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Abstract

:

Bacillus thuringiensis is the leading microbial-based biopesticide, thanks to its parasporal crystal proteins or δ-endotoxins, which are toxic to insect larvae upon ingestion. Once in the insect larvae midgut, the crystal is solubilized by the alkaline pH and the δ-endotoxins activated by proteolytic cleavage. Thanks to its high efficiency as a biopesticide, several efforts have been made to enhance its growth and δ-endotoxins production, in various types of culture media. In this study, a culture medium based on wheat bran (WB), the by-product of cereal grain milling, was used to grow Bacillus thuringiensis and produce δ-endotoxins. Using the response surface methodology (RSM), the effects of three variables were evaluated: WB particles granulometry, their concentration, and their agitation in a 48-h shake-flask culture at 30 °C. Three response parameters were targeted: δ-endotoxins production, final culture pH, and dry-matter consumption. According to the RSM results, the optimum would be at 3.7 g WB/50 mL, with a granulometry above 680 μm and agitation between 170 and 270 rpm. This study is key to developing natural and cheap culture media that can be used at an industrial level for Bacillus thuringiensis-based biopesticides.
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1. Introduction


In the last century, the primary way of pest management has been based on the intensive use of synthetic chemical pesticides. While pesticide use has boosted agricultural production, it remains harmful not only to the environment, but also to the downstream consumer [1]. Pesticides infiltrate into streams and groundwater, polluting several areas and bed sediments, as well as aquatic and other wildlife [2,3]. In addition, pesticide exposure has been shown to induce neuro- or immunotoxicity in humans [4,5]. Many countries have implemented legislation to reduce the deleterious effect of pesticides [6], yet the best solution remains the gradual replacement of chemical synthetic pesticides by environmentally friendly biopesticides, of animal, plant, or microbial origin. Keeping in mind the need of consumers to have safe agricultural foodstuffs, as well as the scalability of their production, the biopesticides market has in fact witnessed stellar growth in the last years and is projected to register a compound annual growth rate of 14.7% by the year 2026, according to a recent report analyzing the global biopesticides market [7]. The most commercialized biopesticides are of microbial origin, with almost 90% being based on Bacillus thuringiensis (B. thuringiensis), a member of the B. cereus sensu lato group and a soil dwelling bacterium with entomopathogenic properties [8,9,10]. Bacillus thuringiensis produces a crystal inclusion during the sporulation phase, which is secreted into the environment alongside the spore at the end of sporulation [11]. The crystal is composed of δ-endotoxins (or Cry toxins), at times associated with cytolytic (Cyt) toxins. Following its ingestion by insect larvae, the crystal is solubilized by the alkaline pH of the midgut. Afterwards, δ-endotoxins will be activated by proteases, and will bind to specific receptors, oligomerize, and then be inserted into the epithelial cell membrane. This will be followed by the formation of pores that cause cell lysis and subsequent cell death [12]. Depending on the composition of the parasporal crystal, B. thuringiensis strains are active against a wide range of insect larvae, including Diptera [13,14], Lepidoptera [15], Coleoptera, as well as nematode larvae [12]. B. thuringiensis serovar (sv.) kurstaki is the reference serovar for anti-lepidopteran activity, thanks to a combination of toxins belonging to the Cry1 and Cry2 families, forming bipyramidal and cubic crystals, respectively [15,16,17,18,19].



