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Anaerobic digestion using lignocellulosic material as the substrate is a cost-effective strategy for biomethane production, which provides great potential to convert biomass into renewable energy. However, the recalcitrance of native lignocellulosic biomass makes it resistant to microbial hydrolysis, which reduces the bioconversion efficiency of organic matter into biogas. Therefore, it is necessary to critically investigate the correlation between lignocellulose characteristics and bioconversion efficiency. Accordingly, this review comprehensively summarizes the anaerobic digestion process and rate-limiting step, structural and compositional properties of lignocellulosic biomass, recalcitrance and inhibitors of lignocellulose and their major effects on anaerobic digestion for biomethane production. Moreover, various type of pretreatment strategies applied to lignocellulosic biomass was discussed in detail, which would contribution to cell wall degradation and improvement of biomethane yields. In the view of current knowledge, high energy input and cost requirements are the main limitations of these pretreatment methods. In addition to optimization of fermentation process, further studies should focus much more on key structural influence factors of biomass recalcitrance and anaerobic digestion efficiency, which will contribute to improvement of biomethane production from lignocellulose.
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INTRODUCTION

Lignocellulose is one of the most abundant renewable organic resources with an increasing annual yield of 200 billion tons, which can be produced from agriculture, forestryand urban wastes (Patinvoh et al., 2017). The prominent abundance and low cost of lignocellulose make it a potential substrate for second generation bioenergy production, such as bioethanol and biomethane (Florian et al., 2013). During these, biomethane production is one of the most cost-effective methods for energy generation from lignocellulosic cellulose, which has been implemented worldwide (Grosser, 2017).

Biomethane production through anaerobic digestion is a naturally occurring biological process, which can be divided into four steps (Figure 1). In the beginning of the process, complex organic polymers are decomposed to their component units, e.g., amino acids, fatty acids, and sugars, respectively. Then, these monomers are converted into a mixture of short chain volatile fatty acids by fermentative bacteria (Acidogens). Acetogenic bacteria or acetogens further convert the volatile fatty acids to acetate, carbon dioxide, and hydrogen, which are natural substrates for Methanogenesis to generate biomethane. Theoretically, AD process can decompose the organic fraction of any feedstocks to produce biomethane, such as crop and livestock residues, food waste and lignocellulosic feedstocks (Hagos et al., 2016). However, methane production varies greatly with different types of substrates. For example, high methane yields up to 450 mL CH4/g volatile solids can be achieved with sugar and starch crops (Frigon and Guiot, 2010), while no more than 330 mL CH4/g volatile solids can be produced from lignocellulosic biomass (Table 1). The complexity of biomass structure is the major challenge, which makes lignocellulosic biomass highly recalcitrant to anaerobic degradation and ultimately results in low biomethane yield (Sawatdeenarunat et al., 2016). The stubborn anti-degradation characteristics of native lignocellulose was known as biomass recalcitrance, which extremely restricts the hydrolysis during the first step of anaerobic digestion process and finally limits the commercial biomethane production from lignocellulose (Himmel et al., 2007).
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FIGURE 1. Process stages of the conversion of lignocellulosic biomass to biomethane. Biomethane production is a naturally occurring biological process, which can be divided into four stages. Recalcitrance of lignocellulose restricts the hydrolysis during the first stage. Pretreatment is necessary step for biomethane production. The positive effects of pretreatment strategies can help to facilitate the hydrolysis of lignocellulosic in the first stage (Florian et al., 2013; Hagos et al., 2016).





Table 1. Biomethane production of selected lignocellulosic biomass.
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In order to overcome this recalcitrance, lignocellulose must be pretreated and many pretreatment methods have been developed in recent years. The positive effects of various pretreatments (e.g., increase of surface area, lignin removal, decrease of cellulose crystallinity) have been reviewed elsewhere (Paudel et al., 2017). However, an overall review and assessment about the impacts of lignocellulose recalcitrance on anaerobic digestion and biomethane production is still needed and imperative for further biomethane development. Hence, the aim of this paper is to provide a comprehensive review of lignocellulose recalcitrance and its relative effects on anaerobic fermentation and biomethane production. In addition, the technology for acceleration of anaerobic digestion of lignocellulose and future prospective was also discussed.



BASIC STRUCTURAL PROPERTIES OF PLANT CELL WALL AND LIGNOCELLULOSE RECALCITRANCE

Lignocellulosic biomass is mainly composed of cellulose, hemicellulose and lignin, which vary a lot based on types of plants, growth conditions and maturation both in quantity and quality (Table 2). The detailed structure has been comprehensively reviewed elsewhere (Jeoh et al., 2017). Biomass recalcitrance refers to the anti-degradation characteristics of native lignocellulose, which protect plant cell wall from pathogen attack or degradation by microorganisms and enzymes. It was caused by the complicated compositions and structure of plant cell wall (Figure 1). Cellulose is a relative homogeneous substance in terms of the composition and structure, which provides the basic backbone to lignin-carbohydrate complexes. Hemicelluloses are embedded through the cell wall and form covalent bonds to the surface of cellulose fibrils (Somerville et al., 2004), which help strengthen the cell wall. As a filler compound, lignin wrappers itself in the interspace of cellulose and hemicellulose chains and formed a hydrophobic lignification structure, which plays an important role in maintaining the structural integrity of the cell wall (Yuan et al., 2013). Besides the three main compositions, cell wall proteins, lipids, pectin, mineral and other matters are also involved in the formation of biomass recalcitrance. Moreover, in addition to chemical composition and physical structure, the arrangement and density of the vascular bundles, epidermal protection and some process-induced causes also play considerable role in building the cell wall matrix.



Table 2. Biochemical composition of selected lignocellulosic biomass (w/w, %).
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As discussed above, biomass recalcitrance refers to lignocellulosic building blocks which are naturally evolved to block their microbial and enzymatic deconstruction. This is the result of a sophisticated combination of the crystalline cellulose in microfibrils, heteropolysaccharides, lignin, and other components (Table 3). In the first step of anaerobic digestion process (Figure 1), biomass recalcitrance protects itself from degradation by microorganisms and enzymes, which result in lower monosaccharide production and finally limits the biomethane efficiency. It is known that the degree of recalcitrance varies depending on the composition of the lignocellulosic biomass, which closely correlated to genotype, environmental conditions, crop management practices and plant parts (Surendra et al., 2018). However, there are some basic components and major influencing factors which generally exist in different plants. The detailed of these properties and its impacts on anaerobic digestion for biomethane production are discussed in the following.



Table 3. Different factors constructing biomass recalcitrance.
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Accessible Surface Area of Cellulose

Accessible surface area of substrate refers to the surface area, by which cellulases can contact with cellulose. In anaerobic digestion process, it could directly affect the biodegradability of lignocellulosic materials, which limits the contact between lignocellulose and enzyme, microbial or chemical reagents and result in insufficient fermentable sugars for the subsequent process (Kratky and Jirout, 2015). Accessible surface area can be affected by many indirect factors, e.g., epidermal feature, particle size of raw material powder, chemical and physical characteristics of plant cell wall (Florian et al., 2013). Accessible surface area can be divided into two forms: interior surface area which is determined by substrate porosity and exterior surface area which is correlated with particle size (Zhao et al., 2012). Generally, natural lignocellulosic substrates have very small interior surfaces, especially for dried material (Park et al., 2006). Arantes and Saddler (2011) have reported that cellulose accessibility to enzymes or chemical regents is mainly through the inside pores of substrate (about 90%) rather than the external surface, suggesting that the external surface only plays less important role in hydrolysis progress.

Lignocellulosic biomass is hydrolyzed by hydrolytic bacteria to release saccharides for biomethane production. These microorganisms will bind to the lignocellulose surface through physical contact, and then secrete extracellular multi-enzyme complexes to initiate the hydrolysis. Accessible surface area is considered as an important factor for the biodegradability of lignocellulosic materials and the substrate should have enough pores for efficient hydrolysis (Karimi and Taherzadeh, 2016). Generally, the diameter of the pore ranged from 0.2 to 20 μm, which is similar to the size of the bacteria. During the anaerobic digestion progress, the accessible surface area will increase along with the removal of partial cell wall component, resulting in higher surface availability. However, enzymatic hydrolysis is usually faster at the beginning and slower in the latter stages (Vivekanand et al., 2014), indicating that the surface area is not the only controlling factor for the hydrolysis. At the initial stage, lager surface area allows sufficient contact between enzymes and digestible amorphous cellulose, resulting in faster hydrolysis. But in the later period of anaerobic digestion, even though the accessible surface area is increasing, the remaining higher crystalline cellulose and the compact structure become the main factors which finally limit the hydrolysis efficiency (Khodaverdi et al., 2012).



Cellulose Polymerization and Crystallinity

Degree of cellulose polymerization referring to the molecular weight of cellulose chains is an important factor affecting the enzymatic hydrolysis of cellulose. In the last few decades, many methods have been developed to give more accurate polymerization degree of cellulose (Hubbell and Ragauskas, 2010). It is known that the enzymatic hydrolysis of cellulose is the depolymerization process of cellulose by cellulase, which is directly related with cellulose polymerization degree. With the prominent reduction of cellulose polymerization degree from 247 to 151, steam explosion pretreatment yields 5–6 folds enhancements of enzymatic saccharification (Huang et al., 2015). Generally, more intramolecular hydrogen bond in long cellulose chains will hinder the cellulose conversion compared to shorter ones (Karimi and Taherzadeh, 2016). According to Waliszewska et al. (2018), the partial cellulose with lower polymerization was hydrolyzed preferentially in anaerobic digestion; resulting in the increase of cellulose polymerization degree after the methane fermentation process.

Cellulose crystallinity refers to the proportion of crystalline region of cellulose, which generally ranges from 30 to 80%. Hydrogen bonds and van der Waals forces are main acting forces to form crystalline structure (Zhang et al., 2013). Cellulose chains have different orientations, leading to three different levels of crystallinity including crystalline, sub-crystalline and amorphous forms. There are several crystalline and non-crystalline regions in microfibrils, however, no obvious boundary exists between different regions (Park et al., 2010). The crystallization zone is characterized by the good chain orientation, compact arrangement, high density and strong intermolecular bonding. The non-crystalline region is characterized by the poor chains orientation of cellulose, unordered molecular arrangement, large distance between molecules, low density and less hydrogen bonding between molecules (Park et al., 2010). Because of the high endo-glucanase activity of cellulase with the amorphous (non-crystalline) region, cellulose crystallinity plays noticeable role in affecting initial hydrolysis of cellulose. The yield of monosaccharides decreased with the increased crystallinity of the substrate, indicating that amorphous domains are hydrolyzed first before the hydrolysis of crystalline parts (Zhe et al., 2017). Mirahmadi et al. (2010) found that alkaline pretreatment with NaOH resulted in the significant reduction of crystallinity, which improved enzymatic hydrolysis and led to 83 and 74% improvement in methane production from birch and spruce.

In order to understand the mechanism of impacts of cellulose crystallinity on cellulose hydrolysis, several functional quantitative models have been designed. Jeoh et al. (2017) pointed out that cellulose crystallinity greatly impacted the adsorption of cellobiohydrolase Cel7A (CBHI), which resulted in lower cellulase hydrolysis efficiency. Moreover, with constant concentration of adsorbed enzyme, the initial enzymatic hydrolysis rate decreased with increasing cellulose crystallinity, which means that cellulose crystallinity can also affect the effectiveness of adsorbed cellulase components (Hall et al., 2010). In addition, different cellulase components showed different capacities and activities of adsorption with various cellulose forms (Zhang and Lynd, 2004). For example, endoglucanase I showed greater capacity of adsorption than CBHI and its higher crystallinity resulted in increasing adsorption of a non-hydrolytic protein named fibril-forming protein from Trichoderma reesei (Ding and Xu, 2004).

Cellulose is the most important component of plant cell wall, and the negative effect of cellulose polymerization degree and cellulose crystallinity on enzymatic hydrolysis has been recognized as mentioned above. However, more investigation is needed regarding the various cellulose properties and parameters, e.g., changes of cellulose structure during fermentation process (Waliszewska et al., 2018), the cellulase adsorption and desorption (Yang et al., 2011), combined effect of cellulose and other cell wall properties (Jeoh et al., 2017).



Crosslinkages of Hemicellulose and Lignin

In contrast to cellulose, hemicellulose is a branched polysaccharide consisting of various sugar units. Xylan, the backbone chains of 1, 4-linked β-d-xylopyranose is the most abundant component of hemicellulose. The matrix properties of hemicellulose are complicated and significantly influenced by crosslinking agents (e.g., ferulic acid), monosaccharides characteristics and abundance of side chains (Somerville et al., 2004; Vogel, 2008).

It is generally believed that hemicellulose can increase the structural strength of plant cell wall and the space resistance, resulting in decreased hydrolysis efficiency. Pretreatment can effectively remove or dissolve lignin and hemicellulose, thereby increase the accessibility of the cellulose to microorganisms or enzymes (Hendriks and Zeeman, 2009). By carefully controlling the solids retention time, methane production can be enhanced from hemicellulose exclusively, while cellulose and lignin are left over in the residues. For anaerobic bioconversion of lignocellulose, hemicellulose was commonly removed earlier which decreased the structural obstacle degree for downstream enzymatic hydrolysis. Therefore, some result indicated that hemicelluloses were might be a positive factor to promote biomass digestibility by negatively affecting lignocellulosic recalcitrance. Our previous study suggested that the hemicellulose branch connected to the cellulose crystalline region and construct the non-crystalline region, thus positively reduce the crystallinity of cellulose, resulting in much more easy hydrolysis site and higher hydrolysis efficiency of cellulose consequently (Xu et al., 2012). Moreover, branched arabinose (Ara) might be an important influence factor, which could build interlinking (β-1, 4-glucans) to cellulose fibers to decrease cellulose crystallinity, and would improve the saccharification efficiency (Li et al., 2015). In a word, because of the complexity of hemicellulose structure and cross-linking between cell wall components, more research is still needed to carefully interpret the hemicellulose properties and its effect on methane production.

Lignin is a complex polymer of phenylpropane units that form a three-dimensional network inside the cell wall. It is generally considered to be the most important factor which limiting the biodegradability of lignocellulose. Studies have shown that 1% increase of lignin content would result in an average reduction of 7.49 L CH4/kg total solid (Thomsen et al., 2014). Moreover, Triolo et al. (2012) found that the excess of lignin (>100 g/kg volatile solid) would result in notable lower methane yield. Lignin restricts the degradation of structural polysaccharides by hydrolytic enzymes, thereby limiting the bioconversion of lignocellulose (Ahring et al., 2015). Generally, two main mechanisms have been proposed to illustrate this phenomenon. First, lignin consolidates the cell wall structure by covalent linkages with other cell wall components, which increases space resistance and prevents the carbohydrate from enzymatic hydrolysis (Yuan et al., 2013). A comparison between woody materials and grass revealed that the higher abundant of covalent linking and the phenyl groups in lignin result in harder digestion in wood than grass (Ververis et al., 2004). Moreover, the lignin structural units also have influence in biomass degradation efficiency. A previous study reported that different contents of three lignin monolignols (Syringyl, Guaiacyl, and p-Hydroxyphenyl), syringyl/guaiacyl ratio and interlinked-phenolics could affect enzymatic digestion after NaOH and H2SO4 pretreatments (Li et al., 2014).

Another influence of lignin is its adsorption capacity to enzymes (Lu et al., 2016). Lignin can affect enzymatic hydrolysis by non-specific or non-productive adsorption of cellulase (Palonen et al., 2004). The adsorption of cellulase to lignin has been mediated by three mechanism: hydrogen bonding (Berlin et al., 2006), hydrophobic (Eriksson et al., 2002) and electrostatic interactions (Nakagame et al., 2011). In lignocellulose digestion progress, three types of interactions may be involved in the non-productive adsorption of cellulases to lignin. Most studies suggested that hydrophobic interaction is the major cause for non-productive adsorption of enzyme to lignin, while less attention has been paid on hydrogen bonding and electrostatic interactions. However, until now, it is difficult to point out which one is the dominant in the specific reaction because of complex structure of different substrate (Saini et al., 2016). Electrostatic action was a main factor influencing the adsorption of endo-beta-1, 4-glucanases and xylanase onto lignin, while hydrophobicity mainly affected the adsorption of cellobiohydrolases and β-Glucosidase onto lignin (Lu et al., 2016). Thermodynamic analysis of enzyme adsorption onto lignin indicated that the adsorption was a spontaneous process and higher temperature would accelerate the process (Tu et al., 2009). This provides enlightenment that the enzymatic hydrolysis should be conducted at as low temperature as possible to avoid cellulase adsorption with lignin.



Non-structural and Other Factors Restricting Lignocellulose Degradation

Besides physical and chemical characteristics of cell wall as mentioned above, there are also some other factors which may reduce lignocellulose biodegradation. For example, bioconversion processes may generate some additional inhibitors or negative variation of cell wall structure. Reduction of article size to 0.36–0.55 mm and 0.71–1.0 mm could achieve lower methane yield when compared with size of 1.4–2.0 mm (Rubia et al., 2011). This result might be attributed to inhibitors (e.g., overproduction of volatile fatty acid) and chemical transformation generated from excessive particle size reduction. Moreover, delignification beyond 50% might cause collapse of cellulose matrix, resulting in compact and chaotic structure and subsequent decrease in cellulose accessibility (Zhu et al., 2008). In addition, the crystal structure of cellulose can be transformed. For example, alkali extraction can transform cellulose I to cellulose II, and cellulose II are antiparallel configuration which generally do not exist in the natural cell wall (Zhang et al., 2013). Such structural changes or hazardous substances caused by the pretreatment processes are additional inhibitors to anaerobic digestion, and should be taken into consideration as part of the biomass recalcitrance. But compared with the native structures and characteristics of the plant cell wall, these additional inhibitors are by-products of the process of cracking cell wall recalcitrance and are just minor contributors to restrict the fermentation efficiency. In the process of biomethane production from lignocellulose, the ideal process strategy is efficiently breaking down the lignocellulosic recalcitrance while minimizing the production of by-products.




STRATEGIES TO OVERCOME RECALCITRANCE FOR HIGHER BIOMETHANE PRODUCTION

Pretreatment prior to biomethane fermentation is an effective method to reduce the biomass recalcitrance and increase the accessibility in AD (Weiland, 2010). Recent years, many studies have provided various physical, chemical or biological pretreatments in the production of biomethane, and their major effects are summarized in Table 4.



Table 4. Conventional pretreatments and notable effects.
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Physical Pretreatment of Lignocellulose

Physical (mechanical) pretreatment refers to the pretreatment processes without chemicals or microorganisms, which includes comminution (e.g., milling and grinding), irradiation (e.g., ultrasound, gamma ray, and microwave), steam explosion, liquid hot water pretreatment and others.

Comminution is mainly used to reduce the particle size, which increases the accessible surface area, alters the ultrastructure, and reduces the cellulose crystallinity and polymerization degree of cellulose for improved digestibility (Kratky and Jirout, 2015). Generally, comminution is the most common pretreatment method and always the first step ahead of the whole biomethane production process. Biogas production would be increased with the reduction of particle size. However, to the different lignocellulose compositions of the various particle size ranges, excessive particle size reduction may produce inhibitors and decrease biogas production (Rubia et al., 2011). Therefore, particle size should be carefully considered when different lignocellulose substrate was employed. Irradiation could preferentially dissociate the glucoside bonds of the cellulose and degrade cellulose chains into brittle fibers, oligosaccharides, or even cellobiose. Siddique et al. (2017) found that microwave and ultrasonic pre-treatments on the waste sludge resulted in supplementary 53 and 25% enhancement of biomethane, respectively. However, some research reported that excessive microwave pretreatment at high temperature may have adverse effect on methane yield due to the side effect of heat-induced inhibitors, such as phenolic compounds and furfural (Li et al., 2012). Steam explosion has been used to treat various kinds of lignocellulosic biomass for enhancement of methane production. After steam explosion, hemicellulose was hydrolyzed and lignin was reduced to a certain degree, thus resulting in degradation of lignin-carbohydrate complexes (Zhou et al., 2016). Moreover, steam explosion is often facilitated by additional acids, such as 6% SO2 (Vivekanand et al., 2014), diluted H2SO4 (Huang et al., 2015), and other chemicals. Liquid hot water pretreatment can enlarge the accessible surface area of substrate for higher cellulose degradability to cellulase. Under high temperature and pressure, water can penetrate into the interior of cell wall structure, solubilize hemicellulose, slightly remove lignin and hydrate cellulose. This method causes less corrosion to reactors and produces little amounts of byproducts and inhibitors, thereby has considerable potential of pentose recovery (Monlau et al., 2012; Yu et al., 2013).



Chemical Pretreatment of Lignocellulose

Chemical pretreatment refers to the use of chemicals (e.g., acids, bases, oxidizing agents, organic solvents) to change physical and chemical characteristics of native lignocellulose. It has attracted the most research interest because of its higher efficiency on decreasing the resistant characteristics for better bioconversion performance. The positive effects of conventional chemical pretreatments are summarized in Table 4 and discussed below.

Acid pretreatment can prominently hydrolyze hemicellulose to mono saccharides, which will increase the pore size or volume of cell wall and make cellulose more susceptible to enzymatic degradation (Zhou et al., 2014). It can also disrupt lignin to a high degree, but only can dissolve little lignin in most cases. Considering the cost, toxicity by-products and equipment requirements, dilute acid is usually used for pretreatment in practical applications (Mussoline et al., 2013). Alkali is another popular pretreatment method. The function of alkali is believed to be two important effects: saphonication and solvation of lignin-carbohydrate linkages, which result in the enlargement and decrystallization of substrates (Van der Pol et al., 2014). The solvation can significantly remove lignin, acetyl groups and uronic acid of hemicellulose, which disrupts the lignin structure and breaks down the intramolecular bonds between lignin and other components. Therefore, the effectiveness of alkali pretreatment is associated closely with lignin content of lignocellulosic feedstock. Compared with traditional chemicals, ionic liquids possess some advantages of low toxicity, thermal stability, low hydrophobicity, enhanced electrochemical stability and so on. It has been proven to be positive on the improvement of biofuel production (Cao et al., 2017). During the pretreatment, ionic liquid can dissolve large amount of cellulose at mild conditions, and it is feasible to recover almost 100% of used liquid with high purity and leave little residues for the downstream anaerobic fermentation. The dissolution mechanism of cellulose in ionic liquids is the chemical interaction between its molecules and the oxygen and hydrogen atoms of cellulose hydroxyl groups (Xu et al., 2016). In the interaction, separation of oxygen and hydrogen atoms results in the opening of the hydrogen bonds between cellulose chains, which leads to the dissolution of cellulose (Feng and Chen, 2008). Then, dissolved cellulose can be regenerated by adding some specific chemical solvents which can precipitate cellulose from ionic liquid, such as ethanol, methanol, acetone, or water. The p mrecipitates have a higher enzymatic digestibility than native cellulose due to the changes in macro- and micro-structures. Crystallinity analysis of dissolved lignocellulose showed that the cellulose precipitates are different with either amorphous cellulose or cellulose II (Wahlstrom and Suurnakki, 2015).



Biological Pretreatment of Lignocellulose

Biological pretreatment can be classified into three categories including fungal, microbial consortium and enzymatic pretreatment (Wei, 2016). Fungus has two specific systems including oxidative lignolytic system which exclusively attacks the phenyl bonds in lignin, and the hydrolytic enzyme system which degrades cellulose and hemicellulose. This pretreatment specifically degrades lignin, resulting in enhanced digestibility of cellulose (Kudanga and Roes-Hill, 2014). Cellulose is more recalcitrant to fungal attack than other components. Degradation of lignin and hemicellulose result in increased digestibility of cellulose, which is preferred for the following anaerobic fermentation. Microbial consortium pretreatment is conducted by microbes screened from natural environments in which rotten lignocellulosic biomass is the substrate. It is a complex microbial agent containing yeast and cellulolytic bacteria, heat-treated sludge, clostridium thermocellum, and mixture of fungi and composting microbes (Zhang et al., 2011). In contrast to fungal pretreatment, microbial consortium usually has high cellulose- and hemicellulose-degradation ability which mainly degrade cellulose and hemicellulose. Compared with physical and chemical pretreatment, the above two biological methods usually conducted in mild conditions which required far lower energy and chemicals input, and generated scarcely any inhibitors. However, the long pretreatment time limited the use of these processes in commercial applications. In addition, another important issue should be considered is that certain levels of carbohydrates are required by microbes during biological pretreatment, which resulted the competition between pretreatment and downstream biomethane production. Therefore, one major objective of biological pretreatment is to minimize the loss of carbohydrates and maximize the lignin removal. Enzymatic pretreatment prior to or in anaerobic digestion usually employs pure enzymes to accelerate the degradation of lignocellulose. The most commonly used enzymes mainly included cellulase, hemicellulose, and lignin-degrading enzyme, such as laccases and manganese peroxidase (Wei, 2016). These enzymes will help to release fermentable sugars from cellulose and hemicellulose to promote biomethane production from lignocellulosic biomass. However, the effect of enzymes in enhancing biogas production was minimal in most cases, and the cost of enzymes was high (Romano et al., 2011). Therefore, the application of enzymatic pretreatment has been limited.

Pretreatments have been proven to decrease the recalcitrance of native lignocellulose to obtain higher biomethane production. Generally, every pretreatment method has its major effect on different chemical or physical characteristics of the recalcitrance. Such as increasing accessible surface area, reducing crystallinity and polymerization, removing lignin content and so on (Table 4). However, all of these have the positive effect on the accessible area of lignocellulose. Therefore, grinding or milling is the most common first step for all pretreatment in biomethane production. Due to the complexity of lignocellulose chemical structures and different fermentation processes, the selection of pretreatment technologies must consider several factors, e.g., the type of lignocellulosic biomass, void the formation of by-products that are inhibitory to microorganisms, the downstream biological conversion processes, and the cost of pretreatment.



Cell Wall Modification and Genetically Engineered Plants

Besides previous studies on pretreatment methods and management of anaerobic fermentation, some researches focusing on plant cell wall modification and even energy crops. Recently, performance of energy crops under various management practices has been extensively discussed elsewhere (Knoll et al., 2015; Cole et al., 2017). There are some strategies can be applied to modify plant cell wall in vivo, such as modification or interference of key enzymes in the biosynthesis pathways, expression of heterologous proteins or enzymes. These plant cell wall artificial modification would change the native biomass characteristics and got desired substrate (Vermerris and Abril, 2015). Li et al. (2018) over-expressed Trichoderma reesei β-1,4-D-glucosidasein the cell walls, and this significantly increased biomass porosity and reduced cellulose features (crystallinity or polymerization degree), resulting in enhanced biomass enzymatic hydrolysis. Fan et al. (2017) demonstrated that AtCesA8 -driven OsSUS3 expression in transgenic rice could reduce cellulose crystallinity and increase cell wall thickness, resulting in improved biomass saccharification. Another report found that lasalocid sodium pretreatment on Arabidopsis could upregulate type III peroxidase genes and change the cellular arrangement of hypocotyls, resulting in enhanced enzymatic saccharification (Okubo-kurihara et al., 2016). Moreover, research about synthesis and assembly mechanism of cellulose and hemicellulose provide great possibility to control and alter these processes in ways that would render the cell walls more easily. It can help to get better hydrolysis efficiency and considerable reduction of costly enzymes.

Compared to pretreatment, cell wall artificial modification or genetic engineered plants has more advantages because it does not require additional energy or chemicals input, produces fewer toxic by-products and causes less pollution to environment. At present, these researches have made some progress in improvement of bioethanol production. It is capable to create the desired breakthrough to overcome biomass recalcitrance. However, there are very limited studies on the changes in quality or composition of plant cell wall of tropical energy crops. An in-depth understanding of the precise plant cell wall structure and identification of the key affecting factors are still needed for optimizing the conversion of lignocellulosic biomass to biomethane in the future.



Process Controlling and Optimization of Anaerobic Fermentation Process

Compared to mono-digestion, co-digestion of lignocellulose with animal feces shows significant potential for commercial biomethane production (Giuliano et al., 2013; Wei et al., 2014). Wang et al. (2017) reported 256.57 mL/g volatile solids methane was produced through the co-digestion of corn stalk and pig manure, which was increased by 17.4% than that using corn stalk mono-digestion. The higher efficiency of co-digestion mainly associated with process stability, e.g., optimal C/N ratio, ammonia reduction, and essential trace elements, which help maintain a steady condition for better performance of microorganisms to break down lignocellulose recalcitrance (Siddique and Wahid, 2018). Moreover, microbial reinforcement is another promising option to enhance enzymatic hydrolysis of lignocellulose and improve the biogas yield. Zhang et al. (2015) utilized 10% inoculation of Acetobacteroides hydrogenigenes as reinforcement, and got 19–23% increase of methane yield finally. Due to abundant enzymes (e.g., cellulase and xylanase) and sufficient nutrient content, digested manures have better adaptability in digesting lignocellulose for higher biomethane production (Gu et al., 2014). There are some basic requirements for anaerobic microorganism those degrade the particular lignocellulose in terms of environmental conditions and feed compositions inside the reactor (Mao et al., 2015). Different from pretreatment and cell wall modification, process optimization is an indirect strategy, which aims to provide a more reasonable environment for anaerobic bacteria to grow better and secrete more relevant enzymes to degrade lignocellulose more efficiently. For example, thermophilic microaerobic pretreatment (oxygen loads of 5 ml/g volatile solids substrate) on corn straw could promote the growth of aerobic microorganisms which secreted more hydrolytic enzymes in the early stage of the fermentation process. These enzymes would decrease cellulose crystallinity and cause substantial structural disruption of plant cell wall, which finally resulted in 16.24% higher methane production than that of untreated (Fu et al., 2015).




CONCLUSIONS AND FUTURE PERSPECTIVES

Lignocellulose substrate shows great potential for biomethane production. Due to the inherent complicated recalcitrance of the plant cell wall, lignocellulosic biomass cannot be efficiently utilized during anaerobic digestion process. Generally, the direct factor affecting hydrolysis of biomass is the accessible surface area which is constructed by its chemical compositions that build a spatial network as a protection barrier. It plays more important role in reducing the initial enzymatic hydrolysis by limiting the substrate accessibility to enzymes or chemical regents. During the anaerobic digestion progress, accessible surface area will increase along with the removal of partial cell wall components, resulting in higher surface availability. Then the indirect factors such as chemical compositions (lignin, hemicelluloses, and acetyl group), and cellulose structure-relevant factors (cellulose crystallinity and polymerization degree), will play more important role in restricting the decomposition of substrate. As cross-linked polysaccharide networks, different influencing factors are not isolated, but closely related to each other and have synergetic impact on bioconversion. Although much is known about the structure of the plant cell wall and recalcitrance, there are still some fundamental questions that need further investigation, especially for the decomposition process in anaerobic digestion.

In the view of current knowledge, current strategies have positive contribution to improve biomethane production from lignocellulose. Pretreatment is still the most effective way to overcome the biomass recalcitrance, and selection of proper pretreatment method is very crucial for commercial biomethane production. However, high energy input and cost requirements of decomposing biomass recalcitrance are the main limitations. Cost-effective production of biomethane from lignocellulosic feedstocks depends much on significant improvement in both biomass quality and conversion efficiency. So, further studies should focus much more on investigating the relationship between the precise structure of cell wall recalcitrance and the key factor affecting the anaerobic digestion progress, which will be used to explore new methods to improve the biomethane production. Recently, some researches indicated that plant cell wall modification and artificial energy croup are fascinating strategies, which can improve quality, quantity and digestibility of traditional biomass material. With the development of biotechnology, transgenic plant may will be frequently applied in the anaerobic digestion system for biomethane production.
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Actinobacillus succinogenes is one of the most promising strains for succinic acid production; however, the lack of efficient genetic tools for strain modification development hinders its further application. In this study, a markerless knockout method for A. succinogenes using in-frame deletion was first developed. The resulting ΔpflA (encode pyruvate formate lyase 1-activating protein) strain displayed distinctive organic acid synthesis capacity under different cultivation modes. Additional acetate accumulation was observed in the ΔpflA strain relative to that of the wild type under aerobic conditions, indicating that acetate biosynthetic pathway was activated. Importantly, pyruvate was completely converted to lactate under anaerobic fermentation. The transcription analysis and enzyme assay revealed that the expression level and specific activity of lactate dehydrogenase (LDH) were significantly increased. In addition, the mRNA expression level of ldh was nearly increased 85-fold compared to that of the wild-type strain during aerobic–anaerobic dual-phase fermentation, resulting in 43.05 g/L lactate. These results demonstrate that pflA plays an important role in the regulation of C3 flux distribution. The deletion of pflA leads to the improvement of acetic acid production under aerobic conditions and activates lactic acid biosynthesis under anaerobic conditions. This study will help elaborate the mechanism governing organic acid biosynthesis in A. succinogenes.

Keywords: Actinobacillus succinogenes, organic acid, pyruvate formate lyase 1-activating enzyme, metabolic engineering, fermentation


INTRODUCTION

Microbial production of organic acid from renewable resources is a promising and sustainable approach due to its ecological and economical advantages (Kamzolova et al., 2014). For example, succinic acid has been identified as one of the top 12 chemical building blocks according to the US Department of Energy, which can be synthesized through microbial fermentation (Mckinlay et al., 2007b; Zhang et al., 2018b). Actinobacillus succinogenes, a facultative anaerobe and natural succinate producer, is one of the most promising strains for succinic acid production due to its wide carbon utilization spectrum and robustness to environment (Mckinlay et al., 2005; Pateraki et al., 2016). Various low-cost feedstocks have been used for succinate production by using A. succinogenes, including corncob (Zhong et al., 2015), corn stover (Borges and Pereira, 2011), sugarcane bagasse hemicellulose hydrolysate (Li et al., 2011), etc. It should be noticed that other organic acids, such as pyruvic and lactic acids, were also accumulated under different cultivation modes, taking advantage of its unique incomplete TCA cycle. For instance, A. succinogenes NJ113 has been reported to be a potential industrial application for the bioproduction of pyruvic acid under microaerobic fermentation condition, and dissolved oxygen environment was found to have a vital role in promoting pyruvic acid production (Wang et al., 2016). Initial oxygen aeration was also necessary to enhance lactic acid biosynthetic capacity for A. succinogenes 130ZT in subsequent anaerobic cultivation (Li et al., 2010). Conversely, physiological changes during aerobic growth of engineered E. coli strain could significantly affect succinate production in the subsequent anaerobic phase (Vemuri et al., 2002).

Currently, metabolic engineering strategy has attracted increasing attention to develop industrially competitive microorganisms, such as Mannheimia succiniciproducens, Escherichia coli, Corynebacterium glutamicum, Clostridium acetobutylicum, Saccharomyces cerevisiae, and Yarrowia lipolytica (Li et al., 2016; Ahn et al., 2017; Chung et al., 2017; Cui et al., 2017; Franco-Duarte et al., 2017; Xue et al., 2017). To improve succinic acid production, some cases regarding genetic modification of A. succinogenes have been reported, including enhancement of pathways involved in succinic acid synthesis and deletion of pathways involved in byproduct accumulation (Joshi et al., 2014; Guarnieri et al., 2017). For example, overexpression of the key enzymes (such as malate dehydrogenase) in the reductive branch of the TCA cycle enhanced flux to succinic acid, resulting in titer, rate, and yield enhancements (Guarnieri et al., 2017). A single-knockout mutant of the pyruvate formate lyase (PFL, encoded by pflB) was obtained using natural transformation method employing a positive selection marker (isocitrate dehydrogenase), which will effectively eliminate formate biosynthesis (Joshi et al., 2014). Thereafter, a series of single-knockout mutants and double-knockout mutants were constructed using electroporation employing antibiotic resistance marker to drive carbon flux into succinic acid (Guarnieri et al., 2017). However, it should be noticed that delayed bacterial growth, sugar utilization, and succinic acid biosynthesis were observed in knockout mutants compared with the wild strain, though formation of by-products including acetate and formate were effectively reduced. Thus, the strategy to improve the production of succinic acid through the removal of competitive pathways in A. succinogenes was still in vain.

Compared to metabolic gene knockouts, change of corresponding protein activity might be better to improve strain's growth performance. For instance, there is an activation system composed of activating factor and coenzyme under anaerobic conditions, which can convert the inactive PFL pro-enzyme into active PFL by amino acid free radical activation (Rodel et al., 1988). Pyruvate formate lyase 1-activating protein (encoded by pflA) is usually an activator to pflB. It was reported that deletion of pflA can increase succinic acid production from glycerol in E. coli under anaerobic conditions (Mienda et al., 2018). Protein homology analysis method showed that pflA can activate pflB under anaerobic conditions in A. succinogenes (Zhang et al., 2018a). These data provide a novel gene knockout target for increasing succinate production in A. succinogenes.

In this study, genetic tools for markerless gene knockout by in-frame deletion was first developed. The metabolic regulation of organic acid biosynthetic in A. succinogenes ΔpflA strain under different fermentation strategies was also investigated. To elucidate the mechanism underlying the increased different organic acids production, the transcriptional level of key genes involved in metabolic pathway was evaluated. In this work, the effect of the deletion of pflA on organic acids production in A. succinogenes was studied. Additionally, the engineered strain represents a promising role for acetate or lactate production.



MATERIALS AND METHODS


Strains and Media

Actinobacillus succinogenes 130Z (ATCC 55618) was obtained from the American Type Culture Collection. Wild-type and engineered strains were cultivated in sterile seed medium YC (containing the following: 5 g/L yeast extract, 9.6 g/L NaH2PO4·2H2O, 15.5 g/L K2HPO4·3H2O, 10 g/L NaHCO3, 10 g/L glucose, 1 g/L NaCl, and 2.5 g/L corn steep liquor) at 37°C and 200 rpm. E. coli SM10 λpir, provided by Professor Lianrong Wang (Wuhan University), was used as the donor strain to allow efficient replication of the suicide plasmid and grown in Luria-Bertani (LB) medium. The fermentation medium consisted of 10 g/L yeast extract, 1.36 g/L NaAc, 0.3 g/L Na2HPO4·12H2O, 1.6 g/L Na2HPO4·2H2O, 3 g/L K2HPO4, 1 g/L NaCl, 0.2 g/L MgCl2·6H2O, 7.5 g/L corn steep liquor, and 0.2 g/L CaCl2. Glucose was added after sterilization at a concentration of 30–50 g/L for fermentation.



DNA Manipulation and Conjugation

To construct a knockout cassette, the 1.5-kb up- and down-stream regions of pflA gene were individually amplified by PCRs from genomic DNA of A. succinogenes using primers listed in Supplementary Table 1. Two purified fragments were ligated to a shuttle suicide plasmid pJC4 using One Step Cloning Kit (Vazyme, China), thereafter naturally transformed into E. coli SM10 λpir.

Recipient strain A. succinogenes and donor bacteria were grown in media until exponential phase. Cells were mixed at an equal ratio. Then, mixture cultures were harvested by centrifugation (4,500 × g, 3 min) and washed three times with LB medium at room temperature. Pellets were resuspended in 50 μl of LB medium and spotted onto an LB plate. During anaerobic cultivation at 37°C, the shuttle suicide plasmid might enter the recipient strain from the donor bacteria. After 16 h of conjugation, cells were washed with LB medium and plated on the YC medium. For the selection of the first crossing-over and elimination of the donor strain, 34 μg/ml of chloramphenicol was supplemented. Clones were checked by PCR analysis (with primers F0 and down-rev, up-fwd and R0). Subsequently, positive colony was plated on YC agar plates with 15% sucrose, which is a counter selectable marker to promote the second crossing-over. The plasmid could be excited from the chromosome, generating wild-type strain or deletion mutant. Clones were checked with primers pflA-F0 and pflA-R0 by colony PCR.



Fermentation in Seal Bottles and Bioreactors

A 6% seed inoculum from overnight YC culture was added to 100-ml sealed bottles containing 30 ml of fermentation medium supplement with 30 g/L glucose and 16 g/L magnesium carbonate hydroxide to maintain the pH at 6.8 and the fermentation was carried out at 200 rpm and 37°C. The anaerobic condition was achieved by sparging CO2 for 2 min (Dessie et al., 2018).

Bioreactor fermentations were performed in a 5-L fermentor (Bioflo 110, USA) containing 2 L of fermentation medium. The temperature was controlled at 37°C and the agitation at 300 rpm. The pH was maintained at 6.8 by supplementing 20% Na2CO3. During aerobic fermentation conditions, air was sparged at 1 vvm. While anaerobic conditions were created by sparging with CO2 at a flow rate of 0.2 L/min. When the glucose concentration was lower than 10 g/L, 600 g/L glucose was fed into the fermentation medium until the final concentration was 50 g/L.



Enzymatic Assays

Cultures were harvested by centrifugation (4°C, 10,000 × g, 10 min) and washed twice with 50 mM Tris-HCl buffer (pH at 7.0). Pellets were resuspended in 100 mM Tris–HCl buffer (pH at 7.0) containing 2 mM DTT and 0.1 mM EDTA. Cell disruption by sonication was followed via centrifugation for 10 min at 10,000 × g at 4°C. The supernatant was used for all enzyme assays. The protein concentration was determined by the method of Bradford (1976).

The enzyme activity of pyruvate formate lyase was measured as described previously (Melchiorsen et al., 2002). The lactate dehydrogenase (LDH) assay was performed based on Vanderwerf et al. (1997). One unit (U) was defined as the amount of enzyme catalyzing the conversion of 1 μmol of substrate per minute into specific products. Specific activity was defined as units per milligram of protein (Li et al., 2010).



Quantitative RT-PCR

Cultures grown under different cultivation conditions were subject to RNA extraction during 8 h in aerobic/anaerobic or 20 h in dual-phase fermentation. Takara RNAiso Plus (Takara) was used to extract total RNA. After eliminating genomic DNA by RNase-free DNase I (Takara), RNA was converted into cDNA using a cDNA synthesis kit (Takara).

SYBRs Premix Ex TaqTM kit purchased from Takara was used for RT-PCR. All experiments were performed in biological triplicates in 96-well plates using the ABI 7500 Real-Time PCR system (Applied Biosystems). The 16S rRNA gene was used to standardize the mRNA levels. Primer sequences for qRT-PCR are indicated in Supplementary Table 1. The mRNA level of the target genes was calculated via the 2−ΔΔCT method (Livak and Schmittgen, 2001).



Analytical Methods

Cell growth was determined by OD600 in an AOE INSTRUMENTS-UV1800 spectrophotometer. Organic acids were measured by high-performance liquid chromatography (UitiMate 3000 HPLC system, Dionex, USA) equipped with an ion exchange column (Bio Rad Aminex HPX-87H column, USA) at 55°C, using a mobile phase of 5 mM H2SO4 at a flow rate of 0.6 ml/min and a UVD 170U ultraviolet detector at 215 nm for detection, as described previously (Zhang et al., 2018c). Glucose concentration in the fermentation broth was detected by a chronoamperometry method. In this detection process, a calibration line of current response vs. glucose concentration was first fitted by the continuous additions of a standard glucose concentration into a buffer solution. Then, the target sample was added to calculate its glucose concentration by using the calibration line (Jiang et al., 2016; Yang et al., 2017).




RESULTS AND DISCUSSION


A Markerless Knockout Method for A. succinogenes by In-Frame Deletion

Different from previous transformation methods, which adopted the positive selection marker with natural transformation or antibiotic resistance marker with electroporation (Joshi et al., 2014; Guarnieri et al., 2017), a markerless knockout method for A. succinogenes using conjugation was first developed. To create the gene deletion method in A. succinogenes, a shuttle suicide vector (pJC4) was employed, which carried R6K ori (the replication functional in E. coli), cat gene conferring chloramphenicol resistance, and sacB gene from Bacillus subtilis (the sucrose-sensitivity system). The replacement cassette contains two 1.5-kb regions flanking the target gene on the chromosome of A. succinogenes. After single crossing-over screened by chloramphenicol resistance and second crossing-over by sucrose counter selection, a markerless knockout mutant was obtained (Figure 1). Although markerless knockout method has been reported, the residual “scar” still exists in the chromosome at the site of the deletion, such as Flp sites, which will lead to large sections of the genome rather than two FRT sequences flanking the marker incorrect deletion when multiple genes have been consecutively deleted from one strain (Joshi et al., 2014). The mutants generated through in-frame deletion method in this study solved this problem efficiently and achieved real markerless knockout, providing a research basis for the metabolic engineering of A. succinogenes. Based on this method, pyruvate formate lyase 1-activating protein encoded by pflA in A. succinogenes 130Z was successfully knocked out and mutant was generated markerless.
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FIGURE 1. General diagram representing an alternative method for markerless gene deletion by allelic exchange in Actinobacillus succinogenes.





Redistribution of Metabolic Products by Mutant With pflA Deletion

Generally, metabolic flux in A. succinogenes will be split into the following two branches under anaerobic conditions: (i) C3 pathways for formate, acetate, ethanol, and lactate production, and (ii) C4 pathway for succinate production. As known, the insufficient supply of reducing power is one main obstacle to achieve high succinic acid yield under anaerobic conditions, as succinic acid yield from glucose or other carbon sources strongly depends on ATP and NADH levels, which were mainly produced by C3 pathways (Singh et al., 2011; Zhang et al., 2018c). However, the accumulation of by-products synthesized through C3 pathways will not only reduce the substrate utilization but also cause difficulties in the separation and purification steps. It was found that formate could be significantly reduced when PFLB catalyzing pyruvate into acetyl coenzyme A and formate was knocked out. However, the cell growth rate was also significantly decreased in ΔpflB strain. Succinate yield was still similar to that of wild-type strain. To relieve the negative effect by pflB knockout, pyruvate formate lyase 1-activating protein (pflA) was further knocked out.

Wild-type and ΔpflA strain were cultivated in sealed bottles containing 30 g/L glucose. The titers of succinate, formate, and acetate in the ΔpflA strain were 15.78, 4.53, and 8.23 g/L, respectively, which were approximately equal to those of the wild-type strain (Figure 2). Results demonstrated that the absence of activating protein (PFLA) did not affect the expression of pyruvate formate lyase, and succinic acid production was not increased significantly. Interestingly, pyruvate, and lactate production were significantly changed. Pyruvate accumulation was observed in both wild-type and ΔpflB strains (Guarnieri et al., 2017), while traces of pyruvate accumulation (<1 g/L) were observed in the ΔpflA strain, indicating that pyruvic acid was completely assimilated. Surprisingly, the ΔpflA strain displayed a significantly increased lactate accumulation capacity (6.92 g/L) with 5.77-fold improvement, which coincided with pyruvate assimilation (Figure 2). Conversely, no lactic acid accumulation was observed in the wild-type or ΔpflB strains.
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FIGURE 2. Comparison of different organic acids production between wild-type A. succinogenes 130Z and ΔpflA strains.



