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Cellulase comprises a sophisticated synergistic complex of enzymes, primarily comprising three types: endo-
glucanases, exo-glucanases and f-glucosidase. The interaction of these biocatalysts ensures the effective breakdown of
the resilient structure of the natural polysaccharide cellulose into simple mono- and disaccharides, such as glucose and
cellobiose. In nature this enzyme is synthesized by a diverse array of organisms - either independently or through
symbiotic relationships — with species from the kingdom Fungi and Bacteria acting as primary degraders of plant
biomass. This process of degradation of cellulose is fundamental to the global Carbon cycle, thereby sustaining life on
our planet.

In industrial contexts, this enzyme is produced through solid-state or submerged fermentation. The efficiency of
enzyme yield controlled by combination of factors: chemical (media composition, including Carbon and Nitrogen
sources), physical (temperature, aeration and agitation), biological factors (microbial strain selection, mutagenesis and
synergistic interaction). Utilizing agricultural waste as a substrate is a key strategy to enhance the economic viability of
production.

Due to its versatility, cellulase finds widespread application across multiple economic sectors. This enzyme is
critical in the food and beverage industry (winemaking, baking, juice clarification), pulp and paper manufacturing,
textile production, detergent formulation, pharmaceutical industry. Furthermore, the enzyme plays important role in

production of alternative biofuels, and in enzyme-assisted extraction of bioactive compounds from plant material.
The aim of this study is to search and systematize the information on the role of the enzyme cellulase in enzymatic
hydrolysis, emphasizing it as a sustainable approach as a process refined by evolution in nature and successfully

adapted for industrial «greeny technologies.

Keywords: enzyme cellulase, cellulose degradation, ecological agent, industry, green technologies.

Introduction.  Cellulose is a linear
polysaccharide, consisting of thousands of [-D-
glucopyranose residues linked by B-(1,4)- glycosidic
and hydrogen bonds. These cellulose chains form
reducing and non-reducing ends (Chatterjee et al.,
2016). Yearly, plants generate nearly 10! - 10'2 tons
of cellulose through photosynthesis as primary
producers (Han et al., 2022; Foroughi et al., 2021).

This makes cellulose a sustainable, biodegradable
and cost-effective source of carbohydrates with
broad potential for application in industry. However,
its main challenge lies in is insolubility in water and
other solvents due to hydrogen bonds (Etale et al.,
2023; Aldred, 2009). Several methods are used to
break down cellulose, including physical, chemical
and biological. The biological method employs the
enzyme cellulase, which mimics natural hydrolysis
of this polysaccharide. This enzymatic process is
sustainable and aligns with some of UN sustainable
development goals, such as Goal 7 (Affordable and
clean energy) and Goal 12 (Responsible
consumption and production), etc (The 17 Goals,
2026; Aziz et al., 2022).

1. Characteristics of enzyme cellulase

1.1. Classes of cellulase. Cellulase is a complex
of induced enzymes that synergistically degrade the
complex structure of cellulose. Cellulolytic enzymes
consist of 3 main types: endo-glucanases or 1,4-3-D-
glucan-4-glucanohydrolases; exo-glucanases (1,4-B-
D-glucan glucanohydrolases (cellodextrinases) and
1,4-B-D-glucan cellobiohydrolases); B-glucosidases
(glucohydrolases), which mode of action illustrated
in fig. 1 (Biswas et al., 2020; PubChem).

1) Endo-1,4-D-glucanase (factor Cx, EC
3.2.1.4) acts on the nonamorphous section of
phosphate-expanded  cellulose,  carboxymethyl
cellulose, and amorphous cellulose with production
of glucose, cellotriose, cellobiose, various dextrins,
which have more reachable ends for other enzyme —
cellobiohydrolase. Endo-glucanase has low substrate
specificity and can hydrolyze cellulose with
substituents.

2) Exo-B-1,4-glucanase one type is B-1,4-glucan
cellobiohydrolase (EC 3.2.1.91, cellobiohydrolase,
CDH, C; factor). This enzyme breaks down [-1,4-
glucoside bonds from the non-reducing sugar end of
cellulose with the facilitation of cellobiose. Studies
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indicate that certain strains produce an alternative
form of exoglucanase-1,4-glucan glucohydrolase
(EXG, EC 3.2.1.74), which hydrolyzes to produce
glucose (Chen, 2014; Bhardwaj et al., 2021; Jain and
Agrawal, 2020).

3) p-glucosidase (cellobiase, EC 3.2.1.21)
primarily hydrolyzed from non-reducing ends of
dextrins, releasing cellobiose and glucose. The
hydrolysis rate of B-glucosidase increases as size of
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the substrate decreases. In enzyme preparation, the
protein content of B-glucosidase accounts for the
least compared to other cellulase components,
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Fig. 1. Enzymatic hydrolysis of cellulose by cellulases (Adapted from Thorsen et al., 2021)

Additional compounds that also take part in
cellulose degradation:

1) cellobiose dehydrogenase or cellobiose
oxidase (EC 1.1.99.18; CBO) - heme flavoprotein
with FAD as a prosthetic group of the enzyme. CBO
is mostly produced by white-rot filamentous fungi
and oxidizes to lactone cellobiose and
celloligosaccharide  substrates  (Kracher  and
Lugdwig, 2016).

2) cellobiose quinone oxidoreductase (CBQ) -
flavoprotein, which only includes FAD and has the
same function as CDH, but CBQ doesn’t reduce
cytochrome C.

3) phosphorylase phosphate adds phosphate
group to cellobiose and cellulose to increase the
metabolism.

4) cellulosome (bacterial complex of cellulases)
- a complex of cellulases that is used by bacteria
(Chen, 2014; Bhardwaj et al, 2021).

CAZy classification categorized cellulases into
different GH (glycoside hydrolase) families: endo-
with exo-glucanases - GH5, GH6, GH7, GH9,
GHA48; only endo-glucanases - GH8, GH10, GH12,
GH26, GH44, GH45, GH51, GH74, GH124
(Nguyen et al., 2018).

1.2.  Molecular structure of cellulase.
Cellulases are produced by fungi and aerobic
bacteria as a free-form enzyme, which can be easily
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operated. In contrast, bacteria, rarely fungi, form the
cellulosome that are cell-associated (Biswas et al.,
2020; Sutaoney et al, 2024).

The structurally free cellulase molecule of
model cellulolytic filamentous fungi Trichoderma
reesei contains: a catalytic domain (CD) that can
hydrolyze primarily soluble cellulose with a
molecular weight of 56 kDa. The CD has low
adsorption ability; the cellulose-binding or non-
catalytic center (CBD) has a weight of 10 kDa and
binds to the cellulose surface; the hinge region or
peptide linker connects two domains of cellulase,
which are rich in Pro, Thr, Ser amino acids.

Cellulase modification by the removal of the
CBD only slightly changes the cellulolytic activity
of the enzyme, but the adsorption and hydrolysis of
crystalline cellulose become limited. Additionally,
changes in the amino acid composition of the CBD,
specifically aromatic amino acids, reduce binding
activity (Ejaz et al, 2021; Goodsell, 2023).

The protein domain structure of the cellulase
enzyme of T. reesei (main industrial strain used for
cellulase synthesis) has different conformation: -
sheet, o/B-barrel, B-distorted sandwich. Information
on key cellulases protein structures by CATH
classification is described in table 1 and illustrated in
fig. 2 (Cellulase - Worthington).

59



Table 1.

Structural conformation of the cellulase enzymes of Trichoderma reseei

Cellulases Class Protein structure
Endo-glucanase 1 Mostly beta Distorted sandwich
Endo-glucanase 1 1 Alfa Beta a/p-barrel
B-1,4-glucanase Mostly beta Sandwich
Cellobiohydrolase I Mostly beta Distorted sandwich
B-glucosidase 1 and I 1 Alfa Beta ao/B-barrel

a) b)

Fig. 2. Protein structures of the enzyme cellulase by CATH classification: a) sandwich; b) distorted sandwich;

¢) a/B-barrel (Goodsel, D., 2023)

Cellulosomes comprises two main elements:
cohesin-bearing  scaffoldins and non-catalytic
proteins with different dockerin-bearing enzymes.
The structure of cellulosomes can be diverse among
the species of microorganisms and often depends on
the substrate nature (Alves et al., 2020).

There are three types of cohesion-dockerin
interaction: type I — connects to the scaffolding;
type 1 I bound scaffolding to the cell surface; type

I T T exhibits significant sequence divergence

€ Cx
Crystal cellulose e Amorphous cellulose — Cellulose ———

from the other categories. This classification is
founded on bacterial coherins and dockerins; the
structure of fungal cellulosomes has to be studied
(Hsin et al., 2025).

1.3. Cellulase mechanism of hydrolysis. The
theory of the C;-Cx step-by-step hydrolysis of
cellulose was presented by Reese et al in 1950 (fig.
3), where C; — exo-glucanase and Cyx — endo-
glucanase.

B-glucosidase
lucose

Fig. 3. Pattern of cellulose hydrolysis by cellulase be C1-Cx- hypothesis (Chen, H., 2014)

The C;-Cx hypothesis states, that C; modifies
the crystalline cellulose to an amorphous structure,
which Cyx randomly catalyzes. Subsequently, [-
glucosidase hydrolyzes cellobiose into glucose.

The synergistic model is a modern hypothesis
that replaced historically important C;-Cx
hypothesis. This modern model of cellulose catalysis
include the following mechanism: endo-glucanase
(Cy) cleaves the chains of the cellulose molecule in
the amorphous region for further exo-glucanase or
cellobiohydrolase (Ci) hydrolysis of the appearing
end group of crystalline cellulose. After this, the
complex of enzyme CBH and EG facilitates the
synthesis of cellobiose, which is subsequently
converted into glucose by B-hydrolase.

Other synergic theory of endo- and exo-
glucanase, applicable only to natural cellulose: exo-
glucanase I breaks down the reducing end and exo-

glucanase I I — non-reducing end of cellulose
chain.

In the study, Gao et al. highlight a popular
theory, where non-hydrolytic enzymes catalyze the
structure of cellulose and then three united cellulase
enzymes degrade cellulose to fiber dextrins and
glucose (Chen, 2014).

