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Entomopathogenic fungi are well-known biological control agents of insects that have broadly replaced
the chemicals used in biopesticides for agricultural purposes. The pathogenicity of entomopathogenic
fungi depends on the ability of its enzymatic equipment, consisting of lipases, proteases and chitinases,
which degrade the insect's integument. Additionally, the researchers studied the content of b-galacto-
sidase, -glutaminase, and catalase within entomopathogenic fungi. With highly focused investigations on
the use of enzymes for green technology, the group of entomopathogens are slowly gaining applications
in these areas, even as phytopathogenic fungi (disease originator). This brief review will serve as a
reference of the enzymes derived from entomopathogenic fungi and of their current and potential
applications.
Copyright © 2016, Far Eastern Federal University, Kangnam University, Dalian University of Technology,
Kokushikan University. Production and hosting by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The footprint of enzyme-mediated processes has been
observed even in ancient civilization. Today, of the approximately
4000 known enzymes, 200 enzymes are used commercially. Until
the 1960s, total annual sales of enzymes were only several million
dollars, but since then, the market has grown spectacularly [1,2].
Today, an increasing number of enzymes are produced affordably
as a result of a better understanding of production biochemistry,
bioprocess technologies, and protein engineering. Depending on
environmental factors such as pH and temperature, one particular
enzyme can catalyse different transformations, and as a result, the
commercial use of enzymes has continued to increase. Twelve
major producers along with 400 minor suppliers fulfil the in-
dustrial enzyme demand globally, but not many investigations
have been proposed on the development of robust lipase biore-
actor systems for commercial use [3]. Enzymes of fungal origin are
more preferable due to the easy removal of cells during down-
stream processing. In recent years, microorganisms have been
used as potential sources of industrially relevant enzymes,
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accelerating the interest in the study of extracellular enzymatic
activity in several microorganisms [4]. Many investigations and
studies have been focused on the discovery and characterization
of novel and naturally occurring enzymes from sources that have
been overlooked [5]. Searching for novel enzymes has renewed
the interest in enzyme profiles of fungal strains following isola-
tion from diverse and hitherto unexplored habitats. The ento-
mopathogenic fungi are considerably vary in terms of their
parasitic activity and virulence. The ability of a microorganism to
invade into a host is called its degree of pathogenicity, and the
ability to kill its host in controlled conditions is known as viru-
lence. Evolution has the greatest impact on the hostepathogen
relation. On the other hand, insects develop different strategies
through the course of evolution for defending themselves from
pathogens [5]. The fungi genera have showed evolutionary ad-
aptations that allow them to invade through the immune system
of insects to complete the infection process [6]. Recently new data
have been revealed about genetic evolution that is responsible for
the development of host resistance or pathogen virulence (shown
in Fig. 1). Apparently, entomopathogenic fungi double their genes
following replication; one copy of the replicated genes keeps the
original properties, while the other copies get evolutionarily
modified in respect to amino acids, stimulating a functional
divergence. These important adaptations carry forward its evo-
lution and persistence within the ecosystem, where the pathogen-
host interaction occurs [7].
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Fig. 1. Evolution of resistant fungi.
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The present review discusses the evolutionary journey of many
entomopathogenic microorganismswith variant enzymatic activity
of different enzymes.

2. Occurrence and biology of entomopathogenic fungi

In broad terms, entomopathogenic fungi have life cycles that
organise and adapt with insect-host stages and varying environ-
mental conditions. Species and sometimes isolates within a species
have been seen to behave differently depending on insect-host
range, infection levels, germination rates and optimum tempera-
ture [8e10]. Members from the family of entomopathogenic fungi
are generally considered to be opportunists that infect many spe-
cies, including a range of insects, and host death is due to toxin
production, which initiates defence responses [10,11]. Infection
does not get in theway of the insect feeding system andmovement,
but conidia penetrate through a cavity in the abdomen of infected
insects over a long period of time prior to death [8]. The families of
Entomophthorales have biotrophic relationships with host insects
following little or no saprophytism [11e14].

Entomopathogenic fungi are found amongst the families of
Zygomycota and Ascomycota and in the class of Hyphomycetes in
Deuteromycota [11], as well as in the families of Chytridiomycota
and Oomycota. It is important to cite that fungal infections occur in
other arthropods as well as insects and/or species that are not pests
for cultivated crops. The asexually produced fungal spores or con-
idia that are largely responsible for infection are dispersed
throughout the environment in which the insect hosts are present.
When conidia get attached to the cuticle of a suitable host, they
germinate following host recognition and activation of enzymatic
reactions of the host as well as those of the fungal parasite [11]. The
invasion of the insect body and circulatory system (hemolymph)
starts once the fungus has penetrated the cuticle of the external
insect skeleton. Structures and steps for the invasion of insect tis-
sues include the formation of germ tubes, appresoria and
penetration pegs [11]. The entomophthoralean fungi, with chitin-
uous walls resembling hyphal bodies, spread throughout the insect
by penetration and utilization of host nutrients, which causes death
of the host by physiological starvation 3e7 days after infection.
Some entomophthoralean species initially form round-shaped
protoplasts that either lack sugar residuesin the outer cell layers
or veil their presence to evade recognition by insect haemocytes
[8,11,15]. However, after the death of the insect host, the fungus has
been found to appear from the dead host, and sporulation occurs
outside the insect skeleton. Sporulation can occur internally when
ambient humidity hinders external sporulation. Metarhizium ani-
sopliae were seen to sporulate on the internal surfaces of the dried
out hosts. The attachment structures signify that fungi continue to
stay in the new hosts for subsequent transmission. Entomopatho-
genic fungi are found naturally; they can also be taken from the
external environment and can be cultured in the laboratory. For
example, the fungus Beauveria bassiana has been reported to exist
naturally in more than 700 species of hosts [16]. However, it is quiet
fortunate that B. bassiana is the most common natural host for
almost all major insect taxa found in generally temperate regions.
The fungal life cycle is defined by the infection of hosts, where the
fungi build up a large population after producing huge numbers of
conidia.

Entomopathogenic fungi play an important role in natural bio-
logical control agents for many insects and other arthropods and
frequently behave as epizootics that significantly decrease host
populations [17e20]. The significance of fungi in regulating the
insect population was noticed early in recorded history by the
ancient Chinese [10]. This was due to the existence of many natural
epizootics and their distinct symptoms related to fungus-induced
mortality [20,21]. Approximately 750 species of entomopatho-
genic fungi are known; among them, 85 genera have been found all
through the classes of fungi [10,20,22,23]. The most important
difference was observed in the method of infection; most ento-
mopathogens infect hosts through their gut (shown in Fig. 2).



Fig. 2. Fungal pathogenicity against insects.
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However, particular fungi belonging to the orders Hemiptera and
Homoptera typically enter the insect cuticle and therefore are the
most important pathogens identified to contaminate insects by
means of sucking mouthparts [10].