Due to increasing demand, B. thuringiensis growth and crystal production is at the heart of many studies aiming to optimize the parameters that may affect production, while simultaneously trying to reduce its cost. B. thuringiensis growth and crystal production require primarily carbon, energy, and nitrogen sources, as well as ions such as Mg2+ and Mn2+ and good aeration [20,21,22,23]. Synthetic media with all these elements are commonly used in laboratory settings but have proven to be quite expensive on an industrial scale, hence the attempts to replace it by cost-effective agro-industrial by-products such as molasses, grains, starch, or beer wastewater [24]. A study by Devi et al. (2005) showed that wheat bran (WB), also known as a cereal milling by-product (CMB), is a good medium for production of B. thuringiensis crystals [20]. Wheat bran is the hard outer layer of the wheat kernel that gets separated from the endosperm and germ during milling and grinding of the wheat grain; hence, it is a by-product of this process [24]. This layer is rich in various nutrients and fiber since it is primarily composed of polysaccharides, both reserve and structural, with starch being a major reserve carbohydrate in WB. Other components include proteins, lignin, water, minerals, and fat [25]. In the study by Devi et al., the WB medium was enriched with carbon and nitrogen sources to allow initial bacterial growth [20]. However, a more recent study by our team proved that WB-based media is much more economical and more efficient than fully synthetic or semi-synthetic production media, in both shake-flask cultures and submerged fermentation [25]. In fact, in a 48-h shake-flask culture at 30 °C at 340 rpm, a 3% w/v WB-based media allowed for a toxin protein concentration of 1.25 ± 0.03 mg/mL, compared to 1 ± 0.04 mg/mL in Anderson medium [26]. In addition to a WB medium being efficient, it is also quite cost effective, costing only USD 0.006 per liter versus USD 1.8 and 3.9 for the Anderson or the standard semi-synthetic media, respectively [25]. This further prompted the need to optimize production in WB media and reduce the cost of biopesticides, making their use more accessible to farmers. Moreover, the use of WB would be valorizing this by-product and reducing the waste generated by the cereal grain-milling process.



However, an important aspect still needs to be addressed before moving on to producing B. thuringiensis in WB-based media at an industrial level. The larger granules could set back the downstream processing, i.e., formulation and pulverization of the finalized biopesticide product. The size of the granules could also impact the bacterial growth, since the access of microorganisms to nutrients depends on the specific surface (SS) of the WB granules. Large size particles will have a relatively small SS whereas very small size particles, which should have a very high SS, bare the risk of coagulating and forming large-size agglomerates, thus inducing a very low SS.



In this study, we aimed to clarify the effect of WB particle granulometry on B. thuringiensis growth and δ-endotoxin production. A response surface methodology (RSM) was employed in order to establish the optimal culture conditions for bacterial growth and, most importantly, δ-endotoxin production in the affordable WB-based natural medium. Three factors were taken into consideration: granulometry, agitation, and WB concentration. The RSM study targeted three response parameters—the key indicators of optimization—after a 48-h culture: the concentration of produced δ-endotoxins, the consumption of dry matter (DMC), and the final culture pH.




2. Materials and Methods


2.1. Bacterial Strains


B. thuringiensis sv. kurstaki strain Lip [15,27] was used in the current study. This strain was isolated from Lebanese soil and characterized for its anti-lepidopteran activity. The latter is due to the δ-endotoxins from the Cry1 and Cry2 families composing its crystal, whose morphology was analyzed in a previous study. Two crystal shapes are in fact produced by Lip, which has a bipyramidal shape, consistent with the presence of Cry1, and a cubic one, consistent with the presence of Cry2 [28]. Its ability to grow in a WB-based medium was also first assessed in a preliminary study [25].




2.2. Production Culture Media


Wheat bran (WB) particles were first sifted and separated into 4 granule classes (ELE international Sieve shaker; # 80-0352): Class 1 consists of granules bigger than 850 µm; Class 2 has a granule size between 500 and 850 µm; Class 3 has a granule size between 250 and 500 µm; and Class 4 consists of granules smaller than 250 µm.




2.3. Culture Conditions


B. thuringiensis sv. kurstaki Lip was kept in 30% glycerol stock solutions at −80 °C. The strain was defrosted on LB (lysogenic broth) agar medium at 30 °C, from which a colony was isolated and cultured in 6 mL LB medium for 24 h at 30 °C with a shaking speed of 250 rpm. Culturing in the WB medium followed, with an initial optical density (OD) of 0.15 in a 50 mL medium volume in a 500 mL flask for 48 h at 30 °C.




2.4. Analytical Methods/Analyzed Parameters


2.4.1. δ-Endotoxins Concentration


A total of 1 mL of the culture was first centrifuged, and then washed twice with 1 mL NaCl 1 M/Triton X-100 M-0.01%. Afterwards, the pellet was washed four times with cold sterile water. Finally, the spore-crystal mixtures were solubilized in 50 mM sodium hydroxide NaOH buffer at 30 °C for 2 h 30 min with shaking. Solubilized proteins were then quantified with Bradford reagent (Bio-Rad Protein assay, Cat. 500-0006; [29]).




