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Abstract
This work assessed the combined effect of Drypetes gossweileri essential oil (EO) and three organic acids (Na+ benzoate, Na+ lactate and Sorbic acid) on the
inhibition of germination and growth of Bacillus spores. The test consisted of inoculating activated spores of each Bacillus species in 4 ml of nutrient broth
under the combined effect of D. gossweileri EO (0.62, 5.31 and 10 µg/ml), each organic acid (0.01, 0.05 and 0.1 %) at different pH levels (4.5, 5.75 and 7.0)
taken as independent variable. After incubating for 48 hours, the inhibition percentages of spores germination were used to generate the polynomial model: Y
(%) = β0 - β1 X1 + β2 X2 + β3 X3 + β1,1 X1

2 + β1,2 X1X2 + β1,3 X1X3 + β2,2 X2
2 + β2,3 X2X3 + β2,3 X3

2 . The ANOVA test was used to determine how signi�cant (p 

0.05) of each factor, their interactions and the validity of the �nal models. The results showed that the determination coe�cient (R2) and the adjusted
coe�cients (R2adj) were generally close. For each bacterial species, all the models were signi�cant (p  0.05). For each organic acids, the interaction effect
with D. gossweileri EO (X1X2) was positive and signi�cant (p  0.05) in at least one bacterial species out of the four tested. Na+ lactate showed a more positive
and signi�cant (p  0.05) interactions with EO, as observed on B. megaterium, B. subtilis and G. stearothermophilus spores with regression coe�cients of
23.54; 15.83 and 7.41 respectively. Decreasing the pH increases the sensitivity of the spores to D. gossweileri EO and organic acids. Indeed at pH 7.0, no total
inhibition of spore germination was obtained while at 5.75, total inhibition of spore germination (100% inhibition) was observed for B. cereus and G.
stearothermophilus for Na+ benzoate; G. stearothermophilus for Na + lactate and B. cereus, B. megaterium and B. subtilis for Sorbic acid. From these results, it
was concluded that D. gossweileri EO combined with organic acid might be a valuable tool for bacterial spores control in the food industries.

Introduction
In many countries, food microbial spoilage is one of the major concerns since it is the cause of signi�cant food losses. In addition, contaminated foods
usually lead to food poisoning resulting in human death [1–2]. This remains one of the major health problems in developing countries where each year,
around two million people die from diarrhea resulting from food poisoning [3].

Among the main food microbial spoilage, the control of spore-forming bacteria in general and that of Bacillus species in particular, represents one of the major
challenges for industries. In fact, Bacillus are characterized by powerful food spoilage with some species able to grow at refrigeration temperatures (5 to 7 °
C), as well as at pH below 4.5. In addition, Bacillus can form spores characterized by a high resistance to many types of food sterilization processes and the
germination of spores of certain Bacillus remains a major health concern [4–7]. It is the case of Bacillus cereus which owing to its sporulated form, generally
survive to acidic pH of the stomach and can reach the small intestine which is a suitable site for the production of hemolysin and cytotoxin responsible of
diarrhea [7, 8].

To inactivate bacterial spores in food industries, heat treatments (sometimes combined with high pressure) at temperatures above 100°C remain the most
widely used methods which generally lead to degradation of the nutritional and sensory properties of food [9]. Therefore, some industries still used
pasteurization which unfortunately doesn’t destroy spores, but sometimes rather triggers their germination [10]. To limit these failures, an alternative means
consists of adding the organic acids to food to inhibit subsequent germination of spores. To date, organic acids and their salts are attractive options due to
their various positive attributes including broad-spectrum antimicrobial activity, heat stability and no effect on color or �avor [11–13]. Sorbate and benzoate
are a�rmed as Generally Recognized as Safe (GRAS) in some countries, with authorized concentration of 0.1% for sodium benzoate in the USA, whereas up to
0.15 to 0.25% in most other countries [11]. However, antibacterial effects of organic acids are generally e�cient at low pH (usually below 5) which limits their
use in some foods. In addition, the �eld of food preservation is now facing the problem of some acidotolerant Bacillus (Bacillus sporothermodurans and
Alicyclobacillus acidoterrestris) [4].

It is therefore obvious that, the search for sterilization processes that inhibit or inactivate bacterial spores remain an important need for optimizing the health
qualities of foods. One of the interesting strategies is to study the effects of natural substances with antimicrobial and anti-sporogenic activities. Thus,
Drypetess gossweileri (Euphorbiaceae) is a plant found in tropical Africa, mainly in the forests of Cameroon, Gabon, Democratic Republic of Congo, Central
African Republic and Ghana. The roots and bark of D. gossweileri are traditionally used for therapeutic purposes by certain Cameroonian ethnic groups. A
decoction or maceration of the bark is commonly drunk as a purgative to expel intestinal worms and treat diarrhea. Ngono [14] revealed the antibacterial
effect of D. gossweileri (collected in the Central Region of Cameroon) essential oil (EO) on a wide range of Gram-negative bacteria responsible of food
poisoning. Concerning inhibition of germination of spores, in ours previous study, out of the nine EO of medicinal plants tested, EO of D. gossweileri was the
most active, with inhibitory effect observed on B. cereus, B. subtilis, B. megaterium and G. stearothermophilus [15]. In addition, D. gossweileri EO used from
0.02 mg/ml inhibited germination of Bacillus spores in two model food systems (orange juice and milk) [16]. However, at the aforementioned concentration, D.
gossweileri EO lead to a change of odor and taste in foodstuff and was appreciated as undesirable by the panel [16]. Based on these results, the use of D.
gosweilleri EO as food preservative needs a reduced concentration to avoid the deterioration of the sensory properties of food suggesting its use in
combination with other food preservative. To date, the combination of preservative methods represents a promising future in the �eld of food preservation.To
the best of knowledge, no work has so far evaluated the combined effects of EO in general and D. gossweileri EO in particular with organic acids. Therefore, in
this work, we assessed the combined effect of Drypetes gossweileri EO and three organic acids (Na+ benzoate, Na+ lactate and Sorbic acid) on inhibition of
germination and growth of four Bacillus spores using response surface methodology.

