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Abstract

:

The endoenzyme β-galactosidase (β-d-galactoside galactohydrolase; EC 3.2.1.23) has been used at industrial scales for the preparation of lactose-free milk and for the conversion of lactose to galacto-oligosaccharides (GOS) prebiotics. In this study, using Plackett–Burman (PB) design and the response surface methodology (RSM), the batch growth conditions for the production of β-galactosidase in DeMan-Rogosa-Sharpe (MRS) media have been studied and optimized for Lactobacillus leichmannii 313 (ATCC 7830™) for the first time. The incubation temperature (30  <  T  <  55 °C), starting pH (5.5  <  pH  <  7.5), and carbon source (glucose, lactose, galactose, fructose, and sucrose) were selected as the significant variables for optimization. The maximum crude β-galactosidase production (measured by specific activity) was 4.5 U/mg proteins and was obtained after 12 h of fermentation. The results of the PB design and further optimization by RSM showed that the initial pH of 7.0 and 15.29 g/L of lactose were the levels that gave the optimum observed and predicted β-galactosidase activities of 23.13 U/mg and 23.40 U/mg, respectively. Through RSM optimization, β-galactosidase production increased significantly (over five-fold) in optimized medium (23.13 U/mg), compared with unoptimized medium (4.5 U/mg). Moreover, the crude enzyme obtained was able to hydrolyze lactose and also produce galacto-oligosaccharides. Because its ability to produce β-galactosidase was significantly improved through optimization by RSM, L. leichmannii 313 can serve as a potential source of β-galactosidase for food applications at an industrial scale.
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1. Introduction


β-galactosidase (β-d-galactoside galactohydrolase; EC: 3.2.1.23) is an enzyme used in some industrial processes to hydrolyze lactose for several purposes. On the one hand, lactose hydrolysis addresses an important public health challenge, as it helps in the control of symptoms developed in individuals who suffer from lactose intolerance after consuming dairy products [1,2]. On the other hand, lactose hydrolysis helps control lactose crystallization in dairy products, and can also be used as a treatment option to reduce the levels of lactose in whey by-products of cheese manufacturing processes [3]. Interestingly, during hydrolysis reactions, β-galactosidase also has the ability to transfer galactose residues onto other lactose or galactose molecules to form galacto-oligosaccharides (GOS). GOS represent an important functional food ingredient, as they are a prebiotic which is important for gut health [4,5,6]. In human beings, the consumption of GOS has significant health benefits, including the development of anti-cancer properties in the colon, mineral absorption, lipid metabolism, anti-inflammatory and immune effects, and overall well-being [7].



Over the years, research efforts have intensified in the search for β-galactosidase for some of the aforementioned biotechnological applications [8]. Once an organism has been identified as a good source of this enzyme, statistical experimental methods are used to optimize the conditions and parameters that lead to high enzyme yields. Plackett–Burman designs and the response surface methodology (RSM) are among the widely used experimental design approaches employed to optimize the production of enzymes from microbial species [9,10,11,12]. This is because these statistical tools save time, allow the experimenter to see the single and combined effects of multivariate parameters, and provide models which explain how those parameters are related to chosen response variables [13,14].



β-galactosidase is widely distributed in plants, animals, and microorganisms. For the purpose of biotechnological applications, yeast species such as Kluyveromyces marxians, Kluyveromyces lactis, and Kluyveromyces fragilis are widely used as sources of this enzyme [15,16,17]. Bacteria belonging to the bifidobacterium (e.g., B. adolescentis, infantis, and longum) [18,19], and lactobacillus (e.g., L plantarum, crispatus, acidophilus, delbrueckiis sp. bulgaricus, etc.) [20,21,22] genera are also exploited (albeit to a lesser extent) as sources of this enzyme. However, not all lactobacilli have been studied extensively for their ability to produce this enzyme. Lactobacillus leichmannii 313 (ATCC 7830) is a food-grade lactobacillus that is used in the production of sour rye bread [23], hard cheeses [24], and yoghurt [25]. In 1986, L. leichmannii 313 was found to be a potential source of β-galactosidase [26]. However, since then, only a few studies have explored the full extent of this bacterium as a source of β-galactosidase. Aside from the works of Premi, et al. [27] and Cesca, et al. [28], who studied β-galactosidase from lactobacillus species (including ATCC 7830), we are not aware of any comprehensive attempts to optimize the production of β-galactosidase from this bacterium. Recently, we reported on the purification and catalytic properties of β-galactosidase from L. leichmannii 313 [29], but research studies aimed at identifying factors and parameters for the profuse production of this enzyme by L. leichmannii 313 are scant. Such studies are needed to help diversify the sources of β-galactosidase and make it possible for β-galactosidase from L. leichmannii 313 to be used at industrial scales in the food industry.



