Bhardwaj et al. Bioresour. Bioprocess. (2021) 8:95

https://doi.org/10.1186/540643-021-00447-6 0 Bloresources and BloproceSSIng

REVIEW Open Access
()]

Check for
updates

Current perspective on production
and applications of microbial cellulases:
a review

Nisha Bhardwaj'*", Bikash Kumar'", Komal Agrawal' and Pradeep Verma'

Abstract

The potential of cellulolytic enzymes has been widely studied and explored for bioconversion processes and plays a
key role in various industrial applications. Cellulase, a key enzyme for cellulose-rich waste feedstock-based biorefinery,
has increasing demand in various industries, e.g., paper and pulp, juice clarification, etc. Also, there has been constant
progress in developing new strategies to enhance its production, such as the application of waste feedstock as the
substrate for the production of individual or enzyme cocktails, process parameters control, and genetic manipula-
tions for enzyme production with enhanced yield, efficiency, and specificity. Further, an insight into immobilization
techniques has also been presented for improved reusability of cellulase, a critical factor that controls the cost of the
enzyme at an industrial scale. In addition, the review also gives an insight into the status of the significant application
of cellulase in the industrial sector, with its techno-economic analysis for future applications. The present review gives
a complete overview of current perspectives on the production of microbial cellulases as a promising tool to develop

a sustainable and greener concept for industrial applications.
Keywords: Cellulase, Cellulose, Mechanism, Biorefinery, Techno-economic aspects

Introduction

The continuous increase in worldwide industrialization
has made researchers find economical ways to fulfill the
growing demand. Industries like automobiles, textiles,
animal feed, detergent, paper, health care needs, food
processing, manure, wine making, and waste manage-
ment have shown a gradual increase in their demand.
Hence, it is necessary to fulfill these requirements with-
out affecting the economy or any harsh effects on the
environment. All the industries require various param-
eters to be considered, such as the use of enzyme-based
catalysis, biodegradable and cost-effective raw materials,
and low risk of environmental effects (Ding et al. 2008).
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Lignocellulosic biomass (LCB) obtained from agri-
cultural and forestry industries can serve as suitable
raw materials as they are abundantly available through-
out the year (Hou et al. 2020; Pandey and Negi 2020;
Verma et al. 2018; Zhao et al. 2019). Cellulose is the
main polysaccharide of lignocellulosic plant biomass, its
hydrolysis to glucose using enzymes comprises the syn-
ergy of three enzymes, i.e., endoglucanases (EC 3.2.1.4),
exoglucanases or cellobiohydrolases (EC 3.2.1.91), and
B-glucosidases (EC 3.2.1.21). The glycosidic bonds pre-
sent in the cellulosic biomass are hydrolyzed randomly
by endoglucanases in the crystalline and amorphous
regions (Sharma et al. 2016; Teter et al. 2014), resulting
in the oligosaccharides generation. These oligomers are
cleaved by exoglucanases in the reducing and non-reduc-
ing ends to generate cellobiose which is further hydro-
lyzed by B-glucosidases to release sugar molecules such
as glucose (Allardyce et al. 2010; Juturu and Wu 2014a,
b). Although a massive amount of LCB is being used for

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-2266-9437
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40643-021-00447-6&domain=pdf

Bhardwaj et al. Bioresour. Bioprocess. (2021) 8:95

various applications worldwide, many unused and par-
tially hydrolyzed raw materials due to the high process-
ing cost are gathering in the biosphere, causing pollution
is under focus currently. It has been noticed that in most
bioprocess-based industries, the cellulose bioconversion
process from LCB is affected by microcrystalline struc-
ture of the cellulose-rich materials. Although plenty of
conventional physical and chemical methods have been
utilized to date for the pretreatment of these materi-
als with interesting output, some secondary contamina-
tion was also observed, negatively affecting their utility.
Therefore, microbial enzymes are a suitable alternative
for increasing the effectiveness of cellulosic bioresources
(Premalatha et al. 2015).

Since two decades, cellulase has gained enormous
attention as an industrially important enzyme with a
wide range of applications. Cellulases are utilized for
the saccharification of cellulose which is the innermost
component of the lignocellulosic plant biomass. This
process of saccharification using cellulase results in the
release of glucose that can further be converted to bio-
fuel such as bioethanol by using ethanologenic micro-
organisms (Nguyen et al. 2018; Raj and Krishnan 2018).
Similarly, cellulase and pectinase cocktails have shown
better fruit juice extraction and clarification in the
food processing industries. Recently, cellulase has been
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considered the 3rd most important industrial enzyme
in the retail market worldwide (Oberoi et al. 2010).
Hence, considering these facts, cellulase production has
been considered as an important step for the economi-
cal use of renewable lignocellulose (raw materials) for
the generation of value-added products such as etha-
nol, single-cell proteins, and other chemicals (Bhardwaj
et al. 2019; Kumar et al. 2018). The production process
of cellulase is quite expensive and contributes to 50%
of the total hydrolysis cost. Therefore, lignocellulosic
plant biomass can be considered as an economical raw
material for cellulase production and other industrial
by-products (Verma et al. 2011; Guldhe et al. 2017).
The cellulolytic enzymes are primarily obtained from
the microbial origin with noticeable enzymatic activ-
ity and stability variations, e.g., physical parameters like
pH and temperature. Numerous bacteria, protozoans,
fungi, animals, and plants have been reported for their
ability to produce cellulases.

Hence, with the concern of high demand, the require-
ment of finding new microbial isolates by exploring
different ecological habitats has become essential. The
present review includes up-to-date exploration of cel-
lulases, emphasizing the source, mechanism, and
methods for enhanced cellulase production with high
activity, specificity, and reusability. The review also
gives insight into the major application of cellulase in
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the industrial sector with its techno-economic analysis
for future applications (Fig. 1).

Classification and mechanism of action

of cellulolytic enzymes

Cellulolytic enzymes are mainly designated under three
groups, first endoglucanases (EC 3.2.1.4) (1,4-B-p-glucan-
4-glucanohydrolase or carboxymethyl cellulase), sec-
ond exoglucanases [Cellobiohydrolase (EC 3.2.1.91) and
cellodextrinase (EC 3.2.1.74)] and third p-glucosidases
(EC 3.2.1.21) (Hasunuma et al. 2013). All three cellu-
lase groups consist of members in separate GH families
based on the CAZy database classification (Lombard
et al. 2014). The classification of cellulases is prepared
according to the depolymerization stage of the target-
ing substrate. The glycosidic bonds present in crystalline
and amorphous cellulose are randomly hydrolyzed by
endoglucanases and lead to the production of oligomers
with varying polymerization degrees (Sharma et al. 2016;
Teter et al. 2014). However, Szijarté et al. (2008) have
also experimentally proved that the EG is more active
toward crystalline cellulose, whereas amorphous cellu-
lose is prone to action by CBH. After this B-1,4-glycosidic
bonds present at the reducing and non-reducing ends of
the oligomers are hydrolyzed by the exoglucanases and
produce cellobiose which is degraded further to glucose
by B-glucosidases (Hasunuma et al. 2013; Juturu and
Wu 20144, b). Some other critical enzymes that catalyze
reversible phosphorolytic cleavage and epimerization are
also grouped as part of the cellulase enzyme complex.
Cellobiose phosphorylase or cellobiase (orthophosphate
a-D-glucosyl transferase, EC 2.4.1.20) catalyzes revers-
ible phosphorolytic cleavage of cellobiose to glucose.
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Cellodextrin phosphorylase (1,4-B-p-oligoglucan
orthophosphate «-D-glucosyl transferase, EC 2.4.1.49)
catalyzes the conversion of cellodextrins (cellotriose to
cellohexose) to glucose. Cellodextrin phosphorylase does
not act on cellobiose. Cellobiose epimerase (EC 5.1.3.11)
catalyzes the epimerization of disaccharides like cellobi-
ose into 4-O-B-p-glucosylmannose (Sharma et al. 2016).

Additionally, the cellulase enzyme mixture also con-
sists of other accessory proteins such as swollenin and
lytic polysaccharide monooxygenase (Harris et al. 2014),
facilitating the cellulose degradation. Trichoderma reesei
protein called the exoproteome is a widely utilized cellu-
lase producer at the industrial level that consists of two
cellobiohydrolases (approximately 70% of total proteins),
three types of endo-1,4-B-glucanases, one lytic polysac-
charide monooxygenase, and one [-glucosidase (Bischof
et al. 2016; Herpoél-Gimbert et al. 2008). The cellobiohy-
drolases are extensively suggested for their necessity in
the effective degradation of type I crystalline cellulose (a
major allomorph of plants crystalline cellulose Gusakov
et al. 2007; Morozova et al. 2010; Szijart et al. 2008). The
enzymatic saccharification rate is reported to be effec-
tively improved when the crystalline cellulose I is dis-
rupted to other crystalline allomorphs (Chundawat et al.
2011; Igarashi et al. 2007; Szijarté et al. 2008).

The synergistic action of the cellulase enzyme complex
controls the bioconversion of cellulose to glucose that can
be explained in two steps (Fig. 2). The first step involves
the action of exo- and endoglucanases that cause a reduc-
tion in the polymerization degree of cellulose in the stage
of liquefaction and releases cellobiose. f-Glucosidase is
involved in the second step that converts cellobiose into
glucose (Maeda et al. 2013).
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Similar to hydrolytic enzymes, a water molecule is
inserted into the substrate by cellulases during a nucle-
ophilic attack. All the three enzyme types, i.e., endoglu-
canases, exoglucanases, -glucosidase shows synergistic
action by the similar types of action mechanism known
as acid catalysis. The acid catalysis occurs in two differ-
ent mechanisms, i.e., inverting and retaining. The action
pathway of cellulases mainly depends on the distance of
the catalytic sites. During inverting mechanism, there
is no enzyme-substrates complex formation through-
out the reaction, and the hydrolysis process is directly
achieved by sequential deprotonation. The carboxylic
ends present in the amino acid residues are involved in
the retaining mechanism acting as a nucleophilic base
that attacks the glycosidic bond, breaks it, binds itself to
an oligomeric fraction, and forms an enzyme—substrate
complex (Ng and Cheung 2011; Qi 2017).

The cellulase adsorption onto the insoluble cellu-
lose surface is vital for the effective hydrolysis process.
The cellulose-binding domain is mainly responsible for
adsorption (Linder and Teeri 1997). In fungal cellulases,
the cellulose-binding domain mainly consists of 40 amino
acids module kept in the CAZy database as carbohydrate-
binding module family 1 (CBM 1) (Boraston et al. 2004).
The CBM 1 inactivation or removal in 7. reesei cellobio-
hydrolase I (CBH I) has dramatically reduced its binding
capacity and hydrolysis activity on crystalline cellulose
(Amore et al. 2017; Cruys-Bagger et al. 2013; Reinikainen
et al. 1992). In contrast, CBM 1 to CBM 1-lacking cellu-
lases fusion can efficiently improve their hydrolysis activ-
ities on crystalline cellulose (Szijarté et al. 2008).

The cellulase enzymes structure and substrate binding
mechanism vary from microorganism to microorganism
(Juturu and Wu 2014a, b). Fungal and aerobic bacterial
cellulases are released extracellularly from the cell as free
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molecules into the medium. On the other hand, in case
of anaerobic bacterial cellulases it remains linked to the
surface of the cell by forming a protein complex known
as cellulosome (Doi and Kosugi 2004). Cellulases from
aerobic microorganisms are found in different architec-
ture involving two domains linked by a peptide. One is
the cellulose-binding domain, and another acts as a cata-
Iytic site (Park et al. 2010). Several other structures with
different functions can be found on the protein (Rabi-
novich et al. 2002).

