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Abstract

:

Unhealthy dietary patterns have been associated with an increase in mortality rate as well as the high occurrence of nontransmissible chronic degenerative diseases. Subsequently, the development of new functional foods has been proposed to reduce the incidence of nontransmissible chronic degenerative diseases. Probiotics represent a group of functional foods, defined as live microbial feeds, which provide the host with intestinal health benefits. The present study focused on the identification and characterisation of the probiotic potential of lactic acid bacteria isolated from a fermented carrot and ginger brine. Sixteen isolates were identified as Leuconostoc mesenteroides subsp. mesenteroides species, following preliminary screening based on 16S rDNA gene sequencing, and were further characterised for probiotic candidature. The probiotic properties tested included resistance towards gastrointestinal conditions (bile, acid, lysozyme tolerance), cell surface hydrophobicity, antioxidant activity, and antagonistic activity against intestinal pathogens. In general, all the isolated Leuconostoc mesenteroides subsp. mesenteroides strains exhibited high acid, bile, and lysozyme tolerance. They also showed strong antibacterial activity against common intestinal pathogens, i.e., Staphylococcus aureus and Escherichia coli, as well as antioxidant activity such as hydroxyl radical-scavenging ability and hydrogen peroxide resistance. Overall, Leuconostoc mesenteroides subsp. mesenteroides possesses a great potential as a beneficial strain for functional food.
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1. Introduction


The increasing incidence of chronic lifestyle diseases and disorders has become a global concern, with the rapid progression of society into the age of digitisation and automation. Central to this issue is the rise of highly processed convenience foods and the sedentary lifestyle of the digital age, which cause frequent imbalances between high-energy intake and reduced physical activity [1,2]. However, the introduction of probiotics as components of functional foods can improve the nutritional and prophylactic value of the modern diet, to curb the incidence of both communicable and noncommunicable diseases [3,4]. The Food and Agriculture Organisation (FAO) and the World Health Organisation (WHO) define probiotics as live microorganisms that confer a health benefit on the host when administered in adequate amounts [5]. As such, probiotics can be used as viable foods or dietary supplements for human and animal consumption [6].



There are several criteria that microbial strains should fulfil to be considered as probiotics [7]. Firstly, probiotic strains should be natural nonpathogenic inhabitants of the host and be generally regarded as safe (GRAS) [8,9,10]. Moreover, they should be acid- and bile-tolerant to survive the digestive enzymes, stomach acid, and bile salts of the digestive tract [11,12,13]. Furthermore, probiotic strains must exhibit considerable surface hydrophobicity and good aggregation properties to facilitate colonisation of the lining of the gastrointestinal tract (GIT) [14]. They must adhere to the mucosal surface to colonize the intestinal wall and stimulate the immune system without effecting inflammatory responses [13,15,16]. Importantly, probiotic strains are expected to prevent adhesion and colonisation by common pathogenic bacteria, through the production of bactericidal metabolites (bacteriocins) [14,15]. Lastly, probiotic strains must exhibit good technological properties such as long-term stability for commercialisation, phage resistance, and large-scale production, and they should have no adverse effects on the organoleptic properties when applied to foods [17,18,19]. Although in vitro data alone are insufficient to conclude on the eligibility of a strain as a probiotic, it can provide valuable insight as a screening tool.



The origins of probiotics are closely linked to the consumption of fermented food, and, to date, lactic acid bacteria (LAB) from the Lactobacillus and Bifidobacterium genera are the most common and well-studied probiotic bacteria [20,21,22]. Some probiotic species of Lactobacillus and Bifidobacterium are natural inhabitants of the human GIT and have been associated with improving the management of irritable bowel syndrome, antibiotic-associated diarrhoea, cancer, and metabolic disorders [22,23,24]. However, despite the promising health benefits associated with probiotics in humans, exhaustive research is still required to justify their therapeutic properties; hence, probiotics can be considered as prophylactic agents rather than therapeutics. Nevertheless, this has not impeded the widespread application of probiotics in the food industry, where probiotics are exploited for the enzymes, exopolysaccharides, antimicrobials, aromatic compounds, and nutraceuticals they produce, which exhibit nutritional and biopreservative properties [25].



Today, consumers are aware of the relationship between diet, lifestyle, and health, which explains the growing demand for functional foods with enhanced nutritional value [8,26]. Consequently, the food industry is exploring the probiotification of everyday foods, to create a new generation of “probiotic health foods” [8,26]. However, due to economic challenges, the use of sophisticated techniques for the cultivation, characterisation, and screening of new probiotic isolates remains beyond the scope of most laboratories in developing countries; hence, simple and cost-effective methods are required [27]. Fruits and vegetables are readily accessible and naturally rich sources of vitamins, carbohydrates, and essential nutrients, which makes them a suitable and affordable cultivation media for probiotics [28,29]. The present study sought to isolate and identify potential probiotic LAB strains from a naturally fermented carrot and ginger brine using 16S rDNA gene sequencing and to evaluate the probiotic potential of these LAB isolates using simple in vitro tests. Here, we present LAB isolates identified as Leuconostoc mesenteroides subsp. mesenteroides that exhibited desirable probiotic properties under in vitro conditions.




