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Summary 

Considering the heterogeneity of renewable feedstocks, biotechnological valorisation of advanced 

renewable feedstocks heavily relies on substrate utilization capacities of microorganisms. In this 

study, industrially important strains, C. glutamicum and S. lividans, were employed to valorise 

renewable feedstocks by deciphering catabolic pathways of lignin-derived aromatics and 

seaweed-derived mannitol. 

Through development of targeted analysis of aromatic CoA thioesters, β-oxidative degradation of 

phenylpropanoids in C. glutamicum was demonstrated. Metabolomic analysis revealed that 

metabolically engineered C. glutamicum strain processed the β-oxidative pathway more efficiently 

than the wild type. Additionally, cross-pathway interactions between ferulate and caffeate during 

degradation, as well as a decrease in acetyl-CoA pool in presence of aromatics, were observed. 

Based on systematic approaches, substrate utilization systems in S. lividans were identified. 

Moreover, production of two distinct classes of natural products, pamamycin and bottromycin, 

from renewable feedstock-derived monomers was demonstrated. Strikingly, utilization of 

aromatics activated ethylmalonyl-CoA pathway, resulting in a diversification of the pamamycin 

spectrum. As an advanced approach, minimally treated seaweed hydrolysate was utilized, 

showcasing the production of pamamycin. 
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Zusammenfassung 

In Anbetracht der Heterogenität erneuerbarer Rohstoffe hängt die biotechnologische Verwertung 

fortschrittlicher erneuerbarer Rohstoffe stark von den Substratnutzungsfähigkeiten der 

Mikroorganismen ab. In dieser Studie wurden die industriell wichtigen Stämme, C. glutamicum 

und S. lividans eingesetzt, um erneuerbare Rohstoffe, durch die Entschlüsselung der Abbauwege 

von aus Lignin gewonnenen Aromaten und aus Algen gewonnenen Mannitol, zu verwerten. 

Durch die Entwicklung einer gezielten Analyse von aromatischen CoA-Thioestern wurde der β-

oxidative Abbau von Phenylpropanoiden in C. glutamicum nachgewiesen. Die Metabolomanalyse 

ergab, dass ein metabolisch veränderte C. glutamicum-Stamm den β-Oxidationsweg effizienter 

nutzte als der Wildtyp. Darüber hinaus wurden stoffwechselwegübegreifende Interaktionen 

zwischen Ferulat und Kaffeesäure während des Abbaus, sowie eine Abnahme des Acetyl-CoA-

Pools in Gegenwart von Aromaten beobachtet. 

Auf der Grundlage systematischer Ansätze wurden Substratverwertungssysteme in S. lividans 

identifiziert. Darüber hinaus wurde die Produktion von zwei verschiedenen Klassen von 

Naturstoffen, Pamamycin und Bottromycin aus Monomeren von erneuerbaren Rohstoffen 

nachgewiesen. Bemerkenswerterweise aktivierte die Nutzung von Aromaten den Ethylmalonyl-

CoA-Stoffwechselweg,was zu einer Diversifizierung des Pamamycin-Spektrums führte. Als 

fortschrittlicher Ansatz wurde minimal behandeltes Seetanghydrolysat verwendet, um die 

Produktion von Pamamycin zu demonstrieren. 
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1 Introduction 

1.1 General introduction 

With increasing environmental concerns, the concept of sustainability in biotechnology has 

become a prominent focus leading to extensive research on the production of biofuels, bioenergy, 

and bio-based chemicals from renewable feedstocks. In the first major report on biotechnology on 

sustainable development in 1994 by OECD (OECD, 1994), highlighted four critical characteristics: 

production based on renewable feedstocks, mild production process, environmentally compatible 

products and generation of recyclable wastes. Subsequently, follow-up reports have been 

continuously published from OECD, promoting the utilization of renewable feedstock in industrial 

biotechnology.  

Biotechnology is considered as a promising solution for sustainable development, by shifting 

traditional petrochemical-based to biomass-based economy. However, despite immense global 

concerns about sustainability and intensive research on bioeconomic strategies (Popp et al., 

2021), questions still remain regarding the substitution of traditional feedstock in biotechnology, 

largely due to economic conflicts. The comparison between the value of industrial economics and 

the value of the global ecosystem in 1997 revealed that industrial economics significantly 

outweighed natural resources (Costanza et al., 1998), indicating the market bias towards to 

traditional fossil-based economics. Currently, the global economy and current circumstances are 

largely adjusted to petrochemical industry. Therefore, a bio-based economic necessitate cost-

efficient scaled-up processes and high performance to compete pre-existing systems in the market 

(Calvo-Flores & Martin-Martinez, 2022). Specifically, producing 'high-value complex molecules' 

from waste materials under mild conditions emerges as a key solution to address these economic 

conflicts (H. P. Meyer, 2011). 
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Traditionally, biomass, which constitutes the majority of renewable feedstock, has been consumed 

as foods, animal feeding, heating, construction materials, and other purposes. In biorefinery, 

biomass encompasses a wide range of materials, from plant biomass such as crops and wood, to 

microbes and algae (Kumar & Verma, 2021). Several critical challenges exist in utilizing biomass 

in biorefinery including feedstock availability, infrastructure, logistics, pretreatment, and land-use 

(Katakojwala & Mohan, 2021). In order to achieve a sustainable biorefinery environment, the value 

of product should be increased by obtaining multiple products from the renewable feedstock, 

ultimately, producing high-value low-volume (HVLV) chemicals and low-value high-volume (LVHV) 

in the process (Melero et al., 2012).  

To expand the bio-based economics, the adoption of microbial cell factories is regarded as a 

promising approach. Microbes efficiently utilize renewable feedstocks under mild conditions, 

requiring lower pressure and temperature compared to conventional chemical reactions, indicating 

lower energy inputs in a technoeconomic perspective (Erickson et al., 2012). Furthermore, 

microbes have the ability to selectively produce a wide range of products, thereby simplifying 

downstream processing.  

Despite the environmentally friendly procedures, a major concern with employing microbes for 

renewable feedstock is the diversity of substrates and the limited capacities of microorganisms for 

substrate utilization. The compositions of raw materials are largely various depending on type, 

seasons, and regions. Commonly used microorganisms in biotechnology, including E. coli and 

C. glutamicum, naturally possess the capability to catabolize only a limited spectrum of advanced 

renewable feedstocks. Hence, the development of finely tuned engineered cells is essential to 

expand the substrate spectrum or improve tolerance levels (Buschke et al., 2013). This feasibility 

of metabolic engineering in microbial cell factories further enhances the attractiveness of utilizing 

microorganisms (Straathof et al., 2019).  
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1.2 Objectives 

This study aims to improve the utilization of renewable resources for natural product production 

through microbial cell factories by investigating catabolic pathways involved in the utilization of 

renewable feedstock-derived monomers in Actinomycetes, including S. lividans and 

C. glutamicum. 

For C. glutamicum, the objective includes conducting a metabolomic analysis using LC-MS/MS to 

understand the catabolic pathways of aromatic compounds, ultimately advancing strategies for 

lignin valorization. After establishing the enzymatic synthesis of aromatic CoA thioesters, the study 

should focus on optimizing LC-MS/MS methods to explore intracellular aromatic CoA thioesters 

and analyze their influence on central metabolism. 

For S. lividans, systematic transcriptomic and metabolomic analyses should be conducted to 

identify mannitol- and aromatic-catabolic systems. After identifying genes involved in catabolism, 

the study will also explore how these substrates affect central metabolism and natural product 

formation. 

Overall, the study should demonstrate the production of high-value low-volume (HVLV) and low-

value high-volume (LVHV) materials from renewable sources. By utilizing lignin-based aromatics 

and seaweed-based mannitol in S. lividans and C. glutamicum, their potential to create valuable 

pharmaceuticals from renewable feedstocks should be showcased. 
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2 Theoretical background 

2.1 Advanced renewable feedstocks for microbial cell factories 

Depends on characteristics and origin of feedstocks, pretreatment and microbial production 

process are largely influenced. Sugar-rich renewable feedstock (first generation) contains high 

carbohydrates contents, such as starch and sugar, and can be easily fermented into biofuels and 

value-added products (Lee & Lavoie, 2013). Typically, the agricultural crops are pretreated via 

hydrolysis, dissolution, and saccharification before being utilized as substrates for fermentation 

(Singh et al., 2023). The utilization of food-based renewable feedstock is highly commercialized, 

with approximately 1,000 biorefinery companies producing ethanol (Straathof et al., 2019). 

However, this competition of land-use contributes to increased food prices and global starvation 

(Singh et al., 2023), as well as environmental pollution by using pesticides and fertilizer (Mishra et 

al., 2020). 

On the contrary, advanced renewable feedstocks, including non-food terrestrial waste (second 

generation) and algae (third generation) (Lee & Lavoie, 2013; Singh et al., 2023; Straathof et al., 

2019), are promising resources for sustainable biotechnology as they are readily available and do 

not compete with food production. Non-food terrestrial wastes, such as lignocellulose, are widely 

available worldwide, inexpensive, require less fertilizer, and are also produced as industrial wastes 

(Abraham et al., 2020). However, due to their rigid chemical structures, lignocellulosic materials 

require harsh pretreatment processes, including depolymerization. Globally, fewer than 10 

companies produce bioethanol from lignocellulosic biomass, primarily focusing on cellulose 

utilization (Straathof et al., 2019). 

Compared to lignocellulosic biomass, algae-based renewable feedstocks contain high levels of 

carbohydrates and proteins, while lignin contents are low (Poblete-Castro et al., 2020), 

necessitating relatively milder pre-treatment conditions those required for lignocellulosic biomass. 
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With its rapid growth, high abundance (Poblete-Castro et al., 2020), and significant potential for 

CO2 capture (Sayre, 2010), seaweed shows promise as an advanced renewable feedstock. 

However, its commercialization is currently limited to food and animal feeds, and energy 

production and valorisation are confined to demonstration or pilot scale (Straathof et al., 2019). 

2.1.1 Lignin as a second-generation renewable feedstock 

2.1.1.1 Applied and relevant use of lignin 

Lignin, a second-generation renewable feedstock and the second most abundant polymer on 

earth, is a primary component of plant biomass along with cellulose and hemicellulose (Boudet, 

1998). Globally, abundance of native lignin is over 300 billion tonnes, with an increase of 20 billion 

tonnes per year (Smolarski, 2012). Technical lignin, a side product of pulp and paper industry and 

biorefineries, is particularly produced over 70 billion tonnes (Luo & Abu-Omar, 2017), with an 

expected annual growth of 225 million tonnes by 2023 (Bajwa et al., 2019). Unlike cellulose and 

hemicellulose in plant biomass, which are extensively used in industries for the production of pulp, 

textiles, or chemicals (Akagawa et al., 1995; Mathews et al., 2015; Reddy & Yang, 2005), lignin 

has been underutilized due to its structural complexity and recalcitrance. The majority of technical 

lignin produced by industrial waste is simply burned to generate heat, valued at approximately 

$0.08 per kg (Luo & Abu-Omar, 2017).  

Recent studies have sought to address this underutilization by demonstrating microbial 

valorisation of lignin-derived aromatics into fine-chemicals. For example, cis, cis-muconate, a 

precursor for biodegradable polymers, has been produced in various microorganisms, including 

Sphingobium sp. strain SYK-6 (Sonoki et al., 2018), Amycolatopsis sp. strain ATCC 39116 

(Barton et al., 2018), P. putida KT2440 (Kohlstedt et al., 2022), and C. glutamicum (Weiland et al., 

2023). Lipid production has been predominantly performed using Rhodococcus strains such as 

R. opacus DSM1069 (Kosa & Ragauskas, 2012), R. jostii RHA1 (He et al., 2017), and R. opacus 
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PD630 (Z. H. Liu et al., 2018). Furthermore, vanillin, a food additive, has been produced using 

P. putida KT2440 (Graf & Altenbuchner, 2014) and Amycolatopsis sp. strain ATCC 39116 (Fleige 

et al., 2016). The production of polyhydroxyalkanoate (PHA), a biodegradable plastic, has been 

successfully demonstrated using P. putida KT2440 (Salvachúa et al., 2020).  

2.1.1.2 Chemical structure of lignin 

Lignin is composed of phenylpropanoids linked via mainly C-C and C-O bonds including β-O-4, α-

O-4, β-1, β-β, 4-O-5, β-5, and 5-5 (Ralph et al., 2004), contributing the cell wall rigidity (Schuetz 

et al., 2014), protection against pests and pathogens (Ithal et al., 2007), and various environmental 

stresses (Q. Liu et al., 2018; Moura et al., 2010). Lignin building blocks, mainly phenylpropanoids, 

are classified into p-coumaryl alcohol (H unit, one hydroxy group on aromatic ring), caffeoyl alcohol 

(C unit, harbouring two hydroxy group), coniferyl alcohol (G unit, containing one methoxy group), 

sinapyl alcohol (S unit, possessing two methoxy groups), and cinnamoyl alcohol (a precursor of 

building blocks; no hydroxy or methoxy group) (Abdelaziz et al., 2016; Becker & Wittmann, 2019).  

The distribution of monolignols exhibits notable variations depending on the plant types 

(Ponnusamy et al., 2019). Softwoods lignin is composed of majority of 90-95% of coniferyl alcohol 

(G unit), whereas grasses and hardwoods include 75% and 50%, respectively. Sinapyl alcohol (S 

unit) is mainly found in hardwoods (50%), observed in low contents in softwoods (5-10%) and 

grasses (25%). In contrast, p-coumaryl alcohol (H unit) found in softwoods (5%) (Brunow, 2005; 

Ponnusamy et al., 2019).  

2.1.1.3 Microbial utilization of lignin-derived monomers 

The biotechnological valorisation of lignin requires depolymerization steps, achieved through 

thermal, chemical, or biological processes (Fig. 1) (Chio et al., 2019; N. N. Zhou et al., 2022). This 

heterogeneity of lignin types and depolymerization processes leads to diverse variation in the 

production of aromatic monomers (Abdelaziz et al., 2016; Lancefield et al., 2016; Schutyser et al., 

2018) including ferulate, p-coumarate, caffeate, catechol, guaiacol, among others (Becker & 
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Wittmann, 2019; Weiland et al., 2022). In order to overcome selective valorisation of lignin, 

“biological funnelling” using microorganism has been explored, allowing production of uniform 

compounds (Linger et al., 2014). 

In bacterium, p-coumaryl alcohol, caffeoyl alcohol, coniferyl alcohol, and cinnamoyl alcohol are 

funnelled into either catechol or protocatechuate as main intermediates, and further processed 

into central metabolism by cleaving aromatic ring structure (Becker & Wittmann, 2019; Mohammad 

& Bhukya, 2022; R. Zhang et al., 2019) (Fig. 2). 

The ring-cleavage pathways of catechol and protocatechuate are highly conserved and well-

characterized in diverse bacteria (Harwood & Parales, 1996). Protocatechuate is cleaved at three 

different sites by distinct enzymes: 2,3-dioxygenase, 3,4-dioxygenase, and 4,5-dioxygenase, 

respectively. The 2,3-cleavage of protocatechuate leads to formation of 5-carboxy-2-hydroxy-

muconate semialdehyde which is ultimately converted into acetyl-CoA and pyruvate, consuming 

2 NAD and yielding 2 NADH (Kasai et al., 2009). The 3,4-cleavage of protocatechuate, widely 

distributed and the major aromatic degradation pathway among soil bacteria, involves catalysis of 

protocatechuate into 3-carboxy-cis, cis-muconate by protocatechuate 3,4-dioxygenase. This 

compound is then processed via β-ketoadipate pathway, yielding acetyl-CoA and succinyl-CoA 

(Iwagami et al., 2000). Protocatechuate 4,5-dioxygenase catalyses protocatechuate to 4-carboxy-

2-hydroxy-muconate semialdehyde, consuming 1 NADP and ultimately resulting in production of 

1 NADPH and 2 pyruvates (Masai et al., 2007).  
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Figure 1. Biotechnological lignin valorisation using microbial cell factories. Lignin is a complex polymer composed of 
phenylpropanoids linked via diverse C-O and C-C bonds. Lignin undergoes depolymerization through thermochemical, chemical, and 
biological methods, yielding a variety of aromatic monomers. Microorganisms channel these aromatics into three main intermediates: 
protocatechuate, catechol, and gallate, which are further degraded via ring-opening processes and utilized in central metabolism.
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In case of catechol, 1,2-(ortho) cleavage pathway provides a more efficient conversion of carbon 

to biomass while 2,3-(meta) cleavage of catechol is only feasible when 1,2-cleavage pathway is 

not available (Aghapour et al., 2013). By catechol 1,2-dioxygenase, catechol is converted to cis, 

cis-muconate, and is further processed to generate acetyl-CoA and succinyl-CoA through β-

ketoadipate pathway. The 2,3-cleavage of catechol, initiated by catechol 2,3-dioxygenase, leads 

to production of acetyl-CoA and pyruvate, using 2 NAD and resulting in 2 NADH. Gallate and 3-

O-methylgallate are exclusively observed in the degradation pathway of sinapyl alcohol, such as 

sinapate and syringate, resulting in the formation of 4-oxalomesaconate or 2-pyrone-4, 6-

dicarboxynate, respectively. These compounds are intermediates in the protocatechuate 4,5-

cleavage pathway, ultimately yielding 2 pyruvates.  

On contrast, the conversion of primary lignin metabolites to main intermediates, often called the 

“upper pathway”, significantly differs depending on microorganisms. In general, the degradation 

of the lignin metabolites is classified into four categories: (1) CoA dependent β-oxidation pathway, 

(2) CoA dependent retro-aldol reaction, (3) CoA independent retro-aldol reaction and (4) CoA 

independent side chain reduction (Gallage & Møller, 2015; Priefert et al., 2001; Z. Xu et al., 2019).  

Phenylpropanoids are first converted to their respective aromatic CoA thioesters by ligase in the 

CoA-dependent reaction (Fig. 2). These aromatic CoA thioesters are further hydrated to form 3-

hydroxy-aromatic CoA thioesters, which are further oxidized to 3-oxo-aromatic CoA thioesters in 

β-oxidation pathway (1) or produce aldehydes by release of acetyl-CoA via retro-aldol reaction 

(2). In the CoA-independent pathways, the phenylpropanoids are converted to 3-hydroxy-

molecules, then form aldehydes by removal of acetate on side chain (3) or simply reduced (4) to 

yield C2-side chain shortened molecules before forming protocatechuate (Fig. 3). 

 



Introduction 

10 

 

Figure 2. The CoA thioester-coupled metabolism of lignin monomers. The biosynthesis and 
degradation of lignin monomers extensively involve the formation of aromatic CoA thioesters. The 
biosynthesis of lignin monomers begins from phenylalanine or tyrosine, which are converted into 
cinnamate and p-coumarate, respectively. In the biosynthesis of lignin monomers (indicated with 
grey line), cinnamate is converted into p-coumarate, which is subsequently converted into caffeate, 
ferulate, and sinapate. All aromatic monomers are converted into their respective CoA thioesters, 
ultimately polymerized to form lignin structure. The CoA-dependent degradation of lignin 
monomers (indicated with black line) involves either a retro-aldol reaction or β-oxidation, which 
can optionally undergo O-demethylation depending on the presence of methoxy group, before 
entering central metabolism. 
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The β-oxidation cycle reaction has been extensively studied in fatty acid degradation (Kallscheuer 

et al., 2016). In general, the β-oxidation of fatty acid is initiated with CoA-activation and yield acyl-

CoA thioesters by ATP-dependent ligase, and further catalysed to trans-enoyl-CoA via 

dehydration. Sequentially, 3-hydroxyacyl-CoA is formed by an addition of water molecule, then 3-

hydroxyl group of the molecule is oxidized to form 3-oxoacyl-CoA. The 3-oxoacyl-CoA is cleaved 

into two molecules: acetyl-CoA and acyln-2-CoA by thiolase.  

The β-oxidative degradation of aromatics is a branch of β-oxidation cycle reaction (Świzdor et al., 

2012). For example, similar to fatty acid degradation, ferulate is catalysed to feruloyl-CoA using 

ATP and CoA-SH, and hydrated to 3-hydroxyferuloyl-CoA afterwards. Subsequently, the 3-

hydroxyferuloyl-CoA is oxidized to yield 3-oxoferuloyl-CoA. The 3-oxoferuloyl-CoA is further 

divided into vanillyl-CoA (acyln-2-CoA) and acetyl-CoA by thiolase or to vanillate and acetyl-CoA 

by hydrolase.  

The CoA-dependent β-oxidation of phenylpropanoids via hydrolysis has been reported in R. jostii 

RHA1 (Sainsbury et al., 2013), A. fabrum (Campillo et al., 2014), and A. niger (Lubbers et al., 

2021) while Rhodococcus sp. I24 (Plaggenborg et al., 2006) encodes 3-ketoacyl thiolase, implying 

degradation through the formation of vanillyl-CoA.  

The retro-aldol reaction during hydroxycinnamate degradation occurs both in the CoA-dependent 

and independent pathways. Analogous to the CoA-dependent β-oxidation pathway, 

hydroxycinnamates are CoA-activated as the first step of CoA-dependent retro-aldol reactions. In 

this pathway, the side chain of 3-hydroxyacyl-CoA is simply cleaved off, producing acetyl-CoA and 

an aldehyde. Conversely, the CoA-independent retro-aldol reactions occur in the same manner 

as CoA-dependent retro-aldol reactions but without CoA activation, resulting in the release of 

acetate instead of acetyl-CoA. Vanillin is a common intermediate of the retro-aldol reaction during 

ferulate degradation, formed by cleavage of the side chain of 3-hydroxy-feruloyl-CoA or 3-hydroxy-

ferulate, producing of acetyl-CoA or acetate, respectively. 
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Figure 3. The degradation pathway of ferulate. The microbial degradation of ferulate can be 
achieved via CoA dependent β-oxidation pathway (1), CoA dependent retro-aldol reaction (2), 
CoA independent retro-aldol reaction (3), and CoA independent side chain reduction (4). In the 
CoA-dependent pathway, ferulate is first converted into feruloyl-CoA (highlighted with green), then 
further converted to vanillate via a β-oxidation pathway (1) or a retro-aldol pathway (2, non β-
oxidation pathway). In CoA independent pathway (highlighted with blue), ferulate is degraded via 
retro-aldol reaction (3) or reduction (4). 
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The CoA-dependent retro-aldol reaction is the most abundant phenylpropanoid degradation 

pathway in bacteria (Priefert et al., 2001), identified in P. fluorescens (Narbad & Gasson, 1998), 

Pseudomonas sp. HR199 (Priefert et al., 1999), Amycolatopsis sp. strain HR167 (Achterholt et 

al., 2000), D. acidovorans (Plaggenborg et al., 2001), S. paucimobilis SYK-6 (Masai et al., 2002), 

P. putida KT2440 (Plaggenborg et al., 2003), Streptomyces sp. strain V-1 (Yang et al., 2013), and 

N. aromaticivorans DSM12444 (Cecil et al., 2018). 

The CoA-independent retro-aldol reactions of phenylpropanoid degradation was identified in 

P. acidovorans (Toms & Wood, 1970), B. subtilis (Gurujeyalakshmi & Mahadevan, 1987), 

S. cerevisiae, P. fluorescens (Huang et al., 1993), and P. mira (Jurková & Wurst, 1993). 

Interestingly, C. glutamicum ATCC 13032 (Brinkrolf et al., 2006; Kallscheuer et al., 2016; Merkens 

et al., 2005), R. opacus PD630 (Cai et al., 2020), and Amycolatopsis sp. 39116 (F. Meyer et al., 

2018) possess both β-oxidation and retro-aldol reactions, complementing each other. 

Side chain reduction is exclusively observed under anaerobic conditions (Rosazza et al., 1995). 

The reaction is initiated by the hydride attack on a quinoid intermediate, resulting in the saturation 

of the side chain and formation of phenylpropionate. The reduction of hydroxycinnamate is 

catalysed in P. cepacia (Andreoni et al., 1984) and W. succinogenes (Ohmiya et al., 1986). 

2.1.2 Seaweeds as a third-generation renewable feedstock  

Marine macro-algae, commonly known as seaweeds, are multicellular, eukaryotic, and autotrophic 

chlorophyll-containing organisms, categorized into three main groups: Chlorophyta (green algae), 

Rhodophyta (red algae), and Phaeophyceae – Ochrophyta (Brown algae) (El Gamal, 2010). They 

are distributed horizontally in oceans depending on geometric, biotic, and abiotic conditions (Zhao 

et al., 2022). Green seaweeds, such as Chaetomorpha, Codium, Enteromorpha, Ulva, and 

Caulerpa, are located in intertidal zone whereas brown seaweeds including Sargassum, Laminaria, 

Dictyota, and Turbinaria, occupy tidal or upper subtidal zones and red seaweeds including 
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Gracilaria, Ceramium, Acanthophora, Gelidiella, and Eucheuma, are typically found in subtidal 

waters (Doty, 1946).  

