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Abstract 

Because high-throughput screening tools are typically unavailable when using 

the pathway-engineering approach, we developed a new strategy, named intermediate 

sensor–assisted push-pull strategy, which enables sequential pathway optimization by 

incorporating a biosensor targeting a key pathway intermediate. As proof of concept, 

we constructed an L-Trp biosensor and used it to optimize the deoxyviolacein 

biosynthetic pathway, which we divided into two modules with L-Trp being the 

product of the upstream and the substrate of the downstream module for 

deoxyviolacein synthesis. Using the biosensor and fluorescence-activated cell sorting, 

the activities of the two modules were sequentially and independently optimized in 

Escherichia coli to achieve the desired phenotypes. By this means, we increased the 

deoxyviolacein titer 4.4-fold (1.92 g/L), which represents the greatest deoxyviolacein 

production reported. This work suggests that a biosynthetic pathway can be enhanced 

to produce a value-added secondary metabolite(s) without available end-product 

screening method by using a central metabolic junction molecule biosensor(s). 
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Pathway engineering, High-throughput screening, Biosensor, Deoxyviolacein 
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1. Introduction 

Microbial production of bulk commodities or value-added metabolites presents 

as an attractive, sustainable, and green industrial solution. By mutating an endogenous 

gene(s) and introducing a heterologous pathway(s), the metabolic network in a host 

microbe can be improved for production of the desired molecule(s) (Ajikumar et al., 

2010; Atsumi et al., 2008; Ro et al., 2006). However, to achieve industrial level 

productivity (Jones et al., 2015; Woolston et al., 2013), efforts that fine-tune the 

metabolic flux in the engineered pathway(s) are often required. Early efforts to 

engineer microbial factories focused on individually manipulating one or several units 

in the microbial machinery, i.e., knocking out a competing pathway or overexpressing 

a key enzyme(s), with the assumption that multiple modifications would be additive 

(Yuan et al., 2006). Although moderate productivity increases were achieved, this 

approach generally suffers from the limited phenotype space explored, and metabolic 

flux imbalance can often be a severe problem owing to such side effects as the 

accumulation of a toxic intermediate(s) and/or negative feedback, which would 

decrease the target product yield (Chen et al., 2011; Paddon et al., 2013). As a solution, 

combinatorial approaches simultaneously covering multiple targets within a pathway 

offer an opportunity to systematically sample a wider area of phenotype space 

(Zelcbuch et al., 2013). Multivariate modular metabolic engineering (Biggs et al., 

2014), a focused combinatorial approach, groups pathway enzymes as modules so that 

expression of the enzymes within the module(s) can be varied simultaneously by just 

a single genetic manipulation. This technique has proven to be a powerful tool as it 

can potentially cover a wider range of phenotype space using only a small number of 

modular constructs. An equally important advance is regression modeling that is used 

to predict the pathway flux landscape based on only a small number of measurements 
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(Lee et al., 2013). Both of these approaches negate the need for exhaustive genotype 

screening and have achieved substantial microbial cell factory optimizations 

(Ajikumar et al., 2010; Lin et al., 2014a; Wu et al., 2013; Xu et al., 2013). However, 

these strategies still retrieve suboptimal solutions within the surveyed phenotype 

space because modular structure design is an artificial construct and more complex 

pathway architectures always involve more complicated phenotype landscapes 

(Zelcbuch et al., 2013), which dramatically increases screening requirements.  

Given the development of more powerful library construction methods, e.g., 

clustered regulatory interspaced short palindromic repeats (CRISPR)/CRISPR-

associated proteins (Cas) (Jiang et al., 2013; Wiedenheft et al., 2012), multiplexed 

automated genome engineering (Wang et al., 2009), and oligo-linker-mediated 

assembly (OLMA method; S. Zhang et al., submitted) that uses Golden Gate shuffling 

(Engler et al., 2009)), we can now construct complex combinatorial genotype libraries 

of high quality, thus significantly expanding the available genotype space. 

Incorporating various genotype-generating techniques into pathway engineering 

enables a more exhaustive exploration of phenotype space and, consequently, the 

potential to recover better-optimized strains. However, such genotype-generating 

techniques also required a much stronger screening method(s), which can quickly out-

strip the throughput speed of current analytical methods. Biosensor-driven pathway 

optimization has been coupled with fluorescence-activated cell sorting (FACS) 

(Binder et al., 2013), or lethal selection (Yang et al., 2013), to meet this screening 

challenge and has achieved enhanced microbial production of many chemicals, e.g., 

L-Met (Mustafi et al., 2012), 1-butanol (Dietrich et al., 2013), L-Lys (Binder et al., 

2013; Yang et al., 2013), triacetic acid lactone (Tang et al., 2013), and naringenin 

(Raman et al., 2014a). However, currently, despite several successful examples (Chen 



 

 5 

et al., 2015; Tang and Cirino, 2011; Tang et al., 2013, 2008; Yang et al., 2013), 

because de novo design of biosensors is difficult, the number of biosensors for the 

metabolic molecules is still very limited, and most have been designed based on a 

naturally occurring regulatory system, e.g., a transcription factor or riboswitch 

(Dietrich et al., 2013; Raman et al., 2014a; Siedler et al., 2014). In addition, because 

our knowledge of secondary metabolic pathway regulation is very incomplete, even 

when value-added molecule targets are produced from such pathways, if an associated 

transcription factor or riboswitch has not been identified, a biosensor for the target 

products is very hard to be developed. Conversely, it should be much easier to 

develop biosensors for metabolites found in central carbon pathways, e.g., amino acid 

(Cho et al., 2012) or fatty acid (Zhang et al., 2012) biosynthetic pathways, because 

their regulatory mechanisms have been intensively studied.  

