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A B S T R A C T

Lignocellulosic biomass represents a promising renewable feedstock for sustainable biochemical production, 
with p-hydroxycinnamates emerging as key aromatic building blocks derived from agricultural residues and 
grassy plants. C. glutamicum has recently been engineered to produce cis, cis-muconate (MA), a high-value 
platform chemical used in biobased plastics, resins, and specialty chemicals. However, unlike other aromatics, 
the metabolism of the p-hydroxycinnamates p-coumarate, ferulate, and caffeate in MA-producing C. glutamicum is 
inefficient, limiting MA production performance. Here, we discovered that p-hydroxycinnamate metabolism, 
encoded by the phd operon, is repressed by the local repressor PhdR under glucose-rich conditions, while the 
global regulator GlxR activates the pathway in the absence of glucose. The deregulated C. glutamicum MA-10 
lacking phdR exhibited an up to 98-fold increase in the conversion of p-coumarate, ferulate, and aromatic 
mixtures derived from plant waste into MA. Transcriptomic and metabolomic analyses revealed strong induction 
of the phd operon in strain MA-10 and a marked increase in intracellular aromatic CoA-esters and acetyl-CoA, 
indicating enhanced flux through the p-hydroxycinnamate degradation pathway. 13C-tracer studies demon
strated a substantial contribution of aromatic side-chain carbon to central metabolic pathways, supporting 
biomass formation and enabling MA production even in the absence of sugars. Additionally, MA-10 showed 
broadened substrate flexibility, degrading cinnamate into MA and methoxylated cinnamates into valuable 
benzoate derivatives. The strain also successfully converted aromatics from real straw lignin hydrolysates into 
MA. Our findings reveal the potential of targeted regulatory engineering to optimize C. glutamicum for lignin 
valorization. The newly developed strain MA-10 provides a robust platform for the biobased production of MA 
from lignocellulosic feedstocks, paving the way for sustainable and economically viable biorefinery processes.

1. Introduction

Grassy plants, including energy crops such as miscanthus and 
switchgrass, as well as residues from staple agricultural species such as 
corn, wheat, and rice, represent particularly attractive feedstocks for 
lignocellulosic biorefineries because of their global abundance (Andrade 
et al., 2021; Bichot et al., 2018). According to the Food and Agriculture 
Organization (FAO), global cereal production in 2024/25 is projected to 
be approximately 2.842 million tons, generating several hundred 
million tons of agricultural residues (e.g., wheat straw, rice straw, corn 
stover) on an annual basis (Gonçalves et al., 2020). Open field burning, 
which is commonly applied to remove these residues, causes severe 

environmental problems, including air pollution, a risk of wildfires, soil 
deprivation and the emission of greenhouse gases (FAO, 2022).

A defining characteristic of grassy plants is their complex cell wall 
structure, which is particularly rich in p-hydroxycinnamates, primarily 
p-coumarate and ferulate. These hydroxycinnamates play crucial roles in 
reinforcing the grass cell wall by promoting crosslinking and increasing 
mechanical strength (Hatfield et al., 2017; Peracchi et al., 2024; Zhang 
et al., 2022). Importantly, they can be efficiently extracted via alkaline 
depolymerization (Jiang et al., 2016; Karp et al., 2016; Ou et al., 2009; 
Rodriguez et al., 2017; Torre et al., 2008), making them readily acces
sible for microbial conversion into value-added biochemicals using 
metabolically engineered bacteria (Bugg et al., 2021; Liu et al., 2024; 
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Weiland et al., 2022).
Although caffeate is typically less abundant than p-coumarate and 

ferulate in agricultural residues, notable exceptions exist, making the 
compound interesting too. In rice straw, caffeate is the dominant 
phenolic compound (Karimi et al., 2014), and it is also present in sig
nificant amounts in agro-industrial byproducts like soybean meal 
(Oskoueian et al., 2011), spent coffee grounds (Angeloni et al., 2020), 
and sorghum straw (Qian et al., 2024).

A promising host for lignin valorization is Corynebacterium gluta
micum, a well-established industrial microbe traditionally used for the 
production of amino acids and other metabolites from primary sugars 
such as glucose, fructose, and sucrose (Becker and Wittmann, 2012). 
Notably, C. glutamicum has been leveraged to synthesize more than 90 
different products from such carbon sources (Becker et al., 2018b).

Recent advances have expanded its substrate range to produce cis, 
cis-muconate (MA) from lignin-derived aromatic precursors (Li et al., 
2024). Importantly, MA is a highly versatile platform chemical that 
serves as the starting point for the synthesis of adipic acid and tereph
thalic acid, paving the way for the production of different biobased 
plastics (Kohlstedt et al., 2018, 2022). Microbiologically produced MA is 
a highly promising and sustainable alternative to its 
petrochemical-derived counterparts (Corona et al., 2018; Mokwatlo 
et al., 2024; van Duuren et al., 2020). A pioneering study engineered 
C. glutamicum for MA production from catechol and catechol-rich lignin 
hydrolysates obtained via hydrothermal depolymerization (Becker 
et al., 2018a). Building on this foundation, we further advanced the 
metabolic engineering of C. glutamicum to enable MA production from 
vanillin and vanillate, which are key aromatic compounds derived from 
the alkaline oxidation of softwood lignin (Weiland et al., 2023) (Fig. 1).

Here, we aimed to enhance the valorization of p-hydroxycinnamates 
into MA. The native metabolism of p-coumarate, ferulate, and caffeate in 
microbes is initiated by a common enzymatic pathway encoded by the 
phd (phenylpropanoid degradation) operon (Kallscheuer et al., 2016) 
(Fig. 1). At the beginning of this study, we identified carbon catabolite 
repression (CCR) as a major barrier to phd operon activation in the 
presence of glucose, the primary growth substrate, thereby restricting 
MA production from aromatics. We employed carefully designed sensor 
strains to systematically dissect the regulation of this pathway, and the 
results provided quantitative insights into glucose-mediated repression 
and its interaction with a diverse range of hydroxycinnamates and cin
namates. This analysis revealed a critical metabolic bottleneck that 
hindered efficient aromatic utilization. We deleted phdR in the previ
ously engineered MA producer C. glutamicum MA-6A (Weiland et al., 
2023), generating strain MA-10 to overcome this limitation. The mutant 
exhibited a strong increase in the degradation of p-coumarate, ferulate, 
and aromatic mixtures. Integrated metabolomic, transcriptomic, and 13C 
tracer analyses revealed that phdR deletion alleviated carbon catabolite 
repression, enabling strain MA-10 to co-metabolize glucose and 
p-hydroxycinnamates with enhanced MA production. This deregulation 
led to increased intracellular CoA thioesters and acetyl-CoA, indicating a 
strong link between aromatic catabolism and central metabolism. Iso
topic labeling showed side-chain carbons from p-coumarate contributed 
to biomass via acetyl-CoA through the TCA cycle, glyoxylate shunt, and 
gluconeogenesis. Strain MA-10 also produced MA from p-coumarate 
without glucose, showed an expanded substrate range towards 
p-methoxylated cinnamates and converted straw lignin hydrolysates 
into MA, supporting its potential for lignocellulosic aromatic 
valorization.

2. Materials and methods

2.1. Microorganisms and plasmids

C. glutamicum ATCC 13032 (DSM, 20300) (Becker et al., 2011) and 
C. glutamicum MA-6A (Weiland et al., 2023) were derived from previous 
work. For plasmid amplification, Escherichia coli DH10B (Life GmbH, 

Darmstadt, Germany) and NM522 (Invitrogen, Carlsbad, CA, USA) 
strains were used. NM522 carries the plasmid pTC to ensure 
C. glutamicum-specific DNA methylation (Kind et al., 2010). All the 
strains were preserved as cryostocks in 30 % glycerol at − 80 ◦C. 
Genome-based deletions were performed using the integrative vector 
pClik int sacB (Becker et al., 2005), whereas the episomal vector pClik 5a 
MCS was used to express mCherry-reporter constructs, as described 
previously (Pauli et al., 2023). A complete list of the strains and plasmids 
used in this study is provided in Table 1.

2.2. Genetic engineering

Strains, plasmids, and primers were designed using SnapGene (GSL 
Biotech LLC, Insightful Science, Chicago, IL, USA). Plasmids for stable 
genetic modifications and reporter assays were constructed as previ
ously described (Pauli et al., 2023; Weiland et al., 2023). Briefly, the 
integrative vector pClik int SacB or the episomal vector pClik 5a MCS 
was linearized using BamHI (FastDigest, Thermo Fisher Scientific, 
Waltham, MA, USA) with the addition of FastAP Thermosensitive 
Alkaline Phosphatase (Thermo Fisher Scientific). DNA fragments were 
amplified by PCR (Phusion High-Fidelity PCR Master Mix with GC 
Buffer, Thermo Fisher Scientific) using construct-specific primers 
(Table S1, Supplementary File 1), purified (Wizard SV Gel & PCR 
Clean-Up System, Promega, Mannheim, Germany), and assembled with 
the linearized vector (Rohles et al., 2016). The plasmids were initially 
transformed into E. coli DH10B and were subsequently isolated from the 
correct clones using the innuPREP Plasmid Mini Kit 2.0 (IST Innuscreen 
GmbH, Berlin, Germany). Integrative plasmids were additionally 
transformed into E. coli NM522+pTC to ensure C. glutamicum-specific 
methylation. Heat-shock transformation was used for E. coli, whereas 
electroporation was applied for C. glutamicum. Defined mutant strains 
carrying integrative constructs were generated as described previously 
(Becker et al., 2010; Kind et al., 2010; Rohles et al., 2022). All plasmids 
and strains were validated by PCR and sequencing (Azenta Life Sciences, 
Genewiz Germany, Leipzig, Germany).

2.3. Alkaline depolymerization of straw lignin

Biolignin™, a wheat straw-based lignin, was kindly provided by 
CIMV (Compagnie Industrielle de la Matière Végétale) from their 
organosolv refining process (Cachet et al., 2014). It was depolymerized 
using a base-catalyzed process (Katahira et al., 2016; Rodriguez et al., 
2017). Lignin (7.5 g) was suspended in 250 mL of 0.5 M sodium hy
droxide solution. The suspension was purged three times with nitrogen 
while stirring at 400 rpm to ensure an inert atmosphere. Depolymer
ization was carried out at 120 ◦C for 30 min and then rapidly quenched 
in an ice bath. The resulting hydrolysate was neutralized with 6 M HCl. 
Insoluble residues were removed by centrifugation (5000×g, 5 min, 
room temperature) followed by filtration (0.45 μm). The aromatic 
monomer content of the alkaline lignin hydrolysate was analyzed by 
high-performance liquid chromatography (HPLC) and confirmed by 
GC-MS using commercially available standards (see below).