2.1.2.1 Production of Seaweeds 

Seaweeds are acquired through both in ocean farming and wild harvest. The production of 

seaweeds has increased exponentially over the decades, from 0.56 million (wet) tonnes in 1950 

to 35.8 million (wet) tonnes in 2019 (FAO, 2021). In 2021, over 97% of seaweed and microalgae 

production occurred in Asia countries, predominantly 56.8% in China, 27.8% in Indonesia and 5% 

in the Republic of Korea. Despite the presence of over 10,000 seaweed species in the marine 

environments, only 48 species are cultivated or harvested. Brown seaweeds, particularly 

Laminaria, Saccharia (Kombu), and Undaria, along with red seaweeds including Kappaphycus, 

Eucheuma, Gracilaria, Porhyra (Nori), and Pyropia dominate over 99% of total seaweed 

production, valued at 33.1 million USD (FAO, 2021). Over 70% of seaweeds is consumed as 

foods, while the remaining 30 % is utilized as feed, or processed for the extraction of ingredients 

such as polysaccharide, proteins, lipids, and pigments (Torres et al., 2019). In terms of wild 

collection, Sargassum grows freely from Caribbean and the north equatorial Atlantic to the west 

coast of Africa and Guinea, forming gigantic belts (Gower & King, 2019). Since 2011, an increase 

in the size and density of Sargassum mats has been observed, likely due to climate change. 

Despite of the natural formation of massive seaweed mats, the percentage of wild harvest 

seaweeds is limited to about 1 million (wet) tonnes, compared to 34.7 million (wet) tonnes of 

cultivated seaweeds (FAO, 2021). 

2.1.2.2 Chemical Composition of Seaweeds 

Seaweed biomass can vary intraspecies based on cultivation conditions such as temperature, 

light and seasons (Vilg et al., 2015). Seaweed biomass consists of mainly carbohydrates, mannitol, 

proteins, and minerals, constituting over 70% of total contents (Olsson et al., 2020). Particularly, 

brown seaweeds contain relatively high levels of phlorotannin and other phenolic compounds, 
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comprising up to 30 % of total dry weight (Stiger-Pouvreau et al., 2014). The carbohydrates and 

mineral contents in seaweeds varies by species (Olsson et al., 2020). Mannitol and protein 

concentrations also exhibit significant species-specific variations. For example, Rhodophyta (red 

seaweeds) contain high levels of proteins ranging from 100 to 200 g kg-1 dry weight and lacks 

mannitol, while Phaeophyceae (brown seaweeds) encompass approximately 59 to 120 g kg-1 dry 

weight of proteins and mannitol concentrations ranging 24 to 197 g kg-1 dry weight (Olsson et al., 

2020). Apart from free carbohydrates like mannitol, seaweed carbohydrates are predominantly 

composed of monosaccharides bound by various glycosidic linkages, resulting in structurally 

diverse polysaccharides across different seaweed species (Salehi et al., 2019). Unlike terrestrial 

biomass, seaweeds contain either absence or very low amounts (less than 8% mass of dry 

biomass ) of lignin, promoting efficient valorisation using microbial cell factories (Sadhukhan et al., 

2019).  

2.1.2.3 Applied and relevant use of seaweeds 

Seaweeds are considered as a third-generation renewable feedstock due to their rapid grow rate, 

minimal interventions requirements (Poblete-Castro et al., 2020), and contribution to atmospheric 

carbon sink (Sayre, 2010). Apart from their traditional uses in food, biofertilizers, and medicine, 

seaweeds contain valuable industrial chemicals (Leandro et al., 2019) (Table 1). Phycocolloids 

such as agar, alginate, and carrageenan are polysaccharides that serve as gelling agents and find 

applications as food additives, cosmetic ingredients, and in pharmaceuticals (Lomartire & 

Gonçalves, 2023; Poblete-Castro et al., 2020). Besides polysaccharides, bioactive molecules 

including proteins, antioxidants, pigments, lipids, and polyunsaturated fatty acids are extracted 

from seaweeds.  
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Table 1. Industrially important seaweed-derived bioactive molecules beneficial for human 
health. 

Type of compounds Compound Property and usage Reference 

Polysaccharides Agar Gelling agents/Food (Lomartire & Gonçalves, 2023) 

 Cellulose Paper/Pulps/Textiles (Baghel et al., 2021) 

  Pharmaceutical/Cosmetic/Food  

 Carrageenan Anti-viral/Anti-tumour (Lomartire & Gonçalves, 2023) 

  Pharmaceutical/Cosmetic/Food  

 Fucoidan Anti-oxidant/Anti-viral/Anti-tumour (Song et al., 2020) 

  Anti-inflammatory   

 Alginate Anti-bacterial/Anti-inflammatory (Aliste et al., 2000) 

  Thickener/Stabilizer/Colloidal agent  

 laminarin Anti-bacterial/Anti-viral (Choudhary et al., 2021) 

  Antioxidant/Prebiotic  

Proteins/ Amino acids Lectin Anti-viral 
Cancer biomarker/Drug delivery 

(Bleakley & Hayes, 2017) 
(Choudhary et al., 2021) 

 Phycobiliproteins Natural dye/Anti-oxidant 
Anti-viral/Anti-tumour/ 
Anti-inflammatory 

(Bleakley & Hayes, 2017) 
(Choudhary et al., 2021) 

 Acidic amino acids Dietary (Aguilera-Morales et al., 2005) 

Pigments Fucoxanthin Anti-obesity/Anti-proliferative (Woo et al., 2009) 

 β-Carotene Anti-oxidant/Anti-inflammatory/  
Anti-obesity/Anti-tumour 

(Tan & Norhaizan, 2019) 

 Chlorophyll a Anti-oxidant/Anti-inflammatory/  
Anti-obesity/Anti-cancer  

(Chen et al., 2017) 

Polyphenol Phlorotannin Anti-oxidant/Anti-inflammatory/  
Anti-proliferative 

(Dutot et al., 2012) 

Fatty acids Omega-3 Nutritional (Choudhary et al., 2021) 

 Omega-6 Nutritional (Choudhary et al., 2021) 

 

In terms of biorefinery processes, seaweeds require relatively mild pretreatment due to lignin-free 

nature. Research on seaweed biorefinery primarily aims to replace petrochemicals, particularly in 

energy (biofuel) production. The energy (biofuel) production from seaweeds has been extensively 

discussed (Torres et al., 2019). The electricity selling price from seaweeds is evaluated at USD 

154 per MWh, which is relatively lower than existing thermal sources (USD 250 ± 10 MWh) (Yong 

et al., 2022). With the growth of aquaculture systems, it is projected that 0.3 billion wet tonnes of 

seaweeds can be generated alongside additional seafood harvesting (0.5 billion wet tonnes). 

Macroalgae-for-energy has the potential to generate a worth of USD 30 billion per year at USD 

100 per dry tonnes (Capron et al., 2020). Regarding biofuels, anaerobic digestion of seaweeds 

has been explored for production of biomethane (Tabassum et al., 2017), ethanol (Chades et al., 

2018; Sasaki et al., 2018; I. Sunwoo et al., 2019; Xia et al., 2015), biodiesel (X. Xu et al., 2014), 
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and butanol (X. Hou et al., 2017; Potts et al., 2012; I. Y. Sunwoo et al., 2018). However, the studies 

have been conducted on a laboratory scale, yet achieving optimal yields remains a challenge. 

Currently, the size of the seaweed farms exclusively for biofuel production is not available, with 

the industry heavily dependent on high-value native products, including bioactive compounds 

derived from seaweeds (Yong et al., 2022). As seaweed biomass comprises predominantly 

carbohydrates, mannitol, and proteins, which are conventional substrates for microorganisms, 

allowing an option to valorise seaweeds for other high-value products from seaweeds and 

seaweed industry wastes using microbial cell factories (Poblete-Castro et al., 2020).  

Despite of challenges including variation of carbohydrates, pre-requisition of polysaccharide 

degradation, or mixture of sugars, a cascaded valorisation of seaweed using microbial cell 

factories such as production of lactate (Mazumdar et al., 2014), L-lysine (Hoffmann et al., 2021), 

and riboflavin (Pérez-García et al., 2022) has been successfully demonstrated, opening up 

opportunities for utilizing industrial wastes from seaweed products. 

2.1.2.4 Microbial utilization of mannitol 

Mannitol, a six-carbon sugar alcohol, is utilized as a storage compound and can comprise up to 

30% of the composition in brown seaweed (Peng et al., 2011; Reed et al., 1985). Typically, 

mannitol is used as a carbon source for cultivation of Streptomyces (Quinn et al., 2020) and in the 

production of natural products, including geosmin (Schrader & Blevins, 2001) and streptomycin 

(Dulaney, 1949).  

Compared to glucose, which is a common substrate for microbial cell factories, the utilization of 

mannitol can lead to the relief of carbon catabolite repression (CCR). In Pseudomonas species, 

where glucose is the preferred carbon source, the presence of mannitol induces the binding of 

CrcZ, a small RNA, to the RNA-binding protein Crc. This interaction results in the release of mRNA 

from Crc-mediated translational repression, allowing for the expression of genes involved in 
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utilizing alternative carbon sources like mannitol (Sánchez et al., 2010). In Streptomyces, deletion 

of bld genes influenced on carbon-source dependent gene regulation as well as formation of 

secondary metabolites and aerial mycelium. When grown on mannitol instead of glucose, the 

repression of specific bld genes like bldA, bldG, and bldH is relieved differently. This shift can 

affect the formation of aerial mycelium and the production of secondary metabolites in 

Streptomyces strain(Sánchez et al., 2010). 

Intriguingly, microbial catabolism and uptake of mannitol varies significantly depending on the 

microorganism involved. In bacteria, mannitol is taken up by three different types of transporters: 

phosphotransferase system (PTS), ATP-binding cassette (ABC) transporters, or major facilitator 

superfamily (MFS) transporter.  

Mannitol is phosphorylated into mannitol 1-phophate during transportation to the cytoplasm 

through mannitol-specific PTS system. Once inside the cytoplasm, mannitol 1-phosphate is 

converted to fructose 6-phosphate by mannitol 1-phosphate dehydrogenase (Novotny et al., 1984), 

and further utilized in glycolysis. The mannitol-specific transporter has been discovered in E. coli 

(Postma et al., 1993), B. subtilis (Watanabe et al., 2003), B. stearothermophilus (Henstra et al., 

2000), A. baylyi (Sand et al., 2013), C. acetobutylicum (Behrens et al., 2001), and S. mutans 

(Honeyman & Curtiss, 1992). 

In case of P. fluorescens (Brünker et al., 1998), P. inhibens (Wiegmann et al., 2014), and 

Z. galactanivorans (Groisillier et al., 2015), mannitol is transported into the cytoplasm via ABC 

transporter and converted into fructose by mannitol 2-dehydrogenase. Subsequently, fructose is 

likely further converted into fructose 6-phosphate by fructokinase, with the corresponding gene 

located in the mannitol catabolic operon, then enters into glycolysis. 

In contrast to other bacteria, mannitol is transported through the MFS mannitol transporter (MtlT) 

in C. glutamicum, and then oxidized to fructose by mannitol 2-dehydrogenase (MtlD). Interestingly, 
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fructose appears to be excreted outside the cell and subsequently re-uptaken by the fructose-

specific PTS transporter (PtsF) and converted into fructose 1-phosphate, which is then 

phosphorylated into fructose 1,6-bisphosphate by 1-phosphofructokinase (PfkB) (Peng et al., 

2011). Ultimately, fructose enters glycolytic metabolism through double phosphorylation by the 

fructose-specific PTS transporter and 1-phosphofructokinase, compensating for the absence of 

fructokinase (Dominguez & Lindley, 1996).  

 

2.2 Products: From renewable feedstocks to natural products 

Natural products (NPs) represent a diverse array of chemical structures with significant biological 

activities, synthesized through complex enzymatic systems. Importantly, they serve as major 

sources of therapeutics, including anti-cancer, anti-infection, anti-inflammation, and 

immunosuppressive agents, providing significant benefits to human health (D. Park et al., 2021; 

Pham et al., 2019). 

The majority of NPs is produced by bacteria, especially family Actonomycetaceae (Bérdy, 2012). 

Currently, the production of NPs by microorganisms heavily relies on food-based feedstocks 

(Drescher & Kienberger, 2022; Ögmundarson et al., 2020). The food-based carbon substrates 

such as glucose and starch, as well as protein substrates including soybean, yeast extract, and 

peptones are commonly used in microbial cell factories for the production of NPs due to their 

availability and ability to support robust growth and metabolite production (Ahsan et al., 2017; 

Elibol, 2004; Lichtenthaler & Peters, 2004; Wang et al., 2011). However, despite high 

technological readiness levels of agricultural feedstocks (Ögmundarson et al., 2020), it has raised 

concerns about their impact on the competition for land-use (Jong et al., 2020; Straathof et al., 

2019), demanding the development of sustainable alternative feedstock utilization. 
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The synthesis of NPs using renewable feedstocks is an emerging area of research that holds 

promise for sustainable production of high-value pharmaceuticals and other valuable compounds. 

While there has been significant progress in utilizing renewable feedstocks like lignin-derived 

monomers for green chemical synthesis of active pharmaceutical ingredients (APIs), such as 

paracetamol, aspirin, and amoxicillin (J. Park et al., 2021), the focus on microbial cell factories for 

NP synthesis from advanced renewable sources has been relatively limited. 

Moving forward, expanding research efforts into microbial cell factories for NP synthesis, 

specifically focusing on two major classes — polyketides (PKs) and ribosomally synthesized and 

post-translationally modified peptides (RiPPs) — from renewable feedstocks, could lead to 

innovative processes addressing sustainability concerns in pharmaceutical production. This 

includes exploring the metabolic capabilities of microorganisms to efficiently convert renewable 

substrates into complex pharmaceuticals, thereby reducing reliance on traditional feedstocks and 

contributing to a more sustainable pharmaceutical industry. 

2.2.1 Bottromycin as a promising antimicrobial peptide 

In general, RiPPs are considered as a major class of NPs together with PKs, non-ribosomal 

peptides (NRPs), and isoprenoids (D. Park et al., 2021). The biosynthesis of RiPPs involves 

peptides ranging from ~20 to 110 residues of proteinogenic amino acids, which are then post-

translationally modified by enzymes, resulting in a vast diversity of structures (Arnison et al., 2013). 

At the genomic level, the biosynthetic genes responsible for RiPPs in bacteria are typically 

clustered at a single locus. This biosynthetic cluster of RiPPs includes a gene for the precursor 

peptide and a series of genes encoding enzymes that facilitate post-translational modification. In 

most cases of RiPP biosynthesis, the precursor peptide consists of a core peptide that serves as 

the scaffold for the final product, along with a leader peptide located at the N-terminus of the core 

peptide. The leader peptide acts as a recognition signal for post-translational enzymes and is 
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eventually removed by proteases (Skinnider et al., 2016). RiPPs encompass a wide range of 

natural product such as lanthipeptides, proteusins, linear azol(in)e-containing peptides, 

cyanobactins, bottromycin, lasso peptides, microviridins, among others (Arnison et al., 2013) 

Bottromycin 

Bottromycin is a RiPP antibiotic effective against Gram-positive pathogens (Kobayashi et al., 2010; 

Waisvisz et al., 1957b) by inhibiting protein synthesis. In detail, bottromycin A2 binds to aminoacyl-

tRNA binding site (A site) of 50S ribosome in prokaryotes, thereby disrupting the correct 

positioning (Otaka & Kaji, 1976, 1981, 1983). The structure of bottromycin consists of a 

macrocycle heptapeptide formed from four amino acids via amidine linkage, C-methylated 

unnatural amino acids, D-aspartate, and an exo-thiazole (Franz et al., 2021). Bottromycin is 

naturally produced by several Streptomyces species including S. sp. BC16019 (Huo et al., 2012), 

S. bottropensis DSM 40262 (Gomez-Escribano et al., 2012), S. sp. WMMB272 (Y. Hou et al., 

2012), and S. scabies (Crone et al., 2012), sharing a majority of the identical biosynthetic gene 

cluster (BGC) responsible for bottromycin production (Franz et al., 2021). 

The BGC of bottromycin typically consist of 13 genes, including one precursor peptide (botA), 

MFS transporter (botT), regulatory protein (botR), O-methyltransferase (botM), cytochrome P450 

(botJ), two YcaO-domains (botC and botD), three hydrolase-like proteins (botH, botI, botP), and 

three radical SAM methyltransferases (botB, botG and botS) (Crone et al., 2012; Franz et al., 2021; 

Huo et al., 2012) (Fig. 4B). Uniquely, the bottromycin precursor gene encodes a core peptide, 

(M)GPVVVFDC, and a follower peptide, which distinguishes it from other RiPP precursor peptides 

that consist of a leader peptide followed by a core peptide (Franz et al., 2021; Huo et al., 2012). 

The follower peptide acts as a recognition sequence, then is subsequently cleaved off with an act 

of amidohydrolase (BotI). The precursor peptide gene consists of 44 amino acids, 7 core peptides 

and 36 follower peptides in S. sp. BC16019, covering 14 amino acids in 20 canonical amino acids 

(Fig. 4A). 
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Figure 4. The origin and biosynthetic gene cluster (BGC) of bottromycin A2. The biosynthesis 
of peptide antibiotic bottromycin requires 14 amino acids: alanine, valine, leucine (PYR-derived), 
phenylalanine, tryptophane (PEP+E4P derived), cysteine, glycine (3PG-derived), glutamate, 
proline (2OG-derived), and aspartate, asparagine, methionine, threonine (OAA-derived) (A). The 
bottromycin A2 BGC used in this study, originally derived from S. sp. BC16019, was engineered 
by integrating P41 pair of synthetic promoters between botM and botB (Horbal et al., 2018) (B). 
The figure was modified from a previously published paper (Seo et al., 2023). 

 

Despite of the early discovery of bottromycin in 1950s (Elgersma et al., 1955; Waisvisz et al., 

1957a; Waisvisz et al., 1957b), its production in the lab-scale fermentation remains extremely low 

(Crone et al., 2012; Horbal et al., 2018; Huo et al., 2012), reaching approximately 20 µg L-1 in 

S. coelicolor A3(2) (Huo et al., 2012). Heterologous expression of bottromycin BGC has been 

explored in several studies to enhance the production of bottromycin. 
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The regulation of the bottromycin BGC was elucidated in S. scabies, revealing that transcriptional 

start sites are located in between botM and botB, with a transcriptional start site within botB (Vior 

et al., 2020). Heterologous expression of the bottromycin BGC from S. sp. BC16019 in S. albus 

J1024 and S. coelicolor A3(2) was demonstrated using a pOJ436-based cosmid library, 

successfully producing bottromycin A2 (Huo et al., 2012). The cosmid library including the 

bottromycin BGC is further simplified by replacing a fragment of non-bot genes (5’-end) to a 

kanamycin resistance gene via Red/ET recombination (Gust et al., 2003), yielding a new cosmid 

termed DG2-kan (Huo et al., 2012). The DG2-kan derivate cosmids, containing random promoters 

mutated at the sequences of ermEp1 promoter, were employed for recombination in S. lividans 

TK24. As a result, the highest producer strain was named as S. lividans TK24 DG2-Km-P41hyg+, 

proving bottromycin A2 production at an average level of 3.3 fold higher than native S. sp. 

BC16019 and higher expression levels at 14 and 175 fold higher of botT and botB, respectively, 

compared to S. lividans TK24 DG2-Km+ (Horbal et al., 2018). Besides extensive genomic 

modifications, medium optimization strategies were employed. For example, supplementation of 

microparticles into the cell culture successfully enhanced bottromycin production, leading to 

increases in yields by up to 13-fold (Kuhl et al., 2021).  

2.2.2 Pamamycin – an antibiotic polyketide 

Polyketides are synthesized through a series of decarboxylative Claisen condensation reactions 

with extender units, which consist of small carbon precursors such as malonyl-CoA, ethylmalonyl-

CoA, and methylmalonyl-CoA, catalysed by polyketide synthases (PKSs). The mechanism of 

polyketide biosynthesis resembles that of fatty acid biosynthesis, both processes involving chain 

extension from simple acyl-CoA units through repetitive condensation reactions. The biosynthesis 

of PKs involves several modules, with the corresponding genes encoding enzymes typically 

clustered in the genome, forming a BGC (Cummings et al., 2014). The formation of polyketides 

scaffold includes several steps: initiation, chain extension, and product release. The backbone of 
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the polyketide is initiated by the selection and assembly of acyl-CoA units by the PKS, which 

consists of an acetyltransferase and an acyl carrier protein (ACP). Subsequently, the polyketide 

scaffold is extended with extender units that are loaded onto the acetyltransferase and ACP. 

Extender units are subsequently loaded onto the acyltransferase and ACP, facilitating backbone 

elongation. This process also employs ketosynthase, leading to the formation of a β-keto-acyl 

intermediate (Cummings et al., 2014). Other domains, such as dehydrogenase, enoylreductase, 

and ketoreductase, are accessory domains that increase the diversity of structures. Modules 

containing different domains are repeated, and the final product is ultimately released by 

thioesterase. The structural diversity of polyketides increases significantly during scaffold 

formation including choice of building blocks, chain length, modification of scaffold by reduction, 

cyclization, and alkylation, as well as rearrangements and secondary cyclization (Cummings et al., 

2014). 

Pamamycin 

Pamamycins are a series of macrodiolide polyketide naturally produced by several Streptomyces 

species, including S. alboniger (Kondo et al., 1988). They exhibit antimicrobial activity against 

Gram-positive bacteria, including Mycobacteria and Neurospora (McCann & Pogell, 1979), as well 

as their specific inhibition of nucleoside uptake, adenine, uracil, and inorganic phosphate in 

S. aureus (Chou & Pogell, 1981). In addition, supplementation with pamamycins has been shown 

to induce the production of secondary metabolites in various Streptomyces spp. (Hashimoto et al., 

2011). Chemically, pamamycins are characterized by 16-membered structures with varying side 

chains at six positions, leading to a range of molecular weights from 579 to 649 Da (Fig. 5A) 

(Hanquet et al., 2016; Kondo et al., 1988).  

The BGC of pamamycin in S. alboniger consists of 18 genes, including a transporter gene (pamW), 

acyl-carrier protein (pamC), ketosynthases (pamG, pamF, pamA, pamD, pamE, pamK, and pamJ), 

acyltransferase (pamB), ketoreductase/dehydrogenases (pamO, pamM, pamN), CoA-ligase 
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(pamL), hydrolase (PamH), aminotransferase (pamX), methyltransferase (pamY), and hydratase 

(pamS) (Fig. 5B). PamA is involved in the initial condensation, utilizing succinyl-CoA with malonyl- 

or methylmalonyl-CoA to produce 3-oxoadipyl-CoA or methyl-3-oxoadipyl-CoA, which are the 

main intersection of primary metabolites and pamamycin biosynthesis (Rebets et al., 2015). The 

formation of pamamycin involves the incorporation of various extender units such as succinyl-CoA, 

malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA, by PKSs (Rebets et al., 2015) (Fig. 5A). 

This diversifies the spectrum of pamamycin produced, enabling investigations into the pathways 

involved in CoA thioester-related pathways (Gummerlich et al., 2021). The deletion of genes 

responsible for precursor formation influences intracellular CoA thioester pools, thereby affecting 

the spectrum of pamamycins produced (Gummerlich et al., 2021). 

