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Abstract

Predicting the hydrolytic potential of a “cellulase enzyme cocktail” on lignocellulosic
substrates is an ongoing challenge, particularly as enzyme companies try to reduce the required
enzyme loading to achieve rapid and complete cellulose hydrolysis. The filter paper assay (FPA)
is still widely used to assess the hydrolytic potential of cellulase enzyme preparations, as the
method is clearly documented and Whatman No.1 paper is a universally available and consistent
substrate. However, characteristics of filter paper such as its high cellulose content and dried
nature, as well as the short (1 hour) duration of the assay, etc., all compromise the ability of the
FPA to predict how enzyme cocktails will hydrolyze lignocellulosic substrates. To assess the
influence of factors such as drying and the presence of lignin and hemicellulose on the FPA,
“model/paper sheet” substrates were prepared and substituted for filter paper. When a paper sheet
prepared from never-dried pulp was used in the assay, it was apparent that drying was a major,
negative influence. Using sheets prepared from pretreated substrates containing lignin and
hemicellulose resulted in a 53% decrease in the measured filter paper activity, illustrating the
detrimental effects of lignin and hemicellulose on cellulase activity. Therefore, several realistic
substrates were prepared that were rich in either xylan, mannan and/or lignin. These substrates
were used to assess the beneficial effects of substituting cellulases with accessory enzymes (e.g.
xylanases, mannanases). In many cases up to 50% of the cellulases in the enzyme cocktail could
be substituted with accessory enzymes to achieve hydrolysis yields >70%. However, when the
substituted enzyme cocktail was assessed via the filter paper assay, the resulting activity decreased
by up to 58%. It was apparent that the predictability of the FPA was highly dependent on the
composition/characteristics of both the substrate and the enzyme cocktail. The results indicated

a potentially more useful method to predict the effectiveness of a cellulase mixture on a given



substrate may be to perform a longer-time hydrolysis of the actual biomass substrate while using

the filter paper assay to provide an estimate of the initial protein/activity loading.



Lay Summary

In a proposed biorefinery, it is likely that lignocellulosic substrates will be used as
feedstock. Currently, the filter paper assay (FPA) is used to predict cellulase performance when
breaking down a range of substrates to their monomeric units. The FPA quantifies the amount of
cellulase enzymes required to result in a 3.6% cellulose conversion in 60 minutes. However, the
FPA has shortcomings such as, limitations with the Whatman No.1 filter paper used in the assay
being dried and is almost pure cellulose, yet realistic biomass substrates will likely never be dried
and will usually contain cellulose, lignin and hemicellulose. In addition, lignin and hemicellulose
degrading enzymes have been shown to have no hydrolytic activity on cellulose. Thus, the main
goal of the thesis work was to assess how representative the FPA is of the hydrolytic potential of

a complex cellulase cocktail when breaking down complexed substrate.
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1. Introduction
1.1. Background

Many microorganisms, predominantly fungi, have been shown to degrade cellulose
and other plant cell wall components (Sanchez, 2009). However, historically, it was thought
enzyme mediated cellulose saccharification was primarily mediated by a cellulase enzyme mixture
which involved three major types of enzymes, endoglucanases, exoglucanase/cellobiohydrolases,
and B-glucosidases (Dashtban et al., 2009). Owing to the complexity of realistic lignocellulosic
substrates, their recalcitrance and the desire to reduce protein loading, traditional types of cellulase
preparations (Celluclast and spezyme) have more recently been supplemented with so-called
accessory enzymes. The accessory enzymes, which include hemicellulases, Lytic polysaccharide
monooxygenases (LPMOs), expansins etc., when added to traditional cellulase enzymes form an
enzyme complex which is more efficient at deconstructing more realistic lignocellulosic substrates
(Hu, 2014; Kim et al., 2014; Obeng et al., 2017). These accessory enzymes cooperate
synergistically with the cellulase enzymes and have been shown to significantly improve

saccharification yields when lignocellulosic substrates are hydrolyzed (Hu et al., 2014).

However, it has proven to be challenging to predict how effectively a complex
cellulase enzyme preparation might hydrolyze a given substrate. Historically the hydrolytic
efficiency of cellulase enzymes was assessed by the standardized filter paper assay (FPA) (Ghose,
1987). Although the FPA predominantly used filter paper as the “standard” substrate, other
substrates such as solka floc, Avicel and cotton have also been used to assess the potential
hydrolytic efficacy of a cellulase enzyme preparation (Ghose, 1987; Mandels et al., 1976). The
standardized FPA is a volumetric based assay, which determines the dilution of the original

cellulase enzyme stock required to catalyze a 3.6% cellulose conversion (2 mg glucose) of a 50



mg Whatman No. 1 filter paper in 60 minutes. The filter paper activity is then defined as the
amount of enzyme, which releases one (1) umol of glucose-equivalents per millilitre per minute

from 50 mg of filter paper and is measured in terms of filter paper units (FPU’s).

However, the FPA, although widely used, has several shortcomings that may limit
its ability to predict the hydrolytic performance of cellulase enzyme mixtures when hydrolyzing
more “realistic” cellulosic substrates such as pretreated lignocellulosic materials. For instance,
even the cellulose component itself can differ in its physical characteristics such as the degree of
crystallinity, particle size, pore volume, the degree of polymerization (DP), etc. Hence, the ability
to predict the hydrolytic potential of an enzyme preparation with the FPA using Whatman No.1
filter paper may exhibit limitations when assaying cellulase enzyme activity on a range of more
realistic cellulosic substrates. Whatman No.1 filter paper is an almost pure cellulosic substrate.
However, substrates that are more realistic typically contain lignin, hemicellulose and cellulose.
Furthermore, there are also an infinite number of combinations of pretreatments and conditions,
which can make lignocellulosic substrates even more heterogeneous. Hence, predicting how well
cellulase enzyme preparations might perform on realistic substrates has proven to be a challenge

when the FPA is used.

