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H I G H L I G H T S :  G R A P H I C A L  A B S T R A C T  

• Hydroxycinnamic acids can be easily 
extracted from grass biomass. 

• Hydroxycinnamic acids were converted 
to single intermediate via microbial 
funneling. 

• PDC is a promising building block for 
bio-based polymers. 

• 4S-3CML is a promising chiral building 
block for bio-based polymers. 

• Hydroxycinnamic acids extraction 
improved enzymatic accessibility of 
lignocellulose.  
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A B S T R A C T   

In grass biomass, hydroxycinnamic acids (HCAs) play crucial roles in the crosslinking of lignin and poly-
saccharides and can be easily extracted by mild alkaline pretreatment, albeit heterogeneously. Here, HCAs were 
extracted from bamboo and rice straw as model grass biomass with different HCAs composition, and microbial 
funneling was then conducted to produce 2-pyrone-4,6-dicarboxylic acid (PDC) and (4S)-3-carbox-
ymuconolactone (4S-3CML), promising building blocks for bio-based polymers, respectively. Pseudomonas putida 
PpY1100 engineered for efficient microbial funneling completely converted HCAs to PDC and 4S-3CML with high 
titers of 3.9–9.3 g/L and molar yields of 92–99%, respectively. The enzymatic saccharification efficiencies of 
lignocellulose after HCAs extraction were 29.5% in bamboo and 73.8% in rice straw, which are 8.9 and 6.8 times 
higher than in alkaline-untreated media, respectively. These results provide a green-like process for total valo-
rization of grass biomass through enzymatic saccharification integrated with upgrading heterogeneous HCAs to a 
valuable single chemical via microbial funneling.  
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1. Introduction 

Lignocellulosic biomass is a recalcitrant complex mixture primarily 
composed of cellulose, hemicellulose, and lignin at varying composition 
depending on the plant species. Cellulose can be used as a raw material 
not only for pulp, but also for bioethanol and polylactic acid production 
through hydrolysis into monosaccharides via enzymatic saccharification 
(Sharma et al., 2020; Svetlitchnyi et al., 2022). To break down ligno-
cellulose recalcitrance and enhance enzymatic saccharification, green- 
like and cost-effective pretreatment development that does not 
generate toxic byproducts has been encouraged (Alam et al., 2020; Gao 
et al., 2021; Li et al., 2018; Wang et al., 2021). These pretreatment 
technologies can also recover lignin, which is potentially a valuable 
precursor for bio-based material. Recently, lignin valorization using 
microbial funneling processes has attracted increasing research atten-
tion (Gómez-Álvarez et al., 2022; Johnson et al., 2019; Lee et al., 2022; 
Perez et al., 2019, 2022). The technical developments for production of 
a single intermediate from lignin-derived aromatic compounds by mi-
crobial funneling, and synthesis of a variety of bio-based polymers from 
it as a building block have been reported (Shikinaka et al., 2018; Suzuki 
et al., 2021, 2020). The protocatechuate (PCA) 4,5-cleavage pathway 
(Kamimura & Masai, 2014) and the PCA 3,4-cleavage pathway (Kondo 
et al., 2016; Okamura-Abe et al., 2016) are beneficial metabolic path-
ways to produce a single intermediate from lignin-derived aromatic 
compounds. 

The application of microbial funneling for woody biomass utilization 
has been previously reported. Specifically, Pseudomonas putida PpY1100 
was engineered by introducing the PCA 4,5-cleavage pathway enzyme 
genes ligAB and ligC of Sphingobium sp. SYK-6 to produce 2-pyrone-4,6- 
dicarboxylic acid (PDC) from vanillin (VL) and vanillate (VA) prepared 
from industrial lignin, which is a byproduct of wood pulp production 
(Suzuki et al., 2020). PDC is a promising bioprivileged molecule (Huo & 
Shanks, 2020) because its chemical synthesis is difficult and has high 
functionality that is unprecedented for chemicals derived from fossil 
resources. A series of PDC-based polyesters synthesized by direct 
dehydrated polycondensation with various diol co-monomers were 
demonstrated to have excellent biodegradability and mechanical and 
adhesive properties (Bito et al., 2008; Hasegawa et al., 2009; Hishida 
et al., 2009; Michinobu et al., 2011, 2010a, 2010b, 2009a, 2009b, 2008, 
2007). Recently, PDC was found to selectively bind and precipitate ce-
sium ion in aqueous solution, indicating its potential for application in 
the remediation of radioactive cesium contamination (Bito et al., 2019). 

To encourage the various applications of bio-based polymers, tech-
nical development of the production of intermediates using the PCA 3,4- 
cleavage enzyme genes pcaHG of prokaryotic P. putida KT2440 and 3- 
carboxy-cis,cis-muconate lactonizing enzyme gene (CMLE) of eukaryotic 
Neurospora crassa N150 has been described. The PCA 3,4-cleavage 
pathway has been mainly studied in prokaryotes. However, the dicar-
boxylic acid 4-carboxymuconolactone (4CML) could not be stably pro-
duced via the PCA 3,4-cleavage pathway of prokaryotes nor purified 
from the culture medium because of its chemical instability (Kondo 
et al., 2016). Meanwhile, the PCA 3,4-cleavage pathway of eukaryotes 
was studied in N. crassa, finding that it proceeds via a different inter-
mediate to that observed in prokaryotes, i.e., (4S)-3-carbox-
ymuconolactone (4S-3CML) (Gross et al., 1956; Martins et al., 2015), 
which is produced in optically pure form by the stereoselective CMLE of 
N. crassa (Mazur et al., 1994). Therefore, 4S-3CML could be an un-
precedented chiral building block for lignin derivatives with potential 
applications in functional materials with optical activity, such as liquid 
crystalline polymers. Stable production and purification of 4S-3CML 
from PCA using CMLE of N. crassa N150 has been reported (Kondo et al., 
2016). However, 4S-3CML production from lignocellulosic biomass- 
derived aromatic compounds has not been achieved. 

The present study focused on hydroxycinnamic acids (HCAs), which 
are abundant in grass biomass, to diversify the plant species used as a 
source of lignocellulosic biomass. In grass biomass, HCAs play crucial 

roles in the crosslinking of lignin and polysaccharides and can be easily 
extracted by mild alkaline pretreatment, albeit heterogeneously (John-
ston et al., 2020; Karlen et al., 2020). In addition, HCAs extraction may 
improve the efficiency of lignocellulose utilization in processes such as 
bioethanol and polylactic acid production because it releases poly-
saccharides from lignin and increases the enzymatic accessibility of 
lignocellulose. HCAs extracted from grass biomass is a complex mixture 
of p-coumarate (CA) and ferulate (FA) (Johnston et al., 2020; Karlen 
et al., 2020). Upgrading the extracted heterogeneous HCAs to a valuable 
single intermediate while improving the efficiency of lignocellulose 
utilization is a promising approach for total valorization of grass 
biomass. 

