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Minimal and optimal growth temperatures of Penicillium roqueforti were associated with an important intraspecific variability.

2 food-borne fungi, Penicillium roqueforti is a major food spoiler species which is also used as a ripening culture for blue cheese manufacturing. In the present study, we investigated the intraspecific variability of cardinal temperatures and water activities (aw), namely, minimal (Tmin and awmin), optimal (Topt and awopt) and maximal (Tmax) temperatures and/or aw estimated with the cardinal model for radial growth, of 29 Penicillium roqueforti strains belonging to 3 genetically distinct populations. The mean values of cardinal temperatures and aw for radial growth varied significantly across the tested strains, except for Tmax which was constant. In addition, the relationship between the intraspecific variability of the biological response to temperature and aw and putative genetic populations (based on microsatellite markers) within the selected P. roqueforti strains was investigated. Even though no clear relationship was identified between growth parameters and ecological characteristics, PCA confirmed that certain strains had marginal growth response to temperature or aw. Overall, the present data support the idea that a better knowledge of the response to abiotic factors such as temperature and aw at an intraspecific level would be useful to model fungal growth in predictive mycology approaches.

Introduction

Fungal spoilage of food and feed are responsible for important economic losses [START_REF] Legan | Mould spoilage of bread: the problem and some solutions[END_REF] and may be responsible for food safety issues, depending on the ability of certain fungal taxa to produce mycotoxins [START_REF] García | Predicting mycotoxins in foods: a review[END_REF]. Fungal growth in food and feed can be affected by environmental factors, including intrinsic and extrinsic parameters. Water activity (aw), pH, texture, available nutrients and antimicrobial substances are the main intrinsic factors, while temperature, humidity and atmosphere composition of the storage environment are the main extrinsic factors.

The combination of these factors, also called the hurdle technology concept, represents an effective tool for food safety and quality management [START_REF] Leistner | Food preservation by hurdle technology[END_REF]. In the case of fungi, predictive mycology approach can be used to study the influence of such hurdles on biological responses including spore germination, mycelial growth or mycotoxin production [START_REF] Valı Ḱ | Predicting fungal growth: the effect of water activity on Penicillium roqueforti[END_REF][START_REF] Dantigny | Basis of predictive mycology[END_REF][START_REF] Delhalle | Les modèles de croissance en microbiologie prévisionnelle pour la maitrise de la sécurité des aliments (synthèse bibliographique)[END_REF][START_REF] Leggieri | Modeling growth and toxin production of toxigenic fungi signaled in cheese under different temperature and water activity regimes[END_REF]. In predictive mycology, kinetic parameters are generally studied on culture media as a function of environmental factors in order to determine cardinal values, namely minimal, optimal and maximal values [START_REF] Dagnas | Predicting and preventing mold spoilage of food products[END_REF]. These specific cardinal values can then be used to predict fungal growth in food and feed as a function of the prevailing environmental conditions.

As reviewed by [START_REF] García | Optimising the number of isolates to be used to estimate growth parameters of mycotoxigenic species[END_REF], in vitro experiments are generally performed with a limited number of fungal strains for each studied species. Indeed, out of 127 published studies between 2000 and 2010, the mean number of strains/species was lower than 3, which is relatively low when considering the intraspecific diversity of fungi encountered in food and feed. Yet, using a collection of 62 Penicillium expansum and 30 Aspergillus carbonarius isolates, [START_REF] García | Optimising the number of isolates to be used to estimate growth parameters of mycotoxigenic species[END_REF] demonstrated that growth kinetic parameters varied at the intraspecies level and that a minimum number of strains needed to be studied in order to correctly reflect the intraspecific variability of these parameters. This minimum number was of 25-30 and 12-17 strains for P. expansum and A. carbonarius, respectively [START_REF] García | Optimising the number of isolates to be used to estimate growth parameters of mycotoxigenic species[END_REF]. Moreover, as shown previously for Penicillium roqueforti, an intraspecific variability in morphological traits [START_REF] Gillot | Insights into Penicillium roqueforti morphological and genetic diversity[END_REF], proteolytic activity [START_REF] Gillot | Functional diversity within the Penicillium roqueforti species[END_REF] or the ability to produce mycotoxins (Aldars- García et al., 2018a;[START_REF] Fontaine | Influence of intraspecific variability and abiotic factors on mycotoxin production in Penicillium roqueforti[END_REF] also exists within fungal species. In natural ecosystems as well as food products, different strains of a same species can occupy the same niche (Aldars- García et al., 2018a), it is thus questionable whether growth predictions based on a limited number of strains could be representative of the behavior of fungal spoilers in a food spoilage situation.