As one example, Whatman No.1 filter paper is typically dried. However, more
realistic, potential bioenergy substrates will usually have never been dried. During papermaking,
the cell wall fibres are pressed between flat plates to ensure uniform thickness and then dried.
Pressing aggregates the fibers, while drying shrinks and collapses the pores of cellulose fibers by
removing the inter-fibril water resulting in an increased crosslinking between the adjacent fibers
(Esteghlalian et al., 2001). Drying leads to “hornification” of fibers and is not completely

reversible upon rewetting of the cellulose fibers (H. Chen et al., 2012). Hornification renders the



cellulosic fibers less accessible to the cellulase enzymes and reduces the rate and extent of
enzymatic hydrolysis (Esteghlalian et al., 2001). This implies that assaying cellulase enzyme
activity on a dried and pressed filter paper substrate might require a high enzyme loading for
effective hydrolysis. Therefore, it is likely that using a dried Whatman No.1 filter paper in the FPA

may not be representative of how any cellulase mixture will hydrolyze a never-dried substrate.

Another goal of the thesis work was to determine if the FPA could detect an
enhancement or reduction in hydrolysis yields when cellulase enzymes were supplemented with
accessory enzymes such as hemicellulases. Previous saccharification studies using realistic
lignocellulosic substrates have shown that accessory enzymes can be very beneficial in enhancing
hydrolysis (Hu et al., 2014, 2011; Sun et al., 2015). Accessory enzymes are thought to
predominantly act on the hemicellulose and lignin components to swell/disrupt the substrate
(Gourlay et al., 2013; Hu, 2014; Kim et al., 2014; Obeng et al., 2017). However, it has been shown
that some accessory enzymes such as hemicellulases and ligninases don’t show specific hydrolytic
activity on pure cellulosic substrates such as Whatman No.1 filter paper (Hu, 2014; Pryor and
Nahar, 2010; Sun et al., 2015). Therefore, the utilization of the FPA to accurately determine the
total cellulase activity of a complexed cellulase enzyme cocktails which degrade lignocellulose is
likely not representative.

1.2. What constitutes a complexed cellulase mixture?

The C1-Cx hypothesis that was originally proposed by Reese et al. (1950) to facilitate
cellulose hydrolysis was theorized to take place due to an initial swelling and chain separation of
the cellulose by the Cx non-hydrolytic enzyme. This enhanced subsequent attack by the C;
hydrolytic enzyme that would then act to release glucose as the main product. Subsequently, the

hypothesis was modified to suggest that the Cx component carried out swelling and chain



separation while the C; was the hydrolytic component. Later, the Cx and C1 components were
reclassified as endoglucanases and exoglucanases (cellobiohydrolases) respectively (Reese et al.,

1950; Wood, 1969, 1968; Wood and McCrae, 1972).

Initially, although the C:-Cx model between the endoglucanase-exoglucanase
cellulase enzymes was the accepted hypothesis for bioconversion of cellulose to soluble sugars
(Henrissat et al., 1985; Wood, 1969), it was later observed that, as enzymatic hydrolysis proceeded,
there was a significant build-up of cellobiose which inhibited C1 activity. This led to the suggestion
that B-glucosidase, which breaks down the cellobiose to glucose, should be added to the cocktail
to maximize glucose production (Wood, 1969; Wood and McCrae, 1972). Consequently, it was
suggested that a complete enzyme mixture was needed to efficiently hydrolyze cellulose and this
mixture needed the synergistic cooperation of endoglucanase, exoglucanase and B-glucosidase

enzymes to be effective

As mentioned earlier, as well as cellulose, lignocellulosic substrates contain lignin
and hemicellulose. The nature, amount and distribution of these biomass components depends on
the substrate type and pretreatment used. Briefly, lignin makes the plant cell wall rigid and
recalcitrant to enzymatic degradation and also unproductively binds the cellulase enzymes
(Mansfield et al., 1999). A predominant role of the hemicelluloses is to form a sheath around
cellulose chains, thus restricting cellulase accessibility to the cellulose (Kumar and Wyman, 2013).
Thus, to completely break down lignocellulosic substrates, lignin and hemicellulose degrading
(accessory) enzymes are required to cooperate synergistically with the cellulase enzymes.
Although the accessory enzymes do not hydrolyze the cellulose directly, earlier work has shown
that accessory enzymes act in a variety of ways to improve cellulose accessibility when

supplemented to “traditional” cellulase enzyme cocktails (Gao et al., 2011; Hu et al., 2011; Sun et



al., 2015; Varnai et al., 2011). Thus, the more recent “cellulase cocktails” that have been
formulated to deconstruct more realistic lignocellulosic substrates contain “traditional” cellulases
(exoglucanase, endoglucanase and B-glucosidase) as well as a range of accessory enzymes such as

hemicellulases, lignin degrading enzymes and other swelling proteins.

1.2.1. Brief description of the traditional “cellulase” enzymes

1.2.1.1.  Exoglucanase (C1) enzymes
Exoglucanase (C1) enzymes, also known as 3-1,4-glucan cellobiohydrolases (CBH),

are defined by the Carbohydrate-Active Enzymes database (CAZy) as glycosyl hydrolase EC
3.2.1.91. (Henrissat, 1991; Henrissat and Bairoch, 1993). They have been shown to catalyze the
breakdown of cellulose to, glucose, cellobiose or cellotriose, from both the reducing and non-
reducing ends, in a processive manner (Henrissat et al., 1988). The CBH enzymes are substrate
specific and their activity decreases with a decrease in length of the oligosaccharide chain (Chen,

2014).