2. Materials and Methods


2.1. Fermentation and Physicochemical Analysis of Carrot and Ginger Brine


Carrot and ginger were washed, peeled, grated, and mixed in a 2.5% brine concentration and left to ferment at room temperature for 14 days. During each day of fermentation, a sample was taken to analyse pH, titratable acidity, and total soluble solids.



pH and Titratable Acidity


The pH value of the brine was determined using a digital pH meter (OHAUS, New Jersey, NJ, USA). Titratable acidity expressed as lactic acid was estimated, as previously described by Tyl and Sadler [30]. Briefly, titratable acidity was determined by titrating the known quantity of carrot and ginger brine (15 mL) against standardised 0.1 M NaOH, using a few drops of 1% phenolphthalein solution as an indicator of the pink endpoint.



Results were expressed as percentage of lactic acid:


  %   Lactic   acid =     N ×  V 1  × E q   W t    V 2  × 1000   × 100  











N = normality of titrant (mEq/mL);



V1 = volume of titrant (mL);



Eq Wt = equivalent weight of predominant acid (mg/mEq);



V2 = volume of sample (mL);



1000 = factor relating mg to g (mg/g).





2.2. Enumeration of Yeasts, Coliforms, and LAB


To determine the number of yeasts, coliforms, and LAB from each day of fermentation, tenfold serial dilutions of up to 10−6 from the carrot and ginger brine were prepared using sterile saline solution (0.85% w/v NaCl). An aliquot of each dilution was plated out on Yeast Extract Peptone Dextrose (YPD) agar (Sigma-Aldrich, St. Louis, MO, USA), MacConkey agar (Sigma-Aldrich), and de Man, Rogosa, and Sharpe (MRS) agar (Sigma-Aldrich) in triplicates for yeast, coliform, and LAB count, respectively. YPD and MacConkey agar plates were incubated under aerobic conditions, while MRS agar plates were incubated under anaerobic conditions in an Anaerobic Gas-Pack system (ThermoFisher Scientific, Waltham, MA, USA) for 48 h at 37 °C. The total colony forming units per millilitre (cfu/mL) of yeast, coliforms, and LAB were recorded.




2.3. Isolation and Selection of LAB


Colonies with different appearances (colour, shape, size) were picked from the MRS agar plates. The selected colonies were repeatedly streaked on fresh MRS agar plate until single colonies with distinct appearances were obtained. The obtained colonies underwent preliminary tests, namely Gram staining, catalase production, growth at different temperatures, and carbon dioxide production from glucose [31,32,33].




2.4. Identification of LAB Using API 50 CHL Kits and 16S rDNA Sequencing


Biochemical characterisation of the isolates was performed using the API 50 CH kit (BioMerieux, Marcy-l’Étoile, France), which determines their ability to ferment carbohydrate substrates. All tests were performed in accordance with the instructions of the manufacturer. Further to this, the colonies identified as putative LAB were further confirmed to species level using 16S rDNA gene-targeted colony PCR. Each reaction mixture (final volume 25 µL) contained 0.5 µL of 10 µM primers: 15F (5′-GCTCAGGAYGAACGCYGG-3′) and 687R (5′-CACCGCTACACATGRADTTC-3′), 10.5 µL of distilled water, 1 µL of colony suspension, and 12.5 uL of TAKARA-EmeraldAmpGT PCR master mix (Separations, Johannesburg, South Africa). The PCR conditions were as follows: initial denaturation for 30 s at 94 °C and then 30 cycles of denaturation for 30 s at 94 °C, annealing for 30 s at 50 °C, extension for 30 s at 68 °C, and final extension for 5 min at 68 °C. The resulting PCR products were resolved on a 1% (w/v) agarose gel using 1 × TAE buffer and visualised under UV light. The PCR products were then sent for sequencing at the Kwazulu-Natal Research and Innovation Sequencing Platform (KRISP). To identify the LAB isolates, a blast search was performed for the resulting sequences using BLAST search engine http://www.ncbi.nlm.nih.gov/blast (accessed on 3 April 2020).




2.5. Assessment of Probiotic Potential of LAB


2.5.1. Tolerance to Low pH


The acid tolerance test was studied using a slightly modified method, as previously described by Hedin et al. [34]. Briefly, overnight grown cultures of the test strains were centrifuged for 10 min at 8000× g, and the resulting pellet was resuspended into MRS broth (Sigma-Aldrich), previously adjusted with hydrochloric acid (HCl) to pH 2.0 and pH 3.0. Bacterial cells that were resuspended in MRS broth (Sigma-Aldrich) containing no HCl were used as the control. The cultures were incubated anaerobically for 3 h at 37 °C. The viable cell count as a measure of bacterial growth was determined by subculturing at 3 h intervals and plating the serially diluted portions on MRS agar medium (Sigma-Aldrich). These were anaerobically incubated at 37 °C for 48 h in an anaerobic jar (ThermoFisher Scientific) with an AnaeroGen 2.5 L sachet (ThermoFisher Scientific). Lactobacillus reuteri Protectis DSM17938 was used as the reference strain.




