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Essential oil components are widely used for their antibacterial activity against spoilage microorganisms in food. Lactobacillus fermentum is a Gram-positive lactic acid bacteria responsible for the deterioration of various food products, including beverages and dairy products. In this study, 17 terpenic and 11 phenolic compounds were screened against the food spoilage microorganism Lactobacillus fermentum ATCC 9338. The antibacterial activity of the tested compounds was dependent on hydrophobicity and particular chemical features. Nerolidol solubilized in dimethylsulfoxide exhibited the highest antibacterial activity and showed low minimal inhibitory (MIC: 25 μM) and minimal bactericidal (MBC: 50 μM) concentrations.

Moreover, no viable cells were detected within 16 h of incubation at 50 μM. The important antibacterial activity of nerolidol against L. fermentum is probably related to the high hydrophobicity, the aliphatic chain length, and the presence of the hydroxyl group.

Hydroxypropyl-β-cyclodextrin/nerolidol inclusion complex showed MIC and MBC values of 100 and 200 μM, respectively. The total bacterial kill was observed after 12 h of incubation. The results obtained with the inclusion complex are probably due to the time required to allow nerolidol to be released from the inclusion complex.

Introduction

Lactobacillus fermentum is an ubiquitous Gram-positive, rod-shaped, anaerobic, thermoacidophilic lactic acid bacteria (LAB), which can originate from plants, animals, meat, dairies, fruits, and cereals. L. fermentum is an obligate heterofermentative bacteria which ferments various types of sugars (lactose, fructose, maltose, sucrose) under anaerobic conditions. In addition to lactic acid, L. fermentum produces acetic acid, ethanol, carbon dioxide, and minor byproducts, such as diacetyl, hydrogen peroxide, and different alcohols (e.g. 3-methylbutanol), esters (e.g. ethyl acetate), and carbonyls (e.g. nonanal) compounds. L. fermentum is not harmful to humans and its presence is necessary for the fermentation of different food products, including sourdough, cocoa, and certain beverages. Certain L. fermentum strains are probiotic agents and express outstanding health-promoting characteristics when consumed [START_REF] Lacerda | Strain-specific probiotics properties of Lactobacillus fermentum , Lactobacillus plantarum and Lactobacillus brevis isolates from Brazilian food products[END_REF]. Nonstarter lactic acid bacteria, including L. fermentum, cause defects in certain food products, such as slits or cracks in hard cheeses, lack of flavors, or bloated packaging in dairy products [START_REF] Ledenbach | Microbiological spoilage of dairy products[END_REF][START_REF] Nath | Etiology of white spot defect in swiss cheese made from pasteurized milk[END_REF][START_REF] Kurmann | Studies of the defect excessive development of eyes in Gruyere cheese[END_REF]. L. fermentum also spoils various types of beverages and can grow in fruit juice, leading to the production of undesirable compounds [START_REF] Juven | Identification of chemical constituents of tomato juice which affect the heat resistance of Lactobacillus fermenturn[END_REF][START_REF] Parish | lsolattion and identification of lactic acid bacteria from samples of citrus Molasses and unpasteurized orange juice[END_REF][START_REF] Shearer | Heat resistance of juice spoilage microorganisms[END_REF][START_REF] Ray | Fundamental food microbiology[END_REF][START_REF] Robinson | Encyclopedia of Food Microbiology[END_REF]. It is one of the LABs responsible for the desired malolactic fermentation in wine, resulting in the conversion of malic acid into lactic acid, acetate, succinate, and carbon dioxide [START_REF] Matthews | Lactic acid bacteria as a potential source of enzymes for use in vinification[END_REF]. However, the presence of LABs could lead to wine spoilage as the control of bacterial growth and malolactic fermentation is difficult to achieve, thus altering the wine organoleptic properties [START_REF] Matthews | Lactic acid bacteria as a potential source of enzymes for use in vinification[END_REF][START_REF] Edwards | Lactobacillus kunkeei sp . nov. : a spoilage organism associated with grape juice fermentations[END_REF][START_REF] Bartowsky | Bacterial spoilage of wine and approaches to minimize it[END_REF]. The growth of heterofermentative LABs (such as L. fermentum) in wine causes an increased acidity, cloudiness, and mousy odor [START_REF] Erkmen | Food Microbiology: Principles Into Practice[END_REF]. On the other hand, L. fermentum can grow in beer, as it is resistant to hop-compounds [START_REF] Bokulich | The microbiology of malting and brewing[END_REF], leading to beer spoilage [START_REF] Bokulich | The microbiology of malting and brewing[END_REF][START_REF] Dolezil | Variations amongst beers and lactic acid bacteria relating to beer spoilage[END_REF] and aroma alteration [START_REF] Bokulich | The microbiology of malting and brewing[END_REF].

Different strategies have been adopted to overcome the microbial spoilage of food, including the addition of chemical additives and physical treatments. Physical treatments include various preservation techniques, such as thermal, ultraviolet light, ultrasound, pulsed electric field, and high hydrostatic pressure technologies [START_REF] Aneja | Emerging preservation techniques for controlling spoilage and pathogenic microorganisms in fruit juices[END_REF]. However, the application of these treatments is limited due to changes in the organoleptic properties of the food product [START_REF] Mayer | Phonoloxidase and their significance in fruit and vegetables[END_REF][START_REF] Messens | The use of high pressure to modify the functionality of food proteins[END_REF][START_REF] Ross | Combining nonthermal technologies to control foodborne microorganisms[END_REF] and sometimes due to high cost [START_REF] Raso | Influence of temperature andpressure on the lethality of ultrasound[END_REF]. On the other hand, chemical preservatives used against food microbial spoilage, including benzoates, sorbates, propionates, nitrates, and nitrites, can cause allergic responses and could be converted to potential carcinogens [START_REF] Anand | Artificial preservatives and their harmful effects: looking toward nature for safer alternatives[END_REF]. The high demand of fresh and "safe" food, free of synthetic additives and contaminants, have increased the interest of using natural products for food preservation. Natural antimicrobials may derive from plants, animals, and microorganisms. Plant essential oils are largely exploited due to their wide spectrum of antimicrobial activity against spoilage bacteria and food-borne pathogens [START_REF] Gutierrez | Efficacy of plant essential oils against foodborne pathogens and spoilage bacteria associated with ready-to-eat vegetables: antimicrobial and sensory screening[END_REF]. Plant antimicrobials include different chemical classes, among which are saponins, tannins, flavonoids, terpenes, simple phenols, and phenolic acids [START_REF] Cowan | Plant products as antimicrobial agents[END_REF][START_REF] Gutiérrez-Larraínzar | Evaluation of antimicrobial and antioxidant activities of natural phenolic compounds against foodborne pathogens and spoilage bacteria[END_REF].

