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ABSTRACT OF THE THESIS  

Bioproduction of L-tyrosine and L-tyrosine derivatives by biosensing and modular 

co-culture engineering approaches 

By ZHENGHONG LI  

Thesis Director: 

Dr. Haoran Zhang 

Producing aromatic compounds, especially by using sustainable and 

environmentally friendly methods, is of great research and application significances. 

L-Tyrosine is one of 20 standard amino acids and is a key precursor for biosynthesis 

of a wide range of valuable biochemicals. This thesis research focuses on 

constructing a microbial L-tyrosine producer and utilizing it as a versatile platform 

for bioproduction of value-added L-tyrosine derivatives. For developing a L-tyrosine 

overproducer, key L-tyrosine biosynthesis pathway enzymes were first over-

expressed in E. coli. Subsequently, a biosensor-assisted cell selection system was 

established which, via utilization of a tyrosine biosensor protein TyrR, maintained 

the growth of high performing cells in an isogenic population and repressed the 

growth of the low performing cells. The experimental results showed that this method 

resulted in a 5.9-fold improvement of L-tyrosine production. On the other hand, 

overproduction of tyrosine derivatives, including phenol, 4-hydroxystyrene, caffeic 

acid and rosmarinic acid, were also investigated.  Specifically, modular co-culture 
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engineering approaches were utilized for high-efficiency biosynthesis of these 

products. The biosynthetic pathways for these products were divided into separate 

modules, each of which was contained in one specialized E. coli strain. By using this 

approach, phenol, 4-hydroxystyrene, caffeic acid, and rosmarinic acid production 

was improved for 5.3, 2.5, 1.2, and 38 folds, respectively. Moreover, selected 

biosensors were used in a growth regulation strategy in co-culture system, which was 

designed to automatically adjust the cell growth behavior based on the tyrosine 

availability change.  For 4-hydroxystyrene and caffeic acid, the integrated use of 

biosensors and modular co-culture engineering resulted in 2.7 folds and 2.5 folds 

production enhancement for 4-hydroxystrene and caffeic acid, respectively, 

compared with co-culture systems without biosensor, and 6.9 folds and 2.9 folds 

improvement compared with the monoculture controls. The accomplishments of this 

thesis study demonstrate that biosensing and modular co-culture engineering are 

valuable tools for future development of metabolic engineer and microbial 

biosynthesis. 
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Chapter 1 Introduction  

1.1 Biosynthetic methods for chemical production 

      Nowadays, production of daily chemicals, especially for the aromatic 

compounds, highly relies on the petroleum industry, which is not renewable or 

sustainable. Traditional methods of producing these compounds is also costly, 

because they often involve high temperature and/or pressure. Also, the solvent 

and byproducts from the production processes can be detrimental to the 

environment and peopleôs heath. As such, microbial biosynthesis are considered 

as a sustainable tool for producing important chemicals, including fuels, 

commodity chemicals, specialty chemicals, and pharmaceutical chemicals. 

Actually, it has been a long history for people to use microbes to produce alcohols, 

cheeses and sauces even before the microbes were discovered in the scientific 

sense. It is therefore of great significance to take advantage of these cell factories 

and develop biosynthetic systems better than traditional petroleum-based 

processes. 
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Figure 1.1 Schematic illustration of biosynthesis pathways for the compounds of interest. 

DAHP (3-deoxy-D-arabino heptulosonate-7-phosphate); DHS (3-dehydroshikimate); SHK 

(shikimate); S3P (SHK-3-phosphate); EPSP (5-enolpyruvyl-shikimate 3-phosphate); CHK 

(chorismate); 4HPP (4-hydroxyphenolicpyruvate); 3,4DHPP (3,4-

Dihydroxyphenolicpyruvate); SAA (salvianic acid A); TYR (L-tyrosine); pCA (p-coumaric 

acid); 4HS (4-hydroxystyrene); CA (caffeic acid); CACoA (caffeoyl CoA); RA (rosmarinic 

acid); phenol (phenol). 

      Among the commonly used microbes, E. coli is considered one of the best 

biosynthetic tools due to the clear genetic background and the fast growth rate. 

Also, E. coli is easy to manipulate and there are many available tools to engineer 

E. coli for a specific biosynthetic system. This thesis investigated the biosynthesis 

of a variety of important chemicals including simple compounds such as 1) 

tyrosine, 2) phenol, 3) hydroxystyrene 4) caffeic acid, and complicated nature 

products 5) rosmarinic acid. (Figure 1.1). 

 1.2 Thesis objectives 

      The overarching goal of this thesis research is to develop robust biosynthetic 

systems for overproducing desired compounds with high performance. For this, 

traditional metabolic engineering tools as new engineering strategies, such as 

modular co-culture engineering and biosensing, were introduced for enhancing 

the biosynthetic ability. To this end, a tyrosine over-producing platform will be 

first established by constructing bacterium E. coli strains with an engineered 

biosynthesis pathway and a biosensor assisted cell selection system. A series of 

downstream enzymatic steps were then introduced to E. coli to convert tyrosine 

to desired products. Namely, this study reconstituted the biosynthesis pathways 

for heterologous production of value-added biochemicals shown in Figure 1.1.  
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Figure 1.2 Monoculture and co-culture design. A) Monoculture design. B)  Co-culture 

engineering in a linear form.C) Co-culture design in convergence form. Different host 

strains were constructed for different modules of the biosynthesis pathway 

1.2.1 Modular co-culture engineering  

Modular co-culture engineering is a newly developed approach for microbial 

biosynthesis, which utilizes microbial co-cultures to accommodate modularized 

biosynthesis pathways.  For biosynthesis of the selected products of this study [1, 

2], all the involved biosynthesis pathways were divided into separate modules, 

respectively (Figure 1.2B and C). Each module was only responsible for one 

portion of the bioproduction labor. Accordingly, a series of co-cultures were 

rationally designed and constructed to accommodate the modularized pathways. 

Each co-culturecontains multiple specialized E. coli strains that were engineered 

to harbor the assigned biosynthetic pathway modules. The bioproduction by the 

co-cultures was systematically optimized by changing several factors, including 

inoculation ratio between the constituent co-culture strains, co-culture cultivation 

conditions, the limiting step of the pathway, etc. The engineered co-cultures were 

characterized to gain insights for the co-culture growth and biosynthesis 
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behaviors. Specifically, the time profiles for strain-to-strain ratio, overall growth, 

concentration of pathway substrates, intermediates, and products, overall 

production yield, were analyzed and compared. 

 

Figure 1.3 Biosensor assisted high performing cell selection system. A) Mechanism of 

biosensor assisted cell selection system on high and low performing cells. B)  Population 

shift for biosensor assisted selection system. 

1.2.2 Biosensor-assisted high performing cell selection 

      Using biosensors to select high performers among a cell population is another 

emerging strategy that can effectively improve the production. The utilization of 

biosensor is based on the fact that cells have different biosynthetic abilities even 

though they have the same genome configuration (the isogenic cells are naturally 

different in terms of bioproduction performance). This can be explained by the 

following reasons [3]: 1) The gene copy numbers can be different from cell to 

cell; 2) The epigenetic modifications of each cell is not same; 3) The stability and 

activity of mRNA are varied; 4) There is stochastic gene expression. To select the 

cells with high biosynthetic ability, the biosensor systems are designed to 

maintain the growth and propagation of high performing cells and repress the low 

performing cells. They consist of three parts: signals, signal processing systems 

and responses. In the biosensor assisted selection systems, signals are the 
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concentrations of the target compounds that bind with biosensors, and responses 

are usually the cell growth conditions. For signal processing, a biosensor binds 

with the target metabolite and acts on a promoter that can specifically turn on/off 

the expressionof an antibiotic resistance gene (on-switch promoter) or a toxin 

gene (off-switch promoter). Based on this design, the high performing cells with 

higher concentration of the target compound can turn on the expression of 

antibiotic resistance gene or turn off the expression of toxin to maintain a normal 

growth status. Instead, low performing cells are repressed for growth by the 

antibiotic or the toxin, which leads into a population shift in favor of the high 

performing cells, as suggested in Figure 1.3B [3, 4]. 

