
Substrate-informed metabolic engineering of Corynebacterium glutamicum 
enables balanced glucose–xylose co-utilization for the valorization of 
lignocellulosic feedstocks
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A B S T R A C T

Efficient co-utilization of glucose and xylose—the predominant sugars in lignocellulosic and paper-derived 
hydrolysates—remains a major bottleneck in microbial bioprocessing due to substrate hierarchy and carbon 
catabolite repression. Here, we develop a substrate-informed metabolic engineering framework in Corynebacte
rium glutamicum that overcomes substrate hierarchy and carbon catabolite repression, enabling a balanced, 
largely transcription-independent glucose–xylose co-utilization regime at the level of central carbon metabolism. 
This regime is tailored to the sugar composition of cardboard hydrolysate (CBH), a waste-derived third-gener
ation feedstock. A library of 34 engineered strains was constructed by systematically varying xylAB modules, 
transporter identity, promoter strength, and gene dosage. Integrated physiological, enzymatic, transcriptomic, 
and 13C-tracer analyses revealed strain XYL-6A as a representative of a distinct, kinetically balanced metabolic 
regime in which glucose- and xylose-derived fluxes merge early at the F6P/G3P node and maintain stable 
proportions independent of changing substrate levels or transcriptional adjustments. This regime arises from 
simple kinetic coordination of a compact, redox-neutral xylose-isomerase pathway with tuned transport capacity, 
eliminating the need for specialized feeding strategies, extensive regulatory rewiring, or attenuation of native 
glucose uptake.

The optimized module translated directly into an industrial L-lysine producer, enabling high lysine yields from 
both defined mixtures and CBH (47.3 mmol C-mol− 1). These results demonstrate how substrate-informed 
pathway design can exploit intrinsic network connectivity to achieve robust mixed-sugar metabolism. More 
broadly, they illustrate a core synthetic-biology principle: simple, well-balanced modules can generate scalable 
and reliable metabolic behaviors, providing a practical foundation for valorizing heterogeneous carbon 
feedstocks.

1. Introduction

Simultaneous utilization of glucose and xylose—the dominant sugars 
in lignocellulosic and paper-derived hydrolysates—remains a central 
challenge in microbial metabolism and metabolic engineering 
(Gárdonyi et al., 2003; Kim et al., 2012). Most microorganisms display 
strong substrate hierarchies, controlled by carbon catabolite repression 
(CCR), which prioritizes glucose (Gancedo Juana, 1998; Kaplan Nich
olas et al., 2024) while limiting uptake and catabolism of alternative 
sugars such as xylose (Deutscher et al., 2006). Although this regulatory 

logic maximizes fitness in natural environments, it restricts metabolic 
flexibility in industrial bioprocesses where mixed-sugar feedstocks such 
as lignocellulosic hydrolysates predominate.

Among these feedstocks, paper and cardboard waste represent a 
particularly relevant resource: despite high recycling rates (Belle et al., 
2024), millions of tons of non-recyclable material are still produced 
annually (Eurostat, 2024). Enzymatic hydrolysis of this residual stream 
yields cardboard hydrolysate (CBH), which consistently contains 
glucose and xylose in an approximate 4:1 ratio, corresponding to a 
xylose:glucose ratio of 0.25 (Kinnarinen et al., 2012a) (Fig. 1). This 
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composition mirrors the composition of hemicellulosic fibers and pro
vides a large, underutilized carbon source for sustainable bio
manufacturing (Saha, 2003).

Corynebacterium glutamicum offers a robust and versatile platform for 
exploiting such substrates. This Gram-positive bacterium combines a 
well-characterized, modular metabolism with proven industrial rele
vance in amino-acid and organic-acid production (Ikeda and Nakagawa, 
2003; Kalinowski et al., 2003). While C. glutamicum does not exhibit 
classical global CCR systems such as those mediated by CcpA, it lacks a 
native xylose catabolic pathway, inherently limiting mixed-sugar utili
zation (Kawaguchi et al., 2006).

Consequently, previous strategies to enable glucose–xylose co- 
utilization in C. glutamicum have included heterologous expression of 
xylAB and related modules, transporter optimization, promoter modu
lation and gene dosage tuning, as well as adaptive laboratory evolution 
(Buschke et al., 2013; Ding et al., 2025; Hofer et al., 2025; Werner et al., 
2023; Yim et al., 2017). These approaches address different regulatory 
and kinetic bottlenecks of mixed-sugar metabolism but typically do not 
explicitly consider flux-ratio stability as a design objective. Conse
quently, the network-level mechanisms that enable robust and predict
able glucose–xylose co-utilization in C. glutamicum remain insufficiently 
understood.

Building on recent advances that have enabled glucose–xylose co- 
utilization in C. glutamicum, including pathway introduction, trans
porter identification, and adaptive laboratory evolution (Ding et al., 
2025), here we sharpen the focus from enabling co-utilization per se to 
the rational design of a kinetically stabilized co-utilization regime. In 
many previously reported strains, co-consumption of glucose and xylose 
can be observed, but the relative uptake rates typically vary with time, 
substrate composition, or regulatory state, often resulting in shifting or 
sequential substrate utilization. In contrast, from an engineering 
perspective, industrial bioprocesses benefit from stable and predictable 
flux partitioning, particularly when heterogeneous feedstocks with 
fluctuating sugar compositions are employed.

To address this design challenge, we developed a substrate-informed 
metabolic-engineering strategy using CBH as a representative industrial 

feedstock. The approach systematically explores transporter identity, 
promoter strength, and xylose-pathway balancing to identify self- 
stabilizing glucose–xylose co-utilization regimes tailored to realistic 
feedstock compositions. A combinatorial strain library of 34 engineered 
variants was constructed, systematically varying xylose uptake, phos
phorylation, and pathway balance. Integrated physiological, enzymatic, 
transcriptomic, and 13C-tracer analyses identified strain C. glutamicum 
XYL-6A as a representative of an efficient, largely transcription- 
independent metabolic regime. In this strain, glucose- and xylose- 
derived carbons merge early at the fructose-6-phosphate/ 
glyceraldehyde-3-phosphate node, forming a shared central-metabolic 
pool that maintains constant co-utilization over time, independent of 
changing substrate levels.

Integration of this balanced co-utilization module into an industrial 
lysine producer (Becker et al., 2011) demonstrated its translational 
potential. The resulting strain maintained efficient lysine synthesis from 
realistic mixed-sugar substrates such as CBH, establishing that finely 
tuned substrate uptake and pathway balancing can support both meta
bolic robustness and production performance. Together, these findings 
illustrate how rational, substrate-informed pathway engineering can 
leverage intrinsic network connectivity to support stable carbon-flux 
integration, thereby bridging mechanistic understanding and applied 
metabolic engineering for efficient utilization of heterogeneous carbon 
feedstocks.

2. Materials and methods

2.1. Strains, plasmids, and genes

C. glutamicum strains DSM 20300 (ATCC 13032) and LYS-12 were 
obtained from previous work (Becker et al., 2011). For plasmid ampli
fication, E. coli DH10B (Invitrogen, Carlsbad, CA, USA) was used as the 
host strain. Genomic DNA of X. campestris (DSM 3586), L. brevis (DSM 
20054), and C. phytofermentans (DSM 18823) was sourced from the 
German Collection of Microorganisms and Cell Cultures (DSMZ, 
Braunschweig, Germany). E. coli K-12 MG1655 (Hoffmann et al., 2018) 

Fig. 1. Glucose and xylose composition of industrially relevant biomass hydrolysates. (A) Reported sugar ratios in hydrolysates derived from wheat straw 
(Fonseca et al., 2011; Zhu et al., 2015), rice straw (Qi et al., 2019; Wu et al., 2020), corn stover (Saha et al., 2015; Sun et al., 2022), sugarcane bagasse (Ko et al., 
2020; Wang et al., 2019), hardwood (Ko et al., 2016), and softwood (Demeke et al., 2013). (B) Characteristic composition of cardboard hydrolysate obtained from 
non-recyclable paper waste (Kinnarinen et al., 2012a).
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and B. subtilis 168 (Kohlstedt et al., 2014) were obtained from previous 
work for genomic DNA extraction. For episomal gene expression in 
C. glutamicum, the plasmid pClik5a MCS was used (Buschke et al., 2011). 
All C. glutamicum strains constructed and analyzed in this study are listed 
in Table 1, and all plasmids are provided in Table S1 (Supplementary 
File 1).

2.2. Genetic engineering

Cloning strategies were designed using SnapGene software (version 
6.1, GSL Biotech, Chicago, IL, USA) and carried out as previously 
described (Rohles et al., 2016). DNA fragments were amplified from 
genomic DNA by PCR using specific primers and the Phusion 
High-Fidelity PCR Master Mix with HF Buffer (New England Biolabs, 
Frankfurt am Main, Germany). The plasmid vector was linearized with 
the restriction enzyme BamHI (FastDigest, Thermo Fisher Scientific, 
Waltham, MA, USA). Gibson assembly (Gibson et al., 2009) was 
employed for in vitro assembly of the PCR products with the linearized 
vector. Constructed plasmids were introduced into E. coli DH10B via 
heat shock transformation (Inoue et al., 1990) and into C. glutamicum via 
electroporation (Becker et al., 2010). Construct integrity was verified by 

colony PCR using Phire Green Hot Start II PCR Master Mix (Thermo 
Fisher Scientific) and confirmed by Sanger sequencing (Azenta, 
Chelmsford, MA, USA). To enable xylose utilization in C. glutamicum, 
various operons were constructed and expressed using the plasmid 
pClik5α. Operons differed in gene order, gene copy number, and pro
moter strength, and were placed under the control of either the Ptuf 
promoter (Becker et al., 2005), the Psod promoter (Becker et al., 2007), 
or a mutated Psod variant, designated Psod,opt (Pauli et al., 2023). Mul
tigene constructs are denoted by concatenated gene symbols (e.g., 
xylABE, xylAAB, xylABB), indicating operons containing the listed genes 
in order, each separated by a synthetic ribosome-binding site. For 
example, xylABE encodes xylA–xylB–xylE, whereas xylAAB and xylABB 
contain duplicated copies of xylA or xylB, respectively.

