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Summary 
 

In this work, Streptomyces rimosus and Corynebacterium glutamicum have been 

employed for the production of polyketide compounds, oxytetracycline and curcumin, 

as representatives of pharmaceuticals and nutraceuticals, respectively. 

Multi-omics systems biology tools enabled elucidation of the mechanisms 

underpinning superior oxytetracycline formation in the classical industrial producer S. 

rimosus HP126. Randomly introduced mutations modulated metabolism of S. rimosus 

towards elevated CoA-thioester formation and downstream oxytetracycline. Enhanced 

activity of acetyl-CoA supporting, and reduced activity of malonyl-CoA consuming 

pathways, as well as boosted activity of the oxytetracycline biosynthetic gene cluster 

supported 12-fold boosted production of oxytetracycline. 

Genetic engineering of the native phenylpropanoid catabolic pathway enabled high-

level production of multipotent plant polyphenol curcumin in C. glutamicum. Adjusting 

the ratio of growth and biotransformation substrates allowed additional boost in titre. 

Toning down consumption of acetyl-CoA by the TCA cycle enabled increased 

formation of curcumin. Moreover, production of curcumin induced global changes on 

gene expression level and in fatty acid composition. Finally, fed-batch fermentation of 

CUR-8 strain resulted with 806 mg L-1, surpassing insofar achieved titres.
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Zusammenfassung 
 

In dieser Arbeit wurden Streptomyces rimosus und Corynebacterium glutamicum zur 

Produktion von Polyketide, Oxytetracyclin und Curcumin, als Vertreter für Arzneimittel 

und Nutrazeutika eingesetzt. 

Multi-Omics-Systembiologie-Tools ermöglichten die Aufklärung des Mechanismus, der 

der überlegenen Bildung von Oxytetracyclin im klassischen industriellen Produzenten 

S. rimosus HP126 zugrunde liegt. Zufällig eingeführte Mutationen modulierten den 

Stoffwechsel von S. rimosus hin zur erhöhten Bildung von CoA-Thioestern und 

nachfolgendem Oxytetracyclin. Die gesteigerte Aktivität des acetyl-CoA-

unterstützenden und die reduzierte Aktivität des malonyl-CoA-verbrauchenden 

Stoffwechselwegs, sowie die gesteigerte Aktivität des Oxytetracyclin-Biosynthese-

Gengruppe, unterstützten eine zwölffache Steigerung der Oxytetracyclin-Produktion. 

Die genetische Modifikation des nativen Phenylpropanoid-Katabolismus Wegs 

ermöglichte die hochgradige Produktion des vielseitigen Pflanzenpolyphenols 

Kurkumin. Die Anpassung des Verhältnisses von Wachstums- und 

Biotransformationssubstraten ermöglichte eine zusätzliche Steigerung des Titers. Die 

Reduzierung des Verbrauchs von Acetyl-CoA durch den TCA-Zyklus ermöglichte eine 

erhöhte Bildung von Kurkumin. Darüber hinaus führte die Produktion von Kurkumin zu 

globalen Veränderungen auf der Ebene der Genexpression und der 

Fettsäurezusammensetzung. Schließlich führte die Chargenfermentation des CUR-8-

Stamms zu einer Ausbeute von 806 mg L-1, was bisher erreichte Titel übertraf.
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1. Introduction 
 

1.1. General introduction 

For thousands of years humans have been relying on the power of nature to heal 

diverse diseases (Dias et al., 2012). The earliest fossil records of human use of plants 

for medicinal purposes are at least 60,000 years old (Yuan et al., 2016). Traditional 

medicinal practices around the world, such as Chinese traditional medicine, Ayurveda, 

Kampo, and Unani, rely on the usage of natural based remedies (Alves and Rosa, 

2007; Watanabe et al., 2011). Today, it is known that potent healing properties of 

traditional medicines stem from an immense array of natural products (NPs), i.e. 

biologically active compounds produced by numerous plant, fungal, algal, and bacterial 

species. Functionally, NPs are secondary metabolites, and as such, they have evolved 

as a part of endogenous defence mechanism against biotic and abiotic stress in their 

host. Enzymes that catalyse their biosynthesis are often collocated within biosynthetic 

gene clusters (BGCs) (van der Heul et al., 2018), whose activation usually requires 

specific environmental conditions (Craney et al., 2013). 

A prominent feature of NPs is their great chemical diversity and complexity, which 

enables them to carry out different biological and drug-like activities. Their function in 

native producers is often selected for the defence against pathogens, which makes 

them suitable for the treatment of infectious diseases and cancer, as they are able to 

trigger cell death (Laraia and Waldmann, 2017). Indeed, through history, NPs have 

played a pivotal role in drug discovery for the treatment of infectious diseases. 

Moreover, NPs have also had a significant impact on the development of anticancer, 

hypocholesterolemic, and immunomodulatory drugs (Lautie et al., 2020; Ramírez-

Rendon et al., 2022). Today, nearly 50% of clinically used drugs have directly, or 

indirectly natural origins. From the vast choice of natural products, polyketides, as a 

class of secondary metabolites, stand out in their abundance and biological activities 

(Yuzawa and Kuzuyama, 2020). They are of utmost importance for disease treatment 

and nurturing of human health, but also have valuable place in veterinary and 

agricultural practices (Yuzawa et al., 2018). 

Despite their pronounced biological activity, and practically untapped sources, 

polyketides, and other classes of NPs, exhibit significant challenges for drug discovery. 

These include tedious screening of large libraries, isolation, characterization, and 
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optimization of production process. In their native hosts, NPs are typically formed in 

finite quantities, far below an industrially applicable range (Atanasov et al., 2021). 

However, this barrier towards large-scale, sustainable production of NPs can be 

overcome, for example by applying methods that fall under the umbrella of systems 

metabolic engineering. Thereby, multi-omics technologies enable the understanding of 

the underlying mechanisms and bottlenecks behind the biosynthesis of polyketides 

(and other secondary metabolites) (Lee et al., 2011). Genetic engineering plays an 

indispensable role in rewiring of the primary metabolism to the upgrade production of 

native and heterologous metabolites (Yuan and Alper, 2019). The production of NPs 

in non-native, heterologous hosts is a common. This is especially apparent in the field 

of plant NPs, where microbial cell factories provide the opportunity for a resource-

conscious and environmentally friendly production (Liu et al., 2017). 

Evidently, efforts towards upgrading native producers and engineering traditional and 

non-conventional heterologous hosts are at the cornerstone for establishing 

sustainable, high-level production of polyketides, and NPs in general. 

 

1.2. Objectives 

In light of the previously highlighted benefits of polyketides in human welfare, this work 

aims to explore the applicability of actinobacterial microbial cell factories for the 

production of polyketide antibiotic oxytetracycline, and the plant polyketide 

nutraceutical curcumin. In that regard, this work consists of two major parts. 

The first part tackles the unexplored mechanisms behind the remarkable capacity of 

the industrial producer of oxytetracycline. The Streptomyces rimosus ATCC 10970 wild 

type, S. rimosus HP126 the oxytetracycline industrial producer, and its derivative 

lacking the oxytetracycline biosynthetic gene cluster, should be evaluated on systems 

level. The strains ought to be examined in terms of growth, substrate utilization, product 

formation, and pH. Metabolomics and transcriptome studies attempted to investigate 

the metabolic rewiring, which upgraded S. rimosus wild type for industrial scale 

production of oxytetracycline. 

The second part deals with establishing, to this date, the first Corynebacterium 

glutamicum cell factory for production of the plant polyphenol curcumin. The 

endogenous metabolism of C. glutamicum need to be tailored towards efficient 
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curcumin production, by elimination of competing pathways. In order to select the best 

performing cluster, a screening of candidates for curcumin BGC was supposed to be 

carried out. Optimization of the nutrients and engineering of acetyl-CoA and malonyl-

CoA were meant to enrich the supply of precursors for curcumin biosynthesis. 

Additionally, transcriptome and metabolome analysis aimed to investigate the effects 

of curcumin production on multiple cellular levels. Finally, the screening of optimal 

bioprocess conditions, is intended to scale up the production to the level of stirred-tank 

bioreactors. 
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2. Theoretical background 
 

2.1. Polyketides 

Polyketides are structurally and functionally diverse family of natural products (Till and 

Race, 2014). The name “polyketide” stems from the common occurrence of keto 

groups at multiple alternate carbon atoms (Hopwood and Sherman, 1990). They show 

broad range of biological activities, including antibacterial (tetracycline, erythromycin 

A, rifamycin) (Jia et al., 2010b), antiviral (balticolid) (Duarte et al., 2012), antifungal 

(amphotericin B) (Caffrey et al., 2001), anticancer (doxorubicin, epothilone) (Weissman 

and Leadlay, 2005), cholesterol-lowering (lovastatin) (Campbell and Vederas, 2010), 

antiparasitic (avermectine) (Dlugónska, 2015), antifungals (soraphen A) (Ligon et al., 

2002), insecticidal (spinosyn A) (Li et al., 2021b), immunosuppressing (rapamycin) 

(Yoo et al., 2017), and anti-inflammatory (flavonoids) (Tauchen et al., 2020) (Fig. 1). 

As such, polyketides have become of prominent importance for human healthcare, and 

are widely used for the treatment of acute and chronic diseases. To illustrate their 

significance, the market for polyketide-derived drugs is estimated to US$20 billion. 

 

Figure 1. Examples of polyketides and their respective molecular structure. 
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2.2. Polyketides as pharmaceuticals 

Attributable to their pronounced biological activities and functionalities, polyketides 

have immense clinical importance (Gokulan et al., 2014). Overall, they constitute 20% 

of the most sold pharmaceuticals (Baerson and Rimando, 2007). Extensive medical 

application of polyketides is tightly associated with their endogenous roles in natural 

producers. Namely, polyketides are evolutionary optimized for various functions, 

among which competition with other organisms is one of the most common ones (Dias 

et al., 2012; Atanasov et al., 2021). Essentially, this means that polyketides are often 

specialized to induce cell death, which makes them an inexhaustible source for the 

development of antibiotic and anticancer drugs (Monfil and Casas-Flores, 2014). 

Among polyketide chemotherapeutics, anthracyclines have taken a centre stage in the 

cancer treatment (Sarker et al., 2020). Naturally produced by Streptomyces paucetius, 

doxorubicin and daunorubicin anthracyclines are potent antineoplastic drugs in clinical 

practice since the 1980s (Aubel-Sadron and Londos-Gagliardi, 1984; Khosla and 

Keasling, 2003). They are commonly prescribed to treat multiple types of cancers, 

predominantly, breast and bladder cancer, Kaposi’s sarcoma, lymphoma, and acute 

and lymphocytic leukaemia (Sarker et al., 2020). Doxorubicin and daunorubicin inhibit 

topoisomerase 2, the enzyme essential for cell division, and thereby stop or reduce the 

growth of cancer cells (Bodley et al., 1989; Hande, 2008). Epothilones are another 

example of polyketide chemotherapeutics (Tang et al., 2005). Isolated from Sorangium 

cellulosum in the early 1990s (Julien et al., 2000; Sarker et al., 2020), they exert 

antitumor activity by interfering with tubulin formation during cell proliferation 

(Fumoleau et al., 2007). 

Furthermore, polyketides are a valuable source of cholesterol lowering drugs, 

lovastatin, being a prime illustration (Baerson and Rimando, 2007; Cacho et al., 2015). 

In nature, lovastatin is produced by the fungus Aspergillus terreus (Mulder et al., 

2015).The hypocholesterolemic effect is achieved via inhibition of 3-hydroxy-3-methyl 

glutaryl coenzyme A (HMG-CoA) reductase, an enzyme involved in biosynthesis of 

cholesterol (Goswami et al., 2013). 

Notably, microorganisms have had a pivotal role in the antibiotic drug development 

from the early years of the so-called “golden age of antibiotics” (Ribeiro da Cunha et 

al., 2019). Indeed, the majority of the clinically applied antibiotics are of microbial origin 

(Cragg and Newman, 2001). Among them, Streptomyces genus has an extraordinary 
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value for antibiotic drug development. Nearly 50% clinically applied antibiotics stem 

from streptomycetes, and a significant portion of these antibiotics are polyketides 

(Zhang et al., 2020). Tetracycline, erythromycin, nystatin, avermectin, and spiramycin, 

naturally produced by, S. auerofaciens (Pogue et al., 2017), S. erythreus (Weber et al., 

1985), S. noursei (Zotchev et al., 2000), S. avermitilis (Chen et al., 2016), and S. 

spiramyceticus (Wang et al., 2021), respectively, include some of the most well-known 

representatives of clinically approved polyketide antibiotics (Baerson and Rimando, 

2007). 

Historically, polyketide-derived antibiotics have played a significant role in antibiotic 

drug development, and today, they are still major source of novel antibiotics (Robertsen 

and Musiol-Kroll, 2019). Advances in methods for cultivation made it possible to 

cultivate previously “unculturable” strains from complex bacterial communities, such 

as those of soil-dwelling and marine actinomycetes (Chaudhary et al., 2019; Mu et al., 

2021). Furthermore, next generation sequencing technologies and genome mining 

enabled rapid, accurate and affordable genome sequencing and identification of 

enzymes carrying out polyketide synthesis (Nett et al., 2009). These advances are 

crucial in combating ever-growing antimicrobial resistance (AMR) and bacterial 

persistence. At least 700,000 death cases each year are associated with AMR. Without 

proper response, estimates say that the number might increase to staggering 10 million 

during the next three decades (Miethke et al., 2021). 

Oxytetracycline as a prominent example of polyketide antibiotics. One of the 

earliest findings during the “golden era of antibiotics” was oxytetracycline, a 

tetracycline class antibiotic, discovered in 1950 (Finlay et al., 1950). It is a broad-

spectrum antibiotic that is commonly prescribed to treat variety of bacterial infections 

in humans (Pelosato et al., 2022) and animal feeds (Injac et al., 2008). It is naturally 

produced by soil actinomycete Streptomyces rimosus, which led to it initially be named 

as terramycin (Finlay et al., 1950). It was first commercialized by Pfizer under the trade 

name Terramicina® (Sversut et al., 2017). Even during ever-growing threat of antibiotic 

resistance, tetracyclines remains one of the most often prescribed antibiotics (Van 

Boeckel et al., 2014), with yearly production of oxytetracycline being estimated to 

>10,000 tons (Pethick et al., 2013). Nowadays, there are more than 20 industrial 

suppliers of oxytetracycline, and according to recent estimates, prices have stabilized 

at approximately 20 US-$ kg-1 (Beganovic et al., 2023, submitted to Microb. Cell Fact.). 
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Physiochemical properties and mode of action. From the structural point of view, 

oxytetracycline is an aromatic polyketide, comprised of four fused six-carbon rings (A, 

B, C, and D), which are decorated with multiple functional groups (Fig. 2) (Chopra and 

Roberts, 2001). Basic oxytetracycline scaffold is synthesized by type II polyketide 

synthase, utilizing overall nine molecules of malonyl-CoA (Pickens and Tang, 2010). 

Distinct feature of oxytetracycline, and of other tetracycline antibiotics, is a presence 

of C2-amide group and one aromatic ring (D ring) (Chopra et al., 1992). 

 

Figure 2. Molecular structure of oxytetracycline. Represented are the four rings (A through D, from 
left to right) with the associated functional groups. The lower periphery, involved in inhibition of protein 
biosynthesis, is depicted in orange, while the upper periphery associated with derivatives of increased 
biological activity is shown in grey (Petković et al., 2017). 

 

The peripheral segments of the oxytetracycline molecule can further be distinguished 

into the upper and lower periphery (Fig. 2) (Petković et al., 2017). The lower periphery 

spreads from C10 to C4a carbon atoms (Petković et al., 2017), and carries out 

interaction with the 30S ribosomal subunit, whereby blocking the docking of the 

incoming tRNAs and arresting the protein biosynthesis (Chopra and Roberts, 2001; 

Nelson and Levy, 2011). Specifically, the C2-amide group and the oxygen functional 

groups at C10-C1 carbon atoms are involved in interaction with 16S ribosomal RNA 

(rRNA) (Robertsen and Musiol-Kroll, 2019). As a consequence, modifications at this 

part of the molecule are detrimental for the function of the antibiotic (Petković et al., 

2017). In contrast, derivatives made by modifications of the functional groups within 

the upper periphery can even have increased activity (Pickens and Tang, 2010; Nelson 

and Levy, 2011). 

Importantly, oxytetracycline acts as a strong chelating agent, which influences its 

antibacterial and pharmacokinetic properties (Sversut et al., 2017). Precisely, chelation 
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of Mg2++ ions, coordinated by the A ring, further increases binding of oxytetracycline 

to the ribosome and its antibacterial effect (Jenner et al., 2013). Chelating properties 

enable oxytetracycline to be effective against Gram-negative bacteria, which are 

characterized by the additional layer of outer membrane. In order to pass this barrier, 

oxytetracycline forms complexes with Mg2+ ions, enabling it to pass though porins in 

the outer membrane. However, in order to diffuse through the cell membrane, it 

dissociates from Mg2+ ions. Finally, the Mg2+ complex forms again in the cytoplasm, 

and strengthens the interaction with ribosome (Zakeri and Wright, 2008; Robertsen 

and Musiol-Kroll, 2019). 

Spectrum of action and applications. Oxytetracycline inhibits a wide range of Gram-

positive and Gram-negative bacteria (Nelson and Levy, 2011), but also of the 

spirochaetae, chlamydiae, mycoplasma, rickettsiae, and protozoan parasites (Sversut 

et al., 2017). In clinical practice, oxytetracycline is used to treat infectious of the 

respiratory and urinary tract, soft tissues, and skin (Papich, 2016). In agriculture, 

oxytetracycline is administrated to promote growth (Soler et al. 2016), and to prevent 

outbreaks of bacterial diseases in cattle and poultry (Szekely and Didaskalou 2016; 

Sudha et al. 2022), and foulbrood disease of honey bees (Waite et al. 2003). 

Furthermore, it finds extensive application in aquaculture to prevent diseases in 

salmonids, catfish, and lobsters (Leal et al. 2019). 

Second generation derivatives of oxytetracycline. Emergence of the AMR initiated 

the development of modified tetracyclines with the improved performance. These 

derivatives constitute the group of the second generation tetracycline (Petković et al. 

2017). First oxytetracycline derivative was made by alterations of the C6 hydroxyl 

group, and brought about formulation of methacycline (6-methylene-5-

hydroxytetracycline). Another round of modifications of methycycline gave rise to 

doxycycline (6-deoxy-5-hydroxytetracycline) (Robertsen and Musiol-Kroll, 2019). 

These derivatisations principally increased the spectrum of antibacterial activity 

against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus and 

Enterococcus faecalis (Nguyen et al., 2014). Doxycycline has increased activity, 

stability, and pharmacological properties compared to its parental molecule. Although 

doxycycline was approved by the USA Food and Drug Administration (FDA) in 1967, 

it is still broadly prescribed today, not only for the treatment of bacterial caused 
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infections, but also for the treatment of malaria and for chemoprophylaxis (Nelson and 

Levy, 2011; Petković et al., 2017). 

 

2.3. Polyketides in the food industry 

Beside their key role in drug development, polyketide compounds have important 

applications in food industry (Rugbjerg et al., 2018). In order to meet the growing 

demand for clean label ingredients, natural polyketide pigments are becoming an 

attractive “organic” alternative to synthetic food colorants (Lebeau et al., 2017). Many 

fungi, algae, and plants naturally produce polyketides that give them vibrant colours. -

known examples are red and yellow Monascus pigments, produced by filamentous 

fungi (Dufossé et al., 2014). Talaromyces species produce azaphilone (Mapari et al., 

2010), while orevactaene is obtained from Epicoccum nigrum. However, from the use 

of filamentous fungi in the food industry raises safety concerns, linked to the formation 

hazardous mycotoxins (Mapari et al., 2009). Still, this shortcoming has been addressed 

by selecting naturally and engineered mycotoxin- free and non-pathogenic fungal 

strains (Jia et al., 2010a).  

Industrially, most of the natural food colorants that are food-approved in the United 

States and the European Union are of plant origin (Mortensen, 2006). For instance, 

turmeric is a source of the orange-yellow polyketide pigment curcumin  that is  

marketed under names such as Natural Yellow 3, diferuloylmethane, CI 75300 or E100 

(Panzarini et al., 2021). Curcumin is commonly used to colour baked goods, dairy 

products, cereals, mustard, beverages, meat, eggs, fish, sausages, ice cream, food 

concentrates, and confectionery. Depending of the food category, the amount of added 

curcumin varies between 5 and 500 mg kg-1 (Solymosi et al., 2015; Sharifi-Rad et al., 

2020). Due to its antimicrobial and antioxidant properties, curcumin provides additional 

benefits than beautiful colour. The compound reduced the abundance of bacteria, 

molds, and yeasts in meat samples, and suppressed undesired lipid peroxidation of 

soybean oil. Thus, curcumin can increase stability of food, and is a highly relevant 

natural food preservative (Abdeldaiem, 2014). 

Polyketides as functional food ingredients. An emerging field in the food area 

relates to the conceptual design of functional foods (Henry, 2010). There are several 

definitions for functional foods, and they all share the aspect to be food and/or dietary 
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components that support human health beyond basic nutrition (Bagchi, 2014). 

Functional foods can be classified into three major groups: (i) conventional food 

containing naturally occurring bioactive substances , (ii) food that artificially is enriched 

in bioactive compounds, and (iii) and specific food ingredients that have probiotic 

and/or prebiotic effects (Henry, 2010; Temple, 2022). Among these latter ingredients, 

plant flavonoids receive special attention. Structurally, these compounds are derived 

from a polyketide scaffold that is synthesized by type III PKS complexes. With more 

than 5,000 described compounds, flavonoids can be sub-grouped into structurally 

diverse chalcones, flavanones, flavones, flavonols, aurones, isoflavonoids, 

flavanediols, anthocynins, and tannins (Hurst, 2008). The existing extraordinary 

diversity is a result of numerous modifications of the basic polyketide scaffold by 

various tailoring enzymes (Winkel-Shirley, 2001; Katsuyama et al., 2007; Hurst, 2008). 

The main dietary source of flavonoids are fruits, vegetables, red wine, and green tea 

(Yao et al., 2004). Health-promoting benefits of flavonoids are versatile and include: 

anti-inflammatory, antioxidant, anti-cancer, anti-hypertensive, anti-proliferative, and 

anti-virus activity (Xiao et al., 2011). 

Unfortunately, due to the nutrient-poor soils and processing conditions using in 

agriculture, most of the food that we eat today is depleted in these functional 

components. Therefore, dietary supplements with concentrated and increased 

bioavailability of functional ingredients are becoming an often chosen solution to deal 

with this problem (Ghosh et al., 2019). In this regard, the dietary supplement market is 

expected to reach 220.8 billion US$ by 2027 (https://www.marketsandmarkets.com/). 

A considerable fraction of the market is constituted by the historically and medically 

relevant plant polyketide curcumin (Farooqui and Farooqui, 2019). Therefore, the next 

parts of this subchapter aim to explore this valuable compound more into detail. 

Curcumin as a prominent example of a functional food ingredient. Curcumin, is a 

bioactive polyphenolic compound that occurs in the rhizome of turmeric (Curcuma 

longa, L.), a perennial plant from the ginger family (Zingiberaceae). The plant is native 

to India, but has been meanwhile introduced to other tropical and subtropical regions 

of Southeast Asia and China (Srivastava et al., 2011). What is commercially known as 

curcumin, is actually a mixture of curcumin, and its related derivatives 

demethoxycurcumin and bisdemethoxycurcumin. The three compounds together are 

generally named as curcuminoids (Goel et al., 2008). In the mixture, curcumin is the 
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most active and abundant derivative (77%), followed by demethoxycurcumin (17%) 

and bisdemethoxycurcumin (3%) (Fig. 3) (Hm Leung et al., 2013). Together, 

curcuminoids are found enriched up to 5% in the turmeric root (Goel et al., 2008). Dried 

turmeric powder, also known as Indian saffron or golden spice, has a distinct aromatic 

flavour and vibrant yellow colour. As such, it has been used more than 2000 years in 

Asian cuisine, medicine, cosmetics and fabric dying (Lee et al., 2013c). 

 

Figure 3. Molecular structure of the three major curcuminoids. Curcumin, 
demethoxycurcumin, and bisdemethoxycurcumin differ in the number of O-methoxy groups, 
containing either two, one, or none, respectively (Goel et al., 2008). 

 

Physicochemical properties of curcumin. Chemically, curcuminoids are 

diarylheptanoids. They are synthesized by PKSIII using precursors that stem from the 

phenylpropanoid pathway (see below for more details). Vogel and Palletier were first 

to isolate curcumin (Vogel and Pelletier, 1815), followed by purification in crystalline 

form (Daube, 1870). Curcumin was later identified as diferuloylmethane or 1,6-

heptadiene-3,5-dione-1,7-bis(4-hydroxy-3-methoxyphenyl)-(1E,6E), enabling its first 

chemical synthesis (Miłobȩdzka et al., 1910). 

A prominent feature of curcumin is its keto-enol tautomerism (Fig. 4A), resulting from 

the carbonyl groups at carbon atoms three and five in the heptadiene chain. In polar, 

acidic, and neutral environments, the keto-form prevails, while non-polar and basic 

conditions lead to formation of the enol form (Rege et al., 2019). The pH-influenced 

tautomerism of curcumin is important, as it influences its bioactivity. For example, 

curcumin acts as an antioxidant only in its keto form by exchanging a proton from the 

methylene group at the carbon position four between the electron-withdrawing 
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carbonyl groups. Subsequent stabilization of the resulting carbon radical is achieved 

by resonance of the carbonyl groups (Jovanovic et al., 1999; Rege et al., 2019). 

 

Figure 4. Structural background of curcumin bioactivity. Keto-enol tautomerism of 
curcumin (A). Keto form predominates in polar, acidic medium. It is characterized by presence 
of methylene group at carbon atom four that can act as a hydrogen donor for scavenging of 
free radicals, including hydroxyl radicals, hydrogen peroxide, singlet oxygen and superoxide 
anion. Enol form predominates in basic, nonpolar medium and is characterized by absence of 
active methylene group. It is prone to breaking of the hepta-diene linker and cannot function 
as radical scavenger and thereby does not exhibit antioxidant activity (Sitabja and Santosh, 
2021). Pharmacophore structure and biological function relation (B). 

 

Furthermore, curcumin is hydrophobic and exhibits exceptionally low solubility in water 

(3 x 10-8 M) (Kharat et al., 2017). However, the compound dissolves readily in polar 

organic solvents such as methanol, ethanol, dimethylsulfoxide, acetone, and 

acetonitrile. Additionally, it is soluble in hydrocarbon solvents like hexane and 

cyclohexane (Yixuan et al., 2021). 

Bioavailability of curcumin. This pronounced hydrophobicity significantly reduces 

the bioavailability of curcumin and hinders its application in water-based products 

(Kharat et al., 2017). The bioavailability of curcumin is also limited by chemical 

instability under physiological conditions. Namely, at physiological pH, curcumin 

ratherrapidly degrades, resulting in cleavage products such as bicyclopentadione, 

vanillin, and ferulic acid (Schneider et al., 2015). Upon digestion, curcumin undergoes 

hepatic and intestinal biotransformation in the form of reduction, glucuronidation, and 

sulfation. Consequently, the amount of ingested curcumin that reaches the 

bloodstream is very low (Garcea et al., 2004; Lao et al., 2006). 
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Nevertheless, several strategies can be applied to address these issues and increase 

the bioavailability of curcumin. For instance, co-administration of adjuvants like 

piperine (alkaloid from black pepper, Piper nigrum, L.), silibinin (flavonoid from milk 

thistle, Sylbum marianum, L.) and quercetin (plant flavonol) inhibit the liver enzyme 

UDP-glucuronyltransferase that plays a key role in hepatic metabolic biotransformation 

of curcumin (Liu et al., 2020). Next, the incorporation of curcumin into carrier systems 

such as liposomes, micelles, hydrogels, emulsions, nanoparticles, hallossite particles, 

and capsules protects it from metabolic clearance and improves absorption into the 

gastrointestinal tract (Anand et al., 2007; Cheng et al., 2017). 

Medicinal properties of curcumin. Curcumin, exhibits remarkable pharmacological 

effects, including: antimicrobial, anticancer, chemopreventive, anti-inflammatory, 

antioxidant, antidiabetic, antilipidemic, and neuroprotective activities (Fig. 4C). These 

activities have been confirmed in vitro and in vivo and opened the way for nearly 500 

human clinical trials (Fu et al., 2021). 

The multiple bioactive properties of curcumin can be ascribed to its structural 

complexity and the presence of three main functional groups: an aromatic o-methoxy 

phenolic group, an α, β-unsaturated β-diketone moiety, and a seven-carbon linker 

(Priyadarsini, 2013). These pharmacophores mediate interactions with indeed a long 

list of targets, such as transcription factors (Minassi et al., 2013), enzymes (Singh and 

Misra, 2009), free radicals and metals (Jagetia, 2021), enabling it to interfere with 

multiple cellular pathways (Tomeh et al., 2019). For example, the o-methoxyphenolic 

group and the methylenic hydrogen have been found essential for antioxidant activity, 

as they are involved in free radical scavenging by donating electron or hydrogen atom 

(El-Magboub et al., 2014). Moreover, curcumin interacts with many targets via covalent 

and non-covalent binding (Hatamipour et al., 2018). Furthermore, non-covalent binding 

is mediated by hydrogen-bonding via the β-diketone moiety and hydroxyl substituents 

at the aromatic rings, and hydrophobic interactions. Additionally, the β-diketone moiety 

carries out covalent interaction with protein thiols through Michael interactions (Michael 

nucleophilic addition) and acts as chelator of transient metals, thereby reducing metal-

induced toxicity (Patiño-Morales et al., 2020). Certain protein interactions are mediated 

by π-π van der Waals interactions by the aromatic rings (Fig. 4B) (Hu et al.; 

Priyadarsini, 2013; El-Magboub et al., 2014). 
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Most of the health-promoting benefits of curcumin are supported by its antioxidant and 

anti-inflammatory activity. As already described, curcumin is a potent radical 

scavenger, but also increases the serum levels of native antioxidants like the enzymes 

superoxide dismutase (SOD), glutathione peroxidase (GSH) and lipid peroxidases 

(Bala et al., 2006). 

 

 

Figure 4C. Health-promoting bioactivities of curcumin. Curcumin is a multipotent polyphenolic 
compound that is demonstrated to exert multiple bioactivities, such as antioxidant, anti-inflammatory, 
and antimicrobial. These properties have been associated with neuroprotection, cardioprotection, 
lowering of blood sugar, wound healing, and reduction of tumor progression (Xu et al., 2018; Fu et al., 
2021). 

 

Notably, oxidative stress and inflammation are tightly connected (Reuter et al., 2010). 

On one hand, inflammatory cells can produce high amount of reactive species, which 

results in oxidative stress at the site of the inflammation. On the other hand, reactive 

species can trigger intracellular signalling pathways that increase the expression of 

pro-inflammatory genes (Reuter et al., 2010). Both, oxidative stress and inflammation, 

are involved in number of chronic diseases: arthritis, metabolic syndrome, cancer, 
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allergy, colitis, multiple sclerosis, diabetes, obesity, depression, Alzheimer’s disease, 

Parkinson’s disease, fatigue, psoriasis, cerebral injury, epilepsy, renal ischemia, and 

acquired deficiency syndrome AIDS (Hewlings and Kalman, 2017). Among other 

modes of action, curcumin has been shown to inhibit the nuclear factor (NF)-κ, a 

transcription factor whose dysregulation has been widely associated to inflammation, 

tumour development, anti-apoptosis, and metastasis (Thangapazham et al., 2006; 

Kunnumakkara et al., 2020). 

 

2.4. Biosynthesis of polyketides 

Infinite structural diversity of polyketides is result of heterogeneity of their respective 

biosynthetic machineries, called polyketide synthases (PKS) (Ray and Moore, 2016). 

PKS are a family of large, multifunctional enzymes that show resemblance with fatty 

acid synthesis (FAS) enzymes (Hopwood and Sherman, 1990). Until this point, three 

classes of PKS, distinguished by their structure and mode of action, have been 

identified: type I, II, and III (Shen, 2003). Despite compositional and mechanistic 

differences, enzymes from all three classes share one common feature. That is, the 

basic polyketide scaffold is synthesized by sequential decarboxylative condensation of 

coenzyme A (CoA)-activated acyl precursors, simple building blocks, derived from 

primary metabolism (Shen, 2003; Fischbach and Walsh, 2006). Because of this, the 

most often recruited polyketide precursors, acetyl-CoA and malonyl-CoA, represent 

key nodes connecting the primary and secondary metabolism (Shi and Tu, 2015; Yang 

et al., 2021a). Following parts of this subchapter will elaborate principles behind all 

three groups of PKSs. 

Polyketide synthase type I. From all three classes of PKSs, type I has been shown 

to be the most intricate and the most versatile one. These catalysts are mega-

enzymes, organized into modules that are further comprised of multiple, non-iteratively 

performing, function-specific domains (Donadio et al., 1991; Chen and Du, 2016). This 

kind of structural composition has led to type I PKSs also being named as modular 

PKSs (Kwan and Schulz, 2011). The essential domains that are contained within each 

module, include: acyltransferase (AT), keto synthase (KS), and acyl carrier protein 

(ACP). These domains select, activate and catalyse decarboxylative condensation 

between the nascent polyketide chain and the extender unit, creating a β-ketoacyl-S-

ACP intermediate (Cheng et al., 2009). In some cases, additional modifications of the 



Theoretical background 

 

16 
 

intermediate can be carried out by optional domains such as: β-ketoreductase (KR), 

dehydratase (DH), and enoyl reductase (ER) (Sabatini et al., 2018). In principle, 

growing polyketide chain is passed from one module to another until the fully elongated 

polyketide is liberated by final domain, in linear or cyclized shape (Rath et al., 2010; 

Risdian et al., 2019). Although there are some isolated examples of type I polyketides 

that remain in linear form, such as tautomycetin (Choi et al., 2007), the fully grown 

polyketide chain generally undergoes process of cyclization, catalysed by the terminal 

domain, typically thioesterase (TE) (Fischbach and Walsh, 2006; Little and Hertweck, 

2022). For this reason, type I polyketides are often regarded as macrocyclic 

polyketides or macrolides. Variation in catalytic domains, as well as in type of selected 

CoA-activated acyl precursors and extender units, affords the structural variety of 

polyketide molecules (Cheng et al., 2003). 

Polyketide synthase type II. The principle hallmark of type II PKSs is that they are 

represented by several individual, mono-functional polypeptides that produce aromatic 

polyketides in iterative fashion (Weissman, 2009). A minimal set of enzymes that are 

required for assembly of type II polyketide scaffold are KS units (KSα and KSβ) and 

ACP, which together make “minimal PKS”. This minimal PKS catalyses decarboxilative 

Claisen condensation of malonyl-CoA extender units with an acyl starter unit (Hertweck 

et al., 2007). During the elongation of the polyketide chain, ACP functions as an anchor 

for the growing chain, while KSα catalyses condensation of the extender units 

(Miyanaga, 2017). The length of the polyketide-β-keto linear intermediate is defined by 

the number of added extender units, which is essentially controlled by KSβ unit (Szu et 

al., 2011). Subsequent folding pattern of the linear intermediate is determined by 

additional enzymes such as KR, cyclases and aromatases. Lastly, maturation of final 

products often involves functionalization by tailoring enzymes like oxygenases, 

glycosyltransferases and methyltransferases (Hertweck et al., 2007). 

Type II polyketides are widespread among bacteria (Wang et al., 2020a), and 

streptomycetes as an outstanding producers certainly allure special attention. 

Oxytetracycline, doxorubicin, jadomycin B, actinorhodin, benastatin A, mithramycin 

and tetracenomycin C are only few examples from the wide palette of the type II 

polyketides naturally produced by streptomycetes (Risdian et al., 2019). 

Biosynthesis of oxytetracycline as a representative of type II polyketides. 

Biosynthesis of the basic poly-β-ketone OTC backbone is catalysed by the minimal 
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PKS through successive decarboxylative Claisen condensations of eight malonyl-CoA 

extender units to malonate, the amidated starter unit (Pickens and Tang, 2010; 

Petković et al., 2017). The minimal PKS is comprised of the ketosynthase KSα, KSβ, 

often regarded as chain length factor (CFL), and ACP (Zhang et al., 2007b). These 

enzymes are encoded by oxyA, oxyB, and oxyC genes from the OTC BGC, 

respectively (Yu et al., 2012). As in other canonical type II PKS; KS and CFL (KSα and 

KSβ) associate to form a heterodimer that participates in the elongation of the poly-β-

ketone by accepting acetate from malonyl-CoA extender unit, brought by malonyl-ACP 

(Wang et al., 2011). Transfer of the malonyl moiety to holo-ACP that results in 

synthesis of the malonyl-ACP intermediate is catalysed by malonyl-CoA:ACP 

acyltransferase (MAT) (Zhang et al., 2007a), which can be shared with fatty acid 

biosynthesis (Revill et al., 1995). Importantly, the amidated starter unit sets OTC, and 

tetracycline family of antibiotics, apart from other aromatic polyketides, which typically 

utilize acetate as a common starter unit (Pickens and Tang, 2010). 

Amidation of the starter unit is catalysed by oxyD amidotransferase in ATP-dependent 

reaction, using glutamine as donor of the amino group. However, the exact substrate 

of oxyD is unknown, and it can be either malonyl-CoA, or malonyl-ACP (Thomas and 

Williams, 1983; Zhang et al., 2006; Zhang et al., 2007b). The oxyABCD together make 

the so-called the “oxy extended minimal PKS” (Pickens and Tang, 2010). In the 

subsequent enzymatic reactions, the basic skeleton of the oxytetracycline molecule is 

firstly reduced, and afterwards modified by cyclases and aromatases yielding in an 

entirely aromatised intermediate, called pretetramide. Region-specific reduction of the 

C9 keto group by oxyJ oxidoreductase directs initial folding of the linear poly-β-ketone 

(Zhang et al., 2006). 
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Figure 5. Biosynthesis of oxytetracycline. As illustrated, biosynthesis of the poly-β-ketone 
oxytetracycline backbone is catalysed by the minimal PKS. Amidated starter unit is elongated by eight 
acetate units from malonyl-CoA. The linear poly-β-intermediate is subsequently reduced and four 
distinct rings are formed, either spontaneously, or by specific cyclases/aromatases, giving the first stable 
intermediate designated as pretetramide. Furthermore, this intermediate is tailored and functionalized 
by multiple enzymes, such as methyltransferases, oxygenases, aminotransferases, and reductases, 
yielding in the final, fully decorated and functional OTC (Pickens and Tang, 2010; Petković et al., 2017). 
Abbreviations: TCA: tricarboxylic acid; FAS: fatty acid synthesis; PGM: phosphoglucomutase; GLK; 
glucokinase; PGI: phosphoglucoisomerase; MDH: mannitol dehydrogenase; PFK1: 
phosphofructokinase 1; PDH: pyruvate dehydrogenase; ACC: acetyl-CoA carboxylase; KS: 
ketosynthase; CLF: chain length factor; ACP: acyl carrier protein; GAT: glutamine amidotransferase; 
OX: oxygenase; MT: methyltransferase; KR: ketoreductase; CYC: cyclase; ARO: aromatase; MCAT: 
malonyl-CoA:ACP acyltransferase; AT: aminotransferase; REG: regulation; RES: resistance. 

 

Sequentially, there are four cyclization/aromatisation steps that lead to formation of the 

pretetramide intermediate (Thamchaipenet, 1994). Specifically, these include first C7-

C12 aldol (D) ring, second C5-C14 aldol (C) ring, third C3-C16 aldol (B) ring, and fourth 

C1-C18 Claisen (A) ring cyclization (Xu et al., 2016; Petković et al., 2017). The first 

and second ring formation is governed by oxyK and oxyN cyclases/aromatases, 

respectively (Petkovic et al., 1999; Zhang et al., 2007b; Zhang et al., 2008b). The 

following third ring cyclization occurs spontaneously (Xu et al., 2016). Due to the 

presence of the C2-amide moiety, the final fourth ring could also be formed 

spontaneously, but there are indications that this process is facilitated by oxyI and oxyH 
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cyclises (Lukežič et al., 2020). In the following reactions, pretetramide goes through 

multiple tailoring reactions catalysed by methyltransferases (oxyF and oxyT), 

oxygenases (oxyL, oxyE, and oxyS), aminotransferases (oxyQ) and reductases (oxyR) 

(Zhang et al., 2007b; Zhang et al., 2008b; Wang et al., 2009; Wang et al., 2013). The 

final product is fully functional oxytetracycline molecule, characterised by four aromatic 

rings and C2-amide group (Fig. 5) (Zhang et al., 2006; Pickens and Tang, 2010). 

Polyketide synthase type III. Predominantly present in plants (Austin and Noel, 

2003), type III PKSs are comprised of only a KS domain, and as such represent 

structurally the simplest PKSs (Palmer and Alper, 2019). Unlike the type I and type II 

PKSs, they do not rely on ACP to anchor the polyketide chain (Shen, 2003; Chan et 

al., 2009), but rather use acyl-CoAs directly as substrates (Risdian et al., 2019). Type 

III PKSs act in iterative manner to produce aromatic polyketides by condensation of 

malonyl-CoA with CoA-activated derivatives of phenylpropanoid pathway (Bisht et al., 

2021). For instance, chalcone synthase (CH), a representative of plant type III PKSs, 

catalyse condensation of p-coumaroyl-CoA with three acetate units from malonyl-CoA 

extender molecules and intramolecular cyclization, yielding in naringenin chalcone 

(Álvarez-Álvarez et al., 2015), versatile bioactive compound that is shown to promote 

cardiovascular health (Salehi et al., 2019). Alternatively, another example of type III 

PKSs, named stilbene synthase (STS), uses same precursors as CH, but with different 

cyclization patterns to produce chemopreventive and cardioprotective agent 

resveratrol (Beekwilder et al., 2006; King et al., 2006). These elemental polyketides 

can further be modified and functionalized by rainbow of tailoring enzymes generating 

immense structural diversity of plant type III polyketides that include flavonoids, 

stilbenes and curcuminoids (Katsuyama et al., 2007; Bisht et al., 2021). 

Biosynthesis of curcuminoids as an example of type III polyketides. In the natural 

producer, C. longa, curcumin and related curcuminoids are synthesized by 

collaborative activities of the type III PKS and the phenylpropanoid pathway. 

