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Abstract

Taxadiene is the first dedicated intermediate in the biosynthetic pathway of the anticancer 

compound Taxol. Recent studies have taken advantage of heterologous hosts to produce taxadiene 

and other isoprenoid compounds, and such ventures now offer research opportunities that take 

advantage of the engineering tools associated with the surrogate host. In this study, metabolic 

engineering was applied in the context of over-expression targets predicted to improve taxadiene 

production. Identified targets included genes both within and outside of the isoprenoid precursor 

pathway. These targets were then tested for experimental over-expression in a heterologous 

Escherichia coli host designed to support isoprenoid biosynthesis. Results confirmed the 

computationally predicted improvements and indicated a synergy between targets within the 

expected isoprenoid precursor pathway and those outside this pathway. The presented algorithm is 

broadly applicable to other host systems and/or product choices.
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Introduction

Taxol and other isoprenoids possess a wide range of therapeutic potential (Ajikumar et 

al. 2008). Many of these compounds derive from plant sources, and many production 

methods have relied on adapting the plant hosts for process development of the desired 

isoprenoid compound (Lewis and Ausubel 2006; Wink 2010). Taxol has been a prominent 

example with both semi-synthetic and cell culture methods reliant upon plants for eventual 

production of the final compound (Cragg et al. 1993). More recently, heterologous 

biosynthesis of plant-derived natural products has emerged as an alternative to native plant 

production systems (Kirby and Keasling 2009; Leonard et al. 2009). In this approach, the 
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genetic material required for eventual product biosynthesis is transferred to a surrogate host. 

The new host generally possesses some advantageous properties when compared to the 

original host, and these often include faster growth kinetics, more advanced engineering 

tools, and a wider genetic and physiologic knowledge base (Zhang et al. 2011). Recent 

high-profile examples of heterologous biosynthesis include the production of artemisinic 

acid through Saccharomyces cerevisiae (Ro et al. 2006) and the production of taxadien-5α-

ol through Escherichia coli (Ajikumar et al. 2010). These and numerous other examples 

support continued research into the prospect of using heterologous biosynthesis as an 

economically viable route to the commercial production of natural products (Kirby and 

Keasling 2009; Leonard et al. 2009).

As mentioned, the choice of heterologous biosynthesis offers new engineering tools to aid 

in process development. This is especially important to improve the often low titers, yields, 

and specific productivities associated with heterologous production attempts (Boghigian and 

Pfeifer 2008). One of the most common approaches towards doing so is the application of 

metabolic engineering in the form of cellular-based modeling of metabolism (Boghigian et 

al. 2010b; Kim et al. 2008; Park et al. 2009). The underlying goal is to improve carbon flow 

to a metabolite of interest. In the case of the heterologous Taxol system, a key milestone 

is to improve carbon flow to early intermediates thus far produced through E. coli. As 

seen in Fig. 1, the production of taxadiene (the first dedicated intermediate of the Taxol 

pathway) is produced by the combination of an upstream native precursor pathway, termed 

the methylerythritol phosphate (MEP) pathway (or the 1-deoxy-D-xylulose 5-phosphate 

(DXP) pathway), and a downstream heterologous biosynthetic pathway, which converts the 

universal isoprenoid precursors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate 

(DMAPP) to taxadiene. The Fig. 1 depiction of the upstream and downstream pathways is 

a simplification of taxadiene biosynthesis within the complex, surrounding E. coli reaction 

network. The holistic view of the cell must be considered when optimizing the production of 

heterologous taxadiene through metabolic engineering.

While most previous metabolic engineering efforts have applied computational methods to 

model cellular metabolism and predict gene deletions to improve specified metabolite levels, 

this study presents the development and application of an algorithm for identifying over-

expression targets to improve product titer. Specifically, a genome-scale metabolic network 

was assessed with over-expression of genetic targets to improve taxadiene biosynthetic flux. 

