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Abstract

Microbial production of cis,cis-muconate (ccMA) from phenolic compounds obtained by chemical depolymerization of
lignin is a promising approach to valorize lignin. Because microbial production requires a large amount of carbon and
energy source, it is desirable to establish a ccMA-producing strain that utilizes lignin-derived phenols instead of general
sources like glucose. We isolated Pseudomonas sp. strain NGC7 that grows well on various phenolic compounds derived
from p-hydroxyphenyl, guaiacyl, and syringyl units of lignin. An NGC7 mutant of protocatechuate (PCA) 3,4-dioxygenase
and ccMA cycloisomerase genes (NGC703) lost the ability to grow on vanillate and p-hydroxybenzoate but grew normally
on syringate. Introduction of a plasmid carrying genes encoding PCA decarboxylase, flavin prenyltransferase, vanillate
O-demethylase, and catechol 1,2-dioxygenase into NGC703 enabled production of 3.2 g/L. ccMA from vanillate with a yield
of 75% while growing on syringate. This strain also produced ccMA from birch lignin-derived phenols. All these results
indicate the utility of NGC7 in glucose-free ccMA production.

Keywords cis,cis-Muconate - Lignin valorization - Pseudomonas

Introduction

Lignin is the second most abundant natural polymer result-
ing from oxidative coupling of three types of monolignols,
p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol
[28]. Lignin content in wood ranges between 15% and 40%
[33], and gymnosperm (softwood) lignins are composed of
guaiacyl (G) units with low levels of p-hydroxyphenyl (H)
units, whereas angiosperm (hardwood) lignins are composed
of G-units and syringyl (S) units [6, 39]. Grass lignins con-
tain G- and S-units and more H-units than gymnosperm
lignins [6, 39]. Despite the large amount of lignin on earth,
its industrial use has been considerably limited mainly due
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to its heterogeneity [27]. One of the promising strategies
to valorize lignin is microbial conversion of such hetero-
geneous lignin-derived phenols, obtained through chemi-
cal depolymerization of lignin, into particular value-added
metabolites such as cis,cis-muconate (ccMA) [4, 35, 44].
ccMA is a platform chemical for synthesis of a variety of
polymers including nylon 6,6 through adipic acid, and its
annual market value has been estimated to be more than
$22 billion [43].

To date, the microbial ccMA production from lignin-
derived phenols has been vigorously investigated using
engineered Pseudomonas putida, Escherichia coli, Amy-
colatopsis, and Corynebacterium glutamicum [2, 3, 36,
40, 43]. Among these strains, P. putida KT2440 has been
particularly optimized for ccMA production from p-cou-
marate. In KT2440 cells, phenolic compounds derived
from G-lignin including vanillate and ferulate, and from
H-lignin including p-hydroxybenzoate (HBA) and p-cou-
marate are catabolized to protocatechuate (PCA) and fur-
ther degraded through the PCA 3,4-cleavage pathway [12,
29]. To produce ccMA from lignin-derived phenols, the
catabolic pathway of KT2440 was basically engineered as
follows: (i) the PCA 3,4-dioxygenase gene (pcaHG) was
inactivated and the exogeneous PCA decarboxylase gene
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(aroY) was expressed to convert PCA into catechol. (ii)
the ccMA cycloisomerase gene (catB) was inactivated to
accumulate ccMA [40]. The fed-batch conversion using
an engineered KT2440 produced 13.5 g/L of ccMA from
p-coumarate. Based on an observation that coexpression of
aroY and kpdB enhanced the PCA decarboxylase activity
[36], Johnson et al. achieved the production of 15.6 g/L
of ccMA from p-coumarate using an engineered KT2440
expressing both aroY and ecdBD (ecdB is a homolog of
kpdB) [14]. Later, kpdB was found to encode flavin pre-
nyltransferase, which generates prenylated flavin necessary
for the PCA decarboxylation [41]. Furthermore, the elimi-
nation of a global regulator of carbon catabolite repression
and expressing aroY and ecdBD enabled the production of
50 g/L ccMA from p-coumarate using fed-batch and high
pH feeding strategy [13, 32].