Overview of cellulolytic enzymes production

Microorganisms such as bacteria and fungi are good pro-
ducers of cellulolytic enzymes, although fungi were more
suitable for cellulase producers due to their extracellular
properties. Thus, continuous exploration in search of new
microorganisms (Table 1) has become essential to favors
industrial needs (Premalatha et al. 2015). On a commer-
cial scale, several fungal and bacterial strains have been
utilized to produce cellulases. Commercially, substrates
such as cellulose or carboxymethyl cellulose (CMC) have
been used to produce cellulase; however, are very costly.
Thus, scientists attempted to replace this costly substrate
with naturally occurring cellulose-rich biomass such
as agricultural and forest residues (De Almeida et al.
2019; Crognale et al. 2019; Goldbeck et al. 2013).

Utilization of pure cellulose as a substrate

for cellulase production

Pure cellulose obtained from microbes and biomass pro-
cessing can be used as substrates to produce cellulases
(Azeredo et al. 2019; Thulluri et al. 2021). Kumar et al.
(2018) demonstrated the utilization of commercially
available cellulose (CMC) as the substrate for cellulase
production using fungal strain Schizophyllum commune

Table 1 Cellulases production potential of microbial strains by utilizing plant residues as carbon sources

Microorganisms Carbon sources Yield

References

Aspergillus niger Corn stover 6.28 U/mL

Rhizopus oryzae UC2 QOil palm frond leaves

Trichoderma asperellum UC1 Raw oil palm frond leaves

CMCase 94.68 U/g, FPase 25.46 U/g, B-glucosidase 14547 U/g
CMCase 136.16 1U/g, FPase 26.03 U/g, B-glucosidase 130.09 IU/g,

Xue et al. (2020)
Ezeilo et al. (2019b)
Ezeilo et al. (2019a)

xylanase activity 255.01 U/g

Trichoderma harzianum Rice straw

Trichoderma harzianum Domestic wastewater
Cellulomonas uda NCIM 2353

A. thermoaerophilus, B. borstelensis

Waste date seeds
Sugarcane bagasse

Aspergillus japonicus URM5620 Passiflora edulis peel waste

Bacillus velezensis ASN1 Waste office paper 242 U/mL
Trichoderma reesei Duckweed (Lemna minor) 6.5 FPU/mL
Trichoderma reesei NCIM 1186, Wheat bran 6.71 FPU/gds

Penicillium citrinum NCIM 768

Cellulase 12.7 U/g, xylanase 110.7 U/g

FPase 5.4 U/mL, CMCase 8.2 U/mL

175.96 IU/mL

22.18 and 33.3 IU/mL of endoglucanase

Total cellulase FPase (1.2 U/mL) endoglucanase CMCase 1.7 U/mL

Syuan et al. (2018)
Libardietal. (2017)
Swathy et al. (2019)
Ejaz et al. (2020)
Silva et al. (2019)
Nair et al. (2018)
Lietal (2019)
Lodha et al. (2020)
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NAIMCC-F-03379. They compared it with the utiliza-
tion of different LCB as a substrate. The study showed
that wheat bran and CMC showed comparable CMCase
and FPase activity. In contrast, all other biomass, i.e., rice
straw, rice husk, wheat straw, and sugarcane bagasse,
showed poor cellulase activity as compared to commer-
cial cellulose (Kumar et al. 2018). Although cellulase
enzyme preparation from fungi is in trend, cellulase-pro-
ducing bacteria have attracted significant attention due
to their strong adaptability (Sadhu et al. 2013a). A total
of 10 cellulase-producing bacterial strains were reported
from Min pig manure, with the best enzyme producing
ability in Bacillus velezensis (Li et al. 2020). Gupta and
Samant (2012) demonstrated the application of What-
man filter paper rich in cellulose as a substrate for cel-
lulase production utilized by cellulolytic bacteria. The
obtained cellulolytic enzyme was then applied for simul-
taneous saccharification and fermentation (SSF) for effi-
cient ethanol generation ability. Similarly, Li et al. (2009)
demonstrated recombinant expression of thermostable
cellobiohydrolase gene from Chaetomium thermophilum.
Pichia pastoris efficiently utilized cellulose-rich micro-
crystalline cellulose for cellulase production. The purified
enzyme was found to be thermotolerant (60 °C) and sta-
ble at acidic pH (5.0) and showed high saccharification of
cellulose substrates such as filter paper.

Although the production of cellulase utilizing LCB as a
substrate is lower than that of a pure cellulose-containing
culture medium. But the variable structural complexities
and low solubility of the pure crystalline cellulose can
limit its application as a substrate for cellulase produc-
tion (Lynd et al. 2002). The commercially available cel-
lulose derivatives are soluble and can result in enhanced
cellulase enzyme production in a shorter duration due
to the non-requirement of time for overcoming recal-
citrance lignin (Chukwuma et al. 2020; Kucharska et al.
2018). But the cost of these derivatives compensates
for the time required while using the LCB as substrate.
Also, the application LCB helps in the production of
other auxiliary enzymes such as hemicellulases, lac-
cases, and LPMOs (Lopes et al. 2018; Obeng et al. 2017).
Thus, selecting a suitable biomass/substrate is critical to
increasing the potential of enzyme cocktail for sacchari-
fication in consolidated bioprocessing in lignocellulosic
biorefinery (@stby et al. 2020).

Utilization of LCB as a substrate for cellulase
production

In a study by Marques et al. (2018), a total of fourteen
(14) endophytic fungal strains were randomly cho-
sen and prospected for cellulases and xylanases pro-
duction by solid-state fermentation (SsF). Initially,
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fungi were cultivated in a mixture (1:1 w/w) of sug-
arcane bagasse and wheat bran for 7 days at 28 °C.
In the initial screening, a total of four (4) fungi, i.e.,
Cladosporium cladosporioides PA] 03, Phomopsis sti-
pata SC 04, Trichoderma viridae PAJ 01, and Botry-
osphaeria sp. AM 01 shown endoglucanase activity
in a range of 42.79+1.6 U/g to 88.51+1.0 U/g. The
other four (4) endophytic fungi, i.e., Saccharicola
sp. EJC 04, Paecilomyces sp. SF 021, Ustilaginoidea
sp. CV 04, and Ustilaginoidea sp. XYA 04 exhibited
B-glucosidase activity in a range of 21.724+3.05 U/g
to 51.56 2.7 U/g. Among these fungal strains, maxi-
mum xylanase and B-xylosidase activity of 694.33 and
4.87 U/g was reported in fungi, P. stipata SC 04, and
Botryosphaeria sp. AM 01, respectively. Further, these
eight (8) endophytic fungi were grown in media sub-
stituted with lignocellulosic substrates, i.e., 1:1 (w/w)
of cotton seed meal and wheat bran. Maximum endo-
glucanase and B-glucosidase activities of 184.7446.0
and 92.28+9.57 U/g were observed with Botryospha-
eria sp. AMO1 and Saccharicola sp. EJC04, respectively
(Marques et al. 2018). Thus, suggesting potential endo-
phytic strains capable of high cellulase enzyme system
utilizing LCB as substrate. Similarly, various thermo-
philic and mesophilic bacterial strains were studied
for the production of cellulase and belonged to genera
Cellulosimicrobium, Clostridium, Thermomonospora,
Cellulomonas, Ruminococcus, Erwinia, Bacteriodes,
Bacillus, Streptomyces, Microbispora, Fibrobacter, Ace-
tovibrio, Paenibacillus, and Aspergillus (Ahmad and
Khare 2018; Cai et al. 2019; Mohapatra et al. 2018;
Oliveira et al. 2018b; Prajapati et al. 2018; Liang and
Xue 2017; Sriariyanun et al. 2016). Commercial fun-
gal strains of Trichoderma are a well-known and com-
monly preferred fungal species for the production of
cellulase utilizing cheap and readily available renewable
substrates such as spruce, bagasse, wastepaper, dairy
manure, and willow (Lan et al. 2013; Wang et al. 2020a).

Additionally, some food processing industries waste
rich in lignocellulosic content such as brewery spent
grain (BSG) and sugarcane bagasse (SCB) can be used
for the production of cellulases using different fun-
gal strains, i.e., Aspergillus niger CECT 2700, A. niger
CECT 2915, and A. niger ITV-01 (Moran-Aguilar et al.
2021). The BSG and SBC are first subjected to alka-
line/boiling water/autoclave pretreatments then sub-
jected to SsF with selected Aspergillus niger strains. The
maximum cellulase activity of 6.23 U/g using A. niger
CECT 2700 and BSG pretreated with boiling water was
reported (Moran-Aguilar et al. 2021).

Table 1 represents a summarized list of microorgan-
isms used for cellulase production utilizing various
LCB as substrate.
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Cellulase production development strategies

at laboratory and industrial scale

Numerous strategies have been employed to increase
cost-effective and economically feasible of the cellulo-
lytic enzyme production using sustainable approaches.
These include exploring different suitable carbon sources
and pretreatment of agro-residues before using them for
enzyme production. The media optimization and the
role of different media components can be examined.
In addition, the assessments of different process param-
eters have to be examined to increase cellulase produc-
tion (Verma and Kumar 2020). Further advancement in
cellulase production via microbial fermentation pro-
cesses is also required. Further, microbial co-productions
of other essential molecules is required for enhancing the
cost efficiency of the overall process. Also, to increase
cellulase efficiency via reusability concept and exploita-
tion of different molecular approaches have to be exam-
ined for enhancing cellulase activity and efficacy. Some of
the strategies have been discussed below.

Utilization of suitable carbon source
and pretreatment necessity of LCB
The utilization of carbon sources can cause more than
50% of the total cost of enzyme production, e.g., pure
glucose (Ellild et al. 2017). The increasing demand for
cellulase in various industries has led researchers to
find multiple resources that can reduce production
costs and be sustainable. As discussed earlier, microbial
strains can be used to produce cellulase enzymes utiliz-
ing LCB obtained from forestry and agricultural residues
as cost-effective raw materials that are abundantly avail-
able in nature (Kumar et al. 2008). Lignocellulosic plant
residues can be an effective alternative to the costly car-
bon sources as they are cheap, renewable, abundant, and
good nutrients sources for the microorganisms involved
in cellulase production (Saini et al. 2017). Many lignocel-
lulosic residues, such as wheat bran, sugarcane bagasse,
rice straw, wheat straw, grape stalk, seeds, fruit pomace,
corn cob, and soy bran, have been evaluated in the pro-
duction of cellulases (Jampala et al. 2017; Masutti et al.
2015). Further, variation in atmospheric conditions
results in different plant diversity and compositional
structure, thus causing variations in the available waste.
In Brazil, sugarcane bagasse is an effective alternative to
the expensive carbon sources due to its large availability
at the sugarcane mills (Vasconcellos et al. 2015).
Additionally, the substrates used in the production
process acts as an enzyme inducer, and their source
microorganism may produce enzymatic cocktails with
diverse catalytic abilities for cellulose breakdown (Li
et al. 2017a; Pandey et al. 2016). Similarly, lignocel-
lulosic substrates can be used as a suitable alternative
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to commercial inducers by producing a number of
enzymes leading to better cellulose hydrolysis (Cunha
et al. 2012). The use of waste biomass for cellulase pro-
duction could reduce the production cost and partly
address the environmental LCB disposal problems
(Gomes et al. 2015).