2.4. Media

For the routine cultivation of E. coli and C. glutamicum, complex 
medium (37 g L− 1 brain heart infusion, BHI, Becton Dickinson, Franklin 
Lakes, NJ, USA) was used. For solid media, the complex medium was 
supplemented with 20 g L− 1 BD Difco agar (Becton Dickinson). For 
C. glutamicum, minimal medium was prepared that contained the 
following components per liter: 11 g of glucose monohydrate, 15 g of 
(NH4)2SO4, 1 g of NaCl, 0.2 g of MgSO4*7H2O, 0.055 g of CaCl2, 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, 20 mg of FeSO4*7H2O, 1 mg of thiamin-HCl, 1 mg 
of Ca-pantothenate, 0.5 mg of biotin, 30 mg of 3,4-dihydroxybenzoate 
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Fig. 1. Metabolic pathways of p-hydroxycinnamate-based cis, cis-muconate (MA) production in the metabolically engineered C. glutamicum strain MA-6A. 
The phd pathway breaks down p-coumarate, ferulate, and caffeate and yields the corresponding pathway intermediates vanillate, p-hydroxybenzoate, and proto
catechuate. The phd operon consists of seven genes: (i) phdA–phdE, encoding enzymes involved in the β-oxidation of p-hydroxycinnamates; (ii) phdT, encoding a 
putative transporter; and (iii) phdR, a transcriptional repressor regulating the phd gene cluster (Kallscheuer et al., 2016). The metabolism of p-hydroxycinnamates is 
initiated by its conversion into the corresponding CoA ester, which is catalyzed by PhdA, followed by a three-step side-chain cleavage pathway. The resulting 
p-hydroxybenzoate analogs are subsequently funneled into the central intermediate protocatechuate in an oxygen-dependent manner (Weiland et al., 2022). In the 
metabolically engineered strain MA-6A, MA production is enabled by the deletion of catB, the overexpression of catA, and the rerouting of protocatechuate 
metabolism toward MA biosynthesis. This process is achieved by introducing the heterologous protocatechuate decarboxylase gene aroY, as well as ecdB and ecdD 
from Enterobacter cloacae, into the pcaG locus (Weiland et al., 2023). Enzyme annotations for central carbon and aromatic compound metabolism are provided in 
Supplementary File 1. Overexpressed enzymatic reactions are indicated by thick green lines; deleted enzymatic reactions are shown as red dashed lines.
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(or 100 mg L− 1 EDTA), and 200 mM potassium phosphate buffer (pH 
7.8) (Rohles et al., 2022). For isotopic tracer studies, normal glucose was 
replaced with 99 % [U-13C6] glucose (Cambridge Isotope Laboratories, 
Inc., Tewksbury, MA, USA). For the conversion experiments, the me
dium was supplemented with aromatic compounds from filter-sterilized 
stock solutions (10–50 mM in water, dissolved in 10 M NaOH). The 
tested substrates included p-coumarate, ferulate, caffeate, p-methox
ycinnamate, 3,4-dimethoxycinnamate, cinnamate, sinapinate, 
p-hydroxybenzoate, protocatechuate, and benzoate. In an alternative 
approach, straw lignin-derived hydrolysate was added at varying con
centrations of 20 %, 40 %, and 60 % (v/v). Additionally, a sugar-free 
conversion condition was tested by omitting glucose from the medium 
and supplying p-coumarate as the sole carbon source to evaluate the 
potential of utilizing aromatic compounds independently of sugars. 
When needed, antibiotics (50 μg mL− 1 kanamycin and 12.5 μg mL− 1 

tetracycline) were added for plasmid maintenance (Pauli et al., 2023).

2.5. Batch cultivation in shake flasks

Cultivations were performed as described previously (Weiland et al., 
2023) using a three-step process: two successive precultures and a main 
culture. All cultures were grown in baffled shake flasks with a 10 % 
filling volume on an orbital shaker at 30 ◦C and 230 rpm (Multitron, 
Infors-HT, Bottmingen, Switzerland; shaking diameter: 5 cm, 80 % hu
midity control). The first preculture was initiated by inoculating 10 mL 
of BHI complex medium with a single colony from a BHI-agar plate, 
which had been preincubated at 30 ◦C for 48 h. For the second pre
culture, the cells were harvested by centrifugation (6000×g, 4 min, RT) 
and transferred to 25 mL of minimal medium. After an overnight incu
bation, the cells were collected and prepared for the main culture. In the 
main culture, cells from the second preculture were inoculated into 25 
mL of minimal medium supplemented with the aromatic biotransfor
mation substrate. All the experiments were conducted in biological 
triplicates to ensure reproducibility.

2.6. Screening in miniaturized bioreactors

Using the same preculture procedure as described above, the main 
cultures were conducted in a microbioreactor (BioLector, Beckman 
Coulter GmbH, Baesweiler, Germany). Cultivations were performed in 
48-well FlowerPlates (MTP-48 B, Beckman Coulter GmbH) for 24 h in 1 
mL of medium at 30 ◦C, 1300 rpm, and 85 % relative humidity (Becker 
et al., 2018a). Additionally, an online fluorescence measurement of the 
mCherry reporter protein was performed using a wavelength-specific 
filter (excitation: 580 nm, emission: 610 nm) (Kohlstedt et al., 2018). 
All the experiments were conducted in biological triplicates.

2.7. Quantification of the cell concentration, substrates, and products

The cell concentration was determined photometrically by 
measuring the optical density at 660 nm (OD660). The cell dry mass 
(CDM) was calculated from the measured OD660 using a previously 
determined correlation factor (CDM [g/L] = 0.32 × OD660) (Rohles 
et al., 2016). The concentrations of glucose and various aromatic com
pounds were quantified by HPLC, as previously described (Weiland 
et al., 2023). For the analysis of lignin hydrolysate samples, which 
present a more complex matrix, the HPLC gradient was modified as 
follows: 0–24.0 min, 99–67 % solvent A; 24.0–27.0 min, 67–0 % A; 
27.0–30.0 min, 0 % A; 30.0–31.5 min, 0–99 % A; and 31.5–36.5 min, 99 
% A. For the quantification of aromatics and novel biotransformation 
products derived from p-hydroxycinnamic acid metabolism, specific 
wavelengths were used. p-Anisic acid was measured at 200 nm, while 
protocatechuic acid, p-hydroxybenzoic acid and catechol were detected 
at 210 nm. Vanillic acid, veratric acid, and isovanillic acid were quan
tified at 220 nm, and benzoic acid was quantified at 230 nm. Cis, cis-
muconic acid and trans-cinnamic acid were measured at 260 nm. 

Table 1 
Strains and plasmids.

Strains/Plasmids Description Reference

E. coli
DH10B Vector amplification and maintenance Korneli et al. 

(2013)
NM522 + pTC Vector amplification and methylation Kind et al. 

(2010)
BL21 (DE3) High-level expression of recombinant 

proteins
Seo et al. 
(2023)

p28phdA Derivative of E. coli BL21 (DE3) harboring 
the p28phdA plasmid

This work

p28phdE Derivative of E. coli BL21 (DE3) harboring 
the p28phdE plasmid

This work

p28ferA Derivative of E. coli BL21 (DE3) harboring 
the p28ferA plasmid

This work

C. glutamicum
DSM 20300 Wildtype Becker et al. 

(2018a)
MA-2 Wildtype, deletion of catB (NCgl2318), 

overexpression of catA (NCgl2319) under the 
control of Ptuf (NCgl0480)

Becker et al. 
(2018a)

MA-6A MA-2, integration of aroY (Ecl_01944), ecdB 
(Ecl_04083), and ecdD (Ecl_04081) from 
E. cloacae under the control of Ptuf in the pcaG 
locus (NCgl2314)

Weiland et al. 
(2023)

PphdAT mCherry Wildtype, episomal mCherry expression 
(AFV60003; pSEVA247R) under the control 
of PphdAT (NCgl0278-NCgl0279)

This work

PphdBCDE mCherry Wildtype, episomal mCherry expression 
(AFV60003; pSEVA247R) under the control 
of PphdBCDE (NCgl0281- NCgl0284)

This work

PphdAT
mut mCherry Wildtype, episomal mCherry expression 

under the control of PphdAT
mut

This work

PphdBCDE
mut mCherry Wildtype, episomal mCherry expression 

under the control of PphdBCDE
mut

This work

MA-10 MA-6A, deletion of phdR (NCgl0280) This work
MA-11 MA-10, deletion of vanAB (NCgl2300- 

NCgl2301)
This work

Plasmids
pTC Vector for the DNA methyltransferase of 

C. glutamicum with an origin of replication 
for E. coli and tetR as the selection marker

Kind et al. 
(2010)

pClik int SacB Integrative vector with a MCS, an ORI for 
E. coli, and kanR and sacB as selection 
markers

Kind et al. 
(2010)

pClik 5a MCS α Episomal vector with a MCS, an ORI for 
E. coli and C. glutamicum, and kanR as the 
selection marker

Kind et al. 
(2010)

pClik int SacB 
ΔphdR

Deletion of phdR This work

pClik 5a MCS α 
PphdAT mCherry

Expression of mCherry under the control of 
PphdAT

This work

pClik 5a MCS α 
PphdBCDE 

mCherry

Expression of mCherry under the control of 
PphdBCDE

This work

pClik 5a MCS α 
PphdAT

mut mCherry
Expression of mCherry under the control of 
PphdAT

mut
This work

pClik 5a MCS α 
PphdBCDE

mut 

mCherry

Expression of mCherry under the control of 
PphdBCDE

mut
This work

pClik int SacB 
ΔvanAB

Deletion of vanAB This work

pET-28a Vector for protein expression Invitrogen
p28phdA pET-28a-derived protein expression vector 

for phdA (NCgl0279) from C. glutamicum DSM 
20300

This work

p28phdE pET-28a-derived protein expression vector 
for phdE (NCgl0284) from C. glutamicum DSM 
20300

This work

p28ferA pET-28a-derived protein expression vector 
for the ferA (SARO_RS03365) gene of 
N. aromaticivorans DSM 12444

This work
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p-Coumaric acid, ferulic acid, and 4-methoxycinnamic acid were 
detected at 310 nm, while caffeic acid, 3,4-dimethoxycinnamic acid, and 
sinapinic acid were quantified at 325 nm.

2.8. Enzymatic synthesis and purification of aromatic CoA-ester 
standards

The enzymatic synthesis of commercially unavailable thioester 
standards was based on previous work (Seo et al., 2023). The backbone 
of the pET-28a expression vector (Invitrogen) was digested with Fast
Digest NcoI and XhoI (Thermo Fisher Scientific) to obtain aromatic CoA 
thioesters, including p-coumaroyl-CoA and 3-hydroxy-p-coumar
oyl-CoA. The two genes, phdA, encoding acyl-CoA ligase, and phdE, 
encoding enoyl-CoA hydratase, were amplified from C. glutamicum 
ATCC 13032 using Phusion High-Fidelity PCR Master Mix with HF 
Buffer (Thermo Fisher Scientific). Additionally, ferA, encoding an 
acetate-CoA ligase (Cecil et al., 2018), was amplified from the genomic 
DNA of Novosphingobium aromaticivorans DSM 12444 (DSMZ, German 
Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, 
Germany) using Phusion High-Fidelity PCR Master Mix with GC Buffer 
(Thermo Fisher Scientific). The primers used for the amplification of the 
target genes can be found in Table S2 (Supplementary File 1). Each gene 
was subsequently assembled into the linearized pET-28a vector via 
Gibson assembly, followed by transformation into E. coli BL21 (DE3) 
(Thermo Fisher Scientific) through heat shock and verification by 
sequencing. E. coli BL21 (DE3) cells harboring the respective 
pET-28a-derived plasmids were plated on LB agar supplemented with 
kanamycin and incubated overnight at 37 ◦C. A single colony was used 
as the inoculum in 10 mL of LB medium containing kanamycin in a 100 
mL shaker flask, followed by an incubation at 37 ◦C and 160 rpm on an 
orbital shaker. The entire culture was subsequently transferred into 300 
mL of Terrific Broth (TB) medium supplemented with kanamycin in a 1 L 
shaker flask and incubated at 28 ◦C with shaking. Protein expression was 
induced at an OD600 of 0.7 by the addition of 0.5 mM isopropyl 
β-D-1-thiogalactopyranoside (IPTG), followed by continued incubation 
overnight at 28 ◦C. Then, the cells were harvested by centrifugation 
(5000×g, 10 min, 4 ◦C), and the pellet was resuspended in buffer A (450 
mM NaCl, 50 mM HEPES-KOH, 15 % (v/v) glycerol, pH 7.6) at a 2:1 
(v/w) ratio. After cell disruption by sonication, the cell debris was 
removed by centrifugation (10,000×g, 45 min, 4 ◦C), after which the 
resulting supernatant was filtered (0.45 μm) and applied onto Ni-NTA 
agarose beads (Protino, Macherey-Nagel) for protein purification. The 
column was washed with 10 mL of buffer C (350 mM NaCl, 50 mM 
HEPES, 15 % (v/v) glycerol, pH 7.8) to remove nonspecifically bound 
proteins. The target protein was then eluted with buffer B (20 mM NaCl, 
50 mM HEPES, 10 % glycerol, and 500 mM imidazole, pH 7.6).

