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mise environmental and economical sustainability in the
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ioconversion of biomass. There is a renewed interest in commercial
utilization of lignocellulosic biomass which is considered to be the only
foreseeable source of energy (Sukumaran et al., 2005, Lynd et al.,
2002), and it has been projected based on a carbohydrate-based
economy that the future of mankind would be highly dependent on
utilization of these biomass. Environmental concerns on utilizing fossil
fuels and its depletion led to the development on alternative and re-
newable sources of energy. Lignocellulosic biomass can be utilized to
generate bioethanol via enzymatic route to be utilized as transportation
fuel.

Cellulases are the second largest industrial enzyme by dollar volume
which is going on increasing with the increased demand for various
industrial applications such as detergent industry, textile industry,
paper processing industry, animal feed industry and fruit juice industry.
Though there are several potential industrial applications of cellulases,
but the importance of lignocellulosic ethanol has brought cellulases in
the main frontier (Sukumaran et al., 2005, Singhania et al., 2010). It is
envisaged that cellulases may become the largest volume industrial
enzyme if ethanol from lignocellulosic biomass through enzymatic
route becomes a major transportation fuel. The commercial potential of
using cellulases lies in its efficiency of converting lignocellulosic bio-
mass into glucose through enzymatic hydrolysis which can be utilized
to generate a number of value added products such as ethanol.
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Cellulose (f3-1,4-linked glucose units) is the most abundant poly-
saccharide on the biosphere representing most promising raw material
for bioconversion with the average annual production estimated at
4 x 10° tons (Yin et al., 2010). Only limited numbers of organisms have
the ability to carry out its complete decomposition due to the recalci-
trance of its glycosidic linkages (Lynd et al., 2002, Rastogi et al., 2010)
requiring a complex enzyme cellulase, consisting of different compo-
nents acting in a synergistic manner so as to hydrolyze cellulose com-
pletely.

2. Mode of action

Microbial cellulase systems can be regarded into complexed or non-
complexed. Hydrolysis of insoluble cellulose mainly requires the ex-
tracellular cellulases secretion by the organism. The cellulase systems
comprised of either extracellular or cell-linked enzymes and they are
belonging to different classes or categorized based on their structural
characteristics and mode of actions.

Cellulases are hydrolyzing enzymes hydrolyze the -1, 4-p-glucan
bonds in cellulose to yield glucose, cellobiose and oligosaccharides.
Several microorganisms are known as potential producers of cellulases.
Cellulases have defined based on substrate specificity and structure in
different enzyme classifications. However, mainly three types of cellu-
lases are involved in the hydrolysis of native cellulose for example,
cellobiohydrolase (CBH), endo-f3-1, 4-glucanase (EG) and (-glucosidase
(BGL) (Schulein, 1988). There are numerous enzymes within these
classifications; however, the most studied fungus for cellulase produc-
tion Trichoderma reesei produces two CBH components, eight EG com-
ponents and seven (-glucosidases (Aro et al., 2005). This is the one
which is most studied multiple-enzyme-complex comprising togegher
endoglucanase (EG), cellobiohydrolase (CBH) and [-gluco:
(BGL). For effective and accomplished cellulose hydrolysis, syner
action of these three cellulase components is essential. EG forms n!
in the cellulose polymer thus opening the reducing angdea

cose.

Most of the cellulases exhibj
catalytic domain (CD) and
bohydrate binding modul
kka et al., 2000). The catalytic
the CBDs domain con-

Udrolysis of cellulose occurs at 40-50°
ow rates of hydrolysis and are char-
acterized with 10 d of sugars with incomplete hydrolysis and are
sensitive to microb! ontamination. These limitations could be re-
solved by using thermostable enzymes produced by thermophilic/
thermotolerant microorganism. Thermostable cellulases have the
number of commercial applications, as the paper processing industries;
which are always interested in such type of cellulases that can with-
stand higher temperatures. In addition, one of the most important ap-
plications of thermostable cellulase is in the bioconversion of cellulosic
biomass into the fermentable sugars for biofuels production at elevated
temperature, due to the fact that cellulose swells well at higher tem-
perature thereby supporting the higher reaction rate which definitely
would cause economic utilization of cellulase. Thus, thermophilic cel-
lulases are desirable in such applications since their activity at higher
temperatures offer several benefits such as reduced hydrolysis times
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(Viikari et al., 2007), decreased risk of contamination (Abdel Benat
et al., 2010), facilitated recovery of volatile products such as ethanol
(Taylor et al., 2009), and lower costs for cooling after thermal pre-
treatment (Turner et al., 2007, Yeoman et al., 2010). All above benefits
result in increasing the economic utilization of cellulases; which is one
of the major costs adding component to the bioethanol technology
(Singhania et al., 2010, Vaishnav et al., 2018).

