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CHAPTER 1

INTRODUCTION AND
REVIEW OF LITERATURE



Chapter 1 — Introduction and Review of Literature
1.1. General Introduction
1.1.1. Cellulase Enzymes

Cellulases are enzymes that hydrolyze B -1, 4 linkages in polymeric
cellulose and liberate glucose units. Cellulases are mainly classified into three
groups, endo-(1, 4)-4-D-glucanase (EC 3.2.1.4), exo-(1, 4)-#-D-glucanase (EC
3.2.1.91), and p-glucosidases (EC 3.2.1.21). The catalytic modules of
cellulases belong in glyosyl hydrolase (GH) family and have been classified
into various groups based on their amino acid sequences and crystal structures.
Enzymes in GH families cleave glycoside bonds by using acid—base catalysis.
The hydrolysis is achieved by two catalytic residues of the enzyme in the
active site region: a general acid (proton donor) and a nucleophile/base
(Davies and Henrissat, 1995). The spatial position of these catalytic residues
varies and depending on that, hydrolysis occurs via retention or inversion

mechanism. The different classes of cellulases are given below.

1.1.1.1. Endoglucanase

Endoglucanases or endo 1, 4-B-D-glucan glucanohydrolases (EC 3.2.1.4) are
enzymes which randomly act on the cellulose polymer producing nicks in the
amorphous regions of cellulose (endo initiating) to expose the reducing and
non reducing ends by cleaving the endo B-1,4 linkages between adjacent
glucose units. They are generally measured by detecting the reducing groups
released from the soluble carboxymethylcellulose (CMC) substrate (Sheehan
and Himmel, 1999). Endoglucanases are classically considered as the initiators
of cellulose hydrolysis by the cellulase complex, since their action is essential
for exposing the reducing and non reducing ends in the cellulose polymer;
essential for the action of exoglucanases/cellobiohydrolases. Recent view on
endoglucanases also proposes its role to help cellobiohydrolases to overcome
blockage at amorphous regions of cellulose (Payne et al., 2015).
Endoglucanases are represented in several glycosyl hydrolase (GH) families
and in the model organism 7. reesei, there are six endoglucanases represented

in families GHS, GH7, GH12, GH45 and GH74 (Kubicek et al., 2012)

1



1.1.1.2. Exoglucanases

Exoglucanases or exo cellulases are of two types namely cellulose 1, 4--D-
cellobiosidase (reducing end) EC 3.2.1.176 (cellobiohydrolase I/CBHI) and
cellulose 1, 4-B-D-cellobiosidase (non reducing end) EC 3.2.1.91
(cellobiohydrolase II/CBHII). These enzymes attack the available reducing or
non-reducing free ends or the ends generated by the action of EGs to liberate
cellobiose units. While CBHI attacks the reducing ends of the chain, CBHII
attacks the non-reducing ends (Cantarel et al., 2009). Current view on
exoglucanases does not consider them as having exclusive exoglucanase
action, but as exo glucanases with endo initiating action (Kurasin and
Valjamae, 2011). In the model organism 7. reesei, cellobiohydrolases are

represented in glycosyl hydrolases families GH6 and GH7.

1.1.1.3. B- glucosidases

B-glucosidases or cellobiases (EC 3.2.1.21) are enzymes that catalyze the
hydrolysis of terminal, non-reducing B- -D-glucosyl residues with release of B-
-D-glucose (Leah et al.,, 1995). B-glucosidases (BGLs) catalyze the final
reaction in cellulose hydrolysis namely the hydrolysis of cellobiose to two
molecules of glucose and is responsible for the regulation of the cellulolytic
cascade through its own feedback inhibition by its reaction product glucose.
Most of the microbial BGLs employed in biomass hydrolysis belong to GH
family 3, while they can be found in families 1, 3, 9, 30 and 116 (Teugjas and
Valjamae, 2013). BGL action is considered as a critical step in cellulose
hydrolysis since the substrate of BGL — cellobiose is a strong inhibitor of
CBHs and its hydrolysis is essential to overcome product inhibition of the
exoglucanases. Since glucose accumulation can lead to BGL inhibition which
in turn leads to CBH inhibition through accumulation of cellobiose, the
regulation of cellulase production in response to the hydrolysis of cellulose is
of critical importance in most of the organisms producing these enzymes. In
several cases the BGLs are also inhibited by their substrate, believed to be
caused by the transglycosylation reaction capable of being performed by these

enzymes (Bohlin et al., 2013).



1.1.1.4. Other cellulolytic enzymes and accessory proteins

It was long been recognized that the hydrolysis of the dense crystalline lattices
of cellulose has to be mechanically disrupted for access of the hydrolytic
enzymes and the role of a “swelling factor” which was non hydrolytic was
proposed as early as in 1950 (Reese et al., 1950). “Swollenin” a protein with
sequence similarity to plant expansions was described in T reesei by
Saloheimo et al., (2002). It was believed that swollenin and similar non
hydrolytic swollenin like proteins act like a zipper opening up the cross
linking of cellulose microfibrils just like plant expansins (Arantes and Saddler,
2010). It was also proposed originally that these proteins lack hydrolytic
activity since only negligible quantities of sugar release was observed with
their independent action, while they enhanced hydrolysis of cellulosic
substrates (Gourley et al., 2012). The mechanism of promoting cellulose
breakdown was speculated to be through a non-hydrolytic weakening of
hydrogen bonding (Jager et al., 2011, Gourley et al., 2012). However, the most
recent works have indicated that the protein does have hydrolytic activity and
shows a unique mode of action with similarities to the action of both
endoglucanases and exoglucanases (Andberg et al., 2015). Apart from
swollenin, the “disrupting” or “amorphogenesis inducing” class of biomass
degrading proteins include expansins, bacterial expansin like proteins, fungal
expansin like proteins, loosenin etc (Arantes and Saddler, 2010; Gourley et al.,
2013).

Revolutionary changes in the conventional cellulose deconstruction
paradigm have emerged with the discovery of a class of enzymes that share
conserved structural features binding a metal ion and following a hitherto un-
described oxidative mechanism (Vaaje-Kolstad, 2010). These types of
enzymes which are now considered ubiquitous have been termed as Lytic
Polysaccharide Mono Oxygenases (LPMOs). The most important feature of
these enzymes is their ability to attack the highly crystalline regions of
cellulose where EGs are unable to bind productively. Thus they are able to
synergize with glycosyl hydrolases, likely as endo-acting enzymes that act
directly on the surface of crystalline cellulose. It is now known that LPMOs

require a reducing agent and molecular oxygen and a copper ion in the active



site (Payne et al., 2015). The electron donor can also be a co-secreted enzyme
like cellobiose dehydrogenase (CDH), the only known example of a secreted

flavocytochrome (Dimarogona et al, 2012)

1.1.2. Mechanism cellulose degradation by cellulases

The complex structure of cellulose made of parallel unbranched D-
glucopyranose units linked by pB-1,4-glycosidic bonds that form highly
organized crystalline microfibrils through inter and intramolecular hydrogen
bonds and Van der Waals forces. There are regions of disorder, where these
bonds are broken, in the arrangement of glucan chains along the cellulose
microfibrils which are called the amorphous regions. The cellulases work at
the solid liquid interfaces and a high concentration of catalytic units is
required for efficient hydrolysis of the polymer. The typical three domain
structure of endo-and exoglucanases ensures this by having a cellulose binding
domain which can anchor the enzyme onto cellulose. Most of the endo and
exo glucanases are processive enzymes which catalyze consecutive reactions
without release of their substrate. The active site of a cellulase consists of
multiple binding sites for glucose units, which helps the enzyme to remain
bound to the substrate after a catalytic cycle and thereby work processively.
The modular structure of cellulases helps in processivity and to keep the
catalytic domain near the substrate (Teeri et al., 1998).

Generally, exo-glucanases have a tunnel-shaped active site. After
recognition of a free cellulose chain end, the exo-glucanases threads the chain
into the active site region in the catalytic domain (CD) of the enzyme to form
a catalytically active complex (CAC). In glycosyl hydrolases, enzymatic
hydrolysis of the glycosidic bond usually takes place via general acid/base
catalysis, which requires two critical residues: a proton donor (HA) and a
nucleophile/base (B-). This catalytic activity is provided by two aspartic- or
glutamic acid residues. Hydrolysis occurs following a retaining or an inverting
mechanism and in both cases, the acid-base (HA) protonates the leaving
glycosidic oxygen with the formation of a partial positive charge on the C1
carbon (Davies and Henrissat, 1995). The processive cycle is continued with

multiple events of hydrolysis before finally dissociating from the chain and



reinitiating the processive cycle at a new site (Payne et al., 2015). It is now
known that cellulose hydrolysis by the exo-glucanases proceeds by movement
of the enzyme through the cellulose surface while the glucan chain being
threaded to the active site tunnel and is being hydrolyzed (Igarashi et al.,
2009). Processively acting exo-glucanase molecules can get stalled at
amorphous regions of cellulose and this leads to a diminished hydrolysis rate
(Praestgaard et al., 2011). In the case of endo-glucanases, the processive cycle
is different in that the chain threading and product expulsion are omitted. The
binding site of endo-glucanase are more open, forming a cleft or groove
instead of a tunnel which allows chain acquisition without threading, the
enzyme bind to the middle of the substrate chain and cleave it. The renewed
concept on role of endo-glucanases is that they are not only acting to generate
reducing and non-reducing ends and thus helping exo-glucanases to attach, but
also to help exo-gluanases dissociate from the cellulose chain when they
encounter amorphous regions during their processive action (Jalak et al.,

2012).

Figure 1.1. Mechanism of processive cellulose hydrolysis by 7. reesei
cellobiohydrolase (Cel7A)

a) Catalytic Domain b
) ) : W Linker CBM )

Inmal

& lhreadmg

Threading - Processive cycle

a) Enzyme binding to cellulose b) recognition of the reducing end of a glucan chain
c) initial threading of the glucan chain into the catalytic tunnel
d) formation of CAC by threading e) processive hydrolytic cycle showing product
formation (cellobiose shown in yellow) f) product expulsion
a) Reproduced from Beckham et al., (2011), with permission from Elsevier



In light of the above findings, the roles of different cellulases are now
interpreted  differently. Endo-glucanases and Lytic Polysaccharide
Monooxygenases (LPMOs) do the endo-initiation in the amorphous and
crystalline regions of cellulose respectively by breaking down the glycosidic
bonds. The liberated reducing and non reducing ends are attacked respectively
by the exo-glucanases (CBH1 and CBH2) which acts in a processive fashion
to liberate cellobiose units and the cellobiose units are eventually cleaved to

glucose by the beta glucosidases.

1.1.3. Microbial production of cellulases

Cellulases are synthesized by a large diversity of microorganisms during their
growth on cellulosic materials. The industrial production of cellulases is
mainly from microbial sources, bacteria and fungi. These microorganisms for
cellulases can be diverse in its habitat - aerobic, anaerobic, mesophilic or
thermophilic. The mechanism of cellulose degradation by aerobic bacteria is
similar to that of aerobic fungi. Cellulosomes located on the cell surface of
anaerobic bacteria operate on a different system. Most commonly studied
cellulolytic organisms include: Fungal species - Trichoderma, Humicola,
Penicillium, Aspergillus;, Bacteria — Bacilli, Pseudomonads, Cellulomonas;
and Actinomycetes — Streptomyces, Actinomucor, and Streptomyces
(Sukumaran et al., 2005). The ability to secrete large amounts of extracellular
protein is characteristic of certain fungi and such strains are most suited for
production of higher levels of extracellular cellulases. While several fungi can
metabolize cellulose as an energy source, only few strains are capable of
secreting a complex of cellulase enzymes, which could have practical
application in the enzymatic hydrolysis of cellulose. One of the most
extensively studied fungi is Trichoderma reesei, which converts native as well
as derived cellulose to glucose (Schulein et al., 1988). Besides T reesei, other
fungi like Humicola, Penicillium and Aspergillus have the ability to yield high
levels of extracellular cellulases (Hayashida et al., 1988; Jorgensen et al.,

2003; Ong et al., 2004). Cellulases from Aspergillus and Trichoderma of



fungal origin and Bacillus and Paenibacillus of bacterial origin are potentially

used for food industry applications.

Cellulases are widely used for various industrial purposes. The major
industries using cellulases are textile industry, pulp and paper industry,
detergent industry, animal feed and food industry (Sukumaran et al., 2005).
Now cellulases contribute a significant share of the world’s industrial enzyme
market. Production of cost effective cellulase preparations for industrial
application is the major challenge in industry. There has been a significant
improvement in production technologies that has brought down the cost of
enzymes. Apparently, the production of cellulase enzymes is a complex
process which has to take care of fungal growth parameters, ideal conditions
for the optimal enzyme production and balance the costs involved. The present
study looks in to various production strategies for improving the cellulase
production in 7. reesei RUT C-30 and its applications in different processes.

The major objectives of the study are given below.
1.1.4. Objectives of the study

=  Optimization of endoglucanase production by 7. reesei RUT C-30 in

Solid State Fermentation (SSF).

=  Optimization of endoglucanase production by 7. reesei RUT C-30 in

Submerged Fermentation (SmF).

= Evaluation of 7. reesei cellulase for biomass (Sorghum Stover)

hydrolysis.
= Application of endoglucanase for enzymatic deinking of waste paper.

= Studies on endoglucanase for enzymatic production of cellulose

nanoparticles.

= Application of T.reesei cellulase for synthesis through trans-

glycosylation activity.



1.2. Review of Literature
1.2.1. Fungal cellulase

Filamentous fungi, especially the ascomycetes fungi Trichoderma reesei and
Aspergillus niger or their derivative strains are used by most enzyme
companies like Novozymes, Genencor (DuPont), and logen for commercial
production of cellulases with the exception of Dyadic which uses engineered
strains of Chrysoporium lucknowense (Zhang and Zhang, 2013). Most of the
Trichoderma reesei strains currently in use for production of cellulases have
been derived from the original isolate 7richoderma sp strain QMo6a isolated by
the US Army Research Laboratories at Natick over 70 years ago. The strain
was improved through random mutagenesis experiments at the Natick
laboratory and Rutgers University with resulted in the strain RUT C-30 with
over 20 fold improvement in cellulase activity. This strain is still the prototype
cellulase hyper-producer available in public domain (Bischof et al., 2016). The
titers of extracellular cellulase on cellulase inducing carbon source —lactose
can reach 30g/L as demonstrated by Durand et al (1988). A direct comparison
of the levels of cellulase production by different organisms is complicated by
the different strategies of production employed, different substrates and
inducers employed and in some cases by the different units used for
expressing their activity. Several such comparisons have been made which
have mostly concentrated on the published information and information on the
cellulase yields from studies in public domain may be obtained from these
reports (Sukumaran et al., 2005; Mathew et al., 2008; Chandel et al., 2012;
Hansen et al., 2015; Cunha et al., 2016). The highest cellulase activities (as
filter paper units) have been recorded at about 10-15 FPUs/g substrate under
solid state fermentation (SSF) and about 13 FPUs/ml for submerged

fermentation (Hansen et al., 2015).

1.2.2. Regulation of cellulase production

Cellulases are inducible enzymes and the regulation of cellulase production is
finely controlled by activation and repression mechanisms. In 7. reesei, genes

are co-ordinately regulated (Ilmen et al., 1997). The production of cellulolytic
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enzymes is induced only in presence of the substrate, and is repressed when
easily utilizable sugars are available. Natural inducers of cellulase systems
have been proposed as early as 1962 (Mandels et al., 1962), and the
disaccharide sophorose is since then considered to be the most probable
inducer of at least the Trichoderma cellulase system. It is proposed that the
inducer is generated by the trans-glycosylation activity of basally expressed [3-
glucosidase (Vaheri et al., 1979). Cellobiose, 5-cellobiose-1-5 lactone and
other oxidized products of cellulose hydrolysis can also act as inducers of
cellulose (Lynd et al., 2002). Lactose is another known inducer of cellulases
and it is utilized in commercial production of the enzyme owing to economic
considerations. Though the mechanism of lactose induction is not fully
understood, it is believed that the intracellular galactose -1- phosphate levels
might control the signalling. Glucose repression of cellulase system overrides
its induction, and de-repression is believed to occur by an induction
mechanism mediated by trans-glycosylation of glucose (Sternberg D &
Mandels, 1979).

The promoter region of cellulases harbour binding sites for the CREI
catabolite repressor protein as well as sites for the transcriptional activators
including Activator of Cellulase Expression protein II (ACE II), besides
CCAAT sequence, which binds general transcriptional activator complexes
designated as ‘HAP’ proteins. ACEIIl binds to the promoters of chhl in T
.reesei, and is believed to control the expression of cbhl, cbh2, egll, and egl?2.
Acel gene also produces a transcription factor similar to ACEIl and has
binding sites in chhl promoter, but it acts as a repressor of cellulase gene
expression. Glucose repression of cellulase is supposed to be mediated
through carbon catabolite repressor protein CRE! in T.reesei. The promoter
regions of cbhl, cbh2, egl and eg2 genes of T. reesei has CRE1 binding sites
indicating fine control of these genes by carbon catabolite repression. At least
seven transcription factors have been identified to be involved in regulation of
cellulases gene expression in 7. reesei and studied in detail. These include five
positive regulators Xyrl, Ace2, Ace 3, BgIR and Hap2/3/5 complex and the
negative regulators Acel and Crel (Kubicek et al., 2009).



1.2.3. Strategies for cellulase production

Commercial production of cellulases typically employs the submerged
fermentation (SmF) strategy while solid state fermentation (SSF) processes are
also used by companies (Sukumaran et al., 2005). Each method has its own
advantages and disadvantages and the question of a best method is rather
irrelevant, since the method adopted would depend on the organism employed,
substrate used, growth conditions, existing infrastructure if there, need for
purification etc among several other factors. While SSF is claimed to be the
cheaper method for microbial enzyme production by many (eg. Tengerdy et
al., 1996; Castilho et al., 2000, Viniegra-Gonzalez et al., 2003; Krishna, 2005),
there are also reports that states the contrary (Nakeeran et al., 2012). Also it
should be noted that the enzymes elaborated by same organism can be
different in SmF and SSF (Hansen et al., 2015) and the cost of production also
needs to be read along with the efficiency of the enzyme in catalyzing the
desired reaction. In this context, the production costs are tightly connected to
the productivity of the enzyme producing strain and the final activity yield.
The hydrolytic efficiency of the multienzyme complex depends on both the
properties of individual enzyme and synergies between them and their ratio in

the cocktail (Gusakov et al., 2014).

1.2.3.1. Solid State Fermentation (SSF)

Solid state fermentation is defined as the fermentation with near absence of
free water but substrate moistened to support growth of microorganisms
(Pandey, 2003). The substrate can either be a natural organic material like
wheat bran or an inert support material impregnated or coated with the liquid
growth medium (Ooijkaas et al., 2000). SSF processes are closer to the natural
conditions of growth of most of the filamentous fungi and are hence expected
to be ideal for production of enzymes that are required for plant cell wall
degradation. There have been a large number of studies on solid state
fermentation for cellulase production reported in literature. Even earlier
studies like those by Chahal (1985) have demonstrated the higher yields of
enzyme in SSF compared to SmF and there have been reports which indicated

significant cost reductions for SSF compared to SmF (Tengerdy et al., 1996).
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Solid state fermentation is typically performed by inoculating a natural
substrate (eg wheat bran) moistened/impregnated with the suitable medium
that carries essential nutrients — especially nitrogen source since in majority of
the cases the substrate itself acts as the carbon source. Additional carbon
source may be added for enhancing the growth rate or the final fungal biomass
achieved. Since cellulases are inducible enzymes, an inducer like pure
cellulose or a small molecule inducer like lactose /cellobiose may also be
added for enhanced production. One of the advantages of SSF for cellulase
production is the possibility of using a lignocellulosic substrate for
fermentation, which will serve as a carbon source as well as the inducer
(Nigam & Singh, 1996). The usage of raw material same as the feedstock to be
used in a biorefinery for cellulases production has the added advantage of a
more appropriate enzyme cocktail being elaborated by the organism, and this
approach has been tested successfully by many (Sukumaran et al., 2009b;
Roslan et al., 2011; Maeda et al., 2013; Pirota et al., 2014). It should be noted
that the choice of carbon source has a significant impact on cellulase
production under SSF, since differential induction of cellulases in response to
the type of carbon sources used is a common phenomena in cellulase
production by fungi.

The major advantages proposed for solid state fermentation include 1)
higher enzyme production associated with higher biomass 2) lower product
inhibition 3) lower protease activity 4) ability to use water insoluble substrates
as C and N sources which allows use of cheap and abundant lignocellulosic
biomass and 5) concentrated enzyme (Viniegra-Gonzalez et al., 2003; Holker
and Lenz, 2005). It has also been shown that SSF offers a situation of lowered
catabolite repression in comparison to SmF (Diaz-Godinez et al., 2001). The
immobility of typical SSF cultures can be an advantage and disadvantage at
the same time. Since this replicates a natural growth environment for
filamentous fungi, without any shear (as would be encountered in agitated
SmF cultures), there is better growth and lesser autolysis due to hyphal
rupture. At the same time, this also result in mass and heat transfer limitations.
As the fermentation proceeds on an organic substrate like wheat bran, the

substrate is decomposed leading to collapse of pores and aggregation of
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particles which lead to less oxygen supply to cells and lower heat dissipation
both of which affects the growth and enzyme production by fungi (Chen,
2013). The classical setup used for solid state fermentation for large scale
enzyme production is tray reactors, though other designs like drum reactors
and packed bed reactors are also employed. A typical tray reactor set up
includes several trays of optimal size kept in racks inside a climate controlled
chamber (Fig 1.2). The trays may be constructed of stainless steel, aluminum,
wood or even plastic and may or may not have lids. The trays and lids in some
setups are perforated to allow aeration and heat dissipation. The rooms are
maintained at controlled temperature and humidity and often with forced
circulation of HEPA filtered air (though this may not be essential). This

configuration is easy to set up and easily scalable with low labour intensity.

Fig 7: Solid State Fermentation Facility (Koji) Room
(CSIR-NIIST, Trivandrum, India)

Koji Room (SSF chamber) showing steel racks Trays showing fully grown Penicillium
for keeping trays and climate control system Jjanthinellum culture ready for harvest (for
cellulase production)

The mixing and heat transfer issues associated with stationary tray fermenters
can be addressed through use of rotating drum type reactors which is either
mixed continuously or intermittently and with or without forced aeration.
These types of reactors were patented by the French company Lyven and the
Indian company Biocon and have been in use for commercial enzyme
production. There are also several other type of reactor designs in use while

tray reactors are the dominant types used in commercial SSF.
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One of the major advantages of SSF is the possibility of using the fermented
substrate as such in wet or dry form as the enzyme (Zuang et al., 2007;
Singhania et al., 2015). The elimination of the downstream processing step can
result in significant cost reductions, but has other disadvantages like carryover
of the spores/mycelia to the biomass hydrolysis step (leading to contamination
and lower productivity) and the increase in solids loading in the hydrolysis
reactor leading to inefficient mixing. Apparently, the choice of direct use of
fermented material as enzyme or after extraction and removal of the fungal
spores/mycelia depends on the conditions of hydrolysis. The latter, if
performed at higher temperatures can kill the mycelia and may prevent spore
germination. Major disadvantages of SSF for cellulase production include the
common disadvantages of SSF, which are the challenges in product
purification, inability for complete automation and online monitoring of cell
growth and enzyme production, providing heat and mass transfer, difficulty in
mixing, necessity to keep the moisture content optimum, increased possibility
for contamination (since SSF systems are not fully closed systems) etc.
Moreover, heterogeneity and batch variations in solid substrates can have
serious impact on reproducibility. Also there are issues with scalability, with
tray reactors occupying large foot print compared to similar capacity SmF
systems. Nevertheless, for production of enzymes like that used for biomass
hydrolysis where purity is not a major concern, SSF systems might hold
promise, since the enzymes produced on same substrates to be used as
feedstock for biofuels can yield enzymes which are more appropriate for the
job, and at higher concentrations. The methodology also has the process
advantages of lower water and energy consumption, reduced waste stream,
lesser capital infrastructure and the ability to use semiskilled labor (Zhuang et
al., 2007). Recent reviews on the application of SSF technology for biomass
hydrolyzing enzymes may be found in Yoon et al (2014), Farinas (2015) and
in Behera and Ray (2016).

