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Introduction: L-lysine is a bulk product. In industrial production using high-biomass fermentation, the high density of bacteria and the intensity of production require sufficient cellular respiratory metabolism for support. Conventional bioreactors often have difficulty meeting the oxygen supply conditions for this fermentation process, which is not conducive to improving the sugar-amino acid conversion rate. In this study, we designed and developed an oxygen-enhanced bioreactor to address this problem.
Methods: This bioreactor optimizes the aeration mix using an internal liquid flow guide and multiple propellers.
Results: Compared with a conventional bioreactor, it improved the kLa from 367.57 to 875.64 h-1, an increase of 238.22%. The results show that the oxygen supply capacity of the oxygen-enhanced bioreactor is better than that of the conventional bioreactor. Its oxygenating effect increased the dissolved oxygen in the middle and late stages of fermentation by an average of 20%. The increased viability of Corynebacterium glutamicum LS260 in the mid to late stages of growth resulted in a yield of 185.3 g/L of L-lysine, 74.57% conversion of lysine from glucose, and productivity of 2.57 g/L/h, an increase of 11.0%, 6.01%, and 8.2%, respectively, over a conventional bioreactor. Oxygen vectors can further improve the production performance of lysine strains by increasing the oxygen uptake capacity of microorganisms. We compared the effects of different oxygen vectors on the production of L-lysine from LS260 fermentation and concluded that n-dodecane was the most suitable. Bacterial growth was smoother under these conditions, with a 2.78% increase in bacterial volume, a 6.53% increase in lysine production, and a 5.83% increase in conversion. The different addition times of the oxygen vectors also affected the final yield and conversion, with the addition of oxygen vectors at 0 h, 8 h, 16 h, and 24 h of fermentation increasing the yield by 6.31%, 12.44%, 9.93%, and 7.39%, respectively, compared to fermentation without the addition of oxygen vectors. The conversion rates increased by 5.83%, 8.73%, 7.13%, and 6.13%, respectively. The best results were achieved by adding oxygen vehicles at the 8th hour of fermentation, with a lysine yield of 208.36 g/L and a conversion rate of 83.3%. In addition, n-dodecane significantly reduced the amount of foam produced during fermentation, which is beneficial for fermentation control and equipment.
Conclusion: The new oxygen-enhanced bioreactor improves oxygen transfer efficiency, and oxygen vectors enhance the ability of cells to take up oxygen, which effectively solves the problem of insufficient oxygen supply during lysine fermentation. This study provides a new bioreactor and production solution for lysine fermentation.
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1 INTRODUCTION
L-lysine belongs to the aspartic acid group of amino acids. Its synthesis pathway is closely related to both EMP and TCA pathways. The density of bacteria during L-lysine fermentation is very high, and the performance limitations of traditional equipment often lead to insufficient dissolved oxygen content during the fermentation process, which to some extent weakens the advantages of the L-lysine metabolic pathway.
Lysine-producing Corynebacterium glutamicum bacteria are strictly aerobic (FEEDAP et al., 2020), owing to the aerobic nature of the strain and the high acid production efficiency of lysine, which therefore place more stringent requirements on the oxygen supply during fermentation. A key direction for solving this problem is to increase the oxygen supply capacity of bioreactors (Meng et al., 2022). Schirmer et al. (2021) analyzed the effects of impeller type, size, and number on bioreactor effectiveness, focusing on the advantages and disadvantages of different stirring types. The characteristics, process parameters, and internal components of the anaerobic fermentation equipment were investigated by Abdelgadir et al. (2014) A new type of highly efficient anaerobic fermentation plant was designed and obtained under optimum conditions for bacterial growth (Nikakhtari et al., 2014). In this study, an efficient oxygen-enhanced bioreactor with a liquid flow guide and combined stirring blades was designed to solve the problem of an insufficient oxygen supply.
Oxygen vectors have been introduced into the fermentation broth in recent years as a new liquid phase that is non-toxic to microorganisms and eliminates foam produced during fermentation (Galaction et al., 2004; Ciobanu et al., 2020). This liquid phase reduces the resistance to oxygen transfer from gas to liquid and has become a new trend in enhanced oxygen transfer technology (Liu and Wu, 2006; Quijano et al., 2010). This liquid phase does not cause toxicity or inhibit the growth of microorganisms, is immiscible with the fermentation broth, and has a higher capacity to dissolve oxygen than water. The addition of oxygen vectors such as paraffin, n-hexane, and n-dodecane increases the kLa (oxygen transfer coefficient) value of the same reaction system by up to 300% in varying degrees and also has the mixed effect of reducing the stirring power. Xia et al. used oxygen vectors to enhance antroquinonol yield during fermentation (Rols et al., 1990; Lee and Armiger, 1991; Menge et al., 2001; Chen et al., 2019). Enhancement of ß-galactosidase production by Escherichia coli using n-dodecane as an oxygen vector was described by Ciobanu et al. (2020). Wang et al. (2019) successfully increased the titer of diacetyl in the fermentation broth of Bacillus sp. by adding an oxygen vector to the fermentation broth. Azmi et al. (2013)used liquid paraffin to enhance the production of tyrosine phenol lyase by Citrobacter freundii MTCC 2424, while increasing rapid fuel cell growth. In this study, the effect of oxygen vectors on the fermentation production of L-lysine by C. glutamicum was analyzed to enhance the ability of bacteria to take up oxygen.
