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ABSTRACT: 
The butyrate production by engineered Escherichia coli is afflicted by both low titer and low selectivity (defined as the butyrate/acetate (B/A) ratio). To address this issue, a strategy for metabolic engineering of E. coli was implemented including (1) elimination of all major NADH-dependent reactions in the fermentation metabolism, (2) reconstruction of a heterologous pathway leading to butyryl-CoA, (3) recruitment of endogenous atoDA for conversion of butyryl-CoA to butyrate with acetate as a CoA acceptor, and (4) removal of the acetate-synthesis pathway. Grown on glucose (20 g/L) plus acetate (8 g/L), the engineered strain consumed almost all glucose and acetate and produced 10 g/L butyrate as a predominant product within 48 h. It leads to high butyrate selectivity with the B/A ratio reaching 143. The result shows that our proposed approach may open a new avenue in biotechnology for production of butyrate in E. coli. 



INTRODUCTION
Butyric acid is a short-chain fatty acid and has a broad range of applications in industry. Its derivatives such as butyrate esters are applied for fragrant- and flavor-enhancing agents in beverages, food, and cosmetics.1,2 A polymer prepared from butyric acid and cellulose acetate can be utilized for the manufacture of plastics and textile fibers.3,4 Serving as therapeutic prodrugs, the derived forms of butyrate are shown to exhibit an anticancer effect.5 In addition, the commercial value of butyric acid is greatly acknowledged for its role as a precursor of biofuels, such as n-butanol. The approach by catalytic conversion of butyric acid to n-butanol is reportedly feasible by either biotransformation with microbes or the hydrogenation reaction using chemical catalysts.2,6 n- Butanol is superior to ethanol for replacing gasoline in many ways.7 Therefore, production of n-butanol from renewable resources (i.e., biobutanol) has recently gained a spotlight in both the academic and industry communities. It is conceived that the commercial availability of biobutanol enables a large reduction of the greenhouse effect caused by enormous consumption of fossil fuels. Butyric acid currently on the market is mainly produced by a chemical synthesis method with the resource coming from crude oils.8 However, the overwhelming concern of global warming and the rising desire for natural products have driven industrial attention toward fermentative production of butyric acid. Clostridium species, Gram-positive and strictly anaerobic bacteria, have long been investigated for the production of butyric acid because of their higher productivity and production titers. Many fermentation strategies have been proposed to achieve high butyrate production.9 Nevertheless, the clostridial fermentation pattern is too complicated to operate. It needs careful investigation of key factors that affect butyrate production to optimize the fermentation process.2 A typical fermentation feature of Clostridium involves the acidogenesis phase followed by the solventogenesis phase.10 In the first phase, butyrate, acetate, and hydrogen are major products. Upon entry to the stationary phase, reassimilation of produced acids at the second stage leads to production of acetone, nbutanol, and ethanol, known as the ABE fermentation.11 In addition, less availability of genetic tools and physiological information also hinders the advance of the butyrate production process based on Clostridium. 
Escherichia coli is known as a biotechnology workhorse because it can be easily cultured and genetically manipulated. Moreover, its physiological information and fermentation technique are generally available. Intensive studies have been directed toward development of E. coli for the production of biofuels and high-value chemicals.12,13 To improve the production efficiency, metabolic engineering of E. coli for the desired trait appears to be the most commonly adopted approach. This technique enables the evolution of living cells in a short time frame.14,15 In general, strain improvement by metabolic engineering requires a strategy that includes deletion of undesired pathways, removal of bottleneck nodes, and/or extension of metabolic pathways leading to heterologous products.16 Based on these strategies, recent studies have illustrated functional reconstruction of the Clostridium pathway in E. coli.17,18 This advancement is conducive to the study on production of butyrate by E. coli with the report of the production titer in the range 1.3−4.3 g/L.19,20 The production titer is later improved to reach 7.2 g/L by a technique combining synthetic scaffolds and fed-batch cultivation.21 In this study, a biosynthetic pathway leading to butyrate was reconstructed in E. coli. Utilizing glucose and acetate as the substrates, the engineered E. coli strain was able to produce >10 g/L butyrate as a predominant product. This indicates the promise of this approach for the production of butyrate in the surrogate E. coli strain. 