Thermostable enzymes from thermophillic microorganisms have
attracted attention from researchers since last three decades; however,
the interest in thermophiles and the way proteins are able to function at
elevated temperatures actually started as early as in the 1960’s (Brock
and Freeze, 1969). Microorganisms that hgusmaptimal growth tem-
perature as above 55 °C are regarded as th Brock, 1986). It

(Kristjansson and Stetter,
nated by archaea with f

large amount of less complex cellulases extra-
ed and produced via recombinant DNA technology
bacterial host. However, recently the shift has been
s the bacterial cellulases, because of robust bacterial
its capability of survival in harsh conditions of bioconversion
stability and presence of multi-enzyme complexes which
ovides increased function and synergy.

In general, two types of cellulase systems exists: one type consists of
extracellular cellulases in filamentous fungi and in aerobic bacteria that
act synergistically to degrade cellulose, while the second type is an
enzyme complex called the “cellulosome,” in anaerobic bacteria such as
Clostridium thermocellum which consists of a non-enzymatic scaffolding
protein associated with various enzymatic subunits that act synergisti-
cally to degrade cellulose and hemicelluloses (Mathew et al., 2008).
Non-complexed cellulase systems are more common and are currently
most exploited for industrial applications. However, the hydrolysis of
cellulose by the bacteria (bacterial cellulase) has several features such
as: more stability, increased specific activity and facilitated mass
transfer (Viikari et al., 2007, Maki et al., 2009, Rastogi et al., 2010).
Therefore, thermophilic cellulose-degrading bacteria have been isolated
from various environments such as soil (Abdel-Fattah et al., 2007, Lee
et al., 2008, Assareh et al., 2012), compost systems (Lu et al., 2005,
Mayendea et al., 2006, Ng et al., 2009) and hot springs (Zhao et al.,
2015; Potprommanee et al., 2017). Thermophilic bacteria belonging to
the strains Bacillus, Geobacillus, Caldibacillus, Acidothermus, Caldocellum
and Clostridium are known to produce thermostable cellulases as given
in Table 1 (Rastogi et al., 2010, Zambare et al., 2011).

3.2. Thermostable cellulase from fungi

A number of thermophilic fungi have been isolated and studied in
recent years such Acremonium thermophilum, Chaetomium thermophilum,
Humicola grisea, Humicola insolens, Melanocarpus albomyces, Talaromyces
emersonii, etc., and the cellulases produced from these fungi have been
purified and characterized at both structural and functional level.
Purified thermophilic fungal cellulases have been characterized in
terms of their molecular weight, optimal pH, optimal temperature,
thermostability, and glycosylation. The molecular weight of thermo-
philic fungal cellulase exhibits a wide range (30-250kDa) with
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Table 1