The hydrolysis of the B-1,4- glycosidic bond can
be achieved through two separate mechanisms with
stereochemical modification: inverting and retaining
(fig. 4). The inverting mechanism occurs without the
formation of enzyme-substrate complex and
hydrolysis is carried out by deprotonation. On other
hand, the retaining involves the formation of an
enzyme-substrate complex after attack on the
Carbon, which act like a nucleophilic base, with
breakage of glycosidic bonds of the oligomeric
fraction (Barati et al., 2015; Bhati et al., 2020;
Shrivastava, 2020).
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Fig. 4. Mechanisms of cellulose hydrolysis by cellulase: a) inverting; b) retaining (Barati et al., 2015)

1.4. Variety of cellulolytic organisms

1) Kingdom Bacteria

Bacteria that can degrade the cellulose structure
belong to the four phyla Actinobacteria, Firmicutes,
Proteobacteria, Bacteriodetes. Isolated bacterial
enzyme cellulase has high specificity, but the
activity of the enzyme can be increased by genetic
modification of strains (Obeng et al., 2017).

Bacteria of the phyla Firmicutes, Bacteriodetes
are widely distributed in various environments,
mostly in the gut. Main classes of cellulolytic
bacteria of this phyla are Bacilli, Clostridia. They
produce different forms of enzyme: anaerobic
Clostridia, such as Clostridium thermocellum,
produce cellulosomes, but as an exception,
anaerobic Clostridium sterocorarium synthesizes
free cellulases like aerobic microorganisms. Some
bacteria can secrete multi-modular cellulases, like
Caldicellulosiruptor sp.

Bacteria of the phylum Bacteriodetes have
adapted to various ecosystems, such as the digestive
tract of animals, soil, ocean and freshwater
environments. Some bacteria of this genus develop
the capability of utilizing complex polysaccharide
utilization loci (PUL) — a complex that bind and
cleaves target polysaccharides at the cell surface and
then imports the oligosaccharides into the periplasm,
where degradation is completed.

However, bacteria of the genus Fibrobacter do
not produce cellulosomes or free cellulases, but are
attached to cellulose through a complex of
tetratricopeptide repeat (TRP) domain protein,
which is the basis for the assembly of various
enzymes and fibro-slime proteins into a complex,

Haykosuii sicnux Qepniseyvkozo ynisepcumemy. Bionoeis (Bionoeiuni cucmemu). 2026. 18 (1).

where the fibro-slime proteins bind to the substrate
and the outer membrane protein A (OmpA) serves to
enhance the attachment of the complex to the
peptidoglycan in the cell wall. The partially
hydrolyzed cellulose chains are then transported
across the outer membrane to the periplasm, where
sequential cellulose degradation occurs (Obeng, et
al., 2017; Seveso, et al., 2024).

2) Kingdom Archaea

Archaea as a distinct kingdom  of
microorganisms, which are distributed in the
extreme ranges of temperature, pH, high salt
concentration (Cabrera and Blamey, 2018). Archaea
enzymes have few advantages: enzymatic catalysis
at higher temperature has enhanced diffusion
Kinetics in the cultivation media and notably lower
risk of contamination. In the last 30 years, a
significant number of glucoside hydrolases were
isolated from hyperthermophilies. Among the first
GH described Archaea enzymes have been cellulase
derived from Pyrococcus furiosus, which can
demonstrate peak activity at 99 °C (Suleiman et al.,
2020).

3) Kingdom Plantae

Fruit ripening is a complicated process
involving a significant transformation, which
including the hydrolysis and modification of cell
walls by enzymes, such as [-1,4-glucanase, -
galactoxidase, xyloglucan endotransglycosylate,
pectate lyase, etc. ripening (Zhang et al., 2020).
Enzymes cellulase and pectinase are also included in
leaves abscission in a response to stress, which also
involves  accumulation  hydrogen  peroxide,
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decreasing of catalase, peroxidase (Li et al., 2023).
Cellulolytic activity takes place in the growth of
plants and reconstruction of cell walls: celulase can
release cellulose, which is synthesized by cellulose
synthase (Wilson, 2009).

4) Kingdom Animalia

Some insects (class Insecta), mollusks (snail,
slugs, shipworm; phylum Molusca) produce their
cellulases. Sometimes animals acquire cellulolytic
enzymes in a symbiotic relation  with
microorganisms, for example, suborder Ruminantia
and the clades described above (Zhang et al., 2020;
New and Future Developments in Microbial
Biotechnology and Bioengineering, 2019).

5) Kingdom Fungi

Fungi are recognized as highly effective
lignocellulose degraders and the most extensively
studied group of microorganisms, which are
responsible for plant biomass hydrolysis. However,
the significant variability of cellulose degradation is
observed in the fungal phyla. Studies of the genomic
data of 308 fungal genomes performed by
Beimforde et al., 2014 showed that more than 98 %
of cellulolytic fungi are referred to the subkingdom
Dikarya, that consists of two phyla — Ascomycota
and Basidiomycota (Juturu and Wu, 2014;
Beimforde et al., 2014; Liu et al., 2021).

Phyla Ascomycota has a diverse morphology
and is distributed in different ecological niches. This
division mostly consists of soft rot fungi, like
Aspergillus niger, Trichoderma reesei, Penicilium
chrysogenum. Generally, soft rot fungi damage plant
cell walls by forming erosion, caused by enzymes
such as cellulases, hemicellulases, pectinases,
laccases, but don’t produce the peroxidase for lignin
degradation (Shrikavand et al., 2015).

Over 90 % of the Basidiomycota phyla fungi are
part of the white rot fungi. This group possesses the
capability to degrade all structural polymers in the
cell walls, but some species can hydrolyze lignin
over cellulose, that leaves remaining bleached
polysaccharides (cellulose and hemicellulose)
(Tuomela and Hattkka, 2011; Makela et al., 2020).

On the other hand, brown rot fungi, which
comprise only 7% of Basidiomycetes class,
decompose only cellulose and hemicellulose,
resulting in residual brown lignin byproduct. This
group utilizes the Fenton reaction with chelators,
generating hydroxyl radicals, which through, an
oxidation reaction, facilitate the breakdown of
biomass (Daniel, 2016; Schilling et al., 2012).

The traditional classification of cellulolytic
fungi described above includes soft, white, and
brown rot fungi is based on microscopic
characteristics and relative. Notably, genomic
analysis revealed that species such as Aspergillus

niger, Trichoderma reesei and Postia placenta have
sequences associated with various mechanisms of
lignocellulose decomposition. Further studies of
fungi demonstrate the alternative mechanisms (Liu
etal., 2021).

2. The role of the enzyme cellulase in the
global carbon cycle. Soil is one of the biggest pools
of organic Carbon on our planet, particularly in
forest ecosystems, where the dead plant material is
retained and accumulated. Researchers have pointed
out that leaf litter consists of over 50 % of Carbon
(Datta et al., 2024; Chen et al., 2023), with cellulose,
a common polysaccharide, making up 20-30 % of
this composition (Bautista-Cruz et al., 2024;
Olatunji et al., 2021). This cellulose is gradually
degraded by a complex of the cellulase enzymes,
which are synthesized by soil bacteria and fungi
(Sobucki et al., 2021).

Chinese scientists discovered and confirmed
that field decayed plants step-by-step break down
through action of litter cumulative microorganisms.
After 1 year of decomposition, 50 % of cellulose
was decomposed under condition similar to natural.
After 2 years, this percentage increased to 80 %
(Chen et al., 2019). A study supervised by Gao J.
was conducted under controlled condition, shows the
progressive decomposition of cellulose from
Eriobotrya japonica litter by various, such as
cellulase, laccase, lignin peroxidase, etc. The mass
of cellulose reduced to nearly 60 % at 189 days after
enzymatic hydrolysis. The dominant producers of
lignocellulolytic enzymes were from phyla
Proteobacteria, Bacteroidota and Myxococcota (Nie
et al., 2023). Also, the release during hydrolysis of
heat and carbon dioxide could have an important
part in speeding up the decomposition process.
Cooperation between investigators from Hemholtz-
Centre for Environmental Research and Martin
Luther University Halle-Wittenberg recorded a peak
of heat at 6.2 days — nearly 30 uW/g and CO; at 4.7
days - nearly 2.7 ug/(g*hour) - in the experiment of
commercial cellulose decomposition in soil by
microbiota (Dehghani et al., 2025).

After monosaccharide glucose is released by -
glucosidase, it is utilized by the soil microbiota as an
energy source for growth, including cellulolytic
microorganisms (Sobucki et al., 2021; Lenhardt et
al., 2023; Chen et al, 2023; De Oliveira Costa and
Nahas, 2012). For instance, the denitrification
activity was raised to more than 90 % by glucose
addition (Huang et al., 2024). These microorganisms
further transform Nitrogen, Phosphorus, Sulfur and
other inorganic compound substrates into a form that
is suitable for plants by enzymatic transformation
(Jamir et al.,2019). Thus, cellulase takes place in a
driving reaction within biogeochemical cycles of
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Carbon and other cycles. Modern «green» chemistry
applies natural-like processes, like enzymatic
hydrolysis for cellulose and lignocellulose
modification and points of industrial production and
implementation are described subsequently.

3. Some aspects of industrial synthesis of
cellulase. The enzyme cellulase demand can be
confirmed by CAGR growth to 2032 by 6.9 % to
approximately an estimation of market - $3153.1
million (in 2032) from $1621 million in 2022. This
growth is connected to the biofuel industry
development, where cellulase is the second most
used enzyme after amylase. The top companies that
produce  cellulase: ~ Novozymes  (Denmark),
Genencor (USA), DSM (Netherlands), AB Enzymes
(Germany), Amano Enzyme (Japan). The only
manufacturer of cellulase in the Ukrainian industry
is «kENZIM» (llic et al., 2023; Biotech, E).

Industrially, cellulase can be produced by
surface or submerged fermentation with downstream
processing to obtain liquid concentrate or dried
powder.

1)  Solid-state  fermentation  (SSF) s
accomplished on moist substrate, which is better for
fungi cultivation. The advantages of this method are
that isolated enzymes have higher activity, and this
process is more economically viable, since it is not
energy-consuming and inexpensive media are used
in the process. However, SSF has an inefficient
distribution of nutrients, oxygen, water. But the
application of a drum bioreactor can solve this
problem. The heat generated during fermentation is
the main problem of the solid-state fermentation
process, so only small reactors are used. Also, all
processes must be done in highly labor-intensive.

2) Submerged fermentation (SmF) is carried out
in aqueous media in which nutrients are dissolved.

Chemical

Fermentation in this mode can be automatically
controlled, which allows scaling process. SmR has
higher conversion, since the medium is agitated and
iS more aseptic, since bioreactor is sealed.
Regardless, SmR has major energy consumption.
For each strain, the process of fermentation needs to
be optimized. Also, mixing and aeration can lead to
foam formation, but it can be eliminated by
antifoam. Submerged fermentation is often used for
hyperproducers, like  Aspergillus niger and
Trichoderma reesei (New and Future Developments
in Microbial Biotechnology and Bioengineering,
2019; Biotech, E (Cellulase); Hennessey-Ramos et
al, 2021; Patel and Amaresan, 2022; Dodge, 2010).

