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Abstract—Lignocellulosic biomass, which is one of the most abundant and renewable sources for the production of
clean fuels and chemicals, consists mainly of cellulose, hemicellulose and lignin. The conversion of cellulose and hemi-
cellulose to value added products has been extensively carried out over the last few decades. However, the direct con-
version of lignin, the second most abundant aromatic polymer on earth, is challenging due to its heterogeneity and low
reactivity. Most of the lignin produced in the pulp and paper industry is used as a fuel to generate heat and electricity.
Recently, the chemical or biological conversion of lignin is considered one of the most promising technologies for the
production of high-value products. The biological conversion of lignin has several advantages over the chemical con-
version route in terms of low operating costs, high specificity, and the absence of harsh operating conditions and haz-
ardous chemicals. The present review summarizes recent studies on biological valorization of lignin to value-added
products. Additionally, this review emphasizes the various lignin extraction techniques, catabolic pathways involved,
necessary enzymes, and the major challenges of this process.
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INTRODUCTION

Its abundant availability and renewability make lignocellulosic
biomass one of the potential sources for the production of clean
energy and high-value products [1,2]. As per the report, lignocel-
lulosic biomass shares approximately 10% of the global primary
energy with an annual production of 170 billion tons worldwide
[3]. Due to its high productivity; lignocellulosic biomass is the fourth
largest source of energy in the world after oil, coal, and natural gas
[4]. It primarily consists of cellulose, hemicellulose, and lignin, along
with some minor concentrations of minerals, acetyl group, and phe-
nolic substituents. The composition of primary components in the
lignocellulose varies significantly with the source of biomass, as
given in Table 1 [5]. Fig. 1 shows the structural and chemical com-
position of lignocellulosic biomass. Cellulose consists of a linear
chain of glucose molecule linked by 1,4 linkages. Hemicellulose
is mainly composed of xylose and mannose monomers. Lignin is
a complex polymer of phenylpropane units. Utilization of cellulose
and hemicellulose for the production of various chemicals, biofu-
els, papers, and sugars after adopting suitable pretreatment meth-
ods has been accomplished in the past several years. In contrast,

Table 1. Lignocellulosic biomass composition

Wood types  Cellulose (%) Hemicellulose (%) Lignin (%)
Hardwood 45-50 20-25 20-25
Softwood 35-40 25-30 27-30
Nonwood 30-50 10-40 5-20
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the effective utilization of lignin from these activities has not been
explored in detail so far. The carbon-carbon and aryl ether bonds
in the aromatic rings contain higher bond energy, which further
hinders its direct conversion and requires prior depolymerization
for its valuable utilization. Most of lignin reported to be produced
from the pulp and paper industry (>95%; approximately 50 million
tons annually on a weight basis) is being utilized as a solid fuel for
the generation of heat and electricity in the biorefinery industry
[6,7].

In the past few decades, several methods, such as biological,
chemical, or thermal pretreatment, have been successfully adopted
to depolymerize lignin for the production of monomers and oligo-
mers [8-11]. These monomers and oligomers are further used as
starting materials for the production of various fuels and chemi-
cals [12,13]. Thermochemical conversion of lignin and its deriva-
tives to several high-value products is carried out by adopting several
techniques such as gasification, liquefaction, combustion, pyrolysis,
and carbonization [14,15]. The liquefaction section is further divided
into four subsections: acidolysis, base-catalyzed depolymerization,
hydrogenolysis, and oxidation [15]. The combustion of lignin gen-
erates a large amount of heat, which can later be used to generate
electricity. The major gaseous product (syngas) generated from all
of these processes can be further converted to various fuels and
chemicals by catalytic conversion [16,17]. Apart from syngas, solid
char is another major product produced from all the above cate-
gories, which can be converted for the generation of electricity.
Bio-crude oil is the main product formed during liquefaction and
pyrolysis process, mainly composed of several phenolic compounds
[18-21]. These phenloic compounds undergo further purification
process prior to their application in several sectors. Alternatively,
hydrodeoxygenation is required for the conversion of these oxy-
gen-rich phenolic mixtures to liquid fuels such as gasoline and die-
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Fig. 1. Schematic representation of lignocellulosic biomass and its components (cellulose, hemicellulose, and lignin).

sel fractions.

In addition to thermal and chemical methods, biological lignin
processing has gained major research attention with the discovery
of various fungi and bacteria from ligninolytic environments [22-
25]. The high enzymatic activity of these microorganisms aids in
the degradation of lignin and further conversion to possible end
products [26]. The present review mainly focuses on the biological
conversion of lignin and its derivatives to high-value products using
bacteria, fungi, and enzymes. The methods of lignin extraction,
the main metabolic pathways involved in the degradation of lig-
nin using microorganisms, and strategies for improving the con-
version process, are also discussed in detail.

LIGNIN EXTRACTION

Successful extraction of lignin from lignocellulosic biomass and
its purity are two important aspects of lignin valorization. The for-
mation of lignin-carbohydrate complex (LCC) with hemicellulose
component of biomass (mainly xylan and glucomannan) by sta-
ble covalent bonds makes the lignin extraction process more chal-
lenging [9,27]. Prior to extraction, breakage of LCC bonds to
disengage lignin from carbohydrates and further depolymeriza-
tion is required to reduce the size into smaller fractions for solubi-
lization from the main biomass components. Repolymerization of
lignin and its fractions, leading to the synthesis of various interme-
diates, is often associated with the extraction process due to the
high reactivity nature of lignin and its derivatives [27]. Therefore,
the structure of isolated lignin depends primarily on the feedstock
source, the extraction method, and the operating conditions of the
extraction process. A detailed study of the lignin extraction pro-
cess from the source was previously described by Wang et al. [14].
The majority of lignin is produced as a co-product in the pilot-scale
lignin extraction process, while others are produced as a byprod-
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uct in the laboratory-scale process: biomass pretreatment and anaero-
bic fermentation. In the last few years, large amounts of lignin re-
covered during the processing of lignocellulosic biomass in the
pulp and paper industry have not been utilized effectively and still
remain unexplored. For a long time, lignin generated from the
pulp and paper industry was discarded, causing not only waste of
resources but also environmental pollution. Recent major research
has focused on the possible utilization of lignin and its derivatives
for the production of value-added products in various sectors,
including cosmetics, food, chemistry, pharmaceuticals, and textiles.

