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Highlights

Improvement of the production efficiency of PDC from vanillic acid was investigated.

The maintenance of primary metabolic activity is important for PDC production.

Removal of Na ions is important to inhibit PDC-Na complex formation.

PDC production titer reached close to 100 g/L by improved conditions.
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ABSTRACT

2-pyrone-4,6-dicarboxylic acid (PDC) is a valuable building block molecule produced from lignin-
derived aromatic compounds by biological funneling. This study aimed to design a fermentation
process for producing PDC from vanillic acid, which could be applied at an industrial production.
Metabolomic analysis revealed that a high primary metabolic activity within cells was required to
improve the production efficiency. Moreover, a medium with ammonium salts and no alkali metals
was advantageous because it suppressed the formation of PDC—metal complexes. Our optimized
process yielded the highest PDC titer and productivity ever reported: 99.9 g/L and 1.69 g/L/h,
respectively. Per batch, 190 g of PDC was produced per liter of initial culture media, and the final
liquid volume was 1.9 L. Our study demonstrates the design of fermentation processes for the

advanced industrial utilization of lignin by biological funneling. (136 words)
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1. Introduction

Fossil resources can be replaced to achieve a circular economy by producing raw materials for
bio-based polymers through the microbial fermentation of renewable resources. Building blocks such
as lactic acid, succinic acid, and polyhydroxyalkanoic acid can be produced by the microbial
fermentation of monosaccharides obtained by the enzymatic saccharification of lignocellulosic
biomass (Kawaguchi et al., 2016). Lignin, constituting 9-34% of lignocellulosic biomass, is the
second most abundant renewable resource on earth after cellulose (Phaiboonsilpa et al., 2010;
Rabemanolontsoa & Saka, 2013; Ragauskas et al., 2014). However, its complex and heterogeneous
structure precludes its effective use as a resource.

Previously, a novel technique was proposed to convert aromatic monomers, obtained by chemical
degradation of lignin, into a single building block — 2-pyrone-4,6-dicarboxylic acid (PDC) — using
microbial metabolism (Otsuka et al., 2006). Recently gaining attention under the name “biological
funneling” (Beckham et al., 2016), this method has been used to obtain cis,cis-muconic acid,
polyhydroxyalkanoic acids, and PDC from aromatic compounds of low-molecular weight derived
from the oxidative degradation of lignin (Weiland et al., 2022).

PDC is a pseudoaromatic compound with two carboxy groups on the pyrone ring. Chemical
synthesis of this unique molecular structure is difficult, leaving microbial fermentation as the only
option for its production. PDC is expected to have new properties unprecedented in petroleum-based
chemicals. Polyesters, polyamides, and polyurethanes based on PDC possess excellent mechanical
and adhesive properties, besides being biodegradable (Cheng et al., 2022; Hasegawa et al., 2009;
Hishida et al., 2009; Michinobu et al., 2010; Michinobu et al., 2009; Michinobu et al., 2011;
Shikinaka et al., 2013).

Sphingobium sp. strain SYK-6 is the most enzymatically and genetically studied bacteria for
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metabolizing lignin-derived aromatic compounds via the protocatechuic acid (PCA) 4,5-cleavage
pathway (Kamimura et al., 2017; Masai et al., 2007), wherein PDC is produced as an intermediate.
Therefore, several PDC production systems use metabolic genes from SYK-6 (Johnson et al., 2019;
Lee et al., 2022; Otsuka et al., 2006; Suzuki et al., 2020; Suzuki et al., 2022; Yun Qian, 2016).

The major low-molecular weight compounds formed during the oxidative degradation of lignin
include the aromatic carboxylic acids vanillic acid (VA), syringic acid, and p-hydroxybenzoic acid,
and the aromatic aldehydes vanillin, syringaldehyde, and p-hydroxybenzaldehyde (Schutyser et al.,
2018). In addition, alkaline treatment of grass biomass yields the low-molecular weight aromatics
ferulic acid and p-coumaric acid (Suzuki et al., 2022). Although processes have been developed to
produce PDC from these compounds (Johnson et al., 2019; Lee et al., 2022; Perez et al., 2019; Perez
et al., 2022; Suzuki et al., 2020; Suzuki et al., 2021; Yun Qian, 2016), their low efficiency makes
them unsuitable for industrial application. A highly efficient PDC production method that can be
used in an industrial production is lacking.

