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Abstract

:

The present study concerns the isolation and characterization of potential probiotic bacteria isolated from indigenously fermented cereal-based products commonly produced by tribal people of the Aravali hills region of India and the documentation of their unexplored probiotic attributes. The isolated strains were evaluated for probiotic attributes, such as bile salt and acid tolerance, lysozyme and phenol tolerance, antagonistic and antifungal activity, cell autoaggregation, cell-surface hydrophobicity, simulated gastric and pancreatic digestion, antioxidative potential, bile salt hydrolase activity, and H2O2 production. The safety of isolates was assessed by antibiotic sensitivity, hemolytic activity, DNase activity, and biogenic amine production assays, while technological properties, such as fermenting ability, amylolytic activity, and EPS production, were also evaluated. A total of 70 LAB isolates were screened initially, and 6 strains showed good potential as probiotic candidates in in vitro assessments. The efficient strains were identified using phenotyping and biochemical characterization, which results were further confirmed and recognized at the strain level using phylogenetic analysis and 16S rDNA sequencing. The current study has shown that Lactiplantibacillus plantarum KMUDR7 isolated from “Makka ki Raab” has excellent probiotic attributes and could be a potential probiotic for product preparation. However, other strains, Lactobacillus delbrueckii subsp. bulgaricus KMUDR1 and Lacticaseibacillus rhamnosus KMUDR9, showed good properties, while KMUDR14, -17, and -20 also have comparable probiotic attributes.
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1. Introduction


Lactic acid bacteria are generally considered safe and have been used in food preservation for several centuries. In the fermented dairy and food industries, LAB make a significant contribution and have an economic impact. There are various studies that have focused on the health benefits of LAB in the modern fermented food processing sector [1]. The predominant and most commonly found lactic acid bacterial genera are “Enterococcus, Lactococcus, Lactobacillus, Leuconostoc, Vagococcus, Pediococcus, Streptococcus, Tetragenococcus, Vagococcus, and Weissella 1” [2]. LAB are used to ferment sugar into lactic acid as the major end-product, which further leads to the enhancement of the sensorial, textural, nutritional, and functional attributes of fermented food products [3,4]. Lactobacilli are a major and diverse group among all LAB. The main characteristics of the group are that they are Gram-positive, do not form endospores, are catalase-negative, and non-pathogenic, the bacteria belonging to the GRAS category of organisms [5]. Lactic acid bacteria have reportedly been isolated from a variety of sources, such as raw biotic matrices (grains, crops, plant surfaces, and silages), fermented food products (fermented milk, cereals, fruits, and vegetables), and gastrointestinal and vaginal tracts [6,7,8,9]. The major application of LAB is in food fermentation to further reduce food spoilage and inhibit pathogenic microbes by virtue of their antimicrobial activities, such as bacteriocin production. Furthermore, their immunostimulatory function and benefits as live probiotic microbes have led to an increasing demand for new indigenous strains with wider benefits [10,11,12]. Each fermented product species provides a distinct environment in terms of competing microorganisms, natural vegetative antagonists, as well as substrate accessibility, type, and concentration of probiotics under various physical factors. Despite these similarities, there are significant differences in substrates and products, as well as the types of microbes used in the production of fermented foods and beverages around the world. Therefore, a number of studies have been conducted to isolate and characterize LAB from diverse and unique natural food matrices [6].



LAB are used as probiotics due to their various beneficial health effects, i.e., suppression of cancer [13], antidiabetic activity [14], allergy prevention [15], cholesterol-lowering effects [16], protection from pathogens [17], immunomodulation [18,19], risk-reduction of diseases [12], and improvement of microflora of the gastrointestinal tract [20]. Currently, most of the LAB strains used as probiotics belong to the Lactobacillus and Bifidobacterium genera [21] and are used as biocontrol agents due to their mycotoxin-reducing abilities and enhancement of bioavailability [3]. Probiotic microbes are selected on the basis of various criteria, such as technological attributes (cell growth, stability, and viability in raw food substrates), their effects on the sensorial attributes of products, gastrointestinal tract survivability, and functionality (cell autoaggregation, cell-surface hydrophobicity, bacteriocin production, immunomodulation, antimicrobial activity, and safety) [22]. However, in vivo studies and clinical trials are required to confirm such properties.



Several fermented foods and beverages are manufactured throughout the world using cereals, with area-specific local variations in terms of composition and processes of manufacturing [23,24,25,26]. Although India has a wide variety of fermented foods, indigenous fermented product preparation and consumption practices are mostly limited to particular locations and specific communities. Traditional fermented food preparation is one of the world’s oldest biotechnological processes, in which microorganisms play a crucial role in sensory enhancement, enrichment, health-promoting properties, and food preservation [3,27,28]. Raabadi or Rabadi is a popular traditionally fermented cereal-based beverage consumed daily in northwestern India, mainly in rural parts of Haryana, Rajasthan, and Punjab [29,30]. It is a very important staple food and provides nutrition and energy to millions of people with low and average incomes in India. A Raabadi-like milk-cereal-based fermented product, “Makka Ki Raab,” is traditionally prepared in Southern Rajasthan, India, which is a very popular drink for people of the region, especially tribals. It is prepared by mixing and fermenting maize flours with “khatti chhaschh” or buttermilk, followed by boiling with continuous stirring for 20–30 min and adding salt as per need. Then, the prepared product is cooled and consumed directly or after mixing with buttermilk as a breakfast beverage. Olia is a curd-rice-like product prepared occasionally in households using cooked rice and Dahi. Rice cooked the previous night is mixed with dahi and khand (raw sugar) in the morning and consumed as a breakfast meal. A Jalebi is a sweet spiral dish widely consumed in the region, prepared using cereal flour, gram flour, and sugar syrup. Kadhi is another cereal-based spiced curd sauce that is prepared using gram flour, buttermilk, and spices. It can be consumed with steamed rice or roti, or pulao.



The probiotic attributes of LAB are strain-specific, and strain characteristics vary from one product to another [31]. Cereal-based fermented products are recognized as a good source of probiotic strains of LAB. These products contain high counts of LAB, which may be a potential source for exploring beneficial probiotic strains. Although various researchers have isolated, screened, and characterized lactic acid bacterial probiotic strains from cereal-based fermented products in different parts of the world [28,32,33,34,35,36,37], none of these researchers has studied the cereal-based fermented food products of the Udaipur region (tribal-population-dominant part of Southern Rajasthan, India). Therefore, our investigation aimed to describe, isolate, and evaluate the potential probiotic lactic acid bacterial strains from the cereal-based fermented foods of the studied area.




2. Materials and Methods


2.1. Sample Collection


The samples of traditionally fermented cereal-based fermented food products (Makka ki Raab, Olia, Jalebi batter, Raabadi, and Kadhi) were obtained from Udaipur and surrounding districts of Southern Rajasthan, India. The product samples (200 g each) were aseptically collected from the households in sterilized containers and immediately transferred to an ice box. Then, the samples were transported to the laboratory on the same day and kept in a refrigerator (5 ± 1 °C) until further examinations were performed.




2.2. Isolation and Purification of LAB Isolates


A quantity of 25 gm of each collected sample was diluted with 25 mL of sterile phosphate solution and the required serial dilution was prepared. Then, appropriate dilutions (0.1 mL of each sample) were spread-plated on pre-solidified MRS agar plates in duplicate and kept in anaerobic jars at 37 °C for 36–48 h. Thereafter, MRS plates with countable and separate colonies were taken for the random selection of colonies, which were further transferred into 5 mL MRS broth. The cultures were purified by repeated streaking on MRS agar plates and confirmed by Gram staining, catalase testing, and spore staining. The pure cultures were preserved in MRS agar slants and kept in a refrigerator below 5 °C, while stock culture was stored at −20 °C in glycerol for further use [21].




2.3. Evaluation of Probiotic Properties (In Vitro)


2.3.1. Acid Tolerance


The tolerance of isolates towards low-pH or acidic conditions was performed using the protocol used in [33]. The isolated cultures were grown overnight (24 h) in MRS broth by incubation in anaerobic conditions at 37 °C before use. Then, the activated cultures were centrifuged for harvesting of the cells at 5000 rpm at 4 °C for 10 min. After centrifugation, the pellets were subjected to washing in phosphate-buffered saline solution (pH 7.2) and then resuspended in test tubes containing 5 mL sterile MRS broth. The pHs of the test tubes containing active cultures were adjusted to different pH values (2.0, 3.0) by adding 1 N HCL to create gastric-like environments. A control sample was prepared by adjusting the pH of the MRS broth to 6.5. After pH adjustment, the test tubes were incubated at 37 °C for different time intervals (0, 2, and 3 h) and serially diluted with sterile PBS. The appropriate homologous serial dilutions were plated in MRS agar media. The viable LAB counts were enumerated in log10 CFU/mL using the plate count method.




