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Abstract

:

The selection of probiotic bacteria based on their beneficial characteristics does not necessarily mean they can be later scaled up and used for technological applications and formula design. Three probiotic strains—Lactobacillus acidophilus CRL2074, Limosilactobacillus fermentum CRL2085, and Limosolactobacillus mucosae CRL2069, originally isolated from feedlot cattle feces—have demonstrated beneficial characteristics when used as in-feed probiotics. Therefore, the current study was conducted to develop a low-cost culture medium to optimize growth conditions to enhance biomass production. The study also sought to identify appropriate cryoprotective agents to sustain high functional cell numbers after freeze drying. A central composite design was applied to determine the optimal medium composition. This yielded a simplified, low-cost effective medium containing 3% molasses and industrial yeast extracts (0.5 to 2.5%) as carbon and nitrogen sources, which were added to a basal medium for each strain. Established production conditions at 37 °C, without agitation, and pH-controlled for the CRL2085 and CRL2069 strains, and free pH for the CRL2074 strain, allowed us to obtain biomass yields of 12.95, 18.20, and 12.25 g, respectively, at 24-h incubation, compared with the MRS medium. In addition, the cryoprotective effect of the selected agents was demonstrated to be strain-dependent. Thus, the highest viability (109–1010 CFU/g), stability during 30-d storage, and survival rate (88–99%) were achieved when 10% MSG (monosodium glutamate), sucrose + fructose + trehalose + WPC (whey protein concentrate) + 10% MSG, and 1.2% WPC + 10% trehalose, were used for freeze drying CRL2074, CRL2085, and CRL2069, respectively. Moreover, the probiotic strains retained their probiotic functionality when hydrophobic characteristics were evaluated. These results highlight the need to perform strain-specific evaluation of the critical factors involved in the large-scale production of probiotic lactobacilli to sustain viability and stability after the freeze drying and storage processes.






Keywords:


media ingredients; composition; optimization; biomass production; probiotic lactobacilli; viability












1. Introduction


There is growing research and commercial interest in the use of probiotics for in-feed supplementation of meat animals to prevent disease and improve productivity [1,2]. The in-feed administration of probiotics during farm animals’ production has emerged as an alternative to the use of antibiotics as growth promoters, whose overuse resulted in the appearance of drug resistant pathogenic bacteria in veterinary practice and human medicine [2,3]. According to the definition used by the International Scientific Association for Probiotics and Prebiotics (ISAPP), a probiotic is a live, non-pathogenic microorganism with a positive physiological effect on the host [4]. The administration of probiotics contributes to the establishment of a beneficial intestinal population for the host and serves as an antagonist for disease-causing bacteria, improving the efficiency of intensive animal production systems [1,5,6]. Many studies have been reported on the administration of probiotics involving yeasts and bacteria species. Among the bacterial probiotics applied to farm animals, lactic acid bacteria (LAB) as lactobacilli, enterococci, and pediococci, were the most commonly used [3,7,8,9].



Because their effects are niche- and host-specific, selected strains must be properly identified by genotypic methods, and their functional and safety aspects must be characterized in order to improve the design of probiotic formulas. The potential benefits of probiotics must also be assayed in the animals to which they are to be administered. However, given the huge/large scale of animal production systems, it is necessary to deliver high numbers of probiotic live bacteria biomass produced in low-cost media, using appropriate fermentation procedures. LAB are exigent microorganisms requiring carbohydrates, amino acids, peptides, vitamins, and Mg/Mn salts for adequate growth. In commercial media, MRS [10] is optimal; however, due to its high cost, it is inappropriate for large-scale biomass production. In previous studies, the presence of yeast extract, starch hydrolysate, vitamins, and ammonium sulfate/ammonium phosphate salts enhanced lactic acid and cell biomass production [11,12,13]; however, this also proved to be expensive. In order to obtain high biomass yield for lactobacilli on a large production scale, the use and/or supplementation with agro-industrial residues, such as cheese whey, whey protein concentrate, molasses, soybean protein, corn-derived products, and pectin, among others, resulted in improved production [11,13,14,15]. In addition to medium formulation, LAB probiotic activity is affected by culture conditions, such as temperature, pH, and oxygen/redox level, as well as the industrial process. As a rule, an optimal temperature is set for growth [16,17]. Since probiotic strains for farm animals were isolated from their feces/GIT, 37 °C is deemed appropriate. Concerning optimal pH, the medium acidification by LAB growth is challenging for industrial production; lactic acid accumulation may affect cell physiology, and growth interruption or reduction may occur. Thus, pH control close to neutrality can support a higher growth rate. In addition, the growth of LAB is rarely enhanced by the presence of oxygen given the microaerophyllical nature of LAB probiotics; therefore, high agitation of the medium must be avoided [17]. The industrial application of LAB probiotics depends on biomass concentration and preservation technologies to ensure long-term stability in terms of viability and functional activity [18]. For long-term storage, water must be eliminated; therefore, cell harvesting and concentration after fermentation is commonly carried out by centrifugation or membrane filtration. Freeze drying is by far the most conventional process used in the industrial production of dried bacterial cultures. Consequently, the use of cryoprotectants is essential for cell survival [17]. Hence, this study evaluates the optimal conditions for the growth and preservation of LAB probiotic strains isolated from feedlot cattle, with the benefits of these strains being confirmed by in-feed supplementation to animals by our research group [9,19,20].




2. Material and Methods


2.1. Probiotic Bacteria Used in This Study


The probiotic bacteria used in this study were LAB that were previously isolated from feedlot cattle and selected for their beneficial characteristics [21,22], namely, Lactobacillus acidophilus CRL2074, Limosilactobacillus fermentum CRL2085, and Limosilactobacillus mucosae CRL2069. The inoculum of strains was prepared by transferring milk–yeast extract (13% non-fat milk, 0.5% yeast extract, and 1% glucose) and glycerol 20% stock cultures to MRS broth (Merck, Darmstadt, Germany) and sub-cultured twice in the same medium at 37 °C for 16 h.




2.2. Optimization of Culture Media


To optimize the culture medium for each probiotic strain, the previously formulated Mgl medium containing (g/L): glucose, 10; yeast extract, 20; ammonium citrate, 2; sodium acetate 5; MgSO4.7H2O, 0.1; MnSO4.H2O, 0.05; Tween 80, 1 mL; and pH 6.5 [21] was used as the basal medium. In this medium, glucose and yeast extract were replaced by the assayed carbon and yeast extract sources.




