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Abstract
Microbial enzymes have gained interest for their widespread use in various industries and medicine due to their stability, 
ease of production, and optimization. Endophytic fungi in plant tissues produce a wide range of secondary metabolites and 
enzymes, which exhibit a variety of biological activities. The present review illustrates promising applications of enzymes 
produced by endophytic fungi and discusses the characteristic features of the enzymes, application of the endophytic fungal 
enzymes in therapeutics, agriculture, food, and biofuel industries. Endophytic fungi producing ligninolytic enzymes have 
possible biotechnological applications in lignocellulosic biorefineries. The global market of industrially important enzymes, 
challenges, and future prospects are illustrated. However, the commercialization of endophytic fungal enzymes for industrial 
purposes is yet to be explored. The present review suggests that endophytic fungi can produce various enzymes and may 
become a novel source for upscaling the production of enzymes of industrial use.
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Introduction

Enzymes have enormous potential in various industrial 
sectors such as pharmaceuticals, food, beverages, deter-
gents, leather processing, and paper and pulp. For dec-
ades, enzymes are being isolated from different sources 
such as animals and plants. Presently, microorganisms are 
more preferred sources for the production of industrial 
enzymes due to their easy availability and fast growth 
rate (Shankar et al. 2016). With recombinant DNA tech-
nology, genetic changes can easily be made on micro-
bial cells for enhanced enzyme production (Illanes et al. 
2014). The production of microbial enzymes is necessary 
for the industrial sectors because of their superior per-
formances and work under a wide range of varied physi-
cal and chemical conditions with innocuous pollution and 
cost-effectiveness (Singh et al. 2016). Many microorgan-
isms such as bacteria, yeast, and fungi have been explored 
for the production of enzymes. Production of industrial 

enzymes by bacteria has been studied for a long time, and 
among different bacterial species, the genus Bacillus has 
been extensively prospected (Joo and Choi 2012). Other 
bacterial genera employed as enzyme production sources 
are Streptomyces and Pseudomonas. Besides bacterial 
species, fungal species are also extensively explored for 
enzyme production (Chambergo and Valencia 2016). In 
biotechnology, approximately a few dozen fungal species 
are explored commercially for their enzyme-producing 
ability (Corrêa et al. 2014). Trichoderma reesei, Asper-
gillus niger, and Aspergillus oryzae have become preferred 
enzyme producers because their enzymes are robust and 
capable of resisting a wide range of conditions such as 
extreme pH, temperature, osmolarity, and pressure (Corrêa 
et al. 2014). Moreover, fungal enzyme production benefits 
from high yields with low cost, rapid development, low-
cost growth media, high stability, and easy recovery of 
the produced enzymes (Wanderley et al. 2017). In addi-
tion, fungal enzymes are secreted extracellularly, and dif-
ferent complex substrates like corn-steep liquor of lower 
cost could be used, and most of the solid fermentation 
can be performed with fungi compared to bacteria (Gopi-
nath et al. 2017). Microbial proteins can be expressed in 
recombinant bacteria, yeasts, or filamentous fungal cell 
cultures. Though bacterial expression systems have an 
edge on efficiency because of their growing ability and 
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high density on substrates (Terpe 2006), filamentous fungi 
became attractive hosts due to increased secretion levels 
of bioactive enzymes (Yang et al. 2017).

Endophytes live inside the plant tissues without caus-
ing any sign of infection during all or part of the plant life 
cycle (Schulz et al. 2002). They establish unique relation-
ships with the plant species ranging from symbiosis to 
latent pathogens. The interaction between plant and endo-
phyte is intricately modulated by different factors such as 
environmental parameters, host genotype, developmental 
stage, and immune system signaling (Aamir et al. 2020). 
Unveiling the folds of endophyte–host interaction reveals 
a hotspot for the exploration of repertoire of hyperdiverse 
and valuable secondary metabolites (Choudhary et  al. 
2021). For the last 2 decades, endophytic fungi have been 
explored for various bioactive compounds for therapeutic 
purposes. Diverse compounds such as terpenoids, ster-
oids, xanthones, quinones, phenols, cytochalasins, ben-
zopyrones, and isocoumarins are originating from these 
fungi through different biosynthetic pathways (Schulz 
and Boyle 2005). Presently, the main focus of endophytic 
fungal research is linked to the production of secondary 
metabolites with applications in the environment, agricul-
ture, medicine, and the food industry (Kusari et al. 2014). 
Though the ability of endophytic fungi to produce bioac-
tive metabolites and novel drugs have been explored in a 
greater way, little attention has been drawn to use them as 
sources for industrial enzymes. In association with their 
host plants, endophytic fungi secrete proteins presumed to 
aid in growth, nourishment, and defense. The endophytic 
fungi produce some of the enzymes such as pectinases, 
cellulases, amylases, laccases, proteases, and lipases as 
one of the resistant mechanisms against pathogenic organ-
isms and also for gaining nutrients from the host (Vasund-
hara et  al. 2019). The cellulose and lignin production 
depicts a strategic benefit to decompose the tissues and 
endure as saprobes after senescence (Oses et al. 2006). 
Different extracellular enzymes secreted by endophytic 
fungi have applications in food, textile, leather, confec-
tionery, agriculture, beverage, and human health (Mishra 
et al. 2017a). Several researchers have acknowledged the 
potential of endophytic fungal enzymes in industrial appli-
cations and secondary metabolites production (Joo and 
Choi 2012; Yadav 2019; Gupta et al. 2016; Khan et al. 
2017). In the present review, various enzymes produced 
by endophytic fungi, their characteristic features such as 
thermal stability, pH tolerance, and approaches to increase 
yield by optimizing growth parameters, co-cultivation, and 
overexpression of genes were discussed. An attempt has 
also been made to review the application of endophytic 
fungal enzymes in therapeutics, agriculture, biofuel, the 
food industry, and other relevant industries. The global 

market for industrially important enzymes and challenges 
and prospects are also discussed.

