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Abstract — Thermophilic fungal cellulases are promising enzymes play remarkable functional role in the industrial production
of biofuel, detergent and textile, pulp and paper. Fungi are the most robust specie among all organisms having the ability of
cellulases production, while most of them cannot tolerate to high temperature. A kind of newly discovered fungi, thermophilic
fungi are the only well studied eukaryotes that can tolerate and stably cultivate at temperatures over 45°C. On behalf of these
characteristics thermophilic fungi have been received mounting interest and their thermostable enzymes are much warranted.
In the recent years, thermophilic cellulases have significant development in many features, such as components purification
and characterization of the cellulases, perception of the degradation mode of cellulose, cloning and expression of cellulase
genes, finding out the designs and shapes of cellulase components, enhancing the characteristics of cellulases through fusion
and mutation processes , considering associations in the structure and function of cellulases and showing the industrial
potential of cellulases. Pichia pastoris a methylotrophic yeast is an extensively exploited expression system for the
heterologous enzymes production. With numerous beneficial characteristics such as growth to high cell density and high
competence for enzymes secretion has emerged P. pastoris a promising expression host, besides P. pastoris provides a
strong, methanol inducible promoter of the alcohol oxidase 1 (AOX1) gene used in the expression host to enhance the
utility of expression system. This review illustrates heterologous expression of highly thermostable fungal cellulases especially
focused on thermophilic endoglucanases, cellobiohydrolases and S-glucosidases in P. pastoris.
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1. Introduction intensive process [4]. Hemicellulose is a heterogeneous
group of branched and linear polysaccharides, consisting
mainly of D-xylose, and D-mannose, and a number of
substituted sugars [5]. Both cellulose and hemicellulose
can be hydrolyzed into simple sugars which may be then
fermented to ethanol.

Cellulases have been commercially available for
more than 30 years, and these enzymes have
represented a target for both academic as well as
industrial research [6, 7]. Moreover, cellulases are gaining
more and more interest for agriculture, biotechnology and
bioenergy uses [8], especially in the utilization of
cellulosic biomass for the production of renewable liquid
biofuels like ethanol, butanol or other fermentative
products of sugar. With such uses, cellulases have the
potential to become the largest group of industrially used
enzymes worldwide [9].Cellulases are derived from
certain fungi and bacteria, which are often difficult to
culture on an industrial scale. Accordingly, methods to
recombinantly express important cellulases and other

Cellulose is one of the main components of plant cell
wall material and is the most abundant and renewable non
fossil carbon source on the Earth. Degradation of
cellulose to its constituent monosaccharides has
attracted considerable attention for the production of
food and biofuels [1]. Most plant cell walls are composed
of approx. 15-40 % cellulose, 10-30 % hemicellulose and
pectin, and 5-20 9% lignin [2]. Recalcitrance of
lignocellulosic biomass is related to its complex chemical
composition (lignin, hemicelluloses and acetyl groups) and
the physical features (cellulose crystallinity and degree of
polymerization) of the plant cell wall [3]. The principal
framework of cellulose consists of anhydroglucopyranose
molecules connected by b-1,4-glycosidic linkages. The
complexity of strong intra- and intermolecular hydrogen
bonding found in cellulose results in the formation of
microfibrillar chains which play an important role in
recalcitrance of biomass and make its hydrolysis a cost
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glycosyl hydrolase (GH) enzymes are under serious
investigation. Cellulolytic enzymes are widespread in
nature and are found in plants, insects, bacteria and fungi
[10-12].

Fungi are important organisms for degradation of plant
material in nature. It is well known that fungi produce
copious amounts of cellulases [13]; cellobiohydrolases
account for nearly 70 % (w/w) of secreted proteins and
enzymes in cellulolytic fungi, followed by endoglucanases
(~20 % wiw), while hemicellulases account for only less
than <1 % of total weight of the secreted proteins
[13].Thermophilic fungi are species that grow at a
maximum temperature of 50°C or above, and a minimum
of 20°C or above [14]. Based on their habitat, thermophilic
fungi have received significant attention in recent years as
a source of new thermostable enzymes for use in many
biotechnological  applications,  including  biomass
degradation. Thermophilic cellulases are key enzymes for
efficient biomass degradation.

Pichia pastoris (Komagataella phaffii) has emerged as
an alternative host system for the heterologous expression
of desired enzymes and proteins[15]. In contrast to other
expression host, P. pastoris secretes endogenous
cellulolytic enzymes in very low quantities[16]. A well-
organized secretion tools and the relative simplicity of
getting high dry cell weights >100 g/L through bioreactor
fermentation make P. pastoris a popular alternative
expression host for enzymes and proteins both at industrial
and laboratory levels[17]. Despite the fact that P. pastoris
is beneficial expression system for the heterologous
expression of proteins[18] still there exist a room for
betterment on transcriptional[19, 20] and posttranslational
level[21, 22]. The optimization of gene and expression of
enzyme can be determined on a transcriptional level
through changing copy numbers of the integrated
expression cassettes also by promoter selection[22, 23]. As
yet highly methanol inducible promoter pAOX1 and, to a
certain degree, the constitutive promoter pGAP are largely
employed for enzymes and proteins heterologous
expression in P. pastoris[18].

This review concerns basic research on highly
thermostable fungal cellulases more specially discussed
thermophilic endoglucanases, cellobiohydrolases and p-
glucosidases, synergism among cellulases and their
heterologouse expression in expression host P.Pestoris.
The main thermostable cellulase producing organisms and
their thermostable cellulases are also described.

2.  Thermostable fungal cellulase-producing
fungi

Thermophilic organisms can be classified as those
organisms with an optimal growth temperature between 45
°C and 80 °C , hyperthermophiles are those with an
optimum growth temperature above 80 C, and mesophiles
are those that grow optimally below 45 °C [24].
Thermophily is common in bacteria and Archaea, whereas
hyperthermophiles are mainly confined to the Archaea.
Only a small fraction of the estimated 600 000 fungi [25]
is considered to be thermophilic and no fungus has been
described as  hyperthermophilic.  Most  reported
thermophilic fungi have been placed into the Sordariales,
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Eurotiales, and Mucorales [26]. However, [27] described
the existence of two thermophilic isolates of
Basidiomycota. Thermophilic fungi are of special interest
for biomass conversion applications since they are
potential sources of thermostable enzymes. The
advantages of biomass conversion at high temperatures
include higher reaction rates, enhanced mass transfer,
lowered substrate viscosity, and reduced risk of
contamination [28]. At least some thermophilic fungi
possess cellulose-degrading capacities that are higher than
those of mesophilic reference species [26]. The screening
of thermophilic fungi and other thermophilic organisms for
improved enzyme varieties may contribute to lowering the
costs of enzyme preparations [29].

Cellulolytic enzymes belong to the O-glycosyl
hydrolase (GH) family of the International Union of
Biochemistry and Molecular Biology, which classifies
enzymes based on the type of chemical reaction they
catalyze. Members of the GH families hydrolyze the
glycosidic bond between two or more carbohydrates, or
between a carbohydrate and noncarbohydrate molecule.
The enzymes are further classified into subfamilies based
on their substrate specificities. Cellulases have been
classified into three distinct classes, which complete the
hydrolysis of cellulosic materials [30]. Endoglucanases
(EGs) are endo-acting enzymes that hydrolyze the internal
p-1,4-glycosidic bonds of amorphous cellulose chains.
cellobiohydrolases (CBHs) are exoacting enzymes that
cleave $-1,4-glycosidic bonds from the free chain ends in
the crystalline regions of cellulose, producing mainly
cellobiose but also cello-oligosaccharides as end products.
CBHs are very important in cellulose degradation because
they solubilize the insoluble crystalline regions of
cellulose efficiently. The third class of enzymes is
constituted by the p-Glucosidase (f-1,4-D-glucoside
glucohydrolase EC 3.2.1.21) and these work in synergy
with the CBHs and EGs to hydrolyze glucose oligomers
and cellobiose to form monomeric glucose via breaking
the p-glucosidic bonds between aryl or alkyl and
saccharide groups. Cellobiose, however, is a strong
inhibitor of both cellobiohydrolases and endocellulases,
but the action of g-glucosidase can reduce its effect. In
addition, the glucose produced also inhibits cellulolysis,
albeit to a lesser extent [31-33].

Their microscopic studies clearly reveals that, 15-45
glucan chain forming a recalcitrant microfibril structure,
while fusing poly microfibril forming structure of
macrofibril/cellulose fibril [34]. There are some forces
concerning with stability and recalcitrance of cellulose
crystalline structure such as hydrogen bonding (intra-
chain, inter-chain and inter-sheet) and Vander Waals
forces (inter-sheet) [35]. Recalcitrance is regarded to be
the chokepoint to exploiting biomass in the production
of biofuels [36], which will assist to lessen our
reliance on fossil energy resources. The high molecular
weight and well ordered tertiary structure of cellulosic
biomass created big hurdles to their solublization in water.
Even though starchy energy resources need temperatures
of only 60-70°C to be transformed from crystalline form
into amorphous, cellulose have need of 320°C and a
pressure of 25 MPa to modify from the firm crystalline



S. Kamal et al. / IIBMSP, Vol. 7, No. 2, pp. 43-57, December 2017

structure to an amorphous structure in water [37].

The high cost of the fungal cellulase mixtures that are
commonly employed in biomass-to-biofuel conversion
processes is one of the major limitations to achieving
economically viable production of transportation fuel from
inedible plant matter. The operating costs of cellulase
treatments can be reduced by improving the
thermostability of these enzyme mixtures [38].This high
temperature stability is an important asset for industrial
use. For example, it has been shown that a mixture of
thermostable cellulases exhibits high lignocellulose
degrading capacity with a temperature optimum of 65°C
[38].In addition to stability, properties such as specific
activity, pH dependence, product inhibition and productive
versus non-productive adsorption on solid substrate
surfaces all contribute to the overall performance of a
cellulose mixture [39].

