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Abstract

Depleting fossil fuel resources such as crude oil and coal are responsible for greenhouse gas emissions and global warming.
Hence, converting biogenic waste such as animal waste and agricultural and industrial residues to biogas (CH, and CO,)
using anaerobic digestion (AD) is a sustainable, renewable, and environmentally friendly way of producing fuel. This nature-
derived bioconversion process provides energy security and additional environmental services such as waste management.
Furthermore, the liquid and solid waste generated through the AD process could be used as soil amendments to increase
fertility. However, natural recalcitrance of biomass pertaining to the intricate network of polysaccharides and lignin, high
crystallinity of cellulose, and reduced accessible surface area are some of the major bottlenecks to utilizing these resources
as received. Pretreatment helps open up the plant cell wall by disrupting the lignin carbohydrate complex, de-lignifying the
biomass, aiding the enzymes to access the polysaccharides due to higher surface area efficiently, and hydrolyze them into
simple sugars with the help of bacterial consortium during AD process. This review gives an overview of physical, chemical,
biological, and combinatorial pretreatment methods of lignocellulosic substrates and their effect on AD process. Biological
pretreatment has emerged as a more desirable pretreatment method in terms of environment safety and efficiency for lignin
degradation. Though the higher pretreatment duration has been observed as the most significant challenge that need to be
addressed for its adoption on commercial scale. Therefore, research is required to either explore the naturally occurring or
prepare the genetically engineered microbes for selective degradation of lignin at faster rates and high tolerance for variation
in environment factors.
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Introduction

Global energy demands are continuously increasing. With
the limited available fossil fuels resources, alternate sus-
tainable renewable sources of energy are being explored
[1]. Such energy includes wind, solar, hydro, geothermal,
and biomass. In the previous decade, the installed capacity
of renewable energy resources has increased continuously
and reached 2,537 GW globally by the end of 2019 as per
International Renewable Energy Agency (IRENA) (Fig. 1)
[2]. Among biomass resources, lignocellulosic biomass
has particularly garnered research interest in the past two
decades as a potential renewable energy source due to its
affordability and abundance in nature [3—5]. Furthermore,
utilizing lignocellulosic biomass substrates for energy gen-
eration may increase energy security and sustainable eco-
nomic growth and benefit the environment by efficiently
managing the waste materials [6, 7].

Biogas is a mixture of gases, primarily consisting of
methane and carbon dioxide can be generated from ligno-
cellulosic biomass through the anaerobic digestion (AD)
process. In this process, organic matter present in biomass
is converted into biogas using a consortium of bacteria,
including methanogens [8—10]. Utilizing the biogas gen-
erated from lignocellulosic waste is more advantageous
since this process offers waste management and ecological
and environmental benefits. Recently, agriculture residues
like wheat straw (WS), rice straw (RS), corn stover (CS),
sorghum, and millet have gained immense attention for
energy production due to their abundant availability [11].
Though some of the agricultural residues, including straw,
are primarily used as animal feed and as bedding material
for livestock, most of them are allowed to burn in an open
environment contributing to increased particulate matter
in the air and smog. Particularly in India, around 500-550
million tons (Mt) of crop remains are accumulated annu-
ally, opening up an opportunity to produce biogas that
could offer sustainable renewable energy sources [12].

Lignocellulosic biomass has three key chemical con-
stituents: cellulose, hemicellulose, and lignin [8, 11]. Out
of the three constituents, lignin is the most resistant for
enzymatic degradation, which serves as a barrier for the
hydrolytic enzymes of anaerobic microorganisms during
AD to access the cellulose. Therefore, a pretreatment step
before AD helps overcome this problem by making the
biomass more readily accessible by hydrolytic enzymes to
simple sugars [13]. The present review is a comprehensive
compilation of multidisciplinary pretreatment strategies
for augmenting biogas production, emphasizing biological
pretreatment. This review will outline the structural units
of lignocellulosic biomass and the challenges imposed by
these components during biomass conversion to methane.

The pretreatment section reviews different types of pre-
treatments adopted in the past decade, including physical,
chemical, and biological methods. Later, the biological
pretreatment and how an enzyme helps overcome some of
the biomass recalcitrance have been discussed. Addition-
ally, the review also highlights the role of genetic engineer-
ing of some fungi to overexpress ligninolytic enzymes in
the secretome to raise the efficacy of bio-delignification to
overcome biomass recalcitrance while producing biogas.

Composition and Structure
of Lignocellulosic Biomass

Cellulose, hemicellulose, and lignin are the three main
chemical compositional units of lignocellulosic biomass,
while other minor components include pectins and pro-
teins extractives, and ash. Figure 2 shows the structural
units of cellulose, hemicellulose, and lignin. Celluloses is
a homopolymer consisting of only hexose monomers (Glu-
cose). On the other hand, hemicellulose is a heteropolymer
which can be comprised of mixture of hexose and pentose
monomers. Lignin is also a heteropolymer consisting of
three types of monomers: coniferyl, coumaryl, and sinapyl
alcohol (Fig. 2C). Cellulose is a polysaccharide comprised
of p-glucose monomer units connected through B-(1-4)
glycosidic bonds and bundled together to form microfibrils.
Cellulose characteristics and recalcitrance are governed by
the chain length, crystallinity, and extent of polymerization.
Majority of cellulose in biomass is organized as a crystalline
structure, while a small portion is arranged in an irregular
amorphous structure. Amorphous cellulose is more easily
degradable when compared to the crystalline counterpart
due to cellulose's high hydrophilic properties, which aids its
interaction with water molecules [14].