Penicillium roqueforti is a major spoiler in foods including dairy products [START_REF] Garnier | Diversity of spoilage fungi associated with various French dairy products[END_REF] and is also used as a ripening culture in blue-cheese production [START_REF] Cantor | Blue cheese[END_REF]. In a previous study [START_REF] Gillot | Insights into Penicillium roqueforti morphological and genetic diversity[END_REF] the morphological and genetic diversity among a worldwide collection of 164 P. roqueforti was explored. A high level of macromorphological diversity was highlighted regarding colors and textures of the mycelia as well as in the size of the colony margin. Using 4 microsatellite markers, 28 different haplotypes were identified and these haplotypes were distributed into three highly differentiated genetic populations [START_REF] Gillot | Insights into Penicillium roqueforti morphological and genetic diversity[END_REF]. Using well-characterized strains selected from the aforementioned study as biological models, the present study aimed at exploring the intraspecific variability in cardinal temperatures and aw for radial growth of P. roqueforti. The respective effects of temperature and aw on fungal growth were studied following two independent monofactorial experimental designs.

Material and methods

Fungal strains

Twenty-nine P. roqueforti strains isolated from cheese and various environments were studied (Table 1). Among them, 28 strains were previously characterized at the genetic level by [START_REF] Gillot | Insights into Penicillium roqueforti morphological and genetic diversity[END_REF]. Each one of them represented a different haplotype and belonged to 3 genetically highly differentiated populations, as determined by [START_REF] Gillot | Insights into Penicillium roqueforti morphological and genetic diversity[END_REF]. An additional P. roqueforti strain (B20) was also included. The latter strain was previously used in predictive mycology studies (Nguyen Van Long et al., 2017a;2017b), and found to belong to genetic population 2 according to populations described by [START_REF] Gillot | Insights into Penicillium roqueforti morphological and genetic diversity[END_REF]. For the present study, strain codes were used (A = genetic population 1, B = genetic population 2 and C = genetic population 3). These 29 fungal strains were routinely cultured on potato dextrose agar (PDA, potato extract 4g/L, dextrose 20g/L, agar 15g/L, Difco, Becton Dickinson, Sparks, MD, USA) at 25 °C.

Experimental design

The respective effects of both temperature and aw factors were studied independently by the means of monofactorial experimental designs for which the levels of unstudied factors were fixed at arbitrary levels (25 °C and 0.980). For temperature experiments, ten temperature levels were tested, i.e., 2, 5, 7, 10, 20, 22, 25, 27, 30 and 32 °C. These temperature levels were selected in order to better target theoretical minimal, optimal and maximal temperatures in a limited number of experiments. For example, no additional temperature was tested between 10 °C and 20 °C because it was not required for modelling purpose. For aw experiments, six aw levels (0.830, 0.853, 0.898, 0.943, 0.965, 0.995) were obtained by using sodium chloride (NaCl) at a final concentration ranging from 0 to 14.5 % (w/w). This awdepressor was chosen on the basis of previous experiments (Nguyen Van Long et al., 2017a) and in order to better represent environmental conditions that fungi can encounter in foods.

Culture media

The culture medium used throughout this study was PDA supplemented with a 3:2 (v/v) mixture of citric acid monohydrate (0.1 M) and dibasic sodium phosphate (0.2 M) solutions (Sigma-Aldrich, Saint-Louis, MO, USA) in order to set the pH level at 4.2. The aw-depressor solutions and double concentrated agar medium were prepared and autoclaved separately before mixing and pouring 25 mL into 90-mm Petri dishes. For each batch of culture medium, pH and aw were checked in three replicates at 20 °C using a pH surface-electrode (SF 113, VWR, Radnor, PA, USA) with an accuracy of 0.01 pH unit and an aw-meter (Tunable Diode Laser aw-meter Aqualab, Decagon Devices, Pullman, WA, USA) with an accuracy of 0.005 aw unit. The aw apparatus was calibrated according to the manufacturer's instructions using salt solutions of known aw.

Conidia production

Conidia were harvested from cultures incubated for 10 days at 25 °C on PDA medium at 0.980 aw and pH 4.2. For temperature experiments, the conidia harvesting solution was a glycerol solution adjusted to 0.980 aw containing Tween 80 (0.01 % v/v). For aw experiments, the conidia were harvested in different buffered NaCl solutions with aw values corresponding to the different culture media (pH = 4.20). Conidial concentrations were determined using a haemocytometer (Malassez, Preciss, Paris, France) and diluted using the same glycerol or NaCl solutions to obtain a 1.10 6 conidia/mL suspension prior to inoculation.

Radial growth assessment

Ten microliters of the conidia suspension were deposited in the center of agar plates. These plates were then placed in plastic boxes (34x25x12 cm) containing 200 mL of NaCl solution adjusted to the corresponding aw of the culture medium in order to avoid aw fluctuation [START_REF] Sautour | Prediction of conidial germination of Penicillium chrysogenum as influenced by temperature, water activity and pH[END_REF] and incubated in temperature-controlled incubators (KB 240, Binder GmbH, Tuttlingen, Germany). Thallus diameter was measured daily in 2 perpendicular directions for a maximum of 60 days and the mean radius calculated based on data from 4 biological replicates.