Enzymes from endophytic fungi

Endophytic fungi help the host plant to combat biotic and 
abiotic stress by synthesizing metabolites and extracellular 
enzymes, which can act as resistance mechanisms against 
pathogens and help to nourish the host plants (Jagannath 
et al. 2021). Hence, endophytic fungi serve as a promis-
ing source for producing a wide range of extracellular 
enzymes (Table 1). Endophytic fungi such as Pestalotiop-
sis microspora, A. oryzae, and Penicillium chrysogenum 
were reported to produce amylases (Joel and Bhimba 2012; 
Fouda et al. 2015). In addition, the endophytes, Pestalotiop-
sis sp., Acremonium sp., Microsphaeropsis sp., Sclerocystis 
sp., Nigrospora sp., Phomopsis sp., Keteleeria davidiana, 
Cephalosporium sp., Penicillium sp., Fusarium oxysporum, 
Aspergillus sp., P. chrysogenum, and Xylaria sp., can pro-
duce cellulase enzymes (Maria et al. 2005; de Almeida et al. 
2011; Peng and Chen 2007; Syed et al. 2013; Onofre et al. 
2013; Tasia and Melliawati 2017; Fouda et al. 2015; Bezerra 
et al. 2012). The β-glucosidase enzymes production from the 
Periconia sp. and A. versicolor were reported (Harnpicharn-
chai et al. 2009; Huang et al. 2021). de Almeida et al. (2013) 
reported that A. zeae and F. verticillioides were capable of 
producing endoglucanase enzymes. Gelatinase was obtained 
from the Alternaria alternata (Fouda et al. 2015). The endo-
phytic fungi, Hormonema sp., Neofusicoccum sp., Monoto-
spora sp. were capable of producing laccases (Fillat et al. 
2016; Wang et al. 2006). In addition, lipase enzyme was 
obtained from Rhizopus oryzae, Cercospora kikuchii, and 
Lasiodiplodia theobromae (Torres et al., 2003; Costa-silva 
et al. 2011; Venkatesagowda et al. 2012). Pestalotiopsis sp., 
A. alternata, and Penicillium glandicola have been reported 
to produce pectinases (Maria et al. 2005; Fouda et al. 2015; 
Bezerra et al. 2012). Tannase was obtained from the endo-
phytic fungi, A. niger and A. fumigatus (Cavalcanti et al. 
2017). The xylanase enzyme was isolated from Pestalotiop-
sis sp., Acremonium sp., and A. alternata (Maria et al. 2005; 
Tasia and Melliawati 2017; Fouda et al. 2015). Despite the 
ability to produce enzymes by endophytic fungi, this group 
of fungi was less explored (Corrêa et al. 2014). Exploring 
biodiversity to discover efficient enzymes is an upcoming 
challenge for researchers (Patel et al. 2016). Among these 
endophytic fungi, Fusarium, Trichoderma, Aspergillus, and 
Alternaria species are the most common producers of vari-
ous industrially important enzymes.
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Characteristic features of enzymes

The properties of enzymes, such as thermostability, pH 
stability, pressure, and chemical inertness, are essentially 
required for industrial and medical processes. Higher yield 
with the cost-effective fermentation procedure is the prior-
ity for the enzyme industries. Basic knowledge of microbial 
diversity can help to characterize new enzymes discovered 
in various environmental conditions (Thapa et al. 2019). 
Different environmental conditions such as low to high pH, 
extreme temperature, elevated pressure, and oxidative stress 
will help endophytic fungi to produce enzymes for better 
industrial performance (Alkalde et al. 2006). For obtain-
ing such resistant and stable enzymes, molecular engineer-
ing and other biotechnological techniques are used. The 
enzymes with such variability are required for efficient and 
cost-effective bioconversion processes (Rigoldi et al. 2018). 
The key features of the enzymes produced by various endo-
phytic fungi from the diverse environments were depicted 
in Fig. 1.

Thermostable enzymes

In many studies, it has been proven that microbial enzymes 
offer higher thermostability. Internal and external properties 
are equally crucial for the thermostability of the enzymes.

The molecular alterations at cellular and subcellular lev-
els aid them in adapting to harsh environmental habitats. 
Thermostability and kinetic stability are the two crucial 
features of thermostable enzymes. Similar to the native 
enzyme, β-glucosidase produced by the endophytic fungus 
Periconia sp. (BCC2871) exhibited its optimal activity at 
70 °C with pH of 5 and 6 and hydrolyzed the rice straw 
into  simple sugars. Few enzymes such as heat-tolerant 
xylanase and cold-tolerant lipase have been isolated from 
endophytic fungi in different thermal regions (Bradner 
et al. 1999). Such enzymes are good candidates for convert-
ing the lignocellulosic biomass to biofuels and chemicals. 
Thermostable glucoamylase produced by Streptosporan-
gium sp., isolated from leaves of maize exhibited the maxi-
mum enzyme activity (158 U mg−1 protein) at pH 4.5 and 
temperature 70 °C (Stamford et al. 2002). Two endophytic 
fungal strains Botryosphaeria  sp. AM01 and Sacchari-
cola sp. EJC04 produced three thermostable enzymes that 
are endoglucanase, β-glucosidases, and xylanases. Among 
these, β-glucosidases exhibited maximum activity at a wide 
range of pH (3.5–8.5), followed by xylanases, with its opti-
mum activity at 60–75 °C (Marques et al. 2018). The tannase 
enzyme produced by the endophytic fungus Pestalotiopsis 
guepini exhibited thermal stability and retained its activity 
of 91.4% at 90 °C (de Sena et al. 2014). Xylanase produced 
by the endophytic fungus A. terreus isolated from Memora 
peregrine showed thermostability at 55 °C (Sorgatto et al. 

Table 1   Some fungal endophytes that have been reported to produce various enzymes and their hosts

Enzyme Endophytic fungi Source References

Amylase Pestalotiopsis microspore, Aspergillus 
oryzae, Penicillium chrysogenum

Rhizophora mucronata, Avicennia offici-
nalis, A. marina, Asclepias sinaica

Joel and Bhimba (2012), Fouda et al. 
(2015)

Cellulase Pestalotiopsis sp., Acremonium sp., 
Microsphaeropsis sp., Sclerocystis 
sp., Nigrospora sp., Phomopsis sp., 
Keteleeria davidiana, Cephalosporium 
sp., Penicillium sp., Fusarium oxyspo-
rum, Aspergillus sp., Penicillium 
chrysogenum, Xylaria sp.

