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High-titer, antibiotic-free, pilot-scale 
production of 1,3-propanediol by engineered 
Corynebacterium
 

Jae Sung Cho    1,2,6, Cindy Pricilia Surya Prabowo    1,2,6, Taehee Han1,2, 
Cheon Woo Moon    1,2, Yoo-Sung Ko1,2, Changhee Cho    3, Je Woong Kim1,2, 
Won Jun Kim4, Hyun Bae Bang3, Jae Eun Lee1,2, Minjung Ki    1,2, Namjin Jang4 & 
Sang Yup Lee1,2,5 

The microbial valorization of glycerol, a major biodiesel byproduct, into 
high-value chemicals remains challenging at industrially competitive 
titers. Here we engineered Corynebacterium glutamicum for high-level 
1,3-propanediol (1,3-PDO) production, validating each step via fed-batch  
fermentation. First, C. glutamicum ATCC 13032 was metabolically 
engineered to produce 138 g l−1 1,3-PDO from glucose–glycerol and 100.9 g l−1 
from glycerol alone. Key engineering strategies included establishing 
glycerol uptake and 1,3-PDO biosynthetic pathways, minimizing 
byproducts and optimizing fed-batch fermentation. We then transferred 
these strategies to a newly isolated strain, C. glutamicum SC97. Further 
engineering, including antibiotic-free plasmid addiction system and sucCD 
overexpression, enabled 141.5 g l−1 1,3-PDO at 2.95 g l−1 h−1 without antibiotics. 
Scalability was demonstrated at 30-l and 300-l pilot-scale fermentations, 
reaching 120.2 g l−1 and 127.8 g l−1 of 1,3-PDO, respectively. Techno-economic 
and life-cycle assessments support industrial feasibility and environmental 
impact, providing a robust blueprint for sustainable microbial 1,3-PDO 
production at scale.

Escalating concerns about climate change and depleting fossil 
resources have precipitated a substantial shift toward producing chemi-
cals and materials from renewable, nonfood biomass1. A successful 
example is the commercialized production of biodiesel and biofuels 
through the transesterification of lipids from plant or animal oils2–4. 
However, this process produces a large amount of crude glycerol as a 
major by-product (100 kg glycerol per ton of biodiesel)5, presenting 
a disposal challenge. Previously regarded as waste in the biodiesel 

industry, glycerol is now seen as having untapped potential as a sub-
strate for the production of valuable chemicals6–8. One such chemical 
is 1,3-propanediol (1,3-PDO), a versatile organic compound essential 
in polymer manufacturing9. 1,3-PDO is largely used as a monomer for 
polytrimethylene terephthalate, in high-quality fibers for carpets, 
textiles and upholstery, and in polyurethanes for foams, adhesives 
and elastomers. Beyond polymers, 1,3-PDO is utilized in personal care 
products, certain food items, high-performance solvents and antifreeze 
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6.6-l jar bioreactors at each step of strain development to establish 
an engineering blueprint for the C. glutamicum SC97 strain. Upon the 
initial assessment, the newly isolated strain achieved high-level 1,3-PDO 
production in fed-batch fermentation, comparable to that of the ATCC 
13032-derived strain. To avoid antibiotic use in large-scale fermenta-
tions, which is economically and environmentally unfavorable, we 
used auxotrophy coupled with plasmid addiction systems to eliminate  
the need for antibiotic supplementation for plasmid maintenance. 
Further yield and productivity improvements were achieved through  
in silico simulations identifying gene targets for overexpression. 
A pilot-scale (30-l and 300-l) fermentation of the final engineered 
strain was performed to assess the feasibility of commercializing this 
biobased production of 1,3-PDO. Finally, techno-economic analy-
sis (TEA) and life-cycle assessment (LCA) were performed to evalu-
ate the economic competitiveness and sustainability of the overall 
production process.

agents, underscoring its wide-ranging industrial applications. Con-
ventional production routes for 1,3-PDO involve acrolein hydration 
(Degussa–Dupont route), hydroformylation of ethylene oxide in the 
presence of phosphine (Shell route), or enzymatic transformation 
of glycerol10. The former two chemical methods are expensive and 
generate waste streams containing substances that cause pollution11,12.

In industrial biotechnology, microorganisms serve as cell factories 
for converting nonfood biomass into valuable chemicals, materials, 
and fuels. Systems metabolic engineering has been pivotal in devel-
oping industrially competent strains capable of producing valuable 
chemicals13. Following the successful production of 1,3-PDO from 
glucose using metabolically engineered Escherichia coli by DuPont and 
Genencor, there have been increased efforts to microbially produce 
1,3-PDO from renewable feedstocks14,15 or directly from glycerol16–18.

In nature, several species of microorganisms such as Klebsiella, 
Clostridia, Enterobacter, Citrobacter and Lactobacilli can convert  
glycerol to 1,3-PDO in two metabolic steps: the dehydration of glyc-
erol to 3-hydroxypropionaldehyde (3-HPA) by glycerol dehydratase, 
followed by the reduction of 3-HPA to 1,3-PDO by 1,3-PDO dehydroge-
nase19. However, many isolated microorganisms capable of converting 
glycerol directly into 1,3-PDO pose challenges in genetic manipulation 
to produce desired chemicals, mainly due to the limited availability  
of genetic tools. Furthermore, most of these microorganisms capa-
ble of achieving high 1,3-PDO production levels (that is, Klebsiella,  
Citrobacter and Enterobacter) are classified in Hazard Group 2, compli-
cating their use in industrial processes16. Meanwhile, Hazard Group 1 
strains, such as Lactobacillus, produce 1,3-PDO with lower titers.

Corynebacterium glutamicum is a Gram-positive facultative anaer-
obe widely recognized for its industrial-scale fermentation capabilities, 
producing various products including amino acids20,21. With its long 
history as a fermentative microorganism in the food and feed industry, 
C. glutamicum has well-established fermentation processes, and recent 
advances in CRISPR–Cas-based genome engineering have further 
accelerated its metabolic engineering20,22,23. So far, there have been two 
reports of engineering C. glutamicum for 1,3-PDO production using 
various carbon sources at the laboratory scale24,25. In the first study, 
C. glutamicum ATCC 13032 was engineered to co-utilize glucose and 
glycerol, producing 14.4 g l−1 of 1,3-PDO with a yield of 0.89 mol mol−1 
glycerol in a 500-ml shake flask, while simultaneously producing 
32.5 g l−1 of L-glutamate as a byproduct25. More recently, advanced 
systems metabolic engineering enabled engineered C. glutamicum 
ATCC 13032 strains to produce 1,3-PDO with titers of 110.4 g l−1 1,3-
PDO from glucose (yield, 0.42 g g−1 glucose; productivity, 2.30 g l−1 h−1) 
and 98.2 g l−1 1,3-PDO from a glucose–xylose mixture (yield, 0.38 g g−1 
(glucose and xylose); productivity, 2.04 g l−1 h−1) in 5-l bioreactors, 
with byproduct formation remaining unresolved24. While these stud-
ies demonstrated the potential of C. glutamicum to produce 1,3-PDO, 
they were confined mostly to small-scale experiments using the well-
characterized reference strain without exploring the challenges asso-
ciated with pilot-scale production or prospective commercialization. 
This is a common limitation in metabolic engineering projects, where 
5-l bioreactor experiments are typically used only as a final validation 
step for strains primarily optimized in shake flasks. As a result, critical 
factors such as strain robustness, scalability and process optimization 
are often overlooked during strain development. Addressing these 
limitations requires engineering strategies that not only bridge the 
gap between laboratory-scale successes and industrial feasibility but 
also extend to strains freshly isolated from the environment, enabling 
their adaptation to specific industrial processes.