Due to its intriguing chemical properties, pamamycin synthesis has been extensively explored 

both chemically and biologically. However, chemical synthesis is time-intensive and complex, 

while biological synthesis has shown low levels of pamamycin production, with the exception of 

pamamycin 607 (Hanquet et al., 2016). Recently, successful improvement in the fermentative 

production of pamamycin has been reported. The supplementation of microparticles to liquid 

culture of recombinant strain S. albus J1074/R2 has demonstrated an elevated production of 

pamamycins, approximately 3-fold higher (Kuhl et al., 2020). Moreover, targeted production of 

heavy pamamycins (Pam 635, Pam 649, and Pam 663) was achieved by enhancing the overall 

CoA thioesters content through the addition of L-valine (Gläser et al., 2021). 
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Figure 5. The microbial synthesis of pamamycin derivatives and biosynthetic cluster of 
pamamycin. Pamamycins are biosynthetically synthesized from 4 different CoA thioesters, 
including succinyl-CoA, malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA (Rebets et al., 
2015). During the synthetic process, the use of malonyl-CoA, methylmalonyl-CoA, and 
ethylmalonyl-CoA results in the incorporation of various side chains, producing pamamycin 
derivatives with molecular weights ranging from 579 to 663 Da (A). The pamamycin BGC, used in 
this study, was derived from Streptomyces alboniger DSMZ 40043 under control of native 
promoter (Rebets et al., 2015) (B) The figure was modified from a previously published paper (Seo 
et al., 2023). 
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2.3 Metabolic pathway analysis and microbial hosts 

2.3.1 LC-MS/MS based acyl-CoA metabolism analysis 

Acyl-CoA thioesters, such as acetyl-CoA, acetoacetyl-CoA, succinyl-CoA, and malonyl-CoA, are 

crucial intermediates in numerous biological pathways, including TCA cycle, fatty acid degradation, 

and ethylmalonyl-CoA pathway. Acetyl-CoA, in particular, serves as a vital C2 precursor in central 

metabolism within biological systems. It is primarily produced from pyruvate, acetate, and fatty 

acid degradation and is consumed as an intermediate in the TCA cycle and fatty acid biosynthesis. 

Additionally, acetyl-CoA is also converted into acetate and ethanol, and assimilated into glyoxylate 

shunt (Krivoruchko et al., 2015). Biotechnologically, acetyl-CoA is a major precursor for fatty acids 

(Marella et al., 2018), polyhydroxyalkanoates (PHA) (Sagong et al., 2018), polyketides (Liu et al., 

2019), and isoprenoids (Krivoruchko et al., 2015), leading extensive research on analysis and 

engineering on acyl-CoA metabolism (Alber, 2011).  

Given the extensive utilization of LC-MS in metabolomic studies (B. Zhou et al., 2012), the profiling 

of acyl-CoA relies heavily on LC-MS analytics. Various extraction and separation methods have 

been devised to analyse acyl-CoA thioesters in different types of biological samples (Rivera & 

Bartlett, 2018). When applying positive mode [M+H]+, multiple reaction monitoring (MRM) of acyl-

CoA thioesters results in a neutral loss of 507 [M+H-507]+, enabling selective analysis of CoA 

thioesters (Li et al., 2014; Palladino et al., 2012). The patterned fragmentation allows for 

untargeted screening and targeted analysis, facilitating the identification of anaerobic bacterium 

Aromatoleum sp. strain HxN1 and experimental proof of CoA thioester metabolism including fatty 

acid degradation, amino acid degradation, ethylmalonyl-CoA, and 3-hydroxypropanoyl-CoA 

pathways (Cakić et al., 2021). In addition, the intracellular acyl-CoA thioester pool have been 

analysed in diverse microorganisms, including M. elsdenii (Neubauer et al., 2015), M. smegmatis, 

M. bovis, C. glutamicum, and S. coelicolor (Cabruja et al., 2016).  
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As example, the intracellular CoA thioester pool was measured, providing evidence of improved 

production of polyketide based on acetyl-, butyryl-, and propionyl-CoA in heterologous production 

in engineered E. coli (Armando et al., 2012). Moreover, absolute quantification of the CoA 

thioester pool has been demonstrated to support improvement of pamamycin production by 

enhancing the precursor pool through modulation of branched-chain amino acid metabolism 

(Gläser et al., 2021) and the addition of microparticles (Kuhl et al., 2020). 

Specific to the analysis of acyl-CoA thioesters related to the utilization of renewable feedstocks, 

aromatic CoA thioesters serve as key intermediates in bacterial aromatic degradation pathway, 

exhibiting wide chemical diversity depending on the availability of aromatic compounds and the 

specific catabolic pathways involved (Fig. 2). While genomic approaches have been extensively 

utilized to elucidate these pathways, metabolomic investigations have been relatively 

underexplored. One primary challenge in metabolomic studies of aromatic CoA thioesters is the 

lack of commercial availability of these molecules and their inherent chemical instability (Siegel et 

al., 2014).  

Previously, a series of attempts to synthesize and detection in several organisms were performed. 

For example, feruloyl-CoA, cinnamoyl-CoA, caffeoyl-CoA, p-coumaroyl-CoA, and sinapoyl-CoA 

were synthesized using plant p-coumarate:CoA ligase (CL) and confirmed the mass of 

synthesized products via ESI-MS (Beuerle & Pichersky, 2002; Rautengarten et al., 2010). More 

recently, a broader range of aromatic CoA thioesters, including 4-hydroxybenzoate, anthranilate, 

and salicylate, were synthesized under mild conditions using bacterial aromatic CoA ligases 

(Chaudhury et al., 2023). 

In terms of intracellular analysis, aromatic CoA thioesters have been investigated primarily in 

plants. In detail, aromatic CoA thioesters, particularly benzoyl-CoA, feruloyl-CoA, cinnamoyl-CoA, 

and p-coumaroyl-CoA, were extracted from petunia flower petals, and analysed using LC-MS/MS 

in negative ion mode, with a common fragment (m/z 408) shared among all acyl-CoAs (Qualley et 
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al., 2012a). Additionally, 3-oxocinnamoyl-CoA, an intermediate of β-oxidative pathway, was 

enzymatically synthesized and analysed using LC TOF/MS, suggesting that other unknown 

intermediates could be potentially detected. However, 3-hydroxycinnamoyl-CoA, an intermediate 

between cinnamoyl-CoA and 3-oxocinnamoyl-CoA, was not observed due to the bifunctionality of 

cinnamoyl-CoA hydratase-dehydrogenase (PhCHD) from petunia, which likely does not release 

3-oxocinnamoyl-CoA (Qualley et al., 2012b). 

2.3.2 Corynebacterium glutamicum  

C. glutamicum is a gram-positive Actinomycete bacterium isolated from soil samples (Abe et al., 

1967), and notably, it is a well-established strain for industrial production of amino acids, including 

L-lysine and L-glutamate (Becker & Wittmann, 2012), as well as organic acids and biopolymers 

(Wendisch et al., 2016). Beyond its applications in feed, food, and chemical production (Becker et 

al., 2018b), C. glutamicum is also utilized for the assimilation of toxic materials and soil/water 

bioremediation (Mateos et al., 2017), and is employed for inexpensive renewable feedstocks such 

as lignocellulose (Becker et al., 2018a), owing to its native substrate spectrum.  

As C. glutamicum is an outstanding workhorse for industrial applications, its metabolic pathways 

have been extensively investigated, alongside multiple sequencing efforts of its genome by 

independent laboratories (GenBank NC_006958) (Kalinowski et al., 2003), Kyowa Hakko Kogyo 

Co., Ltd. (GenBank NC_003450), and Ajinomoto Co. (GenBank NC_004369) (Ray et al., 2022).  

Based on its extensive genomic sequencing, the central metabolism of C. glutamicum has been 

well-characterized, encompassing glycolysis, the pentose phosphate pathway, the TCA cycle, the 

glyoxylate shunt, and gluconeogenesis (Kalinowski et al., 2003). As for the anaphoretic reaction 

of TCA cycle, carboxylation is facilitated by pyruvate carboxylase and phosphoenolpyruvate (PEP) 

carboxylase while decarboxylation is mediated by malic enzyme, PEP carboxykinase, and 

oxaloacetate decarboxylase (Wittmann, 2010). When growing on C2 carbon sources such as 
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acetate, the glyoxylate shunt is activated. Specifically, isocitrate lyase converts isocitrate to 

glyoxylate and succinate, and malate synthase further catabolize glyoxylate to malate (Wendisch 

et al., 1997).  

Interestingly, C. glutamicum lacks three key enzymes of β-oxidation: 3-ketoacyl-CoA thiolase 

(FadA), 3-hydroxyacyl-CoA dehydrogenase (FadB), and acyl-CoA dehydrogenase (FadE), 

indicating its incapability of fatty acid β-oxidation (Takeno et al., 2013). On the other hand, 

phenylpropanoid degradation is achieved through a CoA-dependent β-oxidative pathway in 

C. glutamicum via 3-hydroxyacyl-CoA intermediates (Kallscheuer et al., 2016).  

In-depth investigation of C. glutamicum has enabled extensive engineering of the strain, 

broadening its substrate spectrum for the utilization of renewable feedstocks. C. glutamicum 

demonstrates the ability to consume lignocellulosic biomass components such as xylose, 

arabinose, mannose, mannitol, as well as aromatics, converting them into valuable chemicals 

including ethylene glycol, succinate, 3-hydroxypropionic acid, xylitol, and cis, cis-muconate 

(Becker et al., 2018a; B. Zhang et al., 2020).  

2.3.3 Streptomyces lividans  

S. lividans is a prominent filamentous Actinomycete bacterium in the field of natural product 

synthesis due to its exceptional genetic manipulability, low endogenous protease activity, 

compatibility with methylated DNA, strong secondary metabolic pathways, and capacity to secrete 

large quantities of proteins (Myronovskyi & Luzhetskyy, 2019). S. lividans TK24 has been 

instrumental to derive heterologous producers for natural products, such as tunicamycin, 

griseorhodin, and deoxycoformycin (Ahmed et al., 2020) as well as for the production of proteins 

including cellulase (Daniels et al., 2018) and human proteins (Bender et al., 1990).  

As typical for the field, production relied on first generation substrates such as glucose, starch, 

yeast extract, and soytone (Horbal et al., 2018; Kuhl et al., 2021). Towards valorisation of next 
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generation raw materials, the microbe beneficially has a broad capable pathway available in its 

genome (GenBank CP009124) (Rückert et al., 2015). The closely related strain, S. coelicolor, has 

at least 53 potential carbohydrate uptake system including cellobiose, xylose, and maltose 

(Bertram et al., 2004). Furthermore, S. lividans contains the β-ketoadipate pathway, a key route 

in aromatic catabolism, though its role in growth on these substrates has not been experimentally 

investigated. Although not specifically tested for S. lividans before, mannitol appears as a 

generally well-accepted substrate for Streptomyces (Gläser et al., 2021; Kieser et al., 2000; 

Vicente et al., 2016). However, despite intensive usage of the strain, understanding of renewable 

substrates uptake and catabolic system in S. lividans remained limited. 
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3 CoA-thioester coupled aromatic degradation in 

C. glutamicum 

3.1 Materials and Methods 

3.1.1 Microorganisms and plasmids 

E. coli BL21(DE3) (Thermo Fisher Scientific, Waltham, MA, USA) was used as a host strain for 

protein expression, utilizing plasmids pET-21a (Invitrogen, Carlsbad, USA) and pET-28a 

(Invitrogen) as expression vectors. C. glutamicum ATCC 13032 (WT) (Becker et al., 2011) and 

the MA-2 strain, a cis, cis-muconate producing strain (Becker et al., 2018a), were obtained from 

previous work used for cultivation and gene amplification. N. aromaticivorans DSM12444 (Cecil 

et al., 2018) and P. putida KT2440 (Parales & Harwood, 1992) were utilized for gene amplification. 

All strains were stored in 20% glycerol at -80°C prior to use. All strains and plasmids are listed in 

Table 2. 

3.1.2 Media 

LB medium (Becton & Dickinson, Heidelberg, Germany) and terrific broth (TB) medium were 

utilized for the cultivation of E. coli strains. The TB medium contained the following components: 

24 g L-1 of yeast extract (Sigma-Aldrich, Taufkirchen, Germany), 12 g L-1 of tryptone (Fluka, Buchs, 

Switzerland), 5 g L-1 of glycerol, 12.5 g L-1 of K2HPO4, and 2.3 g L-1 of KH2PO4. The C. glutamicum 

strains were cultivated in BHI medium (brain heart infusion, 37 g L-1, Becton & Dickinson) and a 

modified minimal medium. The modified medium contained the components as previously 

described (Weiland et al., 2023), except for the inclusion of 5 g L-1 of glucose and 0.1 g L-1 of 

EDTA, and the exclusion of protocatechuate. Aromatic compounds including ferulate, p-

coumarate, and caffeate were added when needed. Filter-sterilized ampicillin (100 µg mL-1) or 

kanamycin (50 µg mL-1) was added according to the plasmid used. 
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Table 2. Strains and plasmids. 

Strains and plasmids Description Reference 

Strains   

E. coli BL21 (DE3) Strain for high-level expression of recombinant proteins Thermo Fisher Scientific 

E. coli p21pcaI Derivative of E. coli BL21 (DE3) harbouring p21pcaI plasmid This study 

E. coli p21pcaJ Derivative of E. coli BL21 (DE3) harbouring p21pcaJ plasmid This study 

E. coli p21At4CL4 Derivative of E. coli BL21 (DE3) harbouring p21At4CL4 plasmid This study 

E. coli p28phdA Derivative of E. coli BL21 (DE3) harbouring p28phdA plasmid This study 

E. coli p28phdE Derivative of E. coli BL21 (DE3) harbouring p28phdE plasmid This study 

E. coli p28ferA Derivative of E. coli BL21 (DE3) harbouring p28ferA plasmid This study 

C. glutamicum ATCC13032 Wild-type, native aromatic degrading bacterium (Becker et al., 2011) 
C. glutamicum MA-2 Derivative of C. glutamicum ATCC13032. Deletion of catB 

(CGL_RS11905) and overexpression of catA (CGL_RS11910) 

under control of Ptuf (CGL_RS02540). 

(Becker et al., 2018a) 

C. glutamicum MA-10 Derivate of C. glutamicum MA-2. Deletion of phdR (CGL_RS01495), 

integration of native aroY (Ecl_01944), ecdB (Ecl_04083), ecdD 

(Ecl_04081) from E. cloacae under control of Ptuf into the pcaG locus 

This study 

N. aromaticivorans DSM12444 Wild-type, native aromatic degrading bacterium DSMZ 

P. putida KT2440 Wild-type, native aromatic degrading bacterium DSMZ 

Plasmids   

pET-21a Vector for protein overexpression Invitrogen 

pET-28a Vector for protein overexpression Invitrogen 

p21pcaI Derivative of pET21a plasmid. Protein expression vector for pcaI 

(PP_3951) gene of P. putida KT2440 

This study 

p21pcaJ Derivative of pET21a plasmid. Protein expression vector for pcaJ 

(PP_3952) gene of P. putida KT2440 

This study 

p21At4CL4 Derivative of pET21a plasmid. Protein expression vector for At4CL4 

(AAM19949) enzyme of A. thaliana 

This study 

p28phdA Derivative of pET-28a plasmids. Protein expression vector for phdA 

(CGL_RS01490) gene of C. glutamicum ATCC 13032 

This study 

p28phdE Derivative of pET-28a plasmids. Protein expression vector for phdE 

(CGL_RS01520) gene of C. glutamicum ATCC 13032 

This study 

p28ferA Derivative of pET-28a plasmids. Protein expression vector for ferA 

(SARO_RS03365) gene of N. aromaticivorans DSM12444 

This study 

 

3.1.3 Genetic engineering  

Software SnapGene (GSL Biotech LLC, San Diego, USA) was utilized for strain, plasmid, and 

primer design. To obtain aromatic CoA thioesters by enzymatic synthesis, E. coli strains for 

relevant enzyme production were generated.  

For production of 3-oxoadipyl-CoA, two genes, pcaI and pcaJ encoding 3-oxoadipate:succinyl-

CoA transferase subunits A and B from the genome of P. putida KT2440 (Parales & Harwood, 

1992), were selected. To produce vanilloyl-CoA, cinnamoyl-CoA, and sinapoyl-CoA, At4CL4 

encoding 4-coumarate:CoA ligase (Hamberger & Hahlbrock, 2004) was chosen. The 

Pseudomonas genes were separately amplified from genomic DNA (Q5 HotStart Polymerase, 

New England Biolabs, Frankfurt am Main, Germany), while At4CL4 was synthesized based on 
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amino acid sequences in A. thaliana. The backbone of the vector was digested with FastDigest 

NdeI and HindIII (Thermo Fisher Scientific) as per the manufacturer's protocol. Following gene 

amplification, each gene was cloned into linearized pET-21a expression vector (Gibson Assembly 

MasterMix, New England Biolabs). Subsequently, the plasmids were transformed into E. coli 

DH5α, amplified, isolated, and verified by sequencing. E. coli BL21 (DE3) was then transformed 

with the expression plasmids using heat shock.  

For the production of aromatic CoA thioesters, the backbone of pET-28a expression vector was 

linearized with FastDigest NcoI and XhoI (Thermo Scientific) according to the manufacturer’s 

protocol. Two genes in C. glutamicum ATCC 13032 - phdA encoding acyl:CoA ligase and phdE 

encoding enoyl-CoA hydratase (Kallscheuer et al., 2016) - were respectively amplified using 

Phusion High-Fidelity PCR Master Mix with HF Buffer (Thermofisher Scientific). Additionally, ferA 

encoding acetate-CoA ligase from the genomic DNA of N. aromaticivorans DSM 12444 (Cecil et 

al., 2018) was amplified using Phusion High-Fidelity PCR Master Mix with GC Buffer 

(Thermofisher Scientific). Each gene was then assembled into the linearized pET-28a vector using 

Gibson assembly. The plasmids were subsequently transformed into E. coli BL21(DE3) via heat 

shock and verified by sequencing.  

The design of plasmid, production, and purification of 3-oxoadipyl-CoA and vanilloyl-CoA were 

carried out in collaboration with Dr. Patrick D. Gerlinger at the Max Planck Institute for Terrestrial 

Microbiology (Marburg, Germany). All C. glutamicum strains used in this study, including 

engineered MA strains, were offered by Fabia Weiland at Institute of Systems Biotechnology 

(Saarland, Germany). 

3.1.4 Cultivation 

For cell growth observation, all C. glutamicum strains were cultivated in 250 mL baffled flask with 

10% of filling volume on an orbital shaker (230 rpm, 30 °C, 5 cm shaking diameter, Multitron, Infors 
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AG, Bottmingen, Switzerland). For CoA thioester sampling, the cultivations were conducted 

separately in 500 mL baffled flask with 50 mL of medium. In general, the first preculture was 

conducted in a 100 mL baffled flask with 10 mL of BHI medium and incubated overnight. 

Afterwards, cells were collected (6,000 rpm, 3 min, 25 °C), transferred to 50 mL minimal medium 

containing 10 g L-1 of glucose, and then incubated overnight. Subsequently, cells were harvested 

(6,000 rpm, 3 min, 25 °C) and transferred to the main culture containing 5 g L-1 of glucose and the 

aromatic compounds of interest. The cultivations for cell growth were carried out in triplicate, while 

those for CoA thioester samples were conducted in duplicate. 

3.1.5 Quantification of cell concentration, substrates, and products 

The cell concentration was measured spectrophotometrically at optical density 660 nm. (OD660). 

Cell dry weight (CDW) was calculated using the correlation from a previous study: CDW [g L-1] = 

0.32 x OD660 (Rohles et al., 2016).  

Sugars were analysed by HPLC (1260 Infinity Series, Agilent, Waldbronn, Germany) using a 

column (NUCLEOGEL SUGAR Pb, 300 × 7.8 mm, Macherey-Nagel, Düren, Germany) at 80 °C 

as the stationary phase with deionized water as the mobile phase (0.4 mL min-1). Refraction index 

was measured. 

Aromatics were separated on a C18 column at 25 °C (Nucleodur C18 Isis, 100 × 3 mm, Macherey-

Nagel) using a gradient of 0.025% H3PO4 and acetonitrile (1 mL min-1) (Barton et al., 2018). The 

analytes were detected by UV absorbance at compound-specific wavelengths (210 nm for 

protocatechuate, 220 nm for vanillate, 260 nm for 4-hydroxybenzoate and cis, cis-muconate, 310 

nm for p-coumarate, and 325 nm for ferulate and caffeate).  

External standards were used for substrate and product quantification. 
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3.1.6 Protein production and purification 

In general, E. coli BL21 (DE3) cells harbouring the respective pET-21a or pET-28a derivate 

plasmids were plated on LB agar supplemented with ampicillin for pET-21a vector or kanamycin 

for pET-28a. A single colony was picked from overnight incubated plates (37°C) and inoculated 

into 10 mL of LB medium containing the appropriate antibiotic in a 100 mL shake flask, followed 

by incubation on an orbital shaker (37°C, 160 rpm).  

Subsequently, 10 mL of the grown culture was transferred to 300 mL of TB medium (1 L shake 

flask) with the corresponding antibiotic concentration. When the OD reached 0.7, 0.5 mM of IPTG 

was added for protein induction, and the culture continued to incubate at 28°C overnight.  

After inoculation, the culture was collected (5,000 × g, 4°C, 10 min) and resuspended in buffer A 

(450 mM NaCl, 50 mM HEPES-KOH, 15% (v/v) glycerol, pH 7.6) at a ratio of 2:1 (v/w), followed 

by sonication. Cell debris was clarified by centrifugation (10,000 × g, 4°C, 45 min). The 

supernatant was filtered (0.45 µm), loaded onto Ni-NTA agarose beads (Protino, Macherey-Nagel), 

and washed with 10 mL of buffer C (350 mM NaCl, 50 mM HEPES, 15 % (v/v) glycerol, pH 7.8). 

The protein was eluted using buffer B (20 mM NaCl, 50 mM HEPES, 10% glycerol, 500 mM 

imidazole, pH 7.6). The protein size was calculated from nucleotide sequence and verified via 

SDS-Page. The protein concentration was determined spectroscopically at 280 nm calculated by 

ProtParam (Wilkins et al., 1999) (Table 3).  

 

Table 3. Size and extinction coefficients of heterologously produced enzymes used in this 
study. The size and extinction coefficient of each enzyme were calculated based on their amino 
acid sequence using ProtParam (Wilkins et al., 1999). The concentration of enzymes was 
determined using the calculated extinction coefficients.  

Protein Size (kDa) Extinction coefficient (M-1 cm-1) at 280 nm  

PhdA 56.4 45840 
PhdE 17.2 19480 
FerA 73.3 45755 
PcaI 26.6 14440 
PcaJ 24.7 11585 
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3.1.7 Synthesis of CoA thioesters 

For the enzymatic synthesis of 3-oxoadipyl-CoA, 30 mg of succinyl-CoA (8.25 mM final 

concentration, 1 eq.) was dissolved in 25 mM ammonium formate (pH 4.2) and added to a mixture 

containing 33 mM 3-oxoadipic acid (4 eq.), 20 mM MgCl2, 100 mM KHCO3, and 100 mM HEPES-

KOH (pH 7.5) to a final volume of 4 mL. After brief equilibration at 30°C, 10 µM of PcaI and PcaJ 

were added, and the mixture was further incubated (30°C, 200 rpm). After 3 hours, the assay was 

quenched with a final concentration of 10 % (v/v) formic acid, centrifuged (4500 × g, 25 °C, 20 

min), and filtered (0.45 µm) for further purification. 

Aromatic CoA thioesters, including feruloyl-CoA, p-coumaroyl-CoA, and caffeoyl-CoA, were 

synthesized using FerA enzyme whereas sinapoyl-CoA, cinnamoyl-CoA, and vanilloyl-CoA were 

produced using At4CL4 enzyme. All aromatics (6.52 mM final concentration, 3 eq) were 

respectively dissolved in deionized water and mixed with CoA trillium salt (2.17 mM final 

concentration, 1 eq, Sigma-Aldrich) and ATP (6.52 mM final concentration, 3 eq). The assay was 

performed with a total volume of 3 mL containing 20 mM MgCl2, 50 mM KHCO3, and 50 mM 

HEPES buffer (pH 7.5). The reaction was initiated with the addition of FerA or At4CL4 (10 μM) 

and incubated for 1 hour (30°C, 230 rpm). After incubation, the reaction was quenched with a final 

concentration of 10 % (v/v) formic acid. 

The synthesis of 3-hydroxy-feruloyl-CoA, 3-hydroxy-p-coumaroyl-CoA, and 3-hydroxy-caffeoyl-

CoA was performed under identical condition as mentioned above, except using both PhdA and 

PhdE enzymes.  

3.1.8 Purification of CoA thioesters 

The aromatic CoA thioesters were purified using an 1260 Infinity prep-LC system (Agilent) with a 

reversed phase column (Gemini 10 μm NX-C18 110 Å, 100 x 21.2 mm AXIA packed column, 
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Phenomenex, Aschaffenburg, Germany). The purification process involved a gradient of solvent 

A (25 mM NH4HCO2, pH 5.5) and solvent B (methanol) at a flow rate of 1 mL min-1: 5 % - 50 % B 

in 15 min, followed by 2 min wash with 95% B, and subsequent re-equilibration of the column for 

2 min (5 % B). Fractions containing each product were pooled, flash frozen in liquid nitrogen, 

lyophilized, and stored at -20 °C.  