The objective of this study was therefore to utilize Plackett–Burman design and RSM to screen for important variables and further optimize the levels of those variables that contribute to the optimum production of β-galactosidase by L. leichmannii 313 during batch growth in MRS medium. The hydrolytic and transgalactosylation properties of crude β-galactosidase from L. leichmannii 313 on lactose as a substrate were also confirmed.




2. Materials and Methods


2.1. Lactobacillus Strain and Culture Conditions


The Lactobacillus leichmannii 313 (ATCC® 7830TM) strain was obtained from the New Zealand Reference Culture Collection: Medical Section (NZRM) of the Institute of Environmental Science and Research, New Zealand. The bacterial strain was preserved at −80 °C. Frozen cells were revived in MRS broth, followed by plating and sub-culturing in MRS agar media (BD Biosciences, Sparks, MD, USA) at 37 °C for 12 h. Following this, a single colony was inoculated in MRS broth (BD Biosciences, Sparks, MD, USA) and grown (37 °C, 12 h) until optical density at 560 nm (OD560nm) reached ~1.0. This served as inoculum for subsequent experiments.




2.2. Impact of Agitation and Fermentation Time on the Production of Crude Enzyme


To study the effect of agitation, aliquots of the inoculum were seeded in 30 mL capacity universal media glass bottles containing 20 mL of fresh MRS broth to an OD560nm of 0.1, and grown (37 °C) in either static (0 rpm) or shaken (100 rpm) conditions. Cultures were harvested at the end of 12 h and evaluated for cell growth (via OD560nm measurements) and specific enzyme (β-galactosidase) activity (U/mg proteins). To study the effect of fermentation time, aliquots of the inoculum were seeded into 20 mL of MRS broth (in a 30 mL glass vial) to an initial OD560nm of 0.1 and grown in static conditions (0 rpm, 24 h, 37 °C). The cell growth (OD560nm), specific enzyme activity (U/mg proteins), and pH were monitored at selected time points.




2.3. Description of the Bacterial Growth Curve


The experimental data of the growth curves were fitted to the Gompertz model using parameters A, μmax, λ, and ε, based on Equation (1), as derived by Zwietering, et al. [30], from the original equation of Gompertz [31]:


Dt = A exp (–exp [(μmax e/A) (λ – t) + 1])



(1)




where Dt is the OD560nm at time t; t is the time of growth (h); D0 is the OD560nm at t = 0; A, the asymptotic value, is the increase of the optical density between D0 and ODmax; µmax is the maximum growth rate (h–1), calculated from the slope of a semi-logarithmic plot of OD560nm versus time (h); λ is the duration time of the lag phase in h; and ε is the exponential growth time, given by


ε = A/μmax



(2)







These parameters were estimated by the application of the ‘grofit’ package in R [32].




2.4. Extraction of Crude Enzymes


The bacteria cells were harvested by centrifugation (4000× g, 4 °C, 10 min) and washed twice in 50 mM potassium phosphate buffer (pH 7.0) via centrifugation. The bacteria cell pellets were then suspended in ice-cold 50mM potassium phosphate buffer (pH 7.0). Glass beads (150–212 micron, acid-washed, Sigma-Aldrich, St. Louis, MO, USA) were added to the bacteria suspension at 1:3 v/v (1/3 beads and 2/3 cell suspension. Together, the container was not more than half-full). The mixture was vigorously agitated via 2 min vortexing and 2 min incubation in an ice bath, for 3 cycles. The supernatant containing the crude enzyme was collected after centrifugation (12,000× g, 10 min, 4 °C). The protein concentration in the extract was determined by the Bradford assay [33], with bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) as the standard.




2.5. Enzyme Activity Assay


The activity of β-galactosidase was determined using chromogenic substrate o-nitrophenol-β-D-galactopyranoside (ONPG), based on the reaction shown in Figure 1.



The enzyme activity assay was based on the method described by Choonia and Lele [34]. About 15 μL of crude enzyme and 135 μL of 15 mM ONPG (Sigma-Aldrich, St. Louis, MO, USA) were reacted for 10 min and the reaction was stopped by adding 300 μL of 500 mM sodium carbonate. The amount of O-nitrophenol (ONP) generated by the reaction was measured by a Multi-mode Microplate Reader (SynergyTM 2, BioTek Instruments, Inc., Winooski, VT, USA) at 420 nm. The amount of ONP released was determined from a standard curve prepared using an ONP solution (Sigma-Aldrich, St. Louis, MO, USA). One unit of enzyme activity (U) is defined as the amount of enzyme that produces 1 mM o-nitrophenol per minute under the assay conditions.