Based on the technique adopted, the extraction of lignin from
lignocellulosic biomass is broadly categorized into two groups. In
the first category, the treatment process is targeted to hydrolyze or
solubilize the cellulose and hemicellulose fractions of biomass while
recovering the lignin as insoluble residues. Conversely; in the sec-
ond category, the treatment method is designed for dissolution and
further recovery of lignin from waste liquor while keeping the cel-
lulose and hemicellulose fractions insoluble [28]. The lignin extraction
process is mainly divided into industrial-scale extraction process
and laboratory-scale extraction process. Here, a brief description
of various lignin extraction processes and its important features is
presented. The various pretreatment processes adopted for the ex-
traction of lignin from lignocellulosic biomass and its operating
conditions are summarized in Table 2.
1. Industrial (Pilot) Scale Extraction Process

Industrial or pilot scale lignin extraction processes are more
challenging than laboratory scale processes. Kraft pulping, sulfite
pulping, soda pulping, organosolv pulping, and steam explosion are
the major processes adopted by the pulp and paper industry to
recover lignin from lignocellulosic biomass. The structural and chem-
ical composition of the extracted lignin depends on the extraction
process adopted and differs from native lignin [29].

Kraft pulping is the most widely used method in the pulp and
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Table 2. Summary of lignin extraction methods and their operating conditions

Extraction methods Operating conditions
Lignin from pulp and paper industry (Industrial extraction process)

Kraft pulping Aqueous soda (NaOH) and sodium sulfide (Na,S); High temperature: 150-180 °C; Dura-
tion: 2h

Sulfite pulping Aqueous sulfur dioxide (SO,) and sulfite base salts (CaSOs, Na,SO;, MgSOs, (NH,),SO;);
Temperature 120-150 °C; Duration: 2-7 h

Soda pulping Sodium hydroxide: 1 M; Temperature: ~170 °C; Pressure: 10 psi

Organosolv pulping Organic solvents (methanol, ethanol, acetic acids, esters, acetone, or a mixture of water/

Steam explosion

organic solvents); Temperature: 100-250 °C
Hot steam: 180-240 °C; Pressure: 1-3.5 MPa

Laboratory scale extraction process

Physical pretreatment

Dilute acid hydrolysis
Concentrated acid hydrolysis
Alkaline hydrolysis

Enzymatic hydrolysis

Acid hydrolysis

Combined physiochemical

Milling, extrusion, microwave treatment, ultrasonication

0-5wt% of HCl, H,SO,, H;PO,, HF; Temperature: 120-300 °C

Concentrated acids: HCl, H,SO,, HF; Temperature: 18-25 °C

Solvents: NaOH, Ca(OH),, ammonia (aqueous, liquid, gaseous); Temperature: 40-120 °C

Enzymes: cellulase, hemicellulase with additional pretreatments (e.g. dilute acid, steam
explosion, ammonia fiber explosion); Temperature: 30-60 °C

Solvents: H,O or organic solvents, e.g. acid hydrolysis with mechanical milling, Tempera-
ture: 25-200 °C

paper industry to recover cellulose from wood materials while leav-
ing lignin in the waste stream. At present, about 80% of the world’s
chemical pulp production relies on the Kraft process to isolate lig-
nin from lignocellulosic biomass [30]. In this process, lignocellu-
losic biomass is treated for 2 hours at high temperature (150-180 °C)
in the presence of high concentrations of aqueous soda (NaOH)
and sodium sulfide (Na,S). Lignin fraction from lignocellulosic
biomass is solubilized in the pulping liquor and collected in the
spent liquor, also known as black liquor. The black liquor also
contains a certain amount of hemicellulose fraction. Convention-
ally, black liquor containing 90% of wood lignin is used in boilers
for the generation of steam and electricity. However, lignin from
black liquor can be recovered by acidification to pH 5.0 or below,
which precipitates lignin in the liquor.

The sulfite process is another old lignin extraction method that
produces about 7 million tons of lignin per year as a by-product of
this process [31]. In this process, aqueous sulfur dioxide (SO,) and
sulfite bases of calcium, magnesium, sodium or ammonium are
used for 3 to 7 hours in the pulping process at high temperature
(120-150 °C). During this process, large amounts of sulfate are incor-
porated into the lignin to form lignosulfonates. Compared to Kraft
lignin, lignin recovered during this process contains higher amounts
of sulfur, carbohydrates, and inorganic impurities [32].

Soda process, which was discovered a few years before the Kraft
process, uses a high concentration of sodium hydroxide (1 M NaOH)
in the presence of high temperature (~170 °C) and pressure (10 psi).
This process primarily targets o-ether linkages of lignin structures
and is mainly applied to non-wood lignocellulosic biomass (agri-
cultural and aquatic waste).

Organosolv lignin is recovered from lignocellulosic biomass by
application of an organic solvent. In this process, solvents such as
methanol, ethanol, acetic acids, esters, acetone, or mixtures of water/

organic solvents are used under specific operating conditions (tem-
perature 100 to 250 °C). The addition of acid catalysts such as sul-
turic acid, hydrochloric acid, formic or acetic acid, and phosphoric
acid can improve the cleavage of ether linkages, further increasing
the extraction efficiency [33]. This method is reported to produce
high purity lignin from biomass compared to other lignin extraction
processes.

The usage of chemicals in the pretreatment process is often asso-
ciated with additional costs in terms of neutralization and recy-
cling of these chemicals. These chemicals also cause environmental
hazards. Given this, steam explosion is a thermochemical process
that lacks the use of additional chemicals in the extraction pro-
cess. High pressure steam penetrates into the biomass structure due
to high vapor phase diffusion, causing the breakdown of biomass
structure. This process also leads to the formation of organic acids
that further aid in the hydrolysis of glycosidic bonds [31,34]. Two
phases such as steam cracking involved in structural breakdown
and explosive decompression take place during this process. Steam
explosion solubilizes small fractions of lignin, while steam explo-
sion combined with alkaline delignification is often used for com-
plete fractionation of biomass.

2. Laboratory Scale Extraction Process

The laboratory-scale lignin extraction process is alternatively
known as a pretreatment process. Extraction of lignin from differ-
ent lignocellulosic biomass is carried out by adopting various pre-
treatment methods or a combination of these methods. These
pretreatment methods are broadly classified into four different cat-
egories such as physical, chemical, physicochemical, and biologi-
cal. Due to the various operating conditions and severity of the
chemicals used in the process, changes in lignin composition, purity,
and yield can be observed from the same feedstock.

Physical pretreatment of lignocellulosic biomass is essential before
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moving to other pretreatment methods. This pretreatment pro-
cess reduces the particle size of the biomass by increasing the sur-
face area and decreases the degree of depolymerization and crys-
tallinity [35]. This helps the subsequent treatment process be eas-
ier and effective. Physical pretreatment methods such as milling,
extrusion, microwave treatment, and ultrasonication are com-
monly used in the laboratory scale.