The concentrations of purified CoA thioesters were determined photometrically, utilizing the 

following known extinction coefficients: saturated acyl-CoA for 3-oxoadipyl-CoA (ε260 nm = 16.4 mM-

1 cm-1) (Dawson et al., 2002; Peter et al.) and each aromatic CoA thioester separately (ε346=19 

mM−1cm−1 for feruloyl-CoA, ε333=21 mM−1cm−1 for p-coumaroyl-CoA, ε346=18 mM−1cm−1 for 

caffeoyl-CoA, ε352=20 mM−1cm−1 for sinapoyl-CoA) (Rautengarten et al., 2010).  

Table 4. Extinction coefficients and absorption maximum wavelengths of aromatic CoA 
thioesters used in this study. 

Compound Wavelength Extinction coefficient Reference 
 [nm] [mM-1 cm-1]  

Feruloyl-CoA 346 19 (Rautengarten et al., 2010) 
p-Coumaroyl-CoA 333 21 (Rautengarten et al., 2010) 
Caffeoyl-CoA 346 18 (Rautengarten et al., 2010) 
Sinapoyl-CoA 352 20 (Rautengarten et al., 2010) 
Cinnamoyl-CoA 311 22 (Gaid et al., 2012) 
Benzoyl-CoA 261 21.1 (Schnell & Schink, 1991) 
3-Oxoadipyl-CoA 260 16.4 (Peter et al., 2016) 

 

For the hydroxy-aromatic CoA thioesters, fractions exhibiting peaks at 260 nm were collected and 

confirmed using LC-MS with the calculated masses: 3-hydroxyferuloyl-CoA ([M+H]+ = 962.2), 3-

hydroxy-p-coumaroyl-CoA ([M+H]+ = 932.2), and 3-hydroxycaffeoyl-CoA ([M+H]+ = 948.1). 

3.1.9 LC-MS based analysis of aromatic CoA thioesters 

All aromatic CoA thioesters tested were synthesized as described above, while benzoyl-CoA was 

purchased from Sigma-Aldrich. The synthesis and purification of cinnamoyl-CoA and sinapoyl-

CoA were conducted by Dr. Patrick D. Gerlinger at the Max Planck Institute for Terrestrial 

Microbiology (Marburg, Germany). The aromatic CoA-thioesters were analysed using LC-ESI-
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MS/MS (Agilent Infinity 1290; AB Sciex QTrap 6500, Darmstadt, Germany) with separation on a 

reversed phase column (Kinetex 2.6 μ XB-C18 100 Å, 100 × 2.1 mm, Phenomenex) at 40 °C and 

a gradient of eluent A (50 mM formic acid, adjusted to pH 7.7 with 25% ammonium hydroxide) and 

eluent B (methanol) at a flow rate of 300 μL min-1. The initial acquisition method was adapted from 

prior work (Gläser et al., 2020; Seo et al., 2023), incorporating additional MRM methods to scan 

both aromatic CoA thioesters and central metabolic CoA thioesters. The gradient of the initial 

acquisition method proceeded as follows: 0 – 7 min, 100 – 90 % A; 7 – 10 min, 90 – 0 % A, with 

1 min rinsing and 2 min re-equilibrium. For the separation of aromatic CoA thioesters, gradient 

was adjusted as follows: 0-3 min, 100 – 85% A; 3-8 min, 85%-75% A; 8 – 10 min, 70 – 0 % A; with 

1 min rinsing and 2 min re-equilibrium. Multiple reaction monitoring (MRM) was used for detection 

of CoA thioesters. 

In general, analysis was operated in positive ion mode [M+H]+, and specific values for the curtain 

gas (35 psi), collision gas flow rate (medium), ion spray voltage (4.5 kV), temperature (400 °C); 

ion source gas (60 psi), entrance potential (10 V). For the analysis of aromatic CoA thioesters, the 

optimized parameters were described in Supplementary data: Table S2. Other CoA esters were 

referenced from previous work (Gläser et al., 2020; Peter et al., 2016). 

Intracellular CoA thioesters were prepared using a recently established protocol (Gläser et al., 

2020; Kuhl et al., 2020; Seo et al., 2023) with a slight modification. In general, 45 mL of cell broth 

was centrifuged (5 min, 4 °C, 6,500 × g). The pellet was then resuspended in 25 mL of quenching 

solution (95% acetonitrile with 25 mM formic acid, -20 °C) and incubated on ice (10 min). Cell 

debris were clarified by centrifugation (10 min, 4 °C, 10,000 × g), and the supernatant was 

collected. The cell debris was subsequently washed with super cooled deionized water (5 ml), and 

clarified again. The obtained supernatants were combined, quick-frozen in liquid nitrogen, further 

underwent lyophilization. The freeze-dried samples were resuspended in 700 μL of resuspension 

buffer (25 mM ammonium formate, 2% methanol, pH 5.6, 4°C) before LC-MS/MS analysis. 
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3.1.10 Preparation of 13C-labelled aromatic CoA thioesters 

C. glutamicum MA10 strain was cultivated using 99% [13C6] D-glucose (Cambridge Isotope 

Laboratories, Tewksbury, MA, USA). The preculture was prepared as described in 3.1.4, 

substituting non-labelled glucose with 99% [13C6] D-glucose. After overnight cultivation, cells were 

harvested (6,000 rpm, 3 min, 25 °C), and transferred to the main culture contained 5 g L-1 of 99% 

[13C6] D-glucose and 5 mM ferulate. 
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3.2 Results and Discussion 

3.2.1 Metabolism of aromatics in the wild-type of C. glutamicum 

To produce cis, cis-muconate from aromatic compounds using C. glutamicum, the medium 

contained both glucose to promote biomass formation and aromatic compounds to enable product 

formation, respectively (Weiland et al., 2023). At the start, the wild-type (WT) strain was cultivated 

on glucose and three different aromatics: ferulate, p-coumarate, and caffeate, respectively (Fig. 

6).  

C. glutamicum naturally degraded ferulate, p-coumarate, and caffeate. All tested aromatics were 

consumed once glucose was completely depleted, indicating catabolic repression by glucose 

(Brinkrolf et al., 2006). Interestingly, the strain exhibited the different capabilities to utilize ferulate 

(Fig. 6A), p-coumarate (Fig. 6B), and caffeate (Fig. 6C). The growth was slower on p-coumarate 

than on ferulate and caffeate.  
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Figure 6. Cultivation of C. glutamicum ATCC 13032 on glucose and ferulate, p-coumarate, 
or caffeate. The wild-type strain was grown in minimal medium containing 5 g L-1 of glucose along 
with 5 mM of ferulate (A), p-coumarate (B), caffeate (C). The data represent mean values and 
standard deviations from three biological replicates (n=3). 
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3.2.2 Enzymatic synthesis of aromatic-derived CoA thioesters 

In the process of degrading ferulate, p-coumarate, and caffeate, C. glutamicum converts these 

compounds into their respective aromatic CoA thioesters (Kallscheuer et al., 2016). Since 

commercial sources for these aromatic CoA thioesters were unavailable, the metabolites were 

enzymatically synthesized prior to analysis, including LC-MS based structural validation and 

purification via preparative HPLC. 

The CoA-dependent ligases, required for the enzymatic synthesis, were expressed heterologously 

in E. coli BL21(DE3). Given that the spectrum of each ligase varies, multiple CoA-dependent 

ligases from different hosts were utilized to derive the CoA thioesters of interest (Table 2). 

First, 3-oxoadipyl-CoA, an intermediate of the degradation pathway of protocatechuate and 

catechol (Z. Xu et al., 2019), was enzymatically synthesized using 3-oxoadipate:succinyl-CoA 

transferase (PcaI and PcaJ) from P. putida KT2440 (Parales & Harwood, 1992). The synthesis of 

3-oxoadipyl-CoA achieved approximately 40% yield, as determined by absorption at 260 nm. 

Feruloyl-CoA, p-coumaroyl-CoA, and caffeoyl-CoA were synthesized using acetate-CoA ligase 

(FerA) from N. aromaticivorans (Cecil et al., 2018) with over 90% yield, verified by Ellmann’s 

reaction. Sinapoyl-CoA, cinnamoyl-CoA, and vanilloyl-CoA were synthesized using At4CL from 

A. thaliana (Hamberger & Hahlbrock, 2004). In addition to obtaining aromatic CoA thioesters, 3-

hydroxy-aromatic CoA thioesters were synthesized through a combined enzymatic reaction 

involving acyl:CoA ligase (PhdA) and enoyl-CoA hydratase (PhdE) from C. glutamicum. In this 

regard, acyl:CoA ligase (PhdA) in C. glutamicum (Kallscheuer et al., 2016) was found capable of 

converting ferulate, p-coumarate, and caffeate into their respective CoA thioesters. The process 

successfully yielded 3-hydroxyferuloyl-CoA and 3-hydroxy-p-coumaroyl-CoA. However, the 

synthesis of 3-hydroxycaffeoyl-CoA failed, likely due to oxygen sensitivity of the product. 

 



 

 

C
h

a
p

te
r 1

. R
e

s
u

lts
 a

n
d

 D
is

c
u

s
s
io

n
 

  

4
4
 

Table 5. Properties of the expected spectrum of CoA-thioesters involved in lignin-based aromatics degradation. The predicted 
molecular formula and monoisotopic masses were obtained from PubChem (S. Kim et al., 2023). The mass of the proton adduct of 
each CoA thioester was manually calculated to be utilized for analytical verification.  

Lignin type Compound Molecular formula Monoisotopic mass [Da] [M+H]+ 

Coniferyl alcohol Feruloyl-CoA C31H44N7O19P3S 943.16 944.2 

3-Hydroxyferuloyl-CoA C31H46N7O20P3S 961.17 962.2 

3-Oxoferuloyl-CoA C31H44N7O20P3S 959.15 960.2 

Vanillyl-CoA C29H42N7O19P3S 917.15 918.1 

p-Coumaryl alcohol p-Coumaroyl-CoA C30H42N7O18P3S 913.15 914.2 

3-Hydroxy-p-coumaroyl-CoA C30H44N7O19P3S 931.13 932.1 

3-Oxo-p-coumaroyl-CoA C30H42N7O19P3S 929.11 930.1 

p-Hydroxybenzoyl-CoA C28H40N7O18P3S 887.14 888.1 

Caffeoyl alcohol Caffeoyl-CoA C30H42N7O19P3S 929.15 930.1 

3-Hydroxycaffeoyl-CoA C30H44N7O20P3S 947.12 948.1 

3-Oxocaffeoyl-CoA C30H42N7O20P3S 945.12 946.1 

Protocatechuyl-CoA C28H40N7O19P3S 903.13 904.1 

Sinapyl alcohol Sinapoyl-CoA C32H46N7O20P3S 973.14 974.1 

3-Hydroxysinapoyl-CoA C32H48N7O21P3S 991.14 992.1 

3-Oxosinapoyl-CoA C32H46N7O21P3S 989.14 990.1 

Syringyl-CoA C30H44N7O20P3S 947.14 948.1 

Cinnamoyl alcohol Cinnamoyl-CoA C30H42N7O17P3S 897.16 898.2 

3-Hydroxycinnamoyl-CoA C30H44N7O18P3S 915.16 916.2 

3-Oxocinnamoyl-CoA C30H42N7O18P3S 913.15 914.2 

Benzoyl-CoA C28H40N7O17P3S 871.14 872.1 

Degradation intermediate 3-Oxoadipyl-CoA C27H42N7O20P3S 909.14 910.1 
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After synthesizing the CoA thioesters, the enzymes in the mixture were denatured and removed 

by filtration. The products were subjected to mass verification using LC-MS. The chromatographic 

separation of the obtained metabolites was conducted using a previously established acquisition 

method (Gläser et al., 2020). Upon detection of the corresponding masses using LC-MS (Table 

5), the CoA thioesters were purified, considering the known absorption maximum wavelengths 

(Table 4) for detection of fractions contained the analytes of interest. For hydroxylated aromatic 

CoA thioesters, for which absorption properties were not available, it was noted that the adenine 

moiety in the CoA structure exhibits maximum absorbance at 260 nm. Consequently, all fractions 

showing absorbance at 260 nm were pooled and subjected to mass verification. All purified CoA 

thioesters were freeze-dried. The samples were dissolved in resuspension buffer and stored at -

80 °C for future use. Subsequently, they were utilized to tune the LC-MS/MS for optimum analysis 

and served as external standards.  

 

3.2.3 Establishment of a data-based MS/MS method for aromatic CoA 

thioesters 

In the next step, the fragmentation patterns of the isolated CoA thioesters were compared to the 

predicted pattern, characterized by neutral loss of the 3’-phosphate-5’-diphosphate moiety, using 

LC-MS/MS in the positive mode (Table 5). The experimental values favourably matched the 

experimental data (Table 6), indicating that the synthesized and purified metabolites exhibited the 

correct structure.  

  



Chapter 1. Results and Discussion 

 

46 

Table 6. Theoretical and experimental fragmentation patterns of aromatic CoA thioesters. 
The synthetized CoA thioesters were analysed using LC-MS/MS. The masses of the obtained 
proton adduct were compared to the theoretical values, calculated from the chemical structure. 

 Theoretical fragmentation Practical fragmentation 
 Q1 [Da] Q3 [Da] Q1 [Da] Q3 [Da] 

Feruloyl-CoA 944.2 437.2 944.2 437.2 
3-Hydroxyferuloyl-CoA 962.2 455.2 962.2 455.0 
Vanillyl-CoA 918.1 411.1 918.1 411.1 
p-Coumaroyl-CoA 914.2 407.2 914.1 407.2 
3-Hydroxy-p-coumaroyl-CoA 932.1 425.1 932.3 425.3 
Caffeoyl-CoA 930.1 423.1 930.1 423.2 
Sinapoyl-CoA 974.1 467.1 974.0 467.2 
Cinnamoyl-CoA 898.2 391.2 898.1 391.2 
Benzoyl-CoA 872.1 365.1 872.1 365.2 
3-Oxoadipyl-CoA 910.1 403.1 910.3 403.1 

 

The agreement suggested the feasibility of using the fragmentation pattern for analysing aromatic 

CoA thioesters even without having a pure standard available. However, in a such case, a tuning 

of the LC-MS/MS would not be possible, eventually limiting sensitivity.  

After successful verification of the structure of the synthesized metabolites, the chromatographic 

separation of the compounds was refined to facilitate their analysis in the expected complex 

mixtures of cell extracts. For this purpose, all pure CoA thioesters analysed using LC-MS/MS the 

MRM mode to obtain the corresponding retention time (Fig. 7). The optimization of the elution 

gradient enabled the separation of all nine different aromatic CoA thioesters (Table 7). 
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Figure 7. LC-MS/MS analysis of aromatic CoA thioesters. The aromatic CoA thioesters were 
analysed via MRM in positive mode using LC-MS/MS, demonstrating molecular-specific detection 
characterized by the neutral loss of 507 Da (Table 6). The gradient of eluents was obtained from 
previous work (Gläser et al., 2020), with an addition of the MRM spectrum for aromatic CoA 
thioester. The corresponding tuning parameters, optimized for each analyte are given in the 
supplement (Supplementary data: Table S2).  

 

Table 7. Retention time of aromatic CoA thioesters using LC-MS/MS. The acquisition method 
was obtained from previous work (Gläser et al., 2020). All analytes were detected using MRM. 

 Retention time [min] 
 Initial Adapted 

Feruloyl-CoA 9.42 8.81 
3-Hydroxyferuloyl-CoA 8.98 5.80 
Vanillyl-CoA 9.03 7.07 
p-Coumaroyl-CoA 9.23 8.43 
3-Hydroxy-p-coumaroyl-CoA 8.67 4.68 
Caffeoyl-CoA 9.06 7.19 
Sinapoyl-CoA 9.28  
Cinnamoyl-CoA 9.58  
Benzoyl-CoA 9.28  
3-Oxoadipyl-CoA 4.60  

 

After the targeted detection and separation of aromatic CoA thioesters, external standards were 

prepared. The concentrations of CoA standards were determined using their extinction coefficients 

(Table 4), except for 3-hydroxyferuloyl-CoA and 3-hydroxy-p-coumaroyl-CoA, for which no 

extinction coefficients were available. 
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Table 8. Detection range of aromatic CoA thioesters used in this study. 

Compound Tested detection range 
 [fmol] 

Feruloyl-CoA 2.9 – 2.60E+04 
p-Coumaroyl-CoA 2.5 – 1.31E+05 
Caffeoyl-CoA 5.8 – 3.28E+05 
Sinapoyl-CoA 6.5 – 3.67E+05 
Cinnamoyl-CoA 2.8 – 1.60E+05 
Benzoyl-CoA 2.2 – 1.27E+03 
3-Oxoadipyl-CoA 44.7 – 5.30E+03 

 

Subsequently, the threshold for detection and the dynamic range for quantification was estimated. 

For this purpose, a dilution series of the analytes was prepared and tested (Table 8). Generally, 

concentrations ranging from very low (fmol) to high (nmol) levels were detectable, enabling the 

coverage of a wide range of concentrations in biological samples (Fig. 8). All CoA thioesters, 

except 3-oxoadipyl-CoA were detected at the fmol level, indicating high analytical sensitivity.  

 

Figure 8. LC-MS/MS analysis of CoA thioesters using MRM. The exact concentrations of the 
aromatic CoA thioesters in the differently diluted standards were determined (Table 8) using 
photometric analysis and the known extinction coefficients (Table 4). The known concentrations 
were plotted against the measured signal intensity (AUC) in log-scale.  
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3.2.4 Targeted analysis of intracellular aromatic CoA thioesters in 

C. glutamicum  

In the next step, the developed approach was applied for investigating biological samples. For this 

purpose, ferulate-grown C. glutamicum was employed. The catabolic ferulate pathway yields 

feruloyl-CoA as first metabolic intermediate, which is then converted into 3-hydroxyferuloyl-CoA 

(Fig. 3) (Kallscheuer et al., 2016). The aromatic CoA thioester intermediates are funnelled towards 

protocatechuate, which is subsequently converted into acetyl-CoA and succinyl-CoA, ultimately 

entering the TCA cycle (Brinkrolf et al., 2006). Because it could not be excluded that other 

metabolic intermediates in the complex cell extract would interfere with the measurement, the 

analytical approach was advanced. To this end, a set-up was chosen that should provide 13C-

labelled CoA-thioesters during growth of C. glutamicum on ferulate. Particularly, the use of 13C-

labelled glucose plus naturally labelled ferulate in the growth medium of C. glutamicum should 

result in partially 13C-labelled feruloyl-CoA, enabling the comparison of non-labelled and 13C-

labelled molecules (Fig. 9A). The backbone of the CoA-ester should largely result from the 13C-

glucose, although a small fraction of 12C-carbon was expected from the release of acetyl-CoA 

during the conversion of 3-oxoferuloyl-CoA into vanillin (Fig. 3). This approach promised to yield 

advanced information on the fragmentation pattern and provide an extra level of confidence for 

detecting the compounds in cell extracts. Additionally, considering that feruloyl-CoA was finally 

catabolized into acetyl-CoA and succinyl-CoA, also emerging from glucose-based carbon, the 

origin of these two central CoA-thioesters from ferulate and glucose, respectively, was expected 

to become better distinguishable. 

To address this, C. glutamicum MA10 was selected. This strain was capable of co-consuming 

glucose and aromatics due to the removal of the phdR gene, which regulates the aromatic upper 

degradation pathway (Fabia Weiland, Institute of Systems Biotechnology, Saarland University). 
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Due to heterologous expression of aroY the strain could accumulate cis, cis-muconate from 

ferulate (Weiland et al., 2023).  

C. glutamicum MA10 was cultured under three conditions: on glucose, a mixture of glucose and 

ferulate, and a mixture of 99% [U-13C6] glucose plus ferulate. Assuming that the CoA-thioester 

backbone was formed from glucose and therefore 13C-labelled, while the side chain of feruloyl-

CoA was derived from non-labelled ferulate, predicted a partially 13C-enriched structure (Fig. 9A). 

The detectable ions of this partially 13C-enriched metabolite in the Q1 and the Q3 of the LC-MS/MS 

were expected to exhibit masses of 965.2 and 448.0 Da, different to the non-labelled metabolite 

(Q1 944.2, Q3 437.2 Da). During the co-consumption phase of ferulate and glucose after about 9 

hours (Fig. 9B), CoA-esters were sampled, processed, and analysed by LC-MS/MS. The culture 

on the non-labelled substrates yielded a clear signal for the masses 944.2 (Q1) and 437.2 Da (Q3), 

eluting after 8 minutes (Table 7), and corresponding to non-labelled ferulate. The signal was not 

present, when cells were grown on glucose alone, as expected. Interestingly, no signal also 

resulted for growth on the isotopic tracer mixture, containing [U-13C6] glucose. The findings 

revealed that there were no matrix effects that could have corroborated the feruloyl-CoA analytics. 

More importantly, ion fragments of 965.2 Da (Q1) and 448.2 Da (Q3) were detected exclusively in 

the culture supplemented with 13C-enriched glucose and 12C ferulate, identifying the metabolite as 

feruloyl-CoA. 



Chapter 1. Results and Discussion 

 

52 

 

Figure 9. Molecular structure of the partially 13C-labelled metabolite expected from growth 
of the microbe on [U-13C6] glucose and ferulate (A) and MRM analysis of non-labelled and 
13C-labelled feruloyl-CoA (B). C. glutamicum MA10 was cultivated on glucose, a mixture of 12C 
glucose and 12C ferulate and on a mixture of [U-13C6] glucose and non-labelled ferulate. All 
samples were collected at an OD600 of 2.5. In the given structure, the 13C-labelled (13C glucose-
derived) carbon is highlighted in orange whereas 12C is shown in blue. The major fragment (Q3) 
is marked with yellow (A). The molecular weights considered for the analysis were as follows: non-
labelled feruloyl-CoA (Q1 944.2/ Q3 437.2 Da) and 12C-13C feruloyl-CoA (Q1 965.2/ Q3 448.2).  
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3.2.5 Intracellular dynamics on aromatic mixtures  

In C. glutamicum, the phd gene cluster is involved in aromatic degradation through the β-oxidative 

pathway. It consists of 7 genes: a MarR-type repressor (phdR), 5 degrading enzymes (phdA, 

acyl:CoA ligase; phdB, 3-hydroxyacyl-CoA dehydrogenase; phdC, 3-oxoacyl-CoA ketohydrolase 

(acetyl-CoA forming); phdD, acyl-CoA dehydrogenase; phdE, enoyl-CoA hydratase), and a 

transporter (phdT) (Kallscheuer et al., 2016), enabling the degradation of ferulate, p-coumarate, 

and caffeate (Fig. 6). As shown, the pathway involves several CoA-thioester intermediates. Their 

intracellular presence and dynamics were assessed using metabolomic analysis. 

C. glutamicum MA10, cultivated on glucose, as well as mixtures of glucose supplemented with 

single aromatics (ferulate, p-coumarate, caffeate) and a combination of all three aromatics (Fig. 

10). The strain exhibited different growth, depending on the aromatic. Compared to glucose-only 

cultivation (Fig. 10A), the addition of ferulate (Fig. 10C) or p-coumarate (Fig. 10E) enhanced cell 

growth, while caffeate seemed inhibiting (Fig. 10G). Despite the genes encoding the caffeate-

degrading enzymes (phdA-E) were still contained in the mutant, it exhibited retarded degradation 

of caffeate, differently to the wild type (Fig. 6C). This suggested the presence of an additional 

factor influencing caffeate degradation that remains to be elucidated. When a combination of all 

aromatics was added, the inhibitory effect of caffeate on cell growth was mitigated by the other 

aromatics, resulting in recovered growth (Fig. 10I). Notably, caffeate remained untouched while 

other aromatics were utilized. After the depletion of ferulate and p-coumarate, caffeate was 

consumed, implying a substrate preference among the aromatics in the cell.  

Subsequently, using the newly developed approach, the aromatic CoA thioesters were analysed. 