Here, HCAs were extracted by mild alkaline pretreatment from 
bamboo and rice straw as model grass biomass, which differ in their 
content ratios of CA and FA. Subsequently, microbial funneling was 
conducted to produce PDC and 4S-3CML. The key to achieve efficient 
production of these products from HCAs was the use of feruloyl-CoA 
synthetase (FerA) and feruloyl-CoA hydratase/lyase (FerB) from Sphin-
gobium sp. SYK-6, which show broad substrate specificities (Masai et al., 
2002), and an adequate supply of cofactor CoA (Fig. 1). Furthermore, to 
evaluate the enzymatic accessibility of lignocellulose after HCAs 
extraction, its enzymatic saccharification efficiency was investigated. 

2. Materials and methods 

2.1. Preparation of grass biomass extracts 

2.1.1. Optimization of the conditions for HCAs extraction 
One-year-old bamboo (Phyllostachys edulis) with height similar to 

that of mature plants was obtained from an experimental bamboo forest 
at Forestry and Forest Products Research Institute (Ibaraki, Japan). 
Mature rice straw (derived from Oryza sativa L.) was obtained from an 
experimental paddy field at Tokyo University of Agriculture & Tech-
nology (Tokyo, Japan). The grass biomass samples were dried at 60 ◦C 
until the moisture contents were reduced to less than 10% (6.9% for the 
bamboo sample and 5.3% for the rice straw sample). The dried biomass 
was milled to a particle size of 6 mm or less using a P-15 cutting mill 
(Fritsch Japan Co., ltd., Kanagawa, Japan). The optimal alkaline pre-
treatment conditions were investigated at a reaction temperature of 
40–100 ◦C and an NaOH concentration of 1–6% w/v. The milled 
biomass (1 g) and 9 mL of NaOH solution of a given concentration were 
put into a 100 mL volume eggplant flask. The alkaline pretreatment was 
performed under air atmosphere in an oil bath for 2 h while stirring at 
500 rpm. A Dimroth condenser with running tap water was placed above 
the heated eggplant flask to prevent experimental errors caused by 
changes in the volume of the reaction solution due to vaporization. After 
the reaction, the lignocellulose was removed by filtration. The filtrate 
was acidified to less than pH 2.0 with 10 N HCl and extracted three times 
with 5 mL of ethyl acetate. The ethyl acetate extracts were rotary- 
evaporated and dissolved in 50 mL of water, and the pH was adjusted 
to 8.2 with 28% w/v ammonia solution. HCAs and OAs in the resulting 
extracts were quantified by high performance liquid chromatography 
(HPLC) and gas chromatography–mass spectrometry (GC–MS) analyses, 
respectively (see the section “Analytical methods” for details). The 
model aromatic compounds, CA, FA, VA, and PCA were purchased from 
Sigma-Aldrich Japan (Tokyo, Japan). VL was purchased from Tokyo 
Chemical Industry Co., ltd. (Tokyo, Japan). p-hydroxybenzaldehyde 
(HBAL) and p-hydroxybenzoate (HBA) were purchased from Nacalai 
Tesque Inc. (Kyoto, Japan). The yields (w/w) of aromatic compounds 
were calculated on the basis of Klason lignin (bamboo, 22.8% w/w; rice 
straw, 14.84% w/w). 

2.1.2. Scaling up for fed-batch production 
Biomass (five batches of 100 g, accounting for a total of 500 g) was 

subjected to mild alkaline pretreatment and used as a feedstock for fed- 
batch production with an initial culture volume of 1 L. Briefly, each 
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batch of milled biomass (100 g) and 900 mL of NaOH solution were put 
into a 1 L eggplant flask and subjected to alkaline pretreatment under 
the optimal conditions of 80 ◦C and 4% NaOH concentration for the 
bamboo biomass and 60 ◦C and 4% NaOH concentration for the rice 
straw biomass (Fig. 2). A filtrate of the reaction solution was acidified to 
less than pH 2.0 with 10 N HCl and extracted three times with 500 mL of 
ethyl acetate. The ethyl acetate extract was rotary-evaporated and dis-
solved in 24 mL of water containing 8 g of glucose. The pH of the 
resulting solution was adjusted to 8.2 with 28% w/v ammonia solution. 
A total of five batches of the resulting extracts were mixed to a total 
volume of 120 mL and used for a subsequent fed-batch production test. 
For a preliminary test of the fed-batch production, feedstock solutions 
containing 10 g of CA or FA and 40 g of glucose with a total volume of 
120 mL adjusted to pH 8.2 were also prepared. 

2.2. Plasmid constructions and bacterial strains 

The plasmids and bacterial strains used in this study are listed in 
Table 1. To produce efficiently the target products from CA and FA, the 
ferA, ferB, VL dehydrogenase gene (ligV), and the benzaldehyde de-
rivatives dehydrogenase gene (bzaA) of Sphingobium sp. SYK-6 and HBA 
hydroxylase gene (pobA) of P. putida KT2440 were cloned into pJB866, 
and the resulting construct was named pJFVV2AB. In addition, the ligAB 
and ligC genes of Sphingobium sp. SYK-6 and VA demethylase gene 
(vanAB) of P. putida KT2440 were cloned into pKT230MC for PDC pro-
duction, and the resulting construct was named pDVZ21X. The CMLE 
gene derived from cDNA of N. crassa N150 and the vanAB and pcaHG 
genes of P. putida KT2440 were cloned into pKT230MC for 4S-3CML 
production, and the resulting construct was named pDVZ21HB. Isolation 
of total RNA and cDNA synthesis from N. crassa N150 was performed 
according to a previously reported method (Kondo et al., 2016). 
pJFVV2AB and pDVZ21X were introduced into P. putida PpY1100-dHG, 
a pcaHG-inactivated mutant described in a previous study (Qian et al., 
2016), for PDC production, which was named PpY1100-dHG/pJF-X. For 
4S-3CML production, pJFVV2AB and pDVZ21HB were introduced into 
P. putida PpY1100, which was named PpY1100/pJF-HB. 