Although the ccMA titer has reached high levels close
to the lethal toxicity limit in the bacterium [32], almost all
the ccMA-producing strains constructed to date require
glucose or other carbon and energy sources for cell
growth. Thus, it is desirable to create a ccMA produc-
tion system that utilizes lignin-derived phenols for both
cell growth and feedstock for ccMA production. For this
purpose, we previously created two types of ccMA-pro-
ducing strains applicable to softwood lignin and hardwood
lignin, respectively [37]. One is a KT2440 strain deficient
in pcaHG and catB transformed with a plasmid carry-
ing pcaHG and aroY. Since the metabolic flux of PCA is
divided to the catabolism through tricarboxylic acid cycle
and the accumulation of ccMA, this strain is able to pro-
duce ccMA from vanillate and/or HBA while growing on
the same substrates. Since KT2440 is unable to grow on
S-lignin-derived phenols such as syringate, we employed
Sphingobium sp. strain SYK-6 that can grow on syringate
in addition to HBA and vanillate to create another type of
glucose-free ccMA-producing strain. An SYK-6 mutant
of the PCA 4,5-dioxygenase gene (ligAB) harboring a
plasmid that carries the vanillate O-demethylase gene
(vanAB), the catechol 1,2-dioxygenase gene (catA), aroY,
and kpdB produced ccMA from 5 mM vanillate with >96%
yield (mol ccMA/mol vanillate) while growing on 5 mM
syringate. However, this strain was found to require a
small amount of tryptone when growing on syringate in
the presence of vanillate due to unknown reason.

Based on the above background, we isolated a novel
platform bacterium that grows well on HBA, vanillate,
syringate, and ferulate to construct a ccMA production
system that does not require any carbon source other than
lignin-derived phenols. Using the isolated bacterium, we
created an engineered ccMA-producing strain and evalu-
ated its ccMA productivity from lignin-derived phenols
and those obtained from birch lignin.
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Materials and methods
Bacterial strains and culture conditions

Pseudomonas sp. strain NGC7, its mutants (NGC702 and
NGC703), and isolated bacteria in this study were grown
at 30 °C with shaking (160 rpm) in lysogeny broth (LB)
or Wx minimal medium [18] containing lignin-derived
phenols. E. coli NEB 10-beta was grown in LB at 37 °C.
The media for E. coli transformants carrying antibiotic
resistance markers were supplemented with 100 mg of
ampicillin/L, 25 mg of kanamycin (Km)/L, or 12.5 mg
of tetracycline (Tc)/L. The media for NGC703 harbor-
ing pTS084 carrying vanAB, aroY, kpdB, and catA in
pIB866 [5, 37] were supplemented with 12.5 mg of Tc/L.
Lignin-derived phenols; syringaldehyde, syringate, van-
illin, vanillate, p-hydroxybenzaldehyde, HBA, PCA, and
ferulate; were purchased from Tokyo Chemical Ind., Co.,
Ltd.; Sigma-Aldrich Co., LLC.; and FUJIFILM Wako Pure
Chemical Corporation.

Screening of bacteria capable of growing on G-, H-,
and S-lignin-derived phenols

Soil samples were collected from 40 different locations in
Japan. Bacterial strains capable of growing on syringate
were screened by the following three methods. (i) Soil
samples (100 mg) were added to 10 mL of Wx medium
containing 5 mM syringate and 0.1% yeast extract, and
incubated with shaking for 24—72 h. The cultures (100 pL)
growth observed were spread on Wx-medium agar plates
containing 5 mM syringate, and then single colonies were
isolated. (ii) Soil samples (100 mg) were added to 10 mL
of Wx medium containing 5 mM syringate for 24 h, and
portions of cultures were then subcultured four times in the
same fresh media. Single colonies were picked up in the
same way as described above. (iii) Syringate (0.1 g) was
mixed with 500 g of soil every 24 h for 4-32 weeks. The
resultant soil (100 mg) was added to 10 mL of Wx medium
containing 5 mM syringate and 0.1% yeast extract, incu-
bated for 24-72 h, and then single colonies were obtained.
For the 186 strains obtained by the above methods (100, 6,
and 80 strains, respectively), susceptibility to Tc and Km,
which are antibiotic resistance markers of plasmids to be
introduced, was evaluated on LB agar plates containing
the antibiotics. The growth of the resulting 43 strains on
Wx medium containing 10 mM syringate was evaluated.
Seven strains that grew faster than others on syringate
were selected, and their ability to grow on Wx medium
containing 10 mM of syringaldehyde, vanillin, vanil-
late, ferulate, HBA, p-hydroxybenzaldehyde, PCA, and
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glucose was examined. For finally selected strain NGC7
isolated by the method described in (ii), the growth in Wx
medium containing a 0.6% solution of birch lignin extracts
described below was assessed. All growth was monitored
by optical density measurements at 600 nm (ODy,) or
660 nm (ODg) using a spectrophotometer (V-630 Bio;
JASCO Co., Ltd.) and a TVS062CA biophotorecorder
(Advantec Co., Ltd.), respectively.