2 MATERIALS AND METHODS
2.1 Strains and culture
The strain used in this study was C. glutamicum LS260, which is conserved in the Metabolic Engineering Research Laboratory of Tianjin University of Science and Technology. The inoculum for L-lysine fermentation in a 5 L bioreactor underwent two bacterial activations. Bacterial activation was performed using a test tube slant medium and an eggplant bottle slant medium. The slant medium contained 2.5 g of agar powder, 5 g of yeast extract, 2.5 g of tryptone, 2 g of KH2PO4, 1 g of MgSO4 and 4 g of (NH4)2SO4 per liter, dissolved by heating. Each test tube was filled with 9 mL and the aubergine bottle slants were filled with 40 mL, and the samples were sterilized by autoclaving at 121°C for 20 min. Cells were obtained from glycerol-conserved tubes, inoculated onto two test tube slants, and incubated at 32°C for 12 h. The second activation was carried out using two aubergine bottle slants, and the inoculated cells were obtained from the first activated test tube slants. The cells were incubated at 32°C for 12 h.
2.2 L-lysine fermentation in a 5L bioreactor
Batch replenishment fermentation was carried out in a 5 L fermenter (Baoxing, Shanghai, China). Cells obtained from the aubergine flask culture described in Section 2.1 were used as the first-stage inoculum, eluted using 200 mL saline, and the eluted cells were transferred to a fermenter containing 1,8 L of seed medium containing 15 g of maize pulp, 5 g of yeast powder, 7 g of peptone, 4 g of KH2PO4, 15 g of (NH4)2SO4 and 1.5 g of MgSO4 per liter of seed medium. The incubation temperature of the seed solution in the fermentation tank was 34°C. The temperature was controlled using a combination of a cold-water jacket and a heating sump.
2.3 Quantification of biomass, glucose, and amino acids
Biomass was determined by measuring the absorbance of the cultures at 600 nm. Glucose levels in the cultures were determined using an SBA biosensor analyzer (SBA40E, Institute of Biology, Shandong Academy of Sciences, Jinan, China). For amino acids without UV absorption, L-lysine and by-products in the fermentation broth were determined by high-performance liquid chromatography using an Agilent C18 (15 mm * 4.6 mm, 3.5 μm) column with 2,4-dinitrofluorobenzene as derivatized and pre-column derivatization, a mobile phase of 50% acetonitrile, 4.1 g/L CH3COONa, column temperature of 33°C, flow rate of 1 mL/min, detection wavelength 360 nm.
2.4 Statistics and analysis
Unless otherwise noted, all experiments were performed in triplicate. Statistical significance was determined using one-way analysis of variance (ANOVA), followed by Dunnett’s multiple comparison test. Statistical significance was defined as p ≤ 0.05.
2.5 Types and properties of oxygen vectors
The types and properties of the oxygen vectors are shown in Table 1, Figures 1, 2.
TABLE 1 | Properties of oxygen vectors.
[image: Table 1][image: Figure 1]FIGURE 1 | Metabolic networks and balancing equations.
[image: Figure 2]FIGURE 2 | Oxygen-enhanced bioreactors. 1. Six inclined blade stirrers. 2. Liquid flow guides. 3. Six inclined blade stirrers 4. Air distributor. 5. Six straight-bladed stirrers, 6. Air distributor 4,7. Cooling water inlet,8. Six curved blade stirrer. 9. Export of the fermentation broth. 10. Air valves. 11. Air inlet. 12. Cooling water outlet.
2.6 kLa calculation method
The KLa value was determined based on the equation:
[image: image]
KLa is the volumetric dissolved oxygen coefficient (h-1), C* is the saturation dissolved oxygen value of the solution (mol/L), C is the dissolved oxygen concentration in the solution (mol/L), and γ is the oxygen consumption rate (mol/L/h).
In the presence of catalyst Co2+ or Cu2+ ions, sodium sulfite is rapidly oxidized to sodium sulfate. Taking advantage of this feature, we injected sodium sulfite into the reactor continuously at a certain rate under the condition of continuous gas stirring, and the oxygen consumption rate at this time can be calculated as follows.
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Q is the flow rate of Na2SO3 solution (L/h), M is the concentration of the solution (moL) with the addition of Na2SO3, and 2 indicates the consumption of 1 mol requires 2 mol Na2SO3 as the volume of liquid in the reactor (L). With the continuous addition of oxygen depleting agent, the dissolved oxygen in the reactor is consumed, and the dissolved oxygen value rises, thus forming the oxygen transfer force (C*-C) in the liquid phase of the reactor. In the steady state of continuous incubation, the dissolved oxygen concentration C in the reaction solution is constant and the dc/dt is zero. Therefore, KLa(C*-C) = γ, i.e., QM/2V = KLa(C*-C). The different values of KLa (i.e., different oxygen supply capacities) under different reactor operating conditions cause the dissolved oxygen concentration C to change accordingly. The concentration and flow rate of Na2SO3 solution in this process, as well as the volume of the reactor liquid, can be controlled. After measuring C/C* with the dissolved oxygen electrode, the KLa value can be easily calculated according to the following equation.
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2.7 Metabolic flux analysis
Metabolic flux analysis is an analytical method that specifically addresses the flux of metabolic pathways (Campit and Chandrasekaran, 2020; Antoniewicz, 2021). The quasi-steady-state assumption is that, with rapid intracellular metabolic reactions, none of the intracellular metabolites accumulate and are in a steady-state state with a change in concentration of 0 (Reimers and Reimers, 2016). The flux distribution for various intracellular biochemical reactions can also be calculated from multivariate equations after extracellular substances have been measured. This results in a metabolic flux map containing almost all relevant reactions and metabolites at steady-state (Razmilic et al., 2018). Metabolic flow distribution can be analyzed under different conditions and in different mutant strains (Soh et al., 2012).