2.3.2. Bile Tolerance


The bile tolerance of LAB isolates was assessed using bile salts, as described in [33]. The pellets of culture isolates were obtained as described above and resuspended in 5 mL MRS broth containing 0.3% (w/w) bile salts (Sigma Aldrich, St. Louis, MO, USA). One control sample was prepared without adding bile salts. The samples were incubated at 37 °C and withdrawn after intervals of 0, 2, and 3 h. Samples of 100 µL were taken on MRS agar plates for viability counts after the performance of appropriate serial dilutions. The cell viability counts were determined and expressed as log10 CFU/mL.




2.3.3. Antagonistic Activity


The antagonistic activity of isolates was determined according to [21], with some modifications. The test organisms in the study were obtained from NCIM, Pune, India. The most acid-bile-resistant culture isolates were used for further analysis and activated in sterile MRS broth supplemented with 1% glucose. The overnight-grown cells of LAB isolates were subjected to centrifugation at 5000 rpm for 10 min at 4 °C.



The cell-free supernatant (CFS) of each isolate was collected and used for testing antimicrobial activity against different pathogens. The pathogenic indicator organisms were grown overnight in Nutrient Agar (HiMedia, Mumbai, India). A 100 µL volume of each active pathogenic culture was evenly spread on the surface of an already prepared and solidified nutrient agar (NA) plate. The plates were kept for 30–45 min at room temperature for drying. Thereafter, wells were prepared on dried Nutrient Agar plates using a sterile borer (6 mm diameter). A volume of 100 µL CFS of each selected LAB isolate was placed in the wells and incubated at 37 °C for 24–48 h. An inhibitory zone of more than 1 mm was considered a positive zone of inhibition (ZOI) surrounding the wells, and ZOIs were measured with a caliper in millimeters. The test was performed in triplicate for each isolate against each pathogenic strain.




2.3.4. Antifungal Activity


The potential probiotic LAB isolates were tested for antifungal activity by the agar overlay method adopted in [38], with slight modifications. The antifungal activity of the isolates was tested against Aspergillus brasiliensis NCIM 1196, Alternaria solani MTCC 2101, and Candida albicans NCIM 3471. The overnight-grown active cultures were streaked on two separate equidistant spots on the MRS agar plates and incubated at 37 °C for 24 h for antifungal spectrum assay. The culture-spotted MRS agar plates were overlaid with 0.7% soft potato dextrose agar evenly mixed with 20 µL spore suspension of each tested fungal pathogenic species containing 106 spores/mL. The prepared plates were incubated aerobically at 25 ± 2 °C for 2 and 7 days and observed for a clear zone of inhibition around the spotted areas of the LAB colonies.




2.3.5. Resistance to Phenol


Resistance to phenol in the selected cultures was assessed according to the protocol used in [33]. The ability to resist phenol is considered an important evaluation criterion for putative probiotic strains because phenol may inhibit LAB in the gastrointestinal tract. Sterilized MRS broth test tubes supplemented with 0.4% (v/v) phenol were prepared. Then, overnight active cultures were inoculated in the test tubes and incubated at 37 °C for 24 hrs. After incubation, cell viability counts were enumerated in MRS agar using the standard plate count method.




2.3.6. Tolerance to Lysozyme


The tolerance of selected LAB cultures to lysozyme was defined according to the method given in [39], with minor modifications. The cultures were grown overnight in MRS broth and centrifuged, and the pellets were resuspended in PBS solution, having been washing twice with the same buffer. A solution was prepared in vitro to mimic in vivo saliva conditions using sterile electrolyte solution (CaCl2 0.22 g/L; NaCl 6.2 g/L; KCl 2.2 g/L; NaHCO3 1.2 g/L) supplemented with 100 mg/L lysozyme (HiMedia). A 10 µL cell suspension was inoculated in SES solution. A control indicator was also prepared using SES without adding lysozyme. The culture samples were incubated at 37 °C for 2 h. The viable cell counts were determined as percentages of CFU/mL after serial dilutions and plating in MRS agar.




2.3.7. Cell Autoaggregation


The autoaggregation abilities (cell-adhesion properties) of LAB cells in the gut are important properties for maintaining LAB populations in the gut. Cell autoaggregation abilities were measured according to the method of [32], with slight modifications. The overnight-grown cultures of LAB isolates were harvested by centrifugation (11,000 rpm, 4 °C, 10 min). The cell pellets were washed 2 times with PBS and resuspended with the same buffer (PBS) to adjust absorbance (initial optical density of culture suspension-x) at 0.5 at 600 nm. Then, 5 mL of diluted mixture was placed in a 15 mL falcon tube and incubated at 37 °C for 1 h after gentle vortexing for 10 s. The upper phase (1 mL) of the incubated suspension was removed carefully, and the absorbance (final OD of the upper-layer suspension) was measured at 600 nm. The autoaggregation was recorded and calculated using the following formula:


Percentage autoaggregation = (x − y/x) × 100



(1)




where x represents the initial optical density of the culture suspension and y represents the final OD of the upper-layer suspension after 1 h incubation.




2.3.8. Cell-Surface Hydrophobicity


The cell-surface hydrophobicity of bacterial cells is the ability to adhere to the surface of hydrocarbons, which is an important indicator of the ability of putative probiotic LAB to adhere to the epithelial cells of the gut. The adhesion of LAB isolates to xylene was measured according to [32], with slight modifications. The overnight-grown cell culture was harvested (8000 rpm, 4 °C for 10 min), washed twice with PBS (pH 7.3), and resuspended in sterile 0.1 M KNO3 (pH 6.2). The absorbance (initial OD—A) of the suspended culture was adjusted to 0.55–0.66 at 600 nm. The cell suspension (3 mL) of the above and a hydrocarbon solvent (xylene, 1 mL) were mixed at a ratio of 3:1 and incubated at 37 °C for 10 min, followed by vortexing for 1 min. The aqueous phase (1 mL) was removed carefully after incubation at 37 °C for 30 min. The absorbance (final OD after incubation—B) of the aqueous phase was enumerated at 600 nm. The percentage hydrophobicity was measured by a decrease in absorbance and calculated using the following formula:


Percentage cell-surface hydrophobicity = (1 − B/A) × 100



(2)








2.3.9. Survivability in Gastric and Pancreatic Juices


The survivability of cultures under gastric and pancreatic conditions was evaluated as per the method adopted in [38], with slight modifications, in gastric juice and pancreatic juice under simulated in vitro conditions. Both simulated juices (gastric and pancreatic) were prepared as described in [40]. The fresh overnight (24 h)-grown isolated samples were centrifuged (6000 rpm, 4 °C, 10 min); the cell pellets were washed with PBS, resuspended with gastric juice, and adjusted to obtain a final absorbance of 1.2 at 500 nm. The culture samples were subjected to peristaltic movement by being kept in an orbital shaker (LABTOP Instrument Pvt Ltd., Palghar, India) at 200 rpm at 37 °C for 3 h. The samples were plated in MRS agar in appropriate serial dilutions after 0 h (immediately after adding gastric juice) and 3 h. Then percentage survivability in the simulated gastric-juice conditions was determined using the following formulae:


Percentage survival in gastric juice = (logTPGJ3/logTPGJ0) × 100



(3)




where logTPGJ0 is the log cell count at 0 h and logTPGJ3 is the count after 3 h incubation



The culture (after incubation with gastric juice for 3 h) was centrifuged (6000 rpm at 4 °C for 10 min) and the cell pellets were washed in PBS, then mixed with the same volume of pancreatic juice (PJ). The culture samples were incubated in an orbital shaker at 200 rpm for continuous shaking to simulate gut conditions at 37 °C for 24 h. The samples were plated in MRS agar after 0 h (immediately after adding pancreatic juice) and 24 h after appropriate serial dilution to enumerate the simulated pancreatic-digestion survival count. The percentage survivability of the culture samples was calculated as per the following formula:


Percentage survival in pancreatic juice = (logTPPJ24/logTPPJ0) × 100



(4)




where logTPPJ0 is the cell count at 0 h and logTPPJ24 is the count after 24 h incubation




2.3.10. Antioxidative Potential of LAB Isolates


The method was based on the ability of LAB cells to scavenge ABTS (2,2 azino-bis 3 ethylbenzothiazoline-6-sulfonic acid) radicals and performed as per the (slightly modified) procedure given in [33]. Briefly, fresh, overnight-grown LAB isolates were harvested by centrifugation (5000 rpm, 4 °C, 15 min) and the pellets were washed twice and resuspended in PBS. The working solution was prepared using ABTS (HiMedia) solution (5 mL) with K2S2O8 and incubated for 24 h in dark bottles to form ABTS radicals. A quantity of 15 mL of PBS was mixed with 200 µL of the ABTS solution, and absorbance was determined at 750 nm. An aliquot of suspended cell cultures (10 µL) was mixed in the above solution and shaken for 30 s. Then, absorbance was measured after 5 min, and the percentage of inhibition was determined in terms of absorbance.