2.6. Optimization of Fermentation Conditions


2.6.1. Independent Factor Analysis


In order to select significant variables for β-galactosidase production, independent factor analysis was employed, where one independent factor was altered while keeping the others constant. The factors studied were the incubation temperature (30  <  T  <  55 °C), starting pH (5.5  <  pH  <  7.5), and carbon source (20 g/L; glucose, lactose, galactose, fructose, and sucrose).




2.6.2. Factor Screening Experiments


Minitab version 18 Statistical Software (Minitab®, State College PA, USA) was used to generate a Plackett–Burman design to identify the effects of the three independent factors and the interaction(s) among them for β-galactosidase synthesis. The center point (0 level) and two levels of independent factors (+1/−1) (see Table 1) were set based on the optimum conditions identified from the independent factor analysis. The design required 12 runs, as shown in Table 2.




2.6.3. Central Composite Design (CCD) and Response Surface Methodology (RSM) Analysis


Following the screening experiments, the incubation temperature (30 to 55 °C), initial pH (5.0 to 7.5), and carbon source (glucose, galactose, lactose, fructose, and sucrose), as independent factors, were studied for their effect on specific β-galactosidase production by L. leichmannii 313 in MRS medium. The components in the modified MRS broth were as follows: 10 g/L proteose peptone, 10 g/L beef extract, and 5 g/L yeast extract (BD Biosciences, Sparks, MD, USA); carbon sources (glucose, galactose, lactose, fructose, and sucrose) (BDH Laboratory Supplies, Poole, UK); 1 g/L polysorbate (Tween-80) (Sigma-Aldrich, St. Louis, MO, USA); and 2 g/L ammonium citrate, 5 g/L sodium acetate, 0.1 g/L magnesium sulfate, 0.05 g/L manganese sulfate, and 2 g/L dipotassium phosphate (Ajax Finechem, Taren Point, NSW, Australia). Minitab version 18 was used to generate a central composite design (CCD) based on the center points and levels shown in Table 3. The design required 13 runs, as shown in Table 4. Response surface fitting was employed to identify and illustrate the values of the medium components that gave the optimum enzyme production levels (based on specific enzyme activity).





2.7. High-Performance Liquid Chromatography (HPLC) of β-Galactosidase Reaction Products


The derivatization and HPLC methods used to analyze the products from lactose hydrolysis and transgalactosylation by β-galactosidase are similar to what has been reported in our previous work [29]. About 100 µL of crude β-galactosidase was added to 500 µL of 600 mM lactose solution in 50 mM McIlvaine buffer (pH 5.5). After 4 h of incubation at 37 °C, this reaction was stopped by adding 50 µL of 0.33 N barium hydroxide solution and 50 µL of 5% zinc sulphate solution (w/v) to precipitate the proteins. The resulting solution was subsequently centrifuged for 10 min (2000× g, 4 °C) to remove the precipitated proteins. About 10 µL of the supernatant was diluted 10 times with water, and then derivatized by adding 100 µL of 500 mM PMP (1-Phenyl-3-methyl-5-pyrazolone, Sigma-Aldrich, St. Louis, MO, USA) solution and 100 µL of 300 mM sodium hydroxide solution, followed by incubation at 70 °C for 30 min. After cooling down to room temperature, 100 μL of 300 mM hydrochloric acid was added for neutralization. The resulting solution was extracted with chloroform three times. After removing the organic layer, the aqueous layer of the resulting mixture was diluted five times. The diluted samples were analyzed by HPLC using the Agilent 1126 system (Agilent Technologies Inc, Santa Clara, CA, USA) with a Phenomenex® Luna® C18(2) 100Å Column. The mobile phase was isocratic and consisted of 78% of 0.01 M sodium acetate buffer (pH 5.5) and 22% of acetonitrile. The flow rate of the mobile phase was 1 mL/min, with the column temperature set to 30 °C. The injection volume was 10 µL and the detection wavelength was set to 245 nm.




2.8. Statistical Analysis


Unless otherwise stated, all experiments were carried out as three independent replicates. The results were presented as means ± standard deviation. Regression analysis and the significance of the regression coefficient, as well as significant differences between means and multiple comparisons between means, were analyzed by one-way analysis of variance (ANOVA) and post-hoc Tukey’s honestly significant difference (HSD) test using Minitab 18 Statistical Software. A p-value < 0.05 and 95% confidence level were used to indicate statistical differences.