2.3. Media

The first preculture of C. glutamicum was grown in BHI medium (37 g 
L− 1 Brain Heart Infusion; Becton Dickinson, Heidelberg, Germany). For 
the second preculture and main cultures, a defined minimal medium was 
used. Per liter, the medium contained: 20 g glucose, 5 g xylose, 15 g 
(NH4)2SO4, 1 g NaCl, 200 mg MgSO4⋅7H2O, 55 mg CaCl2, 20 mg FeS
O4⋅7H2O, 1 mg thiamine HCl, 1 mg calcium pantothenate, 0.5 mg biotin, 
100 mL of 2 M potassium phosphate buffer (pH 7.8), 10 mL of a trace 
element solution (200 mg L− 1 FeCl3⋅6H2O, 200 mg L− 1 MnSO4⋅H2O, 50 
mg L− 1 ZnSO4⋅7H2O, 20 mg L− 1 CuCl2⋅2H2O, 20 mg L− 1 

Na2B4O7⋅10H2O, and 10 mg L− 1 (NH4)6Mo7O24⋅4H2O; adjusted to pH 
1.0 with HCl), and 30 μg L− 1 3,4-dihydroxybenzoic acid. To maintain 
plasmids, 50 μg mL− 1 of the appropriate antibiotic was added to the 
medium. For solid medium, 20 g L− 1 Difco agar (Becton Dickinson) was 
added to the liquid formulation. For experiments assessing substrate 
composition effects, the minimal medium was supplemented with 
defined glucose–xylose mixtures. Unless otherwise indicated, the stan
dard condition contained 20 g L− 1 glucose and 5 g L− 1 xylose (reflecting 
the 4:1 ratio characteristic of cardboard hydrolysate). Additional mix
tures were prepared to vary the glucose:xylose ratio across the full range 
from 100% glucose (25 g L− 1) to 100% xylose (25 g L− 1), with inter
mediate conditions containing 25%, 50%, or 75% xylose at a constant 
total sugar concentration of 25 g L− 1.

Non-recyclable paper and cardboard waste was obtained from 
Renasci NV (Ostend, Belgium) and subjected to enzymatic hydrolysis, 
followed by sieving, filtration, and concentration at the Bio Base Europe 
Pilot Plant (BBEPP, Ghent, Belgium). The concentrated hydrolysate 
contained glucose (363.7 g L− 1) and xylose (83.8 g L− 1) in a 4:1 ratio, as 
well as lactate (19.6 g L− 1) and acetate (6.2 g L− 1). Prior to use, the 
hydrolysate was filter-sterilized and diluted to 5% (v/v) in minimal 
medium to provide sugar concentrations comparable to the defined 
conditions.

2.4. Cultivation in shake-flasks

Strains were streaked onto BHI agar plates and incubated at 30 ◦C for 
24 h. Single colonies were used to inoculate the first preculture (10 mL 
BHI in 100 mL baffled shake-flasks), which was grown at 30 ◦C for 8–16 
h in a rotary shaker (230 rpm, 85% humidity; Multitron, Infors AG, 
Bottmingen, Switzerland). Cells were harvested by centrifugation (3 
min, 8800×g, room temperature) and used to inoculate the second 
preculture in minimal medium (25 mL in a 250 mL baffled shake flask). 
This culture was grown under the same shaking conditions as described 
above. At mid-exponential growth phase, cells were again harvested (3 
min, 8800×g, room temperature) and used to inoculate the main culture 
in minimal medium to an initial OD660 of 0.5. Main cultures were grown 
in biological triplicates (25 mL in 250 mL baffled shake flasks) at 30 ◦C 
in a rotary shaker under the same conditions.

Table 1 
Strains used in this study.

Strains Description Reference

E. coli
DH10B Heat shock competent cells for cloning Invitrogen
C. glutamicum ​ ​
ATCC 13032 WT Becker et al. (2011)
XYL-0 WT + pCLIK5α This work
Heterologous xylose catabolism
XYL-1A WT + pCLIK5α Ptuf xylABEcol This work
XYL-1B WT + pCLIK5α Ptuf xylABXcam This work
XYL-1C WT + pCLIK5α Ptuf xylABLbre This work
XYL-1D WT + pCLIK5α Ptuf xylABCphy This work
Heterologous xylose transport
XYL-2A WT + pCLIK5α Ptuf xylABEcol xylEEcol This work
XYL-2B WT + pCLIK5α Ptuf xylABXcam xylEEcol This work
XYL-2C WT + pCLIK5α Ptuf xylABLbre xylEEcol This work
XYL-2D WT + pCLIK5α Ptuf xylABCphy xylEEcol This work
Hybrid gene coupling
XYL-2BC WT + pCLIK5α Ptuf xylAXcam xylBLbre xylEEcol This work
XYL-2BD WT + pCLIK5α Ptuf xylAXcam xylBCphy xylEEcol This work
Gene expression balancing
XYL-3A WT + pCLIK5α Ptuf xylAABEcol xylEEcol This work
XYL-3B WT + pCLIK5α Ptuf xylAABXcam xylEEcol This work
XYL-3C WT + pCLIK5α Ptuf xylAABLbre xylEEcol This work
XYL-3D WT + pCLIK5α Ptuf xylAABCphy xylEEcol This work
XYL-4A WT + pCLIK5α Ptuf xylABBEcol xylEEcol This work
XYL-4B WT + pCLIK5α Ptuf xylABBXcam xylEEcol This work
XYL-4C WT + pCLIK5α Ptuf xylABBLbre xylEEcol This work
XYL-4D WT + pCLIK5α Ptuf xylABBCphy xylEEcol This work
Polycistronic expression strength
XYL-5A WT + pCLIK5α Psod,opt xylABEcol xylEEcol This work
XYL-5B WT + pCLIK5α Psod,opt xylABXcam xylEEcol This work
XYL-5C WT + pCLIK5α Psod,opt xylABLbre xylEEcol This work
XYL-5D WT + pCLIK5α Psod,opt xylABCphy xylEEcol This work
XYL-6A WT + pCLIK5α Psod xylABEcol xylEEcol This work
XYL-6B WT + pCLIK5α Psod xylABXcam xylEEcol This work
XYL-6C WT + pCLIK5α Psod xylABLbre xylEEcol This work
XYL-6D WT + pCLIK5α Psod xylABCphy xylEEcol This work
Multiplexed optimum genes
XYL-7A WT + pCLIK5α Psod xylABEcol xylFGHEcol This work
XYL-7B WT + pCLIK5α Psod xylABXcam xylFGHEcol This work
XYL-8A WT + pCLIK5α Psod xylABEcol araEEcol This work
XYL-8B WT + pCLIK5α Psod xylABXcam araEEcol This work
XYL-9A WT + pCLIK5α Psod xylABEcol xylTLbre This work
XYL-9B WT + pCLIK5α Psod xylABXcam xylTLbre This work
XYL-10A WT + pCLIK5α Psod xylABEcol araEBsub This work
XYL-10B WT + pCLIK5α Psod xylABXcam araEBsub This work
Producer strains
LYS-12 L-lysine overproducer Becker et al. (2011)
LYS-13 LYS-12 + pCLIK5α Psod xylABEcol xylEEcol This work
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2.5. Cultivation in microbioreactors

Medium tests with varying glucose-xylose ratios were performed 
using a microbioreactor system (BioLector; Beckman Coulter GmbH, 
Baesweiler, Germany) operated at 1300 rpm, 30 ◦C, and 85% relative 
humidity (Kohlstedt et al., 2018). Cultivations were carried out in 
48-well microtiter plates with online monitoring of cell growth at 620 
nm (OD620) (Becker et al., 2018). Each well was filled with 1 mL of 
minimal medium containing defined glucose and xylose concentrations. 
Preculture preparation followed the procedure described above. Main 
cultures were inoculated to an initial OD660 of 0.5.

2.6. 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) concentration was calculated from the measured OD660 using a 
previously determined correlation factor (CDM [g L− 1] = 0.32 × OD660) 
(Rohles et al., 2016). Glucose and xylose were quantified by HPLC using 
an Agilent 1260 Infinity Series system (Agilent Technologies) (Rohles 
et al., 2016). Separation was performed on a MetaCarb 87C column 
(300 × 7.8 mm, 85 ◦C; Agilent Technologies) with 100% Milli-Q water 
as the mobile phase at a flow rate of 0.5 mL min− 1. Detection was carried 
out using refractive index detection (1260 RID, G1362A) operated at 
55 ◦C. Concentrations were determined using external standards. Lysine 
was quantified by HPLC (Agilent 1200 Series) as previously described 
(Krömer et al., 2005). Samples were diluted 1:10 in a solution containing 
α-aminobutyric acid (200 μM) as an internal standard. Lysine concen
trations were calculated using external standards prepared in the same 
way (1:10 dilution with 200 μM α-aminobutyric acid).

2.7. Quantification of xylose isomerase and xylulose kinase activities

Cells were harvested during mid-exponential growth phase by 
centrifugation (5 min, 8800×g, 4 ◦C) and washed with disruption buffer 
consisting of 100 mM Tris-HCl (pH 7.5), 10 mM MgCl2, and 0.75 mM 
DTT. The cell pellet was resuspended in the same buffer to a final con
centration of 0.25 g cell wet mass mL− 1. Aliquots were transferred to 
lysing matrix B tubes (MP Biomedicals, Eschwege, Germany), and cells 
were disrupted in a ribolyser (Precellys 24, Bertin Technologies, Ile de 
France, France) for two cycles of 30 s at 5500×g, with a 2-min cooling 
step on ice between cycles. Cell debris was removed by centrifugation 
(10 min, 14,000×g, 4 ◦C), and the resulting supernatant was used as 
crude cell extract.