Polylactic acid, the most commercialized bio-based polymer, is produced from lactic acid, which
is obtained by microbial fermentation of sugars. The first target value for the lactic acid production
process was 100 g/L (Abdel-Rahman et al., 2013), and several systems with yields surpassing 200
g/L have already been reported (Tsuge et al., 2019). In the case of metabolites like lactic acid, the
target metabolite and energy, both, can be obtained simultaneously through the production metabolic
pathway, allowing high-density production with a simple fermentation process. On the other hand,
since PDC is produced through an artificial metabolic pathway that does not utilize the glycolytic
system, separately metabolizing carbon sources for energy is necessary. This complex fermentation
process is one of the major factors responsible for the low productivity of PDC. The highest PDC

yield reported to date is 58 g/L (molar yield of 80.7% and productivity of 0.2 g/L/h) from p-
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hydroxybenzoic acid (Johnson et al., 2019). PDC cannot compete with fossil resource-based plastics
if its production efficiencies do not exceed 100 g/L.

This study aimed to design a PDC production process having an efficiency of 100 g/L, despite
employing separate pathways for metabolite and energy production. VA was chosen as the substrate,
and glucose (Glc) was chosen as the carbon source to drive energy metabolism. This paper reports
PDC yields close to 100 g/L, achieved by improving the composition of medium and fermentation

process based on metabolomic analysis.
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2.Materials and Methods
2.1. Bacterial strains, plasmids, media, and chemicals

The host strain (Pseudomonas putida PpY1100) and plasmid (pDVZ21X) used in this study
have been described previously (Suzuki et al., 2022). The lysogeny broth (LB) medium (10 g/L
Bacto Tryptone, 5 g/L yeast extract, 5 g/L NaCl) was used as the nutrient medium. The Wx medium
was used as the inorganic salt medium (Araki et al., 2020). Cultures were grown in L-shaped test
tubes at 30°C and shaken at 160 rpm. If necessary, 12.5 mg/L nalidixic acid and 25 or 50 mg/L
kanamycin (Km) were added to the medium. All commercially available chemicals except PDC were
purchased from Sigma-Aldrich Japan (Tokyo, Japan) and Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). PDC was prepared according to a previous method and its purity and structure were

verified (Otsuka et al., 2006).

2.2. Fed-batch fermentation
2.2.1 Strain preparation and culture conditions

The PpY1100 strain harboring pDVZ21X was grown in 10 mL of LB medium containing 50 mg/L
Km for 12-15 h. The resulting cultures were incubated in 10 mL of pre-culture medium (1.8% (w/v)
Glc, 5.6 g/L (NH4)2S04, 3.6 g/L KH2POg4, 8.2 g/L NazHPOQO4, 4.2 g/L yeast extract, 1% (v/v) metal
solution including 10.75 g/L MgO, 2.00 g/L CaCOs, 4.50 g/L FeSO4-7H20, 1.44 g/L ZnSO4-7H20,
1.12 g/L MnS04-4H20, 0.25 g/L CuSO4-5H,0, 0.28 g/L. CoSO4-5H,0, 0.06 g/L H3BO3, and 5.13%
(v/v) 12 N HCI) at a final concentration of 1% (v/v) for 1215 h. The bacterial cells were washed
two times and resuspended in the same medium as before. Cell density was estimated using a
spectrophotometer (V-630BIO; JASCO Co., Ltd., Tokyo, Japan) by measuring the optical density at

660 nm (ODeeo). The recipes of the main culture media were as follows: Na-medium 1 (1.8% (wi/v)
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Glc, 6.0 g/L (NH4)2S04, 3.9 g/L KH2POa4, 22.2 g/L. NaoHPO4-12H,0, 1.5 g/L yeast extract, 1% (v/v)
metal solution); Na-medium 11 (3.6% (w/v) Glc, 6.0 g/L (NH4)2SO4, 3.9 g/L KH2PO4, 22.2 g/L
Na;HPO4-12H,0, 2.9 g/L yeast extract, 2% (v/v) metal solution); NHz-medium (3.6% (w/v) Glc, 6.7
0/L (NH4)2S04, 4.3 g/lL KH2PO4, 9.1 g/L (NH4)2HPO4, 6.5 g/L yeast extract, 8% (v/v) metal

solution).