The life cycle of entomopathogenic fungi on the insect cuticle
begins with spore germination and penetration followed by
vigorous proliferation of fungal hyphae, which ultimately desiccate
the hosts, and continues with the production of infective spores
that can insert themselves immediately into the cuticle to repeat
the cycle, which requires a period of dormancy [24]. Adherence
processes involve both physical and chemical interactions [25].
Epicuticular compounds such as fatty acids, amino acids, and glu-
cosamines are assumed to play significant roles in regulating the
specificity and pathogenicity of entomopathogenic fungi [26e29].
Moisture conditions favour spore germination, and possibly re-
quires free water [30e33] in the absence of measureable precipi-
tation [30,34]. The penetration of the cuticle by entomopathogenic
fungi is accomplished by the development of the germ tube or by
the formation of appressoria [10,26]. The process of vegetative
reproduction in the insect haemocoel is common to most ento-
mopathogenic fungi [10] and is usually described by distinct yeast-
like structures or hyphal bodies. This type of growth allows the
entomopathogen to invade and spread out rapidly followed by
colonization of the host circulatory system and by increasing the
surface area of typical filamentous fungal mycelium inside the
nutrient medium. Several species from the order Entomophthor-
ales produce vegetative protoplasts (cells without cell walls) within
the haemocoel [35e37], which may help the pathogen detect the
host immune responses. The length of the incubation period varies
from species to species, and disease development during the
vegetative propagation stage is typically temperature-dependent
[18]. Fungi have been observed to elicit insect immune responses,
but it is not known with gradually decreasing the release of my-
coses [35,38,39]. According to the reported articles, both insects as
well as entomopathogenic fungi were observed to manufacture a
variety of proteases that degrade cuticle [40]. Smith and Grula, 1982
[28], also identified a wide range of trypsin, chymotrypsin, elas-
tases, collagenase and chymoelastase as being responsible for
cuticle degradation [35,39,41]. In this reviewwe have described the
reported enzymes responsible for fungal infections in insects.

2.1. Lipases

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are serine
hydrolases that are widely studied for their physiological and in-
dustrial potential. These enzymes help to catalyse the hydrolysis of
glycerol and long-chain fatty acids with synthesis of ester bonds.
The activities of lipases are triggered only when adsorbed to an
oilewater interface [42]. Since the 1980s, the charms of the bio-
catalyst properties of lipases have gained increasing demand in
industry [43]. Lipases are also extremely versatile because they can
catalyse numerous different reactions that are widely applied in
multiple industries, such as in dairy and food manufacture, in the
leather and detergent industries, in the production of cosmetics
and pharmaceuticals and in organic synthesis reactions, especially
reactions in non-aqueous media [44,45]. For example, in Brazil,
there are large quantities of fat wastes from vegetable oil refineries
that could be used as a carbon source in commercial lipase
production.

Microbial lipases are the major type of commercially produced
lipases. In recent years, studies on lipases, mainly of microbial
origin, have increased because of the great potential of lipases in
commercial fields. Secretion of fungal and bacterial lipases may be
linked to ease of nutrient absorption from external nutrient sour-
ces, whereas pathogenic microbes secrete lipases in order to invade
a new host. Fungi are one of the most important lipase sources for
industrial applications because fungal enzymes are usually secreted
extracellularly, simplifying the extraction from the fermentation
media [46]. Various kinds of insect plagues have been controlled
extensively by extracellular lipases produced by M. anisopliae, and
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for this reason, it has become the most studied filamentous ento-
mopathogen [47]. The type of lipase, along with the concentration
of carbon and nitrogen sources and temperature play a substantial
role in lipase production. In 2001, Sharma et al. described that
different microorganisms pose different physiologies for lipase
biosynthesis controlled by different regulating mechanisms [48].
Basically, lipase production in microorganisms is enhanced, and it
varies not only by the lipid source but also by its concentration
[49e51]. In experimental observations of Silva et al., the different
lipid sources that best induced lipase production in M. Anisopliae
were rice oil (4.46 ± 0.63 U/ml), soybean oil (4.26 ± 1.18 U/ml), olive
oil (4.25 ± 0.69 U/ml), sunflower oil (4.23 ± 0.34 U/ml), sesame oil
(3.51 ± 0.78 U/ml) and hydrogenated soybean fat (3.50 ± 1.00 U/ml)
[52].

The epicuticle, the external layer of the insect's cuticle, is hy-
drophobic in nature and acts as the first barrier against microbial
attack. A heterogeneous mix of lipids, long-chain alkenes, esters
and fatty acids is the main constituent of insect cuticle. Lipases are
responsible for the hydrolysis of ester bonds of lipoproteins, fats
and waxes found at the interior part of the insect integument [53].
They significantly penetrate the cuticle and initiate nutrient release
by breaking down the integument. The degradation of the epicu-
ticle is followed by the production of fungal protease (Pr1), which
degrades the proteinaceous material positioned in the procuticle
[54]. A defence mechanism of insects has been identified and
associated with the secretion of lactone B, which is responsible for
the inhibition of lypolytic activity, which impedes subsequent
entomopathogenic infection. Adhesion of the spores to the epicu-
ticle with the help of lipase is a mandatory pre-step that initiates
the degradation of fatty acids and alkenes in the cuticle waxy
surface.

There are two types of lipases (Lipases I and II) that have been
purified to homogeneity [55], using column chromatography on
DEAE-Toyopearl. Lipase I consists of two polypeptide chains [chain
A is small peptide in size, and it conjoins with a sugar moiety,
whereas chain B is a large peptide chain of 34 kDa molecular
weight]; Lipase II is a 30 kDa protein with a single polypeptide
chain [55]. It was reported by Ohnishi et al., that an Aspergillus
oryzae strain produced at least two kinds of extracellular lipolytic
enzymes, L1 and L2. It was found that Lipase L1, a monomeric
protein, has a molecular weight of 24 kDa, and it has the ability to
cleave all ester bonds present in triolein [56].

Germination of conidia of Nomuraearileyi fungus was exten-
sively enhanced when it was coupled with a lipase of 81.3 kDa
secreted by N. rileyi. It improved the mortality of Spodoptera litura
larvae [57]. Recently, cytochrome P450 monooxygenase (CYP52)
has also been identified, which is important for the alkenes and
insect epicuticle by breaking down the chain of hydrocarbons
[58]. In B. bassiana, the Bbcyp52x1 gene encoded the lipase activity
with an enzymatic complex known as CYP52X1. It has been
proved that an additional combined activity of u hydroxylase,
which is capable of adding terminal hydroxyl groups in fatty acids
and epoxides, is shown by CYP52X1 [59e61]. CYP52 fungal en-
zymes were found to be flexible; the presenting isoforms showed
different activities and specificities in relation to the kind of al-
kanes and/or fatty acids [62], offering a great advantage to the
entomopathogenic fungi to use these substrates as nutrients.
Moreover, epicuticle degradation by the Bbcyp52x1 gene cluster of
B. bassiana has been found during the initial stages of the infec-
tion. Nevertheless, after degradation of the cuticle, its role was no
longer required. For this reason, the breakdown of lipid substrates
by the entomopathogenic fungi occurs just at the time of cuticle
penetration [59]. In Metarhizium robertsii, the MrCYP52 gene
cluster from a cytochrome P450 subfamily has been recognised.
However, being different from other entomopathogenic fungi,
these fungi do not show fatty acids U-hydroxylation activity, and
alkanes are mainly oxidized by the terminal methyl group, where
the promoter region contains CREA sites, indicating that it is
regulated by catabolite repression [63]. Dwayne and George
showed that B. bassiana cultured in vitro produced lipase, but
production was not seen until the early stationary phase because
it was not induced until five days post-germination. In terms of an
in vivo function, lipase may not be important for penetration of
the integument, but it may be important for the next step of
growth within the insect haemocoel, which has a lipid composi-
tion of 1.5e5.5% (w/v). In vitro, lipase production was induced by
triglyceride substrates andwas not inhibited by fatty acids present
in the culture medium [64].