Chemical pretreatment of biomass mainly includes acid hydro-
lysis and alkali hydrolysis. The acid hydrolysis of biomass is fur-
ther divided into two categories: (1) dilute acid hydrolysis (0-5
wt% H,SO,, HCl, H;PO,, 120-300°C) [36,37], (2) concentrated
acid hydrolysis (70% H,SO,, HC], HE 18-25°C) [38]. This method
is mainly targeted to depolymerize the cellulose and hemicellulose
fractions, while some amounts of lignin are also removed during
this process. The formation of hydronium ions during the pretreat-
ment process causes the breakdown of long-chain cellulose and
hemicellulose, resulting in the formation of sugar monomers [39].
A highly condensed form of lignin is obtained during this process
which is otherwise called Klason lignin. The Klason lignin is also
used as a standard for estimation of lignin content in biomass sam-
ple [40]. Alkaline hydrolysis is similar to acid hydrolysis method
using alkaline reagents such as NaOH, Na,CO;, Ca(OH),, and am-
monia (aqueous, liquid, and gaseous) instead of acids. The operat-
ing conditions of alkaline hydrolysis are milder than those of acid
hydrolysis. The intermolecular ester linkage between cellulose and
hemicellulose is disrupted by the saponification reaction caused by
alkali reagent. This causes solubilization or depolymerization of
lignin and hemicellulose into the solvent from the biomass. Am-
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monia and its aqueous solutions are the most extensively used sol-
vents in the pretreatment of biomass. Some of these technologies
include ammonia fiber explosion/expansion, ammonia recycle per-
colation, low-liquid ammonia, soaking in aqueous ammonia, and
low-moisture anhydrous ammonia [41]. Due to the high volatility of
ammonia, it can be easily recovered after the pretreatment process.

In biological pretreatment process like enzymatic hydrolysis,
enzymes such as cellulases and hemicellulases are used to convert
polysaccharides to oligo/monosaccharides, leaving lignin in solid
residues. Before enzymatic hydrolysis, biomass undergoes addi-
tional chemical or physical pretreatment to reduce the rigidity and
recalcitrant nature of the biomass, making it easier to access the
enzymes [37]. Lignin obtained from solid residues contains impu-
rities in the form of residual carbohydrate, protein, and ash [42],
which undergoes post-treatment processes (e.g., mild acid hydro-
lysis or extraction with organic solvent) to increase its purity. None
of biomass pretreatment methods are individually efficient for suc-
cesstul extraction and separation of the three major biomass com-
ponents (cellulose, hemicellulose, and lignin). Recent studies have
reported the application of combined pretreatment methods to
overcome these challenges [36,43,44]. Processes such as acid catal-
ysis and mechanical milling [45,46], deacetylation and mechanical
refining [47-49], inorganic salts and calcium peroxide [50], concen-
trated phosphoric acid with hydrogen peroxide [51], deep eutectic
solvent with microwave [52], and electrolysis combined with ultra-
sonication [53] have been successtully established to fractionate
lignocellulosic biomass.

As mentioned, structural modification of lignin occurs during

BB linked structures (B—B)

Fig. 2. Structural characteristics of lignin and its typical linkages. (a) Structure of three monomeric subunits (H, G, and S) in lignin. (b) Typi-

cal linkages found in lignin structure and their dimer structure.
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the isolation and purification process, since these steps require the
application of strong chemicals and harsh operating conditions.
Therefore, the structural characterization of lignin is highly essen-
tial before application to various processes. The characterization of
isolated lignin is carried out by the following three major proto-
cols: (1) milled wood lignin [54], (2) cellulolytic enzyme lignin [55],
and (3) enzymatic mild acidolysis lignin [42]. Molecular weight
analysis (light scattering, vapor pressure osmometry, gel permeation
chromatography, ultrafiltration, and mass spectrometry), nuclear
magnetic resonance analysis (‘H, "°C, *'B, 2D heteronuclear single
quantum coherence), and Fourier-transform infrared spectroscopy
are some of the common methods adopted for the characteriza-
tion of lignin [14].

STRUCTURAL CHARACTERISTICS OF LIGNIN

Phenylpropanoid monomers derived from coniferyl alcohol, sina-
pyl alcohol, and p-coumaryl alcohol are joined by various ether and
carbon-carbon bond to form the polymeric structure of lignin (Fig.
2(a)). Radical polymerization of guaiacyl (G) units of coniferyl alco-
hol, syringyl (S) units of sinapyl alcohol, and p-hydroxyphenyl (H)
units of p-coumaryl alcohol forms a heterogeneous structure of
lignin. These alcohols (coniferyl alcohol, sinapyl alcohol, and p-
coumaryl alcohol), collectively called monolignols, are derived from
the aromatic amino acid, phenylalanine [56]. The ratio of these sub-
units (G:S:H) in lignin structure differs between plant species. G
units mainly dominate softwood lignin, while the mixture of G and
S type lignin is found in hardwood, and grass lignin is composed
of G type lignin with a higher proportion of H units [22,28]. These
monomers are joined by several bonds, and some of the typical
linkages found in lignin structure include S O-4, and S5
(Fig. 2(b)). The formation of these interionic bonds and linkages
with cell wall polysaccharides render the lignin breakdown and
separation process more challenging [57]. Additionally, the recalci-
trant and heterogeneous nature of lignin and the lack of suitable
process technology are major hindrances in the lignin biorefinery
process. Harsh operating conditions (high temperature and pres-
sure) and massive energy requirements are other major drawbacks
of lignin depolymerization during the use of chemical catalysts
and thermochemical treatments for the degradation process [58].
Moreover, these methods cause environmental hazards by releas-
ing unused catalysts into the surrounding environment. Biodegra-
dation of lignin and its derivatives for the production of value-
added products has emerged as a potential alternative to chemical
and thermochemical treatments. The rigidity and high degree of
polymerization nature of lignin provide resistance to various micro-
organisms for degradation. However, several groups of microor-
ganisms, including bacteria and fungj, have been successfully verified
for efficient degradation of lignin [59]. A detailed discussion of the
various metabolic pathways and their associated microorganisms
is given in the following sections.