Principally, two aryl groups are derived from two molecules of ʟ-phenylalanine through 

the central phenylpropanoid metabolic route (Kita et al., 2008). First, ʟ-phenylalanine 

is deaminated by ʟ-phenylalanine ammonia lyase (PAL) to cinnamic acid (Chouhan et 

al., 2017). Subsequently, cinnamate is step-wise activated by hydroxylation and 

methylation reactions into hydroxycinnamic acids: p-coumaric acid, caffeic acid and 
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ferulic acid by cinnamate 4-hydroxylase (C4H), 4-coumarate 3-hydroxylase (C3H) and 

caffeic acid O-methyltransferase (COMT), respectively (Rodrigues et al., 2020).  

 

Figure 6. Biosynthesis of curcumin and related curcuminoids. The phenylpropanoid pathway is 
initiated by deamination of the aromatic amino acids ʟ-phenylalanine and ʟ-tyrosine by enzymes PAL 
and TAL, yielding in cinnamic and p-coumaric acid, respectively. Additionaly, p-coumaric acid can be 
synthetized by stepwise reaction from cinnamic acid by C4H. The final product of the phenylpropanoid 
pathway is ferulic acid, which is synthetized from p-coumaric acid via caffeic acid by C3H and COMT. 
The first committed reaction of the curcuminoid biosynthetic pathway is catalyzed by 4CL producing 
CoA-activated forms of the phenylpropanoids. Subsequently, DCS elongates feruloyl-CoA or p-
coumaroyl-CoA for one acetate unit from malonyl-CoA, resulting in formation of β-keto acids. Finally, 
CURS catalyzes condensation of β-keto acids with one more unit of either feruloyl-CoA or p-coumaroyl-
CoA. Depending on the combination of starter and elongation units, curcumin, demethoxycurcumin, or 
bisdemethoxycurcumin are produced. Abbreviations: PPP: pentose phosphate pathway; PAL: ʟ-
phenylalanine ammonia lyase; TAL: ʟ-tyrosine ammonia lyase; C4H: cinnamate 4-hydroxylase; C3H: 4-
coumarate 3-hydroxylase; COMT: caffeic acid O-methyltransferase; 4CL: 4-coumarate-CoA ligase; 
CCoAOMT: caffeoyl-CoA O-methyltransferase; DCS: diketide-CoA synthase; CURS: curcumin 
synthase (Rodrigues et al., 2015b). 
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Alternatively, p-coumaric acid can directly be made via deamination of ʟ-tyrosine by ʟ-

tyrosine ammonia lyase (TAL) (Rodrigues et al., 2015a). Adjacent aryl groups are 

connected by central carbon unit derived from malonyl-CoA. Two type III PKS are 

collaboratively involved in biosynthesis of curcuminoids. Namely, diketide-CoA 

synthase (DCS) and curcumin synthase (CURS) (Katsuyama et al., 2009a). Further 

insights into native biosynthetic pathway of curcuminoids have revealed three different 

CURS (CURS1, 2 and 3) (Katsuyama et al., 2009b). 

In order to be recruited by DCS, p-coumarate and ferulate first need to be activated 

into corresponding CoA-thioesters by 4-coumarate-CoA ligase (4CL) (Rainha et al., 

2022a). DCS catalyses carboxylation of feruloyl-CoA and p-coumaroyl-CoA into 

feruloyldiketide-CoA and p-coumaroyldiketide-CoA (Peng et al., 2021). The curcumin 

synthases have dual function. Firstly, they catalyze formation of corresponding β-keto 

acids, and finally decarboxylative condensation of β-keto acids with another molecule 

of either feruloyl-CoA or p-coumaroyl-CoA (Katsuyama et al., 2011). Three CURS 

show different affinity for feruloyl-CoA, p-coumaroyl-CoA and their β-keto acids (Peng 

et al., 2021). In vitro analysis of CURS1 revealed strong preference for feruloyl-CoA, 

although it can accept p-coumaroyl-CoA as well (Katsuyama et al., 2009a). 

Additionally, characterization of CURS2 and CURS3 demonstrated that CURS2 

prefers feruloyl-CoA, while CURS3 showed similar affinity for both feruloyl-CoA and p-

coumaroyl-CoA (Katsuyama et al., 2009b). Practically, differential expression of three 

CURSs, availability of the substrate and combination of the starter and extender units, 

define the formation of curcumin, demethoxycurcumin, and bisdemethoxycurcumin in 

different ratios (Fig. 6) (Katsuyama et al., 2009b; Rodrigues et al., 2015b; Fadus et al., 

2017). 

 

2.5. Microbial cell factories for production of polyketides 

The term microbial cell factories refers to microorganisms that have been designed 

and optimized for production of target molecules, preferably from renewable resources 

(Cho et al., 2022). The spectrum of products made by microbial fermentation includes 

not only bulk chemicals, but also enzymes, pigments, medicines, cosmetics, prebiotics, 

and nutraceuticals (Dufossé et al., 2014; Dhakal et al., 2019; Lee et al., 2019; Rangel 

et al., 2020). Fermentative production is often carried out under relatively low 

temperature and pressure conditions and it does not call for use of toxic catalysts and 
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solvents. As such, they serve as a valuable alternative to the traditional chemical 

synthesis or extraction methods (Yixuan et al., 2021; Cho et al., 2022). In their natural 

environment, microbes are typically not optimized for efficient production of desired 

molecules from wanted feedstocks. Metabolic engineering technologies enable 

evading these bottlenecks and designing a robust host for overproduction of molecules 

of interest, both native and non-native to its metabolism (Rangel et al., 2020). 

Design-Build-Test-Learn cycle. Metabolic engineering of the microbial cell factories 

encompasses four fundamental modules: design, build, test, and learn (Liu and 

Nielsen, 2019). First, design (D) of biological system involves careful selection of a 

host and in silico construction of the biosynthetic pathway for the production of the 

compound of interest. Host selection is influenced by available feeds, toxicity of the 

product and processing conditions for midstream production and downstream 

purification (Nielsen and Keasling, 2016). E. coli and S. cerevisiae are two of the most 

commonly used hosts for microbial-based production of target compounds (Ferrer-

Miralles and Villaverde, 2013; Kavšček et al., 2015). However, in certain instances they 

might not be the most suitable choice. Therefore, other microbes with more superior 

physiological background, such as actinomycetes for production of antibiotics and 

other polyketides, and C. glutamicum for lignin valorisation, are emerging as more 

attractive hosts (Becker and Wittmann, 2019; Choi et al., 2019; Cho et al., 2022). Next, 

build (B) the biological system using inputs from D and available tools of synthetic 

biology. Third, test (T) the biological system under specified physiological conditions 

using “omics” methods, and lastly learn (L) from the integrated data and apply this 

knowledge for improvements of the DBT modules of the cycle and host optimization 

(Nielsen and Keasling, 2016). 

Systems biology tools in systems metabolic engineering. Systems metabolic 

engineering is an emerging field that combines classical metabolic engineering with 

advances in systems biology, synthetic biology, and evolutionary engineering (Alper 

and Wittmann, 2013) It aims to understand microorganisms as complex systems in 

which observed phenotypes are result of intertwining of networks of genes, proteins, 

and metabolites (Rangel et al., 2020). Systems biology is an approach to examine 

perplex biological systems through high-throughput measurements of various levels of 

cellular organisations, including genome (genomics), transcriptome (transcriptomics), 

proteome (proteomics), metabolome (metabolomics), and metabolic fluxes (fluxomics) 
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(Choi et al., 2019; Dhillon et al., 2020). These methodologies, collectively named as 

“omics” technologies, allow for rapid strain characterization under defined physiological 

conditions (Rangel et al., 2020). As the flow of biochemical information in the cell is not 

straightforward, but rather multidirectional and comprises interactions between 

different levels of “omes”, it is highly recommended to evaluate the biological systems 

on multiple levels, in what is called “multi-omics” profiling (Amer and Baidoo, 2021). 

The advent of computational biology tools enables integration of “big data” obtained by 

“omics” technologies into actionable knowledge (Tavassoly et al., 2018) that can aid in 

understanding of the metabolism and physiology of the organisms (Nielsen et al., 

2022). Additionally, genome-scale metabolic reconstructions combine systems biology 

and mathematical modelling to predict biological capabilities of the organisms, 

eliminating the need to test all experimental conditions which significantly reduces 

duration of the DBTL cycle (O’Brien et al., 2015).  

Homologous recombination for targeted genome based engineering. 

Homologous recombination is a natural process that occurs across all domains of life 

and viruses (Porteus, 2007). This universal biological mechanism involves exchange 

between two identical or similar fragments of double-stranded or single-stranded 

nucleic acids. Functionally, homologous recombination facilitates genetic 

rearrangements introducing genetic variability, repairs double-stranded DNA (dsDNA) 

breaks, or mediates interspecial horizontal gene transfer (Thompson and Schild, 2001; 

Bailly et al., 2007; Krejci et al., 2012). Scientifically, homologous recombination can be 

used as a powerful tool for precise targeted genome based modifications, including 

deletions, replacements and insertions (Porteus, 2007). 

In C. glutamicum, homologous recombination is widely used site-directed genome 

engineering (Lobanova et al., 2022). This methodology relies on the application of 

integrative plasmids, which cannot replicate within the bacterial host (Nešvera and 

Pátek, 2011). These plasmids can be maintained only in case of single-crossover by 

homologous recombination between homology regions flanking the integration 

construct and the desired genome region. For marker-less modifications, second 

single-crossover homologous recombination must take place (Lobanova et al., 2022). 

This second recombination event is often initiated with counter-selectable markers, 

such as Bacillus subtilis levansucrase sacB (Tan et al., 2012). Expression of sacB in 

C. glutamicum leads to lethal sucrose sensitivity (Jäger et al., 1992). Therefore, second 
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recombination event and loss of the vector backbone carrying the sacB marker is 

necessary for survival (Reyrat et al., 1998). 

Lambda Red-mediated recombineering. The phage λ-derived homologous 

recombination systems is a powerful strategy for targeted genome based engineering 

(Poteete, 2013). The system relies primarily on three Red (recombination-defective) 

proteins from the phage λ: Exo, Beta, and Gam, which are normally involved in the 

integration of the λ prophage into the E. coli genome via site-specific homologous 

recombination (Poteete, 2001; Groth and Calos, 2004; Poteete, 2013; Murphy Kenan, 

2016). Therefore, genetic engineering based on this approach coined the procedure 

called recombineering (recombinational engineering). Essentially, λ-Red system has 

been developed based on the findings that genomic modifications in E. coli can readily 

be accomplished by recombination with a PCR-generated selectable marker in a 

presence of the λ-Red proteins. Notably, the PCR-generated templates need to be 

flanked with short sequences homologous to the target region on bacterial 

chromosome (Gust et al., 2003). In practice, the λ-Red system facilitates simple, fast 

and efficient generation of insertions, deletions, and point mutations on bacterial or 

artificial plasmids and linear targets introduced into E. coli by transformation (Mosberg 

et al., 2010; Poteete, 2013). 

The genes encoding the Red proteins, exo, beta, and gam, are clustered within the PL 

operon of the phage λ (Poteete, 2001). Exo is a exonuclease that degrades (dsDNA) 

in a 5’ to 3’ direction, creating long, intact 3’ single-stranded DNA (ssDNA) overhangs 

(Katashkina et al., 2009). The ssDNA overhangs are further stabilized by Beta that 

facilitates recombination with the homologous genomic targets (Sawitzke et al., 2007). 

Gam binds and inhibits the RecBCD and SbcCD E.coli nucleases, thereby preventing 

the degradation of the introduced linear dsDNA fragments (Court et al., 2002). For the 

recombineering with a dsDNA template, all three components are required, while in 

case when an ssDNA substrate is used, Beta is sufficient to carry out the 

recombination. 

The λ-Red system is routinely applied for targeted genome based engineering of 

Streptomyces species (Li et al., 2021c). It has been proven to be an efficient method 

for the deletion of the entire secondary metabolite BGCs (Gust et al., 2003). In order 

to apply the λ-Red system in Streptomyces, the strategy requires few modifications. 

First, the disruption cassette must include oriT (origin of transfer) sequence, which is 
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needed for its conjugal transfer from E. coli mating host to Streptomyces. Moreover, 

Streptomyces are typically equipped with a strong methyl-specific restriction of the 

introduced DNA. In order to evade this restriction, E. coli host for conjugation should 

be methylation-deficient (Gust et al., 2004). 

Remarks associated with microbial production of polyketides. When the desired 

compounds are of polyketide origin, hosts that are equipped with the ability to 

synthetize a comprehensive extent of CoA-activated precursors are a more favourable 

option (Pfeifer and Khosla, 2001). Indeed, PKS can employ diverse substrates such 

as acetyl-CoA (Cardenas and Da Silva, 2016), propionyl-CoA (Wiesmann et al., 1995), 

isobutyryl-CoA (Cropp et al., 2001), isovaleryl-CoA (Samappito et al., 2003), malonyl-

CoA (Pickens and Tang, 2010), methylmalonyl-CoA (Marsden et al., 1994), 

ethylmalonyl-CoA (Liu and Reynolds, 2001), p-coumaroyl-CoA (Palmer et al., 2020), 

and feruloyl-CoA (Katsuyama et al., 2009a). Notably, supply of these precursors needs 

to be well coordinated with the biosynthesis of polyketides, as their metabolic pools 

are tightly regulated. On top of that, host needs to provide adequate 

phosphopantetheinyl transferase (PPTase) that is involved in posttranslational 

activation of the ACP. Namely, in the functional ACP, a thiol group of a 4’-

phosphopantetheine group is covalently attached to the conserved serine residue 

within the active site of the ACP (Weissman et al., 2004). Although PPTases exist in 

all prokaryotes and eukaryotes, they can be selective in terms of substrate choice. 

Therefore, it is necessary to ensure an expression and activity of the proper PPTase 

(Pfeifer and Khosla, 2001). Finally, as polyketides are biologically active molecules, it 

is needed to provide resistance mechanism to the inhibitory effects of the polyketide 

(Watanabe and Oikawa, 2007). Self-resistance genes are often cognate part of the 

polyketide BGCs. As an example, S. rimosus oxytetracycline BGC includes three 

resistance genes: ribosomal protection protein (otrA) and two efflux proteins (otrBC). 

Coordinate upregulation of these genes improved the production of oxytetracycline by 

179% compared to the wild-type strain (Yin et al., 2017). 

Actinobacteria as superior microbial cell factories. As a result of their pronounced 

potential for production of biologically active compounds, Actinobacteria represent 

attractive microbial cell factories for production of polyketide and other compounds that 

find application in pharmaceutical, agricultural, environmental, and industrial sphere 

(Nakashima et al., 2005). Generally speaking, they are Gram-positive bacteria with 
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genomes of moderate to high GC content (Ul-Hassan and Wellington, 2009) that can 

thrive in diverse ecosystems, including terrestrial and aquatic environments with 

temperate, or even extreme conditions (Qin et al., 2016). Some species even form 

symbiotic relationships with other organisms such as invertebrates (Himaya and Kim, 

2013). Two striking features stand out Actinobacteria as a suitable host for microbial-

based production. Foremost, they exhibit peculiar metabolic capabilities (Nakashima 

et al., 2005). It is not uncommon for actinobacterial genomes to encode dozens of 

secondary metabolites, or enzymes that enable them to catabolize complex polymers, 

like lignocellulose (Větrovský et al., 2014). Secondly, Actinobacteria, unlike E. coli, are 

not covered with the lipopolysaccharide envelope, thereby exhibiting reduced toxicity 

and more convenient system for production (Sutcliffe, 2010). 

Actinomycetes is a class within the phylum of Actinobacteria. They are an omnipresent 

group of Gram-positive bacteria, are a source of nearly 50% of all NPs of microbial 

origin (Selim et al., 2021). Within this group, spore-forming Streptomyces genus 

attracts peculiar interest, since close to 80% of known antibiotics stem from from this 

genus alone (Dharmaraj, 2010). Streptomyces appear to have fungal-like filamentous 

morphology. They are characterized by remerable metabolic diversity and production 

of wide array of secondary metabolites (Holtmann et al., 2017; Manteca and Yagüe, 

2018). This prominent metabolic versatility equipped them with an ability to colonize 

and thrive in diverse environmental conditions, including soil (Schlatter et al., 2009), 

saltwater (Mohamed and Chaudrhy, 2005), freshwater (Shaikh et al., 2015), desert 

(Rateb et al., 2011), frozen soil (Zhang et al., 2016), and volcanic environments 

(Sivalingam et al., 2019). 

Notably, nearly 10,000 medically and industrially relevant NPs (Anandan et al., 2016), 

including myriad of antibiotics (Manteca and Yagüe, 2018), antifungals (Prapagdee et 

al., 2008), anticancers (Sivalingam et al., 2019), antiparasitics (Sun et al., 2002), 

immunosupressants (Sun et al., 2002), enzymes (El-Naggar, 2021), and pigments 

(Zhang et al., 2023) are derived from this taxa, solely. Given their strong in-built ability 

to produce valuable NPs, Streptomyces are often utilized as microbial cell factories for 

industrial scale production of polyketides and other NPs. Some selected examples of 

typically employed species as cultivation platform include: Streptomyces coelicolor 

(Sohoni et al., 2012), Streptomyces lividans (Rückert et al., 2015), Streptomyces albus 

(Lopatniuk et al., 2017), Streptomyces avermitilis (Ding and Ye, 2023), and S. rimosus 
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(Wang et al., 2019), for production of polyketide antibiotics actinorhodin (Scaffaro et 

al., 2016), soraphen A (Zirkle et al., 2004), salinomycin (Wei et al., 2022), avermectin 

(Ikeda et al., 2001), and oxytetracycline (Wang et al., 2019), respectively. 

C. glutamicum is a Gram-positive, facultative anaerobic, soil bacterium with moderate 

to high GC content that belongs to the phylum of actinobacteria (Ikeda and Nakagawa, 

2003; Wolf et al., 2021). Number of characteristics make C. glutamicum a suitable host 

for fermentative production of compounds. (a) It is non-pathogenic organism with a 

generally regarded as safe (GRAS) status that does not form spores and grows rather 

fast to high cell densities on a large scale (≥750 cubic meters) (Wolf et al., 2021; 

Cankar et al., 2023). (b) It is endotoxin free microbe that is not prone to phage-induced 

lysis (Song et al., 2012; Schwardmann et al., 2022). (c) C. glutamicum is able to utilize 

diverse carbon substrates (such as sugars, sugar alcohols, organic acids, and 

aromatic compounds), as well as substrate mixtures such as hydrolysed lignocellulosic 

biomass and waste streams, thereby supporting the circular economy (Becker and 

Wittmann, 2017; Wolf et al., 2021). (d) The microbe exhibits high tolerance to toxic 

compounds and other form of stress, making it a robust cell factory for production of 

bulk and variety of high-value molecules (Liu et al., 2021). 

C. glutamicum has been used for decades as a principal industrial producer of amino 

acids in white biotechnology (Wendisch et al., 2016; Becker et al., 2018b). Nearly 6 

million tons of ʟ-glutamate and ʟ-lysine produced by fermentation of C: glutamicum 

each year, demonstrate the scope of its relevance (Becker et al., 2018b). The insights 

into the gene expression and regulation, protein secretion, and cellular metabolism of 

the microorganism enabled its streamlining into a comprehensive producer of various 

added-value compounds including pharmaceuticals and nutraceuticals (Joo-Young et 

al., 2016; Liu et al., 2021). Many of these compounds are of polyketide origin, such as 

6-methylsalicylate (Kallscheuer et al., 2019), kaempferol (Kallscheuer et al., 2017), 

resveratrol (Kallscheuer et al., 2016b), piceatannol (Kallscheuer et al., 2016b), 

naringenin (Kallscheuer et al., 2016b), quercetin (Kallscheuer et al., 2017), and 

noreugenin (Milke et al. 2019). 
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3. Systems biology of oxytetracycline production in S. rimosus 

 

3.1. Materials and methods 

 

3.1.1. Microorganisms 

Streptomyces rimosus ATCC 10970 (American Type Culture Collection, Manassas, 

VA, USA), its oxytetracycline producing derivative S. rimosus HP126, as well as 

derivative of the industrial producer with deleted oxytetracycline BGC (S. rimosus 

HP126 Δv3) (Beganovic, et al. 2023; submitted to Microb. Cell Fact.) were used in this 

work. The industrial producer was kindly donated by Prof. Hrvoje Petkovic 

(Biotechnical Faculty, University of Ljubljana, Slovenia). For strain maintenance, 

spores were stored in 20% (v/v) glycerol at -80°C. 

 

3.1.2. Media and cultivation 

Strains were propagated on mannitol soy (MS) agar (20.0 g L-1 mannitol, 20.0 g L-1 soy 

flour (Schoenenberger Hensel, Magstadt, Germany) and 20.0 g L-1 agar (Becton & 

Dickinson, Heidelberg, Germany) plates at 30°C for (Kieser et al., 2000) 7 days, upon 

which the sporulating mycelium was amended with 5 mL sterile deionized water. 

Afterwards, spores from 4 agar plates were collected using a glass cell spreader, 

centrifuged (5,500 × g, 4°C, 6 min), and the obtained pellet was resuspended in 4 mL 

20% (v/v) ice-cold glycerol. The content of viable spores was determined using serial 

dilutions that were prepared in triplicate from the obtained stock and plated on Tryptone 

Soy Broth (TSB) (30.0 g L-1) agar (Sigma Aldrich, Steinheim, Germany). 

For production of oxytetracycline in complex medium, vegetative and production 

medium were used. The vegetative medium contained per litre: 30.0 g corn starch 

(Sigma Aldrich), 5.0 g NaCl, 4.0 g CaCO3, 4.0 g corn steep liquor (Sigma Aldrich), 4.0 

g (NH4)2SO4, 3.0 g soy flour, 150.0 mg KH2PO4. The oxytetracycline production 

medium contained per litre: 75.0 g corn starch, 10.0 g soy flour, 7.0 g CaCO3, 7.0 g 

(NH4)2SO4, 2.50 g corn steep liquor, 2.0 g NaCl, 75.0 mg amylase (Sigma Aldrich), 

75.0 mg KH2PO4, 5.0 mg CoCl2. The pH of the medium was adjusted to 7.0 with 6M 

NaOH. 
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In order to choose an appropriate simple sugar, which is favourable for production of 

oxytetracycline in a minimal medium, a sugar screening experiment was carried out. 

S. rimosus ATCC10970 was first grown in 50 mL of a complex mannitol LB medium 

(20.0 g L-1 LB and10.0 g L-1 mannitol) in 500 mL baffled shake flask for 24 h. Next, a 

second pre-culture (0.30 g L-1 KH2PO4) was inoculated in mannitol-based minimal 

medium, and finally a main culture (0.15 g L-1 KH2PO4) with a varying, single carbon 

source. The main culture was inoculated in 5 mL medium in test tubes and cultivated 

at 30°C, 230 rpm and 80% humidity. All experiments were carried out in triplicates, 

together with Wei Shu (Institute for Systems Biotechnology, University of Saarland, 

Saarbrücken, Germany). 

For production of oxytetracycline in minimal medium, previously established mineral 

salt medium, which was shown to promote growth of related Streptomyces species 

was adapted (Gläser et al., 2020). The medium contained per litre: 20.0 g MOPS, 10 

g mannitol (Sigma Aldrich), 15.0 g (NH4)2SO4, 1.0 g NaCl, 0.15 g KH2PO4, 0.20 g 

MgSO4·H2O, 55.0 mg CaCl2, 20.0 mg FeSO4·7H2O, 7.20 mg CoCl2·2H2O, 2.0 mg 

FeCl3·6H2O, 2.0 mg MnSO4·H2O, 1.0 mg nicotinamide, 1.0 mg riboflavin, 0.50 mg 

pyridoxine·HCl, 0.50 mg thiamine·HCl, 0.50 mg ZnSO4·H2O, 0.20 mg biotin, 0.20 mg 

CoCl2·2H2O, 0.20 mg Na2B4O7·10H2O, 0.10 mg 4-aminobenzoic acid, and 0.10 mg 

(NH4)6Mo7O24·4H2O. The concentration of KH2PO4 in the minimal medium amounted 

to 0.15 g L-1 in order to trigger production of oxytetracycline (McDowall et al., 1999). 

 

3.1.3. Production of oxytetracycline in complex medium 

Batch cultivation in complex medium was conducted in 500 mL non-baffled shake 

flasks filled with 50 mL medium on a rotary shaker at 30°C, 230 rpm and 80% humidity 

(Multitron, Infors AG, Bottmingen, Switzerland) in a two-step manner. The first pre-

culture in the vegetative medium was inoculated to an initial spore concentration of 1 

× 107 spores mL-1 and grown for 24 h. Subsequently, 5 mL of the first pre-culture was 

used to inoculate the main culture in the production medium and the main cultures 

were grown for 120 h. All experiments were conducted in triplicate. 
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3.1.4. Production of oxytetracycline in minimal mediumn 

Batch cultivation was carried out in 500 mL baffled shake flasks with 50 mL medium 

on a rotary shaker at 30°C, 230 rpm and 80% relative humidity. Hereby, cultivation, 

involved a first pre-culture in complex mannitol LB medium (20.0 g L-1 LB and10.0 g L-

1 mannitol), a second pre-culture in mannitol-based minimal medium (0.30 g L-1 

KH2PO4) and a main culture in mannitol-based minimal medium at reduced phosphate 

level (0.15 g L-1 KH2PO4). The first pre-culture was inoculated to an initial spore 

concentration of 1 × 107 spores mL-1 and grown for 24 h. Subsequently, cells, were 

harvested (8,500 × g, room temperature, 5 min), washed once and used to inoculate 

the second pre-culture to an initial cell concentration of 0.50 g cell dry weight (CDW) 

L-1. The second pre-culture was grown for 15 h, followed by cell harvesting and 

washing (8,500 × g, room temperature, 7 min), and inoculation of the main culture to 

an initial cell concentration of 0.50 g L-1. All experiments were done in triplicate. 

 

3.1.5. Quantification of cell concentration 

Cell broth was collected by vacuum filtration using a nitrocellulose filter (Ø 0.20 µm, 

Sartorius, Göttingen, Germany). Cells were washed twice with an equivalent volume 

of 0.90% NaCl, and their dry weight was quantified using a moisture analyser (HB43-

S, Mettler-Toledo, Columbus, OH, USA) as described before (Kuhl et al., 2020). In 

addition, the cell concentration was analysed as optical density (OD) at a wavelength 

of 600 nm (UV-1600PC spectrophotometer, VWR, Hannover, Germany). For early 

phases of the cultures, this yielded a linear correlation between cell dry mass and 

optical density, as previously observed for other strains of Streptomyces (Kuhl et al., 

2020). The correlation factor differed between the strains: CDW [g L-1] = 0.917 × OD600 

(S. rimosus ATCC 10970), CDW [g L-1] = 0.412 × OD600 (S. rimosus HP126 and S. 

rimosus HP126 Δv3). The correlation allowed to infer cell dry weights from OD readings 

during the first 8 h in which samples did not provide enough cells for precise gravimetric 

analysis (Kuhl et al., 2020). All measurements were conducted in triplicate. 

 

3.1.6. Quantification of mannitol and phosphate 

Mannitol was analysed in culture supernatant by HPLC (Agilent 1260 Infinity Series, 

Agilent Technologies, Waldbronn, Germany) using ion-moderated partition 
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chromatography on a reversed phase column as stationary phase (Aminex HPX-87H, 

Bio-Rad, Hercules, CA, USA) and 7 mM H2SO4 (0.50 mL min-1, 65°C) as mobile phase. 

Mannitol was quantified by refractive index detection and external standards. 

The phosphate level in culture supernatant was analysed by anion exchange 

chromatography (Thermo Scientific, Karlsruhe, Germany) using a Dionex IonPac AS9-

HC column as stationary phase (2 mm × 250 mm, Thermo Scientific) and 12 mM 

Na2CO3 (0.25 mL min-1, 30°C) as mobile phase. The phosphate ions were quantified 

using suppressed conductivity detection and external standards. 

 

3.1.7. Quantification of oxytetracycline 

First, oxytetracycline was extracted from culture broth. For this purpose, a 250 µL broth 

sample was acidified to pH 1.5 using 37% HCl, incubated on ice for 15 minutes, and 

centrifuged (16,000 × g, 4°C, 10 min). The obtained supernatant was analysed by 

HPLC (Agilent 1260 Infinity Series, Agilent Technologies, Waldbronn, Germany) on a 

reversed phase column (Nucleodur C18 Isis, 3 µm, 100 mm × 3 mm, Macherey-Nagel, 

Düren, Germany) using a gradient of 0.10% formic acid (eluent A) and methanol 

(eluent B) at 0.80 mL min-1 and 40°C. The fraction of eluent B in the gradient was as 

follows: 0-7 min, 0%; 7-8 min, 0-32%; 9-11 min, 32-100%; 12-15 min, 100-0%. 

Oxytetracycline was detected at 275 nm using a diode-array detector and quantified 

using external standards. 

 

3.1.8. Analysis of morphology 

Ten microliters of culture sample, collected at 8, 24, 48 and 72 h, were transferred on 

object glass, covered by a plastic cover glass, and observed under bright-field 

microscope (Olympus IX microscope, Hamburg, Germany). The software ImageJ 1.53 

(Schneider et al., 2012) was used to automatically determine the Feret diameter of the 

pellets, formed by S. rimosus, representing the  smallest circle into which a pellet fit, 

(Kuhl et al., 2020). At least 100 aggregates were analysed per sample. 
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3.1.9. Transcriptome analysis 

Transcription profiling was performed as described previously (Kuhl et al., 2020). In 

short, cells were collected by centrifugation (20,000 x g, 4 °C, 1 min), and the obtained 

pellet was immediately frozen in liquid nitrogen. Total RNA was isolated (Quick-RNA 

Miniprep Plus kit, Zymo Research, Freiburg, Germany), purified (RNA Clean & 

Concentrator-5 kit, Zymo Research, Freiburg, Germany), and quantified (DropSense 

16, Trine an NV, Gentbrugge, Belgium). The quality of the obtained RNA was validated 

(RNA 6000 Nano kit, Agilent 2100 Bioanalyzer, Agilent Technologies). Then, 2.5 μg of 

total RNA (RIN > 9) was depleted from rRNA (Ribo-Zero rRNA Removal Kit Bacteria, 

Illumina, San Diego, CA, USA). The completeness of the depletion was checked 

(Agilent RNA Pico 6000 kit, Agilent 2100 Bioanalyzer, Agilent Technologies). The 

obtained mRNA was converted to a cDNA library (TruSeq Stranded mRNA Sample 

Preparation Guide, Illumina, San Diego, CA, USA). After quality control and 

quantification (Agilent High Sensitivity DNA kit, Agilent 2100 Bioanalyzer, Agilent 

Technologies), all created cDNA libraries were sequenced using a 75-base read length 

(NextSeq 500, Illumina). The obtained reads were mapped to the genome of strain R7 

(chromosome and plasmid) with Bowtie2 using standard settings (Langmead and 

Salzberg, 2012) except for increasing the maximal allowed distance for paired reads 

to 600 bases. ReadXplorer 2.2.3 was used to visualize read alignments (Hilker et al., 

2016). For counting reads mapping to gene features, FeatureCounts v.2.0.0 (Liao et 

al., 2014) was applied using the parameters -M -O and -s 1. With the resulting data, 

DESeq2 (Love et al., 2014) was used to QC the datasets via several methods, 

including calculation of the sample-to-sample distances. In addition, DESeq2 was used 

to calculate DGE datasets. Raw datasets (sequenced reads) as well as processed 

datasets (input matrix and normalized read counts from DESeq2) are available from 

GEO (GSE168592). For statistical analysis, Student's t test was carried out, and the 

data were filtered for genes with a log2‐fold change ≥ 1 (p ≤ 0.05). 

Transcriptome profiling was kindly carried out by Christian Rückert-Reed Thomas 

Patschkowski, Ben Struck, and Jörn Kalinowski as part of collaboration with the Center 

for Biotechnology (Bielefeld University, Bielefeld, Germany). 
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3.1.10. Quantification of intracellular CoA-thioesters 

The analysis of CoA-thioesters was adapted from recent work (Gläser et al., 2020). In 

short, culture samples (5 mg CDW) were quenched with an appropriate amount of 

quenching and extraction buffer (25 mM formic acid, 95% acetonitrile, -20°C). 

Extraction of the intracellular CoA-thioesters was then accomplished through mixing 

and cooling steps on ice for 10 minutes, followed by centrifugation (15,000 × g, 4°C, 

10 min) and collection of the obtained supernatant into 10 mL ice-cold deionized water. 

The cell pellet was washed two times with 8 mL ice-cold water, and all supernatants 

were put together afterwards. The extracts were frozen in liquid nitrogen, freeze-dried, 

and subsequently resuspended in 500 µL pre-cooled buffer (25 mM ammonium 

formate, 2% MeOH, pH 3.0, 4°C). The buffered extracts were clarified from debris 

(15,000 × g, 4°C, 10 minutes). 

Analysis of the extracts was carried out using a triple quadrupole MS (QTRAP 6500, 

AB Sciex, Darmstadt, Germany), coupled to an LC system (Agilent 1290 Infinity 

System, Waldbronn, Germany). The analytes of interest were separated on a reversed 

phase column (Gemini, C18, 100 mm × 2.1 mm, 1.5 µm, 110 Å, Phenomenex, 

Aschaffenburg, Germany) at 40°C and a flow rate of 0.60 mL min-1, using a gradient of 

eluent A (50 mM formic acid, pH 8.1) and eluent B (methanol). The fraction of eluent 

B was as follows: 0-12 min, 0-15%; 12-16 min, 15-100%; 16-18 min, 100%; 18-20 min, 

100-0%; 20-25 min, 0%. 

For absolute quantification, 13C-labelled cell extracts were used as internal standard 

(Gläser et al., 2020). For this purpose, S. rimosus was grown on 99% [13C6] mannitol 

(Omicron, Biochemicals, South Bend, United States). To obtain fully 13C-enriched cell 

extracts, the inoculum size for both the second pre-culture, as well as for the main 

culture, was kept below 1% of the finally harvested cell concentration (Wittmann, 

2007). Extraction of the 13C CoA-thioesters was conducted as described above. The 

concentration of individual 13C CoA-thioesters was determined using synthetic 

standards. For later absolute quantification, an appropriate amount of 13C extract was 

added to the samples during the initial quenching step (Gläser et al., 2020). 
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3.2. Results and discussion 

 

3.2.1. Production of oxytetracycline in complex and minimal medium 

S. rimosus ATCC10970 and its derivative S. rimosus HP126 were cultivated in a 

complex, industrial medium for production of oxytetracycline for 120 h. During this time, 

the mutagenized S. rimosus HP126 accumulated 4.49 ± 0.04 g L-1 oxytetracycline (Fig. 

S1A), demonstrating gram-scale production capacity of this strain. 

Mannitol can be used as a sole carbon source for efficient oxytetracycline production. 

In order to deduce the cellular responses, contributing to the extraordinary production 

potential of S. rimosus HP126, simplified medium that would enable conducting multi-

omics analysis had to be used. For this purpose, the wild type strain was cultivated in 

the phosphate limiting medium supplemented with different simple sugars. From tested 

carbon sources, cultivation in mannitol-based medium resulted with highest 

oxytetracycline titre (17 ± 4 mg L-1) (Fig. S1B). Therefore, mannitol was selected as a 

carbon source for further studies in minimal medium. 

S. rimosus ATCC 10970 was studied in a batch process, using a phosphate limiting, 

mineral salt medium with mannitol as a sole carbon source (Fig. 7A, C). Within 96 h, 

the strain completely utilised the provided substrate and achieved a final 

oxytetracycline titre of 27 ± 2 mg L-1. Along the process, the strain went through three 

culture phases. Initially, the microbe exhibited an exponential growth and reached its 

maximum growth rate (µ = 0.16 ± 0.0 h-1), which ended after 4 h with exhaustion of the 

supplied phosphate. The subsequent transition phase was marked by reduced growth, 

and finally, cells entered into a stationary phase. The initial growth phase was 

characterised by acidification of the culture medium to a pH of 5.5. Regarding 

oxytetracycline production, the specific productivity was the highest during the 

stationary phase (Fig. 7A, C). 

Next, the classical mutant S. rimosus HP126, previously derived from S. rimosus ATCC 

10970, was studied under the same cultivation conditions. Over a culture period of 120 

h, the mutant accumulated 340 ± 17 mg (oxytetracycline) L-1, 12-fold more than the 

parent wild type, demonstrating remarkable production capacity of the classically 

mutagenized S. rimosus HP12. In comparison, it grew slightly faster during the initial 

growth phase (µ = 0.19 ± 0.0 h-1). Hereby, the producer exhibited an almost two-fold 

higher specific phosphate uptake rate (qPO4- = 12.9 ± 3.8 mg g-1 h-1), which led to an 
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earlier onset of phosphate limitation, and triggered production of oxytetracycline 

already after 4 h. The exponential growth phase of the mutant strain was followed by 

a phase of reduced growth, after which the strain entered the stationary phase that 

lasted until complete depletion of mannitol. Overall, the productivity of oxytetracycline 

increased linearly until 30 h, and maintained at this level until the end. The average 

productivity during this time was 1.1 ± 0.0 mg g-1 h-1. The pH of the culture broth initially 

decreased, and stabilised at pH 5.5 during the stationary phase (Fig. 7B, D). 

 

Figure 7. Production of oxytetracycline in the wild type S. rimosus ATCC 10970 and its classically 
derived derivative S. rimosus HP126. S. rimosus ATCC 10970 (A, C) and S. rimosus HP126 (B, D) 
were grown in mannitol-based mineral salt medium, which initiated oxytetracycline production through 
phosphate limitation (Petkovic et al., 2006). The time profiles show the consumption of mannitol and 
phosphate, the formation of cell dry weight (CDW), the production of oxytetracycline and the pH. The 
different exponential growth, transition, and stationary phases are highlighted by different shades of 
grey. The data were used to calculate the specific oxytetracycline productivity over time in S. rimosus 
ATCC 10970 (C) and S. rimosus HP126 (D), respectively. n = 3 

 

3.2.2. Morphology of the S. rimosus ATCC10970 and HP126 

Microscopic analysis of S. rimosus ATCC 10970 revealed that the strain formed dense 

pellets of pronounced size heterogeneity (Fig. 8). Namely, the Feret diameter differed 

up to tenfold between different pellets (36 µm to 327 µm). Additionally, protruding 

filaments were noticeable at the pellet surface (Fig. 8A). These were present already 

during exponential growth and became more pronounced during later stages. In 

addition, pellet aging was characterised by fragmentation and disintegration processes 

inside the aggregates (Fig. 8C, E, G). The morphology of S. rimosus HP126 strain was 

very different. Unlike the wild type, the mutant did not form pellets, but rather loose 
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mycelial networks of hyphae, corresponding more to a mat-type morphology (Fig. 8B, 

D, F, H). During the process, the morphology of the mutant was not severely impacted 

by aging of the culture and imposed mechanical stressed. 
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Figure 8. Microscopic analysis of oxytetracycline-producing S. rimosus. During growth on a 
mannitol-based medium, S. rimosus ATCC 10970 formed pellets of variable size with protruding 
filaments (A, C, E, G). S. rimosus HP126 formed mycelial mats of a loose structure instead (B, D, F, H). 

 

3.2.3. Global transcriptome changes in the classical oxytetracycline producer 

In order to investigate the foundations underlying the enhanced production of 

oxytetracycline in the classically mutagenized S. rimosus HP126 strain, global gene 

expression levels were determined after 24 h, which corresponds to early stationary 

and production phase. Overall, 15.7% from 8534 genes were downregulated and 

12.5% were upregulated in S. rimosus HP126, as compared to the wild type strain. 

 

3.2.4. Expression of oxytetracycline biosynthetic genes 

All genes comprising the oxytetracycline BGC were upregulated in the classical 

producer strain (average log2-fold change = 2.3), where oxygenase oxyQ 

(SRIMR7_02475) exhibited the strongest activation (log2-fold change = 3.0) (Fig. 9). 

Among the genes determining components of acyl-CoA carboxylase complex, which 

is responsible for conversion of acetyl-CoA to the oxytetracycline precursor malonyl-

CoA, only the biotin carboxylase subunit (SRIMR7_14740) exhibited altered 

expression (log2-fold change = -1.5) (Fig. 9, Table S1). Overall, the most prominent 

upregulation in genes of CoA-thioester metabolism was observed in genes encoding 

the subunits of branched-chain alpha-keto acid dehydrogenase (BCKADH) complex 

(SRIMR7_19995, SRIMR7_20000, SRIMR7_20005; log2-fold change up to 5.0), which 

is involved in conversion of branched-chain alpha-keto acids to corresponding acyl-

CoAs, as a part of degradation pathways of branched-chain amino acids (BCAAs). 