Those targets were then tested experimentally through the heterologous system currently 

available. The results support the use of this approach to identify over-expression targets 

capable of improving the titer of a desired product. Such an approach emphasizes the 

expanded repertoire of engineering options available with well-characterized heterologous 

systems and will be used together with accompanying genetic and process engineering tools 

to continually improve titers of isoprenoid and other medicinally relevant natural products.

Materials and methods

Model construction

The E. coli genome-scale metabolic model iAF1260 was used as the base model in this 

study. This model contains 2,077 reactions, 1,039 metabolites, and 1,261 genes (Feist 
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et al. 2007). Reactions then had to be added to account for steps catalyzed by two 

heterologous enzymes introduced to produce taxadiene through E. coli. These reactions 

are: 1) a geranylgeranyl diphosphate synthase (GGPPS; to catalyze: farnesyl diphosphate 

+ isopentenyl diphosphate → geranylgeranyl diphosphate + diphosphate), 2) a cyclizing 

taxadiene synthase (TXS; to catalyze: geranylgeranyl diphosphate → taxa-4,11-diene + 

diphosphate), and 3) a taxadiene transport reaction (taxa-4,11-diene → [extracellular]) 

(Ajikumar et al. 2008, 2010).

Calculations were conducted in MATLAB® 7.4 (Math-works Inc.; Natick, MA) utilizing the 

SBMLToolbox (version 2.0.2, http://sbml.org/software/sbmltoolbox/) (Keating et al. 2006; 

Schmidt and Jirstrand 2006) and the COBRA Toolbox (version 1.3.3, http://gcrg.ucsd.edu/) 

(Becker et al. 2007). Optimization was undertaken using the CPLEX (version 11.0) 

algorithm of the TOMLAB™ Optimization Environment (TOMLAB™/CPLEX) interfaced 

with the COBRA Toolbox and MATLAB® 7.4.

Over-expression target identification algorithm

The over-expression algorithm involves: 1) imposing a taxadiene production flux (as 

determined experimentally), 2) solving a Flux Balance Analysis (FBA) problem (Edwards 

et al. 2002, 2001; Edwards and Palsson 2000), 3) imposing an amplification in individual 

reaction fluxes (to simulate the effect of gene over-expression), 4) solving a Minimization 

of Metabolic Adjustment (MoMA) problem (Segre et al. 2002), and 5) identifying over-

expressions that led to a phenotype fraction value, fPH (the product of weighted and 

dimensionless biomass and taxadiene flux values; Boghigian et al. 2010a), greater than 

unity (an overview of this algorithm can be seen in Fig. 2). Steps 3 and 4 were iterated for 

every reaction within the network.

Calculations were made under conditions to simulate complex medium. Medium 

composition can be approximated by setting uptake rates of specific chemical components 

known to exist in the medium of interest. The “computational complex medium” contained 

all twenty naturally occurring amino acids (L-isomers). The lower bounds of the amino acid 

transport reactions were set to −0.1 mmol/g DCW/h (a negative sign indicates metabolite 

uptake into the cell) and were chosen based upon previous literature values and because they 

satisfied the relative biomass differences experimentally observed between media (Oh et al. 

2007; Selvarasu et al. 2009). Glycerol transport rates were set to −3.0 mmol/g DCW/h, as 

described previously (Boghigian et al. 2010a).

Strains and plasmids

Strain YW22(pTrcHis2B-TXS-GGPPS) was used as the base strain for taxadiene production 

in this study (Boghigian et al. 2011b). This strain is a derivative of JM109(DE3) 

containing a T7prom-dxs-T7term-T7prom-idi-T7term-T7prom-ispDF-T7term construct in the 

araA chromosomal locus. Plasmid pTrcHis2B-TXS-GGPPS is a carbenicillin-resistant 

plasmid with a pBR322 origin of replication, containing synthetic txs and ggpps genes under 

the control of an IPTG-inducible Trc promoter; the ggpps gene encodes for a geranylgeranyl 

diphosphate synthase (Boghigian et al. 2011b).
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Plasmids containing over-expression targets as identified by the algorithm were obtained 

from the ASKA library of the National Institute of Genetics in Japan (Kitagawa et al. 2005). 

