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A B S T R A C T

Lignin is one of the most abundant renewable resources on earth and is readily produced as a sidestream during
biomass fractioning. So far, these large quantities of lignin have been severely underutilized, thereby wasting
this valuable renewable. Recent technological advances in lignin recovery, breakdown, and conversion have now
started forming the first sustainable value chains to take advantage of lignin. Microbial cell factories, inspired by
nature’s miscellaneous set of lignin-degrading microbes, are at the heart of these novel processes. Recent success
stories in which the enzymes and pathways of these microbes were harnessed for biobased production from
lignin hold great promise for a sustainable upgrading of this renewable polymer into value-added compounds.

1. Introduction

Lignin is the second most abundant polymer on earth. It naturally
occurs as an integral part of lignocellulose in plants to give them ri-
gidity and structure (Fig. 1) (Abdelaziz et al., 2016; Kohlstedt et al.,
2018; Schutyser et al., 2018). Globally, the amount of available lignin
in the biosphere is approximately 300 billion tons, with an annual in-
crease of approximately 20 billion tons, thus providing an extensive
carbon resource for sustainable production processes (Fernandez-
Rodriguez et al., 2017). Chemically, lignin is a complex polymer as-
sembled from aromatic building blocks, the phenylpropanoids
(Fig. 2A), and can be regarded as a chemical treasure. However, it has
remained the most underutilized renewable until today.

Technically, lignin accumulates as a coproduct of the cooking and
pulping processes applied for biomass fractionation in different in-
dustrial sectors (Rinaldi et al., 2016; Van den Bosch et al., 2018)
(Fig. 2B). Kraft pulping—the dominant pulping process today — pro-
duces approximately 130 million tons of lignin per year (Rinaldi et al.,
2016; Van den Bosch et al., 2018). In addition, we can expect very large
streams of lignin waste from second-generation biofuel plants. The US
Energy Independence and Security Act of 2007 requires the mandatory
use of 36 billion gallons of biofuels by 2022 (Chen and Wan, 2017).
Interestingly, more than half of this amount will be provided from
lignocellulosic biomass, leading to approximately 62 million tons of

waste lignin in the US alone (Chen and Wan, 2017).
So far, the major fraction of technical lignin — approximately 140

million tons per year — is simply burned (Fig. 3A). The typical on-site
generation of heat and power (Rinaldi et al., 2016; Van den Bosch et al.,
2018), however, realizes only the energetic value of lignin. Therefore,
lignin valorization has started to attract significant attention to make
better use of this important renewable (Fig. 2B). Lignin valorization
promises to kill two birds with one stone: a hand-in-hand production of
added-value chemicals, materials and fuels from a global nonedible
renewable resource instead of petroleum and much better economics of
existing lignocellulosic processes in the biofuel and the pulp and paper
industries (Chen and Wan, 2017; Liu et al., 2018).

Admittedly, lignin is difficult to break down due to the strong bonds
between its building blocks, and its composition varies from plant to
plant (Sanderson, 2011). Nevertheless, promising approaches have
stimulated technological advances in lignin breakdown, such as hy-
drogenolysis, hydrothermal liquefaction, and hydrothermal carboniza-
tion, which provide mixed aromatic compounds, bio-oil and carbon
materials from lignin, as recently indicated by (Cao et al., 2018;
Ponnusamy et al., 2019). Moreover, the direct use of polymeric sulfo-
nated forms of lignin from different pulping processes (Fig. 2B) yields
low-value additives for concrete, glue, absorbers, emulsions, fertilizers,
and photocatalyst supports (Cao et al., 2018; Khan et al., 2018; Naseem
et al., 2016; Schutyser et al., 2018). In addition, the chemical
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Fig. 1. Occurrence of lignin in nature. Terrestrial plants contain substantial fractions of lignocellulose, comprising cellulose, hemicellulose and lignin as polymeric
constituents. Lignin itself is mainly composed of three phenyl alcohol subunits. Lignin content and composition differ depending on the plant source.

Fig. 2. Natural lignin – Composition and valorization. (A) Occurrence and composition of lignin in nature. The plant types differ in their relative lignin content
(indicated by the size of the circle) and the relative fraction of the phenylpropanoid constitutes (S, G, H) (indicated by the segment size). Values on average lignin
content and composition are taken from (Brunow, 2010). (B) Value chain for the production of lignin-derived compounds comprising delignification, depolymer-
ization and upscaling. Blue arrows denote alkaline delignification processes, orange arrows denote acidic delignification processes. FT-DAP: flow-through diluted
acid pretreatment, FT-HWP: flow-through diluted water pretreatment.
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processing of lignin provides access to products of higher value. A
prominent example is vanillin, an industrially established flavor and
fragrance molecule that is derived through oxidative alkaline treatment
of softwood lignin (Abdelaziz et al., 2016).

Furthermore, recent studies (Barton et al., 2018; Kohlstedt et al.,
2018) have impressively demonstrated the potential to use microbes for
the biochemical conversion of lignin into value-added products
(Fig. 2B). As the masterpiece of lignin valorization, cascade routes
produce platform chemicals for commercial plastics such as adipic acid,
cis,cis-muconic acid (MA) and terephthalic acid from lignin at scales up
to the pilot scale (Kohlstedt et al., 2018; Vardon et al., 2015). Benefi-
cially, these processes not only promise sustainable green alternatives
to fossil routes but also enhance the efficiency of the various existing
second generation biorefineries. It is important to note that economic
considerations reveal a tremendous potential to reduce the price for
second generation biofuel and reduce associated greenhouse gas emis-
sions, given a better valorization of the lignin fraction of lignocellulosic
biomass beyond energy applications (Corona et al., 2018; Davis et al.,
2013). Such calculations hold for industrial chemicals such as adipic
acid, 1,4-butanediol, and cyclohexane and promise a unique win-win
situation (Fig. 3B).

Clearly, the overall success in using lignin as a renewable resource
requires a fully integrated value chain that efficiently bridges lignin
recovery and depolymerization and (bio)chemical conversion of the
obtained carbon feedstock into added-value products. Our review de-
scribes this lignin value chain and highlights recent developments and
trends in this most promising field.

2. Natural lignin—Occurrence, biosynthesis and breakdown in
nature

2.1. Chemical structure

In nature, lignin has evolved as an important structural compound,
mainly in terrestrial plants. In addition to cellulose and hemicellulose,
lignin is one of the three major constituents of lignocellulose, the
woody part of plants (Fig. 1). In this case, lignin functions as a struc-
tural stabilizer, a water pipeline inside plants, and a barrier against
microbial decay (Brunow, 2010; Linger et al., 2014). Chemically, lignin
is composed of mainly three phenylpropanoid units: the monolignols
coniferyl alcohol (G), sinapyl alcohol (S) and p-coumaryl alcohol (H)
(Fig. 2A) (Abdelaziz et al., 2016; Cao et al., 2018; Wang et al., 2018a).
The assembly of these units into lignin polymers occurs via reactive
radical intermediates, which are generated by laccases and peroxidases
(Schutyser et al., 2018). The resulting linkages between the

monolignols comprise carbon-carbon and ether bonds (Fig. 4) and re-
sult in the complex tridimensional structure of lignin. Approximately
50-80 % of all interunit bonds are β-O-4 ether bonds (Chen and Wan,
2017; Van den Bosch et al., 2018). In addition, subunits are connected
by α-O-4 linkages, β-5 linkages, β-β linkages, 5-5 linkages and biphenyl
and diaryl ether structures (Brunow, 2010; Chen and Wan, 2017;
Ponnusamy et al., 2019; Schutyser et al., 2018; Van den Bosch et al.,
2018). Depending on the plant type, both lignin content and composi-
tion can vary substantially (Figs. 1, 2A). Softwood has the highest lignin
content and is mainly composed of coniferyl units (G-type lignin)
(Fig. 2A). In contrast, hardwood lignin is almost equally composed of
coniferyl and sinapyl alcohol (G/S-type lignin), whereas lignin of grass,
herbaceous, and angiosperm plants also contains p-coumaryl alcohol
units (G/S/H-type lignin) (Brunow, 2010; Martinez et al., 2005;
Ponnusamy et al., 2019). The distribution and occurrence of the dif-
ferent monolignols determine the amount and type of the interunit
linkages: monolignols with ortho-methoxy-groups cannot form 5-5 and
β-5 carbon-carbon bonds. Consequently, hardwood lignin with a high
amount of S-units (two methoxy-substituted ortho groups) contains a
lower fraction of carbon-carbon bonds than G-rich (one methoxy-sub-
stituted ortho group) softwood lignin (Chen and Wan, 2017; Schutyser
et al., 2018).

2.2. Microbial ligninolysis—the initial step of lignin breakdown

White-rot and brown-rot fungi (Table 1) have long been considered
the only organisms that can metabolize lignin (Brunow, 2010; Bugg
et al., 2011). However, several studies recently reported on bacterial
lignin-degraders of the genera Streptomyces, Pseudomonas, Rhodococcus,
Amycolatopsis, Oceanimonas, Comamonas, Pandoraea and Paenibacillus
from different environments (Majumdar et al., 2014; Numata and
Morisaki, 2015; Palazzolo and Kurina-Sanz, 2016; Salvachua et al.,
2015; Vyas et al., 2018) (Table 1). The relative activity and specificity
of the different lignin-degraders can be easily monitored using an UV/
vis assay (Ahmad et al., 2010). In a comparative study, the fungus
Phanerochaete chrysosporium revealed the highest and broadest lig-
ninolytic activity (Ahmad et al., 2010). Bacterial degraders were found
to be more specific. Nocardia autotrophica degraded only milled wood
lignin (MWL) of pine, Pseudomonas putida strain 33015 specifically
degraded miscanthus MWL, whereas Rhodococcus RHA1 degraded dif-
ferent types of lignin (Ahmad et al., 2010).

In general, the ligninolytic activity of fungi and bacteria relies on a
cocktail of oxidative enzymes (laccases and peroxidases) and some
accessory enzymes such as H2O2-generating oxidases (Fig. 4) (Abdelaziz
et al., 2016; Brunow, 2010; de Gonzalo et al., 2016; Palazzolo and

Fig. 3. Technical lignin – Composition and impact of valor-
ization on selling prices and greenhouse gas emission. (A)
Production, utilization and selected characteristics of tech-
nical lignin produced by Kraft pulping and soda pulping. Data
are taken from (Constant et al., 2016; Rinaldi et al., 2016; Van
den Bosch et al., 2018) (B) Minimum renewable diesel
blendstock (RDB) price (top) and greenhouse gas (GHG)
emission (bottom) as a function of lignin conversion to se-
lected coproducts. GGE: gallon gasoline equivalent. Figure 3B
was adapted from (Davis et al., 2013).
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Fig. 4. Biodegradation of lignin. Common linkages in lignin are cleaved by the activity of laccases and peroxidases – partly relying on accessory enzymes – to provide
a variety of monolignins. Aromatics from G-type and H-type lignin are then funneled via the key intermediates protocatechuate (PCA) and catechol (CAT), which are
crosslinked in some microbes. The entry point of carbon into the central metabolism depends on the position of aromatic ring opening (ortho, meta). Aromatics from
S-type lignin are degraded via gallate and 3-O-methylgallate (3-OMG). As common intermediate of further catabolism, 4-oxalomesaconate is formed directly by ring
cleavage of gallate, or ring cleavage of 3-OMG and subsequent elimination of the methyl-group. Parts of the figure are adapted from (Abdelaziz et al., 2016; Dashtban
et al., 2010; Hofrichter, 2002; López et al., 2017).
H2O2-GO: H2O2 generating oxidases, AAD: aryl alcohol dehydrogenase, AAO: aryl alcohol oxidase, GLOX: glyoxal oxidase, QR: quinone reductase.
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Kurina-Sanz, 2016; Vyas et al., 2018). Peroxidases directly act on lignin
and lignin fragments but are also interestingly capable of attacking
lignin from a distance (de Gonzalo et al., 2016). For the latter, the
enzymes generate radical mediators that can penetrate the recalcitrant
structure of lignin and initiate depolymerization (de Gonzalo et al.,
2016). Depending on their catalytic reaction type, the peroxidases are
classified as manganese peroxidases (MnPs), lignin peroxidases (LiPs),
versatile peroxidases (VPs) and dye-decolorizing peroxidases (DyPs)
(Chen and Wan, 2017).