2.2. Proteases

Proteases build up a large group of hydrolytic enzymes that
cleave the peptide bonds of proteins and break them into small
peptides and amino acids. Since proteases play a role in almost
cellular functions, they are found in plants and animals, as well as in
microorganisms, including viruses. However, proteases are exten-
sively present in nature, and microbes also serve as a preferred
source of these enzymes [65]. If we take a brief view of the in-
dustrial enzymes, 75% are hydrolases and proteases from plant,
animal and microbe sources, and they account for approximately
60% of total enzyme sales. Proteases are the enzymes that are
considered as the most important for the infective process, and
these characteristics and the potential industrial demand for these
enzymes promote the production of these enzymes [66].

After the epicuticle has been broken down by lipases, the
invading fungi produce great quantities of Pr1 (serine-protease),
which degrades the proteinaceous material. On the other hand,
further degradation of solubilised proteins in to amino acids by
amino peptidases and exopeptidases is done to provide nutrients
for entomopathogenic fungi [67]. The most frequently studied
proteolytic enzymes are the subtilisin-like serine-protease Pr1 and
trypsin-like protease Pr2. The Pr1 gene is related to eleven isoforms
that have been identified and cloned, including a metallo protease
[68]. Themolecular structure of subtilisin-like protease Pr1 consists
of five cysteines forming two disulphide bridges, and the residual
cysteine was found near the catalytic triad made of Asp39, His69
and Ser224. The activities of Pr1 and Pr2 have been determined in
B. bassiana, M. anisopliae, Lecanicillium lecanni, Nomuraea rileyi and
Metarhizium flavoviride [69]. These proteases are secreted during
the first cuticle degradation stage, and they stimulate the signal
transduction mechanism by activating protein kinase A (PKA)
mediated by AMPc [70]. It has been validated that the extracellular
involvement of protease Pr1 in cuticle penetration is initialised by
the infection of the cuticle [66,71]. Additionally, protease Pr1 was
also found as a virulence indicator in entomopathogenic fungi [72].
High pathogenicity on Heliothusarmigera and cotton aphids has
been observed by locally isolated entomopathogenic fungi grown
on Sabouraud dextrose medium by laboratory bioassay methods.
These experiments were designed to check similarities at the level
of virulence-determining factors. VCP1 serine-like protease viru-
lence factors, which are pathogenic toward both Heliothus and
aphids, were grown in liquid medium at a large scale [73].

Recently, new strategies such as genetic engineering and many
protease recombination have been employed to improve the viru-
lence of entomopathogenic fungi. M. anisopliae has been trans-
formed experimentally with the introduction of gene aaIT. A
neurotoxin, regulated by the promoter of mcl1 and encoded by the
aaIT gene of the Androctonus australis corpion, was expressed in its
haemolymph [74]. Genetic modification of Beauveria bssiana has
been done through the co-transformation of Pr1 with the aaIT gene
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of A. australis. However, there was no synergistic effect observed
because protease Pr1 was seen to degrade the AAIT protein [75]. For
this reason, it was necessary to evaluate the interaction between
the two kinds of proteins and the precise stage at which they were
expressed. This meant, in order to degrade AAIT in the hymolymph,
Pr1A should be expressed at the first stage of the infection. It was
found that protease Pr1 could act in collaboration with chitinases
for the cuticle degradation. So, an attempt was taken to construct a
fused gene having both protease and chitinase activities. This
transformation showed that an evident time reduction has been
found in the insect's death, when the cdep1 gene encoded a prlA
homologue co-transformed with the Bbchit1 gene in B. bassiana
was compared to insect death due to non-protein breakdown [70].
In another case, cDNA of the protease gene CDEP was isolated from
B. bassiana and fused with the cry1Ac gene of Bacillus thuringiensis,
while the expression of the gene was regulated by the native pro-
moter of the fungus. This experiment improves the insecticide ac-
tivity over the Helicoverpa armigera larvae [76]. Of late, a Pr1
protease of 38 kDa that is highly homologous to serine protease
(subtilisin type) secreted by Lecanicillium (Verticillium) lecanii was
expressed following cloning into Escherichia coli; Pr1 protease
showed an antifungal activity against diverse phytopathogenic
fungi. This led to the exploiting entomopathogenic fungi to control
plant diseases [77].

According to Bagga et al., for any fungus, this is the highest
number of subtilisin that assures the cuticle degradation of insects
of different orders for its nutrition [78]. The analysis of three
entomopathogenic fungal genomes demonstrated that B. bassiana,
Cordycepsmilitaris andMetarhizium spp. independently evolved the
lineage. The genes of proteases and chitinases were expressed for
pathogenesis in these three types of entomopathogenic fungi and
showed similar evolutionary patterns [79,80]. Lecanicillium spp.
overcame the cuticle barrier of insects during the penetration
process with the help of Pr1 protease and its isoforms, which have
an advantage on the basis of regulation and substrate specificity
[81]. As a result, a relatively high number of isoforms of subtilisin in
M. anisopliae are identified by evolutionary similarities [78]. The
diversity in the isoforms offered entomopathogenic fungi an
advantage of being capable of infecting insects of different orders.

In the process of enzymatic degradation, the type of chymoe-
lastase serine protease Pr1 served as a major cuticle-degrading
enzyme because 70% of the cuticle was composed of protein. Pr1
has been reported to show considerable ability to degrade cuticle
[82], with a high concentration at the site of the penetration peg
[83,84]. The pathogenicity of V. Lecanii, which was related to
various characteristics of growth and enzymatic activities, was
marked by the production of extra cellular chitinases as well as high
germination and sporulation rates and was virulent against the
aphid Macrosiphoniella sanborni [85]. Verticillium lecanii also pro-
duced and diffused toxins with insecticidal properties [86,87]. M.
anisopliaewas also reported to release several extracellular cuticle-
degrading proteinases produced by PR1, a determinant of patho-
genicity. Paterson et al. reported that the proteinaceous compo-
nent(s) of insect cuticle was capable of inducing PR1 production
[88].

It was reported by Shiv Shankar et al., that Beauveria sp. that was
grown in glucose-yeast extract mediumwas supplemented with 2%
mustard seed cake at 28 �C, 180 rpm for 3e4 days produced pro-
tease, and the crude enzyme broth was used for purification. The
Beauveria sp. MTCC5184 secreted two alkaline proteases in the
crude culture filtrate, and the major protease, BAP (protease from
Beauveria sp. MTCC 5184), was purified to homogeneity. Specific
activity was determined to be highest in 40e50%, 50e60%, and
60e70% fractions of the ammonium sulphate precipitation process.
Unwanted proteins were removed by the precipitation of crude
broth at 0e40% in large-scale process purification, and further
precipitation of the supernatant at 40e70% was performed to
obtain partially purified protease. The partially obtained protease
was then subjected to carboxy methyl-cellulose column chroma-
tography, where the protease was tightly bound. Approximately
56% of the proteasewas eluted in un-adsorbed fractions, as they are
not bound to the matrix, while all the impurities bound to and
remained in the matrix. Therefore, after a final purification step
with a 10-fold purification, the specific activity of the protease
increased to 60.39 U/mg from 6.025 U/mg. A total yield of 38.6% for
purified protease was reported [65,89]. Similarly, protease from
B. bassiana was purified by 5-fold purification with a recovery of
22% [90].

