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ABSTRACT: Hydroxybenzoic acids (HBAs), including 4-HBA, 3-HBA, and 2-HBA, are valuable platform chemicals for production of
commodity materials and fine chemicals. Herein, we employed metabolic engineering techniques to enhance the production of these HBAs in
Corynebacterium glutamicum ATCC 13032. Our approach augmented the shikimate pathway and eliminated genes associated with HBA
degradation, particularly phenol 2-monooxygenase encoded by cg2966. Increased titers of 3-HBA and 4-HBA were achieved via selection of
suitable promoters for 3-hydroxybenzoate synthase and chorismate pyruvate lyase. A tac-M1 promoter was suitable for chorismate pyruvate lyase
expression and 8.3 g/L of 4-HBA production was achieved. Efficient production of 2-HBA was enabled by maintaining a balanced expression of
isochorismate synthase and isochorismate pyruvate lyase. Consequently, strains KSD5-tacM1-H and KSD5-J2-PE exhibited production levels of
19.2 g/L of 3-HBA and 12.9 g/L of 2-HBA, respectively, using 1 L jar fermenter containing 80 g/L of glucose. Therefore, this engineered strain
platform holds significant potential for production of other valuable products derived from chorismate.

Keywords: Corynebacterium glutamicum; Hydroxybenzoic acid; 2-hydroxybenzoic acid; 3-hydroxybenzoic acid; Metabolic engineering;
Chorismate derivatives

© 2023 by the authors; licensee SCIEPublish, SCISCAN co. Ltd. This article is an open access article distributed under the
BY CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Recent decades have seen a substantial expansion in using microorganisms to produce fuels and chemicals derived from
renewable resources [1-3]. This trend reflects mounting concerns regarding global warming and the limited availability of fossil
fuels [4,5]. Multiple studies have shown that microorganisms can synthesize diverse classes of compounds [6—8], and metabolic
engineering has helped develop microbial strains that can produce useful compounds, including pigments [9], terpenoids [10], and
amino acids [11], with exceptional efficiency.

Hydroxybenzoic acids (HBAs), comprising 4-HBA, 3-HBA, and 2-HBA, are widely used to produce polymer materials, food
additives, and pharmaceuticals [12—14]. Furthermore, these compounds exhibit a range of functional biological properties, such as
anticancer, antiaging, antiviral, and anti-inflammatory activities [15—18]. Given their widespread application in toiletries, food, and
pharmaceutical industries, their production from renewable biomass is an area of growing interest. HBAs can be biosynthesized
from chorismite, the end product of the shikimate pathway [19] and starting point in the aromatic amino acids biosynthesis (tyrosine,
phenylalanine, and tryptophan) in microorganisms [20].

Microbial synthesis of HBAs from glucose has been investigated using metabolically engineered microorganisms [21-26].
Enzymatic production of 4-HBA, 3-HBA, and 2-HBA is catalyzed by chorismate pyruvate lyase (EC 4.1.3.4), 3-hydroxybenzoate
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synthase (EC 4.1.3.4), isochorismate pyruvate lyase (EC 4.2.99.21), respectively, which all release pyruvate as a byproduct. To
enhance the production of HBAs in Escherichia coli, a platform strain CFT5 was developed with replacement of the
phosphotransferase system with the GalP transporter and glucokinase glk genes and deletion of the pyruvate kinase genes to improve
phosphoenolpyruvate supply [21]; the phenylalanine and tyrosine synthesis pathways were also inactivated to eliminate competing
pathways. Test tube cultivation of CFT5 produced 1.82, 2.18, and 1.48 g/L of 4-HBA, 3-HBA, and 2-HBA, respectively [21], and
an improved strain produced 3.01 g/L of 2-HBA with a yield of 0.51 mol/mol. The same pathway has been used in Pseudomonas
putida [27] and Saccharomyces cerevisiae [23] for 4-HBA production; however, the titer and yield were lower than those achieved
in E. coli, indicating the need for further optimization in these organisms.

