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Corynebacterium Cell Factory 
Design and Culture Process 
Optimization for Muconic Acid 
Biosynthesis
Han-Na Lee1,3, Woo-Shik Shin2, Seung-Yeul Seo3,4, Si-Sun Choi1, Ji-soo Song1, Ji-yeon Kim1,  
Ji-Hoon Park1, Dohoon Lee   2,5, Sang Yong Kim2,5, Sang Joung Lee3, Gie-Taek Chun4 &  
Eung-Soo Kim1

Muconic acid (MA) is a valuable compound for adipic acid production, which is a precursor for the 
synthesis of various polymers such as plastics, coatings, and nylons. Although MA biosynthesis has 
been previously reported in several bacteria, the engineered strains were not satisfactory owing to 
low MA titers. Here, we generated an engineered Corynebacterium cell factory to produce a high titer 
of MA through 3-dehydroshikimate (DHS) conversion to MA, with heterologous expression of foreign 
protocatechuate (PCA) decarboxylase genes. To accumulate key intermediates in the MA biosynthetic 
pathway, aroE (shikimate dehydrogenase gene), pcaG/H (PCA dioxygenase alpha/beta subunit genes) 
and catB (chloromuconate cycloisomerase gene) were disrupted. To accomplish the conversion of 
PCA to catechol (CA), a step that is absent in Corynebacterium, a codon-optimized heterologous 
PCA decarboxylase gene was expressed as a single operon under the strong promoter in a aroE-
pcaG/H-catB triple knock-out Corynebacterium strain. This redesigned Corynebacterium, grown in an 
optimized medium, produced about 38 g/L MA and 54 g/L MA in 7-L and 50-L fed-batch fermentations, 
respectively. These results show highest levels of MA production demonstrated in Corynebacterium, 
suggesting that the rational cell factory design of MA biosynthesis could be an alternative way to 
complement petrochemical-based chemical processes.

Cis, cis-muconic acid (MA), a C6 unsaturated dicarboxylic acid, is a precursor and platform chemical for the 
production of commercially important bulk chemicals such as adipic acid and terephthalic acid1,2. Adipic acid 
and terephthalic acid are chemicals used in the production of various types of plastics including polyethylene 
terephthalate (PET) and nylon-6,6. Currently, the main method for the production of adipic acid is by chemical 
syntheses using petroleum-based feedstock including benzene and high-concentration heavy metals3,4, or as a 
combination of two isomers of cis, cis-MA and cis, trans-MA, which requires expensive catechol (CA)5. Because 
the intermediate products produced by chemical reactions are toxic and cause environmental problems, it is nec-
essary to develop environmentally friendly and economical MA production using engineered microorganisms 
and low-cost materials4.

MA can be biosynthesized through the redesign of aromatic amino acid biosynthetic pathways that can be 
found in most microorganisms, or the degradation pathway of benzene compounds, found in some microorgan-
isms6–10. Several studies on microorganism-based MA biosynthesis have been reported1,2,11–13. Frost and Draths 
successfully biosynthesized MA from glucose for the first time using E. coli14. They introduced three foreign 
genes (aroZ, aroY, and catA) into the aromatic amino acid biosynthetic pathway, to produce MA via stepwise 
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conversions in the shikimate pathway (Fig. 1). According to their report, the main target of MA biosynthesis 
was DHS, the intermediate of the shikimate pathway. DHS dehydratase (AroZ derived from Klebsiella pneumo-
niae) catalyzed DHS to PCA, PCA decarboxylase (AroY derived from Klebsiella pneumoniae) converted PCA 
to CA, and catechol 1,2-dioxygenase (CatA derived from Acinetobacter calcoaceticus) transformed CA to MA. 
Subsequently, the engineered E. coli strains with enhanced production of phosphoenolpyruvate (PEP) and eryth-
rose 4-phosphate (E4P), which were precursors of MA biosynthesis, were constructed to produce MA with a final 
titer of 36.8 g/L in the fed-batch fermentation15. Studies on the production of MA from various types of carbon 
sources using E. coli, Saccharomyces cerevisiae, Pseudomonas, and Amycolatopsis strains have been reported1,16–19. 
In addition, more studies have reported production of MA using a different pathway, from chorismate or anthra-
nilate, though it has low productivity and requires improvement20–22.

Corynebacterium glutamicum, which is a gram-positive soil bacterium that can produce amino acids such 
as L-glutamate and L-lysine on an industrial scale, has recently seen wide use in biorefinery fields that produce 
chemicals from lignocellulosic biomass or mixed sugars containing glucose23–25. Several studies on metabolic 
engineering to produce shikimate from C. glutamicum as a raw material have also been reported26–28. C. glutami-
cum, whose genome is well characterized, has the ability to produce amino acids on a large-scale, indicating that 
it could be an ideal host for MA production using the aromatic amino acid biosynthetic pathway. In a previous 
study, Corynebacterium was used to produce 2−3 g/L MA from benzoate in batch or fed-batch fermentation29,30.

In this study, we engineered a C. glutamicum strain to produce MA from glucose through redesign of the aro-
matic amino acid biosynthetic pathway. Through heterologous expression of a codon-optimized PCA decarboxy-
lase gene cluster under the strong promoter, as well as deletions of several key genes involved in MA intermediate 
bypass routes, an optimized pathway for DHS-PCA-CA-MA was successfully constructed in C. glutamicum. C. 
glutamicum is a well-known cell factory microorganism suitable for metabolic engineering and has long been 
used to produce various aromatic amino acids in a large-scale fermentation process. C. glutamicum requires only 
single heterologous gene to convert PCA to CA, rather than three heterologous genes required in E. coli, which is 
advantageous in designing metabolic circuits for MA production. Moreover, optimization of culture media and 
processes using the MA-producing C. glutamicum strain were performed to achieve a significantly increased titer 
of MA, suggesting that the rational cell factory design in Corynebacterium could be an efficient method for MA 
production.

Results
Redesign of the Corynebacterium shikimate pathway.  To establish an MA biosynthetic pathway simi-
lar to that previously described for E. coli, we engineered a Corynebacterium shikimate pathway. The aroE-encod-
ing shikimate dehydrogenase was deleted from the chromosome to block the conversion of DHS, causing DHS 
to accumulate in the cells.