 One potential but rarely explored strategy that would allow for industrial 

production of secondary metabolites, is to use a biosensor that responds to a molecule 

produced in a central carbon pathway and that is a precursor for the target secondary 

metabolite pathway(s). We, therefore, propose a strategy, named intermediate sensor–

assisted push-pull strategy (InterSPPS), that uses a biosensor for a central pathway 

intermediate to balance upstream and downstream modular pathway flux in a 

sequential push-pull manner so as to overproduce a target secondary metabolite. By 

monitoring the biosensor response for an intermediate joining two modules in a 

pathway, the upstream module can first be enhanced by a metabolic push reported as 

an increased biosensor signal in the absence of the downstream module. Subsequently, 

the downstream module can be enhanced as a metabolic pull, reflected by the 

decreased reporting signal of the biosensor owing to the depletion of the accumulated 

intermediate (Fig. 1a). As a proof-of-concept, we chose the microbial synthesis of 
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deoxyviolacein (Fig. 1b), a secondary metabolite with a variety of bioactivities (Jiang 

et al., 2012; Wang et al., 2012). Because L-Trp is the key intermediate in the 

biosynthesis of deoxyviolacein from glucose (Yang et al., 2011), we first engineered 

an L-Trp biosensor based on the leader-peptide mechanism (encoded in tnaC) that 

regulates transcription of the tnaCAB operon induced by L-Trp (Gong and Yanofsky, 

2002). We then combinatorially optimized the L-Trp biosynthetic pathway in 

Escherichia coli to increase L-Trp accumulation, and the clone with the greatest 

accumulation of L-Trp (100-fold increase) was identified by FACS screening. 

Subsequently, a deoxyviolacein pathway library was constructed based on the 

mutation of its key, rate-limiting enzyme VioB and coupled to the optimized L-Trp 

biosynthesis pathway. The strain with the most improved deoxyviolacein production 

owing to the combined, balanced pathway was retrieved based on the decreased L-Trp 

biosensor signal relative to the bulk population (Fig. S1).  

By using our InterSPPS approach, we successfully increased deoxyviolacein 

biosynthesis via fed-batch fermentation to a titer of 1.92 g/L and a productivity of 40 

mg/L/h, which represents the greatest production of deoxyviolacein reported to date 

that does not need addition of L-Trp into the fermentation medium. This work 

demonstrates that a biosynthetic pathway can be engineered in a high-throughput 

manner without available end-product screening method by using one or more central 

metabolic junction molecule biosensors to produce bioactive and value-added 

secondary metabolites.  
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2. Materials and Methods 

2.1. Strains and culture conditions 

 

Strains and plasmids used in this work are listed in Table 1. For L-Trp and 

deoxyviolacein fermentations, single colonies were each inoculated into 10 mL LB 

broth in a 50 mL flask and cultured overnight at 37°C. Then 5% (v/v) of the seed 

culture was added into 20 mL of M9-YE medium (10 g/L glucose) (Ye et al., 2009) in 

a 100 mL flask and cultivated at 37°C until the culture OD600 was between 0.8 and 1.0 

(~3 h). Next, after adding isopropyl-thio--D-galactopyranoside (IPTG; final 

concentration, 24 mg/L), the temperature was held at 28°C for 24 h for L-Trp 

production or at 20°C for 48 h for deoxyviolacein production. The OD600 values of the 

cultures were measured using an Amersham Bioscience spectrophotometer. The 

culture media also contained 100 mg/L ampicillin, 50 mg/L kanamycin, 34 mg/L 

chloromycetin, and/or 10 mg/L tetracycline as needed to maintain the presence of a 

plasmid(s). 

 

2.2. General description of plasmid construction 

 

Primer sequences are listed in Table S1. General information concerning 

plasmid construction is described immediately below. All cloning procedures were 

performed according to the manufacturers’ instructions. DNA purification and 

isolation of high quality plasmids used reagents from Omegta Bio-Tek kits. E. coli 

K12 MG1655 and BL21(DE3) genomic DNAs were purified using reagents from 

Tiangen Biotech kits. DNA restriction and amplification enzymes were from New 
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England Biolabs. During plasmid construction, unless otherwise specified, E. coli 

DH5a (BioMed) served as the host and was cultured in Luria-Bertani (LB) broth or on 

LB-containing agar plates at 37°C. 

 

2.3. Construction of pSentrp 

 

The plasmid pSentrp contains the gene for the L-Trp biosensor, which is 

composed of eGFP (PCR-amplified using the primers Sentrp-2-F and –R from the 

plasmid pHygEGFP (Clontech)) fused downstream to the tnaCAB operon regulatory 

element tnaC (PCR-amplified from E. coli K12 MG1655 genomic DNA with Sentrp-

1-F and -R primers; 24-bp upstream of tnaC to 30-bp downstream of the tnaA start 

codon, RefSeq: NC_000913.3, 3,888,411-3,888,759, (Liu et al., 2011); Fig. S2). The 

amplified and purified DNAs were ligated into NcoI/HindIII-digested pTrc99A to 

construct pSentrp. By this means, tnaC acts as the input monitor dependent on the 

intracellular L-Trp concentration and converts the concentration into an EGFP 

fluorescence-monitoring signal.  

 

2.4. Construction of the plasmid library Trp-Push by OLMA method 

 

In general, the procedure described below followed the protocol for OLMA 

pathway engineering (S. Zhang et al., submitted) (Detailed protocol can be found in 

the supplementary materials for OLMA). Briefly, the open reading frames for serA 

and aroG were amplified from E. coli BL21(DE3) genomic DNA, with primers that 

introduced a site mutation(s) (SerA
fbr

: Thr327Asp, ACT to GAT(Rodrigues et al., 

2013) and aroG
fbr

: Asp146Asn, GAT to AAT and Pro150Leu, CCA to CTA (Kikuchi 
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et al., 1997)) so as to prevent feedback inhibition to these enzymes. trpE
fbr

D 

(Met293Thr, ATG to ACG and Ser40Phe, TCC to TTC) (Spraggon et al., 2001) was 

amplified from pED (Fang et al., 2015). Purified trpE
fbr

D, SerA
fbr

, and aroG
fbr

 were 

individually ligated into a linearised pHD (Life Technology) at the BsaI restriction 

site, to construct pHD-trpED, pHD-serA, and pHD-aroG, respectively. The acceptor 

vector pACYCDuet was also PCR-amplified using the primers pACYCDuet-F and -R 

to contain a BsaI site.  

We used an RBS calculator (Salis et al., 2009) to determine the theoretical 

expression rates of trpE
fbr

D, SerA
fbr

, and aroG
fbr

 when under the control of various 

RBS sequences. 10 (SerA
fbr

, and aroG
fbr

) or 15 (trpE
fbr

D) RBS sequences were 

selected so that the largest possible range of translation initiation rates would be 

covered (Table S2). The DNAs in the RBS library (synthesized by Invitrogen) were 

single stranded and flanked with BsaI sites. An annealing process was carried out for 

each pair of RBS oligomers to generate double stranded DNAs with an appropriate 

adapter site. All double-stranded RBS fragments were treated with T4 polynucleotide 

kinase (New England Biolabs) prior to OLMA.  