MATERIALS AND METHODS
Gene Deletion and Insertion. The main strains, plasmids, and primers applied in this study are listed in Table 1. DNA manipulation was routinely conducted using strain DH5α(pir) as the intermediate strain. Derived from E. coli strain BL21, strain BL-A122 was utilized for the experiment. The frdA gene of strain BL-A1 was deleted essentially following the previous report.23−25 In brief, the DNA fragment containing frdA inserted with the FRT-kan-FRT cassette was amplified by polymerase chain reaction (PCR) from strain CGSC10964 with primers FrdA1 and FrdA2. By electroporation, the PCR DNAs were introduced into the strain carrying λ Red-borne plasmid pKD46.26 Under the nonpermissive condition for the plasmid, integrants with the inserted DNAs via homologous recombination were selected for resistance to kanamycin but susceptibility to ampicillin. Later removal of the integrated marker from the integrant was carried out using helper plasmid pCP20 as described previously.26 In a similar way, the DNA bearing ldhA inserted with the FRT-kan-FRT cassette was amplified from strain CGSC9216 with primers LdhA1 and LdhA2 and utilized for elimination of ldhA. Furthermore, pta was removed by using the PCR DNA that carries pta integrated with FRT-kan-FRT from plasmid pMC-ptaKm with primers Pta1 and Pta2. Insertion of the heterologous genes into E. coli was conducted according to the previous report.22 In brief, plasmid pPhi-Ter that carries the ter gene of Terponema denticola DSM14222 was transformed into the strain with helper plasmid pAH123,27 which expresses ϕ80 integrase (Int). Under the nonpermissive condition for the plasmid, integrants with insertion of ter at ϕ80 attB were selected for resistance to kanamycin but susceptibility to ampicillin. The integrated marker of the integrant was then removed using helper plasmid pTH19-CreCs as described previously.23 Subsequently, integration of the crt gene from Clostridium acetobutylicum DSM792 at λ attB was carried out in the same way. Plasmid pLam-Crt was simply transformed into the strain carrying helper plasmid pINT-ts that express phage λ Int.27 Moreover, an extra ϕ80 attB site was created at adhE of the resulting strain. This was carried out by first amplification of the DNA comprising the ϕ80attB-LE*-gen-RE* cassette flanked by two homologous extensions of adhE from plasmid  pBlue-P80Gn based on overlapping PCR with primers AdE1/AdE2 and AdE3/AdE4.23 Followed by electroporation, the PCR DNA was introduced into the strain with plasmid pKD46. Integrants exhibiting the gentamicin-resistant and ampicillin-sensitive phenotype were then scored. One resulting strain was integrated with the gene cluster comprising phaA of Cupriavidus necator and hbd of C. acetobutylicum DSM792 at the created ϕ80 attB site by using plasmid pPhi-PhaAHbd, thus resulting in the knockout of adhE. Finally, removal of the inserted markers was aided with helper plasmid pTH19-CreCs.
Enhanced Expression of Endogenous Genes. 
Plasmid pPL-Gn was constructed by incorporation of the λPL promoter (PλPL) into plasmid pBlue-LamGn. This was carried out by the first PCR with primers LPL1 and LPL2, followed by the second PCR with primers LPL1 and LPL3 using the first PCR DNA as the template. The resulting PCR DNA was digested with EcoRI and then self-ligated. This resulted in plasmid pPL-Gn carrying the LE*-gen-RE* cassette fused with PλPL (LE*-kan-RE*-PλPL). Meanwhile, the DNA containing the upstream region and 5′-end structural sequence of atoD was amplified from E. coli strain BL21 by PCR with primers RC13034/RC13035. After digestion with EcoRV-SacI, the PCR DNA and plasmid pBluescript were spliced together to obtain plasmid pBlue-atoD. The NdeI-BamHI sites were then introduced into plasmid pBlue-atoD by PCR with primers RC13036/RC13037. Meanwhile, the DNA cassette bearing LE*-gen-RE*-PλPL was recovered from plasmid pPL-Gn by NdeI-BamHI and incorporated into plasmid pBlue-atoD to give plasmid pSPL-atoD. This plasmid carried the passenger DNA that contained the upstream region and the fusion of LE*-gen-RE*-PλPL to the 5′-end structural sequence of atoD. By PCR with primers RC13034/RC13035, the passenger DNA was electroporated into the strain with plasmid pKD46. The resulting integrant harbored atoDABE driven by PλPL. 
