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Abstract

:

Vip3A (vegetative insecticidal protein) is a representative member of the Vip3 family, which is widely used for lepidopteran pest control. This Vip3A protein, a non-growth-associated protein, is an effective bioinsecticide against insect pests, but there is relatively little information about its production processes at large scales. Hence, the effects of environmental factors on Vip3A production by Bacillus thuringiensis Bt294 (antifoam agents, shaking speeds, agitation and aeration rates), as well as controlling physical conditions such as the lowest point of dissolved oxygen and controlling of culture pH, were observed in shaking flasks and bioreactors. The results showed that antifoam agents, flask types and shaking speeds had significant effects on Vip3A and biomass production. Cultivation without pH control and DO control in 5 L bioreactors at lower agitation and aeration rates, which was not favorable for biomass production, resulted in a high Vip3A protein production of 5645.67 mg/L. The scale-up studies of the Vip3A protein production in a pilot-scale 750 L bioreactor gave 3750.0 mg/L. Therefore, this study demonstrated the significant effects of agitation, aeration rates and culture pH on Vip3A production by B. thuringiensis Bt294. Balancing of physical conditions was necessary for obtaining the highest yield of Vip3A by slowing down the production rate of biomass. Moreover, this Vip3A protein has high potential as a bioinsecticide for lepidopteran pest control in organic crops. This information will be important for significantly increasing the Vip3A protein concentration by the bacterium and will be useful for field application at a lower cost.
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1. Introduction


One of the most successful microbial alternatives to bioinsecticides to replace chemicals is biocontrol agents because of their high host specificity, low lethal dose concentration and natural biodegradability or low harm to consumers. Bacillus thuringiensis is one of the entomopathogenic bacteria that can produce the vegetative insecticidal protein family (Vip) during the vegetative growth phase. It is considered an excellent toxic candidate [1]. These Vip proteins represent the second generation of extracellular insecticidal proteins, which can be used either alone or in complement with Cry proteins for the management of various detrimental pests. According to the new classification system of Crickmore et al., 2020 [2], Vip1 and Vip4, which have similar structures, have been classified as Vpb groups and renamed Vpb1 and Vpb2, respectively. The Vip2 protein has been categorized as the Vpa group. Finally, Vip3 proteins with multidomain structures have been noted as Vip and are currently classified into three subfamilies based on their amino acid identity: Vip3A, Vip3B and Vip3C [3]. Vip3A is the most widely studied Vip toxin so far and is the first protein discovered in this family. This protein shows a strong inhibition of insect larval growth at a low concentration [4] due to a unique protein sequence and distinct receptor binding properties in the insect midgut cell membranes from Cry proteins and ion channel properties [5], which makes them a good alternative or complement to Cry proteins for resistance management. The Vip3A toxin shows a high level of activity against a range of lepidopteran pests, including black cutworm (Agrotis ipsilon), fall armyworm (Spodoptera frugiperda), beet armyworm (Spodoptera exigua), tobacco budworm (Heliothis virescens), corn earworm (Helicoverpa zea) [5], and more, as shown in Milne et al., 2008 [6] and Gupta et al., 2021 [1].



Vip3 proteins are most commonly found in several B. thuringiensis strains. Despite their efficiency, the low quantities of Vip3 toxins secreted by vegetative cells present a limitation for their use as bioinsecticides [7]. In a survey of research data on the production of Vip3A protein from microorganisms, it was found that the maximum production was only 170 μg/mL [8]. The lower yield of Vip3A production is the boundary critical problem caused by the use of this biocontrol agent in the field with low efficacy of insect pest control in comparison with chemicals. Hence, to increase its efficacy in competition with chemicals, Vip3A protein yield at high concentrations needs to be developed by a potent selected bacterial strain of Bacillus thuringiensis. Approaches to improve the production of this Vip3A protein by B. thuringiensis could be achieved by optimization of production processes [9,10,11], media optimization [12,13,14], and strain improvement using mutagenesis [7], adaptation [15] and genetic engineering [16]. The protein production and cell growth of B. thuringiensis are easily affected by physical cultivation parameters such as dissolved oxygen (DO), agitation speeds, aeration rates and culture pH [17,18,19]. Furthermore, the scale-up processes involved with these physical parameters of reproducible production using optimal parameters have to be developed for commercialization. Many studies have reported various aspects of crystal protein (delta-endotoxin) production processes. For example, Vu et al. [20] found that the combination of NaOH and CH3COOH as pH-controlling agents during the growth of B. thuringiensis in wastewater sludge gave the highest delta-endotoxin concentration. NH4OH/H2SO4 and NaOH/H2SO4 were suitable for alkaline protease and amylase production, respectively. The level of dissolved oxygen in liquid media is a crucial factor in the bacterial growth and delta-endotoxin cultivation of B. thuringiensis. Thus, many studies have shown that the level of dissolved oxygen in the cultivation of B. thuringiensis affects cell growth and δ-endotoxin synthesis [10,21,22,23]. Our previous study on the optimization of Vip3A production by B. thuringiensis Bt294 in shake flasks and in a bioreactor produced 300 mg/L of Vip3A in a 5 L bioreactor [24]. The Vip3A protein showed satisfactory product yield and entomotoxicity results. In the present study, we focused on Vip3A production in large-scale production. However, regarding Vip3A production, the effects of environmental factors on Vip3A production remain poorly understood. Therefore, the effects of environmental factors, as well as controlling the cultivation processes on Vip3A production by B. thuringiensis Bt294, were investigated in shaking flasks and bioreactors in this study. This high Vip3A protein production by wild-type B. thuringiensis Bt294 might be useful in organic crops as well as in GMO-prohibited areas.




