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Abstract

Enzymes are the complex protein moieties, catalyze the rate of chemical reactions by transforming various substrates to
specific products and play an integral part in multiple biochemical cycles. Advancement in enzyme research and its integra-
tion with industries have reformed the biotech industries. It provides a superior monetary and ecological exchange to tradi-
tional material measures in an efficient and environmentally sustainable manner. The cost-effective production of pure and
highly active enzymes is still a challenge for the biocatalyst industries. The use of high purity substrates further raises the
cost of a typical biocatalyst. The use of low-cost plant-based biomasses as an enticing and sustainable substrate for enzyme
production is the most cost-effective approach to these problems. Given the relevance of biomass as a substrate for enzyme
development, this review article focuses on the key source, composition and major enzyme generated using various biomass
residues. Furthermore, the difficulties associated with the use of biomass as a substrate and technical developments in this
area, are also addressed. The use of waste biomass as a substrate lowers the ultimate cost for the production of biocatalysts
while simultaneously reduces the waste burden from the environment.

Keywords Bioprocess technologies - Challenges - Commercial feasibility - Industrial applications - Low-cost enzymes -
Waste plant biomass

Introduction

Biocatalysts are complex biological molecules, able to con-
vert a substrate to a particular product and catalyze the rate
of a biochemical reaction. Biologically, these are synthe-
sized by a number of living organisms and play a crucial
role in the number of industrial processes (Hasunuma et al.
2013). With the revolution in biotechnology or biotech
industries and advancements in technology, these biologi-
cal catalysts provide an economic and ecological alternative
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to conventional processes. The traditional processes involve
the use of chemical catalysts that are costly, performed under
supercritical conditions and causes pollution. Biocatalysts
in terms reduce pollution, work under mild conditions, very
little by-product formation, high efficacy and are cost-effec-
tive. As it is well known that enzymes are synthesized by
a variety of sources (microorganisms, animals and plants),
but among all, microbial enzymes are of greater interest
and use in the present scenario, because the microbes are
able to proliferate at a high rate and produce multiple active
compounds (Bhatia et al. 2020d). Hence, microbial enzymes
have been explored for various industrial and commercial
applications to a greater extent especially in biorefineries,
pharmaceuticals, textiles, food and beverages, confectionery,
paper and pulp bleaching, cosmetics, chemical productions,
biofuel production, etc. (Singh et al. 2016; Raveendran et al.
2018; Bhatia et al. 2020b, 2021).

In 2018, the trade enzymes market was $5.5 billion glob-
ally and supposed to reach $7.0 billion by the end of 2023
according to the BCC report. This was projected to grow at
2 9.1% CAGR (compound annual growth rate) (BCC 2018).
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The major bottleneck with the industrial application of bio-
catalysts is their cost. The extensive production of any prod-
uct requires a large amount of enzyme and simultaneously a
large amount of raw material which is quite costly and influ-
ences the overall capital (Bhatia et al. 2020d). The utilization
of biocatalysts in different industrial practices circuitously
affects the budget of the end product and among that 28% of
the total working cost is of raw materials (Klein-Marcuscha-
mer et al. 2012; Raveendran et al. 2018). Thus, the use of a
low-cost substrate for the production of enzyme is the need
of the hour to provide a boom to the enzyme/biotech indus-
try in an economic and eco-friendly way. The utilization of
low-cost lignocellulosic waste as a raw substrate for enzyme
fabrication might act as a solution to this issue.

Plant biomass comprises the most abundant, globally
available, sustainable source of biomass on earth. Besides
being economic, another important advantage of using plant
biomass as a potential substrate is that it does affect the pro-
duction of food crops as it does not require extra land for cul-
tivation. Thus, providing an economic, environment-friendly
substitute to other substrates used in various industrial appli-
cations (Gronenberg et al. 2013; Liu et al. 2019; Al-Battashi
et al. 2019; Fernandes et al. 2020). The composition of plant
biomass varies depending upon growth conditions, species
and type of plant. Cellulose, hemicellulose and lignin are
the main constituents of plant biomass and the remaining
components are ash residues composed of silicon, calcium,
magnesium, aluminium, sodium and potassium, etc. Some
resins, fatty acids, alkaloid, phenolic, salts, phytosterols
and other compounds present in lignocellulosic biomass
have very low quantity are known as extractives (Saini et al.
2015; Kucharska et al. 2018). Cellulose and hemicellulose
are highly diverged polymer of six (C6) and five-carbon (C5)
sugars while lignin is a polyphenolic polymer present within
and between the cell walls of the tracheid, vessels and fibres
of xylem tissue (Luo et al. 2018; Wang et al. 2018). Lig-
nocellulosic biomass obtained from plants is an alternative
or low-cost substrate for the fabrication of biocatalysts and
a variety of valuable chemicals. In this review, we tried to
explore various plant-derived biomasses as raw substrate
for the production of enzymes to reduce the overall produc-
tion cost. This review also provides an overview of various
strategies used, challenges faced, in using these low-cost
substrates along with pretreatment strategies employed to
utilize the component of choice. Technological processes
and commercial availability and productivity of using plant
biomass were also discussed. This review also provides an
overview of the pros and cons associated with the use of
plant biomass along with their commercial viabilities.
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Plant biomass: source and structure