We used OLMA method to construct the Trp-Push library. Plasmids carrying 

trpE
fbr

D, SerA
fbr 

and aroG
fbr

 (pHD-trpED, pHD-SerA, and pHD-aroG), adaptable 

double-stranded RBS sequences, and pACYCDuet were assembled in a single 

restriction-ligation step with BsaI and ligase (New England BioLabs). Next, the 

ligated DNA was treated with Plasmid-Safe ATP-Dependent DNase (Epicentre) 

followed by transformation into chemically competent JM109 cells (Biomed). Sanger 

sequencing of plasmids from 10 colonies confirmed the reliability of the library.  
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2.5. Generation of the error-prone vioB library, Vio-Pull 

 

The following OLMA procedure was performed to create the Vio-Pull library 

containing vioB mutants and the other deoxyviolacein pathway genes. Plasmid pDvio 

carrying the deoxyviolacein biosynthetic cluster was constructed by transferring the 

deoxyviolacein biosynthetic pathway vioABEC from pComVioΔD (Jiang et al., 2012) 

into doubly digested pRSFDuet using the primers BglII-vioA-F and XhoI-vioE-R 

(The vioABCDE cluster was originally isolated and cloned from Duganella sp. B2, 

GenBank accession number GQ266676, Fig. S3) (Jiang et al., 2010). Subsequently, 

vioA (the BsaI site within the original sequence had been removed (C453T, 

synonymous mutation) and vioCE were individually amplified from pDvio and 

Gibson assembled in pHD to generate pHD-vioA and pHD-vioCE, respectively. The 

fragment of vioB was amplified using error prone PCR (Zhao et al., 1999) and 

purified as linear fragments. pRSFDuet was converted into an improved OLMA 

acceptor vector. Briefly, the synthetic template (Fig. S4, SynGenTech) was used to 

remove the pRSFDuet BasI site and introduce two closely located BsaI sites for 

OLMA. This fragment was amplified using the primers pRSF-part-F and -R and then 

ligated into a BsaI/NdeI doubly digested pRSF-Duet by Gibson assembly to yield 

pRSF-Duet-BsaI. pHD-vioA, pHD-vioCE, the vioB mutant library, and the linear 

acceptor pRSF-Duet-BsaI were assembled by OLMA method as described above for 

the Trp-Push library to generate the Vio-Pull library. The reliability of the library was 

confirmed by the purple appearance after transformation and subsequent cultivation of 

its clones at 20°C for 48 h.  
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2.6. Quantification of extra- and intracellular L-Trp 

 

To quantify extracellular L-Trp, fermentation samples were centrifuged at 

13000  g for 5 min, and 10 L of each supernatant was then individually injected 

into an Inertsil ODS-SP 4.6  250 mm column heated at 40°C controlled by a 

Shimadzu HPLC system equipped with a UV detector set to 280 nm. The eluents were 

methanol (A) and 0.05% (w/v) aqueous H3PO4. The elution system was 2% A 

between 0 and 3 min; a linear gradient of 2% to 80% A between 3 and 30 min; 80% A 

between 30 and 40 min; a linear gradient of 80% to 2% A between 40 and 50 min; and 

2% A between 50 and 60 min, all at a flow rate of 0.5 mL/min. The standard curve 

used for L-Trp (Sigma-Aldrich) quantification is shown in Fig. S5a. To quantify the 

intracellular L-Trp concentration, L-Trp in the cells was extracted by silicone oil 

centrifugation according to Klingenberg, et al. (Klingenberg and Praff, 1967) and the 

details were described in the supplementary materials.  

 

2.7. Effectiveness of the biosensor characterized by fluorescence intensity 

 

Overnight LB cultures (0.5 mL) of cells containing pSentrp were individually 

incubated in 10 mL of M9-YE medium in 50 mL flasks, and when the culture OD600 

were ~0.6, IPTG (final concentration, 24 mg/L) was added to induce expression of the 

biosensor. Subsequently, cells were concentrated by centrifugation to an OD600 of 2 to 

4 in MOPS minimal medium containing 4% (w/v) glucose (Neidhardt et al., 1974). 

Briefly, each culture was washed three times to remove the LB broth, and finally, each 

culture was concentrated by around 5-fold. Various amounts of Ala-Trp were then 
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added into individual culture samples to control the intracellular L-Trp concentration. 

Furthermore, after a 4-h incubation, cells were subjected to fluorescence analysis.  

For flow cytometry, each culture was first diluted 400-fold with a PBS-type 

buffer (8.0 g/L NaCl, 0.2 g/L KCl, 1.42 g/L Na2HPO4, 0.24 g/L KH2PO4, pH 7.4) and 

then analysed using a FACSCalibur flow cytometer (BD Biosciences). The excitation 

wavelength was 488 nm, and the emission wavelength was 530 nm. Data from 50,000 

events were collected for each sample, and non-bacterial particles were excluded by 

electronic gating. The fluorescence gain was adjusted for the fluorescence intensity of 

bacteria containing an empty pTrc99a vector. Data were processed using 

BDFACSDiva software (BD Bioscience) and medium fluorescence unit (MFU) was 

calculated for each population.  

For fluorescence spectrometry, aliquots of cell suspensions were diluted five-

fold in the PBS-type buffer described in the preceding paragraph, and fluorescence 

was measured with an F-2500 Hitachi Fluorescence Reader (excitation wavelength, 

488 nm; emission wavelength, 510 nm) and relative fluorescence unit (RFU) was 

obtained. Fluorescence was further normalised to the culture OD600 value. 

The FACS protocol was the same as flow cytometry analysis except that an 

FACS Aria flow cytometer (BD Biosciences) was used.  

 

2.8. Quantification of deoxyviolacein  

 

After fermentation, cells were pelleted by centrifugation at 13000  g for 5 

min and then extracted in ethanol with sonication. After a nearly complete extraction 

(the pellet showed no purple coloration by eyesight), the sample was centrifuged 

again, and the absorbance at 568nm of the supernatant was determined to measure the 
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deoxyviolacein concentration (the standard deoxyviolacein curve is shown in Fig. 

S5b). The cell mass was determined using the OD600 of the re-suspended pellet (Jiang 

et al., 2010; Yang et al., 2011). 

 

2.9. Fed-batch fermentation in a bioreactor  

 

A 5-L, stirred-tank bioreactor (Applicon) was used, as was modified M9-YE 

medium (20 g/L glucose, 3 g/L KH2PO4, 0.5 g/L
 
NaCl, 1 g/L NH4Cl, 5 g/L

 
yeast 

extract, 5 g/L
 
tryptone, 1 mM MgSO4, and 0.1 mM CaCl2). A seed culture was 

prepared by inoculating one colony of B8/pTrpH1/pDVio-L1 into a 500 mL flask 

containing 100 mL of culture medium. The culture was incubated at 37°C and 200 

rpm for 16 h and then transferred into the bioreactor containing 2 L of medium. 