2. Materials and Methods


2.1. Microorganism Strain, Inoculum Preparation and Culture Media


The potential Vip3A-producing bacterium B. thuringiensis Bt294 (accession number: MK955482) was isolated from paddy soil in Kalasin Province, Thailand. It was maintained in LB (Luria–Bertani) agar (composed (L−1) of 8 g tryptone, 4 g yeast extract, 4 g NaCl and 12 g agar) for approximately 5 days until sporulation. Then, the endospores were harvested and mixed with a cryo-protective agent containing 20% glycerol and stored at −80 °C as the stock culture. The bacterium was activated by defrosting at room temperature and then streaked on LB agar plates. The steaked plates were then incubated at 30 °C for 1–2 days. One colony was then transferred into 50 mL of LB broth in a 250 mL Erlenmeyer flask. The cultures were incubated at 30 °C in a rotary incubator shaker at a speed of 200 rpm for 16 h, and the optical density (OD600 nm) was adjusted to 1.0 for inoculum at 5% (v/v) in further cultivation experiments.



The Vip3A production (VP) medium was the semi-defined medium that was optimized by our previous study [24] containing (L−1) 5.05 g glycerol, 49.17 g soytone, 30.05 g casein hydrolysate, 1.99 g CaCl2·2H2O, 0.0075 g CuSO4, 0.015 g MnSO4, H2O, 9.4 g K2HPO4, 2.2 g KH2PO4, 0.2 g MgSO4·7H2O, 5 g yeast extract, 0.0025 g NiCl2·6H2O, and 3 mL vitamin solution. The initial pH was adjusted to 7.2.




2.2. Effects of Different Physical Factors Which Affect Dissolved Oxygen on Vip3A Production by B. thuringiensis BT294 in Shake Flasks


Dissolved oxygen content affected both the growth and product formation of the bacterium in all liquid cultures. Each cultivation size had different factors that affected the amount of dissolved oxygen. Factors affecting Vip3A production in shake flask cultivation were studied, such as the type and concentration of antifoam agents, type of flask and shaking speed rate. B. thuringiensis Bt294 was cultured in 50 mL of VP medium at an initial pH of 7.2 in 250 mL flasks using a 5% concentration of inoculum in this study. The cultivation was then incubated in a rotary shaker, and the temperature was controlled at 30 °C for 5 days.



2.2.1. Effects of Antifoam Agents and Concentrations on Vip3A Production by B. thuringiensis BT294 in Shake Flasks


An antifoam agent is essential in protein production in submerged fermentation, especially in highly aerobic conditions. Apart from controlling foaming, the antifoam agent also decreases the dissolving of oxygen in the culture medium. The effects of various antifoam agents and concentrations on Vip3A production by B. thuringiensis Bt294 were investigated. Each antifoam agent included polyether-based (Antifoam 204, Sigma-Aldrich, St. Louis, MO, USA)), silicone-based (Antifoam AFE-1520; XIAMETER, Antifoam 1410; Dow, MI, USA) and various vegetable oil groups (palm oil, soybean oil, olive oil, rice bran oil and coconut oil) at different initial concentrations of 0.05, 0.1 and 0.5% (v/v) and was added into a 250 mL Erlenmeyer flask containing 50 mL of VP medium before sterilization. B. thuringiensis Bt294 was inoculated into a sterile medium and incubated at 30 °C, 200 rpm. The Vip3A concentration after 5 days of cultivation was analyzed by SDS-PAGE.




2.2.2. Effects of Different Flask Types on Vip3A Production by B. thuringiensis BT294


B. thuringiensis is a highly aerobic bacteria that requires high levels of dissolved oxygen to grow and produce essential metabolites. Modifications of shaking flasks by the introduction of baffles are frequently necessary to provide sufficient aeration [25]. In this study, baffled flasks were used to increase the degree of aeration. Thus, the effects of aeration on Vip3A production by B. thuringiensis Bt294 were studied in two different types of shaking flask geometries, including Erlenmeyer flasks and baffled flasks. B. thuringiensis BT294 was inoculated in 50 mL of VP medium in two types of 250 mL flasks and incubated at 30 °C at 200 rpm. The cultivation broth was collected and maintained at −20 °C before Vip3A concentration analysis by SDS-PAGE. The Vip3A concentration at 3, 4 and 5 days was analyzed by SDS-PAGE.




