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Abstract

:

Featured Application


Studies focusing on the development of novel (antibacterial) food preservation technologies involving natural plant extracts rarely take into account the sublethal injury induced to bacterial cells. In the current study, sublethal injury caused by two such natural plant extracts (i.e., grape seed and garlic extract) was quantified, disclosing the possible overestimation of the antibacterial effect of some of these novel food preservation technologies. Consequently, the use of those extracts without taking into account the extent of sublethal injury could result in serious food safety issues.




Abstract


Natural antimicrobials, such as grape seed extract (GSE) and garlic extract (GE), are often used as (a part of) novel food preservation technologies, especially due to their antilisterial effect. However, little is known on the extent of sublethal injury (SI) these extracts cause to Listeria monocytogenes, possibly leading to overestimated efficacies for such novel technologies. The influence of both extracts on the sublethal injury of L. monocytogenes strain LMG23775 was investigated, also using propidium iodide staining to investigate the nature of the injury. Minimum inhibitory concentrations were 500 mg gallic acid equivalents (GAE)/L and 7.5 μg allicin/mL for GSE and GE, respectively. These concentrations slowed down the growth of L. monocytogenes, while only causing a significant amount of SI for GSE. Pure extracts caused inactivation of the cells, with GSE being the most effective. Sublethal injury from pure GSE was mainly caused by membrane damage. In pure GE, a significant amount of SI, not caused by membrane damage, was also present, albeit less pronounced than in pure GSE. In conclusion, both extracts cause a significant amount of sublethal injury to L. monocytogenes, which is not taken into account in relevant studies investigating novel food preservation applications involving natural plant extracts.
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1. Introduction


Food preservation strategies to which foodborne pathogens are subjected throughout the food chain may result in physiological alterations of varying degrees, i.e., sublethal injury (SI) [1,2]. Hurst [3] defined SI as “a consequence of exposure to a chemical or physical process that damages but does not kill a microorganism”. Since the selective media which are commonly used to detect pathogenic microorganisms are unable to support the growth of sublethally injured target microorganisms, SI causes serious limitations in food diagnostics due to the possible underestimation of contamination and false negative results [2]. Moreover, injured microorganisms might be able to recover and exhibit enhanced resistance to antimicrobial treatments [1]. Cells can become sublethally injured due to the specific food environment, processing or preservation technologies, and the injury can be either structural (i.e., altered membrane permeability), metabolic (i.e., damage to functional cell components), or a combination of both [1].



Various preservation technologies are used to prevent the outgrowth of pathogens in food products. Nowadays, consumers show an increased interest in natural, nutritious, minimally processed food products, which are still safe to eat. Most traditional food preservation technologies fail to succeed in retaining the nutritional aspects of foods (e.g., loss of vitamins), resulting in a need for novel food preservation technologies [4]. Recently, food researchers are investigating natural antimicrobial compounds like natural plant extracts as possible alternatives [5,6]. Grape seed extract (GSE) and garlic extract (GE) are examples of natural plant extracts which have shown promising antimicrobial effects [7,8]. GSE and GE owe their antimicrobial properties to phenolic compounds [9] and allicin (an oxygenated organic sulfur compound) [10], respectively.



Among the common foodborne pathogens, Listeria monocytogenes is very relevant for the validation of antimicrobial treatments due to its high resistance to various stresses [11]. Furthermore, the bacterium is especially dangerous due to its high fatality rate, e.g., 13.8% of infected people died in Europe in 2017 [12]. Symptoms of the disease range from mild clinical features like fever and diarrhea to severe infections like meningitis and septicemia [13]. Both GSE and GE are commonly investigated for novel multiple-hurdle applications against L. monocytogenes. In this regard, GSE is studied for its antilisterial effect in edible antimicrobial food coatings [14,15,16,17] and as a preservative replacement in food products [18,19]. An example of a novel application of GE is the encapsulation of the extract in order to overcome common applicability limitations of allicin, e.g., heat sensitivity and strong odor [20,21,22].



Despite the extensive amount of studies that focused on promising novel antibacterial applications of natural plant extracts like GSE and GE, none of these (to the best knowledge of the authors) took into account the effect of those extracts on SI of Listeria. Consequently, the antibacterial (i.e., growth inhibition or inactivation) effect of those novel applications could be overestimated, leading to serious food safety issues. In this study, the separate effect of GSE and GE on the occurrence of SI in L. monocytogenes was therefore investigated, both for the pure extracts and the extracts at their minimum inhibitory concentration (MIC). The extracts at their MIC and the pure extracts were used to simulate applications resulting in growth reduction and inactivation (of L. monocytogenes), respectively. In order to understand the nature of the sublethal injury caused by the extracts, possible membrane damage was investigated using propidium iodide (PI) staining.