1.2.3.2. Submerged Fermentation (SmF)

Submerged fermentation is by far the most commonly used technique for

production of industrial enzymes which also includes cellulases. SmF is
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preferred by the industry since it allows easy online monitoring of the process
parameters and allows their control (Hansen et al., 2015). Heat and mass
transfer are better in SmF, since the cells are dispersed in a very conductive
aqueous environment and also due to the fact that the system allows for
regulation of temperature with external heating/cooling besides having
efficient mechanisms for mixing. Biomass hydrolyzing enzymes from the
common industrially employed cellulase producers (eg Trichoderma reesei)
are inducible and the best activities are reported when grown in media
containing cellulose. Untreated lignocellulosic substrates are generally found
to support lesser enzyme yields compared top pure cellulose forms like Solka
Floc or Avicell (Mathew et al., 2008). A range of different cellulosic materials
has been tried as substrates for cellulase production and this includes pure
celluloses (Hendy et al., 1982), paper pulp (Zuang et al., 2007), corn cob
residue (Liming and Xueliang, 2004), sugar cane bagasse (Pereira et al.,
2013), and even dairy manure (Wen et al., 2005). Most of these natural
substrates are capable of inducing the cellulase systems in fungi often at par
with known inducers or sometimes even better (Mathew et al., 2008). The
choice of raw materials for cellulase production can influence both the yields
as well as the final compositions of the cellulase preparation, which in turn
will also affect the cost of enzyme preparations. Agro residues like corn cobs,
rice or wheat straws, bagasse etc are cheap raw materials that can induce
cellulase production due to their content of cellulose and hemicellulose
polymers. However, they might need pretreatment for delignification before
being used in cellulase production media. In a biorefinery context, especially
for onsite enzyme production, this would not pose a big problem since the
same feedstock that goes for biofuel production can serve as carbon
source/inducer for cellulase production.

Media used for cellulase production have typically followed a
composition after the original 7.reesei medium used by Mandels and Weber
(1969), but with modifications as appropriate for the strain /organism.
Typically for T.reesei the fermentations are carried out in an acidic pH range
with the optimal temperature being in the range of 25-30 °C (Mathew et al.,

2008). Besides the carbon source, the choice as well as the concentration of
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nitrogen sources is known to affect cellulase production and a high C/N ratio
is proposed to be conductive for enhanced cellulase production by T.reesei
(Liming and Xueliang, 2004). Stirred tank reactors are commonly employed
for SmF production of cellulases which has the advantages of better mixing
and aeration. However, fungal fermentation can present very unique problems
associated with the control of their morphology. The morphology of fungi in
SmF may vary based on various factors including the type of organism,
inoculum density, pH, presence of surface active agents, agitation rates etc and
careful selection of parameters might be essential to maintain the optimal
fungal morphology. In typical submerged fermentations, fungi may grow in
pelleted form or it may be dispersed as mycelial mats or aggregates. The latter
form is often a serious limitation since the aggregates result in mass transfer
limitations and cell damage due to shear. Also the mycelia may get entangled
in the baffles of the reactor and can get accumulated on the fermenter wall
wherever there is limited turbulence. The aggregates or mats can become
really large disallowing any penetration of substrates or oxygen into the core,
leading to death of cells in the centre of the aggregates. The pellets are highly
entangled dense masses of hyphae which can assume sizes between few
hundred micrometers to several millimeters (Domingues et al., 2000). Pelleted
growth is generally preferred in fungal fermentations since it allows better
mass and oxygen transfer due to an even distribution and enhanced surface
area. Optimal morphologies in fermentations are dependent on operational
conditions and knowledge of these can aid in enhancing the productivities in
SmF (Cui et al., 1998). It has been observed that higher inoculum densities can
lead to smaller pellet size translating to higher protein secretion and higher
filter paper activity (Domingues et al., 2000). Similarly, in the same study it
was observed that the presence of surfactant inhibited pellet formation by
T.reesei RUT C-30. In another study which related cellulase productivity to
fungal morphology, it was found that the buffers and pH conditions that
promoted compact pellet formation resulted in enhanced enzyme yield
(Ferreira et al., 2009). A pH of around 4.8 and 100mM succinate buffer
supported maximum cellulase yield by 7. reesei RUT C-30 in this study
(Ferreira et al., 2009).
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High productivities and yields of cellulases at industrial scale require
that the fermentation is conducted under carbon flux limitation under either
fed batch or continuous mode (Jourdier et al., 2012). Pure forms of cellulose,
lignocellulosic substrates like pretreated plant biomass materials, or soluble
carbon sources that can induce cellulases like lactose are the common carbon
sources used in commercial scale production of cellulases. The typical
processes can be batch, fed batch or continuous. Lactose is used as the carbon
source/inducer in commercial production of cellulases employing
Trichoderma, the disaccharide being the most affordable among highly potent
soluble inducers. While cultivation of the fungus in cellulose/lignocellulose is
cheaper, control of glucose concentration becomes a major limitation At low
concentrations of (ligno) cellulose, glucose production might be too slow to
meet metabolic needs of active growth and enzyme production, while at high
concentrations, a higher rate of glucose generation compared to its
consumption can result in catabolite repression (England et al., 2010).
Apparently to maintain the conditions of carbon flux limitation, fed batch or
continuous mode becomes helpful (Jourdier et al., 2013). In fact, most of the
commercial production of cellulases employs the fed batch strategy where a
soluble inducer like lactose or a cellulosic substrate is carefully dosed into the
fermentation medium at appropriate intervals. The wuse of insoluble
inducers/carbon sources like pure cellulose, paper pulp or any lignocellulosic
substrate pose the additional challenge of mixing the medium in the
production reactors. This is a very serious limitation when batch process has
to be employed and often the production strategy has to ensure a size
reduction treatment before the insoluble substrate is fed to the reactor (Shin et
al., 2000; Liming & Xueliang, 2004). However, this can increase the
production cost due to the need for pulverization of substrate. Here again, a
fed batch process may help to maintain sufficient mixing, since the
concentration of insoluble substrate can be kept minimum and fed as per
demand (Shibuya et al., 2015). The use of a soluble carbon source in lieu of
(ligno) cellulose has obvious advantages as this will allow better mixing,
aeration and greater control over the fermentation process. Also the
fermentation would no longer be dependent on the hydrolysis of lignocellulose

(Allen and Mortensen, 1981). While sophorose is the best inducer of cellulase
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in Trichoderma reesei, it is also the most expensive and difficult to
manufacture. Recently, Danisco Inc. has patented a process using concentrated
glucose, containing appreciable quantities of sophorose as carbon
source/inducer for cellulase production using 7. reesei (England et al., 2015).
Here the inducing mixture of sugars was generated through transglycosylation
activity employing whole cellulase preparations from 7. reesei.

The choice of method for cellulase production depends on the end
application and the cost evaluations also need to consider the efficacy of the
enzyme preparation on the chosen lignocellulosic substrate. While SSF and
SmF has their own advantage and disadvantages, it is not prudent to state one
method is better than the other, since the choice is often made depending on
the context of application, rather than on the mere advantages of a particular

method.

1.2.4. Applications of Cellulase

Microbial cellulases find applications in a variety of industries where
cellulases of varying degrees of purity are desired. Current market for
cellulases is projected at 20% of the total world enzyme market. With the
rapidly increasing demand for cellulases in biofuel industry, the projected
cellulase market size is 9 billion dollars and it is speculated that cellulase will
be largest industrial enzyme compared to market size for all the industrial

enzymes (Zhang and Zhang, 2013).

1.2.4.1. Food Industry

In food industry, cellulases are used in extraction and clarification of
fruit and vegetable juices, production of fruit nectars and purees, for extraction
of olive oil (Galante et al, 1998b). In the beer industry exogenous glucanases
are added to improve the malting of barley (Pajunen, 1986), and in wine
industry, better maceration and colour extraction is achieved by use of
exogenous hemicellulases and glucanases (Galante et a/ 1998b). Animal feed

industry is another major beneficiary of the use of enzymes, and cellulases
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constitute a major fraction of the enzymes used in animal feed processing.
Enzyme preparations containing high levels of cellulase, hemicellulase and
pectinase have been used to improve the nutritive quality of forages (Graham

and Balnave, 1995; Kung et al., 1997).

1.2.4.2. Pulp and Paper Industry

In the pulp and paper industry, cellulases and hemicellulases has been
employed for biomechanical pulping for modification of the coarse
mechanical pulp and hand sheet strength properties (Akhtar, 1994, Pere et al,
1996), de-inking of recycled fibers (Prasad et al, 1993) and for improving
drainage and runnability of paper mills (Pere et al, 1996). The use of enzymes
in wood pulping considerably reduces the energy requirement resulting in a
commercially attractive process. Bio characterization of pulp fibers is another
application where microbial cellulases are employed (Buchert et al., 1995;
Teleman et al., 1995). De-inking of waste paper is an important application of
cellulases where a preparation with lesser exoglucanase content is desired.
More than 70% of the mixed office waste paper consistenof uncoated papers
that are printed with copy and laser printer toners, which are difficult to
remove by conventional alkaline deinking processes (Heise et al, 1996). Most
applications proposed so far use cellulases and hemicellulases to release the
ink from the fiber surface by partial hydrolysis of carbohydrate molecules
(Kuhad et al, 2011). Cellulases are highly efficient in removing toners from
office waste paper (Jeffries et al, 1995). Cellulase decreases the interaction of
toner and ink particles with the fibers. Primary role of cellulases in de inking
involves separating ink-fiber agglomerates and dislodging or separating the
ink and fibrous materials in response to mechanical action during
disintegration (Kenealy and Jeffries, 2003). Although enzymatic deinking can
lower the need for deinking chemicals and reduce the adverse environmental
impacts of the paper industry, the excessive use of enzymes can result in
significant hydrolysis of the fines, which reduces the bondability of the fibers
(Karnis, 1995) Since exoglucanases result in accelerated degradation of
cellulose fibers to the monomeric sugars, a preparation containing lesser endo-

glucanases are often desired.
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1.2.4.3. Textile Industry

A major consumer of commercial cellulases is the textile and laundry
industry where the enzyme is used to various ends. Due to their ability in
modifying the cellulosic fibers in a controlled and desired fashion so as to
improve the quality of fabrics, cellulases have become the third largest group
of enzymes used in the industry since their introduction only since a decade
(Bhat 2000). Cellulases are used in the bio-stoning of denim garments
replacing the use of pumice stones which were traditionally employed in the
industry. Neutral cellulases especially from Humicola insolescens is used
mostly in the biostoning process to prevent back staining (Galante et al,
1998a). Another important application of cellulases in the textile industry is
for the bio-polishing of fabric. Cellulases are utilized for digesting off the
small fibre ends protruding from the fabric resulting in a better finish (Galante
et al, 1998a). The cellulase preparations capable of modifying the structure of
cellulose fibrils are added to laundry detergents to improve the colour
brightness, hand feel and dirt removal from cotton and cotton blend garments.
Also, the degradation of microfibrils by cellulase softens the garment and
removes dirt particles trapped in the microfibril network. This is currently
accomplished by adding a commercial cellulase preparation from H. insolens,
active under mild alkaline conditions (pH 8.5-9.0), and at temperatures over
50 °C in washing powders (Uhlig, 1998). Although, the amount of cellulase
added represents approximately 0.4% of the total detergent cost, it is
considered rather expensive and hence, alternative cellulase preparations are

required to attract the worldwide laundry market.

1.2.4.4. Biofuel

Perhaps the most important application currently being investigated is
the utilization of lignocellulosic wastes for the production of biofuel. A
potential application of cellulase is the conversion of cellulosic materials to
glucose and other fermentable sugars which in turn can be used as microbial
substrates for the production of single cell proteins or a variety of fermentation

products like ethanol (Mishra, 1980). Organisms with cellulase systems and
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capable of converting biomass to alcohol directly is already reported in
literature (eg Deshpande, et al/ 1983). Nevertheless it is also noted that that
none of the systems described are effective alone to yield a commercially
viable process. The effort to develop efficient technologies for biofuel
production, significant efforts have been directed towards the identification of
efficient cellulase systems and process conditions, besides efforts directed at
the biochemical and genetic improvement of the existing organisms tried in
the process. The use of pure enzymes in the conversion of biomass to ethanol
or to fermentation products is prohibitive at present due to cost limitations.
Overall, cellulosic biomass is an attractive resource that can serve as substrate
for the production of value added metabolites and cellulases as such. Reviews
describing the applications of microbial cellulases can be found in Bhat et al

(2000) and Tengerdy and Szakacs 2003.
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CHAPTER 2

MATERIALS AND METHODS



Chapter 2. Materials and Methods

2.1. Microorganism and culture conditions

The microorganism used in this study was a filamentous fungus 7Trichoderma
reesei RUT C-30 was kind gift from Prof. George Szakacs of the Technical
University of Budapest, Hungary. The fungus was maintained as spore suspension
in distilled water for long-term storage and on Potato Dextrose Agar (PDA) at 4°C

for working stocks.

2.2. Medium for enzyme production

The medium used for production of cellulase enzyme was a basal mineral salt

solution according to Mandels and Weber (1969) with the following composition.

Table 0.1 Composition of Mandel and Weber Medium.

Component Conc. (g/L) Trace element  Conc. (g/L)
(NH4) 2 SO4 1.4 FeS0,4.7H,O 0.05
K,HPO,4 2.0 MnSO4.7H,O  0.0016
Urea 0.3 ZnS0O4.7H,0  0.0014
CaCl,.2H,0 0.3 CoCl,.6H,O 0.002
MgS0O, .7H,O 0.3

Peptone 0.75

Yeast Extract 0.25

Tween 80 1.0

NaCl 0.5
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2.3.  Preparation of spore inoculum

Spore suspensions were prepared in sterile saline containing 0.05% Tween 80.
Three to Sml of the sterile saline was added into fully sporulated slants (7day old)
and was pipetted up and down gently to dislodge the spores into the liquid. The
spore suspension thus obtained was aspirated into sterile vials, counted using a
hemocytometer under phase contrast microscope and was adjusted to desired

number using sterile saline.

2.4. Enzyme production

Enzyme production was carried out through submerged fermentation (SmF) or

solid state fermentation (SSF) in 250 ml Erlenmeyer flasks as detailed below.

2.4.1. Submerged fermentation (SmF)

SmF was carried out in 250ml Erlenmeyer flasks containing 50ml pre-sterilized
fermentation medium (Section 2.2) where the concentration of various carbon and
nitrogen sources were varied as per the experiment design. The flasks were
inoculated with 1.0 ml of a spore suspension containing approximately 1 x 10’
spores/ml. The flasks were kept in an incubator shaker at 30 + 2 °C and 200 rpm
for the required time (as per the experiment design). At the end of fermentation,
the culture was filtered through a nylon sieve to remove mycelia and then
centrifuged at 10,000 rpm and 4 °C for 10 min to remove debris and the

supernatant was used as crude enzyme preparation.
2.4.2. Solid state fermentation
Different agricultural waste residues were evaluated initially as substrate in the

present study, and wheat bran was selected for production studies with

supplementation of the added inducer- cellulose. Total of 5g dry weight of the
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substrate of choice or wheat bran (WB) plus cellulose was weighed into 250-ml
Erlenmeyer flasks and was moistened with the mineral salt medium (section 2.2)
to obtain the appropriate initial moisture content. The pH of the medium was
adjusted to 4.8 with 1 N HCl or 1 N NaOH wherever required. The flasks were
then sterilized by autoclaving. The moistened solid substrate was inoculated with
1.0 ml of the spore suspension containing approximately 1 x 10’ spores/ml or the
appropriate volume as per the experiment design. The flasks were incubated at 30
+ 2 °C for the required duration as per the experiment design. Enzyme extraction
was performed using 50 mM citrate buffer (pH 4.8). Fifty milliliter of the buffer
was added to each flask containing 5g of moldy bran and was extracted by
shaking on an incubator shaker (200 rpm, 30 °C, 60 min). The slurry was filtered
using a nylon mesh to remove debris and the filtrate was centrifuged at 7000 rpm
for 10 min at 4 °C to remove fine suspended particles. The supernatant was taken

as the crude enzyme, and the enzyme activity of the enzyme was determined.

2.5.  Analytical Methods

2.5.1. Endoglucanase assay

Endoglucanase (CMCase, endo-1, 4-B-D-glucanase; EC 3.2.1.4) activity was
assayed in a total reaction volume of 1.0 ml containing 0.5 ml of diluted enzyme
and 0.5 ml of 2.0 % (w/v) CMC solution in citrate buffer (50 mM, pH 4.8). This
reaction mixture was incubated at 50 °C for 30 min. Dinitrosalicylic acid (DNS)
reagent (3.0 ml) was added to the reaction mixture and boiled in a vigorously
boiling water bath for 5 min. Reaction mixture was diluted 10x by adding
distilled water and the absorbance was measured at 540 nm. Appropriate blanks
were also included which lacked either enzyme or substrate. Standards prepared
with varying glucose concentrations were run in parallel to calculate the glucose
release. CMCase activity was calculated and defined as outlined by Ghose (1987),

and was expressed as [U/ml.
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2.5.2. Filter Paper assay

Total cellulase activity was measured using the filter paper assay according to the
[UPAC method (Ghose, 1987). A rolled Whatman® #1 filter paper strip of
dimension 1.0 x 6 cm (~50 mg) was used as substrate. The filter paper strips were
saturated with 0.5 ml of Na-citrate buffer (0.05 M, pH 4.8) and 0.5 ml of an
appropriately diluted (in Na-citrate buffer -0.05M, pH 4.8) enzyme was added to
the tube and incubated at 50 °C for 60 minutes. Appropriate controls were also
run along with the test. At the end of the incubation period, 3ml of DNS reagent
was added and boiled for 5 min after which it was diluted appropriately and
absorbance was measured at 540nm. The concentration of glucose released by
different dilutions of the enzyme was determined by comparing against a standard
curve constructed similarly with known concentrations of glucose. Filter Paper
Activity (FPA) was calculated following the concept that 0.37 FPU of enzyme
will liberate 2 mg of glucose under the above assay conditions and was expressed

as Filter Paper Units (FPUs).

2.5.3. Sugar estimation

Total reducing sugars were estimated using DNS method (Miller, 1959) and
glucose estimations were performed by HPLC following NREL protocols (Sluiter
et al., 2008). Phenomenx® Rezex RNM carbohydrate HPLC column was used for
the analysis and a refractive index detector was used for detection. The analysis
was performed at 55 °C column temperature and 40 °C detector cell temperature.
The flow was 0.6 mL/min using 0.01 N H,SO,4 as mobile phase. Glucose standard
used was HPLC grade D-Glucose from Sigma-Aldrich India.

2.6. Chromosomal DNA isolation from the fungus

Fungal spores (1 x10° spores) were inoculated into 50 ml Potato Dextrose Broth

in 250 ml Erlenmeyer flasks and were incubated at room temperature (28 + 2 °C)
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for 48 h. One gram wet-weight of the mycelium was frozen by addition of liquid
nitrogen and was ground to a fine powder. It was suspended in 10 ml of Lysis
buffer (250 mM NaCl, 25 mM EDTA, 0.5 % w/v CTAB and 200 mM Tris—HCI,
pH 8.5). The suspension was incubated at 65 °C for 30 min with occasional gentle
mixing. After centrifugation at 13,000 rpm for 15 min (4 °C), the supernatant was
transferred to a new tube and polysaccharides and proteins were precipitated by
adding equal volume of Phenol: Chloroform: Isoamyl Alchohol (25:24:1). Clear
aqueous fraction was transferred with a wide bore nuclease free pipette tip into a
clean nuclease free centrifuge tube. DNA was precipitated by adding 2/3 volumes
of chilled Iso-propanol to the aqueous fraction. The solution was gently mixed by
inversion, placed at -20 °C for 20 min and DNA was recovered by centrifugation
at 13000 rpm for 15 min (4 °C). The DNA precipitate was washed twice with 70%
ethanol and was allowed to air dry after which it was resuspended in 10 mM Tris-
EDTA buffer (pH 8.0). RNAase was added to a final concentration of 10 pg/ml at
37 °C (Doyle and Doyle, 1987). The DNA was purified again using phenol:
chloroform: isoamyl alchohol precipitation method. After a final wash with
ethanol, the DNA was allowed to air dry and was resuspended in 10 mM Tris-

EDTA buffer (pH 8.0). For long term storage DNA was kept at -20 °C.

2.7.  Agarose Gel Electrophoresis

Agarose Gel electrophoresis of DNA was conducted in a Biorad Horizontal Gel
electrophoresis apparatus. 1% Agarose gel was used for PCR Amplicons and
0.8% was used for Genomic DNA. Ethidium bromide was included in the gel for
fluorescent visualization of DNA fragments under UV light. On every gel 0.5ug
of 1kb DNA ladder (Thermo Scientific, USA) was run as a molecular weight

marker for determination of the approximate size of DNA fragments
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2.8.  Studies on applications of the enzyme

The endoglucanase produced using 7. reesei RUT C-30 was evaluated for
potential applications in the generation of nanocellulose and for glucosylation of

L-Ascorbic acid.

2.8.1. Nanocellulose production

Enzymatic production of Nanocellulose was evaluated using alkali pretreated

cotton stalk (CS) biomass.

2.8.1.1.  Alkali Pretreatment and Bleaching of CS Biomass

Alkali treatment was conducted using 6.0 % NaOH solution at 121 °C for 60 min.
Alkali treated fibers were subjected to 2.0 % NaClO, bleaching in acetate buffer
at 80 °C for 60 min. The fibers were strained, washed and the bleaching was
performed as above for one more time. The resulting fibers were strained using a

nylon filter and washed with distilled water until it reached neutral pH.

2.8.1.2.  Nanocellulose production

Digestions for Nanocellulose (NC) production were performed in deionzied water
due to the flocculation of Nanocellulose in buffer. The experiment used 300 mg of
alkali pretreated and bleached cotton stalk (APBCS) in 30 mL of solution
incubated with a total enzyme loading of 2.0 FPU per gram of glucan in a 150
mL hydrolysis flask. Incubations were performed at 50 °C shaker incubator;
Samples were collected at 12, 24, and 48 h and consisted of a “kill series” where
individual tubes were sacrificed for the analyses. Yields of NC were determined
gravimetrically after differential centrifugation to separate NC from unconverted
bulk cellulose. Samples collected at each time point were sonicated for 25 min

with an amplitude setting of 75 on a sonicator. Following sonication, the
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suspension was centrifuged at 3000g for 10 min in a swinging bucket rotor. The
supernatant was decanted into a new pre-weighed Falcon tube and the pellet was
resuspended in 30 mL of deionized water. This was repeated twice, yielding three
supernatant tubes and one final pellet for each sample. Aliquots (2.0 mL) of
supernatant were taken for imaging and dynamic light scattering (DLS) from the
final supernatant; whereas 100 puL samples of all three supernatants were taken for
sugar analysis by HPLC (Section 2.5.3) followed by centrifugation. The
combined supernatants were lyophilized and NC yield was calculated from the
resultant masses after correcting for free sugar content. To determine the progress
of glucan conversion, 1000 pL aliquots of the well-mixed slurries were taken at
12, 24, and 48h. Samples were filtered through Pall Acrodisc™ Nylon 0.2 pm
syringe filters (Pall, Port Washington, NY) and refrigerated until HPLC analysis.
Glucan conversion was calculated by adding the total glucose and cellobiose
yields (both glucose and cellobiose were converted to glucan equivalent) for each

hydrolysis time point.

