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The usage of lignocellulosic biomass in energy production for biofuels and other value-added products can extensively
decrease the carbon footprint of current and future energy sectors. Therefore, productions and utilization of
"Lignocellulolytic Enzymes" are instrumental to achieve this goal.
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| 1. Introduction

Fossil fuels are still consumed at alarming rates, even though lignocellulosic biomass is the most abundant carbon
resource, which can be utilized for the production of biofuels W, Besides, fossil fuels, which are detrimental to both the
environment and human health, are continuously depleting. The industrial infrastructure leans towards the use of fossil
fuels after the industrial revolution of the last 250 years. In recent years, it has been speculated that more than 14% of the
world’s energy consumption can be met by using lignocellulosic biomass as an alternative to fossil fuel energy [4.
Therefore, it is estimated that lignocellulosic biomass can provide more than 27% of the world’s transportation fuel needs
by 2035 31,

Implementation of lignocellulosic biomass is numerous. Currently, the main usage of lignocellulosic biomass is in the
agriculture, forestry, and industrial sectors where it is being used for energy crops, forestry by-products, and wood
industry residues . However, lignocellulosic biomass can also be used to produce many other chemical and physical
products with the help of a better understanding of its internal structure. Lignocellulosic biomass is usually composed of
cellulose (40-60%), hemicellulose (10-40%), and lignin (15-30%) . The cellulose and hemicellulose components can
provide sugars for the production of bioethanol, which is one of the most utilized sources of renewable energy. The lignin
portion of the lignocellulosic biomass can be used for production of value-added products and heat or steam for electricity
production. However, all these applications are not currently being utilized widely because of the challenges in the
breaking down of lignocellulosic biomass into its respective usable components such as sugars and lignin.

Among various challenges that are associated with the usage of lignocellulosic biomass, the most prominent one is the
use of energy-intensive pretreatment processes to break down the complex biomass into its respective usable
components. It is widely accepted that more than 40% of the processing cost of lignocellulosic biomass used as energy
products comes from the pretreatment of the biomass !, Furthermore, the processing steps can also be energy-intensive,
which would ultimately make most of the biomass utilization scenarios inefficient. The most common pretreatment
strategies are employed to separate the lignin portion of the biomass so that sugars in the cellulose and hemicellulose
components can be released to further process for the relative end-use. Cellulose is mostly present as semi-crystalline
microfibers and is the main component of the lignocellulosic biomass. It comprises D-glucose molecules linked by (3-1,4-
glycosidic bonds with a degree of polymerization ranging from 800 to 10,000 [, while the hemicellulose mainly contains
xylose with arabinose, galactose, and glucose in smaller proportions with a degree of polymerization of 50—-600. On the
other hand, lignin contains coniferyl, sinapyl, and coumaryl alcohols connected by C-O or C-C bonds. Cellulose fibers are
bundled together by hydrogen bonding and van der Waals forces. Lignin and hemicellulose essentially act as the resin
between the empty spaces of cellulose. All three components are linked by both physical and chemical interactions
(Figure 1).
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Figure 1. Three main components of lignocellulosic biomass, reproduced with permission from Wu et al., Photocatalytic
transformations of lignocellulosic biomass into chemicals, published by Royal Society of Chemistry, 2020. &,

In addition to the lignocellulosic components described above, there are many other molecular entities that can be present
in a lignocellulosic biomass. Some examples of these molecular entities are proteins and their monomers (amino acids),
pectin and pectin-like molecules, alkaloids, and inorganic molecules [l All these compounds can have different effects on
different types of microbial species. For example, a high molar ratio of carbon to nitrogen is needed for the microbial lipid
production and accumulation [&. On the other hand, an abundance of cellulose and hemicellulose fibers can also help in
lignocellulolytic enzyme production (€,

Conversion of lignocellulosic biomass into biofuels such as ethanol and biogas can reduce the impact of greenhouse
gases emitted from fossil fuels. However, the complex structure including the physical and chemical interactions between
the cellulose, hemicellulose, and lignin, along with lignin acting as the physical barrier in the conversion, poses problems
in establishing the industrial foundations in the use of lignocellulosic biomass. While the physicochemical methods such
as heat, hot water, steam, etc. are effective in removing or excluding the lignin barrier, these energy-intensive methods
cannot be controlled to liberate the sugar monomers in the cellulose and hemicellulose components . Furthermore, the
physical and chemical methods convert these sugars into chemicals that are then unusable or inhibit the microbial
communities converting the biomass into biofuels. Therefore, the biochemical methods, i.e., hydrolytic enzymes, are
employed to decrease the energy demands and production of unwanted inhibitory by-products during the conversion
process.