The crude extract obtained after fermentation
contains microorganism-producers, cellulase and
residual nutrients. In this solution, the metabolite has
a low concentration and is prone to degradation;
thus, it needs to be concentrated. Industrial
separation of biomass should be performed either
continuously (centrifugation, flotation) or in batch
processes (automatic filter press separation).

Then the excess water needs to be removed
from the solution with an enzyme by ultrafiltration
or evaporation, for highly purified enzymes
chromatography or crystallization are used. The
formulated cellulase can be contained in the liquid
concentrate or be dried by using freeze-drying or
spray-srying process (Dodge, 2010).

4. Influence of factors on the process of
cellulase industrial production. The process of
cellulase synthesis by microorganisms is a complex
mechanism influenced by many factors, including
substrate components, as well physical and
biological factors (fig. 5).
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Fig. 5. Conceptual scheme of the main factors influencing the industrial synthesis of enzyme cellulase
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I The impact of medium components. The cellulase
enzyme is an inducible type, and its production depends
on the source and concentration of cellulose and its
derivatives in the fermentation medium. Obtaining an
optimal nutrient medium consists of supplementing the
substrate with nutrients: sources of C, N, P, S, macro- and
microelements, inducers, etc.

1) Effect of Carbon source: the origin of Carbon
plays a vital role in cellular metabolism, cellulase
biosynthesis. Polysaccharides  enhance  enzyme
production, thus being preferred when choosing a
medium, in comparison to glucose, which improves
growth of biomass, but inhibits synthesis of cellulase.
(New and Future Developments in  Microbial
Biotechnology and Bioengineering, 2019). The results of
the Georgian scientist confirmed this statement: the
basidiomycete fungus Irpex lacteus produces more
hydrolytic enzymes, such as [B-glucosidase (cellulase),
xylanase, on media with suplemented with Avicel
(commercial pure cellulose) rather that glucose (Metreveli
et al, 2021). Industry often utilizes waste material, for
example from agriculture, which is rich in cellulose and
carboxymethyl cellulose, to make fermentation media
more cost-effective. Food industry waste is one of the
most efficient materials for fermentation: researchers
from the Indian Institute of Technology (India) revealed
that the application of vegetable peel for cellulase
production by two ascomycetes fungi has great potential
(Verma and Kumar, 2020). As alternative sources of
Carbon forage grasses can also be used. For example,
gamba grass (Andropogon gayanus) was used by
researchers from the Federal University of Visoca,
Federal University of Sdo Juan del Rey (Brazil) in various
concentrations in the fermentation of the filamentous
fungi Fusarium verticillioides; the highest endoglucanase
activity was found when 4 % of gamba grass was added
to a medium (De Almeida et al, 2019).

2) Effect of Nitrogen source: this element has a
major role in the uptake of soluble carbohydrates during
fermentation, which is supplement in an optimal ratio
C:N, and protein synthesis (New and Future
Developments in  Microbial Biotechnology and
Bioengineering, 2019). Scientists at the Dr. B. Lal
Institute of Biotechnology (India) optimized cellulase
synthesis by selecting a nitrogen source from the
following option: ammonium sulfate, urea, yeast extract,
peptone. The best nitrogen source for Aspergillus niger
was the inorganic salt (NH4)2SO., while organic sources
also increased the yield. The only exception was urea,
which reduced enzyme synthesis (Sethi and Gupta, 2022).
Therefore, a Korean researcher highlighted that yeast
extract is the best nitrogen-based compound for cellulase
synthesis by Bacillus amyloliquefaciens FW2, following
tryptone, casein, skim milk, KNOs, NH4CI (Pham et al.,
2022).

3) Effect of Phosphorus source. Phosphorus takes
part in the formation of cell membranes, as a part of
phospholipid molecules and participates in the formation
of nucleotides and numerous intermediate products,
enzymes, coenzymes (Kumar et al., 2008). 0.2 % of
K2HPO;, in fermentation media enhances secretion of the
enzyme cellulase by isolated bacteria, especially by strain

S-6 (Nocardiopsis sp.), which was discovered by
scientists from the University of Sri Jayewardenepura (Sri
Lanka) (Weerasinghe et al., 2021). Another inorganic salt
- KH2PO4 improve cellulase biosynthesis by strains of
Aspergillus flavus AT-2, Aspergillus niger AT-3, in
experiments conducted by researchers from the Indian
Institute of Technology Roorkee (India) (Dutt and Kumar,
2014).

4) Effect of inorganic ions: metal ions have diverse
effects on the production of the enzyme cellulase. For
example, Calcium induces enzyme synthesis by Rhizopus,
Trichoderma, Aspergillus, Penicillium sp.; at the same
time, Lead, Potassium, Copper, Manganese, Iron,
Mercury ions inhibit (Onyia et al., 2022). Similarly,
Aspergillus flavus cellulolytic activity was enhanced by
Iron, but in optimal concentration — 1 mM of Fe?* ions in
media (Okonkwo et al., 2019).

5) Effect of surfactants (Tween 20 and 80, Triton X-
100). The addition of surfactants minimizes the binding of
the enzyme to the substrate, alleviates the tension from
agitation and improves the absorption of substrate by
microorganisms (New and Future Developments in
Microbial Biotechnology and Bioengineering, 2019; Li et
al, 2018). In the study of cellulolytic activity of
Paenibacillus elgii TKU051, a Chinese scientist shows
that commercial surfactants — anionic, such as SDS,
improve cellulase synthesis, cationic (CTAB) — have
moderate activity and non-anionic (Triton X-100, Tween
20) have a minor effect (Doan et al., 2024).

I T The impact of physical factors. Physical factors
significantly  affect the  fermentation  process,
microorganism vital activity and synthesis of the enzyme
cellulase by the producers.

1) Effect of temperature: temperature moderates the
growth and metabolism of microorganisms. Low
temperature can lead to the inhibition of the absorption of
nutrients by cells and slow down producers activity. High
temperature can break down formed enzymes activity,
slowing the microorganism metabolism and potentially
leading to their death (New and Future Developments in
Microbial Biotechnology and Bioengineering, 2019).
Studies shows that different producers and even strains
exhibits distinct optimal temperature for cellulase
production: Bacillus sp. — 35°C (Islam et al., 2019);
Bacillus subtilis M-11 — 42 °C (Yazici et al., 2020); 4
isolates from mangrove waters possessed maximum
cellulolytic activity at 35°C, 27°C, 31°C, 31°C
(Alamsjah et al., 2024).; Trichoderma reesei RP698 at 60-
65 °C (Silva et al., 2019).

2) pH of the medium: the starting pH of fermentation
medium affects cell growth, membrane transport and
enzyme synthesis, while acidic conditions can reduce the
yield of the enzyme, basic — modify the substrate (New
and Future Developments in Microbial Biotechnology and
Bioengineering, 2019). Talaromyces amestolkiae CMIAT
055 demonstrated the greatest cellulolytic capacity at pH
5.0, when cultivated in the media containing banana
pseudostem as cellulose source, (Faheina et al., 2022).

3) Effect of the amount of inoculum: an important
step in the successful fermentation and synthesis of
metabolite (cellulase) is the quantity of a «starter» culture.
A smaller amount of inoculum will require a longer
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period of biomass growth in the fermenter, which is
insufficient for an industrial process (New and Future
Developments in  Microbial  Biotechnology and
Bioengineering, 2019). The effect of inoculum size
factors was evaluated on Aureobasidium pullulans LB83
fungi by researchers from the University of Sdo Paulo
(Brazil). The concentration of 1.6*10-6 CFU (colony
forming units) expressed the maximum secretion of
enzyme, compared to 0.8*10-6 and 3.2*10-6 CFU (Viera
etal., 2020).

4) Effect of fermentation time: an essential
parameter of the industrial production of the cellulase
enzyme is the incubation time, which is directly
proportional to the amount of the formed metabolite (New
and Future Developments in Microbial Biotechnology and
Bioengineering, 2019). A comparative analysis of the
synthesis of the cellulase enzyme by the filamentous fungi
Trichoderma reesei UMK 004 and Aspergillus awamori
UMK 002, carried out by scientists under the leadership
of N.M. Zein, showed that during deep fermentation on
rice straw as a substrate, T. reesei is the best producer.
The optimal time for enzyme formation for both
microorganisms is 5 days (Naher et al., 2021). In other
studies, T. reesei Rut C30 was incubated for 4 days on
spent mushroom waste (He et al., 2021); another strain of
A. avamori DSM No. 63272 fermentation was lasted for 7
days (Martau et al., 2021).

5) Effect of agitation and aeration. Agitation
maintains the homogeneity of the fermentation medium,
disperses dissolved oxygen, which enhances microbial
activity and substrate conversion for bacterial culture.
Nonetheless, it leads to stress for the filamentous fungi
culture, but it’s essential, so for fungi, other types of
agitators are used, such as Elephant Ear and Rushton
turbines. These types of impellers provide less
fragmentation on fungal clusters (New and Future
Developments in  Microbial Biotechnology and
Bioengineering, 2019; Buffo et al., 2020; Buffo et al.,
2016). Aeration is important for aerobic microorganisms.
The oxygen level must be stable and supplied throughout
the fermentation process New and Future Developments
in Microbial Biotechnology and Bioengineering, 2019).

I I I The impact of biological factor.

1) Effect of co-culture. The synthesis of the cellulase
enzymes endo- and exo-glucanase and B-glucosidase is
heterogeneous. So, a combination of microorganisms will
provide the desired mixture of cellulases (Kumar et al.,
2008). Scientists from Prince of Songkla University
(Thailand) studied the effect of synergistic fermentation
of Aspergillus tubigensis TSIP9 and Trichoderma reesei
Q9414 strains (at an inoculation ratio 1:1), resulting the
highest yield of cellulase after submerged cultivation for
14 days — 103.7U/g of RM (raw material) and pB-
glucosidase — 63.1 U/g RM (Intasit et al., 2021).

2) Mutagenesis of strains. Mutation and selection are
widely used to improve cellulolytic strains (Kumar et al.,
2008). Derivative strains of Trichoderma reesei SS-II,
which were characterized by Chinese researchers as
hypercellulolytic mutants and determined that these
samples hydrolyze lignocellulose better than Trichoderma
reesei RUT-C30 (a classic genetically modified strain that
is an overproducer of cellulase): the hydrolysis activity of

the derived strains is over 30 U/ml, compared to RUT-
C30 — over 15 U/ml (Liu et al., 2019).