Preparation of hardwood lignin-derived phenols

Hardwood lignin-derived phenols were prepared by the
alkaline-nitrobenzene oxidation method [37]. Birch pow-
der (1.5 g) treated with ethanol-benzene (1:2, v/v) was
suspended in a solution consisting of 50 mL of 2 N NaOH
and 3 mL of nitrobenzene (FUJIFILM Wako Pure Chemi-
cal Corporation) in a 200 mL stainless-steel vessel (Taiatsu
Techno Co.) and heated at 170 °C for 2.5 h with stirring
(500 rpm). The supernatant was extracted three times with
diethyl ether to remove unreacted nitrobenzene. The alkaline
aqueous phase obtained by performing the above-mentioned
treatment twice was acidified with HCI and extracted three
times with diethyl ether. The organic phase was collected
and evaporated, and the resulting extract residue (0.771 g)
was dissolved in 4 mL of 2 N NaOH and adjusted to pH 9
with HCI. The resulting solution (bNBL) was used as the
hardwood lignin-derived phenols.

Sequencing of the 16SrRNA gene

The partial 16S rRNA gene of NGC7 was PCR amplified
using total DNA of NGC7 as a template and conserved
eubacterial primers 27F (5'-AGAGTTTGATCCTGGCTC
AG-3') and 1525R (5'-AAAGGAGGTGATCCAGCC-3).
The nucleotide sequence of the amplified fragment sepa-
rated on 0.8% agarose gel electrophoresis was determined
by Eurofins Genomics (Tokyo, Japan). Sequence analysis
was performed with the MacVector program (MacVector,
Inc.). Sequence similarity searches were carried out using
the BLAST program [15]. Pairwise alignments were per-
formed with EMBOSS alignment tool [30].

Identification of intermediate metabolites

NGCT7 cells were grown in different Wx media, one contain-
ing 10 mM syringate and other 10 mM vanillate, and the
cells were collected by centrifugation (5000xg for 5 min).
The cells grown on syringate and vanillate were suspended
in 50 mM Tris-HCI (pH 7.5) buffer (ODg,=0.5) followed
by incubation with 1 mM of each syringate and vanillate,
respectively, at 30 °C with shaking. Portions of the reaction
mixtures were periodically collected, and reactions were

stopped by centrifugation. Samples were diluted with water,
filtrated, and analyzed by HPLC.

HPLC analysis

HPLC analysis was performed with the Acquity UPLC sys-
tem (Waters) using a TSKgel ODS-140HTP column (2.1 by
100 mm; Tosoh) with a flow rate of 0.5 mL/min. The mobile
phase was a mixture of solution A (acetonitrile containing
0.1% formic acid) and solution B (water containing 0.1%
formic acid) under the following conditions: 0-3 min, 1% A,
3—6 min, linear gradient 1-25% A; 6—7 min, decreasing gra-
dient 25-1% A. Syringaldehyde and vanillin were detected
at 310 nm, and other compounds were detected at 270 nm.

Estimation of the catabolic pathways of PCA
and catechol

NGCT7 cells were grown in Wx medium containing 10 mM
glucose plus 10 mM PCA and 10 mM glucose plus 10 mM
benzoate at 30 °C for 12 h. The resulting cells were washed
with 50 mM Tris—HCI buffer (pH 7.5), suspended in the
same buffer, and broken by an ultrasonic disintegrator. The
supernatants of cell lysates were obtained as cell extracts
after centrifugation (19,000xg for 15 min). Protein con-
centrations were determined by the Bradford method using
the Bio-Rad protein assay kit (Bio-Rad Laboratories). Cell
extracts (5 pg of protein/mL) were incubated with 100 pM
of PCA and catechol in 50 mM Tris—HCI buffer (pH 7.5)
for 30 min, and the UV—-visible (VIS) spectral changes were
periodically measured using a spectrophotometer.