3 RESULTS AND DISCUSSION
3.1 Multi-stirred paddle-linked oxygen-enhanced bioreactors
In the amino acid fermentation industry, most amino acid-producing bacteria are strictly aerobically fermented (Yamamoto et al., 2011). Fermentation results in a high density of bacteria and requires an extremely high oxygen supply (Okino et al., 2008). This problem is even more pronounced in bulk amino acids (L-glutamic acid, L-lysine, etc.), where very high kLa is often required to properly support fermentation, which places more stringent requirements on the oxygen supply to the equipment (Garcia-Ochoa and Gomez, 2005; Okino et al., 2005). In this study, a new type of oxygen-enhanced fermentation equipment was designed to maximize the efficiency of the oxygen supply to the equipment. The equipment combines the advantages of mechanically stirred and air-lift bioreactors (Aragão et al., 2020). We installed a liquid flow guide inside the conventional bioreactor, which solves the problem of the chaotic flow of the fermentation broth inside the tank, and tends to form dead ends for agitation (Farkya et al., 2004; Gill et al., 2008). Four sets of stirring fan blades were set up in the inflow tube. The order of the stirring fan blades from top to bottom was as follows: screw paddle, screw paddle, six straight blade stirring paddles, and six curved blade stirring paddles (the number of fan blades can be adjusted according to equipment size and liquid viscosity). The rapid downward flow of fermentation fluid occurred under the thrust of two sets of propellers and two screw sets. The liquid drove the gas downward through the six straight-blade stirring paddles, which efficiently broke up air bubbles. Smaller bubbles have a larger specific surface area, which facilitates the gas-liquid mass transfer. An air distributor and six curved blade turbines were located at the bottom, which further crushed the air bubbles. The interior of the liquid flow guide was hollow and contained a water inlet and outlet. This allowed it to be cooled internally by circulating water and allowed for precise temperature control. Two sets of air distributors were connected to the air inlets running through the side of the tank and were each provided with a control valve. As the six straight-bladed stirring paddles were more powerful and crushed the fluid better than the six curved-bladed stirring paddles, the airflow can be controlled by adjusting the air valve and aeration volume. When the stirrer speed was high, the upper and lower air supply valves could be opened to achieve a dual-pipeline air supply. When the swing mixing speed was low, only the lower air supply valve should be opened. The sum of the diameters of the exhaust holes was equal to the cross-sectional area of the exhaust duct. After the gas entered the guide tube, it dissolved in the downward flowing fermentation broth at high speed, increasing the flow distance of the gas in the fermentation broth, and then is crushed by six straight-bladed stirring paddles and six curved-bladed stirring paddles twice, thus increasing the dissolved oxygen rate of the fermentation broth by 15%–25% compared to a traditional bioreactor. Conventional bioreactors do not have a liquid flow guide and the temperature is controlled by a jacket. The order of the stirrers is chosen according to the characteristics of the different stirrers. The Six straight-bladed stirrers and Six curved blade stirrers are efficient in breaking up air bubbles and are therefore installed below the air distributor. Liquid flow guides reduce the vortex of the liquid. Larger coolers are beneficial for reducing temperature stability in the bioreactor. The combination of the stirring paddle and air distributor is also inefficient as shown in Figure 3. After calculations, we show that kLa = 367.57 h-1 for mechanically stirred equipment, which is not conducive to oxygen transfer, and kLa = 875.64 h-1 for oxygen-enhanced equipment, which promotes oxygen transfer. In addition, the aerated fermentation unit is simple in structure and easy to operate, which is conducive to improving the efficiency of amino acid fermentation, energy savings, and cost savings.
[image: Figure 3]FIGURE 3 | Comparison of fermentation in the two bioreactors. (A) Comparison of yield and biomass of the two bioreactors. (B) Comparison of productivity in the two bioreactors where fermentation was carried out for 12–18 h.
3.2 Equipment performance of oxygen-enhanced bioreactors
C. glutamicum LS260 is an L-lysine-producing bacterial strain that reaches a high density in the production process. Owing to the performance limitations of conventional equipment, the fermentation process often suffers from insufficient dissolved oxygen levels, which, to some extent, diminishes the advantages of the L-lysine metabolic pathway (Heinemann et al., 1970). Therefore, we designed and applied a new multi-paddle-linked oxygen-enhanced bioreactor. First, we compared the biomass and yield trends in the two bioreactors. As shown in Figure 3A, the growth rate of cells in the pre-fermentation period was similar in terms of biomass. When fermentation proceeded to 10 h, significant differences were observed between the two sets of experiments. In the oxygen-enhanced bioreactor, the biomass OD600 reached 107.2, which was 3.9% higher than that in a conventional bioreactor. The cell growth trends were similar in both experimental groups. Their logarithmic growth period ended after 14 h. The oxygen-enhanced bioreactor provided higher and more stable pairs of dissolved oxygen, which provided the material basis for intracellular energy metabolism. This enabled the cells in group B to better maintain growth viability, and L-lysine production capacity was also enhanced. At 16–36 h of fermentation, the L-lysine productivity was 1.63 g/L/h in the conventional bioreactor and 1.86 g/L/h in the oxygen-enhanced bioreactor, an improvement of 14%. Fermentation proceeded until the end of 36 h, and the final titer of L-lysine in the oxygen-enhanced bioreactor was 185.3 g/L compared to 167.0 g/L in the conventional bioreactor, an increase of 11.0%. In oxygen-enhanced bioreactors, the energy supply within the producer is more adequate and the activity of enzymes related to L-lysine synthesis is higher than that in conventional bioreactors. We further compared the conversion rate between glucose and L-lysine in the two bioreactors, which was 68.56% in the conventional unit and 74.57% in the oxygen-enhanced unit, an increase of 6.01%. This shows that high levels of dissolved oxygen can significantly improve lysine production performance and demonstrates the beneficial effects of oxygen-enhanced equipment.