2.3.11. Hydrogen Peroxide Production


Determination of H2O2 production by the LAB isolates was performed as per [33]. The overnight-grown culture was streaked on MRS agar plates supplemented with 2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS) and 2 mg/L peroxide horseradish (SRL Chemicals). The ABTS and horseradish peroxide were supplemented with sterilized MRS agar (molten condition) before being poured onto Petri plates. The plates were incubated at 37 °C for 2–3 days under anaerobic conditions. The observance of blue halos surrounding the colonies was an indication of the formation of H2O2 (positive test).




2.3.12. Bile Salt Hydrolase (BSH) Activity


The BSH activity of cell culture isolates was performed according to the method adopted in [32], with slight modifications. For this, 10 µL samples of the overnight-grown cultures were streaked on a dry surface of MRS agar medium containing CaCl2 (0.37 g/L) and 0.5% (w/v) different bile salts (sodium taurodeoxycholate, sodium taurocholate) (HiMedia). The plates were incubated at 37 °C for 2–3 days in an anaerobic jar. Positive BSH activity was considered if precipitation zones were observed surrounding the colonies.





2.4. Safety Assessment


2.4.1. Antibiotic Sensitivity Test


The antibiotic sensitivity test for the culture isolates was carried out according to the method adopted in [32], with minor modifications. Soft MRS agar (0.7% w/v) was poured onto sterile Petri plates and kept at ambient temperature for solidification. The overnight-grown cells of LAB isolates (100 µL) were spread on MRS agar plates and kept for drying. The different antibiotic disks were put on the dried plates and incubated in a refrigerator (4 °C) for 30 min for smooth and rapid diffusion of antibiotics. These plates were incubated at 37 ± 2 °C for 48 h. The diameters of clear zones surrounding the antibiotic disks were measured with calipers (in mm). The data obtained were interpreted as per “Performance Standards for Antimicrobial Disc Susceptibility Testing”, described by “Clinical and Laboratory Standards Institute” [41] and EUCAST (European Committee on Antimicrobial Susceptibility Testing) [42].




2.4.2. Hemolytic Activity


The hemolytic activity of the putative probiotic isolates was determined by the protocol adopted in [40], with slight modifications, as it is considered an important criterion for the safety assessment of newly isolated strains. Solidified blood agar plates were prepared after proper mixing with sheep blood 5% (v/v). Then, overnight-grown cell cultures were streaked on the plates and incubated at 37 ± 2 °C for 2–3 days. The results were assessed based on the formation of zones of hemolysis (α, β, or γ) surrounding the bacterial colonies. The microbial culture of Staphylococcus aureus ATCC 2079 was taken as the positive control.




2.4.3. DNase Activity


The deoxyribonuclease (DNase) activity of the LAB isolates was measured by the method adopted in [43], with slight modifications. The isolates were grown overnight in MRS broth, and the cell populations were adjusted to 108 CFU/mL. The LAB cultures were streaked on DNase test agar and incubated at 37 °C for 24 h. Clear zones of DNase activity were observed after flooding the plates with 1 N HCl. Staphylococcus aureus ATCC 2079 was taken as a positive control to compare the deoxyribonuclease (DNase) activities of the isolates.




2.4.4. Qualitative Evaluation for Biogenic Amine (BA) Formation


The qualitative screening of BA formation was detected using the method of [44], with minor modifications. The overnight-grown cultures were inoculated at 1% w/v in 5 test tubes of sterile decarboxylase broth. One test tube was used as a control (without any amino acids), and the remaining four tubes were supplemented with 1% w/v of one of the amino acids (l-Lysine, l-Histidine, l-Arginine, and l-Tyrosine; Sigma, Igea Marina, Italy). The final pH levels of the broths in all the test tubes were adjusted to 5.3, and the tubes were incubated at 37 °C after 48 h. The appearance of purple coloring in the broth media corresponding to the control indicated a positive reaction for decarboxylase activity in the tested cultures.





2.5. Technological Properties of the LAB Isolates


2.5.1. Amylolytic Activity


The previously stocked LAB isolates were grown overnight in MRS broth and streaked on modified MRS agar plates (MRS media prepared without glucose but with 0.25% starch). The plates were incubated at 37 °C for 48–72 h. Then, Gram’s iodine solution was flooded on plates as a detecting agent. The clear halo zones in the plates were examined, these being indications of α-amylase activity [44].




2.5.2. Screening of Exopolysaccharides


The screening of exopolysaccharide production by LAB isolates was performed as described in [45]. The isolated LAB strains were streaked on plates containing 20 g/L of sugar (glucose, fructose, sucrose, or lactose) and MRS agar, followed by incubation of the plates at 37 °C for 36 to 48 h. The development of slimy colonies by LAB isolates on the sugar-containing plates confirmed the production of exopolysaccharides. “Ropy” characters were also assessed by extending colonies with an inoculation loop.




2.5.3. Milk Fermenting Ability


The six LAB isolates were tested for fermenting ability to produce fermented lactic acid products using skim milk (TS—10% w/w) prepared using skim milk powder (Amul Brand, GCMMFL, Anand) and double-distilled water, followed by sterilization in an autoclave (121 °C/15 min) [46]. The LAB isolates inoculated at 1% (v/v) had cell counts of about 104 CFU/mL in the sterilized skim-milk test tubes. After inoculation, the test tubes were incubated at 37 °C for 24 h. The prepared fermented product samples were stored in a refrigerator for 21 days. The viability of LAB strains was determined at 0, 12, and 24 h during the fermentation process and at 7, 14, and 21 days during storage in refrigerated conditions.





2.6. Phenotypic and Biochemical Characterization


The potential probiotic LAB isolates were identified on the basis of their morphological, physiological, and biochemical characteristics, as recommended in Bergey’s Manual of Determinative Bacteriology. Cell morphology was examined by Gram staining, and catalase and endospore tests were also performed. Only Gram-positive, catalase-negative, and non-spore-forming cells were further evaluated and identified. The growth of the selected isolates was checked at different temperatures (4 °C, 10 °C, 37 °C, and 45 °C) and salt concentrations (4% and 6.5%), while fermentation type was adjudged based on the formation of CO2 from glucose, as per the method used in [21]. Citrate and carbohydrate utilization tests were performed, as per the methods recommended in Bergey’s Manual of Determinative Bacteriology.




2.7. Molecular Identification of Probiotic LAB Isolates Using 16s rDNA Gene Sequencing


The 16S rDNA sequencing technique was used as a molecular tool to identify the isolates. DNA from the six selected isolates was purified using a DNA isolation kit (Himedia, Mumbai), and the quality of the isolated DNA was assessed on agarose gel. PCR amplification of the 16s rDNA gene fragments of the potential LAB isolates was performed using the universal primers 27f (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492r (5′-CTACGGCTACCTTGTTACGA-3′). The amplified samples were outsourced to MrBiologist LLP, Pune, India, for 16S rDNA sequencing. The obtained sequences for each strain were examined by comparing them with those of reference bacteria available in the NCBI (National Centre for Biotechnological Information) Genbank database (available at: www.ncbi.nlm.nih.gov, accessed on 10 September 2022), using the BlastN search program and the closest match considered for the species, which showed high levels of homology (>95%). A phylogenetic tree was prepared after pairwise alignment using CLUSTAL W [47], using sequences obtained from NCBI Genbank. Kimura’s two-parameter model [48] was used for the construction of a maximum-likelihood tree, which was further tested by bootstrap analysis with 1000 replicates [49] using Mega 10.0 software.




2.8. Statistical Analysis


All the experiments were conducted in triplicate (n = 3), and the results were shown as means ± standard deviations. Statistical significance was determined by one-way and two-way ANOVAs accompanied by Duncan’s post hoc test using IBM SPSS Statistics 22 at p < 0.05. The graphs were plotted using OriginPro 2018 software.





3. Results


3.1. Acid and Bile Tolerance


A total of 70 LAB isolates were initially screened from different products by morphological and cultural characteristics. Out of 70 isolates, 50 isolates were found to be Gram-positive, catalase-negative, and non-spore-forming, and these were screened and selected under acidic conditions using a fast selective procedure, resulting in four groups. Out of the 50 isolates studied, 23 exhibited poor tolerance to acidic conditions, 13 showed fair tolerance, 8 isolates showed very good tolerance, and 6 isolates showed exceptional tolerance. Furthermore, 14 acid-tolerant LAB isolates were tested for bile salt tolerance after being exposed to acidic conditions, followed by phenol tolerance, antagonistic and antifungal activity, lysozyme resistance, and cell-surface properties. In this study, based on their probiotic properties, 6 efficient isolates among 14 were chosen for further analysis. The current paper majorly focuses on these six isolates, which were found to be efficient for all the tested probiotic criteria. The acid tolerances (pH 2.0 or 3.0) of the candidate probiotic LAB strains were evaluated to determine their abilities to survive in the acidic conditions of the stomach [28,32]. Humans have a digestive fluid known as bile which enables the emulsification and solubilization of lipids and lipid-soluble vitamins in the body for proper digestibility [28]. A higher bile concentration is injurious to the micro-flora and cell membranes of the host. A 0.3% w/v bile concentration is critical and sufficient for checking the bile tolerance of strains. The selected cell cultures were temporally evaluated for their viability counts at different pH levels (2.0 and 3.0) at 0, 2, and 3 h (Table 1). The tolerances of the isolates to bile salts at a 0.3% concentration at 0, 2, and 3 h at 37 °C were found to be more than 50% (Table 2). The LAB isolates KMUDR7 and KMUDR1 showed the highest acid and bile tolerances.