No aromatic CoA thioester was observed in the glucose-only cultivation (Fig. 10B), while the 

different aromatic CoA thioesters were well detected in the respective aromatic-amended 

cultivations (Fig. 10D, F, H). The engineered strain was able to co-utilize the three aromatics, as 

evidenced by the simultaneous detection of all aromatic CoA thioesters in the culture (Fig. 10J).  
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To obtain a detailed view of the degradation of the aromatic combination by engineered strain, 

various other CoA-based degradation intermediates were analysed (Fig. 2 and 11). This, enabled 

to observe different sequential intermediates. For example, the concentration of p-coumaroyl-CoA 

increased as that of p-coumarate decreased. Subsequently, the concentration of p-coumaroyl-

CoA decreased with a corresponding increase in 4-hydroxybenzoate. Ultimately, all intermediates 

were depleted, ending up in cis, cis-muconate.  

In addition, the analysis provided insights into the substrate preference of C. glutamicum. As 

observed in Fig. 10, p-coumarate and ferulate were immediately consumed whereas caffeate 

consumption was delayed. The concentration of caffeate decreased after the depletion of other 

aromatics, suggesting a sequential uptake of substrates. However, aromatic CoA thioester 

analysis revealed caffeoyl-CoA concentration did not increase while the caffeate concentration 

decreased in the culture, which may imply that caffeoyl-CoA is not solely derived from caffeate. 

MA10 produced cis, cis-muconate from a mixture of aromatics. Given that lignin is a 

heterogeneous aromatic complex in nature, the ability to degrade multiple aromatic compounds 

simultaneously is crucial for microbial cell factories involved in lignin valorisation. The analysis of 

aromatic CoA thioesters exhibited that C. glutamicum utilizes multiple aromatic compounds via 

the β-oxidative pathway. 
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Figure 10. Cultivations and aromatic CoA thioester profiles in metabolically engineered 
C. glutamicum MA10 strain. The MA10 strain was cultivated in minimal medium containing 
various aromatic compounds: glucose alone (A), glucose with ferulate (C), glucose with p-
coumarate (E), glucose with caffeate (G), and glucose with all aromatics (I). The aromatic CoA 
thioester profiles for each cultivation condition was analysed using LC-MS/MS: glucose (9.5 h) (B), 
ferulate (8 h) (D), p-coumarate (6.5 h) (F), caffeate (12 h) (H), all aromatics (8 h) (J). The CoA 
thioester samples were collected when the OD660 reached 2.5. All cultivation was conducted in 
triplicate (n=3) whereas CoA thioester samples were taken in duplicate (n=2). The data represent 
mean values and standard deviations. 

 

 

Figure 11. Cultivation of C. glutamicum MA10 strain on a combination of aromatics. The 
MA10 strain was cultivated in minimal medium containing a combination of 5 g L-1 of glucose, 1.5 
mM each of ferulate, p-coumarate and caffeate. All cultivation was performed in triplicate (n=3) 
while the CoA thioester samples were taken in duplicate (n=2). The data represent mean values 
and standard deviations. 
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3.2.6 Cross-pathway interaction during degradation of ferulate 

In order to understand why caffeate remained unutilized, targeted analysis of various aromatic 

CoA thioesters in the wildtype and the MA-10 strain was performed using the MRM method.  

When caffeate was supplied to the medium, feruloyl-CoA was not detected. Intriguingly, caffeoyl-

CoA was observed in the ferulate-amended culture. When both the wild type and the mutant 

strains were cultivated in the ferulate-amended culture, caffeoyl-CoA was detected (Fig. 12). 

 

Figure 12. Targeted analysis of caffeoyl-CoA and feruloyl-CoA in C. glutamicum strains 
using LC-MS/MS. The caffeoyl-CoA and feruloyl-CoA content in the CoA thioester extraction from 
caffeate-amended and ferulate-amended cultures were analysed using LC-MS/MS. The samples 
were taken from the experiments described in Fig. 6A (WT) and Fig. 10C, G (MA10). The initial 
acquisition method was used for detection of all CoA thioesters, and the retention time of peaks 
was adjusted to the second acquisition method. 

 

The conversion of phenylpropanoids in C. glutamicum is conducted by the same enzymes (PhdA-

E). Consequently, degradation was expected to proceed in a unidirectional manner, such as from 

ferulate to feruloyl-CoA, to 3-hydroxyferuloyl-CoA, to 3-oxoferuloyl-CoA, and finally to vanillate, 

without cross-interaction (Fig. 2). However, in this study, caffeoyl-CoA was detected in the 

ferulate-amended culture, suggesting that the presence of ferulate might induce the formation of 

caffeoyl-CoA, possibly due to enzymatic conversion or metabolic pathway overlap. 
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Considering the biosynthesis of ferulate (Fig. 2), ferulate is produced from caffeate by caffeate O-

methyltransferase (COMT) (Ma & Xu, 2008). C. glutamicum lacks COMT, requiring additional 

functional expression of plant-derived O-methyltransferase to produce methylated plant 

polyphenols, including pterostilbene, kaempferol, and quercetin (Kallscheuer et al., 2017). The 

absence of feruloyl-CoA formation from caffeoyl-CoA supports previous studies with metabolomic 

evidence. In contrast, the degradation of ferulate involves O-demethylation. In a previous study, 

ferulate was converted to vanillate, which was then O-demethylated by vanillate O-demethylase 

(VanAB) (Merkens et al., 2005). However, this observation indicates that C. glutamicum may 

possess an additional O-demethylase capable of converting ferulate in an earlier step of the 

pathway.  

Because the Phd enzymes were responsible for both caffeoyl-CoA and feruloyl-CoA conversion, 

the substrate preference of these enzymes determined the substrate preference of the strain. 

Additionally, ferulate could be converted to caffeate by O-demethylation, leading to the occupation 

of the caffeate degradation pathway. As a result, caffeate remained untouched (Fig. 11). This 

discovery suggests a competitive interaction between the degradation pathways of ferulate and 

caffeate, likely due to the shared enzymatic machinery.  

This cross-pathway interaction indicates a more complex metabolic network in C. glutamicum than 

previously understood, where the presence of one aromatic compound can influence the 

metabolism of another. The detection of caffeoyl-CoA in the ferulate-amended culture suggests 

intricate interactions between different aromatic compounds in C. glutamicum metabolism. 

Specifically, it indicates that ferulate might play a role in influencing the metabolic fate of caffeate 

or vice versa. This finding highlights the need to consider such interactions when engineering 

microbial strains for lignin valorisation or other biotechnological applications involving complex 

aromatic substrates. 
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Understanding these interactions could lead to more efficient metabolic engineering strategies by 

taking into account the competitive and synergistic effects between different pathways. This could 

enhance the microbial conversion of lignin-derived aromatic compounds into valuable bioproducts, 

thereby improving the feasibility and efficiency of lignin valorisation processes. 

 

3.2.7 Extension of the accessible CoA thioester spectrum  

To analyse the impact of genetic modifications on catabolic pathway flux, the wild type and the 

metabolically engineered strain C. glutamicum MA10 were cultivated in minimal medium 

containing glucose and ferulate, and harvested, during the ferulate consumption phase. The CoA-

thioester samples were harvested in the stationary phase (11 h) for the wild-type strain (Fig. 6A), 

whereas the mutant, capable of co-consuming glucose and ferulate, had its CoA samples 

harvested in the exponential phase at an OD of 2.5 (7 h) (Fig. 10C). Both strains were actively 

consuming ferulate at their respective sampling time points. 

The concentrations of intermediates in the upper pathways were strongly altered compared to 

those in the wild type (Fig. 13). 

In the phd cluster, 3-oxoacyl-CoA ketohydrolase (PhdC) is responsible for the conversion from 3-

oxoferuloyl-CoA to vanillate by cleaving acetyl-CoA. Although, there is an alternative route to 

vanilloyl-CoA via 3-ketoacyl thiolase (Fig 3). However, 3-ketoacyl thiolase is not present in the phd 

cluster, and C. glutamicum naturally lacks 3-ketoacyl-CoA thiolase, yet it still produced a minor 

amount of vanilloyl-CoA. Given the minor amounts observed of vanilloyl-CoA, it seemed to 

originate likely from an unspecific reaction catalysed by other thiolases.  
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Figure 13. Targeted analysis of CoA-thioester intermediates in ferulate degradation 
pathway in C. glutamicum using LC-MS/MS. C. glutamicum strains were cultivated in minimal 
medium containing 5 g L-1 of glucose and 5 mM of ferulate. The CoA thioester samples were 
harvested as the aromatic compound was consumed. The chromatogram from the MRM analysis 
of intracellular metabolites using LC-MS/MS is shown (A). The degradation pathway is illustrated 
(B), with the converted part highlighted in colours. The concentration of each intermediate is 
displayed, with the circle size indicating the intensity of each metabolite. All LC-MS/MS 
quantitative values were normalized to the OD660 value of 2.5. 

 

A significant difference in the intracellular feruloyl-CoA pools between the wild type and the mutant 

strain was observed (Fig. 13C). Notably, the wild type consumed ferulate within 2 hours and 

therefore than the mutant, which required 12 hours to degrade the aromatic. The resulting high 

consumption rate in the wild type as compared to the mutant, might explain its higher feruloyl-CoA 

concentration. However, the huge accumulation of feruloyl-CoA indicates a bottleneck in the 

functionality of enoyl-CoA hydratase (PhdE). On the other hand, 3-hydroxyferuloyl-CoA was 

present at similar level in both strains, implying that the mutant strain was capable of efficiently 
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converting feruloyl-CoA. This suggests that the mutant strain was capable of processing aromatics 

efficiently up to this intermediate stage likely due to the consistent expression of the Phd cluster.  

In general, CoA thioesters are recognized as unstable molecules prone to spontaneous hydrolysis 

and thiol-disulfide bond formation (Siegel et al., 2014). However, feruloyl-CoA was found to be 

very stable in aqueous conditions at pH 5.7 (Supplementary data: Fig. S1), suggesting that 

feruloyl-CoA can act as a storage molecule for carbon sources.  

 

Figure 14. Absolute quantification of intracellular feruloyl-CoA in C. glutamicum. 
C. glutamicum strains were cultivated in minimal medium containing 5 g L-1 of glucose and 5 mM 
of ferulate. The CoA thioester samples were harvested when ferulate was actively consumed. The 
absolute concentration of intracellular feruloyl-CoA was calculated assuming no degradation while 
quenching and analysis. The value was normalized based on CDW of each sample. The data 
represent mean values and standard deviations of duplicate (n=2). 

 

Based on the given stability of feruloyl-CoA, intracellular feruloyl-CoA was absolutely quantified, 

assuming that no degradation occurred during the quenching and analysis process (Fig. 14). The 

intracellular feruloyl-CoA concentration was determined as 103.6 nmol g-1 in the wild type and 

43.9 nmol g-1 in MA10 strain.  

Considering the concentrations of CoA thioesters involved in central metabolism in C. glutamicum 

(Gläser et al., 2020), with methylmalonyl-CoA and succinyl-CoA concentrations at 750 and 110 

nmol g-1, respectively, the accumulated amount of feruloyl-CoA in the wild-type strain is notably 

significant, reaching levels comparable to that of succinyl-CoA.  
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3.2.8 Ferulate metabolization affects the intracellular acetyl-CoA pool  

When analysing different masses for feruloyl-CoA, ranging from Q1 934.2/ Q3 427.2 to Q1 975.2/ 

Q3 468.2 Da (Fig. 15A), the compound, analysed from the cultivation of C. glutamicum MA10 

grown on 13C glucose and 12C ferulate, exhibited a bimodal distribution, due to the release of 

acetyl-CoA during the conversion of 3-oxoferuloyl-CoA into vanillin. (Fig. 15C).  

 

 

Figure 15: The distribution of feruloyl-CoA isotopes, comparison of acetyl-CoA contents, 

and β-oxidative degradation pathway of ferulate. The isotope distribution of feruloyl-CoA was 

examined by MRM scanning from Q1 934.2/ Q3 427.2 to Q1 975.2/ Q3 468.2 Da (A). The 

comparison of acetyl-CoA contents from cell extracts cultivated solely on glucose and those from 

glucose and ferulate-amended culture. The CoA thioester samples were prepared when the OD 

reached 2.5. Data represent mean values and standard deviations from three biological replicates 

(n=3) (B). The ferulate degradation in C. glutamicum MA10 produces acetyl-CoA, subsequently 

assimilated into the central metabolism (C). 

 

To further explore the effects of ferulate utilization on central carbon metabolism, the intracellular 

acetyl-CoA level from glucose-grown cells was compared to cells cultivated on a mixture of 

glucose and ferulate. The acetyl-CoA concentration was significantly lower in the presence of 
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ferulate (Fig. 15B). The acetyl CoA-supplying consumption of ferulate together with glucose 

mimics the co-consumption of acetate and glucose. Previous analysis of the co-consumption of 

glucose and acetate in C. glutamicum revealed that glucose primarily served as precursor for 

glycolytic intermediates, while acetyl-CoA was predominantly supplied from acetate (Wendisch et 

al., 2000). It seems that also aromatics have an impact on the central catabolic routes. Further 

research is required to clarify this relationship. 

The main strategy for producing cis, cis-muconate from aromatic compounds involves the deletion 

of downstream pathways (Becker et al., 2018a; Salvachúa et al., 2020; Weiland et al., 2023). 

When producing cis, cis-muconate from funnelled intermediates such as catechol, benzoate, and 

guaiacol, there is no direct interaction between central metabolism and aromatic catabolism. 

However, utilizing ferulate, p-coumarate, and caffeate, which involve the upper degradation 

pathway, results in the cleavage of acetyl-CoA. This cleavage impacts the central metabolism by 

altering the acetyl-CoA pool. Therefore, a detailed examination of central metabolism through 

metabolomic studies is required, along with careful consideration of genetic modifications. 

To produce cis, cis-muconate effectively from these substrates, it is essential to understand how 

the introduction of ferulate, p-coumarate, and caffeate affects the acetyl-CoA levels and overall 

metabolic flux. The cleavage of acetyl-CoA from these compounds leads to changes in the central 

metabolic pathways, influencing the balance and availability of key metabolites. Further 

metabolomic studies would provide a comprehensive view of the metabolic changes that occur 

when these aromatic compounds are utilized, revealing any potential bottlenecks or imbalances 

in the metabolic network. This information is crucial for designing targeted genetic modifications 

to optimize the production process. 
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4.1 Materials and Methods 

4.1.1 Microorganisms and plasmids 

Streptomyces lividans ΔYA8 was gained from previous work (Ahmed et al., 2020). Plasmids were 

amplified using Escherichia coli DH5α (Invitrogen) while E. coli ET12567/pUZ8002 was employed 

for conjugal gene transfer (Kieser et al., 2000). Cosmids, DG2-Km-P41hyg (bottromycin 

biosynthetic gene cluster under synthetic promoter control ) (Horbal et al., 2018) and R2 

(pamamycin biosynthetic gene cluster under synthetic promoter control ) (Rebets et al., 2015), 

respectively, were taken from previous work. All strains were stored in 20% glycerol at -80°C. All 

strains and plasmids are listed in Table 9.  

Table 9. Strains and plasmids. 

Strains and plasmids Description Reference 

Strains   

E. coli DH5α Strain for plasmid amplification Invitrogen 

E. coli ET12567 Strain harbouring pUZ8002 for conjugal gene transfer (Kieser et al., 2000) 

E. coli BL21 (DE3) Strain for high-level expression of recombinant proteins Thermo Fisher Scientific 

S. lividans ΔYA8 Derivative of S. lividans TK24, 8 secondary metabolite 

gene clusters were removed from genomic DNA. 

(Ahmed et al., 2020) 

S. lividans ΔYA8-DG2 Derivative of S. lividans ΔYA8 containing bottromycin 

biosynthetic cluster 

This work 

S. lividans ΔYA8-R2 Derivative of S. lividans ΔYA8 containing pamamycin 

biosynthetic cluster 

This work 

Plasmids   

DG2-Km-P41hyg Derivative of integrative DG2-cosmid with KmR marker 

and P41 promoter pairs, contains bottromycin 

biosynthetic cluster 

(Horbal et al., 2018) 

R2 An Integrative cosmid containing pamamycin biosynthetic 

gene cluster 

(Rebets et al., 2015) 

 

4.1.2 Media 

S. lividans were grown on mannitol soy (MS) flour agar, containing followings per liter: 20 g of 

mannitol, 20 g of soy flour (Schoenenberger Hensel, Magstadt, Germany), and 20 g of agar 

(Becton & Dickinson). Liquid cultures of S. lividans involved two sequential precultures, followed 

by the main culture. Tryptic soy broth (30 g L-1, TSB, Sigma-Aldrich) was used for the first 
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precultivation. The second precultivation and the main cultivation were conducted in minimal 

medium, containing per liter: 200 mM potassium phosphate buffer (pH 7.8): 15 g of (NH4)2SO4, 1 

g of NaCl, 200 mg of MgSO4·7H2O, 55 mg of CaCl2, 20 mg of FeSO4·7H2O, 2 mg of FeCl3·6H2O, 

2 mg of MnSO4·H2O, 0.5 mg of ZnSO4·H2O, 0.2 mg of CuCl2·2H2O, 0.2 mg of Na2B4O7·10H2O, 

0.1 mg of (NH4)6Mo7O24·4H2O, 1 mg of riboflavin, 1 mg of nicotinamide, 0.5 mg of thiamine 

hydrochloride, 0.5 mg of pyridoxine hydrochloride, 0.2 mg of biotin, and 0.1 mg of p-

aminobenzoate. Mannitol, protocatechuate (PCA), and 4-hydroxybenzoate (4HB), respectively, 

were added as carbon source, as given below. When needed, kanamycin (50 μg mL-1), apramycin 

(20 μg mL-1), phosphomycin (200 μg mL-1), and ampicillin (100 μg mL-1), respectively, were added 

from filter sterilized stocks when needed.  

4.1.3 Genetic engineering  

For strain and primer design, the software SnapGene (GSL Biotech LLC, San Diego, USA) was 

utilized. Transformation and conjugation of S. lividans ΔYA8 was based on standard methods 

(Kieser et al., 2000). The site-specific integration of biosynthetic gene clusters into genomic DNA 

of S. lividans ΔYA8 was carried out using the phiC31 integrase system (Horbal et al., 2018). In 

detail, the corresponding cosmid was transformed into E. coli DH5α using heat shock, amplified, 

isolated (QIAprep Spin MiniPrep Kit, Qiagen, Hilden, Germany), and transformed into E. coli 

ET12567/pUZ8002 by electroporation. The resulting mutant served as a donor for conjugal 

transfer. The mutant was mixed with spores of S. lividans ΔYA8 and plated on MS agar and 

incubated at 30 °C overnight. To obtain positive transconjugants, the agar was overlayed with 

phosphomycin and a selective antibiotic. Subsequently, the plates were further incubated until 

sporulation. The obtained transformants were verified for correctness of the desired genetic 

change by PCR (Phire Green Hot Start II PCR Mastermix, Thermo Scientific) and by sequencing.  
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4.1.4 Preparation of brown seaweed hydrolysate 

Himanthalia elongate, a brown seaweed, was chosen to prepare mannitol-rich hydrolysate. In brief, 

50 g of dried Himanthalia elongata (PureRaw, Klötze, Germany) was blended into powder, and 

suspended in 500 mL of deionized water, and extracted (121 °C, 18 min) (Hoffmann et al., 2021). 

The extract was adjusted to pH 5.5, then depolymerized by adding Celluclast 1.5 L and Viscozyme 

L (Sigma-Aldrich) at a level of 0.01 g of the enzyme mix per g of dry biomass, followed by 

incubation over 48 hours. Sequentially, the hydrolysate was centrifuged (4500 x g, 15 min, 4 °C) 

and re-adjust to pH 7.0 (6 M NaOH). The obtained solution was autoclaved prior to further use. 

Preparation of seaweed hydrolysate was conducted by Wei Shu at Institute of Systems 

Biotechnology (Saarland, Germany). 

4.1.5 Batch cultivation of Streptomyces strains on defined media 

Cultivations were conducted in 500 mL baffled shake flasks, filled with 50 mL medium and 30 g 

soda-lime glass beads (5 mm, Sigma-Aldrich) on an orbital shaker (230 rpm, 28 °C, 75% relative 

humidity, 5 cm shaking diameter, Multitron, Infors AG). For bottromycin production, 107 spores of 

the bottromycin producing strain were inoculated into TSB medium and incubated for 48 hours. 

Following the incubation, cells were collected (8000 × g, 2 min, 25 °C), and transferred to the 

second preculture in minimal medium, containing 10 g L-1 of mannitol as carbon source. After 72 

hours incubation, the culture was harvested, and inoculated to the main culture containing either 

mannitol, PCA or 4HB, as described below. For pamamycin production, 107 spores of the 

pamamycin producer were inoculated into TSB medium. The cells were incubated for 24 hours. 

Then, either 10 mM of mannitol or 4HB was added to the preculture for adaptation, followed by an 

additional 24 hours of incubation. Subsequently, the cells were harvested by centrifugation (8000 

× g, 2 min, 25 °C) and inoculated into the main culture in minimal medium containing either 

mannitol or 4HB. Routinely, the main cultures were inoculated to a starting optical density (OD600) 

= 0.5. All cultivations were performed in triplicate.  
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4.1.6 Batch cultivation on seaweed hydrolysate 

The seaweed hydrolysate was mixed with 2M MOPS buffer (pH 7.0) at a volume ratio of 9:1 (v/v). 

As described above, 107 spores of the pamamycin producing strain were inoculated into TSB 

medium and incubated for 48 hours. Afterwards, the cells were collected by centrifugation (8000 

× g, 2 min, 25 °C) and inoculated to seaweed hydrolysate containing 200 mM MOPS buffer.  

4.1.7 Fed-batch cultivation in shake flasks 

The first and second preculture of bottromycin producing mutant was prepared, harvested, and 

transferred to the second preculture as described in 4.1.5. The main culture contained 30 mM of 

4HB as an initial concentration. When the concentration of 4HB is depleted, concentrated 4HB 

(500 mM , pH 7.0) was added to the main culture to restore the 4HB level to 30 mM.  

4.1.8 Quantification of cell concentration and substrates 

Cell growth was measured spectrophotometrically by optical density at 600 nm (OD600). For 

correlation of OD-cell dry weight (CDW), cells were centrifuged (10,000 × g, 4 °C, 10 min), washed 

with 15 mL deionized water, lyophilized, and weighed (Kuhl et al., 2020). The substrate specific 

correlation between OD600 and CDW is as follows: CDW (g L-1) = 0.946 × OD600 (mannitol, 4HB), 

CDW (g L-1) = 0.474 × OD600 (PCA). The correlation between OD600 and CDW is plotted in 

Supplementary data: Fig. S7. The concentrations of mannitol and aromatic were quantified as 

described in 3.1.5. 

4.1.9 Quantification of intracellular amino acids 

Intracellular amino acids were quantified as previously described (Bolten et al., 2007; 

Schwechheimer et al., 2018). In detail, 2 mg of biomass was harvested by vacuum filtration 

(cellulose nitrate, 0.2 μm pore size, 47 mm, Sartorius, Göttingen, Germany). The filter with the 

cells was washed (15 mL 2.5% NaCl, 25 °C), and quickly transferred into 2 mL of a 200 μM α-

aminobutyrate solution. Afterwards, amino acids were extracted in boiling water (15 min, 100°C), 
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followed by cooling down on ice and removal of debris (20,000 × g, 5 min, 4°C). The amino acid 

contents in the solution was separated on a reversed phase column (Gemini 5 µm C18 110 Å, 

150 x 4.6 mm, Phenomenex) by HPLC after precolumn derivatization with o-phthaldialdehyde and 

fluorenylmethyloxycarbonyl chloride (Rohles et al., 2016). The Quantification was based on α-

aminobutyrate as internal standard.  

4.1.10 Analysis of absolute quantification of intracellular CoA thioesters 

Intracellular CoA thioesters were quantified using a previously established protocol (Gläser et al., 

2020; Kuhl et al., 2020) as described in 3.1.9 with minor adaptations. In brief, cell culture, 

containing approximately 8 mg CDW, was transferred into a quenching solution (95% acetonitrile 

with 25 mM formic acid, -20 °C) at a volume ratio of 1:2, mixed and kept on ice for 10 min. Cell 

debris was clarified by centrifugation (10 min, 4 °C, 10,000 × g). The supernatant was combined 

with 5 mL of super cooled deionized water. The pellet was washed once with 5 mL of super cooled 

deionized water, followed by collection of all supernatants, freezing in liquid nitrogen, and 

lyophilization. The extract powder was resuspended in 1 mL of resuspension buffer (25 mM 

ammonium formate, pH 5.6, 2% methanol, 4°C). Subsequently, CoA thioesters were analysed 

using LC-ESI-MS/MS with separation on a reversed phase column. Multiple reaction monitoring 

(MRM) was employed for detection of CoA thioesters. The external standards were obtained from 

previous work (Gläser et al., 2020) whereas internal standard was prepared using 99% 4-

hydroxybenzoic acid-[phenyl-13C6] (Sigma-Aldrich) following by the established method (Gläser et 

al., 2020).  