MnPs are heme-containing enzymes and attack lignin structures in
catalytic cycles via reactive Mn3+ ions (Abdelaziz et al., 2016; Chen
and Wan, 2017; Hofrichter, 2002). The ability to produce and secrete
MnPs is widespread among fungi (Table 1) (Hofrichter, 2002). Mean-
while, their production from bacterial degraders has also been proven
(Table 1) (Salvachua et al., 2015). LiPs are activated by H2O2 and at-
tack lignin via intermediate radicals, whereas VPs somehow combine
the catalytic strategy of MnPs and LiPs (Abdelaziz et al., 2016; Chen
and Wan, 2017). DyPs are structurally different from other peroxidases
(Abdelaziz et al., 2016; Chen and Wan, 2017) and occur in fungi and
bacteria (Table 1) (Chen and Wan, 2017; Salvachua et al., 2015). They
typically exhibit a very broad substrate spectrum and are mainly active
at acidic pH values (de Gonzalo et al., 2016). Recently, the Rhodococcus
jostii DyPB was overexpressed in Escherichia coli and characterized. It
efficiently oxidized aromatic lignin monomers and, furthermore,
cleaved guaiacylglycerol-beta-guaiacyl ether, a model molecule for β-

O-4 linkages (Vignali et al., 2018).
In addition to peroxidases, laccases play a major role in lignin de-

gradation. They have a lower redox potential than peroxidases.
Accordingly, they cleave only phenolic lignin units (Bugg et al., 2011;
Chen and Wan, 2017; Majumdar et al., 2014) unless there are redox
mediators such as vanillin and p-coumarate present (Abdelaziz et al.,
2016).

While most ligninolytic enzymes are secreted, a recent study first
described an intracellular β-etherase capable of cleaving a dimeric
lignin model compound (Marinovic et al., 2018). The enzyme was
found in the white-rod basidiomycete Dichomitus squalens and showed
selective activity on the β-O-aryl ether bond under mild reaction con-
ditions, making this enzyme attractive for biotechnological application
(Marinovic et al., 2018). The product spectrum of the initial degrada-
tion step of lignin is diverse and comprises a variety of monolignins,
including ferulate, p-coumarate, phenol, vanillin, guaiacol and cresols
(Fig. 4) (Abdelaziz et al., 2016). As described below, microbes and their
enzymes have been successfully used to mediate lignin breakdown and
increase its bioavailability for subsequent bioconversions.

2.3. Catabolism of lignin-derived aromatics—the second step of lignin
breakdown

As described above, the natural degradation of the lignin polymer is
reserved for some specialized fungi and bacteria that are able to cleave

Table 1
Overview of a selection of known microbes expressing enzymes with ligninolytic activity.

Organism Enzymes Carbon source/substrate Reference

Fungi
Phanerochaete

chrysosporium
LiP, MnP MWL of pine, wheat miscanthus, β-1, β-O-4 lignin

model compounds
(Ahmad et al., 2010; Glenn et al., 1986; Glenn and
Gold, 1985; Kirk et al., 1984; Tien and Kirk, 1984)

Lepista nuda MnP, laccase MWL of pine, wheat (Ahmad et al., 2010; Erden et al., 2009)
Serpula lacrymans LiP MWL of pine (Ahmad et al., 2010; Eastwood et al., 2011)
Schizophyllum commune MnP, laccase MWL of pine (Ahmad et al., 2010; Wengel et al., 2006; Zhou et al.,

2014)
Fusarium oxysporum LiP, laccase Kraft black liquor, veratryl alcohol (Abdelaziz et al., 2016; Kumari et al., 2002)
Aspergillus terreus LiP Veratryl alcohol (Kumari et al., 2002)
Penicillium citrinum LiP Veratryl alcohol (Kumari et al., 2002)
Dichomitus squalens Intracellular β-etherase β-O-4 lignin model compound (Marinovic et al., 2018)

Bacteria
Streptomyces coelicolor Laccase MWL of pine, wheat miscanthus, ethanosolv lignin,

β-O-4 lignin model compound
(Ahmad et al., 2010; Majumdar et al., 2014)

Streptomyces viridosporus LiP, laccase Wheat straw, ethanosolv lignin, β-O-4 lignin model
compound

(Abdelaziz et al., 2016; Gottschalk et al., 2008;
Majumdar et al., 2014)

Rhodococcus erythropolis Laccase, peroxidase MWL of pine, wheat miscanthus, APL, kraft lignin (Abdelaziz et al., 2016; Ahmad et al., 2010; Salvachua
et al., 2015)

Rhodococcus jostii Laccase, MnP, DyP MWL of pine, wheat miscanthus, APL, kraft lignin,
model β-aryl ether lignin dimers, wheat straw
lignocellulose

(Ahmad et al., 2011; Ahmad et al., 2010; Roberts
et al., 2011; Sainsbury et al., 2013; Salvachua et al.,
2015; Vignali et al., 2018)

Pseudomonas putida Laccase, MnP, LiP MWL of miscanthus, APL, Kraft lignin (Ahmad et al., 2010; Salvachua et al., 2015; Xu et al.,
2018)

Arthrobacter globiformis Perodixase MWL of pine, wheat (Ahmad et al., 2010)
Nocardia autotrophica Peroxidase MWL of pine (Ahmad et al., 2010)
Amycolatopsis sp. MnP, laccase APL, ethanosolv lignin, β-O-4 lignin model

compound
(Majumdar et al., 2014; Salvachua et al., 2015)

Acinetobacter sp. Laccase, MnP, LiP APL, b-O-4 lignin model compounds,
veratrylglycerol-β-guaiacyl ether

(Ghodake et al., 2009; Salvachua et al., 2015;
Vasudevan and Mahadevan, 1990, 1992)

Cupriavidus necator Laccase, MnP APL (Salvachua et al., 2015)
Aneurinibacillus

aneurinilyticus
Kraft lignin (Chandra et al., 2007)

Bacillus atrophaeus Laccase Kraft lignin, guaicylglycerol-β-guaiacyl ether (Huang et al., 2013)
Enterobacter lignolyticus Peroxidase, laccase, DyP Alkali lignin (Deangelis et al., 2013; Orellana et al., 2017; Shrestha

et al., 2017)
Klebsiella pneumoniae MnP, LiP, laccase, catalase-

peroxidase
Kraft lignin (Hochman and Goldberg, 1991; Kumar and Chandra,

2018; Xu et al., 2018)
Oceanimonas doudoroffii Peroxidase Lignin (Brennan et al., 2017; Numata and Morisaki, 2015)
Sphingomonas paucimobilis β-Etherase, hydrolase, extradiol

dioxygenase, O-demethylase,
decarboxylase

Lignin-derived biaryls, guaicylglycerol-β-guaiacyl
ether, biphenyls

(Kuatsjah et al., 2017; Masai et al., 2007a; Peng et al.,
1998; Peng et al., 1999; Takahashi et al., 2018;
Yoshikata et al., 2014)

Ochrobactrum tritici LiP, MnP, laccase Kraft lignin (Xu et al., 2018)
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the complex three-dimensional structure. However, as soon as struc-
turally simple aromatics are released from the ligninolysis process,
various other microbes come into play (Table 2). These microbes ex-
hibit a set of convergent catabolic pathways to funnel the mixture of
aromatic compounds, released in the first step of lignin breakdown, into
central intermediates. Interestingly, aromatics from G-type and H-type
lignin are funneled into only two metabolites: protocatechuate and
catechol, whereas S-type lignin-derived aromatics degradation occurs
via a non-interacting branch (Fig. 4) (Jimenez et al., 2002; Linger et al.,
2014; Masai et al., 2007a; Shen et al., 2012).

Enzymes typically involved in the breakdown of aromatics to pro-
tocatechuate and catechol comprise acyl-CoA synthetases, acyl-CoA
hydratases/lyases, decarboxylases and alcohol and aldehyde dehy-
drogenases (Table 2) (Abdelaziz et al., 2016). Some of them are pro-
miscuous and equally responsible for the degradation of different aro-
matics. For example, in Pseudomonas, the assimilation routes for
ferulate, coumarate and caffeate share the enzymes Fcs (acyl-CoA
synthetase), Ech (enoyl-CoA hydratase) and Vdh (aldehyde dehy-
drogenase) (Table 2). Several microbes can decarboxylate proto-
catechuate into catechol via the activity of protocatechuate decarbox-
ylase, making catechol a central hub (Table 2, Fig. 4) (Grant and Patel,
1969; Yoshida et al., 2010).

The further breakdown of catechol and protocatechuate is initiated
by cleavage of their aromatic ring (Fig. 4). The major catabolic route,
i.e., the β-ketoadipate pathway relies on ortho-cleavage of the ring
structure of protocatechuate and catechol using dioxygenases (Grund
et al., 1990; Johnson and Beckham, 2015; Shen and Liu, 2005). In
addition, some microbes possess meta-cleaving dioxygenases (Table 2)
and degrade aromatic compounds in a β-ketoadipate-independent
manner (Heinaru et al., 2000; Kasai et al., 2009; Noda et al., 1990). The
different ring-cleavage modes inherently produce different metabolites
and are thereby associated with different entry points of carbon into the
central metabolism and impacting redox metabolism (Fig. 4), which has
relevance for biotechnological upgrading of lignin (Johnson et al.,
2017). Although we find common features for aromatic degradation
(Fig. 4, Table 2), some peculiarities have evolved in different microbes.
For example, (i) eugenol is metabolized by eugenol hydroxylase in
Pseudomonas (Overhage et al., 1999a), whereas Penicillium simpli-
cissimum CBS 170.90 uses vanillyl alcohol oxidase (de Jong et al., 1992;
Overhage et al., 2003); (ii) C. glutamicum operates unconventional
catabolic pathways for p-cresol (Du et al., 2016) and the phenylpro-
panoids ferulate, p-coumarate and caffeate (Kallscheuer et al., 2016);
and (iii) Amycolatopsis possesses a rare pathway for vanillin degradation
via guaiacol (Sutherland et al., 1983) that is different from the path-
ways of other organisms (Table 2) (Jimenez et al., 2002; Shen et al.,
2012). Guaiacol is then converted into catechol (Barton et al., 2018;
Sutherland et al., 1983) by the activity of a recently discovered pro-
miscuous cytochrome P450 aromatic O-demethylase (Mallinson et al.,
2018) before entering the β-ketoadipate pathway. A similar degrada-
tion pathway for guaiacol is present in Rhodococcus rhodochrous strain
116. The promiscuous O-demethylase P450RR1 also acts on other
ortho-substituted phenols, including o-cresol, 2-chlorophenol and 2-
ethoxyphenol (Eltis et al., 1993; Karlson et al., 1993).

Although initial studies on aromatic degradation date back to the
1970s (Hopper and Taylor, 1975; Keat and Hopper, 1978a) research
papers continuously report on novel findings, enzyme variants and al-
ternative pathways, thereby increasingly complementing and com-
pleting the picture of aromatic compound metabolism (Du et al., 2016;
Kallscheuer et al., 2016; Mallinson et al., 2018; Muthu et al., 2018). The
immense repertoire of enzymes for the cleavage of lignin and the as-
similation of its aromatic building blocks (Table 2) has found its first
promising applications in the processing of technical lignin and lignin-
derived depolymerization products, as discussed below.

