




Production of lactic acid using a co-culture of Lactobacillus paracasei and Levilactobacillus brevis      
        
ABSTRACT
Lactic acid bacteria (LAB) are the most important bacteria in desirable food fermentations, being responsible for the fermentation of sourdough bread, fermented foods and beverages, all fermented milks and fermented vegetables. It plays an essential role in the production of all dairy products and is involved in the production of many other fermented foods and beverages, sausages, pickles, boza, etc. This study aimed to produce lactic acid using lactic acid bacteria isolated from pap “Akamu” and liquid milk samples. The following procedures were conducted to achieve the objectives of the study, which include sample collection, isolation of lactic acid bacteria (LAB) from samples, screening of  LAB for lactic acid production, characterisation of selected lactic acid bacteria, and optimisation of process parameters for lactic acid production. Results from the study showed that the highest lactic acid production (6.39 mg/ml) from milk samples was observed from an isolate from milk sample 2, while for the pap samples, the highest lactic acid production (2.79 mg/ml) was observed by an isolate from pap sample 4. The highest lactic acid producers from the milk and pap samples were identified based on their macroscopic, microscopic and molecular characteristics. The bacteria were identified as Lactobacillus paracasei (sample MIK2) and  Levilactobacillus brevis (sample PAP4). Biochemical characterisation indicated the metabolic capabilities of these isolates, including acidifying properties, enzyme production, and fermentation abilities. The highest production of lactic acid by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis was observed after 96 h of incubation. Enhanced lactic acid yield by the co-cultures was observed at pH 5.5 (8.6 mg/ml), while the lactic acid production decreased at a higher pH. The lactic acid concentration increased to the optimum lactic acid value (8.60 mg/mL) at 35°C, then decreased at 45°C. Maximum lactic acid production of 11.2mg/ml was observed at 200 rpm, the least of 4.9 mg/ ml was observed at zero or no agitation. The lactic acid production increased gradually with increasing inoculum size up to the maximum value (10.7 mg/mL) at 5% inoculum size. Lactic acid actually had the highest peak area, retention time and concentration in the GCFID chromatogram, while the other components had low values, further revealing the successful extraction of the lactic compound. The results of the present study indicated that the co-cultures of Lactobacillus paracasei (MIK 2) and Levilactobacillus brevis (PAP 4) isolated from milk and akamu, respectively, hold significant potential for lactic acid production.
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1. INTRODUCTION	
Lactic acid bacteria (LAB) produce organic acids through carbohydrate fermentation in the intestine, which include lactic acid (LA) and short-chain fatty acids (SCFAs).  They are a group of Gram-positive, non-sporulating, anaerobic or facultative aerobic cocci or rods (Hayek and Ibrahim, 2013). “They are classified among relative or obligatory anaerobes, and they tolerate the acidic pH of the environment. LAB are generally considered to be safe and are widely used in the food industry; moreover, they form the natural microflora of human intestines” (Zapaśnik et al., 2022). 
“LAB is generally associated with habitats rich in nutrients such as milk, cheese, meat, beverages and vegetables” (Chen et al., 2015). In addition, it was shown that “lactic acid bacteria could also be isolated from soil, lakes, the intestinal tract of animals, and
humans. LAB have been used for the fermentation of food and feed products since ancient times, and today their major applications are still in the food and feed industry as starter cultures” (Boonmee et al., 2013). “LAB are the most important bacteria in desirable food fermentations, being responsible for the fermentation of sourdough bread, fermented foods and beverages, all fermented milks and fermented vegetables” (Boonmee et al., 2013). “It plays an essential role in the production of all dairy products and is involved in the production of many other fermented foods and beverages, sausages, pickles, boza, etc. Recent studies have shown that some strains of  LAB   isolated from fermented foods display attributes desirable for probiotic cultures” (Wejinya et al., 2022). “Based on the end product of glucose fermentation, lactic acid bacteria are grouped as either Homofermenters or Heterofermenters. The Homofermenters produce lactic acid as the major product of the fermentation of glucose” (Choi et al., 2021). The Heterofermenters produce lactic acid, carbon dioxide, acetic acid, and ethanol from the fermentation of glucose. According to Steele et al. (2013), “LAB is recognised for its fermentative ability and thus enhances food safety, improves organoleptic attributes, enriches nutrients and increases health benefits”. 

“Lactic acid is an organic acid which is produced from easily fermentable substrates such as glucose, sucrose, and starch, which are derived from corn, potato, cassava and barley, all essential for human consumption. It has a wide range of applications in the food, pharmaceutical and cosmetics industries” (Datta et al., 1995). “It has recently been studied with great interest as a biodegradable polylactic acid (PLA) that can be used to improve physical properties in the production of food packaging, plastic utensils, garbage bags and agricultural plastic sheeting, thereby replacing products made from petroleum” (Ohara, 2013).