5. Application of the enzyme cellulase. Cellulases
currently have a wide range of applications, from the
pharmaceutical industry to biogas production, as
described in this chapter.

1) Food and feed industry. The growing global
population demands more nutritious food. Thus, the
enzyme cellulase is used in various ways, like the
extraction of olive oil, which not only improves the
quality of the product, but also reduces waste and
bitterness. For example, enzymatic extraction of olive oil
from Jordanian cultivars increased from 48.8 % (classical
extraction) to 79.0 % (Al-Rousan et al., 2021).

In the wine industry, cellulase breaks down
cellulosic biomaterials for subsequent fermentation of
sugars into alcohol. This enzyme enhances quality,
improves stability and maceration, and reduces the
viscosity of the must. B-glucosidase hydrolyzes
glycosylated precursors into glucose and aglycones,
enhancing the aroma of wines. Enzymatic hydrolysis with
cellulase can increase the yield of natural dyes —
carotenoids (Ejaz et al., 2021).

Furthermore, by converting cellulose polymers into
monomeric glucose, cellulase increases the amount of
sugars in baked goods. In an experiment conducted by
scientists from Marwari University and Christ’s College
(India), it was found that the addition of heat-resistant
cellulase from Bacillus licheniformis improves dough
rise, aroma, density and friability of bread and reduces
hardness (Ejaz et al., 2021; Chauhan et al., 2023).

To prevent fruit juices from clouding during storage,
hydrolytic enzymes can be added. Immobilized enzymes
are preferred, because they are stable and reusable
(Ozyilmaz and Gunay, 2022).

Besides, the enzyme cellulase is used to increase the
nutritional value of animal feed by hydrolyzing non-
digestible oligosaccharides, B-glucans, pectins, lignins,
inulins, dextrins, cellulose, arabinoxylans (Ejaz et al.,
2021).

2) Light industry. Cellulase is used in the following
sectors: pulp and paper, textile, detergent and washing
products.

The manufacturing of paper and paper products is
one of the largest industrial sectors in the world, utilizing
nearly 40% of all harvested wood. To reduce
deforestation, the concept of recycling and reuse of paper
and cellulose is being developed in this industry.
Enzymatic hydrolysis is used to improve the process of
modifying paper fibers and removing dyes from paper
(Jayasekara and Ratnayake, 2019).

Cellulase is the third most used enzyme in the
production and processing of fabrics, since enzymatic
processing changes textile properties, such as softening
the material or bleaching. In addition, this process is
environmentally friendly and reduces the consumption of
water, energy and chemical reagents (Jayasekara and
Ratnayake, 2019; Korsa et al., 2023).

Cellulase detergents are mainly used for washing
cotton fabrics, as they modify the fabric fibers, improving
brightness, removing dirt, providing softness. To increase
the efficiency of cellulase action, combinations of four
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enzymes - lipase, cellulase, amylase and protease are
used. These combinations are effective for cleaning
endoscopic  equipment and surgical instruments
(Jayasekara and Ratnayake, 2019).

3) Agriculture. Cellulases are used in crop
cultivation to improve growth (Jayasekara and Ratnayake,
2019). The cellulase enzyme synthesized by Aspergillus
niger degrades the agricultural waste substrate (rice straw
and sugar cane bagasse), enriching Triticum aestivum
(wheat) with total soluble carbohydrate, Nitrogen and
Phosphorus and enhances its growth, according to the
studies of Egyptian scientists (Ismaiel et al., 2017).
Lithuanian researcher obtained similar results: cellulase
and other hydrolytic enzymes produced by Trichoderma
ghanense and Trichoderma tomentosum improve
development of Secale cereale L. (rye) (Bridziuviene et
al., 2022).

Moreover, the enzyme can be used as agent for
controlling plant diseases (Jayasekara and Ratnayake,
2019). For example, a Talaromyces sp. enzyme cellulase
can inhibit the growth of plant pathogen Pythium sp. of
cucumber and tomato as an environmentally friendly
plant disease control agent (Kulakivska and Konechna,
2024).

4) Production of alternative energy sources. It has
been estimated that the use of enzymatic treatment of
lignocellulolytic raw materials before fermentation
reduces the cost of the process by 40 %. The enzyme
cellulase hydrolyzes biomass into pentoses, hexoses and
monosaccharides as carbon sources. The thermophilic
strain of the only one bacteria Caldicellulosiruptor bescii,
can directly convert the raw material into bioethanol (Ejaz
etal., 2021).

5) Medicine and pharmaceutical industry. An
indirect application of cellulase for medical purposes is
the use of this enzyme in combination with chitinase and
lysozyme for the decomposition of chitosan in surgical
threads, hemostatic bandages, etc.

Direct application is aimed at the decomposition of
cell walls directly. For example, when the digestive
system is impaired, residues of plant materials accumulate
in the stomach, which can be hydrolyzed using a mixture
of fungal cellulases.

Pharmacology uses only consumer-safe strains of
Trichoderma  reesei and Bacillus licheniformis
(Jayasekara and Ratnayake, 2019).

6) Extraction of biologically active compounds from
plant materials

Enzyme-assisted  extraction (EAE) is an
unconventional method of extraction that is based on the
application of cellulase or other enzymes, or their
combination, to hydrolyze the structures of plant cells,
aiming to facilitate release of more phytocompounds.

Most plant metabolites are stored in the cell
cytoplasm, but some are also found in vacuoles or
plastids, and can also be associated with the
polysaccharide-lignin structure and enzymes can break
down these covalent bonds, releasing compounds.

EAE process efficacy depends on factors, such as
temperature, pH, amount of enzyme used and duration of
the process, type and size of crushed plant materials.

Enzymatic extraction has a number of advantages:

e environmentally friendly, since water and aqueous
buffers are used as a solvent;

e the process is carried out at low temperatures,
which does not require high heat consumption, preserving
the molecules that are unstable at high temperatures;

e the process usually takes from 1 to 48 hours
(Kulakivska and Konechna, 2024; Lubek-Nguyen et al.,
2022).

A complex of the cellulase enzymes synergistically
hydrolyzes B-1,4-glycosidic bonds and release long chains
of cello-oligosaccharides, releasing glucose and
cellobiose (Lubek-Nguyen et al., 2022).

Currently, researchers extract bioactive compounds
from plant material using EAE, such as polyphenols and
their derivatives, essential oils or other oils (fatty acid),
polysaccharides.

Enzymatic  hydrolysis using cellulase  from
Aspergillus niger during the ultrasound extraction of
Hibiscus sabdariffa flowers shortened the process
duration. This method is preferred for obtaining thermally
unstable compounds such as tannins and flavonoids, as
reported by scientists from the Lucian Blaga University in
Sibiu (Romania) (Kulakivska and Konechna, 2024;
Oancea and Perju, 2020).

Cocoa (Theobroma cacao) shells contain
phytocompound that were found to be elevated after EAE
using Viscozyme L as an enzyme. A group of researchers
from the International University, Vietnam National
University studied this. The extraction yield was
increased compared to the control for theobromine (from
1.22 to 1.29 g/100g), catechin (from 0.51 to 0.54 g/100g),
caffeine (from 0.23 to 0.235 g/100g), polyphenols (from
3.68 to 3.9 g gallic acid/100g), flavonoids (from 10.67 to
10.83 g rutin /100g) after 10 min of incubation
(Kulakivska and Konechna, 2024; Oancea and Perju,
2020; Huynh et al., 2023).

A team of scientists supervised by L. Hennessey-
Ramos investigated the extraction of pectins
(polysaccharides) from cocoa bean shells using cellulase
(Celluclast). Their study found that the optimal condition
for EAE resulted the extraction recovery - 10.20 g of
pectins from 100 g raw material, in comparison, chemical
extraction has a yield of 8.08 g/100 g raw material
(Hennessey-Ramos et al., 2021).

For the extraction of essential oils, microwave
extraction combined with enzymatic extraction, which is
based on the destruction of cell walls by enzymatic
hydrolysis and vibrations of polar molecules, increasing
the pressure in the cells. Researchers from the College of
Life Sciences, Jiangxi Normal University, School of
Marine and Biological Engineering, Yangcheng
University and Laboratory of Esophageal Cancer
Prevention and Treatment (China) studied this method on
Cinnamomum burmannii leaves. The combined extraction
yield achieved 57.71%, compared to microwave
extraction alone - 50.73 % (Liu et al., 2021).

Carotenoids are compounds that color the plants,
accumulating in plastids and binding to proteins, which
limits their release from cells. Scientists from the National
University of the Center of Peru (Peru) conducted
research that confirmed a higher concentration of
carotenoids extracted by EAE. They found a yield of
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10037.21 mg/g raw material, in contrast to the maceration
- 4160.61 mg/g raw material (Mendoza et al., 2020).

The results of the literature analysis data indicate that
enzyme-assisted extraction can increase the release of a
variety of biologically active substances, when the
process is carried out under optimal conditions.

A systematized overview of the widespread
application of cellulase across different economic sectors,
highlighting its main function and the specific advantages
of its implementation, in presented in table 2.

Table 2.

Systematization of the industrial application of the enzyme cellulase and its efficiency

Industry sector Specific apllication

Main function of cellulase

Key advantages/efficiency

Food and feed
industry

Olive oil extraction,
winemaking, baking,
juice clarification,
animal feed

Breaks down cell walls and
glycosylated precursors;
converts cellulose polymers
to simple sugars

Increases extraction yield (e.g. olive
oil up to 79%); enhances aroma and
dough properties; improves nutritional
value of feed

Light industry Pulp and paper
recycling, textile
processing, detergent

formulation

Modifies cellulose fibers,
removes dyes and facilitates
dirt removal

Eco-friendly alternative to harsh
chemicals; significantly reduces
water, energy and reagent
consumption

Agriculture Crop cultivation, plant

disease control

Degrades agricultural waste
to release nutrients
(Nitrogen, Phosphorus); acts
as an antagonist to plant
patogens

Promotes plant growth naturally;
serves as a safe, eco-friendly
biocontrol agent

Alternative energy | Bioethanol and biogas

production

Hydrolyses lignocellulosic
biomass into fermentable
pentoses and hexoses

Reduces pretreatment costs by up to
40%; allows direct conversion of
agricultural waste into biofuel

Medicine and
pharmaceuticals

Digestive aids,
decomposition of
surgical material

Hydrolyzes undigested plant
residues in the stomach;
assists in chitosan
decomposition

Provides safe, targeted degradation of
specific biopolymers using
consumers-safe microbial strains

Extraction of
bioactive
compounds (EAE)

Recovery of
polyphenols, essential
oils, carotenoids and
pectins from plant
tissues

Destroys plant cell walls and
break covalent bonds
associated with
polysaccharide-lignin matrix

Significantly increases extraction
yield; uses eco-friendly solvents;
preserves thermally unstable
compounds due to low temperatures

As demonstrated, the integration of cellulase
across these sectors provides significant economic
and ecological benefits.