Material And Methods

D. gossweileri essential oil 
The plant used in this study for essential oil extraction is Drypetes gossweileri S. Moore of Euphorbiaceae family. The plant material samples (stem barks)
were harvested at Ntongo, a locality of Center Region of Cameroon in June 2011. The collection as well as the identi�cation of the plant were done under the
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supervision of Dr Rosette Christelle NDJIB, Research O�cer of the Laboratory of Botany of the Center for Research on Medicinal Plants and Traditional
Medicine of Cameroonian Ministry of Scienti�c Research and Innovative which is the highest institute in charge of studies on medicinal plants at the national
level. The procedure of harvest and identi�cation were carried out according to the legislation in force

The essential oil (EO) extraction was done by hydro-distillation using a Clevenger-type apparatus and analyzed by Gas Chromatography-Flame Ionization
Detection (GC-FID) [15]. The essential oil was composed mainly of benzyl isothiocyanate (86.7 %) a glucosynolate derivative compound [15].

Organic acid
Na+ Benzoate, Na+ Lactate and Sorbic acid are organic acids used in industries as food preservatives with an inhibiting effect on the germination of bacterial
spores [17].  In this study, these three organic acids were evaluated for their inhibitory effect on spore germination in combination with D. gossweileri EO. All
the three organic acids were purchased from Sigma Aldrich.

Bacterial strains and production of spores
Bacillus cereus T, Bacillus subtilis NCTC 3610 and Bacillus megaterium 8174 were obtained from the Microbiology Laboratory of the Institute of Food
Research of Reading, UK. Geobacillus stearothrmophilus was supplied by the Institut Appert de Paris. Spores production was carried as described by Bayoï et
al. [18]. Vegetative cells of each strain grown for 12 h on tryptycase soy broth were spread upon sporulation agar medium. The plates were incubated for 5
days at optimal growth temperature of each species (35 °C for Bacillus species and at 63°C for G. stearothrmophilus) to obtain spores. The spores were
collected with glass spatula, suspended in distilled water and puri�ed by seven centrifugation cycles at 3000 g for 15 min. The pellet corresponding to puri�ed
spores were then suspended in distilled cold water and stored at 4 °C for 3 months to ensure spore’s stability before use [18].

Heat-activation of spores
Before use, each preparation of spore was heat-activated using the standard method. The activations were performed on 4 ml of each preparation of spores
adjusted at 108 spores/ml contained in test tubes. This consisted to maintain each suspension in oil bath at 80 °C for 10 min, followed afterwards by sudden
cooling using ice bath for 10 min [16, 18].

Combined effect of D. gossweileri EO and organic acids on inhibition of spore
germination and growth
Box-Behnken optimized surface response method was used to assess the combined effects of D. gossweileri EO and organic acid on inhibition of spore
germination and growth. This method simultaneously studied the inhibition of spore germination and growth response (Y), under the variation of D.
gossweileri EO concentration (X1), each organic acid (X2) and pH (X3) taken as factors. A mathematical analysis of the responses obtained from the
combinations of factors allowed to study the signi�cant effect of each independent variable and their interactions. A mathematical model describing the
relationship between the inhibitions of spore germination (Y) under the concentration of EO, organic acid and pH of medium were generated using uncoded
values of factors. The factors were used each at three modality levels as shown in Table 1.

Experimental design 
The analyses consisted to inoculate activated spores of each Bacillus (at �nal concentration of 106 spores / ml) in 4 ml of nutrient broth (supplemented with
0.2% tween 80) under the variation of each independent variable (X1, X2 and X3) tested at one modality levels (Table 1). The experiment was carried out using
design generated by MINITAB 16 software (Table 2), made by 12 combinations done 30 times with 6 repetitions at the central point. 

After inoculation, the samples were incubated for 48 hours at optimum growth temperature for each species (35 °C for B. cereus, B. subtilis and B megaterium
and 63 °C for G. stearothermophilus). The values of optical density (OD) (indicator of spore germination and growth) were determined for each condition
using a Cary 100 UV-Vis–NIR spectrophotometer (Agilent Technologies, Les Ulis, France) at 620 nm (maximum absorption of the spores). The preparations of
control spores containing neither EO nor organic acid, at pH 7, were carried out under the same conditions. Y responses representing percentages of
germination inhibition and spore growth were calculated using the formula below [17]; with Y (%) = Inhibition of spores germination and growth (%); ODc48h =
Optical density of controls spores after 48 hours; ODc0h = Initial optical density of controls spores; ODt48h = Optical density of tested spores after 48 hours;
ODt0h = Initial optical density of tested spores.
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Mathematical model and statistical analyses
The responses (Y) calculated were expressed in a polynomial mathematical model describing the relationship between the inhibitions of spore germination
(%) as a function of the pH, the concentration of EO and that of each organic acid according to the equation  Y (%) = β0 - β1 X1 + β2 X2 + β3 X3 + β1,1 X1

2 + β1,2

X1X2 + β1,3 X1X3 + β2,2 X2
2 + β2,3 X2X3 + β2,3 X3

2, where Y (%) represents the predicted response; X1; X2 and X3 are the uncoded values of D. gossweileri EO
concentrations, organic acid concentrations and pH respectively; X1X2, X1X3 and X2X3 represent the interactions between EO - organic acid; EO - pH and

organic acid-pH; X1
2, X2

2 and X3
2 are the quadratic parameters and β0...β2,3 represent the constants and the regression coe�cients of the independent

variables, interactions and quadratics. The ANOVA tests was carried out using STATGRAPHICS Plus 5.1 software which allowed us to determine the
signi�cant (p  0.05) of each factors, their interactions, the con�dence intervals (R2 and adjusted R2) and the validity of the �nal models.

Results
The percentages inhibition of spore germination and growth of the four bacterial species under the combined effect of D. gossweileri EO and organic acid (
Na+ Benzoate, Na+ Lactate or Sorbic acid) are summarized in the Tables 3, 4 and 5 respectively. From these values, mathematical models expressing the
percentage inhibition of germination of each bacterial specie under the variation of pH, EO concentrations and those of each organic acid were determined.