2.3. Carbon Sources


Different agro-industrial products and residues were evaluated as carbon sources at different concentrations to select the optimal culture medium for each probiotic strain. High-fructose corn syrup (HFCS 55%, Fructo AR55, Arcor, Arroyito, Argentina), lactose (Cicarelli, Iriondo, Argentina), molasses (Arcor, Arroyito, Argentina), pectin (PuraQuimica, Argentina), IMO corn syrup (Isomaltooligosaccharides fiber, Arcor, Arroyito, Argentina), and glucose (Britania, Buenos Aires, Argentina) as a control, each at concentrations ranging from 0.25 to 1.5%, were evaluated. The assessment of different carbon sources was carried out using a simplex–centroid mixture statistical model [23], in which a center-point run with equal amounts of all the ingredients was included. In this study, agro-industrial residues were used as mixtures of carbon sources in different combinations and in concentrations ranging from 0.25 to 1.5%. Thus, concentrated solutions (10%) of each carbon source, and the Mgl medium without glucose, and a pH of 6.5 ± 0.2, were prepared. All ingredients and culture media were sterilized (121 °C; 20 min). Active probiotic strains were inoculated (1% v/v) in Mgl (5 mL), to which the evaluated carbon source/s were previously added at a volume to reach the concentration given by the mixture design experiment (Table 1). MRS broth was also included as a control. Most of the growth protocols were conducted using sterile polystyrene microplates (Merck, Darmstadt, Germany). Growth kinetics were evaluated in 200 μL of previously inoculated Mgl medium and the OD560 of each well was measured using a microplate reader (VersaMax Molecular Devices, San Josè, CA, USA) over 14 h at 37 °C. By applying the simplex—centroid mixture model, 60 samples (broth culture media) were generated for each probiotic lactobacillus. The samples contained only one carbon source (6), combinations of two carbon sources (45), and combinations of the six components (9). The results of the effect of carbon sources on probiotic growth were analyzed using Minitab® 17.1 software. This was done by selecting the optimal carbon source in the culture medium for each probiotic strain by the maximal OD560 at 14 h. The growth rate μ (h−1) for each culture medium was also calculated. Statistical analysis was performed considering the maximal OD560 values obtained up to 14 h of growth.




2.4. Nitrogen Sources


To optimize nitrogen sources for the growth of the probiotic strains, we evaluated laboratory yeast extracts (Britania, Buenos Aires, Argentina and Neogen, Buenos Aires, Argentina) and industrial dehydrated yeast Tulev (Lince SA, Córdoba, Argentina), FM503, FM902, FM985, and LM (lactobacilli medium) (Angel Yeast Co., Ltd., Yichang, China) at concentrations ranging from 0.5% to 2.5%; urea (MP Biomedicals, Irvine, CA, USA) 1% and (NH4)2SO4, (Cicarelli, Iriondo, Argentina) 0.05%. Mgl basal medium (5 mL, from which yeast extract was omitted) was used along with each nitrogen source at different concentrations, as previously specified, and molasses (3%) as a carbon source. After media sterilization (121 °C; 20 min), active probiotic strains were inoculated (1% v/v). Growth kinetics were evaluated using polystyrene microplates (Merck, Darmstadt, Germany) in 200 μL of previously inoculated Mgl medium, and the OD560 of each well was measured using a microplate reader (VersaMax Molecular Devices, San Josè, CA, USA) over 14 h at 37 °C. The results were then analyzed using Minitab v17.1 Statistics Software to select the optimal nitrogen source for the culture medium, which would allow the highest growth of the probiotic strains. Statistical analysis was performed considering the maximal OD560 values obtained over up to 14 h of growth.




2.5. Optimization of Growth Conditions for Biomass Production


2.5.1. Evaluation of Temperature and pH in MRS Medium


The influence of temperature (30 and 37 °C) and pH (free and controlled) on biomass production was evaluated for each probiotic strain. Flasks containing 250 mL of MRS broth adjusted to pH 6.5 ± 0.2 were inoculated (1% v/v) with the active cultures of probiotic strains. Incubation was carried out at both temperatures over 24 h, with free and controlled pH, and with/without agitation. Growth with agitation and controlled pH was conducted using flask incubation in a temperature-controlled shaker operated at 100 rpm (PsycroTherm, New Brunswick Scientific, Enfield, CT, USA). Samples were aseptically collected at 0, 3, 6, 9, and 24 h, and growth was determined by OD560 (Spectronic 20, Bausch & Lomb, Rochester, NY, USA). The pH values were measured by a PT-10 pH meter with penetration electrodes (Sartorius AG, Göttingen, Germany). In addition, biomass production at 24 h was determined after centrifugation (Beckman Coulter Avanti J-E, Brea, CA, USA) by weight difference (Flaskpellet—Flaskempty). The obtained data were used to calculate μmax and ODmax. All the protocols were carried out in duplicate and the results were expressed as mean ± SD.




2.5.2. Biomass Production in a Laboratory Bioreactor


To evaluate the influence of controlled or free pH on the probiotic strains, batch mode fermentation was used. A 1.5 L bioreactor (Benchtop Bioreactor Infors HT Minifors, Minneapolis, MI, USA) containing 1 L of optimized culture medium was used, with in situ sterilization (121 °C; 20 min). The growth temperature was maintained at 37 °C and a broth formulated with Mgl (without glucose and with Britania laboratory yeast extract) + 3% Mol was used. For the free pH trials, they were initially adjusted to 6.5, while controlled pH was achieved through automatic adjustment with 1N NaOH. The culture medium without aeration was stirred at a speed of 75 rpm to maintain the homogeneity of the ingredients during growth. A speed of 200 rpm was used for the controlled pH experiments. After inoculation (1% v/v) with the active cultures of probiotic strains, fermentation was carried out over 24 h. Samples were taken aseptically from the bioreactor at 0, 3, 6, 9, and 24 h. LAB growth was determined by viable cell numbers, quantified after seriated dilutions and plating on MRS agar (incubated at 37 °C for 16 h). For pH measurements (free pH), a PT-10 pH meter with a penetration electrode (Sartorius AG, Göttingen, Germany) was used, and probiotic biomass (g/L) production at 24 h was determined by weighting the cellular pellet after centrifugation (Beckman Coulter Avanti J-E, Brea, CA, USA).





2.6. Preservation of the Probiotic Biomass


To preserve the probiotic biomass, freeze drying (lyophilization) was used. Probiotic strains were grown at 37 °C for 16 h in the optimized medium for each strain. Biomass from each optimal medium culture was obtained by centrifugation (10,000× g, 15 min at 4 °C). The cell pellets were washed twice with sterile distilled water, centrifuged (7000× g; 10 min at 4 °C) (Beckman Coulter Avanti J-E, Brea, CA, USA), and re-suspended in solutions with the following protectors at a concentration of 10%: fructose (Sigma, St. louis, MI, USA), sucrose (Cicarelli, Iriondo, Argentina), trehalose (Anedra, Buenos Aires, Argentina), industrial monosodium glutamate (MSG, Fufeng, Qingdao, China), and whey protein concentrate (WPC, Sancor, Sunchales, Argentina). Additionally, the following combinations were used: GMS (1.2%) + trehalose (10%) and fructose + sucrose + MSG + WPC (10% each). Each cryoprotectant was suspended in water, and aliquots (0.3 mL) of each bacterial suspension were dispensed in sterile ampoules, frozen at −20 °C and dried in a chamber-type freeze-drier (Lyovac GT2; Leybold, Köln, Cologne, Germany) for 16 h at 0.3 mbar to obtain <1% residual moisture. Samples were collected post freezing at −20 °C; after freeze drying and storage at 4 °C over 30 and 90 days serially diluted, plated in MRS agar, and incubated at 37 °C for 48 h and CFU/mL were counted. The survival rate was expressed as N/Ni, in which N: log CFU/mL after treatment and Ni: log CFU/mL before treatment.