Fungi are important organisms for degradation of plant
material in nature. They achieve this by means of secreted
enzymes that are stable even under harsh environmental
conditions. These same properties make the fungal
enzymes suitable for industrial use. Thermophilic fungi are
species that grow at a maximum temperature of 50°C or
above, and a minimum of 20°C or above [14].
Thermophilic fungi are typically found in compost, wood
chip piles, stored grains, animal dung and other
environments that are self-heating due to degradation of
plant materials [40]. Recent studies have documented the
superior performance of cellulases from thermophilic
fungi relative to their mesophilic counterparts in laboratory
scale biomass conversion processes [38, 41], where
enhanced stability leads to retention of activity over longer
periods of time at both moderate and elevated
temperatures. Based on their habitat, thermophilic fungi
have received significant attention in recent years as a
source of new thermostable enzymes for use in many
biotechnological  applications,  including  biomass
degradation. Thermophilic cellulases are key enzymes for
efficient biomass degradation. A numbers of thermophilic
fungi have been isolated in recent years and the cellulases
produced by these eukaryotic microorganisms have been
purified and characterized at both structural and functional
level.

Two forms of cellobiohydrolase 1 (CBH |, Cel7A)
were purified from the culture ultrafiltrate of a mutant
strain of the fungus Chrysosporium lucknowense, with
different molecular masses 52 and 65 kDa but the same pl
(4.5). Both enzymes displayed maximum activity at pH
5.0-5.5; they had similar specific activities against soluble
substrates. However, the 65 kDa CBH | was much more
efficient in hydrolysis of Avicel and cotton cellulose, and
its adsorption ability on Avicel was notably higher in
comparison to the 52 kDa enzyme. Both enzymes were
stable at 50 °C for 24 h. At higher temperature, the 65 kDa
enzyme showed better thermostability: it retained >90% of
activity after 7 h at 60 °C and 50% of activity after 3 h at
65 °C[42]. Thermophilic fungus Thermoascus aurantiacus
of order Eurotiales has been studied intensively. It grows
readily on cellulose [43] and produces thermostable
cellulases and other enzymes [44, 45]. A novel enzyme
cellobiohydrolases of family 7 have been reported from
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the thermophilic fungi Acremonium thermophilum,
Thermoascus aurantiacus, and Chaetomium
thermophilum. lum Cel7A or the T. reesei Cel7A were also
constructed. All these novel acidic cellobiohydrolases
were more thermostable (by 4-108 °C) and more active
(two- to fourfold) in hydrolysis of microcrystalline
cellulose (Avicel) at 458C than T. reesei Cel7A. The most
effective enzyme for Avicel hydrolysis at 708 °C,
however, was the 2-module version of the T. aurantiacus
Cel7A, which was also relatively weakly inhibited by
cellobiose [46].0Other thermophilic fungi that produce
thermostable cellulases are Talaromyces emersonii [47],
Myceliophthora  thermophila [48], Chaetomium
thermophilum and Acremonium thermophilum [46]. Busk
et al.,2013 [49] gives a good description of fungi growing
on cellulose, which is due to the production of cellulase.

3. Thermal effect on cellulases activity

Unfortunately, many naturally occurring enzymes are
not suitable for industrial applications because of their
poor selectivity to the substrate. For example, some family
10 xylanases display cellulase activity along with xylanase
activity, and are less preferred in applications where only
hemicellulase degradation is required (e.g., pulp and paper
or baking industry) [50]. Textile applications such as
biopolishing require endoglucanase activity. However, not
all fungal endoglucanases are highly active and preferred
in these applications. Endoglucanases from glycoside
hydrolase families 5, 12 and 45 have found the most utility
for biostoning and biopolishing applications [51-53]. Other
important parameters to consider when selecting suitable
enzymes are industrial process conditions, particularly pH
and temperature. The range of pH and temperature
conditions in various industrial enzyme application
processes are shown in (Fig. 1). Fungal enzymes usually
display their highest catalytic activities at slightly acidic
pH and moderate temperature, while bacterial enzymes
exhibit activities under a broader range of pH and
temperature conditions. Although, commercial production
of amylases is carried out by both bacterial and
filamentous fungal cultures, bacterial o-amylases are
generally preferred for starch liquefaction at high
temperatures due to their high temperature stability.
However, discoveries of new fungal enzymes with higher
thermal stability opens new opportunities in development
of novel amylases for industrial starch processing [54, 55].
Enzyme performance in industrial lignocellulosic biomass
hydrolysis is also affected by temperature and pH. Many
biomass pretreatment methods are based on high
temperature and acidic conditions to make biomass
accessible for enzyme hydrolysis. Cellulases perform well
at pH 4-5, but activity decreases significantly at lower pH
[56]. Thus, the pretreated biomass must be pH adjusted
before enzymatic treatment. To achieve higher enzyme
activities currently hydrolysis is performed at 50 °C.
However, when reaching high temperatures, protein
stability is affected, particularly taking in account that the
lignocellulosic biomass hydrolysis process typically runs
for the duration of several days. Therefore, the
development of thermostable and acid tolerant enzymes
for biomass degradation is also very attractive approach
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for improvement of hydrolysis process and reduction of
amount of enzyme required. On the other hand, using
alkaline chemicals such as dilute sodium hydroxide,
aqueous ammonia and lime to remove lignin prior
enzymatic hydrolysis process has long been known to
improve cellulose digestibility [57], thus, enzymes with
improved activity and stability at higher pH are also of
interest. Low enzyme stability in process streams
containing variety of enzyme inhibitors, organic solvents
or detergents results in slow enzymatic reaction rates. For
example, in cellulosic ethanol production enzyme
performance is reduced during lignocellulosic biomass
hydrolysis by interaction with lignin or lignin—-
carbohydrate complexes [58]. Moreover, all enzymes are
prone to substrate or product inhibition resulting in loss of
enzymatic activity or even activation of reverse enzymatic
reaction. The intermediate and end-products of
lignocelluloses hydrolysis generally are not removed. This
results in product inhibition of cellulolytic enzymes and
significant decrease in the rate of reaction as cellulose
hydrolysis proceeds [59]. For example, cellobiohydrolases
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and endoglucanases are inhibited by cellobiose [60],
making beta-glucosidases important for avoiding product
inhibition through conversion of cellobiose to glucose. On
the other hand, beta-glucosidases are inhibited by their
end-product, glucose [61]. Other than inhibiting beta-
glucosidase reaction by occupying the active site, glucose
can also take part in the reverse transglucosidase reaction
using the active site capacity in non-hydrolyzing action
and resulting in the production of unwanted products such
as cellotriose and cellobiose [62]. Today’s biotechnology
and recombinant DNA technologies significantly
contributed in developing of economically feasible
industrial enzyme applications. In many cases, enzymes
that perform under unnatural conditions, such as elevated
temperatures, non-optimal pH or presence of inhibitors,
were created. Several enzyme engineering approaches,
such as rational design mutagenesis, gene shuffling,
directed evolution and metagenome mining, have been
developed over the past decades and are extensively
applied in the development of novel enzymatic
activities and properties. (Fig.1)

Industrial Enzymes

Figure 1: Approximate tendencies of PH and Temperature of various industrial enzymes
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4. Effect of Cellulases Synergy on
Lignocellulosic biomass degradation

Cellulose degradation is generally dependent on sets of
secreted enzymes that work in concert, i.e. synergism.
Most of the current commercial lignocellulolytic mixtures
are based on fungal cellulases and hemicellulases [63]. An
important factor for synergy is the nature of the substrate
and the binding of enzymes. When more substrate is
present the fixed number of enzymes is more sparsely
distributed over the cellulose surface and the synergy
between endo- and exo-glucanases is decreased [64]. The
kinetics of synergistic degradation of a surface-like
substrate, such as a cellulose microfibril, is rather different
from classic kinetics since many prerequisites (e.g. soluble
substrate, homogeneous solution and freely diffusing
enzyme) are not fulfilled. A fractal-like kinetic model has
recently been proposed as a way to analyze synergistic
action [65].Important for lignocellulose degradation is also
the synergy between cellulases and other enzymes. Mini-
cellulosomes based on mini-scaffolding proteins and
different combinations of xylanase, endoglucanases and
exoglucanase were recently constructed [66]. The
synergistic action of xylanases and cellulases led to
increased release of both xylooligosaccharides and
cellooligosaccharides, i.e. cross synergy [67].The
synergistic action of a diverse set of accessory
hemicellulases from different bacterial sources and core
fungal cellulases resulted in high glucose (80 %) and
xylose (70 %) yields with moderate enzyme loadings (~20
mg protein/g glucan) compared to commercial enzymes
[68].

Recent studies on synergism stress that cellulases act
mainly in a two- or one-dimensional environment and not
in a three-dimensional environment since the CBM
anchors the enzyme to the cellulose surface which results
in a two dimensional migration with little probability for
free  diffusion.  Furthermore, strongly  processive
exoglucanases are restricted to one-dimensional movement

CBD/CBM

/0

Cellulose
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as they migrate along a cellulose chain. There are also
other, more complex strategies for synergistic action, such
as cellulosomes [67].Biomass degrading fungi having two
different types of machineries that playing remarkable role
in degradation of biomass are, direct enzymatic
depolymerisation and generartion of oxidative species[69].
The architecture of fungal cellulases comprising of a
catalytic domain (CD) and cellulose binding domain
(CBD) linked via peptide linkers [34]. Whereas CBD
remain attached with substrate letting the CD to
accomplish its catalytic activity. Cellulose binding domain
(CBD) is renamed as Carbohydrate binding module
(CBM). CBM have many families on their similarities in
amino acids sequences. 64 families of CBMs have been
updated in the CAZy database [70]. CBMs comprising
varying amino acids monomers from 30 up to over 200,
gives single ,double or triple in one protein [71]. At least
35 different glycoside hydrolase (GH) families of fungal
cellulases, including six (6) polysaccharide lyase families
and three (3) carbohydrate esterase families are involved
in efficient degradation of plant lignocellulosic biomass
[72].CBD is not directly needed in depolymerization of
cellulose but its presence indirectly increase the catalytic
performance of CD [73]. T. reesei Cel7A carried
degradation of crystalline cellulose via processivity. As the
cellulobiohydrases have the ability to bind to carbohydrate
chain, which decrystalize di-saccharide monomers from
the end of the chain without separation [74] Cel7B
endoglucase has missing four pg-sheets covering their
tunnel, so having open furrow type active site [74]. This
enables them to bind easily to make cut internally on
cellulose structure at various positions, which depends on
exocellulases structural characteristics allowing them for
processively binding. Cel9A structural illumination has
been reported that it work as bridge between exo- and
endocellulases , because it adjusted the weak binding
domain of 3c CBD within the active site of catalytic
domain, letting enzyme processive hydrolysis [75]. (Fig.2)

Peptide linker

Catalytic domain

Figure 2: Fungal cellulases architecture consisting of catalytic domain and carbohydrate binding module linked through peptide linker.



