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„Ich drehte meinen Stuhl zum Feuer und fiel in einen Dämmerschlaf. Wieder tanzten 

die Atome vor meinen Augen. [...] lange Ketten, oft eng miteinander verbunden, 

waren alle in Bewegung, ineinander verschlungen, wanden sich wie Schlangen. Aber 

Achtung, was war das? Eine der Schlangen hatte ihren eigenen Schwanz gepackt 

und drehte sich vor meinen Augen spöttisch im Kreis. Blitzartig schreckte ich hoch.“  

Friedrich August Kekulé von Stradonitz, 1829 - 1896 

deutscher Chemiker und Naturwissenschaftler 

(über die Entdeckung der Benzolstruktur im Traum) 
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Abstract 
 
Plants synthesize a large diversity of more than 200,000 different secondary metabolites, which can be 

subdivided into terpenoids, alkaloids and polyphenols. Especially polyphenols demonstrate important 

pharmacological activities. Unfortunately, these compounds are produced only in small amounts rendering the 

extraction from plant material economically not viable. The natural synthesis of polyphenols such as stilbenes and 

flavonoids starts from phenylpropanoids, which in turn are obtained from aromatic amino acids. The main goal of 

this thesis was to exploit the yet untapped potential of Corynebacterium glutamicum, an industrial workhorse for 

amino acid production, for the synthesis of plant polyphenols by functional integration of heterologous pathways. 

To this end, the following results were obtained: 

(1) Initial attempts to produce the stilbene resveratrol from the phenylpropanoid p-coumaric acid in C. glutamicum 

failed. It turned out that an unknown degradation pathway allowed C. glutamicum to grow with phenylpropanoids 

as sole carbon and energy source. The expression of a gene cluster coding for enzymes of unknown function was 

highly upregulated in presence of phenylpropanoids. It could be shown that the enzymes catalyze a CoA-

dependent, β-oxidative side chain shortening of phenylpropanoids yielding benzoic acids, which are further 

degraded by well-characterized pathways in C. glutamicum. In addition to the identified pathway, the complex 

network for the degradation of aromatic compounds in C. glutamicum interfered with the desired production of 

polyphenols. To this end, a novel platform strain unable to degrade aromatic compounds (designated C. 

glutamicum DelAro
4
) was constructed by deleting altogether 21 genes in four clusters in the genome.  

(2) Plasmid-borne expression of genes coding for heterologous enzymes from different plant species enabled 

production of stilbenes (pinosylvin, resveratrol and piceatannol) as well as of (2S)-flavanones (naringenin and 

eriodictyol) depending on the supplemented phenylpropanoid in different strains derived from C. glutamicum 

DelAro
4
. Stilbene and (2S)-flavanone titers of up to 158 mg/L and 37 mg/L could be achieved, respectively. The 

production of O-methylated stilbenes and of more complex flavonoids could be demonstrated by introduction of 

additional genes. The obtained product titers of the flavonols quercetin (10 mg/L) and kaempferol (23 mg/L) 

exceeded the highest titers produced in engineered microorganisms so far. 

(3) Microbial production of resveratrol and naringenin with C. glutamicum could be achieved starting from glucose 

by deregulation of the shikimate pathway to achieve intracellular accumulation of aromatic precursor amino acids. 

A heterologous tyrosine ammonia lyase (TAL) connected the endogenous aromatic amino acid metabolism to the 

production of phenylpropanoid-derived polyphenols. The TAL activity was rate-limiting during polyphenol 

production from glucose. To circumvent the bottleneck at the stage of phenylpropanoid synthesis, a novel 

synthetic pathway for the production of the direct polyphenol precursor p-coumaroyl-CoA starting from the cheap 

4-hydroxybenzoic acid was first designed in silico and then functionally introduced in C. glutamicum. The pathway 

is the non-natural reversal of a bacterial degradation pathway for phenylpropanoids and requires only acetyl-CoA 

and cofactors such as ATP and NADH. Initially, 5 mg/L resveratrol could be produced from 4-hydroxybenzoic acid 

using this novel pathway. 
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Zusammenfassung 
 
Pflanzen synthetisieren mehr als 200.000 verschiedene Sekundärmetabolite, die aufgrund ihrer molekularen 

Struktur in die großen Gruppen der Terpenoide, Alkaloide und Polyphenole unterteilt werden können. 

Insbesondere Polyphenole haben pharmakologisch interessante Eigenschaften, werden aber von Pflanzen nur in 

so geringen Mengen produziert, dass eine Extraktion von Polyphenolen aus Pflanzenmaterial insgesamt 

unwirtschaftlich ist. Die Polyphenol-Synthese in Pflanzen startet von aromatischen Aminosäuren, aus denen 

zunächst Phenylpropanoide gebildet werden. Diese dienen dann als Vorstufen für die Synthese der Polyphenole. 

Durch funktionale Integration heterologer Stoffwechselwege aus Pflanzen können Polyphenole auch mit Hilfe 

genetisch veränderter Mikroorganismen produziert werden. Corynebacterium glutamicum ist ein 

vielversprechender Wirtsorganismus für die Polyphenol-Produktion, da er heutzutage bereits industriell zur 

Synthese von Aminosäuren genutzt wird. Im Rahmen dieser Arbeit wurden die folgenden Ergebnisse zur 

Polyphenol-Produktion mit C. glutamicum erzielt: 

(1) Anfängliche Versuche zur Synthese des Stilbens Resveratrol aus dem Phenylpropanoid p-Cumarsäure 

scheiterten. Weitergehende Experimente zeigten, dass ein bisher unbekannter Abbauweg für Phenylpropanoide 

das Wachstum von C. glutamicum mit diesen aromatischen Substanzen als einziger Kohlenstoff- und 

Energiequelle ermöglichte und dadurch die Stilben-Bildung aus Phenylpropanoiden verhinderte. Untersuchungen 

der transkriptionellen Antwort von C. glutamicum auf die Anwesenheit von Phenylpropanoiden wiesen auf ein 

Gencluster hin, das für Enzyme bisher unbekannter Funktion codiert. Tatsächlich katalysieren diese Enzyme eine 

CoA-abhängige β-oxidative Verkürzung der Phenylpropanoid-Seitenkette zur Bildung von Hydroxybenzoesäuren, 

die über gut charakterisierte Abbauwege in C. glutamicum weiter verstoffwechselt werden können. Zusätzlich 

zum identifizierten Abbauweg erschwerte ein bereits weitestgehend bekanntes und komplexes Netzwerk aus 

anderen katabolen Stoffwechselwegen für aromatische Verbindungen in C. glutamicum die gewünschte 

Produktion von Polyphenolen in diesem Organismus. Durch Deletion von insgesamt 21 Genen in vier 

Genclustern im Genom wurde C. glutamicum DelAro
4
 als Plattform-Stamm für die Polyphenol-Synthese 

konstruiert, der aromatische Verbindungen nicht mehr metabolisieren kann. 

(2) Nach funktionaler Expression heterologer Gene aus verschiedenen Pflanzen produzierte C. glutamicum 

DelAro
4 

abhängig vom zugegebenen Phenylpropanoid entweder die Stilbene Pinosylvin, Resveratrol und 

Piceatannol oder die (2S)-Flavanone Naringenin und Eriodictyol. Dabei wurden Stilben-Konzentrationen von bis 

zu 158 mg/L und (2S)-Flavanon-Konzentrationen von bis zu 37 mg/L erreicht. Durch Einbringen weiterer Gene 

gelang ebenfalls die Synthese O-methylierter Stilbene und komplexerer Flavonoide. Die in C. glutamicum 

erreichten Flavonoid-Titer waren sogar höher als in der Literatur für etablierte mikrobielle Polyphenol-

Produktionsstämme beschrieben.  

(3) Die Bildung von Resveratrol und Naringenin wurde in C. glutamicum auch ausgehend von Glucose ohne 

Zugabe von Vorläufermetaboliten erreicht. Dies wurde durch die Deregulation des Shikimat-Weges ermöglicht 

und führte zur Überproduktion von aromatischen Aminosäuren. Durch eine heterologe Tyrosin-Ammoniak-Lyase 

(TAL) konnte der endogene Aminosäuremetabolismus mit den Produktionswegen für Polyphenole verbunden 

werden. Es stellte sich heraus, dass die TAL-Aktivität für die Polyphenol-Produktion ausgehend von Glucose 

limitierend war. Um eine Phenylpropanoid-Synthese unabhängig von L-Tyrosin zu erreichen, wurde ein neuer 

synthetischer Weg ausgehend von der kostengünstigen 4-Hydroxybenzoesäure entwickelt und in C. glutamicum 

getestet. Der neue Weg stellt die nicht-natürliche Umkehrung eines bakteriellen Abbauweges für 

Phenylpropanoide dar und benötigt Acetyl-CoA und die Cofaktoren ATP und NADH. Erstmalig gelang so die 

Produktion von 5 mg/L Resveratrol aus 4-Hydroxybenzoesäure.  
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Abbreviations 
 
Ω  Ohm 

4CL  4-coumarate: CoA ligase 

4-HBA  4-hydroxybenzoic acid 

4-HPP  3-(4-hydroxyphenyl)propionic acid 

A  Ampere 

ACC  acetyl-CoA carboxylase 

ADH  arogenate dehydrogenase 

ADP  adenosine diphosphate 

AMP  adenosine monophosphate 

AT  aminotransferase 

ATCC  American Type Culture Collection 

ATP  adenosine triphosphate 

BHI  brain heart infusion medium 

bp  base pair 

BTX   benzene, toluene, xylene 

C4H  cinnamate 4-hydroxylase 

CHI  chalcone isomerase 

CHS  chalcone synthase 

CM   chorismate mutase 

CoA   coenzyme A 

CS  chorismate synthase 

DAHP  3-deoxy-D-arabino-heptulosonate-7-phosphate 

DHQ  3-dehydroquinate 

DHQD  3-dehydroquinate dehydratase 

DHQS  3-dehydroquinate synthase 

DHS  3-dehydroshikimate 

DS  3-deoxy-D-arabino-heptulosonate-7-phosphate synthase 

E4P  erythrose-4-phosphate 

EPSP  5-enolpyruvylshikimate-3-phosphate 

EPSPS 5-enolpyruvylshikimate-3-phosphate synthase 

ESI  electro spray ionization 

et al.  (lat.) et alii  

F  Farad 

F3H  flavanone 3-hydroxylase 

FLS  flavonol synthase 

GC-TOF gas chromatography coupled to time-of-flight (mass spectrometry) 