The CBH enzymes are often subdivided into CBH | and CBH Il (currently referred
to as Cel7A and Cel6A respectively). The CBH | and CBH Il enzymes act from the reducing and
non-reducing ends of the cellulose chain respectively during enzymatic hydrolysis (Boisset et al.,
2000; Lynd et al., 2002). Earlier workers have reported CBH | and CBH Il enzymes account for
50-70% and 10-20% respectively of the total protein produced by Trichoderma reesei fungus
(Markov et al., 2005; Ramos et al., 1992). It has been shown that, to be effective, the CBH | and
CBH Il enzymes require endoglucanases since they tend to be very slow when reducing the DP of

cellulose chains (Lynd et al., 2002).



1.2.1.2. Endoglucanase (Cx) enzymes
According to the Carbohydrate-Active Enzymes database (CAZy), endoglucanases

(EG) are 1,4-B-D-glucan-4-glucan hydrolases, with a classification of glycosyl hydrolase EC
3.2.1.4 (Henrissat, 1991). Historically, the EG enzymes account for 20-30% of the total protein in
a cellulase enzyme preparations (Chen, 2014). The EG enzymes primarily cut at random positions
in the amorphous regions of 3-1,4-glycosidic bonds of cellulose chains (Boisset et al., 2000). The
EG enzymes are sometime referred to as the carboxymethyl cellulose enzymes (CMCase) since
the CMC substrate is often used to measure its activity. The EG’s from Trichoderma reesei (EGI,
EGII, EGIII, EGV, and EGVI) have all been cloned (Schiilein, 1997). However EGI and EGII
(currently referred to as Cel7B and Cel5A respectively) have traditionally been the most

predominant species used when formulating cellulase cocktails (Poeta et al., 2018).

The EGI and EGII enzymes account for 10-20% of the protein secreted from
Trichoderma reesei on a mass basis (Markov et al., 2005). The EGI enzyme is the main
endoglucanase and accounts for 6-10% of the total protein excreted by Trichoderma reesei
(Markov et al., 2005). The EGI reduces the DP of cellulose chain, producing cellotriose,
cellobiose, and glucose. Unlike EGII, EGL1 is not substrate specific and has been reported to
hydrolyze hemicellulose (Kleywegt et al., 1997; Nakazawa et al., 2008). The EGII accounts for 1-
10% of the total protein from Trichoderma reesei and decreases the DP of cellulose chains more
efficiently as compared to the EGI, producing cellobiose with small amounts of glucose and
cellotriose (Zhiwei et al., 2012). Additionally, supplementary cellobiose is produced by the exo-
endo synergism. Consequently, inhibition can only be alleviated by supplementing the -

glucosidase enzyme in the cocktail (Mosier et al., 1999).



1.2.1.3.  p-glucosidases
As discussed earlier, B-glucosidases (B-G) hydrolyzes cellobiose to glucose and the

removal of accumulated cellobiose during enzymatic hydrolysis is a vital step as it helps to
overcome the inhibitory effects of cellobiose to CBH enzymes (minimizing end-product
inhibition). The B-G enzyme has a low substrate specificity and its activity increases with a
decrease in substrate concentration (Chen, 2014). Apart from its role in hydrolysing cellobiose to
glucose, B-G plays an important role in trans-glycosylation, ensuring that glucose maintains its -
conformation (Chen, 2014; Watt et al., 1998). As stated earlier, when hydrolyzing realistic
substrates, the major cellulases (endoglucanase, exoglucanase and B-glucosidase) are often

supplemented with accessory enzymes.

1.2.2. Brief description of the major “accessory enzymes”

1.2.2.1. Hemicellulose-degrading enzymes

As stated earlier, hemicellulose forms a sheath around cellulose fibrils resulting in
reduced cellulose accessibility to cellulases. Hemicellulose is a complex polymer with different
branched and linear monosaccharides and non-carbohydrate subunits that bind to cellulose through
hydrogen bonding. Hemicelluloses are comprised of Ce or hexose (glucose, mannose, and
galactose) and Cs or pentose (xylose and arabinose) sugars as well as other acidic sugars (Hendriks
and Zeeman, 2009). Due to the heterogeneity of hemicelluloses, its de-polymerization requires a
concerted action of a variety of enzymes. Generally, hemicellulases can be divided into those
enzymes which breakdown the main backbone (core hemicellulases), and those that remove
branched groups attached to the main backbone (Bhattacharya et al., 2015). A detailed description
of some of the microbial hemicellulose degrading enzymes (hemicellulases) which have proven to

boost enzymatic hydrolysis of hemicellulose has been published by Shallom and Shoham (2003).