3.2. Antagonistic and Antifungal Activity


A typical potential probiotic LAB isolate needs to exert antimicrobial activity against several pathogenic microbes by producing antimicrobial compounds, such as bacteriocin, organic acids (lactic acid, acetic acid, propionic acid), H2O2, diacetyl, and surfactants [50,51]. The LAB isolates were evaluated for their antagonistic activities against common food-borne pathogens. The zones of inhibition of the cell-free supernatants of different isolates were found to be in the range of 0 to 24 mm. The isolate KMUDR7 showed the largest diameters in its zones of inhibition against Staphylococcus aureus NCIM 5345 (23.33 ± 1.15 mm), Staph. epidermis NCIM 2493 (21.33 ± 1.53 mm), and other tested pathogens, while KMUDR1 showed a good ZOI (18 ± 1 mm) against Staph. epidermis NCIM 2493 (Table 3).



The LAB isolate KMUDR7 showed the largest zones of inhibition after 2 days against Aspergillus brasiliensis NCIM 1196 (22.67 ± 1.25), Alternaria solani MTCC 2101 (22.33 ± 1.25), and Candida albicans NCIM 3471 (21.33 ± 2.49). The isolate KMUDR14 showed no inhibitory activity against Candida albicans after 2 and 7 days, whereas KMUDR17 did not show a zone of inhibition against Aspergillus brasiliensis after 7 days. The other isolates were observed to have varying degrees of antifungal activities, as presented in Table 4.




3.3. Resistance to Phenol


The phenol tolerance of all six isolates was evaluated using a 0.4% concentration of phenol for 24 h at 37 °C. The isolates KMUDR1, KMUDR7, and KMUDR17 were not inhibited by the phenol concentration, but the other three isolates (i.e., KMUDR9, KMUDR14, and KMUDR20) were found to be sensitive. The viability counts for all isolates after incubation (24 h) were found to be in the range of 7.56 to 8.97 log CFU/mL. The isolates KMUDR7 and KMUDR17 were significantly (p < 0.05) increased during incubation (Figure 1).




3.4. Lysozyme Tolerance and Cell-Surface Properties


All the tested LAB isolates showed more than 53% survival against lysozyme exposure for 2 h, whereas significantly (p < 0.05) high survivability was observed for KMUDR7 (96.75 ± 1.96%) in comparison to the other isolates.



The cell-surface hydrophobicity of the bacterial cells was evaluated using hydrocarbon xylene to check their abilities to adhere to the surfaces of hydrocarbons. The tested isolates showed good and varied surface hydrophobicities, which were found to be in the range of 55.93 ± 2.69 to 86.77 ± 2.98%. The isolate KMUDR7 (86.77 ± 2.98%) showed the highest hydrophobicity, followed by KMUDR1 (75.3 ± 2.76%), whereas the lowest was shown by KMUDR17 (55.93 ± 2.69%). The isolate KMUDR7 had significantly (p < 0.05) higher cell-surface hydrophobicity compared to the other tested isolates. Cell autoaggregation was evaluated to check the abilities of LAB cells to form clumps due to the interaction of different cell-surface substances (e.g., proteins, peptidoglycans, and lipoteichoic acid). All the tested LAB isolates showed cell autoaggregation in the range of 50.29 ± 1.79 to 82.47 ± 2.58%. Further, there was significantly (p < 0.05) higher cell autoaggregation recorded for the isolates KMUDR7 (82.47 ± 2.58%) and KMUDR1 (72.37 ± 2.45%) in comparison to the other isolates (Figure 2).




3.5. Survivability in Gastric and Pancreatic Juices


The survival of LAB isolates under simulated gastric-juice digestion with digestive enzymes is depicted in Figure 3. The isolate KMUDR7 showed the highest survival (85.54 ± 1.01%) in in vitro conditions after 3 h incubation, while the other isolates showed more than 50% survival, except for KMUDR20 (48.58 ± 1.73%). KMUDR7 had a significantly higher (p < 0.05) survival in comparison with the other isolates. The isolates were also evaluated in simulated pancreatic-digestion environments, and their viability percentages were estimated after 24 h incubation. All the tested isolates showed survivability, which was an indication of their ability to colonize in the intestine (Figure 3). A significantly higher (p < 0.05) viability was recorded for KMUDR7 (78.71 ± 1.59%) in comparison to the other LAB isolates. The lowest survival was observed for KMUDR17 (42.91 ± 2.85%).




3.6. Antioxidative Potential


The antioxidative ability of LAB isolates was determined using ABTS, and the results are depicted in Figure 4. All the isolates were observed to have antioxidative potentials ranging from 15.04 ± 1.42% to 75.11 ± 1.9%. The isolate KMUDR7 (75.11 ± 1.9%) was recorded as having a significantly higher (p < 0.05) inhibition, followed by KMUDR1 (69.59 ± 1.48%) in comparison to the others.




3.7. H2O2 Production and BSH Activity


H2O2 exhibits bactericidal activity against microbial cells, thus enhancing the shelf life and food-safety of products. The production of H2O2 by different isolates was assessed by assessing the growth of cultures on MRS media plates containing ABTS. The intensity of color was used as a parameter for evaluating the level of H2O2 production. The highest H2O2 production was observed for KMUDR7, followed by KMUDR1. There were no blue color halos found in the plates for the isolates KMUDR14, KMUDR17, and KMUDR20, which was an indication of no production of H2O2.



The BSH activity of the LAB isolates was assessed by exposing them to a high concentration of bile salts. BSH-positive strains hydrolyze and deconjugate bile salts, which is a desirable property for a probiotic strain with respect to surviving toxicity and colonizing in the intestine. The MRS plates were examined for the formation of a zone of precipitation surrounding the isolates showing positive BSH activity (Table 5). All the tested isolates were observed to have positive BSH activity, except KMUDR17, while the largest zone of precipitation was recorded for KMUDR7.




3.8. Safety Assessment


3.8.1. Antibiotic Sensitivity Test


The antibiotic sensitivity test was performed for the selected six LAB isolates against different antibiotics, as per EFSA guidelines. All the tested LAB isolates showed resistant phenotypes as per the breakpoint scale (ZOI ≤ 14) against tetracycline and ciprofloxacin. The isolate KMUDR7 showed resistance to all the tested antibiotics, except Chloramphenicol and Erythromycin. The isolates KMUDR17 and -20 were observed to have medium sensitivity (15–19 mm) and non-resistance (sensitive ≥ 20 mm) against most antibiotics. There was variable sensitivity observed against different antibiotics, which results are presented in Table 6.




3.8.2. Hemolytic Activity, DNase Activity, and Biogenic Amine Production


Probiotic bacteria are considered non-pathogenic; therefore, they should not exhibit any zone of hemolysis (i.e., be non-hemolytic) or DNAse activity. There was no zone of hemolysis observed for any of the LAB isolates, which was an indication of γ-hemolytic activity. In this study, none of the tested isolates showed DNAse activity during the experiment. The screening of biogenic amine production is also one of the important safety criteria for evaluating the safety of putative probiotic LAB isolates. All the tested LAB isolates were found to be negative for biogenic amine production, as none of them changed the color of decarboxylase broth to purple. Therefore, all tested LAB isolates were considered non-pathogenic and safe for human consumption.





3.9. Technological Properties


3.9.1. Amylolytic Activity


Amylolytic activity is a desirable property for LAB intended for use as starter cultures in the preparation of fermented foods. The isolates KMUDR1, KMUDR7, and KMUDR9 showed weak amylolytic activity, whereas no activity (no zones surrounding the colonies) was observed for the other tested strains.




3.9.2. EPS Production


EPS production is a desirable property for starter cultures and probiotic strains due to its ability to improve the body and texture, firmness, consistency, and mouthfeel of foods. EPS production was identified by the development of slimy colonies on sucrose-containing agar media. All the LAB isolates were able to form characteristic slimy colonies and were considered EPS-producing isolates. The isolates KMUDR1 and KMUDR7 showed long, stretchy filaments when stretched with loops, and this EPS production may further develop during product development.