IPTG  isopropyl-β-D-thiogalactopyranoside 

Kan  kanamycin 

LB  lysogeny broth 

LC-MS  liquid chromatography coupled to mass spectrometry 

M  molar (mol/L) 

MALDI-TOF matrix-assisted laser desorption ionization time-of-flight (mass spectrometry) 

NAD  nicotinamide adenine dinucleotide   

Ni-NTA nickel-nitrilotriacetic acid 

nt  nucleotide 

OD  optical density 
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OMT  resveratrol-di-O-methyltransferase 

ORF  open reading frame 

PAL  phenylalanine ammonia lyase 

PCR  polymerase chain reaction 

PDH  prephenate dehydrogenase 

PDT  prephenate dehydratase 

PEP  phosphoenolpyruvate 

L-Phe  L-phenylalanine 

Pi  inorganic phosphate 

PPi  pyrophosphate 

rbs  ribosomal binding site 

ROS  reactive oxygen species 

rpm  revolutions per minute 

SAM  S-adenosylmethionine 

SCS  succinyl-CoA synthetase 

SDH  shikimate dehydrogenase 

SDS-PAGE sodium dodecyl sulfate - polyacrylamide gel electrophoresis 

SHK  shikimate kinase 

Spec  spectinomycin 

STS  stilbene synthase 

TAL   tyrosine ammonia lyase 

TFA  trifluoroacetic acid 

L-Trp  L-tryptophan 

L-Tyr  L-tyrosine 

U  enzymatic activity unit (1 U = 1 µmol/min) 

uHPLC ultra-high performance liquid chromatography 

w/v  weight per volume 

wt  wild type 
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1.   Scientific context and key results of this thesis 

1.1 Polyphenols are secondary metabolites in plants 

 
Plants produce a large diversity of secondary metabolites, allowing the plant to interact with 

its biotic and abiotic environment. The ecological significance of these metabolites includes 

defense against pathogens or against herbivores, attraction of pollinators or protection 

against UV radiation and oxidative stress. Based on different synthesis pathways and 

chemical structures of these compounds, secondary metabolites are subdivided into three 

major classes: terpenoids, alkaloids and polyphenols. The presence of individual compounds 

and the natural amount within the three classes of secondary metabolites strongly depends 

on the plant family and can even significantly differ between species of the same family. 

Taken together, more than 200,000 different secondary metabolites are known today 

(Yonekura-Sakakibara and Saito, 2009). 

Hydroxylated aromatic secondary metabolites in plants typically belong to the class of 

polyphenols. Two major groups of plant polyphenols are stilbenes and flavonoids. Stilbenes 

(also called stilbenoids) are hydroxylated derivatives of the compound stilbene (1,2-

diphenylethene). The tricyclic (2S)-flavanones contain two aromatic rings and a 2,3-dihydro-

4-pyrone unit (Fig. 1). A clear classification of a compound as polyphenol is complicated as 

there are different definitions of the term “polyphenol”. “Poly-” can either refer to the number 

of phenolic hydroxy groups in a molecule (definition I) or to the presence of two or more 

“phenol” units (definition II). According to definition I also dihydroxylated benzoic acids such 

as protocatechuate (3,4-dihydroxybenzoate) belong to the class of polyphenols, while 

definition II requires the presence of at least two hydroxylated aromatic rings in the molecule. 

The situation is particularly difficult in case of the stilbene pinosylvin or the (2S)-flavanone 

pinocembrin, which both are derived from the non-hydroxylated phenylpropanoid cinnamic 

acid. Both are classified as polyphenols (as they belong to the class of stilbenes or 

flavonoids) although they contain hydroxy groups only on one of the two aromatic rings. 

Polyphenols (especially flavonoids) have strong anti-oxidative properties. These effects 

result from direct scavenging of radicals in reactive oxygen species (ROS), while chelating of 

iron can contribute to reduced ROS formation (Nijveldt et al., 2001). Polyphenols are also 

involved in the inhibition of ROS-forming enzymes (e.g. xanthine oxidase) and are capable to 

recycle other antioxidants (Mierziak et al., 2014). As a result of the mentioned effects, 

polyphenols contribute to the protection of the photosynthesis machinery and the balancing 

of the redox status in plants. In addition, flavonoids serve as plant pigments or flavor 
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substances (Siemann and Creasy, 1992). Stilbenes are phytoalexins, which are produced as 

metabolic response to infections (Ahuja et al., 2012). 

 
Fig. 1 Structure of stilbenes and flavonoids. Stilbenes and (2S)-flavanones (left) constitute the 

two major groups of phenylpropanoid-derived polyphenols (R = H or OH; R’ = H, OH or OCH3;  

R’’ = H, OH or OCH3). Resveratrol and quercetin (right) are representatives which are already 

commercially available. 

 
 

Especially due to the potent anti-oxidative effects, many polyphenols demonstrate health-

promoting activities in humans rendering these compounds highly interesting for 

pharmacological applications (Manach et al., 2004; Harborne and Mabry, 2013). A prominent 

example is the consumption of wine. Grapes contain significant amounts of the stilbene 

resveratrol, which acts as a potent antioxidant. It was speculated that resveratrol might be 

one of the factors responsible for the low incidence of cardiovascular diseases in the French 

population despite having a fat-rich diet (also known as “French paradox”) (Yang et al., 

2014). In several studies, other polyphenols were shown to have anti-bacterial, anti-

inflammatory, anti-tumor and anti-aging effects and thus play an important role in the 

prevention of cancer, cardiovascular and neurodegenerative diseases (Erlund, 2004; 

Pangeni et al., 2014). 
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1.2  Access to polyphenols 

 
It is generally assumed that the daily consumption of fruits and vegetables does not lead to a 

polyphenol intake in amounts, which would be required for causing the desired health-

promoting effects. Therefore, today some polyphenols are already commercially available as 

food supplements, e.g. the stilbene resveratrol and the flavonoid quercetin (Fig. 1). 

Resveratrol is typically extracted from Japanese knotweed (Polygonum cuspidatum) and is 

available as capsule with 100-500 mg resveratrol e.g. supplied by Natural Power Trading Ltd. 

(West Sussex, Great Britain) or McVital (EYVA C.V., Kerkrade, The Netherlands). Quercetin 

is typically extracted from onion (Allium cepa) or from the Japanese pagoda tree (Sophora 

japonica). Capsules containing 200-500 mg quercetin are available from LifeExtension (Fort 

Lauderdale, Florida, USA) or from ZeinPharma Germany GmbH (Nauheim, Germany). The 

recommended daily intake of one capsule with the above-mentioned amount of resveratrol or 

quercetin corresponds to a price ranging from 0.15 to 0.30 €. Nearly all of the commercially 

available polyphenol-containing food supplements contain bioactive compounds which are 

directly extracted from plant material.  

Unfortunately, in many cases the low abundance of polyphenols in plants hinders their 

extraction in sufficient amounts. The natural polyphenol amount strongly varies depending on 

the plant species, the season and the geographical location. Especially phytoalexins such as 

stilbenes are not produced at constant rates but only in response to infections, which renders 

it even more challenging to isolate these compounds. A second challenge is the isolation of 

individual compounds of a complex mixture of chemically very similar polyphenols in the 

plant extracts. Instead of extraction from plant material, a chemical total synthesis of 

interesting polyphenols could serve as an attractive alternative source. However, due to the 

complexity of polyphenols the synthesis includes multiple reaction steps, the use of toxic 

chemicals and requires purification to remove undesired by-products (Quideau et al., 2011). 

Synthesis of more complex polyphenols even requires stereo- and regioselective reaction 

steps, which renders an economical synthesis in most cases unfeasible.  

When considering the disadvantages and technical challenges of the natural extraction or 

chemical synthesis of polyphenols, it appears that the production with microorganisms is the 

only remaining source for valuable polyphenols. Microorganisms can reach high growth rates 

and biomass yields, can be easily cultivated in defined media and the production process 

can be easily up-scaled. As plant-derived polyphenols are not naturally produced by 

microorganisms, this production strategy requires genetic engineering of the host strain by 

functional integration of the heterologous pathways from plants. The prerequisite for strain 

engineering is the availability of detailed information on the required enzymatic activities and 
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the metabolic pathways involved in the natural polyphenol synthesis. This also includes the 

identification of the respective plant genes coding for enzymes showing the required 

activities. Polyphenols are derived from the aromatic amino acids L-phenylalanine (L-Phe) 

and L-tyrosine (L-Tyr), both compounds, which are already naturally synthesized by 

microorganisms for protein biosynthesis.  

 
1.3 Plant metabolic pathways leading to polyphenols 

 
The aromatic amino acid L-Phe is the major precursor for the synthesis of polyphenols in 

plants. L-Phe is first deaminated to the phenylpropanoid cinnamic acid in a non-oxidative 

manner by the activity of phenylalanine ammonia lyase (PAL) (MacDonald and D’Cunha, 

2007) (Fig. 2). Cinnamic acid consists of a benzene ring attached to a propionic acid side 

chain containing a double bond between C2 and C3, which is formed during the deamination 

reaction. Cinnamic acid can be hydroxylated in para-position by the activity of the 

cytochrome P450-dependent enzyme cinnamate 4-hydroxylase (C4H) yielding the 

phenylpropanoid p-coumaric acid. PAL enzymes often have low side activities with L-Tyr to 

produce p-coumaric acid directly without the need for C4H activity. Some bacteria also 

produce secondary metabolites starting from phenylpropanoids. Therefore, they possess 

tyrosine ammonia lyases (TAL), which convert L-Tyr to p-coumaric acid (Jendresen et al., 

2015). These enzymes can exhibit much higher activity with L-Tyr compared to L-Phe, which 

allows for bypassing C4H-mediated hydroxylation of L-Phe. In plants, further hydroxylation or 

O-methylation reactions of phenylpropanoids can occur, giving rise to more complex 

phenylpropanoids substituted in meta- and para-position (indicated by R, R’ and R’’ in Fig. 2) 

(Inoue et al., 1998; Humphreys and Chapple, 2002).  

