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Abstract

:

Phenol is an important petrochemical that is conventionally used as a precursor for synthesizing an array of plastics and fine chemicals. As an emerging alternative to its traditional petrochemical production, multiple enzyme pathways have been engineered to date to enable its renewable biosynthesis from biomass feedstocks, each incorporating unique enzyme chemistries and intermediate molecules. Leveraging all three of the unique phenol biosynthesis pathways reported to date, a series of synthetic ‘metabolic funnels’ was engineered, each with the goal of maximizing net precursor assimilation and flux towards phenol via the parallel co-expression of multiple distinct pathways within the same Escherichia coli host. By constructing and evaluating all possible binary and tertiary pathway combinations, one ‘funnel’ was ultimately identified, which supported enhanced phenol production relative to all three individual pathways by 16 to 69%. Further host engineering to increase endogenous precursor availability then allowed for 26% greater phenol production, reaching a final titer of 554 ± 19 mg/L and 28.8 ± 0.34 mg/g yield on glucose. Lastly, using a diphasic culture including dibutyl phthalate for in situ phenol extraction, final titers were further increased to a maximum of 812 ± 145 mg/L at a yield of 40.6 ± 7.2 mg/g. The demonstrated ‘funneling’ pathway holds similar promise in support of phenol production by other, non-E. coli hosts, while this general approach can be readily extended towards a diversity of other value-added bioproducts of interest.
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1. Introduction


As it has been estimated that roughly 40% (by mass) of bulk petrochemicals possess at least one or more aromatic functional groups [1], aromatic chemicals clearly represent an important class of molecules, which predominantly serve as precursors for diverse synthetic applications. In light of this, and in contrast to their conventional production from non-renewable petroleum resources, there has emerged strong and continued interest in developing alternative routes to produce diverse aromatics from renewable biomass feedstocks using microbial biocatalysts [2,3,4,5,6,7,8]. Among aromatic bioproduction targets investigated to date is phenol—a bulk chemical and building-block molecule used in the synthesis of various fine chemicals as well as many plastics and polymers [9,10]. The complete microbial biosynthesis of phenol was first demonstrated and is still commonly achieved from endogenous tyrosine via the expression of heterologous tyrosine phenol lyase (TPL; Pathway 1, Figure 1) [11,12]. In addition to this established route, in efforts to help improve phenol biosynthesis, alternative pathways for phenol biosynthesis have also recently been reported. Specifically, this includes two different pathways derived from endogenous chorismate, each involving different downstream enzyme chemistries and associated intermediates. The first pathway proceeds via salicylate as a key intermediate and involves isochorismate synthase, isochorismate pyruvate lyase, and salicylate decarboxylase (Pathway 2, Figure 1) [13]. The second, meanwhile, employs chorismate pyruvate lyase to produce 4-hydroxybenzoate, which is then decarboxylated to phenol (Pathway 3, Figure 1) [14]. A comparative evaluation of all three phenol pathways was also recently performed by Thompson et al. [15], where it was found that the tyrosine- and salicylate-derived pathways (i.e., Pathways 1 and 2, respectively) provided the best overall and comparable performance, each supporting phenol titers of up to 377 mg/L in simple batch shake flasks.



Inspired by natural ‘funneling’ mechanisms used by various microbes to degrade aromatic compounds [16,17], we recently developed a synthetic ‘metabolic funnel’ to enhance muconic acid production in E. coli [18]. As achieved via the parallel co-expression of multiple distinct yet converging pathways, this unique biosynthetic approach helps to enhance the bioproduct by maximizing the assimilation of multiple endogenous precursors from different points in metabolism, leading to greater net flux towards the product of interest. This approach is also of potential utility in cases where inherent limitations (e.g., low precursor availability, slow kinetics) control the performance of one or more of the individual pathways composing the ‘funnel’. With these promising features in mind, the goal of this study was to engineer and investigate the utility of a novel ‘metabolic funnel’ for phenol biosynthesis. In addition, the effects of different host mutations known to increase the availability of shikimate pathway precursors as well as in situ solvent extraction to remove phenol from cultures as it is produced were investigated, in both cases with the objective of further amplifying both the final strain and culture performance.




