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ABSTRACT 

In this study, aimed at determining whether inactivation of fungal spores by ethanol vapours 
could be solely explained by the vapour pressure in the headspace, conidias of Penicillium 
chrysogenum, P. digitatum and P. italicum were exposed to a constant ethanol vapour pressure of 0.6 
kPa, but diferent relative humidity ( 70-90% RH ) and temperature, ( 20-30°C) in 24 or 48 h, according to 
a factorial design. Interestingly, At 70% RH, 30°C all conidia were viable, whereas at 90% RH, 20°C 
more than 4 log10 reductions were observed after 48 h exposure for all the species. A highly 
significant (P<0.001) effect of RH on inactivation of the conidia by ethanol vapours was highlighted. 
The results suggested that inactivation of fungal spores by ethanol is not only due to its vapour 
pressure in the headspace. Since this study demonstrated that a high relative humidity enhanced the 
fungicide effect of ethanol vapours. 
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TÓM TẮT 

Nghiên cứu với mục đích xác định giả thuyết khả năng ức chế của bào tử nấm bằng hơi cồn chỉ 
liên quan tới áp suất hơi trong không gian thí nghiệm, các bào tử nấm Penicillium chrysogenum, P. 
digitatum và P. Italicum được tiếp xúc với áp suất hơi cồn 0,6 kPa trong các điều kiện độ ẩm tương 
đối khác nhau (70-90% RH) và nhiệt độ (20-30°C) trong 24h hoặc 48h, bố trí thí nghiệm theo ma trân 
thực nghiệm toàn phần. Kết quả cho thấy, ở 70% RH, 30°C tất cả các bào tử đều sống sót, trong khi ở 
90% RH, 20°C khả năng tiêu diệt bào tử đạt được hơn 4 log10 sau khi tiếp xúc với hơi cồn trong 48h 
cho cả ba loại bào tử. Yếu tố RH (P <0,001) có mức ý nghĩa lớn cho thấy tác dụng của RH trong việc 
ức chế các bào tử nấm bằng hơi cồn. Kết quả cho thấy khả năng ức chế các bào tử nấm bằng cồn 
không chỉ phụ thuộc vào áp suất hơi trong không gian thí nghiêm. Nghiên cứu cho thấy mối liên quan 
mật thiết dữa độ ẩm tương đối và khả năng diệt trừ nấm của hơi cồn. 

Từ khóa: cồn, thuốc diệt nấm, bào tử, nấm mốc, Penicillium, ức chế 

1. INTRODUCTION 

In order to prevent or to delay spoilage 
of foods due to moulds, chemical 
preservatives, such as organic acids, can be 
added to food products. However, the use of 
chemical preservatives to control growth of 

moulds has come under criticism as 
consumers demand more natural food 
products. Due to its GRAS (Generally 
Recognized As Safe) status in the USA, 
ethanol would constitute an potential 
alternative to chemical preservatives. The 
minimum inhibitory concentration (MIC) of 
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ethanol for growth of moulds ranged from 
2.14 to 6.43 % ethanol (wt/wt) for 
Trichoderma harzianum and Paecilomyces 
variotii respectively (Dantigny et al., 2005a). 
The MIC for germination of Penicillium 
chrysogenum conidia was estimated to 4.3 % 
(Dantigny et al., 2005b) . However, fungi 
should preferably be killed rather than 
inhibited. At concentrations greater than 
10% (vol/vol), the toxicity of ethanol solutions 
on spores of various moulds, including 
Penicillium expansum and P. implicatum was 
demonstrated (Geiges and Kuchen, 1981).  