Corynebacterium glutamicum, a gram-positive nonpathogenic bacterium, is widely used for production of industrial amino
acids, including L-glutamate, L-lysine, L-phenylalanine, and L-tyrosine [11]. This microbe represents a highly promising microbial
platform to produce various fuels and chemicals [28], such as diols [29], lactams [30], and organic acids [31]. The optimization of
the aromatic amino acid production in C. glutamicum requires the detailed study of individual reactions within the shikimate
pathway and pathway regulation. More recently, C. glutamicum has been genetically engineered to produce shikimate pathway
intermediates, including shikimate, and derivative aromatic compounds, including p-aminobenzoate [22]. C. glutamicum has a high
tolerance to 4-HBA (to 300 mM), making this an attractive host for 4-HBA production [25].

Herein, we engineered enhanced HBA production in C. glutamicum using the SA-7 strain that had previously been engineered
for shikimate overproduction [32]. Our strategy involved the inactivation of the HBA degradation gene clusters, and the removal of
phenol 2-monooxygenase gene (cg2966) significantly improved HBA production. Additionally, we optimized promoter use to achieve
elevated production of 3-HBA and of 4-HBA to 12 g/L, which represents the highest titer for this HBA reported from C. glutamicum.

2. Materials and Methods
2.1. Bacterial Strains and Media

Bacterial strains employed throughout this study are shown in Table 1. Recombinant C. glutamicum ATCC 13032 strains were
cultivated aerobically at 30 °C in either Brain Heart Infusion (BHI) medium or a defined CGXIIY (CGXII medium containing 4
g/L of yeast extract) medium plus 50 g/L of glucose and 100 mg/L of aromatic amino acids [32]. E. coli NovaBlue was routinely
cultured in Luria—Bertani medium (containing 10 g/L peptone, 5 g/L yeast extract, and 10 g/L NaCl) at 37 °C. Kanamycin (25
pg/mL for C. glutamicum strains and 50 pg/mL for E. coli) was added as required.

2.2. Plasmid and Strain Construction

Strains and plasmids used in this study are listed in Table 1. PCR was performed using KOD FX Neo (TOYOBO, Osaka,
Japan). Custom DNA oligonucleotide primers were synthesized by Invitrogen (Thermo Fisher Scientific, Tokyo, Japan) and are
listed in Table S1. The plasmid for the pheAd gene deletion was constructed as follows. The upstream and downstream regions of
the C. glutamicum pheA gene were PCR amplified from ATCC 13032 using the primer pairs EcoRI_pheA Up for/pheA Up re
and pheA down_for/pheA UP _re, respectively. The amplified fragments were ligated into EcoRI/BamHI-digested pK18 mobsacB
using the Infusion HD Cloning kit. Plasmids for other gene deletions were constructed similarly.

The hyg5-expression plasmid under the control of the dap-e10 promoter was constructed as follows. PCR was performed using
pCC-H36-cgR0949-Tfu0937 [33] as a template with the primer pair dap-A16-1 Nhe cgR0949 for/H36 dap-A16-1 re. The
amplified fragment was used as a template in a second round of PCR using the primer pairs dap-e10_A16_for/dap-e10_re. The
resulting fragment was self-ligated and then digested with Nhel and Xhol. Simultaneously, a codon-optimized hyg5 from
Streptomyces  hygroscopicus  (purchased from Life Technologies) was PCR amplified with primer pair
Nhel Hyg5 for/Xhol Hyg5 re. These two fragments were ligated together to generate plasmid pCC-e10-hyg5 plasmid. Other
plasmids were constructed similarly. The strains/plasmids during the current study are available from the corresponding author on
reasonable request.

2.3. Culture Conditions

Precultures (5 mL BHI medium in test tubes) were inoculated with single colonies and grown overnight at 30 °C with shaking
at 220 rpm. Cultures were centrifuged at 4000% g for 2 min, and cells were resuspended in 1 mL of CGXII medium supplemented
with 100 mg/L each of L-phenylalanine, L-tyrosine, L-tryptophan, and p-aminobenzoate. The resulting suspension (400 uL) was
inoculated into 5 mL of CGXII medium or CGXIIY medium containing 40 g/L of glucose and incubated at 30 °C at 220 rpm for
48 h. The performance of 3-HBA- or 2-HBA-producing strains was evaluated in a batch process conducted in 1 L bioreactors
(ABLE Co. & Biott Co., Tokyo, Japan) with a 500 mL working volume. The batch medium contained 80 g/L of glucose. A 40 mL
volume of preculture was used to inoculate 500 mL of culture medium in the jar fermenter. To maintain the pH at 7.0 during
cultivation, NH4OH (7% solution) was automatically added to the fermenter. The dissolved oxygen was maintained at >30%
saturation by automatically regulating the agitation speed (300—800 rpm) and supplementing with air when necessary.
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2.4. Analysis of Substrates and Products