2.2.2. Cultivation and feeding control

Cell suspensions were inoculated at an ODggo 0f 0.001 into a 5-L jar (BMS-10NP3, ABLE Co.,
Tokyo, Japan) containing 1 L of main culture medium with 25 mg/L of Km. Cultures were operated
at 28°C, with an aeration rate of 3.5 vessel volumes per minute, and an agitation speed of 700 rpm.
To maintain the medium pH at 6.5, 5 N NaOH was used for Na-medium | and Na-medium 11, and
14% (w/v) ammonia solution was used for NH3-medium. H3PO4 (2 M) was used for all media. When
the oxygen saturation dropped below 20%, the stirring speed was manually increased up to 1000
rpm. Antifoam A Concentrate (Sigma-Aldrich Japan) was added to defoam when bubbles were
formed.

When the ODsgo 0Of the culture reached 6-8, 610 mg/mL of Glc solution was fed at a flow rate of
7.8 mL/h using a peristaltic pump. When the ODeeo reached 40-50, the Glc solution was stopped and
a mixed solution of 230 mg/mL Glc and 220 mg/mL VA was fed at a flow rate of 21 mL/h. The
feeding rates of VA and Glc were 4.8 g/h throughout the culture. Samples were periodically collected
and analyzed for cell proliferation (ODsgo) and various metabolites. Two independent experiments
are indicated as solid and dashed lines in Fig. 1C. The error bars show the standard deviation of the

both replicates in Fig. 6.
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2.3. Metabolomic analysis
The volume of samples required for metabolomic analysis was determined according to the
following formula:

Sampling volume (mL) = 20/ODeoo

Bacterial cells were collected from the samples by paper filtration. The filter paper was
subsequently dipped into 2 mL of methanol containing the internal standard, and the cells were
completely suspended by sonication for 30 s, collected in tubes that were sealed with caps, and
stored at —80°C.

The bacterial cell suspension was centrifuged at 2,300xg, 4°C for 5 min after 1,600 pL of
chloroform and 640 pL of ultrapure water were added to it. The aqueous phase was then centrifuged
at 9,100xg, 4°C for 120 min using ultrafiltration tubes with a 5-kDa cutoff (Ultrafree-MC
UFC3LCC; Merck Millipore, Burlington, MA, USA). The resulting filtrate was dried and dissolved
in 50 pL of ultrapure water.

Metabolomic analysis and characterization was outsourced to Human Metabolome Technology. A
combination of capillary electrophoresis (CE) and time-of-flight mass spectrometry (MS) was used
for analysis. Sheath liquid, standards for time-of-flight correction, and internal standards were all
prepared using Human Metabolome Technology metabolomics kits. Standard mixtures for annotating
and guantifying metabolites were prepared using 403 commercially available compounds. The pump,
G1603A CE-MS adapter kit, and G1607A CE-ESI-MS sprayer Kit were purchased from Agilent
Technologies Inc (Santa Clara, CA, USA). The sheath flow rate was adjusted to 10 uL/min. The
separation of the metabolites was carried out using a fused silica capillary (50-um inner diameter x
80-cm total length; Polymicro Technologies, Inc., Phoenix, AZ, USA) with 50 mM ammonium

acetate (pH 8.5) for the anion analysis and 1 M formic acid for the cation analysis. The voltage
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applied to the CE has been set at 30 kV. The MS spectra were sampled between m/z 50 and 1000.
The time-of-flight MS acquisition rate was set to 1.5 spectra/s. MS was performed in the negative
ionization mode at 3500 V for anion analysis and 4000 V for cation analysis.