The enzyme 4-coumarate: CoA ligase (4CL) is able to catalyze the ATP-dependent CoA-

ligation to phenylpropanoids (Fig. 2). The phenylpropanoid CoA-thioesters are used as 

substrates by two different classes of enzymes, stilbene synthase (STS) or chalcone 

synthase (CHS), both of which are class III polyketide synthases (Tropf et al., 1994). Both 

enzymes use three molecules of malonyl-CoA to convert the phenylpropanoid CoA-thioester 

into a tetraketide intermediate. By following different reaction mechanisms, a second 

aromatic ring is formed from the tetraketide giving rise to either stilbenes (catalyzed by STS) 

or chalcones (catalyzed by CHS) (Austin et al., 2004) (Fig. 2). Chalcones are subsequently 

isomerized to (2S)-flavanones by the activity of a chalcone isomerase (CHI). The 

isomerization reaction leads to the formation of an aliphatic heterocyclic ring in the (2S)-

flavanone connecting the two aromatic rings.  
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Fig. 2 Schematic overview of biosynthetic pathways leading to different polyphenols in 

plants. Polyphenols are phenylpropanoid-derived compounds of the secondary plant metabolism. The 

phenylpropanoids cinnamic acid and p-coumaric acid are synthesized from L-Phe and L-Tyr by non-

oxidative deamination by phenylalanine ammonia lyases or tyrosine ammonia lyases. The benzene 

ring in phenylpropanoids can be further modified by hydroxylation and O-methylation in meta- and 

para-position (shown as R, R’ and R’’) by plant hydroxylases and O-methyltransferases. In the 

subsequent step, phenylpropanoids undergo CoA-ligation by 4-coumarate: CoA ligase activity. 

Phenylpropanoyl-CoA thioesters are converted to stilbenes by stilbene synthase or to chalcones by 

chalcone synthase. Both enzymes catalyze chain elongation of the starter phenylpropanoyl-CoA using 

three molecules of malonyl-CoA and subsequent circularization reactions. Chalcones are further 

isomerized to (2S)-flavanones. The activity of plant 2-oxoglutarate-dependent dioxygenases and 

NADP-dependent reductases gives rise to the shown classes of flavonoids. 
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The (2S)-flavanone backbone can be further modified by hydroxylation and reduction giving 

rise to flavanonols (dihydroflavonols), flavonols, and anthocyanidins (all belonging to the 

family of flavonoids) (Fig. 2).  

Stilbenes and flavonoids contain at least two hydroxy groups, which are directly attached to 

aromatic rings. These hydroxy groups can be decorated with methyl-, acetyl-, other acyl-, or 

glycosyl-residues, which gives rise to an impressive diversity of polyphenols (Harborne and 

Mabry, 2013). Mostly acyltransferases and glycosyltransferases are responsible for the 

decoration of polyphenols in plants (Ross et al., 2001; D’Auria, 2006). Decoration contributes 

to increased stability or increased solubility in aqueous environments (Plaza et al., 2014). In 

this context, O-methylation of stilbenes was also found to be responsible for increased 

bioavailability in human cells compared to their non-methylated form (McCormack and 

McFadden, 2012). 

 

1.4  Current state of polyphenol production in engineered microorganisms  

 

Until now, microbial production of plant polyphenols focused exclusively on using Escherichia 

coli and Saccharomyces cerevisiae as production hosts (Marienhagen and Bott, 2013). The 

two-step pathway including 4-coumarate: CoA ligase and stilbene synthase was used for 

stilbene production starting from phenylpropanoids. In most cases, resveratrol was produced 

from supplemented p-coumaric acid (Lim et al., 2011; Shin et al., 2011). By following the 

same metabolic strategy, engineered E. coli strains also converted cinnamic acid and caffeic 

acid into the stilbenes pinosylvin and piceatannol, respectively (van Summeren-Wesenhagen 

and Marienhagen, 2015; Wang et al., 2015). The heterologous expression of genes coding 

for 4-coumarate: CoA ligase, chalcone synthase and chalcone isomerase enabled production 

of the (2S)-flavanones pinocembrin (from cinnamic acid) or naringenin (from p-coumaric 

acid) (Kaneko et al., 2003; Yan et al., 2005). Production strains of E. coli and S. cerevisiae 

additionally expressing heterologous genes coding for phenylalanine ammonia lyase and 

tyrosine ammonia lyase were capable to produce stilbenes and (2S)-flavanones from L-Phe 

or L-Tyr (Shin et al., 2012; Wu et al., 2013b; Zhu et al., 2014). 

With the aim to overcome the need for feeding of expensive precursors, E. coli and S. 

cerevisiae were additionally engineered towards overproduction of aromatic amino acids. 

Aromatic amino acids are produced by the shikimate pathway, which is tightly controlled at 

the stage of gene expression and by feedback-regulation of the involved enzymes (Braus, 

1991; Kikuchi et al., 1997). To achieve overproduction of L-Phe and L-Tyr, feedback-resistant 

enzymes were introduced and genes coding for enzymes catalyzing rate-limiting steps were 
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overexpressed. Application of these strategies in strains with functional polyphenol pathways 

led to the de novo synthesis of stilbenes and (2S)-flavanones (Wu et al., 2014; Li et al., 

2015). Until today, also more complex polyphenols such as decorated stilbenes and 

flavonoids were successfully produced in engineered microorganisms (Kang et al., 2014; Kim 

et al., 2015; Cress et al., 2017). 

Efforts to increase the titers of polyphenols focused on engineering of the host metabolism, 

especially in E. coli (Leonard et al., 2007; Fowler et al., 2009; Chemler et al., 2010). Thereby, 

rate-limiting steps during production were identified. The low intracellular availability of 

malonyl-CoA is the major bottleneck during production in E. coli (Leonard et al., 2007; Zha et 

al., 2009; Lim et al., 2011). Three molecules of malonyl-CoA per molecule polyphenol are 

required (Fig. 2). In bacteria and yeast, malonyl-CoA is exclusively consumed during fatty 

acid synthesis. The endogenous supply of malonyl-CoA by carboxylation of acetyl-CoA is 

tightly regulated and low intracellular levels of malonyl-CoA are maintained (Hasslacher et 

al., 1993; Davis et al., 2000). Fatty acid synthesis-inhibiting antibiotics such as cerulenin 

increased the production of polyphenols in engineered microorganisms because malonyl-

CoA consumption for fatty acid synthesis is reduced and thus becomes available for 

polyphenol synthesis (Santos et al., 2011; van Summeren-Wesenhagen and Marienhagen, 

2015). Unfortunately, the presence of cerulenin also abolishes the growth of the host 

organism as a result of the rapid depletion of fatty acids. In addition, cerulenin is very 

expensive and thus cost-efficient upscaling of the production process with cerulenin 

supplementation is not feasible. As an alternative strategy to increase the intracellular 

malonyl-CoA availability, genes coding for acetyl-CoA carboxylase (ACC) were 

overexpressed. ACC catalyzes the ATP-dependent carboxylation of acetyl-CoA to malonyl-

CoA. In most cases, the genes coding for the heterodimeric ACC from Corynebacterium 

glutamicum were introduced into polyphenol-producing strains (Miyahisa et al., 2005; 

Katsuyama et al., 2007; Zha et al., 2009; van Summeren-Wesenhagen and Marienhagen, 

2015). A malonate: CoA ligase involved in the malonate utilization pathway of Rhizobium 

trifolii was introduced into E. coli to increase the intracellular malonyl-CoA availability 

(Leonard et al., 2008; Wu et al., 2013a). Although this strategy was suitable for increased 

polyphenol production, it requires the supplementation of malonate as precursor. 

The activity of the heterologous TAL converting L-Tyr to p-coumaric acid was recognized as 

another bottleneck during polyphenol production (Lin and Yan, 2012; Eudes et al., 2013). 

Several highly active TAL enzymes with a substrate specificity for L-Tyr were identified, but 

application of these enzymes did not boost microbial polyphenol production (Jendresen et 

al., 2015). Possible reasons for the limitation of product formation at this point in the 

heterologous biosynthetic pathways have not been identified yet.  
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1.5.  Corynebacterium glutamicum as novel host strain for polyphenol production? 

 
1.5.1 C. glutamicum and its industrial relevance 

 
C. glutamicum is a Gram-positive, non-motile, non-pathogenic, biotin-auxotrophic soil 

actinobacterium, which was isolated in Japan during a screening campaign for identifying 

glutamate-producing bacteria in 1956 (Kinoshita et al., 1957). C. glutamicum grows in 

defined media with relatively high growth rates and reaches high cell densities, rendering this 

organism an industrial workhorse in white biotechnology (Eggeling and Bott, 2005). A large 

set of tools for genetic engineering of C. glutamicum including plasmids and strong 

promoters is available (Pátek and Nešvera, 2013). This enabled the construction of tailor-

made strains for the industrial production of compounds with commercial relevance. Products 

obtained with C. glutamicum have GRAS (“generally recognized as safe”) status. Optimized 

strains are currently used for the production of up to 3.0 million tons of the flavor enhancer L-

glutamate and 2.2 million tons of the feed additive L-lysine per year (Becker et al., 2011; 

Wendisch et al., 2014). Beyond, engineered strains mainly for the production of organic acids 

(ketoisovalerate, shikimate), polymer precursors (succinate, lactate, cadaverine, putrescine, 

itaconate) and biofuels (ethanol, isobutanol, 1,2-propanediol, 3-methyl-1-butanol, 2-methyl-1-

butanol) are available (Inui et al., 2005; Krause et al., 2010; Becker and Wittmann, 2012; 

Yamamoto et al., 2013; Heider and Wendisch, 2015; Otten et al., 2015; Siebert and 

Wendisch, 2015; Tsuge et al., 2015; Kogure et al., 2016; Vogt et al., 2016). 

