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Abstract: Lignin, a rigid polymer composed of phenolic subunits with high molecular weight and
complex structure, ranks behind only cellulose in the contribution to the biomass of plants. Therefore,
lignin can be used as a new environmentally friendly resource for the industrial production of a
variety of polymers, dyes and adhesives. Since laccase was found to be able to degrade lignin,
increasing attention had been paid to the valorization of lignin. Research has mainly focused on the
identification of lignin-degrading enzymes, which play a key role in lignin biodegradation, and the
potential application of lignin degradation products. In this review, we describe the source, catalytic
specificity and enzyme reaction mechanism of the four classes of the lignin-degrading enzymes so
far discovered. In addition, the major pathways of lignin biodegradation and the applications of
the degradative products are also discussed. Lignin-degrading bacteria or enzymes can be used in
combination with chemical pretreatment for the production of value-added chemicals from lignin,
providing a promising strategy for lignin valorization.

Keywords: lignin; biodegradation; pathway; value-added chemicals; valorization

1. Introduction

The phenolic polymer lignin is of great abundance in nature as a promising renewable
energy resource, contributing about 30% of the weight and 40% of the energy of global
lignocellulosic biomass (Figure 1a). An extraordinary structural diversity is caused by the
varied monomer ratios and bond types of three monolignols [1]. The random structures
and resistant linkages are considered to be the major obstacles for the industrial application
of lignin compared. Although some enzymes related to lignin degradation have been
found, challenges still exist in the process of lignin valorization [2,3]. First, it is difficult for
enzymes to interact with lignin that consist of heterogeneous and amorphous structures.
Second, it is hard to extract lignin from a lignocellulosic biomass. Two main strategies are
designed to solve this challenge. The first strategy for the extraction of lignin is to keep
lignin insoluble and make cellulose and hemicellulose to enter the liquid phase. Another
diametrically opposite strategy is to hydrolyze or solubilize lignin but keep cellulose and
hemicellulose insoluble (Figure 1a) [4]. The third challenge is to obtain chemical products
from lignin processing with high yields and purities. During the depolymerization process,
the depolymerized lignin fractions usually have high reactivity under depolymerization
conditions, which can cause numerous uncontrollable side reactions, including repolymer-
ization and condensation. These side reactions generate new compounds that might hinder
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the direct conversion of lignin to target products [5,6]. With the discovery of more lignin-
degrading enzymes and pathways, increasing attention will be paid to the value-added
chemicals derived from lignin degradation.
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Figure 1. The structural formula and extraction methods of lignin. Lignin is a category of polymers
composed of phenolic subunits, with three monolignols connected by ether bonds and carbon–carbon
bonds. This figure gives a representative model for part of the structure of lignin. The circumjacent
monolignols are linked with minolignols that are not displayed in the figure. Lignin is separated
from lignocellulosic materials using two different strategies, making the lignin stay in the precipitate
or enter the liquid phase (shows in ‘’s” and ‘’sol” ) (a). The p-coumaryl, coniferyl and sinapyl alcohols
are the three monolignols found in lignin (b).

In this review, we summarize the enzymes for lignin depolymerization and the
degradative pathways for lignin-derived aromatic compounds. In addition, the value-
added chemicals produced from lignin have also been discussed to present the opportuni-
ties for lignin valorization. A better understanding of the enzymes and pathways involved
in lignin degradation and valorization will contribute to the bioconversion of lignin to
value-added products by creating more efficient artificial pathways.

2. Lignin

Coniferyl (G), sinapyl (S) and p-coumaryl (H) alcohols are the three categories of
monolignols in lignin, which are divided into guaiacyl (G-type), guaiacyl-syringyl (GS-
type) and grassy or guaiacyl-syringylp-coumaric (GSH-type) (Figure 1b). Figure 1a gives
a representative example of the lignin structure to exhibit the three monolignols and the
linkages in lignin; among which, the β-O-4 linkages are the most common ones. However,
it needs to be noted that, in actual examples, other aromatic units are occasionally included
in lignin, which is a common phenomenon. For example, Stewart et al. described the
structure of the lignin polymers from poplar. The lignin from wild-type poplar contains
p-hydroxybenzoate [7]. C-lignin, found in plants such as Vanilla planifolia and Cleome
hassleriana, is wholly derived from caffeyl alcohol [8]. For sure, the GSH-type proportion
and linkages proportion in these practical examples also varied from each other.