Hemicellulases belong to the glycoside hydrolases classification EC 3.2.1 according
to the Carbohydrate-Active Enzymes (CAZy) server (http://afmb.cnrs-mrs.fr/CAZy). They
include endo-B-1,4-xylanase (EC 3.2.1.8) which hydrolyzes B-1,4-xylan yielding short oligomers
(B-1,4-xyloligomers). The B-1,4-xyloligomers are then solubilized by exo-B-1,4-xylosidase (EC
3.2.1.3). The a-I-Arabinofuranosidase (EC 3.2.1.55) and endo-a-1,5-arabinanase (EC 3.2.1.99) de-
branch arabinose groups that are attached to the xylan backbone. The a-Glucuronidases (EC
3.2.1.139) cleave glucuronic acid side chains from xylan whereas a-galactosidases (EC 3.2.1.22)
and endo-galactanases (EC 3.2.1.89) remove galactose and B-1,4-galactan side chains within
galactoglucomannans respectively. Endo-p-1,4-mannanase (EC 3.2.1.78) de-polymerize B-1,4-
mannan, liberating short -1,4-manno-oligomer which are subsequently hydrolyzed by exo-p-1,4-
mannosidases (EC 3.2.1.25). The acetyl groups linked to the xylan, glucomannan, and sugar acid
groups can be hydrolyzed by acetyl xylan esterase (EC 3.1.1.72), acetyl mannan esterase (EC

3.1.1.6), and ferulic & p-cumaric acid esterases (EC 3.1.1.73).

It should be noted that cellulases, especially those from families 5 and 7, possess
hemicellulolytic activities towards mannan and xylan (Vlasenko et al., 2010). The hydrolytic
action of hemicellulases are similar to those of cellulase enzyme because they both work to cleave
the B-1,4- glycosidic bonds within the backbone of the hemicellulose and cellulose respectively
(Chang et al., 2011). Most hemicellulase enzymes possess a catalytic domain (CD) which
hydrolyzes the -1,4- glycosidic bonds and a carbohydrate-binding modules (CBMs) that enable
the binding of the enzymes on the insoluble substrate (Schwarz, 2001; Shallom and Shoham,

2003).

Earlier workers that supplemented cellulase enzymes with hemicellulases showed

that these additions boosted the hydrolysis yields of lignocellulosic substrates (Berlin et al., 2005a;



Gao et al., 2011; Hu et al., 2014, 2013, 2011; Sun et al., 2015; Varnai et al., 2011). For example,
Gao et al. (2011) used a cellulase-hemicellulose enzyme cocktail to resulted in a 2-fold increase
in the hydrolysis of ammonia fibre expansion (AFEX)-treated corn-stover. The most influential
hemicellulose degrading enzymes are the xylanases and mannanases (Varnai et al., 2011). Both
groups of enzymes play a vital role in the hydrolysis of hardwoods, softwoods and agricultural
residues. This is why, in the work reported in section 3.2, xylanase and mannanase were used to
study their possible synergism with cellulase when hydrolyzing lignocellulose and how their
addition might influence the FPA.
1.2.2.2.  Lignin-degrading/modifying enzymes

As stated earlier, lignin forms a barrier around the cellulose making lignocellulosic
substrates more recalcitrant to enzymatic degradation. Lignin also unproductively binds cellulase
enzymes. Although some pretreatments can significantly decrease the recalcitrance of
lignocellulosic substrates through the partial removal of lignin, residual lignin can still play a role
in inhibiting cellulase enzyme activity (Siqueira et al., 2017). Unlike cellulose and hemicellulose,
lignin does not contain hydrolyzable B-1,4 bonds. Thus, lignin is predominantly degraded via

oxidative mechanisms used by lignin degrading enzymes.

The most studied lignin degrading enzymes are laccases (EC 1.10.3.2), lignin
peroxidases (EC 1.11.1.14) and manganese peroxidases (EC 1.11.1.13). Laccases are copper-
containing polyphenol oxidase enzyme which oxidize the phenolic groups within lignin to
phenoxyl radicals (Thurston, 1994). Lignin and manganese peroxidase are extracellular heme-
glycoproteins which utilize peroxide to oxidize and degrade lignin (Chen, 2014). In this thesis
work, lignin-degrading enzymes were not used but rather bovine serum albumin (BSA) was used

to overcome unproductive binding of cellulases to lignin. BSA has a specificity for lignin and



works in a way that it blocks lignin unproductive binding sites thereby allowing better access of
cellulases to the cellulose (Kumar et al., 2012; Siqueira et al., 2017). This is why in work reported
in section 3.2, BSA was supplemented to cellulase when hydrolyzing the lignin rich steam
pretreated softwood.
1.3. Synergism of a complexed cellulase mixture

To better quantify cellulase performance and to better anticipate cellulase activity on
a range of realistic substrates, we need to determine how different cellulase mono components and
accessory enzymes might cooperate when degrading cellulose. Earlier studies have shown that
cellulase enzyme mixtures had a higher cooperative activity than the sum of individual cellulase
mono-enzyme activities. This phenomenon has been termed synergism (Henrissat et al., 1985; Hu
et al., 2011; Teeri, 1997). Synergism among cellulase enzymes and accessory enzymes has been
quantified using the “degree of synergism” (DS) formulation, defined as the ratio of enzyme
activity showed by a mixture of cellulase mono-components acting together to the sum of cellulase
mono-component activities acting individually (Andersen et al., 2008; Hu et al., 2011). The degree
of synergism is often calculated based on reducing sugar formation and rate of hydrolysis
(Andersen et al., 2008; Jeoh et al., 2006).

Synergism between cellulase mono components has been extensively investigated
and reported to occur in four ways (Jeoh et al., 2006, 2002; Lynd et al., 2002; Medve et al., 1998;
Teeri, 1997; Woodward et al., 1988; Yang et al., 2016). They include: (i) exo-exo synergism, (ii)
endo-endo synergism, (iii) exo-endo synergism and, (iv) intra-molecular synergy between CDs
and CBMs. However, the quantification of synergism between cellulase mono components has
predominantly used pure cellulosic substrates such as Avicel, filter paper, solkafloc and cotton and

may not represent the actual synergism achieved on more realistic lignocellulosic substrates.
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Synergism of cellulase cocktails when hydrolysing lignocellulosic substrates often involves the
cooperation between cellulases and accessory enzymes (specifically hemicellulases, ligninases and
swelling/disrupting enzymes) (Howard et al., 2003; Malherbe and Cloete, 2002; Menon and Rao,

2012).