2. Materials and Methods


2.1. Strains, Media, and Culture Conditions


All strains used in this study are listed in Table 1. E. coli NEB10-beta (New England Biolabs (NEB); Ipswich, MA, USA) was used for all cloning and plasmid maintenance. E. coli NST74 (ATCC 31884) was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) and served as the parent strain in this study. E. coli NST74 ∆pheA [19] and E. coli NST74 ∆pheA ∆pykA ∆pykF ∆crr [18] were constructed as previously described. E. coli BW25113 was obtained from the Coli Genetic Stock Center (CGSC; New Haven, CT, USA) and served as the genetic source of ubiC and entC. Citrobacter braakii (ATCC 29063) was obtained from the ATCC and served as the genetic source for tutA. Pseudomonas aeruginosa PAO1 (DSMZ 22644) was obtained from the Leibniz Institute German Collection of Microorganisms and Cell Cultures and served as the genetic source of pchB. Klebsiella pneumoniae PZH572 (ATCC 25955) was obtained from the ATCC and served as the genetic source of kpdBCD. SDC from T. moniliiforme was synthesized to include codon optimization for E. coli.



E. coli seed cultures were prepared in Luria-Bertani (LB) broth at 32 °C and supplemented with 100 μg/mL ampicillin, 35 μg/mL kanamycin, and/or 34 μg/mL chloramphenicol, as appropriate. For phenol biosynthesis, strains were grown in phosphate-limited MM1 minimal media supplemented with appropriate antibiotics. MM1 was composed of the following (in g/L): MgSO4·7H2O (0.5), (NH4)2SO4 (4.0), MOPS (24.7), KH2PO4 (0.3), K2HPO4 (0.7), and glucose (20). To accommodate for the deletion of pheA from E. coli NST74, where necessary, L-phenylalanine was supplemented into the medium at an initial concentration of 100 mg/L. Trace elements were also supplemented at the following concentrations (in mg/L): (NH4)6Mo7O24∙4H2O (0.37), H3BO3 (2.5), CoCl2∙6H2O (0.714), CuSO4 (0.16), MnCl2∙4H2O (1.6), ZnSO4∙7H2O (0.288), FeCl3 (0.05). All cultures were performed using 50 mL of aqueous media. For cultures employing in situ phenol extraction, an additional 10 mL dibutyl phthalate was added as a second, immiscible solvent phase. All cultures were seeded using a 1% (vol.) inoculum, after which strains were cultured in 250 mL shake flasks at 32 °C while shaking at 200 rpm (note that 32 °C was selected to minimize possible volatile losses from the cultures). Upon reaching an optical density at 600 nm (OD600) of ~0.7, cultures were induced by the addition of IPTG at a final concentration of 0.4 mM, after which culturing continued for a total period lasting up to 120 h, or until significant sugar consumption was no longer detected. Periodically, samples were drawn to measure cell growth (as OD600) as well as sugar and metabolite levels by HPLC analysis, as described below. Prior to centrifugation, samples for L-tyrosine analysis were diluted 1:10 with 1 N HCl and incubated at 55 °C for 30 min. All samples were then centrifuged at 11,000× g for 5 min before transferring the supernatant to a glass HPLC vial.