2.3. Fed-batch production in a jar fermenter 

2.3.1. Strain preparation 
To revive a glycerol stock (200 µL) stored at − 80 ◦C, it was melted on 

ice and then inoculated into L-type test tubes containing 10 mL of culture 
medium with 1.8% w/v glucose as a growth source for the host strain. 
The culture medium was supplemented with 5.6 g/L of (NH4)2SO4, 3.6 
g/L of KH2PO4, 8.2 g/L of Na2HPO4, 4.2 g/L of yeast extract, 12.5 mg/L 
of tetracycline, 25 mg/L of kanamycin, and a 1% v/v metal solution 
composed of 10.75 g/L of MgO, 2.00 g/L of CaCO3, 4.50 g/L of FeS-
O4⋅7H2O, 1.44 g/L of ZnSO4⋅7H2O, 1.12 g/L of MnSO4⋅4H2O, 0.25 g/L 
of CuSO4⋅5H2O, 0.28 g/L of CoSO4⋅5H2O, 0.06 g/L of H3BO3, and 5.13% 
v/v 12 N HCl. The yeast extract was purchased from Thermo Fisher 
Scientific Inc. (Tokyo, Japan), and the other reactants were provided by 
Wako Pure Chemical Industries, ltd. (Osaka, Japan). The strain was 
cultured at 28 ◦C and 160 rpm for 36–60 h in an incubator, and the 
culture growth was determined by monitoring an optical density at 660 
nm (OD660) using a spectrophotometer (V-630BIO; JASCO Co., ltd., 
Tokyo, Japan). The revived strain culture (100 µL) was inoculated again 
into an L-type test tube containing 10 mL of the same culture medium 
described above and incubated at 28 ◦C and 160 rpm for 6–9 h until the 
OD660 value reached approximately 0.8. The resulting strain was 
washed with culture medium of the above composition without glucose 
and resuspended in 10 mL of the same culture medium. 

2.3.2. Final growth culture preparation and bioreactor control 
A strain suspension was inoculated into a jar fermenter (BMS-10NP3; 

ABLE Corporation, Shinjuku, Japan) containing 1 L of final culture 
medium with an initial OD660 of 0.001. The final culture medium was 

Fig. 1. Metabolic pathways of CA and FA in engineered P. putida PpY1100 in 
this study. The continuous arrows represent pathways introduced into P. putida 
PpY1100. Abbreviations: CHMS, 4-carboxy-2-hydroxymuconate-6-semialde-
hyde; CHMShemi, hemiacetal form of CHMS; CMA, 3-carboxy-cis,cis-muco-
nate; PcaB, 3-carboxy-cis,cis-muconate cycloisomerase of P. putida KT2440. 
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composed of 3.6% w/v glucose, 6.7 g/L of (NH4)2SO4, 4.3 g/L of 
KH2PO4, 9.1 g/L of (NH4)2HPO4, 6.5 g/L of yeast extract, 12.5 mg/L of 
tetracycline, 25 mg/L of kanamycin, and 8% v/v metal solution. The 
final growth culture was performed at 28 ◦C and an aeration of 3.5 L/ 
min while controlling the pH at 6.5 with 2 M H3PO4 and 14% w/v 
ammonia solution. Agitation was initially operated at 700 rpm and 
manually increased to 1000 rpm when oxygen saturation fell below 
20%. Antifoam A concentrate (Sigma-Aldrich Japan) was added as a 
defoamer in a timely manner when bubbles were significantly 
generated. 

2.3.3. Feeding of raw material solutions 
When the OD660 value of the culture medium reached approximately 

5.0–8.0, a feed of glucose solution (500 mg/mL) was introduced at a 
flow rate of 9.6 mL/h using a Perista pump (4.8 g/h of glucose). When 
the OD660 value of the culture medium reached approximately 30, the 
feed of glucose was stopped and replaced with four kinds of feedstock 
solutions, i.e., CA, FA, bamboo extract, and rice straw extract, respec-
tively. For detailed compositions of the feedstock solutions, see the 
section “Preparation of grass biomass extracts.” In all tests, the flow rate 
of the feedstock solution was 14.4 mL/h while feeding glucose at an 
unchanged rate of 4.8 g/h. Fed-batch productions were performed in 
duplicate. Samples (3 mL) were taken periodically and analyzed for host 
growth (OD660) and intermediates. 

The values provided for the titers (g/L) of PDC and 4S-3CML corre-
spond to the concentration at the end of cultivation. The molar yields 
(%) were calculated by comparing the molar quantities between the 
aromatic compounds used as feedstocks and the products. Authentic 
purified PDC and 4S-3CML samples of known optical purity were used 
(Kondo et al., 2016; Suzuki et al., 2020). 

2.4. Enzymatic saccharification of lignocellulose 

Under the optimal conditions for HCAs extraction, i.e., 80 ◦C and 4% 
NaOH concentration for bamboo and 60 ◦C and 4% NaOH concentration 
for rice straw, 1 g of each milled biomass was subjected to mild alkaline 
pretreatment. Subsequently, lignocellulose was obtained by filtration 
using a glass fiber filter and washed thoroughly with ultrapure water. 
The washed lignocellulose and untreated biomass (1 g) were suspended 
in 100 mM phosphate buffer (pH 5.0) to a total weight of 20 g containing 
cellulase. Enzymatic saccharifications were performed using GODO 
cellulase F with an enzyme loading of 30 filter paper units (FPU)/g 
glucan at 50 ◦C for 48 h while stirring at 500 rpm. The glucose produced 
by enzymatic saccharification was quantified by HPLC analysis (see the 
section “Analytical methods” for details). The yields (w/w) of glucose 
were calculated on the basis of α-cellulose (47.0% w/w in bamboo and 
35.5% w/w in rice straw). 

2.5. Analytical methods 

To determine the HCAs, PDC, and 4S-3CML content, the grass 
biomass extracts and culture media were analyzed using an HPLC system 
(JASCO Corp., Tokyo, Japan) equipped with a C-18 reverse-phase col-
umn (Inertsil ODS-3, 4.6 × 250 mm, 5 μm column, GL Sciences Inc, 
Japan) and a UV/VIS detector (UV970, JASCO Corp., Tokyo, Japan) set 
to 290 nm for HCAs and PDC and to 220 nm for 4S-3CML. The analyses 
were performed at 40 ◦C with an isocratic mobile phase (10% of 
acetonitrile and 90% of 10 mM phosphoric acid) flowing at 1 mL/min. 

Glucose in the enzymatic saccharide solutions was analyzed using an 
HPLC system (LC-20AD, Shimadzu Corporation, Kyoto, Japan) equipped 
with a combined ligand exchange and size exclusion chromatography 

Fig. 2. Investigation of the optimal conditions for hydroxycinnamic acids (HCAs) extraction from bamboo and rice straw as model grass biomass. (A, C) Aromatic 
compound extractions at different temperatures (40–100 ◦C) and 4% NaOH concentration. (B, D) Aromatic compound extractions at different NaOH concentrations 
(1–6%) and 80 ◦C for bamboo and 60 ◦C for rice straw. The total yields of OAs are shown. The error bars represent the standard deviation of two replicates. 