The majority of natural antimicrobials are hydrophobic and poorly stable, which limit their use in aqueous media. Solvents, such as dimethylsulfoxide (DMSO) [START_REF] Lee | Antifungal effect of eugenol and nerolidol against Microsporum gypseum in a guinea pig model[END_REF], dimethylformamide [START_REF] Kubo | Antimicrobial activity of green tea flavor components and their combination effects[END_REF], and ethanol [START_REF] Brehm-Stecher | Sensitization of Staphylococcus aureus and Escherichia coli to antibiotics by the sesquiterpenoids nerolidol, farnesol, bisabolol, and apritone[END_REF][START_REF] Zhao | Identification of cyclodextrin inclusion complex of chlorogenic acid and its antimicrobial activity[END_REF], are used to dissolve hydrophobic compounds in aqueous solutions. However, the use of organic solvents in food products is not desirable. Various encapsulation systems (nanoemulsions, liposomes, nanoparticles, solid lipid nanoparticles, cyclodextrins, etc.) were introduced to the food industry as a novel strategy to overcome the poor water solubility of food antimicrobials and to enhance their stability in food matrices [START_REF] Blanco-Padilla | Food antimicrobials nanocarriers[END_REF][START_REF] Weiss | Nanostructured Encapsulation Systems: Food Antimicrobials[END_REF]. Cyclodextrins are natural oligosaccharides widely used in food products for their safety and their ability to deliver hydrophobic compounds (e.g. antioxidants, antimicrobials, etc.) [START_REF] Astray | A review on the use of cyclodextrins in foods[END_REF]. Moreover, different derivatives of cyclodextrin have been synthetized to enhance the aqueous solubility of native cyclodextrins [START_REF] Del | Cyclodextrins and their uses: a review[END_REF].

The objective of this study is to select a natural potent antibacterial agent against L. fermentum.

The selected antibacterial is then complexed with hydroxypropyl-β-cyclodextrin (HP-β-CD) and the obtained inclusion complex is tested against the chosen bacterium in culture medium.

Therefore, a wide range of terpenic and phenolic phytochemicals was screened against the bacterium, under its optimal growth conditions. The tested compounds belong to different subclasses and possess variable structures. Seventeen terpenes were tested, among which eight monoterpene hydrocarbons (camphene, p-cymene, limonene, α-phellandrene, α-pinene, βpinene, α-terpinene, γ-terpinene), a sesquiterpene hydrocarbon (β-caryophyllene), four monoterpene alcohols (borneol, geraniol, linalool, menthol), a sesquiterpene alcohol (nerolidol), two monoterpene esters (bornyl acetate, linalyl acetate), and a monoterpene ketone (camphor) (Fig. 1). In addition, eleven phenols were tested, among which four phenylpropenes (transanethole, eugenol, isoeugenol, estragole), a phenylpropene ester (eugenyl acetate), two hydroxycinnamic acids (p-coumaric acid, trans-ferulic acid), a phenol ether (anisole), a methylphenol (o-cresol), a flavonoid (quercetin), and a stilbenoid (resveratrol) (Fig. 2). Nerolidol (Ner) showed the most potent antibacterial activity against L. fermentum among the 28 tested compounds. The potency of nerolidol solubilized in DMSO and hydroxypropyl-βcyclodextrin/nerolidol (HP-β-CD/Ner) complex was assessed against L. fermentum by determining the minimal inhibitory concentration (MIC) and the minimal bactericidal concentration (MBC) values under the optimal conditions for L. fermentum growth. The time required for both forms of nerolidol to cause a total bacterial kill was determined by time-kill analysis.

Materials and methods

Materials

β-Caryophyllene, geraniol, isoeugenol (98% mixture cis and trans), nerolidol (98%, mixture of cis (40%) and trans (60%) isomers), (-)-β-pinene, ethanol, and DMSO were purchased from Sigma-Aldrich (Missouri, United States). trans-Anethole (99%) and linalyl acetate were purchased from Sigma-Aldrich (Madrid, Spain). Anisole, camphene, o-cresol, eugenol, eugenyl acetate, (-)-menthol, and α-phellandrene were purchased from Sigma-Aldrich (Schnelldorf, Germany). (-)-Borneol, (-)-bornyl acetate, p-cymene, (R)-(t)-limonene, linalool, (+)-α-pinene, αterpinene, and γ-terpinene were purchased from Sigma-Aldrich (Buchs, Switzerland). (±)-Camphor and trans-ferulic acid were purchased from Sigma-Aldrich (Hong Kong, China).

Quercetin was purchased from Sigma-Aldrich (Haryana, India). p-Coumaric acid was purchased from Sigma-Aldrich (Irvine, United kingdom). Hydroxypropyl-β-cyclodextrin was purchased from Wacker-Chemie (Lyon, France). De Man, Rogosa, and Sharpe (MRS) broth and MRS agar were purchased from Laboratorios Conda (Madrid, Spain).