Although celluloses are available in considerable
quantities in the LCB, their accessibility to microbes
is poor due to their natural recalcitrance properties in
biomass. Thus, before using LCB as the substrate for
cellulase production, it can be subjected to pretreat-
ment to improve cellulose accessibility to microor-
ganisms (Saini et al. 2017). After optimization and a
suitable fermentation process, pretreatment of biomass
can enhance the production of enzymes. The pretreat-
ment of biomass is an effective method to disrupt the
LCB complex structure, which increases the cellulose
accessibility for fungal attack (Rodriguez-Zuiiga et al.
2014). Even though different pretreatment methods
are known, such as biological, physical, chemical, and
physicochemical pretreatment and their use mainly
depends on the physio-chemical characteristics of the
raw materials. Although various pretreatment methods
are available, the two methods, i.e., chemical and ther-
mochemical pretreatment, are currently in demand for
most industrial applications (Alvira et al. 2010).

The major limitation associated with pretreatment
methods is the generation of inhibitors, such as fur-
fural and 5-hydroxymethylfurfural, etc. (Scordia et al.
2013). Thus, the type of pretreatment method strongly
affects the proper growth of fungi as the presence of
fermentation inhibitors compounds can inhibit fungal
growth. Several types of research have been focused on
minimizing these inhibition problems (Almeida et al.
2007). Vasconcellos et al. (2015) reported an improved
enzyme production by removing the phenolic com-
pounds, which are the known potential inhibitors of
cellulase production. Sonication-based treatment of
fermentation broth is suggested to have improved cellu-
lase, xylanase, and pectinase enzymes production using
different microorganisms (Delgado-Povedano and De
Castro 2015; Jalal and Leong 2018). Increased glucose
production from Bacillus licheniformis a-amylase has
been reported using ultrasound treatment at 100%
amplitude for 1 min the ultrasound treatment to the
sorghum grain slurry (Shewale and Pandit 2009). The
amylase enzyme obtained by following this method has
enhanced amyloglucosidase enzyme saccharification
(by 8%).
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Media optimization and process parameters using
statistical tools for enhanced cellulase production
The various optimization studies have been performed
to increase cellulase production using one factor at a
time (OFAT) and different statistical approaches (Bhard-
waj et al. 2017). The study shows that optimizing the
medium components and the physicochemical process
involved in the cellulase production process improved
enzyme yield (Shajahan et al. 2017). A well-known sta-
tistical tool, Response Surface Methodology (RSM), was
studied to optimize the cellulase production process to
evaluate the interactions of independent physicochemical
parameters in A. aneurinilyticus strain BKT-9 and Schiz-
ophyllum commune COC, (Kumar et al. 2018; Srinubabu
et al. 2007). RSM is a multivariate approach with many
benefits, such as a smaller number of investigational
runs, increased justification of the statistical potentials,
and individual and interactive properties of the involved
parameters. The Central Composite Design (CCD) is
a known statistical design under RSM with a rotatable
feature while facing difficulty in star points extension
beyond the upper and lower limits designed for each
factor in the experimental region. The nutritional and
environmental factors of cellulase production were opti-
mized for bacteria obtained from Dal Lake, urban fresh-
water Himalayan Lake (Srinubabu et al. 2007). Shah et al.
(2021) reported a new cellulase-producing strain Bacillus
licheniformis KY962963, an epiphytic bacteria of marine
algae Chlorococcum sp. The optimization of nutritional
and ecological factors for enhanced cellulase production
using Bacillus licheniformis KY962963 was performed
using the concurrent application of “Plackett—Burman”
design and one factor at a time approach. The study sug-
gested that moisture content (75%), K,HPO, concentra-
tion (2 g/L) and incubation temperature (35 °C), and an
incubation time of 3 days were optimum condition for
enhanced cellulase production.

Improvements in cellulase production

via microbial fermentation processes

The SsF and solid submerged fermentation (SmF) are
the two main methods utilized for the production of cel-
lulase and other enzymes like proteases, xylanase, and
pectinases using different microorganisms (Mrudula
and Murugammal 2011; Pant et al. 2015). Lignocellu-
losic feedstocks can be utilized as substrates that act as
an inducer for enzyme production during fermentation.
SmF possesses several advantages in process control as
abundant water reduces the oxygen, temperature, and
nutrient concentration gradients, and enzyme recovery
is easy in SmF. Additionally, the submerged fermenta-
tion process can serve as a well-established technology
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to develop the fermentation processes for industrial-level
production capability (Colla et al. 2016; Hansen et al.
2015).

Similarly, during SsF, an organic substrate is degraded
aerobically in the absence of free water to produce the
desired end-product. The optimal parameters vary exten-
sively based on the fermentation process. Also, end-
product varieties can be generated by using the same
substrate in varying operational conditions or by incubat-
ing with different microbial strains (de Castro and Sato
2015). Several reports suggest that SsF is an economical
method for producing different industrially important
enzymes and several other biochemicals by using ligno-
cellulosic feedstock as substrate (Uncu and Cekmece-
lioglu 2011). There are several reports for cost-efficient
cellulase production using SsF with LCB as substrate
(Dhillon et al. 2012). It required simple equipment with
lower energy needs resulting in high enzyme yield and
significantly less processing costs. SsF and SmF using
LCB as substrates is an added advantage to the process
based on economic concern and promoting the search
for effective substrates. Therefore, different strategies
have been employed to reduce an enzyme’s production
cost, such as SsF using lignocellulosic plant residues as
carbon source and enzyme inducer.

Microbial co-production of other essential
enzymes for the overall economy of the processes
Along with cellulase, various other enzymes such as
pectinase and xylanase have several applications in dif-
ferent fields such as waste treatment, value-added chemi-
cal production, field biofuel generation, etc. (Ali et al.
2013). Therefore, instead of using a single microorgan-
ism, researchers focus on those microbial cultures that
can produce multiple enzymes (Li et al. 2018b). The bio-
logical processes have been used as an effective method
for producing these essential enzymes from abundantly
available substrates, and the cheap fermentation process
is always in high demand (Ravindran and Jaiswal 2016;
Singh et al. 2016). Among the applications of pectinase,
cellulase, and xylanase co-production help in one criti-
cal application: finishing and degumming natural fibers,
e.g., ramie fiber. Ramie fiber is composed of hemicellu-
lose and pectin, which requires degumming to fulfill the
textile industry’s textile requirements (Zheng et al. 2001).
The microbial co-production of essential enzymes (hemi-
cellulase and pectinase) can be advantageous for this spe-
cific degumming process.

LCB is rich in lignin, cellulose, and xylan constituents
and also several decomposer fungal strains are capable
of producing these enzymes simultaneously for their
natural growth. Thus, concurrent production of lignocel-
lulolytic enzymes is a suggested method to decrease the



Bhardwaj et al. Bioresour. Bioprocess. (2021) 8:95

overall cost of lignocellulolytic biorefinery. Jampala et al.
(2017) suggested concomitant production of cellulase
and xylanase from Trichoderma reesei NCIM 1186 and
its enhancement via using desirability-based multi-objec-
tive optimization method.

Ultrasound-assisted treatment of fermentation broth
has a positive effect on the co-production of fibrinolytic,
cellulolytic, hemicellulolytic, and pectinolytic enzymes
using different microorganisms (Avhad and Rathod
2015; Delgado-Povedano and De Castro 2015; Jalal and
Leong 2018). Avhad and Rathod (2015) demonstrated
that involving ultrasonication to induce enzyme produc-
tion from microorganisms increased fibrinolytic enzyme
yield. The process involved 12 h of bacterial growth from
Bacillus sphaericus MTCC 3672 with optimized ultra-
sound treatment parameters of 25 kHz ultrasound irra-
diation frequency with 40% duty cycle and 160 W power,
which enhanced 1.48-fold cellulase production in a 1-L
bioreactor (Avhad and Rathod 2015). Similarly, Yadav
et al. (2020) demonstrated the effect of the ultrasonic
treatment in enhancing the fermentative co-production
of cellulase, xylanase, and pectinase enzymes from Bacil-
lus subtilis ABDRO1. Sonication of fermentation broth at
ultrasound power of 90 W using 25 kHz frequency with
70% duty cycle for 5 min gave the maximum cellulase,
xylanase, and pectinase production of 22.17 U/mL, and
137.95 U/mL, and 87.82 U/mL, respectively, at the short
bacterial growth phase of only 6 h. This study also sug-
gested that the application of ultrasonic irradiation of
fermentation broth causes cell cluster disaggregation and
enhances the nutrient uptake along with maintaining the
cellular integrity of microorganisms. This process caused
a remarkable increase in the biomass concentration and
end-product of the fermentation process.

Strategies to increase cellulase efficiency

and reusability

Various strategies have been employed to increase cel-
lulase efficiency and reusability. Some of these strat-
egies have been discussed using different molecular
approaches, as mentioned below.

Molecular approaches via recombinant DNA
technology to increase cellulase activity

and efficacy

The continuous increase in the requirement of resources
for renewable energy has gained attention, and lignocel-
lulosic plant biomass can be considered the most abun-
dantly available carbon source in nature. The enzymatic
hydrolysis process of cellulose components served as an
effective process for the bioconversion of LCB to bioetha-
nol due to its effective and economic properties (Suku-
maran et al. 2009). Although the high production cost of
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cellulase contributes to half of the total cost of sacchari-
fication, it remains one of the major hurdles in the use of
lignocellulose as a bioethanol source (Ariffin et al. 2008).
Hence, for further reduction in the cost of cellulose-based
ethanol production, microbial strains improvement can
serve as a potential method for cellulase overproduction.
A filamentous fungus Trichoderma reesei (Teleomorph
Hypocrea jecorina) is the most widely studied organism
for the complete set of cellulolytic enzymes production.
Subsequently, its cellulolytic potential was documented
in the late 1960s, and several studies have been per-
formed for developing the mutants capable of produc-
ing efficient cellulases using conventional mutagenesis
with physical and/or chemical mutagens (Chand et al.
2005; Zhang et al. 2006). Many high cellulase-producing
T. reesei mutants have been reported, which are currently
being used on a commercial scale. Their genetic basis
responsible for enhanced production of cellulases is not
known properly (Fujii et al. 2010; Zhang et al. 2006). A
widely used mutant strain RUT C30 was observed lack-
ing a genomic fragment of 85 kb and missing ~ 30 genes
that are involved in various biological processes while
using genome walking in combination with complex oli-
gonucleotides for determining the loci deletion (Seidl
et al. 2008). The cloning of mutated genes using physi-
cal and chemical mutagens is a tedious process, hence,
a reason for slow progress in mutations characterization
at the molecular level (Gehring et al. 2000). Hence, using
practical insertional mutagenesis approaches for discov-
ering gene function in terms of cellulase formation can
improve the strain properties and help understand the
mechanisms responsible for the high cellulase produc-
tion. The insertional mutagenesis has advantages, such
as the mutated genes are tagged with inserted elements
that can be used to identify the flanking sequences and
the disrupted genes (Jeong et al. 2002). A flow diagram of
strategies employed for increasing the cellulase efficiency
and their characteristics are represented in Fig. 3.

Application of bacteria-mediated transformation

One of the most effective insertional mutagenesis
approaches in fungi is Agrobacterium-mediated trans-
formation (AMT) because of its high efficiency and
mainly leads to single-copy T-DNA integration into
the genomes (Michielse et al. 2005; Zhong et al. 2011).
A PCR-based method, e.g., TAIL-PCR, can be used
to amplify the genomic flanking sequences of T-DNA
insertions and can be considered a strong tool for con-
sequent reverse genetic mutants analysis (Combier
et al. 2003). Several experiments performed using fila-
mentous fungi in past years have positioned T-DNA
as the favored insertion mutagen for the generation of
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large-scale mutant libraries to identify the mutants of
interest and interpret gene functions (Jeon et al. 2007).