5. Pichia Pastoris as an expression factory for
thermostable fungal cellulases

5.1. Recombinant endoglucanases produced by P.
pastoris

Endoglucanases by nature are produced by many sorts
of fungal, microbal and plants species, moreover can also
produce from digestive cannal of animals. Till now many
thermophilic endoglucanases have been showed by
P.pastoris. From various fungal strains the endoglucanases
producing genes were collected such as fungal strain
Podospora anserine, T.reesei [76], Penicillium
echinulatum [77], Syncephalastrum racemosum [78],
Talaromyces emersonii [79], Myceliophthora thermophile
[80], Phialophora sp. G5 [81], Thermoascus aurantiacus
[82], A. usamii [83], A. niger [84], Gloeophyllum trabeum
[85], Trichoderma harzianum [86], A. fumigatus [87],
Penicillium documbens [88], Bispora sp. MEY-1 [89],
Paecilomyces thermophile [90], Phaeosphaeria sp. LH21
[91]; edible straw mushroom Volvariella volvacea [92];
and nematode Bursaphelenchus xylophilus [93] (Table 1).

Better features cellulases recognition or enzymes
engineering are of great importance for better result.
Amongst the stated recombinant endoglucanases (r-
endoglucanases) shown by P.pastoris, the  majority
thermophilic r-endoglucanase, the T emersonii gene
product showed maximum performance at 90 °C and after
1h incubation at 70°C it retained about all the activity
[94]. At 85°C the maximum performance of anther
hyperthermophillic r-endoglucanase from A.cellulolyticus
is stopped [95].At 50 °C for 12h endoglucanase obtained
from T.aurantiacus withstand 100% of its activity [82]. At
60°C endoglucanase got from A.fumigatus Z5 showed
maximum performance and after 24h at its optimal
temperature 60 °C it retained about 80% of its original
activity  [87].From  P.thermophile the  miximum
endoglucanase activity 55,300 U/ml and uppermost
reported specific activity(11,938)U/ml) against $-1,3-1,4-
glucanase were achieved with recombinant barley g-glucan
[90].Total extracellular protein contain about 85% of r- f -
1,3-1,4-glucanase and go up to 9.1g/l protein concentration
[90].

Endo-1,3-1,4-$-glucanase with T.emersonii
CBS394.64 endoglucanase gene showed the second most
high activity of 52,015U/ml [79]. At pH 6.0 neutral r-
enduglucanase obtained from phialophora sp.G5 have
been showed maximum activity and 60 °C at a board pH
range is quite stable, after 2h incubation maintain about
80% activity at 2.0-11.0 pH range and at 70 °C for 1h
retained more than 85% of its initial activity [81].

5.2. Thermoacidophilic endoglucanases

In food, feed and biofuel industries thermoacidophilic
endoglucanases have many applications. Plants biomass is
mostly pre-treated at high temperature with acid before
enzymatic  bioconversion  for  biofuel  production.
Thermoacidophilic endoglucanase by optimizing their
process conditions, temperature and pH after pre-treatment
can meet all requirements for bioconversion.
Thermoacidophilic endoglucanases have a wide range of
industrial applications including feed, food and biofuel

industries. During biofuel production, prior to enzymatic
bioconversion, plant biomass is generally pre-treated with
acid at high  temperatures.  Thermoacidophilic
endoglucanases meet the requirement of bioconversion
very well via optimizing their process conditions such as
temperature and pH after pre-treatment.

At neutral PH of the process the thermoacidophilic
endoglucanases may not work well for the efficient
hydrolysis of lignocellulosic biomass if used together in
the presence of neutral enzymes which might be able to
cause too expensive production. The most acid loving
endoglucanases amongst all fungal endoglucanases has
been also expressed in P.pastoris, such as acidophilic
endoglucanases from P. documbens (opt pH 3.5, Topt 60
°C) [88] and G. trabeum (opt pH 3.5, Topt 55 °C) [85].
Even though endo-$-1,3-1,4-glucanase from Bispora sp.
MEY-1 did not exhibited their optimal activity in the
highly acidic condiotion (opt pH 5.0, Topt 60 °C), while
the same endo-$-1,3-1,4-glucanase was fairly stable at
acidic conditions retaining more than 85 % of its activity
at pH 1.0-8.0 for 1 h [89].

5.3. Thermoalkaliphilic endoglucanases

Endoglucanases is mostly used in textile industries to
produce an aged look in geans by removing dye from
denims, eradicate microfibrils, reinstate bright colour, and
softening of cotton fabrics [92]. Till now, acidic
endoglucanases have been monetarily utilized as a part of
denim industry because of their high reactivity and low
costs yet they cause back recoloring and genuine harm in
denim quality (Zhao et al., 2012d). Basic or neutral
cellulases are highly like in material industry because of
their minor or no back recoloring attributes. Additionally,
thinking about the cleanser arrangements, enzymes utilized
as a part of clothing applications ought to endure basic pH
and furthermore high temperatures to accomplish financial
esteem and reasonable application execution. As far as
anyone is concerned, so far just two thermoalkaliphilic
endoglucanases from Phaeosphaeria sp. LH21, displaying
ideal movement at pH 8.0 and 60-65 °C, have been
expressed by P. pastoris and they demonstrated in excess
of 75 % of their maximal activity at pH 5.0-10.0 [91].
Additionally, they were generally steady at an expansive
pH scope of 3.0-10.0 with keeping up in excess of 90 % of
their unique movement for 1 h (Zhao et al., 2014).

Furthermore, some other impartial endoglucanases
demonstrated  resilience to alkaline environment;
endoglucanase from Phialophora sp. G5 showed in excess
of 50 % of its highest activity at pH 4.0-10.0. Moreover , it
was exceedingly steady at pH 2.0-11.0 for 2 h keeping up
in excess of 80 % of its primary activity [81]. Another
soluble base tolerant endoglucanase from P. echinulatum
showed maximum activity at pH 5.0-9.0 [96] and endo-g-
1,4-glucanase from V. volvacea was alkali adjusted
enzymes showing 60 % of its greatest activity at pH 9.0
and stable at soluble pHs keeping up in excess of 60 % of
its primary activity after 24 h at pH 4.0-11.0 [97].

5.4. Effects of codon optimization on r-endoglucanase
production yield

As of late, codon optimization method has been
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received much importance to enhance the productivity of
recombinant proteins by P. pastoris. Uncommon codons
have minimize mRNA firmness and interpretation rate;
also, high GC substance may cause diminished
translational yield or even mask existence [98]. Wild-type
endoglucanase 1l quality (egll) of T. reesei was
communicated by P. pastoris with productivity of 577.2
U/ml [52]. After improvement of the quality succession of
Egll as per codon inclination of P. pastoris, expression
yield expanded to 1783.35 U/ml [99]. The expression
product of codon upgraded endoglucanase 1 (Egl) quality
from T. reesei in P. pastoris was additionally enhanced to
1.24-overlap contrasted with recombinant creation level of
wild-type Egl [100].

5.5. Recombinant thermophilic cellobiohydrolases
produced by P. pastoris

Numerous cellobiohydrolases that had ideal action at
temperatures in the range of 46 and 65 °C and optimal pH
esteems inside pH 4.0-8.0 territory separated from
Humicola grisea var. thermoidea [112], A. nidulans [113],
T. reesei [36, 103], Phialophora sp. G5 [81], C.
thermophilum [114] and Irpex lacteus MC-2 [115] were
expressed by P. pastoris (Table 2). The high optimal
temperature and thermostability, likewise alkaline optimal
pH and expansive pH resilience, make cellobiohydrolases
appropriate for modern applications, for example, in
washing cleansers to remove soil stains and enhance shine
and delicate quality, in textile products completing to
expel microfibrils from cellulosic textures [112]. Basic and
impartial cellulases are particularly critical for material
industry as acidophilic catalysts lessened texture quality
and tend to cause indigo back recoloring in denim (Li et
al., 2011).[92].

A thermoalkaliphilic cellobiohydrolase from H. grisea
var. thermoidea was efficiently expressed in P. pastoris.
The recombinant cellobiohydrolase had best action at pH
8.0 and 60 °C and it was moderately balanced at 70 °C by
means of keeping up 88 % of its movement after 4 h and
all action was held after 6 h at pH 8.0. [112].
Cellobiohydrolase from Phialophora sp. G5 likewise
showed extensive pH resilience and dependability; it
Protein engineering of cellobiohydrolases In vitro
coordinated development was helpful for C. thermophilum
cellobiohydrolase (CBHII) to enhance chemical attributes
and two mutant enzymes that contained 5 (R1S, A29T,
L203Y, Q204K, and E252G) and 6 (A29T, T115l, 1195V,
L203Y, Q204K, and E252G) amino acids substitutions
were acquired [114]. As the transformed buildups
changed the isoelectric point of enzymes, this prompted
best pH move; mutants principle response temperature and
pH (optimal temperature 60 °C, selected pH 5.0 and pH
6.0) were prolonged contrasted with wildtype CBHII (T
pick 50 °C, pick pH 4.0). Likewise transformations
enhanced the thermostability of CBHII, mutants held in
excess of 50 % of their action while the wild-type CBHII
lost all the action at 80 °C for 1 h. [114].Number of
hydrogen bonds is enhanced by mutation, and this may
prompted to prolonged thermostability. As glutamine is
counted as a thermolabile amino corrosive while lysine is a
thermostable deposit [114], ), substitution of glutamine by
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lysine may likewise add to the enhanced thermostability of
transform enzymes. The reactivity of mutant CBHII were
twice of the local CBHII; shaped hydrogen bonding may
adjust the arrangement of cleavage site in the synergist
space thus better interface amongst catalyst and substrate
could be encouraged.