Data modelling and statistical analysis

Primary modelling of radial growth kinetics

Radial growth was described as a function of incubation time with the logistic model with latency and breaking adapted to the radial growth of filamentous fungi [START_REF] Augustin | Mathematical modelling of the growth rate and lag time for Listeria monocytogenes[END_REF][START_REF] Rosso | Modélisation de microbiologie prévisionnelle : élaboration d'un nouvel outil pour l'agro-alimentaire[END_REF] (Eq. 1):
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where r(t) is the radius of the thallus (mm) at the time of incubation t (d), λ is the latency (d) before growth characterized by µ, the radial growth rate (mm.d -1 ) and rmax is the maximum radius (mm) of the thallus over incubation time. In the present study, the radius r(0) was fixed at 3 mm, corresponding to the diameter of the inoculum. The model was fitted by minimizing the sum of squares of the residuals (lsqcurvefit function, Matlab 2014 The Mathworks Inc., USA). Estimated parameter confidence intervals of 95% were calculated with traditional methods based on a linear approximation (nlrparci function of Matlab, at 95% of confidence).

The model fitting performances were evaluated using the determination coefficient (r 2 ) and the root mean square error (RMSE).

Secondary modelling of radial growth rate and latency as a function of temperature or aw

The parameters λ and µ were independently modelled as a function of the temperature or aw levels. The radial growth rate (µ) was modelled as a function of both factors with cardinal model, described by Eq. 2 [START_REF] Rosso | Convenient model to describe the combined effects of temperature and pH on microbial growth[END_REF]: where Xmin, Xopt and Xmax (cardinal temperature or aw values) are respectively the minimum, optimum and maximum temperature or aw values (awmax is considered as a constant = 1), n is a shape parameter (n = 2 in temperature and aw experiments), µ is the radial growth rate and µopt the value of µ when T = Topt or when aw = awopt, namely the optimal radial growth rate.
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The reciprocal of latency for radial growth (λ -1 ) was modelled as a function of temperature with Eq. 2 where µ was substituted by λ -1 and µopt was substituted by λ -1 opt ,namely the value of λ -1 when T = Topt or aw = awopt. The models were fitted by minimizing the sum of squares of the residuals (lsqcurvefit function, Matlab 2014 The Mathworks Inc., USA). The fitting were performed independently for four biological replicates. Estimated parameter confidence intervals at 95% and model fitting performances were determined as described above.

Statistical analysis

Mean values of secondary modelling parameters (namely cardinal temperatures, cardinal aw, µopt and λ -1 opt) obtained with 4 biological replicates/strain were used to describe the variability among the different P. roqueforti strains by means of box plots (boxplot function of Matlab).

The box plots allowed to display descriptive statistics such as the median value, the 25 th and 75 th percentiles, minimal and maximal values as well as outliers. Skewness was calculated using skewness function of Matlab. Strains were considered as outlier when their value for a

given parameter was at least 1.5 times the interquartile range away from the box (either top or bottom). When outliers were observed, their respective sets of parameters were compared to that of any other strain by means of one-vs-one likelihood ratio test (LRT; [START_REF] Huet | Statistical tools for nonlinear regression[END_REF][START_REF] Morin-Sardin | Effect of temperature, pH, and water activity on Mucor spp. growth on synthetic medium, cheese analog and cheese[END_REF]Nguyen Van Long et al., 2017b). First, for a given couple of strains to be compared, the model was fitted independently to estimate model parameters for each strain (unconstrained model, U). Secondly, a new fit was performed in the case where the value of one parameter was hypothesized to be equal for both strains (constrained model, C).

Fits of U and C models were compared using the statistic SL, defined as (Eq. 3):
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where n is the length of data set, RSSC and RSSU are the residual square sum for the constrained (C) and unconstrained (U) model respectively. When n tends to infinity, the limiting distribution of SL is a Chi-square test (Chi 2 ) distributed with a degree of freedom equal to the number of constrained parameters. When SL ≤ Chi 2 (α = 0.05), the difference of fit between both models is considered significant, indicating that growth behavior of both strains cannot be described by the same secondary modelling parameters.

In order to investigate the correlations between the different parameters, a principal component analysis (PCA) was performed with the pca function of Matlab.

Results

Primary modelling of radial growth kinetics

Growth of the 29 P. roqueforti strains was observed at temperatures ranging from 2 °C to 30 °C and aw ranging from 0.995 to 0.850 (0.0 % to 12.7 % NaCl w/w). Noteworthy, no growth was observed at 0.830 aw nor at 32 °C within the 60-days incubation period. Independently of the tested strains and culture conditions, radial growth kinetics were characterized by a lag phase (during which the thallus diameter was inferior to that of the inoculum diameter), followed by a linear phase of radial growth. The primary model (Eq. 1) was able to describe radial growth with a satisfying fitting quality as reflected by r 2 calculated above 0.80 and RMSE calculated below 5.32 mm (Supplementary table 1). In certain conditions, fungal growth stopped before the end of incubation time (60 days) and thus did not reach the side borders of the Petri dish. In this condition, the thallus radius at the end of incubation time was estimated by the rmax parameter (Eq. 1). Otherwise, the rmax parameter equals the diameter of the Petri dish. As the rmax parameter is not a kinetic parameter and can be related to the Petri dish size, it was not used for secondary modelling.