The effect of ethanol can be also obtained 
by using vapours generated by aqueous 
solutions or ethanol vapour generators. 
Fumigation with ethanol vapours was used to 
control postharvest decay of oranges (Yuen et 
al., 1995) table grapes (Chervin et al., 2005), 
mangoes (Plotto et al., 2006) Chinese 
bayberries (Zhang et al., 2007) and peaches 
(Lihandra, 2007). As compared to liquid 
applications, fumigants have some 
particularly useful properties (Sholberg et  
al., 2001). Ethanol vapours can diffuse 
through spaces and penetrate into protected 
places that are inaccessible to liquid or solid 
fungicide, and exert their effect during the 
exposure period but diffuse away afterwards, 
leaving little or no residue (Bond, 1973). 
However, ethanol fumigation is not widely 
used to decontaminate raw products or 
machine premises from fungal spores. 

In such cases, these spores are not 
hydrated by aqueous solutions, but are in 
equilibrium with the relative humidity of the 
atmosphere. In a recent study, it was shown 
that hydrated conidia of some Penicillium 
species were much more sensitive to ethanol 
vapours than conidia disseminated in the 
environment referred to as “dry-harvested” 
conidia (Dao and Dantigny, 2009). These 
“dry-harvested” conidia were exposed to 
ethanol vapours in the range of 0.7-7.5 kPa for 

24h and survival curves were fit by a Weibull 
model (Dao et al., 2010), but the relationship 
between the model parameters and the ethanol 
vapour pressures was not clear. 

In order to understand more clearly the 
effect of ethanol vapours on inactivation, 
this study aimed at testing the following 
hypothesis: Inactivation of fungal conidia 
depends on the ethanol vapour pressure 
only. It was shown previously that ethanol, 
water activity, (aw), and temperature (T), 
had an effect on the inactivation of 
Penicillium chrysogenum, P. digitatum and 
P. italicum (Dao et al., 2008), but the 
ethanol vapour pressure was not constant 
depending on aw and T values. In fact, 
according to the Clausius-Clapeyron law, an 
increase of temperature causes a strong 
increase in ethanol vapour. The same effect 
can be obtained by decreasing the water 
activity by adding glycerol to the ethanol 
solution (Lerici et al.,1996). Accordingly, 
Lerici and Manzocco (2000) suggested that 
the toxicity of ethanol could be described by 
its vapour pressure, which in turn, depended 
on temperature and water activity. 

In order to test the hypothesis, a 
constant ethanol vapour pressure was set to 
0.6 kPa by manipulating the composition of 
a ternary solution composed of ethanol, 
water and glycerol. The relative humidity 
RH (%) = aw x 100 (70-90%) and the 
temperature (20-30°C) varied according to a 
factorial design, the experimental response 
was the inactivation of fungal conidia of 
Penicillium chrysogenum, P. digitatum and 
P. italicum after 24 and 48 h. 

2. MATERIAL AND METHODS 

2.1. Moulds 
P. chrysogenum was isolated from a 

spoiled pastry product. P. digitatum and P. 
italicum were isolated from a spoiled 
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satsuma. The fungi were identified based on 
the descriptions of Samson et al. (1995). The 
fungi were maintained on potato dextrose agar 
medium (PDA; bioMérieux, Marcy l’Etoile, 
France) at room temperature (18 to 25°C). 

2.2. Medium 
The PDA medium, 0.99 aw, was used for 

production of conidia and for viability 
assessment. The initial pH for all 
experiments was 5.70.1. All plates were 
incubated at 25°C. All trials were performed 
in triplicate. 

2.3. Dry harvested conidia 
After incubation of the PDA medium at 

25°C for 71 days, conidia of each mould 
were collected by turning the plates upside-
down then gently patting the bottom of the 
dishes. Dry harvested conidia were collected 
on the lid of the dishes. 

2.4. Experimental set-up 
The lids that contained dry harvested 

conidia were placed into the experimental set-
up that consisted in 1.5 l closed boxes (Sautour 
et al., 2010a and 2010b) in which ethanol 
vapour was controlled by 100 g of 
ethanol/water/glycerol solutions. The closed 
boxes were placed into incubators at 25°C for 
24h. 