Concentrations of 3-HBA, 4-HBA, and 2-HBA were determined using HPLC (Shimadzu, Kyoto, Japan) equipped with a
COSMOSIL PBr column (5 pum, 4.6 x 250 mm, .D. x L, Nacalai Tesque, Kyoto, Japan). For 3-HBA and 2-HBA, a mobile phase
of 50:50 mixture of 0.2% phosphoric acid and methanol was employed at 1.0 mL/min, whereas for 4-HBA, a 60:40 mixture was
used. The column temperature was maintained at 40 °C. The UV-VIS detector was set at 236 nm for 3-HBA and 2-HBA and at 254
nm for 4-HBA. Cell growth was determined by measuring the optical density at 600 nm on a Shimadzu UVmini-1240
spectrophotometer. The glucose concentration was analyzed using an HPLC system equipped with a Shodex SUGAR KS-801
column (6 um, 300 x 8.0 mm L.D. x L, Shodex, Yokohama, Japan) with a column temperature of 50 °C and a mobile phase of water
at a flow rate of 0.8 mL/min. The HPLC profile was monitored using refractive index detector.

Table 1. Strains used in this study.

Corynebacterium glutamicum Strains Genotype Source or Reference
ATCC 13032 Wild-type strain ATCC
SALT ATCC13032, AcgMRR(cg1966-cg1998), AqsuD, AqsuB, AnagD, Acg2392, gnd>**'F, 3
aroG&e™e, pta::Puss-aroG, aroK::Puss-aroB
ATCC13032, AcgMRR(cgl966-cg1998), AgsuD, AqsuB, AnagD, Acg2392, gnd>*®'F, .

KSDbl aroGE™¢, pta::Puss-aroG, ApheA, Atyr4, Acg0975 This study
KSD2 KSD1, ApobA, Acg0344-cg0347, Acg3349-cg3354, Acg2624-cg2640 This study
KSD3 KSD2, Apgo This study
KSD4 KSD2, Aldh This study
KSD5 KSD2, Acg2966 This study
KSD1-H36-H KSD1 harboring pCC-H36-hyg5 This study
KSD2-H36-H KSD2 harboring pCC-H36-hyg5 This study
KSD3-H36-H KSD3 harboring pCC-H36-hyg5 This study
KSD4-H36-H KSD4 harboring pCC-H36-hyg5 This study
KSD5-H36-H KSD5 harboring pCC-H36-hyg5 This study
KSD1-H36-U KSD1 harboring pCC-H36-ubiC This study
KSD2-H36-U KSD2 harboring pCC-H36-ubiC This study
KSD3-H36-U KSD3 harboring pCC-H36-ubiC This study
KSD4-H36-U KSD4 harboring pCC-H36-ubiC This study
KSD5-H36-U KSD5 harboring pCC-H36-ubiC This study
KSD5-e10-H KSD5 harboring pCC-e10-hyg5 This study
KSD5-el11-H KSDS5 harboring pCC-el1-hyg5 This study
KSD5-e12-H KSDS harboring pCC-e12-hyg5 This study
KSD5-tacM1-H KSD5 harboring pCC-tacM1-hyg5 This study
KSD5-J2-H KSDS5 harboring pCC-J2-hyg5 This study
KSD5-J3-H KSDS5 harboring pCC-J3-hyg5 This study
KSD5-J4-H KSDS5 harboring pCC-J4-hyg5 This study
KSD5-e10-U KSD5 harboring pCC-e10-ubiC This study
KSD5-e11-U KSDS5 harboring pCC-el1-ubiC This study
KSD5-e12-U KSD5 harboring pCC-¢12-ubiC This study
KSD5-tacM1-U KSD5 harboring pCC-tacM1-ubiC This study
KSD5-J2-U KSDS5 harboring pCC-J2-ubiC This study
KSD5-J3-U KSD5 harboring pCC-J3-ubiC This study
KSD5-J4-U KSDS5 harboring pCC-J4-ubiC This study
KSD5-e10-P KSD5 harboring pCC-e10-pchB This study
KSD5-el11-P KSD5 harboring pCC-el11-pchB This study
KSD5-e12-P KSDS5 harboring pCC-e12-pchB This study
KSD5-tacM1-P KSD5 harboring pCC-tacM1-pchB This study
KSD5-J2-P KSDS5 harboring pCC-J2-pchB This study
KSDS5-J3-P KSDS harboring pCC-J3-pchB This study
KSD5-J4-P KSD5 harboring pCC-J4-pchB This study
KSD5-e10-eP KSDS5 harboring pCC-e10-entC-pchB This study
KSD5-el1-eP KSDS5 harboring pCC-el1-entC-pchB This study
KSD5-e12-eP KSDS5 harboring pCC-e12-entC-pchB This study
KSD5-tacM1-eP KSDS5 harboring pCC-tacM1-entC-pchB This study
KSD5-J2-eP KSDS5 harboring pCC-J2-entC-pchB This study
KSD5-J3-eP KSDS5 harboring pCC-J3-entC-pchB This study
KSD5-J4-eP KSDS5 harboring pCC-J4-entC-pchB This study
KSD5-e10-PE KSDS5 harboring pCC-e10-pchB-entC This study
KSD5-e11-PE KSDS5 harboring pCC-el1-pchB-entC This study
KSD5-e12-PE KSDS5 harboring pCC-e12-pchB-entC This study
KSD5-tacM1-PE KSDS harboring pCC-tacM1-pchB-entC This study
KSD5-J2-PE KSDS5 harboring pCC-J2-pchB-entC This study
KSD5-J3-PE KSDS5 harboring pCC-J3-pchB-entC This study
KSDS5-J4-PE KSD5 harboring pCC-J4-pchB-entC This study
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3. Results and Discussion
3.1. Construction of a 3-HBA Biosynthetic Pathway Using a Shikimate-producing Strain of C. glutamicum