Furthermore, genes determining the enzymes governing initial steps in oxidative 

degradation of phenylacetate, which yields in acetyl-CoA and succinyl-CoA, namely 

phenylacetate-CoA ligase (SRIMR7_35410), E, C and D subunits of 1,2-phenylacetyl-

CoA epoxidase (SRIMR7_19935, SRIMR7_19940, SRIMR7_19945), were strongly 

upregulated in the mutagenized S. rimosus strain (log2-fold change up to 4.6). On the 

other hand, downregulation in crotonyl-CoA carboxylase/reductase (SRIMR7_01685, 

SRIMR7_07225), methylmalonyl-CoA mutase (SRIMR7_07230, SRIMR7_12355), 3-

hydroxybutyryl-CoA dehydrogenase (SRIMR7_02335, SRIMR7_336600) and valine 

dehydrogenase (SRIMR7_21110) was noticed (Fig. 9, Table S1). 
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Figure 9. Multiomics profiling of the classical oxytetracycline producing S. rimosus HP126. Log2-
fold changes in expression of genes encoding enzymes that catalyze reactions of major catabolic and 
anabolic pathways, as well as biosynthesis of oxytetracycline and other malonyl-CoA-derived secondary 
metabolites during early production phase (24 h), are depicted in rectangulars. The wild type S. rimosus 
ATCC10970 was used as a reference. Genome sequencing of the strain revealed deletion, as well as 
duplication or even multiplication of some genes. Missing genes were depicted by red cross over the 
rectangular, while thicker frame around the rectangular represents duplication or multiplication of the 
given gene. Bubble charts represent concentrations of CoA-thioesters, and their changes compared to 
S. rimosus ATCC10970. Enzymes were assigned to certain reaction based on search of the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway maps and gene annotations obtained during 
RNAseq. 
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3.2.5. Expression of central carbon metabolism genes 

Insight into expression levels of genes involved into degradation of the supplied carbon 

source revealed upregulation of 2-keto-3-deoxygluconate 6-phosphate (KDPG)/ 2-

keto-4-hydroxyglutarate (KHG) aldolase (SRIMR7_28900), which catalyses 

conversion of KDPG to glyceraldehyde 3-phosphate and pyruvate, and KHG to 

glyoxylate and pyruvate (log2-fold change = 3.2). Likewise, glucose 6-phosphate 

dehydrogenase (SRIMR7_08140, SRIMR7_33195), rate-limiting enzyme of pentose 

phosphate pathway, showed increased expression. Majority of the genes that 

determine the enzymes of the tricarboxylic acid (TCA) cycle showed decreased 

expression (Fig. 9). As an example, aconitate hydratase (SRIMR7_08835) was the 

gene with the most strongly decreased activity (log2-fold change = -2.4). Next, 

assessment of the genes associated with β-oxidation of fatty acids demonstrated 

elevated expression of several long chain fatty acid CoA ligases (Fig. 9), a group of 

rate-limiting enzymes that initiate degradation of fatty acids by catalysing their 

conversion into active form of acyl-CoAs (log2-fold change up to 5.0). Additionally, 

some of the acyl-CoA dehydrogenases, 3-hydroxyacyl-CoA dehydrogenases and 3-

ketoacyl-CoA thiolases, which are responsible for catalysing the remaining reaction 

steps of the β-oxidation pathway, exhibited increased expression in the producer strain 

(Fig. 9). It has also been noticed that a few copies of acyl-CoA dehydrogenases were 

missing, indicating changes in form of deletions in the genome of mutagenized S. 

rimosus HP126. These remarks bring up the impression of increased supply of acetyl-

CoA through heightened degradation of fatty acids. Evaluation of the genes associated 

with biosynthesis of fatty acids suggested slight downregulation of this anabolic 

process. The most prominent affect was seen in the expression of 3-ketoacyl-ACP 

synthases III, enzymes engaged in the initial condensation reaction, where most of 

them displayed lowered expression levels (log2-fold change up to -8.2). Moreover, 

three copies of 3-ketoacyl-ACP reductases, were deleted from the genome of the 

classically mutagenized strain (Fig. 9). Increased activity of lipases (SRIMR7_21840, 

SRIMR7_32745; log2-fold changes = 2.5 and 2.0, respectively) suggests enhanced 

breakdown of complex lipids to fatty acids that can be subjected to β-oxidation. 

One of the most pronounced changes in expression levels at the beginning of 

stationary phase in the mutagenized S. rimosus strain was noticed in genes involved 

in lipid metabolism (Fig. 9). Namely, activation of numerous long chain fatty acyl-CoA 

synthases, acyl-CoA dehydrogenases, enoyl-CoA hydratases and thiolases is 
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indicative of overall activation of ß-oxidation of fatty acids, providing further influx of 

acetyl-CoA in S. rimosus HP126. Positive correlation between degradation of storage 

lipids, such as triacylglycerols (TAGs) and production of polyketides in Streptomyces 

was recently elucidated (Wang and Zhao, 2020; Wang et al., 2020b). As a result, 

overexpression of fatty acyl-CoA synthases is becoming a common approach in 

metabolic engineering of streptomycetes for boosting the titres of pharmaceutically 

relevant polyketides, such as avermectin B1a, actinorhodin, jadomycin B and also 

oxytetracycline (Wang and Deng, 2020). Although some copies of genes of ß-oxidation 

pathway in S. rimosus HP126 were down-regulated or even deleted, we believe that 

the strong upregulation of other copies is sufficient to promote accelerated degradation 

of fatty acids and support magnified production potential of oxytetracycline. Moreover, 

overexpression of several lipases in S. rimosus HP126 gives the idea of mobilisation 

of complex lipids, like TAGs, for ß-oxidation and subsequent oxytetracycline synthesis. 

On the other hand, reduced expression of several and deletion of one of fabH (3-

ketoacyl-ACP synthase III), which are catalysing the initial condensation reaction of 

acetyl-CoA and malonyl-ACP during biosynthesis of fatty acids is suggestive of 

inhibition of the competing acetyl-CoA-consuming pathway in S. rimosus HP126. As 

endogenous fatty acid and oxytetracycline synthesis share the common starter unit, 

this facilitates channelling of flux of acetyl-CoA towards production of oxytetracycline. 

Native fatty acid synthesis is often a target of metabolic engineering strategies for strain 

improvement and optimisation of polyketide production (Milke and Marienhagen, 

2020). Indeed, titres of malonyl-CoA-derived naringenin, resverastrol and pinosylvin 

were increased as a result of down-regulation of genes responsible for fatty acid 

synthesis in E. coli (Wu et al., 2014; Contreras et al., 2015; Yang et al., 2015). 

Furthermore, reducing equivalents and ATP formed during ß-oxidation of fatty acids, 

in turn additionally inhibits TCA cycle and likely redirected acetyl-CoA flux to synthesis 

of oxytetracycline. 

3.2.6. Expression of genes associated with cell wall biogenesis 

Although expression levels of genes encoding the enzymes involved into synthesis of 

teichoic acids (TAs) were not altered in S. rimosus HP126, their incorporation into the 

cell wall was impaired through strong downregulation of TA exporters (log2-fold change 

up to -5.8) (Table S2), affecting the structural integrity of the cell wall. Composition of 

the glue-like extracellular matrix (EM) of the cell wall seems to also be impacted. 

Namely, the mutagenized strain exhibited reduced expression of a gene for cellulose 
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synthase (UDP-forming) (SRMR7_25990), likely responsible for the synthesis of the 

cellulose-like component of the EM. In contrast, expression of poly-ß-1,6-N-

acetylglucosamine (PNAG) synthase (SRIMR7_38545) that produces PNAG part of 

the EM was enhanced. Increased expression of several chitinases (log2-fold change 

up to 2.2) is suggestive of cell wall degradation in S. rimosus HP126 by endogenous 

cell wall degrading enzymes (CWDE). Enhanced activity of murein DD-endopeptidase 

MepM (SRIMR7_24075) additionally contributes to degradation of the cell wall (Table 

S2). 

As demonstrated in this study, S. rimosus HP126 does not form compact mycelial 

pellets in liquid culture, but rather loose hyphal networks (Fig. 8), called mats. 

Typically, growing hyphae aggregate into multicellular pellets by producing glue-like 

extracellular matrix (van Dissel, Claessen & van Wezel, 2014; Petrus & Claessen, 

2014). The matrix is, among other components, made up from PNAG (encoded by 

matAB locus) (van Dissel et al., 2015; van Dissel et al., 2018) and cellulose-like 

polymeric substances (encoded by cslA) (Xu et al., 2008). Previously, it was 

demonstrated that deletion of either matAB locus, or cslA (van Dissel et al., 2018) was 

sufficient to induce disintegration of Streptomyces pellets in liquid environment. 

Therefore, it is possible that reduced expression of cellulose synthase contributed 

(Table S2) to hindered pellet aggregation in S. rimosus HP126. Furthermore, 

incorporation of TAs seems to be important for maintaining structural integrity of the 

cell wall by binding the extracellular glycan polymers to the peptidoglycan layer the cell 

wall (Ultee et al., 2020). Therefore, not only was expression of the cellulose-like 

component of the extracellular matrix reduced, but also anchoring of the polymers by 

TAs was impaired through their reduced export in the producer strain (Table S2). In 

this study, we showed downregulation of several chaplin-encoding genes, which are 

also thought to be important players in pellet formation of Streptomyces (van Dissel et 

al., 2018). Hereby, our findings suggest that it is possible to tailor morphology of 

Streptomyces by means of engineering of genes involved in regulation of the microbes’ 

morphology in liquid culture. It is difficult to elucidate if dispersed growth of the strain 

is a result of impaired export of TAs, synthesis of cellulose-like component of EM and 

chaplins, as well as activated synthesis of chitinases and endopeptidases together, or 

if manipulation with just single one factor would be enough to achieve dispersed growth 

of S. rimosus. As the increased production potential of S. rimosus HP126 is a result of 

numerous mutations and changes in expression levels of nearly 28% of the gens, it is 
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difficult with clear certainty to tell if dispersed growth indeed contributed to boosted 

production the mutagenized strain. However, it is an interesting speculation, especially 

since (Kuhl et al., 2021) managed to increase production of oxytetracycline by 

supplementing talc microparticles to the cultures of wild type S. rimosus. 

 

3.2.7. Availability of intracellular CoA-thioesters 

To compare the availability of oxytetracycline precursors, the intracellular pools of free 

coenzyme A (CoA) and CoA-thioesters were quantified at five time points during the 

cultivation for both strains. The wild type contained ten different CoA-thioesters plus a 

substantial amount of free CoA. Succinyl-CoA was the most abundant derivative, 

followed by free CoA, acetyl-CoA, malonyl-CoA, and methylmalonyl-CoA. The 

remaining CoA-thioesters made less than 3% of the total spectrum, with crotonyl-CoA 

being present only in traces (Fig. 11A, C). 

 

Figure 10. Total pools of intracellular CoA-thioesters and free CoA in oxytetracycline producing 
S. rimosus. The absolute quantification of the metabolites was conducted at five different time points, 
namely 8 h (T1), 16 h (T2), 40 h (S. rimosus ATCC 10970 and S. rimosus HP126 Δv3) and 36 h (S. 
rimosus HP126) (T3), 52 h (S. rimosus ATCC 10970 and S. rimosus HP126 Δv3) and 49 h (S. rimosus 
HP126) (T4), 60 h (S. rimosus ATCC 10970), 55 h (S. rimosus HP126) and 72 (S. rimosus HP126 Δv3) 
(T5). The statistical significance for observed differences in concentrations of CoA-thioesters is 
highlighted (t-test; NS, not significant; p < 0.05, *; < 0.01, **). n = 3 
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Overall, the pools slightly increased during the initial phase of growth, whereby CoA-

thioesters with four and five carbon atom side chains showed the most prominent 

increase. With the onset of the stationary phase, the reservoirs of intracellular CoA-

thioesters decreased and stabilized, towards the end of cultivation (Fig. 10, 11A, C). 

In contrast, S. rimosus HP126 revealed substantially activated CoA-ester metabolism. 

Qualitatively, it contained the same spectrum of derivatives, but these were notably 

increased in abundance. Compared to the parent wild type, the mutant accumulated 

up to almost three-fold more CoA-thioesters and free CoA (Fig. 10). Furthermore, the 

ratios between individual CoA-thioesters were strongly perturbed: ethylmalonyl-CoA 

showed the highest concentration, followed by butyryl-CoA, methylsuccinyl-CoA, free 

CoA, succinyl-CoA, and malonyl-CoA. Other CoA-thioesters constituted less than 5% 

of the total pool. Crotonyl-CoA was present again only in small amount. Notably, the 

concentration of the individual CoA-thioesters markedly decreased throughout the 

cultivation, whilst the amount of free CoA increased and finally even was the most 

abundant CoA derivative in the cell (up to 71%) (Fig. 11B, D). 

 

Figure 11. Dynamics of intracellular CoA-thioesters and free CoA in S. rimosus ATCC10970 and 
S. rimosus HP126. The data comprise of absolute levels of individual CoA-thioesters and free CoA (A, 
C) and their abundances (B, D) in S. rimosus ATCC 10970 (top) and S. rimosus HP126 (bottom). n = 
3 
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Contrary to expectations, S. rimosus HP126 does not have more of malonyl-CoA on 

disposal (Fig. 11C), compared to the wild type. Lower concentrations of malonyl-CoA 

measured in the later stages of production could likely be contributed to stronger flux 

through the oxytetracycline biosynthetic pathway. Interestingly, the pool of malonyl-

CoA was not entirely depleted, indicating that there is no bottleneck in supply of the 

precursors during the major production phase. 

Surprisingly, an increase in the pool of CoA-thioesters and free CoA was observed in 

both the wild type and the producer strains, even after the provided phosphate was 

depleted. However, during the stationary phase, the total pools of CoA-thioesters 

progressively decreased over time, where S. rimosus HP126 displayed sharper 

depletion (Fig. 10). The initially observed build-up of CoA/thioesters, that constitute the 

repertoire of products of primary metabolism, could be contributed to utilisation of 

internal sources of phosphate. When exposed to phosphate limitation, streptomycetes 

are known to undergo massive cellular reprogramming (Rodríguez-García et al., 2007; 

Martín and Liras, 2021), including the composition of the cell wall glycopolymers. 

Namely, phosphate-rich teichoic acids, are replaced by phosphate-free teichuronic 

acids (Martín et al., 2017). Indeed, the export of teichoic acids was strongly down-

regulated in S. rimosus HP126, compared to the parental wild type strain (Table S2). 

Therefore, it can be assumed that reduced export of these phosphorylated cell wall 

glycopolymers led to accumulation of additional intracellular sources of phosphate for 

the microbe, which can support the boosted synthesis of CoA-thioesters. 

Overall, supply of acetyl-CoA in the mutagenized S. rimosus HP126, in comparison to 

the wild type strain was elevated (Fig. 11C). Considering that acetyl-CoA is a key 

metabolite that stands on the crossroad between the central metabolism and 

secondary metabolite production (Ku et al., 2020), it is rational to assume that 

metabolic engineering of pathways that increase carbon flux towards acetyl-CoA 

represents possible bottlenecks for optimising production of essentially acetyl-CoA-

derived oxytetracycline. Conducted differential gene expression analysis enabled us 

to get more profound understanding of the effects of performed random mutagenesis 

in S. rimosus HP126 on production of acetyl-CoA. 

Firstly, this strain showed overexpression of zwf (glucose 6-phosphate 

dehydrogenase) and eda (KHG/KDPG aldolase) genes, suggesting increased supply 

of pyruvate through Entner-Doudoroff (ED) pathway (Fig. 9). Pyruvate is known 
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allosteric activator of pyruvate dehydrogenase, a component of pyruvate 

dehydrogenase complex (PDC), catalysing a rate-limiting acetylation reaction in the 

overall conversion of pyruvate to acetyl-CoA (de Kok et al., 1998). Therefore, 

redirecting glycolysis into ED route, through activation of zwf and eda genes, reduces 

carbon loss and enables enhanced conversion of carbon into pyruvate and subsequent 

acetyl-CoA. Overexpression of zfw and eda, has already shown to be beneficial for 

increased supply of acetyl-CoA in poly-3-hydroxybutyrate-producing Escherichia coli 

(Zhang et al., 2014). In addition, upregulation of ED glycolytic route results in boosted 

production of NADPH, the reduction equivalent required for the synthesis of 

oxytetracycline. As oxytetracycline biosynthetic route is highly NADPH demanding 

(Petković et al., 2017), increasing its supply represents important step in establishing 

conditions for reaching high titres of oxytetracycline. Whilst overexpression of zwf itself 

did not intensify production of oxytetracycline in S. rimosus M4018 (Tang et al., 2011), 

it is possible that joint overexpression of zfw and eda leads to amplified supply of 

pyruvate (and downstream acetyl-CoA) and NADPH, which together are favourable for 

high production levels of oxytetracycline. 

Second way in which acetyl-CoA flux is redirected to production of oxytetracycine in S. 

rimosus HP126 is through overall down-regulation of genes involved in tricarboxylic 

acid (TCA) cycle (Fig. 9). Although one copy of citrate synthase, an enzyme which is 

involved in recruitment of acetyl-CoA into TCA cycle was up-regulated, reduced 

expression of aconitate hydratase, succinate-CoA ligase, several subunits of succinate 

dehydrogenase and fumarate reductase complexes, one copy of methylmalonyl-CoA 

mutase, as well as nearly fourfold lower concentration of succinyl-CoA, suggest easing 

of acetyl-CoA drain through TCA cycle. Consequently, this enriches the pool of acetyl-

CoA for conversion to malonyl-CoA, the precursor of oxytetracycline. As a matter of 

fact, engineering of TCA cycle to achieve improved production of compounds that use 

acetyl-CoA as a major or indirect precursor, has been an attractive target in other 

microbes such as Corynebacterium glutamicum and E. coli (Milke and Marienhagen, 

2020). For instance, have successfully increased production of naringenin, coumaroyl-

CoA and malonyl-CoA derived polyphenol, in actinobacterium C. glutamicum by 

deletion of succinate dehydrogenase complex (sdhCDAB operon). Likewise, 

elimination of sdhCDAB operon in E. coli resulted in enhanced synthesis of flavanone 

(Fowler et al., 2009). Our findings confirm that tunning of metabolism towards reduced 
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carbon flux through TCA cycle, is a valuable point for channelling flux of acetyl-CoA in 

the direction of secondary metabolite production. 

Finally, increased expression of phenylacetate-CoA ligase and several subunits of 1,2-

phenylacetyl-CoA-epoxidase amplifies rate of degradation of ʟ-phenylalanine, 

providing auxiliary source of acetyl-CoA and succinyl-CoA (Fig. 9). This supplemental 

inflow of acetyl-CoA can be beneficial for supporting increased precursor demand in 

S. rimosus HP126. On the other hand, succinyl-CoA can facilitate maintenance of TCA 

cycle. Also, enhanced degradation of BCAAs (Fig. 9) provides additional influx of 

butyryl-CoA, which can subsequently be converted to crotonyl-CoA and ethylmalonyl-

CoA and help replenishing of pools of downstream CoA-thioesters. Taken together, 

these findings show that supplementation of BCAAs and ʟ-phenylalanine, could 

support increased production capacity of this strain. 

 

3.2.8. Effects of deletion of the oxytetracycline cluster from S. rimosus HP 126 

Finally, S. rimosus HP126 Δv3, derivative of the classical mutant lacking the 

oxytetracycline biosynthetic gene cluster, was examined. During the cultivation period 

of 121 h, the strain firstly grew exponentially until 8th h, with the same growth rate as 

its’ parental strain (µ = 0.19 ± 0.01 h-1). However, the exponential phase was not 

proceeded by the phase of reduced growth, like in the oxytetracycline producing 

strains, but rather with a pseudo-stationary that lasted until the end of cultivation time 

(Fig. 12A). Absolute quantification of CoA-thioesters showed the presence of the same 

CoA-thioesters, in similar concentrations, as in S. rimosus HP126. Over time, the strain 

accumulated malonyl-CoA and butyryl-CoA and showed recovery of pools of succinyl-

CoA (Fig. 12B, C). 

However, insights into differential gene expression of the oxytetracycline deletion strain 

revealed reduced expression of alpha, beta and lipoamide subunits of BCAA 

dehydrogenase complex, in comparison to the classical producer strain (Fig. 13). 

Likewise, phenylacetate-CoA ligase, phenylacetate-CoA epoxidase A, D and E 

subunits were downregulated. Lower expression levels of these genes suggest 

reduced inflow of acetyl-CoA, succinyl-CoA and butyryl-CoA through degradation of 

amino acid. Noticed replenishing of succinyl-CoA pools was accompanied by similar 

levels of expression of most of the genes of TCA cycle. Moreover, synthesis of fatty 
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acids in the deletion strain was slightly impaired through downregulation of several 

copies of 3-oxoacyl-ACP synthase III. On the other hand, degradation of fatty acids 

through β-oxidation seems to be activated in the oxytetracycline deletion strain. 

Besides upregulation of some of the copies of long chain fatty acid-CoA ligases, acyl-

CoA dehydrogenases and enoyl-CoA hydratases, duplication of two copies of long 

chain fatty acid-CoA ligases and three copies of acyl-CoA dehydrogenases likely 

contributed to the activation of β-oxidation pathway, which in turn provided additional 

route of acetyl-CoA supply (Fig. 13). 

 

Figure 12. Growth profile and absolute quantification of intracellular CoA-thioesters and free 
CoA in S. rimosus HP126 Δv3. S. rimosus HP126 Δv3 was cultivated in mannitol-based mineral salt 
medium in shake flasks at 30°C until complete uptake of the substrate. The growth profile shows 
consumption of mannitol and phosphate, formation of biomass and change of pH over time. The 
exponential phase is shown in light grey, while the pseudostationary phase is presented in dark grey 
colour (A). Dynamics of the absolute levels of the individual intracellular CoA-thioesters and free CoA, 
and their abundances are shown in subfigures B and C. n = 3 
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Figure 13. Multiomics profiling of the S. rimosus HP126 Δv3. Log2-fold changes in expression of 
genes encoding enzymes that catalyze reactions of major catabolic and anabolic pathways, as well as 
biosynthesis malonyl-CoA-derived secondary metabolites during early stationary phase (24 h), are 
depicted in rectangulars. The producer S. rimosus HP126 was used as a reference. Genome 
sequencing of the strain revealed additional duplication or multiplication of some genes. Thicker frame 
around the rectangular represents duplication or multiplication of the given gene. Bubble charts 
represent concentrations of CoA-thioesters, and their changes compared to S. rimosus HP126. 
Enzymes were assigned to certain reaction based on search of the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway maps and gene annotations obtained during RNAseq. 
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3.3. Conclusions and outlook 

Classical strain development relies on creating genetic diversity in the bacterial host 

through mutagenesis. Iterative cycles of mutagenesis are followed by screening of 

clones with desired phenotype. Some typical mutagens include UV irradiation, 

chemicals, biological agents, and intercalating agents. Once the screening process is 

completed, changes on all “omics” levels that eventually sustain the selected 

phenotype, are typically not know. However, these mechanisms represent valuable 

biological knowledge, as they can be applied for rational strain development. 

In this work, multi-omics systems biology tools were applied to unravel changes in S. 

rimosus HP126, the industrial oxytetracycline producer, previously developed by 

multiple rounds of classical mutagenesis. In industrial setup, oxytetracycline is 

produced in a heavily complex medium, containing starch, soy bean flour, and corn 

steep liquor, among others. These medium components make “omics”-studies 

incredibly problematic. In that regard, a chemically defined medium was a first step 

towards systems studies of the classical oxytetracycline mutant. Elaborate screening 

of simple carbon sources was carried out in mineral salt medium with low concentration 

of phosphate. Alcohol sugar mannitol supported the highest production of 

oxytetracycline in the chemically defined medium without any complex additives. 

Subsequent batch cultivation experiments were carried out using mannitol. In the 

created setup, the classical producer S. rimosus HP126 accumulates 340 mg L-1 

oxytetracycline, 12-fold more than the parental wild type, demonstrating its’ exceptional 

production capacity. Microscopic inspection of the submerged cultures revealed that 

the wild type and classical mutant strongly differ in cellular morphology. Thereby, the 

wild type forms compact pellets, which showed incredible heterogeneity in size. 

Transcriptome analysis of the wild type and the producer showed that the classical 

mutagenesis led to global changes in gene expression in S. rimosus HP126. 

Substantial activation of the oxytetracycline biosynthetic gene cluster and highly 

modulated CoA-thioester-supporting pathways were apparent. The oxytetracycline 

biosynthetic genes showed up to 3-fold elevated levels of transcripts than the ancestor 

wild type, indicating strong activation of the BGC. Not only did the classical 

mutagenesis led to notable activation of the oxytetracycline BGC, it also resulted in 

reduced mRNA levels of genes associated with other putative secondary metabolites. 

Thereby, other malonyl-CoA-consuming pathways were silenced. This was also true 
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for fatty acid synthesis, where multiple genes related to this primary metabolic route 

showed diminished expression levels, as compared to the wild type. Obviously, 

decreased flow of acetyl-CoA and malonyl-CoA into biosynthesis of fatty acids 

contributed to enriching of acetyl-CoA pool in the producer. On the other hand, S. 

rimosus HP126 did not show increased concentration of malonyl-CoA, likely due to the 

pronounced withdrawal by the oxytetracycline BGC. Next, accelerated ß-oxidation of 

fatty acids, and catabolism of ʟ-phenylalanine underpins the build-up of acetely-CoA 

and succinyl-CoA. Overall, metabolism of S. rimosus HP126 is modulated towards 

elevated synthesis of CoA-activated thioesters and downstream oxytetracycline. 

Notably, deletion of the oxytetracycline cluster from S. rimosus HP 126 reveals the 

metabolic burden of production and its impact on cellular regulation. It appears 

noteworthy that classical mutagenesis also introduced massive changes on genome 

level, whereby numerous genes seemed to be deleted or present in multiple copies, 

indicating significant genome instability of the mutant strain. 

Systems level investigation of S. rimosus wild type and the industrial oxytetracycline 

producer demonstrates the value of modulating precursor supply and activation of the 

biosynthetic genes for upgraded product formation. Thereby, diminished activity of 

precursor-withdrawing, and boosted activity of precursor-forming pathways plays a 

central role. These key findings confirm that precursor supply is an exceptionally 

valuable target during rational, targeted strain development. 

Furthermore, elimination of oxytetracycline background from the industrial producer 

creates highly attractive cell platform for production of other secondary metabolites. 

Rich pool of CoA-thioesters allows secondary metabolites derived from diverse CoA-

thioesters such as: methylmalonyl-CoA, ethylmalonyl-CoA, succinyl-CoA, and 

malonyl-CoA-derived pamamycins; acetyl-CoA and malonyl-CoA-derived bhimamycin, 

and malonyl-CoA-derived flaviolin. S. rimosus HP126 Δv3 is a promising chassis for 

high-level production of secondary metabolites. 
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4. Metabolic engineering of C. glutamicum for the production of 

curcumin 

 

4.1. Material and Methods 

 

4.1.1. Microorganisms and plasmids 

C. glutamicum ATCC 13032 (DSM 20300) was obtained from the Deutsche 

Stammsammlung für Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, 

Germany). E. coli DH10B (Life GmbH, Darmstadt, Germany) and NM522 (Invitrogen, 

Carlsbad, CA, USA) were used for the propagation of plasmids. E. coli NM522 co-

expressed the plasmid pTC expressing a C. glutamicum-specific DNA-

methyltransferase for methylation of plasmid DNA (Kind et al., 2010). For plasmid-

based expression of genes, the episomal vector pClik 5α plasmid was used (Buschke 

et al., 2011). For genome-based modification, including the deletion and integration of 

genes, the integrative pClik int sacB plasmid was applied (Becker et al., 2005; Kind et 

al., 2010). All strains and plasmids, including newly created derivatives, were 

maintained in 30% glycerol at -80°C. They are listed in table 1. 

Table 1. Bacterial strains and plasmids used in this study. 

Strain or plasmid Characteristics Reference 

C. glutamicum   

ATCC 13032 Wild type strain 

 

American Type Strain 

and Culture 

Collection, 

Manassas, VA, USA 

CUR-1 ATCC 13032 derivative with deletion of 

phdBCDE  

This work 

CUR-2_nat CUR-1 harbouring the pClik 5α 

MCS_OsCUS_nat 

This work 

CUR-2_co CUR-1 harbouring the pClik 5α 

MCS_OsCUS_co 

This work 

CUR-3_nat CUR-1 harbouring the pClik 5α 

MCS_SbCUS_nat 

This work 
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CUR-3_co CUR-1 harbouring the pClik 5α 

MCS_SbCUS_co 

This work 

CUR-4_nat CUR-1 harbouring the pClik 5α 

MCS_ClDCS_CURS1_nat  

This work 

CUR-4_co CUR-1 harbouring the pClik 5α 

MCS_ClDCS_CURS1_co 

This work 

CUR-5_nat CUR-1 harbouring the pClik 5α 

MCS_At_4CL_ClDCS_CURS1_nat 

This work 

CUR-5_co CUR-1 harbouring the pClik 5α 

MCS_At_4CL_ClDCS_CURS1_co 

This work 

CUR-6 ATCC13032 harbouring the pClik 5α 

MCS_ClDCS_CURS1_nat 

This work 

CUR-7 CUR-1 derivative with deletion of phdR This work 

CUR-8 CUR-7 harbouring pClik 5α 

MCS_ClDCS_CURS1_nat 

This work 

CUR-9 ATCC 13032 derivative with the deletion 

of the phdRBCDE and exchange of 

native promoter of phdAT with the tuf 

promoter 

This work 

CUR-10 CUR-7 derivative with the deletion of 

phdR and replacement of native promoter 

of phdA with the tuf promoter 

This work 

CUR-11 CUR-6 derivative with ATG start codon of 

citrate synthase replaced with GTG 

This work 

CUR-12 CUR-11 derivative harbouring pClik 5α 

MCS_ClDCS_CURS1_nat 

This work 

CUR-13 CUR-7 derivative with accBC fasO site 

mutated 

This work 

CUR-14 CUR-13 derivative with accD1fasO site 

mutated 

This work 

CUR-15 CUR-14 derivative harbouring pClik 5α 

MCS_ClDCS_CURS1_nat 

This work 

E. coli   
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DH10B F- mcrA Δ(mrr-hsdRMS-mcrBC) 

Φ80dlacZΔM15 ΔlacX74 endA1 recA1 

deoR Δ(ara,leu)7697 araD139 galU galK 

nupG rpsL λ- 

Invitrogen, Carlsbad, 

CA, USA 

NM522 supE, thi, Δ(lac-proAB), hsd5 (r–, m–) Invitrogen, Carlsbad, 

CA, USA 

Plasmids   

pClik 5α MCS Episomal transformation vector for C. 

glutamicum with E. coli and C. 

glutamicum MCS and ORI, and KanR and 

sacB as selection markers 

(Becker et al., 2011) 

pClik 5α MCS_ClDCS_CURS1_nat pClik 5α MCS with native C. longa DCS 

and CURS1 genes 

GenScript Biotech, 

Rijswijk, Netherlands 

pClik 5α MCS_ClDCS_CURS1_co pClik 5α MCS with C. longa DCS and 

CURS1 genes codon-optimized for C. 

glutamicum 

GenScript Biotech, 

Rijswijk, Netherlands 

pClik 5α 

MCS_At4CL_ClDCS_CURS1_nat 

pClik 5α MCS with native Arabidopsis 

thaliana 4CL and C. longa DCS and 

CURS1 genes 

GenScript Biotech, 

Rijswijk, Netherlands 

pClik 5α 

MCS_At4CL_ClDCS_CURS1_nat 

pClik 5α MCS with A. thaliana 4CL and 

C. longa DCS and CURS1 genes codon-

optimized for C. glutamicum 

GenScript Biotech, 

Rijswijk, Netherlands 

pClik 5α MCS_OsCUS_nat pClik 5α MCS with native Oryza sativa 

CUS gene 

GenScript Biotech, 

Rijswijk, Netherlands 

pClik 5α MCS_OsCUS_co pClik 5α MCS with O. sativa CUS gene 

codon-optimized for C. glutamicum 

GenScript Biotech, 

Rijswijk, Netherlands 

pClik 5α MCS_SbCUS_nat pClik 5α MCS with native Sorghum 

bicolor putative curcumin synthase  

GenScript Biotech, 

Rijswijk, Netherlands 

pClik 5α MCS_SbCUS_co pClik 5α MCS with S. bicolor putative 

curcumin synthase codon-optimized for 

C. glutamicum 

GenScript Biotech, 

Rijswijk, Netherlands 

pClik int sacB Integrative transformation vector for C. 

glutamicum with E. coli MCS and ORI, 

and KanR and sacB as selection markers 

(Becker et al., 2011) 

pClik int sacB_ΔphdBCDE pClik int sacB for the deletion of the C. 

glutamicum phdBCDE genes 

This work 
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pClik int sacB_ΔphdR pClik int sacB for the deletion of the C. 

glutamicum phdR gene 

This work 

pClik int sacB ΔphdRBCDE_phdATPtuf pClik int sacB for the deletion of the C. 

glutamicum phdRBCDE genes and the 

replacement of the native C. glutamicum 

phdAT promoter with the C. glutamicum 

structural tuf promoter 

This work 

pClik int sacB_phdAPtuf pClik int sacB for the deletion of the C. 

glutamicum phdR gene and replacement 

of the native C. glutamicum phdA 

promoter with the C. glutamicum 

structural tuf promoter and reversed 

orientation of the phdA gene 

This work 

pClik int sacB_csGTG pClik int sacB for the exchange of the C. 

glutamicum citrate synthase ATG start 

codon with GTG 

* 

pClik int sacB_accBC_fasO_mut pClik int sacB for the mutation of the 

fasO site of the C. glutamicum accBC 

gene 

This work 

pClik int sacB_accD1_fasO_mut pClik int sacB for the mutation of the 

fasO site of the C. glutamicum accD1 

gene 

This work 

*The plasmid was kindly provided from the in-house strain collection at the Institute for 

Systems Biotechnology (University of Saarland, Saarbrücken, Germany). 

4.1.2. Genetic engineering work 

Cloning strategies were designed using the SnapGene software (GSL, Biotech, LLC, 

Insightful Science, Chicago, IL, USA). DNA fragments were amplified by PCR (2x 

Phusion High-Fidelity PCR Master Mix with GC Buffer, Thermo Fischer Scientific, 

Waltham, MA, USA) using specific primers (Table S3). DNA with heterologous genes 

for curcumin expression was synthetized in either native or codon-optimized form 

(Table S4). The cloning vector was linearized using SmaI restriction digestion 

(FastDigest, Thermo Fischer Scientific). The linearized plasmid and the DNA 

fragments of interests were purified (Wizard SV Gel, PCR Clean-UP System, 

Promega, Mannheim, Germany) and then assembled in vitro (Rohles et al., 2016). 
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The assembled plasmids were transformed into E. coli DH10B using heat shock and 

verified for correctness using analytical PCR (2x Phire Hot Start II DNA-polymerase, 

Thermo Fischer Scientific), isolated (QIAprep Spin Miniprep Kit, Qiagen, Hilden, 

Germany), and verified by sequencing (Azenta Life Sciences, Genewiz Germany, 

Leipzig, Germany) (Becker et al., 2010). Integrative plasmids were additionally 

transformed into E. coli NM522 pTC for the generation of the C. glutamicum-specific 

methylation pattern (Kind et al., 2010). Subsequently, the plasmid were transformed 

into C. glutamicum by electroporation, and the desired mutants were obtained by 

homologous recombination as described earlier (Becker et al., 2010; Kind et al., 2010; 

Rohles et al., 2022). All recombinant strains were verified by PCR and sequencing. 

 

4.1.3. Media 

For cell propagation during cloning and pre-culturing for curcumin production, the cells 

were grown in complex BHI medium (37 g L-1, brain heart infusion, Becton Dickinson, 

Franklin Lakes, NJ, USA). For plate cultures, the BHI medium was solidified by the 

addition of 15 g L-1 of agar (Becton Dickinson). For plasmid maintenance, growth media 

were supplemented with kanamycin (25 - 50 µg mL-1) and tetracycline (12.5 µg mL-1). 

In addition, a glucose-based minimal medium was used for the cultivation of C. 

glutamicum. The medium contained per litre: 30 g of glucose, 15 g of (NH4)2SO4, 1 g 

of NaCl, 0.2 g of MgSO4·7H2O, 0.055 g of CaCl2, 34.8 g of K2HPO4, 27.2 g of KH2PO4, 

2 mg of FeCl3·6H2O, 2 mg of MnSO4·H2O, 0.5 mg of ZnSO4·H2O, 0.2 mg CuCl2·2H2O, 

0.2 mg of Na2B4O7·10H2O, 0.1 mg (NH4)6Mo7O24·4H2O, 20 mg FeSO4·7H2O, 1 mg of 

thiamine-HCl, 1 mg of Ca-pantothenate, 0.5 mg of biotin and 30 mg of 3,4-

dihydroxybenzoic acid (Rohles et al., 2022; Weiland et al., 2023). In addition, ferulate 

was added as substrate for curcumin production, as given below. 

 

4.1.4. Batch cultivation in shake flasks 

C. glutamicum was incubated in an orbital shaker (Multitron, Infors AG, Bottmingen, 

Switzerland) at 30°C, 230 rpm, and 80% humidity, using non-baffled shake flasks (10% 

filling volume). Regarding the light-sensitivity of curcumin (Mondal et al., 2016), the 

glass window of the incubator was covered with aluminium foil to enable cultivation in 

the dark. The cultivation involved two subsequent pre-cultures, followed by the main 
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culture. The first pre-culture (10 mL BHI medium) was inoculated in with a single colony 

from a BHI-agar plate, pre-grown for 48 h at 30°C and incubated 12 h. Then, the cells 

were harvested (6,000 x g, 20°C, 3 min), washed twice with minimal glucose medium, 

and used to inoculate the second pre-culture (50 mL minimal glucose medium) which 

was grown for another 7 h. Finally, the main culture in minimal glucose medium (50 

mL) was inoculated from the second pre-culture as described above. The main culture 

was inoculated to an initial optical density (OD660) of 1.0. For the production of 

curcumin, ferulate was added only to the main culture. All experiments were conducted 

in biological triplicate. 

 

4.1.5. Screening of curcumin producers and medium tests in reagent tubes 

Small scale screening experiments of curcumin-producing strains and tests for medium 

optimization were performed in glass reagent tubes (25 mL) filled with 5 mL of 

inoculated main culture medium (see above). Different combinations of glucose (10, 

20, 30, and 40 g L-1, corresponding to 55, 110, 165, and 220 mM) and ferulate (1, 2, 3, 

4, and 5 mM) were tested. 

 

4.1.6. Batch fermentation in stirred tank bioreactor 

For selection of appropriate aeration and pH, curcumin production was carried out in 

batch mode in 1 L stirred-tank reactors (SR0700DLS, DASGIP AG, Jülich, Germany) 

under different pH and oxygen saturation. To start the process, a BHI pre-culture (100 

mL supplemented with 25 µg mL-1 kanamycin) was inoculated and cultivated at 30°C. 

The cells were harvested (5,000 × g, 5 min, room temperature) and used to inoculate 

a second pre-culture in a chemically defined medium containing 25 µg mL-1 kanamycin 

(Chapter 4.1.3.). The second pre-culture was grown for 10 hours. The exponentially 

growing cells were harvested (5,000 × g, 5 min, room temperature) and resuspended 

in batch medium. The inoculum was injected through the septum of the bioreactor, and 

inoculated in 300 mL of batch medium to OD660 = 2.0. Fermentation was carried out 

under three process conditions: 20% dO2, pH = 6.8; 2.5% dO2, pH = 6.8; and 2.5% 

dO2, pH = 6.0. The batch medium had the composition as described above (Chapter 

6.3.), with increased glucose concentration to 90 g L-1, and 2.5 g L-1 yeast extract. The 

pH was monitored online using a pH electrode (Mettler Toledo 405-DPAS-SC-



Metabolic engineering of C. glutamicum for the production of curcumin 

 

57 
 

K8S/225, Mettler Toledo, Giessen, Germany). 6 M NaOH and 6 M HCl were used to 

maintain pH value of 6.8 (MP8 pump system, Eppendorf, Hamburg, Germany). Oxygen 

was also monitored online (Hamilton, Höchst, Germany), and saturation of 2.5% and 

20% was maintained by automatic adjustments of agitation and gas inflow. DASGIP 

control software (DASGIP AG) was applied for data acquisition and process control. 

Ferulate feed phase was initiated manually by injecting 15 mM ferulate from a 500 mM 

stock after 4 h of growth. 

 

4.1.7. Fed-batch fermentation in stirred tank reactors 

The selected curcumin producer was further evaluated in stirred tank 1 L bioreactors 

(SR0700DLS, DASGIP AG) in a fed-batch mode. The preparation of first and second 

pre-cultures was carried out as described above (Chapter 4.1.6.). The initial batch 

medium had composition as described above (Chapter 4.1.3.), whereby glucose was 

supplemented in concentration of 30 and 20 g L-1, and kanamycin was omitted (small 

scale test tube test revealed no statistical difference in curcumin production with and 

without supplementation of kanamycin (Fig. S14). Two different sizes of inoculum were 

tested (OD660 = 2 and OD660 = 8, corresponding to low and high cell density inoculum, 

respectively). The process was maintained at 30°C, 20% dO2 (dissolved oxygen), and 

pH = 6.8. Ferulate feed phase was initiated manually by injecting 5 mM ferulate from 

a 500 mM stock after 4 h of batch phase. Ferulate and glucose concentrations were 

monitored using HPLC (Agilent Technologies). Glucose and ferulate feeds were given 

manually upon exhaustion of the provided substrates. Thereby glucose feed was given 

from a 550 mM stock of glucose monohydrate solution. 

 

4.1.8. Quantification of cell concentration 

The cell concentration was inferred from spectrophotometric analysis of the optical 

density at 660 nm (OD660). A previously established correlation was used to convert 

OD-readings into cell dry weight (CDW) levels: CDW [g L-1] = 0.32 x OD660 (Becker et 

al., 2009). 
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4.1.9. Quantification of substrates and products 

Glucose and lactate were quantified by isocratic HPLC (Agilent 1260 Infinity Series, 

Agilent Technologies, Waldbronn, Germany). The analytes were separated using a 

reversed phase column (Aminex HPX-87H, 300 × 7.8 mm, Bio-Rad, Hercules, CA, 

USA) at 40°C as the stationary phase, and 3.5 mM H2SO4 at a flow rate of 0.50 mL 

min-1 as the mobile phase. Detection was based on refractive index measurement at 

55°C (Agilent 1260 RID, G1362A, Agilent Technologies). External standards were 

applied for quantification. 

Ferulate was quantified by gradient HPLC (Agilent 1260 Infinity Series, Agilent 

Technologies), using separation done at 25°C (Nucleodur EC 4/3 C18 Isis, 3 µm x 4 

mm, Nucleodur EC 100/3 C18 Isis, 3 µm x 100 mm, Macherey-Nagel, Düren, 

Germany) and following gradient of 0.025% H3PO4 (eluent A) and acetonitrile (eluent 

B) at a continuous flow rate of 1.0 mL min-1: 0 - 13.8 min, 99 - 67% A; 13.8 - 14.3 min, 

67 - 0% A; 14.3 - 17.3 min, 0% A; 17.3 - 17.8, 0 -99% A; 17.8 - 24.3 min, 99% A. 

Ferulate was detected by UV absorption at 325 nm (Agilent 1260 DAD, G4212B, 

Agilent Technologies) and quantified using external standards. 