Due to its capability to produce a wide range of different industrially relevant compounds, C. 

glutamicum is also a very promising host for the production of plant polyphenols. The cost-

efficient production of polyphenols in microorganism does not only require a functional 

introduction of the respective heterologous pathways from plants, but also engineering of the 

carbon metabolism of the host strain towards sufficient supply of relevant precursor 

metabolites. In case of polyphenols the shikimate pathway is important as it provides the 

aromatic amino acids L-Phe and L-Tyr, which represent the precursors of polyphenols.  

Already in the 1970s, C. glutamicum was used for the production of aromatic amino acids, in 

particular L-tryptophan (L-Trp) (Hagino and Nakayama, 1975). Aromatic amino acid-

producing strains were obtained from iterative cycles of mutagenesis and screening because 

detailed information on the regulation of the shikimate pathway in C. glutamicum was not 

available (Ikeda, 2006). Development of genetic tools such as expression plasmids allowed 

for rational metabolic engineering of improved production strains for aromatic amino acids 

(Ikeda and Katsumata, 1992; Ikeda et al., 1993; Eggeling and Bott, 2005). In the course of 

improving already existing production strains the shikimate pathway in C. glutamicum was 
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investigated in much detail (Ikeda and Katsumata, 1992; Katsumata and Ikeda, 1993). In a 

more recent study, production of L-Phe was achieved starting from the C. glutamicum wild-

type strain by introduction of heterologous genes from E. coli (Zhang et al., 2013). 

 

1.5.2  Reactions and regulation of the shikimate pathway in C. glutamicum    

 
The first committed step of the shikimate pathway for biosynthesis of all three aromatic 

amino acids is the condensation of phosphoenolpyruvate (PEP) and the pentose phosphate 

pathway metabolite erythrose-4-phosphate (E4P) yielding 3-deoxy-D-arabinoheptulosonate-

7-phosphate (DAHP). This reaction is catalyzed by DAHP synthase (DS) (Fig. 3). DAHP is 

circularized by the enzyme 3-dehydroquinate synthase (DHQS) giving rise to 3-

dehydroquinate (DHQ), a highly substituted cyclohexanone derivative. 3-Dehydroquinate 

dehydratase (DHQD) catalyzes the elimination of water from DHQ yielding 3-

dehydroshikimate (DHS), thereby introducing the first double bond into the ring. Four 

enzymatic reactions convert DHS to chorismate (Fig. 3). The chorismate-forming reaction 

catalyzed by chorismate synthase (CS) includes dephosphorylation, thereby introducing a 

second double bond into the ring.  

Chorismate is the first branching point for the synthesis of either L-Phe/L-Tyr or L-Trp. The 

biosynthesis of L-Trp from chorismate requires six reaction steps, which are not described in 

more detail here. For the synthesis of L-Phe and L-Tyr the enzyme chorismate mutase (CM) 

converts chorismate to prephenate (Fig. 3). Prephenate undergoes decarboxylation and 

dehydration yielding phenylpyruvate or is oxidatively decarboxylated to 4-hydroxyphenyl-

pyruvate. The reactions are catalyzed by prephenate dehydratase (PDT) and prephenate 

dehydrogenase (PDH), respectively. The ultimate step comprises the transamination of 

phenylpyruvate to L-Phe and of 4-hydroxyphenylpyruvate to L-Tyr and is catalyzed by an 

aminotransferase (AT). For the biosynthesis of L-Tyr in C. glutamicum prephenate is first 

transaminated to arogenate (pretyrosine), which is then oxidatively decarboxylated to L-Tyr in 

a second step (Fazel and Jensen, 1979). The last steps leading to L-Tyr in C. glutamicum are 

rather unusual (although not restricted to coryneform bacteria), therefore both routes are 

shown in Fig. 3. 
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Fig. 3 Biosynthesis of aromatic amino acids by the shikimate pathway. The three aromatic 

amino acids L-Phe, L-Tyr, and L-Trp are synthesized by the shikimate pathway, which requires 

erythrose-4-phosphate and two molecules of phosphoenolpyruvate (PEP) as substrates. 

Abbreviations: DS: 3-deoxy-D-arabinoheptulosonate-7-phosphate synthase, DHQS: dehydroquinate 

synthase, DHQD: dehydroquinate dehydratase, SDH: shikimate dehydrogenase, SHK: shikimate 

kinase, EPSPS: 5-enolpyruvylshikimate-3-phosphate synthase, CS: chorismate synthase, CM: 

chorismate mutase, PDT: prephenate dehydratase, PDH: prephenate dehydrogenase, AT: 

aminotransferase, ADH: arogenate dehydrogenase. In C. glutamicum, L-Tyr is synthesized via 

arogenate whereas it is typically produced from 4-hydroxyphenylpyruvate in most other organisms 

(including E. coli).  

 

In C. glutamicum, the shikimate pathway is regulated at the stage of transcription and mainly 

by feedback-regulation of the involved enzymes (Ikeda, 2006). The regulation of gene 

expression mainly affects the L-Trp branch (reaction steps from chorismate to L-Trp). The 

regulator LtbR was shown to inhibit the expression of the operon trpEGDCFBA in presence 

of L-Trp (Brune et al., 2007). The genes coding for the other enzymes of the shikimate 

pathway are either expressed constitutively or the regulation is not known. The regulation of 
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the genes qsuC and qsuD coding for dehydroquinate dehydratase and shikimate 

dehydrogenase is a special case. The operon qsuCD is expressed constitutively, but the 

expression of the operon qsuABCD also comprising qsuA and qsuB is activated by the 

regulator QsuR (Kubota et al., 2014). The reactions catalyzed by QsuC and QsuD are also 

part of a catabolic pathway for shikimate and quinate, which is described in more detail at the 

end of this chapter.      

The major points of feedback-regulation at the enzyme activity level include the initial 

committed step catalyzed by DAHP synthase and the reaction catalyzed by chorismate 

mutase at the first branching point of the pathway. C. glutamicum has two DAHP synthase 

isoenzymes catalyzing the synthesis of DAHP, designated AroF and AroG. Interestingly, 

deletion of aroG abolished growth in mineral medium, while deletion of aroF did not lead to 

any observable phenotype (Liu et al., 2008). It was concluded that AroG rather than AroF is 

involved in the synthesis of aromatic amino acids in C. glutamicum. AroF is feedback-

regulated by L-Tyr and to a much lesser extent by L-Phe and L-Trp. AroG is inhibited by L-

Trp, but not by L-Tyr and L-Phe (Liu et al., 2008). AroG was found to physically interact with 

the chorismate mutase (CM) in C. glutamicum. The interaction stimulates the DAHP 

synthase activity of AroG. In the protein complex AroG-CM, AroG is allosterically regulated 

by chorismate and prephenate, which represent substrate and product of the reaction 

catalyzed by the chorimate mutase (Li et al., 2009; Li et al., 2013). The chorismate mutase 

activity is not inhibited by the presence of any of the three aromatic amino acids (Li et al., 

2009).  

Additionally, C. glutamicum contains a catabolic pathway for quinate and shikimate allowing 

growth using these compounds as sole carbon and energy source (Teramoto et al., 2009). It 

was found that the anabolic shikimate pathway for the synthesis of aromatic amino acids and 

the catabolic pathway for quinate and shikimate overlap at the stage of 3-dehydroshikimate. 

Intracellular chorismate was identified as an inducer for the expression of genes coding for 

enzymes of the catabolic pathway (Kubota et al., 2014). An increased concentration of 

metabolites of the (anabolic) shikimate pathway activates the catabolic pathway, which leads 

to the synthesis of the hydroxybenzoic acid protocatechuate from 3-dehydroshikimate. This 

reaction is catalyzed by the 3-dehydroshikimate dehydratase QsuB. Protocatechuate is 

further degraded to succinyl-CoA and acetyl-CoA by the β-ketoadipate pathway in C. 

glutamicum (Shen and Liu, 2005) (Fig. 4). This not only allows the use of quinate and 

shikimate as an additional carbon source, but also avoids loss of carbon and energy by an 

undesired overproduction of aromatic amino acids. Taken together, the shikimate pathway in 

C. glutamicum is controlled at three levels: gene expression, enzymatic activity (allosteric 

control) and metabolic flux. 
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1.5.3 Exploitation of C. glutamicum for the production of aromatic compounds 

 
Surprisingly, apart from aromatic amino acids, there are only a few examples for the 

production of additional aromatic compounds in C. glutamicum and all relevant studies were 

published in the last two years (Lee and Wendisch, 2016). Metabolic engineering towards 

aromatic compound production in C. glutamicum focused on the deregulation of the 

shikimate pathway together with increased flux into the pentose phosphate pathway for 

supply of the precursor E4P. The combination of both strategies enabled the overproduction 

of shikimate in C. glutamicum (Kogure et al., 2016). Although shikimate itself is not an 

aromatic compound, the constructed strains represent a suitable basis for the production of 

aromatic compounds, which can be derived from the shikimate pathway. One recent 

example is the production of p-aminobenzoate in engineered C. glutamicum strains 

overproducing the precursor chorismate (Kubota et al., 2016). In another recent study, 

production of the hydroxylated benzoic acids protocatechuate and 4-hydroxybenzoate was 

demonstrated in C. glutamicum (Okai et al., 2016). C. glutamicum is recognized as a suitable 

host because it shows a pronounced resistance to aromatic compounds (Liu et al., 2013). 

However, a complex network for the degradation of aromatic compounds in this organism 

averted the attention of using C. glutamicum for the production of aromatic compounds. This 

might explain why only few such compounds were produced with this organism until today. 

Interestingly, any degradation of aromatic amino acids was not observed in this organism.  

  
1.5.4  Degradation of aromatic compounds in C. glutamicum 

 
Aromatic compounds are very abundant in environments such as water or soil. Several 

microorganisms (including C. glutamicum) are capable of degrading aromatic compounds, 

not only for detoxification purposes, but also to simply use them as carbon and energy 

sources (Fuchs et al., 2011). The underlying degradation pathways for aromatic compounds 

are often subdivided into peripheral and central pathways (Shen et al., 2012). In general, the 

central pathways are responsible for cleavage of the aromatic ring(s) and conversion of the 

resulting linearized molecules into metabolites of the central carbon metabolism. In most 

cases hydroxylated benzoic acids serve as direct substrates for the central degradation 

pathways. The more diverse peripheral pathways are essential for the conversion of more 

complex and substituted aromatics into compounds, which can be further degraded by the 

central catabolic pathways. 
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Fig. 4 Degradation of aromatic compounds in C. glutamicum. C. glutamicum is capable to use 

the depicted aromatic compounds as sole carbon and energy source. Peripheral degradation 

pathways (shown in black) convert the aromatic substrates to protocatechuate, catechol or gentisate, 

which are then further converted to metabolites of the central carbon metabolism using central 

degradation pathways (β-ketoadipate pathway or gentisate pathway, shown in blue). Protocatechuate 

can also be synthesized from the shikimate pathway intermediate 3-dehydroshikimate. Three arrows 

indicate multiple reactions steps required for degradation. 