The genes are cloned into a derivative of pQE31 (called pCA24N) under the control of an 

IPTG-inducible T5 promoter with an N-terminal 6× histidine tag (Kitagawa et al. 2005). 

These plasmids are chloramphenicol-resistant and contain a ColE1 origin of replication (and 

are therefore compatible with pTrcHis2B-TXS-GGPPS).

The idi gene was PCR-amplified from pASKA-idi using primers 5′-GGGGAATTC 
ATGCAAACGGAACACGTCAT-3′ and 5′-GGGAAGCTTTTATTTAAGCTGGGTAAATG 

CAGA-3′. The gene was placed into the pCOLADuet-1 (which has a ColA origin of 

replication) expression vector using EcoRI and HindIII (restriction sites italicized in 

the previous sentence). The resulting plasmid, pCOLADuet-idi, was transformed with 

pTrcHis2B-TXS-GGPPS and certain pASKA plasmids, as indicated, to test the cumulative 

effects of the over-expression idi isoprenoid precursor pathway target and targets outside the 

pathway.

Small-scale production cultures

A stab of glycerol stock was inoculated into 2 ml LB medium with appropriate antibiotics 

and grown overnight at 37 °C and 250 rpm. For production cultures, 3 ml production 

medium (5 g/l yeast extract, 10 g/l tryptone, 10 g/l sodium chloride, 15 g/l glycerol, 3 ml/l 

50% (v/v) Antifoam B, 100 mM HEPES; adjusted to pH 7.60 with 5 M sodium hydroxide) 

was inoculated into 16 × 100 -mm culture tubes with the pre-cultures to an OD600 nm=0.1. 

These production cultures were grown for 120 h at 22 °C and 250 rpm. At the end of the 

culture period, cell-density was measured spectrophotometrically at 600 nm and a single, 

1-ml aliquot was stored at −20 °C for subsequent analysis. When required, antibiotics were 

supplemented at concentrations of 100 mg/l for carbenicillin, 50 mg/l for kanamycin, and 34 

mg/l for chloramphenicol, and IPTG was added at a concentration of 100 μM.

Taxadiene quantification

For taxadiene quantification, a culture aliquot was supplemented with (−)-trans-

caryophyllene (TC) at a final concentration of 1 μg/l to serve as an internal standard. The 

samples were then extracted with an equal volume of hexane, followed by 20 s of vortexing 

and centrifugation for 10 min at 10,000 × g. The hexane layer (150 μl) was removed and 

stored in glass vials at −20 °C until analysis by gas chromatography–mass spectrometry 

(GC–MS).

Samples were analyzed on a Shimadzu QP5050A GC–MS using split-less injection. Gas 

chromatography was run on a non-polar Rxi®-XLB column (30 m × 0.25 mm ID, 0.25 μm). 

The inlet pressure for the column was set at 120 kPa, and column flow velocity was 1.6 ml/

min. The flow rate of the ultra-high-purity helium carrier gas was 20 ml/min. Temperature 

of the column was initially set and maintained at 100 °C for 2 min and was then increased 

to 235 °C at a rate of 15.0 °C/min. The column was then maintained at this temperature for 

1 min. Mass spectrometry was performed in Single Ion Monitoring (SIM) mode scanning 

for mass-to-charge ratios of 107 m/z, 122 m/z, and 272 m/z, corresponding to the principle 

daughter ions and parent ion of taxadiene, respectively (Koepp et al. 1995). Under these 
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conditions, TC and taxadiene eluted at approximately 6.8 and 11.4 min, respectively. 

Quantification of taxadiene was accomplished based on a calibration curve of taxadiene 

(kindly provided by Drs. Ajikumar Parayil and Gregory Stephanopoulos) concentration 

versus the peak area ratio of TC to taxadiene.