To further investigate the effect of pflA deletion on cell growth and metabolite profiles, batch fermentation of wild-type and ΔpflA strains was carried out under anaerobic conditions in a 5-L fermentor with 50 g/L of glucose. As illustrated in Figure 3A, 40 g/L of glucose was consumed after 18 h of fermentation by the wild-type strain, and the maximal OD600 reached 7.07. However, cell growth and glucose consumption rates were slightly decreased by the ΔpflA strain with a maximal OD600 of 6.07 at 21 h. Complete glucose consumption was ultimately achieved after 50 h of cultivation (Figure 3B). Delayed glucose consumption and cell growth coincided well with delayed succinic acid production relative to that of the 130Z strain. 30.25 g/L succinic acid with a yield of 0.62 g/g was achieved, which was decreased by 10% when compared to that of control strain. The strain ΔpflA showed similar acetic and formic acid accumulation profiles to that of wild type; acetic and formic production reached 5.32 and 2.26 g/L, respectively (Figure 3C). Notably, negligible amount of lactate accumulation was observed in strain 130Z, which is in agreement with the previously reported wild-type strain. Conversely, more lactate accumulation (6.43 g/L) and nearly complete elimination of pyruvate was observed by using the ΔpflA strain (Figure 3D), indicating that lactate flux was activated after removal of pflA. Although lactate accumulation was also observed in the ΔpflB ΔackA strain, pyruvate was still accumulated at early exponential phase and yet completely assimilated following 24 h of cultivation (Guarnieri et al., 2017), which is different from this study. Therefore, in addition to knockout of both ackA and pflB, deletion of pflA can also lead to lactic acid generation, indicating that pflA plays a critical role in lactic acid biosynthesis in A. succinogenes.
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FIGURE 3. Evaluation of different fermentation and metabolic parameters in wild-type A. succinogenes 130Z (A,C) compared to those of the ΔpflA strain (B,D) under anaerobic conditions. The bar graph (E) represents the expression levels of genes related to organic acid biosynthesis pathway.





Effect of pflA Knockout on the Expression of Key Genes Involved in Metabolic Pathway

To examine the effect of pflA knockout on the gene expression in A. succinogenes, the expression levels of several key genes involved in succinic acid (pck encoding phosphoenolpyruvate carboxykinase, frd encoding fumarate reductase), pyruvic acid (pk encoding pyruvate kinase), acetic acid (pfl encoding pyruvate formate lyase, ack encoding acetate kinase), and lactic acid formation (ldh encoding 6-lactate dehydrogenase) were investigated. Relative mRNA transcription levels of these genes at exponential phase for strain 130Z and ΔpflA were measured with RT-PCR. 16S rRNA copy number was used as internal reference. As shown in Figure 3E, knockout of pflA could slightly down-regulate mRNA levels of all metabolite synthesis genes except ldh, which coincides with the prolonged bacterial growth and product synthesis in the ΔpflA strain. For example, the expression level of pk and frd was nearly 0.4-fold lower than that of strain 130Z. Surprisingly, the mRNA level of ldh in the ΔpflA strain was 2.3-fold higher than that of the wild-type strain, indicating that the lactic acid biosynthesis pathway might be activated by deletion of pflA.

In order to further investigate the metabolic regulation mechanism, the activities of two key enzymes PFL (pyruvate formate lyase) and LDH involved in C3 branch pathways were investigated. As shown in Table 1, PFL enzyme activities were similar between the wild-type (18.25 U/mg) and ΔpflA strains (17.65 U/mg), which is in agreement with the fermentation results. However, LDH specific activity was significantly increased in the ΔpflA strain, which was 2.62-fold higher than that of the wild-type strain. The maximum activity was 30.34 U/mg, which coincides well with the mRNA level and lactate production. Taken together, these results indicated that the expression of pyruvate formate lyase in A. succinogenes does not depend on the activation of pyruvate formate lyase 1-activating protein, though its function notation in NCBI is to activate pyruvate formate lyase 1 under anaerobic conditions. Moreover, the absence of this protein might be beneficial for the carbon flux to lactic acid. Therefore, we speculated that the function of pyruvate formate lyase 1-activating protein might be a repressor for ldh gene transcription, which is different from E. coli.



Table 1. Comparison of enzyme activities involved in organic acid formation in Actinobacillus succinogenes 130Z and ΔpflA grown anaerobically.
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Organic Acid Production Under Different Fermentation Strategies

Actinobacillus succinogenes will change cell physiology and metabolite profile under different cultivation conditions, such as aerobic and anaerobic conditions. As mentioned above, the lactic acid biosynthesis pathway was activated after deletion of pflA under anaerobic conditions. To further investigate the effect of pflA deletion on cell growth and metabolic performance under aerobic and aerobic–anaerobic dual-phase cultivation modes, the fed-batch fermentation using wild-type 130Z and ΔpflA strain was conducted in a 5-L fermentor.

Under aerobic conditions, 82 g/L of glucose was completely consumed after 41 h by strain 130Z with a maximal OD600 of 6.92 at 12 h (Figure 4A). Interestingly, strain ΔpflA displayed higher growth rate, which is obviously different from that under anaerobic conditions (Figure 4B). As a result, more glucose (105 g/L) was consumed with a maximal OD600 of 7.64. As a main product, pyruvic acid accumulation profiles were similar between strain ΔpflA and 130Z, and the highest titer reached 36.90 and 37.36 g/L, respectively. The latter is in agreement with a previous study reported under microaerobic fermentation (Wang et al., 2016). Surprisingly, massive acetic acid accumulation was also observed in the ΔpflA strain. The highest titer of acetic acid can reach 34.92 g/L, 13.7-fold titer enhancement (Figure 4D), indicating that acetic acid biosynthesis was enhanced and carbon flux was shifted to acetic acid after the deletion of pflA under aerobic conditions. As known, ATP generation is accompanying by acetic acid production (Guarnieri et al., 2017), leading to cell growth and glucose consumption improvement. Additionally, the ΔpflA strain displayed increased succinic acid accumulation capacity (6.43 g/L) with 48.06% enhancement. Conversely, a greater reduction in lactic and formic acid titer was observed in the ΔpflA strain relative to that of the wild type.
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FIGURE 4. Evaluation of different fermentation and metabolic parameters in the 130Z strain (A,C) compared to those of the ΔpflA strain (B,D) under aerobic conditions. The bar graph (E) represents the expression levels of genes related to organic acid biosynthesis pathway.



Under aerobic-anaerobic conditions, succinic, and pyruvic acids were main metabolic products with 29.62 and 27.64 g/L, respectively, from 96 g/L of glucose by using strain 130Z (Figure 5A). Pyruvic acid was significantly accumulated in the aerobic phase and still produced and even shifted to anaerobic condition (Figure 5C). Surprisingly, 142 g/L glucose (32.39% higher) was consumed in the ΔpflA strain, indicating the superior performance of bacteria growth. Final succinic acid titer (38.82 g/L) was also significantly enhanced with 23.72% improvement (Figure 5B). However, the pyruvic acid concentration was dramatically decreased in the ΔpflA strain when shifted to anaerobic condition. In addition, no pyruvic acid accumulation was observed at the end of fermentation with almost complete pyruvate reassimilation. As shown in Figure 5C, acetic acid production was slowly decreased under anaerobic phase with a final titer of 8.15 g/L. Moreover, lactic and formic acids production remained stable in the wild-type strain. These results showed that carbon flux distribution was shifted from C3 (pyruvic acid synthesis) toward C4 flux (succinic acid synthesis) when cultivation condition was shifted from an aerobic to an anaerobic one. By contrast, sharp accumulation of lactic acid was observed by using ΔpflA strain under anaerobic conditions. The maximum of lactic acid production was 43.05 g/L at 60 h of cultivation, which was a nearly 11-fold increase compared to that of the wild-type strain (Figure 5D). Conversely, the acetic acid accumulation profiles were similar between wild-type and engineered strains, and a negligible amount of formic acid was detected in the whole fermentation. These results indicated that the removal of pflA could significantly enhance carbon flux to lactic acid under dual-phase cultivation conditions.
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FIGURE 5. Evaluation of different fermentation and metabolic parameters in the 130Z strain (A,C) compared to those of the ΔpflA strain (B,D) under aerobic–anaerobic dual-phase conditions. The bar graph (E) represents the expression levels of genes related to organic acid biosynthesis pathway.





Qrt-PCR Analysis Under Different Cultivation Modes

To further elaborate the underlying mechanism responsible for organic acid synthesis, the expression levels of related genes were investigated. Previous work showed that the expression level of ldh in strain ΔpflA was much higher than that of the wild-type strain, while the expression level of other metabolite synthesis genes was slightly lower under anaerobic conditions (Figure 3). The expression levels of pk, pfl, and ack genes from the ΔpflA strain are significantly increased relative to that of the 130Z strain during aerobic fermentation, which coincides with acetic acid accumulation in the ΔpflA strain (Figures 4D,E). However, the mRNA level of all genes was significantly increased (> 4-fold) in the ΔpflA strain under dual-phase fermentation conditions, indicating that the strain has the superior performance of cell growth and metabolism (Figure 5E). Notably, the transcription level of ldh was increased nearly 85-fold, displaying a dramatically increased lactic acid accumulation capacity relative to that of the wild type. It is known that LDH is indeed encoded in its genome, while no lactate was produced in A. succinogenes (Mckinlay et al., 2007a). The finding in the current paper suggests that a finely tuned system might be used to lactic acid biosynthesis.

Next, mRNA levels of key genes in the same strain under different conditions were also compared. As shown in Figure 6A, wild-type A. succinogenes showed the same transcription levels of ldh and ack among three kinds of cultivation modes. The expression levels of pck and frd genes were significantly down-regulated under aerobic conditions, in accordance with low carbon flux of SA-producing reductive C4 pathway. A similar phenomenon was observed in the ΔpflA strain. Specifically, the expression levels of ldh, pck, and frd genes under dual-phase conditions were much higher than those under other fermentation modes in the ΔpflA strain, leading to massive lactic acid and succinic acid accumulation (Figure 6B). However, although the expression level of ack was up-regulated in the ΔpflA strain under both aerobic and dual-phase cultivation, higher acetic acid accumulation was observed in the aerobic condition. Instead, no difference in acetic acid production was found between anaerobic and dual-phase cultivation conditions (Figures 3D, 5D). Thus, it was speculated that an alternative route to acetic acid biosynthesis exists in A. succinogenes.
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FIGURE 6. Expression levels of genes related to organic acid biosynthesis pathway in the 130Z strain (A) and ΔpflA strain (B) under different cultivation modes.






CONCLUSIONS

Microbial production of organic acid is a promising approach owing to advantages of being low cost, efficient, and environment friendly. In this work, we developed a markerless knockout method for A. succinogenes. It was found that C3 metabolic pathways were regulated by pflA, which was vital for organic acid synthesis. Moreover, the resulting ΔpflA strain was able to accumulate acetic acid under aerobic conditions and lactic acid under dual-phase fermentation (Figure 7). These results reveal a potential finely tuned mechanism in organic acid biosynthesis. Moreover, the study indicates that A. succinogenes is not only a promising succinate producer, but also potentially an excellent strain for the bioproduction of acetic acid and lactic acid.
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FIGURE 7. Redistribution of metabolic products by mutant with pflA deletion. Glucose carbon flux in strain ΔpflA under aerobic condition (green) and anaerobic or dual-phase condition (red).
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Hydroxy fatty acids (HFAs) are valuable compounds that are widely used in medical, cosmetic and food fields. Production of ω-HFAs via bioconversion by engineered Escherichia coli has received a lot of attention because this process is environmentally friendly. In this study, a whole-cell bio-catalysis strategy was established to synthesize medium-chain ω-HFAs based on the AlkBGT hydroxylation system from Pseudomonas putida GPo1. The effects of blocking the β-oxidation of fatty acids (FAs) and enhancing the transportation of FAs on ω-HFAs bio-production were also investigated. When fadE and fadD were deleted, the consumption of decanoic acid decreased, and the yield of ω-hydroxydecanoic acid was enhanced remarkably. Additionally, the co-expression of the FA transporter protein, FadL, played an important role in increasing the conversion rate of ω-hydroxydecanoic acid. As a result, the concentration and yield of ω-hydroxydecanoic acid in NH03(pBGT-fadL) increased to 309 mg/L and 0.86 mol/mol, respectively. This whole-cell bio-catalysis system was further applied to the biosynthesis of ω-hydroxyoctanoic acid and ω-hydroxydodecanoic acid using octanoic acid and dodecanoic acid as substrates, respectively. The concentrations of ω-hydroxyoctanoic acid and ω-hydroxydodecanoic acid reached 275.48 and 249.03 mg/L, with yields of 0.63 and 0.56 mol/mol, respectively. This study demonstrated that the overexpression of AlkBGT coupled with native FadL is an efficient strategy to synthesize medium-chain ω-HFAs from medium-chain FAs in fadE and fadD mutant E. coli strains.

Keywords: Escherichia coli, AlkBGT, medium-chain fatty acids, ω-hydroxy fatty acids, FadL


INTRODUCTION

Production of bio-based chemicals has received a lot of attention due to concerns around limited non-renewable fossil fuels and the global environment. Fatty acids (FAs) from plant oils are among the most abundant resources in nature (USDA, 2018). FAs are renewable industrial chemical feedstocks, and some artificial microbial pathways have been established to synthesize high-value chemicals based on FA utilization. These reactions in the microbial pathways are mainly related to double-bond generation, double-bond oxidation, double-bond cleavage, epoxidation and functionalization of C-H bonds in alkyl chains (Biermann et al., 2011). Hydroxy fatty acids (HFAs), one kind of FA derivative, are the direct products of FA hydroxylation via C-H bond oxygenation.

HFAs are valuable chemicals due to their hydroxyl functional group and carboxyl group. HFAs have also gained great interest from various industries because of their special properties: higher reactivity, solvent miscibility, stability, and viscosity. Therefore, HFAs have wide applications and can be used as pharmaceutical intermediates and synthetic precursors (Cross et al., 1995), cosmetic ingredients, surfactants, foam improvers, emulsified agents in deodorant sticks, etc. (Koay et al., 2011), and as food bio-preservatives because of their strong antifungal activity (Cheng et al., 2010). Additionally, ω-HFAs are the ideal building blocks of green synthetic fibers for polymer materials due to the location of hydroxyl groups on the terminus of long carbon chains, which provide superior material properties (Weng and Wu, 2008; Cao and Zhang, 2013). ω-Hydroxydecanoic acid can be further derivatized to sebacic acid, which is an important precursor in the production of nylon and polyamides (PAs), primarily 4,10-PA and 5,10-PA (Bowen et al., 2016). ω-Hydroxydodecanoic acid has the potential to enable commercially relevant production of C12 α, ω-DCA, a valuable precursor of nylon-6,12 (Sugiharto et al., 2018).

Currently, considerable effort has been expended to produce HFAs by chemical synthesis; however, there are still various problems, e.g., lack of environmentally friendly solutions, complicated extraction methods, poor selectivity and harsh reaction conditions (Liu et al., 2011). Bio-catalysis is therefore regarded as a promising alternative approach because it has several advantages such as high selectivity, broad substrate spectrum, high catalytic efficiency, mufti-step reaction in a single strain, and is environmentally friendly (Manfred et al., 2011; Lin and Tao, 2017). Among all ω-HFAs produced by C-H bond oxygenases, most ω-HFAs are usually produced via cytochrome P450 monooxygenase (CYP)-based platforms. For example, these include CYP52A13 and CYP52A17 (Craft et al., 2003; Eschenfeldt et al., 2003), CYP4 (Fer et al., 2008), CYP704B2 (Li et al., 2010), CYP102A1 (Xiao et al., 2018), CYP153 (Bordeaux et al., 2012), and the CYP153AM.aq.-CPRBM3 fusion protein (Scheps et al., 2013; Ahsan et al., 2018; Joo et al., 2019). Some of these enzymes can ω-oxidize terminal methyl groups and have been applied to ω-HFA production, but there is a limitation, in that most of these enzymes are specific for chain lengths of ≥12 (Picataggio et al., 1992).

The alkane hydroxylase of Pseudomonas putida GPo1, which consists of three components (AlkB, AlkG, and AlkT), could be another notable ω-oxidation enzyme system of FAs. This system has high specificity for medium-chain fatty acid (C5-C12) oxidation at terminal positions (Grant et al., 2011; Manfred et al., 2011; Tsai et al., 2017). The mono-oxygenase encoded by alkB belongs to a large class of membrane-bound proteins and is an essential component of the alkane hydroxylase system (Grund et al., 1975; Menno et al., 1989; Beilen et al., 1992). Rubredoxin encoded by alkG and rubredoxin reductase encoded by alkT are two electron transfer proteins. The hydroxylase system in vivo operates as follows: AlkG transfers an electron from AlkT, which reduces its flavin adenine dinucleotide at the expense of NADH, then further delivers the electron to AlkB to achieve hydroxylation (Jan et al., 2002). As reported, the AlkBGT hydroxylation system has been investigated in the bioconversion of the fatty acids methyl ester and alkane (Grant et al., 2011; Manfred et al., 2011; Julsing et al., 2012; Call et al., 2016; van Nuland et al., 2016; Kadisch et al., 2017), but there are no reports on ω-HFA production.

E. coli is the ideal host to employ to exploit the hydroxylation activity of these enzymes because of its clarified metabolic background. FA metabolism in E. coli has been expounded in previous work. FA β-oxidation in E. coli is induced by the presence of FAs in the growth medium. The FA β-oxidation cycle is activated by acyl-CoA synthetase (FadD), which plays an important role in FA degradation. The catabolic oxidation cycle consists of dehydrogenation by FadE, hydration and dehydrogenation by FadB or FadJ, and thiolation with CoA by FadA or FadI (Lennen and Pfleger, 2012; Wu and San, 2014). Regulation of FA oxidation is performed by the control protein FadR, which represses the fad regulon. FadD and FadE are the critical enzymes associated with β-oxidation (Wang et al., 2015; Bule et al., 2016). An important approach is deletion of fadD and fadE, which block the breakdown of fatty acids into acyl-CoA (Steen et al., 2010; Handke et al., 2011). Cao et al. (2016) constructed a fadD knockout strain, and the engineered strain showed an enhanced ability to produce HFAs. The titer of HFAs reached 58.7 mg/L, which is 1.6-fold higher than that of the original strain. Kirtz et al. (2016) and Sung et al. (2015) observed improved production of ω-hydroxy fatty acids with a fadD knockout strain. In addition, FA transport through the cell membrane to reach intracellular enzymes is one of the hurdles in ω-HFA production. There are two approaches to overcome this hurdle: one is the addition of chemical reagents such as surfactants to enhance membrane permeabilization, and another is using a transporter protein. Many studies have been done with transporter proteins. For example, AlkL from Pseudomonas putida GPo1 was reported to transport alkanes and fatty acid methyl esters into E. coli but was not active for fatty acids (Jeon et al., 2018). In fact, the outer membrane FA transport mechanism was also clarified in E. coli. It was clearly demonstrated that FA transport is mediated by a membrane protein pump (Bonen et al., 2007). FadL is a typical transporter for FAs; it can use spontaneous conformational changes to transport hydrophobic substrates by diffusion (van den Berg, 2005). There have been many notable cases of the use of FadL to achieve increased production (Bae et al., 2014; Tan et al., 2017; Jeon et al., 2018; Wu et al., 2019).

In this study, the medium-chain alkane hydroxylation system, AlkBGT, from P. oleovorans GPo1 was introduced in E. coli strains for ω-hydroxydecanoic acid biosynthesis from decanoic acid (C10FA). Metabolic engineering strategies to reduce the fatty acid metabolism of the host strains were also investigated here. Blocking the β-oxidation of fatty acids by deletion of fadE and fadD highly increased the yield of ω-hydroxydecanoic acid. In addition, co-expression of the native FA transporter protein, FadL, enhanced the consumption rate of decanoic acid as well as the yield of ω-hydroxydecanoic acid. Octanoic acid and dodecanoic acid were also used as substrates in this hydroxylation system. The results showed that this established system has good efficiency for the synthesis of ω-hydroxyoctanoic acid and ω-hydroxydodecanoic acid. To our knowledge, the current study constitutes the first report of AlkBGT to be applied to FA hydroxylation, and it provides a generalizable framework for the production of medium-chain ω-HFAs via AlkBGT in engineered whole-cell systems. Meanwhile, this study provides a new platform for medium-chain ω-HFA production.



MATERIALS AND METHODS


Strains and Plasmids

The strains and plasmids used in this study are listed in Table 1. E. coli DH5α was used for plasmid construction, and E. coli W3110 was used as the host and initial strain for further genetic manipulation. Ribosome binding sites (RBS) between alkB-alkG and alkG-alkT were calculated by online software (https://salislab.net/software/forward). The alkB, alkG, and alkT genes with optimized ribosome binding sites were cloned into pTrc99a, and the formed plasmid was named pBGT. The strains with fadD and fadE deletion were constructed using a CRISPR–Cas9 and λ Red recombination system-based genome editing system, which is composed of five elements: Cas9-expressing cassette, gRNA expression plasmid, λ Red recombination, donor template DNA, and inducible plasmid curing system for eliminating gRNA plasmid from the cells (Li et al., 2015). In brief, to construct the gRNA expression plasmid, the pGRB backbone was amplified by PCR with a pair of primers that included 20-bp spacer sequences specific for the target gene. The PCR product was then ligated via homologous recombination to obtain the desired gRNA expression plasmid. To construct donor dsDNA, a pair of 300–500-bp homologous sequences, which are upstream and downstream sequences of the target gene, were amplified by PCR separately and then fused together by overlapping PCR. The mutant strain was verified with genomic PCR after construction to ensure that the target gene had been deleted. For construction of the AlkBGT and FadL expression plasmids, the one-step cloning method was applied. The primers used in this study are listed in Table 2. Gene segments of alkB, alkG, alkT from P. putida GPo1 were amplified by PCR. Ribosome binding sites inside the trc-alkB, alkB-alkG, and alkG-alkT genes were calculated by online software version 2.0 (https://salislab.net/software/forward). The alkB, alkG, and alkT genes with optimized ribosome binding sites were cloned into pTrc99a, and the formed plasmid was named pBGT. The native fadL was further added behind alkT in pBGT with optimized ribosome binding sites, and the newly formed plasmid was named pBGT-fadL.


Table 1. Strains and plasmids.
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Table 2. Primers of plasmid and strain construction.
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Media and Culture Conditions

The medium for strain construction and primary preculture was Luria-Bertani Broth (LB), containing tryptone 10 g/L, yeast extract 5 g/L, and sodium chloride 10 g/L. The modified M9 medium used for whole-cell bioconversion contained Na2HPO4·12H2O 15.12 g/L, KH2PO4 3.0 g/L, NaCl 0.5 g/L, MgSO4·7H2O 0.5 g/L, CaCl2 0.011 g/L, 1% (w/v) vitamin B1 0.2 ml/L, glucose 5 g/L, and trace elements solution 0.2 ml/L. The total amount of decanoic acid was ~500 mg/L. The trace elements solution contained (per liter): FeCl3·6H2O 5 g; MnCl2·4H2O 2 g; ZnCl2 0.684 g; CoCl2·6H2O 0.476 g, CuCl2·2H2O 0.17 g; H3BO3 0.062 g; Na2MoO4·2H2O 0.005 g.

To prepare the cell culture, the primary precultures were prepared by transferring one single colony to 3 ml of LB medium with a specific concentration of antibiotics (ampicillin 100 mg/L) at 37°C overnight. In the secondary precultures, 1 ml of the primary preculture was inoculated into 50 ml of LB medium at 37°C for 8 h. Then, a fresh 1 ml of the secondary preculture was transferred into 500-ml flasks containing 100 ml of LB medium with 2 g/L glucose at 30°C, 220 rpm. The expression of target genes was induced with IPTG when the OD600 reached 0.5–0.6, and the cells were grown for 12 h at 30°C. For whole-cell bioconversion, after 12 h of induction, the cells were harvested by centrifugation at 5,945 g and 4°C for 5 min. Then, the cells were washed twice with nitrogen-free M9 medium and resuspended in the modified M9 medium with 20 OD600, with the addition of 0.1% (vol/vol) Triton X-100 depending on the experiment; the total volume was 20 ml. The whole-cell bioconversion was processed at different temperatures (18, 25, 30, and 37°C) for 24 h. All experiments were carried out in triplicate.



Analytical Methods

Cell density was measured at 600 nm at appropriate dilutions (Bausch & Lomb Spectronic 1001). The culture was diluted to the linear range with 0.95% (W/V) NaCl.

For extraction of FA and HFA during bioconversion, 1 ml of supernatant of the cell broth was recovered by centrifuging (13,780 g, 5 min). Then, 1.5 ml of chloroform and 1.5 ml of methanol containing 15% (vol/vol) sulfuric acid were added with 500 μL of 1 g/L undecylic acid as internal standards. The mixtures were mixed by vortexing. Then, the mixtures were exposed at 100°C for 4 h for derivatization. After the heating step, the mixtures were vortexed vigorously for 20 s, stood for 3 min, and operated three times. After centrifugation for 5 min at 1,666 g, the mixture in the tube separated into two layers. The organic layer was recovered by passing through a pipette containing 1 g of anhydrous sodium sulfate for GC analysis.

The concentrations of FFA and HFA in each sample were quantified by the GC-FID system (GC2014, Shimadzu Co., Japan) with a flame ionization detector (FID) and a 30-m DB-5 column (30 m × 0.25 mm × 1 m, Agilent Co., Palo Alto, CA). Nitrogen was used as the carrier gas, and the flow rate was set at 1 ml/min. The injector and detector temperatures were both set at 280°C. The oven temperature was initially held at 150°C for 1 min. Thereafter, the temperature was raised with a gradient of 10°C/min until the temperature reached 200°C, then raised with a gradient of 20°C/min until the temperature reached 240°C. This temperature was held for 3 min.




RESULTS AND DISCUSSION


Biosynthesis of ω-Hydroxydecanoic Acid From Decanoic Acid Using the AlkBGT System

In previous studies, it was demonstrated that the AlkBGT system took three steps to achieve ω-oxyfunctionalization of alkane (Jan et al., 2002). The efficiency of AlkBGT co-expression may affect the multistep reactions during ω-HFA biosynthesis. In general, ribosomal interactions with mRNA control translation initiation and the translation rate of proteins (Borujeni et al., 2014). Hence, in this experiment, the AlkBGT encoded by the alkB, alkG, and alkT genes from P. putida GPo1 was cloned with optimized RBS into vector pTrc99a (named pBGT) to generate the ω-HFA biosynthetic pathway (Figure 1).


[image: Figure 1]
FIGURE 1. The simplified bioconversion pathways in the engineered E. coli strain.


Traditionally, the major method for performing bioconversion is to use isolated enzymes in vitro; however, this method usually ignores the structural characteristics and metabolic regulation of these enzymes during the overexpression process inside the host cells. In vivo, most oxygenases are membrane-bound proteins and have a multi-component structure (Schrewe et al., 2013). Since AlkB is membrane-bound, it seemed to be more efficient to employ whole-cell bioconversion rather than one-pot biocatalysis in vivo. To verify the hydroxylation of decanoic acid in the AlkBGT system, the whole-cell bioconversion of W3110(pBGT) was investigated first using W3110(pTrc99a) as a control. In this case, considering the solubility and dispersion status of decanoic acid in the medium, we chose DMSO as the co-solvent and TritonX-100 as the surfactant. Three conditions, specifically sodium fatty acids, fatty acids dissolved in dimethyl sulfoxide (DMSO) and fatty acids dissolved in DMSO containing 10% (vol/vol) Triton X-100, were tested. Approximately 0.5 g/L decanoic acid was added in the bioconversion medium. The experiment was performed at 30°C, and the IPTG concentration was 0.1 mM. The conversion rate and concentrations of ω-hydroxydecanoic acid from W3110(pBGT) in different conditions are shown in Figure 2. No ω-hydroxydecanoic acid accumulated in W3110(pTrc99a) (data not shown); however, the strain W3110(pBGT) expressing AlkBGT had the ability to convert decanoic acid to ω-hydroxydecanoic acid. Among these three different substrates, decanoic acid dissolved in DMSO containing 10% (vol/vol) Triton X-100 showed the best performance for ω-hydroxydecanoic acid production. The concentration and yield of ω-hydroxydecanoic acid achieved 123.15 mg/L and 0.24 mol/mol, respectively. The yield was approximately 56.6% higher than that obtained using sodium decanoic acid as the substrate (Figure 2). Hence, decanoic acid dissolved in DMSO containing 10% (vol/vol) Triton X-100 was chosen in further studies. Since AlkBGT are the key enzymes of ω-hydroxydecanoic acid production in whole-cell bioconversion, the optimized expression of AlkBGT will be critical for further improvement of ω-hydroxydecanoic acid production.


[image: Figure 2]
FIGURE 2. The effects of decanoic acid with differential status in the whole-cell bioconversion of W3110(pBGT) on the concentration (blue) and yield (orange) of ω-hydroxydecanoic acid production.




Optimization of AlkBGT Expression for ω-Hydroxydecanoic Acid Production

To make the whole-cell system more efficient, the expression level of AlkBGT in W3110(pBGT) was optimized. Different concentrations of IPTG, 0.1, 0.2, 0.4, 0.6, and 0.8 mM, were tested in the cultivation conditions. The culture without the addition of IPTG was selected as the control. Whole-cell bioconversion was performed at 25°C. The yields and concentrations of ω-hydroxydecanoic acid in W3110(pBGT) collected following cultivation with different IPTG concentrations are shown in Figure 3A. With 0 mM IPTG addition, no ω-hydroxydecanoic acid accumulated due to the low expression of AlkBGT. The ω-hydroxydecanoic acid yields of whole cells induced by 0.1, 0.4, and 0.6 mM IPTG reached 0.24, 0.27, and 0.31 mol/mol, respectively. The highest concentration of ω-hydroxydecanoic acid was produced with the addition of 0.2 mM IPTG and reached 192.22 mg/L with the highest yield of 0.41 mol/mol (Figure 3A). When the concentration of IPTG increased to 0.8 mM, the yield of ω-hydroxydecanoic acid dropped dramatically to only approximately 0.15 mol/mol, which was only 36.6% of that of 0.2 mM IPTG. Hence, this result indicated that 0.2 mM IPTG was the optimum inducing concentration for AlkBGT overexpression in W3110(pBGT), and it was applied in further whole-cell bioconversion experiments.


[image: Figure 3]
FIGURE 3. The concentration (blue) and yield (orange) of ω-hydroxydecanoic acid produced by whole-cell conversion of W3110(pBGT) cultured with different concentrations of IPTG (A). The concentration (blue) and yield (orange) of ω-hydroxydecanoic acid produced at different temperatures by the whole-cell conversion of W3110(pBGT) cultured with 0.2 mM IPTG (B).


Incubation temperature affects the catalysis of enzymes during the process of whole-cell bioconversion. To further improve the biocatalysis of AlkBGT in whole-cell bioconversion, four different temperatures, 18, 25, 30, and 37°C, were investigated during bioconversion. The yields and concentrations of ω-hydroxydecanoic acid of W3110(pBGT) in different temperatures are shown in Figure 3B. When whole-cell bioconversion was performed at 18 and 37°C, the concentrations of ω-hydroxydecanoic acid were similar, approximately 63.92 and 70.98 mg/L, respectively, with low yields of ω-hydroxydecanoic acid. At 30°C, the concentration and yield of ω-hydroxydecanoic acid on decanoic acid increased to 130.1 mg/L and 0.28 mol/mol, which were approximately two times higher than those at 18°C. The best result was achieved at 25°C among all of these different temperatures. The highest concentration and yield of ω-hydroxydecanoic acid on decanoic acid reached 192.22 mg/L and 0.41 mol/mol (Figure 3B). Therefore, 25°C was the optimum temperature for whole-cell bioconversion and was applied for further studies.



Further Genetic Modification of the FA Degradation Pathway

In a previous study, it was demonstrated that single deletion of fadD and fadE or double deletion showed high enhancement of FA accumulation (Steen et al., 2010; Li et al., 2012; Cao et al., 2016; Jawed et al., 2016). Hence, it seemed that deletion of fadE and fadD in E. coli might block the β-oxidation of decanoic acid, the precursor of ω-hydroxydecanoic acid, and further enhance the yield of ω-hydroxydecanoic acid. Engineered strains NH01 (ΔfadE), NH02 (ΔfadD), and NH03 (ΔfadE ΔfadD) were constructed via a CRISPR-Cas9-based approach. pBGT was transformed into NH01, NH02 and NH03 and formed NH01(pBGT), NH02(pBGT), and NH03(pBGT), respectively. The yields and concentrations of ω-hydroxydecanoic acid of these strains are shown in Figure 4. As a result, higher yields of ω-hydroxydecanoic acid were found in these three mutants than in W3110(pBGT). The yield of ω-hydroxydecanoic acid on decanoic acid in NH01(pBGT) achieved 0.47 mol/mol, which was 14.6% higher than that in W3110(pBGT); however, it was 13% lower than that in NH02(pBGT) (0.54 mol/mol). The deletion of fadD seemed to prevent decanoic acid degradation more efficiently than the deletion of fadE. This result was also consistent with a previous study (Bae et al., 2014). This result might be explained because NH01 with only fadE knockout was still able to synthesize Acyl-CoA from FA, and then Acyl-CoA might be utilized further by other metabolic pathways. The highest yield of ω-hydroxydecanoic acid was found in NH03(pBGT) with deletions of both fadE and fadD, reaching 0.70 mol/mol, which was 70.7% higher than that of W3110(pBGT). Deleting the key genes fadE and fadD related to the β-oxidation cycle showed large effects on ω-hydroxydecanoic acid accumulation during whole-cell bioconversion due to the reduction of the catabolic degradation of decanoic acid.
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FIGURE 4. Profiles of decanoic acid (C10FA) consumption and ω-hydroxydecanoic acid (C10HFA) accumulation in the whole-cell bioconversion of W3110(pBGT), NH01(pBGT), NH02(pBGT), NH03(pBGT), and NH03(pBGT-fadL). (A) The concentration of decanoic acid, (B) the concentration of ω-hydroxydecanoic acid. The summary of the concentration (blue) and yield (orange) of ω-hydroxydecanoic acid at the final time point in different engineered strains (C).




Effect of Native Fadl Overexpression on Enhanced Decanoic Acid Consumption and ω-Hydroxydecanoic Acid Accumulation

Uptake of substrates, especially hydrophobic molecules, into cells through transporter proteins is critical and is one of the limiting steps in whole-cell bioconversion. It was proven by isotopic labeling that the deletion of fadD decreased FA transport levels (Weimar et al., 2002). Therefore, an important aspect of enhancing catalysis is to improve transport ability. In this study, overexpression of the transporter AlkL also showed no effect on ether decanoic acid consumption or ω-hydroxydecanoic acid accumulation (data not shown). The outer membrane protein FadL of E. coli plays an important role in importing FAs into the cell, and FadL allows the entry of small hydrophobic molecules into the outer membrane through a hydrophobic channel (Call et al., 2016). It was reported that overexpression of fadL resulted in increased conversion of long-chain fatty acids to ω-hydroxy long-chain fatty acids (Bae et al., 2014). To determine whether FadL might increase catalysis for ω-hydroxydecanoic acid production, the plasmid pBGT-fadL was constructed. The profiles of decanoic acid consumption and ω-hydroxydecanoic acid accumulation in whole-cell bioconversion of NH03(pBGT-fadL) are shown in Figure 4C. After 24 h of whole-cell bioconversion, 308.98 mg/L ω-hydroxydecanoic acid was observed, and the yield of ω-hydroxydecanoic acid on decanoic acid reached 0.86 mol/mol. The yield of ω-hydroxydecanoic acid on decanoic acid in NH03(pBGT-fadL) increased by ~22.8 and 110% relative to yields of the strains NH03(pBGT) and W3110(pBGT), respectively (Figure 4C). FadL overexpression increased the concentration and yield of ω-hydroxydecanoic acid, which might be because the expression of the transporter FadL enhanced the availability of decanoic acid for the AlkBGT hydroxylation system inside the cell. It was reported that a Pseudomonas aeruginosa outer membrane protein, ExFadLO, which belongs to the family of FadL proteins, was involved in the export of long-chain oxygenated fatty acids. According to a 3D model structure, ExFadLO had similar features and structural conformation to those described for previously crystallized FadL transporters from E. coli (Martínez et al., 2013). However, no conclusive evidence has been obtained for this hypothesis.



Biosynthesis of ω-Hydroxyoctanoic Acid and ω-Hydroxydodecanoic Acid

The study above suggested that a ω-hydroxydecanoic acid biosynthesis system with high efficiency has been established. It was demonstrated that AlkBGT is known to catalyze the oxyfunctionalization of medium-chain alkanes and fatty acids (Kusunose et al., 1964; Eggink et al., 1987). To further explore the substrate spectrum of this engineered whole-cell catalysis system of NH03 (pBGT-fadL), octanoic acid and dodecanoic acid, which are medium-chain fatty acids, were employed as substrates. The results are shown in Figures 5A,B. The bioconversion process of octanoic acid and dodecanoic acid was similar to that of decanoic acid. In the initial phase, highly increased product concentrations and decreased substrate levels were observed, whereas after 12 h of incubation, the rates of product accumulation and substrate consumption became slow. At 24 h, the accumulation of ω-hydroxyoctanoic acid reached 275.48 mg/L, and the yield of ω-hydroxyoctanoic acid on octanoic acid was 0.63 mol/mol. The accumulation of ω-hydroxydodecanoic acid reached 249.03 mg/L with a yield of 0.59 mol/mol (Figure 5C). It was noted that there are differences in efficiency among different fatty acid chain lengths. This phenomenon is consistent with a previous report, and it may be attributed to a specific amino acid position in the substrate-binding pocket of AlkB that determines the length of substrate (van Beilen et al., 2005). In the process of substrate uptake, small hydrophobic compounds can easily diffuse into the cell, but large hydrophobic molecules might be restrained by the outer membrane to some extent. However, most hydrophobic substrates are often toxic to living cells, and toxic substances that are detrimental impact bioconversion negatively, which is the major drawback in production (Scheps et al., 2013). Thereby, the lower bioconversion efficiency of octanoic acid than decanoic acid was probably caused by the variable toxicity of different chain lengths of fatty acids that accumulated in cells.
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FIGURE 5. Profiles of octanoic acid (C8FA) consumption and ω-hydroxy octanoic acid (C8HFA) accumulation in whole-cell bioconversion of NH03(pBGT-fadL) (A). Profiles of dodecanoic acid (C12FA) consumption and ω-hydroxy dodecanoic acid (C12HFA) accumulation in whole-cell bioconversion of NH03(pBGT-fadL) (B). Summary of the concentrations (blue) and yields (orange) of ω-hydroxyoctanoic acid and ω-hydroxydodecanoic acid at the final time point in NH03(pBGT-fadL) (C).





CONCLUSION

In this study, several strategies were applied to enhance the whole-cell bioconversion of strains, including optimized overexpression of alkBGT from P. putida GPo1, deletion of the FA β-oxidation-associated key enzymes FadE and FadD, and overexpression of the native FadL. The concentrations of ω-hydroxyoctanoic acid, ω-hydroxydecanoic acid and ω-hydroxydodecanoic acid in NH03(pBGT-fadL) reached 275.48, 308.98, and 249.03 mg/L, respectively. The yields reached 0.63, 0.86, and 0.56 mol/mol, respectively. This study demonstrated the great potential of these engineered strains for the production of ω-hydroxy medium-chain fatty acids from medium-chain fatty acids by whole-cell bioconversion.
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Rhamnolipids (RLs) are important bioproducts that are regarded as promising biosurfactant for applications in oil exploitation, cosmetics, and food industry. In this study, the newly isolated Pseudomonas aeruginosa KT1115 showed high production of di-RLs. The highest yield of RLs by P. aeruginosa KT1115, reaching 44.39 g/L after 8 days of fermentation in a 5 L bioreactor, was obtained from rapeseed oil-nitrate medium after process optimization. Furthermore, we established a new separation process that achieved up to 91.82% RLs recovery with a purity of 89% and further obtained mono/di-rhamnolipids. Finally, ESI-MS analysis showed that the RLs produced by strain KT1115 have a high proportion of di-RLs (mono-RLs: di-RLs = 11.47: 88.53), which have a lower critical micelle-forming concentration (8 mN/m) and better emulsification ability with kerosene (52.1% EI24) than mono-RLs (167 mN/m and 41.4% EI24, respectively). These results demonstrated that P. aeruginosa KT1115 is a potential industrial producer of di-RLs, which have improved applicability and offer significant commercial benefits.

Keywords: high-yielding, di-rhamnolipids, separation, CMC, emulsifying activity


INTRODUCTION

Rhamnolipids (RLs), which are mainly produced by Pseudomonas aeruginosa, are the most intensively studied glycolipid biosurfactants (Seul Ki et al., 2011; Sodagari et al., 2013). Rhamnolipid surfactants were shown to reduce the surface tension of water from 72 to 28 mN/m, and the interfacial tension of water-oil systems from 43 to <1 mN/m (Liang-Ming et al., 2008). RLs have significant advantages in emulsification, wetting, dispersion, dissolution, and decontamination. Consequently, they have been widely used in oil exploration, cosmetics, food, and other industries owing to their high specificity, biodegradability, and biocompatibility (Mulligan, 2005).

RLs are synthesized by covalently linking one or two rhamnose moieties with one or two hydroxy fatty acids, and the corresponding types are designated as mono- or di-RLs based on the number of rhamnose units (Rendell et al., 1990). The components and properties of RLs are profoundly influenced by the producing strains and cultivation conditions (Rahman et al., 2010). For instance, the ratio of mono- and di-RLs produced by P. aeruginosa mainly lies between 40:60 and 30:70 (Matasandoval et al., 1999; Jadhav et al., 2018). The percentage of mono-RLs even reaches 68.35% of the total RL content produced by P. aeruginosa MN1 (Arino et al., 1996; Samadi et al., 2012). Compared to mono-RLs, di-RLs possess higher surface activity, and therefore show great potential in oily sludge dewatering and lignocellulose degradation (Xuwei et al., 2013; Jiang et al., 2014). However, there is little available information in terms of systematic comparative analysis of the physicochemical properties of mono- and di-RLs.

To better understand the characteristics of different RLs components, separation, and purification are the first and most important step. More than half of the cost of RLs production is due to downstream processing, and is still no economical and reliable downstream technology for the recovery and purification of RLs at the industrial scale (Roger and Banat, 2012; Rienzo et al., 2016). The most commonly employed separation techniques for the isolation of RLs from the fermentation broth include foam separation, membrane separation and adsorption (Isa et al., 2007; Rienzo et al., 2016; Jadhav et al., 2018). However, these methods are mainly used for crude RLs separation, and the lack of a quick and effective separation method is the main bottleneck holding back research on mono- and di-RLs.

In our previous study, a RLs-producing strain was successfully isolated from oil-contaminated soil, and was identified as P. aeruginosa KT1115. To achieve high RLs production using P. aeruginosa KT1115, process optimization in a rapeseed oil-nitrate medium was first conducted. Afterwards, a rapid and efficient purification and separation method for mono- and di-RLs was established. Finally, a comprehensive physicochemical characterization of the isolated mono- and di-RLs was carried out.



MATERIALS AND METHODS


Strains, Media, and Culture Conditions

Pseudomonas aeruginosa KT1115 was isolated from soil samples using CTAB screening (Varjani and Upasani, 2016). Luria-Bertani (LB) medium containing 10 g/L tryptone, 5 g/L yeast extract and 10 g/L NaCl was used for seed culture. The rapeseed oil-nitrate medium (RON) containing 60 g/L rapeseed oil (Jinlongyu, China), 6 g/L NaNO3, 3 g/L yeast extract, 1 g/L KH2PO4, 1 g/L Na2HPO4, 0.1 g/L CaCl2·2H2O, and 0.1 g/L MgSO4 was used for fermentation.

All chemicals and solvents were of analytical grade and purchased from Sahn Chemical Technology Co. Ltd. (Shanghai, China). Aliquots comprising 100 mL seed and fermentation medium were dispensed into Erlenmeyer flasks (500 mL) and sterilized at 121°C for 20 min. Seed culture and bacterial fermentation were performed at 37°C and 180 rpm for 8 days. All experiments were performed in triplicates.



Single-Factor Optimization

Single factor experiments were applied to optimize the liquid fermentation conditions. The influence of different pH values (5.5, 6, 6.5, 7, 7.5, 8, and 9) concentrations of metals including calcium (0, 0.5, 1, 5, and 10 mM) and magnesium (0, 0.5, 1, 2, 5, and 10 mM), rapeseed oil concentrations (10, 20, 40, 60, 80, and 100 g/L), yeast extract concentrations (0, 3, 6, 9, and 12 g/L), NaNO3 concentrations (0, 3, 6, 9, and 12 g/L), KH2PO4 concentrations (0, 1, 2, 5, 10, 20, and 50 g/L), Na2HPO4 concentrations (0, 1, 2, 5, 10, 20, and 50 g/L), and different inoculum sizes (1, 5, 10, 15, and 20%) on the production of RLs was evaluated. Quantitative analysis of rhamnolipids was conducted using anthrone colorimetry (Heyd et al., 2008).



Extraction and Purification of Rhamnolipids

RLs products were extracted based on a procedure described previously (Déziel et al., 1999), with minor modifications as follows: The bacterial cells were first removed by centrifugation (15,000 × g, 20 min), after which different concentrations of ethanol (10, 20, 30, 40, and 50%) were added to the supernatant to precipitate proteins. The samples were kept at 4°C for different times (3, 6, 9, and 18 h). The supernatants were centrifuged at 15,000 × g for 10 min, and the pH value was adjusted to 2.0 using different acids (H3PO4, H4SO4, HCl, and HNO3). Then, the acidified supernatants were kept at 4°C for different times (3, 6, 9, and 18 h) to precipitate the RLs. The precipitates were centrifuged 15,000 × g for 10 min and the crude RLs were placed into a drying oven at 90°C for 10 h. After that, petroleum ether was added to the anhydrous precipitated RLs for purification and centrifugation (15,000 × g for 10 min) to obtain the purified rhamnolipids, which were used for further analysis.



ESI-MS Analysis

The RLs were dissolved in methanol solution, and RLs solutions with a concentration of 1 mg/mL were prepared for congener composition analysis by electrospray ionization mass spectrometry (ESI-MS). The ESI mass spectrum in negative ion mode was acquired using a capillary voltage of −3.5 kV, fragmentation voltage of 50 V and nitrogen as desolvation gas, which was heated to 325°C, at flow rate of 7 L/min. ESI tandem mass spectra were acquired by mass-selecting the target ion using the quadrupole mass analyzer followed by 20 eV collision-induced dissociation using nitrogen in the collision cell. The mass spectrometer was operated in negative ion mode scanning in the 50–1,000 m/z range.



Separation of Mono- and Di-rhamnolipids

Silica gel column chromatography was used to further separate mono-/di-RLs. The sample was loaded on top of the silica gel column and eluted with five different chloroform-methanol solvent systems of gradually increasing polarity. The five mobile phases CHCl3:CH3OH (v/v) were used in sequence: solution I was chloroform (100%), which was primarily used to remove the neutral lipids and other impurities, and solution II, solution III was chloroform/methanol (v/v) 97:3, which was primarily used to elute the mono-RLs and solution IV, solution V (chloroform/methanol = 93:7) to elute the di-RLs. Finally, the separation result was visualized by thin layer chromatography (TLC) using chloroform/methanol/H2O (65:7:2) as mobile phase (Samadi et al., 2012).