Table 1 
Bacterial strains and plasmids used in this study.  

Strain or plasmid Relevant characteristic Reference 

Strains 
Sphingobium sp. SYK-6 Nalr Smr (Suzuki et al., 2020) 
N. crassa N150  (Kondo et al., 2016) 
P. putida KT2440 Cmr (Suzuki et al., 2021) 
P. putida PpY1100 Nalr (Suzuki et al., 2020) 
P. putida PpY1100-dHG Mutant derivative of P. putida PpY1100; Gmr gene insertion mutant of pcaHG; Nalr Gmr (Qian et al., 2016) 
PpY1100-dHG/pJF-X P. putida PpY1100-dHG mutant strain bearing the pJFVV2AB and pDVZ21X plasmids; Nalr Gmr Kmr Tcr This study 
PpY1100/pJF-HB P. putida PpY1100 strain bearing the pJFVV2AB and pDVZ21HB plasmids; Nalr Kmr Tcr This study  

Plasmids 
pJB866 RK2 broad-host-range cloning vector; Tcr (Suzuki et al., 2021) 
pJFVV2AB ferA, ferB, ligV, bzaA and pobA cloned in pJB866 under lac promoter; Tcr This study 
pKT230MC IncQ broad-host-range cloning vector; Kmr (Suzuki et al., 2021) 
pDVZ21X vanAB, ligAB and ligC cloned in pKT230MC under lac promoters; Kmr This study 
pDVZ21HB vanAB, pcaHG and CMLE cloned in pKT230MC under lac promoters; Kmr This study 

Abbreviations: Nalr, Smr, Cmr, Gmr, Kmr, and Tcr resistance to nalidixic acid, streptomycin, chloramphenicol, gentamicin, kanamycin, and tetracycline, respectively. 
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column (Sugar KS-802, 8.0 × 300 mm, 6 μm column, Shodex Co., ltd., 
Japan) and an RI detector (RI-201H, Shodex Co., ltd., Japan). The an-
alyses were performed at 80 ◦C with flowing water at 1 mL/min as an 
eluent. All sample solutions were filtered through a syringe filter with a 
nylon membrane (porosity 0.45 µm) before injection into the HPLC 
column. 

OAs in grass biomass extracts and culture media were analyzed by 
GC–MS using a JMS-Q1000 GC instrument (JEOL, ltd., Tokyo, Japan) 
with a DB-5MS UI capillary column (30 m × 0.25 mm; Agilent Tech-
nologies, Inc., Calif., USA). A sample solution (200 µL) was acidified to 
less than pH 2.0 with 10 N HCl and extracted with 200 µL of ethyl ac-
etate. Next, 100 µL of the organic solvent phase was collected and 
volatilized using argon gas for the subsequent analyses. p-Anisic acid 
(Tokyo Chemical Industry Co., ltd.) was added as an internal standard to 
the sample solutions when necessary. The samples were derivatized 
using N,O-bis(trimethylsilyl)trifluoroacetamide (Tokyo Chemical In-
dustry Co., ltd.) prior to the GC–MS analyses. The injection and detec-
tion temperatures were 250 ◦C and 200 ◦C, respectively. The resulting 
samples were subjected to chromatography using a temperature pro-
gram consisting of holding at 50 ◦C for 10 min and then increasing the 
temperature to 300 ◦C at a rate of 10 ◦C/min. 

The analyte concentrations were calculated by comparing the peak 
areas obtained using the calibration curves prepared with commercially 
available authentic compounds. All analyses were performed in dupli-
cate and average values are reported. 

3. Results and discussion 

3.1. Optimization of the conditions for HCAs extraction 

The optimal conditions to extract HCAs efficiently via mild alkaline 
pretreatments at 100 ◦C or less under air atmosphere without pressure 
were investigated using bamboo (Phyllostachys edulis; one-year-old 
stems, 6.9% w/w moisture content, 22.8% w/w Klason lignin, 47.0% 
w/w α-cellulose) and rice straw (derived from Oryza sativa L.; mature 
straw, 5.3% w/w moisture content, 14.8% w/w Klason lignin, 35.5% w/ 
w α-cellulose) as model grass biomass. Specifically, 1 g of biomass was 
subjected to mild alkaline pretreatment under different conditions of 
reaction temperature (40–100 ◦C) and NaOH concentration (1–6% w/v). 
The aromatic compounds in the reaction solutions were quantified by 
HPLC and GC–MS analyses, and the yields obtained in each condition 

are shown in Fig. 2. According to the HPLC analyses, the optimal con-
ditions to extract HCAs from bamboo and rice straw were 80 ◦C of re-
action temperature and 4% NaOH concentration and 60 ◦C and 4% 
NaOH concentration, respectively. The main component of both aro-
matic compounds was CA, but the FA content increased significantly in 
the rice straw extract (see Supplementary Material). The GC–MS ana-
lyses revealed that in addition to CA and FA, the reaction solutions 
contained trace amounts of HBAL, HBA, VL, and VA (henceforth named 
OAs for “other aromatic compounds”), which are feedstocks for the 
production of PDC and 4S-3CML. The total yields of OAs are shown in 
Fig. 2. 

Next, scaling up was performed to prepare the extracts used as 
feedstocks in the fed-batch production of PDC and 4S-3CML. Briefly, 
equal amounts of bamboo and rice straw biomass (500 g) were subjected 
to mild alkaline pretreatment under the optimal conditions described 
above, respectively. Ethyl acetate extracts of the pretreated solutions 
were rotary-evaporated and then dissolved in water containing glucose 
as a source of strain growth and the pH was adjusted to 8.2 with 
ammonia solution. Henceforth, the resulting extracts are called 
“bamboo extract” and “rice straw extract.” The content in HCAs and OAs 
of these extracts are shown in Tables 2, 3. 

3.2. PDC production from grass biomass extracts 

3.2.1. Strain construction for the efficient production of PDC from HCAs 
To efficiently produce the target products from HCAs derived from 

various grass biomass sources with different CA and FA content ratios, it 
is important to select enzymes, which catalyze side-chain cleavage in the 
first steps (Fig. 1). Enzymes associated with the side-chain cleavage of 
HCAs have been identified in a few bacteria (Achterholt et al., 2000; 
Gasson et al., 1998; Masai et al., 2002; Otani et al., 2014; Overhage 
et al., 1999; Venturi et al., 1998). Since FerA and FerB of Sphingobium sp. 
SYK-6 were shown to have broad substrate specificities for a variety of 
HCAs, these enzymes were adopted in the present study. FerA catalyzes 
the transfer of the cofactor CoA to the carboxyl group of HCAs for the 
formation of CoA derivatives p-coumaroyl-CoA and feruloyl-CoA, which 
are then hydrated by FerB and converted to acetyl-CoA and the benz-
aldehyde derivatives HBAL and VL (Masai et al., 2002). In this study, it 
was envisaged that the target products could be efficiently produced 
from HCAs providing that these first steps catalyzed by FerA and FerB 
proceeded well and integrated with the subsequent process for the 

Table 2 
PDC titers and yields mediated by PpY1100-dHG/pJF-X with an initial culture volume of 1 L.   