MAJOR PATHWAYS FOR LIGNIN DEGRADATION

Numerous metabolic pathways are involved in the biological
degradation of lignin using bacteria and fungi. The major catabolic

pathways for lignin degradation are shown in Fig. 3. Some of the
most common pathways that are involved in the degradation pro-
cess have been already discussed [22,60]. Monomers of lignin are
conjugated via different bonds to form the phenylpropanoid struc-
ture of lignin, which is highly resistant to chemical and biological
depolymerization. Apart from other linkages, S-aryl ether (4-O-4)
and biphenyl linkages are the most dominant in lignin structure.
Therefore, the corresponding catabolic pathways for degradation
of these linkages such as faryl ether and biphenyl pathways are of
great importance. These two pathways are also associated with the
formation of other value-added products such as vanillin or 4-
hydroxybenzoic acid. While, the production of high molecular
weight compounds such as lipid and polyhydroxyalkanoate (PHA)
are associated with the Sketoadipate (SKAP) pathway.
1. f-Aryl Ether (O-4) Pathway

Cleavage of faryl ether linkage, which accounts for more than
50% of the total ether linkages, is considered one of the crucial
steps in the depolymerization of lignin structure [61,62]. Previous
studies have reported the identification of catabolic gene cluster
ligDFEG from proteobacterium Sphingobium sp. SYK6 for the deg-
radation of faryl ether linkage [61,62]. In addition to Sphingo-
bium sp., Novosphingobium aromaticivorans, Novosphingobium sp.
PP1Y, and Dichomitus squalens have also been reported to be the
degrader of faryl ether linkage [63-65]. These genes encode alco-
hol dehydrogenase and three glutathione S-transferases enzymes,
which are successively involved in the cleavage of f-O-4 linkage.
The reaction starts with the oxidation of faryl ether linkage by
LigD, a Ca-dehydrogenase, in the presence of NAD'. This reac-
tion is followed by the cleavage of ether linkage by glutathione S-
transferases (LigE or LigF). Finally, glutathione lyase (LigG) oxi-
dizes glutathione with the involvement of additional glutathione
[66]. The enzymes involved in this process are highly stereospe-
cific, and the involvement of three additional enzymes, e.g. LigL,
LigN, and LigO, is also observed for the degradation of f-aryl ether
stereoisomers [61,66]. Mnich et al. reported the expression of genes
encoding the complete set of enzymes, i.e,, LigD, E G from Sphin-
gomonas paucimobilis SYK-6 in Arabidopsis thaliana and post-lig-
nification modifications were carried out to improve the digestibility
of lignin by enzymes after its production [66].
2. Biphenyl Catabolic Pathway

Biphenyl linkage is another major linkage in the lignin struc-
ture, representing ~10% in softwood and ~6% in hardwood lignin
total linkages [28,67]. The biphenyl catabolic pathway has been
extensively studied in the degradation of polychlorinated biphe-
nyls (PCBs). PCBs are a group of manmade chemicals that are
released into the environment from several industries, adversely
affecting human health and aquatic life [68]. The first step in the
degradation of biphenyl is by the enzyme 2,3-dioxygenase (LigX),
which adds molecular oxygen to the ring structure. A model biphe-
nyl compound 5,5-dehydrodivanillate (DDVA) has been studied
for the degradation process. Initially DDVA is O-demethylated
resulting in the formation of 2,2'3-trihydroxy-3-methoxy5,5 -dicar-
boxybiphenyl (OH-DDVA). This is followed by ring cleavage by
OH-DDVA dioxygenase (LigZ) encoded by ligZ gene. The hydro-
lase enzyme LigY further cleaves the resulting product in the pre-
vious step into 4-carboxy-2-hydroxypentadienoic acid and 5-car-
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Fig. 3. Catabolic pathways for lignin degradation. Adopted from Chen and Wan [28] with kind permission from Elsevier. The pathways
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images.).

boxyvanillic acid, which are subsequently converted to vanillic acid
(VA) by LigW/LigW2 [60].
3. [Ketoadipate (#KAP) Pathway

The SKAP pathway is most widely distributed among soil bac-
teria and fungi for the degradation of aromatic compounds. In
1966, this pathway was first recognized by L. Nicholas Ornston in
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Gram-negative Pseudomonas putida, with the identification of nine
important enzymes and intermediate products [69]. The SFKAP
pathway is divided into two branches concerning the end product
of the pathway. In one branch, phenols (p-cresol, 4-hydroxybenzo-
ate, etc.) and lignin-derived compounds (vanillate and coniferyl
alcohol) are converted to protocatechuate, while the other branch
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converts aromatic hydrocarbons, amino aromatics, and lignin mono-
mers such as cinnamate to catechol [28,70]. The final products,
protocatechuate and catechol of these branches, are further con-
verted to fcarboxymuconate and muconate with the help of pro-
tocatechuate 3,4-dioxygenase and catechol 1,2-dioxygenase enzymes,
respectively. In addition, /carboxymuconate and muconate undergo
a series of enzyme-catalyzed reactions before reaching the final
products succinyl-CoA and acetyl-CoA. Subsequently, enzymes
fatty acid synthase II, acetyl-CoA carboxylase, and other meta-
bolic processes can utilize these final products for the production
of various chemicals, including lipid and PHA.

VALORIZATION OF LIGNIN USING MICROORGANISMS

Due to the abundant availability of lignin in nature, microor-
ganisms have developed metabolic systems for the effective degra-
dation of lignin and its conversion into aromatic compounds. Several
bacteria and fungi have been identified as potential degraders of
lignin. Fungi are the most widely studied organisms for lignin degra-
dation, preferentially over bacteria. A summary of the literature for
the various microorganisms used in lignin degradation, lignin sources
and pretreatment processes, and fermentation conditions is given
in Table 3. Since anaerobic processes do not degrade the aromatic
rings of lignin, biological lignin degradation is carried out by aero-
bic processes. Several bacteria belonging to the genus Rhodococ-
cus, Pseudomonas, and Streptomyces are most widely considered
for the effective degradation of lignin. Potential metabolic path-
ways adopted by bacteria for the valorization of lignin have been

discussed in detail [71,72]. A detailed review of lignin degradation
for the formation of value-added chemicals using various bacteria
and fungi and the involvement of enzymes during the metabolic
processes is given in the present section.