The data processing was carried out using MasterHands™, which was developed by the Institute
for Advanced Biosciences at Keio University. The retention time correction for internal standards
and authentic substances was applied to each peak of CE-MS. Presumed metabolites were identified
from their m/z and corrected retention times obtained from standard mixtures were analyzed under
the same CE conditions. Tolerances were £10 ppm for m/z and £ 0.5 min for migration time
correction. After manually confirming these results, the peak area of each metabolite was normalised
to the corresponding internal standard peak area. MasterHands™ was used for statistical analysis of

the remaining metabolites.

2.4. Analytical methods

Supernatants were collected from culture samples by centrifugation, diluted 100-1,000-fold
with mobile phase solvent (10% acetonitrile containing 10 mM phosphoric acid), filtered through a
0.45-um syringe filter with a nylon membrane, and injected into a C-18 Inertsil ODS-3 reverse-phase
column (4.6 x 250 mm, 5-um column; GL Sciences Inc.) to detect VA, PCA, and PDC using an
ultraviolet-visible detector set at 290 nm. The analyses were performed isocratically at 40°C with a
flowrate of 1 mL/min. The concentration of each compound was calculated by comparing the
obtained peak areas with the calibration curves prepared for the compound samples. Glc
concentration in the medium was assayed by a combination of mutase and Glc oxidase using the

Glucose CII Test kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan).



180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

3. Results and discussion
3.1. Engineering a P. putida PpY 1100 recombinant for producing PDC from VA

To engineer a pathway to produce PDC from VA, the VA O-demethylase gene (vanAB) of P.
putida KT2440 and the PCA 4,5-cleavage pathway genes of Sphingobium sp. SYK-6 — PCA 4,5-
dioxygenase (ligAB) and 4-carboxy-2-hydroxymuconate-6-semialdehyde dehydrogenase (ligC) —
were introduced into a broad-host-range vector pKT230MC to obtain the plasmid pDVZ21X (Suzuki
et al., 2022). In this plasmid, vanA, vanB, ligA, ligB, and ligC are transcribed as an operon under the
control of the lac promoter, and are non-inducibly expressed at a high level. pDVZ21X was then

introduced into P. putida PpY1100 to obtain a recombinant that can produce PDC from VA (Fig. 1A).

3.2. Metabolomic analysis during PDC fermentation with stepwise Glc feeding

A previous study reported PDC titers of more than 10 g/L from PCA using a PpY 1100 strain
harboring ligAB and ligC, indicating that a high bacterial cell density at the start of PCA feeding is
important for efficient PDC production (Otsuka et al., 2006). Accordingly, the culture conditions
were designed for PpY 1100 (pDVZ21X) using VA as a substrate (Fig. 1B). PpY1100 (pDVZ21X),
pre-cultured in LB, was inoculated into Na-medium | containing 18 g/L Glc and incubated until the
culture reached the late log phase (P3 in Fig.1B). Then, Glc was added at once to a final
concentration of 50 g/L that is almost double of final feed weight of VA, and the continuous feeding
of VA was initiated simultaneously. The PDC concentration reached 21.8 g/L after 17 h of VA
feeding (27 h of incubation) (Fig. 1B). However, VA accumulated in the culture after 12 h of VA

feeding (22 h of incubation) (Fig. 1B), whereas PCA did not, suggesting that VanAB activity is
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bottlenecked in this production pathway (Fig. 1B). Glc was consumed steadily in the early stages, but
its consumption became moderate after 22 h of incubation, when VA began to accumulate (Fig. 1B).
After the addition of Glc, the cell density increased and settled down to a steady state (Fig. 1B).