2.5.2. Bile Salt Tolerance


The method of Walker and Gilliland [35] was used with minor modifications to assess bile tolerance of the 16 LAB isolates. Briefly, the isolates were inoculated into MRS-Thio-broth (Sigma-Aldrich), supplemented with or without Oxgall (Sigma-Aldrich), at a concentration of 0.3% or 0.5% (w/v). Then, the bacterial cultures were incubated in an anaerobic jar (ThermoFisher Scientific) with an AnaeroGen 2.5 L sachet (ThermoFisher Scientific) for 4 h at 37 °C. Thereafter, the optical density of the cultures was determined at 620 nm (OD620) as a measure of cell viability, and the bile resistance was calculated using the following equation:


  Bile   resistance   ( % ) =   OD 620    in   MRS  − Thio −  broth   with   oxgall    OD 620    in   MRS  − Thio −  broth   without   oxgall      × 100 %  












2.5.3. Lysozyme Resistance


Lysozyme resistance was assessed per the method of Dias et al. [36], with some modifications. Briefly, bacterial isolates were incubated in MRS broth (Sigma-Aldrich) overnight at 37 °C, pelleted by centrifugation (4500× g, 6 min, 4 °C), washed twice in phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4 pH 7.4), and resuspended in PBS. An aliquot of the bacterial suspension was inoculated into MRS broth (Sigma-Aldrich), supplemented with 50 or 100 µg/mL lysozyme (Sigma-Aldrich), and a bacterial suspension inoculated into MRS broth without lysozyme was prepared as the control. All the samples were incubated for 180 min at 37 °C, and microbial counts were conducted on MRS agar (Sigma-Aldrich) plate after 48 h of incubation at 37 °C in an anaerobic jar (ThermoFisher Scientific) with an AnaeroGen 2.5 L sachet (ThermoFisher Scientific).




2.5.4. Cell Surface Hydrophobicity


The method described by Vinderola and Reinheimer [37] was used to investigate the ability of L. mesenteroides subsp. mesenteroides isolates to attach to hydrophobic molecules. Cells from the 16 L. mesenteroides subsp. mesenteroides isolates and the reference strain, Lactobacillus reuteri Protectis DSM17938, were cultured overnight at 37 °C in MRS broth (Sigma-Aldrich). The cells were then harvested from the overnight cultures using centrifugation (6500× g, 4 °C, 6 min), washed twice in PBS, and resuspended in 1.5 mL of PBS. The optical density at 600 nm (A0) was determined. The cell suspension was then mixed in a 1:1 ratio with ethyl acetate (Sigma-Aldrich), vortexed for 2 min, and incubated at room temperature for 1 h to allow the aqueous and organic phases to separate. Lastly, 1 mL of the aqueous phase was collected for spectrophotometric analysis at 600 nm to determine the absorbance (A1). Using this data, percentage of hydrophobicity was calculated according to the following formula:


  %   hydrophobicity =    A 0    −    A 1     A 0      × 100 %  












2.5.5. Antibacterial Activity


The antibacterial activity of the isolates was determined using the agar well diffusion technique, as previously described by Mohankumar and Murugalatha [38], with minor modifications. The 16 L. mesenteroides subsp. mesenteroides isolates and the reference strain, Lactobacillus reuteri Protectis DSM17938, were screened for antibacterial activity against the two commonly known intestinal pathogens, Escherichia coli and Staphylococcus aureus. The selected isolates were grown in MRS broth (Sigma-Aldrich) at 37 °C for 24 h. Subsequently, the cell-free supernatants were prepared by centrifugation (6500× g, 10 min, room temperature), and the supernatants were sterilised using syringe filtration (0.45 µm). The pH of the filter-sterilised supernatants was adjusted to 6.5, using 1 M NaOH to neutralise the inhibitory effect of lactic acid. Diameter wells (6 mm) were then carved into solidified Mueller–Hinton agar (Sigma-Aldrich), seeded with either E. coli or S. aureus. Thereafter, 25 µL of each supernatant was added to the wells, and the plates were incubated at 37 °C for 24 h. The antibacterial activities of isolates and the reference strain were assessed by measuring the diameter of the inhibition zones around each well.




2.5.6. Antioxidant Activity


Scavenging of Hydroxyl Radical with Intracellular Cell-Free Extract


The 16 L. mesenteroides subsp. mesenteroides isolates and Lactobacillus reuteri Protectis DSM17938 were cultured for 18 h in MRS broth at 37 °C. Bacterial cell pellets from each of the isolates and reference strain were collected using centrifugation (6000× g, 10 min, 4 °C), washed twice with sterile deionised water and resuspended in sterile deionised water to approximately 108, 109, and 1010 cfu/mL. Intracellular cell-free extracts from each of the samples were then prepared, as described by Lin and Yen [39]. The hydroxyl radical-scavenging assay was performed using the Fenton reaction method [40]. Briefly, a reaction mixture containing brilliant green (0.435 mM, Sigma-Aldrich), FeSO4 (0.5 mM, Sigma-Aldrich), H2O2 (3.0%, w/v), and intracellular cell-free extracts of various concentrations was incubated at room temperature. Absorbance was measured at 624 nm for 20 min. The change in the absorbance of the reaction mixture showed the scavenging ability of the strains for hydroxyl radicals, and hydroxyl scavenging activity was calculated as follows:


Scavenging activity (%) = [(As − A0)/(A − A0)] × 100








where As is the absorbance with sample, A0 is the absorbance of the control without sample, and A is the absorbance without the sample and Fenton reaction system.