Conclusion. Cellulase is a group of cellulolytic
enzymes, which are produced by Bacteria, Archaea,
plants, animals, Fungi. This enzyme leads to gradual
hydrolysis of polysaccharide cellulose and involves
the binding of the enzyme to polysaccharide
followed by the catalytic action of the 3 main and 4
additional enzymes to hydrolyse the -1,4-glycosidic
bonds. In nature, cellulase takes place in the
biogeochemical cycle and decomposes mostly litter
of dead plant cellulose, thus sustaining life of soil
microbiota and life. The enzymatic process of
decomposition of cellulose that was developed by
evolution operates without high pressure, toxic
chemicals or excessive energy input, thus it is
successfully applied in diverse industries from
biogas production to the pharmaceptical industry.

Conflict of interest. the authors declare that the
research was conducted without any commercial or
financial relationships that could be constructed as
a potential conflict of interest.

References:

1. Alamsjah, F., Aswan, D. R., Agustien, A. (2024). pH
and Temperature Optimization of Several Bacterial
Isolates from Mangrove Waters in the Mandeh Area to
Produce Cellulase Enzyme. OnLine Journal of
Biological Sciences, Vol. 24(3), pp. 367-373.
https://doi.org/10.3844/0jbsci.2024.367.373

2. Aldred, E. (2009). Carbohydrates. In Pharmacology,
pp. 63-72. Elsevier, Amsterdam, Netherlands.
https://doi.org/10.1016/b978-0-443-06898-0.00009-8

3. Al-Rousan, W. M., Al-Marazeeq, K. M., Abdullah, M.
A., Khalaileh, N. I. A., Angor, M. M., Ajo, R. Y.
(2021). Use of enzymatic preparations to improve the
productivity and quality of olive oil. Jordan Journal
of Agricultural Sciences, Vol. 17(4), pp. 455-469.
https://doi.org/10.35516/jjas.v17i4.97

4. Alves, V. D., Fontes, C. M. G. A., Bule, P. (2020).
Cellulosomes: highly efficient cellulolytic complexes.
Sub-cellular Biochemistry/Subcellular Biochemistry,
96, 323-354. https://doi.org/10.1007/978-3-030-
58971-4 9

5. Aziz, T., Farid, A., Haq, F., Kiran, M., Ullah, A,
Zhang, K., Li, C., Ghazanfar, S., Sun, H., Ullah, R.,
Ali, A., Muzammal, M., Shah, M., Akhtar, N., Selim,
S., Hagagy, N., Samy, M., Jaouni, S. K. A. (2022). A
review on the modification of cellulose and its

Haykosuii sicnux Qepniseyvkozo ynisepcumemy. Bionoeis (Bionoeiuni cucmemu). 2026. 18 (1). 67



https://doi.org/10.3844/ojbsci.2024.367.373
https://doi.org/10.1016/b978-0-443-06898-0.00009-8
https://doi.org/10.35516/jjas.v17i4.97
https://doi.org/10.1007/978-3-030-58971-4_9
https://doi.org/10.1007/978-3-030-58971-4_9

10.

11.

12.

13.

14.

15.

68

applications.  Polymers, Vol. 14(15), 3206.
https://doi.org/10.3390/polym14153206

Barati, B., Amiri, I. S. (2015). In silico engineering of
disulphide bonds to produce stable cellulase. In
SpringerBriefs in applied sciences and technology,
Springer Singapore, Singapore.
https://doi.org/10.1007/978-981-287-432-0
Bautista-Cruz, A., Aquino-Bolafios, T., Herndndez-

Canseco, J.,, Quifiones-Aguilar, E. E. (2024).
Cellulolytic  Aerobic  Bacteria Isolated from
Agricultural and Forest Soils: An Overview. Biology,
Vol. 13(2), 102.

https://doi.org/10.3390/biology13020102

Beimforde, C., Feldberg, K., Nylinder, S., Rikkinen,
J., Tuovila, H., Dorfelt, H., Gube, M., Jackson, D. J.,
Reitner, J., Seyfullah, L. J., Schmidt, A. R. (2014).
Estimating the Phanerozoic history of the Ascomycota
lineages: Combining fossil and molecular data.
Molecular Phylogenetics and Evolution, Vol. 78, pp.
386-398. https://doi.org/10.1016/].ympev.2014.04.024
Bhardwaj, N., Kumar, B., Agrawal, K., Verma, P.
(2021). Current perspective on production and
applications of microbial cellulases: a review.
Bioresources and Bioprocessing, Vol. 8(1), 95.
https://doi.org/10.1186/s40643-021-00447-6

Bhati, N., Shreya, Sharma, A. K. (2020).
Cost-effective cellulase production, improvement
strategies, and future challenges. Journal of Food
Process Engineering, Vol. 44(2).
https://doi.org/10.1111/jfpe.13623

Biotech, E. (Cellulase). Fermenty ENZIM Biotech.
https://ferment.enzim.biz/tselulaza.html [In Ukrainian]
Biswas, S., Saber, M. A, Tripty, I. A., Karim, M. A,
Islam, M. A., Hasan, M. S., Alam, A. S. M. R. U,,
Jahid, M. I. K., Hasan, M. N. (2020). Molecular
characterization ~ of  cellulolytic ~ (endo-  and
exoglucanase) bacteria from the largest mangrove
forest  (Sundarbans), Bangladesh. Annals of
Microbiology, Vol. 70(2).
https://doi.org/10.1186/s13213-020-01606-4
Bridziuviené, D., Raudoniené, V., Svediene, J.,
Paskevicius, A., Bauziené, 1., Vaitonis, G., Slepetiené,
A., Slepetys, J., Kagergius, A. (2022). Impact of Soil
Chemical Properties on the Growth Promotion Ability
of Trichoderma ghanense, T. tomentosum and Their
Complex on Rye in Different Land-Use Systems.
Journal of Fungi, Vol. 8(1), 85.
https://doi.org/10.3390/j0f8010085

Buffo, M. M., Esperan¢a, M. N., Farinas, C. S.,
Badino, A. C. (2020). Relation between pellet
fragmentation kinetics and cellulolytic enzymes
production by Aspergillus niger in conventional
bioreactor with different impellers. Enzyme and
Microbial ~ Technology, Vol. 139, 109587.
https://doi.org/10.1016/j.enzmictec.2020.109587
Buffo, M., Corréa, L., Esperangca, M., Cruz, A,
Farinas, C., Badino, A. (2016). Influence of dual-
impeller type and configuration on oxygen transfer,
power consumption, and shear rate in a stirred tank
bioreactor. Biochemical Engineering Journal, Vol.
114, pp. 130-139.
https://doi.org/10.1016/j.bej.2016.07.003

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Cabrera, M. A., Blamey, J. M. (2018).
Biotechnological applications of archaeal enzymes
from extreme environments. Biological Research,
Vol. 51(1), 37. https://doi.org/10.1186/s40659-018-
0186-3

Cellulase -  Worthington  Enzyme  Manual.
Worthington Biochemical. https://www.worthington-
biochem.com/products/cellulase/manual

Chatterjee, S., Sharma, S., Prasad, R. K., Datta, S.,
Dubey, D., Meghvansi, M. K., Vairale, M. G., Veer,
V. (2016). Cellulase Enzyme based Biodegradation of
Cellulosic Materials: An Overview. South Asian
Journal of Experimental Biology, Vol. 5(6), pp. 271
282. https://doi.org/10.38150/sajeb.5(6).p271-282
Chauhan, J., Shukla, R., Bishoyi, A. K., Goyal, S.,
Sanghvi, G. (2023). Investigation of physical,
nutritional and sensory properties of wheat bread
treated with purified thermostable cellulase and alpha
amylase. Cogent Food & Agriculture, Vol. 9(1).
https://doi.org/10.1080/23311932.2023.2261839
Chen, B., Yang, Y., Chen, L., Jiang, L., Hong, Y.,
Zhu, J., Liu, J., Xu, D., Kuang, K., He, Z. (2023).
Microclimate along an elevational gradient controls
foliar litter cellulose and lignin degradation in a
subtropical forest. Frontiers in Forests and Global
Change, Vol. 6.
https://doi.org/10.3389/ffgc.2023.1134598

Chen, H. (2014). Biotechnology of lignocellulose, 1th
ed., Chemical Industry Press, Beijing, China.
https://doi.org/10.1007/978-94-007-6898-7

Chen, L., Wang, C., Su, J. (2023). Understanding the
Effect of Different Glucose Concentrations in the
Oligotrophic Bacterium Bacillus subtilis BS-G1
through Transcriptomics Analysis. Microorganisms,
Vol. 11(10), 2401.
https://doi.org/10.3390/microorganisms11102401
Chen, Y., Liu, Y., Zhang, J., Yang, W., Deng, C., He,
R. (2019). Cumulative cellulolytic enzyme activities
and initial litter quality in prediction of cellulose
degradation in an alpine meadow of the eastern
Tibetan Plateau. Journal of Plant Ecology, Vol. 13(1),
pp. 51-58. https://doi.org/10.1093/jpe/rtz044

Daniel, G. (2016). Fungal degradation of wood cell
walls. In Secondary Xylem Biology, pp. 131-167,
Academic press, New York, USA.
https://doi.org/10.1016/b978-0-12-802185-9.00008-5
Datta, R. (2024). Enzymatic degradation of cellulose
in soil: A review. Heliyon, Vol. 10(1), e24022.
https://doi.org/10.1016/j.heliyon.2024.e24022

De Almeida, M. N., Falkoski, D. L., Guimaraes, V.
M., De Rezende, S. T. (2019). Study of gamba grass
as carbon source for cellulase production by Fusarium
verticillioides and its application on sugarcane bagasse
saccharification. Industrial Crops and Products, Vol.
133, 33-43.
https://doi.org/10.1016/j.indcrop.2019.03.008

De Oliveira Costa, B., Nahas, E. (2012). Growth and
enzymatic responses of phytopathogenic fungi to
glucose in culture media and soil. Brazilian Journal of
Microbiology,  Vol. 43(1), pp. 332-340.
https://doi.org/10.1590/s1517-83822012000100039