Showing different thermostable cellulases from various microorganisms.
Microorganisms Name of enzyme Thermostability at temperature References
Bacillus BsCel5A 70% activity at 75 °C for 30 min or even less Santos et al. (2012)
Geobacillus sp. 70PC53 GsCelA 70% activity at 75 °C after 4h Ng et al. (2009)
Geobacillus sp. HTA426 CMCase Stable at 50-70 °C for 5h Potprommanee et al. (2017)
Bacillus sp. SR22 Endoglucanase, Bc22Cel 30% of the activity retained at 80 °C at high salt molarity (1.5M NaCl) Dos Santos et al. (2018)
Acremonium hermophilum Cel7a Optimal pH 60 °C Voutilainen et al. (2008)
Chaetomium thermophilum Cel7a Optimal pH 65 °C Voutilainen et al. (2008)
Humicola grisea Egl2 80% residual activity for 10 min at 75°C Takashima et al. (1999)
Chaetomium thermophilum Cbh3 Half-life period 45 min at 70 °C Li et al. (2009)
Humicola grisea egl3 75% residual activity for10 min at 80 °C Takashima et al. (1999)
Humicola grisea egl4 75% residual activity for10 min at 80 °C ima et al. (1999)
Humicola grisea var thermoidea Egl and cbh1 Stable for 10 min at 60 °C and 55 °C respectively et al. (1996)
Humicola insolens cbhil T1/2: 95 min at 63 °C Rt al. (2009a,b)
Talaromyces emersonii cel3a T1/2: 62min at 65°C
Talaromyces emersonii cel7 T1/2: 68 min at 80 °C
Talaromyces emersonii cel7A T1/2: 30 min at 70 °C al. (2010)
Thermoascus aurantiacus Cbh1 80% residual activity for 60 min at 65 °C
Thermoascus aurantiacus egl stable for 60 min at 70 °C
Thermoascus aurantiacus bgl1 70% residual activity for 60 min at 60 °C

carbohydrate contents varying between 2 and 50%. Usually, thermo-
philic fungal cellulases are single polypeptides although it has been
reported that some beta-glucosidases are dimeric (Mamma et al., 2004).
Optimal pH and temperature are similar for the majority of the purified
cellulases from thermophilic fungi which are quite similar to cellulases
produced from mesophilic fungi too. Thermophilic fungal cellulases are
active in the pH range 4.0-7.0 and exhibit maximum activity at
50-80 °C (Table 1). In addition, they exhibit remarkable thermal sta-
bility and are stable at 60 °C with longer half-lives at 70, 80, and 90 °C
than those from other mesophilic fungi. The structural characteg
revealing the increased stability of thermophilic proteins have
studied more extensively in thermophilic bacteria and hyperthe
philic archaea (Pack and Yoo, 2004, Trivedi et al., 2006) in compari

has been proposed that there is more
for protein thermostability A recen

fungi.

¥ to identify and exploit these enzymes
Wthh greatly restricts the accessible diversity of
thermophile-der1¥ gtural products. The relatively small percentage
of microorganisms an be readily cultured under laboratory con-
ditions has led to the development of novel culture methods and the
adoption of culture-independent methods (Ferrer et al., 2007, Lewin
et al., 2013). However, the application of novel cultivation strategies is
slow and will not enable cultivation of the extant diversity of microbial
genomes from extreme environments, necessitating new approaches to
exploit natural products from as-yet uncultured microbes for industrial
application (Daniel, 2004). The use of a culture-independent metage-
nomics approach permits access to microbial genomes and their bio-
logically active molecules through isolation of DNA from environ-
mental microbes followed by direct sequencing or cloning DNA to
generate a metagenomics library (Handelsman, 2004, Banik and Brady,
2010). The library can then be screened by both sequence-based and

is culture-dep®

ample of a functional metagenomic ap-
iscovery was the cloning of cellulases from “zo-
al., 1995). Hereafter, metagenomics approaches
usly used to discover many novel carbohydrate-
AZymes) from soil (Jiang et al., 2009; Nacke et al.,
2), cow rumens (Pope et al., 2010), sediments (Klippel et al.,2014),
ical reactors (Mewis et al., 2013) and aquatic environments
et al., 2011, Martin et al., 2014). It has been hypothesized
that carbohydrate-degrading enzymes would be encoded in the meta-
genomes of microorganisms populating oil reservoirs as it is given in
the history that petroleum reserves are formed from phytoplankton and
would have evolved enhanced thermal stability (Tissot and Welte,
1978). Identification of novel thermostable cellulases could be a vital
step in improving economic feasibility of cellulosic biofuel production
because processes such as simultaneous saccharification and fermen-
tation (SSF) or separated hydrolysis and fermentation (SHF) are high
temperature operations, which necessitates thermostable cellulase.
Lewin et al. (2014) revealed that an oil reservoir microbial assemblage
harbored novel metagenomic diversity and could be explored for
thermostable cellulases and other CAZymes using a combination of
function-and sequence-based methods, demonstrating the strength of
hybrid screening approaches. A novel thermostable archaeal cellulases
that are stable up to at least 80 °C was obtained. One of the cellulase
candidates, was demonstrated to be a multi-module, thermostable ar-
chaeal enzyme with high activity on different cellulose substrates,
producing cellobiose and glucose in a single enzyme reaction (Lewin
et al., 2014). Jensen et al. (2018) explored a thermostable enzyme for
cellulose processing from the metagenome of a thermostable microbial
community derived from rice straw inoculated with compost and in-
cubated at 55 °C. This led them to express and characterize a 45kDa
two domain thermostable bacterial cellulase comprised of a GH6 do-
main and a C-terminal CBM2domain. They presented the functional and
structural characteristics of this enzyme, calledmgCel6A, and assess its
potential for use in high-temperature industrial degradation of sulfite
pulped lignocellulosic biomass (Norway spruce). Hence with the advent
of novel techniques in metagenomic, this approach can be exploited to
obtain a potent thermostable cellulase for industrial application.
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4. Structure of thermostable cellulase