Here, we describe the engineering strategies used to enable 
a wild-type C. glutamicum ATCC 13032 to produce high levels of  
1,3-PDO and the adaptation of these strategies to a newly isolated  
C. glutamicum SC97 strain (Hanwha Solutions) for prospective commer-
cialization (Fig. 1). Extensive metabolic engineering was performed on  
C. glutamicum ATCC 13032, incorporating fed-batch fermentation in 
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Fig. 1 | Summary of the 1,3-PDO strain development from wild-type  
C. glutamicum ATCC 13032 and its transition to the industrial strain  
C. glutamicum SC97. a, Biosynthetic conversion of glycerol to 1,3-PDO.  
b, Brief overview of the approach taken in this work.
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Toxicity of 1,3-PDO to C. glutamicum
To assess whether C. glutamicum is a suitable host for high-level produc-
tion of the non-native chemical 1,3-PDO, wild-type C. glutamicum ATCC 
13032 was exposed to varying concentrations of 1,3-PDO (0, 25, 50, 75, 
100 and 125 g l−1). For comparison, two other hosts were included: E. coli 
W3110, which is well established for 1,3-PDO production, and Klebsiella 
pneumoniae, which can natively produce 1,3-PDO from glycerol. All 
three hosts demonstrated concentration-dependent growth inhibition 
by 1,3-PDO (Supplementary Fig. 1).

Shake-flask toxicity assays further revealed that, at 100 g l−1 1,3-
PDO, C. glutamicum retained ~84% of its final OD600 (optical density 
measured at 600 nm) relative to the 0 g l−1 control, whereas E. coli and 
K. pneumoniae retained only ~5.8% and ~62.9%, respectively (Supple-
mentary Fig. 1a–c). Consistent with these end-point values, the specific 
growth rates at 100 g l−1 PDO were reduced by 2.87% (C. glutamicum),  
53.53% (E. coli) and 8.73% (K. pneumoniae) of their respective con-
trols at 0 g l−1 (Supplementary Fig. 1d). These results indicate that  
C. glutamicum is a robust strain with the potential to produce high 
titers of 1,3-PDO. Overall, it was determined that no further adaptive 
laboratory evolution was needed to increase C. glutamicum’s tolerance 
to 1,3-PDO before proceeding with further experiments.

Constructing a glycerol utilization pathway in  
C. glutamicum
C. glutamicum is unable to utilize glycerol for growth. Previous stud-
ies have demonstrated that C. glutamicum can metabolize glycerol 
for growth when E. coli glpF, glpK and glpD genes encoding aquaglyc-
eroporin, glycerol kinase and glycerol 3-phosphate dehydrogenase, 
respectively, are introduced26,27. To construct a C. glutamicum capable 
of growth using glycerol as sole carbon source, plasmid pCS-glpFKD 
expressing E. coli glpF, glpK and glpD genes under synthetic promoter 
H36 was introduced to wild-type C. glutamicum ATCC 13032 strain 
(Supplementary Fig. 2a). The resulting strain WSG was able to grow 
with glycerol as sole carbon source in minimal media (Supplementary 
Fig. 2b), reaching an OD600 of 51.9, similar to that when glucose is used 
as sole carbon source (Supplementary Fig. 2c).

1,3-PDO biosynthesis from glycerol in  
C. glutamicum
Next, the 1,3-PDO biosynthetic pathway was constructed in  
C. glutamicum, in which glycerol is converted to 3-HPA by coenzyme 
B12-dependent glycerol dehydratase. Two glycerol dehydratases and 
their reactivases in Klebsiella pneumoniae, encoded by the pduCDEGH 
and dhaB/gdrAB genes, were combined with three different alcohol 
dehydrogenases (yqhD from E. coli, yqhD from K. pneumoniae and  
dhaT from K. pneumoniae), six different plasmids pEK-dg-yE, pEK-dg-yK,  
pEK-dg-dK, pEK-pdu-yE, pEK-pdu-yK and pEK-pdu-dK were con-
structed (Supplementary Fig. 3a). C. glutamicum WSG strains harboring  
each plasmid were cultivated with glycerol as a sole carbon source. 
Flask cultivation results show that the configuration using pduCDEGH 
genes from K. pneumoniae and yqhD from E. coli produced the  
highest level of 1,3-PDO of 1.95 g l−1 (Supplementary Fig. 3b).

Fed-batch fermentation of the WSG strain harboring plasmid  
pEK-pdu-yE was performed to examine the production of 1,3-PDO 
using glycerol as a sole carbon source. Additional glycerol was fed when 
residual glycerol concentration approached 0 g l−1 during the fermenta-
tion. The WSG strain harboring plasmid pEK-pdu-yE produced 47.3 g l−1 
of 1,3-PDO, with a productivity of 0.43 g l−1 h−1 and yield of 0.18 mol mol−1 
(Supplementary Fig. 4, fermentation run 1). All yields presented in this 
study were calculated by dividing the total amount of 1,3-PDO produced 
by the total carbon sources utilized. Details regarding the production 
metrics, fermentation conditions and carbon sources used in each 
fermentation performed in this work are provided in Supplementary 
Table 1 and Supplementary Fermentation Dataset 1–30 (provide details 
on fermentation runs 1–30). Intriguingly, almost equal amounts of 

3-hydroxypropionic acid (3-HP) were produced simultaneously with 
1,3-PDO during the fermentation, reaching a maximum titer of 44.0 g l−1 
of 3-HP. The overall engineering strategies implemented to enhance 
1,3-PDO production, along with the representative fed-batch runs, are 
illustrated in Fig. 2.

Supplying reducing power through glucose 
addition
As glycerol metabolism bypasses the pentose phosphate (PP) pathway 
where C. glutamicum generates 70% of all NADPH28, it was hypothesized 
that the limited NADPH required for the reductive conversion of 3-HPA 
to 1,3-PDO was supplied by regenerating NADPH from the oxidative 
conversion of 3-HPA to 3-HP by a native aldehyde dehydrogenase, thus 
forming a redox cycle (Supplementary Fig. 5).

To test this, glucose was added together with glycerol in varying 
ratios to observe its effect on 1,3-PDO and 3-HP production in shake-
flask cultivation (Supplementary Fig. 6). The amount of 3-HP produced 
was inversely related to the amount of glucose supplied, with a 1:3 
glucose-to-glycerol ratio producing the most 1,3-PDO and no 3-HP 
as a byproduct. The results here support that the 3-HP biosynthesis 
contributes to NADPH supply required for 1,3-PDO production under 
the glycerol-only condition. When glucose was added to meet the 
NADPH deficiency in the strain, an increase of 1,3-PDO production and 
a decrease of 3-HP accumulation was observed.

Fed-batch cultivation of WSG harboring pEK-pdu-yE with glucose 
and glycerol supplied at a 1:3 ratio successfully resulted in the produc-
tion of 1,3-PDO at a high titer of 60.1 g l−1 and 3-HP largely reduced to 
19.2 g l−1 (Supplementary Fig. 7, fermentation run 2). Further altering of 
the glucose ratio in the feed showed potential for enhancing 1,3-PDO 
production while reducing the byproduct 3-HP production; however, 
excessive increases, as observed in previous flask cultivations, did not 
improve yields (notably, a 1:1 ratio performed worse than 1:3 as shown 
in Supplementary Fig. 6). Adjusting the glucose-to-glycerol ratio to 1:2, 
the amount of 3-HP decreased to a titer of 5.99 g l−1, and the production 
titer for 1,3-PDO reached a maximum titer of 82.2 g l−1 (Supplementary 
Fig. 8, fermentation run 3).