We selected the SA-7 strain given its prior use in shikimate biosynthesis and deleted three genes encoding DHS dehydratase
qsuB (cg0502), QA/SA dehydratase gsuD (cg0504), and DHAP phosphatase nagD (cg2474). The point mutation Ser361Phe of the
6-phosphogluconate dehydrogenase gene (gnd; cg1643) increased L-lysine production due to enhancement of NADPH supply [34].
To improve the activity of the shikimate dehydrogenase AroE, which requires NADPH as a cofactor, we introduced this point
mutation. To enhance the expression of AroG, we changed the start codon of aroG from GTG to ATG (aroG#¢~*¢) and deleted
cg2392 while also introducing an extra copy of aroG chromosomally into the pfa region. We reintroduced aroK gene to account
for the disrupted expression of shikimate kinase AroK in the SA-7 strain. Additionally, we deleted the pheA, tyr4, and chorismite
mutase genes (cg0937) to prevent phenylalanine and tyrosine biosynthesis to generate strain KSD 1. Furthermore, we deleted genes
involved in the 3-HBA degradation pathway [26]: phdBCDE (cg0344-47), pobA (cg1226), pcaFDO-pcaCBGH-cg2633—catCBA—
benABCD (cg2625-40), and naglKL-nagR—nagT-genH (cg3349-54). The resulting strain was named KSD2, and the engineered
metabolic pathway is illustrated in Figure la.

