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The production of nutraceutical compounds through biosynthetic approaches has received considerable attention in recent years. For example, Menaquinone-7 (MK-7), a sub-type of Vitamin K2, biosynthesized from Bacillus subtilis (B. subtilis), proved to be more efficiently produced than the conventional chemical synthesis techniques. This is possible due to the development of B. subtilis as a chassis cell during the biosynthesis stages. Hence, it is imperative to provide insights on the B. subtilis membrane permeability modifications, biofilm reactors, and fermentation optimization as advanced techniques relevant to MK-7 production. Although the traditional gene-editing method of homologous recombination improves the biosynthetic pathway, CRISPR-Cas9 could potentially resolve the drawbacks of traditional genome editing techniques. For these reasons, future studies should explore the applications of CRISPRi (CRISPR interference) and CRISPRa (CRISPR activation) system gene-editing tools in the MK-7 anabolism pathway.
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INTRODUCTION
Vitamin K (VK) occurs in its natural forms, such as Phylloquinone (VK1) and menaquinone (MK; VK2), and synthetic form as menadione (VK3). Leafy vegetable contains the highest concentration of VK1 (Widhalm et al., 2012), whereas bacteria synthesize VK2. The VK2 structure comprises a naphthoquinone ring with an isoprenoid side chain–depending on the isoprenoid numbers (4–13). On this basis, VK2 can be in different forms, such as MK-4∼MK-13 (Bentley and Meganathan, 1982).
VK2 confers beneficial effects in osteoporosis (Capozzi et al., 2019), cardiovascular calcification (Fernández et al., 2014), cognitive disease (Tanprasertsuk et al., 2020), inflammation (Ohsaki et al., 2010), and diabetes (Manna and Kalita, 2016) (Figure 1). Besides, VK-dependent proteins (VKDPs) are associated with bone and vascular systems in humans (Fusaro et al., 2011). Osteocalcin (OCN), a VKDP, participates in bone mineralization (Lanham et al., 2015). Structurally, VK2 is biologically active only in its trans-isomeric form, while the chemically synthesized cis-isomeric form is biologically inactive. On this basis, it is challenging to synthesize a stereoselective biologically active all-trans configuration of VK2 chemically. Therefore, trans-isomeric VK2 is currently in high demand. VK2 microbial production is comparatively preferred because it can selectively produce all-trans isomers; however, faced with low yield. The challenge now is to develop new techniques that will boost the bacterially synthesized VK2 at industrial scales (Table 1). In line with this objective, this review highlights the relevance of advanced biotechnologies applicable to VK2 production.
[image: Figure 1]FIGURE 1 | Positive effects of VK2 in multiple disorders.
TABLE 1 | VK2-producing bacteria and fermentation method to improve VK2 production.
[image: Table 1]B. subtilis, a Gram-positive bacterium, is predominantly present in the soil. It is used in molecular microbiology due to its ideal genetic architecture (Mohan et al., 2020). However, the primary reason for the broad application of B. subtilis is based on its prominent characteristics, such as 1) lack of pathogenicity and endotoxin, making it to be generally recognized as safe (GRAS), 2) high growth rate (widely used as a cell factory to produce pyridoxine and enzymes) (Commichau et al., 2014; Zafar et al., 2014; Yadav et al., 2020), and 3) relative ease in genetic manipulation (for large-scale industrial production) (Nicolas et al., 2012; Mars et al., 2015; Koo et al., 2017). Moreover, B. subtilis can produce a wide range of VK2 isoforms, whereby MK-7 accounts for over 90% of the total output (Sato et al., 2001). For these reasons, B. subtilis remains the preferred host for MK-7 production. In order to further optimize B. subtilis strains’ production capacity, there has been increasing interest in the genetic engineering of their biochemical pathways in recent years. Hence, there is a need to explore this new Frontier to produce bacterially synthesized compounds efficiently.
Menaquinones (MKs), including MK-7, are lipid-soluble compounds that play crucial roles in electron transport activities during metabolism. Particularly in microbial cells, they transfer electrons between the membrane-bound protein complexes in the electron transport chain (Meganathan, 2001). For instance, studies have previously reported various forms of menaquinones involved in bacterial fermentation, such as MK-8 in Escherichia coli (Koch et al., 1971), MK-9 in Corynebacterium diphteriae (Scholes and King, 1965), and MK-7 in B. subtilis (Farrand and Taber, 1974). In B. subtilis, MK-7 acts as an intermediate molecule in the electron transport chain (Abul-Hajj, 1978) and is involved in the coupling of ATP synthesis (Kunst et al., 1997). MK-7 is also required for glycosylation of specific membrane proteins and the early stages of sporulation (Farrand and Taber, 1974). Therefore, MK-7 biosynthesis is integral to B. subtilis survivability.
B. subtilis is an ideal genetically modified engineering bacteria and has a strong development significance due to its physiological advantages of GRAS, rapid growth and clear genetic background for genetic manipulation. As well as MK-7 biosynthesis is crucial for the survival of B. subtilis. Among the VK2 subtypes, MK-7 is the most effective and has the highest half-life of 68 h in the circulatory system. Likewise, it has more biological functions than other Vitamin K family members (Schurgers et al., 2007). Therefore, it is pertinent to describe the methods involved in optimizing the B. subtilis MK-7 expression system.
METHODS TO IMPROVE MENAQUINONE-7 PRODUCTION FROM B. SUBTILIS
The conventional mode of bacterial MK-7 yield enhancement is mutation breeding. Mutation breeding has been adopted as the conventional means to enhance the yield of MK-7 during bacterial biosynthesis. This technique selectively modifies microorganisms under experimental conditions, including physical or chemical methods, to induce genetic mutations (Che et al., 2018). Several factors such as the time of ultraviolet irradiation, type, dosage, and treatment duration of the mutagenic reagent determine the induction of genetic mutations in microbes. However, the main drawback of this method is difficulty to screen positive mutants to obtain effective results. For these reasons, mutation breeding is gradually being replaced significantly by molecular and other efficient approaches. On this premise, the subsequent sections will address novel techniques relevant to increasing MK-7 production effectively from B. subtilis.
ALTERATION OF B. SUBTILIS MEMBRANE PERMEABILITY
Surfactants (SAAs) are compounds that reduce the solvent surface tension and promote hydrophobic solute solubility in water. The chemical structure of the SAA comprises a polar hydrophilic and non-polar lipophilic group. In this phenomenon, the surfactants form a molecular layer between their interface by disrupting the fluidity and integrity of the phospholipid molecules within the cell membrane as well as the interaction between the phospholipid molecule and the membrane integrin (Cortez and Roberto, 2012). Common examples of SAA include the anionic surfactants-consisting hydrophobic groups (alkyl chains of various lengths, alkyl phenyl ethers, and alkylbenzenes) and the hydrophilic group (carboxyl, sulfuric acid, sulfonate, phosphate) such as sodium dodecyl sulfate (SDS), sodium lauryl sulfate, and ammonium dodecyl sulfate. These ionic surfactants denature membrane proteins by forming channels within the cell membrane and interferes with cell membrane synthesis (Bansal-Mutalik and Gaikar, 2003). The hydrophobic solutes are categorized into four forms based on the hydrophilic charge after molecular dissociations. These comprise: 1) common cationic SAAs, including dehydroabietylamine (DA), 2) dodecyltrimethylammonium bromide (DTA), 3) cetyltrimethylammonium bromide (CTAB), and 4) triethanolamine (TEA). On the other hand, the non-ionic surfactants are Tween-60, Tween-80, APG, TritonX-100, PO-10, and POE. With these different forms, adequate SAAs in the culture medium improve the intracellular metabolite extraction and decrease the metabolite accumulation in the cell in previous studies.
Note, SAA increases membrane permeability but consequently destroys the fluidity and integrity of cell membranes, which will affect the MK-7 and MenA proteins located on the cell membrane. Therefore, a suitable SAA should not only reduce the negative feedback mechanism of MK-7 but also ensure the normal physiological function of the cell membrane. For this reason, researchers should consider the timing and specific SAA to use for optimizing MK-7 yield from B. subtilis. “Tween 80”, an effective stimulant for some bacteria (Zhang et al., 2006) and fungi (Zhang and Cheung, 2011), is a efficient SAA to achieve these objectives. Likewise, the non-ionic surfactant “span 20” has been demonstrated to increase MK-7 production in B. subtilis natto (Hu et al., 2017).
BIOFILM REACTOR FOR MENAQUINONE-7 PRODUCTION