Fermentation was first performed at 37°C for 3 h to allow for biomass accumulation, 

and then the temperature was lowered to 20°C at which time IPTG (final 

concentration, 24 mg/L) was added. A 25% dissolved O2 concentration and a pH of 

7.0 were maintained by an Inpro 6800/12/320 O2 sensor (Mettler Toledo) and a 405-

DPAS-SC-K8S/325 pH electrode in conjunction with a 10 M ammonia titration, 

respectively. During fermentation, after 20 h of incubation, the glucose concentration 

was measured by the dinitrosalicylic acid method (Miller, 1959) and subsequently 

maintained at ~10 g/L by manual addition of glucose. The samples were withdrawn 

periodically to determine the deoxyviolacein concentration and cell density (OD600) as 

described in the last section.  

 

2.10. Statistical Analysis  
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Statistical analysis was performed using the two-tailed Student’s t-test. Results 

are given as the mean (n ≥ 3) ± the standard deviation (SD). Differences in values are 

considered significant when P < 0.05.  

 

3. Results  

3.1. Construction and characterisation of the L-Trp biosensor 

 

Biosensors for L-Met (Mustafi et al., 2012), L-Lys (Binder et al., 2012; Yang et 

al., 2013), L-Val (Mustafi et al., 2014), and L-Arg (Schendzielorz et al., 2014) have 

been constructed based on their well-studied, naturally occurring biosynthetic 

pathways and regulatory mechanisms (Cho et al., 2012; Cipriano et al., 2013). Given 

these successes, by analogy, we constructed pSentrp (Fig. 2a) that encodes an L-Trp 

biosensor. The biosensor is composed of tnaC—which encodes the leader sequence of 

the tnaCAB operon (for which its expression is induced by L-Trp (Gong and Yanofsky, 

2001; Yanofsky et al., 1991))—fused upstream to the gene for the enhanced green 

fluorescence protein (EGFP) (Fig. 2a).  

To test the performance of this biosensor, we induced eGFP expression by 

adding Ala-Trp to the culture medium, with Ala-Trp dipeptide controlling the 

intracellular L-Trp concentration(Binder et al., 2012), or by internal accumulation of 

L-Trp. For the Ala-Trp trial, E. coli BL21(DE3) containing pSentrp was used. The 

maximum intracellular L-Trp concentration was detected at 1.5 h after addition of 1.5 

mM Ala-Trp (Fig. S6). The intracellular L-Trp concentration was linearly dependent 

on the extracellular dipeptide concentration (Fig. S7). At 4 h after the dipeptide 

addition (2~3 h needed for sufficient EGFP expression), EGFP fluorescence was 

measured by flow cytometry and fluorescence spectrometry. The dipeptide-
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fluorescence signal dose curve represented sigmoid shape with detection limit ranging 

from 0.1mM (measured by fluorescence spectrometry, Fig. S8a) up to 1.5 mM 

dipeptide (The fluorescence signal plateaued when the dipeptide concentration 

exceeded 1.5 mM even though more intracellular L-Trp accumulated at greater Ala-

Trp concentrations). The linear response range of this sensor is shown in Figure 2b 

and therefore, representing an ~8-fold dynamic range. Finally, the specificity of the 

biosensor was confirmed as the aromatic amino acids, L-Tyr and L-Phe, induced only 

a small, respectively no fluorescence signal (Fig. S8b). 

 We next tested the performance of the biosensor in genetically modified 

strains of the L-Trp-producing E. coli B8/pED (Fang et al., 2015) that overexpresses 

trpE
fbr

D to different extent. These strains were constructed by replacing the original 

ribosome-binding site (RBS) in pED plasmid with one of four RBSs to generate 

B8/pED-RBS1, B8/pED-RBS2, B8/pED-RBS3, and B8/pED-RBS4 with different L-

Trp productivities (the construction details can be found in supplementary materials). 

pSentrp was also introduced into each strain. We then measured the L-Trp-induced 

fluorescence (measured at 4 h after induction) and the extracellular L-Trp 

concentration, which were found to be positively correlated (Fig. 3) with an L-Trp-

response range of 0.007–0.059 g/L/OD600 and 0.39–1.30 g/L for the extracellular and 

intracellular concentrations, respectively (measured after 24 h of fermentation). 

Moreover, the biosensor did not impact L-Trp biosynthesis per se because the 

extracellular L-Trp concentration was the same within experimental error when the 

strains did or did not contain pSentrp (Fig. S9). The aforementioned results strongly 

suggest that this biosensor can be used to reliably screen strains overproducing L-Trp.  
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3.2. Generation of the mutant library Trp-Push and screening for L-Trp-accumulating 

strains  

 

With the biosensor in hand, we next looked to increase the availability of L-

Trp by combinatorially modulating the upstream module. We, therefore, generated the 

Trp-Push library, and screened it for mutants producing L-Trp in substantial amounts 

using the L-Trp biosensor. With the triple knockout strain B8 (ΔpheAΔtnaAΔtyrR) 

constructed previously (Fang et al., 2015) as the parent strain, we looked for 

upregulation of trpE
fbr

D (Gu et al., 2012; Zhao et al., 2011), aroG
fbr

, (Berry, 1996) 

and serA
fbr 

(Rodrigues et al., 2013) as these genes substantially impact L-Trp synthesis 

(Fig. 4a). For each gene, an RBS library contained RBS sequences with the known 

theoretical translation initiation rates determined using an RBS calculator (Salis et al., 