As shown in Figure 4, in conventional bioreactors, the dissolved oxygen supply is insufficient for 12 h during the fermentation process. After 12 h of fermentation, increasing the speed or aeration of the equipment can increase the dissolved oxygen level for a short time, but it quickly drops to 0%–5%. Even though the maximum speed and aeration of the equipment have been reached, it still cannot significantly raise the dissolved oxygen level. Excessive stirring speed and aeration lead to large amounts of foam and high fermenter pressure, which greatly increases the difficulty of fermentation control, while the stirring shaft of the equipment heats up significantly, thus leading to a different fermentation microenvironment in the bioreactor (Sun et al., 2022). The high-speed rotation of the stirring paddle generates high temperatures. The temperature will rise back to about 65°C. A small number of bacteria that splash onto the stirring shaft because of stirring will die. This is not good for fermentation. In oxygen-enhanced bioreactors, it can be seen that, during the same phase of fermentation, the dependence of the strain on the stirring speed and aeration of the equipment is reduced. We can maintain a stable dissolved oxygen level of approximately 25% by adjusting the speed and airflow. At this level of dissolved oxygen, the strain showed superior lysine synthesis and significantly higher productivity. Interestingly, we found that the difference in productivity owing to high dissolved oxygen decreased as fermentation progressed, as shown in Figure 3B. Therefore, we speculate that, under high dissolved oxygen conditions, the gas-liquid transfer efficiency controlled by the gas film does not affect the ability of the strain to produce acid (Karimi et al., 2021), but rather its ability to take up oxygen. Fortunately, previous studies have shown that oxygen vectors can enhance the uptake of oxygen by microorganisms (Rols and Goma, 1989), thereby enhancing the growth and metabolism of the strain, and further increasing the production of secondary metabolites (You et al., 2021).
[image: Figure 4]FIGURE 4 | Dissolved oxygen parameters in the two fermentation plants. (A) Dissolved oxygen parameters in a conventional bioreactor. (B) Dissolved oxygen parameters in an oxygen-enhanced bioreactor.
3.3 Metabolic flow analysis of strain LS260 in two bioreactors
We analyzed the metabolic flow of L-lysine from strain LS260 in different devices, taking samples with a fermentation time of 16 h for comparison, and found that cellular metabolic processes changed considerably. As shown in Figure 5, the change began with the glycolytic pathway and affected the overall growth trend of the cells. The transient accumulation of aspartic acid in cells with oxaloacetate as a precursor increased by 13.61%, and the entire aspartic acid family metabolic pathway was significantly enhanced, which resulted in an increased metabolic flow to lysine. We compared the metabolic flow of each key node of strain LS260, and in the new device, the pyruvate-OAA node was enhanced. This enhanced the availability of oxaloacetate, which is beneficial for the biosynthesis of the aspartic acid family of amino acids (Yokota et al., 2017; Zhang et al., 2018), and shows promise for application in the synthesis of amino acids in other metabolic pathways. For example, the instantaneous production of amino acids from pyruvate or phosphoenolpyruvate as precursors decreased, with tyrosine down 20.9% and phenylalanine down 91.7%. Leucine declined by 53.2%. At the same time, the l-glutamate synthesis pathway decreased by 87.9%. We believe that there are three reasons for the above phenomenon. (1) The increase in kLa of the equipment enhanced bacteriophage metabolism, which is the material and energy basis for bacteriophage growth and lysine production (Inui et al., 2007). (2) The synthesis of other amino acids and organic acids decreased because the enzymatic activity of the lysine synthesis pathway was higher than that of other metabolic pathways (Barksdale, 1970), and the limited oxygen availability and oxygen uptake capacity caused the metabolic flow of C to be more in the direction of lysine synthesis. This means that lysine production and conversion rates increased (3) because the pyruvate-oxaloacetate metabolic node fixed CO2 and the enhanced metabolic flux from this node reduced some of the CO2 released from the TCA cycle, which also helped increase the conversion rate between glucose and lysine.
[image: Figure 5]FIGURE 5 | Metabolic network calculation results. (A) Metabolic flow in conventional bioreactors. (B) Metabolic flow in oxygenated bioreactors.
3.4 Selection of the oxygen vectors
In the above-mentioned study, we found that high levels of dissolved oxygen promoted lysine production by strain LS260. Oxygenated bioreactors had a 2.38-fold increase in oxygen supply capacity, but the cellular uptake of oxygen was limited by gas-liquid transfer controlled by the gas membrane. We attempted to improve oxygen transfer by adding 1% oxygen vectors to the fermentation culture system. To determine the type of oxygen carrier, three oxygen vectors were selected, n-dodecane, perfluorocarbon, and liquid paraffin, and their effects on the fermentation parameters of strain LS260 were investigated.