Bacterial Culturing. The bacterial growth was measured turbidimetrically at 550 nm (OD550). E. coli strains were grown on Luria− Bertani (LB) medium at 37 °C overnight. The overnight culture was then inoculated into 125 mL Erlenmeyer flasks containing 50 mL of modified Terrific broth medium (12 g/L tryptone, 24 g/L yeast extract, 2.13 g/L KH2PO4, and 12.54 g/L K2HPO4) supplemented with 12 g/L glucose. The initial cell density was kept at an OD550 of 0.1. The oxygen-limited culture condition was performed according to our previous report.23 Bacterial cultures were seeded into Erlenmeyer flasks (125 mL) containing 50 mL of medium and incubated at 37 °C and 100 rpm.
Analytical Methods. Glucose and organic acids (including butyric acid) were analyzed by high-performance liquid chromatography (HPLC) according to the method reported previously.23 To determine the AtoDA activity, bacterial strains were harvested with 67 mM Tris- HCl (pH 8) by centrifugation after culturing for 24 h. Cells were disrupted using sonication and then fractioned by centrifugation. The supernatant was recovered as cell-free extract (CFX). The enzymatic reaction was then carried out by adding 10 μL of CFX into the reaction solution (90 μL), which consisted of 20 mM butyryl-coA, 0.4 mM sodium acetate, and 67 mM Tris-HCl (pH 8). The reaction proceeded for 20 min and was terminated by heating the solution at 100 °C for 10 min. The butyrate concentration in the reaction was determined by HPLC. The specific enzyme activity was defined as butyrate produced in μmol per min (U) per mg CFX. 

RESULTS
Reconstruction of the Butyrate-Synthesis Pathway.
The biosynthetic pathway leading to butyrate was developed by starting with E. coli strain BL-A1 in several steps (Figure 1). Strain BL-A1 was previously constructed by removal of poxB, and its native glucose uptake system was replaced by glf (encoding glucose facilitator) from Zymomonas mobilis.22 First, adhE, ldhA, and frdA of strain BL-A1 were eliminated to conserve availability of NADH and to reduce production of waste byproducts. Second, heterologous genes including phaA, hbd, crt, and ter each under the control of PλPL were integrated into the strain to obtain strain BuT-8L. Note that adhE of the strain was inactivated after insertion of the phaA-hbd gene cluster (see Materials and Methods). The approach resulted in the constructed pathway directing glucose flux to butyryl-CoA (Figure 1). Lastly, the expression level of endogenous ato DA in strain BuT-8L was enhanced by fusion of the gene cluster atoDAEB with PλPL, resulting in strain BuT-8LA. This final step was recruited to complete the butyrate-synthetic pathway by catalytic conversion of butyryl-CoA to butyrate at the expense of acetate. The functionality of AtoDA was further verified by assaying the enzyme activity. As a result, strain BuT- 8LA exhibited 8-fold higher activity than control strain BuT-8L (0.56 vs 0.07 U/mg). Production of Butyrate in Engineered E. coli. Production of butyrate was investigated for the engineered E. coli strains. Therefore, shake-flask cultures of strains BuT-8L and BuT-8LA were carried out in the presence of glucose. After 24 h of fermentation, strain BuT-8LA produced 3.4 g/L butyrate as a major product, whereas the butyrate production in control strain BuT-8L was around 1 g/L (Figure 2). The result indicates that the constructed pathway in E. coli is functional for the synthesis of butyrate. Nevertheless, AtoDA-catalyzed conversion of butyryl-CoA to butyrate requires acetate (Figure 1A). It was informative to investigate the effect of acetate on the butyrate production in strain BuT-8LA (pta ackA positive). First, 2 g/L acetate was supplemented in the medium, and the butyrate titer in this strain was increased to 4.1 g/L. Note that pta and ackA are mainly responsible for production of acetate in strain BuT-8LA. Moreover, pta was removed from strain BuT- 8LA to obtain strain BuT-8L-ato. As a result, the pta-lacking strain produced less butyrate (2.5 g/L). Taken together, these results suggest that acetate plays a determining role in the synthesis of butyrate.