Curcumin was quantified by gradient HPLC (Agilent 1260 Infinity Series, Agilent 

Technologies). For this purpose, 50 to 500 µL of cell broth was acidified to pH 3.0 (6 

M HCl), subsequently mixed with two volumes of ethyl acetate, followed by phase 

separation (15,000 x g, 4°C, 2 min). The organic phase was transferred into a fresh 

tube. The extraction of the sample was repeated until the obtained organic phase 

appeared no longer yellow. All extracts were combined, dried under a stream of 

nitrogen, dissolved in 200 µL of acetonitrile, and analyzed by HPLC. In short, 10 µL 

sample was injected and separated on reversed phase column (Nucleodur EC 100/3 

C18 Isis, 3.5 µm x 100 mm, Macherey Nagel) at 25°C, using a gradient of 0.025% 

H3PO4 (eluent A) and acetonitrile (eluent B) at a constant flow rate of 1.0 mL min-1: 0 - 

22.0 min, 100-0% A; 22 - 22.5 min, 27.4 - 72.6% A; 22.5 - 24.5 min, 0-100% A; 24.5 - 

27.0 min, 100% A. Curcumin was detected by UV absorption at 426 nm (Agilent 1290 

DAD, G4212A, Agilent Technologies). External standards were applied for 

quantification. 
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4.1.10. Quantification of intracellular CoA-thioesters 

The protocol for the quantification of intracellular CoA-thioesters was adapted from 

previous work (Gläser et al., 2020). Briefly, culture samples (10 mg CDW) were 

quenched with an adequate amount of quenching and extraction buffer (25 mM formic 

acid, 95% acetonitrile, -20°C). Extraction of the intracellular CoA-thioesters was 

achieved through mixing and cooling steps on ice for 10 minutes, followed by 

centrifugation (15,000 × g, 4°C, 10 min) and collection of the obtained supernatant into 

10 mL ice-cold deionized water. The cell pellets were washed two times with 8 mL of 

ice-cold water, and all supernatants were combined afterwards. The extract was frozen 

in liquid nitrogen, freeze-dried, and subsequently resuspended in 500 µL of pre-cooled 

buffer (25 mM ammonium formate, 2% MeOH, pH 5.6, 4°C). Prior to analysis, the 

buffered extract was clarified from debris by centrifugation (15,000 × g, 4°C, 10 

minutes). 

The analysis was carried out using a triple quadrupole MS (QTRAP 6500+, AB Sciex, 

Darmstadt, Germany), coupled to an LC system (Agilent 1290 Infinity System, Agilent). 

The analytes of interest were separated on a reversed phase column (Gemini, C18, 

100 mm × 2.1 mm, 1.5 µm, 110 Å, Phenomenex, Aschaffenburg, Germany) at 40°C 

and a flow rate of 0.60 mL min 1, using a gradient of eluent A (50 mM formic acid, pH 

8.1) and eluent B (methanol). The fraction of eluent B was as follows: 0-12 min, 0-15%; 

12-16 min, 15-100%; 16-18 min, 100%; 18-20 min, 100-0%; 20-25 min, 0%. 

For absolute quantification, 13C-labelled cell extracts were used as internal standard 

(Gläser et al., 2020). For this purpose, C. glutamicum ATCC 13032 was grown on 99% 

[13C6] glucose (Omicron, Biochemicals, South Bend, United States). To obtain fully 13C-

enriched cell extracts, the inoculum size for both the second pre-culture, as well as for 

the main culture, was kept below 1% of the finally harvested cell concentration 

(Wittmann, 2007). Extraction of the 13C CoA-thioesters was conducted as described 

above. The concentration of individual 13C CoA-thioesters was determined using 

synthetic standards. For subsequent absolute quantification, an appropriate amount of 

13C extract was added to the samples during the initial quenching step (Gläser et al., 

2020). 
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4.1.11. Transcriptome profiling 

Global gene expression profiling of curcumin producing and non-producing C. 

glutamicum was carried out by applying one-color DNA microarrays, as described 

before (Christmann et al., 2023; Gasovic et al., 2023). Briefly, custom-made 

microarrays (8 × 15 K) with 8990 probes were designed using the eArray online tool 

(Agilent Technologies). The array contained probes for the complete genome of C. 

glutamicum wild type ATCC 13032, and 60 Agilent-based quality control (QC) probes 

(SurePrint G3 Custom GE 8 × 60 K, Agilent Technologies). For each gene, three 

different 45-60 bp probes were designed. Each probe was present in 6 technical 

replicates, randomly distributed across the microarray chip. Subsequently, 50 ng of 

extracted RNA was purified from the remaining DNA using TURBO DNA-free Kit 

(Thermo Fischer Scientific). Purified RNA was reverse-transcribed into Cy3-labeled 

cDNA and hybridized onto the microarrays (Low Input Quick Amp WT Labeling 

preparation protocol, Agilent Technologies). Subsequently, labelled cDNA was 

fragmented and hybridized on the microarray slide (Gene Expression Hybridization Kit, 

Agilent Technologies). Hybridization took place in a hybridization over at 65°C for 17 h 

(G2545A, Agilent Technologies). Upon hybridization, the microarray slides were 

washed and scanned (SureScan Microarray Scanner G4900DA, Agilent 

Technologies). Feature Extraction Software (Agilent Technologies) was applied for 

feature extraction from the scans. Data visualisation was done using the GeneSpring 

software (version 14.9, Agilent Technologies). The data were normalized by applying 

the percentile shift method. Statistical evaluation was carried out with 3-way ANOVA 

test. The fold change cut-off was set to 2, whereas P value significance threshold was 

set to ≤ 0.05. 

For RNA extraction, 1-2 mL culture broth was centrifuged (30 seconds, 13,000 × g, 

room temperature). Cells were harvested and immediately frozen in liquid nitrogen. 

Subsequently, RNA was purified following the RNeasy Mini Kit (Qiagen, Hilden, 

Germany). NanoDrop 1000 (PEQLAB Biotechnology GmbH, Erlangen, Germany) was 

used to determine the concentration and purity of the extracted RNA. Finally, the 

integrity was assessed using the semi-automized chi-based electrophoresis (RNA 

6000 Nano Kit, 2100 Bioanalyzer). 
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4.2. Results and Discussion 

 

4.2.1. Development of the C. glutamicum chassis for curcumin production 

In its natural host turmeric, curcuminoids are produced by PKS III from the 

intermediates of the phenylpropanoid pathway: p-coumarate and ferulate (Ramirez-

Ahumada et al., 2006). The previously characterized phenylpropanoid degradation 

(phd) gene cluster, enabled C. glutamicum to utilize these lignin-derived molecules as 

a sole energy and carbon source (Kallscheuer et al., 2016a). This competence made 

C. glutamicum an exceptionally interesting candidate for heterologous production of 

curcumin, and related curcuminoids. In order to reap the benefits of its inherent 

tolerance towards toxic aromatic phenylpropanoids (Chen et al., 2017; Kallscheuer and 

Marienhagen, 2018; Lin et al., 2022; Virklund et al., 2023), the first step was the 

elimination of competing genes within the phd operon. 

The potential of C. glutamicum to be used as a host for heterologous production of 

plant-derived polyphenols has already been recognized (Kallscheuer et al., 2017; 

Kogure and Inui, 2018; Milke et al., 2019; Wu et al., 2022; Zha et al., 2023). In this 

context, deletion of phdBCDE genes was indeed a norm for creating a platform strain 

for the production of plant polyphenolic compounds (Kallscheuer et al., 2016b). The 

successful production of polyphenols such as naringenin, eriodictyol (Kallscheuer et 

al., 2017), pinosylvin, resveratrol, and piceatannol (Kallscheuer et al., 2016b), was 

promising. 

Additionally, the curcumin precursor ferulate, is a hydroxycinnamic acid present in 

lignin preparations from monocot grasses such as wheat, rice, rye, maize stems, barley 

straws, and a fast-growing dicot tree, poplar wood (Xu et al., 2005). The valorisation of 

lignin, the second most abundant polymer in nature, into value-added chemicals, has 

been drawing increasing attention (Becker and Wittmann, 2019). Thereby, ferulate has 

been a precursor of choice in biotechnological production of the nature-identical 

fragrance vanillin. Namely, ferulate extracted from sugar beet pulp has been used for 

enzymatic production of vanillin by Novozymes (Bagsvaerd, Denmark) (Banerjee and 

Chattopadhyay, 2019). Microbial-based production of vanillin has been established in 

Streptomyces sp. (Hua et al., 2007), Amycolatopsis sp. (Fleige et al., 2016), and 

Pseudomonas putida (Graf and Altenbuchner, 2014). In addition, E. coli BL21 (DE3) 

(Li et al., 2019), Streptomyces setonii (Max et al., 2012), and Bacillus pumilus (Lee et 
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al., 1998) have been applied for production of 4-vinylguaiacol. Moreover, Katsuyama 

et al. (2008) managed to employ ferulate-containing rice bran pitch, a waste stream 

formed during industrial production of rice oil. These successful examples highlight the 

versatility of ferulate as a precursor for production of value-added compounds. This 

work aims rendering C. glutamicum capable of bio-transforming the industrially 

relevant precursor ferulate, into a multipotent biologically active curcumin. The first 

step towards realizing this challenge was addressing the in-built pathway for 

degradation of ferulate and related phenylpropanoids in C. glutamicum. 

 

4.2.2. Elimination of competing phenylpropanoid catabolic pathway 

In total, seven genes comprise the phd cluster (phdTARBCDE) (Kallscheuer et al., 

2016a) (Fig. S2). Among them, phdT and phdA, encoding a membrane transporter 

and a acyl:CoA ligase, respectively, are involved in the uptake and CoA-mediated 

activation of phenylpropanoids. Their activity would not interfere with heterologous 

synthesis of phenylpropanoid-derived plant polyphenols. On the contrary, it can be 

exploited for their anabolism, as native the phdT would facilitate uptake, and phdA 

would catalyse CoA-mediated activation of phenylpropanoids. This eliminates the need 

for heterologous expression of the transporter and the acyl:CoA ligases, thereby 

reducing the metabolic burden on the host. 

These built-in properties of C. glutamicum offer another advantage over other 

expression hosts. For instance, E. coli as a flagship bacterium in molecular biology and 

biotechnology, is not known to possess native transporters and acyl:CoA ligases that 

accept phenylpropanoids as substrates (Horinouchi, 2009). 

The phdBCDE genes, coding for 3-hydroxyacyl-CoA dehydrogenase, metal-

dependent hydrolase, acyl-CoA dehydrogenase, and enoyl-CoA hydratase 

(Kallscheuer et al., 2016a), are expected to represent a major bottleneck for efficient 

biotransformation of phenylpropanoids to aromatic plant polyphenols (Kallscheuer and 

Marienhagen, 2018). Namely, these enzymes catalyse conversion of 

phenylpropanoids via β-oxidative, CoA-dependent pathway into benzoate derivates, 

which are further degraded via β-ketoadipate pathway to acetyl-CoA and succinyl-CoA. 

These are then channelled to the central carbon metabolism (Kitade et al., 2020). As 

such, the native catabolism of phenylpropanoids would compete with heterologous 

pathways utilizing same intermediates in C. glutamicum. 
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In an effort to delete phdBCDE genes at once, 485 bp sequence upstream from phdB 

gene and 608 bp sequence downstream from phdE gene were cloned into the non-

replicative plasmid pClik_IntsacB_ΔphdBCDE. Methylated plasmid was used to 

transform C. glutamicum ATCC 13032 to kanamycin resistance, indicating successful 

first recombination and integration of the plasmid into the wild type genome. For 

markerless deletion and removal of the vector backbone, one positive merodiploid 

underwent the second recombination step. From approximately 50 clones analysed by 

PCR, 12 appeared to have phdBCDE genes deleted, indicated by truncated PCR 

product (289 bp, compared to 3841 bp in the wild type) (Fig. S3). One selected clone 

was further confirmed by sequencing, and designated as C. glutamicum CUR-1. 

In order to assess the effects of genomic removal of the phdBCDE genes, the CUR-1 

chassis strain was cultivated on minimal media agar plates supplemented individually 

with 5 mM p-coumarate, caffeate, and ferulate as a sole carbon and energy source. As 

expected, the growth of the CUR-1 strain was entirely abolished on all tested 

phenylpropanoids (Fig. 14). The observed growth phenotype is in line with previous 

findings, where even single deletions of phdBCDE genes were sufficient to abrupt the 

growth of C. glutamicum on p-coumarate, caffeate, and ferulate in CGXII minimal 

medium (Kallscheuer et al., 2016a). 

 

Figure 14. Growth performance of C. glutamicum 13032 wild type and CUR-1 strains on 
phenylpropanoid-based minimal medium agar plates. The strains were inoculated from their 
corresponding glycerol stocks and incubated on minimal medium agar plates supplemented with 5 mM 
p-coumarate, caffeate, and ferulate as a sole carbon and energy source. The plates were incubated at 
30°C for 72h. As indicated by the line, the wild type was streaked out on the left side, while the CUR-1 
strain was inoculated on the right half of the same plate. Each condition was tested in triplicates. Single 
examples are shown here. 
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Although, C. glutamicum CUR-1 was not able to utilize p-coumarate, caffeate, or 

ferulate as a growth substrate, its fitness in glucose based minimal medium was rather 

not affected (Fig. 15). The CUR-1 strain exhibited similar growth behaviour like its 

parental wild type strain. Both strains consumed entire 10 g of glucose within 9.5 hours 

without significant change in maximum growth rate. The wild type reached µmax of 0.39 

± 0.02 h-1, while the strain lacking the phdBCDE genes grew with comparable growth 

rate of 0.36 ± 0.02 h-1. Biomass yield and specific glucose uptake rates were also 

without notable difference (Table 2). 

 

Figure 15. Growth profile of the wild type and CUR-1 strains during batch cultivation in shake 
flasks. The data represent cultivation profiles of C. glutamicum ATCC13032 and CUR-1 strain in 
minimal medium with 10 g L-1 glucose (55 mM). Increase of biomass (g L-1 of CDW) and consumption 
of glucose (mM) over time are displayed. All experiments were carried out in biological triplicates. Their 
respective mean values and standard deviations are shown. 

 

Table 2. Growth performance of C. glutamicum wild type and CUR-1 strains in glucose-based 
minimal medium during batch cultivation in shake flasks. The data comprise of maximum growth 

rate (µmax), biomass yield (YX/Glc), and specific glucose uptake rate (qGlc). Errors represent standard 
deviations from three biological replicates. 

Strain µmax [h-1] YX/Glc [g mol-1] qGlc [mmol g-1 h-1] 

ATCC 13032 0.39 ± 0.02 66.13 ± 7.07 5.90 ± 0.69 

CUR-1 0.36 ± 0.02 66.13 ± 6.82 5.49 ± 0.78 

 

The newly generated phdBCDE mutant was further assessed in minimal medium 

containing glucose and additional 5 mM ferulate. When exposed to ferulate, the wild 

type experiences a 1.5-fold decrease in its maximum growth rate, as opposed to 

cultivation with glucose as the only carbon source. Furthermore, in the presence of 
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ferulate, the glucose uptake rate is also reduced, effectively leading to nearly two hours 

of extended growth to consume the provided 10 g of glucose. Utilization of glucose 

was completed within 11.45 h. It is notable, that during this time, only 2 mM of ferulate 

were consumed with a rate of 0.18 mmol h-1. When glucose was exhausted, the 

remaining 3 mM ferulate were consumed within one hour (Fig. 16A, Table 3). The 

observed slow uptake of ferulate while glucose is still present in the medium, can be 

attributable to carbon catabolite repression. For most of bacteria, glucose is often 

preferred growth substrate from the mixture of different carbon sources. Under this 

scenario, glucose prevents, or strongly inhibits the use of other, secondary carbon 

sources (Görke and Stülke, 2008). The cultivation profile of the wild type in the medium 

containing the mixture of glucose and ferulate (Fig. 16A) demonstrates the case of the 

carbon catabolite repression. 

 

Figure 16. Ferulate utilization by wild type C. glutamicum and phdBCDE deletion mutant during 
batch cultivation in shake flaks The data displays cultivation profiles in minimal medium with 10 g L-1 
of glucose (55 m) and 5 mM ferulate of: C. glutamicum ATCC 13032 wild type (A); CUR-1 strain lacking 
the phdBCDE genes (B). Increase of biomass (g L-1 of CDW) and consumption of glucose (mM), and 
ferulate (mM) over time are displayed. The data comprise mean values and standard deviations from 
three biological replicates. 

 

The phd operon, which is responsible for catabolism of ferulate and other 

phenylpropanoids, is transcriptionally controlled by phdR, a MarR-type repressor 

(Kallscheuer et al., 2016a). PhdR-mediated repression is relieved once glucose is no 

longer present. Similarly, in the presence of glucose, the RamB repressor becomes 

activated through an unidentified mechanism and inhibits expression of genes that are 

associated with catabolism of acetate and ethanol (Gerstmeir et al., 2004; Arndt and 

Eikmanns, 2007). 
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The deletion of phdBCDE genes moderately impacted growth of C. glutamicum. 

Specifically, the CUR-1 strain exhibited a decreased maximum growth rate of 0.20 ± 

0.0 h-1, and glucose uptake rate of 4.88 ± 0.06 mmol h-1, compared to the wild type (P: 

.0035 and .0036, respectively) (Fig. 16B, Table 3). It is apparent that the deletion of 

phdBCDE genes also resulted in reduced biomass formation (Fig. 16). Notably, 

deletion of the ferulate-catabolizing genes did not entirely abolish utilization of ferulate. 

Although at a significantly reduced rate, the CUR-1 strain consumed nearly 0.7 mM 

during first 12.5 hours while glucose was available. Subsequently, upon complete 

exhaustion of glucose, and until 72 hours of cultivation, the level of ferulate in the 

medium remained close to 4 mM (Fig. 16B). 

The observed utilization of ferulate by C. glutamicum, even after the deletion of the 

phdBCDE genes, can be related to unspecific conversion by 4-hydroxybenzoate-3-

hydroxylase PobA and protocatechuate dioxygenase PcaGH (Kallscheuer et al., 

2016b). These enzymes have natural substrates that are structurally similar to 

phenylpropanoid intermediates (Hammer et al., 1996; Chang and Zylstra, 2008; 

Kallscheuer et al., 2016b). Additional decrease during stationary phase is likely due to 

abiotic oxidation. Related phenylpropanoids, such as caffeate, have been shown to 

undergo spontaneous oxidation (Weiland et al., 2023). However, the extent of potential 

abiotic oxidation is relatively small, and should not significantly hinder its 

biotransformation to curcumin. 

Table 3. Growth performance of C. glutamicum wild type and CUR-1 strains in minimal medium 
supplemented with 55 mM glucose and 5 mM ferulate during batch cultivation in shake flasks. 

The data comprise of maximum growth rate (µmax), glucose uptake rate (QGlc), and ferulate uptake rate 

(QFer). Errors represent standard deviations from three biological replicates. 

Strain µmax [h-1] QGlc [mmol h-1] QFer [mmol h-1] 

ATCC 13032 0.26 ± 0.00 5.10 ± 0.43 0.18 ± 0.00 

CUR-1 0.20 ± 0.00 4.88 ± 0.06 0.04 ± 0.00 

 

In this context, the observed growth status of the CUR-1 strain in glucose-based 

minimal medium, with and without supplementation of ferulate, indicated good fitness 

albeit deletion of the phdBCDE genes. Therefore, the first chassis strain CUR-1 was 

selected as a host for further screening of curcumin biosynthetic gene clusters. 
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4.2.3. Screening of curcumin biosynthetic gene clusters 

The primary objective of this group of experiments was to identify the most suitable 

biosynthetic gene cluster for curcumin production. In total, four different clusters were 

designed and heterologously expressed in C. glutamicum CUR-1 (Fig. 17A). Each 

cluster was tested in both native sequence and C. glutamicum-adapted codon form 

(Table S4). All genes were under transcriptional control of the native, strong 

constitutive tuf promoter, controlling the expression of translational elongation factor 

gene (Shang et al., 2018). In the designs with multiple genes, promoter sequence was 

positioned in front of the first gene, while the rest contained its own ribosomal binding 

site (RBS) (the last 20 bp from the tuf promoter sequence) (Fig. 17A). 

In order to ensure sufficient copy number, the biosynthetic genes were not integrated 

into the host’s genome, but rather episomally expressed from the low-copy pClik5α 

plasmid. The rationale behind this choice were previous findings where the expression 

of 1-deoxy-D-xylulose 5-phosphate (DXP) synthase led to threefold increase in 

lycopene (red carotenoid pigment) production in E. coli cultures expressing the gene 

from a low-copy plasmid, compared to cultures expressing single, chromosomally 

integrated gene copy (Jones et al., 2000). In the context of heterologous compound 

production, high-copy plasmids are often sought after to achieve maximum expression 

levels (Cao et al., 2016). However, possible concomitant metabolic burden arising from 

the presence of too many plasmid copies may adversely impact overall productivity 

and cell vitality (Keasling, 1999). In the same study by Jones et al. (2000), cell growth 

and lycopene production were decreased upon switching to high-copy plasmid. These 

inhibitory effects of high copy numbers of DXP synthase can be ascribed to the 

bactericidal effects that lycopene exerts against E. coli (Lee and Lee, 2014; Amorim et 

al., 2018). Likewise, curcumin which also exerts antimicrobial properties (De et al., 

2009; Adahoun et al., 2017; Adamczak et al., 2020; Araújo et al., 2023; Liu et al., 2023), 

may have negative effects on cell growth and curcumin production if the biosynthetic 

genes are present in an excessively high copy number. In order to mitigate possible 

undesired effect of high-copy plasmids, the low-copy number pClik5α was used as an 

expression vector. 

The first variant of biosynthetic gene cluster comprised of a single cus gene from rice 

(O. sativa) (Fig. 17A). This gene encodes curcuminoid synthase (CUS) (GenBank 

accession number: LOC4342896) that can catalyse the “one-pot” synthesis of 
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curcumin (Katsuyama et al., 2008), bisdemethoxycurcumin (Morita et al., 2010; Fang 

et al., 2018), and dicinnamoylmethane (Katsuyama et al., 2008; Kim et al., 2017; Chu 

et al., 2020; Wang et al., 2020a). CUS exhibits substrate-dependent specificity. The 

preferred substrate is p-coumaroyl-CoA, leading to the synthesis of 

bisdemethoxycurcumin through the condensation of two molecules of p-coumaroyl-

CoA and one molecule of malonyl-CoA. Although it displays lower specificity, the 

enzyme can also accept feruloyl-CoA and cinnamoyl-CoA as precursors, catalysing 

the synthesis of curcumin and dicinnamoylmethane, respectively. 

 

Figure 17. Screening of curcumin biosynthetic gene clusters in genetically engineered C. 
glutamicum. The data comprise structure of four heterologous gene clusters for synthesis of curcumin 
(A); curcumin titres in C. glutamicum CUR-1 derivatives harbouring the corresponding gene clusters 
cultivated in test tubes in minimal medium supplemented with 10 g L-1 glucose (55 mM) and 5 mM 
ferulate (B). Heterologous genes were expressed on the episomal plasmid pClik5α, and selected for 
kanamycin resistance. Abbreviations: nat: native gene sequence from the donor plant; co: codon-
optimized sequence, adapted for C. glutamicum. The data comprise mean values and standard 
deviations from three biological replicates 

 

Although curcuminoids have not been naturally reported in rice (Rodrigues et al., 

2015b), the CUS gene has been successfully employed for heterologous production of 

curcumin and other curcuminoids in several hosts such as E. coli (Katsuyama et al., 

2008; Rodrigues et al., 2015a), Saccharomyces cerevisiae (Rainha et al., 2022a), and 

Aspergillus oryzae (Kan et al., 2019). Notably, the CUS from rice facilitates the one-

step synthesis of curcuminoids, in contrast to two enzymes diketide synthase (DCS) 

and curcumin synthase (CURS) present in turmeric, which catalyse biosynthesis of 

curcuminoids through three separate enzymatic reactions (Fig. 6) (Rodrigues et al., 

2015b). Moreover, CUS from rice was identified and employed for heterologous 
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production of bisdemethoxycurcumin, dicinnamoylmethane, and curcumin in E. coli 

(Katsuyama et al., 2008) even before DCS and CURS from turmeric were identified 

(Katsuyama et al., 2009a). 

In the current work, cultivation of C. glutamicum CUR-2_nat and CUR-2_co, 

derivatives of C. glutamicum CUR-1 expressing the OsCUS cluster in native and 

codon-optimized form respectively, resulted in curcumin titres of 3 and 5 mg L-1, in the 

same order as first mentioned (Fig. 17B). The codon-optimized form exhibited slightly 

higher titre of curcumin (P= .001). The use of codon-optimized genes has previously 

demonstrated enhancements in production of lysostaphin in E. coli (Wang et al., 2022), 

enzymes prochymosin in E. coli (Menzella, 2011), β-fructofuranosidase in Pichia 

pastoris (Coetzee et al., 2022), and 1,2-dioxygenase in S. cerevisiae (Lanza et al., 

2014). 

Heterologous expression of a single gene can alleviate metabolic burden imposed 

upon the host. As such, it can be advantageous compared to expression of multiple 

genes. In that regard, a blast search was conducted to identify additional homologous 

of curcumin synthase 1 (CURS1) from turmeric. The search for additional homologous 

protein sequences of CURS1 revealed putative bisdemethoxycurcumin synthase from 

great millet (S. bicolor) (E-value: 0.0; identity: 72.26%; GenBank accession number: 

XP_002462898) (Fig. S5). Despite expressing both the native and codon-optimized 

form of the Sbcus gene, C. glutamicum CUR-3_nat or CUR-3_co, did not produce any 

curcumin (Fig. 17B).  

The next cluster variant contained two type III PKS genes responsible for curcumin 

synthesis in turmeric (C. longa): diketide synthase (dcs) and curcumin synthase 1 

(curs1) (GenBank accession numbers: AB495006 and KM880189, respectively) (Fig. 

17A) (Rainha et al., 2022b). Briefly, the DCS enzyme catalyses synthesis of feruloyl-

diketide-CoA, from one molecule feruloyl-CoA and malonyl-CoA. The CURS1 enzyme 

exerts dual function during biosynthesis of curcumin. Firstly, it hydrolases feruloyl-

diketide-CoA in a corresponding keto acid, and second extends it with another 

molecule of feruloyl-CoA, to yield one molecule of curcumin (Katsuyama et al., 2009a). 

The two genes have been often selected for production of curcumin in E. coli 

(Rodrigues et al., 2015a; Couto et al., 2017; Rodrigues et al., 2020; Wu et al., 2020) 

and S. cerevisiae (Rainha et al., 2022a). 
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In the present work, cultivation of C. glutamicum CUR-4_nat resulted in a titre of 8 mg 

L-1 curcumin. On the other hand, 7 mg L-1 of curcumin was produced by the strain 

expressing the cluster in the codon-adapted form, C. glutamicum CUR-4_co (Fig. 

17B). In contrast to the first cluster variant expressing the cus gene from rice, the 

combination of dcs and curs1 from turmeric performed better in the native codon 

sequence. However, the difference between the two sequence types was not 

statistically significant (P: .23). Although codon-optimizations aim to improve the 

expression of a donor gene in a new host, it is necessary to consider that it can lead 

to impaired co-translational protein folding kinetics and suboptimal production 

(Rehbein et al., 2019). In such cases, different codon-optimization strategies or native 

sequence should be considered. 

In addition to dcs and curs1 genes from C. longa, the final cluster variant contained a 

copy of p-coumaroyl:CoA ligase (4cl1) gene from tale cress (A. thaliana) (GenBank 

accession number: NC_003070.9 ) (Fig. 17A). In A. thaliana, there are four isoforms 

of 4cl genes, and they play indispensable role in directing carbon flow from primary 

metabolism to different routes of secondary metabolism. Specifically, they catalyse 

activation of phenylpropanoids into corresponding CoA-thioesters that are used in 

downstream synthesis of numerous secondary metabolites (Li et al., 2015). Among the 

four isoforms, 4cl1 displays the highest affinity for ferulate (Ehlting et al., 1999), and 

was selected as an additional source of feruloyl-CoA-synthetizing enzyme. Despite 

supplemental source of enzyme that can perform CoA-activation of ferulate, C. 

glutamicum CUR-5_nat and CUR-5_co did not produce more curcumin than the strain 

with only endogenous acyl:CoA ligase (phdA) (C. glutamicum CUR-4_nat and CUR-

4_co). Overall, the strains C. glutamicum CUR-5_nat and CUR5_co produced 0.4 and 

1.6 mg L-1 of curcumin, respectively (Fig. 17B). 

After conducting screening of four biosynthetic gene clusters, it has been determined 

that the combination including the dcs and curs1 genes from C. longa in their native 

sequence showed supreme performance compared to other cluster combinations. For 

this reason, this cluster variant has been chosen as the most suitable candidate for 

curcumin production. The curcumin titres obtained with initial cluster screening in the 

present work are rather low compared to the highest one reached by Rodrigues et al. 

(2020). Nevertheless, the following experiments aimed to close and even surpass this 

gap. 
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4.2.4. Deletion of phdR repressor for deregulation of ferulate uptake 

As a soil-borne bacterium, C. glutamicum is known for its inherent ability to effectively 

metabolize lignin derived aromatics (Weiland et al., 2022), such as ferulate and p-

coumarate. As mentioned earlier, ferulate serves as a prime building block of the 

curcumin molecule. It appears noteworthy, that C. glutamicum can withstand and grow 

in the presence of up to 30 mM ferulate supplemented to the glucose-based (55 mM) 

minimal medium (Weiland et al., 2023). Nevertheless, at this high concentration of 

ferulate, the growth of C. glutamicum appears to be impaired. Therefore, a reduced 

level of 5 mM ferulate was selected as a starting concentration for biotransformation of 

ferulate to curcumin in a glucose-based (55 mM) minimal medium by genetically 

engineered C. glutamicum. 

In both CUR-6, the wild type derivative heterologously expressing the dcs and curs1 

genes from C. longa, and CUR-4_nat, the maximum growth rate was further slowed to 

0.16 and 0.17 h-1, respectively. Both strains exhibited comparable rates of glucose 

consumption, approximately 3.8 mmol h-1. Furthermore, the uptake rate of ferulate 

demonstrated a significant reduction by 3.6-fold in C: glutamicum CUR-6, as compared 

to the wild type strain (Fig. 18, Table 4). Interestingly, the uptake rate of ferulate 

remained unaffected upon expression of an empty pClik5α plasmid in the wild type (P: 

.341). Additionally, glucose consumption showed a moderately reduced rate of 4.85 ± 

0.04 (P: .0019) (Fig. S4). 

Table 4. Growth performance of curcumin producing C. glutamicum CUR-4_nat and CUR-6 
during batch cultivation in shake flasks. The data comprise of maximum growth rate (µmax), glucose 

uptake rate (QGlc), ferulate uptake rate (QFer), and curcumin titre of CUR-4_nat and CUR-6 in minimal 
medium with 10 g L-1 glucose (55 mM) and 5 mM ferulate. Errors represent standard deviations from 
three biological replicates. 

Strain 
µmax 

[h-1] 

QGlc 

[mmol h-1] 

QFer 

[mmol h-1] 

Curcumin 
titre [mg L-1] 

CUR-4_nat 0.16 ± 0.0 3.83 ± 0.07 0.05 ± 0.0 6.33 ± 0.17 

CUR-6 0.17 ± 0.0 3.84 ± 0.02 0.05 ± 0.0 2.47 ± 0.17 
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Figure 18. Curcumin production by engineered C. glutamicum strains from ferulate during batch 
cultivation in shake flaks The data displays cultivation profiles in minimal medium with 10 g L-1 of 
glucose (55 m) and 5 mM ferulate of CUR-6, of the wild type derivative expressing dcs and curs1 genes 
from C. longa (A); and CUR-4_nat, a phdBCDE-deficient strain expressing the dcs and curs1 genes 
from C. longa (B). Increase of biomass (g L-1 of CDW), consumption of glucose (mM) and ferulate (mM), 
and formation of curcumin (mg L-1) over time are displayed. The data comprise mean values and 
standard deviations from three biological replicates. 

 

In this work, antibiotic kanamycin was utilized as a selection marker for the 

maintenance of pClik5α_ClDCS_CURS1_nat plasmid. Antibiotics are commonly 

employed during bacterial fermentation to select for the cells carrying the desired 

plasmid (Mignon et al., 2015). However, addition of antibiotics can lead to delay in 

growth of bacterial cells (Rozkov et al., 2004), here reflected by decreased uptake rate 

of glucose in C. glutamicum ATCC 13032 :: pClik5α (Fig. S4). Nevertheless, once the 

strain was adapted to the presence of the antibiotic, it displayed a comparable 

maximum growth rate of 0.25 ± 0.01 h-1. Moreover, results suggest that the observed 

substantial reduction in the uptake rate of ferulate in the CUR-6 strain, as compared to 

the plasmid-free wild type, is not linked to the kanamycin-imposed selection pressure. 

Instead, it is primarily related to the expression of the dcs and curs1 genes and 

formation of curcumin. 

In the wild type derivative expressing the pClik5α_ClDCS_CURS1_nat plasmid (CUR-

6), the production of curcumin was growth coupled, with initial traces of the product 

detectable as early as 1.5 hour of cultivation (Fig. 18A). After 27 hours of cultivation, 

the final titre of curcumin achieved by this strain was 2.5 mg L-1, coinciding with the 

depletion of ferulate from the medium. On the other hand, two distinct phases were 

observed in the production profile of C. glutamicum CUR-4_nat, with deleted phdBCDE 

genes. The first phase commenced after a brief non-productive period (first 2.75 hours) 

and persisted until the beginning of the stationary phase, achieving a peak titre of 0.5 
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mg L-1. Subsequent second production phase, spanning from 17.5 to 72 hours (Fig. 

18B), was characterized by approximately 3-fold higher volumetric and specific 

productivity rate, resulting in a maximum titre of 6 mg L-1 of curcumin. Throughout the 

production process, the concentration of unutilized ferulate remained close to 4 mM, 

indicating that considerable amount of the curcumin precursor remains untouched. 

Evidently, greater part of curcumin was formed during the stationary phase, after the 

supplied glucose as the primary growth substrate was exhausted. Formation of 

curcumin from existing pools of feruloyl-CoA and malonyl-CoA was clearly not able to 

sustain high-level curcumin production. Given the presence of unconsumed ferulate 

and delayed production of majority of curcumin, elimination of the PhdR-mediated 

repression of ferulate catabolism, emerged as the next promising target for strain 

optimization. 

With the intention of deleting phdR gene, the non-replicative plasmid 

pClik_intSacB_ΔphdR was made. The plasmid harboured 521 and 551 bp fragments 

homologous to the upstream and downstream sequences flanking the phdR gene in 

the CUR-1 background. Methylated form of plasmid was transformed in C. glutamicum 

CUR-1. First recombination transformants were selected against kanamycin resistance 

markers, encoded within the plasmid backbone. One isolated clone was subjected to 

second recombination via sacB-mediated counter selection. From approximately 50 

clones analysed by colony PCR, 19 had abbreviated PCR products (431 bp compared 

to 1129 bp in CUR-1 background), indicating deletion of the phdR gene. One of the 

clones was further validated by sequencing, and named as CUR-7 strain. Derivative of 

the CUR-7 strain expressing the episomal plasmid with dcs and curs1 genes was 

designated as CUR-8 strain. With the aim of evaluating the effect of phdR deletion in 

CUR-1 strain background, the CUR-8 strain was cultivated in minimal medium 

containing glucose and ferulate, in the same biotransformation set-up as its ancestor 

CUR-4_nat. 

In the growth profile of CUR-8 strain three individual phases were notable (Fig. 19). 

First phase, representing early curcumin production phase, manifested with low 

curcumin productivity and titre. During this phase that lasted first 16 hours less than 5 

mg L-1 of curcumin were formed. Interestingly, early curcumin production phase fully 

overlapped with extended lag phase. As most of curcumin was formed during second 

phase, this period was designated as major production phase. Notably, it commenced 
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with the beginning of exponential growth. During this stage, greatest portion of 

supplemented ferulate was consumed (close to 3 mM). Upon exhaustion of glucose 

ferulate uptake considerably ceased. Only minor fractions were utilized during the final 

third phase, distinguished by reduced curcumin productivity, as compared to the 

previous major production phase. Nevertheless, maximum titre of 110 mg L-1, a 13-fold 

increase as compared to the parental strain with intact regulation of ferulate uptake. 

Elimination of PhdR-mediated regulation of ferulate catabolism resulted in remarkable 

upgrade of curcumin production in metabolically engineered C. glutamicum. Notably, 

this increase occurred at the expense of cellular fitness, here demonstrated by 

prolonged lag phase. Nonetheless, platform strain with deleted phdRBCDE genes, was 

employed as host in upcoming cultivation experiments. 

 

Figure 19. Curcumin production by engineered C. glutamicum CUR-8 from ferulate during batch 
cultivation in shake flaks The data displays cultivation profile in minimal medium with 10 g L-1 of 
glucose (55 m) and 5 mM ferulate of CUR-8 strain expressing the dcs and curs1 genes from C. longa, 
with deletion of phdRBCDE genes. Increase of biomass (g L-1 of CDW), consumption of glucose (mM) 
and ferulate (mM), and formation of curcumin (mg L-1) over time are displayed. The data comprise mean 
values and standard deviations from three biological replicates. 

 

4.2.5. Promoter engineering of phdT and phdA  

As described in previous chapters, phdT and phdA genes are part of the phd operone, 

involved into catabolism of phenylpropanoids in C. glutamicum (Kallscheuer et al., 

2016a; Kitade et al., 2020). Briefly, PhdT is a membrane-bound transporter, facilitating 

the uptake of phenylpropanoids. Given that the phdT-deficient strain still exhibited 

growth in minimal medium containing ferulate as only carbon source, it is probable that 
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phenylpropanoids can enter the cell through yet undiscovered transporters, or by 

passive diffusion when present at increased levels (Kallscheuer et al., 2016a). PhdA 

functions as an acyl:CoA ligase, which catalyzes conversion of phenylpropanoids into 

their corresponding CoA-thioesters. In the native operon architecture, phdT and phdA 

are interspersed with a short segment of 38 bp, while each contain their own start 

codon (ATG). Their transcription is regulated by a promoter positioned upstream of the 

phdA gene. (Fig. 20A). 

 

Figure 20. Promoter engineering strategies for increased expression of the phdTA genes. Wild 
type genetic structure of the phdTA genes from the phd operone (A). Replacement of the native phdTA 
promoter with the tuf promoter in CUR-9 strain (B). In CUR-10 strain, the native phdTA promoter was 
placed directly in front of the phdT gene, while the sequence of the phdA gene was reversed and placed 
under transcriptional control of the tuf promoter (C). 

 

With the objective of achieving consistent and robust expression of the phdTA genes, 

along with increasing the rate of ferulate uptake and synthesis of the curcumin 

precursor, feruloyl-CoA, overexpression of the phdTA genes appeared as a relevant 

genetic engineering target. The overexpression was accomplished by replacing the 

original phdTA promoter with the strong, constitutive tuf promoter along (Fig. 20B) with 

simultaneous deletion of phdRBCDE genes in the wild type. The tuf promoter is widely 

utilized to increase the expression of several genes in C. glutamicum, such as fructose 

1,6-biphosphatasev- fbp (Becker et al., 2005; Becker et al., 2011), 5-aminovalerate 

transaminase – gabT, and glutarate semialdehyde dehydrogenase - gabD (Rohles et 

al., 2018). 

The new strain C. glutamicum ΔphdRBCDE_phdTAPtuf was designated as CUR-9 

strain. When cultured in a microbioreactor, it exhibited an exceptionally prolonged lag 

phase of nearly 60 hours during growth on the mixture of glucose and ferulate. In 

addition to delayed growth, the strain display overall reduction in biomass formation 

(Fig. 21B). This growth behaviour was not observed in the medium containing only 

glucose. The absence of ferulate in the medium completely restored the typical growth 

phenotype, which closely resembles that of its ancestor wild type strain (Fig. 21A). 
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Hence, it appears that only in the presence of ferulate, the growth is severely impaired. 

These results lead to the conclusion that the tuf promoter exerts overly strong 

transcriptional control, enhancing the uptake of ferulate and synthesis of feruloyl-CoA 

at the expense of strain fitness. Although to a far less extent, amplified expression of 

membrane transporters, such as vanilate vanK (Weiland et al., 2023) and glutarate 

gabP permeases in C. glutamicum (Rohles et al., 2018), also led to decreased growth 

rate. 

 

Figure 21. Vitality assessment of the engineered C. glutamicum strains in microbioreactors. The 
data displays detected biomass signal for the growth of C. glutamicum ATCC 13032, CUR-1, CUR-7, 
CUR-9, and CUR-10 (gain 10) during the growth in minimal media supplemented with 55 mM glucose 
(A); and 55 mM glucose and 5 mM ferulate (B). The data comprise mean values and standard deviations 
from three biological replicates. 

 

Therefore, an alternative, less vigorous approach was taken to boost the activity of the 

phdTA genes. In this second metabolic engineering design, the original phdTA 

promoter was positioned in front of the phdT gene, while the orientation of the phdA 

gene was reversed, and the gene was placed under transcriptional control of the tuf 

promoter (Fig. 20C). Genetic engineering was performed using CUR-1 as a parental 

strain, and the newly obtained strain was designates as CUR-10. The genetic 

modification has only marginally lessened the effect of ferulate on growth, shortening 

the lag phase to approximately 55 hours (Fig. 21B). Similar to the previous approach, 

the growth in the medium containing only glucose, remained comparable to that of the 

wild type (Fig. 21A). 
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Precursor supply undoubtedly plays an important role in achieving high-level 

production of the desired compounds (Nielsen and Jewett, 2008; van der Hoek et al., 

2022; Bi et al., 2023). Therefore, precursor pathways are often targets for metabolic 

engineering-driven strain optimization (Li et al., 2021a). For instance, production of 

polyphenols naringenin and eriodictyol from p-coumarate and caffeate in C. 

glutamicum was increased by almost 30% through an additional expression of 

chromosomally integrated 4cl gene from parsley (Petroselinum crispum) under the 

control of the T7 promoter (Kallscheuer et al., 2016b). 

Furthermore, production of monoterpene geraniol in S. cerevisiae (Liu et al., 2013), 

carotenoid lycopene in E. coli (Rodríguez-Villalón et al., 2008), polyketide rapamycin 

in Streptomyces hygroscopicus (Jung et al., 2011), antihelmintic polyketide avermectin 

in S. avermitilis (Hao et al., 2022), diamine putrescine in E. coli, (Qian et al., 2009), 

vitamin riboflavin in Ashbya gossypii (Monschau et al., 1998), indigo dye in E. coli 

(Berry et al., 2002), and polyketide antibiotic oxytetracycline in S. rimosus (Li et al., 

2021a), was successfully enhanced through increased supply of their respective 

precursors. 