Determination of Critical Micelle Concentrations

Aqueous solutions of the RLs at different concentrations solutions (0–1,000 mg/L) were prepared to determine the critical micelle concentration (CMC) using the break point of the surface tension vs. the log of the bulk concentration curve. For the calibration of the instrument, the surface tension of pure water was measured before each set of experiments. These experiments were conducted in triplicates and the results were presented as averages.



Analysis of Emulsifying Activity

Solutions of the extracted RLs and purified mono/di-RLs at a concentration of 100 mg/L were prepared to determine the emulsification index, and compared with SDS and Tween 80 under the same conditions. A hydrophobic phase comprising 4 mL of hydrophobic organics (kerosene, liquid paraffin, and n-hexane, respectively) was mixed with 4 mL of the RLs solutions in the test tubes. The tubes were stirred using a vortex mixer for 2 min and the height of the emulsion layer was measured after 24 h to determine the emulsification index (EI24(%); Lovaglio et al., 2011).



Evaluation of the Stability of the Extracted RLs and Purified Mono/Di-RLs

The EI24 index were measured using liquid paraffin as emulsion phase to evaluate the stability of the extracted RLs and purified mono/di-RLs at a concentration of 100 mg/L. H3PO4 and NaOH at a concentration of 1 M were used to adjust the pH values. A series of solutions comprising 20 mL of RLs fraction were treated at different temperatures (4, 10, 20, 30, 40, 50, 60, 70, 80, and 90°C), different pH values (2, 4, 6, 8, 10, and 12), and different salinities (NaCl concentrations of 0, 1, 2, 4, 6, 8, 10, and 12%).




RESULTS AND DISCUSSION


Fermentation Optimization

The color change of the anthrone reagent is positively associated with the rhamnolipid concentration (100–800 mg/L). The linear correlation model between the diameters of oil spreading circle (y) and rhamnolipid concentrations (x) was described by an empirical equation as follows: y = 330.21 × −22.34 (R2 = 0.9979). According to the color change of the anthrone reagent, the amount of RLs in the culture was calculated using two positive linear correlation models. The single factor experiments showed that the medium composition and optimal fermentation conditions leading to the highest RLs production encompassed 60 g/L rapeseed oil, 6 g/L NaNO3, 3 g/L yeast extract, 1 g/L KH2PO4, 1 g/L Na2HPO4, 0.1 g/L CaCl2·2H2O, 0.1 g/L MgSO4, and inoculation at 1% inoculum size, followed by cultivation at 37°C, pH 7.5 and 180 rpm for 8 days. The strain KT1115 produced 44.39 g/L RLs after 10 days of fermentation in a 5-L bioreactor under the optimal fermentation conditions as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Bioreactor fermentation for rhamnolipid production.




Extraction and Purification of the Produced RLs

Because the extraction and purification of RLs is key to any detailed study of their characteristics, we established a new separation protocol consisting of four steps including cell removal, protein removal, acid precipitation, and petroleum ether purification.

Firstly, the appearance of emulsions is a great challenge during the extraction of RLs. Large amounts of proteins were present in the RLs fermentation broth, and were identified as an essential cause of emulsification (Damodaran, 2010). Thus, after removing the cells by centrifugation, an ethanol precipitation step for eliminating as much protein as possible from the broth was applied before RLs extraction. The effects of various ethanol concentrations and treatment times on protein removal rate and RLs recovery rate were determined (Figures 2A,B). The protein removal rate gradually increased with the increase of the ethanol concentration, and the increase of the protein removal rate and RLs recovery rate slowed down at concentrations exceeding 20% (Figure 2A). The optimal treatment time was 9 h as shown in Figure 2B.


[image: Figure 2]
FIGURE 2. Optimization of the crude RLs separation process. (A) The effects of different ethanol concentrations on the rhamnolipid recovery rate and protein removal rate; (B) The effects of different durations of ethanol precipitation on the rhamnolipid recovery rate and protein removal rate; (C) The effects of different acids on the RLs recovery rate. (D) Summary of purification of rhamnolipids from the fermentation broth. The rhamnolipid sample concentration was 10 g/L. The rhamnolipid recovery rate is calculated by comparing the pre- and post-treatment concentrations.


After removing the proteins, acid precipitation was used to further extract RLs, and the effects of different acids on RLs precipitation were investigated (Figure 2C). The results showed that a higher RLs recovery rate was obtained by using H3PO4 as the acid precipitating reagent at pH values of 2.0. Finally, petroleum ether was used to further purify the rhamnolipids, which are insoluble in petroleum ether, so that residual fats and lipid-soluble pigments in the rhamnolipid solution could be removed. Using this newly established four-step protocol, the final RLs product was separated from the fermentation broth with a high recovery rate of 91.82% and good purity of 89% (Figure 2D).



Analysis of the Molecular Composition of the Produced Rhamnolipids

ESI-MS was used to analyze the molecular composition of the RLs separated by acid precipitation as shown in Figure 3. The results revealed the presence of many RL homologs produced by P. aeruginosa KT1115 during growth on RON medium, with a major ion peak at m/z 649. As shown in Table 1, the RLs products encompassed both mono- and di-RLs, but di-RLs such as Rha2C10C10 at m/z 649 were detected as the major components. The results shown in Table 2 indicate that the KT1115 strain has excellent di-RLs production ability compared to previous reports. The four predominant RLs homologs were Rha2C10C10, Rha2C10C12, Rha2C10C12:1, and RhaC10C10 at 63.37, 10.59, 7.40, and 4.41% of the total, respectively. In addition, all di-rhamnolipid congeners added up to 88.5% of the total congeners in the biosurfactant mixture. This result demonstrates that P. aeruginosa KT1115 is a high di-rhamnolipid-yielding strain.


[image: Figure 3]
FIGURE 3. ESI-MS analysis of the produced rhamnolipids.



Table 1. Structural composition of rhamnolipids produced by strain KT1115.
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Table 2. Comparison of mono/di-rhamnolipids from different RL-producing strains.
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Separation of Mono- and Di-rhamnolipids

Silica gel column chromatography was used to separate mono- and di-RLs utilizing the polarity difference between the two RLs types. The eluent solution was assessed for RLs concentration as shown in Figure 4. As the polarity of the eluent increased, mono- and di-RLs were eluted successively. The results of thin-layer chromatography (TLC) suggested that the mono-/di-RLs produced by P. aeruginosa KT1115 were completely separated. In the TLC chromatogram, the lower spots are di-rhamnolipid structures, and the higher spots contain mono-rhamnolipid molecules (Figure 5).


[image: Figure 4]
FIGURE 4. The separation of mono- and di-RLs by silica gel column chromatography. Mono- and di-RLs were separated by gradient solvent elution. Tubes 0–10 were eluted with solvent II. Tubes 11–20 were eluted with solvent III to release mono-RLs. Tubes 21–30 tube were eluted with solvent IV, which confirmed that mono-RLs were entirely eluted because nothing was eluted in this fraction. Tubes 31–40 were eluted with solvent V to release di-RLs from the column.



[image: Figure 5]
FIGURE 5. TLC analysis of mono- and di-rhamnolipids separated by silica gel column chromatography. M, commercial rhamnolipids; Lanes 1,2, the samples eluted by solvent II; Lanes 3–7, the samples eluted by solvent III; Lanes 8,9, the samples eluted by solvent IV; Lanes 10–14, the samples eluted by solvent V.




Evaluation of the Surface-Active Properties of the Purified Mono- and Di-RLs
 
Critical Micelle Concentrations

The critical micelle concentration (CMC) is the concentration of a surfactant in a bulk phase, above which aggregates of surfactant molecules, so-called micelles, start to form. It is an important parameter for assessing the interfacial activity of surfactants (Elshikh et al., 2017). As the concentration of RLs increased, the surface tension value rapidly decreased, resulting in a sharp turn as shown in Figures 6A,B. And the surface tension dose not drop further above the CMC, which is extensively independent of the RLs concentration. The CMC can be calculated using the intersection between the regression straight line of the linearly dependent region and the straight line passing through the plateau. As determined by surface tension measurements, the CMC value of purified mono-RLs was 167 mN/m, whereas the value of purified di-RLs was much lower at 8 mN/m, proving that di-RLs have a better surface activity and are better biosurfactants than mono-RLs, as had been conjectured for a long time based on their respective structures. To the best of our knowledge, this is the first time that the CMC values of purified mono- and di-RLs were exactly determined.


[image: Figure 6]
FIGURE 6. The evaluation of surface tension and emulsifying activity. Relationship between the surface tension and concentration of mono-RLs (A) and di-RLs (B); Emulsifying activity of five surfactants was assessed using three hydrophobic organic compounds (C). The EI24 of the five surfactants at 100 mg/L were measured and their emulsifying activities with different substrates (kerosene, liquid paraffin, n-hexane)0020were compared.




Emulsifying Activity

The emulsifying activity of five surfactants, including RLs, mono-RLs, di-RLs, SDS, and Tween 80, was assessed using three hydrophobic organic compounds, namely, liquid paraffin, kerosene, and n-hexane. All RLs products showed a higher emulsifying activity than either SDS or Tween 80, and the EI24 values of RLs, mono-RLs and di-RLs with the three tested hydrophobic organic compounds were all >40% (Figure 6C). The high emulsifying activity of rhamnolipids makes them suitable for bioremediation of oil-polluted sites and application in microbial enhanced oil recovery (MEOR) (Wen-Jie et al., 2012).



Effects of Temperature, pH, and Ionic Strength on Biosurfactant Stability

The temperature and pH profiles of the emulsifying activity of the RLs products are shown in Figures 7A,B. The results indicated that temperature had little effect on the biosurfactant performance in a broad range from 20 to 80°C, whereby di-RLs had the best emulsification capacity. However, the emulsifying activity of RLs was significantly affected by the pH (Figure 7B). The emulsification activity of RLs was weak under strongly acidic conditions (pH 2–4). Nevertheless, the EI24 value of purified di-RLs was relatively stable under a wide range of pH values (4.0–12.0).


[image: Figure 7]
FIGURE 7. The stability of rhamnolipids. (A) Thermostability; (B) pH stability; (C) salt stability.


The effect of ionic strength on the emulsification capacity of different RLs products is shown in Figure 7C. The EI24 value was strongly reduced as the ionic strength was increased up to 10% NaCl concentration. As suggested above, purified di-RLs showed a better stability than purified mono-RLs.





DISCUSSION

Rhamnolipids (RLs), which are mainly produced by P. aeruginosa, have attracted the attention of researcher as biosurfactants with many potential industrial applications. There are many reports underscoring the superior biosurfactant properties of RLs, with promising potential applications such as biofilm disrupting, skin damage repair and perhaps even anticancer activity (Stipcevic et al., 2006; Kamal et al., 2012; Nivedita et al., 2013). However, the RLs secreted by P. aeruginosa, which has been used to obtain most of the published data, constitute a heterogeneous mixture of mono- and di-RLs. Thus, it is interesting to evaluate the individual biological properties of purified mono- and di-RLs.

Pseudomonas aeruginosa KT1115 was verified as a high di-RLs-yielding strain, with di-RLs comprising a major proportion of the final product (mono-RLs: di-RLs = 11.47: 88.53). The reported rhamnolipids with different mono-/di-RLs ratios have been summarized in Table 2. Many studies have shown that the di-rhamnolipid proportion varied greatly, and was mostly between 23 and 79% in RLs product from various P. aeruginosa strains (Matasandoval et al., 1999; Jadhav et al., 2018). The rhlC genes, which encode the rhamnosyltransferases involved in di-rhamnolipid production in P. aeruginosa, may affect the distribution of mono- and di-RLs as well as different carbon sources (Nicolò et al., 2017). Thus, the mechanism of high di-rhamnolipid production in P. aeruginosa KT1115 merits further study.

An effective RLs purification method was established in this study and we introduced a petroleum ether purification step in the purification procedure for the first time. This is a simple and effective purification method with a RLs recovery rate as high as 91.82%, affording RLs with a good purity of 89%. Membrane separation is a good choice for continuous separation of rhamnolipids. According to the literature, membrane separation enables more than 90% rhamnolipid recovery (Isa et al., 2008; Witek-Krowiak et al., 2011). However, the method used in this study achieves efficient separation of rhamnolipids without expensive equipment foundations and cumbersome operations compared with membrane separation. Subsequently, silica gel column chromatography was used to separate mono- and di-RLs with a suitable elution protocol, and it can provide guidance for future research. However, it is worth noting that the specific purification process will be different for varying mono/di ratios. For example, Yuan et al. used chloroform: methanol at ratios of 10:1, 2:1, 1:1, and 1:2 (v/v) as mobile phase to separate mono-/di-RLs from a mixture with di-RLs constituting over 70% of the total (Yuan et al., 2007).

Based on the newly established purification and separation protocol, purified RLs, and mono-/di-RLs were obtained, and the properties of the purified mono- and di-RLs were systematically evaluated. At present, the performance of di-RLs has not been studied after mono- and di-RLs separation, and their performance was only inferred from the different ratio of the di-RLs (Wen-Jie et al., 2012; Feng et al., 2018). In this study, we systematically evaluated properties of the purified mono- and di-RLs, and it shows that di-RLs have much lower CMCs than mono-RLs and higher emulsifying activity than other chemical surfactants including to of SDS and Tween 80. Moreover, di-RLs showed better performance on the characters of temperatures, pH values, and ionic strengths, indicated that they can be used in extreme environments (Banat et al., 2000).



CONCLUSIONS

Compared to mono-RLs, di-RLs possesses higher surface activity, which show great potential in surfactant industry. In this study, the newly isolated P. aeruginosa KT1115 produced 44.39 g/L of RLs in a 5 L bioreactor after process optimization. Efficiently 4-step RLs recovery method was established and 91.82% RLs recovery rate with purity of 89% was obtained. The newly established separation process provided a favorable foundation for evaluation of their properties. Afterwards, the results of ESI-MS revealed that P. aeruginosa KT1115 is a high di-RLs-yielding strain producing a high di-RLs proportion (mono-RLs: di-RLs = 11.47: 88.53). At the same time, the properties of purified mono- and di-RLs were assessed by TLC, CMC, and EI24 analyses. This study provides the basic knowledge on high di-rhamnolipid-yielding P. aeruginosa KT1115 and surfactant characteristics of mono/di-RLs. Further genome and transcriptome analysis of the genes involved RLs production may help us to understand the molecular mechanism and genetics of high di-RLs production of strain KT1115.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the manuscript/supplementary files.



AUTHOR CONTRIBUTIONS

JZ, RX, and SL designed and did all experiments, analyzed data, and wrote the paper. NX, FX, WZ, MJ, and WD contributed to the conception of the experiments and supervise the overall project.



FUNDING

This work was supported by the National Natural Science Foundation of China (Nos. 31961133017, 31700092, 21978129, and 21908102), National Key Research and Development Program of China (2018YFA0902200), the Jiangsu Province Natural Science Foundation for Youths (BK20170997, BK20170993), National Postdoctoral Program for Innovative Talents (BX20180140), China Postdoctoral Science Foundation (2018M642238), Jiangsu Synergetic Innovation Center for Advanced Bio-Manufacture of China, Project of State Key Laboratory of Materials-Oriented Chemical Engineering (ZK201601), Huaian Science Foundation HAB201702.



REFERENCES

 Arino, S., Marchal, R., and Vandecasteele, J. P. (1996). Identification and production of a rhamnolipidic biosurfactant by a Pseudomonas species. Appl. Microbiol. Biotechnol. 45, 162–168. doi: 10.1007/s002530050665

 Banat, I. M., Makkar, R. S., and Cameotra, S. S. (2000). Potential commercial applications of microbial surfactants. Appl. Microbiol. Biotechnol. 53, 495–508. doi: 10.1007/s002530051648

 Damodaran, S. (2010). Protein stabilization of emulsions and foams. J. Food Sci. 70, 54–66. doi: 10.1111/j.1365-2621.2005.tb07150.x

 Déziel, E., Lépine, F., Dennie, D., Boismenu, D., Mamer, O. A., and Villemur, R. (1999). Liquid chromatography/mass spectrometry analysis of mixtures of rhamnolipids produced by Pseudomonas aeruginosa strain 57RP grown on mannitol or naphthalene. Biochim. Biophys. Acta 1440, 244–252. doi: 10.1016/s1388-1981(99)00129-8

 Elshikh, M., Funston, S., Chebbi, A., Ahmed, S., Marchant, R., and Banat, I. M. (2017). Rhamnolipids from non-pathogenic Burkholderia thailandensis E264: physicochemical characterization, antimicrobial and antibiofilm efficacy against oral hygiene related pathogens. Nat. Biotechnol. 36, 26–36. doi: 10.1016/j.nbt.2016.12.009

 Feng, Z., Shi, R., Fang, M., Han, S., and Ying, Z. (2018). Oxygen effects on rhamnolipids production by Pseudomonas aeruginosa. Microb. Cell Fact. 17:39. doi: 10.1186/s12934-018-0888-9

 Heyd, M., Kohnert, A., Tan, T. H., Nusser, M., Kirschhöfer, F., Brenner-Weiss, G., et al. (2008). Development and trends of biosurfactant analysis and purification using rhamnolipids as an example. Anal. Bioanalyt. Chem. 391, 1579–1590. doi: 10.1007/s00216-007-1828-4

 Isa, M. H. M., Coraglia, D. E., Frazier, R. A., and Jauregi, P. (2007). Recovery and purification of surfactin from fermentation broth by a two-step ultrafiltration process. J. Membr. Sci. 296, 51–57. doi: 10.1016/j.memsci.2007.03.023

 Isa, M. H. M., Frazier, R. A., and Jauregi, P. (2008). A further study of the recovery and purification of surfactin from fermentation broth by membrane filtration. Separ. Purif. Technol. 64, 176–182. doi: 10.1016/j.seppur.2008.09.008

 Jadhav, J., Dutta, S., Kale, S., and Pratap, A. (2018). Fermentative production of rhamnolipid and purification by adsorption chromatography. Prep. Biochem. Biotechnol. 48, 234–241. doi: 10.1080/10826068.2017.1421967

 Jiang, L., Shen, C., Long, X., Zhang, G., and Meng, Q. (2014). Rhamnolipids elicit the same cytotoxic sensitivity between cancer cell and normal cell by reducing surface tension of culture medium. Appl. Microbiol. Biotechnol. 98, 10187–10196. doi: 10.1007/s00253-014-6065-0

 Kamal, A., Shaik, A. B., Kumar, C. G., Mongolla, P., Rani, P. U., Krishna, K. V., et al. (2012). Metabolic profiling and biological activities of bioactive compounds produced by Pseudomonas sp. strain ICTB-745 isolated from Ladakh, India. J. Microbiol. Biotechnol. 22, 69–79. doi: 10.4014/jmb.1105.05008

 Liang-Ming, W., Liu, P. W. G., Chih-Chung, M., and Sheng-Shung, C. (2008). Application of biosurfactants, rhamnolipid, and surfactin, for enhanced biodegradation of diesel-contaminated water and soil. J. Hazardous Mater. 151, 155–163. doi: 10.1016/j.jhazmat.2007.05.063

 Lotfabad, T. B., Abassi, H., Ahmadkhaniha, R., Roostaazad, R., Masoomi, F., Zahiri, H. S., et al. (2010). Structural characterization of a rhamnolipid-type biosurfactant produced by Pseudomonas aeruginosa MR01: enhancement of di-rhamnolipid proportion using gamma irradiation. Colloids Surf. B Biointerfaces 81, 397–405. doi: 10.1016/j.colsurfb.2010.06.026

 Lovaglio, R. B., Santos, F. J. D., Junior, M. J., and Contiero, J. (2011). Rhamnolipid emulsifying activity and emulsion stability: pH rules. Colloids Surf. B Biointerfaces 85, 301–305. doi: 10.1016/j.colsurfb.2011.03.001

 Matasandoval, J.C, Karns, J., and Torrents, A. (1999). High-performance liquid chromatography method for the characterization of rhamnolipid mixtures produced by Pseudomonas aeruginosa UG2 on corn oil. J. Chromatogr. A 864, 211–220. doi: 10.1016/s0021-9673(99)00979-6

 Mulligan, C. N. (2005). Environmental applications for biosurfactants. Environ. Pollut. 133, 183–198. doi: 10.1016/j.envpol.2004.06.009

 Nicolò, M. S., Cambria, M. G., Impallomeni, G., Rizzo, M. G., Pellicorio, C., Ballistreri, A., et al. (2017). Carbon source effects on the mono/dirhamnolipid ratio produced by Pseudomonas aeruginosa L05, a new human respiratory isolate. New Biotechnol. 39, 36–41. doi: 10.1016/j.nbt.2017.05.013

 Nivedita, S., Pemmaraju, S. C., Pruthi, P. A., Cameotra, S. S., and Vikas, P. (2013). Candida biofilm disrupting ability of di-rhamnolipid (RL-2) produced from Pseudomonas aeruginosa DSVP20. Appl. Biochem. Biotechnol. 169, 2374–2391. doi: 10.1007/s12010-013-0149-7

 Rahman, K. S., Rahman, T. J., Mcclean, S., Marchant, R., and Banat, I. M. (2010). Rhamnolipid biosurfactant production by strains of Pseudomonas aeruginosa using low-cost raw materials. Biotechnol. Prog. 18, 1277–1281. doi: 10.1021/bp020071x

 Rendell, N. B., Taylor, G. W., Somerville, M., Todd, H., Wilson, R., and Cole, P. J. (1990). Characterisation of Pseudomonas rhamnolipids. Biochim. Biophys. Acta 1045, 189–193. doi: 10.1016/0005-2760(90)90150-V

 Rienzo, M. A. D. D., Kamalanathan, I. D., and Martin, P. J. (2016). Comparative study of the production of rhamnolipid biosurfactants by B. thailandensis E264 and P. aeruginosa ATCC 9027 using foam fractionation. Process Biochem. 51, 820–827. doi: 10.1016/j.procbio.2016.04.007

 Roger, M., and Banat, I. M. (2012). Microbial biosurfactants: challenges and opportunities for future exploitation. Trends Biotechnol. 30, 558–565. doi: 10.1016/j.tibtech.2012.07.003

 Samadi, N., Abadian, N., Ahmadkhaniha, R., Amini, F., Dalili, D., Rastkari, N., et al. (2012). Structural characterization and surface activities of biogenic rhamnolipid surfactants from Pseudomonas aeruginosa isolate MN1 and synergistic effects against methicillin-resistant Staphylococcus aureus. Folia Microbiol. 57, 501–508. doi: 10.1007/s12223-012-0164-z

 Sánchez, M., Aranda, F. J., Espuny, M. J., Marqués, A., Teruel, J. A., Manresa, Á., et al. (2007). Aggregation behaviour of a dirhamnolipid biosurfactant secreted by Pseudomonas aeruginosa in aqueous media. J. Colloid Interface Sci. 307, 246–253. doi: 10.1016/j.jcis.2006.11.041

 Seul Ki, K., Young Cheol, K., Sunwoo, L., Cheol, K. J., Young, Y. M., and In Seon, K. (2011). Insecticidal activity of rhamnolipid isolated from Pseudomonas sp. EP-3 against green peach aphid (Myzus persicae). J. Agric. Food Chem. 59, 934–938. doi: 10.1021/jf104027x

 Sodagari, M., Wang, H., Newby, B. M. Z., and Ju, L. K. (2013). Effect of rhamnolipids on initial attachment of bacteria on glass and octadecyltrichlorosilane-modified glass. Colloid Surf. B Biointerfaces 103, 121–128. doi: 10.1016/j.colsurfb.2012.10.004

 Stipcevic, T., Piljac, A., and Piljac, G. (2006). Enhanced healing of full-thickness burn wounds using di-rhamnolipid. Burns 32, 24–34. doi: 10.1016/j.burns.2005.07.004

 Tiwary, M., and Dubey, A. K. (2018). Characterization of biosurfactant produced by a novel strain of Pseudomonas aeruginosa, isolate ADMT1. J. Surfactants Deterg. doi: 10.1002/jsde.12021

 Varjani, S. J., and Upasani, V. N. (2016). Core flood study for enhanced oil recovery through ex-situ bioaugmentation with thermo-and halo-tolerant rhamnolipid produced by Pseudomonas aeruginosa NCIM 5514. Bioresour. Technol. 220, 175–182. doi: 10.1016/j.biortech.2016.08.060

 Wen-Jie, X., Zhi-Bin, L., Han-Ping, D., Li, Y., Qing-Feng, C., and Yong-Qiang, B. (2012). Synthesis, characterization, and oil recovery application of biosurfactant produced by indigenous Pseudomonas aeruginosa WJ-1 using waste vegetable oils. Appl. Biochem. Biotech. 166, 1148–1166. doi: 10.1007/s12010-011-9501-y

 Witek-Krowiak, A., Witek, J., Gruszczynska, A., Szafran, R. G., Kozlecki, T., and Modelski, S. (2011). Ultrafiltrative separation of rhamnolipid from culture medium. World J. Microbiol. Biotechnol. 27, 1961–1964. doi: 10.1007/s11274-011-0655-0

 Xuwei, L., Guoliang, Z., Li, H., and Qin, M. (2013). Dewatering of floated oily sludge by treatment with rhamnolipid. Water Res. 47, 4303–4311. doi: 10.1016/j.watres.2013.04.058

 Yuan, X. Z., Ren, F. Y., Zeng, G. M., Zhong, H., Fu, H. Y., Liu, J., et al. (2007). Adsorption of surfactants on a Pseudomonas aeruginosa strain and the effect on cell surface lypohydrophilic property. Appl. Biochem. Biotechnol. 76, 1189–1198. doi: 10.1007/s00253-007-1080-z

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 © 2019 Zhou, Xue, Liu, Xu, Xin, Zhang, Jiang and Dong. 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.












	
	ORIGINAL RESEARCH
published: 27 November 2019
doi: 10.3389/fbioe.2019.00361






[image: image2]

Engineering Oleaginous Yeast as the Host for Fermentative Succinic Acid Production From Glucose

Mahsa Babaei1, Kanchana Rueksomtawin Kildegaard2, Aligholi Niaei1, Maryam Hosseini3, Sirous Ebrahimi4, Suresh Sudarsan2, Irini Angelidaki5* and Irina Borodina2*


1Department of Chemical & Petroleum Engineering, University of Tabriz, Tabriz, Iran

2The Novo Nordisk Foundation Center for Biosustainability, Technical University of Denmark, Lyngby, Denmark

3Department of Chemical Engineering, Faculty of Engineering, Azarbaijan Shahid Madani University, Tabriz, Iran

4Biotechnology Research Center, Faculty of Chemical Engineering, Sahand University of Technology, Tabriz, Iran

5Department of Environmental Engineering, Technical University of Denmark, Lyngby, Denmark

Edited by:
Hui Wu, East China University of Science and Technology, China

Reviewed by:
Jiangfeng Ma, Nanjing Tech University, China
 Chong Li, Chinese Academy of Agricultural Sciences, China

*Correspondence: Irina Borodina, irbo@biosustain.dtu.dk; Irini Angelidaki, iria@env.dtu.dk

Specialty section: This article was submitted to Industrial Biotechnology, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 15 September 2019
 Accepted: 12 November 2019
 Published: 27 November 2019

Citation: Babaei M, Rueksomtawin Kildegaard K, Niaei A, Hosseini M, Ebrahimi S, Sudarsan S, Angelidaki I and Borodina I (2019) Engineering Oleaginous Yeast as the Host for Fermentative Succinic Acid Production From Glucose. Front. Bioeng. Biotechnol. 7:361. doi: 10.3389/fbioe.2019.00361



Oleaginous yeast Yarrowia lipolytica is a prospective host for production of succinic acid. The interruption of tricarboxylic acid cycle through succinate dehydrogenase gene (SDH) deletion was reported to result in strains incapable of glucose utilization and this ability had to be restored by chemical mutation or long adaptive laboratory evolution. In this study, a succinate producing strain of Y. lipolytica was engineered by truncating the promoter of SDH1 gene, which resulted in 77% reduction in SDH activity but did not impair the ability of the strain to grow on glucose. The flux toward succinic acid was further improved by overexpressing the genes in the glyoxylate pathway and the oxidative TCA branch, and expressing phosphoenolpyruvate carboxykinase from Actinobacillus succinogenes. A short adaptation on glucose reduced the lag phase of the strain and increased its tolerance to high glucose concentrations. The resulting strain produced 7.8 ± 0.0 g/L succinic acid with a yield of 0.105 g/g glucose in shake flasks without pH control, while mannitol (11.8 ± 0.8 g/L) was the main by-product. Further investigations showed that mannitol accumulation was caused by low pH stress and buffering the fermentation medium eliminated mannitol formation. In a fed-batch bioreactor in mineral medium at pH 5, at which point according to Ka values of succinic acid, the major fraction of product was in acidic form rather than dissociated form, the strain produced 35.3 ± 1.5 g/L succinic acid with 0.26 ± 0.00 g/g glucose yield.

Keywords: metabolic engineering, succinic acid, SDH1, Yarrowia lipolytica, fed-batch fermentation


INTRODUCTION

Succinic acid (C4H6O4) is a potential platform chemical with a wide range of applications in food, pharmacy, biopolymers, coatings, green solvents, and plasticizers (Ahn et al., 2016). Succinic acid can be chemically converted into other value-added products, as 1,4-butanediol, γ-butyrolactone, N-methyl-2-pyrrolidone, tetrahydrofurane, and 2-pyrrolidone (Pateraki et al., 2016). Succinic acid market demand comprised 50,000 metric tons in 2016 and is expected to double by 2025 (Chinthapalli et al., 2018). The total plant capacity for production of succinic acid by fermentation is about 64,000 tons per year (BioAmber, Myriant—now GC Innovation America, Reverdia and Succinctly).

Various microbes have been engineered for production of succinate by fermentation. The highest volumetric rates have been reported for rumen bacterium Mannheimia succiniciproducens. The group of Sang Yup Lee reported titer of 78.4 g/L with yield of 1.64 mol/mol glucose and overall volumetric productivity of 6.02 g/L/h on a mixed feed of glycerol and sucrose (Lee et al., 2016). Bacterial fermentations typically require neutral pH and result in succinate salt. In the downstream processing, succinate must be acidified into succinic acid, generating large amounts of by-product, such as gypsum (Sauer et al., 2008). This can be avoided if the fermentation is to be carried out at low pH.

Many yeasts are tolerant to low pH, some species as Y. lipolytica can grow at pH as low as 3.5 (Mironczuk et al., 2016). Considering the pKa of succinic acid of 4.2 and 5.6 at 25°C (Dean, 1999), at pH 3.5 more than 80% of succinic acid would be in protonated form. Saccharomyces cerevisiae has been engineered for succinic acid production by Reverdia (joint venture of DSM and Roquette), which required, among other modifications, a deletion of pyruvate decarboxylases to prevent ethanol fermentation. In 2013, BioAmber/Mitsui switched from Escherichia coli as host microorganism to the yeast Candida krusei, a low pH-tolerant strain discovered by Cargill (Jansen and van Gulik, 2014).

In the past decade, non-conventional yeast Y. lipolytica has become relatively well-amenable for genetic manipulation and it has been engineered for commercial production of polyunsaturated fatty acids (DuPont) and lipids (Novogy, acquired by Total). This yeast has a long record of safe use, since it's been used as food additive and supplement in 80's and has undergone extensive toxicity tests for this purpose (Zinjarde, 2014). Some strains of Y. lipolytica are native overproducers of tricarboxylic acid (TCA) cycle acids: citric (Cavallo et al., 2017), isocitric (Kamzolova et al., 2013) and α-ketoglutaric (Guo et al., 2016), which renders the species a potentially attractive host for the production of another TCA cycle acid, namely succinic acid. Kamzolova et al have utilized the capability of this yeast to secrete high titers of α-ketoglutaric acid for succinic acid production in a two-step process. The strain VKMY-2412 was engineered to produce 88.7 g/L α-ketoglutaric acid, which was subsequently decarboxylized chemically to succinic acid in the presence of H2O2 (Kamzolova et al., 2014a,b).

A number of studies on engineering Y. lipolytica for direct succinic acid production have been published (Table 1).The common feature of all the reported strains is reduced succinate dehydrogenase activity, to decrease the succinate conversion into fumarate in the TCA cycle. The succinate dehydrogenase (SDH) complex in Y. lipolytica includes five subunits, flavoprotein subunit YALI0D11374g (SDH1), iron-sulfur subunit YALI0D23397g (SDH2), cytochrome b560 subunit YALI0E29667g (SDH3), membrane anchor subunit YALI0A14784g (SDH4), and succinate dehydrogenase assembly factor 2 YALI0F11957g (SDH5). The early study from Yuzbashev et al. (2010) reported a Y. lipolytica strain with deletion of SDH2 gene. The deletion of SDH2 gene impaired the utilization of glucose, while glycerol utilization was intact. The disruption of TCA cycle through inhibition of the conversion of succinate to fumarate by SDH gene deletion leads to insufficient regeneration of reducing equivalents (FADH2) that results in less ATP synthesis through oxidative phosphorylation in yeast cells. In addition, the export of produced succinic acid is an energy dependent process that aggravates the ATP deficiency in the SDH-deleted mutants. The inadequate ATP is considered as the reason for observed loss of the ability of cells to grow on glucose after SDH deletion. However, switching the carbon source from glucose to glycerol metabolism, on the other hand, generates 3 ATP molecules more than glucose that makes the cell growth and succinic acid production feasible even at low pH (Yuzbashev et al., 2011).


Table 1. Overview of production of succinic acid by Yarrowia lipolytica.
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A high viability mutant of the knock-out strain Y-3314 produced 17.4 g/L succinic acid from glycerol in shake flasks. The strain was further improved by chemical mutation and selection, a better performing mutant Y-4215 was identified, producing 50.2 g/L succinic acid on glucose (Yuzbashev et al., 2016). Sineokii et al. patented a strain of Y. lipolytica VKPM Y-3753, obtained by multistage mutagenesis using nitrosoguanidine and subsequent two-stage selection. The strain produced up to 60 g/L succinic acid in test tubes from glucose at low pH of 3 in rich medium (Sineokii et al., 2012). Optimization of the cultivation mode of this strain in bioreactor resulted in 55.3 g/L in 48 h produced on mineral medium with glucose without pH control (Bondarenko et al., 2017).

Jost et al. constructed a Y. lipolytica strain H222-AZ2 with a 64% reduction in SDH activity by replacing the indigenous endogenous promoter of gene SDH2 with the inducible promoter of 3-ketoacyl-CoA thiolase encoding gene (POT1) from Y. lipolytica, which is almost inactive in Y. lipolytica grown on glucose or glycerol (Jost et al., 2014). When strain H222-AZ2 was fermented in controlled bioreactors with oxygen limitation, succinic acid was produced at 25 g/L titer and 0.26 g/g glycerol yield with 0.152 g/L/h productivity.

A different approach was undertaken by the research group of Qingsheng Qi, who deleted SDH5 gene in PO1f strain (derivative of W29), obtaining PGC01003. This strain produced 198.2 g/L succinate on complex medium with glycerol in an in situ fibrous bed bioreactor (isFBB) with pH controlled at 6.0 (Li et al., 2017, 2018b). The yield was calculated at 0.42 g/g glycerol, however for complex media the yield numbers can be misleading because other media components are used as carbon sources as well. We will further only discuss the yields measured on mineral media with a single carbon source. The strain PGC01003 also had an impaired glucose metabolism, consuming <6 g/L glucose after 120 h in shake flask (Gao et al., 2016). The strain underwent adaptive laboratory evolution on glucose for 21 days to result in strain PSA02004, which produced 65.7 g/L succinate in complex medium with glucose at pH 6.0 (Yang et al., 2017). The strain was further evolved in an isFBB for around 60 days to give strain PSA3.0, which produced 18.4 g/L succinic acid at pH 3.0 (Li et al., 2018a). The authors also tried a rational approach, where the Δsdh5 strain PGC01003 was further engineered by deleting acetyl-CoA hydrolase (ACH1) and expressing phosphoenolpyruvate carboxykinase (PCK) from S. cerevisiae and endogenous succinyl-CoA synthase beta-subunit (SCS2) (Cui et al., 2017). The resulting strain PGC202 produced 110.7 g/L succinic acid on complex medium with glycerol without pH control (Cui et al., 2017); the authors did not report whether the ability to utilize glucose was restored in this strain. A year later, Yu et al. reported that the strain PGC202 was able to produce 53.6 g/L succinate in complex medium in bioreactors (Yu et al., 2018). However, in this study, the pH of the fermentation was not controlled and it dropped from 6.5 to only 5.1, which is contradictory to the theoretical pH drop that would occur at the concentration of succinic acid above 50 g/L (the final pH should be below 3, see also final pH values in fermentation without pH control in Table 1). The comparison of final succinic acid titer by all the developed strain so far (Table 1) shows that even the highest producer from glucose (about 50 g/L) is still far below the acceptable range of titer and productivity required for implementing in large-scale production. For commercial production of bulk chemicals using fermentation, the titers above 100–150 g/L are typically required and hence all the Y. lipolytica strains reported in literature so far are still far away from this goal.

In the current study, we engineered Y. lipolytica to produce succinic acid in mineral medium with glucose as the sole carbon source. The main aim was to construct the strain through rational metabolic engineering approach, rather than mutagenesis, to have the final strain fully genetically defined. The strain was engineered rationally by downregulating the expression of SDH1, which unlike SDH deletion, had no inhibitory effect on cell growth on glucose. The succinic acid production in this strain was further improved by optimizing the flux toward succinate through manipulation of the glyoxylate pathway, oxidative TCA branch, and reductive carboxylation pathways. The strain carries nine specific genome edits and presents a platform for further rational engineering toward succinic acid production.



MATERIALS AND METHODS


Strains, Culture Conditions, and Chemicals

Escherichia coli strain DH5α was used for cloning and plasmid propagation. Lysogeny Broth (LB) liquid medium or LB solid medium supplemented with 20 g/L agar containing 100 mg/L ampicillin was used for E.coli cultivation at 37°C.

Yarrowia lipolytica ST6512 with the genotype ku70Δ cas9::DsdA MatA was used as the parental strain. To construct this strain, simultaneous ku70 disruption and Cas9 insertion were performed by transforming linearized pCfB6364 into Y. lipolytica W29. The plasmid bears dsdAMX selection marker (Stovicek et al., 2015), which enables growth on D-serine as the sole nitrogen source (Vorachek-Warren and McCusker, 2004). All the strains are listed in Supplementary Table 1. The media used for growth of Y. lipolytica strains contained 10 g/L yeast extract, 20 g/L peptone (YP media), supplemented with 5% v/v glycerol (YPG media) or 2% w/v D-glucose monohydrate (YPD media), unless other concentrations are stated. Antibiotics were also supplemented when needed at following concentrations: hygromycin B (Thermo Fisher Scientific) at 400 mg/L and nourseothricin (Jena Bioscience GmbH) at 250 mg/L. The chemicals were all obtained from Sigma-Aldrich, unless otherwise mentioned.



Plasmid Construction

All plasmids and BioBricks used are listed in Supplementary Tables 2, 3, respectively. BioBricks were amplified by PCR using Phusion U polymerase (Thermo Fisher Scientific) with following thermal program: 98°C for 30 s, 30 cycles of (98°C for 10 s, 51°C for 30 s, 72°C for 30 s/kb), and 72°C for 5 min. BioBricks were then resolved on 1% agarose gels and purified using NucleoSpin®Gel and PCR Clean-up kit (Macherey-Nagel). The assembly of BioBricks into vectors was conducted by USER cloning (Holkenbrink et al., 2017). The parental vectors were digested with FastDigest SfaAl (Thermo Fisher Scientific) at 37°C for 60 min and nicked with Nb.BsmI (New England BioLabs) at 65°C for 60 min. BioBricks with compatible overhangs and SfaAl/Nb.BsmI-treated parental vectors prepared as above were incubated in CutSmart® buffer with USER enzyme (New England BioLabs) for 25 min at 37°C, followed by 10 min at 25°C, and transformation into E. coli. The colonies were tested by colony PCR and correct assembly was verified by DNA sequencing.



Construction of Y. lipolytica Strains

All the integrative vectors together with gRNA vectors are listed in Supplementary Table 2. Plasmids and BioBricks were transformed into parental strains by standard lithium acetate protocol (Chen et al., 1997) described in detail elsewhere (Holkenbrink et al., 2017). All the integration vectors were linearized with endonuclease NotI (Thermo Fisher Scientific) and gel purified for yeast transformation.

Genome editing of the strains, including gene knockout, and integration of single or multiple genes, were all performed according to the EasyCloneYALI Toolbox (Holkenbrink et al., 2017). Briefly, strain ST8218 with deleted gene YALI0E30965g (ACH1) was constructed by transforming 500–1,000 ng gRNA helper vector together with 500–1,000 ng of the repair template, which encodes 500 up- and 500 bp downstream sequences around the ACH1 open reading frame. The required repair templates were made according to EasyCloneYALI Toolbox (Holkenbrink et al., 2017). The right colonies were selected by colony PCR using OneTaq Master Mix (New England Biolabs) using the sequencing primers listed in Supplementary Table 4. For strain ST8507 with down-regulated SDH1 expression, crRNA sequence of gRNA vector was found by identifying the promoter region of gene YALI0D11374g (SDH1) as the target site on the online tool “CHOPCHOP” (http://chopchop.cbu.uib.no).

Screening of Y. lipolytica strains was carried out in 24-deep-well plates with air-penetrable metal lids (EnzyScreen, The Netherlands) containing 3 mL of YPG media with 60 g/L glycerol. A pre-culture of each Y. lipolytica strain was grown in 5 mL YPG medium (60 g/L glycerol) in 13-mL tubes overnight at 30°C and 250 rpm. The inoculation of all strains was done with an adequate amount of pre-culture to obtain the starting OD600 = 0.1. The plates were incubated at 30°C with shaking at 300 rpm at 5 cm orbit cast. Samples were taken after 4 days and analyzed for cell growth and succinic acid titer. All the experiments were run in triplicates, the average and standard deviation values are reported. All the measured standard deviations were below 20%.



Shake Flask Fermentation

The shake flask cultivations were carried out in either 250 or 500 mL shake flasks containing YPG or YPD media at the volume of 10 or 20% of the total flask volume. The flasks were inoculated with overnight pre-culture (described in section 0) to a starting OD600 of 0.1, and incubated at 30°C with shaking at 250 rpm. In the case of fermentation at neutral pH, solid CaCO3 corresponding to final concentration of 10 g/L was sterilized together with the shake flask, and the sterile medium was then added aseptically. Samples of 200 μL were taken aseptically at specific time intervals. All the experiments were run in triplicates, the average and standard deviation values are reported. All the measured standard deviations were below 20%.



Adaptation on Glucose

Adaptation of succinic acid producing Y. lipolytica strain on glucose was conducted in 250 mL shake flasks containing 50 mL of YPD medium with subsequently increasing initial glucose concentration. The adaptation was carried out in 3 independent lines and the transfer to new media was performed separately for each line. In first step, named as “transfer 1,” the shake flasks containing YPD with 20 g/L glucose were inoculated from overnight growing cells in YPG with 60 g/L glycerol to get an OD600 = 0.1. The cells were then grown at 30°C and 250 rpm up to OD600 5, after which an adequate amount was transferred to new medium to get an initial OD600 = 0.1. This process was repeated with increasing glucose concentrations in the medium.

To separate and purify the adapted isolates, the exponentially growing cells of the final transfer were serially diluted and cultivated on YPD plates containing 20 g/L glucose for 72 h at 30°C. Single isolates were tested for succinic acid production.



Fed-Batch Fermentation in Bioreactors

Fed-batch fermentation for succinate production was carried out in 1 L bioreactors (BIOSTAT® Q plus, Sartorius, Goettingen, Germany). The bioreactors were equipped with measurement probes for pH, dissolved oxygen (DO), temperature and cell density. During the fermentation, off-gas CO2 and O2 concentration was monitored continuously (Thermo Scientific Prima BT MS). Data acquisition was achieved with Lucullus software (Securecell AG, Switzerland). The seed culture was prepared by cultivating the adapted strain in 100 mL of mineral medium described by Maury et al. (2018) containing 20 g/L glucose, and incubating overnight at 30°C and 250 rpm. The seed culture was then centrifuged, washed twice and resuspended in 10 mL media and inoculated to the bioreactors containing 400 mL mineral medium (Maury et al., 2018) to a starting OD600 of 1.0. Fermentation was carried out at 30°C, with 1 vvm aeration and pH controlled at 5.0 by addition of 2M KOH. During the cultivation, the dissolved oxygen (DO) level was kept above 40% by cascaded control of stirrer speed and air input flow rate. For repeated fed-batch, sterile glucose was pulsed to a final concentration of 25–50 g/L in the reactor after observing a significant drop in CO2 levels.



Analytical Methods

In shake flask and deep well-plate experiments, cell growth was monitored by measuring the optical density at 600 nm (OD600) using NanoPhotometer (Implen GmbH, Germany). In the case of buffered fermentation, the samples were diluted with 1 M HCl to dissolve carbonate salts. To conversion of OD600 values to dry cell weight (DCW) was done by following empirical correlation:
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The activity of SDH enzyme in the strains was measured by using calorimetric assay kit (Sigma Aldrich, Denmark). Cell-free samples were prepared by homogenizing 1 × 106 cells in 100 μL of ice cold SDH Assay Buffer (provided by manufacturer) and centrifuging at 10,000 × g for 5 min. SDH activity was determined by generating dichlorophenolindophenol (DCIP) as product with absorbance at 600 nm, which is proportional to the enzymatic activity present. One unit of succinate dehydrogenase was defined as the amount of enzyme that generated 1.0 μmole of dichlorophenolindophenol (DCIP) per minute at pH 7.2 at 25°C.

Glucose, glycerol, succinic acid, and mannitol were all detected and quantified using high performance liquid chromatography (HPLC) Agilent 1,100 series with a refractive index detector and a Bio-Rad Aminex HPX-87H column (300 × 7.8 mm) with 5 mM H2SO4 as an eluent at a flow rate of 0.6 mL/min with column oven temperature set to 30°C. To protect the HPX-87H column from contamination and foreign particles, a guard column was fitted to the system. In repeated fed-batch fermentations in bioreactor, glucose concentration of the samples was measured enzymatically by YSI 2900 Biochemistry Analyzer (USA). The yield of succinic acid was defined as the amount of final succinic acid/succinate produced from 1 g of carbon source consumed.




RESULTS AND DISCUSSION


Metabolic Engineering of Y. lipolytica for Succinate Production

The cells synthesize succinate as an intermediate of the TCA cycle in mitochondria and as a product of glyoxylate cycle in the cytosol and peroxisomes. Succinate produced in glyoxylate pathway is transported into mitochondria, where it enters the TCA cycle. If succinate dehydrogenase SDH that converts succinate to fumarate were inactivated, then TCA and glycoxylate pathways would function in the linear mode with succinate as the product. However, succinate dehydrogenase is an essential enzyme in the obligatory aerobic Y. lipolytica and this enzymatic activity cannot be completely eliminated, but only attenuated. Hence, our strategy was to reduce the activity of SDH by decreasing gene expression.