The backbone chain of hemicellulose can be formed from
mixture of different monomer units (hetero-polymer). For
example, the hemicellulose of hardwood trees comprises a
xylan backbone with a minor amount of glucomannan and
arabinoxylan. On the other hand, the hemicellulose of soft-
woods comprises a galacto-glucomannan backbone with a
small amount of xylan. The lateral side chains in hemicel-
luloses are linked to the backbone polymer chain through
B-1,4-glucan and B-1,3-glucan bonds [15].

Lignin is a hetero-polymer comprising of three phenyl
propane units: (i) coniferyl alcohol (guaiacyl alcohol) (ii)
coumaryl alcohol (p-hydroxyphenyl alcohol) (iii) sinapyl
alcohol (syringyl alcohol) (Fig. 2¢) [16]. The composition
of the monomer units differs as per the plant species, matu-
rity, etc. For example, lignin from softwoods comprises
only coniferyl monomer; hardwood lignin comprises both
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Fig. 1 Renewable energy
statistics. Here, a total
installed capacity from renew-
able sources in world (GW),
b source wise total installed
capacity from renewable
sources in world (GW), and

¢ source wise total installed
capacity from renewable
sources in India (GW)
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coniferyl and sinapyl units, while herbaceous plants have
all three monomer units [16].

The percentage of the three major components, i.e.,
lignin, cellulose, and hemicellulose, can vary depending
upon the maturity and type of plant. Therefore, the percent-
age composition of some representatives of hardwood, soft-
wood, and crop residues is provided in Table 1.

Anaerobic Digestion: Process
and Parameters

AD is the process operated by a consortium of microorgan-
isms that degrades the organic substrate in anaerobic condi-
tions and produces methane as the final product. Since the

AD process provides a good amount of biomass without
major adverse environmental impact when properly man-
aged, it may be considered one of the most competent meth-
ods of transforming waste into energy [25]. The four stages
of AD process are as follows: (1) enzymatic hydrolysis, (2)
acidogenesis, (3) acetogenesis, and (4) methanogenesis [26,
27]. In the first step of hydrolysis, complex organic com-
pounds present in lignocellulosic biomass are degraded to
form simple organic compounds by hydrolytic enzymes
produced by the microorganisms. Here, the polysaccha-
rides are transformed into monosaccharides, while proteins
and lipids are respectively converted into amino acids and
fatty acids [26, 28]. The second step is acidogenesis, where
simple organic compounds are utilized by fermentative bac-
teria and converted into volatile organic acids (i.e., acetic
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Table 1 Composition of lignin, cellulose, and hemicellulose in ligno-
cellulosic biomass

Plant type Cellulose % Hemicellulose Lignin % References
%

Poplar 40-43 12-26 21-28 [17]

Pinus rigida 43 24 29 [18]

Hardwood 40-55 24-40 18-25 [19]
stems

Mixed hard- 43 15 24 [20]
wood

Oak 45 24 24 [21]

Softwood 40-50 25-35 25-35 [19]
stems

Eucalyptus 3444 18-19 19-30 [18]

Larix lep- 43 24 29 [18]
tolepis

WS 27-42 11-27 1421 [22, 23]

RS 27-44 14-34 13-26 [18]

Barley straw 36 12-29 8-15 [18]

CS 37-39 23-31 14-18 [24]

Switch grass 17-36 20-28 18-26 [20, 23]

Sugarcane 43 31 11 [21]

bagasse

WS, wheat straw; RS, rice straw; CS, corn stover

acid, propionic acid, butyric acid), alcohols, ketones, alde-
hydes, CO,, H,, etc. [26, 29]. Both obligate and facultative
anaerobes are active during acidogenesis. The third step is
acetogenesis, where volatile acids and alcohols are used to
produce acetate via two routes, namely hydrogenation and
dehydrogenation reaction [28]. During acetogenic hydro-
genation, CO, and H, are combined to form acetate. While
in the regular hydrogenation process, volatile fatty acids are

Fig. 3 Major bacteria and
archaea families involved in AD

Bacteria

Firmicutes (Clostridium,
Sporobacterium, Ruminococcus)

oxidized anaerobically to produce acetate [28]. The fourth
step is methanogenesis. In this stage, methanogens utilize
acetate, CO,, and H, and convert them to methane and CO,.
The acetoclastic methanogens use acetate as substrate and
convert it into methane and CO, [30]. On the other hand,
the hydrogenotrophic methanogens use hydrogen and CO,
to produce methane [30]. The major families of bacteria and
archaea involved in the different stages of AD are depicted
in Fig. 3.

The key factors that affect the activity of microorgan-
isms involved in these four phases are pH in digester, chemi-
cal oxygen demand, alkalinity, concentration of ammonia,
volatile fatty acids, and micronutrients [31]. These factors
further depend on and are regulated by process parameters,
including temperature, total solids concentration, substrate
particle size, mixing, C/N ratio, inoculum to feed ratio,
hydraulic retention time, and organic loading rate [31].

Recalcitrance of Lignocellulosic Biomass

The hydrolyzability of lignocellulosic biomass depends on
the percentage composition of the constituents and recal-
citrance [6, 31]. While some plants cell walls are less lig-
nified and consist relatively ‘easy to digest’ (less recalci-
trant), other plant cell walls are highly lignified, resulting
in ‘too tough to digest’ (highly recalcitrant). During the AD
hydrolysis step, less recalcitrant plant cell walls are hydro-
lyzed first to produce methane leaving behind recalcitrant
plant cell walls that are inaccessible by enzymes due to high
lignin content [6, 8]. To make the recalcitrant plant cell
wall more readily degradable and accessible by hydrolytic
enzymes, the biomass needs to undergo pretreatment either
by physical, chemical, or biological methods. Other physical
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characteristics of cellulose (viz. distribution of amorphous
and crystalline portions, pore size, surface area, etc.) also
influence the rate of hydrolysis (Fig. 4) [8, 26]. Amorphous
cellulose, increased pore size, and surface area are accompa-
nied by high hydrolysis efficiency when compared to crystal-
line cellulose that are highly recalciatrant. Hence, lignocel-
lulosic biomass with a high crystallinity index is often less
readily degradable [32].