Modular structure is a common characteristic of non-complex cel-
lulases. Typically, cello biohydrolases and endocellulases are composed
of four regions as signal peptide that mediates secretion, a cellulose-
binding domain (CBD) for anchorage to the substrate, a hinge region
(linker) rich in Ser, Thr and Pro residues, and a catalytic domain (CD)
responsible for the hydrolysis of the substrate. The mature proteins are
O- and N-glycosylated in the hinge region and the CDs, respectively. T.
emersonii CBHII is characterized by a modular structure (Murray et al.,
2003) whereas CBH1 from the same fungus consists solely of a catalytic
domain (Grassick et al., 2004). Similarly, Chaetomium thermophilum
CBH1 and CBH2 consist of a typical CBD, a linker, and a catalytic do-
main. In contrast, CBH3 only comprises a catalytic domain and lacks a
CBD and a hinge region (Li et al., 2009). Thus, variations between
cellulases within the same mechanistic class have been observed.
Fungal CBDs are composed of less than 40 amino acid residues which
interact with cellulose through a flat or platform-like hydrophobic
binding site formed by three conserved aromatic residues. The binding
site is thought to be complementary to the flat surfaces presented by
cellulose crystals (Hashimoto, 2006, Shoseyov et al., 2006). The (110)
faces of the cellulose crystalline micro-fibrils have been proposed as the
putative CBD binding site (Dagel et al., 2011). This arrangement en-
ables the gluco-pyranoside rings of cellulose to be fully exposed and
available for hydrophobic interactions. For the efficient hydrolysis of
crystalline cellulose by these enzymes, the tight binding to cellulose
mediated by the CBD is necessary which was demonstrated by deletion
of the CBDs from T. reesei Cel7A and Cel6A and H. griseaCBH1 greatly
reducing enzymatic activity toward crystalline cellulose (Takashima
et al., 1998). Substitution of the three conserved aromatic resi
(W494, W520, and, Y521) in H. grisea CBH1 CBD with other
acids (G, F or W) has demonstrated the importance of these resid
the interdependency of high activity of H. grisea CBH1 on crysta
cellulose and high cellulose-binding ability (Takashimg
Several thermophilic fungal cellulases have been g
structures. Li et al. (2011) has reviewed differg
thermophilic cellulases belonging to different g
such as 5, 6, 7, 12 and 45.