3. Results and Discussion


3.1. Optimization of Fermentation Conditions


L. leichmannii 313 is classified by ATCC as a microaerophilic organism. Therefore, unlike strict anaerobes, this species is able to survive in the presence of low levels of oxygen. In this study, culture media grown under agitation (shaken at 100 rpm) conditions yielded significantly lower levels of β-galactosidase and biomass (see Figure 2). The biomass yield and enzyme activity levels in static culture (i.e., those grown without shaking) were ~ 5-fold and 30-fold higher, respectively, than in the shaken cultures. This observation can be attributed to the effect of oxygen or aeration on the growth and metabolism of L. leichmannii 313. Factors that promote aerobic conditions (including intense agitation) have been shown to significantly inhibit the growth of lactobacilli [25,35]. Moreover, previous studies have shown that aerobic conditions inhibit cell growth and the production of certain enzymes (e.g., cell-envelope proteinases) by L. leichmannii 313 [36]. This is due to a switch in the usual homolactic fermentation that results in a lower ATP yield per glucose consumed, as well as activation of the enzyme pyruvate oxidase, which converts the oxygen in the media to hydrogen peroxide [36]. Hydrogen peroxide is a bacteriostatic compound that inhibits cell growth, and this accounts for the low levels of biomass. Static cultures, on the other hand, preserve a near anaerobic condition in the culture, resulting in higher biomass and enzyme yields. The higher biomass yields can be attributed to an efficient utilization of the carbon (i.e., glucose) [37]. Typically, anaerobic conditions activate the pyruvate-formate lyase system, which, by the actions of acetyl phosphate and acetyl kinase, increases the efficiency of ATP generation per glucose consumed. The efficient sugar utilization and higher levels of ATP produced lead to higher biomass levels [35,38]. This phenomenon has been demonstrated in Streptococcus mutans [39], as well as in some lactobacilli, such as L. johnsonii and L. gasseri [40], L. plantarum [41], and L. leichmannii 313 [36]. Based on these findings (shown in Figure 2), subsequent experiments in this study were carried out under static conditions.



The growth of L. leichmannii 313 and profile of β-galactosidase production are shown in Figure 3. The Gompertz model showed that the lag phase was about 2.8 h, after which the bacteria proliferated rapidly at a growth rate of 1.0 per hour, until a maximum OD of 4.5 was attained after 10 h. Accompanying the increasing biomass was the specific enzyme activity, which reached a maximum of 4.58 U/mg after 12 h of growth. This time point that corresponds to the early stationary phase of bacteria growth. The fact that the β-galactosidase levels were highest in the early stationary phase is consistent with reports of other studies involving lactobacilli [42]. Enzyme activity declined after 12 h, perhaps corresponding to the using up of substrates required for growth, or the production of organic acids leading to the lowering of media pH to levels that inhibit bacteria growth. The pH of the growth medium decreased and reached~3.9 after 24 h (Figure 3, Table 5).



3.1.1. Independent Factor Analysis


The three factors of temperature, pH, and carbon source were studied to identify the most important growth conditions that affect enzyme production. Temperature is a critical factor for bacteria growth. L. leichmannii 313 had almost the same yield of biomass and enzymes between 37 and 45 °C (Figure 4). The biomass yields (measured by OD at 560 nm) and final pH corroborated the results of the specific enzyme yields; that is to say, cell growth in the mesophilic temperature range of 37 to 45 °C recorded significantly higher levels of biomass (and a lower final pH) than at temperatures below 37 °C and above 45 °C. This indicates that temperature has a growth-dependent effect on β-galactosidase production by L. leichmannii 313. Additionally, compared with other lactic acid bacteria, such as Bifidobacterium longum [43], L. leichmannii 313 has a wider range of temperatures for β-galactosidase production. This optimum growth range is to be expected for a mesophilic lactobacillus. Moreover, considering that most dairy products are processed in this temperature range, it is an indication that L. leichmannii 313 has the potential to be used as a starter that can withstand conditions employed in the processing of dairy products. The sharp decline in enzyme activity over 45 °C could be due to cell growth impairment at high temperatures. This is demonstrated by the low OD values and the corresponding high final culture pH. Moreover, temperatures below 37 °C were not optimum for the production and specific activity of β-galactosidase by L. leichmannii 313.