Pretreatment decreases the resistance of biomass for
enzymatic degradation by increasing its surface area and
pore size and improving the accessibility of cellulose and
hemicellulose to enzymes. Hence, higher methane yields are
reported using the pretreated biomass [1, 21, 32].

Fig.4 Reasons for higher AD
efficiency when using pretreated
biomass

 High lignin content
%

* High crystallinity

* Complex structure

Fig.5 Pretreatment leading Cellulose
to disruption of recalcitrant
biomass structure and improved
accessibility of enzymes and
thereby increase sugar conver-

sion

Hemicellulose

Lignin

Pretreatment

Pretreatment helps to cleave the lignin carbohydrate com-
plex (LCC) and improve biomass digestibility, which is
essential for producing higher biogas generation during
the AD process [13]. Different types of pretreatments viz.
physical, chemical, physio thermal, thermochemical, and
biological have been reported in the literature. Overall,
pretreatment facilitates enzymatic hydrolysis by de-ligni-
fying the biomass, reducing the crystallinity, increasing
the porosity, and enabling the enzymes to access carbo-
hydrates more efficiently (Fig. 5) [13].
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Physical Pretreatment

Physical or mechanical pretreatments viz. grinding, mill-
ing, and freezing have been designed to reduce the particle
size and degree of polymerization and loosen the compact
arrangement of cellulose fibers in lignocelluloses. Particle
size reduction may be achieved through the milling or grind-
ing techniques carried out by employing ball, knife, hammer,
two-roll, extruders, colloid, and attrition, as shown in Fig. 6
[31]. The appropriate physical pretreatment method depends
upon the percentage of moisture present in the substrate. Dry
biomass (moisture content < 15%) can be effectively commi-
nuted by two-roll, hammer, attrition, and knife mills, while
wet disk milling, ball milling, and colloid mills are appropri-
ate for comminuting wet biomass (moisture content > 15%)
[31]. On the other hand, vibrio and ball milling may be
employed for dry and wet biomass. Grinding also decreases
the particle size, thereby improving the digestibility of straw
pertaining to the increased surface area. However, none of
the physical or mechanical pretreatment methods removes
lignin; hence, a significant increase in methane production is
needed [31, 33]. Therefore, the physical pretreatment meth-
ods are generally coupled with other pretreatment methods.

Kim et al. [34] examined the impact of planetary and
attrition milling process on crystallinity and enzyme sac-
charification of RS. The reduction in percentage crystallinity

/

Fig. 6 Different mills used for
mechanical pretreatment of
biomass

Balls
Ball Mill

&)

Knife Mill
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was observed for RS after planetary milling and attrition
milling from 48 to 11% and to 33%, respectively, which
improved the enzymatic saccharification due to the increased
accessibility of enzymes. The extrusion method also involves
shearing, mixing, and heating biomass [35]. The extrusion
treatment reduces particle size and crystallinity along with
a larger surface area due to shearing forces [36]. Chen et al.
[35] reported a 72% rise in methane yield after subjecting
the RS to extrusion pretreatment.

In microwave treatment, biomass is exposed to micro-
waves for a certain time—the heat energy results in increased
solubilization of organic material in biomass. The radiation
intensity, exposure time, and substrate composition are the
controlling factors during microwave treatment [37]. Numer-
ous studies are previously undertaken to inspect the impact
of different physical pretreatment on agricultural residues
(Table 2). Jackowiak et al. [38] optimized the microwave
pretreatment for WS at 150 and 180 °C to increase solubi-
lization and enhance biodegradability during AD. Due to
improved soluble chemical oxygen demand, the treated bio-
mass led to amplified methane production (28%) when com-
pared to untreated WS. Sapci [37] investigated microwave
pretreatment at higher oven temperatures (200 and 300 °C)
compared to Jackowiak et al. [38] to determine its effect on
biomass digestibility during AD under mesophilic condi-
tions. However, no significant impact on methane yield was
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Table? Physical Pretreatme.nt S. no Biomass Pretreatment method Increase in meth- Reference
f)f agrlcultural residues and 1ts ane production
impact on biomass degradability
and methane yield 1 RS Hydrothermal pretreatment (90 °C) 16% [33]

2 Barley straw Extrusion 70% [43]

3 WS Microwave 28% [38]

4 WS Hydrothermal (170 °C, 15 min) 11% [44]

5 WS Hydrothermal (200 °C, 5 min) 5% [44]

6 WS Hydrothermal (220 °C, 1 min) 11% [44]

7 RS Extrusion 72% [35]

8 WS Steam explosion (200 °C, 5 min) 27% [41]

9 WS Hydrothermal (175 °C, 66 bars, 30 min) 11% [45]

RS, rice straw; WS, wheat straw

detected at raised temperatures (200 to 300 °C). A possible
reason for such low methane yield may be accredited to gen-
erating heat-induced inhibitors viz. phenolic compounds and
furfural at higher temperatures.

Steam explosion involves exposing the lignocellulose to
high-pressure steam for a short duration, followed by abrupt
de-pressuring that results in shearing of lignocellulosic bio-
mass, resulting in higher methane production [39-41]. On
the other hand, freeze treatment disrupts the hydration layer
during the freeze—thaw cycle and crystal formation during
freezing, leading to the structural breakdown in lignocel-
lulosic materials. Chang et al. [42] evaluated the outcome
of freeze pretreatment on digestibility of RS, which was
reported to increase from 48 to 84%. In addition, the reduc-
ing sugar yield attained after enzymatic digestion of RS
exposed to freeze treatment was also reported to be higher
(417 g kg™!) when compared to its untreated counterpart
(227 gkg™h).