As shown in Figure 6, the addition of all three oxygen vectors had a boosting effect on bacterial growth compared to the 5 L batch replenishment fermentation without oxygen vectors. Perfluorocarbon had the most significant boosting effect on the biomass of the bacteria, with a 39.6% increase, but with a significant decline in the late stages of the fermentation. However, the uncontrolled growth of bacteria resulted in a decrease in lysine production to 181.5 g/L and a 5.47% decrease in conversion. The growth curve of the fermentation process with the addition of n-dodecane and liquid paraffin was relatively smooth with nonsignificant periods of decline. The addition of n-dodecane increased fermentation biomass by 2.78%, lysine yield by 6.53%, and conversion by 5.83%. The experimental group with the addition of liquid paraffin had a 21.22% increase in biomass, a 6.53% increase in yield, and a 1.57% decrease in conversion rate. Oxygen vectors can promote the growth of bacteria, but excessive bacterial density leads to a disruption of metabolic flow, which in turn affects the ability to synthesize glucose for lysine conversion. N-dodecane is more suitable than the other two oxygen vectors for the fermentation of lysine by strain LS260.
[image: Figure 6]FIGURE 6 | Effects of different oxygen vectors on the fermentation process of strain LS260. (A) Cell growth curves of different oxygen vectors. (B) Lysine titers and glucose-lysine conversion of different oxygen vectors.
3.5 Effects of n-dodecane addition at different stages on L-lysine production by strain LS260
The oxygen demand of bacteria varies considerably at different stages of growth, and it is particularly important to choose the appropriate time and method of addition of n-dodecane. We varied the time of fermentation addition according to the stage of bacterial growth, adding oxygen vectors at 0, 8, 16, and 24 h.
As shown in Figure 7, the addition of oxygen vectors at all times was beneficial for lysine fermentation. The addition of oxygen vectors at 8 h of fermentation was more effective than that at other times. Compared to the fermentation culture without the addition of oxygen vectors, the batch replenishment fermentation yields at 0, 8, 16, and 24 h increased by 6.31%, 12.44%, 9.93%, and 7.39%, respectively. The addition of n-dodecane at the beginning of fermentation increased the intensity of production in the early stages of fermentation and caused the premature death of bacteria to some extent in the later stages. The best results were achieved by adding the oxygen vectors at the 8th hour of fermentation, where the yield reached 208.36 g/L and the conversion rate reached 83.3%. According to the DO graph shown in Figure 6 in 3.2, at approximately 10 h of fermentation, the dissolved oxygen already dropped to approximately 20% and showed a trend of hypoxia. Addition at 8 h of fermentation increased the oxygen uptake capacity of cells before the onset of hypoxia, eliminating the reduced productivity and cellular damage associated with it. Therefore, the addition of oxygen vectors at 16 h and 24 h into the fermentation process, although boosting the bacterium’s ability to produce lysine, does not fully offset the damage caused by the lack of oxygen. During the course of the study, it was found that the glucose supplementation was initiated when its concentration decreased below 5 g/L (Addition of 50 g/L of glucose monohydrate to the fermentation medium from the beginning.), and the rate of glucose consumption differed between the fermentations with and without n-dodecane. L-lysine fermentation with n-dodecane required glucose supplementation from 3.3 h, whereas non-n-dodecane fermentation required glucose supplementation from 5.2 h. In the absence of glucose, the aerobic carriers continued to grow for approximately 1.5 h and the anaerobic carriers stopped growing immediately. We speculate that there may be metabolic pathways in C. glutamicum that use long-chain alkanes as a source of carbon and energy to provide the organic carbon required for growth. Therefore, maintaining glucose concentration in the fermentation system plays an important role in ensuring the concentration of hydrocarbons in the system.
[image: Figure 7]FIGURE 7 | Effects of different addition times of oxygen vectors on the production of L-lysine. (A) Addition of n-dodecane from the start of fermentation. (B) Addition of n-dodecane at 8 h of fermentation. (C) Addition of n-dodecane at 16 h of fermentation. (D) Addition of n-dodecane at 24 h of fermentation (E) No n-dodecane was added to the fermentation broth.
In addition, industrial production of L-lysine requires the addition of large quantities of substances, such as corn pulp. These nutritional additives contain large amounts of natural organic substances, such as proteins, sugars, and peptides. During the fermentation process, the viscosity of the fermentation broth increases owing to high-speed agitation and extensive aeration, coupled with the growth of biomass, making it extremely easy to produce large amounts of foam. Due to the oily substance n-dodecane, fermentation produces very little foam because of its hydrophobic properties. Its presence changes the surface tension of the bubbles, and therefore foam can be eliminated without the addition of a defoamer.
4 CONCLUSION