2.2. Plasmid and Pathway Construction


All plasmids constructed and/or used in this study are also listed in Table 1. All genes were PCR amplified using Q5 High-Fidelity DNA Polymerase (NEB) and custom-designed DNA oligonucleotide primers synthesized by Integrated DNA Technologies (IDT, Coralville, IA, USA). Genomic DNA (gDNA) templates were prepared using the ZR Fungal/Bacterial DNA MiniPrep kit while plasmid DNA was purified using the Zymo Plasmid MiniPrep kit (both Zymo Research, Irvine, CA, USA). Amplified linear DNA fragments were purified using the Zymo DNA Clean and Concentrator MiniPrep kit (Zymo Research). Purified linear and plasmid DNA were digested using appropriate restriction endonucleases (NEB) and subsequently gel purified using the Zymoclean Gel DNA Recovery MiniPrep kit (Zymo Research). Purified digested DNA fragments were ligated using T4 DNA Ligase (NEB). Alternatively, purified linear DNA was subsequently used as template DNA for either circular polymerase extension cloning (CPEC) [20] with Q5 High-Fidelity DNA Polymerase according to manufacturer protocols, or Gibson Assembly [21] using Gibson Assembly Master Mix (NEB) according to manufacturer protocols. Ligation, CPEC, and Gibson Assembly reactions were transformed into chemically competent E. coli NEB10-beta before plating on LB solid agar supplemented with appropriate antibiotics for selection. Transformant pools were screened using colony PCR, restriction digest mapping, and finally confirmed by DNA sequencing.



To evaluate phenol biosynthesis via single and combined pathways, E. coli NST74 ∆pheA and NST74 ∆pheA ∆pykA ∆pykF ∆crr were each co-transformed with the following combinations of plasmids (note the pathway designation provided in parentheses, see Table 1): pTyrAfbr-TutA (1); pSDC-PchB-EntC (2); pUbiC-Kpd (3); pTyrAfbr-TutA and pSDC-PchB-EntC (F1); pTyrAfbr-TutA and pUbiC-Kpd (F2); pSDC-PchB-EntC and pUbiC-Kpd (F3); and pTyrAfbr-TutA, pSDC-PchB-EntC, and pUbiC-Kpd (F4).




2.3. Metabolite Analysis


Aqueous metabolite analysis was performed using an Agilent 1100 series HPLC system. The separation of L-phenylalanine, p-hydroxybenzoate, salicylate, and phenol was achieved using a reverse-phase Hypersil GOLD aQ C18 column (5 μm particle size, 3 mm × 250 mm; Thermo Fisher, Waltham, MA, USA) operated at 45 °C with an isocratic 0.8 mL/min mobile phase consisting of 85% (vol.) 5 mM H2SO4 and 15% (vol.) acetonitrile. The eluent was monitored using a diode array detector (DAD) set at 215 nm for L-phenylalanine and salicylate, 260 nm for p-hydroxybenzoate, and 275 nm for phenol. The separation of L-tyrosine was achieved using the same Hypersil GOLD aQ C18 column, in this case maintained at 30 °C while using a mobile phase consisting of water (A) and methanol plus 0.1% (vol.) formic acid (B) at a constant flow rate of 0.2 mL/min and the following concentration gradients (all by vol.): 5% B from 0 to 8 min, 5% to 40% B from 8 to 13 min, 40% B from 13 to 16 min, 40 to 5% B from 16 to 21 min, and 5% B from 21 to 31 min. The eluent was monitored using a DAD set at 215 nm. Glucose and acetate were separated using an Aminex HPX-87H column (BioRad, Hercules, CA, USA) and detected using a refractive index detector (RID), both operated at 35 °C. The column was eluted with 5 mM H2SO4 at a constant flow rate of 0.55 mL/min. In all cases, external standards were prepared and used to provide calibrations for concentration determination. Phenol levels in dibutyl phthalate were also determined using the same HPLC system, in this case with separation again being performed on a Hypersil GOLD aQ C18 column maintained at 30 °C and using a mobile consisting of 55% methanol in water and flowing at 0.6 mL/min. Phenol was again detected using a DAD set to 275 nm after eluting at 22.6 min. External standards were prepared and used to provide calibrations for concentration determination.





