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Introduction

Salmonellae continue to be a major public health setting a great problem to the food industry.

These bacterial species appear in a wide variety of foods and food ingredients. Various heat treatments implemented by the food processing industry are generally effective for destroying the vegetative bacteria. Taking into account not only temperature but other environmental factors is likely to allow significant reduction of heat treatment intensity with the same microbial safety and minimize damage of heat sensitive food. It is commonly agreed that the pH decrease of the heating medium is the main environmental factor after temperature, which reduces the bacterial heat resistance of spores [START_REF] Bigelow | The thermal death point in relation to time of typical thermophilic organisms[END_REF] or vegetative form [START_REF] White | The effect of variation in pH on the heat resistance of cultures of Streptococcus feacalis[END_REF][START_REF] Blackbrun | Development of thermal inactivation models for Salmonella enteritidis and Escherichia coli 0157:H7 with temperature, pH and NaCl as controlling factors[END_REF]. The same effect was observed for Salmonella enteritidis, [START_REF] Casadei | Heat resistance of Bacillus cereus, Salmonella typhimurium and Lactobacillus delbrueckii in relation to pH and ethanol[END_REF] and for Salmonella typhimurium [START_REF] Mazzotta | Thermal inactivation of stationary-phase and acid adapted Escherichia coli O157:H7, Salmonella, and Listeria monocytogenes in fruit juices[END_REF].

Moreover the pH of the recovery medium highly influences the apparent heat resistance of bacterial spores for the same heat treatment condition. The D values decrease when pH values shift from an optimum [START_REF] Cook | Relationship between heat activation and percentage colony formation for Bacillus stearothermophilus spores: effects of storage and pH on the recovery medium[END_REF]. However, as far as we know, the influence of the recovery medium pH on the apparent heat resistance of Salmonella species has never been described. A decrease of pH of the heating medium or of the recovery medium both reduces the bacterial heat resistance [START_REF] Couvert | Modelling the overall effect of pH on the apparent heat resistance of Bacillus cereus spores[END_REF]. Theses influences can be taken into account for reducing heat treatments. Such a cumulative effect is more or less specific of pH and is not observed for water activity where, oppositely, the protective effect of a low water activity of the heating medium tends to be balanced by the selectivity of a low water activity of the recovery medium towards injured cells [START_REF] Coroller | Effect of the water activities of the heating and of the recovery media on the apparent heat resistance of Bacillus cereus spores[END_REF].

The aim of this study was to quantitatively characterise the impact of heating temperature, pH of the heating medium and pH of the recovery medium on the heat resistance of Salmonella typhimurium from relevant parameters of appropriated primary and secondary models

Materials and methods

Strain and culturing conditions

The studied strain was Salmonella typhimurium ATCC 13311 (NCTC 74). Cultures were stored in cryotube in mixing nutrient broth 50% glycerol 50% at -70°C.

The basic heating medium was tryptone salt broth (10g/l tryptone USP (Biokar Diagnostics, A1401HA) and 10g/l NaCl). The pH was adjusted with addition of H 2 SO 4 and sterilised by filtration through 0.22µm porosity filter.

The recovery medium was nutrient agar (Biokar Diagnostics, BK021HA). The pH were adjusted with H 2 SO 4 prior autoclaving at 121°C for 15 minutes. The pH values were checked after autoclaving.

Preparation of cells suspension

Nutrient broth (Biokar Diagnostics, BK003HA) in 200ml flask was inoculated with Salmonella typhimurium and incubated at 37°C for 24 hours under agitation (150 rpm). The culture (40ml) was centrifuged (2000g 15min at 20°C) and re-suspended in 3 ml of heating medium.

Thermal treatment of bacterial suspension and recovery conditions

Capillary tubes of 200 µl (Ringcaps® Duran®) were filled with 100µl of sample and submitted to a thermal treatment in a thermostated water bath. After heating, the tubes were cooled in water/ice bath. After rinsing, the ends were flamed with ethanol. The capillary tubes were broken at both ends and their contents poured into a tube containing 9 ml sterile tryptone salt broth (Biokar Diagnostics, BK014HA) by rinsing with 0.9 ml tryptone salt broth.

Viable cells were counted by duplicate plating in ajusted pH nutrient agar (Biokar Diagnostics, BK021HA) and incubated at 37°C for 48h.

Experimental design

To determine survival kinetic parameters, bacteria, for each sample corresponding to different heating times, were counted on nutrient agar plates.

Heating temperatures applied were 53, 55, 57 and 59°C (heating and recovery media pH equal 7). For studying the effect of pH, a complete factorial design was implemented according to the following levels of pH of the heating medium: (7, 6.5, 6, 5.3, 5, 4.4 and 3.8) and to the following levels of pH of the recovery medium (denoted pH'):7, 6.5, 6, 5.5 and 5 (controlled pH values are given table3) at 55°C.