From the values of percentage inhibition germination and spore growth recorded, mathematical models expressing the percentages inhibition of germination
of each bacterial specie under the variation of pH, EO concentrations and those of each organic acid were determined. The analyses of different models as
well as the analyses of the regression coe�cients variances are represented in the Table 6, 7 and 8. As observed in Table 6 for the combined D. gossweileri EO
and Na+ Benzoate, the determination coe�cients R2 (79.56 to 94.18%) and the adjusted coe�cients R2 adj (70.37 to 91.56%) obtained with the models for the
four bacterial species are close to 100%. Similar results were obtained with the effects of D. gossweileri EO combined with Na+ Lactate were the determination
coe�cients R2 as well as the adjusted coe�cients (R2 adj) ranging from 87.62 to 92.04% and from 82.05 to 88.47% respectively were close to 100 %. For the
models obtained with combined D. gossweileri EO- sorbic acid, it was observed that the coe�cients of determination R2 ranged from 75.26 to 95.25% and the
adjusted coe�cients (R2 adj) ranged from 64.12 to 93.11% were also close to 100%.

In addition, for all the organic acids, all the proposed models were highly signi�cant with  P-value = 0.00 (Tables 6, 7 and 8) showing that all the models
re�ected the existence of excellent relationship between the percentage inhibition of germination of spore (Y) and the different factors (concentration of
essential oil (X1), the concentration of each organic acid (X2) and the pH (X3)). In addition to the signi�cance of the different models, the analyses of variance
realized for each model allowed us to study the signi�cance of each factor, their interaction as well as the quadratic parameters. For the models combining the
EO of D. gossweileri and Na+ Benzoate, the results summarized in Table 6 shows that, for B. cereus, both the effects of the independent variables (X1; X2; X3)

and the effects of the three quadratic parameters (X1
2; X2

2; X3
2) are signi�cant (p < 0.05). Similarly, for B. megaterium, the effects of the independent variables

(X1; X2; X3) and the effects of two quadratic parameters (X1
2; X2

2) are signi�cant (p < 0.05). Concerning the model of B. subtilis, the effects of variables (X1; X2;

X3), the interactions (X1X2; X1X3; X2X3) and the quadratic parameters (X1
2; X2

2; X3
2)  were signi�cant (p < 0.05) while for the G. stearothermophilus only the

independent variables (X1; X2; X3) and the quadratic parameter (X2
2) signi�cantly affected the inhibition of spore germination (p < 0.05). For each bacterial

species, a reduced model (presented in Table 6) gives a better representation of the percentages of inhibition of germination and spore growth under the effect
of different variables was given taking into account only those that are signi�cant. From the reduced equations, the response contour curves representing the
percentage inhibition of spore germination under combined D. gossweileri EO and Na + Benzoate at pH 7 and 5.75 were plotted and represented in Fig. 1a to
1d respectively for B. cereus, B. megaterium, B. subtilis and G. stearothermophilus. From the analysis of Fig. 1, it appears that at pH 7, no total inhibition (100%
inhibition) of spore germination was observed with all bacterial species. However, the inhibition percentage of spores germination and growth vary from 20 to
70 % for B. cereus. Similarly, for B. megaterium the percentages of inhibition ranged from < 10 to 70%, whereas for B. subtilis and G. stearothermophilus, the
values range from < 10 to 90% and 20 to 90 % respectively. The spores of B. cereus and G. stearothermophilus were the most sensitive as they exhibit the
most signi�cant inhibitions with percentages ranging from 60 to 70% and 60 to 90% respectively at high concentrations of EO and Na+ benzoate.

Decreasing the pH of the medium increases the sensitivity of the spores to the combined effect of EO - Na+ Benzoate. Indeed, at pH 5.75 total inhibitions of
spore germination (100% inhibition) were observed for B. cereus and G. stearothermophilus while for B. megaterium and B. subtilis higher inhibitions between
80 to 90% were obtained.

Concerning the combined effect of D. gossweileri EO and Na+ Lactate (Table 7), from the models obtained, the results of the analysis of the variance showed
that for B. cereus, only the effects of two independent variables (X1 and X3) and the quadratic parameters (X1

2; X2
2; X3

2) signi�cantly affected the spore
germination (p < 0.05). In contrast, for B. megaterium, the effects of two independent variables (X1 and X3), the interaction (X1X2) and the two quadratic

parameters (X2
2; X3

2) were signi�cant (p<0.05). Concerning B. subtilis, only the effects of the independent variables (X1; X2; X3), the interaction (X1X2)  and of

the quadratic parameters (X1
2; X2

2; X3
2) were signi�cant (p < 0.05). Whereas for G. stearothermophilus, the effects of two independent variables (X1; X3), the

interaction (X1X2) and the quadratic parameter (X3
2) were signi�cant (p < 0.05). For each bacterial species, a reduced model (presented in Table 7) gives a

better representation of the percentages of inhibition of germination and spore growth as a function of the signi�cant parameters was contructed. 

From the reduced equations, the response contour curves expressing the percentages of inhibition of germination and spore growth under the combined effect
of EO and Na+ Lactate at pH 7 and 5.75 were plotted and shown in Fig. 2a-2d below respectively for B. cereus, B. megaterium, B. subtilis and G.
stearothermophilus. From the analysis of Fig. 2, it appears that at pH 7, no complete inhibition of spore germination was observed in all bacterial species. The
inhibition percentages of spores germination and growth varied from 10 to 70 % for B. cereus, from < 10 to 90 % for B. megaterium, from < 10 to 60 % for B.
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subtilis and 10 to 60 % for G. stearothermophilus. However, the highest percentages of inhibitions ranged from 70 to 90% and can be observed for B.
megaterium at the highest concentrations of EO and Na+ Lactate. B. subtilis and G. stearothermophilus appear to be the most resistant as they do not exhibit
inhibition percentages greater than 60% even at the highest concentrations of EO and organic acid.