3. Technical lignin—recovery and depolymerization

Technical lignin is the starting material of valorization. In recent
years, different approaches have been developed to recover technical
lignin from biomass and industrial streams and further depolymerize it.
Here, we briefly discuss such technical aspects of lignin production and
processing. For a more detailed understanding of these methods, the
reader is addressed to excellent recent reviews (Abdelaziz et al., 2016;
Ponnusamy et al., 2019; Schutyser et al., 2018; Van den Bosch et al.,
2018; Vyas et al., 2018).

3.1. Lignin recovery from delignification

Technical lignins, presently available on the market, are largely
recovered from the cooking liquors of pulping (delignification) pro-
cesses. Today, they are mainly commercialized by MeadWestvaco
Cooperation and Borregaard Industries (Pye, 2010; Schutyser et al.,
2018). The most important delignification processes are kraft, soda and
sulfite pulping (Abdelaziz et al., 2016; Pye, 2010; Schutyser et al.,
2018). Sulfite pulping is a process of cooking wood at 140 – 170 °C in an
alkaline, a pH neutral or an acidic environment, depending on the
added sulfite salt (Abdelaziz et al., 2016; Schutyser et al., 2018). The
ether bonds within the lignin structure are thereby hydrolyzed and
subsequently sulfonated by the sulfite ions (SO3

−2) in the liquor. Sulfite
pulping produces fully water-soluble, highly degraded lignosulfonates
with a sulfur content of 4 – 7 wt% (Abdelaziz et al., 2016; Schutyser
et al., 2018; Van den Bosch et al., 2018). Established in 1874, sulfite
pulping became the dominant process for wood delignification until
kraft pulping was established in 1930s (Pye, 2010).

During the kraft process, the biomass is cooked for several hours at
155 – 175°C in an aqueous solution of NaOH and Na2S (white liquor)
(Abdelaziz et al., 2016; Schutyser et al., 2018). The thus-formed hy-
droxide (OH-) and hydrosulfide (HS-) anions crack the aromatic ether
bonds in the lignin structure and release low-molecular-weight thio-
lignin oligomers (Abdelaziz et al., 2016; Pye, 2010; Schutyser et al.,
2018). In the strongly alkaline environment of the cooking process,
these thiolignin fragments are soluble, but they can be precipitated
upon acidification of their black liquor (Abdelaziz et al., 2016; Pye,
2010; Schutyser et al., 2018). The obtained lignin has a sulfur content
of approximately 1 - 3 wt%; is highly condensed, with only a few β-O-4
ether linkages remaining; and consists only of G-type aromatics
(Fig. 3A) (Constant et al., 2016; Schutyser et al., 2018).

Similar to kraft and sulfite pulping, soda pulping involves cooking
biomass at 160 – 170°C. The cooking is carried out in the presence of
soda (NaOH) and—optionally—anthraquinone, the latter increasing the
efficiency by promoting reductive ether bond cleavage (Abdelaziz et al.,
2016; Schutyser et al., 2018; Van den Bosch et al., 2018). Soda lignin
has a low sulfur content; is highly condensed, with very few remaining
β-O-4 ether bonds; is composed of S- and G-type aromatics and might
contain additional components such as ferulates and coumarates
(Fig. 3A) (Constant et al., 2016; Pye, 2010; Schutyser et al., 2018).

There are far more methods for biomass processing and delignifi-
cation, which provide a variety of diverse lignins differing in compo-
sition, impurities, solubility and chemical structure (Abdelaziz et al.,
2016; Constant et al., 2016; Schutyser et al., 2018; Van den Bosch et al.,
2018). The markets and applications of these products are largely de-
termined by the structures of the various forms of technical lignins
recovered from the different pulping operations (Pye, 2010), and the
structure also influences the choice of depolymerization method
(Abdelaziz et al., 2016). Indeed, an increase in carbon-carbon bonds in
technical lignins at the expense of carbon-ether bonds impedes lignin
breakdown, as most depolymerization methods fail to cleave the
carbon-carbon bonds (Schutyser et al., 2018).
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3.2. Depolymerization

Depolymerization of the complex lignin structure is a key element
for the biotechnological upgrading of lignin. Carbon must be made
bioavailable for microbial production hosts, which requires a break-
down of lignin into low-molecular-weight mono- or oligolignins. The
depolymerization methods are as diverse as the delignification methods
and have been intensively reviewed (Abdelaziz et al., 2016; Ragauskas
et al., 2014; Schutyser et al., 2018; Van den Bosch et al., 2018). Among
these methods, certain approaches provide high fractions of phenolic
monomers, including vanillin, guaiacol, p-coumarate, benzoate and
catechol, which are of particular relevance for downstream biochemical
conversion processes, as illustrated below in the application examples.

3.2.1. Thermal and chemical depolymerization
Thermochemical processes include hydrogenolysis, hydrolysis, al-

kaline oxidation, and fast pyrolysis. The process temperatures range
from 100°C to 600°C, and depolymerization is partly supported by base,
metal and acid catalysts or even carried out in supercritical fluids (Kang
et al., 2013; Pinkowska et al., 2012; Van den Bosch et al., 2018;
Wahyudiono and Goto, 2011). The products obtained from hydro-
thermal depolymerization are diverse and depend on the method used
and the type of lignin (Kang et al., 2013). One of these processes,
namely, oxidative depolymerization of lignin from sulfite pulping, has
been commercialized for the production of vanillin (see chapter 5). At
present, the Norwegian company Borregaard holds a monopoly position
in the production of lignin-derived vanillin (Fache et al., 2016; Van den
Bosch et al., 2018). Their process uses O2 as an oxidizing agent in an
environment of concentrated NaOH solution.

For the use of depolymerized lignin for biotechnological purposes,
the production of high fractions of small aromatics, including acids
(vanillate, ferulate, p-coumarate, (hydroxy)-benzoate), aldehydes (va-
nillin, benzaldehyde) and phenolic monomers (catechol, guaiacol,
phenol, cresol), is highly desirable. In this regard, a recent study de-
scribed base-catalyzed depolymerization of organosolv and soda lignin
at 300°C, 90 bar and 4 wt% NaOH (Fernandez-Rodriguez et al., 2017).
The overall yield of phenolics was only approximately 20 – 23 wt%
because of the high repolymerization reaction. Catechols thereby
formed the major fraction of aromatic monomers, followed by phenols,
cresols and guaiacols (Fernandez-Rodriguez et al., 2017). Another study
investigated in more detail how the process parameters influence the
catechol yield (Schuler et al., 2017). To this end, kraft lignin was de-
polymerized at different temperatures (250°C, 300°C, 350°C, 400°C,
450°C) and reaction times in the presence of 1 wt% KOH as catalyst.
Catechol production was most efficient at 300°C. Lower temperatures
did not properly support depolymerization, whereas gasification im-
paired the catechol yield at higher temperatures (Schuler et al., 2017).
As the initial step of a whole value chain from lignin to nylon, hydro-
thermal conversion of kraft pine lignin was carried out in demineralized
water for 1 h at 395°C (Kohlstedt et al., 2018). This procedure provided
an aromatic mixture mainly comprising catechol and phenol with some
traces of cresols (Kohlstedt et al., 2018). Variation in the reaction
temperature (330°C, 350°C, 370°C) and the vessel pressure (130, 165,
210 bar) enabled the production of guaiacol-rich hydrolysates (Barton
et al., 2018). The decreased temperature increased the guaiacol fraction
but did so at the expense of the overall aromatic yield (Barton et al.,
2018). In general, the yield of such processes still suffers from the un-
desired repolymerization of lignin, which accounts for up to 30 – 45 %
of the initially deployed lignin (Fernandez-Rodriguez et al., 2017;
Schutyser et al., 2018) and remains to be optimized.

3.2.2. Enzyme-based depolymerization
As shown, challenges in thermal, chemical and physical depoly-

merization of lignin are yield and catalyst selectivity (Schutyser et al.,
2018; Xu et al., 2014), so lignin depolymerization with enzymes and
microbes is regarded as potentially advantageous (Ponnusamy et al.,

2019). Indeed, initial studies demonstrated lignin depolymerization
using bacterial consortia (Bilal et al., 2018; Wu and He, 2013) and
individual strains (Chai et al., 2014; Deangelis et al., 2013). Admittedly,
such microbial depolymerization processes are highly time consuming
and, at present, hardly feasible for industrial-scale applications. Simi-
larly, access to efficient enzymes for the depolymerization of lignin
remains a great challenge. White-rot fungi, the main natural producers
of peroxidases and laccases, are hard to cultivate, and the complex
regulation of their biosynthetic pathways makes fungus-based enzyme
production an ambiguous business (Martani et al., 2017). Moreover,
most enzymes function under ambient and moderate conditions or even
in an acidic environment (de Gonzalo et al., 2016), where most tech-
nical lignins are poorly soluble (Constant et al., 2016; Pye, 2010).

A milestone towards enzymatic lignin breakdown was the com-
mercial production of an extremely alkaline lignin oxidase, MetZyme®
LIGNOTM, by the Finnish company MetGen Oy (Hämäläinen et al.,
2018). This laccase of bacterial origin functions at pH values as high as
10-11 and at elevated temperature, offering a high value for biorefinery
lignin valorization (Hämäläinen et al., 2018). In the future, the re-
combinant production of enzymes that work under extreme conditions
thus appears highly attractive, and broadening the spectrum of enzy-
matic workhorses could bring enzyme-based lignin breakdown closer to
industrial applicability.

4. Towards lignin biotechnology

Considering commercialization, a lignin-based biotechnology faces
several challenges: the lignins, currently available in large quantities,
e.g., from MeadWestvaco Cooperation and Borregaard Industries,
mainly comprise sulfonated forms from kraft and sulfite pulping pro-
cesses, which might not meet the required specifications for bio-
technology applications (Pye, 2010; Schutyser et al., 2018). Recovered
and pretreated lignin typically contains crude mixtures of different
aromatics, of which many are toxic, and other inhibiting substances
such as sulfite and may also exhibit extreme pH values. On the micro-
bial producer side, the use of technical lignin therefore likely entails
engineering stress tolerance (Buschke et al., 2013b; Kohlstedt et al.,
2018; Wang et al., 2012), extending the substrate spectrum (Buschke
et al., 2013b; Buschke et al., 2011; Sonoki et al., 2014; Vardon et al.,
2015), and operating the routes of aromatic catabolism at a high level
using, e.g., superior enzyme variants (Overhage et al., 2003; Sonoki
et al., 2014), and streamlined pathway regulation (Becker et al., 2018a;
Johnson et al., 2017).