4.1.11 Analysis of bottromycin and pamamycin 

In brief, 300 μL of culture broth was mixed with an equal volume of acetone and shaken for 10 

min at 25 °C (1,000 rpm, Thermomixer F1.5, Eppendorf, Wesseling, Germany). Afterwards, 300 

μL of ethyl acetate was added, followed by an additional incubation under the same condition for 

10 min. The mixture was centrifuged (20,000 × g, room temperature, 10 min). Then, organic phase 
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was collected and evaporated under nitrogen. The extract was resuspended in 300 μL of methanol, 

followed by removal of debris (20,000 × g, 4 °C, 10 min). The obtained extract was analysed by 

LC-ESI-MS (Agilent Infinity 1290; AB Sciex QTrap 6500, Darmstadt, Germany) (Gläser et al., 2020; 

Horbal et al., 2018; Kuhl et al., 2021). The analytes were separated on a reversed phase column 

(Vision HT C18 HighLoad, 100 × 2 mm, Dr. Maisch, Ammerbuch-Entringen, Germany) at 45 °C. 

Pamamycins were separated using an isocratic gradient of eluent A (8 mM ammonium formate in 

92% acetonitrile) at a flow rate of 0.3 mL min-1. Bottromycin was separated using an identical 

column, with a flow rate of 0.55 mL min-1. The gradient of eluents was described as follows: 0.1% 

formic acid in deionized water (A) and 0.1% formic acid in acetonitrile (B): 0-11 min, 95 - 5% A, 5 

- 95% B. 

4.1.12 Transcriptomic analysis 

Samples were collected (20,000 × g, 1 min, 4 °C) during the exponential phase, specifically 12 

hours after inoculation, followed by quick-freeze in liquid nitrogen. Sample preparation, RNA 

extraction, and RNA sequencing were conducted in biological triplicate and technological 

quintuplicate as described previously (Gläser et al., 2021; Kuhl et al., 2020; Kuhl et al., 2021). The 

extraction of RNA was conducted using Qiagen RNA Mini kit (Qiagen) according to the 

manufacturer’s instructions. The removal of residual DNA was performed by digestion with 10 U 

RNase-free DNase I (Thermo Scientific) for 1 h in the presence of RiboLock RNase inhibitor 

(Thermo Scientific), followed by re-purification of RNA with the same kit. The quality of RNA was 

verified by Trinean Xpose (Gentbrugge, Belgium) and the Agilent RNA 6000 Nano Kit on an 

Agilent 2100 Bioanalyser (Agilent Technologies, Böblingen, Germany). The removal of ribosomal 

RNA (rRNA) was conducted from the total RNA with the Ribo-Zero rRNA Removal Kit (Illumina, 

San Diego, USA) and verified with the Agilent RNA 6000 Pico Kit on an Agilent 2100 Bioanalyser 

(Agilent Technologies). The preparation of cDNA libraries was carried out with the TruSeq 

Stranded mRNA Library Prep Kit (Illumina), followed by sequencing of the resulting cDNA in a 
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paired-end fashion on an Illumina NextSeq 500 system with 2x75 bp read length. The reads 

underwent alignment to the S. lividans TK24 ΔYA8-DG2 genome sequence (CP111182.1) using 

Bowtie2 (Langmead & Salzberg, 2012), with adjustments such as increasing the maximum 

allowed distance for paired reads to 600 bases. Read alignments and raw read count calculation 

were visualized using ReadXplorer 2.2.3 (Hilker et al., 2014). DESeq2 (Love et al., 2014) was 

then utilized for quality control, including principal component analysis (Supplementary data: Fig. 

S3) and sample-to-sample distance calculation (Supplementary data: Fig. S4), as well as for 

generating differentially expressed gene (DGE) datasets. Both raw (sequenced reads) and 

processed (input matrix & normalized read counts from DESeq2) datasets are accessible from 

GEO (GSE246798). Statistical analysis involved a Student’s t-test, filtering genes based on a 

log2fold change ≥ 1 (adjusted p value ≤ 0.05). Hierarchical clustering was performed using the 

gplots software package (R core team 2014; Warnes et al., 2016). The entire process of RNA 

extraction and sequencing was conducted three times for biological replicate. RNA extraction, 

sequencing, and data processing were performed by Dr. Christian Rückert-Reed at Cebitec 

(Bielefeld, Germany). 
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4.2 Results and Discussion 

4.2.1 Heterologous production of bottromycin in S. lividans on renewable 

monomer 

To verify the native capability of S. lividans to utilize sustainable monomers, S. lividans TK24, the 

wild type strain, was incubated on minimal media agar plate containing mannitol, protocatechuate, 

or 4-hydroxybenzoate, respectively (Supplementary data: Fig. S2). The S. lividans TK24 was 

capable of growing on all substrates as a sole carbon source. To minimize the interference caused 

by the production of native natural products, S. lividans ΔYA8, a genetically modified strain of 

S. lividans TK24 in which eight natural biosynthetic clusters were deleted (Ahmed et al., 2020), 

was used. Then, DG2-Km-P41hyg (Horbal et al., 2018), a cosmid for bottromycin biosynthesis 

under control of P41 synthetic promoters, was integrated into the genomic DNA of S. lividans 

ΔYA8 at the attB site (locus tag, SLIV_19310) using Int-phiC31 recombinase system, resulting in 

the generation of a novel bottromycin producer strain named S. lividans ΔYA8-DG2. 

To evaluate its production performance, the same minimal media was used as in the initial growth 

tests. S. lividans ΔYA8-DG2 successfully formed bottromycin from mannitol as sole carbon source 

with concentrations of 10, 20, and 30 mM. Overall, both the titre of bottromycin and the biomass 

yield increased with cultivation time, resulting in the highest production of bottromycin from 30 mM 

of mannitol. 

In addition to mannitol, a potential of production from protocatechuate and 4-hydroxybenzoate 

was explored. The initial concentrations of substrates were increased up to 30 mM. The 

cultivations on aromatics have proven that the strain catabolizes protocatechuate and 4-

hydroxybenzoate efficiently. The concentration of protocatechuate in the culture decreased faster 

than mannitol at 10 mM and 20 mM, in contrast, 30 mM of 4-hydroxybenzoate results in extension 

of lag phase and cultivation period. In general, biomass yielded from aromatic was lower than the 
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biomass from mannitol. A possible explanation is that decreased energy was yielded from 

aromatics compared to sugars (Becker et al., 2018a; Weiland et al., 2023).  

 

Figure 16. Production of biomass and bottromycin from sustainable monomers. The 
engineered strain was cultivated on mannitol, protocatechuate (PCA), and 4-hydroxybenzoate 
(4HB) with 10 mM, 20 mM, and 30 mM of concentrations. The data represent mean values and 
standard deviations of triplicate (n=3). The figure was obtained from a previously published paper 
(Seo et al., 2023). 

 

Bottromycin was produced from all tested substrates despite deviations of bottromycin and 

biomass levels depending on substrates, proving the potential of robustness of S. lividans in next-

generate substrates utilization, including toxic compounds. The production of bottromycin was 

initiated from early stage of cultivation and maintained steady independent of the presence of 

substrate and growth phase, likely due to synthetic promoter regulating the bottromycin gene 

cluster (Horbal et al., 2018; Kuhl et al., 2021). 
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4.2.2 Fed-batch cultivation on 4-hydroxybenzoate  

As stated above, S. lividans ΔYA8-DG2 is highly resistant to 4-hydroxybenzoate. To enhance the 

production of bottromycin, the strain was cultivated in a fed-batch process with a repeat feeding 

of 4-hydroxybenzoate, showing the highest toxicity among tested substrates.  
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Figure 17. The fed-batch cultivation of S. lividans ΔYA8-DG2 on 4-hydroxybenzoate (4HB). 
The substrate was repeatedly fed to the culture when completely consumed. The data represent 
mean values and standard deviations of three biological replicates (n=3) (A). The figure was 
obtained from a previously published paper (Seo et al., 2023). 

 

The initial concentration of 4-hydroxybenzoate was 30 mM, as shown in Fig. 17, and was 

monitored in real time throughout the process. When the substrate was depleted, the concentrated 

stock was added to the culture to bring the concentration back up to 30 mM. Compared to the 

initial substrate consumption rate, the substrate was consumed after in an additional supply and 

produce bottromycin constantly. Furthermore, it catabolizes a third supply 4-hydroxybenzoate, 

resulting in consumption of 90 mM of substrate in total. In conclusion, bottromycin was 3-times 

higher titre than the batch culture, demonstrating that S. lividans is able to convert aromatics to 

bottromycin in a fed-batch procedure. Afterwards, bottromycin A2 was extracted from the culture 

broth. The ethyl acetate extract from the culture broth was analysed by LC-MS, which showed that 

the product is identical to the commercial product. 
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Figure 18. LC-MS analysis of ethyl acetate extract. The culture broth was harvested and 
extracted using ethyl acetate to verify formation of bottromycin A2 ([M+H]+ = 823.453) and 
methylated bottromycin [M+H]+ = 837.453) (A). The extract was compared to commercial product 
(B) The figure was obtained from a previously published paper (Seo et al., 2023). 

 

4.2.3 Transcriptomic analysis 

To gain a comprehensive understanding of metabolism, gene expression levels were compared 

between mannitol-amended cultures and aromatic-amended cultures. This comparison allows for 

a systemic analysis of metabolic changes in response to different substrates. As described above, 

S. lividans ΔYA8-DG2 was cultivated on 10 mM of three distinct substrates: mannitol, 

protocatechuate, or 4-hydroxybenzoate. In middle of exponential phase (12 h), RNA samples were 

taken, extracted and sequenced. The PCA plot of RNA sequencing confirmed reliable statistical 

quality (Supplementary data: Fig. S3). Metabolic changes were observed at the level of global 

gene expression by substrate, with separate sample sets clustered (Supplementary data: Fig. S4). 

Compared to the culture on mannitol, the culture based on protocatechuate changes the 

expression level of 387 genes (5.2 % of the total of 7497 genes), while the culture based on 4-

hydroxybenzoate alters the expression level of 1,786 genes (23.8 %). Between the two aromatics, 

1,373 genes (18.3%) were differentially expressed (adjusted p-value < 0.05, log2 fold change ≥1). 

The most significantly up-regulated and down-regulated genes belonged to different functional 

categories (Table 10 and 11). 
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Table 10. The genes up-regulated in S. lividans ΔYA8-DG2 on aromatic-amended culture. 
The 40 genes most up-regulated on protocatechuate compared to mannitol (adj p < 0.05, log2fold 

change> 2.0) were listed. The genes encoding enzymes of the TCA cycle (⬤), the EMP pathway, 

gluconeogenesis (⬤), aromatic catabolism (⬤), and the ethylmalonyl-CoA pathway (⬤). Further 

genes encode other enzymes (M) and regulators (R), as well as proteins of unknown function (U). 
(Fig. 19). n=3. The table was obtained from a previously published paper (Seo et al., 2023). 

Function Annotation Gene PCA 4HB 

R Two component histidine kinase SLYA8N_18305 10.2 6.3 

⬤ Cytochrome B subunit SLYA8N_33310 8.7 8.5 

M Glycosyl transferase SLYA8N_18300 8.1 3.4 

M ABC transporter, ATP-binding protein SLYA8N_13690 8.0 1.1* 

⬤ Succinate dehydrogenase/fumarate reductase iron-sulfur subunit SLYA8N_33320 7.6 8.5 

⬤ Hypothetical protein SLYA8N_33325 7.4 8.3 

M Protease SLYA8N_17590 7.3 0.2* 

⬤ Succinate dehydrogenase flavoprotein subunit SLYA8N_33315 7.1 7.6 

⬤ Benzaldehyde dehydrogenase SLYA8N_02130 6.7 8.4 

R Transcriptional regulatory protein SLYA8N_18310 6.4 2.8 

⬤ 4-Carboxymuconolactone decarboxylase SLYA8N_05020 6.4 6.2 

⬤ Crotonyl-CoA reductase SLYA8N_06060 6.3 3.6 

⬤ β-Ketoadipyl-CoA thiolase SLYA8N_05000 6.1 6.2 

U Integral membrane protein SLYA8N_13695 6.0 0.3* 

⬤ Succinyl-CoA:3-ketoacid coenzyme A transferase subunit A SLYA8N_04990 6.0 6.3 

U Hypothetical protein SLYA8N_18295 6.0 0.5* 

⬤ 3-Carboxy-cis, cis-muconate cycloisomerase SLYA8N_05015 5.9 5.8 

⬤ Succinyl-CoA:3-ketoacid coenzyme A transferase subunit B SLYA8N_04995 5.9 6.2 

⬤ Protocatechuate 3,4-dioxygenase subunit B SLYA8N_05005 5.8 5.0 

⬤ Pyruvate phosphate dikinase SLYA8N_25215 5.7 6.1 

⬤ Transmembrane transporter SLYA8N_02135 5.7 7.3 

⬤ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Protocatechuate 3,4-dioxygenase subunit A SLYA8N_05010 5.7 5.3 

R Response regulator SLYA8N_17595 5.5 -0.1* 

⬤ Benzoylformate decarboxylase SLYA8N_02125 5.4 6.6 

M Transport integral membrane protein SLYA8N_13895 4.8 1.5 

⬤ β-Ketoadipyl-CoA thiolase SLYA8N_04415 4.5 3.8 

M Alcohol dehydrogenase SLYA8N_29215 4.3 3.8 

⬤ Transcriptional regulator SLYA8N_04985 4.3 4.3 

⬤ Protein MeaA SLYA8N_06065 4.3 3.4 

M Long-chain-fatty-acid-CoA ligase SLYA8N_04410 4.2 3.6 

M Aldehyde dehydrogenase SLYA8N_29210 4.0 3.5 

M Exopolysaccharide phosphotransferase SLYA8N_08030 3.9 2.0 

⬤ Oxidoreductase SLYA8N_06050 3.9 3.3 

U Hypothetical protein SLYA8N_34285 3.8 3.7 

M Acyl-CoA dehydrogenase SLYA8N_29235 3.7 3.5 

M Hypothetical protein SLYA8N_32305 3.6 6.1 

M Iron-sulfur oxidoreductase subunit beta SLYA8N_05120 3.5 1.9 

M Membrane protein SLYA8N_03150 3.4 2.4 

⬤ Phosphoenolpyruvate carboxykinase SLYA8N_13500 3.3 3.3 

⬤ 4-Hydroxybenzoate hydroxylase SLYA8N_22275 3.2 9.0 

* Genes not significant (Benjamini-Hochberg FDR > 0.05) but included for completeness.  
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Table 11. The genes down-regulated in S. lividans ΔYA8-DG2 on aromatic amended culture. 
The 40 genes most down-regulated on protocatechuate compared to mannitol (adj p < 0.05, 
log2fold change> 2.0) were listed. The genes encoding enzymes of the EMP pathway, linked to 

glycolysis and gluconeogenesis (⬤), mannitol catabolism (⬤), pigment biosynthesis (⬤). Further 

genes encode other enzymes (M) and regulators (R), as well as proteins of so far unknown 
function (U). (Fig. 19). n=3. The table was obtained from a previously published paper (Seo et al., 
2023). 

Function Annotation Gene PCA 4HB 

M Monooxygenase SLYA8N_19810 -5.7 -0.9* 

M Heavy metal reductase SLYA8N_19790 -5.5 -0.7 

M Arsenite resistance protein ArsB SLYA8N_19800 -5.2 -2.0 

R Transcriptional regulator SLYA8N_19795 -5.0 -2.4 

⬤ Substrate binding protein, smoE SLYA8N_28225 -4.6 -5.3 

⬤ Integral membrane sugar transport protein, smoF SLYA8N_28220 -4.6 -5.7 

⬤ Hypothetical protein SLYA8N_28205 -4.6 -5.0 

⬤ Transcriptional regulator, smoR SLYA8N_28230 -4.5 -4.2 

⬤ DNA-binding protein SLYA8N_19785 -4.4 -0.6 

⬤ Integral membrane sugar transporter, smoG SLYA8N_28215 -4.4 -4.3 

⬤ Zinc-binding dehydrogenase, smoD SLYA8N_28210 -4.3 -3.3 

U Hypothetical protein SLYA8N_36995 -4.2 -5.2 

U Hypothetical protein SLYA8N_36990 -4.1 -5.3 

U Hypothetical protein SLYA8N_36975 -4.1 -5.3 

M Oxidoreductase SLYA8N_36985 -4.0 -5.0 

M Methyltransferase SLYA8N_36945 -4.0 -5.6 

M Endoglucanase SLYA8N_01130 -3.9 -3.0 

M Methylesterase SLYA8N_36955 -3.9 -5.5 

⬤ Enolase 2 SLYA8N_01125 -3.8 -3.4 

⬤ Deoxyribodipyrimidine photo-lyase SLYA8N_36980 -3.7 -5.3 

⬤ Phytoene dehydrogenase SLYA8N_36965 -3.7 -4.9 

⬤ Geranylgeranyl pyrophosphate synthase SLYA8N_36970 -3.7 -4.2 

⬤ Lycopene cyclase SLYA8N_36940 -3.7 -4.7 

⬤ Lipoprotein SLYA8N_36920 -3.5 -3.7 

⬤ Fructose-specific permease SLYA8N_21710 -3.5 -2.4 

M Secreted protein SLYA8N_01030 -3.4 -0.4* 

⬤ DeoR family transcriptional regulator SLYA8N_21700 -3.4 -2.4 

⬤ Phytoene synthase SLYA8N_36960 -3.3 -5.2 

M Sigma factor SLYA8N_36925 -3.2 -1.4 

⬤ Glyceraldehyde-3-phosphate dehydrogenase SLYA8N_01755 -3.2 -2.6 

M Dehydrogenase SLYA8N_36950 -3.2 -4.8 

M Integral membrane lysyl-tRNA synthetase SLYA8N_20785 -3.2 -1.5 

⬤ 1-Phosphofructokinase SLYA8N_21705 -3.1 -2.8 

U Hypothetical protein SLYA8N_36915 -2.8 -3.8 

M Secreted protein SLYA8N_19820 -2.6 0.1 

⬤ Fructokinase SLYA8N_27935 -2.6 -1.8 

U Hypothetical protein SLYA8N_20790 -2.5 -0.9 

M Neutral zinc metalloprotease SLYA8N_11275 -2.5 0.3* 

M Lipoprotein SLYA8N_17715 -2.4 -2.9 

R MarR family regulatory protein SLYA8N_01120 -2.4 -2.6 

* Genes not significant (Benjamini-Hochberg FDR > 0.05) but included for completeness.  
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Figure. 19. Gene expression levels of central carbon metabolism in response to substrates 
in S. lividans ΔYA8-DG2. The data show the differences in gene expression levels between cells 
cultured with mannitol and protocatechuate (10 mM, 12 h) and are highlighted in colour (blue, 
downregulated on protocatechuate; yellow, upregulated on protocatechuate). The metabolic 
network was compiled from the KEGG database and manually curated. The genes responsible 
for the mannitol uptake system were adapted from C. glutamicum as template (Hoffmann et al., 
2018; Peng et al., 2011). The cofactors refer to S. lividans TK24 (Daniels et al., 2018) unless 
stated. The cofactor specificity of phosphoenolpyruvate carboxykinase (PEPCk) and pyruvate 
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carboxylase (PC) was taken from S. coelicolor M145 (Llamas-Ramírez et al., 2020) whereas 
succinate-dehydrogenase was inferred to E. coli (Cecchini et al., 2002). +, Putative genes; *, 
Genes not significant (Benjamini-Hochberg FDR > 0.05) but included for completeness. The figure 
was obtained from a previously published paper (Seo et al., 2023). 

 

Despite its frequent use in the synthesis of natural products and enzymes (Dulaney, 1949; Quinn 

et al., 2020; Schrader & Blevins, 2001), the utilization of mannitol in S. lividans has been less 

explored. Through the analysis of differentiated gene expression levels, identification of mannitol 

and aromatic uptake systems in S. lividans TK24 were conducted. In the aromatic-amended 

cultures, the expression of ABC sugar transporter genes and fructose related genes were 

downregulated (Table 12 and Fig. 19). The sugar transport system consists of zinc-binding 

dehydrogenase, membrane sugar transporter, membrane sugar transport protein, and substrate 

binding protein.  

 

Table 12. The influence of substrates on genes related to mannitol uptake and degradation 
pathways in S. lividans ΔYA8-DG2. The strain was cultivated on minimal medium containing 
either 10 mM mannitol, protocatechuate (PCA), or 4-hydroxybenzoate (4HB) as the sole carbon 
source. Samples were collected from the cultures after 12 hours. (Fig. 19). The expression levels 
are normalized to the mannitol-amended culture and are given as log2 fold change. The 
significance level (Benjamini-Hochberg, FDR) was set to < 0.05, n=3. The table was obtained from 
a previously published paper (Seo et al., 2023). 

Gene Annotation PCA 4HB 

SLYA8N_09400 Phosphocarrier protein HPr -1.48 -0.87 

SLYA8N_17190 Trehalose import ATP-binding protein SugC -1.43 -1.13 

SLYA8N_21700 DeoR family transcriptional regulator -3.40 -2.42 

SLYA8N_21705 1-Phosphofructokinase -3.07 -2.75 

SLYA8N_21710 Fructose-specific permease -3.47 -2.43 

SLYA8N_28205 Hypothetical protein -4.56 -5.01 

SLYA8N_28210 Zinc-binding dehydrogenase -4.28 -3.31 

SLYA8N_28215 Integral membrane sugar transporter -4.35 -4.28 

SLYA8N_28220 Integral membrane sugar transport protein -4.57 -5.71 

SLYA8N_28225 Substrate binding protein -4.61 -5.28 

SLYA8N_28230 Transcriptional regulator deoR-type -4.54 -4.20 
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In terms of mannitol transporter system, this downregulation was observed in a six-gene operon 

in protocatechuate-fed cells. This operon appears to encode components of an ABC transporter 

for mannitol intake, based on BLASTN comparison with the S. coelicolor A3(2) genome (Table 13) 

(Bertram et al., 2004). Although genome analysis suggested the presence of an ABC-type 

membrane protein for sugar alcohols (potentially including mannitol), the smo operon was not 

activated when mannitol was added to the culture medium in the previous study. However, in this 

study, a significant induction of a five-gene operon in S. lividans TK24 that closely resembles the 

proposed mannitol operon in S. coelicolor A3(2), was observed particularly when mannitol was 

the sole carbon source (Fig. 19 and Table 11). This indicates that these genes likely form the 

mannitol absorption system in both S. lividans TK24 and S. coelicolor A3(2).  

 

Table 13. Nucleotide sequence comparison of genes up-regulated during growth of 
S. lividans ΔYA8-DG2 on mannitol, against the genome of S. coelicolor A3(2). The BLASTN 
analysis exhibited that six genes including a sugar ABC transporter showed high similarity to 
mannitol transporter (Bertram et al., 2004). The table was obtained from a previously published 
paper (Seo et al., 2023). 

Gene Annotation Reference Coverage/Identity (%) 

SLYA8N_28205 Hypothetical protein SCO1902 100/99.0 

SLYA8N_28210 Zinc-binding dehydrogenase, smoD SCO1901 100/99.6 

SLYA8N_28215 Membrane sugar transporter, smoG SCO1900 100/99.8 

SLYA8N_28220 Membrane sugar transport protein, smoF SCO1899 100/100 

SLYA8N_28225 Substrate binding protein, smoE SCO1898 100/99.3 

SLYA8N_28230 Transcriptional regulator deoR-type, smoR SCO1897 100/99.7 

 

Under the aromatic-consuming condition, the identified genes were significantly downregulated, 

exhibiting log2 fold changes lower than -4 (Table 12). Intriguingly, the mannitol uptake system 

included a zinc-binding dehydrogenase, suggesting that mannitol might be converted to fructose 

after uptake. Additionally, fructose phosphotransferase system-related genes were 

downregulated with log2 fold changes lower than -3. The phosphocarrier protein HPr, which is a 

phosphate donor for the phosphotransferase system, was also downregulated. The activation of 

both sugar ABC transporter and fructose phosphotransferase system in S. lividans may suggest 



Chapter 2. Results and Discussion 

 

81 

mannitol was possibly taken up by the cells through an ABC transporter and subsequently 

converted into fructose within the cytoplasm. This uptaken fructose was either converted into 

fructose 6-phosphate by fructokinase or released outside the cells and re-uptaken by fructose 

phosphotransferase system. This metabolic mechanism closely resembles that observed in the 

related actinobacterium Corynebacterium glutamicum, as elucidated in earlier studies (Hoffmann 

et al., 2018; Peng et al., 2011).  