Xylose isomerase activity was measured using a reaction mixture 
containing 50 mM Tris-HCl buffer (pH 7.5), 10 mM MgCl2, 0.15 mM 
NADH, 0.5 U mL− 1 sorbitol dehydrogenase, and 50 mM D-xylose (Gao 
et al., 2002; Voronovsky et al., 2005). The mixture was equilibrated at 
30 ◦C for 5 min, and the reaction was initiated by adding 5 μL mL− 1 of 
crude extract. The decrease in absorbance at 340 nm, corresponding to 
NADH oxidation, was monitored over time to determine enzymatic ac
tivity. Xylulose kinase activity was determined using a reaction mixture 
composed of 50 mM Tris-HCl buffer (pH 7.5), 2 mM MgCl2, 0.2 mM 
NADH, 2 mM ATP, 0.2 mM phosphoenolpyruvate, 10 U mL− 1 pyruvate 
kinase, 12.6 U mL− 1 lactate dehydrogenase, and 8.5 mM D-xylulose 
(Eliasson et al., 2000). After 5 min of equilibration at 30 ◦C, the reaction 
was started by adding 5 μL mL− 1 of crude extract, and NADH oxidation 
was measured at 340 nm. Negative controls omitting NADH, D-xylose, 
D-xylulose, or cell extract were included to verify assay specificity. A 
molar extinction coefficient of ϵ340 = 6.22 L mmol− 1 cm− 1 for NADH 
was used to determine the enzyme activity based on the change in 
absorbance at 340 nm. Total protein concentrations of the cell extracts 
were quantified using the BCA assay (Pierce BCA Protein Assay Kit, 
Thermo Scientific), and enzymatic activities were normalized 
accordingly.

2.8. Global gene expression analysis

A custom microarray (SurePrint G3 Custom GE 8 × 60K, Agilent 
Technologies) was designed using the eArray platform (Agilent Tech
nologies) as previously described (Christmann et al., 2023; Pauli et al., 
2023). For each gene in the C. glutamicum ATCC 13032 genome (KEGG 
entry: T00102), three distinct 45–60 bp probes were selected. Additional 
probes were included for the heterologous genes xylA, xylB, and xylE 
from E. coli. Cells were harvested by centrifugation (1 min, 13,000×g, 
room temperature), and the pellets were immediately flash-frozen in 
liquid nitrogen. Total RNA was extracted using the RNeasy Mini Kit 
(Qiagen, Hilden, Germany), and RNA concentrations were measured 
with a NanoDrop 1000 spectrophotometer (PEQLAB Biotechnology, 
Erlangen, Germany). RNA integrity was assessed using the RNA 6000 
Nano Kit on a 2100 Bioanalyzer (Agilent Technologies), and all samples 
showed RNA integrity numbers (RIN) > 9.0. A total of 50 ng of 
high-quality RNA was used for labeling. More than 825 ng of 
Cy3-labeled complementary RNA (cRNA) was synthesized using the 
RNA Spike-In One-Color Kit and the Low Input Quick Amp WT Labeling 
Kit (Agilent Technologies), followed by cleanup using the RNeasy Mini 
Kit (Qiagen). The Cy3 incorporation was confirmed to exceed 15 pmol 
Cy3 per μg cRNA (NanoDrop 1000, PEQLAB Biotechnology). For hy
bridization, 600 ng of Cy3-labeled cRNA was applied to the microarray 
using the Gene Expression Hybridization Kit, hybridization gasket slides, 
and SureHyb hybridization chambers in a hybridization oven (all from 
Agilent Technologies). After incubation, slides were disassembled and 
washed using the Gene Expression Wash Buffer Kit (Agilent Technolo
gies). Microarrays were scanned with the SureScan Microarray Scanner 
(G4900DA) using the SureScan Microarray Scanner Control Software 
(v9.1.11.13, Agilent Technologies). Raw data were extracted using the 
Agilent Feature Extraction Software (v12.1.1.1) and analyzed using 
GeneSpring software (v14.9, Agilent Technologies). For statistical 
analysis, a moderated t-test was applied, with p-values adjusted for 
multiple testing using the Benjamini–Hochberg method. A false dis
covery rate (q-value) cutoff of 0.05 was used, and only genes with a 
p-value ≤0.05 were considered for downstream analysis (Kohlstedt 
et al., 2022). RNA extraction, labeling, and microarray hybridization 
were performed in biological triplicates for each experimental condi
tion. The complete transcriptome dataset has been deposited in the NCBI 
Gene Expression Omnibus (GEO) under accession number GSE307313.

2.9. GC-MS 13C-tracer studies

For 13C-tracer experiments, C. glutamicum cells were cultivated in 
minimal medium containing 20 g L− 1 99% [U-13C6]-glucose and 5 g L− 1 

xylose. Samples were collected during exponential growth at OD660 =

4.0 and 8.0. Cells were harvested by centrifugation (5 min, 8800×g, 
4 ◦C), the supernatant was discarded, and the pellet was washed twice 
with deionized water.

For analysis of cellular sugars, 2.5 mg of cell dry mass were hydro
lyzed with 250 μL 2 M HCl for 2 h at 100 ◦C. The hydrolysate was cleared 
by filtration (Ultrafree-MC, 0.2 μm, Merck Millipore, Darmstadt, Ger
many), dried under a nitrogen stream, and derivatized by sequential 
addition of 50 μL methoxylamine (2% in pyridine; 1 h, 80 ◦C) and 50 μL 
N,O-bis-trimethylsilyl-trifluoroacetamide (BSTFA; Macherey-Nagel; 30 
min, 80 ◦C). GC–MS analysis was performed as described previously 
(Kohlstedt and Wittmann, 2019). For proteinogenic amino acid analysis, 
1.0 mg of cell dry mass were hydrolyzed with 100 μL 6 M HCl for 24 h at 
100 ◦C. The hydrolysate was filtered (Ultrafree-MC, 0.2 μm), and 50 μL 
of the filtrate were dried under nitrogen. Subsequently, 50 μL dime
thylformamide (0.1% pyridine) and 50 μL N-methyl-
N-(tert-butyldimethylsilyl)-trifluoroacetamide (MBDSTFA; Macherey 
-Nagel) were added for derivatization (45 min, 80 ◦C) (Wittmann and 
Heinzle, 2002). GC-MS measurement was performed as described pre
viously (Hoffmann et al., 2018). For fatty acid analysis, cell pellets were 
dried and transesterified in 300 μL of methanol/toluene/95% H2SO4 (50 
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: 50: 2, v/v/v) for 16 h at 80 ◦C to convert fatty acids into methyl esters 
(Dietrich et al., 2023). After incubation, 250 μL of stop solution (0.5 M 
NH4HCO3 + 2 M KCl in H2O) were added, mixed, and centrifuged (3 
min, 8800×g, room temperature). The organic phase was analyzed by 
GC–MS as described previously (Weiland et al., 2025).

All mass-isotopomer distributions (MIDs) were corrected for natu
rally occurring isotopes (van Winden et al., 2002) and for residual 13C 
labeling originating from the inoculum. The corrected data thus repre
sent isotopomer fractions of the analyte carbon skeletons. 13C enrich
ment was expressed as summed fractional labeling (SFL), calculated as 
described previously (Schwechheimer et al., 2018). SFL values are re
ported as percentages, where 100% corresponds to complete 13C label
ing of the carbon backbone.

3. Results

3.1. Establishing xylose catabolism through heterologous xylAB modules

To systematically establish xylose catabolism in C. glutamicum, we 
constructed synthetic xylAB expression modules encoding xylose isom
erase (xylA) and xylulokinase (xylB). Four donor organisms were 
selected based on reported enzyme activity, cofactor compatibility, and 
successful heterologous expression in other microbial systems. Modules 
from Escherichia coli K-12 MG1655 and Xanthomonas campestris—pre
viously shown to function in C. glutamicum (Buschke et al., 2011; 
Gopinath et al., 2011; Meiswinkel et al., 2013)—served as benchmark 
references. In addition, xylAB from Clostridium phytofermentans was 
included because of the demonstrated activity of its xylA gene in 

Fig. 2. Substrate-informed metabolic engineering for xylose utilization in C. glutamicum. (A) Native glucose uptake/catabolism via PTSGlc and the EMP 
pathway versus heterologous xylose transport and catabolism via xylose isomerase (XylA) and xylulokinase (XylB). (B) Engineered xylose-utilization modules across 
ten strain generations differing in donor genes, transporter variants, gene dosage, and promoter strength. Abbreviations: Bsub, B. subtilis; Cphy, C. phytofermentans; Ecol, 
E. coli; F6P, fructose 6-phosphate; G3P, glyceraldehyde-3-phosphate; Glc, glucose; G6P, glucose-6-phosphate; Lbre, L. brevis; PEP, phosphoenolpyruvate; PP, pentose- 
phosphate; PYR, pyruvate; EMP, Embden–Meyerhof–Parnas; X5P, xylulose-5-phosphate; Xcam, X. campestris; Xyl, xylose; Xylu, xylulose.
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Saccharomyces cerevisiae (Brat et al., 2009; Demeke et al., 2013), while 
the xylAB operon from Levilactobacillus brevis was selected for its natural 
support of glucose–xylose co-utilization (Kim et al., 2009). All constructs 
were placed under the constitutive Ptuf promoter (Becker et al., 2005), 
yielding strains XYL-1A to XYL-1D (Table 1, Fig. 2B).

To ensure physiological relevance, strain characterization was per
formed in a defined medium reflecting the sugar composition of CBH, 
which contains glucose and xylose at an approximate 4:1 ratio 
(Kinnarinen et al., 2012a). Accordingly, the test medium comprised 20 
g L− 1 glucose and 5 g L− 1 xylose (Fig. 3A–D). All recombinants ulti
mately depleted xylose, confirming pathway functionality, although 
xylose consumption lagged behind glucose and varied with the donor 
origin of xylAB. Strains harboring the E. coli and X. campestris modules 
(XYL-1A and XYL-1B) consumed up to 31 % of xylose before glucose 
depletion, whereas those expressing the C. phytofermentans and L. brevis 
genes (XYL-1C and XYL-1D) reached only 21 % and 18 %, respectively.

These results demonstrate that xylAB source selection substantially 
influences initial xylose utilization kinetics, with the E. coli and 
X. campestris modules providing the most effective entry points for 
C. glutamicum. Nevertheless, xylose uptake remained inhibited in the 
presence of glucose, indicating that carbon catabolite repression was 
still active and that further engineering of transport or regulatory nodes 
would be required to enable true co-utilization.

3.2. Enhancing xylose uptake by transporter engineering

Although C. glutamicum can import xylose via an endogenous but 
unidentified transporter (Blombach and Seibold, 2010; Kawaguchi et al., 
2006), native uptake capacity is insufficient to support efficient catab
olism. To overcome this limitation, a second generation of strains 
(XYL-2A to XYL-2D) was constructed by introducing the xylose–proton 
symporter xylE from E. coli (Yim et al., 2016) (Table 1, Fig. 2B).