Enzymatic synthesis was performed using specific CoA ligases and 
β-oxidation enzymes to obtain pure reference standards for p-cou
maroyl-CoA and 3-hydroxy-p-coumaroyl-CoA. For the synthesis of p- 
coumaroyl-CoA, the resulting enzymes, acyl-CoA ligase (PhdA) or 
acetate-CoA ligase (FerA), were used. Additionally, 3-hydroxy-p-cou
maroyl-CoA was synthesized using both the PhdA and PhdE enzymes. 
Aromatic precursors were prepared at a final concentration of 6.52 mM 
and dissolved in deionized water. These solutions were mixed with CoA 
trilithium salt (2.17 mM, Sigma‒Aldrich) and ATP (6.52 mM final 
concentration). The reaction mixture also contained 20 mM MgCl2, 50 
mM KHCO3, and 50 mM HEPES buffer (pH 7.5). The enzymatic reaction 
was initiated by the addition of 10 μM of the respective enzyme and 
incubated for 1 h (30 ◦C, 230 rpm). After the incubation, the reaction 
was quenched by adding 10 % (v/v) formic acid, followed by centrifu
gation (4500×g, 20 min, 25 ◦C) to remove debris.

Following synthesis, the CoA thioesters were purified using an Agi
lent 1260 Infinity prep-LC system equipped with a Gemini 10 μm NX- 
C18 reverse-phase column (100 × 21.2 mm, AXIA Packed, Phenom
enex, Aschaffenburg, Germany). A gradient of solvent A (25 mM 
ammonium formate, pH 5.5) and solvent B (methanol) was applied at a 

flow rate of 1 mL per minute. The gradient program consisted of an 
increase from 5 % to 50 % B over 15 min, followed by a 2-min wash with 
95 % B, and then re-equilibration for 2 min at 5 % B. Fractions con
taining purified CoA thioesters were pooled, flash-frozen in liquid ni
trogen, lyophilized, and stored at − 20 ◦C. The concentrations of the 
purified CoA thioesters were determined photometrically using estab
lished extinction coefficients. The extinction coefficient for p-cou
maroyl-CoA was ε333 = 21 mM− 1 cm− 1 (Rautengarten et al., 2010). For 
the purification of 3-hydroxy-p-coumaroyl-CoA, all the fractions exhib
iting signals at 260 nm (based on the adenine moiety) were collected. 
The presence of the desired analyte was confirmed via LC‒MS analysis 
([M+H]+ = 932.2).

2.9. LC‒MS/MS analysis of CoA thioesters

The cells from a 50 mL culture grown in chemically defined minimal 
medium were harvested at an OD660 = 4 by centrifugation (6000×g, 4 
min, 4 ◦C) (Gläser et al., 2020). For efficient quenching, the resulting 
pellet was resuspended in 25 mL of 25 mM formic acid in 95 % aceto
nitrile (− 20 ◦C), mixed thoroughly, and incubated on ice for 10 min. The 
suspension was centrifuged (10,000×g, 10 min, 4 ◦C) to remove the cell 
debris, and the supernatant was transferred into 5 mL of supercooled 
deionized water. After the pellet was washed once with an additional 5 
mL of supercooled deionized water, both supernatants were combined. 
The final extract was immediately frozen in liquid nitrogen and lyoph
ilized. For further analysis, the lyophilized samples were resuspended in 
700 μL of resuspension buffer (25 mM ammonium formate, pH 5.6, and 
2 % methanol, 4 ◦C) and centrifuged (13,000×g, 4 min, 4 ◦C). The 
resulting supernatants were used for further analysis.

LC‒ESI‒MS/MS was performed using an Agilent Infinity 1290 LC 
system coupled to an AB Sciex QTrap 6500 mass spectrometer to analyze 
the intracellular and synthetic CoA thioesters (Gläser et al., 2020, 2021). 
Chromatographic separation was achieved using a Kinetex 2.6 μm 
XB-C18 column (100 × 2.1 mm, Phenomenex) maintained at 40 ◦C and 
the following gradient of eluent A (50 mM formic acid, adjusted to pH 
8.1 with 25 % ammonium hydroxide) and eluent B (methanol): 0 min, 
100 % eluent A; 3 min, 85 % eluent A; 8 min, 75 % eluent A; and 10 min, 
0 % eluent A. Afterward, the column was rinsed for 1 min and 
re-equilibrated for 2 min. The flow rate was maintained at 300 μL per 
minute. Mass spectrometry was performed in positive ion mode 
([M+H]+). The ion spray voltage was set to 4.5 kV, with a source tem
perature of 400 ◦C. Additional settings included a curtain gas pressure of 
35 psi, an ion source gas pressure of 60 psi, and an entrance potential of 
10 V. The collision gas was set to medium flow. Structural confirmation 
of the purified hydroxy-aromatic CoA thioesters was performed using 
LC–MS/MS, with expected masses of 914.2 ([M+H]+) for p-coumar
oyl-CoA, 932.3 ([M+H]+) for 3-hydroxy-p-coumaroyl-CoA, and 930.1 
([M+H]+) for 3-oxo-p-coumaroyl-CoA. Multiple reaction monitoring 
(MRM) was used to detect specific CoA thioesters. The best-suited MRM 
transitions and the elution times of p-coumaroyl-CoA (m/z 
914.1 → 407.2) and 3-hydroxy-p-coumaroyl-CoA (m/z 932.1 → 425.2) 
were determined from analysis of the pure compounds. In contrast, 
3-oxo-p-coumaroyl-CoA could not be obtained synthetically; thus, the 
MRM transition used was based on the expected masses (m/z 
930.1 → 423.1), and the elution time was inferred from that of related 
compounds. The analysis of acetyl-CoA was based on previous methods 
(Gläser et al., 2020; Jovanovic Gasovic et al., 2023). Absolute quanti
fication of aromatic CoA-thioesters was not feasible due to the lack of 
commercially available synthetic standards required for calibration 
using the MIRACLE approach, the current gold standard for accurate 
CoA-thioester quantification in microbes (Beganovic et al., 2023; Die
trich et al., 2023; Dolan et al., 2022; Jovanovic Gasovic et al., 2023; Kuhl 
et al., 2020; Seo et al., 2023). Nevertheless, relative quantification of 
these CoA-thioester levels was successfully performed, providing 
consistent and biologically meaningful data that support the study’s 
conclusions.
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2.10. Identification of aromatic pathway intermediates by GC–MS

The structures of aromatic pathway intermediates were identified 
using gas chromatography–mass spectrometry (GC‒MS) according to 
previously established protocols (Weiland et al., 2023). Culture super
natants (50 μL) were dried under a gentle nitrogen stream, and the ob
tained solids were dissolved in 50 μL of dimethylformamide (0.1 % 
pyridine). Lignin hydrolysates (500 μL) were acidified with 6 M HCl and 
dried under a nitrogen stream. The resulting solids were resuspended in 
250 μL of pure ethanol, and the ethanol phase - containing the target 
analytes - was collected and evaporated to dryness under nitrogen. The 
final residue was dissolved in 50 μL of dimethylformamide containing 
0.1 % pyridine. To enhance volatility and detection, 50 μL of N-meth
yl-N-(tert-butyldimethylsilyl)trifluoroacetamide (MBDSTFA, Macherey- 
Nagel)was added to both sample types for derivatization. The mixture 
was then incubated at 80 ◦C for 30 min to ensure complete derivatiza
tion. The derivatized samples were analyzed by GC‒MS, and the 
resulting mass spectra were compared against the National Institute of 
Standards and Technology (NIST) library (version: NIST08) and mass 
spectra of related metabolites derivatized with MBDSTFA (Becker et al., 
2005; Kiefer et al., 2004). Additionally, spectral comparisons were 
performed with derivatized pure compounds selected based on struc
tural similarity and metabolic pathway architecture to confirm the 
identities of the detected intermediates.

2.11. Isotopic tracer studies and GC–MS 13C-labeling analysis

For the 13C isotopic tracer experiments, cells were first cultivated in a 
preculture using BHI medium, followed by a second preculture in min
imal medium supplemented with 55 mM 99 % [U-13C6]-glucose (Cam
bridge Isotope Laboratories) as the sole carbon source. The main culture 
was then grown in minimal medium containing 55 mM 99 % [U-13C6]- 
glucose and 5 mM naturally labeled p-coumarate, and inoculated at an 
initial OD660 of 1.0 using the 13C-labeled cells from the second pre
culture to eliminate interference from unlabeled biomass in the subse
quent labeling analysis (Wittmann, 2007). Cells were harvested during 
exponential growth at OD660 of 2.0, at which point both glucose and 
p-coumarate were still available. The cells were harvested during growth 
at OD660 of 2.0.

For the 13C analysis of proteinogenic amino acids, 1 mg of CDM was 
sampled (8.000×g, 4 min, 4 ◦C), washed twice with deionized water, 
hydrolyzed (6 M HCl, 24 h, 100 ◦C), and clarified from debris (Ultrafree- 
MC, 0.2 μm, Merck Millipore, Darmstadt, Germany). After drying under 
a nitrogen flow, the hydrolysate was dissolved in 50 μL of dime
thylformamide (0.1 % pyridine) and derivatized with MBDSTFA 
(Macherey and Nagel) at 80 ◦C for 30 min (Wittmann and Heinzle, 
2002), followed by GC‒MS analysis (Hoffmann et al., 2018).

For the 13C analysis of cellular sugars, 2.5 mg of CDM was sampled 
(8.000×g, 4 min, 4 ◦C) and washed twice with ultrapure water 
(Wittmann et al., 2004a). Hydrolysis was conducted in 250 μL of 2 M 
HCl for 2 h at 100 ◦C, followed by the removal of cell debris by filtration 
(Ultrafree-MC, 0.2 μm, Merck Millipore, Darmstadt, Germany). After 
drying the hydrolysate under a nitrogen flow, the sample was processed 
in two steps, including an incubation in 100 μL of methoxylamine (2 % 
pyridine) and subsequent derivatization using 100 μL of N,O-bis-
tri-methyl-silyl-trifluoroacetamide (BSTFA; Macherey and Nagel). For 
extracellular trehalose detection, 250 μL of the supernatant generated at 
the time of sampling was also dried under nitrogen flow and processed 
as described for the cellular sugars. GC‒MS was conducted as described 
previously (Kohlstedt and Wittmann, 2019).

For the 13C analysis of fatty acids, 2.5 mg of CDM was sampled 
(8.000×g, 4 min, 4 ◦C), washed twice with deionized water, extracted 
and transesterified into the corresponding methyl esters (Dietrich et al., 
2023). Briefly, the cells were dried for 60 min at 65 ◦C and 9 mbar in a 
vacuum concentrator (Savant DNA 120 SpeedVac, Thermo Fisher Sci
entific), dissolved in 300 μL of a mixture of methanol, toluene, and 95 % 

sulfuric acid (50:50:2; v/v/v), followed by an incubation at 80 ◦C for 15 
h. After cooling to room temperature, the reaction was stopped by 
adding 250 μL of a stop solution (0.5 M NH4HCO3 and 2 M KCl in H2O). 
After mixing for 30 s, the samples were centrifuged (8000×g, 5 min, RT), 
and the upper phase was used for GC-MS analysis (Gas chromatograph 
7890B, Quadrupole Mass Selective Detector 5977A, Agilent Technolo
gies) using an HP-5ms Ultra Inert column (30 m × 250 μm x 0.25 μm, 
Agilent J&W) with helium 5.0 at 1.5 mL min− 1 as carrier gas. Inlet and 
auxiliary temperature were set to 280 ◦C. The oven temperature pro
gram was as follows: a ramp of 5 ◦C min− 1 from 130 ◦C to 175 ◦C, 175 ◦C 
for 5 min, 5 ◦C min− 1 from 175 ◦C to 210 ◦C, and 10 ◦C min− 1 from 
210 ◦C to 320 ◦C, resulting in a total time of 33 min. The 13C labeling 
patterns of the methyl esters of palmitic acid (C16:0, m/z 270–286) and 
oleic acid (C18:1, m/z 296–314) were determined by analyzing their 
corresponding molecular ions. Non-labeled samples were analyzed in 
scan mode to confirm that the measured mass isotopomer distributions 
(MIDs) of the selected ion clusters matched theoretical isotope abun
dances. Subsequently, the 13C labeling patterns of the two cellular fatty 
acids were assessed in selective ion monitoring (SIM) mode.