Feedstock Produced PDC (mM) Produced PDC (g) PDC titer (g/L) Molar yield (%) 
Name Aromatic compound (g) 

Trial 1 Commercial product CA  10.0  54.9 ± 0.6  11.0 ± 0.1  10.1 ± 0.1  98.3 ± 0.9  

Trial 2 Commercial product FA  10.0  43.5 ± 0.6  9.1 ± 0.1  8.0 ± 0.1  96.2 ± 1.1  

Trial 3 Bamboo extract HCAs  47.5 ± 2.3  10.7 ± 0.2  8.7 ± 0.4  93.6 ± 3.8 
CA  9.103 ± 0.717 
FA  0.813 ± 0.097 

OAs 
HBAL  0.149 ± 0.003 
HBA  0.056 ± 0.002 
VL  0.086 ± 0.005 
VA  0.066 ± 0.006  

Trial 4 Rice straw extract HCAs  21.3 ± 0.8  4.6 ± 0.1  3.9 ± 0.1  92.4 ± 0.9 
CA  2.926 ± 0.006 
FA  1.602 ± 0.002 

OAs 
HBAL  0.031 ± 0.001 
HBA  0.025 ± 0.001 
VL  0.042 ± 0.001 
VA  0.057 ± 0.001  
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already reported microbial conversion of benzaldehyde derivatives as 
feedstocks (Suzuki et al., 2020). 

A pcaHG-inactivated mutant of P. putida PpY1100-dHG was adopted 
as a host strain for PDC production. This host mutant was engineered to 
produce PDC from CA and FA efficiently by introducing plasmids 
pJFVV2AB carrying the genes encoding FerA, FerB, LigV, BzaA and 
PobA, and pDVZ21X carrying the genes encoding VanAB and Lig en-
zymes (LigAB and LigC) of the PCA 4,5-cleavage pathway. The resulting 
strain was termed PpY1100-dHG/pJF-X (Table 1). All genes adopted in 
this study, including ferA and ferB, were transcribed from lac promoters 
and expressed at high level without inducers in a host strain. 

3.2.2. Optimization of PDC production using commercial products 
CoA is expected to be unilaterally consumed in the cells due to high 

level expression of ferA and ferB. Previously, Otsuka et al. (2006) re-
ported the efficient production of PDC from PCA using glucose as a 
growth source for the host strain to activate the intracellular glycolytic 
pathway and a subsequent tricarboxylic acid (TCA) cycle for promoting 
the recycling use of cofactors such as NADP+, which is necessary to 
maintain the enzymatic activity of LigC. In this study, glucose was ex-
pected to promote the recycling use of CoA. Hence, all tests were vali-
dated using an initial culture volume of 1 L with glucose as the growth 
source. 

As a preliminary step to verify the production of PDC from the grass 
biomass extracts, jar fermenter tests were performed to examine the 
ability of PpY1100-dHG/pJF-X to produce PDC from commercially 

available CA and FA. PpY1100-dHG/pJF-X was grown until an OD660 of 
approximately 30 was obtained, and 10 g of CA and 10 g of FA were then 
continuously fed into the culture media for approximately 8.3 h, 
respectively (Fig. 3A, B). Glucose was also fed continuously during the 
CA or FA feeding. The feeding rates were as follows: CA, 1.2 g/h; FA, 1.2 
g/h; glucose, 4.8 g/h. CA and FA were quickly metabolized and 
completely converted to PDC with molar yields of 96% or higher. The 
PDC titers were 10.1 ± 0.1 g/L for CA and 8.0 ± 0.1 g/L for FA as 
feedstocks (Table 2). The PDC content increased linearly during addition 
of the feedstock, while CA and FA were rapidly metabolized (Fig. 3A, B). 
These results suggest that the enzymatic activity of FerA and FerB were 
sufficiently maintained and CoA was recycled efficiently. 

3.2.3. PDC productivity with grass biomass extracts as feedstocks 
The production of PDC from the bamboo and rice straw extracts was 

investigated. PpY1100-dHG/pJF-X was cultured under the same condi-
tions as in the tests using the commercial products, and the extracts were 
continuously fed into the culture media for approximately 8.3 h, 
respectively (Fig. 3C, D). The feeding rates were as follows: CA, 1.07 ±
0.12 g/h; FA, 0.09 ± 0.01 g/h; glucose, 4.80 g/h in the bamboo extract 
and CA, 0.35 ± 0.01 g/h; FA, 0.19 ± 0.01 g/h, glucose, 4.80 g/h in the 
rice straw extract. The aromatic compounds contained in each extract 
were quickly metabolized and completely converted to PDC with molar 
yields of 92% or higher. The PDC titers were 8.7 ± 0.4 g/L for the 
bamboo extract and 3.9 ± 0.1 g/L for the rice straw extract (Table 2), 
which are high values comparable to that in the previous report (Suzuki 

Table 3 
4S-3CML titers and yields mediated by PpY1100/pJF-HB with an initial culture volume of 1 L.   

Feedstock Produced 4S-3CML (mM) Produced 4S-3CML (g) 4S-3CML titer (g/L) Molar yield (%) 
Name Aromatic compound (g) 

Trial 5 Commercial product CA  10.0  56.7 ± 0.0  11.2 ± 0.1  10.5 ± 0.0  99.3 ± 0.1  

Trial 6 Commercial product FA  10.0  44.3 ± 1.4 9.4 ± 0.1 8.2 ± 0.3  97.7 ± 1.5  

Trial 7 Bamboo extract HCAs  49.8 ± 2.4  10.6 ± 0.5  9.3 ± 0.5  99.1 ± 0.3 
CA  8.409 ± 0.432 
FA  0.679 ± 0.048 

OAs 
HBAL  0.147 ± 0.002 
HBA  0.058 ± 0.003 
VL  0.078 ± 0.007 
VA  0.071 ± 0.002  

Trial 8 Rice straw extract HCAs  21.3 ± 0.5  4.5 ± 0.1  4.0 ± 0.1  94.6 ± 1.4 
CA  2.761 ± 0.143 
FA  1.471 ± 0.094 

OAs 
HBAL  0.034 ± 0.006 
HBA  0.029 ± 0.003 
VL  0.047 ± 0.008 
VA  0.059 ± 0.001  

Fig. 3. PDC production mediated by PpY1100-dHG/pJF-X from (A) CA, (B) FA, (C) bamboo extract, and (D) rice straw extract. The red arrows indicate the time 
points of feeding raw material solutions. The maximum OD660 values are shown in the graphs, respectively. The error bars represent the standard deviation of 
two replicates. 
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et al., 2020) for the production from biomass derivative as feedstock (see 
Supplementary Material). 