2.4.2. pH


pH levels are an important factor in biopesticide production. Hence, the pH of the various cultures was measured using a calibrated pH meter after a 48-h culture at 30 °C.




2.4.3. Dry-Matter Consumption (DMC) Quantification


The remaining 48 mL of the various cultures were vacuum filtered on pre-weighed and dried Whatman paper (cut-off at 13 µm). These papers were then dried at 105 °C for 24 h and their mass was measured on an analytical balance. This allowed the calculation of the percentage of WB that was consumed by comparing to a flask containing only WB.





2.5. Response Surface Methodology (RSM)


RSM is an experimental optimization procedure based on physical experiments. It is an assemblage of statistical and mathematical methods used for product development, product improvement, and product-optimizing processes [30]. WB granule size and concentration as well as flask shaking speed (agitation) were varied to set up the various experimental conditions (Table 1).



The study domain is between the −1 and +1 ends. −α and +α indicate the star points situated outside of the study domain, at a distance of 1.6818 from the center 0. These star points aim to improve the variation in the response in function of the analyzed parameters. In this study, a rotatable central composite design (23 + star) was adopted with 20 runs with 8 factorial design points: the combination between levels −1 and +1 (runs number 1 to 8 in Table 2); 6-star points: combination of level 0, −α and +α (runs 9 to 14 in Table 2); and 6 repetitions at the central level: combination of level 0 for all parameters (runs 15 to 20 in Table 2). The experimental matrix is shown in Table 2. Experimental design and statistical treatment of the results were performed using STATGRAPHICS centurion version 19 (StatPoint Technologies, Inc.—Warrenton, Virginia, United States of America; https://www.statgraphics.com/; last accessed 30 March 2022). STATGRAPHICS was used to create the experimental design as well as process and treat the data. Statistical analysis was also performed, including analysis of variance (ANOVA), empirical modeling, regression analysis, and optimization. The statistical significance of each parameter at the 95% confidence level was estimated by the ANOVA test and was highlighted by the Pareto charts of the standardized effects. Considering three parameters and three responses, experimental data were fitted to obtain the following second-degree regression equations: for δ-endotoxins concentration, culture pH, and DMC, respectively:


E = 0.1233 − 0.0023 (G) + 0.0099 (Ag) − 0.032 (C) + 0.00087 (G)·(C) − 0.00002 (Ag)2;










pH = 6.1 + 0.00023 (G) + 0.012 (Ag) − 0.71 (C) + 0.0011 (G)·(C) − 0.000027 (Ag)2;










DMC = −0.0476 + 0.108 (G) + 0.23 (Ag) + 6.45 (C) − 0.00006 (G) 2 − 0.00025 (G)·(Ag) − 0.042(Ag)·(C).











The response surfaces were generated and were plotted between two significant variables while the third was fixed at the central level. Iso-response curves, or the contours for the estimated response, which are a simple projection of the response surfaces on a two-dimensional base, helped in predicting the responses within the selected range of variables.





3. Results and Discussion


3.1. RSM Results in WB Media


In order to optimize the culture conditions for δ-endotoxin production in a wheat bran-based medium, a response surface methodology (RSM) was used with three response parameters: (i) the concentration of δ-endotoxin proteins; (ii) the pH of the media post-culture; and (iii) the percentage of dry-matter consumption (DMC). These response parameters for 20 runs with variation in agitation, granulometry, and concentration of WB particles are shown in Table 2.



The obtained results showed that the δ-endotoxin concentrations ranged between 0.04 and 1.93 mg/mL, culture pH between 5.54 and 7.98, and DMC between 36.82 and 65.94%. For δ-endotoxins, the highest production level was seen in run 14 (0, 0, +α), in which the parameters were set to a WB granule size of 437 µm, agitation of 200 rpm, and a WB concentration of 73.6 g/L (Table 1 and Table 2). However, in this run, both the pH and DMC were low (6.46 and 43.84%, respectively). The highest pH was obtained in run 10 (+α, 0, 0), but was accompanied by a low δ-endotoxin concentration (0.41 mg/mL) and DMC (36.82%). As for the highest DMC, it was observed in run 9 (−α, 0, 0), the only run in which both the δ-endotoxin concentration and DMC were high (1.64 mg/mL and 65.94%), but with a low pH of 6.26.