Effect of temperature and aw on latency for radial growth

Both incubation temperature and aw affected the latency for growth parameter λ (Fig. 1 and Fig. 2). Concerning the incubation temperature, two different types of responses were observed. For 11 strains (A1, A2, A3, B1, B2, B3, B9, B13, B15, C1 and C3) latency decreased (so λ -1 increased) as the temperature increased from 2 °C to 30 °C but no decrease of λ -1 was observed at temperatures higher than the optimal level. In contrast, for the 18 other strains, λ decreased as the temperature increased from 2 °C to a strain-dependent threshold, and then increased at higher temperatures. The same two types of response were observed for the aw factor. For a minority of strains (A3, A4, A5, B1, B3, B4, B7 and B19), it was possible to observe an aw level for which the λ -1 was higher than its value at 0.995 aw. In contrast for the 21 other strains, no increase of λ -1 (compared to its level at 0.995 aw) was observed in the tested aw range. The cardinal model (Eq. 2) was able to describe the effect of temperature and aw within the tested ranges on λ -1 with r 2 values higher than or equal to 0.703 and RMSE lower than or equal to 0.161 d -1 (Table 2). The cardinal model provided six parameters describing the effect of temperature and aw on the latency for radial growth for each strain: the minimal (Tmin), optimal (Topt) and maximal (Tmax) temperatures, the minimal (awmin) and optimal (awopt) aw and the value of λ -1 under optimal temperature and aw namely, λ -1 opt.

Effect of temperature and aw on radial growth rate

Both incubation temperature and aw affected the radial growth rate parameter (Fig. 3 and Fig. 4). Concerning the incubation temperature, the same type of response was observed for all strains: the µ parameter increased as the temperature increased from 2 °C to a certain straindependent threshold, and then decreased at higher temperatures. For the aw factor, two different types of responses were observed. For 14 strains (A2, B1, B2, B3, B4, B7, B10, B11, B12, B13, B14, B15, B17 and B19) , µ decreased as the aw decreased from 0.995 to 0.850 and no increase of λ -1 (compared to its level at 0.995 aw) was observed in the tested aw range. In contrast for the 15 other strains, µ increased as the aw decreased from 0.995 to a strain-dependent threshold, and then decreased at lower aw levels. The cardinal model (Eq. 2)

was able to describe the effect of temperature and aw within the tested ranges on µ with r 2 values higher than or equal to 0.808 and RMSE lower than or equal to 0.334 mm.d -1 (Table 3). The cardinal model provided six parameters describing the effect of temperature and aw on radial growth rate: the minimal (Tmin), optimal (Topt) and maximal (Tmax) temperatures, the minimal (awmin) and optimal (awopt) aw and the value of µ under optimal temperature and aw namely, µopt.

Intraspecific variability in secondary modelling parameters

Intraspecific variability in secondary modelling temperature and aw parameters for latency for radial growth

The temperature-related parameters varied significantly at the intra-species level as illustrated by the boxplot figures (Fig. 5). The distribution of Tmin was positively skewed (skewness = 0.478) and ranged between -12.8 °C ± 0.4 °C (strain A3) and -2.1 °C ± 0.2 °C (strain B11) The aw-related parameters also varied significantly at the intra-species level as illustrated by the boxplot figures (Fig. 5). The distribution of awmin was negatively skewed (skewness = -1,163) and ranged between 0.646 ± 0.076 (strain B19) and 0.810 ± 0.002 (strain A3) with a median of 0.764 and a difference of 0.037 aw unit between the 25 th and 75 th percentiles. The distribution of awopt was also negatively skewed (skewness = -0.282) and ranged between 0.976 ± 0.001 (strain B7) and 0.998 ± 0.002 (strain B5) with a median of 0.988. It was narrower than the previous distribution with a difference of 0.006 aw unit between the 25 th and 75 th percentiles. No outlier strain was observed in the boxplot figure for awopt but 2 outlier strains were identified for awmin (B5 and B19). According to the LRT comparison versus 28 other strains, B5 and B19 had significantly different awmin values from those of the other 20 and 24 strains, respectively.

The λ -1 opt parameter was not highly variable at the intra-species level (Fig. 5). Its distribution was positively skewed (skewness = 0.488) and ranged between 0.69 d -1 ± 0.01 d -1 (strain B9) and 1.17 d -1 ± 0.02 d -1 (strain B6) with a median of 0.86 d -1 and a difference of 0.15 d -1

between the 25 th and 75 th percentiles. No outlier strain was observed in the boxplot figure for this parameter.

Intraspecific variability in secondary modelling temperature and aw parameters for radial growth rate

The temperature-related parameters varied significantly at the intra-species level as illustrated by the boxplot figures (Fig. 5). The distribution of Tmin was negatively skewed (skewness = -0.887) and ranged between -35.4 °C ± 3.9 °C (strain B14) and -8.8 °C ± 0.5 °C (strain B17)

with a median of -16.4 °C and a difference of 7.9 °C between the 25 th and 75 th percentiles.