Interestingly, although the same feeding rate of glucose was used in 
all tests (4.8 g/h), the strain growth in the tests using the grass biomass 
extracts (maximum OD660 = 66.3 ± 6.3) was higher than that observed 
using the commercial products (maximum OD660 = 46.9 ± 7.8) (Fig. 3). 
This result indicates the absence of toxic byproducts for microbial 
growth and the presence of other growth sources such as organic acids in 
the grass biomass extracts obtained by mild alkaline pretreatment. In 
previous study, a correlation was found between the microbial growth 
and the metabolism activity (Suzuki et al., 2021). This may be also 
related to the recycling use of cofactors mentioned above. Higher titers 
might be obtained if grass biomass extracts could be prepared on a larger 
pilot-plant scale. 

3.3. 4S-3CML production from grass biomass extracts 

P. putida PpY1100, whose genomic DNA encodes the pcaHG gene, 
was adopted as a host strain for 4S-3CML production. This host strain 
was engineered to produce 4S-3CML from CA and FA efficiently by 
introducing plasmids pJFVV2AB carrying the genes encoding FerA, 
FerB, LigV, BzaA and PobA, and pDVZ21HB carrying the genes encoding 
VanAB, PcaHG and CMLE of the PCA 3,4-cleavage pathway. The 
resulting strain was termed PpY1100/pJF-HB (Table 1). 

Under similar conditions to those used for the PDC production, jar 
fermenter tests were conducted to evaluate the ability of PpY1100/pJF- 
HB to produce 4S-3CML from commercially available CA and FA 
(Fig. 4A, B). CA and FA were quickly metabolized and completely con-
verted to 4S-3CML with molar yields of 98% or higher. The 4S-3CML 
titers were 10.5 ± 0.0 g/L for CA and 8.2 ± 0.3 g/L for FA as feedstocks 
(Table 3). Using the bamboo and rice straw extracts as a feedstock, the 
aromatic compounds contained in each extract were quickly metabo-
lized and completely converted to 4S-3CML with molar yields of 95% or 
higher (Fig. 4C, D). The feeding rates were 0.99 ± 0.03 g/h of CA, 0.08 
± 0.01 g/h of FA, and 4.80 g/h of glucose in the bamboo extract and 
0.33 ± 0.02 g/h of CA, 0.18 ± 0.01 g/h of FA, and 4.80 g/h of glucose in 
the rice straw extract. The 4S-3CML titers were 9.3 ± 0.5 g/L for the 
bamboo extract and 4.0 ± 0.1 g/L for the rice straw extract as feedstocks 
(Table 3). The strain growth in the tests of 4S-3CML productions using 
the grass biomass extracts (maximum OD660 = 73.8 ± 0.6) was also 
higher than that observed using the commercial products (maximum 
OD660 = 61.4 ± 0.1) similarly to PDC productions (Fig. 4). 

This study demonstrated the production of 4S-3CML, which has been 
identified as an intermediate in PCA degradation by eukaryotes (Gross 
et al., 1956; Kondo et al., 2016; Martins et al., 2015; Mazur et al., 1994), 
from biomass derivatives for the first time (see Supplementary Mate-
rial). The microbial funneling developed in this study can target the PDC 
or 4S-3CML products according to the applications. 

3.4. Enzymatic accessibility of lignocellulose after HCAs extraction 

To evaluate the enzymatic accessibility of lignocellulose after HCAs 
extraction, the enzymatic saccharification of lignocellulose was inves-
tigated. Briefly, lignocellulose was hydrolyzed using GODO cellulase F 
(Oenon Holdings, Inc., Japan) at 50 ◦C for 48 h with an enzyme loading 
of 30 FPU/g glucan. The results showed that the enzymatic saccharifi-
cation efficiency was 8.9-fold higher in bamboo and 6.8-fold higher in 
rice straw than in untreated media (Fig. 5). These results indicate that 
the mild alkaline pretreatment afforded HCAs capable of being upgra-
ded to a valuable single intermediate via microbial funneling, while 
improving the enzymatic accessibility of lignocellulose. 

The enzymatic saccharification efficiency in rice straw was 73.8% ±
0.8% while that in bamboo was lower at 29.5% ± 0.8% (Fig. 5), which is 
mainly due to the fact that bamboo lignocellulose is composed of highly 
crystalline cellulose and lignin (Gao et al., 2021). The mild alkaline 
pretreatments adopted in this study at 80 ◦C or less under air atmosphere 
without pressure has the advantage of not generating toxic byproduct 
that inhibit the microbial funneling process. On the other hand, Gao 
et al. (2021) achieved a complete enzymatic saccharification of bamboo 
biomass with a yield of 100% w/w (respect to cellulose) by optimizing 
the steam explosion and subsequent green liquor treatment (see Sup-
plementary Material). It will be necessary to employ such advanced 
methods to develop a more cost-effective and green-like process. 

4. Conclusions 

A green-like process was developed for grass biomass utilization 
consisting of enzymatic saccharification integrated with upgrading 
heterogeneous HCAs to a valuable single intermediate via microbial 
funneling. Notably, the P. putida PpY1100 engineered for efficient mi-
crobial funneling completely converted heterogeneous HCAs extracted 
from grass biomass to PDC and 4S-3CML with high titers of 3.9–9.3 g/L 
and molar yields of 92–99%, respectively. Since the process can be 
applied to various grass biomass sources with different HCAs composi-
tion, it can be expected to be applicable not only to bamboo and rice 

Fig. 4. 4S-3CML production mediated by PpY1100/pJF-HB from (A) CA, (B) FA, (C) bamboo extract, and (D) rice straw extract. The red arrows indicate the time 
points of feeding raw material solutions. The maximum OD660 values are shown in the graphs, respectively. The error bars represent the standard deviation of 
two replicates. 

Fig. 5. Comparison of the saccharification efficiency of untreated and alkaline- 
treated lignocellulose in bamboo and rice straw. The error bars represent the 
standard deviation of two replicates. 
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straw but also to other biomass sources. 
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Gómez-Álvarez, H., Iturbea, P., Rivero-Buceta, V., Mines, P., Bugg, T.D.H., Nogales, J., 
Díaz, E., 2022. Bioconversion of lignin-derived aromatics into the building block 
pyridine 2,4-dicarboxylic acid by engineering recombinant Pseudomonas putida 
strains. Bioresour. Technol. 346, 126638. 