Results

Over-expression target identification

For identifying knockout targets, the binary nature of the problem (the gene and therefore 

reaction either exists or does not exist) simplifies its mathematical abstraction. For 

identifying over-expression targets, the problem is now non-binary, meaning that describing 

gene over-expression in this context is more difficult. Over-expressing a gene on a five-copy 

plasmid does not necessarily correlate to five times the amount of transcript relative to 

a one-copy plasmid, nor does it necessarily correlate to five times the amount of soluble 

protein, nor five times the amount of metabolic flux through that reaction. Nonetheless, this 

study aimed to formulate a mathematical abstraction for modeling gene over-expression, 

as well as to simulate metabolic fluxes and identify over-expression targets for improving 

heterologous isoprenoid titer.

The first demonstration of the over-expression algorithm was undertaken in glycerol-based 

complex medium (to mimic the medium used in previous studies (Boghigian et al. 2011a; 

Boghigian et al. 2011b). The experimental specific production rate of YW22 (pTrcHis2B-

TXS-GGPPS) was determined to be 1.53×10−4 mmol/g DCW/h and was set as the lower 

bound for taxadiene transport flux. The specific uptake rate of glycerol was 3.0 mmol/g 

DCW/h while the specific uptake rates of all twenty L-amino acids were set to 0.1 mmol/g 

DCW/h. Under these carbon-limited conditions, the specific growth rate was determined 

by FBA to be 0.2671 h−1. Next, all reactions that had a non-zero flux value in the FBA 

simulations were over-expressed computationally. Once all reactions had been cycled, 

reactions that produced an fPH value of greater than 1 were chosen as potential over-

expression targets. Figure 3 shows all of these genes and their corresponding fPH values.

Of the 12 targets identified, four (ppk, sthA, purN, and folD) were outside of the native 

isoprenoid precursor pathway. The other eight (dxs, ispE, dxr, ispG, ispF, ispD, ispH, and 

ispA) were within the MEP pathway (Fig. 1). While the MEP targets each produced an 

fPH greater than 1, it was expected that amplifying a reaction within the linear isoprenoid 

precursor pathway would improve taxadiene flux and therefore provided an internal control 

for verification of the algorithm itself. As a result, the four targets chosen for experimental 

implementation were ppk, sthA, purN, and folD, as summarized in Table 1.

As a means of implementing a control, the same algorithm was run with glucose as 

the principle carbon source instead of glycerol. New targets identified using glucose 

(determined to be fumA, fumB, fumC, and mdh) were also included in the subsequent 

experimental analysis. Experimentally, these targets should not be able to improve titer 

because the primary carbon source used is glycerol.
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Experimental implementation

The four positive targets (ppk, sthA, purN, and folD) and four algorithm controls (fumA, 

fumB, fumC, and mdh) were tested in the context of E. coli taxadiene production. Also 

tested were two experimental controls encoding for only a subunit of a functional enzyme 

(sucC and pntA) to ensure that other experimental factors associated with plasmid-based 

over-expression did not contribute to taxadiene titer. The genes were over-expressed using 

a T5 promoter from a chloramphenicol-resistant ColE1-based plasmid in YW22 also co-

expressing GGPPS and TXS to produce taxadiene. At the end of the culture period (120 

h), taxadiene was extracted and quantified using GC–MS. Cell-density was also measured 

spectrophotometrically at 600 nm. Another aliquot of the culture was stored for SDS–PAGE 

analysis to verify gene expression of txs and ggpps and the over-expression gene target (data 

not shown). Raw taxadiene titer was normalized by cell-density (1 OD600 nm=0.52 gDCW/l), 

creating a specific taxadiene titer (Fig. 4).