Resistance to Hydrogen Peroxide


The scavenging ability of hydrogen peroxide by intact cells of L. mesenteroides subsp. mesenteroides isolates was determined using the method of Buchmeier et al. [41], with some modifications. Briefly, the overnight cultures of the strains were inoculated into MRS broth and MRS broth containing 0.4, 0.7, or 1.0 mM hydrogen peroxide (30% (w/w) in water, Sigma-Aldrich). The cultures were incubated at 37 °C for 8 h. The optical density of the cultures was measured using a spectrophotometer at 600 nm as an indicator of cell growth. The results were reported as optical density (OD).






2.6. Statistical Analysis


The mean values (±standard deviation) for the pH, TA, TSS, and microbial counts for the brine from every day of fermentation were calculated using Microsoft Excel (2016). Acid tolerance, bile tolerance, lysozyme tolerance, cell surface hydrophobicity, and antimicrobial activity as well as antioxidant activity are presented as mean values ± SD from triplicate samples using Microsoft Excel 2016 (Microsoft Corporation, Washington, DC, USA). Further statistical analysis was performed on GraphPad Prism 7.03 (GraphPad Software, San Diego, CA, USA) to determine the normality of the data using the D’Agostino–Pearson test and the Shapiro–Wilks test. Statistical significance between the data at the 95% level of confidence was then determined using a one-way ANOVA and Tukey’s post-hoc test.





3. Results and Discussion


3.1. Genotypic Identification of the Isolates by 16S rDNA Sequencing


Preliminary to the study, carrot and ginger were peeled, grated, and spontaneously fermented in a 2.5% brine solution for 14 days under anaerobic conditions. The physicochemical properties and microbial diversity of the fermentation process were monitored in order to determine a suitable day for lactic acid bacterial growth (Figures S1 and S2). Based on characteristics such as high titratable acidity, low pH, and increased lactic acid bacterial count, day 5 of the fermentation process was considered suitable for lactic acid bacterial growth (Figures S1 and S2). Subsequently, 18 isolates (L1–L18) from the naturally fermented carrot and ginger brine sample of day 5 were identified as presumptive LAB species, based on phenotypic identification (Tables S1 and S2).



The identity of the isolates was further confirmed using LAB-specific primers, 15F and 687R, for species-level identification based on the 16S rDNA. As expected, a single discrete PCR amplicon band of approximately 0.75 Kb was observed for all the isolates investigated in this study. This corresponded with the size of the amplicon observed for our reference LAB strain (LR), Lactobacillus reuteri Protectis (DSM17938), as shown in Figure 1.



Then, 16S rDNA sequencing analysis of the isolates showed that, after 5 days of fermentation, the predominant population of bacteria in the carrot and ginger brine were Leuconostoc strains, as shown in Table 1. Of the 18 isolates sequenced, an overwhelming majority of the isolates (L1–L16) were identified as Leuconostoc mesenteroides subsp. mesenteroides, whereas isolates L17 and L18 were identified as Bacillus safensis and Bacillus licheniformis, respectively (Table 1). In this regard, the results of the genotypic identification contradicted those of the phenotypic identification, which had suggested that L17 was Bacillus pumilus (Table S2). This observation is in agreement with Branquinho et al. [42], who reported on the difficulty of differentiating Bacillus pumilus from closely related species, based on phenotypic and biochemical characteristics. Overall, these findings provided strong evidence to warrant further investigation of Leuconostoc mesenteroides subsp. mesenteroides, the dominant strain, as a potential probiotic LAB strain. Hence, isolates L1–L16 were selected for further analysis.




3.2. Acid Tolerance


The survival of probiotics during gastric transit is important for colonisation of the hosts GIT, in order to exert beneficial effects [43]. Therefore, the acid tolerance of the Leuconostoc mesenteroides subsp. mesenteroides isolates (L1–L16) was investigated under pH conditions that mimic the human stomach. Figure 2 shows the survival rates of the isolated strains at pH 2.0 and pH 3.0 after 3 h of incubation. The results showed that the overall survival rate for all 16 isolates and the reference strain was higher at pH 3.0 compared to pH 2.0. These results correlated with those previously reported by Benmechernene and colleagues [44], where a decrease of 21.17% in the viability of L. mesenteroides strains isolated from raw camel milk was observed after exposure to acidic pH 2, while an increase of 0.49% was observed at pH 3. In addition, isolates L5, L6, and L14 exhibited a survival rate comparable to that of the known acid-tolerant reference strain (LR) at pH 2.0 and pH 3.0 (Figure 2). Importantly, the survival rates of the three isolates showed no statistically significant difference to the survival rate of the reference strain under these acidic conditions, suggesting that the three isolates closely mimic the reference strain’s acid-tolerance capabilities. Notably, there was a sharp decline of viable cells for all the isolates at pH 2, with no growth observed for six strains of Leuconostoc mesenteroides subsp. mesenteroides (L8, L9, L12, L13, L15, L16). This observation corroborates the findings of previous studies, which have reported a decrease in the cell viability of probiotic strains at a pH of 2 and lower [44,45]. Furthermore, it is postulated that a pH value of 2.5 or below is very selective for the selection of potential probiotic strains, due to the variation in the pH of the stomach following the consumption of food [46].