There were three shikimate/quinate dehydrogenase genes (cg0504, cg1283 and cg1835) in C. glutamicum 
ATCC13032 (http://www.coryneregnet.de). Among them, the cg1835 gene showed 98% identity with aroE 
(cgR1677), which is known as the main shikimate dehydrogenase in the C. glutamicum R strain31. We decided to 
delete the cg1835 gene in wild-type C. glutamicum, yielding a strain named STR001. The STR001 strain, whose 
aroE gene was deleted, could not fully grow on LB and BT agar medium, and could grow in minimal media only 

Figure 1.  Metabolic pathway for muconic acid production in Corynebacterium glutamicum. The red lines 
represent the engineered path, and the blue text represents disrupted genes. Dashed arrows indicate multiple 
enzyme reactions. PEP, phosphoenolpyruvate; E4P, erythrose 4-phophate; DAHP, 3-deoxy-D-arabino-
heptulosonate-7-phosphate; 3-DHQ, 3-dehydroquinate; 3-DHS, 3-dehydroshikimate; PCA, protocatechuate; 
CA, catechol, MA, muconic acid. Genes and coded enzymes: aroF and aroG, phospho-2-dehydro-3-
deoxyheptonate aldolase; aroB, DHQ synthase; qsuC, shikimate/quinate dehydratase; aroE, shikimate 
5-dehydrogenase; qsuB, phosphate isomerase; pcaG/H, PCA deoxygenase α/β subunits; aroYopt/kpdBDopt, 
codon-optimized PCA decarboxylase and subunits; catA, CA 1,2-dioxygenase; catB, chloromuconate 
cycloisomerase.

http://www.coryneregnet.de
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in the presence of aromatic amino acids (Supplementary Fig. 1). Although DHS never accumulated in the wild 
type, it was confirmed to be accumulated in the STR001 strain, using HPLC analysis (Supplementary Fig. 2).

No PCA accumulation was observed, even though the DHS dehydratase-coding gene (qsuB, cg0502) involved 
in the conversion of DHS to PCA were present in C. glutamicum. Accordingly, it was speculated that PCA 
could be degraded by pcaG/H to form β-carboxy cis, cis-muconate, and further metabolized to acetyl-CoA or 
succinyl-CoA through a β-ketoadipate intermediate (Fig. 1). To block the conversion of PCA to β-carboxy-cis-
,cis-muconate, we decided to generate the strain that could accumulate PCA in the cells. The PCA 3,4-dioxygenase 
was composed of PcaG (cg2630) and PcaH (cg2631), representing the α and β subunits, respectively. The pcaG/H 
genes were additionally deleted in the STR001 strain, and the resulting strain was named as STR002. As expected, 
DHS and PCA were confirmed to be accumulated in the STR002, using HPLC analysis (Supplementary Fig. 1).

To prevent the metabolic processing of MA to muconolactone, and thus obtaining MA as the final product, 
it was necessary to delete catB, which encodes chloromuconate cycloisomerase (Fig. 1). The catB gene was also 
deleted using a similar scheme as for other genes, yet no MA was accumulated in the resulting STR003 strain 
(Supplementary Fig. 1). To confirm that in principle MA accumulation is possible32, benzoate was added to strain 
STR003. As expected, MA was confirmed to be accumulated when benzoate was supplemented in the culture 
medium (Supplementary Fig. 3, Supplementary Table 2). Even when the catechol was added to the medium, 
a small amount of MA was also detected, suggesting that the conversion from benzoate/catechol to MA was 
possible.

Functional heterologous expression of PCA decarboxylase genes.  Since we confirmed that MA 
could be synthesized from benzoate via the β-ketoadipate pathway as described above, we expected that MA 
could be produced by linking the missing conversion route from PCA to CA (Fig. 1). The PCA decarboxylase 
genes involved in the conversion of PCA to CA were searched. Since K. pneumoniae-derived PCA decarbox-
ylases were successfully expressed in E. coli and S. cerevisiae14,16, two decarboxylase genes in K. pneumoniae, 
kpdC (Klebsiella pneumoniae decarboxylase encoding 4-hydroxybenzoate decarboxylase) and aroY (encoding 
PCA decarboxylase), were synthesized after codon-optimization for C. glutamicum. A modified plasmid named 
pMESK101 was constructed for the expression of target genes by the introduction of multiple cloning sites into 
pSK1Cat33. The kpdCopt gene (KPN_03097p) and the aroYopt gene (KPN_01161p) were cloned into pMSEK101 
under the control of the P180 promoter, resulting in pMESK102 and pMESK103, respectively (Table 1, Fig. 2A). 
The P180 (180 bp intergenic fragment of cg2195 encoding putative membrane protein) was selected as a strong 
promoter and showed better homoserine acetyltransferase activity in C. glutamicum33,34. The C. glutamicum 
strains expressing pMESK102 and pMESK103 were named STR004 and STR005, respectively, and were tested 
to determine whether MA accumulated in their culture broths. However, MA accumulation did not occur in 
those strains (Fig. 2B, Supplementary Figs 2 and 4). It has been reported that the genes encoding decarboxylases, 
including PCA decarboxylase, require the co-expression of two other genes for full enzyme activity35–37. The 

Figure 2.  (A) Schematic representation of the operons, including the PCA decarboxylase gene and/or subunit 
genes, constructed in this study. aroYopt or kpdCopt, codon-optimized decarboxylase gene derived from K. 
pneumoniae; kpdBopt and kpdDopt, codon-optimized PCA decarboxylase subunit genes derived from K. 
pneumoniae. kpdBopt, kpdCopt and kpdDopt genes are transcriptionally coupled. RBS represents ribosome binding 
site. (B) Production of metabolites by C. glutamicum strains harboring gene operons (presented in panel A). 
Grey, DHS; sky blue, PCA; blue, MA. Error bars represent standard deviations based on duplicate experiments.
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co-expression of decarboxylase-associated proteins in a P. putida KT2440-based strain reduced PCA accumu-
lation and increased the production of MA from aromatic lignin and/or glucose17. The decarboxylase found 
in K. pneumoniae is clustered with two further genes (kpdB, kpdC, kpdD) in the chromosome, kpdB and kpdD 
coding for the subunit and kpdC coding for 4-hydroxybenzoate decarboxylase. So three genes (kpdB, kpdC, 
kpdD) were codon-optimized in an original coupling form for plasmid-based overexpression and named 
pMESK104 (BCDopt). The aroYopt gene was also synthesized for decarboxylase activity in the form of the aroY, 
kpdB, kpdD operon (YBDopt), and named pMESK105 as shown in Fig. 2A. The aroE-pcaG/H-catB triple knockout 
Corynebacterium strains containing pMESK104 and pMESK105, were generated as strains STR006 and STR007, 
respectively. The accumulation of MA, which was not seen before, was finally detected in both strains (Fig. 2B), 
although only a small concentration of MA was formed with still substantial concentrations of the intermediates 
DHS and PCA.