Three (ppk, sthA, purN) of the four experimental targets improved titer (p<0.05 when 

compared to the YW22 (pTrcHis2B-TXS-GGPPS) control); however, the experimental 

improvements were below algorithm predictions. The over-expression of ppk, sthA, 
and purN improved specific production of taxadiene 1.66-fold, 1.48-fold, and 1.31-fold, 

respectively. The fourth target, folD, appears to decrease titer, but the difference is 

statistically insignificant from the control (p=0.400). Except for folD, the results showed 

the same trend of improvement as predicted by the model (ppk > sthA > purN). The three 

fumarase isozymes (fumA, fumB, and fumC) all decreased titer, while mdh decreased titer 

even more significantly. For the two experimental controls, over-expression of sucC had 

no effect on specific taxadiene titer (p=0.119), while over-expression of pntA decreased 

specific taxadiene titer to roughly half of the control (p=0.010). As a result, all six of 

the chosen computational and experimental controls were verified as having no positive 

effect on taxadiene titer. The over-expression of the control genes likely increases metabolic 

burden on the host, which may partially account for the decrease in taxadiene production 

(an issue that may also accompany the results of the identified over-expression targets). 

While this is certainly not an exhaustive analysis of potential control targets, no previous 

knowledge was used to inherently bias the choice of these targets.

The lack of dramatic improvement in specific taxadiene titer prompted us to investigate 

the role of a potential bottleneck in the MEP pathway. It has been shown that a 

complex response (isoprenoid production titer) results when modulating the expression of 

the upstream and downstream portions of the complete isoprenoid biosynthetic pathway 

(Ajikumar et al. 2010). Even though YW22 contains chromosomal over-expressed versions 

of the dxs, idi, ispD, and ispF genes, higher levels of some of these or other precursor 

pathway genes might be required to fully access improved precursor flux and to 

debottleneck this pathway. As a result, each upstream pathway gene was individually over-

expressed (from the ASKA library plasmids) together with the pTrcHis2B-TXS-GGPPS. 

Six of these genes produced less taxadiene: dxs, ispE, ispF, ispG, ispH, and ispA 
(p<0.05). Oddly, the dxr plasmid could not be stably transformed (multiple trials) into 

YW22(pTrcHis2B-TXS-GGPPS). Over-expression of ispD did not produce any taxadiene, 
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but did produce a viable strain. One target, idi, improved specific production of taxadiene 

3.77-fold (p=0.008) (Fig. 5).

Combined expression of algorithm targets and idi

As a result of the positive effect observed for the over-expression of idi, this gene was tested 

together with those non-pathway targets identified by the algorithm. The expectation was an 

improvement in taxadiene titer beyond the results from the over-expression of the ppk, sthA, 
and purN targets alone. Figure 6 presents the cumulative effects of idi and the ppk, sthA, 
and purN over-expression targets and indicates positive synergy upon taxadiene titer. By 

over-expressing ppk, sthA, and purN with idi, titers improved to 5.42, 7.23, and 5.66 mg/g 

DCW, respectively. The final strain in this study has a cumulative improvement in specific 

taxadiene titer of over 12-fold from an already significantly engineered strain and plasmid 

system (Boghigian et al. 2011b).

Discussion

The use of systematic methods for identifying over-expression targets, at the start of this 

study, had been explored once theoretically (Pharkya and Maranas 2006), but had not been 

implemented experimentally. The goal of this study was to use a previously developed 

optimization strategy, modify its use to identify over-expression targets, and implement 

it experimentally for improving taxadiene production through E. coli. A variation of the 

MoMA algorithm was used as an extension to indentifying gene over-expression targets 

to improve a product titer. As has been described previously, MoMA was proposed as an 

alternative to FBA as a means of quantifying metabolic fluxes in networks that had been 

perturbed, originally by gene knockouts (Segre et al. 2002). In a similar sense, forced 

over-expression of a particular gene could also be considered a genetic perturbation, and 

this computational framework was extended for identifying genetic over-expression targets. 

Unfortunately, there is no experimental data available on global flux distributions upon 

over-expression of single genes in E. coli, so there was no means of verifying this algorithm 

short of testing it in our case study of improving taxadiene production.

The algorithm identified four targets as candidates to implement experimentally. While an 

in-depth examination of the physiological effects of over-expression of these four targets 

was outside the scope of this work, it would appear that all four targets improve cofactor 

availability. The over-expression of ppk allows for the reversible generation of ATP and 

Pi from ADP and the PPi generated by the IspA and GGPPS reactions in the isoprenoid 

precursor pathway. The next three targets are involved with improving NADPH supply 

for isoprenoid biosynthesis. Transhydrogenases are responsible for the reversible NAD+ + 

NADPH ↔ NADP+ + NADH reaction and can therefore theoretically be used to modulate 

the level of reduction within the cell. Over-expression of sthA led to improved production of 

poly (3-hydroxybutyrate) in E. coli (requiring NADPH reducing equivalents) (Sanchez et al. 