3.3. Bile Tolerance


Bile secreted into the small intestine plays an important role in lipid digestion; however, due to its amphiphilic properties, it is cytotoxic to the gastrointestinal microbiota [47]. Therefore, bile salt tolerance is considered a key selection criterion for probiotic strains to preserve the integrity of the lipid bilayer of the bacterial cell membranes, maintain metabolic activity, and facilitate colonisation of the human GIT [47,48]. Although bile concentration is not uniformly distributed in the human GIT, the average intestinal bile concentration is considered to be 0.3%, with a staying time of 4 h [48,49].



The results of the bile salt tolerance assay are shown in Figure 3. All the Leuconostoc mesenteroides subsp. mesenteroides strains were able to grow in the presence of 0.3% and 0.5% Oxgall after the 4 h incubation period. As shown in Figure 3, isolates L1 and L5 showed bile tolerance of between 40–50% when exposed to 0.3% and 0.5% Oxgall, whereas all the other isolates had a survival rate of 60% and above. Notably, isolates L4 and L11 exhibited survival rates ranging closer to 90% for both concentrations of Oxgall, which were comparable to the reference strain (LR). However, statistical analysis of these data found that the difference in bile tolerance between isolates L4 (89.9%) and LR (87.6%) was insignificant in the presence of 0.5% Oxgall, whereas the observed difference between L11 (91.5%) and LR was significant. Similarly, at 0.3% Oxgall, LR (94.3%) was significantly different than isolate L4 (90.6%) and not statistically different to L11 (94.2%) at this concentration. As such, we can infer that isolate L11 showed the most promising results among the test isolates at both 0.3% and 0.5% Oxgall concentrations, when compared to the reference strain. In addition, the bile tolerance of the isolated LAB strains appears to be a strain-specific characteristic, and this is consistent with previously published studies [49,50].



Overall, the bile-tolerance data revealed a slight decrease in the survival rate of the isolates after 4 h of exposure to 0.5% Oxgall, when compared to 0.3% Oxgall (Figure 3). The resistance of LAB to high Oxgall concentrations is most likely due to the expression of bile-resistance-related proteins such as Hsp 1, Hsp 3, and ClpP in the bacterial cell [47,51]. The findings of the current study are similar to those reported by Benmechernene et al. [44] and De Paula et al. [52], where it was found that Leuconostoc mesenteroides and Leuconostoc mesenteroides subsp. mesenteroides strains showed good tolerance to higher bile salt concentrations. Owing to the high tolerance to bile salts of all the isolates, we expect the strains to be effective in bile salt deconjugation and, consequently, effective in lowering serum cholesterol [35].




3.4. Lysozyme Resistance


An important step towards the selection of potentially probiotic bacteria is to investigate the viability of candidate strains in vitro, under conditions that mimic the human GIT. Resistance to lysozyme contained in human saliva is one of the first requirements that potential probiotic bacteria must fulfil, as the lysozyme contained in the oral cavity may lyse Gram-positive bacterial cells [53]. All the isolates exhibited excellent resistance to a 50 µg/mL concentration of lysozyme, after the 3 h incubation period (Figure 4). Notably, at this concentration of lysozyme, only isolates L3, L8, and L12 showed a significant difference in behaviour, when compared to the reference strain, with viable counts lower by 1.1 log cfu/mL. By contrast, all the isolates showed reduced tolerance towards 100 µg/mL of lysozyme. Interestingly, only isolates L3 and L13 showed a statistically significant difference, in terms of survival rate at 100 µg/mL of lysozyme, when compared to the reference strain, with viable counts lower by 1.5 log cfu/mL (Figure 4).



The response of LAB to lysozyme has previously been described to be species- and strain-dependent, and our findings are in agreement with this notion [36]. Overall, our results indicated that all the isolates showed good to moderate resistance to 100 µg/mL lysozyme (ranging between 5.30–7.28 log cfu/mL), being much higher than that of previously reported Leuconostoc mesenteroides subsp. mesenteroides strains [54]. This indicates that the lysozyme-resistance capability of the isolates is high enough to survive lysozyme contained in the oral cavity, since 100 µg/mL is the highest level of lysozyme that is normally used to simulate in vivo saliva conditions [14].