Gross, S.R., Gafford, R.D., Tatum, E.L., 1956. The metabolism of protocatechuic acid by 
Neurospora. J. Biol. Chem. 219 (2), 781–796. 

Hasegawa, Y., Shikinaka, K., Katayama, Y., Kajita, S., Masai, E., Nakamura, M., 
Otsuka, Y., Ohara, S., Shigehara, K., 2009. Tenacious epoxy adhesives prepared from 
lignin-derived stable metabolic intermediate. Sen’I Gakkaishi 65 (12), 359–362. 

Hishida, M., Shikinaka, K., Katayama, Y., Kajita, S., Masai, E., Nakamura, M., Otsuka, Y., 
Ohara, S., Shigehara, K., 2009. Polyesters of 2-pyrone-4,6-dicarboxylic acid (PDC) as 
bio-based plastics exhibiting strong adhering properties. Polym. J. 41 (4), 297–302. 

Huo, J., Shanks, B.H., 2020. Bioprivileged Molecules: Integrating biological and chemical 
catalysis for biomass conversion. Annu. Rev. Chem. Biomol. Eng. 11, 63–85. 

Johnson, C.W., Salvachúa, D., Rorrer, N.A., Black, B.A., Vardon, D.R., St John, P.C., 
Cleveland, N.S., Dominick, G., Elmore, J.R., Grundl, N., Khanna, P., Martinez, C.R., 
Michener, W.E., Peterson, D.J., Ramirez, K.J., Singh, P., VanderWall, T.A., Wilson, A. 
N., Yi, X., Biddy, M.J., Bomble, Y.J., Guss, A.M., Beckham, G.T., 2019. Innovative 
chemicals and materials from bacterial aromatic catabolic pathways. Joule 3 (6), 
1523–1537. 

Johnston, P.A., Zhou, H., Aui, A., Wright, M.M., Wen, Z., Brown, R.C., 2020. A lignin-first 
strategy to recover hydroxycinnamic acids and improve cellulosic ethanol 
production from corn stover. Biomass Bioenergy 138, 105579. 

Kamimura, N., Masai, E., 2014. The protocatechuate 4,5-cleavage pathway: overview 
and new findings. In: Nojiri, H., Tsuda, M., Fukuda, M., Kamagata, Y. (Eds.), 
Biodegradative Bacteria: How Bacteria Degrade, Survive, Adapt, and Evolve. 
Springer Japan, Tokyo, pp. 207–226. 

Karlen, S.D., Fasahati, P., Mazaheri, M., Serate, J., Smith, R.A., Sirobhushanam, S., 
Chen, M., Tymokhin, V.I., Cass, C.L., Liu, S., Padmakshan, D., Xie, D., Zhang, Y., 
McGee, M.A., Russell, J.D., Coon, J.J., Kaeppler, H.F., de Leon, N., Maravelias, C.T., 
Runge, T.M., Kaeppler, S.M., Sedbrook, J.C., Ralph, J., 2020. Assessing the viability 
of recovery of hydroxycinnamic acids from lignocellulosic biorefinery alkaline 
pretreatment waste streams. ChemSusChem 13 (8), 2012–2024. 

Kondo, S., Sugimura, K., Okamura, Y., Mase, K., Sato-Izawa, K., Otsuka, Y., Kajita, S., 
Masai, E., Nakamura, M., Sonoki, T., Katayama, Y., 2016. Stable chiral 
carboxymuconolactone production from a lignin-related aromatic compound, 
protocatechuic acid. Ferment. Technol. 5, 135. 

Lee, S., Jung, Y.J., Park, S.J., Ryu, M.H., Kim, J.E., Song, H.M., Kang, K.H., Song, B.K., 
Sung, B.H., Kim, Y.H., Kim, H.T., Joo, J.C., 2022. Microbial production of 2-pyrone- 
4,6-dicarboxylic acid from lignin derivatives in an engineered Pseudomonas putida 
and its application for the synthesis of bio-based polyester. Bioresour. Technol. 352, 
127106. 

Li, Y., Liu, P., Huang, J., Zhang, R., Hu, Z., Feng, S., Wang, Y., Wang, L., Xia, T., Peng, L., 
2018. Mild chemical pretreatments are sufficient for bioethanol production in 
transgenic rice straws overproducing glucosidase. Green Chem. 20 (9), 2047–2056. 

Martins, T.M., Hartmann, D.O., Planchon, S., Martins, I., Renaut, J., Pereira, C.S., 2015. 
The old 3-oxoadipate pathway revisited: new insights in the catabolism of aromatics 
in the saprophytic fungus Aspergillus nidulans. Fungal Genet. Biol. 74, 32–44. 

Masai, E., Harada, K., Peng, X., Kitayama, H., Katayama, Y., Fukuda, M., 2002. Cloning 
and characterization of the ferulic acid catabolic genes of Sphingomonas paucimobilis 
SYK-6. Appl. Environ. Microbiol. 68 (9), 4416–4424. 

Mazur, P., Henzel, W.J., Mattoo, S., Kozarich, J.W., 1994. 3-Carboxy-cis,cis-muconate 
lactonizing enzyme from Neurospora crassa: an alternate cycloisomerase motif. 
J. Bacteriol. 176 (6), 1718–1728. 

Michinobu, T., Bito, M., Yamada, Y., Katayama, Y., Noguchi, K., Masai, E., 
Nakamura, M., Ohara, S., Shigehara, K., 2007. Molecular properties of 2-pyrone-4,6- 
dicarboxylic acid (PDC) as a stable metabolic intermediate of lignin isolated by 
fractional precipitation with Na+ ion. Bull. Chem. Soc. Jpn. 80, 2436–2442. 

Michinobu, T., Hishida, M., Sato, M., Katayama, Y., Masai, E., Nakamura, M., Otsuka, Y., 
Ohara, S., Shigehara, K., 2008. Polyesters of 2-pyrone-4,6-dicarboxylic acid (PDC) 
obtained from a metabolic intermediate of lignin. Polym. J. 40 (1), 68–75. 

Michinobu, T., Bito, M., Tanimura, M., Katayama, Y., Masai, E., Nakamura, M., 
Otsuka, Y., Ohara, S., Shigehara, K., 2009a. Mechanical properties of poly(L-lactide) 
films controlled by blending with polyesters of lignin-derived stable metabolic 
intermediate, 2-pyrone-4,6-dicarboxylic acid (PDC). Polym. J. 41 (10), 843–848. 