2009) was designed. These three genes together with their relevant RBS libraries were 

then assembled together and inserted into one acceptor vector pAC using OLMA 

method, (Fig. 4b), giving rise to the Trp-Push library (three-gene pathway with 

diverse expression strengths for each). 10 (aroG
fbr

 and serA
fbr

) and 15 RBS (trpE
fbr

D) 

sequences in each library were designed and constructed for the trpE
fbr

D, aroG
fbr

, and 

serA
fbr

 genes to cover protein expression levels of 2,873-, 52-, 248-fold based on the 

prediction of the RBS calculator (Table S2), thus leading to a theoretical library size 

of 1,500, which necessitates high-throughput screening. We also confirmed the 

reliability of the final library by sequencing 10 colonies after transformation. We 

found that 90% of the plasmids carried the designed pathway and had diverse RBS 

profiles, yielding >5000 colonies and representing a three-fold coverage for the 

designed library size.  
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 The extracted plasmids from the Trp-Push library were co-transformed with 

pSentrp into B8 for high-throughput screening. The cells with the strongest 

fluorescence signals (top 2%) were retained, and then 24 colonies were subjected for 

further characterization. Most of them have sustainably enhanced tryptophan 

accumulation. Among them, three strains were found to be the best overproducer after 

flask fermentation confirmation, which was named after B8/pTrpH1, pTrpH2, and 

pTrp3, respectively. The L-Trp titers of the strains that did not carry pSentrp (removed 

by serial transfer into LB broth without ampicillin) were confirmed after flask 

cultivation, and their RBS profiles were determined by Sanger sequencing. Two of the 

strains B8/pTrpH1 and B8/pTrpH2 have the same genotype and L-Trp titers of 0.45 

g/L, whereas the third strain B8/pTrpH3 exhibited a similar L-Trp titer of 0.44 g/L (the 

genotype for each strain is given in Table S3). Thus, by simultaneously modulating 

the three genes and subsequent FACS screening, we produced an ~100-fold increase 

in the L-Trp level in comparison with that of the parent strain B8/pAC (Fig. 4c). 

We previously showed that an increase in L-Trp biosynthesis (upstream module) 

enhances violacein mixture (viocalein and deoxyviocalein) biosynthesis (similar to 

the downstream module in this work) (Fang et al., 2015). For this report, we inserted 

the downstream deoxyviolacein module (pDvio) into the parent strain (B8/pAC) and 

the optimized L-Trp overproducer B8/pTrpH1, respectively. B8/pTrpH1/pDvio has a 

2.5-fold greater deoxyviolacein titer (0.19 g/L/OD600) than does the parent strain 

B8/pAC/pDvio (0.08 g/L/OD600; Fig. 4c). However, the increase in deoxyviolacein is 

less than expected at a 100-fold increase in L-Trp accumulation, indicating that a 

bottleneck existed in the downstream deoxyviolacein pathway. 
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3.3. Generation of the mutant library Vio-Pull and screening for a deoxyviolacein 

overproducer.  

 

The deoxyviolacein pathway contains four enzymes, VioA, VioB, VioC, and 

VioE (Jiang et al., 2012; Rodrigues et al., 2013). VioB activity is rate-limiting for 

deoxyviolacein production given that when its copy number is increased, 

deoxyviolacein titers also increase substantially (unpublished data). However, because 

a sensor for deoxyviolacein does not exist so far, given the low throughput and the 

poor colour resolution when deoxyviolacein-producing colonies cultured on agar 

plates are screened (unpublished data), it has been very difficult to perform directed 

evolution to increase the activity of VioB. To overcome these problems, we used the 

negative high-throughput screening of the InterSPPS approach to increase 

deoxyviolacein biosynthesis. Briefly, we used the expected decrease in fluorescence 

reported by the L-Trp biosensor to screen for clones optimized for deoxyviolacein 

biosynthesis (i.e., the VioB bottleneck having been removed by protein engineering) 

given that L-Trp would be rapidly converted to deoxyviolacein when the downstream 

module is operating efficiently (Fig. 1a, Fig. S1).  

We first assessed if this negative signal-based screening model would work as 

designed. The original pDvio plasmid carries two T7 promoters and one copy of the 

deoxyviolacein synthesis pathway under the control of one of the T7 promoters. Three 

plasmids containing an additional copy of vioB, vioC, or vioE under the control of the 

remaining T7 promoter (pDvio-vioB, pDvio-vioC, and pDvio-vioE, respectively) 

were constructed (the construction details of these three plasmids can be found in 

supplementary materials), and the plasmids were individually co-transformed with 

pSentrp into B8/pTrpH1 to mimic diverse downstream pathway carbon fluxes. We 
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found that the strains with the greater deoxyviolacein titers exhibited as expected 

decreased fluorescence and showed also less L-Trp accumulation (Fig. 5).  

Having established the screening method to search for rate-limiting enzyme 

VioB mutants, we sought to further increase the activity of this enzyme. Knowing that 

overexpression of many genes under the control of strong promoters  (i.e., in this case, 

vioB and other pathway genes are driven by T7 promoter) increases the metabolic 

burden of the host cell (Ajikumar et al., 2010), we suspected that using even stronger 

promoter or RBS engineering might limit the improvement space of this microbial 

cell factory. Hence, directed evolution is applied here aiming at increasing VioB 

activity rather than expression modulation. The vioB gene was amplified by error-

prone PCR, and the products were assembled together with wild type vioACE genes 

into one pRSFDuet vector by OLMA method to generate the Vio-Pull library (20,000 

colonies). The plasmids from this library were co-transformed with pSentrp into 

B8/pTrpH1 and then FACS screened. Strains were sorted into three groups based on 

their relative fluorescence, and two strains were randomly selected from each group. 

Strains L-1 and L-2 with relatively low fluorescence intensity have the same 

mutations in vioB and a relatively greater deoxyviolacein titer of 0.35 g/L/OD600, 

which is 1.8-fold greater compared with that of the parent strain B8/pTrpH1/pDvio 

(0.19 g/L/OD600; P = 0.0004 compared with the parent strain; Fig. 6a). Strains M1 and 

M2 with intermediate relative fluorescence also had the same genotype (but different 

to that of L series), and deoxyviolacein titers of 0.08 g/L/OD600. Strains H1 and H2 

with the highest relative fluorescence did not have the same mutations, and had 

relatively lower deoxyviolacein productivities accompanied by the greater 

fluorescence. The VioB mutations in these strains are listed in Fig. 6b.  
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3.4. Fermentation kinetics of B8/pTrpH1/pDVio-L1 in a 5-L bioreactor.  

 

The fed-batch productivity of B8/pTrpH1/pDVio-L1 was assessed using a 5-L 

bioreactor with online control of pH and dissolved O2 (Fig. S10). The time course 

profiles for glucose concentration, deoxyviolacein accumulation, and OD600 are 

shown in Fig. 7. Similar to our and other published reports on fed-batch fermentation 

to produce violacein (Fang et al., 2015; Rodrigues et al., 2013), deoxyviolacein 

accumulation also showed a growth-coupling pattern. Probably owing to growth 

inhibition caused by protein overexpression and deoxyviolacein biosynthesis, the final 

OD600 was only ~11, which is much smaller than that found for the conventional high-

density fed-batch fermentation of E. coli (Zhao et al., 2013). Nonetheless, the final 

deoxyviolacein titer was 1.92 g/L at 48 h, which is a 20% improvement compared 

with the best recombinant E. coli that uses a simple carbon source (glycerol in that 

case) to produce deoxyviolacein (Rodrigues et al., 2014). More importantly, the 

productivity (40 mg/L/h) achieved with our E. coli construct present an improvement 

of five-fold compared with that achieved by Rodrigues et al. (Rodrigues et al., 2014). 