Though the physical pretreatment has the efficiency to
decrease the particle size and crystallinity of biomass and
growing surface area in a short time span, it is not feasible
due to high energy consumption. In some cases, physical
pretreatment generates heat-induced inhibitors, which are
not desirable for downstream processing.

Chemical Pretreatment

In chemical pretreatment, chemicals (acids, alkali, ionic
liquids, organic solvents, ozone etc.) are employed to dis-
rupt the interactions between macromolecules of ligno-
cellulosic materials. H,SO, is the most widely explored
biomass pretreatment process as it is inexpensive, easily
available, and effective in pretreating the lignocellulosic
biomass under mild treatment conditions of temperature,
pressure, concentration, and treatment duration [46, 47].
Alkali treatment (mostly NaOH) also causes the breaking
of the ester and glycosidic bonds, resulting in variations
in lignocelluloses' structure [18]. Organosolv pretreatment

uses organic solvents viz. methanol, tetra hydro furan,
acetone, ethanol, and N-methyl morpholine N-oxide
(NMMO). Ammonia fiber explosion (AFEX), CO, explo-
sion, and wet oxidation are other common examples of
physicochemical pretreatments. AFEX encompasses treat-
ing the substrate using ammonia in liquid or gaseous form
with (called extractive ammonia pretreatment or EA) or
without extraction step to remove recalcitrant lignin mol-
ecule [48-51]. Both ammonolysis and hydrolysis occur-
ring during pretreatment result in cleavage of ester cross-
linkages between the cell wall components, producing
respective organic amides (acetamide, feruloylamide, etc.,
p-coumorylamide) or organic acids (acetic acid, ferulic
acid, p-coumaric acid), respectively. Solubilized lignin
degradation produced during ammonia pretreatment gets
relocated to the surface when ammonia is vented from the
reactor. A 3- to fivefold upsurge in sugar conversion was
reported after AFEX or Extractive ammonia (EA) pretreat-
ment [52]. The lab-scale studies that were undertaken to
inspect the impact of chemical pretreatment on agricul-
tural residues have been discussed in Table 3.

Mclntosh et al. [53] studied the outcomes of varying
parameters during alkaline pretreatment, including pre-
treatment time, temperature, and alkali concentration on
WS. Diluted sodium hydroxide solutions of 0.75, 1.0, and
2.0% concentrations were used for pretreatment at 60 °C and
121 °C. A 6.3-fold increase in enzymatic saccharification
was attained after pretreatment with 2% NaOH (30 min,
121 °C), while treatment with 2% NaOH (90 min, 60 °C)
resulted into 4.9-fold increase. The enhanced saccharifica-
tion can be attributed to the disruption of ester bonds which
covalently connect the lignin and xylan. Taherdanak et al.
[54] investigated alkaline pretreatment of wheat plants
including grains and straw using 8% NaOH solution (w/v)
at varying temperatures ranging from 0 to 100 °C. The peak
cumulative methane yield was attained from pretreatment at
75 °C for 60 min, 54% more than the methane yield attained
from untreated biomass. The rise in methane yield may be
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Table 3 Chemical pretreatment

) . . S.no  Substrate Pretreatment Increase in Lignin removal ~ Reference

f)f agricultural residues and its methane

impact yield
1 WS Organosolv (130 °C—3 h - NMMO) sevenfold - [62]
2 RS Organosolv (130 °C—15 h - NMMO) sevenfold - [62]
3 RS NaOH (3%) 123% - [63]
4 RS H,0, (4%) 143% - [64]
5 RS H,0, (3%) 137% - [64]
6 WS Plasma assisted pretreatment 44% - [65]
7 Corn straw  H,SO, (2%) 76% - [65]
8 Corn straw  HCI 2%) 83% - [66]
9 Corn straw  CH3;COOH (4%) 45% - [66]
10 Corn straw  Hydrogen peroxide (3%) 117% - [66]
11 Corn straw  Calcium hydroxide (8%) 107% - [66]
12 Corn straw  NaOH (8%) 64% - [66]
13 RS NaOH (12%) - 79.6% [67]
14 RS 1-Allyl-3-methylimidazolium chloride - 26.1% [68]

(JAMIM]CI)

RS, rice straw; WS, wheat straw; NMMO, N-Methyl Morpholine N-oxide

due to effective lignin and hemicelluloses removal along
with a reduction in crystallinity.

Zhao et al. [55] treated RS with a mixture of propionic
and acetic acid and investigated processing parameters viz.
concentration of acids, residence time, and solid-liquid
ratio. Performing batch AD of untreated and treated biomass
gave ~36% rise in methane yield for pretreated RS due to
35% of lignin removal. Kim et al. [56] explored a two-stage
method for pretreating the RS by employing aqueous ammo-
nia trailed by sulfuric acid (4% w/w) pretreatment. The com-
parison of single and two-stage pretreatment revealed higher
glucose release for the later one, providing maximum digest-
ibility of 96.9%.

Reilly et al. [57] studied the impact of calcium hydrox-
ide (7.4% w/w, 48 h) pretreatment on WS in terms of bio-
chemical methane potential. They reported a threefold rise
in methane potential was achieved after 5 days of AD. The
enhanced methane potential was attributed to the measured
increase of soluble chemical oxygen demand after pretreat-
ment due to hemicellulose degradation. Increased soluble
chemical oxygen demand reduced hydrolytic activity in the
initial stage of AD. Liu et al. [58] explored the impact of
potassium hydroxide on the chemical structure, composition,
and enzymatic degradation of WS. When WS was treated
with KOH solutions ranging between 2 to 50% for 24 h and
a positive relation was observed between lignin degrada-
tion and KOH concentration. The highest lignin removal of
54.7% was attained at 50% KOH pretreatment due to disrup-
tion of ester and glycosidic bonds, which led to a 77.1% rise
in methane yield.