The microbial species and the surface environment determine the biofilm structure, chemistry, and physiology (Kuchma and O’Toole, 2000). A biofilm reactor system promotes microbial migration from the planktonic state to form biofilms (Mahdinia et al., 2017). As a result, biofilms can obtain ideal products using appropriate microbes (Demirci et al., 2007; Ercan and Demirci, 2013). In line with this phenomenon, recent investigations show that biofilm reactors could enhance the production of numerous microbial metabolites, such as biofuels, enzymes, and biopolymers (Ho et al., 1997; Khiyami et al., 2006; Izmirlioglu and Demirci, 2016). Similarly, compounds such as amine-functionalized nanoparticles are more biologically compatible and stable than naked particles (Ranmadugala et al., 2017). This approach is accomplished using l-lysine coated 3-aminopropyl triethoxy silane, which introduces amine functional groups to increase nanoparticle binding to anionic cell membranes without affecting MK-7 production (Ebrahiminezhad et al., 2012; Alireza et al., 2015). However, APTES coated nanoparticles provide more anti-oxidative protection to nanoparticles crystal structure than l-lysine (Ghasemi et al., 2015).
The reports from a previous study demonstrate that batch feeding in B. subtilis culture significantly improves biological metabolites production (Mahdinia et al., 2018a). Subsequent studies also show that biofilm metabolism is better when the fermentation process is carried out with glucose. Besides, fermentation batches supplement with glycerol enhanced the metabolism in microbial cells, resulting in a higher MK-7 yield (Mahdinia et al., 2019). Therefore, MK-7 biosynthesis can be improved using the batch feeding method containing a carbon source (glucose or glycerol). The biofilm reactor also can promote the MK-7 content of B. subtilis natto fermented with glycerol, yeast extract, and soytone (Mahdinia et al., 2018b). Evidently, biofilm reactors present a reliable strategy to address the operational issues that occur during MK-7 biosynthesis on an industrial scale production.
The culture medium supplements with ions@APTES are reported as a promising carrier that changes the biofilm state to enhance the MK-7 secretion without affecting bacterial growth and viability (Ranmadugala et al., 2017). Mahanama et al. (2012) employe the improved Gompertz and the Luedeking-piret model to study the MK-7 biosynthesis in the biofilm reactor. The Luedeking-piret model efficiently increased MK-7 biosynthesis in the mixed model pattern containing both media and carbon sources. As such, biofilm reactors present a reliable strategy to address the operational issues during MK-7 biosynthesis on an industrial scale.
It is worth noting that MK-7 production by B. subtilis natto is associated with heavy pellicle and biofilm formation, which can cause operational issues in static fermentation (Stragier et al., 1988). However, these formations contribute to and almost constitute most of the MK-7 biosynthesis. This is the reason why the production of MK-7 has been confined to static fermentation practices but the conversion to large-scale stirred bioreactors is hindered. In biofilm reactors, mature biofilm structures exist and can withstand relatively high agitation and aeration rates, which render them a promising technology alternative to old static or suspended-cell bioreactors for MK-7 production (Mahdinia et al., 2017). Thus, the application of biofilm reactors in future studies could facilitate robust extracellular MK-7 secretion and present a reliable strategy to address the operational issues during MK-7 biosynthesis in industrial production.
OPTIMIZATION OF FERMENTATION PROCESS FOR MENAQUINONE-7 EXTRACTION FROM CULTURE MEDIUM
The amount of MK-7 extracted from the culture medium containing a mixture of n-butanol: n-hexane does not meet its full potential because menaquinone as MK-7 is a tightly bound membrane of bacterial cells (Minnikin et al., 1984). The non-disruptive extraction of MK-7 with pure organic solvents is inefficient, primarily, cytomembrane destruction facilitates the MK-7 extraction via ultrasonication, freeze-thawing, steam explosion, acid-heating, alkaline hydrolysis, and homogenization (Luo et al., 2016). For these reasons, it is suggested that optimizing the ratio of organic agents (such as n-butanol: n-hexane) could potentially improve MK-7 production in the culture medium. CaCl2 supplemented medium improved MK-7 extraction by implementing the salting-out method (Ahmed and Mahmoud, 2015). Another study shows that the mixture of n-butanol and n-hexane depleted MK-7 yield over time compared to control without n-butanol and ln-hexane. Such that the viability of B. subtilis cells significantly decreased after 60 h of periodic extraction with a mixture of n-butanol: n-hexane (1:2, v/v) (Ranmadugala et al., 2018). This reduced MK-7 production could result from poor biocompatibility of n-butanol and n-hexane mixture with B. subtilis. Also, n-butanol toxicity in the culture medium could be traced to n-butanol in the fermentation medium, thereby inhibiting the expansion of bacterial cells (Huang et al., 2010).
Apart from n-hexane, none of the other common vitamin K extraction solvents could maintain the viability of B. subtilis upon periodic extraction of MK-7. Most solvent mixtures containing a polar and non-polar solvent, such as the alcohol in the extraction solvent, could prevent the growth of bacteria by damaging the cell membrane (Ingram, 1976). In line with this context, it is reported that periodic extraction with n-hexane does not have any detrimental effect on the B. subtilis viability until 84 h. For example, MK-7 production (52.34 mg/L) is significantly optimized by n-hexane alone as a solvent for B. subtilis fermentation at 1.7∼fold higher than the control medium (Ranmadugala et al., 2018). The use of n-hexane in the fermentation medium may significantly increase the total yield of MK-7 within a short period compared to non-extracting control conditions. Another advantage of n-hexane as a solvent is its non-toxic effect in bacterial cells. For this reason, n-hexane can be an ideal extraction solvent for MK-7 with the ability to enhance biosynthesis productivity. And Fang et al. (2019) use ethanol to extract MK- seven twice directly from the crude cells after fermentation produced a MK-7 yield of 1.47 mg/g. The crude extract was purified using macroporous resin and subsequent crystallization. After treatment with HPD722 resin, the purification of MK-7 are 7.17∼fold increased with recovery yields of 97.2%. In general, n-hexane can be selected to extract the MK-7, then the purity of MK-7 is increased using macroporous resin followed by crystallization. The developed procedure can produce high-purity of MK-7 as well as high recoveries. This is an economical, efficient and simple method for preparing high-purity MK-7 on a large scale.
DEVELOPMENT OF B. SUBTILIS AS A CHASSIS
Synthetic biology has presented the concept of genetic engineering, the standardization of living matter, the gene expression system, and its encoded proteins as biological building blocks. It is, therefore, imperative to understand synthetic biological terminologies, such as the optimization, transformation, or redesigning of biological components known as element engineering. Moreover, the designed cells using model organisms and then functionally re-engineered are called chassis cells. Notably, the chassis cells serve as the host for synthetic biological reactions.
Due to cellular complexity, embedded synthetic devices or systems may be affected by the cell’s original unrelated metabolic processes. The solution is to delete some non-essential genes to simplify the genome without affecting its function. One of the benefits of this strategy is that it reduces other metabolic processing energy and material requirements in the cell. In practice, the chassis cells are often modified as per the requirement, which entails embedding, replacing, or deleting genes or gene modules. Standard chassis cells include microbial cells, such as E. coli, B. subtilis, yeast, Pseudomonas, and Mycoplasma (Yan et al., 2018; Jores et al., 2019; Zhuang and Qi, 2019; Liang et al., 2020; Liu et al., 2020). For example, the deletion of 581.9–814.4 non-essential gene sequence of B. subtilis by gene degeneration method mitigated the guanosine and thymidine production (Li et al., 2016; Liu et al., 2018a; Cui et al., 2018). The MK-7 metabolic pathway gene optimization provides a theoretical basis for the MK-7 production using B. subtilis as a chassis. Usually, B. subtilis 168 is used as the chassis in modular metabolic engineering to promote the MK-7 biosynthesis (Ma et al., 2019; Yang et al., 2019). Therefore, the construction of B. subtilis as a chassis for MK-7 synthesis can provide a significant potential for industrial MK-7 production.
Constructing a chassis cell for efficient synthesis of MK-7 in B. subtilis requires two steps. In the first step, it is crucial to understand the MK-7 synthesis pathway in the bacteria. The reason is that chassis cells produce a high yielding strain after transforming the vector bacteria. For this reason, the chassis method thus resolves the fundamental challenge (i.e., synthetic pathway optimization) associated with the conventional technique used in MK-7 production, as discussed earlier. The second step of chassis cell construction focuses on the regulation of MK-7 synthesis-related gene expressions. This objective could be achieved by gene upregulation or branched gene knockout without affecting the bacterial physiological activities. For instance, overexpression of the MK-7 synthetic pathway gene and knockout of the synthetic branch gene dhbB, on the one hand, reduced the intermediate metabolite (isochorismate) consumption and, on the other hand, increased the carbon flux of the pathway for bacteria to synthesize MK-7, thereby promotes MK-7 production (Yang et al., 2019). The common practice in gene expression alteration is via homologous recombination of antibiotic resistance and anti-selective markers. Antibiotic resistance markers are laborious and time-consuming gene-editing techniques. However, the advent of CRISPR-Cas9 systems has helped scientists overcome these difficulties about homologous recombination and are also applicable as DNA binding tools with strong transformation ability.