 

A central degradation pathway for the catabolism of aromatic compounds in C. glutamicum is 

the β-ketoadipate pathway (Harwood and Parales, 1996). The two branches of this pathway 

are required to degrade either catechol (1,2-dihydroxybenzene) or protocatechuate (3,4-

dihydroxybenzoate) (Fig. 4). Both substrates contain two hydroxy groups in ortho-position, 

which are essential for the required (intradiol) ring fission reaction. Catechol 1,2-dioxygenase 

and protocatechuate-3,4-dioxygenase use dioxygen to catalyze the cleavage of catechol and 

protocatechuate yielding the linearized molecules cis,cis-muconate and 3-carboxy-cis,cis-

muconate, respectively (Knoot et al., 2015). Further reactions in the β-ketoadipate pathway 

convert both intermediates into β-ketoadipyl-CoA, which is finally cleaved yielding succinyl-

CoA and acetyl-CoA (Shen and Liu, 2005). The gentisate pathway is the second central 

degradation pathway in C. glutamicum, responsible for the degradation of gentisate (2,5-

dihydroxybenzoate) yielding fumarate and pyruvate (Shen et al., 2005) (Fig. 4). 

In C. glutamicum, several peripheral pathways have been identified. These pathway enable 

the degradation of one ring-aromatics (e.g. phenol, vanillate, 4-hydroxybenzoate, resorcinol, 
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benzyl alcohol and p-cresol), but also of more complex aromatics such as naphthalene and 

of the shikimate pathway intermediates shikimate and 3-dehydroquinate (Merkens et al., 

2005; Shen et al., 2012; Kubota et al., 2014; Du et al., 2016) (Fig. 4). Taken together, C. 

glutamicum is capable to degrade a large variety of aromatic compounds (except for 

aromatic amino acids).  

 
1.6  From degradation to production - Engineered reversal of β-oxidative pathways 

 
β-Oxidation is the common biochemical strategy for the shortening of ubiquitous fatty acid 

carbon chains (Schulz, 1991). Interestingly, this metabolic principle is not restricted to the 

degradation of fatty acids but is also the basis for several microbial catabolic pathways for 

aromatic compounds (Biegert et al., 1996; Harrison and Harwood, 2005; Trautwein et al., 

2012). β-Oxidative pathways comprise a conserved cascade of five enzyme-catalyzed 

reaction steps (Fig. 5). In the first reaction the carboxylic acid is converted to the respective 

CoA-thioester by ATP-dependent CoA-ligases (also referred to as acyl-CoA synthetases) 

(gray route in Fig. 5). The CoA-activated carboxylic acid (acyl-CoA) is oxidized, thereby a 

trans-2,3-double bond is introduced. This reaction is catalyzed by FAD-dependent acyl-CoA 

dehydrogenases. The double bond in the resulting trans-2,3-enoyl-CoA can be used by 

enoyl-CoA hydratases to introduce a water molecule yielding 3-hydroxyacyl-CoA. The 

hydroxy group is subsequently oxidized to a keto group by 3-hydroxyacyl-CoA 

dehydrogenases, forming 3-oxoacyl-CoA from 3-hydroxyacyl-CoA. 3-oxoacyl-CoA thiolases 

(also known as β-ketothiolases) use CoA for the thiolytic cleavage of 3-oxoacyl-CoA into 

acetyl-CoA and a shortened acyl-CoA molecule with n-2 carbon atoms (Fig. 5).  

All reactions involved in a β-oxidation are reversible with regard to the underlying enzymatic 

reaction mechanisms (Clomburg et al., 2012). In addition, an in silico analysis of reaction 

thermodynamics supports the notion that β-oxidation can be functionally operated in the 

anabolic direction (Dellomonaco et al., 2011). This enables the exploitation of such pathways 

in the non-natural anabolic direction for the purpose of chain elongation (black route in Fig. 

5). Until today, numerous different compounds have been synthesized in engineered 

microorganisms using reversal of β-oxidative pathways. The current state and the 

perspective of the utilization of such pathways for production purposes is summarized in a 

review article, which is part of this thesis (cf. chapter 2.5).  
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Fig. 5 Reversal of β-oxidative pathways for carbon chain elongation. The reversibility of the 

enzymatically catalyzed reaction steps during β-oxidation enables operation of this pathway in both 

directions. In the classical catabolic direction (shown in gray) a keto group is introduced at C3 of the 

CoA-activated carboxylic acid (acyl-CoA) yielding 3-oxoacyl-CoA, which can be used for the thiolytic 

cleavage yielding acetyl-CoA and a shortened acyl-CoA. The 3-oxoacyl-CoA thiolase catalyzing the 

cleavage reaction can also mediate the C-C ligation of acetyl-CoA and acyl-CoA for the synthesis of a 

3-oxoacyl-CoA with an elongated carbon chain. The identical enzymes involved in the “catabolic” β-

oxidation then catalyze the elimination of the carbonyl oxygen at C3 of 3-oxoacyl-CoA by two 

reduction steps and one dehydration step (shown in blue). The carboxylic acid can be released from 

CoA e.g. by acyl-CoA thioesterases. 

  
 
1.7 Aims of the thesis 

 
The major goal of this thesis is the exploitation of the yet untapped potential of C. glutamicum 

for the production of plant polyphenols. This does not only include the functional introduction 

of the required heterologous pathways from plants, but also the engineering of the host 

metabolic network towards sufficient supply of the relevant precursors. In case of the desired 

polyphenols, L-Tyr and malonyl-CoA are the essential building blocks, which need to be 

supplied by the host strain. Further engineering of C. glutamicum strains producing stilbene 

and (2S)-flavanone backbone molecules provides access to more complex and decorated 

polyphenols showing improved stability or bioavailability. This requires the expression of 
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additional genes coding for plant dioxygenases, reductases, and acyl- or glycosyl-

transferases.  

The natural pathways converting phenylpropanoids to polyphenols can be combined with 

novel synthetic pathways leading to phenylpropanoids, e.g. using reversal of β-oxidation. p-

Coumaroyl-CoA, the direct precursor for the stilbene resveratrol, is an intermediate of a β-

oxidative catabolic pathway for phenylpropanoids identified in Aromatoleum aromaticum 

EbN1 (Trautwein et al., 2012). This pathway yields 4-hydroxybenzoyl-CoA and acetyl-CoA 

from degradation of p-coumaric acid. When operating this pathway in reverse, p-coumaroyl-

CoA can be accessed from the cheap bulk chemical 4-hydroxybenzoic acid (4-HBA). By 

using this novel pathway in C. glutamicum the need for the energy-consuming synthesis of 

aromatic amino acids can be circumvented.  

In an unrelated project, reversal of a β-oxidation pathway should be exploited to demonstrate 

the synthesis of chemical building blocks in engineered E. coli strains (cf. chapter 2.6). To 

this end, enzymes of the natural phenylacetate degradation pathway of E. coli can be applied 

for the production of the nylon precursor adipic acid. The desired adipic acid production 

pathway starts from succinyl-CoA and acetyl-CoA, but only allows the synthesis up to the 

stage of the enoyl-CoA intermediate (2,3-dehydroadipyl-CoA). Candidate enzymes capable 

to efficiently catalyze the remaining reduction step and product release from the CoA-

thioester need to be identified. Genes coding for the enzymes with the highest enzymatic 

activity should then be functionally introduced in E. coli to enable adipic acid production from 

renewable carbon sources. 

 
1.8 Key results on engineering C. glutamicum towards polyphenol production 

 
1.8.1  Discovery of a new phenylpropanoid degradation pathway in C. glutamicum  

(Kallscheuer et al. 2016, Applied Microbiology and Biotechnology, cf. chapter 2.1) 

 
The stilbene resveratrol was chosen as first target for polyphenol synthesis by C. glutamicum 

to demonstrate its capability to produce plant-derived polyphenols from supplemented 

phenylpropanoids. The required two-step pathway leading to resveratrol included 

heterologous 4-coumarate: CoA ligase (4CL) and stilbene synthase (STS). A 4CL from 

parsley (Petroselinum crispum) and an STS from peanut (Arachis hypogaea) were already 

functionally introduced in microbial hosts such as E. coli and S. cerevisiae, therefore it was 

decided to test these enzymes also in C. glutamicum. Genes coding for STS and 4CL from 

the mentioned organisms were codon-optimized for C. glutamicum and subsequently cloned 
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as bicistronic operon into the expression plasmid pMKEx2. Using this plasmid allows the 

IPTG-inducible gene expression starting from the strong T7 promoter. A suitable host strain 

(C. glutamicum MB001(DE3)) harboring the required T7 RNA polymerase was already 

available (Kortmann et al., 2015). The constructed strain C. glutamicum MB001(DE3) 

pMKEx2_stsAh_4clPc was cultivated in defined CGXII medium with 4 % glucose and 5 mM of 

the phenylpropanoid p-coumaric acid. Unfortunately, no resveratrol production could be 

observed when the heterologous gene expression was induced with different concentrations 

of IPTG (0, 0.02, 0.1 or 1 mM). Astonishingly, the supplemented precursor p-coumaric acid 

was completely depleted at the end of the cultivation. The same was also found for a 

negative control strain harboring pMKEx2. In CGXII medium without C. glutamicum cells, 

there was no decrease of the initial p-coumaric acid concentration, so that any instability of 

the phenylpropanoid in the cultivation medium could be excluded.  