Biomass and β-galactosidase production by L. leichmannii 313 were significantly affected by the extracellular pH. This is to be expected since many enzymatic processes and the transport of components across cell membranes depend on the culture pH [44,45]. For example, the transport of sugars, such as lactose and galactose, by the action of lactose permease work via a symport mechanism where protons and sugar molecules are simultaneously translocated across the cell membrane [46]. This suggests that a lower pH (i.e., abundance of protons) will favor the effective transport and metabolism of sugars. pH has also been shown to play a crucial role in the metabolism and microbial diversity of gut bacteria, and cultures grown at a lower starting pH (i.e., pH 6 rather than 6.9) experienced large pH drops at the end of the growth phase [47]. In this study, L. leichmannii 313 had the highest biomass yield when grown at a starting pH of 5.5, but the highest enzyme activity was observed for cultures grown at a starting pH of 5.0 (Figure 5). Moreover, although L. leichmannii 313 was cultured in different initial pH values (pH 5 to 7.5), the final pH values of cultures were very similar (between 4.0 and 4.3) (Figure 4). L. leichmannii 313 is a lactic acid bacterium, and a suitable pH for its cell growth is between 5.5 and 7.0 [36]. However, in most bacteria, the optimum pH for cell growth and that for enzyme production could be different [48], as has been observed in the growth and cell envelope proteinase production profile of L. leichmannii 313 [37]. Furthermore, another study involving the expression of recombinant β-galactosidase in L. reuteri showed that pH was one of the most important factors for the production of β-galactosidase in this lactobacillus [49].



The effect of the carbon source on enzyme biosynthesis depends on the microbial species being studied [50]. In fact, the carbon substrate type and concentration are two of the most important factors for the production of β-galactosidase in lactobacilli [49]. In this study, five kinds of sugars (glucose, galactose, lactose, fructose, and sucrose) were used as carbon sources in the growth medium to find the optimum sugar for β-galactosidase synthesis. The modified MRS broth was prepared using each carbon substrate at a 2% (w/v) concentration. All sugars used could support the growth of L. leichmannii 313. However, lactose as the sole carbon significantly promoted the activity of β-galactosidase. This was followed by galactose, with glucose giving the lowest enzyme activity (Figure 6). These results are compatible with previous studies [43,50], and also those of Kluyveromyces fragilis and Rhizomucor sp [15,51]. Furthermore, our results showed that fructose and sucrose, when used as sole carbon sources, generated biomasses with low specific enzyme activities. Lactose was the optimum carbon source that stimulated the profuse synthesis of β-galactosidase. This is because lactose (particularly in the form of the allolactose isomer) promotes the expression of the lacZ gene by binding to the Lac repressor protein, preventing this protein from engaging the operator region of the lac operon [52,53]. In most L. delbrueckii species, the expression of β-galactosidase has been shown to be constitutive [54]. However, in L. delbrueckii subsp. lactis strains (which includes L. leichmannii 313), β-galactosidase production is inducible, through the presence of lactose (and to a lesser extent galactose) in the growth media [55]. Glucose, on the other hand, inhibits the expression of β-galactosidase via catabolite repression mechanisms. During catabolite repression, the presence of glucose leads to the production of lower levels of cyclic adenosine monophosphates (cAMPs) and activation of catabolite activator proteins that bind to and turn off the lac operon [56,57].




3.1.2. Results of Factor Screening Experiments


Shown in Figure 7 is the Pareto chart of the effect and level of significance of various factors that influence β-galactosidase synthesis. The Pareto chart showed that the temperature, initial pH, and lactose concentration had a positive effect on specific enzyme activity. However, temperature did not cause a significant effect. The trends for pH and carbon source were different from those of the independent factor analysis. For example, the trend for lactose concentration agreed with those of other studies that have shown that an increased production/activity of β-galactosidase is observed as the concentration of lactose in the medium is increased up to 2.5% [50] or 4.0% [43]. In this study, temperature had no significant effect on enzyme activity (p = 0.056). Our independent factor analysis also showed that there was no significant difference for enzyme activity between 37 and 45 °C. This indicates that L. leichmannii 313 has a wide range of temperatures for β-galactosidase production, compared with other lactobacilli [43]. In subsequent experiments, 37 °C was used for bacteria growth, as it is a common temperature for the growth of most microorganisms.



The results of Plackett–Burman design for two levels of independent factors is shown in Table 6, and the predicted enzyme activity is based on Equation (3). An analysis of variance for these results (see Table 7) shows that the model had a good fit to the experimental data (R2 = 0.87).