3. Results and Discussion


3.1. Developing a ‘Metabolic Funnel’ for Phenol Biosynthesis


Previously, we engineered and compared the performance of three distinct biosynthetic routes to phenol, namely pathways 1, 2, and 3 (Figure 1) [15]. Using E. coli NST74 ΔpheA as the host background, maximal phenol production by these three individual pathways reached 377 ± 23, 377 ± 14, and 259 ± 31 mg/L at glucose yields of 18.7 ± 0.7, 35.7 ± 0.8, and 12.9 ± 1.1 mg/g, respectively (Table 2). Based on these outcomes and motivated by our separate demonstration that muconic acid biosynthesis could be improved via a ‘funneling’ strategy [18], we next sought to construct and investigate the utility of a ‘metabolic funnel’ for improving phenol biosynthesis. Specifically, we explored if and to what extent phenol biosynthesis could be improved as a result of different co-expression strategies using all individual pathways (i.e., 1, 2, and 3) as modular elements. Considering all possible combinations, this resulted in the following set of four ‘funneling’ pathways: F1 (1 and 2), F2 (1 and 3), F3 (2 and 3), and F4 (1, 2, and 3) (Table 1).



Using E. coli NST74 ∆pheA again as the initial host background, shake flask cultures were performed to assess phenol production by each of the four distinct ‘funneling’ pathways, and compared relative to the three single pathway controls. As seen in Table 2, among both individual and ‘funneling’ pathways, final phenol titers were highest in the case of F1, reaching 439 ± 7 mg/L at a glucose yield of 24.0 ± 0.5 mg/g. This output represented a 16% increase in titer over the best single pathway control (i.e., 1 or 2, the two routes that comprise F1). The yield of phenol by F1, meanwhile, was nearly equivalent to the average of the two individual pathways that comprise it (i.e., 18.7 and 35.7 mg/g for pathways 1 and 2, respectively (for an average of 27.2 mg/g), compared to 24.0 mg/g for pathway F1). All other ‘funneling’ pathways performed no better or even worse than the best-performing individual pathways that comprised them. This is perhaps not surprising since all other ‘funneling’ pathways incorporated pathway 3, the least-productive individual pathway, suggesting that overall performance was diluted by its presence and possibly even further reduced by the increased burden associated with its expression. While the specific reason as to why the ‘funneling’ pathways that incorporate pathway 3 performed the poorest is currently not known, it has been reported that UbiC is feedback inhibited by p-hydroxybenzoate at relatively low levels (~2 μM) [22]. Thus, it is possible that the future performance of pathways 3, F2, and F3 could all be improved by increasing p-hydroxybenzoate decarboxylase activity to thereby enhance the turnover of p-hydroxybenzoate. Of further note, final biomass levels reached by the strain expressing F1 were about half of that of both F2 and F3 (1.2 vs. 2.4 and 2.2 g-DCW/L), a result consistent with greater phenol production by F1 that could be due to increased competition with growth essential amino acid biosynthesis and/or increased accumulation of toxic phenol. Both routes to phenol in pathway F1 stem from chorismate but do so in notably different ways. Whereas pathway 1 extends from the endpoint of a native pathway (i.e., L-tyrosine), pathway 2 directly competes with native aromatic amino acid biosynthesis. We propose that the specific utility of pathway F1 stem both from the balancing of unique, potential conflicts of these routes with native metabolism, as well as due to its ability to maximize total chorismate flux towards phenol. In particular, any chorismate that cannot be shuttled into pathway 2 by EntC ultimately has a second chance at being directed towards phenol via TutA in pathway 1.



Finally, in addition to phenol, significant acetate accumulation (reaching as high as 9 g/L) was also observed in all cases (Table 2), suggesting that rates of carbon loss by overflow metabolism were significant. High levels of acetate can negatively affect fitness [23], as is likely reflected here by the incomplete glucose conversion displayed by most strains. Accordingly, host engineering strategies were next investigated in an effort to reduce acetate accumulation as well as to improve precursor availability.