1. Polyhydroxyalkanoates (PHAs)

PHAs are groups of polyesters synthesized by various bacteria
as a reserve carbon source under environmental stress conditions
[73]. Recently, Kumar et al. [74] reported a detailed review of the
utilization of lignin and its derivatives for PHA production. Among
the various strains, Cupriavidus necator (previously known as
Ralstonia eutropha) is the most commonly used strain for short-
chain-length PHA (scl-PHA) production. C. necator can accumu-
late high PHA up to 80% w/w while growing a wide range of sub-
strates, including waste. However, only a few strains of C. necator
have been reported to utilize lignin and its derivatives for PHA
production. Yu and Stahl reported effective utilization of meta-
bolic inhibitors such as formic acid, acetic acid, furfural, and acid-
soluble lignin by Ralstonia eutropha for the accumulation of PHA
[75]. A tolerant R. eutropha strain was capable of metabolizing
higher concentrations of inhibitors in the presence of diluted sug-
arcane hydrolysate (50:50) in the medium. In another study; the
PHA accumulation efficiency of 11 different strains was investi-
gated by culturing in mineral salt medium containing 18 different
lignin derivatives [76]. Strain R. eutropha H16 showed positive
growth in the presence of 3-hydroxybenzoic acid (3-HBA) and 4-
hydroxybenzoic acid (4-HBA) with a final poly(3-hydroxybutyr-
ate) (PHB) content of 65 and 63 wt%, respectively. In addition, P
putida JCM13063 showed positive growth in medium containing

Table 3. Summary of biological conversion of lignin for the production of value-added products

Lignin source/ Pretreatment

derivatives used techniques Microorganism used Fermentation type References
Polyhydroxyalkanoates (PHAs)
Sugarcane bagasse Acid pretreatment Ralstonia eutropha Shake flask [75]
3-HBA, 4-HBA - R. eutropha H16 Shake flask [76]
VA, 4-HBA, 3,4-DHBA - Pseudomonas putida JCM13063  Shake flask [76]
p-Coumaric acid, ferulic acid, - P, putida Gpol Shake flask [76]
VA, 4-HBA, 3,4-DHBA
Rice straw Alkaline pretreatment Cupriavidus basilensis B-8 Shake flask [77]
Corn stover Combinatorial P, putida KT2440 Fed-batch fermentation [79]
thermochemical
pretreatment
Water hyacinth Grinding and autoclaving  Bacillus cereus Submerge fermentation (80]
Corn stover Alkaline pretreatment P, putida KT2440 Shake flask; Batch [78]
fermentation
Kraft lignin, 4-HBA, - Pandoraea sp. ISTKB Shake flask [85]

p-coumaric acid, VA,
2,6-imethoxyphenol

Kraft lignin No pretreatment C. basilensis B-8 Fed-batch fermentation [153]
Lignin - Oceanimonas doudoroffii Shake flask [84]
Soft wood (Pinus radiate) High-temperature Novosphingobium Shake flask [81]
hydrolysate mechanical pretreatment/  nitrogenifigens Y88
steam explosion
VA P, putida (A514) AphaJ4Cl Shake flask [83]
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Table 3. Continued
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ngflm ‘source/ Pretre'atment Microorganism used Fermentation type References
derivatives used techniques
Microbial lipid/single cell oils
4-HBA and VA - Rhodococcus opacus PD630 Shake tube and flask [94]
Kraft lignin - R. opacus PD630 Shake flask [98]
Softwood (Pinus taeda) Ethanol organosolv (EO), R. opacus DSM 1069 and Shake flask [96]
Ultrasonicated EO PD630
Kraft lignin Oxygen pretreatment R. opacus DSM 1069 Shake flask [154]
Softwood loblolly pine Organosolv pretreatment R. opacus DSM 1069 Shake flask [155]
(Pinus taeda)
4-HBA and VA - R. opacus DSM 1069 Shake tube and flask [94]
and PD630
4-HBA, VA, and - Trichosporon cutaneum ATCC Shake flask [156]
syringaldehyde 20271
Phenol, VA, and 4-HBA - R. rhodochrous ATCC 21198 Shake flask and [95]
bioreactor study (5 L)
Corn stover lignin Alkaline pretreatment R. opacus PD630 and R. jostii Shake flask [97]
RHAI VanA~
Corn stover Ammonia fiber expansion  R. opacus NRRL B-3311 Shake flask [157]
and oxygen pretreatment
Cis, cis-muconic acid
Soft wood lignin derivatives ~ Hydrothermal treatment Corynebacterium glutamicum Shake flask [99]
(Catechol and phenol) MA-2
VA and 4-HBA Alkaline nitrobenzene P, putida strain IDPC/pTS110 Shake flask [158]
oxidation
Corn stover alkaline Alkaline pretreatment P, putida KT2440-CJ242 Batch and fed-batch [159]
pretreated liquor fermentation
VA - Engineered E. coli Shake flask [108]
Coniferyl alcohol - Recombinant P, putida KT2440  Shake flask and fed-batch ~ [106]
Corn stover Base-catalyzed Recombinant P, putida Bioreactor [160]
depolymerization KT2440
p-Coumaric acid - P, putida KT2440-CJ184 Shake flask, batch and [104]
fed-batch fermentation
Guaiacol Hydrothermal Recombinant Amycolatopsis sp. ~ Fed-batch fermentation [105]
ATCC 39116
Vanillin
Wheat straw Alkali pretreatment Rhodococcus jostii RHA045 Shake flask [111]
(Avdh) mutant
Ferulic acid - Engineered P. putida KT2440 Shake tube [112]
Ferulic acid - Lactobacillus plantarum Shake flask [113]
CECT 748(T)
Ferulic acid - Engineered Pseudomonas Shake flask and bioreactor  [114]
fluorescens

Annotations: 4-HBA: 4-Hydroxybenozoic acid, 3-HBA: 3-Hydroxybenozoic acid, VA: Vanillic acid, 3,4-DHBA: 3,4-Dihydroxybenzoic acid.

VA, 4-HBA, and 3,4-dihydroxybenzoic acid (3,4-DHBA). Strain P
putida Gpol grew in the presence of p-coumaric acid, ferulic acid,
VA, 4-HBA, and 34-DHBA. However, PHA accumulation by these
strains was very low (less than 1wt%). The conversion of lignin
derivatives to intermediates such as 4-HBA, 2,5-DHBA, 3,4-DHBA,
and VA is a major limitation in the PHA synthesis process.
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Several lignocellulosic biomass such as rice straw, corn stover,
water hyacinth, and Pinus radiate are subjected to various pretreat-
ment techniques such as alkaline pretreatment, combined thermo-
chemical pretreatment, high temperature mechanical pretreatment
to obtain lignin-containing hydrolysate, which is further used in
PHA production process [77-81]. Various microbial strains, such as
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Cupriavidus basilensis B-8, Pseudomonas putida KT2440, Novosphin-
gobium nitrogenifigens Y88, and Bacillus cereus, have proven to be
efficient producers of PHA by utilizing these hydrolysates. Pseudo-
monas putida KT2440 is considered the most efficient PHA pro-
ducer with a wide range of substrate specificities, and it produces
medium-chain-length PHAs (mcl-PHAs) through fatty acid bio-
synthesis using acetyl-CoA as a central metabolite [78,82]. Tran-
scription level optimization of genes involved in PHA biosynthesis
was carried out in Pseudomonas putida strain A514 grown on VA
as a carbon source [83]. Enhancement in cell growth and 34 wt%
PHA accumulation were achieved in P, putida A saphacer Strain
regulated by an inducible strong promoter.