Scientific Herald of Chernivtsy University. Biology (Biological Systems). 2026. 18 (1).


https://doi.org/10.3390/polym14153206
https://doi.org/10.1007/978-981-287-432-0
https://doi.org/10.3390/biology13020102
https://doi.org/10.1016/j.ympev.2014.04.024
https://doi.org/10.1186/s40643-021-00447-6
https://doi.org/10.1111/jfpe.13623
https://ferment.enzim.biz/tselulaza.html
https://doi.org/10.1186/s13213-020-01606-4
https://doi.org/10.3390/jof8010085
https://doi.org/10.1016/j.enzmictec.2020.109587
https://doi.org/10.1016/j.bej.2016.07.003
https://doi.org/10.1186/s40659-018-0186-3
https://doi.org/10.1186/s40659-018-0186-3
https://www.worthington-biochem.com/products/cellulase/manual
https://www.worthington-biochem.com/products/cellulase/manual
https://doi.org/10.38150/sajeb.5(6).p271-282
https://doi.org/10.1080/23311932.2023.2261839
https://doi.org/10.3389/ffgc.2023.1134598
https://doi.org/10.1007/978-94-007-6898-7
https://doi.org/10.3390/microorganisms11102401
https://doi.org/10.1093/jpe/rtz044
https://doi.org/10.1016/b978-0-12-802185-9.00008-5
https://doi.org/10.1016/j.heliyon.2024.e24022
https://doi.org/10.1016/j.indcrop.2019.03.008
https://doi.org/10.1590/s1517-83822012000100039

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

Haykosuii sicnux Qepniseyvkozo ynisepcumemy. Bionoeis (Bionoeiuni cucmemu). 2026. 18 (1).

Dehghani, F., Reitz, T., Schliiter, S., Késtner, M.,
Blagodatskaya, E. (2025). Decoupling of heat and
CO2 release during decomposition of cellulose and its
building blocks in soil. Soil Biology and Biochemistry,
Vol. 206, 109801.
https://doi.org/10.1016/j.s0ilbi0.2025.109801

Doan, C. T., Tran, T. N., Pham, T. P, Tran, T. T. T.,
Truong, B. P., Nguyen, T. T., Nguyen, M., Bui, T. Q.
H., Nguyen, A. D., Wang, S. (2024). Production,
Purification, and Characterization of a Cellulase from
Paenibacillus elgii. Polymers, Vol. 16(14), 2037.
https://doi.org/10.3390/polym16142037

Dodge, T. (2010). Production of industrial enzymes.
In Enzymes in Food Technology. 2nd ed., Vol. 3, pp.
44-58, Blackwell Publishing Ltd, New Jersey, USA.
https://doi.org/10.1002/9781444309935.ch3

Dutt, D., Kumar, A. (2014). Optimization of cellulase
production under solid-state fermentation by
aspergillus flavus (at-2) and Aspergillus niger (at-3)
and its impact on stickies and ink particle size of
sorted office paper. Cellulose chemistry and
technology, Vol. 48(3-4), 285-298.

Ejaz, U., Sohail, M., Ghanemi, A. (2021). Cellulases:
from bioactivity to a variety of industrial applications.
Biomimetics, Vol. 6(3), 44,
https://doi.org/10.3390/biomimetics6030044

Etale, A., Onyianta, A. J., Turner, S. R., Eichhorn, S.
J. (2023). Cellulose: A review of water interactions,
applications in composites, and water treatment.
Chemical Reviews, Vol. 123(5), pp. 2016-2048.
https://doi.org/10.1021/acs.chemrev.2c00477

Faheina, G. S., Junior, Sousa, K. A., Zilli, J. E.,
Vergara, C., Pinto, G. a. S., Santiago-Aguiar, R. S.
(2022). Enhanced Cellulase  Production by
Talaromyces amestolkiae CMIAT055 Using Banana
Pseudostem. Waste and Biomass Valorization, Vol.
13(8), pp. 3535-3546. https://doi.org/10.1007/s12649-
022-01736-7

Foroughi, F., Ghomi, E. R., Dehaghi, F. M., Borayek,
R., Ramakrishna, S. (2021). A review on the life cycle
assessment of cellulose: from properties to the
potential of making it a low carbon material.
Materials, Vol. 14(4), 714.
https://doi.org/10.3390/mal4040714

Goodsell, D. (2023). Cellulases and bioenergy. RCSB
Protein Data Bank.
https://doi.org/10.2210/rcsb_pdb/mom_2023_5

Han, Z., Zhu, H., Cheng, J. (2022). Structure
modification and property improvement of plant
cellulose: Based on emerging and sustainable
nonthermal processing technologies. Food Research
International, Vol. 156.
https://doi.org/10.1016/j.foodres.2022.111300

He, J., Qiu, Y., Ji, X,, Liu, X,, Qiu, Z., Xu, J., Xia, J.
(2021). A novel strategy for producing cellulase from
Trichoderma  reesei ~ with  ultrasound-assisted
fermentation using spent mushroom substrate. Process
Biochemistry, Vol. 104, pp. 110-116.
https://doi.org/10.1016/j.prochio.2021.03.015
Hennessey-Ramos, L., Murillo-Arango, W., Vasco-
Correa, J., Astudillo, I. C. P. (2021). Enzymatic
Extraction and Characterization of Pectin from Cocoa

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Pod Husks (Theobroma cacao L.) Using Celluclast®
15 L. Molecules, Vol. 26(5), 1473.
https://doi.org/10.3390/molecules26051473

Hsin, K., Lee, H., Huang, Y., Lin, G., Lin, P., Lin, Y.
J., Chen, P. (2025). Lignocellulose degradation in
bacteria and fungi: cellulosomes and industrial
relevance. Frontiers in Microbiology, Vol. 16,
1583746. https://doi.org/10.3389/fmich.2025.1583746
Huang, X., Fan, W., Wang, S., Xiong, J., Chen, Y.,
Xie, C. (2024). Highly effective removal of nitrate
from saline wastewater by glucose-enhanced sulfur
autotrophic system. Journal of Water Process
Engineering, Vol. 63, 105439.
https://doi.org/10.1016/j.jwpe.2024.105439

Huynh, G. H., Van Pham, H., Nguyen, H. V. H.
(2023). Effects of enzymatic and ultrasonic-assisted
extraction of bioactive compounds from cocoa bean
shells.  Journal of Food Measurement &
Characterization, Vol. 17(5), pp. 4650-4660.
https://doi.org/10.1007/s11694-023-01986-6

Ili¢, N., Mili¢, M., Beluhan, S., Dimitrijevi¢-
Brankovi¢, S. (2023). Cellulases: From lignocellulosic
biomass to improved production. Energies, Vol. 16(8),
3598. https://doi.org/10.3390/en16083598

Intasit, R., Cheirsilp, B., Suyotha, W., Boonsawang, P.
(2021). Synergistic production of highly active
enzymatic cocktails from lignocellulosic palm wastes
by sequential solid state-submerged fermentation and
co-cultivation of different filamentous fungi.
Biochemical Engineering Journal, Vol. 173, 108086.
https://doi.org/10.1016/j.bej.2021.108086

Islam, M., Sarkar, P. K., Mohiuddin, A., Suzauddula,
M. (2019). Optimization of fermentation condition for
cellulase enzyme production from Bacillus sp.
Malaysian Journal of Halal Research, Vol. 2(2), pp.
19-24. https://doi.org/10.2478/mjhr-2019-0009
Ismaiel, M. M. S., Ahmed, A. E. I, Sobhy, S. (2017).
Enhancement of Wheat Cultivars (Triticum aestivum
L.) by Cellulase-Treated Plant Wastes. Waste and
Biomass Valorization, Vol. 10(6), pp. 1539-1546.
https://doi.org/10.1007/s12649-017-0159-8

Jain, L., Agrawal, D. (2020). Biofuel cellulases. In
Microbial Fermentation and Enzyme Technology, 1st
ed., pp. 283-298, CRC Press, Boca Raton, USA.
https://doi.org/10.1201/9780429061257-18

Jamir, E., Kangabam, R. D., Borah, K., Tamuly, A.,
Boruah, H. P. D., Silla, Y. (2019). Role of soil
microbiome and enzyme activities in plant growth
nutrition and ecological restoration of soil health. In
Microorganisms for sustainability, pp. 102-103,
Springer, Singapore, Singapore.
https://doi.org/10.1007/978-981-13-9117-0 5

Jayasekara, S., Ratnayake, R. (2019). Microbial
cellulases: an Overview and Applications. In
Cellulose, Intechopen.
https://doi.org/10.5772/intechopen.84531

Juturu, V., Wu, J. C. (2014). Microbial cellulases:
Engineering, production and applications. Renewable
and Sustainable Energy Reviews, Vol. 33, pp.188-
203. https://doi.org/10.1016/j.rser.2014.01.077

Korsa, G., Konwarh, R., Masi, C., Ayele, A., Haile, S.
(2023). Microbial cellulase production and its
69


https://doi.org/10.1016/j.soilbio.2025.109801
https://doi.org/10.3390/polym16142037
https://doi.org/10.1002/9781444309935.ch3
https://doi.org/10.3390/biomimetics6030044
https://doi.org/10.1021/acs.chemrev.2c00477
https://doi.org/10.1007/s12649-022-01736-7
https://doi.org/10.1007/s12649-022-01736-7
https://doi.org/10.3390/ma14040714
https://doi.org/10.2210/rcsb_pdb/mom_2023_5
https://doi.org/10.1016/j.foodres.2022.111300
https://doi.org/10.1016/j.procbio.2021.03.015
https://doi.org/10.3390/molecules26051473
https://doi.org/10.3389/fmicb.2025.1583746
https://doi.org/10.1016/j.jwpe.2024.105439
https://doi.org/10.1007/s11694-023-01986-6
https://doi.org/10.3390/en16083598
https://doi.org/10.1016/j.bej.2021.108086
https://doi.org/10.2478/mjhr-2019-0009
https://doi.org/10.1007/s12649-017-0159-8
https://doi.org/10.1201/9780429061257-18
https://doi.org/10.1007/978-981-13-9117-0_5
https://doi.org/10.5772/intechopen.84531
https://doi.org/10.1016/j.rser.2014.01.077