On the other hand, the supplementation of protocatechuate and 4-hydroxybenzoate triggered the 

shared catabolic pathways. In protocatechuate-amended culture, aromatic acid:H+ symporter 

family MFS transporter was 5.6-fold upregulated. Genes involved in 4-hydroxybenzoate and 

protocatechuate degradation such as 4-hydroxybenzoate hydrolase, protocatechuate 3,4-

dioxygenase and subsequent ring-cleavage enzymes were highly upregulated (Table 14).  

 

Table 14. The influence of substrates on genes related to aromatic uptake and degradation 
pathways in S. lividans ΔYA8-DG2. The strain was cultivated on minimal medium containing 
either 10 mM mannitol, protocatechuate (PCA), or 4-hydroxybenzoate (4HB) as the sole carbon 
source. Samples were collected from the cultures after 12 hours. (Fig. 19). The expression levels 
are normalized to the mannitol-amended culture and are given as log2 fold change. The 
significance level (Benjamini-Hochberg, FDR) was set to < 0.05, n=3. The table was obtained from 
a previously published paper (Seo et al., 2023). 

Gene Annotation PCA 4HB 

SLYA8N_02125 Benzoylformate decarboxylase 5.35 6.61 

SLYA8N_02130 Benzaldehyde dehydrogenase [NAD(+)] 6.69 8.36 

SLYA8N_02135 Transmembrane transporter, Aromatic acid:H+ symporter  5.66 7.30 

SLYA8N_04990 Succinyl-CoA:3-ketoacid coenzyme A transferase subunit A 6.02 6.29 

SLYA8N_04995 Succinyl-CoA:3-ketoacid coenzyme A transferase subunit B 5.89 6.22 

SLYA8N_05000 β-Ketoadipyl-CoA thiolase 6.13 6.17 

SLYA8N_05005 Protocatechuate 3,4-dioxygenase beta chain 5.78 5.04 

SLYA8N_05010 Protocatechuate 3,4-dioxygenase alpha subunit 5.65 5.28 

SLYA8N_05015 3-Carboxy-cis, cis-muconate cycloisomerase 5.94 5.81 

SLYA8N_05020 4-Carboxymuconolactone decarboxylase 6.42 6.19 

SLYA8N_22275 4-Hydroxybenzoate hydroxylase 3.23 9.01 
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The catabolism of 4-hydroxybenzoate and protocatechuate is achieved by protocatechuate 3,4-

cleavage pathway, resulting in the production of 3-oxoadipyl-CoA, ultimately yields succinyl-CoA 

and acetyl-CoA. While glyoxylate shunt is a well-known mechanism for assimilation of C2 

compounds such as acetate (Renilla et al., 2012), S. lividans lacks isocitrate lyase, one of the 

enzymes required for glyoxylate shunt, suggesting the utilization of an alternative pathway (Lewis 

et al., 2010), such as ethylmalonyl-CoA pathway. This assumption was supported by the 

upregulation of key enzymes in ethylmalonyl-CoA pathways, such as crotonyl-CoA reductase (Ccr) 

and ethylmalonyl-CoA mutase, with log2 fold changes of 6.3 and 4.3, respectively (Fig. 19 and 

Table 15). This indicate that potential alterations in the ethylmalonyl-CoA pathway in aromatic-

amended culture. 

The production of succinyl-CoA acetyl-CoA also led to the upregulation of genes involved in both 

succinate dehydrogenase and gluconeogenesis pathway, including fructose 1,6-bisphosphatase, 

PEP carboxylase, and pyruvate carboxylase (Table 15). In addition to the reprogramming of 

gluconeogenesis, genes associated with the PEP-pyruvate-oxaloacetate node were also 

reprogrammed. The expression of pyruvate kinase and PEP carboxylase genes was 

downregulated, whereas genes involved in pyruvate formation, including malic enzyme and 

pyruvate phosphate dikinase, were upregulated. 

Aside from carbon central metabolism, gene related to amino acid biosynthesis (Supplementary 

data: Table S6) were remained largely unchanged, indicating adapted production of amino acids. 

Despite notable changes in gene expression levels within central carbon metabolism, no 

significant alterations were observed in the genes associated with the bottromycin biosynthesis 

(Fig. 19), indicating that substrate choice had minor impact on bottromycin production. This 

suggests that the utilization of distinct substrates can be achieved by adjusting the high-flux central 

carbon pathways. Conclusively, the strain is capable of adapting varied environments, coupled 
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with the utilization of the synthetic promoter for stable cluster expression (Fig. 19), is crucial for its 

production performance. 
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Table 15. Gene expression levels related to gluconeogenesis, the phosphoenolpyruvate-
pyruvate-oxaloacetate node, and ethylmalonyl-CoA pathway (log2 fold change). The strain 
was cultivated on minimal medium containing 10 mM mannitol, protocatechuate (PCA), or 4-
hydroxybenzoate (4HB) as the sole carbon source. Samples were harvested from the cultures 
after 12 hours (Fig. 19). The expression levels are normalized to the mannitol-amended culture 
and are given as log2 fold change. The significance level (Benjamini-Hochberg, FDR) was set to 
< 0.05, n=3. The table was obtained from a previously published paper (Seo et al., 2023). 

Gene Annotation PCA 4HB 

Gluconeogenesis 

SLYA8N_13150 Fructose-1,6-bisphosphatase 2.06 2.98 

SLYA8N_13500 Phosphoenolpyruvate carboxykinase [GTP] 3.34 3.28 

SLYA8N_35210 Pyruvate carboxylase 1.12 0.46 

Phosphoenolpyruvate-pyruvate-oxaloacetate node 

SLYA8N_11390 Pyruvate kinase -1.28 -1.05 

SLYA8N_12060 Putative NAD-dependent malic enzyme 1.14 2.06 

SLYA8N_22045 Phosphoenolpyruvate carboxylase -0.90 -3.63 

SLYA8N_22940 NAD-dependent malic enzyme 0.16* 0.82 

SLYA8N_25215 Pyruvate phosphate dikinase 5.70 6.14 

SLYA8N_27640 Pyruvate kinase -1.03 -1.57 

Ethylmalonyl-CoA pathway 

SLYA8N_04575 Fatty oxidation protein 0.21* -0.31* 

SLYA8N_04850 Fatty acid oxidative multifunctional enzyme -0.52 -1.04 

SLYA8N_04855 Putative acyltransferase -0.33* -1.27 

SLYA8N_06050 Oxidoreductase 3.87 3.31 

SLYA8N_06055 Transcriptional regulator 0.41* -0.41* 

SLYA8N_06060 Crotonyl-CoA reductase 6.28 3.55 

SLYA8N_06065 Protein MeaA 4.29 3.42 

SLYA8N_06070 Citrate lyase 2.89 2.24 

SLYA8N_06075 Hypothetical protein 2.98 2.68 

SLYA8N_06080 Acyl-CoA dehydrogenase 1.58 1.15 

SLYA8N_06790 Acetyl-/propionyl-coenzyme A carboxylase alpha chain 0.74 -0.61 

SLYA8N_11430 Isobutyryl-CoA mutase A 0.30* 1.42 

SLYA8N_11500 Putative acetyl-CoA acetyltransferase 0.65 1.47 

SLYA8N_11505 Hypothetical protein 1.03 0.57 

SLYA8N_11570 3-Hydroxybutyryl-CoA dehydrogenase 0.58 1.29 

SLYA8N_13745 Propionyl-CoA carboxylase beta chain 0.80 -0.56 

SLYA8N_13770 Acetyl-/propionyl-coenzyme A carboxylase alpha chain 0.58 -0.60 

SLYA8N_14030 Methylmalonyl-CoA mutase 0.51 1.30 

SLYA8N_14360 Isobutyryl-CoA mutase small subunit 0.42 0.34 

SLYA8N_23780 Putative acyl-CoA dehydrogenase 1.24 1.57 

SLYA8N_23785 Hydroxymethylglutaryl-CoA lyase 1.09 1.61 

SLYA8N_23790 Acetyl-/propionyl-coenzyme A carboxylase alpha chain 0.99 1.26 

SLYA8N_23795 Methylcrotonoyl-CoA carboxylase beta chain 1.35 1.51 

* Genes not significant (Benjamini-Hochberg FDR > 0.05) but included for completeness.  
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4.2.4 Analysis of intracellular amino acids 

Bottromycin production on both aromatics and mannitol, combined with the stability of amino acid 

biosynthesis genes, suggests that availability of amino acid synthesis might minimally influenced 

by substrates. To confirm the hypothesis, intracellular amino acids analysis in exponential phase 

was conducted and compared to transcriptomic data.  

In general, high concentration of 2-oxoglutarate derived amino acids were observed (Fig. 20). L-

glutamate was approximately in the aromatic supplemented culture was 1.5 -times higher than 

mannitol-supplied culture (118 μM gCDW-1). In addition, concentration of L-glutamine was 4.1-

times and 1.4-times higher in protocatechuate- and 4-hydroxybenzoate-amended culture, 

respectively. L-proline exhibited 2.1-times and 3.6-times higher increase, correspondingly. 

Transcriptomic data showed that succinyl-CoA from aromatics entered into TCA cycle resulting in 

downregulation of 2-oxoglutarate oxidoreductase genes (Fig. 19) and using bypass pathway, 

ultimately increasing abundance of 2-oxoglutarate-derived amino acids.  

Surprisingly, L-cysteine exhibited an increase of more than 4-times in the aromatic amended 

culture. Specifically, more changes in intracellular amino acids observed in 4-hydroxybenzoate 

amended culture. A relatively high abundance of L-methionine, L-tryptophane, and L-

phenylalanine was observed. In contrast, L-histidine, L-threonine, L-glycine, and L-serine present 

in relatively low amounts. Despite deviations on amino acid concentrations, the biosynthesis of 

bottromycin necessitates the utilization of 14 out of the 20 standard amino acids, indicating that 

S. lividans ΔYA8-DG2 possesses the ability to synthesize these amino acids in minimal media 

supplemented with either mannitol or aromatics. The analysis of intracellular amino acids further 

supported the hypothesis above as the majority of intracellular amino acids were detected and 

concentrations remained constant. 
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Figure. 20. The concentration of intracellular amino acids in S. lividans ΔYA8-DG2 on 
different substrates. The minimal medium contained either 10 mM of mannitol, protocatechuate, 
or 4-hydroxybenzoate. The samples were taken after 12 hours from inoculation. The data 
represent absolute amino acid concentrations, comparing overall concentrations between 
substrates (A, B) and substrate-specific differences linked to the biosynthetic origin of amino acids 
(C). Circle diameters on the log-scaled concentration axis depict the concentration, with mean 
values and standard deviations derived from three biological replicates (n=3) and technical 
duplicates. The figure was obtained from a previously published paper (Seo et al., 2023). 

 

This indicates that modifying the high-flux carbon core pathways alone was sufficient to efficiently 

utilize these different substrates. For comparison, Bacillus subtilis mainly altered its central 

metabolism to maintain metabolic balance under salt stress (Kohlstedt et al., 2014). In summary, 

the inherent stability across diverse conditions, combined with the use of a synthetic promoter for 

steady cluster expression (Fig. 19), appears to be crucial for the exceptional production 

performance observed. 
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4.2.5 Analysis of intracellular CoA thioesters 

As mentioned above, supplement of aromatics induce a significant upregulation of the 

ethylmalonyl-CoA pathway (Fig. 19 and Table 15), producing a wide range of CoA intermediates. 

To investigate the potential changes in CoA thioester pool levels between aromatic-amended and 

mannitol-amended cultures, metabolomic analyses were performed using S. lividans ΔYA8-DG2, 

a strain in which the impact of CoA utilization was minimized. The strain was cultivated in 10 mM 

either mannitol, protocatechuate or 4-hydroxybenzoate, and harvested in mid-exponential phase 

(12 h). The genes involved in ethylmalonyl-CoA pathway was highly upregulated in aromatic-

amended culture (Fig. 19 and Table 15) together with overall concentration of CoA thioesters (Fig. 

21). The total concentration of CoA thioesters in the mannitol-amended culture was found to be 

105 nmol gDCW-1, whereas the concentration increased to 1173 nmol gDCW-1 in the 

protocatechuate-amended culture and increased to 866 nmol gDCW-1 in the 4-hydroxybenzoate 

culture, indicating an approximately 11-fold and 8-fold increase, respectively.  

Specifically, the concentrations of CoA thioesters involved in the aromatic degradation pathway, 

including 3-oxoadipyl-CoA, succinyl-CoA, and acetyl-CoA, showed significant increases. In 

protocatechuate-amended culture, the concentrations of 3-oxoadipyl-CoA, succinyl-CoA, and 

acetyl-CoA were increased by 703-fold, 41-fold, and 4-fold, respectively. Similarly, in 4-

hydroxybenzoate-amended culture, the concentrations of these CoA thioesters were increased by 

119-fold, 18-fold, and 4-fold, respectively, indicating that the degradation of aromatics led to an 

abundance of succinyl-CoA and acetyl-CoA.  

Increased levels of ethylmalonyl-CoA intermediates and 3-oxoadipyl-CoA were observed in both 

aromatics. However, cells harvested from 4-hydroxybenzoate displayed lower quantities of CoA 

thioesters, likely due to lower uptake rates of 4-hydroxybenzoate. Protocatechuate (10 mM) (Fig. 

16D) was depleted faster than 4-hydroxybenzoate (Fig. 16G).  
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Figure. 21. The concentration of intracellular CoA thioester in S. lividans ΔYA8-DG2. The 
cells were cultivated in minimal medium containing 10 mM mannitol, protocatechuate, or 4-
hydroxybenzoate, respectively. The data represent absolute concentrations of CoA thioesters 
collected 12 hours after inoculation on mannitol (A) and 4-hydroxybenzoate (B) compared to 
mannitol. The size and circles reflects the concentration. High abundance CoA thioesters (C) are 
displayed in log-scale, while low abundance CoA thioesters (D) are displayed in absolute 
concentrations. The data represent mean values and standard deviations from three biological 
replicates (n=3) and technical duplicates. The figure was obtained from a previously published 
paper (Seo et al., 2023). 

 

4.2.6 Impact of substrates on production of pamamycin derivates 

As the levels of CoA thioesters, which are precursors of polyketides -a commercially important 

class of natural products (Alber, 2011), increased in cultures amended with aromatic substrates. 

The production of polyketides was subsequently investigated. Pamamycin derivatives are 
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produced based on the availability of precursors, including malonyl-CoA, methylmalonyl-CoA, and 

ethylmalonyl-CoA (Gummerlich et al. 2021; Kuhl et al. 2020).  

In order to produce pamamycin, the R2 cosmid containing the pamamycin biosynthetic gene 

cluster controlled by its native promoter (Rebets et al., 2015), was integrated into chromosomal 

DNA of S. lividans ΔYA8 at the attB site (locus tag, SLIV_ SLIV_19310), yielding the engineered 

strain named as S. lividans ΔYA8-R2. The integration of the pamamycin biosynthetic gene cluster 

was verified through PCR and sequencing. 

The engineered mutant successfully produced pamamycin when cultivated on mannitol (30 mM) 

(Fig. 22A) and 4-hydroxybenzoate (30 mM) (Fig. 22B), respectively. Interestingly, the choice of 

carbon source significantly influenced production performance. Utilizing mannitol resulted in rapid 

growth during the early stage, whereas a nearly one-day lag phase was observed with 4-

hydroxybenzoate, likely due to its toxicity. After adaptation, cells accumulated pamamycin in both 

conditions. Cells grown on mannitol continued to produce pamamycin during the stationary phase, 

ultimately achieving a final titre of 3.3 mg L-1 after 216 hours. In contrast, cells grown on 4-

hydroxybenzoate did not produce further in the stationary phase, yielding a final concentration of 

0.9 mg L-1.  

Interestingly, the type of substrate significantly affected the pamamycin spectrum. Pamamycin 

produced from mannitol-supplemented cultures had a high fraction of heavy pamamycins, 

including Pam 649 and Pam 663 (Fig. 22C). Conversely, cultures amended with 4-

hydroxybenzoate predominantly produced light derivatives, such as Pam 621 and Pam 635, which 

constituted 80% of the total pamamycin (Fig. 22D). Additionally, a shift in the pamamycin spectrum 

was observed when transitioning from the exponential phase to the stationary phase.  
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Figure 22. The impact of carbon source on biomass formation and pamamycin production 
in S. lividans ΔYA8-R2. The engineered strain was cultivated in minimal medium amended with 
either mannitol (30 mM) (A) or 4-hydroxybenzoate (30 mM) (B), respectively. The spectrum of 
pamamycin derivatives produced on mannitol (C) or 4-hydroxybenzoate (D) is displayed for both 
from mid-exponential phase (72 h) and stationary phase (216 h). The data represent mean values 
and standard deviations from three biological replicates (n=3). The figure was obtained from a 
previously published paper (Seo et al., 2023). 

 

The biosynthesis of pamamycin utilizes succinyl-CoA as a starter unit, and is extended with three 

distinct CoA thioesters: malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA (Rebets et al., 

2015). In cells cultivated on aromatics, 3-oxoadipyl-CoA played a dual role. It was produced both 

during the catabolic breakdown of 4-hydroxybenzoate and as an intermediate in the biosynthesis 
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of pamamycin, originating from the combination of malonyl-CoA and succinyl-CoA. This specific 

interaction was crucial for the production of lighter pamamycin derivatives (Rebets et al., 2015). 

Given that the concentration of 3-oxoadipyl-CoA was significantly higher in aromatic-amended 

cultures (Fig. 21), this favoured the predominant formation of lighter pamamycin variants in 4HB-

amended cultures. To gain a more thorough understanding, future research should investigate the 

enzymatic synthesis of methyl-3-oxoadipyl-CoA, using a method similar to the one employed for 

3-oxoadipyl-CoA in our study. This would enable its LC-MS analysis in cell extracts. Methyl-3-

oxoadipyl-CoA plays a crucial role in pamamycin biosynthesis, influencing the formation of heavier 

product variants. 

The previous studies on production of pamamycin using S. albus, was focused on manipulation 

of the intracellular concentration of building blocks, achieved by genetic modification (Gummerlich 

et al., 2021), feeding the branched-chain amino acids (Gläser et al., 2021). In this study, the 

selection of substrates significantly alters the intracellular CoA ester profile (Fig. 21), thereby 

enabling diverse combinations of pamamycin derivatives (Fig. 22). The utilization of aromatics 

promotes the production of light pamamycins, while mannitol enhances the production of heavy 

pamamycins. This suggests that the choice of substrates could be a strategic option to increase 

selectivity towards the desired molecule.  

4.2.7 Demonstration of pamamycin production from brown seaweed 

(Himanthalia elongate) hydrolysate  

Pamamycin production using a seaweed hydrolysate, employing the metabolically engineered 

strain S. lividans ΔYA8-R2, was showcased. The brown seaweed Himanthalia elongate, known 

for its commercial potential due to high contents of mannitol, was chosen as a primary raw material. 

The dried seaweed was processed grinding, enzymatic treatment at a mildly acidic pH of 5.5, and 

autoclaving. The resulting extract was an aqueous hydrolysates containing 20 mM of mannitol and 
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14 mM of glucose, byproducts of the digestion process. After mixing with a buffer, hydrolysate 

was directly used for pamamycin production without any further nutritional additions or treatments. 

 

 

Figure 23. Production of pamamycin from a brown seaweed hydrolysate using 
metabolically engineered S. lividans ΔYA8-R2. The hydrolysate utilized in this study was 
prepared from Himanthalia elongata (Willem & Saxifraga) (credit for the photo of H. elongate: 
Willem VK, Saxifraga) (A). The engineered strain was cultivated on seaweed hydrolysate after 
mixing with MOPS buffer (pH 7.0) (B). The culture broth was analysed by LC-MS to verify 
pamamycin production (C). The pamamaycin derivatives were compared between the mid-
exponential phase (24 h) and stationary phase (96 h). The data represent mean values and 
standard deviations from three biological replicates (n=3). The figure was obtained from a 
previously published paper (Seo et al., 2023). 

 

While cultivating ΔYA8-R2 strain, the sugars in hydrolysate were consumed sequentially. Glucose 

was consumed first, resulting in biomass formation up to 4 g L-1 and a total pamamycin production 

of 0.02 mg L-1 (Fig. 23B). Following glucose consumption, mannitol is consumed, accelerating 

pamamycin biosynthesis and ultimately yielding a titre of 0.7 mg L-1. Moreover, the shift between 

these two distinct phases induced variation in the pamamycin spectrum.  
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Beyond the fermentative production of natural products on food-based carbon sources such as 

glucose, starch, yeast extract, peptone, and soybean, this study demonstrated the production of 

natural product from alternative substrates such as protocatechuate, 4-hydroxybenzoate, and 

mannitol. Considering that the these substrates can be sourced from waste and by-products such 

as pulp and paper sector (Becker & Wittmann, 2019), seaweed-based food production and high-

value ingredient extraction (Poblete-Castro et al., 2020). This study demonstrates potential 

transitioning microbial natural product formation from conventional materials to eco-friendlier raw 

materials. 
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5 Conclusion and Outlook 

The applications of biotechnological tools on renewable feedstocks have shown promise for 

replacing traditional fossil-based feedstocks. However, given that the petroleum feedstock system 

has been already optimized and utilized for decades (Katakojwala & Mohan, 2021), sophisticated 

approaches, such as the production of high-value complex molecules from renewable feedstock, 

are necessary to replace the current systems with developing biotechnological methods (H. P. 

Meyer, 2011). 

A promising approach involves the use of microbial cell factories, which are powerful tools for 

producing complex molecules from lignocellulosic biomass and algae biomass. They offer eco-

friendly conversion compared to chemical catalysts, with selective and broad spectra of products. 

However, the native pathways of substrate uptake and metabolism in microbial cell factories is a 

major consideration for renewable feedstock utilization due to the significant heterogeneity of 

renewable feedstocks (Buschke et al., 2013). 

In the first part of the study, the degradation pathway for lignin-derived aromatics in C. glutamicum 

was investigated by developing a targeted measurement for known and potential aromatic CoA 

thioester using LC-MS/MS. This LC-MS/MS method provided metabolomic evidence for the CoA-

dependent β-oxidative pathway in C. glutamicum and enabled a comparison of the degradation 

capabilities between the wild type C. glutamicum and the engineered strain. Strikingly, the 

degradation of phenylpropanoids in C. glutamicum is more complex than previously understood. 

For example, the substrate preference of the enzymes dictates the substrate preference of the 

strain, as well as affecting the degradation capacities. Additionally, the release of acetyl-CoA from 

phenylpropanoids degradation influences central metabolism, indicating that sophisticated 

considerations are required for genetic engineering. 
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Considering the heterogeneity of lignin’s nature, the utilization of various aromatic compounds is 

key to expanding the substrate spectrum. In general, the degradation of phenylpropanoids, 

including ferulate, p-coumarate, and caffeate, is controlled by single enzymes in bacteria, such as 

PhdA in C. glutamicum (Kallscheuer et al., 2016), Fcs in P. putida (Parales & Harwood, 1992), 

and FerA in N. aromaticivorans (Cecil et al., 2018). This study shows that strain improvements 

should not only consider degradation pathways, such as the deletion of catabolic genes and their 

regulators, but also the substrate preference of these enzymes. Given that the majority of the 

strains used for lignin valorisation, including P. putida, C. glutamicum, Amycolatopsis sp., and 

Rhodococcus, utilize CoA-dependent pathways, this molecular-specific LC-MS/MS method has 

the potential to be used for other bacteria. This enables a comparison of enzyme capabilities 

across different strains, facilitating more targeted and effective strain engineering. 