All mass isotopomer distributions (MIDs) were corrected for the 
presence of naturally occurring isotopes (van Winden et al., 2002) and 
for the contribution of 13C-labeled metabolites originating from the 
inoculum. The resulting data represent mass isotopomer fractions cor
responding solely to the carbon skeletons of the analytes. From these 
corrected values, the total 13C enrichment of each metabolite—referred 
to as summed fractional labeling (SFL)—was calculated as described 
previously (Schwechheimer et al., 2018a). SFL values are reported as 
percentages, with 100 % indicating complete 13C labeling of the carbon 
backbone.

2.12. Global gene expression analysis

For the analysis of global gene expression profiles in C. glutamicum 
strains under various conditions, customized one-color microarrays 
(SurePrint G3 Custom GE 8 × 60K, part number G4102A, Agilent 
Technologies) were employed using previously established protocols 
(Christmann et al., 2023; Pauli et al., 2023). The array included probes 
for each gene in the C. glutamicum ATCC 13032 genome (Entry number 
#T00102, KEGG database), as well as for the heterologous genes aroY, 
ecdB, and ecdD from Enterobacter cloacae (Weiland et al., 2023). The 
genes were represented by three 45–60 bp probes, which were applied in 
six replicates and randomized across different slide locations using 
SurePrint technology (Agilent Technologies). For RNA extraction, 
C. glutamicum strains were cultivated under different conditions until 
they reached an OD660 of 4. At this point, 2 mL of culture broth was 
harvested by centrifugation (13,000×g, RT, 1 min), and the cell pellet 
was immediately frozen in liquid nitrogen. Simultaneously, culture su
pernatants were collected for an HPLC analysis of substrate conversion 
at the sampling time points. RNA was extracted and purified using the 
RNeasy Mini Kit (Qiagen, Hilden, Germany), followed by quantification 
using a NanoDrop 1000 spectrophotometer (PEQLAB Biotechnology, 
Erlangen, Germany) and quality control assessment with an RNA 6000 
Nano Kit on an Agilent 2100 Bioanalyzer (Agilent Technologies). Only 
RNA samples with an RNA integrity number (RIN) > 9.0 were used for 
further analysis. For microarray hybridization, Cy3-labeled comple
mentary RNA (cRNA) was generated using the Low Input Quick Amp WT 
Labeling One-Color Kit and RNA Spike-In One-Color Kit (Agilent Tech
nologies). The labeled cRNA was then fragmented and hybridized to the 
microarrays using the Gene Expression Hybridization Kit (Agilent 
Technologies) according to previously described protocols (Christmann 
et al., 2023; Pauli et al., 2023). The data were analyzed using Gene
Spring (version 14.9; Agilent Technologies). Statistical significance was 
determined using an unpaired t-test (Benjamini‒Hochberg correction, 
asymptotic p value computation), with a corrected p value cutoff of 
0.05. Differentially expressed genes were identified by filtering the 
dataset for log2-fold changes greater than 2 or less than − 2 (p value ≤
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0.05). All RNA extraction and transcriptomic analyses were conducted 
in biological triplicates for each strain.

3. Results

3.1. Carbon catabolite repression limits efficient MA production from p- 
coumarate, ferulate, and caffeate in C. glutamicum

The metabolism of p-hydroxycinnamates in MA-producing 
C. glutamicum strains appears limited, restricting the efficient utiliza
tion of these valuable aromatic substrates from grassy plants for MA 
production (Weiland et al., 2023). We investigated this process by 

culturing wild-type and C. glutamicum MA-6A on three p-hydrox
ycinnamates, p-coumarate, ferulate, and caffeate, and analyzed their 
metabolic dynamics. In all three setups, the C. glutamicum wild-type 
strain efficiently consumed glucose, which was supplemented as the 
primary growth substrate, during the exponential phase (Fig. 2A–C). The 
uptake of p-coumarate, ferulate, and caffeate was very weak when 
glucose was available, with the amount of assimilated carbon from these 
aromatics remaining below 2.9 % of the assimilated glucose carbon. 
However, once glucose was depleted after 10 h, the consumption of 
aromatics was strongly activated, leading to their rapid uptake.

A similar pattern was observed for the strain C. glutamicum MA-6A, 
where the delayed metabolism of aromatics imposed a significant 

Fig. 2. Metabolic dynamics of C. glutamicum cultivated on mixtures of glucose and various p-hydroxycinnamates or p-hydroxybenzoates. Aromatic sub
strates—p-coumarate (A, D), ferulate (B, E), caffeate (C, F), p-hydroxybenzoate (G), vanillate (H), and protocatechuate (I)—were each supplied at a concentration of 
5 mM in combination with 55 mM glucose. Panels A–C show the results for the wild-type strain, whereas panels D–I depict data from the engineered MA-producing 
strain MA-6A. The data for vanillate (Panel H) were obtained from previously published work (Weiland et al., 2023). The data are presented as the mean values and 
standard deviations from biological triplicates (n = 3).
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limitation on MA production (Fig. 2D-F). The sequential uptake of 
substrates prolonged the overall process, as MA production remained 
negligible during the glucose-associated growth phase. Consequently, 
MA synthesis was confined to the later nongrowth stages of cultivation, 
where the absence of glucose likely led to energy and redox limitations, 
further constraining production efficiency. Interestingly, ferulate and 
caffeate were completely converted into MA, with no detectable accu
mulation of aromatic intermediates after 24 h. In contrast, p-coumarate 
appeared to be the least preferred among the three p-hydrox
ycinnamates. Previously, we observed the simultaneous uptake of 
glucose and aromatics, such as different aromatic aldehydes, by 
C. glutamicum (Weiland et al., 2023), and the microbe is generally 
known for its ability to utilize multiple carbon sources in parallel 
(Baritugo et al., 2018; Görke and Stülke, 2008). This finding made the 
observed carbon catabolite repression particularly surprising. Further 
tests revealed that the repression was specific to p-hydroxycinnamates. 
When strain MA-6A was cultured with the corresponding intermediates 
of p-coumarate, ferulate, and caffeate degradation, namely, p-hydrox
ybenzoate, vanillate, and protocatechuate (Fig. 1), these compounds 
were readily co-consumed alongside glucose (Fig. 2G-I). These findings 
suggest that the observed repression is limited to the initial steps of 
p-hydroxycinnamate metabolism, whereas downstream intermediates 
remain unaffected. Cinnamate, the unsubstituted biosynthetic precursor 
of p-coumarate, ferulate, and caffeate in plants (Weiland et al., 2022), 
differs from the tested p-hydroxycinnamates in that it lacks any func
tional groups on its benzene ring. Matching previous reports for the wild 
type strain (Kallscheuer et al., 2016), strain MA-6A was unable to 
degrade cinnamate, independent of whether glucose was present, 
whereas its presumed downstream intermediate, benzoate, was readily 
cometabolized alongside glucose (Fig. S1, Supplementary File 1).

3.2. Fluorescent reporter analysis of glucose-mediated control of p- 
hydroxycinnamate utilization in C. glutamicum

Consequently, a deeper understanding of the metabolic network 
surrounding the phd operon appeared essential to increase MA produc
tion from various p-hydroxycinnamates. The operon consists of two 
divergently transcribed units flanking the central phdR gene: phdAT, 
which is positioned to the left and is involved in import and initial CoA 
activation, and phdBCDE, which is located to the right and facilitates 
side-chain removal from the benzene ring (Fig. 3A). The putative pro
moter regions were assigned to the 247 bp sequence upstream of phdA 
(cg0341) and the 190 bp sequence upstream of phdB (cg0344) (Fig. S2, 
Table S3, Supplementary File 1). The entire upstream regions of phdA 
and phdB were cloned upstream of the mCherry reporter gene into the 
episomal vector pClik 5a MCS to investigate the regulation of these 
promoters, generating two red-fluorescent reporter plasmids. These 
constructs enabled the expression of either PphdAT mCherry or PphdBCDE 
mCherry, allowing separate monitoring of promoter activity. The two 
plasmids were introduced into the wild-type strain. The resulting re
porter strains were cultivated in a microbioreactor system, allowing 
real-time monitoring of both the cell concentration and fluorescence, 
with the latter serving as an indicator of reporter gene expression. The 
growth medium was supplemented with glucose and a selection of ar
omatic compounds, including p-hydroxycinnamates (p-coumarate, fer
ulate, and caffeate), p-hydroxybenzoates (p-hydroxybenzoate, vanillate, 
and protocatechuate), cinnamate and benzoate, to simulate MA pro
duction conditions. Glucose-only medium served as a control to estab
lish the baseline expression levels (Fig. 3B, C, 3D, 3E).

When cultured with p-coumarate and glucose, both C. glutamicum 
reporter strains exhibited a distinct biphasic response. During the 
glucose-supported growth phase, mCherry fluorescence remained low, 
indicating minimal expression of both phd transcriptional units. How
ever, upon glucose depletion - marked by the abrupt termination of 
growth - the fluorescence signal increased sharply, suggesting dere
pression and activation of the operon (Fig. S3, Supplementary File 1). A 

similar expression pattern—basal activation in the presence of glucose 
followed by strong induction upon glucose depletion—was observed for 
the other p-hydroxycinnamates, ferulate and caffeate (Fig. 3, Fig. S3, 
Supplementary File 1). Interestingly, although the expression levels 
were generally low during the initial phase, they remained significantly 
higher than those observed under glucose-only conditions. This finding 
suggested a basal level of phd cluster expression in the presence of 
glucose.

In contrast, cultures supplemented with p-hydroxybenzoate, vanil
late, and protocatechuate, the terminal phd pathway intermediates 
(Fig. 1), exhibited drastically reduced fluorescence. This finding in
dicates that none of these compounds induced the phd operon, regard
less of nutrient availability. Notably, cinnamate triggered phd operon 
activation, particularly in the absence of glucose (Fig. 3), despite the 
compound not being consumed (Fig. S4, Supplementary File 1). How
ever, the resulting increase in fluorescence was significantly lower than 
that observed for p-hydroxycinnamates. Benzoate, like p-hydrox
ybenzoates, failed to induce the expression of the operon.

Interestingly, the PphdBCDE-based reporter plasmid consistently yiel
ded greater fluorescence than did the plasmid containing PphdAT (Fig. 3B 
and D), reflecting inherent differences in the native promoter strengths 
of the phd operon transcriptional units. This finding was further evi
denced by the more intense coloration of the pelletized cells (Fig. 3C and 
E). Across all conditions and various degrees of induction, the PphdBCDE 
promoter, which regulates downstream enzymatic steps, displayed 
approximately three times greater activity than PphdAT, which controls 
substrate import and CoA-thioester generation (Fig. 3F, Fig. S5, Sup
plementary File 1).