Bacterial strain and culture

L. fermentum ATCC 9338 was purchased from American Type Culture Collection (Manassas, Virginia, USA). L. fermentum cultures were routinely maintained at 4 °C on MRS agar. Before each antimicrobial assay, fresh cultures were prepared in sterile MRS broth and incubated at 37 °C for 22 h under anaerobic conditions. A bacterial suspension was prepared by diluting the bacterial culture in MRS broth to a final concentration of 25 x 10 5 colony forming unit (CFU)/ml.

Screening of natural terpenic and phenolic compounds for antibacterial activity 2.3.1. Screening rounds

Twenty-eight natural terpenic and phenolic compounds were screened for their antibacterial activity against L. fermentum at 3500, 500, 250, and 100 μM. The tested molecules were dissolved in DMSO, except β-caryophyllene and camphene which were dissolved in ethanol, and the obtained solutions were homogenized by hand agitation prior to each test. Antibacterial agent solutions (25 µl) were mixed with MRS broth (4.8 ml) in glass culture tubes (20 x 100 mm). The tubes were then inoculated with 200 μl of a diluted L. fermentum suspension (25 x 10 5 CFU/ml) to yield a bacterial concentration of 10 5 CFU/ml at baseline. Bacterial cultures (5 ml) exempt of any agent, or containing 25 µl of DMSO or ethanol, served as controls. All cultures were incubated at 37 °C for 22 h under anaerobic conditions. Screening rounds were conducted with bioactive compounds at 3500, 500, and 250 μM, successively. After each screening round, molecules demonstrating an anti-proliferative activity against L. fermentum at a given concentration were identified. Whereas, compounds demonstrating a bactericidal effect against L. fermentum were selected for another screening round at a lower concentration. The compounds exhibiting a total bactericidal activity or a total anti-proliferative activity against L. fermentum at 250 µM were screened at 100 µM. Each test was performed in triplicate and under sterile conditions.

Determination of the anti-proliferative activity of molecules

The anti-proliferative activity of the molecules against L. fermentum was assessed by UV-visible spectroscopy at 660 nm using Uviline 9100-9400 spectrophotometer (GmbH, Germany). The optical density of each tube was measured and compared to the control. The percentage of bacterial proliferation inhibition was calculated as follows:

Bacterial proliferation inhibition (%) = ,

where OD 660m and OD 660c are the optical densities of the tubes containing the molecule and the control tube, respectively. Each test was done in triplicate. 

Preparation of HP-β-CD/Ner inclusion complex

HP-β-CD/Ner inclusion complex was prepared by freeze-drying, as previously described by Azzi et al. [START_REF] Azzi | First evaluation of drug-in-cyclodextrin-in-liposomes as an encapsulating system for nerolidol[END_REF]. Briefly, an aqueous solution of HP-β-CD (25 mM) containing an excess of nerolidol was kept under magnetic stirring at 300 rpm for 24 h at room temperature. The suspension was then filtered (0.45 µm, cellulose acetate membrane) to remove the excess of nerolidol. The filtrate was frozen at -80 °C, and lyophilized. HP-β-CD/Ner complex in powder form was stored at 4 °C until usage. The amount of nerolidol encapsulated in the cyclodextrin cavity was determined by HPLC as described previously by Azzi et al. [START_REF] Azzi | First evaluation of drug-in-cyclodextrin-in-liposomes as an encapsulating system for nerolidol[END_REF], and the result was expressed as mass of nerolidol (µg) per mg of powder (μg Ner /mg powder ).

Study of the antibacterial activity of nerolidol and HP-β-CD/Ner complex 2.5.1. Determination of MIC and MBC values

Bacterial cultures were prepared as previously described in section 2.3.1, in presence of nerolidol dissolved in DMSO, and added at a final concentration ranging from 0.1 to 3500 µM. The MIC was determined as the minimal concentration at which no bacterial growth was observed in MRS broth, whereas the MBC was determined as the minimal concentration at which no bacterial growth was observed on agar. Each experiment was performed in triplicate and under sterile conditions. On the other hand, HP-β-CD was investigated for its capacity to replace DMSO for nerolidol solubilization in aqueous solution. The inclusion complex was tested at a final concentrations of nerolidol ranging between 50 and 4000 μM. Bacterial cultures (5 ml) exempt of any agent, or containing DMSO (25 µl) or blank HP-β-CD added in similar amounts to that of the inclusion complex, served as controls.

Time-kill analysis

Time-kill assay was performed in triplicate on nerolidol and HP-β-CD/Ner complex. Cultures were prepared as described in section 2.3.1. Nerolidol solubilized in DMSO and the complex were added to cultures at their respective MBC values. Starting from an initial bacterial concentration of 10 5 CFU/ml (5 log CFU/ml), bacterial growth was followed during 22 h in cultures maintained at 37 °C under anaerobic conditions. The viable plate count was determined at different time intervals using the spread plate method [START_REF] Sanders | Aseptic Laboratory Techniques : Plating Methods 2. Streak Plate Procedure : Isolation of bacterial colonies using the quadrant method[END_REF]. Therefore, 100 μl of samples with appropriate dilutions was spread on MRS agar. The plates were incubated under L. fermentum optimal growth conditions for 22 h. The colonies were then counted and the bacterial concentration was determined.

Statistical Analysis

Statistical analysis was performed using the Student T test. P values equal or less than 0.05 were considered statistically significant.