“The price of lactic acid varies with the application (e.g., food, pharmaceuticals, and PLA) and also depends on the price of commodity starch and sugar feedstocks used for fermentation. A range of around $3.0-$4.0/kg was reported in 2019 (https://www.pharmacompass.com). Upon an annual growth of 16.2%, the global lactic acid market increased from 1,220.0 kilotons in 2016 to 1,960.1 kilotons in 2025. This should display USD 9.8 billion in the global market. Market studies mention that the major growth will be for medicines and cosmetics in the Latin America and the Asia Pacific region” [de Oliveira, 2018]. 

“Chemical synthesis of lactic acid is usually carried out using petrochemical resources, resulting in a racemic mixture of the product, which is a major disadvantage of this approach (Hofvendahl and Hahn-Hagerdal 2000), whereas the biological fermentation method obtains an optically pure lactic acid by choosing an appropriate strain of lactic acid bacteria” (Ryu et al. 2003).
“Two optical isomers of lactic acid, D(−)-lactic acid, and L(+)-lactic acid, are produced during the chemical synthesis process. The microbial strains, such as the lactic acid bacteria” (Sun et al. 2015), yeast, including Pichia stipitis, and fungi, such as Rhizopus sp. (Maas et al. 2006), were utilised for lactic acid production via microbial fermentation. “The process parameters, including physical factors and medium compositions, were optimised to improve lactic acid production. Optimisation of temperature, pH control, and medium supplementation improved lactic acid production” (Abdel-Rahman et al. 2013).

The aim of the study was to produce lactic acid using a combination of Lactobacillus paracasei and Levilactobacillus brevis. 

2.  MATERIALS AND METHODS
2.1 Collection of Samples 
The pap (also known as akamu) and liquid milk samples were randomly purchased from street pap sellers and local stores located in front of Chukwuemkeka Odumegwu Ojukwu University, Uli Campus. The samples were transported to the Microbiology Laboratory, Chukwuemeka Odumegwu Ojukwu University, for microbial analyses. Samples were stored at 4°C, and the analyses were carried out within 12 to 24 h. 
2.2 Sterilization
All glassware, including Petri-dishes, test tubes, pipettes, flasks and bottles, will be sterilised in a hot oven at 170 ± 5 °C for at least two hours, while the media and distilled water will be sterilised by autoclaving at 121°C for 15 min and at 15 lbs pressure. 
2.3 Isolation of lactic acid bacteria 
The sample (10 g or 10 mL) of pap and liquid milk samples was immediately enriched by diluting with peptone water (100 mL) in 250 mL conical flasks, homogenised and then incubated at 37 °C for 24 h with constant homogenous shaking under aerobic conditions. All the flasks showing turbidity were selected and further inoculated onto de Man-Rogosa-Sharpe (MRS) agar plates after a series of 10-fold dilutions and incubated for 24 - 72 h at 37 °C under anaerobic conditions in an anaerobic jar. The plates were counted, recorded, and the plates showing small, white and creamy colonies (presumptive for lactic acid bacteria) were selected and individual colonies purified through three successive transfers on MRS medium (Reuben et al., 2019).
2.4 Screening of isolated lactic acid bacteria
Five isolates from each sample were selected and screened for lactic acid production by inoculating into MRS broth and incubating at 37 °C for 24 h. After incubation, the culture broth was centrifuged at 4000 rpm for 15min, and the supernatant was filtered using Whatman no.1 filter paper. Thereafter, 10 mL of the filtrate was used and titrated against 1 N sodium hydroxide solution using phenolphthalein as an indicator to the pink colour end point. The concordant value was used to determine the titratable acidity (amount of lactic acid produced) in the formula below: 
Total titratable acidity of lactic acid (mg/mL) = mL of NaOH x N of NaOH x M.E 
 							Volume of sample used 
Where, mL of NaOH = Volume of NaOH used, N of NaOH = Normality of NaOH used, M.E = Equivalent factor = 90.08mg and volume of sample is 10 mL, respectively.
The isolates with the highest per cent value from each sample were selected and used for further analysis. 

2.5 Lactic acid bacteria characterisation and Identification
2.5.1 Colonial morphological observation of lactic acid bacterial colonies
Observations of colonial morphology were done after getting a pure culture in a Petri dish. These observations were made visually, which include shape, colour, edges, and the elevation of bacterial colonies (Cheesbrough, 2006).