Cloning of pcaHG and catBCA and their disruptions
in NGC7

PCR primers for amplification of pcaHG and catBCA were
prepared based on the regions highly conserved between
these genes in P. putida KT2440 (AE015451.2), P. aerugi-
nosa PAO1 (AE004091.2), P. oryzihabitans NBRC 102199
(NZ_BBIT01000011.1 and NZ_BBIT01000025.1), P. den-
itrificans ATCC 13867 (CP004143.1), and P. fulva 12-X
(CP002727.1). The partial sequences of pcaHG and catBCA
were PCR amplified using the total DNA of NGC 7 as a
template and primer pairs of pcaH-F and pcaG-R (5-TGA
TTACGCCAAGCTTCGTGATCGCACCTGGCATCC-3'
and 5'-GACGGCCAGTGAATTCAGATGTCGAAGAAG
ACCGTTTC-3’) and catB-F and catA-R (5-TGATTACGC
CAAGCTTACCATCCGCCCGCACAAGCTGGC-3' and
5'-GACGGCCAGTGAATTCTCGCGGGTGGCGTAGGC
GAAGTC-3"), respectively. The nucleotide sequences of the
amplified fragments were determined by Eurofins Genomics.

A 1.3-kb pcaHG fragment and a 2.2-kb catBCA fragment
were digested with EcoRI and HindIII, which cut the sites
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added to the PCR primers, and the resulting fragments were
respectively cloned into the same sites of pK19mobsacB
[34] to generate pPcaHG and pCatBCA. Internal regions of
pcaHG and catB were deleted by digestion of these plasmids
by Apal-Dralll and EcoRV-Scal, respectively, to generate
pPcaHGd and pCatBd. pPcaHGd was introduced into NGC7
by triparental mating, and candidate mutants were isolated
as described previously [23]. The disruption of gene was
examined by colony PCR using the primer pairs of pcaH-
F and pcaG-R. Subsequently, pCatBd was introduced in
the resulting pcaHG mutant (NGC702), and a catB mutant
of NGC702 (NGC703) was obtained by the same method
described above. The growth of NGC703 on lignin-derived
phenols and benzoate was tested using Wx medium contain-
ing 10 mM vanillate, HBA, PCA, syringate, or benzoate.
Conversion of PCA and catechol by NGC703 was exam-
ined by incubating NGC703 cells with 5 mM glucose in the
presence of 5 mM PCA or catechol for 24—48 h. Portions of
the cultures were periodically collected, and reactions were
stopped by centrifugation. Samples were diluted with water,
filtrated, and analyzed by HPLC.

¢cMA production using NGC703 harboring pTS084

pTS084 was introduced into NGC703 by electropora-
tion. ccMA production by NGC703(pTS084) cells pre-
grown in LB was evaluated by the following methods. (i)
NGC703(pTS084) cells were incubated in a tube containing
10 mL Wx medium with 10 mM syringate plus 5 mM vanil-
late, 10 mM syringaldehyde plus 5 mM vanillin, or 8§ mM
syringaldehyde plus 5 mM vanillin plus 1 mM syringate plus
1 mM vanillate. (ii) NGC703(pTS084) cells were incubated
in a 500 mL shake-flask containing 50, 100, or 200 mL of
Wx medium with 10 mM syringate plus 5 mM vanillate.
(iii) NGC703(pTS084) cells were incubated in a 500 mL
shake-flask using 200 mL of medium by feeding 10 mM
syringate plus 5 mM vanillate every 12 h for six times. (iv)
NGC703(pTS084) cells were incubated in a tube containing
5 mL Wx medium by feeding 0.24% or 0.6% bNBL every
12 h for five times. Portions of the reaction mixtures were
periodically collected for the measurement of cell growth
(ODg) and substrate conversions. The reactions were
stopped by centrifugation, and the resultant supernatants
were filtrated, and analyzed by HPLC.

Nucleotide sequence accession numbers

The nucleotide sequences of the 16S rRNA gene, pcaHG,
and catBCA of Pseudomonas sp. strain NGC7 were depos-
ited in the DDBJ/EMBL/GenBank databases under acces-
sion numbers LC466004, LC466005, and LC466006,
respectively.