Solé-Bundo et al. [59] studied anaerobic co-digestion of
microalgae biomass and WS in the presence and absence of

@ Springer

alkali catalyzed thermochemical pretreatment. Alkaline pre-
treatment with 10% CaO (75 °C, 24 h) resulted in a 15% rise
in methane production compared to the untreated substrate,
which was accredited to the upsurge of carbohydrates and
protein solubilization after pretreatment.

Xiong et al. [60] investigated pretreatment of RS with
Fenton reagent [hydrogen peroxide (H,O,) with ferrous iron
as a catalyst], standalone ultrasound, and ultrasound-assisted
Fenton pretreatment. The results revealed that the quantity
of reducing sugars released after ultrasound-assisted Fenton
pretreatment was 4 and 1.5 times higher when compared to
untreated straw and Fenton reagent pretreated straw without
ultrasound. The analytical studies revealed that the ultra-
sound pretreatment disrupted the crystalline structure of
cellulose and increased the pore volume and surface area
by the cavitation effect. On the other hand, Fenton reagent
preferentially degraded hemicellulose and lignin by generat-
ing hydroxide free radicals.

A recent study explored the application of urea for corn
straw pretreatment [61]. The study also justified the use of
urea as a pretreatment chamical for its capability to simul-
taneously adjusting the C/N ratio of the substrate. The study
reported 7% lignin reduction which led to 23.9% higher
methane yield compared to the untreated corn straw.

As discussed before, the cost factor related to reagents
and inhibitory molecule formation are the key drawbacks
associated with the chemical pretreatment process. These
drawbacks were the major drivers for researchers to explore
other greener methods, such as biological pretreatment
methods [11]. Also, most of the non-volatile chemical (acid,
alkali, or ionic liquid) used in pretreatment are expensive to
recover and are left behind in the biomass, which has to be
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neutralized using acid or based before AD. This results in
the formation of high salt concentration, which will impact
anaerobic microbes, the biogas yield, and downstream pro-
cessing of wastewater treatment after AD process. In that
respect, using volatile chemical during pretreatment, as
in the case of AFEX, could be advantageous since 97% of
ammonia could be removed, leaving behind pretreated bio-
mass with residual chemicals. Also, removing recalcitrant
lignin, as in the case of the EA process, could positively
impact the AD process.

Biological Pretreatment

While physical pretreatment methods require a significant
amount of energy, the chemical methods produce toxic by-
products that could inhibit the hydrolysis process during AD
[10]. These shortcomings have motivated many researchers
to explore the biological methods of pretreatment, which are
environment-friendly and economically feasible [10]. Bio-
logical pretreatment employs the ligninolytic enzyme system
produced by fungi (white and brown-rot fungi) and bacte-
ria, which degrade the lignin in biomass and simultaneously
hydrolyze cellulose and hemicellulose [11, 69]. Since brown
rot fungi largely degrade the cellulose and hemicellulose
fractions of lignocellulosic biomass, there are no preferred
organisms for biological pretreatment [11].

Fig.7 Lignocellulolytic enzyme
system

* Exoglucanase
* Endoglucanase
* B-Glucosidase

The ligninolytic enzymes are omnipresent in different
organism’s viz. bacteria, fungi, and insects [70]. In bacteria,
three groups consisting of actinomycetes, a-proteobacteria,
and y-proteobacteria are known to possess the ability to
degrade lignin. Streptomyces viridosporus, Thermobifida
fusca, and actinomycetes species exhibited lignin peroxi-
dase activities while Azospirillum lipoferum, Bacillus subti-
lis, Marinomonas mediterranea, Thermus thermophilus, and
Streptomyces cyaneus exhibited the laccase activity [71]. In
insects, ligninolytic enzymes are primarily involved in the
sclerotization and pigmentation of cuticles and the oxidation
of toxic compounds [72].

Lignin breakdown is exhibited by a different class of
fungi: ascomycetes, basidiomycetes, and Deuteromycetes.
White rot fungi principally belong to basidiomycetes and
partly to ascomycetes. They secrete extracellular enzymes
comprising of hydrolytic and ligninolytic enzymes (Fig. 7)
for degrading lignocelluloses [73]. Hydrolytic enzymes are
categorized as exo-, endo-cellulase, and p-glucosidases. The
ligninolytic enzyme system comprises laccase, manganese
peroxidase (MnP), lignin peroxidase (LiP), and versatile
peroxidase (VP) [74, 75]. Table 4 summarizes the target
substrates for these enzymes in lignocellulosic biomass and
their mode of action to carry out the biomass degradation.
However, white-rot fungi do not secrete all the enzymes
mentioned above. They possess either one of the three or
the combination of two of the enzymes. Ruttimann-Johnson

* Laccase

* Lignin Peroxidase

* Mn Peroxidase

* Versatile Peroxidase

* Xylanase
* Xylosidase

* Mannase

» a-Galactosidase

« Acetyl esterase
 a-Arabinofuranosidase

.
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Table 4 Lignocellulolytic enzymes present in fungi

SI. no Enzyme Substrate Mode of action

1 Exoglucanase Cellulose Cuts the cellulose chain from the reducing end resulting in glucose and cellobiose molecules

2 Endoglucanase Cellulose Cuts the p-1,4 glycosidic bonds of cellulose strand randomly with the shorter broken strands
having a reducing end and a non-reducing end

3 B-Glucosidase Cellulose Hydrolyses the glycosidic bonds of cellulose

4 Xylanase Hemicellulose Hydrolyses f-1,4 glycosidic bonds of xylan present in hemicelluloses into xylose

5 Mannase Hemicellulose Randomly cuts the p-d-1,4-mannopyranosyl bond in galactomannan, glucomannan, and
mannan to release f3-1,4-manno-oligomers

6 Laccase Lignin Degrade the phenolic and non-phenolic structure of lignin using oxygen as oxidizer

7 MnP Lignin Degrades both phenolic and non-phenolic units of lignin in presence of Mn*?

8 LiP Lignin Degrades the non-phenolic component of lignin through oxidization by hydrogen peroxide

et al. [76] could isolate only LiP and MnP from Phanero-
chaete chrysoporium with no laccase activity. Rajakumar
et al. [77] detected the production of MnP and laccase in
Ceriporiopsis subvermispora, but no LiP.