5. Strategies for improved thermo

number of mutants is t
provement. Improse

, showed improvements in unfolding
3.5°C, respectively. In addition, the
optimum temper8 on a soluble substrate for the Ala30Thr mutant
was improved by 5 e amino acid alterations are located in the §-
strands furthest away from the active site tunnel of the Cel7B enzyme,
which could improve protein packing. Hence, random mutagenesis was
employed as successful strategy for improving thermostability, however
as mentioned earlier too, the screening is a challenge. Recently, Cel7A
cellobiohydrolase from the thermophilic fungus T. emersonii was en-
gineered using rational mutagenesis to improve its thermostability and
activity (Voutilainen et al., 2010). Additional disulfide bridges were
introduced into the catalytic module of Cel7A. Three mutants demon-
strated improved thermostability reflected by an improvement in avicel
hydrolysis efficiency at 75 °C. Structural analysis of H. grisea Cel12A, a
thermostable endoglucanase, has revealed three unusual free cysteines
in the enzyme: Cysl175, Cys206, and Cys216. Subsequently, the
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following Cell2A mutants were constructed by site-directed mutagen-
esis: Cys175Gly, Cys206Pro, and Cys216Val. It was found that the three
free cysteines play a significant role in modulating the stability of the
enzyme (Sandgren et al., 2005). More specifically, mutation of Cys206
to Pro and Cys216 to Val caused a reduction in the Tm of 9.1 and 5.5 °C,
respectively, compared to the wild-type enzyme. Moreover, when the
free Cys175was mutated to a Gly, the Tm of the enzyme was increased
by 1.3 °C. It has been reported that endoglucanases are characterized by
variations in amino acid compositions resulting in fold-specific ther-
mostability (Yennamalli et al., 2011) thus providing new strategies for
improvement of thermostability.

SCHEMA uses protein structure data to gems
cific sequences that minimize structure g

e new purpose-spe-
hen they are re-

f this designed library set, which requires only a
imeras by SCHEMA calculations, revealed that one
ontribute to the higher thermostability of GsCelA.
ostable chimeric cellulase containing this block when
against swollen avicel showed significantly higher activity
and higher thermostability compared to the parental en-
ith further structural determinations and mutagenesis ana-
lyses, a 310 helix was identified as being responsible for the improved
thermostability of this block. It was also found that in the presence of
ionic calcium and crown ether (CR), the chimeric cellulase retained
40% residual activity even after heat treatment at 90 °C. Thus com-
bining crystal structure determinations and structure-guided SCHEMA
recombination, the mechanism responsible for the high thermostability
enzymes could be determined and a novel recombinant enzyme with
significantly higher activity could be generated. SCHEMA has been
employed to create thermostable fungal cellulases (Heinzelman et al.,
2009a,b). The high resolution of H. insolens CBHII as a template for
SCHEMA yielded a collection of highly thermostable CBHII chimeras.
Using the computer-generated sequences, a total of 31 new cellulase
genes were synthesized and expressed in Saccharomyces cerevisiae; each
of these cellulases was found to be more stable than the most stable
parent cellulase from H. insolens, as measured either by half-life of in-
activation at 63 °C or by T1/2. These findings demonstrated the value of
using structure-guided recombination to discover important sequence-
function relationships for efficient generation of highly stable cellulases
Chang et al. (2016).

6. Mechanism of thermostability

In Sulfolobus solfataricus a small DNA binding protein, Sso7d, not
only imparts thermostability to the DNA but also promotes the an-
nealing of complementary strands above the melting point and the
ATPase-dependent rescue of the aggregated proteins (Ciaramella et al.,
2002). Thermophiles are reported to have a zigzag structure of surface
layer proteins which are thermostable and resist denaturation and
proteolysis as well (Kumar and Nussinov, 2001). Chaperones are pro-
duced by these organisms which help to refold the proteins to their
native form and restore their functions (Laksanalamai and Robb, 2004;
Singh et al., 2010). Besides the above strategies, thermophilic bacteria,
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actinomycetes and archaea tolerate high temperatures by increased
electrostatic, hydrophobic and disulfide interactions in their proteins
(Ladenstein and Ren, 2006, Pebone et al., 2008). Certain thermophilic
enzymes are stabilized by certain conformational changes (Fitter,
2003). However, certain metals, inorganic salts and substrate molecules
are also reported to impart the thermostability (Vieille and Zeikus,
2001). Based on the thermal behavior of these enzymes, the Equili-
brium Model has been described to reveal the effect of temperature on
enzyme activity by reversible active-inactive transition states (Daniel
et al.,, 2008). Due to the increasing demand of highly thermostable
industrial enzymes, certain computational algorithms and bioinfor-
matic tools have been designed, which can predict protein rigidity and
stability. Protein stabilization can be carried out by site-directed mu-
tagenesis, and gene shuffling (Hayashi et al., 2001). The GsCelA en-
zyme belongs to a particular group of Geobacillus. The recombinant
GsCelA expressed in E. coli exhibited ten-fold greater specific activity
than the commercially available endo-glucanase from Trichoderma re-
esei and uniquely retained its activity after long-term heating and low
pH treatments (Ng et al., 2009). The amino acid sequence of GsCelA
indicates it is a member of the glycoside hydrolase GH5 family of cel-
lulases but shares only 53.1% similarity with other members in this
group (Ng et al.,, 2009). In contrast to its full-length sequence, the
catalytic core of GsCelA has 60% homology with that of BsCel5A from
Bacillus subtilis 168. BsCel5A, another cellulase belonging to the GH5
enzymes, is the major endoglucanase in Bacillus. BsCel5A from different
Bacillus subtilis strains have been cloned and characterized for their
application in biofuel production (Meng et al., 2014, Santos et al.,
2012). BsCel5A is also a thermostable enzyme, though it is not as tol-
erant at high temperatures as GsCelA, retaining 70% of its optimal
activity after incubation at 75 °C for 30 min or less. A TIM-barrel (/)8
catalytic domain and a B-sheet cellulose binding module (CBM3
shown to be present in the cellulase BsCel5A (Santos et al., 2012