To ease the strain engineering, we deleted KU70 gene that participates in non-homologous end-joining and introduced Y. lipolytica codon-optimized cas9 gene from Streptococcus pyogenes into the genome of Y. lipolytica strain W29. The resulting strain ST6512 had only a slightly lower maximum specific growth rate (0.43 ± 0.04 h−1) in comparison to the parental W29 strain (0.46 ± 0.03 h−1) (Supplementary Figure 1).

Further strain metabolic engineering was to interrupt TCA cycle, by trying to knock out the SDH5 gene, however this was not possible to do in our strain. In parallel, we continued with inactivation of the mitochondrial acetate production in ST6512, which would occur upon interruption of the TCA cycle and would cause growth inhibition (Gao et al., 2016; Cui et al., 2017). For this, we deleted YALI0E30965g gene, encoding the mitochondrial acetyl-CoA hydrolase (ACH1). The resulting strain (ST8218) and all the derived strains produced no acetate in fermentation experiments. Next step was the introduction of dicarboxylic acid transporter SpMae1 from Schizosaccharomyces pombe in order to improve the secretion of succinic acid. This transporter has been proven to increase malic acid titer significantly in S. cerevisiae (Zelle et al., 2008). We also recently showed that SpMae1 transporter is likely a SLAC1 voltage-dependent anion channel and is thus very energetically efficient (Darbani et al., 2019). Hence, we expressed transporter gene SpMae1 in ΔACH1 ST8218, to obtain strain ST8413.

Then we proceeded with downregulating the activity of succinate dehydrogenase, as an alternative method for SDH deletion. The enzyme consists of five protein subunits, each encoded by a separate gene (SDH1 to SDH5). SDH5 has been reported to be knocked out in Y. lipolytica W29 strain before (Gao et al., 2016). However, all our attempts to knock out this gene in the same background strain W29 with four different designed crRNAs (assembled to plasmids pCfB8032, pCfB8033, pCfB8114, and pCfB8115, Supplementary Table 2) were unsuccessful. We also tried to delete this gene using dominant selection marker (hygromycin B resistance) and large 500 bp homologous arms. This method typically works very well in Y. lipolytica, but we still could not obtain any colonies for SDH5 deletion mutants on either glycerol- or glucose-based media. This indicates that SDH5 is an essential gene. Two other subunits of succinate dehydrogenase SDH1 and SDH2 were reported to be essential previously (Yuzbashev et al., 2010). Hence, we decided to downregulate the SDH1 gene like following. The endogenous promoter of SDH1 gene was truncated to 95 bp upstream of the start codon (tPSDH1) in strain ST8413. The resulting strain ST8507 accumulated 1.2 ± 0.1 g/L succinate in 4 days in deep-well plate cultivation, while no succinate was produced by the parental strain ST8413 (Figure 2). The comparison between SDH activity in the parental strain ST8413 (0.012 ± 0.001 milliunits/μL) and in SDH1 promoter truncation strain ST8507 (0.003 ± 0.000 milliunits/μL) confirmed a significant reduction of SDH activity by 77% (Supplementary Figure 1). Further, the strain ST8507 had a lower growth with μmax decreasing from 0.49 ± 0.01 h−1 to 0.33 ± 0.02 h−1 and an 8-h longer lag phase (Supplementary Figure 2). This indicates the significant role of this gene in the cell growth and metabolism.

The strain was further engineered to improve succinic acid production through three different strategies (Figure 1). The first strategy was to enhance the carboxylation of reactions that generate oxaloacetate for the TCA cycle. Here, we expressed pyruvate carboxylase encoding genes: native (PYC), from S. cerevisiae (ScPYC1 and ScPYC2) or from A. succinogenes (AsPYC). We also tested the expression of phosphoenolpyruvate carboxykinase gene: native (PCK), from S. cerevisiae (ScPCK), or from A. succinogenes (AsPCK), to investigate whether PYC or PCK pathways were more effective on improving succinic acid titer. The second strategy was directed to increasing the flux through glyoxylate pathway, where additional copies of the native isocitrate lyase (ICL), malate synthase (MLS), and malate dehydrogenase (MDH) genes were expressed from strong constitutive promoters. The third strategy aimed to increase the flux through the oxidative TCA branch. For this, we expressed additional copies of succinyl-CoA synthase beta subunit (SCS2) and α-ketoglutarate dehydrogenase (KGDH) genes, again driven by strong constitutive promoters. A total of 11 strains were constructed and tested for succinate production on complex medium with glycerol as carbon source in deep-well plates (Figure 2).


[image: Figure 1]
FIGURE 1. Succinic acid and mannitol biosynthesis pathway from glucose as the sole carbon source in Yarrowia lipolytica. The engineered route for overexpression of genes in this study is highlighted with green arrows, deleted pathways highlighted in red, and downregulated pathway in orange. Gene nomenclature: Acetyl-CoA hydrolase (ACH1), phosphoenolpyruvate carboxykinase from A. succinogenes (AsPCK), pyruvate carboxylase from A. succinogenes (AsPYC), Isocitrate lyase (ICL), α-ketoglutarate dehydrogenase (KGDH), malate dehydrogenase (MDH), malate synthase (MLS), pyruvate carboxylase from S. cerevisiae (ScPYC), phosphoenolpyruvate carboxykinase from S. cerevisiae (ScPCK), succinyl-CoA synthase beta-subunit (SCS2), dicarboxylic acid transporter from S. pombe (SpMae1), pyruvate carboxylase from Y.lipolytica (YlPYC), phosphoenolpyruvate carboxykinase (YlPCK), succinate dehydrogenase subunit 1 under the control of truncated promoter (tPSDH1).



[image: Figure 2]
FIGURE 2. Succinic acid production by engineered strains of Y. lipolytica. The strains were cultivated on YP medium with 5% v/v of glycerol as carbon source in deep-well plates for 4 days. The highest producing strain ST8578 was selected for further study. The values are averages from three biological replicates, the error bars show the standard deviation.


For the carboxylation strategy, we saw a 42 and 45% improvement of succinate titer upon expression of pyruvate carboxylase and PEP carboxykinase from A. succinogenes, respectively (Figure 2). The expression of Yarrowia native or S. cerevisiae enzyme variants did not improve succinate production.

The glyoxylate pathway strategy, where ICL, MLS, and MDH genes were overexpressed resulted in 58% improvement of the succinate titer. The native glyoxylate pathway genes are repressed during the growth on glucose (Juretzek et al., 2001), while we used strong constitutive TEF promoter with its intron (pTEFin) for ICL expression (Tai and Stephanopoulos, 2013) and thus activated the pathway. These results can be compared with the results obtained by Cui et al., who expressed ICL gene under the control of HP4D promoter and could not see any improvement in succinate titer (Cui et al., 2017). In this study, we overexperessed ICL gene from TEF1 promoter with intron and we observed a positive effect on succinic acid production. The TEF1 promoter was shown to be 5-fold stronger than HP4D promoter in Y. lipolytica (Tai and Stephanopoulos, 2013).

Overexpression of the oxidative branch of the TCA cycle genes (SCS2 and KDGH) alone did not give an improvement of succinate production, but when combined with glyoxylate strategy, an improvement of 90% was obtained in comparison to the reference strain ST8507. These results shows the synergic and additive effect of genes in glyoxylate shunt and oxidative branch of TCA cycle, on succinic acid titer. Finally, we combined all three strategies (from the first strategy, we chose AsPCK expression, as both AsPCK and AsPYC showed similar effect on succinic acid titer) into strain ST8578 that gave 3.3 ± 0.2 g/L succinic acid, a 280% increase in comparison to the reference ST8507.



Growth and Succinic Acid Production of the Engineered Strain

The strains with inactivated SDH5 were previously reported to lose the ability to grow on glucose (Yang et al., 2017). To investigate the effect of reduced expression of SDH1, we studied the growth and product formation profile of the engineered strain ST8578 on complex medium, as shown in Figure 3, with glucose or glycerol as carbon source (0.6 C-mol substrate/L). The strain grew on glucose medium, however, the lag phase was longer compared to growth on glycerol (16 vs. 6 h). There were also distinct differences between the metabolites production on two media. Succinic acid was produced at a higher titer in glycerol medium compared to glucose medium, 3.4 ± 0.7 vs. 2.2 ± 0.1 g/L and with a higher yield, 0.20 ± 0.04 C-mol/C-mol glycerol vs. 0.13 ± 0.01 C-mol/C-mol glucose (Table 2). While succinic acid titer was higher on glycerol, there was also a by-product mannitol produced at 0.30 ± 0.04 g/L mannitol, which was not detected in glucose fermentation. When we used higher starting glycerol concentration, succinic acid titer decreased slightly, while mannitol increased to 3.6 ± 0.1 g/L. This presents a problem for using glycerol as carbon source for succinic acid production, because a large fraction of carbon is channeled to mannitol.


[image: Figure 3]
FIGURE 3. Performance of succinate-producing strain (ST8578) on glucose or glycerol as carbon source. The strains were cultivated in shake flasks on YP medium with 20 g/L glucose monohydrate (A), 18.5 g/L glycerol (B), or 40 g/L glycerol (C), with OD600 profile showing the ability of the cells to grow on glucose with longer lag phase compared to glycerol (D). The values are averages from three biological replicates, the error bars show the standard deviation.



Table 2. Shake flask fermentation results of ST8578 on YP media supplemented with 1.3 C-mol/L glycerol (40 g/L), 0.6 C-mol/L glycerol (18.5 g/L), and 0.6 C-mol/L D-glucose (20 g/L) after 48 h of cultivation.
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Glycerol is a more reduced substrate than glucose and generates an additional mol of NADH during the catabolism. If the culture is oxygen limited (as may happen at higher cell densities), the rate of NAD+ regeneration via oxidative phosphorylation will be slower than NADH generation (Diano et al., 2006). To manage the redox co-factor imbalance, Y. lipolytica begins synthesizing mannitol regenerating NAD+ in the process (Workman et al., 2013). Additionally, polyols as mannitol function as osmoprotectants, and their synthesis may be further induced by exposure to high concentrations of the substrate.



Adaptation of Final Engineered Strain on Glucose

While the strain engineered through downregulation of SDH1 preserved the ability to metabolize glucose, it had a longer lag phase on glucose than on glycerol and grew slower. We then carried out a short adaptation to shorten the lag phase and to increase the tolerance of the cells to high glucose concentrations.

For this purpose, a series of experiments in shake flasks with YP media containing initially 20 g/L glucose was started in 3 separate lines. The cells were transferred to the new medium when OD600 reached 5. If this OD value was reached within <20 h, then a serial transfer was done into a medium with a higher glucose concentration, otherwise glucose concentration in the next transfer was kept the same. The initial decrease in μmax from transfer number 1–2 is due to the presence of glycerol in the 1st transfer, which was inoculated with YPG-grown preculture (Figure 4A). The average μmax of all the three lines of transfers 2–5 was 0.16 ± 0.00 h−1, which is close to that on YPD with 20 g/L glucose (Table 2). This implies that with 5 transfers, the cells were adapted to utilize 60 g/L of glucose with no change in the maximum specific growth rate. For transfers 6 and 7 (80 and 100 g/L glucose), μmax value increased for lines 1&2 to 0.21 h−1, while it decreased for line 3 to 0.15 h−1.


[image: Figure 4]
FIGURE 4. Adaptation of succinate-producing strain ST8578 to high concentrations of glucose. (A) Maximum specific growth rates (μmax) are shown as the strains are serially transferred to media with higher glucose concentrations. (B) Succinate titer and yield of multiple adapted isolates of ST8578 was assessed in deep-well plates on YP medium with 100 g/L glucose after 48 h incubation (B). The isolate nr. 54 (iso-54) was chosen as the best producer.


As the adapted culture likely is a mixed population of different clones, we isolated single clones. A total of 59 single colonies were isolated from transfer 7 of Figure 4B, where 23 colonies were from line 1 (iso-1 to 23), 18 colonies from line 2 (iso-24 to 41), and 18 colonies from line 3 (iso-42 to 59). The results of deep-well plate fermentation of these 59 isolates in the medium containing 100 g/L glucose (Figure 4B) showed that isolates 48–54 from the slower growing line 3 had the highest succinic acid titer. Also from Figure 4B, it can be seen that the isolates 24–29 had improved growth on glucose through adaptation process, but had lost succinic acid production ability during this time course. The highest titer of succinic acid was for isolate 54, with 7.8 ± 0.0 g/L succinic acid after 48 h, corresponding to 0.105 g/g glucose yield, which was also the highest among the isolates. Therefore, after only 7 transfers, the isolate 54 (named adapted-ST8578) was obtained that was able to grow on YPD containing 100 g/L glucose.

The adapted strain was compared to the parental strain in 250 mL shake flasks containing YPD with 100 g/L glucose. The adaptation has shortened the lag phase for ~6 h (Figure 5), with the final biomass concentrations of 14.5 ± 0.5 g DCW/L and 12.8 ± 0.1 g DCW/L for non-adapted and adapted strains, respectively. The μmax increased from 0.14 ± 0.01 to 0.18 ± 0.00 h−1. The final titer of succinic acid increased 2.8-fold, from 2.7 ± 0.2 g/L succinic acid for the non-adapted strain to 7.8 ± 0.0 g/L for the adapted strain (Figure 5). Furthermore, the adapted strain utilized a higher fraction of the added glucose (63.6 ± 2.9 g/L of glucose vs. 45.5 ± 3.6 g/L of glucose for the non-adapted strain). Interestingly, the adapted strain produced large amount of mannitol, 11.8 ± 0.9 g/L vs. 0.2 ± 0.1 g/l for the non-adapted strain.
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FIGURE 5. Comparison of the succinate-producing strain ST8578 (A) and its adapted isolate (iso-54) (B). The strains were cultivated in shake flasks with YP medium containing 100 g/L glucose as carbon source. The values are averages from three biological replicates, the error bars show the standard deviation.




Suppression of Mannitol Production in the Adapted Strain

Mannitol is a sugar alcohol that is involved in carbohydrate storage, redox co-factor balancing, osmoprotection, and oxidative stress protection (Patel and Williamson, 2016). The pathway, also shown in Figure 1, is known to be activated under oxygen limitation (Diano et al., 2006). We tested whether higher aeration would decrease mannitol production by filling up the flasks with medium up to 10% instead of 20% of the total volume (Figures 6A,B). Based on results from Figure 5, the adapted cells were cultivated in YPD media containing 70 g/L, corresponding to glucose amount that could be utilized by the strain in 80 h (Figure 5B).


[image: Figure 6]
FIGURE 6. Effect of aeration rate and medium buffering on mannitol production. The adapted isolate 54 was cultivated in shake flasks on YP with 70 g/L glucose. (A) Cultivation volume was 20% of the total flask volume. (B) Cultivation volume was 10% of the total flask volume to obtain better aeration. (C) Cultivation volume was as in A, medium was buffered with 10 g/L calcium carbonate. The values are averages from three biological replicates, the error bars show the standard deviation.


Contrary to our hypothesis, the final mannitol titer was actually higher in the flask with better aeration (10% working volume), 8.4 ± 0.5 vs. 7.6 ± 0.6 g/L in the flask with normal aeration (20% working volume). The final biomass was similar for both conditions, 12.8 ± 1.1 g DCW/L for normal aeration (Figure 6A) and 12.4 ± 0.3 g DCW/L for high aeration (Figure 6B). These results imply that mannitol overproduction by the adapted strain was not caused by oxygen limitation. We then hypothesized that mannitol production could instead be caused by acidic pH stress. To investigate the effect of pH, we supplemented YPD medium containing 70 g/L glucose with 10 g/L CaCO3 for buffering (Figure 6C) and indeed this supplementation abolished mannitol production. Moreover, the glucose was depleted already at 48 h in contrast to 78 h in unbuffered fermentation. After glucose depletion, the cells started using succinate as the substrate. The final biomass at glucose depletion point was nearly double for the buffered fermentation, 23.3 ± 0.7 g DCW/L compared to 12.8 ± 1.1 g DCW/L. With no carbon wasted on mannitol synthesis, buffered fermentation also resulted in more succinate, 7.9 ± 0.1 g/L with a yield of 0.11 ± 0.00 g/g glucose (Figure 6C) compared to 3.3 ± 1.5 g/L and 0.05 ± 0.02 g/g glucose for unbuffered fermentation (Figure 6A). The secretion of mannitol started nearly at the same time as succinate production (Figures 5, 6), which confirms our hypothesis that mannitol production may be a cellular response to the acidic pH.



Fed-Batch Fermentation in Bioreactors

Finally, we tested the production of succinic acid in mineral medium at pH 5 in two controlled repeated fed-batch mode operated bioreactors. At this pH, the major fraction of product is in acidic form rather than dissociated form (according to calculations based on Ka values of succinic acid 6.2 × 10−5 and 2.3 × 10−6), which means that no succinic acid recovery is needed in the downstream process. The feeding was aimed to provide 25–50 g/L glucose to the culture on the time points of glucose depletion, which was indicated by CO2 production drop or pH increase. The batch phase with exponential growth was completed at around 22 h, after which the first pulse of feeding was spiked. As shown in Figures 7A,B for individual bioreactors, the process was highly reproducible with 32 and 39 g DCW/L and final succinate titer of 35.3 ± 1.5 g/L in 59 h of fermentation (Figure 7C). The yield 0.26 ± 0.00 g/g glucose was almost double as high as in the shake flask cultivations (section Suppression of mannitol production in the adapted strain). The productivity was 0.60 ± 0.03 g/L/h. The maximum uptake rate of glucose for adapted strain was 1.0 ± 0.03 g/L.h during batch phase. With similar growth condition and biomass concentration of 11 g/L, Moeller et al. reported a maximum glucose uptake rate of 1.1 ± 0.14 g/L.h for Y. lipolytica (Moeller et al., 2012). Comparison of these two values shows that the adapted strain has almost recovered all its capability of glucose utilization. However, the glucose consumption rate of Y. lipolytica is still much lower than other yeast species. For instance, the glucose uptake rate for succinate producer S. cerevisiae strain AH22ura3 (Raab et al., 2010) is more than two times higher than that of Y. lipolytica.


[image: Figure 7]
FIGURE 7. Bioreactor fermentation results of adapted strain in minimal medium in two 1 L fermenters, with online data for individual reactors (A,B), and offline measurements as average for both reactors (C), error bars indicate standard deviation calculated from the two independent bioreactor experiments.


The comparison of the results in our study with the titer of highest succinate producer of Y. lipolytica strain VKPM Y-3753 from glucose (Bondarenko et al., 2017, Table 1) shows that the later produces about 20 g/L higher than our strain. However, the titer for both processes is at least 100 g/L away from where it should be for commercial implementation. Hence a lot of future work is needed on both strains to bring them to the performance level required for production of a bulk chemical as succinic acid. The main advantage of adapted-ST8578 constructed in this study is that it has been developed through rational metabolic engineering approach and it is fully genetically defined. In contrast, VKPM Y-3753, strain was created by multiple rounds of mutagenesis and selection. The adapted-ST8578 can be further genetically modified or evolved/mutagenized following similar strategies as described by Bondarenko et al. and will likely reach higher performance. Eventually, the commercial process will need to be carried out at a lower pH, possibly even avoiding base addition altogether. For this, further strain and process optimizations are needed that go beyond the scope of this study.




CONCLUSION

The main aim of the study was to construct a variant of Y. lipolytica yeast capable of producing succinic acid from glucose through rational engineering. The successful engineering strategies included overexpression of glyoxylate pathway, oxidative TCA cycle branch, and reductive carboxylation, as well as expression of dicarboxylic acid transporter from S. pombe. A short adaptation of this strain on glucose reduced the lag phase and improved the growth rate at high glucose concentrations. The production of mannitol as by-product could be eliminated by maintaining a neutral pH. In fed-batch fermentation at pH 5, the succinic acid titer was 35.3 ± 1.5 g/L with the yield on glucose of 0.26 ± 0.00 g/g and volumetric productivity of 0.60 ± 0.03 g/L/h. At pH 5.0, the major fraction of product is in acidic form rather than dissociated form (according to calculations based on Ka values of succinic acid 6.2 × 10−5 and 2.3 × 10−6). Hence the ultimate goal of producing succinic acid from glucose was accomplished in the current work.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

MB, KR, and IB conceived the study and designed the experiments and analyzed the data. MB performed the experiments. The fed-batch fermentation was performed by MB and SS. MB, KR, MH, SE, AN, and IB wrote the manuscript. IB and IA secured the funding and supervised the project.



ACKNOWLEDGMENTS

The authors acknowledge the financial support from the Novo Nordisk Foundation (Grant Agreement No. NNF10CC1016517 and No. NNF15OC0016592), from the European Research Council under the European Union's Horizon 2020 research and innovation programme (YEAST-TRANS project, Grant Agreement No. 757384) and from Iranian Ministry of Science and Technology.

The authors acknowledge ARS culture collection (NRRL, USA) for providing Y. lipolytica W29 strain. We also thank Eko Roy Marella for developing W29 strain with Cas9.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2019.00361/full#supplementary-material



REFERENCES

 Ahn, J. H., Jang, Y. S., and Lee, S. Y. (2016). Production of succinic acid by metabolically engineered microorganisms. Curr. Opin. Biotechnol. 42, 54–66. doi: 10.1016/j.copbio.2016.02.034

 Bondarenko, P. Y., Fedorov, A. S., and Sineoky, S. P. (2017). Optimization of repeated-batch fermentation of a recombinant strain of the yeast Yarrowia lipolytica for succinic acid production at low pH. Appl. Biochem. Micro. 53, 882–887. doi: 10.1134/S0003683817090022

 Cavallo, E., Charreau, H., Cerrutti, P., and Foresti, M. L. (2017). Yarrowia lipolytica: a model yeast for citric acid production. FEMS Yeast Res. 17:fox084 doi: 10.1093/femsyr/fox084

 Chen, D. C., Beckerich, J. M., and Gaillardin, C. (1997). One-step transformation of the dimorphic yeast Yarrowia lipolytica. Appl. Microbiol. Biotechnol. 48, 232–235. doi: 10.1007/s002530051043

 Chinthapalli, R., Iffland, K., Aeschelmann, F., Raschka, A., and Carus, M. (2018). Succinic acid: New Bio-Based Building Block With a Huge Market and Environmental Potential? Nova-Institut GmbH. Retrieved from: http://www.bio-based.eu/reports/ (accessed April, 2019).

 Cui, Z., Gao, C., Li, J., Hou, J., Lin, C. S. K., and Qi, Q. (2017). Engineering of unconventional yeast Yarrowia lipolytica for efficient succinic acid production from glycerol at low pH. Metab. Eng. 42, 126–133. doi: 10.1016/j.ymben.2017.06.007

 Darbani, B., Stovicek, V., van der Hoek, S. A., and Borodina, I. (2019). Engineering energetically efficient transport of dicarboxylic acids in yeast Saccharomyces cerevisiae. Proc. Nat. Acad. Sci. 116, 19415–20. doi: 10.1073/pnas.1900287116

 Dean, J. A. (1999). Lange's Handbook of Chemistry. New York, NY; London: McGraw-Hill, Inc.

 Diano, A., Bekker-Jensen, S., Dynesen, J., and Nielsen, J. (2006). Polyol synthesis in Aspergillus niger: influence of oxygen availability, carbon and nitrogen sources on the metabolism. Biotechnol. Bioeng. 94, 899–908. doi: 10.1002/bit.20915

 Gao, C., Yang, X., Wang, H., Rivero, C. P., Li, C., Cui, Z., et al. (2016). Robust succinic acid production from crude glycerol using engineered Yarrowia lipolytica. Biotechnol. Biofuels 9:179. doi: 10.1186/s13068-016-0597-8

 Guo, H., Su, S., Madzak, C., Zhou, J., Chen, H., and Chen, G. (2016). Applying pathway engineering to enhance production of alpha-ketoglutarate in Yarrowia lipolytica. Appl. Microbiol. Biotechnol. 100, 9875–9884. doi: 10.1007/s00253-016-7913-x

 Holkenbrink, C., Dam, M. I., Kildegaard, K. R., Beder, J., Dahlin, J., Doménech Belda, D., et al. (2017). EasyCloneYALI: CRISPR/Cas9-based synthetic toolbox for engineering of the yeast Yarrowia lipolytica. Biotechnol. J. 13:9. doi: 10.1002/biot.201700543

 Jansen, M. L., and van Gulik, W. M. (2014). Towards large scale fermentative production of succinic acid. Curr. Opin. Biotechnol. 30, 190–197. doi: 10.1016/j.copbio.2014.07.003

 Jost, B., Holz, M., Aurich, A., Barth, G., Bley, T., and Müller, R. A. (2014). The influence of oxygen limitation for the production of succinic acid with recombinant strains of Yarrowia lipolytica. Appl. Microbiol. Biotechnol. 99, 1675–1686. doi: 10.1007/s00253-014-6252-z

 Juretzek, T., Le Dall, M., Mauersberger, S., Gaillardin, C., Barth, G., and Nicaud, J. (2001). Vectors for gene expression and amplification in the yeast Yarrowia lipolytica. Yeast 18, 97–113. doi: 10.1002/1097-0061(20010130)18:2<97::AID-YEA652>3.0.CO;2-U

 Kamzolova, S. V., Dedyukhina, E. G., Samoilenko, V. A., Lunina, J. N., Puntus, I. F., Allayarov, R. L., et al. (2013). Isocitric acid production from rapeseed oil by Yarrowia lipolytica yeast. Appl. Microbiol. Biotechnol. 97, 9133–9144. doi: 10.1007/s00253-013-5182-5

 Kamzolova, S. V., Vinokurova, N. G., Dedyukhina, E. G., Samoilenko, V. A., Lunina, J. N., Mironov, A. A., et al. (2014a). The peculiarities of succinic acid production from rapeseed oil by Yarrowia lipolytica yeast. Appl. Microbiol. Biotechnol. 98, 4149–4157. doi: 10.1007/s00253-014-5585-y

 Kamzolova, S. V., Vinokurova, N. G., Shemshura, O. N., Bekmakhanova, N. E., Lunina, J. N., Samoilenko, V. A., et al. (2014b). The production of succinic acid by yeast Yarrowia lipolytica through a two-step process. Appl. Microbiol. Biotechnol. 98, 7959–7969. doi: 10.1007/s00253-014-5887-0

 Lee, J. W., Yi, J., Kim, T. Y., Choi, S., Ahn, J. H., Song, H., et al. (2016). Homo-succinic acid production by metabolically engineered Mannheimia succiniciproducens. Metab. Eng. 38, 409–417. doi: 10.1016/j.ymben.2016.10.004

 Li, C., Gao, S., Li, X., Yang, X., and Lin, C. S. K. (2018a). Efficient metabolic evolution of engineered Yarrowia lipolytica for succinic acid production using a glucose-based medium in an in situ fibrous bioreactor under low-pH condition. Biotechnol. Biofuels 11:236. doi: 10.1186/s13068-018-1233-6

 Li, C., Gao, S., Yang, X., and Lin, C. S. K. (2018b). Green and sustainable succinic acid production from crude glycerol by engineered Yarrowia lipolytica via agricultural residue based in situ fibrous bed bioreactor. Bioresour. Technol. 249, 612–619. doi: 10.1016/j.biortech.2017.10.011

 Li, C., Yang, X., Gao, S., Wang, H., and Lin, C. S. K. (2017). High efficiency succinic acid production from glycerol via in situ fibrous bed bioreactor with an engineered Yarrowia lipolytica. Bioresour. Technol. 225, 9–16. doi: 10.1016/j.biortech.2016.11.016

 Maury, J., Kannan, S., Jensen, N. B., Öberg, F. K., Kildegaard, K. R., Forster, J., et al. (2018). Glucose-dependent promoters for dynamic regulation of metabolic pathways. Front. Bioeng. Biotechnol. 6:63. doi: 10.3389/fbioe.2018.00063

 Mironczuk, A. M., Rzechonek, D. A., Biegalska, A., Rakicka, M., and Dobrowolski, A. (2016). A novel strain of Yarrowia lipolytica as a platform for value-added product synthesis from glycerol. Biotechnol. Biofuels. 9:180. doi: 10.1186/s13068-016-0593-z

 Moeller, L., Zehnsdorf, A., Aurich, A., Bley, T., and Strehlitz, B. (2012). Substrate utilization by recombinant Yarrowia lipolytica growing on sucrose. Appl. Microbiol. Biotechnol. 93:1695. doi: 10.1007/s00253-011-3681-9

 Patel, T. K., and Williamson, J. D. (2016). Mannitol in plants, fungi, and plant–fungal interactions. Trends Plant Sci. 21, 486–497. doi: 10.1016/j.tplants.2016.01.006

 Pateraki, C., Patsalou, M., Vlysidis, A., Kopsahelis, N., Webb, C., Koutinas, A. A., et al. (2016). Actinobacillus succinogenes: advances on succinic acid production and prospects for development of integrated biorefineries. Biochem. Eng. J. 112, 285–303. doi: 10.1016/j.bej.2016.04.005

 Raab, A. M., Gebhardt, G., Bolotina, N., Weuster-Botz, D., and Lang, C. (2010). Metabolic engineering of Saccharomyces cerevisiae for the biotechnological production of succinic acid. Metab. Eng. 12, 518–525. doi: 10.1016/j.ymben.2010.08.005

 Sauer, M., Porro, D., Mattanovich, D., and Branduardi, P. (2008). Microbial production of organic acids: expanding the markets. Trends Biotechnol. 26, 100–108. doi: 10.1016/j.tibtech.2007.11.006

 Sineokii, S. P., Sobolevskaya, T. N., and Lukina, G. P. (2012). Yeast Strain Yarrowia Lipolytica VKPM Y-3753 Is A Succinic Acid Producer. RF Patents 46.

 Stovicek, V., Borja, G. M., Forster, J., and Borodina, I. (2015). EasyClone 2.0: expanded toolkit of integrative vectors for stable gene expression in industrial Saccharomyces cerevisiae strains. J. Ind. Microbiol. Biotechnol. 42, 1519–1531. doi: 10.1007/s10295-015-1684-8

 Tai, M., and Stephanopoulos, G. (2013). Engineering the push and pull of lipid biosynthesis in oleaginous yeast Yarrowia lipolytica for biofuel production. Met. Eng. 15, 1–9. doi: 10.1016/j.ymben.2012.08.007

 Vorachek-Warren, M. K., and McCusker, J. H. (2004). DsdA (D-serine deaminase): a new heterologous MX cassette for gene disruption and selection in Saccharomyces cerevisiae. Yeast 21, 163–171. doi: 10.1002/yea.1074

 Workman, M., Holt, P., and Thykaer, J. (2013). Comparing cellular performance of Yarrowia lipolytica during growth on glucose and glycerol in submerged cultivations. AMB Express 3, 1–9. doi: 10.1186/2191-0855-3-58

 Yang, X., Wang, H., Li, C., and Lin, C. S. K. (2017). Restoring of glucose metabolism of engineered Yarrowia lipolytica for succinic acid production via a simple and efficient adaptive evolution strategy. J. Agric. Food Chem. 65, 4133–4139. doi: 10.1021/acs.jafc.7b00519

 Yu, Q., Cui, Z., Zheng, Y., Huo, H., Meng, L., Xu, J., et al. (2018). Exploring succinic acid production by engineered Yarrowia lipolytica strains using glucose at low pH. Biochem. Eng. J. 139, 51–56. doi: 10.1016/j.bej.2018.08.001

 Yuzbashev, T. V., Bondarenko, P. Y., Sobolevskaya, T. I., Yuzbasheva, E. Y., Laptev, I. A., Kachala, V., et al. (2016). Metabolic evolution and 13C flux analysis of a succinate dehydrogenase deficient strain of Yarrowia lipolytica. Biotechnol. Bioeng. 113, 2425–2432. doi: 10.1002/bit.26007

 Yuzbashev, T. V., Yuzbasheva, E. Y., Laptev, I. A., Sobolevskaya, T. I., Vybornaya, T. V., Larina, A. S., et al. (2011). Is it possible to produce succinic acid at a low pH? Bioeng. Bugs 2, 115–119. doi: 10.4161/bbug.2.2.14433

 Yuzbashev, T. V., Yuzbasheva, E. Y., Sobolevskaya, T. I., Laptev, I. A., Vybornaya, T. V., Larina, A. S., et al. (2010). Production of succinic acid at low pH by a recombinant strain of the aerobic yeast Yarrowia lipolytica. Biotechnol. Bioeng. 107, 673–682. doi: 10.1002/bit.22859

 Zelle, R. M., De Hulster, E., Van Winden, W. A., De Waard, P., Dijkema, C., Winkler, A. A., et al. (2008). Malic acid production by Saccharomyces cerevisiae: engineering of pyruvate carboxylation, oxaloacetate reduction, and malate export. Appl. Environ. Microbiol. 74, 2766–2777. doi: 10.1128/AEM.02591-07

 Zinjarde, S. S. (2014). Food-related applications of Yarrowia lipolytica. Food Chem. 152, 1–10. doi: 10.1016/j.foodchem.2013.11.117

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 © 2019 Babaei, Rueksomtawin Kildegaard, Niaei, Hosseini, Ebrahimi, Sudarsan, Angelidaki and Borodina. 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.












	
	REVIEW
published: 09 January 2020
doi: 10.3389/fbioe.2019.00440






[image: image2]

Recent Advances of L-ornithine Biosynthesis in Metabolically Engineered Corynebacterium glutamicum

Xiao-Yu Wu1, Xiao-Yan Guo1, Bin Zhang1*, Yan Jiang1 and Bang-Ce Ye2


1Jiangxi Engineering Laboratory for the Development and Utilization of Agricultural Microbial Resources, College of Bioscience and Engineering, Jiangxi Agricultural University, Nanchang, China

2Laboratory of Biosystems and Microanalysis, State Key Laboratory of Bioreactor Engineering, East China University of Science and Technology, Shanghai, China

Edited by:
Hui Wu, East China University of Science and Technology, China

Reviewed by:
Xixian Xie, Tianjin University of Science and Technology, China
 Tsutomu Tanaka, Kobe University, Japan

*Correspondence: Bin Zhang, zhangbin2919@163.com

Specialty section: This article was submitted to Industrial Biotechnology, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 16 October 2019
 Accepted: 11 December 2019
 Published: 09 January 2020

Citation: Wu X-Y, Guo X-Y, Zhang B, Jiang Y and Ye B-C (2020) Recent Advances of L-ornithine Biosynthesis in Metabolically Engineered Corynebacterium glutamicum. Front. Bioeng. Biotechnol. 7:440. doi: 10.3389/fbioe.2019.00440



L-ornithine, a valuable non-protein amino acid, has a wide range of applications in the pharmaceutical and food industries. Currently, microbial fermentation is a promising, sustainable, and environment-friendly method to produce L-ornithine. However, the industrial production capacity of L-ornithine by microbial fermentation is low and rarely meets the market demands. Various strategies have been employed to improve the L-ornithine production titers in the model strain, Corynebacterium glutamicum, which serves as a major indicator for improving the cost-effectiveness of L-ornithine production by microbial fermentation. This review focuses on the development of high L-ornithine-producing strains by metabolic engineering and reviews the recent advances in breeding strategies, such as reducing by-product formation, improving the supplementation of precursor glutamate, releasing negative regulation and negative feedback inhibition, increasing the supply of intracellular cofactors, modulating the central metabolic pathway, enhancing the transport system, and adaptive evolution for improving L-ornithine production.

Keywords: L-ornithine, Corynebacterium glutamicum, metabolic engineering, genetic engineering, fermentation


INTRODUCTION

The amino acid market is worth several billion dollars. Hence, the production of amino acids has been an active field of biotechnology research in recent years (Lee and Wendisch, 2017; Li et al., 2017; D'Este et al., 2018). Currently, most amino acids are produced by microbial fermentation, a technique adopted in Japan several decades ago. Microbial fermentation is an eco-friendly technology, which can address the growing concerns about environmental issues and can be used to establish a sustainable economy independent of fossil fuels (Becker et al., 2018; Kogure and Inui, 2018). L-ornithine, a non-protein amino acid, is widely used to improve human health as it is reported to have beneficial effects on the liver and the heart (Acharya et al., 2009; Rathi and Taneja, 2018; Butterworth and McPhail, 2019). L-ornithine is also produced by microbial fermentation using Escherichia coli, Saccharomyces cerevisiae, or Corynebacterium glutamicum as the microbial cell factory (Mitsuhashi, 2014; Becker and Wittmann, 2015). E. coli is a widely used microbe for the development of engineered strains to produce chemicals as it has several advantages, such as rapid propagation, availability of a completely sequenced genome, and ease of genetic manipulation (Sarria et al., 2017; Li et al., 2018). E. coli could be engineered for producing L-ornithine by rational modulation of the urea cycle and optimizing the fermentation process (Lee and Cho, 2006). However, E. coli synthesizes endotoxin, which is banned in the food and pharmaceutical industries (Okuda et al., 2016). This limits the application of E. coli as an ideal host to produce L-ornithine. S. cerevisiae, an alternative host, has been identified as a generally recognized as safe (GRAS) strain. S. cerevisiae exhibits strong robustness or tolerance to harsh growing conditions and is used for the production of various food and pharmaceutical compounds (Guo et al., 2018; Yu et al., 2018; Luo et al., 2019). Modular metabolic engineering strategies were used to engineer the carbon source transport system, central metabolic pathway, ammonia metabolism, energy supply, and transport of small molecular weight compounds in S. cerevisiae to produce L-ornithine (Qin et al., 2015). However, the production titer of L-ornithine was low when S. cerevisiae was used as a chassis microorganism and hence, the process could not be scaled up to industrial production. As shown in Table 1, C. glutamicum is predominantly used to produce L-ornithine. C. glutamicum, a gram positive bacterium, was intensively engineered by mutation breeding to enable utilization of a broad spectrum of carbon sources to produce desired chemical compounds (Jeandet et al., 2018; Becker and Wittmann, 2019; Kim et al., 2019). Recent developments in genetic manipulation tools have enabled further genetic modifications, which can further improve L-ornithine production in C. glutamicum by metabolic engineering. In this review, we have summarized the current advances in the metabolic engineering strategies for C. glutamicum. Comprehensive information on the modification of C. glutamicum metabolic pathways has been provided to improve the production of L-ornithine.


Table 1. Characteristic of L-ornithine producing strains developed by metabolic engineered strategies.
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MAIN BIOSYNTHESIS PATHWAYS OF L-ORNITHINE

In C. glutamicum, the biosynthesis of L-ornithine occurs through the urea cycle coupled with the tricarboxylic acid cycle. As described in Figure 1, α-oxoglutarate, an intermediate metabolite in the tricarboxylic acid cycle pathway, can be converted to glutamate by the reversible enzyme, glutamate dehydrogenase (encoded by gdh/NCgl0181). Further, glutamate is converted to L-ornithine through the enzymatic activities of N-acetylglutamate synthase (encoded by cg3035/NCgl2644), N-acetylglutamate kinase (encoded by argB/NCgl1342), N-acetyl-gamma-glutamyl-phosphate reductase (encoded by argC/NCgl1340), acetylornithine aminotransferase (encoded by argD/NCgl1343), and ornithine acetyltransferase (encoded by argJ/NCgl1341). Additionally, L-ornithine can be converted to L-citrulline and L-arginine through the enzymatic activities of ornithine carbamoyltransferase (encoded by argF/NCgl1344), argininosuccinate synthase (encoded by argG/NCgl1346), and argininosuccinate lyase (encoded by argH/NCgl1347). The genes encoding these enzymes are arranged in two operons, argCJBDFR and argGH. The two operons are repressed by a negative regulatory protein, ArgR/NCgl1345 (Ikeda et al., 2009; Stäbler et al., 2011). The generation of 1 mole of L-ornithine requires 2 moles of NADPH during the conversion of α-oxoglutarate to glutamate and N-acetyl-γ-glutamyl-phosphate to N-acetylglutamate semialdehyde. The enzyme activity of N-acetylglutamate kinase is regulated by L-arginine and L-citrulline via a feedback regulation mechanism. To select and engineer high L-ornithine-producing C. glutamicum strains, it is necessary to release the feedback regulation, improve supplementation of cofactor NADPH, and modulate metabolic pathways (Figure 2).


[image: Figure 1]
FIGURE 1. L-ornithine biosynthesis metabolic pathways in C. glutamicum. The genes annotation of enzymes as describe in previous study (Zhang B. et al., 2019). The dotted orange line represents feedback inhibition.
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FIGURE 2. L-ornithine biosynthesis metabolic pathways in C. glutamicum and strategies to improve L-ornithine accumulation. The red× represented this pathway were inactivated. The blue font and arrows represented that pathways were attenuated. The green font and arrows indicated that pathways were overexpressed. The genes encoding enzymes involved in catalytically relevant reactions.




BLOCKING THE BY-PRODUCT PATHWAYS VIA GENE DISRUPTION

Under anaerobic conditions, C. glutamicum strains are reported to exhibit enhanced glutamate production and decreased L-ornithine production (Gourdon and Lindley, 1999; Lapujade et al., 1999; Hirasawa and Wachi, 2017; Tuyishime et al., 2018). L-ornithine, an intermediate compound in the L-arginine biosynthetic pathway, was synthesized using glutamate as a precursor, which was tightly regulated by feedback inhibition of the terminal metabolites, such as L-arginine and L-citrulline (Ikeda et al., 2009). The enzymatic activity of N-acetylglutamate kinase, which is involved in the main synthetic pathway of L-ornithine, was inhibited by L-arginine and L-citrulline at a concentration of <1 mM (Xu et al., 2012a,b). Thus, the biosynthetic pathways of L-arginine and L-citrulline not only consume L-ornithine, but also hinder its production. To promote the accumulation of L-ornithine, argF (encodes ornithine carbamoyltransferase) was disrupted to block the metabolic pathway that converts L-ornithine to L-citrulline and L-arginine. This markedly inhibited the production of L-citrulline and L-arginine in all the L-ornithine-producing C. glutamicum strains. However, the deletion of argF also resulted in a major hindrance in cell growth as the cells lacked the ability to synthesize arginine. To address this limitation, L-arginine was added to the fermentation medium to meet the demand for cell growth. However, the supplementation of L-arginine increases the cost and the operational complexity. Therefore, it is necessary to adopt appropriate strategies to attenuate the expression of argF. Metabolic engineering strategies, such as changing the ribosome binding site (Xiao et al., 2019), replacing the promoter (Xu et al., 2019), changing the translation initiation codon (Otten et al., 2015), and transcription interference by clustered regular interspaced short palindromic repeats (CRISPR) (Cleto et al., 2016; Yoon and Woo, 2018; Park et al., 2019) were successfully applied to optimize the flux of the metabolic pathway. The expression of argF was attenuated by changing the ribosome binding site and the translation initiation codon. It was difficult to attenuate the catabolism of L-ornithine owing to the enhanced transcription level of the argCJBDF operon. Additionally, the expression of argF was attenuated by introducing a strong terminator in the upstream region of argF. The L-ornithine titer in the engineered C. glutamicum was 6.1 g/L, which was 11-fold higher than that in the original strain and 42.8% higher than that in the mutant strain with argF deletion (Zhang et al., 2018c). It must be noted that insertion of a strong terminator in the upstream region of argF can not only attenuate the expression of argF, but also stimulate the expression of argCJBD gene clusters, which are required for the synthesis of ornithine. Therefore, attenuation of argF expression is a promising strategy for constructing an efficient L-ornithine-producing C. glutamicum.

Glutamate is also utilized to form L-proline via three steps of enzymatic reactions (Lee et al., 2010). The biosynthesis of a compete metabolite of L-proline not only consumes carbon sources, but also the NADPH cofactor, which limits L-ornithine production (Wendisch et al., 2016). In various studies, the proB/NCgl2274 (encodes γ-glutamyl kinase) gene has been deleted to construct high L-ornithine-producing strains by blocking the L-proline biosynthetic pathway. The engineered L-ornithine-producing strains that exhibit enhanced L-ornithine production include YW06 (pSY223) (Kim S. Y. et al., 2015) and Cc-QF-1 (Shu et al., 2018). However, the deletion of argF in C. glutamicum and inactivation of proB negatively affected cell growth due to L-proline deficiency. Thus, proline must be added to the culture medium to maintain normal cell growth. However, the addition of proline to the culture medium increases the operational cost and complexity. To address these limitations, recent studies have attenuated the expression of proB by inserting a terminator, which improved L-ornithine production without disturbing the cell growth (Zhang et al., 2018a). As suggested in the modulation of argF, attenuating the expression of proB by inserting a terminator is an efficient strategy for constructing a L-ornithine-producing C. glutamicum strain. In addition to the biosynthetic pathway of proline, the biosynthetic pathways of other amino acids, such as valine, isoleucine, and leucine also consume carbon sources, which limits L-ornithine production. Therefore, a recent study reported that deleting the ncgl2228 gene (encodes a putative branched amino acid transporter) in the engineered C. glutamicum orn8 strain decreased the yield of L-leucine (from 1.90 to 0.13 g/L), L-valine (from 2.16 to 0.22 g/L), and L-isoleucine (from 1.60 to 0.04 g/L) and increased the yield of L-ornithine (from 19 to 22 g/L) (Zhang et al., 2018a). Since the accumulation of by-products in the fermentation prevents the utilization of carbon source and cofactors for producing valuable compounds, it has been concluded that the inactivation of a corresponding transporter is an efficient strategy to reduce accumulation of by-products and increase production of the desired compound.



REMOVAL OF FEEDBACK REPRESSION AND FEEDBACK INHIBITION

In the C. glutamicum genome, the genes encoding the enzymes involved in the biosynthesis of L-ornithine are present in the argCJBD operon, which is repressed by the negative regulatory protein, ArgR. The expression of argCJBD operon is repressed at low level, which is an important rate-limiting factor for the biosynthesis of L-ornithine. Hence, the argR gene was deleted in all the engineered L-ornithine-producing C. glutamicum strains, which provided a powerful strategy for improving the L-ornithine production titer. Inactivation of argR in the C. glutamicum 1006 strain improved the yield of L-ornithine (from 20.5 to 28.3 g/L) and yield from 0.256 to 0.354 g/g glucose (Hao et al., 2016). However, the yield of L-ornithine did not improve further upon overexpression of the argCJBD operon by employing a plasmid or by inserting a strong promoter as the ArgR repressor was absent (Zhang B. et al., 2017; Zhang et al., 2018a). This suggested that the production of L-ornithine limited by the low expression of the argCJBD operon can be addressed by removing the ArgR repressor, which concurred with the results described in the construction of the L-arginine-producing strain (Chen et al., 2014; Park et al., 2014).