   Enzyme   Yield   =   4.47   −   0.1074   ×     Temperature   +   2.371   ×     pH   −   0.1924   ×   Lactose   



(3)








3.1.3. Central Composite Design (CCD) and Response Surface Methodology (RSM) Analysis


Central composite design (CCD) is one of the most frequently used approaches for RSM design employed to determine the key factors and interactive components in a system [14]. In this case, it was critical to set the center point of the variables to make sure that no convergence appeared, since the converged values may have been out of range [58]. Factor values of pH 6.5 and 15 g/L lactose were set as the center points based on the results of Plackett–Burman analysis. These values were assumed to be close to the optimum point for enzyme activity for RSM analysis. A three-dimensional response surface plot and contour plot were used to display the effects of pH and lactose concentration on the specific β-galactosidase activity (Figure 8). The predicted optimum pH and lactose concentration were 7.06 and 15.3 g/L, respectively, and the corresponding maximum specific enzyme activity of β-galactosidase was 23.4 ± 1.49 U/mg.



Table 8 shows the specific enzyme activity and model predictions for the central composite design for each experimental run. Moreover, a regression analysis of data produced the following quadratic polynomial equation (Equation (4)):


  Y   =   − 98.44   +   33.29   ×   pH   +   0.64   ×   Lactose   −   2.387   ×   pH   ×   pH   −   0.02941   ×   Lactose   ×   Lactose   +   0.0253   ×   pH   ×   Lactose  



(4)




where Y is the specific enzyme activity (predicted) of β-galactosidase in U/mg, and pH and lactose are the values of the pH and concentration of lactose, respectively. As shown in Table 9, the coefficient of determination (R2) was 0.98 when the goodness of fit of the model was tested. ANOVA for the CCD showed a very high fitting of experimental data to the model (R2 = 0.99).




3.1.4. Experimental Validation of Optimized Conditions and Factors


The accuracy of the optimized model for enzyme production was verified by performing microbial growth using conditions identified from the optimized factors and in a modified growth medium. Figure 9 shows that the specific enzyme activity of β-galactosidase after optimization was 23.13 ± 0.42 U/mg, which is comparable to the predicted activity of 23.4 ± 1.49 U/mg proteins. This shows a significant improvement (over five times) in enzyme production after optimization. It also indicates that the RSM model was reliable and accurate for the optimization of β-galactosidase production by L. leichmannii 313.





3.2. β-galactosidase Enzyme Activity with Lactose as a Substrate


In the food industry, β-galactosidases are utilized for the preparation of lactose-free milk, to control lactose crystallization, and in the production of galacto-oligosaccharides. In our previous study, we demonstrated that purified β-galactosidase from L. leichmannii 313 can simultaneously hydrolyze lactose and generate oligosaccharides from lactose [29]. Therefore, to demonstrate the catalytic efficiency of crude β-galactosidase in lactose, -sugar samples derivatized with 1-phenyl-3-methyl-5-pyrazolone were measured by HPLC. The peaks appearing at elution times of 19.8, 24.4, and 26.8 min are lactose, glucose, and galactose, respectively, and the peaks that appear between 7 and 18 min are galacto-oligosaccharides (GOS) (Figure 10). This shows that the crude β-galactosidase from L. leichmannii 313 has both hydrolytic and transgalactosylation properties, as it was able to hydrolyze lactose and produce GOS products. Crude β-galactosidase from L. leichmannii 313 therefore has the potential to be utilized in the production of GOS prebiotics for the food industry. This property will be further investigated in follow-up studies on this enzyme.