Apart from these strains, Oceanimonas doudoroffii, a newly iso-
lated marine bacterium from allantoin polluted site, accumulated
PHA by directly utilizing lignin and its derivatives [84]. The authors
reported the production of PHA was mainly carried out by the
formation of sinapinic acid and syringic acid intermediates instead
of other lignin derivatives. Kumar et al. reported PHA production
from 4-HBA, p-coumaric acid, VA, 2,6-dimethoxyphenol, and Kraft
lignin by Pandoraea sp. ISTKB [85]. PHA production was highest
on 4-HBA and lowest on Kraft lignin after 96 h of fermentation.
Burkholderia sp. F24 isolated from soil has been reported to uti-
lize pentose sugars to produce PHB with the concurrent utiliza-
tion of organic inhibitors from the medium [86]. Microbial strains
such as Clostridium beijerinckii and Burkholderia cepacia have been
reported to be resistant to a wide range of inhibitors, including
levulinic acid, acetic acid, ferulic acid, furfural, hydroxymethylfur-
fural, and syringaldehyde [74].

2. Microbial Lipids/Single Cell Oils

Recent studies have focused on the production of microbial lip-
ids or single cell oils (SCOs), the source of third generation biofu-
els. Several microorganisms (microalgae, fungi, bacteria, and yeast)
have been reported as producers of SCOs while growing on vari-
ous carbon sources [87]. However, only a few oleaginous microbes
are reported to accumulate lipids from lignin and its derivatives.
Several bacteria in the Actinomycetes group have been reported to
accumulate lipid in storage form by metabolizing lignin deriva-
tives via the SKAP pathway [88,89]. The Gram-positive species,
Rhodococcus has attracted various research attention over the past
few years due to its robust growth, broad substrate specificity; tol-
erance to various aromatics, and ability to accumulate high lipids
[90]. The ability of Rhodococcus strain to grow on coniferyl alco-
hol and other lignin derivatives was observed by R. opacus DSM
1069 strain in 1980 [91]. Later, several Rhodococcus species were
identified to be oleaginous, and strain R. opacus PD630 was most
extensively studied with lipid accumulation of more than 80% [92].
Previously, this strain has been reported to accumulate lipids on
aromatic compounds such as phenylacetic acid, and has been ex-
tended to other lignin model compounds [93,94]. In addition, stud-
ies have reported higher lipid accumulation (more than 40%) in R.
rhodochrous using glucose as a supplementary carbon source along
with HBA and VA [95]. In addition to the lignin model compounds,
studies have reported the utilization of actual lignin from biorefin-
ery as the sole carbon source for this process. Kosa and Ragaus-
kas claimed that R. opacus can grow and accumulate lipids using
ethanol organosolv lignin (EOL) and ultrasonicated EOL as the

sole carbon source [96]. However, compared to the results of the
lignin model compounds, lower lipid accumulation (4.08%) was
observed from both EOL sources. Quantification of various lignin
fractions during the fermentation process suggested that micro-
bial strains could efficiently utilize the low molecular weight lignin
fractions compared to recalcitrant polymers. Hence, depolymeriza-
tion of lignin prior to fermentation will be efficient for higher bio-
mass growth and lipid accumulation. In another study, He et al.
reported higher lipid accumulation in engineered R. jostii RHA1
VanA~ compared to wild type R. opacus PD630 strain using dilute
alkali corn stover lignin [97]. In addition, lipid production was
higher in co-fermentation of these strains than using a single strain
in fermentation. Zhao and co-workers demonstrated a possible
synergistic effect between R. opacus PD630 cells and laccase deg-
radation of lignin [98]. Enhanced lipid accumulation was observed
by using simultaneous depolymerization and fermentation process,
where laccase mediated degradation provides sufficient mono-
mers to R. opacus for fermentation.

3. Cis, Cis-muconic Acid (MA)

MA is a commercially important chemical with a wide range of
applications that is being used as an intermediate for the synthesis
of adipic acid, a building block for the production of nylons and
polyurethanes, and terephthalic acid, a monomer for the synthesis
of polyethylene terephthalate [99]. Additionally, adipic acid and
terephthalic acid are also used in cosmetic, pharmaceutical, and
food industries [100]. Traditionally, industrial-scale production of
MA is mainly carried out from petroleum-based feedstock, which
further causes environmental pollution, depletion of petroleum
resources, and an increase in purification cost. Thus, the utiliza-
tion of renewable feedstock such as lignin with biological conver-
sion route provides a possible substitution to alleviate these issues.
MA is an intermediate product of SKAP pathway and it is not
accumulated by native strains. Enzyme catechol 1,2-dioxygenase
synthesizes MA using catechol as a substrate. MA was accumu-
lated in the culture broth by blocking the MA degradation path-
way in recombinant strains. To date, several aromatic compounds
(benzoate, toluene, catechol, phenol, p-coumarate, and guaiacol)
have been used as substrates for the production of MA [101-105].
In native strains, lignin-derived compounds (benzene, phenol, tol-
uene benzoate, cinnamic acid, etc.) are directed towards the pro-
duction of catechol, which is further converted to MA. However,
other lignin-derived compounds such as VA, ferulic acid, and p-
coumarate are converted using protocatechuic acid as intermedi-
ate instead of catechol. Therefore, native strains lack the ability to
convert these lignin-derived compounds for MA production. Var-
don and co-workers reported the linking of protocatechuic acid
and catechol branches by blocking the protocatechuic acid degra-
dation pathway in Pseudomonas putida KT2440 [106]. Due to this,
the aromatics metabolized through the protocatechuic acid branch
were directed towards the formation of catechol, and subsequently
to MA. This increased the broad substrate selectivity of the strain
for MA production. In another study, MA production was en-
hanced by deleting the catabolite repression control protein encod-
ing genes, which regulate higher accumulation of 4-hydroxyben-
zoate and vanillate instead of MA [104,107]. Recently, Salvachtia et
al. reported improvements in MA titer, yield, and productivity in
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recombinant P putida using lignin model compounds (hydroxy-
cinnamic acids, p-coumaric acid, and ferulic acid). The combina-
tion of gene overexpression, removal of global catabolic regulator,
and fed-batch operation increased the final MA concentration to
50 g/L. with a productivity of 0.5g-L™"-h™ from p-coumaric acid.
In addition to P putida, other bacteria including recombinant E.
coli, recombinant Amycolatopsis sp. and C. glutamicum have been
reported as a producer of MA from lignin derivatives [99,105,108].
4. Vanillin