These comparisons indicate that InterSPPS is a practical, promising means by which 

to improve the performance of industrial microbial cell factories for production of 

natural metabolites. 

 

4. Discussion  

Rapid advances in synthetic biology have greatly improved combinatorial 

pathway library construction in terms of the genotypic space surveyed and library 

quality (Engler et al., 2009; Wang et al., 2009). However, the same cannot be said for 

high-throughput screening of phenotype space used during microbial cell factory 
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construction. Despite the potential of biosensors to fill this gap, poor knowledge of 

secondary metabolic pathway regulation (Cipriano et al., 2013) and protein sequence-

structure-function relationships (Raman et al., 2014b) limit our ability to develop 

biosensors for many molecules of commercial interest, especially those associated 

with secondary metabolic pathways. Such recognition is evidenced by our search on 

June 26, 2015 of RegTransBase (Cipriano et al., 2013), a transcription regulation 

database based on literature mining. Notably, we found 266 transcription factors for 

amino acids effectors, 676 for carbohydrates, but only 5 for coenzymes and 187 for 

heterocyclic compounds (corresponding to 63 heterocyclic effectors as some of the 

transcription factors share the same effector). Our InterSPPS strategy provides a 

versatile platform to address this deficiency by making full use of a biosensor 

responsible for a compound residing at main metabolism junctions that can be used in 

a sequential push-pull style. Notably, using our new biosensor we substantially 

increased the synthesis of L-Trp during the positive screening portion of InterSPPS 

(metabolic push) via construction of a combinatorial library overexpressing trpE
fbr

D, 

aroG
fbr

, and serA
fbr

. By doing so, the L-Trp and deoxyviolacein titers were increased 

by 100- and 2.5-fold, respectively. Subsequently, during the negative-screening 

portion of InterSPPS (metabolic pull), by improving the downstream activity of the 

rate-limiting enzyme VioB via directed evolution, the deoxyviolacein titer was 

increased by an additional 1.7-fold. In the fed-batch fermentation, the deoxyviolacein 

titer was 1.92 g/L and the productivity 40 mg/L/h; both values are the greatest 

reported to date (Rodrigues et al., 2014). Because deoxyviolacein has important 

antibacterial and antifungal activities (Jiang et al., 2012; Wang et al., 2012), our work 

provides an attractive means to produce this value-added natural product from glucose. 
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The success of InterSPPS largely depends on the properties of biosensor. For this 

report, we developed a biosensor with high specificity (Fig. S8b), good linear 

detection range, and a relatively intermediate dynamic range (Fig. 2b) that still proved 

effective during the optimization. However, further engineering efforts to increase the 

deoxyviolacein titer and productivity will rely on optimization of the biosensor. Its 

dynamic range is only eight-fold (Fig. 2b), which is smaller than some of other 

biosensors that have been successfully used in metabolic engineering applications 

(DeLoache et al., 2015; Raman et al., 2014a; Tang and Cirino, 2011). This limited 

dynamic range may hinder identification of clones that have moderate productivity 

differences. Concurrently, because the design of an InterSPPS biosensor needs a bi-

directional screening ability, the upper and lower limits of the detection range need 

careful optimization. Specifically, the L-Trp biosensor has a linear detection range 

between 0.01 and 0.06 extracellular L-Trp/L/OD600 (Fig. 3), which is suboptimal for 

positive and negative screening of the two optimal modules. The limited dynamic 

range of the L-Trp biosensor might be circumvented by a variety of approaches. For 

example, mutation of a relevant site in tnaC or 23S RNA decreases the sensitivity of 

leader peptide retention to L-Trp (Martínez et al., 2014), which may, in turn, extend 

the detection range. In addition, we observed while using the biosensor to characterize 

endogenous L-Trp accumulation (Fig. 3) that the intracellular L-Trp concentration was 

~10-fold greater than the extracellular concentration (data not shown). The 

intracellular L-Trp concentration may, therefore, have quickly saturated the biosensor 

capacity, thus limiting it upper detection limit. To address this problem, transporter 

engineering (Kind et al., 2014) might be incorporated during the positive screening 

phase so as to reduce the intracellular L-Trp concentration, thus allowing for better 

optimization of the upstream pathway.  
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Many enzymes in secondary metabolic pathways have only moderate activity 

compared with those involved in the central carbon metabolism, as suggested by 

database mining (Bar-Even and Salah Tawfik, 2013; Bar-Even et al., 2011) and 

practical examples (Brown et al., 2015; Xie et al., 2015), which hinders efforts to 

overproduce secondary metabolites. Given these observations, directed evolution is 

necessary to eliminate the protein-related bottlenecks. However, the lack of efficient 

screening methods greatly hinders such approaches. Herein, we have shown that 

InterSPPS provides a possible solution to this problem as evidenced by its ability to 

screen for a mutant (>20,000 clones) with improved activity for the rate-limiting 

enzyme VioB in the deoxyviolacein biosynthetic pathway. Unfortunately, owing to 

the lack of structure data and the difficulty of purifying VioB (unpublished data), we 

are not yet able to characterize the detailed mechanism underlying the effects of the 

mutations. However, our results clearly demonstrate the feasibility of using 

InterSPPS-assisted protein engineering to improve the enzymatic step(s) that is a 

bottleneck(s) in a secondary metabolic pathway. This approach could be applied to 

other secondary metabolic pathways that also have an enzyme(s) that substantially 

limits the production of an end product. 