5.6. p-Glucosidases

In cellulose hydrolysis g -glucosidase is a key protein
avoid the inhibition reaction causing through cellobiose
from endoglucanase and cellobiohydrolase and at the same
time also liberates the fermentable sugar [116]. S-
glucosidases that have enhanced heat resistance, wide
substrate specificity and high glucose resistance are much
important as B-glucosidase additionally experiences input
restraint by glucose.

5.7. p-Glucosidases potential application regions

fS-glucosidases have numerous other applications in
many industries other than utilized in biofuel industry.
They change over harmful factor isoflavone glycosides to
useful free isoflavone that is helpful against cancer,
cardiovascular disease and osteoporosis (Yang et al.,
2014). Moreover, p-glucosidases have been utilized to
improve tea flavour, wine and fruit extract, and by transfer
and condensation reaction change over glucose to
functional oligosaccharides (Zhao et al., 2013). Denim
bios toning, paper and detergent industries necessities are
fulfill by alkaliphilic g-glucosidases.

5.8. Thermophilic B-glucosidases produced by P. pastoris

A large varieties of extremophilic g-glucosidase genes
have been characterized, collected and expressed in
P.pastoris such as from fungal specie P. funiculosum
[117], N. fischeri [118], A. niger [116], P. thermophile
[119], T. reesei [120], Fomitopsis palustris [121] and
Periconia sp BCC2871 [122] (Table 3). At alkaline pHs
higher than pH 8.0 an alkali-stable p-glucosidase from
Periconia sp BCC2871 kept about all their activities for 2
h [122]. From P. funiculosum another glucose tolerant /-
glucosidase was collected and up to 400 mM glucose
concentration the recombinant enzyme showed tolerance
[117]. A kind of fungus F. palustris also showed pg-
glucosidase with high thermostability of their half life of
denaturation at 140.5 and 15.7 h, at 55 and 65 °C,
respectively [121]. P. thermophile produces a kind of heat
tolerant enzyme exhibited their half-life value of 1160 min
at 50 °C [119].



Table 1. Characteristics of extremophilic endoglucanases produced by P. pastoris

Fungal specie Temperature opt (°C) and PH | Activity range | Stability rage References
Thermophilic endoglucanases
B. subtilis 65 °C, pH 6.0 >60 % at 30-70 °C 70 % EG1, [101]
40 % EG4 after 30 min at 85 °C; pH 4.5-10.0
P. anserine PaCel6A: 55 °C, pH 7.0 PaCel6A pH 5.0-9.0 <45 °C; PaCel6A pH <9.0 [76]
T. reesei TrCel6A: 65 °C, pH 5.0 TrCel6A pH<6.0 TrCel6A pH < 6.0 [76]
Phialophora sp. G5 60 °C, pH 6.0 >50 % at pH 4.0-10.0 >85 % at 70 °C for 1 h; >80 % after 2 h at pH [81]
2.0-11.0
V. volvacea 55°C,pH 7.5 <55 °C; pH 6.0-9.0 [92]
P. echinulatum 60 °C; pH 7.0 50-70 °C; pH 5.0-9.0 84 % after 1 hat 70 °C [77]
P. thermophila 70°C,pH 7.0 <65 °C; 65 % after 30 min at 70 °C; >90 % at [90]
50 °C for 30 min
S. racemosum 70 °C, pH 6.0; truncated: pH 5.0 >50 % after Lhat80°C/4hat70°C [78]
B. xylophilus 60 °C; Bx-ENG-1, 3: pH 5.8; Bx-ENG-2: >70 % at pH 4.2-8.3; [93]
Bx-ENG-2: pH 6.4 Bx-ENG-3: 25 % at pH 2.6
V. volvacea 55°C,pH 7.5 >60 % at pH 9.0 >90 % at 50 °C for 1 h; [97]
>60 % at pH 4.0-11.0 for 24 h
Thermoacidophilic endoglucanases
T. reesei Q274V: 55 °C; <20 % of EGI, [102]
others: 45 °C; pH 5.0 >40 % of Q274V after 8 h at 65 °C
T. emersonii 70°C, pH 4.5 >70 % at pH 4.0-5.5; >05 % after 1 h at 65 °C; pH 2.0-12.0 [79]
>65 % at 55-75 °C
T. emersonii 90 °C,pH 4.5 >70 % at 80-95 °C; almost all after 1 h at 70 °C; pH 1.0-10.0 [94]
>90 % at pH 4.0-5.0
M. thermophila 60 °C,pH 5.0 <80 °C; pH 4.0-7.0 <65 °C; t1/2 =9.96 h at 70°C, 6.5 h at 80 °C; [80]
pH 3.0-11.0
T. reesei 75°C,pH 4.8 >80 % at 60-75 C; t1/2=36 minat 70 °C,2minat80 C [99]
>85 % at pH 3.5-6.5
T. reesei 60 °C, pH 5.0 >60 % at pH 4.0-7.0 <60 °C; pH <6.5 [103]
Phialophora sp. G5 65 °C, pH 4.0-5.0 >50 % at pH 2.0-7.0 55 °C; >50 % at pH 2.0-9.0 for 2 h [84]
Phialophora sp. G5 70°C, pH 4.0-5.0 >45 % at 50-80 °C 51.6 % at 65 °C for 12 h; [104]
EgG5 and EgG5-Mut: pH 2.0-10.0;
EgG5-CBM: pH 2.0-7.0
T. aurantiacus 70 °C,pH 5.0 pH 4.0-8.0 100 % at 50 °C for >12 h; [82]
>80 % at 70 °C for 2 h
A. usamii 60 °C,pH 5.0 <55 °C; pH 3.5-7.0 [83]
T. reesei 55 °C, pH 5.0 >60 % at 40-70 °C; >90 % at 60 °C for 40 min [52]
>50 % at pH 4.0-7.0
A. niger 70°C, pH 4.0 >90 % at <60 C for 3 h; [105]
pH 3.0-10.0
G. trabeum 55 °C, pH 3.5 >80 % at 50 °C for 2 h [85]
T. reesei EGI: 45-55 °C; EGI: 65 %,mutant: 57 % after 72 h at 50 °C [106]
mutant: 35 °C; pH 5.0
A. niger 55 °C, pH 5.0 <40 °C; pH3.5-4.5 [107]
A. fumigatus Egl2: 50 °C, pH 5.0; >80 % at 60 °C for 24 h; [87]
Egl3: 60 °C, pH 4.0
Acidothermus cellulolyticus 80 °C, pH 5.1 pH 3.0-7.0 [95]
A. niger 70°C, pH 5.0 >90 % at 70 °C for 30 min; [108]
at pH 3.0-9.0 for 30 min
Penicillium documbens 60 °C, pH 3.5 90 % at 70 °C [88]
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Bispora sp. MEY-1 60 °C, pH 5.0 stable at 60 °C for >1 h; [89]
>85% atpH 1.0-8.0for 1 h
Alicyclobacillus sp. A4 60 °C, pH 3.4 >75 % after 1 h at 75 °C and pH 3.4; [109]
pH1.2-82forlh
F. succinogenes 55°C,pH 6.5 pH 5.0-8.0 >78 % after 30 min at 90 °C [110]
Acidophilic endoglucanases
T. harzianum 48 °C,pH5.5 <40 °C
A. niger 50 °C, pH 4.0 >60 % at 30-55 °C 55° C; 63. min at 60 °C; [111]
pH 2.0-7.0
T. reesei 35-55°C, pH 5.0 96 % and 80 % at 50 °C after 48 and 72 h [100]
Thermoalkaliphilic endoglucanases
Phaeosphaeria sp. LH21 60-65 °C, pH 8.0 >75 % at pH 5.0-10.0 <70 °C; [91]
>90 % at pH 3.0-10.0; 50 °C for 1 h
Table 2. Characteristics of extremophilic cellobiohydrolases produced by P. pastoris
Fungal specie Temperature opt (°C) and PH Activity range Stability rage References
H. grisea 60 °C, pH 8.0 88 % after 4 hat 70 °C; [112]
100 % after 6 h at pH 8.0
A. nidulans CBHI: 52 °C, pH 4.5-6.5; 41 [113]
CBHII: 46 °C, pH 4.8;
mixture: 50 °C, pH 4.9
T. reesei 55 °C; pH 5.5-6.0 <40 °C; pH 5.0-6.0 [103]
Phialophora sp. G5 65°C,pH 7.0 >50 % at pH 4.0-10.0 >85 % at 70 °C for 1 h; [81]
>80 % after 2 h at pH 2.0-11.0
C. thermophilum r-mutants: 60 °C, pH 5.0-6.0; >50 % after 1 h at 80 °C [114]
r-native: 50 °C, pH 4.0
I. lacteus 50°C,pH5.0 80 % at 60 °C, pH 3.0-8.0 for 1 h [115]
T. reesei 60 °C, pH 4.5-5.0 [36]
Table 3. Characteristics of extremophilic -glucosidases produced by P. pastoris
Fungal specie Temperature opt (°C) and PH Activity range Stability rage References
P. funiculosum 60 °C, pH 5.0 >95 % at pH 4.0-7.0; 77 % after 1 h at 60 °C, [117]
<400 mM glucose pH 3.0-6.0
N. fischeri 80 °C,pH 5.0 >80 % at pH 4.5-5.5 70 °C; [118]
>50 % at 50-85 °C for
120 min;
>80 % after 1 h at pH 3.0-9.0
A. niger 60 °C, pH 4.0 45-70 °C; >85 % after 30 min at 60 °C; [116]
76 % at 50 mM glucose pH 3.0-7.0
P. thermophila 55°C, pH 6.0 t1/2 = 1160 min at 50 °C; [119]
>80 % at pH 5.0-11.0 for
30 min
N. takasagoensis 65°C,pH5.5 <60 °C; pH 2.5-8.5 [123]
T. reesei 70°C,pH5.0 >90 % after 60 min at 60 °C; [120]
pH 4.0-7.0
F. palustris 60° C,pH5.0 >80 % at 50-70 C t1/2 = 140.5 h at 55 °C; [121]
15.7hat 65 °C
Periconia sp BCC2871 70°C,pH5.0 >50 % at 45-75 °C and pH 60 % after 1.5 hat 70 °C; [122]