To increase the MA titer, promoter optimization for foreign decarboxylase expression was required to increase 
the efficiency of MA conversion. To select the strong promoter of the highly expressed genes, as well as the 
expression profiles of the genes involved in MA biosynthesis, transcriptome analysis was performed using the 
STR003 strain. Approximately 3100 genes were analyzed via RNA-sequencing and the genes with higher expres-
sion based on standardized transcription values (RPKM) were identified. The expression levels of the genes at 
7 h (log-phase cells) and 12 h (stationary-phase cells) were sorted in order of highest expression in the STR003 
strain (Supplementary Fig. 5). Based on the RNA-sequencing analysis, two strong promoters named Ptuf (pro-
moter of cg0587 encoding elongation factor TU) and Psod (promoter of cg3237 encoding superoxide dismutase) 
were selected, regardless of culture or growth conditions, which were then used for PCA decarboxylase gene 
expression. Plasmids were constructed to express two types of PCA decarboxylase/subunit gene under each of the 
selected promoters and named pMESK106 (Ptuf_BCDopt), pMESK107 (Ptuf_YBDopt), pMESK108 (Psod_BCDopt) 
and pMESK109 (Psod_YBDopt), respectively (Fig. 2A). Each strain (from STR008 to STR011), harboring each 
plasmid, was cultured in LB medium with glucose for 3 days. The production level of MA was different depend-
ing on the promoter, as shown in Fig. 2B. The highest MA titer was observed in strain STR011, which expressed 
Psod_YBDopt. It yielded up to 340 mg/L of MA, a 150% increase compared to strain STR009 (Ptuf_YBDopt), which 
showed 220 mg/L of MA titer. DHS was accumulated in relatively large amount in all strains and only small 
amount of PCA was produced in strain STR008 and STR010, which were expressing BCDopt. In particular, when 
the complexes were compared under the same sod promoter, the PCA-to-MA conversion efficiency by the YBDopt 
complex (STR011) was more effective than the BCDopt complex (STR009).

Medium optimization for MA production.  We choose a strain STR011 as a MA-producing C. glutami-
cum and this strain was used for medium optimization for large-scale fermentation. Medium optimization based 
on the CMP medium was investigated and glucose was used as a carbon and energy source. As glucose is suitable 
for sustainable production and low-cost biomass convertibility, it is beneficial for the microorganism-based mass 
production of chemicals38. Since the engineered strain used for MA production was deficient in aroE, provision 
of an optimized supply of aromatic amino acid in the medium was considered. Schulz et al. reported that in 
glutamate production using C. glutamicum, the regulation of nitrogen content resulted in a 5–7-fold difference 
between the activities of the two major enzymes39. Based on these outcomes, the nitrogen source, considered to 
have the most significant effect on MA production in the CMP medium, was preferentially investigated in this 
study. The “one factor at a time” (OFAT) method was used for optimization of the nitrogen source. This method 
was used to confirm the effects of one factor or variable at a time, while leaving the other factors unchanged40. 
Thus, the effects of various cell-culture medium components were quickly screened in the early stages of medium 
optimization. Thirty-one nitrogen sources were investigated in this study (Supplementary Table 3). The aver-
age production of total metabolites, according to the tested components, was approximately 3.54 g/L, and in the 
case of corn steep solid (CSS), the production was 6.17 g/L, which was 170% of the average value (Fig. 3A). The 
investigated medium comprised complex nutrients, i.e., casamino acid, yeast extract, and CSS, which enabled 
an increased production of the total metabolites. CSS, associated with the highest productivity, is a by-product 
obtained in the form of corn steep liquor (CSL) powder. CSS is rich in various vitamins and minerals and has 
been used as an industrial medium because it is inexpensive41,42.

The major effects of media compositions and their correlations must be logically analyzed to rapidly screen for 
the important factors influencing production. Efficiency in the design of medium optimization strategies helps 
to determine the factors affecting productivity and in modifying experiments, thus saving time and resources. 
The full factorial design (FFD) was used in this study for medium optimization. Unlike the OFAT method, the 
correlation levels of the factors can be confirmed via this method. Five factors (glucose, (NH4)2SO4, yeast extract, 
CSS, and KH2PO4), considered to be the most important for cell growth and productivity, were used for the 
test combinations (Supplementary Table 4). Analyses performed using a statistical program (Design-expert 6.0) 
revealed highly significant outcomes with P-values <0.001 (Supplementary Table 5). In combination #5, the level 
of total precursors was low, but the MA productivity was the highest (3.28 g/L) (Fig. 3B). The concentrations of 
glucose, (NH4)2SO4, CSS, and KH2PO4 were decreased, whereas the yeast extract concentration was increased, 
enhancing MA productivity. Among the factors analyzed, the effect of the yeast extract was the most significant, 
as confirmed via first-order polynomials suggested by the statistical program.