As a concept different from lignins in vivo, technical lignins (e.g. kraft lignin, soda
lignin, lignosulfonates and organosolv lignin) are isolated lignins, most of which are
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byproducts from the paper and pulp industry [1,9]. Kraft lignin, which is recovered from
the black liquor, is generated from the paper and pulp industry as a by-product that is
generated by treatment with Na2S and NaOH [10]. However, the extraction of lignin
from black liquor limits the commercial development of lignin until the emergence of the
LignoBoost and LignoForce methods, which could also be applied for lignosulfonate and
soda lignin. An economical benefit could be achieved as the extracted lignin has a high
proportion of phenolic hydroxy groups [11].

Lignosulfonate is obtained as a by-product in the spent liquor of the pulping process
by treating plant fiber as raw materials with an aqueous solution of sulfur dioxide and a
calcium, magnesium, ammonium or sodium base [12]. The kraft lignins could also be used
as raw metarials for lignosulfonate production. In the reviews provided by Ruwoldt [13]
and Kienberger et al. [14], the lignin extraction processes and their dominant products,
including commercialized lignosulfonates, were well-summarized. Membrane processes
for the isolation and purification of lignosulfonates are also commercially available. In the
meanwhile, fractionation of the lignosulfonates could obtain products with high quality.
Recently, Demuner et al. elucidated two different processes for lignosulfonate production
from eucalypt kraft lignin by sulfomethylation and acid sulfonation [15]. Varied pH levels
can be applied in this process, for example, lignosulfonate production through neutral
sulphite pulping was investigated [16]. It has the higher sulfur content and the lower price
at the market when compared with kraft lignin [17].

Soda lignin is obtained from the soda or soda-anthraquinone pulping processes, in
which 13–16% sodium hydroxide (pH 11–13) is used to extract lignin [18]. The chemical
composition of soda lignin is closer to the natural lignin when compared with kraft lignin
and lignosulphonate [19]. The major advantage of soda lignin is that it is obtained from
wheat straw, an unwanted agricultural waste derived from the cropping of wheat.

Organosolv lignin is attained from the organosolv process, in which organic solvents
are applied. Organosolv lignins, which are hydrophobic and water-insoluble, have sev-
eral important characteristics: low molecular weight, high quality and high purity [20].
Nonetheless, the application of organic solvents may face the problem of environmental
pollution [15]. However, organosolv lignin is sulfur-free, as is soda lignin, thus relieving
the concern of environmental pollution from another perspective. In a review given by
Wang et al., they well-summarized the chemical extraction methods for technical lignin [6].

Common derivatives such as vanillin, lipid and PHA could be produced via the
lignin degradation process [21]. Multiple high value-added small molecules have been
linked with lignin. Lignin, with a great amount of phenols, is considered to be a good
candidate for producing phenolic resins. At present, products from lignin depend on
sources besides the operating conditions [2]. Producing lignin-based resin with a high
substitution rate of lignin to phenols is still a challenge. Recently, lignin with more S units
was converted to desirable phenolic resins with a suitable viscosity and high substitution
rate using chemical means with the beginning of methylolation [22]. Like phenolic resins,
bio-oil generated by lignin can also broaden the application of lignin and thereby meet the
new concept of carbon neutrality. Lignin can be transited to bio-oil via thermochemical
methods (pyrolysis, gasification and liquefaction) [23]. However, these processes are
usually energy-consuming and labor-intensive [24]. Problems like high energy demand
and environment pollution encourage us to explore new ways for lignin degradation and
valorization. The biodegradation of lignin could be an ideal choice. By exploiting enzymes
by means such as cell-free systems, and taking advantage of the pathway of microorganisms
to produce high value-added compounds, the biodegradation and valorization of lignin
has a broad prospect.

3. Enzymes for Lignin Depolymerization

The enzymes involved in lignin depolymerization are mainly divided into four cate-
gories: laccase, lignin peroxidase (LiP), manganese peroxidase (MnP) and versatile peroxi-
dase (VP).
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3.1. Laccase (EC 1.10.3.2)