2006). The same function appears relevant here, as one molecule of taxadiene requires four 

molecules of NADPH (at the DXR reaction step). The DXP metabolite node itself serves 

as a branch point between the isoprenoid biosynthetic pathway, the pyridoxal 5′-phosphate 

pathway for vitamin B6 biosynthesis, and the thiamin biosynthetic pathway. It has been 
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previously shown that high concentrations of NADPH strongly shift the equilibrium of 

the reversible DXS towards production of MEP (Koppisch et al. 2002), thereby reducing 

metabolic flux towards the vitamin B6 and thiamin biosynthetic pathways. As a result, it is 

conceivable that general conditions that favor the production of NADPH may also improve 

flux towards the isoprenoid pathway relative to alternative destinations.

Last, purN and folD are a two-step linear pathway in tetrahydrofolate biosynthesis. While 

it appears that tetrahydrofolate has no immediate metabolic relation to the isoprenoid 

biosynthetic pathway, this step also produces an equivalent of NADPH.

Of the four targets identified, three improved specific production titer while all six controls 

implemented showed either no change or a decrease in specific taxadiene titer. However, the 

observed improvements did not exceed 2-fold and did not reproduce the flux improvements 

as predicted by the algorithm. At this point, the hypothesis was that a step within the 

isoprenoid precursor pathway was rate-limiting, such that over-expressing other genes 

potentially affecting reaction steps further upstream would have little or no effect on 

taxadiene titer. This drove us to individually over-express the genes within the MEP pathway 

itself, which identified IDI as a rate-limiting step in the current experimental system. Over-

expressing idi with the computationally identified targets further increased taxadiene titers 

and provided better agreement with algorithm outputs.

It would be advantageous to investigate aspects of the algorithm that might further 

improve predictability. For better validation of this algorithm, strains with various single 

over-expressions should be cultured under different carbon sources. Then, 13C-MFA could 

be used to quantify fluxes in central metabolism and observe how well the predicted fluxes 

compare with measured fluxes under varying environmental and genetic conditions. A 

further extension would be to couple the computational approach described here with a 

genetic algorithm for a computationally tractable means of surveying the effect of product 

titer when over-expressing multiple genes.

It has been demonstrated and recognized that the first step in the MEP-based isoprenoid 

precursor pathway is rate-limiting (Begley et al. 1999; Lawhorn et al. 2004; Matthews 

and Wurtzel 2000). A bacterial D-1-deoxyxylulose 5-phosphate synthase (encoded by 

dxs), catalyzing the condensation of pyruvate and D-glyceraldehyde-3-phosphate to D-1-

deoxyxylulose 5-phosphate (requiring thiamine diphosphate as a cofactor and Mg2+ as 

a metal adduct), has a turnover rate of 1.9 s −1 (the value for the E. coli enzyme has 

not been reported) (Eubanks and Poulter 2003). While the rate of the next step in the 

pathway, the 1-deoxy-D-xylulose-5-phosphate reductoisomerase (encoded by dxr), has been 

reported to be between 29 s−1 and 38 s−1 for E. coli (Fox and Poulter 2005a, 2005b) 

(with a kcat/KM value of 2.2 × 107 M−1s−1), providing in vitro evidence that DXS activity 

may bottleneck the pathway from the beginning. In vivo, it has been shown in numerous 

cases that over-expression of dxs improves isoprenoid or carotenoid titers in native and 

heterologous hosts (Alper et al. 2005a; Alper et al. 2005b; Brown et al. 2010; Chiang et 

al. 2008; Choi et al. 2010; Leonard et al. 2010; Morrone et al. 2010; Yuan et al. 2006). 