@ Springer

Results and discussion

Isolation of a bacterial strain capable of growing
on G-, H-, and S-lignin-derived phenols

To isolate a bacterial strain that can grow on phenolic
compounds derived from G-, H-, and S-lignin, we first
screened candidates using WX minimal medium contain-
ing 5 mM syringate (an S-lignin-derived phenol) from
soil samples of 40 different locations in Japan. Among
186 strains obtained, we selected a strain named NGC7
with high growth rate and high final cell yield. NGC7
grew well on syringate, syringaldehyde, vanillate, van-
illin, ferulate, HBA, p-hydroxybenzaldehyde, PCA, and
glucose (Fig. Sla-i). In addition, we examined the abil-
ity of NGC7 to grow on hardwood lignin-derived phenols
prepared from birch by alkaline-nitrobenzene oxidation
(bNBL, as described in the Materials and methods sec-
tion). bNBL contained 112 mM syringaldehyde, 9.8 mM
syringate, 48.6 mM vanillin, and 7.4 mM vanillate. NGC7
grew well in Wx medium containing a 0.6% bNBL solu-
tion (Fig. S1j).

To identify the genus of NGC7, the nucleotide sequence
of the 16S rRNA gene of NGC7 was determined. The
nucleotide sequence of the 16S rRNA gene of NGC7
showed 99.2-99.5% identity with the strains of Pseu-
domonas putida NBRC 14164 (NC_021505.1, PP4_
RS00780), P. plecoglossicida FPC951 (AB009457.1), P.
taiwanensis BCRC 17751 (NR_116172.1), and P. mon-
teilii CIP 104883 (NR_024910.1), indicating that NGC7
belongs to genus Pseudomonas.

Estimation of the catabolic pathways
of lignin-derived phenols in Pseudomonas sp. strain
NGC7

To estimate the catabolic pathways of syringate and vanil-
late in NGC7, resting cells (ODg,,=0.5) of NGC7 grown on
syringate and vanillate were incubated with 1 mM of each
syringate and vanillate, respectively, and the culture super-
natants were analyzed by HPLC. Syringate was completely
degraded within 60 min, and a faint peak with a retention
time of 4.3 min was observed after 15 min (Fig. S2a—d). This
compound was identified as 3-O-methylgallate based on the
comparison of the retention time and UV-Vis spectrum of
the authentic compound (Fig. S2e, f). Therefore, syringate
appears to be subjected to O demethylation (Fig. 1). Vanil-
late was also completely degraded after 60 min, however, no
intermediate metabolite was observed (Fig. S2g—i).

In general, vanillate and HBA are converted to PCA
through O demethylation and hydroxylation, respectively,
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Fig.1 Proposed catabolic pathways of lignin-derived phenols in
Pseudomonas sp. strain NGC7 and engineered route for ccMA pro-
duction. Pathways presumed to comprise multiple enzymatic reac-
tions are indicated by dotted arrows. HBN, p-hydroxybenzalde-
hyde; HBA, p-hydroxybenzoate; PCA, protocatechuate; ccMA,
cis,cis-muconate. Enzymes: VanAB, vanillate O-demethylase;
PcaHG, PCA 3,4-dioxygenase; CatA, catechol 1,2-dioxygenase;
CatB, ccMA cycloisomerase; AroY, PCA decarboxylase; KpdB,
flavin prenyltransferase. To produce ccMA from H- and G-lignin-
derived phenols, pcaHG and catB were disrupted by homologous
recombination, and pTS084 carrying vanA (PP_3736) and vanB
(PP_3737) of Pseudomonas putida KT2440 (accession number,
NC_002947.4), aroY of Klebsiella pneumoniae subsp. pneumoniae
A170-40 (AB479384.2), kpdB of K. pneumoniae subsp. pneumo-
niae NBRC14940 (AB920346.1), and catA (PP_3713) of P. putida
KT2440 (NC_002947.4) was introduced