3.5. Hydrophobicity


There is evidence to suggest that bacterial cell surface hydrophobicity enhances the adherence of bacteria to epithelial cells of the intestines [55]. Moreover, it has been shown that bacterial colonisation of the human GIT is facilitated by hydrophobic interactions between the epithelial cells of the mucosal surface and the bacterial cell surface [55,56]. Therefore, investigating the cell surface hydrophobicity of potential probiotic strains can yield valuable insights into their ability to adhere to the host epithelial cells and initiate colonisation. In this study, the microbial adherence to solvents test, using ethyl acetate, was used to test the cell surface hydrophobicity of the 16 isolates. As shown in Table 2, isolates L3 and L10 showed greater than 80% hydrophobicity, and the remaining isolates presented a cell surface hydrophobicity ranging between 33% and 56%. More interestingly, the percentage of hydrophobicity of each of the 16 isolates was found to be significantly different to that of the reference strain, which exhibited a cell surface hydrophobicity of 73.3%. In addition, isolates L3 and L10 showed greater cell surface hydrophobicity, when compared to the reference strain (Table 2), suggesting that they could join to epithelium through nonspecific binding [56]. These results are consistent with the findings of De Paula et al. [52], who reported on a strain of Leuconostoc mesenteroides subsp. mesenteroides that exhibited a cell surface hydrophobicity of more than 50%. Moreover, it has been suggested that cell surface hydrophobicity is a trait that is characteristic and consistent among isolates of the same bacterial strain. However, this characteristic can be influenced by external factors such as nutrient availability and physical growth conditions, which may affect the expression of genes that influence the adhesion properties of some bacteria [56,57]. Overall, the results presented in the hydrophobicity tests for the Leuconostoc mesenteroides subsp. mesenteroides isolates in the present study were higher than those of some other strains of LAB, as previously reported in the literature [56,58].




3.6. Antibacterial Activity Assay


Probiotic bacteria confer immunological benefits on the host, by inhibiting the growth of pathogenic bacteria in their vicinity [59]. Table 3 presents the antibacterial activities against two commonly known intestinal pathogens, Staphylococcus aureus and Escherichia coli. All 16 Leuconostoc mesenteroides subsp. mesenteroides isolates exhibited antibacterial activity against both pathogens, with inhibition zones ranging between 1.0–5.0 mm (low), 5.0–10.0 mm (moderate), and greater than 10.0 mm (high). Notably, 10 of the isolates (L2, L5, L6, L7, L8, L9, L10, L11, L13, L16) exhibited high antibacterial activity against both pathogens, as did the reference strain. Overall, it was observed that S. aureus was more sufficiently neutralised by the Leuconostoc mesenteroides subsp. mesenteroides isolates, compared to E. coli. (Table 3). These results are consistent with the results of previously published studies, which show that LAB isolates display greater influence against Staphylococcus aureus, in comparison to other pathogens [60,61].



The growth of pathogenic bacterial species might be inhibited by the secretion of antibacterial compounds such as hydrogen peroxide, organic acids, and bacteriocins produced by the Leuconostoc mesenteroides subsp. mesenteroides isolates [62,63]. Interestingly, the antibacterial activity of these compounds can be enhanced by the acidic environment in the stomach, to competitively exclude pathogenic bacterial species in the GIT [62,64]. Similarly, all the Leuconostoc mesenteroides subsp. mesenteroides isolates investigated in the present study exhibited strong inhibitory activity against the common intestinal pathogens, E. coli and S. aureus.




3.7. Antioxidant Activity


Free radicals such as reactive oxygen (ROS) species are important signalling molecules that regulate various redox-dependent cellular pathways. As critical modulators of the redox environment, regulation of free radical concentrations in the intracellular and extracellular environments is imperative for cell survival. Free-radical scavenging is one of the common methods employed by cells to prevent ROS-induced oxidation [65]. The hydroxyl (OH−) ion is one of the most potent ROS that can induce oxidative injury of biomolecules or even cell death. Published data have shown that when transition metals such as copper and iron are present, hydroxyl ions can be derived from hydrogen peroxide through the Fenton reaction [66]. However, some LAB species including Lactobacillus casei, Bifidobacterium longum, and Streptococcus thermophiles have developed antioxidative mechanisms that eradicate the transition metals that may facilitate these Fenton reactions [39,67]. Based on this premise, we sought to investigate the scavenging activity of our 16 Leuconostoc mesenteroides subsp. mesenteroides isolates for two of the most common ROS, hydroxyl radical and hydrogen peroxide.



As shown in Figure 5, all the isolates demonstrated varying levels of hydroxyl radical-scavenging activity within the tested concentration range of 108–1010 cfu/mL. Furthermore, five of the Leuconostoc mesenteroides subsp. mesenteroides isolates (L1, L2, L3, L8, L16), as well as the reference strain Lactobacillus reuteri Protectis DSM17938 (LR), showed the highest hydroxyl radical-scavenging activity at 1010 cfu/mL, with hydroxyl radical-scavenging rates exceeding 50%. The strong hydroxyl radical-scavenging activity observed from the intracellular cell-free extracts of Leuconostoc mesenteroides subsp. mesenteroides in this study is likely due to the ability of these strains to chelate transition metal ions such as Fe2+ [67]. We postulate that this may form part of the antioxidant mechanisms of these strains. Lastly, we noted that Lactobacillus reuteri Protectis DSM17938 (LR) consistently outperformed all the test isolates at all three concentrations tested, since statistical analysis of the data showed that all the data for Leuconostoc mesenteroides subsp. mesenteroides were statistically lower, when compared to the data obtained for the reference strain (Figure 5).



Furthermore, compared to the hydroxyl radical, hydrogen peroxide is a weak oxidant that may give rise to a hydroxyl radical that can cause oxidative damage of cells. Moreover, hydrogen peroxide may also cause transition metal ion-dependent and hydroxyl radical-mediated oxidative DNA damage [65,68]. Therefore, the effect of hydrogen peroxide on the viability of Leuconostoc mesenteroides subsp. mesenteroides was assessed (Table 4). The data showed that all 16 test isolates could tolerate 8 h of exposure to 0.4 mM hydrogen peroxide, despite varying levels of viability. Importantly, the reference strain outperformed all the test isolates at all the hydrogen peroxide concentrations tested, except isolate L3 at a hydrogen peroxide concentration of 0.4 mM. However, upon analysing the data further, it was found that this observed difference was, in fact, insignificant. At a concentration of 1.0 mM hydrogen peroxide, only two isolates, L2 and L16, were found to be statistically comparable to the reference strain, with optical densities of 0.83 and 0.82, respectively (Table 4).