2.5.2 Microscopic morphology
2.5.2.1 Gram Staining
“A thin smear will be made in a cleaned, grease-free microscopic slide (75mm×25mm), air-dried heat fixed. The smear will be flooded with crystal violet solution (0.2%) for 60 seconds and rinsed with cleaned water. Gram iodine solution (0.01%) will then be applied and allowed for 60 seconds. This will be rinsed with clean water. This will be followed by decolourising the slide content with 95%w/v ethyl alcohol for 10seconds and then rinsing with cleaned water. The smear will then be counterstained with safranin solution (0.025%) for 60 seconds, rinsed with cleaned water, blotted and drained, and air dried. The stained smear will be covered with a drop of immersion oil and observed under a binocular compound light microscope using × 100 objective lens” (Cheesbrough, 2006).
 2.5.2.2 Analytical profiling index (API) test
“In this test, the incubation tray and lid was prepared and 5 mL of sterile distilled water into the tray to create a humid chamber was distributed into the tray. The API 20E strip was placed in the tray. A single well-isolated colony was removed using a sterile disposable loop from an isolation plate and was carefully emulsified in 5 mL of sterile distilled water. A sterile disposable pipette was used to fill both the tube and cupule of the test citrate (CIT), Voges Proskauer (VP) and gelatin (GEL) and only the tubes of the other test (sugar fermentation) with the bacterial suspension. An anaerobic condition was created in the tests, arginine dihydrolase (ADH), lysine decarboxylase (LDC), ornithine decarboxylase (ODC), urease (URE) and hydrogen sulphide (H2S) by overlaying their cupules with mineral oil. The incubation trays were marked with an identification number (Organism ID), date and your initials. The lids were placed on the incubation tray containing the strip and finally incubated at 37 ⁰C for 18 – 24 h. After incubation, the change in colours of some of the tests was read straight away after 24 h, while reagents (such as VP, VIP 1 and 2, Nit 1 and 2, TDA and James reagent) were applied in some other tests before reading” (Uba et al., 2018). The API Reading Scale (colour chart) was obtained, and each test was marked as positive or negative on the lid of the tray. The API strip was read according to the interpretation table and recorded in the result on the report sheet. On the report sheet, the tests are separated into groups of three and numbers 1, 2 or 4 are allocated for each test. By adding the numbers corresponding to the positive reaction within each group, a 7-digit profile number was obtained for the 20 tests of the API 20E strip. The 7-digit profile is then compared with the numerical profile in the API 20 E analytical profile index book to obtain the organism identification as described by Uba et al. (2018). 
2.5.2.3 Molecular identification
Genomic DNA was extracted from the cultures received using the Quick-DNA™ Fungal/Bacterial Miniprep Kit (Zymo Research, Catalogue No. D6005). The 16S target region was amplified using OneTaq® Quick-Load® 2X Master Mix (NEB, Catalogue No. M0486) with the primers presented in Table 1. The PCR products were run on a gel and cleaned up enzymatically using the EXOSAP method. The extracted fragments were sequenced in the forward and reverse direction (Nimagen, BrilliantDye™ Terminator Cycle Sequencing Kit V3.1, BRD3-100/1000) and purified (Zymo Research, ZR-96 DNA Sequencing Clean-up Kit™, Catalogue No. D4050). “The purified fragments were analysed on the ABI 3500xl Genetic Analyser (Applied Biosystems, Thermo Fisher Scientific) for each reaction for every sample. BioEdit Sequence Alignment Editor version 7.2.5 was used to analyse the files generated by the ABI 3500XL Genetic Analyser, and results were obtained by a BLAST search using the National Centre for Biotechnology Institute, Maryland (NCBI)” (Uba, 2018).
2.6 Inoculum Preparation 
It was done by inoculating co-cultures of Lactobacillus paracasei Mlk 2 and Levilactobacillus brevis PAP 4 into 50 mL de Man Rogosa Sharpe (MRS) growth medium contained in a 100 mL Erlenmeyer flask at 37 °C for 24 h with constant homogenous shaking under aerobic conditions and according to the Manufacturer’s instructions. The obtained culture was sub-cultured (37 °C, 24 h) twice in sterile de Man Rogosa Sharpe (MRS) broth with an inoculum size of l % (v/v) for activation and adaptation (Thakur et al., 2018). After incubation, the culture broths was centrifuged at 4,000 rpm for 15 min. and the supernatant was filtered using Whatman no. 1 filter paper. The culture cell count of 1.5 x 108 CFU/mL corresponding to absorbance value of 0.104 as McFarland standard according to the method of Souza et al. (2020) was used for the inoculation of the fermentation process. 
2.7 Fermentation Media 
The modified de Man Rogosa Sharpe (MRS) broth will be used as the fermenting medium. The  medium will be composed of glucose 10 g/L, peptone 10 g/L, yeast extract 5 g/L; meat extract 10 g/L, MgSO47H2O 0.5 g/L; MnSO4 H2O 0.03 g/L; KH2PO4 3g/L; K2HPO4 3g/L; CH3COONa.3H2O 2g/L and Tween 80 1 mL/L (the solutions of nutrients were sterilized separately). Erlenmeyer flasks containing 100 mL fermentation medium will be sterilised (121 °C, 15 psi for 15 min) before subjecting to lactic acid production (Nancib et al., 2017; Mahato et al., 2021). 
2.8 Optimisation of Process Parameter for Lactic Acid Production 
Different process parameters such as pH, inoculum size, temperature, carbon sources at different concentrations and composition of fermentation medium and incubation period were optimised by varying the respective parameters to enhance lactic acid production using submerged fermentation. 2.8.1 Effect of incubation period 
The influence of incubation temperature on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis was assessed. Fermentation was carried out in 250 ml Erlenmeyer flasks containing 100 ml of fermentation medium as described previously. It was inoculated with co-cultures of Lactobacillus paracasei and Levilactobacillus brevis  (1.5 x 108 CFU/mL).  Thereafter, the flasks were incubated at 37˚C for 24, 48, 72, 96, 120 and 144 h under stationary conditions in a laboratory incubator. At the end of the incubation period, the lactic acid production was estimated” (Mahato et al., 2021).
 