2.8.2. Glucosylation of L-Ascorbic acid and HPLC analysis

Transglycosylation of L-Ascorbic Acid (L-AA) was performed in 1.5 mL
Eppendorf tubes using 100 mM sodium citrate buffer (pH 4.5), containing 2.6
mM Thiourea as a reducing agent using different enzymes (7.reesei cellulase, [3-
glucosidase (BGL) from Aspergillus niger, BGL from Aspergillus unguis, and
Commercial acid cellulase (Zytex, India) in a total volume of 1.0 ml. Cellobiose
(0.3M) was used as a donor substrate. L-Ascorbic acid (0.2M) was used as the
acceptor substrate. The ratio of acceptor to donor substrate was varied as part of
the reaction optimization. Temperature was also varied in the range of 30—50 °C.

Reaction was started by adding 50 pL of the respective enzyme.
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2.8.2.1. TLC analysis

Thin layer chromatography was done using modified carbohydrate separation
method, chloroform: methanol: acetic acid: water 15:6:4:2 was used as mobile
phase and UV detector was used to determinate the separation of Ascorbic Acid,

and Ascorbic Acid 2 Gluconate (AA2G).

2.8.2.2. HPLC analysis

HPLC analyses were performed using an organic acid column (Phenomenex,
India) at 35 °C was use. Products were detected using a UV detector at 243 nm.
An isocratic elution with 20 mM H,SO, in water was used. A constant flow-rate
of 0.4 ml/min was applied. Samples of enzyme-catalyzed reactions, zero hour
reaction mixture, L-AA acid, reaction mixture without enzyme, and cellobiose

was run separately and also as a mixture to confirm production of AA2G.
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CHAPTER 3

PRODUCTION OF ENDOGLUCANASE BY
SOLID STATE FERMENTATION



Chapter 3. Production of endoglucanase by Solid State Fermentation

3.1. Introduction

One of the major contributors to the cost of lignocellulosic biofuel is the cost of
enzymes needed for hydrolyzing the biomass to fermentable sugars. Worldwide
there is active R&D to bring down the cost of cellulases required for biomass
hydrolysis, which encompasses multiple approaches including development of
hyper- producing strains, improvement of the existing enzymes by engineering
them and optimization of strategies for the cost effective of enzyme production.
Process improvement for enhancing enzyme production is an important strategy
since this can produce results within the shortest span, often taking production
levels to the maximum attainable by wild type organisms. Industrial enzymes are
primarily produced by two methods: Submerged fermentation (SMF) and Solid
State Fermentation (SSF). While each process has its own merits and de-merits,
SSF is often considered more cost efficient owing to the use of cheaper substrates,
lesser infrastructure, requirement of only semiskilled manpower, a concentrated

product stream and less technical intensiveness (Reimbault, 1998).

Solid-state fermentation (SSF) is defined as the microbial cultivation
process in the absence or near absence of free water in the substrate (Pandey et
al., 1992). However, there must be enough moisture to support microbial growth
(Pandey et al., 1996). In nature, bacteria and filamentous fungi grow attached on
solid substrates, such as rocks, wood, seeds, stems, roots and leaves of plants
freely or in symbiotic associations with plants. Several complex natural substrates
are degraded by these microorganisms with the aid of their extracellular enzymes,
allowing them to utilize these compounds as carbon or nitrogen sources.
Extracellular enzymes are considered important from the industrial viewpoint as
they allow easy extraction and downstream processing (Holker ef al., 2004).
Diverse group of enzymes have been produced by submerged fermentation

techniques on large scale at the industrial level. However, the generation and
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application of these groups of enzymes produced by solid state fermentations are

comparatively rare.

Gas phase in SSF is affected by the molecular size and shape, and nature
of the substrate. Availability of spaces between the particles in SSF ensures the
supply of oxygen to growing microorganisms. This will improve the enzyme
production for aerobic organisms that are commonly employed for industrial
production. Use of naturally occurring waste materials/residues such as wheat
bran, rice bran, saw dust etc , provides increased surface area for the microbes to
colonize and also several nutrient requirements are satisfied without their external
supplementation; hence increasing the yield during solid-state fermentation
(Holker et al., 2004). However, the growth of microbes in natural substrates is
generally very slow as the carbon sources are often presented in complex forms,
which needs to be degraded before assimilation. This limitation is often overcome
by the addition of substances such as carbon and nitrogen sources, regulators ions
and vitamins, where needed. Application of mechanical and chemical
pretreatment of the raw substrate may decrease the growth due to release of toxic
byproducts. Therefore, pretreatments when needed; should not induce any
structural changes that could lead to the alteration of the natural physicochemical
properties for their effective use as solid substrates in SSF (Pandey 1992, Pandey
et al., 1996; Parekh et al., 2000). A scale-up of solid-state processes seems to be
difficult due to the generally known problems of heat transfer, non- homogeneous
media and difficulties with aeration. During cultivation, these problems may be
amplified by the shear sensitivity of the microbe (Smits et al., 1996; Reimbault,
1998).

Another important aspect in the large scale production of enzymes or any
other microbial metabolite by SSF is the process development. Process
development involves the optimization of several variables/process parameters.
The traditional approach such optimizations have been the ‘one-factor at a time’
method. In this, one parameter is varied while all the others are held constant and

optimum level of this variable is determined. Incorporating this, the second
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optimum level of the second variable is determined. This is repeated to find the
optimal levels of all variable. This strategy is cumbersome and times consuming
and often inaccurate in cases where the combination effects of variables are

dominant.

Alternatively statistical experiment design methods can be employed
which include fractional factorial designs when a large number of parameters are
to be screened and response surface methods (RSM) to optimize a few significant
variables. Plackett-Burman design (Plackett and Burman, 1946) is a common
example of fractional design used to identify the most significant variables and is
preferred when one needs to screen a large number of factors. Response surface
methodology or RSM on the other hand is a collection of statistical techniques
that are useful for modeling and analysis of problems in which a response is
influenced by several variables and the objective is to optimize this response.
Box-Behnken design (Box and Behnken, 1960) is a common example of RSM
design.

Apparently, there have been several attempts on producing cellulase
employing solid state fermentation targeting significant cost reductions. Agro
residues as solid substrates have been successfully employed in our lab (CSIR-
NIIST) as elsewhere. In several cases, instead on growing the enzyme producers
on pure celluloses like Avicell® or SolkaFloc® , supplementing very small
quantities of the pure celluloses into the cheap agro residue used as main substrate
can give comparable enzyme yields at a comparatively cheaper cost (Singhania et
al, 2009). The type of substrate used and culture conditions can affect the
expression and secretion of cellulases and the composition of the cellulase
cocktail secreted by 7. reesei (Peciulyte et al, 2014). The current study was
undertaken to optimize the culture parameters under SSF so that a cellulase
cocktail enriched in endo glucanases may be obtained from T. reesei RUT C-30.
Since the 7. reesei culture was retrieved from a long term preserved stock, its

identity was reconfirmed by sequencing of ITS region.
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3.2 . Materials and Methods

3.2.1. Reconfirmation of the culture identity

While the 7. reesei RUT C-30 culture was originally received as freeze dried
sample from Technical University of Budapest (courtesy- Prof. George Szakacs),
The culture was being subcultured in PDA slants and preserved as spore
suspensions for long term in -20 °C. The culture was retrieved from one of the
long term preserved stocks and hence its identify was reconfirmed by rRNA

sequence analyses before commencing the work.

3.2.1.1. Chromosomal DNA isolation from fungal strains

Chromosomal DNA from the fungus was isolated as per the protocol stated in
section 2.6. The DNA precipitate was washed twice with 70 % ethanol allowed to
air dry and was resuspended in 10 mM Tris-EDTA buffer (pH 8.0).

3.2.2.2. PCR Amplification and analysis of 18S rRNA gene

A portion of the 18S rRNA gene was amplified from the genomic DNA by
polymerase chain reaction (PCR) using the universal primers NS1, NS4, NS3,
NS8 (White et al. 1990). PCR reactions contained 0.5 units of Tag DNA
polymerase, 1x Taq buffer, 200 uM of each dNTPs, 2.0 uM MgSO4 (All from
ThermoFischer Scientific, USA), 0.2 pg genomic DNA, and 0.5 uM forward and
reverse primers. Reaction conditions for PCR amplification were an initial 94 °C
for 3 min, followed by 30 cycles of 94 °C for 30 sec, 55 °C for 30 sec and 72 °C
for 1 min; and a final extension step at 72 °C for 10 min. A ThermoFischer
Scientific- ProFlex Gradient PCR system was used for the amplification. PCR

products were separated by electrophoresis on a 1 % agarose gel and products
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were visualized in long range UV trans-illumination for documentation. Identity
of the sequence assembly was established by BLAST analysis (Altschul et al.
1990).

3.2.2.3. ITS amplification and analysis

PCR amplification of Internal Transcribed Spacer region (ITS) of rDNA was
carried out using universal eukaryotic ITS primers. The primers used for ITS
amplification is given in Table 3.1. The forward primer binds to 3* end of 18S
rDNA and the reverse primer binds to 5° end of 28S rDNA (Inglis and Tigano
2006). Conditions provided for PCR amplification were similar as above (section

3.2.2.3), and sequence analysis was performed using BLAST.

Table 3.1. ITS primer

Primer name Primer sequence(5°-3") Reference
ITS1F TCCGTAGGTGAACCTGCGG (White et al 1990)
ITS4R TCCTCCGCTTATTGATATGC (White et al 1990)

3.2.2. Enzyme production

Different agricultural waste residues were evaluated initially as substrate in the
present study, and wheat bran was selected for production studies with
supplementation of the added inducer-cellulose. Total of 5g dry weight of the
substrate of choice or wheat bran plus cellulose was weighed into 250-ml
Erlenmeyer flasks and was moistened with mineral salt medium (Mandels and
Weber 1969) to obtain the appropriate initial moisture content. The flasks were
then sterilized by autoclaving. The pH of the medium was adjusted to 4.8 with 1N
HCI or 1IN NaOH wherever required. The flasks were inoculated with 1.0 ml of

the spore suspension containing approximately 1 x 107 spores/ml or the
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appropriate volume as per the experiment design and the experiments were

performed and enzyme extracted as outlined under section 2.4.2.

3.2.3. Enzyme assays

3.2.3.1. Carboxy Methyl Cellulase (CM Case) activity

Endoglucanase (CMCase, endo-1, 4-B-D-glucanase; EC 3.2.1.4) activity was
assayed as per the IUPAC guidelines (Ghose, 1987) as outlined under section

2.5.1, and was expressed as international units per gram dry substrate (IU/gDS)

3.2.3.2. Filter Paper Activity Assay

Total cellulase activity was measured using the filter paper assay according to
IUPAC (Ghose, 1987) as specified under section 2.5.2, and Filter Paper Activity
(FPA) was calculated following the concept that 0.37 FPU of enzyme will liberate
2mg of glucose under the above assay conditions and was expressed as Filter

Paper Units (FPUs) per gram dry substrate (FPUs/gDS).

3.2.4. Optimization of cellulase production

Different carbon sources and others variables were screened in a one factor at a
time approach initially, and these were incorporated in the medium for further
optimization using a two stage statistical experimental design strategy. In the first
stage, a fractional factorial design was used to screen 10 process variables to
identify the most significant ones affecting endoglucanase (measured as CMCase
activity) production and in the second stage, a response surface Box Behnken
design (Box and Behnken, 1960) was used to optimize the levels of these selected

variables.
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3.2.4.1. Screening of variables affecting production

The screening of important variable affecting cellulase production was performed
using a Plackett and Burman design (Plackett and Burman, 1946), where 11
variables were evaluated at 2 levels. The actual factors tested and their levels are
given in Table 3.3. Experimental runs were performed according to the design and
the response (CMCase activity) was recorded. A factorial model was fitted for the
main effects using Design Expert® software (Stat-ease Corp, USA). The effects
of individual parameters on CMCase production was calculated by the following

equation (Eqn.1)

e=CW -2 pn)n (1)
Where ¢ is the effect of parameter under study and “p,” and “p.”’are responses
(CMCase activity) of trials at which the parameter was at its higher and lower
levels respectively and “n” is the total number of trials. Analysis of variance
(ANOVA) was performed on the data to determine the significance of fitted
model and to test the significance of the effect of individual parameters on
CMCase production. The most significant parameters affecting CMCase

production were identified.

3.2.4.2. Optimization of Process variables by RSM design

The SSF production of endoglucanase on combination of wheat bran and
cellulose is influenced by various factors including media components and
environmental parameters. Cellulose concentration, Initial moisture content, and
inoculum size were identified as significant parameters affecting endoglucanase
production by an initial screening of parameters. The levels of these variables
were optimized for enhancing the endoglucanase yield using a response surface
Box— Behnken experiment design (Box and Behnken 1960). The design matrix

with 17 experimental runs is shown in Table 3.4. The variables selected for
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optimization, i.e., Initial moisture content, cellulose content, and inoculum size,
were coded as X, X,, and X3, respectively. A second-order polynomial (Eq. 2)

was used to represent the response as a function of the tested variables
Y = o+ X, Bi Xi + Tiva Bu X2+ i Bij XiX; (2)

Where, Y is the measured response (CMCase yield), B, Bi, and Pii are the
regression coefficients, and X;—X; are the factors under study. Regression
analysis and estimation of the coefficients were performed using Design Expert ®
software (State Corp, USA). The contributions of individual parameters and their

quadratic and interaction effects on cellulase production were determined.
3.2.5. Tray fermentation for scaled up cellulase production

Solid state fermentation on production scales are usually performed in trays and
inside climate controlled chambers called Koji rooms. Initial evaluation of the
larger scale production of enzymes through SSF using the 7. reesei culture was
attempted in 50g capacity trays in the Pilot scale SSF facility (Koji Room) of
CSIR NIIST with relative humidity and temperature maintained at 80% and 30 +
2 °C respectively. Fifty grams of total dry substrate containing 20% cellulose was
mixed well and moistened with the production medium according to the
conditions optimized in flask cultivation. Inoculation was carried out with spore
inoculum prepared with the optimized concentration and fermentation was carried
out till 14 days when mycelial growth was visible and sporulation was set in;
which were the conditions when maximum cellulase production was observed in
flask fermentation. Enzyme extraction and assay was performed as previously

described.
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3.3. Results and Discussion

3.3.1. Molecular identification using 18S rRNA sequence analysis

PCR amplification of the 18S rRNA region yielded a 519 bp sequence which was
showed 99 % similarity (7able 3.2) with 18S rRNA sequence from other strain of

Trichoderma reesei reconfirming the identity of the stock culture.

Partial sequence of the ITS region from 7.reesei RUT C-30

ACGTTACCAATCTGTTGYCTCGGCGGGATTCTCTGCCCCGGGCGCGTCGCAGCCCCGGA
TCCCATGGCGCCCGCCGGAGGACCAACTCAAACTCTTTTTTCTCTCCGTCGCGGCTTCC
GTCGCGGCTCTGTITTTACCTTTGCTCYGAGCCTTTCTCGGCGACCCTAGCGGGCGTYTS
GAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGC
AGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAAC
GCACAYTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCT
CGAACCCCTCCGGGGGGTCGGCGTTGGGGATCGGCCCCTCACCGGGCCGCCCCCGAAAT
ACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGCAGTAGTTTGCACACTCGCACCGGGAG
CGCGGCGCGGCCACAGCCGTAGAAACACCCCAAACTCTGAAATGTG

Table 3.2. Sequences with significant similarity to Trichoderma reesei ITS region
identified by BLAST analysis

No Sequence Description Max  Total Query E Ident  Accession
Score score cover value

1 Trichoderma reesei strain 931 931 100% 0 99% KT580962.1
CHR3P2F3 18S
ribosomal RNA gene,
partial sequence; internal
transcribed spacer 1 and
5.8S ribosomal RNA
gene, complete
sequence; and internal
transcribed spacer 2,
partial sequence

2 Trichoderma reesei strain 931 931 100% 0 99% KT580954.1
BHR2P2F3 18S
ribosomal RNA gene,
partial sequence; internal
transcribed spacer 1 and
5.8S ribosomal RNA
gene, complete
sequence; and internal
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transcribed spacer 2,
partial sequence

Trichoderma reesei
isolate Tr-02 internal
transcribed spacer 1,
partial sequence; 5.8S
ribosomal RNA gene,
complete sequence; and
internal transcribed
spacer 2, partial
sequence

Trichoderma reesei
isolate Tr-01 18S
ribosomal RNA gene,
partial sequence; internal
transcribed spacer 1 and
5.8S ribosomal RNA
gene, complete
sequence; and internal
transcribed spacer 2,
partial sequence

Hypocrea jecorina strain
GXNN4056 18S
ribosomal RNA gene,
partial sequence; internal
transcribed spacer 1,
5.8S ribosomal RNA
gene, and internal
transcribed spacer 2,
complete sequence; and
28S ribosomal RNA
gene, partial sequence

Hypocrea koningii strain
NTLF11 18S ribosomal
RNA gene, partial
sequence; internal
transcribed spacer 1,
5.8S ribosomal RNA
gene, and internal
transcribed spacer 2,
complete sequence; and
28S ribosomal RNA
gene, partial sequence

931 931 100%
931 931 100%
931 931 100%
931 931 100%
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10

Trichoderma reesei
isolate CPTrZC-04 small
subunit ribosomal RNA
gene, partial sequence;
internal transcribed
spacer 1, 5.8S ribosomal
RNA gene, and internal
transcribed spacer 2,
complete sequence; and
large subunit ribosomal
RNA gene, partial
sequence

Trichoderma reesei strain
SC46a small subunit
ribosomal RNA gene,
partial sequence; internal
transcribed spacer 1 and
5.8S ribosomal RNA
gene, complete
sequence; and internal
transcribed spacer 2,
partial sequence

Trichoderma
saturnisporum strain
SPH-2010-9-132 18S
ribosomal RNA gene,
partial sequence; internal
transcribed spacer 1,
5.8S ribosomal RNA
gene, and internal
transcribed spacer 2,
complete sequence; and
28S ribosomal RNA
gene, partial sequence

Trichoderma reesei strain
10-56 TD1 18S ribosomal
RNA gene, partial
sequence; internal
transcribed spacer 1,
5.8S ribosomal RNA
gene, and internal
transcribed spacer 2,
complete sequence; and
28S ribosomal RNA
gene, partial sequence

929 929  99% 0 99%
929 929  99% 0 99%
929 929  99% 0 99%
929 929  99% 0 99%
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3.3.2. Selection of carbon sources for CMCase production

Cellulase production by the Trichoderma reesei RUT C-30 under solid state
fermentation was evaluated using the agricultural residues rice straw, sorghum
straw, sugar cane trash, wheat straw, and wheat bran as carbon sources. Among
these crude carbon sources, wheat bran could induce the maximum cellulase
(CMCase) activity of 298.35 TU/gDS. While the lignocellulosic substrates did
induce cellulase activity, the enzyme yields were considerably lower compared to
wheat bran as the substrate (Figure 3.1). Wheat bran (WB) is a cheap carbon
source routinely used as substrate for SSF and is rich in several vitamins and other
nutrients in addition to sugars and sugar polymers, and this could be the reason
for its better performance as it may enhance cell growth and metabolism. WB was

selected as the carbon source for all further experiments.

Figure 3.1. CMCase production on different agriculture residues/ waste
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3.3.3. Optimization of cellulase production

Screening experiments performed using the Placket and Burman design showed
indicated considerable variation in CMCase production ranging from 237.67
IU/gds to 547.28 1U/gds (Table 3.3), indicating the role of various parameter
combinations in differentially inducing enzyme production in 7.reesei. The
effects of various parameters on CMCase production was estimated using
equation 1 and the Pareto chart showing the effect estimates are presented in
Figure (3.2). The factors with highest effects were initial moisture content (-ve),
cellulose concentration (+ve), and inoculum size (+ve). Cellulases are inducible
enzymes and production of the enzyme by 7. reesei depends on the induction
mediated by the lignocellulosic substrate under natural conditions. Pure cellulose
is a strong inducer of cellulases and apparently a dominant factor of cellulase

production (Bischof et al., 2013).

Table 3.3. Placket and Burman Design matrix for screening of process variables

* 95 T BO 2F ES 3D QO S e I T 2z%
5 3
1080 3 50 65 2 20 025 20E+06 7 55 -1 260.59
2 020 3 75 55 2 20 1.00 20E+06 7 4.8 1 360.95
3 08 0 75 65 1 20 1.00 1.0E+07 7 48 -1 293.69
5 020 0 75 55 2 20 025 1.0E+07 9 55 -1 43469
6 020 O 50 65 1 20 1.00 20E+06 9 9.5 1 237.67
4 020 3 50 65 2 0 1.00 1.0E+07 9 48 -1 27453
7 080 O 50 55 2 0 1.00 1.0E+07 7 9.5 1 502.13
8 080 3 50 55 1 20 025 1.0E+07 9 4.8 1 547.28
9 080 3 75 55 1 0 1.00 20E+06 9 55 -1 53188
10 020 3 75 65 1 0 025 1.0E+07 7 5.5 1 25294
11 080 0 75 65 2 0 025 20E+06 9 48 1 241.03
12 020 O 50 55 1 0 025 20E+06 7 48 -1 31055
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Figure 3.2. Pareto chart showing effect of different process variables on

CMCase production
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Cellulose was supplemented in the production medium so as to have strong
induction of the enzymes and the results indicate that this approach was
successful. Increase in moisture content had a negative influence on cellulase
production, and the results confirmed to our previous observations that
Trichoderma reesei produce more cellulase at low moisture contents under SSF
(Singhania et al., 2007). T reesei is a highly aerobic culture and higher moisture
content would have prevented proper aeration through formation of substrate
aggregates limiting oxygen transfer. Increase in inoculum concentration within
tested range resulted in enhanced activities which might be attributed to higher
growth rates achieved initially. Since initial moisture content, cellulose
concentration and inoculum size was the most significant parameters that were
identified by Placket and Burman Design; their levels were further optimized
using a Box Behnken design (BBD).

The Box—Behnken design, which was used for optimization of cellulase
(CMCase) production, contained 17 experimental runs in a single block, where

each of the three parameters (cellulose concentration, moisture content and
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inoculum size) was evaluated at 3 levels. The maximum response (959.53
[U/gDS) was obtained in run number 9, and in general, runs with middle levels of
parameters gave higher enzyme production compared to other combinations

(Table 3.4).