2.7. Maintenance of the Probiotic Properties of the Lactobacilli


After producing dry-concentrated probiotic biomass through freeze drying, the evaluation of probiotic properties, including hydrophobicity and auto-aggregation of the lactobacillus strains, was performed using the methodology described by Maldonado et al. [22].




2.8. Statistics


The results were expressed as the mean value ± standard deviation of the data. All the assays were performed in duplicate or triplicate. A value of p < 0.05 was considered statistically significant by applying an analysis of variance (ANOVA). The results were analyzed using Minitab® 17 software (manufacture, city, if any state, country). The statistical analysis was carried out considering the maximal values of OD560nm up to 14 h of growth and the log CFU/mL in each one of the growth media assayed and selected as optimal.





3. Results


3.1. Selection of Carbon and Nitrogen Sources


In a previous study, three probiotic lactobacilli were selected from those that were isolated, characterized, and evaluated as feed supplementation for feedlot cattle [9,19,20,22]. In the search for low-cost medium formulation to produce a large-scale probiotic biomass as an alternative to commercial culture media, Mgl was designed as a basal medium by omitting peptone, beef extract, and H2PO4 (ingredients in MRS broth). Glucose (10 g/L) and yeast extract (20 g/L) were decreased and increased, respectively, compared with MRS. These ingredients resulted in a medium with a final pH of 5.9, allowing the highest cell number production (>109 CFU/mL), as previously reported by Aristimuño Ficoseco et al. [21]. Therefore, the Mgl medium was formulated using only yeast extract and glucose as nitrogen and carbon sources, respectively.



To optimize a large-scale medium for probiotic biomass production, in this study, we used the Mgl basal medium with added agro-industrial residues/products as sources of carbon and nitrogen. For the selection of carbon sources, we used the simplex–centroid mixture statistical model to establish the relationships between the proportions of different variables when either all of the components (mixtures of glucose, lactose, molasses, pectin, sucrose, and corn syrup) or the individual components were added, at the same range (0.25–1.5%). Using this statistical design, 60 different carbon source mixes were generated (Table 1) and inoculated with each of the probiotic strains (L. acidophilus CRL2074, L. fermentum CRL2085, and L. mucosae CRL2069). The different growth responses at OD560nm showed that the growth kinetics of probiotic lactobacilli were dependent both on the strain and the culture medium composition (Figure 1; Table 2).



The results for the MRS broth used as a control showed max OD560 with values of 1.24, 1.46, and 1.68 for CRL2074, CRL2085, and CRL2069, respectively, at 14 h. However, lower maximal OD560 values were reached for the formulated media of probiotic lactobacilli. When we analyzed the time (in hours) taken by the bacteria to reach max OD560, the L. fermentum CRL2085 and L. mucosae CRL2069 probiotic strains showed 8 to 10 h for S10, S30, S52, and S53 media, and 4 to 7 h for S36, S51, S52, and S56 media, respectively. L. acidophilus CRL2074 showed 14 h for all the assayed media to reach max OD560, indicating great dependence on the culture medium ingredients and the strain. However, the highest maximum growth rate (µmax) reached by the probiotic lactobacilli ranged from 0.334 ± 0.02 (1.5% Mol) to 0.480 ± 0.01 h−1 (0.75% HFCS + 0.75% Mol) for CRL2085, and from 0.157 ± 0.02 (1% Mol + 05% Lac) to 0.346 ± 0.05 h−1 (0.75% HFCS + 0.75% Lac) for CRL2069. However, a lower µmax was found for probiotics grown in MRS (<0.260 h−1) after 14 h of incubation (Table 2). In contrast, none of the assayed culture media inoculated with L. acidophilus CRL2074 were able to reach µmax values higher than those obtained with the MRS medium (0.196 ± 0.02 h−1). Given that the highest growth rates and/or the shortest time to reach max OD were recorded for probiotic lactobacilli in media containing fructose (HFCS) or molasses (S5, S10, S23, S36, S48, S51, S52, S53, S56, S60), or both (S53, S60), it is suggested that these should be the preferred carbon sources used for the probiotic strains. Indeed, L. acidophilus CRL2074 and L. fermentum CRL2085 reached the highest max OD560nm growing in the Mgl + 0.75% Fruct + 0.75% Mol (S60) medium, while a medium containing all the ingredients (S56) allowed L. mucosae CRL2069 to reach max OD560. These results provide evidence that HFCS and molasses containing sucrose, fructose, and glucose as major saccharides may be used as cost-efficient carbohydrate sources for the industrial production of probiotic bacteria. Consequently, and in order to simplify the assays by using a single carbon source, molasses at a concentration of 3% added to the Mgl medium was also evaluated. L. fermentum CRL2085 and L. mucosae CRL2069 exhibited higher growth rates (μmax: 0.425 h−1 and 0.495 h−1, respectively), initiating the stationary phase after 8 h, compared with MRS (Figure 2; Table 2). L. acidophilus CRL2074 showed a similar growth rate in 3% Mol and MRS broth up to 12 h, reaching higher max OD560 at 14 h in the presence of molasses. It is known that the shorter the time to reach the stationary phase, the greater the impact on production economics.



To optimize the nitrogen source for the production of probiotic strains, different yeast extracts (laboratory and industrial products), ammonium sulfate (0.05%), and urea (1%) were assayed, with MRS used as a control (Figure 3). Different yeast extracts (YEs) as nitrogen compounds were added to basal medium Mgl + 3% Mol, and the log CFU/mL of probiotic strains during 14 h of growth was evaluated. A high dependence of YEs as a nitrogen source used for probiotic lactobacilli growth was observed. Indeed, compared with MRS broth, industrial 2.0% FM503 and 2.5% Tulev yielded the highest L. fermentum CRL2085 growth, with cell numbers >10.5 log CFU/mL after 14 h. Similarly, the highest growth with final cell counts of around 10 log CFU/mL was observed for L. mucosae CRL2069, compared with MRS, in the presence of laboratory 2.0% Neogen YE and industrial dehydrated 2.5% Tulev, 2.5% FM985, and 2.0% FM902 YEs added to the basal medium. Conversely, no growth or lower than MRS growth was exhibited by the L. acidophilus CRL2074 strain; maximal cell counts of 8 log CFU/mL were attained at 14 h when 2% Neogen, 0.5% Tulev, and 2.5% FM503 YEs were assayed (Figure 3). Moreover, none of probiotic strains were able to grow in the presence of urea, and very low growth was observed when (NH4)2SO4 was used as a nitrogen source. Of the yeast extracts evaluated, both industrial dehydrated products, Tulev and Angel Yeast (FM503, FM985, and FM902), as well as the laboratory Neogen YE enhanced CRL2085 and CRL2069 probiotic growth. In contrast, MRS was optimal for CRL2074. Based on these results, 2% Neogen, 0.5% Tulev, 2% FM503, and 2% FM985 were selected for further production condition assays.