 2.8.2 Effect of pH 
The influence of pH on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis was assessed. The fermentation medium was adjusted to different pH values of 4.0, 5.5, 7.0, 8.5, 10 and 11.5, and fermentation was carried out as previously described. Thereafter, lactic acid production was estimated 
2.8.3 Effect of temperature 
The influence of temperature on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis was assessed. The fermentation medium and process were maintained at different temperatures of 20, 25, 30, 35, 45 and 50 °C by keeping them in their respective laboratory temperature-controlled incubators, and the lactic acid production was estimated.
2.8.4 Effect of inoculum size
The influence of inoculum size on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis was assessed. Different inoculum sizes (1, 2, 5, 7 and 10 % v/v) were used in the fermentation process, and thereafter, lactic acid production was estimated.  
2.8.5 Effect of inoculum age 
The influence of inoculum age on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis was assessed. Different inoculum ages (24, 48, 72, 96 and 120 h) were used in the fermentation process, and thereafter, lactic acid production was estimated. 
2.8.6 Effect of agitation speed 
The influence of agitation on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis was assessed. The fermentation process was carried out at various agitation speeds of  0, 50, 100, 150 and 200 rpm. At the end of the incubation period, the lactic acid production was estimated. 
2.8.7 Production of Lactic Acid using Optimised Conditions 
The best conditions of pH (5.5), temperature (35 °C), incubation period (96 h), inoculum age (48 h) and volume (5 %), as well as agitation (200 rpm) were adopted using the MRS fermenting medium as stated above. All these parameters were then combined in a single experiment to determine the optimum conditions for lactic acid production. Gas chromatography flame ionisation technique, Fourier transformed infra–red spectroscopy and thin layer chromatography were determined.
 2.9 Instrumental Analysis of the Produced Lactic Acid 
 2.9.1 Gas chromatography flame ionisation detection (GCFID) technique
By adopting the standard method of AOAC (1990), “about 1.5 mL of each sample was filtered into a vial using 0.45 μm cellulose acetate microfilters. Thereafter, 5 mL of acetonitrile was placed into a graduated vial and made up to the 10 mL mark with the filtered sample. The mixture was concentrated to 1 mL, and 100 µL was introduced into the GC-FID. The unknown components of the sample were tentatively identified by comparing the retention times of the chromatogram of the samples to those of the standards. A Buck M530 gas chromatograph equipped with polyethylene glycol TPA modified column (ZB-FFAP, 30 m × 0.32 mm id × 0.25 µm: Chrompak, Middleburg, Netherlands) and a flame ionisation detector was used. A split/splitless injector was used. The injection and detection temperatures were set at 300 °C. Nitrogen was used as a carrier gas at a flow rate of 2 mL min–1. The initial column temperature was set at 35 °C and held for 3 min. The temperature was then ramped to: 40 °C at 2.5 °C min– 1 and held for 2 min; 80 °C at 20 °C min–1 and held for 4 min; 140 °C at 20 °C min–1 and held for 5 min; 220 °C at 20 °C min–1 with a final hold of 1 min. The total run time was 45 min” . 
2.9.2 Fourier-transformed infrared spectroscopy (FTIR) technique 
“As an alternative to GCFID, the FTIR technique was used to identify the specific marker in fermentation processes, namely lactic acid, using a Buck Scientific M530 USA FTIR. This instrument was equipped with a detector of deuterated triglycine sulphate and a beam splitter of potassium bromide. The software of the Gram A1 was used to obtain the spectra and to manipulate them. Zero point five millilitres of Nujol were added to approximately 1.0 g of each sample, mixed properly and placed on the salt pellet. During measurement, FTIR spectra were obtained at frequency regions of 4,000 – 600 cm-1 and co-added at 32 scans at 4 cm-1 resolution. FTIR spectra were displayed as transmitter values” as described by Paucean et al. (2017) and Huang et al. (2018). 
[bookmark: _Hlk184380212]2.9.3 Thin-layer chromatography technique 
By adopting the method of Mohanty et al. (2015), “the samples were centrifuged and the supernatant was extracted with an equal volume of ethyl acetate and then dried over anhydrous sulphate. The residue was dissolved in a small amount of methanol, and this was utilised for a TLC test. Each solvent extract was subjected to thin layer chromatography (TLC) as per the conventional one-dimensional ascending method using silica gel 60F254, 7X6 cm (Merck), which was cut with ordinary household scissors. Plate markings were made with a soft pencil. Glass capillaries were used to spot the sample for TLC applied sample volume 1 µL by using a capillary at a distance of 1 cm with 5 tracks. The developing solvent system II used in the twin trough chamber was hexane: ethyl acetate: acetic acid (5:4:1 v/v) for the lactic acid. After presaturation with mobile phase for 20 min, the run plates were dried and sprayed with freshly prepared 5 % sulphuric acid in methanol reagents in order to detect the bands of lactic acid under UV light (365 nm) on the TLC plates. The movement of the active lactic acid compound was expressed by its retention factor (Rf), and a value was calculated for the sample studied”.
2.10 Data Analysis 
The data generated from the study were subjected to descriptive statistics using median and standard deviation measures. And were statistically analysed as a randomised complete block design and evaluated at a 95 % confidence interval (p-value less than 0.05) using Analysis of Variance (ANOVA) followed by Tukey multiple comparison test, and verified with the F-test with the aid of GraphPad Prism version 8.0 statistical software.