2. Materials and Methods


2.1. Microorganisms and Preculture Conditions


L. monocytogenes LMG23775 strain, was acquired from the BCCM/LMG bacteria collection of Ghent University in Belgium. A stock culture was stored at −80 °C in Tryptone Soy Broth supplemented with 6 g/L yeast extract (TSBYE, Oxoid, Basingstoke, UK) and 200 mL/L glycerol (Acros Organics, Geel, Belgium). Inocula were prepared by transferring a loopful of the stock culture into 20 mL of TSBYE. After incubating for 24 h at 30 °C under static conditions (Binder KB-series incubator; Binder Inc., New York, NY, USA), 20 μL of the stationary phase culture was inoculated into 20 mL of fresh TSBYE and incubated for 24 h under the same conditions. This resulted in a stationary phase L. monocytogenes culture with cell density of approximately 109 CFU/mL, as evidenced by plate counting on Tryptone Soy Agar supplemented with 6 g/L yeast extract (TSAYE, Oxoid, Basingstoke, UK).




2.2. Preparation of Bioactive Extracts


The procedure to prepare GSE was based on the protocol reported by Silván et al. [8]. Briefly, GSE powder (Laboratories GSN, Madrid, Spain) was dissolved in distilled water (500 mg per 10 mL) and vortexed for 5 min at room temperature. The resulting suspension was centrifuged at 2600× g for 10 min at 4 °C. The supernatant was collected and filter-sterilized with a pore size membrane of 0.22 μm (TPP, Trasadingen, Switzerland). The pure GSE was used immediately or stored at room temperature in the dark. The total phenolic content of the pure extract was approximately 2500 mg gallic acid equivalents (GAE)/L and its phenolic profile consisted mainly of flavonols, phenolic acids, anthocyanins, catechins, and proanthocyanidins, among which the catechins and proanthocyanidins represented 77.6% of the phenolic compounds [8]. Readers are referred to Silván et al. [8] for a more detailed description of the composition of the extract.



The procedure to prepare GE was based on the protocol reported by Prasad et al. [23]. Solgar Garlic Powder capsules (Solgar inc., Leonia, NJ, USA), each containing 5000 μg of alliin (an allicin precursor) with an allicin yield of 750 μg, were carefully opened and the powder was dissolved in distilled water (500 mg per 5 mL). The suspension was vortexed for 5 min and centrifuged at 4600× g for 10 min at 4 °C. Afterwards, the supernatant was centrifuged at the same conditions and filter-sterilized. The pure GE was immediately used or stored at 4 °C in the dark. The theoretical allicin concentration of the pure extract was 150 μg/mL.




2.3. Minimum Inhibitory Concentration (MIC)


The minimum inhibitory concentration (MIC) of the extracts was defined as the lowest concentration of extract that inflicts a significant quantitative decrease (P ≤ 0.05) in viability of L. monocytogenes cells as compared to the control after 24 h [8]. Mixtures of the respective extract and TSBYE with different bioactive concentrations (i.e., 10–20–50–100–250–500–1000–1200–1400–1500–1600–1800–2000–2250 and 2500 mg GAE/L for GSE and 7.5–15.0–30.0–45.0–60.0–75.0–90.0–112.5–127.5 and 150.0 μg allicin/mL for GE) and a control in TSBYE were inoculated under aseptic conditions to yield a final L. monocytogenes concentration of approximately 107 CFU/mL. This high inoculation level was chosen in order to be able to effectively study inactivation dynamics during challenge testing. The mixtures were incubated at 30 °C and 180 rpm (Orbital shaker PSU-10i, Grant-bio, Cambridge, UK) for 24 h. Afterwards, a sample from each mixture was taken and decimally diluted using an aqueous saline solution containing 9 g/L NaCl. The different dilutions were plated on TSAYE using the drop technique [24]. For dilutions 10−1 to 10−6, this method involved the careful deposit of 20 μL drops onto the corresponding agar plates, resulting in a considerable reduction in workload and consumable consumption. For undiluted samples, drops of 100 µL were plated and spread using an L-shaped spreader in order to acquire a lower detection limit. Plates were incubated at 30 °C for 24 h, after which the colonies were counted. Total viable counts for each mixture were compared with the control and significant statistical differences were determined as discussed in more detail in Section 2.7 “Statistical Analysis”.