Aldehyde dehydrogenase screening for 3-HP in  
C. glutamicum
It was hypothesized that C. glutamicum possesses a native aldehyde 
dehydrogenase that converts 3-HPA to 3-HP to supply the NADPH 
demand (Fig. 3a and Supplementary Figs. 5 and 6a). Previous studies 
demonstrating 3-HP production in C. glutamicum have introduced het-
erologous genes into C. glutamicum29,30. At the time of manuscript prep-
aration, a native enzyme responsible for the conversion of 3-HPA to 3-HP 
had not yet been identified. From the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database, 13 aldehyde dehydrogenases were selected, 
7 of which were secondarily validated as aldehyde dehydrogenases 
using a deep-learning-based computational framework we had previ-
ously developed31 by predicting their enzymatic classification from the 
corresponding protein sequences (Fig. 3b,c). All 13 potential candidates 
were subjected to rapid deletion in the wild-type C. glutamicum strain 
using previously developed CRISPR–Cas9 recombineering32, where 11 
strains, each with deletions of the potential aldehyde dehydrogenase, 
were successfully constructed (Supplementary Fig. 9). The individual 
deletion of asd (encoding aspartate-semialdehyde dehydrogenase) and 
gapA (encoding glyceraldehyde-3-phosphate dehydrogenase) were 
unsuccessful as these were essential genes in C. glutamicum. Plasmids 
pCS-glpFKD and pEK-pdu-yE were introduced to each of the 11 strains. 
Flask cultivation results demonstrated that aldehyde dehydrogenase 
Ald (encoded by ald gene) has high specificity toward 3-HP production 
in agreement with previous literature24 and as indicated by the absence 
of 3-HP production (Fig. 3d). Before any further studies, the alcohol 
dehydrogenase gene yqhD was codon optimized for C. glutamicum 
to increase the flux toward 1,3-PDO production, which was shown to 
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the addition of oxygen. Note that all strategies undertaken were accompanied 
by performance assessment with fed-batch fermentations. b, Engineering 
strategies applied to produce 1,3-PDO from glycerol as sole carbon source, 
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have a positive effect (Supplementary Fig. 10). All future strains harbor 
the resulting plasmid pEK-pdu-yEco containing the codon-optimized 
yqhD gene. Fed-batch fermentation using glycerol as a sole carbon 
source with the ald-deleted C. glutamicum strain (designated WAH13) 
harboring pCS-glpFKD and pEK-pdu-yEco demonstrated a stagnation 
in growth (Supplementary Fig. 11, fermentation run 4). One evident 
reason is that the strain was now depleted of reducing power with the 
deletion of the aldehyde dehydrogenase ald. The subsequent addition 
of glucose and increase in air flow rate mitigated the reducing power 
deficiency arising from the ald deletion, thereby resulting in enhanced 
production of 1,3-PDO (83.03 g l−1) when the air flow rate was set to 
1 vvm (Supplementary Fig. 12, fermentation runs 5–7).

Redox engineering via PPP and lactate 
dehydrogenase deletion
To reduce the glucose uptake while increasing the NADPH pool, the 
pgi (encoding glucose-6-phosphate isomerase), zwf (encoding glu-
cose-6-phosphate 1-dehydrogenase), tkt (encoding transketolase), 
opcA (encoding glucose-6-phosphate dehydrogenase), pgl (encoding 
6-phosphogluconolactonase) and tal (encoding transaldolase) genes 
were manipulated to reroute the metabolic flux from glucose toward 
the PP pathway (Supplementary Fig. 13a), as this strategy has been 
demonstrated to have a positive effect on the production of L-ornithine 
and L-arginine in C. glutamicum33,34. To this end, the C. glutamicum strain 
W3PA (start codon of pgi manipulated from ATG to GTG and of zwf 
from GTG to ATG, and native promoter of tkt gene replaced with strong 
sod promoter) was constructed from strain WAH13. Fed-batch culture 
of this strain harboring pCS-glpFKD and pEK-pdu-yEco resulted in a 
lower titer of 74.2 g l−1 compared with strain WAH13 harboring the same 
plasmids. Also, a large amount of lactate, up to 12.9 g l−1, was observed 

during the fermentation (Supplementary Fig. 13b, fermentation run 8). 
It was determined that the NADPH was not limiting, and the excess of 
NADPH had rather resulted in the production of lactate as a byproduct.

It was thus reasoned that the ldhA gene encoding lactate dehydro-
genase should be deleted instead of enhancing the PP pathway as lac-
tate might have been acting as a redox sink. The ldhA gene responsible 
for lactate production from pyruvate was deleted from strain WAH13 
to construct strain WAL. Fed-batch fermentation of the WAL strain 
harboring plasmids pCS-glpFKD and pEK-pdu-yEco rather showed 
a reduction in carbon utilization rate and in 1,3-PDO production  
of 37.0 g l−1, although no lactate had been produced (Supplementary 
Fig. 14, fermentation run 9). The results indicate that the deletion of 
ldhA is detrimental to the production of 1,3-PDO.

Optimizing glucose–glycerol fermentation 
conditions
All fed-batch fermentations were performed under microaerobic 
conditions up to this point, with constant agitation rate (600 rpm)  
without dissolved oxygen control. The fermentation process was  
then optimized using pH-stat feeding for glucose supplementation 
(Methods), which was found to not affect the 1,3-PDO production 
titer (Supplementary Fig. 15, fermentation runs 10 and 11). Given its 
operational simplicity, pH-stat feeding method was adopted for all 
subsequent fermentations requiring glucose.

In a particular run with the W3PA strain harboring plasmids pCS-
glpFKD and pEK-pdu-yEco, lactate accumulation and reduced 1,3-PDO 
production was observed after 67.5 h (Supplementary Fig. 16, fermen-
tation run 12). In light of this failed run, we transitioned to aerobic 
fermentation conditions by setting the dissolved oxygen levels to 10%, 
adjusting the agitation speed accordingly at 71 h to explore potential 
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outcomes before the planned termination of the run. To our surprise, 
this change led to a reduction in byproducts lactate and acetic acid 
and resumed the halted production of 1,3-PDO, reaching a final titer of 
94.7 g l−1 (Supplementary Fig. 16, fermentation run 12). This outcome 
is consistent with the metabolic behavior of C. glutamicum, in which 
organic acids are formed predominantly under oxygen-limiting redox-
overflow conditions35. It was determined that oxygen was a limiting 
factor to the production of 1,3-PDO. Consequently, the fermentation 
conditions were modified to ensure the dissolved oxygen would be 
maintained at 10%, regulating agitation speeds (600–1,000 rpm) and 
injecting pure oxygen once reaching maximum agitation speed. Under  
these conditions, the WAH13 strain harboring pCS-glpFKD and  
pEK-pdu-yEco reached a maximum titer of 138 g l−1 of 1,3-PDO with a 
yield of 0.50 mol mol−1 and productivity of 1.61 g l−1 h−1 (Supplementary 
Fig. 17, fermentation run 13). Taken together, the near-quantitative 
carbon flux toward 1,3-PDO, the absence of reduced overflow metabo-
lites, and the close match between the observed yields and the redox-
balanced stoichiometry of the engineered pathway indicate that the 
production phase proceeded under an effectively balanced intra
cellular redox state.

Integrating glycerol utilization pathway
Following the establishment of high-level 1,3-PDO production in  
C. glutamicum, we next engineered the strain to utilize glycerol as sole 
carbon source. To enable glycerol utilization, the glpFKD operon under 
the H36 promoter was introduced into the genome of the WAH13 strain 
(Supplementary Fig. 18a). The strain exhibited a long lag phase, with 
growth observed only after 72 h in shake flasks containing 40 g l−1 of 
glycerol as the sole carbon source (Supplementary Fig. 18b). The cells  
were adapted to glycerol over several passages (Supplementary Fig. 18c),  
and the adapted strain was introduced with plasmid pEK-pdu-yEco. 
Compared with the WAH13 harboring pEK-pdu-yEco, the resulting 
W13g strain produced a comparable level of 1,3-PDO when utilizing 
glucose and glycerol as carbon sources (Supplementary Fig. 19a) and 
effectively produced 4.2 g l−1 of 1,3-PDO with glycerol as the sole carbon 
source (Supplementary Fig. 19b) in flask cultivation. Sequencing of 
the glycerol utilization pathway region in the W13g strain revealed a 
promoter that emerged from adaptive mutations acquired during the 
adaptation process (Supplementary Fig. 20 and Supplementary Note 1).