Table 3.4. Box Behnken Design matrix for optimization of
CMCase production by T. reesei

Run X1 X2 X3 CMCase
No Cellulose  Inoculum Moisture  (IU/gDS)
(9/59) Density (%)
(Spores/q)
1 0.8 3.00E+06 55.0 733.06
2 1.0 3.00E+06 57.5 940.95
3 1.0 3.00E+06 57.5 954.71
4 1.0 3.00E+06 57.5 956.02
5 1.2 3.00E+06 60.0 774.00
6 1.2 5.00E+06 57.5 830.16
7 1.2 1.00E+06 57.5 778.29
8 1.2 3.00E+06 55.0 774.00
9 1.0 3.00E+06 57.5 959.53
10 0.8 1.00E+06 57.5 755.23
11 1.0 5.00E+06 55.0 878.29
12 0.8 3.00E+06 60.0 72313
13 1.0 5.00E+06 60.0 756.62
14 1.0 1.00E+06 55.0 857.18
15 0.8 5.00E+06 57.5 795.42
16 1.0 1.00E+06 60.0 794.73
17 1.0 3.00E+06 57.5 827.38

The data was analyzed by multiple regression analysis using the software Design
Expert® v8.00, and the regression coefficients were determined. A second-order
polynomial equation (Eq. 4) was derived to represent the cellulase production as a

function of the independent variables tested.
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Y = 927.718 + 18.70X, + 9.38X, — 24.25X; — 104.3X,2 — 33.64X,2 —
72.37X32 4 2.92X,X, + 2.48X,X; — 14.80X,X, (4)

Where, Y is the predicted response, and X;, X>, and X; are coded values of
cellulose content, inoculation size and moisture content, respectively.

The quadratic regression model adopted was significant as suggested by
the Analysis of Variance (ANOVA) which indicated computed F value of
3.7821and a P value lower than 0.05 (Table 3.5). The coefficient of variation was
low (6.15 %) suggesting higher reliability of the experiment. The R* value
obtained was 0.8294, indicating that 82.94% of the sample variation is attributed
to the factors and only 17.06% can occur due to chance. Table 3.5 also gives the P
values of each of the parameters and their quadratic and interaction terms. X,°,
X5* were found to be significant model terms based on their low p-values which
were lower than 0.05. There were no statistically significant interactions between
the parameters. Response surface curves were plotted to view the interaction
effects of variables and for identifying the optimal levels of each parameter for

obtaining maximum yield.

Table 3-5. ANOVA for Response Surface Quadratic Model

Source Sum of DF Mean of F Value p-value
Squares Square Prob > F
Model 88543.35 9 9838.15 3.78 0.0466
A-Cellulose  2797.89 1 2797.89 1.08 0.3342
B-lnoculum  704.25 1 704.25 0.27 0.6189
Density
C-Moisture ~ 4706.93 1 4706.93 1.81 0.2205
AB 34.11 1 34.11 0.01 0.9121
AC 24.65 1 24.65 0.01 0.9252
BC 876.75 1 876.75 0.34 0.5797
A2 45804.39 1 45804.39  17.61 0.0041
BA2 4765.62 1 4765.62 1.83 0.2180
Ch2 2205243 1 2205243 848 0.0226
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Figure 3.3 represents the response surfaces obtained for the interaction effects of
tested variables. Increase in cellulose concentration had a positive impact on
cellulase production up to a concentration of about 1.0-1.1 g/5g (20-22% w/w) of
total substrate beyond which it decreased (Figure 3.3A). Probably this
concentration may indicate the threshold maximum attainable with the given
biomass growth under the tested SSF conditions. Increase in cellulose
concomitantly decreases the wheat bran content in total substrate and this could
affect the amount of fungal biomass achieved, since wheat bran can be used more
easily by the organism. Similar to cellulose concentration, inoculum density also
had a positive effect till ~3.5 x10° spores/g concentration beyond which it
diminished gradually. Decrease in enzyme yield at higher spore density may be
attributed to the increased growth and biomass accumulation where majority of
the resources are used for growth and not for cellulase production. Analyses of the
response curve for moisture against inoculum density showed the same trend for
inoculum concentration with the optimal concentration remaining between 3.0
x10° and 4 x10° spores/g dry substrate. The ideal moisture content was found to
be between 55-57 % (Figure 3.3B). The parameters cellulose concentration and
moisture content acted totally independently as indicated by the data in Figure
3.3C. The optimal cellulose concentration was between 1.0-1.1 g/5g and the
moisture content between 55-57 %. Incidentally, the maximum activity of ~950
IU/gDS was obtained at near middle levels of each of the parameters indicating
that the choice of levels have been very appropriate to arrive at the optimal
concentration. Many factors such as moisture content, cellulose content, inoculum
size, oxygen transfer and concentrations of nutrients can significantly affect
microbial growth and product formation under SSF, and the selection the
optimum level for these parameters can lead to increase in enzyme production
under SSF. Trichoderma reesei produced 298.35 IU/gds SSF on wheat bran in the
basal medium and under the optimal combination of parameters the enzyme titers
had gone up 3.2 fold higher to 959.53 1U/gDS. This demonstrated that SSF can be

used effectively for the production of cellulases from agroindustrial
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byproducts/residues. In this study, initial moisture content had the largest
influence on production of CMCase. T. reesei have been cultivated in different
moisture ranges from 37.56% to 80% for production of the enzyme (Kilikian et
al., 2014; Singhania et al., 2007). In the current study, 57 % was found to be
optimal for enzyme production. Under the optimal conditions of moisture content,
cellulose concentration and inoculum size, the ideal incubation time was found to
be 9.0 days. Filter paper activity was determined for the enzyme produced under

optimal conditions and it was found to be 22.37 FPUs/gDS.

Figure 3.3 Response surface plots showing the interaction effects of process
variables on production of cellulase by 7. reesei.
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3.3.3. Cellulase production in pilot scale trays

Cultivation of the fungus in pilot scale trials resulted in metabolic heat generation
and it was observed that the trays were warm and the mycelial growth was lesser
in the centre of trays. Enzyme extraction and assay indicated that the yield as
almost half (457.27 £ 24.7 1Us/gDS) of what was obtained in flasks, though there
was no contamination. It is speculated that the heat and oxygen transfer could be
limiting and more studies and optimization in trays have to be performed to obtain
the same levels of production as obtained in flasks. Nevertheless, it seems
promising since the production is still higher than base level and even after
performing the experiments in a semi sterile atmosphere, there was no
contamination and about 450 IUs/gDS of enzyme was obtained from the system,

indicating scope for large scale production of the enzyme using SSF.

Figure 3.4. Growth of T. reesei in pilot scale SSF trays

Start of incubation

34. Conclusion

Solid State Fermentation strategy was used for in-situ production of cellulase
employing 7. reesei and by optimizing process variables a 3.2 fold increase in
CMCase yield was attained. The process was successfully demonstrated at pilot
scale in tray fermenter system albeit with lower production compared to flask

experiments.
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CHAPTER 4

PRODUCTION OF ENDOGLUCANASE BY
SUBMERGED FERMENTATION



Chapter 4. Production of Endoglucanase by Submerged Fermentation

4.1. Introduction

Submerged Fermentation (SmF) or Liquid Fermentation (LF) utilizes free liquid
substrates, such as broths. The enzymes are secreted into the fermentation broth.
The substrates are utilized quite rapidly and growth is faster compared to SSF.
This fermentation technique is best suited for microorganisms that require high

levels of moisture for growth.

Submerged fermentation is highly preferable for enzyme production as
large scale production is much more easier in SmF than SSF, due to its inherent
advantages of better sterility, heat and mass transfer, easiness in process
monitoring and automation etc., though it is more technically intensive with
higher levels of sophistication required (Reimbault, 1998). Pure cellulose or
different lignocellulosic biomass materials may be used as substrates for cellulase
production, though the use of insoluble substrates like cellulose (microcrystalline
cellulose, Avicell®, SolkaFloc® etc) or lignocellulosic biomass residues may be
challenging to be used in higher scales due to problems with mixing and mass
transfer (Kubicek et al, 2009). Water soluble substrates are preferred for cellulase
enzyme production due to reasons stated above with lactose being commonly
used as a carbon source since it is cheaper and water soluble (Jun, 2009; Kubicek
et al, 2009). Along with the major carbon source, often cellulase production
systems use inducers of cellulase system like sophorose (Kubicek et al, 2009).
While sophorose is a highly potent cellulase inducer, it is very costly to be used in
large scale production. Cellobiose also induce cellulase enzyme but lesser than

sophorose.

Environmental factors such as pH, temperature, oxygen levels, water
activity, and concentrations of nutrients and products; all significantly affect
microbial growth and product formation. In submerged cultures, environmental
control is relatively easy due to the homogeneity of the broth, and distribution of

microbial cells, the nutrient solution, and the products in the liquid phase
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(Alberton, 2004). Better control of environmental factors makes the SmF easier to

perform in a large scale production.

4.2. Materials and Methods

4.2.1. Optimization of endoglucanase production

Initially different carbon sources and nitrogen sources were screened in a “one
factor at a time” approach and these were incorporated in the medium for further
optimization using a two stage statistical experimental design strategy. In the first
stage a fractional factorial design was used to screen 11 process variables to
identify the most significant ones affecting CMCase production and in the second
stage a response surface design was used to optimize the levels of these selected

variables.

4.2.1.1.  Plackett and Burman design

The experimental matrix for the fractional factorial screening design was a
Plackett and Burman (1946) design where 11 variables were evaluated at 2 levels.
The actual factors tested and their levels are given in Table 4.2. Experimental runs
were performed according to the design, and the response (enzyme activity) was
recorded. A factorial model was fitted for the main effects using Design Expert®
software (Statease Corp, USA). The effects of individual parameters on CMCAse

production was calculated by the following equation (Eqn. 4.1)

e=(Cw - pn)n (4.1)

Where ¢ is the effect of parameter under study and “p,” and “p.”are responses
(CMCase activity) of trials at which the parameter was at its higher and lower
levels respectively and “n” is the total number of trials. Analysis of variance
(ANOVA) was performed on the data to determine the significance of fitted

model and to test the significance of the effect of individual parameters on

49



CMCase production. The most significant parameters affecting CMCase

production were identified.
4.2.2. Central Composite Design (CCD)

The significant parameters identified by the Placket and Burman design were
optimized using a response surface methodology (RSM). Specifically, a Central
Composite Design (CCD) was used for this study, where the effect of the
significant variables was studied at 5 different levels (-2, -1, 0, +1, +2) (Castillo,
2007). The design matrix with 13 experimental runs in a single block where the
midpoint was replicated 5 times is shown in Table 4.3. The behavior of the system
was modeled by a second order polynomial equation. The model equation used

for the analysis is given below (Eqn. 4.2)
Y= Bo+ Xy BiXi+ Xicq Bu X + X1 X Bij XiXj+ € 4-2)

Where, Y is the predicted response; Sy is the offset term; f; is the linear effect; £
is the squared effect, 5; is the interaction effect, X; and X are coded terms for
independent variables under study and ¢ is the error factor. Regression analysis
and estimation of the coefficients were performed and the three dimensional
response surfaces were generated using Design Expert®. The ideal levels and
combinations of parameters were identified by optimization functions in the
Design Expert software, and experiments were run at these levels for validation of

the model.
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4.3. Results and discussion

4.3.1. Selection of carbon and nitrogen sources for CMCase production

The enzyme production by the Trichoderma reesei RUT C-30 was evaluated
using the carbon sources- cellulose, microcrystalline cellulose, wheat bran, wheat
straw, and sugar cane trash at 1.0 % (w/v) level. Apparently, cellulose and
microcrystalline cellulose could induce endoglucanase synthesis to the maximal
levels (21.1 and 25.6 IU/ml respectively). Wheat Bran (10.5 IU/ml) was also a
good raw material for endoglucanase production compared to wheat straw (5.9

IU/ml), and sugar cane trash (0.21 IU/ml) (Table 4.1).

Table 4.1. Enzyme production in different carbon sources

Carbon source CMCase (IU/ml)

Cellulose 21.05+0.8

Microcrystalline Cellulose ~ 25.60 £ 0.5

Wheat bran 1049+2.4
Wheat straw 5.86+04
Sugar Cane Trash 021 +£0.1

However, no growth was detected with rice straw as carbon source. While pure
celluloses supported maximum enzyme yields, Wheat bran (WB) could support
nearly half of the enzyme yields obtained on using pure celluloses. Since wheat
bran is a cheap carbon source, it was selected as the carbon source in production
medium for further optimization. Studies performed with different concentrations
of WB indicated that the maximum enzyme yield of 28.3 IU/ml was obtained at
2% concentration (Fig 4.1).
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Figure 4.1. Enzyme production at different wheat bran concentrations
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It has been demonstrated in Trichoderma reesei that the nitrogen demand for
cellulase production can be fulfilled by the use of inorganic nitrogen sources.
Ilmen et al (1979) showed that peptone in the medium does not exert an inducing
effect on cellulase, and it just increases the growth of T.reesei strain QM9414,
subsequently elevating cellulase levels. However, it is a common practice to add
peptone or some other organic nitrogen source to enzyme production media to
improve cellulase yields (Krishna et al., 2000; Jun et al, 2009). Here
supplementation of di- ammonium hydrogen phosphate (DAHP) either alone as
an inorganic nitrogen source or in combination with corn steep liquor (CSL),
peptone or yeast extract each at 1 or 2 g/l concentrations were tried as nitrogen
sources. Results shown in Figure 4.2 indicated that DAHP alone was not as
effective as a N, source compared to DAHP supplemented with CSL, peptone or
yeast extract. Maximal enzyme yields were obtained on wusing DAHP
supplemented with 2g/l yeast extract. Complex organic nitrogen sources like
peptone or yeast extract can also supplement essential nutrients, vitamins,
cofactors, amino acids etc. and this could be the reason for enhanced growth and

enzyme production with their supplementation.
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Figure 4.1. Endoglucanase production under various combinations of organic and
inorganic nitrogen sources
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Since cellulose as carbon source seemed to be a dominating factor for enzyme
production, it was decided to include minimal amount of cellulose along with
wheat bran and to optimize the medium components and production parameters
using statistical experiment designs. To determine the best sampling time, enzyme
production studies were conducted in a medium containing 1.5% WB, 0.5%
cellulose, 0.2 % yeast extract and 10 mM DAHP incubated for 96, 120 and 144h.
CMCase yields obtained for 96, 120 and 144h were 56, 68 and 66 IUs/ml
respectively (Figure 4.3). Since 120h incubation gave maximal enzyme yield, the

incubation time was fixed as 120h for the factorial screening experiments.

Figure 4.3. Enzyme production at different durations of incubation
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4.3.2. Optimization of CMCase production

4.3.2.1. Screening of parameters affecting CMCase production using Placket
and Burman design

Results of the Placket and Burman experiments showed wide variation in
CMCase production ranging from 32.5 IU/ml to 75.5 IU/ml (Table 4.2),
indicating the importance of optimizing the production parameters for enhancing

enzyme production.

Table 4.2. Placket-Burman Design matrix with Responses

% = % § 5 8 = g =

F < b O A& | L3 G T 4 ¥ 4 S>= o

1 15 10 5 50x107 21 2 03 7 20 05 1 7550 1.66
2 25 10 5 1.0x107 14 4 01 7 20 05 2 6711 1.21
3 15 10 75 1.0x107 2.1 4 03 5 2 05 2 5788 1.92
4 15 5 5 50x107 14 4 03 5 20 10 2 3544 237
5 15 5 5 1.0x107 14 2 01 5 2 05 1 3254 437
6 25 5 75 50x107 14 4 03 7 2 05 1 3249 0.56
7 15 5 75 1.0x107 21 4 01 7 20 10 1 35.04 0.92
8 25 5 75 50x107 21 2 0.1 5 20 05 2 33.81 221
9 15 10 75 50x107 14 2 01 7 2 10 2 63.75 3.54
10 25 10 5 50x107 21 4 0.1 5 2 1.0 1 50.16 5.44
11 25 10 75 10x107 14 2 03 5 20 10 1 4385 445
12 25 5 5 1.0x107 21 2 03 7 2 10 2 4360 212

The effects of various parameters on CMCase production was estimated using
equation 1 and the Pareto chart showing the effect estimates are presented in
Figure 4.4. The magnitude and direction of effects gives the importance of the

variables. Negative values for effect estimate indicate that increase in level of the

54



concerned parameter will result in a decrease in yield. The factors with highest
effects were cellulose concentration and pH of the medium. Interestingly, in
presence of cellulose, an increase in WB concentration was shown to influence

the CMCase production negatively.

Figure 4.4. Effect of parameters on enzyme activity.
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ANOVA of the results also confirmed the importance of cellulose concentration
and pH with p values of 0.002 and 0.024 respectively. Cellulose is a strong
inducer of cellulases and apparently the dominant influence of cellulose do not
come as a surprise. However, the positive influence of increased pH is indeed
interesting, since in several cases the optimal pH of cellulase production and
activity has been reported in the acidic range. It has been shown that depending
on the nature of the carbon source used to induce the cellulase production in
Trichoderma strains, the optimal pH for maximum cellulose yield might be
different. Ryu and Mandels (1980) had reported that a pH range of 3.0 to 4.0 was
optimal for pure cellulose as carbon source, but a higher initial pH was

recommended for lignocelluloses. While the pH of production medium drops
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from the typical 4.8 to as low as 2.5 after 2 days due to acid formation, it was also
shown that the decrease of medium pH from 3.0 to 2.4 resulted in a loss of 50%
of filter paper activity (Sternberg, 1976). Since cellulose concentration and
medium pH was the most significant parameters that were identified by Placket
and Burman Design, their levels were further optimized using a response surface

central composite design (CCD).

Table 4.3. ANOVA for the Factorial Model

Source Sum of DF Mean F Prob > F
Squares Square  Value

Model 2099.49 2 1049.74  22.84 0.0003

B-Cellulose/ 1760.23 1 1760.23  38.29 0.0002

Cellulosic

material

H-pH 339.25 1 339.25 7.38 0.0237

Residual 413.74 9 4597

Corr. Total 2513.22 11

4.3.3. Optimization of the significant parameters using CCD

Two critical parameters that were found to have the maximum effect on the
CMCase production was taken up for further studies to optimize their levels using
response surface methodology. The levels of wheat bran, DAHP, Yeast Extract,
Lactose etc were fixed at the level that gave the maximum production of CMCase
(Run No.1 in Table 4.2) and the levels of the significant parameters identified by
the factorial design i.e — cellulose concentration and pH were optimized using the
CCD. The Central Composite Design and the experimental and predicted

responses obtained for CMCase production by 7. reesei was shown in Table 4.4
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Table 4.4. Central composite Design matrix for SmF production of CMCase
with responses

Run X1 X2 CMCase STDV
Cellulose pH
(9lL)

1 8.0 30.0 49.93 6.65
2 6.0 30.0 57.36 5.96
3 8.4 20.0 66.21 8.25
4 7.0 20.0 83.95 9.71
5 6.0 10.0 57.78 10.34
6 7.0 20.0 77.75 4.24
7 7.0 34.1 56.49 3.20
8 7.0 20.0 82.41 12.18
9 7.0 5.9 27.74 7.07
10 7.0 20.0 79.52 8.37
11 8.0 10.0 21.37 0.57
12 5.6 20.0 48.53 6.72
13 7.0 20.0 80.73 8.89

The data was analyzed by multiple regression analysis and a second order
polynomial equation (Eqn. 4.3) was derived to represent the CMCase production

as a function of the independent variables tested.

Y = 80.87 — 2.35X, + 8.6X, + 7.24X, X, — 12.53X2 — 20.16X? (4.3)

Where Y = predicted response (CMCase yield), X;, X, are coded values of

cellulose concentration and pH respectively.

Testing of the model was performed by the Fisher’s statistical test for the analysis
of variance (ANOVA) using Design Expert software. ANOVA of the quadratic

regression model suggested that the model was significant with a computed F
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value of 9.34 and a p value of 0.005. The regression coefficient (R*) was 0.870
which indicated that 87.0% experimental data fitted with expected data in model.
The p values for individual model terms indicated that pH, and the quadratic
effects of both cellulose concentration and pH was significant (p values of 0.040,
0.011 and 0.001 respectively). The interaction between cellulose concentration

and pH was not significant (Table 4.5).

Table 4.5. ANOVA for the Response Surface quadratic model

Source Sum of DF Mean F Value Prob > F
Squares Square
Model 4368 5 874 9.34 0.005
A-Cellulose 44 1 44 0.47 0.513
B-pH 591 1 591 6.32 0.040
AB 210 1 210 2.24 0.178
Ar2 1093 1 1093 11.68 0.011
BA2 2828 1 2828 30.22 0.001
Residual 655 7 94
Lack of Fit 631 3 210 35.90 0.002
Pure Error 23 4 6

Cor Total 5022 12

Nevertheless, response surface curve was plotted to understand the level of
interaction of variables and for identifying the optimal levels of each parameter
for attaining maximal CMCase yield. Figure 4.5 represent the response surface for
the interaction of cellulose concentration and pH. It was observed that the enzyme
production increased with increase in cellulose concentration from 10g/1 to about
20g/l and thereafter decreased at all the pH tried. Similarly, pH effect was also
independent and the CMCase activity increased with increase in pH till about 7.0
and then decreased with further increase of pH. Numerical optimization function
in Design Expert® software was used to optimize the levels of these parameters

and the optimized condition was a cellulose concentration of 19.7g/l and a pH of
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7.2. Under these conditions, the predicted CMCase yield was 82 IU/ml.
Replicated experiments performed under this optimized conditions gave an
enzyme yield of 83.63 = 1.86 IU/ml validating the optimization. A comparison of
the productivities of CMCase from T.reesei under different conditions showed

that the CMCase productivity obtained in the current study is one of the highest
reported (Table 4.6).

Figure 4.5. Interaction effects of cellulose and medium pH represented as
response surfaces
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Table 4.6. Comparison of CMCase production by 7 reesei RUT C-30 in this study
with other reported work

Trichoderma Produc  Producti Incubati  Conditions Reference
reesei strain ~ tion vity on Time
(IU/ml)  (IU/L.h)  (Days)

RUT C-30 16.00 94.11 7 Pretreated Juha etal.
Corn stover 2005

RUT C-30 12.6 75 7 30g/l Solid (pulp and paper Lai et al,
sludge) 2016

PTr2 120 83333 6 5g/l carboxymethylcellulose Prabavathy

Isolate et al. 2006

RUT C-30 18.2 25277 3 BM (1%) and wheat bran (1%), Jun, 2009

NU-6 54.2 75277 3 BM+YC (1%) + lactose (1%) Jun, 2009

UV mutant

RUT C-30 12.22 84.86 6 Dairy manure with minimum salt Wen et al,
media contain KH2POs, tween-80 2005
and CoCl; only

RUT C-30 150 44642 14 6% (w/v) roll-milled cotton in a Ryu &
10L fermenter Mandels,

1980)

RUT C-30 81.64 680.33 5 pH 7.2 1.9% Cellulose+1.5% This study

Wheat Bran

4.4. Conclusion

By using single parameter optimizations, the combination of wheat bran and
cellulose was selected as carbon source for enhanced endoglucanase production
using 7. reesei RUT C-30. Supplementation of 2g/1 of yeast extract and 10mM di-
ammonium hydrogen phosphate instead of ammonium sulfate, peptone and yeast
extract as nitrogen sources resulted in an improved CMCase yield. Placket-
Burman experiments identified cellulose concentration and pH as the most
significant variables that significantly enhanced CMCase activity. Optimization of
these parameters using a central composite design led to a final CMCase yield of
83.63 £ 1.86 IU/ml and FPU of 2.58 + 0.2 IU/ml. While the enzyme activity is

not the highest, productivity was higher compared to several previous reports.
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Chapter 5. Application of the Endoglucanase enriched cellulase in
biomass hydrolysis and paper deinking

5.1. Introduction

The enzymatic saccharification of plant biomass is the most efficient method for
lignocellulose breakdown to sugars, though the cost of this operation is still one of
the major bottlenecks in commercialization of second generation alcohol.
Cellulase cost reduction remains the top agenda of establishments involved in
bioethanol research, and several methods including onsite production, use of
cheap raw materials for production of the enzyme, and use of enzyme in crude
concentrated form without purification are being investigated to further reduce the
cost of biomass hydrolyzing enzymes — primarily cellulases. Cellulases are a
group of enzymes including endo and exoglucanases and beta glucosidases that
act synergistically and are necessary for the efficient hydrolysis of cellulose to
soluble oligosaccharides (Beckham et al., 2010; Kubicek et al., 2009).
Sweet sorghum is an ideal food cum bioenergy crop that can produce grain, stalk
sugar, forage as well as large amounts of biomass in the order of 10-20 dry
tons/ha/3.5 months (Gonsalves, 2006; Rao et al, 2007). Since it require less water
compared to sugarcane and since the crop duration is less, cultivation of sorghum
offers an interesting opportunity for better utilization of available arable land.
With an annual surplus availability of ~1.6 million metric tons (MMT) in India,
sorghum biomass is a formidable feedstock resource for second generation
ethanol and very less work has been done on this feedstock towards its conversion
to ethanol (Pandey et al, 2009). Also there is very less information on the enzyme
cocktails suitable for optimal sorghum biomass hydrolysis. Hence, the present
investigation was undertaken for in-sifu production of cellulases using
Trichoderma reesei utilizing cheap raw material under solid state fermentation
and the enzyme was used for hydrolysis of pretreated sorghum stover to generate
fermentable sugars and their fermentation to produce bioethanol.