Acanthus ilicifolius, Zea mays, Sabina 
chinensis, Taxus chinensis, Keteleeria 
evelyniana, Pinus massoniana, Cupres-
sus torulosa, Chlorophytum comosum, 
Baccharis dracunculifolia, Glochidion 
Borneese, Asclepias sinaica, Opuntia 
ficus-indica

Maria et al. (2005), de Almeida et al. 
(2011), Peng and Chen (2007), Syed 
et al. (2013), Onofre et al. (2013), Tasia 
and Melliawati (2017), Fouda et al. 
(2015), Bezerra et al. (2012)

β-glucosidase Periconia sp., Aspergillus versicolor Cola acuminata Harnpicharnchai et al. (2009), Huang 
et al. (2021)

Endoglucanase Acremonium zeae, Fusarium verticil-
lioides

Zea mays de Almeida et al. (2013)

Gelatinase Alternaria alternata Asclepias sinaica Fouda et al. (2015)
Laccase Hormonema sp., Neofusicoccum sp., 

Monotospora sp.
Eucalyptus globulus, Cynodon dactylon Fillat et al. (2016), Wang et al. (2006)

Lipase R. oryzae, Cercospora kikuchii, Lasi-
odiplodia theobromae

F. Vulgare, Tithonia diversifolia, Cocos 
nucifera

Torres et al. (2003), Costa-silva et al. 
(2011), Venkatesagowda et al. (2012)

Pectinase Pestalotiopsis sp., Alternaria alternata, 
Penicillium glandicola

Acanthus ilicifolius, Asclepias sinaica, 
Opuntia ficus-indica

Maria et al. (2005), Fouda et al. (2015), 
Bezerra et al. (2012)

Tannase A. niger, A. fumigatus Anadenanthera colubrina, Anacardium 
occidentale

Cavalcanti et al. (2017)

Xylanase Pestalotiopsis sp., Acremonium sp., 
Alternaria alternata

Acanthus ilicifolius, Memecylon excel-
sum, Asclepias sinaica

Maria et al. (2005), Tasia and Melliawati 
(2017), Fouda et al. (2015)
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2012). Wipusaree et al. (2011) reported that the xylanase 
produced by A. alternata isolated from Croton oblongifolius 
was thermostable up to 40 °C. Phytase enzyme produced by 
F. verticillioides exhibited its thermal stability up to 60 °C 
(Mehdipour-Moghaddam et al. 2010). External factors that 
affect thermostability are the concentration of protein and 
biochemical properties of the substrate (Bendourou et al. 
2021). Some of the co-factors such as Mg2+, Ca2+, Sr2+, 
and Ba2+ help to stabilize protein structures by interacting 
specifically with the unfolded polypeptide and accelerates 
the formation of the functional protein by priorly coordinat-
ing with polypeptide folding (Wittung 2000).

pH stability

The pH plays a vital role in nature as it significantly 
impact all biological functions. The interactions among 
protein–protein, protein–membrane, and protein–ligand 
seem to be highly affected by the pH variations (Dittrich 
et al. 2008). Enzymes used for various biotechnologi-
cal applications must possess pH stability with optimum 
activity to execute their functions efficiently. Different 
endophytic fungi were reported to produce stable enzymes 
with different pH, ranging from alkaline to acidic. Torres 
et al. (2003) isolated endophytic fungus R. oryzae from the 
Mediterranean that produced stable lipase enzyme, with 
maximum activity at pH 4 and 7. In another study, out 

of 34 isolates of endophytic fungi isolated from Glycine 
max (L), two isolates, Rhizoctonia sp. and F. verticillioides 
exhibited pH stability between 2.5 and 6.0 (Marlida et al. 
2010). The pH stability was assessed for extracellular 
enzymes (amylase, cellulase, chitinase, laccase, lipase, 
protease, and tyrosinase) produced by Pestalotiopsis sp., 
Acremonium sp., Aspergillus chlamydosporus, Aspergil-
lus sp., and Fusarium sp. The highest cellulase activity 
was recorded at pH 7, while xylanase and protease at pH 
9 for these isolates (Maria et al. 2005). Thiol-dependent 
protease produced by the endophytic fungus Aspergil-
lus ochraceus BT21 isolated from Ruprechita saicifolia 
exhibited its stability at alkaline pH of 8.0 (Mohamed 
et al. 2021). The cellulase produced by endophytic fun-
gus F. oxysporum isolated from Baccharis dracunculifolia 
exhibited its maximum activity at pH 5.96 (Onofre et al. 
2013). The tannase enzyme produced by A. fumigatus 
and A. niger was stable at 30 °C and pH 4.0 (Cavalcanti 
et al. 2017). Renuka and Ramanujam (2016) reported the 
phytase production in F. verticillioides and Rhizoctonia 
sp. showed stability at optimal pH of 5.0 and 4.0, respec-
tively. Panuthai et al. (2012) reported the production of 
extracellular lipases from F. oxysporum, isolated from the 
leaves of Croton oblongifolius with optimal activity at pH 
8.0 and moderate activity between 8 and 12. The cellulase 
produced by Penicillium sp. CPF2 has exhibited its maxi-
mal activity at pH 5.5 (Syed et al. 2013).

Fig. 1   Some of the key features 
of enzymes produced by fungal 
endophytes from diverse regions
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Approaches to enhance the yield of enzymes

Endophytic fungi represent an inexhaustible source of 
important metabolites with varied biological activities. 
Most of the biosynthetic gene clusters (BCGs) respon-
sible for secondary metabolites production remain silent 
in fungi or are only weakly expressed under standard 
laboratory growth conditions. Therefore, there is a need 
to come up with techniques that can be used to induce 
the activation of cryptic biosynthetic pathways to enhance 
secondary metabolites biosynthesis in fungal endophytes. 
Below, we highlight some of the approaches that have 
been employed to activate silent gene clusters in fungal 
endophytes.

Optimization of growth parameters

Endophytic fungi produce enzymes under controlled phys-
iochemical conditions. When these conditions alter, then, 
it affects the production of enzymes. Therefore, enzyme 
production with a high yield and more stability can be car-
ried out at optimized growth parameters. The one factor at 
a time approach can enhance the production of industri-
ally important enzymes (Mishra et al. 2017b). Response 
surface methodology is associated with the interaction and 
modeling of operational growth parameters. This tech-
nique involves three steps: (a) to perform the experiments 
which are statistically designed, (b) coefficient estimation 
in a mathematical model and (c) to predict and analyze 
the model adequacy. The regression equation obtained 
after the interaction helps to optimize the parameters for 
enhancing the production of enzymes from the fungi. Sev-
eral factors such as temperature, pH, and carbon to nitro-
gen ratio, inducers, medium composition, and aeration rate 
may influence the production of enzymes. Therefore, sup-
plementation of suitable inducers with appropriate growth 
conditions would be an excellent strategy to enhance the 
production of enzymes. It was reported that copper is 
mainly used as an inducer for the production and catalytic 
activity of laccase enzyme obtained from the endophytic 
fungi. The results showed an 85% increase in lignocellu-
losic activity for endophytic fungi Neofusicoccum luteum 
and Hormonema sp. while a 95% increase for N. australe 
(Fillat et al. 2016). The endophytic fungus Caribena ver-
sicolor is known to have the lignin degradation ability. 
In the presence of syringic acid, gallic acid, and copper 
sulfate, this fungus degraded the lignin 2.43 times higher 
than without supplementation (Mishra et al. 2017a, b). 
By optimizing the incubation period, temperature, pH, 
and carbon source, the production of l-asparaginase was 