MICROBIAL BIOSYNTHESIS OF VK2
VK2 Synthesis Pathway in Bacteria
In 1982, Bentley elucidated the microbial VK2(MK-n; n = 4–13) biosynthesis pathway (Bentley and Meganathan, 1982). VK2 consists of naphthoquinone rings and isoprene side chains. In 2001, Meganathan further detail the methylerythritol (MEP) pathway, shikimate (SA) pathway (Meganathan, 2001), and the canonical pathway of VK2 biosynthesis in B. subtilis and E. coli. In addition to the canonical MK biosynthesis pathway, menaquinone is also synthesized via the futalosine pathway in Streptomyces (Shimizu et al., 2018) (Figure 2). Particularly in B. subtilis MK-7 synthesis, Dxs and Dxr are identified as the rate-limiting enzymes (Yuan et al., 2006; Lv et al., 2013); however, ypgA as a rate-limiting enzyme remains controversial (Julsing et al., 2007; Zhou et al., 2013).
[image: Figure 2]FIGURE 2 | Enzymes in the Bacteria VK2 biosynthesis. Glycerol metabolism: GlpF (glycerol uptake facilitator), GlpK (glycerol kinase), GlpD (glycerol-3-phosphatedehydrogenase), Tpi (triosephosphate isomerase). MEP pathway: Dxs (1-deoxyxylulose-5- phosphate synthase), Dxr (1-deoxyxylulose-5-phosphate reductoisomerase), YacM (2-C-methylerythritol 4-phosphate cytidylyltransferase), IspE (4-diphosphocytidy-2-C-methylerythritol kinase), YacN (2-C-methylery thritol 2,4-cyclodiphosphate synthase), YgfY (4-hydroxy-3-methylbut-2-enyldiphosphate synthase), IspH (4-hydroxy-3-methylbut-2-enyldiphosphate reductase), YpgA (isopentenyl-diphosphate δ-isomerase), YqiD (farnesyl diphosphate synthase), HepS/HepT (heptaprenyl diphosphate synthase component I/II). Shikimate pathway: AroA (3-deoxy-7-phosphoheptulonate synthase), AroB (3-dehydroquinate synthase), AroC (3-dehydroquinate dehydratase), AroD (shikimate dehydrog enase), AroK (shikimate kinase), AroE (3-phosphoshikimate 1-carboxyvinyltransferase), AroF (chorismate synthase). Canonical pathway: MenF/DhbC (isochorismate synthase), MenD (2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase), MenH (2-succinyl-6 -hydroxy-2,4-cyclohexadiene-1-carboxylate synthase), MenC (o-succinylbenzoate synthase), MenE (o-succinylbenzoic acid-CoA ligase), MenB (1,4-dihydroxy-2-naphthoyl-CoA synthase); MenI (1,4-dihydroxy-2-naphthoyl-CoA hydrolase of E. coli), MenA (1,4-dihydroxy-2-naphthoate hepta prenyltransferase); MenG (demethylmenaquinone methyltransferase). Futalosine Pathway: MqnA (chorismate dehydratase), MqnB (futalosine hydrolase), MqnC (dehypoxanthine futalosine cyclase), MqnD (5,8-Dihydroxy-2-naphthoate synthase).
GENE EDITING TOOLS FOR B. SUBTILIS VIA HOMOLOGOUS RECOMBINATION
The advance in genetic engineering has led to the development of effective strategies for B. subtilis gene-editing. B. subtilis is a widely used host for the production of enzymes and chemical compounds (Commichau et al., 2014; Zafar et al., 2014; Yadav et al., 2020). Improved genetic engineering strategies have turned B. subtilis into a highly efficient microbial cell factory for MK-7 production, and conferred comparative advantage over conventional industrial microbes, such as E. coli and S. cerevisiae. Optimizing the MK-7 biosynthetic pathway is an effective way to improve MK-7 production. It is commonly attained through the overexpression or deletion of the MK-7 metabolic pathway genes and optimization of biosynthesis pathway via homologous recombination using antibiotic-resistance and counter-selectable markers (Ma et al., 2019; Yang et al., 2019).
ANTIBIOTIC-RESISTANCE MARKERS
Antibiotic-resistance markers facilitate the insertion of antibiotic resistance genes into the host genomic DNA through homologous recombination. Integrons, which introduce antibiotic resistance markers into the genome to alter the host cell physiological state, can also be screened using antibiotic-resistance markers (Dempwolff et al., 2020). Unfortunately, the removal of resistance markers from the original genome in the integration vector is the problem of this technique (Biswas et al., 1993).
COUNTER-SELECTABLE MARKERS
Counter-selectable markers kill the microorganisms containing counter-selectable marker genes under some specific conditions (Reyrat et al., 1998). Counter-selectable markers can be utilized to eliminate antibiotic resistance genes integrated into the genome in a two-step process (Pritchett et al., 2004). Firstly, antibiotic resistance markers screen the integrons that contain integrated antibiotic resistance genes, target fragments, and counter-selectable marker genes incorporated into the genome. Secondly, the counter-selectable marker genes are screened to complete the seamless editing of the genome. Uracil phosphoribosyl transferase gene upp has been used as a counter-selectable marker of B. subtilis (Fabret et al., 2002). Besides, araR, which encodes a negative regulator of ara operon and is triggered by the l-arabinose enzyme of B. subtilis, is also used as a counter-selectable marker B. subtilis (Sa-Nogueira and Mota, 1997).
TRADITIONAL OPTIMIZATION METHODS OF MENAQUINONE-7 SYNTHESIS PATHWAY IN B. SUBTILIS
In a previous study, increasing the carbon flux of the MK-7 synthesis pathway can increase the content of MK-7. Yang et al. (2019) over-express the GlpD, MenA, Dxs, Dxr, and YacM-YacN genes, as well deleted dhbB gene to enhance the MK-7 biosynthesis through glycerol metabolism. Ma et al. (2019) have shown that MK-7 production in B. subtilis168 could be successfully enhanced by stimulating the MEP-related rate-limiting genes’ co-expression and optimizing the gene sequence in the gene cluster. The optimal gene combination of menA-dxs-dxr-ypgA increases the MK-7 production by 11-fold (50 mg/L) than the standard vector. Moreover, Chen et al. (2020) have increased the production of MK-7 from B. subtilis BS20MEP by overexpressing 5 genes of the MEP pathway. Cui et al. (2019) use the dual-function Phr60-Rap60-Spo0A quorum sensing system to dynamically control the synthesis of MK-7 in the B. subtilis 168, that makes MK-7 output is increased by 40 times. Yang et al. (2020) obtain a recombinant strain BSMK11 modified to simultaneously overexpressing the glpK, glpD, aroGfbr, pyrGfbr, hepS, vgb genes, and knock-outing the mgsA and araM genes to increase the MK-7 production by 54.7%. The study also finds that oxalate decarboxylase OxdC has an important effect on electron generation and MK-7 synthesis, when the transcriptional level of NADH dehydrogenase decreases in static culture (Cui et al., 2020). It provides new ideas for the subsequent genetic modification of MK-7 strains.
FUTURE PERSPECTIVES ON GENE EDITING TOOLS FOR B. SUBTILIS
Several standardized techniques are currently designed to regulate the B. subtilis gene expression (Popp et al., 2017; Yang et al., 2017). For instance, the dual-promoter system (Rao et al., 2020), the auto-inducible expression systems (Sun et al., 2020), and the highly active secretory expression system (Kang et al., 2020) are common genetic engineering used for B. subtilis gene modifications. These gene expression systems without markers have limited capability, which the CRISPR-Cas9 system can resolve. There are several databases containing information on B. subtilis DNA sequence, regulators, and metabolites in recent years. CRISPR-Cas9 system can explore this information to delete, mutate or insert genes at any desired locus position. Because of this mechanism, the CRISPR-Cas9 system has become the gamechanger in B. subtilis genome editing (Tobias et al., 2018; Yi et al., 2018; Lim and Choi, 2019; Watzlawick and Altenbuchner, 2019).
CRISPR-CAS9 SYSTEM APPLICATION FOR B. SUBTILIS
Gene-editing tools based on the CRISPR system are widely used in synthetic biology. Currently, CRISPR-Cas9 is a hotspot technique for investigating and reducing off-target effects and multi-gene editing errors. Zuo et al. (2019) devise a method known as GOTI, a new off-target detection technology using CRISPR-Cas9, to test the gene-editing efficiency when off-target mutations are concerned. Their protocol helpes develop the emerging single-base editing technology known as GOTI, which can identify unpredictable off-targets, thereby improving gene-editing efficiency. For instance, Zhou et al. (2019) report that engineered deaminase can eliminate off-targeting effects. More so, Choi et al. (2019) also design a high-throughput platform by integrating mutation and systematic screening of Streptococcus pyogenes Cas9 protein to obtain the Opti-SpCas9. The high-throughput technique improved the editing precision without losing potency in a wide range of targets. In terms of gene-editing, Liu et al. (2018b) design the ReS-CuES system for rapid and efficient chromosomal rearrangement screening in distinct strains. Likewise, Zhang et al. (2019) devise a fast multiplex gRNA-tRNA array CRISPR-Cas9 (GTR-CRISPR) gene-editing system for Saccharomyces cerevisiae.