3.2. pH and Incubation Temperature Impact on Biomass Production for Probiotic Lactobacilli


To further optimize the growth rate, the effect of physicochemical operating conditions, medium pH, and incubation temperature were evaluated. Since the probiotic lactobacilli were isolated from bovine feces, it may be assumed that a temperature between 30 and 37 °C would be optimal for growth. An initial pH of 6.5, free or controlled, under static or agitated conditions during 24 h was assayed. The results showed biomass production as being higher for L. acidophilus CRL2074, L. fermentum CRL2085, and L. mucosae CRL2069 at 37 °C under static conditions and free pH, with a production of 12.9, 9.4, and 13.0 g/L of cell mass, respectively, during 24 h (Table 3). When bacterial fermentation was conducted with agitation under free and controlled pH at both temperatures, biomass yield was much lower compared with static conditions. All three strains reduced pH below 5.0; maximal pH reduction (4.10) was reached by L. acidophilus CRL2074 at 24 h. In addition, the production of probiotic lactobacilli was scaled up in a 1.5 L laboratory bioreactor with a work volume of 1 L. A previously optimized culture medium of Mgl + 3% Mol + selected yeast extract, gentle agitation for nutrient homogenization, and 37 °C under free and controlled pH conditions were used for growth and biomass production during 24 h, which was monitored by CFU/mL increase.



The results in Table 4 show that the L. fermentum CRL2085 and L. mucosae CRL2069 probiotic strains reached maximal cell counts of 8.65 × 1010 and 2.3 × 1010 CFU/mL, respectively, under controlled pH, while wet biomass production in the bioreactor resulted in 12.95 and 18.20 g/L, respectively. L. acidophilus CRL2074 growing under free pH showed maximal cell numbers of 1.0 × 109 CFU/mL, while a biomass of 12.25 g/L was produced at 24 h when pH 3.6 was reached. Biomass production scaled up in a lab bioreactor using optimized medium and conditions showed that CRL2085 and CRL2069 exhibited significantly higher biomass production of 27 and 30%, respectively, compared with that in the MRS broth (as a control), while CRL2074 produced a similar biomass to that of MRS. None of the probiotic strains was able to grow in the presence of urea as a nitrogen source, while ammonium sulfate enabled very low cell mass for all three probiotic strains.




3.3. Biomass Preservation


Probiotics need to have high viability when they are administered; therefore, it is necessary to ensure the preservation of their high numbers in the obtained biomass. Methods to maintain the high survival of probiotic cells include spray drying and freeze drying or lyophilization. In this study, freeze drying was used because to the advantages of this method due to the enhanced stability reached by probiotic microorganisms during storage by the use of cryoprotectants. Thus, different cryoprotective additives were evaluated (Table 5). The probiotic cells were differently affected by the cryoprotectants used; survival between 88 and 99% after 30 d of storage at 4 °C was found. When suspended in MSG, L. acidophilus CRL2074 showed the highest viability (8.74 log CFU/g), with an estimated survival rate of 96% after 30 d. In contrast, L. fermentum CRL2085 and L. mucosae CRL2069 reached maximal viability when suspended in MIX (fructose + sucrose + trehalose + MSG + WPC; 10% each) and 1.2% WPC + 10% Treh, respectively, increasing their viability after freeze drying to 9.96 and 9.99 log CFU/g. Moreover, after 30 d of storage, CRL2085 and CRL2069 showed survival rates of 88 and 99%, respectively (Table 5), and 70% at 90 d. The results showed mono- and di-saccharides as exhibiting a low cryoprotective effect when used alone. MSG and the WPC + Treh and MIX combinations served as the best suspending media to preserve the probiotics’ high viability.




3.4. Maintenance of Probiotic Properties after Freeze Drying


To evaluate the effect of freeze drying on the probiotic properties of lactobacilli, bacterial surface properties were evaluated after 30 days and a comparison was conducted with those that were previously obtained. The results in Table 6 show higher auto-aggregation values in MRS and Mgl + 3% Mol (optimal selected medium) for L. acidophilus CRL2074 and L. fermentum CRL2085. The results were somewhat lower for L. mucosae CRL2069 when compared with the original values. However, although the affinity of the probiotic strains to both solvents was lower in both assayed media after freeze drying than than originally detected affinity [22], their hydrophobic character was maintained with higher values for xylene than toluene.





4. Discussion


Large-scale and low-cost probiotic production to deliver high numbers of bacteria to intensive animal systems is becoming an important issue. The formulation of industrial culture media must ensure the necessary nutritional requirements to support the growth of each lactobacillus selected for the probiotic formula. Because the cost of culture media has a significant impact on the mass production of probiotics, substitution with low-cost nutrient ingredients, simplification of the culture media, and optimization of growth conditions is crucial for production economics. This study sought to sustainability optimizes the culture media and conditions for large-scale production of probiotic lactobacilli as well as controlling their properties. Lactic acid bacteria are strain-dependent, fastidious microorganisms with respect to nutrient and growth condition requirements, and these factors are key environmental parameters for their growth. Even when the MRS medium represents rich and suitable conditions supporting optimal lactobacillus growth, its high formulation cost and potential environmental hazards make it unviable for large-scale commercial applications. In a previous study, Mgl containing yeast extract (20 g/L), glucose (10 g/L), ammonium citrate (2 g/L), sodium acetate (5 g/L), Mg and Mn salts (0.1 and 0.05 g/L), Tween 80 (1 mL/L), and pH 5.9–6.0 was preliminarily selected for probiotic lactobacillus growth [21]. Casein/beef peptones as nitrogenous sources in the Mgl medium were omitted because of environmental concerns due to the high amount of waste generated. Moreover, after bovine spongiform encephalopathy, it is necessary to avoid using ingredients of animal origin in culture media for probiotics intended for cattle [24].



At an industrial scale, the optimization of culture medium ingredients to obtain high cell biomass yields is closely related to the availability of components that are low cost and mainly regionally available. These factors will influence the probiotics’ efficacy, functional attributes, survival, and stability during the production stages and storage of the designed formula. Among industrial products/residues that are locally available for use as low-cost carbon sources, molasses, pectin, high-fructose, and IMO corn syrup (derived from sugarcane, citrus, and corn processing) as well as the disaccharide lactose (selected due to its high availability) were used to replace glucose in the Mgl basal medium. From the different carbon source combinations generated by the applied/designed statistical model, L. acidophilus CRL2074, L. fermentum CRL2085, and L. mucosae CRL2069 showed maximal growth when glucose was replaced by single molasses, HFCS, or both, although these combinations were unable to reach higher OD560 than that those found for MRS broth. However, when the molasses concentration was increased to 3% and used as the sole carbon source, maximal OD560 values were higher than those obtained from MRS.