In the VA demethylation reaction mediated by VanAB, the reduced form of nicotinamide adenine
dinucleotide (NADH), used as a cofactor, is oxidized to NAD* (Fig. 1B), which in turn serves as a
cofactor for oxidative reactions in central metabolism like the tricarboxylic acid (TCA) cycle,
eventually getting reduced back to NADH. An intracellular redox imbalance might underlie the
accumulation of VA in the late stages of fermentation. To understand the intracellular state of
PpY1100 (pDVZ21X) during fermentation, metabolite dynamics were investigated by metabolomics.
Figure 2 shows the quantitative results of primary metabolites obtained through metabolomics.
Glycolysis, the pentose phosphate pathway, and the TCA cycle were all activated when Glc was
added in the late log growth phase (P3 in Fig. 2). Simultaneously, the levels of energy carriers, such
as NAD, NAD phosphate, ATP, and ADP, were also increased, suggesting high intracellular
metabolic activity. However, the accumulation of pyruvic acid was observed at P4 in Fig.2. This
result may indicate a stagnation of glycolytic metabolites due to the addition of large amounts of
glucose at once. This stagnation of the glycolytic system may be related to the growth of the bacteria
shifted to a stagnant phase from P3 to P4. On the other hand, when VA began to accumulate, the
concentrations of compounds involved in the TCA cycle increased (P5 in Fig. 2), accompanied by a
significant decrease in the levels of each amino acid and energy carrier (P5 and P6 in Fig. 2). These
results suggest that VA accumulates due to reduced primary metabolic activity. Therefore, to

effectively produce PDC from VA, cells must be maintained at a high primary metabolic activity.

3.3. Enhancing PDC productivity by continuous Glc feeding and additional metabolomic
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analysis
To improve the production efficiency of PDC from VA, Glc was fed continuously instead of
stepwise to maintain a high primary metabolic activity within PpY1100 (pDVZ21X) cells.

These modifications resulted in PDC titers reaching 33 g/L with an extended log growth phase
(Fig. 1C). In addition, VA did not accumulate in the fermentation culture, indicating that maintaining
a high primary metabolic activity during PDC production is important for maintaining VanAB
activity.

Figure 3 shows the results of metabolomic analysis at points P1-P6 in Fig. 1C. During the growth
phase (P1-P2) and just after initiating the continuous feed of Glc and VA (P3), primary metabolites
remained at high levels, suggesting that PpY1100 (pDVZ21X) was metabolically active. In the early
stage of PDC conversion (P4), the level of primary metabolites decreased, but was maintained
constant due to the addition of glucose. In the late stage (P5-P6), however, primary metabolites
depleted despite continuous Glc addition, indicating that the metabolic activity of PpY1100
(pDVZ21X) had diminished in the late fermentation stage, and that components besides the carbon

source also need to be supplemented.

3.4. Additional augmentation of fermentation media and precipitation of insoluble PDC-metal
complexes
Based on the above results, the Na-medium |1, which contains double the amount of initial Glc,
yeast extract, and metal solution compared with Na-medium I, was designed to further improve PDC
productivity.
The continuous feed of VA and Glc was started 14 h after incubating PpY1100 (pDVZ21X).

Resultantly, the cell density increased until 38.5 h of incubation, and the PDC titer reached 26.4 g/L
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(Fig. 4). Thereafter, the cell density slightly decreased, but the PDC concentration continued to
increase, finally reaching 73.4 g/L after 159 h of incubation (Fig. 4).

In addition to Glc, increased amounts of yeast extract and metal solution significantly increased
cell density and improved the maximum value of ODsgo from about 35 to 80 compared to the
previous experiment (Fig. 1C and Fig. 4). In Fig. 1C, the logarithmic growth phase shifted to a
stationary phase after 24 hours. In Fig. 4, the logarithmic growth phase was extended up to 40 hours.
These results indicate that the reinforcement of the carbon source as well as other components has
enabled further cell growth. The increase in cell density then leads to an increase in the PDC
production capacity in the fermenter. As a result, the production of PDC at 40 hours of incubation in
both Fig. 1C and Fig. 4 is almost equal to 30 g/L, but in Fig. 4, the VA to PDC conversion activity
was maintained afterwards, and the final production efficiency of 73.4 g/L was achieved.