4.0-7.0

100 % after 2 h at >pH 8
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6. Conclusions and Future Perspective

Late research has regularly showed the significance of
the consistent approach for novel fungal strains which is
helpful in enzymes production with special characteristics
and can use for future industrial applications. For enzymes
production the significance of recognizing viable
expression host for recombinant cellulase articulation will
be one of the most important factors. Enzyme production
is a basic factor in the financial approval of this host and a
critical hindrance in building up this expression host at the
present level of innovation. It must be highlighted that
obviously thermostable enzymes are obtained from
thermophilic fungi. As the major enzymatic activity
happens at 40-60 °C in most operational conditions,
enzymes from hyperthermophiles are less appreciated then
thermostable enzymes from thermophilic fungi. In
heterologous gene expression methylotropic yeast Pichia
pastoris has demonstrated incredible potential. Many
factors are responsible for the expanding prominence of
this expression host, for the molecular hereditary control
of P. pastoris the straightforwardness of systems is
required, high standard foreign protein and enzymes
producing capacity of P. pastoris and performing
eukaryotic post-translational adjustments ability.

Due to advances in biotechnological applications later
on the industrial cellulose markets looking forward to
expend in its volume. For the accomplishment of an
extensive variety of businesses the new cellulase-based
techniques will be determinant,moreover for lowering the
manufacturing costs the streamlining of every specific
condition will be necessary. In general for the
categorization as well as designing of thermostable
cellulases all the effort is engaged to increase degradation
yields. To cope and overcome the hardness of the biomass,
advance methodologies should be employed. Due to the
recalcitrant nature of lignocellulsic biomass and
employment of different physical, chemical technologies
of pretreatment and biological technologies such as
utilization of proteins and enzymes at low levels are much
warranted and feasible to discharge high sugar and
fermentative yields. The employment of mixture of
various enzymes and cellulosomes designer in
combination along with free enzymes has been proven
optimistic to build up a novel substrate based defined
enzyme cocktails. Though, nature may in any case hold the
key for conveying novel enzymes.

References

[1] Sukumaran, R. K.; Surender, V. J.; Sindhu, R,;
Binod, P.; Janu, K. U.; Sajna, K. V.; Rajasree, K.
P.; Pandey, A., Lignocellulosic ethanol in India:
prospects, challenges and feedstock availability.
Bioresource technology 2010, 101, (13), pp.
4826-4833.

[2] Prasad, S.; Singh, A.; Joshi, H., Ethanol as an
alternative fuel from agricultural, industrial and
urban residues. Resources, Conservation and
Recycling 2007, 50, (1), pp. 1-39.

[3] Van Dyk, J.; Pletschke, B., A review of
lignocellulose bioconversion using enzymatic

[4]

[5]

6]

[7]

(8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

hydrolysis and synergistic cooperation between
enzymes—factors affecting enzymes, conversion
and synergy. Biotechnology advances 2012, 30,
(6), pp. 1458-1480.

Himmel, M. E.; Ding, S.-Y.; Johnson, D. K.
Adney, W. S.; Nimlos, M. R.; Brady, J. W,
Foust, T. D., Biomass recalcitrance: engineering
plants and enzymes for biofuels production.
science 2007, 315, (5813), pp. 804-807.

Sanchez, C., Lignocellulosic residues:
biodegradation and bioconversion by fungi.
Biotechnology advances 2009, 27, (2), pp. 185-
194.

Singh, A.; Kuhad, R. C.; Ward, O. P., Industrial
application of microbial cellulases.
Lignocellulose Biotechnologgy: Future Prospects
2007, pp. 345-358.

Kuhad, R. C.; Gupta, R.; Singh, A., Microbial
cellulases and their industrial applications.
Enzyme research 2011.

Phitsuwan, P.; Laohakunjit, N.; Kerdchoechuen,
0.; Kyu, K. L.; Ratanakhanokchai, K., Present
and potential applications of cellulases in
agriculture, biotechnology, and bioenergy. Folia
microbiologica 2013, 58, (2), pp. 163-176.

DB, W., Cellulases and biofuels. Curr Opin
Biotechnol 2009, 20, pp. 295-299.

Watanabe H, T. G., Cellulolytic systems in
insects. Annu Rev Entomol 2010, 55, pp. 609-
632.

Fischer R, O. R., Twyman RM, Cellulases from
insects. Adv Biochem Eng Biotechnol 2013, 136,
pp. 51-64.

Duan CJ, F. J., Mining metagenomes for novel
cellulase genes. Biotechnol Lett 2010, 32, pp.
1765-1775.

Sweeney, M. D.; Xu, F., Biomass converting
enzymes as industrial biocatalysts for fuels and
chemicals: recent developments. Catalysts 2012,
2, (2), pp. 244-263.

Maheshwari, R.; Bharadwaj, G.; Bhat, M. K,
Thermophilic  fungi: their physiology and
enzymes. Microbiology and molecular biology
reviews 2000, 64, (3), pp. 461-488.

Ahmad, M.; Hirz, M.; Pichler, H.; Schwab, H.,
Protein expression in Pichia pastoris: recent
achievements and perspectives for heterologous
protein production. Applied microbiology and
biotechnology 2014, 98, (12), pp. 5301-5317.
Cregg, J. M.; Vedvick, T. S.; Raschke, W. C.,,
Recent advances in the expression of foreign
genes in Pichia pastoris. Nature Biotechnology
1993, 11, (8), pp. 905-910.

Bill, R. M., Playing catch-up with Escherichia
coli: using yeast to increase success rates in
recombinant protein production experiments.
Recombinant protein expression in microbial
systems 2014, 81.

Cereghino, J. L.; Cregg, J. M., Heterologous
protein expression in the methylotrophic yeast
Pichia pastoris. FEMS microbiology reviews
2000, 24, (1), pp. 45-66.

Hartner, F. S.; Ruth, C.; Langenegger, D.;
Johnson, S. N.; Hyka, P.; Lin-Cereghino, G. P.;



S. Kamal et al. / IIBMSP, Vol. 7, No. 2, pp. 43-57, December 2017

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Lin-Cereghino, J.; Kovar, K.; Cregg, J. M.
Glieder, A., Promoter library designed for fine-
tuned gene expression in Pichia pastoris. Nucleic
acids research 2008, 36, (12), pp. e76-e76.
Welch, M.; Govindarajan, S.; Ness, J. E.;
Villalobos, A.; Gurney, A.; Minshull, J;
Gustafsson, C., Design parameters to control
synthetic gene expression in Escherichia coli.
PloS one 2009, 4, (9), pp. €7002.

Gasser, B.; Sauer, M.; Maurer, M.; Stadlmayr, G.;
Mattanovich, D., Transcriptomics-based
identification of novel factors enhancing
heterologous protein secretion in yeasts. Applied
and environmental microbiology 2007, 73, (20),
pp. 6499-6507.

Inan, M.; Aryasomayajula, D.; Sinha, J;
Meagher, M. M., Enhancement of protein
secretion in Pichia pastoris by overexpression of
protein disulfide isomerase. Biotechnology and
bioengineering 2006, 93, (4), pp. 771-778.
Mellitzer, A.; Weis, R.; Glieder, A.; Flicker, K.,
Expression of lignocellulolytic enzymes in Pichia
pastoris. Microbial cell factories 2012, 11, (1),
pp. 1.

Taylor, T. J.; Vaisman, I. I., Discrimination of
thermophilic and mesophilic proteins. BMC
structural biology 2010, 10, (1), pp. S5.

Mora, C.; Tittensor, D. P.; Adl, S.; Simpson, A.
G.; Worm, B., How many species are there on
Earth and in the ocean? PLoS biology 2011, 9,
(8), pp. €1001127.

Berka, R. M.; Grigoriev, I. V.; Otillar, R.;
Salamov, A.; Grimwood, J.; Reid, I.; Ishmael, N;

John, T.; Darmond, C.; Moisan, M.-C.,
Comparative  genomic  analysis of the
thermophilic biomass-degrading fungi

Myceliophthora thermophila and Thielavia
terrestris. Nature biotechnology 2011, 29, (10),
pp. 922-927.

Straatsma, G.; Samson, R. A.; Olijnsma, T. W.;
Den Camp, H. J. O.; Gerrits, J. P.; Van
Griensven, L. J., Ecology of thermopbhilic fungi in
mushroom  compost, with  emphasis on
Scytalidium  thermophilum  and  growth
stimulation of Agaricus bisporus mycelium.
Applied and environmental microbiology 1994,
60, (2), pp. 454-458.

Viikari, L.; Alapuranen, M.; Puranen, T.;
Vehmaanperd, J.; Siika-Aho, M., Thermostable
enzymes in lignocellulose hydrolysis. Biofuels
2007, pp. 121-145.