In the following section, each response parameter was detailed following RSM analysis.



3.1.1. Response Parameter: δ-Endotoxins Concentration


The key to B. thuringiensis biopesticidal activity are δ-endotoxins. Therefore, the concentration of B. thuringiensis sv. kurstaki Lip δ-endotoxins is one of the response parameters adopted in the RSM approach. Our results showed that several factors had significant effects on the δ-endotoxins concentration. On one hand, shaking speed (agitation) and WB concentration both had significant positive linear effects (represented by Ag and C, respectively, in Figure 1A). This means that the δ-endotoxin concentration will increase with an increase in agitation and WB concentration. For the former, its effect on bacterial growth and δ-endotoxin yield could be attributed to two main factors. First, agitation improves aeration in the culture, which will lead to a higher biomass production, and hence higher δ-endotoxin concentration and spore counts [31,32]. Second, agitation can prevent WB particles from aggregating, an aforementioned phenomenon that can reduce the bacteria’s access to nutrients by reducing the WB particles’ specific surface (SS). In summary, continuous mixing helps maintain chemical and physical homogeneity [33].



However, both these factors—agitation and WB concentration—had negative quadratic effects (Ag.Ag and C.C) on δ-endotoxin concentration, meaning that (i) there is an optimum to be reached between the two extremes (−α; +α); and (ii) an excess in agitation and/or WB concentration will negatively affect the δ-endotoxin concentration (Figure 1A). In fact, an excess of WB in the media will favor vegetative growth over sporulation: with an abundance of nutrients to their disposal, bacteria will not be under “food stress” and will continue to replicate in a vegetative way. Moreover, an excess in WB concentration could risk overcrowding the culture media, making it difficult for bacteria to access the nutrients provided by the WB particles.



On the other hand, WB particles granulometry had negative linear (G) and quadratic (G.G) effects, as shown in the corresponding Pareto chart (Figure 1A). Several phenomena come into play concerning granulometry. On one hand there is a competition between lowering the size of the WB to have higher SS, but not having particles too small that are at a high risk for forming aggregates and losing accessibility to nutrients. The right balance will be reliant of an adequate granule size. On the other hand, the smaller particles recovered after sifting are usually rich in residual starch from the grain-milling process, and larger size granules will retain less starch than smaller ones. Starch is a major source of carbon, allowing for a better biomass production.



Interestingly, a positive effect was seen in the interaction between WB granulometry and concentration (G.C). This means that δ-endotoxin production will be favored at a higher granulometry, if it is accompanied by a high WB concentration. In other words, a high WB concentration will help circumvent the negative effect observed previously with an increase in WB particle size.



Based on the results of the response parameters of Lip in WB media under various granulometry, agitation, and WB concentration (Table 2), it was noted that the highest δ-endotoxins concentration was obtained for a +α WB concentration, i.e., 3.7 g/50 mL. Therefore, for the remainder of the analysis, the WB concentration will be fixed at 3.7 g/50 mL, while varying the agitation and WB granulometry.



In these conditions, the optimal culture conditions for δ-endotoxin production, for a fixed WB concentration of 3.7 g/50 mL, were determined at a granulometry of 740 µm and agitation of 240 rpm. In these optimal conditions, according to the RSM model, the δ-endotoxin concentration reaches a maximum of around 2.25 mg/mL (Table 3). These results are also shown by the 2- and 3-dimensional representation of the δ-endotoxin concentration variation, as a function of agitation and WB granulometry, as shown by the contours of the iso-response (Figure 1B) and the estimated response surface (Figure 1C), respectively. The modeled δ-endotoxin concentration would be 2.25-fold higher than the one reached with the fully synthetic Anderson medium, or the one with WB at 3% [25].