Identification of a 1,3-PDO exporter
To further enhance the production of 1,3-PDO, potential exporters of 
1,3-PDO were examined. A previous study indicated that the gene bcr 
from E. coli might encode for an active 1,3-PDO efflux pump, although 
it was not experimentally validated36. An ortholog of this enzyme, des-
ignated NCgl2647, was found to exist in C. glutamicum when analyzed 
through the KEGG Ortholog database (Supplementary Fig. 21a). A plas-
mid expressing NCgl2647 under the strong H36 promoter (pCS-exp1) 
was introduced to W13g strain harboring pEK-pdu-yEco. Overexpres-
sion of the NCgl2647 gene showed an increase of 30% of 1,3-PDO produc-
tion in shake-flask cultivation (Supplementary Fig. 21b). In addition, 
a decrease in byproduct organic acid production was also observed 
(Supplementary Fig. 21c).

Optimizing fed-batch fermentation media and 
conditions
The W13g strain harboring plasmids pEK-pdu-yEco and pCS-exp1 was 
subject to further optimization of fed-batch fermentation conditions 
because the fermentation profiles are different when using glycerol as 
a sole carbon source. Yeast extract was replaced with corn steep liquor 
for all fermentations using the W13g strain for improved performance 
while ensuring low cost (Supplementary Note 2). Oxygen transfer was 
optimized for the W13g strain harboring pEK-pdu-yEco and pCS-exp1, 
and the condition for which the air flow rate was set at 1 vvm with the 
dissolved oxygen level controlled at 10% enabled 87.6 g l−1 of 1,3-PDO 

production (Supplementary Fig. 23, fermentation runs 14–16). Instead 
of manual feeding of glycerol whenever residual glycerol was low, the 
feeding strategy was changed to a pH-stat pulsed feeding strategy 
where glycerol was automatically fed when pH rose above 7.05. With 
the optimized fed-batch fermentation method, the final W13g strain 
harboring plasmids pEK-pdu-yEco and pCS-exp1 was capable of pro-
ducing up to 100.9 g l−1 of 1,3-PDO with a yield of 0.21 mol mol−1 and 
productivity of 1.77 g l−1 h−1 (Supplementary Fig. 24, fermentation  
run 17). The representative 1,3-PDO fed-batch fermentation graphs 
are presented in Fig. 2c.

Transition to a newly isolated C. glutamicum SC97 
strain
To this end, C. glutamicum ATCC 13032-derived strains successfully 
demonstrated high-level 1,3-PDO production: 138 g l−1 from glucose 
and glycerol, and 100.9 g l−1 from glycerol as the sole carbon source. 
Then, a newly isolated C. glutamicum SC97 strain (Hanwha Solutions) 
was engineered for the purpose of prospective commercialization of 
1,3-PDO. At this stage of the work, in contrast to the development of the 
ATCC 13032-derived strain, which focused on utilizing glycerol as the 
primary carbon source, the SC97 strain development shifted toward 
utilizing a higher percentage of glucose driven by price fluctuations 
in carbon sources. Consequently, the glycerol utilization pathway was 
not introduced into this strain. Instead, glycerol was used as a substrate 
to be converted into 1,3-PDO.

To first assess the viability of the C. glutamicum SC97 strain for 
1,3-PDO production, the ald gene, which is responsible for converting 
3-HPA to 3-HP in C. glutamicum, was deleted in the SC97 strain to yield 
the PDO1 strain. Next, the 1,3-PDO biosynthetic pathway was intro-
duced by transforming the PDO1 strain with plasmid pEK-pdu-yEco 
containing the pduCDEGH and yqhDopt genes. Plasmid pCS-exp1 harbor-
ing the NCgl2647 gene encoding 1,3-PDO exporter, was introduced to 
the PDO1 strain harboring pEK-pdu-yEco. All flask cultures were carried 
out in the medium containing 40 g l−1 of glucose and 40 g l−1 of glycerol. 
The strain PDO1 (pEK-pdu-yEco and pCS-exp1) produced 7.9 g l−1 of 
1,3-PDO in shake flasks, which is comparable to the titer achieved by 
the C. glutamicum ATCC 13032-derived WAH13 strain harboring the 
same plasmids (8 g l−1) (Supplementary Fig. 25). To further examine 
the strain performance on a larger scale, fed-batch fermentation was 
carried out using the strain PDO1 harboring plasmids pEK-pdu-yEco 
and pCS-exp1. To our surprise, the strain PDO1 (pEK-pdu-yEco and 
pCS-exp1) produced a remarkable titer, reaching 143.9 g l−1 of 1,3-PDO 
(Supplementary Fig. 26, fermentation run 18). This result highlights 
the C. glutamicum SC97-based strain as a viable and highly promising 
host for industrial-scale 1,3-PDO production.

Screening of auxotroph/plasmid addiction 
systems
To further minimize production costs, we next sought to remove 
isopropyl β-D-1-thiogalactopyranoside (IPTG) and antibiotic selec-
tion altogether. First, we deleted the lacI gene from pEK-pdu-yEco to  
generate pPCO, thereby eliminating the need for IPTG induction. As 
the two-plasmid system (pPCO and pCS-exp1) would normally require 
two different antibiotics, we developed an auxotrophy-based plasmid 
addiction strategy, ensuring stable plasmid maintenance without anti-
biotic supplementation. Plasmid pPCO encodes the key enzymes for 
1,3-PDO biosynthesis, while pCS-exp1 overexpresses NCgl2647, a newly 
identified 1,3-PDO exporter. Given the critical role of the plasmid pPCO 
in the 1,3-PDO pathway, auxotrophy screening was prioritized for this 
plasmid to ensure optimal expression of the biosynthetic genes. The 
maintenance of plasmid pCS-exp1 was fixed by using the β-alanine auxo-
trophy system, as it was previously demonstrated that overexpression 
of the panD gene, encoding aspartate decarboxylase, complemented 
β-alanine auxotrophy in C. glutamicum37. Therefore, for pCS-exp1 main-
tenance, a β-alanine auxotrophic strain was engineered by deleting 
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the panD gene, yielding the PDO2 strain. Complementation of this 
auxotrophy was achieved by cloning panD under Its native promoter 
into pCS-exp1, resulting in the construction of plasmid pCS-exp1-panD.

Leveraging the strong and well-established amino acid pathways 
of C. glutamicum, we selected several key genes involved in amino 
acid biosynthesis to screen for an optimal auxotrophy/plasmid 

addiction system for maintaining the expression of the pduCDEGH and  
yqhDopt genes. Six complete pairs of double-auxotrophic strains were 
tested (Fig. 4a and Supplementary Table 2). Targeted single-gene 
deletion of the gdh (glutamate dehydrogenase), pat (phenylalanine 
aminotransferase), trpB (tryptophan synthase), metE (homocysteine 
methyltransferase), argG (arginosuccinate synthetase) and aspB 
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(aspartate aminotransferase) genes in the PDO2 strain resulted in the 
construction of the PDO2-1, PDO2-2, PDO2-3, PDO2-4, PDO2-5 and 
PDO2-6 strains, respectively. Then, to complement the auxotrophy, 
each corresponding gene was also cloned into pPCO under the H36 
promoter, yielding plasmids pPCO-gdh, pPCO-pat, pPCO-trpB, pPCO-
metE, pPCO-argG and pPCO-aspB. These plasmids were then cotrans-
formed with pCS-exp1-panD into the respective auxotrophy strains. 
Next, fed-batch fermentations were performed on each of these trans-
formed strains without antibiotic supplementation (Fig. 4b and Supple-
mentary Figs. 27–32, fermentation runs 19–24). Among the six strains, 
the PDO2-6 strain harboring pPCO-aspB and pCS-exp1-panD exhibited 
the highest 1,3-PDO production with a titer of 141.1 g l−1 of 1,3-PDO with a  
yield and productivity of 0.47 mol mol−1 and 1.81 g l−1 h−1, respectively 
(Supplementary Fig. 32, fermentation run 24). Strains with other  
pairs, except for pat and trpB, also demonstrated production of  
1,3-PDO without antibiotic supplementation (Fig. 4). The robustness  
of the aspB/panD auxotrophy-based plasmid retention system was 
further validated through serial-transfer and quantitative polymerase 
chain reaction (qPCR)-based plasmid-stability analyses performed 
under complex-medium conditions, demonstrating stable main-
tenance of both plasmids over extended generational time scales  
(Supplementary Note 5, Supplementary Fig. 39 and Supplementary 
Tables 15 and 16).