1.2.3 Biosensor-based growth regulation system in co-culture engineering 

      A biosensor can also be used as the growth regulator in co-culture engineering 

for dynamic balancing of the biosynthetic pathway. Specifically, pathway 

intermediate concentration is used as the signal and downstream strain growth is 

used as response. The signal processing system is the similar to the biosensor-

assisted selection system. When the pathway intermediate concentration is lower, 

only upstream strains can grow and produce intermediate. Downstream strain 

only grows and converts intermediate after the accumulated concentration of the 

target intermediate is high enough to de-repress the cell growth via the sensing 

and gene expression regulation function of the selected biosensor. When the 

intermediate concentration is lower due to the downstream strain consumption, 

upstream cell gains growth priority and starts to accumulate intermediate again, 

as suggested in Figure 1.4.  
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Figure 1.4 Mechanism of biosensor-assisted cell growth regulation system within a co-

culture.  

      This growth regulation system can maintain the upstream strain 

advantageous when the concentration of intermediate is low and promote the 

growth of the downstream strain when intermediate concentration is high. As 

such, the biosynthetic pathway can be dynamically balanced for bioproduction 

optimization. 

1.2.4 In-situ removal of product 

      As some biosynthesis products are toxic to cell growth, an in-situ extraction 

method was also tested in this research. There are many advantages for using this 

in-situ extraction method [5, 6]. Firstly, the organic solvent can reduce the 

concentration of the product compound in aqueous phase and remove the toxicity 

of product (e.g. phenol. Secondly, in-situ removal of product reduces the product 

concentration in the aqueous phase, which pushes the enzymatic conversion 

equilibrium toward the final compounds to improve the overall biosynthetic 
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ability.  Also, this in-situ product removal strategy is effective for alleviating the 

feedback control of enzymatic reactions . 

 1.3 Significance of the thesis 

The significance of this research are several folds. First, the investigation of 

tyrosine-derived biochemical production generated new knowledge for microbial 

biosynthesis of these valuable product with high efficiency. In particular, the 

inclusion of heterologous enzymes and their functional expression in E. coli 

promoted the understanding about the performance of individual pathway 

enzymes and their collective behaviors in heterologous host.  

Second, from the perspective of practical application, the success of this study 

paved the way for large scale bioproduction of the involved products. Especially, 

the bioreactor production study offered important protocols for high cell density, 

high substrate consumption and high product production operations. This in turn 

improved the availability of these products using a renewable, sustainable, and 

cost-effective method.  

Third, this study provides critical knowledge for using modular co-culture 

engineering to address the challenges of conventional mono-culture engineering. 

To this end, the production advantages associated with engineered co-cultures 

were highlighted and the corresponding results showed how the co-cultures led 

to better biosynthesis performance than the mono-culture controls. 

Lastly, this research crosses several research areas such as metabolic 

engineering, biosensing, synthetic biology and bioprocess engineering, and 

leverages the power of particular areas to others. As such, the pursuit of this work 
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promoted synergistic advances of these research areas, which is highly significant 

for the future development of new engineering tools and methodologies. 

 1.4 Thesis organization 

Chapter 2 describes the construction of a tyrosine overproducing platform 

using the biosensor assisted selection systems. Different biosensors and toxins 

were used to establish effective selectin systems. 

Chapter 4 and 5 disucss biosynthesis of tyrosine derivative phenyl. The 

tyrosine producer constructed in Chapter 2 was used for phenol production using 

a co-culture strategy. Another pre-constructed tyrosine producer P2H was used 

for phenol production from glycerol in monoculture by in situ product removal 

strategy with resins, followed by the catalytic reaction to produce alkylated 

phenol. 

In Chapter 6, the aforementioned tyrosine producer P2H was used as the 

upstream strain for producing caffeic acid and 4-hydroxystyrene using a growth 

regulated biosensor in co-culture engineering. Downstream strains with the 

tyrosine biosensor can adjust the growth automatically according to the 

concentration change in the culture and thus facilitate the biosynthesis 

optimization.  

Biosynthetic pathways in Chapter 4 and 6 are all linear pathways using L-

tyrosine as an intermediate for the co-culture systems, while some natural 

products involve more complicated structure and convoluted pathways. In 

Chapter 7, biosynthesis of rosmarinic acid, an ester of caffeic acid and salvianic 

acid A, was accomplished. The involved divergence-convergence pathway is 

highly challenging engineered with traditional metabolic engineering tools but  
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0offers a great platform to demonstrate the power of modular co-culture 

engineering.  

Finally, Chapter 8summarizes the impacts of the experimental results and 

discusses future study directions. 
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Chapter 2 L-Tyrosine biosynthesis 

 2.1 Introduction 

2.1.1 Backgrounds 

      L-Tyrosine ((2S)-2-amino-3-(4-hydroxyphenyl) propionic acid) is one of 20 

standard amino acids that are used for protein biosynthesis in cells. It has 

broadened use in multiple fields due to its good bioactivity. As a dietary 

supplement, L-tyrosine was found advantageous for people suffering stress, cold, 

fatigue and sleep deprivation symptoms. It is also a vitiligo alleviator as well as 

an analogue to neurotransmitter and hormone, which leads to high medical value.  

      Besides, L-tyrosine is also a versatile precursor for a series of aromatic 

compounds that are widely applied in many different industries [7]. Traditionally, 

those aromatic derivatives mainly rely on the production of petroleum-based 

industry. To this end, this thesis research aims to establish modular co-culture 

systems for production of L-tyrosine in E. coli, which provides us a more 

sustainable and environmentally friendly access to those aromatic compounds.  

      Industrial L-tyrosine production relies on the protein hydrolysis in early times. 

In 1820, Braconnot first extracted L-glycine and L-tyrosine from lamp muscle 

hydrolysis solutions. Proteins were treated with acid for amino acids and then the 

amino acids were extracted by ion-exchange resins. This method is limited by the 

availability of raw material, complexity of reaction and separation technology and 

long manufacturing period. Three substitute methods are widely used right now. 

1) Enzymatic reaction method. 
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      This method utilizes tyrosine phenol lyase (TPL) from microbes to convert 

phenol, pyruvate, ammonia or phenol, L-serine to L-tyrosine. TPL with high 

enzymatic reaction activity from Erwinia herbicola, Citrobacter intermedius and 

Citrobactet freundii was well studied. Klebsiella aerogenes and Erwinia 

herbicola were first used by Lee and Hsio to produce L-tysoine from a two-step 

reaction from L-glycine. After 16 h of reaction, 26.3 g L-tyrosine was produced 

at a 61.4% conversion rate of L-glycine. However, this production system 

fluctuated a lot due to the high inhibition effect of L-glycine to TPL. Given the 

low activity and stability of TPL, molecular biology tools for modifying the DNA 

drew a lot research focus. Eugene form KRIBB improved the activity of TPL by 

high throughput screening from the library generated by random mutation and 

DNA shuffling [8]. DNA sequencing results suggested the mutation T129I and 

T451A occurred on the functional region of the enzyme and A13V, E83K and 

T407A helped to improve the thermostability. In vitro experiments were 

performed using the cell culture supernatant achieved 130 g/L of L-tyrosine 

production and 94% conversion of phenol. 

2) Fermentation 

      This method used selected microbes to convert carbon sources such as 

glycerol, glucose and xylose to L-tyrosine by fermentation [9]. Early research 

involved induced mutation for high L-tyrosine producing strains by screening 

strains with feedback control resistance to L-tyrosine and L-phenylalanine. 