4.1. Role of synthetic biology and systems metabolic engineering

Obviously, global and systematic engineering of microbial meta-
bolism, i.e., systems metabolic engineering, is needed to achieve the
desired strain performance (Becker et al., 2018b; Becker and Wittmann,
2015, 2018; Jinek et al., 2012; Kohlstedt et al., 2010; Ma et al., 2017;
Martins-Santana et al., 2018). In recent years, systems metabolic en-
gineering revolutionized strain breeding for the production of the fol-
lowing various products from sugars: amino acids and related com-
pounds (Becker et al., 2011; Lee et al., 2007; Park et al., 2014; Rohles
et al., 2016; Shin et al., 2016), organic acids (Becker et al., 2013a;
Blazeck et al., 2014; Chu et al., 2015; Harder et al., 2016; Huang et al.,
2014; Lange et al., 2017; Rohles et al., 2018; Saitoh et al., 2005; Tsuge
et al., 2015), diamines (Chae et al., 2015; Kind et al., 2010a; Kind et al.,
2010b; Kind et al., 2011; Kind et al., 2014; Mimitsuka et al., 2007; Qian
et al., 2009, 2011; Schneider and Wendisch, 2010), and alcohols
(Jojima et al., 2015; Shen et al., 2011; Smith et al., 2010). Systems-wide
analysis of strains provided in-depth insights into regulatory and me-
tabolic traits related to production, substrate use and cellular stress
response (Adler et al., 2013; Adler et al., 2014; Busche et al., 2012;
Buschke et al., 2013a; Hemme et al., 2014; Hoffmann et al., 2018;
Kiefer et al., 2004; Kohlstedt et al., 2014; Krömer et al., 2004; Raivio
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et al., 2013; Schwechheimer et al., 2018a; Schwechheimer et al.,
2018b; Ukibe et al., 2009; Weber et al., 2005; Wittmann et al., 2002;
Wittmann and Heinzle, 2002; Wittmann et al., 2004; Xiao et al., 2018).
The technology platform for targeted and customized strain engineering
is rapidly expanding and incorporates an increasing number of elements
from synthetic biology. Beyond the traditionally used native control
elements for gene expression, libraries of synthetic promoters, ribo-
somal binding sites and bicistronic elements are accessible (Jeschek
et al., 2016; Kohlstedt et al., 2018; Liu et al., 2017; Mutalik et al., 2013;
Rytter et al., 2014; Xu et al., 2019; Yim et al., 2013; Yim et al., 2016;
Zhang et al., 2015). Their synthetic control architecture enables tunable
expression, recruiting riboswitches as well as chemical and optical in-
ducers, which can either be applied by the process operator or work in a
situationally self-controlled manner by sensing products or substrates
that appear during the course of the process (Rodrigues et al., 2014;
Sankaran et al., 2019; Varman et al., 2018; Wu et al., 2018; Zhou and
Zeng, 2015). In addition, the molecular biology toolbox for DNA
synthesis and assembly and targeted and multiplex genome editing al-
lows for ever faster execution and throughput of genetic modifications
(Arazoe et al., 2018; Banno et al., 2018; Cho et al., 2017; Cho et al.,
2013; Cook et al., 2018; Gibson, 2009; Gibson et al., 2009; Inokuma
et al., 2017; Jinek et al., 2012; Mitsunobu et al., 2017; Moore et al.,
2016; Nishizaki et al., 2007; Storch et al., 2017). Finally, yet im-
portantly, the implementation of synthetic pathways is highly efficient,
allowing a modular and flexible assembly of specialized designer bugs
(Baumgärtner et al., 2014; Becker et al., 2013b; Heider et al., 2014;
Paddon et al., 2013; Rodrigues et al., 2013; Rohles et al., 2018; Tsuruta
et al., 2009). This approach involves the design and engineering of
novel enzymes with desired properties, such as hybrid enzyme variants
with improved tolerance (Kohler et al., 2018) and preferred substrate
and cofactor specificity (Bommareddy et al., 2014; Hong et al., 2018; Lv
et al., 2018).

Metabolic engineering has successfully been applied to prime some
microbial hosts for lignin valorization. In particular, specific targets
were addressed to establish or improve the production of chemicals,
materials, fuels and flavors, as discussed in more detail below.

In addition, more general aspects of aromatic utilization were en-
gineered. For example, protocatechuate and 4-hydroxybenzoate de-
gradation was established in E. coli (Clarkson et al., 2017). While E. coli
is a well-known industrial workhorse, its application in lignin valor-
ization is strongly limited, as it is incapable of degrading most aromatic
compounds. Heterologous expression of a nine-gene pathway from P.
putida KT2440 removed this drawback and enabled growth on proto-
catechuate as sole carbon and energy source (Clarkson et al., 2017).
After the growth was improved through evolutionary adaptation, the
core protocatechuate pathway was extended to utilize 4-hydro-
xybenzoate by expression of the 4-hydroxybenzoate 3-monooxygenase
gene praI from Paenibacillus sp. strain JJ-1B (Clarkson et al., 2017).

In addition, E. coli was equipped with an autoregulatory system for
the production of catechol from vanillin (Wu et al., 2018). The design
comprised heterologous expression of the genes ligV (vanillin dehy-
drogenase) and ligM (vanillate-O-demethylase) from Sphingomonas
paucimobilis SKY-6 and aroY (protocatechuate decarboxylase) from
Klebsiella pneumoniae under control of the vanillin-inducible ADH7
promoter. As an advantage for the use of aromatics, the expression of
the genes was spontaneously induced in the presence of vanillin,
thereby activating the synthetic pathway and converting the toxic
substrate into less toxic compounds without requiring the addition of
external inducers (Wu et al., 2018).

Similarly, a phenol-inducible promoter was developed by a hybrid
promoter engineering approach recruiting the endogenous phenol-re-
sponsive promoter PemrR and replacing its spacer region to create the
engineered promoter variants Pvtac, Pvtrc and Pvtic (Varman et al., 2018).
These inducible promoter systems can be beneficial for developing
substrate-inducible and dynamic regulatory gene expression systems
and provide flexibility in operating conditions (Varman et al., 2018).

In C. glutamicum, decoupling of the expression of the genes encoding
the catechol-catabolizing enzymes from benzoate induction proved
valuable for the production of cis,cis-MA (Becker et al., 2018a). Re-
placement of the natural promoter of catA by the constitutive promoter
of the tuf gene, which encodes elongation factor tu, substantially in-
creases catA expression, which is indicated by increased CatA activity,
and thereby improves biotransformation efficiency using catechol as
substrate (Becker et al., 2018a). The inherent complexity of aromatic
pathway regulation was at least partly removed, which is a strategy that
appears generally promising for the use of aromatics as a substrate for
biobased production.

Beyond the cellular engineering of existing living organisms, suc-
cessful reports on the design, creation and application of synthetic cells
are rapidly increasing in number. Such systems aim at minimal com-
plexity but maintain customized and modular programming via genetic
circuits or synthetic genomes embedded inside living cells deprived of
their native genomes, liposomes, or other types of compartments
(Rampioni et al., 2019; Schwille et al., 2018; York-Duran et al., 2017).
This progress displays a promising step towards a new era of bio-
technology using fully synthetic cell constructs (Schwille et al., 2018).

4.2. Host selection

Ideally, a selected host already possesses all required metabolic
traits for (i) substrate utilization and (ii) product synthesis, (iii) is ge-
netically accessible, (iv) is known to perform at the industrial scale, and
(v) exhibits general robustness. For lignin biotechnology, catabolic
pathways for aromatic degradation and a natural robustness towards
toxic substrates are particularly crucial. Moreover, a proven suitability
for industrial-scale biotechnology applications is highly desirable. In
this regard, P. putida, well known for its potential to assimilate and
tolerate different aromatic compounds, appears to be an excellent lo-
gical choice (Dvorak et al., 2017; Nikel and de Lorenzo, 2018; Nikel
et al., 2014). C. glutamicum is a rather newcomer in this field, but it is
highly versatile, efficient and robust in using lignin-derived compounds
(Becker et al., 2018a). Although widely used in industry, E. coli lacks
aromatic catabolism as an essential trait for lignin biotechnology. Al-
though this deficit can be overcome by elaborate genetic engineering
(Clarkson et al., 2017; Overhage et al., 2003; Wu et al., 2018), E. coli
still falls short of established cell factories such as P. putida and C.
glutamicum in terms of pathway flexibility and tolerance (Buschke et al.,
2013b; Nikel and de Lorenzo, 2014; Ramos et al., 2015; Shen et al.,
2012). In contrast, other natural aromatic degraders, such as Amyco-
latopsis, Sphingomonas and Rhodococcus, have great potential from the
perspective of substrate utilization and tolerance (Barton et al., 2018;
Kosa and Ragauskas, 2012; Masai et al., 2012; Masai et al., 2007a;
Mycroft et al., 2015; Plaggenborg et al., 2006; Takahashi et al., 2014)
but bear the risk that they cannot be domesticated for large-scale ap-
plication and might be recalcitrant towards genetic modification,
though established methods for genome manipulation are continuously
improving (Barton et al., 2018; Sonoki et al., 2018). Therefore, there is
no easy identification of the “best” or “optimal” production host. There
are pros and cons for each host that can make one host optimal, de-
pending on the process. For example, for the production of bulk che-
micals with high annual market demands, P. putida and C. glutamicum
appear most attractive, as both strains combine many features that are
most desired for industrial workhorses: high tolerance and robustness,
versatile aromatic pathways, genetic accessibility, domesticated for
industrial-scale application, fast growth, and high specific and volu-
metric productivity. For highly priced fine and specialty chemicals,
including flavors and fragrances, rarely used and unconventional mi-
crobes might be more favorable than the typical species (Banerjee and
Chattopadhyay, 2019). This alternative choice might also be relevant
for the production of fatty acid methyl esters (FAMEs), which are
known to be naturally produced in Amycolatopsis and Rhodococcus
(Kosa and Ragauskas, 2012, 2013; Salvachua et al., 2015) but not in P.
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putida and C. glutamicum.

4.3. Tolerance engineering

Strain robustness and tolerance have been issues since the early
years of industrial biotechnology because the producer strains have to
cope with the harsh conditions of large-scale fermentation processes,
including pH, oxygen and substrate gradients and high concentrations
of potentially toxic products.

The emerging field of lignocellulose biorefineries adds another
issue: substrate toxicity. This toxicity might immediately relate to the
carbon substrate itself, e.g., aromatic compounds; to organic and in-
organic ingredients such as sulfate, sodium hydroxide, acetate and
furfural; or to extreme pH regimes in the substrate stream (Buschke
et al., 2013b; Rumbold et al., 2009; Wang et al., 2012).

As mentioned above, P. putida KT2440 exhibits a considerable tol-
erance towards many inhibitors (Nikel and de Lorenzo, 2014, 2018).
Nevertheless, its tolerance towards catechol was even further increased
by expression of a synthetic gene cassette consisting of the Pcat pro-
moter and the genes catA and catA2, which encode the two native ca-
techol 1,2-dioxygenases of P. putida KT2440 (Kohlstedt et al., 2018).
This benefit is likely related to accelerated catechol degradation and
thus detoxification of the cultivation environment. Moreover, the in-
tracellular energy level was identified as a highly critical factor for cell
survival (Kohlstedt et al., 2018). In line with this observation, genome-
reduced strains of P. putida — missing, among other features, the en-
ergy-demanding flagellar machinery — showed a high oxidative stress
tolerance along with an increased energy charge and NADPH/NADP
ratio (Martinez-Garcia et al., 2014a; Martinez-Garcia et al., 2014b). In
Saccharomyces cerevisiae, the tolerance to phenolic substances was im-
proved by heterologous expression of the lcc2 laccase gene of Trametes
versicolor. The engineered strain rapidly degraded coniferyl aldehyde
and other phenolic fermentation inhibitors, enabling faster growth and
ethanol production (Larsson et al., 2001). Overexpression of the native
GRE2 gene, encoding NADPH-dependent methylglyoxal reductase,
could mediate toxicity tolerance in xylose-fermenting S. cerevisiae. In-
tegration of a second gene copy resulted in the strain being less sensi-
tive towards typical biomass-derived inhibitors such as glycoaldehyde,
furfural, acetic acid and vanillin and exhibiting better ethanol pro-
duction from lignocellulose hydrolysates (Jayakody et al., 2018).