4. Conclusions


The production of β-galactosidase by L. leichmannii 313 was first studied and optimized in MRS media by using the response surface methodology (RSM). The maximum production (measured by specific activity) of crude β-galactosidase was obtained after 12 h of incubation (4.5 U/mg). The carbon source (glucose, lactose, galactose, fructose, and sucrose), incubation temperature, and starting pH can affect the yield of β-galactosidase enzymes. Using lactose as the carbon source, an incubation temperature between 37 and 45 °C, and the starting pH (5.5) was optimal for crude β-galactosidase production. The RSM results showed that an initial pH of 7.0 and 15.29 g/L of lactose gave the highest relative activity of β-galactosidase (23.13 U/mg and 23.40 U/mg, respectively). Moreover, crude β-galactosidase from L. leichmannii 313 was able to hydrolyze lactose and produce GOS. This study shows that L. leichmannii 313 can be used as a potential source of β-galactosidase enzyme that possesses transgalactosylation properties and can therefore be used for GOS production in the food industry.
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Figure 1. Catalytic reaction of β-galactosidase. 
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Figure 2. The biomass yield and enzyme activity in shaken and static cultures. The bacteria were grown for 12 h at 37 °C in 20 mL of modified MRS broth placed in 30 mL capacity universal media glass bottles. The agitation speed was 100 rpm in a shaken culture condition. Results are shown as the mean ± standard deviation of three independent experiments, and normalized to 1. 
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Figure 3. Lactobacillus leichmannii 313 growth and enzyme activity. Bacteria were grown at 37 °C and 0 rpm, in 20 mL of MRS broth placed in 30 mL capacity universal media glass bottles. Results are shown as the mean ± standard deviation of three independent experiments. 
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Figure 4. The effect of growth temperature on biomass and enzyme production. The bacteria were grown statically (0 rpm) in 20mL of MRS broth placed in 30 mL capacity universal media glass bottles. Results are shown as the mean ± standard deviation of three independent experiments. 
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Figure 5. The effect of the initial pH on the biomass, enzyme activity, and pH. The bacteria were grown statically (0 rpm) at 37 °C in 20 mL of MRS broth placed in 30 mL capacity universal media glass bottles. Results are shown as the mean ± standard deviation of three independent experiments. 
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Figure 6. The effect of different carbon sources on the biomass, enzyme activity, and pH. The bacteria were grown statically (0 rpm) at 37 °C with different sole carbon sources (glucose, galactose, lactose, fructose, and sucrose) used at 2% (w/v) in 20 mL of modified MRS broth placed in 30 mL capacity universal media glass bottles. Results are shown as the mean ± standard deviation of three independent experiments. 
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Figure 7. Pareto chart showing the significance of the various factors of models for β-galactosidase activity. Each trial was carried out with three independent experiments, with the results being presented as the mean ± standard deviation. The data were analyzed by Minitab and shown as a Pareto chart. The Pareto chart was determined with 95% confidence from an analysis of variance (ANOVA). 
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Figure 8. Response surface effects of the pH and concentration of lactose on the specific enzyme activity of β-galactosidase. (A) Three-dimensional response surface plots; (B) contour plots showing the predicted optimal response. The data were analyzed by Minitab and determined with 95% confidence from an analysis of variance (ANOVA). 
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Figure 9. The specific enzyme activity of β-galactosidase before and optimization, and activity predicted by the response surface methodology (RSM). Cultures were grown in 20 mL of modified MRS broth placed in 30 mL capacity universal media glass bottles. Results are shown as the mean ± standard deviation of three independent experiments. 
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Figure 10. Chromatographic profile of products from lactose hydrolyzed by crude β-galactosidase, for 4 h under the following conditions: using 500 µL of 20% (w/v) lactose and 100 µL of crude enzyme sample (23.13 U/mg specific activity with o-nitrophenol-β-d-galactopyranoside (ONPG) as the substrate), pH = 5.5, and 37 °C. 
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Table 1. Levels of independent factors used for full-factorial analysis.
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	Levels
	Temperature (°C)
	pH
	Lactose (g/L)





	1
	45
	6.5
	30



	0
	37
	5.5
	20



	−1
	30
	4.5
	10
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Table 2. The Plackett–Burman design for two levels of the three independent factors.
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	No.
	Temperature
	pH
	Lactose (g/L)





	1
	1
	−1
	1



	2
	1
	1
	−1



	3
	1
	1
	1



	4
	−1
	−1
	1



	5
	−1
	1
	−1



	6
	−1
	−1
	−1



	7
	1
	−1
	−1



	8
	−1
	1
	1
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Table 3. Levels of independent factors used for central composite design.
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	Factor
	−1.414
	−1
	0
	1
	1.414



	pH
	5
	5.5
	6.5
	7.5
	8



	Lactose (g/L)
	2
	5
	15
	25
	30
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Table 4. The experimental runs for the central composite design for five levels of independent factors.
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	No.
	pH
	Lactose





	1
	1.414
	0



	2
	0
	−1.414



	3
	−1
	-1



	4
	1
	-1



	5
	−1
	1



	6
	0
	0



	7
	0
	1.414



	8
	1
	1



	9
	0
	0



	10
	0
	0



	11
	0
	0



	12
	0
	0



	13
	−1.414
	0
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Table 5. Bacterial growth curve parameters *.
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	Parameter
	Value





	A
	4.49



	μmax (h−1)
	1.02



	Doubling time (h)
	0.68



	λ (h)
	2.79



	ε (h)
	4.42



	Initial pH
	6.7



	Final pH
	3.84







* Values were obtained by applying the Gompertz model to the average optical density of independent experimental data (n = 2).
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Table 6. The results of Plackett–Burman design for two levels of independent factors.
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No.