1.3.1. Synergism among “traditional” cellulase enzymes

1.3.1.1.  Synergism between CBH1 and CBH2 exoglucanase
The synergism between CBH | and CBH II, also known as exo-exo synergism was

first reported as early as 1980 by Fagerstam and Patterson (1980). In this study, avicel and filter
paper were hydrolyzed using CBH | and CBH Il (also referred to as Cel6A and Cel7A
respectively). High hydrolysis yields were achieved compared to when the CBH | and CBH 11
were used individually. This observed synergism has been confirmed by other studies carried out
on a range of pure cellulosic substrates (Barr et al., 1996; Hoshino et al., 1997; Nidetzky et al.,
1994a; Wood and McCrae, 1986). The exo-exo synergism has been described as resulting from
the processive action of CBH 11, which splits cellulose fibrils, providing new ends for the CBH 1
to deconstruct (Boisset et al., 2000; Duedu and French, 2016; Henrissat et al., 1985).
1.3.1.2.  Synergism between endoglucanases and exoglucanases

Endo-Exo synergism is the major synergistic cooperation of cellulase enzymes that
has been reported in the literature. As noted earlier, endo-exo synergism was first suggested by
Reese et al. (1950) when they recognized that it required more than one enzyme to hydrolyze
insoluble cellulose (the C1-Cx hypothesis). Subsequently, Bhat and Hazlewood (2001) and Wood
and McCrae (1972) described endo-exo synergism as a sequential unidirectional interaction
between these two enzymes. This involved an initial attack on the cellulose chains by the
endoglucanase to create new ends upon which the CBH would cleave off cellobiose in a processive

manner. This has been a widely accepted model for endo-exo synergism because the synergistic
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actions of endoglucanases and CBHSs could be more easily explained (Wood and McCrae, 1972).
Wood and McCrae (1978) later showed that not all endoglucanases work synergistically with
CBHs to hydrolyze insoluble cellulose. As a consequence, they (Wood and McCrae, 1986)
suggested that endoglucanase components are stereospecific and conduct a non-processively
attack on two different configurations of non-reducing ends to generate new chain-ends for CBH.
1.3.1.3.  Synergism between EG1 and EG2 endoglucanases

There is limited literature on the potential synergism between endoglucanase
enzymes, especially for EG1 and EG2. Unlike the exo-exo synergism described earlier, it is
challenging to visualize the action of one endoglucanase working with another endoglucanase.
When Tuka et al. (1992) studied possible synergism between endoglucanases, when hydrolyzing
avicel and filter paper, a DS above 1 was obtained. This indicated synergism between these two
enzymes. Various studies have attributed this observation to the fact that some endoglucanases
possess some type of exoglucanase activity (Boisset et al., 2000; Gilad et al., 2003; Riedel et al.,
2006; Wilson, 2004). However, other studies have reported a DS of less than 1, indicating a more
competitive interaction between endo-type cellulases. It has also be suggested that some
endoglucanases are very substrate specific (Baker et al., 1996; Irwin et al., 1993). Collectively,
these findings suggest that the detailed mechanisms of endo-endo synergism have still to be fully

elucidated.

1.3.1.4. The intra-molecular synergism between catalytic domain and
carbohydrate binding module

Most of the enzyme components of Trichoderma reesei, such as the Cel7A, Cel6A,
and Cel7B enzymes, possess a modular structure consisting of a catalytic domain CD and a
carbohydrate binding module (CBM) (Kleywegt et al., 1997; Teeri, 1997). According to the CAZy

database server, most CBMs can be classified into 61 families (http://afmb.cnrs-mrs.fr/CAZy).
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The most commonly researched CBMs belong to families I, 11, and I1l and have been reported to
boost disruption of cellulose fibers (Din et al., 1991). Families Il and 1l originate from bacteria
while family | originates from fungus. It has been suggested that the CD polishes the surface of

the fiber associated with the release of reducing sugars (Din et al., 1991).

Catalytic domain

Figure 1.1: The modular structure of CBH Cel7A from Trichoderma reesei showing a CBM,
linker and catalytic domain Source: (Zhong et al., 2008)

The CBM is connected to the catalytic domain (Figure 1.1) through a flexible O-
glycosylated linker peptide (Zhong et al., 2008). The specific role of CBM’s is still unclear, though
some researchers have suggested that they initiate the binding of the cellulase enzymes to the
cellulose (Varnai et al., 2013). Gilkes et al. (1992) demonstrated the key role that CBMs play in
binding as the removal of CBMs from some enzymes decreases their activity by 50-80%. CBMs
are reported to initiate binding through hydrophobic interactions, thereby enhancing cellulase
adsorption to the insoluble substrate (Lehtio et al., 2003; Stahlberg et al., 1991). The O-
glycosylated linker peptide connects the CBM and CD and also functions to maintain a suitable
distance between the CBM and CD (Beckham et al., 2010). The linker has also been reported to

contribute to the binding of the enzyme to the cellulose surface (Arola and Linder, 2016; Jalak and
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Valjamée, 2014; Nakamura et al., 2016). Finally, the CD possesses the active site which is in

charge of conducting the hydrolytic cleavage of the $-0-4 bond (Divne et al., 1994).