Previously, an efficient Agrobacterium-mediated
transformation (AMT) technique for random inser-
tional mutagenesis has been reported in 7. reesei, and
the T-DNA inserts flanking genomic DNA sequences
were released by the use of TAIL-PCR (Zhong et al.
2007). A T-DNA-tagged mutant library formation using
AMT was reported for cellulase production improve-
ment in which three putative mutants, ie., TA-32,
TB-87, and TE-6, with increased endoglucanase, cel-
lobiohydrolase, and p-glucosidase activities with
improved hydrolysis efficiencies were obtained by using
96-well plate screening on cellulose substrates for rapid
growth and plate-clearing zone assay that resulted in
38%, 51%, and 31% increased cellulase activity, respec-
tively, as compared to parental strain QM9414. Addi-
tionally, T-DNA was integrated at a single site in the
TA-32 genomes, and TE-6 was inserted at two copies
into the TB-87 genome. The sequences flanking the
T-DNA insertion sites were rescued that explained its
huge importance in cellulase production improvement
and identification of tagged genes with cellulolytic
activity (Zhong et al. 2012).

Application of multi-functional cellulase genes
Coprinopsis cinerea, a modulation in the multi-functional
cellulase (mfc) gene expression, was reported using glyc-
eraldehyde-3-phosphate dehydrogenase (gpd) promoter
fragments from Flammulina velutipes, Agaricus bispo-
rus, and Lentinula edodes. In the culture liquid Cabm44
that used A. bisporus 275 bp gpd fragment, a submerged
fermentation was performed using banana peels as a sub-
strate for growth has reported the total cellulase activity
of 0.26 U/mL, highest activities of endo-f-1,4-glucanase,
i.e., 0.48 U/mL, and endo [B-1,4-xylanase of 38.10 U/
mL. This study reported the twofold increased lignocel-
lulolytic enzymatic activities over wild-type strain (Yang
etal. 2011).

An enhanced exo- and endoglucanase activities from
A. niger cellulase have been reported to increase the cel-
lulose hydrolysis efficiency and an appropriate enzyme
composition. The exoglucanase or endoglucanase pro-
tein expression strategy was found helpful for P. rhizin-
flata cellulase (AF094747) as it showed high activities of
endoglucanase and exoglucanase. P. rhizinflata cellulase
depolymerization function was found better than that of
T. reesei exoglucanase (Liu et al. 2001; Tsai et al. 2003),
that is mainly used for the production of cellulase with
high exo-glucanase activity, but no B-glucosidase activity
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as it may hinder the cellulose into glucose conversion
(Xue et al. 2017a).

Combination of different cellulase genes
To get substantial hydrolysis of cellulosic substrates, at
least a negligible or ‘core’ combination of cellulases is
required to be produced. Some genes combinations, e.g.,
Trichoderma reesei endoglucanase (Tr-EGII), Talaro-
myces emersonii cellobiohydrolase (Te-CBHI), and Sac-
charomycopsis fibuligera B-glucosidase (Sf-BGLI) were
expressed in yeast that resulted in partial hydrolysis of
lignocellulose (Lambertz et al. 2014; Olson et al. 2012).
Additionally, some engineered strains that belonged to
genetically different backgrounds have shown the capa-
bilities of a range of cellulolytic enzymes secretion (Dad-
wal et al. 2020; Davison et al. 2016, 2019a). Based on
previous studies, it was observed that extremely high
cellulase (20 FPU/g biomass) and B-glucosidase (20 U/g
biomass) loadings could decrease the concentrations of
glucose significantly (Banerjee et al. 2010), that suggested
that a satisfactory balance of cellulase activity is essential.
The stability of the increased expression cassette and
copy number are the two important key steps involved in
maintaining consistent production of high levels of het-
erologous proteins in S. cerevisiae in the biotechnological
industry (Den Haan et al. 2013). It is necessary to under-
stand the copy number effect on protein production
ratios and its influence on hydrolysis and fermentation
with the development of methods that supports stable,
high copy numbers in yeasts, e.g., POT1-mediated delta
(8) integration (Song et al. 2017).

Application of cellulase genes identified

from insects

Several organisms can utilize cellulose-rich biomass as
a food source, such as insects. It involves the presence
of cellulases, i.e., endoglucanases, exoglycanases, and
B-glucosidases acting synergistically on LCB in their gut
and digestive tract. In an approach to find new and effi-
cient organisms that can be potential sources for cellu-
lases, understanding the presence of cellulase in the gut
and digestive tract of insects becomes a critical aspect.
(Kim et al. 2008). Initially, the endogenous cellulase gene
was discovered in termites. In insects, the endogenous
cellulase genes have been isolated to date from termites
(Nakashima et al. 2002), cockroaches (Lo et al. 2000),
and beetles (Sugimura et al. 2003). Endogenous cellulases
from insects have been reported in three glycosyl hydro-
lase families (GHFs): GHF 9 (termites and cockroaches),
GHEF 45 (beetles), and GHF 5 (beetles) that are phyloge-
netically and structurally unrelated. Among these, GHF
9 has been studied widely in termites. Based on previ-
ous studies, it can be observed that endosymbiotic and
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termite-derived cellulases are both present in termites
(Nakashima et al. 2002; Scharf et al. 2003). An endog-
enous GHF 9 cellulase expressed in a wood-feeding ter-
mite Coptotermes formosanus is mainly found in the
midgut, and the salivary glands have two independents
cellulose-digesting systems. In first digestion of cellu-
lose was carried out by endogenous cellulases that are in
the midgut and second in the hindgut, where cellulases
from the symbiotic flagellates were utilized (Nakashima
et al. 2002). Another report on one endogenous GHF
9 cellulase from termite Reticulitermes flavipes, com-
pletely expressed in the foregut and the salivary gland,
in which three symbiotic cellulases were exceedingly
expressed in the hindgut, describing that endogenous
and symbiotic cellulases acts in collaboration and seri-
ally throughout the whole digestive tract of R. flavipes
(Zhou et al. 2007). Therefore, it can be concluded that
EGs of GHF 9 is limited to the salivary glands, midgut,
and foregut of termites, while EGs of GHF 7, GHF 5
and GHF 45 are restricted to the hindgut in which sev-
eral cellulolytic flagellates are hidden (Ohtoko et al
2000; Tokuda et al. 2007). In a previous work (Tokuda
et al. 2007), researchers reported that termites cellulo-
lytic systems support a dual cellulose-digesting system
(Nakashima et al. 2002) instead of a single unified cellu-
lose digestion system (Zhou et al. 2007). A novel endog-
enous B-1,4-endoglucanase (EG) gene that belonged to
the glycosyl hydrolase family 9 (GHF 9) was distributed
in the digestive tract of cricket (Teleogryllus emma),
and it was cloned and characterized. TeEG-I gene con-
sisted of eight exons encoding 453 amino acid residues
and existed as a single copy in the T. emma genome.
TeEG-I holds all properties of GHF 9 members involv-
ing catalytic domains and signature motifs that was
highly identical with Mastotermes darwiniensis (termite)
with 64% identical protein sequence, and Panesthia cri-
brata (cockroach) with 62% identical sequence from
GHEF 9 cellulases. At pH 5.0 and temperature 40 °C from
a recombinant TeEG-I, expressed as a 47-kDa polypep-
tide in baculovirus-infected insect Sf9 cells was reported,
with 5.4 mg/mL and 3118.4 U/mg of K, and V,,, val-
ues, respectively, for the CMC digestion. The presence
of TeEG-I was observed throughout the digestive tract
in Northern and Western blot analysis. This suggested
the correlation in the distribution of TeEG-I and cellu-
lase activity in the digestive tract that was observed by
immunofluorescence staining and enzyme activity assay,
respectively. It also suggested TeEG-I distribution in the
entire digestive tract of 7. emma, which represents func-
tional role of endogenous TeEG-I in the process of cellu-
lose digestion (Kim et al. 2008).

Studies also showed recombinant cellulases from
insects and performed significantly better than other
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cellulases (Hirayama et al. 2010; Kim et al. 2008;
Willis et al. 2017). Hirayama et al (2010) reported
successful cloning of two termite endogenous f3-1,4-
endoglucanases gene, i.e., RsEG (salivary gland of Retic-
ulitermes speratus) and NtEG (midgut of Nasutitermes
takasagoensis) gene using Aspergillus oryzae as host.
The study clearly indicated that these two recombinant
endoglucanases are highly efficient than those obtained
previously from fungal or bacterial system. Recently,
Wilis et al. (2017) performed successful expression
of cellulase gene (TcEG1) gene from Tribolium cas-
taneum in transgenic switchgrass. This cellulase was
active at alkaline pH and helped in auto-hydrolysis of
biomass with increased cellobiose release. Thus, this
infused ability in biofuel crops to produce its own cell
wall-digesting cellulase enzymes would help reduce the
costs of cellulosic biofuel production.

Current promotor utilization

A multi-functional enzyme called EGX, directly iso-
lated from A. crossean (an animal) with exo-b-1,4-glu-
canase, endo-b-1,4-glucanase, and endo-b-1,4-xylanase
activities, was reported as the first multi-functional cel-
lulase. Although the enzyme yield was produced from
A. crossean it was not found optimal for the industrial
level application (Wang et al. 2003). Therefore, EGX
gene was overexpressed in Pichia pastoris and Saccha-
romyces cerevisiae (heterologous ascomycetous hosts)
(Gao et al. 2007). Although this study showed that the
heterologous expressions of the EGX gene in yeasts
are not that suitable for biotechnological applications
because of the glycosylation differences and relatively
low expression level. Hence, a different strategy was
used to overexpress the EGX gene in basidiomycetes
that is the use of highly efficient promoters. Another
report using this strategy using the controlled Lenti-
nula edodes gpd promoter was with the antifreeze pro-
tein gene (afp) overexpression which was isolated from
Choristoneura funiferana (an insect) in basidiomycete
Volvariella volvacea (Wang et al. 2008).

Similarly, a green fluorescent protein gene (gfp)
was overexpressed in basidiomycete Pleurotus nebroden-
sis (Lin et al. 2008). To date, no systematic evaluation of
the efficiency of a promotor and heterologous expres-
sion of cellulase in basidiomycetes is available. Coprinus
cinereus was found different from the other basidiomy-
cetes. It is simple to be handled in DNA transformation
with the transformation rates of up to 1000 transfor-
mants per microgram of DNA through the production of
oidium (Granado et al. 1997). Recent studies on the use
of molecular approaches in enhancing cellulolytic prop-
erties are listed in Table 2.

Page 11 of 34

Application of consolidated bioprocess (CBP)

with engineered host

Presently, commercial cellulosic plants for ethanol use indi-
vidual hydrolysis and fermentation or SSF bioconversion
techniques (Lynd et al. 2017). Although a Consolidated
Bioprocess (CBP) configuration is defined as the combi-
nation of all production and secretion of the saccharolytic
enzyme, polysaccharides hydrolysis, and available sugars
fermentation within a single system is predicted to enhance
process economics. The engineering of hosts like Saccha-
romyces cerevisiae is one of the favored methods for the
development of CBP organism in which its ability to utilize
cellulose was improved by expressing heterologous cellu-
lase encoding genes (den Haan et al. 2015). The S. cerevisiae
strain has been reported for effective fermentation of glu-
cose obtained from pretreated LCB (Fujita et al. 2004; Yar-
brough et al. 2015). Although no literature is found on the
engineering of an S. cerevisiae strain, with the background
of a natural strain isolate, having partial cellulolytic abili-
ties which can help in the glucose fermentation obtained
from pretreated biomass, which is a desired property for a
CBP process. Some genetically different strains were trans-
formed to produce core fungal cellulases, i.e., endoglu-
canase (EGII), B-glucosidase (BGLI), and cellobiohydrolase
(CBHI) in different combinations and expression configu-
rations for the identification of a suitable genetic back-
ground for effective cellulolytic secretion. In the analysis of
activity levels of the secreted enzyme, the copy number of
a gene, substrate specificities, along with the transformants
hydrolysis and fermentation yield and the bioconversion
efficiency of the partially cellulolytic yeast transformants
for the pretreated corn cob and corn husk. This study
showed a higher secretion titer by cellulolytic strains with
the YI13 genetic background, and 1.34-fold higher con-
centrations of glucose (g/L) were obtained with cellulolytic
transformants compared to the control in which equal
amounts of each enzyme type was present. The co-produc-
tion of BGLI and EGII from the 1:15 secretion ratio (unit
of cellulase activity per gram of dry cell weight) resulted in
the conversion of 56.5% of the cellulose present in corn cob
into glucose in hydrolysis procedure and yielded 4.05 g/L
ethanol. This study concluded that choosing an optimal
genetic background and secretion ratio of cellulase activity
can enhance the production of cellulosic ethanol by con-
solidated bioprocessing yeast strains (Davison et al. 2019b).