Our findings corroborated the results of previous studies, which reported that Lactobacillus strains exhibit varying levels of hydrogen peroxide resistance; Lee et al. [67] found that L. casei KCTC 3260 and L. rhamnosus GG cells could tolerate exposure to 1.0 mM of hydrogen peroxide for 8 h, whereas L. casei 01 showed no resistance. Moreover, it has been shown that L. fermentum E-3 can tolerate 1.0 mM of hydrogen peroxide for 180 min. By contrast, L. fermentum E-18 cells were only viable for 150 min, and L. fermentum E-338-1-1 cells showed no resistance under the same conditions [68]. Similar results were observed in our study, where isolates L1, L2, L3, L8, and L16 exhibited the highest level of resistance against hydrogen peroxide, with optical densities above 0.7 after incubation for 8 h with 1.0 mM hydrogen peroxide. By contrast, isolate L12 was the most sensitive, as it was found to have an optical density below 0.30. Currently, the mechanism that is responsible for the observed variation in hydrogen peroxide tolerance among LAB remains unknown. This can be a subject of investigation for future studies.





4. Conclusions


The 16 LAB strains isolated from a fermented carrot and ginger brine, identified as Leuconostoc mesenteroides subsp. Mesenteroides, presented interesting probiotic characteristics. Most of the isolates were found to possess desirable probiotic properties similar or superior to those of the reference probiotic strain, Lactobacillus reuteri Protectis DSM17938, under in vitro conditions. All the tested isolates showed good tolerance towards simulated gastrointestinal conditions (high acid, bile, lysozyme tolerance). In addition, they exhibited strong antibacterial activity against resident intestinal pathogens as well as antioxidant activity. Therefore, these strains are good candidates for further investigation with in vivo studies to elucidate their potential health benefits.
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Figure 1. Species-specific PCR amplification with primers 15F and 687R. (A) Lane M: (1 Kb ladder), Lane 1: (Lactobacillus reuteri Protectis DSM17938), and Lanes 2–14: (isolates L1–L13). (B) Lane M: (1 Kb ladder), Lane 1: (Lactobacillus reuteri Protectis DSM17938), and Lanes 2–6: (isolates L14–L18). 
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Figure 2. Survival rates of isolates after 3 h of exposure to acidic conditions. (Isolate code: L1–L16: Leuconostoc mesenteroides subsp. mesenteroides, LR: Lactobacillus reuteri Protectis DSM17938). The results are expressed as a mean ± SD of three independent experiments. Data points denoted with a # bear no statistically significant difference to LR. 
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Figure 3. Survival rates of lactic acid bacteria after 4 h of exposure to MRS broth supplemented with Oxgall. (Isolate code: L1–L16: Leuconostoc mesenteroides subsp. mesenteroides, LR: Lactobacillus reuteri Protectis DSM17938). The results are expressed as a mean ± SD of three independent experiments. Data points denoted with a # bear no statistically significant difference to LR. 
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Figure 4. Survival of LAB in the presence of different concentrations of lysozyme. (Isolate code: L1–L16: Leuconostoc mesenteroides subsp. mesenteroides, LR: Lactobacillus reuteri Protectis DSM17938). The results are expressed as a mean ± SD of three independent experiments. Data points denoted with a # bear no statistically significant difference to LR. 
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Figure 5. Scavenging of hydroxyl radical by intracellular cell-free extract of Leuconostoc mesenteroides subsp. mesenteroides isolates. (Isolate code: L1–L16: Leuconostoc mesenteroides subsp. mesenteroides, LR: Lactobacillus reuteri Protectis DSM17938). Each value is expressed as mean ± SD (n = 3). Data points denoted with a # bear no statistically significant difference to LR. 
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Table 1. Identification of LAB isolates from spontaneously fermented carrot and ginger brine by sequencing the 16S rDNA.
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	Isolate Code
	Phylogenetic Affiliation
	Accession No.
	Similarity (%)





	L1
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	81.25



	L2
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	89.34



	L3
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	94.71



	L4
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	94.79



	L5
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	98.75



	L6
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	98.91



	L7
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	99.06



	L8
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	98.76



	L9
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	99.21



	L10
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	99.21



	L11
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	99.21



	L12
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	99.04



	L13
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	99.20



	L14
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	97.45



	L15
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	97.81



	L16
	Leuconostoc mesenteroides subsp. mesenteroides
	NC008531.1
	97.81



	L17
	Bacillus safensis
	NZCP018191.1
	97.50



	L18
	Bacillus licheniformis
	NC006270.3
	96.89
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Table 2. Hydrophobicity (%) of Leuconostoc mesenteroides subsp. mesenteroides strains to ethyl acetate, measured as OD600nm.
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	Isolate Code
	Hydrophobicity (%)