2.2.3. Effects of Aeration at the Shake Flask Scale with Shaking Speed Rates on Vip3A Production by B. thuringiensis BT294


The shaking speed rate is a significant factor in the shaking flask cultivation scale, affecting growth and product formation. Therefore, it is an important factor that needs to be studied. B. thuringiensis Bt294 was cultured with VP medium in a 250 mL baffled flask. In this study, different shaking speed rates of 150, 170, 200 and 230 rpm on an incubator shaker were used at 30 °C. Vip3A concentrations at 3, 4 and 5 days were analyzed by SDS-PAGE.





2.3. Effects of pH-Controlled Culture and Dissolved Oxygen on Vip3A Production by B. thuringiensis BT294 in a 5 L Bioreactor


Batch cultivation was carried out in a 5 L bioreactor (Biostat B Plus, Sartorius stedim, Germany) with a working volume of 3 L of VP medium at 30 °C. The inoculum was used at 5% (v/v) of the working volume. The initial culture condition and stirring rate were fixed at 300 rpm with an aeration rate of 1 vvm. The culture pH and DO2 were measured by a pH sensor (EasyFerm Plus K8 325, Hamilton, Bonaduz, Switzerland) and DO2 sensor (OxyFerm FDA 325, Hamilton, Bonaduz, Switzerland), respectively. Samples were taken every 3 h for a 72 h cultivation period.



2.3.1. Effects of the pH-Controlled Culture on Vip3A Production by B. thuringiensis BT294


The effects of pH-controlled culture on the Vip3A production were evaluated by comparison of the Vip3A production in the VP medium with an initial pH of 7.2. During the cultivation, pH was controlled at 7.2 (±0.1) throughout the cultivation time with 4 N NaOH and 2 N H2SO4, and uncontrol pH was demonstrated against the Vip3A production. The supernatant was determined for Vip3A concentration by SDS-PAGE. Cell growth was determined by measuring the optical density at 600 nm using a spectrophotometer. The pH profile was also monitored and recorded.




2.3.2. Effects of Different Dissolved Oxygen Levels on Vip3A Production by B. thuringiensis BT294


The effects of different dissolved oxygen (DO) levels on Vip3A production were studied and compared with uncontrolled pH cultivation in this study. During the cultivation, the lowest point of dissolved oxygen was controlled at above 5, 10, 20 and 40% by cascade controlled of agitation rate at 300–800 rpm and aeration with air. The supernatant was collected every 3 h, and the Vip3A concentration and cell growth were analyzed.




2.3.3. Effect of Agitation Rate on Vip3A Production by B. thuringiensis BT294


In this experiment, Vip3A protein was produced in a 5 L bioreactor with different agitation rates of 300, 400, 500 and 600 rpm using the same aeration rate at 1.33 vvm (4 L/min) without pH control. The supernatant was collected, and the Vip3A concentration and cell growth were measured.




2.3.4. Effects of Aeration Rate on Vip3A Production by B. thuringiensis BT294


The effect of the aeration rate was studied after the appropriate agitation rate was obtained. The different rates of aeration such as 1.00, 1.33 and 1.66 vvm were used with suitable agitation from a previous experiment without pH control. The supernatant during cultivation was collected, and the Vip3A concentration and cell growth were analyzed.





2.4. Scale-up of Vip3A Production by B. thuringiensis BT294 in a 750 L Pilot-Scale Bioreactor


The pilot-scale production was performed in a 750 L bioreactor (B.E. Marubishi, Thailand) of 0.85 m diameter, T, and 1.52 m height, H, fit with 2 Rushton turbine impellers of diameter, D, of 0.28 m, agitating at 180 rpm (equivalent to the power input, −εT of 0.94 W/kg). The bioreactor contained 250 L of VP medium, which was flooded with only one impeller, with 1–1.33 vvm aeration. The power P (W) is calculated from P = nPogρN3D5, where n is the number of impellers, Pog is the power number of 2.4 (no unit or dimensionless) for fluid with air sparging of Rushton turbine impeller in the bioreactor, ρ is the culture broth density (kg/m3), N is the impeller speed (rps), and D is the impeller diameter (m). The power input or energy dissipation rate per unit mass, ε¯T (W/kg) is calculated from ε¯T or     P   ρ V   =   n   P o   g   ρ   N   3     D   5     ρ V    , where V is the culture broth volume (m3).



The cultivation medium compositions were similar to the compositions and concentration of the 5 L medium. The cultivation was conducted with the optimized uncontrolled pH and dissolved oxygen (DO). The supernatant was then collected, and the Vip3A concentration and cell growth were analyzed.




2.5. Insect Toxicity Assay


Vip3A bioassays were performed using 3rd instar larvae of Spodoptera litura obtained from the NPV production pilot plant at Thailand Science Park, Thailand. The insect toxicity of Vip3A in culture filtrates of B. thuringiensis Bt294 was analyzed by surface contamination assays. The cultivated medium that contained Vip3A was diluted with distilled water to different concentrations (0, 100, 200, 400, 600 and 1000 ng/cm2). In total, 25 µL of each concentration was dropped and poured on the artificial diet surface (consisting of (L−1) 10 g yeast extract, 1.5 g sorbic acid, 2.5 g ascorbic acid, 20 mL multivitamin stock, 120 g ground mung bean and 12.5 g agar) in a 24-well tissue culture plate. Each treatment was performed with 6 replicates (12 larvae/replicate). After the protein solution was completely absorbed, the larvae were added to each well and incubated at room temperature (30 ± 2 °C). Larvae mortality was recorded for 0–7 days after incubation and calculated to be corrected mortality. In total, 72 S. litura larvae were treated with each concentration, and 3 independent experiments were performed. The LC50 was assessed using probit analysis [14]. The optimal medium was used as a negative control.