Production of the proteases have also been carried out in bio-
reactors. Rao et al. composed an optimum medium for protease
production consisting of the following components (in%, w/v): 0.72
shrimp shell powder, 0.60 soy powder, 0.19 sucrose and 0.68 yeast
extract. Theoretical protease production, with applied methodol-
ogy, of 281.14 U/ml was observed in 7 days of cultivation. Further
studies were carried out in a 5 l stirred-tank and 30 l airlift bio-
reactors for production. In a 5-L stirred-tank bioreactor, maximum
protease activity of 238.77 U/ml was attained in 6 days of incuba-
tion when the aeration rate and agitation speed were controlled at
0.6 vvm and 150 rpm, respectively, whereas in a 30-L airlift
bioreactor, the maximum protease activity was 283.84 U/ml with
controlled an aeration rate of 0.9 vvm operated in bubble column
mode. It was observed that the enzyme activity attained in the 30-L
airlift bioreactor was close to that obtained from the shaker-flask
cultivation study (280.72 U/ml) in 5 days of cultivation [91]. Isaria
fumosoroseus isolate IF28.2 secretes extracellular proteases (Pr1
and Pr2), which were investigated as a function of carbon source
(with effect on diamondback moth cuticle). The supernatant con-
taining 1% glucose with 1% diamond backmoth cuticle presents the
highest level of Pr1 and Pr2 activity (18.83 ± 1.25 and
12.44 ± 1.36 U/mg/hr, respectively). When diamond back moth
cuticle was supplied as a nutrient source to depressed mycelia, the
maximum Pr1 production was observed in the supernatants.
Additionally, the maximum Pr2 activity of depressed mycelia has
been observed in the cultures containing chitin as the source of
basic nutrients [92].

2.3. Chitinases

Chitin is a combined polymer of b-1,4 N-acetyl glucosamine and
is one of the most abundant polymers in nature after cellulose [93].
It was considered the main structural component of fungal cellular
walls and of exoskeletons of invertebrates [94]. Chitinases hydro-
lyse the b-1,4 bonds of chitin polymer, producing a predominant N,
N0-diacetylchitobiose. This is carried out by the breakdown of N-
acetyl glucosamine (GlcNAc) monomer by chitobiose. Chitinases
are widely distributed in plants, bacteria, fungi, insects and verte-
brates [95]. They collaborate with proteases to degrade the insect's
cuticle [96] and are associated with different stages of the life cycle
(germination, hyphal growth, morphogenesis, nutrition and
defence against competitors) of entomopathogenic fungi [97]. The
genome of filamentous fungi contains chitinases responsible for
various physiological functions including: a) chitin degradation in
the fungal cellular walls or in the exoskeletons of arthropods used
as nutrient sources; b) remodelling of cell walls during hyphae
growth, branching, hyphae fusion, autolysis and competence; c)
also, protection from other fungi located in the same ecological
niche [97,98].

The chitinases are classified into GH (glycoside hydrolase)
families 18 and 19 [99,100]. GH (glycoside hydrolase) Families 18
and 19 have no difference in their three-dimensional structures and
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resemble chitinase classes III and V produced by bacteria, fungi,
virus, animals and plants [101]. The first molecular characterization
was made for chitinase from M. anisopliae and was the chit1 gene
[102]. A substantial homology has been found among Chit1, a
42 kDa protein, and chitinases of Aspergillus album and Trichoderma
harzianum. Moreover, the chit2 gene of M. anisopliae codes for a
42 kDa chitinase protein that is controlled by catabolic repression
[103]. The chit2 gene showed the same regulatory mechanism as
proteases (signal transduction) [104]. The analysis of the chit2 gene
expression profile indicated the presence of two different tran-
scripts from RNA splicing; these transcripts encode two different
proteins with different biological activities [105]. The expression of
chitinase coded by the chit3 gene of M. anisopliae is dependent on
the infection by Rhipicephalus (Boophilus) microplus tick [106]; it is
considered to have specialised exochitinase and endochitinase
enzymatic activities, both of which are involved in heat stress
adaptation [107]. It was also proved that with protease Pr1,
improved chitinase expression can be attempted through genetic
engineering. For example, the chit1 gene of M. anisopliae was over
expressed but with no increase in the virulence against Manduca
sexta [108]. An alteration in the spores, hyphae and appressorium
has been observed when a constitutive promoter is used for over-
expression of the chit2 gene of M. anisopliae [109]. Two types of
chitinases, chit1 and chit2 genes, were isolated and characterised
from L. lecanii [95]. A 40.9 kDa protein, coded by the chit1 gene, is
composed of two functional domains for catalytic activities posi-
tioned at the extreme N-terminal end and a chitin binding domain
(ChBD) found at the extreme C-terminal end. This gene was ho-
mologous to chitinases of Hypocrea lixii AAT37496, Coniothyrium
minitans and Aspergillus fumigatus. With a prominent homology to
the chitinases produced by Aphanocladium album, Verticillium fun-
gicola and B. bassiana, this chit2 gene consisted of the same catalytic
domain and ChBD sites. The Bbchit1 gene of B. bassiana coded for a
protein with a molecular weight of 33 kDa, and it was also ho-
mologous to T. harzianum and Streptomyces avermitilis MA-4680
chitinases [110]. Nonetheless, it was not similar to chitinases pro-
duced by other entomopathogenic fungi, and they indicated that
there were many differences among chitinases produced by these
fungi. Meanwhile, the Bbchit1 gene was demonstrated to contain
two ChBD binding sites; its chitinolytic activity increased by an
evolution process directed by the construction of a series of vari-
ants. The variants SHU-1 and SHU-2 showed maximum enzymatic
activity as result of the amino acid mutations outside of the cata-
lytic and substrate binding regions [111]. The virulence of
B. bassiana improved for silkworm mouth Bombyx mori with pro-
duction from a recombinant Bbchit1 gene, constructed by fusing the
Bbchit1 gene with the chitin binding domain (ChBD), under the
regulation of the promoter with overexpression of chitinase and
reducing the desiccation period of the infected insect [112]. After-
wards, a hybrid protein with the ability to increase the binding
capability of protease to chitin if insect cuticle has been obtained by
recombination of the ChBD fragment from B. mori with the CDEP-1
gene of B. bassianawas shown to have serine protease activity. This
recombinant strain showed increased pathogenicity over Myzus
persicae larvae due to the solubilization of protein components
during insect cuticle degradation [113].