enhanced (El-Gendy et al. 2021). The enhanced produc-
tion of β-glucosidase and amylase in endophytic fungi was 
achieved (Hegde et al. 2011; Huang et al. 2021). After 
optimizing different parameters, the amylase enzyme 
obtained from the Discosia sp. showed maximum produc-
tion at pH 7.0 and temperature of 30 °C. The parameters 
optimized by response surface methodology showed 14.4-
fold increased production of β-glucosidase with 812.86 
U/mL activity and 25.98% recovery (Huang et al. 2021).

Co‑cultivation and epigenetic modifications

Co-cultivation is the growth of two or more microorganisms 
together to mimic the myriad of interactions, which occur 
when they coexist naturally (Bertrand et al. 2014). In fungi, 
genes that encode the enzymes needed for the biosynthesis 
and transport of secondary metabolites and pathway-specific 
regulatory genes are clustered on a single gene locus, form-
ing biosynthetic gene clusters (BGCs) (Keller et al. 2005). 
In several instances, it has been shown that the activation 
of cryptic BGCs among certain microbes requires an eco-
logical context like interaction with other microbes and host 
plants for the plant-associated microorganisms. Such inter-
actions between microbes alter the biosynthetic profile of the 
involved strains and produce compounds that are not pro-
duced in monoculture (Stroe et al. 2020). Cultivation of fun-
gus–bacterium and fungus–fungus are the two main strate-
gies employed to induce cryptic BGCs in fungal endophytes. 
An endophytic fungus Fusarium tricinctum, when grown in 
the presence of Bacillus subtilis increased (78-fold increase) 
the secondary metabolite production (Ola et al. 2013). Co-
cultivation of endophytic fungus Chaetomium sp., isolated 
from Sapium ellipticum with B. subtilis, resulted in an eight-
fold increase in secondary metabolites production (Akone 
et al. 2016). When two endophytic fungi, Paraconiothyrium 
sp., and Alternaria sp., were cultured together, a threefold 
increase in the production of paclitaxel was recorded (Soli-
man and Raizada 2013). A mixed fermentation of Phoma 
sp., an endophyte, and Armillaria sp., a fungal symbiont, 
resulted in the biosynthesis of novel compounds (Li et al. 
2019). Two fungi T. reesei (LM-UC4) and Aspergillus 
phoenicis (QM329) were reported to produce a complete 
set of cellulase enzymes through co-culture using bagasse 
as substrate in solid-state fermentation conditions. A study 
showed a twofold increase in the yield and a sixfold increase 
in β-glucosidase activity compared to the monoculture. 
Another study showed a 30–50% increase in the production 
of extracellular enzymes by mixed culture of Trichoderma 
viride and A. niger compared to monoculture. The co-culture 
of Aspergillus carbonarius and T. reesei showed enhanced 
cellulase enzyme production. When T. reesei and Monascus 
purpureus were cultured together, enhanced production of 
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hydrolytic enzymes was observed (Singh et al. 2021). These 
studies reveal that co-cultivation is becoming a powerful tool 
for unlocking the chemical diversity of fungal endophytes 
by increasing the expression of cryptic or weakly expressed 
BGCs.

The regulation of fungal secondary metabolism is a com-
plex process that depends on an intricate network of cellular, 
chemical, and genetic determinants, which occurs via the 
cluster-specific and globally acting regulators (Rojas-Aedo 
et al. 2018). Chromatin-level control of gene silencing or 
activation is one of the mechanisms involved in the regu-
lation of fungal secondary metabolites biosynthesis (Bra-
khage 2013). The use of small chemical molecules known 
as epigenetic modifiers is one such approach in regulating 
secondary metabolites production. Remodeling the chroma-
tin landscape by chemically targeting the histone and DNA 
post-translation modifications has been found to enhance 
the quantity of constitutive fungal secondary metabolites 
by activating or suppressing secondary metabolite encod-
ing gene clusters (Cichewicz, 2010). Epigenetic modifi-
cation can be achieved by cultivating the target strains in 
the presence of histone deacetylases (HDAC) inhibitors 
or DNA methyltransferases (DNMT) inhibitors. The addi-
tion of these compounds at micromolar or even nanomolar 
concentrations has been found to suppress or activate the 
associated enzymes, resulting in the reengineering of sec-
ondary metabolites biosynthesis pathways in fungi (Yang 
et al. 2014). The endophytic fungus Pestalotiopsis crassi-
uscula isolated from Fragaria chiloensis when grown in 
the presence of 500 µM 5-azacytidine resulted in drastic 
chemical differences in the extracts than the fungus grown 

in the absence of DMT inhibitor (Cichewicz 2010). A study 
exploring the influence of epigenetic modification and co-
cultivation of the endophytic fungus Chaetomium sp., and 
B. subtilis resulted in the production of isosulochrin, when 
the fungus was grown in rice media in the presence of either 
suberoylanilide hydroxamic acid (SAHA) or 5-azacytidine 
(Akone et al. 2016).

Overexpression of genes

Genetic transcription and protein secretion are the two 
mainly used strategies that can help in the gene manipu-
lation of fungi, which further helps in producing enzymes 
with better quality and higher yield (El-Gendy et al. 2021). 
The general view of the overexpression of genes encoding 
for various enzymes from endophytic fungi to enhance the 
yield and stability was depicted in Fig. 2. Endophytic fungi 
can be manipulated to produce enzymes employing over-
expressing the genes coding for the respective enzymes 
(Yadav et al. 2009). The novel gene (TdAmyA) encoding 
for α-amylase isolated from Thermomyces dupontii (L18) 
over-expressed in Pichia pastoris showed the highest activ-
ity of 38,314 U/mL with a protein content of 28.7 mg/mL 
(Wang et al. 2019). The two new genes PsLPMOA and 
PsLPMOB obtained from Pestalotiopsis sp., encode for the 
lytic polysaccharide monooxygenases were over-expressed 
in yeast P. pastoris showed better quality even in the pres-
ence of sea salt compared to the native enzyme (initial fer-
mentation at 30 °C for 20 h with oxygen flow rate of 0.1–0.2 
vvm, pH 5 and agitated at 600 rpm) (Patel et al. 2016). The 

Fig. 2   General view of the overexpression of genes encoding for various enzymes from endophytic fungi to enhance the yield and stability
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β-glucosidase gene from Periconia sp. BCC2871 cloned into 
the P. pastoris KM71 showed optimal activities at a temper-
ature of 70 ˚C and pH of 5 and 6. The recombinant enzyme 
retained 60% of its activity when incubated at 70 °C for 
1.5 h (Harnpicharnchai et al. 2009). The gene encoding for 
the pectin lyase of Penicillium griseoroseum over-expressed 
in Aspergillus nidulans showed an increased yield than the 
non-cloned fungi (Yadav et al. 2009).