1.3.2. Possible synergism between cellulases and major accessory enzymes

1.3.2.1.  Synergism between cellulases and hemicellulases
Synergistic cooperation between canonical cellulases and hemicellulases has been

shown to increase the hydrolysis yield of pretreated lignocellulosic substrates (Berlin et al., 2005a;
Ji et al., 2014; Kumar and Wyman, 2009; Vérnai et al., 2011). This boost in hydrolysis yields has
been attributed to the fact that hemicellulase enzymes remove the hemicellulose from the cell wall,
thereby increasing cellulose accessibility (Kumar and Wyman, 2009; Van Dyk and Pletschke,
2012). As described earlier, hemicellulose is quite complex, and its complete hydrolysis requires
a variety of enzymes. Synergistic studies between cellulases and hemicellulases have mostly
focused on enzymes which degrade the xylan and mannan backbones (Glibitz et al., 1996; Hu et
al., 2011). Xylan is the main hemicellulose in hardwoods and agricultural residues, while mannan

is the main hemicellulose in softwoods.

In earlier work, Hu et al. (2011) demonstrated the important role that xylanases play
when added to cellulase cocktails. This work reported a 3-times increase in cellulose and xylose
hydrolysis when xylanases were added to the commercial Celluclast enzyme preparation (Hu et
al., 2011). In subsequent work, Hu et al. (2013) showed how xylanases and xyloglucanase
improved the hydrolytic performance of commercial Celluclast on a range of pre-treated
lignocellulosic substrates. In related work (Varnai et al., 2011), showed the synergistic action of
both xylanase and mannanase with cellulases components from Trichoderma reesei on a range of
lignocellulosic substrates. This work reported significantly high sugar yields during the hydrolysis

of softwoods (Varnai et al., 2011). These workers concluded that, when xylanases and mannanases
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were supplemented to the cellulases, this resulted in the peeling off the cellulose and
hemicelluloses, leading to exposure of new substrate components which become more readily

available for hydrolysis (Véarnai et al., 2011).

It has been suggested that, when cellulases are supplemented with hemicellulases,
the enzymatic hydrolysis of celluloses and hemicelluloses is increased (Selig et al., 2008). This
provided part of the motivation for the research described within this thesis while, at the same
time, assessing if any enhancement in enzymatic hydrolysis is reflected in the standardized filter
paper assay (FPA).

1.3.2.2.  Synergism between cellulase and ligninases/lignin modifying enzymes

Another interesting type of synergism between cellulases and accessory enzymes is
that which takes place between cellulases and lignin degrading enzymes (ligninases). Although
several pretreatment methods have been developed and have proven to remove lignin from
biomass, complete removal of lignin is difficult or expensive to achieve (Chandra et al., 2007;
Singh et al., 2017). A reduction in the lignin content of a biomass substrate is desirable, not only
to increase cellulose accessibility, but also to decrease the inhibitory effects of lignin on the
“cellulase cocktail” enzymes (Grabber et al., 2009). Residual lignin has been shown to inhibit the
hydrolytic activity of cellulases, xylanases, B-glucosidase and other enzymes (Berlin et al., 2006a;

Nakagame et al., 2011b; Siqueira et al., 2017).

Although during the thesis work there was not enough time available to assess the
possible synergistic action of cellulases with ligninases, BSA treatment of pre-treated
lignocellulosic substrates was used as a surrogate to determine the possible role that enzyme
binding to lignin might play in inhibiting the enzymatic hydrolysis of cellulose. As noted earlier

BSA has a high affinity for lignin binding sites (Kumar et al., 2012; Siqueira et al., 2017) and it
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was used to block unproductive binding of the enzymes to the lignin. BSA does not disrupt the
lignocellulose matrix but rather adsorbs to lignin, resulting in limited availability of unspecific
binding sites on the lignin surface (Eriksson et al., 2002). Haynes and Norde (1994), showed that
BSA possess hydrophobic sites and readily adsorbs to the hydrophobic surfaces of lignin. Adding
BSA to substrates prior to enzymatic hydrolysis has been shown to enhance cellulase performance
on lignin rich substrates (Siqueira et al., 2017). Thus, it was of interest to assess how the FPA
reflects the improvement in cellulase performance on more realistic biomass substrates when BSA
replaced a portion of cellulase enzymes.
1.4. Synergism Case studies

Cellulase enzymes companies like Novozymes, DSM and others have assessed
synergism among various cellulase mono-components and accessory enzymes. In parallel, they
have been able to improve protein expression thereby reducing on the protein loading required to
achieve complete hydrolysis (Aden and Foust, 2009; Li et al., 2012). Novozymes has been one of
the best case-studies that has exploited synergism to improve its cellulase enzyme preparations.
Novozymes released CTec 1 and CTec 2 in 2009 and 2010 respectively with CTec 2 having more
enzyme/protein bands added to it and proving to be more efficient than CTec 1. In 2012,
Novozymes again launched a new enzyme called CTec 3, which was suitable for agricultural
wastes and residues. The CTec 3 enzyme has been cited in many studies to be 1.5 times better than
CTec 2 and requires 5 times less enzyme loading compared to enzymes from competing companies
(“https://www.novozymes.com/en/news/news-archive/2012/02/advanced-biofuels-becoming-

reality-with-novozymes-new-enzyme-technology,” 2012).