Data from literature

Data taken from figures in literature were scanned and digitized using the software program DigXY 1.2 (Thunderhead Engineering, Manhattan, USA).

Primary and secondary models

Different authors considered the survival curve as a cumulative form of temporary distribution of lethality event frequency [START_REF] Cunhan | Optimal experimental design for estimating the kinetic parameters of processes described by the Weibull probability distribution function[END_REF][START_REF] Peleg | Reinterpretation of microbial survival curves[END_REF][START_REF] Fernandez | Application of a frequency distribution model to describe the thermal inactivation of two strains of Bacillus cereus[END_REF]. In 2002, Mafart, Couvert, Gaillard, and Leguerinel proposed a new presentation of the Weibull frequency distribution model.

p t N N       - = δ 0 log log Eq1
Parameter p characterises the shape of the curve: concave curves p<1, convex curves p>1 and linear curves p=1, in this case δ value corresponds to classical D value. This equation was taken up during the IFT summit in January 2003 (Heldman and Newsome, 2003), was used by different authors [START_REF] Mafart | On calculating sterility in thermal preservation methods: application of Weilbull frequency distribution model[END_REF][START_REF] Gómez | A model describing the kinetics of inactivation of Lactobacillus plantarum in a buffer system of different pH and in orange and apple juice[END_REF][START_REF] Geeraerd | GInaFiT, a freeware tool to assess non-log-linear microbial survivor curves[END_REF][START_REF] Virto | Inactivation kinetics of Yersinia enterocolitica by citric and lactic acid at different temperatures[END_REF][START_REF] Carlin | Emetic toxin-producing strains of Bacillus cereus show distinct characteristics within the Bacillus cereus group[END_REF] and was implemented in this work as primary model.

The influences of environmental factors on the Weibull model parameter estimated from survival kinetics related to bacterial spores or vegetative cells, were studied [START_REF] Fernandez | Application of a frequency distribution model to describe the thermal inactivation of two strains of Bacillus cereus[END_REF][START_REF] Fernandez | Empirical model building based on Weibull distribution to describe the joint effect of pH and temperature on the thermal resistance of Bacillus cereus in vegetable substrate[END_REF][START_REF] Van Boekel | On the use of the Weilbull model to describe thermal inactivation of microbial vegetative cells[END_REF][START_REF] Couvert | Survival curves of heated bacteria: effect of environmental factors on Weibull parameters[END_REF].These studies showed that the shape parameter was practically independent of the heating temperature and the pH of the heating medium.

The conclusion of these studies leads us to determine a single average shape parameter value for a set of kinetics.

The δ value, first decimal reduction time, is highly influenced by heating temperature. The classical Bigelow model was used to describe the influence of heating temperature on the δ with the conventional z T value.

The effect of the pH of the heating medium and the pH' of the recovery medium on the heat resistance was described according to the following equation [START_REF] Leguérinel | Validation of an overall modell describing the effect of three envionmental factors on the apparent D-value of bacterial spores[END_REF] 
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Curve fitting.

In a first time, N 0 ,δ and p values are estimated from each survival curve to assess the influence of environmental factors on these parameters.

In a second time a single shape parameter p value was estimated from the corresponding whole set of experimental kinetics and from set of kinetics taken from the literature. Scale parameter δ values and logN 0 values were determined for each curve. The parameter values and their associated confidence interval were estimated by using a nonlinear module (nlinfit and nlparci Matlab 6.1, Statistical Toolbox, The Mathworks).

Results and discussion

Survival kinetics curves of Salmonella typhimurium showed a clear downward concavity. The same pattern of curves was elsewhere observed for different Salmonella typhimurium strains [START_REF] Garibaldi | Effect of pH and chelating agent on the heat resistance and viability of Salmonella typhimurium tm-1 and Salmonella senftenberg[END_REF][START_REF] Mackey | Elevation of heat resistance of Salmolnella typhimurium by sublethal heat shock[END_REF][START_REF] Jäckle | Thermal inactivation of Alpha amylase, Salmonella typhimurium, Salmonella senftenberg 775 W, Pseudomonas aeruginosa and Staphilococcus aureus in whole egg[END_REF]. Such non linear curves were fitted according to the Weibull model.