3.2. Host Engineering to Increase Phenol Production via Improved Precursor Availability


To improve strain performance, the host strain was further engineered to increase the intracellular availability of phosphoenolpyruvate (PEP)—a key shikimic acid pathway precursor [24,25]—while also limiting overflow metabolism by reducing glucose uptake rate [26]. During growth on glucose, PEP availability can be increased by blocking its conversion to pyruvate via the deletion of pykA and pykF, both encoding isozymes of pyruvate kinase. Meanwhile, rapid glucose uptake is known to result in the accumulation of acetate [25], which can inhibit cells while reducing aromatic yields [26]. Carbohydrate repression-resistant null mutants (i.e., Δcrr) display lower rates of glucose uptake and thus reduced overflow metabolism—a strategy demonstrated as effective for enhancing phenylalanine production [26]. Accordingly, E coli NST74 ∆pheA ∆pykA ∆pykF ∆crr was constructed and evaluated with respect to its ability to support improved phenol production, in this case focusing just on pathways 1, 2, and F1 as the best-performing individual and ‘funneling’ pathways.



As seen in Table 3, when expressing pathway 1, phenol titers increased by ~16% up to 436 ± 9 mg/L, whereas those resulting from pathway 2 were slightly reduced. The greatest improvement was seen in the case of the ‘funneling’ pathway F1, wherein a ~26% increase in final phenol titer (reaching up to 554 ± 19 mg/L) was realized. In the case of both pathways 1 and F1, acetate accumulation was reduced (now only reaching up to just 3 g/L in each) and glucose utilization increased relative to using E coli NST74 ∆pheA as the host, both of which likely contributed to the increased final titers. However, as significant levels of acetate still remained at the end of each culture, additional host engineering strategies (e.g., deletion of poxB and/or pta-ack) should be investigated to further reduce this wasteful carbon loss.




3.3. Enhancing Phenol Production via In Situ Solvent Extraction


As phenol has been reported to inhibit E. coli at final titers as low as 0.8 g/L [27], it is possible that titers achievable by the developed strains have thus far been limited as a result of product inhibition. One effective mechanism by which to circumvent the effects of inhibition caused by the aqueous accumulation of toxic biochemicals is through their in situ extraction into a second, biocompatible solvent phase [28,29,30]. Indeed, such a strategy has previously proven effective in support of enhancing phenol biosynthesis by other engineered microbes [12,14,27]. Accordingly, we lastly sought to investigate whether in situ extraction could be used to enhance the production of phenol when synthesized via the developed ‘funneling’ pathway F1. Dibutyl phthalate (DBP) was chosen as the solvent phase due to its previously characterized biocompatibility with E. coli as well as its prior utility in other extractive fermentation applications [31,32,33]. A series of abiotic extraction experiments were first performed to determine the equilibrium partitioning coefficient (Keq) for phenol between aqueous media and DBP at 32 °C, which, as seen in Figure 2, was estimated as 13.9 ± 0.4 (remaining linear across a range of at least 0 to 7 g/L phenol in DBP). Then, by cultivating the E. coli-expressing pathway F1 in 50 mL MM1 media with a 10 mL DBP overlay, after 120 h, phenol had accumulated up to 3.0 ± 0.5 g/L in the DBP phase, but still only 214 ± 38 mg/L in the aqueous media. This total mass of phenol corresponded to a final effective phenol titer of 812 ± 145 mg/L, which represents a 47% increase relative to the single-phase culture (Table 3). Phenol yield, meanwhile, was similarly increased, reaching up to 40.6 ± 7.2 mg/g.




3.4. Comparing Strain Performance and Future Prospects


In the case of all individual pathways examined (i.e., 1, 2, or 3), the titers and/or yields achieved here (Table 2) are all notably comparable to those of past studies by other groups when similar culturing methods (e.g., batch shake flasks) were employed [13,14,27]. Compared to our initial strains, meanwhile, others have demonstrated more significant titer improvements as a result of more comprehensively optimizing the host background and/or via alternative culturing strategies. This was true in the case of Noda et al., who demonstrated the production of up to 1100 mg/L phenol by E. coli [31], as well Kim et al., who found that E. coli could produce up to 3.79 g/L phenol under fed-batch conditions using in situ extraction [27] (note that both studies employed just pathway 1). Even in this latter example, however, the final phenol yield (20 mg/g) remained at least 30% lower than what was reported here via pathway F1. Thus, with further optimization of host metabolism and the bioprocess configuration, it is expected that phenol production via pathway F1 in E. coli will ultimately result in even further improvements in phenol production.