2.4. Challenge Testing


GSE-MIC, GE-MIC, pure GSE, pure GE, and a control in TSBYE not containing any extract were inoculated with 200 μL of a stationary phase culture of L. monocytogenes (to a concentration of approximately 107 CFU/mL), and incubated at 30 °C while shaking at 180 rpm. Samples were taken at different time intervals, decimally diluted and plated on a nonselective and a selective medium with the drop technique. TSAYE and Listeria selective agar—Oxford formulation (Oxford, VWR Chemicals, Leuven, Belgium) were used as a nonselective and selective medium, respectively. The plates were incubated at 30 °C for 24 h, after which the colonies were counted. The experimental data were plotted as a function of time. To model the growth and inactivation of L. monocytogenes, the primary models of Baranyi and Roberts [25] and Geeraerd et al. [26] were fitted to the experimental data, respectively.



The growth model of Baranyi and Roberts [25] is described by Equations (1)–(3).


dN(t)dt=(Q(t)1+Q(t))·μmax·(1−N(t)Nmax)·N(t)



(1)






dQ(t)dt=μmax·Q(t)



(2)






λ·μmax=ln(1+1Q(0))



(3)







With N(t) [CFU/mL], the cell density at time t; Nmax [CFU/mL], the maximum cell density; μmax [1/h], the maximum specific growth rate; Q(t) [−], representing the physiological state of the cells; Q(0) [−], a measure of the initial physiological state of the cells; and λ [h], the lag phase duration. Since experiments were conducted at static environmental conditions, the model was simplified to


ln(N(t))=ln(N(0))+μmax·A(t)−ln(1+eμmax·A(t)−1e(Nmax−N(0)))



(4)






A(t)=t+1μmaxln(e−μmax·t+Q(0)1+Q(0))



(5)







The inactivation model of Geeraerd et al. [26] is described by Equations (6)–(8).


dN(t)dt=−(11+Cc(t))·kmax·(1−NresN(t))·N(t)



(6)






dCC(t)dt=−kmax·CC(t)



(7)






CC(0)=ekmaxSL−1



(8)







With N(t) [CFU/mL], the cell density at time t; Nres [CFU/mL], the residual cell density (or stress resistant subpopulation); kmax [1/h], the maximum specific inactivation rate; CC(t) [−], representing a critical intracellular or extracellular component for cell survival; Cc(0) [–], the initial concentration of this critical component; and SL [h], the shoulder length. Since experiments were conducted at static environmental conditions, the model was simplified to


N(t)=(N0−Nres)·e−kmaxt·(e−kmaxSL1+(e−kmaxSL−1)·e−kmaxt)+Nres



(9)







Parameters of the models were estimated via the minimization of the sum of squared errors, using the lsqnonlin routine of the Optimization Toolbox of MATLAB version R2018b (The Mathworks, Inc., Natick, MA, USA). For fitting purposes the results were logarithmically transformed. For the growth model of Baranyi and Roberts [25], results were expressed as ln (CFU/mL), because the model involves the natural exponential function to describe the growth phase. For the inactivation model of Geeraerd et al. [26], results were expressed as log (CFU/mL), because the model, as all inactivation models, requires the reduction of microorganisms to be expressed in log units. In order to avoid apparent SI caused by small fitting differences, the initial cell density N0 was set to be equal to the average of the cell densities at time zero of the individual replicates on the selective and nonselective medium for each condition, i.e., approximately 7 log (CFU/mL) or 16 ln (CFU/mL).




2.5. Assessment of Sublethal Injury


The theoretical data, obtained from the respective models, was used to calculate the SI using Equation (10), according to the formula of Busch and Donnelly [27]. TSAYE and Oxford served as a nonselective and selective medium, respectively.


SI=CFU on nonselective agar−CFU on selective agarCFU on nonselective agar·100%



(10)







In order to compare SI for the different conditions, the Time-averaged Injured Cells Coefficient (TICC) was determined, by taking the average of the total SI over the total treatment time. TICC was calculated using Equation (11), according to the formula of Miller et al. [28].


TICC=∫0tfSI(t)dttf



(11)







With t [h], the treatment time; tf [h], the total duration of the treatment; and SI [%], the percentage of sublethal injury at each time point, calculated according to Equation (10).