c)
a) NADP NADPH b)
Glucose—> G6P — —» 6PG—><—> Ry5P
1 gnds3iF |
v 1 3 35
DHA<9¢ DHAP«— GAP I
nagD
g | v )s 30 | +
PE| aroGots>atg_~ EAP a +
Acetic Acid &al s L[] E3 —
KPYR 2
Lactic Acid DAHP
Id| = T2 |}
l = =
0AA DHQ 3¢ QA < 15 r D‘."
TCA l qsuD :: S 15
cycle DHS 3¢ PCA 1L
qsuD*l gsuB 10
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< — =& — — Chorismate i
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Figure 1. (a) Schematic illustration of the hydroxybenzoic acid (HBA) production pathway in C. glutamicum. Metabolic engineering of C.
glutamicum for HBA production. The blue X indicates gene deletion. Genes involving hydroxybenzoic acids synthesis pathways are indicated in
red. G6P, glucose-6-phosphate; GAP, glyceraldehyde-3-phosphate; DHAP, 1,3-dihydroxyacetone phosphate; DHA, 1,3-dihydroxyacetone; PEP,
phosphoenolpyruvate; PYR, pyruvate; OAA, oxaloacetate; RuSP, ribulose-5-phosphate; E4P, erythrose 4-phosphate; DAHP, 3-deoxy-D-
arabinoheptulosonate-7-phosphate; DHQ, 3-dehydroquinate; DHS, 3-dehydroshikimate; PCA, protocatechuate; aroG, DAHP synthase; gsuB,
DHS dehydratase; gsuD, QA/shikimate dehydrogenase; gnd, 6-phosphogluconate dehydrogenase; phed, prephenate dehydratase; tyr4, prephenate
dehydrogenase; pobA; p-hydroxybenzoate hydroxylase; cg0975, chorismate mutase; cg2966, phenol 2-monooxygenase. (b) 3-HBA production
and (¢) cell growth among KSD strains harboring the 4yg5 expression plasmid under the control of the H36 promoter after 48 h cultivation. Data

are presented as the average of three independent experiments, and error bars indicate the standard deviation.

To produce 3-HBA, we selected the 3-hydroxybenzoate synthase gene hyg5 from S. hygroscopicus and used KSD1 and KSD2
as host strains. To express hygJ, we used the synthetic constitutive promoter Py3s [35], which has been successfully used to produce
recombinant single-chain variable fragments [36], gamma-aminobutyrate [37], 1,5-diaminopentane [33], and glutaric acid [38].
KSD2 carrying pCC-H36-hyg5 produced 1.1 g/L of 3-HBA, which was approximately 3-fold higher than the titer produced by
KSD1 (Figure 1b). Throughout cultivation, we observed the formation of a small (nonsignificant) amount of lactic acid and acetic
acid (data not shown). However, deletion of the pgo and /dh genes to reduce organic acid accumulation and enhance carbon flux
into the shikimate pathway produced a significant decrease in 3-HBA production by the resultant strains KSD3 and KSD4 carrying
pCC-H36-hyg5 (Figure 1b). Therefore, we focused on ¢g2966, the phenol 2-monooxygenase gene, as a possible candidate for
hydroxybenzoate degradation and deleted this gene in the KSD2 strain. The resultant strain KSDS5 carrying pCC-H36-hyg5
produced 1.93 g/L of 3-HBA after 48 h of cultivation (Figure 1b). The cell growth among KSD strains were almost same (Figure
lc), suggesting less effects of these gene deletion on cell growth.
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3.2. Improvement of 3-HBA Production by Selection of an Appropriate Promoter for hyg5 Expression

To enhance the titer of 3-HBA, we identified suitable promoters for A#yg5 expression. Various promoter libraries consisting of
native and/or fully synthetic promoters have been employed in C. glutamicum. For hyg5 overexpression, we screened a set of potent
promoters (dap-el0, dap-ell, dap-el2, tac-M1, J2, J3, and J4) that have been previously used for demonstrating arginine
biosynthesis [39]. The dap-e12 promoter has the highest strength, followed by that of dap-el1, dap-10, and tac-M1 [39]. The J2
promoters, J3 and J4 have similar activity with the tac-M1 promoter [39]. Figure 2a shows 3-HBA production using different
promoters. Strain KSD5-tacM1-H exhibited a significant increase in 3-HBA production up to 5.9 g/L after 48 h of cultivation, and
use of the tac-M1 promoter produced approximately 4-fold higher titers compared with those of the H36 promoter (Figure 1b).
Promoter J4 also increased 3-HBA production to 5.35 g/L. Thus, these promoters could be used for plasmid-based gene
overexpression. Previously reported 3-HBA production titers were approximately 2.5 g/L from 20 g/L of glucose (0.125 g/g-
glucose) using E. coli [21] and 2.0 g/L from 40 g/L of glucose (0.05 g/g-glucose) using C. glutamicum [27], whereas strain KSD5-
tacM1-H produced 5.9 g/L of 3-HBA from 50 g/L of glucose (0.118 g/g-glucose) (Figure 2a), which is more than twice the
production titer of those strains. The cell growth among these strains were almost same (Figure 2b), suggesting less effects of
employed promoters on cell growth.