Based on the primary model obtained using ANOVA for the FFD design, medium optimization was con-
ducted using the Steepest Ascent Method (SAM). SAM is a strategy of approaching the region of maximal pro-
duction based on the results of FFD40. The new step values required for the SAM test were calculated using 
the polynomial parameter obtained from the FFD before the tests were conducted. Eleven steps were designed 
(Supplementary Table 6). In combinations #1 to #5, MA productivity gradually decreased and then gradu-
ally increased in combinations #6 and thereafter. The highest productivity was obtained in combination #9, at 
approximately 3.66 g/L of MA (Fig. 3C). In summary, MA production did not occur in combinations with a low 
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concentration of yeast extract and a high concentration of CSS. However, production increased when a combina-
tion of a high concentration of yeast extract and a low concentration of CSS was used. Metabolite production pat-
terns varied in accordance with the combinations of various concentrations of the medium components. Finally, 
the highest MA productivity was observed in the combination SL#9.

Fed-batch fermentation in 7-L lab-scale and 50-L pilot-scale fermenter.  The fed-batch culture 
carried out using the STR011 strain, produced 3.66 g/L of MA in SL#9, which was obtained via media optimiza-
tion. Thus, scaled-up operations, from shake flasks to fermenters, are largely influenced by the effects of operating 
conditions on gas-liquid mass transfer, shear stress, mixing time, antifoam, pH regulation, and power input43. To 
establish optimum conditions in the 7-L laboratory-scale fermenter, repetitive fermentation was optimized. The 
second growth culture medium was replaced with GF1, and the SL#9 production medium was modified with SLP 
medium (Supplementary Fig. 6). For the fed-batch culture, an SLP medium without phosphates was used as the 
feeding medium. After the glucose levels in the fermenter broth were estimated, feeding was repeated using a per-
istaltic pump to maintain levels above 5 g/L glucose. The addition of phosphates in the feeding medium facilitated 
cell growth, accompanied with decreased MA production. Thus, phosphates were eliminated from the feeding 
medium (Supplementary Fig. 7). The final composition of the feeding medium contained glucose (412.5 g/L), 
(NH4)2SO4 (46.095 g/L), yeast extract (103.8 g/L), MgSO4.7H2O (15 g/L), citric acid (8.5 g/L), and trace solution. 
(7.5 mL/L). Two independent 7-L laboratory-scale fed-batch fermentations were performed using final modified 
medium, and the results are shown in Fig. 4A and B. MA production steadily increased after 16 h of culturing, 
approaching final concentration of 35.0 g/L and 40.5 g/L, respectively. Metabolites such as DHS, PCA, and CA 
were negligible in the culture solution throughout the culture period. Furthermore, DCW showed a similar pat-
tern of increase in MA production, eventually approaching a concentration of approximately 42 g/L. Interestingly, 
the trend in DCW increase was similar to that of MA production, indicating that MA production in the currently 
developed STR011 strain exhibited growth-associated production. Such a production pattern can be maximized 
when cultivation conditions are optimized based on production yield (Yp/s) and DCW yield (Yx/s). Cultivation 
processes such as fed-batch cultures are particularly likely to facilitate maximum production44. The actual values 
of Yp/s and Yx/s were similar (0.165 and 0.185 g DCW/g glucose, respectively), which implied the possibility of 
greatly improved production via cultural or metabolic engineering, with a maximized specific production yield 
(Yp/x) (Table 2). Moreover, the DO in the fermenter was maintained above 20% by controlling fermenter agitation 
to a maximum of 500~600 rpm. DO was shown to increase after 144 h of culturing, probably owing to an imbal-
ance in broth composition to an excess of by-products. Based on the results of the 7-L fermenter, a pilot-scale 
fermentation process was carried out using a 50-L fermenter. Since catA requires oxygen to convert CA into MA 
and to produce high levels of DCW in the 7-L fermenter, adequate oxygen supply was determined to be a crucial 
factor in the fermentation process. In such scale-up processes, the volumetric mass transfer coefficient (kLa) was 

Figure 3.  (A) Results of OFAT experiment with various nitrogen sources. Numbers represent each 
combination. (B) Results of the Full Factorial Design (FFD) experiment. (C) Results of the Steepest Ascent 
Method (SAM) experiment.
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determined to be the most important scale-up factor during the evaluation of aeration efficiency in all ferment-
ers45–47. For a successful scale-up, kLa was measured, following which six impeller blades and a sintered sparger 
were installed at the last step, which increased oxygen supply while decreasing shear stress. Consequently, the kLa 
values were approximately ranging from 0.01 to 0.06 s−1 in the 7-L and 50-L fermenters, when the agitation speed 
was increased from 100 to 350 rpm at an aeration rate of 1 vvm (Supplementary Fig. 8). In the 50-L fermenter 
(Fig. 5A and B), DCW continued to increase even after 12 h of culturing, eventually approaching 51.8 ± 7.2 g/L 
(average value of the duplicate). Moreover, MA production began with the initiation of cell growth, as seen in the 
7-L fermenter, and two independent cultures exhibited final MA production of 59.4 g/L and 48.5 g/L, respectively 
(average value of the duplicate is 53.8 g/L). Since MA production continued to increase until the end of culturing, 
higher production levels can be anticipated through the development of a more enriched feeding medium. Higher 
MA production levels seen in the 50-L fermenter compared to the 7-L fermenter are probably the result of the 
sintered sparger, which maintained a DO value above 40% until the end of culturing, thereby increasing the oxy-
gen supply to the cells, and improving MA production. According to the feeding strategy, increasing the agitation 
speed maintained a higher level of DO in the 50-L fermenter than in the 7-L fermenter throughout culturing. 
In other words, as the kLa value in the 50-L fermenter increased at 250 rpm or above, a higher level of DO was 
observed after 60 h of culturing, probably leading to greater MA production. The increased rate of oxygen supply 
also resulted in a 60% improvement (approximately) in specific MA production yield (Yp/x), a feature shared by 
cells that can produce MA, ultimately resulting in approximately 1.074 g MA/g DCW (Table 2). As in the case of 
the 7-L fermenter, glucose concentration was maintained at a level close to zero at an optimum feeding rate and 
no other metabolite (other than MA) was detected.