Shake-flask cultivations in defined 4:1 glucose–xylose mixtures 
(Fig. S1, Supplementary File 1) showed that xylE expression substan
tially enhanced xylose assimilation. The co-utilization ratio (CUR; mol 
xylose mol− 1 glucose) increased 3.4-fold in XYL-2A and 5.2-fold in XYL- 
2B compared with their parental strains. In a 4:1 glucose–xylose 
mixture, the theoretical CUR for proportional consumption is 0.25 mol 
mol− 1. Remarkably, XYL-2A (0.39 mol mol− 1) and XYL-2B (0.63 mol 
mol− 1) exceeded this threshold, demonstrating that transporter engi
neering not only improved uptake capacity but also shifted the meta
bolic balance toward xylose utilization, even when present as the minor 
substrate. Consistently, both strains completely depleted xylose before 
glucose exhaustion (Fig. 3E and F).

In contrast, XYL-2C (0.13 mol mol− 1) and XYL-2D (0.28 mol mol− 1) 
remained at or below the expected ratio, indicating that transporter 
efficiency depends strongly on the xylAB module background. Together, 
these results demonstrate that heterologous expression of xylE effec
tively alleviates transport limitation and partially inverts substrate 
preference, thereby establishing a crucial step toward balanced gluco
se–xylose co-utilization in C. glutamicum (Kim et al., 2012).

3.3. Efficient glucose–xylose co-utilization requires balanced XylA/XylB 
activities

To further evaluate the performance of the different xylose catabolic 
modules, enzymatic activity assays were performed for xylose isomerase 
(XylA) and xylulokinase (XylB) using cell extracts of the second- 
generation strains. The control strain XYL-0, carrying the empty 
plasmid, exhibited only basal XylB activity (0.23 U mg− 1), consistent 
with expression of the native xylB gene in C. glutamicum (Kawaguchi 
et al., 2006) (Fig. 4).

Strains XYL-2A and XYL-2B showed markedly elevated and well- 
balanced XylA/XylB activities (0.80–1.10 U mg− 1 for both enzymes), 
whereas XYL-2C and XYL-2D displayed lower XylA activity (0.17–0.38 U 
mg− 1) but high XylB activity (1.30 U mg− 1). The more even activity 
distribution in XYL-2A and XYL-2B correlated with their superior co- 
utilization ratios (0.39 and 0.63 mol mol− 1, respectively), under
scoring that coordinated expression of isomerase and kinase functions is 
essential for efficient xylose metabolism (Xiao et al., 2011).

To test whether xylose flux could be further optimized through 
enzyme recombination, hybrid modules were generated by combining 
xylA from X. campestris with xylB from L. brevis or C. phytofermentans, 
each coupled with xylE from E. coli. These constructs yielded strains 
XYL-2BC and XYL-2BD. Contrary to expectation, neither hybrid 
enhanced xylose utilization compared with their parental modules. XYL- 
2BC exhibited a moderate CUR of 0.32 mol mol− 1 and a reduced specific 
growth rate (0.23 h− 1 versus 0.32–0.35 h− 1 for parental strains XYL-2B 
and XYL-2C), while XYL-2BD showed minimal co-utilization (CUR =
0.08 mol mol− 1) (Fig. S2, Supplementary File 1). These results highlight 
that efficient glucose–xylose co-utilization requires finely balanced 
XylA/XylB activity ratios rather than maximal individual enzyme levels. 
Combining high-activity enzymes from different donors can disrupt ki
netic compatibility or cofactor coupling, ultimately constraining flux 
through the xylose catabolic pathway.

3.4. Gene dosage effects on xylA and xylB expression

To assess the influence of gene dosage on xylose catabolism, addi
tional copies of either xylA (XYL-3 generation) or xylB (XYL-4 genera
tion) were introduced into the second-generation strains (Table 1, 
Fig. 2B). The resulting strains were evaluated for growth, sugar utili
zation, and metabolic performance (Fig. S3, Fig. S4, Supplementary File 
1).

Overall, increased gene dosage enhanced xylose consumption in 
most strains, except for those harboring xylAB modules from L. brevis 
(XYL-3D, XYL-4D). The most pronounced improvements were observed 
in strains derived from E. coli modules: XYL-3B (Fig. 3G) and XYL-4A 
(Fig. 3H) exhibited 4.1-fold and 2.0-fold increases in the CUR, respec
tively. Notably, XYL-3A achieved the highest CUR of all strains (1.60 
mol mol− 1) while maintaining a moderate specific growth rate (0.21 
h− 1) and total carbon uptake rate (22.7 C mmol g− 1 h− 1). This combi
nation—higher xylose utilization with unchanged glucose uptake
—indicates a genuine shift in substrate preference rather than a general 
growth limitation, demonstrating that strong xylA expression can 
actively rewire carbon partitioning between the two substrates. Simi
larly, XYL-3B and XYL-4B showed moderate CUR increases (1.5- and 1.1- 
fold, respectively) with no major change in overall growth performance.

Enzyme assays supported these observations. XYL-3B, carrying an 
additional xylA copy, showed a 2.2-fold increase in XylA activity, 
whereas XYL-4B, with an extra xylB copy, exhibited only a 1.5-fold in
crease (Fig. 4). These nonlinear responses confirm that gene amplifica
tion does not translate directly into proportional enzyme activity (Sasaki 
et al., 2008). The attenuated XylB increase in XYL-4B may reflect 
post-transcriptional or translational constraints limiting enzyme syn
thesis or stability. Together, these results demonstrate that elevating 
xylA or xylB expression enhances xylose assimilation in a 
context-dependent manner. Maintaining balanced enzyme activities is 
crucial for efficient co-utilization, whereas disproportionate xylA over
expression can induce a distinct xylose-first metabolic state—a pheno
type explored in more detail below.
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Fig. 3. Cultivation profiles of C. glutamicum strains carrying different xylose catabolic modules. Strains were cultivated in minimal medium with 20 g L− 1 

glucose and 5 g L− 1 xylose. Circular insets show residual (brown) and consumed xylose (grey) at the time of glucose depletion. Data are means ± s.d. (biological 
triplicates). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.5. Promoter strength determines efficiency of polycistronic xylAB 
expression

To assess how transcriptional strength affects coordinated xylAB 
expression, two further generations of strains were constructed. The 
fifth-generation variants expressed the xylose pathway under the strong 
synthetic promoter Psod,opt (Pauli et al., 2023), while the sixth genera
tion employed the weaker native Psod promoter (Becker et al., 2007) 
(Table 1, Fig. 2B). All constructs also carried the xylE transporter to 
ensure sufficient substrate uptake (Fig. S5, Fig. S6, Supplementary File 
1).

The results revealed a striking inverse correlation between promoter 
strength and performance. Strains harboring Psod,opt displayed poor 
xylose utilization: XYL-5B (Fig. 3I) and XYL-5D showed almost no xylose 
consumption, whereas XYL-5A and XYL-5C initiated xylose metabolism 
only after glucose depletion, exhibiting diauxic rather than co- 
utilization behavior(Fig. S5, Supplementary File 1). Despite higher 
transcription, effective XylA/XylB activities were markedly reduced, 
consistent with translational burden or misfolding at excessive expres
sion levels. In contrast, strains expressing xylAB under the weaker Psod 
promoter—XYL-6A and XYL-6B—initiated xylose uptake before glucose 
exhaustion and completed full co-utilization within 13.5 h (Fig. 3J and 
K). Both strains reached co-utilization ratios of 0.35–0.49 mol mol− 1 and 
achieved among the highest observed in the strain library. Although 
XYL-2D grew slightly faster (0.37 h− 1), it primarily consumed glucose, 
whereas XYL-6A and XYL-6B maintained balanced uptake of both 
sugars.

To clarify the mechanistic basis of this difference, XylA and XylB 
activities were quantified for XYL-5B and XYL-6B. Despite stronger 
transcription, XYL-5B retained only 10 % of XylA and 25 % of XylB 
activity relative to the second-generation strain (Fig. 4). In contrast, 
XYL-6B retained 65 % and 76 % activity under the weaker promoter. 
These results demonstrate that excessive transcriptional strength im
pairs effective enzyme formation, likely through translational burden, 
improper folding, or metabolic feedback. Direct quantification of tran
script levels was not feasible because plasmid-encoded xylA and xylB 

sequences generate strong background in qPCR assays, obscuring 
promoter-specific differences. Nevertheless, the marked decrease in 
enzyme activity despite stronger promoters implies that the loss of 
function occurred post-transcriptionally rather than from promoter 
malfunction, consistent with translational burden or misfolding at 
excessive expression levels. Taken together, the data reveal that mod
erate promoter strength ensures functional expression and pathway 
balance, whereas overexpression destabilizes the system. The Psod- 
driven strains XYL-6A and XYL-6B therefore represent optimized co- 
utilizers, combining efficient xylose uptake with balanced flux through 
the heterologous pathway and defining the most favorable expression 
regime identified in this study.

3.6. Fine-tuning co-utilization via alternative transporter selection

Strains XYL-6A and XYL-6B, which exhibited balanced gluco
se–xylose co-utilization, served as the chassis for further optimization 
through the evaluation of alternative xylose transport systems. Four 
transporter candidates from diverse donor organisms were tested to 
examine how uptake mechanism influences substrate hierarchy: the 
ABC-type transporter xylFGH and the arabinose–proton symporter araE 
from E. coli; the xylose–proton symporter xylT from L. brevis; and the B. 
subtilis araE symporter (Table 1, Fig. 2B). Each transporter gene was 
expressed under the Psod promoter in the sixth-generation background, 
yielding strains XYL-7 (xylFGHEcol), XYL-8 (araEEcol), XYL-9 (xylTLbre), 
and XYL-10 (araEBsub) (Fig. S7–S10, Supplementary File 1).

Among these, only expression of araE from B. subtilis (in strains XYL- 
10A and XYL-10B) significantly altered substrate utilization behavior. 
These variants deviated from the canonical glucose-first hierarchy of 
C. glutamicum, exhibiting a pronounced shift toward xylose uptake. Co- 
utilization ratios reached 1.38 mol mol− 1 (XYL-10A; Figs. 3L) and 1.09 
mol mol− 1 (XYL-10B), indicating that xylose uptake exceeded glucose 
uptake even though glucose remained the dominant substrate in the 
parental strains. This redistribution of substrate flux was accompanied 
by a moderate reduction in growth rate (0.29 h− 1 and 0.26 h− 1, 
respectively) but did not impair overall performance.