However, growth of both of the newly generated CUR-9 and CUR-10 strains in the 

medium containing ferulate was manifested with more than two days long lag phase 

and reduced biomass formation by almost 30%. The observed growth defects were 

indicators of drastically decreased cellular fitness. Hence, the undesired reduced 

cellular viability pointed out that the overexpression of phdTA genes using the strong, 

constitutive tuf promoter was not the most suitable strategy to increase supply of 

ferulate and shows confied likelihood for the improvement of the strain performance. 

Although strong, constitutive promoters ensure stable high-level gene expression 

during all growth phases unaffected by transcriptional regulators, they are not the most 

appropriate choice when it comes to expression of toxic proteins (Ma et al., 2018). 

PhdT and PhdA are not toxic proteins themselves, but they do mediate uptake and 

catabolism the toxic compound ferulate (Luo et al., 2019). Having in mind that curcumin 

itself exerts antimicrobial activity that could cause additional growth defects, CUR-9 

and CUR-10 strains were not further considered for the production of curcumin. 
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4.2.6. Optimization of minimal medium formulation 

During the past decade, heterologous biosynthesis of curcumin using microbial 

systems has been at the centre of atention of several studies. Various strategies for 

enhancing curcumin production have been explored, including screening of different 

expression systems (Kang et al., 2018), membrane engineering (Wu et al., 2020), and 

medium optimization (Couto et al., 2017). Medium optimization represents a crucial 

aspect during bioprocess development for heterologous production of the desired 

products (Jorge et al., 2016). One of the central parameters to be considered, is 

balancing between cell growth and product formation. (Braga et al., 2018). In terms of 

curcumin production, this balancing can be achieved by optimization of concentration 

of glucose, as the growth substrate, and ferulate, as the biotransformation substrate. 

In so-far, 110 mg L-1 of curcumin was produced in a biotransformation setup with 10 g 

L-1 of glucose and 5 mM ferulate in a minimal medium by the CUR-8 strain. For 

industrially feasible productivity, higher cell densities are often desired (Henke and 

Wendisch, 2019). Considering the fact that rate of enzymatic reactions depends on 

substrate concentrations (Wegner et al., 2015), it appeared relevant to investigate 

impact of different concentrations of ferulate as well. In that regard, the initial glucose 

concentrations tested were set to 10, 20, 30, and 40 g L-1. Each alternative was tested 

in a combination with a varying starting concentration of ferulate (1, 2, 3, 4, and 5 mM), 

comprising in total 20 different screening conditions. Given the elevated production 

capacity of CUR-8 strain, the screening was carried out using this strain. 

Among the tested conditions, a combination of 30 g L-1 glucose and 5 mM ferulate 

resulted in the highest curcumin titre of 244 mg L-1. Furthermore, a distinct trend in the 

production pattern was observed. When glucose was supplemented in concentrations 

of 10, 30, and 40 g L-1, an increase in the initially provided ferulate from 1 to 5 mM, 

matched with the increase in final curcumin titre. The condition with 20 g L-1 glucose 

was the only exception. Hereby, the supplementation with 4 mM ferulate resulted in 

higher curcumin titre when compared to 5 mM, albeit without statistical difference (P: 

.37). Despite the natural antimicrobial activity of ferulate (Sova, 2012; Zduńska et al., 

2018), curcumin production was more boosted at the elevated concentrations of the 

biotransformation substrate (Fig. 22). 
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Figure 22. Optimization of growth and biotransformation substrate concentration for curcumin 
production by genetically engineered C. glutamicum. CUR-8 strain was cultured in minimal medium 
with varying starting concentrations of glucose (10, 20, 30, and 40 g L-1) and ferulate (1, 2, 3, 4, and 5 
mM) in glass test tubes. The curcumin titres were compared based on the end-point sampling and 
extraction after 72 hours of cultivation. The data represent average values from three biological 
replicates. 

 

Overall, curcumin levels increased from 172, to 226, and 244 mg L-1 at 10, 20, and 30 

g L-1 glucose respectively, but then sharply decreased to 149 mg L-1 at 40 g L-1 glucose 

(Fig. 22). It is appears noteworthy, that due to its pronounced lipophilic nature, 

curcumin anchors deep into the cell membrane in a transbilayer orientation (Barry et 

al., 2009) (Fig. S7). Therefore, the increase in curcumin production in 

biotransformation setups with 10 to 30 g L-1 glucose can be associated with increased 

formed biomass that can accommodate membrane-bound curcumin. Similarly, 

production of membrane-bound β-carotene astaxanthin by C. glutamicum was 

increased under high glucose concentration at 40 g L-1, compared to 20 g L-1 (Henke 

and Wendisch, 2019). However, the titres decreased at more elevated glucose 

concentration of 40 g L-1. The decrease could potentially be attributed to stronger 



Metabolic engineering of C. glutamicum for the production of curcumin 

 

80 
 

channelling of metabolic resources towards cell proliferation, thereby reducing the flux 

towards curcumin biosynthesis. 

These results showed that adapting concentrations of glucose and ferulate had a 

pronounced effect on the production of curcumin, indicating the importance of 

balancing the levels of growth and biotransformation substrate for optimal curcumin 

formation. Taking into account the fact that 30 g L-1 glucose in combination with 5 mM 

ferulate resulted in 2.2-fold enhanced production of curcumin, when compared to initial 

biotransformation setup with 10 g L-1 glucose and 5 mM ferulate, subsequent 

cultivations were carried out in the optimized minimal medium containing 30 g L-1 

glucose and 5 mM ferulate. 

 

4.2.7. Profiling of the advanced curcumin producer strains 

In addition to ferulate, biosynthesis of curcumin requires malonyl-CoA, which serves 

as an extender substrate during the decarboxylative elongation of feruloyl-CoA starter 

unit. In total, two molecules of feruloyl-CoA, derived from ferulate by CoA-mediated 

activation, and one molecule of malonyl-CoA, are the building blocks of one molecule 

of curcumin (Katsuyama et al., 2009a). 

Malonyl-CoA is an indispensable metabolite that is primarily utilized as an extender 

unit during synthesis of fatty acids. However, it also serves as a substrate for synthesis 

of plentiful of polyketides, such as oxytetracycline (Yu et al., 2012), noreugenin (Milke 

and Marienhagen, 2020), naringenin (Zhang et al., 2022), lovastatin (Hasan et al., 

2018), 4-hydroxyphenylbutan-2-one “raspberry ketone” (Schröder, 1999), flaviolin 

(Yang et al., 2018), and 6-methylsalicylic acid (Wen et al., 2020). Given the functions 

it fulfils, malonyl-CoA sits at the crossroad between primary and secondary metabolism 

(Laakel et al., 1994). Therefore, it comes to no surprise that enrichment of malonyl-

CoA supply in several microbial platform strains, such as C. glutamicum (Kaku et al., 

2022; Wu et al., 2022), E. coli (Zha et al., 2009; Yang et al., 2015; Zhou et al., 2021) 

and S. cerevisiae (Wattanachaisaereekul et al., 2008; Shin et al., 2012; Guo et al., 

2016), has been the focus of numerous studies. Herein, it is important to highlight that 

malonyl-CoA is a product of carboxylation reaction of acetyl-CoA by acetyl-CoA 

carboxylases (ACCs) (Saha and Ruderman, 2003). 
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Regarding the metabolic engineering strategies for increasing the pools of intracellular 

malonyl-CoA, two major approaches can be distinguished: enhancing the activity of 

malonyl-CoA or acetyl-CoA supporting pathways and reducing activity of malonyl-CoA 

or acetyl-CoA withdrawing pathways (Milke and Marienhagen, 2020). Numerous 

successful attempts in which metabolic engineering of acetyl-CoA or malonyl-CoA 

pathways enabled increased production of malonyl-CoA-derived compounds, further 

motivated engineering of the malonyl-CoA supply in C. glutamicum for enhanced 

production of curcumin in this work. In that regard, two different strategies were 

implemented. 

First approach intended to tone down the influx of acetyl-CoA into the TCA cycle. With 

that objective, the native ATG start codon of citrate synthase, encoded by gltA gene, 

was exchanged with the rare GTG codon in the CUR-7 strain, which is devoid of the 

phdRBCDE genes. Modification of the start codon is a tool that can be used to lessen 

the gene expression levels. Thereby the exchange of the most abundant ATG start 

codon with rare GTG and TTG variants, attenuates translational efficiency and enzyme 

activity in C. glutamicum (Becker et al., 2018a; Kim et al., 2021). As an example, 

replacement of the ATG start codon with the less frequent GTG codon, reduced activity 

of isocitrate dehydrogenase in C. glutamicum by 20% (Becker et al., 2009). The 

exchange of the start codon in gltA gene was accomplished by two rounds of sacB-

mediated counter-selection, and one positive clone, confirmed by PCR and 

sequencing, was designated as CUR-11 strain. Derivative of CUR-11 strain expressing 

the pClik5α_ClDCS_CURS1 curcumin biosynthetic cluster was named as CUR-12 

strain. 

In parallel to the strategy that aimed to decrease withdrawal of acetyl-CoA by the TCA 

cycle, a second approach focusing rather on strengthening the malonyl-CoA-forming 

pathway was pursued. Carboxylation of acetyl-CoA to malonyl-CoA is catalysed by the 

multi-enzyme acetyl-CoA carboxylase complex, which is in case of C. glutamicum 

comprised of a ATP-dependent biotin carboxylase and biotin carboxyl carrier protein 

that form the α-subunit, carboxyltransferase that makes the β-subunit, and the 

carboxylase-associated ε-subunit, encoded by the accBC, accD1, and accE genes, 

respectively (Gande et al., 2007; Fränzel et al., 2010). Expression of accBC and 

accD1, as well as of the fatty acid synthase I (fasA) and II (fasB), is regulated by FasR, 

a TetR-type transcriptional repressor. Typical for a TetR-type regulator, FasR directly 
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binds to the promoter regions of accBC and accD1, designated as fasO sites, thereby 

inhibiting their transcription (Nickel et al., 2010). Although a consistent model of FasR-

mediated transcriptional control in C. glutamicum is not available (Nickel et al., 2010), 

de-regulation of FasR-imposed repression of accBC and accD1 emerged as a relevant 

target for increasing the availability of intracellular malonyl-CoA. 

In that regard, point mutations were introduced into fasO sites of accBC and accD1 

genes in CUR-7 strain. Specific nucleotide changes are depicted in the supplementary 

figure S6. The exchange of nucleotides was accomplished step-wise, by first replacing 

the nucleotides in the fasO site of accBC gene, thereby using the CUR-7 as a parental 

strain. After two rounds of sacB-mediated counter-selection, one positive clone, 

validated by PCR and sequencing, named CUR-13, was used as a parent strain to 

introduce mutations in the fasO site of accD1 gene in the same manner, by using the 

sacB counter selection. A correct clone, obtained by two round of homologous 

recombination, and proven by PCR and sequencing, was named as CUR-14 strain. 

Derivative of CUR-14 strain expressing the pClik5α_ClDCS_CURS1 curcumin 

biosynthetic cluster was designated as CUR-15 strain.  

In the interest of investigating the effects of introduced genetic mutations, CUR-12, 

CUR-15, as well as CUR-8, an ancestor in the strain lineage, were cultivated in shake 

flasks in minimal medium with supplementation of 30 g L-1 glucose and 5 mM ferulate. 

First insight into production performance of the tested strains revealed increased 

curcumin titre in the cultures of CUR-12 strain. Specifically, the strain produced 203 

mg L-1 curcumin, which is 13 mg more than the CUR-8 strain (curcumin producer in 

which start codon of citrate synthase as unchanged) (Table 5), demonstrating the 

value of engineering supply of acetyl-CoA in production of curcumin. CUR-15 strain, 

the curcumin producer with deregulated expression of accBCD1 genes, produced 

slightly less, 187 mg L-1 (Table 5). At the first sight, genetic engineering of acetyl-CoA 

and malonyl-CoA pathways had only a minor influence on production of curcumin. 

However, detailed inspection of growth and production performances, as well as 

dynamics of intracellular CoA-thioesters over time, revealed exact consequences of 

engineering acetyl-CoA and malonyl-CoA metabolism in curcumin producing C. 

glutamicum. 
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Figure 23. High-level curcumin production by engineered C. glutamicum strains from ferulate 
during batch cultivation in shake flaks The data displays cultivation profiles in minimal medium with 
30 g L-1 of glucose (55 m) and 5 mM ferulate of CUR-8, CUR-12, and CUR-15 (A, C, E, respectively); 
and their respective dynamics of intracellular CoA-thioester concentrations (B, D, F). Increase of 
biomass (g L-1 of CDW), consumption of glucose (mM) and ferulate (mM), and formation of curcumin 
(mg L-1) over time are displayed. Samples for the absolute quantification of CoA-thioesters were taken 
at the beginning, in the middle, and at the end of the exponential growth, here indicated as phase II. The 
data comprise mean values and standard deviations from three biological replicates. 

 

First, a substantially long lag phase was apparent in growth profiles of all three strains, 

whereby first doubling of CUR-12 and CUR-15 strains occurred 16 hours after main 

cultures were inoculated. At this point, CUR-8 strain formed around 1.4-fold more 
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biomass, when compared to CUR-12 and CUR-15 curcumin producers (Fig. 23A, C, 

E). Slightly higher biomass formation at this stage of cultivation is likely linked to the 

exchange of start codon in gltA gene and derepression of accBCD1 transcriptional 

control. These mutations perturbed native influx of acetyl-CoA into the TCA cycle and 

acetyl-CoA carboxylation rate, respectively. Once the strains adapted to the mutations, 

they caught up with the ancestor strain in terms of growth rate and maximum biomass 

formed. 

Table 5. Growth performance of curcumin producing C. glutamicum CUR-8, CUR-12 and and 
CUR-15 during main curcumin production phase in shake flasks. The data comprise of maximum 

growth rate (µmax), glucose uptake rate (QGlc), ferulate uptake rate (QFer), specific glucose uptake rate 

(qGlc), specific curcumin formation rate (qCur), volumetric productivity (Pvol), specific productivity (Pspec), 
biomass yield (YX/Glc), curcumin yield (YCur/Glc and YCur/Fer), and curcumin titre (TCur) of CUR-8, CUR-12, 
and CUR-15 in minimal medium with 30 g L-1 glucose (165 mM) and 5 mM ferulate. Main production 
phase refers to the phase II in the cultivation profiles in Fig. 10. Errors represent standard deviations 
from three biological replicates. 

Strain CUR-8 CUR-12 CUR-15 

Rates    

µ [h-1] 0.04 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 

QGlc [mmol h-1] 4.99 ± 0.01 5.42 ± 0.08 4.92 ± 0.04 

QFer [mmol h-1] 0.07 ± 0.00 0.09 ± 0.01 0.10 ± 0.01 

qGlc [g g-1 h-1] 0.14 ± 0.01 0.15 ± 0.00 0.15 ± 0.00 

qCur [mg g-1 h-1] 0.85 ± 0.04 0.94 ± 0.10 1.10 ± 0.10 

Pvol [mg L-1 h-1] 3.25 ± 0.07 3.11 ± 0.11 3.05 ± 0.03 

Pspec [mg g-1 h-1] 0.33 ± 0.02 0.32 ± 0.01 0.34 ± 0.01 

Yields    

YX/Glc [g g-1] 0.31 ± 0.02 0.34 ± 0.01 0.35 ± 0.02 

YCur/Glc [mg g-1] 6.00 ± 0.45 6.41 ± 0.64 7.45 ± 0.51 

YCur/Fer [mg mmol-1] 74.42 ± 2.03 66.85 ± 4.30 65.70 ± 2.14 

Titres    

TCur [mg L-1] 190.09 ± 7.47 203.74 ± 7.82 187.65 ± 1.37 
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In all three cultivated strains, three distinct productivity phases were apparent. First, 

phase I, an early production phase, which lasted until the strains began to grow 

exponentially. This took place after 27 hours in case of CUR-8, and slightly later, after 

34 hours in case of CUR-12 and CUR-15 (Fig. 23A, C, E). For all three strains, specific 

curcumin formation rate (qCur) and volumetric productivity (Pvol) were lower during the 

early production phase (Table 5). Notably, this was most prominent in CUR-12 strain. 

The CUR-8 strain exhibited superior specific (Pspec) and volumetric productivity (Pvol) 

during this phase, when compared to CUR-12 and CUR-15 (Table S5), indicating 

potentially reduced fitness of acetyl-CoA and malonyl-CoA-engineered strains during 

an early stage of cultivation. Partially impaired cellular vitality of CUR-12 and CUR-15 

was additionally demonstrated by less efficient utilization of glucose. This was reflected 

by reduced specific glucose uptake rate (qGlc) (Table S5). 

Next, close to 80% of curcumin was produced during second phase, designated as 

major production phase. It coincided with the exponential growth phase, and lasted 

until the ferulate consumption rate ceased. Interestingly, in neither of tested strains, 5 

mM ferulate were not completely depleted. Around 1.5 mM still remained untouched 

by the end of cultivation (Fig. 23A, C, E). Moreover, uptake of ferulate in CUR-12 and 

CUR-15 strains diminished even before glucose was entirely consumed. Notably, 

curcumin productivity rates (Pvol and Pspec) were indistinguishable among the strains 

during the major production phase, whereby volumetric productivity was up to 7-fold 

higher, in comparison to the previous early production phase (Table 5). 

Finally, phase III, a late production phase, which manifested with lower volumetric and 

specific curcumin productivity than the previous phase. Production of curcumin 

plateaued during phase III (Fig. 23A, C, E). Notably, in cultures of CUR-8 strain, with 

unmodified acetyl-CoA and malonyl-CoA pathways, levels of curcumin began to 

slightly drop towards the end of cultivation, indicating possible product degradation 

over time. However, in CUR-12 and CUR-15 strains curcumin degradation was not 

apparent. In contrast, the strains demonstrated moderate increase in concentration 

towards the last hours of cultivations. The marginally extended increase in produced 

curcumin was more evident in CUR-12 strain. It is during this stage that CUR-12 

surpassed CUR-8 strain in terms of maximum titre, likely due to the increased 

concentration of intracellular malonyl-CoA, as demonstrated by the absolute 

quantification of intracellular-CoA thioesters (Fig. 23B, D). 
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Sampling for the measurement of intracellular CoA-thioesters was carried out 

consistently at the beginning, in the middle, and at the end of exponential growth of all 

three cultivated strains. Evidently, expression of curcumin BGC strongly impacted 

levels of acetyl-CoA, malonyl-CoA, succinyl-CoA, and butyryl-CoA in the CUR-8 

producer, as compared to the wild type expressing the empty pClik5α plasmid (Fig. 

S10). Thereby concentration of malonyl-CoA plummeted by 20-fold during the major 

production phase. Diminished availability of the acetyl-CoA and ongoing channelling 

of malonyl-CoA into curcumin biosynthetic machinery, contributed to the dramatically 

reduced levels of one of the curcumin precursors. Disparate picture was seen in the 

levels of butyryl-CoA, which showed up to nearly 300-fold boost. Concentration of 

feruloyl-CoA was elevated by nearly 80% during at the beginning of the exponential 

growth phase, but declined sharply by the onset of the major production phase (Fig. 

S11). 

As demonstrated by enriched pools of malonyl-CoA in the CUR-12 curcumin producer, 

weakening the flow of acetyl-CoA in the TCA cycle, was beneficial for improving its 

supply and curcumin titre. The most notable increase of 11-fold was measured during 

mid-exponential phase (Fig. S10). Overall, pools of butyryl-CoA in the CUR-12 strain 

were decreased, when compared to the CUR-8. The most prominent reduction of 16-

fold was recorded at the end of exponential growth phase. Lower availability of butyryl-

CoA in the samples from the TCA cycle-defective mutant can be potentially linked to 

replenishing of succinyl-CoA, the TCA cycle intermediate downstream from citrate, 

through methylmalonyl-CoA node. According to the Kyoto Encyclopaedia of Genes 

and Genomes (KEGG database), butyryl-CoA is catabolised to methylmalonyl-CoA, 

although the enzymes responsible to catalyse these reactions are not fully 

characterized (Fig. S9). Methylmalonyl-CoA is further converted to succinyl-CoA in a 

reversible reaction catalysed by methylmalonyl-CoA mutase. 

Downregulation of the CS and reduced consumption of acetyl-CoA by the TCA cycle 

was shown to support increased production of curcumin by C. glutamicum. This 

positive effect can be attributed to the fact that the TCA cycle is well-known to be the 

main drain of acetyl-CoA (Tovilla-Coutiño et al., 2020). As an amphibolic pathway, TCA 

cycle is a central metabolic hub in C. glutamicum providing reducing equivalents 

(NADH) for respiration, generating ATP (or GTP) by substrate-level phosphorylation, 

and producing glutamate- and aspartate-family precursors, 2-oxoglutarate and 
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oxaloacetate, respectively (Eikmanns, 2005; Bott, 2007; Ciccarone et al., 2017). 

Condensation of acetyl-CoA and oxaloacetate to produce citrate is catalysed by the 

gltA-encoded enzyme, citrate synthase (CS) (Eikmanns et al., 1994). 

When cultured on glucose, the CS in C. glutamicum ATCC 21526 exhibited relative 

flux of 53%, indicating that significant amount of carbon was diverted to TCA cycle for 

formation of energy (Kiefer et al., 2004; Wittmann et al., 2004). Notably, in presence of 

propionate, condensation of acetyl-CoA and oxaloacetate in C. glutamicum is 

catalysed by two methylcitrate synthases (MCS; encoded by prpC1 and prpC2) instead 

(van Ooyen et al., 2012). As this is the entry reaction of the TCA cycle, CS is 

considered to be the rate-limiting enzyme determining the flux through the cycle 

(Krivoruchko et al., 2015). Accordingly, CS competes with any other acetyl-CoA 

consuming pathway, and represents a promising target for metabolic engineers to 

improve the availability of intracellular acetyl-CoA (Tovilla-Coutiño et al., 2020) for the 

downstream synthesis of malonyl-CoA. 

Given its fundamental role in central carbon metabolism, deletion of CS completely 

abolished growth of C. glutamicum on glucose (van Ooyen et al., 2012). Although 

deregulation of PrpR-mediated repression of prpC2-encoded MCS restored growth of 

gltA deletion strain on glucose, these “regain-of-function” mutants were still 

characterized by reduced growth (Radmacher and Eggeling, 2007). Therefore, 

completely impeding the CS activity has negative impact on growth and biomass yield 

(Milke and Marienhagen, 2020). 

The issue of detrimental effect that gltA deletion has on growth of C. glutamicum can 

be addressed by replacing the native CS promoter with a weaker one. This approach 

has been proven to be successful in increasing production of polyphenol naringenin in 

C. glutamicum, where the native promoter of gltA was replaced with synthetic variants 

of dihydrodipicolinate synthase (dapA) promoters. In this manner, the expression of 

gltA was gradually downregulated, resulting in 90% reduced activity of CS, whereby 

growth rate maintained at 70% level of the reference strain (Milke et al., 2019). In this 

work, downregulation of CS was also accompanied with slightly reduced growth rate 

during the initial stage of cultivation. However, once attuned to the modified influx of 

acetyl-CoA into the TCA cycle, the CUR-12 strain exhibited even higher growth rate 

than CUR-8, the ancestor with unmodified CS activity. Like in the work by Milke et al. 

(2019), both CS engineered and un-engineered strain reached same final cell dry 
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weight. Increased production of curcumin and naringenin as a result of reduced activity 

of CS, highlight the importance of tailoring acetyl-CoA pathways for high-level 

production of malonyl-CoA-derived products. 

With regards to the second malonyl-CoA enrichment strategy, deregulation of FasR-

mediated transcriptional repression of accBC and accD1 genes by mutating FasO 

binding sites was prove to be beneficial in increasing the concentration of available 

malonyl-CoA in C. glutamicum C7 strain, and supported enhanced production of 

malonyl-CoA-derived plant flavonoid noreugenin (Milke et al., 2019). These results 

contrast to the findings in the current study. However, there were two differences in the 

present work and in the previously mentioned study. Notably, Milke et al. (2019) used 

C. glutamicum C7 as a heterologous host, whereas ATCC 13032 wild type was 

employed in this work, pointing out to strain-specific regulation of malonyl-CoA 

metabolism. Secondly, magnified supply of malonyl-CoA in study by Milke et al. (2019) 

was demonstrated in the strain without the noreugenin BGC, thereby eliminating the 

influence of the malonyl-CoA-withdrawing cluster on the intracellular concentration of 

the acetyl-CoA-carboxylation CoA-thioester. 

Levels of malonyl-CoA in the CUR-15 strain remarkably subsided, when compared to 

the CUR-8 curcumin producer (Fig. S10). Eminently, association of the ε-subunit with 

the α3-β5 complex in the related actinobacteria M. tuberuculosis, stimulated the rate of 

acetyl-CoA carboxylation reaction. Thereby, optimal molar ration between α3, β5, and 

ε subunits is 1:1:2 (Daniel et al., 2007). This fine-tuned balance between the three ACC 

subunits, points out on the implications of the ε-subunit on the efficiency of 

carboxylation by the α and β complex in C. glutamicum in the like manner. Clearly, 

deregulation of the α and β subunit-encoding genes has potential to perturb the optimal 

molar ratio between the subunits, and thereby the intracellular concentrations of 

malonyl-CoA, the product of their enzymatic activity. 

 

4.2.8. Impact of curcumin production on fatty acid composition 

As mentioned in earlier chapters, curcumin in highly hydrophobic compound, and as 

such intercalates between membrane phospholipids, causing segmental ordering 

(Duda et al., 2020). Furthermore, it has been demonstrated that curcumin exerts its 

antimicrobial activity, among other mechanisms, by triggering a cascade of apoptosis-
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specific events, including depolarization of membrane and influx of calcium ions (Ca2+) 

in E. coli (Yun and Lee, 2016). In the context of heterologous production of curcumin, 

these factors need to be taken into consideration. Therefore, it appears essential to 

examine the impact of curcumin production on the composition of membrane-building 

fatty acids in C. glutamicum. For this purpose, samples from the cultures of wild type 

C. glutamicum expressing the pClik5α plasmid and CUR-8 strain cultivated on 30 g L-1 

glucose and 5 mM ferulate, were collected during the exponential growth phase at the 

OD660 of 15 (Fig. 23A; Fig. S12). Extraction and GC-MS analysis of fatty acids were 

kindly carried out by DSMZ (Deutsche Sammlung von Mikroorganismen und 

Zellkulturen). 

Fatty acid profile of the wild type strain revealed by 2.9 percentiles higher abundance 

of unsaturated fatty acids, compared to saturated fatty acids. Oleate (18:1ω9c) and 

palmitate (16:0) (with 51% and 46.4%, respectively) accounted for majority of total fatty 

acids in the wild type. Relative abundance of myristate (14:0), palmitoleate (16:1 ω9c), 

stearate (18:0), and methyl stearate (10Me 18:0) was less than 1% each (Fig. 24). 

This fatty composition is comparable to the one previously obtained from C. 

glutamicum wild type grown on glucose solely (Radmacher et al., 2005). 

 

Figure 24. Composition of fatty acids in the wild type C. glutamicum and curcumin producing 
CUR-8. The data displays relative quantities of the detected fatty acids in ATCC13032_pClik5α and 
CUR-8, represented in percentages at the far right and left part of the bar charts, and ratios in abundance 
between the tested strains. 
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Heterologous production of curcumin shifted ratio of total fatty acids in direction of 

saturated fatty acids. However, at the individual level, abundance of palmitoleate 

increased by 2.75-fold, while oleate reduced by nearly 4 percentiles. Methyl stearate 

exhibited the most notable change of 8.4-fold increase, when compared to reference 

samples from the wild type (Fig. 24). Methyl stearate, also known as tuberculostearate, 

is a branched chain, signature fatty acid of Mycobacterium genus and finite number of 

related actynomycetes (Smith et al., 2000; Quezada et al., 2007; Liu and Larrouy-

Maumus, 2022). In clinical practice, tuberculostearate is used as one of biomarkers for 

diagnosis of tuberculosis, an infectious disease caused by Mycobacterium tuberculosis 

(Traunmüller et al., 2003). 

Branched chain fatty acid are known to have prominent influence on fluidity of the 

cellular membrane (Mostofian et al., 2019). Membrane fluidity refers to lateral mobility 

of lipid and protein molecules across the plane of the lipid bilayer (Ballweg et al., 2020). 

It is defined by a ratio of saturated and unsaturated fatty acids (Loffeld and Keweloh, 

1996; Choi et al., 2003), whereby less fluid membranes are characterized by higher 

proportion of rigid, saturated fatty chains (Kates et al., 1984). In contrast, unsaturated 

fatty acids create more fluid membrane environment (Ballweg and Ernst, 2017). 

Bacteria can adapt their membrane fluidity in a process called homeoviscous 

adaptation (Hazel, 1995). For instance, Bacillus subtilis and Lysteria monocytogenes, 

adapt their membrane fluidity in response to low temperature, by desaturation of 

saturated fatty acids in existing phospholipids, or by producing branched-chain fatty 

acids (Yang et al., 2020). Membrane fluidization by branching is believed to be 

analogous to process of unsaturation (Nickels et al., 2017). 

It has been already pointed out that due to is positioning within the membrane, 

curcumin seems to affect its fluidity (Jaruga et al., 1998). Namely, exposure of E. coli 

to curcumin resulted in reduced membrane fluidity, which could be partially restored 

by a pre-treatment of bacterial cells with an unsaturated palmitoleic acid (Wu et al., 

2020). In the same study, supplementation of unsaturated fatty acids palmitoleate and 

oleate has been shown to boost production of curcumin in E. coli, whereas addition of 

saturated fatty acids palmitate and stearate had adverse effects. These findings 

indicated positive correlation between increased unsaturation rate and increased 

curcumin production, likely due to increased membrane fluidity that confers enhanced 

tolerance to curcumin (Wu et al., 2020). 
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Therefore, it is possible to draw a connection between heterologous production of 

curcumin, and changes in favour of the unsaturated fatty acid palmitoleate and 

branched chain fatty acid methyl stearate in the fatty acid profile of the CUR-8 curcumin 

producer. Prominent increase in the abundance of the given fatty acids is likely an 

adaptation of the curcumin-producing C. glutamicum to heterologously produced 

curcumin. In this way, the strain counteracts the adverse effects that curcumin has on 

the membrane integrity and fluidity, and overall mitigates its antimicrobial activity. 

 

4.2.9. Transcriptome analysis of curcumin producing C. glutamicum 

With an aim of getting more profound understanding of how C. glutamicum responds 

to curcumin production, global transcriptome analysis was carried out. For this 

purpose, a custom-made DNA array was designed. Samples for RNA extraction were 

harvested at the beginning and in the middle of exponential phase, reflecting the time 

point of early (low) and late (high) curcumin production. Additionally, these time points 

correspond to the same time points for CoA-thioester sampling (Chapter 4.1.10.). 

In order to obtain transcriptome changes that reflect solely effects of high-level 

curcumin production, the CUR-8 strain, with unmodified supply of acetyl-CoA and 

malonyl-CoA, was selected as an appropriate candidate for the analysis. The wild type, 

curcumin-non-producing C. glutamicum served as a reference. In total, 12 datasets 

were obtained, and principal component analysis (PCA) was applied to assess the 

quality of data. PCA revealed clustering of three biological replicates, indicating good 

quality of the data (Fig. 25). The only exception from this general picture was the 

sample corresponding to replicate C from the wild type culture in the late production 

phase. Therefore, this replicate was excluded from the further data analysis. Given the 

close clustering of the remaining wild type samples from both time points, they were 

used collectively as a “wild type” reference during the differential gene expression 

analysis. 
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Figure 25. Statistical analysis of global gene expression data. PCA of the raw signals obtained from 
the custom-made DNA microarray correspond to curcumin producer C. glutamicum CUR-8 and wild 
type ATCC 13032 at the beginning of (T1), and in the middle (T2) of the exponential phase, 
corresponding to early and late curcumin production phase. Three biological replicates are shown, 
whereby only ATCC 13032 C2 sample is excluded. 

 

Differential gene expression (DEG) analysis involving native C. glutamicum genes 

revealed quite a few differentially expressed genes. Out of more than 3000 genes, 724 

(23.47%) were differentially expressed in the CUR-8 strain at the beginning of 

exponential phase, when curcumin production was still low. The number of genes 

affected by curcumin production increased as a production progressed further. 

Precisely, 967 genes (31.35%) were differentially expressed at the second time point, 

which corresponds to high level of curcumin production. At both time points, the 

number of upregulated genes in the CUR-8 strain was more than 600, while number 

of downregulated genes substantially increased from 63 to 275, from low to high 

curcumin production phase (Fig. 26). The scope of transcriptional changes in 

curcumin-producing C. glutamicum was considerably higher than the previously 

observed in antibiotic pediocine-producing C. glutamicum (Christmann et al., 2023). 

These results clearly imply strong impact of curcumin production on the native 

metabolism of C. glutamicum. 
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Figure 26. Identification of differentially expressed genes. Volcano plots depicting differentially 
expressed genes between the curcumin producer and C. glutamicum wild type in early production phase 
– T1 (A); and late production phase – T2 (B); late and early production phase (T2 vs. T1) in the cultivation 
profile of the CUR-8 producer strain (C). The time points refer to the cultivation profile of the CUR-8 
strain and the wild type shown in Fig. 23 and Supplemental Fig. 12, respectively. Number of DEGs and 
their ratio with respect to complete set of the wild type C. glutamicum genome are also represented. 
Downregulated: log2[Fold change] < -1, P-value >0.05; Upregulated log2[Fold change] > 1, P-value 
>0.05. 

 

4.2.9.1. Expression of carbon metabolism genes 

Relative to the expression levels in the wild type, expression of genes involved in 

carbon metabolism (Embden-Meyerhof-Parnas (EMP) pathway, pentose phosphate 

pathway (PPP), TCA cycle, glyoxylate shunt, and anaplerotic reactions), were 

predominantly downregulated in CUR-8 strain (Fig. 14). In addition, ptsI, ptsG, and 

ptsS genes, encoding phosphotransferase system for glucose uptake, were 

significantly downregulated. Among them, ptsI exhibited the strongest decrease in 

transcript levels (log2 fold-change (log2FC): -3.19). Several other genes annotated as 

sugar transporters were also downregulated (NCgl2373, NCgl2374, NCgl2377, and 

NCgl2894) (Table S10). Reduced expression levels of genes associated with glucose 

catabolism are in accordance with growth behaviour of the CUR-8 strain, which 

exhibited nearly 4-fold slower growth rate and glucose uptake rate, during the early 

production phase than the reference wild type. Moreover, anaplerosis of oxaloacetate 

intermediate of the TCA cycle was reduced, since the expression of pyruvate 

carboxylase (pyc) and phosphoenolpyruvate carboxylase (ppc) was downregulated. 

Notably, expression of pyc and ppc genes was more reduced during the late curcumin 

production phase (Fig. 27). In contrast, dctM, dctX, dctP, and NCgl2506 genes 

encoding transporters that mediate uptake of C4-dicarboxylates (malate, succinate, 

and fumarate) (Table S10), were upregulated throughout low and high curcumin 

production phase. Elevated expression of these transporters could potentially be an 
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adaptation strategy of the strain to replenish C4-dicarboxylate intermediates of the 

TCA cycle. 
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Figure 27. Dynamics of transcriptional changes in primary metabolic pathways in the 

metabolically engineered C. glutamicum CUR-8 during production of curcumin. EMP pathway, 

PPP, TCA cycle, glyoxylate shunt, analplerotic reactions, synthesis of fatty acids, synthesis of aromatic 

amino acids, branched-chain amino acids (ʟ-valine and ʟ-leucine), and ʟ-glutamate, degradation of ʟ-

valine, and heterologous curcumin biosynthetic pathway are displayed. Gene expression levels are 

represented as comparative changes (log2FC) between the CUR-8 curcumin producer and the wild type 

C. glutamicum during early and late production phase (indicated by a circle and square symbol, 

respectively). KEGG and BioCyc databases were used to reconstruct the metabolic pathways. 

Abbreviations: ptsG: phosphoenolpyruvate-dependent sugar phosphotransferase (PTS) system, 

glucose-specific EIIBCA component; pfkA: 6-phosphofructo kinase; fda: fructose-bisphosphate 

aldolase; tpi: triosephosphate isomerase; gap: glyceraldehyde-3-phosphate dehydrogenase; gapX: 

glyceraldehyde-3-phosphate dehydrogenase; pgk: 3-phosphoglycerate kinase; gpmA: 

phosphoglycerate mutase 1; eno: enolase; pyk (NCgl2008): pyruvate kinase; pyk (NCgl2809): pyruvate 

kinase; aceE: pyruvate dehydrogenase complex E1 component; aceF: pyruvate dehydrogenase 

complex component E2; lpd: dihydrolipoyl dehydrogenase; ppc: phosphoenolpyruvate carboxylase; pyc: 

pyruvate carboxylase; gltA: citrate synthase; acnA: aconitase; icd: isocitrate dehydrogenase; odhA: 2-

oxoglutarate dehydrogenase E1/E2 component; sucD: succinyl-CoA synthetase α subunit; sucC: 

succinyl-CoA synthetase β subunit; sdhA: succinate dehydrogenase, flavoprotein subunit; sdhB: 

succinate dehydrogenase, iron-sulfur subunit; sdhC: succinate dehydrogenase, membrane-achoring 

protein; fum: fumarase; mdh: malate/lactate dehydrogenase; mqo: malate quinone oxidoreductase; 

mez: malic enzyme; zwf: glucose-6-phosphate 1-dehydrogenase; devB: 6-phosphogluconolactonase 

(glucosamine-6- phosphate isomerase/deaminase); gnd: 6-phoshogluconate dehydrogenase; rpe: 

pentose-5-phosphate-3-epimerase; rpi: ribose 5-phosphate isomerase; tkt: transketolase; tal: 

transaldolase; accBC: acetyl/propionyl/methylcrotonyl-CoA carboxylase subunit α; accD1: acetyl-CoA 

carboxylase β subunit; fas-IA: fatty acid synthase I; fas-IIB: fatty acid synthase II; aceA: isocitrate lyase; 

aceB: malate synthase B; aroF: 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) synthase; 

aroG: 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) synthase; aroB: 3-dehydroquinate 

synthetase; qsuC: type II dehydroquinate dehydratase; aroE2: shikimate 5-dehydrogenase; aroE3: 

shikimate 5-dehydrogenase; aroK: shikimate kinase; aroA: 5-enolpyruvylshikimate-3-phosphate 

synthase; aroC: chorismate synthase; csm: chorismate mutase: trpE: anthranilate/para-aminobenzoate 

synthases component I; trpG: anthranilate/para-aminobenzoate synthases component II; pheA: 

prephenate dehydratase; pat: ʟ-phenylalanine aminotransferase; tyrA: prephenate dehydrogenase; 

trpD: anthranilate phosphoribosyltransferase; trpCF: indole-3-glycerol phosphate synthase; trpA: ʟ-

tryptophan synthase α chain; trpB: ʟ-tryptophan synthase β chain; iolD: putative acetolactate synthase; 

ilvB: acetolactate synthase large subunit; ilvN: acetolactate synthase small subunit; ilvC: ketol-acid 

reductoisomerase; ilvD: dihydroxyacid dehydratase/phosphogluconate dehydratase; leuA: 

isopropylmalate/homocitrate/citramalate synthase; leuC: 3-isopropylmalate dehydratase large subunit; 

leuD: 3-isopropylmalate dehydratase small subunit; leuB: Isocitrate/isopropylmalate dehydrogenase; 

ilvE: branched-chain amino acid aminotransferase/4-amino-4-deoxychorismate lyase; actA: acetyl-CoA 

hydrolase/transferase family protein; gdh: ʟ-glutamate dehydrogenase/leucine dehydrogenase; gltB: L-

glutamate synthase α subunit; gltD: ʟ-glutamate β subunit; dcs: diketide synthase; curs1: curcumin 

synthase 1; phdT: phenylpropanoid transporter; phdA: acyl:CoA ligase; TCA: tricarboxylic acid; PPP: 

pentose phosphate pathway; GS: glyoxylate shunt; EMP: Embden-Meyerhof-Parnas; G6P: glucose 6-

phosphate; F6P: fructose 6-phosphate; F1,6BP: fructose 1,6-biphosphate; DHAP: dihydroxyacetone 

phosphate; G3P: glyceraldehyde 3-phosphate; 1,3BPG: 1,3-biphosphoglycerate; 3PG: 3-

phosphoglycerate; 2PG: 2-phosphoglycerate; PEP: phosphoenolpyruvate; PYR: pyruvate: Ac-CoA: 

acetyl-CoA; CIT: citrate; ICT: isocitrate: α-ketoglutarate; Suc-CoA: succinyl-CoA; SUC: succinate; FUM: 

fumarate; MAL: malate; OAA: oxaloacetate; Mal-CoA: malonyl-CoA; 6PGL: 6-phospho-gluconolactone; 

6-PG: 6-phospho-gluconate; Ru5P: ribulose 5-phosphate; X5P: xylose 5-phosphate; R5P: ribose 5-

phosphate; S7P: sedoheptulose 7-phosphate; E4P: erythrose 4-phosphate; DAHP: 3-Deoxy-D-

arabinoheptulosonate 7-phosphate; 3DHS: 3-dehydroshikimate; ʟ-Phe: ʟ-phenylalanine; ʟ-Tyr: ʟ-

tyrosine; ʟ-Trp: ʟ-tryptophane; ʟ-Val: ʟ-valine; ʟ-Leu: ʟ-leucin; ʟ-Glu: ʟ-glutamate; ACET: acetate; α-

KIV:α-keto-isovaleric acid; BA: butyric acid. 
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4.2.9.2. Expression of amino acid metabolism genes 

Concerning the amino acid metabolism, genes catalysing the steps of metabolic route 

towards the proteinogenic aromatic amino acids (AAA) ʟ-tryptophan, ʟ-phenylalanine, 

and ʟ-tyrosine, are generally downregulated in the producer strain, as compared to the 

control wild type strain. Biosynthesis of all three AAA involves shikimate pathway, 

which starts with condensation of one molecule of erythrose 4-phosphate, the PPP 

intermediate, and one molecule of phosphoenolpyruvate, the EMP pathway 

intermediate, in a reaction catalyzed by 3-deoxy-D-arabino-heptulosonate 7-

phosphate (DAHP) synthase (Sprenger, 2007). The pathway includes six subsequent 

enzymatic steps, and proceeds via shikimate to chorismate, a last common precursor 

of all three AAA (Pittard and Yang, 2008). The rate-limiting step of the shikimate 

pathway is synthesis of DAHP, which is in C. glutamicum catalysed by aroG and aroF 

genes (Neshat et al., 2014). Notably, expression of aroF gene was significantly 

downregulated in the curcumin producer during late production phase (log2FC: -1.73). 