3.9.3. Milk Fermenting Ability


All selected LAB isolates were tested for their ability to survive during fermentation (24 h) and storage (21 days) in refrigerated conditions, and the data are presented in Table 7. All the isolates showed significant growth (p < 0.05) during fermentation ranging from 4.17 ± 0.05 to 8.94 ± 0.04 log CFU/mL. Among all the isolates, KMUDR7 (8.94 ± 0.04 log CFU/mL), followed by KMUDR1 (8.81 ± 0.04 log CFU/mL), showed higher significant growth compared to the other tested LAB isolates. During storage under refrigeration (4 °C), all isolates decreased significantly, except KMUDR1 and KMUDR7, which showed significant increases at 14 days as compared to the viability counts at 7 days. The isolate KMUDR7 (4.82 ± 0.06 log CFU/mL) was recorded as having the highest viability count after 21 days, followed by KMUDR1, whereas the minimum count was recorded for KMUDR17 (2.68 ± 0.19 log CFU/mL).





3.10. Phenotyping and Biochemical and Molecular Characterizations


The six potent LAB isolates possessing efficient probiotic attributes were subjected to various phenotyping and biochemical tests and were found to be Gram-positive, catalase-negative, and non-spore-forming. Genus-level identifications were performed on the basis of biochemical tests, according to Bergey’s Manual of Bacteriology. These isolates were further confirmed and identified by partial 16S rDNA sequencing, and the phylogenetic positions of the LAB species are shown in Figure 5. The isolate KMUDR7, identified as Lactiplantibacillus plantarum, showed 96.51% similarity to the closest match for the reference sequence in NCBI Genbank and was found to be the best among all the tested LAB isolates, with excellent probiotic and technological attributes. The identification and accession numbers of all the tested isolates are presented in Table 8. The other LAB isolates were identified as Lactobacillus delbrueckii subsp. bulgaricus (KMUDR1), Lacticaseibacillus rhamnosus (KMUDR14), Lactobacillus helveticus (KMUDR17), Limosilactobacillus fermentum (KMUDR17), and Limosilactobacillus reuteri (KMUDR20).





4. Discussion


The acid tolerances (pH 2.0 or 3.0) of the candidate probiotic LAB strains were evaluated to determine their abilities to survive in the acidic conditions of the stomach [28,32]. Ahire et al. 2021 reported that Lactobacillus plantarum UBLP40 had 73% cell viability at a low pH (2.0) when incubated for 3 h [32]. Weisella confusa strain GCC_19R1, Lactobacillus plantarum RPY1, L. helveticus K14, Lactobacillus plantarum KJ722784, Lb. plantarum DM5, Lb. plantarum LD1, Lb. plantarum K90, and Lb. fermantum K75 strains, isolated from different traditionally fermented cereal-based products, also showed good cell viability at low pHs [28,33,52,53,54,55]. Humans have a digestive fluid known as bile which enables the emulsification and solubilization of lipids and lipid-soluble vitamins in the body for proper digestibility [28,56]. A higher bile concentration is injurious to the microflora and cell membranes of the host. Lactobacillus plantarum UBLP40, isolated from traditional Indian fermented products, was exposed to bile (0.3% w/v concentration) and cell viability was checked [32]. Ref. [57] demonstrated that Lactobacillus plantarum strain growth decreased with increasing concentrations of bile, which might be due to the detrimental effects of bile. Furthermore, bile tolerance of potential probiotic strains is considered critical for bacterial survival in the gastrointestinal (GI) tract. In this study, at low pHs (2.0 and 3.0), decreasing trends were observed for viability counts with increased exposure times for all isolates. The survivability of isolates was also found to decrease with bile salt concentration (0.3%) up to 3 h exposure. However, the isolates KMUDR7 and KMUDR1 showed minimum decreases in cell counts during the studied period (0 to 3 h). The resistance of many lactic acid bacterial cells might be due to their ability to develop mechanisms to survive in acidic conditions, including stimulation of H+-ATPases, alteration of cell envelopes, ingestion of protons inside cells, and the formation of alkalis [58]. A typical potential probiotic LAB isolate needs to exert antimicrobial activity against several pathogenic microbes by producing antimicrobial compounds, such as bacteriocin, organic acids (lactic acid, acetic acid, propionic acid), H2O2, diacetyl, and surfactants [50,51]. Some of the bacteria produce biologically active proteinaceous substances with antimicrobial attributes that are known as bacteriocins. The majority of bacteriocins are effective against Gram-positive bacteria [59], but some of them also exhibit antimicrobial activity against other spoilage-causing microflora, as well as pathogens [60]. Recently, [32] reported the inhibitory potential of Lactobacillus plantarum UBLP40 against various food pathogens, viz., Micrococcus luteus, Staphylococcus aureus subsp. aureus, Pseudomonas aeruginosa, and E. coli. Some other recent reports are also available regarding the antimicrobial potentials of isolated LAB strains from products of Indian origin [28,33,54,55,61]. Some strains, such as Lactobacillus plantarum (BBC32A, BBC33, BIF43) [40], L. helveticus K14 [54], and Lactobacillus plantarum KJ722784 [62], from other cereal-based products have also shown good colonization properties in in vivo tests. Antimicrobial activity is essential for the prevention of pathogens by competitive expulsion in the gut. KMUDR7 showed the highest antifungal activity among all the tested LAB isolates against fungi. Potential probiotic isolates bind to the GI tract and avoid the colonization of fungal species by competitive expulsion and by producing antifungal metabolites [63]. It is important for a probiotic strain used as a starter culture to provide beneficial effects to the host and extend the shelf life of food [64]. Recently, various LAB strains isolated from different food matrices were observed with antifungal activities against mycotoxigenic fungi, and efficient strains were identified as Lb. pentosus and Lb. sanfranciscensis [65]. Another study also reported the isolation of the efficient antifungal isolate MYSN 106 from Neera samples [38].



Further, phenol tolerance at a 0.4% concentration is considered an important attribute for a potential probiotic strain. Phenol is produced in the gastrointestinal tract as a result of deamination of some amino acids and is considered a toxic metabolite for microbial growth. In this study, KMUDR1, -7, and -17 showed phenolic tolerance; however, other strains showed decreasing trends after 24 h exposure to phenol. Previously, other researchers also reported phenol tolerance at 0.4% for the Lb. plantarum RYPR1 and RYPR9 [33] and variable tolerance for different LAB isolates [38,66]. Lysozyme tolerance in vitro is determined to assess the survivability of strains under stressful conditions of lysozyme exposure, as lysozyme is present in saliva. Selected lactobacilli strains showed high tolerance to lysozyme even after 3 h exposure to lysozyme, with survivabilities of more than 69% [46]. Other researchers also reported varying degrees of resistance for LAB isolated from fermented foods, with maximum survival values of up to 96.69% [33,62]. In our study, KMUDR7 was observed to have the maximum survivability (96.75 ± 1.96%), whereas others showed >53% survivabilities after 60 min exposure, which is in agreement with other studies [33,62].



The adhesion properties of bacteria with respect to solvents are used to estimate their abilities to colonize on the gastrointestinal wall. According to [32], a strain (Lactobacillus plantarum UBLP40) isolated from fermented foods showed good adhesion to xylene (higher cell-surface hydrophobicity), which was an indication of its good adhesion ability for colonization in the intestine. The adhesion ability of the potential strain to xylene at 30 min was higher in comparison to four Lb. plantarum strains [40]. In the current study, KMUDR7 showed the highest cell-surface hydrophobicity (CSH), while the other isolates were observed to have CSHs >55%. Similar trends were also reported for isolated strains, such as Lb. plantarum RPY1 [33], Lb. helveticus K14 [54], and Lb. plantarum KJ722784 [62], from different traditionally fermented cereal-based food products. A potential probiotic strain should have the ability to colonize in the GIT and attach to the intestinal epithelium [28]. According to [28], the candidate probiotic strains had varied autoaggregation activities ranging from 16 to 50%. This property helps to prevent the colonization and adhesion of pathogenic microbes. Recently, [28] evaluated the cell autoaggregation properties of the Weisella confusa strain GCC_19R1 isolated from sour rice, and the activity was observed to be 38.7%. In the present study, variable degrees of cell autoaggregation (54.89 to 82.47%) were observed for all the tested LAB isolates. The results were in agreement with those for other strains, such as Lactobacillus plantarum UBLP40 isolated from idli batter [32] and Lb. plantarum RPY1 isolated from Raabadi [33], and strains such as Lactobacillus plantarum (BBC32A, BBC33, BIF43) [40], Lb. helveticus K14 [54], and Lb. plantarum KJ722784 [62] isolated from other cereal-based products also showed good colonization properties in in vivo tests.