and the resulting PCA is catabolized via one of the PCA
2,3-, 3,4, or 4,5-cleavage pathways in bacteria [9, 11, 16,
17]. In Gram-negative bacteria, PCA 3,4- and 4,5-cleavage
pathways are major catabolic routes of PCA. To estimate
the PCA catabolic pathway of NGC7, the cell extract (5 pg
of protein/mL) of NGC7 grown on PCA was incubated
with 100 pM PCA, and the UV-Vis spectra of the reac-
tion mixture were periodically monitored. As a result, the
absorbance at 252 nm and 290 nm decreased, however,
any other absorbance was not observed (Fig. S3a). As

the reaction product of PCA 4,5-dioxygenase, 4-carboxy-
2-hydroxymuconate-6-semialdehyde, has an absorbance
at 410 nm [20], NGC7 appears to catabolize PCA via the
PCA 3,4-cleavage pathway. However, catechol is generally
degraded through catechol 1,2- or 2,3-cleavage pathway in
bacteria [7, 12, 42]. Similarly, the cell extract (5 pg of pro-
tein/mL) of NGC7 grown on benzoate was incubated with
100 pM catechol, and the UV-Vis spectra of the reaction
mixture were monitored. Since the absorbance at 375 nm
derived from the reaction product of catechol 2,3-dioxy-
genase, 2-hydroxymuconate-6-semialdehyde [25], was not
observed (Fig. S3b), NGC7 seems to degrade catechol via
the catechol 1,2-cleavage pathway, which generates ccMA
as an intermediate metabolite.

Isolation of pcaHG and catB and disruption of these
genes in NGC7

According to the estimation of the catabolic pathways of
PCA and catechol, NGC7 was suggested to possess pca and
cat genes. The amplification primers for partial sequences of
pcaHG encoding PCA 3,4-dioxygenase and catBCA encod-
ing ccMA cycloisomerase, muconolactone A-isomerase, and
catechol 1,2-dioxygenase, were designed based on the highly
conserved regions among Pseudomonas strains including
P. putida KT2440 and P. aeruginosa PAO1. PCR using
these primers successfully amplified the fragments (Fig.
S4). The nucleotide sequencing of these fragments revealed
the presence of pcaHG and catBCA whose deduced amino
acid sequences showed 94.7-98.1% identities with those of
KT2440 pcaHG and 94.7-97.3% identities with those of
KT2440 catBCA, respectively.

For the construction of an NGC7 mutant of both pcaHG
and catB, pcaHG was first disrupted by homologous recom-
bination using pK19mobsacB carrying a pcaHG fragment
whose internal region was deleted and then catB was inac-
tivated in a similar manner (Fig. S5). The resulting strain
NGC703 could no longer grow on vanillate, HBA, and PCA
in addition to benzoate but was able to grow on syringate as
well as the wild type (Fig. S6). These results indicate that
pcaHG is essential for NGC7 to grow on vanillate, HBA,
and PCA, and the former two compounds are suggested to
be catabolized via PCA (Fig. 1). In addition, these results
indicate that an aromatic ring cleavage enzyme gene dif-
ferent from pcaHG is involved in syringate catabolism. To
date, the syringate catabolic genes have been clarified only
in Sphingobium sp. SYK-6, and recently also reported in
Novosphingobium aromaticivorans DSM 12444 [8, 21]. In
SYK-6, syringate is mainly degraded through the O demeth-
ylation of syringate to generate gallate via 3-O-methylgallate
[1,22] and the subsequent ring cleavage of gallate by gallate
dioxygenase (DesB) whose substrate specificity is restricted
[19, 38]. Since KT2440 also carries the gallate dioxygenase
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gene (galA) [24], which shows 58% amino acid sequence
identity with DesB, syringate may be degraded in NGC7 via
a similar pathway involving gallate dioxygenase shown in
SYK-6. However, it was suggested that benzoate is catabo-
lized through the catechol 1,2-cleavage pathway, and catB
is essential for the catabolism.

To confirm whether NGC703 lost the ability to convert
PCA and ccMA, this strain was grown in 5 mM glucose
plus 5 mM PCA and 5 mM glucose plus 5 mM catechol,
and the supernatant of the cultures were analyzed by HPLC.
After 24 h, PCA was not transformed, whereas catechol was
completely converted to ccMA (Fig. 2). Furthermore, the
accumulated ccMA was not converted even after 48 h. These
results indicated that pcaHG and catB are essential for the
conversion of PCA and ccMA in NGC7.