Recycled paper is an important raw material for the paper and pulp

industry. Utilization of these secondary fibers is important in the environmental
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point of view to reduce deforestation and the use of recycled paper has assumed
significant proportions all over the world. Deinking of printed paper is an
important step in the recycling process for white grade papers. In the traditional
deinking process, large quantities of chemicals are used (Shrinath et al., 1991),
which makes the method expensive, environmentally damaging, and also
increases the release of contaminants. Enzymes can reduce the demand of
chemicals and would also lower the process costs and the environmental impact
(Thomas, 1994; Bajpai and Bajpai 1998). The aim of this study was therefore to
use enzyme produced on cheap carbon source (wheat bran and cellulose) and the

evaluation of the so produced enzyme for deinking of waste office paper.

5.2. Materials and Methods

5.2.1. Enzyme evaluation for hydrolysis of sorghum stover and bioethanol

production

5.2.1.1.  Raw material, pre-processing and composition analyses

Sorghum stover (SS) samples were kindly provided by the Indian Institute of
Millets Research, Hyderabad. The samples were air-dried and were milled in
knife mill to a particle size less than 2mm and were stored in air tight containers
until used. Moisture content was estimated prior to use using an infrared moisture
analysis balance (AND, Japan). Milled SS biomass was pretreated by dilute acid
or alkali using previously optimized conditions and used a 10% biomass loading
in either case. In the case of acid pretreatment, 1.5 % H,SO4 was used for 60min
at 121 °C in an autoclave and in the case of alkali, 2% NaOH was used for 60min
at 121 °C in an autoclave. After cooling, the biomass was washed with tap water
until the pH became neutral. The wet biomass after solid liquid separation using a
nylon mesh was air dried and used for enzymatic saccharification experiments.
Compositional analyses of the untreated and pretreated sorghum stover was

carried out based on the NREL protocol (Sluiter et al., 2008a) and Scanning
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electron microscopy of the samples were performed as described in Kuttiraja et al,

(2013).

5.2.1.2.  Engyme production and concentration

For obtaining a concentrated enzyme (for application studies), enzyme production
was carried out by SSF and extracted using buffer as outlined in chapter 3. For
concentration of the crude enzyme preparation, two volumes of chilled acetone (-
20 °C) was slowly added to the pre-cooled extract (~4-8 °C) with constant
stirring. The mixture was kept at ~8°C for 12 h in a cold room, followed by
centrifugation at 8000 rpm for 15 min at 4 °C. The supernatant was decanted and
pellet was allowed to air dry at room temperature (28 £ 2 °C) to remove residual
acetone. The pellets were then dissolved in minimal volume of 50mM citrate
buffer (pH 4.8), and were used for further studies. The beta glucosidase (BGL)
used was from Aspergillus niger, produced in the lab as described in Singhania et

al., (2011).

5.2.1.3. Enzyme assays

Filter paper assay and endoglucanase assay was done following Ghose, (1987) as
outlined under section 2.5.1 and 2.5.2. BGL assay was conducted as described in
Rajasree et al., (2013) using p-nitro phenyl-B-D glucopyranoside (pNPG) as
substrate. The reaction mixture which consisted of 1 ml of citrate buffer (0.05 M,
pH 4.8), 0.5 ml of enzyme sample and 0.5 ml of 10 mM pNPG was incubated at
40 °C for 15 min. Reaction was terminated by adding 2 ml of 0.2 M Na,COs. The
absorbance of p-nitro phenol (pNP) released was measured at 400nm. One unit
enzyme activity was defined as the amount of enzyme required releasing 1 uM of

pNP per minute and was expressed as [U/ml.
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5.2.1.4.  Enzymatic hydrolysis and ethanol fermentation

Enzymatic saccharification of biomass was performed at 10% biomass loading by
incubating 2g of pretreated biomass with the crude 7. reesei cellulase and beta
glucosidase (BGL) produced under the optimal conditions as described above
(section 5.2.1.2). Cellulase was used at a concentration of 20FPUs/g with or
without B-glucosidase (BGL) supplementation at a concentration of 50 IU/g or
100 IU/g biomass. Hydrolysis was performed in 150ml screw capped flasks in a
reaction volume of 20ml at 50°C, and with 100rpm agitation in a water bath
shaker to a maximum duration of 48h. After hydrolysis, the un-hydrolyzed debris
was separated by filtration and concentrated by vacuum evaporation. The
concentrated filtrate was filter sterilized and was inoculated at 10% v/v using a
12h old seed culture of Saccharomyces cerevisiae cultivated in YPD broth
(Himedia, India). Incubation was carried out for 24h in stopper flasks at room
temperature under static condition. Samples (1.0ml) were withdrawn at 0, 12, and
24h; were centrifuged for 10min at 4 °C and supernatant was filtered and
analyzed for ethanol by gas chromatography as described previously (Kuttiraja et
al, 2013). Total reducing sugars were estimated in hydrolysates by DNS method
(Miller, 1959) and glucose estimations were performed by HPLC following
NREL protocols (Sluiter et al., 2008b). Sugar concenrtaions were expressed as
mg/g of biomass. Hydrolysis efficiencies were calculated according to the

following formula

_ ( concenration of sugar released
~ \(cellulose conc.x 1.11) + (hemicellulose conc.x 1.12)

) x 100

Where “ €” is the hydrolysis efficiency in percentage and the concentration of
sugar released is the total sugar release in the hydrolysate measured in mg/g of
biomass. Cellulose and hemicellulose concentrations are expressed in g/g biomass
and 1.11 and 1.12 are the standard conversion factors for calculating the amount

of monomeric sugars released on hydrolysis of the respective sugar polymers.
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5.2.2. Deinking of printed office waste paper using endoglucanase enzyme

Modified method of Vyas & Lachke (2003) was employed for de-inking studies
using printed A4 size pages from a Laser printer. The papers were printed with
black ink, covering 100% printable area on the both sides of the paper. The sheets
were cut into 1x 6 cm strips (50mg) and were incubated in citrate buffer (0.05M,
pH 4.8) with crude enzyme from T.reesei at 50 °C for 2h. A control with heat
denatured enzyme was also performed in parallel. All experiments were
performed in triplicates. The deinking was measured by recording the absorbance
of released color in the filtrate at 596nm. Microscopic images (100x
magnification) of the treated and control paper strips were taken using a stereo

microscope.

65



5.3. Results and discussion

5.3.1. Enzymatic digestion of sorghum stover biomass for bioethanol

production

5.3.1.1.  Enzyme concentration
Crude enzyme prepared by SSF under optimized conditions as detailed under
section 5.2.1.2 was concentrated by acetone precipitation which resulted in the

recovery of 68.4 % of cellulase and 86.9% of the CMCase activity (Table 5.1)

Table 5.1. Enzyme concentration and recovery by acetone precipitation

Crude Enzyme  Activity (Units) ~ Concentrated Recovery (%)
Type enzyme

Cellulase 2.86 (FPU/ml) 32.62 68.43
CMCAse 102.7 (IU/ml) 1488.07 86.93

5.3.1.2.  Pretreatment

Chemical composition of biomass varies with respect to several parameters and
depending on the method of pretreatment. Also the composition of the biomass is
essential to estimate the efficiencies of hydrolysis and for calculation of the
potential yield of bioethanol. The composition of biomass was analyzed
experimentally for the native sample as well as for dilute acid and alkali
pretreated sorghum stover. As expected, dilute acid pretreatment removed more
of hemicellulose by its break down while alkali pretreatment removed more of

lignin (Table 5.2).
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Table 5.2. Composition analysis of native and pretreated sorghum stover

Pretreatment Cellulose ~ Hemicellulose Lignin
None (Native) 39.58 20.15 21.72
1.5% Acid 50.40 9.20 25.85
2% NaOH 57.16 27.16 7.36

While the improvement in cellulose content was similar with all the different
pretreatments (From 40 % in Native to ~50 % in the pretreated samples), the
major differences were in the removal of lignin and hemicellulose. While acid
pretreatment actually resulted in an increased final percentage of lignin, there was
a considerable hemicellulose removal with this treatment. On the contrary, alkali
removed more of lignin and the final lignin percentage was only 7.36%. These
results were also complemented by SEM analyses of the differently pretreated
samples which indicated that alkali pretreatment resulted in a more disrupted
surface morphology of the sorghum stover, allowing for better enzyme access

(Figure 5.1).

Figure 5.1. Scanning Electron Micrographs showing changes in surface

morphology on pretreatment of sorghum stover

MIIST SEM

A) Native SS B) Acid pretreated SS C) Alkali pretreated SS
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5.3.1.3.  Hydrolysis of sorghum stover using in-situ produced T. reesei

cellulase

The efficiency of the SSF produced T.reesei cellulase for hydrolysis of pretreated
sorghum stover was evaluated with and without supplementation of in-house
produced Aspergillus niger BGL at 50 or 100 IU/g biomass concentration.
Cellulase was used at 20FPUs/g biomass in all the hydrolysis experiments.
Figure 5.2 A & B indicate the sugar yields obtained for hydrolysis employing the
T. reesei cellulase for acid and alkali pretreated sorghum stover respectively.
Hydrolytic efficiencies were lower for acid pretreated biomass compared to alkali
pretreated in all the enzyme combinations attempted. The conversion efficiency
was only about 25% of theoretical maximum, in the case of native unblended T.
reesei cellulase in the case of acid pretreated SS. With addition of either 50 or 100
IUs/g of BGL, the hydrolytic efficiency improved to 30 % of theoretical
maximum. The situation was totally different in the case of alkali pretreated
biomass. The native 7. reesei cellulase had an efficiency of 47% whereas with
supplementation of 50 or 100 IUs/g BGL with the cellulase, the efficiencies
improved significantly to almost 60% and 82 % respectively, indicating excellent
synergy between the enzymes. Apparently, the type of pretreatment had
considerably influenced the hydrolysis efficiencies, since the acid pretreated
material was hydrolyzed poorly. This is speculated to be due to the poor removal
of lignin in dilute acid pretreatment and its re-deposition on the biomass
preventing enzyme access a phenomenon which is already reported (Selig et al,
2007). With a better pretreated sample, the hydrolysis efficiencies were superior
and with BGL supplementation it improved to 82 %. 7. reesei is known to
produce very less of BGL enzymes and BGL blending is known to improve its
hydrolytic potential (Chir et al, 2011, Hu et al, 2011). Apparently, with BGL
blending, the SSF produced 7. reesei cellulase is an effective way for improving
its hydrolytic efficiency. With the results, it becomes clear that the strategy works
well with sorghum biomass as well. The result is compatible with previous report

mention that majority of the commercial cellulase are Trichoderma reesei
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cellulases which contain high activities of exo and endo glucanases, but very low

titers of beta glucosidases that leads to increased accumulation of cellobiose (Duff

and Murray, 1996; Nieves et al., 1998). This limitation is overcome by addition of

extraneous beta glucosidases to cellulases.

Figure 5.2. Hydrolysis of sorghum stover biomass by
native and BGL blended 7. reesei cellulase
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5.3.1.4.  Fermentation of the hydrolysate to ethanol

Ethanol production from the enzymatic hydrolysate of alkali pretreated sorghum
stover was studied using a lab strain of Saccharomyces cerevisiae. The
hydrolysate generated using 7. reesei cellulase supplemented with 100 IU/g of
A. niger BGL contained 56.67 g/L. of glucose after concentration by vacuum
evaporation. Almost entire glucose was consumed in about 12h duration and the
maximal ethanol yield of 22.2g/L. was obtained in 24h which corresponded to
76.8% conversion efficiency (Fig 5.3). This proved that the hydrolysate is

efficiently fermented by a standard yeast strain.

Figure 5.3. Bioethanol production from sorghum stover hydrolysate
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5.3.2. Deinking of printed office waste paper

Deinking experiments were performed under three different enzyme loadings and
the samples were compared for optical density as well as microscopic images in
order to evaluate the efficacy of the 7. reesei CMCase preparation on deinking.
The deinking process resulted in increase in ink removal as compared to control
samples which were treated with denatured enzyme. Clearly, the increase in ink
removal was increased with increase in enzyme loading (Figure 5.4). Microscopic
images confirmed the result and showed clearing of ink patches in larger area
with increased enzyme loads (Figure 5.5). Several studies have found that during
enzymatic deinking, the cellulases act preferentially on the fines and microfibrils
protruding out from the surfaces. This enzymatic action increases the freeness of

the pulp (Jeffries et al, 1994; Gubitz et al, 1998)

Figure 5.4 Deinking Performance of 7. reesei CMCase on
printed office waste paper
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Figure 5.5. Microscopic images showing deinking of printed paper using
T. reesei CMCase

B J100u/g

A, B, C: Treatment controls 10, 50 and 100ug/g of heat denatured enzyme respectively
D, E, F: Deinking of paper using 10, 50 and 100ug/g of CMCase respectively

54. Conclusion

Applicability of the 7. reesei CMCase produced through SSF using cheap carbon
source for biomass hydrolysis and for de-inking office waste paper was
successfully demonstrated. Sorghum stover was digested efficiently by the crude
concentrated enzyme preparation resulting in a sugar solution which was
fermented with ~77% efficiency. The enzyme performed better on BGL:
supplementation confirming previous reports on relative lack of BGL in the T
reesei arsenal of biomass hydrolyzing enzymes, and also indicating the necessity
of supplementing such heterologous accessory enzymes for developing efficient
cocktails. The crude enzyme helped in the deinking of office waste paper where
the efficiencies improved on a dose dependent manner. Use of such cheap
enzymes for deinking can eliminate/reduce the need of harmful chemicals
traditionally used for the purpose and can help in bringing down the cost of
recycling paper by reducing the energy cost as these reactions happen at more

ambient conditions compared to traditional de-inking processes.
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CHAPTER 6

ENZYME APPLICATIONS IN THE SYNTHESIS
OF NANOCELLULOSE AND
ASCORBIC ACID 2 GLYCOSIDE (AA2G)



Chapter 6. Enzyme applications in the synthesis of nanocellulose and
Ascorbic Acid 2 Glycoside (AA2G)

6.1. Introduction

Nanocellulose (NC) is rapidly attracting more interest as an impressive class of
renewable nano-biomaterials with widespread uses and can be produced from
biomass at industrial scales. These materials can be produced from virtually any
cellulosic feedstock, from hardwoods, to grasses, or algae (Wang et al., 2012;
Meng et al., 2015; Feng et al., 2015). NC can be generally grouped into two
classes of nanomaterials, consisting of cellulose nanocrystals (CNCs) and
cellulose nano-fibers (CNFs), although considerable ambiguity surrounds the
specific definition of these materials, Nanocrystals are described as highly
crystalline microfibril fragments with diameters ranging from ~3 to 10 nm and
lengths from 50 to 500 nm. Cellulose nanofibers are generally described as
cellulose microfibrils or bundles with diameters ranging from a few to several
hundred nanometers and lengths up to several microns, depending on the source
and production method (Moon et al., 2011). The properties of these materials,
including high mechanical strength, biodegradability, biocompatibility and
relatively low cost compared to many other classes of nanomaterials makes them
desirable in several applications (Brinchi et al., 2013 ; Zhu et al., 2016).

The production of NC is typically done by applying mechanical force to
de-lignified cellulosic feedstock or by chemo-mechanical processing (Chen et al.,
2015; Wang et al., 2014). The production process determine if the NC consists of
CNFs, CNCs, or mixtures of both. Mechanical refining alone is sufficient to
produce CNFs (Zimmermann et al., 2010), whereas addition of other enzymatic or
chemical treatments, such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
oxidation can reduce the energy requirements and enhance fibrillation of cellulose
bundles (Qing et al., 2013; Syverud et al., 2011). The most common method for
CNCs production is controlled acid hydrolysis, which is often performed in
tandem with mechanical refining (Brinchi et al., 2013). Sulfuric acid is the most

commonly used hydrolytic reagent due to the charged sulfate groups introduced
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by esterification of surface hydroxyl groups during the hydrolysis step. These
non-native sulfates help stabilize the resultant CNCs in aqueous suspensions
(Beck-Candanedo et al., 2005).

Enzymatic hydrolysis provides an ideal concept to integrate production of
nanocellulose and biofuels from biomass. In the traditional process, hydrolytic
enzymes with specific functionalities work in concert to efficiently hydrolyze the
carbohydrate polymer to produce a monosaccharide that is well-suited for
downstream fermentative processing. Additional advantages to this process are
afforded by the specificity of enzymes, which target certain regions or functional
groups of carbohydrate substrates with high selectivity compare to chemical
catalysts (Himmel et al., 2007).

The physiological roles of ascorbic acid are well known. It is involved in
collagen biosynthesis, as a biological antioxidant, and a catalyst of oxidation-
reduction reactions of the Fe ion in cytochrome C (Myer and Kumar, 1984).
Ascorbic acid is widely used in the pharmaceutical and cosmetic industries as
well as a preservative, because of its antioxidant activity (Mead and Finamore,
1969). However, ascorbic acid is extremely unstable when exposed to light,
oxygen, heat, and metal ions and aqueous solutions are unstable even at normal
pH and 37 °C (Kumano et al, 1998). Various trials to modify the structure have
been made to improve the stability and alter its physical properties. Stable
derivatives evaluate include L-Ascorbic acid -2-sulfate (AA2S), L-ascorbic acid-
2-phosphate (AA2P) etc., though 2-O-&-D-Glucopyranosyl-L- ascorbic acid or
(AA2G) is probably the most widely accepted derivative due its beneficial
biological properties. AA2G has been the most investigated form of stabilized
ascorbic acid and is currently used in cosmetics and as a food additive. The & -
glucoside is highly stable to acidic and various oxidative conditions. Following
oral administration it is hydrolyzed by & -glucosidases in the digestive organs
(saliva, intestinal digestive juices, and the small intestinal tract) to generate active
ascorbic acid. It is also hydrolyzed by enzymes present in the epithelial cell.

While the synthesis of AA2G can be performed chemically, the popular

route is enzymatic through the use of a glucosidases or glucano transferases
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(Muto et al, 1990; Eibaid et al, 2014). Cyclodextrin glucano transferase
(CGTAse) has been mostly employed for synthesis of AA2G, which uses whether
cyclodextrin a or B as the substrates. CGTase transfer the transfer the glucose unit
to C2 in ascorbic acid via transglycosylation from glycosyl donor (cyclodextrin).
Though cyclodextrins are good substrates for production of AA2G, the cost of a
cyclodextrin is very high and B cyclodextrin is not very much preferred due to the
low solubility (Zhang et al, 2011). CGTAse has several other important industrial
applications also, and the enzyme has been drawing increasing attention recently.
Escherichia coli has been the main host for the heterologous expression of -
CGTase. However, E. coli does not normally secrete proteins extracellularly.
Complicated process control technologies are needed to avoid the inefficient
secretory systems and inactive inclusion bodies. A number of studies have
attempted to improve a-CGTase production using methods that enhance secretion.
However, the yields of a-CGTase in most of these studies were below 30 U-mL—
Higher yields though were achieved with fed-fermentation, had complicated
fermentation processes (Zhou et al, 2012).

Similar to the 2-O-(a-D-Glucopyranosyl) ascorbic acid, 2-O-(B-D-
Glucopyranosyl) ascorbic acid, also designated as AA2G or (AA2BG) is proven
to have pro-vitamin C activity and more importantly it is proven that the
compound may be synthesized using enzymatic methods where relatively cheaper
and easily available enzymes like cellulases and B-glucosidases (Toyada —Ono et
al, 2005). Since cellulases and BGL can synthesize AA2BG and T. reesei can
produce abundant and cheap cellulases it was decided to explore the enzyme from

this fungus for production of AA2BG.
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6.2. Materials and Methods

6.2.1. Enzymatic production of nano-cellulose

6.2.1.1.  Alkali pretreated and bleaching of cotton stalks

Pretreatment was done followed by bleaching method described in section 2.8.1.1.

6.2.1.2.  Composition analysis of biomass

Composition analysis of biomass was carried out as per the NREL protocols
(Ehrman, 1994). Three hundred milligram of biomass was dissolved in 3 mL of
72% (v/v) sulfuric acid, mixed well using glass rod, and digested for 1h at 30°C
in a temperature controlled bath (Buchi Multivapor®,Switzerland) . After 1 hour
the content was transferred from the tube to a hydrolysis flask and 84ml of
distilled water was added. The mixture was kept at 121 °C for 1 h in a laboratory
autoclave. Small amount of the solution was filtered through 0.2 um filter for
HPLC analysis. The remaining solution and residue were retained for lignin
estimation. Carbohydrate concentration in the hydrolysates were determined using
Shimadzu HPLC unit equipped with Phenomenex Rezex RNM column (300 x 7.8
mm) using RI detector. This analysis was performed at 75 °C column temperature
and 40 °C detector cell temperature with a flow rate of 0.6 ml/min using degassed
Milli Q water as mobile phase. Glucose, xylose, galactose, mannose and
arabinose (Sigma Aldrich, USA) were used as standards for HPLC analysis. Acid
soluble lignin was measured by UV spectroscopy at 205 nm (Ehrman, 1996). The
acid insoluble lignin and ash was estimated by oxidation method in which the
sample was heated up to 575 °C in a muffle furnace for 3 h (Templeton and

Ehrman, 1995).
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6.2.1.3.  Nanocellulose production

Bleached delignified cotton stalks were used for nanocellulose production by
using enzymatic and mechanical force to generate the cellulose nanoparticles as

described in section 2.8.1.2.

6.2.1.4.  Sugar estimation

Glucose, xylose and cellobiose estimations were performed by HPLC following

NREL protocols (Sluiter et al., 2008b).

6.2.1.5.  Dynamic Light Scattering

Size distribution experiments were performed with a Zetasizer Nano-ZS (Malvern
Instruments Ltd., Britain). Measurements were carried out at 25 °C in triplicate

for error analysis

6.2.1.6.  Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was performed for detailed observation of
morphological features at higher resolution. For SEM analysis, the nanoparticles
were coated with gold palladium using a JEOL JFC-1200 fine coater and their
structures were observed using scanning electron microscope (SEM, JEOL Model

JSM -5600, Japan) at 15kV and 500-5000x magnification.