2.6. Determination of Propidium Iodide Uptake


In order to detect possible membrane damage induced by the extracts, the propidium iodide (PI) uptake was determined for L. monocytogenes cultures in pure GSE, pure GE, and a control in TSBYE not containing any extract, based on the protocol of Coder [29]. To prevent binding between proteins of TSBYE and GSE polyphenols and further precipitation, the preculture in TSBYE was first centrifuged at 15,000× g for 10 min and the pellet was rinsed twice with phosphate buffered saline (PBS). Three 50 mL Erlenmeyers, containing 20 mL of TSBYE, pure GSE or pure GE, were inoculated with 200 μL of the microbial suspension in PBS and incubated at 180 rpm and 30 °C. The sampling times for both extracts were selected based on the results of the challenge testing. Samples were first centrifuged at 15,000× g for 10 min. The supernatants were discarded and the cell pellets were rinsed twice with PBS. PI (Sigma-Aldrich, Saint Louis, MO, USA) was added to a final concentration of 2 μg/mL. After incubating for 10 min in the dark at room temperature, samples were centrifuged and washed twice with PBS to remove the excess dye. Fluorescence was measured with a FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at an excitation wavelength of 495 nm and an emission wavelength of 615 nm. In order to take the total number of cells (i.e., dead and viable) into account, fluorescence data for each sample were normalized with the optical density (OD) at 600 nm. Data were acquired and processed using Filtermax software. The ratio of fluorescence to OD was calculated separately and averaged for each sample.




2.7. Statistical Analysis


Significant differences were determined using analysis of variance (ANOVA, single variance) test at a 95.0% confidence level (α = 0.05). Fisher’s Least Significant Difference (LSD) test was used to distinguish which means were significantly different from others. The standardised skewness and standardised kurtosis were used to assess if data sets came from normal distributions. The analyses were performed using Statgraphics Centurion 17 Package (Statistical Graphics, Washington, USA). Test statistics were regarded as significant when p ≤ 0.05.





3. Results and Discussion


3.1. Minimum Inhibitory Concentration (MIC)


The minimum inhibitory concentration (MIC) of GSE and GE against L. monocytogenes LMG23775 was assessed. For GSE and GE, the MIC was expressed as mg gallic acid equivalents (GAE)/L and μg allicin/mL, respectively, since gallic acid and allicin have been identified as the main antibacterial compounds of the respective extracts [10,30]. In further experiments, GSE and GE at their MIC were referred to as GSE-MIC and GE-MIC, respectively.



The MIC of GSE was equal to 500 mg GAE/L, corresponding to 25% of the concentration of the pure GSE. Silván et al. [8] investigated the effect of GSE, prepared according to the same protocol as in the current study, against Campylobacter jejuni, reporting a MIC of 20 mg GAE/l. Since the MIC of GSE depends on different variables including extract composition, concentration of bioactive compounds, the solvent used, and also on the used definition of MIC [8], the comparison of results with other studies involving different GSE preparation protocols is not straightforward. Taking these limitations into account, Anastasiadi et al. [30] reported that the MIC of their (Voidomato) GSE against L. monocytogenes was approximately 210 mg GAE/L. Effective GSE concentrations in other studies ranged from 160 mg GAE/L to higher values for microorganisms such as Aeromonas hydrophila, Bacillus cereus, Enterobacter Aerogenes, Enterococcus faecalis, Escherichia coli, Pseudomonas aeruginosa, Salmonella Typhimurium, and Staphylococcus aureus [8,31,32]. Consequently, the GSE used in the current study exhibits similar antimicrobial activity to those used in similar studies.



The MIC of GE was equal to 7.5 μg allicin/mL, corresponding to merely 0.05% of the concentration of pure GE. This MIC is lower than the 30.8 μg allicin/mL reported by Gomes et al. [22] for their GE against L. monocytogenes. The MIC in the current study is, however, similar to the MIC against different Salmonella serovars ranging from 8.1 to 10.1 μg allicin/mL, as reported by Belguith et al. [7] for their aqueous GE. MICs reported in other studies ranged from 4.1 to 27.5 μg allicin/mL for oral bacteria [33] and from 0.15 to 1.9 μg allicin/mL for various fungal pathogens [34]. Hence, the GE used in the current study also exhibits similar antimicrobial activity to those used in similar studies.




3.2. Challenge Testing


In Figure 1, the effect of the bioactive extracts on L. monocytogenes kinetics is demonstrated by the results of the challenge tests that were conducted in the control (A) (i.e., TSBYE without antimicrobial extracts), GSE-MIC (B), pure GSE (C), GE-MIC (D), and pure GE (E). L. monocytogenes exhibited growth in the control, GSE-MIC, and GE-MIC. An overview of the growth parameters (i.e., the lag phase λ, the maximum specific growth rate µmax, and the maximum cell density Nmax) of the Baranyi and Roberts [25] model is provided in Table 1. A comparison of those growth parameters demonstrates that both GSE-MIC (Figure 1B) and GE-MIC (Figure 1D) exerted a growth-inhibiting effect on L. monocytogenes, with the inhibition in GE-MIC being the most severe. In this regard, the most glaring effect is the significantly longer λ in GE-MIC compared to in GSE-MIC, both for the total population of injured and uninjured cells (i.e., enumerated on TSAYE plates) and the population of uninjured cells (i.e., enumerated on Oxford plates). For the total population of uninjured and injured cells, the maximum specific growth rate µmax was lower in GE-MIC than in GSE-MIC, while no significant differences were observed for the population of uninjured cells. Concerning Nmax, no significant differences were observed between GSE-MIC and GE-MIC.