2.5. Viability assessment 
Dry harvested conidia were suspended 

by pouring 10ml of the sterile saline solution 
into the lids as described previously (Dao et 
al., 2008). The concentration of the conidia 
(either viable or not) in the harvested 
suspension, N0, was determined by means of 
a Malassez cell. The concentration of viable 
conidia, N, was determined by pouring 100µl 
of the harvesting suspension, and the two 

subsequent decimal dilutions on Petri dishes 
containing PDA medium. Experiments were 
carried out in duplicate. After incubation at 
25°C for 3 days, cfu number was determined 
on dishes that exhibit between 10 and 100 
colonies. The experimental response was 
defined as lg (N0/N). 

2.6. Thermodynamic relationship 
By using the thermodynamic 

relationship described as below, it was not 
necessary to measure the vapour pressure of 
ethanol in the headspace, Pe. Mainly, Pe 
depended upon the molar fraction of ethanol 
in the liquid, Xe, and temperature, T. Water 
activity is also an important factor to be 
controlled because ethanol is a very 
hydrophilic molecule. At reduced aw, less free 
water is available for binding ethanol 
resulting in an increase of ethanol vapour 
pressure. It is therefore necessary to adjust 
the water activity of the solution by adding 
glycerol. 

Let’s consider a ternary aqueous solution 
that contained water (g), mH2O; ethanol (g), 
mEtOH and glycerol (g), mGly. For 100g 
solution: 1002  EtOHGlyOH mmm   (1) 

The molar fraction of ethanol in the 

liquid is: 

18

O2mH

92

mGly

46

mEtOH
46

mEtOH

Xe


   (2) 

The ethanol vapour pressure in the 
headspace is: Pe=XeePt     (3) 

where e the activity coefficient that can 
be considered equal to 1 [3], Pt the ethanol 
vapour pressure at saturation. 

Pt that depended on T (°C) according to 
a Claudius-Clapeyron law was 
approximated by plotting Ln (Pt) vs (1/T), 
(data from [12]): Ln (Pt) = 19.11 - 5094/T  (4) 
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Table 1. Influence of relative humidity and temperature on inactivation of conidia 
of some Penicillium species at a constant ethanol vapour pressure Pe=0.6 kPa 

  log (N0/Nt) mean ± sd 
RH (%) T (°C) EtOH 

H2O Gly P. chrysogenum P. digitatum P. italicum 

  (g) (g) (g) 24H 48H 24H 48H 24H 48H 

70 20 15.22 41.18 43.60 0.00±0.00 2.33±0.05 2.86±0.58 2.91±0.81 2.66±0.03 2.89±0.19 

90 20 23.40 76.40 0.20 3.96±0.04 4.26±0.02 5.73±0.46 6.04±0.00 4.24±0.06 4.77±0.08 

80 25 13.30 53.44 33.26 3.72±0.05 3.76±0.10 4.58±0.17 5.96±0.00 4.25±0.04 4.74±0.10 

70 30 7.99 38.31 53.70 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 

90 30 12.24 71.63 16.12 3.68±0.05 3.80±0.10 5.49±0.24 6.43±0.00 4.22±0.09 5.45±0.04 

 

The water activity due to ethanol, 
awEtOH, and the water activity due to glycerol, 
awGly, can be derived from the Langmuir 
equations [10]: 
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The water activity of the solution is 
given by the Ross equation: 

        (7) 
GlyEtOHSol www a.aa 

The relative humidity RH (%) in the 
headspace depends on the water activity of 
the solution according to:      

   (8) 
Solwa100RH 

Compositions of the ternary solutions 
used in this study are shown Table 1. 

2.7. Experimental design 
The experimental domain was defined 

inside the lower (-1) and the upper (+1) 
coded levels for k = 2 factors, relative 
humidity RH (70-90%) and temperature (20-
30°C). The factorial design 2k was used to 
evaluate the influence of the coded factors on 
the experimental response Y = lg (N/N0). All 

combinations for both the factors at two 
levels were tested, in addition to the centre 
of the domain, thus leading to 2k+1 
experiments, Table 1. 