Discussion
It was previously reported that the introduction of three heterologous biosynthetic genes such as aroZ, 
aroY, and catA into the aroE-deleted E. coli, led to the accumulation of MA as a final product, through the 
DHS-PCA-CA-MA route. However, the same strategy cannot be applied to C. glutamicum, since the orthologs 
of aroZ and catA are present in the chromosome. Moreover, both PCA and MA could be further metabolized 
through bypass routes. The β-ketoadipate pathway present in C. glutamicum is able to decompose PCA into 
acetyl-CoA or succinyl-CoA48. Moreover, the presence of catB (chloromuconate cycloisomerase) in C. glutami-
cum is able to metabolize MA to muconolactone. In this work, construction of an MA-producing C. glutamicum 
cell factory was designed by the introduction of PCA decarboxylase together with its subunit genes, as well as 
applying a chromosome engineering strategy through the disruption of aroE, pcaG/H, and catB, to accumulate 
the precursors necessary for MA biosynthesis.

Sonoki et al. described PCA decarboxylation as a rate-limiting step in MA production and found that 
plasmid-based co-expression of kpdB and/or kpdD increased the activity of PCA decarboxylase, eliminating the 
bottleneck, as compared to AroY expression alone in E. coli49. Johnson et al. successfully enhanced MA produc-
tion in a P. putida TK2440-derived strain via the co-expression of decarboxylase-associated proteins, reducing 

Figure 4.  Time course profiles of cell growth, agitation speed, DO concentration, pH, DCW, glucose, 
organic acids and metabolite production by the STR011 strain in the 7-L fermenter. (A) The feeding medium 
was sequentially injected at cultivation time periods of 32, 44, 88, 95 and 162 h at a rate of 0.2268 mL/min, 
0.3402 mL/min, 0.2268 mL/min, 0.2835 mL/min and 0.3402 mL/min. (B) The feeding medium was sequentially 
injected at cultivation time periods of 39, 52, 80, 85, 91.5, and 117 h at a rate of 0.2268 mL/min, 0.3402 mL/min, 
0.2268 mL/min, 0.2835 mL/min, 0.3402 mL/min, 0.4536 mL/min. During the fed-batch cultivation, 230.2 g/L 
and 227 g/L of glucose was totally added, respectively.
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PCA accumulation relative to strains expressing PCA decarboxylase alone17. Although the function of B and D 
proteins was previously unknown, it was recently discovered that homologues of B protein synthesize a cofactor 
required for the activity of decarboxylases50–52. In our study of C. glutamicum, the conversion from PCA to CA 
by PCA decarboxylase was observed only in the presence of its two subunit genes, co-expressed in the operon 
system. The MA production level of the codon-optimized PCA decarboxylase under the Psod promoter was higher 
than for those under the Ptuf and P180 promoters, even though RNA sequencing results showed that cg0587 (tuf) 
showed the highest transcription. RBS engineering of the sod promoter system was also conducted based on 
the results confirming an enhanced gene activity through RBS engineering for the genes in the aromatic amino 
acid-biosynthetic pathway, which confirmed the increase in shikimate production26. The native RBS in the sod 
promoter system was engineered to test 12 combinations, as described in their report, although this did not result 
in increased MA production (Supplementary Fig. 9). This may imply that the native RBS of the sod promoter was 
already optimal for the expression of the YBDopt complex. In addition, the production efficiency of intermediates 
including MA was better when expressed in the form of the YBDopt complex than in the translationally coupled 
BCDopt complex.

Glucose was selected as the carbon and energy source for MA production to improve the cost-effectiveness 
and industrial production process, and 31 types of nitrogen sources were screened with the OFAT method to 
determine the optimal nitrogen source. Most nitrogen sources that yielded high metabolite production and MA 
were complex compounds such as casamino acid, corn steep solids, and yeast extracts (Fig. 3A). This appears to 
be associated with the characteristics of amino acid auxotrophs, which were deficient in aroE. In addition, the 
presence of sufficient amino acids, provided by the complex ingredients, accelerated cell growth, and subsequent 
metabolite production presumably increased. Furthermore, metabolite production rates varied as much as six 
times among the substances, depending on the nitrogen source in the culture medium. We therefore confirmed 
that the nitrogen source is an important factor in the production of MA.

To evaluate the interaction between two factors, we employed a fractional factorial design (FFD) and 
obtained significant results. These were expressed as the following mass balance: MA = +1.65 − 0.12*A − 
0.033*B + 0.75*C − 0.16*D − 0.049*E + 0.058*A*B − 0.058*A*C − 0.026*A*D + 2.170E - 003*A*E + 8.868E - 
003*B*C + 0.015*B*D + 0.032*B*E − 0.017*C*D + 0.14*C*E + 0.016*D*E (A, glucose; B, (NH4)2SO4, C, yeast 
extract; D, corn steep solid; E, KH2PO4). The five factors selected, in addition to the yeast extract and CSS, which 
were suggested in the OFAT experiment, were included in the FFD design. In addition, the concentration range 
of each ingredient was determined based on the results of additional experiments (Supplementary Fig. 8). Yeast 
extract with a coefficient of 0.75 had the greatest effect on the production rate and a positive value, which implied 
an increase in concentration, whereas CSS had a coefficient of 0.16 and a negative value, implying a decline in con-
centration. Thus, as each culture medium component comprising a carbon source, a nitrogen source, and various 
other substances did not play an independent role but interacted with other components, it was critical to identify 
their optimal concentrations. The response surface method (RSM), based on the quadratic model of a central 

Figure 5.  Time course profiles of cell growth, agitation speed, DO concentration, pH, DCW, glucose, organic 
acids and metabolite production by the STR011 strain in the 50-L fermenter. (A) The feeding medium 
was sequentially injected at cultivation time periods of 40, 60, 72, 95 and 116 h at a rate of 1.3608 mL/min, 
2.0412 mL/min, 2.7216 mL/min, 3.0618 mL/min and 3.402 mL/min. (B) The feeding medium was sequentially 
injected at cultivation time periods of 37, 53, 76, 90, 104, 138, and 162 h at a rate of 1.3608 mL/min, 2.0034 mL/
min, 2.7216 mL/min, 3.402 mL/min, 3.7422 mL/min, 4.2236 mL/min, 3.402 mL/min. During the fed-batch 
cultivation, 233.1 g/L and 259.8 g/L of glucose was totally added, respectively.
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composite design (CCD), allows for the evaluation of interactions among all components. Thus, it can statisti-
cally lead to maximal production. CCD requires multiple experiments to obtain statistically significant results. 
Generally, the number of experiments in an experimental design for culture medium optimization is determined 
using the equation 2k + 2k + central point (k = individual factor, central point >4)40. Therefore, considering the 
accuracy and reproducibility requirement of the experiments, it would be difficult to evaluate more than four 
factors at a time. In contrast, the SAM design is a statistical experimental method that efficiently evaluates the 
optimal culture medium concentration based on the FFD design. The center point used in the FFD design showed 
a DHS production rate of 1 g/L and an MA production rate of 2 g/L. The SAM experiment resulted in an MA pro-
duction rate of 3.66 g/L, a 10-fold increase, essentially inhibiting DHS production (Fig. 3C). Therefore, the process 
of culture medium optimization enabled decreasing the production of intermediate metabolites and identifying 
the optimal culture medium concentration that maximized MA production. In addition, a metabolic engineer-
ing approach involving the further investigation of genes associated with increased production and final culture 
medium optimization process using RSM is expected to contribute to further enhancements in MA production.