Banerjee, G.; Scott-Craig, J. S.; Walton, J. D,
Improving enzymes for biomass conversion: a
basic research perspective. Bioenergy research
2010, 3, (1), pp. 82-92.

Lynd, L. R.; Weimer, P. J.; Van Zyl, W. H,;
Pretorius, 1. S., Microbial cellulose utilization:
fundamentals and biotechnology. Microbiology
and molecular biology reviews 2002, 66, (3), pp.
506-577.

Andri¢, P.; Meyer, A. S.; Jensen, P. A.; Dam-
Johansen, K., Reactor design for minimizing
product inhibition during enzymatic
lignocellulose hydrolysis: 1. Significance and

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

53

mechanism of cellobiose and glucose inhibition
on cellulolytic enzymes. Biotechnology advances
2010, 28, (3), pp. 308-324.

Ito, J.; Fujita, Y.; Ueda, M.; Fukuda, H.; Kondo,
A., Improvement of cellulose-degrading ability of
a yeast strain displaying Trichoderma reesei
endoglucanase Il by recombination of
cellulose-binding domains. Biotechnology
progress 2004, 20, (3), pp. 688-691.

Okada, H.; Sekiya, T.; Yokoyama, K.; Tohda, H.;
Kumagai, H.; Morikawa, Y., Efficient secretion
of Trichoderma reesei cellobiohydrolase Il in
Schizosaccharomyces pombe and characterization
of its products. Applied microbiology and
biotechnology 1998, 49, (3), pp. 301-308.

Juturu, V.; Wu, J. C., Microbial cellulases:
Engineering, production and applications.
Renewable and Sustainable Energy Reviews
2014, 33, pp. 188-203.

Laymon, R. A.; Adney, W. S.; Mohagheghi, A.;
Himmel, M. E.; Thomas, S. R. In Cloning and
expression of full-length Trichoderma reesei
cellobiohydrolase 1 ¢cDNAs in Escherichia coli,
Seventeenth Symposium on Biotechnology for
Fuels and Chemicals, 1996; Springer: 1996; pp.
389-397.

Boer, H.; Teeri, T. T.; Koivula, A,
Characterization ~ of  Trichoderma  reesei
cellobiohydrolase Cel7A secreted from Pichia
pastoris using two different  promoters.
Biotechnology and bioengineering 2000, 69, (5),
pp. 486-494.

Limayem, A.; Ricke, S. C., Lignocellulosic
biomass for bioethanol production: current
perspectives, potential issues and future
prospects. Progress in Energy and Combustion
Science 2012, 38, (4), pp. 449-467.

Viikari, L.; Alapuranen, M.; Puranen, T.;
Vehmaanperd, J.; Siika-Aho, M., Thermostable
enzymes in lignocellulose hydrolysis. In Biofuels,
Springer: 2007; pp. 121-145.

Gusakov, A. V.; Salanovich, T. N.; Antonov, A.
I.; Ustinov, B. B.; Okunev, O. N.; Burlingame,
R.; Emalfarb, M.; Baez, M.; Sinitsyn, A. P,
Design of highly efficient cellulase mixtures for
enzymatic hydrolysis of cellulose. Biotechnology
and bioengineering 2007, 97, (5), pp. 1028-1038.
Johri, J. K.; Surange, S.; Nautiyal, C. S,
Occurrence of salt, pH, and temperature-tolerant,
phosphate-solubilizing bacteria in alkaline soils.
Current Microbiology 1999, 39, (2), pp. 89-93.
Szijartd, N.; Siika-aho, M.; Tenkanen, M.;
Alapuranen, M.; Vehmaanperd, J.; Réczey, K;
Viikari, L., Hydrolysis of amorphous and
crystalline cellulose by heterologously produced
cellulases of Melanocarpus albomyces. Journal of
biotechnology 2008, 136, (3-4), pp. 140-147.
Gusakov, A. V.; Sinitsyn, A. P.; Salanovich, T.
N.; Bukhtojarov, F. E.; Markov, A. V.; Ustinov,
B. B.; van Zeijl, C.; Punt, P.; Burlingame, R.,
Purification, cloning and characterisation of two
forms of thermostable and highly active
cellobiohydrolase 1 (Cel7A) produced by the
industrial strain of Chrysosporium lucknowense.



S. Kamal et al. / IIBMSP, Vol. 7, No. 2, pp. 43-57, December 2017

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Enzyme and Microbial Technology 2005, 36, (1),
pp. 57-69.

Romanelli, R.; Houston, C.; Barnett, S., Studies
on thermophilic cellulolytic fungi. Applied
microbiology 1975, 30, (2), pp. 276-281.

Gomes, |.; Gomes, J.; Gomes, D.; Steiner, W.,
Simultaneous production of high activities of
thermostable endoglucanase and B-glucosidase by
the wild thermophilic fungus Thermoascus
aurantiacus.  Applied microbiology  and
biotechnology 2000, 53, (4), pp. 461-468.

Hong, J.; Tamaki, H.; Kumagai, H., Cloning and
functional expression of thermostable f-
glucosidase gene from Thermoascus aurantiacus.
Applied microbiology and biotechnology 2007,
73, (6), pp. 1331-1339.

Voutilainen, S. P.; Puranen, T.; Siika-aho, M.;
Lappalainen, A.; Alapuranen, M.; Kallio, J.;
Hooman, S.; Viikari, L.; Vehmaanperd, J.;
Koivula, A., Cloning, expression, and
characterization of novel thermostable family 7
cellobiohydrolases. Biotechnology and
bioengineering 2008, 101, (3), pp. 515-528.
Murray, P.; Aro, N.; Collins, C.; Grassick, A.;
Penttild, M.; Saloheimo, M.; Tuohy, M,
Expression in  Trichoderma reesei and
characterisation of a thermostable family 3 [-
glucosidase from the moderately thermophilic
fungus  Talaromyces  emersonii. Protein
expression and purification 2004, 38, (2), pp.
248-257.

Roy, S. K.; Dey, S. K.; Raha, S. K.; Chakrabarty,
S., Purification and properties of an extracellular
endoglucanase from Myceliophthora thermophila
D-14 (ATCC 48104). Microbiology 1990, 136,
(10), pp. 1967-1971.

Busk, P. K.; Lange, L., Cellulolytic potential of
thermophilic species from four fungal orders.
AMB Express 2013, 3, (1), pp. 47.

Van Oort, M., Enzymes in bread making.
Enzymes in food technology 2010, 103.

Hill, C.; Tomashek, J. J.; Gudynaite-Savitch, L.;
Therrien, G.; Calixte, S., Cellulase enzyme
mixtures for depilling and uses thereof. In Google
Patents: 2016.

Samanta, S.; Basu, A.; Halder, U. C.; Sen, S. K.,
Characterization ~ of  Trichoderma  reesei
endoglucanase 1l expressed heterologously in
Pichia pastoris for better biofinishing and
biostoning. Journal of Microbiology 2012, 50,
(3), pp. 518-525.

Calixte S, G.-S. L., Hill C, Therrien G, Tomashek
JJ, Cellulase enzyme mixtures for depilling and
uses thereof. 2012.

Aquino, A.; Jorge, J.; Terenzi, H.; Polizeli, M.,
Studies on a thermostable a-amylase from the
thermophilic fungus Scytalidium thermophilum.
Applied microbiology and biotechnology 2003,
61, (4), pp. 323-328.

Peixoto-Nogueira, S.; Sandrim, V.; Guimaraes,
L.; Jorge, J.; Terenzi, H.; Polizeli, M., Evidence
of thermostable amylolytic activity from
Rhizopus microsporus var. rhizopodiformis using
wheat bran and corncob as alternative carbon

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

54

source. Bioprocess and biosystems engineering
2008, 31, (4), pp. 329-334.

Bhatia, Y.; Mishra, S.; Bisaria, V., Microbial B-
glucosidases: cloning, properties, and
applications. Critical reviews in biotechnology
2002, 22, (4), pp. 375-407.

Zhang, B.; Shahbazi, A., Recent developments in
pretreatment technologies for production of
lignocellulosic biofuels. J Pet Environ Biotechnol
2011, 2, (2), pp. 111.

Berlin, A.; Balakshin, M.; Gilkes, N.; Kadla, J.;
Maximenko, V.; Kubo, S.; Saddler, J., Inhibition
of cellulase, xylanase and B-glucosidase activities
by softwood lignin preparations. Journal of
biotechnology 2006, 125, (2), pp. 198-2009.

Tolan, J. S., logen's process for producing ethanol
from cellulosic biomass. Clean Technologies and
Environmental Policy 2002, 3, (4), pp. 339-345.
Murphy, L.; Bohlin, C.; Baumann, M. J.; Olsen,
S. N.; Sgrensen, T. H.; Anderson, L.; Borch, K,;
Westh, P., Product inhibition of five Hypocrea
jecorina cellulases. Enzyme and microbial
technology 2013, 52, (3), pp. 163-169.

Xiao, Z.; Zhang, X.; Gregg, D. J.; Saddler, J. N.
In Effects of sugar inhibition on cellulases and f3-
glucosidase during enzymatic hydrolysis of
softwood substrates, Proceedings of the Twenty-
Fifth Symposium on Biotechnology for Fuels and
Chemicals Held May 4-7, 2003, in Breckenridge,
CO, 2004; Springer: 2004; pp. 1115-1126.
Saloheimo, M.; Kuja-Panula, J.; Ylosmaki, E.;
Ward, M.; Penttild, M., Enzymatic properties and

intracellular  localization ~ of the  novel
Trichoderma  reesei  B-glucosidase  BGLII
(CellA). Applied and environmental

Microbiology 2002, 68, (9), pp. 4546-4553.

Hu, J.; Arantes, V.; Saddler, J. N., The
enhancement of enzymatic hydrolysis of
lignocellulosic substrates by the addition of
accessory enzymes such as xylanase: is it an
additive or synergistic effect? Biotechnology for
biofuels 2011, 4, (1), pp. 36.