Results

Antibacterial activity of terpenic and phenolic compounds

Terpenic compounds exhibited a significantly higher antibacterial activity against L. fermentum compared to phenolic compounds, with α-terpinene being the only exception. In fact at 3500µM, 16 among the 17 tested terpenes were bactericidal, whereas α-terpinene strongly inhibited the proliferation of L. fermentum (89.1%) (Table 1). Eugenol and its ester derivative eugenyl acetate were the only phenolic compounds exhibiting a strong bactericidal activity against L. fermentum at 3500 μM. Indeed, eugenol and eugenyl acetate exhibited a bactericidal activity of 100% and 95%, respectively, within 22 h of incubation at 37 °C under anaerobic conditions (Table 2).

Among the phenolic compounds, trans-anethole, estragole, and isoeugenol showed a significant anti-proliferative activity against L. fermentum at the highest concentration (3500 μM), where bacterial growth inhibition was higher than 88% (Table 2). At this concentration, p-coumaric acid, trans-ferulic acid, and anisole showed a weak bacterial growth inhibition of 21.9, 17.3, and 16.1%, respectively (Table 2). Whereas, quercetin, o-cresol, and resveratrol possessed no antibacterial activity against L. fermentum (Table 2). In fact, quercetin and resveratrol were insoluble in MRS at this concentration, which was marked by their strong precipitation.

The stronger antibacterial property of terpenes compared to phenolic compounds was highlighted by the strong bactericidal and anti-proliferative effect of different studied terpenes at 500 μM.

Indeed, at this concentration, the two phenolic compounds, eugenol and eugenyl acetate, showed no antibacterial activity against L. fermentum (Table 2). On the other hand, β-pinene, bornyl acetate, linalyl acetate, and nerolidol exhibited a total bactericidal activity at 500 μM (Table 1).

Camphene, p-cymene, limonene, α-phellandrene, α-pinene, and γ-tepinene showed a total inhibition of L. fermentum proliferation but were not bactericidal (Table 1). Furthermore, βcaryophyllene, geraniol, and menthol showed a bacterial inhibition percentage higher than 75%, compared to control, whereas borneol demonstrated a weak anti-proliferative activity (28.5%) (Table 1). However, linalool and camphor, which exhibited a bactericidal activity against L.

fermentum at 3500 μM, showed no antibacterial activity at 500 μM (Table 1).

When β-pinene, bornyl acetate, linalyl acetate, and nerolidol were tested at 250 μM, nerolidol was the only compound exhibiting a bactericidal activity (100%) (Table 1). Whereas, β-pinene, bornyl acetate, and linalyl acetate showed a strong anti-proliferative activity against L.

fermentum at 250 µM, as no bacterial growth was observed in MRS broth within 22 h of incubation (Table 1). Nerolidol maintained a strong bactericidal activity (100%) against L.

fermentum at 100 µM, whereas, β-pinene strongly inhibited bacterial proliferation (~91%), and bornyl acetate and linalyl acetate showed no antibacterial activity (Table 1). Thus, among the 28 tested compounds, nerolidol was retained for further studies as it was the most effective studied compound against L. fermentum.

Antibacterial activity of nerolidol

Nerolidol was the only molecule that exhibits a bactericidal activity against L. fermentum at a low concentration (100 µM) (Tables 1 and2). Therefore, the study was taken further to determine the MIC and MBC values of nerolidol. Nerolidol exhibited a strong antibacterial activity against L. fermentum with low MIC (25 µM; 5.56 mg/l) and MBC (50 µM; 11.12 mg/l) values. Moreover, L. fermentum survival was approximately 1% at a nerolidol concentration of concentration.

The antibacterial activity profile (bactericidal or bacteriostatic) of nerolidol was evaluated using the MBC to MIC ratio. The in vitro antimicrobial activity of nerolidol can be described as bactericidal as the MBC to MIC ratio (MBC/MIC= 2) is lower than 4 [START_REF] Nkanwen | Antibacterial agents from the leaves of Crinum purpurascens herb (Amaryllidaceae)[END_REF].

Antibacterial activity of HP-β-CD/Ner complex

The amount of nerolidol in the freeze-dried inclusion complex, determined by HPLC, was 40 μg Ner /mg powder . The antibacterial activity of HP-β-CD/Ner complex was investigated for the first time against L. fermentum in culture medium under the optimal conditions for bacterial growth.

HP-β-CD without nerolidol had no effect on the bacterial growth (data not shown). The MIC and MBC values of HP-β-CD/Ner against L. fermentum were 100 and 200 μM, respectively. At 50 μM, a 4 log increment was observed in the bacterial concentration within 22 h of incubation (data not shown).

Nerolidol and HP-β-CD/Ner complex time-kill analysis

A time-kill analysis was conducted to determine the time required to achieve a total bacterial kill in presence of nerolidol solubilized in DMSO at 50 μM and HP-β-CD/Nero complex at 200 μM (MBC). Free nerolidol exhibited a bactericidal activity against L. fermentum within the first few hours of incubation (Fig. 3). Indeed, a 1.44 log reduction of L. fermentum concentration was observed within 4 h of incubation. The bacterial concentration continued to decrease over time, as a 2.82 log reduction was obtained after 10 h. At 16 h of incubation, no viable cells were observed.

In presence of HP-β-CD/Ner complex (200 μM), the bacterial concentration decreased by 1.22 log and 2.44 log after 4 and 10 h, respectively, and a total bacterial death was obtained within 12 h (Fig. 3).