3.1.2. Response Parameter: Culture pH


The culture media’s initial pH, as well as its variation during the culture, play a key role in bacterial growth and crystal production. For the first 15 h of culture, the bacteria are in the exponential phase—that of vegetative growth—and the pH will decrease due to the production of acetate by the bacteria. Afterwards, the bacteria enter the stationary phase, during which spores and parasporal crystals are produced and released in the culture medium, accompanied by an increase in pH due the consumption of the acetate [34]. In fact, it was previously shown that the optimum for δ-endotoxin production is a culture pH between 6.5 and 7.5, with a slight shift towards an alkaline pH at the end of the sporulation phase, due to cell lysis and release of alkaline metabolites [35]. As per previous experiments, in unbuffered medium, at a pH lower than 6, crystal production is partially inhibited. In fact, after a 48-h culture, for a pH of 5.54, a lot of Lip cells remained in vegetative state, unlike the culture in which the pH reached between 6.5 and 7.5, where almost all cells completed the sporulation and crystal production phase (Supplementary Figure S1). This was also observed in our study, where the δ-endotoxin concentration reached a maximum of 0.88 mg/mL in runs where the final culture pH remained under 6 (Table 2). This was also reported by Abdel-hameed et al. (2001) [31].



According to the RSM results, as shown in the Pareto chart (Figure 2A), on one hand the WB granulometry had a positive linear effect (G) on pH variation. A higher pH was obtained at the end of the culture in large-size WB granules. Smaller-size granules are richer in starch, leading to the production of acetate, and a lower pH. In turn, larger-size granules will push the bacteria towards sporulation and cellular lysis, and hence a higher pH, up to 7.6, as shown in the granulometry effects plot for pH (Figure 2A). On the other hand, the agitation and WB concentration had less significant negative quadratic (Ag.Ag) and linear (C) effects.



Given that the highest δ-endotoxins concentration was observed with a WB concentration of 3.7 g/50 mL, in the following analysis, this concentration was fixed, while agitation and WB granulometry were varied, to observe their effect on culture pH evolution.



The contours for the estimated response (Figure 2B), and the estimated response surface graph (Figure 2C), both show variation in pH, according to the granulometry and agitation. A low granulometry does not favor an increase in pH after 48 h of culture. However, a granulometry above 600 μm, regardless of the agitation, shows an increase in pH, up to 8.5, meaning that, at a higher granulometry, the cells are more likely to enter the sporulation phase, during which a spore and parasporal crystal are released into the culture medium after cell lysis.




3.1.3. Response Parameter: Dry-Matter Consumption Percentage


The monitoring of dry-matter consumption (DMC) before and after a 48-h culture allows the tracking of WB consumption by the B. thuringiensis sv. kurstaki strain Lip throughout its growth and sporulation phases. As shown in the Pareto chart, the WB concentration and granulometry had significant quadratic negative effects (C.C and G.G), whereas agitation had a positive linear one (Ag) (Figure 3A). Moreover, a negative interaction effect is seen between the agitation and concentration (Ag.C). This means that DMC increases at a high agitation, when the WB concentration is low, and decreases at a high agitation when the WB concentration is elevated.



The contour of estimated response (Figure 3B) and the estimated response surface (Figure 3C), for a fixed WB concentration of 3.7 g/50 mL, showed that the optimal DMC, up to ca. 83%, is for a low agitation, under 100 rpm, and a granulometry of around 650 μm (Figure 3C). However, even though DMC reflects bacterial growth and use of the culture medium, it does not necessarily mean sporulation and δ-endotoxin production.





3.2. Optimum Parameters Selection


Three response parameters—δ-endotoxin concentration, culture pH, and DMC percentage—were taken into consideration during the search for optimal culture conditions in WB-based media. The factors included in the culture conditions were the WB particles granulometry and concentration as well as the flask’s shaking speed or agitation.



First, for a fixed WB concentration of 3.7 g/50 mL, the optimum for both δ-endotoxin concentration (2.25 mg/mL) and culture pH (7.3–8.1) are shown by the regions highlighted in blue and in green, respectively (Figure 4A). An overlay between the two regions signifies conditions where the best outcomes can be obtained for both parameters. This optimum can be reached for a granulometry ranging between 680 and 900 μm, and agitation between 170 and 270 rpm (Figure 4A).