Construction of an NGC703-based ccMA-producing
strain and its ccMA productivity

To confer PCA decarboxylation activity and reinforce the
vanillate/syringate O demethylation and catechol con-
version, pTS084, which carries aroY, kpdB, vanAB, and
catA, was introduced to NGC703 (Fig. 1). Based on the
ratio of S-lignin-derived phenols versus G-lignin-derived
phenols in bNBL, cell growth and ccMA productivity of
NGC703(pTS084) were examined using 10 mL Wx medium

a b

807 at start c 401 at start
i PCA 4
00 30 catechol
40- 201
E 207 10- L
S o1 0
(’:] T T T T 1 T T T T 1
& 80- E 2001
24 h S 24 h
2 601 S 150+ CeMA
E 40- & 1004
i - i
20 z 50
0+ S 0
I I I I 1 I I I I 1
01 2 3 45 200+
48 h
Retention time (min) 150- ccMA
100
50+
o4 |
I I I I 1
01 2 3 45

Retention time (min)

Fig.2 Conversion of PCA and catechol by NGC703 cells. NGC703
cells were grown in Wx medium containing 5 mM glucose with
5 mM PCA (a) or 5 mM catechol (b). Portions of the cultures were
collected at the start and after 24 h and 48 h (for conversion of cat-
echol) of incubation and then analyzed by HPLC. Retention times of
PCA, catechol, and ccMA were 3.2, 3.3, and 3.6 min, respectively

@ Springer

containing 10 mM syringate plus 5 mM vanillate. This strain
grew well in this medium and produced ccMA with a yield
of 87% (mol ccMA/mol vanillate) (Fig. 3a, b). Since the
bNBL contains high amount of syringaldehyde and vanillin,
cell growth and ccMA yield were evaluated by incubating
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Fig.3 Growth of NGC703(pTS084) on S-lignin-derived phenols and
ccMA production from G-lignin-derived phenols. NGC703(pTS084)
cells were incubated in Wx medium containing 10 mM syringate plus
5 mM vanillate (a, b) or 10 mM syringaldehyde plus 5 mM vanillin
(a, ¢). ODg, and concentrations of substrates and metabolites were
periodically monitored. a Cell growth on syringate plus vanillate
and syringaldehyde plus vanillin. b, ¢ Concentrations of substrates
and metabolites. 3-O-methylgallate was under the detection limit
(0.5 pM). Each value is the average+the standard deviation from
three independent experiments



Journal of Industrial Microbiology & Biotechnology (2019) 46:1071-1080

Q0
RN
o
o

-+ syringate
1 vanillate

Concentration (mM)

-1 syringate
T\ - vanillate

Concentration (mM)

Time (h)

—-&- OD600

(1]
w
o

|

20 syringate
1 vanillate

Concentration (mM)
o
|

Fig.4 Optimization of ccMA production at flask level. a-d
NGC703(pTS084) cells were incubated in 500 mL shake-flasks
containing 50 mL (a), 100 mL (b), and 200 mL (c¢) of Wx medium
with 10 mM syringate plus 5 mM vanillate. ODg, and concentra-
tions of substrates and metabolites were monitored during incuba-
tion. a—c Concentrations of substrates and metabolites. d Cell growth
in 50 mL, 100 mL, and 200 mL cultures. € ccMA production with

NGC703(pTS084) cells in 10 mL Wx-medium containing
10 mM syringaldehyde plus 5 mM vanillin. The growth was
somewhat retarded compared to the conditions of 10 mM
syringate plus 5 mM vanillate but the maximum cell yields
after 36 h were almost the same (Fig. 3a). This strain
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repeated feeding of syringate and vanillate. NGC703(pTS084)
cells were incubated in a 500 mL shake-flask using 200 mL of Wx
medium by feeding 10 mM syringate plus 5 mM vanillate every
12 h for six times. 3-O-methylgallate was under the detection limit
(0.5 puM). Each value is the average+the standard deviation from
three independent experiments