To develop a large-scale fermentation process for MA-producing strains, we carried out a batch fermentation, 
which produced 10 g/L of MA (Supplementary Fig. 6). The engineered strains required a supply of amino acids 
in the culture medium because they were deficient in aroE, and for optimal regulation of a balance between 
cell growth and MA production, through optimal culture medium conditions. Fed-batch culture is a standard 
method that produces various metabolites, as it promotes high cell density, strictly regulates the specific growth 
rate (μ) and substrate concentration, and suppresses the production of organic acids by effectively controlling DO 
levels. A culture producing 35 g/L of MA was developed via modification of the second growth culture and reg-
ulation of the feeding medium in 7-L laboratory-scale fed-batch cultivation. In case of metabolically engineered 
E. coli, the Drath et al. reported the carbon yield of 22% (mol/mol) in M9 defined medium. On the contrary, our 
C. glutamicum cells were observed to produce no MA in the M9 medium until the end of fermentation, almost 
no cell growth as well. In the statistically optimized complex medium, the C. glutamicum strain showed a slightly 
lower carbon yield of 19.5% (mol/mol), thus revealing significantly different fermentation physiology compared 
to the E. coli strain developed in the Drath laboratory2. In the aromatic amino acids process, E. coli and C. glu-
tamicum have characteristic secondary metabolites that suppress cell density at certain concentrations53,54. In con-
trast, an MA-producing culture has characteristic primary metabolites because of which, increased cell growth 
is directly correlated with MA production, probably due to the absence of aroE, and cell growth is determined by 
optimal levels of aromatic amino acids in the culture medium. Although MA production is directly related to cell 
growth, the high cell density in a fermenter interferes with mass transfer; therefore, an optimized and accurate 
feeding strategy may be required. We observed that cell growth and primary metabolite fermentation persisted 

Plasmid Relevant characteristics Ref.

pK19mobsacB KanR; vector for allelic exchange in C. glutamicum; (pK18 oriVE.c., sacB, lacZα) 56

pK19aroE pK19mobsacB carrying fragments of aroE gene upstream and downstream This work

pK19pcaGH pK19mobsacB carrying fragments of pcaG and pcaH gene upstream and downstream This work

pK19catB pK19mobsacB carrying fragments of catB gene upstream and downstream This work

pMESK101 pSK1Cat modification vector including restriction sites (BamHI, BglII, MunI, NdeI, 
PstI, SalI, ScaI, SpeI, and XbaI), oriT and terminator

57, This work

pMESK102 pMESK101 carrying fragment of P180_ kpdCopt This work

pMESK103 pMESK101 carrying fragment of P180_ aroYopt This work

pMESK104 pMESK101 carrying fragment of P180_kpdB kpdC kpdDopt This work

pMESK105 pMESK101 carrying fragment of P180_aroY kpdB kpdDopt This work

pMESK106 pMESK101 carrying fragment of Ptuf_kpdB kpdC kpdDopt This work

pMESK107 pMESK101 carrying fragment of Ptuf_aroY kpdB kpdDopt This work

pMESK108 pMESK101 carrying fragment of Psod_kpdB kpdC kpdDopt This work

pMESK109 pMESK101 carrying fragment of Psod_aroY kpdB kpdDopt This work

Strain Relevant characteristics Ref.

C. glutamicum 13032 wild-type strain, biotin-auxotrophic KCTC

STR001 C. glutamicum 13032 ΔaroE This work

STR002 C. glutamicum STR001 ΔpcaG, ΔpcaH This work

STR003 C. glutamicum STR002 ΔcatB This work

STR004 C. glutamicum STR003/pMESK102 This work

STR005 C. glutamicum STR003/pMESK103 This work

STR006 C. glutamicum STR003/pMESK104 This work

STR007 C. glutamicum STR003/pMESK105 This work

STR008 C. glutamicum STR003/pMESK106 This work

STR009 C. glutamicum STR003/pMESK107 This work

STR010 C. glutamicum STR003/pMESK108 This work

STR011 C. glutamicum STR003/pMESK109 This work

Table 1.  Plasmids and strains used in this study.
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in the 50-L fermenter and produced 53.8 ± 5.6 g/L MA after culturing. In contrast to the 7-L fermenter, agitation 
consistently increased after the initial 60 h of culturing in the 50-L fermenter, and its kLa was higher than that of 
the 7-L fermenter (Supplementary Fig. 8). kLa values were not measured at higher agitation levels in the two fer-
menters. However, considering that a 2-fold increase in DO was confirmed in the 50-L fermenter compared with 
that in the 7-L fermenter, the increased rates of oxygen transfer could positively affect MA production. Numerous 
studies have already confirmed the effects of high oxygen concentrations in aerobic fermentation-based pro-
duction cultures. Strain development via metabolic engineering, medium optimization, and the development 
of accurate fed-batch cultivation, are expected to facilitate the establishment of an industrial production process 
using C. glutamicum.

