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Introduction

Throughout their processing and storage, food raw materials are likely to be colonized by spoilage micro-organisms. The loss of global food production due to the proliferation of yeasts and/or molds within these matrices was estimated from 5 to 10% (Pitt and Hocking, 2009).

The dairy industry is the second largest food industry in the world and is highly concerned. To solve this problem while respecting the growing consumer demand for chemical preservatives removal in food products, biopreservation with bacterial ferments has emerged as the best alternative [START_REF] Stiles | Biopreservation by lactic acid bacteria[END_REF].

Currently, sorbic acid, potassium sorbate and calcium sorbate are chemical preservatives authorized to be added to some dairy products such as margarine or cheese whereas natamycin use is only allowed within cheese (EFSA, 2015, 2009; FDA, 2019). Beyond these chemical treatments and physical ones, such as pasteurization or cold storage, the oldest method for preserving food, potentially used more than 3000 years ago, was fermentation by lactic acid bacteria (LAB). Many studies have described the use of LAB to prevent molds and yeasts growth, and particularly Lactobacillus strains in dairy product [START_REF] Crowley | Comparative analysis of two antifungal Lactobacillus plantarum isolates and their application as bioprotectants in refrigerated foods[END_REF][START_REF] Delavenne | Characterization of the antifungal activity of Lactobacillus harbinensis K.V9.3.1Np and Lactobacillus rhamnosus K.C8.3.1I in yogurt[END_REF][START_REF] Lačanin | Assessment of the antifungal activity of Lactobacillus and Pediococcus spp. for use as bioprotective cultures in dairy products[END_REF][START_REF] Li | Potential use of Lactobacillus casei AST18 as a bioprotective culture in yogurt[END_REF][START_REF] Mcnair | Identification and characterisation of a novel antifungal peptide in fermented milk product containing first-generation bioprotective LAB cultures[END_REF][START_REF] Ouiddir | Selection of Algerian lactic acid bacteria for use as antifungal bioprotective cultures and application in dairy and bakery products[END_REF][START_REF] Salas | Antifungal activity of lactic acid bacteria combinations in dairy mimicking models and their potential as bioprotective cultures in pilot scale applications[END_REF]. Moreover, the majority of them is generally recognized as safe (GRAS) by the US Food and Drug Administration, and some of them have been also granted a QPS (Qualified Presumption of Safety) status within the European Union (EFSA, 2012), which allows their use in food production. Many Lactobacillus strains were described to produce antifungal molecules, including short organic acids (lactic acid or acetic acid) [START_REF] Corsetti | Antimould activity of sourdough lactic acid bacteria: Identification of a mixture of organic acids produced by Lactobacillus sanfrancisco CB1[END_REF] [START_REF] Ström | Lactobacillus plantarum MiLAB 393 produces the antifungal cyclic dipeptides cyclo(L-Phe-L-Pro) and cyclo(L-Phe-trans-4-OH-L-Pro) and 3-phenyllactic acid[END_REF] or volatile compounds [START_REF] Aunsbjerg | Contribution of volatiles to the antifungal effect of Lactobacillus paracasei in defined medium and yogurt[END_REF], etc. It has to be noticed that the majority of these molecules have been first identified from cultures in liquid MRS medium [START_REF] Brosnan | Rapid identification, by use of the LTQ Orbitrap hybrid FT mass spectrometer, of antifungal compounds produced by lactic acid bacteria[END_REF], which is quite different from dairy products. Antifungal compounds, such as organic acids, derive from metabolism and can vary a lot, in term of concentration, depending on medium composition. Milk is a complex food medium which contains lactose, organic and inorganic salts, vitamins, proteins (mainly caseins) and lipids.

During LAB fermentation, milk pH decreases leading to protein coagulation, which makes matrix analysis more complicated. Some studies have recently investigated the presence of In the present study, eighteen strains were screened for growth inhibition of five molds and four yeasts. Antifungal activity of four selected Lactobacillus strains was then tested in association with starter culture in cheese-mimicking matrix (CMM). L. casei 7006, the most active isolate, displayed a high activity against C. lusitaniae 3668. Finally, antifungal compounds produced in presence of L. casei 7006, in CMM were identified by comparison with the one made with a negative control, L. casei 6960.

Materials and methods

Strains and culture conditions

Eighteen Lactobacillus strains from BIOPROX collection previously isolated from dairy products (table 1) were used in this study. They were routinely propagated on de Man-Rogosa-Sharpe (MRS) (BD™ Difco™, France) agar (1,5%) at 30°C. Growth of potential bioprotective strains in CMM was measured by counting of colonies after serial dilutions on MRS medium acidified to pH 5.4 using acetic acid.

Antifungal activity was tested towards nine fungal contaminants from BIOPROX collection.

They were chosen because they have been responsible for dairy products spoilage in industrial facilities. 5 filamentous molds and 4 yeasts have been used: Mucor sp. for 2 weeks at 25°C. Spores were harvested by submersion with a sodium chloride (9 g/L) tween 80 (0.01%) solution. Yeasts were cultivated on Yeast Nitrogen Base (YNB) broth containing glucose (5 g/L) for 18h at 25°C.