As a typical lignin oxidase, increasing attention has been paid to lignin depolymeriza-
tion by laccase (EC 1.10.3.2). Laccase, a type of multi-copper oxidase (MCO), generally has
four copper atoms (one type-1 copper, one type-2 copper and two type-3 coppers) in the
catalytic site and oxidizes a variety of substrates by performing the single-electron transfer
reaction four times. A O2 molecule is reduced to two molecules of H2O through the electron
transfer pathway in laccase (Figure 2) [25,26]. The laccase-like activity could be detected
by applying agar plates containing standard laccase substrates guaiacol or syringaldazine
and then monitoring the dark colors coming from the oxidation of these substrates [27].
Chen et al. analyzed the binding mechanism of laccase from Trametes versicolor (formerly
Coriolus versicolor or Polyporus versicolor) with lignin model compounds, and it turned out
that hydrophobic contacts were necessary between laccase and the model compounds, but
H-bonds were alternative [28]. In the reaction between laccases and lignins, the phenoxy
radicals are first to be generated. The enzyme kinetics of lignin radical formation can be
achieved by electron paramagnetic resonance (EPR) [29]. The formation of radicals could
result in (1) depolymerization of the lignin [30], (2) polymerization of the lignin [31] or
(3) the change of the functional group [32]. These potential outcomes could be effected by
factors such as reaction conditions or whether the Laccase-Mediator System is involved in
the reaction system.
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Figure 2. Schematic representation of the catalytic mechanism of laccase. Laccase catalyzes the
oxidation of reduced substrates with molecular oxygen, with or without the participation of an electron
transfer mediator. The ‘’ox” refers to oxidized compounds, while “red” represents reduced compounds.

The depolymerization of lignin requiring mediators is a common opinion [30,33].
Due to the relatively low redox potential of laccase for aromatic compounds, the Laccase–
Mediator System (LMS) has been widely studied in order to expand the applications of
laccases [34–38]. The mediators can be divided into three categories: natural mediators,
synthetic mediators and other mediators. Some effective mediators have been widely
used in industries, such as 1-hydroxybenzotriazole (HBT), methyl syringate and 2,2′-azino-
bis(3-ethylbenzo thiazoline-6-sulfonic acid) (ABTS). In the LMS, the mediator is firstly
oxidized by laccase and then undergoes a redox reaction with the substrate (Figure 2).
This mechanism also implies that the laccase is a type of environment-friendly biocatalyst
due to its lower requirements for factors such as heat for pyrolysis. Although mediators
can tremendously accelerate the process of substrate oxidation by laccase [39], it also has
significant influences on the stability of laccase. The free radicals generated from the
oxidized mediator could attack laccase and then lead to its inactivation. To avoid the
radical attack and improve the stability of laccase in LMS, it could be a promising strategy
to find mediators that generate free radicals with lower activities.
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According to the evolutionary tree created in this review, laccases from different
organisms are highly homologous to each other, which suggests that their protein sequences
are highly conserved. The identification of the specific amino acids responsible for the
increase of the oxidation potential of laccase will contribute to the industrial application
of laccase. Laccases from fungi, plants, insects and bacteria have been characterized.
Laccases from white-rot fungi Pycnoporus cinnabarinus and T. versicolor have attracted wide
attention since the last century [40]. P. cinnabarinus produces laccase in one isoform, and
neither LiP nor MnP are detected. Thus by comparison between wild-type strains and
laccase-less mutants, laccases from P. cinnabarinus are proven to be efficient for lignin
degradation [41]. Kawai et al. reported that laccase from T. versicolor can catalyze various
reactions of nonphenolic-O-4 lignin in the presence of HBT, such as β-ether cleavage, Cα-
Cβ cleavage, aromatic ring cleavage and Cα-oxidation [42]. Compared with fungal laccases,
laccases from bacteria have a higher thermostability and wider effective pH range [43–45].
Moreover, they are efficiently expressed in heterologous hosts such as E. coli with relatively
high yields. All of these advantages render bacterial laccases great potential in energy
and environmental biotechnology. Fungal laccases and bacterial laccases also tend to
cause different effects on lignin; a study showed that fungi mineralized kraft lignin, while
bacteria partially degraded and modified lignin [46]. In addition, due to their low substrate
specificity, laccases have also been applied in many fields such as bioremediation, wood
and paper industries [47,48]. The application of laccase is also reflected in the potential
of small lignin production. With Trametes villosa laccase combined with HBT, the yield of
glucose and ethanol were increased from lignocellulosic by Gutiérrez et al. [30] Through
catalyzation of the above-mentioned enzymes, lignin enters the degradative pathways. To
better understand the degradative pathways for lignin-derived aromatic compounds, it is
necessary to summarize the products and effect of the enzymes in lignin depolymerization.
The biodegradation of alkaline lignin by Bacillus ligniniphilus L1 resulted in the production
of phenylacetic acid, 4-hydroxy-benzoicacid and vanillic acid [49]. Based on the whole-
genome sequencing (with no LiP and MnP) and the decolorization experiment, laccase is
expected to be responsible for the depolymerization of alkaline lignin in B. ligniniphilus L1.