Hydrolytic enzymes such as cellulases, hemicellulases, and lignases are produced by a wide variety of organisms
including plants and microbial species such as fungi and bacteria. The rate of hydrolytic action along with overall efficiency
in the degradation of the lignocellulosic biomass depends on many factors such as the source of the enzyme, substrate,
and the number and type of the enzymes involved. For example, a set of different enzymes that must act in synergy is
needed for the efficient hydrolysis of any given biomass. The external factors such as the cost of the enzyme production,
quality of the enzyme cocktail, and type of pretreatment method required with the enzymatic hydrolysis also play an
important role in the determination of the efficiency of the enzymatic conversion of lignocellulosic biomass into biofuels
such as bioethanol and biogas.

Therefore, lignocellulosic hydrolytic enzymes are needed for efficient conversion of the lignocellulosic biomass into sugars
that can be fermented into valuable products such as biofuels and other bioproducts. Since their discovery in the early
1950s, various enhancement strategies have been employed to increase the production, efficiency, and feasibility of the
microbial hydrolytic enzymes . The main barrier in making these enzymes industrially feasible is the cost and type of
substrates involved in production of such enzymes. The research on optimization strategies for making these enzymes
more competitive has been established for the last four decades.



| 2. Lignocellulosic Hydrolytic Enzymes

Different pretreatment methods have been proposed in the literature over the past three decades for different types of
lignocellulosic biomass MEIA, Among them, biochemical pretreatment, especially enzymatic breakdown, is not only
environment-friendly, but also controlled on the molecular level by the type of enzymes used in the degradation, thus
regulating the type of product obtained after the biochemical treatment. However, the current status of enzymatic
hydrolysis is not well established because of the underlying economic issues in the industrial production of such enzymes.
It is extremely important to understand the types and mode of action for such enzymes when they work alone or together
on any type of lignocellulosic biomass.

Lignocellulosic hydrolytic enzymes can be roughly categorized based on the type of substrate they act on. Therefore, the
most common three categories of these enzymes are cellulases, hemicellulases, and lignases, or lignin modifying
enzymes. There can be many subtypes of each category based on the organisms and culture conditions of their
production L. Overall, it is critical to have an enzyme cocktail for the efficient degradation of lignocellulosic biomass on
an industrial scale. However, if the aim is to have just one type of product, such as glucose from cellulose or xylose from
the xylan fraction of hemicellulase, the enzyme proportions of the cocktails can be adjusted to obtain that product from the
raw biomass. Table 1 gives a concise summary of the broader categories of lignocellulosic hydrolysis enzymes with their
relative activity characteristics and areas of industrial applications. The following sections also summarize each of these

lignocellulosic hydrolytic enzymes.

Table 1. Enzymes involved in the degradation of lignocellulosic biomass and their industrial applications.