The distribution of Topt was positively skewed (skewness = 0.503) and ranged between 22.5 °C ± 0.5 °C (strain B19) and 28.5 °C ± 3.0 °C (strain B5) with a median of 24.8 °C and a difference of 2.6 °C between the 25 th and 75 th percentiles. The distribution of Tmax was negatively skewed (skewness = -4,389) and ranged between 29.1 °C ± 1.7 °C (strain B14) and 30.3 °C ± 0.1 °C (strain C4) with a median of 30.16 °C. It was narrower than the two previous distributions with a difference of only 0.12 °C between the 25 th and 75 th percentiles. No outlier strain was observed in the boxplot figure for Topt but B14 was identified as an outlier for both Tmin and Tmax. According to the LRT comparison versus 28 other strains, B14 had

Tmin and Tmax values significantly different from those of 25 and 15 strains, respectively.

The aw-related parameters also varied significantly at the intra-species level as illustrated by the boxplot figures (Fig. 5). The distribution of awmin was negatively skewed (skewness = -1.754) and ranged between 0.753 ± 0.012 (strain B16) and 0.855 ± 0.017 (strain B10) with a median of 0.832 and a difference of 0.023 aw unit between the 25 th and 75 th percentiles. The distribution of awopt was positively skewed (skewness = 1.422) and ranged between 0.981 ± 0.002 (strain B8) and 1.032 ± 0.006 (strain B14) with a median of 0.987. It was slightly narrower than the previous distribution with a difference of 0.019 aw unit between the 25 th and 75 th percentiles. The strains B16 and B14 were identified as outliers for awmin and awopt, respectively. According to the LRT comparison versus 28 other strains, B16 had a significantly different awmin value from that of 26 strains and B14 had a significantly different awopt value from that of the other 27 strains.

The µopt parameter was also variable at the intra-species level (Fig. 5). The distribution of µopt was slightly negatively skewed (skewness = -0.258) and ranged between 3.34 mm.d -1 ± 0.27 mm.d -1 (strain B14) and 7.01 mm.d -1 ± 0.13 mm.d -1 (strain B3) with a median of 5.44 mm.d -1

and a difference of 1.3 mm.d -1 between the 25 th and 75 th percentiles. No outlier strain was observed in the boxplot figure for µopt.

Principal component analysis

The results of principal component analysis (PCA) are presented in Fig. 6. Overall, neither clear clusters, nor specific distribution with regards to genetic populations or cheese versus non-cheese substrate of origin were observed. Nonetheless, principal components 1 and 2 explained more than 57% (36.80 % and 20.74 % respectively) of the total variance. Position of variables in the plane indicated that Tmin, awmin and µopt had close coordinates in the plane (data not shown). Tmin (λ) appeared to be correlated in the first dimension with Tmin (µ) and µopt. The parameter λ -1 opt appeared to be correlated to awopt (λ) in the second dimension. The position of individuals in the plane showed that the growth behavior of some P. roqueforti strains could be described by the two principal components (e.g., B14, A1, B10 and B5), whereas some other strains were poorly described (e.g., C2). Noteworthy, some individuals were positively (e.g., B10, B17) or negatively (e.g., B14, B16, B18) correlated to the group of variables Tmin (µ), awmin (µ) and µopt.

Discussion

In the present study, we investigated the intraspecific variability associated to cardinal temperature and aw values for radial growth of 29 P. roqueforti strains isolated from diverse origins. As both radial growth kinetic parameters λ and µ were affected by the incubation temperature and medium aw, they were independently modelled as a function of both factors with a cardinal model in order to obtain secondary modelling parameters, including cardinal temperatures (Tmin, Topt and Tmax) and aw (awmin and awopt). These secondary modelling parameters can be used for radial growth prediction of P. roqueforti on PDA medium with specific regards to its biological variability. The present work also provided optimum growth rate (µopt) and minimum lag time (λ -1 opt) for PDA medium. Nevertheless, in order to make predictions for specific food items, a food matrix validation would be required considering that µopt and λ -1 opt are considered to be food specific [START_REF] Pinon | Development and validation of experimental protocols for use of cardinal models for prediction of microorganism growth in food products[END_REF].

In the present study, several cardinal values were outside the tested ranges of temperature or aw. It is important to consider these parameters as extreme levels estimated by the mathematical models and not as observed growth limits [START_REF] Ross | Growth kinetics of Escherichia coli O157: H7 in mechanically-tenderized beef[END_REF]. Therefore, they can only be used to predict radial growth within the tested ranges of temperature and aw and any prediction outside these ranges would not be supported by observed data. For example, all estimated Tmin were negative values. The lowest tested temperature in the present work was 2 °C at which all P. roqueforti strains showed visible radial growth. Further experiment was performed in order to confirm the inability of B14 strain (lowest estimated Tmin) to grow at negative temperature (-20 °C) and no visible growth was observed after incubation for 90 days (data not shown). This demonstrates that outside the tested range, the current secondary model is ineffective to describe temperature effect on P. roqueforti. However, the present work confirms the psychrotolerance of this species, as previously reported elsewhere [START_REF] Cuppers | A model for the combined effects of temperature and salt concentration on growth rate of food spoilage molds[END_REF][START_REF] Saccomori | Influence of storage temperature on growth of Penicillium polonicum and Penicillium glabrum and potential for deterioration of frozen chicken nuggets[END_REF]. Further investigations are needed to propose models for negative temperatures at which water freezing in culture media or food can lead to a reduction of water availability hence representing an additional hurdle to fungal growth [START_REF] Gill | Growth at sub-zero temperatures of black spot fungi from meat[END_REF].