Meanwhile, in addition to E. coli, other bacteria have emerged as promising phenol bioproduction platforms, including solvent-tolerant strains of Pseudomonas. For instance, phenol production by a pseudomonad was first reported for P. putida S12, which reached a final titer of 141 mg/L and yield of 35 mg/g in traditional culture, followed by up to 866 mg/L with in situ extraction [12], results similar in magnitude to the present study. More recently, Wynands et al. engineered a strain of P. taiwanensis VLB120 capable of producing phenol from glucose at up to 301 mg/L with a remarkable yield of 82.5 mg/g [32]. That said, since all phenol bioproduction efforts in Pseudomonas have so far relied solely upon pathway 1, it is expected that by adopting the strain-agnostic ‘funneling’ pathway developed here, improved phenol production should also be possible for even these and other non-E. coli hosts.



Lastly, it should be noted that, in addition to muconic acid [18] and now phenol, an analogous ‘funneling’ strategy has also proven useful for enhancing the production of isoprenoids. For example, β-carotene biosynthesis is possible via two distinct pathways: (i) An optimized mevalonate (MVA) pathway and (ii) a hybrid methylerythritol phosphate (MEP) pathway [33]. By simultaneously co-expressing both pathways, Yang and Guo [34] demonstrated that β-carotene production could be increased by as much as 113-fold relative to control strains expressing either individual pathway. Thus, though certainly not compatible for use with each and every biochemical target of interest, future opportunities nevertheless exist by which to apply this same ‘funneling’ approach to enhance the biosynthesis of diverse value-added products.
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Figure 1. Phenol biosynthesis from glucose in E. coli via three unique, engineered pathways. Black arrows represent enzyme steps native to E. coli whereas colored arrows are heterologous. Dotted arrows represent multiple enzymatic steps. Individual pathways 1, 2, and 3 were systematically combined to create the four ‘funneling’ pathways F1 (1 + 2), F2 (1 + 3), F3 (2 + 3), and F4 (1 + 2 + 3). Pathways were constructed using the following genes: ubiC from E. coli BW25113, which encodes chorismate pyruvate lyase; entC from E. coli BW25113, which encodes isochorismate synthase; tutA from C. braakii ATCC29063, which encodes tyrosine phenol lyase; pchB from P. aeruginosa PAO1, which encodes isochorismate pyruvate lyase; kpdBCD from K. pneumoniae PZH572, which encodes p-hydroxybenzoate decarboxylase; SDC from T. moniliiforme, which encodes salicylate decarboxylase. Blue, yellow, and green arrows represent the heterologous steps associated with pathways 1, 2, and 3, respectively. 
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Figure 2. Aqueous-dibutyl phthalate equilibrium partitioning behavior of phenol as a function of phenol concentration at 32 °C and determination of the equilibrium partitioning coefficient. 
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Table 1. Strains, plasmids, and pathways constructed and used for phenol production.
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	Strain
	Description
	Source





	E. coli NEB10-beta
	Δ(ara-leu) 7697 araD139 fhuA ΔlacX74 galK16 galE15 e14- ϕ80dlacZΔM15 recA1 relA1 endA1 nupG rpsL (StrR) rph spoT1 Δ(mrr-hsdRMS-mcrBC)
	NEB



	E. coli NST74
	aroH367, tyrR366, tna-2, lacY5, aroF394(fbr), malT384, pheA101(fbr), pheO352, aroG397(fbr)
	ATCC



	E. coli NST74 ∆pheA
	pheA chromosomal deletion in E. coli NST74
	Pugh et al. (2014)



	E. coli NST74 ∆pheA ∆pykA ∆pykF ∆crr
	crr chromosomal deletion in E. coli NST74 ∆pheA ∆pykA ∆pykF
	Thompson et al. (2017)