Applications

Endophytic fungi have been recognized as valuable sources 
of natural products for agronomy, industry, and biomedical 
development and also produce enzymes with varied appli-
cations. The wide applications of enzymes produced by 
endophytic fungi can meet the growing demand in different 
sectors. Below, we summarize some of the applications of 
endophytic fungal enzymes in various industries.

Therapeutics

Enzymes play an essential role in pharmaceutics and 
healthcare, as these are used as tools in the manufactur-
ing of active pharmaceutical ingredients and sometimes 
directly as drugs for therapeutic purposes. The high accu-
racy, strong affinity, and specificity for target location with 
minimum side effects make the enzymes more favorable 
candidates to use them as preventive and therapeutic 
medicine. Biofilms are often considered as spreaders of 
contaminants, which cause various health issues due to 
their persistent nature. Lipases and proteases isolated 
from an endophytic fungus Myrcia guianensis hydrolyzed 
the biofilm formed by Staphylococcus aureus within 10 
and 30 min, respectively (Matias et al. 2021). Another 
naturally occurring enzyme is chitinase that acts as an 
antibacterial and antifungal agent. Many studies showed 
enormous pharmaceutical potential in human medicines 
because of the antitumor activity (indicated by chitohexa-
ose and chitoheptaose), wound healing property, and anti-
hypertensive activity (Rathore and Gupta 2015). Chitin 
is the element of the cell wall of various lethal microbes, 
is an easy target for antimicrobials. Thirty-one isolated 
endophytic fungi out of 162 were capable of producing 
chitinase that belongs to genera Phomopsis, Colletotri-
chum, and Fusarium isolated from leaves of tree species of 
the forests of Western Ghats, Southern India (Rajulu et al. 
2011). l-Asparaginase is an enzyme that is used for the 
treatment of acute lymphocytic leukemia. It catalyzes the 
hydrolysis of l-asparagine to l-aspartic acid and ammonia 
(Sanghvi et al. 2016). Fungal asparaginases have gained 
importance as they are produced extracellularly (Batool 

et al. 2016). Various l-asparaginase-producing endophytic 
fungi, Plectosphaerella, Fusarium, Stemphylium, Septo-
ria, Alternaria, Didymella, Phoma, Chaetosphaeronema, 
Sarocladium, Nemania, Epicoccum, Ulocladium, and Cla-
dosporium were reported (Hatamzadeh et al. 2020). Differ-
ent approaches have been used to produce L-asparaginase 
from the endophytic fungus Talaromyces pinophilus iso-
lated from the rhizomes of Curcuma amada. The enzyme 
production was carried out by both submerged fermen-
tation (SmF) followed by solid-state fermentation (SSF). 
SSF was carried out using polyurethane foam (PUF) as 
a novel approach to enhance the enzyme yield. The pro-
duction was enhanced from 80.8 U/mL in unoptimized 
medium to 94.4 U/mL in the optimized medium under 
SmF. It has been further increased to 120.3 U/mL under 
SSF using PUF soaked in the optimized liquid medium 
(Krishnapura et al. 2020). In another study, l-asparaginase 
production was enhanced using SmF of F. equiseti AHMF4 
(El-Gendy et al. 2021). Microbial l-Asparaginase is pre-
ferred over chemical drugs because of its biodegradability 
and non-toxicity (Mhatre et al. 2017).

l-Glutaminase is an emerging anticancer agent with 
efficient anti-retroviral activity (Roberts and McGregor 
1991) that makes it active against HIV. Glutaminase low-
ers glutamine levels in serum and tissues for prolonged 
periods and can cause a reduction in reverse transcriptase 
activity of HIV in serum. Glutaminase helps in the lysis of 
glutamine-dependent tumor cells by depriving these cells 
of glutamine (Kumer et al. 2013). The antitumour proper-
ties of l-glutaminase isolated from A. oryzae under sub-
merged fermentation have been well studied (Dutt et al. 
2014). Endophytic fungus Aspergillus sp. ALAA-2000 
recovered from the soft marine sponge showed the highest 
l-glutaminase production with an activity of 91.92 U/ml (El-
Gendy et al. 2016). In another study, two endophytic fungi, 
Cladosporium sp. and Trichoderma sp., were reported to 
produce l-glutaminase (El-Gendy et al. 2017). Xylarinase 
is an fibrinolytic metalloprotease, isolated from endophytic 
fungus Xylaria curta. The enzyme displayed both plasmin 
and tissue plasminogen activity by hydrolyzing the α and 
β chains of the fibrinogen (Meshram et al. 2016). Lipases 
have therapeutic potential as they can be used as antifungal 
agents. Lipases produced by endophytic fungi, Emericella 
nidulans, Dichotomophtora portulacae and D. boerhaaviae 
eliminated promastigote forms of Leishmania amazonen-
sis at 5 mg/mL concentration with antifungal activity of 
14.65 μg/mL against Malassezia sp and Microsporum canis 
(Alves et al. 2018). β-Glucuronidase is a potent enzyme 
with many applications in the medical industry. A novel 
β-glucuronidase (cg-GUS) by endophytic fungus C. globo-
sum DX-THS3 displayed excellent thermostability and pH 
stability (Zhang et al. 2020). Apart from l-Asparaginase, 
xylarinase, lipase, β-glucuronidase, other enzymes such as 
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amylase, protease, and l-tyrosinase have medical importance 
and the same has been listed in Table 2 along with their 
sources and applications.