Interestingly, estimated Tmax values characterizing temperature effect on λ -1 were mostly above 30 °C although this temperature drastically inhibited mycelial growth. Because an accurate estimation of Tmax requires observation of a significant decrease of the kinetic parameter above a certain threshold (which was not observed for λ -1 for several strains), the cardinal model provided Tmax values for the latency parameter which were not related to the upper temperature limit for growth. Moreover, the absence of an observed decrease in λ -1 (or increase of λ) at 30 °C can be explained by the fact that, for several strains, a thallus was rapidly visible within the first days of incubation but this thallus then grew slowly (µ ≤ 1.28 mm.day -1 ). This observation suggests that conidial germination could be less affected by a temperature increase around Tmax than hyphal elongation as latency for radial growth is strongly linked to the germination process [START_REF] Gougouli | Relation between germination and mycelium growth of individual fungal spores[END_REF]. This could occur in conditions allowing the conidial germination but inhibiting further hyphal extension.

It has been previously observed that under stressful conditions (extreme aw levels),

Aspergillus penicillioides conidia started to germinate but did not produce visible mycelium [START_REF] Stevenson | Aspergillus penicillioides differentiation and cell division at 0.585 water activity[END_REF]. Finally, there was in general a good agreement between cardinal temperatures for latency and those for growth as previously reported for a large number of fungal species [START_REF] Gougouli | Development and application of predictive models for fungal growth as tools to improve quality control in yogurt production[END_REF].

As shown in previous studies [START_REF] Araujo | Variability of germinative potential among pathogenic species of Aspergillus[END_REF]García et al., 2011a;[START_REF] Perneel | Intraspecific variability of Pythium myriotylum isolated from cocoyam and other host crops[END_REF][START_REF] Vidal | Intraspecific variability of Paecilomyces fumosoroseus: effect of temperature on vegetative growth[END_REF][START_REF] Walther | DNA barcoding in Mucorales: an inventory of biodiversity[END_REF], the present data confirmed that the growth behavior of fungi, in this case P. roqueforti, can significantly vary at an intraspecies level, and that a higher level of variability in biological response was observed in marginal environmental conditions (Aldars-García et al., 2018a;2018b). Biological responses other than conidial germination and radial growth such as ascospore heat-resistance [START_REF] Santos | Inter-and intra-species variability in heat resistance and the effect of heat treatment intensity on subsequent growth of Byssochlamys fulva and Byssochlamys nivea[END_REF] or conidia ethanol resistance [START_REF] Visconti | Impact of intraspecific variability and physiological state on Penicillium commune inactivation by 70% ethanol[END_REF] can also vary at the intraspecific level and subsequently be of importance to consider in predictive mycology. In temperature experiments, both Tmin and Topt parameters showed the largest ranges, indicating that these cardinal temperatures are characterized by a wider intraspecific variability whereas Tmax was almost constant for µ or slightly variable for λ. Accordingly, we can hypothesize based on the present study (29 studied strains) that a temperature close to 30 °C is a growth limit in P.

roqueforti whereas the ability to produce a mycelium at refrigeration temperatures could be highly strain-dependent.

Overall, the present results support the existence of an important intraspecific variability for P. roqueforti cardinal temperatures and, to a lesser extent, for cardinal aw. Such results contrast with those of García et al. (2011b) on Aspergillus carbonarius for which a higher intraspecific variability in growth response to aw than temperature was found. LRT also allowed us to evaluate if one secondary model parameter for a given strain can be substituted by that of another strain without significant effect on the fitting quality. According to the present results, it is possible to assume that several strains could not reasonably share the same values of Tmin, Tmax or awmin.

In the present study, in order to understand the origin of this observed variability, a PCA was carried out. Despite a low overall ratio of variance explained, PCA confirmed the outlier positions of certain strains which displayed extreme growth behavior and the existence of two groups with distinct growth behavior within the tested strains. The first group was characterized by a high growth rate under optimal conditions and a reduced growth range (for temperature and aw). The second group was characterized by a lower growth rate under optimal conditions and a wider growth range (for temperature and aw).

Based on the distinction between technological (isolated from blue-cheese) and spoilage (isolated from other environments) strains, our initial hypothesis was that spoilage strains would be able to grow over a wider range of temperature and aw which would give them an adaptive advantage and that the technological strains would have been selected for their higher growth rate. However, under our experimental conditions and with the 29 tested strains, the present data was not sufficient to confirm this hypothesis. Regarding these parameters, it can therefore be concluded that growth predictions obtained for a limited strain number cannot be extrapolated to the entire P. roqueforti species. It is thus recommended to consider the intraspecific variability of P. roqueforti growth response to temperature and aw for predictive mycology application [START_REF] Marín | Use of predictive modelling as tool for prevention of fungal spoilage at different points of the food chain[END_REF].