However, as shown in Figure 4B, there is no overlay between the δ-endotoxin concentration optimum (blue) and the DMC (red). This can be explained by previous results that showed the vastly different conditions needed for each parameter, the main variant in this case being the agitation. A high production of δ-endotoxins (ca. 2.25 mg/mL) and a high DMC could both be reached at a granulometry ranging from 680 to 900 μm. However, the former requires an agitation speed between 170 and 270 rpm, whereas the latter does not.



At an industrial level, and during biopesticide production, the ultimate goal is to have the best bacterial growth and, most importantly, δ-endotoxin yield. For the latter, we were able to determine in this study, at the flask level, the optimal conditions for a maximum toxin yield in a WB-based culture medium: a granulometry ranging between 680 and 900 μm, and agitation between 170 and 270 rpm, for a WB concentration of 3.7 g/50 mL.





4. Conclusions


The biopesticide market, particularly that of B. thuringiensis-based products, is growing exponentially [10]. Finding natural alternatives to synthetic culture media will not only help reduce costs, but also help make biopesticides even more environmentally friendly. The studied WB-based medium was proven to be such a replacement, providing all the necessary components for B. thuringiensis growth and δ-endotoxin production. In this study, using RSM, we were able to evaluate and model the optimal WB granulometry, concentration, and culture agitation conditions. This was done using shake-flask experiments, with three response parameters in mind: δ-endotoxins concentration, culture pH, and dry-matter consumption.



This study constitutes the first step of the path to replacing synthetic media by a WB-based one, and this at an industrial level with large-scale production and downstream formulation. Several complementary studies evaluating the potential of WB media are well under way, including analysis of the WB based medium performance in bioreactors, as well as the fermentable fraction and the limiting factor of fermentation in a WB-based medium.




5. Patents


Kallassy Awad M., El Khoury M. and Louka N., (2017) New strain of Bacillus thuringiensis « Bacillus thuringiensis Lip MKA » isolated from Lebanese soil, as a biopesticidal agent; Conception, realisation and installation of bioreactors for its large-scale culture and production. Deposited: 15 November 2017; Published: December 2017.
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Figure 1. For the δ-endotoxin concentration: (A) Standardized Pareto chart—columns that surpass the vertical line indicate factors with significant effects on the δ-endotoxins concentration at a confidence rate of 99%; the insert shows the effects of the variation in granulometry and concentration on δ-endotoxins concentration with a fixed WB concentration of 3.7 g/50 mL. (B) Contours of the estimated response—the blue and red arrows indicate the maximum δ-endotoxins concentration of around 2.3 mg/mL and for an agitation of 240 rpm and a granulometry of 740 μm. (C) 3D representation of the estimated response surface for a fixed WB concentration of 3.7 g/50 mL, as a function of WB granulometry and agitation; the colors show areas with similar responses with the optimum shown in the blue projected spot, highlighted by the blue arrows. 
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Figure 2. For culture pH: (A) Standardized Pareto chart—columns that surpass the vertical line indicate factors with significant effects on culture pH at a confidence rate of 99%; the insert shows the effects of the variation of granulometry and concentration on culture pH with a fixed WB concentration of 3.7 g/50 mL. (B) Contours of the estimated response. (C) 3D representation of the estimated response surface for a fixed WB concentration of 3.7 g/50 mL, as a function of WB granulometry and agitation. Colors show areas with similar responses, with the optimum shown in red. 
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Figure 3. For dry-matter consumption: (A) Standardized Pareto chart—columns that surpass the vertical line indicate factors with significant effects on DMC at a confidence rate of 99%; the insert shows the effects of the variation in granulometry and concentration on DMC with a fixed WB concentration of 3.7 g/50 mL. (B) Contours of the estimated response. (C) 3D representation of the estimated response surface for a fixed WB concentration of 3.7 g/50 mL, as a function of WB granulometry and agitation. Colors show areas with similar responses, with the optimum shown in red and highlighted by the blue arrows. 
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Figure 4. Overlay plots for optimization of the three response parameters: (A): δ-endotoxin concentration and culture pH, and (B): δ-endotoxin concentration and DMC, for a fixed WB concentration of 3.7 g/50 mL, as a function of WB granulometry and agitation. 
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Table 1. Parameters varied during Lip culture in WB media.
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	(−α) *
	−1
	0
	+1
	(+α)