Agriculture

Lignocellulose is a recalcitrant solid complex that origi-
nated from the combination of lignin and hemicellulose. 
Microorganisms play a significant role in the degradation 
of agricultural waste without polluting the environment. 
Some important enzymes, including glucanases, xylanases, 
glucosidases, and xylosidases are essential for the com-
plete degradation of lignocellulosic biomass and oxidative 
enzymes such as laccase, manganese peroxidase, and lignin 
peroxidase (Maciel et al. 2012). Lignocellulolytic enzymes 
produced by endophytic fungi are potential alternative 
sources for organic matter degradation (Moretti et al. 2014). 
Production of endoglucanase activity by endophytic fungi 
C. cladosporioides PAJ03 (88.51 ± 1.0 U/g), Phomopsis sti-
pata SC04 (83.44 ± 7.7 U/g), T. viridae PAJ01 (64.56 ± 4.0 
U/g) and  Botryosphaeria  sp. AM 01 (42.79 ± 1.6 U/g) 
were reported. The β-glucosidase activity of endophytic 
fungi Saccharicola sp. EJC04 (51.56 ± 2.7 U/g), Paecilo-
myces  sp. SF021 (33.19 ± 9.2 U/g),  Ustilaginoidea  sp. 
CV04 (29.75 ± 0.8 U/g) and Ustilaginoidea  sp. XYA04 
(21.72 ± 3.05 U/g) have been reported. The endophytic fun-
gus P. stipata SC04 produced xylanase, and Botryospha-
eria AM01 xylanase, and β-xylosidase (Moretti et al. 2014).

Two endophytic fungi, Botryosphaeria sp., AM01, and 
Saccharicola sp., EJC04, served as potential sources for the 
production of cellulases and xylanases, which can be applied 
in pretreated sugarcane bagasse saccharification processes 
(Marques et al. 2018). Beauveria bassiana SAN01, an endo-
phytic fungus isolated from onion leaves, enhanced xylanase 
and endoglucanase production in wheat bran compared to 
other substrates (Amobonye et al. 2021a). Amobonye et al. 
(2021b) isolated xylanase from B. bassiana with a specific 
activity of 324.2 U/mg and capable of deink the wastepaper. 
In another study, six strains, namely A. niger DR02, Tricho-
derma atroviride DR17, and DR19, Alternaria sp. DR45, 
Annulohypoxylon stigyum DR47, and Talaromyces wort-
mannii DR49 were identified with the highest hemicellulose 
activity suitable for lignocellulosic biomass decomposition 
(Robl et al. 2013). Goldbeck et al. (2013) reported the cel-
lulase production using variable substrates by an endophytic 
fungus, A. strictum. Two endophytic fungi, Colletotrichum 
sp. and Alternaria sp. produced cellulase along with sub-
stantial amounts of lipids in rice straw and wheat bran under 
solid-state fermentation (Devi et al. 2012). Furthermore, 
endophytic fungus Pistacia vera has shown prospects for 
the production of agriculture-relevant enzyme, i.e., chitinase 
(Falade et al. 2021). Endophytic fungi usually produce it as a Ta
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defense mechanism against pests and pathogens. Endophytic 
fungal enzymes have the potential to degrade biomass, pest 
control and plant growth promotion activities (Fig. 3). For 
treating lignin-rich biomass waste, it is essential to give the 
pre-treatment, which remove or modify lignin into ligno-
cellulosic fiber to get hydrolase polysaccharides. Rao et al. 
(2019) isolated an endophytic fungus Irpex lacteus from 
Euphorbia milii and studied the production of laccase with 
enzyme activity of 122 U/L. Five endophytes, Hormonema 

sp., Pringsheim smilacis, Ulocladium sp., and N. luteum, 
and N. australe have shown the highest laccase activity with 
pH stability pH in the range of 4–5 (Fillat et al. 2016; Torre 
et al. 2017). The endophytic fungus Phomopsis liquidam-
bari used phenolic 4-hydroxybenzoic acid as the sole carbon 
and energy source, and produces the ligninolytic enzymes 
laccase and lignin peroxidase when cultured in submerged 
fermentation (Chen et al. 2013). Production of plant health 
and growth-promoting enzymes by endophytic fungi would 

Fig. 3   Graphical representation of the application of the endophytic fungal enzymes in agriculture sector

Table 3   Some of the fungal endophytes that have been reported to produce different enzymes with potential agricultural applications

Enzyme Endophytic fungi Applications References

Chitinase Aureobasidium pullulans, Lasiodiplodia 
theobromae, Neotyphodium sp., Plodia 
theobromae

Biopesticide, bio-fungicide Li et al. (2004); Nagpure et al. (2014)

Arylsulfatase B. bassiana, T. asperellum, M. 
anisopliae, P. chlamydosporia

Helps in the uptake of sulfur from the 
soil

Alves et al. (2021)

Cellulase Pestalotiopsis microspore TKBRR, 
Coelomycetes sp., Acremonium sp., 
Aspergillus niger

Helps in soil fertility, manufacturing of 
compost, acts as a biocontrol agent

Phitsuwan et al. (2012); Goukanapalle and 
Kanderi (2020)

Pectinase Aspergillus sp., C. gloeosporioides, 
Trichoderma sp.

Saccharification of agricultural substrates Shubha and Srinivas (2017), Garg et al. 
(2016)

Xylanase Botryosphaeria sp. AM01 and Sacchari-
cola sp. EJC 04

Pretreatment of lignocellulosic waste to 
simple sugars, Production of biobu-
tanol

Shankar et al. (2016), Bendourou et al. 
(2021)

Phosphatase Penicillium sp., Aspergillus sp., Pirifor-
mospora, Curvularia, Trichoderma

Convert organic phosphate esters to 
orthophosphate ions and helps in the 
plant nutrition

Mehta et al. (2019), Antonious et al. 
(2020), Sujatha et al. (2020)
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enhance agricultural productivity and help in agro-industrial 
sustainability. In a study, consortium of five fungal endo-
phytes, Beauveria bassiana, T. asperellum, Metarhizium 
anisopliae, Purpureocillium lilacinum and Pochonia chla-
mydosporia increased in the arylsulfatase activity indicat-
ing the increase in the uptake from the soil. Such findings 
can benefit sustainable agricultural management systems 
in the treatments to reduce the environmental impacts of 
mineral fertilizers and pesticides (Alves et al. 2021). Some 
of the enzymes applied in agriculture sector are presented 
in Table 3.