The influences of the heating temperature, the pH of the heating and of the recovery medium on the shape parameter p are shown Figure 1. p values appear to be not clearly influenced by these environmental factors. This observation is in agreement with those of [START_REF] Fernandez | Empirical model building based on Weibull distribution to describe the joint effect of pH and temperature on the thermal resistance of Bacillus cereus in vegetable substrate[END_REF], [START_REF] Collado | Kinetics of deactivation of Bacillus cereus spores[END_REF] regarding Bacillus cereus, [START_REF] Couvert | Survival curves of heated bacteria: effect of environmental factors on Weibull parameters[END_REF] ,and Bacillus pumilus and van [START_REF] Van Boekel | On the use of the Weilbull model to describe thermal inactivation of microbial vegetative cells[END_REF]. These authors did not observe any significant influence of the temperature on the shape parameter p. The presented results (Figure 1) show no clear influence of the heating medium or the recovery pH on estimates of p for the lower pH. However structural correlation between parameters p and δ could explain the variability of p values ( Couvert et al., 2005).

Then, a single average p value was estimated, regardless of the heating temperature, the pH of the heating and of the recovery medium. The three parameters (N 0 , δ and p) were globally estimated from the whole set of data by using the least square regression method (nlinfit Matlab 6.1). The single p value estimated from our set of data (1.677 ± 0.065) is close to the p value estimated from other sets of data from literature for the same Salmonellae species:

1.648 ± 0.313 [START_REF] Jäckle | Thermal inactivation of Alpha amylase, Salmonella typhimurium, Salmonella senftenberg 775 W, Pseudomonas aeruginosa and Staphilococcus aureus in whole egg[END_REF], 1.538 ± 0.187 [START_REF] Garibaldi | Effect of pH and chelating agent on the heat resistance and viability of Salmonella typhimurium tm-1 and Salmonella senftenberg[END_REF], 1.429 ± 0.295 [START_REF] Mackey | Elevation of heat resistance of Salmolnella typhimurium by sublethal heat shock[END_REF]. log N 0 , the scale parameters δ and their confidence interval coefficients as functions of different pH and temperature conditions, are presented in Table 1 and 2. The scale parameter δ values are influenced by environmental factors: heating temperature, pH of the heating and the recovery medium. Within the investigated temperature range (53°C -59°C) the classical Bigelow relationship was kept to quantify the effect of temperature on δ value. The corresponding z T value 4.64°C (Table 3) is lower than z T values determined from [START_REF] Jäckle | Thermal inactivation of Alpha amylase, Salmonella typhimurium, Salmonella senftenberg 775 W, Pseudomonas aeruginosa and Staphilococcus aureus in whole egg[END_REF] data for the same bacterial strain but are in agreement with z T value estimated from Mackey and Derrick data (1986) and with other values found in literature. [START_REF] Doyle | Review of studies on the thermal resistance of Salmonellae[END_REF] reviewed z T values concerning different Salmonella typhimurium strains heated in different media. These z T values, ranging from 3.24°C to 9.5°C with a mean of 5.56°C, illustrates the large variability of z T values reported in literature. For the same Salmonella typhimurium strain ATCC13311 [START_REF] Casadei | Heat resistance of Bacillus cereus, Salmonella typhimurium and Lactobacillus delbrueckii in relation to pH and ethanol[END_REF] reported a z Tvalue of 4.6°C (Table 4).

Both the pH of the heating and the recovery medium affect the heat resistance of Salmonella typhimurium as shown Figure 2. A decrease of the pH of the heating medium reduces the salmonella heat resistance. This observation has been reported by Blackburn et al. (1997) and [START_REF] Casadei | Heat resistance of Bacillus cereus, Salmonella typhimurium and Lactobacillus delbrueckii in relation to pH and ethanol[END_REF]. Concerning the influence of the recovery medium, low pH reduces heat resistance parameter value δ of Salmonella typhimurium. A similar effect was observed for the thermal inactivation of bacterial spore [START_REF] Cook | Relationship between heat activation and percentage colony formation for Bacillus stearothermophilus spores: effects of storage and pH on the recovery medium[END_REF][START_REF] Lopez | Influence of recovery condition on apparent heat resistance of Bacillus stearothermophilus spores[END_REF] but never for vegetative bacteria cells.

Equation 2 was used to describe the effect of the heating medium pH and the recovery medium pH on δ values. This model does not take interactions between these two environmental factors into account. To estimate the weight of the possible interaction, a variance analysis was performed. For the studied pH range, the weight of heating and recovery medium pH represent 62.9% and 34.7% respectively, while the unexplained variance comprising interactions represented only 2.4% of the total variability. This observation concerning Salmonella typhimurium is in agreement with [START_REF] Couvert | Modelling the overall effect of pH on the apparent heat resistance of Bacillus cereus spores[END_REF] results related to Bacillus cereus spores. Such observations led us to neglect interactions and to retain the simple Equation 2 without crossed term. Model parameters (Eq 2) determined for Salmonella typhimurium (Table 5) were estimated from the whole set of δ values, according to factorial design.