3.2. Lignin Peroxidase (EC 1.11.1.14)

Lignin peroxidase (LiP) (EC 1.11.1.14), which belongs to the peroxidase-catalase su-
perfamily, was firstly discovered in white-rot fungus Phanerochaete chrysosporium during
the 1980s [50,51]. LiP is a heme peroxidase, which contains a protoporphyrin IX (heme)
as the prosthetic group. Heme iron is responsible for the electron transfer and the high
redox potential of LiP. Hydrogen peroxide (H2O2) functions as the electron acceptor in
the catalytic site of LiP and drives the oxidation step. Two steps are required for the re-
duction of LiP. Compared with laccase, LiP has a higher reduction potential and requires
no mediators [52]. However, previous studies found that the addition of veratryl alcohol
(3,4-dime-thoxybenzyl alcohol; VA) can enhance the activity of LiP by transforming the
electron between LiP and the substrates, thus promoting the rate of lignin depolymer-
ization (Figure 3) [53]. LiP exhibits oxidative activity on a variety of compounds, such
as phenolic compounds, amines, aromatic ethers and polycyclic aromatics [54,55]. Only
two single-electron transfers are required for substrate oxidation. Though H2O2 plays an
important role in the typical peroxidase catalytic cycle, excess H2O2 inhibits the activity
of LiP [56]. To exploit the lignin degradation ability of LiP, explorations from different
strategies were carried out. Majeke et al. reported the synergistic application of quinone
reductase (QR) and LiP; this combination decreased the molecular weight (MW) of four
different lignins [57] and showed the potential to benefit from the cooperation of different
enzymes. On the other hand, considering LiP could be utilized in cell-free systems, the
production of LiP can be improved. The effort for the large-scale production of LiP could
boost the application of LiP for reasons such as cost reduction. Liu et al. achieved a maxi-
mum LiP activity of 1645 mU/L via multipulse-fed batch production [58]. Based on these
paradigms, LiP will have larger application prospects.



Fermentation 2022, 8, 366 6 of 19

Fermentation 2022, 8, 366 6 of 20 
 

 

synergistic application of quinone reductase (QR) and LiP; this combination decreased the 

molecular weight (MW) of four different lignins [57] and showed the potential to benefit 

from the cooperation of different enzymes. On the other hand, considering LiP could be 

utilized in cell-free systems, the production of LiP can be improved. The effort for the 

large-scale production of LiP could boost the application of LiP for reasons such as cost 

reduction. Liu et al. achieved a maximum LiP activity of 1645 mU/L via multipulse-fed 

batch production [58]. Based on these paradigms, LiP will have larger application 

prospects. 

 

Figure 3. Schematic representation of the catalytic mechanism of LiP, MnP and VP. LiP (a) , MnP 

(b) and VP (c) require H2O2 for the oxidation of substrates, with veratryl alcohol and Mn2+ being 

used as facultative mediators for LiP and VP, respectively. 
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and VP (c) require H2O2 for the oxidation of substrates, with veratryl alcohol and Mn2+ being used
as facultative mediators for LiP and VP, respectively.

3.3. Manganese Peroxidase (EC 1.11.1.13)

Manganese peroxidase (MnP) (EC 1.11.1.13) was also discovered in P. chrysospo-
rium [59]. MnP could be secreted by ligninolytic fungi into their microenvironment and,
thus, be an ideal choice for cell-free systems. Similar to LiP, MnP is also a heme-containing
enzyme, with disulfide bonds and Ca2+ maintaining the conformation of the active site [60].
When H2O2 binds to the ferric enzyme in a resting state, the reactions will be initiated by
forming an iron–peroxide complex (Figure 3). MnP compound III, an inactive oxidation
state, could be formed under excess H2O2 condition [61]. Therefore, first, Mn2+ is oxi-
dized to Mn3+; then, Mn3+ acts as the redox mediator to attack phenolic lignin structures
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and results in the formation of instable free radicals, causing lignin degradation. One
remarkable difference in the catalytic mechanism between LiP and MnP is that MnP, but
not LiP, requires the conversion between Mn2+ and Mn3+ as an intermediate of the reaction.
In the absence of mediators, one molecule of water will be produced in LiP’s catalytic
cycle, but the number of water is two for MnP’s catalytic cycle [62]. By the treatment of
milled wood with the MnP–, Mn3+– or Fe2+–linoleic acid system, MnP exhibited the most
intense reactions, including transformation in the lignin structure and water-soluble low
molar mass aromatic fragments releasing [63]. Base on the increase of the carboxyl content,
the degradation of lignin was carried out via β-O-4 and Cα–Cβ cleavage and side-chain
oxidation. In addition, besides the degradation of lignins, attention has been paid to the
versatility of MnP. For example, MnP from P. chrysosporium could improve the efficiecy
of cellulosic decomposing [64]. A manganese peroxidase-producing yeast consortium
(MnP-YC4) has been developed to withstand lignin degradation inhibitors while degrading
and detoxifying azo dye [65].