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

70

potential application for textile industries. Annals of

Microbiology, Vol. 73(2).
https://doi.org/10.1186/s13213-023-01715-w

Kracher, D., Ludwig, R. (2016). Cellobiose
dehydrogenase: ~ An  essential  enzyme  for

lignocellulose degradation in nature — A review /
Cellobiosedehydrogenase: Ein essentielles Enzym fiir
den Lignozelluloseabbau in der Natur — Eine
Ubersicht. Die Bodenkultur Journal of Land
Management Food and Environment, Vol. 67(3), pp.
145-163. https://doi.org/10.1515/boku-2016-0013
Kulakivska, A., and Konechna, R. (2024).
Perspectives of using enzymatically modified raw
materials for obtaining bioactive substances. 1V
International Scientific and Practical Conference
«Problems  and  Achievements  of  Modern
Biotechnology», Kharkiv, Ukraine, pp. 246-249.
Kumar, R., Singh, S., Singh, O. V. (2008).
Bioconversion of lignocellulosic biomass:
biochemical and molecular perspectives. Journal of
Industrial Microbiology & Biotechnology, Vol. 35(5),

pp. 377-391. https://doi.org/10.1007/s10295-008-
0327-8

Lenhardt, K. R., Brandt, L., Poll, C., Rennert, T.,
Kandeler, E. (2023). Release of glucose from

dissolved and mineral-bound organic matter by
enzymatic hydrolysis. European Journal of Soil
Science, Vol. 74(5). https://doi.org/10.1111/ejss.13421
Li, Q., Lei, Y., Hu, G, Lei, Y., Dan, D. (2018).
Effects of Tween 80 on the liquid fermentation of
Lentinus edodes. Food Science and Biotechnology,
Vol. 27(4), pp. 1103-1109.
https://doi.org/10.1007/s10068-018-0339-8

Li, Q., Wang, S., Wu, G., Tan, Y., Liu, Y., Yuan, C.,
Geng, S., Liu, Y. (2023). Physiological and
biochemical changes in leaf abscission of Cyclocarya
paliurus stem segments in vitro. Plant Cell Tissue and
Organ Culture (PCTOC), Vol. 155(3), 773-783.
https://doi.org/10.1007/s11240-023-02598-0

Liu, L., Huang, W., Liu, Y., Li, M. (2021). Diversity
of cellulolytic microorganisms and microbial
cellulases. International Biodeterioration &

Biodegradation, Vol. 163,
https://doi.org/10.1016/j.ibiod.2021.105277
Liu, P., Lin, A., Zhang, G., Zhang, J., Chen, Y., Shen,
T., Zhao, J., Wei, D., Wang, W. (2019). Enhancement
of cellulase production in Trichoderma reesei RUT-
C30 by comparative genomic screening. Microbial
Cell Factories, Vol. 18(1), 81.
https://doi.org/10.1186/s12934-019-1131-7

Liu, Z., Li, H., Cui, G., Wei, M., Zou, Z., Ni, H.
(2021). Efficient extraction of essential oil from
Cinnamomum burmannii leaves using enzymolysis
pretreatment and followed by microwave-assisted
method. LWT, Vol. 147, 111497.
https://doi.org/10.1016/j.Iwt.2021.111497
Lubek-Nguyen, A., Ziemichéd, W., Olech, M. (2022).
Application of Enzyme-Assisted extraction for the
recovery of natural bioactive compounds for
nutraceutical and pharmaceutical applications. Applied
Sciences, Vol. 12(7), 3232.
https://doi.org/10.3390/app12073232

105277.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Mikeld, M. R., Hildén, K. S., Kuuskeri, J. (2020).
Fungal Lignin-Modifying peroxidases and H202-
Producing enzymes. In Encyclopedia of Mycology, pp.
247-259, Elsiver. https://doi.org/10.1016/b978-0-12-
809633-8.21127-8

Martau, G., Unger, P., Schneider, R., Venus, J.,
Vodnar, D. C., Lopez-Gomez, J. P. (2021). Integration
of solid state and submerged fermentations for the
valorization of organic municipal solid waste. Journal
of Fungi, Vol. 7(9), 766.
https://doi.org/10.3390/jof7090766

Mendoza, N. N. G., Rodriguez, S. a. V., Lima, B. L.
R. (2020). Improvement of the extraction of
carotenoids and capsaicinoids of chili pepper native
(Capsicum  baccatum), assisted with cellulolytic
enzymes. Revista Peruana De Biologia, Vol. 27(1),
pp. 55-60. https://doi.org/10.15381/rpb.v27i1.17588
Metreveli, E., Khardziani, T., Elisashvili, V. (2021).
The carbon source controls the secretion and yield of
Polysaccharide-Hydrolyzing enzymes of
basidiomycetes. Biomolecules, Vol. 11(9), 1341.
https://doi.org/10.3390/biom11091341

Naher, L., Fatin, S. N., Sheikh, M. a. H., Azeez, L. A.,
Siddiquee, S., Zain, N. M., Karim, S. M. R. (2021).
Cellulase Enzyme Production from Filamentous Fungi
Trichoderma reesei and Aspergillus awamori in
Submerged Fermentation with Rice Straw. Journal of

Funagi, Vol. 7(10), 868.
https://doi.org/10.3390/jof7100868
New and Future Developments in Microbial

Biotechnology and Bioengineering. (2019), 1st ed.,
Elsevier https://doi.org/10.1016/c2018-0-01234-7
Nguyen, S. T. C., Freund, H. L., Kasanjian, J.,
Berlemont, R. (2018). Function, distribution, and
annotation of characterized cellulases, xylanases, and
chitinases from CAZy. Applied Microbiology and
Biotechnology, Vol. 102(4), p. 1629-1637.
https://doi.org/10.1007/s00253-018-8778-y

Nie, H., Wang, C., Tian, M., Gao, J. (2023).
Exogenous  enzyme  addition  affects litter
decomposition by altering the microbial community
and litter nutrient content in planted forest. Journal of
Plant Ecology, Vol. 16(6).
https://doi.org/10.1093/jpe/rtad031

Oancea, S., Perju, M. (2020). Influence of enzymatic
and ultrasonic extraction on phenolics content and
antioxidant activity of Hibiscus Sabdariffa L. flowers.
Bulgarian Chemical Communications, Vol. 52, pp.
25-29.

Obeng, E. M., Adam, S. N. N., Budiman, C.,
Ongkudon, C. M., Maas, R., Jose, J. (2017).
Lignocellulases: a review of emerging and developing
enzymes, systems, and practices. Bioresources and
Bioprocessing, Vol. 4(1).
https://doi.org/10.1186/s40643-017-0146-8
Okonkwo, 1. F. (2019). Effect of Metal lons and
Enzyme Inhibitor on the Activity of Cellulase Enzyme
of Aspergillus flavus. International Journal of
Environment Agriculture and Biotechnology, Vol.
4(3), pp. 727-734.
https://doi.org/10.22161/ijeab/4.3.20

Scientific Herald of Chernivtsy University. Biology (Biological Systems). 2026. 18 (1).


https://doi.org/10.1186/s13213-023-01715-w
https://doi.org/10.1515/boku-2016-0013
https://doi.org/10.1007/s10295-008-0327-8
https://doi.org/10.1007/s10295-008-0327-8
https://doi.org/10.1111/ejss.13421
https://doi.org/10.1007/s10068-018-0339-8
https://doi.org/10.1007/s11240-023-02598-0
https://doi.org/10.1016/j.ibiod.2021.105277
https://doi.org/10.1186/s12934-019-1131-z
https://doi.org/10.1016/j.lwt.2021.111497
https://doi.org/10.3390/app12073232
https://doi.org/10.1016/b978-0-12-809633-8.21127-8
https://doi.org/10.1016/b978-0-12-809633-8.21127-8
https://doi.org/10.3390/jof7090766
https://doi.org/10.15381/rpb.v27i1.17588
https://doi.org/10.3390/biom11091341
https://doi.org/10.3390/jof7100868
https://doi.org/10.1016/c2018-0-01234-7
https://doi.org/10.1007/s00253-018-8778-y
https://doi.org/10.1093/jpe/rtad031
https://doi.org/10.1186/s40643-017-0146-8
https://doi.org/10.22161/ijeab/4.3.20

73. Olatunji, K. O., Ahmed, N. A., Ogunkunle, O. (2021).
Optimization of biogas yield from lignocellulosic
materials with different pretreatment methods: a
review. Biotechnology for Biofuels, Vol. 14(1), 159.
https://doi.org/10.1186/s13068-021-02012-x

74.0nyia, D., Onyeneke, E., Okunwaye, T., Okogbenin,
E., Asiriuwa, N., Obibuzor, J., Anemene, H. (2022).
The influence of metal ions on cellulolytic activities of
fungal isolates from palm biomass. Nigerian Journal

of Biotechnology, Vol. 38(2), 67-72.
https://doi.org/10.4314/njb.v38i2.7
75.0rengo, C., Michie, A., Jones, S., Jones, D.,

Swindells, M., Thornton, J. (1997). CATH - a
hierarchic classification of protein domain structures.
Structure, Vol. 5(8), pp. 1093-1109.
https://doi.org/10.1016/s0969-2126(97)00260-8

76.0zyilmaz, G., Gunay, E. (2022). Clarification of
apple, grape and pear juices by co-immobilized
amylase, pectinase and cellulase. Food Chemistry,
Vol. 398, 133900.
https://doi.org/10.1016/j.foodchem.2022.133900

77.Patel, K., Amaresan, N. (2022). Mass multiplication,
production cost, and marketing of cellulase. In
Industrial Microbiology Based Entrepreneurship, pp.
37-50, Springer, Singapore, Singapore

78.Pham, V. H. T., Kim, J., Shim, J., Chang, S., Chung,
W. (2022). Coconut Mesocarp-Based Lignocellulosic
Waste as a Substrate for Cellulase Production from
High Promising Multienzyme-Producing Bacillus
amyloliquefaciens FW2 without Pretreatments.
Microorganisms, Vol. 10(2), 327.
https://doi.org/10.3390/microorganisms10020327

79. PubChem. Cellulase. PubChem.
https://pubchem.ncbi.nlm.nih.gov/compound/440950

80. Schilling, J. S., Ai, J., Blanchette, R. A., Duncan, S.
M., Filley, T. R., Tschirner, U. W. (2012).
Lignocellulose modifications by brown rot fungi and
their effects, as pretreatments, on cellulolysis.
Bioresource Technology, Vol. 116, pp. 147-154.
https://doi.org/10.1016/j.biortech.2012.04.018

81. Sethi, S., Gupta, S. (2022). Optimization of cultural
parameters for cellulase enzyme production from
fungi.  Biolife, Vol. 2(3), pp. 989-996.
https://doi.org/10.5281/zenodo.7224954

82. Seveso, A., Mazurkewich, S., Banerjee, S., Poulsen, J.
N., Lo Leggio, L., Larsbrink, J. (2024).
Polysaccharide utilization loci from Bacteroidota
encode CE15 enzymes with possible roles in cleaving
pectin-lignin  bonds. Applied and Environmental
Microbiology, Vol. 90(2), e0176823.
https://doi.org/10.1128/aem.01768-23