Biofuel

Plant biomass is a goldmine of energy-rich carbohydrates, 
and microbes can efficiently convert it into biofuels. Endo-
phytic fungus Ascocoryne sarcoides has been studied 
genomically and for the production of myco-diesel and bio-
active volatiles with fuel potential (Gianoulis et al. 2012). 
The combined action of xylanase with other enzymes such 
as mannanase, ligninase, glucanase, and glucosidase, can be 
applied to generate biofuels from lignocellulosic biomass 
(Parajó et al. 1998). The production of bioethanol requires 
the delignification of lignocellulose to liberate cellulose and 
hemicellulose. The next step includes the depolymerization 
of the carbohydrate polymers to produce free sugars (hexose 
and pentose) that are further used in fermentation to pro-
duce bioethanol (Adegboye et al. 2021). Endophytic fungi, 
Penicillium, Phoma, Lasiodiplodia, Paraconiothyrium, 
Fusicoccum, Xylaria, Diaporte, Cercospora, Colletotrichum, 
Nigrospora, Pestalotiopsis and Guignardia isolated from 
Terminalia catappa, Terminalia mantaly, and Canangao 
dorata reported to produce amylase, lipase, and cellulase 
(Toghueo et al. 2016). These three enzymes play an essential 
role in the production of biofuels such as ethanol. To pro-
duce ethanol, Almeida et al. (2013) studied two corn endo-
phytic fungi, F. verticillioides and A. zeae. The ethanol yield 
from glucose, xylose, and a mixture of both sugars were 
0.47, 0.46, and 0.50 g/g ethanol/sugar for F. verticillioides 
and 0.37, 0.39, and 0.48 g/g ethanol/sugar for A. zeae. Both 
fungi could co-ferment glucose and xylose with a higher eth-
anol production yield. Sugarcane bagasse and lignocellulosic 
biomass have been used as substrates for ethanol production. 
Lipases have been used to produce biodiesel produced by 
endophytic fungi, Stemphylium lycopersici, Sordaria sp, and 
C. kikuchii (Costa-Silva et al. 2011; Francisco et al. 2015). 
Dey et al. (2011) evaluated two endophytic fungal isolates, 
Colletotrichum sp. and Alternaria sp., for their potential as 
biodiesel feedstock. The results showed that these two endo-
phytes grew successfully in solid-state fermentation with the 
use of two substrates; rice straw and wheat bran that led to 
the high production of cellulase (1.21–2.51 U/g dry substrate 

(gds)) and a substantial amount of lipid (60.32–84.30 mg/
gds).

Food industry

The application of enzymes in the food industry has added 
more advancements in the brewing process. Enzymes 
enhance animal and vegetable proteins’ functional and nutri-
tional properties via hydrolysis of proteins. Many of these 
enzymes, e.g., amylolytic enzymes, are used for the produc-
tion of glucose syrups, crystalline glucose, high fructose 
corn syrups, and maltose syrups (Sindhu et al. 2016, 2021). 
The application of enzymes has been divided into different 
food sectors, such as baking, dairy, juice production, and 
brewing. The baking industry is the top on the list in utiliz-
ing enzymes to improve the dough stability, crumb softness, 
and shelf life, followed by the dairy industry and brewery 
industry.

Production of amylase by endophytic fungi, Pseudope-
stalotiopsis theae, Clindrocephalum sp., Discosia sp., and 
Phyllosticta sp. has been reported (Sopalun and Iamtham 
2020; Hegde et al. 2011; Amirita et al. 2012; Sunitha et al. 
2012). They improve the quality of products with much 
safety and enhance the texture, volume, stability, color, 
uniformity, softness, and prolonged freshness. Endophytic 
fungi, A. terreus, A. fumigatus, F. oxysporum, and T. har-
zianum have been isolated from soybean, which produces 
lipases and xylanase (Farouk et al. 2020). Blends of these 
two enzymes are used for dough stability and condition-
ing, while glucose oxidase and lipoxygenase are added to 
improve dough strengthening and whiteness (Singh et al. 
2016). Endo and exo-proteases from A. oryzae (BakeZyme 
B500BG) have been utilized for degrading proteins in flour 
dough for preparing biscuits, cakes, crackers, and cookies 
(Sawant and Nagendran 2014).

Enzymes play a vital role in the dairy industry as they 
are used to develop and enhance organoleptic characteris-
tics (aroma, flavor, and color). Few endophytic fungi have 
been studied to produce proteases, such as A. japonicus, C. 
cladosporioides, P. guepinnii, T. flavus (Bezerra et al. 2012). 
Endophytic fungi such as Penicillium, Alternaria, Aspergil-
lus sp., and Fusarium were reported to produce catalase with 
a significant yield that can replace the prevailing resources 
(Bind and Nema 2019). Microbial enzymes are employed 
in the brewing industry to digest plant cell walls during 
extraction to produce enhanced yield, color, aroma, and 
more transparent products. Endophytic fungi Aspergillus sp., 
Trichoderma sp., and Orpinomyces sp. produce beneficial 
enzymes such as β-glucanase and amylo-glucosidase that has 
an important place in the beverage industry. These enzymes 
help in the malting and mashing fermentation process that 
aid in the clarification of wort (Gomaa 2018).
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Other applications

In the pulp and paper industry, xylanases, cellulases, lipases, 
and laccases are used as an alternative to conventional chlo-
rine and chlorine-based bleaching compounds (Singh et al. 
2016). Phytate (myo-inositol-hexaphosphate) is one of the 
phosphorylated anti-nutrients in cereals, pollens, legumes, 
and oilseeds, which is monogastric, and animals do not 
metabolize due to meager amount or even the absence of the 
phytase enzyme in their digestive tracts. Phytate is conse-
quently discharged in the feces of these animals in waterways 
that lead to eutrophication of surface waters, particularly in 
areas of livestock production (Takizawa 1998). In one of the 
reported studies, endophytic fungi Penicillium daleae and 
Aspergillus sp. isolated from Taxus wallichiana produced 
maximum calcium phytase at 25 and 15 °C, 10.33 ± 0.13 and 
10.37 ± 0.37 µM/ml (Adhikari and Pandey 2019).

Global market of industrially important 
enzymes

From the last few years, enzymes have covered the major 
area in the industrial market such as food, pharmaceutical, 
and leather, directly or indirectly utilized for human con-
sumption. In bulk, enzymes are being processed from micro-
organisms rather than plants and animals, as microbes are 
the most convenient source, giving the easy scale-up, faster 
production with good yield by purification, strain manipula-
tion for overexpression, etc. About 200 types of microbial 
enzymes from 4000 known enzymes are used commercially 

(Liu and Kokare 2017). Based on the Allied Research Mar-
ket, majority of the global industrial enzymes share is on 
food and animal feed industry followed by healthcare and 
biofuel (Fig. 4) (www.​allie​drese​archm​arket.​com).