However, most microbes lacked the ability of large-scale accumulation of L-

tyrosine and traditional induced mutation methods were not able to modify all L-

tyrosine biosynthesis pathways. Recent research utilized metabolic engineering 
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tools to redesign the metabolic pathways of L-tyrosine in Escherichia coli, 

Corynebacterium glutamicum, Brevibacterium flavum and Bacillus subtillis. This 

is similar to our research for building L-tyrosine overproduction platform.  

3) Chemical synthesis 

      Although chemical synthesis strategy of L-tyrosine was design in 19th century, 

the method was widely used after 1950s. Organic synthesis [10] of amino acids 

was not limited to L-tyrosine; it can also produce unnatural amino acid with 

special structures. Chemical synthesis produced both D-tyrosine and L-tyrosine, 

although further separation effort isneeded. This method is still widely used today 

and produces million tons per year. 

2.1.2 L-Tyrosine biosynthesis pathway 

E. coli has been proved one of the most robust heterologous host for L-

tyrosine overproduction due to the amenability in DNA manipulation and high 

versatility in suiting the need of various gene expression. L-tyrosine production 

in E. coli involves multiple native pathways. Figure 2.1 shows the biosynthesis of 

L-tyrosine from different carbon sources. In this study, L-tyrosine biosynthetic 

pathways enzymes were modified and overexpressed in vivo. 
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Figure 2.1 Schematic presentation of L-tyrosine biosynthesis pathway. E4P (erythrose-4-P); 

PEP (phosphoenolpyruvate); DAHP (3-deoxy-D-arabino heptulosonate-7-phosphate); 

DHQ(3-dehydroquinate); DHS (3-dehydroshikimate); SHK (shikimate); S3P (SHK-3-

phosphate); EPSP (5-enolpyruvyl-shikimate 3-phosphate); CHA (chorismate); TYR (L-

tyrosine). PTS: glucose uptake system, xyl: xylose uptake system. 

E. coli is naturally capable of converting several different carbon sources to 

aromatic amino acids via the shikimate pathway. This thesis research used D-

glucose and D-xylose as carbon sources. D-Glucose and D-xylose can be obtained 

by hydrolysis of lignocellulosic biomass, so they are available in large quantities 

and low cost. More importantly, use of these renewable carbon substrates 

generates less pollution compared to the petroleum industry. For catabolism of D-

glucose and D-xylose, these sugars are first converted to D-glucose 6-phosphate 

(G6P) and D-xylulose 5-phosphate (X5P), which are subsequently introduced to 

both glycolysis pathway and pentose phosphate pathway (PPP). The resulting 
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intermediates phosephoenolpyruvate (PEP) and D-erythose 4-phosphate (E4P) 

combine with each other and enter the shikimate pathway, forming chorismate. 

From chorismate, it branches to 3 aromatic amino acids L-tyrosine, L-tryptophan 

and L-phenylalanine. 

2.1.3 Previous work for L-tyrosine biosynthesis in E. coli 

      There have been extensive efforts for L-tyrosine overproduction in E. coli for 

in the past. Significant success has been achieved for converting renewable 

feedstocks to L-tyrosine employing various engineering strategies.  

      Santos et al. developed a high-throughput screening method for L-tyrosine 

production, resulting in 0.204 g L-tyrosine/g glucose [11]. Further adaption of the 

global transcription machinery engineering improved the production to 9.7 g/L 

[12]. Na et al. used an sRNA inhibition method to repress the competing pathway 

of L-tyrosine, which, in combination with the conventional methods for 

overexpressing L-tyrosine biosynthesis pathway genes, achieved a yield of 0.1 g 

L-tyrosine/g glucose [13]. Juminaga et al. obtained a high L-tyrosine yield by 

overexpressing nearly all L-tyrosine pathway genes and optimization of the 

promoters and copy numbers for the involved genes, leading to 2.17 g/L L-

tyrosine production and 0.43 g L-tyrosine/g glucose yield [14]. Xiao et al. 

established a novel biosensor based population quality control (PopQC) method 

using selection pressure to repress the growth of low L-tyrosine producers in the 

population, resulting in a 0.05 g L-tyrosine/g glucose yield [3].          
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2.2 Experimental design 

      To establish a L-tyrosine producer as a platform for biosynthesis of other L-

tyrosine derivatives, this study overexpressed a series of genes including aroB, 

aroD, aroE, aroL, aroA, aroC. Also, aroG and ayrA genes were modified to 

generate feedback control resistance to yield aroGfbr and tyrAfbr [15]. To further 

elevate the production of L-tyrosine, the biosensorassisted selection system was 

introduced.  

       In previous design [3], tetracycline was added as the selection pressure and 

the E. coli subpopulation with high L-tyrosine production can activate the 

expression of tetracycline exporter gene tetA. This leads to better survival for the 

high performing cells compared with low performing cells as shown in Figure 

2.2A. However, this design can be problematic when applied to larger scale 

production, because 1) the addition of tetracycline results in high process cost; 2) 

tetracycline concentration per cell is decreased when the cell culture grows into a 

high cell density level and thus reduces the selection pressure and 3) when L-

tyrosine concentration is too high and oversaturates the biosensor, the biosensor 

switch are kept on at the max level and loses the function of regulating the gene 

expression. This thesis work utilizes the similar concept of the PopQC method 

but proposes a new approach to achieve L-tyrosine bioproduction in E. coli. 
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Figure 2.2 Biosensor assisted selection system designs. A) PopQC method for selecting high 

performing cell in Xiao et al. design. B) new design for biosensor systems adopted by this 

study. Differences are i) toxin was used instead of tetracycline for selection pressure. ii) 

promoter of biosensor system was changed from Pmtr to Parop. iii) aromatic amino acid 

exporter was used to reduce intracellular concentration of L-tyrosine. 

To address these issues, we designed a new biosensor system based on the 

concept of Xiao et al. As Figure 2.2 A shows, the promoter of E. coli native gene 

aroP promoter [16] with a L-tyrosine-tyrR complex binding region is used to 

control the expression of the growth regulator hipA gene [4] which is a toxic gene 

inhibiting the cells growth and propagation [17]. When the intracellular 

concentration of L-tyrosine is high enough, it interacts with the TyrR proteins to 

form a hexamer and the resulting complex acts on the binding boxes next to the 

aroP promoter to repress the hipA expression. As such, for the high performers 

(high L-tyrosine production), HipA level is low and the cell growth is not 

inhibited. For the low performers (low L-tyrosine production), the growth is 

limited due to the unrepressed expression of toxic hipA gene.  

By adopting the hipA gene as the selecting pressure instead of tetracycline, 

we could avoid the first two issues described above associated with the addition 

of tetracycline. For the third issue, this thesis will utilize an aromatic amino acid 
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exporter[18]. The purpose here is to reduce the intracellular concentration of L-

tyrosine so that it can be maintained within the sensing range of the biosensor. 

Even when the extracellular concentration is high, the exporter can keep the 

intracellular concentration of L-tyrosine at a low level, which alleviate the 

oversaturation issue of biosensor. 

2.3 Materials and methods 

2.3.1 Plasmids and strains 

All E. coli strains as well as plasmids used in this study are presented in 

Table 2.1. Primers used in this study were listed in Appendix. 