As described above, the deletion of argR removed the transcription control on the main biosynthetic pathway of L-ornithine in C. glutamicum. However, stimulation of the argCJBD operon expression is not enough for releasing the negative control of the L-ornithine biosynthetic pathway. This is because of the presence of dual control systems in C. glutamicum: feedback repression and feedback inhibition. For feedback inhibition of L-ornithine, the enzyme activity of ornithine acetyltransferase (encoded by argJ) was inhibited by 50% by using 5 mM L-ornithine. The overexpression of argJ increased the yield of L-ornithine from 28.3 to 31.6 g/L in the engineered C. glutamicum 1006 strain (Hao et al., 2016). However, the mechanism underlying the inhibition of ornithine acetyltransferase by L-ornithine has not been elucidated. This mechanism can be an effective target for improving L-ornithine production. The gene encoding the ornithine acetyltransferase enzyme was subjected to site-directed mutagenesis, which did not result in the generation of valuable mutants (Shu et al., 2018). Additionally, the fermentation medium for producing L-ornithine was manually supplemented with a certain amount of arginine that resulted in the feedback inhibition of the rate-limiting enzyme, N-acetylglutamate kinase (encoded by argB), which is unfavorable for the accumulation of L-ornithine. Several studies have extensively evaluated the release of the negative effect mediated by the addition of L-arginine. The heterologous expression of argCJBD derived from the L-arginine-producing strain, C. glutamicum ATCC 21831, in the engineered C. glutamicum YW03 strain resulted in the production of 7.2 g/L L-ornithine, which was 2.6-fold higher than the L-ornithine titer produced upon expression of argCJBD operon derived from C. glutamicum ATCC 13032 in the C. glutamicum YW03 strain (2.0 g/L) (Kim S. Y. et al., 2015). These results suggest that the argB sequences are inconsistent between C. glutamicum ATCC 21831 and C. glutamicum ATCC 13032, which resulted in differential L-ornithine production. Furthermore, several studies have been performed recently to discover arginine-insensitive N-acetylglutamate kinase in the engineered L-arginine-producing strains (Ikeda et al., 2009; Xu et al., 2012a,b; Zhang J. et al., 2017). The production of L-ornithine was markedly improved upon overexpression of mutant argB, such as argBE19R, argBH268N, argBG287D, argBA49V, M54V, argBA49V, M54V, G287D, argBE.coli in the engineered C. glutamicum ORN2B strain. The L-ornithine titers in the C. glutamicum ORN2B (pEKEx3-argBE19R), ORN2B (pEKEx3-argBA49V, M54V), and ORN2B (pEKEx3argBE.col) strains were 0.307, 0.3, and 0.3 g/g glucose, respectively. These titers were higher than those in the C. glutamicum ORN2B (pEKEx3-argB) strain (0.257 g/g glucose) (Jensen et al., 2015).



IMPROVING THE SUPPLEMENTATION OF GLUTAMATE BY OVEREXPRESSION OF GDH AND BLOCKING GLUTAMATE SECRETION

In addition to the optimization of L-ornithine biosynthetic pathway by blocking other competitive metabolic pathways and releasing feedback regulation, adequate supply of precursor glutamate was reported to be another key factor for developing high L-ornithine-producing strains. Currently, many powerful strategies, such as overexpression of the endogenous or exogenous glutamate dehydrogenase, inhibition of the glutamate secretion system, and attenuation of α-ketoglutarate dehydrogenase, have been employed to engineer C. glutamicum for improving the flux of glutamate supplementation. The plasmid-based overexpression of gdh (encodes glutamate dehydrogenase) in the C. glutamicum ΔAP strain increased L-ornithine production by 16% (from 8.6 to 10.0 g/L). Simultaneously, individual chromosomal integration of the rocG/BSU37790 gene (encodes NADH-coupled glutamate dehydrogenase) derived from Bacillus subtilis improved L-ornithine concentration from 12.12 ± 0.57 to 14.84 ± 0.57 g/L in the engineered C. glutamicum ΔAPER strain (Jiang et al., 2013b). Additionally, glutamate was synthesized from α-ketoglutarate, which is an intermediate metabolite of the tricarboxylic acid cycle. However, the tricarboxylic acid cycle is closely related to cell growth and cannot be blocked. To balance the cell growth and L-ornithine production, the expression of odhA (NCgl1084), which encodes an enzyme component of the α-ketoglutarate dehydrogenase complex, was attenuated to reduce the metabolic flux of the tricarboxylic acid cycle and provide more glutamate for the biosynthesis of L-ornithine. When the native ribosome binding site (predicted translation initial intensity was 1,613 au) of odhA was replaced with a synthetic ribosome binding site with a predicted translation initial intensity of 837 au on the chromosome, the L-ornithine production titer increased from 13.7 to 16 g/L in the engineered C. glutamicum Sorn4 strain (Zhang B. et al., 2017). Furthermore, the overexpression of pyruvate carboxylase and deletion of phosphoenolpyruvate carboxykinase also improved glutamate concentration in the fermentation medium, but did not promote the accumulation of L-ornithine (Hwang et al., 2008). The authors claimed that the supply of glutamate is not a rate-limiting step for L-ornithine production. However, the major reason for the unchanged concentration of L-ornithine may be the extracellular secretion of glutamate, which increased the cost of downstream reaction and precursor wastage. The secretion of glutamate can be inhibited by deleting the NCgl1221 gene (encodes a glutamate transporter). This was first discovered for developing the L-arginine-producing C. glutamicum strain. The deletion of NCgl1221 markedly improved the L-arginine production titer (Park et al., 2014; Chen M. et al., 2015). Inspired by these reports, inactivation of NCgl1221 was introduced into the C. glutamicum Sorn1 strain, which dramatically decreased the secretion of glutamate and improved L-ornithine production by 22.7% (from 7.97 to 9.8 g/L). However, the deletion of NCgl1221 is not enough to interrupt the glutamate secretion due to the presence of another glutamate transporter MscCG2 (encoded by mscCG2) in C. glutamicum. Hence, both NCgl1221 and mscCG2 genes were deleted in the engineered C. glutamicum S9114 strain, which exhibited negligible glutamate production and enhanced L-ornithine accumulation (Zhang B. et al., 2019). Hence, improving the glutamate availability is an efficient strategy for L-ornithine accumulation in C. glutamicum.



MODULATING THE CENTRAL METABOLIC PATHWAY

Upon consumption of glucose for L-ornithine production by C. glutamicum strains, the metabolic flux of central metabolic pathways, including the glycolytic pathway and the tricarboxylic acid cycle pathway, may be a limiting factor as these pathways provide the carbon skeleton. Various strategies have been explored for increasing the metabolic flux of central metabolic pathways for producing L-ornithine. Proteomic studies indicated differential proteomes in the parent strain and L-ornithine-producing strain. The effect of individual plasmid-based overexpression of pgi (NCgl0817), pfkA (NCgl1202), gap (NCgl0900), pyk (NCgl2008), pyc (NCgl0659), and glt (NCgl0795) on L-ornithine production was investigated in the C. glutamicum ΔAP strain. Modulating the expression of enzymes involved in the glycolytic pathway, such as Pgi, PfkA, GapA, and Pyk, improved L-ornithine production (Jiang et al., 2013b). A common feature in the enhanced expression of these genes is the improved metabolic flux of glycolysis. Additionally, a recent study focused on strengthening the glycolytic pathway by inserting a strong Peftu promoter in the upstream region of pfkA in the engineered C. glutamicum SO1 strain, which improved the yield of L-ornithine from 23.8 to 26.5 g/L (Zhang et al., 2018b). These results suggested the importance of the glycolytic pathway in L-ornithine production.

The tricarboxylic acid cycle is a source of the carbon skeleton for the biosynthesis of amino acids, such as L-lysine, L-isoline, L-threonine, L-glutamate, L-arginine, L-proline, L-ornithine, and L-citrulline. A recent study reported that rationally engineering the tricarboxylic acid cycle by overexpressing the pyc, ppc (NCgl1523), and gdh genes (encoding pyruvate carboxylase, phosphoenolpyruvate carboxylase, and glutamate dehydrogenase, respectively) and deleting the P1 promoter of glt (encodes citrate synthase) improved the lysine yield (from 14.47 ± 0.41 to 23.86 ± 2.16 g/L) and carbon yield (from 36.18 to 59.65%) in the C. glutamicum JL68 strain (Xu et al., 2018a). Hence, the tricarboxylic acid cycle pathway was also modulated by overexpressing the glt, icdh (NCgl0634), and ach (NCgl1482) genes in the L-ornithine-producing C. glutamicum SO16 strain. The insertion of a strong Psod promoter in the upstream region of glt improved the yield of L-ornithine from 30.8 to 34.1 g/L. Simultaneously, rational modulation of the tricarboxylic acid cycle pathway by overexpressing the glt gene improved the glucose consumption in the C. glutamicum SO16 strain (Zhang B. et al., 2019).



ENHANCED SUPPLY OF INTRACELLULAR COFACTOR NADPH AND ACETYL-COA

Efficient supply of the cofactor is important in preventing obstruction of the metabolic pathways to enable production of valuable chemicals using the microbial cell factory (Xu et al., 2018b). NADPH, an important cofactor, is widely used in the biosynthesis of various amino acids, such as lysine (Wu et al., 2019), valine (Zhang H. et al., 2018), methionine (Li et al., 2016), ornithine (Hwang and Cho, 2012), and arginine (Chen M. et al., 2015). Intracellular supplementation of NADPH can be increased by various strategies, such as improving the metabolic flux of the pentose phosphate pathway (Siedler et al., 2013), overexpression of NAD kinase (Lindner et al., 2010; Xu et al., 2016), and developing a NADP-dependent glyceraldehyde 3-phosphate dehydrogenase (Takeno et al., 2010, 2016; Hoffmann et al., 2018). NADPH is a rate-limiting factor in the biosynthesis of metabolites in C. glutamicum. In the metabolic pathway of L-ornithine, 2 moles of NADPH are consumed in two steps of enzymatic reactions: conversion from α-oxoglutarate to glutamate catalyzed by glutamate dehydrogenase and from N-acetyl-glutamyl-phosphate to N-acetyl-glutamyl-semialdehyde catalyzed by N-acetyl-γ-glutamyl-phosphate reductase. Ornithine production is frequently limited by the supply of NADPH. Hence, the metabolic flux was redirected toward the pentose phosphate pathway by attenuating pgi, replacing the native promoter of tkt operon with a strong Psod promoter, and changing the translation initiation codon (G1A) of zwf (NCgl1514) in the YW03 strain, which improved the yield of L-ornithine from 261.3 to 417.2 mg/L (Kim S. Y. et al., 2015). Additionally, the carbon flux of the pentose phosphate pathway was enhanced by deleting the gluconate kinase gene in the C. glutamicum SJC8039 strain, which increased the intracellular NADPH concentration by 51.8%. L-Ornithine production yield in the engineered C. glutamicum SJC8399 strain with double deletion of NCgl2399 and NCgl2905 was 13.16 g/L, which is higher than that (8.78 g/L) in the parent C. glutamicum SJC8039 strain (Hwang and Cho, 2012). Furthermore, inactivation of NCgl0281, NCgl2582, and NCgl2053 genes, which encode putative NADP+-dependent oxidoreductases, enhanced the intracellular NADPH content by 72.4%. Inactivation of these genes inhibited glucose dehydrogenase activity and improved L-ornithine yield by 66.3% in the engineered SJC8039 strain (Hwang and Cho, 2014). Moreover, NADPH availability for L-ornithine production in the C. glutamicum ΔAPER strain was improved by heterologous expression of NADP-dependent glyceraldehyde-3-phosphate dehydrogenase derived from Clostridium acetobutylicum, which improved L-ornithine production (Jiang et al., 2013b). Therefore, increased intracellular NADPH supply is a major limiting factor for developing high L-ornithine-producing C. glutamicum strains.

In addition to NADPH, the supply of acetyl-CoA cofactor is required to produce L-ornithine. The acetyl-CoA co-factor is consumed during the conversion of oxaloacetate to citrate and glutamate to N-acetylglutamate. Recently, overexpression of cg3035 (encodes an N-acetylglutamate synthetase) was reported to be an efficient strategy for improving L-ornithine accumulation. This was the first study to report the role of acetyl-CoA in L-ornithine production. The intracellular concentration of acetyl-CoA was improved by attenuating the acetate biosynthesis pathway through insertion of a terminator in the upstream region of pta-ack (NCgl2657-NCgl2656) operon or cat (NCgl2480) in the C. glutamicum SO1 strain. Modulation of the acetate biosynthesis pathway improved the yield of L-ornithine from 23.8 to 26 g/L (Zhang et al., 2018b).



ENHANCED TRANSPORT SYSTEM

One of the efficient strategies for developing engineered strains to produce amino acids is overexpression of a specific transport system, such as Ncgl1221 (Nakamura et al., 2007; Nakayama et al., 2012) and MscCG2 (Wang Y. et al., 2018) glutamate transporters, lysine transporter (LysE/NCgl1214) (Vrljic et al., 1996; Kind et al., 2011), phenylalanine transporter (AroP) (Shang et al., 2013), and branched chain amino acid transporters (BrnFE) (Kennerknecht et al., 2002; Chen C. et al., 2015). Currently, there are no reported ornithine-specific transporters. The effect of plasmid-based overexpression of lysE (encodes a lysine transporter) on L-ornithine production was investigated in an engineered C. glutamicum ATCC 13032 strain containing inactivated argF. The intracellular and extracellular concentrations of L-ornithine were measured in short-term fermentation. The analysis indicated that LysE is not an ornithine transporter (Bellmann et al., 2001). However, there was not much progress on the ornithine transport system until the overexpression of lysE was studied in the L-ornithine-producing C. glutamicum Sorn8 strain. In this strain, the yield of L-ornithine increased by 21.8% when compared to the parent strain after 72 h of fermentation (Zhang B. et al., 2017). Subsequently, the effect of LysE on L-ornithine production was evaluated by deleting the lysE gene in the engineered C. glutamicum orn1 strain, which reduced the L-ornithine yield by 41.7%. Furthermore, overexpression of LysE by insertion of a strong Ptac promoter in the upstream region of lysE also improved the L-ornithine production titer from 15.3 to 19 g/L. This suggested that LysE promotes L-ornithine production (Zhang et al., 2018a). Although the direct transporter of L-ornithine is not known, the LysE transporter may contribute to developing high L-ornithine-producing strains.



ADAPTIVE EVOLUTION

The strategies discussed so far for increasing the L-ornithine production titer were based on genetic modifications. However, direct manipulations of one or more genes may negatively affect cell growth or metabolism. Therefore, the combination of irrational metabolic engineering methods, such as adaptive laboratory evolution (Stella et al., 2019) and genetic modification strategies will facilitate the development of high L-ornithine-producing strains. Adaptive laboratory evolution is widely applied for the construction of microbial strains, which not only stimulate latent metabolic pathways but also promote the phenotype and environmental adaptation of engineered strains (Garst et al., 2017; Yu et al., 2018). Compared to rational genetic modifications, adaptive laboratory evolution has provided extensive genetic manipulation targets to improve the strain phenotype. Adaptive laboratory evolution was applied for improving the strain phenotype of C. glutamicum ΔAPE. The L-ornithine production titer in the resultant C. glutamicum ΔAPE6937 strain was 13.6 ± 0.5 g/L, which was 20% higher than that in the parent strain (11.3 ± 0.3 g/L) (Jiang et al., 2013a). The accelerated cell growth caused by adaptive laboratory evolution was the main factor that contributed to the enhanced L-ornithine production titer in the C. glutamicum ΔAPE strain.



ALTERNATIVE SUBSTRATES

Currently, majority of L-ornithine is produced from glucose, which is also used for human nutrition and animal feed industries. To minimize the competition for glucose between food security and industrial biotechnology, several studies have investigated the production of L-ornithine using non-edible feedstocks, such as xylose and arabinose.

Xylose is the second most abundant sustainable raw material for fermentation. Xylose is obtained from the hydrolysis of lignocellulosic biomasses and is widely used for the production of valuable chemicals, such as succinate (Mao et al., 2018), sarcosine (Mindt et al., 2019), 5-aminovalerate (Jorge et al., 2017b), L-pipecolic acid (Perez-Garcia et al., 2017), 3-hydroxypropionic acid (Chen et al., 2017), and γ-aminobutyric acid (Jorge et al., 2017a) in engineered C. glutamicum strains. The utilization of xylose can be improved by heterologous expression of xylose isomerase (Jo et al., 2017), overexpression of myo-inositol/proton symporter IolT1 (Brusseler et al., 2018), and adaptive laboratory evolution (Radek et al., 2017) of C. glutamicum. Previously, L-ornithine was produced from xylose by engineering the xylose metabolic pathways in the C. glutamicum ORN1 strain. The yield of L-ornithine was further enhanced by overexpressing xylA (encodes xylose isomerase) derived from Xanthomonas campestris and endogenous xylB (encodes xylulokinase) in the C. glutamicum ORN1 strain, which improved the L-ornithine yield from 9.4 ± 1.4 to 19.6 ± 1.9 mM (Meiswinkel et al., 2013a). Recently, heterologous expression of xylAB operon derived from X. campestris in the engineered C. glutamicum SO26 strain resulted in the production of 16.32 g/L L-ornithine with a yield of 0.14 g/g xylose. The production titer of L-ornithine was further improved to 18.9 g/L by optimizing the concentration of the inducer, isopropyl β-D-1-thiogalactopyranoside (IPTG) (Zhang B. et al., 2019). Arabinose is another component of lignocellulosic biomass hydrolysate and is widely used for producing valuable compounds (Zahoor et al., 2012; Zhao et al., 2018). Several studies have developed superior microbial cell factories, such as C. glutamicum that can efficiently utilize arabinose (Henke et al., 2018; Kawaguchi et al., 2018; Mindt et al., 2019). The heterologous expression of araBAD operon derived from E. coli enabled the C. glutamicum ORN1 strain to utilize arabinose. This engineered strain produced 89 ± 3 mM L-ornithine with a yield of 0.37 M/M arabinose (Schneider et al., 2011).



CONCLUSIONS AND PERSPECTIVES

Currently, several comprehensive and rational genetic strategies have been employed for engineering C. glutamicum strains to produce L-ornithine. There is rapid progress in improving strain performance by combining the optimization of the metabolic pathways in C. glutamicum. For example, Kim S. Y. et al. (2015) reported the construction of a recombinant C. glutamicum by disrupting proB, argR, and argF, and overexpressing the operon of argCJBD from C. glutamicum ATCC 21831. Fed-batch culture of the engineered strain in a 6.6-L fermenter yielded 51.5 g/L of L-ornithine production titer from glucose. In our previous work, a recombinant C. glutamicum with modulation in the deletion of argF, NCgl1221, argR, putP, mscCG2, and iolR, attenuation of odhA, proB, ncgl2228, pta, cat, and pgi, and overexpression of lysE, gdh, cg3035, pfkA, tkt, argCJBD, glt, and gdh2 produced 43.6 g/L of L-ornithine during a 72 h fed-batch cultivation (Zhang B. et al., 2019). Although the production of L-ornithine by microbial fermentation is a promising and attractive strategy, very few microbes have been used for industrial production due to low yield and low productivity. Metabolic engineering of C. glutamicum is an efficient strategy to improve L-ornithine production. The mechanisms underlying the transportation of L-ornithine must be further investigated by new engineering techniques, such as genomics (Teusink and Smid, 2006), transcriptomics (Kim et al., 2017), and proteomics (Shen et al., 2016; Varela et al., 2018) to aid the development of high L-ornithine-producing strains. CRISPR/Cas9, a novel gene-editing technology, is a rapid and efficient method that can be applied for genetic modifications, such as gene deletion, large fragment DNA assembly, or site-directed gene mutation (Cho et al., 2017; Jiang et al., 2017; Wang B. et al., 2018; Zhang J. et al., 2019) in C. glutamicum, which can accelerate the pathway engineering in C. glutamicum strains. Irrational breeding strategies such as induced mutation breeding, or adaptive evolution have enabled rapid progress in improving the yield of L-ornithine. However, random mutations and labor-intensive screening methods remain as bottleneck issues. Recently, high-throughput screening of mutant strains was developed using a metabolite biosensor, which can measure the metabolite concentrations based on the fluorescence signals or antibiotic selective pressure (Hammer and Avalos, 2016; Lin et al., 2017; Yeom et al., 2018). Due to an improvement in the screening efficiency using a metabolite biosensor, the traditional irrational breeding strategy is considered a promising method for the construction of engineered strains (Zheng et al., 2018). Future studies must focus on developing an efficient intracellular L-ornithine biosensor, which can activate the irrational breeding of high L-ornithine-producing strain.
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Succinic acid is an important chemical and raw material widely used in medicine, food, biodegradable materials, fine chemicals, and other industrial fields. However, traditional methods for purifying succinic acid from fermentation broth are costly, poorly efficient, and harmful to the environment. In this study, an efficient method for purifying succinic acid from the fermentation broth of Escherichia coli NZN111 was developed through crystallization and co-crystallization with urea. First, the filtrate was collected by filtering the fermentation broth, and pH was adjusted to 2.0 by supplementing sulfuric acid. Crystallization was carried out at 8°C for 4 h to obtain succinic acid crystals. The recovery rate and purity of succinic acid were 73.4% and over 99%, respectively. Then, urea was added to the remaining solution with a mass ratio of urea to residual succinic acid of 4:1 (murea/mSA). The second crystallization was carried out at pH 2 and 4°C for 12 h to obtain succinic acid-urea co-crystal. The recovery rate of succinic acid residue was 92.0%. The succinic acid-urea crystal was further mixed with phosphorous acid (4.2% of the mass of succinic acid co-crystal) and maintained at 195°C for 6 h to synthesize succinimide, and the yield was >80%. This novel and efficient purification process was characterized by the significantly reduced urea consumption, and high succinic acid recovery (totally 95%), and high succinimide synthesis yield (80%). Thus, this study potentially provided a novel and efficient strategy for the industrial production of succinic acid and succinimide.
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INTRODUCTION

Succinic acid is an important renewable four-carbon building block chemical that is prevalent in humans, animals, plants, and microorganisms (Li et al., 2010; Alexandri et al., 2019). Succinic acid has been widely used in medicine, food, the chemical industry, and agriculture (Delhomme et al., 2009). Presently, the market demand for succinic acid has increased dramatically owing to its application in green solvents and biodegradable polymers (Jansen and van Gulik, 2014). Succinic acid is primarily produced via chemical synthesis using maleic anhydride as a raw material, which causes serious environmental and economic concerns such as increased pollution and energy consumption, thereby rendering this process unsustainable (Cukalovic and Stevens, 2008; Pinazo et al., 2015). Thus, a novel and green strategy for producing succinic acid through the biotransformation of cheap, renewable materials has been suggested (Sheldon and Sanders, 2015). For example, succinic acid can be produced via the fermentation of cassava, straw, and waste biomass by microorganisms, such as engineered Escherichia coli (Zhang et al., 2018), Actinobacillus succinogenes (Gunnarsson et al., 2014; Dessie et al., 2018), and Anaerobiospirillum succiniciproducens (Akhtar et al., 2013; Lee et al., 2015), respectively. However, an efficient method of purifying succinic acid from these fermentation broths remains unavailable.

Generally, the bio-production of succinic acid involves four steps: right raw material selection, pretreatment, fermentation, and purification. The separation and purification procedures account for 50–80% of the total production costs (Cheng et al., 2012; López-Garzón and Straathof, 2014). Therefore, the costs involved in these steps must be reduced to promote the industrialization of biologically synthesized succinic acid. Conventional methods for separating succinic acid from the fermentation broth include calcium salt precipitation, solvent extraction, ion exchange, electrodialysis, and membrane separation (Khunnonkwao et al., 2018; Prochaska et al., 2018; Antczak et al., 2019). However, these methods have many disadvantages, including high cost, low efficiency, and environmentally hazardous elements, which impede their use in industrial applications. For example, the yield of isolated succinic acid using calcium salt precipitation is only 52% (Li et al., 2010); meanwhile, a large amount of calcium sulfate waste is produced. Succinic acid can also be separated using a two-phase system. This process is simple and energy saving but cannot be used to remove heteroacids; therefore, a large amount of solvent is wasted (Matsumoto and Tatsumi, 2018). Previous reports have shown that increasing the yield of succinic acid from residual solvent is difficult, costly, and polluting. Thus, a strategy is required to transform the succinic acid that is available in residues solvent into an easily purified and valuable product, such as succinimide (Deng et al., 2014), Diethyl succinate (Kolah et al., 2008; López-Garzón et al., 2012; Orjuela et al., 2012), poly (butylene succinate), γ-butyrolactone (Hong et al., 2012a), and tetrahydrofuran (Hong et al., 2012b). Amongst them, succinimide is an important intermediate used as for medicine, pesticides, and silver-plating industry (Liu et al., 2018). Therefore, a simple, highly efficient, and green method for separating succinic acid from a microorganism fermentation broth is needed.

In the present study, a simple and inexpensive method involving crystallization and urea co-crystallization was developed to separate succinic acid from fermentation broth efficiently. This study also focused on the feasibility of succinimide synthesis following succinic acid–urea co-crystallization. The established method is not only simple and highly efficient in separating succinic acid with high purity and yield, but also selective for succinic acid among various carboxylic acids. More importantly, the method provides a novel strategy for the full recovery of residual succinic acid following the purification process.



MATERIALS AND METHODS


Materials

Succinic acid and succinimide standards were purchased from Sigma-Aldrich (Shanghai, China). Urea, phosphorous acid, pyruvic acid, and acetic acid were acquired from Aladdin (Shanghai, China). Methanol and acetonitrile were HPLC graded and acquired from Merck (Darmstadt, Germany). Actual succinic acid fermentation broth was provided by Professor Zhimin Li (East China University of Science and Technology). The glucose standard was procured from Xilong Chemical Co., Ltd. (Guangzhou, China).

The succinic acid fermentation broth was used as a raw material in accordance with previously described methods (Chen et al., 2014). The concentrations of succinic acid, acetic acid, pyruvic acid, glucose, and protein were 106.17, 3.37, 0.99, 4.15, and 0.043 g/L, respectively.



Pretreatment

The broth was centrifuged at 8,000 rpm for 30 min to remove bacteria, macromolecular impurities, and insoluble substances. Then, activated carbon was added to decolorize the broth under 30°C, pH 6.8, and 250 rpm for 40 min.



Crystallization

The schematic diagram was shown in Figure 1. At stage I, the decolorized broth was cooled and then crystallized directly at various temperatures (4, 8, 12, 16, 20, 28, 32, 36, and 40°C) and pH 2.0 for 4 h. During crystallization, the succinic acid, pyruvate, and acetic acid concentrations were determined. The broth volume was measured before and after the experiment to enable the recovery rate of succinic acid to be calculated. The experimental processes for measuring time and pH were similar to for measuring temperature.


[image: Figure 1]
FIGURE 1. Schematic diagrams of two-stage crystallization combining direct succinimide synthesis for succinic acid recovery. (I) Direct crystallization and (II) co-crystallization of succinic acid with urea.


At stage II, after direct crystallization, the pH of the broth was adjusted to 2.0. Then, urea was added to 50 mL of the broth at mass ratios of urea to succinic acid of 1:1, 2:1, 3:1, 4:1, 5:1, and 6:1, respectively. The mixtures were maintained at 4°C for 12 h for crystallization to occur. The concentration and the recovery rate of succinic acid were measured using ultra-performance liquid chromatography UPLC (Acquity H-class, Waters, USA).



Succinimide Synthesis

In this procedure, 11.81 g of succinic acid, 3.07 g of urea, 10 mL of water, and 1.0 g phosphite solid were mixed and dissolved at 80°C. Succinimide was synthesized at 195°C for 5 h. The reaction system was cooled to 80°C, and 8 mL of water and 1 g of activated carbon were added. Thereafter, the mixture was filtered with hot water, and crystallized at 25°C for 12 h to obtain crude succinimide, which was further recrystallized with ethanol. The effects of the mass ratio of succinic acid to urea, reaction temperature, reaction time, and amount of catalyst on the reaction process were investigated on the basis of the experimental operation above. Succinimide was synthesized with succinic acid-urea co-crystals under optimal reaction conditions. The mass ratio of succinic acid to urea was adjusted to 2:1 using the condensed succinic acid as a raw material, adding ~4.2% solid phosphorite, stirring, heating to 195°C, and reacting at a constant temperature for 6 h. The succinimide yield was subsequently calculated.

All experiments were conducted in triplicate.



Methods of Analysis

Organic acids were analyzed using UPLC equipped with an Acquity UPLC BEH, a C18, and 1.7 μm, 2.1 × 100 mm chromatography column (Waters, USA). The mobile phase consisted of acetonitrile and 3 mM H2SO4 (CH3CN:3 mM H2SO4 = 3:97, v/v). The flow rate was 0.2 mL/min, and the wavelength was set at 210 nm. Protein contents were determined using the Bradford (Bradford, 1976), with bovine serum albumin (Sigma Chemical Co.) used as a standard. Yield and purity were calculated as followed:

Yield (%) = [dry weight of succinic acid in the recovered crystals (g)/weight of succinic acid in the initial fermentation broth (g)] × 100%.

Purity (%) = [dry weight of succinic acid in crystals recovered (g)/dry weight of the recovered crystals (g)] × 100%.

Succinimide yield was obtained as follows:

Succinimide yield (%) = actual product quality (g)/theoretical product quality (g) × 100%.




RESULTS


Optimization of Succinic Acid Crystallization From Fermentation Broth


Crystallization From Simulated Fermentation Broth

No succinic acid crystals were observed within 12 h from 32 to 40°C (Figures 2A, 4B). The maximum amount of succinic acid crystal was obtained at 8°C. The number of crystals increased drastically within 120 min and the succinic acid yield was 55.9%. The increase in crystals yield at 20°C was not significant after 3 h. At 4°C, the crystallization increased with time, and the yield of succinic acid was stable at 73.0% after 10 h. The pyruvic acid and acetic acid concentrations remained at initial values during the whole period of crystallization (Figures 2B,C). This result indicated that pyruvic acid and acetic acid were not crystallized. Figure 2A shows that temperatures significantly affected succinic acid crystallization. The optimal temperature and time value for the crystallization of succinic acid from the fermentation broth were 8°C and 4 h, respectively. In addition, the largest amount of crystals in powder form was obtained at <20°C. Prismatic and flaky crystals would be obtained when the broth was slowly cooled at room temperature.


[image: Figure 2]
FIGURE 2. Cooling crystallization of the simulated fermentation broth. (A) Yield of succinic acid during the crystallization, (B) the concentration of pyruvic acid, (C) the concentration of acetic acid.


Impurities such as acetic acid and pyruvate could not be crystallized from the fermentation broth during crystallization (Figures 2B,C). Therefore, the influence of these impurities on the recovery rate of succinic acid could be not considered in the subsequent co-crystallization of succinic acid with urea.

When the succinic acid concentration of succinic acid was <100 g/L, the yield of cooling succinic acid crystallization increased as the succinic acid concentration increased (Figure 3A). Glucose and protein were noted to have no influence on the recovery rate of succinic acid (Figures 3B,C), consistent with the results of Wang et al. (2014). The average recovery rate of the succinic acid fermentation broth was above 75.0%.


[image: Figure 3]
FIGURE 3. Effects of succinic acid (A), protein (B), and glucose concentration (C) on the cooling crystallization of the simulated fermentation broth.




Effect of pH on Succinic Acid Crystallization

Increases in pH lead to decreases in the succinic acid recovery rate (Figure 4A). A pH of <2 resulted in a recovery rate of >76.4% succinic acid, possibly because the compound was in a free molecular state and had low solubility at low pH. A high pH would result in the partial dissociation of succinate molecules, thereby increasing solubility. Thus, extracting succinate from a solution at pH >2.0 was difficult, leading to a decreased recovery rate.


[image: Figure 4]
FIGURE 4. Effects of pH (A), temperature (B), and time (C) on the crystallization of succinic acid from fermentation broth.




Effect of Time on Succinic Acid Crystallization

Figure 4C shows that the recovery rate of succinic acid increases with time over a period of 1–2 h. Crystal growth was slowed down after 2 h and ceased after 4 h. Therefore, the optimal period for cooling and crystallization was 4 h.



Effect of Temperature on Succinic Acid Crystallization

When the temperature was <10°C, the recovery rate of succinic acid was >70% (Figure 4B). The recovery rate of succinic acid at 8°C was higher than that at 4°C. Possibly because the lower the temperature, the slower the molecules diffuse. This condition led to the slow crystal growth after nucleation. Therefore, the optimal temperature of succinic acid crystallization was determined to be 8°C. Following the first crystallization step, the succinic acid concentration in the broth was 28 g/L.




Co-crystallization of Succinic Acid With Urea


Influence of the Mass Ratio of Urea to Succinic Acid on the Urea Co-crystallization Process

The influence of a range of urea to succinic acid mass ratios from 1:1 to 6:1 on the yield of succinic acid was also investigated. Figure 5A shows that no urea and succinic acid were precipitated into crystals at mass ratio of 1:1. When the ratio was increased to 2:1, 70% of succinic acid could be co-crystallized. With the addition of urea, the succinic acid content in the fermentation broth was reduced. The optimal mass ratio of urea to succinic acid was determined to be 4:1.


[image: Figure 5]
FIGURE 5. Influence of the mass ratio of urea to succinic acid (A), pH (B), time (C), and temperature (D) on co-crystallization process from fermentation broth after cooling crystallization.




Effect of pH on Co-crystallization With Urea

The pH of the feed solution significantly affected co-crystallization with urea (Figure 5B). At pH 2.0, the largest number of co-crystallites was obtained. As succinic acid was present in ionic form in the solution, the formation of hydrogen bonds between succinic acid and urea was difficult and a pH > 5.0 resulted in low succinic acid recovery. Therefore, the optimal pH was determined to be 2.0.



Effect of Time on Co-crystallization With Urea

The co-crystallites of succinic acid and urea grew rapidly into nucleation within 5 h (Figure 5C) and stopped at 12 h. This result indicated that the optimal total crystallization time was 12 h.



Effect of Temperature on Co-crystallization With Urea

Temperature was inversely related to the number of succinic acid and urea co-crystallites (Figure 5D). The maximum number of co-crystallites was obtained at 4°C.




Feasibility of Succinimide Synthesis

At an initial mass ratio of succinic acid to urea of 3.9:1, the succinic acid was slightly excessive, and the succinimide yield was 75% (Figure 6A). In terms of cost, excess urea shifted the balance toward production. However, excessive urea, would result in the formation of the byproduct, that is, succinamide. The selected mass ratio of succinic acid to urea was therefore 2:1 (Charville et al., 2010).


[image: Figure 6]
FIGURE 6. Effects of the mass ratio of succinic acid to urea (A), temperature (B), time (C), and phosphorous acid (D) on succinimide yield.


The reaction of succinic acid and urea is endothermic; hence, increasing the temperature helps to shift the reaction in an endothermic direction and increase the amount of succinimide produced (Pavelka and Grmela, 2019). However, when the temperature is too high, carbonization occurs easily and energy consumption is high. In this study, the reaction temperature was 195°C (Figure 6B).

The maximum amount of succinimide was synthesized during a reaction period of 4-6 h (Figure 6C). Therefore, the optimal reaction time was determined to be 6 h, and the yield of succinimide was 80.6%.

Phosphorous acid can accelerate a reaction to reach its equilibrium and shorten the reaction time. In the reactions with 11.81 g of succinic acid and 3.07 g urea, 0.5 g phosphorous acid, e.g., 4.2% of the mass of succinic acid was found to be an appropriate addition to the reaction system (Figure 6D).

The yield of 80% succinimide was obtained by adjusting the mass ratio of succinic acid and urea to 2:1 using condensed succinic acid as a raw material, adding ~4.2% solid phosphorite, stirring, heating to 195°C, and reacting at a constant temperature for 6 h. Succinimide standards and succinimide synthesized from succinic acid–urea samples were compared using UPLC. The results revealed that succinimide synthesis by succinic acid–urea co-crystallization was successful (Figure 7).


[image: Figure 7]
FIGURE 7. Chromatographic comparisons of succinimide standards and succinimide synthesis from succinic acid-urea samples at 210 nm (A succinimide standard; B succinic acid-urea; C succinimide synthesis from succinic acid-urea; D recrystallization of succinimide synthesis from succinic acid-urea).





DISCUSSION

Using a simple process at a low cost, succinic acid was separated from a complex fermentation broth by cooling crystallization and urea co-crystallization, with a high rate of recovery. So far, other reports on crystallization have shown that cooling crystallization is usually combined with vacuum distillation, ion exchange adsorption, and salting-out extraction. Li et al. (2010) analyzed one-step crystallization and obtained yield and purity of 70% and 90%, respectively. Luque et al. (2009) applied direct vacuum distillation-crystallization, and obtained yield and purity of 75% and 97% for the simulated broth, respectively. In the present study, the yield and purity of succinic acid recovered from fermentation broth were 73.4% and 99%, respectively, which were the same as those obtained using one-step crystallization and direct vacuum distillation-crystallization, as stated above. However, the purity of succinic acid obtained using our newly defined method was better than that obtained through one-step crystallization and direct vacuum distillation-crystallization, even though the yields were almost the same. Vacuum distillation as a unit operation was required, but this process consumed high energy and the impurity of fermentation was also concentrated. Therefore, the high succinic acid titer of 106.17 g/L in this study could be helpful for crystallization.

The results obtained from other technologies are listed in Table 1. Sun et al. (2014) developed salting-out extraction combined with crystallization to recover succinic acid from simulated and actual fermentation broth. They obtained an identical total yield (65%) and a higher purity (97%) of succinic acid by using a synthetic fermentation broth rather than by using the actual fermentation broth (65 and 91%, respectively). Furthermore, Sun et al. (2019) also reported two other methods. One of these methods is sugaring-out extraction combined with crystallization for the recovery of succinic acid with a total yield of 73% and a higher purity of 98%. However, a salt-assisted technique should be used for the sugaring-out extraction of succinic acid in a t-butanol/glucose system. The drawback of this method is the high energy consumption of cyclic t-butanol utilization via vacuum distillation. The other method is ionic liquid-based sugaring-out and salting-out extraction of succinic acid with a total yield of 75% for simulated fermentation broth and a total yield of 72% for actual fermentation broth (Sun et al., 2018). These types of extraction are, however, not achieved easily in industrial production settings because the ionic liquids are expensive and cyclic utilization is complex. Lin et al. (2010) reported used resin-based vacuum distillation-crystallization and obtained succinic acid at a purity of 99% and yield of 89.5%. Furthermore, Thuy et al. (2017) applied the seeded batch cooling crystallization after pretreatment via nanofiltration and obtained succinic acid with 99% purity and 93.5% yield from high seeding experiments.


Table 1. Summary of succinic acid purification.
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Owing to the problems of low concentration and difficulty in recovering the remaining succinic acid from the fermentation broth after cooling crystallization, if concentrated, solvent extraction and ion exchange chromatography are used, high amounts of energy are consumed, and a great deal of wastewater is produced. Currently, research on co-crystallization is mainly focused on wastewater treatment to recover organic acids and crystalline products (Zhang et al., 2017). In this study, urea co-crystallization was used to separate succinic acid from the fermentation broth, which was achieved with a high yield, i.e., 92%.

Succinic acid must be subsequently separated from the co-crystallization of urea and succinic acid, which is a hard nut to crack. Succinic acid is usually extracted from the co-crystallization products with ether-based organic solvents and exchanged with resin. A considerable amount of energy is also required to recycle the organic solvent and water but high-value-added succinic acid derivatives, such as polybutylene succinate (Bechthold et al., 2008; Wang et al., 2014) and succinimide. According to previous reports, succinimide can be synthesized using succinic acid and urea or NH3 as a raw material (Fischer et al., 2011; Liu et al., 2018). Succinimide synthesis occurs by controlling the initial ratio of succinic acid to urea from the co-crystalline product of urea. In this study, the synthesis of succinimide from succinic acid and urea was investigated and the appropriate mass ratio of succinic acid to urea, reaction temperature, reaction time, amount of catalyst (phosphorous acid) were determined. The optimum reaction mass ratio of succinic acid to urea was 2:1, the most suitable amount of added phosphorous acid was 4.2% of the mass of succinic acid, and the reaction performed best at 195°C for 6 h. Finally, high-purity succinimide was obtained by recrystallization.

Urea is widely used to design and synthesize solid structures and functional materials in crystal engineering and supermolecular chemistry (Alhalaweh et al., 2010). Urea and solvents can be recycled through rectification to reduce the damage caused by solvents to the environment. Methods of synthesis involve the use of biological products as starting materials, which cause little pollution. The residual fermentation broth is harmless to organisms during preparation, and a certain amount of residual succinic acid is present in the fermentation broth. As a result, urea can be used as a biological fertilizer in the fermentation broth to promote crop growth (Shi et al., 2019). CO2 produced by synthesizing succinimide can be used for microbial cultivation in the pre-succinic acid fermentation (Wu et al., 2012).



CONCLUSIONS

An efficient and environment-friendly method was developed to produce succinimide from biomass-derived succinic acid through succinic acid–urea co-crystallization. This innovative strategy could reduce production costs, recycle materials, and protect the environment from the harmful chemicals used in a conventional succinic acid purification methods. Cooling crystallization was first applied to separate the decolorized fermentation broth. The optimal conditions for cooling crystallization were determined to be 8°C, 4 h, and pH 2.0. Glucose and protein concentrations had no significant effect on the cooling crystallization process. The residue from cooling crystallization was further used for co-crystallization with urea, resulting in a recovery rate of >90% at 4°C for 12 h. This purification process was simple and cost effective. The succinimide yield could reach 80% by adjusting the mass ratio of succinic acid to urea to 2:1, adding ~4.2% solid phosphorous acid, stirring, and heating the obtained solution to 195°C via a constant temperature reaction for 6 h. This process may be remarkably advantageous in preventing environmental pollution by utilizing succinic acid for value-added chemical production and reducing the dependency on petroleum-based chemical production. In conclusion, the method established in this study not only integrates the separation of succinic acid with the synthesis of succinimide but also produced valuable intermediate products that may increase the added value of the method by improving the separation efficiency and helping the system to meet environmental requirements.
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Metabolic regulation of gene expression for the microbial production of fine chemicals, such as organic acids, is an important research topic in post-genomic metabolic engineering. In particular, the ability of transcription factors (TFs) to respond precisely in time and space to various small molecules, signals and stimuli from the internal and external environment is essential for metabolic pathway engineering and strain development. As a key component, TFs are used to construct many biosensors in vivo using synthetic biology methods, which can be used to monitor the concentration of intracellular metabolites in organic acid production that would otherwise remain “invisible” within the intracellular environment. TF-based biosensors also provide a high-throughput screening method for rapid strain evolution. Furthermore, TFs are important global regulators that control the expression levels of key enzymes in organic acid biosynthesis pathways, therefore determining the outcome of metabolic networks. Here we review recent advances in TF identification, engineering, and applications for metabolic engineering, with an emphasis on metabolite monitoring and high-throughput strain evolution for the organic acid bioproduction.
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INTRODUCTION

In nature, transcription factors (TFs) control the rate of gene transcription by recognizing specific DNA sequences, thus regulating expression of the genome. In addition to the normal biological and physiological roles that TFs play in human cells, they can be used as building blocks and regulatory tools in metabolic engineering and synthetic biology (Yadav et al., 2012; Shi et al., 2018; Yang et al., 2019). For example, in one study 55 TFs and 750 metabolic genes were used to construct a regulatory network for controlling metabolism in Saccharomyces cerevisiae (S. cerevisiae) (Herrgård et al., 2006). There are a wide range of TFs available from diverse microbes, and TF engineering is a very flexible approach, which makes TFs a particularly useful resource for biotechnology. Functional screening is used to identify novel TFs that can then be engineered in host cells to control the expression of key enzymes in biosynthetic gene clusters (BGCs) (Liu et al., 2013). In past decades, researchers have designed and optimized many biosynthetic pathways for natural products (Yadav et al., 2012), such as artemisinin (Paddon and Keasling, 2014). When constructing such pathways, over-expressing positive regulators or knocking down/out negative regulators are two important ways of activating BGCs (Xie et al., 2015; Thanapipatsiri et al., 2016). As an example, over-expressing the global TF AdpA in Streptomyces hygroscopicus enhances gene cluster transcription and antibiotic synthesis (Tan et al., 2013). Novel genomic editing and protein engineering tools have been applied to synthesize target products via TF-mediated activation of silent BGCs (Tong et al., 2015; Zhang et al., 2017; Grau et al., 2018). Because TFs are sensitive to their corresponding signal molecules, they can also be used to construct highly sensitive biosensors for use in high-throughput screening for improved strains (Yu et al., 2019). Protein engineering can be used to alter the ligand specificity of TFs such that they can detect new signaling molecules (Machado et al., 2019), furthering expanding their applications in metabolic engineering.

With the rapid development of bioinformatics and genomic editing tools, TFs are playing more important roles in improving the microbial production of valuable chemicals. In this paper, we will briefly review recent advances in the use of microbial TFs to regulate metabolic production of valuable chemical products, with a particular focus on the production of organic acids. We will also summarize strategies for identifying new TFs and review the use of TFs as biosensors for monitoring metabolites in vivo and performing high-throughput screening for overproducers, which are important methods used to obtain a strain with the desired phenotype from a library of mutants containing a wide variety of genomic alterations.



METHODS FOR IDENTIFYING TFs

Transcription factors are sequence-specific DNA-binding proteins that bind to promoters to either activate or repress transcription (Figure 1). So far, TFs in prokaryotes can be grouped into a dozen families identified on the basis of sequence analysis, with the LacI, AraC, LysR, CRP, TetR, and OmpR families being characterized best (Browning and Busby, 2004). New TFs continue to be identified by experimental methods such as transcriptome analysis (Raghavan et al., 2019), one-hybrid assays (Reece-Hoyes and Walhout, 2012), electrophoretic mobility shift assay (EMSA, Hellman and Fried, 2007), DNA affinity purification-mass spectrometry (AP-MS, Tacheny et al., 2013), and protein microarrays (Hu et al., 2009).
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FIGURE 1. Illustration of bacterial transcription factors (TFs). A transcription factor subunit (denoted as a dumbbell shape) usually contains a regulatory domain and a DNA-binding domain. Normally two subunits dimerize to form a TF which interacts with a bacterial promoter region to either activate or repress transcription initiation. Here, only one activation mode (TF contacts domain 4 of the RNA polymerase σ subunit) and one repression mode (via steric hindrance) were shown to illustrate this process.


In general, TFs have a DNA-binding domain (DBD) and a regulatory domain (RD). Knowledge of binding sites, ligand-protein interaction and binding affinity can help identify an unknown DNA-binding protein. DBDs have been widely characterized both experimentally and bioinformatically, so today, most newly discovered and putative TFs can be identified and grouped by sequence homology to a previously characterized DBD. Now, information on the DBD structures in complex with DNA can be found in the Protein Data Bank1. Bacterial TF binding sites and related information are also available in some open databases such as CollecTF (Kilic et al., 2014). RD, also called “effector binding domain,” performs many tasks including ligand binding, protein-protein interactions and modulating the DNA-binding affinity of TFs. The diversity, abundance and structure variability of RD have been identified and investigated systematically for transcription regulation (Perez-Rueda et al., 2018; Sanchez et al., 2020). In particular, the high variability of RDs and recognition promiscuity may have evolutionary implications that they can be targeted for engineering to change the ligand specificity and/or improve the sensing dynamics.