Molasses and HFCS are the main byproducts of the sugarcane and corn industry. Molasses contain (average on dry matter base) sucrose (48.8%), fructose (8.1%), and glucose (5.3%), amino acids, vitamins, minerals, and lactic acid as essential nutrients [25]. Sucrose as a disaccharide containing glucose and fructose represents a major substrate for LAB growth. Acidification was reported to promote sucrose hydrolysis in molasses into the inverted sugar fructose and glucose; this process is produced by LAB growth, in addition to the spontaneous acidification of molasses [26]. HFCS (fructose 55% and glucose 37–40%, according to the manufacturer) is produced from corn starch, which is broken down by enzymes. Some of its glucose is then further isomerized into fructose [27]. The higher growth of the CRL2074 and CRL2085 probiotic strains when molasses and/or fructose were used as carbon sources, agrees with their ability to utilize sucrose, fructose, and glucose for growth [28,29]. However, lower growth was observed for CRL2069 when molasses/fructose was present at low concentrations (≤1.5%) in the formulated media. This result being correlated with the inability of some L. mucosae strains to utilize fructose, but their ability to use sucrose, as reported when comparative genomics analysis was applied [30]. However, the higher growth of L. mucosae CRL2069 when 3% Mol was added as the sole carbon source showed a shorter lag phase than MRS, which correlates with this strain’s ability to use sucrose, the main component of molasses. The use of molasses as a low-cost component and undesired waste from the sugar industry to optimize large-scale probiotic biomass production has also been reported; moreover, soybean meal or wheat stillage as carbon and nitrogen sources (to replace costly yeast extract) for the intensive growth of L. mucosae, L. johnsonii, and L. plantarum probiotics, as well as for the production of mannitol by L. intermedius and protease by the Bacillus strains has also been reported [11,31,32,33]. Similarly, molasses and corn steep liquor (nitrogen source) as components of a low-cost medium enable high cell mass and lactic acid production by L. salivarius [34]. Although the use of pectin (waste from the citrus industry) in the formulation of culture media has been reported to enhance the growth of lactobacilli and bifidobacteria [14], no increase in the growth of probiotic strains was found in this study. However, the addition of isomaltooligosaccharide (IMO) corn syrup (a high maltose prebiotic) showed much lower growth of probiotic strains; maximal OD560 was exhibited when IMO combined with molasses was added to the Mgl base medium. Consequently, a lower number of live cells of the L. acidophilus probiotic strain at 24 h was reported when the medium was supplemented with fructooligosaccharide commercial prebiotic compared with mono- and di-saccharides [35]. Lactobacilli conversion of α-glycosides involves the widely distributed dextranase DexB for IMO hydrolysis; although metabolic enzymes for oligosaccharide metabolism are intracellular, their transport is limited [36].



When nitrogen sources were assayed, even when laboratory YEs allowed probiotics to reach growth similar or higher to MRS at 14 h, these are not considered low-cost nitrogen sources for industrial biomass production. However, when industrial Angel YEs (FM503, FM983, and FM902) were used as nitrogen sources, higher maximal growth of heterofermentative probiotics (CRL2085 and CRL2069) was promoted, while Tulev YE enhanced the growth of the CRL2074 strain. Despite efforts to find a suitable partial/total replacement for yeast extract owing to its high cost, it has proven difficult to replace its effectiveness in the cultivation of lactobacilli [37]. Yeast extracts as industrial nitrogen sources were used in this study; these are claimed by the manufacturer to contain balanced free amino acids, peptides, vitamins, nucleotides, and trace elements, and as they are bulk produced and commercialized, they would be less expensive. Industrial waste products, soybean meal (45% protein) and corn steep licquor, were also used to replace YE as low-cost nitrogen sources for lactobacillus biomass production [11,13].



The effects of the initial pH of the media and culturing temperature on probiotics growth and biomass production were investigated using an optimized medium. This is because not only medium formulation, but also physicochemical parameters are critical factors. The results showed that both initial and maintained pH (during growth) and incubation temperature affected the biomass production of the probiotic lactobacilli. The preliminary growth of the CRL2074, CRL2085, and CRL2069 probiotic strains in MRS at 37 °C under static conditions showed maximal biomass production. Lower or similar biomass was produced under controlled pH at the same temperature, while agitation reduced biomass production at both temperatures. It is known that pH can influence probiotics’ functionality, such as tolerance to gastric conditions, adhesion to intestinal epithelia, or immunomodulatory activity. Indeed, the higher resistance of L. rhamnosus E800 to bile salts and gastric acidity was reported when biomass production was conducted at controlled pH 5.0 and not at pH 5.8 [38]. Moreover, although a similar biomass was obtained at pH between 6.0 and 4.0, IL-12 production was higher at pH 4.0 [39]. The self-imposed acid stress by lactobacilli during growth on different carbon sources make them relatively acid-tolerant; this feature is important for probiotic lactobacilli whose growth/survival in the presence of metabolizable sugars may be enhanced by the acidic environment [40]. In this study, compared with the MRS medium, biomass production in the lab bioreactor using optimized media and culture conditions increased by 37 and 46%, reaching cell numbers of 8.65 × 1010 and 2.3 × 1010 CFU/mL at 24 h for CRL2085 and CRL2069 probiotics, respectively. A cell mass increase of 22% was observed for the CRL2074 strain. Because the probiotic strains were isolated from bovine feces, higher biomass production was obtained at the optimal growth temperature of 37 °C. Consequently, biomass production by L. plantarum 200655 was enhanced by using a lab-scale bioreactor containing maltose, yeast extract, and soytone as critical components to obtain yields higher than 50% compared with the MRS medium [41]. Similarly, biotherapeutic L. reuteri DSM 20016T and L. plantarum AS-14 biomass was reported to increase by 55% and 57% in optimized media compared with un-optimized or MRS media [13,42]. In this study, heterofermentative CRL2085 and CRL2069 probiotics registered similar viable counts (1010 CFU/g) with controlled pH, producing higher biomass when compared with free pH cultures. Similarly, higher cell counts were achieved by L. rhamnosus 64 grown in a dairy-based medium and batch fermentation with controlled pH than in under free pH conditions [43]. The significant difference in biomass amount produced by the CRL2085 and CRL2069 strains when pH-controlled batch fermentation conditions were used may be attributed to the different cell morphology developed by each strain. This has been previously reported for the largely different dry biomass amounts produced by the L. acidophilus (La-5) and L. paracasei (Lp-01) probiotics, even when exhibiting similar viable counts [24]. Nevertheless, since probiotics must be administered in high numbers, with high viability, the amount of biomass may not be as relevant as the final viable counts obtained after technological production; cells can be of different weights depending on the production culture medium, and can generate more biomass with fewer viable cells [13]. In addition, bacterial biomass does not take into account the viability of cells with sub-lethal damage or dead cell weight.