Fig. 4. XylA and XylB activities in engineered C. glutamicum strains. (A) Background activity in control strain XYL-0, unable to utilize xylose (Fig. S13, Sup
plementary File 1) (B) Donor-module comparison in second-generation strains. (C) Gene-dosage effects in strains with additional xylA or xylB copies. (D) Promoter- 
strength effects in fifth- and sixth-generation strains. (E) Activities in the transporter-engineered tenth-generation strain XYL-10A. Activities are in U mg− 1 protein. 
Data are means ± s.d. (biological triplicates).
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These findings demonstrate that transporter identity exerts a decisive 
influence on carbon flux partitioning. In particular, the B. subtilis araE 
symporter establishes a xylose-preferential metabolic regime in 
C. glutamicum, effectively inverting the canonical substrate hierarchy 
while sustaining robust growth. This outcome underscores that targeted 
modulation of transport functions can serve as a powerful strategy to 
reshape carbon utilization patterns in mixed-sugar bioprocesses. It 
should be noted that the observed differences between transporter 
variants reflect their functional performance in vivo, integrating intrinsic 
transport properties with expression level, membrane context, and en
ergetic coupling, rather than isolated kinetic parameters determined in 
vitro.

3.7. Benchmarking engineered C. glutamicum strains and validation on 
cardboard hydrolysate

A total of 34 engineered C. glutamicum strains were constructed and 
characterized, spanning the full range of xylose-utilization phenoty
pes—from no uptake in XYL-0 to variants preferentially consuming 
xylose over glucose (Fig. 5), with differences in growth (Fig. S11, Sup
plementary File 1). To identify optimal candidates for cardboard hy
drolysate (CBH) valorization, benchmarking was performed using the 
native sugar composition of the feedstock as the design reference. CBH 
typically contains glucose and xylose in an approximate 4:1 glucose: 
xylose ratio, corresponding to a xylose:glucose ratio of 0.25 (Kinnarinen 
et al., 2012). Accordingly, three quantitative criteria were defined to 
capture both metabolic balance and industrial relevance: (i) a specific 
growth rate (≥0.30 h− 1) as a proxy for overall fitness and productivity; 
(ii) a CUR (xylose:glucose ≥0.3 mol mol− 1), ensuring that xylose con
sumption proceeds proportionally to—or slightly above—the 0.25 ratio 
characteristic of CBH; and (iii) a specific substrate uptake rate (≥30 C 

mmol g− 1 h− 1) as a measure of metabolic throughput and predictor of 
volumetric productivity.

Only a subset of strains fulfilled all three benchmarks. Four variants 
exceeded both the growth-rate and CUR thresholds (Fig. 6A), while ten 
met the growth and uptake-rate criteria (Fig. 6B). Notably, three 
strains—XYL-2B, XYL-6A, and XYL-6B—satisfied all benchmarks 
simultaneously. These variants effectively exploited the mixed-sugar 
composition of CBH, achieving robust growth while consuming xylose 
and glucose in parallel at balanced rates. Strikingly, XYL-6A and XYL-6B 
maintained a fixed proportional uptake ratio of glucose and xylose 
throughout the entire cultivation, leading to the near-simultaneous 
depletion of both substrates, independent of their availability (Fig. 6C).

To validate these results under process-relevant conditions, the top- 
performing strains were cultivated on CBH as the sole carbon source 
(Fig. 7). The hydrolysate, derived from non-recyclable paper waste, 
contained primarily glucose (363.7 g L− 1) and xylose (83.8 g L− 1) at a 
ratio of approximately 4:1, as well as lactate (19.6 g L− 1) and acetate 
(6.2 g L− 1). After dilution to cultivation concentrations, all strains dis
played strong growth. Xylose was depleted concurrently or slightly 
before glucose, confirming that the co-utilization phenotypes observed 
in defined media were fully retained on the complex substrate. Growth 
dynamics on CBH closely mirrored those on synthetic sugar mixtures: 
XYL-6A and XYL-6B maintained high specific growth and co-utilization 
rates, whereas XYL-2B exhibited slightly lower substrate uptake yet 
remained metabolically robust.

The presence of lactate and acetate did not impair growth, reflecting 
the high tolerance and metabolic versatility of C. glutamicum. Both 
organic acids were co-consumed with the sugars during early expo
nential growth and completely depleted within 5 h. At high cell density 
(OD660 about 30), a transient re-accumulation of lactate occurred but 
was rapidly re-assimilated after sugar depletion, likely reflecting a short- 

Fig. 5. Xylose:glucose co-utilization ratios (CURs) of engineered C. glutamicum strains. Ratios are given as mol xylose⋅mol− 1 glucose. For carbon-normalized 
plots, C-mol C-mol− 1 was additionally used where indicated. The dotted line marks the 0.30 mol mol− 1 threshold to ensure xylose depletion at the 1:4 CBH ratio. 
Literature benchmarks are included for comparison (Kawaguchi et al., 2006; Sasikumar et al., 2021; Chen et al., 2017; Hofer et al., 2025; Sun et al., 2022; Ding et al., 
2025; Mao et al., 2018). Data are means ± s.d. (biological triplicates). (For carbon-normalized plots, C-mol⋅C-mol− 1 was additionally used where indicated.)
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term redox or oxygen limitation (Wittmann et al., 2003). Cultures grown 
on CBH ultimately reached higher final biomass concentrations than 
those on defined sugar mixtures, consistent with the additional carbon 
and energy contributed by organic acid metabolism. Together, these 
results demonstrate that the engineered co-utilization phenotypes are 
robust and transferable to complex, waste-derived feedstocks. The 
top-performing variants—particularly XYL-6A and XYL-6B—combine 
balanced substrate assimilation, high metabolic throughput, and toler
ance to secondary carbon sources, defining efficient chassis candidates 
for industrial bioprocesses based on mixed-sugar streams.

3.8. Performance of top strains across variable sugar mixtures

Because lignocellulosic and paper-waste-derived feedstocks display 
variable glucose:xylose ratios (Fig. 1), the three benchmark 
strains—XYL-2B, XYL-6A, and XYL-6B—were evaluated in defined sugar 
mixtures ranging from 100% glucose to 100% xylose in 25% increments 
(Fig. 8). The transporter-engineered strain XYL-10A was included as an 
additional comparator due to its unusually high CUR >1 and intrinsic 
xylose preference, which could provide an advantage in xylose-rich 
environments.

In glucose-only cultures, all strains reached stationary phase within 
approximately 13 h, exhibiting comparable growth kinetics. At a 3:1 
glucose–xylose ratio, a positive auxiliary-substrate effect was observed, 
as all four strains grew faster in the mixed condition than on glucose 
alone. XYL-6A showed the strongest effect, shortening the time to sta
tionary phase by 16% relative to the glucose-only control. As the xylose 
fraction increased, growth rates declined and lag phases extended across 
all strains; however, XYL-6A consistently maintained the highest specific 
growth rate under all conditions, including pure xylose.

In contrast, XYL-2B, XYL-6B, and XYL-10A exhibited disproportion
ately high CUR values, reflecting enhanced xylose uptake. For XYL-2B 
and XYL-6B, this led to reduced growth efficiency under xylose-rich 
conditions, likely due to an imbalance in central carbon flux distribu
tion. XYL-10A, however, maintained robust growth even at high xylose 
proportions, confirming its capacity to sustain efficient metabolism 
under xylose-dominant conditions. This observation is consistent with 
its behavior in CBH fermentations, where XYL-10A showed slightly 
faster growth than in corresponding defined mixtures—suggesting a 
physiological advantage arising from its inherent xylose preference.

Although XYL-10A did not meet all substrate-informed performance 
benchmarks during CBH evaluation, its unique phenotype and stable 
growth across a wide range of substrate ratios identify it as a promising 
chassis for valorization of hydrolysates and mixed feedstocks with 
elevated xylose content. The results collectively underscore that effi
cient co-utilization depends not only on achieving balanced fluxes under 
idealized conditions but also on maintaining metabolic robustness 
across variable substrate compositions typical of industrial feedstocks.

3.9. Transcriptome analysis links co-utilization efficiency to transport 
regulation

To elucidate the molecular basis of efficient co-utilization, we 
analyzed the transcriptomic response of C. glutamicum XYL-6A across a 
gradient of glucose–xylose mixtures. Five conditions were exam
ined—from 100% glucose to 100% xylose in 25% increments—using the 
glucose-only condition as the reference (Fig. 9). The number of 

(caption on next column)

Fig. 6. Benchmarking of engineered C. glutamicum strains. (A) Specific 
growth rate (μ) versus co-utilization ratio (CUR). (B) Specific growth rate (μ) 
versus specific carbon-uptake rate (qS, C-mmol g− 1 h− 1). (C) Dynamics of the 
co-utilization ratio. Thresholds: μ ≥ 0.30 h− 1; CUR ≥0.30 mol mol− 1; qS ≥ 30 C- 
mmol g− 1 h− 1. XYL-2B, XYL-6A, and XYL-6B meet all benchmarks (yellow). 
Data are means ± s.d. (biological triplicates). (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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Fig. 7. Validation on cardboard hydrolysate (CBH). Strains XYL-2B, XYL-6A, XYL-6B, and XYL-10A were cultivated on 5% (v/v) CBH. In all cases, xylose was 
depleted in parallel with or prior to glucose. Lactate and acetate were co-consumed during exponential growth, transiently accumulated before stationary phase, and 
were fully depleted within 24 h. Data are means ± s.d. (biological triplicates).