In PDO2-6 harboring pPCO-aspB and pCS-exp1-panD, the aspB 
gene, which was responsible for converting oxaloacetate to L-aspartate, 
was deleted, resulting in the auxotrophy of L-aspartate. L-aspartate is 
a precursor of various amino acids, including L-lysine, L-isoleucine, 
L-threonine, L-methionine and β-alanine (Fig. 4a). Thus, there could 
have been a synergistic effect of both aspB and panD auxotrophy/
plasmid addiction systems, as β-alanine production is dependent on 
the availability of L-aspartate. From this result, it was evident that amino 
acid auxotroph/plasmid addiction system is effective for developing an 
antibiotic-free strain, for high-level production of 1,3-PDO. The strategy 
was shown to maintain plasmids at the fed-batch fermentation-level, 
indicating the stability of the system.

An optimized sequence of the exporter NCgl2647 gene was cloned 
to construct pCS-exp2-panD (Supplementary Note 3). In fed-batch 
fermentation, the PDO2-6 strain harboring plasmids pPCO-aspB and 
pCS-exp2-panD demonstrated improved production (148.2 g l−1) and 
productivity (2.06 g l−1 h−1) by 5% and 13.9%, respectively, while main-
taining comparable yield (0.46 mol mol−1) (Supplementary Fig. 33, 
fermentation run 25). Therefore, plasmid pCS-exp2-panD was used 
for all subsequent studies.

Genome-scale model-based gene engineering  
of C. glutamicum SC97
In industrial-scale fermentation, the yield and productivity are addi-
tional critical metrics for assessing the economical and marketing 
feasibility of the production process. Although a high-level 1,3-PDO 
titer of 148.2 g l−1 has been achieved, further improvements in yield 
and productivity remain necessary. To address this, in silico predic-
tions were used to guide strain engineering strategies for optimizing 
1,3-PDO production performance.

As the C. glutamicum SC97 strain was newly isolated in this study, 
next-generation sequencing was performed to obtain its genomic 
information. A genome-scale metabolic model of SC97 was constructed 
using CarveMe38, which can be used for in silico simulations to identify 
gene targets for engineering. Initial efforts focused on increasing the 
NADPH pool and reducing growth, as these factors are correlated 
with 1,3-PDO yield. Statistical analysis identified five genes (Supple-
mentary Table 3), with strong negative correlations between growth 
and NADPH availability as downregulation targets. These genes were 
downregulated by modifying their start codons (for example, ATG 
to GTG or GTG to TTG). However, flask cultivation of the resulting 
strains showed no substantial improvement in 1,3-PDO production, 

and in some cases, production was lower than that of the control strain  
(Supplementary Fig. 34).

Subsequent in silico analysis identified five overexpression target 
genes predicted to enhance 1,3-PDO production (Fig. 4c and Supple-
mentary Table 3). These genes, linked to a positive linear relationship 
with 1,3-PDO production rates, were cloned individually into plas-
mid pCS-exp2-panD under the constitutive H36 promoter. Among 
the tested overexpression targets, overexpression of the sucCD gene 
(encodes for succinyl-CoA synthetase) and aspA gene (encodes 
for aspartate ammonia-lyase) led to substantial improvement in 
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1,3-PDO production in flask cultivation, achieving titers of 7.51 g l−1 and  
7.53 g l−1, both representing approximately a 54% increase compared 
with the control strain (4.9 g l−1) (Supplementary Fig. 35). We hypoth-
esize that the sucCD gene overexpression enhances lower tricarboxylic 
acid (TCA) cycle flux, improving ATP generation and CoA regenera-
tion, thereby supporting sustained glycerol oxidation and 1,3-PDO 
formation. In parallel, the aspA gene overexpression introduces an 
additional anaplerotic route toward oxaloacetate, increasing carbon 
flux through malate and promoting NADPH regeneration via the native 
malic enzyme pathway. Because YqhD-dependent conversion of 3-HPA 
to 1,3-PDO requires NADPH, these metabolic effects are consistent 
with the substantial increases in 1,3-PDO titer observed in both cases.

Fed-batch fermentations were performed in 6.6-l bioreactors to 
assess the impact of target gene overexpression on 1,3-PDO production 
at a larger scale. Two strains, each overexpressing a different target 
gene (aspA or sucCD), were evaluated (Fig. 4d,e). The strain overex-
pressing the aspA gene (Supplementary Fig. 36, fermentation run 
26) showed no improvement over the control strain. By contrast, the 
strain overexpressing the sucCD gene achieved a 1,3-PDO production of 
141.5 g l−1, without byproduct accumulation, and outperformed the con-
trol strain in both yield (0.61 mol mol−1) and productivity (2.95 g l−1 h−1) 
(Supplementary Fig. 37a, fermentation run 27). This corresponds to 
a 33% increase in yield and a 43% improvement in productivity com-
pared with the control strain (Supplementary Fig. 33, fermentation 
run 25). These results demonstrate the efficacy of in silico simulations 

in identifying effective overexpression targets, leveraging the newly 
constructed genome-scale metabolic model of C. glutamicum SC97. 
To further assess the industrial relevance of the developed process, 
we conducted preliminary TEA and LCA based on the current pro-
cess configuration (Fig. 5 and Supplementary Note 6). For context, 
the TEA results were compared with reported industrial benchmarks 
from DuPont, Genencor and Tate & Lyle39, while the LCA results were 
compared with data for commercial biobased 1,3-PDO from Primient 
Covation (formerly DuPont–Tate & Lyle)40.

Demonstration in 30-l and 300-l pilot-scale 
fermentation
To assess the scalability of 1,3-PDO production, the final strain over-
expressing sucCD gene (PDO2-6 harboring pPCO-aspB and pCS-exp2-
panD-sucCD) was first subjected to 30-l pilot-scale fermentation 
without antibiotic supplementation. In 30-l fermentation, 120.2 g l−1 of 
1,3-PDO was produced, with a productivity and yield of 2.07 g l−1 h−1 and 
0.45 mol mol−1 glucose and glycerol, respectively (Fig. 6a). To further 
evaluate the strain performance on an even larger-scale fermentation, 
300-l pilot-scale fermentation was performed using the same strain. 
The strain produced a 1,3-PDO titer of 127.8 g l−1 with a productivity and 
yield of 1.77 g l−1 h−1 and 0.33 mol mol−1 glucose and glycerol, respec-
tively (Fig. 6b). Although these titers were slightly lower when com-
pared with the titer achieved in 6.6-l laboratory-scale fermentation, 
this outcome was expected, as the pilot fermentations were conducted 
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Fig. 6 | Pilot-scale fermentation (30-l and 300-l) demonstration of the PDO2-6 strain harboring plasmids pPCO-aspB and pCS-exp2-panD-sucCD. a, Illustration of 
a 30-l fermentation system and its fermentation profile. b, Illustration of a 300-l fermentation system and its fermentation profile.
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primarily as prototype demonstrations to validate strain robustness 
and process scalability, rather than fully optimized production runs. 
Certain limitations were evident at this stage, including reduced yield 
and productivity probably linked to oxygen transfer and mixing con-
straints intrinsic to large bioreactor systems. These factors represent 
engineering aspects to be further improved through optimization of 
aeration, impeller configuration and feed-control strategies. Such 
process refinements can be evaluated in conjunction with TEA to quan-
titatively assess how scale-dependent changes in titer, rate and yield 
impact overall process economics and energy demand. The absence 
of antibiotics in both fermentations supports the feasibility of using 
this strain for commercial production while addressing economic, 
regulatory and environmental concerns associated with antibiotic 
use. Despite the scale-up challenges, the strain maintained high titers 
across scales, demonstrating robust performance under increasingly 
industrially relevant conditions. These results demonstrate the devel-
opment of a strain capable of maintaining high production levels in 
large-scale fermentations.