At pH 5.75 the inhibitory effect of germination and spore growth increases strongly in most bacterial species. In fact, the germination inhibition percentages of
B. cereus now varied from 40 to 90%, while those of B. megaterium varied from 20 to 100%. The greatest improvement inhibitory effect was observed with G.
stearothermophilus where a total germination inhibition (100%) of the spores was obtained at lower concentrations of EO and Na+ lactate. However, the B.
subtilis compared to the others appeared once again more resistant, with no inhibition greater than 60%.

The inhibition of germination and spore growth of the four bacterial species under the combined effect of D. gossweileri EO and Sorbic acid were also
assessed and the results obtained are presented in Tables 4 below. Mathematical models representing the inhibition percentages of germination and spore
growth under the values of pH, EO concentrations and those of sorbate were determined. The variances analyses of the regression coe�cients and the
signi�cance of the factors represented in Table 8 shows that for B. cereus, the effects of the two independent variables (X1 and X3), the interaction (X1X3) and

the quadratic parameters (X1
2; X2

2; X3
2) were signi�cant (p<0.05). For B. megaterium, the effects of the independent variable (X3), the interaction (X1X3) and

two quadratic parameters (X1
2; X3

2) where signi�cant (p < 0.05). For B. subtilis, the effects of the independent variables (X1; X2; X3), the interactions (X1X2 and

X2X3) and the quadratic parameter (X2
2) were signi�cant (p < 0.05). For G. stearothermophilus, the effects of the independent variables (X1; X2; X3) and for the

two quadratic parameters (X2
2; X3

2) were signi�cant (p < 0.05).

As for the case of lactate, a reduced model was deduced for each bacterial species from the general model for the combined effect of EO of D. gossweileri and
sorbic acid and the resulting equations presented in Table 8. From the above equations, the response contour curves representing the percentages of inhibition
of germination and spore growth under the combined effect of EO, sorbic acid and pH at 7 and 5.75 were plotted and presented in Fig. 3a-3d below,
respectively for B. cereus, B. megaterium, B. subtilis and G. stearothermophilus. The analysis of Fig. 3 clearly showed that at pH 7.0, the spores of B.
megaterium and G. stearothermophilus are the most sensitive to the combined effects of EO and sorbic acid with the percentages of inhibition ranging from
10 to 70%. Conversely, the less sensitive were B. cereus and B. subtilis with inhibition percentages ranging from <10 to 50%.

In contrast at pH 5.75, both the inhibiting effects of spores germination and growth are greatly increased for all the bacterial species. Hence, a total inhibition
(100% inhibition) was observed for B. cereus, B. megaterium and B. subtilis. However, in general, the inhibitions of spore germination ranged from 50 to 100%
for B. cereus, 80 to 100% for B. megaterium, 10 to 90% for B. subtilis and 40 to 90% for G. stearothermophilus.

Discussion
The combined effects of D. gossweileri EO and Na+ Benzoate, Na+ Lactate and Sorbic acid were investigated on the germination and growth of spores of four
Bacillus species. The optimized Box-Behnken Response Surfaces Method was used to establish for each Bacillus specie, a linear relationship between the
inhibition percentages of germination and spore growth according to pH, EO concentration and that of each organic acid. All the models obtained presented
the coe�cients of determination (R2) and the corresponding adjusted coe�cients (R2adj) generally close indicating a high relationship between the obtained
experimental values and the adjusted values (adjusted values by the mathematical models). Furthermore, the coe�cients of determination were greater than
70%, suggesting that in general all the models obtained signi�cantly explain the variations of the percentages inhibition of the germination and spores growth
under the combined factors. For all the proposed models, the p-values (p = 0.00) ascertain that there is a very good linear relationship between the inhibition of
germination and spore growth and the variables. Moreover, these observations con�rm the suitability of the Box-Behnken Surface Response method for this
study.

In addition to goodness-of-�t and the adequacy of the models, the optimization method also allowed to study the nature (positive or negative) and the
signi�cance of the interaction between the factors through the analyses of variances. According to the results, for each of the three organic acids evaluated,
the effects of the D. gossweileri EO and organic acids interaction (X1X2) were positive and signi�cant (p  0.05) in at least one bacterial species out of the four

tested. For Na+ Benzoate, the interaction with EO was positive and signi�cant on B. subtilis spores with a regression coe�cient of 19.41. Regarding Na+

Lactate, signi�cant interactions with EO were found for the inhibition of B. megaterium, B. subtilis and G. stearothermophilus with the respective regression
coe�cients of 23.54; 15.83 and 7.41. As for the combination with Sorbic acid, the positive interaction of D. gossweileri EO and organic acid (X1X2) was
obtained on the inhibition of the germination of B. cereus, with a regression coe�cient of 11.63. These results show that in at least one out to four bacterial
species, the presence of D. gossweileri EO increases the inhibiting effect on germination and growth of spores by organic acid and vice versa

Many studies have been done on organic acids regarding their sporocidal or sporostatic effect on bacterial spores. Indeed, Sorbic acid at 3 mM at pH 5.5
completely inhibited the germination of B. cereus ATCC 14579, whereas sodium Benzoate at 500 to 2000 ppm completely inhibits the germination of Bacillus
acidoterrestris with sporostatic effect [19]. Similarly, Ca2+, Na+, and K+ Lactate at concentrations ≥ 3.0% are used to inhibit the germination of Clostridium
perfringens in pork during storage at low temperature [20]. Two mechanisms of action have been proposed for these effects. Indeed, in their protonated forms,
organic acids can easily diffuse through the spore envelopes and dissociate in the core; this leads to a strong acidi�cation of the core which is responsible for
enzyme dysfunction [21]. Besides, organic acids can accumulate in the inner membrane of the spore leading to interactions with its function and blocking the
spore outgrowth [22 - 23].