Dashtban et al. [16] explained the enzymatic process of
lignin degradation by ligninolytic enzymes. Laccase, MnP,
LiP, and VP, which cannot pierce the cell wall, oxidize small
intermediates that catalyze electron extraction for lignin aro-
matic rings. The reaction generates free radicals that cleave
the cell wall, thus facilitating the entry of fungal hyphae in
the lignin matrix (Fig. 8).

Laccases (E.C. 1.10.3.2) belong to the class multicopper
oxidase, having 4 Cu molecules in its active site to employ
oxygen as an oxidizer and degrade the polyphenol structure
of lignin. Out of 4 Cu atoms, one is paramagnetic Type-I Cu,
the oxidation site for the reducing substrate [72]. The other
three copper atoms (one atom of Type-II and two atoms of
Type-III Cu) create a trinuclear cluster where oxygen reduc-
tion takes place to form two molecules of water. Laccase is
competent to degrade both phenolic and non-phenolic units
in lignin. During the oxidation of phenolic structures, phe-
noxy radicals are generated, resulting in ketones produc-
tion via alkyl aryl cleavage or a-p cleavage. Laccase may
also oxidize the non-phenolic structures of lignin with the
assistance of mediators such as hydroxyl benzotriazole [78].
Laccases exist in bacteria, plants, fungi, lichens, etc. While
bacterial laccases are mostly intracellular, fungal laccase is
extracellular with different glycosylation degrees. In bacte-
ria, laccases participate in various mechanisms, including
morphogenesis, oxidation of toxic compounds, and pigmen-
tation [79]. In fungi, the major role of laccase is related to
host—pathogen interaction and lignin degradation.

Enzyme LiP (E.C. 1.11.1.14) is a monomeric heme pro-
tein that oxidizes the nonphenolic structures in lignin and
its analogous compounds. The structure of LiP consists of
a central Fe™ atom having coordination bonds with four
heme tetrapyrroles and a histidine residue. LiP degrades the
non-phenolic component of lignin through an oxidization
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reaction mediated by hydrogen peroxide form phenoxy radi-
cals which are decomposed subsequently through a-f cleav-
age. LiP is transformed to LiP-I having Fe +4 and a free
radical on a tetrapyrrole ring in hydrogen peroxide. LiP-I
oxidizes the donor substrate (lignin) into a radical cation
and converts it into LiP-II having Fe** only (no free radical
on tetrapyrrole ring) [78].

Enzyme MnP (E.C.1.11.1.13) catalyzes the chemical
reaction that degrades both phenolic and non-phenolic
units of lignin in the presence of Mn*2. MnP is more widely
spread in fungi than LiP and reported to be found in many
species such as P. chrysosporium, Trametes sp., P. ostreatus,
and other families of Coriolaceae, Polyporaceae, etc. The
structure of MnP consists of one molecule of heme (iron
protoporphyrin), three sugar residues, 357 amino acids, and
two calcium ions [78]. The presence of hydrogen peroxide
initiates the catalytic cycle, oxidizing Mn>* to Mn**, which
converts the phenol rings to phenoxy radicals disintegrating
lignin [80].

Since biological pretreatment using fungi is an eco-
nomical and environment-friendly process to augment the
enzymatic degradation of lignocellulosic residues, this area
of research has attracted many researchers in recent years.
Numerous studies have been undertaken to examine the
impact of fungal pretreatment on biomass (Table 5). Ghosh
and Bhattacharyya [81] reported a 32% rise in methane
production by implementing fungal treatment of RS using
Polyporus ostreformis. Coriolus versicolor was investigated
by Phutela et al. [82] for pretreating RS. The pretreated RS
resulted in lignin removal (19.1%) with enhanced biogas
production (26.2%). Recently, some researchers have
employed co-culturing of fungal isolates instead of cultivat-
ing pure colonies of isolates. Rastogi et al. [83] investigated
pretreatment of RS with fungal monoculture such as Pyr-
enophora phaeocomes and reported high laccase, xylanase,
and mannanase production after four days of solid-state fer-
mentation. P. phaeocomes, when grown on RS for 40 days,
resulted in 63% degradation of lignin and 51% removal of
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Fig. 8 Mechanism of laccase, LiP and MnP reaction

hemicellulose. The enzymatic hydrolysis of this pretreated
straw showed 50% saccharification efficiency, which resulted
in 470 mg g~ released sugars.

Simultaneous pretreatment and enzyme saccharification
were studied in rice husk by Potumarthi et al. [84]. The pre-
treatment was performed by growing P. chrysosporium on
sterilized rice husk with 60 to 70% moisture. The highest
concentration of reducing sugar was witnessed on the eight-
eenth day of pretreatment. Similarly, the treatment of WS

using P. chrysosporium was explored by Singh et al. [85].
The study reported 30% lignin loss within three weeks of
pretreatment.