The industrial application of LAB depends on the concentration and preservation technologies to ensure the stability of cultures in terms of viability and functional activity. Freeze drying is by far the most conventional process used for the industrial production of dried bacterial cultures [17]. It is the most suitable and widely used method of preserving probiotic bacteria, yeasts, and sporulating fungi by reducing water activity on water removal; long-term storage is achieved by reducing water activity to values lower than 0.2 [18]. The stability of probiotic bacteria during freeze drying and storage can be enhanced by adding cryoprotectants; these agents are adsorbed on bacterial cell membranes to form a viscous layer, inhibiting the intracellular formation of ice [44]. In this study, seven cryoprotectants were assayed, both individually and combined. The results indicate that MSG was the only agent to protect CRL2074, while combinations of all the ingredients assayed and WPC + Treh were shown to protect CRL2085 and CRL2069, respectively, during freeze drying and storage. MSG was reported as the better agent to increase the survival of lactobacilli, either alone or combined with sucrose and skim milk; it provided significantly high viable counts and increased survivability after freeze drying of L. acidophilus TTC4962 and L. salivarius W13 [37,45]. However, L. mucosae CRL2069 exhibited maximal protection after freeze drying when the cells were suspended in MSG and WPC + Treh mix. WPC consists of about 80% protein, while the disaccharide trehalose, protects cell membranes by replacing water molecules and stabilizing them in the dry state [46]. Trehalose showed a high protective effect for probiotic lactobacilli; a high survival rate after lyophilization was observed with media containing skim milk and trehalose [47]. When the effect of cryoprotectants was evaluated after freeze drying and storage of L. fermentum CRL2085, a maximal survival rate was observed with a medium containing a mixture of five components involving Treh. Consequently, adding trehalose prior to freezing had a cryoprotective effect on the survival of L. fermentum present in wheat sourdough [48]. The disaccharides, fructose and sucrose, as well as WPC, have also been described as lactobacillus protectants upon freeze drying [44,49]. It was reported that a combination of protein and sugar can have synergistic effect on cell survival, rather than acting individually [50]. However, the viability of the three probiotic strains was found to be non-significant when fructose or sucrose were added individually or in combination with other agents; this loss in viability may be due to the use of these monosaccharaides by bacterial cells.



As lyophilization and storage are strain-specific, this may interfere with the probiotics’ features and functionality, and consequently, this must be taken into consideration in product development. In this study, cell surface hydrophobicity related to the adhesion ability to the intestinal epithelium was used as a control of freeze drying and storage. When the superficial features of probiotic cells were determined and compared with those previously exhibited [21], the results indicated that their functionality was retained after freeze drying when using previously selected cryoprotectants and 30-d of storage at 4 °C. Similarly, the degree of cell surface hydrophobicity of freeze-dried L. plantarum strains in skim milk + sucrose and a combination of rice protein–fructooligosaccharides was not different from the original cells, as previously demonstrated for LAB from different ecosystems [50,51,52,53].




5. Conclusions


To support the large-scale production of the L. acidophilus CRL2074, L. fermentum CRL2085, and L. mucosae CRL2069 probiotic strains, in this study, we optimized a low-cost culture medium and cultivation conditions, which significantly enhanced biomass production for the three probiotics strains. The use of molasses (3%) as undesired waste from the sugar industry as well as low-cost industrial yeast extracts showed maximal, large-scale probiotic biomass production. Selected and effective cryoprotectants were established in a targeted, strain-specific way for high probiotic biomass production, with increased cell viability and survivability after freeze drying and storage without a decrease in functionality. Bacterial mass production by probiotic lactobacilli was enhanced to obtain higher yields than in the MRS medium. Thus, these results can be successfully used as a basis for the industrial cultivation of these probiotics.
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Figure 1. Viable cell numbers of probiotic strains grown in different carbon sources. * Significant differences (p < 0.05) are indicated after evaluating growth in different culture media, tested using the Tukey tests. 
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Figure 2. Growth of probiotic strains in media with added 3% molasses compared with the MRS medium. 
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Figure 3. Viable cell numbers of probiotic strains grown in different commercial nitrogen sources. 






Figure 3. Viable cell numbers of probiotic strains grown in different commercial nitrogen sources.



[image: Applmicrobiol 03 00024 g003]







[image: Table] 





Table 1. Statistical model applied (simplex–centroid mixture matrix) for the selection of carbon sources to optimize culture media ingredients for probiotic strains.
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	Run Order (Samples)
	Glu

%
	HFCS

%
	Mol

%
	Pect

%
	Lac

%
	IMO

%
	Run Order

(Samples)
	Glu

%
	HFCS

%
	Mol

%
	Pect

%
	Lac

%
	IMO

%





	S1
	0
	0.5
	0
	1.0
	0
	0
	S31
	0
	0
	0.75
	0.75
	0
	0



	S2
	0
	0
	0.5
	1.0
	0
	0
	S32
	0
	0
	0
	0
	0
	1.5



	S3
	0
	0
	0
	0.5
	0
	1.0
	S33
	0.75
	0.75
	0
	0
	0
	0



	S4
	0
	0
	0
	0
	1.5
	0
	S34
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25



	S5
	0
	0.75
	0
	0
	0
	0.75
	S35
	0
	0.5
	0
	0
	1.0
	0



	S6
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	S36
	0
	0.75
	0
	0
	0.75
	0



	S7
	0
	0
	0
	1.5
	0
	0
	S37
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25



	S8
	0
	0
	0
	0
	0.75
	0.75
	S38
	1.0
	0
	0
	0
	0.5
	0



	S9
	0
	1.0
	0
	0.5
	0
	0
	S39
	1.0
	0
	0.5
	0
	0
	0



	S10
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	S40
	0.5
	0
	0
	0
	0
	1.0



	S11
	0
	0
	0
	0.75
	0.75
	0
	S41
	0.5
	1.0
	0
	0
	0
	0



	S12
	1.5
	0
	0
	0
	0
	0
	S42
	0
	0
	1.0
	0.5
	0
	0



	S13
	0
	1.5
	0
	0
	0
	0
	S43
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25



	S14
	0.5
	0
	0
	1
	0
	0
	S44
	0
	0.5
	1.0
	0
	0
	0



	S15
	0.75
	0
	0
	0
	0.75
	0
	S45
	0.5
	0
	0
	0
	1.0
	0



	S16
	0
	0
	0
	0
	0.5
	1.0
	S46
	0
	0
	0
	1.0
	0.5
	0



	S17
	0
	0
	0
	0.5
	1.0
	0
	S47
	0
	0
	0
	0.75
	0
	0.75



	S18
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	S48
	0
	0
	1.0
	0
	0
	0.5



	S19
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	S49
	0
	1.0
	0
	0
	0.5
	0



	S20
	0
	0.5
	0
	0
	0
	1.0
	S50
	0
	0.75
	0
	0.75
	0
	0



	S21
	0.75
	0
	0.75
	0
	0
	0
	S51
	0
	0
	0.75
	0
	0.75
	0



	S22
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25
	S52
	0
	0
	1.0
	0
	0.5
	0