USING TFs AS BIOSENSORS IN METABOLIC ENGINEERING


Monitoring Metabolites in vivo

Due to the inherent complexity of biological systems, it is desirable to quantitatively or semi-quantitatively evaluate metabolites of interest in vivo. By binding metabolites of interest, TFs can either activate the expression of reporter genes in a genetic circuit as an activator (Figure 2A), or induce the downstream gene expression by reducing the repression of RNA polymerase-promoter binding (Figure 2B), resulting in a detectable signal that can be easily assayed (Dietrich et al., 2010; Mahr and Frunzke, 2016; D’Ambrosio and Jensen, 2017; Liu Y. et al., 2017). TFs can be used to detect small molecules, ion accumulation, and changes in physiological parameters. A wide variety of TF-based biosensors have been constructed and characterized that recognize different small molecules, including but not limited to glutarate (Thompson et al., 2019), 3-hydroxypropionic acid (Rogers and Church, 2016; Seok et al., 2018; Nguyen et al., 2019), itaconic acid (Hanko et al., 2018), flavonoids (Siedler et al., 2014a; Trabelsi et al., 2018), anhydrotetracycline (Lutz and Bujard, 1997), arabinose (Lee and Keasling, 2006), lactam (Zhang et al., 2016), mevalonate (Tang and Cirino, 2011), L-methionine (Mustafi et al., 2012), amino acids (Binder et al., 2012; Mustafi et al., 2012; Leavitt et al., 2016), acrylic acid (Raghavan et al., 2019), isoprene (Kim et al., 2018), shikimate (Liu C. et al., 2017), and aromatic compounds (Willardson et al., 1998; Kim et al., 2005; Jha et al., 2016). Some typical biosensors with sensing kinetics are listed in Table 1.


[image: image]

FIGURE 2. Genetically encoded TF-based biosensors and their applications in metabolic engineering. Metabolic molecules can be transformed into a detectable reporter molecule through the initiation of reporter transcription by an activator (A) or a repressor (B). The correlation between input (product concentration) and output (AU, arbitrary reporter units) provides the dynamic range (C) and ligand specificity of transfer function (D). The wild-type TFs can be engineered so that the mutant can have a higher dynamic range (C) or sense a new type of molecule (D). TF-based biosensors can be coupled to HTS methods such as FACS (E) or to growth (F) for screening overproducers. TFs can also be engineered to optimize biosynthetic pathways of target products (G).



TABLE 1. Overview of some TF-based biosensors with sensing kinetics.

[image: Table 1]Although wild-type TFs are sensitive to their corresponding metabolites, they have narrow dynamic ranges, which limits their practical applications. Thus, TFs are often engineered to increase their dynamic ranges (Figure 2C). LuxR, a TF that is involved in quorum sensing in many bacteria, has been engineered to respond to butanoyl-homoserine lactone at concentrations as low as 10 nM (Hawkins et al., 2007). Structural analysis and site-directed mutagenesis were used to engineer a BmoR mutant that has a wider detection range (0–100 mM) for intracellular isobutanol than the wild-type protein (Yu et al., 2019). Promoter binding sites can also influence the dynamic range of TFs. The maximum dynamic range of a bacterial TF-based biosensor in S. cerevisiae was expanded by modifying promoter sequences (Dabirian et al., 2019a). Leavitt et al. (2016) engineered both wild-type TFs and promoters involved in aromatic amino acid induction and regulation in S. cerevisiae to obtain a transcriptional output 15-fold greater than the off-state. Similarly, TyrR, a TF that is activated in response to increased intracellular L-Phe concentrations in E. coli, exhibited higher sensitivity when combined with optimized promoters, with a dynamic range up to 15 times greater than when it was used in a strain with wild-type promoter sequences (Liu Y.F. et al., 2017).

In addition to naturally occurring metabolite-responsive biosensors, there are many metabolites for which a natural TF does not exist, or for which the detection limit is too high. To address this problem, a known TF, such as PcaV (Machado et al., 2019), can be engineered by directed evolution to expand is sensing profile (Figure 2D). Another example is the switch in the effector specificity of an L-arabinose-responsive TF, AraC, which was modified by molecular evolution to respond to D-arabinose concentrations as low as 1 mM (Tang et al., 2008). Biosensor engineering by random domain insertion (BERDI) is another technique that can be used to generate new metabolite-responsive TFs. In this case, in vitro transposon-mediated mutagenesis was used to construct a TF library, followed by fluorescence-activated cell sorting (FACS) to isolate functional biosensors (Younger et al., 2017). Recently, MphR was found to bind promiscuously to macrolides, and was then engineered to improve its sensitivity, specificity, and selectivity for these small molecules (Kasey et al., 2017). The tailored MphR biosensors provide a useful means of screening key enzymes involved in complex macrolide biosynthesis, demonstrating the power of protein engineering in creating new metabolite-responsive TFs. Similarly, an Acinetobacter TF, PobR, was engineered to switch its specificity from the native effector 4-hydroxybenzoate to p-nitrophenol (pNP) (Jha et al., 2016). Given the significant similarity between the two effectors, the high specificity of this engineered TF for pNP (detection limit of 2 μM) demonstrates the importance of engineering TFs by directed evolution.



TF-Biosensor Based Strain Screening

Since only a few metabolites are natural chromophores or fluorophores, high-throughput screening (HTS) methods are needed to identify engineered microorganisms that produce the desired products. The application of TF-based biosensors to high-throughput screening has recently been reviewed in detail (Bott, 2015; Mahr and Frunzke, 2016; Cheng et al., 2018). Here, we focus on combining random genomic mutation with high-throughput screening to obtain high-yield strains. Cells contain sophisticated metabolic networks, which can make it challenging to rationally engineer metabolic pathways that produce large amounts of target compounds. Although genomic editing tools enable the rapid and precise tuning of gene expression, our ability to rewire cellular metabolism is still limited (Yadav et al., 2012). Therefore, genome-wide approaches for introducing random mutations, followed by high-throughput screening, provide an efficient way to evolve strains (Figure 2E). Chou and Keasling (2013) developed a feedback-controlled system that contains different TFs for sensing isopentenyl diphosphate in bacteria and yeast. Several rounds of adaptive laboratory evolution (ALE) resulted in a strain that produces more tyrosine and isoprenoid than the original strain (Chou and Keasling, 2013). Recently, a cooperative two-factor ALE was developed to enhance lipid production in Schizochytrium sp. by 57.5% relative to the parent strain after 30 adaption cycles (Sun et al., 2018).

Transcription factor-based biosensors turn a chemical input, which normally does not have an observable phenotype, into a detectable output, such as fluorescence, which can be easily coupled to FACS, an ultra-throughput method capable of screening of more than 50,000 cells per second, thereby greatly accelerating the optimization of production strains. The power of TF sensor–based FACS screening is clear. For example, using an L-lysine sensor, a library of 10 million mutated E. coli cells was screened by FACS in 30 min (Wang Y. et al., 2016). The best mutant was selected and evaluated in a 5-L fermenter within 2 weeks after one round of HTS, which is 104–105 times faster than traditional selection methods. The number of studies that have applied this strategy is increasing rapidly (Binder et al., 2012, 2013; Mustafi et al., 2012; Siedler et al., 2014b, 2017; Jha et al., 2016; Wang Y. et al., 2016; Liu Y.F. et al., 2017; Schulte et al., 2017; Flachbart et al., 2019; Kortmann et al., 2019). In practice, cross-talk between cells should be noted, as it may lead to false positive results, decreasing the screening efficiency; this can be minimized by optimizing expression and cultivation conditions (Flachbart et al., 2019).

In contrast to the use of fluorescence-coupled biosensors, growth-coupled screening is a high-throughput method that can be performed without expensive equipment (Figure 2F; Dietrich et al., 2010). Lee and Oh (2015) developed a suicide riboswitch, glmS, for the high-throughput screening of metabolites in S. cerevisiae. Growth of the strain harboring the suicide riboswitch was restored when the level of the metabolite of interest level increased. An N-acetyl glucosamine producer strain was isolated after screening. Liu S.D. et al. (2017) coupled the microbial production of L-tryptophan (L-Trp) to cell growth with maltose as the sole carbon source. The selection of mutated producers led to a strain with up to 65% increased L-Trp production. An approach combining growth recovery with a fluorescent reporter protein has also been developed for enzyme-directed evolution (Michener and Smolke, 2012).



TF ENGINEERING FOR THE MICROBIAL PRODUCTION OF ORGANIC ACIDS

Organic acids and their derivatives have a wide range of industrial applications, and can be used as food additives, pharmaceuticals, antimicrobial agents, biomaterials, biofuels, and more (reviewed in Chen and Nielsen, 2016; Liu J.J. et al., 2017). Due to recent concerns about climate change and limited fossil reserves, the use of renewable biomass for the biological production of fuels and chemicals has received increasing attention as an alternative to chemical production (Sarria et al., 2017). Large-scale production using microorganisms requires the development of HTS tools for strain engineering and techniques for analyzing strain performance and the efficiency of biological processes. Many TF-based biosensors for measuring the intracellular concentrations of organic acids are currently available (Sint Fiet et al., 2006; Uchiyama and Miyazaki, 2010; Dietrich et al., 2013; Tang et al., 2013; Raman et al., 2014; Chen et al., 2015; Zhou et al., 2015; Leavitt et al., 2017; Liu C. et al., 2017; Hanko et al., 2018; Nguyen et al., 2019; Raghavan et al., 2019; Thompson et al., 2019) that provide a HTS method when combined with FACS. Alternatively, TFs can activate or repress the expression of target genes, which can be used to rewire microbial metabolic pathways, thus leading to an increase in the production of organic acids (Figure 2G). Compared with HTS-based strain evolution, engineering TFs for pathway reconstruction requires extensive knowledge of cellular metabolic machinery. Here, we discuss some recent examples of studies that have improved organic acid production using the above two strategies, with an emphasis on the role TFs play in this process (Table 2).


TABLE 2. Strain evolution for the enhanced production of organic acids.
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3-Hydroxypropionic Acid (3-HP)

3-Hydroxypropionic acid is a platform molecule for the production of 3-carbon chemicals; in particular, it can easily be converted to acrylic acid upon dehydration. However, it is difficult to detect intracellular 3-HP. To address this problem, Rogers and co-workers developed a system that uses the TF CdaR to generate a fluorescent readout in proportion to the intracellular concentration of a target metabolite (Rogers and Church, 2016). Using this sensor, the authors were able to identify a strain that produced 4.2 g/L 3-HP, a level that is 23-fold higher than any previously reported. Liu et al. (2018) introduced genome-wide mutations to target 30 genes including a TF SoxR that plays important roles in genome-level transcription. The mutant SoxRS26G,E32V conferred high furfural and acetate resistance to the engineered strain, leading to a 7- and 8-fold increase in 3-HP productivity relative to the parent strain under high furfural and high acetate hydrolyzate fermentation, respectively, demonstrating the importance of the TF-mediated global regulation of gene expression.



Acrylic Acid (AA)

As mentioned above, AA biosynthesis via enzymatic dehydration of 3-HP has been demonstrated in engineered E. coli (Chu et al., 2015; Liu and Liu, 2016). However, the yields are low, which led Raghavan et al. (2019) to apply HTS to identify strains the exhibited greater activity of key enzymes in the AA synthesis pathway. By identifying E. coli genes that were selectively up-regulated in the presence of AA, this group found that the gene yhcN encodes a protein that can respond specifically to AA at low concentrations when it was coupled to an eGFP reporter (Raghavan et al., 2019). This biosensor was used to find an amidase variant that converted acrylamide to AA with 1.6-fold improvement in catalytic efficiency, which is important to enhance AA production.



Pyruvic Acid (PA)

Pyruvic acid is widely used as additive in food and cosmetics, and as a starting material for the biosynthesis of pharmaceuticals such as L-tyrosine and (R)-phenylacetylcarbinol (Song et al., 2016). Currently, the microbial production of PA from renewable biomass requires high levels of dissolved oxygen (DO). To remove this restriction, hypoxia-inducible factor 1 (H1F-1) was engineered to increase the transcription of key enzymes involved in PA synthesis under low DO levels (Luo et al., 2020). The stability of H1F1 was further optimized, resulting in a titer of 53.1 g/L for PA production in a 5-L bioreactor under 10% DO.



Itaconic Acid (IA)

As an unsaturated 5-carbon dicarboxylic acid, IA is a useful monomer for constructing synthetic polymers. IA can also be used as a precursor for the production of high-value chemicals (Thakker et al., 2015). Variants of a number of microorganisms, such as Aspergillus terreus, E. coli, and S. cerevisiae, have been developed that produce IA. To further improve production titers, it is important to be able to quantify intracellular levels of IA. Recently, Hanko et al. (2018) reported the development of the first IA biosensor based on identifying LysR-type TFs and their promoters in Yersinia pseudotuberculosis and Pseudomonas aeruginosa. The YpItcR/Pccl inducible system was used in E. coli to identify the optimum expression level of a key enzyme in the IA synthesis pathway. The dynamic range was 5–100 μM, which could be improved further by protein engineering. This biosensor displayed the potential to facilitate improved IA biosynthesis through high-throughput strain development.



Muconic Acid (MA)

Microbial production of MA was first demonstrated in E. coli (Niu et al., 2002), and achieved a level of 18 g/L. Later, to simplify downstream separations and reduce high alkali loads, S. cerevisiae was used to produce MA at a low pH, although the titers were low (Weber et al., 2012; Curran et al., 2013). By combining metabolic engineering and electrocatalysis, Suastegui et al. (2016) were able to engineer a strain that produces an MA titer of nearly 560 mg/L. To further improve the productivity, Leavitt et al. (2016, 2017) applied a combined ALE and rational engineering strategy, in which an aromatic amino acid (AAA) biosensor was coupled to anti-metabolite selection to increase the activity of the AAA biosynthetic pathway. Activating this pathway led to a significant improvement in MA production titer to 2.1 g/L in a fed-batch bioreactor, representing the highest titer obtained to date.



Shikimic Acid (SA)

Shikimic acid is an important metabolic intermediate of the shikimate pathway. Various microorganisms have been engineered to produce SA (Licona-Cassani et al., 2014; Martínez et al., 2015; Kogure et al., 2016). Liu C. et al. (2017) developed an SA biosensor constructed from a LysR-type transcriptional regulator ShiR to monitor the SA production of different Corynebacterium glutamicum strains (Schulte et al., 2017). This biosensor was used to identify a high-yield SA-producing strain with 2.4-fold improvement in titer over low-yield strains identified by FACS. Taking another approach, Li et al. (2017) performed directed evolution of a uric acid–responsive regulatory protein, HucR, to switch its specificity to SA, which the mutant sensor can detect in the range of 3–20 mM. The biosensor was used to monitor metabolic flux and improve the specific activity of a key enzyme in the SA biosynthetic pathway.



Glucaric Acid (GA)

Glucaric acid is a promising platform molecule for making synthetic polymers such as nylons and plastics. The microbial production of GA was first demonstrated in E. coli, and subsequently developed strains produce titers of up to 4.85 g/L (B strain) and 2 g/L (K strain) (Moon et al., 2009, 2010; Shiue and Prather, 2014; Reizman et al., 2015; Doong et al., 2018; Qu et al., 2018). More recently, to overcome the limitation of acid-induced toxicity, an S. cerevisiae strain was engineered to produce GA (Gupta et al., 2016; Chen et al., 2018). Raman et al. (2014) described the development of a selection system that uses a biosensor to couple metabolite concentrations to cell fitness. A negative selection scheme was also developed to rule out false positives. After four rounds of evolution, GA production was increased 22-fold, although the absolute titer was lower than that produced by the E. coli K strain. Later, another group developed a general GA-responsive biosensor (Rogers and Church, 2016). Recently, Zheng et al. (2018) employed this biosensor to construct a two-strain system for rapid screening of myo-inositol oxygenase mutants, which play a key role in the GA synthesis pathway (Zheng et al., 2018), and found that fine-tuning the cofactor balance resulted in an increase in GA production in yeast.



Fatty Acid (FA)

Due to the lack of techniques available for monitoring fatty acyl-CoA levels in vivo, historically it has been very challenging to design rational approaches to identifying genes that modulate the production of these compounds. Recently, a FadR-based biosensor was developed to screen for S. cerevisiae genes that increase the fatty acyl-CoA pool using FACS (Dabirian et al., 2019b). Using this biosensor, this group found that the overexpression of GGA2 could increase fatty acid levels by 30 and 24% at 8 and 24 h after inoculation, respectively, which was mainly due to a significant increase in the C16:1 and C16:0 fatty acid levels. In addition, Bergman et al. (2019) used to HTS to find that overexpressing the TF Stb5 can enhance FA production in S. cerevisiae. This increase in FA production could be because of the consumption of excess NADPH, which would alleviate a potential redox imbalance.



CONCLUSION AND PERSPECTIVE

In a context of growing concerns regarding climate change, environmental protection, and sustainable development, the biological production of chemicals, pharmaceutical products, fuels, and materials through microbial fermentation of renewable biomass has developed rapidly in the past decade, providing promising solutions for these issues. To make this approach economically feasible in practice, however, the titer, yield, and productivity of organic acid bioproduction, for example, need to be improved further (Chen and Nielsen, 2016). As a metabolite sensor and gene expression regulator, TFs play an important role in determining the end-product productivity in a cell factory. Therefore, the importance of TFs engineering is that it is a critical tool in optimizing phenotypes. In particular, the explosive development of genomic editing tools in a wide variety of prokaryotic and eukaryotic microorganisms since 2012 (reviewed in Csörgő et al., 2016; Wang H.F. et al., 2016; Tian et al., 2017; Shapiro et al., 2018), together with various high-throughput strategies for mutagenesis, screening, sorting, and sequencing, has facilitated and accelerated the strain improvement significantly. Researchers have begun to engineer TFs systematically to improve bioproduction efficiency. TFs are key components used to construct synthetic genetic circuits in vivo, and can be used to detect intracellular metabolites and even the activity of entire pathways that would otherwise remain “invisible.” TF-based biosensors also provide a HTS method for use in rapid strain evolution, as they enable overproducers to be identified quickly from a genome-wide mutant library using FACS and other technologies (e.g., microfluidics). The combination of genome-wide genomic editing and HTS technologies has drawn increasing attention in the field of strain development. In addition, TFs are also important global regulators that control the expression levels of key enzymes in biosynthesis pathways, therefore determining the direction, flux, balance, and outcome of metabolic networks. Identifying, engineering, and using TFs for applications such as biosensors can help fine-tune gene expression, improve the activity and stability of key enzymes, and direct metabolic flux, thus providing flexible tools for metabolic engineering, as has been demonstrated in the many works reviewed above.

Although there are many examples of successful TF engineering in metabolic engineering and synthetic biology, some challenges remain. To date, the majority of TF-based biosensors have been demonstrated in “proof-of-concept” experiments, with few examples showing real improvement in bioproduction. This is because the type, function, performance, specificity and number of TFs are still limited compared with the large number of host cells, pathways, and metabolites that need to be engineered. The development of novel, high-quality TFs with more functions relies on the further utilization of advanced bioinformatics, computational biology, and protein engineering. In addition, the molecular mechanism, compatibility, robustness, interaction, and quantification of heterogeneous TFs in regulating metabolic networks in host cells need to be understood and thoroughly elucidated to enhance the efficiency of TF-based strain development.
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A two-stage semi-continuous strategy for producing 2-keto-gluconic acid (2KGA) by Pseudomonas plecoglossicida JUIM01 from rice starch hydrolyzate (RSH) has been developed. The initial glucose concentration (140 g/L) was selected for first-stage fermentation due to its highest 2KGA productivity of 7.58 g/(L⋅h), cell weight of 3.91 g/L, and residual glucose concentration of 25.00 g/L. Followed by removing 70.0% (v/v) of the first-stage broth and feeding 400.0 g/L of glucose to the second-stage fermentor, a total of 50680.0 g glucose was consumed, and 50005.20 g 2KGA was obtained with a yield of 0.9867 g/g by P. plecoglossicida JUIM01 after a 3-cycle two-stage semi-continuous fermentation. Our results indicated that the developed two-stage semi-continuous fermentation could be industrially applied due to its high 2KGA concentration, 2KGA yield and operation efficiency.

Keywords: 2-Keto-gluconic acid, Pseudomonas plecoglossicida, two-stage semi-continuous fermentation, rice starch hydrolyzate, fermentation performance


INTRODUCTION

Erythorbic acid, also known as D-isoascorbic acid, is a stereoisomer of ascorbic acid. Its global market demand is approximately 40,000 tons/year due to its significant applications in preventing food oxidation, inhibiting the decrease of color, flavors and aroma, and blocking the formation of carcinogenic ammonium nitrite during food processing (Walker, 1991; Wei et al., 2008). Erythorbic acid and its salts are generally recognized as safe (GRAS) by the US Food and Drug Administration (FDA) and approved as food ingredients E315 (free acid) and E316 (sodium salt) in Europe with no safety concern (Aguilar et al., 2016). Recently, erythorbic acid and its salts have seen their applications extended to include roles in mushroom post-harvesting as an oxygen scavenger, in the oil and gas industry as an oxygen scavenger, in feed industries as a calcium-rich additive and as acidulates, and in the florescent materials field to promote the synthesis of CdS quantum dots (Liang et al., 2014; Joven et al., 2015; Al Helal et al., 2018; Ping et al., 2018).

2-Keto-D-gluconic acid (2KGA) is a key intermediate for erythorbic acid and erythorbate production. It is also a versatile chemical applied in the cosmetics and pharmaceutical industries (Li et al., 2016). For 2KGA preparation, at least three methods including chemical synthesis, enzymatic conversion, and microbial fermentation have been proposed. However, chemical and enzymatic methods had limits to large-scale production due to their critical reaction conditions, low yield and/or high process costs (Elseviers et al., 2000; Tanimura et al., 2003). Microbial fermentation is the main industrial 2KGA production method with two consecutive oxidations by glucose dehydrogenase and gluconate dehydrogenase.

[image: image]

Gluconobacter, Pseudogluconobacter, Pseudomonas, Serratia, and Klebsiella are the potential genera for 2KGA production with various fermentation performances. For example, Serratia marcescens NRRL B-486 yielded 2KGA ranging from 0.85 g/g to 1.0 g/g glucose using continuous fermentation (Minisenhermer et al., 1965). Since 1998, our group has screened several 2KGA producing strains, such as Pseudomonas fluorescens AR4, Arthrobacter globiformis C224, and Pseudomonas plecoglossicida JUIM01. Among them, P. fluorescens AR4 showed a high substrate tolerance (>120 g/L glucose) and a low susceptibility to phage infection (Sun et al., 2006). Other engineered strains have also been constructed by overexpressing the ga2dh gene of Gluconobacter oxidans which produced approximately 486 g/L 2KGA from 480 g/L gluconic acid (Shi et al., 2015).

In order to overcome the inhibitory effects of substrate and/or product in the conventional batch processes, various culture systems, e.g., fed-batch, semi-continuous and continuous fermentation, have been developed. Three-cycle DO-stat repeated fed batch fermentation was developed to yield 72 g of 2KGA from 110 g of cassava by the immobilized Pseudomonas aeruginosa with a maximum productivity and cell concentration of 0.55 g/(L⋅h) and 35 g/L, respectively (Chia et al., 2008). Our group has also proposed a semi-continuous process, continuous process and direct conversion of glucose to 2KGA by P. fluorescens AR4 or A. globiformis C224 in an unsterile and buffer-free system with the purpose to increase its final concentration and improve the handling process (Teng et al., 2013; Sun et al., 2015). A production of 195 g/L 2KGA, 3.05 g/(L⋅h) productivity and a yield of 1.07 g/g were achieved in a non-sterile and buffer-free system by P. fluorescens AR4 (Sun et al., 2015). Our previous results also showed that the semi-continuous fermentation of P. fluorescens AR4 was able to produce 444.96 g/L of 2KGA, with a productivity of 6.74 g/L⋅h and a yield of 0.93 g/g, the values of which reached the industrially acceptable levels for 2KGA production (Sun et al., 2012). However, the industrial application of the 2KGA semi-continuous process highlighted some disadvantages including a lot of time spent on equipment sterilization to avoid contamination after reactor turnover. Recently, a two-stage fed-batch operation was proven to favor a significant increase of DHA threshold values by culturing the viable microbial cells in the first stage and converting a high concentration of glycerol to DHA in the second stage (Bauer et al., 2005). The present study therefore aimed to develop a two−stage semi-continuous fermentation system with the potential to improve the industrial 2KGA fermentation performance by P. plecoglossicida JUIM01, through improving its working efficiency and increasing the utilization ratio of equipment with the aim to substitute the current 2KGA batch or semi-continuous production process.



MATERIALS AND METHODS


Microorganism and Media

Pseudomonas plecoglossicida JUIM01 was screened and stocked in our laboratory (Wang et al., 2018; Sun et al., 2019). The media for the stocking strain consisted of (g/L): peptone 10.0, NaCl 5.0, beef extract 5.0 and agar 20.0. Media for preparing the seed contained (g/L, pH 7.0): glucose 20.0, urea 2.0, corn syrup powder 5.0, MgSO4⋅7H2O 0.5 and KH2PO4 2.0.

The concentrated rice starch hydrolyzate (RSH) containing 450 g/L of glucose and 3.5 g/L of protein was prepared by Parchn Sodium Isovitamin C Co. Ltd (Dexing, Jiangxi, China), and diluted to specific glucose concentrations for two-stage fermentation. Media for the first-stage fermentation contained (g/L, pH 6.7): glucose 140.0, corn syrup powder 7.5, CaCO3 39.0. Glyceryl polyether at 0.02% (v/v) was added as defoamer. The feeding media for the first-stage was (g/L, pH 6.7): glucose 140.0, corn syrup powder 7.5, urea 0.15, KH2PO4 0.1 and CaCO3 39.0. The feeding media for the second-stage was (g/L, pH 6.7): glucose 300.0 and CaCO3 82.5.



Cultivation and Two-Stage Fermentation

The seed of P. plecoglossicida JUIM01 used for 50-L scale fermentation was prepared by activating the stock cells in 50 mL of seed media at 30°C for 20 h and cultivating the activated cells in a 5-L fermentor with working a volume of 3.5 L. The agitation speed and aeration rate of the 5-L fermentor (Green Bio-engineering Co., Ltd, Zhenjiang, China) were set as 400 rpm and 105.0 L/h, respectively. After a 24-h cultivation with a cell concentration of 8.05 g/L (approximate OD650nm of 14.0), the culture was used as an inoculum for two-stage semi-continuous fermentation.

The two-stage semi-continuous process consisted of at least two 50-L mechanical stirred fermentors (Green Bio-engineering Co., Ltd, Zhenjiang, China). Temperature, DO concentration, pH, agitation speed and airflow rate were monitored on-line. The operational procedures were outlined in Figure 1. The first-stage fermentation started with the inoculation of the seeds into 35 L of media (V1) and this was cultivated at 30°C with an aeration rate of 42.0 L/min and an agitation speed of 450 rpm under a pressure of 0.03 MPa. The first-stage cultivated broth was taken out to be used as the seed in the second-stage fermentor after a specific cultivation time (the time at which residual glucose concentration had decreased to specified levels). The feeding media of the first- and second-stages were fed into first- and second-stage fermentors with volumes of V and V2-V (V2 = 35.0 L), respectively. The first-stage fermentor maintained cultivation and was used as the seed for the next run. The second-stage fermentors were cultivated at 33°C, with an aeration rate of 42.0 L/min and an agitation speed of 450 rpm under a pressure of 0.03 MPa. Each second-stage fermentation ended when glucose concentration was below 1.0 g/L. Samples were withdrawn every four hours to determine the concentration of residual glucose, concentration of 2KGA, cell concentration and pH.
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FIGURE 1. A schematic diagram of a two-stage semi-continuous fermentation system for 2KGA production by P. plecoglossicida JUIM01 (V of first-stage cultivated broth in fermentor 1 was transferred to fermentor 2 as the inoculator. The feeding media (V and V1-V) were fed into first- and second- stage fermentors, respectively. The second-stage cultivation proceeded until the glucose to be consumed was below 1.0 g/L).




Analytical Methods

Cell growth was expressed as OD650nm (optical density at 650 nm) or dry cell weight (DCW) (OD650nm of 1.0 was equivalent to 0.575 g DCW/L). The culture supernatant was obtained by centrifuging broth at 3,500 × g for 20 min, diluted with H2O and pH adjusted to 1.5 with 1 M HCl. The optical rotation degree and glucose concentration of the diluted supernatant were determined using a polarimeter (Precision Instrument Co., Ltd., Shanghai, China) and a biosensor analyzer (Shandong Academy of Sciences Institute of Biology, Jinan, China) at 25°C, respectively. 2KGA concentration was calculated with the following equation:

[image: image]

X1 and X2 represent 2KGA and glucose concentrations (g/L), respectively. Y represents the optical rotation degree (°). Coefficients −0.88 and 0.5275 represent the optical rotation degree of 10 g/L of 2KGA and 10 g/L of glucose, respectively.

2-Keto-Gluconic Acid productivity was defined as the amount of 2KGA produced per hour per liter. 2KGA yield was calculated as the amount of 2KGA produced divided by the amount of glucose consumed. The glucose consumption ratio was calculated as the amount of consumed glucose divided by the initial amount of glucose.



Statistical Analysis

All of the fermentations were performed in duplicate. One-way analysis of variance (ANOVA) and Duncan’s test were used for statistical analysis.



RESULTS AND DISCUSSION


Effect of Glucose Concentration in First-Stage Fermentation on 2KGA Production Performance

Pure sugars and starch hydrolyzates have been widely used as the carbon sources for microbial organic acid production. Corn, wheat and rice starch are abundant inexpensive renewable resources which could reduce fermentation costs as substitutes for expensive pure sugars, however pure sugars give high final bioorganic acid concentrations and productivity. Our previous results have proven that RSHs showed similar 2KGA fermentation performances to those of pure glucose (Sun et al., 2012). Herein, on the basis of the previous study, a two-stage cultivation strategy was designed by cultivating a high density of P. plecoglossicida JUIM01 cells at a first-stage for 2KGA production during a second-stage. Glucose with concentrations of 80.0, 110.0, 140.0, 170.0, and 200.0 g/L was examined to determine its influence on the 2KGA production performance during the first-stage. As the summarized results in Table 1 show, an increase in glucose concentration from 80.0 to 200.0 g/L led to prolonged cultivation periods from 12.5 h to 32.5 h. Our previous results also proved that a high glucose concentration of 200.0 g/L increased the fermentation time of P. fluorescens AR4 to 36 h (Sun et al., 2012). Accordingly, an initial glucose concentration of 200.0 g/L resulted in the highest 2KGA production of 175.28 g/L. 2KGA yields of 0.9549, 0.9746, and 0.9678 g/g were obtained from the fermentation using 110.0, 140.0, and 170.0 g/L of glucose, respectively. On the basis of the 2KGA yield, productivity and cell concentration, we chose 140.0 g/L as the initial glucose concentration for the second-stage fermentation due to it producing the highest total 2KGA, productivity and cell concentration of 0.9746 g/g, 7.58 g/(L⋅h) and 3.91 g/L, respectively.


TABLE 1. Summary of 2KGA production from different glucose concentrations at first-stage fermentation by P. plecoglossicida JUIM01.
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Fermentation Process at Glucose Concentration of 140 g/L in First-Stage Fermentation

Generally, the residual glucose concentration from the previous stage in semi-continuous or cell recycled cultures, depending on the cultivation time, provides the activated cells with high densities for next stage without a lag phase. Figure 2 presented the time course of 2KGA batch fermentation by P. plecoglossicida JUIM01 at a glucose concentration of 140.0 g/L.


[image: image]

FIGURE 2. Time course of 2KGA production, residual glucose concentration, cell concentration and pH during batch production at first-stage fermentation by P. plecoglossicida JUIM01 with an initial glucose concentration of 140.0 g/L.


2-Keto-Gluconic Acid production and cell concentration increased rapidly to 26.76 g/L and 3.31 g/L, respectively, after the first 4-h fermentation. The exponential phase growth of P. plecoglossicida JUIM01 occurred from 4 h to 16 h with a rapid increase in 2KGA concentration to 135.29 g/L and cell concentration to 3.91 g/L. From 16 h to 24 h, fermentation entered a stationary phase with a maximum 2KGA concentration of 136.47 g/L and a gradual decrease of residual glucose to 0.10 g/L. Due to 2KGA accumulation, pH values decreased significantly from 6.75 to 4.61 and then remained at a relatively stable level of about 4.3. As for the two-stage cultivation, the optimal ending point for the first-stage was a cultivation time of 8∼10 h (residual glucose ranging from 20.00 to 55.00 g/L) with a high catalytic activity of P. plecoglossicida JUIM01 and 2KGA productivity of over 10.00 g/(L⋅h), which benefited the second-stage of fermentation.



Effect of Residual Glucose Concentration at First-Stage on 2KGA Production

The optimal residual glucose concentration of the first-stage of fermentation, depending on the fermentation time, provides the activated cells with high densities without a lag phase for the following stage experiments (Ji et al., 2014). On the basis of the time course of 2KGA batch fermentation by P. plecoglossicida JUIM01, 80% of the cultivated broth (28 L) from the first-stage was transferred to second fermentor for the second-stage of fermentation at the point when the residual glucose concentration of the first-stage reached between 13.27 and 55.02 g/L (corresponding fermentation occurred from 8.0 to 13.0 h). Seven liters of feeding media containing glucose at 300.0 g/L and CaCO3 at 82.5 g/L were supplemented into the second-stage fermentor for the following fermentation.

The second-stage fermentation proceeded until the glucose was used up. The 2KGA fermentation performances were summarized in Table 2. 2KGA concentrations in the first-stage broth were 120.04, 109.70, 94.47, 83.51, and 74.94 g/L when the residual glucose had decreased to 13.27, 24.13, 36.38, 44.69, and 55.02 g/L (corresponding with fermentation times of 13.0, 11.5, 10.0, 9.0, and 8.0 h), respectively. Final cell concentrations in all of the experimental groups reached roughly 3.80 g/L in the broths. The 2KGA yield and productivity were at their highest levels of 0.9443 g/g and 9.51 g/(L⋅h), respectively, when the residual glucose concentration was 24.13 g/L (a fermentation time of 11.5 h).


TABLE 2. Effect of residual glucose concentration at first-stage on 2KGA production.

[image: Table 2]After transferring 80% of the cultivated broth (28 L) from the first-stage to the second-stage fermentor and feeding 7 L of fresh feeding media, the glucose concentration in the second-stage fermentor increased to 70.60, 79.23, 89.10, 95.74, and 104.01 g/L as 2KGA concentrations decreased to 96.03, 87.76, 73.98, 66.81, and 58.75 g/L, respectively, and the cell densities also decreased correspondingly to about 3.0 g/L. At the end of the second-stage fermentation, the maximum productivity achieved was 8.56 g/(L⋅h) with 81.34 g/L of 2KGA and a 2KGA yield of 1.0266 g/g.

Considering the fermentation performance of both the first- and second-stages, the highest productivity of 8.05 g/(L⋅h) and yield of 0.9832 g/g were obtained when the residual glucose concentration was 24.13 g/L. Hence, it could be concluded that the broth in the first-stage could transfer to the second-stage fermentor for further fermentation when the residual glucose concentration was about 25.0 g/L (a fermentation time of 11.5 h) providing the live cells and glucose for the next stage.



Effect of Removing Broth Volumes of First-Stage on 2KGA Production

The cultivated broth in the first-stage contained live cells, residual glucose and produced 2KGA (Zhang et al., 2010). Removing volumes directly affected the remaining active cells, initial glucose level and 2KGA content for the next stage of fermentation. Accordingly, various broth volumes ranging from 50.0% to 80.0% (v/v) were taken after 11.5 h of first-stage fermentation, and transferred to second-stage fermentors to investigate the influence of removing volumes on 2KGA fermentation performance. As summarized in Table 3, after adding the corresponding volumes (50.0%, 60.0%, 70.0%, and 80.0%, v/v) of fresh media into each first-stage fermentor to bring the final working volume to 35 L, the glucose concentrations changed to 81.54, 92.04, 104.47, and 115.26 g/L, cell densities decreased to 1.85, 1.54, 1.18, and 0.82 g/L, and 2KGA concentrations changed to 55.72, 44.49, 33.10, and 21.91 g/L, respectively. At the end, 2KGA concentrations in all experiments reached to about 110.0 g/L. The maximum cell concentration of 3.90 g/L, 2KGA yield of 0.9564 g/g and productivity of 9.53 g/(L⋅h) were obtained by removing 70.0% (v/v) of the broth (adding 70.0%, v/v, of fresh media). The glucose concentrations in the second-stage fermentation ranged from 79.87 g/L to 160.47 g/L after transferring 80.0%, 70.0%, 60.0% and 50.0% (v/v) of first-stage broth and feeding corresponding volumes (20%, 30%, 40%, and 50%, v/v) of media containing 300.0 g/L of glucose. As a consequence, resulting 2KGA concentrations were 160.29, 134.84, 109.12, and 81.83 g/L, respectively. A Maximum yield of 1.0250 g/g was observed with a productivity of 8.39 g/(L⋅h) when removing volume of first-stage broth was 70.0% (v/v).


TABLE 3. Effect of removing broth volumes of first-stage on 2KGA production.

[image: Table 3]Combining the first- and second-stage of fermentation, removing 70.0% (v/v) of the volume from the first-stage fermentor could be selected for following study with a total productivity of 8.79 g/(L⋅h) and yield of 0.9823 g/g, indicating that first-stage fermentation could produce 2KGA at 76.20 g/L and provide a high density of P. plecoglossicida JUIM01 cells for highly efficient 2KGA fermentation at the second-stage.



Effect of Feeding Glucose Concentration on Second- Stage Fermentation

A broth volume set at 70.0% (v/v) (24.5 L) was transferred into the second-stage fermentor, and 10.5 L of fresh media containing various glucose concentrations from 250.0 to 450.0 g/L were fed to investigate their effect on 2KGA fermentation performance. As presented in Table 4, after feeding various concentrations of glucose, the initial glucose concentrations in the second-stage fermentor changed with a range from 90.35 to 150.24 g/L with initial 2KGA concentrations of about 76.0 g/L. Increasing the glucose concentration in the feeding media directly prolonged the fermentation time from 11.5 to 19.0 h, and led to final cell concentrations with a range from 3.99 to 3.73 g/L and 2KGA concentrations from 168.72 g/L to 228.83 g/L. A maximum 2KGA yield of 0.9872 g/g and a higher productivity of 8.97 g/(L⋅h) were observed by feeding 10.5 L of media containing 400.0 g/L of glucose, which was attributed to the increased produced 2KGA concentration of 139.83 g/L. Hence, feeding media containing 400 g/L of glucose is suitable for second-stage fermentation due to it producing the highest yield, highest produced 2KGA concentration and highest productivity.


TABLE 4. Effect of feeding glucose concentration on second-stage fermentation.
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2KGA Two-Stage Fermentation Under Optimal Conditions

Two stage semi-continuous fermentation of 2KGA under the optimal conditions by P. plecoglossicida JUIM01 was verified for 3 cycles. Briefly, the 11.5-h cultured broth of 70% (v/v) at the first-stage (1# fermentor) was taken out and transferred into 2# fermentor at the second-stage. 10.5 L of fresh media containing glucose at 400.0 g/L was added into 2# fermentor at the second-stage for another 16-h cultivation until the residual glucose was consumed completely. At the same time, 24.5 L of fresh media containing glucose at 140.0 g/L, corn syrup powder at 7.5 g/L, urea at 0.15 g/L, KH2PO4 at 0.1 g/L and CaCO3 at 39.0 g/L was fed into the first-stage fermentor for a further 8-h cultivation with residual glucose of about 24.5 g/L, and 70.0% (v/v) of total broth volume was taken out and transferred to 3# fermentor at the second-stage. Similarly, 3# fermentor continued to ferment after feeding 10.5 L of fresh media containing glucose at 400.0 g/L until the residual glucose decreased to 0.1 g/L. Each of the two-stage semi-continuous cycles included one batch of first-stage fermentation (1# fermentor, cultivation time of 8.0 h) and one batch of second-stage fermentation (2# fermentor, fermentation time of 16.0 h), and one batch of first-stage fermentation (1# fermentor, cultivation time of 8.0 h) and one batch of second-stage fermentation (3# fermentor, fermentation time of 16.0 h). At the end of the 3rd cycle, all of the three fermentors would end with a residual glucose concentration of 0.1 g/L. Figure 3 presented the total time courses of the first- (A, 1# fermentor) and second-stage (B, 2# and 3# fermentors) fermentation of P. plecoglossicida JUIM01.
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FIGURE 3. Time courses of 2KGA production, residual glucose concentration, cell concentration and pH in a 3-cycle two-stage semi-continuous fermentation. Time courses of (A) 1# fermentor for the first-stage fermentation and (B) 2# and 3# fermentors for the second-stage fermentation. Each cycle lasted for 32 h. At the end of first-stage fermentation, 70% (v/v) of broth (24.5 L) in 1# fermentor was taken out as the inoculum for second-stage fermentation (2# or 3# fermentor), which was started by feeding 10.5 L of 400.0 g/L of glucose. Data are the means of three independent experiments ± standard deviations (n = 3) analyzed in duplicate.


As shown in Figure 3A, after every taking out 70% of the cultivated broth from 1# fermentor at the first-stage and feeding fresh media, the initial glucose, 2KGA, and cell concentrations in 1# fermentor showed stable levels of approximately 105.0, 33.0, and 1.20 g/L, respectively. At the end of each fermentation, the glucose concentration decreased to about 25.0 g/L, cell density increased to 3.90 g/L and 2KGA concentration increased to 110.0 g/L. The stable 2KGA yield of 0.98 g/g and productivity of 9.5 g/(L⋅h) also indicated that the optimal removing volume of 70.0% (V/V1) could provide a stable cell density and residual glucose for second-stage fermentation.

The initial glucose, 2KGA and cell concentrations in 2# and 3# fermentor (at the second-stage) had comparable levels of 135.0, 75.0, and 2.80 g/L, respectively (Figure 3B). After 16.0 h of fermentation, glucose was completely consumed with a final 2KGA concentration of 215.0 g/L and cell concentration of 3.80 g/L. Accordingly, the 2KGA produced from of each run in each fermentor was 139.0 g/L with a total 2KGA yield of 0.988 g/g and productivity of 8.95 g/(L⋅h), which indicated that the second-stage fermentation under the optimal conditions had a high 2KGA production performance.

During 3-cycle fermentation, 25480.0 g of glucose in total was added in 1# fermentor at the first-stage and 21749.0 g glucose was consumed, resulting in 20703.0 g 2KGA produced with a total yield of 0.9519 g/g. Similarly, 28930.0 g of glucose in total was consumed in 2# and 3# fermentors at the second-stage, and 29302.0 g 2KGA was produced with an average 2KGA production of 215.40 g/L and a total yield of 1.0129 g/g. Hence, combining the first- and second- stages, a total of 50680.0 g of glucose was consumed, and 50005.20 g of 2KGA was produced with an average produced 2KGA concentration of 204.10 g/L and a total yield of 0.9867 g/g.



Comparison of 2KGA Production by Different Culture Strategies

So far, four different fermentation processes including batch, fed-batch, semi-continuous and/or continuous fermentation have been used to produce 2KGA from glucose, cassava, RSH or corn starch hydrolyzate as substrates. 2KGA producing strains and their fermentation performance from this work and from literature reports were presented in Table 5. The 2KGA yields ranging from 0.92 g/g glucose to 1.08 g/g glucose were obtained using the continuous fermentation process by S. marcescens NRRL B-486 (Minisenhermer et al., 1965). Sun et al. (2014) developed a two-stage fermentation strategy using the first stage to maintain a neutral pH favoring cell growth and second stage which switched to acidic conditions favoring 2KGA accumulation, which produced a total of 186 g/L of 2KGA at 26 h with a conversion ratio of 0.98 mol/mol by Klebsiella pneumoniae. Our group had previously investigated 2KGA production strategies including batch, semi-continuous, continuous and even direct bioconversion of glucose using free resting cells of P. fluorescens AR4 (Sun et al., 2012, 2013, 2015). The strain P. fluorescens AR4 could convert 476.88 g/L of glucose into 444.96 g/L of 2KGA with a total productivity of 6.74 g/L and yield of 0.93 g/g during 4-run semi-continuous fermentation (Sun et al., 2012). At the steady state of continuous process, the amount of 2KGA was determined to be 135.92 g/L with 8.83 g/(L⋅h) average volumetric productivity and a 0.9510 g/g yield, and achieved a maximum 2KGA production of 195.0 g/L with 3.05 g/(L⋅h) total productivity and a 1.07 g/g yield during the 64-h direct bioconversion process. In this study, a two-stage semi-continuous fermentation of P. plecoglossicida JUIM01 consumed 50680.0 g of glucose and produced 50005.20 g of 2KGA with a total yield of 0.9867 g/g during a 3-cycle fermentation within 32 h. The average productivities of the first- and second- stages were calculated at 9.53 and 8.95 g/(L⋅h), respectively. Hence, two-stage semi-continuous fermentation inherited advantages such as high 2KGA production performance of semi-continuous process and avoided the lag time for cleaning, sterilization, and inoculation of each turnover. Additionally, the feeding media for the second-stage only consisted of glucose at a high concentration with no addition of either nitrogen or minerals, which would reduce the cost of industrial production.


TABLE 5. Comparison between the literature results cited and this work in 2KGA fermentation.
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CONCLUSION

A two-stage semi-continuous fermentation has been developed with the cooperation of 3 fermentors to enhance the 2KGA production performance by P. plecoglossicida JUIM01 using RSH as the substrate. A glucose concentration of 140.0 g/L was ideal for the first-stage fermentation due to its highest total 2KGA productivity of 7.58 g/(L⋅h) and cell concentration of 3.91 g/L. The optimal parameters for two-stage semi-continuous fermentation included 8.0-h fermentation time for the first-stage with a residual glucose concentration of about 25.0 g/L, 70.0% (v/v) of removing volume, and 400.0 g/L of feeding glucose for the second-stage fermentation. During 3-cycle fermentation, 50680.0 g of glucose was consumed, and 50005.20 g of 2KGA was obtained with a total yield of 0.9867 g/g by P. plecoglossicida JUIM01. In conclusion, the proposed two-stage semi-continuous fermentation showed a significant potential for industrial application based on its increased 2KGA production performance including concentration, yield and productivity from glucose in rice starch hydrolyzate, low input of feeding media, and decrease of processing period.
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2-Keto-L-gulonic acid (2-KLG) is the direct precursor for the production of L-ascorbic acid (L-Asc) on industrial scale. Currently, the production of L-Asc in the industry is a two-step fermentation process. Owing to many unstable factors in the fermentation process, the conversion rate of L-sorbose to 2-KLG has remained at about 90% for many years. In order to further improve the production efficiency of 2-KLG, a FAD-dependent sorbose dehydrogenase (SDH) has been obtained in our previous research. The SDH can directly convert L-sorbose to 2-KLG at a very high efficiency. However, the enzyme activity of the SDH is relatively low. In order to further improve the enzyme activity of the SDH, a high throughput screening platform the dehydrogenase is essential. By optimizing the promoter, host and sorbosone dehydrogenase (SNDH), knockout of the aldosterone reductases and PTS related genes, a reliable platform for high-throughput screening of more efficient FAD-dependent SDH has been established. By using the high-throughput screening platform, the titer of the 2-KLG has been improved by 14.1%. The method established here could be useful for further enhancing the FAD-dependent SDH, which is important to achieve the efficient one-strain-single-step fermentation production of 2-KLG.