As cellular responses to inhibitory compounds are often complex,
the efficiency of genetically engineering single metabolic features might
be limited. Here, adaptive evolution can help to achieve desired toler-
ance improvements. This approach mimics natural selection by for-
tifying genetic diversification in response to an imposed selective
pressure (Becker et al., 2018b; Sauer, 2001). Comparative genome se-
quencing can then be used to identify beneficial modifications, allowing
subsequent reverse metabolic engineering (Minty et al., 2011; Pfeifer
et al., 2017; Portnoy et al., 2011). For C. glutamicum, adaptive evolution
was successfully applied to increase the tolerance towards oxidative
stress (Lee et al., 2013), thermal and solvent stress (Oide et al., 2015),
and lignocellulose-derived inhibitors, including vanillin, syr-
ingaldehyde and 4-hydroxybenzaldehyde (Wang et al., 2018b). For the
last case, genome sequencing and transcriptional profiling indicated
that an improved NADPH supply for aldehyde inhibitor reduction
contributed to the increased tolerance. Moreover, a point mutation in
the global transcriptional regulator McbR was identified (Wang et al.,
2018b). McbR plays a key regulatory role in sulfur assimilation, bio-
synthesis of methionine and cysteine, and oxidative stress metabolism
(Krömer et al., 2008; Rey et al., 2005; Rey et al., 2003). Interestingly,
superoxide dismutase is downregulated in mcbR deletion strains
(Krömer et al., 2008), a feature that was recently related to aromatic
tolerance in Rhodococcus opacus (Henson et al., 2018a). This lipid-ac-
cumulating microbe was also subjected to adaptive evolution to im-
prove its tolerance towards phenol (Yoneda et al., 2016). Compared to
that of the wild type, the phenol degradation pathway of the evolved

strains was highly upregulated. As a consequence, the adapted R. opacus
strains exhibited faster growth and higher lipid production along with
an accelerated phenol consumption rate. A follow-up study suggested
that tolerance is also mediated by a lipid composition changed in terms
of the chain length and the number of double bonds of mycolic acids
(Henson et al., 2018b).

In a recent study, R. opacus was challenged with different combi-
nations of aromatic compounds, including phenol, guaiacol, vanillate,
benzoate and 4-hydroxybenzoate, to force adaptation (Henson et al.,
2018a). Evolution led to outstanding growth improvements of up to
1900 %. The identified mutations and transcriptional changes of several
of the analyzed evolved strains revealed a certain pattern, with toler-
ance correlated to decreased activity of superoxide dismutase and ac-
tivation of aromatic degradation and funneling pathways. Interestingly,
these examples from evolutionary engineering yielded a similar toler-
ance mechanism, i.e., faster detoxification of the medium by upregu-
lation of the assimilation route, as metabolic engineering did for im-
proved catechol tolerance of P. putida (Kohlstedt et al., 2018).
Therefore, one might conclude that a key feature towards aromatic
tolerance is the operation of aromatic catabolism at a high level.

5. Added-value products from lignin

Meanwhile, different approaches use native and engineered mi-
crobes to convert lignin and its building blocks into voluminous bulk
chemicals, smart biomaterials and high-value molecules using bio-
transformation and fermentation (Table 3).

5.1. Chemicals

5.1.1. Cis,cis-muconic acid
Progress with cis,cis-MA, a six-carbon di-unsaturated dicarboxylic

acid, has emerged as the masterpiece of lignin valorization. The com-
pound is a direct precursor for adipic acid and terephthalic acid, in-
dustrial mass chemicals for the market of commercial plastics (Becker
et al., 2015; Polen et al., 2013; Vardon et al., 2016). Moreover, MA can
be applied to the production of unsaturated polyamides (Suastegui
et al., 2016) and unsaturated polyesters (Rorrer et al., 2016; Rorrer
et al., 2017). Potential pathways from sugars suffer from an inherently
low yield, which is an obvious hurdle regarding their industrial ex-
ploitation (Curran et al., 2013; Draths and Frost, 1994; Yu et al., 2014).
The consideration of lignin-based feedstocks suddenly and strongly
changed this picture. MA is a natural intermediate in the catabolism of
lignin-derived aromatics in different microbes (Fig. 4). The compound
immediately accumulates upon disruption of the degradation route at
the muconate cycloisomerase point, which is downstream of the MA
node (Mizuno et al., 1988; Schmidt and Knackmuss, 1984). The meta-
bolic relatedness of MA and aromatic substrates thus enable stoichio-
metric conversion at 100 % yield (mol mol-1) (van Duuren et al., 2011).
In recent years, efforts on lignin-based MA and even lignin-based nylon
have been impressively successful. Different microbes were tested and
engineered towards industrial production (Barton et al., 2018; Becker
et al., 2018a; Kohlstedt et al., 2018; Sonoki et al., 2018; van Duuren
et al., 2011; Vardon et al., 2015).

5.1.1.1. Pseudomonas putida as production host. Based on its
outstanding repertoire to degrade aromatics (Belda et al., 2016;
Jimenez et al., 2002; Nikel and de Lorenzo, 2018), Pseudomonas
putida has long been regarded as a potential producer of MA (van
Duuren et al., 2011). In a pioneering study, chemical mutagenesis
resulted in a mutant of P. putida KT2440 that accumulated MA when
cultured on a glucose-benzoate mixture (van Duuren et al., 2011).
Genome and transcriptome analysis of the obtained strain, P. putida
KT2440 JD-1, revealed that MA production resulted from a point
mutation in the transcriptional regulator catR that silenced the cat
operon, involving muconate cycloisomerase (catB). Using the JD-1
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Table 3
Biotechnological use of lignin and lignin-derived aromatics for the production of value-added compounds.

Microorganism Substrate Product Method Titer
[g L-1]

Yield
[mol mol-1]

Reference

Sphingobacterium sp. M4115 Benzoate cis,cis-muconate batch 0.56 29 % (Wu et al., 2006)
Corynebacterium lilium ATCC21793 Benzoate cis,cis-muconate batch 1.4 4.7 % (Imada et al., 1989)
Corynebacterium acetoacidophilum ATCC 13870 Benzoate cis,cis-muconate batch 2.5 8.5 % (Imada et al., 1989)
Microbacterium ammoniaphilum ATCC 21645 Benzoate cis,cis-muconate batch 2.5 8.5 % (Imada et al., 1989)
Brevibacterium flavum ATCC 13826 Benzoate cis,cis-muconate batch 2.6 8.8 % (Imada et al., 1989)
Arthrobacter sp. T-8226-11 Benzoate cis,cis-muconate batch 4.5 91 % (Imada et al., 1989)
Pseudomonas sp. mutant 1167 Benzoate cis,cis-muconate batch 7.2 61 % (Xie et al., 2014)
Corynebacterium pseudodiphtheriticum M2128 Benzoate cis,cis-muconate fed batch 3.1 47 % (Liu et al., 2003)
Pseudomonas putida ATCC 31916 Catechol cis,cis-muconate fed batch 5.3 100 % (Maxwell, 1986, 1988, 1991)
Pseudomonas putida ATCC 31916 Toluene cis,cis-muconate fed batch 5.7 – (Maxwell, 1982)
Pseudomonas sp. B13 Benzoate cis,cis-muconate fed batch 7.4 91 % (Schmidt and Knackmuss,

1984)
Pseudomonas putida ATCC 31916 Toluene cis,cis-muconate fed batch 12.6 – (Hsieh, 1984)
Pseudomonas putida ATCC 31916 Toluene cis,cis-muconate fed batch 15.0 – (Hsieh, 1985)
Pseudomonas putida ATCC 31916 Toluene cis,cis-muconate fed batch 27.0 – (Hsieh, 1990)
Pseudomonas putida BM014 Benzoate cis,cis-muconate fed batch 13.5 – (Choi et al., 1997)
Pseudomonas putida BM014 Benzoate cis,cis-muconate fed batch 32.4 100 % (Bang and Choi, 1995)
Pseudomonas putida KT2440-JD1 Benzoate cis,cis-muconate fed batch 18.5 100 % (van Duuren et al., 2012)
Arthrobacter sp. T8626 Benzoate cis,cis-muconate fed batch 44.1 96 % (Mizuno et al., 1988)
Pseudomonas sp. MP-D14 Toluene cis,cis-muconate batch 3.5 – (Chua and Hsieh, 1990)
Pseudomonas sp. DCB-71 Toluene cis,cis-muconate fed batch 45.0 – (Chua and Hsieh, 1990)
Escherichia coli pEcatAPput Catechol cis,cis-muconate fed batch 59.0 100 % (Kaneko et al., 2011)
Pseudomonas putida KT2440-CJ103 Benzoate cis,cis-muconate batch 1.1a 93 % (Vardon et al., 2015)
Pseudomonas putida KT2440-CJ103 Phenol cis,cis-muconate batch 0.6a 64 % (Vardon et al., 2015)
Pseudomonas putida KT2440-CJ103 4-Hydroxybenzoate cis,cis-muconate batch 0.8a 53 % (Vardon et al., 2015)
Pseudomonas putida KT2440-CJ103 p-Coumarate cis,cis-muconate fed batch 13.5 67 % (Vardon et al., 2015)
Pseudomonas putida KT2440-CJ103 Lignin hydrolysate cis,cis-muconate batch 0.7 – (Vardon et al., 2015)
Pseudomonas putida KT2440-CJ238 p-Coumarate cis,cis-muconate batch 2.8a 95 % (Johnson et al., 2017)
Pseudomonas putida KT2440-CJ238 Ferulate cis,cis-muconate batch 0.7a 28 % (Johnson et al., 2017)
Pseudomonas putida KT2440-MA1 Catechol cis,cis-muconate fed batch 64.2 100 % (Kohlstedt et al., 2018)
Pseudomonas putida KT2440-MA9 Catechol-phenol mixture cis,cis-muconate batch 0.5a 100 % (Kohlstedt et al., 2018)
Pseudomonas putida KT2440-MA9 Catechol-phenol mixture cis,cis-muconate fed batch 6.0 100 % (Kohlstedt et al., 2018)
Pseudomonas putida KT2440-MA9 Lignin hydrolysate cis,cis-muconate

3-methyl muconate
fed batch 13.0 100 % (Kohlstedt et al., 2018)

Pseudomonas putida IDPC/pTS110 Vanillate cis,cis-muconate batch 0.2 3 % (Sonoki et al., 2018)
Pseudomonas putida IDPC/pTS110 4-Hydroxybenzoate cis,cis-muconate batch 0.8 12 % (Sonoki et al., 2018)
Pseudomonas putida IDPC/pTS110 Vanillate

4-Hydroxybenzoate
cis,cis-muconate batch 1.3 19 % (Sonoki et al., 2018)

Pseudomonas putida IDPC/pTS110 Lignin hydrolysate cis,cis-muconate fed batch 0.02 1 % (Sonoki et al., 2018)
Amycolatopsis sp. ATCC 39116 MA-2 Guaiacol cis,cis-muconate fed batch 3.1 96 % (Barton et al., 2018)
Amycolatopsis sp. ATCC 39116 MA-2 Lignin hydrolysate cis,cis-muconate

2-methyl muconate
fed batch 0.2 72 % (Barton et al., 2018)

Corynebacterium glutamicum MA-1 Catechol cis,cis-muconate batch 1.4 100 % (Becker et al., 2018a)
Corynebacterium glutamicum MA-1 Phenol cis,cis-muconate batch 0.7 100 % (Becker et al., 2018a)
Corynebacterium glutamicum MA-1 Benzoate cis,cis-muconate batch 2.8 100 % (Becker et al., 2018a)
Corynebacterium glutamicum MA-2 Catechol cis,cis-muconate fed batch 85 100 % (Becker et al., 2018a)
Corynebacterium glutamicum MA-2 Lignin hydrolysate cis,cis-muconate fed batch 1.8 100 % (Becker et al., 2018a)
Escherichia coli vanAB-vdh-catAPputaroY-kpdBKpneu Vanillin cis,cis-muconate batch 0.1a 70 %a (Sonoki et al., 2014)
Sphingomonas paucimobilis SME257/

pTS084
Vanillate cis,cis-muconate batch 0.6 45 % (Sonoki et al., 2018)

Sphingomonas paucimobilis SME257/
pTS084

Lignin hydrolysate cis,cis-muconate fed batch 0.03 45 % (Sonoki et al., 2018)