3.4. Versatile Peroxidase (EC 1.11.1.16)

Versatile peroxidase (VP) (EC 1.11.1.16), also belonging to the peroxidase-catalase
superfamily, was firstly found in Pleurotus eryngji. Studies have revealed that VP is a
"hybrid peroxidase", because its gene sequence contains the partial sequences of LiP and
MnP (Figure 3). It integrates the substrate specificity and catalytic properties of LiP and MnP,
respectively [66]. Therefore, VP can oxidize phenolic, nonphenolic and lignin derivatives
without manganese ion or any mediator because of the high redox potential and broader
substrate spectrum.

The high redox potential of VP results in a wide substrate specificity. For eample, VP
can oxidize the LiP substrate veratryl alcohol; five molecules of water will be produced
in the presence of veratryl alcohol (VA) [39,67]. In a previous study, VP showed oxidizing
activity on hydroquinone in the absence of exogenous H2O2 but in the presence of Mn
(II) [68]. When oxidizing phenolic compounds, VP uses a similar mechanism to MnP.

4. Degradative Pathways for Lignin-Derived Aromatic Compounds

Degradation of lignin-derived aromatic compounds provides microorganisms with
carbon and energy resources and may contribute to the enhanced conversion of lignin to
value-added chemicals. The β-O-4 linkages usually account for the largest proportion in
lignin, making the β-Aryl ether (β-O-4) pathway play an important role in the depolymer-
ization process of lignin. After the loss of the benzyl hydroxyl group in the β-aryl ether
structural unit, the benzyl cation will form a new C–C cross-linkage. Through the biphenyl
catabolic pathway, some benzene rings are disrupted to form mono-benzene or aliphatic
compounds. The ring cleavage products are finally converted to organic acids that can
enter the central carbon metabolism [69,70].

4.1. β-Aryl ether (β-O-4) Catabolic Pathway

Aromatic oligomers and monomers commonly found in lignin have been used to
study how lignin-derived aromatic compounds are degraded [71,72]. Whatever the pro-
portion of S, G and H, the β-O-4 linkage is dominant in lignins. A higher ratio of syringyl
alcohol to guaiacyl alcohol (S/G) leads to an increased β-O-4 linkage. Therefore, the
β-aryl ether degradative pathway plays a key role in the degradation of lignin-derived
aromatic compounds, thus receiving a lot of research attention for the production of var-
ious phenolic chemicals. β-etherase is a promising candidate for the cleavage of β-O-4
bonds. The multiple GST family member β-etherases from Sphingobium sp. strain SYK-6
(formerly Sphingomonas paucimobilis SYK-6) include several etherases (eg. ligE, ligF and
ligP) [73]. In the β-aryl ether degradation process, LigE, LigF and LigP catalyze a nu-
cleophilic attack on the Cβ atom of the substrates by GSH. All three Lig GSTs produced
β-S-glutathionyl-α-veratrylethanone from the achiral side chain-truncated model substrate
β-guaiacyl-α-veratrylethanone (Figure 4). However, LigE- or LigP-catalyzed reactions
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could yield only one of the two potential products, which might benefit in producing
valuable chiral products from individual stereoisomers of -aryl substrates [74]. Marinovic
et al. characterized the first functionally characterized fungal GSH-dependent β-etherase
Ds-GST1 from the white-rot fungus Dichomitus squalens [3]. Ds-GST1 selectively cleaved
the β-O-4 aryl ether bond and showed an accumulation of guaiacol with lignin model
compound 2-(2-methoxyphenoxy)-3-oxo-3-(4-hydroxy-3-methoxyphenyl)propan-1-ol as
the substrate. Apart from β-etherase, β-O-4 ether cleavage could also be achieved by the
laccase/mediator system treatment (LMS). Under the condition of highly concentrated
buffers at pH 6, Hilgers et al. obtained 80% ether cleavage with laccase from T. versicolor,
in contrast to the result of <10% using the conventional buffer [75]. This study reveals
the relation and competition between ether cleavage and Cα-oxidation. There have been
reports that the reduction of the β-O-4 groups could improve the efficiency of lignin to
convert to value-added product PHA [76]. With the development of synthetic biology, the
β-aryl ether pathway can be engineered to improve the production of more value-added
compounds from lignin.
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Figure 4. The β-Aryl ether (β-O-4) catabolic pathway and biphenyl linkage catabolic pathway. The
enzymes involved in the β-Aryl ether (β-O-4) catabolic pathway and the biphenyl linkage catabolic
pathway are from Sphingobium sp. SYK6 [73,77]. The β-Hydroxypropiovanillone and vanillin acid,
which are produced from β-O-4 catabolic pathway and biphenyl linkage catabolic pathway, could be
utilized for further valorization (showed in dotted arrows) [78,79].

