C and 33°C) the growth rates were higher in 
BMEA than in WMEA.  
In fact the fastest growth rate (13.52) was registered at 25°C and 0.995 aw in BMEA and a 
17.6 fold lower value (0.77) was obtained at 33°C and an  aw of 0.963 in BMEA. 
On the media with 0.920 water activity a slow growth rate was registered in the first four days 
of incubation  at 18°C and 25°C. After ten days the colony diameter was only 3 mm. At 28°C 
and 33°C at 0.920 water activity, after ten days of incubation, the growth rate was nil (data 
not shown). Both media (BMEA and WMEA) presented the same pattern in growth, for all 
the studied temperatures and aw values.  
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b 
Figure 1. Effect of water activity and temperature on Fusarium graminearum growth rate (mm  day-1) on a) BMEA 
medium (18°C, 25°C, 28°C, 33°C) b) WMEA medium (18°C, 25°C, 28°C, 33°C) 
 
Individual effect of temperature on the growth rate  
 
As previously described, the influence of temperature on the growth was estimated by fitting 
the flexible function of Arrhenius-Davey (Eq. 2) for all the experimental data. The 
coefficients of the models, describing g as a function of temperature are presented in Table 1.   
 
Table 1. Parameters of the nonlinear Arrhenius–Davey models ln(g) = C0+C1/T+C2/T

2 developed for Fusarium 
graminearum 

The 

values mentioned in Table 1 are in line with other studies made for different moulds (S 
SAMAPUNDO & al. 2007 [20]).  The same behavior and similar values were obtained for 
BMEA and WMEA media and small errors for the model were noticed. When looking at the 
dependence of the logarithm of the growth rate to the temperature, one could notice that it is 
stronger for BMEA than for WMEA, since C1 values are higher for BMEA. The decrease in 

aw C0 C1 C2 RMSE 

BMEA  

0.995 -1.90  103  5.28   102 1.12   106  3.15   105 -1.66   108  4.98   107 0.04 

0.987 - 2.74   103  1.68  102 1.63  106   1.01   103 -2.43   108  1.49   108 0.02 

0.963 -9.47   102  1.04   103 5.57 x 105  6.24   103 -8.19 x 107  9.3    106 

 
0.05 

WMEA  

0.995 -2.14   103  4.90   102 1.27   106  2.92   105 -1.88   108  4.36   107 0.01 

0.985 -2.80   103  2.96   102 1.66 x 106  1.76   105 -2.47 x 108  2.63   107 0.03 

0.970 -3.94   103  1.18    103 2.33 x 105  7.09   105 -3.45 x 107  1.05  108 0.07 
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ln(g) is influenced more by the T2 term since the constant C2 is higher for WMEA than in 
BMEA.  

 
 

a b 
Figure 2. Plots of nonlinear Arrhenius–Davey model ln g = Co+ C1/T + C2/T

2, describing the individual effect 
of temperature on the growth rate of Fusarium graminearum on a) BMEA medium b) WMEA medium 

The values obtained for coefficients are in line with other previous researches concerning the 
growth of different mould genera (AM GIBSON  & al. 1994 [21]). It can be seen from Fig. 2 
that the values of the growth rate (g) increase in the temperature range 18-25°C, registers a 
maximum at 25°C and over 28°C suddenly decrease. This behavior was noticed for both 
BMEA and WMEA media and for high water activities values of 0.985, 0.987 and 0.995. In 
our study 25°C is the value where the maximum growth for F. graminearum was registered 
and this value stays in line with other maximum growth temperatures reported for moulds 
(TY GAGKAEVA  & al. 2010 [16]; S MARIN & al. 1998 [22]; M SAUTOUR  & al. 2001 
[23]; M SAUTOUR & al. 2001 [24]). Researchers (ML RAMIREZ  & al. 2006 [25]) 
demonstrated that the maximum growth for Fusarium strains was next to 25°C combined with 
0.995 aw, while other authors (TY GAGKAEVA  & al. 2010 [16]) underlined the fact that at 
24.6°C F. graminearum was more aggressive.  
About 95% of the data points were characterized by error smaller than 15%. The low RMSE 
values also confirmed the proposed model is appropriate. Hence, it could be concluded that 
the models and the parameters accurately described the influence of temperature on the 
growth of F. graminearum strain on BMEA and WMEA media.  
 