From chorismate, biosynthesis further proceeds via two branches (Sprenger, 2007). 

First, ʟ-phenylalanine and ʟ-tyrosine are produced from prephenate, while biosynthesis 

of ʟ-tryptophane starts from anthranilate. The branch leading from chorismate to ʟ-

tryptophane was notably downregulated, given that genes (trpG, trpD, trpCF, trpA, and 

trpB) encoding enzymes catalysing each step of this metabolic route (Brune et al., 

2007), had reduced transcript levels (Fig. 27). 

Next, ilvB and ilvN, encoding acetohydroxyacid synthase (AHAS) (Keilhauer et al., 

1993), an enzyme catalysing first committed step in biosynthesis of the branched-chain 

amino acids ʟ-valine and ʟ-leucine (Pátek, 2007), were downregulated (Fig. 27). In 

addition, leuA, coding for isopropylmalate synthase (IPMS), an enzyme that catalyses 

first reaction in ʟ-leucine-specific pathway using 2-ketoisovalerate as substrate (Pátek, 

2007), was downregulated as well. Transcript levels of carbamoylphosphate synthases 

(CPS), encoded by carA and carB were also reduced in the producer strain. Thereby, 

CPS catalyses first step in biosynthesis of ʟ-arginine via hydrogen carbonate route 

(Glansdorff and Xu, 2007). Moreover, expression of 5-

methyltetrahydropteroyltriglutamate homocysteine S-methyltransferase metE, 

glutamate-5-semialdehyde dehydrogenase proA, genes encoding enzymes involved 

in biosynthesis of ʟ-methionine (Rückert et al., 2003), and ʟ-proline (Ankri et al., 1996), 

respectively, was downregulated in CUR-8 strain. It appears noteworthy that transport 

of ʟ-glutamate was significantly downregulated, given that gluA (ʟ-glutamate ABC-type 
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transporter, ATP –binding protein) (Haußmann et al., 2009), gluB (ʟ-glutamate ABC-

type transporter, periplasmic, ʟ-glutamate-binding component) (Michel et al., 2015) , 

and gluC (ʟ-glutamate ABC-type transporter, permease) (Silberbach et al., 2005) had 

reduced transcripts level in the curcumin producer (Table S6). In contrast, genes 

encoding ʟ-glutamate synthase α and β subunits (gltB and gltD) (Beckers et al., 2001) 

appeared to have elevated levels of transcripts (Fig. 27), whereas the reaction in 

opposite direction, leading back to the ʟ-glutamate precursors (α-ketoglutarate), which 

is catalysed by the glutamate dehydrogenase (gdh) (Tesch et al., 1999), was 

downregulated. These set of observations suggest activation of ʟ-glutamate synthesis, 

and tonning down of ʟ-glutamate consuming reactions. Notably, ʟ-glutamate is needed 

for biosynthesis of glutathione, tripeptide involved in scavenging of free radicals during 

oxidative stress (Tsutsui et al., 2021).  

Gnes involved in the biosynthesis of ʟ-tyrosine, ʟ-tryptophane, and ʟ-methionine, were 

previously shown to be downregulated in yeast strain overproducing p-coumarate 

(Rodriguez et al., 2017), phenylpropanoid precursor for biosynthesis of other 

curcuminoids, demethoxycurcumin and bisdemethoxycurcumin. Diminishment in 

protein biosynthesis has been considered as an adaptation during exposure to 

oxidants, such as hydrogen peroxide. This strategy is believed to put a stop to 

continuous protein biosynthesis during error-prone conditions, such as oxidative stress 

(Shenton and Grant, 2003). This notion motivated further investigation of genes closely 

associated with oxidative stress response, and other steps of central molecular dogma 

leading to protein biosynthesis. 

 

4.2.9.3. Expression of oxidative stress-response genes 

DEG analysis revealed additional markers of oxidative stress in curcumin-producing 

C. glutamicum CUR-8. Upregulation of organic peroxide resistance protein 

(NCgl0023), peroxide stress protein YaaA (NCgl1920), Dyp-type peroxidase 

(NCgl1608), and predicted glutathione S-transferase (NCgl1216), suggests activation 

of oxidative stress response in the CUR-8 strain (Table S7). Peroxidases are 

ubiquitous enzymes performing vital function in elimination of peroxides, the oxidative 

stress causing agents (Bindoli and Rigobello, 2013; Watanabe and Nakajima, 2016). 

Essentially, peroxidases catalyse reduction of hydrogen or organic peroxides to water, 

thereby oxidising a range of substrates, such as halide ions, aromatic azo compounds, 
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and hydroquinones (Everse, 2013). Additionally, s-glutathionylation is a universal 

regulatory system in all domains of living organisms. Its purpose is post-translational 

modification of protein cysteine residues, as a protective mechanism against oxidation 

of protein thiol groups (Shenton and Grant, 2003; Dalle-Donne et al., 2009). Indeed, 

curcumin is known to trigger production of reactive oxygen species in carcinoma cell 

lines, thereby sensitizing them to radiation toxicity (Mortezaee et al., 2019). Moreover, 

pyridoxal 5’-phosphate (PLP) synthases pdxT and pdxS, genes involved in 

biosynthesis of an essential cofactor vitamin B6, were significantly downregulated in 

low and high curcumin production phase (Table S7). PLP deficient mutants of Gram-

positive Actinobacillus pleuropneumoniae were more susceptible to hydrogen 

peroxide-induced oxidative stress and showed reduced cell count (Xie et al., 2017). 

On a first glance, lack of pdxT and pdxS renders cells more prone to hydrogen 

peroxide-induced cell death. However, downregulation of these genes has been 

considered as a marker of metabolic shift during SOS response in C: glutamicum 

(Jochmann et al., 2009). Clearly, role of pdxT and pdxS in oxidative stress response 

in C. glutamicum is complex, and requires further investigation. 

Implications of glyoxylate shunt (GS) isocitrate lyase (aceA) and the second GS 

enzyme malate synthase (aceB) in oxidative stress response is not straightforward. 

AceA gene was consistently upregulated, whereas expression of the second GS 

enzyme malate synthase (aceB) was close to basal levels, or slightly downregulated 

during high curcumin production phase (Fig. 27). Identical picture has been previously 

observed in P. aeruginosa cultures treated with hydrogen peroxide (H2O2) (Ha et al., 

2018). The role of aceA in oxidative stress response is poorly understood. 

Nevertheless, GS genes are associated with response to various forms of 

environmental stress, including redox stress, iron limitation, and exposure to antibiotics 

(Dolan and Welch, 2018). Implications of curcumin in promoting formation of reactive 

oxygen species (ROS) have been widely studied before, and there is strong 

association between treatment with curcumin an oxidative stress in Gram-negative and 

Gram-positive bacteria, such as E. coli and Staphylococcus aureus, respectively 

(Adeyemi et al., 2020). Therefore, triggering of oxidative stress and consequential DNA 

damage are considered to be part of the curcumin antimicrobial arsenal (Dai et al., 

2022).  
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It appears noteworthy that certain genes associated with SOS response, such as 3-

methyladenine DNA glycosylase (NCgl2739), involved into repair of methylating 

agent-induced DNA damage (Lindahl et al., 1988), RecA recombinase (NCgl1880), a 

universal enzyme in stress-induced DNA damage repair (Kaushik et al., 2022), and 

iron-sulphur cluster assembly proteins involved in disulphide stress response, sufC, 

sufB, and sufD (Nakunst et al., 2007), were found to be have reduced levels of 

transcripts in CUR-8 when compared to the reference strain (Table S7). Herein, it is 

important to point out that in addition to inducing production of reactive species in 

bacteria, curcumin can, at the same time, inhibit activation of several SOS response 

associated genes. This inhibition of stress response is yet another way in which 

curcumin could reduce vitality of bacterial cells (Dai et al., 2022). With regards to SOS 

response, differentially expressed genes indicate a complex transcriptional response 

of C. glutamicum during curcumin production, showing attempts to mitigate the effects 

of oxidative stress. 

 

4.2.9.4. Expression of genes associated with transcription, translation and 

ribosome structure 

DEG analysis of curcumin producing C. glutamicum additionally revealed reduced 

transcripts of genes associated with transcription, translation, and ribosome structure, 

as compared to the wild type strain (Table 6, S8). Degree of downregulation 

particularly increased during high curcumin production phase, suggesting that elevated 

concentrations of curcumin have more pronounced effect on expression of genes 

involved in transcription and translation, processes that are essentially at the crux of 

all living organisms. 

Table 6. Gene expression data of the selected genes related to ribosome biogenesis, 
transcription, and translation during curcumin production in genetically engineered C. 
glutamicum. The data represents log2FC of genes involved in formation of ribosomes, transcription, 
and translation in the CUR-8 strain, as compared to the curcumin non-producing C. glutamicum ATCC 
13032_pClik 5α during the early production (T1) and major production phase (T2). 

Locus tag Gene ID Product 
Log2FC 

T1 

Log2FC 

T2 

Transcription and translation 

NCgl0540 rpoA DNA-directed RNA polymerase subunit α -0.48 -1.14 

NCgl0471 rpoB DNA-directed RNA polymerase subunit β -0.46 -1.16 

NCgl0472 rpoC DNA-directed RNA polymerase subunit β -0.66 -1.22 
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NCgl1543 rpoZ DNA-directed RNA polymerase subunit ω -0.43 -1.05 

NCgl0946 greA Transcription elongation factor -0.50 -1.19 

NCgl0536 infA Translation initiation factor IF-1 -0.36 -1.08 

NCgl1910 infB Translation initiation factor IF-2 -0.67 -1.39 

NCgl1324 infC Translation initiation factor IF-3 -0.35 -1.33 

NCgl1949 tsf Translation elongation factor Ts -0.72 -1.12 

NCgl0725 raiA Ribosome-associated translation inhibitor -0.59 -1.21 

50S ribosomal proteins 

NCgl2993 rpmH 50S ribosomal protein L34 -0.35 -1.46 

NCgl0556 rplM 50S ribosomal protein L13 -0.65 -1.42 

NCgl0487 rplC 50S ribosomal protein L3 -0.43 -1.41 

NCgl0520 rplO 50S ribosomal protein L15 -0.69 -1.40 

NCgl0490 rplB 50S ribosomal protein L2 -0.52 -1.39 

30S ribosomal proteins 

NCgl0493 rpsC 30S ribosomal protein S3 -0.51 -1.44 

NCgl0518 rpsE 30S ribosomal protein S5 -0.54 -1.32 

NCgl0477 rpsG 30S ribosomal protein S7 -0.54 -1.38 

NCgl0515 rpsH 30S ribosomal protein S8 -0.44 -1.16 

NCgl0557 rpsI 30S ribosomal protein S9 -0.66 -1.41 

 

Expression of notable number of 43 ribosomal proteins was downregulated in the CUR-

8 strain when compared to the reference wild type strain (Table S8), proposing 

reduced ribosome formation and impaired translational machinery. Literature on direct 

inhibition of transcription and translation processes by curcumin is scarce, but there is 

growing body of research related to impact of oxidative stress on every stage of central 

dogma. Indeed, several ribosome proteins were found to be downregulated in E. coli 

cells upon treatment with hydrogen peroxide (Zheng et al., 2001). Ribosomes are 

organelles formed by rRNA and ribosomal proteins, which are organised into two 

subunits, 50S and 30S subunit (Martı́n et al., 2003). They are present in enormous 

number (~30,000 µm-3 during exponential growth of C. glutamicum), (Susana et al., 

2021) whereby rRNA accounts for up to 80% of the total RNA and ribosomal proteins 

10% of total cell proteome (Martı́n et al., 2003). Therefore, ribosome biogenesis is 

tremendously energy costly for the cell (Davis and Williamson, 2017), and recycling of 

ribosomes upon oxidative damage is additional burden for the microbe (Fasnacht and 

Polacek, 2021). Overall, diminished rate of ribosomal biogenesis can be an adaptation 

strategy as part of the survival during stress conditions (Njenga et al., 2023). 
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Another adaptation strategy to stress conditions is inhibition of translation. Although 

only elongation process was previously been reported to be affected by oxidative 

stress in E. coli (Fasnacht and Polacek, 2021), here a collective downregulation of 

translation initiation (infA, infB, infC) and elongation (tsf) factors was observed (Table 

6). Additionally, transcription-related genes were not spared. Namely, RNA 

polymerase subunits (rpoA, rpoB, rpoC, and rpoZ) and transcription elongation factor 

(greA) were downregulated in the CUR-8, as compared to the wild type (Table 6). 

Overall, heterologous production of curcumin seemed to severely impact processes of 

central dogma processes, including initiation and elongation of transcription and 

translation, and ribosome biogenesis. 

 

4.2.9.5. Expression of transcription factors 

Regarding the regulatory transcription network, transcription factors from various 

families were differentially expressed in the curcumin producing strain (PadR, WhiB, 

TetR, LuxR, IclR, LysR, GntR, AraC, AbrB, LacI, Lrp/AsnC, ArgP/LysG, Crp/Fnr, 

BlaI/MecI/CopY, ArsR/SmtB, and XRE) (Table S9). Among them, GlxR as a global 

transcriptional regulator stands out. More than 200 genes are part of the GlxR 

regulatory network, and they are associated with carbohydrate metabolism, aromatic 

compound catabolism, biosynthesis of fatty acids, respiration, glutamate and nitrogen 

metabolism, resuscitation, and stress response (Kohl and Tauch, 2009; Toyoda et al., 

2011). GlxR, which was slightly downregulated in the curcumin producer, was 

previously identified as an activator of glycolytic pathway genes. Herein, glycolytic 

genes were overall downregulated inthe CUR-8, when compared to the wild type. 

Similar picture was seen with another global transcriptional regulator RamB, which also 

had reduced expression levels in the curcumin producer strain. RamB was initially 

identified as a regulator of acetate (Gerstmeir et al., 2004) and ethanol (Arndt and 

Eikmanns, 2007) metabolism genes. However, genome-wide transcriptome analysis 

identified additional genes as part of the RamB regulon (Auchter et al., 2011). For 

instance, RamB was proposed to activate expression of glucose and fructose 

transporters ptsG (NCgl1305), ptsS (NCgl2553), and pyruvate carboxylase pyc 

(NCgl0659) (Auchter et al., 2011) which were notably downregulated in the CUR-8 

strain (log2FC: -2.73, -2.56, and -2.61, respectively). Therefore, it is likely that reduced 

expression of sugar importers ptsG, ptsS, and pyc is connected to downregulation of 
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their cognate activator RamB. Moreover, RamB has been identified as repressor of 

citrate synthase gltA, aceA, and aceB (Auchter et al., 2011). In accordance with 

reduced expression of ramB, aceA was upregulated, but gltA and aceB showed 

reduced expression in the curcumin producer. 

Concerning the sigma factors, seven are encoded by the genome of C. glutamicum 

(sigA, sigB, sigC, sigD, sigE, sigH, and sigM) (Kalinowski et al., 2003). Only sigM was 

differentially expressed in the curcumin producer (Table S9). SigM has been 

previously shown to be upregulated in C. glutamicum in response to diamide-caused 

disulphide stress, but not in response to hydrogen peroxide (Bott, 2007). Therefore, 

enhanced expression of the sigma factor sigM suggests exposure of the CUR-8 strain 

to disulphide stress. Despite the fact that sufCBD genes are part of the sigM regulon, 

and that they are typically activated upon exposure of C. glutamicum to disulphide 

stress (Nakunst et al., 2007), this was not a scenario during curcumin production. As 

mentioned above, these genes had lower levels of transcripts, as compared to the wild 

type (Table S7). 

Furthermore, WhiB family transcriptional regulators whcE, whcB, and whcA were 

differentially expressed in the CUR-8 strain. WhiB family transcription factors are 

homologues of WhiB proteins from Streptomyces coelicolor, whereby they play central 

role in development of aerial hyphae (Soliveri et al., 2000). In the related 

actinomycetes, WhiB-like proteins act as transcription factors, which are implicated in 

the regulation of various cellular processes, such as cell division (Lee et al., 2018), 

differentiation (Kim et al., 2012), pathogenesis (Steyn et al., 2002), survival during 

starvation (Zheng et al., 2012) and stress response (Geiman et al., 2006). WhcE, 

WhcB, and WhcA contain redox-sensing motifs, which enables them to respond to 

changes in oxidative status of the cell (Choi et al., 2009). Therefore, they are part of 

the oxidative stress response system in C. glutamicum.  

The roles of whcE, whcB, and whcA in the oxidative response network have been 

established. WhcB, which was found to be upregulated in the curcumin producer, 

stimulates expression of the positive regulator whcE (Lee et al., 2013a) that 

subsequently activates stress response genes (Kim et al., 2005), including whcA (Lee 

et al., 2013a). In contrast, WhcA has an opposing role, and exerts negative control of 

its regulon (Choi et al., 2009). The repressing effect is mediated by interaction with 

SpiA protein. During imbalanced oxidative state, SpiA dissociates from WhcA, and its 
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repressing effect is relieved (Park et al., 2012). Although whcB was upregulated during 

high curcumin production phase, expression of its target gene whcE was 

downregulated. Moreover, transcript levels of whcA were reduced in the CUR-8 strain, 

but NADH oxidase (NCgl0328), cysteine desulfurase (NCgl1022), alcohol 

dehydrogenase (NCgl2053), quinone reductase (NCgl2971), and thioredoxin 

reductases trxAB (NCgl2984 and NCgl2874) (Choi et al., 2009) were not differentially 

expressed. Notably, both whcE and whcA contain binding sites of the global 

transcription factor GlxR (Kohl and Tauch, 2009). 

Overall, differential expression of number of transcription factors, including global 

regulators, in the CUR-8 strain, suggests complex global transcription changes 

coordinating activity of various metabolic pathways in response to curcumin production 

in C. glutamicum. This was reflected by hundredths of differentially expressed genes 

in a host that is generally regarded as robust (Wolf et al., 2021). 

 

4.2.9.6. Expression of membrane proteins genes 

Significant proportion of the differentially expressed genes (208) in the CUR-8 strain 

were genes encoding membrane proteins, suggesting strong disturbance of 

membrane homeostasis during heterologous curcumin production. More than half of 

these genes encode for transport proteins. Supplemental table 10 gives a 

comprehensive view of these transporters, whereby they are grouped according to the 

type of solute they transport. 

Transport of amino acids, vitamins, cations, ammonium, aromatic compounds, organic 

acids, carbohydrates, iron, lipids, phosphate, and peptides seems to be affected. 

Notably, expression of MMPL family drug transporter (NCgl0887), multidrug efflux MFS 

protein (NCgl2647), and tetA ATP-binding protein of an ABC transporter (NCgl1468), 

predicted to mediate drug transport, was upregulated. Although curcumin tends to 

anchor within the membrane, it is likely that some of the produced curcumin is exported 

outside of the cell, as a way of the microbe to expel curcumin and mitigate its 

antimicrobial effects. Orange colour of the culture supernatant (Fig. S13) confirms that 

not all curcumin is stored within the cell membrane, but whether this happens due to 

transport-mediated efflux, or passively, cannot be elucidated. 
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4.2.9.7. Expression of CoA-thioester metabolism genes 

Given that CoA-thioester metabolism generates malonyl-CoA and feruloyl-CoA, as the 

main building blocks of curcumin, transcript levels of these and other CoA-thioesters 

identified in extracts of curcumin producing C. glutamicum (acetyl-CoA, succinyl-CoA, 

butyryl-CoA, methylmalonyl-CoA) (Fig. 23), were examined further. Here, aceE, aceF, 

and lpd, encoding pyruvate dehydrogenase complex E1 component, E2 component, 

and dihydrolipoyl dehydrogenase, enzymes that drive conversion of pyruvate to acetyl-

CoA (Guest and Stephens, 1980), were not differentially expressed (Fig. 27). On the 

other hand, acetate kinase ackA and phosphotransacetylase pta, which catalyse step-

wise conversion of acetate to acetyl-CoA in the acetate node (Rajaraman et al., 2016), 

showed reduced mRNA levels. Nevertheless, pools of acetyl-CoA in the CUR-8 strain 

showed diminution in size at the beginning and in the middle of exponential growth 

phase, when compared to the wild type. Importantly, concentration of acetyl-CoA 

progressively decreased in the wild type, while in the curcumin producer, acetyl-CoA 

showed increasing dynamics. This observation correlates well with downregulation of 

gltA, accBC, and accD1 (Fig. 27, Table S11), enzymes that govern withdrawal of 

acetyl-CoA by TCA cycle (Akram, 2014) and fatty acid biosynthetic module (Hardie, 

1989). Therefore, diminished consumption of acetyl-CoA by these central metabolic 

pathways could enable its accumulation over time. Reduced mRNA levels of accBC 

and accD1 genes, agrees with up to 20-fold reduced concentration of malonyl-CoA in 

the producer strain. Importantly, heterologous production of malonyl-CoA-derived 

curcumin, certainly contributed to depletion of malonyl-CoA. 

Concerning the second precursor for biosynthesis of curcumin feruloyl-CoA, phdA 

showed pronounced upregulation at the beginning of exponential phase (early 

production phase), during which curcumin production was still low. However, during 

mid-exponential growth phase (late production phase), the gene exhibited minor 

upregulation, which was statistically not significant (log2FC: <1.0). The noted dynamics 

of phdA expression is in line with changes in concentration of feruloyl-CoA throughout 

cultivation profile (Fig. S11). During the early production phase, concentration of 

feruloyl-CoA was 43% higher in the CUR-8 strain than in the wild type. However, as 

the production proceeded, a sharp decline in pools of feruloyl-CoA was apparent. This 

can be related to increased productivity of curcumin during late production phase and 

consequently stronger withdrawal of feruloyl-CoA from the created pool, while at the 

same time expression of phdA ceased. 
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The synthesis of TCA cycle intermediate succinyl-CoA from 2-oxoglutarate appeared 

to be downregulated, given that succinyl-CoA synthases sucC and sucD (Buck et al., 

1985) exhibited reduced transcript levels during early and late production phase. In 

view of decreased expression of methylmalonyl-CoA mutases mcmA and mcmB, 

replenishment of succinyl-CoA from methylmalonyl-CoA was also reduced. Notable 

increase in concentration of butyryl-CoA can be related to significant decrease in 

expression of butyryl-CoA: acetate CoA-transferase actA, an enzyme that catalyses 

synthesis of short chain fatty acid butanoate and acetyl-CoA, from butyryl-CoA and 

acetate (Yang et al., 2021b). ActA has been previously associated with lipid and cell 

envelope synthesis, and showed reduced mRNA levels in C. glutamicum upon salt 

stress (Fränzel et al., 2010). 

 

4.2.9.8. Expression of cell envelope and lipid metabolism related genes 

Taking into account considerable number of membrane proteins that were differentially 

expressed, as well as notable decrease in expression of lipid and cell wall-associated 

actA, genes related to fatty acids, lipids, cell wall, and cell division were investigated 

further. 

In terms of fatty acid synthesis, malonyl-CoA-forming enzymes accBC and accD1, 

showed decreased expression during the late production phase, suggesting reduced 

supply of the fatty acid precursor, malonyl-CoA. Unlike majority of bacteria, which 

synthesize fatty acids by fatty acid syntheses (FAS) type II, C. glutamicum and related 

species from Corynebacteriaceae family employ FAS type I (FAS-I) (Radmacher et al., 

2005). Here genome of C. glutamicum encodes two fatty acid synthases; fasA and 

fasB (Takeno et al., 2013). Expression of fasB was slightly upregulated during early 

production phase (log2FC: 1.00), however during late production phase both fasA and 

fasB exhibited only minor reduction in the levels of mRNA (0 < log2FC > -1.0). Notably, 

fasB is not an essential FAS, as its deletion was not detrimental to C. glutamicum. 

However, fasA is a vital FAS, given that the fasA-deficient strain could not grow in 

glucose minimal medium without additional supplementation of oleate (Radmacher et 

al., 2005). Even under these conditions, palmitoleate and stearate were not detected 

in the fatty acid profile of the fasA mutant, implying that fasA catalyses synthesis of 

palmitoleate and stearate in C. glutamicum. These findings partially correlate with the 

fatty acid phenotype observed in the curcumin producer. Slight downregulation of fasA 
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could explain reduced ratio of oleate in the curcumin producer, but it does not justify 

increased abundance of palmitoleate. None of the genes that are annotated as 

desaturases were not differentially expressed in the CUR-8 strain. 

Next, upregulation of putative lipase NCgl1426 during early and late production phases 

is indicative of degradation of already existing lipids. However, none of the genes 

annotated as fatty acid: CoA ligase, which would activate fatty acids during β-oxidation 

degradation of fatty acids were not differentially expressed in the curcumin producers. 

On the other hand, several genes annotated as acyl-CoA dehydrogenases (NCgl1229, 

NCgl0974, and NCgl0973), enzymes that catalyse conversion of acyl-CoAs to 2,3-

enoyl-CoAs during β-oxidation, showed increased levels of mRNA transcripts (Table 

S12). Overall, there was no clear indication of increased β-oxidation of fatty acids in 

the CUR-8 strain. 

Concerning cell wall biogenesis and cell division, glucosamine-1-phosphate 

acetyltransferase glmU, endolytic transglycosylase mltG, septum formation initiator 

family protein NCgl0936, and cell division protein ftsQ, showed decreased levels of 

their corresponding transcripts. GlmU catalyses formation of UDP-N-acetyl-ᴅ-

glucosamine, a key precursor of cell wall peptidoglycan (Zhang et al., 2008a), whereas 

MltG controls termination of the nascent peptidoglycan chain (Taguchi et al., 2021). 

Septum formation is central process during cell division of Gram-positive bacteria (Su 

et al., 2020). Therefore, downregulation of glmU, mltG, and ftsQ is indicative of 

impaired cell differentiation in the curcumin producer. 

 

4.2.9.9. Expression of aromatic compound metabolism genes 

With regards to ferulate metabolism, phdT and phdA genes were upregulated during 

early production phase, whereas their transcript levels dropped during the late 

production phase. Identical picture was observed for the ferulate importer phdT (Fig. 

27, Table S13). Given that rest of the phd cluster genes (phdRBCDE) were deleted in 

the CUR-8 strain, their mRNA levels were understandably notably reduced. 

Although benzoate was not supplied in the growth medium, genes of the benzoate 

degradation cluster benABCDEK showed elevated expression in the curcumin 

producer during early and late production phase (Table S13). This results is consistent 

with previous findings where hydrogen peroxide-tolerant C. glutamicum strain 
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developed by adaptive evolution displayed elevated expression of the same genes 

(Lee et al., 2013b). Therefore, upregulation of genes of the benzoate degradation 

cluster, could be related to adaptation towards oxidative stress agents. Moreover, 

transcript levels of protocatechuate degradation pathway pcaI, pcaB2, and NCgl1004, 

were also found to be de enhanced (Table S13). Protocatechuate, also known as 3, 

4-dihydroxybenzoate is supplemented in the growth medium, as an iron chelating 

agents to facilitate uptake of iron. Degradation of protocatechuate via the β-ketoadipate 

pathway yields in formation of acetyl-CoA and succinyl-CoA (Sgro et al., 2023), and 

can aid in replenishment of these primary metabolites. Moreover, intermediates of the 

β-ketoadipate pathway are believed to exert ROS scavenging properties (Lee et al., 

2014). Hence, increased degradation of protocatechuate could help the curcumin 

producer to adapt to oxidative environment. 

 

4.2.10. Process optimization for scale-up of curcumin production 

Given the pronounced sensitivity of curcumin to pH and oxygen (Martínez-Guerra et 

al., 2019), these bioprocess parameters needed to be optimized. This step was 

motivated by the premise that not all curcumin is stored inside of the cell (Fig. S13), 

and that some portion is present extracellularly. Outside of the lipid bilayer, curcumin 

would be sensitive to impact of pH and oxygen, and prone to degradation. For this 

purpose, C. glutamicum CUR-8 strain was grown in stirred-tank bioreactors, in three 

fermentation setups: high oxygen and high pH (20% dO2; pH=6.8); low oxygen and 

high pH (2.5% dO2; pH=6.8), and low oxygen and low pH (2.5% dO2; pH=6.0). Taking 

into account that curcumin exhibits increased stability in the acidic environment, only 

pH values below 7.0 were considered. In each condition, the process started with the 

initial concentration of 90 g L-1 glucose, as growth substrate, and 2.5 g L-1 yeast extract, 

to support the cell vitality at acidic pH. In order to shorten the lag phase observed in 

cultivation profile of the CUR-8 strain in the shake flask experiments, ferulate was not 

added at beginning of the fermentation process. Instead, a 15 mM ferulate feed was 

added after hours of cultivation, which corresponds to two new generations, indicating 

good cell vitality. The goal of delayed addition of ferulate was to allow the cells to adapt 

to the conditions in the reactors, thereby reducing the stress from the exposure to the 

aromatic. In each set-up, kanamycin was added to the cultivation medium. 
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A highest curcumin titre of 392 mg L-1 was obtained in the in the first condition where 

oxygen saturation was maintained at 20% level and pH at 6.8. It took the producer 88 

hours to consume glucose entirely, whereas ferulate was depleted sooner, after 64 

hours. Within this time, there was modest accumulation of 4.6 mM lactate (Fig. 28A). 

Notably, the dynamics of ferulate consumption was peculiar. Namely, until 40 hours, 

the uptake rate was slow (0.17 h-1), suggesting that entire feed of 15 mM would not be 

utilized by the end of fermentation period. Surprisingly, HPLC measurements after 48 

hours showed sharp decrease in the concentration of ferulate in the supernatant of 

culture broth. The acceleration of ferulate utilization also coincided with the revived 

growth of the cells that previously stopped already after 22 hours of fermentation. 

Moreover, maximum formed biomass was 15 g L-1, which is by 33% more than in the 

other tested conditions. This brings an assumption that the during this fermentation 

period, a mutation, which allows the phdRBCDE-deficient strain to rapidly consume 

ferulate, occurred. 

Lowering the oxygen saturation to 2.5% turned out to be unfavourable for curcumin 

production, reducing the curcumin titre by 42% to 224 mg L-1. Given that nearly two 

thirds of the ferulate feed were still present after 65 hours, and that staggering amount 

of almost 500 mM lactate accumulated within this time, fermentation was terminated 

at this time point. The growth stopped fairly early after 22 hours, which exactly matches 

the time when lactate formation surged (Fig. 28B). This growth phenotype 

corroborates with previous findings where under oxygen limiting conditions, lactate 

was produced from glucose by C. glutamicum without growth (Inui et al., 2004). 

Curcumin production abated when lactate level reached 122 mM. 

Combination of oxygen limitation and lower pH had even more detrimental effect on 

the production, resulting in 161 mg L-1 of curcumin formed (Fig. 28C). The trends in 

growth, lactate formation, ferulate utilization, and curcumin production are very alike to 

the ones in previous condition. However, within the 65 hours period, more than 200 

mM glucose remained untouched by the strain, explaining the 2-fold lower 

accumulation of lactate, when compared to condition with higher pH. 

This set of observations suggest that oxygen limitation and low pH are not 

advantageous for curcumin production. Rather, high oxygen levels and moderately 

acidic conditions support higher production of curcumin. For this reason, in the 
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following fermentation experiments, dissolved oxygen and pH were set to 20% 6.8, 

respectively. 

 

Figure 28. Bioprocess optimization of curcumin production in stirred-tank bioreactors by 
metabolically engineered C. glutamicum CUR-8. The data represents cultivation profiles under high 
oxygen, low pH (20% dO2; pH=6.8) (A); oxygen limiting, high pH (2.5% dO2; pH=6.8) (B); and oxygen 
limiting, low pH (2.5% dO2; pH=6.0) (C) conditions. The arrows indicate feeding with ferulate. The data 
comprises single biological replicates. 
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4.2.11. Benchmarking of C. glutamicum CUR-8 in fed-batch process 

Given that increased concentration of glucose and ferulate did not result in 

considerable increase in the curcumin titre, the second-best performing strain from the 

shake flask experiments, the CUR-8 strain was further evaluated in a fed-batch 

process. Here, the CUR-8 strain, and not the best-performing CUR-12 was selected. 

The rationale behind this was fitter cell vitality of the CUR-8 strain, indicated by shorter 

lag phase in the cultivation profile. Oxygen saturation and pH were maintained at 20% 

and 6.8, respectively. 

The initial concentration of glucose was set to 30 g L-1, and subsequent pulses of 30 g 

L-1 glucose and 5 mM ferulate were given manually from concentrated stock solutions 

(500 g L-1 and 500 mM, respectively). During the first batch, glucose was consumed 

within 30 hours with a rate of 6.63 mM h-1 (Fig. 29A). First ferulate pulse was given 

after four hours, and was consumed in 26 hours with a rate of 0.22 mM h-1. Notably, 

ferulate and glucose were co-utilized, and curcumin production set-on immediately 

after the ferulate feed. Throughout the first batch 338 m L-1 of curcumin were produced. 

The second pulse of glucose was given once the initially provided glucose was 

depleted, indicated by increase in dissolved oxygen and confirmed by HPLC 

measurement. Given that the second ferulate pulse was given at the time when 

glucose was completely exhausted, the strain experienced plateau in growth, but 

picked up as soon as the second glucose pulse was injected. During the second phase, 

glucose uptake rate increased to 7.29 mM h-1, whereas ferulate uptake slowed down, 

demonstrated by reduced rate of 0.13 mM h-1. Glucose and ferulate were still co-

consumed, and curcumin formation was growth coupled, reaching 692 mg L-1 prior the 

third feed (Fig. 29A). In order to provide strain with a sufficient amount of glucose, a 

third pulse was injected prior complete exhaustion of the second feed. In the course of 

third feed consumption of glucose was minors, whereas ferulate concentration did not 

decrease since the third pulse. Nonetheless, production of curcumin proceeded, likely 

from already created pools of feruloyl-CoA, reaching 806 mg L-1 after 88 hours of 

cultivation. Notably, this is the highest curcumin titre obtained by microbial 

fermentation, reported to date. 
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Figure 29. Fed-batch production of curcumin by metabolically engineered C. glutamicum CUR-
8. Data represents growth and production profiles of the cultures from low cell density (A) and high cell 
density (B) inoculums. After depletion of initially provided glucose and ferulate, additional pulses were 
added manually from concentrated stock solutions. First ferulate feed is indicated by an arrow. 
Concentrations of substrates were monitored by simultaneous HPLC measurements. Data comprises 
mean values from two biological replicates for the high cell density inoculum fermentation, whereas low 
cell density inoculum approach was carried out in one biological replicate. 

 

In view of increasing productivity and reducing cultivation time, another fermentation 

with four times higher cell density of the inoculum was put to the test. Initial 

concentration of glucose was set to 20 g L-1, and similar to the previous fermentation, 

5 mM ferulate and 30 g L-1 glucose pulses were added manually (Fig. 29B). Thereby, 

first ferulate pulse was injected after four hours. Consumption of ferulate started 

without delay, with a 68% faster rate (0.37 mM h-1) than in the fermentation with low 

cell density inoculum. Glucose was also utilized with a quicker rate (9.28 mM h-1). 

Consequently, second pulse of ferulate was injected almost 12 hours earlier. By the 

time the first ferulate feed was nearly exhausted, 276 mg L-1 of curcumin were formed. 

Notably, second glucose pulse was utilized with 64% higher rate than during the first 

batch (15.24 mM h-1). As a results, another pulse of glucose was given to enable 

consumption of the second ferulate feed. Regardless, ferulate uptake rate plunged to 

0.27 mM h-1, and eventually the third pulse remained untouched. The highest curcumin 

titre of 612 mg L-1 was recorded after 38 hours of cultivation (Fig. 29B), which 

corroborates with the end of second feeding with ferulate. After 50 hours curcumin 

level slightly decreased, likely due to dilution effect of fourth glucose and third ferulate 

pulse. Although curcumin titre in this fermentation was nearly 200 mg L-1 lower than in 

the previous set-up, in terms of volumetric productivity high cell density inoculum 

strategy outperformed the low cell density inoculum approach. 

Overall, in both fermentation strategies the CUR-8 strain could sustain two 5 mM 

ferulate pulses. Apropos curcumin titre, both approaches surpassed the so far reported 



Metabolic engineering of C. glutamicum for the production of curcumin 

 

112 
 

titres, indicating that C. glutamicum is well-suited host for heterologous production of 

polyphenol curcumin. 

Table 7. Production performance of curcumin producing C. glutamicum CUR-8 during fed-batch 
fermentation using minimal medium with glucose as growth substrate and ferulate as 
biotransformation substrate. The data comprise specific (Pspec) and volumetric (Pvol) productivity 
during first, second, and third ferulate feeding.  

Rate 
Ferulate 

feed 

Low cell density 

inoculum 

High cell density 

inoculum 

Pvol [mg L-1 h-1] 

I 12.07 15.81 

II 13.52 14.87 

III 9.16 - 

Pspec [mg g-1 h-1] 

I 1.19 1.21 

II 0.90 1.02 

III 0.63 - 
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4.3. Conclusion and outlook 

Due to the ever-growing body of evidence-based studies highlighting the positive 

correlation between plant natural products and human wellbeing, plant-derived 

pharmaceutical and nutraceutical market have experienced a significant expansion 

during the past few decades. Relying on extraction of these compounds from their 

native plant producers would not satisfy the needs of the market. Sourcing from plants 

is typically limited by plant biomass and variable environmental and growth conditions. 

Heterologous production of plant natural products in industrially applicable microbes is 

a promising alternative to traditional extraction from plants. 

This work aimed to establish curcumin production in actinobacteria C. glutamicum. In 

that regard, native curcumin biosynthetic genes form turmeric, dcs and curs1, were 

superior among the tested cluster combinations. Next, the inbuilt catabolism of 

phenylpropanoids was an exceptionally big bottleneck in achieving high-level 

production of curcumin. Deletion of phdBCDE genes enabled already 4-fold increase 

in formed curcumin, as compared to wild type expressing the dcs and curs1 genes. 

Subsequent deletion of phdR regulator enabled 13-fold increase in production, and 

reaching more than 100 mg L- of curcumin. Importantly, native phdT and phdA genes 

were not deleted, but modulating their expression through promoter engineering 

resulted with remarkably diminished cellular vitality. Evidently, native control of phdTA 

expression seems to be fine-tuned and optimal. The issue of precursor supply was 

addressed in other ways. First, optimization of growth and biotransformation substrate 

ratio opened considerable space for additional improvement. Increasing glucose 

concentration from 10 to 30 g L-1 enabled additional boost in production, without any 

genetic modification. Next, two strategies for enrichment of malonyl-CoA had opposing 

effects. Reducing consumption of acetyl-CoA by the TCA cycle resulted with slight 

increase in curcumin titre, albeit statistical significance. On the other hand, 

deregulation of accBCD1 led to reduced production, when compared to the previous 

strain in the strain lineage without modified malonyl-CoA metabolism. Native malonyl-

CoA supply seems to be sufficient to sustain high-level production of curcumin. 

Heterologous production of curcumin in C. glutamicum highly reflected on its native 

metabolism. This was apparent by global changes in genes expression levels, 

demonstrated by differential expression of dozens of transcription factors, including 

global regulator GlxR, which controls expression of nearly 200 genes. Overall, 
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production of curcumin immensely slowed down growth of C. glutamicum, which was 

also reflected in decreased mRNA levels of genes associated with glycolysis, TCA 

cycle, PPP, and amino acid biosynthesis. Moreover, activation of oxidative and 

disulphide stress response genes is strong indication of curcumin-induced oxidative 

stress, which also reflected on each stage of central biological dogma. Genes 

associated with ribosome biogenesis, transcription, and translation showed diminished 

expression levels. Finally, production of curcumin in fed-batch mode enabled 

achieving, to this date, the highest known titre of curcumin (806 mg L-1). Whereby 

sequential feeding of smaller amounts of glucose and ferulate was more suitable that 

batch fermentation with increased concentration of 90 g L-1 glucose and 15 mM 

ferulate. This work demonstrated suitability of C. glutamicum for heterologous 

production of curcumin. 

Overall, heterologous production of curcumin had massive effect on global gene 

expression. These insights create many potential targets for further strain optimization, 

especially in the domain of resistance to oxidative stress. Next, two-phase fermentation 

using solvent phase to capture extracellular curcumin is another promising way for 

enhancing productivity. Given that ferulate, as curcumin precursor, is a common 

component of lingo-cellulose of monocot grains, valorisation of lignin or food waste 

streams would enable establishing sustainable production of curcumin. 
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5. Supplementary files 
 

5.1. Supplementary figures 

 

Figure S1A. Production of oxytetracycline in complex industrial medium. S. rimosus ATCC 10970 
and S. rimosus HP126 were cultivated in a complex medium and samples for extraction of 
oxytetracycline were collected after 120 h. 

 

 

 

Figure S1B. Oxytetracycline production in minimal medium using different simple sugars as 
carbon source. S. rimosus ATCC 10970 was cultivated in chemically defined medium supplemented 
with different simple sugars. Samples for oxytetracycline quantification were collected after 120 h.  



Supplementary files 

 

116 
 

 

Figure S2. Phenylpropanoid degradation pathway in C. glutamicum. The phenylpropanoid 
degradation genes are organised in form of operon (A). CoA-dependent β-oxidation catabolic pathway 
results in formation of benzoate derivatives and acetyl-CoA (B). Benzoates are further degraded via β-
ketoadipate pathway to succinyl-CoA and acetyl-CoA. R1=OH, R2=H, C2-C3 bond saturated: 3-(4-
hydroxyphenyl) propionate; R1=H, R2=H, C2-C3 bond unsaturated: cinnamate; R1=OH, R2=H, C2-C3 
bond unsaturated: p-coumarate; R1=OH, R2=OH, C2-C3 bond unsaturated: caffeate; R1=OH, R2=OCH3, 
C2-C3 bond unsaturated: ferulate. phdT: membrane transporter; phdA: acyl:CoA ligase; phdR: MarR-
type transcriptional repressor; phdB: 3-hydroxyacyl-CoA dehydrogenase; phdC: 3-oxoacyl-CoA 
ketohydrolase; phdD: acyl-CoA dehydrogenase; phdE: enoyl-CoA hydratase. Adapted from Kallscheuer 
et al. (2016). 