Pseudomonas sp. HR199 Δvdh Eugenol Vanillin batch 0.4 45 % (Overhage et al., 1999a)
Escherichia coli pSKechE/Hfcs Ferulate Vanillin batch 0.3 7 % (Overhage et al., 2003)
Streptomyces setonii Ferulate Vanillin fed batch 6.4 68 % (Muheim and Lerch, 1999)
Ralstonia eutropha H16 pBBR1-JO2ehyABcalAcalB Eugenol Ferulate fed batch 3.5a 94 % (Overhage et al., 2002)
Escherichia coli XL-1 Blue pSKvaomPcalAmcalB Eugenol Ferulate fed batch 14.7 93 % (Overhage et al., 2003)
Amycolatopsis sp. HR167 pRLE6SKvaom Eugenol Coniferyl alcohol fed batch 4.7 – (Overhage et al., 2006)
Rhodococcus jostii RHA1 ligAB Straw lignocellulose Pyridine-2,4-dicarboxylic

acid
batch 0.08 – (Mycroft et al., 2015)

Rhodococcus jostii RHA1 praA Straw lignocellulose Pyridine-2,5-dicarboxylic
acid

batch 0.13 – (Mycroft et al., 2015)

Pseudomonas putida KT2440-CJ112 Benzoate Pyruvate batch 0.7a 43 % (Johnson and Beckham, 2015)
Pseudomonas putida KT2440-CJ113 Benzoate Pyruvate batch 0.6a 34 % (Johnson and Beckham, 2015)
Pseudomonas putida KT2440-CJ115 p-Coumarate Pyruvate batch 0.5a 110 % (Johnson and Beckham, 2015)
Pseudomonas putida KT2440-CJ116 p-Coumarate Pyruvate batch 2.0a 22 % (Johnson and Beckham, 2015)
Pseudomonas putida KT2440-CJ120 Benzoate Lactate

Pyruvate
batch 0.4a

0.5a
22 %
21 %

(Johnson and Beckham, 2015)

Pseudomonas putida KT2440-CJ127 Benzoate Lactate
Pyruvate

batch 0.5a

0.5a
28 %
24 %

(Johnson and Beckham, 2015)

Pseudomonas putida KT2440-CJ124 p-Coumarate Lactate
Pyruvate

batch 0.5a

0.2a
27 %
4 %

(Johnson and Beckham, 2015)

(continued on next page)
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strain and automatic pH-controlled benzoate feeding (van Duuren et al.,
2012) enabled the production of MA at a titer of 18.5 g L-1 and a
specific production rate of 0.6 g g-1 h-1 (Table 3).

More recently, MA production was upgraded using metabolically
engineered strains. In a groundbreaking study, P. putida KT2440 was
genetically modified to funnel a broad range of lignin aromatics,
namely, protocatechuate, coniferyl alcohol, ferulate, vanillin, caffeate,
p-coumarate, 4-hydroxybenzoate, benzoate, catechol, and phenol to MA
(Fig. 5A) (Vardon et al., 2015). To this end, the protocatechuate branch
of the β-ketoadipate pathway was linked to the catechol branch by
heterologous expression of aroY from Enterobacter cloacae, which en-
codes protocatechuate decarboxylase. The implementation of aroY into
the pcaHG locus, which encodes protocatechuate 3,4-dioxygenase, si-
multaneously disrupted the natural protocatechuate degradation route
of P. putida to avoid loss of aromatics to central metabolism. The use of
phenol was enabled by the expression of dmpKLMNOP, which encodes
phenol monooxygenase in Pseudomonas sp. CF600. Moreover, MA de-
gradation was eliminated, and catA, encoding the MA forming enzyme
catechol 1,2 dioxygenase, was constitutively expressed. The design was
realized via an expression cassette consisting of the tac promotor and an
operon of the genes catA and dmpKLMNOP, which replaced the genomic
section containing catR, catBC, and the native promoter of catBCA. The
resulting strain, P. putida KT2440-CJ103, produced MA from different
aromatics via the catechol and protocatechuate branches. The obtained
molar yield ranged from 14 % (coniferyl alcohol) to 93 % (benzoate).
For some of the substrates tested, the accumulation of pathway inter-
mediates reduced the yield and indicated an inefficient conversion. In a
fed-batch process using glucose as a growth substrate and p-coumarate
as a biotransformation substrate, the CJ103 strain produced 13.5 g L-1

MA within 78.5 h (Table 3). MA was purified from the culture broth by
activated carbon treatment and crystallization. Overall, 74 % of the
produced MA was recovered at >97 % purity (Vardon et al., 2015). Pd/
C-aided catalytic hydrogenation of MA then yielded biobased adipic
acid (Vardon et al., 2015). As an important proof of concept, 0.7 g L-1

MA was produced from depolymerized lignin (Fig. 6A) (Vardon et al.,
2015). Improved MA production efficiency using substrates of the
protocatechuate branch was achieved by increasing the proto-
catechuate decarboxylase activity (Johnson et al., 2016). The strategy
involved coexpression of ecdBD from E. cloacae, which encodes two
accessory proteins. One of the enzymes likely supplies a flavin-derived
cofactor utilized by protocatechuate decarboxylase, thereby enhancing
its activity. The accumulation of protocatechuate was thereby reduced,
and the specific MA production rate from coumarate increased by 50 %
(Johnson et al., 2016).

Another seminal study substantially upgraded the metabolic per-
formance of P. putida KT2440, brought MA production to the pilot scale
and implemented the novel mutant in a cascade process to convert
lignin to nylon for the first time (Kohlstedt et al., 2018). Because all
lignin-based aromatics transforming towards MA inherently merge at
catechol, a highly toxic intermediate, the catechol node was a bottle-
neck to be metabolically engineered. Upon deletion of catCB, a desig-
nated mutant, MA-1, efficiently produced MA when cocultured on a
glucose-catechol mixture (Fig. 5B). The toxicity of catechol was, how-
ever, a major challenge for this process. In particular, the cellular en-
ergy level and ATP yield were identified as critical factors (Kohlstedt
et al., 2018). This issue was addressed by different strategies. On the
process operation side, defined feed pauses during fed-batch fermen-
tation allowed the regeneration of cellular energy levels. At the onset of
catechol feeding, the cells highly efficiently converted catechol into MA
to a maximum titer of 64.2 g L-1 (Fig. 5B, Table 3). The performance
surpassed previously reported values for catechol-based MA production
with P. putida by a factor of ten (Kohlstedt et al., 2018). Increasing
catechol tolerance via systems metabolic engineering appears to be a
promising strategy to increase the expression of catechol 1,2-dioxy-
genase, the catechol-converting enzyme in the microbe. Among various
designed and tested genetic constructs, the implementation of a second
copy of the catA2 gene directly downstream of the catA gene under
control of the native catA promoter was most beneficial (Kohlstedt
et al., 2018). The resulting mutant, MA-6, exhibited a strongly in-
creased tolerance towards catechol and a significantly higher specific
catechol degradation rate. Subsequently, the MA production process
was successfully scaled up and provided MA at 98 % purity at the
kilogram scale. The MA-9 strain, additionally equipped with a phenol
hydroxylase, also converted phenol into MA and furthermore produced
methylated variants of MA from cresols. The strain accumulated 13 g L-
1 MA and small amounts of 3-methyl cis,cis-MA from a softwood lignin
hydrolysate (Fig. 6B, Table 3). The products were purified and then
hydrogenated into adipic acid and its methylated derivative to finally
derive bionylon from lignin (Kohlstedt et al., 2018). Another interesting
work addressed the biotransformation efficiency in P. putida KT2440 on
a regulatory level (Johnson et al., 2017). Carbon catabolite repression
(Crc) could be identified as a reason for the low MA yield using, e.g., p-
coumarate and ferulate. A mutant that lacked the crc regulator gene
exhibited a substantially increased yield when p-coumarate and ferulate
were used as biotransformation substrates (Johnson et al., 2017). As a
common feature, all these studies are based on glucose to support cell
growth. In this regard, a recent study reports glucose-independent MA
production with engineered P. putida KT2440 (Sonoki et al., 2018).

Table 3 (continued)

Microorganism Substrate Product Method Titer
[g L-1]

Yield
[mol mol-1]

Reference

Pseudomonas putida KT2440-CJ122 p-Coumarate Lactate
Pyruvate

batch 1.4a

1.4a
76 %
77 %

(Johnson and Beckham, 2015)

Phanerochaete chrysosporium Lignin Succinate batch 0.02 – (Hong et al., 2017)
Pseudomonas putida p-Coumarate PHA batch 0.16 34 %b (Linger et al., 2014)
Pseudomonas putida Ferulate PHA batch 0.17 39 %b (Linger et al., 2014)
Pseudomonas putida Lignin hydrolysate PHA batch 0.25 32 %b (Linger et al., 2014)
Pseudomonas putida A514 phaJ4-phaG-alkK Vanillin PHA batch 0.25 34 %b (Wang et al., 2018c)
Pandoraea sp. ISTKB 4-Hydroxybenzoate PHA batch 0.25 47 % b (Kumar et al., 2017)
Pandoraea sp. ISTKB p-Coumarate PHA batch 0.17 41 % b (Kumar et al., 2017)
Pandoraea sp. ISTKB Vanillate PHA batch 0.07 33 % b (Kumar et al., 2017)
Pandoraea sp. ISTKB Kraft lignin PHA batch 0.02 21 %b (Kumar et al., 2017)
Cupriavidus basilensis Kraft lignin PHA fed batch 0.32 15 – 18 %b (Shi et al., 2017)
Rhodococcus opacus PD630 Vanillate Lipid batch 0.24a 15 %b (Kosa and Ragauskas, 2012)
Rhodococcus opacus PD630 4-Hydroxybenzoate Lipid batch 0.32a 20 %b (Kosa and Ragauskas, 2012)
Rhodococcus opacus DSM1069 Kraft lignin Lipid batch 0.07 14 %b (Wei et al., 2015)
Rhodococcus opacus PD630 Kraft lignin Lipid batch 0.15 – (Zhao et al., 2016)
Rhodococcus opacus PD630 Lignin Lipid batch 1.83 18 %a,b (Liu et al., 2018)

a estimated from reference
b given as wt/wtcdw
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First, the chassis strain P. putida IDPC was constructed by deletion of
pcaHG and catB. PcaHG activity was then restored by plasmid-based
pcaHG expression controlled by the lac promoter, thereby cir-
cumventing the natural expression control. Coexpression of the proto-
catechuate decarboxylase gene pcd from K. pneumoniae enabled si-
multaneous growth and MA production from vanillic acid, 4-
hydroxybenzoic acid and mixtures thereof (Fig. 5C), with molar yields
of 3 %, 12 % and 20 % (Sonoki et al., 2018). The strain also produced
small amounts of MA from softwood hydrolysates (Fig. 6C, Table 3)
(Sonoki et al., 2018).

5.1.1.2. Amycolatopsis sp. as a production host. Recently, the
actinomycete Amycolatopsis sp. ATCC 39116 has been developed into
an efficient MA producer. The microbe has been known for many years
as an efficient degrader of aromatics, exhibits a comparably high
tolerance and even prefers aromatics over sugars during growth (An
et al., 2000; Barton et al., 2018). Moreover, it naturally uses guaiacol,
an abundant monomer in G-type lignin that was largely unaddressed in
lignin-based bioproduction (Beckham et al., 2016). Using a newly
established approach for genome-based engineering, the genetically
challenging microbe was turned into an MA producer after successive

deletion of two putative muconate cycloisomerase genes. The obtained
mutant, MA-2, cultured on glucose as a growth substrate and guaiacol
as a production substrate, accumulated 3.1 g L-1 MA at a molar yield of
96 % (Fig. 5D, Table 3). MA production was also achieved from true
lignin hydrolysates (Fig. 6D). To this end, hydrothermal conversion of
pine lignin was carried out for 20 min at 330°C – 370°C and 130 – 210
bar, which yielded guaiacol-rich hydrolysates (Barton et al., 2018). The
lignin-derived aromatic mixtures were efficiently converted into MA
and 2-methyl MA (Table 3), the latter being produced from o-cresol
(Barton et al., 2018).