Fig. 8. Growth of benchmark strains across glucose–xylose ratios. XYL-2B, XYL-6A, XYL-6B, and XYL-10A were grown at total sugar 25 g L− 1 with 0%, 25%, 
50%, 75%, or 100% xylose. Panels A–E: growth profiles; (F) time to stationary phase. Data are means ± s.d. (biological duplicates).
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differentially expressed genes (DEGs) increased progressively with ris
ing xylose fractions: 4 at 25% xylose, 18 at 50%, 53 at 75%, and 106 at 
100% xylose. Apart from five genes uniquely regulated at intermediate 
mixtures, all DEGs detected at lower xylose levels were also affected at 
higher proportions. At 100% xylose, 69 genes were upregulated and 37 
downregulated. Principal component analysis (PCA) showed clear sep
aration of samples according to the glucose–xylose ratio while main
taining tight clustering within replicates, demonstrating high data 

quality and reproducibility (Fig. S12, Supplementary File 1).
The overall number of transcriptional changes was surprisingly low, 

considering the transition from a native substrate (glucose) to a non- 
native one (xylose). In other microorganisms, similar substrate shifts 
typically trigger hundreds to thousands of DEGs—for instance, E. coli 
exhibits more than 580 genes differentially expressed when switching 
between glucose and xylose (Gonzalez et al., 2002), B. subtilis responds 
to glucose-mediated catabolite repression via CcpA control of roughly 

Fig. 9. Transcriptomic response of C. glutamicum XYL-6A to different glucose-xylose ratios. Gene expression in cultures with 25%, 50%, 75%, and 100% xylose 
relative to the glucose-only reference (0% xylose). Differentially expressed genes are grouped by function; upregulated genes in blue, downregulated in red. Means of 
biological triplicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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10% of its genome (Moreno et al., 2001), and S. cerevisiae reprograms 
approximately 30% of its genes during the diauxic shift from glucose to 
respiration (DeRisi et al., 1997). The minimal transcriptional response in 
XYL-6A is consistent with xylose being a non-native substrate in 
C. glutamicum and suggests that the heterologous xylAB pathway is only 
weakly integrated into endogenous transcriptional control networks. 
Accordingly, balanced glucose–xylose co-utilization appears to be 
maintained predominantly through metabolic and post-transcriptional 
mechanisms, rather than through extensive transcriptional remodeling.

Despite xylose being non-native to C. glutamicum ATCC 13032, genes 
of central carbon metabolism remained largely unaffected genes of 
central carbon metabolism remained largely unaffected, indicating that 
transcriptional regulation is unlikely to represent the dominant control 
layer for xylose flux under the conditions tested. This observation aligns 
with previous findings that metabolic enhancement of xylose utilization 
requires direct overexpression of pentose-phosphate pathway genes 
rather than global regulatory changes (Jo et al., 2017b). Instead, the 
transcriptional response was concentrated at the level of sugar transport. 
The glucose-specific (phosphotransferase system) PTS permease ptsG 
was downregulated, whereas the putative ribitol transporter rbtT was 
upregulated—changes indicative of adaptive substrate-uptake modula

tion rather than broad metabolic remodeling (Buschke et al., 2013; 
Engels et al., 2008). Overall, the transcriptomic response of XYL-6A was 
modest and largely confined to transporter-related genes, whereas core 
metabolic genes remained transcriptionally stable. The superior 
co-utilization phenotype of XYL-6A thus arises predominantly from 
engineered pathway balance and transporter activity, rather than from 
any glucose-dependent repression of the introduced xylose pathway.

This interpretation is supported by recent adaptive-laboratory- 
evolution studies in C. glutamicum, where improved glucose–xylose co- 
utilization correlated with iolT2 upregulation (Ding et al., 2025) or 
iolT1 mutation (Hofer et al., 2025), both affecting sugar transport. 
Together, these results emphasize that transport-level modulation, 
rather than global transcriptional rewiring, plays a dominant role in the 
system-level response during mixed-sugar utilization. Efficient 
co-utilization in C. glutamicum is therefore achieved through intrinsic 
network connectivity and post-transcriptional flux control—a design 
principle that can guide future metabolic-engineering strategies for 
stable, multi-substrate bioprocesses.

Fig. 10. 13C-tracer labeling reveals balanced carbon convergence in C. glutamicum XYL-6A. Strain XYL-6A was cultivated in minimal medium containing 99 % 
[U-13C6] glucose and unlabelled xylose (4:1 ratio). Samples were taken during exponential growth (OD600 = 4.0) and analyzed for 13C enrichment in proteinogenic 
amino acids, cellular sugars, and fatty acids using GC–MS. Pie charts display the relative 13C enrichment, corresponding to the fraction of glucose-derived carbon 
(shown in yellow). Inner grey segments represent the theoretical fractions of glucose- and xylose-derived carbon anticipated from the measured substrate uptake 
ratios. Agreement between the outer (measured) and inner (expected) pies indicates complete and balanced carbon convergence. A higher 13C enrichment than 
predicted reflects preferential incorporation of glucose-derived carbon, whereas lower enrichment indicates a relative increase in xylose contribution. 13C-labeling 
patterns showed early and proportionally balanced flux convergence of glucose- and xylose-derived carbons at the F6P/G3P node, with substrate-specific isotopic 
signatures confined to the entry metabolites G6P, R5P, and E4P. Downstream carbon skeletons were fully merged, and minor dilution in TCA-cycle amino acids 
resulted from anaplerotic CO2 fixation. The corresponding data set reflecting OD660 = 8.0 is given in Supplementary File 1. The persistence of these profiles across 
growth phases indicates a regulation-independent, kinetically balanced co-utilization regime. Means of biological triplicates. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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3.10. 13C-tracer analysis reveals complete carbon convergence and 
pathway-specific substrate signatures in glucose–xylose-grown 
C. glutamicum XYL-6A

To elucidate intracellular carbon routing during glucose–xylose co- 
utilization, C. glutamicum XYL-6A was cultivated in minimal medium 
containing a mixture of 99% [U-13C6] glucose and unlabelled xylose, 
reflecting the 4:1 sugar ratio characteristic of cardboard hydrolysate. 
The purpose of the 13C-tracer experiments was to assess the integration 
and stability of substrate-derived carbon fluxes under mixed-sugar 
conditions, rather than to determine absolute intracellular flux values 
by full 13C metabolic flux analysis. Samples were collected during 
exponential growth (different time point, reflecting OD660 = 4.0 and 
8.0) and analyzed for 13C enrichment in proteinogenic amino acids, 
cellular sugars, and fatty acids using GC–MS (Fig. 10; Fig. S13, Sup
plementary File 1). Mass-isotopomer distributions were highly consis
tent at both sampling points. The stability of the labeling profiles 
indicates that glucose and xylose were co-utilized at a nearly constant 
ratio throughout growth.

To visualize carbon convergence, 13C-enrichment data were dis
played as pie charts (Fig. 10). The outer yellow segments represent the 
measured fraction of glucose-derived carbon, while the inner grey seg
ments depict the theoretical glucose–xylose ratio inferred from substrate 
uptake. Close agreement between both indicates full convergence of 
glucose- and xylose-derived carbons; higher or lower 13C enrichment 
denotes dominance of glucose- or xylose-derived flux, respectively.

Amino acids derived from 3-phosphoglycerate and pyruvate—serine, 
glycine, alanine, valine, and leucine—showed uniform 13C enrichment 
(66-68 % SFL). Their glycolytic precursors, fructose 6-phosphate (F6P) 
and glyceraldehyde 3-phosphate (G3P), represent the key metabolic 
junction where glucose- and xylose-derived carbons converge via upper 
glycolysis and the non-oxidative pentose-phosphate (PP) pathway. 
These intermediates therefore reflect the merged metabolic mean of the 
central carbon flux.

Distinct substrate-specific isotopic signatures were confined to me
tabolites emerging directly from glucose 6-phosphate (G6P), ribose 5- 
phosphate (R5P), and to a lesser extent erythrose 4-phosphate (E4P). 
Cellular glucose, derived from G6P, was strongly labeled (88–90% SFL), 
confirming its glucose origin. By contrast, cellular ribose and histidine, 
originating from R5P, showed lower labeling (53–55% SFL and 9% 
below the glycolytic reference, respectively), demonstrating a signifi
cant contribution of xylose carbon through the pentose-phosphate 
pathway. Likewise, the aromatic amino acids tyrosine and phenyl
alanine—derived from E4P—displayed intermediate labeling levels 
(62–63%), consistent with a xylose-biased flux into the aromatic branch. 
The interpretation of these patterns is based on steady-state summed 
fractional labeling (SFL) comparisons between glycolytic and pentose- 
pathway-derived amino acids at two independent sampling points; 
while not a full metabolic-flux analysis, the consistency of SFL values 
within ≤3% across replicates supports functional mixing of the two 
carbon sources, as applied previously (Schwechheimer et al., 2018; 
Weiland et al., 2025).

Amino acids synthesized from tricarboxylic-acid (TCA) cycle inter
mediates—including aspartate, lysine, methionine, threonine, isoleu
cine, arginine, and proline—exhibited a modest 2–3% reduction in SFL 
relative to the glycolytic reference pool. This slight dilution results from 
anaplerotic carboxylation of pyruvate with unlabelled CO2 (Yang et al., 
2005), which introduces minor isotopic dilution into oxaloacetate and 
its derivatives rather than indicating incomplete substrate mixing 
(Krömer et al., 2004; Wittmann and Heinzle, 2001).

Collectively, the 13C-labelling data reveal that carbon fluxes from 
glucose and xylose converge early and in a fixed proportion at the F6P/ 
G3P node. While such convergence is an inherent property of central 
carbon metabolism, in strain XYL-6A it occurs quantitatively balanced 
and temporally stable, maintaining nearly constant flux ratios 
throughout growth. Substrate-specific isotopic signatures remained 

restricted to the immediate entry metabolites—G6P, R5P, and 
E4P—confirming complete mixing of carbon skeletons downstream of 
these nodes. Minor 13C dilution within the TCA cycle originates solely 
from anaplerotic CO2 -incorporation rather than incomplete substrate 
integration. The persistence of the labeling profiles across growth phases 
indicates a regulation-independent, kinetically balanced co-utilization 
regime, in which proportional flux partitioning arises from matched 
transporter and enzyme activities rather than transcriptional feedback. 
Because these interpretations derive from relative SFL patterns rather 
than full 13C flux calculations, we describe the network behaviour as 
functionally complete convergence.