3.0 RESULTS
The provided data (Table 1) presents the lactic acid concentration (in mg/mL) produced by LAB isolates from milk and pap samples. Each isolated code corresponds to a specific sample. The results reveal a notable difference in lactic acid production between milk and pap samples. The isolate from Milk 2 sample exhibited the highest lactic acid yield (6.39 mg/ml) among all samples, indicating robust lactic acid production by LAB in milk. 
Table 2 shows the colonial and microscopic characteristics of the selected lactic acid bacteria in milk and pap samples. Milk 2 colonies appear creamy in colour, while PAP 4 colonies are white. These colour differences could be attributed to variations in the composition of the growth medium or the presence of specific pigments (Bergey's Manual of Determinative Bacteriology). “Both Milk 2 and PAP 4 colonies exhibit circular shapes with entire margins. Circular colony morphology is commonly observed in many bacterial species and is indicative of uniform growth patterns. The entire margins suggest that both colonies lack irregularities or projections along their edges, further supporting their classification as typical colony types” (Tortora et al., 2017).
The surface characteristics of microbial colonies can vary depending on factors such as nutrient availability and environmental conditions. Milk 2 colonies have a smooth and shiny surface, whereas PAP4 colonies appear convex, smooth, and glistening. These differences in surface texture may reflect variations in microbial metabolism or the presence of extracellular substances such as polysaccharides or proteins (Prescott's Microbiology). Consistency refers to the physical texture of microbial colonies and can provide insights into their growth characteristics. Milk 2 colonies exhibit a mucoid consistency, while PAP 4 colonies are described as dry. Variations in colony consistency may arise from differences in microbial metabolism, nutrient utilisation, or the production of extracellular substances (Bergey's Manual of Systematics of Archaea and Bacteria).
The colony sizes of Milk 2 range from 3 to 5 mm, while those of PAP 4 range from 2 to 5 mm. Both samples exhibit relatively similar colony sizes, with slight variation observed within the range. These differences may reflect variations in growth kinetics or the presence of specific microbial species with different growth requirements.
Gram staining is a fundamental technique used to differentiate bacterial species based on the structure of their cell walls. Both Milk 2 and PAP 4 colonies show a positive Gram reaction, indicating that the cells possess a thick layer of peptidoglycan in their cell walls. This Gram-positive characteristic is common among many bacterial species and is indicative of their cell wall composition (Brock Biology of Microorganisms). Microscopic examination allows for the visualisation of cellular morphology and arrangement within microbial colonies. Both Milk 2 and PAP 4 cells appear as long rods under the microscope, suggesting similarities in cellular morphology. However, there are differences in cell arrangement, with Milk 2 cells arranged singly and in pairs, while PAP 4 cells are arranged singly and in chains. These differences in cell arrangement may reflect variations in growth conditions or the presence of specific microbial species with different cellular morphologies.
The biochemical characteristics of the selected lactic acid bacteria in milk and pap samples (Table 3). These tests assess various metabolic capabilities of microorganisms, including fermentation of specific sugars, production of enzymes, and metabolic pathways.
The Blast genetic profile of the bacterial strain (Table 4) showed that the two lactic acid bacteria from the  Samples (MIK2 and PAPA 4) were identified as Lactobacillus paracasei and Levilactobacillus brevis. This identification was based on sequence similarity to known reference sequences in the BLAST database. Both LAB have similar sequence lengths, with Lactobacillus paracasei (sample MIK2) having a length of 1542 base pairs (bp) and Levilactobacillus brevis (sample PAP4) having a length of 1544 bp. The percentage identity indicates the degree of similarity between the query sequence and the top BLAST hit. MIK2 showed a percentage identity of 99.74%, while PAP4 showed a slightly lower percentage identity of 99.35%. The accession numbers (AB362761.1 for MIK2 and CP031185.1 for PAP4) correspond to the top BLAST hits, which are reference sequences in public databases such as GenBank. Both MIK2 and PAP4 have an E-value of 0.0, indicating highly significant matches. Both MIK2 and PAP4 show the highest query coverage of 99%, indicating that a large portion of their respective sequences align with the reference sequences.
Gel electrophoregram of the amplified 16S target gene of Lactobacillus paracasei MLK2 and Levilactobacillus brevis PAP4 is shown in Plate 1.
Figure 1 shows the result of the effect of incubation time on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis. As evident from the results, an increase in lactic acid production was found up to 96 h, and thereafter, no improvement was observed. A maximum lactic acid yield of 8.8 mg/mL was recorded at 96 h of incubation. 
Figure 2 shows the result of the effect of pH on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis.  The maximum production of lactic acid was detected at pH 5.5 (8.5 mg/ml). While the lactic acid production decreased at a higher pH. 
Figure 3 shows the result of the effect of temperature on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis. The lactic acid production increased gradually with increasing temperatures to reach the optimum lactic acid value (8.50 mg/mL) at 35°C, then decreased at 45°C (Figure 3).
 Figure 4 shows the result of the effect of agitation on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis. Maximum lactic acid production of 11.2mg/ml was observed at 200 rpm, the least of 4.9 ml was observed at zero or no agitation. 
Figure 5 shows the result of the effect of inoculum size on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis. The lactic acid production increased gradually with increasing inoculum size to reach a maximum value (10.3 mg/mL) at 5% inoculum size. 
Figure 6 shows the result of the effect of inoculum age on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis. Maximum lactic acid production of 4.5 mg/ml was observed at an inoculum age of 48h, while the least of 1.8 mg/ml was observed at 120h. 
In order to confirm the lactic acid produced, the instrumental analyses were carried out in the optimised conditions, and the result in Figure 7 showed that lactic acid actually had the highest peak area, retention time and concentration in the GCFID chromatogram, while the other components had little value, further revealing the successful extraction of the lactic compound. 
The result in Figure 8 revealed that the extracted lactic acid of the test sample had varying absorbance peaks representing different functional groups, respectively. 