Vanillin is a high-value chemical used primarily in the food and
flavor industry. It is mainly produced by chemical conversion of
petrochemicals and thermochemical mediated degradation of lig-
nin. Commercial production of vanillin is carried out from lignin,
which contributes to 15% of the total vanillin production (~3,000 tons
per year) [109]. As the demand for biological methods increases,
vanillin production is moving towards the use of biological catalysts
(bacteria, fungi, and plant cells) in the production process. [110].
In the past few years, some bacteria and fungi have been identified
as producers of vanillin from lignin. However, a major disadvantage
of industrial production of vanillin using biological methods is lower
product yield. In view of this, a recent study by Sainsbury and co-
workers reported higher vanillin accumulation up to 96 mg/L in
recombinant R. jostii RHA1 strain [111]. This recombinant strain
lacking the vanillin dehydrogenase gene utilized wheat straw ligno-
cellulose with supplementation of additional glucose to the medium.
Studies have also reported the conversion of ferulic acid, an abun-
dant phenolic acid compound in plant cell wall for vanillin produc-
tion using various bacteria, including recombinant P putida KT2440,
L. plantarum, and engineered P fluorescens [112-114].

LIGNIN-DEGRADING ENZYMES

Apart from microbial lignin conversion, several enzymes isolated
from fungi or bacteria have been reported to degrade lignin via non-
specific cleavage. These enzymes are applied to i vitro experiments
to depolymerize or degrade lignin. Reduction of cultivation time,
enhancement of substrate and enzyme interaction, and reduction
of ATP/NAD(P)H imbalance are some of the additional advantages
of using in vitro enzymatic conversion compared to the whole cell lig-
nin conversion [115]. Most studies have reported the use of a single
enzymatic system in this process. However, for the efficient conver-
sion of lignin, a complicated enzymatic lignin digestion/depolymeriza-
tion reaction involving mixed enzymes needs to be developed [116].

Most of the lignin degrading enzymes belong to the family of
laccase or peroxidase. In the peroxidase family, lignin peroxidase
(LiP) and manganese peroxidase (MnP) have been well-studied
enzymes over the years. Recently, two additional peroxidases, such
as versatile peroxidase (VP) and dye-decoloring peroxidase (DyP),
have attracted research interest due to their versatile applications.
Oxidation of lignin by these enzymes is carried out randomly; i.e.,
without any specificity of enzymes towards substrates or linkages.
A detailed description of the various enzymes and their reaction
mechanisms is given in the following section.

1. Laccases

Laccase is the most common lignin-degrading enzyme that can

be produced by both bacteria and fungi [117]. White-rot fungus

March, 2020

(wood-decaying basidiomycetes) is a well-known lignin degrader
that is one of the major producers of laccase [118]. The degrada-
tion of both phenolic and non-phenolic lignin by laccase is car-
ried out by accepting a molecule of oxygen as an electron acceptor
[119]. The phenolic subunits of lignin can be directly oxidized by
laccase, and the oxidized phenolic compounds are subsequently
converted to free phenoxy radicals, which further leads to polymer
cleavage reaction [120]. Additionally, this enzyme is a multi-cop-
per containing enzyme that carries four copper atoms (Cu™) at its
active sites. Copper at the active site helps in the oxidation and
decarboxylation of phenolic and methoxyphenolic acids [117].

Laccase-mediated degradation of non-phenolic compounds
requires the presence of additional mediators. Initially, the media-
tor is oxidized by laccase, which later oxidizes the non-phenolic
substrates via radical hydrogen atom transfer or electron transfer
mechanisms [121]. 2,2-Azino-bis(3-ethylbenzothiazoline-6-sul-
phonic acid) and 1-hydroxybenzotriazole are reported to be the
most commonly used mediators by laccase for nonphenolic deg-
radation of lignin. These mediators aid laccase in the formation of
stable intermediate with the substrate. Since oxidation of non-phe-
nolic compounds in lignin requires additional mediator compared
to the phenolic subunits, the current research is more focused on
mediator-assisted oxidation of non-phenolic lignin subunits [119,
122-125]. With the help of this laccase-mediator system, 80-90%
of lignin degradation can be achieved [126]. In addition, numer-
ous studies have reported the use of molecular techniques for im-
proving enzyme stability and performance. Apart from depolym-
erization, laccase is also used in several other processes, including
delignification, bioremediation and biodegradation, dye decolor-
ization, and wastewater treatment [127,128].

2. Lignin Peroxidases (LiP)

LiP has been isolated from several white-rot fungi, which fol-
lows a similar catalytic and oxidative cycle as other peroxidases.
LiP is a heme-containing glycoprotein with a molecular mass in
the range of 38-43 kDa [129]. It catalyzes the oxidative degradation
of phenolic and non-phenolic compounds of lignin in the pres-
ence of hydrogen peroxide. Oxidation of these compounds is car-
ried out by cleavage of C,-C; and aryl-C, bonds, aromatic ring
opening, demethoxylation, and phenolic oxidation [130]. Addi-
tionally, this enzyme also requires veratryl alcohol (VA), a non-
phenolic metabolite, as a mediator to complete the catalytic cycle
and protect the enzyme from being inactivated by H,O, [131]. LiP
also catalyzes the oxidation of VA to form VA radical cation (VA™),
which further oxidizes lignin and other recalcitrant molecules by
indirect oxidation [131]. The high redox potential (~12'V at pH
3.0) allows LiP to oxidize a wide range of substrates that are not
oxidized by other peroxidases [132]. Several fungal strains such as
Phanerochaete chrysosporium, Trametes versicolor, Bjerkandera sp.,
and Phlebia tremellosa, and a few bacterial strains including Acine-
tobacter calcoaceticus and Streptomyces viridosporus have been iden-
tified as producers of LiP [132]. Besides depolymerization and
delignification, the potential of LiPs has been explored in a variety
of other fields including biorefinery, bioremediation, textiles, cos-
metics, and dermatology [133].