3.3. Intracellular p-coumaroyl-CoA-based intermediates reveal active 
phd-pathway flux in C. glutamicum MA-6A, despite glucose-repressing 
conditions

A metabolomic analysis of C. glutamicum MA-6A cultivated with 
glucose and p-coumarate revealed the presence of all key CoA-based 
intermediates involved in p-hydroxycinnamate metabolism, despite 
the repression of aromatic degradation by glucose (Fig. 4). Notably, the 
detection of intracellular p-coumaroyl-CoA, 3-hydroxy-p-coumaroyl- 
CoA, and 3-oxo-p-coumaroyl-CoA levels revealed that the entire 
pathway was active under these conditions. In previous studies, CoA- 
based metabolic intermediates were undetectable through indirect 
tracing of the corresponding acids (Kallscheuer et al., 2016), leaving its 
operation open. The latter two intermediates were 100-fold less abun
dant than p-coumaroyl-CoA was, based on signal intensities, and even
tually escaped previous detection.

3.4. PhdR deletion specifically deregulates the phd operon, uncoupling it 
from the nutrient status

As shown, carbon catabolite repression impeded the efficient meta
bolism of p-coumarate, ferulate, and caffeate in the MA-producing strain 
C. glutamicum MA-6A in the presence of glucose (Fig. 3), negatively 
impacting MA production (Fig. 2). We aimed to delete the phdR gene, 
encoding the repressor of the phd operon, to overcome this limitation. 
PCR and sequencing confirmed the complete removal of phdR. The 
resulting mutant was designated C. glutamicum MA-10.

We conducted a microarray analysis to elucidate the transcriptional 
effects of the deletion in our MA-producing background. In the com
parison of strains MA-6A and MA-10, glucose was used as the sole car
bon source to eliminate potential secondary effects from an additional 
substrate. The cells were harvested in the midexponential phase, and 
principal component analysis confirmed the high statistical quality of 
the microarray data (Fig. S6, Supplementary File 1). The deletion of 
phdR significantly altered the expression of the seven pdh genes (Table 2, 
log2-fold change < − 2 or >2, pcorr ≤ 0.05), indicating that PhdR was the 
major regulator in the presence of glucose and reinforcing its function as 
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Fig. 3. Analysis of the expression of genes involved in p-hydroxycinnamate degradation using mCherry-based biosensors. Schematic representation of the 
phd operon (A). Promoter regions, − 10 and − 35 boxes, and GlxR-binding sites were identified using online prediction tools and previously published data (Kohl & 
Tauch, 2009) (Fig. S2, Table S3, Supplementary File 1). Reporter constructs were created by placing the mCherry gene under the control of the upstream regions of 
the transcriptional units phdAT and phdBCDE using the episomal vector pClik 5a MCS. These constructs were subsequently introduced into wild-type C. glutamicum. 
Sensor strains were cultivated in a microbioreactor, which monitored biomass and fluorescence during growth in media containing 55 mM glucose and 5 mM various 
aromatic compounds. The tested compounds included p-hydroxycinnamates and derivatives (COU—p-coumarate, FER—ferulate, CAF—caffeate, SIN-sinapinate, 
CIN—cinnamate, DCIN—3,4-dimethoxycinnamate, and MCIN—4-methoxycinnamate), as well as p-hydroxybenzoates and related compounds (HBA—p-hydrox
ybenzoate, VNA—vanillate, PCA—protocatechuate, and BOA—benzoate). Glucose-only medium (GLC) served as the control. The average mCherry fluorescence 
(relative fluorescence units, RFU; gain = 50) obtained for the PphdAT- (B) and PphdBCDE- (D) reporter strains was visualized in a bubble chart for two time points: at the 
end of the exponential growth phase ("A") and after 24 h ("B"). For each condition, 1 mL of cell broth was pelletized after cultivation for 24 h (PphdAT (C) and PphdBCDE 
(E)). The brownish color observed for experiments based on, e.g., caffeate, underly an additional darkening due to easy oxidation. The growth profiles can be found in 
Fig. S3, Supplementary File 1. Ratio of the average specific fluorescence units (Fig. S5) for the obtained signals representative for the promoter strengths of the PphdAT- 
and the PphdBCDE-transcription units (F). The data are presented as the mean values and standard deviations from biological triplicates (n = 3).
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a specific repressor of p-hydroxycinnamate metabolism (Kallscheuer 
et al., 2016). Notably, the change in phdAT expression (log2-fold change 
of 4.7–5.4) was significantly less pronounced than that of the phdBCDE 
operon (log2-fold change of 6.7–7.9). This observation aligned well with 
the observed differences in promoter strength between the two tran
scriptional units, as discovered using the biosensor strains (Fig. 3).

3.5. GlxR integrates p-hydroxycinnamate catabolism into the carbon 
catabolite repression network

Notably, multiple binding sites of the global regulator GlxR 
(Schröder & Tauch, 2010) were identified upstream of the phd operon 

(Kohl & Tauch, 2009), although the function of this operon was not 
known at the time (Fig. 3A, Fig. S2, Supplementary File 1). From a 
production perspective, deletion of phdR was sufficient to derepress the 
operon (Table 2), suggesting that GlxR was not a limiting factor for phd 
pathway flux. However, given the central role of GlxR in carbon 
catabolite repression of C. glutamicum and the presence of multiple 
binding motifs, it appeared both interesting and relevant to further 
investigate its specific regulatory influence on the phd operon, particu
larly in the context of glucose availability.

To test the functionality of the GlxR binding sites and assess their 
regulatory role, we constructed two sensor plasmids in which the GlxR 
binding motifs were removed from the promoter regions. Similar 

Fig. 4. Analysis of intracellular CoA esters involved in p-coumarate metabolism in strains MA-6A and MA-10. A schematic overview of CoA esters relevant for 
p-coumarate degradation in C. glutamicum is shown (A). Both strains were sampled at an OD660 of 4 in minimal medium supplemented with 5 mM p-coumarate and 
55 mM glucose. A representative total ion chromatogram (TIC) obtained for intracellular CoA-ester analysis of strain MA-10 via LC‒MS/MS (B), as well as the 
respective extracted ion chromatograms (XIC) (C–F) for the pathway-relevant metabolites p-coumaroyl-CoA, 3-hydroxy-p-coumaryl-CoA, 3-oxo-p-coumaroyl-CoA 
and acetyl-CoA, are shown. For relative quantification, the analyte peak area (counts) obtained via LC‒MS/MS analysis was normalized to an OD660 value of 1. 
Comparison of the relative abundance of different intracellular CoA esters in C. glutamicum MA-10 with that of strain MA-6A with respect to native p-hydrox
ycinnamate metabolism (set to 100 %, indicated by a dashed line) (G). Bubble chart of each CoA-ester (H–K), where the circle size reflects the relative abundance of 
each metabolite. The data are presented as the mean values and standard deviations from biological duplicates (n = 2).
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strategies have been employed previously to dissect transcriptional 
regulation in C. glutamicum, including the mutation and deletion of GlxR 
binding motifs to study the regulation of different catabolic genes 
(Morabbi Heravi et al., 2015; Toyoda et al., 2009a, 2009b). One of the 
plasmids was designed to monitor mCherry expression under control of 
the PphdAT promoter lacking GlxR binding (PphdAT

mut ), and the other under 
control of the PphdBCDE promoter, also lacking GlxR binding (PphdBCDE

mut ). 
These plasmids were introduced into C. glutamicum wild type for further 
analysis. The resulting sensor strains were cultivated on media con
taining p-coumarate and glucose, ferulate and glucose, or glucose alone. 
Growth and mCherry fluorescence were monitored in real time. While 
PphdBCDE mCherry showed a strong increase in fluorescence, following 
glucose depletion (Fig. 5), the mutated promoter PphdBCDE

mut yielded only a 
modest induction, indicating that GlxR plays a critical role in activating 
the phdBCDE operon under glucose-limited conditions in C. glutamicum. 
In contrast, fluorescence dynamics for PphdAT and PphdAT

mut were largely 
similar, with the native promoter showing a slightly higher expression 
(10 % on average) after glucose depletion than the mutated version. 
These results suggest that GlxR exerts a modest but significant activating 
effect on the phdAT operon. Similar characteristics were observed at 
lower glucose concentrations, indicating that the observed effects reflect 
a general pattern of carbon catabolite regulation (Fig. 5, 7 and 8, Sup
plementary File 1).

Together, these findings demonstrated that GlxR serves as a key 
activator of the phdBCDE operon under glucose-limited conditions, 
while exerting a more moderate but detectable influence on phdAT 
expression. This regulatory pattern highlights the role of GlxR in coor
dinating the expression of aromatic degradation genes with carbon 
availability. As such, the phd operon appears to be integrated into the 
broader carbon catabolite repression network of C. glutamicum, ensuring 
prioritized glucose utilization while enabling efficient aromatic com
pound catabolism upon glucose depletion. Notably, GlxR was also 
shown to contribute to 3-hydroxybenzoate and gentisate metabolism in 
C. glutamicum (Chao and Zhou, 2014).

3.6. C. glutamicum MA-10 produces MA at increased rates, titers, and 
yields

Next, MA-10 was evaluated for MA production from p-coumarate 
(Fig. 6A) and ferulate (Fig. 6E), the two major lignocellulose-derived p- 
hydroxycinnamates, to assess the impact of phdR deletion on perfor
mance. Notably, both p-coumarate and ferulate were rapidly consumed 
from the start of cultivation and were stoichiometrically converted into 
MA within just 12 h. Strain MA-10 co-consumed 4.89 mM p-coumarate 
alongside glucose during the initial culture phase (7.1 h), which was 
99.7-fold higher than that of MA-6 (0.05 mM) (Fig. 2). Ferulate was 
metabolized more efficiently than p-coumarate, which is consistent with 
strain MA-6A (Fig. 2). Compared with that of MA-6A, its co-consumption 
increased 15-fold (5.42 mM vs. 0.36 mM during the first 5.1 h). The 
decoupled metabolism of both substrates led to the transient accumu
lation of terminal phd pathway intermediates, with a more pronounced 

and rapid effect on the ferulate-based process. Specifically, p-hydrox
ybenzoate accumulated up to 3.4 ± 0.1 mM after 6 h of cultivation with 
p-coumarate, whereas vanillate reached 4.2 ± 0.1 mM after just 4 h of 
cultivation with ferulate. Afterward, both intermediates were efficiently 
co-consumed alongside their respective aromatic substrates, contrib
uting to optimized metabolic flux toward MA.

The correlation of substrate dynamics over time—specifically, the 
relative consumption of glucose, aromatic substrates, and their inter
mediates—revealed a dramatically altered utilization pattern in strain 
MA-10 (Fig. 6B and F). Unlike MA-6A, where aromatic metabolism was 
nearly negligible in the presence of glucose due to repression, MA-10 
exhibited efficient cometabolization throughout the entire process. 
This co-consumption occurred regardless of whether p-coumarate or 
ferulate or their intermediates were present, indicating that phd 
pathway deregulation enabled the robust and simultaneous processing 
of both glucose and aromatics, in stark contrast to the restricted utili
zation observed in MA-6A under glucose-repressive conditions (Fig. 2). 
Taken together, phdR deletion enabled the complete conversion of the 
supplied aromatics into MA by the time glucose was depleted and 
growth ceased, leading to 48-fold and 18-fold increases in MA yields at 
this time point (Fig. 6C and G) for p-coumarate and ferulate, respec
tively. Moreover, the MA yield, relative to the supplied amount of 
glucose, was significantly improved (Fig. 6D and H).