Cutting-edge bioinformatics approach

via molecular docking

A computational tool known as molecular docking for
protein—ligand interactions study and the structure pre-
diction of the intermolecular complex formed between
the molecules. It is a critical method that places ligand
(a small molecule) in the binding sites of the receptor
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(macromolecular target) for determining the binding. In
molecular docking, the binding mode is called the best
match depending on the structures of proteins found
between the ligand and lowest energy scoring pose deter-
mined by an energy scoring function (Ezat et al. 2014;
Huang and Zou 2010; Sharma and Jha 2010).

B-Glucosidase completes the bioconversion process
by the hydrolysis of residual cellobiose or cellotetra-
ose into glucose. Cellobiose, an intermediate product,
also strongly inhibits the endoglucanase and exoglu-
canase activity and is considered a key hurdle in enzy-
matic hydrolysis. Therefore, for the prevention of this
inhibition process, the removal of the cellobiose unit is
required and thus became a very crucial step in under-
standing the B-glucosidase catalytic activity for enzyme
efficiency improvement, subsequently helping in the
formation of an enhanced [-glucosidases. Less infor-
mation is found related to the catalytic interactions
between B-glucosidase and cellobiose. Considering this,
an attempt was made to understand the Acinetobacter
sp. cellulase binding efficiency that four polysaccharides
subunits, cellobiose, cellotetraose, cellotetriose, and lami-
naribiose, while using the molecular docking method
(Selvam et al. 2017).

Innovative bioprocess development: synergistic
enzymes applications

Large quantity requirements of economic enzymes due
to an increased number of biotechnological applica-
tions have subsequently increased the use of lignocel-
lulosic feedstock as a potential energy source (Branco
et al. 2010). Numerous techniques have been reported
for the development of highly efficient cellulase (Ike et al.
2010), such as the use of UV-irradiated mutants (Ike et al.
2010) along with macro- and micro-mixing on enzymatic
hydrolysis of lignocellulosic substrates into fermentable
sugars (Chakraborty and Gaikwad 2010) and cellulase
gene overexpression (Ribeiro et al. 2010), etc. Although
lignocellulose degradation efficiency is not up to the mark
due to the presence of both hemicellulose and cellulose, it
is available as a carbohydrate source in plant material. As
they are linked alternatively to each other, and action of
individual xylanase and cellulase can only hydrolyze this
holocellulose partially. Considering this, an approach for
a simultaneous expression of both cellulase and xylanase
is reported, in which a multi-functional cellulase gene
from Ampullaria crossean stomach in Guangdong Prov-
ince of South China (Cheng et al. 2009), showed that the
exo-PB-1,4-glucanase, endo-f-1,4-glucanase and endo-p-
1,4-xylanase activities (Li et al. 2004; Wang et al. 2003).
This gene can develop a novel engineering strain for the
production of both cellulase and xylanase. During over
expression of cellulase gene, over-glycosylation occurs
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causing low protein product expression level. The MFC,
a multi-functional cellulase gene expressed in Coprinop-
sis cinereae, a basidiomycete large fungus that has the
potential of exogenous genes overexpression (Cheng
et al. 2009).

Excessive solid concentrations utilization

The end-product inhibition can act as a limiting factor
during the enzymatic hydrolysis of cellulosic feedstock-
based biorefinery. Thus, excessive solids concentration
can decrease water utilization and reduce equipment and
distillation expenses during hydrolysis of cellulosic feed-
stock. This strategy can provide an effective approach
for generating high concentrations of end-products of
hydrolysis, such as cellobiose and glucose. It has been
observed previously that the inhibition rate of cellulases
end-product is limited for the hydrolysis process of lig-
nocelluloses in high-solid conditions (André et al. 2003;
Kristensen et al. 2009). Therefore, it can be assumed that
relieving the inhibition of end-products has become the
main challenge with this approach and also in enzyme
engineering (Andri¢ et al. 2010).

A critical factor of optimal enzyme load

during various industrial applications

The cellulolytic organism’s genomes encode a huge series
of catalytic subunits that are evolved to overcome the
challenges that occurred due to the heterogeneity of the
chemicals and complexity in the structures of the natu-
rally available lignocellulosic substrates. Moreover, some
fine-tuning is performed through the expression regu-
lation of the cellulases genes to the ratio of each of the
cellulases for getting the maximum hydrolysis (Kuni-
take and Kobayashi 2017). Some of the most signifi-
cant factors that majorly influence the conversion of the
cellulosic substrate from recombinant strains are a com-
bination of the transcription machinery, genetic back-
ground, selection of the ideal cellulase gene along with
the copy number of the gene (Li et al. 2017b). The adjust-
ment of optimal concentration and ratios of all the single
cellulases in a heterologous system is a challenging step
to attain the more effective hydrolysis process utilizing
while using lower enzyme dosages (Li et al. 2017b). This
can improve cellulolytic enzymes efficiency and serve
as an active research area in which efforts are made to
understand the synergy displayed by the cellulases com-
binations and ratio optimization (Den Haan et al. 2013).
The target of this study was mainly the reduction in
enzyme load for effective cellulose hydrolysis and even-
tually reducing the enzyme cost. Hence, it is clear that
the difference in cellulase secretion abilities of S. cer-
evisiae can be clarified in terms of several factors along
with genetic background impact (Davison et al. 2016,
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2019a; Marin-Navarro et al. 2011). Subsequently, internal
and external pressures can affect the secreted recombi-
nant protein yield in S. cerevisiae by using a background
stress-tolerant strain, which can substantially affect the
possibility and effectiveness of the bioethanol production
using cellulosic materials (Gasser et al. 2008). The study
of a total of thirty (30) natural isolates of S. cerevisiae was
reported for the enhanced secretion activity along with
other industrially important properties that are required
for the lignocellulosic ethanol production process (Davi-
son et al. 2016). A strain YI13 having a high secretory
phenotype suggested 3.7 [Cel7A (CBHI)] and 3.5 [Cel5A
(EGII)] fold higher secreted enzyme activity over control
laboratory strain. Other industrially important proper-
ties were also observed in YI13, e.g., high titer of etha-
nol, growth vigor, high temperatures tolerance (37 °C and
40 °C), ethanol (10% w/v), along with several concentra-
tions of an inhibitory compounds cocktail that are nor-
mally present in lignocellulose hydrolysate.

Improvement in enzymes purification technique
with enhanced specificity

Purification is the second most crucial step in the fer-
mentation process due to the involvement of a total
60% cost of the whole process. The downstream process
(DSP) of cellulase production involves series of con-
ventional purification methods, e.g., ion exchange and
gel filtration chromatography followed by precipita-
tion and membrane filtration individually or in combi-
nation with associated limitations (Sadhu et al. 2013b;
Singh et al. 2015). Although several effective purifica-
tion techniques have been reported at the laboratory
scale, there are still some drawbacks associated with
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them. For example, the chromatographic technique is
complex in large-scale applications as it require costly
chemicals and loss of protein yield (Hofman and Tho-
nart 2001). The risk of particulate plugging can degrade
the purification efficiency of the enzyme in the case of
membrane-based filtration. Similarly, ammonium sul-
phate low selectivity toward target proteins can be seen
in the ammonium sulphate precipitation technique
(Bajaj et al. 2009). An aqueous biphasic system (ABS)
is an alternative to these conventional methods to over-
come the drawbacks. It is a liquid-liquid extraction
process that offers a suitable environment for various
biomolecules recovery and a cost-effective method. It
decreases the production cost by decreasing the num-
ber of steps in the downstream process. ABS has been
identified as a fruitful method for biological materials
recovery and is frequently utilized to extract and purify
enzymes, cell organelles, proteins, and nucleic acids
(Raja et al. 2011). Therefore, ABS can be served as an
easy step for scaling up at industrial level production of
biomolecules (Goja et al. 2013).

The use of a basic polymer polyethylene glycol (PEG)
and sodium citrate salt ABS was reported to extract
extracellular cellulase from B. subtilis. The physico-
chemical interaction between cellulase and phase form-
ing chemicals determines the partitioning behavior of
cellulases in the system depending on the differences in
their hydrophobicity, volume extension, electrochemi-
cal charges, and surface properties (Mazzola et al. 2008).
Recent purification techniques utilized for the purifica-
tion of cellulases are listed in Table 3.

Table 3 Exploration of recent purification method for enhanced cellulase activity

Strain and cellulase Purification methods S.A (IU) Yield (%) Purification fold Mol. Wt. (kDa) References

Bacillus tequilensis G9  Ammonium sulfate precipitation (70%) 26,5054+90 21.7 36 43 Dar et al. (2019)
Acetone precipitation 44,602+£50 21 3.74
lon-exchange chromatography 9.89
technique (DEAE)-cellulose column
(25 x 2 cm) equilibrated with 20 mM
PBS (pH 7.4)

Pleurotus ostreatus Ammonium sulphate precipitation 36.8 54 10.5 58 Okereke et al. (2017)
Dialysis 520 305 14.9
Gel filtration Chromatography 61.0 174 174

Bacillus subtilis Polyethylene-glycol (PEG)/sodium - 82.86 4.8 32-46 Ho et al. (2017)
citrate aqueous biphasic system (ABS)

Bacillus sp. H1666 Acetone precipitation followed by ion 29 66.23 40 Harshvardhan et al. (2013)
exchange and size exclusion chroma-
tography

Rhizopus stolonifer Ammonium sulphate followed by 121.31 3496 40-46 Tang et al. (2012)

var. reflexus TP-02 dialysis, ultrafiltration, and Sephadex

G-100
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Reusability of cellulolytic enzymes: a recent
advancement in cellulase immobilization
Tremendous research has been carried out over the past
decades to fulfill the high demand for cellulases in vari-
ous industrial processes and strategies to enhance the
production of cellulases. In addition, also novel microor-
ganisms were employed. It was found that native cellu-
lases had low stability and activity problems along with
high cost. These problems could be reduced in two ways.
First, the production of cellulase must be economically
feasible or by immobilization, which can provide better
stability and applicability of the enzyme for the industrial
processes (Cao 2005). Immobilization can improve the
activity and performance of specific cellulase by reduc-
ing the amount of enzyme required for the process (Cao
2006). For the hydrolysis of different cellulase immobiliz-
ing techniques have tried which involved chitosan cova-
lent immobilization (Su et al. 2012), on water-soluble
copolymer (Liang and Cao 2012), in hybrid matrices by
sol-gel encapsulation (Ungurean et al. 2013), on mag-
neto responsive graphene nano-supports (Gokhale et al.
2013), etc. Most of the recent cellulase immobilization
techniques and their outputs are listed in Table 4.