7. Regulation of thermostable cellulases

omposition of the cellulosome
damental understanding

thls type of cellulase system in reported in

% fungus produces two exoglucanases marked as
CBHI and CBHII mOg@Ver, nearly eight endoglucanases named as EGI
to EGVIIL, and seven [}-glucosidases-denoted as BGI to BGVIL In ther-
mophilic fungi also multiple forms of cellulases are produced similar to
mesophilic fungi (Maheshwari et al., 2000). Humicola insolens also
known to have non-complexed cellulase system homologues to T. reesei
and comprises as a minimum seven cellulases. Thermobifida bacterium
also produces whole components of the cellulase system comprising
exo- and endo-glucanases. For example, in Humicola grisea four CBH has
been reported from family 7 whereas, in Aspergillus niger, a mesophilic
fungus, two CBH are known. Observed multiplicity of cellulolytic en-
zymes (Soni and Soni, 2010) could be the result of genetic redundancy
or may be the outcome of differential posttranslational and/or post-
secretion processing (Maheshwari et al., 2000).

Bioresource Technology 279 (2019) 385-392

Cellulases are secreted as inducible enzymes thus the regulation of
its production is exceptionally controlled by mechanisms of activation
and repression. Cellulase genes of T. reesei are regulated extremely
synchronized. Thermophilic fungi are also known to possess inducer/
repressor system for cellulase regulation in which cellulases are induced
by the presence of cellulose (Maheshwari et al., 2000). The secretion of
cellulases are induced by the cellulose or other oligosaccharide pro-
ducts whereas it is suppressed with the enough availability of utilizable
sugars (Sukumaran et al., 2005). Sophorose (disaccharide) is subse-
quently regarded to be the best possible inducer especially for the Tri-
choderma cellulase system, it was recommended that the inducer is
formed via trans-glycosylation of basal expzess of [-glucosidase.
Likewise, oxidized products of cellulose h as cellobiose, 8-
of cellulase
commercial
ed as it is

g the signaling for
n overrides the induc-

P’ proteins. Moreover, ACEII binds to the cbhl
i, hence it is assumed to regulate the cbhl, cbh2,
sion. Likewise, Acel gene also yields a transcription
which has its binding sites at cbhl promoter; how-
it performs as a cellulase repressor. Hypothetically, Glucose
epression of cellulase expression system in T. reesei is car-
ing out through CRE1 catabolite repressor protein. Moreover, the
promoter region of four genes in T. reesei such as cbh1, cbh2, egl and eg2
has CREI1 binding sites demonstrating the controlled regulation of
above genes via (carbon) catabolite repression. Just as crel in T. reesei
which is a regulatory gene sequence expressing a negatively affecting
transcription factor inhibiting cellulase transcription in presence of
glucose; CRE1 genes from two thermophilic fungi (Talaromyces emer-
sonii, Thermoascus aquaticus) have also been reported. Though the full
repertoire of transcription factors influencing cellulase gene expression
in thermophilic fungi has not been described completely as in T reesei,
but the potential regulatory element consensus sequences have been
identified in the 5" upstream regions of thermophilic fungal cellulase
genes (Murray et al., 2003, Grassick et al., 2004, Collins et al., 2007,
Pocas-Fonseca et al., 2000, Soni and Soni, 2010, Voutilainen et al.,
2008).