3.7. The deletion of phdR increases the efficiency of substrate utilization 
towards higher concentration levels

In the context of lignin upgrading, microbial cell factories should be 
featured by a high tolerance to elevated concentrations of the toxic ar
omatic substrates (Becker and Wittmann, 2019), making efficient con
version at elevated substrate concentrations a key advantage. To this 
end, C. glutamicum MA-6A and MA-10 were benchmarked by cultivating 
both strains with increased p-coumarate and ferulate levels (up to 30 
mM) alongside glucose (Fig. 7), with the growth curves provided in 
Fig. S9 (Supplementary File 1). In MA-6A, lower p-coumarate concen
trations (≤10 mM) caused p-hydroxybenzoate accumulation, whereas at 
concentrations above 15 mM, the majority of the supplied p-coumarate 
remained unconverted. In contrast, MA-10 exhibited significantly 
improved performance across all tested conditions. The mutant fully 
converted 15 mM p-coumarate into MA within 24 h, and even at the 
highest concentrations tested, biotransformation was evident, as indi
cated by the accumulation of p-hydroxybenzoate and muconate in the 
supernatant. Similarly, ferulate conversion was markedly increased in 
MA-10, enabling complete utilization of 15 mM ferulate within 24 h. 
These results highlight the substantial benefits of phdR deletion in 
increasing overall strain efficiency.

Additionally, caffeate consumption was highly improved in strain 
MA-10 across varying concentration levels indicating continuous 
enhancing effects of phdR-deletion on the metabolism of p-hydrox
ycinnamates naturally belonging to the substrate spectrum of 
C. glutamicum (Fig. 7, Fig. S10, Supplementary File 1). A notable 

Table 2 
Transcriptional analysis of the impact of phdR deletion on gene expression in C. glutamicum MA-10 cultivated in glucose compared with its parental strain 
MA-6A. Both strains were cultivated in minimal medium supplemented with glucose as the sole carbon source and harvested at an OD660 of 4. Differential gene 
expression was assessed using an unpaired t-test, and the Benjamini‒Hochberg correction was applied for multiple testing. A gene was considered significantly 
differentially expressed if it met the following criteria: pcorr value ≤ 0.05 and |log2(fold change)| > 2 or < − 2. Protein annotations were obtained from the NCBI 
database (https://www.ncbi.nlm.nih.gov/).

NCgl number CGL number Cgl number Gene name NCBI annotation Log2(FC) pCorr-value

NCgl0278 CGL_RS01485 Cgl0283 phdT MFS transporter 5.38 2.56E-07
NCgl0279 CGL_RS01490 Cgl0284 phdA Long-chain fatty acid-CoA ligase 4.67 1.65E-07
NCgl0280 CGL_RS01495 Cgl0285 phdR MarR family winged helix-turn-helix transcriptional regulator − 7.62 2.57E-09
NCgl0281 CGL_RS01500 Cgl0286 phdB SDR family NAD(P)-dependent oxidoreductase 6.79 2.57E-09
NCgl0282 CGL_RS01505 Cgl0287 phdC 4-Hydroxyphenyl-beta-ketoacyl-CoA hydrolase 6.68 4.35E-08
NCgl0283 CGL_RS01510 Cgl0288 phdD Acyl-CoA dehydrogenase family protein 7.88 2.57E-09
NCgl0284 CGL_RS01515 Cgl0289 phdE MaoC family dehydratase 6.75 1.43E-07
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Fig. 5. Functional analysis of GlxR-mediated regulation of the phd operon using mCherry-based biosensors. To assess the regulatory role of GlxR, reporter 
constructs were created in which the GlxR-binding motifs were removed from the phdAT (A) and phdBCDE (B) promoter regions, generating the PphdAT

mut and PphdBCDE
mut 

constructs, respectively. The mCherry gene was placed under control of the mutated promoters using the episomal vector pClik 5a MCS, and the resulting plasmids 
were introduced into wild-type C. glutamicum. Sensor strains were cultivated in media containing 55 mM or 27.5 mM glucose with either 5 mM p-coumarate or 5 mM 
ferulate, or glucose alone. Fluorescence intensities (relative fluorescence units, RFU; gain = 50) of the reporter strains PphdAT and PphdAT

mut (A) and for PphdBCDE and 
PphdBCDE

mut (B) were visualized in a bubble chart for two time points: at the end of the exponential growth phase ("A") and after 24 h ("B"). In addition, the ratios of the 
average relative fluorescence units between native and mutated promoters are given, visualizing the transcriptional effects of GlxR at both time points. The data are 
presented as the mean values and standard deviations from biological triplicates (n = 3).
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observation during enhanced hydroxycinnamate conversion was the 
transient accumulation of downstream aromatic intermediates, specif
ically p-hydroxybenzoate and vanillate (Fig. 6), which became more 
pronounced at higher aromatics levels (Fig. S11, Supplementary File 1). 
A comparable bottleneck has been reported in P. putida KT2440, where 
accumulation of these intermediates was mitigated by overexpressing 
vanAB and replacing pobA with more efficient monooxygenases 
(Johnson et al., 2017; Kuatsjah et al., 2022; Salvachua et al., 2018; 
Werner et al.) Consistent with these findings and recent work in 
C. glutamicum (Weiland et al., 2023), our results indicate that 
byproduct-free muconate production might require increased flux 
through these monooxygenase steps to prevent intermediate buildup. 
Monooxygenase activity thus represents an interesting metabolic engi
neering target in the efficient catabolism of hydroxycinnamates in 
C. glutamicum.

3.8. C. glutamicum MA-10 exhibits increased availability of aromatic 
CoA thioesters and acetyl-CoA

Interestingly, the metabolomic analysis of C. glutamicum MA-10 
cultivated with glucose and p-coumarate revealed significant differ
ences in the availability of phd pathway-specific intracellular CoA esters 
compared with MA-6A. In contrast, strain MA-10 presented an approx
imately threefold increase in the abundance of all aromatic CoA esters 
(Fig. 4), indicating a substantial increase in p-hydroxycinnamate 
pathway flux following phdR deletion. Notably, while the overall pool 
sizes increased, the relative ratios between the individual CoA in
termediates remained unchanged compared with those of MA-6A, with 
p-coumaroyl-CoA consistently dominating the CoA pool.

Additionally, MA-10 exhibited a three-fold increase in acetyl-CoA 
levels, stoichiometrically aligning with the elevated abundance of 

aromatic CoA esters (Fig. 4). This suggested that p-hydroxycinnamate 
metabolism significantly impacts central carbon metabolism, even 
though the two processes initially appeared disconnected due to dis
rupted aromatic catabolism (Fig. 1). Notably, the intracellular level of 
succinyl-CoA—an intermediate of the TCA cycle—was 20 % lower in 
MA-10 compared to MA-6A (normalized peak area: 3.19 × 107 vs. 4.04 
× 107), suggesting even broader perturbations of central metabolism by 
the engineered co-utilization of p-coumarate and glucose.

3.9. Isotopic analysis demonstrates a significant contribution of 
phenylpropanoid side chain–derived acetyl-CoA carbon to central 
metabolic pathways in strain MA-10

To investigate potential metabolic cross-talk between p-hydrox
ycinnamate degradation and central carbon routes in strain MA-10, we 
designed a13C-labelling experiment that allowed investigating the par
allel metabolization of glucose and p-coumarate through analysis of 13C 
labelling patterns in cellular metabolites, a strategy proven valuable for 
resolving the metabolism complex substrate mixtures (Adler et al., 2013; 
Schulze et al., 2022; Schwechheimer et al., 2018b). To this end, strain 
MA-10 was grown on [U-13C6] glucose and naturally labeled p-couma
rate, followed by mass spectrometric analysis of representative major 
biomass constituents, including amino acids (proteins), ribose (nucleo
tides), fatty acids (lipids), and different hexoses (cell wall), as well as 
secreted products (trehalose, MA). These metabolites collectively span 
key nodes in the central carbon metabolism of C. glutamicum.

The labeling patterns revealed substantial incorporation of 12C into 
multiple metabolites, indicating efficient assimilation of carbon from p- 
coumarate degradation into central metabolic pathways (Fig. 8A). 
Notably, 12C-enrichment was especially pronounced in metabolites 
directly derived from acetyl-CoA, such as fatty acids, which exhibited a 

Fig. 6. p-Hydroxycinnamate-based MA production using the metabolically engineered C. glutamicum MA-10. Strain MA-10 was cultivated using the same 
method as its parent strain with native phd expression in the presence of 55 mM glucose and 5 mM p-coumarate (top panel) or 5 mM ferulate (bottom panel) in shake 
flasks. The shake flask profiles (A, E) and the resulting substrate uptake plots (B, F) are shown. The product yields shown here refer either to the supplied con
centrations of the respective aromatics (C, G) or to the glucose concentration in the medium (D, H). Product yields were calculated for the first sampling point of 
glucose depletion, whereby cis, cis-muconate concentrations were corrected for the supplied small concentration of protocatechuate available in the medium as a 
chelating agent. The data are presented as the mean values and standard deviations from biological triplicates (n = 3).
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12C-fraction of approximately 70 %. This enrichment pattern strongly 
suggests that p-coumarate catabolism contributes significantly to acetyl- 
CoA pools via cleavage of the p-hydroxycinnamate side chain, facili
tating its downstream integration into core biosynthetic routes. The 
active routing of acetyl-CoA into the TCA cycle was evidenced by sig
nificant 12C-enrichment in 2-oxoglutarate-derived amino acids, 
including glutamate, proline, and arginine. Furthermore, substantial 12C 
fractions were detected in amino acids derived from oxaloacetate, 
providing compelling evidence for the operation of the glyoxylate shunt. 
This is consistent with the bypass of oxidative decarboxylation at 2-oxo
glutarate in the glyoxylate cycle, which prevents loss of the 12C carbons 
from p-coumarate based acetyl-CoA into CO2 and preserves its carbon 
skeleton for biosynthesis. Surprisingly, 12C-enriched carbon was detec
ted even in nucleotide and cell wall sugars, derived from fructose 6- 
phosphate, glucose 6-phosphate, and ribose 5-phosphate, suggesting 
active gluconeogenesis and a global distribution of carbon from the side 
chain of the aromatic within central metabolism. This points to a distinct 
metabolic advantage conferred by strain MA-10, wherein acetyl-CoA 
serves as an additional precursor for biomass formation. These results 
suggest a functional integration—or “division of labor”—between aro
matic compound degradation and central metabolism. MA was naturally 
labeled, suggesting that it was formed from p-coumarate without sig
nificant contribution of the alternative route from glucose via pathway 
intermediates of aromatic amino acid synthesis.

3.10. Sugar-free MA production from p-hydroxycinnamates

The evident metabolic crosstalk between p-hydroxycinnamate 
degradation and biomass formation via acetyl-CoA (Fig. 8A) inspired a 

shift in strategy to completely abandon sugar and rely solely on an ar
omatic compound to fuel both growth and production. We challenged 
strain MA-10 with an increased level of 30 mM p-coumarate as the sole 
carbon and energy source. Astonishingly, within 24 h, 2.2 mM MA 
accumulated—clear proof of concept that sugar-free production is 
feasible (Fig. 8B, Fig. S12, Supplementary File 1). Even more striking 
was the 50 % increase in cell concentration, underscoring that acetyl- 
CoA derived from the aromatic side chain was sufficient to sustain en
ergy generation, redox balancing, and biosynthesis. All non-MA carbon 
from p-coumarate was routed to the intermediate p-hydroxybenzoate. 
Intriguingly, the conversion rate from p-coumarate to p-hydrox
ybenzoate in the sugar-free setup outpaced that observed in glucose- 
supplemented cultures, which, despite reaching higher cell densities, 
left a substantial portion of p-coumarate unused (Fig. 8C). This high
lights not only the metabolic efficiency of aromatic-driven growth but 
also reveals a potential regulatory tradeoff when sugars are present.

3.11. MA production from aromatic mixtures and straw lignin 
hydrolysates

Real-world lignin hydrolysates contain complex mixtures of aro
matics, and advancing their microbial valorization requires a deeper 
understanding of aromatic co-metabolism (Becker et al., 2018a; Kohl
stedt et al., 2018; Salvachua et al., 2018). Therefore, the strains MA-6A 
and MA-10 were cultivated on an equimolar mixture containing p-cou
marate, ferulate, and their corresponding pathway intermediates, 
p-hydroxybenzoate and vanillate (Fig. 1).