4.2. Biphenyl Catabolic Pathway

A pathway for the degradation of the biphenyl component of lignin has been found in
Sphingobium sp. strain SYK-6 (Figure 4) [80,81]. With the formation of 2,2′-dihydroxy-3,3′-
dimethoxy,-5,5′-dicarboxybiphenyl by cleavage of the C3 side chain attached to biphenyl,
pyruvic acid was eventually obtained. Although biphenyl linkages only account for about
10% of the total linkages in lignin, the biphenyl catabolic pathway also plays an important
role in the degradation of lignin-derived aromatic compounds and even the highly toxic
polychlorinated biphenyls (PCBs), which is a huge concern for many years. To remove
the PCB pollutants in soil, a number of bacteria were isolated from the contaminated soil
and were screened to verify the capability for degrading biphenyl compounds [82,83],
and the PCB-degrading bacterial strains were varied within the genera Stenotrophomonas,
Pseudomonas and Rhodococcus. The research on the degradation of PCBs provides a new
theoretical basis for studying the biphenyl catabolic pathway. Coculturing of the PCB- and
lignin-degrading microorganisms may further improve the lignin degradation.

4.3. β-ketoadipate Pathway

β-ketoadipate is a typical intermediate produced by microorganisms in the process
of decomposing phenols, benzene and other aromatic compounds. It can be produced
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from protocatechuate, which is derived from phenolic compounds, including p-cresol,
4-hydroxybenzoate and numerous lignin monomers (Figure 5). In addition, catechol gen-
erated from various aromatic compounds can also enter the β-ketoadipate pathway for
degradation. However, not all β-ketoadipate comes from the β-ketoadipate pathway.
2-hydroxy-4-carboxy-butanyl-CoA (HCB-CoA) could be converted to β-ketoadipyl-CoA
through the phenylacetic acid pathway (Figure 6) [84,85]. Niu et al. analyzed the biodegra-
dation of lignin (coniferous and broad-leaved trees as raw materials after a sodium sulfite
treatment) by Brevibacillus thermoruber. After the depolymerization of lignin is conducted
by MnP, laccase and LiP, the biodegradation of the lignin G and H monomers were mainly
proceeded via the β-ketoadipate pathway. By the analysis of the degradation products, one
of the degradation products of benzoic acid is cis, cis-muconate, which is a β-ketoadipate
pathway intermediate [86].
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Figure 5. The degradative pathways of protocatechuic acid and phenol through β-ketoadipate. The
lignin-derived aromatic compounds are degraded to central metabolites via these pathways for
biosynthesis and energy. The enzymes are from Sphingobium sp. strain SYK-6, with the exception of
carboxy-cis, cis-muconate cyclase from eukaryotes [91].
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The lignin demethylation process formed by the O-demethylases, which will be
discussed later, could convert lignin into pyrocatechol-enriched products by specifically
removing the O-methyl/methoxyl groups of kraft lignin and releasing methanol [87]. On
the other hand, as an important product of chemical depolymerization, phenol is differcult
to be produced by enzymatic catalysis [88,89]. However, phenol could be converted to
catechol (pyrocatechol) by enzymes such as phenol hydroxylase (PH) in Pseudomonas
stutzeri OX1 [90].
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Figure 6. The degradative pathways of phenylacetic acid. Phenylacetate is degraded into tricarboxylic
acid (TCA) cycle intermediates through the central metabolic pathway [84,85].

5. Auxiliary Pathways
5.1. β-oxidation-like Pathway

Many aromatic compounds can be degraded to obtain TCA cycle intermediates
through the β-oxidation-like pathway, providing microorganisms with carbon and en-
ergy sources. Benzoate, coming from the degradation of lignin, can be further degraded
to TCA cycle intermediates through the β-oxidation-like pathway [70]. In addition, the
side chains of aromatic compounds such as p-coumaryl alcohol are degraded gradually,
along with the release of acetyl-CoA in the meanwhile (Figure 7) [92]. A shorter side chain
decreases the degree of cross-linking of lignin and thus increases its utilization efficiency.
The released acetyl-CoA enters the central metabolism for biosynthesis or for energy.
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Figure 7. 3,4-dihydroxybenzoic acid is obtained via the β-oxidation-like pathway. The side chain of
p-coumaric acid is firstly activated and then gradually degraded, with the release of acetyl-CoA for
biosynthesis through the central metabolism or for energy [92].