Véljamée, P.; Pettersson, G.; Johansson, G.,
Mechanism of substrate inhibition in cellulose
synergistic degradation. The FEBS Journal 2001,
268, (16), pp. 4520-4526.

Viéljamde, P.; Kipper, K.; Pettersson, G.;
Johansson, G., Synergistic cellulose hydrolysis
can be described in terms of fractal-like kinetics.
Biotechnology and bioengineering 2003, 84, (2),
pp. 254-257.

Murashima, K.; Kosugi, A.; Doi, R. H.,
Synergistic effects of cellulosomal xylanase and
cellulases from Clostridium cellulovorans on
plant cell wall degradation. Journal of
bacteriology 2003, 185, (5), pp. 1518-1524.
Hilden, L.; Johansson, G., Recent developments
on cellulases and carbohydrate-binding modules
with cellulose affinity. Biotechnology letters
2004, 26, (22), pp. 1683-1693.

Gao, D.; Uppugundla, N.; Chundawat, S. P.; Yu,
X.; Hermanson, S.; Gowda, K.; Brumm, P.;
Mead, D.; Balan, V.; Dale, B. E., Hemicellulases
and auxiliary enzymes for improved conversion



S. Kamal et al. / IIBMSP, Vol. 7, No. 2, pp. 43-57, December 2017

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

of lignocellulosic biomass to monosaccharides.
Biotechnology for biofuels 2011, 4, (1), pp. 5.
Cragg, S. M.; Beckham, G. T.; Bruce, N. C,;
Bugg, T. D. H.; Distel, D. L.; Dupree, P.; Etxabe,
A. G.; Goodell, B. S.; Jellison, J.; McGeehan, J.
E.; McQueen-Mason, S. J.; Schnorr, K.; Walton,
P. H; Watts, J. E. M. Zimmer, M.,
Lignocellulose degradation mechanisms across
the Tree of Life. Current Opinion in Chemical
Biology 2015, 29, pp. 108-119.

Cantarel, B. L.; Coutinho, P. M.; Rancurel, C.;
Bernard, T.; Lombard, V.; Henrissat, B., The
Carbohydrate-Active EnZymes database (CAZy):
an expert resource for glycogenomics. Nucleic
acids research 2009, 37, (suppl 1), pp. D233-
D238.

Bhattacharya, A. S.; Bhattacharya, A.; Pletschke,
B. 1., Synergism of fungal and bacterial cellulases
and hemicellulases: a novel perspective for
enhanced bio-ethanol production. Biotechnology
letters 2015, 37, (6), pp. 1117-1129.

van den Brink, J.; de Vries, R. P., Fungal enzyme
sets for plant polysaccharide degradation. Applied
microbiology and biotechnology 2011, 91, (6),
pp. 1477-1492.

Bayer, E. A.; Chanzy, H.; Lamed, R.; Shoham,
Y., Cellulose, cellulases and cellulosomes.
Current opinion in structural biology 1998, 8,
(5), pp. 548-557.

Beckham, G. T.; Matthews, J. F.; Bomble, Y. J.;
Bu, L.; Adney, W. S.; Himmel, M. E.; Nimlos,
M. R.; Crowley, M. F., Identification of amino
acids responsible for processivity in a Family 1
carbohydrate-binding module from a fungal
cellulase. The Journal of Physical Chemistry B
2010, 114, (3), pp. 1447-1453.

Wilson, D. B., Processive and nonprocessive
cellulases for biofuel production—Ilessons from
bacterial genomes and structural analysis. Applied
microbiology and biotechnology 2012, 93, (2),
pp. 497-502.

Poidevin, L.; Feliu, J.; Doan, A.; Berrin, J.-G;
Bey, M.; Coutinho, P. M.; Henrissat, B.; Record,
E.; Heiss-Blanquet, S., Insights into exo-and
endoglucanase activities of family 6 glycoside
hydrolases from Podospora anserina. Applied and
environmental microbiology 2013, 79, (14), pp.
4220-4229.

Rubini, M.; Dillon, A.; Kyaw, C.; Faria, F.;
Pocas-Fonseca, M.; Silva-Pereira, 1., Cloning,
characterization and heterologous expression of
the first Penicillium echinulatum cellulase gene.
Journal of applied microbiology 2010, 108, (4),
pp. 1187-1198.

Wonganu, B.; Pootanakit, K.; Boonyapakron, K;
Champreda, V.; Tanapongpipat, S.; Eurwilaichitr,
L., Cloning, expression and characterization of a
thermotolerant endoglucanase from
Syncephalastrum racemosum (BCC18080) in
Pichia pastoris. Protein  expression and
purification 2008, 58, (1), pp. 78-86.

Wang, K.; Luo, H.; Shi, P.; Huang, H.; Bai, Y;
Yao, B., A highly-active endo-1, 3-1, 4-f-
glucanase from thermophilic  Talaromyces

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

55

emersonii CBS394. 64 with application potential
in the brewing and feed industries. Process
Biochemistry 2014, 49, (9), pp. 1448-1456.
Karnaouri, A. C.; Topakas, E.; Christakopoulos,
P., Cloning, expression, and characterization of a
thermostable  GH7  endoglucanase  from
Myceliophthora thermophila capable of high-
consistency enzymatic liquefaction. Applied
microbiology and biotechnology 2014, 98, (1),
pp. 231-242.

Zhao, J.; Shi, P.; Li, Z.; Yang, P.; Luo, H.; Bai,
Y.; Wang, Y.; Yao, B., Two neutral thermostable
cellulases from Phialophora sp. G5 act
synergistically in the hydrolysis of filter paper.
Bioresource technology 2012, 121, pp. 404-410.
Srikrishnan, S.; Randall, A.; Baldi, P.; Da Silva,
N. A., Rationally selected single-site mutants of
the Thermoascus aurantiacus endoglucanase
increase  hydrolytic activity on cellulosic
substrates. Biotechnology and bioengineering
2012, 109, (6), pp. 1595-1599.

Shi, H.; Yin, X.; Wu, M.; Tang, C.; Zhang, H.;
Li, J., Cloning and bioinformatics analysis of an
endoglucanase gene (Aucel12A) from Aspergillus
usamii and its functional expression in Pichia
pastoris. Journal of industrial microbiology &
biotechnology 2012, 39, (2), pp. 347-357.

Zhao, J.; Shi, P.; Yuan, T.; Huang, H.; Li, Z;
Meng, K.; Yang, P.; Yao, B., Purification, gene
cloning and characterization of an acidic B-1, 4-
glucanase from Phialophora sp. G5 with potential
applications in the brewing and feed industries.
Journal of bioscience and bioengineering 2012,
114, (4), pp. 379-384.

Kim, H. M.; Lee, Y. G.; Patel, D. H.; Lee, K. H;
Lee, D.-S.; Bae, H.-J., Characteristics of
bifunctional acidic endoglucanase (Cel5B) from
Gloeophyllum trabeum. Journal of industrial
microbiology & biotechnology 2012, 39, (7), pp.
1081-1089.

Generoso, W.; Malago-Jr, W.; Pereira Jr, N.;
Henrique-Silva, F., Recombinant expression and
characterization of an endoglucanase 111 (cel12a)
from Trichoderma harzianum (Hypocreaceae) in
the yeast Pichia pastoris. Genet Mol Res 2012, 11,
(2), pp. 1544-1557.

Liu, D.; Zhang, R.; Yang, X.; Xu, Y.; Tang, Z.;
Tian, W.; Shen, Q., Expression, purification and
characterization of two thermostable
endoglucanases cloned from a lignocellulosic
decomposing fungi Aspergillus fumigatus Z5
isolated from compost. Protein expression and
purification 2011, 79, (2), pp. 176-186.

Liu, G.; Wei, X, Qin, Y., Qu, Y,
Characterization of the endoglucanase and
glucomannanase activities of a glycoside
hydrolase family 45 protein from Penicillium
decumbens 114-2. The Journal of general and
applied microbiology 2010, 56, (3), pp. 223-229.
Luo, H.; Yang, J.; Yang, P.; Li, J.; Huang, H.;
Shi, P.; Bai, Y.; Wang, Y.; Fan, Y.; Yao, B,,
Gene cloning and expression of a new acidic
family 7 endo-pB-1, 3-1, 4-glucanase from the
acidophilic fungus Bispora sp. MEY-1. Applied



S. Kamal et al. / IIBMSP, Vol. 7, No. 2, pp. 43-57, December 2017

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

microbiology and biotechnology 2010, 85, (4),
pp. 1015-1023.

Hua, C.; Yan, Q.; Jiang, Z.; Li, Y.; Katrolia, P.,
High-level expression of a specific B-1, 3-1, 4-
glucanase from the thermophilic fungus
Paecilomyces thermophila in Pichia pastoris.
Applied microbiology and biotechnology 2010,
88, (2), pp. 509-518.

Zhao, X.-H.; Wei, D.-Z.; Wang, W., Cloning,
Expression, Sequence Analysis, and Partial
Characterization of Two Alkaline B-1, 4-
endoglucanases of Phaeosphaeria sp. LH21 from
Deep-Sea Mud. Applied biochemistry and
biotechnology 2014, 173, (6), pp. 1295-1302.

Li, J.; Tang, C.; Shi, H.; Wu, M., Cloning and
optimized expression of a neutral endoglucanase
gene (ncel5A) from Volvariella volvacea WX32
in Pichia pastoris. Journal of bioscience and
bioengineering 2011, 111, (5), pp. 537-540.
Shibuya, H.; Kikuchi, T., Purification and
characterization of recombinant endoglucanases
from the pine wood nematode Bursaphelenchus
xylophilus.  Bioscience, biotechnology, and
biochemistry 2008, 72, (5), pp. 1325-1332.