2.7. Estimation of model coefficients 
Multiple regression analysis was 

performed by the least square method using 
NemrodW software (LPRAI, Marseille, 
France). The experimental response was 
modelled by a polynomial equation with 4 
parameters: 

Y = b0 + b1X1 + b2X2 + b12X1.X2      (9) 
where X1 and X2 are the coded values of 

RH and temperature respectively. 

3. RESULTS 

At 70% RH, 30°C, conidia of all tested 
fungi strains/isolated were 100% viable after 
24 h and 48 h exposure to ethanol vapours 
(Table 1). All conidia of Penicillium 
chrysogenum were also viable after 24 h 
exposure at 70% RH, 20°C, but 2.33 log10 
reductions were obtained after 48 h. In all 
the other experiments decimal reductions 
were greater than 2 lg. Inactivation was 
greater at 48 h than at 24 h, although this 
increase was not significant for P. 
chrysogenum at 80% RH, 25°C and 90% RH, 
30°C, for P. digitatum at 70% RH, 20°C. At 
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80% and 90% RH all conidia of P. digitatum 
were inactivated after 48 h exposure. 
Overall, the greatest inactivation was shown 
at 90% RH, 20°C. In this experimental 
condition the ethanol concentration in the 
solution was the greatest, 23.40 g/100 g 
solution. In contrast, no activation was 
exhibited for the lowest ethanol 
concentration, 7.99 g/100g solution. 
However, there was no correlation between 
inactivation and the concentration of ethanol 
in the solution. For all species, the 
inactivation was greater at 80% RH, 25°C 
(13.30 g ethanol/100g solution) than at 70% 
RH, 20°C (15.22 g ethanol/100 g solution). 

A more detailed analysis of the relative 
effects of RH and temperature can be 
obtained by calculating the model 
coefficients, Table 2. The response means 
provided the experimental responses 
estimated by the polynomial model for the 
central value (i.e., 80% RH, 25°C). The 
response means were greater at 48 h than at 
24 h. However, they differed significantly 
from the experimental responses as shown 
Table 1, thus suggesting that the effect of 
the factors was not linear within the 
experimental domain. In this domain, the 
species were ranked by an increasing order 
of sensitivity to ethanol: for example at 24 h, 
P. chrysogenum (b0 = 2.47), P. italicum (b0 = 
3.16) and P. digitatum (b0 = 3.86). The 
significance of the main effects can be 
assessed by comparing the absolute value of 
the coefficients b1 and b2. For all the species, 
whatever the exposure time, |b1| > |b2|, 
thus RH was the key factor for explaining 
inactivation. Temperature was also an 
important factor for explaining the 
inactivation, but to a lesser extent. For 
example, temperature was not a significant 
factor for P. chrysogenum at 24 h and for P. 
digitatum at 48 h. All b1 coefficients were 

positive whereas all b2 coefficients were 
negative. Therefore, a greater inactivation 
was achieved at 90% RH and 20°C. The 
interaction factors were significant except 
for P. chrysogenum at 24 h, thus 
strengthening the hypothesis of non-
linearity of the RH and temperature effects. 

4. DISCUSSION 

The species exhibited different 
sensitivities to ethanol vapours. By a 
decreasing order of sensitivity the species 
were ranked as followed: P. digitatum, P. 
italicum and P. chrysogenum, in accordance 
with a previous study (Dao et al., 2008). It 
should be underlined that the ethanol 
vapour pressure in this study, Pe = 0.6 kPa 
was within the range of variation of the 
previous study (Dao et al., 2008). For higher 
ethanol vapour pressures in the headspace 
the order of sensitivity of the species may be 
different (Dao et al., 2010). 