For biosynthetic pathways such as that for L-Trp, which is complex and tightly 

interconnected with core carbon metabolism (Rodrigues et al., 2013), it is especially 

important to highlight the necessity to simultaneously modulate the activities of 

different modules, because the effects of individual genetic manipulations are rarely 

additive (Ajikumar et al., 2010). High-throughput screening will thus be required, and 

biosensor is one of the most promising approaches to fulfill such requirements 

(Dietrich et al., 2010). In this context, a particularly vexing issue is the lack of 

biosensors that target many value-added secondary metabolic pathway products. As a 
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versatile platform, InterSPPS opens a new means for high-throughput screening that 

focuses on many secondary metabolic pathways. For example, using a constructed 

biosensor responding to malonyl-CoA (Li et al., 2015; Liu et al., 2015; Xu et al., 

2014a, 2014b), L-Tyr (Chou and Keasling, 2013), L-Lys (Binder et al., 2012), L-Trp 

(this work), or isopentenyl pyrophosphate (Chou and Keasling, 2013), InterSPPS can 

enhance the biosynthesis of fatty acid(s) for use in biofuels (Guo et al., 2014) (from 

malonyl-CoA), isoquinoline alkaloids such as (S)-reticuline (DeLoache et al., 2015)  

(from L-Tyr), the biopolymer building block cadaverine (Kind et al., 2014) (from L-

Lys), serotonin (from L-Trp) (Lin et al., 2014b), or terpenoids (Zhao et al., 2013) 

(from isopentenyl pyrophosphate), respectively. Additionally, a system of two 

InterSPPS-related biosensors can be easily modified to assist engineering of pathways 

having a branched architecture such as flavonoid biosynthesis, e.g., naringenin 

(Raman et al., 2014a) (L-Tyr and malonyl-CoA biosensors), or indole alkaloid 

biosynthesis, e.g., strictosidine (Brown et al., 2015) (L-Trp and isopentenyl 

pyrophosphate biosensors). Such combinations should substantially accelerate 

optimization processes by simultaneously monitoring multiple intermediate 

concentrations and quickly identifying the next targeted module, a module for which 

substrate (pathway intermediate) has accumulated. Such processes are quite labour 

intensive and inefficient during screen-free pathway engineering, owing to the 

substantially larger library size and metabolic landscape complexity.  
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5. Conclusion  

 

To summarize, with the L-Trp biosensor developed in this work, InterSPPS 

strategy was applied to deoxyviolacein biosynthetic pathway as a proof of concept, by 

which the pathway was sequentially optimized in high-throughput manner without 

incorporating an end-product biosensor. This strategy successfully boosted the 

deoxyviolacein production to the titer of 1.92g/L, the highest level reported ever. In 

general, InterSPPS represents a powerful means to overproduce value-added natural 

products by pathway engineering and is expected to increase the efficiency and speed 

of microbial cell factory optimization processes in the future. This scheme should be 

especially helpful when optimizing secondary metabolic pathways for which 

biosensors for the target products have not been developed in many cases.  
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Tables  

        Table. 1. List of strains used in this work  

 

Strains or 

plasmids 
Characteristics Source 

Strains   

B8 
E. coli BL21(DE3) 

ΔtrpRΔtnaAΔpheA 

Fang, M.-

Y. et al., 

plasmids   

pAC 
pACYCDuet, T7 

promoter, Cm
R
 

Novogen 

pRSF 
pRSFDuet, T7 promoter, 

Km
R
 

Novogen 

pED 

pACYCDuet with trpE
fbr

D 

(Met293Thr, TCC to TTC; 

Ser40Leu ATG to ACG), Cm
R
 

Fang, M.-

Y. et al., 

pComVioΔ

D 

pCom10 carrying 

deoxyviolacein biosynthesis 

pathway, vioABEC, Km
R
 

Jiang, P., 

et al., 2012 

pDvio 

pRSFDuet with 

deoxyviolacein biosynthesis 

pathway, vioABEC, Km
R
 

This 

study 

pSentrp 
pTrc99A with regulatory 

element and eGFP, Amp
R
 

This 

study 

pED-

RBS1,2,3,4 

The plasmids with RBS 

mutated from pED, Cm
R
 

This 

study 

pHD 
Backbone free of BsaI 

restriction site, Tet
R
 

Life 

Technology 

pHD-trpED pHD1 with trpE
fbr

D, Tet
R
 

This 

study 

pHD-serA 

pHD1 with serA
fbr

 

(Thr327Asp, ACT to GAT), 

Tet
R
 

This 

study 

pHD-aroG 

pHD1 with aroG
fbr

 

(Asp146Asn, GAT to AAT; 

Pro150Leu, CCA to CTA), Tet
R
 

This 

study 

Trp-PUSH 

library 

pACYCDuet with 

trpE
fbr

D, serA
fbr

, aroG
fbr

, all 

This 

study 
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RBSs were from libraries, Cm
R
 

pTrpH1,2,3 
The plasmids which were 

selected from Trp-PUSH library 

This 

study 

pDvio-

vioB/vioC/vioE 

pDvio carrying one 

additional copy of vioB, vioC, 

vioE driven by T7 promoter 

This 

study 

pHD-vioa pHD1 with vioA, Tet
R
 

This 

study 

pHD-viob 

pHD1 with vioB 

(generated by error prone 

PCR), Tet
R
 

This 

study 

pHD-vioce pHD1 with vioCE, Tet
R
 

This 

study 

Vio-PULL 

library 

pRSFDuet with vioABCE, 

of which the vioB gene was a 

library generated by error prone 

PCR, Km
R
 

This 

study 

pDvio-

L1/2,M1/2,H1/2 

The plasmids which were 

selected from Vio-PULL library 

This 

study 
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Figure Captions  

Fig. 1. Intermediate sensor–assisted push-pull strategy enables sequential 

pathway optimization (InterSPPS) in a high-throughput manner without using an end-

product biosensor. (a) A generalized InterSPPS schematic. 1. When a biosensor (light 

bulb) targets an intermediate in a biosynthesis pathway, the pathway can be 

considered as two modules connected by the intermediate molecule. 2. The upstream 

module can be enhanced first by constructing a library containing mutants that 

produce more of the intermediate. High-throughput screening for such mutants is then 

performed using the biosensor as the monitor, with the expectation that the intensity 

of the biosensor will increase. 3. The activities of the components of the downstream 

module can then be optimized so that they readily use the intermediate produced by 

the upstream module. This step also relies on high-throughput screening using the 

intermediate biosensor as the monitor, with the expectation that the intensity of the 

biosensor will decrease due to the depletion of intermediate owing to the enhanced 

activity of the downstream module. The resulting pathway should then be 

overproducing the end product and its metabolic flux can well be balanced. (b) A 

schematic of the deoxyviolacein biosynthetic pathway with glucose as the initial 

carbon source and L-Trp as the defining intermediate (G6P: glucose 6-phosphate, FDP: 

fructose 1,6-biphosphate, DHAP: dihydroxyacetone phosphate, G3P: glyceraldehyde 

3-phosphate, PEP: phosphoenolpyruvate, PYR: pyruvate, AcCoA: acetyl-CoA, CIT: 

citrate, MAL: malate, OAA: oxaloacetate, DAHP: 2-Dehydro-3-deoxy-D-arabino-

heptonate 7-phosphate, CA: chorismate, TRP: L-Trp, dVIO: deoxyviolacein). The 
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final titers of L-Trp and deoxyviolacein and their relative production increases are 

shown in the upper right corner of the figure.  
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Fig. 2. Performance of the L-Trp biosensor in the presence of extracellular Ala-Trp. (a) 