Table 2.1 Plasmids and strains used in Chapter 2 

Plasmids Description 

pB1 

pACYCDuet-1 carrying the E. coli aroB gene 

under the control of the proD promoter 

(PproD) 

pBD pACYCDuet-1 carrying the E. coli aroB and 

aroD genes under the control of the proD 

promoter (PproD) 

pBDE pACYCDuet-1 carrying the E. coli aroB, aroD 

and phpCAT genes under the control of the 

proD promoter (PproD) 
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pSE1 pET21c carrying the hipA gene under the 

control of the mtr promoter (Pmtr) 

pBS2 pET28a carrying the proD promoter (PproD) 

and the aroE, aroL, aroA, aroC, tyrAfbr and 

aroGfbr genes 

pBS8 pET21c carrying the aroP promoter 

pBS9 pBS8 carrying the E. coli hipA gene 

Strains Description  

TM2 E. coli BL21(DE3) carrying pET21c 

BST E. coli BL21(DE3) carrying pBS9 

TPS1 E. coli BL21(DE3) carrying pBS2 and pBS9 

TPR1 E. coli BL21(DE3) carrying pBS2 and pET21c 

TPS2 E. coli BL21(DE3) carrying pBS2, pBD and 

pBS9 

TPS3 E. coli BL21(DE3) carrying pBS2, pBDE and 

pBS9 

       To construct an L-tyrosine producer, a strong constitutive promoter proD was 

used [19]. A previously constructed plasmid pPH0-1 [4] was adapted for over-

expression of aroE, aroL, aroA and aroC genes under the control of promoter 

proD. A DNA fragment containing the genes tyrAfbr and aroGfbr was PCR 
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amplified with primers ZLPR1TA and ZLPR2TA using the E. coli P2H 

chromosomal DNA as the template. The PCR product was digested with 

SpeI/HindIII followed by ligation with pPH0-1 treated with the same enzymes to 

make plasmid pBS2. For pBDE construction, a commercial synthesized DNA 

fragment of gene aromatic amino acid phpCAT was digested with HindIII and 

XhoI and ligated to plasmid pBD treated with the same restriction enzymes. 

To select for the high L-tyrosine producers, the promoter of the E. coli aroP 

gene was utilized. The promoter fragment was PCR amplified with primers 

ZLPR1AP and ZLPR2AP using K12(DE3) [12] chromosome as the template and 

assembled to pET21c by SphI/NdeI sites to generate pBS8. Plasmid pBS9 was a 

pBS8 derivative with inclusion of the E. coli hipA gene by digesting both pBS8 

and a previously constructed plasmid pSE1[4] using NdeI and XhoI sites. 

2.3.2 Cultivation conditions 

All E. coli  strains were cultivated in 3 mL MY1 medium in 37 oC at 250 rpm. 

1 L MY1 medium was comprised of 5g glucose, 0.5 g yeast extract, 2.0 g NH4Cl, 

5.0 g (NH4)2SO4, 3.0 g KH2PO4, 7.3 g K2HPO4, 8.4 g MOPS, 0.5 g NaCl, 0.24 g 

MgSO4, 40 mg L-tyrosine, 40 mg phenylalanine, 40 mg tryptophan, 10 mg 4-

hydroxybenzate and trace elements. The working concentrations of trace elements 

were 0.4 mg/L Na2EDTA, 0.03 mg/L H3BO3, 1 mg/L thiamine, 0.94 mg/L ZnCl2, 

0.5 mg/L CoCl2, 0.38 mg/L CuCl2, 1.6 mg/L MnCl2, 3.77 mg/L CaCl2, and 3.6 

mg/L FeCl2 [20, 21]. The antibiotics were used in the following concentration: 50 

mg/L kanamycin, 34 mg/L chloramphenicol and 100 mg/L ampicillin. 

For L-tyrosine producerôs cultivation, 2 % (v/v) overnight LB cultures of the 

desired E. coli strains were inoculated in MY1 medium with necessary antibiotics 
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and incubated in 37 oC for 10 h. The cells were then harvested through 

centrifugation and re-suspended in the fresh MY1 medium with an initial OD600 

of 0.6. After 48 h cultivation, the culture samples were taken for HPLC analysis. 

For the L-tyrosine biosensor-assisted cell selection system characterization, 

strain BST and TM2 were constructed by transformation of plasmid pBS9 and 

pET21c into BL21(DE3), respectively. To test the growth regulation without the 

biosensor system, overnight culture with OD600 of 0.3 was inoculated into fresh 

MY1 medium containing 2 g/L glucose. OD600 was measured after 18 h 

cultivation. 

2.3.3 Metabolites quantification 

     Quantification of the pathway metabolites was conducted using Angilent 1100 

HPLC with a DAD detector. 1.0 mL culture sample was centrifuged at 10000 rpm 

for 5 min, and the supernatant was filtered through 0.45 µm 

polytetrafluoroethylene membrane syringe filters (VWR International). 10 µL of 

filtered sample was injected into a column from ES Industries Inc. (HyperSelect 

ODS Plus C18 column 4.6 × 150 mm, 5 ɛm) for L-tyrosine quantification. The 

following gradient was utilized for elution: 0 min, 100% solvent A; 5 min, 95 % 

solvent A; 6 min, 75% solvent A; 10 min, 10% solvent A; 11-16 min 100% 

solvent A. 

2.4 Results and discussion 

2.4.1 Biosensor-assisted selection system for L-tyrosine over-production 

      E. coli strain TPR1 was constructed as L-tyrosine over-producer. This strain 

was engineered to over-express key enzymes of the tyrosine biosynthesis pathway 
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from a medium copy plasmid pBS2. The TPR1 culture was grown on 5 g/L 

glucose for L-tyrosine bioproduction. As shown in Figure 2.3A, 136 mg/L of L-

tyrosine was produced after 48 h cultivation. On top of this efforts, a biosensor-

assisted high performing cell selection system was utilized. Specifically, an E. 

coli toxin gene hipA was placed under the control of the E. coliôs aroP geneôs 

promoter. This promoter represses gene expression in the presence of L-tyrosine 

through the regulation by transcriptional regulator TyrR. The activation of the 

hipA gene expression generate toxic product and inhibit the growth of the host 

strain. The constructed ParoP-hipA operon was introduced into the BL21(DE3) 

strain with an intact chromosomal tyrR gene. Based on this design, high 

concentration of L-tyrosine in the high-performing cells  represses the toxic hipA 

gene expression and thus do not disrupt normal cell growth. In comparison, the 

low-performing cellsô growth should be inhibited due to the unrestricted 

expression of toxic hipA gene. As a result, the population of the engineered 

upstream strain would be dominated by high-performing cells for enhancing 

production of L-tyrosine.  

      After the establishment of the biosensor-assisted cell selection system, an L-

tyrosine responses test was performed for the resulting E. coli BST. Specifically, 

cell growth in the presence of different concentration of L-tyrosine was analyzed.  

E. coli strain TM2 without the biosensor-assisted selection system was 

constructed as the control group. As shown in Figure 2.3B, L-tyrosine 

concentration had no significant influence on cell growth in the control strain 

without the biosensor. In comparison, for the strain with the biosensor, the cell 

density exhibited an increasing trend as the L-tyrosine concentration increase. 

These results clearly confirmed that the constructed biosensor-assisted cell 
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selection system indeed had the desired L-tyrosine sensing and growth regulation 

functions. 

 

Figure 2.3 Engineering E. coli for L-tyrosine production. A) L -Tyrosine production of 

different E. coli strains. B) Correlation between cell growth and different concentrations of 

L-tyrosine. E. coli strains without and with the biosensor-assisted cell selection system were 

compared. 

      In order to examine the functionality of biosensor-assisted cell selestion for 

supporting L-tyrosine production, plasmid pBS9 harboring the biosensor system 

was used to generate the new L-tyrosine producing strain TPS1. It was found that 

the production of L-tyrosine was significantly improved to 577 mg/L, 

demonstrating the strength of the adopted cell selection strategy. Compared to 

TPR1, L-tyrosine production in strain TPS1 was improved by 4.4 folds. Further 

modifications of the TPS1 strain was also attempted by over-expressing another 

2 pathway genes aroB and aroD. The resulting TPS2 strains produced 552 mg/L 

of L-tyrosine, indicating no significance production improvement. The reasons 

that L-tyrosine production was not improved can be the following. First, 

biosensor-assisted cell selection system was saturated at high tyrosine 

concentration in the culture. As suggested in Figure 2.3B, when L-tyrosine 

concentration was beyond 400 mg/L, the cell growth showed no obvious response 

to higher L-tyrosine concentration. The possible explanation is that biosensor was 

already activated to the maximum level due to the high tyrosine concentration, 
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and further increase of tyrosine concentration did not make any positive impact 

on cell growth regulation. On the other hand, enzymatic conversion catalyzed by 

AroB and AroD might not be the rate limiting steps compared to the other 

pathway genes. Overexpression of these genes thus did not benefit the overall 

production. 