Discussion

Antibacterial efficiency of nerolidol

Plants produce a wide range of antimicrobial agents highly desired by consumers due to their natural origin. However, many of these antimicrobials are only effective at high concentrations (for example at millimolar range), thus exhibiting a weak activity compared to common antibiotics [START_REF] Lewis | Prospects for plant-derived antibacterials[END_REF]. In this study, nerolidol exhibited the highest antibacterial activity among the 28 tested terpenic and phenolic compounds. The outstanding antibacterial potency of nerolildol against L. fermentum was marked by the low MIC (25 μM; 5.56 mg/l) and MBC (50 μM; 11.12 mg/l) values, as well as the rapid bactericidal activity (Fig. 3). This compound acts by disrupting and by damaging the bacterial cell membrane, and by interfering with genes responsible for the microbe pathogenicity [START_REF] Chan | Nerolidol: A sesquiterpene alcohol with multi-faceted pharmacological and biological activities[END_REF]. Besides, Brehm-Stecher and Johnson [START_REF] Brehm-Stecher | Sensitization of Staphylococcus aureus and Escherichia coli to antibiotics by the sesquiterpenoids nerolidol, farnesol, bisabolol, and apritone[END_REF] demonstrated the permeabilizing effect of nerolidol on L. fermentum membrane. The permeabilization of the bacterial membrane leads to the leakage of the cytoplasmic molecules, thus causing cell lysis [START_REF] Togashi | Antibacterial activities against Staphylococcus aureus of terpene alcohols with aliphatic carbon chains[END_REF]. Also, the disruption of the bacterial membrane would allow the permeation of exogenous molecules into the bacterial cytoplasm [START_REF] Brehm-Stecher | Sensitization of Staphylococcus aureus and Escherichia coli to antibiotics by the sesquiterpenoids nerolidol, farnesol, bisabolol, and apritone[END_REF]. Moreover, Brehm-Stecher and Johnson [START_REF] Brehm-Stecher | Sensitization of Staphylococcus aureus and Escherichia coli to antibiotics by the sesquiterpenoids nerolidol, farnesol, bisabolol, and apritone[END_REF] suggested that the permeabilizing activity of nerolidol may be due to its structural resemblance to the lipids of the bacterial membrane. This was previously highlighted by Cornwell and Barry [START_REF] Cornwell | Sesquiterpene components of volatile oils as skin penetration enhancers for the hydrophilic permeant 5-fluorouracil[END_REF] which attributed the enhancement of skin penetration by nerolidol to its long hydrocarbon tail which promotes the interaction of the molecule with the interior of the cell bilayer.

Nerolidol is a sesquiterpene alcohol widely used in the food industry as a flavoring agent. It demonstrated a potent antimicrobial activity against some fungi, in addition to different Grampositive and Gram-negative bacterial strains, such as Staphylococcus aureus (MIC: 3.9 mg/l; 50 mg/l) [START_REF] Kubo | Antimicrobial activity of green tea flavor components and their combination effects[END_REF][START_REF] Hada | Inhibitory effects of terpenes on the growth of Staphylococcus aureus[END_REF][START_REF] Tao | Antibacterial/antifungal activity and synergistic interactions between polyprenols and other lipids isolated from Ginkgo Biloba L. leaves[END_REF], Streptococcus mutans, Propionibacterium acnes (MIC: 25 mg/l) [START_REF] Kubo | Antimicrobial activity of green tea flavor components and their combination effects[END_REF],

Salmonella enterica (MIC: 15.6 mg/l) [START_REF] Tao | Antibacterial/antifungal activity and synergistic interactions between polyprenols and other lipids isolated from Ginkgo Biloba L. leaves[END_REF], Trichophyton mentagrophytes (MIC: 12.5 mg/l) [START_REF] Kubo | Antimicrobial activity of green tea flavor components and their combination effects[END_REF],

and Aspergillus niger (15.6 mg/l) [START_REF] Tao | Antibacterial/antifungal activity and synergistic interactions between polyprenols and other lipids isolated from Ginkgo Biloba L. leaves[END_REF]. On the other hand, nerolidol was able to enhance the susceptibility of S. aureus and Escherichia coli to antibiotics, including ciprofloxacin, erythromycin, gentamicin, vancomycin [START_REF] Simoes | Enhancement of Escherichia coli and Staphylococcus aureus antibiotic susceptibility using sesquiterpenoids[END_REF], and amoxicilline/clavulanic acid [START_REF] Gonçalves | Evaluation of the mutagenicity of sesquiterpenic compounds and their influence on the susceptibility towards antibiotics of two clinically relevant bacterial strains[END_REF]. In this study, nerolidol antibacterial potency against L. fermentum (MIC: 25 μM; 5.56 mg/l) was weaker than that of gentamicin [START_REF] Egervärn | Antibiotic susceptibility profiles of Lactobacillus reuteri and Lactobacillus fermentum[END_REF] and chloramphenicol [START_REF] Klare | Antimicrobial susceptibilities of Lactobacillus, Pediococcus and Lactococcus human isolates and cultures intended for probiotic or nutritional use[END_REF], and close to that of novobiocin [START_REF] Gfeller | Sequence and genetic organization of the 19.3kb erythromycin-and dalfopristin-resistance plasmid pLME300 from Lactobacillus fermentum ROT1[END_REF] and Nalkyldimethylbenzyl ammonium chloride [START_REF] Oliva-Neto | Susceptibility of Saccharomyces cerevisiae and lactic acid bacteria from the alcohol industry to several antimicrobial compounds[END_REF] (Table 3). On the other hand, L. fermentum strains were less sensitive to well-known antibiotics including vancomycin [START_REF] Klare | Antimicrobial susceptibilities of Lactobacillus, Pediococcus and Lactococcus human isolates and cultures intended for probiotic or nutritional use[END_REF][START_REF] Florez | Antimicrobial susceptibility profiles of 32 type strains of Lactobacillus, Bifidobacterium, Lactococcus and Streptococcus spp[END_REF], teicoplanin [START_REF] Klare | Antimicrobial susceptibilities of Lactobacillus, Pediococcus and Lactococcus human isolates and cultures intended for probiotic or nutritional use[END_REF],