In this study, we designed and developed an aerobic bioreactor. This bioreactor optimizes the aeration mix by using internal deflectors and multistage propellers. The bioreactor kLa increased from 367.57 to 875.64 h-1, an improvement of 238.22%. The results show that the oxygen supply capacity of the oxygen-enhanced bioreactor was better than that of a conventional bioreactor. Dissolved oxygen increased by 20% during fermentation’s middle and late stages. Strain LS260 grew with increased mid-to late-stage viability, yielding 185.3 g/L of L-lysine and 74.57% conversion, an increase of 11.0% and 6.01%, respectively, over the conventional bioreactor, and an 8.2% increase in productivity of 2.57 g/L/h. To further enhance L-lysine production and sugar-acid conversion, we investigated the effects of oxygen carriers on L-lysine production during batch replenishment fermentation with C. glutamicum. A comparison of the effects of the three oxygen vectors on the production of L-lysine from LS260 fermentation revealed that the oxygen vector promoted cell growth. N-dodecane was the most suitable of the three oxygen carriers, and the growth of the cell was smoother under these conditions. The result was a 38.2% increase in biomass, an increase in L-lysine production to 227.1 g/L, and a sugar-acid conversion rate of 80.4%. Next, the effects of different n-dodecane addition times on the final yield and conversion were investigated. Compared with the fermentation culture without the addition of oxygen carriers, the experimental group increased the yield by 6.31%, 12.44%, 9.93%, and 7.39% with the addition of n-dodecane at 0, 8, 16, and 24 h, respectively. The conversion of glucose to lysine was increased by 5.83%, 8.73%, 7.13%, and 6.13%, respectively. The best results were achieved by adding oxygen carriers at the 8th hour of fermentation, at which point the fermentation yield reached 208.36 g/L and the conversion rate reached 83.3%. In addition, an incidental discovery in this study was that n-dodecane may be utilized as a carbon source when the bacterium lacks it. Foam production during fermentation is significantly reduced by the presence of n-dodecane, which is beneficial for fermentation control and equipment.
This newly oxygenated transformer can be applied in the fermentation process with high bacterial density, which can effectively improve the problem of insufficient oxygen supply in the fermentation process and has great application prospects, which is a reference for the bioengineering industry. Based on the physical properties of n-dodecane, n-dodecane is relatively safe for application in fermentation processes. Because n-dodecane is insoluble in water and less dense than water, it can be easily separated from the fermentation broth and recycled. The low price of n-dodecane and recycling, which has little impact on costs, can effectively improve the economic efficiency of high-value-added and high-yield products. At the same time, we are the first to identify the use of long-chain alkanes for growth in C. glutamicum, which has significant implications for subsequent carbon source replacement studies.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
QX and JW conceived and designed the study. JW, SW, SZ, and PS performed plasmid, strain construction, and fermentation experiments. QX, JW, SW, PS, and ZZ analyzed data and revised the manuscript. All authors read and approved the final manuscript.
FUNDING
This work was supported by the Key R&D Program of Ningxia Hui Autonomous Region (2021BDE92007), Shandong Province Key R&D Program (2021ZDSYS10).
ACKNOWLEDGMENTS
We would like to thank Editage (www.editage.cn) for English language editing.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdelgadir, A., Chen, X., Liu, J., Xie, X., Zhang, J., Zhang, K., et al. (2014). Characteristics, process parameters, and inner components of anaerobic bioreactors. Biomed. Res. Int. 2014, 1–10. doi:10.1155/2014/841573
 Antoniewicz, M. R. (2021). A guide to metabolic flux analysis in metabolic engineering: Methods, tools and applications. Metab. Eng. 63, 2–12. doi:10.1016/j.ymben.2020.11.002
 Aragão, M. S., Menezes, D. B., Ramos, L. C., Oliveira, H. S., Bharagava, R. N., Romanholo Ferreira, L. F., et al. (2020). Mycoremediation of vinasse by surface response methodology and preliminary studies in air-lift bioreactors. Chemosphere 244, 125432. doi:10.1016/j.chemosphere.2019.125432
 Azmi, W., Kumar, A., and Dev, V. (2013). Paraffin as oxygen vector modulates tyrosine phenol lyase production by Citrobacter freundii MTCC 2424. Acta Microbiol. Immunol. Hung 60 (2), 145–154. doi:10.1556/AMicr.60.2013.2.5
 Barksdale, L. (1970). Corynebacterium diphtheriae and its relatives. Bacteriol. Rev. 34 (4), 378–422. doi:10.1128/br.34.4.378-422.1970
 FEEDAP Bastos, M. L., Christensen, H., Dusemund, B., Durjava, M. F., Kouba, M., et al. (2020). Safety and efficacy of l-lysine monohydrochloride and concentrated liquid l-lysine (base) produced by fermentation withCorynebacterium glutamicumKCTC 12307BP as feed additives for all animal species. EFSA J. 18 (12), e06333. doi:10.2903/j.efsa.2020.6333
 Campit, S., and Chandrasekaran, S. (2020). Inferring metabolic flux from time-course metabolomics. Methods Mol. Biol. 2088, 299–313. doi:10.1007/978-1-0716-0159-4_13
 Chen, J. J., Han, M. Y., Gong, T., Qiao, Y. M., Yang, J. L., and Zhu, P. (2019). Epigenetic modification enhances ergot alkaloid production of Claviceps purpurea. Biotechnol. Lett. 41 (12), 1439–1449. doi:10.1007/s10529-019-02750-x
 Ciobanu, C. P., Blaga, A. C., Froidevaux, R., Krier, F., Galaction, A. I., and Cascaval, D. (2020). Enhanced growth and β-galactosidase production onEscherichia coli using oxygen vectors. 3 Biotech. 10 (7), 298. doi:10.1007/s13205-020-02284-4
 Farkya, S., Bisaria, V. S., and Srivastava, A. K. (2004). Biotechnological aspects of the production of the anticancer drug podophyllotoxin. Appl. Microbiol. Biotechnol. 65 (5), 504–519. doi:10.1007/s00253-004-1680-9
 Galaction, A. I., Cascaval, D., Oniscu, C., and Turnea, M. (2004). Enhancement of oxygen mass transfer in stirred bioreactors using oxygen-vectors. 1. Simulated fermentation broths. Bioprocess Biosyst. Eng. 26 (4), 231–238. doi:10.1007/s00449-004-0353-5
 Garcia-Ochoa, F., and Gomez, E. (2005). Prediction of gas-liquid mass transfer coefficient in sparged stirred tank bioreactors. Biotechnol. Bioeng. 92 (6), 761–772. doi:10.1002/bit.20638