L. monocytogenes was inactivated in pure GSE (Figure 1C) and pure GE (Figure 1E). An overview of the inactivation parameters (i.e., the shoulder length SL, the maximum specific inactivation rate kmax, and the residual cell population Nres) of the Geeraerd et al. [26] model is provided in Table 2. The inactivation in pure GSE was more pronounced than in pure GE, both for the total population of injured and uninjured cells and the population of uninjured cells. This observation was confirmed by the significantly shorter SL, the significantly higher kmax, and the significantly smaller Nres in pure GSE. In general, log reductions observed for pure GSE and pure GE were also similar to those observed in liquid media containing these respective extracts in other studies [17,35].




3.3. Assessment of Sublethal Injury


Figure 2 illustrates the SI of L. monocytogenes for the different conditions mentioned in the previous section. In the case of growth (i.e., control, GSE-MIC, and GE-MIC), a peak in SI (i.e., approximately 20, 50, and 25%, in the control, GSE-MIC, and GE-MIC, respectively) always occurred when the cells were in their exponential growth phase. By the time the cells reached the stationary phase, they had recovered from almost all SI. This phenomenon was probably caused by the synthesis of stress proteins by the cells in their early stationary phase, causing them to be more stress-resistant than exponentially growing cells [2]. In pure GSE, SI increased radically until a treatment time of approximately 0.5 min. Afterwards, SI reached a constant level of approximately 100%. After 5 min, no viable counts were observed on the selective medium, meaning that all surviving cells were from that moment on sublethally injured. These cells were further inactivated, until a treatment time of 3 h, after which no more viable cells were detected on the nonselective medium, as seen in Figure 1C. In the case of inactivation in pure GE, SI increased during the loglinear part of the inactivation, with a peak of approximately 80%, and decreased again in the tailing phase. This phenomenon was possibly caused by a mechanism of injury accumulation that culminates in cell death [36]. A similar behavior was observed by Noriega et al. [2] for Listeria innocua subjected to mild heating.



Table 3 shows the Time-averaged Injured Cells Coefficient (TICC) for each condition, enabling a quantitative comparison of SI among the different conditions. It can be observed that TICC was always higher in GSE than in GE, both for the pure extracts and the extracts at their MIC, a trend which was confirmed by the height of the SI peaks in Figure 2.



TICC was quite similar in GE-MIC and in the control, with TICC in GE-MIC even being slightly lower. Consequently, the risk of underestimating food contamination due to SI would be rather limited when GE is used to inhibit Listeria growth at a low extract concentration (e.g., as part of a hurdle approach). The use of free or encapsulated GE in milk to inhibit L. monocytogenes growth, as studied by Pinilla and Brandelli [21] and Pinilla et al. [20] is an example of this situation. In the aforementioned studies, free GE resulted in growth reductions ranging from 1.5 to 3.0 log. According to the findings of the current study, this growth reduction would probably not involve a significant amount of SI.



In GSE-MIC, SI of L. monocytogenes was higher than in the control and in GE-MIC. As evidenced by the SI peak in Figure 2, SI in GSE-MIC was especially relevant during the exponential growth phase of the cells. This phenomenon could result in food safety risks when low GSE concentrations are used during extended food storage at a low temperature (i.e., causing the cells to be in their exponential growth phase for a rather long period), as there might be a significant number of sublethally injured cells present which could not be enumerated on selective media. For example, Moradi et al. [16] reported that the growth of L. monocytogenes was reduced by approximately 1.5 log when GSE-impregnated chitosan films were applied to mortadella-type sausages which were stored at 4 °C for 21 days. As another example, Perumalla et al. [18] reported L. monocytogenes growth reductions ranging from 1 to 2 log in hotdog model systems in which preservatives were replaced by green tea extract and GSE. Since the growth-inhibiting effect in the two aforementioned studies was only quantified by means of viable plate counts on a selective medium, the presence of sublethally injured cells was not taken into account, possibly resulting in an overestimation of these growth-inhibiting effects.



TICC in pure GSE and pure GE was significantly higher than in the control, GSE-MIC and GE-MIC. This observation indicates that higher concentrations of the bioactive compounds also resulted in an increased SI. This phenomenon can introduce a possible overestimation of the antilisterial potential of both extracts in food applications at higher extract concentrations. Even though these high concentrations of natural extracts have limited applications in food industry due to the drastic effect on taste and odor of food products, a general trend in which an antimicrobial treatment that causes a more evident and acute inactivation also causes a higher SI is illustrated. In addition, the inactivation of L. monocytogenes caused by the pure extracts in the current study could be comparable to L. monocytogenes inactivation caused by novel applications involving lower extract concentrations.