Keywords: 2-Keto-L-gulonic acid, promoter, sorbose dehydrogenase, sorbosone dehydrogenase, aldosterone reductase, L-sorbose-specific-PTS, error-prone PCR


INTRODUCTION

Vitamin C, also known as L-ascorbic acid (L-Asc), is an essential nutrient for human beings and occupies the largest global market among vitamins. It can affect cells by participating in the elimination of reactive oxygen species (Wenzel et al., 2004), promoting collagen production (May and Qu, 2005), and helping immune defense (Carr and Maggini, 2017). At present, the main L-Asc production method is the classical two-step fermentation process, which uses Gluconobacter oxydans to convert D-sorbitol to L-sorbose, and uses Ketogulonigenium vulgare and Bacillus megaterium to further convert L-sorbose to 2-keto-L-gulonic acid (2-KLG). The process has two fermentation steps and requires two times of sterilization, resulting in high energy consumption and long production period (Liu et al., 2011a,b). Besides, compared with commonly used single-fermentation fermentation, both regulation and breeding of mixed fermentation are more difficult (Kim et al., 2019). To achieve the one-step-single-strain production of 2-KLG is a long pursued goal for the vitamin C industry.

In order to achieve the one-step-single-strain production of 2-KLG, previous attempts could be divided into several groups: (1) Overexpression of sorbose dehydrogenase (SDH) and sorbosone dehydrogenase (SNDH) from K. vulgare in G. oxydans or other bacteria (Gao et al., 2014). Since the SDH from K. vulgare could also interact with D-sorbitol to form other byproducts, the yield of 2-KLG on D-sorbitol by this method remains to be lower than 65%. (2) Overexpression of 2,5-diketo-D-gluconate reductase from Corynebacterium glutamicum in Erwinia sp. that can product 2,5-diketo-D-gluconate from D-glucose (Anderson et al., 1985). For potential low enzyme activity or cofactor balance issues, 2-KLG titer could not be significantly improved by using the method. (3) Overexpression of SDH and SNDH from G. oxydans T100 in G. oxydans strains that can produce 2-KLG from D-sorbitol (Saito et al., 1997). When expressing the SDH gene from G. oxydans T100 in E. coli, the SDH cannot catalyze L- sorbose to 2-KLG, suggesting that it may be a major limiting step to increase the enzyme activity of this SDH. According to these previous reports, the main problems in achieving one-step-single-strain fermentation of 2-KLG include cofactor regeneration (Wang et al., 2016; Kim et al., 2019), identification of key enzymes, competition of intermediate metabolic byproducts (Richter et al., 2009).

In our recent report, we obtained a G. oxydans strain by high-throughput screening aided with 2-KLG dehydrogenase (Chen et al., 2019). A FAD-dependent SDH that can convert L-sorbose to 2-KLG with almost 100% conversion efficiency has been identified from the strain. However, the enzyme activity of the SDH is very low and can only produce several grams of 2-KLG by different optimization method. Based the previous reports about other SDHs that can convert L-sorbose to L-sorbosone or 2-KLG (Zhou et al., 2012; Gao et al., 2017), both substrate/product specificity and enzyme activity should be improved by high-throughput screening. Since the slow growth rate of G. oxydans and low transformation efficiency (Yao et al., 2017; Jin et al., 2019), G. oxydans itself is not suitable for high-throughput screening of efficient SDH. Therefore, it is essential to construct a high-throughput screening platform strain with fast growth and high transformation efficiency. Since the SDH could be functional expressed in E. coli to catalyze L-sorbose to 2-KLG, E. coli could be a good choice (Chen et al., 2019). Though D-sorbitol, L-sorbose, L-sorbosone and 2-KLG are not commonly acquired in E. coli, the aldosterone reductases and PTS-related proteins could affect the regular function of SDH and thus interrupt the high-throughput screening process.

This study was focused on establishment of a high-throughput screening platform of a FAD-dependent SDH from G. oxydans WSH-003 based on E. coli, and then improve the enzyme activity of the SDH. By optimizing the promoter of the SDH, it was found that introduction of SDH in E. coli not only produce 2-KLG, there are also some byproducts could be found. In order to achieve more reliable screening process, the aldosterone reductases and PTS related genes are knockout consequently, combined with the co-expression of a SNDH. By using the high-throughput screening system, the titer of the 2-KLG has been improved by 14.1%. The method established here could be useful for further enhancing the FAD-dependent SDH, which is important to achieve the efficient one-strain-single-step fermentation production of 2-KLG.



MATERIALS AND METHODS


Genes, Plasmids, and Strains

E. coli JM109 was used for plasmid construction and preservation. E. coli BL21 (DE3) was used for gene expression research. The plasmids pCas and pTarget required for gene knockout were provided by Shanghai Institute of Plant Physiology and Ecology (Jiang et al., 2015). G. oxydans WSH-004 was screened in our previous research (Chen et al., 2019).



Plasmid Construction and Gene Expression

Five constitutive promoters with different strength (PinfC−rplT, Plpp, PdnaKJ, PcspA, PcsrA) have been selected to express SDH (Zhou et al., 2017). These promoters were obtained by PCR amplification using the E. coli K12 genome as the template. SDH gene was PCR-amplified from the genomic DNA of G. oxydans WSH-004. The target gene SDH and these promoters were ligated into the vector pMD19-T-Simple by a one-step cloning kit (Takara, Dalian, China). All the primers used for expression of SDH are listed Table 1. These plasmids have also been transformed into E. coli K12substr. W3110, E. coli K12substr. MG1655, E. coli JM109 for selecting optimum E. coli host.


Table 1. Primers used for promoter optimization.

[image: Table 1]



Culture Conditions

E. coli strains with plasmids are plated on LB plates with 100 mg/L of ampicillin and cultured overnight. A single colony is picked into a 14 mL shaker tube containing 4 ml LB medium and then cultured for 9–10 h as seed culture. The seed culture was then inoculated with an inoculation ratio of 2% into a 250 mL shake flask containing 25 mL of LB medium with 1% L-sorbose, firstly incubated at 37°C for 3 h, and then transferred to 25, 30, 37, and 40°C, respectively, for optimizing the temperature for enzyme expression.



Simultaneous Overexpression of SDH and SNDH

For simultaneous overexpression of SDH and SNDH, the highest yielding constitutive promoter PcspA was selected as pMD19-cspA-SDH. E. coli BL21(DE3) competent cell was simultaneously transfected into pMD19-cspA-SDH and pET28a-SNDH. Both SDH and SNDH were from G. oxydans WSH-004. Single colonies were picked into seed culture medium for 9 h, then transferred to a 250 mL shake flask containing 25 mL of LB medium with 1% L-sorbose by 2% inoculum, then incubated at 37°C for 2–3 h until about OD600 = 0.6–1, adding IPTG with a final concentration of 0.3 mM, transferring to a 30°C shaker for subsequent fermentation, taking samples at different times and used HPLC to detect for 2-KLG yield.

For optimizing sorbosone dehydrogenase (SNDH) from different sources, five SNDH from other sources were synthesize the five SNDH genes. To construct plasmids for overexpression of SNDH in E. coli BL21 (DE3), SNDH genes were inserted into the HindIII/EcoRI site of pET28(a)+. These plasmids containing SNDH werer transformed into E. coli BL21 (DE3) strain containing SDH plasmid to achieve the co-expression of SDH and SNDH in E. coli.



Knockout of Aldosterone Reductase Genes

The aldosterone reductase genes, yiaK, ahr, dkgA, dkgB, yahK, yajO, ydjG, yeaE, have been amplified from genomic DNA of E. coli BL21 (DE3) by using yiaK-UP-F/R, yiaK-Down-F/R, ahr-UP-F/R, ahr-Down-F/R, dkgA-UP-F/R, dkgA-Down-F/R, dkgB-UP-F/R, dkgB-Down-F/R, yahK-UP-F/R, yahK-Down-F/R, yajO-UP-F/R, yajO-Down-F/R, ydjG-UP-F/R, ydjG-Down-F/R, yeaE-UP-F/R, yeaE-Down-F/R, respectively, to obtain upstream and downstream homology arm fragments. These genes of homologous arm were obtained by overlapping PCR using PrimerSTAR DNA polymerase. All the primers are listed in Table 2. The pCas plasmid can generate sgRNA located on the pTarget plasmid under IPTG induction, and the pCas plasmid itself will be incubated at 42°C. A series of pTarget plasmids were constructed containing the target gene N20-sgRNA of aldosterone reductase genes by primer sequences listed in Table 2. Knockout of these genes by CRISPR/Cas9 are performed according to the previous report (Jiang et al., 2015).


Table 2. Primers used for knockout aldosterone reductases.
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Knockout of Related Genes About L-Sorbose-Specific-PTS

By using the CRISPR/Cas9 technology, continued to knock out six related genes (ptsG, fruA, pfkA, ptsH, ptsI, glcA) in L-sorbose-specific PTS was based on the original strain E. coli BL21 (DE3) and E. coli BL21 (DE3)-8. A series of pTarget plasmids were constructed containing the target gene N20-sgRNA of aldosterone reductase genes by primer sequences listed in Table 3. Knockout of these genes by CRISPR/Cas9 are performed according to the previous report (Jiang et al., 2015). Using the E. coli BL21 (DE3) genome as a template, respectively, amplify using PrimerSTAR DNA polymerase, using ptsG-UP-F/R, ptsG-Down-F/R, fruA-UP-F/R, fruA-Down-F/R, glcA-UP-F/R, glcA-Down-F/R, ptsI-ptsH-UP-F/R, ptsI-ptsH-Down-F/R, as a pair primer to obtain upstream and downstream homology arm fragments. These genes of homologous arm were obtained by overlapping PCR using PrimerSTAR DNA polymerase. All the primers are listed in Table 3.


Table 3. Primers used for knockout of PTS related genes.
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Error-Prone PCR

Error-prone PCR of SDH was performed by the GeneMorph II Random Mutagenesis Kit (Agilent, Santa Clara, CA) with pMD19-cspA-SDH as a template by using primer pair 5′-TTCCAGAGATTATTGCTGTTTACGG-3′/5′-GTGAAAAGTTCTTCTCCCTTACCCA-3′. The amplified fragment carrying A tail was directly cloned with the vector pMD19-Simple transformed into E. coli BL21 (DE3) derivative strains mentioned above. For primary screening, the colonies appeared on the LB plates with ampicillin were picked up into 96-deep well plates by QPix420 (MD, Genetix, UK). These cultured cells in the deep-well plate were cultured at 37°C for 2–3 h, then moved to culture at 30°C for 20–24 h. For high-throughput screening, 40 uL of supernatant was transferred into another 96-well plate, then mixed with buffer containing 2-KLG reductase and NADH to a total volume 200 uL. The last one of each 96-well plate was set as a control. The absorbance at 340 nm, which is the optimum absorbance for NADH, was detected by a microplate reader (BioTek, Winooski, VT).



HPLC and Liquid Chromatography Ion Trap Time-Of-Flight Mass Spectrometry (LCMS-IT-TOF) Assays

L-sorbose and 2-KLG were determined by a HPLC equipped with an Aminex HPX-87H column (Bio-Rad, Hercules, CA) at 35°C with a flow rate of 0.5 mL/min and 5 mmol/L H2SO4 as the eluent (Gao et al., 2014). For LC-MS analysis, a Shimadzu LCMS-IT-TOF (Shimadzu, Kyoto, Japan) equipped with an Aminex HPX-87H column was used. The HPLC conditions for LCMS-IT-TOF analysis is: 35°C with a flow rate of 0.5 mL/min and 5 mmol/L formic acid as the eluent. IT-TOF detection was performed with an ESI source in negative ion mode at the followed conditions: detector voltage, 1.60 kV; nebulizing gas (N2) flow, 1.5 L/min; drying gas (N2) flow, 200 kPa; ion accumulation time, 30 ms; and scan range (m/z), 100–300 for MS1(Chen et al., 2019).




RESULTS


Overexpression of the FAD-Dependent L-Sorbose Dehydrogenase in E. coli

Five E. coli BL21 (DE3) strains that express the FAD-dependent SDH with different promoters were constructed and applied for the shake flask culture to produce 2-KLG with 10 g/L of L-sorbose as a substrate. The sampled culture broth was then detected by HPLC (Figure 1A). T7 and five constitutive promoters were applied to optimize the expression of SDH in E. coli. The results showed that the promoter PcspA could achieve to 2.42 g/L, which is the highest 2-KLG titer among the strains. SDS-PAGE results showed that the promoter PcspA could significantly express SDH, which has a molecular weight of SDH was 57.6 kDa (Figure 1B). Since both the titer and the conversion ratio is relatively low, it cannot be directly applied for the high-throughput screening of the SDH. The HPLC and LC-MS results showed that besides the L-sorbose and 2-KLG, there is also an unknown byproduct (Figures 1C,D). This by-product was produced in the middle of the fermentation stage. As the fermentation progresses, the by-product gradually decreased. At the end of the fermentation, the by-product peak was almost disappeared.


[image: Figure 1]
FIGURE 1. Optimized different constitutive promoter for the expression of SDH. (A) Effect of different promoter on 2-KLG production by HPLC analysis. (B) Whole cell SDS-PAGE analysis M: protein Marker, 1: blank control, and 2–9 represent constitutive expression of SDH 4, 6, 8, 10, 12, 16, 20, and 24h, respectively. (C) HPLC detection of product peaks (D) LC-MS analysis of product peaks.




Optimized Production of 2-KLG From L-Sorbose

By expressing the SDH with the optimum promoter PcspA in different E. coli strains, it was found that SDH could convert L-sorbose to 2-KLG in E. coli K-12 substr. W3110, E. coli K-12 substr. MG1655, E. coli JM109 and E. coli BL21 (DE3) (Figure 2A). The result showed that the SDH could yield highest 2-KLG titer in E. coli BL21 (DE3), while the 2-KLG titers in the other three strains are low. Then the E. coli BL21 (DE3) was selected as the host for the downstream experiments. The E. coli BL21 (DE3) strain with the plasmid pMD19-cspA-SDH was subjected to shake flask fermentation at 4 different temperatures to obtain the optimum temperature for enzyme expression (Figure 2B). The results showed that the optimum temperature for 2-KLG production was 37°C, under which the 2-KLG titer could reached to 2.83 g/L. Furthermore, when simultaneous expression of pMD19-cspA-SDH and pET28a-SNDH in E. coli BL21 (DE3), the 2-KLG titer could be further improved to 2.54 g/L at 48 h (Figure 2C). Base on the results, different SNDH have been co-expressed. The results showed that co-expression of SNDH from WSH-004 could achieve the highest 2-KLG titer (Figure 2D).


[image: Figure 2]
FIGURE 2. Optimized different conditions of 2-KLG yield from L-sorbose. (A) Optimized host cells for expression of sorbose dehydrogenase. a: E.coli JM109, b: E.coli K-12substr.W3110, c: E.coli K-12substr.MG1655, d: E.coli BL21(DE3). (B) Optimized the effect of culture temperature on the yield of 2-KLG. (C) Effect of co-expression of SDH/SNDH on 2-KLG production. a: Control, b: T-cspA-SDH/pET28a-SNDH. (D) Optimized the effects of different sources of sorbosone dehydrogenase (SNDH) on the yield of 2-KLG. a: sndh-WSH-004, b: sndh-02655, c: sndh-02935, d: sndh-03750, e: sndh-04500, f: sndh-19405.




Effects of Aldosterone Reductases Knockout on 2-KLG Production in E. coli

By knocking out the 8 aldosterone reductase gene using the CRISPR/Cas9 technology, an E. coli strain without aldosterone reductases, E. coli BL21(DE3)-8 (Table 4) has been obtained. Then the SDH or SDH/SNDH was transferred into the aldosterone reductases defective strain to form E. coli BL21(DE3)-8-SDH and E. coli BL21(DE3)-8-SDH-SNDH. By culture of E. coli BL21(DE3)-8-SDH in shake flasks using 10 g/L of L-sorbose as the substrate, the 2-KLG titer was slightly decreased from 2.58 to 2.32 g/L, while the 2-KLG titer of E. coli BL21(DE3)-8-SDH-SNDH was increased from 4.43 to 5.85 g/L. The results suggested that the aldosterone reductases could play important roles in the function of SDH and SNDH.


Table 4. Strains deficient in aldosterone reductases and PTS system.
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Effects of PTS System Proteins Knockout on 2-KLG Production in E. coli

Seven PTS system proteins knockout strains were constructed to evaluate the effect of these proteins on the 2-KLG production, i. e., E. coli BL21 (DE3)-3, E. coli BL21 (DE3)-4, E. coli BL21 (DE3)-6, E. coli BL21 (DE3)-11, E. coli BL21 (DE3)-12, E. coli BL21 (DE3)-13, E. coli BL21 (DE3)-14 (Table 4). Then SDH or SDH/SNDH were overexpressed in these strains, respectively. The results of shake flask fermentation showed that knockout of ptsH and ptsI could significantly improve the 2-KLG titer in strains either overexpression of SDH or SDH/SNDH (Figures 3A,B). The results also showed that knocking out ptsH and ptsI had a great effect on the growth of the cells in the early stage, while the cell growth could achieve the similar level to that of the control strain (Figure 3C).


[image: Figure 3]
FIGURE 3. Effects of PTS system proteins knockout on 2-KLG production in E. coli. (A) Overexpression of sorbose dehydrogenase (SDH) in defective strains. a: WT E-coli BL21(DE3), b: E-coli BL21(DE3)-3, c: E-coli BL21(DE3)-4, d: E-coli BL21(DE3)-6; e: E-coli BL21(DE3)-11, f: E-coli BL21(DE3)-12, g: E-coli BL21(DE3)-13, h: E-coli BL21(DE3)-14. (B) Co-expressed sorbose dehydrogenase and sorbosone dehydrogenase (SDH/SNDH) in defective strains. a: Control, b: E-coli BL21(DE3)-3, c: E-coli BL21(DE3)-4, d: E-coli BL21(DE3)-6; e: E-coli BL21(DE3)-11, f: E-coli BL21(DE3)-12, g: E-coli BL21(DE3)-13, h: E-coli BL21(DE3)-14. (C) Defective strain cell growth OD600 detection.




High Throughput Screening of Sorbose Dehydrogenase in E. coli

It was determined that the optimal limited range for detection of 2-KLG with 2-KLG reductase was 0–0.23 (g/L) (Figure 4A). A series of mutants was obtained by using the mutation kit. The initial screening was performed by using microplate reader (Figure 4B). Around 1.3 × 104 mutants were screened for each round. Figure 4C showed one typical colony EP-PCR result by using the workflow shown in Figure 4D. The optimum mutants obtained by preliminary screening were subjected for rescreening with shake flasks. Six strains with higher 2-KLG titer was obtained by rescreening (Figures 4E,F), namely co-2-E1, co-16-B6, co-8-D5, co-6-F7, co-15-A7, co-28-B1, increased by 7.1, 10.4, 6.6, 11.3, 14.1, and 10.2%, respectively. The specific amino acid mutations of these beneficial mutants were shown in Table 5. The results showed that the method established here can be used for high-throughput screening of enhanced SDH. In theory, when the GeneMorph II Random Mutagenesis Kit could yield the similar the probability of mutation of the target gene to A, T, G, and C base. However, 80% of the target gene was mutated to A or T base in the screened SDH, indicating that the gene may have a preference for A or T bases.


[image: Figure 4]
FIGURE 4. High-throughput screening system. (A) Reaction rate of 2-KLG reductase with different concentrations of 2-KLG. (B) High-throughput preliminary screening visual map based on microplate reader. (C) A typical colony EP-PCR result. (D) The workflow of high-throughput screening method. (E) Verify of the strains in shake flasks (batch 1). a: Control, b: co-2-E1, c: co-8-D5, d: co-9-B4, e: co-6-F7, f: co-6-C3, g: co-5-E10, h: co-3-D2, i: co-15-A7, j: co-16-B6. (F) Verify of the strains in shake flasks (batch 2). k: Control, l: co-20-A1, m: co-28-B1, n: co-19-C1, o: co-15-D1, p: co-33-E1, q: co-6-F1, r: co-8-G1, s: co-25-H1, t: co-5-H5.



Table 5. Mutation sites in SDHs.

[image: Table 5]




DISCUSSION

SDH with high substrate/product specificity and high enzyme activity is vital for achieving one-step-single-strain production of 2-KLG from D-sorbitol. A FAD-dependent SDH obtained by our previous work has high substrate/product specificity while low enzyme activity was used to improve the enzyme activity by high-throughput screening. By optimizing the promoter, hosts and SNDHs, knockout of the aldosterone reductases and PTS related genes, a reliable platform for high-throughput screening of more efficient FAD-dependent SDH has been established. By using the high-throughput screening system, the titer of the 2-KLG has been improved by 14.1%.

At present, most of the recent researches on the one-step-single-strain production of L-Asc were carried out in the G. oxydans (Table 6) (Wang et al., 2018). The SDH has a similar sequence to that of the G. oxydans T100, which could directly convert D-sorbitol to 2-KLG (Saito et al., 1997). When overexpression of the SDH from G. oxydans T100 in another G. oxydans G624, the titer of 2-KLG could achieve to 130 g/L (Saito et al., 1997). However, when synthesize the SDH and SNDH from G. oxydans T100 in G. oxydans strains available in our lab, no more than 10 g/L of 2-KLG could be obtained. Unlike a majority of the common enzymes, these SDHs from G. oxydans are highly hypercritical to strains without any known disciplines according to our experiments, such as: (1) The SDHs from one G. oxydans strain cannot be functional in other G. oxydans strains and other common bacteria; (2) E. coli strains express the SDHs could have the ability to convert L-sorbose to 2-KLG, while the broken cells cannot, even with common exogenous electron acceptors for dehydrogenases (DCIP, PMS). These strange phenomena significantly affect the further rational engineering of the SDHs from G. oxydans. Since the slow growth rate of G. oxydans and low transformation efficiency (Yao et al., 2017; Jin et al., 2019), G. oxydans itself is not suitable for high-throughput screening of efficient SDH. E. coli could be a common host for the high-throughput screening of enzymes by using error-prone PCR.


Table 6. Production of -KLG by different microorganisms.

[image: Table 6]

By optimizing the promoters and the host of E. coli, it was found that not only the conversion ratio of L-sorbose to 2-KLG was low, there was also some byproducts that may be associated with the SDH. In order to decrease the accumulation of by-product, several means have been attempted, such as coexpression of SNDH (Fu et al., 2007; Du et al., 2013), blocked the potential competition pathway of L-sorbose to 2-KLG by knocking out the aldosterone reductase genes (Yum et al., 1998; Penning, 2015). According to reports in the gene of Klebsiella, the transport of L-sorbose into bacteria requires the L-sorbose-specific phosphotransferase system (PTS) (Slater et al., 1981; Wehmeier et al., 1995; Yebra et al., 2000). Therefore, knockout of PTS related genes in E. coli has also been attempted, including PtsG (glucose phosphoryl transferase) (Han et al., 2004), FruA (fructose phosphoryl transferase), PfkA (phosphofructokinase) (Vinopal et al., 1975), PtsH (phosphorylated carrier protein), PtsI (phosphotransferase I) (Woodward and Charles, 1982), and GlcA (glycolate transporter) (Sprenger and Lengeler, 1984). Though the interactions of SDH with these genes remains unclear, our results demonstrated that knockout of some of the genes could significantly enhance the function of SDH in E. coli, which could benefit the high-throughput screening of enhanced SDH in E. coli.

After investigated a majority of the SDHs reported in G. oxydans in our lab, the enzyme activity in either G. oxydans or E. coli is far away from the requirement for competition with the current industrial scale vitamin C process. Though it has been reported that the G. oxydans strain can be directly mutagenized to enhance its performance in 2-KLG production (Park et al., 2012; Zhu et al., 2012; Yang et al., 2017), there was no reports on the directed evolution of SDH from G. oxydans. In this study, it was found that only overexpression of SDH in E. coli BL21 (DE3) could produce 2-KLG. Though the current mixed fermentation system for the production of 2-KLG has been extensively studied (Takagi et al., 2010; Yang et al., 2015), production of 2-KLG in E. coli are rarely investigated. The results presented here could provide a useful reference for the metabolic engineering of L-sorbose to 2-KLG in E. coli. In this work, overexpression of a FAD-dependent SDH from G. oxydans WSH-004 in E. coli was studied. Owing to its unique characteristics, this SDH could be used to directly produce 2-KLG from L-sorbose with high substrate/product specificity. A platform strain suitable for high-throughput screening of SDH was constructed. The screening platform strain constructed here should be a model strain suitable for further enhancing the production of 2-KLG by either G. oxydans or other bacteria.
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Industrial biotechnology can lead to new routes and potentially to more sustainable production of numerous chemicals. We review the potential of biobased routes from sugars to the large volume commodity, methacrylic acid, involving fermentation based bioprocesses. We cover the key progress over the past decade on direct and indirect fermentation based routes to methacrylic acid including both academic as well as patent literature. Finally, we take a critical look at the potential of biobased routes to methacrylic acid in comparison with both incumbent as well as newer greener petrochemical based processes.
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INTRODUCTION

Methacrylic acid (MA) and its ester (methyl methacrylate, MMA) are primarily polymerized into polymethylmethacrylate (PMMA) which is used in the production of acrylic glass (Dormer et al., 1998). Acrylic glass is used in components of electronics, automobile parts, lights (LEDs), signs, and displays (Brydson, 1999; Nagai and Ui, 2004; Ali et al., 2015)1. Notably, PMMA has a high biocompatibility and low acute toxicity enabling use in medical applications (Frazer et al., 2005). MMA pricing ranges from $1.75 to $2.25 /kg2,3,4 with an annual market that will exceed $8 billion USD by 2025, growing at a rate of 8–9% per year.

This increasing demand for MA is not only due to increased demand for acrylic glass, but also the increasing number of new applications for MMA (Brydson, 1999). MMA will continue to be a critical monomer in the future with currently no equivalent replacement (Ali et al., 2015). As demand will continue to grow, more sustainable methods of production need to be considered. Numerous efforts have been made to increase sustainability and reduce waste in petrochemical processes. Recent advances in chemical processes have enabled alternative petrochemical feedstocks and reduced waste (Johnson et al., 2009; Witczak et al., 2010). Additionally, the International Energy Agency in 2012 designated MA as a suitable target for the design of a bio-based process (Burk and Van Dien, 2016)1.

Both petrochemical processes and biobased routes have their own strengths and weaknesses. In this review, we discuss the current states of and recent advances in both petrochemical and biobased routes to MMA. We review different bio-based routes as well as the performance requirements of any biobased process to compete with advanced petrochemical technologies. Lastly, we discuss the potential of future bio-based routes to MMA as well as the key barriers for a bioprocess to compete with petrochemistry including conversion yields and feedstock costs.



PETROCHEMICAL ROUTES

Currently, MMA is produced via one of several processes from a few key petrochemical feedstocks as illustrated in Figures 1A–G. Over 65% of MMA is produced via the Acetone CyanoHydrin (ACH) route, developed in the 1930's (Figure 1D) (Nagai and Ui, 2004). The use of toxic hydrogen cyanide, as well as concentrated acids are a primary concern with the ACH route, as is the negative impact of significant waste (ammonium bisulfate) generation and treatment (Nagai and Ui, 2004; Mahboub et al., 2018). A competitive route, Direct Oxidation (and similar processes), relies on isobutylene as a feedstock (Figure 1B) and is primarily commercial in Asia (Nagai and Ui, 2004; The Chemical Engineer, 2008; Mahboub et al., 2018). Concerns over safety, costs, and the environmental impact of the ACH route have driven efforts to find alternative routes to produce MMA (Adom et al., 2014). Important among these is the hydroformylation of ethylene and related chemistry (Figures 1A,E). The low costs of ethylene compared to acetone and isobutylene, as well as decreased waste and lower investment costs have made these processes attractive. In 2019, there were announcements related to the potential construction of new MMA plants using ethylene as a feedstock. If constructed these plants would be operational between 2024 and 2026 (Sale, 2019).


[image: Figure 1]
FIGURE 1. Current petrochemical routes and proposed bioprocessing alternatives for the manufacture of MA/MMA. Petrochemical routes (A–G). The C2 manufacturing routes of MA using ethylene as starting material include (A) BASF's ethylene hydroformylation (EHF) to propionaldehyde followed by condensation to methacrolein before oxidation and esterification to MMA and (E) the Alpha process where ethylene is converted to MMA via methyl propionate. The C3 routes include: (D) the Acetone Cyanohydrin (ACH) process starting from acetone and hydrogen cyanohydrin, and (F) the propyne route with the carbonylation and esterification of methyl acetylene. The C4 routes, starting from isobutylene include (B), Direct Oxidation (DO) process and (C) Asahi's process reliant on ammonia. (G) The global breakdown of MMA supply by process technology. Alternative biological routes to produce MA from sugars such as glucose (H–N). Bioconversion steps and chemical conversions are shown as black and red arrows respectively. (H) Direct biosynthesis of MA through the intermediates keto-isovalerate, isobutyryl-CoA and methacrylyl-CoA reliant on a branched chain keto-acid dehydrogenase (bcka Dh) and an acyl-CoA dehydrogenase (ac Dh). (I) Production of isobutyrate either from keto-isovalerate through isobutyraldehyde, or alternatively through isobutyryl-CoA. (J) The conversion of methacrylyl-CoA to 3-hydroxy-isobutyrate (3HIBA) is reliant on an enoyl-CoA hydratase (ech). Citramalate is produced from acetyl-CoA and pyruvate via a citramalate synthase (cimA) and can then be converted to citraconate via isopropylmalate isomerase such as encoded by the leuCD genes. Both citramalate and citraconate can be converted chemically to MA. (L) 2-hydroxy-isobutyrate (2HIBA) can be produced from 3-hydroxybutyryl-CoA through a mutase and hydrolase. (M) Itaconic acid is derived from citric acid through the intermediate cis-aconitate via two enzymes: aconitase (acn) and cis-aconitate decarboxylase (cad). (N) Mesaconic acid is synthesized from glutamate through methyl-aspartate using a mutase and methylaspartase.




BIOPROCESSING ALTERNATIVES

The use of biotechnology to provide alternative routes for the production of chemicals has had several successful outcomes (Chen et al., 2013; Valdehuesa et al., 2013; Van Dien, 2013; Barton et al., 2015; De Carvalho et al., 2018). Fermentation based routes to MMA utilizing more sustainable feedstocks represent one potential alternative to petrochemistry. Biobased routes may provide both long term environmental and economic sustainability. Given the competitiveness of the market, the development of biobased PMMA has become a priority of many of the current producers (ChiMei Corp., Mitsubishi Corp., Evonik Ind., Sumitomo Chemicals and Arkema) (Bio PMMA Market Trends, 2017)1,5. Previous work on the conversion of sugar to MA or MMA using engineered biocatalysts has focused on the evaluation or development of one of several pathways, as illustrated in Figures 1H–N, ranging from the direct production of MA to the combined use of biochemical and traditional chemistry to produce MA from glucose. In these bio-chemocatalytic routes, key intermediates are produced biologically and subsequently converted to MA. Intermediates evaluated to date include both 2- and 3- hydroxyisobutyric acids, which are converted to MA via dehydration, as well as several 5 carbon organic acids (citraconic, citramalic, itaconic, and mesaconic acids), which have the potential to be converted to MA either by decarboxylation or decarboxylation along with dehydration using an inexpensive hot pressurized water process. (Figures 1K,M,N) Significant work over the past decade on these routes has been made in the development of a variety of microorganisms for the biological production of target intermediates, as well as in their subsequent chemical conversions to MA. We will discuss each route in turn.


Direct Production of Methacrylic Acid

As illustrated in Figure 1H, there is a direct route from glucose to MA. The biochemical steps involved are primarily derived from valine catabolism, via the natural intermediate methacrylyl-CoA (Bachhawat et al., 1957; Rendina and Coon, 1957; Massey et al., 1976). In valine catabolism, methacrylyl-CoA is hydrated to 3-hydroxyisobutyryl-CoA, hydrolysed to 3-hydroxyisobutyrate (Figure 1J) and subsequently oxidized to methylmalonate semialdehyde, which enters central metabolism through another oxidation to propionyl-CoA (Bachhawat et al., 1957). Bypassing the later steps of valine degradation by expression of a CoA hydrolase/thioesterase with engineered activity on methacrylyl-CoA, can lead to the direct production of MA. Numerous enzymes have been proposed to perform the conversion of methacrylyl-CoA to MA, which may all need to be engineered for this activity (Burgard et al., 2009). Despite these theoretical descriptions no production has been demonstrated (Burgard et al., 2009). To our knowledge, only one study of microbial bioproduction of MA from glucose was reported reaching a titer of 170uM (14.6mg/L) in shake flasks (Eastham et al., 2018). In this work expression of an acyl-CoA oxidase (ACX4) converts isobutyryl-CoA to methacrylyl-CoA, which is transformed to MA via a promiscuous thioesterase (Hayashi et al., 1999; Eastham et al., 2018).

One potential reason for so little success in the biosynthesis of MA is likely due to its acute toxicity. In E. coli the concentration of MA reducing growth rate by 50% is only 13.2mM (1.1g/L) (Webb et al., 2018). The toxicity of MA, its esters, and methacryly-CoA has been investigated in numerous in vivo studies in both eukaryotes and prokaryotes. The main mechanisms identified were the radical reactivity of MA and derivatives with cellular nucleophiles such as glutathione. MA has also been shown to directly induce DNA damage and inhibit key metabolic enzymes (Plaga et al., 2000; Ansteinsson et al., 2013; Arya et al., 2013; Curson et al., 2014; Murakami et al., 2019). This toxicity makes its direct biological production highly limited in any of the potential microbial hosts considered. (Lipscomb et al., 2011, 2012; Jarboe et al., 2013; Lam et al., 2014; Mukhopadhyay, 2015).



Isobutyric Acid

As depicted in Figures 1H,I, another route to MA leveraging valine catabolism relies on the biological production of isobutyric acid (IBA), with subsequent oxidation to MA. This route is attractive as significant progress has been made to date on IBA production in engineered hosts. A recent study highlights that S. cerevisiae naturally possesses an Ehrlich pathway (Yu et al., 2016), which enables it to produce isobutyrate. However, reported titers of IBA (387.4 mg/L) (Yu et al., 2016) remain relatively low. In contrast, IBA synthesis from glucose in engineered E. coli has been reported at titers of 90 g/L, volumetric productivities of 1g/L-h, and yields of 0.39g IBA/g glucose (80% of the theoretical maximum) (Zhang et al., 2011; Xiong et al., 2015). In this work, isobutyraldehyde was first produced from 2-keto-isovalerate using an α-ketoisovalerate decarboxylase (kivd) from Lactococcus lacti, followed by oxidation to IBA utilizing a phenylacetaldehyde dehydrogenase (padA) from E. coli (Zhang et al., 2011; Xiong et al., 2015). While these bioprocesses are promising, achieving high chemical conversion yields have proven more challenging. Dehydrogenation has been performed on both IBA to produce MA as well as on methyl-IBA to produce MMA. To date yields of only 40 and 60%, respectively, have been demonstrated. Yields are limited by significant byproduct (carbon dioxide and diisopropyl ketone) formation (McDaniel and Young, 1963; Wilhelm Gruber and Ginter Schröder, 1983; Macho et al., 2004).



Hydroxy Isobutyric Acids

Routes through biosynthesized hydroxy-isobutyrates (HIBAs) can be coupled with dehydration reactions to produce MA and are considered as alternative chemical conversions to the dehydrogenation of IBA (Figures 1J,L). Both 3-hydroxy-isobutyrate (3-HIBA), derived from valine catabolism as discussed above, as well as its isomer 2-hydroxy-isobutyrate (2-HIBA), have been considered as biological end products (Volker and Schindelmann, 1969; Burgard et al., 2009; Rohwerder and Müller, 2010; Dubois et al., 2011; Burk et al., 2012; Marx et al., 2016). The conversion of 3-HIBA to MA has been reported with conversions from 20 to > 90% (Volker and Schindelmann, 1969; Marx et al., 2016) while the dehydration of 2-HIBA has been accomplished at conversion yields of 71.5% (Pirmoradi and Kastner, 2017). As mentioned above, 3-HIBA is a natural intermediate in valine catabolism. Engineering efforts have resulted in 3-HIBA titers ranging from 150 mg/L (Dellomonaco et al., 2011) to 2.3 g/L (Lang et al., 2015), often produced along with significant amounts of IBA (Lang et al., 2014; Xiong et al., 2015; Jawed et al., 2016; Marx et al., 2016).

2-HIBA-CoA (Figure 1l) was originally found to be a natural metabolite in a pathway that has evolved in the biodegradation of tert-butyl ether (Rohwerder et al., 2006). The production of 2-HIBA-CoA via a mutase from A. tertiaricarbonis is dependent on a B12-dependent mutase involving free radical isomerization (Yaneva et al., 2012; Kurteva-Yaneva et al., 2015). In addition, this enzyme has stereospecificity for (S)-3-hydroxybutyryl-CoA as a substrate (Kurteva-Yaneva et al., 2015). While (R)-3-hydroxybutyryl-CoA, a precursor to polyhydroxyalkanoates, is readily produced from acetoacetyl-CoA in numerous organisms (Madison and Huisman, 1999; Chen and Jiang, 2017), (S)-3-hydroxybutyryl-CoA and (S)-3-hydroxyacyl-CoAs more generally are intermediates in fatty acid biosynthesis. Engineering of pathways with (S)-3-hydroxyacyl-CoA intermediates have been a focus in the production of alcohols as well as fatty acids (Dellomonaco et al., 2011; Lynch et al., 2014; Kim et al., 2015; Wang et al., 2019). 2-HIBA has been produced from both (S)-3-hydroxybutyryl-CoA, via mutases similar to that originally characterized, as well as (R)-3-hydroxybutyryl-CoA through the discovery of (R) specific mutases. (R) specific mutases are also vitamin B12 dependent. Biocatalysis reliant on B12 dependent enzymes often require vitamin supplementation, and can suffer from enzyme inactivation, requiring reactivation (Daniel et al., 1998; Mori and Toraya, 1999). To date 2-HIBA biosynthesis has been reported in engineered microbes at titers as high as 6.4g/L (Burgard et al., 2009; Hoefel et al., 2010; Reinecke et al., 2011; Soucaille and Boisart, 2011; Rohde et al., 2017).



Citramalic/Citraconic Acids

Citramalate is a naturally occurring diacid and an intermediate in the isoleucine biosynthesis pathway of some anaerobic bacteria (Buckel and Barker, 1974; Howell et al., 1999; Risso et al., 2008). Citramalate is synthesized from the central metabolites pyruvic acid and acetyl-CoA using a single enzyme, citramalate synthase (cimA), as depicted in Figure 1K. This enzyme has been successfully utilized in pathways enabling the biosynthesis of 1-propanol and 1-butanol through the intermediate citramalate. In these studies directed evolution of citramalate synthase resulted in feedback resistant mutants with improved activity (Atsumi and Liao, 2008). Citramalate has limited toxicity to microbes when compared to MA where concentrations of ~25g/L are required to inhibit growth by 50% (Webb et al., 2018). Citramalate can be converted to MA via a relatively simple process involving simultaneous decarboxylation and dehydration with citraconate as an intermediate. The simplest conversion uses only hot pressurized water and has achieved conversion yields as high as 81% (de Jong et al., 2012). Although this chemistry is inexpensive, catalyst development may be needed to improve yields and selectivity. Recent successes in bioengineering highlight the potential of citramalate as an intermediate to MA. Using engineered E. coli expressing a mutant citramalate synthase, titers ranging from 46.5 g/L to as high as 80 g/L have been reported with yields of 58% of theoretical (Johnson et al., 2009; Wu and Eiteman, 2016; Parimi et al., 2017; Webb et al., 2018). Additionally, significant systems characterization of these engineered strains has been reported (Webb et al., 2019).



Itaconic Acid

Itaconic acid has long been produced via biotechnology primarily utilizing wild type or engineered Aspergillus terreus strains (Steiger et al., 2013; Hevekerl et al., 2014; Bafana and Pandey, 2018; Kuenz and Krull, 2018). Itaconic acid is also produced from citrate through the intermediate cis-aconitate which is decarboxylated to itaconate as illustrated in Figure 1M. Titers in the range of 120–220 g/L have been reported with itaconate yields ranging from 0.45 to as high as 0.58 g itaconic acid/ g glucose and maximal production rates from 0.45 to 1g/L-h (Hevekerl et al., 2014; Huang et al., 2014; Krull et al., 2017a; Tehrani et al., 2019). In addition, the chemical decarboxylation of itaconic acid to MA has been demonstrated via several different catalytic routes, mostly reliant on metal catalysts. Some of these processes have demonstrated conversion yields as high as 40% at over 90% selectivity (Le Nôtre et al., 2014; Lansing et al., 2017; Bohre et al., 2019). However, the current cost of itaconic acid ranges from $1.80 to $2.00/kg (Kuenz and Krull, 2018), which is similar to the price of MMA. At this pricing and 100% conversion of itaconic acid to MA (with loss of carbon dioxide), a price of $2.70–$3.00/kg could be expected for MA alone (not including the cost of esterification). This is 20–70% higher than estimated petrochemical based pricing for MA. The route to MA through itaconic acid may well be the most mature, with previous scale up and commercial production but key improvements to reduce costs would include improving the yield of fermentation, as well as increasing the volumetric rate of production by at least 2 fold (Bafana and Pandey, 2018). Recent efforts have been aimed at engineering organisms beyond A. terreus including U. maydis, Y. lipolytica, and E. coli (Krull et al., 2017b; Tehrani et al., 2019; Zhao et al., 2019).



Mesaconic Acid

Lastly, another attractive potential route to MA is through mesaconic acid. Mescaconic acid is produced from the amino acid glutamate. Glutamic acid production via fermentation is a mature technology, primarily reliant on engineered Corynebacterium glutamicum (Kimura, 2003; Wendisch et al., 2016). Mesaconate production relies on several natural pathways for glutamate catabolism and/or carbon fixation (Figure 1N), wherein a mutase converts glutamate to methyl aspartate, which through the action of a methyl aspartase is converted to mesaconate (Wang and Zhang, 2015). Similarly to the HIBA-CoA mutase described above, the glutamate mutase is also a B12 dependent enzyme reliant on free radical chemistry and requires vitamin supplementation and continuous enzyme reactivation (Chih and Marsh, 2000; Wang and Zhang, 2015). Methyl aspartase shares a reaction mechanism with aspartases converting aspartate to fumarate (de Villiers et al., 2012). Heterologous expression of these enzymes from C. tetanomorphum in E. coli enabled mesaconic acid titers approaching 23 g/L (Wang and Zhang, 2015; Wang et al., 2018). The same basic chemical conversions producing MA from citramalate can convert mesaconic acid to MA although yields still require optimization and possible catalyst/process development (Johnson et al., 2012). While glutamate is basically a commodity chemical in its own right with prices estimated from $1.70–$1.95/kg ($2.00–2.25/kg of monosodium glutamate)3, assuming a yield of MA from glutamate of 0.58g/g, one could predict a potential MA cost of ~$2.90/kg which is not competitive with current pricing for MA. Cost reductions in glutamate production will be needed for this route to be competitive.




FUTURE OUTLOOK

We can, admittedly subjectively, assess the relative maturity and remaining technical challenges for each of the proposed fermentation based routes to MA, as given in Table 1. In our opinion, the three most promising routes, when considering both the strain and bioprocess development, as well as final chemical conversions, are the routes through itaconic, citramalic, and isobutyric acids. All of these routes are well past proof of concept stages, but still will require optimization.


Table 1. Comparison of maturity and challenges for biobased routes to MA.
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While Table 1 has attempted to rank order the maturity of possible biobased routes to MA, all of the potential biological routes for MA from sugar, as described above, have a similar yield, 1 mole of MA from 1 mole of hexose, which translates in the case of glucose to a maximal theoretical yield of 0.477 gram of MA per gram of glucose. This yield is a common challenge to all of these routes. At theoretical yield, and glucose costs of $0.20/lb ($0.44/kg)6,7 this translates to a cost of $0.92/kg of MA for feedstock alone. This represents a major challenge to these biological routes, wherein they not only need to compete with the ACH manufacturing technology, but also newer ethylene based processes. In the case of the ACH process, converting acetone ($0.94/kg), HCN ($0.66/kg) and sulfuric acid ($0.13/kg) to MMA, we can estimate the cost of feedstocks for MA (which is not isolated as an intermediate in this process) at roughly $1/kg3. In this case, on a feedstock cost basis, glucose based routes have the potential to compete. However, the greener petroleum based routes converting ethylene ($0.76/kg), syngas (CO/H2, $0.07/kg), and methanol ($0.37/kg) or formaldehyde ($0.63/kg) to MA (Figures 1A,E), would have estimated costs for feedstocks of only $0.50/kg of MA3. This is half that of biobased routes, discussed in Figure 1.

While the proposed routes to MA have a maximal yield of 0.477 gram of MA per gram of glucose, there is room for improvement. The theoretical yield for MA from glucose is ~0.63g/g. A key limitation of these pathways is the wasting of electrons, as illustrated in Figure 2. While we often use the term “renewable carbon,” it is in actuality usually renewable reducing equivalents or electrons which are of the most value. The current biobased routes to MA described above all produce excess electrons. These electrons need to be oxidized for metabolism and production to proceed, either aerobically using oxygen, or anaerobically with another electron acceptor requiring the committed formation of unwanted fermentation byproducts. In addition, wasted pairs of electrons are accompanied by wasted carbon.


[image: Figure 2]
FIGURE 2. Potential metabolic pathways to optimize MA yields. (A) glycolytic metabolism, (B) Bifidobacterium shunt, and (C) reductive TCA cycle. In glycolysis (A) 0.5 moles of glucose are converted to 1 mole of pyruvate (or alternatively 1 mole of oxaloacetate) and one mole of NADH (1 pair or electrons). Pyruvate can be oxidized to acetyl-CoA generating another mole of NADH. (B) The Bifidobacterium shunt phosphoketolase enzyme (xfp) (Fandi et al., 2001) has activity as both an erythrose-4-phosphate (E4P) and xylulose-5-phosphate (X5P) phosphoketolase producing acetyl-phosphate (acetyl-P). Recycling 2 moles of glyceraldehyde-3-phosphate (GA3P) through triosephosphate isomerase and the reversible fructose bisphosphate aldolase can lead to improved yield (dashed line) (C). Inclusion of 2-oxoglutarate synthase (OGS) in anaerobic production could lead metabolism where oxidative flux through the TCA cycle is balanced by reductive flux wherein electrons from glycolysis are consumed. Balanced TCA flux can lead to higher yields of alpha-ketoglutarate derived products such as mesaconic acid as well as cis-aconitate derived products such as itaconic acid. Additional abbreviations: glucose-6-phosphate (G-6P), fructose-6-phosphate (F-6P), fructose-1,6-bisphosphate (F-1,6BP), dihydroxyacetone phosphate (DHAP), 1,3 bisphosphoglycerate (1,3BPG), 3 phosphoglycerate (3PG), phosphoenolpyruvate (PEP).