	
Temperature (°C)

	
pH

	
Lactose (g/L)

	
Specific Enzyme Activity (U/mg)




	
Actual*

	
Predicted






	
1

	
30

	
6.5

	
10

	
15.12 ± 1.19

	
14.68




	
2

	
30

	
6.5

	
30

	
10.17 ± 0.21

	
11.18




	
3

	
45

	
6.5

	
30

	
7.80 ± 0.16

	
9.06




	
4

	
45

	
4.5

	
10

	
6.34 ± 0.54

	
7.70




	
5

	
45

	
6.5

	
10

	
14.33 ± 0.42

	
12.56




	
6

	
45

	
4.5

	
30

	
5.06 ± 0.57

	
4.20




	
7

	
30

	
4.5

	
30

	
7.74 ± 0.31

	
6.32




	
8

	
30

	
4.5

	
10

	
8.92 ± 1.02

	
9.82








*Each run was carried out as three independent experiments, and the results are shown as the mean ± standard deviation.
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Table 7. ANOVA for the response surface quadratic model from Plackett–Burman design (for specific enzyme activity).
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	Source
	Degrees of Freedom
	Adjusted Sum of Squares
	Adjusted Mean Square
	F Value
	p-Value





	Model
	3
	119.672
	39.8905
	18.43
	0.001



	Linear
	3
	119.672
	39.8905
	18.43
	0.001



	Temperature
	1
	7.792
	7.7924
	3.6
	0.094



	pH
	1
	67.45
	67.4502
	31.17
	0.001



	Lactose
	1
	44.429
	44.429
	20.53
	0.002



	Error
	8
	17.314
	2.1642
	
	



	Lack-of-Fit
	4
	14.621
	3.6552
	5.43
	0.065



	Pure Error
	4
	2.693
	0.6733
	
	



	Total
	11
	136.986
	
	
	







R2 = 0.87; Adj R2 = 0.82; Pred R2 = 0.71. ANOVA, analysis of variance.
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Table 8. The central composite design for five levels of independent factors. *Results are shown as the mean ± standard deviation of three independent experiments.
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No.

	
pH

	
Lactose

	
Specific Enzyme Activity (U/mg)






	

	

	

	
Actual*

	
Predicted




	
1

	
8.0

	
15.0

	
21.33 ± 0.54

	
21.19




	
2

	
6.5

	
2.0

	
18.59 ± 0.88

	
18.59




	
3

	
5.5

	
5.0

	
15.79 ± 0.49

	
15.63




	
4

	
7.5

	
5.0

	
20.26 ± 0.80

	
20.40




	
5

	
5.5

	
25.0

	
13.87 ± 0.12

	
13.65




	
6

	
6.5

	
15.0

	
22.16 ± 0.30

	
22.60




	
7

	
6.5

	
30.0

	
14.79 ± 0.49

	
14.88




	
8

	
7.5

	
25.0

	
19.36 ± 0.59

	
19.43




	
9

	
6.5

	
15.0

	
22.87 ± 0.42

	
22.60




	
10

	
6.5

	
15.0

	
22.93 ± 0.34

	
22.60




	
11

	
6.5

	
15.0

	
22.87 ± 0.42

	
22.60




	
12

	
6.5

	
15.0

	
22.16 ± 0.30

	
22.60




	
13

	
5.0

	
15.0

	
13.04 ± 0.61

	
13.28
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Table 9. ANOVA for the response surface quadratic model from central composite design (based on specific enzyme activity).
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	Source
	Degrees of Freedom
	Adjusted Sum of Squares
	Adjusted Mean Square
	F Value
	p-Value





	Model
	5
	160.922
	32.1844
	273.52
	0



	Linear
	2
	72.751
	36.3756
	309.14
	0



	pH
	1
	58.914
	58.914
	500.69
	0



	Lactose
	1
	13.837
	13.8372
	117.6
	0



	Square
	2
	92.243
	46.1214
	391.97
	0



	pH*pH
	1
	47.684
	47.6843
	405.25
	0



	Lactose*Lactose
	1
	58.518
	58.518
	497.32
	0



	2-Way Interaction
	1
	0.255
	0.2553
	2.17
	0.184



	pH*Lactose
	1
	0.255
	0.2553
	2.17
	0.184



	Error
	7
	0.824
	0.1177
	
	



	Lack-of-Fit
	3
	0.179
	0.0596
	0.37
	0.78



	Pure Error
	4
	0.645
	0.1612
	
	



	Total
	12
	161.745
	
	
	







R2 = 0.99; Adj R2 = 0.99; Pred R2 = 0.98. ANOVA, analysis of variance.
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