streptomycin [START_REF] Egervärn | Antibiotic susceptibility profiles of Lactobacillus reuteri and Lactobacillus fermentum[END_REF][START_REF] Klare | Antimicrobial susceptibilities of Lactobacillus, Pediococcus and Lactococcus human isolates and cultures intended for probiotic or nutritional use[END_REF][START_REF] Florez | Antimicrobial susceptibility profiles of 32 type strains of Lactobacillus, Bifidobacterium, Lactococcus and Streptococcus spp[END_REF], erythromycin, tobramycin, clindamycin, kanamycin, polymixin B [START_REF] Egervärn | Antibiotic susceptibility profiles of Lactobacillus reuteri and Lactobacillus fermentum[END_REF][START_REF] Gfeller | Sequence and genetic organization of the 19.3kb erythromycin-and dalfopristin-resistance plasmid pLME300 from Lactobacillus fermentum ROT1[END_REF][START_REF] Florez | Antimicrobial susceptibility profiles of 32 type strains of Lactobacillus, Bifidobacterium, Lactococcus and Streptococcus spp[END_REF], metronidazole, and nitrofurantoin [START_REF] Neto | Chemical inhibition of the contaminant Lactobacillus fermentum from distilleries producing fuel bioethanol[END_REF] (Table 3).

Antibacterial assay of HP-β-CD/Ner complex

Cyclodextrin inclusion complexes have been widely studied for their capacity to enhance the stability and solubility of antimicrobials [START_REF] Zhao | Identification of cyclodextrin inclusion complex of chlorogenic acid and its antimicrobial activity[END_REF][START_REF] Li | Identification of a cyclodextrin inclusion complex of antimicrobial peptide CM4 and its antimicrobial activity[END_REF][START_REF] Dima | Encapsulation of Coriander essential oil in beta-cyclodextrin: Antioxidant and antimicrobial properties evaluation[END_REF].

Some studies reported similar antibacterial activities of free and complexed antimicrobials (e.g. clarithromycin, chlorogenic acid, peptide CM4) [START_REF] Zhao | Identification of cyclodextrin inclusion complex of chlorogenic acid and its antimicrobial activity[END_REF][START_REF] Li | Identification of a cyclodextrin inclusion complex of antimicrobial peptide CM4 and its antimicrobial activity[END_REF][START_REF] Salem | Efficacies of cyclodextrin-complexed and liposome-encapsulated clarithromycin against Mycobacterium avium complex infection in human macrophages[END_REF], while others proved modifications of the potency of the antimicrobial agent following complexation with cyclodextrins. Compared to the free form, the inclusion complex of Hyptis martiusii essential oil [START_REF] Andrade | Physico-chemical characterization and antibacterial activity of inclusion complexes of Hyptis martiusii Benth essential oil in β-cyclodextrin[END_REF] and coriander essential oil [START_REF] Dima | Encapsulation of Coriander essential oil in beta-cyclodextrin: Antioxidant and antimicrobial properties evaluation[END_REF] showed a lower antimicrobial activity, whereas that of carvacrol showed a higher antimicrobial activity [START_REF] Santos | Characterization of carvacrol betacyclodextrin inclusion complexes as delivery systems for antibacterial and antioxidant applications[END_REF].

The incorporation of nerolidol into HP-β-CD inclusion complex increased the MIC and MBC

values by 4 fold. Azzi et al. [START_REF] Azzi | First evaluation of drug-in-cyclodextrin-in-liposomes as an encapsulating system for nerolidol[END_REF] studied the release of nerolidol from the inclusion complex in water and at room temperature by dialysis. Around 45% of nerolidol were released from HP-β-CD/Ner complex within 8 h, followed by a slow release rate over 7 days [START_REF] Azzi | First evaluation of drug-in-cyclodextrin-in-liposomes as an encapsulating system for nerolidol[END_REF]. In fact, when HPβ-CD/Ner complex is added at 50 μM, the actual concentration of nerolidol interacting with L.

fermentum in MRS is significantly lower than 50 μM during the whole experiment, thus explaining the ability of the inoculated bacteria to proliferate (data not shown). However, at 200 μM the concentration of nerolidol in the culture medium should be approximately 100 μM after 8 to 10 h of incubation, which could explain the rapid drop in the bacterial concentration (Fig. 3).

The slow release and the photo-protection of nerolidol provided by the encapsulation systems [START_REF] Azzi | First evaluation of drug-in-cyclodextrin-in-liposomes as an encapsulating system for nerolidol[END_REF] would prevent and limit the proliferation of spoilage bacteria in food products.

Relationship between the antibacterial activity of terpenic and phenolic compounds and their structural and physicochemical parameters

Various parameters may modulate the activity of antibacterial agents, including the drug hydrophobicity, the presence of functional groups, the bacterial cell envelope characteristics, and the incubation conditions (for instance, aeration).

The influence of hydrophobicity on the antibacterial activity of molecules

It has been reported that molecules with high hydrophobicity exhibit a high affinity to the lipophilic structures in the target microorganisms, such as the bacterial membrane [START_REF] Sikkema | Mechanisms of membrane toxicity of hydrocarbons[END_REF].

Therefore, they may disrupt the membrane integrity, thus affecting membrane permeability and enzymes activity [START_REF] Sikkema | Mechanisms of membrane toxicity of hydrocarbons[END_REF]. However, many exceptions could be revealed from this work, which suggests that the hydrophobicity is not always the key parameter governing the antibacterial activity; and some structural features could be taken into consideration when analyzing the structure-antibacterial activity relationship.

Nerolidol, which has shown the strongest antibacterial activity against L. fermentum, has a LogP value (5.33-5.36) considerably higher than that of the other tested molecules, except βcaryophyllene (6.87) (Table 1). The latter, showed a modest antibacterial activity against L.

fermentum as it lost its bactericidal potential at 500 μM (Table 1). In fact, β-caryophyllene have been found to exhibit a weak antibacterial activity against different Gram-positive and Gramnegative bacteria [START_REF] Selestino Neta | Effects of β-caryophyllene and Murraya paniculata essential oil in the murine hepatoma cells and in the bacteria and fungi 24-h time-kill curve studies[END_REF].