 

 

 

Figure S3. Agarose gel analysis of PCR fragments of C. glutamicum clones with putative deletion 
of phdBCDE genes obtained by two-step homologous recombination. The fragments were 
amplified by colony PCR using del_phdBCDE_fwd + del_phdBCDE_rev primer pair at 65°C. Fragment 
from the wild type control had size of 3841 bp, while shorter fragments of 289 bp indicated deletion of 
the target genes. M: 1kb marker; WT: C. glutamicum ATCC 13032. 
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Figure S4. Ferulate utilization and CoA-thioester profile of the C. glutamicum wild type-derivative 
expressing the empty pClik5α plasmid. The data displays cultivation profile in minimal medium with 
10 g L-1 of glucose (55 m) and 5 mM ferulate of C. glutamicum ATCC 13032_pClik5α during batch 
cultivation in shake flaks. Increase in formed biomass (g L-1), depletion of glucose and ferulate (mM), as 
well as growth performance (µmax, QGlc, QFer), are shown (A); correlation of CoA-thioester dynamics 
(nmol g-1 CDW-1) (B). Time series quantification of CoA-thioesters was carried out at the beginning (4.5 
hours, square symbol), in the middle (7.8 hours, circle symbol), and towards the end of exponential 
growth phase (12.5 hours, pentagon symbol). The data comprise mean values and standard deviations 
from three biological replicates. 

 

 

 

Figure S5. BLAST search for homologous of the curcuminoid synthase cus gene from rice. Based 
on 72.26% identity and E-value of 0.0, the gene from S. bicolor (accession number: XP_002462898.1) 
(highlighted in orange) appeared as promising candidate of one-pot-curcuminoid forming gene. 
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Figure S6. Agarose gel analysis of PCR fragments of C. glutamicum clones with putative deletion 
of phdR gene in CUR-1 as parental strain obtained by two-step homologous recombination. The 
fragments were amplified by colony PCR at 65°C using del_phdRBCDE_fwd + del_phdBCDE_rev 
primer pair. Fragments from clones that reverted to original gene architecture had size of 1129 bp, while 
shorter fragments of 431 bp indicated deletion of the target gene in CUR-1 strain. M: 1kb marker; WT: 
C. glutamicum ATCC 13032. 

 

 

 
Figure S7. Schematic representation of structural changes imposed by curcumin molecule 
within the membrane. Similar to cholesterol molecule, curcumin inserts into phospholipid bilayer, 
bound by hydrogen bonding to the phosphate head of the lipids (Modified from Barry et al. 2009). 

 

 

 

Figure S8. Mutations introduced in the fasO sites of the malonyl-CoA forming genes of C. 
glutamicum. The data displays native and mutated sequences of fasO sites in accBC gene (A); and 
accD1 gene (B). The FasR recognition sites are highlighted in yellow, while the replaced nucleotides 
are depicted in bold letters. The start codon of the accD1 gene is underlined. 
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Figure S9. Metabolic pathway of butyryl-CoA (isobutyryl-CoA) to methylmalonyl-CoA in C. 
glutamicum. The metabolic route was taken from the KEGG database and is highlighted with an orange 
rectangular.  
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Figure S10. Relative changes of the intracellular CoA levels in curcumin producing C. 
glutamicum strains. The data displays relative changes in concentrations of the six detected CoA-
thioesters during early, mid-, and late exponential phase in the CUR-8 compared to 
ATCC013032_pClik5α (A); CUR-12 compared to CUR-8 (B); and CUR-15 compared to CUR-8 (C). 
Early, mid-, and late exponential phases refer to the phase I, II, and III, respectively, in the cultivation 
profiles of CUR-8, CUR-12, and CUR-15 shown in Fig. 10. 
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Figure S11. Relative abundance of feruloyl-CoA in curcumin producing and non-producing C. 
glutamicum strains during batch cultivation in shake flasks. The data displays relative levels of 
feruloyl-CoA in the samples from the curcumin non-producing wild type ATCC 13032, ATCC 
13032_pClik5α, and CUR-6, CUR-8, CUR-12, and CUR-15 curcumin producers during early, mid-, and 
late exponential phase (indicated as phase I, II, and III in Fig. 10). Relative abundance of feruloyl-CoA 
was determined as compared to 13C butyryl-CoA peak, as the most stable CoA-thioester during the LC-
MS measurements. 

 

 

 

Figure S12. Ferulate utilization by C. glutamicum ATCC 13032_pClik5α. The data displays 
cultivation profile in minimal medium with 30 g L-1 of glucose (165 mM) and 5 mM ferulate of C. 
glutamicum ATCC 13032_pClik5α during batch cultivation in shake flaks. Increase in formed biomass 
(g L-1), depletion of glucose and ferulate (mM) are shown. Samples for RNA extraction were taken after 
3 and 6 hours, corresponding to early and mid-exponential phase. Sampling for fatty acid extraction was 
performed after 13 hours. The data comprise mean values and standard deviations from three biological 
replicates. 
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Figure S13. Cell pellet of curcumin producing and non-producing C. glutamicum. Difference in 
the colour of the wild type curcumin non-producing C.glutamicum and genetically engineered curcumin 
producer C. glutamicum CUR-8. The culture broth of the CUR-8 strain has deep orange colour. Upon 
centrifugation of the culture broth, both the pellet and the supernatant of the CUR-8 strain appear 
orange, indicating extracellular and intracellular presence of curcumin. 

 

 

 

Figure S14. Effect of kanamycin supplementation on curcumin production by genetically 
engineered C. glutamicum CUR-8. The data displays curcumin titre with and without addition of 
kanamycin after 72 hours of cultivation. The CUR-8 strain was cultivated in test tubes in chemically 
defined medium (Chapter 4.1.3.) using 10 g L-1 glucose (55 mM) and 5 mM ferulate as growth and 
biotransformation substrate, respectively. The data comprise mean values and standard deviations from 
three biological replicates 
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5.2. Supplementary tables 

 

Table S1. Impact of introduced mutations in classical oxytetracycline producing S. rimosus 
HP126 and its derivative S. rimosus HP126 Δv3 on expression of genes associated with CoA-
thioester metabolism. 

Locus tag Annotation 
S. rimosus 

HP126 

S. rimosus 
HP126 

Δv3 

SRIMR7_19995 Branched-chain alpha-keto acid dehydrogenase 
E1 component subunit α 

5.0 -2.9 

SRIMR7_20005 Branched-chain alpha-keto acid dehydrogenase 
complex component E2 

4.7 -2.7 

SRIMR7_20000 Branched-chain alpha-keto acid dehydrogenase 
E1 component subunit β 

4.6 -2.7 

SRIMR7_19935 1,2-Phenylacetyl-CoA epoxidase, subunit E 4.1 -1.4 

SRIMR7_19940 1,2-Phenylacetyl-CoA epoxidase, subunit D 3.5 -1.0 

SRIMR7_19945 1,2-Phenylacetyl-CoA epoxidase, subunit C 3.3 0 

SRIMR7_35410 Phenylacetate-CoA ligase 3.1 -1.3 

SRIMR7_34430 Coenzyme A biosynthesis bifunctional protein 
CoaBC 

2.9 0 

SRIMR7_11535 Putative propionyl-CoA carboxylase β-chain 5 1.1 -2.6 

SRIMR7_11575 Branched-chain-amino-acid aminotransferase 1.0 -1.0 

SRIMR7_01685 Crotonyl-CoA carboxylase/reductase -6.4 0 

SRIMR7_07230 Methylmalonyl-CoA mutase -2.5 2.5 

SRIMR7_07225 Crotonyl-CoA carboxylase/reductase -2.4 2.4 

SRIMR7_21110 Valine dehydrogenase -1.7 0 

SRIMR7_02335 3-Hydroxybutyryl-CoA dehydrogenase -1.9 0 

SRIMR7_12355 Methylmalonyl-CoA mutase -1.2 -1.4 

SRIMR7_33660 3-Hydroxybutyryl-CoA dehydrogenase -1.2 1.2 

Note: The reference for S. rimosus HP126 was S. rimosus ATCC10970, while for S. rimosus HP126 

Δv3 was S. rimosus HP126. 
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Table S2. Influence of introduced mutations in S. rimosus HP126 and S. rimosus HP126 Δv3 on 

expression of genes associated with cell wall composition. 

Locus tag Annotation S. rimosus 
HP126 

S. rimosus 
HP126 

Δv3 

SRIMR7_14410 Chitinase D 2.2 -2.2 

SRIMR7_38545 Poly-ß-1,6-N-acetylglucosamine synthase 1.8 0 

SRIMR7_12545 Chitinase 63 1.7 0 

SRIMR7_24075 Murein DD-endopeptidase, MepM 1.4 0 

SRIMR7_11730 Exochitinase 1.3 -2.7 

SRIMR7_01200 Chitinase C 1.1 -1.1 

SRIMR7_38525 Chitinase D 1.1 0 

SRIMR7_01835 Chitinase 1.1 -1.1 

SRIMR7_19325 Murein DD-endopeptidase, MepM 0 1.3 

SRIMR7_26015 Murein DD-endopeptidase, MepH precursor 0 1.3 

SRIMR7_30815 Murein DD-endopeptidase, MepM 0 -1.9 

SRIMR7_25310 CDP-glycerol:poly(glycerophosphate) 
glycerophosphotransferase, TagF 

-1.1 -1.2 

SRIMR7_25990 Cellulose synthase (UDP-forming) -1.3 0 

SRIMR7_37765 Chitinase class I -1.3 -2.6 

SRIMR7_25305 Putative glycosyltransferase, EpsJ -1.4 1.4 

SRIMR7_38620 Putative poly(glycerol-phosphate) alpha-
glucosyltransferas, TagE 

-1.5 -1.6 

SRIMR7_25250 Teichoic acid export, ATP binding protein, 
TagH 

-5.7 0 

SRIMR7_25255 Teichoic acid export, ATP binding protein, 
TagG 

-5.8 0 

Note: The reference for S. rimosus HP126 was S. rimosus ATCC10970, while for S. rimosus HP126 

Δv3 was S. rimosus HP126. 
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Table S3: Primers used for genome-based engineering of C. glutamicum. Sequences and 
annealing temperature (AT °C) of primers for strain constructed and verification are shown. 

Primer name Sequence (5‘-3‘) AT °C 

Primers used for construction of vectors 

del_phd1_up_fwd AATTGGGATCCTCTAGACCCGGCAACAATCTGACTTGGGT 60.6 

del_phd1_up_rev TTGCGTCGAGAAGCAAGCTTTTCAAACTCCTTTGAAGGTT 

del_phd1_down_fwd AACCTTCAAAGGAGTTTGAAAAGCTTGCTTCTCGACGCAA 63.2 

del_phd1_down_rev TAGCGGATCATTTAAATCCCCCAAAGTGGACTCATGAGGG 

del_phd2_up_fwd AATTGGGATCCTCTAGACCCCATCGCTGACTTCTAGGTCG 59 

del_phd2_up_rev GAAGTCCAGGAGGACATACAATGAAAGTGAACCTCGGAAT 

del_phd2_down_fwd CATTCGCAGGGTAACGGCCAAAGCTTGCTTCTCGACGCAA 63.2 

del_phd2_Peftu_fwd TTGCGTCGAGAAGCAAGCTTTGGCCGTTACCCTGCGAATG 63.2 

del_phd2_Peftu_rev ATTCCGAGGTTCACTTTCATTGTATGTCCTCCTGGACTTC 

del_phdR_up_fwd AATTGGGATCCTCTAGACCCAATGAGGTTCGTTGAAAAGA 71 

del_phdR_up_rev TTGCGTCGAGAAGCAAGCTTGTCTCTTAACCACGCCGGCC 

del_phdR_down_fwd GGCCGGCGTGGTTAAGAGACAAGCTTGCTTCTCGACGCAA 71 

del_phdR_down_rev TAGCGGATCATTTAAATCCCTATGACCAGGTGTGGCCACC 

phd_prom_up_fwd AATTGGGATCCTCTAGACCCATAACCAAGCCGACAATCAG 68 

phd_prom_up_rev GATCTAAAGCACAAAGGAGAATGACTACATCTTCCACAGC 

phd_prom_down_rev TAGCGGATCATTTAAATCCCTTCAGGTACTCACCCAAATC 68 

phd_prom_down_fwd TCACCATCCCCGTTTCATAAAAGCTTGCTTCTCGACGCAA 

phdAT_prom_fwd GCTGTGGAAGATGTAGTCATTCTCCTTTGTGCTTTAGATC 68 

phdAT_prom_rev CATTCGCAGGGTAACGGCCAGTCTCTTAACCACGCCGGCC 

peftu2_fwd GGCCGGCGTGGTTAAGAGACTGGCCGTTACCCTGCGAATG 68 

peftu2_rev ATTCCGAGGTTCACTTTCATTGTATGTCCTCCTGGACTTC 

phdA_fwd GAAGTCCAGGAGGACATACAATGAAAGTGAACCTCGGAAT 68 

phdA_rev TTGCGTCGAGAAGCAAGCTTTTATGAAACGGGGATGGTGA 

accBC_fasO_but_up_fwd AATTGGGATCCTCTAGACCCTACCCCTCCGCCAACTACCC 65 

accBC_fasO_mut_up_rev CAGATATGCTTACTTACGACTATTCTGGGGGAATTCTTCT 

accBC_fasO_mut_down_fwd AGAAGAATTCCCCCAGAATAGTCGTAAGTAAGCATATCTG 

GTTGAGTTCTTC 

65 

accBC_fasO_mut_down_rev TAGCGGATCATTTAAATCCCACAACTTCTGCTGCGTCTTT 

accD1_fasO_mut_up_fwd AATTGGGATCCTCTAGACCCGCCATTTCAGTCCGGCACCT 65 

accD1_fasO_mut_up_rev ACGTCAATCAAAGGGCTACTAATGGTCATGTTTTGAAATC 

accD1_fasO_down_fwd AAAACATGACCATTAGTAGCCCTTTGATTGACGTCGCCAA 65 

accD1_fasO_mut_down_rev TAGCGGATCATTTAAATCCCTGCCACCTGCACATGCGCCC 

Primers used for verification of mutant strains 

del_phdBCDE_fwd TGCATTCTGTGCGTCAAGCG 65 

del_phdBCDE_rev TGCGCTCAAGCTTAGTCACA 
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del_phdRBCDE_fwd TGCAGTGGACTCTGGTCGAA 65 
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Table S4: Sequences of the native (NAT) and codon-optimized (OPT) curcumin biosynthetic 
genes and the genes associated with biosynthesis of curcumin. The genetic constructs were 
synthetized by GenScript Biotech (Rijswijk, Netherlands). 

Curcuma longa 

curs1NAT ATGGCCAACCTCCACGCGTTGCGCAGGGAGCAGAGGGCTCAAGGTCCCGCCA
CCATCATGGCCATCGGGACGGCCACCCCTCCCAACCTCTACGAGCAGAGCACC
TTCCCGGACTTCTACTTCCGCGTCACCAACTCCGACGACAAGCAGGAGCTCAAG
AAAAAGTTCCGCCGCATGTGCGAGAAGACAATGGTGAAGAAGCGGTACCTGCA
CTTGACCGAGGAGATCCTGAAGGAGAGGCCCAAGCTCTGCTCCTACAAGGAGG
CGTCGTTCGACGACCGGCAGGACATCGTGGTGGAGGAGATACCGAGATTGGCT
AAGGAAGCTGCGGAGAAGGCCATCAAGGAGTGGGGGCGGCCCAAATCGGAGA
TCACCCACCTGGTCTTCTGTTCCATCAGCGGCATCGACATGCCCGGCGCCGAC
TACCGCCTCGCGACGCTCCTCGGCCTCCCTCTCACCGTCAACCGCCTCATGAT
CTACAGCCAGGCCTGCCACATGGGCGCCGCCATGCTCCGCATCGCCAAGGACC
TCGCCGAGAACAACAGGGGCGCGCGCGTGCTGGTGGTCGCCTGCGAGATCAC
CGTGCTCAGCTTCCGCGGCCCGAACGAGGGTGACTTCGAGGCGCTCGCGGGG
CAGGCCGGCTTCGGCGACGGCGCGGGGGCCGTCGTCGTCGGGGCCGACCCG
CTGGAAGGAATTGAAAAACCCATCTACGAGATCGCGGCGGCGATGCAGGAGAC
GGTGGCGGAGAGCCAGGGGGCGGTGGGCGGCCACCTGCGGGCGTTCGGCTG
GACGTTCTACTTCCTGAACCAGCTGCCGGCGATCATCGCCGACAACCTCGGGA
GGAGCCTGGAGCGGGCGTTGGCGCCGCTGGGGGTGAGGGAGTGGAACGACG
TCTTCTGGGTGGCGCACCCGGGCAACTGGGCCATCATGGACGCCATCGAAGCC
AAGCTGCAGCTGAGCCCGGACAAGCTCAGCACCGCCCGCCACGTCTTCACAGA
GTACGGCAACATGCAGAGCGCCACCGTGTACTTCGTGATGGATGAGCTGAGGA
AGCGGTCGGCGGTGGAGGGGCGGAGCACCACCGGAGACGGCTTGCAGTGGG
GAGTTCTCCTCGGTTTTGGGCCGGGCCTCAGCATCGAGACCGTTGTACTGCGC
AGTATGCCACTGTAG 

curs1OPT ATGGCCAACCTGCACGCACTGCGTCGCGAACAGCGTGCTCAGGGTCCAGCAAC
CATCATGGCAATCGGCACCGCTACCCCACCAAACCTGTACGAGCAGTCCACCTT
CCCAGATTTCTACTTCCGCGTCACCAACTCCGATGACAAGCAGGAACTGAAGAA
GAAGTTCCGTCGCATGTGCGAGAAGACCATGGTTAAGAAGCGCTACCTGCACCT
GACCGAAGAGATCCTGAAGGAACGCCCAAAGCTGTGCTCCTACAAGGAAGCAT
CCTTCGATGACCGCCAGGACATCGTGGTCGAAGAGATCCCACGCCTGGCAAAG
GAAGCAGCTGAGAAGGCTATCAAGGAATGGGGCCGCCCAAAGTCCGAGATCAC
CCACCTGGTGTTCTGCTCCATCTCCGGTATCGATATGCCAGGTGCTGATTACCG
TCTGGCAACCCTGCTGGGTCTGCCACTGACCGTCAACCGCCTGATGATCTACTC
CCAGGCATGCCACATGGGTGCCGCAATGCTGCGCATCGCCAAGGATCTGGCAG
AAAACAACCGCGGCGCACGTGTGCTGGTTGTGGCATGCGAGATCACCGTCCTG
TCCTTCCGCGGTCCAAACGAAGGCGACTTCGAGGCTCTGGCTGGTCAGGCTGG
TTTCGGTGATGGCGCAGGTGCTGTCGTTGTGGGTGCAGACCCACTGGAAGGCA
TCGAGAAGCCAATCTACGAAATCGCTGCCGCAATGCAGGAAACCGTCGCAGAG
TCCCAGGGTGCTGTTGGCGGTCACCTGCGCGCTTTCGGTTGGACCTTCTACTTC
CTGAACCAGCTGCCAGCTATCATCGCCGATAACCTCGGTCGCTCCCTCGAACGT
GCACTGGCACCACTGGGCGTTCGTGAGTGGAACGACGTGTTCTGGGTCGCTCA
CCCTGGTAACTGGGCCATCATGGATGCAATCGAAGCTAAGCTGCAGCTGTCCC
CAGACAAGCTGTCCACCGCTCGCCACGTGTTCACCGAGTACGGCAACATGCAG
TCCGCCACCGTTTACTTCGTGATGGATGAACTGCGCAAGCGCTCCGCAGTTGAA
GGTCGCTCCACCACCGGTGATGGTCTGCAGTGGGGCGTGCTGCTGGGTTTCGG
TCCAGGTCTGTCCATCGAGACCGTCGTTCTGCGCTCCATGCCACTGTAA 

dcsNAT ATGGAAGCGAACGGCTACCGCATAACTCACAGCGCCGACGGGCCGGCGACGA
TCTTGGCCATCGGCACCGCCAACCCCACCAACGTCGTCGATCAGAACGCTTATC
CCGACTTCTATTTCCGGGTCACCAACTCCGAGTATCTGCAGGAACTCAAAGCCA
AGTTTAGGCGCATCTGTGAGAAAGCGGCCATCAGGAAGAGGCACTTGTACTTGA
CTGAGGAGATTTTGCGGGAGAATCCTAGCTTGCTGGCTCCCATGGCGCCGTCG
TTCGACGCGCGGCAGGCGATCGTGGTGGAGGCGGTGCCGAAGCTGGCGAAGG
AGGCGGCGGAGAAGGCGATCAAGGAGTGGGGCCGCCCCAAATCGGACATCAC
GCACCTCGTCTTCTGCTCCGCGAGCGGAATCGACATGCCCGGCTCCGACCTGC
AGCTTCTCAAGCTGCTCGGGCTCCCGCCGAGCGTCAATCGCGTCATGCTCTAC
AACGTCGGGTGCCACGCCGGTGGCACCGCCCTCCGCGTCGCCAAGGACCTCG
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CGGAGAACAACCGCGGCGCGCGGGTGCTCGCCGTCTGCTCCGAGGTCACCGT
GCTCTCCTACCGCGGCCCCCACCCCGCCCACATCGAGAGCCTCTTCGTCCAAG
CTCTGTTTGGCGACGGCGCCGCCGCGCTCGTGGTCGGGTCCGACCCCGTCGA
TGGCGTCGAGCGCCCCATCTTCGAAATCGCCTCGGCATCCCAAGTGATGCTTC
CGGAGAGCGCAGAGGCGGTGGGCGGCCACCTCCGCGAAATTGGGCTGACCTT
CCACCTCAAGAGCCAGCTTCCGTCGATCATCGCGAGCAACATCGAGCAGAGCC
TGACGACTGCGTGCTCGCCGCTGGGGCTGTCGGACTGGAACCAGCTGTTCTGG
GCGGTTCACCCCGGCGGCCGAGCGATCCTGGACCAGGTGGAGGCGCGGCTCG
GACTGGAGAAGGACCGGCTCGCCGCGACGCGGCACGTACTCAGCGAGTACGG
CAACATGCAGAGCGCCACGGTGCTGTTCATCCTGGACGAGATGCGGAACCGCT
CGGCTGCGGAGGGCCACGCCACCACCGGCGAGGGGCTCGACTGGGGCGTGC
TGTTGGGCTTCGGCCCGGGACTCTCCATCGAGACCGTCGTCCTCCATAGTTGC
AGACTGAACTAG 

dcsOPT ATGGAAGCAAACGGCTACCGCATCACCCACTCCGCTGATGGTCCAGCCACCAT
CCTGGCAATCGGCACCGCTAACCCAACCAACGTGGTCGATCAGAACGCCTACC
CAGACTTCTACTTCCGCGTCACCAACTCCGAATACCTGCAGGAGCTGAAGGCTA
AGTTCCGCCGCATCTGCGAAAAGGCAGCTATCCGCAAGCGCCACCTGTACCTG
ACCGAAGAGATCCTGCGCGAGAACCCATCCCTGCTGGCACCAATGGCTCCATC
CTTCGATGCCCGCCAGGCAATCGTTGTGGAAGCCGTGCCAAAGCTGGCAAAGG
AAGCCGCAGAGAAGGCAATCAAGGAGTGGGGCCGCCCAAAGTCCGACATCACC
CACCTGGTCTTCTGCTCCGCTTCCGGTATCGATATGCCAGGCTCCGACCTGCAG
CTGCTGAAGCTGCTGGGTCTGCCACCATCCGTCAACCGCGTTATGCTCTACAAC
GTTGGTTGCCACGCCGGCGGTACCGCACTGCGCGTCGCTAAGGATCTGGCCGA
AAACAACCGCGGTGCACGTGTGCTGGCTGTCTGCTCCGAGGTTACCGTGCTGT
CCTACCGTGGTCCACACCCAGCTCACATCGAATCCCTGTTCGTGCAGGCACTGT
TCGGTGATGGTGCTGCAGCACTGGTCGTTGGTTCCGATCCAGTTGACGGCGTG
GAACGCCCAATCTTCGAGATCGCCTCCGCATCCCAGGTCATGCTGCCAGAATCC
GCTGAGGCTGTTGGCGGTCACCTGCGCGAAATCGGTCTGACCTTCCACCTGAA
GTCCCAGCTGCCATCCATCATCGCATCCAACATCGAGCAGTCCCTCACCACCGC
TTGCTCCCCACTGGGTCTGTCCGACTGGAACCAGCTGTTCTGGGCTGTTCACCC
AGGCGGTCGTGCAATCCTGGATCAGGTGGAAGCACGCCTGGGTCTGGAGAAG
GACCGTCTGGCTGCAACCCGTCACGTCCTGTCCGAATACGGCAACATGCAGTC
CGCAACCGTTCTGTTCATCCTGGATGAGATGCGCAACCGCTCCGCAGCTGAAG
GTCACGCTACCACCGGTGAAGGTCTGGACTGGGGCGTGCTGCTGGGTTTCGGT
CCAGGTCTGTCCATCGAGACCGTGGTCCTGCACTCCTGCCGCCTGAACTAA 

Arabidopsis thaliana 

4clNAT ATGGCGCCACAAGAACAAGCAGTTTCTCAGGTGATGGAGAAACAGAGCAACAAC
AACAACAGTGACGTCATTTTCCGATCAAAGTTACCGGATATTTACATCCCGAACC
ACCTATCTCTCCACGACTACATCTTCCAAAACATCTCCGAATTCGCCACTAAGCC
TTGCCTAATCAACGGACCAACCGGCCACGTGTACACTTACTCCGACGTCCACGT
CATCTCCCGCCAAATCGCCGCCAATTTTCACAAACTCGGCGTTAACCAAAACGA
CGTCGTCATGCTCCTCCTCCCAAACTGTCCCGAATTCGTCCTCTCTTTCCTCGC
CGCCTCCTTCCGCGGCGCAACCGCCACCGCCGCAAACCCTTTCTTCACTCCGG
CGGAGATAGCTAAACAAGCCAAAGCCTCCAACACCAAACTCATAATCACCGAAG
CTCGTTACGTCGACAAAATCAAACCACTTCAAAACGACGACGGAGTAGTCATCG
TCTGCATCGACGACAACGAATCCGTGCCAATCCCTGAAGGCTGCCTCCGCTTCA
CCGAGTTGACTCAGTCGACAACCGAGGCATCAGAAGTCATCGACTCGGTGGAG
ATTTCACCGGACGACGTGGTGGCACTACCTTACTCCTCTGGCACGACGGGATTA
CCAAAAGGAGTGATGCTGACTCACAAGGGACTAGTCACGAGCGTTGCTCAGCA
AGTCGACGGCGAGAACCCGAATCTTTATTTCCACAGCGATGACGTCATACTCTG
TGTTTTGCCCATGTTTCATATCTACGCTTTGAACTCGATCATGTTGTGTGGTCTTA
GAGTTGGTGCGGCGATTCTGATAATGCCGAAGTTTGAGATCAATCTGCTATTGG
AGCTGATCCAGAGGTGTAAAGTGACGGTGGCTCCGATGGTTCCGCCGATTGTG
TTGGCCATTGCGAAGTCTTCGGAGACGGAGAAGTATGATTTGAGCTCGATAAGA
GTGGTGAAATCTGGTGCTGCTCCTCTTGGTAAAGAACTTGAAGATGCCGTTAAT
GCCAAGTTTCCTAATGCCAAACTCGGTCAGGGATACGGAATGACGGAAGCAGG
TCCAGTGCTAGCAATGTCGTTAGGTTTTGCAAAGGAACCTTTTCCGGTTAAGTCA
GGAGCTTGTGGTACTGTTGTAAGAAATGCTGAGATGAAAATAGTTGATCCAGAC
ACCGGAGATTCTCTTTCGAGGAATCAACCCGGTGAGATTTGTATTCGTGGTCAC
CAGATCATGAAAGGTTACCTCAACAATCCGGCAGCTACAGCAGAGACCATTGAT
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AAAGACGGTTGGCTTCATACTGGAGATATTGGATTGATCGATGACGATGACGAG
CTTTTCATCGTTGATCGATTGAAAGAACTTATCAAGTATAAAGGTTTTCAGGTAG
CTCCGGCTGAGCTAGAGGCTTTGCTCATCGGTCATCCTGACATTACTGATGTTG
CTGTTGTCGCAATGAAAGAAGAAGCAGCTGGTGAAGTTCCTGTTGCATTTGTGG
TGAAATCGAAGGATTCGGAGTTATCAGAAGATGATGTGAAGCAATTCGTGTCGA
AACAGGTTGTGTTTTACAAGAGAATCAACAAAGTGTTCTTCACTGAATCCATTCC
TAAAGCTCCATCAGGGAAGATATTGAGGAAAGATCTGAGGGCAAAACTAGCAAA
TGGATTGTGA 

4clOPT ATGGCACCACAGGAACAGGCTGTCTCCCAGGTTATGGAGAAGCAGTCCAACAA
CAACAACTCCGATGTTATCTTCCGCTCCAAGCTGCCAGACATCTACATCCCAAAC
CACCTGTCCCTGCACGATTACATCTTCCAGAACATCTCCGAATTCGCAACCAAG
CCATGCCTGATCAACGGTCCAACCGGCCACGTGTACACCTACTCCGATGTCCAC
GTTATCTCCCGCCAGATCGCAGCTAACTTCCACAAGCTGGGCGTGAACCAGAAC
GACGTGGTCATGCTGCTGCTGCCAAACTGCCCAGAGTTCGTCCTGTCCTTCCTG
GCTGCATCCTTCCGCGGTGCCACCGCAACCGCTGCAAACCCATTCTTCACCCCA
GCTGAAATCGCCAAGCAGGCTAAGGCCTCCAACACCAAGCTGATCATCACCGA
GGCTCGCTACGTTGACAAGATCAAGCCACTGCAGAACGATGACGGCGTTGTGA
TCGTCTGCATCGATGACAACGAATCCGTTCCAATCCCAGAGGGTTGCCTGCGCT
TCACCGAACTGACCCAGTCCACCACCGAAGCATCCGAGGTTATCGATTCCGTGG
AGATCTCCCCAGATGACGTCGTTGCTCTGCCATACTCCTCCGGTACCACCGGTC
TGCCAAAGGGCGTCATGCTGACCCACAAGGGTCTGGTGACCTCTGTGGCACAG
CAGGTTGACGGCGAAAACCCAAACCTGTACTTCCACTCCGATGACGTCATCCTG
TGCGTTCTGCCAATGTTCCACATCTACGCTCTGAACTCCATCATGCTGTGCGGT
CTGCGTGTTGGTGCAGCTATCCTGATCATGCCAAAGTTCGAAATCAACCTGCTG
CTGGAGCTGATCCAGCGCTGCAAGGTGACCGTCGCACCAATGGTGCCACCAAT
CGTCCTGGCAATCGCTAAGTCCTCCGAAACCGAGAAGTACGATCTGTCCTCCAT
CCGCGTGGTCAAGTCCGGTGCCGCACCACTGGGCAAGGAACTGGAGGACGCA
GTGAACGCTAAGTTCCCAAACGCCAAGCTGGGCCAGGGTTACGGTATGACCGA
AGCTGGTCCAGTGCTGGCAATGTCCCTGGGTTTCGCAAAGGAGCCATTCCCAG
TCAAGTCCGGTGCTTGCGGCACCGTTGTGCGCAACGCCGAAATGAAGATCGTC
GATCCAGACACCGGCGATTCCCTGTCCCGCAACCAGCCAGGCGAGATCTGCAT
CCGCGGCCACCAGATCATGAAGGGTTACCTGAACAACCCAGCTGCCACCGCAG
AGACCATCGATAAGGACGGCTGGCTGCACACCGGTGACATCGGCCTGATCGAT
GACGATGACGAACTGTTCATCGTTGACCGCCTGAAGGAGCTGATCAAGTACAAG
GGCTTCCAGGTGGCCCCAGCAGAACTGGAGGCTCTGCTGATCGGTCACCCAGA
CATCACCGACGTCGCCGTCGTTGCAATGAAGGAAGAGGCAGCTGGCGAAGTTC
CAGTGGCCTTCGTGGTCAAGTCCAAGGATTCCGAACTGTCCGAGGATGACGTTA
AGCAGTTCGTGTCCAAGCAGGTTGTGTTCTACAAGCGCATCAACAAGGTTTTCTT
CACCGAGTCCATCCCAAAGGCTCCATCCGGCAAGATCCTGCGCAAGGACCTGC
GCGCTAAGCTGGCCAACGGTCTGTAA 

Oryza sativa 

cusNAT ATGGCACCGACGACGACCATGGGAAGCGCCTTATACCCGCTCGGCGAAATGCG
GCGGTCGCAGCGCGCCGACGGGCTCGCCGCCGTGCTCGCCATCGGCACCGCC
AACCCTCCCAACTGCGTTACCCAGGAGGAGTTCCCCGACTTCTACTTCCGCGTC
ACCAACAGCGACCACCTCACTGCCCTCAAGGACAAGTTCAAGCGTATCTGTCAG
GAAATGGGCGTGCAGAGGCGGTACCTGCACCACACGGAGGAGATGCTGTCCG
CACACCCGGAGTTCGTGGACCGCGACGCGCCGTCGCTCGACGCGCGGCTGGA
CATCGCCGCGGACGCCGTGCCGGAGCTGGCGGCGGAGGCCGCCAAGAAGGC
GATCGCCGAGTGGGGCCGCCCGGCCGCCGACATCACCCACCTCGTCGTCACC
ACCAACTCCGGCGCCCACGTCCCGGGTGTCGACTTCCGCCTCGTCCCGCTCCT
CGGCCTCCGCCCCTCCGTGCGCCGCACCATGCTCCACCTCAACGGCTGCTTCG
CCGGCTGCGCCGCGCTCCGCCTCGCCAAGGACCTCGCCGAGAACAGCCGCGG
CGCGCGCGTCCTCGTCGTCGCCGCCGAGCTCACCCTCATGTACTTCACCGGGC
CCGACGAGGGCTGCTTCAGGACGCTCCTCGTCCAGGGCCTGTTCGGCGACGG
CGCGGCCGCCGTCATTGTCGGCGCCGACGCCGACGACGTCGAGCGCCCGCTG
TTCGAGATAGTGTCGGCGGCGCAGACGATCATCCCGGAGTCGGACCACGCCCT
GAACATGCGGTTCACGGAGCGCCGCTTGGACGGCGTCCTCGGGCGGCAGGTC
CCGGGGCTCATCGGGGACAACGTCGAGCGGTGCCTCCTGGACATGTTCGGCC
CACTTCTCGGCGGCGACGGCGGCGGCGGGTGGAACGACCTGTTCTGGGCGGT
GCACCCGGGCTCGTCGACGATCATGGACCAGGTCGACGCGGCGCTCGGCCTC
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GAGCCCGGCAAGCTGGCGGCGAGCCGCCGTGTGCTCAGCGACTACGGGAACA
TGTCTGGCGCTACGGTGATCTTCGCGCTGGACGAGCTGCGCCGGCAGCGCAA
GGAGGCGGCGGCGGCGGGTGAATGGCCGGAGTTGGGAGTGATGATGGCGTTC
GGCCCGGGGATGACCGTTGATGCGATGCTGTTGCACGCCACCTCTCATGTGAA
TTAA 

cusOPT ATGGCCCCAACCACCACCATGGGCTCCGCACTGTACCCACTGGGTGAAATGCG
CCGCTCCCAGCGTGCTGATGGTCTGGCAGCTGTGCTGGCTATCGGTACCGCCA
ACCCACCAAACTGCGTCACCCAGGAAGAGTTCCCAGATTTCTACTTCCGCGTTA
CCAACTCCGACCACCTGACCGCACTGAAGGATAAGTTCAAGCGCATCTGCCAG
GAAATGGGCGTGCAGCGCCGCTACCTGCACCACACCGAAGAGATGCTGTCCGC
TCACCCAGAGTTCGTTGATCGTGATGCACCATCCCTGGATGCACGTCTGGACAT
CGCCGCAGATGCAGTGCCAGAACTGGCTGCCGAGGCAGCTAAGAAGGCAATCG
CTGAATGGGGTCGTCCAGCAGCAGACATCACCCACCTGGTGGTCACCACCAAC
TCCGGCGCTCACGTGCCAGGTGTCGATTTCCGTCTGGTGCCTCTGCTGGGTCT
GCGTCCATCCGTCCGTCGCACCATGCTGCACCTGAACGGTTGCTTCGCTGGTT
GCGCTGCACTGCGTCTGGCAAAGGACCTGGCTGAGAACTCCCGCGGCGCACG
TGTCCTGGTTGTGGCAGCTGAACTGACCCTGATGTACTTCACCGGCCCAGATGA
GGGTTGCTTCCGCACCCTGCTGGTGCAGGGTCTGTTCGGTGATGGTGCAGCAG
CTGTCATCGTTGGTGCCGATGCAGATGACGTCGAACGCCCACTGTTCGAGATC
GTTTCCGCCGCACAGACCATCATCCCAGAATCCGACCACGCTCTGAACATGCGT
TTCACCGAGCGCCGCCTGGATGGTGTTCTGGGTCGTCAGGTGCCAGGTCTGAT
CGGTGACAACGTGGAACGCTGCCTGCTGGATATGTTCGGTCCACTGCTGGGCG
GTGACGGCGGTGGCGGTTGGAACGACCTGTTCTGGGCAGTCCACCCAGGTTCC
TCCACCATCATGGATCAGGTTGATGCTGCACTGGGTCTGGAGCCAGGCAAGCT
GGCAGCTTCCCGTCGCGTGCTGTCCGACTACGGCAACATGTCCGGTGCTACCG
TCATCTTCGCCCTGGATGAACTGCGTCGCCAGCGTAAGGAAGCAGCAGCTGCT
GGTGAATGGCCAGAGCTGGGTGTTATGATGGCATTCGGCCCTGGTATGACCGT
GGACGCAATGCTGCTGCACGCTACCTCTCACGTCAACTAA 

Sorghum bicolor 

cusNAT ATGGGAAGTAGTGCTGCTCCGGCCAACGTCCGCGAGATCTGCCGCGCACAGCG
TGCCGACGGCCCTGCAGCCGTGCTCGCCATCGGCACGGCCAACCCGGCGAAC
TGCGTGCCCCAGGACGAGTTCCCGGACTTCTACTTCCGCGCCACCAAGAGCGA
CCATCTCACTGGCCTCAAGGAAAAGTTCAAGAGAGTTTGCCAGAAGCTGGGCGT
GCAGAAGCGCTACCTGCACCACACCGAGGAGCTGCTGAGCGCGCACCCGGAG
TTCCTCGACCACTCCTCGCCGTCCCTCGACGCGCGGCTGGACATCGTCAAGAC
CGCCGTGCCGGAGCTCGCCGCGCAGGCCAGCAGGAAGGCCATCGCCGAGTGG
GGCCGCCCGGCCGCCGACATCACGCACCTCGTCGTCACCACCAACTCCGGCG
CGCACATCCCGGGCGTCGACTTCCGTCTGGTCCCGCTCCTGGGCCTCCGCCCG
ACCGTGCGCCGCACCATGCTCTACCTCAACGGCTGCTTCGCGGGCGCCGCCG
CGCTGCGCCTCGCCAGGGACCTGGCCGAGAACAACAGCGGCGCGCGCGTGCT
CGTCGTCTGCGCCGAGATCACCGTCCTGCTCTTCAACGGGCCCGAGGAGGGGT
GCTTCCAGACGCTCGTCAACCAGGGCCTGTTCGGCGACGGCGCTGGGGCCGT
CATCGTCGGTGCCGACCCACTGGCGGCCGAGCGCCCGCTGTTCGAGATCGTGT
CCGCCGCGCAGGCCATCATACCGGAGTCCGAGGACGTCATCACCATGCACCTC
ACCAGGGGCGGCTACGGCGGCAACATCTCCACCAGGCAGGTCCCCGTCCTCAT
CGGCGACAACATCGAGCGCTGTCTCACCGACGCTTTCGCGCCGCTCGGCGGC
GTTATTGGCGCCGAATGGAACGACCTGTTCTGGGACGTGCACCCGGGCTCGTC
GGCGATCCTGGACCAGGTCGACGCCGTGCTCAAGCTCAAGCCTGAGAAGCTGG
CGGCGAGCAGGCGTGTCCTGAGCGAGTACGGGAACATGTTCGGCGTCACGGT
GATCTTCGTGCTCGACGAGCTGCGCCGCCGGATGGAGAAGGGGGAAGAGGAG
GGGGCGCCAGAGTGGGGGGTCATGGTGGCGTTCGGACCCGGGCTCACCGTTG
AGACGATGGTGCTCCACCGATCAGGCACCCCAGCTGAGAAGAAACTGGCGGAG
GCATGA 

cusOPT ATGGGCTCCTCCGCAGCTCCAGCAAACGTGCGTGAAATCTGCCGCGCTCAGCG
CGCTGATGGTCCAGCAGCAGTGCTGGCTATCGGCACCGCAAACCCAGCTAACT
GCGTCCCACAGGATGAGTTCCCAGACTTCTACTTCCGCGCAACCAAGTCCGACC
ACCTGACCGGTCTGAAGGAAAAGTTCAAGCGCGTTTGCCAGAAGCTGGGCGTG
CAGAAGCGCTACCTGCACCACACCGAAGAGCTGCTGTCCGCTCACCCAGAATT
CCTGGATCACTCCTCCCCATCCCTGGATGCCCGCCTGGACATCGTTAAGACCG
CAGTTCCAGAACTCGCTGCACAGGCTTCCCGTAAGGCAATCGCAGAATGGGGT
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CGCCCAGCAGCTGACATCACCCACCTGGTGGTCACCACCAACTCCGGTGCCCA
CATCCCAGGCGTGGACTTCCGTCTGGTTCCACTGCTCGGTCTGCGTCCAACCG
TTCGTCGCACCATGCTGTACCTGAACGGTTGCTTCGCTGGTGCTGCAGCACTCC
GTCTGGCACGTGATCTGGCAGAGAACAACTCCGGTGCTCGTGTCCTGGTTGTG
TGCGCAGAAATCACCGTTCTGCTGTTCAACGGTCCAGAAGAGGGCTGCTTCCAG
ACCCTGGTCAACCAGGGTCTGTTCGGCGATGGTGCTGGCGCCGTCATCGTGGG
TGCTGACCCACTGGCTGCAGAGCGTCCACTGTTCGAAATCGTCTCCGCTGCCC
AGGCCATCATCCCAGAGTCCGAAGACGTTATCACCATGCACCTGACCCGCGGC
GGTTACGGCGGTAACATCTCCACCCGTCAGGTGCCAGTCCTGATCGGTGATAA
CATCGAGCGCTGCCTGACCGACGCATTCGCTCCACTGGGCGGTGTTATCGGTG
CAGAATGGAACGACCTGTTCTGGGACGTGCACCCAGGCTCCTCCGCAATCCTG
GATCAGGTGGACGCTGTCCTGAAGCTGAAGCCAGAGAAGCTGGCAGCTTCCCG
TCGCGTGCTGTCCGAATACGGTAACATGTTCGGCGTTACCGTGATCTTCGTCCT
GGACGAGCTGCGTCGCCGCATGGAAAAGGGTGAAGAGGAAGGCGCCCCAGAG
TGGGGTGTCATGGTTGCATTCGGTCCAGGCCTGACCGTCGAAACCATGGTTCT
GCACCGCTCCGGCACCCCAGCTGAGAAGAAGCTGGCCGAAGCATAA 
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Table S5. Growth performance of the curcumin producing C. glutamicum CUR-8, CUR-12 and 
and CUR-15 during early and main curcumin production phase in shake flasks. The data comprise 

of maximum growth rate (µmax), glucose uptake rate (QGlc), ferulate uptake rate (QFer), specific glucose 
uptake rate (qGlc), specific curcumin formation rate (qCur), volumetric productivity (Pvol), specific 
productivity (Pspec), biomass yield (YX/Glc), curcumin yield (YCur/Glc and YCur/Fer), and curcumin titre (TCur) 
of the CUR-8, CUR-12, and CUR-15 strains in minimal medium with 30 g L-1 glucose (165 mM) and 5 
mM ferulate. Early production phase refers to the phase I, while the main production phase refers to the 
phase II in the cultivation profiles in Fig. 10. Errors represent standard deviations from three biological 
replicates. 