2.6. Analyses and Quantitative Methods


2.6.1. Cell Growth Determination


Cell growth was analyzed by measuring the optical density at 600 nm with a spectrophotometer, and the dried cell weight concentration was calculated from the OD and standard slope.




2.6.2. Soluble Protein Measurement


Before the measurement of VIP3A concentration, the soluble protein in the supernatant was measured by Bradford assay [26]. Bradford dye (Bio-Rad) was added to the supernatant, and the optical density was measured at 595 nm. The concentration of soluble protein from the supernatant was calculated by comparison with a bovine serum albumin (BSA) standard.




2.6.3. Determination of Vip3A Concentration


The concentration of Vip3A protein was measured using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Then, 20 µL of soluble protein from the culture supernatant was mixed with SDS-PAGE sample buffer (consisting of 0.6 mL of 1 M Tris buffer (pH 6.8), 5 mL of 50% glycerol, 2 mL of 10% SDS, 1 mL of 1% bromophenol blue, 50 μL of β-mercaptoethanol, and 0.9 mL of water) and boiled at 100 °C for 10 min. After that, the samples were loaded and separated by SDS-PAGE (ATTO AE-6530 system, Tokyo, Japan) using a continuous gel that included a 12% resolving gel and 4% stacking gel. The gel was stained using Coomassie blue R250 stain [15]. The protein concentration of Vip3A was estimated by a densitometer with Gene Directory software (Syngene, Cambridge, UK) after SDS-PAGE separation. Bovine serum albumin (BSA) was used as a standard.




2.6.4. Calculation of Corrected Mortality


Corrected mortality is the true death percentage of insecticides from the effect of treatment calculated following Abbott’s formula [27].


  %   C o r r e c t e d   m o r t a l i t y =   %   t e s t   m o r t a l i t y − %   c o n t r o l   m o r t a l i t y × 100   100 − %   c o n t r o l   m o r t a l i t y    














3. Results and Discussion


3.1. Effects of the Physical Factor Which Affected Dissolved Oxygen on Vip3A Production by B. thuringiensis Bt294 in Shake Flasks


3.1.1. Effects of Types and Concentrations of Antifoam Agents on Vip3A Production by B. thuringiensis Bt294


Foam formation is an important problem for the cultivation processes of microorganisms in liquid media, especially in liquid processes containing an enriched protein content of the growth and production medium (from yeast extract, peptone or fish mill), high aeration, high agitation and protein formation from the microorganism [28,29]. Foaming can lead to reduced productivity since bursting bubbles can damage proteins [30]. This resulted in loss of sterility if foams escaped the bioreactor or led to overpressure by blocking the exit filters. A defoamer or antifoam agents, particularly chemical or biological agents, are routinely employed for foaming solutions. However, the type and concentration of antifoam agent are still necessary factors to study. They affect the KLa, oxygen transfer rate (OTR) and oxygen utilization rate (OUR) of microbial growth in cultivation processes and subsequently affect the growth rate and product formation.



Routledge and Bill, 2012 [31] reported that different antifoam agents had different impacts on microbial physiology and growth. The addition of antifoam agents affects the dissolved oxygen level depending on the dose and type of antifoam agent, which often reduces the dissolved oxygen level of the culture medium, and the choice of the chemical used should take this into consideration. Thus, this research studied the effects of eight antifoam agents at different concentrations in shake flasks on Vip3A production by B. thuringiensis Bt294. The results in Table 1 show that the production with controlled conditions, without antifoam added, produced Vip3A at 1500.00 mg/L. Only Antifoam 204 at 0.5% (v/v), which is classified as polyether-based, had a positive effect on Vip3A production. This antifoam promoted a Vip3A production yield of 1833.00 mg/L. While another antifoam agent of silicone-based and vegetable oils had a slightly negative effect on Vip3A production, Vip3A production of 1050.00–1240.00 mg/L was obtained. Moreover, 0.05% (v/v) palm oil had the greatest effect on Vip3A production, and only 650 mg Vip3A/L was obtained. Vidyarthi and Desrosiers, 2000 [28] reported that natural oils (canola, olive and peanut oils) enhanced the DO2 concentration in the cultivation liquid, which acted as an oxygen vector. Thus, to prevent the formation of foam in bioreactors in this study, Antifoam 204 was employed for further studies.