Instead, it turned out that C. glutamicum is able to degrade phenylpropanoids such as p-

coumaric acid, allowing their utilization as sole carbon and energy source for growth. For 

further analysis C. glutamicum wild-type cells were cultivated in CGXII medium with different 

naturally occurring phenylpropanoids as sole carbon and energy source. The tested 

substrates cinnamic acid, p-coumaric acid, caffeic acid and ferulic acid differ in the 

hydroxylation pattern of the aromatic ring (Fig. 6). A fifth substrate (3-(4-hydroxyphenyl)-

propionic acid) has the same hydroxylation pattern as p-coumaric acid but lacks the double 

bond in the aliphatic side chain. C. glutamicum degraded all tested phenylpropanoids except 

for cinnamic acid, thereby reaching growth rates of 0.15 - 0.23 h-1 depending on the tested 

phenylpropanoid. The degradation of phenylpropanoids was not reported in C. glutamicum 

before and no information of potentially involved pathway(s), enzymes or genes was 

available. 

Typically, genes coding for enzymes involved in catabolic pathways for aromatic compounds 

are not expressed constitutively, but their expression is induced when the corresponding 

substrates are available. This could also be true for the genes involved in the 

phenylpropanoid catabolic pathway. Therefore, the transcriptomic response of C. glutamicum 

to the supplementation of phenylpropanoids was analyzed using DNA microarrays. Genes 

showing an increased expression level in the presence of phenylpropanoids could code for 

enzymes, which are active in phenylpropanoid degradation. In presence of four tested 

phenylpropanoids (p-coumaric acid, caffeic acid, ferulic acid and 3-(4-hydroxyphenyl)-

propionic acid) a gene cluster of six genes (cg0340-cg0347) was significantly up-regulated 

(relative mRNA level > 3.0) (Fig. 6). When cells were pulsed with cinnamic acid, no 

significant regulation of these genes was observed. The genes were annotated as metabolite 

transporter protein (cg0340), fatty acid: CoA ligase (cg0341), MarR-type transcriptional 
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regulator (cg0343), 3-oxoacyl-CoA dehydrogenase (cg0344), metal-dependent hydrolase 

(cg0345), acyl-CoA dehydrogenase (cg0346) and enoyl-CoA hydratase (cg0347). The 

annotation of these genes suggested that they code for a set of enzymes involved in the 

degradation of fatty acids via β-oxidation (Kalinowski et al., 2003). This finding was 

unexpected as C. glutamicum is unable to degrade fatty acids by a β-oxidation pathway 

(Takeno et al., 2013). Instead, the encoded enzymes might catalyze a CoA-dependent, β-

oxidative chain-shortening of the propionic acid side chain of the phenylpropanoids giving 

rise to benzoic acids, which are then degraded by known pathways in C. glutamicum. 

To further analyze the relevance of the identified gene cluster for phenylpropanoid 

degradation, the identified genes were individually deleted in the C. glutamicum wild-type 

strain. The absence of the genes cg0341, cg0344, cg0345 and cg0347 abolished growth of 

C. glutamicum on all tested phenylpropanoids. Deletion of the gene cg0346 only abolished 

growth on 3-(4-hydroxyphenyl)propionic acid. This finding is in line with the assumed 

degradation pathway as 3-(4-hydroxyphenyl)propionic acid was the only one of the tested 

compounds lacking a double bond in the side chain. Deletion of the gene cg0340 coding for 

the putative metabolite transporter led to a slight reduction of the growth rate with 

phenylpropanoids as sole carbon and energy source, but the gene was not essential for 

growth with these compounds.  

The constructed deletion mutants were also cultivated in CGXII medium with 4% glucose and 

5 mM 3-(4-hydroxyphenyl)propionic acid to check for any accumulation of pathway 

intermediates of the assumed degradation pathway. Ultimately, the free acids of the CoA-

bound pathway intermediates could be identified using LC-MS/MS analysis, which confirmed 

that the identified enzymes catalyze a CoA-dependent, β-oxidative side-chain shortening of 

phenylpropanoids yielding benzoic acids (Fig. 6). The last step in the iterative β-oxidation 

during the catabolism of fatty acid is typically catalyzed by a 3-oxoacyl-CoA thiolase, which 

yields acetyl-CoA and a chain-shortened acyl-CoA. None of the identified genes codes for a 

3-oxoacyl-CoA thiolase. Instead, a putative hydrolase was encoded by cg0345. This enzyme 

catalyzes the hydrolysis at the keto group at C3 yielding acetyl-CoA and a free acid rather 

than a CoA-thioester. In case of 3-(4-hydroxyphenyl)propionic acid degradation 4-

hydroxybenzoate is formed, which is further converted to protocatechuate. Protocatechuate 

is degraded by the β-ketoadipate pathway in C. glutamicum (Fig. 4). By using the same 

pathway caffeic acid and ferulic acid are degraded to protocatechuate and vanillate, 

respectively. The identified pathway was designated Phd pathway (phenylpropanoid 

degradation) and the genes were named phdT (cg0340), phdA (cg0341), phdR (cg0343), 

phdB (cg0344), phdC (cg0345), phdD (cg0346) and phdE (cg0347) (Fig. 6).  
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Fig. 6 The phenylpropanoid degradation pathway in C. glutamicum. The phd cluster of seven 

genes (cg0340-cg0347) codes for enzymes catalyzing the CoA-dependent, β-oxidative side chain 

shortening of phenylpropanoids yielding benzoates. The tested phenylpropanoids included cinnamic 

acid (R = H, R’ = H), p-coumaric acid (R = OH, R’ = H), caffeic acid (R = OH, R’ = OH), ferulic acid  

(R = OH, R’ = OCH3) (all harboring a double in the side chain) and 3-(4-hydroxyphenyl)propionic acid 

(R = OH, R = H) (lacking an aliphatic double bond). The predicted promoters of the operons phdAT 

and phdBCDE as well as of phdR are indicated in gray. 

 

The gene phdR codes for a putative transcriptional regulator of the MarR-family. It was 

assumed that this regulator controls the expression of the phd gene cluster. To further 

investigate the role of the regulator, the transcriptome of the respective phdR deletion strain 

was analyzed using DNA-microarrays. In comparison to the wild-type strain, the genes of the 

cluster were up-regulated 120- to 400-fold. This led to the conclusion that PhdR acts as 

repressor, which blocks expression of the postulated operons phdBCDE and phdAT in 

absence of phenylpropanoids by binding to the corresponding promoters. It is likely that there 

is a low basal expression of the genes coding for the transporter PhdT and the phenyl-

propanoid: CoA ligase PhdA as the phenylpropanoid CoA-thioesters (and not the 

phenylpropanoids themselves) were identified as effectors of the repressor protein.  
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In the experiments described above, C. glutamicum failed to grow on cinnamic acid as sole 

carbon and energy source. Two scenarios could explain this finding: either cinnamic acid 

does not induce expression of the genes involved in catabolism due to poor interaction with 

the repressor protein or the enzymes of the catabolic pathway do not show sufficient activity 

with cinnamic acid and the pathways intermediates derived thereof. Ultimately, the first 

scenario turned out to be true as the strain C. glutamicum ΔphdR with constitutive 

expression of the phd genes was capable to grow with cinnamic acid as sole carbon and 

energy source. The growth rate of 0.19 h-1 was comparable to that observed with the other 

phenylpropanoids. Based on these results, it seems reasonable to conclude at this stage that 

the ligand spectrum of PhdR is limited to phenylpropanoids bearing a hydroxylation in para-

position. 

 
1.8.2  Construction of a C. glutamicum platform strain for polyphenol production 

(Kallscheuer et al. 2016, Metabolic Engineering, cf. chapter 2.2) 

 
Based on the observation that C. glutamicum rapidly consumes phenylpropanoids, it was 

assumed that other enzymes of the complex network of catabolic pathways for aromatic 

compounds might also interfere with the production of polyphenols in this organism. This 

could e.g. refer to hydroxylases or aromatic ring dioxygenases, which potentially show side 

activity with phenylpropanoids or polyphenols as substrates. To avoid any degradation or 

conversion of aromatic compounds, a novel platform strain was constructed based on C. 

glutamicum MB001(DE3). In the novel strain (designated C. glutamicum DelAro4) in total 21 

genes of the catabolic network for aromatic compounds (organized in four gene clusters) 

were deleted. The genes comprised the identified operon phdBCDE of the phenylpropanoid 

catabolic pathway. The remaining genes phdT and phdA of the gene cluster coding for the 

phenylpropanoid importer PhdT and the phenylpropanoid: CoA ligase PhdA (an endogenous 

4-coumarate: CoA ligase) were not deleted as both proteins can support polyphenol 

production in C. glutamicum.  

Deletion of additional genes coding for enzymes of the β-ketoadipate pathway (cg2625-

cg2640) and of pobA (cg1226, 4-hydroxybenzoate 3-hydroxylase) abolished growth of C. 

glutamicum with all compounds, which are degraded by this central degradation pathway (cf. 

Fig. 4). Production of polyphenols in C. glutamicum from glucose or other sugars requires the 

deregulation of the shikimate pathway for enabling overproduction of the precursor L-Tyr. As 

already described, C. glutamicum harbors a degradation pathway for quinate and shikimate, 

which also serves as an overflow metabolism for the shikimate pathway (chapter 1.5.2). To 

avoid that an increased flux into the shikimate pathway is redirected back into the central 
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carbon metabolism the gene qsuB (cg0502) was deleted additionally. QsuB catalyzes the 

irreversible dehydration of 3-dehydroshikimate yielding protocatechuate (cf. Fig. 4). C. 

glutamicum DelAro4 did not show any negative effects on growth and biomass formation 

when cultivated under standard conditions (30°C, 130 rpm) in CGXII medium with glucose 

and was used as basis for further strain engineering.  

 
1.8.3 Production of stilbenes and (2S)-flavanones with C. glutamicum DelAro4 

(Kallscheuer et al. 2016, Metabolic Engineering, cf. chapter 2.2) 

 
Plasmid-borne expression of heterologous sts and 4cl genes using the previously 

constructed plasmid pMKEx2_stsAh_4clPc in C. glutamicum DelAro4 led to the first 

demonstration of polyphenol production from phenylpropanoids with this organism. When 

cultivated in CGXII medium with 4 % glucose, 5 mM p-coumaric acid and 1 mM IPTG  

12 mg/L (0.05 mM) resveratrol were found to be produced. As the C. glutamicum DelAro4 

strain is no longer capable to degrade p-coumaric acid, more than 90 % of the initial p-

coumaric acid was still present at the end of the cultivation and thus not converted to 

resveratrol. 