However, the lack of effect in this case could be due to increased expression of one 

rate-limiting enzyme (DXS) shifting control of pathway flux to another enzyme (perhaps 
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IDI) (Kacser and Burns 1973). While it seems unusual that an isomerization reaction would 

be limiting, the turnover number for the E. coli IDI has been reported to be 0.33 s−1 (also 

having a smaller kcat/KM value of 4.2×104 M−1s−1) (Hahn et al. 1999). A highly complex 

phenotype has been observed recently with respect to the upstream and downstream 

isoprenoid pathways (Ajikumar et al. 2010). As such, systematic over-expression of the 

genes in the MEP pathway may lead to further pathway unbalancing and to decreased or no 

taxadiene production. However, it appears that IDI is the rate-limiting step under the current 

experimental conditions. The simultaneous over-expression of idi and ppk, sthA, and purN 
resulted in the highest taxadiene titers within this study.

During the course of this study, an algorithm was developed by another group for identifying 

over-expression targets and applied towards heterologous lycopene production in E. coli 
(Choi et al. 2010). This algorithm, called Flux Scanning based on Enforced Objective Flux 

(FSEOF), is based on simulating cellular metabolism by maximizing biomass formation 

(utilizing FBA) and then imposing specific production rates of a product of interest. Fluxes 

that increase through a reaction step as the product flux increases are considered to be over-

expression targets. Interestingly, both fumarase (encoded by the homologous fumA, fumB, 
and fumC genes) and malate dehydrogenase (encoded by mdh) were identified as targets 

in this method for producing lycopene from glucose; these same genes were identified 

as targets for producing taxadiene from glucose in this study (as taxadiene and lycopene 

are generated from the same isoprenoid precursors). Numerous targets were implemented 

experimentally (pfkA, pgi, fbaA, tpiA, icdA, and mdh); however, each was tested with 

plasmid-based dxs and idi over-expression. Three of the six targets (pfkA, pgi, and icdA) 

decreased or did not change lycopene titer, while the other three (fbaA, tpiA, mdh) improved 

titer between 3-fold and 4-fold. The top over-expression strain (dxs, idi, and mdh) improved 

titer from 2.52 mg/l to 12.85 mg/l. Upon combining with MoMA deletion targets, titer 

increased to 26.77 mg/l (with a ΔlacI, ΔgdhA, and ΔgpmB strain).
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Fig. 1. 
The pathway from central metabolites pyruvate and glyceraldehyde-3-phosphate to 

taxadiene
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Fig. 2. 
An overview of the proposed algorithm for identifying over-expression targets to improve 

product titer
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Fig. 3. 
Calculated taxadiene production flux (left-hand y-axis) and fPH (right-hand y-axis) as a 

function of gene over-expressed
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Fig. 4. 
Experimental specific taxadiene titer data for the computationally identified gene over-

expression targets and corresponding controls. The “Control” sample is YW22 (pTrcHis2B-

TXS-GGPPS). Error bars represent ± one standard deviation of three independent replicates. 

*Statistically significant (p<0.05, as determined by paired Student’s t-test) difference from 

the YW22 (pTrcHis2B-TXS-GGPPS) control
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Fig. 5. 
Experimental specific taxadiene titer data for the isoprenoid precursor pathway gene over-

expression targets. The “Control” sample is YW22 (pTrcHis2B-TXS-GGPPS). Error bars 

represent ± one standard deviation of three independent replicates. *Statistically significant 

(p<0.05, as determined by paired Student’s t-test) difference from the YW22 (pTrcHis2B-

TXS-GGPPS) control. †Taxadiene was not detected by GC–MS
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Fig. 6. 
Experimental specific taxadiene titer data for the computationally identified targets 

combined with over-expression of idi. The “Control” sample is YW22 (pTrcHis2B-TXS-

GGPPS). Error bars represent ± one standard deviation of three independent replicates. 

*Statistically significant (p<0.05, as determined by paired Student’s t-test) difference from 

the YW22 (pTrcHis2B-TXS-GGPPS) control
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