Individual effect of aw on the growth rate  
 
In order to describe the influence of water activity on the growth rate, nonlinear Gibson model 
was applied. This model was successfully applied for moulds in other researches on different 
strains (S SAMAPUNDO & al. 2005 [19]). The values obtained for the parameters are in line 
with other previous researches (S SAMAPUNDO & al. 2007 [20]) on the growth of different 
moulds genera (Table 2). The model showed similar pattern in BMEA and WMEA and one 
can notice that the sign of the parameters for the aw and aw

2 terms is changing with the 
variation of temperature. 
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Table 2. Parameters of the nonlinear Gibson   
                ln(g) = C0+C1bw+C2bw

2  
      developed for Fusarium graminearum 
 

T 
(°C) 

C0 C1 C2 RMSE 

BMEA  
19 6.67 -77.95    2.50 0.03 
25 2.60    3.80 -54.53 0.06 
28 2.37 11.27 -119.40 0.02 
33 1.81 -17.73    36.07  

WMEA  
19 3.68 -19.69     5.79 0.04 
25 1.25  31.93 -191.10 0.04 
28 0.17  54.52 -321.00 0.09 
33 2.67 -45.14  181.70 0.05 

 

Table 3. Parameters of the secondary      
               model  
ln (g) = C0+C1bw +C2bw

2+C3t+C4t
2+C5tbw 

 
Parameters WMEA BMEA 

C0 -5.07  4.51 -7.10  3.82 
C1 -18.28  35.02 -19.86  

26.50 
C2 -81.16  123.56 28.17  85.79 
C3 0.79  0.30 0.95  0.26 
C4 -0.02  0.01 -0.02  0.00
C5 0.91  0.07 -0.01  0.49 
R2 0.85 0.88 

 

 
 
Like other literature reports for different moulds genera (Aspergillus flavus and Aspergillus 
parasiticus) the optimum aw values for the maximum growth rate were noticed for the highest 
water activities tested (S SAMAPUNDO & al. 2007 [20]). Moreover, aw values of 0.951 and 
0.982 were considered optimum for different moulds growth by some researchers (S 
SAMAPUNDO & al. 2007 [20]) and 0.98-0.981 range by other researchers (M SAUTOUR & 
al. 2001 [23]; M SAUTOUR & al. 2002 [26]), for Aspergillus parasiticus. In the current 
research the aw value for the maximum fungal growth rate of F. graminearum was 0.995 and 
the threshold value below which no growth could be observed was 0.920, while other 
researches indicated 0.880 as the threshold value for different Fusarium strains (S 
SAMAPUNDO & al. 2007 [20]). 
The low RMSE values also indicated a good description of the studied phenomenon by the 
model. The Gibson models and the parameters (C0, C1 and C2) accurately described the 
influence of the aw on F. graminearum growth on BMEA and WMEA media.  
 
Combined effect of aw and temperature on colony growth rate 
 
To describe the influence of aw and temperature a quadratic polynomial function (Eq. 4) was 
used.  The estimated parameters are presented in Table 3. The correlation coefficient (R2) 
obtained in the present study for both media (BMEA and WMEA) indicate a good 
relationship between the experimental values and the ones predicted by the model. One has to 
consider the fact that in this study C1 and C2 parameters have higher errors than estimated 
constants, demonstrating a low contribution of bw and bw

2 terms to the general model but C0, 
C3, C4 and C5 terms have small errors and demonstrate a strong contribution to the general 
model.  
The models developed for both media are visually depicted by the 3D surface plots (Fig. 3a 
and Fig. 3b). 
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a b 
Figure 3. Surface plots of the colony predicted growth rates by 
Ln (g) = C0+C1bw+C2bw

2+C3t+C4t
2+C5tbw as a function of aw and temperature for Fusarium graminearum on a) 

WMEA medium b) BMEA  medium 
 
The surface plots indicate that water activity and temperature have a significant influence on 
the growth rate of F. graminearum strain in both media BMEA and WMEA and suggests the 
optimum temperature range is between 24.5-25.5°C, combined with the optimum water 
activity range 0.977-0.995. From Table 3 and Fig. 3a and 3b it can be seen that a significant 
interactions appears between aw and temperature for both media.  
 
Conclusions 
 
In this study the growth rate of F. graminearum MI 113 strain was modeled using non-linear 
polynomial regression equations such as Arrhenius-Davey, Gibson and an integrated model 
that described the combined influence of aw and temperature on the colony growth rate.  
All the models tested were adequate to describe the influence of temperature and water 
activity but also their interactions on the growth of F. graminearum on grains (barley and 
wheat) extracts agar media. 
The growth rate decrease with the decreases of the water activity. The maximum growth rate 
was noticed at 25°C and 0.995 aw value for both media. At water activity values below 0.920 
after 10 days of incubation the growth was nil so 0.920 can be considered a threshold value.  
The integrated model indicated the optimum temperature range 24.5-25.5°C combined with 
the optimum water activity range 0.977-0.995 for F. graminearum growth. 
The models developed in this study for F. graminearum strain growth add new valuable 
information necessary for developing extensive knowledge on mycotoxins biosynthesis. 
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