In summary, we have constructed C. glutamicum strains capable of producing MA at high concentrations 
from D-glucose. To accumulate high concentrations of DHS and PCA, which are essential precursors for MA bio-
synthesis, shikimate/quinate dehydrogenase (aroE) and PCA deoxygenase subunits (pcaG/H) genes were deleted. 
The catB (chloromuconate cycloisomerase) gene was additionally deleted to prevent degradation of MA, but 
no accumulation of MA was observed in the C. glutamicum STR003 strain, which produced a small amount of 
MA only under specific conditions. MA was finally produced by heterologous expression of the PCA decarbox-
ylase gene and subunit genes from K. pneumoniae, to complete the conventional pathway for MA biosynthesis 
via DHA, PCA, and CA. The STR011 strain expressing the aroYopt gene with subunit genes under the sod pro-
moter, showed the highest MA production. After several steps of medium optimization, 7-L and 50-L fed-batch 
fermentation was performed using optimized medium. It is the first time that MA has been produced in 50-L 
fed-fermentation in an engineered C. glutamicum strain, and the highest level of MA production yet demon-
strated, at 59.4 g/L. A variety of engineering strategies to increase intracellular levels of PEP (phosphoenolpyru-
vate) and E4P (erythrose 4-phosphate), key intermediates of the shikimate pathway, and additional engineering 
to efficiently utilize various carbon sources including glucose, will lead us to obtain more efficient MA-producing 
Corynebacterium cell factories. Recently further engineered strain with deletion of the iolR gene which greatly 
increased glucose uptake has been developed, which had non-phosphotransferase system with increased PEP 
availability, showing improved MA production yield in the flask culture55.

Methods
Bacterial strains, media, and cultivation conditions.  The bacterial strains and plasmids used in this 
study are listed in Table 1. For genetic manipulations, E. coli strains were grown at 37 °C in Luria-Bertani (LB) 
medium. C glutamicum ATCC13032 and mutants were cultured at 30 °C in LB with 8 g/L of glucose and Brain 
Heart Infusion (BHI). When needed, kanamycin, at a final concentration of 50 μg/mL, was used in the medium 
for the cultivation of C. glutamicum or E. coli. For preparation of Corynebacterium competent cells, BHI broth 
containing 91 g/L sorbitol was used56.

For MA production in flasks, the C. glutamicum strain was inoculated into LBG medium (20 g/L glucose in 
LB) and cultured at 30 °C for 16 h. One percent (v/v) of the inoculum was transferred into the second growth 
culture for 6 h under the same conditions. Next, the seed was transferred into a 250-mL flask with a 30-mL 
working volume (1% v/v inoculums). Production cultivation in flasks was performed for approximately 3–4 days 
at 30 °C with mixing at 240 rpm. Small-scale culture was also carried out using the same method as for flask 
cultivation, and cultured to a final volume of 1.3 mL in a 24-well plate in an 80% humidity chamber at 30 °C. For 
the production of metabolites and/or MA, CMP medium prepared in our laboratory was used prior to medium 
optimization. The CMP medium included: 60 g/L glucose, 10 g/L (NH4)2SO4, 5 g/L yeast extract, 10 g/L KH2PO4, 
2 g/L MgSO4∙7H2O, 1.14 g/L citric acid, 1.68 g/L NaH2PO4, 5.112 g/L Na2HPO4, 1 mL/L trace metals, and 200 μg/L 
thiamine hydrochloride. The trace metal solution contained 2 mg/L FeSO4∙7H20, 5 mg/L ZnSO4∙7H20, 1 mg/L 
MnC12∙4H20, 0.55 mg/L Na2MoO4, and 4 mg/L CuSO4∙5H20 in 1 L water, adjusted to pH 7.2 with 5 N NaOH. 
Media optimization was conducted using CMP medium as a starting point.

Construction of plasmids and strains.  General DNA manipulations were performed according to the 
method previously described56. The plasmids used in this study are listed in Table 1 and the primers are listed in 

A (7-L) B (50-L)

Pf (g IA/L) 37.7 ± 2.7 53.8 ± 5.5

Xf (g DCW/L) 45.3 ± 2.7 51.8 ± 7.2

Sf (g glucose/ L) 0 0

Qp (g MA/L/hr) 0.216 ± 0.027 0.34 ± 0.053

qp (g MA/g DCW/hr) 0.005 ± 0.001 0.006 ± 0.002

Yp/x (g MA/g DCW) 0.892 ± 0.072 1.074 ± 0.256

Yp/s (g MA/g glucose) 0.165 ± 0.013 0.197 ± 0.011

Yx/s (g DCW/g glucose) 0.185 ± 0.001 0.192 ± 0.036

Table 2.  A, 7-L lab-scale fermentation; B, 50-L pilot-scale fermentation; Pf, maximum MA production; Xf, 
maximum dry cell weight; Sf, final residual glucose concentration; Qp, average volumetric MA production 
rate; qp, average specific MA production rate; Yp/x, specific MA production; Yp/s, MA production yield based 
on glucose; Yx/s, DCW yield based on glucose. The data represent the mean (±standard deviation) of two 
independent experiments.
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Supplementary Table 1. Plasmid pMESK101 was modified from pSK1Cat33 to carry a multiple cloning site, rrnB 
T1 terminator, and oriT. To delete the XbaI restriction enzyme site in the pSK1Cat plasmid, the kanR gene and 
pMB1 origin of replication were amplified from pSK1Cat, using the primer pair pMESK101_F and pMESK101_R, 
introducing SpeI and BglII restriction sites. The PCR products of the kanR gene and the pMB1 origin of replica-
tion site were digested by SpeI and BglII, and pSK1Cat was digested by XbaI and BglII. The digested fragments 
were then ligated together. The multiple cloning site, terminator, and oriT were synthesized to introduce the 
deleted XbaI restriction enzyme site into pSK1Cat. The fragment, including nine kinds of restriction enzyme sites 
(BamHI, BglII, MunI, NdeI, PstI, SalI, ScaI, SpeI, and XbaI), rrnB T1 terminator, and oriT, was synthesized with 
BglII and KpnI restriction site ends. The pSKCat1-deleted XbaI restriction enzyme site and the fragment were 
digested by BglII and KpnI and ligated, generating pMESK101. YBDopt-carrying fragments of aroYopt with NdeI 
and BamHI ends, and kpdBopt and kpdDopt with BamHI and XbaI ends, were synthesized as codon-optimized 
gene versions from Cosmo Genetech, Korea. BCDopt-carrying fragments of kpdBopt, kpdCopt and kpdDopt with 
BamHI and XbaI ends, were also synthesized as codon-optimized gene versions from Cosmo Genetech, Korea. 
The fragment of YBDopt and BCDopt were ligated to pMESK101. Promoters were amplified from the genome of 
C. glutamicum ATCC 13032, using the primer pairs listed in Supplementary Table 1. The amplified promoters 
including SpeI and NdeI sites were ligated to the site of SpeI and NdeI of pMESK101, generating pMESK106, 
pMESK107, pMESK108 and pMESK109, respectively.