In vitro antifungal activity assay

The antifungal activity was evaluated using an agar spot test for molds. Briefly, overnight cultures of lactobacilli (5 µL) were inoculated in 25 mL milk agar (10% w/v skim milk and 15 g/L agar) and grown for 24h at 30°C. Molds spores were enumerated under a microscope using a Fast-Read 102® (BIOSIGMA, Italy) and adjusted to 4 log10 spores/mL. Five microliters of each spore suspension were spotted on the surface of the plate and incubated for 7 days at 25°C. The mycelium growth was measured and compared to that in milk media without lactobacilli.

The agar overlay method described by [START_REF] Magnusson | Lactobacillus coryniformis subsp. coryniformis strain Si3 produces a broad-spectrum proteinaceous antifungal compound[END_REF] was used against yeasts with some modifications. Each Lactobacillus strain out of the eighteen tested was striated on MRS agar plate and incubated for 24h at 37°C. Yeasts were enumerated under a microscope using a Fast-Read 102®. Plates were overlaid with 7 mL of Yeast extract-Peptone-Dextrose soft agar (YPD) (yeast extract 10 g/L, peptone 20 g/L, glucose 20 g/L, agar 7 g/L) containing 6 log10cells/mL of S. boulardii 3667 or R. mucilaginosa 3671 or 7 mL of Yeast-Malt-Dextrose soft agar (YM)(yeast extract 3g/L; malt extract 3g/L; tryptone 5g/L; glucose 10g/L) containing 6 log10cells/mL of C. lustianiae 3668 or C. intermedia 3669. The plates were incubated for 48h at 25°C, or 30°C in the case of S. boulardii 3667. Antifungal activity was related to zones of growth inhibition above the Lactobacillus streaks.

Challenge test in cheese-mimicking matrix

Preparation of lyophilized Lactobacillus

Ferments were produced for six Lactobacillus strains, chosen because of their activity profile.

Each one was cultured 16h at 37°C in Industrial Fermentation Medium (IFM) (glucose 20 g/L, liquid yeast extract 50 g/L, sorbitol monooleate 1 g/L, MgSO4 1 g/L, MnSO4 0.5 g/L), supplemented with K2HPO4 (2 g/L) and sodium acetate (5 g/L). This preculture was then used to inoculate (1% v/v) 1 L of IFM in a fermenter and growth was resumed for 17h at 35°C under agitation (300 rpm). During the whole process, pH was set to 5.7 by the addition of NH4OH.

All ferments were freeze-dried.

Challenge test

As the goal of this work was to incorporate a protective strain in an industrial cheese, made using other dedicated starters, we decided to analyze the antifungal activity using challenge test methodology, by producing cheese-mimicking matrix (CMM), in order to study a model closer from dairy products.

CMM was produced from 1 L of pasteurized (84°C for 40 min) 10% (w/v) skim milk inoculated with 0.03U of a commercial starter culture (DI-PROX M 270, BIOPROX, France). Milk was distributed in 100 mL bottles with or without the addition of bioprotective strains at 1.6 log10CFU/mL. Fermentation of milk was achieved at 22°C for 18h in a water bath and was then contaminated with C. lusitaniae 3668 at 1.7 log10CFU/mL. Five milliliters of the mixture were dispensed in each well of 6-well plates and stored for 21 days at 7°C. Bioprotective strains populations were evaluated by CFU counting of serial dilutions of CMM within acidified MRS agar. Viable C. lusitaniae 3668 populations in CMM were determined by enumerating CFU on Sabouraud glucose agar with chloramphenicol (150 µg/mL) after 24h at 25°C. Antifungal activity of bioprotective strains was determined by comparing C. lusitaniae 3668 CFU counts in the presence or absence of the bioprotective strains after 14 and 21 days. For each time point, "whey" was prepared by centrifugation of 50 mL of CMM at 10,000 g for 30 minutes and supernatant (whey) filtering on 0.2 µm.

Analytical methods

Quantification of lactic and acetic acid

Concentrations of both lactic and acetic acids in whey were determined using a Ultimate 3000 UHPLC (Thermo Scientific™ Dionex™, USA). Whey was diluted ten times in H2O and 100 µL were injected on an Aminex column HPX-87 (300 mm x 7.8 mm) (BioRad, USA) maintained at 30°C. Sulfuric acid (3 mM) was used as the mobile phase at a flow rate of 0.6 mL/min in isocratic mode with a running time of 30 min. Organic acids were detected with a Ultimate 3000 Diode Auray Dector (Thermo Scientific™ Dionex™, USA) at 210 nm.