Discussion
This study presents a comprehensive strategy for the production of 
1,3-PDO using C. glutamicum, demonstrating its potential as a robust 
and scalable host for microbial 1,3-PDO biosynthesis. By leveraging 
advanced systems metabolic engineering, including the construc-
tion of a glycerol utilization pathway, the elimination of antibiotic 
reliance through auxotrophy-based plasmid addiction systems, and 
in silico simulations to optimize yield and productivity, we achieved 
high 1,3-PDO titers across scales. The engineered C. glutamicum ATCC 
13032-derived strain reached a titer of 138 g l−1, while the newly isolated 
C. glutamicum SC97 strain produced 143.9 g l−1 in 6.6-l bioreactors. The 
final production strain, developed without antibiotic supplementation 
by using an auxotrophy-based plasmid addiction system targeting 
the aspB gene and guided by in silico simulation of the sucCD gene 
overexpression strategy, achieved 1,3-PDO production of 141.5 g l−1. 
This strain outperformed the control in both yield (0.61 mol mol−1) and 
productivity (2.95 g l−1 h−1). TEA and LCA provided an initial assessment 
of economic and environmental performance. Upon pilot-scale valida-
tion, the same strain produced 127.8 g l−1 1,3-PDO in 300-l fermentation. 
The demonstrations at larger scales were conducted to confirm strain 
robustness and scalability under scaled conditions, rather than to repre-
sent fully optimized industrial operation. Taken together, these results 
demonstrate scalable production and provide a basis for subsequent 
process-level optimization and evaluation. Moreover, the identifica-
tion of a promoter arising from adaptive laboratory evolution and a 
native 1,3-PDO exporter provides valuable tools for further metabolic 
engineering efforts. Further improvement could be achieved through 
chromosomal integration of the optimized pathway and refinement 
of large-scale bioprocess parameters, including aeration and feed-
ing strategies, to enhance genetic stability and process performance 
under industrial conditions. This study demonstrates the effective 
transition from employing systems metabolic engineering strategies 
in the model organism (C. glutamicum ATCC 13032) to applying and 
optimizing these strategies in the newly isolated strain (C. glutami-
cum SC97), developed for commercialization purposes. By advancing 
both strain robustness and process scalability, this work contributes to 
bridging the gap between laboratory-scale research and subsequent 
bioprocess optimization.

Methods
Strains and media
All bacterial strains, plasmids and oligonucleotide primers used in 
this study are listed in Supplementary Tables 4 and 5. E. coli DH5α was 
used for general cloning work. C. glutamicum ATCC 13032 was used as a 
base strain for engineering 1,3-PDO overproduction. For routine work, 
 E. coli was grown in Luria–Bertani (LB) broth (10 g l−1 of tryptone, 5 g l−1 

of yeast extract, and 10 g l−1 of NaCl) or on LB plates (1.5%, w/v, agar).  
C. glutamicum was routinely grown in BHIS broth (37 g l−1 of brain heart 
infusion and 91 g l−1 of sorbitol) or on BHIS plates (1.5%, w/v, agar). When 
needed, appropriate antibiotics were added: 25 mg l−1 of kanamycin 
(Km) or 100 mg l−1 of spectinomycin (Spc) for E. coli; 25 mg l−1 of Km, 
200 mg l−1 of Spc and/or 1 mM IPTG for C. glutamicum. Details regarding 
the reagents used in this study are listed in Supplementary Table 26.

Construction of C. glutamicum expression plasmids
Construction of all plasmids and Gibson assembly done in this study 
was performed according to standard procedures41,42. Synthesis of all 
oligonucleotide primers and service of DNA sequencing were provided 
by Genotech. E. coli DH5α strain was used for general cloning work. 
The yqhD gene from E. coli with codon optimization to C. glutamicum 
(designated as yqhDopt) (Supplementary Table 6) was synthesized at 
MBIOTECH. Restriction enzymes used in this study were purchased 
from New England Biolabs. PCR was performed with the C1000 Thermal 
Cycler (Bio-Rad). The details on plasmid constructions and their primer 
pairs used for cloning are provided in Supplementary Table 7. All recom-
binant plasmids were confirmed by colony PCR and DNA sequencing.

Construction of plasmids and strains for genetic manipulation
For CRISPR-based genetic manipulations, the gene-knockout CRISPR 
plasmids were constructed32. In brief, optimal guide RNA targets with 
the least number of off-targets were designed and synthesized as M9*_F 
forward primers (Supplementary Table 8) and used with universal 
reverse primer M5A_R to amplify the single guide RNA (sgRNA) tem-
plate from pUC19-sgRNA to generate sgRNA fragments. Extension 
PCR was done with primer pairs M9K_F and M5E_R and individually 
subcloned to StuI digested pEKts-Cas9 with Gibson assembly to cre-
ate plasmids pCG9ts-ALD1 to pCG9ts-ALD13. For sacB-based genetic 
manipulations43, the engineering procedures were performed using a 
marker-free system employing the Bacillus subtilis sacB gene through 
two rounds of homologous recombination44. Cells were transformed by 
electroporation and plated on BHIS agar containing Km. After incuba-
tion at 30 °C for 48 h, colonies were screened for the first recombina-
tion by PCR, and the successful ones were subsequently plated on BHIS 
agar containing 14% (w/v) sucrose for sacB-based counter-selection. 
Colonies that lost Km resistance were selected, and genomic modifica-
tions were confirmed by PCR or sequencing.

Routine C. glutamicum transformation protocol
The cells were first grown from glycerol stock in 5 ml BHIS medium for 
16 h. Then, 1 ml of cells was inoculated into 50 ml of BHIS medium in 
an Erlenmeyer flask and cultured for 3–6 h until the OD600 reached 1–2. 
Cells were collected by centrifugation at 4 °C for 5 min at 6,000 rpm 
(8,054g). The cells were then washed with ice-cold sterilized 10% glyc-
erol in distilled water. The cells were then centrifuged and washed one 
more time. The washed cells were diluted with 500 μl of 10% glycerol. 
Cells were transformed with about 2 μg DNA by electroporation (1.8 kV 
and 200–600 Ω), which was immediately followed by adding 700 μl 
BHIS medium. Then, cells were recovered for 1–2 h at 30 °C, and spread 
on the BHIS plates containing appropriate antibiotics. Cells were incu-
bated at 30 °C for 2–4 days until colonies appeared. Transformations 
for genomic manipulations were performed as described above, except 
that the seed culture was transferred to NCM medium32 in Erlenmeyer 
flasks instead of BHIS.

Identification of native aldehyde dehydrogenases using 
DeepEC
Thirteen proteins were identified as aldehyde dehydrogenases 
in the C. glutamicum strain from the KEGG database. Using a deep-
learning-based computational framework DeepEC that predicts EC 
numbers from protein sequences31, eight proteins acting as alde-
hyde dehydrogenase were identified (seven overlapped with those 
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identified using KEGG database). Gene deletions were performed 
on 11 of the proteins found in both results. The Python package for 
DeepEC was installed from the Bitbucket repository, and the protein 
FASTA file, which was used as input for DeepEC, was downloaded from 
GenBank (GCA_000011325.1).

Genome manipulation using CRISPR–Cas9-assisted 
recombineering for native aldehyde dehydrogenase screening
The deletion of each target gene in C. glutamicum ATCC 13032 was 
done using CRISPR–Cas9-assisted recombineering method32. To sum-
marize the procedure, competent cells of C. glutamicum ATCC 13032 
harboring pTacCC1-HrT were transformed by electroporation with 
pCG9ts-ALD1 and ssODN_ALD1 (Supplementary Table 9) to yield the 
WAH1 strain. Deletion for the other 12 targets was done similarly, with 
the respective pCG9 plasmid/ssODN pairs. To screen the strain with 
the least 3-HP accumulation, flask cultivation of the 13 engineered 
strains harboring pCS-glpFKD and pEK-pdu-yE was done using modi-
fied CGXII media. After 48 h of culture, the supernatant was analyzed 
through high-performance liquid chromatography to compare 3-HP 
accumulation in each strain.