Unlike CTec 1 and CTec 2, CTec 3 contains higher B-glucosidase activity, oxidative

LPMOs (AA9), xylanase and is more thermo-stable and resistant to inhibitory effect of lignin
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(“https://www.novozymes.com/en/news/news-archive/2012/02/advanced-biofuels-becoming-
reality-with-novozymes-new-enzyme-technology,” 2012). Cellic CTec3 was designed for a wide
range of pretreated agricultural feedstock and has proven effective on corn stover, corncob, corn
fiber, wheat straw, sugarcane bagasse, wood pulp, and municipal solid waste
(http://www.synbioproject.org/cpi/applications/cellic-ctec/). Although the newly developed
enzymes (CTec series) have been helpful in lowering the protein loading required to achieve
complete hydrolysis, a 3-5 fold reduction is still needed for bioethanol production to be
economically possible (Hu et al., 2012; Humbird et al., 2010). To further improve the cellulase
cocktail, more studies need to be conducted to better understand synergism among enzymes and
how they relate to the available cellulase activity assays.
1.5. Cellulase activity assays

Measurement of cellulase activity is quite complex since it involves a reaction
between an enzyme and insoluble heterogeneous cellulose. Unlike starch, which is soluble and
typically hydrolyzed by one type of enzyme (amylases), enzyme activity on cellulosic substrates
cannot be predicted using the classical Michealis-Menten’s curve. For instance, different workers
(Bezerra and Dias, 2005, 2004; Corazza et al., 2005; Sousa et al., 2011; Wald et al., 1984) have
showed that the full applicability of the Michaelis-Menten model to cellulose hydrolysis requires
various modifications to take into account the substrate concentration variables in addition to the
substrate structural state concentration and multiple enzymes. On the other hand, Long et al. (2015)
investigated the rate of starch hydrolysis by glucoamylase using the Michaelis-Menten kinetics
and reported that the Michaelis-Menten model provides a satisfactory description of how amylases

breakdown starch.
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Cellulosic substrates are recalcitrant to enzymatic degradation and hence their
enzymatic hydrolysis requires a concerted effort of many enzymes, which constitute a cellulase
complex. Initially the evaluation of the hydrolytic potential of cellulase enzymes was based on
individual cellulase enzyme activity assays for endoglucanases, exoglucanases, and f-glucosidases
(Sharrock, 1988; Zhang et al., 2006). However, assessing the contribution of each cellulase mono
components to enzymatic hydrolysis was often challenging because the differences in substrate
specificity of each enzyme was relative, not absolute (Sharrock, 1988). In addition, most of the
individual cellulase enzymes attack the B-l,4-glucosidic bond and their cleavage efficiency differs
depending on the chemical surrounding environment of the bond (Sharrock, 1988). Such

differences in the hydrolytic efficacy of individual cellulases were very difficult to quantify.

Furthermore, the synergistic cooperation of the different cellulase enzymes when
breaking down cellulose complicates their individual assessment (Mandels et al., 1976). For
instance, certain cellulase mono components are very important during enzymatic hydrolysis of
cellulose when acting with other enzymes than in isolation. Due to the complexity of measuring
individual cellulase enzyme assays, the measurement of total cellulase activity was developed
(Sharrock, 1988; Zhang et al., 2006). The measure of total cellulase activity is based on the filter
paper assay (FPA) which uses a filter paper substrate whose degradation requires the action of all

the cellulase enzymes.

1.5.1. Brief description of Individual and total cellulase activity assays

15.1.1. Endoglucanase (EG) activity

As discussed earlier, the EG enzymes cleave internal B-1,4-glucosidic linkages
randomly creating new active sites for the CBH to act on. EG activity is assayed using soluble

cellulose substrates such as carboxymethyl cellulose (CMC) which have a high DP (Dashtban et
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al.,, 2010; Zhang et al.,, 2006). The reducing ends of CMC are carboxymethylated.
Carboxymethylation prohibits the cellulose chains from shortening and thus their degradation can
only be done by an enzyme that can cleavage internal bonds (Zhang et al., 2006). Several methods
can be used to measure the endoglucanase activity. The first assesses the decrease in viscosity of
CMC and the consequent increase in the number of reducing ends measured using the reducing
sugar assays (3,5-Dinitrosalicylic Acid (DNS) assay, Nelson-Somogyi assay, glucose-oxidase

assay, etc).

The CMCase activity is measured using the procedure proposed by Mandels et al
(1976). The procedure measures the reducing sugars released in 30 minutes when diluted enzymes
are added to CMC at a pH 4.8 and 50°C. The endoglucanase activity has also been measured by
staining CMC with various dyes on agar plates because these dyes can only be adsorbed by long
chain polymeric sugars (Jang et al., 2003; Kim et al., 2000; Ten et al., 2004). One unit (IU) of EG
activity is calculated as the amount of enzyme, which releases one umol of glucose per minute
under specified assay conditions.

15.1.2.  Exoglucanase activity

As discussed earlier, the CBH enzymes cleave reducing and non-reducing chain ends
of cellulose to liberate glucose molecules and cellobiose. Avicel is used to measure the CBH
activity because of its lower DP and is quite inaccessible to the actions of the EG enzymes though
notwithstanding some amorphous regions that act as substrates for both the EGs and CBH
(Dashtban et al., 2010). Wood and Bhat (1988) and Sharrock (1988) reported that there is no such
a specific substrate for the CBH activity assay. Thus, different assays have suggested different
substrates for measuring the CBH activity, although these assays are faced with some limitations.

For instance Van Tilbeurgh et al. (1985) proposed the 4-methylumbelliferyl-B-d-lactoside
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substrate and reported that it was effective for assaying the CBH 1 activity of Trichoderma reesei,

but was not an effective substrate when the CBHII activity was assayed.