Extraction, identification and quantification of antifungal compounds by QuEChERS

QuEChERS methodology was used to extract antifungal compounds from CMM as described by Brosnan et al. (2014) with some modifications. 15 mL of CMM were added to 15 mL of acetonitrile (ACN) with 0.1% of formic acid (FA), 6 g of MgSO4 and 1.5 g of NaCl and shaked for 1 min. The mixture was centrifuged at 10 000 g for 10 min at 4°C. Thirteen milliliters of the organic phase were transferred to a 15 mL QuEChERS Dispersive SPE tube (Agilent, USA). The tubes were centrifuged at 10 000 g for 10 min at 4°C. Ten milliliters of solvent were dried under vacuum (R-124 Rotary Vap System, Buchi, Switzerland) at 42°C, 1 mL of H2O was added to resuspend each extract which was then diluted (1/50 th and 1/20 th ). 4 µL of each were injected onto LC-MS system. To determine extraction yield, the same procedure was applied to CMM supplemented with 10 µg/mL of each searched molecule: DL-phydroxyphenyllactic acid, 4-hydroxybenzoic acid, 3,4-dihydroxyhydrocinnamic acid, vanillic acid, caffeic acid, (S)-2-hydroxyisocaproic acid, 3-(4-hydroxyphenyl) propionic acid, pcoumaric acid, phenyllactic acid, ferulic acid, benzoic acid, salicylic acid, hydrocinnamic acid and methylcinnamic acid.

Separation of antifungal compounds was achieved using a LC system equipped with an ACQUITY UPLC BEH C18 Column (1.7 µm, 4.6 mm X 100 mm) (Waters, USA). An H2O (A)/ ACN (B)/ FA 0.2 % (v/v) solvent system was used at a flow rate of 0.5 mL/min with the following conditions : 0 min -5% (B) ; 2 min -10% (B) ; 6 min -25% (B) ; 8 min -30% (B)

; 10 min -45 % (B) ; 12 min -95% (B) ; 13 min -95% (B) ; 15 min -5% (B). The molecular masses of eluted molecules were determined by electrospray ionization mass spectrometry (ESI-MS) with a Xevo Q-TOF (Waters, USA) mass spectrometer in negative mode. The spray voltage was set to 3.5 kV, the source temperature to 120 °C, and the desolvation temperature to 450 °C.

Antifungal peptides detection within CMM

After storage for 21 days, 16 g ammonium sulfate have been added to 30 mL of filtered whey, the mix being gently agitated for 18h at 4°C. After centrifugation for 45 min at 4°C, the pellet was dissolved in 1.5 ml H2O. Activity of this sample was tested using microtiter plate assay as follows. In a 96-wells plate, 100µL were mixed with 100µL of suspension of C. intermedia 3669 (the most sensitive target) containing 5 log10cells/mL. Plates were incubated for 24h at 25°C at 180 rpm. The number of viable C. intermedia 3669 was determined by colony-forming unit counting onto Sabouraud glucose agar with Chloramphenicol 150 µg/mL (Sigma-aldrich, USA) after 24h at 25°C.

Fatty acids analysis

Fatty acid extractions were carried out from whey after 14 and 21 days of storage at 7°C. In order to compare the samples with each other and to avoid variability due to extraction efficiency, an internal standard (500 µL heptadecanoic acid at 1 mg/mL) was added to 30 mL of whey before starting. Subsequently, the extraction was carried out as described by [START_REF] Ndagano | Antifungal Activity of 2 Lactic Acid Bacteria of the Weissella Genus Isolated from Food[END_REF] with some modifications. 60 mL chloroform/methanol (2:1, v/v) was added to 30 mL of each whey. The mixture was homogenized for 1 min and then let settle for 30 min. The organic phase was recovered, and the aqueous phase was extracted again twice.

The organic phases collected were evaporated at 42°C, and all traces of water were removed by adding MgSO4. The extracted fatty acids were methylated by adding 2 mL of methanol/sulfuric acid (2.5%, v/v) followed by a 16-hours incubation at 55°C. Subsequently, 1.5 mL water and 1.5 mL hexane were added to the samples, then vortexed for 1 min and centrifuged at 410 g for 30 s. The organic phase was collected, and the aqueous phase was again extracted with 1.5 mL of hexane. The organic phases were pooled and evaporated under nitrogen at 80°C, the dry extracts were resuspended in 500 µL of hexane. These samples were then analyzed in Gas Chromatography (GC) (AGILENT 7890B) on a HP-5 capillary column (30 m x 320 µm x 0.25 µm, Agilent, France) at a rate of 4 mL/min in helium. In order to identify fatty acids, methylated standard solutions of 4 to 24 carbons long fatty acids, saturated or unsaturated, were analyzed in the same way, as well as 3-hydroxydecanoic acid. (#18919-1AMP, #49453-U, #H3648, Sigma-Aldrich). The program used was as follows: 50°C 1 min, 50 to 200°C in 3 min (50°C/min), 200 to 240°C in 8 min (5°C/min), 240 to 290°C in 1 min (50°C/min). The molecules were detected by a flame ionization detector (FID) at 300°C.

Analysis of volatile compounds

After 18h fermentation at 22°C, 10 mL of CMM were deposited into 20 mL vials, hermetically sealed and stored at 7°C for 21 days. The vials were then preheated to 50°C for 30 minutes.