	E. coli BW25113
	Source of ubiC and entC
	CGSC



	C. braakii ATCC 29063
	Source of tutA
	ATCC



	P. aeruginosa PAO1
	Source of pchB
	DSMZ



	K. pneumoniae PZH572
	Source of kpdBCD
	ATCC



	Plasmid
	Description
	Source



	pTrcCOLAK
	ColA ori, Kanr, lacIq, Ptrc
	McKenna et al. (2013)



	pY3
	p15A ori, Ampr, lacI, Plac-UV5-tyrAfbr-tyrB- aroC T1-Ptrc-aroA-aroL
	Juminaga et al. (2012)



	pS3
	pBBR1 ori, Cmr, lacI Plac-UV5-aroE-aroD-aroBop-aroGfbr-ppsA-tktA
	Juminaga et al. (2012)



	pTyrAfbr-TutA
	tutA of C. braakii ATCC29063 inserted into pY3 backbone, retaining the existing copy of tyrAfbr (replacing all of tyrB-aroC T1-Ptrc-aroA-aroL)
	This study



	pSDC-PchB-EntC
	SDC of T. moniliforme, pchB of P. aeruginosa PAO1, and entC of E. coli BW25113 inserted into pS3 backbone (replacing all of aroE-aroD-aroBop-aroGfbr-ppsA-tktA)
	Thompson et al. (2015)



	pUbiC-Kpd
	ubiC of E. coli and kpdBCD of K. pneumoniae PZH572 inserted to pTrcCOLAK
	Thompson et al. (2015)



	Pathway Designation
	Plasmids Used
	



	1
	pTyrAfbr-TutA,
	



	2
	pSDC-PchB-EntC
	



	3
	pUbiC-Kpd
	



	F1 (1 + 2)
	pTyrAfbr-TutA, pSDC-PchB-EntC
	



	F2 (1 + 3)
	pTyrAfbr-TutA, pUbiC-Kpd
	



	F3 (2 + 3)
	pSDC-PchB-EntC, pUbiC-Kpd
	



	F4 (1 + 2 + 3)
	pTyrAfbr-TutA, pSDC-PchB-EntC, pUbiC-Kpd
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Table 2. Evaluation of phenol production by different engineered pathways and synthetic ‘metabolic funnel’ configurations. In all cases, E. coli NST74 ∆pheA was used as the host background. All strains were initially supplied with 20 g/L glucose and cultured for 120 h. Data for Pathways 1, 2, and 3 are from Thompson et al. (2016). Errors represent one standard deviation from triplicate experiments.
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	Pathway
	Phenol Titer

(mg/L)
	Glucose Utilization

(%)
	Acetate Titer

(g/L)
	Yield

(mg/g)





	1
	377 ± 23
	100
	9 ± 0.1
	18.7 ± 0.7



	2
	377 ± 14
	53.2 ± 0.7
	6 ± 0.3
	35.7 ± 0.8



	3
	259 ± 31
	100
	4 ± 0.3
	12.9 ± 1.1



	F1 (1 + 2)
	439 ± 7
	90.1 ± 0.9
	8 ± 0.2
	24.0 ± 0.5



	F2 (1 + 3)
	355 ± 17
	100
	6 ± 0.2
	17.8 ± 1.2



	F3 (2 + 3)
	149 ± 10
	90.2 ± 0.4
	6 ± 0.3
	8.4 ± 1.0



	F4 (1 + 2 + 3)
	205 ± 13
	87.1 ± 0.3
	5 ± 0.2
	11.8 ± 0.7
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Table 3. Comparing phenol production by the best-performing individual and ‘funneling’ pathways using E. coli NST74 ∆pheA ∆pykA ∆pykF ∆crr as the host background, as well as in the presence of a DBP overlay. Strains were cultured for 120 h and supplied with 20 g/L glucose. Error represents one standard deviation from triplicate experiments.
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	Pathway
	Phenol (mg/L)
	Glucose Utilization (%)
	Yield (mg/g)





	1
	436 ± 9
	100
	22.2 ± 0.7



	2
	301 ± 15
	100
	15.0 ± 0.2



	F1
	554 ± 19
	100
	27.7 ± 0.3



	F1 + DBP
	812 ± 145
	100
	40.6 ± 7.2
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