Physical adsorption

This process works on the concept of reversible immo-
bilization in which physical adsorption or attachment
of enzymes occurred onto the support material through
weak non-specific forces such as hydrogen bonds,
Van der Waals, and hydrophobic interactions (Kumar
2009). This process has high commercial potential as
its processing cost is comparatively low and straightfor-
ward. But it has drawbacks like leakage of immobilized
enzyme reduces the activity of enzymes after multiple
cycles (Won et al. 2005). There are three modes from
which enzymes and bio-carrier usually interact, ie.,
hydrogen, electrical bonding, and hydrophobic (Nussino-
vitch 2010; Won et al. 2005). Biocarrier screening is an
essential step towards the improvement of an effective
bio-catalytic process for specific industrial applications.
The selection of solid support can be done by three fun-
damental measures, i.e., physical/mechanical strength,
cost-effectiveness, and chemical stability (Guisan 2006).
Affinity binding is also one of the physical adsorp-
tion methods that involve selecting biomolecules to be
applied in the immobilization of enzymes.

Covalent bonding

This process comprises a multipoint linkage between the
support surface and enzyme, which causes strong attach-
ment. Support reuse is not permitted in the process
because there are possibilities of breakage in the enzyme
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support during the elution of enzymes. Also, the substan-
tial reduction in the activity of enzyme after multipoint
covalent attachment is possible because of the enzyme’s
movement restriction and conformational changes on
they might be due to restriction of the movement of the
enzyme, conformational changes on the carrier surface,
or mass transfer effects (Singh et al. 2013). The effective
enzyme separation was reported with Fe;O, magnetic
particles through magnetic field modulation. Although
agglomeration occurred, affecting the mass transfer rate
(Lima et al. 2017).

Cross-linking immobilization

An attempt was made on cellulase immobilization with-
out a carrier as no solid carrier is required to obtained
high enzyme activity per unit volume (Seow and Yang
2017). Cross-linked enzyme aggregates were reported
to be an effective alternative to the traditional solid car-
riers immobilization methods due to high volumetric
activity, stability, economic production, easy process,
reusable, no use of no purity enzyme, and no solid car-
rier requirement (Sheldon 2011b; Yamaguchi et al. 2018).
No mechanical resistance (improvable by dehydration
hardening and intense cross-linking) (Garcia-Galan et al.
2011), enzyme mobility reduction, and limitations in the
internal mass transfer are the drawbacks of cross-linked
enzyme aggregates which can be problematic for macro-
molecular substrates (Cui and Jia 2015).

Native enzymes’ less activity was believed due to car-
bamates inactivation on the enzyme surface with lysine
residues and local pH reduction due to carbonic acid
formation (Dijkstra et al. 2007). Improvement in the
enzymatic activity by supercritical carbon dioxide was
reported by various scientists (De Souza Melchiors et al.
2017; Melgosa et al. 2015). The cross linked enzyme
aggregate (CLEA’) is a type of immobilization without
application of any carrier. In CLEAs, cellulase is cross-
linked with glutaraldehyde for obtaining active and stable
enzyme preparation (Podrepsek et al. 2019). An immobi-
lized cellulase on amino-functionalized MNPs (Fe;O,@
mSiO,-NH,) using glutaraldehyde as a cross-linking
agent by Schiff base formation showed efficient preven-
tion in enzyme leaking and improvement in enzyme
activity (Fang et al. 2016).

The industrial perspective of cellulolytic enzymes

Attention toward cellulase and other cellulolytic enzymes
has considerably increased due to their importance in
the hydrolysis of cellulosic materials to fermentable sug-
ars to produce value-added products such as biofuel
(Soares-Silva 2016; Kumar and Verma 2020b). Some
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recent developments in the applications of cellulases are
described below. Some recent developments in the appli-
cations of cellulases are described below.

Paper and pulp industries

Considering the limited availability of petroleum
resources (Sepehri et al. 2020), cellulosic materials have
attracted much more attention as they have renewable
and biodegradable features (Shi et al. 2019; Thomas et al.
2018). Pulp dissolution with more than 90% of pure cellu-
lose was found in the special commercial pulp with many
downstream applications, e.g., micro filters, cellulose
esters/ethers, viscose rayon, and lyocell (Arnoul-Jarriault
et al. 2015; Li et al. 2016b). For all these applications,
viscose rayon production utilized nearly three-quarters
of the dissolving pulp production (global annual pro-
duction was ~ 8 million tons) (Kumar and Christopher
2017). In the production of dissolving pulp mainly two
commercial processes are involved, i.e., acid sulfite (AS)
and pre-hydrolysis kraft (PHK). However, AS is pre-
ferred more because of the compatibility with different
raw materials along with the alkali recovery units effec-
tiveness (Li et al. 2016b). PHK has shown a low reactiv-
ity problem because accessible hydroxyl groups are not
synthesized by the alkaline peeling reaction of PHK pulp-
ing. Hence, further upgrading technique is much needed
to increase the reactivity of PHK pulp that can determine
the consumption of toxic carbon disulfide in the xantha-
tion stage of production of rayon. Various studies have
been reported for further PHK pulp up-gradation, e.g.,
mechanical treatment (Tian et al. 2014), enzyme treat-
ment (Li et al. 2018a), chemical treatment (Wang et al.
2014), microwave (Liu et al. 2018), ionic liquor, and elec-
tron beam irradiation (Chen et al. 2017). From all these
tested methods, cellulase treatment was found as an
effective approach with green and mild behavior. Cel-
lulase treatment may increase the reactivity of fock in
dissolving pulp from 47.7 to 79.9% with 2 /g and 2 h cel-
lulase dosage (Miao et al. 2014) and observed that cellu-
lase treatment could increase fock reactivity of dissolving
pulp. A new cellulase spraying method is also reported
for upgrading the dissolving pulp with an increase in fock
reactivity from 51.2 to 82.6% under 60% pulp consistency
condition with 1.5 mg/g and 12 h cellulase dosage (Li
et al. 2018a).

Although the efficiency of cellulase was hindered due
to the inherently compact nature of the cell wall structure
and aggregation of fibrils, that was more complicated
after multiple bleaching and pulping stages of the PHK
production process. Large amounts of lignin and hemi-
cellulose removals can create spaces and pores for new
aggregation and generate structures with less accessibil-
ity (Engstrom et al. 2006). The cationic polyacrylamide
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(CPAM) addition can induce the cellulase adsorption
ratio by the bridging and patching effect, eventually
increasing the efficiency of cellulolytic enzymes. Apart
from the integrated mechanical treatment, cellulase
treatment can serve as an alternative practical method
for upgrading the dissolving pulp. Mechanical refining
has been used in several areas (Mou et al. 2014), e.g., a
commercial process of papermaking (Chen et al. 2012),
production of nano-/micro-fibrillate fiber (He et al.
2018), and digestibility of enzymes (Wang et al. 2012).
The remarkable increase in breaking length, stretch, and
tensile index (Chen et al. 2012) 41.6%, 33.5%, and 30.8%,
respectively, was observed from a beaten pulp of 54°SR as
compared to an unbeaten pulp. Only a few studies have
been reported to date describing the effect of depth refin-
ing on hydroxyl groups’ liberation and accessibility of
enzymes, mainly while the activation of dissolving pulp
using cellulase. In terms of considering reactivity, a criti-
cal factor of dissolving pulp can determine the consump-
tion of toxic chemicals such as carbon disulfide in rayon
production. A detailed refining to improve the PHK pulp
before the treatment of cellulase was studied for describ-
ing that the mechanical refining can not only enhance
the reactivity by liberating additional hydroxyl groups,
but also increases the efficiency of cellulases by improv-
ing the accessibility of enzymes. This study showed a
clear increase in fock reactivity of refined pulp at beat-
ing degree of 50° SR from 54.8% of the original at beaten
degree 19° SR to 78.0%, mainly due to the changes in the
intermolecular hydrogen bond.

Additionally, an increase in a range of 39.7-71.2%,
adsorption ratio of cellulase from the refined pulp (30—
50° SR) was reported to verify the enzymatic accessibility
improvement. An integrated process involving mechani-
cal refining and 0.5 mg/g of cellulase dosage treatment
resulted in better efficiency than the control with 1 mg/g
pulp of cellulase dosage considering the increase in reac-
tivity and reduced viscosity. Other pulp properties, e.g.,
length of the fiber, the value of water retention, specific
surface area, morphology, and crystallinity, showed the
depth refining positive effect on dissolving pulp activa-
tion during treatment cellulase (Wang et al. 2020b).

The ideal concept for biorefinery is the complete uti-
lization of LCB (Van Heiningen 2006). A well-known
commercial practice for dissolving pulp is kraft-based
Pre23 hydrolysis that supports this ideal concept as they
separate hemicellulose, cellulose, and lignin in several
streams (Miao et al. 2014). The dissolved pulp can be
used for several applications, e.g., cellulose derivatives
and viscose rayon production. The adjustment of reactiv-
ity and viscosity is one of the most critical challenges in
dissolving pulp production. Cellulase treatment has been
reported as an effective approach for reducing viscosity
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and increasing enzyme reactivity. The use of endoglu-
canase in the treatment of cellulase mainly degrades
amorphous cellulose present on the surface of the fiber
and in-between the microfibrils that enhance the expo-
sure of crystalline surface, pulp reactivity, and swelling
ability (Ibarra et al. 2010).

The recycling of cellulases can be an effective method
for reducing the cost of enzymes. After the enzymatic
treatment of dissolving pulp, cellulase as a catalyst
remains in the liquor phase itself. Reuse and recovery of
the liquor can reduce the enzyme cost and attain zero-
water release in the stage of enzymatic treatment. Cel-
lulase recycling has been studied previously in the year
1971 in the lignocellulose bioconversion process. The
recyclability of various cellulases can be obtained con-
sidering the enzymatic substrate during the study of
biofuel production. Economic point is an important con-
cern during the enzymatic treatment of dissolving pulp
for industrial-level application. The cellulase recycling
strategy using fresh cellulase was reported to activate
the dissolving pulp, i.e., enhancing fock reactivity and
decreasing viscosity. According to the study, 48.8—35.1%
of cellulase activity can be recovered in five recycle
rounds from the filtered liquor that can be utilized again
for the dissolving pulp enzymatic treatment. The recy-
cling of cellulase and additional fresh 1 mg/g led cellulase
to the pulp with 470 mL/g viscosity and 80% fock reactiv-
ity comparable with 2 mg/g cellulase charge (Wang et al.
2016).

Food and feed applications
Clarification of juice
Cellulolytic enzymes are useful for food processing
industries such as juice clarification. The disruption of
the vegetable cell wall is caused during pressing and
releasing the internal juice in the grape juice processing.
The freshly pressed juice is cloudy and turbid due to the
colloidal dispersion of pectin and is considered a signifi-
cant hurdle in juice processing (Irshad et al. 2017; Tapre
and Jain 2014). In addition to this, cellulose and hemicel-
lulose-like polysaccharides get settled during the stor-
age resulting in a flavorless and clear-colored water-like
juice is a significant problem (Vaillant et al. 2001). The
commercial enzyme preparations mainly using hemicel-
lulases, cellulases and pectinases are widely used in fruit
juice industries to overcome these problems. In their
soluble forms, these enzyme preparations play a vital role
in the hydrolysis of such compounds, improve filtration,
juice clarification, and stabilization (Romero-Cascales
et al. 2012; Sandri et al. 2011).