Lignocellulosic biomass is one of the most abundant raw
materials available on planet earth that can be used for
producing a variety of biocatalysts. It is projected that
the global annual production of lignocellulose biomass is
around 220 billion tonnes, which show its abundant avail-
ability (Bhatt et al. 2018). However, it is still underval-
ued and underutilized as raw material. Nonetheless, many
researchers and industrialists have already started creating
viable technologies and processes to convert lignocellu-
losic residues which are not in use for food or feed purposes
into various enzymes. Various residues and biowaste, such
as agronomic remain energy harvests, woodland depos-
its, biodegradable industrial wastes and municipal solid
wastes mainly unruffled of starch, extractives, monomers
and proteins, etc. as minor constituents (Bhatia et al. 2017).
Lignocellulose biomasses are rich in cellulose (40-50%),
lignin (10-25%), hemicellulose (20-30%) as major con-
stituents while pectin, starch, simple sugars and extrac-
tives (chlorophyll, waxes and non-structural sugars) as
minor constituents (Saini et al. 2015; Bhatia et al. 2020c)
as shown in Fig. 1. Cellulose and hemicellulose consist
of more than half of the entire dry biomass along with
some amount of lignin (Dimarogona et al. 2012). These all
components are interlinked to each other by van der Wall
bonds and hydrogen bonds to form microfibrils and exist as
crystalline and amorphous form (Bhatia et al. 2020c). Cel-
lulose consists of 500—15,000 subunits of p-glucopyranose
formed by p-1,4-glycosidic linkage, it is mostly crystalline
in structure with a somewhat amorphous area (Chen et al.
2017). Hemicellulose is five-carbon sugar of <200 subunits
of p-Xylose, L-Arabinose, p-Mannose, p-Galactose, Glu-
cose, D-glucuronic, 4-O-methyl glucuronic and p-galactu-
ronic acids. It is amorphous in nature (Hasunuma et al.
2013). Lignin is the second most abundant polymer on the
earth after cellulose. Monomeric units of lignin are trans-
p-coumaryl, trans-coniferyl and trans-sinnapyl connected
by trans-p-coumaryl, trans-coniferyl and trans-sinnapyl. It
is amorphous in nature (Al-Battashi et al. 2019).

In addition to the above-mentioned constituents, lig-
nocellulosic biomasses also contain pectic compounds,
starches, proteins, extractives (terpenes, ash, fats, crude
fibres, volatiles) and simple sugars like glucose, fruc-
tose, lactose, etc. (Bajpai 2018a; Ravindran et al. 2018).
Their composition varies from biomass to biomass-
based on their geographical location and environmental
conditions.
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Plant Biomass

Fig. 1 Major components of plant biomass

Sustainable sources of plant biomass

Plant biomass can be utilized as a cheap carbon source to
produce various enzymes. Due to the abundant availability
of plant biomass, cost-effective management is required
to protect the environment. Therefore, integrating it with
enzyme production will not help us to reduce the cost of
enzymes, but also solves waste management problems
while generating revenue. The classification of plant bio-
mass depends on their origin, such as agriculture and hor-
ticulture residues, forest residues, biodegradable industry
wastes, municipal solid wastes and energy crops (Banerjee
et al. 2019; Olatunji et al. 2020; Bhatia et al. 2020d).).

Agricultural and horticultural wastes

Agricultural and horticultural residues were earlier burnt
for disposal by farmers which pose an environmental threat.
However, these are now seen as an essential element in a
green economy and used to generate valuable products of
industrial and commercial potential (Ambye-Jensen et al.
2018; Romero et al. 2019). Agricultural and horticultural
wastes generally include leaves and stalks of plants, unripe
fruits or crops residues left after harvesting (Mohiuddin
et al. 2014; Sadh et al. 2018). These wastes are considered
as the sustainable alternative to food crops that are purposely
grown for the production of these valuable products since
they have collected without expanding cropland (Laborel-
Préneron et al. 2018; Pavlenko and Searle 2019). These
waste materials are rich in cellulose, hemicellulose and
lignin along with some minor components, such as starch.
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However, their composition varies from residue to residue.
As agriculture and horticulture sectors are the basis of every
country in the world, tonnes of agriculture and horticulture
wastes are generated every year globally (five billion metric
tons), which provide a better alternative to produce various
microbial enzymes (such as a-amylase, amyloglucosidase,
cellulase, tannase, xylanase, inulinase, hemicellulases, man-
nanase, lactase, B-glucanase, invertase, pectinase, protease,
transglutaminase, lipases, phytase, laccase and actinobacte-
rial enzymes) at lower cost (Singh et al. 2011; Bharathiraja
et al. 2017; Jnawali et al. 2018; Ravindran et al. 2018; Azam
and Ahmad 2019; Olatunji et al. 2020).