3.1.2. Effects of Flask Types on Vip3A Production by B. thuringiensis Bt294


Shake flasks are the most applicable laboratory-scale cultivation vessels. However, shake flasks do not provide an ideal environment for protein production due to their relatively low aeration capacity. A simple approach to improve dissolved oxygen levels in shake flask cultures is to use special flasks, such as baffled flasks, which can increase dissolved oxygen through the collision of the culture medium with the bottom baffle. A preliminary study on the effects of aeration on Vip3A production was carried out in baffled flasks compared with normal Erlenmeyer flasks. Figure 1 shows that cultivation in baffled flasks produced higher Vip3A proteins at 2000.00 mg/L after 3 days of cultivation. Cultivation in an Erlenmeyer flask produced a lower concentration of 44.50 mg/L at 3 days of cultivation, and the 1500.00 mg/L Vip3A protein was observed at 5 days. Baffled flasks improved the aeration and mixing of the culture, which directly affected oxygen transfer in the cultivation system [32] and promoted cell and protein production.




3.1.3. Effects of Shaking Speeds on Vip3A Production by B. thuringiensis Bt294


To study the effects of dissolved oxygen level on Vip3A production, the effects of different shaking speeds at 150, 170, 200 and 230 rpm were determined in baffled flask cultivation. Figure 2 shows the highest protein production at 3 days and then decreased. The different shaking speeds significantly affected protein production, and shaking speeds of 150–200 rpm gave 600.00, 642.00 and 2000.00 mg/L Vip3A protein at 3 days. These results showed that a higher shaking speed directly improved the aeration quality and oxygen transfer in the aerobic cultivation process, in which higher Vip3A production was produced. Many studies have reported that shaking speeds of 0–200 rpm increase both the cell biomass and protein production of Bacillus sp. [33,34]. However, a shaking speed higher than 230 rpm resulted in a lower Vip3A production of 1042.00 mg/L at 3 days, which might be due to shear stress affecting protein synthesis and excretion [35]. At lower speeds, microorganisms and substrates were not well mixed, and the dissolved oxygen content was low. Therefore, this study suggested that a shaking speed of 200 rpm with a baffled flask was the optimal condition for producing Vip3A by B. thuringiensis Bt294.



Based on the results of this study, cultivation in baffled flasks at a shaking speed of 200 rpm was the best condition for the shake flask scale. It produced the highest concentration of Vip3A at 2000.00 mg/L. This concentration was higher than that reported in the other research. Boukedi et al., 2018 [36] reported that optimization of the culture conditions in recombinant E. coli MOS Blue cells produced Vip3A protein at 170.00 mg/L.





3.2. Effects of Dissolved Oxygen and pH on Vip3A Production by B. thuringiensis Bt294 in a 5 L Bioreactor


3.2.1. Effects of Different pH-Controlled Culture on Vip3A Production by B. thuringiensis Bt294


The pH-controlled culture affected growth and Vip3A protein production directly, which included respiration and product formation of microorganisms. Microbial cells respond to environmental alterations and maintain the intracellular pH at a constant level. Even with large variations in the pH of the extracellular medium, the pH of the environment has a natural tendency to change along with the bioprocess [37]. The pH in the shake flask could not be controlled throughout the cultivation, but was carried out using buffer chemicals, which was different from the cultivation of bacteria in bioreactors in which the pH can be controlled. The effects of pH-controlled culture on Vip3A production by B. thuringiensis Bt294 was studied in a 5 L bioreactor, and the time profile of Vip3A production, bacterial growth, pH and dissolved oxygen are shown in Figure 3. The highest Vip3A concentration at 1203.00 mg/L under pH uncontrolled culture (Figure 3a) was obtained. Vip3A production of 525.00 mg/L under the pH-controlled culture at 7.2 (Figure 3a) was obtained. This result was consistent with the other previous research. Smith, 1982 [38] and Yousten and Wallis, 1987 [39] demonstrated that the uncontrol pH during the cultivation of B. thuringiensis and B. sphaericus resulted in an increase in insecticidal activity compared with pH control. Furthermore, the highest growth was found when the pH was kept stable in the cultivation process (Figure 3b). The growth rates of the bacterium under uncontrolled pH decreased as a result of the increasing pH during the cultivation. The higher rate of bacterial growth at pH 7.2 might reduce the Vip3A protein, which is a non-growth-associated protein. The higher biomass concentration obtained at a pH of 7.2 compared to uncontrolled pH might be due to the depletion of glycerol that resulted in the pH increasing and was inappropriate for bacterial growth. This resulted in greater Vip3A production.



Continuous control of pH during cultivation prevents cell injury and death caused by prolonged exposure to pH fluctuations. However, cultivation under a pH-controlled culture at 7.2 did not favor Vip3A production by B. thuringiensis Bt294. Thus, uncontrolled pH cultures throughout the course of cultivation were chosen for the next experiment to optimize Vip3A protein production by B. thuringiensis Bt294.