Such information’s offer better comprehension about biochemistry
of cellulase for controlled gene regulation, however it is still uncertain
how the related genes are being regulated and which transcriptional
activator activate the promoter of cellulase. Though, considerable re-
search in this area is being undertaken and anticipating that applied
exploitation of the growing knowledge and interventions on genetics of
cellulolytic microbes can improve cellulase production and related
technology.

8. Heterologous expression

With the advent of genetic manipulation, it is possible to obtain
thermostable enzymes from mesophilic host strain. The genes can be
cloned and expressed into a host to give thermostable enzyme.
Cellulases are glycosyl hydrolases classified into families 1, 3, 5, 6, 7, 8,
9, 10, 12, 16, 44, 45, 48, 51, and 61 (http://www.cazy.org/). Ther-
mophilic fungal cellulases are found in families 1, 3, 5, 6, 7, 12, and 45
(Li et al., 2011). Based on literature, Li et al. (2011) gave a summary of
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about 50 genes encoding thermostable fungal cellulases which were Geobacillus isolate. Res. J. Microbiol. 2, 13-23.
cloned, expressed and analyzed. Thus, the production technologies for Aro, N., Pakula, T., Penttila, M., 2005. Transcriptional regulation of plant cell wall de-
o c s gradation by filamentous fungi. FEMS Microbiol. Rev. 29, 719-739.
thefrnostable cellulases would be similar to thf'l 'ex1st1ng one for meso- Assareh, R., Zahiri, H.S., Noghabi, K.A., Aminzadeh, S., Khaniki, G.B., 2012.
phlllC cellulase as the host are usually meSOphlllC fungl. Characterization of the newly isolated Geobacillus sp. T1, the efficient cellulase-pro-
Cellulase genes from thermophilic fungi have been cloned and ex- ducer on untreated barley and wheat straws. Bioresour. Technol. 120, 99-105.

. . . . Banik, J.J., Brady, S.F., 2010. Recent application of metagenomic approaches toward the

pressed successfully in host organisms such as E. coli, yeast and fila- ; Lo e .
. . ; discovery of antimicrobials and other bioactive small molecules. Curr. Opin.
mentous fungi. T. reesei was employed as host organism to express a Microbiol. 13 (5), 603-609.
gene encoding a beta_glucosidase of T. emersonii and as a result the Brock, T.D., 1986. Introduction, an overview of the thermophiles. In: Brock, T.D. (Ed.),
recombinant secreted cellulase contained 17 potential N-glycosylation Thermophiles: general, Molecular and Applied Microbiology. John Wiley & Sons,
X . R K o New York, pp. 1-16.
sites in its functionally active form (Murray et al., 2004). Majority of Brock, T.D., Freeze, H., 1969. Thermus aquaticus gen. n. and sp. n., a nonsporulating
recombinant cellulase expressed in yeast and filamentous fungi are extreme thermophile. J. Bacteriol. 98, 289-297.

: : Chang, C.J., Lee, C.C., Chan, Y.T., Trudeau, D.L., Wu, M.H., Tsai, C.H., Yu, S.M., Ho,
glycosylatfed (Takashima et al., 1999, .L1 et al., 2009). ImPortantly, the THD, Wang, ATLY., Hsizo, C.D., Amold, F H, 016 Exploring the
glycosylation of cellulases could contribute further to the improvement mechanism responsible for cellulase thermostaj
of their thermostability as it has been previously reported (Meldgaard combination. PLoS One 11 (3), e0147485.
and Svendsen, 1994). The extent of glycosylation depends on the cul- Ciaramella, M., Pisani, F.M., Rossi, M., 2002. ‘ ophiles: recent