In order to take into account this intraspecific variability and thus provide realistic prediction, different strategies can be followed. One possible way to take this notion into account could be the use of mixture of different strains to inoculate the culture medium (García et al., 2011b;[START_REF] Romero | Ochratoxin A production by a mixed inoculum of Aspergillus carbonarius at different conditions of water activity and temperature[END_REF]. Its main advantage is to be closer to situations where more than one strain of a same species may be found in the same niche (Aldars- García et al., 2018a).

However, [START_REF] García | Growth parameters of Penicillium expansum calculated from mixed inocula as an alternative to account for intraspecies variability[END_REF] indicated that the use of a mixed inoculum could be helpful to estimate the mean or the median values of high number of isolates but not to account for strains with marginal behavior. Furthermore, the use of strain mixture leads to worst case scenario predictions because the strain with the shortest latency and highest growth rate will predominate. Such predictions would finally be the safest but can lead to significant food waste. Another approach could be to select one strain as a representative model on the basis of specific features. If the outcomes of predictions or challenge tests are dedicated to be used in a specific manufacturing site, it is obvious that the use of site-specific or recurring strains is recommended. Otherwise, strains representative of a certain food process or spoilage situation can be selected on the basis of current knowledge. One of the main limits of this approach is the absolute requirement for a strain collection that is representative of a given fungal species, which is necessary to perform an initial screening of intraspecific variability related to growth behavior. As data generation is time consuming, high throughput growth measurement methods such as laser nephelometry or real-time imaging are promising alternatives to study large number of strains and appreciate intraspecific variability of growth in numerous conditions (Aldars-García et al., 2018b). To conclude, the challenge to consider intraspecific variability in predictive mycology with regards to the wide diversity of fungal spoilers encountered in food would require exhaustive strain collections, but such an approach could help improving accuracy of predictive models or relevance of challenge tests and should be investigated for other fungal food spoilers. 

  with a median of -8.4 °C and a difference of 4.0 °C between the 25 th and 75 th percentiles. The distribution of Topt was relatively symmetric (skewness = 0.053) and ranged between 21.5 °C ± 0.5 °C (strain B11) and 35.3 °C ± 0.3 °C (strain A1) with a median of 27.2 °C and a difference of 4.7 °C between the 25 th and 75 th percentiles. The distribution of Tmax was also relatively symmetric (skewness = 0.041) and ranged between 27.0 °C ± 0.01 °C (strains C1 and C2) and 35.3 °C ± 0.3 °C (strain A1) with a median at 30.4 °C. It was narrower than the two previous distributions with a difference of only 1.8 °C between the 25 th and 75 th percentiles. No outlier strain was observed in the boxplot figure for Tmin and Topt but 3 outlier strains were identified for Tmax (A1, C1 and C2). According to the LRT comparison versus 28 other strains, A1, C1 and C2 had significantly different Tmax values from those of the other 20, 25 and 22 strains, respectively.
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 1 Fig. 1: Secondary models describing the effect of temperature (°C) on reciprocal of latency
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 2 Fig. 2: Secondary models describing the effect of aw (-) on reciprocal of latency (λ -1 , d -1 ) for
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 3 Fig. 3: Secondary models obtained to describe the effect of temperature (°C) on the radial growth rate (µ, mm.d -1 ) of 29 Penicillium roqueforti strains (strain number indicated on upper
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 4 Fig. 4: Secondary models obtained to describe the effect of aw (-) on the radial growth rate (µ, mm.d -1 ) of 29 Penicillium roqueforti strains (strain number indicated on upper left corner of
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 5 Fig. 5: Box plot figures representing the variability of Tmin, Topt, Tmax, awmin, awopt, λ -1 opt and

  

Table 2 :

 2 Cardinal temperatures and aw of 29 P. roqueforti including minimal (Tmin and awmin), optimal (Topt and awopt) and maximal (Tmax) levels for latency and reciprocal of latency for radial growth under optimal conditions (λ -1 opt). These parameters were estimated by fitting Eq. 2 to reciprocal of latency for radial growth (λ). The accuracy of the model is characterized by means of root mean square error (RMSE) and determination coefficient (r 2 ).

	C2	UBOCC-A-117213 Bleu du Vercors -Sassenage	France	3
	C3	UBOCC-A-101449	Fruit (preparation)	France	3 ***
	C4	UBOCC-A-113014	Gorgonzola	Italy	3
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Table 3 :

 3 Cardinal temperatures and aw of 29 P. roqueforti including minimal (Tmin and awmin), optimal (Topt and awopt) and maximal (Tmax) levels for radial growth rate and radial growth rate under optimal conditions (µopt). These parameters were estimated by fitting Eq. 2 to radial growth rate (µ). The accuracy of the model is characterized by means of root mean square error (RMSE) and determination coefficient (r 2 ).