3.2.2. Effects of Controlled and Uncontrolled of the Lowest Point of Dissolved Oxygen (DO2) Levels on Vip3A Production by B. thuringiensis Bt294


The dissolved oxygen (DO2) is the amount of oxygen that is present in the culture medium. It is the significant parameter that affects cell growth, metabolite product synthesis, and cell activities maintained in the cultivation process involving aerobic microorganisms. There has also been a direct correlation between aeration rate and agitation rate. There are three methods that are generally used to control the DO2 concentration during the fermentation processes. One of the most frequently employed methods is the manipulation of the agitation speed to promote the mass transfer of the gas bubbles through the gas–liquid (cell culture medium) interface. The second method involves adjustment of the aeration rate, and the third method is based on altering the partial pressure of oxygen in the gas phase [40]. In this research, dissolved oxygen was controlled by adaptation of agitation speed without pure oxygen feed or changing the rate of aeration because the agitation alone can supply enough dissolved oxygen through this controlled cascade.



Microorganisms varied in their oxygen requirement. In particular, oxygen acts as a terminal electron acceptor for oxidative reactions to provide energy for cellular activities. Most Bacillus species are strictly aerobic organisms [41]. Figure 4 shows the production of Vip3A protein (Figure 4a), cell dry weight (Figure 4b), dissolved oxygen (Figure 4d) and pH (Figure 4e) at different controlled DO2 levels (not lower than 5%, 10%, 20% and 40%) compared with uncontrolled DO2. The cultivation with the highest DO2 control at above 40% promoted the highest production of cell biomass of 26.51 g/L but did not promote the production of the Vip3A protein, which gave Vip3A production of 350.00 mg/L at 48 h. The cultivation of Vip3A at above 20% dissolved oxygen control gave the highest Vip3A protein of 1250 mg/L at 36 h compared with the controlled DO2 levels, and the lowest cell concentration of 18.15 g/L was obtained. The controlled DO2 level below 20% gave a higher cell concentration, but the Vip3A protein was not obtained from these conditions. The results suggested that a higher DO2 led to a biosynthetic pathway of cell growth but did not favor Vip3A production, and this result was consistent with other reports [9]. The excessive dissolved oxygen condition improved growth and sporulation, while delta-endotoxin production was reduced. During cultivation, it was observed that the frequency of the increasing agitation rate of 400 rpm to 800 rpm to maintain the dissolved oxygen level within the desired range differed during the log phase of cell growth. Higher dissolved oxygen control conditions resulted in a higher frequency of acceleration. A high agitation speed may cause protein denaturation and damage bacterial cells that reduce Vip3A protein production [42].



However, it was clearly seen that the amount of Vip3A protein produced in all lowest point-controlled DO2 was lower than in the uncontrolled DO2 conditions. Cultivation with uncontrolled DO2 at 400 rpm and 4 L aeration gave the highest Vip3A concentration of 2250 mg/L at 54 h among the other condition, while the lowest cell biomass was obtained under this condition. The results suggested that B. thuringiensis Bt294 produced higher Vip3A in the dissolved oxygen limitation and in a biomass growth limitation phase. Furthermore, cultivation under control of the lowest point of DO2 was not an effective process for Vip3A protein production.




3.2.3. Effects of Agitation Rate on Vip3A Production by B. thuringiensis Bt294


Agitation plays an important factor in mixing, oxygen transfer rate and shearing in the cultivation process that directly influences growth and bioproduct formations. To study the effects of agitation on Vip3A production, the cultivations were run at different agitation rates of 300, 400, 500 and 600 rpm at 30 °C with a constant aeration rate of 4 L/min (1.33 vvm) and an initial pH of 7.2. The results showed that the agitation rate directly affected cell mass production (Figure 5b). The cell biomass of B. thuringiensis increased when the agitation rate increased, and the highest values of DCW at 300-600 rpm were 5.59, 9.13, 12.88 and 17.76 g/L at 12 h. Agitation rates affected both Vip3A concentration and production time (Figure 5a). The maximum production of the Vip3A protein was achieved at an agitation rate of 500 rpm (5609.24 mg/L) at 36 h, while the highest Vip3A production at agitation rates of 300, 400 and 600 rpm were 1986.44 (48 h), 4222.55 (42 h) and 4544.98 (24 h), respectively. The increased agitation rate improved the mass transfer and oxygen transfer and maintained homogeneous chemical and physical conditions in the medium that promoted Vip3A protein and cell mass production [43]. The higher agitation rate of more than 500 rpm reduced Vip3A protein production due to oxidative, shear stress and heterogeneous mixing effects. In contrast, a decrease in protein production was also observed below the agitation rate of 500 rpm, resulting from incomplete mixing and/or oxygen transfer resistance at a low agitation rate [44].



The pH change (Figure 5e) during the growth of B. thuringiensis Bt294 showed that the bacterium secreted some organic acids into the cultivation broth, especially in the oxygen limitation state (300 rpm). The pH values at the early phase decreased from the initial pH and increased while the bacterium produced higher Vip3A proteins. All agitation rates (Figure 5d) with dissolved oxygen decreased greatly before 9 h of cultivation and remained continuously close to 0%; then, the DO2 profile changed according to agitation speeds (Figure 5). The DO2 was distinctly lower at an agitation rate of 300 rpm, and the DO2 levels remained around 0% throughout the cultivation times. The DO2 at 400 rpm and 600 rpm slightly increased and remained constant at about ~60%. Thus, the DO2 at 500 rpm was increased to ~10% at 30 h throughout the cultivation period. The results showed that the agitation rate at 500 rpm (equivalent to the power input, −εT of 1.34 W/kg) was the optimal agitation speed for B. thuringiensis Bt294 to produce the Vip3A protein. The bacterium produced a higher concentration of Vip3A protein in a shorter time compared to all agitation rates, which reduced the cost of energy consumption involved in bioreactor manipulation at larger scales.