In B. subtilis CRISPR-Cas9 gene-editing, to overcome the problem of the instability of plasmid, low transformation efficiency, the introduction of the metabolic burden on the host cell, and counterselection methods. In recent years, some studies on CRISPR kits suitable for B. subtilis gene editing, such as Westbrook et al. (2016) insert the first gRNA cassette into a multiple gRNA delivery vector to construct a multiple gRNA delivery vector and clone each additional gRNA into a single gRNA delivery vector. Then, all gRNA delivery vectors are linearized and used to transform B. subtilis, the efficiency of single-gene mutation is 100%, and the efficiency of double gene mutation is 85%. Altenbuchner et al. (2016) use CRISPR-Cas9 vector to introduce two large deletions in the B. subtilis 168s chromosome. The single-plasmid system constructes for the genome editing of B. subtilis overcomes the problems of counterselection methods. Tobias et al. (2018) create a toolkit for simple and fast genetic engineering of phages recruiting B. subtilis as host system. This toolkit comprises the application CutSPR, a bioinformatic tool for rapid primer design, and facilitates the cloning of specific CRISPR-Cas9-based mutagenesis plasmids, and demonstrates reliability and high efficiency. García-Moyano et al. (2020) develop a vector compatible with high-throughput fragment exchange (FX) cloning for heterologous expression in E. coli and Bacillus. This vector catalog is through this work supplement with editing plasmid for genome engineering in Bacillus by adapting two CRISPR-Cas plasmids to the cloning technology. In addition to the above technologies, B. subtilis gene-editing technology have been further developed based on CRISPR-Cas9 technology. Hao et al. (2020) design a CRISPR-Cpf1-based toolkit employing a type V Cas protein, Cpf1 from F. novicida. Using this platform, they precisely delete single gene and gene cluster in B. subtilis with high editing efficiency, such as sacA, ganA, ligD,ligV, and bac operon. Wu et al. (2020) engineer the F. novicida U112 CRISPR/Cpf1 system, a powerful tool called CAMERS-B is constructed for engineering B. subtilis, and a SOMACA (Synthetic Oligos Mediated Assembly of crRNA Array) method is constructed to build crRNA array. Liu et al. (2019) develop a CRISPR-Cas9n-based multiplex genome editing system for iterative genome editing in B. subtilis. This system enables to introduce various types of genomic modifications with more satisfying efficiency than using CRISPR-Cas9, especially in multiplex gene-editing. Through the use of CRISPR gene-editing technology, the production of plipastatins, riboflavin, amorphadiene (Ahmed-Hocine et al., 2020; Zou et al., 2020; Song et al., 2021) has been successfully increased in B. subtilis. Due to the high editing efficiency of the CRISPR-Cas9 cassette, CRISPR-Cas9 can be used to accurately overexpress single or multiple MK-7 pathway synthesis-related key genes or knock out related genes impeding Mk-7 synthesis. Thus, we believe that the CRISPR-Cas9 system will emerge as one of the most efficient gene-editing tools for the MK-7 anabolism pathway to enhance the MK-7 production from B. subtilis.
CRISPRI (CRISPR INTERFERENCE) AND CRISPRA (CRISPR ACTIVATION) SYSTEM
The dCas9 system is integral to CRISPR technology application. Currently, it is applied to regulate gene transcription, such as the inhibition and activation of transcription known as CRISPRi (CRISPR interference) and CRISPRa (CRISPR activation) system, respectively. Studies have shown that dCas9 mutate at the two enzyme active sites can stably bind to target DNA and inhibit the transcription process of E. coli genes by using its steric hindrance effect (Qi et al., 2013). Another example is the transcriptional repressor screening of the KRAB domain. The dCas9-KRAB fusion protein bounds near the transcription start site (TSS) of the gene. KRAB could effectively recruit histone modifiers to form heterochromatin, which inhibits gene transcription at the binding site resulting in the knockdown of target genes (Gilbert et al., 2013).
Locked nucleic acid (LNA), the first knockdown technology, is entirely based on the complementary pairing of two nucleic acid strands. However, compared with off-target genes such as RNAi, target genes knockout is less efficient, therefore produces false-positive data. Despite this shortcoming of target gene knockdown techniques, CRISPRi is the most effective technique because it does not interfere with non-target genes (Stojic et al., 2018). Furthermore, recent advancements in the design and construction of sgRNA promote the wide adoption of CRISPR technology in gene editing-related projects. Therefore, CRISPRi technology for gene knockdown has clear advantages and cost-effective than the traditional RNAi technology.
CRISPR emergence enables the activation of gene expression in situ. The earliest CRISPRa system use the same VP16 domain as the Tet-on/off system to activate gene transcription, but unlike the artificially design TRE promoter, the endogenous gene promoter is under complex regulation, even if ten copies of VP16 are used. This is because endogenous genes typically recruit proteins to form a huge complex when transcribed. The idea is that researchers can imitate this process, using Cas9 and sgRNA powerful transformation ability to enhance the gene transcription processes (Chavez et al., 2016).
VPR, SAM, and Suntag technologies are the most common Cas9 activator designs, playing synergistic roles together. Firstly, VPR technology enhances the ability of the fusion protein to activate gene transcriptions (Chavez et al., 2015). While SAM (synergistic activation mediator) technology utilizes sgRNA to transform and add MS2 sequence to the two neck loop structures of sgRNA for MCP protein recruitment, then fuse the MCP protein with P65-hsf1 domains and dCas9. Whereas the Suntag technology uses the principle of antigen and antibody. The long-chain antigen here fused to dCas9 recruit VP64 carried by multiple antibody scFv at a time, amplifying its activation effect (Tanenbaum et al., 2014). These second-generation activator effects are significantly better than the earliest VP64 standard with no significant off-target phenomenon (Chavez et al., 2016), making them good candidates to induce endogenous gene transcriptions.
CRISPR knockout abilities such as high efficiency, precision, and low off-target effects characterize both the CRISPRi and CRISPRa systems. Although some of these molecules are complicated in design when acting on different target genes; however, the production cost is relatively less expensive, making them suitable for constructing a full-gene suppression or activation library. Lu et al. (2019) determine the optimal targeting window for CRISPRa and CRISPRi, which further proved that the system could be used as a single master regulator by designing location-specific gRNAs to activate or inhibit the expression of different genes simultaneously. They develop a new CRISPR-assisted Oligonucleotide Annealing-based Promoter Shuffling (OAPS) strategy, which can screen strong promoters to increase rate-limiting enzyme expressions and relieve feedback inhibition for pathway optimization. Therefore, in regards to biosynthetic pathway application, the OAPS combined with dCas9-mediated multi-directional transcription program and OAPS to increase B. subtilis amylase BLA production by 260∼fold. Their results further prove that CRISPRi and CRISPRa systems are highly effective and can be applied for single gene knockdown or activation and whole gene functional screening. i.e., B. subtilis pathway bioengineering. A prominent application of CRISPR interference in bioengineering is experimented by Peters et al. (2016), where they knock down every essential gene in B. subtilis to probe their phenotypes, and their data provide an integral systematic research framework for future purposes. Moreover, their framework applies to in-vivo probing of essential gene modifications across diverse microorganisms, and it is flexible for comparative analysis studies. Similarly, Dong et al. (2020) induce the CRISPRi system by xylose to further increase the production of lactate-n-neotetraose (LNnT). Hence, We hypothesis that the CRISPR-dCas9 system will become one of the most effective gene-editing tools in the MK-7 anabolic pathway.
Different functional elements could facilitate dCas9/sgRNA manipulations for genome sequencing, such as gene transcription, epigenetic modification, and genome mapping imaging (Xu and Qi., 2019). With this condition, CRISPR-dCas9 can resolve off-target effects and will be effectively applicable to multi-gene editing. Several reports on the CRISPR-Cas9 gene-editing of B. subtilis have proven the feasibility of CRISPR gene-editing applications in B. subtilis. The expression of MK-7 by B. subtilis is related to multi-gene regulation. At the moment, obtaining high-yielding MK-7 strains involves activating several MK-7 associated genes or inhibiting the expression of branch genes. For this research gap, It is necessary to develop more diverse CRISPR gene-editing methods (such as CRISPRa and CRISPRi) to achieve efficient high yielding MK-7 productions. Thus, we suggest that CRISPR-dCas9 would enhance the B. subtilis to transform into high-yielding MK-7 strains.
CONCLUDING REMARKS
MK-7 has demonstrated beneficial effects on several disorders in humans. including bone metabolism and blood clotting. For these reasons, there are desires to improve the MK-7 production techniques. The conventional approaches include chemical synthesis and mutagenesis breeding of MK-7-requiring bacteria to enhance MK-7 production from B. subtilis. These methods have many drawbacks, especially high production costs and time-consuming operations. Genetically improved Gram-positive bacteria, such as B. subtilis, have gained increasing attention for the MK-7 biosynthesis. This review has addressed the possible advanced techniques relevant for MK-7 production from B. subtilis. Specifically, the application of CRISPR-Cas9 in B. subtilis is introduced in this article. It described the advantages of CRISPRi (CRISPR interference) and CRISPRa (CRISPR activation) systems and their potentials to becoming one of the most effective gene-editing tools for MK-7 anabolic pathways (Figure 3). The role of CRISPR-dCas9 to develop B. subtilis as a chassis is a good reference for future possibilities.