Fortunately, potential metabolic solutions to improve yields have been described, generally relying on the use of multiple metabolic routes in combination. For example, the combination of oxidative routes (described above) where excess electrons are generated and reductive routes where excess electrons can be utilized, can lead to improved yields. A good example of an oxidative route to the intermediate acetyl-CoA would be the bifidobacterium shunt, or non-oxidative glycolysis, as depicted in Figure 2B (Bogorad et al., 2013; Lin et al., 2018). This metabolic shunt has the potential to produce acetyl-CoA while conserving electrons and carbon, increasing maximal yields. In the best case (where some of the three carbon intermediates can be recaptured in the oxidative pathway, dashed line Figure 2B), maximal yields of MA reach theoretical yields of 0.63g/g. Non-oxidative glycolysis is useful for the routes to MA utilizing acetyl-CoA or pyruvate and acetyl-CoA (Figure 1). When evaluating the routes reliant on tricarboxylic acid (TCA) cycle intermediates or derivatives, consuming excess electrons produced via glycolysis in a reductive route can increase yields as demonstrated in Figure 2C. This would require expression of key enzymes from a natural reductive TCA cycle including 2-oxoglutarate synthase [OGS, which it should be noted is an oxygen sensitive enzyme (Hughes et al., 1998)]. A similar approach was used to increase 1,4-butanediol yield from TCA intermediates, albeit not requiring OGS (Yim et al., 2011). Again, this metabolism has the potential to increase theoretical yields of MA (from the mesaconic or itaconic acid intermediates) to the theoretical maximum of 0.63g/g.

With maximal yields of 0.63g/g, sugar costs of less than $0.32/kg ($0.145/lb) would still be needed for biobased routes to have feedstock costs comparable to newer ethylene based petrochemical processes. Sugar costs are a challenge in the bioeconomy in general, particularly for biobased commodities and especially for biofuels (Chen et al., 2013; NREL, 2013; Taylor et al., 2015; Rosales-Calderon and Arantes, 2019). These costs may well be achievable with second generation cellulosic based sugars as technologies for their production mature (Youngs and Somerville, 2012; Kühner, 2013; Liu et al., 2019). Previous estimates suggest cellulosic sugars can reach costs as low as $0.26/kg (Soare, 2013). Future changes in the legislative landscape, including potential carbon taxes or fines, may also help biobased routes compete (Rajni et al., 2006; Mustafa and Balat, 2009; Information Technology and Innovation Foundation, 2018; EPA, 2019). However, it is likely that technical developments to increase yields (as well as rates and titers), lower sugar costs, and legislative changes will be required for any potential biobased process to MA or MMA to take hold in the market.
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FOOTNOTES

1PMMA Market Size Worth $8.16 Billion By 2025|CAGR: 8.4%. https://www.grandviewresearch.com/press-release/global-polymethyl-methacrylate-pmma-industry.

2PMMA Production, Price and Market Demand. Plastics Insight https://www.plasticsinsight.com/resin-intelligence/resin-prices/pmma/.

3https://dataweb.usitc.gov/

4https://www.plasticsinsight.com/resin-intelligence/resin-prices/pmma/ and https://www.grandviewresearch.com/press-release/global-polymethyl-methacrylate-pmma-industry

5Synthetic and Bio PMMA Market Size - Industry Share Report 2022. Global Market Insights, Inc. https://www.gminsights.com/industry-analysis/synthetic-and-bio-based-pmma-polymethyl-methacrylate-market-size.

6The Sweet and Sour History of Sugar Prices|Winton. Winton https://www.winton.com/longer-view/the-sweet-and-sour-history-of-sugar-prices.

7Sugar Prices - 37 Year Historical Chart. https://www.macrotrends.net/2537/sugar-prices-historical-chart-data.
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dkgA-Down-R
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dkgB-UP-R
dkgB-Down-F
dkgB-Down-R
dkgB-sgRNA-F
dkgB-sgRNA-R
ahr-UP-F
ahr-UP-R
ahr-Down-F
ahr-Down-R
ahr-sgRNA-F
ahr-sgRNA-R
yeaE-UP-F
yeaE-UP-R
yeaE-Down-F
yeaE-Down-R
yeaE-sgRNAF
yeaE-sgRNA-R
yajo-UP-F
yajo-UP-R
yajO-Down-F
yajo-Down-R
yajO-sgRNA-F
yajO-sgRNA-R
ydjiG-UP-F
ydiG-UP-R
ydiG-Down-F
ydiG-Down-R
ydiG-sgRNA-F
ydjiG-sgRNA-R
yiak-UP-F
yiak-UP-R
yiak-Down-F
yiak-Down-R
yiaK-sgRNA-F
yiak-sgRNA-R

Sequence 5'-3'

ccagggagtggggeaatcigaatatg
attatgtggegeagetactgtattocgecccacaatticatgacceggea
tgeogggteatgasattgtggggeggaatacagtagotgogecacataat
ccaggcactatcagaaategetoat
gtggetectitgtigtatgegtittagagotagaaatagcaagtt
geacacaacaaaggagecacactagtattatacctaggactgage
aggaggaacgtatggctaatccaac
cttecggototgeatgatgatgtecggtgatggatetggaagttgeacac
gtgtgeaacticcagatocateaccggacateatcatgeagageeggaag
getgecatgattgetgacaatate
coattagegeaaggagggaagtittagagetagaaatageaagtt
tteootoottgogetaatggactagtattatacotaggactgage
gecagaategeaaaaateetotgea
agaggettaateccattcaggagoceggecagtggattagagteagatca
tgatctgactetaatccactggoogggetoctgaatgggattaagectet
gegetggtacgttaacggattcoa
gaagggtigacgegtgagatgtittagagetagaaatagcaagtt
atoteacgegteaaccaticactagtattatacctaggactgage
ggotggaacgctiaaatgatgottc
geggtaatcagateaactgegageacttatgagetgogtaagotgatgeg
cgeatcagetiacgeageteataagtgctegeagtigatctgattacoge
cgttgtggattatacatgtogoacy
caaaatagggotgecagtoggtittagagotagaaatageaagtt
cgactggeageectattttgactagtattatacctaggactgage
cgegtgtatctgaatccacaaga
ggeatigaacteggtttaacccteacaatateagegoggeacaagtati
caatacttgtgeogegetgatatigtgagggtiaaacegagticaatgee
cgggtattggtgtgeagtggaac
atetgetgtigetggeaccagttttagagotagaaatageaagtt
tggtgecageaacageagatactagtattatacotaggactgage
toggegtetatetttgteatcagac
gtaatcacgeatggacactgocggaattateggtacategogggaagaac
gitettecogegatgtaccgataattceggeagtgtocatgegtgattac
totggasatggecaccagecaty
gecoggtitactcaacaacogttttagagotagaaatageaagtt
gotigtigagtaaaccgggeactagtatiatacctaggactgage
toatottocagettcteaagatoge

cotttaggeacaacggatattacge cegetatgtegtataatggeatty
caatgecattatcacgacatagegg gogtaatateogttgtgectasagg
acaaaccgtaacggeagtctgtggg
agetggettctacctottcggtittagagctagaaatagcaagtt
cgaagaggtagaagecagetactagtattatacctaggactgage
ccatgtagatettgoccatigeg
gegogatatgtecasaaatcatgaccteaaatgteactttcateocagge
geetgggatgaaagtgacatttgaggteatgattitiggacatategoge
ttcaagtcgeatgtgeageaacet
ggegeaaaagagtgtogeatgtittagagetagasatagcaagtt
atgogacactctttigogecactagtattatacctaggactgage
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glcA-UP-R
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ptsl-ptsH-UP-F
ptsl-ptsH-UP-R
ptsl-ptsH-Down-F
ptsl-ptsH-Down-R
ptsl-ptsH-sgRNA-F
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Sequence 5-3'

actoaccttacctigegooggtace
gtaccgaaaatcgectgaacaccagaaccgestgetictgecataacaty
catgttatggeagaageaggoggtictggtgticaggegattttoggtac
ggegeaattaccgacaactggeage
teottcatttggeogecgatgtittagagotagasatageaagtt
atoggeggecaaatgaaggaactagtattatacctaggactgage
caacgecaggtittgtgcaatatt
cggtasaaatgtetggotgggtyatagogaaageagogtaataaaagaty
caccttttattacgetgetitogetatcacocagecagacatttttaccg
tgagacctaaccgeegegagelgga
aaactgatggeaccacacgggtitiagagotagaaatagcaagtt
cogtgtgtgecateagtitatagtattatacctaggactgage
cggeateactgatagaaaaacaggty
gacatgtegctggageaataaccetategaccacggegeageaaatcaac
gttgatttgetgegoogtggtogatagggtiatigetecagegacatgte
gegasagtggttgatcagoeaaaacy
agaacggeacaagaaccgacgttttagagctagaaatagcaagtt
gtoggttctigtgecgttctactagtatiatacctaggactgage
ttgatategtgacttcetggeoggg
getgticgtictggatacctacgeacgetgtaacggtetagetgtaceat
atggtacagctagacegttacagegtgegtaggtatecagaacgaacage
actgttegtacaattcgegegtigy
gaagtgatgggecgtiatiggtittagagetagaaatageaagtt
caataacggeccateacttoactagtatatacctaggactgage
geaggtatetettotggageagoty
ccagegteattaactegteegtigtageggtaatggtaacttctigetgg
ccageaagaagttaccattaccgotacaacggacgagttaatgacgetgg
gegaaagtggttgateageaaaacy
gttgtgactatetegeagagtittagagotagaaatageaagtt
tetgeggagatagtcacaacactagtattatacctaggactgage
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Strain Total protein (mg/mi) PFL activity (U/ml) Specific activity (U/mg) LDH activity (U/mi) Specific activity (U/mg)

1307 0.25 +0.02 456 +0.12 1825+ 0.26 3.25+0.08 11.61+£0.32
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Biomass Cellulose Hemicellulose Lignin References

Sunflower stalk 31.0 156 292 Monlau etal., 2012

Barley straw 343 230 183  Sahaand Cotta, 2010

Wheat straw 35.0 223 16.6  Boladorodriguez et al.,
2016

Miscanthus 382 243 251 Ve etal.,, 2002

Rice straw 386 19.7 186  Zhuetal, 2005

Pine 433 215 283  Florian et al., 2013

Polar 445 225 195  Florian et al., 2013

Corn straw 45.4 227 108 Fuetal, 2015

Spruce 455 229 27.9  Florian etal,, 2013

Eucalyptus 54.1 184 215  Florian etal., 2013
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Factors

Relative effects

References

Epidermal protection
Cellulose characteristic

Chemical compositions

Cell wall physical structure

Process-induced causes

The epidermal tissue of the plant body, particularly the bark, cuticle and
epicuticular waxes

High degree of Crl and DP of celulose, challenges for enzymes acting on
insoluble substrate

Heterogenity and complexity of constituents, degree of lignification, and
complexity of chemical cross-linkages

Arrangement and density of the vascular bundes; the relative amount of
sclerenchymatous tissue
Inhibitors are generated during conversion processes (e.g., cellulose realignment)

Greenshields et al., 2004;
Zheo etal., 2012

Himmel et al., 2007; Zhang
etal, 2013

Karimi and Taherzadeh,
2016

Vogel, 2008; Zhang et al.,
2013

Himmel et al., 2007
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Initial glucose Residual glucose Maximum cell 2KGA concentration 2KGA yield (g/g) Fermentation time (h) 2KGA productivity
concentration (g/L) concentration (g/L) concentration (g/L) (g/L) (g/L-h)

80.0 0.12 +£ 0.04 3.70 +£0.09 70.79 £2.28 0.8849 + 0.0285 125 £ 0.6 5.67 £0.15
110.0 0.15 4+ 0.08 3.83+£0.16 105.04 + 1.68 0.9549 + 0.0152 16.5 £ 0.6 6.37 £ 0.14
140.0 0.13 + 0.06 3.91 +£0.13 136.44 £ 2.74 0.9746 + 0.0196 18.0+£0.7 7.68+0.18
170.0 017 £0.07 3.32 +£0.12 164.53 £ 1.62 0.9678 + 0.0095 26.0 £ 0.7 6.33+0.10
200.0 1.98 + 0.63 3.18 £ 0.11 175.28 + 6.14 0.8764 + 0.0307 325+19 5.404+ 0.16
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Biomass

Inoculum

Operation conditions

Methane production

References

Hydrolysis lignin (ignin
content of 80%) of Birch
wood chips

Paper paste

Rice straw

Reed canary grass
(Cultivated and wild)

Miscanthus. giganteus

Miscanthus. sinensis
Switchgrass (WHS?)

Switchgrass (SHSP)

Barley

‘Wheat straw

Sunflower
Sorghum

Corn straw

GSTR® running with food
waste and cow manure

Anaerobic sludge
Anaerobic sludge
Sewage sludge
Mesophilic digestate

Mesophilc digestate

AD reactor digesting cattle
slurry and grass siage
Anaerobic sludge
Digestate

Digestate

Biogas slurry

37°C, 90 pm, 39 days

Pretreated with cellulolytic microbial
consortium, then pH 7.3, 55°C, 90 days

Fungal pretreatment, then SS-AD
reactors, 37  1°C for 45 days

35 & 1°C, pH 7.0, 20~40 days

35°C, 90 days
35°C, 90 days

Different pretreatment (G, GA®, GAA),
35°C anaerobic fermentation for 38 days

Different pretreatment (C9, M", MA),
35°C anaerobic fermentation for 36 days

37°C, 35 days

Laccase, versatile peroxidase
pretreatment, then 37°C anaerobic
fermentation for 30 days

35°C, pH 8.1 £ 03, 30 days

35°C, pH 8.1 £ 0.3, 30 days

55°C and 5 miig O, pretreatment, then
37°C anaerobic fermentation

125mL CHy/g VS

101 mL CHy/g cellulose
152~263mL CHa/g VS

Cultivated: 406 + 21;
Wild: 120 & 16mL CHy/g
Vs

285~333mL CHy/g VS
291~320mL CHy/g VS
G: 1124 & 8.4; GA: 1825
+9.7; MAA:139.8mL.
CHy/g VS

C:947 +£4.4;M: 1523 +
1.2; MA: 256.6 % 8.2mL
CHa/g VS

314.8mL CHa/g VS

250.5mL CHa/g VS

210~286.1mL CHy/g
oM

298.9~3113mL CHy/ g
oM

325.7mL CHa/g VS

Mulat et al., 2018

Kinet et al., 2015

Mustafa et al., 2016

Oleszek et al., 2014

Wahid et al., 2015

Wahid et al,, 2015
Frigon etal., 2011

Frigon et al., 2011

Himanshu et al., 2018

Schroyen et al., 2015

Herrmann et al., 2016

Herrmann et al., 2016

Fuetal., 2015

SWHS, winter harvested Switchgrass.
DSHS, summer harvested Switchgress.
CCSTR, continuously stirred tank reactor.

9G, ground.

©GA, ground and alkalinization.

GAA, ground, alkalinization and autoclaving.

9C, chopped.
M, mulched.

'MA, mulched and alkalinization.

IODM, organic dry matter.
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Pretreatment Notable effects References
Grining/milling Size reduction, larger surface area and pore size, lower crystallinity Kratky and Jirout, 2015
Iradiation Cleavage of chemical bonds, lager surface area Siddique etal., 2017

Steam explosion
Liquid hot water

Alicali

Acid
Oxidizing agents
Organic solvent

Ammonia fiber explosion
lonic liquids
Fungal

Increase of surface area and pore size, solubilization of hemicellulose
Lager surface area, solubilization of hemicellulose

Cleavage of lignin, dissolution of hemicellulose, increase of internal surface area,
reduction of polymerization

Hydrolysis of hemicellulose, alteration of cellulose structure, larger surface area
Removal of hemicellulose and lignin, increase of cellulose accessibiity
Solubilization of hemicsllulose or lignin, larger surface area

Solubilization of lignin, disruption of LCC structure, increase of cellulose accessibilty
Solubilization of cellulose, reduction of crystallinity
Delignification and partial hydrolysis of hemicellulose, alteration of LCC structure

Zhou et al., 2016

Yu etal., 2013
Boladorodriguez et al., 2016

Zhou etal., 2014
Florian et al., 2013

Zheng etal., 2014

Huang et al., 2015; Zhou et al., 2016
Xuetal., 2016; Cao et al., 2017
Kudanga and Roes-Hill, 2014
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Host chassis

E. coli

E. coli XL1-Blue
Saccharomyces cerevisiae
E. coli

E. coli

Pseudomonas putida

E. coli

E. coli

E. coli

E. coli DH5

E. coli DH10B

E. coli

E. coli

E. coli

E. coli

E. coli

Corynebacterium glutamicum

TFs

LuxR
BmoR
FapR
AraC
PobR
GcdR
HucR
LysR
YpltcR
FdeR
ChnR
AraC
Lrp
LysR
PyHCN
TouT
LysR

Analyte

Butanoyl-homoserine lactone
Isobutanol

Glucose

D-Arabinose
p-Nitrophenol

Glutarate

Shikimic Acid
3-Hydroxypropionic acid
ltaconic acid

Naringenin

Lactams

Mevalonate
L-Methionine

L-Lysine

Acrylic acid

Isoprene

Shikimic acid

Detection range

10 nM-1 pm
0-100 mM
95-fold to 2.4-fold
100 mM
<2uM

2.5 mM

3-20 mM
0.01-100 mM
0.07-0.7 nM
100 uM

3-12.56 mM

<1 mM
>0.2-23.5 mM
<5 mM

500 pM

0.1 mM
19.5-120.9 mM

Reporter

GFP
GFP
GFP
GFP
GFP
RFP
RFP
GFP
RFP
RFP
RFP
GFP
eYFP
eYFP
eGFP
eGFP
eGFP

References

Hawkins et al., 2007
Yu et al., 2019
Dabirian et al., 2019a
Tang et al., 2008
Jhaet al., 2016
Thompson et al., 2019
Lietal, 2017

Seok et al., 2018
Hanko et al., 2018
Trabelsi et al., 2018
Zhang et al., 2016
Tang and Cirino, 2011
Mustafi et al., 2012
Binder et al., 2012
Raghavan et al., 2019
Kim et al., 2018
LiuC. etal., 2017
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Host chassis TF Screening/  Method Product Enhancement References
Analysis
E. coli LysR Growth Enzyme directed evolution 3-HP 2.79-fold in catalytic efficiency Seok et al., 2018
selection of a-ketoglutaric semialdehyde
dehydrogenase
E. coli SoxR FACS Genome-wide mutagenesis by 3-HP 7- and 8-fold increase in Liuetal., 2018
CRISPR productivity
E. coli PyHCN FACS Enzyme directed evolution Acrylic acid 50% increase in catalytic Raghavan et al., 2019
efficiency of an amidase
E. coli IM109 HIF-1 HPLC TF engineering Pyruvic acid Titer increased to 53.1 g/L Luo et al., 2020
E. coli LysR HPLC TF engineering Itaconic acid 215-fold in itaconic acid Hanko et al., 2018
detection
E. coli ARO1 FACS Combined ALE and metabolic Muconic acid Titer increased to 2.1 g/L Leavitt et al., 2017
engineering
Corynebacterium  ShiR FACS RBS engineering Shikimic acid Titer increased to 3.72 mM LiuC. etal, 2017
glutamicum
E. coli pfkA HPLC Dynamic control of metabolic D-Glucaric acid ~ Titer improved by up to 42% Reizman et al., 2015
fluxes
E. coli acuR/prpR  FACS Design-build-test cycle 3-HP Titer increased to 4.2 g/L Rogers and Church, 2016
S. cerevisiae FadR FACS Gene library Fatty acid 30% increased fatty acid level Dabirian et al., 2019b

observed
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Primer

infC-rpIT-F
infC-rpIT-R
Iop-F

Ipp-R

cspA-F

cspA-R
dnakJ-F
dnakJ-R
csTAF

csrA-R

SDH-R
infC-rpIT-SDH-F
Iop-SDH-F
CspA-SDH-F
dnaKkJ-SDH-F
CSTA-SDH-F

Sequence 5'-

gegeggatettecagagattctgaatacgtiaacgaatigacge
agttcttctoocttacceatacattaticetecaatigtitaagac
gegeggatettecagagatttgaateogatggaageatecty
agttcttctoscttacccattattaataccotetagatigagttaatete
ogeggateticcagagattatigetgtitacggtestgatg
agttcttctoocttacceatagtgtattacetitaataattaagtgtgee
geggatettccagagatitetigtestgecatategeg
agttottetecottacccatotaaacgtotecactatatattogy
gegeggatettccagagatitacctgeagegttageeagly
agttcttctoocttacceatagtgtattacotitaataattaagtgtgeo
gitettoteosttacecaticaggogticeeetgaatgaaatc
aacaattggaggaataaggtatgacgageggtitigattacateg
caatctagagggtattaataatgacgageggtitigatiacateg
attatteaaggtaatacactatgacgageggtttigattacatcg
tatatagtggagacgtitagatgacgageggtttigattacateg
aatctttoaaggageaaagaatgacgageggtittgatiacateg
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Parameters V4 (%)

50.0 60.0 70.0 80.0
First stage
Initial glucose (g/L) 81.54 +1.91 92.04 +1.48 104.47 £ 0.91 116.26 £ 0.76
Residual glucose (g/L) 23.94 £ 2.74 24.01 £2.25 24.79 +2.89 23.49 +2.69
Consumption of glucose (g/L) 57.60 + 1.95 68.03 + 3.00 79.68 + 3.61 91.77 £ 2.83
Initial cell concentration (g/L) 1.85 + 0.06 1.54 £0.04 1.18+0.02 0.82 £0.04
Final cell concentration (g/L) 3.62 £0.04 3.82 £0.09 3.90 £ 0.03 4.08+0.16
Initial 2KGA (g/L) 55.72 + 1.06 44.49 £0.72 33.10+0.65 21.91+0.16
Final 2KGA (g/L) 110.50 + 2.59 109.03 + 2.06 109.29 + 3.75 109.16 £+ 3.29
Increased 2KGA (g/L) 54.79 + 3.22 64.54 +2.23 76.20 + 3.17 87.25 +3.13
2KGA vyield (9/9) 0.9508 =+ 0.0337 0.9491 £0.0164 0.9564 + 0.0129 0.9507 + 0.0077
Fermentation time (h) 6.00 £+ 0.50 7.00 £0.35 8.00 £ 0.35 10.00 £ 0.50
2KGA productivity (g/L - h) 9.156 +0.36 9.23 +£0.26 9.53 +£0.23 8.73+0.18
Second stage
Initial glucose (g/L) 160.47 +2.88 133.02 +1.40 106.44 £+ 2.01 79.87 +£ 3.37
Residual glucose (g/L) 0.10 £ 0.05 0.18 £ 0.06 0.15 4+ 0.03 0.08 + 0.01
Initial cell concentration (g/L) 1.81 £0.03 229 £0.04 2.73+0.04 3.26 £ 0.08
Final cell concentration (g/L) 3.73 £ 0.07 3.82 £0.06 3.88 £ 0.07 3.89 £ 0.04
Initial 2KGA (g/L) 54.05 + 2.67 65.39 +1.73 75.56 +1.95 87.02 + 3.86
Final 2KGA (g/L) 214.34 +£1.96 200.22 £ 1.71 184.68 + 1.92 168.85 + 2.49
Produced 2KGA (g/L) 160.29 + 4.63 134.83 + 3.44 109.12 + 3.87 81.83+6.35
2KGA vyield (9/9) 0.9987 + 0.0109 1.0135 +£0.0152 1.0250 £ 0.0171 1.0238 + 0.0364
Fermentation time (h) 18.5 16.0 13.0 8.5
2KGA productivity (g/L - h) 8.22 +0.24 8.43 +£0.21 8.39 +0.30 8.61 +£0.67

In total*

Total 2KGA yield (g/9)

Total fermentation time (h)

Total 2KGA productivity (g/L - h)

*, “In total” refers to the combination of first- and second- stage fermentation.

0.9743 £ 0.0089
25.5
8.41 +£0.08

0.9815 £ 0.0084
23.0
8.71 £0.07

0.9823 £ 0.0102
21.0
8.79 &+ 0.09

0.9817 £ 0.0144
19.5
8.66 +0.13
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Parameters

Initial glucose (g/L)

Residual glucose (g/L)

Initial cell concentration (g/L)
Final cell concentration (g/L)
Initial 2KGA (/L)

Final 2KGA (g/L)

Increased 2KGA (g/L)
2KGA vyield (9/9)
Fermentation time (h)

2KGA productivity (g/L - h)
Total 2KGA yield (g/9)*

Total fermentation time (h)*

Total 2KGA productivity (g/L - h)*

Glucose concentration in feeding media (g/L)

250.0

90.356 + 2.11
0.14 £ 0.06
2.74 £0.04
3.99 4+ 0.09

76.47 +£1.43

168.72 £ 2.07

92.25 + 3.25

1.0209 £ 0.0210
11.5
8.02 £0.28
0.9753 £ 0.0109
19.5
8.65 £ 0.11

300.0

1056.42 +£1.24
0.156 +0.06
2.73 £0.04
3.91 £0.03

76.52 +1.61

184.26 +1.29

107.74 +1.89

1.0221 +0.0149

13.0
8.29 £0.15
0.9801 £ 0.0062
21.0
8.77 +0.06

*, “total” refers to the combination of first- and second- stage fermentation.

350.0

120.62 £+ 1.99
0.16 + 0.07
2.74 + 0.04
3.84 4+ 0.06

75.88 +1.07

199.19 £+ 1.12

123.31 £ 1.59

1.0224 £ 0.0107

14.5
8.50 & 0.11
0.9812 + 0.0050
22.5
8.85 £ 0.05

400.0

135.63 + 1.68
0.19 £0.05
2.74 +0.03
3.80 £ 0.06

75.38 + 1.82

21521 £1.93

139.83 £ 2.06

1.0309 £ 0.0097

16.0
8.74 +£0.13
0.9872 £ 0.0081
24.0
8.97 £0.08

450.0

160.24 £ 2.28
0.21 £0.03
2.73 £0.03
3.73 £ 0.06

76.97 £ 0.57

228.84 +£2.48

1561.87 £+ 2.51

1.0108 £ 0.0042

19.0
7.99 £0.13
0.9821 £ 0.0097
27.0
8.48 + 0.09
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Organism

Serratia marcescens
NRRL B-486
Pseudomonas
fluorescens IFO 14808
Pseudomonas
aeruginosa IFO 3448
Pseudomonas
fluorescens AR4
Pseudomonas
fluorescens AR4
Arthrobacter
globiformis C224
Klebsiella pneumoniae
AbudA
Pseudomonas
fluorescens AR4
Gluconobacter
oxidans/pBBR-3510-
ga2dh
Gluconobacter
oxydans_tufB_ga2dh
Pseudomonas
plecoglossicida JUIMO1

Raw material

Glucose
Glucose
Cassava
Rice starch
Corn starch

hydrolyzate

Rice starch
hydrolyzate

Glucose

Glucose

Gluconic acid

Gluconic acid
/glucose

Rice starch

hydrolyzate/glucose

Fermentation
type

Continuous
Batch

Fed-batch
Semi-continuous
Continuous
Continuous
Two-stage
fed-batch

Batch

Batch

Batch

Two-stage
semi-continuous

Total
fermentation
time (h)

16~40

75

319

66

96

96~120

26

64

45

45/18

96

2KGA production performance

Concentration
(g/L)

/

35

444.95

135.92

124.74

186

195

486

453.3/321

110.0 (first stage)/
215.0 (second
stage)

Productivity
(g/L - h)

8.83
(steady state)
11.28
718

3.05

10.08

10.07/17.83

9.53 (first stage)/

8.95 (second stage)

Yield (g/9)

0.92~1.08

0.4

0.93

0.95

0.97

1.06

1.07

1.01

0.94/1.19*

0.9867

Reference

Minisenhermer
etal., 1965

Tanimura
et al., 2003

Chia et al.,
2008

Sun et al.,
2012

Sun et al.,
2018

Teng et al.,
2013

Sun et al.,
2014

Sun et al.,
2015

Shietal.,
2015

Lietal.,
2016

In this work

*The yield of 1.19 g/g was calculated by 321 g/L 2KGA dividing 270 g/L of glucose, equivalent to a molar yield of 110.31%. However, the theoretical maximum yield from
glucose to 2KGA should be no more than 1.08 g/g glucose. Although the yield reported by Li et al. (2016) is 99.1%, they didn’t explain how this number was calculated

in their manuscript.
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Parameters

First stage

Initial glucose (g/L)

Consumption of glucose (g/L)

Initial cell concentration (g/L)

Final cell concentration (g/L)

Initial 2KGA (g/L)

Final 2KGA (g/L)

Produced 2KGA (g/L)

2KGA vyield (g9/g)

Fermentation time (h)

2KGA productivity (g/L - h)

Second stage

Glucose concentration after feeding media (g/L)
2KGA after feeding media (g/L)

Cell concentration after feeding media (g/L)
Residual glucose concentration after fermentation (g/L)
2KGA concentration after fermentation (g/L)
Cell concentration after fermentation (g/L)
Produced 2KGA at 2nd stage (g/L)

2KGA vyield at 2nd stage (g/9)

Fermentation time at 2nd stage (h)

2KGA productivity at 2nd stage (g/L - h)

In total*

Total fermentation time (h)

Total 2KGA yield (g/9)

Total 2KGA productivity (g/L - h)

Residual glucose concentration at first-stage (g/L)

13.27 £ 1.78

140.0
126.73 £1.78
0.81 4+ 0.08
3.92 4+ 0.04
0.30 £0.13
120.04 &+ 1.46
119.74 +1.58
0.9448 + 0.0008
13.0
9.21 £ 0.12

70.60 + 1.40
96.03 + 1.16
3.13 £ 0.03
0.14 £ 0.07
167.88 &+ 1.00
3.71 +£0.08
71.85+2.16
1.0176 4+ 0.0104
8.5
8.45 +0.25

21.5
0.9760 £ 0.0058
7.81 +£0.05

2413 £3.78

140.0
116.87 £ 3.78
0.794+0.10
3.83+0.10
0.28 £0.03
109.70 £ 3.48
109.42 £ 3.51
0.9443 + 0.0005
11.5
9.51 &+ 0.31

79.23 &+ 3.11
87.76 £ 2.79
3.06 £0.08
0.16 4+ 0.07
169.10 £ 0.59
3.90 £0.08
81.34 + 3.38
1.0266 £ 0.0023
9.5
8.56 £ 0.35

21.0
0.9832 + 0.0035
8.05 +£0.03

36.38 £ 3.90

140.0
103.62 £ 3.90
0.83 £0.08
3.80 & 0.04
0.27 +£0.07
94.97 + 4.77
94.70 + 4.84

0.9137 £ 0.0123

10.0

9.47 £ 0.48

89.10 £3.13
73.98 + 3.81
3.04 &+ 0.04
0.21+£0.10
165.78 £ 0.13
3.74 + 0.06
91.81 + 3.94
1.0303 £ 0.0080
11.0
8.35 £ 0.36

21.0
0.9638 + 0.0007
7.89 £ 0.01

44.69 + 4.36

140.0
95.31 £ 4.36
0.81 4+ 0.07
3.78 £ 0.10
0.33 £0.06
85.51 £ 3.62
85.18 £ 3.68
0.8938 + 0.0023
9.0
9.46 & 0.41

95.74 + 3.48
66.81 +2.90
3.02+£0.08
0.12 4+ 0.06
165.02 + 1.44
3.81 £0.06
98.21 £ 4.34
1.0257 £ 0.0081
12.0
8.18 £ 0.36

21.0
0.9594 + 0.0084
7.86 &+ 0.07

55.02 + 2.80

140.0
84.98 £+ 2.80
0.84 £+ 0.04
3.76 + 0.08
0.31 £ 0.04
7494 £2.79
74.63 +2.83
0.8781 £ 0.0043
8.0
9.33 +£0.35

104.01 £ 2.26
58.756 + 2.22
3.01 £0.07
0.17 £ 0.08
163.31 £ 0.87
3.85+ 0.07
104.56 £ 3.09
1.0052 £ 0.0079
13.0
8.04 £0.24

21.0
0.9494 + 0.0051
7.78 £ 0.04

*, “In total” refers to the combination of first- and second- stage fermentation.
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Strains Substrate  L-ornithine yield (/g Cultivation Modulations References
titer (/L) substrate)
E. coli Glucose 002" ND Shake flask; batch ~ Inactivation of argF, argR, arg, proB, Lee and Cho, 2006
SJ7055 and spef; overexpression of argA214
S. cerevisiae Glucose 5.1 ND Bioreactor; Modular pathway rewiring Qin etal., 2015
MidM2qM3e fed-batch
C. glutamicum Glucose 12.48 ND Shake flask; batch ~ Overexpression of NCgl0462 and Kim D. J. etal. 2015
SJC8514 argCJBDmut
(PEC-argCJBDMut)
Co-QF-4 Glucose 404 027" Bioreactor; batch Deletion of proB and argF; positive Shu etal., 2018
mutation E19Y of ArgB; heterologous
expression of argA and argE
5026 Glucose 436 034 Bioreactor; Deletion of argF, NCgl1221, argR, putP,  Zhang B. etal., 2019
fed-batch mseCG2, and iolR; attenuation of odhA,
ProB, ncgl2228, pta, cat, and pgi;
overexpression of ysE, gah, cg3035,
PpikA, tt, argCJBD, git, and gdh2
5029 Xylose 189 0.4 Shake flask; batch ~ heterologous expression of xyl/AB Zhang B. et al., 2019
‘operon from Xanthomonas campestris
co-9 Glucose 6.1 ND Shake flask; batch ~ Attenuate expression of argF by insertion  Zhang et al., 2018c
of a T4 terminator in the upstream region
YWO0B (pSY223) Glucose 515 024 Bioreactor; Deletion of argF, argR, and proB; KimS. Y. etal, 2015
fed-batch Reinforcement of the PPP pathway flux;
The use of a feedback-resistant enzyme
AAPE937RA2 Sucrose/ 22/27 ND Shake flask; batch  Heterologous expression of sacC from  Zhang et al., 2015
molasses Mannheimia succiniciproducens
ORN6 Glucose 20,96 0524 Shake flask; batch ~ Deletion of argF, argR, and argG; Jensen et al., 2015
overexpression of argB™; attenuation
of pgi.
SUC 8260 Glucose 14 ND Shake flask; batch  Deletion of argF, argR, and proB; Hwang and Cho, 2014
Blocking gluconate biosynthesis
ORN1(pVWEX1- Glycerol 224 011 Shake flask; batch ~ Heterologous expression of glpF, glpK,  Meiswinkel et al., 2013b
GIpFKDE) and glpD from E. coli
AAPE6937RA2 Glucose 24.1 0298 Bioreactor; batch Deletion of argF, argR, and proB; Jiang et al., 2013a
Adaptive evolution in presence of
L-omithine
ORN1(pEKEX3- Xylose 2.59 ND Shake flask; batch ~ Overexpression of xylA from X. Meiswinkel et al., 2013a
XylAxe-xyIBeg) ccampestris and endogenous xy/B
SJC 8399 Glucose 13.16 ND Shake flask; batch  Inativation of the gluconate kinase gene  Hwang and Cho, 2012
(gntk)
ORN1 Arabinose 1.7 032 Shake flask; batch ~ Overexpression of araBAD from E. coli  Schneider et al., 2011
(PVWEx1-araBAD) MG1655
SJB074(pEK- Glucose 0.32 ND Shake flask; batch ~ Overexpression of NCgl1469 Hwang and Cho, 2010
Pye:11469)
1006AargR-arg Glucose 316 0396 Shake flask; batch ~ Deletion of argR; overexpression of argU; ~ Hao et al., 2016
$JC8043 Glucose 33 ND Shake flask; batch ~ Supplement of L-proline Lee etal, 2010

“These values were not described in the main text of the original reference and thus estimated from the figure or graph.
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Strain Genotype Cultivation Medium and carbon source Succinic acid Reference

performance
metrics
Y3314 High viability mutant of 2PO1f Shake flask Complex with glycerol (*YPG) 174g/Lin7days  Yuzbashev etal, 2010
©ASDH2:URA3 without pH control. Final pH 3.2 0.87 g/g glycerol*
Y-4215 Chemical mutagenesis and adaptive Bioreactor Mineral with glucose, without pH 502g/Lin54h,  Yuzbashevetal., 2016
evolution of Y-3314 in low pH control. Final pH 2.7 0.43 g/g glucose
chemostat (840 h)
VKPM Multistage mutation including chemical  Test Tube Complex with glucose (°YPD), 60g/Lin96h, Sineokii et al., 2012
Y3753 mutagenesis and selection ®ml) without pH control. Final pH 8. 057 g/g glucose®
Bioreactor Mineral with glucose, without pH 553g/Lin48h, Bondarenko et al,, 2017
control. Final pH 3.65 034 g/g glucose
H222-AZ2  'H222 9POTI-SDH2 URA3 Bioreactor Mineral with glycerol, pH controlled 25 g/L in 165h, Jost et al., 2014
at50 0.26 g/g glycerol
PGC01003 PO1f ASDH5::URA3 Bioreactor Complex with crude glycerol (YPG), 160 g/L in 400h, Gao et al., 2016
pH controlled at 6.0 0.40 g/g glycerol”
NisFB Complex with glycerol (YPG), with ~ 198.2g/Lin238h,  Lietal, 2017
Bioreactor pH controlied at 6.0 0.42 g/g glycerol”
PSA02004 Evolutionary adapted mutant of Bioreactor Complex with glucose (YPD), pH 65.7 g/Lin 96h, VYang et al., 2017
PGC01003 (21 days) controlled at 6.0 0.50 g/g glucose*
PSA3.0 Evolutionary adapted (62 days) mutant  "isFB Complex with glucose (YPD), pH 1849/1L,023¢g/g  Lietal,20i8a
of PSA02004 Bioreactor controlled at 3.0. glucose*
PGC202 PGCO1003 (AACH1:loxP ScPCK Bioreactor Complex with glycerol (YPG), 1107 g/Lin138h,  Cuietal, 2017
scs2) without pH control. Final pH 3.4 053 g/g glycerol*
Complex with glucose (YPD), 536g/Lin110h,  Yuetal, 2018
without pH control. Final pH 5 0.61 g/g glucose*
ST8578 Short adaptation (5 days) of W29 Bioreactor Mineral with glucose, pH controlled 853 g/Lin58h,  This study
{(SpMAET AACHT tPSDH1_95bp at50 0269 /g glucose

SCS2 KGDH MLS MDH ICL AsPCK)

2POTH, W29 Math, leu2-270, ura3-302, x0r2-322, axp-2, auxotrophic for Leu and Ura.

PSDH, Succinate dehydrogenase gene, subunit indicated after the name of the gene.

CURAS3, Uracil requiring Oroticine-5"-phosphate decarboxylase.

9YPG, Medfum with 10 g/L yeast extract, 20 g/L. peptone, and glycerol.

©YPD, Medium with 10 g/l yeast extract, 20 g/L peptone, and glucose.

1H222, W29 MATA ura3-302 ku70A-1572.

9POTI, 3-ketoacyl-CoA thiolase encoding gene from Y. ipolytica.

PisFB, in situ fibrous bed reactor

{ACH!, acetyl-CoA hydrolase, ScPCK: phosphoenolpyruvate carboxykinase from S. cerevisiae, SCS2: succinyl-CoA synthase beta-subunit.
ISpMAE?, dicarboxylic acid transporter from Schizosaccharomyces pombe; tPSDH1_95bp, truncated promoter of SDH1 gene to 95 bp; KGDH, a-ketoglutarate dehydrogenase; MLS,
malate synthase; MDH, malate dehydrogenase; ICL, isocitrate lyase; AsPCK, phosphoenolpyruvate carboxykinase from Actinobacillus succinogenes.
*Yield numbers for complex media can be misleading because other media components are used as carbon sources as well.
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Parameter

Succinic Acid titer (/L)
Yield (G-molsa/G-molsupsirate)
Mannitol titer (g/L)

Glucose
0.6 C-mol/L

2201
0.13+0.01
0

Glycerol
0.6 C-mol/L

34£07
0.20 +£0.04
03+00

Glycerol
1.3 C-mol/L

2804
0.07 £0.01
36+0.1
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Method of downstream process of SA

Sugaring-out extraction combining
crystalization

Two-step membrane process

lonic liquid-based sugaring-out and
salting-out extraction

Merbrane separation and reactive
extraction

Pretreatment using nanofitration Seediedt
batch cooling crystaliization

Salting-out extraction, vacuum distillation,
crystallization, and drying;

Salting-out extraction, vacuum distillation,
activate carbon absorption, crystalization,
and drying

Bipolar membrane electrodialysis

Extraction

Centrifugation, filtration, resin-based
vacuum distillation-crystalization

One-step crystalization
Direct vacuum distilltion-crystalization

Traditional calcium precipitation coupled
on-exchange adsorption

Direct crystallization, co-crystalization with
urea, and succinimide synthesis

Product

Succinic acid

Succinic acid

Succinic acid

Succinic acid

Succinic acid

Succinic acid

Succinic acid

Succinic acid

Succinic acid

Succinic acid

Succinic acid

Succinic acid

Succinic acid
Succinimide

85-99.5%

99.35%

97%;
91%

99%
90%
97%
45%

92%

99.0%

9R%

75%;

2%

90%

93.47%

65%;

65%

90%

78-85%

89.5%
70%
75%
28%

52%

95%
80%

Solution

Synthetic fermentation
broth

Synthetic fermentation
broth

Simulated fermentation
broth;

Actual

fermentation broth

Broth

Fermentation broth

Synthetic fermentation
broth;

Actual

fermentation broth

Synthetic broth

Fermentation broth

Actual fermentation
broths

Fermentation broth

Fermentation broth
Synthetic broth

Fermentation broth

Fermentation broth

Advantage

Coupling with upstream
fermentation technology

A sound basis for
developing green,
cost-effective strategies

High purity and yield

Low energy consumption
and easy ampification

Suitable for continuous
separation

High output and low
energy consumption

High recovery yield

Simple process
Easy operation and
absence of additional
reagents

Easy scaling up and
operation, low technical
barriers, and low-priced
precipitants

High Recovery, Simple
Process, and low Cost

Drawbacks

t-Butanol recovering by vacuum
distillation and high energy
cconsumption

Expensive lonic liquids

Not selective enough to
separate succinic acid from
other acids in the broth
Mermbrane pollution and high
operation cost

Low yield

High energy consumption, high
membranes cost, and low
succinate selectivity
Requirement of broth
pretreatment and expensive
agents for reactive extraction

High energy consumption

Low succinic acid purity
Low succinate yield and purity,
requirement of other unit
operations

Water consumption,
requirement of large quantities.
of precipitants, useless
byproducts, and regeneration
and cleaning of adsorbents

References

Sun etal., 2019

Khunnonkwao et al., 2018

Sun etal,, 2018

Prochaska et al., 2018

Thuy etal, 2017

Sunetal,, 2014

Fuetal., 2014

Kurzrock and Weuster-Botz,
2011

Lin etal, 2010

Lietal., 2010

Luque et al., 2009

Lietal., 2009

This study
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Strains and Relevant characteristics Source
plasmids

Strains
E. coli DH5a Wild-type Laboratory collection
E. coli W3110 Wild-type Laboratory collection
NHO1 W3110 AfadE This study
NHO2 W3110 AfadD “This study
NHO3 WB3110 AfadE AfadD This study
Plasmids.
pBGT pTic99a carries akB, akG, This study
alT from Pseudomonas
putida P1
pBGT-fadlL PBGT carries fadlL from E. This study
coli
pGRB Amp”, bla, gRNA Lietal., 2015
expression vector
pREDCas9 Spef, Cas9, » Red Lietal, 2015

recombinase expression
vector
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ptrc99aF
H-ptrcg9aRt

AKB-HF

AKB-R
AKG-HF

Ak-R
AKT-HF

AKT-R
pBGT-F
pBGT-R
FadL-F
FadL-R
FadE-SF

FadE-SR

FadE-D1F
FadE-D1R

FadE-D2F

FadE-D2R
FadD-SF

FadD-SR

FadD-D1F
FadD-D1R

FadD-D2F

FadD-D2R

CCATGGAATTCGAGCTCGGTAC

CTCCTTACCC GCGAATTGTTATCCGC
TCACAATTCCACAC

CGCAAAAGGGTAAGGAGGTATTATATGAATGG
CAAAAGCAGCGTTC
CTATGATGCTACCGCGGTTG

GCGGTAGCATCATAGCTACTATATAGAAAAGAGG
AGGTAATTCATGGCTAGGTATCAGTGTCCAG

TTAGCCTAACT ‘CCTGATAGAGTACATAG

GAAAAGTTAGGCTAAACCTAATATAATTATTTTAAGGA
GGAAAAACATGGCAATTGTTATTGTTGGCGCTG

GAGCTCGAATTCCATCTAATCAGGTAATT
TTATACTCCCGCCAAG

TCTAGAGTCGACCTGCAGGC
GGATCCCCGGGTACCGAGC

AGCTCGGTACCCGGGGATCCTTGACAATTA
ATCATCCGGCTCGTAT

GCCTGCAGGTCGACTCTAGATCAGAACGCGTAG
TTAAAGTTAGTACC

GCCTGCAGGTCGACTCTAGACCGCCGACCCAATT
CATCAG

AGCTCGGTACCCGGGGATCCCTGATGAATTGGG
TCGGCGG

AGGTGGAGATCCCCAGCAGTAC

CTTTCGGCTCCGTTATTCATAACGAAAAGCC
CCTTACTTGTAGGAG

CAAGTAAGGGGC ‘CGTTATGAATAACG
GAGCCGAAAGG

CGTGTTATCGCCAGGCTTTAGG

GCCTGCAGGTCGACTCTAGATCCAGTCT
GCATCTTTCCGC

AGCTCGGTACCCGGGGATCCGCGGAAAG
ATGCAGACTGGA

AAGGGAAAACTCGCCTGGAA

TCTGACGACTGACTTAACGCTTCTTCAC
CTCTAAAATGCGTGTTC

ATTTTAGAGGTGAAGAAGCGTTAAGT
CAGTCGTCAGA

“TAACAGATACCAGACATCCGC
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Homologue Pseudomolecule ion (m/z) Ratio (%)*

RhazC10C10 649 65.37
RhayC1oC12 677 1059
RhazC12C1o

RhayC10C12:1 675 7.40
RhapCi2.1C10

RhaC10C1o 503 441

*The homologues with abundances of less than 4.41% are not listed.
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Strain Carbon Mono-/di- References

source RLs

P aeruginosaUG2  Com ol 2872 Matasandoval
etal., 1999

R aeruginosa Sunflower oil 255745 Jadhav et al.,

MTCC 2453 2018

P aeruginosa Waste fried oil 21:79 Sanchez et al.,

4772 2007

R aeruginosa MN1  Glycerol 76482852  Samadietal.,
2012

P, aeruginosa Mannitol 31.75:6826  Deziel et al, 1999

57RP

R aeruginosa Naphthalene 3890:61.10  Déziel etal., 1999

57RP

P aeruginosa GL1  Glycerol 69:31 Arino et al., 1996

P aeruginosa Diesel 33:67 Tiwary and

ADMTH Dubey, 2018

R aeruginosa Soybean oil 50.73:4927  Lotfabadetal,

MRO1 2010

P. aeruginosa Rapeseed 11.47:88.53 This work

KT1115 oil

Bold values indicates the rhamnolpid mixture, the component of the di-rhamnolpid
accounted for 88.53%.
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