The extraction of volatile molecules from the head space was carried out using a Carboxen™/Polydimethylsiloxane (CAR/PDMS) fiber (57325-U, Supelco) for 1 hour at 50°C. Separation and analysis of volatile compounds were performed using GC-MS (GC 7890 A, MS 5975 C, Agilent). The molecules were desorbed from the fiber into the GC injector, which had been pre-heated at 250°C for 5 minutes. Separation was carried out using a capillary column (122-7032, DB-WAX, 30 m, 0.25 mm, 0.25 µm, Agilent). Helium was used as carrier gas at a rate of 1 mL/min. The temperature gradient consisted of a tray at 40°C for 5 minutes then an increase to 140°C, at 7°C per minute, and then 13°C per minute until 250°C. MS detection parameters were: positive electronic ionization, 70 eV, full-scan mode, mass (m)/charge (z) = 35-400 amu (atomic mass unit), interface temperature of 300 °C.

Known concentrations of diacetyl, ranging from 1 to 30 µg/mL, were added to CMM then extracted as described above in order to realize a calibration curve.

Statistical Analysis

Each experiment was conducted thrice. Statistical comparisons were performed by Student's test (p < 0.05 was considered as statistically significant). All graphs and statistical studies were performed using Graph pad Prism version 6.0 (GraphPad Software Inc.).

Results

Antifungal activity screening

Anti-mold activity

The antifungal activity of 18 lactobacilli strains was tested by spotting 5 molds, A. niger 4624, Mucor sp. 3652, P. crustosum 3673, P. chrysogenum 3674 and P. roqueforti 3675, on 24h cultures grown in milk agar. Results are presented on Table 1 and an example is depicted on Figure 1. Three levels of activity were then observed: a total inhibition of mycelial growth (noted ++ and Figure 1A), weak growth of fungus with no mycelial expansion (noted +) and large mycelial development (noted -and Figure 1B). None of the eighteen Lactobacillus strains was found to be active against Mucor sp. 3652. Eleven strains inhibited completely the growth of A. niger 4624 and nine of these strains displayed also a high activity against P. chrysogenum 3674. Thirteen strains inhibited the development of mycelium in P. crustosum 3673, from which five were also active against P. roqueforti 3675. Finally, five strains, L. rhamnosus 5326, L. rhamnosus 6311, L. casei 7006, Lactobacillus sp. 5661 and Lactobacillus sp. 6795 displayed the broadest spectrum of activity since they inhibit four molds out of five.

Anti-yeast activity

None of the 18 strains of Lactobacillus tested by the agar overlay method was found to be active against S. boulardii 3667 (Figure 2 and table 2). Nine strains had strong activity (++) against C. intermedia 3669 and six against R. mucilaginosa 3671. The seven strains which inhibited weakly (+) C. lusitaniae 3668 showed a higher activity against C. intermedia 3669.

Only six strains were found to be active against the three sensitive yeasts, among them L. rhamnosus 5326, L. casei 7006, L. spicheri 6187 and L. zymae 6188 displayed the highest activities (Table 2).

Selected strains

The two screening tests revealed two strains with a broad spectrum of antifungal activity against both molds and yeasts: L. rhamnosus 5326 and L. casei 7006, which were accordingly chosen for subsequent analyses. In order to detect specific anti-yeast compounds, L. spicheri 6187 and L. zymae 6188, which were found inactive against molds but displayed anti-yeast activity, similar to L. rhamnosus 5326 and L. casei 7006, were also selected. Finally, the strains L. paracasei 6363 and L. casei 6960 which displayed no activity against both molds and yeasts were chosen as negative controls.

Challenge Test

We decided to analyze the antifungal activity of the selected strains using challenge test methodology, by producing CMM using dedicated starters, to be closer from industrial dairy products.

Accordingly, the six selected strains were inoculated in milk in association with two cheese starter strains (Lactococcus lactis subsp cremoris and Lactococcus lactis subsp diacetylactis, DI-PROX M 270, BIOPROX) and grown for 18 hours at 22°C. Starter cultures allowed rapid acidification in a way close to their industrial application. After fermentation, cheeses were contaminated by C. lustianiae 3668 (1.2 log10CFU/mL) to simulate a post processing contamination. C. lustianiae 3668 growth was monitored by enumeration at 14 and 21 days after inoculation.

Antifungal activity of biopreservative cultures

In a preliminary experiment, growth of the six lactobacilli in CMM was controlled (Table 3).

Their growth rates were all found similar at about 1 log10CFU/mL after 18h at 22°C (Student Test, p-values > 0.05). After storage for 14 and 21 days, the pH of CMM was not significantly different when prepared with or without biopreservation ferment (Student Test, p-values >0.05) (Table 4). During storage at 7°C without biopreservation ferment, the concentration of C. lusitaniae 3668 reached 5.2 log10CFU/mL after 14 days and 7.3 log10CFU/mL after 21 days.

Strains L. paracasei 6363, L. casei 6960, L. spicheri 6187 and L. zymae 6188 did not significantly inhibit C. lusitaniae (Figure 3). Compared to the control, a growth inhibition of 0.7 log10CFU/mL after 14 days was observed when L. rhamnosus 5326 was added. A higher inhibition of 1.4 log10CFU/mL after 21 days was observed with the same strain. The addition of L. casei 7006 induced a yeast growth inhibition of 2.2 log10CFU/mL after 14 days and reached 3.6 log10CFU/mL after 21 days.

In order to identify compounds implicated in antifungal activity, subsequent analyses on challenge tests were conducted with the most active L. casei 7006 and results were compared to those obtained with inactive L. casei 6960, used as a control.