On the other hand, the antibacterial potency of the compounds exhibiting an antibacterial activity at a concentration lower than 500 μM was influenced by hydrophobicity (Table 1). Indeed, βpinene showed a higher antibacterial activity than the less hydrophobic molecules, bornyl acetate and linalyl acetate (Table 1). The acetylation of linalool and borneol increased their hydrophobicity and their antibacterial activity (Table 1). Indeed, bornyl acetate and linalyl acetate retained their total anti-proliferative activity at 250 μM, whereas borneol and linalool lost partially and totally the activity at 500 μM, respectively (Table 1). Similarly, Knobloch et al.

[57] reported a higher inhibition of H + -translocation by linalyl acetate, compared to linalool.

Also, Dorman and Deans [START_REF] Dorman | Antimicrobial agents from plants: antibacterial activity of plant volatile oils[END_REF] observed a higher antibacterial activity of bornyl acetate compared to borneol against a wide range of bacterial strains, among which Lactobacillus plantarum.

Moreover, phenolic compounds with LogP values close to or lower than 2, such as anisole (2.11) and o-cresol (1.95-1.98), showed no or a weak antibacterial activity against L. fermentum (Table 2).

Acyclic monoterpenoids showed an increased antibacterial activity with the increment of their LogP value. Indeed, linalyl acetate showed a higher antibacterial activity than geraniol, which was more potent than linalool (Table 1). This was also observed for bicyclic monoterpenes, as borneol and camphor had the lowest LogP values, and showed the weakest antibacterial activities (Table 1). However, despite β-pinene not being the most hydrophobic compound in the bicyclic monoterpenes chemical class, it exhibited the strongest antibacterial activity (Table 1).

For monocyclic monoterpenes, limonene, α-phelladrene, and γ-terpinene, having higher LogP values than menthol, showed a stronger antibacterial activity (Table 1). α-Terpinene was found to be an exception as it showed the weakest antibacterial potency, despite a high LogP value (Table 1).

Structure-activity analysis of terpenic compounds

Different studies have demonstrated the role of terpenoid functional groups in the antimicrobial activity. Carvacrol showed a better antimicrobial activity compared to its derivatives, carvacrol methyl ether and p-cymene, which lack the hydroxyl group [START_REF] Dorman | Antimicrobial agents from plants: antibacterial activity of plant volatile oils[END_REF]. On the other hand, Kotan et al.

[59] reported a better antibacterial activity for alcohol derivatives of oxygenated monoterpenes, when compared to ketone and acetate derivatives.

The weak antibacterial activity of β-caryophyllene, despite its high hydrophobicity, may be due to the absence of a hydrophilic functional group in the chemical structure of the molecule. The combination of a lipophilic character of the skeleton and the presence of a hydrophilic functional group was found to be important for the antimicrobial activity of essential oils components [START_REF] Kalemba | Antibacterial and antifungal properties of essential oils[END_REF].

The structural features of nerolidol are in line with the previous findings. Indeed, the antibacterial activity of aliphatic terpene alcohols was demonstrated to be dependent on the hydrophobic chain length starting from the carbon connected to the hydroxyl group [START_REF] Togashi | Antibacterial activities against Staphylococcus aureus of terpene alcohols with aliphatic carbon chains[END_REF][START_REF] Kubo | Antibacterial activity of long-chain alcohols: The role of hydrophobic alkyl groups[END_REF]. In fact, farnesol (C 12 ) exhibited a stronger antibacterial activity than nerolidol (C 10 ) followed by geraniol (C 8 ), whereas linalool (C 6 ) showed no antibacterial activity against Staphylococcus aureus [START_REF] Kubo | Antibacterial activity of long-chain alcohols: The role of hydrophobic alkyl groups[END_REF]. Similarly, Togashi et al. [START_REF] Togashi | Antibacterial activities against Staphylococcus aureus of terpene alcohols with aliphatic carbon chains[END_REF] reported a very weak antibacterial activity of geraniol and linalool against S. aureus. Additionally, farnesol (C 12 ), nerolidol (C 10 ), and plaunotol (C 11 ), showed a strong antibacterial activity against S. aureus, in that order [START_REF] Togashi | Antibacterial activities against Staphylococcus aureus of terpene alcohols with aliphatic carbon chains[END_REF][START_REF] Inoue | The antibacterial effects of terpene alcohols on Staphylococcus aureus and their mode of action[END_REF]. Also, no or weak antibacterial activity against S. aureus was reported for alcohols with chains containing more than 12 carbon atoms like farnesylacetol (C 14 ) [START_REF] Kubo | Antibacterial activity of long-chain alcohols: The role of hydrophobic alkyl groups[END_REF], geranylgeraniol, and phytol (C 16 ) [START_REF] Togashi | Antibacterial activities against Staphylococcus aureus of terpene alcohols with aliphatic carbon chains[END_REF].

Therefore, to exhibit a potent antibacterial effect, the authors suggested that the chain, starting from the hydroxyl group, should contain from 10 to 12 carbon atoms [START_REF] Togashi | Antibacterial activities against Staphylococcus aureus of terpene alcohols with aliphatic carbon chains[END_REF], or less than 12 carbon atoms but as close to 12 as possible [START_REF] Kubo | Antibacterial activity of long-chain alcohols: The role of hydrophobic alkyl groups[END_REF]. Although the previous studies were conducted on S.

aureus, our study supports the pattern of the antibacterial activity of terpene alcohols against L.

fermentum. Indeed, nerolidol (C 10 ; sesquiterpene) exhibited a stronger antibacterial activity than geraniol (C 8 ; monoterpene), the latter being more potent than linalool (C 6 ; monoterpene) (Table 1).