[image: Figure 3]FIGURE 3 | Methods to enhance MK-7 production from B. subtilis.
AUTHOR CONTRIBUTIONS
CL wrote this review, BZ put forward the idea for writing this review, HA revised this review, YM, YG, and KI provided useful suggestion on this review.
FUNDING
This work was supported by the National Key R and D Program of China under Grant (2018YFE0127300); The 2115 Talent Development Program of China Agricultural University.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abul-Hajj, Y. J. (1978). Isolation of Vitamin K2(35) from Nocardia Restrictus and Corynebacterium Simplex. A Natural Electron Acceptor in Microbial Steroid Ring A Dehydrogenations. J. Biol. Chem. 253, 2356–2360. doi:10.1016/s0021-9258(17)38081-x
 Ahmed, S., and Mahmoud, A. M. (2015). A Novel Salting-Out Assisted Extraction Coupled with HPLC- Fluorescence Detection for Trace Determination of Vitamin K Homologues in Human Plasma. Talanta 144, 480–487. doi:10.1016/j.talanta.2015.07.007
 Ahmed-Hocine, B., Marius, B., Georg, S., and Matthias, M. (2020). Rational Engineering of Transcriptional Riboswitches Leads to Enhanced Metabolite Levels in Bacillus Subtilis. Metab. Eng. 61. doi:10.1016/j.ymben.2020.05.002
 Alireza, E., Vikas, V., Yang, S. Y., Younes, G., and Aydin, B. (2015). Synthesis and Application of Amine Functionalized Iron Oxide Nanoparticles on Menaquinone-7 Fermentation: a Step towards Process Intensification. Nanomaterials (Basel, Switzerland) 6. doi:10.3390/nano6010001
 Altenbuchner, J. (2016). Editing of the Bacillus Subtilis Genome by the Crispr-Cas9 System. Appl. Environ. Microbiol. 82 (17), 5421–5427. doi:10.1128/AEM.01453-16
 Bansal-Mutalik, R., and Gaikar, V. G. (2003). Cell Permeabilization for Extraction of Penicillin Acylase from Escherichia coli by Reverse Micellar Solutions. Enzyme Microb. Technol. 32, 14–26. doi:10.1016/S0141-0229(02)00178-3
 Bentley, R., and Meganathan, R. (1982). Biosynthesis of Vitamin K (Menaquinone) in Bacteria. Microbiol. Rev. 46, 241–280. doi:10.1128/mr.46.3.241-280.1982
 Berenjian, A., Mahanama, R., Talbot, A., Biffin, R., Regtop, H., Valtchev, P., et al. (2011). Efficient media for High Menaquinone-7 Production: Response Surface Methodology Approach. New Biotechnol. 28, 665–672. doi:10.1016/j.nbt.2011.07.007
 Biswas, I., Gruss, A., Ehrlich, S. D., and Maguin, E. (1993). High-efficiency Gene Inactivation and Replacement System for Gram-Positive Bacteria. J. Bacteriol. 175, 3628–3635. doi:10.1128/jb.175.11.3628-3635.1993
 Capozzi, A., Scambia, G., Migliaccio, S., and Lello, S. (2019). Role of Vitamin K2 in Bone Metabolism: a point of View and a Short Reappraisal of the Literature. Gynecol. Endocrinol. 36, 285–288. doi:10.1080/09513590.2019.1689554
 Chavez, A., Scheiman, J., Vora, S., Pruitt, B. W., Tuttle, M., P R Iyer, E., et al. (2015). Highly Efficient Cas9-Mediated Transcriptional Programming. Nat. Methods 12, 326–328. doi:10.1038/nmeth.3312
 Chavez, A., Tuttle, M., Pruitt, B. W., Ewen-Campen, B., Chari, R., Ter-Ovanesyan, D., et al. (2016). Comparison of Cas9 Activators in Multiple Species. Nat. Methods 13, 563–567. doi:10.1038/nmeth.3871
 Che, J., Liu, B., Liu, G., Chen, Q., and Huang, D. (2018). Induced Mutation Breeding of Brevibacillus Brevis FJAT-0809-GLX for Improving Ethylparaben Production and its Application in the Biocontrol of Lasiodiplodia Theobromae. Postharvest Biol. Technol. 146, 60–67. doi:10.1016/j.postharvbio.2018.08.011
 Chen, T., Xia, H., Cui, S., Lv, X., Li, X., Liu, Y., et al. (2020). Combinatorial Methylerythritol Phosphate Pathway Engineering and Process Optimization for Increased Menaquinone-7 Synthesis in Bacillus Subtilis. J. Microbiol. Biotechnol. 30 (5), 762–769. doi:10.4014/jmb.1912.12008
 Choi, G. C. G., Zhou, P., Yuen, C. T. L., Chan, B. K. C., Xu, F., Bao, S., et al. (2019). Combinatorial mutagenesis en masse optimizes the genome editing activities of SpCas9. Nat. Methods 16, 722–730. doi:10.1038/s41592-019-0473-0
 Commichau, F. M., Alzinger, A., Sande, R., Bretzel, W., Meyer, F. M., Chevreux, B., et al. (2014). Overexpression of a Non-native Deoxyxylulose-dependent Vitamin B6 Pathway in Bacillus Subtilis for the Production of Pyridoxine. Metab. Eng. 25, 38–49. doi:10.1016/j.ymben.2014.06.007
 Cortez, D. V., and Roberto, I. C. (2012). CTAB, Triton X-100 and Freezing-Thawing Treatments of Candida Guilliermondii: Effects on Permeability and Accessibility of the Glucose-6-Phosphate Dehydrogenase, Xylose Reductase and Xylitol Dehydrogenase Enzymes. New Biotechnol. 29, 192–198. doi:10.1016/j.nbt.2011.05.011
 Cui, S., Lv, X., Wu, Y., Li, J., Du, G., Ledesma-Amaro, R., et al. (2019). Engineering a Bifunctional Phr60-Rap60-Spo0A Quorum-Sensing Molecular Switch for Dynamic Fine-Tuning of Menaquinone-7 Synthesis inBacillus Subtilis. ACS Synth. Biol. 8 (8), 1826–1837. doi:10.1021/acssynbio.9b00140
 Cui, S., Xia, H., Chen, T., Gu, Y., Lv, X., Liu, Y., et al. (2020). Cell Membrane and Electron Transfer Engineering for Improved Synthesis of Menaquinone-7 in Bacillus Subtilis. iScience 23 (3), 100918. doi:10.1016/j.isci.2020.100918
 Cui, W., Han, L., Suo, F., Liu, Z., Zhou, L., and Zhou, Z. (2018). Exploitation of Bacillus Subtilis as a Robust Workhorse for Production of Heterologous Proteins and beyond. World J. Microbiol. Biotechnol. 34, 145. doi:10.1007/s11274-018-2531-7
 Demirci, A., Pongtharangkul, T., and Pometto, A. L. (2007). Applications of Biofilm Reactors for the Production of Value-Added Products by Microbial Fermentation. Iowa: Blackwell Publishing and The Institute of Food Technologists. doi:10.1002/9781118864036.ch10
 Dempwolff, F., Sanchez, S., and Kearns, D. B. (2020). Tn FLX : a Third-Generation Mariner -Based Transposon System for Bacillus Subtilis. Appl. Environ. Microbiol. 86, e02893–19. doi:10.1128/AEM.02893-19
 Dong, X., Li, N., Liu, Z., Lv, X., Shen, Y., Li, J., et al. (2020). Crispri-guided Multiplexed fine-tuning of Metabolic Flux for Enhanced Lacto-N-Neotetraose Production in Bacillus Subtilis. J. Agric. Food Chem. 68, 2477–2484. doi:10.1021/acs.jafc.9b07642
 Ebrahiminezhad, A., Ghasemi, Y., Rasoul-Amini, S., Barar, J., and Davaran, S. (2012). Impact of Amino-Acid Coating on the Synthesis and Characteristics of Iron-Oxide Nanoparticles (IONs). Bull. Korean Chem. Soc. 33, 3957–3962. doi:10.5012/bkcs.2012.33.12.3957
 Ercan, D., and Demirci, A. (2013). Production of Human Lysozyme in Biofilm Reactor and Optimization of Growth Parameters of Kluyveromyces Lactis K7. Appl. Microbiol. Biotechnol. 97, 6211–6221. doi:10.1007/s00253-013-4944-4
 Fabret, C., Dusko Ehrlich, S., and Noirot, P. (2002). A New Mutation Delivery System for Genome-Scale Approaches in Bacillus Subtilis. Mol. Microbiol. 46, 25–36. doi:10.1046/j.1365-2958.2002.03140.x
 Fang, Z., Wang, L., Zhao, G., Liu, H., Wei, H., Wang, H., et al. (2019). A Simple and Efficient Preparative Procedure for Menaquinone-7 from bacillus Subtilis (Natto) Using Two-Stage Extraction Followed by Microporous Resins. Process Biochem. 83, 183–188. doi:10.1016/j.procbio.2019.05.008
 Farrand, S. K., and Taber, H. W. (1974). Changes in Menaquinone Concentration during Growth and Early Sporulation in Bacillus Subtilis. J. Bacteriol. 117, 324–326. doi:10.1128/jb.117.1.324-326.1974
 Fernández, I., Santos, A., Cancela, M. L., Laizé, V., and Gavaia, P. J. (2014). Warfarin, a Potential Pollutant in Aquatic Environment Acting through Pxr Signaling Pathway and γ-glutamyl Carboxylation of Vitamin K-dependent Proteins. Environ. Pollut. 194, 86–95. doi:10.1016/j.envpol.2014.07.015
 Fusaro, M., Crepaldi, G., Maggi, S., Galli, F., D’Angelo, A., Calò, L., et al. (2011). Vitamin K, Bone Fractures, and Vascular Calcifications in Chronic Kidney Disease: An Important but Poorly Studied Relationship. J. Endocrinol. Invest. 34, 317–323. doi:10.1007/BF03347093
 García-Moyano, A., Larsen, Ø., Gaykawad, S., Christakou, E., Boccadoro, C., Puntervoll, P., et al. (2020). Fragment Exchange Plasmid Tools for CRISPR/Cas9-Mediated Gene Integration and Protease Production in Bacillus Subtilis. Appl. Environ. Microbiol. 87. doi:10.1128/AEM.02090-20
 Ghasemi, Y., Barar, J., Davaran, S., Kouhpayeh, A., Rasoul-Amini, S., and Ebrahiminezhad, A. (2015). Impacts of Amine Functionalized Iron Oxide Nanoparticles on Hepg2 Cell Line. Cur Nanosci . 11 (1). doi:10.2174/1573413710666140911224743
 Gilbert, L. A., Larson, M. H., Morsut, L., Liu, Z., Brar, G. A., Torres, S. E., et al. (2013). CRISPR-mediated Modular RNA-Guided Regulation of Transcription in Eukaryotes. Cell 154, 442–451. doi:10.1016/j.cell.2013.06.044
 Hao, W., Suo, F., Lin, Q., Chen, Qi., Zhou, L., Liu, Z., et al. (2020). Design and Construction of Portable CRISPR-Cpf1-Mediated Genome Editing in Bacillus Subtilis 168 Oriented toward Multiple Utilities. Front. Bioeng. Biotechnol. 8, 524676. doi:10.3389/fbioe.2020.524676
 Ho, K. L., Pometto, A. L., Hinz, P. N., Dickson, J. S., and Demirci, A. (1997). Ingredient Selection for Plastic Composite Supports for L-(+)-lactic Acid Biofilm Fermentation by Lactobacillus Casei Subsp. Rhamnosus. Appl. Environ. Microbiol. 63, 2516–2523. doi:10.1128/aem.63.7.2516-2523.1997