Production of lactic and acetic acid

After 14 days storage at 7°C, the concentrations of lactic acid in all cheeses were close and ranged from 10.3 to 11.5 g/L (Table 4). Thus, the difference in lactic acid level in CMM obtained with or without L. casei 7006 was not significant (Student tests, p-values > 0.05) and, therefore, did not explain the inhibitory activity observed. After 21 days, the concentration of lactic acid was found similar between cheese with negative control and without Lactobacillus (9.8 and 10.5 g/L). CMM made with L. casei 7006 presented a significantly higher concentration at 13.7 g/L (Student Test, p-value <0.05) (Table 4). HPLC analysis did not reveal the presence of acetic acid in any CMM.

Quantification of other organic acids by QuEChERS coupled to LC-MS

CMMs containing L. casei 7006, L. casei 6960 or no Lactobacillus were extracted using a QuEChERS method. Samples were then analysed using LC-MS, searching for fifteen known antifungal compounds. Among them, four organic acids were detected: phenyllactic acid (PLA), DL-p-hydroxyphenyllactic acid (OH-PLA), (S)-2-hydroxyisocaproic acid (HICA) and benzoic acid (BA) (Table 4). High quantities of HICA were detected in all samples. It has to be noticed that this acid was also found in the control CMM without biopreservation ferment, at a concentration of 45.2 µg/mL after 14 days and 39.5 µg/mL after 21 days of storage. The quantity of HICA detected in CMM, prepared with L. casei 7006, after 14 days (54.24 µg/mL) did not appear significantly different from the control (Student test, p-values > 0.05) (Table 4).

After 21 days of storage, CMM inoculated with L. casei 7006 contained significantly different amounts of HICA compared to CMM with no Lactobacillus (57.7 vs 39.2 µg/mL) (Student Test, p-values < 0.05). However, there were no differences between cheese containing L. casei 7006 and negative control L. casei 6960, so activity was not correlated to presence of this acid (Table 4).

PLA was detected in each CMM. In the absence of biopreservation ferment, its level of 10.6 µg/mL was stable over time. After 14 days of storage, the concentration of PLA was not significantly different between CMM prepared or not with L. casei 7006 and L. casei 6960 (Student Tests, p-values >0.05). After 21 days of storage, PLA concentration remained stable for cheeses containing L. casei 7006. On the contrary, CMM with L. casei 6960 had a significant increase in PLA level (from 11.4 to 15.6 µg/mL) (Student tests, p-values >0.05), without an increase in activity. As a consequence, PLA was not responsible for the higher activity found in presence of L. casei 7006 (Table 4).

In the control, OH-PLA was detected at a concentration of 1.1 µg/mL after 14 days, reaching 1.5 µg/mL after 21 days. The production of this acid in CMM made with L. casei 7006 after 14 days was significantly different from the control (Student test, p-values > 0.05). Its concentration was higher in CMM containing L. casei 6960 (3.8 µg/ml). After 21 days of storage, OH-PLA production in CMM prepared with L. casei 7006 and L. casei 6960 was significantly different from control, with 4.0 and 6.1 µg/mL respectively against 1.5 without lactobacilli. These results showed that this acid was not, or not only, responsible for the activity within L. casei 7006 containing cheese (Table 4).

Unlike the others, benzoic acid was not detected in control CMM. This result demonstrated that it was not or very weakly produced by acidification strains. After 14 days of storage, the amount of benzoic acid (BA, Table 4) was not significantly different between CMM with L. casei 7006 and negative control L. casei 6960 (12.2 and 11.4 μg/mL). Similarly, its quantity was found unchanged after 21 days (13.6 and 13.1 μg/mL) (Student test, p-values > 0.05). As for other acids, benzoic acid was not, or not only, responsible for the observed differences in activity (Table 4).

Analysis of fatty acids

Fatty acids produced in CMM prepared with strains L. casei 7006 and L. casei 6960 strains, as well as without biopreservative ferment, were analyzed by GC after extraction and chemical modification as methyl esters [START_REF] Ndagano | Antifungal Activity of 2 Lactic Acid Bacteria of the Weissella Genus Isolated from Food[END_REF]. The different fatty acids found are listed in table 5.

The fatty acids composition was identical in the three different CMM. The relative abundance of each fatty acid compared to the internal standard (each CMM was supplemented with heptadecanoic acid) was the same in the different samples (data not shown).

Analysis of volatile compounds

The volatile molecules produced in CMM containing the strains L. casei 7006, L. casei 6960 and the control without ferment were analyzed by SPME-GC-MS after 21 days storage at 7°C. The profiles obtained are presented in Figure 4. Four compounds were found to have a different abundance between the three CMM, and particularly the one corresponding to peak (1).

Comparing to standards, the corresponding molecules were identified as: diacetyl (1), acetoin

(2), acetic acid (3) and 2,3-butanediol (4). The relative abundance of acetic acid is lower (around 57%) in CMM containing L. casei 7006 strain than in CMM containing L. casei 6960 confirming that this acid was not responsible for the activity.