      To address the biosensor saturation issue at high L-tyrosine concentration, the 

aromatic amino acid exporter PhpCAT [18] was overexpressed using plasmid 

pBD.  Plasmid pBDE was then transformed into E. coli and the resulting strain 

TPS3 was used for tyrosine production. It was found that the L-tyrosine 

production by this strain reached 775 mg/L which is 5.9 folds higher of the 

starting strain TPS3. In fact, the aromatic amino acid exporter enabled the cell to 

maintain a lower level of intracellular concentration of L-tyrosine. Thus, the 

biosensor was not saturated, and the cell selection system could work as expected 

to select for high tyrosine producing cells. Notably, further analysis of the 

intracellular L-tyrosine concentration change before/after the exporter was 

introduced will be helpful to characterize the effectiveness of the adopted strategy. 

2.4.2 investiate the use of other tyrosine biosensor and growth regulators 

The biosensor-assisted selection method was proved a new methodology in 

metabolic engineering. To expand its application, other metabolite-responsive 

gene promoters and growth regulators were examined for the use in tyrosine over-

production. The promoters and regulators tested are listed in Table 2.2.  

Table 2.2 Summary of the promoters and growth regulators that can be used for 

biosensor-assisted cell selection system 

Sensing system 
target molecules Effectiveness 
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arop-TyrR L-Tyrosine Effective 

arop-TyrR L-Phenylalanine Effective 

mtr-TyrR L-Tyrosine Effective 

mtr-TrpR L-Tryptophan Effective 

mphA-MphR Erythromycin Effective 

dmp-DmpR Phenol Effective 

nah-NahR Anthranilic acid Effective 

Growth regulators Inhibition mechanism Effectiveness 

sRNA 

(pyrH/dnaE/fabA) 

Providing oligonucleotides 

binding on    transcriptional 

initial region 

Not effective 

sRNA (rpoC) Providing oligonucleotides 

binding on    transcriptional 

initial region 

Slightly effective 

asRNA (rpoC) Providing oligonucleotides 

binding on transcriptional 

initial region 

Not effective 

gltX Gene mischarging E. coli 

tRNA1
Gln with glutamate 

Slightly effective 

hipA Gene inhibiting the 

macromolecular synthesis 

Effective 

mltB Gene causing cell lysis Effective 

      Arop-TyrR sensing system has good response to L-tyrosine and L-

phenylalanine as an off-switch biosensor [16, 22]. Promoter of gene mtr, which 

is an L-tyrosine transporter, is a L-tyrosine-responsive and acts as an on-switch 
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for tyrosine and an off-switch for L-tryptophan with the presence of TyrR and 

TrpR. respectively [16]. Promoters of regulons mph [23, 24] and dmp [25, 26] 

were verified to be responsive to erythromycin and phenol with MphR and DmpR, 

respectively. The nah regulon promoter [27, 28] can be used to design the on-

switch biosensor selection system for anthranilic acid. For on-switch biosensors, 

antibiotics resistance genes can be used as a growth regulator. In the cases of off-

switch biosensors, toxins can be used as growth inhibitors.  

      The small RNA (sRNA) strategy [13] uses a DNA fragment that can express 

oligonucleotides to bind with the transcription initial region (TIR) of the target 

gene to prevent the expression. Notably, a scaffold structure following the anti-

sense sRNA facilitate the combination of the Hfq protein, which increases the 

affinity of sRNA and target DNA strands. We used the sRNA to downregulate 

some essential genes to interrupt the cell growth. Small RNA of PyrH (uridine 

monophosphate kinase, gene for pyridine biosynthesis) [29], FabA (ɓ-

hydroxyacyl-acyl carrier protein dehydratase/isomerase, gene for fatty acid 

biosynthesis) [30], RpoC (gene for RNA polymerase subunit ɓô) [31, 32] and 

DnaE (gene for DNA polymerase III subunit Ŭ) [33]. However, only sRNA for 

rpoC gene showed a little growth inhibition and others showed no significant 

repression when sRNAs were induced. Similarly, in an asRNA design [34], RNA 

fragment is also expressed to interact the TIR for gene downregulation . The 

difference is that two arms located on both sides of anti-sense RNA fragment were 

assembled. The complimentary two arms can form hair pin structure, which can 

stabilize the anti-sense binding and prevent the rapid degradation of the asRNA. 

The asRNA targeting the rpoC was tested but no obvious growth inhibition was 

observed. Gene gltX was then tried as a toxin. This gene can cause the mischarge 
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effect of the amino acid glutamate onto the tRNA1Gln and the regular protein 

synthesis will be perturbed [35]. Gene hipA [17] can convert the cells to dormant 

state to make cells maintain a low metabolic rate without growth or propagation. 

Gene mltB is also a toxin that can kill cell by causing cell lysis. All the three genes 

were proved to be working to a variable extent.  

      To summarize the use of the biosensor assisted selection system, all the 

sensing promoters and toxins provide abundant tools in the biosensor system. By 

changing the sensing promoter, we can work on different target compounds for 

production improvement. By varying the growth inhibitor, we can achieve 

different levels of inhibition. For example, HipA and MltB are both toxins to cell 

but the influence on cell is different due to the different inhibition mechanism. 

HipA toxin enables the cells to a persister, which means the cells are not killed 

but kept alive with a low metabolic rate. On the contrary, MltB kills cells by lysing 

the membrane structure and dead cells will release the intracellular nutrients and 

metabolites to feed other living cells [36]. These toxins can largely broaden our 

tools for metabolic engineering by adjusting the cell growth conditions.  

 

2.5 Discussion 

      In this chapter, a L-tyrosine producing system was established. The L-tyrosine 

biosynthesis pathway involves only endogenous enzymes, which are easier to 

manipulate for expression in E. coli. For this, L-Tyrosine pathways genes were 

cloned and overexpressed on plasmid. Specifically, aroB, aroD, aroE, aroL, aroA, 

aroC, tyrA and aroG were all cloned into the plasmids and introduced into the 

host strain. Also, tyrA and aroG genes were modified to resist feedback control, 
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providing large metabolic flux to L-tyrosine. Besides these conventional 

metabolic engineering strategies, a biosensor-assisted approch was used to select 

high L-tyrosine producer to enhance the overall biosynthetic ability of L-tyrosine. 

With the biosensor assisted selection system, L-tyrosine concentration was 

improved from 136 mg/L to 577 mg/L.  

      However, the biosensor could be saturated with high concentration of L-

tyrosine in the cell culture. Also, the metabolite mass transfer from cytosol to the 

intracellular environment can affect the biosensor performance. For example, 

when the concentration in the cell culture is high, low performing cells could 

assimilate the environmental L-tyrosine so that the intracellular concentration is 

high enough to activate the biosensor switch . As a result, low producing cells can 

also maintain regular growth and propagation. To further improve the L-tyrosine 

production, an aromatic amino acid exporter was adopted to reduce the 

intracellular concentration of tyrosine. The exporter can maintain the intracellular 

concentration of L-tyrosine to a lower level, stimulating the cells to produce more 

L-tyrosine. As such, only those cells with truly high biosynthetic ability can 

survive in the culture.  It was shown in this chapter that 775 mg/L of L-tyrosine 

could be produced by the exporter producing strain, which was 5.9 folds 

improvement compared to the starting L-tyrosine producing strain. These results 

demonstrated the great potential of this method for metabolic engineering. 