5.1.1.3. Corynebacterium glutamicum as a production host. An MA-
producing strain of C. glutamicum ATCC 13032 was created by
deletion of the catB gene, which encodes muconate cycloisomerase
(Becker et al., 2018a). C. glutamicum MA-1 efficiently produced MA
from benzoate, catechol and phenol (Fig. 5E), thereby proving high
tolerance against the aromatic substrates. Substantial improvement of
the MA production rate (25-fold) was achieved by decoupling catA
expression from its natural induction by benzoate using the constitutive
promoter tuf to drive catA expression (Becker et al., 2018a). In a fed-
batch process on catechol, the second generation C. glutamicum MA-2

Fig. 5. Production of cis,cis-muconate from monolignins. (A) Production of cis,cis-muconate from different aromatics using Pseudomonas putida with subsequent
hydration of muconate to adipic acid (Vardon et al., 2015), (B) Production of cis,cis-muconate from catechol using Pseudomonas putida (Kohlstedt et al., 2018), (C)
Glucose-free production of cis,cis-muconate from vanillate and 4-hydroxybenzoate using Pseudomonas putida (Sonoki et al., 2018) (D) Production of cis,cis-muconate
from guaiacol using Amycolatopsis species (Barton et al., 2018), (E) Production of cis,cis-muconate from catechol, phenol and benzoate using Corynebacterium
glutamicum (Becker et al., 2018a), (F) glucose-free production of cis,cis-muconate from vanillate using Sphingomonas paucimobilis (Sonoki et al., 2018). Color code is as
follows: dark green: growth substrate, dark turquois: biotransformation substrate (protocatechuate branch), dark gold: biotransformation substrate (catechol branch),
light gold: biotransformation product, light purple: genetic modification, light red: products from chemical reaction, grey arrow: biotransformation reaction, green
arrow: substrate uptake for growth, red arrow: chemical or hydrothermal reaction. Yields are given on a molar basis.
4HB: 4-hydroxybenzoate, aroY: protocatechuate decarboxylase, Ben: benzoate, Caf: caffeate Cat: catechol, catA: catechol 1,2-dioxygenase, catB: muconate cycloi-
somerase, catC: muconolactone isomerase, catR: regulater of cat-operon, pCm: p-coumarate, dmpKLMNOP: phenol monooxidase, Fer: ferulate, Gua: guaiacol, Glc:
glucose, kdpB: 4-hydroxybenzoate decarboxylase, ligAB: protocatechuate 4,5-dioxygenase, MA: cis,cis-muconate, pcaHG: protocatechuate 3,4-dioxygenase, PcatA:
promoter of catechol 1,2-dioxygenase, pdc: protocatechuate decarboxylase, Peftu: promoter of elongation factor tu, Phe: phenol, Plac: lac-promoter, Ptac: tac-promoter,
SA: syringate, Van: vanillin, vanAB: vanillin O-demethylase.
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strain accumulated the highest MA titer among all microbes (85 g L-1)
and achieved a maximum productivity of 2.4 g L-1 h-1 (Table 3). As a
proof-of-concept, MA production (1.8 g L-1) from softwood lignin
hydrolysate was demonstrated (Fig. 6E, Table 3) (Becker et al., 2018a).

5.1.1.4. Escherichia coli as a production host. In E. coli, the production of
MA was established from vanillin (Table 3) (Sonoki et al., 2014).
Because E. coli is not equipped with aromatic degradation pathways,
substantial genetic engineering was required. The strain design
comprised heterologous expression of the vanillin catabolic genes
from P. putida, expression of aroY from Klebsiella pneumoniae, and
expression of catA from P. putida (Sonoki et al., 2014). Protocatechuate
decarboxylation was identified as a major bottleneck for production.
This issue was addressed by the additional expression of kpdB from
Klebsiella pneumoniae, which encodes the β-subunit of 4-
hydroxybenzoate decarboxylase. The enzyme likely fulfills the need
for a functional flavin mononucleotide prenyltransferase required for
protocatechuate decarboxylase activity (Payer et al., 2017; Weber et al.,
2017; White et al., 2015). Although protocatechuate decarboxylation
activity was increased by 14-fold, no increase in MA production was
observed (Sonoki et al., 2014).

5.1.1.5. Sphingobium paucimobilis SYK-6 as a production
host. Sphingobium paucimobilis SYK-6 is one of the best characterized
bacterial lignin-degraders (Bugg et al., 2011; Masai et al., 2007a). This
microbe possesses an extensive pathway repertoire for the degradation
of lignin-derived biaryls, monoaryls and biphenyls (Higuchi et al.,
2018; Kuatsjah et al., 2017; Masai et al., 2012; Masai et al., 1989; Peng
et al., 2002; Sonoki et al., 2000; Takahashi et al., 2014), and its
aromatic catabolism (Table 2) has been intensively studied (Barry and
Taylor, 2013; Hogancamp and Raushel, 2018; Kamimura et al., 2017;
Kasai et al., 2012; Masai et al., 2002; Sugimoto et al., 2014).
Interestingly, it possesses a rich set of pathways for the degradation
of S-lignin compounds, including syringate and gallate, which are
largely missing in the above-described production hosts, while
lacking a catechol-branch-based catabolism. These metabolic features
make S. paucimobilis SYK-6 an interesting strain for application in lignin
biotechnology for the valorization of S-lignin compounds, as either a
production host itself or a heterologous donor strain for enzymes. In
this regard, a recent study described MA production from a mixture of
S/G-lignin compounds using engineered S. paucimobilis SYK-6 (Sonoki
et al., 2018). MA production from vanillate (G-lignin) was established
by heterologous expression of vanAB (vanillate O-demethylase, P.

Fig. 6. Biotechnological valorization of lignin. (A) Production of cis,cis-muconate from depolymerized softwood lignin using Pseudomonas putida (Vardon et al.,
2015), (B) Production of cis,cis-muconate from depolymerized softwood lignin using Pseudomonas putida with subsequent hydration of cis,cis-muconate to adipic acid
and polymerization to nylon-6.6 (Kohlstedt et al., 2018), (C) Production of cis,cis-muconate from depolymerized softwood lignin using Pseudomonas putida (Sonoki
et al., 2018) (D) production of cis,cis-muconate from depolymerized softwood lignin using Amycolatopsis sp. (Barton et al., 2018), (E) Production of cis,cis-muconate
from depolymerized softwood lignin using Corynebacterium glutamicum (Becker et al., 2018a), (F) Production of cis,cis-muconate from depolymerized hardwood lignin
using Sphingomonas paucimobilis (Sonoki et al., 2018). Color code is as follows: dark green: growth substrate, dark turquois: substrate of protocatechuate branch, dark
gold: substrate of catechol branch, light turquois: biotransformation product (protocatechuate branch), light gold: biotransformation product (catechol branch),
purple: genetic modification, light red: products from chemical reaction, grey arrow: biotransformation reaction, green arrow: substrate uptake for growth, red
arrow: chemical or hydrothermal reaction.
AA: adipic acid, Aro: aromatic mixture, aroY: protocatechuate decarboxylase, catA: catechol 1,2-dioxygenase, catB: muconate cycloisomerase, catC: muconolactone
isomerase, catR: regulater of cat-operon, dmpKLMNOP: phenol monooxidase, Glc: glucose, kdpB: 4-hydroxybenzoate decarboxylase, Lig: lignin, ligAB: protocatechuate
4,5-dioxygenase, MA: cis,cis-muconate, pcaHG: protocatechuate 3,4-dioxygenase, pdc: protocatechuate decarboxylase, Plac: lac-promoter, PcatA: promoter of catechol
1,2-dioxygenase, Peftu: promoter of elongation factor tu, Ptac: tac-promoter, vanAB: vanillin O-demethylase.
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putida KT2440), pdc (aroY, protocatechuate decarboxylase, K.
pneumoniae), kdpB (4-hydroxybenzoate decarboxylase, K. pneumoniae)
and catA (catechol 1,2-dioxygenase, P. putida KT2440), while
disrupting native protocatechuate degradation by deletion of ligAB
(protocatechuate 4,5-dioxygenase) (Fig. 5F). Syringate served as a
growth substrate, thus allowing glucose-free MA production (Sonoki
et al., 2018). Grown on hardwood lignin hydrolysates, the strain was
able to consume vanillin, vanillate, syringate and syringaldehyde for
growth and production of MA (Fig. 6F, Table 3), while only adding 0.1-
0.2 g L-1 tryptone as extra carbon source to support growth (Sonoki
et al., 2018).

5.1.2. Pyruvic acid, lactic acid and succinic acid
Lignin and aromatics thereof also found application in de novo

production of pyruvic acid (PA), lactic acid (LA), and succinic acid (SA)
(Table 3). These organic acids are not only central key intermediates of
microbial, plant, animal and human metabolism but also chemicals of
recognized industrial value, i.e., precursors for various derivatives and
polymers and ingredients in diverse commodity products (Becker et al.,
2015).

In P. putida KT2440, PA production from benzoate (via catechol)
and p-coumarate (via protocatechuate) was achieved upon deletion of
the aceEF genes, which encode subunits of pyruvate dehydrogenase
(Johnson and Beckham, 2015). The type of aromatic ring cleavage of
catechol and protocatechuate, i.e., ortho- or meta-cleavage, had a
substantial impact on the production efficiency because the different
pathways provided different central intermediates and redox equiva-
lents (Fig. 4). When the natural ortho-cleaving pathways of P. putida
KT2440 were replaced by the meta-cleaving pathways of P. putida mt-2
(catechol pathway) and Sphingobium sp. strain SYK-6 (4,5 meta-proto-
catechuate pathway), PA production was improved by 30 % and 500 %,
respectively (Johnson and Beckham, 2015).

In the next step, aerobic LA production was attempted in a PA
producer. As overexpression of the endogenous lactate dehydrogenase
(LDH) and the heterologous LDH from two LA bacteria failed, a codon-
optimized gene with an N109G amino acid exchange from Bos taurus
was implemented (Johnson and Beckham, 2015). To avoid reuptake
and consumption of the produced LA, the degradation pathway was
disrupted by deletion of the lldD gene. The modifications enabled mixed
PA-LA production from benzoate and p-coumarate (Johnson and
Beckham, 2015).

In addition, a natural lignin degrader—the basidiomycete fungus
Phanerochaete chrysosporium—was applied to SA production from lignin
(Table 3) (Hong et al., 2017). Because the ligninolytic activity of the
fungus produced radicals, reducing agents were added as scavengers,
allowing the degradation of a synthetic lignin along with the produc-
tion of aromatic compounds and SA. The titer (18 mg L-1) remained
low, but the results can be considered a successful proof of principle for
lignin-based production of SA (Hong et al., 2017).

5.1.3. Pyridine-related organic acids
Further interesting examples of lignin valorization include the

production of pyridine-2,4-dicarboxylic acid (2,4-PDCA) and pyridine-
2,5-dicarboxylic acid (2,5-PDCA) using Rhodococcus jostii RHA1
(Table 3) (Mycroft et al., 2015). As dicarboxylic acids, 2,4-PDCA and
2,5-PDCA can serve as building blocks for aromatic polymers, including
polyamides and polyesters. R. jostii RHA1 is a natural bacterial degrader
of lignin, using the β-ketoadipate pathway for further aromatic cata-
bolism. To establish 2,4-PDCA and 2,5-PDCA production, the native
ortho-cleavage pathway of protocatechuate was complemented by the
two alternative meta-cleavage pathways. The design was realized by
insertion of the recombinant genes ligAB, encoding protocatechuate
4,5-dioxygenase from S. paucimobilis, and praA, encoding proto-
catechuate 2,3-dioxygenase from Paenibacillus sp. JJ-1b. The re-
combinant strain produced 80 mg L-1 2,4-PDCA and 125 mg L-1 2,5-
PDCA when grown on minimal medium with 1 % (w/v) wheat straw

lignocellulose (Mycroft et al., 2015).