Forest residue

Forestry residues mainly involve the biomass generated by
thinning of plantations, clearing of roads, extracting stem
wood and natural attrition. All these operations usually elim-
inate only 25-50% of waste, remaining residues available as
a substrate/carbon source for energy. The interest in forest
residue to convert it into valuable products (like biofuels,
biopolymers, nanocomposites, enzymes and bioactive mol-
ecules) is continuously increasing. Forest waste generally
consists of branches, barks, treetops, wood slash, dry leaves,
sawdust, trim, etc., which generally produced either natu-
rally in the forest ecosystem or while harvesting forest wood
(Bhatia et al. 2018; Nie and Bi 2018). It is the second-largest
source of lignocellulose biomass after agriculture residues
(Amaniampong et al. 2020). However, the composition of
lignin, hemicellulose and cellulose vary from species to spe-
cies. Softwood hemicellulose contains galactoglucomannan
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and arabinoglucuronoxylan while hardwood (e.g., willow
and poplar) hemicellulose contains glucuronoxylan (Schuty-
ser et al. 2017; Al-Battashi et al. 2019). It is estimated that
2.6 million tonnes of dry forest residues will be available
solely in India by 2030 (Pavlenko and Searle 2019). Forest
residues act as a major cause of forest fire. Forest fire is one
the major problem in forests which cause financial loss, soil
corrosion and environment destruction, hence, the use of
timberland biomass as a substrate for enzyme fabrication
can lessen the delinquent of forest fire (Bhatia et al. 2018).
These residues are of varied or low quality and thus require a
large number of R&D efforts in order to use as economically
viable. Lack of knowledge about forest biomass productivity
is one of the major hurdles in using such biomass (Mateos
2019). The major wood products of forest biomass involve
firewood, sleepers, lumber, plywood, cellulosic, veneer and
piles. Lumber and sleepers possess about 71% of the total
wood and produce huge residues (Honorato-Salazar and
Sadhukhan 2020).

Plant-based industrial waste

Rapid urbanization and rising product demand are prompt-
ing the establishment of new industries. This in terms result-
ing in the generation of massive amount of waste and waste
by-products that, if not recycled or reused, causes immense
pressure on the environment. The composition of waste gen-
erated from the plant biomass-based industry is depending
on the type of industry producing it, such as waste from
agro-based industries, paper industries, textile industries,
food and fruits industries, forest wood-based industries,
distilleries, beverages industries, sugar processing mills,
are rich in lignocellulose materials (Ravindran and Jaiswal
2016; Bhatia et al. 2020a, b, ¢, d; Robak and Balcerek 2018;
Ravindran et al. 2018). On the other hand, wastes from dairy
industries, fish and meat processing industries lack lignocel-
lulose content, but contains high amounts of proteins, lipids,
starch, glucans and diversity of compounds which enhance
the growth of microbes can also be used as nitrogen sources
for the growth of microorganism and production of enzymes,
but more detailed analysis of those wastes are outside the
scope of this article (Ravindran and Jaiswal 2016; Liu et al.
2016). The utilization of organic content gained from plant-
based industrial waste for the production of enzyme is an
outstanding example to validate the vast prospective of waste
valorization for the construction of a sustainable society
(Bhatia et al. 2020d).

Municipal solid waste
Wastes from domestic, public or commercial organizations

collectively called Municipal Solid Waste (MSW) in one or
another way contain the residue of plant biomass that can
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also be utilized for the production of cost-effective enzymes
(Dornau et al. 2020). It is estimated that in 2016 world has
generated over 2 billion tonnes of MSW and by 2050 world
will produce 3.40 billion tonnes of waste every year (Kaza
et al. 2018; Dornau et al. 2020). It can be further categorized
into two categories, such as organic and inorganic municipal
solid waste and organic MSW composition range from 30 to
60% (Dornau et al. 2020). Organic MSW is rich in plant bio-
mass residues and can be used for enzyme production after
proper treatment (Gautam et al. 2012). This organic frac-
tion primarily consists of food and garden waste and waste
papers and cards that are rich in lignocellulose (Dornau et al.
2020). The diversion of MSW to enzyme production could
be very helpful to the environment and also reduce the price
of the enzymes which are otherwise very costly. MSW (food
waste, craft paper and paper sludge) which are rich in cel-
lulose has shown a promising result at laboratory scale for
cellulase production (Gautam et al. 2011).

Enzymes produced using plant biomass
as substrate

Advancement in microbiological and biotechnological
fields resulted in the production of biocatalysts in labora-
tories that finally can be used in a number of industries,
institutes and day to day products. For example, for clari-
fication of fruit juice cellulases and pectinases are applied,
amylases, protease and lipase find their uses in food process-
ing and detergent industries, tannase in tannery wastewater
treatment and many more (Ravindran and Jaiswal 2016).
Recently, the re-engineering of plant biomass by microbes
to produce enzymes has attracted many modern scientists.
Several biotechnological processes have been invented and
developed to synthesize various value-added stuffs, such as
enzymes, biofuels, biopolymers, organic acids, amino acids
from plant biomass (Bhatia et al. 2020c). The utilization of
plant biomass for the synthesis of enzymes will not only
cost-effective, but also an alternative to pollution caused by
their disposal in the environment. Carbohydrates polysac-
charides i.e., cellulose and hemicellulose in plant biomass
act as a low-cost substrate for microbes involved in enzyme
production, hence commercially viable. Microbes use these
polysaccharides as an energy nutrient necessary for growth
and metabolism and in order to do so, microbes secrete
extracellular enzymes which hydrolyse the polysaccharides
into simple sugars (Abdeshahian et al. 2020).