      On the other hand, the biosensor-assisted cell selection system was not limited 

to producing native metabolites. Previous literature indicated various systems that 

can be employed for application the biosensor-assisted cell selection system. We 

have constructed a series of biosensor system in E. coli, and the results were 

shown in Table 2.2. Among those, biosensor of phenol was discussed in a later 
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chapter. Moreover, the off-switch biosensor can also be adapted to use with the 

growth inhibitor.  

      Expression of toxin gene hipA can convert the cells to dormant persisters, 

which can be used as a good tool for growth repressor instead of killing cells. On 

the contrary, gene mltB expression can cause cell lysis. Experimental results 

suggested a cell density drop after mltB was induced. These growth inhibitors 

provide a versatile toolbox to exploit for different level of cell growth regulation, 

which will facilitate the use of biosensor-assisted cell selection system in the 

future 

 

 

 

 

 

 

 

 

 

 

 



29 
 

 
 

Chapter 3 Phenol biosynthesis 

3.1 Introduction  

3.1.1 Background 

      Phenol is an important commodity chemical with well-recognized industrial 

values and enormous global market. Current production is reported to be 8.9 

million tons a year all over the world. Phenol was also named carbolic acid 

because it was first discovered by German chemist Runge F. from coal tar. Phenol 

is also well known for its use as a sanitizer. Phenol is also a good precursor for 

many industrial products. Phenol and its derivatives are important for 

manufacturing resins, polycarbonates, epoxies, bakelite, nylon, detergents, 

herbicides such as phenoxy herbicides, and numerous pharmaceutical drugs [37]. 

      Currently, phenol production relies heavily on utilization of petrochemicals, 

which often raises economical, environmental, and sustainability concerns. To 

produce phenol from renewable feedstocks, microbes can be engineered to 

convert L-tyrosine to phenol by decarboxylation carried out by enzyme tyrosine 

phenol decarboxylase (TPL). 

3.1.2 Industrial production of phenol 

      Phenol was first extracted from coal tar followed by the chemical synthesis 

methods. In the middle 1960s, cumene process was adopted for producing phenol 

and acetone. After decades of development, 90% of phenol is synthesized from 

this method [38]. Other industrial phenol production methods of involve 

https://en.wikipedia.org/wiki/Derivative_(chemistry)
https://en.wikipedia.org/wiki/Pharmaceutical_drug
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oxidation of benzene and toluene, hydrolysis of chlorobenzene and hydrolysis of 

benzenesulfonate.  

1) Hydrolysis of benzenesulfonate. 

      As an early commercial process developed by Bayer and Monsanto in 1900s, 

benzenesulfonate is first synthesized with benzene and sulfate. The 

benzenesulfonate is then reacted with a strong base. The conversion is represented 

below [39]. However, the benzenesulfonate pathway required high consumption 

of sulfate and sodium hydroxide. This method is gradually eliminated due to the 

high environmental hazard. 

 

Figure 3.1 Hydrolysis of benzenesulfonate 

2) Cumene process 

      In this method, cumene is synthesized from benzene and propene in the 

presence of AlCl3. The resulting product is then treated with acid to form phenol 

and acetone. 
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Figure 3.2 Cumene process 

3) Hydrolysis of chlorobenzene 

      This method is similar to hydrolysis of benzenesulfonate. Chlorobenzene is 

hydrolyzed to phenol using either base or steam [40]. 

 

Figure 3.3 hydrolysis of chlorobenzene 

4) Oxidation of benzene and toluene 

      The direct oxidation of benzene to phenol is theoretically possible but has not 

been commercialized [41, 42]. Using the toluene instead of benzene is considered 

a more sustainable method for producing phenol. 
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Figure 3.4 oxidation of benzene and toluene 

5) Coal pyrolysis 

      Phenol can also be recovered from the byproduct of coal pyrolysis. This 

process relies on the coal production industry and isnôt used anymore. 

3.1.3 Biosynthesis pathways of phenol 

      Chemical synthesis of phenol soften involves chemicals that are not 

considered ógreenô or sustainable. Producing phenol and other aromatic 

compounds from biomass has received increasing interest. Using microbes such 

as E. coli to produce phenol is considered as a potential alternative. 

 

Figure 3.5 Phenol biosynthesis in E. coli through 3 pathways. DAHP (3-deoxy-D-arabino 

heptulosonate-7-phosphate); DHS (3-dehydroshikimate); SHK (shikimate); S3P (SHK-3-

phosphate); EPSP (5-enolpyruvyl-shikimate 3-phosphate); CHK (chorismate); 4HPP (4-

hydroxyphenolicpyruvate); TYR (L-tyrosine); 4HB (4-hydroxybenzoic acid); ICHK (iso-

chorismate); SAL (salicylate). 
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      There are 3 pathways for biosynthesis of phenol in E. coli, as shown in Figure 

3.5 [43].  Carbon sources is first assimilated from the medium and converted to 

chorismate by shikimate pathway. Then the chorismate can be converted to L-

tyrosine and then phenol by tyrosine phenol lyase (TPL). Alternatively, 

chorismite can be converted to phenol via 4-hydroxybenzoic acid or salicylate, 

respectively. In this thesis,  the biosynthesis pathway through L-tyrosine were 

adopted for phenol bioproduction. 

3.1.4 Previous work for phenol biosynthesis in E. coli 

      All the three metabolic pathways for phenol biosynthesis in E. coli have been 

studied in previous literature. Kim et al. construct a biosynthesis pathway from 

glucose to phenol via intermediate L-tyrosine in a sRNA regulated L-tyrosine 

producer [5]. With the assistant of an in-situ product removal method for phenol 

extraction, 3.79 g/L of phenol was produced with a yield of 0.02 g/g glucose in 

biphasic fed-batch bioreactor. Noda et al. established a chorismite-producing 

platform and used it to produce 1.1 g/L phenol through tyrosine phenol lyase (TPL) 

[44]. Miao et al. developed the pathway from 4-hydroxybenzoic acid and 

produced 9.51 g/L phenol from glucose and yeast extract with a yield of 0.06 g/g 

glucose using high density cultivation and a bi-phase phenol extraction strategy 

[45]. Moreover, Ren et al. produced phenol from through salicylate and achieved 

472 mg/L phenol production using glucose, glycerol and yeast extract as the 

carbon substrates [46]. Thompson et al. compared all three pathways of phenol 

producing and concluded that the salicylate-dependent pathway had a higher 

production yield (35.7 mg/g) than the other two pathways under the analog 

cultivation conditions [43].  



34 
 

 
 

3.2 Experimental design 

      An L-tyrosine producer was constructed as described in Chapter 2. Genes 

aroB, aroD, aroE, aroL, aroA, aroC were over-expressed in E. coliAlso, aroG 

and ayrA genes were modified to generate feedback control resistance to yield 

aroGfbr and ayrAfbr. To further elevate the provision of L-tyrosine, the biosensor-

assisted selection system was introduced. For tyrosine-phenol conversion, the tpl 

gene can be conveniently added to such a system for phenol production from 

glucose. Specifically, a plasmid containing the tpl gene was constructed for 

functional expression of the tyrosine phenol lyase from P. multocida in E. coli. 

      Also, phenol bioproduction by emerging co-culture engineering approach was 

also tested. Engineered co-culture has been shown to be a robust platform for 

overcoming the challenges in recent metabolic engineering research. For 

comparison, conventional monoculture approached and adopted co-culture 

engineering approach was both adopted, as designed in Figure 3.6. 
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Figure 3.6 Monoculture and co-culture designs for phenol production. 

3.3 Material and methods 

3.3.1 Plasmids and strains 

All E. coli strains as well as plasmids used in this study are presented in 

Table 3.1. Primers used in this study were listed in Appendix. 