	Strain	Tmin (°C)	Topt (°C)	Tmax (°C)	awmin (-)	awopt (-)	µopt (mm.d -1 )	r 2 (-)	RMSE (mm.d -1 )
	A1	-15.3 ± 1.0	24.2 ± 0.2	30.1 ± 0.0	0.844 ± 0.002	0.984 ± 0.001	5.84 ± 0.02	0.955 -0.964	0.169 -0.193
	A2	-15.9 ± 1.0	27.8 ± 0.1	30.0 ± 0.0	0.839 ± 0.005	0.989 ± 0.000	6.08 ± 0.09	0.963 -0.971	0.156 -0.187
	A3	-14.6 ± 0.6	23.3 ± 0.1	30.2 ± 0.0	0.832 ± 0.009	0.982 ± 0.002	5.60 ± 0.10	0.963 -0.982	0.112 -0.151
	A4	-13.6 ± 1.2	23.7 ± 0.2	30.1 ± 0.0	0.833 ± 0.000	0.981 ± 0.000	6.07 ± 0.02	0.987 -0.992	0.079 -0.097
	A5	-9.4 ± 1.0	24.8 ± 0.1	30.1 ± 0.0	0.831 ± 0.012	0.985 ± 0.001	6.57 ± 0.16	0.973 -0.992	0.090 -0.161
	B1	-12.2 ± 0.9	23.0 ± 0.2	30.3 ± 0.0	0.841 ± 0.001	1.007 ± 0.001	6.57 ± 0.18	0.948 -0.980	0.127 -0.219
	B2	-15.4 ± 1.0	24.1 ± 0.4	30.2 ± 0.0	0.852 ± 0.023	0.998 ± 0.006	5.92 ± 0.07	0.953 -0.977	0.140 -0.202
	B3	-14.9 ± 2.3	25.2 ± 1.0	30.2 ± 0.1	0.833 ± 0.001	0.988 ± 0.001	7.01 ± 0.13	0.959 -0.984	0.119 -0.184
	B4	-18.0 ± 3.3	27.2 ± 2.8	30.1 ± 0.1	0.825 ± 0.003	0.989 ± 0.002	6.08 ± 0.40	0.966 -0.985	0.105 -0.160
	B5	-27.2 ± 8.1	28.5 ± 3.0	30.1 ± 0.1	0.824 ± 0.002	0.982 ± 0.000	4.97 ± 0.09	0.936 -0.975	0.104 -0.186
	B6	-21.7 ± 2.9	24.1 ± 0.6	30.2 ± 0.1	0.816 ± 0.004	0.983 ± 0.001	3.78 ± 0.11	0.969 -0.980	0.084 -0.111
	B7	-13.9 ± 0.9	23.5 ± 0.4	30.3 ± 0.0	0.829 ± 0.002	1.001 ± 0.001	6.00 ± 0.05	0.943 -0.957	0.175 -0.209
	B8	-18.5 ± 1.0	26.9 ± 0.1	30.1 ± 0.0	0.816 ± 0.003	0.981 ± 0.002	4.21 ± 0.04	0.969 -0.983	0.083 -0.112
	B9	-16.4 ± 1.5	24.3 ± 0.6	30.2 ± 0.0	0.813 ± 0.011	1.003 ± 0.012	4.64 ± 0.20	0.967 -0.990	0.070 -0.127
	B10	-9.1 ± 2.1	24.7 ± 2.0	30.2 ± 0.2	0.855 ± 0.017	1.001 ± 0.002	6.67 ± 0.40	0.924 -0.980	0.149 -0.264
	B11	-21.9 ± 3.0	28.4 ± 1.2	30.0 ± 0.0	0.810 ± 0.003	1.006 ± 0.001	4.24 ± 0.17	0.886 -0.942	0.158 -0.199
	B12	-18.7 ± 2.1	26.0 ± 0.8	30.2 ± 0.1	0.806 ± 0.004	1.009 ± 0.001	5.09 ± 0.27	0.944 -0.977	0.106 -0.155
	B13	-18.0 ± 4.9	25.1 ± 0.4	30.2 ± 0.0	0.808 ± 0.004	1.012 ± 0.002	5.80 ± 0.11	0.966 -0.980	0.111 -0.138
	B14	-35.4 ± 3.9	27.5 ± 0.5	29.1 ± 1.7	0.792 ± 0.028	1.032 ± 0.006	3.34 ± 0.27	0.808 -0.824	0.268 -0.334
	B15	-10.2 ± 0.3	26.3 ± 0.2	30.1 ± 0.0	0.838 ± 0.004	0.988 ± 0.001	5.44 ± 0.05	0.966 -0.991	0.081 -0.159
	B16	-23.3 ± 3.9	24.5 ± 0.5	30.1 ± 0.0	0.753 ± 0.012	0.983 ± 0.002	5.39 ± 0.06	0.897 -0.971	0.109 -0.219
	B17	-8.8 ± 0.5	24.9 ± 0.3	30.3 ± 0.0	0.837 ± 0.001	1.003 ± 0.002	6.81 ± 0.32	0.966 -0.973	0.161 -0.176
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