5.2. Materials

5.2.1. Nylon
With an annual global market of approximately 7 million tons,

nylons hold the pole position of today´s plastic market and are omni-
present in our everyday life (Becker and Wittmann, 2015; Kind et al.,
2014). As described above, the full value chain from lignin to nylon was
established only recently, applying a cascade chemical and biochemical
conversion of softwood lignin (Kohlstedt et al., 2018). First, softwood
lignin was thermally depolymerized using a setup that mainly produced
mixtures of catechol and phenol with small amounts of p-cresol and o-
cresol. Within 54 h, the engineered MA-9 (see above) strain converted
the stepwise-fed hydrolysate into 13 g L-1 MA at a yield close to 100 %
(mol mol-1) (Fig. 6B, Table 3) Follow-up purification of MA, hydro-
genation into adipic acid and polycondensation with hexamethy-
lendiamine yielded lignin-based nylon (Kohlstedt et al., 2018).

5.2.2. Polyhydroxyalkanoates
P. putida KT2440 was additionally applied to the production of

medium-chain-length polyhydroxyalkanoates (mcl-PHAs) using aro-
matics as a carbon source (Linger et al., 2014). PHAs are polyesters with
excellent biodegradability and biocompatibility and thus of high value
for various application fields, including tissue engineering, drug de-
livery or eco-friendly packaging (Poblete-Castro et al., 2012; Poblete-
Castro et al., 2013). For the model substrates p-coumarate and ferulate,
mcl-PHA production was as high as 34 % and 39 % of the cell dry
weight (Table 3). Comparable mcl-PHA production (32 % wt wt-1) was
achieved directly from alkaline pretreated liquor (APL) (Linger et al.,
2014).

APL was also used to screen fourteen bacteria for their ability to
depolymerize lignin and to convert APL to value-added coproducts such
as PHAs and FAMEs (Salvachua et al., 2015). P. putida (PHA, FAME),
Amycolatopsis sp. (FAME), R. jostii (FAME) and Cupriavidus necator
(PHA, FAME) were found to accumulate intracellular carbon storage
compounds (Salvachua et al., 2015). Interestingly, the screening of
marine bacteria led to the discovery of lignin-degrading Oceanimonas
doudoroffii, which is capable of synthesizing PHA directly from lignin
and its derivatives (Numata and Morisaki, 2015). More recently, PHA
production in P. putida strain A514 was established using vanillate as
the sole carbon source (Wang et al., 2018c). Targeted overexpression of
an enoyl-CoA hydratase (encoded by phaJ4), a 3-hydroxyacyl-ACP
thioesterase (encoded by phaG) and a long-chain fatty acid-CoA ligase
(encoded by alkK) was found to simultaneously improve cell growth
and PHA production. The combination allowed a production of 246 mg
L-1 PHA (Table 3) (Wang et al., 2018c). PHA production from lignin or
lignin-related aromatic compounds was also achieved in other bacteria
(Table 3), including a Pandoraea sp. (Kumar et al., 2017) and Cupria-
vidus basilensis (Shi et al., 2017).

5.3. Fuels

The demand for biobased fuel production is steadily increasing and
expected to grow further due to the shortage of fossil resources and
legal assignments. In this regard, lignin bioconversion into lipids has
attracted attention as a potential biofuel (Chen and Wan, 2017; Liu
et al., 2018). Rhodococcus opacus was reported to produce lipids
(Table 3) from the pure model aromatics vanillate and 4-hydro-
xybenzoate (Kosa and Ragauskas, 2012) and from technical lignins,
such as kraft lignin (Wei et al., 2015; Zhao et al., 2016) and ethanol
organosolv lignin (Kosa and Ragauskas, 2013). The highest lipid pro-
duction from lignin, 1.8 g L-1, resulted from a combinatorial pretreat-
ment of lignin and additional laccase treatment of the lignin stream,
which was then applied in an optimized fed-batch fermentation
(Table 3) (Liu et al., 2018). The high production was likely the result of
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improved release of aromatic monomers from lignin, reduced inhibition
by detoxification of the lignin stream and an optimal reaction en-
vironment (adequate oxygen supply, pH control) in the fermenter (Liu
et al., 2018).

5.4. Flavors and fragrances

Approximately 20 years ago, initial studies investigated the use of
eugenol (Overhage et al., 1999a; Overhage et al., 2002, 2003) and
ferulic acid (Narbad and Gasson, 1998) to obtain vanillin, used as a
flavor in the food industry and as a fragrance in the production of
perfumes. Today, the worldwide production of natural vanillin is ap-
proximately 6,500 tons, with the major supplying countries being In-
donesia, Madagascar and China (Banerjee and Chattopadhyay, 2019).
The supply from vanilla pods can, however, not fulfill the market de-
mands and is thus complemented by another 18,000 tons of chemical or
synthetic vanillin (Banerjee and Chattopadhyay, 2019). Despite the
highly attractive price (15 $ kg-1 vs. 1200-4000 $ kg-1 for natural va-
nillin) (Banerjee and Chattopadhyay, 2019), synthetic vanillin does not
comply with food safety requirements (Banerjee and Chattopadhyay,
2019). Biotechnological production routes based on eugenol and ferulic
acid hence gained importance by having attributes such as “natural”,
“bio” and “healthy” (Banerjee and Chattopadhyay, 2019; Priefert et al.,
2001).

In the beginning, substantial work was invested to determine the
catabolic pathways of eugenol and ferulic acid and the corresponding
genes (Narbad and Gasson, 1998; Overhage et al., 1999b; Plaggenborg
et al., 2003). Vanillin accumulation in Pseudomonas sp. strain HR199
was then achieved by interruption of the vdh gene, which encodes NAD-
dependent vanillin dehydrogenase (Overhage et al., 1999a). The mu-
tant strain produced up to 2.9 mM vanillin (Table 3) in a two-stage
process comprising a growth phase with gluconate as the substrate and
a production phase using 6.5 mM eugenol as the substrate (Fig. 7A).
After 17 h, the vanillin level dropped from its peak value of 2.9 mM as a
result of the activity of another vanillin dehydrogenase (VDH-II)
(Overhage et al., 1999a). The eugenol catabolic genes ehyAB (eugenol
hydroxylase), calA (coniferyl alcohol dehydrogenase) and calB (con-
iferyl aldehyde dehydrogenase) of Pseudomonas sp. strain HR199 were
then successfully transferred as a catabolic gene cassette into Ralstonia
eutropha H16 (Fig. 7B) using the newly designed broad-host-range
vector pBBR1-JO2 (Overhage et al., 2002). The genes were functionally
expressed, enabling the production of ferulic acid from eugenol with a

molar biotransformation yield of 93.8 % (Overhage et al., 2002).
This gene combination was also tested to establish ferulic acid

production in Escherichia coli XL1-Blue but failed. Successful bio-
transformation relied on the replacement of the ehyAB genes by the
vaoA gene, encoding vanillyl alcohol oxidase from Penicillium simpli-
cissimum CBS 170.90 (Overhage et al., 2003). Scaled to a 30-liter fer-
menter, resting cells of the recombinant E. coli strain produced 14.7 g L-
1 ferulic acid within 30 h, thereby achieving a molar yield of 93.3 %
(Table 3, Fig. 7C) (Overhage et al., 2003).

In a next step, a two-step biotransformation process for the con-
version of eugenol to vanillin was established (Overhage et al., 2003),
additionally recruiting a previously constructed recombinant E. coli
XL1-Blue strain that converted ferulic acid to vanillin upon expression
of fcs and ech, which encode feruloyl-CoA synthase and enoyl-CoA
hydratase/aldolase from Pseudomonas sp. strain HR199, respectively
(Fig. 7C) (Overhage et al., 1999b). After 5 g L-1 ferulic acid was pro-
duced from eugenol in the first process stage, 0.3 g L-1 vanillin accu-
mulated in the second process stage, along with 0.1 g L-1 vanillyl al-
cohol and a residual ferulic acid concentration of 4.6 g L-1 (Overhage
et al., 2003). Similar approaches were used for the production of va-
nillin, coniferyl alcohol and ferulic acid using Amycolatopsis sp. HR167
(Overhage et al., 2006) and Rhodococcus strains (Plaggenborg et al.,
2006).

In addition to vanillin, lignin-derived aromatic compounds also
appear to be interesting starting molecules for the production of other
flavors and fragrances. During fruit ripening, a complex mixture of
volatile esters is produced by the activity of alcohol acyltransferases
that typically contribute to the specific odor of pineapple (Elss et al.,
2005), melon (El-Sharkawy et al., 2005), strawberry (Cumplido-Laso
et al., 2012) and kiwi (Günther et al., 2011). Among other compounds,
this volatile cocktail also contains esters derived from aromatic com-
pounds. In ripe kiwifruit, ethyl benzoate is one of the major esters
(Günther et al., 2011), and the enzyme characterization of alcohol
acyltransferases from other fruit sources revealed good activity with
benzoate, benzaldehyde or cinnamyl alcohol (Cumplido-Laso et al.,
2012; El-Sharkawy et al., 2005; Holland et al., 2005). Lignin-derived
aromatics could hence be used as starter molecules for alcohol acyl-
transferase-based volatile ester production.

6. Conclusion

The development of concepts and strategies for upgrading lignin

Fig. 7. Production of vanillin and ferulate from monolignins. (A) Production of vanillin from eugenol using Pseudomonas species. The process comprised a growth
phase on gluconate (phase I) and a production phase using eugenol as biotransformation substrate (phase II) (Overhage et al., 1999a), (B) Production of ferulate from
eugenol using Ralstonia eutropha. The process comprised a growth phase on gluconate (phase I) and a production phase using eugenol as biotransformation substrate
(phase II) (Overhage et al., 2002), (C) Production of ferulate from eugenol with subsequent biotransformation of ferulate to vanillin using Escherichia coli (Overhage
et al., 2003). Color code is as follows: dark green: growth substrate, dark turquois: biotransformation substrate, light turquois: biotransformation product, purple:
genetic modification, grey arrow: biotransformation reaction, green arrow: substrate uptake for growth. Yields are given on a molar basis.
calA: coniferyl alcohol dehydrogenase, calB: coniferyl aldehyde dehydrogenase, ech: enoyl-CoA hydratase/aldolase, ehyAB: eugenol hydroxylase, Eug: eugenol, fcs:
feruloyl-CoA synthase, Fer: ferulate, Glt: gluconate, Van: vanillin, vaoA: vanillyl alcohol oxidase, vdh: vanillin dehydrogenase.
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into value-added compounds is clearly one of the hot topics in current
chemical, biochemical and biotechnological research. As illustrated,
metabolic engineering has bred efficient microbial cell factories for the
production of relevant industrial goods from lignin at the laboratory
scale and even at the pilot scale (Kohlstedt et al., 2018). In this regard, a
cornerstone for lignin valorization has been achieved, and it promises
exciting possibilities for future upgrading of lignin-containing product
streams from the biomass-processing industries. However, for further
upscaling, a difficult remaining challenge is the efficient supply of large
quantities of lignin in a relatively uniform, purified and biocompatible
form (Pye, 2010). Improved processing of lignin for feeding into bio-
production is a key target and might include the use of enzymes of
higher efficiency, tailored process operation modes and consolidated
bioprocessing concepts (Abdelaziz et al., 2016; Beckham et al., 2016;
Hämäläinen et al., 2018; Kohlstedt et al., 2018; Ragauskas et al., 2014;
Rodriguez et al., 2017; Salvachua et al., 2015; Schutyser et al., 2018).
These approaches will hopefully further increase and diversify the
portfolio of products from lignin.
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