For polyphenol production in E. coli and S. cerevisiae it was reported that the low level of 

malonyl-CoA (the co-substrate of the polyphenol synthesis pathway) was rate-limiting (Lim et 

al., 2011; Shin et al., 2012) (Fig. 2). In both organisms as well as in C. glutamicum malonyl-

CoA is exclusively used for synthesis of fatty acids. Therefore, it is not surprising that the 

malonyl-CoA level is strictly regulated based on the activity of the fatty acid synthesis 

machinery. For improved microbial polyphenol production typically the fatty acid synthesis 

inhibitor cerulenin is added. This antibiotic binds covalently to the fatty acid synthase 

complex and inhibits the elongation reaction of the fatty acid chain (Price et al., 2001). The 

inhibition of fatty acid synthesis results in a growth arrest because fatty acids are essential 

building blocks of cell membranes and cell wall components in C. glutamicum (Radmacher et 

al., 2005). Thus, the cerulenin concentration and especially the time point of cerulenin 

addition to the cultivation medium are crucial for an increased production of polyphenols. In 

C. glutamicum, the highest resveratrol titers were achieved when 25 µM cerulenin was added 

in the late exponential growth phase at an OD600 of 18-25. The production culture was 

inoculated to an OD600 of 5-7 to reach the required biomass concentration after 8-10 hours. 

With this optimized cultivation protocol the resveratrol production could be increased more 

than 13-fold to 158 mg/L (0.69 mM) by addition of 25 µM cerulenin. When 5 mM of the 

phenylpropanoids cinnamic acid or caffeic acid were supplemented to C. glutamicum DelAro4 

pMKEx2_stsAh_4clPc the strain produced 121 mg/L (0.57 mM) pinosylvin and 56 mg/L (0.23 



1. Scientific context and key results of this thesis 

22 
 

mM) piceatannol, respectively in presence of cerulenin. The stilbene isorhapontigenin 

derived from ferulic acid could not be produced in C. glutamicum. This finding is in line with 

published results. Due to steric hindrance, the tested STSAh is unable to synthesize the 

stilbene from the tetraketide intermediate obtained from feruloyl-CoA as substrate (Watts et 

al., 2006). 

In analogy to the previously constructed plasmid for stilbene production pMKEx2_chsPh_chiPh 

was constructed to also enable the production of (2S)-flavanones with C. glutamicum. The 

novel plasmid harbors codon-optimized genes coding for chalcone synthase (CHSPh) and 

chalcone isomerase (CHIPh) from Petunia x hybrida. As the complete pathway from 

phenylpropanoids to (2S)-flavanones also includes 4-coumarate: CoA ligase activity the 

already tested 4clPc gene was placed under control of the T7 promoter and was then 

integrated into the ΔphdBCDE locus in the genome of C. glutamicum DelAro4 yielding C. 

glutamicum DelAro4-4clPc. In case of plasmid-based expression of chsPh and chiPh in the 4clPc-

harboring strain, under optimized conditions employing cerulenin 35 mg/L (0.13 mM) 

naringenin and 37 mg/L (0.13 mM) eriodictyol could be produced from 5 mM p-coumaric acid 

and 5 mM caffeic acid, respectively.  

 

1.8.4  Exploitation of C. glutamicum for the production of more complex polyphenols 

(Kallscheuer et al. 2017, Journal of Biotechnology, cf. chapter 2.3) 

The already commercially available stilbene resveratrol can by further modified by 

decoration, e.g. by acylation or glycosylation. The di-O-methylated resveratrol derivative 

pterostilbene was shown to have a significantly higher bioavailability compared to resveratrol 

(McCormack and McFadden, 2012). The O-methylation leads to an increased hydrophobicity 

allowing a better passage through biological membranes. 

The production of pterostilbene in C. glutamicum requires one additional plant enzyme, a 

resveratrol di-O-methyltransferase (OMT) (Fig. 7). This enzyme uses S-adenosylmethionine 

(SAM) as methyl donor, a compound, which is also naturally produced by microorganisms. 

The heterologous expression of a codon-optimized gene coding for OMT from grape (Vitis 

vinifera) in C. glutamicum DelAro4 pMKEx2_stsAh_4clPc pEKEx3_omtVv failed, most likely due 

to improper folding of the OMT polypeptide chain. In pEKEx3 the heterologous gene omtVv is 

expressed from the IPTG-inducible tac promoter. None of five tested IPTG concentrations (0, 

0.01, 0.02, 0.1 or 1 mM) led to pterostilbene production, which further supported the 

assumption that OMT is insoluble. In order to increase the solubility of the heterologous 

protein in C. glutamicum a translational fusion of OMT to the C-terminus of the highly soluble 
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maltose-binding protein (MalE) of E. coli was tested (Duplay et al., 1984). The strategy was 

successful as the strain C. glutamicum DelAro4 pMKEx2_stsAh_4clPc pEKEx3_malEEc-omtVv 

produced 42 mg/L (0.16 mM) pterostilbene from 5 mM p-coumaric acid.  

 

 
 
Fig. 7  Heterologous pathways for synthesis of methylated stilbenes and of flavonols. 

Biosynthetic pathways for the microbial production of pterostilbene and for the flavonols kaempferol 

and quercetin starting from phenylpropanoids are depicted. A plant-derived resveratrol-di-O-

methyltransferase (OMT) catalyzes the double O-methylation of the stilbene resveratrol. The (2S)-

flavanones naringenin and eriodictyol are converted to the respective flavonols kaempferol and 

quercetin by flavanone 3-hydroxylase (F3H) and flavonol synthase (FLS).  
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In parallel, (2S)-flavanone-producing strains were engineered towards the production of 

flavonols (including the commercially available quercetin). Flavonols are very potent 

antioxidants and quercetin is one of the most frequently studied flavonoids with regard to 

bioactivity (Boots et al., 2008). The production of flavonols from (2S)-flavanones requires the 

activity of two different 2-oxoglutarate-dependent dioxygenases (Fig. 7). The first step is the 

hydroxylation at C3, which is catalyzed by flavanone 3-hydroxlase (F3H). The reaction yields 

flavanonols (dihydroflavonols), which are oxidized to flavonols by flavonol synthase (FLS). 

The F3H from Petunia x hybrida and the FLS from the eastern cottonwood (Populus 

deltoides) were chosen to be tested in C. glutamicum as both enzymes were already 

characterized in vitro (Britsch and Grisebach, 1986; Kim et al., 2010). Codon-optimized 

genes coding for F3HPh and FLSPd were cloned into pEKEx3 yielding pEKEx3_f3hPh_flsPd. 

This plasmid was then introduced into the (2S)-flavanone-producing strain C. glutamicum 

DelAro4-4clPc pMKEx2_chsPh_chiPh. When the resulting strain was cultivated in the presence 

of the phenylpropanoids p-coumaric acid and caffeic acid, the expected flavanonols and 

flavonols could be identified. From 5 mM p-coumaric acid 20 mg/L (0.07 mM) dihydro-

kaempferol and 23 mg/L (0.08 mM) kaempferol were produced, while supplementation with 5 

mM caffeic acid yielded 7 mg/L (0.02 mM) dihydroquercetin and 10 mg/L (0.03 mM) 

quercetin. The detected flavonol titers represent the highest titers achieved in an engineered 

microorganism to date. The results show that C. glutamicum can be also exploited for the 

production of more complex flavonoids. 

 
1.8.5  Strain engineering towards polyphenol production from glucose 

(Kallscheuer et al. 2016, Metabolic Engineering, cf. chapter 2.2) 

 
In the studies described above, the production of stilbenes and (2S)-flavanones in C. 

glutamicum was based on the supplementation of phenylpropanoids as precursors. Further 

strain engineering focused on the production of polyphenols from cheap glucose to make the 

microbial production of these compounds more economical (Fig. 8A). The phenylpropanoid 

p-coumaric acid can be obtained from the aromatic amino acid L-Tyr by non-oxidative 

deamination. This reaction is catalyzed by a heterologous tyrosine ammonia lyase (TAL). A 

highly active bacterial TAL from Flavobacterium johnsoniae (TALFj) with low side activity 

towards L-Phe was tested in C. glutamicum. Expression of the talFj gene in combination with 

the heterologous genes for stilbene and (2S)-flavanone production might require the 

supplementation of L-Tyr as C. glutamicum DelAro4 does not provide this aromatic amino 

acid in excess. In consequence, the polyphenol production can only be achieved with 

simultaneous deregulation of the feedback-control of the shikimate pathway especially at the 
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initial committed step catalyzed by the DAHP synthase. Due to the complex regulation of 

DAHP synthase and chorismate mutase activity in C. glutamicum (see chapter 1.5.2) the 

overexpression of native genes of C. glutamicum was not expected to be a promising 

strategy. In E. coli three different DAHP synthase isoenzymes are present and each of these 

is inhibited by only one of the aromatic amino acids (Wallace and Pittard, 1967). In C. 

glutamicum, the L-Trp branch was found to be strictly regulated on the transcriptional level. It 

is likely that an increased flux into the shikimate pathway does not lead to a significant 

overproduction of L-Trp. Therefore, it was decided to introduce the L-Trp-sensitive DAHP 

synthase AroH from E. coli into C. glutamicum, which retains full activity in absence of 

increased L-Trp level. The native gene aroH from E. coli MG1655 and a codon-optimized talFj 

gene were cloned as bicistronic operon into pEKEx3, which can be maintained in the cell in 

combination with pMKEx2. The plasmid pEKEx3_aroHEc_talFj allows the IPTG-inducible 

expression of the heterologous genes starting from the tac promoter and was introduced into 

the constructed stilbene- and (2S)-flavanone-producing C. glutamicum strains (the stilbene-

producing strain is shown in Fig. 8B).  