To synthesize PDC-based polymers, purifying the produced PDC from the fermentation media is
essential. Therefore, a method of extracting PDC from cultures wherein it had accumulated to high
concentrations was investigated. When fermented media was acidified using concentrated HCI, a
white precipitate formed corresponding to the PDC—Na complex, whose structure has already been
determined (Michinobu et al., 2007) (Fig. 5). PDC is known to chelate alkali metal ions at certain
concentrations (Bito et al., 2017; Shikinaka et al., 2018). Na-medium Il contains Na* ions, and
NaOH was used to prepare VA solution and adjust the pH of the medium. Therefore, the formation of
PDC-Na complexes is highly likely and Na* ions in the medium were considered responsible for the

formation of insoluble white precipitates during PDC purification.

3.5. Replacing Na salt in fermentation media with ammonium salt to suppress PDC-metal

complexes improved PDC productivity
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lon exchange is necessary to circumvent the formation of PDC—Na complexes, which hinder
PDC’s utility as a building block. Thus, the NH3-medium, wherein all Na salts from Na-medium 11
were replaced with ammonium salts was designed. In addition, ammonia solution was used to
prepare the VA solution and adjust the medium pH instead of using NaOH. Furthermore, as the target
value of 100 g/L had not yet been reached in the experiment with Na-medium Il, the amount of yeast
extract and metal solution was further increased in the NH3z-medium. The results of PDC
fermentation in NHs-medium are shown in Fig. 6. The growth of PpY 1100 (pDVZ21X) was
comparable to that in Na-medium I1. The continuous feed of VA and Glc was initiated when the
ODeeo 0f the culture reached 40-50. After 53 h of fermentation, the PDC concentration reached 96.7
g/L, showing a higher production efficiency than the previous batches. However, 1.07 g/L of VA had
accumulated at this point. Therefore, the supply of VA was stopped and only Glc was fed, resulting in
the conversion of the accumulated VA to PDC, which increased its titer to 99.9 g/L with a molar
yield of 99% after 59 h of fermentation (Fig. 6).

Acidifying the fermentation media did not yield any PDC-derived insoluble salts (Fig. 5) and PDC
could be purified by liquid—liquid extraction using ethyl acetate. Gomez et al. reported that PDC
spontaneously reacts with ammonium ions to form pyridine 2,4-carboxylic acid (PDCA) at
conditions above pH 7.5 (Gomez-Alvarez et al., 2022). In PDC production experiments with NH3-
medium, no PDCA production was observed, although the concentration of ammonium ions was
increased by addition of ammonia solution, because the pH was controlled at 6.5.

In summary, NH3z-medium not only enables the purification of directly usable PDC but also
improves PDC productivity, probably because ammonium salts, being a nitrogen source, enhance
cell metabolism, besides inhibiting the formation of chelator complexes.

The target of 100 g/L for industrial production of PDC from VA was almost achieved. Despite the
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different final PDC production efficiencies, the maximum value of ODego is around 70-80 in both
experiments with Na-medium Il (Fig.4) and NHs-medium (Fig.6), even the amount of yeast extract
and metal solution are further increased in NHsz-medium. This is considered to be the physical upper
limit of cell density in the present experimental system. Thereafter, cell density decreases, but cell
activity is maintained, suggesting that conversion of VA to PDC continues in the experiment with
NHs-medium. At a later stage of PDC fermentation, accumulation of Glc was observed at the same
time as VA started to accumulate. These results suggest that a decrease in cellular activity causes a
decrease in VA to PDC conversion activity. And under current conditions, it would probably be
difficult to sustain the PDC conversion activity any longer.

To further improve the titer, the problem of VA solubility needs to be solved. Since the solubility
of VA in ammonia solution is about 220 g/L, the increase in volume of the fermentation media due to
the addition of VA and Glc solutions leads to the dilution of PDC: a trade-off for the higher PDC
titer. To solve this problem, the direct addition of VA in powder form was examined but it
significantly and immediately decreased cell density and completely suppressed the conversion
activity (data not shown). Therefore, a method of adding feedstock that does not significantly
increase the volume of the fermentation media must be explored. The other major component,
aldehyde-type vanillin, is also obtained through chemical decomposition of lignin, but its solubility
is even lower than VA (about 140 g/L).