3.11. Lysine production from cardboard hydrolysate using the optimized 
xylose catabolic module

To evaluate the industrial relevance of the optimized co-utilization 
system, the xylAB–xylE cassette from strain XYL-6A was integrated 
into the lysine producer C. glutamicum LYS-12 (Becker et al., 2011), 
generating strain LYS-13 (Table 1). Shake-flask cultivations were con
ducted on both a defined 4:1 glucose–xylose mixture and on CBH as the 
sole carbon source (Fig. 11). Under both conditions, LYS-13 efficiently 
co-consumed xylose and glucose, with xylose depletion preceding 
glucose exhaustion. The strain achieved high lysine yields of 42.6 mmol 
C-mol− 1 on the synthetic sugar mixture and 47.3 mmol C-mol− 1 on CBH. 
These yields were comparable to, and in the case of CBH slightly higher 
than those of the parental LYS-12 strain cultivated on glucose alone (43 
mmol C-mol− 1) (Becker et al., 2011).

These results confirm that the optimized co-utilization module in
tegrates functionally into a production background without compro
mising flux efficiency. Xylose thereby contributes effectively to amino 
acid biosynthesis, while the slightly higher yield on CBH suggests minor 
components such as lactate and acetate may improve redox or cofactor 
balance.

4. Discussion

This study establishes a systematic, substrate-informed strain-engi
neering framework in C. glutamicum to overcome the long-standing 
challenge of stable glucose–xylose co-utilization. Previous efforts ach
ieved partial co-utilization through transporter engineering, promoter 
modulation, or adaptive evolution (Buschke et al., 2011; Ding et al., 
2025; Hofer et al., 2025; Yim et al., 2017), yet strains maintaining a 
near-constant co-utilization ratio and stable flux partitioning across 
growth phases and substrate conditions have remained rare. From a li
brary of 34 engineered variants, we identified robust co-utilizers such as 
XYL-6A and XYL-6B that combined fast growth, balanced substrate use, 
and stable flux distribution independent of changing substrate levels. 
These phenotypes translated directly to CBH—a third-generation feed
stock derived from non-recyclable paper waste—demonstrating that 
rational pathway design can deliver stable mixed-sugar metabolism 
under realistic industrial conditions. Several recent studies have 
demonstrated glucose–xylose co-utilization in C. glutamicum by intro
ducing xylose assimilation pathways, identifying suitable transporters, 
or applying adaptive laboratory evolution (e.g. Ding et al., 2025). 
Building on these advances, the present work addresses a distinct and 
complementary layer of the co-utilization problem, namely the rational 
design of a kinetically stabilized flux regime in which relative substrate 
uptake rates remain invariant across time, substrate composition, and 
feedstock complexity.

A central finding of this study is that balanced glucose–xylose co- 
utilization is not a generic consequence of enabling xylose metabolism 
but emerges only within a narrow design window defined by the 
matching of transporter capacity and intracellular pathway kinetics. 
This conclusion is supported by the systematic analysis of 34 engineered 
variants, the majority of which display glucose-dominant uptake, dia
uxic behavior, or pronounced xylose preference. Only strains such as 
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XYL-6A/B reproducibly exhibit temporally stable, fixed-ratio gluco
se–xylose uptake across defined sugar mixtures and cardboard hydro
lysate. The strong phenotype selectivity observed across the strain 
library argues against a coincidental origin and instead indicates 
deliberate kinetic balancing as the dominant control principle.

Mechanistically, this regime is characterized by early convergence of 
glucose- and xylose-derived carbons at the fructose-6-phosphate/ 
glyceraldehyde-3-phosphate node, forming a shared central-metabolic 
pool that stabilizes flux partitioning despite changing extracellular 
substrate levels. Transcriptome analysis reveals only limited transcrip
tional remodeling of central metabolism, with regulation occurring 
primarily at the level of transport-associated genes. Accordingly, we 
refer to this behavior as largely transcription-independent at the level of 
central carbon metabolism, with flux control dominated by transport 
and enzyme kinetics rather than global transcriptional reprogramming.

4.1. Novelty and industrial significance

Microbial valorization of lignocellulosic and paper-derived feed
stocks has been hindered by glucose-dominant metabolism (Kim et al., 
2010; Lynd et al., 2005). In C. glutamicum, introduction of xylAB enabled 
xylose catabolism (Buschke et al., 2011; Kawaguchi et al., 2006), and 
subsequent work improved this through transporter engineering 
(Werner et al., 2023; Yim et al., 2016), gene dosage variation (Sasaki 
et al., 2008), or adaptive evolution (Ding et al., 2025; Hofer et al., 2025). 
However, most of these studies were performed on defined sugar 

mixtures rather than realistic industrial substrates. CBH—containing 
glucose and xylose in a consistent 4:1 ratio (Kinnarinen et al., 2012b; 
Rauzi and Tschirner, 2022) along with organic acids (Jönsson and 
Martín, 2016; Palmqvist and Hahn-Hägerdal, 2000)—is a widely avail
able but underutilized carbon source. With millions of tons generated 
annually in Europe (Eurostat, 2024), and mostly managed via inciner
ation or landfilling (Belle et al., 2024), CBH represents an ideal target for 
circular-economy valorization. By aligning strain development directly 
with this substrate composition, the present study bridges rational 
metabolic design and process relevance, identifying generalist-type 
co-utilizers that maintain metabolic balance without external feeding 
control. Importantly, cardboard hydrolysate inherently contains organic 
acids such as acetate and lactate at inhibitory concentrations, and the 
stable co-utilization and growth observed in this medium therefore 
demonstrate the intrinsic robustness of the engineered strains under 
realistic process conditions.

Several strategies have been reported to enable glucose–xylose co- 
utilization in Corynebacterium glutamicum, including adaptive labora
tory evolution and targeted regulatory modulation approaches such as 
CRISPRi (Ding et al., 2025; Hofer et al., 2025). These methods primarily 
act on transcriptional and regulatory layers and can yield effective 
phenotypes under specific conditions. In contrast, the 
substrate-informed strategy presented here targets kinetic balancing and 
flux integration at the level of central metabolism, resulting in stable 
co-utilization ratios that are maintained across growth phases, substrate 
compositions, and complex feedstocks. Importantly, these approaches 

Fig. 11. Lysine production by C. glutamicum LYS-13. Minimal medium with (A) 20 g L− 1 glucose + 5 g L− 1 xylose or (B) 5% (v/v) CBH. Data are means ± s.d. 
(biological triplicates).
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should be viewed as complementary rather than competing, as regula
tory or evolutionary optimization could further refine strains built on a 
kinetically stabilized metabolic framework.

4.2. Fine-tuned cell factories: generalists and specialists

While xylAB and xylE from E. coli had been applied individually 
before (Buschke et al., 2011; Kim et al., 2010), their coordinated 
expression under a tuned promoter—as achieved in XYL-6A—yielded a 
balanced “generalist” strain that combined rapid growth, efficient 
co-utilization, and robust CBH performance. The superior behavior of 
XYL-6A illustrates the benefit of moderated gene expression in 
C. glutamicum: excessive transcription can impose translational burden 
and disrupt enzyme balance (Becker et al., 2005), whereas moderate 
expression aligns enzyme supply with pathway demand and avoids toxic 
intermediate buildup. This promoter-dependent control of pathway 
balance proved critical for integrating xylose catabolism with native 
glycolysis, supporting true co-utilization rather than sequential sub
strate use. While quantitative kinetic characterization of individual 
transporters would provide additional mechanistic resolution, the pre
sent analysis deliberately focuses on system-level uptake behavior under 
physiological conditions, which is most relevant for strain and process 
design.

A conceptually distinct “specialist” phenotype emerged later in strain 
XYL-10A, which displayed a xylose-preferential uptake pattern (CUR 
>1.0). To our knowledge, this represents a rare inversion of substrate 
hierarchy in C. glutamicum under defined laboratory conditions—given 
the near-universality of glucose dominance (Deutscher et al., 2006). 
Although growth rates were modestly lower, the discovery of a 
xylose-first phenotype broadens the design space for pentose-rich feed
stocks such as hardwood hydrolysates (Larsson et al., 1999; Van Dyk and 
Pletschke, 2012), sugarcane bagasse (Canilha et al., 2012), and agri
cultural residues (Rumbold et al., 2009), strengthening the applicability 
of C. glutamicum to diverse feedstocks (Lira-Parada et al., 2022). The 
emergence of this phenotype is most plausibly attributed to transport- 
and pathway-level effects, including the use of the heterologous AraE 
symporter and the specific promoter configuration driving xylose uptake 
and phosphorylation, which together are expected to alter substrate 
competition at the uptake level. Further dissection of the relative con
tributions of transporter expression and promoter architecture, for 
example through targeted promoter-swapping experiments, would 
provide additional mechanistic resolution and represents an interesting 
direction for future work. Future optimization could pair this phenotype 
with enhanced PP pathway flux or NADPH regeneration to produce 
next-generation xylose-specialist producers.

4.3. Adaptability across substrate blends and translation to lysine 
production

Benchmarking across varying glucose–xylose ratios confirmed the 
broad adaptability of the engineered strains. XYL-6A maintained the 
highest growth rates across all substrate compositions, while XYL-10A, 
with its xylose-preferential phenotype, remained robust under xylose- 
rich conditions. Growth yields of XYL-10A were within ±5% of 
balanced co-utilizers, suggesting no significant energetic penalty asso
ciated with AraE-mediated proton symport under the tested conditions. 
This diversity of phenotypes—ranging from balanced co-utilizers to 
pentose specialists—illustrates the versatility of C. glutamicum as a 
modular host for valorization of heterogeneous carbohydrate 
feedstocks.

The transfer of the optimized xylose module into the industrial lysine 
producer LYS-12 (Becker et al., 2011) further demonstrated trans
lational compatibility. The resulting strain, LYS-13, achieved lysine 
yields comparable to or exceeding those obtained on glucose alone 
(42.6 mmol C⋅mol− 1 on synthetic mixtures and 47.3 mmol C⋅mol− 1 on 
CBH). Despite only 25% of carbon in CBH originating from xylose, the 

substrate contributed substantially to lysine biosynthesis, demonstrating 
successful metabolic integration. Importantly, this performance was 
reached without extensive host adaptation or central metabolic rewir
ing, underscoring that the co-utilization module integrates functionally 
within a heavily optimized production chassis. Because the module 
stabilizes carbon flux partitioning at the level of central metabolism, its 
applicability is not restricted to lysine biosynthesis but is expected to 
extend broadly across different product pathways. Accordingly, these 
findings establish a platform for expanding amino acid and derivative 
production from xylose-containing waste feedstocks, a long-standing 
challenge in industrial biotechnology (Gopinath et al., 2011; Jin and 
Bao, 2021; Jo et al., 2017b; Meiswinkel et al., 2013). Beyond lysine, this 
design can be extended to other lysine-derived products such as dia
minopentane (Kind et al., 2014), L-pipecolic acid (Pauli et al., 2023), 
ectoine (Giesselmann et al., 2019), hydroxyectoine (Jungmann et al., 
2022), 5-aminovalerate (Rohles et al., 2022), and glutarate (Rohles 
et al., 2018). While the present study focuses on batch conditions, the 
kinetic balancing principles identified here are expected to be directly 
relevant under fed-batch operation, where stable substrate co-utilization 
can reduce the need for complex feeding strategies; dedicated fed-batch 
validation will be an important focus of future work.