Overall, the deregulated phd pathway in MA-10 enabled the efficient 
cometabolism of mixed aromatic compounds, further supporting its 

Fig. 7. Comparison of cinnamate conversion in strains MA-6A and MA-10. The strains were cultivated on various p-hydroxycinnamates (COU: p-coumarate, FER: 
ferulate, CAF: caffeate), cinnamate (CIN), and p-methoxycinnamates (MCIN: 4-methoxycinnamate, DCIN: 3,4-dimethoxycinnamate) at concentrations ranging from 5 
to 30 mM, together with 55 mM glucose. Strain performance was compared by end point measurements taken after 24 h. Cis, cis-muconate concentrations were 
corrected for the supplied small concentration of protocatechuate available in the medium as a chelating agent. For 3,4-dimethoxycinnamate, two different benzoates 
were detected in the supernatant, where veratrate is depicted in light gray and the isovanillate is depicted in dark gray. The data are presented as the mean values and 
standard deviations from biological triplicates (n = 3). While PhdA acts on p-hydroxycinnamates and cinnamates, PhdR binds the corresponding CoA esters as 
effectors, similar to other bacteria (Otani et al., 2016; Kasai et al., 2012).
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Fig. 8. Metabolic cross talk between p-coumarate degradation and central carbon metabolism in C. glutamicum MA-10. 13C Metabolic flux analysis during co- 
metabolism of glucose and p-coumarate (A). To elucidate substrate-specific carbon fluxes, C. glutamicum MA-10 was cultivated in minimal medium supplemented 
with [U-13C6] glucose (55 mM) and unlabeled p-coumarate (5 mM). Cells were harvested at mid-exponential phase (OD660 = 2), ensuring the concurrent availability 
of both carbon sources. Isotopic labeling patterns were quantified by GC/MS in biomass-derived metabolites, including proteinogenic amino acids, peptidoglycan- 
and arabinogalactan-associated sugars, and lipid-derived fatty acids, as well as secreted metabolites such as cis,cis-muconate and trehalose. Mass isotopomer dis
tributions were corrected for natural isotope abundance and inoculum, and 13C enrichment levels were computed to infer the relative carbon contributions from 
glucose and p-coumarate to central and peripheral metabolic pools. MA production from glucose and p-coumarate (B) and from p-coumarate alone (C).
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potential for lignin valorization applications (Fig. 9). In MA-6A, inhib
itory effects of carbon catabolite repression on MA production were 
evident. The strain initially metabolized only p-hydroxybenzoate and 
vanillate, while p-hydroxycinnamate metabolism remained suppressed 
(Fig. 9A). As a result, MA titers plateaued once the two p-hydrox
ybenzoates were fully consumed. Only after glucose depletion did p- 
coumarate and ferulate consumption begin, leading to a delayed restart 
of MA production. In contrast, MA-10 enabled the efficient comet
abolism of mixed aromatic compounds (Fig. 9B). The strain exhibited 
the simultaneous consumption of p-coumarate and ferulate, overcoming 
repression and accelerating aromatic metabolism with only a transient 
accumulation of benzoates during the initial process phase. This shift 
resulted in a substantial increase in MA levels, with higher yields ach
ieved before glucose depletion, indicating improved production 
efficiency.

Next, C. glutamicum MA-10 was evaluated for MA production using 
Biolignin as a lignin source. Base-catalyzed hydrolysis of the straw- 
derived lignin yielded a dark brown solution containing p-coumarate 
(1.04 mM) and ferulate (0.78 mM) as the predominant aromatic con
stituents (Fig. 8C). GC-MS analysis additionally revealed the presence of 
three minor aromatic compounds - p-hydroxybenzoate, vanillate, and 
vanillin (Fig. S13, Supplementary File 1) - whose concentrations in the 
hydrolysate, determined by HPLC, were 0.03 mM, 0.11 mM, and 0.14 
mM, respectively (Fig. 9C, Fig. S14, Supplementary File 1).

The hydrolysate was added as the sole aromatic carbon source to 

MA-10 cultures at 20 %, 40 %, and 60 % (v/v) concentrations in minimal 
medium supplemented with glucose. After 24 h, the culture containing 
20 % hydrolysate produced 0.42 ± 0.01 mM MA. Increasing the hy
drolysate concentration to 40 % and 60 % (v/v) led to MA titers of 0.89 
± 0.01 mM and 1.35 ± 0.03 mM, respectively—representing approxi
mately two- and three-fold increases. On average, 86.9 % of the MA 
carbon formed after 24 h could be attributed to the five aromatics. This 
indicates that p-hydroxycinnamates and their downstream in
termediates served as the principal substrates for MA biosynthesis. 
Within error, the remaining MA fraction likely arises from additional 
aromatic compounds present at low concentrations, which were 
upgraded by C. glutamicum MA-10. Their identification will be the focus 
of future studies.

3.12. Expanded substrate range in C. glutamicum MA-10: metabolism of 
p-methoxylated cinnamates

The metabolism of the previously unexplored methoxylated cinna
mate derivatives 4-methoxycinnamate, 3,4-dimethoxycinnamate, and 
3,5-dimethoxy-4-hydroxycinnamate (sinapinate) was evaluated in 
C. glutamicum. Similar to cinnamate, these aromatic compounds also 
induced the phd operon, particularly in the absence of glucose (Fig. 3). 
However, the fluorescence levels were rather low and remained stable 
throughout cultivation, in contrast to the strong induction observed for 
the p-hydroxycinnamates ferulate and p-coumarate (Fig. S3, 

Fig. 9. MA production from synthetic aromatic mixtures and straw lignin hydrolysates in metabolically engineered C. glutamicum MA-6A and MA-10. 
C. glutamicum MA-6A (A) and MA-10 (B) were cultivated in the presence of 1.25 mM ferulate, p-coumarate, vanillate, p-hydroxybenzoate plus 55 mM glucose in shake 
flasks. Strain MA-10 was additionally cultivated in shake flasks in the presence of 20 % (v/v), 40 % (v/v) and 60 % (v/v) lignin hydrolysate, obtained from base- 
catalyzed depolymerization of straw lignin (Biolignin, CIMV) plus 55 mM glucose (C). The data reflect the concentrations of MA, other aromatic compounds, and 
the cell concentration (OD660) at the beginning and after 24 h. The data are presented as the mean values and standard deviations from biological triplicates (n = 3).
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Supplementary File 1).
Interestingly, unlike the wild-type strain (Fig. S4, Supplementary File 

1) and the MA-6A strain, C. glutamicum MA-10 presented a highly 
expanded substrate spectrum (Fig. 7). Thus, phdR deletion facilitated 
cinnamate degradation, leading to MA formation via the native benzoate 
degradation pathway. Additionally, C. glutamicum MA-10 also metabo
lized the 4-methoxylated cinnamates, i.e., 4-methoxycinnamate and 3,4- 
dimethoxycinnamate, into novel compounds, as detected by HPLC 
analysis (Fig. 7, Fig. S15, Supplementary File 1). The supernatants were 
dried, derivatized and analyzed via GC–MS to characterize these un
known products. Guided by the metabolic layout of p-hydroxycinnamate 
degradation (Fig. 1) and validated by the analysis of pure standards, the 

novel dead-end metabolites were identified as anisate (4-methox
ybenzoate) resulting from 4-methoxycinnamate metabolization and 
veratrate (3,4-dimethoxy-benzoate) resulting from 3,4-dimethoxycinna
mate (Fig. S16 and 17, Supplementary File 1). According to the results of 
the GC–MS and HPLC analyses, veratrate seemingly underwent further 
O-demethylation into isovanillate (Fig. 7).

Considering metabolic flexibility in aromatic degradation (Weiland 
et al., 2022), the vanillate-O-demethylase VanAB was deleted in strain 
MA-10 to investigate its potential contribution to 3,4-dimethoxycinna
mate metabolism. Cultivation of the vanAB-deficient MA-11 mutant on 
3,4-dimethoycinnamate and glucose resulted in the accumulation of 
veratrate without isovanillate formation (Fig. S18 and 19, 

Fig. 10. Genetic layout and metabolic features of C. glutamicum MA-10. Strain MA-10 is characterized by the deletion of catB, the overexpression of catA and the 
coupling of protocatechuate metabolism to cis, cis-muconate production by the introduction of the heterologous protocatechuate decarboxylase aroY, as well as ecdB 
and ecdD, from E. cloacae into pcaG. Additionally, it carries a deletion of the transcriptional repressor phdR, enabling the co-consumption of p-hydroxycinnamates and 
glucose by overcoming the native repression of the phd operon in the copresence of glucose. In addition to the natural metabolism of p-hydroxycinnamates, the 
engineered mutant strain MA-10 also metabolizes cinnamate and p-methoxycinnamates, which naturally do not belong to the substrate spectrum of C. glutamicum. 
The p-methoxybenzoate derivatives resulting from p-methoxycinnamate metabolism accumulate as dead-end metabolites, where the conversion of veratrate into 
isovanillate is catalyzed by native vanillate-O-demethylase, as verified in the MA-10-based vanAB-deletion mutant, designated MA-11. Activated reactions are 
depicted as thick, green lines. Deleted reactions are depicted as red dashed lines.
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Supplementary File 1), thus revealing that native veratrate metabolism 
in C. glutamicum is mediated by vanillate-O-demethylase (Fig. 10). As 
isovanillate was obviously not further metabolized, C. glutamicum 
seemingly lacks demethylases with substrate specificity for isovanillate, 
different to other microbes (Providenti et al., 2006; Wolf et al., 2024).

Unlike the tested p-methoxycinnamates, sinapinate remained un
converted, and no intermediates were detected via HPLC or GC–MS 
(Fig. 7, Fig. S20, Supplementary File 1). Based on biosensor data (Fig. 3) 
and the chemical properties of the tested compounds (Fig. S21, Sup
plementary File 1), the additional substituent on sinapinate interferes 
not only with the PhdR interaction but also with the binding of other 
enzymes involved in native p-hydroxycinnamate metabolism in 
C. glutamicum.

4. Discussion

4.1. Carbon catabolite repression as a central bottleneck in aromatic 
valorization

C. glutamicum is generally known for its high metabolic versatility, 
including the cometabolism of various carbon sources, such as different 
sugars (Baritugo et al., 2018; Görke and Stülke, 2008). Our data reveal 
that carbon catabolite repression (CCR) drastically limits the efficient 
utilization of p-coumarate, ferulate, and caffeate in the presence of 
glucose and thus displays another apparently rare example of CCR in this 
bacterium (Arndt et al., 2008; Gruteser et al., 2012; Krämer et al., 1990). 
This repression results in a sequential substrate uptake pattern, where 
glucose is consumed first, and aromatic uptake begins only after glucose 
depletion (Fig. 2). Notably, this repression appears to be specific to early 
pathway intermediates, as downstream degradation products such as 
p-hydroxybenzoate and vanillate are readily co-consumed (Fig. 2G-I). 
Additionally, structurally related aromatic aldehydes were co-consumed 
with glucose (Weiland et al., 2023).