Finally, 99.9 g/L of PDC could be produced from VA with a productivity of 1.69 g/L/h (molar
yield of 99%) by optimizing the medium components and fermentation conditions based on
metabolomic analysis. Per batch, 190 g of PDC per 1.9 L of final medium was produced, despite
starting with 1 L of culture medium. NHs-medium also inhibits the formation of PDC—Na

complexes, enabling the easy purification of PDC by liquid—liquid extraction. Since this process does
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not require a subsequent ion exchange step, the cost of purifying PDC is expected to reduce
compared with its proposed recovery by precipitation of PDC—Na complexes (Perez et al., 2022).
This technique is costlier than any general fermentation method like lactic acid fermentation
because it requires another carbon source to drive primary metabolism, besides the substrate. For a
more practical process, replacing carbon sources with cheaper ones, such as inedible sugar, could
also be considered. Sonoki et al. have developed a glucose-free production process, wherein some
compounds from the lignin-derived aromatic mixture are used as feedstock for the product while
others are used as a carbon source (Sonoki et al., 2018). This strategy could also be applied to the
PDC production process. In addition, to produce PDC with a high titer from lignin-derived
aromatics, a method for adding substrates without increasing the volume of the fermentation media
would be advantageous, besides maintaining the primary metabolic activity of the fermenting

microorganisms.
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4. Conclusions

This study used metabolomic analysis to optimize the medium composition and fermentation
process for producing PDC from VA, a major product of the oxidative decomposition of lignin.
Replacing all sodium salts in the medium with ammonium salts suppressed the formation of PDC—
Na complexes, maintained cell metabolism by providing a nitrogen source, and improved the
production efficiency of PDC as a directly usable building block. Finally, this study achieved the

highest PDC titer of 99.9 g/L and productivity of 1.69 g/L/h to date.
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Figure captions

Figure 1. PDC production in fed-batch fermentation using Na-medium 1. (A) Artificial metabolic
pathways of P. putida PpY 1100 to produce PDC from VA. Abbreviations: VA, vanillic acid; PCA,
protocatechuic acid; CHMS, 4-carboxy-2-hydroxymuconate-6-semialdehyde; PDC, 2-pyrone-4,6-
dicarboxyric acid. Enzymes: VanAB, VA O-demethylase; LigAB, PCA 4,5-dioxygenase; LigC,
CHMS dehydrogenase. (B) Glucose (Glc) was added stepwise as a growth source. (C) Glc was
added continuously as a growth source. Two independent experiments are indicated with solid and

dashed lines. P1-P6 (Blue arrows) indicate sampling points for metabolomic analysis.

20



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487
488
489
490

491

492

493
494

Figure 2. Metabolomic analysis in Na-medium | with the stepwise addition of Glc.

The concentration of each component is depicted in the heat map (blue: low, red: high). P1-P6
correspond to Fig. 2A. P1: initial-term of cell growth, P2: mid-term of cell growth, P3: before the
addition of Glc, P4: initial-term of PDC production after initiating Glc and VA feed, P5: late-term of

PDC production, P6: after VA accumulation.

Figure 3. Metabolomic analysis in Na-medium | with the continuous addition of Glc.

The concentration of each component is shown in the heat map (blue: low, red: high). P1-P6
correspond to Fig. 2B. P1: initial-term of cell growth, P2: mid-term of cell growth, P3: initial-term of
PDC production after Glc and VA feed, P4: mid-term of PDC production, P5: late-term of PDC

production, P6: the end of fermentation.

Figure 4. PDC production in fed-batch fermentation using Na-medium II. The red arrow indicates

the feeding point of VA.

Figure 5. Comparison of PDC extraction processes under different culture conditions using sodium
and ammonium salts.

Figure 6. PDC production in fed-batch fermentation using NHz-medium. The red arrow indicates the

feeding point of VA.
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