The simulated gastric- and pancreatic-digestion experiments were performed to check the survival of LAB isolates in the adverse environment of the gastrointestinal tract. All the tested LAB isolates in the present study showed more than 45% survival, which is in accordance with results for previously reported strains of Lactobacilli of cereal-based food origin [32,33,40,62]. Various reports support the claim that Lactobacilli isolated from cereal-based foods are less resistant to pancreatic juice than gastric juice [32]. The isolate KMUDR7 showed good survivability (85.54 ± 1.01%) and can be considered a potential probiotic candidate. Using the ABTS method, the relative abilities of LAB isolates to scavenge ABTS were observed to check their antioxidative potentials. The isolates KMUDR1, -7, and -9 showed more than 60% inhibition of ABTS radicals, which indicates their ability to produce radical cations for antioxidant suppression. The antioxidative potential of food-borne probiotic bacteria is supported by various mechanisms, such as the formation of antioxidative compounds (i.e., folate, butyrate, and glutathione), stimulation of antioxidative host genes, suppression of genes associated with reactive oxygen species (ROS) formation, and modulation of gut microflora [67]. The results of the current study are in agreement with results for LAB isolated from Raabadi [33].



H2O2 production by LAB cultures is also considered beneficial, due to its ability to exert antimicrobial activities against a range of spoilage and pathogenic microbes. H2O2 cytotoxicity is due to the formation of certain bactericidal reactive oxides (e.g., hydroxyl radicals) by the action of reducing agents and peroxidases [68]. Ref. [33] reported that out of six potential isolates, three strains (RYPR1, RYPR9, and RYPC7) were able to produce H2O2. In the present study, two isolates, KMUDR1 and -7, were observed to produce H2O2.



BSH activity has also recently been identified as a desirable probiotic feature for strain selection, and the production of BSH enzymes by LAB facilitates the survival of bacteria under high bile acid toxicity conditions. The deconjugation of bile salts by LAB is an indication of host–microbe interaction in the gut, which facilitates the functional regulation of cholesterol metabolism [67]. Recently, [57] reported that a Lactobacillus plantarum strain isolated from foods showed the selective ability to deconjugate bile salts, in contrast to earlier research reports that human-origin strains showed BSH activity. Moreover, this activity was strain-dependent, as a varying degree of bile salt deconjugation was observed among the strains. In the present study, all the isolates, except KMUDR17, precipitated the tested bile salts, which is in agreement with earlier studies [32,33].



A probiotic should not produce any toxic substances and should improve safety for consumers by inhibiting pathogens and preventing the production of biogenic amines. These strains should not show hemolytic or DNase activities, these being considered important criteria for the non-virulence of strains. Strains should be resistant to different antibiotics and must not have any transferable antibiotic-resistance genes [28,69]. However, highly antibiotic-sensitive probiotic strains with non-transferable resistance genes are considered safe and have been observed to have beneficial effects after antibiotic therapy in terms of eliminating gut pathogens [32,70]. Several strains of Lactobacillus sp. were reported to be safe according to the parameters of antibiotic susceptibility and hemolytic activity [20,32,38,40]. The results of the present study are in accordance with earlier reports for LAB isolates from cereal-based foods [32,33,54]. Hence, all the tested LAB strains are considered safe potential probiotics based on antibiotic susceptibility profiling, hemolytic activity, and biogenic amine production under in vitro conditions.



Amylolytic LAB are very rare in nature; they contain the amyA gene, which facilitates the conversion of starch into lactic acid by producing α-amylase enzymes. The most proficient starch-fermenting LAB are associated with the genera Lactobacillus and Lactococcus [71]. Three strains of Lactobacillus acidophilus showing high amylolytic activities (A4, L9, and L23) were isolated from pigs and characterized as potential probiotic candidates [72]. Recently, [73] reported three strains of Lactobacillus plantarum with probiotic attributes possessing high amylase activities isolated from Chinese cereal-based fermented foods. In our study, KMUDR1, -7, and -9 showed weak amylolytic activities. However, amylolytic activities are strain-dependent [74]. The production of exopolysaccharides (EPSs) is an important desirable property for improving the textural attributes of cereal-based fermented foods without any safety concerns [75]. Several reports have presented and explored exopolysaccharide-producing bacteria and yeasts isolated from cereal-based products [36,44]. The EPS production of Lactobacillus plantarum isolated from “Nigerian traditional fermented cereal gruel ogi” was investigated by Fourier-transform infrared spectroscopy, and the EPS production for the tested strains was found to be in the range of 1.36 g/L to 2.18 g/L [44]. In a similar study, thirteen LAB strains isolated from Boza were evaluated for EPS production and potential use as adjunct cultures, and most of the strains showed significant production of EPS [76]. The production of EPS in foods provides various benefits to living beneficial bacteria, such as protection from adverse conditions, toxic molecules, phagocytosis apart from biofilm formation, and cell recognition [77]. Various structures of EPSs perform different roles in EPS-producing cells, which are still unknown and mostly strain-dependent [78]. The six selected isolates were grown in skim-milk media to check their suitability as probiotics and viability during fermentation and storage. All isolates showed growth during fermentation up to 24 h but decreasing trends were observed during storage. The cell populations of all six tested cultures were found to be above the recommended limit of 106 CFU/mL for exerting beneficial effects on human health during fermentation. The isolates KMUDR1 and -7 showed acceptable concentrations up to 14 days of storage. Previously, some other researchers [46,79] also reported the same trend for a potential probiotic strain.



Morphological, phenotypic, and biochemical characterizations were performed for all six potential probiotic stains to identify the genera of the isolates. Researchers widely use these parameters for the identification of LAB from different indigenously fermented foods products, i.e., Neera samples [38], Raabadi [33], yoghurt [80], and sour rice [28]. Ref. [21] reported that the LAB isolates E031, T035, and K011 showed growth at 4% and 6.5% NaCl concentrations, whereas E052 did not grow at a 6.5% NaCl concentration. All the six LAB isolates were further confirmed using phylogenetic tree construction and the 16S rDNA sequencing technique. The four different potential probiotic lactobacilli strains (Lactobacillus plantarum JCM1149, Lactobacillus paracasei NBRC15889, Lactobacillus plantarum CIP103151, and Lactobacillus paracasei subsp. tolerans NBRC15906) were identified from indigenously fermented foods products of Ethiopia (Teff dough, Ergo, and Kocho) using 16S rDNA sequencing [21]. According to [54], a 16S rDNA gene sequence analysis of the LAB isolates from different fermented foods showed that all efficient probiotic isolates belonged to the Lactobacilli genus. Similarly, some other researchers have also used this technique for the strain-level identification of potential probiotic strains isolated from various food matrices [28,38,46,80,81].




5. Conclusions


The current study aimed at the isolation and characterization in vitro of probiotic bacteria from traditional cereal-based fermented products from the Aravali hills region of Southern Rajasthan, India. Given the favorable probiotic attributes of the LAB isolates, particularly Lactiplantibacillus plantarum KMUDR7 and Lactobacillus delbrueckii subsp. bulgaricus KMUDR1, it can be concluded that cereal-based fermented products are good sources for the isolation of probiotic bacteria. The potential probiotic strains could be further used as starter cultures to prepare indigenous cereal-based products at a commercial level as well as in other futuristic functional foods for wider public benefit. However, further in vivo trials may be carried out to validate their potential health-promoting attributes and applications at an industrial scale.
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Figure 1. Survival of the tested LAB isolates using a 0.4% phenol concentration. Different letters above the bars denote statistically significant differences. 
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Figure 2. Cell-surface properties (cell autoaggregation and cell-surface hydrophobicity) and lysozyme tolerance. Different letters above the bars denote statistically significant differences (p < 0.05). 
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Figure 3. Simulated gastric- and pancreatic-juice digestion survival (values means ± SDs). Different letters above the bars denote statistically significant differences (p < 0.05). 
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Figure 4. Percentage inhibition of ABTS radicals by LAB isolates (values means ± SDs). Different letters above the bars denote statistically significant differences (p < 0.05). 
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Figure 5. Phylogenetic analysis of the potent LAB strains based on partial 16S rDNA sequencing. 
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Table 1. Acid tolerance of LAB strains (viability of cells after exposure—log CFU/mL).
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Isolate

	
pH (2.0)

	
pH (3.0)




	