6.2.2. Glycosylation of ascorbic acid

Ascorbic acid glycosylation was performed according to Gudiminchi et al., (2016)

as detailed under section 2.8.2. TLC and HPLC analysis were done to confirm the

product formation.
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6.3. Results and Discussion

6.3.1. Nanoparticle production

6.3.1.1.  Composition analysis of bleached delignified Cotton Stalk (CS)

Chemical composition of biomass varies depending on the method of
pretreatment. Also the composition of the biomass is essential to estimate the
efficiencies of the delignification process. The composition of biomass was
analyzed experimentally for the native sample as well as for alkali pretreated
cotton stalk and bleached biomass. As expected, alkali pretreatment removed

more of lignin and bleaching removes more lignin and hemicellulose (Table 6.1).

Table 6.1. Composition analysis of native, alkali pretreated, and bleached CS

Condition Cellulose Hemicellulose Lignin
(%) (%) (%)

Native 50.00 20.00 30.00

Alkali  pretreated 54.33 23.16 18.03

6%

Bleached 73.82 16.35 8.96

6.3.1.2.  Saccharification yields

The resultant yields of unconverted cellulose, soluble sugars, and nanocellulose
produced by enzymatic method through 48h of saccharification time are presented
in Figures 6.1, 6.2, and 6.3 respectively. The unconverted cellulose continually
decreased throughout the saccharification and reached the minimum at 36h.
Further incubation did not have any effect on residual cellulose and it remained
almost constant. The soluble sugar production (shown in Figure 6.2) which is

desirable for effective biofuel production, but limiting feature for NC production

78



had increased till 36h after which it decreased. The NC fraction, defined as the
mass fraction present in the supernatant following centrifugation less the soluble
sugars, is presented in Figure 6.3. By using 2FPU/g biomass NC production of
25.98 % was obtained after 24h, which remained the same (26.02%) after 36h of
incubation. However no further increase in NC yield was recorded after 36h and
infact there was a decrease to 21.36% at 48h of incubation indicating that a
portion of the NC was further digested to soluble sugars. The total glucan
conversion was kept lower by using a lower enzyme loading than would have
been used for effective conversion of polymeric cellulose to monomeric sugars

since NC was the desired product.

Figure 6.1. Residual Cellulose at different time points of enzymatic digestion
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Nanocellulose is typically produced through mechanical or chemo-mechanical
processing of de-lignified cellulosic substrates (Chen et al, 2015). Here a very
unique biomass type, ie cotton stalk which is abundantly available in India as
surplus (as it find no other applications except use as domestic fire wood), was
converted to nano-cellulose through an efficient enzymatic process. The crude
enzyme preparation from 7. reesei was able to digest the delignified CS to NC to

maximum concentration of 25% in 24h.
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Figure 6.2. Soluble sugar formation during synthesis of NC
by enzymatic digestion
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Figure 6.3. Nanocellulose formation at different incubation
times during enzymatic synthesis
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While the yield cannot be considered as exceptionally high, it needs to be noted
that the enzyme preparation was a complete cellulase cocktail which was only
enriched in endoglucanase and as evidenced by saccharification results, there was
further digestion of nanocellulose to sugars. It is well known that T.reesei
contains high levels of exoglucanases which in presence of endo glucanases
aggressively de-polymerize cellulose (Kurasin et al, 2011). While this is good for
biomass hydrolysis for sugar generation, this is not a desirable trait in the
synthesis of nanocellulose and there are attempts at evaluation of different
enzyme systems for NC production. In a recent study where Caldicellulosiruptor
bescii cellulase was compared with 7. reesei cellulase for NC production from
softwood bleached kraft pulp, both enzymes was found to yield ~30% NC in 24 h,
and continuation of the incubation resulted in higher yields only for the C. besci
enzyme (Yarbrough et al, 2017). In comparison, the CMCase enriched cellulase
from T. reesei used in this study produced a comparable 25% NC in 24h in a more
difficult substrate — cotton stalk. The results do indicate scope for developing a
more fractionated preparation from 7 .reesei where exoglucanase content can be

reduced to obtain higher yields.

6.3.1.3.  Characterization of the Nanocellulose Saccharification Product

Dynamic light scattering (DLS) studies were performed in tandem with
multimodal imaging on the nanocellulose fractions produced by enzyme systems
at various time points to assess the size and shape distributions of the NC particles
produced by saccharification. The light scattering intensity spectra for enzyme

systems at 12, 24, 36, and 48 are presented in Figure 6.4.
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Figure 6.4. Size distribution by dynamic light scattering of nanocellulose
produced by cellulases from 7. reesei at different time points.

A: 12h incubation

Results
Size |d.nm... % Intensity: St Dov (dn...
Z-Average (dnm): 494 4 Peak 1:  B47.1 B4 264.8
Pdl: 0479 Peak 2: g5.88 8.5 25.27
Intercept: 0941 Peak3; 4824 75 7152

Result quality  Good

Size Distibution by Intensity

htensity (Farcenti

o1 1 10 100 1000 10000
Siza {d.rm)

Record 55: aymanse 1203 1]

B: 24h incubation

Results

Size (d.nm... % Intensity: St Dev (d.n...

Z-Average (d.nm): 373.4 Peak 1:  429.3 92.8 173.7
Pdi: 0.395 Peak 2: 4765 7.2 739.6
Intercept: 0.879 Peak 3:  0.000 0.0 0.000

Result quality Good

Size Distribution by Intensity

Intensity (Percent)

1 10 100
Size (d.nm)

—— Record 59: aymansc 24h 2 I\
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C: 36h incubation

Results
Z-Average (d.nm): 174.3 Peak 1:
Pdl: 0.526 Peak 2:
Intercept: 0.965 Peak 3:

Result quality Good

Size (d.nm...
482.0
91.31
0.000

% Intensity:
65.9

341

0.0

St Dev (d.n...
211.5
30.89
0.000

Size Distribution by Intensity
E i |
; : =
=
2 : :
5 ; i
z ; :
0.1 1 10 100 1000 10000
Size {d.nm)
[ Record 64: aymansc 36h 3|
D: 48h incubation
Resulis
Size (d.nm... % Intensity: St Dev (d.n...
Z-Average (d.nm): 139.8 Peak 1: 2274 81.5 89.22
Pdl: 0.445 Peak2; 4459 16.6 12.95
Intercept: 0.937 Peak3: 5196 19 476.7

Result quality Good

Intensity (Percent)

Size Distribution by Intensity

Size (dnm)

—— Record 76 zymansc4sh 3
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DLS analysis showed that particles sizes decreased with increasing hydrolysis
time; with minimum size at 48 h of digestion with an intensity maximum at R, of
~224 + 84 nm. The corresponding image data for these samples (Figure 6.5)
indeed reveal the presence of largely uniform nanoparticles. This may indicate
that the cellulose nanoparticles characterized in this study may be treated as
spheroids with largely similar minor axes, the radius of gyration increasing with
increasing aspect ratio. Therefore, the observation of larger Rg values for the
nanocellulose fractions produced by 7. reesei is consistent with the assertion that

the samples contain larger fractions of high aspect-ratio CNFs.

Figure 6.5. SEM analysis showing the particle size at different hydrolysis times

A: 12h incubation

1 pm EHT = 15.00 kv Signal A = SE1 Date :20 Jul 2017 Mag = 25.00 K X
—
WD =11.5 mm PhotoNo.=3197  Time :14:42:00 CSIR-NIST
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B: 24h incubation

1 pm EHT = 1500 kv Signal A = SE1 Date :20 Jul 2017 Mag = 25.00 KX
A )
WD =11.0mm Photo No. = 3202 Time :14:59:19 CSIR-NIST

C: 36h incubation

WD =11.0mm Photo No. = 3213 Time :15:32:09 CSIR-NIST

'2_?0 nm EHT = 15.00 kv Signal A = SE1 Date :20 Jul 2017 Mag= 25.00 KX ﬁ

85



D: 48h incubation

1 um EHT = 15.00 kv Signal A = SE1 Date :20 Jul 2017 Mag = 25.00 K X W

WD =11.0 mm Photo No. = 3209 Time :15:16:57 CSIR-NIST

6.3.2. Glycosylation of Ascorbic acid

6.3.2.1.  Screening of product formation

The production of B-glycosylated AA by using cellobiose as substrate donor and
different cellulase enzyme such as T.reesei, A.niger (BGL), and commercial
cellulase, all cellulolytic enzymes showed positive result for the production of
AA2G by using TLC method, though the intensity of AA2G spots were less for
enzymes from A unguis, and A niger BGLs (Table 6.2). TLC plate showing

AA2G production from commercial enzymes is shown in Figure 6.6.
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Table 6.2. AA2G synthesis using enzyme preparations from
T reesei and other cellulases

Enzyme AA2BG
T.reesei +
A.unguis +
Commercial cellulase +
(Advanced Enzymes, India)

Commercial BGL +
(Advanced Enzymes, India)

Commercial cellulase +
(Zytex, India)

A. niger +

Figure 6.6. TLC plate for detection the glycosylated Ascorbic Acid by using

commercial enzyme.

[

AA AA2G Control Zyt Adv Adv
BGL Cel

AA —Ascorbic Acid, AA2G- Ascorbic Acid 2 glucoside,
Control — Reaction mixture without enzyme, Zyt- Cellulase from Zytex India,
Adv BGL- BGL from Advanced Enzymes, India,
Adv.Cel-Cellulase from Advanced Enzymes, India
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6.3.2.2. AA2pG synthesis using T. reesei enzyme

Since the commercially available AA2G product was of alpha form and the
product formed through current enzymatic synthesis was the beta form, two
mobile phases were used for resolving the plates to obtain a reliable detection.
The first one contained butanol 3: acetic acid 1: and water 1 and the second one
was made with chloroform 16: methanol 6: acetic acid 4: and water 2. By using
the first one, the Rf value obtained was slightly different from the standard
product while with the second mobile phase an Ry value similar to the standard

AA2G alpha form was obtained (Figure 6.7 A & B respectively)

Figure 6.7. AA2G synthesized by T reesei cellulase at different time intervals
detected by TLC

A Mobile Phase 1 B Mobile phase 2

r‘ e 5

1 - Ascorbic Acid +Enzyme 7 -React. Mix 6h 1 - Ascorbic Acid +Enzyme

2 - Cellobiose+Enzyme 8 -React. Mix 9h 2 - Cellobiose+Enzyme

3 - Enzyme Control 9 -React. Mix 12h 3 - React. Mix (Denatured Enzyme)
4 - React. Mix (Denatured Enzyme) 10 - React. Mix 15h 4 - React. Mix 6h

5 - React. Mix Oh 11 - AA2G 5 - React. Mix 15h

6 - React. Mix 3h 12 - AA 6 - AA2G

88



HPLC analysis confirmed the results and indicated that there is a slight difference

between standard and product resolution time, probably since the standard is

alpha form of AA2G (Fig 6.8).

Figure 6.8. HPLC chromatogram showing AA2G formation
by transglycosylation at different time intervals
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The formation of a minor peak at 14.62 min which does not correspond to
AA20G (15.34 min); only in active reaction mixtures after incubation for a
minimum of 3, indicated formation of a UV active compound due to enzymatic
reaction. The compound was confirmed to be AA2BG, by LC-MS analysis (out-
sourced)which indicated the presence of 361MW compound corresponding to
AA2BG + sodium salt and 365MW compound corresponding to cellobiose plus
sodium salt (Figure 6.9)

Figure 6.9. Mass Spectrum showing AA2BG and Cellobiose
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6.4. Conclusion

Cellulose nanoparticles were produced using 7. reesei cellulase and mechanical
force. Size of nanocellulose particles obtained was not uniform and increase in the
incubation time lead to hydrolysis of the cellulose nanoparticles. CMCase
enriched cellulase from 7. reesei used in this study produced ~ 25% NC in 24h in
a difficult to hydrolyze substrate — cotton stalk despite having a relatively higher
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exoglucanase that tends to increase saccharification of cellulose to glucose. The
results indicate scope for developing a more fractionated preparation from 7.
reesei where exoglucanase content can be reduced to obtain higher yields. The
enzyme was also evaluated for synthesis of AA2G, a high value compound with
therapeutic applications through transglycosylation reaction. Beta form of AA2G
was synthesized using the 7. reesei cellulase using cellobiose as the glucose
donor. While it may be speculated that the BGL in the 7. reesei cellulase
preparation could have aided this transglycosylation reaction, conclusive proofs
can be obtained only by using fractionated enzymes for the synthetic reaction.
However, the fact that even a crude preparation of cellulase from 7. reesei could

catalyze the synthesis of AA2G indicates its scope for further development.
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CHAPTER 7

SUMMARY AND CONCLUSION



Chapter 7. Summary and Conclusion

Cellulase is widely used in various industries and its potential share in current
industrial enzyme market is rapidly increasing with the current share being 20 %
of the total world enzyme market. The growth in cellulase market is driven by its
demand in biofuel applications and even with accelerated development in this
sector, the cost of cellulases for biofuel applications is considered high.
Significant reductions in production cost needed for application of cellulases in
various industrial applications, especially in biomass conversion.

Filamentous fungi, especially the ascomycetes fungi Trichoderma reesei is
commonly used for industrial production of this enzyme. Improving the
production of cellulases in native producers is an active area of research for the
reduction of enzyme cost. The media components used for production and various
fermentation conditions has a significant role for increasing the cellulase
production. Cellulases are multi component enzymes which act in synergy, and
some applications of the enzyme require preparations that do not do a complete
hydrolysis of cellulose. As an example, in the case of paper and pulp industry,
often cellulases are required which has no or limited exoglucanase activity. It is
known that media engineering can give cellulase preparations that are enriched in
a particular component like endo-glucanase and this strategy can be employed to
obtain cellulases tailored for specific applications.

The present study therefore looked at various fermentation strategies and
media engineering approaches for enhancing the production of cellulase enriched
in endo-glucanase (CMCase) in Trichoderma reesei RUT C30. The application of
this cellulase preparation in selected industrial were also evaluated

Since cellulases are inducible enzymes, various inducers were evaluated
for the production of CMCase under solid state fermentation. A combination of
cotton linter cellulose and wheat bran was optimized as best substrate/carbon
source for CMCase production by Trichoderma reesei RUT C30. Experiments
conducted on process improvement following a fractional factorial (Placket and

Burman) experiment design, identified three factors -initial moisture content,
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cellulose concentration, and inoculums size to be significant for cellulase
production. A response surface (Box—Behnken) experiment design was used to
optimize the levels of these parameters and final optimal conditions were 57%
initial moisture content, 20% (w/w) cellulose concentration, and spore inoculum
between 3.0 x 10° and 4 x 10° spores/g dry substrate. The maximum enzyme
activity under the optimized conditions was 959.5 1U/gDS, which was 3.2 fold
higher that obtained under un-optimized conditions (298.3 IU/gDS). The
optimized conditions were also used for evaluating production of enzyme at a
semi —pilot scale employing tray fermenters. However, the yield obtained in the
tray fermenter trials were almost half of what was obtained in flasks under
optimized conditions, speculated to be due to limitations in mass and heat transfer
occurring on using larger quantity of substrate which prevents air diffusion.

In submerged fermentation, wheat bran and di-ammonium hydrogen
phosphate (DAP) was identified as best carbon and nitrogen sources respectively
for enhanced production of CMCase. The screening experiments based on
statistical experimental design (Placket and Burman) design showed two
significant factors (Cellulose concentration and pH) involved in CMCase
production. Optimization of these factors resulted in a maximum CMCase
production of ~ 84 IU/ml and total cellulase activity of ~2.6 FPUs/ml
respectively. The concentration of cellulose for maximum cellulase production
was optimized as 19.7 g/L. The maximum cellulase production was observed at a
pH of 7.2.

The enzymes produced from 7richoderma reesei RUT C30 was evaluated
for four important industrial applications, which included biomass hydrolysis, de-
inking of office waste paper, production of nano-cellulose and synthesis of
Ascorbic Acid 2 B Gluconate (AA2BG). Biomass hydrolysis was more effective
when the cellulase was blended with heterologous beta glucosidase preparation
from Aspergillus niger. The efficiency was up to 80% when 20FPU/g biomass of
T.reesei cellulase and 100IU/g biomass of A.niger B-glucosidase was used for
hydrolysis. The de-inking property of crude enzyme was evaluated on printed

office waste paper and the experiment showed significant ink removal. The
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efficiency of process increased in a dose dependent manner. The crude CMCase
enriched enzyme was evaluated for making nanocellulose. Cellulose nanoparticles
were generated using enzymatic method and 25% NC production was recorded in
24h, in a highly recalcitrant substrate — cotton stalk despite having a relatively
higher exoglucanase that tends to increase saccharification of cellulose to glucose.
The nanoparticle size decreased with increasing incubation period (494nm in 12h
to 174 nm in 36h) indicating the possibility to tune the particle size by careful
manipulation of enzyme type and incubation time.

The enzyme was also proven to be useful in transglycosylation reaction
for synthesis of the high value compound -Ascorbic Acid 2 B-D-Glucoside. The
formation of ascorbic acid 2-8-D-glucoside was confirmed by various procedures
like TLC, HPLC and LC-MS. Beta form of AA2G was synthesized using the T.
reesei cellulase using cellobiose as the glucose donor. While it may be speculated
that the BGL in the 7. reesei cellulase preparation could have aided this
transglycosylation reaction, conclusive proofs can be obtained only by using
fractionated enzymes for the synthetic reaction. However, the fact that even a
crude preparation of cellulase from 7. reesei could catalyze the synthesis of
AA2G indicates its scope for further development. The studies conducted as part
of this thesis have demonstrated that a cellulase enriched in CMCase can be
produced effectively using cheaper media under both solid state and submerged
fermentation and the so produced enzyme can have versatile applications in

various fields.
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APPENDIX 1

List of abbreviations

AA Ascorbic Acid

AA2G Ascorbic Acid 2Glusoide

ANOVA Analysis of Variance

APBCS alkali pretreated and bleached cotton stalk
BBD Box Behnken Design

CBM Cellulose Binding Module

CCD Central Composite Design

CMC Carboxy Methyl Cellulose
CMCase Carboxy Methyl Cellulase

CNF Cellulose nano fiber

CSL Corn Steep Liquor

DAHP Di ammonium hydrogen phosphate
DLS Dynamic Light Scattering

DNS 3'5'Dinitrosalicylic acid

EG Endoglucanase

FPU Filter Paper Units

HMF Hydroxy Methyl Furfural

HPLC High Performance Liquid Chromatography
IU/ml International Units per milliliter
NC Nanocellulose

PDA Potato Dextrose Agar

RPM Rotations per minute

SmF/SMF submerged fermentation

SSF solid state fermentation

WB Wheat Bran
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Production of endoglucanase from Trichoderma reesei RUT C30
and its application in deinking of printed office waste paper
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Abstract: Media components were optimized using two-step statistical design of experiments for enhancing endoglu-
canase/carboxymethyl cellulase (CMCase) production by Trichoderma reesei RUT C30. A Placket-Burman design identified
cellulose concentration and pH as the most significant variables, which influenced the CMCase activity. Central composite
design was employed to optimize these selected parameters. The optimal activity was obtained at cellulose concentration
19.7 g/L and pH of 7.2. Under the optimized conditions, CMCase activity was 83.63 + 1.86 IU/mL and filter paper activity
was 2.58 + 0.2 filter paper units per mL. Enzyme productivity was higher compared to previous reports. The enzyme pro-
duced from T. reesei was concentrated and was evaluated for deinking of printed paper, which demonstrated the suitability
of the enzyme for this application.

Key words: cellulase; Trichoderma; endoglucanase; deinking; paper and pulp; response surface.

Abbreviations: ANOVA, analysis of variance; CCD, central composite design; CMC, carboxymethyl cellulose; CMCase,
carboxymethyl cellulase; CSL, corn steep liquor; DAHP, diammonium hydrogenphosphate; DNS, 3’5’-dinitrosalicylic acid;

IU, international unit.

Introduction

The hypercellulolytic fungus Trichoderma reesei RUT
C30, the anamorph of the pantropical ascomycete
Hypocrea jecorina, all of the strains that are currently
used on a commercial scale have been ultimately de-
rived from one single isolate, which was collected on the
Solomon Islands during World War II (Reese & Man-
dels 1984; El-Gogary et al. 1990). T. reesei has been im-
proved throughout the years by random mutagenesis,
which has resulted in substantially improved enzyme
productivity of this fungus (Mandels et al. 1971; Mon-
tenecourt & Eveleigh 1979; Cherry & Fidantsef 2003).
T. reesei RUT C-30 is the parent strain of many com-
mercially strains used today and is noted for its par-
tial catabolite de-repression (Montenecourt & Eveleigh
1979).

Cellulase comprises three major categories of en-
zymes: (i) endoglucanases, whose major activity in-
volves the cleavage of [-glycosidic bonds in the cellu-
lose chain to liberate reducing and non-reducing ends
in the chain; (ii) cellobiohydrolases, whose major activ-
ity involves the cleavage of cellobiose residues consec-
utively from the ends of the cellulose chains; and (iii)
[B-glucosidases, which cleave cellobiose units to liberate
glucose. The members of this system act synergistically

* Corresponding author

and are necessary for the efficient hydrolysis of cellulose
to soluble oligosaccharides (Kubicek et al. 2009).

T. reesei genome contains five endoglucanases (Sa-
loheimo et al. 1988, 1997; Okada et al. 1998), and
about 20-36% of its cellulase production is accounted
for by endoglucanase, next to cellobiohydrolases (Zal-
divar et al. 2001). It has been demonstrated that 7. ree-
sei can secrete up to 40 g/L of cellulases (Durand et al.
1998), which make it an excellent organism for indus-
trial scale production of these enzymes. Cellulases are
used in several industrial applications, such as textile
and laundry, food and feed, baking, biomass to alcohol
and in the paper and pulp industry (de Castro et al.
2010).

Recycled paper is an important raw material for
the paper and pulp industry. Utilization of these sec-
ondary fibres is important from the environmental point
of view to reduce deforestation and the use of recycled
paper has assumed significant proportions all over the
world. Deinking of printed paper is an important step in
the recycling process for white grade papers. In the tra-
ditional deinking process, large quantities of chemicals
are used (Bajpai 2014), which makes the method ex-
pensive, environmentally damaging, and also increases
the release of contaminants. Enzymes could reduce the
demand of chemicals and would also lower the process

(©2016 Institute of Molecular Biology, Slovak Academy of Sciences
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Table 1. Placket-Burman design matrix showing CMCase production by T. reesei.

Run WB Cellulose FeSO4 Inoculum conc. DAHP Yeast extract Urea

pH CoCly Tween 80 Lactose CMCase

(g/L) (g/L) (mg/L) (spore count) (g/L) (8/L) (g/L) (mg/L)  (g/L) (g/L) (IU/mlL)
115 10 5.0 5E+07 2.1 2 03 7 20 0.5 1 75.5
2 25 10 5.0 1E+07 1.4 4 01 7 20 0.5 2 67.1
3 15 10 7.5 1E+07 2.1 4 03 5 2 0.5 2 57.9
4 15 5 5.0 5E+07 14 4 0.3 5 20 1.0 2 35.4
5 15 5 5.0 1E+07 1.4 2 01 5 2 0.5 1 325
6 25 5 7.5 5E+07 1.4 4 03 7 2 0.5 1 325
715 5 7.5 1E+07 2.1 4 01 7 20 1.0 1 35.0
8 25 5 7.5 5E+07 2.1 2 01 5 20 0.5 2 33.8
9 15 10 7.5 5E+07 1.4 2 01 7 2 1.0 2 63.8

10 25 10 5.0 5E+07 2.1 4 01 5 2 1.0 1 50.2
11 25 10 7.5 1E+07 1.4 2 03 5 20 1.0 1 43.9
12 25 5 5.0 1E+07 2.1 2 03 7 2 1.0 2 43.6

costs and the environmental impact (Ibarra et al. 2012;
Virk et al. 2013).