For pure GSE, the largest amount of SI was observed, implying a risk of overestimating the efficacy of novel antilisterial applications involving GSE. This risk is rather small when high GSE concentrations are used, as evidenced by the log reduction of approximately 5 log after 1 h treatment time which was observed in Figure 1C, implying that the surviving population of (injured) cells would be limited. Nevertheless, the high degree of SI could be more relevant when using lower extract concentrations which result in a less severe bactericidal (i.e., inactivation) effect. In this regard, Bisha et al. [37] investigated the potential of GSE-based aqueous media as a produce wash, reporting log reductions ranging from 2.0 to 3.6. In the study of Kakaei and Shahbazi [15], Chitosan-gelatin films incorporated with GSE and Ziziphora clinopodioides essential oil applied to minced trout fillet resulted in L. monocytogenes log reductions of approximately 1 log. Similar log reductions were reported by Tajik et al. [19] for the use of GSE and Zataria multiflora Boiss essential oil in raw buffalo patty. Gadang et al. [14] reported L. monocytogenes log reductions of up to 4 log when whey protein isolate coating incorporated with nisin, GSE, malic acid, and EDTA was applied to turkey frankfurter systems. Finally, log reductions of up to 2 log were reported by Theivendran et al. [17] for Turkey frankfurters coated with soy protein films containing GSE and nisin. Similar to what was mentioned before for the studies involving growth reductions, the inactivation of L. monocytogenes in the five aforementioned studies was solely studied by means of viable plate counts on a selective medium. Since sublethal injury was hence not taken into account, the antilisterial effect of those novel applications was possibly overestimated.



For pure GE, the amount of SI induced to L. monocytogenes was also significant, albeit less pronounced than in pure GSE. While some laboratory-scale studies have reported the inactivation of L. monocytogenes at relatively high concentrations of GE [35,38], to the best knowledge of the authors, no studies have reported inactivation of the bacterium using novel applications involving GE concentrations suitable for food products. At those GE concentrations, a bacteriostatic effect (i.e., no growth of L. monocytogenes, but also no inactivation) is reported at best [39,40,41,42]. However, inactivation of L. monocytogenes has been reported for combinations of GE and nisin (e.g., in milk, soymilk, and hummus) [39,40,42]. Log reductions ranging from 1 to 4 log have been accomplished using this GE–nisin combination, which is similar to or higher than the log reductions observed for pure GE in the current study. Taking into account the observed trend that more severe inactivation treatments entail more SI, SI caused by GE–nisin combinations could be even more pronounced than SI caused solely by pure GE. Since the occurrence of sublethally injured cells was also not taken into account in the mentioned studies, reported antilisterial effects (i.e., both bacteriostatic and bactericidal) were possibly also overestimated.



Even though the current study only focused on SI inflicted to one specific strain of L. monocytogenes (i.e., LMG23775) and results should also be validated for other strains, the large amount of SI observed after treatments with GSE-MIC, pure GSE, and pure GE confirms the risk of over-estimating the antibacterial effect of natural plant extracts in novel food preservation applications. However, real food products contain background microflora, making it impossible to use a combination of nonselective and selective media to quantify SI, since the growth of nontarget microorganisms is also supported on nonselective media. In order to take SI into account when assessing the antilisterial effect of natural plant extracts, future research in the field should therefore include a resuscitation step to allow the quantification of both injured and healthy cells. Examples of such resuscitation techniques include liquid-repair (e.g., two-fold dilution) and solid-repair (e.g., thin agar overlay) methods [43]. In addition, the large amount of SI related to the use of natural plant extracts at relatively high concentrations confirms the advantages of using extra antilisterial measures (i.e., as part of a hurdle approach) in order to enable the use of lower extract concentrations which entail a limited amount of SI.




3.4. Determination of Propidium Iodide Uptake


In order to investigate possible membrane damage induced by the plant extracts, cells were stained with propidium iodide (PI), a component which binds to single and double stranded nucleic acids. Since PI only penetrates cells with damaged membranes, it can be used as an indicator of cytoplasmic membrane damage [44]. Figure 3 illustrates the evolution of the amount of membrane damage of L. monocytogenes in the control, pure GSE, and pure GE, employing the ratio of fluorescence (indicating cells with a damaged cell membrane) over optical density (OD) (indicating the total amount of living and dead cells).