The most common enzymes which can be produced
industrially using plant biomass as substrate are lignocel-
lulosic degrading enzymes i.e., cellulase, hemicellulase and
ligninases. Ligninases or ligninolytic enzymes can degrade
lignin and finds a lot of applications in the textile sector,
petroleum, paper and pulp industries and bioremediation
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(Bharathiraja et al. 2017). On the other hand, cellulase and
hemicellulase find application in second-generation biofuel
production and in food/fruits processing industries (Ravin-
dran and Jaiswal 2016). Most recently, a variety of enzymes,
such as a-amylase, Amyloglucosidase, Tannase, Xylanase,
Inulinase, Mannanase, Lactase, p-glucanase, Invertase, Pec-
tinase, Protease, Transglutaminase, Lipases, Phytase and
Actinobacterial enzymes can be produced using plant bio-
mass (Ravindran and Jaiswal 2016; Bharathiraja et al. 2017,
Ravindran et al. 2018). Among various bacteria, yeast, fungi
and actinomycetes, fungi of genera Aspergillus and Tricho-
derma are widely used for the production of enzymes using
plant biomass as substrate (Ravindran et al. 2018). Depend-
ing upon the enzyme need to produce, type of feedstock, pre-
treatment method, microbial strain and fermentation strategy
is selected. Table 1 and Fig. 2 summarize the different plant
biomasses that have been used as raw material to produce
different enzymes. Moreover, plant biomass required some
upstream processing based on the type of enzyme one pro-
ducing before it can be used as raw material for enzyme
production (Bhatia et al. 2020d, 2021). For instance, to pro-
duce cellulase using plant biomass as substrate, maximum
cellulose concentration should be present in plant biomass,
hence pretreatment is required which remove lignin and turn
crystalline cellulose into amorphous cellulose and ensures
cellulose maximum availability. However, the pretreatment
process results in the formation of inhibitors; hence in most
cases it is avoided.

Commercial production of biocatalysts

Biocatalysts have a unique place in industrial processes
hence their ecofriendly production by utilizing low cost sub-
strates at commercial level is advantageous to fulfill their
needs for industries. Various biotransformation strategies
have been developed and deployed for the production of bio-
catalysts at commercial level as discussed below:

Fermentation strategies

To produce enzymes through microbes, two fermentation
processes are commonly used i.e. submerged fermenta-
tion (SF) and solid-state fermentation (SSF) as shown in
Fig. 3. The submerged fermentation strategy involves a
liquid medium (water) that contain nutrients along with
lignocellulose substrate for enzyme production. Generally,
stirred tank reactors are used which help in maintaining pH,
temperature, aeration and agitation. On the other hand, the
substrate also acts as energy, carbon and backing material
for the growth of microorganisms in solid-state fermenta-
tion (Abdeshahian et al. 2020). This type of fermentation
encourages fungi growth, but the scale-up of this technology

at a large scale still needs a lot of research (Ravindran and
Jaiswal 2016). However, on the other hand, submerged fer-
mentation is well established at a larger scale. However, in
terms of yield, many studies have proved that SSF is better
than SF. In addition, low wastewater generation, SSF fer-
mentation technology has some other advantages like low
energy consumption and low nutrition requirements and low
cost down streaming. Significant rise in temperature, main-
taining moisture and low aeration are some of the issues
which are faced during enzyme production through SSF
(Srivastava et al. 2020). Recently, sequential fermentation
(solid state and submerged) for enzyme production has also
gained popularity (Cunha et al. 2012).

SSF find its use in a wide range of industries as a sig-
nificant process for the synthesis of bio-active compounds
and metabolites. The quest for a manageable, sustainable,
feasible and biologically cordial process to substitute con-
ventional processes for manufacturing various items has
changed the modern area (Lizardi-Jiménez and Hernandez-
Martinez 2017). Consequently, SSF is pertinent, since it
has a few attributes that make it eco-accommodating, for
example, lower energy utilization, less wastewater age and
the work of rural and agro-industrial squanders as substrates,
keeping away from ecological issues brought about by their
removal (de Castro and Sato 2015; Hyseni et al. 2018). It
involves the use of a solid matrix in the absence or very lit-
tle presence of water for the cultivation of microbes (mostly
aerobic) (Lizardi-Jiménez and Hernandez-Martinez 2017).

SF performed under the presence of excess liquid on the
plant biomass substrate. The biological entities thus pro-
duced and extracted from the fermentation broth. The pro-
cess is formed under both aerobic and anaerobic conditions
(Subramaniyam and Vimala 2012). It is a rapid process and
involves excesses and fast utilization of nutrients and thus
requires constant supplementation of nutrient (continuous
flow fermentation). This process is generally used for the
microbes to efficiently grow under moist conditions. The
down streaming in SF is easier than that of SSF (Renge et al.
2012; Mishra and Malik 2013). The pros and cons of both
the processes are given below in Table 2. Various indus-
tries (baking, brewing, detergents, food, pharmaceuticals,
biofuels, textiles and leather processing) employ different
enzymes (such as amylase, lipase, uricase, laccase, cellulase,
hemicellulase, protease, pectinase, catalase etc.) at different
stages to produce valuable products (Bhatia et al. 2020d).
The use of microbial enzymes in different industries is grow-
ing rapidly and with continued advances in R&D activities,
they have proven themselves as one of the vital components
in various industrial processes. Currently, the food and bev-
erage industry dominate in the terms of the use of industrial
enzymes (Bhatia et al. 2021). Hence, become one of the key
drivers of the industrial enzyme market. Nowadays, many
companies produce these enzymes commercially, not only
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Fig.2 Enzymes produced
by utilizing plant biomass as
substrate and their industrial
applications
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Fig.3 Fermentation strategies
for production of value-added
products
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Table 2 Advantages and disadvantages of SSF and SF
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Biocatalysts
(Cellulases, Xylanses, Ligninases, Invertases, Pectinases etc. )