Chitinases accomplished critical functions in their process of
growth and degradation of the fungal cell wall and insect cuticle,
with chitin being a major component of both. Fungal virulence is
often determined with the extracellular chitinases [114,115]. St
Leger et al., reported the production of chitinolytic enzymes, N-
acetyl-b-D-glucosaminidases and endochitinases, in M. anisopliae,
M. flavoviride, and B. bassiana when growth media was supple-
mented with insect cuticle. M. flavoviride also secreted 1,4-b-chi-
tobiosidases into the cuticle media. The chitinase fromM. anisopliae
comprised acidic proteins (pH 4.8) of 43.5 kDa and 45 kDa. Both
bands and their respective N-terminal sequences were identified
and found alike an endochitinase from T. harzianum [116].
Valadares-Inglis and Peberdy located significant induction of chi-
tinolytic enzymes in enzymatically produced protoplasts, but no
significant induction was observed from mycelia of M. anisopliae.
Mainly, cell-bound chitinolytic activity was found in mycelia and
protoplasts, but they show their activity in the membrane fraction
[117]. cDNA of chitinase from M. anisopliae was grown in chitin-
containing media as the sole carbon source [118]. The molecular
mass was determined to be approximately 60 kDa, and the opti-
mum pH was 5.0 [116]. The team investigated, cloned the chitinase
gene (chit1) from M. anisopliae sf. acridum ARSEFstrain324 in
M. anisopliae sf. anisopliae ARSEF strain 2575 (Chit1). Conversely,
M. anisopliae sf. anisopliae ARSEF strain 2575 (chit1) produced
chitinase earlier than the wildtype strain in chitin-containing me-
dium. They proposed the necessity of the development of soluble
chitin inducer following hydrolysis of chitin by chit1 for its pro-
duction. However, the overexpression of chitinase did not expose
any altered virulence toM. sexta, and this suggested that wild-type
levels of chitinase were not limited for cuticle penetration [119]. In
2003, the expression and characterization of the chitinase was re-
ported; it has a molecular weight of 42 kDa when produced by
M. anisopliae in E. coli using a bacteriophage T7 (promoter based
expression vector) [120]. Baratto et al. in their referred work, per-
formed transcriptional analysis of the chitinase chit2 gene of
M. anisopliae and showed that it has 1542 bp encoding 419 amino
acids. The gene was interrupted by two introns and contained a
signal peptide of 19 amino acids. It showed that CreA/Crel/Crr1-
binding domains aided the up and down regulation of transcrip-
tion of the chit2 gene by chitin and glucose, respectively [103]. It
was found that the extracellular constitutive chitin deacetylase
(CDA) produced byM. anisopliae converted chitin, a b-1,4-linked N-
acetylglucosamine polymer, into its deacetylated form of chitosan
(glucosamine polymer). Solubilised melanin generally cannot
inhibit CDA [121]. The upstream regulatory sequences of 33 KDa of
Bbchit1 was cloned based on the N-terminal amino acid sequence.
The Bbchit1, which is present as a single copy in the B. bassiana
genome, has no introns. CreA/Crel-binding elements are often
found in the regulatory sequence of Bbchit, which controls carbon
metabolism of fungi. A similarity was found among the amino acid
sequences of Bbchit11 and those of the endochitinases of S. aver-
mitilis, Streptomyces coelicolor, and T. harzianum (Chit36Y) [110].

2.3.1. Mechanisms of chitin degrading enzymes
Chitinolytic enzymes can be divided into N-acetylglucosa-

minidases and chitinases, which significantly differ in their
breakdown patterns. N-acetylglucosaminidases (EC 3.2.1.52)
catalyse the breakage of terminal, non-reducing N-acetylglu-
cosamine (GlcNAc) residues from chitin. In general, the highest
affinity of N-acetylglucosaminidases has been shown for N,N-
diacetylchitobiosedimier (GlcNAc)2, and they cleave it into two
monomers [122]. According to the CAZy classification reported
by Coutinho and Henrissat (Carbohydrate Active Enzymes
database) [123], N-acetylglucosaminidases belong to glycoside
hydrolase (GH) family 20. It is important that these enzymes
not be referred to as exochitinases, which is has been incorectly
reported in the literature. Chitinases (EC 3.2.1.14) are members
of GH families 18 and 19 and catalyse the hydrolysis of the b-1,4
linkages of chitin and chitooligomers, resulting in the release of
short-chain chitooligomers or monomers. GH families 18 and 19
do not share similar sequences; they have different three-
dimensional structures [101,124e126] and different catalytic
mechanisms. b-anomeric and a-anomers products were formed
catalytically by GH 18 chitinases (retaining mechanism) [127]
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and GH 19 chitinases (inverting mechanism) [128]. Further-
more, according to the cleavage patterns, chitinases can be
grouped into endo- and exochitinases. Endochitinases degrade
chitin from any point along the polymer chain, forming
randomly sized chains of monomers, whereas exochitinases
cleave from the end of the non-reducing chain and release
(GlcNAc)2 monomers. However, the enzymatic properties of
chitinases were observed to be more complex but also more
flexible than those reflected in the exochitinase andendochiti-
nase classification. Another classification of chitinases by
grouping them into processive and non-processive enzymes was
done by Serratia marcescens [129e131]. Processive chitinases do
not release from the enzyme-substrate complex after cleavage
hydrolysis, but slide into the next cleavage site through the
active site-tunnel. The presence of a carbohydrate binding
domain enhanced its ability to move to the next cleavage site.
Complete dissociation of enzyme from the enzyme-substrate
complex after hydrolysis has been observed in the case of
non-processive chitinases [129]. Chitinases were reported to
contain various carbohydrate-binding modules (CBMs) that
included different families of classically defined chitin- and
cellulose-binding domains due to their preferred affinity for
these carbohydrates [123]. Extensive data, classification and
applications of these CBMs made them vital. In general, there
are two mechanistic pathways for acid catalysed glycosyl hy-
drolysis that resulted in the following (schematic presentation
Fig. 3):

1. Retention of the stereochemistry of the anomeric oxygenat C-1
position relative to the initial configuration or,

2. Inversion of the stereochemistry [132]. The mechanism pro-
ceeded with protonation of b-(1,4) glycosidic oxygen, and this
lead to an oxocarbenium ion intermediate, which is also stabi-
lised by an external carboxylate through covalent or electro-
static interactions.Water catalyses the nucleophilic reaction and
generates hydrolysed products that retain the initial anomeric
configuration. This is usually referred to as the double
displacement mechanism. This resulted in the second most
frequently discussed hydrolysis system (single-displacement
reaction), with a water molecule that acts as a nucleophile.
Hydrolysed products that were generated by Family 18 chiti-
nases retained their anomeric configuration at the C-1 position.
However, the X-ray crystal structure of two family 18 chitinases
showed the absence of a second acidic residue in the active site
that is capable of stabilizing the oxocarbeniumion. Thus, no
consistency of the single- and the double-displacement mech-
anisms were observed with the structure and hydrolysed
products. Additional experimental and theoretical evidence
pointed to an oxazoline ion intermediate formed through a
chimaera assisted by the neighbouring N-acetyl group [132].