Enzyme
Enzyme Type Commission Activity-Characteristics Application Areas References
(EC) Number
Hydrolysis of 1-3 or 1-4 Cereal grains;
Endo-B-glucanase 3.2.1.4 bonds in the beta-D- polishing; feed [12j3]
glucans within the chain supplements
Cellulases Hydrolysis from non- Flavor
B-Glucosidase 3.21.21 ydrolysis enhancement; [12]14]
reducing end - .
biofuel industry
Exoglucanases 3.2.1.91 reducing o_r non-redl_:clng Food, ;_)ulp and [12][15]
end creating cellobiose paper industry
Endo-B-1,4-xylanase 3.2.1.8 B-1,4 bonds within Xylan Food industry EEvd
chains
. Hydrolysis from non- . [L7][18]
1,4-B-Xylosidase 3.2.1.37 reducing end in B-D-Xylan Food industry
Endo-1z4-[3- 3.2.1.78 B-1,4 bonds w_ithin mannan Deligni_fication in [L7]29]
mannosidase chains pulp industry
1,2-a-Mannosidase 3.2.1.113 Removal of termln:a\I alpha- Dellgnlflcatlon in [17]120]
D-mannose residues pulp industry
Hydrolysis from Delignification in
B-Mannosidase 3.2.1.25 nonreducing end to form d- gn (721
. pulp industry
mannose residues
Hemicellulases a-Galactosidase 3.2.1.22 Hydrolysis of a- Guar gum [7iz2]
galactoglucomannan digestion
B-Galactosidase 3.2.1.23 Hydrolysis of B- Medicine; guar [17r22]
galactoglucomannan gum digestion
. o-L- . 3.2.1.55 Hydrolys.is of arabinoxylan Feed indL!stry and [171122]
Arabinofuranosidase and arabinoglucoronoxylan baking
o-Glucuronidase 3.2.1.139 .Hydmes's of Food industry 12211231
arabinoglucoronoxylan
Hydrolysis of the ester
Acetyl esterase 3.1.1.6 bond between arabinose Cider clarification [7iz2]
and ferulic acid (Lignin)
Cleaving of Acetyl groups . e [17122]
Acetyl xylan esterase 3.1.1.72 Cider clarification

in hemicellulose




Enzyme
Enzyme Type Commission Activity-Characteristics Application Areas References
(EC) Number

Lignin peroxidase 1.11.1.14 Oxidoreductase Waste treatment [24]
Wastewater
Manga}nese 1.11.1.13 Oxidoreductase treatmen? in the 25
peroxidase production of

Lignin modifying

thetic d
enzymes (LMEs) synthetic dyes

Phenoloxidases 1.10.3.2 Multicopper oxidases Bioremediation (261
Hybrid peroxidase 1.11.1.16 Oxidoreductase Industrial waste 271

treatment

| 3. Applications of Lignocellulolytic Enzymes

The concept of using cellulases, hemicellulases, and lignin modifying enzymes to make value-added products from
lignocellulosic biomass is relatively new as compared to the applications of such enzymes in other industries. Microbial
hydrolytic enzymes have already been explored extensively for their applications in the food industry 28] Table 1
represents some of the most common current applications of these enzymes in different industries. In case of cellulases,
the food industry uses cellulases for wine, juice and bakery production, because cellulases provide improved wine
filtration, improved maceration in the juice industry and improved texture and quality of bakery products, respectively 2,
Cellulases are also used in the paper, textile, and detergent industries 2%, For example, in the textile industry, the stone-
washing of jeans is treated with pumice stone, which has undesirable effects on the final product, such as the decreased
capacity of jean loading. The application of cellulases can produce 50% higher jean load 2. In the juice industry,
cellulases are a major component of macerating enzymes that help in the extraction, clarification, and stabilization of fruit
juices. Cellulases are also used for the extraction of flavonoids from the seeds and flowers. Cellulases are effective in
extraction as they ensure less heat damage and higher yields. Hemicellulases are used in the bread-making industry as
these enzymes are effective in the hydrolysis of the non-starch component of the flour. The rheological properties can be
improved with the help of xylanases 4. For example, a mixture of hemicellulases increases industrial degradation of
various substrates by 12-109% 1. On the other hand, hemicellulases can increase lignin removal from wood pulp by
27.8% B, Lignin modifying enzymes are usually used in industrial and commercial wastewater treatment (Table 1).
Another application of such enzymes, especially phenoloxidases, is in bioremediation 28, The majority of such enzymes
are used in the form of enzyme cocktails with the combination of different enzymes for specific industrial applications.
While all these hydrolytic enzymes have a wide range of applications in various industries, the major drawback in the use
of such enzymes is their cost and handling conditions. They require specific pH and temperature ranges, which are not
suitable for every application or sometimes require the design of additional reaction steps that can increase the cost of the
process. However, such limitations can be decreased with the help of extensive research on the underlying enzymatic
processes. This can ensure the higher efficiency and lower cost of the enzymatic reaction mixture and method.
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