1,3-PDO toxicity test
1,3-PDO toxicity to the wild-type C. glutamicum ATCC 13032, E. coli 
W3110 and K. pneumoniae KCTC 2952 was investigated in shake-flask 
cultures. Pre-seed culture of the C. glutamicum strain was cultured 
for 16 h at 200 rpm and 30 °C in a 50-ml conical tube containing 5 ml 
of BHIS. For E. coli and K. pneumoniae, both strains were cultured 
for 12 h at 200 rpm and 37 °C in 25-ml test tubes containing 10 ml LB 
medium. Then, cells were inoculated to 300-ml baffled flasks con-
taining 25 ml CGXII medium with 40 g l−1 glucose as the sole carbon 
source for C. glutamicum, and to 50 ml MR medium. The MR medium 
(pH 6.8) contains (per liter) 4 g (NH4)2HPO4, 6.67 g KH2PO4, 0.8 g cit-
ric acid, 0.8 g MgSO4·7H2O and 5 ml of a trace metal solution (10 g 
FeSO4·7H2O, 2.2 g ZnSO4·7H2O, 1 g CuSO4·5H2O, 0.58 g MnSO4·5H2O, 
0.02 g Na2B4O7·10H2O, 2 g CaCl2·2H2O and 0.1 g (NH4)6Mo7O24 per liter 
of 5 M HCl). The cells were transferred to match the starting OD600 of 
0.2 for C. glutamicum and 0.05 for E. coli and K. pneumoniae. The 1,3-
PDO stock solution was added to the flask at the beginning in different 
concentrations indicated. Control flasks without 1,3-PDO addition 
were also cultured. Flasks were cultured for 24 h at 200 rpm at 30 °C for  
C. glutamicum and 37 °C for E. coli and K. pneumoniae. Cell growth was 
monitored by measuring OD600.

Abridged-Adaptive Laboratory Evolution (Ab-ALE)
C. glutamicum W13G strain was grown in 25 ml CGXII medium28 in 300-
ml baffled flasks. Initial glycerol concentration was set to 10 g l−1, 20 g l−1 
and 40 g l−1, and the shake-flask cultivation was done in triplicates. 
After 48 h, one of the strains grown in 20 g l−1 glycerol grew the fastest 
among all the other glycerol conditions. The fastest-growing strain 
was chosen for Ab-ALE, where ALE was done over eight generations, 
transferring 250 µl of inoculum from the previous flask to the next 
flask containing 25 ml of fresh media. The fifth to eighth generation 
was done with an initial glycerol concentration of 40 g l−1 as opposed 
to 20 g l−1 as in earlier generations.

Cultivation conditions
Flask cultivations of C. glutamicum were conducted in 300-ml baffled 
flasks containing 25 ml of modified CGXII medium (Supplementary 
Table 10) supplemented with 40 g l−1 of carbon source. The carbon 
source composition used is as mentioned in each cultivation. Both seed 
and flask cultures were done at 200 rpm and 30 °C. The seed culture 
was inoculated from the glycerol stock in 5 ml BHIS medium for 16 h. 
The seed was transferred to the flask medium to match the starting 
OD600 of 0.1 and cultured for 48 h. Cells were induced by adding 1 mM 
IPTG from the beginning of the culture unless otherwise mentioned.

Fed-batch fermentations were performed in a 6.6-l jar fermenter 
(Bioflo 320; New Brunswick Scientific) containing 1.8 l modified CGXII 
medium (Supplementary Table 10). Cells were spread onto BHIS agar 
plates and then incubated at 30 °C for 24 h. Then, the pre-seed culture 
was prepared by inoculating the cells from the plate to a 50-ml conical 
tube containing 5 ml of BHIS medium. Both pre-seed and seed cultures 
were incubated at 200 rpm and 30 °C. After 16 h, the pre-seed culture 
was transferred into four 50-ml seed cultures in 300-ml baffled flasks, 
and the volume of cells transferred was adjusted to achieve an initial 
OD600 of 0.1. After 24 h, 200 ml of the seed culture was transferred to 
the fermenter. For microaerobic fermentations, the agitation was main-
tained at 600 rpm and the air flow rate was maintained at 0.5 l min−1. 
For aerobic fermentations, the air flow rate was maintained at 2 l min−1, 
dissolved oxygen levels were maintained at 10% with agitation rang-
ing from 600 rpm to 1,000 rpm, and pure oxygen was injected after 
reaching maximum agitation. For manual feeding conditions, feed-
ing solution was manually added each time the residual substrate 
level decreased to <10 g l−1. For pH-stat feeding, the feeding was added 
whenever pH rose above 7.20 for glucose and whenever pH rose above 
7.05 for glycerol only fermentations. For all fed-batch fermentations 
including the pilot-scale fermentation, the pH was maintained at 7.0 
by the addition of 28% (v/v) NH4OH solution ( Junsei Chemical) and the 
temperature was maintained at 30 °C. Foaming was suppressed by add-
ing antifoam 204 (Sigma-Aldrich). The feeding solution composition 
is provided in Supplementary Table 11.

The pilot-scale fermentations were performed using 30-l and 300-l 
fermenters (KoBioTech) containing modified CGXII medium (9 l for 
30-l fermentation, and 90 l for 300-l fermentation) (Supplementary 
Table 12). For both fermentations, the pre-seed culture was prepared by 
inoculating the cells from the plate into a 50-ml conical tube containing 
5 ml BHIS medium. All pre-seed and seed cultures were grown at 30 °C 
in a shaking incubator (200 rpm). For 30-l fermentation, after 16 h, the 
pre-seed culture was transferred to two 2-l baffled flasks containing 
500 ml seed medium, and the starting culture OD600 was matched to 
0.1. After 24 h, the seed culture was transferred to the 30-l fermenter. 
For 300-l fermentation, after 16 h, the pre-seed culture was transferred 
to two 300-ml baffled flasks containing 50 ml of the seed medium, 
and the starting culture OD600 was matched to 0.1. After 16 h, the seed 
culture was transferred to five 3-l baffled flasks, each containing 1 l seed 
medium. Similarly, the cells were transferred to match the seed culture 
to OD600 0.1. After 24 h, the seed culture was transferred to the 300-l 
fermenter. For both fermentations, the dissolved oxygen levels were 
maintained at 10%, with agitation ranging from 150 rpm to 450 rpm for 
30 l and 100 to 350 rpm for 300 l, and pure oxygen was injected after 
reaching maximum agitation. For both fermentations, the glycerol 
was supplemented manually. The glucose feeding was performed by 
using the pH-stat feeding, and added whenever pH rose above 7.1. For 
all fed-batch fermentations reported in this study, excess glycerol was 
intentionally maintained during manual feeding to avoid substrate 
limitation. Residual glycerol concentrations in the broth were fully 
subtracted from the total glycerol fed, and all reported yields were 
calculated based solely on the consumed substrate. Product titer was 
calculated based on concentrations measured in the fermentation 
supernatant, whereas yield was calculated as the total amount of prod-
uct formed relative to the total substrate consumed, without correction 
for biomass volume. For interested readers, biomass volume-adjusted 
yields are provided in Supplementary Table 1.