 Gill, N. K., Appleton, M., Baganz, F., and Lye, G. J. (2008). Quantification of power consumption and oxygen transfer characteristics of a stirred miniature bioreactor for predictive fermentation scale-up. Biotechnol. Bioeng. 100 (6), 1144–1155. doi:10.1002/bit.21852
 Heinemann, B., Howard, A. J., and Palocz, H. J. (1970). Influence of dissolved oxygen levels on production of L-asparaginase and prodigiosin by Serratia marcescens. Appl. Microbiol. 19 (5), 800–804. doi:10.1128/am.19.5.800-804.1970
 Inui, M., Suda, M., Okino, S., Nonaka, H., Puskas, L. G., Vertes, A. A., et al. (2007). Transcriptional profiling of Corynebacterium glutamicum metabolism during organic acid production under oxygen deprivation conditions. Microbiol. Read. 153 (8), 2491–2504. doi:10.1099/mic.0.2006/005587-0
 Ju, L. K., Lee, J. F., and Armiger, W. B. (1991). Effect of the interfacial surfactant layer on oxygen transfer through the oil/water phase boundary in perfluorocarbon emulsions. Biotechnol. Bioeng. 37 (6), 505–511. doi:10.1002/bit.260370603
 Karimi, M., Widén, T., Nygård, Y., Olsson, L., and Ström, H. (2021). Towards enhancement of gas-liquid mass transfer in bioelectrochemical systems: Validation of a robust CFD model. Biotechnol. Bioeng. 118 (10), 3953–3961. doi:10.1002/bit.27871
 Liu, Y. S., and Wu, J. Y. (2006). Use of n-hexadecane as an oxygen vector to improve Phaffia rhodozyma growth and carotenoid production in shake-flask cultures. J. Appl. Microbiol. 101 (5), 1033–1038. doi:10.1111/j.1365-2672.2006.03009.x
 Meng, G., Zhao, W., Liu, Q., Zhao, C., Zou, Y., et al. (2022). Strategy for the design of a bioreactor for L-lysine immobilized fermentation using Corynebacterium glutamicum. Appl. Microbiol. Biotechnol. 106 (17), 5449–5458. doi:10.1007/s00253-022-12103-w
 Menge, M., Mukherjee, J., and Scheper, T. (2001). Application of oxygen vectors to Claviceps purpurea cultivation. Appl. Microbiol. Biotechnol. 55 (4), 411–416. doi:10.1007/s002530100592
 Nikakhtari, H., Song, W., Nemati, M., and Hill, G. A. (2014). Oxygen mass transfer and scale-up studies in baffled roller bioreactors. Bioprocess Biosyst. Eng. 37 (2), 193–203. doi:10.1007/s00449-013-0985-4
 Okino, S., Inui, M., and Yukawa, H. (2005). Production of organic acids by Corynebacterium glutamicum under oxygen deprivation. Appl. Microbiol. Biotechnol. 68 (4), 475–480. doi:10.1007/s00253-005-1900-y
 Okino, S., Noburyu, R., Suda, M., Jojima, T., Inui, M., and Yukawa, H. (2008). An efficient succinic acid production process in a metabolically engineered Corynebacterium glutamicum strain. Appl. Microbiol. Biotechnol. 81 (3), 459–464. doi:10.1007/s00253-008-1668-y
 Quijano, G., Rocha-Ríos, J., Hernández, M., Villaverde, S., Revah, S., Muñoz, R., et al. (2010). Determining the effect of solid and liquid vectors on the gaseous interfacial area and oxygen transfer rates in two-phase partitioning bioreactors. J. Hazard Mater 175 (1-3), 1085–1089. doi:10.1016/j.jhazmat.2009.10.020
 Razmilic, V., Castro, J. F., Marchant, F., Asenjo, J. A., and Andrews, B. (2018). Metabolic modelling and flux analysis of microorganisms from the Atacama Desert used in biotechnological processes. Ant. Van Leeuwenhoek 111 (8), 1479–1491. doi:10.1007/s10482-018-1031-y
 Reimers, A. M., and Reimers, A. C. (2016). The steady-state assumption in oscillating and growing systems. J. Theor. Biol. 406, 176–186. doi:10.1016/j.jtbi.2016.06.031
 Rols, J. L., Condoret, J. S., Fonade, C., and Goma, G. (1990). Mechanism of enhanced oxygen transfer in fermentation using emulsified oxygen-vectors. Biotechnol. Bioeng. 35 (4), 427–435. doi:10.1002/bit.260350410
 Rols, J. L., and Goma, G. (1989). Enhancement of oxygen transfer rates in fermentation using oxygen-vectors. Biotechnol. Adv. 7 (1), 1–14. doi:10.1016/0734-9750(89)90900-2
 Schirmer, C., Maschke, R. W., Pörtner, R., and Eibl, D. (2021). An overview of drive systems and sealing types in stirred bioreactors used in biotechnological processes. Appl. Microbiol. Biotechnol. 105 (6), 2225–2242. doi:10.1007/s00253-021-11180-7
 Soh, K. C., Miskovic, L., and Hatzimanikatis, V. (2012). From network models to network responses: Integration of thermodynamic and kinetic properties of yeast genome-scale metabolic networks. FEMS Yeast Res. 12 (2), 129–143. doi:10.1111/j.1567-1364.2011.00771.x
 Sun, P., Li, C., Gong, Y., Wang, J., and Xu, Q. (2022). Process study of ceramic membrane-coupled mixed-cell fermentation for the production of adenine. Front. Bioeng. Biotechnol. 10, 969668. doi:10.3389/fbioe.2022.969668
 Wang, Y., Sun, W., Zheng, S., Zhang, Y., and Bao, Y. (2019). Genetic engineering of Bacillus sp. and fermentation process optimizing for diacetyl production. J. Biotechnol. 301, 2–10. doi:10.1016/j.jbiotec.2019.05.308
 Yamamoto, S., Sakai, M., Inui, M., and Yukawa, H. (2011). Diversity of metabolic shift in response to oxygen deprivation in Corynebacterium glutamicum and its close relatives. Appl. Microbiol. Biotechnol. 90 (3), 1051–1061. doi:10.1007/s00253-011-3144-3
 Yokota, A., Sawada, K., and Wada, M. (2017). Boosting anaplerotic reactions by pyruvate kinase gene deletion and phosphoenolpyruvate carboxylase desensitization for glutamic acid and lysine production in Corynebacterium glutamicum. Adv. Biochem. Eng. Biotechnol. 159, 181–198. doi:10.1007/10_2016_31
 You, J., Yang, C., Pan, X., Hu, M., Du, Y., Osire, T., et al. (2021). Metabolic engineering of Bacillus subtilis for enhancing riboflavin production by alleviating dissolved oxygen limitation. Bioresour. Technol. 333, 125228. doi:10.1016/j.biortech.2021.125228
 Zhang, C., Li, Y., Ma, J., Liu, Y., He, J., et al. (2018). High production of 4-hydroxyisoleucine in Corynebacterium glutamicum by multistep metabolic engineering. Metab. Eng. 49, 287–298. doi:10.1016/j.ymben.2018.09.008
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Wang, Wang, Zhao, Sun, Zhang and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1181963-g005.gif