Fermen-  Advantages Disadvantages References
tation
type
SSF Less Pre-treatment required by substrate Low moisture content restrict growth Ravindran and Jaiswal (2016), Srivastava
Contaminants are restricted due to low Rise in temperature et al. (2020), Abdeshahian et al. (2020)
moisture content Difficult in monitoring process parameters
Forced aeration is easier
Low wastewater generation
Low cost in downstream processing
High volumetric productivity
SF Easy to establish and operate Expensive equipment

Even distribution of nutrient and microbes
Easy to monitor process parameters
Abundant availability of water for microbes

Expensive media

Lot of wastewater generated. Need post
treatment technology which increase cost

Complex downstream processing

High power consumption
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for industrial purposes but also for scientific and analytical
purposes. The commercial and abundant availability of these
microbial enzymes has replaced or reduced the use of harm-
ful radioactive elements, heavy metals and catalysts which
not only made a threat to the environment but also harmful
to humankind (Singh et al. 2016; Bhatia et al. 2020d).

Among all industrial enzymes available, proteases
account for the largest share in the industrial enzyme mar-
ket (Ramesh et al. 2020). Various microbial species, such
as Bacillus sp. and Aspergillus sp. are extensively studied
for the production of protease at a large scale (Ramesh
et al. 2020). For instance, Novozymes (Denmark) supplies
protease (Product Trade Name: Alcalase) produced from
B. licheniformis and have activity >0.75 Anson units/ml
whereas Amano Pharmaceuticals Ltd. produces protease
(Product Trade Name: Protease P) from Aspergillus sp.
having activity > 0.5 units/g (Razzaq et al. 2019). Various
researches have been done to find a cheap substrate for pro-
tease production. Several plant biomass (such as sugar cane
bagasse, wheat straw, pigeon pea waste, orange peel waste,
pineapple waste, rice bran, wheat bran, sugarcane bagasse,
raw potato starch, raw sweet potato starch, coffee pulp, copra
pasta, grape wastes, among other) have been evaluated under
solid-state fermentation conditions which are already have
been proven superior to submerged fermentation in terms
of economics. Among all, rice bran has been reported to be
the best substrate to produce protease from Bacillus sp. with
0.13 IU at 48 h (Sharma et al. 2017).

Amylase is also one of the industrially important
enzymes. It was the first industrial enzyme to be produced
from a fungal source in 1894 (Ramesh et al. 2020). It finds
application in almost all industries, such as the detergent
industry, food industry, paper and pulp industry, textile
industry, leather industry, biofuel industry, petroleum indus-
try, pharmaceutical industry, cosmetic industry and waste-
water treatment plants. In a recent study, Khalid-Bin-Ferdaus
et al. (2018) scaled down the production cost of the alpha-
amylase in the pilot project using Wheat Bran as substrate
and A. niger for the fermentative process. The maximum
activity was observed at 28 ‘C and pH 6.2 and the enzyme
was extracted by centrifugation (Khalid-Bin-Ferdaus et al.
2018). Almanaa et al. (2020) have also reported that wheat
bran with starch as a supplement enhances enzyme yield
(threefold) and activity (670 U/g) under solid-state fermenta-
tion with B. subtilis D19 (Almanaa et al. 2020).

Lipase, also known as lipolytic enzymes is the third most
important group of industrial enzymes. It is mainly used
in the pharmaceutical industry. However, the use of lipases
at the industrial level is still limited due to high cost, espe-
cially when needed in high quantity. Hence, several types of
research have been undergoing to reduce the cost of com-
mercial lipase. Many microorganisms, such as bacteria (B.
subtilis, B. licheniformis, B. pumilus, Pseudomonas sp.,

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Burkholderia sp. and Staphylococcus sp.), fungi (Rhizopus
sp., Aspergillus sp., Penicillium sp., Geotrichum sp., Mucor
sp.) and yeast (Candida rugosa, Rhodotorula sp.) are poten-
tial producers of lipases (Bharathi and Rajalakshmi 2019).
However, lipase from yeast and filamentous fungi is more
attractive as they produce more stable lipase. Most recently,
recombinant lipase is produced using hosts, such as E. coli
and Komagataella phaffii (Contesini et al. 2020). Sethi et al.
2016, has reported production of lipase (most active at pH
6, 50 C and substrate concentration of 1.5%) from mus-
tard oil cake by A. terreus NCFT 4269.10 under solid state
fermentation with a yield of 8.44% and the protein had a
molecular weight of 46.3 kDa as determined by SDS-PAGE
and also suggested further research to establish at indus-
trial level (Sethi et al. 2016). The lipase B (CALB) from C.
antarctica, Lipozyme® TL IM from Thermomyces lanugi-
nosus and Novozym® 40,086 from Rhizomucor miehei by
Novozymes, Copenhagen, Denmark are some commercially
available lipases (Contesini et al. 2020; Bhatia et al. 2021).
Nema et al. (2019) performed lipase production from A.
niger under solid-state fermentation using a mixture of rice
husk, cottonseed cake and red gram husk. Maximum activ-
ity of 21.19 U/gds of lipase obtained at temperature 40 C,
moisture content 75% (v/w), pH 6.0 and 1000 g of substrate
concentration using tray fermenter (Nema et al. 2019).