a) b
7 ) 30
6 | o
s | Y +
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5 z
< 215 |
o
I - g
o 3 o
10
2 |
1 J i |
0 ' . 0
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el0-H | el1-H | e12-H |tacm1-H|J2-H |J3-H |J4-H e10-H | el1-H | e12-H |tacm1-H|J2-H |J3-H |J4-H

Figure 2. (a) 3-HBA production and (b) cell growth using the KSD-5 strains harboring hygS-espressing plasmids with different promoters after
48 h of cultivation in CGXIIY medium containing 50 g/L glucose. Data shown are mean and standard deviations of three independent experiments.

3.3. 4-HBA Production Using KSD Strains and Promoter Variants

4-HBA is synthesized from chorismite by chorismate pyruvate lyase (EC 4.1.3.40) derived from E. coli (UbiC). To enhance
4-HBA production, we tested strains KSD1 to KDS5. KSD5 carrying pCC-H36-UbiC produced 6.37 g/L of 4-HBA (Figure 3a).
Interestingly, strains KSD3 and KSD4 also exhibited increased 4-HBA production compared with that of KSD2. One possible
reason is that both reactions producing 3-HBA and 4-HBA produce pyruvate simultaneously. Although the pathway to the precursor
chorismate is the same, produced pyruvate might affect the carbon flux into PEP or TCA cycle. We evaluated seven different
promoters for 4-HBA production using the HB-5 strain as a host (Figure 3b). Promoters el 1, tac-M1, and J2 were suitable for UbiC
expression and produced 8.3 g/L of 4-HBA after 48 h of cultivation. The cell growth among these strains were almost same (Figure
3c). In a previous report on 4-HBA production, UbiC was expressed using the gapA [25], IPTG-inducible T7 [26], or sodM
promoters [40]. Direct comparison of the titers of these strains is difficult because of the differences in cultivation conditions
(growth-arrested culture, baffled Erlenmeyer flask, or conventional fed-batch culture). Our results suggest that the appropriate
promoter for overexpression is gene dependent as indicated by the comparison with Figures 1b and 2.
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Figure 3. (a) 4-HBA production using the KSD1, KSD2, KSD3, KSD4, and KSDS5 strains harboring plasmid pCC-H36-UbiC after 48 h of
cultivation in CGXITY medium containing 50 g/L glucose (b) 4-HBA production and (c¢) cell growth using the KSD5 strains harboring UbiC
expression plasmids with different promoter after 48 h of cultivation in CGXII'Y medium containing 50 g/L glucose. Data shown are mean and
standard deviations of three independent experiments.

3.4. 2-HBA Production by entC and pchB Cooverexpression

Encouraged by the results for 3-HBA and 4-HBA production, we sought to produce 2-HBA (salicylic acid) using KSD5 strains
and the above-mentioned promoters. Since C. glutamicum possesses an endogenous isochorismate synthase encoded by entC, we
solely focused on expressing the isochorismate pyruvate lyase from Pseudomonas aeruginosa encoded by pchB. This specific
enzyme has been employed for 2-HBA synthesis in E. coli, where co-expression of isochorismate synthase is necessary due to the
absence of native isochorismate synthase in E. coli [21]. However, 2-HBA titers using the KSDS5 strains were <0.15 g/L across all
pchB expression plasmids (Figure 4a). We hypothesized that expression levels of native entC were insufficient for 2-HBA
production. Therefore, we consequently constructed a co-expression vector for entC and pchB. Both genes (entC and pchB) were
connected through a consensus ribosome binding site (RBS) sequence (GAAAGGAGGCCCTTCAG) and expressed under the
control of the seven promoters and 2-HBA production were evaluated (Figure 4b). Use of plasmid pCC-tacM1-entC-pchB increased
2-HBA production to 0.8 g/L (Figure 4b). The dap-e12 promoter failed to produce any 2-HBA. Although the titer showed a slight
improvement, it was also suggested that the expression level of entC was sufficient under these conditions, whereas the expression
level of pchB was inadequate. Subsequently, when pCC-J2-pchB-entC was used, 2-HBA production significantly improved to 5.3
g/L (Figure 4c). Interestingly, the tac-M1 promoter, which is one of the suitable promoters for 3-HBA and 4-HBA production,
could not produce 2-HBA at all (Figure 4c). These results suggest that a strong promoter is not necessarily suitable for all gene
expressions, and the optimal promoter should be selected for each target gene. Furthermore, achieving a balance in the transcription
levels of both pchB and entC genes proved to be crucial for 2-HBA production. Previously reported 2-HBA production titers were
approximately 0.3 g/L [27] using only the bifunctional salicylate synthase. We attempted to express the bifunctional enzyme irp9
from Yersinia enterocolitica, but no 2-HBA was produced (data not shown). It is likely that the appropriate promoters for irp9
expression were not among the seven promoters we tested.