.. . progress on the hyperthermophilic ar . . enhoek 81,
ture condition and the type of strain as well (Mamma et al., 2004). 85-97.
However, extensive glycosylation in recombinant enzymes could lead Collins, C.M., Murray, P.G., Denman, bression analysis
to reduced activity and increased non-productive binding on cellulose OfItW‘; dism;ftliglucoslffse Fferent &idofi?l
e . roles from the thermophili mersonii. CO. es.
(Jeoh et al., 2008). Hence, it is a trade-off and need to analyze the 111 (7), 840-849. P v
extent of glycosylation which is optimum for recombinant enzymes. Comfort, D.A., Chhabra, ing, K.L., Johnson, M.R.,

Jones, K.L., Sehga] iocatalysis with hy-

9. Conclusions and perspectives Dagel, D.J., Liu, ., Zeng, Y., Ding, S.Y.,
Smith, S., i i ohydrate-binding modules on cellulose

Development of potential thermostable cellulases would play a
major role in materializing the vision of eco-friendly lignocellulosic
ethanol technology into a reality. Thermostability is the most desired y
trait of any industrial enzyme which allows fast rate of reaction at R., 2004. The sgjl metagenome-a rich resource for the discovery of novel natural
elevated temperature thereby decreasing the usage of enzyme. Biotechnol. 15 (3), 199-204. )

. . . . . , C., Prestat, E., Larose, C., Monier, J.M., Simonet, P., Vogel,
Although the commercial lignocellulosic ethanol production began in mic mining for microbiologists. ISME J. 5 (12), 1837-1843.
different parts of the world, still continuous research is desirablg to
improve thermostability of the cellulase and its production f
proving cost, specific activity and substrate specificity to achieve Golyshina, O., Beloqui, A., Golyshin, P.N., 2007. Mining enzymes from ex-
techno-economic feasibility. Thermostable cellulases from bact ironments. Curr. Opin. Microbiol. 10 (3), 207-214.
y

fungal and even from metagenome would be useful. Succs 003. A measure of conformational entropy change during thermal protein

o . . unfolding using neutron spectroscopy. Biophy J. 84 (6), 3924-3930.
made towards brlnglng the desired Changes in the Grassick, P.G., Murray, R., Thompson, R., Collins, C.M., Byrnes, L., Birrane, G., Higgins,
mising for improving thermostability of ce

g T.M., Tuohy, M.G., 2004. Three-dimensional structure of a thermostable native cel-
Thermostable cellulase would allow to operate p i lobiohydrolase, CBH IB, and molecular characterization of the cel7 gene from the
filamentous fungus Talaromyces emersonii. Eur. J. Biochem. 271 (22), 4495-4506.
- Handelsman, J., 2004. Metagenomics: application of genomics to uncultured micro-
rate or efficiency of hydrolysis of biom i i organisms. Microbiol. Mol. Biol. Rev. 68 (4), 669-685.
sibility of technology. Hashimloto,fH., 2006. Recent structural studies of carbohydrate binding modules. Cell.
. Mol. Life Sci. 63 (24), 2954-2967.

Thus’ the rema_rkable develo Hayashi, K., Ying, L., Singh, S.P., Kaneko, S., Nirasawa, S., Shimonishi, S., Kawata, Y.,
research for improving techno Imoto, T., Kitaoka, M., 2001. Improving enzyme characteristics by gene shuffling:
cesses have been claimed to remains that still application to B-glucosidase. J. Mol. catalysis B: Enzyamatic 11, 811-816.
we do not have ‘efficie Healy, F.G., Ray, R.M., Aldrich, H.C., Wilkie, A.C., Ingram, L.O., Shanmugam, K.T., 1995.

. . . Direct isolation of functional genes encoding cellulases from the microbial consortia
biomass hydrolysis. It of long way to go on cellulases in a thermophilic, anaerobic digester maintained on lignocellulose. Appl. Microbiol.
research. Biotechnol. 43 (4), 667-674.

Heinzelman, P., Snow, C.D., Smith, M.A., Yu, X., Kannan, A., Boulware, K., Villalobos, A.,

Govindarajan, S., Minshull, J., Arnold, F.H., 2009a. SCHEMA recombination of a

, R., Lee, C.K., Peterson, M.E., 2008. The effect of
w insights and their implications. Extremophiles

ACknOWIedg % fungal cellulase uncovers a single mutation that contributes markedly to stability. J.
Biol Chem. 284 (29), 26229-26233.
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