In CMM with L. casei 7006, the relative abundance of diacetyl was higher than in the two others. In CMM prepared with inactive strain, the presence of diacetyl was not detected and the acetoin relative abundance appeared lower as compared to CMM without Lactobacillus strains. Interestingly, the inactive strain L. casei 6960, was found to produce the higher amount of 2,3 butanediol. The diacetyl concentration present after 21 days of storage was estimated at 1.8 µg/mL in CMM without biopreservation ferment. In CMM containing the biopreservation ferment L. casei 7006, the diacetyl concentration is estimated at 16 µg/mL, which is about 10 times higher than the one measured in CMM without Lactobacillus.

Discussion

Several studies have demonstrated previously the protective effect of Lactobacillus bacteria in 

2018).

In this study, the antifungal activity of eighteen strains of Lactobacillus, isolated from dairy products, was tested. Four strains were selected for their anti-yeast activities against C. lusitaniae 3668: L. rhamnosus 5326, L. casei 7006, L. spicheri 6187 and L. zymae 6188. Two of these strains L. rhamnosus 5326 and L. casei 7006 were also found to be active in milk agar against molds (P. chrysogenum 3674 and P. roqueforti 3675).

Antifungal activity of the six selected strains was studied using challenge tests (in CMM), first, to evaluate their potential as biopreservatives for an industrial use, then, to try to identify antifungal compounds. Thus, CMM were made using starter ferments with or without the addition of each Lactobacillus strain. Antifungal activity was determined by monitoring the growth of C. lusitaniae 3668, in the presence or absence of a bioprotective ferment after 14 and 21 days of storage. Only two out of the six strains tested appeared able to reduce the growth of the target yeast: L. rhamnosus 5326 and L. casei 7006. However, strain L. rhamnosus 5326 was about three times less effective after 21 days than L. casei 7006 (1.3 log10CFU/mL compared to 3.6 log10CFU/mL). Other strains were described to have antifungal properties in To investigate which molecules could be responsible for the observed yeast inhibition, the major organic acids produced in the CMM were analyzed by HPLC. The lactic acid level and the pH after a 14 days storage were similar between protected and unprotected CMM (~ 10 g/L), which demonstrates that lactic acid is not responsible for activity by itself. However, after 21 days, CMM with L. casei 7006 strain showed an increase of lactic acid, reaching 13.7 g/L.

In 2012 and 2014, Brosnan and collaborators developed a rapid extraction method (QuEChERS), dedicated to the detection and quantification of antifungal compounds by LC-MS, to analyze mixtures whose antifungal activity was potentially due to complex synergies.

In this study, four of these antifungal compounds, were detected: OH-PLA, PLA, BA, and HICA. However, no link between the relative presences of these four acids and activity could be established since their production was similar between CMM containing the active ferment L. casei 7006 or the negative control L. casei 6960. Detected amounts are even higher for PLA and OH-PLA in CMM containing L. casei 6960. Although BA was only found in CMM in the presence of Lactobacillus, no correlation could be found between detected amounts and observed antifungal activity.

Most of the studies investigated antifungal molecules produced by bioprotective strains by comparing matrices inoculated or not with a potentially biopreservative strain or a combination of strains [START_REF] Mcnair | Identification and characterisation of a novel antifungal peptide in fermented milk product containing first-generation bioprotective LAB cultures[END_REF][START_REF] Ouiddir | Selection of Algerian lactic acid bacteria for use as antifungal bioprotective cultures and application in dairy and bakery products[END_REF]. Here, in order to get a better insight into the molecules responsible for the activity of L. casei 7006, we compared those produced in CMM in its presence, without any added strain or with the adjunction of strain 6960, an inactive L. casei control. Indeed, this strain also produced potential antifungal compounds: the comparison of these with the ones produced by the active strain L. casei 7006 has shown that their concentrations were frequently very close. This strengthens the idea that the activity is linked to intricate synergies between molecules, including acids, produced in dairy matrices.

Other antifungal compounds have been described to inhibit the growth of fungi in dairy products. Thus, the aqueous portion of fresh cream sample inoculated with L. rhamnosus CH126 and L. paracasei strains at 5.10 6 CFU/mL showed a 50% inhibition of Debaryomyces hansenii [START_REF] Mcnair | Identification and characterisation of a novel antifungal peptide in fermented milk product containing first-generation bioprotective LAB cultures[END_REF]. This inhibition was correlated with the presence of a peptide derived from casein digestion: DMPIQAFLLY. As a consequence, active peptides derived from milk protein were searched in CMM inoculated with strains L. casei 7006 and 6960 but without success (data not shown).

Antifungal activity of fatty acids was also described in several studies (Black et al., 2013a;[START_REF] Ndagano | Antifungal Activity of 2 Lactic Acid Bacteria of the Weissella Genus Isolated from Food[END_REF][START_REF] Sjogren | Antifungal 3-Hydroxy Fatty Acids from Lactobacillus plantarum MiLAB 14[END_REF]. Total fatty acids were extracted from CMM containing L. casei 7006, L. casei 6960 or no bioprotective cultures. However, the fatty acid composition in these three CMM were found similar, excluding this family of molecules from being responsible for L. casei 7006 activity.