	L1
	45.64 ± 0.58



	L2
	33.98 ± 2.65



	L3
	83.68 ± 0.51



	L4
	56.59 ± 4.59



	L5
	54.58 ± 0.51



	L6
	36.28 ± 0.16



	L7
	36.11 ± 1.58



	L8
	33.89 ± 5.32



	L9
	36.74 ± 1.06



	L10
	84.35 ± 1.85



	L11
	33.18 ± 1.86



	L12
	39.07 ± 0.07



	L13
	38.30 ± 2.04



	L14
	35.99 ± 1.18



	L15
	54.93 ± 4.30



	L16
	51.44 ± 0.87



	LR
	73.64 ± 1.12







Each value is expressed as the mean ± SD of three independent experiments (n = 3). L1–L16: Leuconostoc mesenteroides subsp. Mesenteroides; LR: Lactobacillus reuteri Protectis DSM17938.
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Table 3. Antibacterial activity of Leuconostoc mesenteroides subsp. mesenteroides against two common intestinal pathogens.
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Isolate Code

	
Antimicrobial Activity




	

	
Escherichia coli

	
Staphylococcus aureus






	
L1

	
++

	
+++




	
L2

	
+++

	
+++




	
L3

	
+

	
+++




	
L4

	
++

	
++




	
L5

	
+++

	
+++




	
L6

	
+++

	
+++




	
L7

	
+++

	
+++




	
L8

	
+++

	
+++




	
L9

	
+++

	
+++




	
L10

	
+++

	
+++




	
L11

	
+++

	
+++




	
L12

	
++

	
++




	
L13

	
+++

	
+++




	
L14

	
+

	
+++




	
L15

	
++

	
+++




	
L16

	
+++

	
+++




	
LR

	
+++

	
+++








(+) inhibition zone 1.0–5.0 mm; (++) inhibition zone 5.0–10 mm; (+++) inhibition zone > 10 mm. L1–L16: Leuconostoc mesenteroides subsp. Mesenteroides; LR: Lactobacillus reuteri Protectis DSM17938.
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Table 4. Resistance of Leuconostoc mesenteroides subsp. mesenteroides strains to different concentrations of hydrogen peroxide.






Table 4. Resistance of Leuconostoc mesenteroides subsp. mesenteroides strains to different concentrations of hydrogen peroxide.





	
Isolate Code

	
Hydrogen Peroxide (mM)




	

	
0

	
0.4

	
0.7

	
1.0






	
L1

	
2.58 ± 0.27 #

	
2.16 ± 0.02 #

	
1.41 ± 0.02 #

	
0.72 ± 0.02




	
L2

	
2.67 ± 0.24 #

	
2.06 ± 0.06 #

	
1.51 ± 0.05 #

	
0.83 ± 0.05 #




	
L3

	
2.59 ± 0.25 #

	
2.17 ± 0.11 #

	
1.46 ± 0.01 #

	
0.73 ± 0.02




	
L4

	
2.54 ± 0.22 #

	
1.86 ± 0.06

	
1.08 ± 0.03

	
0.53 ± 0.17




	
L5

	
2.28 ± 0.06 #

	
1.56 ± 0.08

	
0.99 ± 0.03

	
0.41 ± 0.02




	
L6

	
2.28 ± 0.13 #

	
1.56 ± 0.07

	
0.96 ± 0.01

	
0.34 ± 0.06




	
L7

	
2.07 ± 0.05

	
1.93 ± 0.02 #

	
1.34 ± 0.06 #

	
0.64 ± 0.03




	
L8

	
2.60 ± 0.26

	
2.05 ± 0.05 #

	
1.42 ± 0.14 #

	
0.74 ± 0.04




	
L9

	
1.96 ± 0.06

	
1.48 ± 0.10

	
0.71 ± 0.23

	
0.37 ± 0.13




	
L10

	
1.95 ± 0.07

	
1.50 ± 0.03

	
0.75 ± 0.22

	
0.33 ± 0.12




	
L11

	
2.15 ± 0.04

	
1.92 ± 0.01 #

	
1.39 ± 0.02 #

	
0.60 ± 0.10




	
L12

	
1.92 ± 0.07

	
1.52 ± 0.04

	
0.79 ± 0.16

	
0.25 ± 0.03




	
L13

	
2.28 ± 0.03

	
1.72 ± 0.04

	
0.90 ± 0.09

	
0.32 ± 0.10




	
L14

	
2.35 ± 0.04

	
1.75 ± 0.02

	
0.94 ± 0.13

	
0.37 ± 0.02




	
L15

	
2.04 ± 0.02

	
1.76 ± 0.03

	
1.20 ± 0.11

	
0.39 ± 0.08




	
L16

	
2.01 ± 0.03

	
1.90 ± 0.05

	
1.41 ± 0.03 #

	
0.82 ± 0.14 #




	
LR

	
2.68 ± 0.22

	
2.11 ± 0.13

	
1.71 ± 0.31

	
1.01 ± 0.03








Each value is expressed as the mean ± SD of three independent experiments (n = 3). L1–L16: Leuconostoc mesenteroides subsp. Mesenteroides; LR: Lactobacillus reuteri Protectis DSM17938; #: not significantly different to LR.
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