Concerning EOs, they have bacteriostatic or bactericidal effect and major compounds are generally responsible for this antimicrobial effect, although a
synergistic effect of minor compounds is often mentioned [24]. However, the mechanism of action of EO on the inactivation of bacterial spores remains poorly
understood. Conversely, their effects on vegetative growth are usually due to structural and functional dysfunction of the bacterial membrane and cytoplasm.
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The EO of D. gossweileri used is mainly composed of benzyl isothiocyanate. It is known that isothiocyanate derivatives are strongly antibacterial due to their
R-N = C = S groups. The central highly electrophilic carbon atom can rapidly react with oxygen, sulphide and nitrogen in nucleophilic centers leading to the
formation of carbamate, thiocarbamate and thiourea derivatives which are toxic to cells. Isothiocyanates can also cleave disul�de bonds of proteins and
attack free amino acids (arginine) through oxidative reactions. Besides, an inhibition effect on some cell enzymes is also suggested [25]. Some of these
mechanisms are found to be similar or complementary to that of organic acids and probably explains the existence of positive interactions observed between
D. gossweileri EO and the organic acids used in combination.

The results obtained in this work also showed that a decrease of the pH increases the effect of EO and organic acid combinations on the inhibition of spore
germination. In general, the susceptibility of bacteria to antimicrobial agents increases with the decrease of pH. The more the pH decreases, the more the
hydrophobicity of antimicrobial compounds (EO and organic acids) increases; this contributes to their good diffusion and to their strong accumulation in the
spore envelopes and core, the site of location of germination receptors [26].

Conclusion
The results of this study con�rm synergistic effect of combined EO of D. gossweileri and three organic acids on the inhibition of spore germination and growth
of four Bacillus species. This synergistic effect is justi�ed by the positive interaction of combined D. gossweileri essential oil and each organic acid on at least
one Bacillus species. Among the three organic acids tested, Na+ Lactate showed the most positive and signi�cant (p  0.05) interaction with EO observed on B.
megaterium, B. subtilis and G. stearothermophilus with the regression coe�cients of 23.54; 15.83 and 7.41 respectively. For Na+ Benzoate and Sorbic acid, a
positive and signi�cant interaction effect with D. gossweileri EO was observed on B. subtilis and B. cereus with regression coe�cients of 19.41and 11.63
respectively. Decreasing the pH increases the sensitivity of the spores to D. gossweileri EO and organic acids. Indeed, at pH 7.0 no total inhibition of spores
was observed under the combined D. gossweileri EO and each organic acid. But, at pH 5.75, total inhibition of spore germination (100% inhibition) was
observed for B. cereus and G. stearothermophilus for Na+ Benzoate, G. stearothermophilus for Na+ Lactate and B. cereus, B. megaterium and B. subtilis spores
for Sorbic acid.
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Tables
Table 1

 Coded and uncoded values of real independent variables

Level  Coded values Uncoded values

    X1( µg/mL) X2 (%) X3

low -1 0.62  0.01  4.50

middle 0 5.31  0.05  5.75

High +1 10.00   0.10 7.00 

X1 = D. gossweileri essential oil (µg/ml); X2 = Organic acid (%) and X3 = pH

http://www.sciencedirect.com/science/journal/02786915
http://www.sciencedirect.com/science/journal/02786915/44/10
https://pubmed.ncbi.nlm.nih.gov/?term=Brul+S&cauthor_id=12382685
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Table 2

Randomized Box-Behnken design used for combined effect of D. gossweileri EO and organic acids on germination and growth of bacterial spores.

Run order Test number Uncoded factors

Essential oil (µg/ml) Organic acid (%) pH

6 1 10.00 0.05 4.50

7 2 0.62 0.05 7.00

12 3 5.31 0.10 7.00

11 4 5.31 0.01 7.00

2 5 10.00 0.01 5.75

22 6 0.62 0.05 7.00

5 7 0.62 0.05 4.50

27 8 5.31 0.10 7.00

16 9 0.62 0.01 5.75

24 10 5.31 0.01 4.50

26 11 5.31 0.01 7.00

8 12 10.00 0.05 7.00

13 13 5.31 0.05 5.75

14 14 5.31 0.05 5.75

17 15 10.00 0.01 5.75

4 16 10.00 0.10 5.75

10 17 5.31 0.10 4.50

20 18 0.62 0.05 4.50

28 19 5.31 0.05 5.75

15 20 5.31 0.05 5.75

18 21 0.62 0.10 5.75

29 22 5.31 0.05 5.75

21 23 10.00 0.05 4.50

25 24 5.31 0.10 4.50

1 25 0.62 0.01 5.75

23 26 10.00 0,05 7.00

30 27 5.31 0.05 5.75

9 28 5.31 0.01 4.50

19 29 10.00 0.10 5.75

3 30 0.62 0.10 5.75

 

 Table 3

 Percentages inhibition of germination and spore growth under the combined effect of D. gossweileri EO, Na+ benzoate and pH.
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Test number Coded values of factors Percentages inhibition of spores germination and growth after 48 hours