It has been previously demonstrated that the interaction between acidification and biopreservation ferments is important for antimicrobial activity within milk matrices casei 6960 (not detected) or without Lactobacillus cultures (1,8 µg/mL). This result on yeast contaminant is in good agreement with results obtained by Aunsbjerg and collaborators (2015) on molds. Thus, looking for variants whose diacetyl conversion to 2,3-butanediol is less efficient could be a way to improve antifungal activity of lactobacilli as suggested by the comparison of the active and inactive strains, the inactive one showing no diacetyl production whether it has the highest level of 2,3-butanediol.

Biopreservative ferments association in order to increase activity was also described and represents a promising research axis (Salas et al., 2018): in fresh cream and cheddar cheese, associations of L. plantarum L244 to L. harbinensis L172 or L. rhamnosus CIRM-BIA1113 have shown a higher antimicrobial activity than those of the three strains alone. Other studies revealed a better activity in the presence of coculture of L. paracasei and Propionibacterium jensenii in yoghurts as compared to monocultures (Schwenninger and Meile, 2004). However, the antifungal molecules have not been identified yet. Thus, a study of different Lactobacillus associations (Table 1 and2 

Conclusion

L. casei 7006 strain could be a good candidate for use as a bioprotective culture in dairy product. This strain was able to inhibit a broad range of fungi such as P. crustosum 3673, P. chrysogenum 3674, P. roqueforti 3675, A. niger 4624, R. mucilaginosa 3671, C. intermedia 3669 and C. lustianiae 3668. After a 21 days storage at 7°C, association between L. casei 7006 and starter cultures in cheese-mimicking matrices increased production of three antifungal compounds: lactic acid, benzoic acid and diacetyl. Further experiments will be conducted to optimize L. casei 7006 use in dairy products, to test its association with other strains, such as L. rhamnosus 5326, which also displayed antiyeast activity, and to deal with the effects of this strain adjunction on sensory characteristics of the final product. (++: growth inhibition > 0.5 cm, +: growth inhibition < 0.5 cm, -: no growth inhibition) 

Figure legends

  , acids derived from amino acid metabolism (phenyllactic acid, benzoic acid) (Broberg et al., 2007; Brosnan et al., 2012; Lavermicocca et al., 2000), fatty acids (Bergsson et al., 2001; Black et al., 2013b; Ndagano et al., 2011) , proteinaceous compounds (Magnusson and Schnürer, 2001), cyclic dipeptides

(

  

  antifungal compounds in milk, sour cream, yoghurt, cheese model or semi-hard cheese containing Lactobacillus strains (Luz et al., 2018; Leyva Salas et al., 2019, Mcnair et al., 2018; Mosbah et al., 2018; Ouiddir et al., 2019) but the role of each identified compound in antifungal activity remains unclear.

  dairy food matrices such as L. rhamnosus, L. harbinensis, L. paracasei, L. plantarum against various fungal contaminants such as Yarrowia lipolytica, Debaryomyces hansenii, Penicillium commune, Mucor racemous, Galactomyces geotrichum or Candida parapsilosis (Delavenne et al., 2015; Garnier et al., 2019; Lačanin et al., 2017; Mcnair et al., 2018; Salas et al.,

  dairy matrix, particularly in yoghurt (Crowley et al., 2012; Delavenne et al., 2015; Lačanin et al., 2017; Li et al., 2013). Thus, L. harbinensis K.V9.3.3.1Np, inoculated at 5.10 6 CFU/mL, inhibited Y. lipolytica growth (Delavenne et al., 2015). It has been shown that several active compounds such as benzoic acid, a polylactate mixture and a spermidin analogue polyamine, were present in these matrices (Mosbah et al., 2018). The strains L. paracasei SYR90, L. plantarum OVI and L. rhamnosus BIOIII28 also displayed antifungal activity against R. muciliginosa and P. brevicompactum in yoghurt, however the molecules responsible for these properties were not identified (Lačanin et al., 2017).

(

  Delavenne et al., 2015; Lačanin et al., 2017). In this way, the association between acidification ferments and the L. paracasei DGCC 2132 strain resulted in an increase of a volatile antifungal molecule production during yogurt fermentation: diacetyl (Aunsbjerg et al., 2015). The presence of this molecule has been correlated with the growth inhibition of Penicillium solitum DCS 302 and Penicillium sp. nov. DSC 1541. Storage of yoghurts with the ferment L. paracasei DGCC 2132 increased diacetyl amount more than four times. In the present study, analysis of volatiles compounds has shown an increase of about ten times of diacetyl in CMM made with L. casei 7006 (16 µg/mL) compared to those obtained with L.

  ) could be considered, aiming to increase their antifungal activity within CMM and to identify the implicated molecules. Indeed, recent works dealing with biopreservation of shrimp have shown that the quorum-sensing communication mediated by LuxS/AI-2 between Lactobacillus plantarum AB-1 and Lactobacillus casei improved their antimicrobial activity (Li et al., 2019). Moreover, the same authors have shown that Lactobacillus plantarum AB-1 PLA production was increased in presence of exogenous 4,5dihydroxy-2,3-pentanedione, the AI-2 precursor (Yang et al., 2019). As the lowering of pH is known to strongly induce a LuxS homologue in Lactococcus lactis (Frees et al., 2003), studying crosstalk between Lactococcus lactis ferments and L. casei 7006 could be of interest to improve antifungal compounds synthesis.