produced ccMA with a yield of 83% (mol ccMA/mol vanil-
lin), which is equivalent to the value when using vanillate
and syringate (Fig. 3c). Next, based on the ratio of lignin-
derived phenols contained in bNBL, NGC703(pTS084)
cells were incubated in Wx medium containing 8§ mM
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Fig.5 ccMA production from bNBL. NGC703(pTS084) cells were
incubated in a tube containing 5 mL Wx medium by feeding 0.24%
bNBL (a, ¢) or 0.6% bNBL (b, ¢) every 12 h for five times. ODy,
and concentrations of substrates and metabolites were monitored dur-
ing incubation. a, b Concentrations of substrates and metabolites.
3-O-methylgallate was under the detection limit (0.5 pM). ¢ Cell
growth when feeding 0.24% bNBL and 0.6% bNBL. Each value is the
average + the standard deviation from three independent experiments

syringaldehyde plus 5 mM vanillin plus 1 mM syringate
plus 1 mM vanillate. The cell growth was almost the same
as that incubated with 10 mM syringaldehyde plus 5 mM
vanillin, and the strain produced ccMA (65% mol ccMA/
mol vanillin plus vanillate) (Fig. S7). However, significant
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PCA accumulation was observed. To examine the effect
of aeration on ccMA production, NGC703(pTS084) cells
were grown in a 500 mL shake-flasks containing 50, 100, or
200 mL of Wx medium with 10 mM syringate plus 5 mM
vanillate (Fig. 4a—d). When using 200 mL medium, the
ccMA yield was the highest (80% mol ccMA/mol vanil-
late), and the accumulation of PCA was considerably lower
than that in other conditions (Fig. 4c). PCA decarboxylase is
known to be oxygen sensitive, and its half-life was 5-8 min
under aerobic conditions [26]. In contrast, oxygen is nec-
essary for the generation of active form of prenylated fla-
vin, a cofactor of PCA decarboxylase [26]. Therefore, PCA
decarboxylase activity appears to be determined by the rela-
tionship between the level of inactivation of AroY and the
availability of active prenylated flavin. Dissolved oxygen in
the 200 mL medium may have been optimum among the
conditions examined. Subsequently, ccMA production by
NGC703(pTS084) was examined in a 500 mL shake-flask
using 200 mL of medium by feeding 10 mM syringate plus
5 mM vanillate every 12 h for six times. The ccMA titer
was 3.2 g/L (22.5 mM) with a yield of 75% (mol ccMA/
mol vanillate) (Fig. 4e). In a previous study, we achieved
glucose-free ccMA production using an engineered strain of
Sphingobium sp. SYK-6 harboring pTS084 [37]. However,
this strain has the disadvantage of requiring small amount of
tryptone during ccMA production. NGC703(pTS084) ena-
bles glucose-free ccMA production from lignin-derived phe-
nols without the addition of any other organic compounds.
Moreover, the ccMA titer of 3.2 g/L is equivalent to that
achieved by production from p-coumarate by an engineered
KT2440 carrying aroY and ecdBD (KT2440-CJ184) in a
shake-flask culture using glucose as the carbon and energy
source [14].

Finally, ccMA production from bNBL by
NGC703(pTS084) was examined in a tube contain-
ing 5 mL Wx medium by feeding 0.24% or 0.6% bNBL
(0.27/0.67 mM syringaldehyde, 0.023/0.059 mM syrin-
gate, 0.12/0.29 mM vanillin, and 0.018/0.044 mM vanil-
late) every 12 h for five times. ccMA was produced with
titers of 58.4 mg/L (411 pM) and 144 mg/L (1013 pM),
respectively, when feeding 0.24% and 0.6% bNBL (Fig. 5).
Although the accumulation of PCA during ccMA produc-
tion needs to be improved, this study also demonstrates the
applicability of NGC703(pTS084) in glucose-free ccMA
production from real woody biomass. Here, we employed
bNBL for ccMA production as a model system. In future,
combining the ccMA production system by this strain with
more substantial lignin depolymerization techniques such as
base-catalyzed depolymerization and formic-acid-induced
hydrolytic depolymerization should be considered [10, 31].
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Conclusion

We isolated a novel platform bacterium, Pseudomonas sp.
strain NGC7, and succeeded in constructing an engineered
NGC7 which utilizes lignin-derived phenols for cell growth
and ccMA production. Engineered NGC7 will prove to be
a promising strain for glucose-free production of various
value-added substances from lignin-derived phenols. For
ccMA production, it is necessary to improve the decarbox-
ylation activity and investigate the optimum culture condi-
tions using a fed-batch bioreactor.
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