Serial-transfer flask cultivation
Serial-transfer flask cultivation was performed using the final produc-
tion strain (PDO2-6 harboring pPCO-aspB and pCS-exp2-panD-sucCD). 
Flask cultivation was conducted under the same conditions described 
in the general cultivation section, using CGXII medium supplemented 
with 40 g l−1 of glycerol and 40 g l−1 of glucose. For each transfer cycle, 
cultures were inoculated to an initial OD600 of 0.2 in 25 ml working 

http://www.nature.com/natchemeng
https://www.ncbi.nlm.nih.gov/assembly/GCA_000011325.1


Nature Chemical Engineering | Volume 3 | May 2026 | 272–285 283

Article https://doi.org/10.1038/s44286-026-00389-w

volume per flask. At the end of each cycle, OD600 and 1,3-PDO concen-
trations were measured, and the culture was transferred into fresh 
medium to initiate the next cycle.

Genomic DNA extraction and qPCR analysis
For genomic DNA extraction, cells collected at 24 h and 96 h of the 
serial-transfer flask cultivation experiment were normalized to an OD600 
of 3 in a 1 ml volume. The genomic DNA was extracted from the cells by 
AccuPrep Genomic DNA Extraction Kit (Bioneer), and the qPCR was per-
formed using AccuPower GreenStar qPCR PreMix (Bioneer), following 
the manufacturer’s instructions. The qPCR was performed using Quant-
Studio Real-Time PCR System (Applied Biosystems, Waltham). For the 
chromosomal reference, primers NCgl2772_F/NCgl2772_R were used45. 
For the pPCO-aspB and pCS-exp2-panD-sucCD retention evaluation, 
the primer pairs pdu_F/pdu_R and exp_F/exp_R were used, respectively.

Analytical methods
Cell growth was monitored by measuring optical density at 600 nm 
(OD600) with an Ultrospec 3000 spectrophotometer (Amersham Bio-
sciences). The concentration of metabolites such as glucose, glycerol, 
1,3-PDO, lactate and others was analyzed using a Waters 1515 high-
performance liquid chromatograph (Waters) equipped with Waters 
2414 refractive index detectors. The 3-HP concentration was measured 
using high-performance liquid chromatography (Agilent 1100 series 
with diode array detector (DAD) detectors and an Agilent MetaCarb 
87H column, with detection at 210 nm) using 0.1% H3PO4 at 40 °C at a 
flow rate of 0.5 ml min−1.

In silico simulation
Simulations to identify downregulation targets for increasing the 
NADPH pool for 1,3-PDO production were conducted using the Flux 
Variability Scanning based on Enforced Objective Flux (FVSEOF) algo-
rithm. The FVSEOF algorithm systematically enforces flux through 
reactions while performing flux variability analysis to identify key 
targets that can enhance the production of desired metabolites46. An 
artificial NADPH external equation was incorporated into the metabolic 
model and set as the objective function to identify downregulation 
target genes using the FVSEOF algorithm.

Next, additional simulations were conducted to identify the  
overexpression targets to enhance 1,3-PDO production. The simulation 
was carried out as follows. First, flux balance analysis was performed to 
determine the minimum and maximum flux values for 1,3-PDO produc-
tion. Next, the range between the minimum and maximum values was 
evenly divided, and constraint conditions were applied incrementally 
from the minimum to the maximum value. For each constraint on 
1,3-PDO, the cell growth rate was maximized to obtain the maximum 
growth rate under the given condition. Then, the reference flux was 
calculated by maximizing the cell growth rate. Finally, the least abso-
lute deviation regression was used to minimize the difference between 
the reference flux and the constraints on 1,3-PDO production and cell 
growth values determined in the previous steps47. Through statistical 
analysis of the resulting intracellular flux distributions, reactions 
exhibiting a linear positive correlation with the 1,3-PDO production 
rate were designated as overexpression targets.

TEA and LCA
Process simulations were carried out in Aspen Plus (version 15, Aspen 
Technology) under steady-state conditions, and economic evaluation 
was conducted using the Aspen Process Economic Analyzer (APEA). 
The process was divided into modules for medium preparation, seed 
train, fermentation, recovery, purification and utilities reflecting the 
configuration set by the Hanwha Solutions facility. Installed equipment 
costs (inside battery limits, ISBL) were estimated using the Bare Module 
Cost method48, in which base purchase costs are scaled to equipment 
capacity using a six-tenths rule and corrected for construction material 

and operating pressure. The ISBL cost was calculated as 73.24 billion 
KRW (US$52.31 million). The currency exchange rate used in this analy-
sis was assumed to be US$1 = 1,400 KRW. The outside battery limits 
cost, including utilities, wastewater treatment and supporting infra-
structure, was assumed to be 50% of ISBL, resulting in a total installed 
capital investment of 109.86 billion KRW (US$78.47 million). The design 
basis assumed a working fermenter volume of 300 m3 operated in 48-h 
fed-batch mode followed by 12 h for preparation and turnaround, giv-
ing 60 h per batch and 133 batches per year. Under these conditions, 
the annual 1,3-PDO production capacity is 5,600 metric tons (Supple-
mentary Table 19). Operating costs were calculated from simulated 
consumption of glucose, glycerol, vitamin B12, steam, electricity and 
cooling water using current Korean industrial prices and converted 
to US dollars using the same exchange rate (Supplementary Tables 
20–22). A plant lifetime of 15 years and straight-line depreciation were 
assumed. Net operating profit less adjusted taxes, free cash flow and 
internal rate of return (IRR) were evaluated using discounted cash-flow 
analysis based on a 15-year project lifetime. Sensitivity analysis was con-
ducted by varying the 1,3-PDO selling price and key raw-material prices 
(Supplementary Tables 20 and 23). Detailed stream conditions for each 
stage of the process flowsheet are provided in Supplementary Table 22.

LCA was conducted using material-balance data obtained from 
the Aspen Plus simulation (Supplementary Tables 19 and 24). The sys-
tem boundary was defined as cradle-to-gate and included feedstock 
production and biochemical conversion, while excluding utilities 
(steam, electricity and cooling water), wastewater treatment and infra-
structure. The functional unit was 1 kg of 1,3-PDO, and climate change 
potential (kg CO2 equivalents per kg of 1,3-PDO) was used as the primary 
environmental indicator. Greenhouse gas emissions were quantified 
using carbon-footprint values for glucose and glycerol obtained from 
OpenLCA datasets (Supplementary Table 24). Biogenic CO2 uptake, 
land-use-change impacts and energy credits were not considered. 
Feedstock consumption values were extracted from the fermentation 
stoichiometry in the model, corresponding to 1.13 kg glucose and 
0.76 kg glycerol required per kilogram of 1,3-PDO produced, or 1.26 and 
0.85 kg per kg final product assuming 90% downstream recovery (Sup-
plementary Table 24a). Total climate-change impact was calculated as 
the sum of feedstock-specific contributions.

Genome sequencing and analysis
Whole bacterial genome sequencing was performed by Plasmidsau-
rus using Oxford Nanopore Technology with custom analysis and 
annotation. Reads were aligned to the parental C. glutamicum ATCC 
13032 reference genome (GenBank accession number NC_003450.3), 
and mutations were predicted using Breseq v0.39.0 computational 
pipeline49. A presence–absence matrix of mutations present in each 
clone was then generated (Supplementary Table 25). The parental 
strain W13G has 29 mutations relative to the C. glutamicum ATCC 
13032 reference genome. GenomeDiff files for W13G and the evolved 
strain W13g were analyzed using the gdtools COMPARE function in 
Breseq to compile all detected variants. Mutations were then parsed 
to identify those uniquely present in W13g, which represent evolution-
associated genetic changes potentially contributing to the improved 
1,3-PDO phenotype.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All datasets analyzed during the current study are presented in this 
Article and its Supplementary Information. Source data are provided 
with this paper. These data are also available via Figshare at https://doi.
org/10.6084/m9.figshare.29264624 (ref. 50). The genome sequencing 
data for Corynebacterium glutamicum SC97 have been deposited in 
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the NCBI under accession number JBSORY000000000 (BioProject 
PRJNA1370509). Process simulations were carried out in Aspen Plus 
(version 15, Aspen Technology).

Code availability
The computational pipeline for constructing the resources is available 
via GitHub at https://github.com/kaistsystemsbiology/SC97-GEM.
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