Lignocellulolytic enzymes, such as cellulases (endoglu-
canase, f-glucosidase, etc.), hemicellulases (xylanases, etc.)
and ligninases (laccases, lignin peroxidases, etc.) are some
of the emerging groups of industrial enzymes. They play
important role in reducing the overall cost of biorefinery
(Rios-Franquez et al. 2019). Kamsani et al. (2016) have
identified Aspergillus sp., Bacillus sp. and Brevibacillus
sp. from Bulbitermes sp. termite gut and performed solid-
state fermentation using sawdust as substrate. The yield
of lignocellulolytic enzymes (particularly endoglucanase,
B-glucosidase, xylanase, lignin peroxidase and laccase) were
approximate 17-93% higher in co-culture of Aspergillus sp.,
Bacillus sp. and Brevibacillus sp. compared to a single cul-
ture. Several studies also suggest that sawdust can be used
as an alternative cheap substrate at the industrial level after
some optimization for the production of lignocellulolytic
enzymes by using fungal-bacterial co-cultures (Kamsani
et al. 2016). Namnuch et al. (2020) reported that A. flavus
KUB?2 is a potential cellulase and xylanase producer under
submerged fermentation by using sugarcane bagasse waste
as a substrate (Namnuch et al. 2020).

In addition, to the above-mentioned enzymes, sev-
eral other enzymes are also employed commercially. For
instance, most recently, a study has reported that Aspergillus
sp. Gm has potential for commercial production of pectinase
at 30 ‘C, pH 5.8 and 0.5% substrate (mature ripened orange
fruits) concentration via submerged fermentation (KC et al.
2020). Dhital et al. (2014), have also reported A. niger MG1
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has potential for commercial pectinase production. Phytase
that is used for producing animal feed is produced commer-
cially by Novozyme Company from A. oryzae and Alltech
Company from A. niger (Jatuwong et al. 2020).

Challenges and major limitations associated
with biomass substrate

Biocatalysts need to be produced in a cost-effective and
environmentally sustainable way by utilizing the waste
plant biomass. One major advantage of biomass as a suit-
able feedstock for the production of biocatalysts is its
easy availability. However, being available easily of plant
waste biomass is not enough as there are a number of other
obstacles that need to be address to reduce the cost of
biocatalyst for their commercial applications. Limitations
being faced by the scientific community to use the waste
plant biomass as substrate for the production of biocata-
lysts are discussed below:

Plant biomass as raw material

Plant biomass consists of polysaccharides (cellulose and
hemicellulose) and phenolic compounds (Lignin) collec-
tively called as lignocellulose. Biological degradation of
these polysaccharides is mainly prevented by lignin due to
its recalcitrant nature (Zeng et al. 2014). Hence, in order
to remove lignin from biomass effective pretreatment is
needed (Bhatia et al. 2020c). The crystalline nature of cel-
lulose is also an additional obstacle while utilizing plant
biomass as raw material. Hence, conversion of this into an
amorphous form is necessary for enzymatic degradation, it
will not be susceptible to enzymatic degradation (Ravin-
dran and Jaiswal 2016). Cellulose and hemicellulose are
the two main components in plant biomass that release
fermentable sugars (Cellulose gives glucose; Hemicellu-
lose gives xylose, arabinose, galactose, etc.) after enzy-
matic hydrolysis and most microbes need glucose as a
carbon source (Bhatia et al. 2020a). Hence, the rate of
glucose formation and breakdown of cellulose is directly
prepositional to cellulose and inversely to hemicellulose
or lignin (DeMartini et al. 2013). However, the different
enzyme production depends upon the specific substrates
present in plant biomass (Ravindran and Jaiswal 2016).
For instance, whole-plant biomass utilization for laccase
production, starch for amylase production, etc. One more
constraint of using plant biomass is that its compositional
variability. It is found that the same biomass can be avail-
able in different composition due to change in the geo-
graphical area, harvesting time and upstream processing
(Salihu et al. 2015; Dhyani and Bhaskar 2018; Sadh et al.

2018; Olatunji et al. 2020). Also, the use of cellulose for
enzyme production can cut off land cultivation compe-
tition, but it still needs in farming and forestry system
(Verdade et al. 2015). For instance, some researchers argue
that waste residues especially agriculture and horticulture
residues are needed in the soil to maintain soil fertility,
prevent soil erosion and are important in conservation till-
age practices. Using forest residues has also shown some
disadvantages like it was reported that increased forest
biomass use reduces carbon stocks in Finnish forest (Webb
and Coates 2012). Furthermore, deadwood also provides
habitat to many forest species. Recent reports have also
indicated that plant biomass derived from some dedicated
energy crops requires larger land area, more water and
resources and have more greenhouse gases emission than
food crops which question their sustainability (Verdade
et al. 2015). Moreover, even plant biomass are abundantly
available at a low cost, but its and transportation and pro-
cessing are a little bit complex which ultimately raises the
cost of the whole production process. It is also reported
that the cost of plant biomass vary from region to region
and mainly depends upon the supply chain. And hence,
careful research and improvements in the current supply
chain will reduce the feedstock cost and ultimately product
cost (Singhvi and Gokhale 2019).