2.3.2. Chitinase production and purification
Microbial chitinase has been produced by techniques of liquid

batch fermentation, continuous fermentation, and fed-batch
fermentation. Moreover, solid-state fermentation, along with
biphasic cell systems, have also been used to produce chitinase.
Extracellular chitinase production has been reported to be influ-
enced by media components such as carbon sources, nitrogen
sources, and agricultural residues such as rice bran, wheat bran,
etc. [133,134]. The chitinase production was improved when
glucose was used with chitin in the production medium. In
contrast, Miyashita et al. reported that glucose has a suppressing
effect on chitinase production [135]. Several other physical fac-
tors, such as pH and temperature, also affected chitinase pro-
duction. Fungal chitinases were purified by different methods,
such as ion exchange chromatography, fractional ammonium
sulphate precipitation hydrophobic interaction chromatography,
gel filtration chromatography, chitin-affinity chromatography and
isoelectric focussing (IEF). From the value of fold purification of
different fungal chitinases, the value of most purified chitinases
was low [136e142]. This low value might be due to a synergistic
action of the different isoforms of chitin degradation in crude
supernatant and to the loss of chitinase activity during the puri-
fication progress [138]. Although many researches have been
carried out on the production and purification of chitinases from
fungi, the characterization of these enzymes has been limited to
few fungi. In mycoparasites, purification was mainly focused on
the chitinolytic system of T. harzianum. Several chitinases,
including endochitinases, chitobiosidases and N-acetyl-glucosa-
minidases, from T. harzianum have been purified [136,137,143].
The purification of chitinases from other mycoparasites, such as A.
album and Gliocladium virens [140], Fusarium chlamydosporum
[144], Trichothecium roseum [141], Stachybotry elegans [145], and
Talaromyces flavus [142] have also been reported. It has been
observed that N-acetyl-D-glucosaminidase, endochitinase, and
exochitinase are extensively produced by B. bassiana [110,146] and
M. anisopliae [118,147] and those enzymes are subsequently pu-
rified and characterised for greater purposes. In contract to
mycoparasitic fungi, among nematophagous fungi, only two chi-
tinases from Verticillium chlamydosporium and Verticillium
suchlasporium have been isolated with high purity and charac-
terised [148]. Recently, chitinases of thermophilic fungi have been
noticed for their thermostability, such as from Thermomyces
lanuginosus [149]. Purification of chitinases from Candidaalbicans,
Sacchromyces cerevisiae [150], and Trichoderma asperellum [151]
was also reported to lead to the economical production of
several useful products. Chitin and chitosan are the most abun-
dantly present polymers of fungal cell walls. Biochemical analysis
of chitin and chitosan provided specific information about their
structures and cytochemical localisation, which determined the
functional specialisation of these polymers. Benhamou and
Asselin used wheat germ agglutininegold complex and chitina-
seegold complex, as probes in order to detect GlcNAc residues in
the fungal secondary cell walls [152]. Barley chitosanase was
tagged with colloidal gold particles for the localization of chitosan
in the spore and in hyphal cell walls of fungi. This technique was
used to study the presence of chitosan in the cell walls of
Ophiostomaulmi and Aspergillus niger [153]. Gold-labelled chiti-
nase complexes have also been used for the immune cytochemical
and cytochemical localisation of chitin and N-acetyl-D-glucos-
amine residues in a biotrophic mycoparasite.

2.4. b-galactosidase

To study whole-cell permeabilisation, the b-galactosidase ac-
tivity in permeabilised blastospores was determined. Whole-cell
permeabilisation resulted in the ability to extrapolate the in vitro
enzyme concentrations to those found in vivo [154]. The method
was selected on the basis of microorganisms and their compati-
bility with the permeabilisation system. The whole-cell per-
meabilisation for in situ assays has been achieved with organic
solvents. The assay was performed by the chromogenic substrate
method of MacPherson and Khachatourians with modified BS
(blastospores) permeabilisation [155]. By using a solvent-based
method, permeabilisation of fungi was developed first in yeast. A
solution of toluene:ethanol was used as the permeabilising agent to
study the levels of nitratereductase, glucose-6-phosphatase, alka-
line/acid phosphatase, b-galactosidase, hexokinase and pyr-
uvatekinase in Saccharomyces cerevisiae and Candida albicans
[55,154,156e159]. Similarly, permeabilisation with a solution of



Fig. 3. The hydrolysis mechanism of displacement reaction proposed for the family 18 chitinase (Single displacement) and family 19 chitinase (Double displacement).
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toluene:ethanol has proved advantageous for in situ enzyme assays
of filamentous fungi [160]. Heating the cells in detergent solutions
of 1e2% (v/v) has also been reported. However, the use of alcohols,
antibiotics, detergents, ethylene diamine tetra acetic acid (EDTA)
and methods such as osmotic shock, and freezing and thawing had
also enabled in situ assays in yeast and filamentous fungi
[158,161,162]. Comparatively, permeabilisation methods based on
different cell treatments were recognized to be difficult because
eachmethod produced cells with different permeability alterations,
each of which were suitable under different conditions. b-
Galactosidase was partially purified from cell-free extracts of the
entomopathogenic fungus B. bassiana by ammonium sulphate
precipitation and CM-Sephadex chromatography followed by size
fractionation of pooled b-galactosidase on Sephadex G-150.
Enzyme activity was optimal at pH 6.6 to 7.0 at 50 �C, and rapidly
decreased during incubation at 60 �C. Non-denaturing poly-
acrylamide gel electrophoresis indicated that a single polypeptide
is responsible for b-galactosidase activity. The cations calcium or
zinc were required for activity in addition to phosphate and po-
tassium [163].
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2.5. Catalase

The ability of entomopathogenic fungi to infect insects was
found to be a complex process with variation in the expression of
many genes. Most of the genes that have been associated with
regulating host invasion and countering host defence have been
identified from the analysis of B. Bassiana-expressed sequence tags
[164,165]. Additionally, from EST (Express sequence tagging) anal-
ysis, cytochrome P450s have been identified as virulence-
determinant genes that hydrolyse complex lipid in insect epicu-
ticle [58,166]. However, proteases and chitinases have been the
main competitors for overexpression of virulencein B. bassiana,
whereas the contributions of catalases for the infection process in
B. bassiana remain unknown. Thus, a PCR-based suppression
hybridisation technique (PCR-SSH) was used to determine differ-
ential gene expression patterns during a 2-h infection period of
Spodoptera exigua larvae with B. bassiana BCC2659. It was shown
that death of the host required 3e8 days, which represented an
initial contact period of those genes up-regulated during the first
interaction with the host. The catalase gene (catE7) and ten other
genes were found to be up-regulated within 2 h, and these results
were confirmed by RT-PCR. After catalases were activated by stress
and detoxification, the full-length catE7 gene of B. bassiana was
cloned. The hyper-expression of BbcatE7 was examined by the
insecticidal activity of the fungus. Under control of the constitutive
G-protein domain promoter, BbcatE7 was transformed into wild-
type B. bassiana. Transgenic B. bassiana strains over expressed
catE7 and germinated faster than the wild-type, and insect bio-
assays revealed increased virulence. Meanwhile, the BbcatE7 over
expressed strains were no more resistant than the wild-type to
hydrogen peroxide stress. Among the set of up-regulated genes
identified in this study, the catalase gene was considered to have a
potential role in the pathogenic process and was chosen for further
study [167].

Catalases are important for the virulence activity of plant
pathogenic fungi. Catalases might respond to oxidative and other
stresses, as well as participate in the remediation of toxic me-
tabolites. Furthermore, bioinformatic analysis of BbcatE7 and its
protein product suggests that it encodes a peroxisomal catalase
enzyme. Such enzymes have been implicated as a virulence fac-
tors in B. bassiana cultivated in insect-like hydrocarbons, where
B. bassiana showed increased catalase activity in peroxisomes,
where lipids are degraded (b-oxidation) [61]. The experiments
indicated that transgenic B. bassiana increased catalase
(Bb::BbCatE7-2) activity relatively modestly by two fold; never-
theless, the transgenic B. bassiana displayed more toxicity for in-
sects than the wild type. In addition, Bb::BbcatE7 strains
germinated faster on PDA (Potato dextrose agar) media as well as
on PDA containing H2O2 than the wildtype. The overall vegetative
growth of the strains was similar in the presence and absence of
H2O2 in media. The mechanism behind such an effect may be
because increased catalase activity helped the conidia to over-
come the hyper-oxidant stage faster than in the normal germi-
nation process [168]. It was assumed that catalase activity
eliminated ROS (reactive oxygen species) and other host-derived
toxins present on the cuticle when fungi invaded insect tissues
and the haemoceol, and insects responded by production of
hydrogen peroxide [169] and other reactive oxygen species when
haemocytes phagocytosed the invaded fungi [170]. Catalase ac-
tivity might also reduce insect defence capabilities, such as
melanisation. Chantasingh et al. concluded that there was a
relatively small increase in catalase activity (two-fold) that
increased the efficacy of B. bassiana to target insect hosts. This
reported result was used to screen for catalase in over expressed
strains or for the more effective genetically engineered strains.
Catalase activity was combined with other virulence de-
terminants, including protease and chitinase activities, whose
overexpression was known to increase the virulence of entomo-
pathogenic fungi. Finally, additional catalase genes were found
within B. Bassiana, and an investigation into their roles in fungal
development and virulence was warranted [167].