Table 1: Lactic acid production by lactic acid bacteria
	Isolate code                                      Lactic acid concentration (mg/mL)                     

	Milk 1                                                         3.87 ± 0.50                      
Milk 2                                                         6.39 ± 0.10             
Milk 3                                                         3.24 ± 0.10
Milk 4                                                         1.35 ± 0.09	
Milk 5                                                         1.62 ± 0.20
Pap 1                                                           1.70 ± 0.10
Pap 2                                                           2.07 ± 0.10
Pap 3                                                           2.61 ± 0.20
Pap 4                                                           2.79 ± 0.10
Pap 5                                                           2.61 ± 0.50
                      


Table 2: Colonial and microscopic characteristics of the selected lactic acid bacteria in milk and pap samples based on the APT results
	Parameter
	Mlk 2
	PAP 4

	Colour
	Creamy
	White

	Shape
	Circular
	Circular 

	Margin
	Entire
	Entire

	Surface
	Smooth and shiny
	Convex, smooth and glistening

	Consistency
	Mucoid
	Dry

	Colony size
	3 – 5 mm
	2 – 5 mm 

	Optics
	Translucent
	Opaque

	Gram reaction
	Positive
	Positive

	Shape
	Long rods
	Long rods

	Cell arrangement
	Single and pairs
	Single and chains


Table 3: Biochemical characteristics of the selected lactic acid bacteria in milk and pap samples based on the APT results
	 Test                                                        Mlk2                 PAP4                      