Secondly, the valorisation of advanced renewable feedstocks using S. lividans was approached 

in an applied manner with a systemic understanding of catabolism in the strain. The cultivation on 

renewable feedstock-derived monomers , mannitol and protocatechuate, on defined media allows 

deciphering the substrate utilization system in S. lividans. The utilization of different substrates 

significantly affects the central metabolism of S. lividans. The catabolism of aromatic acid yielded 

activation of ethylmalonyl-CoA pathway for C2 assimilation, as shown in transcriptomic and 

metabolomic data, differentiating the pamamycin spectrum in both substrates. From both mannitol 

and aromatic monomers, the production of bottromycin, an amino-acid-derived natural product, 

and pamamycins, CoA-derived natural products, was demonstrated. This provides proof of 

concept for the production of complex molecules from renewable feedstocks, underscoring the 

potential of utilizing S. lividans for the efficient conversion of diverse renewable substrates into 

valuable pharmaceuticals. Moreover, the utilization of seaweed hydrolysate, which underwent 

minimal pre-treatment, demonstrated the practical application of advanced renewable feedstocks.  
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Specific to the strain, S. lividans (Rückert et al., 2015) is recognized as a reliable heterologous 

host for the production of both natural products and proteins. In this context, evaluating S. lividans 

for synthesizing additional compounds from sustainable monomers appears promising. For 

instance, the stable availability of amino acids across different substrates (Fig. 20) allows this 

strain suitable for producing heterologous proteins like cellulase (Daniels et al., 2018) and human 

proteins (Bender et al., 1990).  

In the context of renewable feedstock utilization, bioproduction from lignin has predominantly 

focused on the production of low-value high-volume chemicals, such as cis, cis-muconate 

(Kohlstedt et al., 2022; Weiland et al., 2023) and β-ketoadipic acid (Okamura-Abe et al., 2016; 

Suzuki et al., 2021). Given the high market value of pharmaceuticals, demonstrating the 

production of high-value low-volume natural products could enhance overall renewable feedstock 

valorisation strategies. Similarly, in seaweed biorefineries, natural product synthesis from algal 

residuals could be integrated into cascading value chains, where leftover hydrolysates are 

converted into value-added chemicals after extracting valuable bioactive molecules (Poblete-

Castro et al., 2020). While current efforts primarily target biofuels and bulk chemicals like ethanol 

(Chades et al., 2018; Sasaki et al., 2018; I. Y. Sunwoo et al., 2018) and lactate (Mazumdar et al., 

2014), they also present significant potential for natural product synthesis and higher-value 

outputs. 

In conclusion, this study contributes to advancing the utilization of renewable feedstocks by 

elucidating the catabolic capabilities of key microbial cell factories, C. glutamicum and S. lividans, 

while also demonstrating the production of high-value, complex-structured natural products.
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6 Appendix 

6.1 Abbreviations and Units 

2OG: 2-Oxoglutarate 

3PG: 3-Phosphoglycerate 

4HB: 4-Hydroxybenzoate 

ABC: ATP-binding cassette  

ACP: Acyl carrier protein 

At4CL4: 4-Coumarate:CoA ligase in Arabidopsis thaliana 

APIs: Active pharmaceutical ingredients 

BGC: Biosynthetic gene cluster 

CCR: Carbon catabolite repression 

Ccr: Crotonyl-CoA reductase 

CDW: Cell dry weight 

COMT: Caffeate O-methyltransferase 

CL: p-Coumarate:CoA ligase 

DSMZ: German Collection of Microorganisms and Cell Cultures 

E4P: Erythrose 4-phosphate 

FadA: 3-Ketoacyl-CoA thiolase (fatty acid β-oxidation) in C. glutamicum 

FadB: 3-Hydroxyacyl-CoA dehydrogenase (fatty acid β-oxidation) in C. glutamicum 

FadE: Acyl-CoA dehydrogenase (fatty acid β-oxidation) in C. glutamicum 

FDR: False discovery rate 

FerA: Acetate-CoA ligase  
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HVLV: High-value Low-volume  

LVHV: Low-value High-volume 

MFS: Major facilitator superfamily 

MRM: Multiple reaction monitoring 

MWh: Megawatt-hour 

NGS: Next-Generation Sequencing 

NP: Natural product 

NRP: non-ribosomal peptide 

OAA: Oxaloacetate 

OD: Optical density 

PC: Pyruvate carboxylase 

PCA: Protocatechuate 

PCA: Principal component analysis 

PcaI: 3-Oxoadipate:succinyl-CoA transferase subunits A 

PcaJ: 3-Oxoadipate:succinyl-CoA transferase subunits B 

PEP: Phosphoenolpyruvate 

PEPCk: Phosphoenolpyruvate carboxykinase 

PHA: Polyhydroxyalkanoate 

PhdA: Acyl:CoA ligase (phenylpropanoid degradation) in C. glutamicum 

PhdB: 3-Hydroxyacyl-CoA dehydrogenase (phenylpropanoid degradation) in C. glutamicum 

PhdC: 3-Oxoacyl-CoA ketohydrolase (acetyl-CoA forming) (phenylpropanoid degradation) in  

           C. glutamicum 

PhdD: Acyl-CoA dehydrogenase (phenylpropanoid degradation) in C. glutamicum 
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PhdE: Enoyl-CoA hydratase (phenylpropanoid degradation) in C. glutamicum 

PhdR: MarR-type repressor (phenylpropanoid degradation) 

PhdT: Phenylpropanoid transporter 

PK: Polyketide 

PKS: Polyketide synthases 

PTS: Phosphotransferase system 

PYR: Pyruvate 

RiPP: Ribosomally synthesized and post-translationally modified peptide 

TB: Terrific broth 

VanA: Vanillate O-demethylase subunit A 

VanB: Vanillate O-demethylase subunit B 
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6.2 Supplementary data: Tables 
 

Table S1. Primers for genetic engineering and sequencing. For plasmid-based expression, 
vector overhangs were underscored. 

Primers Sequence (5’→3’) Purpose 

At4CL4_fwd CTTTAAGAAGGAGATATACATATGGTTCTGCAGCAGCAA Amplification of At4CL4 sequence 

At4CL4_rev CTTTGTTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGT Amplification of At4CL4 sequence 

phdA_fwd CTTTAAGAAGGAGATATACATGAAAGTGAACCTCGGA Amplification of phdA sequence 

phdA_rev GGTGGTGGTGGTGGTGCTTTGAAACGGGGATGGTGAA Amplification of phdA sequence 

phdE_fwd AACTTTAAGAAGGAGATATACATGACTACTTCCACCACCC Amplification of phdE sequence 

phdE_rev AGTGGTGGTGGTGGTGGTGCTTAGCGTAGAAGCGGGTGA Amplification of phdE sequence 

ferA_fwd CTTTAAGAAGGAGATATACATGACCGGAACGAGTCTTTCC Amplification of ferA sequence 

ferA_rev AGTGGTGGTGGTGGTGGTGCTTATCCACGAGCATCAAC Amplification of ferA sequence 

pcaI_fwd CTTTAAGAAGGAGATATACATATGGCCGGACTGGACAAG Amplification of pcaI sequence 

pcaI_rev GCTCGAGTGCGGCCGCAAGCTTGGCCTTGACGGTGCG Amplification of pcaI sequence 

pcaJ_fwd CTTTAAGAAGGAGATATACATATGGCACTGACCCGCGAAC Amplification of pcaJ sequence 

pcaJ_rev GCTCGAGTGCGGCCGCAAGCTTGAAGGTCATTTCCTTC Amplification of pcaJ sequence 

BotAC_fwd ATGGGACCCGTAGTCGTATTCG Verification for bottromycin cluster 

BotAC_rev TCAGGCGGAACGTCGTCCTT Verification for bottromycin cluster 

PamN_fwd CGAGCACACCCTTCGAGGAA Verification for pamamycin cluster 

PamN_rev GACGGCGTACACGCGGTC Verification for pamamycin cluster 

 

 

Table S2. LC-MS/MS settings for aromatic CoA thioester. All aromatic CoA thioesters were 
separately tuned to obtain declustering potential (DP), collision energy (CE), and cell exit potential 
(CXP).The parent ion indicates the proton adduct [M+H]+ and the daughter ions were obtained by 
neural loss of 507 Da from the parent ion [M+H-507]+. Masses of 12C+13C molecules were 
calculated based on Fig. 9, assuming CoA thioester backbone originates from non-labelled carbon. 
The parameters for 12C+13C molecules were derived from those of the non-labelled molecules. 

Analyte Parent ion (m/z) Daughter ion (m/z) DP [V] CE [V] CXP [V] 

Feruloyl-CoA 944.2 437.2 111.6 39.9 22.8 
12C+13C Feruloyl-CoA 965.2 448.2 111.6 39.9 22.8 

3-Hydroxyferuloyl-CoA 962.2 455 20.09 41.96 47.82 

Vanillyl-CoA 918.1 411.1 100 30 15 

p-Coumaroyl-CoA 914.1 407.2 4.85 37.97 18 
12C+13C p-Coumaroyl-CoA 935.1 418.1 4.85 37.97 18 

3-Hydroxy-p-coumaroyl-CoA 932.3 425.3 39.43 53.1 20.27 

Caffeoyl-CoA 930.1 423.2 199.9 44.9 29.1 
12C+13C Caffeoyl-CoA 951.1 434.1 199.9 44.9 29.1 

Sinapoyl-CoA 974 467.2 14 41.01 25.12 
12C+13C Sinapoyl-CoA 995 478 14 41.01 25.12 

Cinnamoyl-CoA 898.1 391.2 6.76 45.09 22.15 
12C+13C Cinnamoyl-CoA 919.1 402.1 6.76 45.09 22.15 

Benzoyl-CoA 872.1 365.2 1.3 34.92 26.04 

3-Oxoadipyl-CoA 910.3 403.1 172.97 43.2 24.3 
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Table S3. BLAST analysis of amino acid sequences of genes responsible of ethylmalonyl-
CoA pathway in S. lividans ΔYA8-DG2 against S. venezuelae ATCC 15439. 

Gene Annotation Reference Coverage (%) / Identity (%) 

SLYA8N_06050 Oxidoreductase Hydroxybutyryl-CoA dehydrogenase 99 / 84.71 
SLYA8N_06060 Crotonyl-CoA reductase Crotonyl-CoA carboxylase 99 / 91.01 
SLYA8N_06065 Protein MeaA Ethylmalonyl-CoA mutase 100 / 87.91 
SLYA8N_06070 Citrate lyase  L-Malyl-CoA lyase 93 / 92.74 

SLYA8N_06075 MaoC hydratase   

SLYA8N_06080 Acyl-CoA dehydrogenase Methylsuccinyl-CoA dehydrogenase 100 / 95.01 
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Table S4. 2. Gene expression data of S. lividans ΔYA8-DG2 reflecting genes linked to oxidative stress response on 
protocatechuate and 4-hydroxybenzoate compared to mannitol. The gene list was obtained from previous study on S. coelicolor 
A3(2) (J. S. Kim et al., 2012; Y. J. Kim et al., 2008). 

Strains Annotation PCA 4HB 

S. coelicolor A3(2) S. lividans TK24 
S. lividans 
ΔYA8-DG2 

 Log2 fold change adjP Log2 fold change adjP 

SCO7590 SLIV_01360 SLYA8N_01360 Catalase, KatA1 -0.86 1.55E-02 1.07 4.75E-06 

SCO7298 SLIV_02805 SLYA8N_02805 Thioredoxin reductase 0.27 6.53E-01 -0.23 5.34E-01 

SCO5438 SLIV_11315 SLYA8N_11315 Thioredoxin -0.83 1.84E-01 0.41 3.70E-01 

SCO5419 SLIV_11410 SLYA8N_11410 Thioredoxin 0.05 8.76E-01 0.99 3.22E-15 

SCO5254 SLIV_12095 SLYA8N_12095 Superoxide dismutase [Ni], sodN 1.31 3.73E-09 -2.16 5.09E-24 

SCO4444 SLIV_16210 SLYA8N_16210 Glutathione peroxidase 0.14 7.71E-01 0.81 5.37E-05 

SCO3890 SLIV_18815 SLYA8N_18815 Thioredoxin reductase, trxB -0.03 9.29E-01 1.18 2.88E-35 

SCO3889 SLIV_18820 SLYA8N_18820 Thioredoxin, trxA -0.06 8.08E-01 0.82 1.12E-18 

SCO0999 SLIV_24510 SLYA8N_24510 Superoxide dismutase, sodF1 -1.79 4.42E-21 0.72 8.74E-04 

SCO2633 SLIV_24510 SLYA8N_24510 Superoxide dismutase, sodF1 -1.79 4.42E-21 0.72 8.74E-04 

SCO2554 SLIV_24915 SLYA8N_24915 Chaperone protein DnaJ, dnaJ2 0.07 7.84E-01 0.59 1.09E-08 

SCO0885 SLIV_33510 SLYA8N_33510 Thioredoxin 0.17 6.62E-01 1.68 1.28E-18 

SCO0666 SLIV_34610 SLYA8N_34610 Catalase, katE -0.18 7.71E-01 1.76 5.70E-15 

SCO0560 SLIV_35140 SLYA8N_35140 Catalase-peroxidase, katG -0.40 7.89E-03 -0.81 6.32E-11 

SCO0465 SLIV_35615 SLYA8N_35615 Non-heme chloroperoxidase, cpo -0.21 7.67E-01 -0.44 2.07E-01 

SCO0379 SLIV_36045 SLYA8N_36045 Catalase, katA3 1.21 3.31E-18 1.56 5.00E-35 

 

 

Table S5. Gene expression data of S. lividans ΔYA8-DG2 reflecting genes linked to energy metabolism on protocatechuate 
and 4-hydroxybenzoate compared to mannitol. The gene list was obtained from previous study on S. coelicolor A3(2) (Lejeune et 
al., 2022). 

S. lividans 
TK24 

S. lividans  
ΔYA8-DG2 

Annotation Log2 fold 
change 

adjP Log2 fold 
change 

adjP 

SLIV_02810 SLYA8N_02810 NADH-quinone oxidoreductase subunit D 1 0.40 1.78E-01 0.27 2.31E-01 

SLIV_03985 SLYA8N_03985 NADH:flavin oxidoreductase/NADH oxidase 1.40 1.19E-01 1.76 5.58E-03 
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Continuation of table S5. 

SLIV_06600 SLYA8N_06600 cytochrome P450 -0.38 2.40E-02 -2.20 5.22E-48 

SLIV_07935 SLYA8N_07935 protoporphyrinogen oxidase 0.17 8.77E-01 0.32 4.82E-01 

SLIV_11620 SLYA8N_11620 ATP synthase epsilon chain 0.14 5.10E-01 0.66 1.61E-07 

SLIV_11625 SLYA8N_11625 ATP synthase subunit beta -0.06 7.89E-01 0.50 5.75E-07 

SLIV_11630 SLYA8N_11630 ATP synthase gamma chain 0.04 8.69E-01 0.98 3.54E-19 

SLIV_11635 SLYA8N_11635 ATP synthase subunit alpha -0.01 9.73E-01 0.93 1.12E-18 

SLIV_11640 SLYA8N_11640 ATP synthase subunit delta 0.05 8.70E-01 1.14 9.20E-19 

SLIV_11645 SLYA8N_11645 ATP synthase subunit b 0.02 9.54E-01 0.58 1.55E-06 

SLIV_11650 SLYA8N_11650 putative membrane protein -0.04 9.16E-01 -0.41 1.77E-03 

SLIV_11655 SLYA8N_11655 ATP synthase subunit a -0.08 8.74E-01 -1.37 1.43E-15 

SLIV_11660 SLYA8N_11660 ATP synthase I -0.09 8.14E-01 -1.71 1.52E-28 

SLIV_15230 SLYA8N_15230 NADH-quinone oxidoreductase subunit N 2 -0.47 1.42E-01 -4.66 1.20E-37 

SLIV_15235 SLYA8N_15235 NADH dehydrogenase subunit NuoM2 -0.48 5.40E-02 -3.80 1.03E-52 

SLIV_15240 SLYA8N_15240 NADH dehydrogenase subunit NuoL2 -0.62 1.88E-02 -2.86 4.80E-32 

SLIV_15245 SLYA8N_15245 NADH dehydrogenase subunit NuoK2 -0.27 5.83E-01 -4.30 2.56E-25 

SLIV_15250 SLYA8N_15250 NADH dehydrogenase subunit NuoJ2 -0.13 8.80E-01 -4.23 2.53E-19 

SLIV_15255 SLYA8N_15255 NADH-quinone oxidoreductase subunit I 2 -0.24 4.44E-01 -2.85 2.79E-40 

SLIV_15260 SLYA8N_15260 NADH dehydrogenase subunit NuoH2 -0.33 3.41E-01 -2.56 5.31E-26 

SLIV_15390 SLYA8N_15390 NADH-quinone oxidoreductase subunit N 3 -0.96 8.42E-08 -0.82 2.23E-05 

SLIV_15395 SLYA8N_15395 NADH-quinone oxidoreductase subunit M -0.86 1.80E-06 -0.52 1.50E-02 

SLIV_15400 SLYA8N_15400 NADH-quinone oxidoreductase subunit L -1.00 1.33E-07 -0.67 7.32E-03 

SLIV_15405 SLYA8N_15405 NADH dehydrogenase subunit K -0.77 7.04E-04 -0.65 9.52E-03 

SLIV_15410 SLYA8N_15410 NuoJ -0.74 8.57E-04 -0.39 1.49E-01 

SLIV_15415 SLYA8N_15415 NADH-quinone oxidoreductase subunit I 1 -0.96 3.79E-07 -0.16 5.76E-01 

SLIV_15420 SLYA8N_15420 NADH-quinone oxidoreductase subunit H -0.94 2.53E-08 -0.36 1.53E-01 

SLIV_15425 SLYA8N_15425 NADH-quinone oxidoreductase subunit G -0.75 1.30E-04 0.07 8.14E-01 

SLIV_15430 SLYA8N_15430 NADH-quinone oxidoreductase subunit F -0.82 8.30E-06 -0.08 7.80E-01 

SLIV_15435 SLYA8N_15435 NADH-quinone oxidoreductase subunit E -0.92 4.29E-06 -0.26 2.88E-01 

SLIV_15440 SLYA8N_15440 NADH-quinone oxidoreductase subunit D 2 -0.89 3.88E-08 -0.84 5.35E-06 

SLIV_15445 SLYA8N_15445 NADH-quinone oxidoreductase subunit C -0.73 1.37E-04 -0.66 1.18E-03 

SLIV_15450 SLYA8N_15450 NADH-quinone oxidoreductase subunit B 1 -0.90 1.25E-07 -0.69 2.87E-04 
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Continuation of table S5. 

SLIV_15455 SLYA8N_15455 NADH dehydrogenase subunit A -0.85 1.45E-07 -0.90 3.34E-07 

SLIV_15470 SLYA8N_15470 electron transfer oxidoreductase -0.20 3.42E-01 0.89 2.63E-12 

SLIV_17655 SLYA8N_17655 Polyphosphate kinase, PPK  -0.26 5.49E-01 -1.90 1.80E-15 

SLIV_17805 SLYA8N_17805 NADH dehydrogenase -0.22 7.39E-01 -2.83 3.56E-17 

SLIV_18595 SLYA8N_18595 cytochrome oxidase subunit I 0.01 9.92E-01 -0.06 8.09E-01 

SLIV_21195 SLYA8N_21195 Redox-sensing transcriptional repressor rex 0.18 4.69E-01 -0.55 4.16E-04 

SLIV_23265 SLYA8N_23265 cytochrome P450 -1.00 6.37E-14 -0.11 4.88E-01 

SLIV_23270 SLYA8N_23270 cytochrome P450 -1.12 2.46E-12 -1.42 8.42E-23 

SLIV_26945 SLYA8N_26945 response regulator -0.35 2.04E-01 -1.76 4.44E-22 

SLIV_26950 SLYA8N_26950 putative cytochrome c oxidase subunit 3 -0.39 6.35E-02 -0.80 9.64E-07 

SLIV_26955 SLYA8N_26955 cytochrome C heme-binding subunit -0.39 1.83E-02 -0.74 2.32E-07 

SLIV_26960 SLYA8N_26960 Ubiquinol-cytochrome c reductase iron-sulfur subunit -0.38 4.55E-02 -1.19 1.83E-16 

SLIV_26965 SLYA8N_26965 Ubiquinol-cytochrome c reductase cytochrome b subunit -0.37 1.55E-01 -1.60 2.15E-18 

SLIV_26970 SLYA8N_26970 Anthranilate phosphoribosyltransferase 1 -0.35 1.70E-02 -1.16 1.40E-19 

SLIV_29610 SLYA8N_29610 cytochrome P450 -0.52 1.21E-02 -2.66 1.09E-45 

SLIV_32385 SLYA8N_32385 Electron transfer flavoprotein subunit beta 0.28 9.86E-03 0.94 8.68E-26 

SLIV_32385 SLYA8N_32385 Electron transfer flavoprotein subunit beta 0.28 9.86E-03 0.94 8.68E-26 

SLIV_32390 SLYA8N_32390 Electron transfer flavoprotein subunit alpha 0.30 4.07E-02 0.82 2.18E-13 

SLIV_32390 SLYA8N_32390 Electron transfer flavoprotein subunit alpha 0.30 4.07E-02 0.82 2.18E-13 

SLIV_34535 SLYA8N_34535 NADPH-ferredoxin reductase FprA -0.01 9.79E-01 -0.67 2.18E-07 

SLIV_35020 SLYA8N_35020 ATP/GTP binding protein -1.13 1.36E-07 -3.92 7.96E-49 

SLIV_35025 SLYA8N_35025 cytochrome P450 -0.99 2.16E-06 -3.78 8.36E-52 

SLIV_35030 SLYA8N_35030 cytochrome P450 -0.07 9.36E-01 -0.07 0.862138732 

 

 

Table S6. Gene expression data of S. lividans ΔYA8-DG2 reflecting genes linked to amino acid biosynthesis on 
protocatechuate and 4-hydroxybenzoate compared to mannitol. The gene list was obtained from KEGG (Kyoto Encyclopedia of 
Genes and Genomes). The gene expression data is available as open access (Seo et al., 2023) in the supplementary information: 
https://doi.org/10.1186/s12934-023-02266-0 
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6.3 Supplementary data: Figures 
 

 

Figure S1. The stability of feruloyl-CoA in quenching solution. The aromatic CoA thioester 
extract was obtained from C. glutamicum WT culture (Fig. 6A). The extract was dissolved in 
quenching solution (pH 5.7) and analysed. Subsequently, the sample was stored at 4 °C for 13 
days and re-analysed to observe the stability of feruloyl-CoA from biological samples.  

 

 

Figure S2: Substrate screening of S. lividans TK24. Minimal plate medium was used, 
containing either 10 g L-1 of mannitol (A), 5 mM of protocatechuic acid (B), or 5 mM of 4-
hydroxybenzoic acid (C) as the sole carbon source, or no carbon source (D). The plates were 
incubated for 5 days at 28 °C. The different concentrations were selected based on the anticipated 
toxicity of the aromatic compounds (Cho et al., 1998). 
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Figure S3. Quality assessment of RNA sequencing using principal component analysis 
(PCA). The data encompass the global transcriptomes of S. lividans ΔYA8-DG2 grown on 10 mM 
mannitol, 10 mM protocatechuate, or 10 mM 4-hydroxybenzoate, respectively. Samples were 
collected after 12 hours of growth, with three biological replicates (n=3) for each condition. PCA 
was used to assess the quality of the RNA sequencing data. 

 

 

Figure S4. Sample distance plot. The data are derived from RNA sequencing of S. lividans 
ΔYA8-DG2, grown on 10 mM mannitol, 10 mM protocatechuate, or 10 mM 4-hydroxybenzoate. 
Samples were collected after 12 hours of growth, with three biological replicates (n=3) for each 
condition. 
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Figure S5. Volcano plot between mannitol and PCA. The data reflect the differences in gene 
expression between S. lividans ΔYA8-DG2 grown on mannitol and those grown on 
protocatechuate, with samples collected after 12 hours. Each condition includes three biological 
replicates (n=3). 

 

 

Figure S6. Volcano plot between mannitol and 4HB. The data reflect the differences in gene 
expression between S. lividans ΔYA8-DG2 grown on mannitol and those grown on 
protocatechuate, with samples collected after 12 hours. Each condition includes three biological 
replicates (n=3). 
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Figure S7. Correlation between OD and CDW for S. lividans ΔYA8-DG2. The strain was 

cultured with 10 mM protocatechuate (A) and 30 mM mannitol (B), and measurements were taken 

at various time points. Data represents biological triplicate experiments (n=3). 
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Figure S8. Absolute levels of intracellular CoA thioesters in for S. lividans ΔYA8-DG2. The 
data represent absolute concentrations during mid-exponential growth (12 h) in minimal medium 
containing 10 mM of either mannitol, protocatechuate, or 4-hydroxybenzoate, respectively. n=3. 
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