2.6. L-Glutaminase

The use of nutritionally inert materials for solid state fermen-
tation (SSF) makes it possible to accurately design media, to
monitor process parameters and to develop scale-up strategies and
various engineering aspects that ease the conventional SSF that
uses organic solid substrates such as wheat bran [171]. This pro-
vides a homogenous aerobic condition to the medium throughout
the fermenter and will not contribute impurities to the fermenta-
tion product [172]. It was reported earlier that polystyrene, a
commercially available insulating and packaging material could be
used as an inert solid media for the study of L-glutaminase activity
in marine Vibrio costicola under SSF [173,174], while ion exchange
resins and polyurethane foam have been used as inert carriers for
SSF with fungi. In the present study, we evaluated the potential of
Beauveria sp., an alkalophilic and salt-tolerant fungus that was
isolated from marine sediment [175], for L-glutaminase, an exo-
zyme product, using polystyrene as solid support under solid state
fermentation. Hence, initially the various process parameters were
optimized to deliver efficient L-glutaminase production by Beau-
veria sp. under solid state fermentation conditions. Enzyme pro-
duction increased along with an increase in moisture content from
15.21 U/ml at 60% (v:w) to a maximum of 32.17 U/ml at 80% (v:w)
[176]. Two optimal pH conditions were observed; at 27 �C, efficient
L-glutaminase production that favoured high enzyme yield was
observed at pH 6.0 (23.37 U/ml) and at pH 9.0 (23.96 U/ml). Most
microbial extracellular enzymes were produced at high levels at a
growth pH that is close to the optimal pH required for the maximal
enzyme activity [177]. Incubation at 27 �C at pH 9.0, enhanced
enzyme production (32.17 U/ml) compared to other temperatures
considered. Nevertheless, a considerable level of enzyme produc-
tion was obtained under other pH and temperature conditions.
These factors are largely characteristic of the organism and vary for
each species [178].

3. Molecular regulation of enzymes

Almost all lipases showed common structural architecture in a
single protein domain. Exceptions were found in lipases from
higher eukaryotes with complex functions, interaction molecular
interactions and regulation. The genes encoding specific metabolic
processes of lipases were found to be tightly regulated. The
expression of lipolytic proteins was often seen to be induced and
modulated by several parameters. The regulation of gene expres-
sion of lipase isoenzymes varied between enzymes isolated from
different source organisms, and these lipases were encoded by a
family of analogous genes. Usually, protein isoforms are closely
related in sequence and biochemical features but are not identical,
and differences can affect catalytic functions. Although there are
variations in primary sequences, all lipases display the same
structural architecture, the a/b hydrolase fold, with identical cata-
lytic machineries. Lipases of known 3D structure are currently
classified [179] into 7 families based on the elements of the basic
fold: acetylcholinesterase-like, gastric lipase, lipase, fungal lipase,
bacterial lipase, pancreatic lipase N-terminal domain, and cutinase-
like. In a/b hydrolase, the active site has a catalytic triad that
comprises a nucleophile, an acidic residue and a histidine [180]. The
substrate hydrolysis follows a two-step mechanism. The active
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serine acts as nucleophile enhanced by a proton transferred to the
catalytic histidine with the formation of an ester bond. A tetrahe-
dral intermediate was formed, and it carried a negative charge on
the carbonyl oxygen atom and stabilised NH groups through
hydrogen bonding. The proton on the histidine was transferred to
the oxygen of the ester bond that cleaved and formed a covalent
intermediate with the fatty acid from the substrate that was
esterified to serine. The second step of the reaction was carried out
by deacylation of the enzyme that hydrolysed the covalent inter-
mediate. The proton was transferred from water to the active site
serine and formed a hydroxide ion that attacked the carbonyl car-
bon atom in the covalently bonded substrateeenzyme intermedi-
ate. Further, the negatively charged tetrahedral intermediate
became stabilized by hydrogen bonds to the oxyanion hole. Finally,
histidine donated a proton to the oxygen atom of the active serine,
and the acyl component was released [181].

All proteases catalyse the addition of water across amide (and
ester) bonds, which are cleaved by a nucleophilic reaction on the
carbonyl carbon of the covalent bond, which is easily broken by the
enzyme. The exact mechanisms involved for cleavage and active
site substituents vary widely for different protease subtypes. This
provided the classification of proteases into serine proteases,
cysteine proteases, metalloproteases, etc. [182]. Nevertheless, the
substrate specificities for different proteases are diverse aspects of
physiological activity; they all recognise internal peptide bonds or
those of residues at the NH2 or COOH terminus of the molecule, as
well as residues at other amino- or carboxyltermi of the side chains
of the bond to be cleaved. Proteases digested long protein chains
into shorter fragments by breaking down the peptide bonds that
link amino acid residues [183]. Proteases catalyse by one of two
mechanisms: 1) Aspartic, glutamic and metallo proteases activate a
water molecule, which hydrolyses the peptide bond with a nucle-
ophilic reaction; 2) serine, threonine and cysteine proteases use the
acatalytic triad. This residue covalently links protease to the sub-
strate protein by a nucleophilic attack and releases the first half of
the product. Furthermore, this covalent acyl-enzyme intermediate
is hydrolysed to complete catalysis by releasing the second half of
the product and the free enzyme [184].

Chitinase production by fungi is inducible in nature, and chiti-
nase activities are generally detected when the fungi are grown in a
chitin-containing medium [136,138,140,143,145]. It has been re-
ported that chitinase gene expression in fungi is controlled by a
Fig. 4. Crystallography structure of (a) Catalase (EC 1.11.1.6); superfamily 7, (b) Protease (EC 3
(triacylglycerolacyl hydrolases, EC 3.1.1.3) built on an alpha/beta hydrolase fold and employ
Computational structure prediction of Beauveria bassiana (AHA93892.1.), (f) L-Glutaminase
repressor/inducer system, in which chitin or other products of
degradation (such as N-acetyl-b-glucosamine) act as inducers, and
glucose or easily metabolised carbon sources act as repressors. The
regulation of chitinase genes ech42 of T. harzianum (encoding
42 kDa endochitinase), chit36 (encoding a 36 kDa endochitinase),
chit33 (encoding a 33 kDa endochitinase) and nag1 (encoding N-
acetyl-b- glucosaminidase) was studied in detail. The four genes
were induced by fungal cell walls, colloidal chitin or in the absence
of a carbon source [185,186], whereas the presence of high con-
centrations of glucose or glycerol inhibited their expression.
Further studies showed that ech42 gene transcription was also
induced by physiological factors, such as low temperature and high
osmotic pressure. Again, the mechanism for the regulation of nag1
expression in T. harzianum was observed; it was induced by chito-
oligosaccharides of low molecular weight and by its own cata-
bolic products (GlcNAc) [187].

The chit33 gene of T. harzianum was reported to be strongly
repressed in the presence of glucose and expressed when absent
[188]. In addition, the N-acetyl-glucosaminidase of Trichoderma
atroviride was essential for the induction of ech42 by chitin, but
chit42 was not induced by chitin in a mutant that did not express
the gene nag1 [189]. Glucose repression was studied as a common
phenomenon in the regulation of fungal chitinase genes, and it is
now better understood (Fig. 4).