 Hu, X.-c., Liu, W.-m., Luo, M.-m., Ren, L.-j., Ji, X.-j., and Huang, H. (2017). Enhancing Menaquinone-7 Production by Bacillus Natto R127 through the Nutritional Factors and Surfactant. Appl. Biochem. Biotechnol. 182, 1630–1641. doi:10.1007/s12010-017-2423-6
 Huang, H., Liu, H., and Gan, Y.-R. (2010). Genetic Modification of Critical Enzymes and Involved Genes in Butanol Biosynthesis from Biomass. Biotechnol. Adv. 28, 651–657. doi:10.1016/j.biotechadv.2010.05.015
 Ingram, L. O. (1976). Adaptation of Membrane Lipids to Alcohols. J. Bacteriol. 125, 670–678. doi:10.1128/JB.125.2.670-678.1976
 Izmirlioglu, G., and Demirci, A. (2016). Ethanol Production in Biofilm Reactors from Potato Waste Hydrolysate and Optimization of Growth Parameters for Saccharomyces cerevisiae. Fuel 181, 643–651. doi:10.1016/j.fuel.2016.05.047
 Jores, J., Ma, L., Ssajjakambwe, P., Schieck, E., Liljander, A., Chandran, S., et al. (2019). Removal of a Subset of Non-essential Genes Fully Attenuates a Highly Virulent Mycoplasma Strain. Front. Microbiol. 10, 664. doi:10.3389/fmicb.2019.00664
 Julsing, M. K., Rijpkema, M., Woerdenbag, H. J., Quax, W. J., and Kayser, O. (2007). Functional Analysis of Genes Involved in the Biosynthesis of Isoprene in Bacillus Subtilis. Appl. Microbiol. Biotechnol. 75, 1377–1384. doi:10.1007/s00253-007-0953-5
 Kang, X.-M., Cai, X., Huang, Z.-H., Liu, Z.-Q., and Zheng, Y.-G. (2020). Construction of a Highly Active Secretory Expression System in Bacillus Subtilis of a Recombinant Amidase by Promoter and Signal Peptide Engineering. Int. J. Biol. Macromolecules 143, 833–841. doi:10.1016/j.ijbiomac.2019.09.144
 Khiyami, M. A., Pometto, A. L., and Kennedy, W. J. (2006). Ligninolytic Enzyme Production byPhanerochaete Chrysosporiumin Plastic Composite Support Biofilm Stirred Tank Bioreactors. J. Agric. Food Chem. 54, 1693–1698. doi:10.1021/jf051424l
 Koch, G. L. E., Shaw, D. C., and Gibson, F. (1971). The Purification and Characterisation of Chorismate Mutase-Prephenate Dehydrogenase from Escherichia coli K12. Biochim. Biophys. Acta (Bba) - Protein Struct. 229, 795–804. doi:10.1016/0005-2795(71)90298-4
 Koo, B.-M., Kritikos, G., Farelli, J. D., Todor, H., Tong, K., Kimsey, H., et al. (2017). Construction and Analysis of Two Genome-Scale Deletion Libraries for Bacillus Subtilis. Cell Syst. 4, 291–305. doi:10.1016/j.cels.2016.12.013
 Kuchma, S. L., and O'Toole, G. A. (2000). Surface-induced and Biofilm-Induced Changes in Gene Expression. Curr. Opin. Biotechnol. 11, 429–433. doi:10.1016/s0958-1669(00)00123-3
 Kunst, F., Ogasawara, N., Moszer, I., Albertini, A. M., Alloni, G., Azevedo, V., et al. (1997). The Complete Genome Sequence of the Gram-Positive Bacterium Bacillus Subtilis. Nature 390, 249–256. doi:10.1038/36786
 Lanham, S., Cagampang, F. R., and Oreffo, R. O. C. (2015). Maternal High Fat Diet Affects Offspring's Vitamin K-dependent Proteins Expression Levels. PLoS One 10, e0138730. doi:10.1371/journal.pone.0138730
 Li, Y., Zhu, X., Zhang, X., Fu, J., Wang, Z., Chen, T., et al. (2016). Characterization of Genome-Reduced Bacillus Subtilis Strains and Their Application for the Production of Guanosine and Thymidine. Microb. Cel. Fact. 15, 94. doi:10.1186/s12934-016-0494-7
 Liang, P., Zhang, Y., Xu, B., Zhao, Y., Liu, X., Gao, W., et al. (2020). Deletion of Genomic Islands in the Pseudomonas Putida Kt2440 Genome Can Create an Optimal Chassis for Synthetic Biology Applications. Microb. Cell Fact 19, 70. doi:10.1186/s12934-020-01329-w
 Lim, H., and Choi, S.-K. (2019). Programmed gRNA Removal System for CRISPR-Cas9-Mediated Multi-Round Genome Editing in Bacillus Subtilis. Front. Microbiol. 10, 1140. doi:10.3389/fmicb.2019.01140
 Liu, D., Huang, C., Guo, J., Zhang, P., Chen, T., Wang, Z., et al. (2019). Development and Characterization of a Crispr/cas9n-Based Multiplex Genome Editing System for Bacillus Subtilis. Biotechnol. Biofuels. 12 (1). doi:10.1186/s13068-019-1537-1
 Liu, W., Luo, Z., Wang, Y., Pham, N. T., Tuck, L., Pérez-Pi., I., et al. (2018b). Rapid Pathway Prototyping and Engineering Using In Vitro and In Vivo Synthetic Genome SCRaMbLE-In Methods. Nat. Commun. 9, 1936. doi:10.1038/s41467-018-04254-0
 Liu, Y., Liu, L., Li, J., Du, G., and Chen, J. (2019a). Synthetic Biology Toolbox and Chassis Development in Bacillus Subtilis. Trends Biotechnol. 37, 548–562. doi:10.1016/j.tibtech.2018.10.005
 Liu, Y., Zhou, J., Hu, T., Lu, Y., Gao, L., Tu, L., et al. (2020). Identification and Functional Characterization of Squalene Epoxidases and Oxidosqualene Cyclases from Tripterygium Wilfordii. Plant Cell Rep. 39, 409–418. doi:10.1007/s00299-019-02499-7
 Lu, Z., Yang, S., Yuan, X., Shi, Y., Ouyang, L., Jiang, S., et al. (2019). CRISPR-assisted Multi-Dimensional Regulation for fine-tuning Gene Expression in Bacillus Subtilis [J]. Nuclc Acids Res. 47 (7), e40. doi:10.1093/nar/gkz072
 Luo, M.-m., Ren, L.-j., Chen, S.-l., Ji, X.-j., and Huang, H. (2016). Effect of media Components and Morphology of Bacillus Natto on Menaquinone-7 Synthesis in Submerged Fermentation. Biotechnol. Bioproc. E 21, 777–786. doi:10.1007/s12257-016-0202-9
 Ma, Y., Mcclure, D. D., Somerville, M. V., Proschogo, N. W., Dehghani, F., Kavanagh, J. M., et al. (2019). Metabolic Engineering of the MEP Pathway inBacillus Subtilisfor Increased Biosynthesis of Menaquinone-7. ACS Synth. Biol. 8, 1620–1630. doi:10.1021/acssynbio.9b00077
 Mahanama, R., Berenjian, A., Regtop, H., Talbot, A., Dehghani, F., and Kavanagh, J. M. (2012). Modeling Menaquinone 7 Production in Tray Type Solid State Fermenter. Anziamj 53, 354–372. doi:10.21914/anziamj.v53i0.5103
 Mahdinia, E., Demirci, A., and Berenjian, A. (2018b). Effects of Medium Components in a Glycerol-Based Medium on Vitamin K (Menaquinone-7) Production by Bacillus Subtilis Natto in Biofilm Reactors. Bioproc. Biosyst Eng . 42 (2), 1–10. doi:10.1007/s00449-018-2027-8
 Mahdinia, E., DemircI, A., and Berenjian, A. (2018a). Implementation of Fed-Batch Strategies for Vitamin K (Menaquinone-7) Production by Bacillus Subtilis Natto in Biofilm Reactors. Appl. Microbiol. Biotechnol. 102, 9147–9157. doi:10.1007/s00253-018-9340-7
 Mahdinia, E., Demirci, A., and Berenjian, A. (2017). Strain and Plastic Composite Support (PCS) Selection for Vitamin K (Menaquinone-7) Production in Biofilm Reactors. Bioproc. Biosyst Eng . 40, 1507–1517. doi:10.1007/s00449-017-1807-x
 Mahdinia, E., Mamouri, S. J., Puri, V. M., Demirci, A., and Berenjian, A. (2019). Modeling of Vitamin K (Menaquinoe-7) Fermentation by Bacillus Subtilis Natto in Biofilm Reactors. Biocatal. Agric. Biotechnol. 17, 196–202. doi:10.1016/j.bcab.2018.11.02210.1016/j.bcab.2018.11.022
 Manna, P., and Kalita, J. (2016). Beneficial Role of Vitamin K Supplementation on Insulin Sensitivity, Glucose Metabolism, and the Reduced Risk of Type 2 Diabetes: A Review. Nutrition 32, 732–739. doi:10.1016/j.nut.2016.01.011
 Mars, R., Nicolas, P., Ciccolini, M., Reilman, E., Reder, A., Schaffer, M., et al. (2015). Small Regulatory RNA-Induced Growth Rate Heterogeneity of Bacillus Subtilis. Plos Genet. 11, e1005046. doi:10.1371/journal.pgen.1005046
 Meganathan, R. (2001). Biosynthesis of Menaquinone (Vitamin K2) and Ubiquinone (Coenzyme Q): a Perspective on Enzymatic Mechanisms. Vitam Horm. 61, 173–218. doi:10.1016/S0083-6729(01)61006-9
 Minnikin, D. E., O'Donnell, A. G., Goodfellow, M., Alderson, G., Athalye, M., Schaal, A., et al. (1984). An Integrated Procedure for the Extraction of Bacterial Isoprenoid Quinones and Polar Lipids. J. Microbiol. Methods 2, 233–241. doi:10.1016/0167-7012(84)90018-6
 Mohan, H., Lim, J.-M., Lee, S.-W., Cho, M., Park, Y.-J., Seralathan, K.-K., et al. (2020). Enhanced Removal of Bisphenol a from Contaminated Soil by Coupling Bacillus Subtilis Hv-3 with Electrochemical System. Chemosphere 249, 126083. doi:10.1016/j.chemosphere.2020.126083
 Morishita, T., Tamura, N., Makino, T., and Kudo, S. (1999). Production of Menaquinones by Lactic Acid Bacteria. J. Dairy Sci. 82, 1897–1903. doi:10.3168/jds.s0022-0302(99)75424-x
 Nicolas, P., Mader, U., Dervyn, E., Rochat, T., Leduc, A., Pigeonneau, N., et al. (2012). Condition-dependent Transcriptome Reveals High-Level Regulatory Architecture in Bacillus Subtilis. Science 335, 1103–1106. doi:10.1126/science.1206848
 Ohsaki, Y., Shirakawa, H., Miura, A., Giriwono, P. E., Sato, S., Ohashi, A., et al. (2010). Vitamin K Suppresses the Lipopolysaccharide-Induced Expression of Inflammatory Cytokines in Cultured Macrophage-like Cells via the Inhibition of the Activation of Nuclear Factor κB through the Repression of IKKα/β Phosphorylation. J. Nutr. Biochem. 21, 1120–1126. doi:10.1016/j.jnutbio.2009.09.011
 Peters, J. M., Colavin, A., Shi, H., Czarny, T. L., Larson, M. H., Wong, S., et al. (2016). A Comprehensive, Crispr-Based Functional Analysis of Essential Genes in Bacteria. Cell 165 (6), 1493–1506. doi:10.1016/j.cell.2016.05.003
 Popp, P. F., Dotzler, M., Radeck, J., Bartels, J., and Mascher, T. (2017). The Bacillus BioBrick Box 2.0: Expanding the Genetic Toolbox for the Standardized Work with Bacillus Subtilis. Sci. Rep. 7, 15058. doi:10.1038/s41598-017-15107-z
 Pritchett, M. A., Zhang, J. K., and Metcalf, W. W. (2004). Development of a Markerless Genetic Exchange Method for Methanosarcina Acetivorans C2A and its Use in Construction of New Genetic Tools for Methanogenic Archaea. Appl. Environ. Microbiol. 70 (3), 1425–1433. doi:10.1128/AEM.70.3.1425-1433.2004
 Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman, J. S., Arkin, A. P., et al. (2013). Repurposing CRISPR as an RNA-Guided Platform for Sequence-specific Control of Gene Expression. Cell 152, 1173–1183. doi:10.1016/j.cell.2013.02.022