Immobilization methodology has appeared as an effec-
tive approach to develop heterogeneous biocatalysts and
enhance enzyme recovery (Krajewska 2004). Enzyme
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immobilization has shown stability in difficult reaction
conditions, simplifies the separation of the enzyme from
the reaction systems, allows biocatalyst reusability dur-
ing the continuous process and mainly during multiple
reaction cycles, and increases their commercial, indus-
trial importance (Garcia-Galan et al. 2011). Previous
studies have suggested that the enzyme immobilization
could be utilized for the apple, carrot, grape, pineap-
ple, and orange juices clarification (Sojitra et al. 2017).
Although there is no immobilization method was indus-
trially applied for such purpose due to costly processes
and economically less feasible. Thus, this opened a new
area for new research. Generally, covalent immobiliza-
tion has been preferred as it may prevent desorption of
enzymes from the support during the reaction (Garcia-
Galan et al. 2011; Rodrigues et al. 2013; Royvaran et al.
2016). Additionally, support type is a critical factor in
the enzyme immobilization process, as it may affect the
enzyme loading amount and its operational stability and
catalytic activity (Cao et al. 2003; Mileti¢ et al. 2009; Pal
and Khanum 2011).

Usually, small size biocatalysts are gaining more attrac-
tion due to their high specific surface area available for
the attachment of enzymes. Although the separation
step from the reaction medium may be difficult due
to the sedimentation of insoluble components in juice
clarification. Immobilized enzymes separation from the
sediments is difficult by conventional processes, e.g., cen-
trifugation and filtration. Thus, magnetic particles could
be utilized as efficient support for the immobilization of
enzymes to reduce these limitations because their mag-
netic core offers efficient, easy, and quick enzyme separa-
tion from the reaction mixture by utilizing the external
magnetic field; additionally, its size can be personal-
ized to offer high surface and increased enzyme activity
(Ansari and Husain 2012; Laurent et al. 2008) since these
magnetic particles are susceptible to oxidative and acidic
conditions. Hence, their functionalization is very impor-
tant for stability maintenance (Wu et al. 2008).

Carrier-free biocatalysts are found to be another
approach for enzyme immobilization. Cross-linked
enzyme aggregates (CLEAs), generally prepared by the
direct cross-linking of different enzyme preparations
(Sheldon 2011a), offer several advantages for increased
and concentrated enzyme activity with high stability and
economical production process because of the elimina-
tion of an additional carrier (Cao et al. 2003). Therefore,
two different magnetic biocatalysts were prepared for the
application in juice clarification targeting to help biocata-
lyst separation (Dal Magro et al. 2018).
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Cellulase in animal feed improvement

There are several other advantages associated with cellu-
lase-producing bacteria, such as probiotic activity. (Kew-
charoen and Srisapoome 2019) The probiotic bacteria are
rich in cellulases and are vital to the utilization, digestion,
and absorption of animal feed, mainly in young animals
with imperfect digestive systems (Li et al. 2020). Also,
cellulases from bacteria such as Bacillus subtilis are used
for the nutritional enhancement of animal feed. These
processed feeds are exploited to enhance body weight
gain, milk yield, etc.

Further, animal feed processing with these enzymes
can help remove anti-nutritional factors present in grains
and other cellulosic materials (Jayasekara and Ratnayake
2019). Tahir et al. (2005) suggested that the processing of
corn—-soybean meal of broiler chicken via a combination
of cellulase and hemicellulases has a synergistic effect on
the performance of the feed. Lucio et al. (2021) presented
a comprehensive review on the effect of enzymes as zoot-
echnical additives in animal feed. The review provided
evidence on the positive effect of cellulase addition in
food supplement processing for animals.

Cellulase applications in biorefinery industries
Environmental pollution-related concerns and limita-
tions in oil supply with continuous increase in global
demand for energy have substantially induced the urgent
requirement of cost-effective alternatives towards the
renewable, clean, and maintainable production of biofuel
(Hyeon et al. 2016). Hence, various products of biorefin-
ery industries such as bio-butanol, biomethane, bioetha-
nol, biohydrogen, and biodiesel have been introduced as
an effective alternative to the petroleum-based resources
to bio-based and eco-friendly energy resources (Abraham
et al. 2014; Alexandri et al. 2019). Concerning the biore-
finery industry, lignocellulosic plant biomass is the most
effective, economic, renewable, and most abundant natu-
ral resource that has been widely studied without affect-
ing or competing with the food industry (Zabed et al.
2016). The proper bioconversion process of lignocellulose
obtained from the plant biomass require the involvement
of enzymatic hydrolysis, where cellulolytic enzymes play
a key role in breaking down the cellulosic polysaccharide
structure into fermentable sugar molecules (Lynd et al.
2008; Obeng et al. 2017; Thapa et al. 2020). Enzymatic
hydrolysis using cellulases offers a more efficient biocon-
version system due to having more specificity towards
substrates, better saccharification, less complexity, and
environment friendly when compared to non-enzymatic
hydrolysis system (Ungurean et al. 2013).

A study reported that effective polymer—enzyme
bioconjugates with more stability and activity for
practically using cellulases in LCB hydrolysis. A dual
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cross-linking (DC) approach was reported for the syn-
thesis of a novel 3D network of CMC grafted copoly-
mers of 2-acrylamido-2methyl propane sulfonate and
acrylamide [CMC-g-poly (AMPS-co-AAm)] hydrogels.
Graphene oxide (GO) nanosheets were used as nano-
filler and physical cross-linker, which were forming
H-bonds between polymeric chains for the preparation
of GO@CMC-g-poly (AMPS-co-AAm) networks. For
examining the effect of GO content on the effectivity
of synthesized architectures in conjugation to a control
enzyme known as PersiCell. Immobilization of Per-
siCell on the GO reinforced hydrogels which showed
a remarkable retaining approx. 60% of its maximum
activity at 90 °C and increased specific activity and stor-
age stability. Compared to free control PersiCell, the
immobilized enzyme resulted in a 154.8% increase in
alkaline treated sugar beet pulp bioconversion, whereas
the PersiCell/neat-Hydrogel showed 66.7% increment,
under the same conditions (Ariaeenejad et al. 2020).

Gracilibacillus SK1, a halophile isolated from Yuncheng
Salt Lake was reported for cellulolytic activity, in which
production of cellulase was strongly affected by the cul-
ture medium salinity with the highest level in the pres-
ence of 10% NaCl. A multi-component enzyme system
was observed during the substrate specificity test with a
combined activity of B-glucosidase endoglucanase and
exoglucanase, which is confirmed by zymogram analy-
sis. The crude cellulase with high activity and stability
over broad temperature range, i.e., 40-70 °C, pH ranging
from 6.0-10.0 and 7.5-17.5% NaCl concentration with
the temperature and pH optima of 60 °C and 8.0, respec-
tively, with 12.5% NaCl, resulted in thermo-alkali stable
and halo-stable properties. Also, it showed high stability
in the presence of hydrophobic organic solvents.

Corn stover and rice straw saccharification were
reported using cellulase with 0.678 and 0.502 g yields of
reducing sugars with g/L of dry substrate, respectively,
that was later utilized to produce ethanol using Sac-
charomyces cerevisiae. The crude cellulase from Gra-
cilibacillus sp. SK1 reported the efficiency of bioethanol
production with the yield of ethanol 0.186 g g/L of the
dry substrate and a 52.8% conversion percentage (Yu
and Li 2015). The extraction of natural components from
plants using enzymes has been widely studied. They offer
many advantages compared to traditional methods, e.g.,
simple operation, more efficient, and economic process.
Many studies in the biomolecule extraction process are
mainly reported using cellulase, pectinase, and glucosi-
dase for the hydrolysis and degradation of cell wall com-
ponents and subsequently releasing the intracellular
ingredients. The conventional enzyme-based extraction
is complex, tedious, and needs high-energy consumption,
eventually limiting its large-scale application (Chen et al.
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2016). Anionic liquid-based enzyme extraction system of
geniposide, coupled with in situ hydrolysis from Eucom-
mia ulmoides Olive barks, is reported using enzymatic
hydrolysis. A single cellulase was used to extract and
hydrolyze geniposide in a continuous system (Chen et al.
2018a).

Aspergillus  fumigatus 75, with the lignocellulosic
decomposing ability and has the capacity to produce
cellulase, was reported under SsF using lignocellulosic
feedstock as substrates. The optimization of cellulase
production from A. fumigatus Z5 and resulted that car-
boxymethyl cellulase (CMCase) and filter paper enzyme
(FPase) production at 50 °C, 80% initial moisture, initial
pH 4.0, and 7% initial inoculum with CMCase and FPase
activity, 526.3 and 144.6 U/g dry weight, respectively. A.
Sfumigatus 75 reported a total of eight types of cellulases
under zymogram analysis in the presence of cellulose-
containing materials in the culture. The crude cellulase
from A. fumigatus Z5 was found capable of hydrolyz-
ing pretreated corn stover for bioethanol production by
using Saccharomyces cerevisiae, with 0.112 g g/L dry sub-
strate ethanol yield (Liu et al. 2011). The study aimed to
produce a cellulase blend and evaluate its application in
a SSF process for second-generation ethanol production
from sugar cane bagasse.

The residual solid fraction obtained from a diluted acid
and alkaline pretreated sugar cane bagasse was subjected
to cellulase production and ethanol fermentation using
a SSF process. A bioreactor with two inoculum concen-
trations (5 and 10% v/v) was used for cellulase produc-
tion by inoculating a larger inoculum size for high yield.
Tangential ultrafiltration in the hollow fiber membrane
was used to concentrate the cellulase extract, which was
stable for 300 h at 37 °C and 50 °C. This on-site cellulase
blend was used to produce bioethanol by using the PDC
fed-batch SSF process. The feeding method avoided the
characteristic problems of limitations in diffusion by
decreasing the high solid presence:liquid ratio at any time
and resulted in a high ethanol concentration at the pro-
cess end (100 g/L) and showed a 78% fermentation effi-
ciency resulting from the ratio of 380 L of ethanol per ton
of sugar cane bagasse PDC (Maeda et al. 2013).

A filamentous fungi Penicillium oxalicum for cellulase
production in submerged fermentation in shaking condi-
tion was reported with a cellulase activity of 0.7 FPU/mL.
After the process optimization, cellulase production was
increased by 1.7-fold resulted in a maximum cellulase
activity of 1.2 FPU/mL in 8 days of incubation. A suc-
cessful scaled-up system of 7-L fermenter was studied for
cellulase production under controlled conditions, which
showed a decrease in incubation time from 8 to 4 days
for attaining a similar cellulase yield. pH and temperature
optima for crude cellulase activity were pH 5 and 50 °C,
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respectively. The crude cellulase retained approximately
50% and 26% of its activity at 48 h and 72 h, respectively.
P, oxalicum hydrolytic efficiency was comparable to com-
mercial cellulase preparations and indicated its poten-
tial for lignocellulose hydrolysis application (Saini et al.
2015).

Aspergillus fumigatus isolated from chemically pol-
luted microhabitats was reported for cellulase produc-
tion with a maximum cellulase activity at 30% (v/v) ionic
liquids (ILs). Variations in the initial cellulase activity
were observed in each IL, a longer half-life in most ILs
than in buffer, with high conformational stability of the
enzyme essential for sustaining the residual activity inap-
propriate media. Remarkably, 1-3 M NaCl can help in
cellulase activation. A compatible IL-cellulase system
based on the cellulase was reported with its use in sig-
nificantly improving the rice straw saccharification rate
from 53 to 88% as compared to the control, representing
its effectiveness for the competent transformation of lig-
nocellulose to glucose in a single-step process (Xu et al.
2014).