Strain CUR-8 CUR-12 CUR-15 

Rates    

µ [h-1] 0.06 ± 0.00 0.06 ± 0.00 0.05 ± 0.00 

0.04 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 

QGlc [mmol h-1] 1.12 ± 0.03 1.04 ± 0.00 0.97 ± 0.01 

4.99 ± 0.01 5.42 ± 0.08 4.92 ± 0.04 

QFer [mmol h-1] 0.05 ± 0.00  0.04 ± 0.00 0.04 ± 0.00 

0.07 ± 0.00 0.09 ± 0.01 0.10 ± 0.01 

qGlc [g g-1 h-1] 0.21 ± 0.00 0.17 ± 0.00 0.17 ± 0.01 

0.14 ± 0.01 0.15 ± 0.00 0.15 ± 0.00 

qCur [mg g-1 h-1] 0.90 ± 0.06 0.42 ± 0.10 0.81 ± 0.10 

0.85 ± 0.04 0.94 ± 0.10 1.10 ± 0.10 

Pvol [mg L-1 h-1] 0.92 ± 0.08 0.42 ± 0.13 0.79 ± 0.03 

3.25 ± 0.07 3.11 ± 0.08 3.05 ± 0.03 

Pspec [mg g-1 h-1] 0.42 ± 0.03 0.16 ± 0.05 0.35 ± 0.03 

0.33 ± 0.02 0.32 ± 0.01 0.34 ± 0.01 

Yields    

YX/Glc [g g-1] 0.30 ± 0.00 0.33 ± 0.00 0.31 ± 0.02 

0.31 ± 0.02 0.34 ± 0.01 0.35 ± 0.02 

YCur/Glc [mg g-1] 4.30 ± 0.32 2.45 ± 0.54 4.66 ± 0.44 

6.00 ± 0.45 6.41 ± 0.64 7.45 ± 0.51 

YCur/Fer [mg mmol-1] 18.95 ± 1.56 10.53 ± 2.62 21.08 ± 2.84 

72.42 ± 2.03 66.85 ± 4.30 65.70 ± 2.14 

Titres    

TCur [mg L-1] 190.09 ± 7.47 203.74 ± 7.82 187.82 ± 1.37 
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Table S6. Gene expression data of the genes related to metabolism of amino acids during 
curcumin production in genetically engineered C. glutamicum. The data represents log2FC of the 
differentially expressed genes associated with amino acid metabolism in the CUR-8 strain, as compared 
to the curcumin non-producing C. glutamicum ATCC 13032_pClik5α during the early production (T1) 
and the major production phase (T2). 

Locus 
tag 

Gene 
ID Product 

Log2FC 
T1 

Log2FC 
T2 

NCgl2098 aroG 3-Deoxy-7-phosphoheptulonate synthase class II -1.07 -0.61 

NCgl0950 aroF 3-Deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) synthase -0.69 -1.73 

NCgl1567 aroE Shikimate dehydrogenase -0.49 -1.03 

NCgl2927 trpE Anthranilate synthase component I -1.19 -0.85 

NCgl2928 trpG Anthranilate synthase component II -1.23 -1.02 

NCgl2929 trpD Anthranilate phosphoribosyltransferase -1.21 -1.18 

NCgl2930 trpCF 
Bifunctional indole-3-glycerol-phosphate synthase 
TrpC/phosphoribosylanthranilate isomerase TrpF -1.06 -1.74 

NCgl2931 trpB Tryptophan synthase subunit beta -0.83 -1.29 

NCgl2932 trpA Tryptophan synthase subunit alpha -0.79 -1.04 

NCgl2799 pheA Prephenate dehydratase -0.44 -1.05 

NCgl1222 ilvB Acetolactate synthase large subunit -1.15 -2.12 

NCgl1223 ilvN Acetolactate synthase small subunit -1.20 -2.21 

NCgl1224 ilvC Ketol-acid reductoisomerase -0.70 -1.94 

NCgl0245 leuA 2-Isopropylmalate synthase -0.31 -1.38 

NCgl1094 metE 
5-Methyltetrahydropteroyltriglutamate--homocysteine S-

methyltransferase -1.46 -1.62 

NCgl1137 thrB Homoserine kinase -0.56 -1.14 

NCgl1548 carA Glutamine-hydrolyzing carbamoyl-phosphate synthase small subunit -0.42 -1.32 

NCgl1547 carB Carbamoyl-phosphate synthase large subunit -0.24 -1.18 

NCgl1235 serA Phosphoglycerate dehydrogenase -1.32 -0.22 

NCgl1136 hom Homoserine dehydrogenase -0.54 -1.20 

NCgl2272 proA Glutamate-5-semialdehyde dehydrogenase -0.04 -1.13 

NCgl1999 gdh NADP-specific glutamate dehydrogenase -0.29 -1.28 

NCgl0033 ppiA Peptidylprolyl isomerase -0.68 -1.17 

NCgl1262 lauC 3-Isopropylmalate dehydratase large subunit -0.87 -1.12 

NCgl1875 gluA Glutamate ABC transporter ATP-binding protein GluA -1.11 -3.12 

NCgl1876 gluB ABC-type transporter, periplasmic component -1.03 -2.67 

NCgl1877 gluC Glutamate ABC transporter permease GluC -0.77 -1.52 

 

  



Supplementary files 

 

134 
 

Table S7. Gene expression data of the genes related to oxidative stress response during 
curcumin production in genetically engineered C. glutamicum. The data represents log2FC of the 
differentially expressed genes associated with oxidative stress response in the CUR-8 strain, as 
compared to the curcumin non-producing C. glutamicum ATCC 13032_pClik5α during the early 
production (T1) and the major production phase (T2). 

Locus 
tag 

Gene 
ID 

Product 
Log2FC 

T1 
Log2FC 

T2 

NCgl0731 - SOS response-associated peptidase 1.17 0.68 

NCgl0942 - Putative stress-responsive transcriptional regulator 1.17 1.20 

NCgl1920 yaaA Peroxide stress protein YaaA 1.16 0.40 

NCgl1608 - Dyp-type peroxidase 0.50 1.27 

NCgl0023 - Organic hydroperoxide resistance protein 1.38 1.54 

NCgl1216 - Predicted glutathione S-transferase 1.18 1.46 

NCgl2739 - 3-Methyladenine DNA glycosylase -2.37 -2.39 

NCgl1880 recA Recombinase RecA -0.31 -1.04 

NCgl1501 sufC Fe-S cluster assembly ATPase SufC -0.37 -1.41 

NCgl1503 sufB Fe-S cluster assembly protein SufB -0.46 -1.49 

NCgl1502 sufD Fe-S cluster assembly protein SufD -0.51 -1.73 

NCgl0755 pdxT Pyridoxal 5'-phosphate synthase lyase subunit PdxT -1.98 -1.27 

NCgl0754 pdxS Pyridoxal 5'-phosphate synthase lyase subunit PdxS -2.01 -1.37 

NCgl1609 - Copper chaperone PCu(A)C 0.43 1.15 

NCgl0171 - Cold-shock protein -1.06 -1.01 

NCgl2286 - Carboxymuconolactone decarboxylase family protein 1.61 1.70 

NCgl0615 - Metal-dependent hydrolase 0.67 1.07 

NCgl2740 - Hemoglobin-like flavoprotein 0.28 1.08 

NCgl0204 - Type IV toxin-antitoxin system AbiEi family 1.13 0.58 

NCgl2907 - VanZ family protein 2.02 1.62 

NCgl2149 - DUF2786 domain-containing protein 1.09 1.12 

NCgl1093 - DHA2 family efflux MFS transporter permease subunit 1.09 1.32 

NCgl1092 - MFS transporter 0.92 1.14 

NCgl0382 - Hypothetical membrane protein 1.11 1.03 
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Table S8. Gene expression data of the genes related to ribosome biogenesis, transcription, and 
translation during curcumin production in genetically engineered C. glutamicum. The data 
represents log2FC of the differentially expressed genes associated with ribosome formation, 
transcription, and translation in the CUR-8 strain, as compared to the curcumin non-producing C. 
glutamicum ATCC 13032_pClik5α during the early production (T1) and major production phase (T2). 

Locus tag Gene ID Product 
Log2FC 

T1 
Log2FC 

T2 

50S ribosomal proteins 

NCgl0460 rplA 50S ribosomal protein L1 -0.35 -1.12 

NCgl0490 rplB 50S ribosomal protein L2 -0.52 -1.39 

NCgl0487 rplC 50S ribosomal protein L3 -0.43 -1.41 

NCgl0488 rplD 50S ribosomal protein L4 -0.50 -1.38 

NCgl0501 rplE 50S ribosomal protein L5 -0.61 -1.23 

NCgl0516 rplF 50S ribosomal protein L6 -0.43 -1.21 

NCgl2879 rplI 50S ribosomal protein L9 -0.60 -1.33 

NCgl0459 rplK 50S ribosomal protein L11 -0.36 -1.21 

NCgl0556 rplM 50S ribosomal protein L13 -0.65 -1.42 

NCgl0499 rplN 50S ribosomal protein L14 -0.56 -1.30 

NCgl0520 rplO 50S ribosomal protein L15 -0.69 -1.40 

NCgl0494 rplP 50S ribosomal protein L16 -0.52 -1.30 

NCgl0541 rplQ 50S ribosomal protein L17 -0.56 -1.17 

NCgl0517 rplR 50S ribosomal protein L18 -0.50 -1.34 

NCgl1960 rplS 50S ribosomal protein L19 -0.47 -1.05 

NCgl1326 rplT 50S ribosomal protein L20 -0.48 -1.18 

NCgl0492 rplV 50S ribosomal protein L22 -0.52 -1.38 

NCgl0489 rplW 50S ribosomal protein L23 -0.51 -1.30 

NCgl0500 rplX 50S ribosomal protein L24 -0.51 -1.22 

NCgl0902 rplY 50S ribosomal protein L25 -0.44 -1.01 

NCgl0834 rpmB 50S ribosomal protein L28 -0.48 -1.18 

NCgl0495 rpmS 50S ribosomal protein L29 -0.59 -1.26 

NCgl0519 rpmD 50S ribosomal protein L30 -0.62 -1.39 

NCgl0837 rpmE 50S ribosomal protein L31 -0.48 -1.23 

NCgl0838 rpmF 50S ribosomal protein L32 -0.44 -1.15 

NCgl0833 rpmG 50S ribosomal protein L33 -0.52 -1.19 

NCgl2993 rpmH 50S ribosomal protein L34 -0.35 -1.46 

NCgl1325 rpmL 50S ribosomal protein L35 -0.43 -1.29 

30S ribosomal proteins 

NCgl0493 rpsC 30S ribosomal protein S3 -0.51 -1.44 

NCgl0518 rpsE 30S ribosomal protein S5 -0.54 -1.32 

NCgl0477 rpsG 30S ribosomal protein S7 -0.54 -1.38 

NCgl0515 rpsH 30S ribosomal protein S8 -0.44 -1.16 

NCgl0557 rpsI 30S ribosomal protein S9 -0.66 -1.41 

NCgl0486 rpsJ 30S ribosomal protein S10 -0.41 -1.31 

NCgl0538 rpsK 30S ribosomal protein S11 -0.38 -1.04 

NCgl0476 rpsL 30S ribosomal protein S12 -0.48 -1.37 

NCgl0537 rpsM 30S ribosomal protein S13 -0.32 -1.16 

NCgl0832 rpsN 30S ribosomal protein S14 -0.47 -1.13 

NCgl1976 rpsP 30S ribosomal protein S16 -0.44 -1.20 
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NCgl0496 rpsQ 30S ribosomal protein S17 -0.57 -1.26 

NCgl0831 rpsR 30S ribosomal protein S18 -0.55 -1.27 

NCgl0491 rpsS 30S ribosomal protein S19 -0.51 -1.38 

NCgl2261 rpsT 30S ribosomal protein S20 -0.45 -1.08 
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Table S9. Gene expression data of the transcription factor-encoding genes during curcumin 
production in genetically engineered C. glutamicum. The data represents log2FC of differentially 
expressed genes encoding transcription factors in the CUR-8 strain, as compared to the curcumin non-
producing C. glutamicum ATCC 13032_pClik5α during the early production (T1) and the major 
production phase (T2). 

Locus 
tag 

Gene ID Product 
Log2FC 

T1 
Log2FC 

T2 

NCgl0286 glxR CRP-like cAMP-activated global transcriptional regulator GlxR -0.21 -1.16 

NCgl1859 - Transcriptional regulators of sugar metabolism -0.55 -1.87 

NCgl0358 ramB Acetate metabolism transcriptional regulator RamB 0.57 -1.16 

NCgl2983 sigM sigma-70 family RNA polymerase sigma factor 1.14 0.98 

NCgl0734 whiB1/whcE WhiB family transcriptional regulator WhcE -0.33 -1.44 

NCgl0574 whiB3 WhiB family transcriptional regulator WhiB3 1.29 1.02 

NCgl0275 whiB4/whcA WhiB family transcriptional regulator WhcA -0.29 -1.90 

NCgl0942 - Putative stress-responsive transcriptional regulator 1.17 1.20 

NCgl2299 vanR PadR family transcriptional regulator VanR 1.68 1.61 

NCgl2877 - PadR family transcriptional regulator -0.92 -1.41 

NCgl1248 - TetR-like C-terminal domain-containing protein 1.80 1.96 

NCgl2298 - TetR family transcriptional regulator 1.15 0.92 

NCgl2025 - TetR/AcrR family transcriptional regulator 1.33 1.20 

NCgl1578 - TetR/AcrR family transcriptional regulator 1.15 1.00 

NCgl2324 - LuxR family transcriptional regulator 1.49 1.78 

NCgl2311 - LuxR family transcriptional regulator 1.12 1.09 

NCgl2550 - IclR family transcriptional regulator 1.16 0.21 

NCgl2921 - IclR family transcriptional regulator 1.15 0.80 

NCgl2308 - IclR family transcriptional regulator 1.37 0.94 

NCgl0958 - LysR family transcriptional regulator substrate-binding protein 1.36 0.72 

NCgl0581 - LysR substrate-binding domain-containing protein 1.02 1.05 

NCgl1989 - LysR family transcriptional regulator 1.01 0.78 

NCgl2827 - LysR family transcriptional regulator 1.01 1.05 

NCgl0218 - LysR family transcriptional regulator 0.78 1.04 

NCgl1967 - LacI family DNA-binding transcriptional regulator 1.05 0.81 

NCgl0965 - GntR family transcriptional regulator -0.32 -1.12 

NCgl2234 - GntR family transcriptional regulator 1.03 1.23 

NCgl2846 - GntR family transcriptional regulator 0.74 1.29 

NCgl2440 - FadR/GntR family transcriptional regulator 0.03 -1.05 

NCgl0035 - AraC family transcriptional regulator 1.06 1.02 

NCgl0253 lrp Lrp/AsnC family transcriptional regulator 1.01 1.08 

NCgl2567 - Lrp/AsnC family transcriptional regulator 1.02 0.85 

NCgl0135 - AbrB family transcriptional regulator 0.44 1.11 

NCgl1386 - MerR family transcriptional regulator -0.39 -1.16 

NCgl1215 - ArgP/LysG family DNA-binding transcriptional regulator 1.23 1.23 

NCgl2868 - Crp/Fnr family transcriptional regulator 1.19 1.08 

NCgl0019 - BlaI/MecI/CopY family transcriptional regulator 1.09 1.05 

NCgl0836 - Metalloregulator ArsR/SmtB family transcription factor 1.40 1.22 

NCgl0869 - Metalloregulator ArsR/SmtB family transcription factor 1.28 1.34 

NCgl2441 - Metal-dependent transcriptional regulator 1.00 1.14 

NCgl2689 - XRE family transcriptional regulator 1.13 1.00 
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NCgl2518 - Response regulator transcription factor 1.03 -0.17 

NCgl2330 - Hypothetical transcriptional regulator 2.02 1.74 

NCgl2333 - Predicted transcriptional regulator 1.81 2.07 

NCgl1504 - Predicted transcriptional regulator -0.46 -1.56 

NCgl1370 - Predicted transcriptional regulator containing the HTH domain 0.09 -1.15 

NCgl2034 - HTH-domain-containing protein 1.83 1.55 

NCgl2380 - HTH transcriptional regulator 1.27 1.16 

NCgl1317 - HTH-domain-containing protein 1.14 1.02 

NCgl1301 - HTH transcriptional regulator 1.02 0.94 

NCgl1745 - HTH transcriptional regulator 1.01 0.87 

NCgl0655 - HTH transcriptional regulator -0.46 -1.07 
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Table S10. Gene expression data of the membrane protein-encoding genes during curcumin production in genetically engineered C. glutamicum. The 
data represents log2FC of the differentially expressed genes coding for membrane-associated proteins in the CUR-8 strain, as compared to the curcumin non-
producing C. glutamicum ATCC 13032_pClik5α during early production (T1) and major production phase (T2). 

Locus 
tag 

Gene 
ID 

Product Function 
Log2FC 

T1 
Log2FC 

T2 

NCgl2759 - Predicted acyltransferase Acyltransferase 0.76 1.16 

NCgl0464 - Amino acid permease Amino acids 1.24 1.51 

NCgl2262 - Putative threonine efflux protein Amino acids 0.70 1.19 

NCgl2566 - Putative threonine efflux protein Amino acids 1.19 1.09 

NCgl0143 - Putative threonine efflux protein Amino acids 0.94 1.06 

NCgl0453 - D-serine/D-alanine/glycine transporter Amino acids 0.62 1.04 

NCgl0255 - Branched-chain amino acid exporter BrnE Amino acids 1.18 1.03 

NCgl2514 - Peptide MFS transporter Amino acids 1.11 1.03 

NCgl1875 gluA Glutamate ABC transporter ATP-binding protein GluA Amino acids -1.11 -3.12 

NCgl1876 gluB ABC-type transporter, periplasmic component Amino acids -1.03 -2.67 

NCgl1877 gluC Glutamate ABC transporter permease GluC Amino acids -0.77 -1.52 

NCgl0610 - MetQ/NlpA family ABC transporter substrate-binding protein Amino acids -0.13 -1.08 

NCgl2683 - Sodium/glutamate symporter Amino acids/cations 1.16 1.19 

NCgl1116 putP Sodium/proline symporter PutP Amino acids/cations -0.43 -1.19 

NCgl2463 - Dicarboxylate/amino acid:cation symporter Amino acids/dicarboxylate 1.15 1.40 

NCgl0799 - Na+/proline, Na+/panthothenate symport Amino acids/vitamins -0.52 -2.46 

NCgl1521 - Ammonium transporter Ammonium 1.58 1.70 

NCgl2218 - ATP-binding cassette domain-containing protein Ammonium 0.60 1.07 

NCgl1983 - Ammonium transporter Ammonium 0.50 1.07 

NCgl2325 benK Benzoate transporter BenK Aromatic compound 1.87 2.28 

NCgl2326 benE Benzoate/H(+) symporter BenE family transporter Aromatic compound 1.90 2.16 

NCgl1883 - Biotin transporter BioY Biotin 0.81 1.17 

NCgl2256 dctM C4-Dicarboxylate transport C4-Dicarboxylate 2.36 2.58 

NCgl2257 dtcX C4-Dicarboxylate transport C4-Dicarboxylate 2.29 2.26 

NCgl2258 dctP TRAP transporter substrate-binding protein DctP C4-Dicarboxylate 2.05 1.82 
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NCgl2506 - C4-Dicarboxylate transporter DctA C4-Dicarboxylate 1.35 1.39 

NCgl1330 ugpE Carbohydrate ABC transporter permease Carbohydrate 1.32 1.16 

NCgl1329 ugpA ABC-type transporter, permease component Carbohydrate 1.27 1.10 

NCgl2953 - Sugar porter family MFS transporter Carbohydrate 0.87 1.07 

NCgl2374 - Sugar ABC transporter permease Carbohydrate -0.72 -3.72 

NCgl2373 - Carbohydrate ABC transporter permease Carbohydrate -0.74 -3.21 

NCgl1858 ptsI Phosphoenolpyruvate-protein kinase (PTS system EI component in bacteria) Carbohydrate -1.71 -3.19 

NCgl2377 msiK1 ABC-type transporter, ATPase component Carbohydrate -0.92 -3.14 

NCgl1305 ptsG PTS transport of D-glucose Carbohydrate -1.20 -2.73 

NCgl2553 ptsS 
Phosphotransferase system IIC components, glucose/maltose/N-

acetylglucosamine-specific Carbohydrate -2.20 -2.56 

NCgl2894 - Inositol-3-phosphate synthase Carbohydrate -0.74 -1.02 

NCgl0595 - Lycopene cyclase domain-containing protein Carotenoids 0.68 1.03 

NCgl1488 - Cation-transporting P-type ATPase Cations 0.89 1.55 

NCgl1992 - Cation diffusion facilitator family transporter Cations 0.35 1.18 

NCgl1129 - Cation-translocating P-type ATPase Cations 0.86 1.15 

NCgl0131 - Trimeric intracellular cation channel family protein Cations 0.42 1.07 

NCgl1968 - DASS family sodium-coupled anion symporter Cations/anions 1.16 1.07 

NCgl2648 - Na/Pi cotransporter family protein Cations/phosphate 0.68 1.05 

NCgl1037 - Calcium:proton antiporter Cations/protons 1.17 1.10 

NCgl0816 - CynX/NimT family MFS transporter Cyanate 0.98 1.15 

NCgl2370 - Cytochrome c oxidase assembly protein Cytochrome 0.69 1.42 

NCgl1103 - Cytochrome d ubiquinol oxidase subunit II Cytochrome 0.55 1.32 

NCgl1104 - Cytochrome ubiquinol oxidase subunit I Cytochrome 0.71 1.22 

NCgl1102 cydD ABC transporter ATP-binding protein/permease Cytochrome 0.59 1.20 

NCgl2265 - ComEC/Rec2 family competence protein DNA 1.98 1.83 

NCgl2266 - DNA uptake protein and related DNA-binding proteins DNA 1.77 1.80 

NCgl0887 mmpL2 MMPL family transporter, transporter of a drug Drug 2.06 2.08 

NCgl2647 - Multidrug effflux MFS transporter Drug 1.00 1.20 

NCgl1468 tetA ABC transporter ATP-binding protein Drug 0.92 1.05 
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NCgl1907 dinF MATE family efflux transporter Drug/sodium 0.64 1.09 

NCgl0413 - ABC transporter substrate-binding protein Extracellular solute -1.34 -1.83 

NCgl2096 - Glycosyltransferase 87 family protein Glycosyltransferase 0.70 1.07 

NCgl1414 - Arsenic resistance protein Heavy metal resistance 1.16 1.19 

NCgl0870 - Cadmium resistance transporter Heavy metal resistance 1.05 1.16 

NCgl0322 - Bifunctional UDP-sugar hydrolase/5'-nucleotidase Hydrolase 1.27 1.25 

NCgl0615 - Metal-dependent hydrolase Hydrolase 0.67 1.07 

NCgl1221 - Mechanosensitive ion channel family protein Ions 1.70 1.18 

NCgl1564 - Iron chelate uptake ABC transporter family permease subunit Iron 1.53 1.66 

NCgl0484 - Iron chelate uptake ABC transporter family permease subunit Iron 1.28 1.59 

NCgl0483 - Iron chelate uptake ABC transporter family permease subunit Iron 1.19 1.32 

NCgl0637 - Iron chelate uptake ABC transporter family permease subunit Iron 1.31 1.30 

NCgl1508 - Heme A synthase Iron 0.37 1.23 

NCgl0638 - Iron ABC transporter permease Iron 1.00 1.12 

NCgl0927 mprF Bifunctional lysylphosphatidylglycerol flippase/synthetase MprF Lipids/resistance 1.08 1.09 

NCgl1378 - ABC transporter transmembrane domain-containing protein Multifunctional 0.97 1.15 

NCgl0914 - ABC transporter ATP-binding protein Multifunctional -0.13 -1.20 

NCgl2503 - SpnA family nuclease Nuclease 1.22 1.60 

NCgl2816 - Putative L-lactate permease Organic acids -3.39 -2.93 

NCgl0841 - Trypsin-like peptidase domain-containing protein Peptidase 1.87 1.22 

NCgl1562 - A24 family peptidase Peptidase 0.88 1.19 

NCgl0020 - M56 family metallopeptidase Peptidase 1.02 1.13 

NCgl1595 - Preprotein translocase subunit YajC Peptide -0.18 1.18 

NCgl1915 - ABC transporter substrate-binding protein Peptide -3.25 -3.97 

NCgl1918 - ABC transporter ATP-binding protein Peptide -3.12 -3.36 

NCgl0626 cstA Carbon starvation protein, predicted membrane protein Peptide -1.87 -2.33 

NCgl1403 - Phosphonate ABC transporter, permease protein PhnE Phosphate 1.62 1.84 

NCgl1402 - Phosphonate ABC transporter, permease protein PhnE Phosphate 1.71 1.83 

NCgl1404 pctB ABC-type transporter, ATPase component Phosphate 1.61 1.71 
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NCgl1405 - Phosphate/phosphite/phosphonate ABC transporter substrate-binding protein Phosphate 1.49 1.43 

NCgl2484 - Phosphate ABC transporter permease PstA Phosphate 1.05 1.41 

NCgl2485 - Phosphate ABC transporter permease subunit PstC Phosphate 0.77 1.30 

NCgl1862 - HPr family phosphocarrier protein Phosphate -0.86 -1.70 

NCgl2821 - Metallophosphoesterase family protein Phosphoesterase 1.05 1.12 

NCgl2862 - HAMP domain-containing sensor histidine kinase Phosphorelay 1.01 1.42 

NCgl0067 - Sensor histidine kinase Phosphorelay 0.85 1.15 

NCgl1724 - Hypothetical protein Phosphorelay 0.92 1.06 

NCgl1935 - Sensor histidine kinase Phosphorelay 0.62 1.06 

NCgl2991 - Membrane protein insertase YidC Preprotein -0.55 -1.29 

NCgl0550 - Type VII secretion-associated serine protease mycosin Protease 1.24 1.32 

NCgl2737 - Membrane protease subunits, stomatin/prohibitin homologs Protease -2.53 -2.51 

NCgl2962 - Membrane protease subunits, stomatin/prohibitin homologs Protease -0.74 -1.50 

NCgl2245 - Bile acid:sodium symporter family protein Sodium 1.61 1.85 

NCgl2634 mrpC Na+/H+ antiporter subunit C Sodium -0.53 -1.31 

NCgl2633 mrpA Na+/H+ antiporter subunit A Sodium -0.57 -1.31 

NCgl1101 - Thiol reductant ABC exporter subunit CydC Sulfite 1.07 1.33 

NCgl0052 - Sulfite exporter TauE/SafE family protein Sulfite 1.15 1.22 

NCgl1258 - Sulfite exporter TauE/SafE family protein Sulfite 1.06 1.13 

NCgl1990 - Sulfite exporter TauE/SafE family protein Sulfite 1.18 1.11 

NCgl1936 ssuC ABC transporter permease Sulphonate 1.05 1.50 

NCgl1176 ssuA ABC transporter substrate-binding protein Sulphonate 0.91 1.10 

NCgl0942 - Putative stress-responsive transcriptional regulator Transcriptional regulator 1.17 1.20 

NCgl0135 - AbrB family transcriptional regulator Transcriptional regulator 0.44 1.11 

NCgl1568 mltG Endolytic transglycosylase MltG Transglycosylase -0.50 -1.07 

NCgl2724 tctA Tripartite tricarboxylate transporter permease TctA Tricarboxylate 1.11 1.67 

NCgl2725 tctB Tripartite tricarboxylate transporter TctB Tricarboxylate 1.20 1.41 

NCgl0066 citP CitMHS family transporter Tricarboxylate 1.03 1.36 

NCgl1095 - Hypothetical protein Unknown 1.20 2.61 



Supplementary files 

 

143 
 

NCgl2338 - DUF418 domain-containing protein Unknown 2.19 2.27 

NCgl2235 - Hypothetical protein Unknown 1.84 2.14 

NCgl1445 - MFS transporter Unknown 1.49 2.05 

NCgl0058 - DUF4956 domain-containing protein Unknown 2.39 2.01 

NCgl0028 - ABC-type transporter, ATPase component Unknown 1.37 2.00 

NCgl2244 - PepSY domain-containing protein Unknown 1.79 1.92 

NCgl2005 - Hypothetical protein Unknown 1.71 1.83 

NCgl2236 - TRAP transporter permease Unknown 1.58 1.83 

NCgl2332 - RDD family protein Unknown 1.81 1.80 

NCgl2351 - ABC transporter permease Unknown 1.52 1.62 

NCgl2907 - VanZ family protein Unknown 2.02 1.62 

NCgl2004 - Hypothetical protein Unknown 1.25 1.60 

NCgl2352 - ABC transporter permease Unknown 1.66 1.56 

NCgl2118 - DUF3043 domain-containing protein Unknown 0.20 1.55 

NCgl2141 - MFS transporter Unknown 0.66 1.55 

NCgl1174 - ABC transporter permease Unknown 1.24 1.51 

NCgl2348 - MFS transporter Unknown 1.34 1.47 

NCgl0552 - Type VII secretion protein EccC Unknown 1.50 1.45 

NCgl1205 - ABC transporter permease Unknown 1.16 1.44 

NCgl2231 - Hypothetical protein Unknown 1.25 1.43 

NCgl1507 - ABC transporter permease Unknown 0.73 1.41 

NCgl0553 - Type VII secretion-associated protein Unknown 1.33 1.40 

NCgl0376 - Hypothetical protein Unknown 1.40 1.39 

NCgl1636 - Hypothetical protein Unknown 1.22 1.39 

NCgl0436 - DoxX family protein Unknown 1.15 1.39 

NCgl0551 - Type VII secretion integral membrane protein EccD Unknown 1.38 1.39 

NCgl1473 - TVP38/TMEM64 family protein Unknown 1.16 1.37 

NCgl0580 - DMT family transporter Unknown 1.38 1.37 

NCgl0546 - Type VII secretion protein EccB Unknown 1.30 1.37 
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NCgl2239 - ABC transporter permease Unknown 1.24 1.36 

NCgl0907 - MFS transporter Unknown 1.22 1.33 

NCgl2232 - AEC family transporter Unknown 1.30 1.32 

NCgl1093 - DHA2 family efflux MFS transporter permease subunit Unknown 1.09 1.32 

NCgl0074 - MFS transporter Unknown 1.24 1.32 

NCgl2959 - Lamin tail domain-containing protein Unknown 1.25 1.31 

NCgl0910 - ABC transporter permease Unknown 0.62 1.31 

NCgl2757 - DUF3367 domain-containing protein Unknown 0.69 1.29 

NCgl2282 - Hypothetical protein Unknown 1.18 1.28 

NCgl1377 - ABC transporter ATP-binding protein Unknown 1.06 1.27 

NCgl2729 - MFS transporter Unknown 0.62 1.27 

NCgl1942 - Hypothetical protein Unknown 0.86 1.27 

NCgl2936 - ABC transporter permease Unknown 0.83 1.26 

NCgl2972 - DUF1304 family protein Unknown 0.66 1.26 

NCgl2240 - ABC transporter permease Unknown 1.09 1.26 

NCgl2288 - Hypothetical protein Unknown 1.11 1.25 

NCgl1033 - ECF transporter S component Unknown 0.74 1.24 

NCgl2969 - MFS transporter Unknown 1.23 1.23 

NCgl1727 - Phage tail tip lysozyme Unknown 1.18 1.22 

NCgl2522 - MFS transporter Unknown 1.13 1.21 

NCgl2206 - Hemolysin family protein Unknown 0.73 1.19 

NCgl0576 - Hypothetical protein Unknown 1.49 1.19 

NCgl2462 - DUF1648 domain-containing protein Unknown 0.95 1.18 

NCgl1737 - ABC transporter permease Unknown 1.14 1.17 

NCgl2828 - MFS transporter Unknown 1.17 1.17 

NCgl1714 - Hypothetical protein Unknown 1.19 1.16 

NCgl1400 - ABC transporter permease Unknown 0.48 1.16 

NCgl1300 - MFS transporter Unknown 0.82 1.15 

NCgl2903 - MFS transporter Unknown 0.88 1.14 
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NCgl1092 - MFS transporter Unknown 0.92 1.14 

NCgl1725 - Hypothetical protein Unknown 1.03 1.14 

NCgl2563 - ABC transporter permease Unknown 0.83 1.14 

NCgl1411 - MFS transporter Unknown 0.57 1.13 

NCgl1707 - Hypothetical protein Unknown 1.09 1.11 

NCgl1425 - FxsA family protein Unknown 0.56 1.11 

NCgl0473 - Hypothetical protein Unknown 0.86 1.10 

NCgl2770 - YbhN family protein Unknown 0.37 1.10 

NCgl1298 - Hypothetical protein Unknown 1.16 1.09 

NCgl0278 - MFS transporter Unknown 2.02 1.09 

NCgl2965 - DUF4395 domain-containing protein Unknown 1.00 1.08 

NCgl0349 - SGNH hydrolase domain-containing protein Unknown 0.86 1.08 

NCgl2017 - MFS transporter Unknown 0.72 1.07 

NCgl1728 - Hypothetical protein Unknown 1.18 1.07 

NCgl1978 - ABC transporter permease Unknown 1.13 1.07 

NCgl1729 - Hypothetical protein Unknown 1.18 1.06 

NCgl2852 - Hypothetical protein Unknown 0.71 1.06 

NCgl0756 - SdpI family protein Unknown 1.00 1.06 

NCgl1718 - Hypothetical protein Unknown 0.91 1.05 

NCgl0497 - Hypothetical protein Unknown 1.10 1.05 

NCgl0130 - Permease Unknown 0.96 1.05 

NCgl0382 - Hypothetical membrane protein Unknown 1.11 1.03 

NCgl2761 - Hypothetical protein Unknown 0.57 1.03 

NCgl0065 - Hypothetical protein Unknown 0.84 1.02 

NCgl1768 - Hypothetical protein Unknown 0.76 1.02 

NCgl1026 - DMT family transporter Unknown 0.97 1.01 

NCgl1997 - ABC transporter ATP-binding protein Unknown 0.78 1.01 

NCgl1310 - MFS transporter Unknown 0.54 1.01 

NCgl2375 amyE ABC transporter substrate-binding protein Unknown -0.75 -3.81 
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NCgl2168 - ABC transporter ATP-binding protein Unknown -1.60 -3.68 

NCgl2169 - ABC-type transporter, permease components Unknown -1.40 -2.91 

NCgl0697 - ABC-type transporter, periplasmic component Unknown -1.34 -2.87 

NCgl0798 - Uncharacterized membrane protein Unknown -0.49 -2.74 

NCgl2170 - ABC transporter substrate-binding protein Unknown -1.33 -2.59 

NCgl2372 - Hypothetical membrane protein Unknown -0.65 -2.01 

NCgl2912 - Hypothetical membrane protein Unknown -1.19 -1.57 

NCgl0511 - ABC-type transporter, permease components Unknown -0.75 -1.07 

NCgl0895 urtC Urea ABC transporter permease subunit UrtC Urea 1.67 1.68 
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Table S11. Gene expression data of the genes related to metabolism of CoA-thioesters during 
curcumin production in genetically engineered C. glutamicum. The data represents log2FC of the 
differentially expressed genes associated with CoA-thioester metabolism in the CUR-8 strain, as 
compared to the curcumin non-producing C. glutamicum ATCC 13032_pClik5α during the early 
production (T1) and major production phase (T2). 

Locus 
Tag 

Gene 
ID 

Product 
Log2FC 

T1 
Log2FC 

T2 

NCgl2480 actA Acetyl-CoA hydrolase/transferase family protein -0.75 -3.10 

NCgl2656 ackA Acetate kinase -1.10 -1.18 

NCgl2657 pta Phosphate acetyltransferase -1.51 -2.11 

NCgl2476 sucD Succinate:CoA ligase subunit alpha -1.19 -1.73 

NCgl2477 sucC ADP-forming succinate:CoA ligase subunit beta -1.06 -1.38 

NCgl0670 accBC Acetyl/propionyl/methylcrotonyl-CoA carboxylase subunit alpha -0.05 -1.16 

NCgl0797 accD Acetyl-CoA carboxylase beta subunit -0.21 -1.00 

NCgl1471 mcmB Methylmalonyl-CoA mutase, N-terminal domain/subunit -0.74 -1.60 

NCgl1472 mcmA Methylmalonyl-CoA mutase family protein -0.83 -1.53 

NCgl1170  Methylmalonyl-CoA epimerase -0.28 -1.03 
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Table S12. Gene expression data of the genes related to cell envelope formation during curcumin 
production in genetically engineered C. glutamicum. The data represents log2FC of genes 
associated the cell envelope formation in the CUR-8 strain, as compared to the curcumin non-producing 
C. glutamicum ATCC 13032_pClik5α during the early production (T1) and the major production phase 
(T2). 

Locus 
Tag 

Gene 
ID 

Product 
Log2FC 

T1 
Log2FC 

T2 

NCgl0906 glmU Glucosamine-1-phosphate acetyltransferase [multifunctional] -0.64 -1.14 

NCgl1568 mltG Endolytic transglycosylase MltG -0.50 -1.07 

NCgl2750 udgA2 UDP-glucose/GDP-mannose dehydrogenase family protein -0.76 -1.08 

NCgl2076 ftsQ Cell division protein FtsQ -0.73 -1.02 

NCgl0769 ftsX Permease-like cell division protein FtsX 1.05 1.20 

NCgl0803  Septum formation family protein -1.10 -1.09 

NCgl0936  Septum formation initiator family protein -0.62 -1.11 

NCgl1333 glpQ2 Glycerophosphoryl diester phosphodiesterase 1.23 1.14 

NCgl1426  Lipase family protein 1.35 1.48 

NCgl2220  Carboxylesterase/lipase family protein 1.18 1.01 

NCgl0080  Triacylglycerol lipase 1.07 0.79 

NCgl2409 fas-IA Fatty acid synthase 0.13 -0.73 

NCgl0802 fas-IB Fatty acid synthase 0.99 -0.44 

NCgl1229  Acyl-CoA dehydrogenase family protein 1.00 1.00 

NCgl0973  Acyl-CoA dehydrogenase family protein 1.44 1.52 

NCgl0974  Acyl-CoA dehydrogenase family protein 1.30 1.40 
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Table S13. Gene expression data of the genes related to metabolism of aromatic compounds 
during curcumin production in genetically engineered C. glutamicum. The data represents log2FC 
of genes associated with the metabolism of aromatic compounds in the CUR-8 strain, as compared to 
the curcumin non-producing C. glutamicum ATCC 13032_pClik5α during the early production (T1) and 
major production phase (T2). 

Locus 
Tag 

Gene 
ID Product 

Log2FC 
T1 

Log2FC 
T2 

NCgl0278 phdT MFS transporter 2.02 1.01 

NCgl0279 phdA Long-chain fatty acid:CoA ligase 2.18 0.68 

NCgl0280 phdR MarR family transcriptional regulator -7.81 -8.22 

NCgl0281 phdB 3-Hydroxyacyl-CoA dehydrogenase -8.39 -8.71 

NCgl0282 phdC 3-Oxoacyl-CoA ketohydrolase (acetyl-CoA forming) -9.57 -9.83 

NCgl0283 phdD Acyl-CoA dehydrogenase -7.47 -7.42 

NCgl0284 phdE Enoyl-CoA hydratase -5.52 -7.49 

NCgl2320 benA Benzoate 1,2-dioxygenase large subunit 2.02 2.20 

NCgl2321 benB Benzoate 1,2-dioxygenase small subunit 2.30 2.59 

NCgl2322 benC Benzoate 1,2-dioxygenase electron transfer component BenC 2.24 2.40 

NCgl2323 benD 
1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate 

dehydrogenase 1.99 1.99 

NCgl2326 benE Benzoate/H+ symporter BenE family transporter 1.90 2.16 

NCgl2325 benK Benzoate transporter BenK 1.87 2.28 

NCgl2307 pcaI β-ketoadipate succinyl-CoA transferase subunit A 2.25 2.45 

NCgl1969 pcaB2 Adenylosuccinate lyase 1.22 1.23 

NCgl2299 vanR PadR family transcriptional regulator 1.68 1.61 

NCgl2922 genK Gentisate transporter 1.47 1.61 

NCgl2588 phe Phenol hydroxylase 1.07 1.27 

NCgl2923 nahG 3-Hydroxybenzoate 6-hydroxylase 1.02 0.87 

NCgl0234  Intradiol ring-cleavage dioxygenase 1.67 1.17 

NCgl1111 mhpA 
Bifunctional 3-(3-hydroxy-phenyl)propionate/3-

hydroxycinnamic acid hydroxylase 1.24 1.24 

NCgl0050  Phenol 2-monooxygenase 1.09 0.91 
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