Effect of Acetate on Butyrate Production. Interestingly, intracellular acetate may be regenerated by coupling the Pta- AckA with AtoDA reactions (Figure 1A). However, this regeneration system in strain BuT-8LA does not seem to function sufficiently to provide acetate which meets the requirement for the butyrate production as illustrated in Figure 2 (i.e, strain BuT-8LA with acetate supplementation). This implies that the butyrate production in the strain is likely limited by the availability of acetate. Therefore, the approach by fermentation, while its butyrate production increased with the increasing amount of supplemented acetate. The butyrate production reached the maximum (6.8 g/L) in the case where 8 g/L sodium acetate was augmented. The result indicates the positive contribution of acetate to the butyrate production. 
Butyrate Production by Glucose Feeding. 
Indeed, it was found that around half of the supplemented acetate (8 g/ L) still remained at the end of the fermentation, as illustrated in Figure 3. We reasoned that the strategy by supplementation of extra glucose might be useful to increase the butyrate production at the expense of remaining acetate. Therefore, strain BuT-8L-ato was initially cultured on the medium containing 12 g/L glucose plus 8 g/L sodium acetate. After 24 h, various amounts of glucose were added to the culture medium and the bacterial fermentation was continued. In general, the butyrate production in the strain increased along the time course (Figure 4). The butyrate production finally reached >10 g/L after 48 h of fermentation, when 8 and 10 g/L glucose were additionally supplemented. For the case of 10 g/L supplementation, glucose was not completely consumed by the strain. Nevertheless, there was only a trace amount of acetate (<0.07 g/L) left in the medium for both cases. 

DISCUSSION
Clostridium species are native butyrate producers and carry out a butyrate-synthesis pathway typically consisting of thl, hbd, crt, bcd, ptb, and buk genes.10 The enzymes encoded by the first four genes reduce acetyl-CoA to butyryl-CoA, while the latter two gene products convert butyryl-CoA to butyrate. In this study, the biosynthetic pathway of butyrate was reconstructed in E. coli by substitution of thl and bcd with phaA and ter from C. necator and T. denticola DSM14222, respectively. This heterologous pathway was previously proven functional to provide butyryl-CoA for the synthesis of n-butanol in E. coli by genomic engineering strategy.23 Moreover, endogenous atoDA was employed to complete the synthetic pathway by conversion but with less acetate production.36 Overall, the results of these previous studies are less impressive due to the low production titer and/or the low B/A ratio. In the present study, a synthetic pathway was designed to produce butyrate at the expense of acetate. This proposed approach resulted in a high butyrate titer as well as a trace amount of acetate and other known organic compounds. Consequently, 10 g/L butyrate could be obtained from 20 g/L glucose plus 8 g/L acetate within 48 h, and the B/A ratio reached 143 (Figure 4B). The butyrate production gives a YB/G of 50%. In theory, one butyrate can be produced from 0.5 glucose plus one acetate according to the stoichiometry of the synthetic pathway (Figure 1). Therefore, this butyrate production on glucose and acetate accounts for 85.5% of the theoretical yield. In conclusion, our proposed strategy for the production of butyrate in E. coli shows promise in terms of high production titer, productivity, and selectivity (i.e., the B/A ratio). Nevertheless, more efforts are required to improve the current approach. For instance, butyrate and acetate in the un-ionized form exhibit a similar inhibitory effect on E. coli metabolism.37 Therefore, an E. coli strain with a high tolerance to the toxicity is expected to be useful for higher butyrate production. This work is currently being undertaken in our lab.
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