The determination coefficient between experimental and calculated values (R² :0.958) and Figures 3a and3b illustrate the goodness of fit of the model. The high z pH parameter value 8.25, indicates a poor influence of the heating medium pH on the heat resistance for this Salmonella strain. For other salmonella strains few data allow to evaluate this z pH parameter.

From Blackburn et al. (1997), [START_REF] Casadei | Heat resistance of Bacillus cereus, Salmonella typhimurium and Lactobacillus delbrueckii in relation to pH and ethanol[END_REF] and [START_REF] Mañas | Predicting thermal inactivation in media of different pH of Salmonella grown at different temperatures[END_REF] data, an optimal pH value appears to be variable and often lower than 7. This observation leads to replace a fixed reference pH*, equal to 7, by a variable optimal pH parameter (pH opt ) to be estimated Eq 3. Concerning the effect of the pH of the recovery medium, the z' pH value (3.6) indicates a higher influence of this factor than that of the heating medium pH. It is generally accepted that the pH of the recovery medium exerts a large influence on the apparent heat resistance of spores: D-values decrease as pH is reduced [START_REF] Cook | Relationship between heat activation and percentage colony formation for Bacillus stearothermophilus spores: effects of storage and pH on the recovery medium[END_REF][START_REF] Yokoya | Effect of several environmental conditions on the "thermal death rate" of endospores of aerobic, thermophilic bacteria[END_REF][START_REF] Cook | Factors affecting the heat resistance of Bacillus stearothermophilus spores I. The effect of recovery condition on colony count of unheated and heated spores[END_REF][START_REF] Mallidis | Evaluation of recovery media for heated spores of Bacillus stearothermophilus[END_REF][START_REF] Santos | Evaluation of citric and GDL in the recovery at different level of Clostridium sporogenes P A 3679 spores subjected to HTST treatment conditions[END_REF][START_REF] Lopez | Influence of recovery condition on apparent heat resistance of Bacillus stearothermophilus spores[END_REF]. Observed z' pH values, which characterized the influence of the recovery medium pH, for Salmonella typhimurium cannot be compared with values regarding other Salmonella strains or species. As far as we know, no data which could be compared to our results, are available from literature.

The primary model derived from the Weibull distribution and describing non linear survival kinetics associated with Bigelow type secondary models, can be easily used to optimise heat treatment process calculations taking the heating and recovery pH influences into account. For example, compared to a heat treatment in food at pH 7, a heat treatment for Salmonella typhimurium in food at pH 5, could reduce the heating time to a 3.5 ratio, or, with the same heating time, could reduce the heating temperature of 2.25°C with the same lethal efficiency.

In practice, to ensure safety of acid foods, heating pH is the pH of food before heat treatment.

Because foods represent both the heating and the recovery medium, the input recovery pH is likely to keep the value of the heating pH. However, it frequently occurs that a decrease of food pH is observed during the heat treatment. In this case, for safety reasons, it is recommended to retain the value of the pH which is measured immediately after the heat treatment.

This work confirms the impact of low recovery medium pH on the apparent heat resistance. This influence allows reducing heat treatments with the same safety objective to keep better nutritional and sensory quality of foods. This approach could be extended to other vegetative strains and species which would require further data: p and z parameter values, related to heating temperatures and heating and recovery medium pH. From these data, standard values of z pH and z' pH could be defined according to a similar approach to the one that was implemented for the standard z T value equal to 7°C for most resistant vegetative cells and input in pasteurisation process calculations.

Table legends

Table1 log N 0 and δ estimates and their confidence interval coefficients as functions of the heating temperature.

Table 2 log N 0 and δ estimates and their confidence interval coefficients as functions of the heating and the recovery medium pH. 

  Bigelow parameter z T was estimated from scale parameter δ values obtained from the temperature mono factorial design. Equation 2 parameter values: z pH and z' pH were estimated from scale parameter δ values obtained from pH factorial design.

  z pH , pH opt and z T estimated from published values are shown Table4. Regarding the studied bacterial strain and different bacterial species, z pH values estimated from data of literature and our own data are lower than z pH obtained in this work, even for the same Salmonella typhimurium strain ATCC 11331. This difference could be explained by errors on D value estimates due to the fitting of concave curves by linear regressions or growth condition and physiology state of bacteria which can have produced stress protein.
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 3 Parameters z T estimated (from log δ values determined) from our own (data) and published data for different Salmonella strains
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 5 pH , z' pH, pH' opt estimates for Salmonella Typhimurium ATCC 13311 (log δ values)