The aim of this study was therefore to improve
the endoglucanase production by T. reesei RUT C-30,
while trying to reduce the production costs by using
economically attractive natural media ingredients, like
wheat bran and cellulose as main carbon sources, and
the evaluation of the so produced enzyme for deinking
of waste office paper.

Material and methods

Microorganism

T. reesei RUT C-30 used in the present study was kind gift
from Prof. George Szakacs of the Technical University of
Budapest, Hungary. The fungus was maintained as spore
suspension in distilled water for long term storage and on
potato dextrose agar at 4°C for working stocks. For inocu-
lum preparation, 2-5 mL of sterile distilled water containing
0.05% Tween 80 was aseptically added into fully sporulated
slants (7-day old) and was pipetted up and down gently to
dislodge the spores into the liquid. The spore suspension
thus obtained was aspirated into sterile vials, counted and
was adjusted to desired number using sterile 0.05% Tween
80 solution.

Medium

Mandels & Weber (1969) medium was used, supplemented
with different carbon sources for carboxymethyl cellulase
(CMCase) production. The medium contained in g/L:
(NH4)2SO4 - 1.4, KzHPO4 - 2, urea - 0.3, CaClz.2HzO
- 0.3, MgS04.7TH20 — 0.3, peptone — 0.75, yeast ex-
tract — 0.25, Tween 80 — 1, NaCl — 0.5, FeSO4.7TH>O —
0.005, MnSO4.7H20 — 0.0016, ZnSO4.7H20 — 0.0014, and
CoCl2.6H20 — 0.002.

Enzyme production

To optimize the endoglucanase production, the experiments
were carried out in 250 mL Erlenmeyer flasks with 50 mL
of fermentation medium containing different carbon and
nitrogen sources. The flasks were inoculated with 1.0 mL
of a spore suspension containing approximately 1 x 107
spores/mL. The flasks were kept in incubator shaker at
30 £ 2°C and 200 rpm for the required time (as per the
experiment design). At the end of fermentation, the culture
was filtered through a nylon sieve and then centrifuged at
10,000 rpm and 4°C for 10 min to remove debris and the
supernatant was used as crude enzyme preparation.

Determination of enzyme activity

The CMCase (endo-1,4-3-D-glucanase; EC 3.2.1.4) activ-
ity was assayed in a total reaction volume of 1.0 mL con-
taining 0.5 mL of diluted enzyme and 0.5 mL of 2.0%
(w/v) carboxymethyl cellulose (CMC) solution in citrate
buffer (50 mM, pH 4.8). This reaction mixture was in-
cubated at 50°C for 30 min. Dinitrosalicylic acid (DNS)
reagent (3.0 mL) was added to the reaction mixture and
boiled in a vigorously boiling water bath for 5 min. Reac-
tion mixture was diluted 10-times by adding distilled water
and the absorbance was measured at 540 nm. Appropriate
blanks were also included, which lacked either enzyme or
substrate. Standards prepared with varying glucose concen-
trations were run in parallel to calculate the glucose release.
The CMCase activity was calculated and defined as out-
lined by Ghose (1987), and was expressed as international
unit (IU) per mL.

Optimization of endoglucanase production

Initially, different carbon sources and nitrogen sources were
screened in a one factor at a time approach and these were
incorporated in the medium for further optimization using
a two stage, statistical experimental design strategy. In the
first stage a fractional factorial design was used to screen
11 process variables to identify the most significant ones
affecting the CMCase production and in the second stage a
response surface design was used to optimize the levels of
these selected variables.

Plackett-Burman design. The experimental matrix for
the fractional factorial screening design was a Plackett &
Burman (1946) design, where 11 variables were evaluated at
2 levels. The actual factors tested and their levels are given
in Table 1. Experimental runs were performed according to
the design and the response (enzyme activity) was recorded.
A factorial model was fitted for the main effects using De-
sign Expert® software (Statease Corp., USA). The effects
of individual parameters on CMCase production was calcu-
lated by the following Equation (1):

e = (Zm—Zuf) /n

where ¢ is the effect of parameter under study and p4
and p— are responses (CMCase activity) of trials, at which
the parameter was at its higher and lower levels, respec-
tively; the “n” is the total number of trials. Analysis of
variance (ANOVA) was performed on the data to determine
the significance of fitted model and to test the significance

(1)
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Table 2. CCD matrix for optimization of CMCase production.

Run Cellulose (g/L) pH  CMCase activity (IU/mL)

1 30 8 49.93
2 10 8 57.36
3 34.1 7 66.21
4 20 7 83.95
5 10 6 57.78
6 20 7 77.75
7 20 8.4 56.49
8 20 7 82.41
9 20 5.6 27.74
10 20 7 79.52
11 30 6 21.37
12 5.9 7 48.53
13 20 7 80.73

of the effect of individual parameters on CMCase produc-
tion. The most significant parameters affecting the CMCase
production were identified.

Central composite design (CDD). The significant pa-
rameters identified by the Placket and Burman design were
optimized using a response surface methodology. Specifi-
cally, a central composite design (CCD) was used for this
study, where the effect of the significant variables was stud-
ied at 5 different levels (-2, -1, 0, +1, +2) (del Castillo
2007). The design matrix with 13 experimental runs in a
single block, where the midpoint was replicated 5 times, is
shown in Table 2. The behaviour of the system was modelled
by a second order polynomial equation. The model equation
used for the analysis is the following Equation (2):

Y = o+ iBzX'L + iﬁquz + iiﬁinin +e (2)
i=1 i=1

i=1 j=1

where Y is the predicted response, [ is the offset term, 3;
is the linear effect, f;; is the squared effect, §;; is the inter-
action effect, X; and X; are coded terms for independent
variables under study and ¢ is the error factor. Regression
analysis and estimation of the coefficients were performed
and the three-dimensional response surfaces were generated
using Design Expert® software (Statease Corp., USA). The
ideal levels and combinations of parameters were identified
by optimization functions in the Design Expert software,
and experiments were run at these levels for validation of
the model.

Deinking laser-printed paper using the endoglucanase
Modified method of Vyas & Lachke (2003) was employed for
deinking studies using printed A4-size pages from a laser
printer. The papers were printed with black ink, covering
100% printable area on the both sides of the paper. The
sheets were cut into 1 X 6 cm strips (50 mg) and were in-
cubated in citrate buffer (0.05 M, pH 4.8) with crude en-
zyme from T. reesei at 50°C for 2 h. A control with heat-
denatured enzyme was also performed in parallel. The whole
experiment was performed in triplicates. The deinking was
measured by recording the absorbance of released colour in
filtrate at 596 nm. Microscopic images (100 x magnification)
of the treated and control paper strips were taken using a
stereo microscope.
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Results and discussion

Selection of carbon and nitrogen sources for CMCase
production

The enzyme production by the T. reesei RUT C-30
was evaluated using the carbon sources — cellulose, mi-
crocrystalline cellulose, wheat bran, wheat straw, and
sugar cane trash at 1.0% (w/v) level. Apparently, cel-
lulose and microcrystalline cellulose could induce en-
doglucanase synthesis to the maximal levels (21.1 and
25.6 IU/mL, respectively). Wheat bran (10.5 IU/mL)
was also a good raw material for endoglucanase produc-
tion compared to wheat straw (5.9 IU/mL), and sugar
cane trash (0.21 IU/mL). However, no growth was de-
tected with rice straw as the carbon source. While pure
celluloses supported maximum enzyme yields, wheat
bran could support nearly half of the enzyme yields
obtained on using pure celluloses. Since wheat bran
is a cheap carbon source it was selected as the car-
bon source in production medium for further optimiza-
tion. Studies performed with different concentrations
of wheat bran indicated that the maximum enzyme
yield of 28.3 TU/mL was obtained at 2 % concentra-
tion.

It has been demonstrated in 7. reesei that the
nitrogen demand for cellulase production can be ful-
filled by the use of inorganic nitrogen sources. Ilmen
et al. (1979) showed that the peptone does not exert
an inducing effect on cellulase and it just increases the
growth of T. reesei strain QM9414, subsequently ele-
vating cellulase levels. However, it is a common practice
to add peptone or some other organic nitrogen source
to enzyme production media to improve cellulase yields
(Krishna et al. 2000; Jun et al. 2009). Here, supplemen-
tation of diammonium hydrogenphosphate (DAHP) ei-
ther alone as inorganic nitrogen source or in combina-
tion with corn steep liquor (CSL), peptone or yeast ex-
tract each at 1 or 2 g/L concentrations were tried as ni-
trogen sources. Results shown in Figure 1 indicated that
DAHP alone was not as effective as the nitrogen source
compared to DAHP supplemented with CSL, peptone
or yeast extract. Maximal enzyme yields were obtained
on using DAHP supplemented with 2 g/L yeast extract.
Complex organic nitrogen sources, like peptone or yeast
extract can also supplement essential nutrients, vita-
mins, cofactors, amino acids, etc., and this could be
the reason for enhanced growth and enzyme produc-
tion with their supplementation.

Since cellulose as carbon source seemed to be a
dominating factor for enzyme production, it was de-
cided to include minimal amount of cellulose along with
wheat bran and to optimize the medium components
and production parameters using statistical experiment
designs. To determine the best sampling time, enzyme
production studies were conducted in a medium con-
taining 1.5% wheat bran, 0.5% cellulose, 0.2% yeast
extract and 10 mM DAHP incubated for 96, 120 and
144 h. CMCase yields obtained for 96, 120 and 144 h
were 56, 68 and 66 IU/mL, respectively. Since 120 h
incubation gave maximal enzyme yield, the incubation
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Fig. 2. Pareto chart showing effect estimates of different parameters on CMCase production. DAHP, diammonium hydrogen phosphate.

time was fixed as 120 h for the factorial screening ex-
periments.

Optimization of CMCase production

Screening of parameters affecting CMCase production
using Placket and Burman design. The Placket and
Burman experiments showed a wide variation in CM-
Case production ranging from 32.5 to 75.5 IU/mL (Ta-
ble 2), indicating the importance of optimizing the pro-
duction parameters for enhancing the enzyme produc-
tion. The effects of various parameters on CMCase pro-
duction was estimated using the Equation (1) and the
Pareto chart showing the effect estimates are presented
in Figure 2. The magnitude and direction of effects give

the importance of the variables. Negative values for ef-
fect estimate indicate that increase in level of the con-
cerned parameter will result in a decrease in yield. The
factors with the highest effects were cellulose concentra-
tion and pH of the medium. Interestingly, in presence
of cellulose, an increase in wheat bran concentration
was shown to influence the CMCase production nega-
tively. The ANOVA of the results also confirmed the
importance of cellulose concentration and pH with p
values of 0.002 and 0.024, respectively. Cellulose is a
strong inducer of cellulases and, apparently, the dom-
inant influence of cellulose do not come as a surprise.
However, the positive influence of increased pH is in-
deed interesting, since in several cases the optimal pH



T. reesei endoglucanase production and use for paper deinking

of cellulase production and activity have been reported
in the acidic range. It has been shown that depending
on the nature of the carbon source used to induce the
cellulase production in Trichoderma strains, the opti-
mal pH for maximum cellulose yield might be different.
Ryu & Mandels (1980) had reported that a pH range
of 3.0—4.0 was optimal for pure cellulose carbon source,
but a higher initial pH was recommended for lignocellu-
loses. While the pH of production medium drops from
the typical 4.8 to as low as 2.5 after 2 days due to
acid formation, it was also shown that the decrease of
medium pH from 3.0 to 2.4 resulted in a loss of 50% of
filter paper activity (Sternberg, 1976). Since cellulose
concentration and medium pH were the most signif-
icant parameters that were identified by Placket and
Burman design, their levels were further optimized us-
ing a response surface CCD.

Optimization of the significant parameters using
CCD. Two critical parameters that were found to have
the maximum effect on the CMCase production were
taken up for further studies to optimize their levels us-
ing response surface methodology. The levels of wheat
bran, DAHP, yeast extract, lactose, etc., were fixed at
the level that gave the maximum production of CM-
Case (the run No. 1 in Table 1) and the levels of the
significant parameters identified by the factorial design,
i.e. the cellulose concentration and pH were optimized
using the CCD. The CCD and the experimental and
predicted responses obtained for the CMCase produc-
tion by T. reesei are shown in Table 2. The data were
analyzed by multiple regression analysis and the follow-
ing second order polynomial Equation (3) was derived
to represent the CMCase production as a function of
the independent variables tested:

Y = 80.87 — 2.35X; + 8.60X, + 7.24X1 X, —
— 12.53X 15 — 20.16X2s (3)

where Y is the predicted response (the CMCase yield),
and X; and X5 are coded values of cellulose concentra-
tion and pH, respectively.

Testing of the model was performed by the Fisher’s
statistical test for the ANOVA using Design Expert
software. The ANOVA of the quadratic regression
model suggested that the model was significant with
a computed F value of 9.34 and a p value of 0.005. The
regression coefficient (R?) was 0.870, which indicated
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Fig. 3. Response surface graph showing interaction of cellulose
concentration and pH on CMCase production by T. reesei.

that 87.0% experimental data fitted with expected data
in model. The p values for individual model terms in-
dicated that pH and the quadratic effects of both cel-
lulose concentration and pH were significant (p values
0f 0.040, 0.011 and 0.001, respectively). The interaction
between cellulose concentration and pH was not signif-
icant.

Nevertheless, response surface curve was plotted
to understand the level of interaction of variables and
for identifying the optimal levels of each parameter for
attaining maximal CMCase yield. Figure 3 represents
the response surface for the interaction of cellulose con-
centration and pH. It was observed that the enzyme
production increased with increase in cellulose concen-
tration from 10 g/L to about 20 g/L and thereafter de-
creased at all the pH tried. Similarly, pH effect was also
independent and the CMCase activity increased with
increase in pH till about 7.0 and then decreased with
further increase of pH. Numerical optimization func-
tion in Design Expert software was used to optimize
the levels of these parameters and the optimized con-
ditions were a cellulose concentration of 19.7g/l and a
pH of 7.2. Under these conditions, the predicted CM-

Table 3. Comparison of CMCase production and productivities of Trichoderma reesei with others studies.

T. reesei strain® Production® Formation rate¢® Days Condition Reference
RUT C30 16.00 94.11 7 Pre-treated corn stover Juhasz et al. 2005
PTr2 isolate 120 833.33 6 5g/L CMC Prabavathy et al. 2006
RUT C30 18.2 252.77 3 BM (1%) and WB (1%) Jun et al. 2009
NU-6 54.2 752.77 3 BM+YC (1%) and lactose (1%) Jun et al. 2009
RUT C30 12.22 84.86 6 Dairy manure with minimum salt media Wen et al. 2005
RUT C30 150 446.42 14 6% (w/v) roll-milled cotton in a 10 L fermenter Ryu & Mandels 1980
RUT C30 81.64 680.33 5 1.9% cellulose + 1.5% cheat bran, pH 7.2 This study

@ The strain NU-6, random mutagenesis by using UV. ? IU/mL. ¢ IU/L per hour.
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Fig. 4. Deinking performance of T. reesei CMCase on printed office waste paper. (a) Dosage dependent enhancement of deinking
efficiency. (b) Microscopic images showing deinking of printed paper using T. reesei CMCase. A, B, C: treatment controls 10, 50 and
100 pug/g of heat-denatured enzyme, respectively. D, E, F: deinking of paper using 10, 50 and 100 pg/g of CMCase, respectively.

Case yield was 82 IU/mL. Replicated experiments per-
formed under these optimized conditions gave an en-
zyme yield of 83.63 + 1.86 IU/mL validating the op-
timization. A comparison of the productivities of CM-
Case from T. reesei under different conditions showed
that the productivities obtained in the current study is
one of the highest reported (Table 3).

Deinking of laser-printed paper

Deinking experiments were performed under three dif-
ferent enzyme loadings and the samples were compared
for optical density as well as microscopic images in order
to evaluate the efficacy of the T. reesei CMCase prepa-
ration on deinking. The deinking process resulted in in-

crease in ink removal as compared to control samples,
which were treated with denatured enzyme (Fig. 4a).
Microscopic images confirmed the result. Clearly, the
increase in ink removal was increased with increase in
enzyme loading (Fig. 4b). Several studies have found
that during enzymatic deinking, the cellulases act pref-
erentially on the fines and microfibrils protruding out
from the surfaces. This enzymatic action increases the
freeness of the pulp (Jeffries et al. 1994; Gubitz et al.
1998).

Conclusions
By using single parameter optimizations the combina-
tion of wheat bran and cellulose was selected for en-
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hanced endoglucanase production using T. reesei RUT
C30. Supplementation of 2 g/L of yeast extract and
10 mM DAHP instead of ammonium sulphate, peptone
and yeast extract as nitrogen sources resulted in an im-
proved CMCase yield.

Placket-Burman design identified that cellulose
concentration and pH were the most significant vari-
ables that significantly enhanced the CMCase activity.
Optimization of these parameters using a central com-
posite design led to a final CMCase yield of 83.63 + 1.86
IU/mL and filter paper units of 2.58 £+ 0.2 IU/mL.
While the enzyme activity is not the highest, produc-
tivity was higher compared to several previous reports.
The crude enzyme was demonstrated to be useful in
deinking of waste office paper.
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bran and cellulose was optimized employing a two stage statistical design of experiments. Optimization
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ghum stover and addition of Aspergillus niger B-glucosidase improved the hydrolytic efficiency 174%,
indicating the potential to use this blend for effective saccharification of sorghum stover biomass. The
enzymatic hydrolysate of sorghum stover was fermented to ethanol with ~80% efficiency.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The enzymatic saccharification of plant biomass is the most effi-
cient method for lignocellulose breakdown to sugars, though the
cost of this operation is still one of the major bottlenecks in com-
mercialization of second generation alcohol. Cellulase cost reduc-
tion remains the top agenda of establishments involved in
bioethanol research, and several methods including onsite produc-
tion, use of cheap raw materials for production of the enzyme and
use of enzyme in crude concentrated form without purification are
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being investigated to further reduce the cost of biomass hydrolyz-
ing enzymes - primarily cellulases. Cellulases are a group of
enzymes including endo and exoglucanases and beta glucosidases
that act synergistically and are necessary for the efficient hydroly-
sis of cellulose to soluble oligosaccharides (Beckham et al., 2010;
Kubicek et al., 2009).

While cellulases are produced by various microorganisms, com-
mercial sources of the enzyme are mostly the filamentous fungi
Trichoderma reesei and Aspergillus species, mainly due to their high
cellulase productivity, safe use in industry and the availability of
their whole genome sequences for genetic interventions (Le
Crom et al., 2009; Martinez et al., 2008). Both submerged fermen-
tation and solid-state fermentation (SSF) have been used for cellu-
lase production (Singhania et al., 2010). While each of these
strategies has their own advantages and disadvantages, SSF is con-
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sidered as less capital intensive, easy to operate and does not
require skilled manpower. Another major advantage is the ability
to use cheap insoluble lignocellulosic feedstock as substrates/
cheap carbon sources for enzyme production (Pandey, 2003).
Sweet sorghum is an ideal food cum bioenergy crop that can
produce grain, stalk sugar, forage as well as large amounts of bio-
mass in the order of 10-20 dry tons/ha/3.5 months (Gonsalves,
2006; Rao et al., 2007). Since it require less water compared to sug-
arcane and since the crop duration is less, cultivation of sorghum
offers an interesting opportunity for better utilization of available
arable land. With an annual surplus availability of ~1.6 million
metric tons (MMT), sorghum biomass in India is a formidable feed-
stock resource for second generation ethanol and very less work
has been done on this feedstock towards its conversion to ethanol
(Pandey et al., 2009). Also there is very less information on the
enzyme cocktails suitable for optimal sorghum biomass hydrolysis.
Hence, the present investigation was undertaken for in-situ pro-
duction of cellulases using Trichoderma reesei utilizing cheap raw
material under solid-state fermentation and the enzyme was used
for hydrolysis of pretreated sorghum stover to generate fer-
mentable sugars and their fermentation to produce bioethanol.

2. Materials and methods
2.1. Microorganism and inoculum preparation

Trichoderma reesei RUT C-30 used for the present study was a
kind gift from Prof George Szakach, Technical University of Buda-
pest, Hungary. The fungus was maintained on Potato Dextrose Agar
(PDA) at 4 °C for working stocks. For inoculum preparation, 2-5 ml
of sterile saline containing 0.05% Tween 80 was aseptically added
into fully sporulated slants (7 day old culture) and was gently
pipetted up and down to dislodge the spores into the liquid. The
spore suspension thus obtained was aspirated into sterile vials,
counted under microscope using a haemocytometer and was
adjusted to desired count using sterile saline containing 0.05%
Tween 80. The spore suspension with the desired spore count
was used as inoculum.

2.2. Enzyme production

Different agricultural waste residues were evaluated initially as
substrate in the present study, and wheat bran was selected for
production studies with supplementation of the added inducer-
cellulose. Total of 5 g dry weight of the substrate of choice or wheat
bran plus cellulose was weighed into 250-ml Erlenmeyer flasks
and was moistened with mineral salt medium (Mandels and
Weber, 1969) to obtain the appropriate initial moisture content.
The flasks were then sterilized by autoclaving. Medium used for
the experiment had following composition in g/l (NHy), SO4-1.4,
K;HPO4-2, Urea-0.3, CaCl,-2H,0-0.3, MgS04-7H,0-0.3 g, Peptone -
0.75, Yeast Extract-0.25, Tween 80-1.0, FeSO4-7H,0-0.005,
MnSO4-7H,0-0.0016, ZnSO4-7H,0-0.0014, CoCl,-6H,0-0.002.The
pH of the medium was adjusted to 4.8 with 1 N HCl or 1 N NaOH
wherever required. The flasks were inoculated with 1.0 ml of the
spore suspension containing approximately 1 x 107 spores/ml or
the appropriate volume as per the experiment design. The flasks
were incubated at 30+ 2 °C for the required duration as per the
experiment design. Enzyme extraction was performed using
50 mM citrate buffer (pH 4.8). Fifty milliliter of the buffer was
added to each flask containing 5g of moldy bran and was
incubated with shaking (200 rpm, 30°C, 60 min). The slurry
was filtered using a nylon mesh to remove debris and the filtrate
was centrifuged at 7000 rpm for 10 min at 4 °C to remove fine
suspended particles. The supernatant was taken as the crude
enzyme, and the enzyme activity of the enzyme was determined.

2.3. Enzyme assays

2.3.1. Carboxymethyl cellulase (CMCase) activity

Endoglucanase (CMCase, endo-1,4-p-D-glucanase; EC 3.2.1.4)
activity was assayed as per the IUPAC guidelines (Ghose, 1987)
in a total reaction volume of 1.0 ml containing 0.5 ml of diluted
enzyme and 0.5 ml of 2.0% (w/v) carboxymethyl cellulose (CMC)
solution in citrate buffer (50 mM, pH 4.8). This reaction mixture
was incubated at 50°C for 30 min. Dinitrosalicylic acid (DNS)
reagent (3.0 ml) was added to the reaction mixture and boiled
for 5 min. Reaction mixture was diluted by adding distilled water
and the absorbance was measured at 540 nm. Appropriate blanks
were also included which lacked either enzyme or substrate. Stan-
dards prepared with varying glucose concentrations were run in
parallel to calculate the glucose release. CMCase activity was calcu-
lated and defined as outlined by Ghose (1987), and was expressed
as international units per gram dry substrate (IU/gDS).