In the control, membrane damage was detected at time 0 min. The damage decreased over time, disappearing almost completely at sampling times of 12, 18, and 24 h. Since this membrane damage was observed at time 0 min, it originated from membrane damage present in the preculture, probably caused mostly by cell death after the cells had reached the stationary phase. In this regard, precultures of 24 h were used for this experiment, while a Listeria preculture already reaches the stationary phase after approximately 9 h at 30 °C [45], resulting in a considerable amount of dead cells. The membranes of these dead cells are damaged [46], causing an increase of the total membrane damage, which is detected by the PI staining, similarly to what is the case in live/dead staining. The apparent decrease in membrane damage over time in the control was due to the growth of the cells. Since the total amount of cells increased, OD increased over time. In comparison, the amount of dead cells did not increase significantly and fluorescence remained constant. Therefore, fluorescence/OD decreased. As a consequence, no conclusions can be drawn about the nature of the small SI in the control during the exponential growth phase, observed in Figure 2. If this SI would be caused by membrane damage, an increase in membrane damage between sampling times of 0 min and 2 h would be expected in Figure 3. The absence of this increase would mean that the increase of SI in the control was caused by metabolic damage. However, due to the membrane damage in the dead cells, this increase might not have been detectable by this experimental method.



Similar to the cells in the control, the cell membranes in pure GSE were also damaged at the start of the experiment due to the dead cells originating from the preculture. However, the statistical analysis indicates that a clear increase in membrane damage occurred after 15 min, remaining approximately constant until a treatment time of 2 h. No samples were taken of cells in GSE at 12, 18, and 24 h, but the challenge tests (as seen in Figure 1C) demonstrated that the cells did not recover from their damage in pure GSE, since no viable cells were observed after 3 h in GSE. Therefore, it can be concluded that GSE causes a significant amount of membrane damage to L. monocytogenes. The membrane damage caused to microorganisms by GSE is described extensively in literature, since the phenolic compounds in GSE are reported to be detrimental for the membrane stability of bacteria as they interact with bacterial cell walls in three different ways: (i) physical disruption of the membrane, (ii) dissipation of the proton motive force, and (iii) inhibition of membrane-associated enzyme activity [9]. In Figure 2, it is demonstrated that SI in pure GSE already reached a level of approximately 100% after 1 min, while Figure 3 illustrates that the maximum amount of membrane damage only occurred after 15 min. Since the amount of membrane damage of cells in GSE remained constant during the first 10 min, the rapid increase of SI in the first minute was most likely caused by damage of a metabolic nature. In future studies, evaluation of this metabolic damage could be accomplished by a combination of nuclear magnetic resonance spectroscopy and gas chromatography-coupled mass spectrometry, using principle component analysis to distinguish between the metabolite profiles of treated and untreated bacteria [47].



A different behavior was observed for pure GE. There was an initial presence of dead cells with damaged membranes in GE and the statistical analysis indicates that this membrane damage remained approximately constant over time. This observation suggests that GE does not induce membrane damage to L. monocytogenes. In this regard, there have also been no previous reported cases of membrane damage induced to microorganisms by GE. Allicin, which is the main antimicrobial compound in GE, has not been reported to cause membrane leakage, fusion, or aggregation [10]. The antimicrobial effect of allicin is caused by the chemical reaction of allicin with the thiol groups of several enzymes inside the bacterial cells. As a consequence, allicin delays and inhibits DNA, RNA and protein synthesis [10,48]. Therefore, it can be concluded that the SI caused by pure GE, demonstrated in Figure 2, was of a metabolic nature.