	
0 h

	
2 h

	
3 h

	
0 h

	
2 h

	
3 h






	
KMUDR1

	
9.35 ± 0.03 dC *

	
9.07 ± 0.04 cB

	
8.93 ± 0.04 cA

	
9.53 ± 0.11 cD

	
9.24 ± 0.09 cE

	
9.1 ± 0.02 aF




	
KMUDR7

	
9.41 ± 0.02 eC

	
9.33 ± 0.01 dB

	
8.99 ± 0.03 dA

	
9.62 ± 0.06 cD

	
9.33 ± 0.07 aE

	
9.36 ± 0.03 aF




	
KMUDR9

	
9.22 ± 0.03 cC

	
8.8 ± 0.03 bB

	
8.63 ± 0.03 bA

	
9.38 ± 0.04 bD

	
8.87 ± 0.05 bcE

	
8.82 ± 0.11 aF




	
KMUDR14

	
9.15 ± 0.03 abC

	
8.79 ± 0.08 bB

	
8.6 ± 0.03 bA

	
9.27 ± 0.06 abD

	
8.84 ± 0.06 bE

	
8.67 ± 0.13 bF




	
KMUDR17

	
9.12 ± 0.04 aC

	
8.72 ± 0.08 bB

	
8.55 ± 0.04 aA

	
9.23 ± 0.05 aD

	
8.72 ± 0.1 cE

	
8.62 ± 0.08 cF




	
KMUDR20

	
9.19 ± 0.02 bcC

	
8.67 ± 0.04 aB

	
8.5 ± 0.03 aA

	
9.17 ± 0.05 aD

	
8.88 ± 0.08 cE

	
8.66 ± 0.05 dF








* Values are means ± SDs (n = 3 for each tested sample); values with different letters (superscripts—a, b, c, d, e) in lower case differ significantly (p < 0.05) row-wise, whereas values with different letters (superscripts—A, B, C, D, E, F) in upper case differ significantly (p < 0.05) column-wise.
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Table 2. Bile salt tolerance (0.3% salt concentration) of LAB strains (viability of cells after exposure–log CFU/mL).
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	Isolate
	0 h
	2 h
	3 h





	KMUDR1
	7.32 ± 0.07 cC *
	6.41 ± 0.04 eB
	6.13 ± 0.06 fA



	KMUDR7
	7.88 ± 0.04 dC
	6.68 ± 0.13 fB
	6.28 ± 0.04 eA



	KMUDR9
	7.28 ± 0.04 cC
	6.08 ± 0.05 dB
	5.93 ± 0.05 dA



	KMUDR14
	7.23 ± 0.05 bcC
	5.94 ± 0.04 cB
	5.38 ± 0.04 cA



	KMUDR17
	7.05 ± 0.03 aC
	5.74 ± 0.03 bB
	5.27 ± 0.06 bA



	KMUDR20
	7.16 ± 0.07 bC
	5.3 ± 0.06 aC
	5.05 ± 0.04 aA







* Values are mean ± SDs (n = 3 for each tested sample); values with different letters (superscripts—a, b, c, d, e, f) in lower case differ significantly (p < 0.05) row-wise, whereas values with different letters (superscripts—A, B, C) in capital case differ significantly (p < 0.05) column-wise.
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Table 3. Antibacterial activities (diameters, in mm, of inhibition zones) of the LAB strains.






Table 3. Antibacterial activities (diameters, in mm, of inhibition zones) of the LAB strains.





	
Isolate

	
Tested Pathogens




	
Staphylococcus aureus NCIM-5345

	
Staph epidermis NCIM 2493

	
Bacillus subtilis NCIM 2063

	
E. coli

NCIM 2065

	
Enterococcus aerogenes NCIM 5139

	
Pseudomonas auruginosa

NCIM 3471






	
KMUDR1

	
15 ± 1 b *

	
18 ± 1 b

	
14.67 ± 0.58 c

	
8.67 ± 0.58 b

	
7.67 ± 0.58 b

	
11 ± 1 c




	
KMUDR7

	
23.33 ± 1.15 c

	
21.33 ± 1.53 c

	
17 ± 1 d

	
10.67 ± 0.58 c

	
9 ± 1 d

	
13.33 ± 1.53 d




	
KMUDR9

	
15.67 ± 1.15 b

	
17 ± 1 b

	
11.33 ± 0.58 b

	
0 ± 0 a

	
0 ± 0 a

	
9 ± 1 b




	
KMUDR14

	
15 ± 1 b

	
13.33 ± 1.53 a

	
10.67 ± 1.15 b

	
0 ± 0 a

	
7.67 ± 0.58 b

	
0 ± 0 a




	
KMUDR17

	
17 ± 1 b

	
13.33 ± 1.53 a

	
11.67 ± 1.15 b

	
8.33 ± 0.58 b

	
8 ± 1 b

	
10 ± 1 bc




	
KMUDR20

	
12.33 ± 1.15 a

	
12.33 ± 1.53 a

	
9.67 ± 0.58 a

	
0 ± 0 a

	
0 ± 0 a

	
0 ± 0 a








* Values (a, b, c, and d) are means ± SDs (n = 3 for each tested sample); values with different letters differ significantly (p < 0.05) along the rows.













[image: Table] 





Table 4. Antifungal activities (diameters, in mm, of inhibition zones) of the LAB strains.
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Isolate

	
Tested Fungal Strain




	
Aspergillus brasiliensis NCIM 1196

	
Alternaria solani MTCC 2101

	
Candida albicans NCIM 3471




	
2 Days Incubation

	
7 Days Incubation

	
2 Days Incubation

	
7 Days Incubation

	
2 Days Incubation

	
7 Days Incubation






	
KMUDR1

	
18.67 ± 1.7 d *

	
16.33 ± 1.25 d

	
16.17 ± 0.85 d

	
13.5 ± 1.08 e

	
14 ± 0.82 c

	
11.33 ± 0.47 c




	
KMUDR7

	
22.67 ± 1.25 e

	
20.67 ± 1.7 e

	
22.33 ± 1.25 e

	
18.17 ± 1.03 d

	
21.33 ± 2.49 d

	
18.67 ± 2.05 d




	
KMUDR9

	
15.33 ± 0.94 c

	
11.33 ± 0.94 c

	
13.17 ± 0.62 bc

	
12.5 ± 1.08 cd

	
14 ± 0.82 c

	
13 ± 0.82 c




	
KMUDR14

	
8.33 ± 0.47 a

	
7.33 ± 0.47 b

	
15.17 ± 0.85 cd

	
10.83 ± 0.62 bc

	
0 ± 0 a

	
0 ± 0 a




	
KMUDR17

	
9.33 ± 1.25 ab

	
0 ± 0 a

	
11.33 ± 0.62 ab

	
10.5 ± 0.41 b

	
12.67 ± 1.7 c

	
10.67 ± 1.25 bc




	
KMUDR20

	
11 ± 0.82 b

	
9 ± 0.82 b

	
10 ± 1.78 a

	
0 ± 0 a

	
9.33 ± 1.25 b

	
8.33 ± 1.25 b








* Values are means ± SDs (n = 3 for each tested sample); values with different letters (a, b, c, d, e) differ significantly (p < 0.05) along the rows.
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Table 5. Amylolytic and BSH activities as well as H2O2 production of the LAB strains.
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Isolate

	
α-Amylase Activity

	
BSH Activity

	
H2O2 Production




	
Sodium Taurodeoxycholate

	
Sodium Taurocholate

	






	
KMUDR1

	
+ a

	
+ b

	
++ b

	
+ c




	
KMUDR7

	
+ a

	
++ b

	
++ b

	
++ c




	
KMUDR9

	
+ a

	
+ b

	
+ b

	
- c




	
KMUDR14

	
- a

	
+ b

	
+ b

	
- c




	
KMUDR17

	
- a

	
- b

	
- b

	
- c




	
KMUDR20

	
- a

	
+ b

	
+ b

	
- c








- a No zones surrounding colonies, + a clear zones surrounding colonies (diameter of zone < 3 mm), - b no precipitation zones surrounding colonies, + b slight precipitation zones surrounding colonies, ++ b intense precipitation zones surrounding colonies, - c no blue halo surrounding colonies, + c slight blue halo surrounding colonies, ++ c intense blue halo surrounding colonies.
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Table 6. Antibiotic susceptibilities (diameters, in mm, of inhibition zones) of the isolated LAB strains.
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Isolates




	
Antibiotics

	
Concentration (µg/disc)

	
KMUDR1

	
KMUDR7

	
KMUDR9

	
KMUDR14

	
KMUDR17

	
KMUDR20






	
Gentamicin

	
(10 µg/disc)

	
MS *

	
R

	
S

	
MS

	
MS

	
S




	
Penicillin G

	
(10 µg/disc)

	
S

	
R

	
S

	
MS

	
MS

	
MS




	
Chloramphenicol

	
(30 µg/disc)

	
S

	
MS

	
S

	
R

	
MS

	
MS




	
Vancomycin

	
(15 µg/disc)

	
R

	
R

	
S

	
S

	
S

	
MS




	
Kanamycin

	
(30 µg/disc)

	
R

	
R

	
MS

	
S

	
MS

	
MS




	
Streptomycin

	
(30 µg/disc)

	
MS

	
R

	
MS

	
S

	
MS

	
MS




	
Tetracycline

	
(30 µg/disc)

	
R

	
R

	
R

	
R

	
R

	
R




	
Erythromycin

	
(15 μg/disc)

	
S

	
MS

	
MS

	
R

	
S

	
MS




	
Ciprofloxacin

	
(5 μg/disc)

	
R

	
R

	
R

	
R

	
R

	
R




	
Cefadroxil

	
(30 μg/disc)