Commercial cellulase availability and eminent
market suppliers

Cellulase has widespread applications in industries such
as the paper and pulp industry, textile, food, and biore-
finery. Some of the cellulase-producing companies on
commercial scales are Novozymes (Denmark), Genen-
cor-Danisco (Rochester, USA), DuPont (USA), Worthing-
ton Biochemical Corporation (Lakewood, USA), Dyadic
(Jupiter, USA), Quest Intl. (Sarasota, Florida, USA),
BASF (Germany), Kerry Group (Ireland), DSM (Neth-
erlands), Chr. Hansen (Denmark), Rhom-AB enzymes
(Rajamaki, Finland), Amano Enzyme Inc. (Nagoya, Aichi,
Japan), Zhongbei Bio-Chem Industry Co., Ltd, (China)
and Advanced Enzymes (India) (Markets and Markets
2020; Verardi et al. 2012). Some commercially available
cellulases with their source and critical properties are
tabulated in Table 5.

The global cellulase market is spread worldwide, with a
major focus in the Asia Pacific, Europe, the Middle East,
and Africa, Latin America, and North America (TMR
2021). The increasing production and application of bio-
fuel in North American and Latin American countries
have projected them to be the leader in the market in
the coming years (TMR 2021). Also, Asia Pacific regions
with fast-growing economies like India and China can be
viewed as a lucrative opportunity and expected to sig-
nal substantial market growth. The shift in focus from
petrochemical-based refineries to bio-based biorefin-
ery with greener technologies has increased application
enzymes. These enzymes are lignocellulolytic, pectino-
lytic, amylolytic, and chitinolytic enzymes with the major
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Table 5 List of commercial cellulase producer and suppliers with its source and characteristics. Source: Verardi et al. (2012), and

company’s catalogue

Commercial/market name

Company/supplier

Location/country

Source

Characteristics

Accellerase® 1500

Bio-feed beta L

Biocellulase A

Cellubrix (Celluclast)
Cellic CTec2 (cellulase,
enzyme blend)
Cellulase 2000L
Cellulyve 501

Cellulase AP 30 K

Cellulase NLT 10,000 U/g

Energex L
GC220

GC440

GC880
Novozymes 188
Rohament CL
Spezyme CP
Ultraflo L
Viscozyme L

Viscostar 1501

Genencor-Danisco

DuPont Industrial Biosciences
Novozymes

Quest Intl

Novozymes
Sigma Aldrich
Rodhia-Danisco
Lyven

Amano Enzyme Inc

Zhongbei Bio-Chem Industry
Co,, Ltd

Novozymes
Genencor-Danisco
Genencor-Danisco
Genencor-Danisco
Novozymes
Rhom-AB Enzymes
Genencor-Danisco
Novozymes
Novozymes

Dyadic

Rochester, USA

USA
Bagsvaerd, Denmark

Sarasota, Florida, USA

Bagsvaerd, Denmark
Missouri, United States
Vinay, France
Colombelles

France
Nagoya, Aichi, Japan

China

Bagsvaerd, Denmark
Rochester, USA
Rochester, USA
Rochester, USA
Bagsvaerd, Denmark
Rajamaki, Finland
Rochester, USA
Bagsvaerd, Denmark
Bagsvaerd, Denmark

Jupiter, USA

Recombinant Trichoderma
reesei

Recombinant Trichoderma
reesei

T longibrachiatum
T reesei

A. niger

T longibrachiatum
A. niger

Trichoderma reesei
Aspergillus niger

T longibrachiatum
T reesei

T longibrachiatum
T. reesei

A. niger

Trichoderma spp.

T longibrachiatum
T reesei

T longibrachiatum
T reesei

T longibrachiatum
T reesei

T longibrachiatum
T. reesei

A. niger

T longibrachiatum
T reesei

T longibrachiatum
T reesei

T longibrachiatum
T reesei

T longibrachiatum
T reesei

T. longibrachiatum
T reesei

Endoglucanase: 2200-2800 U/g
3-Glucosidase: 450-775 pNPG
U/g

Best operational stability at
temperature: 50-65 °C and pH:
4.0-5.0

Cellulase: 82 mg/mL
Xylanase: 51 mg/mL

FPU: <5 U/mL
Cellobiases: 12 U/mL

-Glucosidase: 32 Um/L
High stability at pH 5 and
temperature 55 °C

FPU: 56 U/mL
Cellobiases: 136 U/mL

Variable efficiency
FPU: 10 U/mL
FPU: 24 U/mL

B-Glucosidase: 60 U/mL
High stability at pH 4.5 and
temperature 60 °C

Cellulase activity: 10,000 U/g
Optimum activity at pH 4.5 and
temperature 40-50 °C

FPU: <5 U/mL

Cellobiases: 19 U/mL

FPU: 116 U/mL

Cellobiases: 215 U/mL

FPU: <5 U/mL

Cellobiases: 70 U/mL

FPU: <5 U/mL

Cellobiases: 86 U/mL

FPU: <5 U/mL

Cellobiases: 1116 U/mL

FPU: 51 U/mL

Cellobiases: 28 U/mL

FPU: 49 U/mL

FPU: <5 U/mL
Cellobiases: 20 U/mL

FPU: <5 U/mL
Cellobiases: 23 U/mL

FPU: 33 U/mL
Cellobiases: 111 U/mL

market contribution of the cellulolytic enzyme (Kumar
and Verma 2020a). This increase in demand is pushing
researchers, academicians, government agencies, and
industries to improve the yield and efficacy of cellulases.

Techno-economic aspects of the cellulase
production on large scale
The cellulase applications in several industries, as
discussed above and the challenge to retain the cost

of enzyme production is an important parameter.
Another critical factor is in controlling the economics
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of cellulase or enzyme reusability. Thus, a focus on
developing the on-site production of cellulase using
cheap lignocellulosic substrates has been suggested.
Barta et al. (2010) studied the process design and eco-
nomics of softwood-based ethanol plants, emphasizing
on-site cellulase production utilizing different carbon
sources. The study showed that in ethanol production
at an industrial scale, the capital cost (0.42-0.53 SEK/L
ethanol) is the main contributor, where 60-78% of the
cost comes from enzyme production. Also, the study
suggested that introduction of enzyme production step
may cause a decrease in overall ethanol yield by 5-10 L/
tonne, which was 270 L/dry tonne of raw materials
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when the commercial enzyme was used. Further, the
application of pretreatment before the use of biomass
to cellulase production is suggested for enhanced cel-
lulase production in a short incubation time. Barta
et al. (2010) also demonstrated that pretreated liquid
fraction supplemented with molasses could be an eco-
nomical alternative in producing ethanol at a lower cost
(4.71 and 4.82 SEK/L) (Fig. 4b).

Ferreira et al. (2021) analyzed the production cost of
lignocellulose degrading enzymes and reveals that the
most preferred organism and methods for lignocellulo-
lytic enzyme productions are Trichoderma reesei (Tele-
omorph Hypocrea jecorina) and filamentous fungi using
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Fig. 4 Techno-economic aspect of cellulase production: a generic flowsheet of a cellulase production process with filamentous fungi [adapted
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submerged and SsF, respectively (Fig. 4a). The techno-
economic parameters evaluations suggested wide varia-
tion in cost on several process designs where the choice
of raw materials/substrates and capital-related costs
are generally the motor element of the enzyme produc-
tion cost (Fig. 4c). The employment of low-cost medium
utilizing cheaper and abundant raw materials such as
agricultural and forestry residues can decrease the over-
all cost of enzyme production. Also, the production of
auxiliary enzymes enhances the pretreatments and sac-
charification efficiency. The study suggested that other
important parameters that are key to the economics of
cellulase production are production titer, yield, and volu-
metric productivity.

The fungal sources of cellulase enzymes are used com-
mercially, and supplementing the fungal enzymes with
their lacking enzymatic activities can help in enhanced
hydrolysis yield and subsequently help achieve low-cost
hydrolysis (Ferreira et al. 2018). Ferreira et al. (2018)
performed the techno-economic analysis of integrat-
ing P-glucosidase in a recombinant E. coli to indus-
trialize a low-cost enzyme for their application in
biorefinery (Fig. 4c). The major observations were that
facility-dependent costs contribute significantly to the
plant and recombinant enzyme production in E. coli is
high compared to conventional methods. However, the
cost of the enzyme could be reduced by using cheaper
substrates, improve volumetric productivity and inocula-
tion process apart from using a cheaper induction strat-
egy. The E. coli strain is easy to handle at an industrial
scale due to optimized upstream and streamlined down-
stream processes that help control the overall cost to
produce the enzyme.

One of the limiting factors during cellulase-based
enzymatic saccharification of lignocellulosic is unpro-
ductive adsorption of cellulases on lignin causing the
reduction in enzyme activity (Gao et al. 2014; Siqueira
et al. 2017). The addition of additives, e.g., non-ionic sur-
factant (tween) (Mukasekuru et al. 2018), polymer, e.g.,
polyethylene glycol (Arias et al. 2017), and non-catalytic
protein, e.g., bovine serum albumin and soybean (Brondi
et al. 2019, 2020) can help in overcoming the lignin medi-
ated enzyme reduction and further results in enhanced
enzyme activity at low enzyme load with high solid
loading. The low cost and global abundance of soybean
protein make it stand out lignin-blocking additive (Klein-
Marcuschamer et al. 2012; USDA 2021). Brondi et al.
(2020) performed a retro-techno-economic analysis of
the application of soybean protein as an additive during
saccharification in an integrated (1G-2G) biorefinery. The
study suggested that experimentally increasing biomass
conversion (up to 80%) and reducing enzyme loading to
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5.6 FPU/g with soybean additive resulted in an economi-
cally integrated biorefinery.

Zhuang et al. (2007) demonstrated an economic assess-
ment of the methodology, i.e., SsF and submerged fer-
mentation (SmF) used for the production of cellulase and
its subsequent application in the conversion of fibrous
biomass to bioethanol. The economic analysis suggested
that the unit cost of cellulase production was around
$15.67 and $40.36 per kilogram for the SSC and SmF,
respectively. The deflation and inflation in the prices
were calculated based on a factor of 0.9 and 1.1. Monte
Carlo simulation-based sensitivity analysis suggested the
unit cost of production using SSC is lower than SmF with
high certainty of 99.6%. Thus, suggesting SSC as a suita-
ble low-cost in-house cellulase production methodology,
thereby causing a reduction in overall ethanol production
cost (Zhuang et al. 2007). The techno-economic survey of
cellulosic biorefineries is recommended to adapt on-site
co-production of lignocellulolytic enzymes using cheap
agro-residues substrates (De Souza et al. 2021; Olofs-
son et al. 2015). Thus, this decrease in enzyme cost is
expected to overcome the limitations of costly enzymes
during saccharification in integrated biorefineries.

Conclusion and future prospects

Microbial cellulases obtained from LCB feedstock as a
substrate is an efficient approach and can meet a high
level of industrial demand. However, further stud-
ies are required to scale up cellulase production for the
improved utilization of the strain at the industrial level.
Future perspectives of the study may involve identifying
new strains with the potential of multi-enzyme produc-
tion and further developing pretreatment methods for
effective utilization of lignocellulosic feedstocks. Iden-
tifying new genes from potential microorganisms for
performing the genetic manipulations leads to improved
catalytic property of cellulases. In addition, the develop-
ment of inexpensive purification methodology at a large
scale and molecular characterization of immobilized
enzymes to increase its reusability and further kinetic
parameter analysis of an immobilized enzyme can be
an added advantage towards the industrialization of the
bioconversion process. Also, as the enzyme production
cost is key to its designated industrial application thus
studies suggested that on-site co-production of multiple
enzymes with emphasis on utilizing engineered strains
and controlling process parameters are feasible methods
for controlling the overall cost of the industry.
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