Pre-treatment of lignocellulose

The lignocellulose biomass recalcitrance is majorly influ-
enced by lignin because it is rich in aromatic residues which
promote its hydrophobicity and forms a physical barrier
around cellulose and hemicellulose (Bhatia et al. 2017;
Rathour et al. 2018; Zoghlami and Pa&s 2019). Lignin
directly indirectly bonded to hemicellulose and cellulose
which makes the whole structure resistant against enzymatic
action, microbial attack and oxidative stress (Andlar et al.
2018). Hence, when utilization of hemicellulose or cellu-
lose is required for enzyme production, delignification step
is required so that maximum cellulose or hemicellulose is
available for utilization as a carbon source. The pretreatment
process mainly categorized into physical, chemical, phys-
icochemical and biological or combinations of two or more
types (Bhatia et al. 2020b). However, all these pretreatment
methods (Fig. 4) have some benefits and weaknesses as sum-
marizes in Table 3. The main objective of pretreatment is to
reduce the size and crystallinity of plant biomass, remove
lignin and make polysaccharides (hemicellulose and cellu-
lose) more accessible (Singhvi and Gokhale 2019). How-
ever, various pretreatment methods produce many inhibitors
(furfural, HMF, levulinic acid and acetic acid) which can
have a negative influence on microbial growth (Robak and
Balcerek 2018). Hence, the detoxification step is needed
before fermentation which ultimately increases the cost
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*Mechanical
*Microwave
« Ultrasound

Physico-
chemical

Plant Biomass I
I Biological

Fig.4 Different methods of pretreatment

of the end product (Artifon et al. 2018). Pretreatment of
the plant biomass is still an unresolved problem and hence,
the future of using plant biomass as a substrate for enzyme
production is expected to lie in the development of cost-
effective pretreatment technologies (Singhvi and Gokhale
2019). Several bioengineering types of research have been
going on to increase efficiency and reduce production cost.
One of the methods is consolidated bioprocessing (CBP) in
which pretreatment, saccharification and fermentation are
done by the same microorganism or consortium. Hence, the
enzyme produces during this process can be recycled (Zhang
and Zhang 2013). This will not only generate revenue or
reduce the production cost, but inhibitors formation is also
minimal since biological pretreatment is more environmen-
tally friendly (Zhang and Zhang 2013; Busi¢ et al. 2018).

Choice of microorganism

Enzymes of microbial origin are found to be more advanta-
geous over the enzymes of plant, animal, human or mam-
malian cell origin. Because the life cycle of microbes is
shorter, they can be easily manipulated at the genetic level
and enzymes produced are more active stable and can be
produced in large quantity in comparison to wild coun-
terparts (Anbu et al. 2017). For industry use, enzymes are
generally available as enzyme preparations that contain
metabolites, additional preservatives and stabilizers along

jllate ¢llodl ay .
des Shevis @) Springer
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Lignin

Products

with the desired enzyme ((Bhatia et al. 2020d, 2021). How-
ever, enzymes produced by microbes must pass some safety
tests. Hence, strain should be non-pathogenic and non-toxic.
Generally, commercial enzymes produced by using non-
pathogenic microbes (Ravindran and Jaiswal 2016).

Among various bacteria, yeast, fungi and actinomycetes,
fungi of genera Aspergillus and Trichoderma are widely
employed for industrial production of enzymes using plant
biomass as substrate (Ravindran et al. 2018; Abdeshahian et al.
2020). In bacteria some Bacillus sp. has also been employed
in the commercial production of enzymes using plant biomass
as substrate (Ravindran and Jaiswal 2016). Recently, genetic
engineering employed on several microorganisms, such as E.
coli K-12, F. venenatum and P. fluorescens etc. which have
no history of use in industrial production of native enzymes
has been successfully utilized in commercial production of
enzymes using plant biomass as substrate (Ravindran and
Jaiswal 2016). Thermophilic microbes which are isolated
from exotic location have also shown potential to produce
industrially important enzymes. There are several advantages
of using thermophilic microbes like reduce the risk of con-
tamination, low viscosity, high substrate solubility and high
product yield (Coker 2016). Wild-type strains can also be used
to produce enzymes that have industrial value. The common
method to exploit these microbes is bioprospecting in which
first microbes are collected from the environment and culture
in the lab and their enzyme production is screened (Ravindran
etal. 2018).
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Technological progress in plant biomass
as a low-cost substrate

Eco-friendly and economic production of a variety of prod-
ucts uses plant biomass as a key feedstock. Although its
utilization is a favorable substitute to many existing chemi-
cal challenges thus, there is a need of some technologi-
cal process (pretreatment, hydrolysis and fermentation) in
order to make it more suitable. Extensive researches have
been undertaken to utilize plant biomass as raw material to
synthesize new chemicals, biofuels, PHA and certain other
metabolites including biocatalysts (Ge et al. 2018; Bhatia
et al. 2020c). Recently, agriculture, forest, marine, the indus-
trial and municipal waste residue has expanded as abundant
feedstock worldwide for the production of biocatalysts as
shown in Table 1. However, the efficiency and production
yield depend on the nature, climate conditions, source and
harvesting time of plant biomass (Al-Battashi et al. 2019).