X1 X2 X3 B. cereus B. megaterium B. subtilis B. stearothermophilus

1 1 0 1 100.00 99.53 99.54 98.42

2 -1 0 1 49.36 13.41 53.05 59.15

3 0 1 1 59.55 0 51.68 64.28

4 0 -1 1 57.56 0 0.63 61.85

5 1 -1 0 57.80 98.439 0 64.47

6 -1 0 1 44.98 7.488 60.00 59.15

7 -1 0 -1 100.00 97.81 99.54 98.03

8 0 1 1 59.55 0 48.31 64.28

9 -1 -1 0 61.62 0 51.59 50.36

10 0 -1 -1 100.00 98.12 99.90 97.83

11 0 -1 1 57.56 0 1.00 61.85

12 1 0 1 64.25 22.46 0 77.93

13 0 0 0 100.00 9.36 37.53 92.71

14 0 0 0 100.00 29.32 13.42 89.29

15 1 -1 0 99.52 99.68 30.50 100,00

16 1 1 0 100.00 100.00 99.17 100.00

17 0 1 -1 100.00 97.97 99.90 98.81

18 -1 0 -1 99.60 98.90 99.54 92.71

19 0 0 0 100.00 26.20 37.53 89.10

20 0 0 0 100.00 34.94 35.89 86.80

21 -1 1 0 100.00 35.72 65.75 56.40

22 0 0 0 100.00 11.23 17.80 91.33

23 1 0 -1 100.00 97.97 98.72 97.96

24 0 1 -1 100.00 100.00 100.00 98.68

25 -1 -1 0 66.87 0.15 63.01 57.32

26 1 0 1 73.487 0 11.14 77.93

27 0 0 0 100.00 18.87 12.87 89.29

28 0 -1 -1 100.00 22.46 99.54 98.42

29 1 1 0 100.00 100.00 99.17 100.00

30 -1 1 0 100.00 53.19 61.38 84.89

 X1 = D. gossweileri EO (µg/mL); X2 = Na+ Benzoate (%) and  X3 = pH

Table 4

Percentages inhibition of germination and spores growth under the combined effect of D. gossweileri EO, Na+ lactate and pH.
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Test number Coded values of factors  Percentages inhibition of spores germination and growth after 48 hours (%)

X1 X2 X3 B. cereus B. megaterium B. subtilis B. stearothermophilus

1 1 0 -1 100.00 98.62 100.00 99.89

2 -1 0 1 19.42 0.00 0.00 21.13

3 0 1 1 31.87 42.66 54.24 41.51

4 0 -1 1 42.61 22.07 41.52 31.00

5 1 -1 0 63.75 38.03 0.00 50.32

6 -1 0 1 19.42 19.41 0.00 21.13

7 -1 0 -1 100.00 99.97 100.00 98.83

8 0 1 1 31.44 42.66 50.47 41.51

9 -1 -1 0 58.08 72.91 4.24 74.63

10 0 -1 -1 100.00 99.41 100.00 100.00

11 0 -1 1 52.49 22.07 51.57 31.00

12 1 0 1 35.14 18.42 0.00 36.40

13 0 0 0 43.04 38.62 56.20 76.43

14 0 0 0 43.04 21.18 56.59 71.34

15 1 -1 0 100.00 98.82 2.83 100.00

16 1 1 0 84.28 98.72 62.64 100.00

17 0 1 -1 100.00 98.92 100.00 100.00

18 -1 0 -1 100.00 99.80 97.49 100.00

19 0 0 0 49.74 36.75 69.47 71.34

20 0 0 0 49.74 41.18 56.04 72.51

21 -1 1 0 48.54 11.53 0.00 82.59

22 0 0 0 43.04 39.51 51.10 76.43

23 1 0 -1 100.00 98.82 100.00 100.00

24 0 1 -1 100.00 98.52 96.86 99.79

25 -1 -1 0 48.20 76,65 0.00 72.93

26 1 0 1 35.14 35.67 0.00 36.94

27 0 0 0 43.04 49.36 54.40 74.52

28 0 -1 -1 96.13 99.90 100.00 100.00

29 1 1 0 100.00 100.00 62.64 100.00

30 -1 1 0 55.58 11.53 0.00 55.31

 X1 = D. gossweileri EO (µg/mL); X2 = Na+ Lactate (%) and  X3 = pH 

Table 5

Percentages inhibition of germination and spores growth under the combined effect of D. gossweileri EO, sorbic acid and pH.
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Test number Coded values of factors Percentages inhibition of spores germination and growth after 48 hours (%)

X1 X2 X3 B. cereus  B. megaterium B. subtilis  B. stearothermophilus

1 1 0 -1 100.00 99.34 97.95 97.12

2 -1 0 1 7.73 11.41 39.20 39.79

3 0 1 1 36.91 48.81 49.49 19.11

4 0 -1 1 57.77 64.32 16.25 23.30

5 1 -1 0 61.55 49.87 30.34 38.61

6 -1 0 1 20.86 11.41 39.20 31.81

7 -1 0 -1 100.00 99.34 98.69 96.47

8 0 1 1 24.81 48.81 54.09 7.59

9 -1 -1 0 76.39 88.66 6.36 33.12

10 0 -1 -1 100.00 99.40 99.55 97.91

11 0 -1 1 23.00 64.32 16.25 28.93

12 1 0 1 42.92 60.15 47.78 46.99

13 0 0 0 100.00 99.80 85.40 81.81

14 0 0 0 100.00 99.80 84.55 78.14

15 1 -1 0 83.09 100.00 82.67 99.48

16 1 1 0 100.00 99.60 99.15 100.00

17 0 1 -1 100.00 99.73 98.47 97.51

18 -1 0 -1 100.00 99.34 100.00 97.64

19 0 0 0 96.91 99.80 85.40 84.95

20 0 0 0 100.00 99.80 84.55 66.49

21 -1 1 0 62.75 100.00 98.69 80.24

22 0 0 0 100.00 99.80 88.47 78.14

23 1 0 -1 100.00 99.34 98,92 96.73

24 0 1 -1 100.00 99.67 41.88 97.51

25 -1 -1 0 84.64 88.40 11.48 33.12

26 1 0 1 29.96 66.25 52.44 46.99

27 0 0 0 99.57 99.80 84.49 78.14

28 0 -1 -1 100.00 99.34 98.52 99.21

29 1 1 0 100.00 100.00 99.89 95.29

30 -1 1 0 60.60 100.00 98.75 82.85

 X1 = D. gossweileri EO (µg/mL); X2 = Sorbic acid (%) and  X3 = pH

 Table 6

Analysis of variance for screening experiments of the combined effect of D. gossweileri essential oil, Na+ benzoate and pH on        
germination and growth of Bacillus species       
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Source B. cereus B. megaterium B. subtilis G. stearotherm

  Df SS MS F P SS MS F P SS MS F P SS M

Model 9 10388.8 1154.3 13.5 0.00* 43765.6 4862.84 9.96 0.00* 38080.8 4231.20 35.99 0.00* 13926.4 15

X1 1 329.52  
   

329.52  
    

5.98  
  

0.02* 6060.17
     

6060.17
     

27.02  
  

0.00* 835.71  
   

835.71  
   

10.20  
  

0.00* 1574.1  
   

15
   

X2 1 872.50  
   

872.50  
   

15.84  
  

0.00* 1764.39
     

1764.39
      

7.87  
  

0.01* 4871.91
     

4871.91
     

59.44  
  

0.00* 353.87  
   

35
   

X3 1 6942.23
     

6942.23
    

126.03
    

0.00* 28007.9
     

28007.9
    

124.86
    

0.00* 20368.1
     

20368.1
    

248.49
    

0.00* 4045.98
     

40

X1
2 1 392.98  

   
392.98  
    

7.13  
  

0.01* 5407.57
     

5407.57
     

24.11  
  

0.00* 2333.2  
   

2333,2  
   

28,47  
  

0.00* 230.02  
   

23
   

X1 X2 1 103.83  
   

103.83  
    

1.89  
  

0.18 943.85  
   

943.853
      

4.21  
  

0.05 3015.7  
   

3015.7  
   

36.79  
  

0,00* 0.45       0.