	S23
	0
	0
	1.5
	0
	0
	0
	S53
	0
	1.0
	0.5
	0
	0
	0



	S24
	0
	1.0
	0
	0
	0
	0.5
	S54
	0
	0
	0.75
	0
	0
	0.75



	S25
	1.0
	0
	0
	0
	0
	0.5
	S55
	1.0
	0
	0
	0.5
	0
	0



	S26
	0
	0
	0.5
	0
	1.0
	0
	S56
	0.25
	0.25
	0.25
	0.25
	0.25
	0.25



	S27
	0.75
	0
	0
	0.75
	0
	0
	S57
	0
	0
	0.5
	0
	0
	1.0



	S28
	0
	0
	0
	1.0
	0
	0.5
	S58
	0
	0
	0
	0
	1.0
	0.5



	S29
	0.5
	0
	1.0
	0
	0
	0
	S59
	0.75
	0
	0
	0
	0
	0.75



	S30
	0.5
	1.0
	0
	0
	0
	0
	S60
	0
	0.75
	0.75
	0
	0
	0







Glu: glucose; HFCS: high-fructose corn syrup; Mol: molasses; Pect: pectin; Lac: lactose; IMO: isomaltooligosaccharide corn syrup.
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Table 2. Growth parameters of probiotic lactobacilli strains on selected culture media.






Table 2. Growth parameters of probiotic lactobacilli strains on selected culture media.





	
Probiotic Strains

	
Culture Media

(Table 1)

	
Growth Parameters




	
Max OD560nm

	
t (h) *

	
μmax

(h−1)






	
L. acidophilus CRL2074

	
MRS

	
1.24 ± 0.03

	
14

	
0.196 ± 0.02




	

	
S60-0.75% HFCS + 0.75% Mol *

	
1.17 ± 0.01

	
14

	
0.135 ± 0.01




	

	
S23-1.5% Mol

	
0.90 ± 0.02

	
14

	
0.140 ± 0.01




	

	
S47-0.75% Pect + 0.75% IMO

	
0.81 ± 0.04

	
14

	
0.056 ± 0.02




	

	
S20-0.5% HFCS + 1% IMO

	
0.78 ± 0.01

	
14

	
0.047 ± 0.01




	

	
3% Mol

	
1.40 ± 0.01

	
14

	
0.160 ± 0.02




	
L. fermentum CRL2085

	
MRS

	
1.46 ± 0.01

	
14

	
0.260 ± 0.03




	

	
S60-0.75% HFCS + 0.75% Mol *

	
1.32 ± 0.02

	
13

	
0.480 ± 0.01




	

	
S10-0.25% all ingredients

	
1.25 ± 0.03

	
8

	
0.400 ± 0.02




	

	
S23-1.5% Mol

	
1.25 ± 0.01

	
14

	
0.334 ± 0.01




	

	
S36-0.75% HFCS + 75% Lac

	
1.24 ± 0.01

	
12

	
0.457 ± 0.03




	

	
S48-1% Mol + 0.5% IMO

	
1.24 ± 0.03

	
11

	
0.171 ± 0.03




	

	
S30-0.5% Gluc + 1% HFCS

	
1.24 ± 0.03

	
9

	
0.256 ± 0.02




	

	
S52-1% Mol + 0.5% Lac

	
1.24 ± 0.03

	
10

	
0.119 ± 0.02




	

	
S53-1% HFCS + 0.5% Mol

	
1.20 ± 0.03

	
10

	
0.234 ± 0.01




	

	
3% Mol

	
1.60 ± 0.01

	
10

	
0.425 ± 0.01




	
L. mucosae CRL2069

	
MRS

	
1.68 ± 0.03

	
14

	
0.253 ± 0.02




	

	
S56-0.25% all ingredients

	
0.97 ± 0.02

	
6

	
0.315 ± 0.03




	

	
S5-0.75% HFCS + 0.75% IMO *

	
0.93 ± 0.03

	
14

	
0.310 ± 0.01




	

	
S51-0.75 Mol + 0.75 Lac

	
0.86 ± 0.01

	
7

	
0.231 ± 0.02




	

	
S52-1% Mol + 0.5% Lac

	
0.86 ± 0.02

	
7

	
0.157 ± 0.02




	

	
S36-0.75 HFCS + 0.75% Lac

	
0.78 ± 0.01

	
7

	
0.346 ± 0.05




	

	
3% Mol

	
1.56 ± 0.02

	
12

	
0.495 ± 0.01








* t(h): time bacteria take to reach maximal OD560. Gluc: glucose; Lac: lactose; Pect: pectin; Mol: molasses; HFCS: high-fructose corn syrup; IMO: isomaltooligosaccharide corn syrup. * Indicates significant difference (p < 0.05) after evaluating growth in different culture media, tested using the Tukey tests.
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Table 3. Probiotic lactobacillus growth conditions and cell biomass production in MRS medium.






Table 3. Probiotic lactobacillus growth conditions and cell biomass production in MRS medium.





	
30 °C




	
Incubation Conditions

Probiotic Strains

Time (h)

	
Static

	
Agitation




	
CRL2074

	
CRL2085

	
CRL2069

	
CRL2074

	
CRL2085

	
CRL2069

	
CRL2074

	
CRL2085

	
CRL2069

	
CRL2074

	
CRL2085

	
CRL2069




	
Free pH

	
Controlled pH

	
Free pH

	
Controlled pH




	
DO560nm

	
pH

	
DO560nm

	
pH

	
DO560nm

	
pH

	
DO560nm

	
DO560nm

	
pH

	
DO560nm

	
pH

	
DO560nm

	
pH

	
DO560nm






	
0

	
0.001

	
6.50

	
0.001

	
6.50

	
0.001

	
6.50

	
0.001

	
0.001

	
0.001

	
0.001

	
6.50

	
0.001

	
6.50

	
0.001

	
6.70

	
0.001

	
0.001

	
0.001




	
3

	
0.149

	
6.45

	
0.062

	
6.48

	
0.127

	
6.58

	
0.091

	
0.119

	
0.124

	
0.225

	
6.48

	
0.081

	
6.45

	
0.175

	
6.48

	
0.186

	
0.060

	
0.195




	
6

	
0.101

	
6.04

	
0.298

	
6.08

	
0.353

	
5.99

	
0.171

	
0.128

	
0.326

	
0.770

	
5.46

	
0.223

	
6.32

	
0.793

	
5.29

	
0.768

	
0.207

	
0.854




	
9

	
0.695

	
5.40

	
0.628

	
5.63

	
0.835

	
5.14

	
0.840

	
0.757

	
0.950

	
1.095

	
4.74

	
0.816

	
5.61

	
1.225

	
4.58

	
0.920

	
0.758

	
0.875




	
24

	
1.298

	
4.26

	
1.280

	
4.69

	
1.410

	
4.12

	
1.322

	
1.193

	
1.178

	
1.109

	
4.65

	
1.149

	
4.94

	
1.351

	
4.22

	
1.005

	
0.907

	
1.146




	
Biomass (g/L)