Wan and Li [86] examined the effect of fungal treat-
ment on CS, switchgrass, and wood. The study reported a
two to three-fold rise in released reducing sugar compared
to the control samples. Song et al. [87] reported 43.8%
lignin degradation after pretreating CS feedstock with the
fungal consortium for 42 days. In addition, the pretreated
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Table 5 Biological pretreatment of agricultural residues and their impact

S.no Micro-organism Substrate Biogas increase Methane Hydrolysis ~ Lignin removal Reference
increase increase

1 P. ostreformis RS - 32% - - [81]
2 P. chrysoporum RS - 46% - - [81]
3 Pleurotus florida Corn stalks - 38% - - [90]
4 P. chrysoporum WS - - - 25% [91]
6 Irpex lacteus Corn stalks - - 82% - [92]
7 C. versicolor RS 26% - - - [82]
8 P. chrysosporium RS - - - 30% [85]
9 C. subvermispora CS - - 100% - [93]
10 Fungal consortium CS - - - 44% [87]
11 C. subvermispora WS - - 44% - [94]
12 Pycnoporus sanguineus CS - - - 51% [95]
13 Cyathus stercoreus CS - - - 46% [95]
14 P. phaeocomes RS - - - 63% [83]
15 Trichoderma viride RS - - - 74% [96]
16 Pleurotus ostreatus WS 21% - - 42% [8]
17 P. ostreatus Pearl millet straw 20% - - 30% [8]
18 Chaetomium globosporum WS 31% - - 45% [6]
19 C. globosporum Pearl millet straw 46% - - 48% [6]

RS, rice straw; WS, wheat straw; CS, corn stover

CS was reported to have a seven-fold increase in sac-
charification efficiency compared to untreated CS. Taha
et al. [88] reported a sevenfold rise in enzyme sacchari-
fication by co-culturing fungal consortia. The study also
revealed that the activity of enzymes from fungal isolates
was twofold higher than the enzyme cocktail obtained
from a bacterial consortium.

Anaerobic rumen fungi have also been suggested for
simultaneous pretreatment and bioaugmentation during AD.
These fungi are stated to enhanced the methane yield in two
ways: (i) releasing holocellulose or reducing sugars from
lignocelluloses and (ii) by catabolizing acetate and formate
during AD to assist the methanogens in higher methane pro-
duction [89]. However, there is a scarcity of studies regard-
ing the anaerobic fungi for biological pretreatment [89].

Other than fungi, the lignolytic bacteria have also been
employed for degradation of lignocellulosic biomass. In
a recent study, Comamonas testosteroni, Agrobacterium
sp., Lysinibacillus sphaericus, and Paenibacillus sp. were
investigated to degrade oil palm empty fruit bunches for
enhancing the methane yield [69]. The study reported high-
est lignin degradation of 25.8% by Lysinibacillus sphaeri-
cus. Though the observed lignin degradation is lesser in
comparison to the degradation achieved in earlier reports of
fungi pretreatment. However, the 25.8% ligning degradation
by using lignolytic bacteria was achieved in 7 days which
is much shorter duration than the 30 to 40 days of fungal
pretreatment.

@ Springer

Combinatorial Pretreatment Strategies

There are also reports of employing combinatorial strate-
gies for biological treatment alongside physical and ther-
mochemical treatments (Table 6). Since every pretreatment
method has some drawbacks, two or more pretreatment may
be coupled to enhance the substrate degradability and over-
all methane yield through their synergistic effects. Yu et al.
[97] carried out two-step pretreatment involving physical
(ultrasound) and chemical pretreatment (2% H,O,), respec-
tively, followed by biological pretreatment with P. ostreatus.
Combined treatment of rice hulls assisted in decreasing the
pretreatment time to 18 days compared to the sole treatment
by P. ostreatus for 60 days. Ma et al. [98] had implemented
acid pretreatment with 0.25% H,SO, followed by biological
treatment with Echinodontium taxodii. The coupled pretreat-
ment was more efficient than acid pretreatment alone, lead-
ing to a 1.3 to 2.1-fold rise in the yield of reducing sugars.
Zhang et al. [99] explored the coupling of steam explosion
and fungal treatment of RS. In this study, RS pretreated with
a steam explosion was further exposed to P. chrysosporium
resulting in 50% lignin degradation after ten days of treat-
ment. This was significantly faster than the lignin removal
obtained with fungal treatment alone.

Mustafa et al. [107] examined the coupling of mill-
ing and fungal pretreatment in terms of its impact on the
methane production from AD of RS. Milled RS of <2 mm
size was treated with P. ostreatus for varying 10, 20, and
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30 days durations. A surge in methane yield up to 165%
was attained after pretreating straw with P. ostreatus for
30 days compared to untreated straw. Guan et al. [108]
inspected the coupling of chemical and biological treat-
ment for RS, which was pretreated with a mixture of CaO
and liquid fraction of digestant (LFD) for 5 days. Results
revealed 21% higher removal of lignocellulosic compo-
nents after CaO-LFD treatment with 57% higher methane
yield. Si et al. [109] also investigated the combination of
chemical and bacterial treatment for RS. In this study, RS
treated with acid was exposed to ligninolytic bacterium
Pandoraea sp. B-6 for degrading the remaining lignin.
Alternatively, Acinetobacter sp. B-2 was utilized for treat-
ing the alkali-treated RS. The research outcomes revealed
a 41% and 32% rise in sugar release for acid/ Pandoraea
and alkali/ Acinetobacter combinations, respectively.
Balan et al. [111] employed P. ostreatus for pretreating
RS trailed by AFEX treatment which led to a rise in glucan
and xylan conversions compared to RS pretreated with
AFEX only [111]. After harvesting mushrooms, the spent
substrate is discarded in the mushroom industry, which is
an excellent biologically pretreated substrate for producing
biogas. Using such industrial waste for producing biomass
is more advantageous when compared to performing bio-
logical pretreatment steps exclusively for the anaerobic
digestion process.