Top panel, natural attenuation of tnaCAB expression occurs via ribosomal pausing of 

partially translated TnaC, the leader peptide of the tnaCAB operon at its terminal 

proline codon. In the absence of L-Trp, the TnaC leader peptide is released from the 

tRNA and the ribosome, which allows the Rho factor to access the Rho-dependent 

terminator on tnaCAB and prematurely terminate transcription. Bottom panel, in the 

presence of L-Trp, access by Rho is blocked and transcription of tnaCAB continues. 

Based on this mechanism, to construct the biosensor, we replaced tnaAB with eGFP 

so that the TnaC-based native-like regulatory device can be induced by intracellular L-

Trp and the intracellular L-Trp concentration can be monitored as a fluorescent signal. 

(b) Response of the biosensor towards external Ala-Trp characterized by fluorescence 

spectrometry (green squares; RFU, relative fluorescence unit) and flow cytometry 

(orange circles; MFU, medium fluorescence unit). The fluorescence signal plateaued 

when the dipeptide concentration exceeded 1.5 mM even though more intracellular L-

Trp accumulated at greater Ala-Trp concentrations (data not shown). Data in Fig. 2b 

are presented as the mean ± SD; n = 3.  
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Fig. 3.  Dose-response by the biosensor in strains that accumulate L-Trp to different 

extents. The fluorescence signal was measured at 4 h after IPTG induction, and L-Trp 

accumulation was measured after a 24-h culture. Green bar: fluorescence signal 

determined by normalized RFU, Blue bar: extracellular L-Trp concentration. Data are 

presented as the mean ± SD; n = 3. 

 

Fig. 4. Construction and screening of the Trp-Push library to increase the L-Trp and 

deoxyviolacein titers. (a) In the established strain B8 containing the triple knockout 

ΔpheAΔtnaAΔtrpR, L-Trp biosynthesis was further strengthened by overexpressing 

three key enzymes, TrpE
fbr

D, AroG
fbr

, and SerA
fbr

. The known feedback inhibition 

sites residing in the corresponding three wild-type enzymes had been eliminated by 

mutations as described in Materials and Methods (Section 2.5.). (b) The combinatorial 

library Trp-Push was constructed to modulate the expression of TrpE
fbr

D, AroG
fbr

, and 

SerA
fbr

 via RBS engineering. A schematic of the OLMA method used to construct the 

Trp-Push library is shown. Between 10 and 15 RBSs with a wide range of translation 

strengths according to the RBS calculator predictions were designed for the three 

enzymes. The RBS sequences were ligated onto the structural genes by OLMA 

method and inserted into the acceptor vector pAC to generate the Trp-Push library 

that can simultaneously express the three genes with diverse strength. (c) L-Trp (blue 

bar) and deoxyviolacein (purple bar) accumulation for the best L-Trp producer 

(B8/pTrpH1) retrieved by FACS facilitated with biosensor monitoring and the parent 

strain (B8/pAC). For deoxyviolacein biosynthesis, pDvio was transformed into the 

optimized B8/TrpH1 and parent B8/pAC strains. Data are presented as the mean ± SD; 

n = 3. **, P < 0.01; ***, P < 0.001; two-tailed t-test.  
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Fig. 5. InterSPPS negative screening capability tested using B8/pTrpH1/pDvio-vioC, 

B8/pTrpH1/pDvio-vioE and B8/pTrpH1/pDvio-vioB with diverse deoxyviolacein 

biosynthetic activities. (a) Deoxyviolacein biosynthetic capacities of the three strains 

measured at 4 h after IPTG addition. (b) Relative biosensor fluorescence measured at 

4 h after IPTG addition. The deoxyviolacein biosynthetic capacity of each strain (Fig. 

5a) negatively correlates with the biosensor relative fluorescence signal. (c) 

Extracellular L-Trp concentration measured at 24 h after IPTG addition. The negative 

correlation between the fluorescence signal and deoxyviolacein accumulation 

probably is a consequence of L-Trp depletion. Data are presented as the mean ± SD; n 

= 3. 
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Fig. 6. Phenotypic and genotypic characterisation of strains retrieved by InterSPPS 

negative screening from the Vio-Pull library that contains the vioB mutant library 

created by error-prone PCR. (a) Six strains were isolated from the Vio-Pull library 

and categorised into three groups according to their biosensor fluorescence. L1/2, 

relatively little fluorescence; M1/2, intermediate fluorescence; and H1/2 relatively 

large fluorescence. Because the L1/2 pair has the same genotype as shown by Sanger 

sequencing, the flask fermentation data for the two clones were averaged. M1 and M2 

also have the same genotype (although different from that of L1 and L2), and their 

data were also averaged. The fluorescence intensities and deoxyviolacein 

accumulations of these six strains (after removal of pSentrp) were measured as 

described in Methods. Data are presented as the mean ± SD; n = 6 for L1/2, and M1/2, 

and n = 3 for the H strains and the parent strain. ***, P < 0.001, two-tailed t-test was 

performed for the final deoxyviolacein titer of L1/2 and their parent strain. (b) 

Nucleotide mutations identified by Sanger sequencing and the corresponding amino 

acid mutations.  



 

 41 

 

Fig. 7. Fed-batch fermentation of B8/pTrpH1/pDVio-L1 for deoxyviolacein 

production. The culture OD600, residual glucose concentration, and deoxyviolacein 

titer were measured during a 60-h fermentation.  
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Highlights 

 An L-Trp biosensor was developed based on native control of the 

tryptophanase operon. 
 

 The deoxyviolacein pathway was divided into two modules, providing 

and utilizing Trp, respectively. 
 

 The biosenor was used for screening combinatorial libraries of 

upstream module for increased L-Trp formation. 
 

 Subsequently the same biosensor was used for screening downstream 

enzyme vioB mutant library based on reduced L-Trp-dependent biosensor 

output. 
 

 With this biosensor-coupled push/pull approach, a strain accumulating 

1.92 g/L deoxyviolacein in fed-batch fermentation was obtained. 
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