2-HBA, 3-HBA, and 4-HBA are derived from a precursor, chorismate. The variation in production levels among these
hydroxybenzoic acids may be attributed to the specific gene introduced (e.g., hyg5, ubic, or pchB-entC) that impacts the conversion
of chorismate. In contrast, studies on the commonly utilized host E. coli have shown almost same production levels for 2-HBA, 3-
HBA, and 4-HBA [21]. This suggests that chorismate production may be the limiting factor in E. coli, whereas the downstream
reaction from chorismate could be the bottleneck in C. glutamicum. The investigation of promoters and expression systems
conducted in this study may offer a promising approach to address this bottleneck effectively.
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Figure 4. (a) 2-HBA production using the KSD-5 strains harboring plasmid pCC-(promoter)-pchB. (b) 2-HBA production using the KSD-5 strains
harboring plasmid pCC-(promoter)-entC-RBS-pchB. (¢) 4-HBA production using the KSD-5 strains harboring plasmid pCC-(promoter)-pchB-
RBS-entC. 2-HBA and 4-HBA production was evaluated after 48 h of cultivation in CGXIIY medium containing 50 g/L glucose for all strains.

Data shown are mean and standard deviations of three independent experiments.

3.5. Production of 3-HBA and 2-HBA Using a Jar Fermentor
Batch culture using a jar fermenter was conducted at an initial glucose concentration of 80 g/L. The culture profiles of KSDS5
carry pCC-tacM1-hyg5 demonstrate that the production of 3-HBA reached 19.2 g/L after 41 h of cultivation (Figure 5a). The culture
profiles of KSD5 harboring pCC-J2-PE show that 2-HBA production reached the highest yield of 12.9 g/L after 45 h of cultivation
(Figure 5b). Glucose consumption was complete within 50 h for both 3-HBA and 2-HBA, and only trace amounts of organic acids
(<1 g/L) were detected during cultivation in both cases. Although the naglKL-nagR—nagT-genH gene cluster in the gentisate
pathway, which is responsible for 3-HBA degradation, was disrupted in the KSDS5 strain (Figure 1a), a decrease in 3-HBA
production was observed in the later stages of cultivation (Figure 5a). One possibility is that there may be other genes involved in
3-HBA degradation, which might be caused by lower glucose concentrations or glucose depletion. A method of producing 3-HBA

while supplying glucose in fed-batch culture may be one possible solution.
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Figure S. Culture profiles of (a) KSD5-tacM1-H and (b) KSD5-J2-PE grown using a jar fermenter. The concentrations of 3-HBA (green circles)
and 2-HBA (orange circles), cell growth (gray squares), and glucose consumption (purple triangles) are shown. Data shown are mean and standard

deviations of three independent experiments.
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4. Conclusions

We demonstrated the versatility of the C. glutamicum platform for the efficient production of HBAs. Through deletion of
genes associated with HBA degradation gene ¢g2966 and careful selection of suitable promoters for syg5 and UbiC as well as
balancing expression levels of pchB and entC, we engineered a C. glutamicum strain that produced 19.2 g/L of 3-HBA and 12.9
g/L of 2-HBA in jar fermenter, which surpasses the titers reported for previously studied C. glutamicum strains [26]. We also
acheved 8.3 g/L of 4-HBA in a test tube culture. These significant advancements made in our study highlight the potential and
progress of using C. glutamicum as a platform for HBAs production.
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