3. Manganese Dependent Peroxidases (MnP)
MnP is another lignin-degrading enzyme similar to LiP with a
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molecular weight in the range of 38 to 62.5 kDa. This enzyme was
first detected in P. chrysosporium, and several other Basidiomycota
species, such as Lenzites betulinus, Panus tigrinus, Bjerkandera sp.,
Agaricus bisporus, and Nematoloma frowardii, have been reported
as producers of MnP [132]. The catalytic activity of MnP is simi-
lar to LiP, but MnP utilizes Mn** as the reducing substrate to con-
vert it to Mn*". This Mn™ is a strong oxidizing agent that diffuses
into the lignocellulosic structure to oxidize the lignin phenolic
compounds. Stabilization of Mn™* outside the enzyme is ensured by
chelation with organic acids such as fumarate, oxalate, malate, and
glyoxylate [11]. Additionally, the release of Mn™ from the active
site of the enzyme is facilitated by these organic acids [134]. MnP
oxidizes lignin phenolic compounds to phenoxyl radicals by the
abstraction of a hydrogen atom, which later leads to depolymer-
ization of lignin [135].

4. Versatile Peroxidases (VP) and Dye-decoloring Peroxidases
(DyPs)

In addition to LiP and MnbP, two other peroxidases, such as VP
and DyPs, are used for the degradation of lignin and its model
compounds. VPs have similar substrate specificities to LiP and
MnP and oxidize veratryl alcohol, methoxybenzenes, non-pheno-
lic model lignin compounds, and Mn** [132]. VPs were secreted in
several isoforms with molecular mass ranging from 40 to 45 kDa
[136]. Fungal species such as Bjerkandera and Pleurotus have been
reported as producer of VP [11]. Due to its bifunctionality nature
(similar to LiP and MnP), it has attracted several research atten-
tions in the field of depolymerization, delignification, and indus-
trial dye decolorization [137-139]. Over-expression of VP from
Bjerkandera adusta in Escherichia coli achieved faster and large-
scale production of VP for industrial applications [140].

Another peroxidase, DyP-type peroxidase (a heme-containing
peroxidases), was first reported in the fungus Bjerkandera adusta,
which was later named due to its ability to degrade a wide range
of dyes [141,142]. After isolation of DyP from B. adusta, several
fungal strains such as Termitomyces albuminosus [143], Auricularia
auricula-judae [144], Irpex lacteus [145] have been reported to be
producers of DyP with ligninolytic activity. In addition to fungal
strains, DyPs have been found in a wide range of bacteria, includ-
ing Rhodococcus josti [146], Thermobifida fusca [145], and Pseudo-
monas fluorescens [147]. DyP-type peroxidases are further classified
into four classes (A, B, C, and D) according to their amino acid
sequence [148]. DyP classes A, B, and C are mainly found in bac-
teria, while class D DyP is primarily produced by fungi. Types C
and D DyPs show higher activity towards substrate oxidation than
the other two types. DyP from Thermobifida fusca (TfuDyP) ex-
pressed its activity towards a wide range of substrates, including
lignin-derived compounds, flavors, and various dyes [149]. Fur-
thermore, the oxidation activity of recombinant TfuDyP towards
Kraft lignin and dimeric lignin model compound (guaiacylglyc-
erol--guaiacyl ether) was also demonstrated [150]. Recent studies
have reported the involvement of solubilized molecular oxygen in
preference to H,O, during oxidation of substrates by DyP [151,152].

MAJOR CHALLENGES AND FUTURE PROSPECTS

Several efforts have been applied for successtul conversion of

lignin to value-added products over the past few years. However,
successful extraction, purification, and valorization of lignin encoun-
ter several challenges in each step. Biological conversion of lignin
is more challenging due to insufficient information on degrada-
tion pathways and availability of low yield microbial strains. The
structural integrity of lignin is affected by the application of strong
chemicals and harsh operating conditions during the extraction
and purification process. Hence, an optimal pretreatment and iso-
lation technique that can efficiently fractionate lignin from ligno-
cellulosic biomass is essential for a successful valorization process.
Since the biomass composition--cellulose, hemicellulose, and lig-
nin content--varies depending on the type of biomass and its source,
optimal pretreatment techniques should also focus on this aspect.
The recalcitrant and heterogeneous nature of lignin prevents its
dissolution in the reaction mixture, causing hindrance in the reac-
tion process. Depolymerization of lignin to reduce molecular size
is an essential step in this process. Furthermore, during the depo-
lymerization of lignin, the highly reactive lignin intermediates are
repolymerized in the reaction mixture which affects the yield of
lignin derivatives. Detailed investigation of metabolic pathways and
proper design of methodology can overcome these challenges.
The solubility of lignin and its byproducts in the solvent can be
improved by using organic solvents, and repolymerization of reac-
tive intermediates can be obviated by chemical quenching of #-O-
4 ether linkage. In addition, tolerance of enzymes and microbes
towards inhibitory intermediates can be enhanced using synthetic
biology and gene editing tools. The efficiency of lignin depolymer-
ization for the production of monomers can be augmented by
incorporating two or more techniques simultaneously. Although
several aerobic microbial strains and their catabolic pathways have
been identified, the knowledge of anaerobic lignin degradation
process is still unknown. A detailed exploration of this area can
provide a new dimension to lignin valorization.

CONCLUSIONS

Lignin in plant biomass is one of the promising renewable
sources for the production of several high-value products, includ-
ing biopolymers, microbial lipids, MA, and vanillin. In view of the
advantages of biological lignin conversion over chemical conver-
sion, a detailed discussion of biological lignin valorization was car-
ried out. Recent studies on the biological valorization of lignin for
the production of fuels and chemicals have been reviewed in the
present study. This study also discusses various lignin extraction
techniques, pathways adopted by microorganisms for lignin depo-
lymerization, and enzymes involved in the degradation process.
Successful extraction of lignin from lignocellulosic biomass is one
of the essential steps in lignin valorization. The optimal lignin ex-
traction and purification process can produce high purity lignin,
which can further augment the conversion process. Depolymer-
ization of lignin often leads to the formation of a wide range of lig-
nin-derived aromatics, which further require the involvement of
several enzymes and metabolic pathways for conversion. A single
microbial system, often devoid of all the essential enzymes, retards
the conversion process. Therefore, metabolic engineering of lignin
degradation pathways by blocking unwanted side products can
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turther accumulate a higher concentration of the desired product.
Recombinant strains can utilize a wide range of lignin derivatives
with higher product titers. Isolation of novel lignin-degrading wild
type strains and improvement of genetic engineering tools can
turther explore new dimensions in the lignin valorization process.
A greater understanding of microbial system, enzyme interaction,
and metabolic pathways, and the isolation of novel lignin-degrad-
ing microorganisms or enzymes can further make the biological
lignin valorization process more economic and industrially more
suitable.
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