Globally, the industrial enzymes market is expected to 
grow exponentially, with an annual growth rate of 6.8% 
from 2019 to 2024, as reported in the article by Mordor 
intelligence (Globe Newswire 2019). A few key players 
in the enzyme market are Novozymes A/S, Koninklijke 
DSM N.V., DuPont de Nemours, Inc., BASF SE, Advanced 
Enzyme Technologies Ltd., AB Enzymes GmbH, Codexis, 
Inc., Amano Enzyme, Inc., F. Hoffmann-La Roche Ltd., 
and Thermo Fisher Scientific Inc. Other players in the value 
chain include BBI Enzymes Ltd., Procter & Gamble Co., 
Puratos Group, Novus International, Inc., and Chr. Hansen 
A/S. (Allied research market).

The analysis showed North America holds the highest 
share in the enzyme market in 2019, followed by Europe 
and Asia–Pacific. It is predicted that Asia–Pacific will grow 
at the highest CAGR of 8.2% from 2020 to 2027, with the 
launch of new therapy enzymes required to treat different 
diseases (Allied research market 2021). Only a few enzymes 
such as protease, carbohydrases, and lipases are the three 
enzymes that are most widely used in every sector (Fig. 5).

The global market of proteases is predicted to be 
increased by 2 billion USD by 2024. The health industry 
will see the maximum development in the proteases market 
due to its numerous benefits such as immunomodulating, 
anti-inflammatory properties, and application in healing 
skin burns and stomach ulcers. However, protease is also 
employed to improve fodder’s nutritional or digestive char-
acteristics and indicate its significant share in the animal 

Fig. 4   Global industrial 
enzymes market share based 
on their applications between 
the year 2020 and 2024 based 
on the data provided by Allied 
Research Market (www.​allie​
drese​archm​arket.​com)

http://www.alliedresearchmarket.com
http://www.alliedresearchmarket.com
http://www.alliedresearchmarket.com


	 3 Biotech (2022) 12:86

1 3

86  Page 12 of 17

feed market. Carbohydrases have crossed USD 2.5 billion 
in 2016 and are expected to increase by 1/3 over the existing 
figure by 2024. The prominent application sectors shall be 
in the food, beverage, and pharmaceutical industry. Lipases 
are expected to achieve a 6.8% increase by 2024. The major 
area of the lipase market shall be in the field of healthcare 
and food industry.

Challenges and prospects

The bioactive potential of endophytic fungi has been known 
for many years, but the production of enzymes with good 
quantity and quality is the new eye-opener for many research 
areas. The current article upgrades the information about 
various endophytic fungi used as a bioresource for the pro-
duction of industrially important enzymes.

There is a need for basic and applied multidisciplinary 
research on endophytic fungi producing enzymes, which 
will aid in different biotechnological applications and fulfill 
industry demand. The enzyme-producing ability of endo-
phytic fungi varies with the host, geographical, and physi-
ological conditions. Therefore, the research on endophytic 
fungi from different sources under different climatic con-
ditions with enzyme-producing ability are needed to be 
explored.

Furthermore, optimizing a fungal strain to produce 
enzymes with superior qualities in an economical manner 
is more challenging for scientists. This can be attained by 
optimizing the growth parameters of endophytic fungi by 
providing all the similar physiological conditions as of their 
host plant. Another technique includes the dual culture that 
helps to enhance enzyme production with a good yield. 
During the optimization, enzymes’ intact activity and sta-
bility with higher yield and less production cost is a matter 
of concern, but that can be solved by utilizing endophytic 

fungi as enzymatic sources as it is more manageable and 
less time-consuming.

Moreover, detailed knowledge about molecular biology 
and the mechanism of enzyme production by endophytic 
fungi may provide a platform for engineering the potent 
strains. For this, various strategies can be used such as 
genetic engineering, metabolomics, and proteomics. The 
stability and reusability of enzymes during operational pro-
cesses is another challenge for industrialists and research-
ers. Immobilization of enzymes that can be used without 
any loss in their activities, but the recovery of enzymes 
after the immobilization is somehow difficult. Hence, this 
area needed more attention so that immobilization of the 
enzymes becomes easy and beneficial for the industrial pro-
cesses (stable pH, thermostability, easily recoverable, and 
reusable). Therefore, the exploration of endophytic fungi 
for producing enzymes, their optimized growth parameters, 
and suitable immobilization techniques will surely help the 
industrialists to use cost-effective and stable industrially 
important enzymes in the biotechnological fields.

Conclusions

Endophytic fungi are studied for many years; still, they 
remain an underexplored group of endophytes. They are 
majorly known as the bioactive compound producers, but the 
area as enzyme producers is barely explored. The question 
of microbes being used as potent industrial enzyme sources 
in the near future is not known with the present knowledge. 
New and more extensive studies can be used such as opti-
mization of cultivation of cultures, expression of regulatory 
mechanisms of genes coding for enzymes, followed by the 
characterization of the physicochemical properties of these 
enzymes to evaluate the real potential of endophytic fungi 
as sources of industrially important enzymes.

Fig. 5   Predicted increase 
production of various industrial 
enzymes from the year 2020 to 
2027 based on the data provided 
by Allied Research Market 
(www.​allie​drese​archm​arket.​
com)

http://www.alliedresearchmarket.com
http://www.alliedresearchmarket.com
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Production cost is another factor that can be minimized 
by making enzyme mixtures. Many strains are genetically 
engineered to produce different enzymes, but identifying 
the target genes is still needed. From all of this, one can 
say there is a need for integrated approaches such as—(a) 
by developing methods for isolating the genes coding for 
the enzymes, (b) by designing advanced bioreactors for the 
production of enzymes, (c) by studying the molecular inter-
action between substrate and enzymes, (d) by optimizing 
combined biophysical, mathematical and enzymological 
approaches to enhance the production of the stable enzyme 
cost-effectively.

Industrially important enzymes are produced world-
wide by solid-state fermentation and submerged fermen-
tation techniques. The demand for enzymes is still on the 
top for various industrial processes, but there is vast scope 
for advancement in enzyme properties. There is a need to 
develop the pH and temperature stable enzyme production 
for various industrial applications. Enzymes independent of 
metal ions for their activities and do not affect the inhibitory 
agents are mostly desired for industrial applications. While 
optimizing the qualities of the enzyme, one must keep the 
consistency or improvement in the catalytic efficiency in 
mind. However, various enzyme immobilization techniques 
are there to develop reusability quality, but still, this is the 
major challenge. There is another big problem of enzyme 
specificity towards natural substrates.
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