Table 3.1 Plasmids and strains used in Chapter 3 

Plasmid

s 

Description 

pB1 

pACYCDuet-1 carrying the E. coli aroB gene under the 

control of the proD promoter (PproD) 

pBD pACYCDuet-1 carrying the E. coli aroB and aroD genes 

under the control of the proD promoter (PproD) 

pBS2 pET28a carrying the proD promoter (PproD) and the aroE, 

aroL, aroA, aroC, tyrAfbr and aroGfbr genes 

pBS5 pET28a carrying the codon-optimized Tpl gene  

pBS6 pUC57 carrying the codon-optimized Tpl gene with a 

constitutive Zymomonas mobilis pyruvate decarboxylase 

promoter (Ppdc) 

pBS7 pET28a carrying the proC promoter and the Tpl gene 

pBS8 pET21c carrying the aroP promoter 
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pBS9 pBS8 carrying the E. coli hipA gene 

pBS10 pBS2 carrying a CmR replacing KanR 

pBS14 pET21c carrying dmpR regulon and tetA gene under the 

control of Pdmp promoter 

pBS15 pET21c carrying tetA gene under the control of Pmtr 

promoter 

pRA pET21c carrying pobR operon and tetA gene under the 

control of Ppob promoter 

pSP2 

pUC57pdc (kan) carrying the E. coli aroGfbr, aroE, aroL, 

aroA, aroC and ubiC genes under the control of the 

constitutive Zymomonas mobilis pyruvate decarboxylase 

promoter (Ppdc) 

pBR32

2 

AmpR and TetR 

pYCL pET28a carrying the E. coli W yclBCD genes that is under 

the control of the proD promoter (PproD) 

Strains Description  

BH2 E. coli BL21(DE3) ȹxylA ȹtyrA ȹpheA 

TM2 E. coli BL21(DE3) carrying pET21c 
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BST E. coli BL21(DE3) carrying pBS9 

TPS1 E. coli BL21(DE3) carrying pBS2 and pBS9 

TPR1 E. coli BL21(DE3) carrying pBS2 and pET21c 

TPS2 E. coli BL21(DE3) carrying pBS2, pBD and pBS9 

TPR2 E. coli BL21(DE3) carrying pBS2, pBD and pET21c 

YPD1 E. coli BL21(DE3) carrying pET21c, pBS5 

YPD2 E. coli BL21(DE3) carrying pET21c, pBS6 

YPD3 E. coli BL21(DE3) carrying pET21c, pBS7 

YPD4 YPD3 carrying pACYCDuet-1 

MPS1 BL21(DE3) carrying pBS5, pBS9 and pBS10  

MRR1 BL21(DE3) carrying pBS5, pET21c and pBS10 

DPS1 DH5Ŭ carrying pBS14 

LSDU BL21(DE3) carrying pBS2, and pBS15  

LSRU BL21(DE3) carrying pBS2, and pBR322  

LSDD BL21(DE3) carrying pBS7, and pBS14  

LSRD BL21(DE3) carrying pBS7, and pBR322  

YU3R BH2 carrying pSP2, pRA and pBD 
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YU33 BH2 carrying pSP2, pBR322 and pBD 

DY3-D BL21 carrying pYCL, pBS14, and pACYCDuet 

The construction of tyrosine related plasmids is described in Chapter 2. For 

the tyrosine-phenol pathway, the Tpl gene from P. multocida was codon-

optimized and synthesized by Bio Basic Inc, USA. Plasmids pBS5 and pBS6 were 

constructed by inserting the Tpl gene to NdeI/XhoI digested pET28a and pdc-VS, 

respectively. The Tpl gene was then PCR amplified by primers ZLPR1TL and 

ZLPR2TL and ligated to pET28a-proC vector by SpeI and XhoI to generate pBS7.  

Plasmid pBS10 was constructed by replacing the KanR gene of a previously 

constructed plasmid pBS2 with the CmR gene. Specifically, the CmR fragment 

was amplified by primers ZLPR1KC and ZLPR2KC using pACYCDuet-1 as 

template and inserted into pBS2 using XhoI and EcoNI. 

4.3.2 Cultivation conditions 

All E. coli strains were cultivated in 3 mL MY1 medium in 37 oC at 250 rpm. 

1 L MY1 medium was comprised of 5g glucose, 0.5 g yeast extract, 2.0 g NH4Cl, 

5.0 g (NH4)2SO4, 3.0 g KH2PO4, 7.3 g K2HPO4, 8.4 g MOPS, 0.5 g NaCl, 0.24 g 

MgSO4, 40 mg L-tyrosine, 40 mg phenylalanine, 40 mg tryptophan, 10 mg 4-

hydroxybenzate and trace elements. The working concentrations of trace elements 

were 0.4 mg/L Na2EDTA, 0.03 mg/L H3BO3, 1 mg/L thiamine, 0.94 mg/L ZnCl2, 

0.5 mg/L CoCl2, 0.38 mg/L CuCl2, 1.6 mg/L MnCl2, 3.77 mg/L CaCl2, and 3.6 

mg/L FeCl2. The antibiotics were used in the following concentration: 50 mg/L 

kanamycin, 34 mg/L chloramphenicol and 100 mg/L ampicillin. 
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For phenol monoculture strainsô cultivation, glycerol stock of the desired E. 

coli strains was inoculated in LB medium with necessary antibiotics in 37 oC for. 

The cells in overnight culture were then harvested through centrifugation and re-

suspended in the fresh MY1 medium with an initial OD600 of 0.6. After 48 h 

cultivation, the culture samples were taken for HPLC analysis. 

      For phenol production using E. coliïE. coli co-cultures, glycerol stock of the 

desired E. coli strains was inoculated in LB medium with necessary antibiotics in 

37 oC. The upstream and downstream cells in overnight culture were then 

harvested through centrifugation and re-suspended in the fresh MY1 medium 

according to inoculum ratio with an initial OD600 of 0.6, followed by 48 h 

cultivation at 37 oC.  

To test the growth response to phenol, the Overnight E. coli strain DPS1 

cultures was centrifuged and re-suspended in 2ml fresh M9 medium with 0.2 

initial inoculation OD600  at different concentrations of phenol, the culture was 

then subjected to optical density analysis at 600 nm after 14 h incubation at 37 oC. 

3.3.3 Metabolites quantification 

     Quantification of the pathway metabolites was conducted using Angilent 1100 

HPLC with a DAD detector. 1.0 mL culture sample was centrifuged at 10000 rpm 

for 5 min, and the supernatant was filtered through 0.45 µm 

polytetrafluoroethylene membrane syringe filters (VWR International). 10 µL of 

filtered sample was injected into a column from ES Industries Inc. (HyperSelect 

ODS Plus C18 column 4.6 × 150 mm, 5 ɛm) for both L-tyrosine and phenol 

quantification. The following gradient was utilized for elution: 0 min, 100% 
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solvent A; 5 min, 95 % solvent A; 6 min, 75% solvent A; 10 min, 10% solvent A; 

11-16 min 100% solvent A. 

 

3.4 Results and discussion 

3.4.1 Phenol monoculture construction 

      For phenol production through the tyrosine-dependent pathway, only one 

heterologous enzyme is needed for converting tyrosine to phenol. Therefore, 

plasmid pBS5 containing tyrosine phenol lyase gene (tpl) was constructed and 

transformed to both L-tyrosine producing strains without and with the biosensor-

assisted cell selection system, respectively.  The resulting strains, MPS1 and 

MPR1, were then cultivated in MY1 medium for 48 h. As shown in Figure 3.7, 

the phenol production was detected in both mono-culture strains. Interestingly, 

MPS1 showed lower phenol production than MPR1. On the other hand, the 

overall flux through L-tyrosine in both strains was lower than the original L-

tyrosine producer strain. In fact, the previous result in Chapter 2 indicated that 

more than 4 folds increase of tyrosine flux was achieved using the biosensor-

assisted cell selection system (577 mg/L vs. 130 mg/L). However, in phenol 

production system, the total flux of towards phenol in the strain without the 

selection system was comparable to the strain with the cell selection system. This 

can be explained as follows. The introduction of the tyrosine-sensing cell 

selection system in fact favored the growth of the cells with better tyrosine 

accumulation capability (high tyrosine intracellular concentration can help the 

cells to grow better in the presence of the cell selection mechanism). However, 

this does not necessarily help select for high phenol producing cells. From this 
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point of view, the phenol production is not improved by introduction of the 

biosensor-assisted cell selection system using tyrosine as the sensing target. 