Gene deletion.  Chromosomal gene deletion was achieved via a markerless system using the suicide vector 
pK19mobsacB carrying the sacB gene57. Plasmids were transformed into C. glutamicum by electroporation and 
conjugation. The plasmid pK19aroE was constructed by amplifying the upstream and downstream DNA frag-
ments of aroE of C. glutamicum, using primer sets of aroE_up_F/aroE_up_R and aroE_down_F/aroE_down_R, 
respectively, and inserting them into the pK19mobsacB vector, respectively. All PCR products were digested 
by the corresponding restriction enzymes and ligated with the pK19mobsacB vector digested by PstI, SalI, and 
EcoRI, generating the pK19aroE plasmid. pK19aroE was introduced via conjugation of E. coli S17-1 with C. glu-
tamicum ATCC 13032. The single recombinants of pK19aroE in the chromosome of C. glutamicum strains were 
selected on BHI agar containing 50 mg/L kanamycin, and confirmed by PCR using primer pairs of aroE_con_F 
and aroE_con_R. These single colonies were inoculated into 50 mL LB broth without antibiotic and incubated at 
30 °C for 12 h to allow excision. Appropriate dilutions were spread onto LB agar plates containing 10% sucrose, 
and single colonies were obtained and streaked onto BHIA agar plates containing 10% sucrose without antibiotics 
or kanamycin and grown at 30 °C for 24 h. The cells grown on the plates without antibiotics, but not on the plates 
with kanamycin, were chosen, and selected colonies confirmed by PCR were designated as the C. glutamicum 
STR001 strain. The pcaG/H and catB genes were deleted from the genome of C. glutamicum by the same method, 
resulting in strains of C. glutamicum STR002 and C. glutamicum STR003, respectively.

RNA sequencing.  For RNA sequencing, the C. glutamicum STR003 strain was grown in 50 mL LB media 
containing 8 g/L of glucose for seed culture, and in 500 mL LB media containing 8 g/L of glucose for the main 
culture. The same strain was cultured in LB medium without glucose at the same time as a control. Growth curves 
were obtained by culturing the strain at each condition, and strains at the log-phase and stationary-phase were 
sampled, respectively. Cells were collected at 7 h (log phase) and 12 h (stationary phase), and stored at −80 °C. The 
frozen cells were sheared in a mortar, and an RNeasy mini prep kit was used for RNA isolation, according to the 
manufacturer’s instructions. DNaseI treatment was used to eliminate possible chromosomal DNA contamination. 
RNA-Seq was performed by ChunLab Inc., Korea.

RNA-seq data have been deposited in the ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) 
under the accession number E-MTAB-7350.

Metabolite analysis.  C. glutamicum cells were removed from cultures by centrifugation and culture broth 
was purified using a membrane filter. The metabolites were separated by HPLC (Shimazu) using an Aminex 
HPX-87H column (Bio-Rad). The column was eluted with 5 mM H2SO4 as the mobile phase, at a flow rate of 
0.6 mL/min and a temperature of 65 °C. MA, PCA, and DHS were analyzed at wavelengths of 262 nm, 259 nm, 
and 236 nm, respectively. Organic acids, including succinic acid, acetic acid, formic acid, and lactic acid, were 
detected at wavelengths of 210 nm.

7-L and 50-L fed-batch fermentation.  The medium used in the 7-L culture was modified from that used 
for the flask cultures. The 1st culture grown in GF1 medium was inoculated into the 2nd growth culture, and the 
composition of GF1 medium was as follows: 30 g/L glucose, 6.5 g/L (NH4)2SO4, 3.75 g/L yeast extract, 5.5 g/L 
corn steep solid, 6.25 g/L KH2PO4, 2 g/L MgSO4∙7H2O, 1.14 g/L citric acid, 1 ml/L trace metals, and 200 µg/L 
thiamine hydrochloride. The second culture was inoculated into a 7-L fermenter (10% v/v inoculums) and/
or 50-L fermenter (10% v/v inoculums) for the production culture. Production culture was conducted based 
on the SLP medium modified from SL#9 using 7-L (working volume: 3-L) and 50-L (working volume: 18-L). 
The SLP medium includes: 55 g/L glucose, 4.39 g/L (NH4)2SO4, 13.84 g/L yeast extract, 4.26 g/L KH2PO4, 2 g/L 
MgSO4∙7H2O, 1.14 g/L citric acid, 1 ml/L trace metals, and 200 µg/L thiamine hydrochloride. The trace metal solu-
tion was identical to that used in the CMP medium. The pH levels were maintained at 7.3 in each culture (10 N 
NaOH, 3 M HCl), and the DO level was maintained at 50 to 60% by controlling the agitation, aeration, and feed-
ing rates. The configuration of each fermenter was as follows: 7-L fermenter; 2 impellers with 6 blades, ring typed 
sparger of 12 holes, bottom-driven, 160 mm of tank diameter, and 50-L fermenter; 3 impellers with 8 blades, ring 
typed sparger of 12 holes, top-driven, 310 mm of tank diameter. For determining volumetric oxygen mass trans-
fer coefficient (kLa) in the 7-L and 50-L fermenter systems, a gas analyzer (Autolab-LK930A from Lokas, South 
Korea) was connected58. Fed-batch cultivation was conducted based on the initial feeding medium that was 7.5 

http://www.ebi.ac.uk/arrayexpress
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times more concentrated than the SLP medium and phosphate was not added for the regulation of cell growth. 
The feeding medium was supplied when glucose was depleted, using a peristaltic pump.
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