 Ranmadugala, D., Ebrahiminezhad, A., Manley-Harris, M., Ghasemi, Y., and Berenjian, A. (2018). High Level of Menaquinone-7 Production by Milking Menaquinone-7 with Biocompatible Organic Solvents. Cpb 19, 232–239. doi:10.2174/1389201019666180515115534
 Ranmadugala, D., Ebrahiminezhad, A., Manley-Harris, M., Ghasemi, Y., and Berenjian, A. (2017). The Effect of Iron Oxide Nanoparticles on Bacillus Subtilis Biofilm, Growth and Viability. Process Biochem. 62, 231–240. doi:10.1016/j.procbio.2017.07.003
 Rao, Y., Cai, D., Wang, H., Xu, Y., Xiong, S., Gao, L., et al. (2020). Construction and Application of a Dual Promoter System for Efficient Protein Production and Metabolic Pathway Enhancement in Bacillus Licheniformis. J. Biotechnol. 312, 1–10. doi:10.1016/j.jbiotec.2020.02.015
 Reyrat, J.-M., Pelicic, V., Gicquel, B., and Rappuoli, R. (1998). Counterselectable Markers: Untapped Tools for Bacterial Genetics and Pathogenesis. Infect. Immun. 66, 4011–4017. doi:10.1128/iai.66.9.4011-4017.1998
 Sá-Nogueira, I., and Mota, L. J. (1997). Negative Regulation of L-Arabinose Metabolism in Bacillus Subtilis: Characterization of the araR (araC) Gene. J. Bacteriol. 179, 1598–1608. doi:10.1128/jb.179.5.1598-1608.1997
 Sato, T., Yamada, Y., Ohtani, Y., Mitsui, N., Murasawa, H., and Araki, S. (2001). Production of Menaquinone(Vitamin K2)-7 by Bacillus Subtilis. J. Biosci. Bioeng. 91, 16–20. doi:10.1263/jbb.91.16
 Scholes, P., and King, H. (1965). Isolation of a Naphthaquinone with Partly Hydrogenated Side Chain from Corynebacterium Diphtheriae. Biochem. J. 97, 766–768. doi:10.1042/bj0970766
 Schurgers, L. J., Teunissen, K. J. F., Hamulyak, K., Knapen, M. H. J., Vik, H., and Vermeer, C. (2007). Vitamin K-Containing Dietary Supplements: Comparison of Synthetic Vitamin K1 and Natto-Derived Menaquinone-7. Blood 109, 3279–3283. doi:10.1182/blood-2006-08-040709
 Shimizu, Y., Ogasawara, Y., Matsumoto, A., and Dairi, T. (2018). Aplasmomycin and Boromycin Are Specific Inhibitors of the Futalosine Pathway. J. Antibiot. 71, 968–970. doi:10.1038/s41429-018-0087-2
 Song, Y., He, S., Abdallah, I. I., Jopkiewicz, A., Setroikromo, R., van Merkerk, R., et al. (2021). Engineering of Multiple Modules to Improve Amorphadiene Production in Bacillus Subtilis Using Crispr-Cas9. J. Agric. Food Chem. 69 (16), 4785–4794. doi:10.1021/acs.jafc.1c00498
 Stojic, L., Lun, A. T. L., Mangei, J., Mascalchi, P., Quarantotti, V., Barr, A. R., et al. (2018). Specificity of RNAi, LNA and CRISPRi as Loss-Of-Function Methods in Transcriptional Analysis. Nucleic Acids Res. 46, 5950–5966. doi:10.1093/nar/gky437
 Stragier, P., Bonamy, C., and Karmazyn-Campelli, C. (1988). Processing of a Sporulation Sigma Factor in Bacillus Subtilis: How Morphological Structure Could Control Gene Expression. Cell 52, 697–704. doi:10.1016/0092-8674(88)90407-2
 Sun, W., Wu, Y., Ding, W., Wang, L., Wu, L., Lin, L., et al. (2020). An Auto-Inducible Expression and High Cell Density Fermentation of Beefy Meaty Peptide with Bacillus Subtilis. Bioproc. Biosyst Eng. 43, 701–710. doi:10.1007/s00449-019-02268-6
 Tanenbaum, M. E., Gilbert, L. A., Qi, L. S., Weissman, J. S., and Vale, R. D. (2014). A Protein-Tagging System for Signal Amplification in Gene Expression and Fluorescence Imaging. Cell 159, 635–646. doi:10.1016/j.cell.2014.09.039
 Tani, Y., and Taguchi, H. (1989). Extracellular Production of Menaquinone-4 by a Mutant of Flavobacterium Sp. 238-7 with a Detergent-Supplemented Culture. J. Ferment. Bioeng. 67, 102–106. doi:10.1016/0922-338X(89)90188-8
 Tanprasertsuk, J., Ferland, G., Johnson, M. A., Poon, L. W., Scott, T. M., Barbey, A. K., et al. (2020). Concentrations of Circulating Phylloquinone, but Not Cerebral Menaquinone-4, Are Positively Correlated with a Wide Range of Cognitive Measures: Exploratory Findings in Centenarians. J. Nutr. 150, 82–90. doi:10.1093/jn/nxz200
 Tobias, S., Sascha, D., Michael, H., and Robert, H. (2018). A Crispr-Cas9-Based Toolkit for Fast and Precise In Vivo Genetic Engineering of Bacillus Subtilis Phages. Viruses 10, 241. doi:10.3390/v10050241
 Watzlawick, H., and Altenbuchner, J. (2019). Multiple Integration of the Gene ganA into the Bacillus Subtilis Chromosome for Enhanced β-galactosidase Production Using the CRISPR/Cas9 System. AMB Expr. 9, 158. doi:10.1186/s13568-019-0884-4
 Westbrook, A. W., Moo-Young, M., and Chou, C. P. (2016). Development of a Crispr-Cas9 Tool Kit for Comprehensive Engineering of Bacillus Subtilis. Appl. Environ. Microbiol. 82, 4876–4895. doi:10.1128/AEM.01159-16
 Widhalm, J. R., Ducluzeau, A.-L., Buller, N. E., Elowsky, C. G., Olsen, L. J., and Basset, G. J. C. (2012). Phylloquinone (Vitamin K1) Biosynthesis in Plants: Two Peroxisomal Thioesterases of Lactobacillales Origin Hydrolyze 1,4-Dihydroxy-2-Naphthoyl-Coa. Plant J. 71, 205–215. doi:10.1111/j.1365-313x.2012.04972.x
 Wu, C.-H., and Chou, C.-C. (2009). Enhancement of Aglycone, Vitamin K2and Superoxide Dismutase Activity of Black Soybean through Fermentation With Bacillus subtilisBCRC 14715 at Different Temperatures. J. Agric. Food Chem. 57, 10695–10700. doi:10.1021/jf902752t
 Wu, W.-J., and Ahn, B.-Y. (2011). Improved Menaquinone (Vitamin K2) Production in Cheonggukjang by Optimization of the Fermentation Conditions. Food Sci. Biotechnol. 20, 1585–1591. doi:10.1007/s10068-011-0219-y
 Wu, Y., Liu, Y., Lv, X., Li, J., Du, G., and Liu, L. (2020). CAMERS‐B: CRISPR/Cpf1 Assisted Multiple‐genes Editing and Regulation System for Bacillus Subtilis. Biotechnol. Bioeng. 117, 1817–1825. doi:10.1002/bit.27322
 Xu, X., and Qi, L. S. (2019). A CRISPR-dCas Toolbox for Genetic Engineering and Synthetic Biology. J. Mol. Biol. 431, 34–47. doi:10.1016/j.jmb.2018.06.037
 Yadav, A., Mahaboob Ali, A. A., Ingawale, M., Raychaudhuri, S., Gantayet, L. M., and Pandit, A. (2020). Enhanced Co-production of Pectinase, Cellulase and Xylanase Enzymes from Bacillus Subtilis ABDR01 upon Ultrasonic Irradiation. Process Biochem. 92, 197–201. doi:10.1016/j.procbio.2020.01.011
 Yan, P., Wu, Y., Yang, L., Wang, Z., and Chen, T. (2018). Engineering Genome-Reduced Bacillus Subtilis for Acetoin Production from Xylose. Biotechnol. Lett. 40, 393–398. doi:10.1007/s10529-017-2481-4
 Yang, S., Cao, Y., Sun, L., Li, C., Lin, X., Cai, Z., et al. (2019). Modular Pathway Engineering ofBacillus subtilisTo PromoteDe NovoBiosynthesis of Menaquinone-7. ACS Synth. Biol. 8, 70–81. doi:10.1021/acssynbio.8b00258
 Yang, S., Du, G., Chen, J., and Kang, Z. (2017). Characterization and Application of Endogenous Phase-dependent Promoters in Bacillus Subtilis. Appl. Microbiol. Biotechnol. 101, 4151–4161. doi:10.1007/s00253-017-8142-7
 Yang, S., Wang, Y., Cai, Z., Zhang, G., and Song, H. (2020). Metabolic Engineering ofBacillus Subtilisfor High‐titer Production of Menaquinone‐7. Aiche J. 66 (1), e16754. doi:10.1002/aic.16754
 Yi, Y., Li, Z., Song, C., and Kuipers, O. P. (2018). Exploring Plant‐microbe Interactions of the rhizobacteriaBacillus subtilisandBacillus Mycoidesby Use of the CRISPR‐Cas9 System. Environ. Microbiol. 20, 4245–4260. doi:10.1111/1462-2920.14305
 Yuan, L. Z., Rouvière, P. E., Larossa, R. A., and Suh, W. (2006). Chromosomal Promoter Replacement of the Isoprenoid Pathway for Enhancing Carotenoid Production in E. coli. Metab. Eng. 8, 79–90. doi:10.1016/j.ymben.2005.08.005
 Zafar, M., Ahmed, S., Khan, M. I. M., and Jamil, A. (2014). Recombinant Expression and Characterization of a Novel Endoglucanase from Bacillus Subtilis in Escherichia coli. Mol. Biol. Rep. 41, 3295–3302. doi:10.1007/s11033-014-3192-8
 Zhang, B.-B., and Cheung, P. C. K. (2011). A Mechanistic Study of the Enhancing Effect of Tween 80 on the Mycelial Growth and Exopolysaccharide Production by Pleurotus Tuber-regium. Bioresour. Technol. 102, 8323–8326. doi:10.1016/j.biortech.2011.06.021
 Zhang, Y., Wang, J., Wang, Z., Zhang, Y., Shi, S., Nielsen, J., et al. (2019). A gRNA-tRNA Array for CRISPR-Cas9 Based Rapid Multiplexed Genome Editing in Saccharomyces cerevisiae. Nat. Commun. 10, 1053. doi:10.1038/s41467-019-09005-3
 Zhang, Z., Zeng, G., Shi, J., and Liu, J. (2006). Effect of Tween-80 and Rhamnolipid on the Production of Protease from Pseudomonas Aeruginosa and Bacillus Subtilis. Acta Scien. Circum. 26, 1152–1158. doi:10.1016/S1872-2040(06)60041-8
 Zhou, C., Sun, Y., Yan, R., Liu, Y., Zuo, E., Gu, C., et al. (2019). Off-target RNA Mutation Induced by DNA Base Editing and its Elimination by Mutagenesis. Nature 571, 275–278. doi:10.1038/s41586-019-1314-0
 Zhou, K., Zou, R., Zhang, C., Stephanopoulos, G., and Too, H. P. (2013). Optimization of Amorphadiene Synthesis in bacillus Subtilis via Transcriptional, Translational, and media Modulation. Biotechnol. Bioeng. 110, 2556–2561. doi:10.1002/bit.24900
 Zhuang, Q., and Qi, Q. (2019). Engineering the Pathway in Escherichia coli for the Synthesis of Medium-Chain-Length Polyhydroxyalkanoates Consisting of Both Even- and Odd-Chain Monomers. Microb. Cell Fact 18, 135. doi:10.1186/s12934-019-1186-x
 Zou, D., Maina, S. W., Zhang, F., Yan, Z., and Xin, Z. (2020). Mining New Plipastatins and Increasing the Total Yield Using Crispr/cas9 in Genome-Modified Bacillus Subtilis 1a751. J. Agric. Food Chem. 68 (41). doi:10.1021/acs.jafc.0c03694
 Zuo, E., Sun, Y., Wei, W., Yuan, T., Ying, W., Sun, H., et al. (2019). Cytosine Base Editor Generates Substantial Off-Target Single-Nucleotide Variants in Mouse Embryos. Science 364, eaav9973–292. doi:10.1126/science.aav9973
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 © 2021 Liao, Ayansola, Ma, Ito, Guo and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-09-695526-g003.gif