 

Figure 3.7 phenol production by E. coli monocultures without (MPR1) and with (MPS1) 

the biosensor-assisted cell selection system. 

      Also, in E. coli strain harboring the biosensor-assisted cell selection system, 

use of L-tyrosine in the cells is two-folds. First, L-tyrosine is the precursor of 

phenol biosynthesis and is consumed by the enzymatic reaction to produce phenol. 

On the other hand, L-tyrosine binds with TyrR sensor protein and the resulting 

hexamer complex interacts with the corresponding gene promoter and represses 

the HipA toxin expression to support normal cell growth. Therefore, the 

introduction of the tyrosine-sensing cell selection system in fact favored the 

growth the cells with better tyrosine accumulation capability (high tyrosine 

intracellular concentration can help the cells to grow better in the presence of the 

cell selection mechanism). However, this does not necessarily help select for high 

phenol producing cells. From this point of view, the phenol production is not 

improved by introduction of the biosensor-assisted cell selection system using 
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tyrosine as the sensing target.There is subtle tradeoff between L-tyrosine 

formation and consumption under the selection pressure, as shown in Figure 3.8.  

 

Figure 3.8 schematic illustration of the tyrosineôs roles in phenol production and in 

biosensor-assisted cell selection system 

4.4.2 Co-culture engineering for phenol production 

      Since the use of the biosensor-assisted cell selection strategy was not 

suitable for phenol production in the context of the monoculture, the biosynthetic 

system  was redesigned. To this end, the modular co-culture engineering strategy 

was adopted for phenol biosynthesis. Specifically, two E. coli strains were 

recruited to accommodate the whole phenol biosynthesis pathway. The upstream 

strain is responsible for producing tyrosine from carbon source, and the 

downstream strain was engineered to convert tyrosine to phenol. Such a design 

provides the following advantages [47, 48]. 1) The biosensor-assisted cell 

selection system can be used in the upstream strain for enhancing tyrosine 

formation; the downstream is solely responsible for phenol production without 

the use of the biosensor. This avoids the issues of favoring the formation of 

tyrosine accumulator cells but not the phenol producing cells, as encountered in 



43 
 

 
 

the mono-culture ; 2) The metabolic burden associated with over-expression of 

the entire pathway is divided between two strains, which improves each strainôs 

fitness and biosynthesis performance; 3) Using two E. coli strains in one system 

offers a straightforward method for pathway balancing by adjusting the 

subpopulations of the co-culture strains; 4) The downstream strain is dedicated to 

functional expression of the heterologous tpl gene, which improves the 

bioconversion efficiency of the associated reaction.  

      To implement the strategy of co-culture engineering, plasmid pBS5 

expressing the tpl gene was transformed into downstream strain. The resulting 

strain YPD1 was co-cultivated with the upstream strains TPR1 and TPS1, 

respectively.  Different inoculum ratios were used for adjusting the biosynthetic 

capabilities of the pathway modules and bioproduction optimization.  

 

Figure 3.9 Phenol and tyrosine concentrations for TPR1:YPD1 and TPS1:YPD1 co-

cultures 

      As shown in Figure 3.9A, overly high inoculation of the upstream stain led to 

excessive accumulation of the pathway intermediate tyrosine. High inoculation 

of the downstream strain generated strong tyrosine consumption power and low 

tyrosine accumulation; but it also limited the upstream strainôs subpopulation size 
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and cause insufficient supply of tyrosine. Based on these two effects, the phenol 

concentration increased and then decreased with the inoculation ratio variation 

between the co-culture strains. The  highest phenol production for TPR1:YPD1 

co-culture without the biosensor-assisted cell selection system was 75 mg/L, 

which was achieved at inoculum ratio of 4:1. As mentioned in Chapter 2, there is 

an reaction equilibrium for L-tyrosine conversion to phenol. The phenol 

production can be largely improved if the L-tyrosine provision is improved. To 

this end, a more powerful tyrosine producer with biosensor-assisted selection 

system was used as the upstream strain. As shown in Figure 3.9B, after the 

biosensor system was incorporated, the tyrosine accumulation was increased 

tremendously, and the overall phenol production was improved at most of the 

inoculation ratios. The highest phenol production was improved to 121 mg/L. In 

addition, due to the enhanced tyrosine supply capability of the upstream strain, 

less upstream strain cells are needed for phenol production. As such, the optimal 

inoculum ratio shifted from 4:1 to 1:4. These results confirm that more powerful 

upstream tyrosine provider enabled the downstream consumer to make more the 

final product. 
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Figure 3.10 Phenol bioproduction by co-culture (A) TPR1:YPD2, (B) TPS1:YPD2, (C) 

TPR1:YPD3 and (D) TPS1:YDP3. TPR1 and TPS1 are the strains without and with the 

biosensor-assisted cell selection system, respectively. YPD2 and YPD3 are the strain using 

the pdc and proC promoter (with different strengths) to express tpl gene, respectively. 

      Co-culture engineering can also be combined with the other traditional 

metabolic engineering tools, such as optimization of the gene promoters and copy 

number, and gene knockouts etc., for biosynthesis improvement. In this chapter, 

high L-tyrosine accumulation of 450 mg/L was observed, indicating the rate 

limiting step was no more the upstream provision of L-tyrosine but the conversion 

to phenol. To this end, two constitutive promoters Ppdc and PproC were used to 

control the tpl gene expression, respectively, yielding two new downstream 

strains, YPD2 and YPD3. As shown in Figure 3.10 (A) and (B), for the co-culture 

using the downstream strain YPD2 with the Ppdc promoter, the phenol production 

results were similar to using T7 promoter (Figure 3.9). Both co-cultures 

without/with the biosensor produced 100-120 mg/L phenol, suggesting the 
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downstream conversion rate limited the overall production of phenol regardless 

of tyrosine provision. As shown in Figure 3.10 (A) an (B), for the co-cultures 

using the downstream strain YPD3 with the PproC promoter [19], the phenol 

production was largely elevated, and the highest phenol concentration was 210 

mg/L at the inoculum ratio of 9:1. Also, the accumulation of tyrosine was reduced 

tremendously (500mg/L to 180mg/L) compared with the co-cultures using the 

Ppdc promoter. The L-tyrosine accumulation was kept a low level, indicating that 

its supply was the bottleneck step for the co-cultures using the PprocC promoter.  

 

Figure 3.11 Phenol biosynthesis using the TPR2:YPD4 and TPS2:YPD4 co-culture 

systems.  Genes aroB and aroD of the upstream shkimate pathway were over-expressed in 

the upstream strains TPR2 and TPS2. 

      Efforts for improving L-tyrosine flux was made to further improve phenol 

production by introducing additional copies of the shikimate pathway genes aroB 

and aroD. New upstream strains TPR2 andTPS2 strains carrying genes aroB and 

aroD was then co-cultivated with YPD4 strains. As shown in Figure 3.11, the 

over-expression of the aroB and aroD genes generated no improvement for 

phenol production. In fact, the final product concentrations were lowered, 

comparing Figure 3.11A and Figure 3.10C. This was also due to the limited 

availability of L-tyrosine concentration. After the introduction of the biosensor-




















































































































































































