The conversion of plant biomass to sugar is also a compli-
cated and most expensive process. Varieties of pretreatment
techniques are generally used for plant biomass hydrolysis
(Singhvi and Kim 2020). Plant biomass is converted into
commodity products by two main routes either ‘‘acid-
based’’ or ‘‘enzyme-based’’. The enzyme-based approach
is highly complex, but advantageous over the chemical route
mainly because of no toxic chemicals’ generation (Adsul
et al. 2011). The cellulosic portion of lignin is C6 sugar, it
can be further converted into fermentable sugars i.e. glucose
and finally to biofuels (Wang et al. 2018). Besides this, cel-
lulose is also utilized to produce other value-added prod-
ucts, such as microbial polysaccharides, single-cell proteins
(SCPs), methane and other fine chemicals (Nangul and Bha-
tia 2013; Kumar et al. 2018). The hemicellulosic portion
of plant biomass forms 20-35% of its total weight, mainly
comprising of C5 sugars i.e., xylose, arabinose comprising
D-xylose and arabinose. These pentose sugars formed after
pretreatment of plant biomass can be used for the produc-
tion of xylitol (a sugar-free sweetener), SCPs (single-cell
proteins), lactic acid, fumaric acid and amino acids (Kumar
et al. 2018). The third main constituent of plant biomass is
lignin, an aromatic phenolic polymer formed by three mono-
meric units i.e., coumaryl, coniferyl and sinapyl. A variety
of value-added products can be formed from lignin, depend-
ing upon its type. 98% of lignin is used as a fuel while only
2% is used for the production of polymeric products (Bhatia
et al. 2019). It is used for the synthesis of dyes, jet print-
ing ink, asphalt, vanillin, benzene, toluene, xylene, styrene,
bio-based polyethene terephthalate, polyurethane and further
production of pharmaceuticals, fragrances and flavouring
agents (Pandey and Kim 2011; Bajpai 2018b).

Although a large number of value-added products can
be formed from plant biomass by development in research
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and technological intervention still a break exists between
the predicted and actual commercial yield. Therefore, sev-
eral difficulties i.e., collection, harvesting, handling, pre-
treatment, depolymerization, needed to be overcome in
order to make use of these abundant and cheap feedstocks.

Commercial viability of plant biomass
for biocatalyst scenario

Enzymes find usage in various industries across the globe
and are preferred over chemical catalysts because of the
great degree of substrate specificity. With modernization,
the commercial production of enzymes is expected to
increase with a 4.7% of annual growth rate from 2016 to
2021 which is $5.0 billion in 2016 to $6.3 billion in 2021
globally (Ravindran and Jaiswal 2016; Ravindran et al.
2018). Since the beginning, enzyme production is limited
to only a few companies, such as Novozymes and Danisco.
70% of the total production is dominated by these two com-
panies (de Souza Vandenberghe et al. 2016). Despite such
high demands, enzymes are still expensive and thus the cost
to process to which these are employed is also high. Plant
biomass may serve or is serving as one of the best low-cost
substrates for the production of the enzyme. This only just
the cost of the whole process, but also help to solve the
problem of waste generation which if does not manage sus-
tainably can be a threat to both environment and humankind.
However, using plant biomass at commercial levels comes
with some challenges as discussed in the previous section.
To lower the overall production cost of the enzyme, set-
ting up a lignocellulose biorefinery seems like a more viable
option, rather than setting up a company for just one product
(Chandel et al. 2018). The concept of biorefinery will not
lower the cost of the enzyme produced by completely utiliz-
ing lignocellulose for producing various value-added prod-
ucts, but also help to achieve sustainable development goals
and make a green circular economy that generates no waste
(Busi¢ et al. 2018). Using plant biomass with or in place of
costly feedstock will definitely increase returns (Ravindran
et al. 2018). Hence, robust research is needed so that cost-
effective and eco-friendly technologies can be developed to
valorize lignocellulose. Table 4 summarized some of the
enzyme producers and important enzymes being produced
commercially.
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Table 4 Commercial hydrolases

. Enzyme Manufacturer ~ Microbe used References

and their manufacturers
Termamyl 120L (Amylase) Novozymes B. licheniformis de Souza Vandenberghe et al. (2016),
Cellubrix Novozymes T. longibrachiatum ~Ravindran et al. (2018),
SP526 (Lipase) Nova Nordisk  A. Antarctica Bhatia et al. (2021)
Pectinex Schweizerische —

Ferment A.G

Allzym PT Alltech A. niger

Conclusion and future prospective References

The enzyme industry is increasing rapidly with prompt
industrialization and a major drawback in enzyme produc-
tion is its cost. Plant biomasses, an economical substrate for
the production of a variety of enzymes find their applications
in the majority of industries. The development of new and
cost-effective techniques using waste biomass as a substrate
is a challenging task. A desirable amount of enzymes and
other biochemical without any byproduct formation needs
integration of systemic as well as synthetic biology. This
would aid in the construction of new technologies, new
metabolic pathways and fewer side products formation. The
potential of these biomasses can be exploited with the use
of microbes as it is reflected as the most feasible method
to search for desirable enzymes. Despite this, the effective-
ness of industrial enzyme production from biomass still
needs improved pretreatment strategies. Further, research
on the influence of waste biomass and the possible roles
of lignocellulosic enzymes in industrial processes is still
needed. The available information demonstrates that plant-
based biomass is an attractive substrate for the production of
value-added products. Although its utilization is a difficult
process, but biotechnological intervention and advancement
in applied sciences make it easier and useful that will help
in solving two critical issues, the never-ending pollution and
low-cost products.
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