	Granulometry (granule size) (µm)
	97
	200
	437
	675
	925



	Agitation (rpm)
	35.18
	102
	200
	298
	365



	Concentration (g/L)
	6.4
	20
	40
	60
	73.6







* α = 1.6818.
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Table 2. RSM experimental matrix and results of the response parameters of the B. thuringiensis sv. kurstaki Lip culture in WB media under various conditions.
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Run

	
WB Granulometry (G: µm)

Real [Coded] Value

	
Agitation (Ag: rpm)

Real [Coded] Value

	
WB Concentration (C: g/50 mL)

Real [Coded] Value

	
[δ-Endotoxins] (mg/mL)

	
pH

	
DMC (%)






	
Factorial Points

	
1

	
200 [−1.0]

	
102 [−1.0]

	
1 [−1.0]

	
0.63

	
6.67

	
62.08




	
2

	
675 [1.0]

	
102 [−1.0]

	
1 [−1.0]

	
0.26

	
7.50

	
55.63




	
3

	
200 [−1.0]

	
298 [1.0]

	
1 [−1.0]

	
0.71

	
6.66

	
60.31




	
4

	
675 [1.0]

	
298 [1.0]

	
1 [−1.0]

	
0.45

	
7.32

	
53.54




	
5

	
200 [−1.0]

	
102 [−1.0]

	
3 [1.0]

	
0.43

	
5.98

	
43.82




	
6

	
675 [1.0]

	
102 [−1.0]

	
3 [1.0]

	
1.19

	
7.70

	
53.61




	
7

	
200 [−1.0]

	
298 [1.0]

	
3 [1.0]

	
0.88

	
5.86

	
48.96




	
8

	
675 [1.0]

	
298 [1.0]

	
3 [1.0]

	
1.15

	
7.66

	
53.19




	
Axial (star) Points

	
9

	
97.5 [−α]

	
200 [0.0]

	
2 [0.0]

	
1.64

	
6.26

	
65.94




	
10

	
925 [+α]

	
200 [0.0]

	
2 [0.0]

	
0.41

	
7.98

	
36.82




	
11

	
437 [0]

	
35.18 [−α]

	
2 [0.0]

	
0.07

	
5.54

	
56.20




	
12

	
437 [0]

	
365 [+α]

	
2 [0.0]

	
1.22

	
7.01

	
57.19




	
13

	
437 [0]

	
200 [0.0]

	
0.32 [−α]

	
0.04

	
7.83

	
65.01




	
14

	
437 [0]

	
200 [0.0]

	
3.68 [+α]

	
1.93

	
6.46

	
43.84




	
Center Points

	
15

	
437 [0]

	
200 [0.0]

	
2 [0.0]

	
1.03

	
7.08

	
57.34




	
16

	
437 [0]

	
200 [0.0]

	
2 [0.0]

	
1.14

	
7.06

	
56.20




	
17

	
437 [0]

	
200 [0.0]

	
2 [0.0]

	
1.12

	
7.11

	
57.14




	
18

	
437 [0]

	
200 [0.0]

	
2 [0.0]

	
1.16

	
7.10

	
57.34




	
19

	
437 [0]

	
200 [0.0]

	
2 [0.0]

	
1.22

	
7.39

	
54.11




	
20

	
437 [0]

	
200 [0.0]

	
2 [0.0]

	
1.04

	
6.71

	
49.53
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Table 3. Optimal culture conditions for a maximum δ-endotoxin concentration of 2.25 mg/mL.
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	Factor
	Low
	High
	Optimum





	Granulometry (µm)
	97.5
	925.0
	740



	Agitation (rpm)
	35.18
	365.0
	240



	WB Concentration (g/50 mL)
	0.32
	3.7
	3.7
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