Wang, K.; Luo, H.; Bai, Y.; Shi, P.; Huang, H.;
Xue, X.; Yao, B., A thermophilic endo-1, 4--
glucanase from Talaromyces emersonii CBS394.
64 with broad substrate specificity and great
application potentials. Applied microbiology and
biotechnology 2014, 98, (16), pp. 7051-7060.
Lindenmuth, B. E.; McDonald, K. A., Production
and characterization of Acidothermus
cellulolyticus endoglucanase in Pichia pastoris.
Protein expression and purification 2011, 77, (2),
pp. 153-158.

Rubini, M. R.; Dillon, A. J. P.; Kyaw, C. M.;
Faria, F. P.; Pocas-Fonseca, M. J.; Silva-Pereira,
I., Cloning, characterization and heterologous
expression of the first Penicillium echinulatum
cellulase gene. Journal of Applied Microbiology
2010, 108, (4), pp. 1187-1198.

Ding, S.-j.; Ge, W.; Buswell, J. A., Secretion,
purification and characterisation of a recombinant
Volvariella volvacea endoglucanase expressed in
the yeast Pichia pastoris. Enzyme and Microbial
Technology 2002, 31, (5), pp. 621-626.

Sinclair, G.; Choy, F. Y., Synonymous codon
usage bias and the expression of human
glucocerebrosidase in the methylotrophic yeast,
Pichia pastoris. Protein  expression and
purification 2002, 26, (1), pp. 96-105.
Akbarzadeh, A.; Siadat, S. O. R.; Motallebi, M.;
Zamani, M. R.; Tashnizi, M. B.; Moshtaghi, S.,
Characterization and high level expression of
acidic endoglucanase in Pichia pastoris. Applied
biochemistry and biotechnology 2014, 172, (4),
pp. 2253-2265.

Akcapinar, G. B.; Gul, O.; Sezerman, U., Effect
of codon optimization on the expression of
Trichoderma reesei endoglucanase 1 in Pichia
pastoris. Biotechnology progress 2011, 27, (5),
pp. 1257-1263.

Zi-Zhong, T.; Zhen-Fang, W.; Hui, C.; Xin, L
Xue-yi, H.; Qi, W., Characterization of novel EGs

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

56

reconstructed from Bacillus subtilis
endoglucanase.  Applied biochemistry  and
biotechnology 2013, 169, (6), pp. 1764-1773.
Bayram Akcapinar, G.; Venturini, A.; Martelli, P.
L.; Casadio, R.; Sezerman, U. O., Modulating the
thermostability of Endoglucanase | from
Trichoderma  reesei  using  computational
approaches. Protein Engineering, Design &
Selection 2015, 28, (5), pp. 127-135.

Boonvitthya, N.; Bozonnet, S.; Burapatana, V.;
O’Donohue, M. J.; Chulalaksananukul, W.,
Comparison of the heterologous expression of
Trichoderma reesei endoglucanase 1l and
cellobiohydrolase Il in the yeasts Pichia pastoris
and Yarrowia lipolytica. Molecular biotechnology
2013, 54, (2), pp. 158-169.

Zhao, J.; Shi, P.; Huang, H.; Li, Z,; Yuan, T
Yang, P.; Luo, H.; Bai, Y.; Yao, B., A novel
thermoacidophilic and thermostable endo-p-1, 4-
glucanase from Phialophora sp. G5: its
thermostability influenced by a distinct B-sheet
and the carbohydrate-binding module. Applied
microbiology and biotechnology 2012, 95, (4),
pp. 947-955.

Li, C.-H.; Wang, H.-R.; Yan, T.-R., Cloning,
purification, and characterization of a heat-and
alkaline-stable endoglucanase B from Aspergillus
niger BCRC31494. Molecules 2012, 17, (8), pp.
9774-9789.

Akcapinar, G. B.; Gul, O.; Sezerman, U. O,,
From in silico to in vitro: modelling and
production of Trichoderma reesei endoglucanase
1 and its mutant in Pichia pastoris. Journal of
biotechnology 2012, 159, (1-2), pp. 61-68.

Pham, T. H.; Nghiem, N. M., Cloning,
expression, purification, and properties of an
endoglucanase gene (glycosyl hydrolase family
12) from Aspergillus niger VTCC-F021 in Pichia
pastoris. ~ Journal of microbiology and
biotechnology 2011, 21, (10), pp. 1012-1020.
Shumiao, Z.; Huang, J.; Zhang, C.; Deng, L.; Hu,
N.; Liang, Y., High-level expression of an
Aspergillus niger endo-beta-1, 4-glucanase in
Pichia pastoris through gene codon optimization
and synthesis. Journal of microbiology and
biotechnology 2010, 20, (3), pp. 467-473.

Bai, Y.; Wang, J.; Zhang, Z.; Shi, P.; Luo, H.;
Huang, H.; Luo, C.; Yao, B., Expression of an
extremely acidic B-1, 4-glucanase from
thermoacidophilic  Alicyclobacillus sp. A4 in
Pichia pastoris is improved by truncating the gene
sequence. Microbial cell factories 2010, 9, (1),
pp. 33.

Huang, H.; Yang, P.; Luo, H.; Tang, H.; Shao, N.;
Yuan, T.; Wang, Y.; Bai, Y.; Yao, B., High-level
expression of a truncated 1, 3-1, 4-B-D-glucanase
from Fibrobacter succinogenes in Pichia pastoris
by optimization of codons and fermentation.
Applied microbiology and biotechnology 2008,
78, (1), pp. 95-103.

Quay, D.; Bakar, F. D. A.; Rabu, A.; Said, M.;
llias, R.; Mahadi, N.; Hassan, O.; Murad, A. M.
A, Overexpression, purification and
characterization of the Aspergillus niger



S. Kamal et al. / IIBMSP, Vol. 7, No. 2, pp. 43-57, December 2017

endoglucanase, EgIA, in Pichia pastoris>/i.
African Journal of Biotechnology 2011, 10, (11),
pp. 2101-2111.

[112] Oliveira, G.; Ulhoa, C.; Silveira, M.; Andreaus,
J.; Silva-Pereira, I.; Pocas-Fonseca, M.; Faria, F.,
An alkaline thermostable recombinant Humicola
grisea var. thermoidea cellobiohydrolase presents
bifunctional (endo/exoglucanase) activity on
cellulosic ~ substrates.  World  Journal  of
Microbiology and Biotechnology 2013, 29, (1),
pp. 19-26.

[113] Gavlighi, H. A.; Meyer, A. S.; Mikkelsen, J. D.,
Enhanced enzymatic cellulose degradation by
cellobiohydrolases  via  product  removal.
Biotechnology letters 2013, 35, (2), pp. 205-212.

[114] Wang, X.-J.; Peng, Y.-J.; Zhang, L.-Q.; Li, A.-N;
Li, D.-C., Directed evolution and structural
prediction of cellobiohydrolase 11 from the
thermophilic fungus Chaetomium thermophilum.
Applied microbiology and biotechnology 2012,
95, (6), pp. 1469-1478.

[115] Toda, H.; Nagahata, N.; Amano, Y.; Nozaki, K;
Kanda, T.; Okazaki, M.; Shimosaka, M., Gene
cloning of cellobiohydrolase 11 from the white rot
fungus Irpex lacteus MC-2 and its expression in
Pichia pastoris. Bioscience, biotechnology, and
biochemistry 2008, 72, (12), pp. 3142-3147.

[116] Zhao, L.; Zhou, T.; Li, X.; Fan, S.; You, L.,
Expression and characterization of GH3 -
Glucosidase from Aspergillus niger NL-1 with
high specific activity, glucose inhibition and
solvent tolerance. Microbiology 2013, 82, (3), pp.
356-363.

[117] Ramani, G.; Meera, B.; Vanitha, C.; Rajendhran,
J.; Gunasekaran, P., Molecular cloning and
expression of thermostable glucose-tolerant [-
glucosidase of Penicillium funiculosum NCL1 in
Pichia pastoris and its characterization. Journal of
industrial microbiology & biotechnology 2015,
42, (4), pp. 553-565.

[118] Yang, X.; Ma, R.; Shi, P.; Huang, H.; Bai, Y.;
Wang, Y.; Yang, P.; Fan, Y.; Yao, B., Molecular
characterization of a highly-active thermophilic
B-glucosidase from Neosartorya fischeri P1 and
its application in the hydrolysis of soybean
isoflavone glycosides. PloS one 2014, 9, (9), pp.
€106785.

[119] Yang, S.; Hua, C.; Yan, Q.; Li, Y.; Jiang, Z.,
Biochemical properties of a novel glycoside
hydrolase family 1 B-glucosidase (PtBglul) from
Paecilomyces thermophila expressed in Pichia
pastoris. Carbohydrate polymers 2013, 92, (1),
pp. 784-791.

[120] Chen, P.; Fu, X.; Ng, T. B.; Ye, X.-Y,
Expression of a secretory pB-glucosidase from
Trichoderma reesei in Pichia pastoris and its
characterization. Biotechnology letters 2011, 33,
(12), pp. 2475-2479.

[121] Ji, H.-W.; Cha, C.-J., Identification and functional
analysis of a gene encoding B-glucosidase from
the brown-rot basidiomycete Fomitopsis palustris.
The Journal of Microbiology 2010, 48, (6), pp.
808-813.

[122]

[123]

57

Harnpicharnchai, P.; Champreda, V.; Sornlake,
W.; Eurwilaichitr, L., A thermotolerant J-
glucosidase isolated from an endophytic fungi,
Periconia sp., with a possible use for biomass
conversion to sugars. Protein expression and
purification 2009, 67, (2), pp. 61-69.

Uchima, C. A.; Tokuda, G.; Watanabe, H.;
Kitamoto, K.; Arioka, M., Heterologous
expression in Pichia pastoris and characterization
of an endogenous thermostable and high-glucose-
tolerant  B-glucosidase  from the termite
Nasutitermes  takasagoensis.  Applied and
environmental microbiology 2012, 78, (12), pp.
4288-4293.