X1 X3 1 231.05  
   

231.05  
    

4.19  
  

0.05 0.07       0.07      0.00  
  

0.98 1277.55
     

1277.55
     

15.59  
  

0.00* 127.28  
   

12
   

X2
2 1 359.42  

   
359.42  
    

6.53  
  

0.02* 1095,79
     

1095.79
      

4.88  
  

0.04* 1707.63
     

1707.63
     

20.83  
  

0.00* 414.65  
   

41
   

X2 X3 1 1.98       1.98    
  

0.04  
  

0.85 748.44  
   

748.441
      

3.34  
  

0.08 1198.04
     

1198.04
     

14.62  
  

0.00* 1.63       1.

X3
2 1 1394.94

     
1394.94
     

25.32  
  

0.00* 264.09  
   

264.098
      

1.18  
  

0.29 3437.14
     

3437.14
     

41.93  
  

0.00* 16.84    
 

16
 

Res. 20 1709.5 85.47     9769.0 488.45     2351.5  117.58     3842.5  19

P.
error

17 936.39  
  

55.08     3813.44
    

224.32     1393.44
    

81.96     1096.38
    

64

Total 29 12098.3
    

      53534.6
    

      40432.3
    

      8428.85
    

 

Predicted
R2

85.8702 % 81.752 % 94.1841 % 79.5664 %

Adjusted R2 79.5118 % 73.5404 % 91.5669 % 70.3712 %

 

Regression
equations
of the
reduced
�tted model

 

Y (%) = 100 + 4.53 X1 + 7.38 X2– 20.83
X3 – 7.29 X1

2- 6.97 X2
2– 13.74 X3

2

 

Y (%) = 25.33 + 19,46 X1+ 10.50 X2 –
41.83 X3 +26.60 X1

2 + 11.72 X2
2

 

 

Y (%) = 25,84 – 7.22 X1 + 17.44 X2-
35.67 X3 + 17.77 X1

2 + 19.41 X1 X2 –
12.63 X1 X3 + 15.20 X2

2 + 12.23 X2 X3+
21.57 X3

2

 

Y (%) = 85.70
15.90 X3 – 6.,

 Df = Degre of freedom; SS= Sum of squares; MS = Mean square; F = Lack of �t F-value; P = P-value; X1 = D. gossweileri EO; X2 = Na + benzoate; X3 = pH; Res.
= Residual; P. error = Pure error; * indicate signi�cant of the model, the variables, the interactions and the quadratic parameters (p  0.05). 

Table 7

 Analysis of variance for screening experiments of the combined effect of D. gossweileri essential oil, Na+ lactate and pH on the germination and growth
of Bacillus species 
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Source B. cereus B. megaterium B. subtilis G. stearother

  Df SS MS F P SS MS F P SS MS F P SS M

Model 9 22180.7 2464.52 24.82 0.00* 32280.3 3586.7  15.73 0.00* 40256.2  4472.91 20.28 0.00* 20525.2 2

X1 1 1786.59
     

1786.59
     

31.29  
  

0.00* 2383.89
     

2383.89
     

15.48  
  

0.00* 998.14  
   

998.14  
   

61.30  
  

0.00* 594.85  
   

5
  

X2 1 5.68       5.68    
  

0.10  
  

0.75 40,06    
 

40.06    
 

0.26  
  

0.61 1003.11
     

1003.11
     

61.60  
  

0.00* 231.25  
   

2
  

X3 1 17464.2
     

17464.2
    

305.87
    

0.00* 21830.4
     

21830,4
        

141.73
    

0.00* 22241.7
     

22241,7
        

1365.9 0.00* 18047.7
     

1
  

X1
2 1 655.74  

   
655.74  
   

11.48  
  

0.00* 653.76  
  

653.76  
  

4.24  
  

0.05 7897.32
     

7897.32
     

484.99
    

0.00* 7.15      7

X1 X2 1 64.30  
  

64.30    
  

1.13  
  

0.30 4435.61
     

4435.61
     

28.80  
  

0,00* 2006.22
     

2006.22
     

123.21
    

0.00* 440.18  
   

4
  

X1 X3 1 123.58  
   

123.58  
   

2.16  
  

0.15 171.26  
   

171.26  
   

1.11  
  

0.30 0.78      0.78      0.05  
  

0,82 116.84  
   

1
  

X2
2 1 1684.7  

   
1684.7  
   

29.51  
  

0.00* 1973.17
     

1973.17
     

12.81  
  

0.00* 479.17  
   

479.17  
   

29.43  
  

0.00* 164.95  
   

1
  

X2 X3 1 158,89  
      

158.89  
    

2.78  
  

0.11 231.70  
   

231.70  
   

1.50  
  

0.23 27.21      27.21  
  

1.67  
  

0,21 56.34  
  

5
  

X3
2 1 590.21  

   
590.21  
   

10.34  
  

0.00* 1004.46
     

1004.46
     

6.52  
  

0.02* 4648.05
     

4648.05
     

285.44
    

0.00* 796.86  
   

7
  

Res. 20 1986.1 99.31     4559.0 227.9     4410.7 220.53     1772.7 8

P.
error

17 970.63  
  

57.09     2618.55
    

154.03     276.82  
  

16.28     1636.63
    

9

Total 29 24166.8
    

      36839,2
    

      44666.9
    

      22298.0
    

 

Predicted
R2

91.78 87.62 90.12 92.04

Adjusted
R2 

88.08 82.05 85.68 88.47

 

Regression
equations
of the
reduced
�tted model

 

Y (%) = 45.27 + 10.56 X1 - 33.03 X3 +
9.42 X1 2 + 15.10 X2 2 + 8.94 X3

2

 

Y (%) = 43.55 + 12.20 X1 - 36.93 X3 +
23.54 X1 X2 + 15.62 X2

2 + 10.93 X3
2.