2.3.2. Filter paper activity assay

Total cellulase activity was measured using the filter paper
assay according to IUPAC (Ghose, 1987). A rolled Whatman #1 fil-
ter paper strip of dimension 1.0 x 6 cm (~50 mg) was used as sub-
strate. The filter paper strips were saturated with 0.5 ml of Na-
citrate buffer (0.05 M, pH 4.8) and 0.5 of an appropriately diluted
(in Na-citrate buffer —0.05 M, pH 4.8) enzyme was added to the
tube and incubated at 50 °C for 60 min. Appropriate controls were
also run along with the test. After incubation, 3.0 ml of DNS
reagent was added and boiled for 5 min after which it was diluted
appropriately and absorbance was measured at 540 nm. Glucose
released by different enzyme dilutions was obtained from a simi-
larly processed standard curve. Filter Paper Activity (FPA) was cal-
culated following the concept that 0.37 FPU of enzyme will liberate
2mg of glucose under the above assay conditions and was
expressed as Filter Paper Units (FPUs) per gram dry substrate
(FPUs/gDS).

2.4. Optimization of cellulase production

Different carbon sources and others parameters were screened
in a one factor at a time approach and these were incorporated
in the medium for further optimization using a two stage statistical
experimental design strategy. In the first stage, a fractional facto-
rial design was used to screen 10 process variables to identify
the most significant ones affecting cellulase (measured as CMCase
activity) production and in the second stage, a response surface
Box Behnken design (Box and Behnken, 1960) was used to opti-
mize the levels of these selected variables.

2.4.1. Screening of variables affecting production

The screening of important variables affecting cellulase produc-
tion was performed using a Plackett and Burman design (Plackett
and Burman, 1946), where 11 variables were evaluated at 2 levels
(Table 1). Experiments were performed as per the design and the
response (CMCase activity) was recorded. A factorial model was fit-
ted for the main effects using the software Design Expert® (Stat-
ease, USA). The effects of experimental variables on CMCAse pro-
duction was computed using the following equation (Eq. (1))

81(2”‘2“7)/“ (1)

where ¢ is the effect of parameter under study and “p.” and “p_"are
responses (CMCase activity) of trials at the higher and lower levels
of each variable respectively and “n” is the total number of trials.
Analysis of variance (ANOVA) was performed on the data to deter-
mine the significance of fitted model and to test the significance of
the effect of individual parameters on CMCase production. Variables
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Table 1
Placket and Burman Design matrix for screening of process variables.

Run  Cellulose  Peptone  Yeast Moisture ~ Amm Lactose Tween 80 Inoculum size Time pH Dummy Enzyme Activity
# (g/g) (g/L) Extract (g/L) (%) Sulfate (g/L)  (g/L) (g/L) (spores/g) (Days) (1U/gDs)
1 0.80 3 5 65 2 20 0.25 2.00E+06 7 55 -1 260.59
2 0.2 3 7.5 55 2 20 1 2.00E+06 7 48 1 360.95
3 0.80 0 7.5 65 1 20 1 1.00E+07 7 48 -1 293.69
5 0.20 0 7.5 55 2 20 0.25 1.00E+07 9 55 -1 434.69
6 0.20 0 5 65 1 20 1 2.00E+06 9 55 1 237.67
4 0.20 3 5 65 2 0 1 1.00E+07 9 48 -1 274.53
7 0.80 0 5 55 2 0 1 1.00E+07 7 55 1 502.13
8 0.80 3 5 55 1 20 0.25 1.00E+07 9 48 1 547.28
9 0.80 3 7.5 55 1 0 1 2.00E+06 9 55 -1 531.88
10 0.20 3 7.5 65 1 0 0.25 1.00E+07 7 55 1 252.94
11 0.8 0 7.5 65 2 0 0.25 2.00E+06 9 48 1 241.03
12 0.20 0 5 55 1 0 0.25 2.00E+06 7 48 -1 310.55

affecting the production of CMCase most significantly were
production.

2.4.2. Box Behnken design (BBD)

The levels of the variables identified as significant by the initial
screening test were optimized for enhancing the endoglucanase
yield using a response surface Box- Behnken experiment design
(Box and Behnken, 1960). The variables selected for optimization,
i.e., initial moisture, cellulose concentration, and inoculum size,
were coded as X;, X,, and Xz, respectively (Table 2). A second-
order polynomial (Eq. (2)) was used to represent the response as
a function of the tested variables

n n n
Y=Bo+ D> BXi+ > BiXi + D BiXiX; (2)
i=1 i=1 i=1

where Y is the measured response (CMCase yield), B, B;, and B;; are
the regression coefficients, and X;-X3 are the factors under study.
Regression analysis and estimation of the coefficients were per-
formed using Design Expert® software (Stat Ease, USA). The contri-
butions of individual parameters and their quadratic and
interaction effects on cellulase production were determined.

2.5. Enzyme evaluation for hydrolysis of sorghum stover and
bioethanol production

2.5.1. Raw material, pre-processing and composition analyses
Sorghum stover (SS) samples were kindly provided by the
Indian Institute of Millets Research, Hyderabad. The samples were

Table 2

Box Behnken Design matrix for optimization of CMCase production by T. reesei.
Run X, Cellulose X3 Inoculum Density X3 Moisture CMCase
No (8/58) (Spores/g) (%) (1U/gDS)
1 0.8 3.00E+06 55.0 733.06
2 1.0 3.00E+06 57.5 940.95
3 1.0 3.00E+06 57.5 954.71
4 1.0 3.00E+06 57.5 956.02
5 1.2 3.00E+06 60.0 774.00
6 1.2 5.00E+06 57.5 830.16
7 1.2 1.00E+06 57.5 778.29
8 1.2 3.00E+06 55.0 774.00
9 1.0 3.00E+06 57.5 959.53
10 0.8 1.00E+06 57.5 755.23
11 1.0 5.00E+06 55.0 878.29
12 0.8 3.00E+06 60.0 723.13
13 1.0 5.00E+06 60.0 756.62
14 1.0 1.00E+06 55.0 857.18
15 0.8 5.00E+06 57.5 795.42
16 1.0 1.00E+06 60.0 794.73
17 1.0 3.00E+06 57.5 827.38

air-dried and were milled in knife mill to a particle size less than
2 mm and were stored in air tight containers until used. Moisture
content was estimated prior to use using an infrared moisture
analysis balance (AND, Japan). Milled SS biomass was pretreated
by dilute acid or alkali using previously optimized conditions and
used a 10% biomass loading in either case. In the case of acid pre-
treatment, 1.5% H,SO4 was used for 60 min at 121 °C in an auto-
clave and in the case of alkali, 2% NaOH was used for 60 min at
121 °Cin an autoclave. After cooling, the biomass was washed with
tap water until the pH became neutral. The wet biomass after solid
liquid separation using a nylon mesh was air dried and used for
enzymatic saccharification experiments. Compositional analyses
of the untreated and pretreated sorghum stover was carried out
based on the NREL protocol (Sluiter et al., 2008a) and Scanning
electron microscopy of the samples were performed as described
previously (Kuttiraja et al., 2013).

2.5.2. Enzymatic hydrolysis and ethanol fermentation

Enzymatic saccharification of biomass was performed at 10%
biomass loading by incubating 2 g of pretreated biomass with the
crude T. reesei cellulase produced under the optimal conditions
derived from the experiments above. Cellulase was used at a con-
centration of 20FPUs/g with or without B-glucosidase (BGL supple-
mentation at a concentration of 50 IU/g or 100 IU/g biomass. The
BGL used was from Aspergillus niger, produced in the lab as
described earlier (Singhania et al., 2011). Hydrolysis was per-
formed in 150 ml screw capped flasks in a reaction volume of
20 ml at 50 °C, and with 100 rpm agitation in a water bath shaker
to a maximum duration of 48 h. After hydrolysis, the un-
hydrolyzed debris was separated by filtration and concentrated
by vacuum evaporation. The concentrated filtrate was filter steril-
ized and was inoculated at 10% v/v using a 12 h old seed culture of
Saccharomyces cerevisiae cultivated in YPD broth (Himedia, India).
Incubation was carried out for 24 h in stopper flasks at room tem-
perature under static condition. Samples (1.0 ml) were withdrawn
at 0, 12, and 24 h; were centrifuged for 10 min at 4 °C and super-
natant was filtered and analyzed for ethanol by gas chromatogra-
phy as described previously (Kuttiraja et al, 2013). Total
reducing sugars were estimated in hydrolysates by DNS method
(Miller, 1959) and glucose estimations were performed by HPLC
following NREL protocols (Sluiter et al., 2008b). Sugar concentra-
tions were expressed as mg/g of biomass. Hydrolysis efficiencies
were calculated according to the following formula

_ ( concentration of sugar released
-~ \(

cellulose conc. x 1.11) + (hemicellulose conc. x 1.12)) x 100

3)

where “€” is the hydrolysis efficiency in percentage and the concen-
tration of sugar released is the total sugar release in the hydrolysate
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measured in mg/g of biomass. Cellulose and hemicellulose concen-
trations are expressed in g/g biomass and 1.11 and 1.12 are the
standard conversion factors for calculating the amount of mono-
meric sugars released on hydrolysis of the respective sugar
polymers.

3. Results and discussion
3.1. Selection of carbon sources for CMCase production

Cellulase production by Trichoderma reesei RUT C-30 under
solid-state fermentation was evaluated using agricultural residues
(rice straw (RS), sorghum straw (SS), sugar cane trash (SCT), wheat
straw (WS), and wheat bran (WB)) as carbon sources. Among these
crude carbon sources, wheat bran could induce the maximum cel-
lulase (CMCase) activity of 298.35 IU/gDS. While the lignocellulosic
substrates did induce cellulase activity, the enzyme yields were
considerably lower compared to wheat bran as the substrate.
Among these substrates, WS supported maximum yield of
80.65 IU/gDS whereas the enzyme yields for RS, SS and SCT were
58.2, 55.75 and 69.7 respectively. Wheat bran is a cheap carbon
source routinely used as substrate for SSF and is rich in several
nutrients, in addition carbon, and this could be the reason for its
better performance since it can enhance cell growth and metabolism.
It was selected as the carbon source for all further experiments.

3.2. Optimization of cellulase production

Screening experiments performed following the Placket and
Burman design indicated considerable variation in CMCase produc-
tion ranging from 237.67 IU/gds to 547.28 IU/gds (Table 1). The
levels of influence of tested variables on CMCase production was
computed using Eq. (1). The factors with highest effects were ini-
tial moisture content (negative), cellulose concentration (positive),
and inoculum size (positive). Cellulases are inducible enzymes and
production of the enzyme by T. reesei depends on the induction
mediated by the lignocellulosic substrate under natural conditions.
Pure cellulose is a strong inducer of cellulases and apparently a
dominant factor of cellulase production (Bischof et al., 2013). Cel-
lulose was supplemented in the production medium to have strong
induction of the enzymes and the results indicated that this
approach was successful. Increase in moisture content had a nega-
tive influence on cellulase production, and the results confirmed to
our previous observations that Trichoderma reesei produce more
cellulase at low moisture contents under SSF (Singhania et al.,
2007). T. reesei is a highly aerobic culture higher moisture content
is reported to result in oxygen limitation through the filling of
voids in the substrate with water (Vitcosque et al., 2012). Increase
in inoculum concentration within tested range resulted in
enhanced activities which might be attributed to higher growth
rates achieved initially. The levels of initial moisture content, cellu-
lose concentration and inoculum size was identified as most signif-
icant from the screening study (Plackett & Burman Design) and
were further optimized following a Box Behnken design (BBD).

The maximum response (959.53 IU/gDS) was obtained in run 9,
and in general, runs with middle levels of parameters gave higher
enzyme production compared to other combinations (Table 2).
Regression coefficients for the design model were determined by
multiple regression analysis using the software Design Expert®
v8.0 and cellulase production as represented as a function of the
independent variables tested through a second-order polynomial
equation (Eq. (4))

Y =927.718+18.70X; +9.38X, — 24.25X3 — 104.3X?
—33.64X3 —72.37X3+2.92X, X, + 2.48X, X3 — 14.80X, X3 (4)

where, Y is the predicted response, and X;, X5, and X3 are coded val-
ues of cellulose content, inoculation size and moisture content,
respectively. The quadratic regression model adopted was sug-
gested significant by the Analysis of Variance (ANOVA) which indi-
cated computed F value of 3.7821and a P value lower than 0.05
(Table 3). X%, X3 were found to be significant model terms based
on their low p-values (<0.05). Response surface curves were plotted
to view the interaction effects of variables and for identifying the
optimal levels of each parameter for obtaining maximum yield
(Fig. 1). Increase in cellulose concentration had a positive impact
on cellulase production up to a concentration of about 1.0-
1.1g/5g (20-22% wfw) of total substrate beyond which it
decreased (Fig. 1A). Probably this concentration may indicate the
threshold maximum attainable with the given biomass growth
under the tested SSF conditions. Increase in cellulose concomitantly
decreases the wheat bran content in total substrate and this could
affect the amount of fungal biomass achieved, since wheat bran
can be used more easily by the organism. Similar to cellulose con-
centration, inoculum density also had a positive effect till
~3.5 x 10° spores/g concentration beyond which it diminished
gradually. Decrease in enzyme yield at higher spore density may
be attributed to the increased growth and biomass accumulation
where majority of the resources are used for growth and not for cel-
lulase production. Analyses of the response curve for moisture
against inoculum density showed the same trend for inoculum con-
centration with the optimal concentration remaining between
3.0 x 10° and 4 x 10° spores/g dry substrate. The ideal moisture
content was found to be between 55% and 57% (Fig. 1B). The param-
eters cellulose concentration and moisture content acted totally
independently as indicated by the data in Fig. 1C. The optimal cellu-
lose concentration was between 1.0 and 1.1 g/5 g and the moisture
content between 55% and 57%. Incidentally, the maximum activity
of ~950 IU/gDS was obtained at near middle levels of each of the
parameters indicating that the choice of levels have been very
appropriate to arrive at the optimal concentration. Many factors
such as moisture content, cellulose content, inoculum size, oxygen
transfer and concentrations of nutrients are known to influence
growth and enzyme production under SSF, and the selection of opti-
mum level for these parameters can lead to increase in enzyme pro-
duction under SSF. Trichoderma reesei produced 298.35 IU/gds SSF
on wheat bran in the basal medium and under the optimal combi-
nation of parameters the enzyme titers had gone up 3.2-fold higher
to 959.53 [U/gDS. This indicated that SSF may be used for cellulase
production from plant biomass. In this study, initial moisture con-
tent had the largest influence on production of CMCase. Different
moisture ranges (37.56-80%) have been used for cultivation of T.
reesei for production of the enzyme (Kilikian et al, 2014;
Singhania et al., 2007). In the current study 57% was found to be
optimal for enzyme production. Under the optimal conditions of
moisture content, cellulose concentration and inoculum size, the
ideal incubation time was found to be 9.0 days. Filter paper activity
was determined for the enzyme produced under optimal conditions
and it was found to be 22.37 FPUs/gDS.

3.3. Tray fermentation for scaled up cellulase production

Solid-state fermentation on production scales are usually per-
formed in trays and inside climate controlled chambers called ‘Koji
rooms’. Initial evaluation of the larger scale production of enzymes
through SSF using the T. reesei culture was attempted in 50 g
capacity trays in the Pilot scale SSF facility (Koji Room) of CSIR
NIIST with relative humidity and temperature maintained at 80%
and 30 £ 2 °C respectively. Fifty grams of total dry substrate con-
taining 20% cellulose was mixed well and moistened with the pro-
duction medium according to the conditions optimized in flask
cultivation. Inoculation was carried out with spore inoculum
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Table 3
ANOVA for Response Surface Quadratic Model.

Source Sum of Squares DF Mean of Square F Value p-value Prob > F
Model 88543.35 9 9838.15 3.78 0.0466
A-Cellulose 2797.89 1 2797.89 1.08 0.3342
B-Inoculum density 704.25 1 704.25 0.27 0.6189
C-Moisture 4706.93 1 4706.93 1.81 0.2205
AB 34.11 1 34.11 0.01 0.9121
AC 24.65 1 24.65 0.01 0.9252
BC 876.75 1 876.75 0.34 0.5797
AN2 45804.39 1 45804.39 17.61 0.0041
B2 4765.62 1 4765.62 1.83 0.2180
2 22052.43 1 22052.43 8.48 0.0226

CMCase

B: Inoculum density ~ 1E+06 0.80

CMCase

A: Cellulose

CMCase

5 C: Moisture

2E+06 59
B: Inoculum density ~ 1E+06 60

0.80 60

Fig. 1. Response surface plots showing the interaction effects of process variables on production of cellulase by T. reesei. A) Interaction of inoculum density and cellulose
concentration B) Interaction between inoculum density and moisture content C) Interaction between cellulose and moisture content.

prepared with the optimized concentration and fermentation was
carried out till 14 days when mycelial growth was visible and
sporulation set in; the conditions when maximum cellulase pro-
duction was observed in flask fermentation. Enzyme extraction
and assay indicated that the yield as almost half (457.27 £ 24.7
[Us/gDS) of what was obtained in flasks, though there was no
contamination. It was observed that the trays were warm due to

metabolic heat and the mycelial growth was lesser in the centre
of trays. It is speculated that the heat and oxygen transfer could
be limiting and more studies and optimization in trays have to
be performed to obtain the same levels of production as obtained
in flasks. It has been demonstrated that there could be very signif-
icant temperature gradients with increase in substrate packing
height, properties of the substrate, moisture of the atmosphere in
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which the trays are incubated etc (Chen, 2013). It is therefore
required to perform detailed studies on energy and water balances
to determine the appropriate scale up criteria (Figueroa-Montero
et al,, 2011). Nevertheless, the results seems promising, since the
production is still higher than base level and even after performing
the experiments in a semi sterile atmosphere, there was no con-
tamination and about 450 IUs/gDS of enzyme was obtained from
the system, indicating scope for large scale production of the
enzyme using SSF.

3.4. Hydrolysis of sorghum stover using in-situ produced T. Reesei
cellulase and fermentation of the hydrolysate to ethanol

Chemical composition of biomass varies with respect to several
parameters and depending on the method of pretreatment. Also
the composition of the biomass is essential to estimate the efficien-
cies of hydrolysis and for calculation of the potential yield of
bioethanol. The composition of biomass was analyzed experimen-
tally for the native sample as well as for dilute acid and alkali pre-
treated sorghum stover. As expected, dilute acid pretreatment
removed more of hemicellulose by its break down while alkali pre-
treatment removed more of lignin (Table 4). While the improve-
ment in cellulose content was similar with all the different
pretreatments (From 40% in Native to ~50% in the pretreated sam-
ples), the major differences were in the removal of lignin and
hemicellulose. While acid pretreatment actually resulted in an
increased final percentage of lignin, there was a considerable hemi-
cellulose removal with this treatment. On the contrary, alkali
removed more of lignin and the final lignin percentage was only
7.36%.

The efficiency of the SSF produced T. reesei cellulase for hydrol-
ysis of pretreated sorghum stover was evaluated with and without
supplementation of in-house produced Aspergillus niger BGL at 50
or 100 IU/g biomass concentration. Cellulase was used at 20FPUs/
g biomass in all the hydrolysis experiments. Fig. 2A & B indicate
the sugar yields obtained for hydrolysis employing the T. reesei cel-
lulase for acid and alkali pretreated sorghum stover respectively.
Hydrolytic efficiencies were lower for acid pretreated biomass
compared to alkali pretreated in all the enzyme combinations
attempted. The conversion efficiency was only about 25% of theo-
retical maximum in the case of native unblended T. reesei cellulase
for acid pretreated SS. With addition of either 50 or 100 IUs of BGL
per gram biomass, the hydrolytic efficiency improved to 30% of
theoretical maximum. The situation was totally different in the
case of alkali pretreated biomass. The native T. reesei cellulase
had an efficiency of 47% whereas with supplementation of 50 or
100 IUs/g BGL to the cellulase, the efficiencies improved signifi-
cantly to almost 60% and 82% respectively indicating excellent syn-
ergy between the enzymes. Apparently, the type of pretreatment
had influenced the hydrolysis efficiencies significantly, since the
acid pretreated material was hydrolyzed poorly. This is speculated
to be due to the poor removal of lignin in dilute acid pretreatment
and its re-deposition on the biomass preventing enzyme access a
phenomenon which is already reported (Selig et al., 2007). With
a better pretreated sample, the hydrolysis efficiencies were supe-
rior and with BGL supplementation it improved to 82%. T. reesei
is known to produce very less of BGL enzymes and BGL blending

Table 4
Composition analysis of native and pretreated sorghum stover.
Cellulose Hemicellulose Lignin
Native 39.58 20.15 21.72
1.5% Acid 50.4 9.20 25.85
2% NaOH 57.16 27.16 7.36

A

=100 IU/g BGL
~#-50 |U/g BGL
700 - Native

800 -
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300 A
200 A

Total reducing sugar (mg/g)
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200 -
== Native

—=50 1U/g BGL
~@-100 1U/g BGL
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Total reducing sugar (mg/g)

0 12 24 36 48
Time (h)
Fig. 2. Hydrolysis of sorghum stover biomass by native and BGL blended T. reesei

cellulase. A) Enzymatic hydrolysis of acid pretreated SS B) Enzymatic hydrolysis of
pretreated SS.
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Fig. 3. Bioethanol production using sorghum stover hydrolysate.

is known to improve its hydrolytic potential (Chir et al., 2011;
Hu et al., 2011). Apparently, with BGL blending the SSF produced
T. reesei cellulase is an effective way for improving its hydrolytic
efficiency. With the results, it becomes clear that the strategy
works well with sorghum biomass as well.

Ethanol production from the enzymatic hydrolysate of alkali
pretreated sorghum stover was studied using a lab strain of Saccha-
romyces cerevisiae. The hydrolysate generated using T. reesei cellu-
lase supplemented with 100 IU/g of A niger BGL contained 56.67 g/
L of glucose after concentration. Almost entire glucose was con-
sumed in about 12 h duration and the maximal ethanol yield of
22.2 g/[L was obtained in 24 h (Fig. 3) which corresponded to
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76.8% conversion efficiency. This proved that the hydrolysate is
efficiently fermented by a standard yeast strain.

The current work has addressed onsite production of cellulase
and its use for hydrolysis of sorghum stover biomass which is
one of the important but under exploited feed stock resources in
India. Fermentation process for cellulase production has been
demonstrated at pilot scale and the enzyme was successfully used
for biomass hydrolysis. Onsite enzyme production reduces the
enzyme cost due to the savings on logistics, storage and the stabi-
lization of enzyme and this in turn is expected to reduce the cost of
bioethanol from biomass.

4. Conclusions

SSF was used for cellulase production employing T. reesei and by
optimizing process variables a 3.2-fold increased yield was
obtained. The process was demonstrated at pilot scale in tray fer-
menter system. Supplementation of A. niger BGL to the cellulase
improved its hydrolytic efficiency 174% indicating synergy
between these enzymes. Sorghum stover hydrolysate was effi-
ciently fermented to ethanol. Results indicate the potential of using
on-site enzyme production using SSF, and its use for sorghum
stover hydrolysis and ethanol production.
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