OPS/images/fbioe-09-695526-t001.jpg
Bacteria type

Flavobacterium sp. 238-7-
k3-15
Lactic acid bacteria

B. subtiis BCRC 14715

Bacillus amyloliquefaciens
KCTC11712BP

Bacillus subtilis natto
Bacillus subtilis natto

Bacills subtils natto
Bacillus subliis natto (NF1)

Bacillus subtilis 168

Bacillus subtilis 168

Bacillus subtilis 168

Bacillus subtilis BS20
Bacillus subtilis 168

Bacillus subtilis 168

VK2 type

MK-4
MK-6
MK-7;
MK-8
MK-9;
MK-10
MK-7

MK-7
MK-4
MK-7
MK-7

MK-7
MK-7

MK-7

MK-7

MK-7

MK-7
MK-7

MK-7

Concentration

(mg/L)

165
27
0.123

7.8

11.7£06
0.8
623
140

40.96
147 1.4

360
69.5+ 2.8
50

415
281.4 £ 50

310

Fermentation techniques for
optimization of MK-7
production

An addition of cedarwood oilin a detergent supplemented culture medium

The strains are grown either in reconstituted non-fat dry milk or a soymilk medium

Modification of the functional constituents has a significant effect on the
fermentation process and the black soybean between (40-45)'C optimized MK-7
yield

“The addition of 4% glycerol enhances MK-7 yields at 43°C in the cheonggukiang
fermentation medium

Centralized composite face design optimized nutrient substrate at 5% yeast
extract; 18.9% soy peptone; 5% glycerol and 0.06% KzHPO,

Mathematical model predicts the optimal environmental conditions (temperature
and water activities) to optimize MK-7 yield in solid-state fermentation bioreactor
Surfactants regulate B. subtilis membrane permeabiity for maximized MK-7 yield
The biofim reactor also can promote the MK-7 content of B. subtilis natto
fermented with glycerol, yeast extract, and soytone

The dual-function phr60-rapB0-spo0A quorum sensing system is used to
dynamically control the synthesis of MK-7

The modular metabolic engineering designs enhance MK-7 biosynthesis when B.
subtilis 168 is used as the chassis

“The rate-limiting enzymes (dxs, i, id, and MenA) are over-expressedin different
combinations to genetically modify the B. subtilis 168 strains used for the
fermentation processes

The five genes of the MEP pathway are over-expressed in Bacilus subtilis BS20
The recombinant strain BSMK11 with simultaneous overexpressing the gipK,
glpD, aroGibr, pyrGibr, hepS, vgb genes, and knockouting the mgsA and arall
genes

The oxalate decarboxylase OXAC has an important effect on electron generation
and MK-7 synthesis, when the transcriptional level of NADH dehydrogenase
decreases in static culture
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