In the present study, it was shown that 
the inactivation of fungal conidia was not 
due to the ethanol vapour pressure in the 
headspace only. A highly significant effect of 
water activity was demonstrated. The effect 
of ethanol was enhanced at 0.9 aw, the 
coefficient b1 was positive. In contrast, in a 
previous study the b1 coefficient for the effect 
of water activity was negative (Dao et al., 
2008). This can be explained because in the 
previous study the ethanol vapour pressure 
was not constant. It was explained in the 
material and methods section that by 
decreasing water activity, less free water is 
available for binding ethanol resulting in an 
increase of ethanol vapour pressure. In 
contrast in the present study, the ethanol 
vapour was constant. It was shown 
previously that hydrated conidia were more 
susceptible to ethanol vapours than dry-
harvested ones (Dao and Dantigny, 2009). 
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Due to ethanol is a very hydrophilic 
molecule, it was suggested that more 
ethanol can be dissolved in the cytoplasm of 
the conidia at elevated RH, thus leading to a 
greater inactivation. 

In the present study, it was shown that 
greater inactivation was exhibited at reduced 
temperatures, the coefficient b2 was negative. 
In contrast, in a previous study the b2 
coefficient for the effect of temperature was 
positive (Dao et al., 2008). Again, in the 
previous study the ethanol vapour pressure 
was not constant but was increased at 
elevated temperatures. In this study, the 
ethanol vapour pressure was constant. The 
concentrations of ethanol in the ternary 
solutions can be compared at different 
temperatures regardless of the relative 
humidity. At 70% RH and 90% RH, the 
ethanol concentrations at 20°C were 
approximately twice of that at 30°C. In our 
study, it was shown that the inactivation at 
70% RH, 20°C was greater than that at 70% 
RH, 30°C. At steady-state, there is an 
equilibrium between the ternary solution and 
the headspace, but also between the 
headspace and the cytoplasm of the conidia, 
although these equilibrium are probably 
different due to the solutes in the ternary 
solution and in the cytoplasm of the conidia are 
not identical. For a given ethanol pressure in 
the headspace, more ethanol can be dissolved in 
a solvent at reduced temperature, thus 
increasing the inactivation. 

In order to develop predictive models for 
the effect of ethanol vapours on inactivation 
of fungal conidia the  hypothesis that 
inactivation depends on the ethanol vapour 
pressure only, was tested and rejected in this 
study. The enhancement of inactivation of 
fungal conidia by ethanol vapours at elevated 
RH was demonstrated in the present study. It 
is suggested that inactivation of fungal 
conidia can be correlated to the intracellular 
concentration of ethanol in the cytoplasm 
although this measurement is not available 
at present. There are now clear evidence that 
supports this assumption, greater sensitivity 
of hydrated conidia to ethanol vapour [7] and 
enhancement of inactivation due to ethanol 
vapour pressure at elevated RH in the 
headspace. For optimising protocols for 
decontaminating raw products and machines 
premises by fumigation of ethanol vapours, 
the influence of pre-treatments at elevated 
RH for increasing the susceptibility of fungal 
conidia is currently being examined in the 
laboratory. 

5. CONCLUSION 

The results suggested that inactivation 
of fungal spores by ethanol is not only due to 
its vapour pressure in the headspace. Since 
this study demonstrated that a high relative 
humidity enhanced the fungicide effect of 
ethanol vapours. 

Table 2. Model coefficients obtained for some Penicillium species 
P. chrysogenum P. digitatum P. italicum 

Variable 
Coefficient 

24 h 48 h 24 h 48 h 24 h 48 h 

Response means b0 2.47*** 2.92*** 3.86*** 4.46*** 3.16*** 3.71***

Relative humidity,  RH b1 1.73*** 1.38*** 1.91*** 2.24*** 1.40*** 1.73***

Temperature, T b2 -0.25ns -0.75** -0.95** -0.78ns -0.72** -0.66*

Interaction,  RH.T b12 0.18ns 0.58* 0.82* 1.07* 0.78** 1.07**

*** significant (P<0.001), ** significant (P<0.01), * significant (P<0.05), ns non significant 
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