4.4. Mechanistic basis of co-utilization

Transcriptomic and 13C-tracer analyses provided complementary 
insights into how balanced glucose–xylose metabolism is achieved. The 
global transcriptional response of XYL-6A to xylose was remarkably 
limited—only 106 genes were differentially expressed under 100% 
xylose—substantially fewer than typically observed in other microor
ganisms during carbon-source transitions. This likely reflects the 
absence of evolved xylose-specific regulatory systems in C. glutamicum, 
which instead relies on constitutive metabolic flexibility. In contrast, 
E. coli, B. subtilis, and S. cerevisiae undergo extensive transcriptome 
remodeling when switching carbon sources, involving hundreds to 
thousands of genes (DeRisi et al., 1997; Gonzalez et al., 2002; Moreno 
et al., 2001). The minimal response observed here therefore suggests 
that balanced co-utilization in C. glutamicum is primarily governed by 
metabolic and post-transcriptional mechanisms rather than transcrip
tional reprogramming. Microarray sensitivity limits the detection of 
subtle (<1.3-fold) transcriptional changes. Although C. glutamicum can 
exhibit pathway-specific glucose repression, recently shown for aro
matic catabolism (Weiland et al., 2025), these regulatory circuits do not 
apply to xylose, which lacks a native catabolic route in this organism. 
Thus, we interpret the ‘minimal response’ as few genes meeting 
differential-expression thresholds, not as a complete absence of 
regulation.

Consistent with this view, regulation in XYL-6A was concentrated at 
the transport level. The glucose-specific PTS permease ptsG was down
regulated, whereas the putative ribitol transporter rbtT was upregula
ted—changes indicative of adaptive substrate uptake modulation rather 
than broad metabolic remodeling (Engels and Wendisch, 2007). At the 
same time, the putative ribitol transporter rbtT was induced, suggesting 
an auxiliary role in xylose uptake, as previously observed during het
erologous xylose metabolism (Buschke et al., 2013). The coordinated 
downregulation of the glucose-specific PTS component ptsG and upre
gulation of rbtT likely contribute to reduced glucose dominance at the 
uptake level, thereby facilitating balanced entry of glucose- and 
xylose-derived carbon into central metabolism. Similar transporter-level 
adjustments were reported in ALE-derived strains where iolT1 mutations 
and iolT2 upregulation enhanced xylose uptake (Ding et al., 2025; Hofer 
et al., 2025). These consistent observations highlight transporter regu
lation as a dominant mechanism for establishing balanced substrate 
utilization in C. glutamicum.

The 13C-labeling data reinforce this mechanistic interpretation by 
demonstrating complete carbon convergence at the F6P/G3P node 
within the resolution of SFL-based isotopomer analysis, similar to 
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growth on sucrose that is cleaved intracellularly into its two hexose 
monomers which are then metabolized through fully merged fluxes 
(Lange et al., 2017; Wittmann et al., 2004). While such convergence is a 
universal feature of central carbon metabolism, the distinguishing 
feature in strain XYL-6A was the timing and proportionality of this 
merge. Rather than sequential or imbalanced flux entry—as commonly 
observed under carbon catabolite repression—the glucose- and 
xylose-derived fluxes in XYL-6A converged early and in fixed propor
tion, maintaining a constant ratio across growth phases. This defines a 
distinct, regulation-independent metabolic regime in which balanced 
carbon integration arises from kinetic matching of transporter and 
enzyme capacities rather than from transcriptional control. In this state, 
substrate fluxes are co-channeled into the F6P/G3P node at steady 
relative rates, generating a stable and self-balanced network behavior 
that contrasts with the dynamic repression–relief cycles typical of ca
nonical co-utilization systems.

Substrate-specific isotopic signatures were confined to the immedi
ate entry points of glucose and xylose—G6P, R5P, and E4P—while all 
downstream metabolites, including amino acids derived from glycolysis 
and the TCA cycle, exhibited fully merged labeling patterns (Mutz et al., 
2024). These patterns indicate functional flux merging downstream of 
the F6P/G3P node, although SFL does not quantify absolute fluxes. The 
constancy of these isotopic distributions across growth phases indicates 
that C. glutamicum maintains a temporally stable flux ratio between 
glucose and xylose, independent of absolute substrate concentrations. 
This behavior reflects a self-regulating metabolic network in which flux 
balance arises intrinsically from pathway connectivity and enzyme-level 
control rather than dynamic transcriptional feedback.

Building on our observations, the flux regime identified in strain 
XYL-6A points to a mixed-sugar metabolism that is mechanistically 
distinct from previously reported xylose-utilizing C. glutamicum strains. 
Unlike earlier studies that merely enabled xylose catabolism or miti
gated substrate hierarchy through pathway introduction or evolution 
(Ding et al., 2025; Hofer et al., 2025; Yim et al., 2017), XYL-6A achieves 
quantitatively balanced co-utilization through kinetic coordination of 
uptake and pathway enzyme activities. This regime establishes an early 
and fixed-proportion carbon convergence at the F6P/G3P node that 
remains robust without transcriptional adaptation. Such largely 
transcription-independent flux integration illustrates a generalizable 
design principle: balanced transporter and enzyme capacities can create 
self-stabilizing co-utilization states, providing a mechanistic framework 
for rational engineering of other mixed-substrate bioprocesses.

Within this framework, the choice of xylose catabolic route is central. 
The isomerase pathway used here is redox neutral and feeds directly into 
xylulose-5-phosphate, integrating naturally with the PP pathway that 
supports precursor and NADPH supply in amino-acid production. By 
contrast, oxidoreductase, Dahms, or Weimberg routes alter redox bal
ance or divert carbon to metabolic nodes downstream of the upper PP 
pathway, typically requiring broader network rewiring to achieve 
similar flux balance (Domingues et al., 2021; Jo et al., 2017a). The 
compact xylA/xylB module therefore provides a particularly compatible 
basis for establishing the balanced co-utilization regime observed in 
XYL-6A. Full 13C metabolic flux analysis using multiple tracers would 
provide quantitative resolution of intracellular flux distributions and 
represents an important direction for future work building on the design 
principles established here.

At the enzyme level, the xylose isomerase pathway is governed by 
straightforward kinetic features. XylA and XylB lack dedicated allosteric 
control and respond primarily to divalent ions and mild product inhi
bition (Bunker et al., 2013; Lee et al., 2017), while oxidative PP pathway 
enzymes are regulated mainly by the intracellular NADPH/NADP+ ratio 
(Stanton, 2012). These simple dependencies are fully consistent with the 
limited transcriptomic response, reinforcing that stable glucose–xylose 
co-utilization in XYL-6A is maintained through intrinsic enzyme prop
erties and metabolic connectivity rather than transcriptional control. 
Transcriptome analysis of additional genetic backgrounds, including 

strains lacking heterologous transporter overexpression, would be a 
valuable direction for future work to further disentangle native versus 
engineered transport contributions.

5. Summary and outlook

This study establishes C. glutamicum as an efficient host for simul
taneous glucose–xylose co-utilization and sustainable bioproduction 
from CBH. Through systematic, substrate-informed engineering of 34 
strain variants, we developed modular xylose catabolic systems that 
achieve balanced, largely transcription-independent co-utilization at the 
level of central carbon metabolism and translate effectively into an in
dustrial lysine producer. These results demonstrate that pathway and 
transporter tuning alone can overcome carbon catabolite repression and 
enable robust mixed-sugar metabolism under realistic feedstock 
conditions.

A key advantage of this regime is that it emerges without targeted 
suppression of native glucose uptake, extensive pathway amplification, 
or specialized feeding strategies. Instead, balanced glucose–xylose fluxes 
arise from the inherent kinetics of a compact, redox-neutral isomerase 
pathway combined with calibrated transporter capacities. This minimal 
interference with central metabolism reduces metabolic burden and 
ensures stable performance across conditions. Together, these features 
exemplify a central synthetic-biology principle—simple, robust and 
scalable designs can achieve complex metabolic behaviours without 
elaborate regulatory rewiring—and provide a practical foundation for 
mixed-sugar bioprocessing under industrially relevant conditions.

Beyond the biological advance, the industrial potential of CBH un
derscores the significance of this work. In the EU, approximately 34 Mt 
of paper and cardboard packaging waste are generated annually, of 
which an estimated 5.8 Mt remain unrecycled despite high collection 
efficiencies (Eurostat, 2024). Based on reported hydrolysis yields, this 
fraction represents roughly 1.0–2.3 Mt of fermentable sugars each year 
(Rauzi and Tschirner, 2022)—equivalent to 4–6 million m3 of concen
trated, process-ready feedstock at typical hydrolysate concentrations 
(300–400 g L− 1 sugars). This volume corresponds to the carbon input 
required for multiple world-scale amino acid or organic acid fermenta
tions, highlighting unrecyclable cardboard as a substantial yet untapped 
resource within the circular bioeconomy.

The demonstrated robustness of our engineered C. glutamicum strains 
on CBH, together with their successful integration into an industrial 
production host, provides a solid foundation for translating this feed
stock into practice. By linking mechanistic understanding of flux inte
gration to scalable process performance, this work exemplifies how 
rational pathway design can convert residual carbon streams into sus
tainable, high-value bioproducts and advance the transition toward 
resource-efficient biomanufacturing.
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Krömer, J.O., Fritz, M., Heinzle, E., Wittmann, C., 2005. In vivo quantification of 
intracellular amino acids and intermediates of the methionine pathway in 
Corynebacterium glutamicum. Anal. Biochem. 340, 171–173.
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