	
12.8

	
8.0

	
12.4

	
10.0

	
8.6

	
9.8

	
8.2

	
7.2

	
8.4

	
9.0

	
7.4

	
7.9




	
37 °C




	
Incubation Conditions/

Probiotic Strains

Time (h)

	
Static

	
Agitation




	
CRL2074

	
CRL2085

	
CRL2069

	
CRL2074

	
CRL2085

	
CRL2069

	
CRL2074

	
CRL2085

	
CRL2069

	
CRL2074

	
CRL2085

	
CRL2069




	
Free pH

	
Controlled pH

	
Free pH

	
Controlled pH




	

	
DO560nm

	
pH

	
DO560nm

	
pH

	
DO560nm

	
pH

	
DO560nm

	
DO560nm

	
pH

	
DO560nm

	
pH

	
DO560nm

	
pH

	
DO560nm




	
0

	
0.001

	
6.50

	
0.001

	
6.50

	
0.001

	
6.50

	
0.001

	
0.001

	
0.001

	
0.001

	
6.50

	
0.001

	
6.50

	
0.001

	
6.50

	
0.001

	
0.001

	
0.001




	
3

	
0.057

	
6.40

	
0.037

	
6.38

	
0.079

	
6.47

	
0.030

	
0.033

	
0.045

	
0.081

	
6.47

	
0.054

	
6.48

	
0.041

	
6.37

	
0.036

	
0.030

	
0.095




	
6

	
0.115

	
6.00

	
0.140

	
6.10

	
0.181

	
6.20

	
0.116

	
0.071

	
0.159

	
0.192

	
6.10

	
0.104

	
6.20

	
0.125

	
6.10

	
0.106

	
0.087

	
0.116




	
9

	
0.501

	
5.70

	
0.340

	
5.40

	
0.831

	
5.50

	
0.386

	
0.277

	
0.602

	
0.582

	
5.70

	
0.328

	
5.75

	
0.483

	
5.80

	
0.319

	
0.415

	
0.466




	
24

	
1.367

	
4.10

	
1.3207

	
4.70

	
1.424

	
4.40

	
1.347

	
1.239

	
1.347

	
0.825

	
4.80

	
0.956

	
4.60

	
0.903

	
5.20

	
0.876

	
0.803

	
0.656




	
Biomass (g/L)

	
12.9

	
9.4

	
13.0

	
11.8

	
9.4

	
12.4

	
8.8

	
9.8

	
9.6

	
9.8

	
8.0

	
9.0
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Table 4. Probiotic lactobacillus growth and biomass production in bioreactor with optimized media at free and controlled pH (6.5) at 37 °C.






Table 4. Probiotic lactobacillus growth and biomass production in bioreactor with optimized media at free and controlled pH (6.5) at 37 °C.





	
Probiotic Strain

	
Growth Conditions

	

	
Incubation Time (h)






	

	

	

	
0

	
6

	
12

	
24




	
L. acidophilus CRL2074

	
Free pH

	
CFU/mL

	
2.1 × 107

	
2.9 × 107

	
1.4 × 108

	
1.0 × 109




	

	

	
pH

	
6.5

	
5.5

	
4.4

	
3.6




	

	

	
Biomass (g/L)

	

	

	

	
12.25




	

	
Controlled pH

	
CFU/mL

	
1.2 × 107

	
7.5 × 107

	
1.4 × 108

	
1.3 × 108




	

	

	
Biomass (g/L)

	

	

	

	
10.00




	
L. fermentum CRL2085

	
Free pH

	
CFU/mL

	
1.8 × 107

	
2.65 × 109

	
8.0 × 109

	
1.5 × 1010




	

	

	
pH

	
6.5

	
4.5

	
4.3

	
4.4




	

	

	
Biomass (g/L)

	

	

	

	
11.50




	

	
Controlled pH

	
CFU/mL

	
1.5 × 107

	
2.3 × 109

	
1.9 × 1010

	
8.65 × 1010




	

	

	
Biomass (g/L)

	

	

	

	
12.95




	
L. mucosae CRL2069

	
Free pH

	
CFU/mL

	
4.3 × 107

	
1.6 × 1010

	
1.5 × 1010

	
1.2 × 1010




	

	

	
pH

	
6.5

	
4.2

	
3.4

	
3.8




	

	

	
Biomass (g/L)

	

	

	

	
12.40




	

	
Controlled pH

	
CFU/mL

	
3.4 × 107

	
5.0 × 109

	
5.5 × 1010

	
2.3 × 1010




	

	

	
Biomass (g/L)

	

	

	

	
18.20
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Table 5. Effect of cryoprotective additives on the viability of probiotic lactobacilli after freeze drying, survival rate and stability.
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Analyzed Conditions

	
Viability (log CFU/g) after Freeze Drying




	
Cryoprotectants a




	
Fruct

	
Sucr

	
Treh

	
MSG

	
WPC

	
WPC + Treh

	
MIX






	
L. acidophilus CRL2074




	
Free pH

	
<4

	
<4

	
5.32

	
8.74

	
6.44

	
4.70

	
6.84




	
Stability (30 days)

	

	

	

	
8.41

	

	

	




	
% Survival b

	

	

	

	
96%

	

	

	




	
L. fermentum CRL2085




	
Controlled pH

	
5.74

	
5.94

	
6.80

	
5.47

	
3.89

	
5.08

	
9.96




	
Stability (30 days)

	

	

	

	

	

	

	
8.78




	
% Survival

	

	

	

	

	

	

	
88%




	
L. mucosae CRL2069




	
Controlled pH

	
4.73

	
4.11

	
6.77

	
9.17

	
6.83

	
9.99

	
6.49




	
Stability (30 days)

	

	

	

	

	

	
9.95

	








a Fruct: fructose; Sucr: sucrose; Treh: trehalose; MSG: monosodium glutamate; WPC: whey protein concentrate. Each cryoprotectant was prepared at a concentration of 10%; WPC + Treh: contained 1.2% WPC and 10% Treh and MIX contained all additives at a concentration of 10%. b % Survival = (CFU30d/CFUfreeze-drying) × 100.
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Table 6. Surface properties of probiotic lactobacilli at 30 days after freeze drying.






Table 6. Surface properties of probiotic lactobacilli at 30 days after freeze drying.





	
Probiotic Strain

	
Culture Medium

	
Surface Properties (%)




	
Auto-Aggregation

	
Hydrophobicity




	
Xylene

	
Toluene






	
L. acidophilus CRL2074

	
MRS

	
21.6 (33) *

	
8.0 (75)

	
1.6 (73)




	

	
Mgl + 3% Mol

	
51.5

	
5.7

	
1.4




	
L. fermentum CRL2085

	
MRS

	
83.3 (13)

	
3.0 (0)

	
1.0 (3)




	

	
Mgl + 3% Mol

	
91.3

	
10.0

	
8.5




	
L. mucosae CRL20

	
MRS

	
80.0 (82)

	
14.9 (73)

	
5.3 (0)




	

	
Mgl + 3% Mol

	
65.0

	
13.1

	
11.1








* In brackets: original values in MRS, as previously determined by Maldonado et al. (2018).
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