	ONPG                                                        -                          + 
ADH                                                          +                          +
LDC                                                          +                           +
ODC                                                          +                          +
CIT                                                             -                           -
H2S                                                             -                           -
URE                                                            -                           -
TDA                                                            -                           -
IND                                                             -                            -
VP                                                               +                           -
GEL                                                            -                            +
GLU                                                           +                            +
MAN                                                          -                             +
INO                                                            -                              +
SOR                                                           -                              +
RHA                                                           -                             +
SAC                                                           +                             +
MEL                                                           -                              +
AMY                                                          -                               +
ARA                                                           -                               +
OX                                                              -                              -


[bookmark: _Hlk165590344]Table 4: Blast genetic profile of the bacterial strain
	S/N
	Sample 
ID
	Organism
	Sequence length (bp)
	% 
Identity
	Accession no of BLAST hit
	E-value
	Alignment 
Score
	Highest query coverage (%)

	2
	MIK2
	Lactobacillus paracasei
	1542
	99.74%
	AB362761.1
	0.0
	≥200
	99%

	3
	PAP4
	Levilactobacillus brevis
	1544
	99.35%
	CP031185.1
	0.0
	≥200
	99%
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Plate 1: Gel electrophoregram of the amplified 16S target gene of Lactobacillus paracasei MLK2 and Levilactobacillus brevis PAP4






Figure 1: Effect of Incubation period on lactic acid production by co-cultures Lactobacillus paracasei and Levilactobacillus brevis
Key: h = Hour; mg/mL = Milligram per litre

Figure 2:  Effect of pH on lactic acid production by co-cultures of Lactobacillus paracasei  and Levilactobacillus brevis
Key: mg/mL = Milligram per litre

Figure 3: Effect of Temperature on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis
Key: °C = Degree centigrade; mg/mL = Milligram per litre

Figure 4: Effect of Agitation speed on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis
Key: RPM = Revolution per minute; mg/mL = Milligram per litre

Figure 5: Effect of Inoculum size on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis
Key: % = Percentage; mg/mL = Milligram per litre

Figure 6: Effect of Inoculum age on lactic acid production by co-cultures of Lactobacillus paracasei and Levilactobacillus brevis
Key: h = Hour; mg/mL = Milligram per litre
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Figure 7: GC FID Chromatogram of the extracted lactic acid at optimised conditions
Figure 7 represented the GC-MS chromatogram of the extracted lactic acid. The result showed that lactic acid concentration was 10.89 mg/mL at a retention time of 34.333 min and a peak area of 22,151.6516. Figure 8 represents the FTIR spectrum of the extracted lactic acid of the test sample at optimised conditions. From the results, the test sample FTIR spectra ranged from 1431.457 – 3343.826 cm-1. Plate represented the thin-layer chromatogram of the extracted lactic acid at optimised conditions, while Table 5  represented the retention factor of the extracted lactic acid at optimised conditions, respectively. The reference lactic acid control had an RF value of 0.728, while the extracted and purified lactic acid had an RF value of 0.667, respectively.
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Figure 8: FTIR spectrum of the extracted lactic acid of the test sample at optimised conditions
Table 5: Retention factor of the extracted lactic acid at optimised conditions 
	Elute
	Retention factor

	Control sample
	0.728

	Test sample
	0.667




4.0 DISCUSSION

“Previous studies have highlighted “the significance of fermented food as a probable vehicles that play an essential role in the continuous isolation of Lactic acid bacteria due to their capacity to not only generate tremendously elevated levels of lactic acid but also thrive consistently in an extreme acidic state” (Basil et al., 2013). From the study, it was observed that LAB isolates from milk samples consistently exhibit higher lactic acid production compared to those from pap.
The disparity in lactic acid production between milk and pap samples underscores the influence of the food matrix on LAB metabolism. Milk, being a rich source of lactose, provides ample substrate for LAB to produce lactic acid via lactose fermentation, leading to higher lactic acid content compared to pap. In the study, LAB were isolated from samples of milk 2 (Lactobacillus paracasei )and pap 4 (Levilactobacillus brevis). Savadogo 2004 and Harun-ur-Rashid et al. 2007 also found “six genera of LAB from traditional fermented milk, including Leuconostoc, Lactococcus, Lactobacillus, Enterococcus, Streptococcus and Pediococcus spp”. El-shafei et al 38 identified a higher proportion of Lactobacillus spp. from milk products. Ekwem and Okolo (2017) reported that “lactic acid bacteria were isolated from the fermented pap, and they significantly increased throughout the production process, confirming them as major players in the fermentation of cereals”.