 

 

Y (%) = 57.29 + 7.89 X1 + 7.91 X2 -
37.28 X3- 32.70 X22 + 15.83 X1 X2 -
8.05 X2

2 + 25.08 X3
2

 

Y (%) = 77.02
7.41 X1 X2 - 1

Df = Degre of freedom; SS= Sum of squares; MS = Mean square; F = Lack of �t F-value; P = P-value; X1 = D. gossweileri EO; X2 = Na + benzoate; X3 = pH; Res. =
Residual; P. error = Pure error; (*) =  indicate signi�cant of the model, the variables, the interactions and the quadratic parameters (p  0.05).  

Table 8

 Analysis of variance for screening experiments of the combined effect of D. gossweileri essential oil, Sorbic acid and pH on the germination and growth
of Bacillus species. 
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Source B. cereus B. megaterium B. subtilis G. stearotherm

  Df SS MS F P SS MS F P SS MS F P SS MS

Model 9 26676.6 2964.07 44.60  0.00* 17156.9 1906.32  11.29 0.00* 22446.1 2494.01 6.76 0.00* 21558.7 23

X1 1 683.16  
      

683.16  
      

10.33  
  

0.00* 360.95  
      

360.95  
      

4.81  
  

0.04* 852.07  
      

852.07  
      

4.80  
  

0.04* 995.05  
      

99
     

X2 1 0.11       0.11       0.00  
  

0.96 111.87  
      

111.87  
      

1.49  
  

0,23 4864.27
        

4864.27
        

27.39
    

0.00* 999.18  
      

99
     

X3 1 19324.6
        

19324.6
        

292.34
    

0.00* 11026.4
        

11026.4
        

146.98
    

0,00* 10986.3
        

10986.3
        

61.87
    

0.00* 17929.4
        

17
     

X1
2 1 1239.91

     
1239.91
     

18.76  
  

0.00* 646.74  
   

646,74  
      

8,62  
  

0.00* 92.876  
  

92.876  
  

0.52  
  

0.47 13.45  
  

13
  

X1 X2 1 1082.22
     

1082.22
     

16.37  
  

0.00* 89.71    
 

89.71    
 

1.20  
  

0.28 1094.64
     

1094.64
     

6.16  
  

0.02* 196.61  
   

19
   

X1 X3 1 245.22  
   

245.22  
   

3.71  
  

0.07 1341.13
     

1341.13
     

17.88  
  

0.00* 69.83  
  

69.83  
  

0.39  
  

0.53 64.09    
 

64
 

X2
2 1 452.63  

   
452.63  
   

6.85  
  

0.01* 1.02       1.02       0.01  
  

0.90 1893.04
     

1893.04
     

10.66
    

0.00* 592.55  
   

59
   

X2 X3 1 45.39    
 

45.39    
 

0.69  
  

0.41 125.59  
   

125.59  
   

1.67  
  

0.21 2073.9  
   

2073.9  
   

11.68
    

0.00* 68.61    
 

68
 

X3
2 1 4173.54

        
4173.54
        

63.14  
  

0.00* 3614.45
        

3614.45
        

48.18  
  

0.00* 761.00  
  

761.00  
  

4.29  
  

0.05 753.76  
      

75
     

Res. 20 1329.3 66.46     3377.9  168.89     7377.9 368.90     5175.8 25

P.
error

17 1123.76
       

66.10     1275.37
       

75.02     3018.75
       

177.574     2177.64
       

12

Total 29 28005.9
    

      20534.8
       

      29824.0
       

      26734.5
       

 

Predicted
R2

95.25 83.55 75.26 80.63

Adjusted R2 93.11 76.14 64.12 71.92

 

Regression
equations
of the
reduced
�tted model

 

Y (%) = 99.41 + 6.53 X1 - 34.75 X3 -
12.95 X1

2 + 11.63 X1X2 - 7.82 X2
2-

23.77 X3
2

 

Y (%) = 100.03 - 26.25 X3- 9.38 X1
2 +

12.94 X1X3 - 22.15 X3
2

 

Y (%) = 77.64 + 7.29 X1 + 17.43 X2 -
26.20 X3 - 11.69 X1X2- 15.03 X2

2 +
16.10 X2X3

 

Y (%) = 78.77 
33.47 X3- 9.06

Legend: Df = Degre of freedom; SS= Sum of squares; MS = Mean square; F = Lack of �t F-value; P = P-value; X1 = D. gossweileri EO; X2 = Na + benzoate; X3 =
pH; Res. = Residual; P. error = Pure error; (*) = indicate signi�cant of the model, the variables, the interactions and the quadratic parameters (p  0.05) 

Figures
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Figure 1

Contours plots of the percentages inhibition of spores germination and growth at different concentrations of D. gossweileri EO, Na+ Benzoate and pH; with (a)
= B. cereus; (b) = B. megaterium; (c) = B. subtilis; (d) = G. stearothermophilus
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Figure 2

Contours plots of the percentages inhibition of germination and spores growth at different concentrations of D. gossweileri EO, Na+ lactate and pH; with: (a) =
B. cereus; (b) = B. megaterium; (c) = B. subtilis; (d) = G. stearothermophilus
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Figure 3

Contours plots of the percentages inhibition of germination and spores growth at different concentrations of D. gossweileri EO, Sorbic acid and pH; with (a) =
B. cereus; (b) = B. megaterium; (c) = B. subtilis; (d) = G. stearothermophilus