Structure-activity analysis of phenolic compounds

The importance of the propenyl side chain was noted among the tested phenolic compounds, as eugenol, trans-anethole, isoeugenol, and estragole, showed a significantly higher antibacterial activity against L. fermentum compared to anisole (Table 2). The propenyl side chain is absent in anisole compared to eugenol, trans-anethole, isoeugenol, and estragole (Fig. 2), which could be the reason for the weaker antibacterial activity of anisole.

On the other hand, eugenol showed the highest antibacterial activity among the tested phenolic compounds against the Gram-positive bacterium L. fermentum. However, Gharib et al. [START_REF] Gharib | Interaction of selected phenylpropenes with dipalmitoylphosphatidylcholine membrane and their relevance to antibacterial activity[END_REF] reported a higher antibacterial activity for anethole and estragole compared to eugenol, against the Gram-negative bacterium Escherichi coli. Indeed, the hydrophobicity of the compound seemed to play a role in the potency of the antibacterial activity against E. coli, as anethole and estragole have a higher hydrophobicity than eugenol [START_REF] Gharib | Interaction of selected phenylpropenes with dipalmitoylphosphatidylcholine membrane and their relevance to antibacterial activity[END_REF] (Table 2). Whereas, the hydrophobicity of phenylpropenes did not seem to influence their antibacterial activity against the Gram-positive bacterium, L. fermentum. Therefore, our results strongly suggest the presence of other factors that modulate the antibacterial activity of phenylpropenes against L. fermentum. The higher antibacterial activity of eugenol compared to its ester, eugenyl acetate (Table 2), highlights the importance of the hydroxyl group in the phenolic structure (Fig. 2). Additionally, the absence of the hydroxyl group in trans-anethole and estragole structure (Fig. 2) could explain the lower antibacterial activity against L. fermentum, compared to eugenol (Table 2). Indeed, the hydroxyl group of eugenol and isoeugenol has been found to reinforce the lipid membrane-fluidizing effect, compared to anethole and estragole [START_REF] Gharib | Interaction of selected phenylpropenes with dipalmitoylphosphatidylcholine membrane and their relevance to antibacterial activity[END_REF]. Also, the bacterial membrane characteristics play a crucial role in the differential bacterial susceptibility to a given antibacterial agent [START_REF] Shrivastava | Characterization of enhanced antibacterial effects of novel silver nanoparticles[END_REF][START_REF] Tamboli | Mechanistic antimicrobial approach of extracellularly synthesized silver nanoparticles against gram positive and gram negative bacteria[END_REF][START_REF] Nazzaro | Effect of essential oils on pathogenic bacteria[END_REF]. In fact, eugenol has previously shown lower MIC values against the Gram-positive bacteria Staphylococcus aureus (MIC= 2.5 mg/l) and Bacillus subtilis (MIC= 1.25 mg/l), compared to E. coli (MIC= 5 mg/l) [START_REF] Liang | Effects of cyclodextrins on the antimicrobial activity of plant-derived essential oil compounds[END_REF].

Both ferulic acid and p-coumaric acid exhibited a weak anti-proliferative activity against L.

fermentum in MRS broth (pH ~6.2) (Table 2). The antibacterial activity of hydroxycinnamic acids depends on pH, which controls the concentration of their undissociated form. The undissociated form can easily penetrate the cytoplasmic membrane of the bacterium [START_REF] Russell | Another explanation for the toxicity of fermentation acids at low pH: anion accumulation versus uncoupling[END_REF]. The pKa values of ferulic acid and p-coumaric acid are between 4 and 5, thus a greater proportion of their dissociated forms is found at the pH of the culture medium (~6.2). In fact, the antibacterial activity of ferulic acid and p-coumaric acid was found to increase in culture media at pH values below 6 [START_REF] Sánchez-Maldonado | Structure-function relationships of the antibacterial activity of phenolic acids and their metabolism by lactic acid bacteria[END_REF]. Moreover, L. fermentum is able to metabolize ferulic acid and coumaric acid into less potent metabolites, such as phloretic acid, p-vinyl phenol, or dihydroferulic acid [START_REF] Sánchez-Maldonado | Structure-function relationships of the antibacterial activity of phenolic acids and their metabolism by lactic acid bacteria[END_REF]. This also may explain the weak antibacterial activity of both acids against L. fermentum.

Conclusion

In this study, 28 terpenic and phenolic compounds were screened against L. fermentum, an ubiquitously present bacterium which could cause spoilage of different food products. Among the tested compounds, nerolidol exhibited the strongest antibacterial activity marked by the low MIC and MBC values. Moreover, a total bacterial kill was obtained within 16 h in presence of nerolidol (50 μM). The antibacterial activity of nerolidol was dependent on different factors, including the hydrophobicity of the compound, as well as the position of the hydroxyl group.
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 33 Determination of the bactericidal activity of the natural molecules Cultures showing a total inhibition of bacterial proliferation were analyzed in duplicate by spreading an aliquot of 100 µl on MRS agar. The bacterial concentration in the control was determined by enumeration. The bactericidal capacity was then evaluated according to the decrease in the initial bacterial concentration and calculated as follows: Bacterial kill (%) = , where [bac] m and [bac] c are the bacterial concentrations in the tube containing the molecule and the control tube, respectively.
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 3 Fig. 3. Nerolidol (50 µM) and HP-β-CD/Ner complex (200 µM Ner) time-kill analysis against L.
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Table 2 : Bactericidal and anti-proliferative activity of phenolic compounds against L. fermentum.
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	trans-Anethole	Anisole	p-Coumaric	acid	o-Cresol	Estragole	Eugenol	Eugenyl acetate	trans-Ferulic	acid	Isoeugenol	Quercetin	Resveratrol
	3.31[80]				1.95[73]	3.13[80]	2.40[83]						
	LogP	2.11[81] 1.43[82]									
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