5.2. Fenton Reaction

The Fenton reaction is an inorganic chemical reaction; the mixed solution of hydrogen
peroxide (H2O2) and divalent iron ion Fe2+ oxidizes organic compounds such as carbox-ylic
acids, alcohols and esters. The generated hydroxyl radical, which has a high redox potential
of about 2.73V, can directly attack aromatic compounds [93]. Peroxidase en-zymes include
LiP and MnP, containing ferric heme when they are at the resting state, catalyzing a cycle
similar to the Fenton reaction (Figure 8a). In this cycle, H2O2 initiates the reaction by
combining with Fe3+ to form an iron peroxide complex. The phenol substrate oxidizing
activity is then activated after the generation of the Fe4+–oxygen–porphyrin complex, with a
concomitant reduction of H2O2 to H2O. Therefore, the Fenton reaction can be used to attack
lignin-derived aromatic compounds by generating a hydroxyl radical, which is formed
by the reduction of Fe3+ and O2 to Fe2+ and H2O2 with 2,5-dimethoxyhydroquinone (2,5-
DMHQ) to 2,5-dimethoxy-1,4-benzoquinone (2,5-DMBQ) [94,95] (Figure 8b). In addition,
there is evidence that the Fenton reaction facilitates the degradation of PCBs [96]. However,
more investigations are still needed to further confirm whether the combination of the
Fenton reaction and the biphenyl catabolic pathway can promote the degradation of lignins
or not. Iron plays a key role in the reactivity of the Fenton reaction. The consumption
of H2O2 in the Fenton reaction explains the reason why Fe2+ shows inhibition of the
activity of laccase [97]. However, research also shows that iron can enhance the activity of
laccase, and laccase, in turn, promotes the association of organic matter with iron, assisting
the stabilization of soil organic matter [98,99]. Therefore, the influence of iron on lignin
degradation is much more complicated.
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Figure 8. The mechanism of the Fenton reaction and its application. The hydroxyl radical (OH·)
obtained from the Fenton reaction has a redox potential of more than 2.73 V, making it capable of
directly attacking aromatic compounds [93] (a). The hydroxyl radical, which is capable of attacking
lignin derivative 2,5-dimethoxyhydroquinone (2,5-DMHQ), is formed by the reduction of Fe3+ and
O2 to Fe2+ and H2O2 with 2,5-dimethoxy-1,4-benzoquinone (2,5-DMBQ) [94,95] (b).

5.3. Demethylation

The low reactivity of lignin hinders the direct utilization of lignin, so the modification
of lignin has been developed as an alternative strategy to improve the lignin applica-
tion [100,101]. The most widely used methods include demethylation [102,103], methylola-
tion [104,105], phenolation [106,107], oxidative degradation and hydrothermal depolymer-
ization/liquefaction [108,109]. Fungi and bacteria have been used for decades to carry out
the demethylation of lignin, with advantages of less investments and shorter processing
times. Demethylation has been validated to be the most effective method to enhance the
reactivity of lignin by removing the methoxyl group. The demethylated guaiacyl-type syn-
thetic lignin showed higher tannin-like properties and transformed into a useful precursor
for lignin-based epoxy resin [110]. By demethylation, followed by catalytic hydrogenolysis,
Kim et al. obtained a selective production of catechols, which are an important catabolic
node in the β-ketoadipate pathway, from milled wood lignin [111] and could be further
processed by the β-ketoadipate pathway. The demethylation process could be catalyzed by
enzymes. The catalyzation by O-demethylase results in the formation of phenolic hydroxyls
groups. O-demethylases from fungus and bacteria have been reported, such as Aspergillus
sp., Galerina autumnalis [112] and Desulfitobacterium hafniense DCB-2 [113].

It is still not clear if laccase is responsible for the process of losing a methyl group from
aryl methoxyl, since the role that laccases play in these processes might not be the same.
The terms of demethylation and demethoxylation imply different reaction mechanisms,
which refer to the removal of the methyl group and the methoxyl group, respectively. The
“demethylation” process by laccase could be the combining of demethoxylation and addi-
tion of a phenolic hydroxyls group, rather than a direct demethylation process. By detecting
the increase of the concentration of pyrocatechol structures in lignin, the demethylation
reaction catalyzed by laccase from Botryosphaeria rhodina was confirmed, with methanol and
ABTS as the final product and mediator, respectively [114,115]. Blue laccase from Galerina
sp. HC1 was also reported for the demethylation of kraft lignin [116]. The sequences of
internal peptides from this blue laccase were highly similar to the reported laccase. It needs
to be noted that the optimal pH for this blue laccase is 3.0, which is relatively low, implying
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the effects of laccase under different pH could be varied, providing new strategies for lignin
valorization.