3.2.4. Effects of Aeration Rates on Vip3A Production by B. thuringiensis Bt294


Aeration is another essential parameter for the growth of aerobic microorganisms. It plays an important role in carbon dioxide removal and temperature and moisture control [45]. It affected the dissolved oxygen concentration in the culture medium and enhanced both growth and bioproduct formation [46]. Batch cultivations were performed using three different aeration rates at 1.00, 1.33 and 1.66 vvm at the same agitation rate of 500 rpm, and the cultivation temperature was controlled at 30 °C. Figure 6 shows the effects of aeration rate on Vip3A protein production (Figure 6a), CDW (Figure 6b), DO2 concentration (Figure 6d) and pH values (Figure 6e) during the cultivation process. The results showed that higher aeration levels resulted in a higher cell biomass and Vip3A protein concentration; moreover, higher aeration reduced the Vip3A production period. The cultivation performed at 1.66 vvm had the highest growth (15.46 g/L at 18 h) and Vip3A production (5645.67 mg/L at 30 h) compared to other cultivations carried out at different aeration rates. The cultivation performed with lower aeration rates of 1.33 and 1.00 vvm had lower growth (13.39 g/L at 12 h and 14.18 g/L at 18 h) and Vip3A concentrations (4978.71 mg/L at 36 h and 2864.76 mg/L at 42 h). This might be because an increase in aeration provides more oxygen for microbial respiration, particularly in the oxidative phosphorylation pathway, which potentially improves cell growth rates, biomass formation, and the production titer of target compounds [47]. DO2 concentration profiles were greatly different under three levels of aeration rates. The DO2 concentration of 1.66 vvm was lower than 10% (but not below 1%) at 6–18 h. These aeration rates gave the highest Vip3A protein concentration at a shorter time of 30 h of cultivation. The cultivation performed at 1.33 vvm produced the second-highest Vip3A concentration at 36 h, even when the DO2 concentration was below 10% at 9–36 h. However, the following two-phase DO2 profile was observed: below 1% at 9–12 h and above 1%, but lower than 10% at 18–36 h. The cultivation at 1.00 vvm produced the lowest Vip3A protein with a longer time of 42 h. The DO2 level was observed to be below 1% at 6–24 h due to the short supply of oxygen. From the results, it was found that prolonged cultivation under 1% DO2 resulted in a decrease in Vip3A protein yield and a longer production time. The aeration rate of 1.66 vvm was the optimal aeration for the Vip3A protein production by the wild-type strain of B. thuringiensis BT 294, which increased the protein yield and reduced the production period.





3.3. Vip3A Production by B. thuringiensis Bt294 in 750 L Bioreactor


The necessary scaling up of the fermentation process demonstrates the cultivation production at a larger scale, resulting in consistency of productivity and quality compared with smaller scales. The keys to scaling up are to achieve project goals, produce desired products with acceptable quality and yield, and fully understand and control operational risks at large-scale manufacturing [48]. This research produced a bioinsecticide, Vip3A protein, at a higher concentration in a pilot-scale bioreactor (750 L) of 3750.00 mg/L at 42 h (Figure 7a). From these results, the cultivation in the 750 L bioreactor slightly increased in the production of Vip3A at 18 h, which was slower than that in the 5 L bioreactor. The growth profile (Figure 7a) showed a slight increase in the lag phase, resulting in a shift in Vip3A production to 24 h with a lower CDW of 13.85 g/L. Regarding the dissolved oxygen concentration (Figure 7b), it was shown that the dissolved oxygen concentration during cultivation decreased to 0% at 12 h. A productivity of 89.29 mg/L/h Vip3A protein was calculated. This was lower than that in the 5 L laboratory-scale bioreactor due to the different operational parameters. The power input and aeration rate of the pilot-scale were only 0.93 W/kg (agitation speed of 180 rpm with 1 rushton turbine) and 1.00 vvm (0–6 h and 36–72 h) and 1.33 vvm (12–30 h). A 5 L bioreactor was used with a higher power input and agitation rate of 1.34 w/kg and 1.66 vvm, respectively.




3.4. Insect Toxicity Assay of Vip3A Produced by B. thuringiensis Bt294


Vip3A proteins were evaluated with the lepidopteran insect pest S. litura. For all treatments, death was observed at 48 h. An accumulative mortality of more than 80% was observed at 72 h in the highest concentration treatment. After 7 days, 89.8% corrected mortality was observed in the 1000 ng/cm2 treatment. Meanwhile, 72.40%, 45.00%, 22.20%, 13.00% and 0.00% of corrected mortality were obtained in the lower concentration treatments, respectively. From the result of corrected mortality, Vip3A was highly active against third instar larvae of S. litura, with LC50 values of 472.5 ng/cm2 at 7 days (Table 2). Compared to Song et al., 2016 [49], LC50 of Vip3Aa against third instar larvae of S. litura was shown at 200.627 ng/cm2. Another recombinant Vip3A protein production was tested against S. litura, which was 200 ng/cm2 of LC50 [50].