4. Conclusions


Natural plant extracts such as GSE and GE are commonly used in novel food preservation techniques against L. monocytogenes. It was demonstrated that both extracts induce a significant amount of SI to the bacterial cells, especially at relatively high extract concentrations. PI staining indicated that this SI was mostly due to membrane damage caused by the phenolic compounds present in GSE. However, some SI was also caused by damage of a metabolic nature, which should be characterized further in future studies. Researchers should take this into account when developing novel antilisterial applications that involve natural plant extracts, since limitations in food diagnostics due to SI are well known and might lead to an overestimation of the efficacy of certain techniques. Consequently, future studies investigating novel food preservation methods involving natural plant extracts would benefit from the inclusion of a cell resuscitation step. Furthermore, unravelling the SI causing mechanisms of natural plant extracts might also help in identifying more novel hurdle approaches for food preservation.
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Figure 1. Effect of bioactive extracts and their concentration on Listeria monocytogenes kinetics as indicated for cells in the control (A), GSE-MIC (B), pure GSE (C), GE-MIC (D), and pure GE (E). Symbols correspond to the experimental data, both for the nonselective (x) and the selective medium (○). Counts on the nonselective medium represent the total viable population of healthy and injured cells, while counts on the selective medium represent the viable population of healthy cells. Lines correspond to the global fit of the Baranyi and Roberts [25] model for growth [ln(CFU/mL)] or the Geeraerd et al. [26] model for inactivation [log(CFU/mL)], both for the nonselective (-) and the selective medium (--). Nondetectable cell counts are indicated as ND. 
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Figure 2. Sublethal injury (SI) of Listeria monocytogenes for different bioactive extracts and their concentration as indicated for the control, GSE-MIC, pure GSE, GE-MIC, and pure GE. Since SI for Pure GSE could only be calculated up until a treatment time of 5 min, SI is represented over a period of 24 h (A) and 5 min (B). SI was calculated using Equation (9) with the modeled values from Figure 1 as input. 
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Figure 3. Permeability of Listeria monocytogenes to PI after exposure to the control, pure GSE and pure GE. For GSE, samples are taken after 0 min, 5 min, 10 min, 15 min, 30 min, 1 h, and 2 h. For GE, samples are taken after 0, 12, 18, and 24 h. For the control, samples are taken at all aforementioned time points. Results are expressed as Fluorescence/OD ± standard deviation (n = 6). For the same medium (control, GSE, or GE), bars bearing different uppercase letters are significantly different (p ≤ 0.05). For the same exposure time, bars bearing different lowercase letters are significantly different (p ≤ 0.05). 
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Table 1. Growth parameters (i.e., the lag phase λ, the maximum specific growth rate µmax, and the maximum cell density Nmax) according to the model of Baranyi and Roberts [25] for challenge tests of L. monocytogenes. For the different growth conditions (i.e., control, GSE-MIC, or GE-MIC) on one specific plating medium (i.e., TSAYE or Oxford), values bearing different uppercase letters are significantly different (p ≤ 0.05). For the different plating media at one specific growth condition, values bearing different lowercase letters are significantly different (p ≤ 0.05).
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Growth Parameter

	
Control

	
GSE-MIC

	
GE-MIC




	

	
TSAYE

	
Oxford

	
TSAYE

	
Oxford

	
TSAYE

	
Oxford






	
λ [h]

	
1.7 ± 0.2

	
1.7 ± 0.2

	
2.5 ± 0.3

	
3.2 ± 0.2

	
12.3 ± 0.4

	
13.1 ± 0.5




	
A,a

	
A,a

	
B,a

	
B,b

	
C,a

	
C,a




	
µmax [1/h]

	
1.46 ± 0.09

	
1.40 ± 0.08

	
1.04 ± 0.10

	
0.959 ± 0.065

	
0.725 ± 0.068

	
0.907 ± 0.122




	
C,a

	
B,a

	
B,a

	
A,a

	
A,a

	
A,a




	
Nmax [(CFU/mL)]

	
21.6 ± 0.0

	
21.6 ± 0.0

	
21.2 ± 0.1

	
21.2 ± 0.1

	
21.3 ± 0.2

	
21.6 ± 0.3




	
B,a

	
B,a

	
A,a

	
A,a

	
A,a

	
AB,a
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Table 2. Inactivation parameters (i.e., the shoulder length SL, the maximum specific inactivation rate kmax, and the residual cell population Nres) according to the model of Geeraerd et al. [26] for challenge tests of L. monocytogenes. For the different inactivation conditions (i.e., pure GSE and pure GE) on one specific plating medium (i.e., TSAYE or Oxford), values bearing different uppercase letters are significantly different (p ≤ 0.05). For the different plating media at one specific inactivation condition, values bearing different lowercase letters are significantly different (p ≤ 0.05).
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Inactivation Parameter

	
Pure GSE

	
Pure GE




	

	
TSAYE

	
Oxford

	
TSAYE

	
Oxford






	
SL [h]

	
0.0 ± 0.1

	
0 ± 0.0

	
11.4 ± 0.7

	
5.2 ± 1.7




	
A,a

	
A,a

	
B,b

	
B,a




	
kmax [1/h]

	
11.4 ± 2.8

	
698 ± 247

	
0.420 ± 0.055

	
0.341 ± 0.061




	
B,a

	
B,b

	
A,a

	
A,a




	
Nres [log(CFU/mL)]

	
2.7 ± 0.2

	
2.2 ± 0.3

	
5.7 ± 0.1

	
5.2 ± 0.2




	
A,a

	
A,a

	
B,b

	
B,a
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Table 3. Time-average Injured Cells Coefficient (TICC) of L. monocytogenes, according to Equation (10), for challenge tests in the control (TSBYE), GSE-MIC, GE-MIC, pure GSE, and pure GE.
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	Treatment Condition
	TICC [–]





	Control
	7.8



	GSE-MIC
	15.1



	GE-MIC
	5.4



	Pure GSE
	98.3



	Pure GE
	59.3
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