“In the study, it was observed that “maximum lactic acid yield of 8.8 mg/mL was recorded at 96 h of incubation. This could be attributed to the growth of the culture in the medium and, as a consequence of metabolism, microorganisms continuously change the characteristics of the medium and the environment. The incubation period of 48 h has been generally used for lactic acid production using different lactobacilli cultures” (Kumar et al., 2017).
In the study, it was observed that pH 5.5 was optimum for lactic acid production. A pH 6.5 was reported to be optimum for lactic acid production by Lactobacillus casei NBIMCC 1013 (Panesar et al., 2010). However, “pH 5.5 has been used for lactic acid production using L. helveticus” (Ghaly et al., 2014). “Lactococci have been found to withstand extracellular pH values down to 5.7 or 5.0” (Ghaly et al., 2014). “Under these conditions, both the intracellular accumulation of the lactate anion and the uncoupling of ATP synthesis have been claimed to inhibit growth” (Ghaly et al., 2014). From the above observations, a pH of 5.5 was considered optimal for maximum lactic acid production. 
[bookmark: _GoBack]In the study, it was observed that 35°C temperature was optimum for lactic acid production. “The optimal temperature for growth of lactic acid bacteria varies between the genera from 20 to 45°C” (Guha et al., 2013). In fermentations using L. delbrueckii and L. bulgaricus, a temperature of 45°C, or higher may be maintained. L. helveticus and L. acidophilus can be used in a temperature range of 37-45°C. Panesar et al. (2010) used a “37°C temperature for lactic acid production using L. casei. The temperature is also one of the important factors which influences the activity of metabolic cell enzymes. Enzymes are most active at optimum temperature, and the enzymatic reaction proceeds at maximum rate”. Wouters et al. (2010) noted “reduced glycolytic activity leading to reduced production of lactic acid in L. lactis at low temperature. The ability to grow at high temperatures is a desirable trait as it could translate to an increased rate of growth and lactic acid production. At the same time, a high fermentation temperature reduces contamination by other microorganisms”. 
In the study, it was observed that an inoculum size of 5% v/v enhanced the optimum lactic acid yield. This indicates that the lactic acid production increases with increasing density of the starter culture. The low lactic acid production at 1% (v/v) inoculum level could be attributed to the low density of the starter culture. Guha et al. (2013) observed “maximum lactic acid production of 2.52 gm/L with 4% (v/v) inoculum of bacterial culture”. Pansear and Patil (2010) observed “maximum lactic acid production of 33.72 gm/L when the fermentation medium was inoculated with 2-4% (v/v) inoculum of the tested bacterial culture”. 
The result of the study showed that lactic acid actually had the highest peak area, retention time and concentration in the GCFID chromatogram. A similar observation was reported by Chukwuma (2023), who obtained a lactic acid concentration of 11,711.00 mg/L at a retention time of 20.356 min and a peak area of 26,138.9904 under optimised conditions.
According to the National Institute of Materials and Chemical Research (NIMCR), Japan (2000), FTIR for lactic acid shows two different types of hydroxyl (O-H) bond - the one in the acid and the simple “alcohol” type in the chain attached to the carboxyl (-COOH) group. In this study, the hydroxyl (O-H) bond in the acid group gets absorbed between the range of 1231.547 and 3343.826 cm−1, and the one in the chain between the range of 2467.721 - 3176.301 cm−1 represents the carboxyl (-COOH) group, depicting lactic acid peaks in the optimised media. When these two are taken together, they give an immense trough covering the whole range from 1231.547 to 3343.86 cm−1, which is similar to the findings of Srivastava et al. (2015). Huang et al. (2018) reported that the most noticeable spectral peak of lactic acid vibration was at 1132 cm-1. The result Table 5 revealed that the extracted and purified test sample had an Rf value (0.67), which is close to the Rf value (0.75) of the standard lactic acid compound. Mohanty et al. (2015) reported that Rf values of two elutes were 0.75 and 0.66, respectively, and this lends credence to the observation made in the present study.
5. CONCLUSION
The best lactic acid producers were effectively identified and characterised as Lactobacillus paracasei and Levilactobacillus brevis, via conventional and molecular techniques. It was observed that the ideal conditions for the formation of lactic acid by a combination of Lactobacillus paracasei and Levilactobacillus brevis were pH (5.5), temperature (35°C), incubation period (96 h), inoculum age (48 h) and volume (5 %), as well as agitation (200 rpm). The results of the present study indicated that Lactobacillus paracasei (MIK 2) and Levilactobacillus brevis (PAP 4) from different inexpensive substrates hold significant potential for lactic acid production.
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