Using mCherry-based fluorescent biosensors targeting the back-to- 
back phd operon promoters (PphdAT and PphdBCDE), we observed that 
glucose suppresses expression of the pathway during exponential 
growth, with a sharp increase in expression only upon glucose depletion 
(Fig. 3). Interestingly, PphdBCDE consistently showed higher activity than 
PphdAT (Fig. 3, Table 2), suggesting a native regulatory bias toward 
prioritizing downstream pathway reactions—possibly to avoid the 
accumulation of CoA thioesters. This also appears notable considering 
reports of toxic effects of p-hydroxycinnamoyl-CoA accumulation (Parke 
and Ornston, 2004). Moreover, the comparatively lower activity of 
PphdAT likely prevents excessive substrate uptake, further emphasizing 
the necessity of tightly controlled gene expression for efficient pathway 
operation. These findings suggest that CCR is not only a metabolic 
bottleneck but also a key regulatory feature that shapes the flux through 
the phd pathway. Additionally, in other aromatic-degrading bacteria, 
such as P. putida and Acinetobacter baylyi, CCR is involved in the 
co-utilization of p-hydroxycinnamates with sugars or organic acids 
(Fischer et al., 2008; Johnson et al., 2017). Thus, native substrate 
preferences display a key challenge for the application of microbial cell 
factories in plant biomass valorization, which is apparently also true for 
C. glutamicum.

4.2. PhdR deletion as a targeted strategy to derepress aromatic pathways 
and increase MA production

We deleted the phdR repressor gene to overcome the metabolic block 
imposed by CCR, creating strain MA-10. This deletion fully derepressed 
the phd operon, enabling C. glutamicum to simultaneously cometabolize 
glucose and aromatics and dramatically increase MA yields (Fig. 6). 
Compared with the parental MA-6A strain, MA-10 presented up to 48- 
fold and 18-fold increases in MA production from p-coumarate and 
ferulate, respectively, and metabolized both substrates within 12 h 
(Fig. 6A–G). The two substrates are primary components of agricultural 

residues and grasses and are therefore a central focus of microbial 
upgrading efforts (Tramontina et al., 2023; Weiland et al., 2022). The 
microarray analysis confirmed the strong upregulation of phd cluster 
genes, especially phdBCDE (log2-fold change: 6.7–7.9), confirming the 
biosensor data (Fig. 3, Table 2). Metabolomics further revealed a 3-fold 
increase in the intracellular abundance of all CoA intermediates in 
MA-10 (Fig. 4), along with elevated acetyl-CoA levels, highlighting the 
connection between aromatic metabolism and central carbon flux.

Targeting local regulators such as PhdR provides a clean, efficient 
strategy for co-utilization without compromising strain robustness in 
C. glutamicum, offering a broadly applicable route for metabolic engi
neering across microbial platforms considering the similar regulatory 
layout of p-hydroxycinnamate metabolism in various bacteria (Calisti 
et al., 2008; Kasai et al., 2012; Otani et al., 2014; Parke and Ornston, 
2003). In contrast, the manipulation of the global regulator GlxR has 
proven challenging in C. glutamicum because of its essential role and 
resulting growth defects (Park et al., 2010; Toyoda et al., 2011).

4.3. Acetyl-CoA-driven cross link between p-hydroxycinnamate 
degradation and central carbon metabolism

Isotopic tracer studies have emerged as powerful tools for unraveling 
the complexity of microbial aromatic metabolism, offering precise res
olution of metabolic fluxes and substrate assimilation across diverse 
pathways (Del Cerro et al., 2021; Duran et al., 2024; Varman et al., 
2016). In this study, the application of 13C-labeling provided critical 
insights into the metabolism of C. glutamicum strain MA-10 cultured on 
p-coumarate (as biotransformation substrate) and glucose (as growth 
substrate). The mutant exhibits a disrupted aromatic catabolism at the 
level of protocatechuate and MA to funnel aromatics (Fig. 8). The 
expanded 13C labelling dataset, which included biomass sugars and 
lipids in addition to standard amino acids (Becker et al., 2009, 2011) and 
secreted metabolites (Wittmann and Heinzle, 2001; Wittmann et al., 
2004b), significantly improved pathway resolution and exposed global 
redistribution of aromatic carbon within central metabolism. The 
observed extensive incorporation of unlabeled (12C) carbon from the 
side chain of p-coumarate into major biomass components not only 
demonstrates the strain’s capacity to metabolize lignin-derived aro
matics efficiently but also reveals a comprehensive and previously un
derappreciated integration of aromatic degradation with core 
biosynthetic processes—or “division of labor”—between aromatic 
compound degradation and central metabolism, as also observed in 
P. putida (Kukurugya et al., 2019). It appears interesting to further study 
how C. glutamicum mediates the adaptation of its central carbon meta
bolism with regard to transcriptional and metabolic control (Table 2) 
(Schilling et al., 2007).

One of the striking findings is the pronounced 12C-enrichment in 
fatty acids and 2-oxoglutarate-derived amino acids, supporting a key 
role of acetyl-CoA as a metabolic node linking p-coumarate catabolism 
to biosynthesis. The conversion of side-chain carbons from p-coumarate 
into acetyl-CoA appears efficient, with subsequent routing into the TCA 
cycle and anabolic branches, as reflected by labeling in glutamate, 
proline, and arginine. Further 12C-enrichment in oxaloacetate-derived 
amino acids and nucleotide sugars points to broader participation of 
aromatic-derived carbon in gluconeogenesis and nucleotide biosyn
thesis. Notably, evidence for glyoxylate shunt activity—normally 
repressed by GlxR in the presence of glucose (Kim et al., 2004)—sug
gests carbon conservation through bypassing decarboxylation steps, 
similar to cells grown on mixtures of glucose and acetate (Wendisch 
et al., 2000). Although C. glutamicum is a well-established aromatic 
degrader, the global regulatory mechanisms governing aromatic catab
olism—particularly in the context of mixed substrates—remain incom
pletely understood. For instance, GlxR has been implicated in the 
metabolism of protocatechuate (Haussmann and Poetsch, 2012), vanil
late (Morabbi Heravi et al., 2015), gentisate, and 3-hydroxybenzoate 
(Kim et al., 2004), and p-hydroxycinnamates (this work).
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The detection of unlabeled carbon in sugars typically derived from 
glycolytic and pentose phosphate intermediates implied that aromatic 
substrates alone support complete biosynthetic demands. The ability of 
MA-10 to produce MA solely from p-coumarate (Fig. 8B) further dem
onstrates its potential for lignin valorization from grassy biomass 
without additional sugar carbon, an important steps towards economic 
efficiency (Sonoki et al., 2018). Together, these findings position strain 
MA-10 as a highly effective chassis for lignin valorization. Future work 
should focus on harnessing and engineering the metabolic integration 
between aromatics catabolism and central metabolism to optimize car
bon flux, enhance yields of target products, and expand the range of 
useable aromatic substrates.

4.4. Substrate spectrum expansion and new pathways for lignin-derived 
compounds

In addition to performance improvements, strain MA-10 displayed a 
remarkably broadened substrate range, including a newly acquired 
metabolic capability for methoxylated cinnamates such as 4-methoxy
cinnamate and 3,4-dimethoxycinnamate (Fig. 10). These substrates, 
which were previously unutilized by C. glutamicum, were partially 
degraded into novel benzoate derivatives such as anisate and vera
trate—compounds with potential applications in cosmetics and phar
maceuticals. (Czarnecka et al., 2018; Durairaj et al., 2023; Martins and 
Marto, 2023). MA-10 also degraded cinnamate—a capability not 
observed in the wild-type or MA-6A strains—through its conversion to 
benzoate and MA, resulting in the activation of native but previously 
silent degradation pathways (Fig. 10). The deletion of vanAB, encoding 
vanillate-O-demethylase, confirmed the pathway leading to veratrate 
demethylation into isovanillate, which accumulated as a dead-end 
product (Fig. S18 and 19, Supplementary File 1).

Considering the biosensor data (Fig. 3), along with the expanded 
substrate spectrum observed in C. glutamicum MA-10 (Fig. 7), it appears 
that the organism’s ability to convert structurally related cinnamates is 
primarily limited by the substrate specificity of the transcriptional 
regulator PhdR. Repression by PhdR seems to be relieved only in the 
presence of aromatic compounds that feature both a propenoic acid side 
chain (–CH=CH–COOH) plus a hydroxyl group in the para-position of 
the aromatic ring (Fig. 7). Notably, the para-hydroxyl group has been 
implicated in forming hydrogen bonds during ligand interactions with 
other MarR-type repressors involved in p-hydroxycinnamate catabolism 
(Kim et al., 2016; Otani et al., 2016). Interestingly, other enzymes in the 
phd pathway appear to tolerate alternative para-substituents. Removal 
of the phdR repressor was therefore key to broadening the substrate 
spectrum, revealing that the downstream enzymes of the phd pathway 
are inherently more flexible in substrate acceptance than previously 
assumed (Kallscheuer et al., 2016).

This extended substrate flexibility is crucial for lignocellulose valo
rization, when targeting a holistic valorization of diverse agricultural 
and food processing residues. Notably, even though caffeate is generally 
less abundant in agricultural residues than coumarate and ferulate, there 
are some notable exceptions that deserve attention. In rice straw, caf
feate has been reported as the major phenolic compound (Karimi et al., 
2014). Additionally, caffeate is significantly present in various 
agro-industrial byproducts such as soybean meal (Oskoueian et al., 
2011), spent coffee grounds (Angeloni et al., 2020), and sorghum straw 
(Qian et al., 2024). In addition, the different p-methoxylated cinna
mates, converted by the genetically-engineered strain MA-10 have been 
reported to occur in lignocellulosics (Jönsson and Martín, 2016; Zhang 
et al., 2020). Considering the increasing interest in cinnamate de
rivatives and related attempts to increase their isolation and production 
(Fonseca et al., 2019), our findings position C. glutamicum MA-10 as a 
promising platform for broad-spectrum aromatic upgrading, especially 
in the context of mixed-substrate lignin hydrolysates.

5. Summary and outlook

In this work, C. glutamicum was successfully engineered for the 
increased metabolism of different p-hydroxycinnamates and cinna
mates. In the first step, carbon catabolite repression was identified as a 
major bottleneck for the conversion of these aromatics into MA in the 
presence of glucose, which was alleviated by deletion of the local 
regulator PhdR. The novel producer strain MA-10, with a deregulated 
phd operon, cometabolized different p-hydroxycinnamates together with 
glucose, leading to overall improved MA production from elevated 
concentrations of the provided aromatic biotransformation substrates. 
The performance gains were underpinned by mechanistic insights from 
transcriptomic, metabolomic, and 13C-isotopic labeling analyses. These 
revealed a substantial increase in the intracellular abundance of CoA 
thioesters and acetyl-CoA, highlighting a tight metabolic cross-link be
tween aromatic catabolism and central carbon metabolism. Isotopic 
tracer experiments further confirmed that side-chain carbons from p- 
coumarate significantly contribute to biomass precursors via acetyl- 
CoA. Enrichment of 12C in fatty acids, amino acids, nucleotide sugars, 
and cell wall components indicated global carbon redistribution, 
involving key metabolic pathways such as the TCA cycle, glyoxylate 
shunt, and gluconeogenesis. Importantly, this redistribution enabled 
sugar-free MA production from p-coumarate as the sole carbon and en
ergy source—providing a proof-of-concept for fully aromatic-driven 
growth and biosynthesis.

Beyond improving MA titers and yields, phdR deletion also expanded 
the metabolic range of C. glutamicum to include non-native substrates. 
Strain MA-10 gained degraded methoxylated cinnamates—such as 4- 
methoxycinnamate and 3,4-dimethoxycinnamate—into novel benzoate 
derivatives and could metabolize cinnamate into MA via the benzoate 
pathway. These capabilities were not present in the wild-type or earlier 
engineered strains and demonstrate how relieving native regulatory 
constraints can activate latent metabolic functions. The strain also effi
ciently processed straw-derived lignin hydrolysates, confirming its 
suitability for real-world lignin valorization. This work positions 
C. glutamicum MA-10 as a promising platform for broad-spectrum aro
matic upgrading. Future developments should focus on optimizing car
bon flux, expanding substrate utilization, and adapting the strain for 
industrial bioprocesses using complex lignin streams.
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