Michinobu, T., Bito, M., Yamada, Y., Tanimura, M., Katayama, Y., Masai, E., 
Nakamura, M., Otsuka, Y., Ohara, S., Shigehara, K., 2009b. Fusible, elastic, and 
biodegradable polyesters of 2-pyrone-4,6-dicarboxylic acid (PDC). Polym. J. 41 (12), 
1111–1116. 

Michinobu, T., Bito, M., Tanimura, M., Katayama, Y., Masai, E., Nakamura, M., 
Otsuka, Y., Ohara, S., Shigehara, K., 2010a. Synthesis and characterization of hybrid 
biopolymers of L-lactic acid and 2-pyrone-4,6-dicarboxylic acid. J. Macromol. Sci. A 
47, 564–570. 

Michinobu, T., Hiraki, K., Fujii, N., Shikinaka, K., Katayama, Y., Masai, E., 
Nakamura, M., Otsuka, Y., Ohara, S., Shigehara, K., 2010b. Organogels of lignin- 
derived stable metabolic intermediate, 2-pyrone-4,6-dicarboxylic acid (PDC), 
bearing cholesteryl groups. Chem. Lett. 39, 400–401. 

Michinobu, T., Hiraki, K., Inazawa, Y., Katayama, Y., Masai, E., Nakamura, M., Ohara, S., 
Shigehara, K., 2011. Click synthesis and adhesive properties of novel biomass-based 
polymers from lignin-derived stable metabolic intermediate. Polym. J. 43 (7), 
648–653. 

Okamura-Abe, Y., Abe, T., Nishimura, K., Kawata, Y., Sato-Izawa, K., Otsuka, Y., 
Nakamura, M., Kajita, S., Masai, E., Sonoki, T., Katayama, Y., 2016. Beta-ketoadipic 
acid and muconolactone production from a lignin-related aromatic compound 
through the protocatechuate 3,4-metabolic pathway. J. Biosci. Bioeng. 121 (6), 
652–658. 

Otani, H., Lee, Y.E., Casabon, I., Eltis, L.D., 2014. Characterization of p- 
hydroxycinnamate catabolism in a soil actinobacterium. J. Bacteriol. 196 (24), 
4293–4303. 

Otsuka, Y., Nakamura, M., Shigehara, K., Sugimura, K., Masai, E., Ohara, S., 
Katayama, Y., 2006. Efficient production of 2-pyrone 4,6-dicarboxylic acid as a novel 
polymer-based material from protocatechuate by microbial function. Appl. 
Microbiol. Biotechnol. 71 (5), 608–614. 

Y. Suzuki et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.biortech.2022.127836
https://doi.org/10.1016/j.biortech.2022.127836
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0005
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0005
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0005
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0010
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0010
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0010
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0010
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0010
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0015
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0015
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0015
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0020
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0020
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0020
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0020
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0025
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0025
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0025
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0025
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0025
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0030
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0030
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0030
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0030
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0030
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0035
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0035
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0035
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0035
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0040
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0040
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0045
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0045
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0045
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0050
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0050
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0050
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0055
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0055
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0060
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0060
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0060
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0060
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0060
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0060
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0065
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0065
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0065
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0070
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0070
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0070
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0070
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0075
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0075
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0075
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0075
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0075
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0075
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0080
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0080
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0080
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0080
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0085
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0085
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0085
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0085
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0085
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0090
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0090
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0090
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0095
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0095
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0095
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0100
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0100
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0100
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0105
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0105
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0105
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0110
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0110
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0110
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0110
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0115
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0115
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0115
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0120
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0120
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0120
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0120
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0125
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0125
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0125
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0125
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0130
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0130
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0130
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0130
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0135
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0135
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0135
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0135
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0140
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0140
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0140
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0140
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0145
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0145
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0145
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0145
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0145
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0150
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0150
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0150
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0155
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0155
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0155
http://refhub.elsevier.com/S0960-8524(22)01166-X/h0155


Bioresource Technology 363 (2022) 127836

9

Overhage, J., Priefert, H., Steinbuchel, A., 1999. Biochemical and genetic analyses of 
ferulic acid catabolism in Pseudomonas sp. Strain HR199. Appl. Environ. Microbiol. 
65 (11), 4837–4847. 

Perez, J.M., Kontur, W.S., Alherech, M., Coplien, J., Karlen, S.D., Stahl, S.S., Donohue, T. 
J., Noguera, D.R., 2019. Funneling aromatic products of chemically depolymerized 
lignin into 2-pyrone-4-6-dicarboxylic acid with Novosphingobium aromaticivorans. 
Green Chem. 21 (6), 1340–1350. 

Perez, J.M., Sener, C., Misra, S., Umana, G.E., Coplien, J., Haak, D., Li, Y., Maravelias, C. 
T., Karlen, S.D., Ralph, J., Donohue, T.J., Noguera, D.R., 2022. Integrating lignin 
depolymerization with microbial funneling processes using agronomically relevant 
feedstocks. Green Chem. 24 (7), 2795–2811. 

Qian, Y., Otsuka, Y., Sonoki, T., Mukhopadhyay, B., Nakamura, M., Masai, E., 
Katayama, Y., Okamura-Abe, Y., Jellison, J., Goodell, B., 2016. Engineered microbial 
production of 2-pyrone-4,6-dicarboxylic acid from lignin residues for use as an 
industrial platform chemical. Bioresources 11 (3), 6097–6109. 

Sharma, B., Larroche, C., Dussap, C.-G., 2020. Comprehensive assessment of 2G 
bioethanol production. Bioresour. Technol. 313, 123630. 

Shikinaka, K., Otsuka, Y., Nakamura, M., Masai, E., Katayama, Y., 2018. Utilization of 
lignocellulosic biomass via novel sustainable process. J. Oleo Sci. 67 (9), 1059–1070. 

Suzuki, Y., Okamura-Abe, Y., Nakamura, M., Otsuka, Y., Araki, T., Otsuka, H., 
Navarro, R.R., Kamimura, N., Masai, E., Katayama, Y., 2020. Development of the 
production of 2-pyrone-4,6-dicarboxylic acid from lignin extracts, which are 
industrially formed as by-products, as raw materials. J. Biosci. Bioeng. 130 (1), 
71–75. 

Suzuki, Y., Otsuka, Y., Araki, T., Kamimura, N., Masai, E., Nakamura, M., Katayama, Y., 
2021. Lignin valorization through efficient microbial production of β-ketoadipate 
from industrial black liquor. Bioresour. Technol. 337, 125489. 

Svetlitchnyi, V.A., Svetlichnaya, T.P., Falkenhan, D.A., Swinnen, S., Knopp, D., 
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