4. Applications

The applications of enzymes from entomopathogenic fungi are
wide-spread due their natural origin, their high specificity of action
and their generally non-toxic nature. They work best under mild
conditions of moderate temperature and near neutral pH and are
also easily inactivated when the reaction has gone as far as desired.
The following table (Table 1) shows a collection of different ento-
mopathogenic fungi and the enzymes they produce.

Lipases are applied in organic chemical processing, in detergent
processing, in the synthesis of biosurfactants, in the oleochemical
industry, in the dairy industry, in the agrochemical industry, and in
pharmaceutical processing. The required properties of lipases are
already available, and continued efforts are still underway for
commercializing biotransformation and synthesis [190]. Lipases
used in detergents were found to be thermostable and remained
active in the alkaline environment. The lipases were not often used
.4.22.44) with complexes of peptide substrate and active site triad residues, (c) Lipases
ed catalytic triad, (d) b-galactosidase (EC 3.2.1.23) each unit consists of 5 domains, (e)
(3.5.1.2) dimeric structure.



Table 1
List of entomopathogenic fungi with corresponding enzymes.

Enzymes Entomopathogenic fungi

Lipase Fusarium oxysporum, Metarhizium anisopliae, Aspergillus
flavus, Beauveria bassiana

Protease Metarhizium anisopliae, Beauveria bassiana, Verticilium
lecanii, Paecilomyces fumsoroseus, Isaria fumsoroseus,
Tolypocladium niveum

Chitinase Trichoderma atroviride, Trichoderma harzianum, Tichoderma
virens, Metarhizium anisopliae, Beauveria bassiana, Nomurae
rileyi, Aschersonia aleyrodis, Verticillium lecanii, Isaria
fmosorosea

b-galactosidase Aspergillus spp., Aspergillus foelidis, Beauveria bassiana,
Aspergillus fonsecaeus, Aspergillus oryzae, Auerobasidium
pullulans, Curvularia inequalis, Fusarium monilliforme,
Metarhizium anisopliae, Metarhizium robertsii

Catalase Lecanicillium muscarium, Fusarium oxysporum, Verticillum
dahlia, Aspergillus phoenicis

L-glutaminase Beauveria bassiana, Trichoderma koningii, Aspergillus flavus,
Acremonium forcatum, Aspergillus wentii MTCC 1901,
Trichoderma harzianum
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in oleochemical transformations [191] where g-linolenic acid is
processed, a polyunsaturated fatty acid (PUFA), or where others like
astaxanthine (food colourant), methyl ketones (for flavoured mol-
ecules of blue cheese), and 4-hydroxydecanoic acid (fruit flavour)
are processed [191]. Additionally, lipid esters were modified,
including isopropyl myristate used in cosmetics, and mono-
glycerides were used as emulsifiers in food and pharmaceutical
applications. Chiral and anti-inflammatory features in lipases have
raised the importance and demand of these enzymes in efficient
methods of biological activity [191,192].

Chitinases are mostly isolated from bacterial and fungal sour-
ces. They are generally suggested for use as agents for the bio-
logical protection of crops. Chitinolytic enzymes can be used as
supplements for chemical fungicides from bacterial sources and as
pesticides from fungal sources to increase their effectiveness
against pathogens and to reduce the concentrations of these
harmful chemicals [94,100]. Since chitinases are biodegradable
and antifungal, they are also useful for environmental and agri-
cultural uses, food technology and cosmetics. Chitin present in the
solid waste from shellfish was converted to single-cell protein by
chitinolytic enzymes. The breakdown of chitin by chitinase pro-
duced GlcNAc, chitooligosaccharides, and glucosamine, which has
a very essential role in pharmaceuticals and acts against allergic
inflammation [193]. NAG, the monomer obtained from the
cleavage of chitin, is used in the manufacture of food products
such as sweeteners, growth factors, chemicals, and pharmaceu-
tical intermediates [194].

L-glutaminase (L-glutamine amidohydrolase EC3.5.1.2) has
gained attention for its potential as an anticancer agent and as a
flavour-enhancing agent in the food industry. It increased the glu-
tamic acid content of the food, thereby imparting flavour [195].
Salt-tolerant and heat-stable L-glutaminase increased its efficiency
and demand in the food industry [196]. The commercial impor-
tance of L-glutaminase stipulates the search for better-yielding
viable source strains as well as economically viable bioprocesses
for the large-scale production of the enzyme [173].

The selection of the appropriate protease complex by trial and
error methods is necessary for specific applications. With the
proper selection of enzymes, either limited proteolysis or complete
hydrolysis of most proteins to amino acids could be obtained. Mi-
crobial proteolytic enzymes from different fungi and bacteria are
available. With few exceptions, most fungal proteases tolerate and
act effectively over a wide pH 4.0e8.0. Fungal protease has been
used for centuries in the production of soy sauce and tamari sauce
[197]. For industrial applications, microbial proteases are extracted
from growth medium. One of the largest usages of fungal protease
is in baking bread and crackers [198]. Cereal foods were treated
with proteolytic enzymes, where proteins got modified and resul-
ted in better processing and improved product handling and also
increased their drying capacity. Proteolytic enzymes are basically
used for tenderizing meats and animal casings for processed meats.
Pharmaceutical and clinical applications of fungal proteases include
their usage for digestive aids [199].

Catalases, essentially free of other enzymes, are obtained from
fungal sources and are readily used for cold-sterilisation of milk for
cheese processing [200]. Further, hydrogen peroxide is added to the
milk to sterilise it, and catalase was used to remove the residual
hydrogen peroxide before further processing the milk into cheese.

b-galactosidase is one of the significant enzymes used in food
processing, offering nutritional, technological, and environmental
applications [201]. Immobilizing enzyme allowed for enzyme
reutilisation and resulted in increased activity in suitable micro-
environments. The optimum pH range for the entomopathogenic
fungal enzymeswas determined to be 6.6e7.0 for processing of acid
whey and its ultrafiltration permeate [155]. The immobilized
enzyme showed up to 99% hydrolysis, and thus, it could be applied
successfully for the hydrolysis of lactose in milk or whey. On the
other side, thermostable enzymes have the unique ability to retain
their activities at higher temperatures for consistent periods [163].
Thus, cold-active and thermostable enzymes have great potential
and have drawn the attention of researchers.

5. Conclusions and perspective

The enzymes described in this review take part in a wide range
of physiological processes, including morphogenesis, pathogenesis,
parasitism, growth regulation, and immunity. The rapid advances
in different techniques and interdisciplinary approaches will pref-
erentially enable us in the next few years to further extend our
knowledge about this group of enzymes and their versatile func-
tions. The application of different molecular biology techniques has
allowed us to identify and understand the functions of lipases,
proteases, chitinases, b-galactosidases, catalases and L-glutamin-
ases in the infective process of entomopathogenic fungi. Even
though there are prolonged disagreements regarding the action
sequence and importance of several enzymes, in the last few years,
it has been shown that these enzymes regulate several infective
processes and that their function as control agents are seldom
considered. This fact has provided researchers in the field of
biotechnology with an opportunity to implement bioprocess en-
gineering for large-scale production of these enzymes along with
strategies to establish applications for the enzymatic extracts, as
well as possible applications as fungicides in the environment
based on green technology.
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