Figure 1 :

 1 Figure 1: Growth of P. chrysogenum 3674 after 14 days at 25°C on milk agar inoculated previously with L. rhamnosus 5326 (active ++) (A) or L. paracasei 6363 (inactive -) (B).

Figure 2 :

 2 Figure 2: Activity of L. rhamnosus 5326 (active ++) (A) or L. paracasei 6363 (inactive -) (B) against the indicator yeast C. intermedia 3669.

Figure 3 :

 3 Figure 3: Growth of Candida lusitaniae 3668 in CMM in presence of selected lactobacilli after 1, 14 and 21 days at 7°C. Control -: no Lactobacillus added.

Figure 4 :

 4 Figure 4: SPME-GC-MS analysis of CMM without biopreservative strains (A), with L. casei 7006 (B) and L. casei 6960 (C). 1: diacetyl, 2: acetoin, 3: acetic acid, 4: 2,3 butanediol.

  3652, Penicillium crustosum 3673, Penicillium chrysogenum 3674, Penicillium roqueforti 3675, Aspergillus niger 4624, Saccharomyces boulardii 3667, Candida lustianiae 3668, Candida intermedia 3669, Rhodoturula mucilaginosa 3671. Molds were cultivated on potato dextrose agar (PDA)

Table 1 :

 1 Activity of selected Lactobacillus strains, determined by agar spot tests, against molds isolated from dairy products.

	Isolate		Filamentous mold targets			
	Species	Strain	P. crustosum 3673	P. chrysogenum 3674	P. roqueforti 3675	A. niger 4624	Mucor sp. 3652
	Lactobacillus rhamnosus	5326	+	++	+	++	-
	Lactobacillus rhamnosus	5718	+	++	2	++	-
	Lactobacillus rhamnosus	6311	+	++	+	++	-
	Lactobacillus plantarum	5329	+	1	4.5	+	-
	Lactobacillus plantarum	5711	+	+	4	++	-
	Lactobacillus plantarum	1096	2	+	3	+	-
	Lactobacillus plantarum	6402	2.5	2.5	3.5	-	-
	Lactobacillus casei	7006	+	++	+	++	-
	Lactobacillus casei	6960	2	2.5	4.5	-	-
	Lactobacillus casei	6575	+	++	3	++	-
	Lactobacillus paracasei	6363	2.5	2.5	3.5	-	-
	Lactobacillus spicherii	6187	2	1.5	4.5	-	-
	Lactobacillus zymae	6188	+	1.5	3.	-	-
	Lactobacillus sp.	5661	+	++	+	++	-
	Lactobacillus sp.	6630	+	+	4	++	-
	Lactobacillus sp.	6660	+	++	4.5	++	-
	Lactobacillus sp.	6795	+	++	+	++	-
	Lactobacillus sp.	6796	+	++	2	++	-

(++: no visible growth, +: weak growth without mycelium development, values: size of the mycelium diameter in cm, -: no growth inhibition)

Table 2 :

 2 Activity of selected Lactobacillus strains, determined by agar overlay tests, against yeasts isolated from dairy products

	Isolate		Yeast targets			
	Species	Strain	R. mucilaginosa 3671	C. intermedia 3669 C. lustianiae 3668	S. boulardii 3667
	Lactobacillus rhamnosus	5326	++	++	+	-
	Lactobacillus rhamnosus	5718	++	++	-	-
	Lactobacillus rhamnosus	6311	-	++	+	-
	Lactobacillus plantarum	5329	+	++	-	-
	Lactobacillus plantarum	5711	+	+	+	-
	Lactobacillus plantarum	1096	+	++	-	-
	Lactobacillus plantarum	6402	-	+	-	-
	Lactobacillus casei	7006	++	++	+	-
	Lactobacillus casei	6960	-	-	-	-
	Lactobacillus casei	6575	-	-	-	-
	Lactobacillus paracasei	6363	-	-	-	-
	Lactobacillus spicheri	6187	++	++	+	-
	Lactobacillus zymae	6188	++	++	+	-
	Lactobacillus sp.	5661	+	+	-	-
	Lactobacillus sp.	6630	-	-	-	-
	Lactobacillus sp.	6660	-	-	-	-
	Lactobacillus sp.	6795	++	++	+	-
	Lactobacillus sp.	6796	+	+	-	-

Table 3 :

 3 Final count of lactobacilli in CMM after fermentation.Data depicted here are results and standard deviations corresponding to 3 replicates.

			Lactocbacillus (log10CFU/mL)	
	Species	Strain	0 h		18 h	
			Mean	SD	Mean	SD
	L. rhamnosus	5326	6,6	0,1	7,3	0,2
	L. casei	7006	6,9	0,1	7,7	0,3
	L. spicheri	6187	6,2	0,1	7,5	0,3
	L. zymae	6188	6,4	0,0	7,4	0,1
	L. paracasei	6363	6,7	0,1	7,7	0,2
	L. casei	6960	6,7	0,1	7,8	0,3
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