83. Shirkavand, E., Baroutian, S., Gapes, D. J., Young, B.
R.  (2015). Combination of fungal and
physicochemical processes for lignocellulosic biomass
pretreatment — A review. Renewable and Sustainable
Energy  Reviews, Vol. 54, pp. 217-234.
https://doi.org/10.1016/j.rser.2015.10.003

84. Shrivastava, S. (2020). Industrial applications of
glycoside hydrolases, Springer Singapore, Singapore.
https://doi.org/10.1007/978-981-15-4767-6

85. Silva, J. C. R, Salgado, J. C. S., Vici, A. C., Ward, R.
J., Polizeli, M. L. T. M., Guimardes, L. H. S., Furriel,

R. P. M., Jorge, J. A. (2019). A novel Trichoderma
reesei mutant RP698 with enhanced cellulase
production. Brazilian Journal of Microbiology, Vol.
51(2), pp. 537-545. https://doi.org/10.1007/s42770-
019-00167-2

86. Sobucki, L., Ramos, R. F., Meireles, L. A., Antoniolli,
Z. 1., Jacques, R. J. S. (2021). Contribution of
enzymes to soil quality and the evolution of research
in Brazil. Revista Brasileira De Ciéncia Do Solo, Vol.
45, https://doi.org/10.36783/18069657rbcs20210109

87.Suleiman, M., Kriiger, A., Antranikian, G. (2020).
Biomass-degrading glycoside hydrolases of archaeal
origin. Biotechnology for Biofuels, Vol. 13(1), 153.
https://doi.org/10.1186/s13068-020-01792-y

88.Sutaoney, P., Rai, S. N., Sinha, S., Choudhary, R.,
Gupta, A., Singh, S. K., Banerjee, P. (2024). Current
perspective in research and industrial applications of
microbial cellulases. International Journal of
Biological Macromolecules, Vol. 264(Pt 1), 130639.
https://doi.org/10.1016/j.ijbiomac.2024.130639

89.THE 17 GOALS. Sustainable Development. (2026).
https://sdgs.un.org/goals

90. Thoresen, M., Malgas, S., Mafa, M., Pletschke, B.
(2021). Revisiting the phenomenon of cellulase
action: Not all endo- and Exo-Cellulase interactions
are synergistic. Catalysts, Vol. 11(2), 170.
https://doi.org/10.3390/catal11020170

91.Tuomela, M., Hatakka, A. (2011). Oxidative fungal
enzymes for bioremediation. In Comprehensive
Biotechnology, 2nd ed., pp. 183-196, Academic press,
New York, USA. https://doi.org/10.1016/b978-0-08-
088504-9.00370-6

92.Verma, N., Kumar, V. (2020). Utilization of bottle
gourd vegetable peel waste biomass in cellulase
production by Trichoderma reesei and Neurospora
crassa. Biomass Conversion and Biorefinery, Vol.
12(4), 1105-1114. https://doi.org/10.1007/s13399-
020-00727-9

93. Vieira, M. M., Kadoguchi, E., Segato, F., Da Silva, S.
S., Chandel, A. K. (2020). Production of cellulases by
Aureobasidium  pullulans  LB83:  optimization,
characterization, and hydrolytic potential for the
production of cellulosic sugars. Preparative
Biochemistry & Biotechnology, Vol. 51(2), pp. 153-
163. https://doi.org/10.1080/10826068.2020.1799393

94. Weerasinghe, W. M. L. I, Madusanka, D. a. T.,
Manage, P. M. (2021). Isolation and identification of
cellulase producing and sugar fermenting bacteria for

Second-Generation bioethanol production.
International  Journal of Renewable Energy
Development, Vol. 10(4), pp. 699-711.

https://doi.org/10.14710/ijred.2021.35527

95. Wilson, D. (2009). Cellulases. In Elsevier eBooks, 3rd
ed., pp. 252-258, Academic Press, New York, USA.
https://doi.org/10.1016/b978-012373944-5.00138-3

96.Yazici, S. O., Ozmen, 1. (2020). Optimization for
coproduction of protease and cellulase from Bacillus
subtilis M-11 by the Box—Behnken design and their
detergent compatibility. Brazilian Journal of
Chemical Engineering, Vol. 37(1), pp. 49-59.
https://doi.org/10.1007/s43153-020-00025-x

Haykosuii sicnux Qepniseyvkozo ynisepcumemy. Bionoeis (Bionoeiuni cucmemu). 2026. 18 (1). 71


https://doi.org/10.1186/s13068-021-02012-x
https://doi.org/10.4314/njb.v38i2.7
https://doi.org/10.1016/s0969-2126(97)00260-8
https://doi.org/10.1016/j.foodchem.2022.133900
https://doi.org/10.3390/microorganisms10020327
https://pubchem.ncbi.nlm.nih.gov/compound/440950
https://doi.org/10.1016/j.biortech.2012.04.018
https://doi.org/10.5281/zenodo.7224954
https://doi.org/10.1128/aem.01768-23
https://doi.org/10.1016/j.rser.2015.10.003
https://doi.org/10.1007/978-981-15-4767-6
https://doi.org/10.1007/s42770-019-00167-2
https://doi.org/10.1007/s42770-019-00167-2
https://doi.org/10.36783/18069657rbcs20210109
https://doi.org/10.1186/s13068-020-01792-y
https://doi.org/10.1016/j.ijbiomac.2024.130639
https://sdgs.un.org/goals
https://doi.org/10.3390/catal11020170
https://doi.org/10.1016/b978-0-08-088504-9.00370-6
https://doi.org/10.1016/b978-0-08-088504-9.00370-6
https://doi.org/10.1007/s13399-020-00727-9
https://doi.org/10.1007/s13399-020-00727-9
https://doi.org/10.1080/10826068.2020.1799393
https://doi.org/10.14710/ijred.2021.35527
https://doi.org/10.1016/b978-012373944-5.00138-3
https://doi.org/10.1007/s43153-020-00025-x

97.Zhang, W., Zhao, S., Zhang, L., Xing, Y., Jia, W. Physiology and Biochemistry, Vol. 154, 54-65.
(2020). Changes in the cell wall during fruit https://doi.org/10.1016/j.plaphy.2020.05.028
development and ripening in Fragaria vesca. Plant

POJIb ®EPMEHTY HEJIOJIA3U K EKOJIOTTYHOI'O ATEHTY ¥
PO3KJIAJJAHHI HEJIIOJIO3HU Y ITPUPO/I TA ITPOMUCJIOBOCTI

A. €. KyaakiBcbka, C. B. [losioBkoBu4, P. T. Koneuna

Hayionanvuuii ynigepcumem «J/Ivgiecoka nonimexuixay,
eyn. Cmenana Banoepu 12, Jlvsie, Ykpaina, 79013
email: anastasiakylakivska@gmail.com

Lenionaza asnae coboio ckiaonull cunepeemuyHull KOMIIEKC QepmMenmis, wo CKI1a0acmvcs nepesastcno 3 mpbox
MUnie: endoenoKanas, exk30210Kkanas ma [-anokosudas. Bzacmooia yux Giokamanizamopie s3abesneyye egexmugie
Ppo3wennients CKAaoHoi Cmpykmypu npupooHo20 noaicaxapudy yenoao3u Ha npocmi MOHO- ma OUcaxapuou, maxi Ax
2noKo3a ma yenobioza. B npupoodi yeil eH3um CUHMU3YEMbC WUPOKOIO PISHOMAHMHICIIO MIKPOOP2AHIZMIE —
He3anedcHo abo uepe3 cUMOIOMUYHI CIOCYHKU — Npu YoMy npedcmasuku munie Fungi ma Bacteria eucmynaiome sk
OCHOBHI Oecpadamopu pociunHoi 6iomacu. Lleil npoyec deepadayii yemonosu € QynoameHmanvuum 01 2100A1bHO20
YUKITLY 8yeneyro, mum CaMum RiOMpUmMyiouu JHCUMms Ha HAWil NAGHemi.

B npomucnosomy roumexcmi, yeii pepmenm eupobiame meepoogasHo0 ma IUOUHHOK pepmenmayicto
Egexmusnicme  6uxody epmenmy Kommpoaoemocs KombOiHayico ¢hakmopis: XiMmiuHux (ckiao cepedosuuya,
sxmouarouu dxcepena Kapbony ma Himpoeeny), gizuunux (memnepamypa, aepayis, nepemiutygamnHs), 0i0N02IUHUX
(6ubip wmamie MIiKpoOpeauizmie, mymazenes, CUHepeemuuna 63aEMo0is). Bukopucmauws cinbCbk020Cn00apcvbKux
8i0X00i6 sIK cyocmpamy € KIo4080K0 CMPamezicio ni0SUWeHHss eKOHOMIYHOT doyitbHocmi 6upobHuymea. 3asosku ceoiil
YHigepcanvHoCcmi Yenonazda 3Haxo0ums WUPOKe 3ACMOCY6AHHA 6 0azamvoxX CeKmopax eKoHOMiKu. Pepmenm €
6AJICTUBUM OISl XAPUOGOI NPOMUCIO60CMI MA GUPOOHUYMEA HANOIE (8UHOPOOCME0, XNiOONeKapcmeo, OCGimieHHs
COKIB),  YenoNo3HO-NaneposomMy  GUPOOHUYMSI,  MEKCMUILHOMY — 8UPOOHUYMSI,  CKAady  MUlinux  3acobis,
dapmayeemuunoi npomucnosocmi. Kpim moeo, pepmenm gidiepac 8axciugy ponv y 8upoOHUYmMei anbmepHamueHo2o
namuea ma 6 ekcmpakyii 3a yyacmi gpepmenmy 0i0a02THHO AKMUBHUX CHONYK 3 POCIUHHOL CUPOBUHUL.

Memorw yvoeo Oocniodxcenus € nOwyKk ma cucmemamusayisi iHgopmayii npo ponv epmenmy yenronasu 6
GepmenmamusrHomy 2i0ponizi, niOKpecaowYU 11020 CMIUKUl nioXio AK npoyec 6i0MOYeHull e@oYIEr0 ma YCniuHo
adanmoganuil 01l NPOMUCTOBUX «3€NeHUX MEXHON02Il.

Kniouosi cnosa: pepmenm yemonasa, po3kiadanHsi yeniono3u, eKOAOSIMHUL A2eHm, NPOMUCIOGICMb, 3eleHi
mexHonoeli.
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