Martinez-Patifio et al. [112] studied fungal pretreatment
of olive tree biomass with 1. lacteus for 28 days. The fungal-
treated biomass was further exposed to acid pretreatment
with 2% H,SO, (w/v) (90 min, 130 °C). The fungal treat-
ment coupeled with acid pretreatment resulted in a 34%
increase in enzymatic degradation of biomass.

Genetic Engineering of Fungi for Improving
Bio-delignification

The efficiency of bio-delignification and improved degrada-
bility of lignocellulosic substrate relies upon the activity of
lignocellulolytic enzymes. The engineering of fungal strains
producing a high quantity of lignocellulolytic enzymes can
prove to be a low-cost method for improving bio-delignifi-
cation [113]. In this regard, genetic engineering techniques
may be used to modify the genetic makeup of fungi for
more efficient production of enzymes degrading the com-
plex organization of lignocellulosic constituents. The genes
responsible for the production and secretion of enzymes may
be targeted along with the genes involved in the cellular
processes such as transcription, folding, and secretion of
enzymes (Fig. 9). Furthermore, genetic modifications for
improving the substrate utilization pathway can also enhance
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the capability of fungi to grow in minimal and inexpensive
mediums [114].

The first strategy for genetic manipulation is to improve
the transcription efficiency of enzyme coding genes. The
transcriptional regulation of enzymes involves numerous
activators and suppressors and their combinations [115].
Overexpressing the activators or inactivating the suppressors
may result in enhanced levels of enzyme production. This
strategy has been effectively implemented for augmenting
the production of cellulase in Trichoderma reesei, Myceli-
ophthora thermophila, and Penicillium oxalicum. xyrl and
clr2 are the most targeted activators, while crel, res1, and
acel are the targeted cellulase repressor. Wang et al. [116]
achieved a 1.35-fold rise in cellulase production by Tricho-
derma reesei after overexpression of xyrl and the downregu-
lation of acel. Similarly, Yao et al. [117] investigated the
overexpression of clr2 along with downregulation of cre-A
in P. oxalicum and observed a 27-fold upsurge in cellulase
production. Liu et al. [118] observed a ninefold rise in cel-
lulase production in M. thermophila by downregulating crel,
resl, along with ghl and alp1.

Manipulation of genes involved in post-translational
modification, protein folding, and secretory pathways of
lignocellulosic enzymes may also lead to altered levels of
enzyme production in fungi. Recently, Gao et al. [119] tar-
geted HAC-1 responsible for regulating protein folding in
T. reesei. Overexpression of hac-1 led to a noteworthy rise
in cellulase production T. reesei. Moreover, manipulation of
chromatin remodeling factors such as lael having a major
role in gene expression may also be explored for altering
the production of lignocellulolytic enzymes. For example,
the deletion of lacA gene in P. oxalicum caused reduced
production of cellulase and xylanases, which suggested the
possibility of reversed outcomes in case of overexpression
of these factors (Li et al.) [120].

In addition to manipulating the transcriptional regulators,
chimeric regulators can also be designed and screened for
improved lignocellulolytic enzymes. The chimeric regula-
tors with engineered functional domains can be designed
by incorporating new effector and DNA binding domains.
Zhang et al. [121] engineered a more effective T reesei by
employing an artificial activator comprising acel DNA bind-
ing domain and vp16 effector domain. The engineered strain
showcased improved production of cellulase and xylanase.
Novel genes for producing chimeric laccases with improved
efficiency were also prepared by employing DNA recombi-
nation methods. Nakagawa et al. [122] recombined cDNA of
two dissimilar laccases from Lentinula edodes (< 60% iden-
tity). The engineered chimeric laccase showcased expression
levels similar to the wild type laccase and intermediate tem-
perature and pH profiles lying between both wild type lac-
cases. Bleve et al. [123] recombined ery4 and ery3 isoforms
of laccases from P. eryngii, resulting in chimeric laccase
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with improved activity and thermal stability. Though there
are several advantages of producing higher biogas using
genetically modified organisms, there are practical difficul-
ties in using such organisms on a large scale due to regula-
tory approvals.

Conclusion and Future Perspectives

Biological pretreatment aids in de-polymerizing lignocel-
lulosic biomass, which sequentially increases the enzymatic
saccharification. Despite having numerous advantages over
physical and chemical methods, biological pretreatments

are relatively slow and still need to address various chal-
lenges. Biological pretreatment has been suggested as a
cost-effective technique compared to other pretreatments.
However, longer residence time requires more floor space
to carry out the biological treatment. Also, sterile condi-
tions are required to grow microorganisms that lead to high
operational costs. Using mushroom-spent substrate could
overcome this problem since the revenue generated using
mushroom cultivation will offset substrate conditioning and
sterilization costs. In addition, the biogas generated could be
locally used, which further reduces the transportation cost.
Other advantages of biological treatment include genetically
engineered microorganisms, paving the way for developing
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new fungal and bacterial strains for selective lignin degra-
dation for improved biogas conversion. Exploring the the
naturally occurring anaerobic fungi or genetically engineer
is also a new direction of research to employ fungal pretreat-
ment simultaneously with bioaugmentation of AD. How-
ever, there are environmental regulatory challenges while
using genetically modified organisms in the AD process.
Therefore, more research is needed to optimize combinato-
rial strategies of biological treatment with other pretreat-
ment methods that will result in a better outcome. Due to
the much faster growth rate compared to fungi, lignolytic
bacteria should be explored more intensively as they have
the capability to address the major challenges of fungal pre-
treatment such as longer pretreatment time and low tolerance
to environmental factors.
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