4. Conclusions


From all experiments in this study, it can be concluded that the dissolved oxygen content in the medium broth was a very important factor for Vip3A protein production by B. thuringiensis Bt294 at both the shake flask and bioreactor scales. The production of Vip3A protein at the shake flask level in baffled flasks with a shaking speed of 200 rpm increased the dissolved oxygen and mixing efficiency without cell damage by shear stress compared to the Erlenmeyer flask. The production of Vip3A in 5 L laboratory bioreactors showed that dissolved oxygen had significant effects on protein production by B. thuringiensis Bt294. However, the oxygen controlled by the cascade system was ineffective due to the culture favoring producing biomass in conditions with plenty of oxygen and shear stress at a high agitation rate at 800 rpm. Agitation rates lower than 500 rpm and aeration rates of 1.66 vvm resulted in higher Vip3A protein production by B. thuringiensis Bt294. These results suggested that production of the Vip3A protein by B. thuringiensis Bt294 required the proper dissolved oxygen limitation phase and pH to shift the metabolic flux to Vip3A instead of biomass production. The larger-scale production of Vip3A gave lower productivity of Vip3A production in comparison with laboratory scales due to the limitations of some parameters, such as power input and agitation rate. The obtained Vip3A was highly active against third instar larvae of S. litura, with LC50 values of 472.50 ng/cm2 at 7 days. From these results, the Vip3A protein has high potential for use as a bioinsecticide to control lepidopteran pests on organic farms.
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Figure 1. Changes in Vip3A concentration in different flask cultivation types. 
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Figure 2. Vip3A protein production by B. thuringiensis Bt294 at different shaking speeds. 
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Figure 3. Vip3A concentration (a), CDW (b), glycerol (c), pH (d) and dissolved oxygen (e) in different pH-controlled cultivations of B. thuringiensis Bt294. 
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Figure 4. Vip3A concentration (a), CDW (b), glycerol (c), pH (d) and dissolved oxygen (e) in different dissolved oxygen cultures of B. thuringiensis Bt294. 
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Figure 5. Vip3A concentration (a), CDW (b), glycerol (c), pH (d) and dissolved oxygen (e) in different agitation rate cultivations of B. thuringiensis Bt294. 
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Figure 6. Vip3A concentration (a), CDW (b), glycerol (c), pH (d) and dissolved oxygen (e) in different aeration cultivations by B. thuringiensis Bt294. 
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Figure 7. Vip3A concentration, CDW and glycerol (a), pH and dissolved oxygen (b) in 750 L cultivation by B. thuringiensis Bt294. 
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Table 1. Effects of antifoam on Vip3A production by B. thuringiensis Bt294.
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Factors

	
Vip3A (mg/L)

(at 5 Days)




	
Antifoaming Agents/

Concentration

	
0.05% (v/v)

	
0.1% (v/v)

	
0.5% (v/v)






	
Antifoam 204

	
1450.00 a,b,A ± 86.6

	
1416.67 b,A ± 288.7

	
1683.33 a,A ± 548.5




	
Antifoam AFE-1520

	
1125.00 A ± 0.0

	
1133.33 c,A ± 14.4

	
1133.33 c,A ± 14.4




	
Antifoam 1410

	
1133.33 c,A ± 375.3

	
1125.00 c,A ± 25.0

	
1466.67 b,A ± 57.7




	
Palm oil

	
650.00 B ± 86.6

	
1200.00 c,A ± 86.6

	
1083.33 c,A ± 144.3




	
Soybean oil

	
1116.67 c,B ± 28.9

	
1216.67 c,A ± 28.9

	
1116.67 c,B ± 57.7




	
Olive oil

	
1133.33 c,A ± 125.8

	
1216.67 c,A ± 57.7

	
1108.33 c,A ± 123.3




	
Rice bran oil

	
1150.00 c,A ± 50.0

	
1050.00 c,B ± 43.3

	
1116.67 c,A,B ± 14.4




	
Coconut oil

	
1233.30 b,c,A ± 76.4

	
1240.00 b,c,A ± 17.3

	
1220.00 c,A ± 26.5




	
Control (without antifoaming agent)

	
1500.00 a ± 50.0








Values represent the average ± standard deviation from triplicate experiments. Lowercase letters indicate significant differences (p < 0.05) among different antifoam agents, while capital letters indicate significant differences (p < 0.05) among different concentrations.













 





Table 2. Insecticidal activity of culture supernatant containing Vip3A of B. thuringiensis Bt294 against S. litura.
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	Vip3A Concentration (ng/cm2)
	% Corrected Mortality
	LC50 (ng/cm2)





	1000
	89.80
	



	600
	72.40
	



	400
	45.00
	



	200
	22.20
	



	100
	13.30
	472.50 (430.60–518.10)



	0 (Control)
	0.00
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