	
R

	
R

	
S

	
S

	
MS

	
S








* R—resistant (zones ≤ 14 mm), MS—medium-sensitive (15–19 mm), S—sensitive (≥ 20 mm).
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Table 7. Cell viabilities (log10 CFU/mL) of LAB strains during skim-milk fermentation (24 h at 37 °C) and storage (21 days at 4 °C).
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Isolate

	
Viability Count during Fermentation

	
Viability Count during Storage




	

	
0 h

	
12 h

	
24 h

	
7 d

	
14 d

	
21 d






	
KMUDR1

	
4.81 ± 0.09 dA *

	
7.28 ± 0.07 eB

	
8.81 ± 0.04 eC

	
7.04 ± 0.08 dD

	
7.34 ± 0.11 dE

	
4.28 ± 0.16 dF




	
KMUDR7

	
5.1 ± 0.03 eA

	
7.79 ± 0.1 fB

	
8.94 ± 0.04 eC

	
7.74 ± 0.07 eD

	
7.99 ± 0.1 eE

	
4.82 ± 0.06 eF




	
KMUDR9

	
4.67 ± 0.08 cA

	
7.1 ± 0.05 dB

	
8.55 ± 0.09 dC

	
6.9 ± 0.05 cdD

	
5.04 ± 0.08 cE

	
3.56 ± 0.11 cF




	
KMUDR14

	
4.37 ± 0.1 bA

	
6.81 ± 0.06 cB

	
8.16 ± 0.12 cC

	
6.72 ± 0.05 cD

	
4.84 ± 0.12 bE

	
2.78 ± 0.18 abF




	
KMUDR17

	
4.29 ± 0.07 abA

	
8.72 ± 0.08 bB

	
7.87 ± 0.12 bC

	
6.49 ± 0.25 bD

	
4.65 ± 0.11 aE

	
2.68 ± 0.19 aF




	
KMUDR20

	
4.17 ± 0.05 aA

	
5.91 ± 0.07 aB

	
7.3 ± 0.1 aC

	
5.9 ± 0.08 aD

	
4.57 ± 0.12 aE

	
2.96 ± 0.06 bF








* Values are mean ± SDs (n = 3 for each tested sample); values with different letters (a, b, c, d, e, f) differ significantly (p < 0.05) along the rows, whereas different letters (A, B, C, D, E, F) denote significant differences down the columns.
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Table 8. 16s rDNA identification of strains.






Table 8. 16s rDNA identification of strains.





	Strain Designation
	Strain Organism
	Type of Cereal-Based Fermented Food
	Closest Homolog
	Similarity (%)
	GenBank Accession Number (NCBI)





	KMUDR1
	Lactobacillus delbrueckii subsp. bulgaricus
	Raabadi
	Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842 = JCM 1002
	99.87
	ON954521



	KMUDR7
	Lactiplantibacillus plantarum
	Makka Ki Raab
	Lactiplantibacillus plantarum strain CIP 103151
	96.51
	ON954522



	KMUDR9
	Lacticaseibacillus rhamnosus
	Raabadi
	Lacticaseibacillus rhamnosus strain NBRC 3425
	99.49
	ON954523



	KMUDR14
	Lactobacillus helveticus
	Oliya
	Lactobacillus helveticus strain NBRC 15019
	97.22
	ON954524



	KMUDR17
	Limosilactobacillus fermentum
	Makka ki Raab
	Limosilactobacillus fermentum strain CIP 102980
	98.77
	ON954525



	KMUDR20
	Limosilactobacillus reuteri
	Jalebi batter
	Limosilactobacillus reuteri strain NBRC 15892
	98.63
	ON954526
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
<+~ O
rrRrad PR
S55555S
STeeee : .
g s

Zeetele e XK KKK

0‘010.010‘0‘0:-:: 0:::1:- o
SREEEREEL )
020t 20% 20 %0%0%, &
SRR

elelelelete e lelelete 0 e e ek

PPPPPPP

N w N N

026%0% %% 0% s e%

a

|
()
o €0 © < N

[elang o /Ano1qoydoapAy asepuns 129 9,/uoijebaibbe-ojne (199 9%

Cell auto-aggregation Cell Surface Hydrophobicity Lysozyme Tolerance

Cell Surface Properties and Lysozyme tolerance





nav.xhtml


  fermentation-08-00529


  
    		
      fermentation-08-00529
    


  




  





media/file2.png
............

(2 > 2 2 2 2 > 2 P PP PP I I P I PP I I SIS P S S>> > D)
B eas
.D.Wxﬁwﬁmﬁmﬂﬁﬂwxﬁwﬁmwwxmmm

R S s i s

o e e ]

s s S e e S s s e s e e s s s

2
S,

]
.
.

"
N
Y
W
W
X
X
o\
W

.........................

e e e e ]
ST
R R R R R e e e e e e e e e e 2 e e 2]

e e e T T e e T T T T T T e T e T T e T e T T T T T T e T e T e T T T W e W WY

a6 N s s 6 N o M s & X o xS <o >
AWNANK#IRANA R R R R SIS NH# r *

-Aquul“ul““-A“A“ﬂ“J
R R R R R R R R hMWnHHﬂHMMnWWMHM
u.* £ -

m&h%%%%%m&%%?&%&&&&&m&

ul- Ao‘-‘c
R R R R R R R R

o

>

L} - L] - L] — L - L - L] - L}
o 0 o
o © © ~ ~ ©

10.0
9.5

(lw/n4D @6oj) unod |18 ANjIgeIA

KMUDR7 KMUDRS KMUDR14 KMUDR17 KMUDR20
Isolates

KMUDR1





media/file5.jpg
% Survival

100

804

60 o

40

204

de q

KMUDRT
KMUDR?
KMUDRS
KMUDR14
KMUDR17
KMUDR20]

Gastric Juice Digestion

Pancreatic Juice Digestion

Simulated Gastric and Pancreatic Digestion





media/file3.jpg
3 KMUDRT
g KMUDR?
@100 f KMUDRY
M & KUoR14
S 3 KUDR1T]
g MUDR2O)
§ % q 7 o

§ 80 c

B ¢ b

‘i %0 b a
H 22

N

T 404 7

g

8

§ 20

£

K3

38

= 0 (N

Cell auto-aggregation Cell Surface Hydrophobicity Lysozyme Tolerance

Cell Surface Properties and Lysozyme tolerance






media/file1.jpg
Viability Cell Count (logw CFU/mI)

10.0

9.5+

Oh

24 h

KMUDR1

KMUDR7 ~ KMUDR9 ~ KMUDR14 KMUDR17 KMUDR20

Isolates





media/file7.jpg
o % Inhibition
704 L2

7 :

;
[]
204
a
10 4
0

T T T u u T
KMUDR1 KMUDR?7 KMUDR9 KMUDR14 KMUDR17 KMUDR20
Isolates





media/file10.png
1000

1000 KMUDR1
_I | LC063162 Lactobacillus delbrueckii subsp. bulgaricus strain JCM1002

997 & NR 075019 Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842

856

985

822 KMUDR14
MN587971 Lactobacillus gallinarum strain JCM2011

NR 113719 Lactobacillu helveticus strain NBRC15019
NR 117062 Lactobacillus acidophilus strain VPI6032

873 KMUDR17
_LE NR 104927 Limosilactobacillus fermentum strain CIP102980
998

1000

NR 134066 Limosilactobacillus gorillae strain KZ01
NR 041566 Limosilactobacillus equigenerosi strain NRIC0697

1000

I KMUDR20

| MN865144 Lactobacillus reuteri JCM1112
1000 L MW367845 Limosilactobacillus reuteri subsp. suis strain ATCC53608

1000 |

KMUDR7

1000 0 r NR 104573 Lactiplantibacillus plantarum strain CIP103151

1000

0.05

LC383832. Lactobacillus paraplantarum

918 I Kx886789 Lactobacillus pentosus strain

KMUDR9
27'|F113332 Lacticaseibacillus rhamnosus NBRC3425
NR 037122 Lacticaseibacillus zeae strain RIA482
NR 113333 Lacticaseibacillus casei strain NBRC15883
854 [ MF446960 Lactobacillus chiayiensis strain BCRC81062





media/file9.jpg
1000~ KMUORY
E(W"M“'Mmmwmnum

LR Lackbocitsdbisc . ks ATC 142

o

18

0 st

!
Ko

1073 octprncio o i CPIOSH
UL Losts. Ladecta pmplnrn
R ————






media/file0.png





media/file8.png
;\\\\\\\\\m
e

DDDDDDDDD
88888888





media/file6.png
% Survival

100

80

60

40

20

de

N

Y

L~ /]KMUDR1
EX] KMUDR?
KMUDRQ
KMUDR14
RN KMUDR17
KMUDR20

@]

M-

Gastric Juice Digestion

Pancreatic Juice Digestion

Simulated Gastric and Pancreatic Digestion