There has been reported that the demethylation of lignin causes side-chain ether
bond breakage during lignin pyrolysis [117]. However, the contents of the phenolic hy-
droxyl groups and carboxyl groups increased after demethylation [118,119]. Therefore, the
reactions of repolymerization and condensation also occur during the process of lignin
degradation. Overall, the conversion of -OCH3 into hydroxyl groups could significantly
improve the lignin reactivity, and therefore, the demethylation caused by fungi and bacteria,
or the secreted enzymes could provide alternatives for chemical means.

6. Value-Added Chemicals Produced from Lignin

The value-added products can be obtained in two ways, one of which is the pretreat-
ment of lignin from raw materials, and the other one of which is to enter the metabolic
pathways.The pretreatment of lignin could be chemical or enzymatic, aiming to obtain aro-
matic compounds derived from lignin, following by the conversion of these compounds by
the metabolism pathway. Through the relatively similar degradative pathways, metabolic
nodes such as catechol and the central metanolism pathway, multiple value-added products
could be obtained by different hosts [79].

Strains from Rhodococcus opacus have been widely used for the production of lipids
from lignin [120,121], Liu et al. achieved a high lipids titer (1.83 g/L), with corn stover as
the raw metarial [122]. The combinatorial pretreatment increased the lipid concentration
by 12.8–75.6%, reflecting the effect of the pretreatment.

Besides the pretreatment, genetic engineering could also be used to obtain the value-
added products. By employing the Sphingobium SYK-6 ligAB genes and Paenibacillus praA
gene, Rhodococcus jostii RHA1 has been used as chassis cells to produce 2,4-pyridine-
dicarboxylic and 2,5-pyridine-dicarboxylic from vanillic acid or wheat straw lignocellu-
lose [123]. Similarly, the Pseudomonas putida KT2440 expressing exogenous O-demethylase
from Amycolatopsis sp. could process a variety of lignin-derived monomers, such as con-
verting guaiacol to catechol [124]. Up to 4.5 g/L PHA was obtained by the engineered P.
putida KT2440, with the design of “plug-in processes of lignin (PIPOL) ” and corn stover as
the raw material [125]. It suggests the combination of designed pretreatment and genetic
engineering could further improve the yield of value-added products from lignin. An
engineered E. coli strain could use protocatechuate as the sole carbon and energy source
by expressing a heterologous pathway from P. putida, providing a good strategy for the
enhanced bioconversion of lignin-derived aromatics to value-added chemicals [126].

Some useful compounds could be treated as products of the valorization process. On
the other hand, these compounds could also be supplied as a substrate for valorization. The
deletion of vanillin dehydrogenase resulted in the vanillin accumulation in Amycolatopsis
sp. ACTT 39116 when ferulic acid was used as the substrate [127]. Vanillin can also be used
as a substrate for the production of catechol and vanillic acid in engineered E. coli [128].
Vanillic acid was then converted to PHA in P. putida [129]. It is crucial to select appropriate
substrates and chassis cells for the successful valorization of lignin. The cis, cis-muconate, is
an important intermediate in lignin degradation. An engineered C. glutamicum MA-2 strain
produced 85 g/L and 1.8 g/L cis, cis-muconate from catechol and hydrothermal pretreated
softwood lignin, respectively [130]. This study demonstrates that valorization requires a
comprehensive consideration to reduce the production costs of value-added chemicals.

Besides vanillin, bioplastics and lipids, oleogels that are potentially applicable as bio-
lubricating greases were also produced with wheat straw soda lignins, which were obtained
by the solid-state fermentation (SSF) of wheat straw supplemented with Streptomyces sp.
MDG147 [131]. The combination of chemical process and microbial fermentation provides
another strategy for the production of value-added products from lignin. The pretreated
lignin and metabolic intermediates such as vanillin and vanillic acid could be used as
substrates for valorization. To further reduce the production costs, engineering of the



Fermentation 2022, 8, 366 14 of 19

extremophiles, such as the energy and fresh water saving halophilic bacteria, could be a
promising strategy.

7. Conclusions

Depolymerization plays a central role in the degradation of lignin, providing a pre-
requisite for the production of value-added chemicals from lignin-derived aromatic com-
pounds. However, the heterogeneous and amorphous structures of lignin present a big
challenge to the biological utilization of lignin mildly and sustainably. Though laccase and
other lignin-degrading enzymes have been discovered to be able to degrade lignin, it is still
difficult to produce lignin-derived chemicals with high purities and yields. With the fast
development of enzyme engineering and synthetic biology, more efficient enzymes and
pathways will be created to greatly improve the degradation of lignin and economically
produce value-added chemicals.
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