 

Fig. 8 Production of resveratrol in C. glutamicum. (A) The production of resveratrol from glucose 

requires overproduction of L-Tyr and its non-oxidative deamination yielding the phenylpropanoid p-

coumaric acid (p-CA), which is then further converted to resveratrol by 4-coumarate: CoA ligase (4CL) 

and stilbene synthase (STS). (B) Constructed plasmids required for production of resveratrol in C. 

glutamicum DelAro
4
. (C) Obtained resveratrol titer in presence or absence of different precursor 

metabolites and cerulenin. 
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To investigate the effect on additional expression of aroHEc and talFj the strain C. glutamicum 

DelAro4 pMKEx2_stsAh_4clPc pEKEx3_aroHEc_talFj was cultivated in the presence and 

absence of different precursor metabolites. In the presence of 5 mM p-coumaric acid 142 

mg/L (0.62 mM) resveratrol were produced, which is similar to the titer achieved with the 

initial strain C. glutamicum DelAro4 pMKEx2_stsAh_4clPc  (Fig. 8C). When 3 mM L-Tyr was 

supplemented the resulting resveratrol titer was 60 mg/L (0.26 mM) (Fig. 8C). This showed 

that the heterologous talFj gene is functionally expressed under the previously optimized 

induction conditions (1 mM IPTG). In absence of both precursors, the strain accumulated the 

same amount of resveratrol (59 mg/L, 0.26 mM) as with L-Tyr supplementation (Fig. 8C). 

Increasing the supplemented amount of L-Tyr did not allow an improved resveratrol 

production, which led to the conclusion that the tyrosine ammonia lyase activity is likely to be 

a rate-limiting step during production. In the (2S)-producing strain C. glutamicum DelAro4-

4clPc pMKEx2_chsPh_chiPh harboring pEKEx3_aroHEc_talFj 32 mg/L (0.12 mM) naringenin 

were found to be produced in absence of precursors, which is very similar to the titer of 35 

mg/L (0.13 mM) produced with supplementation of p-coumaric acid (all cultivations were 

done in presence of 25 µM cerulenin).  

 
1.8.6 Design of a novel synthetic pathway for phenylpropanoid biosynthesis 

(Kallscheuer et al., 2017, ACS Synthetic Biology, cf. chapter 2.4) 

 
The tyrosine ammonia lyase activity was identified as potential bottleneck during polyphenol 

production from glucose with C. glutamicum. The tested TALFj was shown to be a highly 

active tyrosine ammonia lyase in bacteria and yeast (Jendresen et al., 2015). The encoding 

gene talFj was placed under control of the strong tac promoter with maximal induction 

strength of expression. In that regard, there is not much room to further increase the TAL 

activity in the tested C. glutamicum strains. Unfortunately, the non-oxidative deamination of 

aromatic amino acids is the only known natural metabolic strategy to get an access to 

phenylpropanoids.  

However, driven by the goal to circumvent this bottleneck and inspired by nature, a synthetic 

pathway was designed and constructed in this project. This novel pathway allows for a TAL-

independent phenylpropanoid biosynthesis in C. glutamicum. In 2011, the β-oxidation 

pathway for iterative CoA-dependent chain-shortening of fatty acids was reported to be fully 

reversible with regard to the reaction mechanism of the involved enzymes (Dellomonaco et 

al., 2011) (Fig. 5). In consequence, a non-natural reversal of these reactions can also be 

exploited for production purposes. Interestingly, the phenylpropanoid CoA-thioesters (which 

are the direct precursors for polyphenol production) are enoyl-CoA intermediates of β-



1. Scientific context and key results of this thesis 

27 
 

oxidative degradation pathways for phenylpropanoids. Enzymes involved in the β-oxidative 

chain-shortening of phenylpropanoids should therefore also enable phenylpropanoid 

production if the pathways can be functionally operated in reverse. 

A suitable β-oxidation pathway was identified in Aromatoleum aromaticum EbN1. This 

pathway is required for degradation of p-coumaric acid yielding 4-hydroxybenzoyl-CoA and 

acetyl-CoA (Trautwein et al., 2012). Assuming that also all reactions of this pathway are 

reversible, p-coumaroyl-CoA should be accessible in three enzymatic steps starting from 4-

hydroxybenzoyl-CoA and acetyl-CoA (Fig. 9). 4-Hydroxybenzoate (4-HBA) is a cheap bulk 

chemical, which only needs to be converted to the corresponding CoA-thioester. A. 

aromaticum EbN1 also harbors an enzyme (designated HbcL1) with the desired 4-

hydroxybenzoate: CoA ligase activity (Wöhlbrand et al., 2007). Although 4-HBA is a typical 

petroleum-based chemical, it was already produced in an engineered C. glutamicum strain 

overproducing the 4-HBA precursor and shikimate pathway intermediate chorismate (Okai et 

al., 2016).  

 

Fig. 9 The synthetic pathway for resveratrol production from 4-hydroxybenzoate. The designed 

synthetic pathway represents an engineered reversal of β-oxidation reactions originally involved in 

phenylpropanoid degradation in A. aromaticum EbN1. The pathway enables the conversion of 4-

hydroxybenzoate (4-HBA) to the direct resveratrol precursor p-coumaroyl-CoA. 4-HBA is actively 

taken up by the native transporter PcaK (Cg1225) in the engineered C. glutamicum strain harboring 

this pathway. HbcL1: 4-hydroxybenzoate: CoA ligase, EbA5319: 3-(4-hydroxyphenyl)-3-oxopropionyl-

CoA thiolase, EbA5320: 3-(4-hydroxyphenyl)-3-hydroxypropionyl-CoA dehydrogenase, EbA5318: p-

coumaroyl-CoA hydratase.  
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To test the novel pathway in C. glutamicum, genes coding for HbcL1 and the three required 

enzymes EbA5319 (3-(4-hydroxyphenyl)-3-oxopropionyl-CoA thiolase), EbA5320 (3-(4-

hydroxyphenyl)-3-hydroxypropionyl-CoA dehydrogenase), and EbA5318 (p-coumaroyl-CoA 

hydratase) from A. aromaticum EbN1 were assembled as a synthetic operon. This 

tetracistronic operon under control of the strong constitutive tuf promoter (Ptuf-hbcl1-

ebA5319-ebA5320-ebA5318) was subsequently cloned into pEKEx3 yielding 

pEKEx3_RevBeta. The constructed strain C. glutamicum DelAro4 pMKEx2_stsAh_4clPc 

pEKEx3_RevBeta was tested for its capability to produce resveratrol from 4-HBA by the 

synthetic pathway.  

The host strain C. glutamicum DelAro4 is unable to catabolize 4-HBA as the gene pobA 

(cg1226) coding for 4-hydroxybenzoate 3-hydroxylase was already deleted during 

construction of this strain. The adjacent gene pcaK (cg1225) coding for a 4-hydroxybenzoate 

transporter is still present. PcaK is involved in the active import of 4-HBA into C. glutamicum 

cells (Chaudhry et al., 2007). C. glutamicum DelAro4 pMKEx2_stsAh_4clPc pEKEx3_RevBeta 

was cultivated in CGXII medium with 4 % glucose, 5 mM 4-HBA, 1 mM IPTG and 25 µM 

cerulenin. Without further optimization 5 mg/L (0.02 mM) resveratrol could be produced from 

4-HBA, which is the first report on polyphenol production from supplemented benzoic acids. 

The results also demonstrate that phenylpropanoid synthesis can be achieved independently 

from aromatic amino acids and ammonia lyase activity. 

 
1.9 Conclusions and Outlook 

 
The results obtained in this thesis show that C. glutamicum is an attractive host for the 

production of plant polyphenols. The recombinant strains constructed in this thesis not only 

produced the stilbene and (2S)-flavanone backbone molecules, but also more complex 

flavonoids and decorated stilbene were obtained after functional introduction of plant 

enzymes. In C. glutamicum, the identification and abolishment of degradation pathways for 

phenylpropanoids and other aromatic compounds was crucial for the development of plant 

polyphenol-producing strains. On the other hand, knowledge of genes and enzymes involved 

in these catabolic pathways (such as the identified phenylpropanoid: CoA ligase PhdA in C. 

glutamicum and the enzymes of the β-oxidative degradation pathway in A. aromaticum) can 

be also exploited to support product formation. The tested synthetic pathway for resveratrol 

production from 4-hydroxybenzoate is one example how novel metabolic routes can possibly 

contribute to circumvent rate-limiting reaction steps in the polyphenol production pathways. 
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Although stilbene and (2S)-flavanone production from glucose was achieved in C. 

glutamicum, the obtained titers are much lower in comparison to other aromatic compounds 

obtained with this organism (e.g. aromatic amino acids). The low intracellular level of 

malonyl-CoA and the limiting tyrosine ammonia lyase activity were identified as the decisive 

bottlenecks during polyphenol production not only in C. glutamicum, but also in other 

engineered polyphenol-producing microorganisms. In order to render the production with C. 

glutamicum more economical, huge effort has to be put into engineering of the central carbon 

metabolism towards increased production of phenylpropanoids and malonyl-CoA. For an 

optimal connection of the host metabolism to the heterologous polyphenol production 

pathways, fine tuning of the expression levels of the required genes is beneficial as it can 

avoid the accumulation of pathway intermediates and formation of by-products. In parallel, 

screening of enzymes from different plant species showing higher activity in C. glutamicum 

can also be decisive to increase the polyphenol titers.  

Due to their antibiotic properties polyphenols are toxic compounds. This challenge can be 

addressed by strain engineering towards efficient export of polyphenols (e.g. by introducing 

metabolite transporters) or by testing different product-removal strategies during process 

design and process up-scaling. 

Taken together, C. glutamicum is an attractive host for the production of plant polyphenols. In 

order to render the polyphenol production more economical, further engineering of the host 

metabolism is required to increase the product titers. The functional introduction of other 

plant enyzmes in the constructed platform strain C. glutamicum DelAro4 can also enable the 

production of additional phenylpropanoid-derived compounds with this organism.     
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2.2  Stilbene and (2S)-flavanone production in C. glutamicum 
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2.3  Production of more complex polyphenols in C. glutamicum 
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2.4  A novel synthetic pathway for polyphenol production 
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2.5  Production of chemicals and polymer building blocks by reversal of β-oxidation 
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2.6  Improved production of adipate in E. coli 
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