OPS/images/fbioe-11-1181963-g006.gif





OPS/images/fbioe-11-1181963-g003.gif





OPS/images/fbioe-11-1181963-g004.gif





OPS/images/math_qu1.gif
Kpa(C*-C)-y





OPS/images/fbioe-11-1181963-g007.gif





OPS/images/fbioe-11-1181963-t001.jpg
Type of oxygen Surface tension Surface tension with Capacity of dissolved Spreading coefficient  Density

vector (N-m™107%) water (N-m™-107%) oxygen (mg-L") (N-m™1073) (kg-L ")
n-Dodecane 276 349 549 87 0.749
‘ Perfluoracarbon 245 l 22 1180 145 1950

‘ Liquid paraffin 27 ‘ 514 395 -49 0743

 Water 72 63






OPS/xhtml/nav.xhtml
Contents

		Cover

		Productivity enhancement in L-lysine fermentation using oxygen-enhanced bioreactor and oxygen vector		1 Introduction

		2 Materials and methods		2.1 Strains and culture

		2.2 L-lysine fermentation in a 5L bioreactor

		2.3 Quantification of biomass, glucose, and amino acids

		2.4 Statistics and analysis

		2.5 Types and properties of oxygen vectors

		2.6 kLa calculation method

		2.7 Metabolic flux analysis





		3 Results and discussion		3.1 Multi-stirred paddle-linked oxygen-enhanced bioreactors

		3.2 Equipment performance of oxygen-enhanced bioreactors

		3.3 Metabolic flow analysis of strain LS260 in two bioreactors

		3.4 Selection of the oxygen vectors

		3.5 Effects of n-dodecane addition at different stages on L-lysine production by strain LS260





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-11-1181963-g001.gif





OPS/images/fbioe-11-1181963-g002.gif





OPS/images/math_qu3.gif
Kia=au [|2ve(1- &)





OPS/images/math_qu2.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