Similarly, Deshpande et al. (1984) developed an assay that can selectively determine
the CBH activity within a cellulase mixture. The assay is based on CBH enzyme precisely
hydrolysing the agluconic bond between p-nitrophenyl and the disaccharide moiety of p-
nitrophenyl-p-d-cellobioside liberating cellobiose and p-nitrophenol as products and not holosidic
bond (between the two glucose units of cellobiose). The interference of B-glucosidase, which
hydrolyses both agluconic and holosidic bonds, was inhibited by adding of D-glucono-1,5-8-
lactone (Deshpande et al., 1984). The interference from the EGs, which also acts on the agluconic
and holosidic bonds, was overcome by standardizing the assay procedure with purified EGs from
the studied cellulase mixture. This assay also has several limitations. For example, the CBHII
enzyme activity could not be measured using p-nitrophenyl-pB-D-cellobioside substrate, the
specific activity of purified EGs is not representative of all the different types of EGs in the enzyme
mixture and the hydrolysis products released by the CBH might have been influenced by the action
of EGs.

15.1.3.  B-glucosidases activity

As discussed earlier, B-glucosidases hydrolyses soluble cellobiose to glucose units.
The B-glucosidases activity is measured using a wide array of substrates such as p-D-1,4-
glucopyranoside (Deshpande et al., 1984), 4-methylumbelliferyl-p-D-glucopyranoside (Tsvetkova
et al., 1996), B-naphthyl-B-D-glucopyranoside (Decker et al., 2001), and 6-bromo-2-naphthyl-p-
D-glucopyranoside (Polacheck et al., 1987). Similarly, the B-glucosidases activity can be evaluated
using cellobiose which cannot be hydrolysed by EGs and CBH (Zhang et al., 2006; Zhang and

Lynd, 2004). The B-glucosidases activity method has been standardized using p-nitrophenol-p-
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glucoside (pNPG) substrate and has been used in several studies (Araujo et al., 1983; Gao et al.,
2012; Karnchanatat et al., 2007; Kim et al., 2007; Korotkova et al., 2009; Strahsburger et al., 2017;
Yan and Lin, 1997). Briefly, (1-5 mM) of pNPG substrate is added to a buffer at optimal pH
containing enzyme dilutions and incubated for around 10 minutes. After 10 minutes, the reaction
is terminated by adding sodium tetraborate solution. The absorbance of the colour formation is
then read at a wavelength of 405 nm. One unit (IU) of B-glucosidase activity is then determined
against p-nitrophenol standard as the amount of enzyme which releases 1 umol of p-nitrophenol
per minute under assay conditions (Chandra et al., 2009).
1.5.1.4.  Total cellulase activity

Several methods have been proposed to measure total cellulase activity of cellulase
enzyme cocktails (Sharrock, 1988). However, the filter paper assay (FPA) has gained international
acceptance as the standard measure for total cellulase activity (Eveleigh et al., 2009; Ghose, 1987;
Mandels et al., 1976). The FPA was developed by Mandels et al.(1976) and was standardized by
International Union of Pure and Applied Chemistry (IUPAC) in 1984 to be widely used as the
measure of cellulase activity. Traditionally, the FPA uses a 50 mg (1 x 6 cm) strip of Whatman
no. 1 filter paper as the standard substrate because it’s a reproducible substrate, has a uniform
thickness, and its degradation requires the action of a complete cellulase mixture (Eveleigh et al.,
2009; Mandels et al., 1976). The FPA has been reviewed by Ghose (1987) to quantify the amount
of cellulase enzymes which releases 2 mg glucose (3.6% cellulose conversion) from 50 mg
Whatman no. 1 filter paper one hour (Ghose, 1987). The filter paper activity is measured in terms
of filter paper units (FPU), defined as the pumol of glucose equivalent released per minute by a

cellulase mixture under assay conditions of temperature and pH.
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The reducing sugar yield after 60 minutes is estimated using Miller’s (1959) DNS
assay. The DNS assay is based on the redox reaction between glucose and 3,5-Dinitrosalicylic
Acid (DNS) reagent and/or other reducing sugars. The method is based on the oxidizing property
of carbonyl carbon on glucose to a carboxyl group. The DNS reagent used in the assay contains
sodium-potassium tartrate used to increase the ion concentration thereby preventing the DNS
reagent from dissolving oxygen. The phenol increases the colour intensity during the colour
development reaction. The sodium bisulphite stabilizes the colour obtained in the presence of
phenol. Finally, the sodium hydroxide is a prerequisite for the redox reaction between 3,5-
Dinitrosalicylic Acid (DNS) and the reducing sugars.

1.6. Deficiencies of the FPA to quantify total cellulase activity

Although the FPA is used widely for measuring total cellulase activity, it is also well-
known for its lack of good reproducibility and not being very sensitive (Dashtban et al., 2010).
This is because most natural cellulase mixtures have low levels of B-glucosidase activity, yet the
DNS assay is not sensitive to cellobiose which “builds-up” due to deficiencies in the B-glucosidase
content of the enzyme mixture (Breuil et al., 1986; Sharrock, 1988). As such, low or “erroreneous”
absorbance readings are measured by the DNS assay. In fact Coward-Kelly et al. (2003) reported
that the FPA could be improved by supplementing cellulase mixtures with B-glucosidase. They
realized a 56% boost in the filter paper activity when a cellulase mixture was supplemented with
B-glucosidase (Coward-Kelly et al., 2003). Additonally, the preparation of the DNS reagent is
quite tedious since it requires optimal mixing of the different chemicals (Dashtban et al., 2010).
The DNS reagent is toxic, and requires appropriate temperature control during storage and when
running the FPA to allow accurate color formation and stability which so difficult to maintain

(Miller, 1959).
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To try to circumvent the errors associated with the calorimetric DNS assay, the high-
performance liquid chromatography (HPLC) instrument and the Yellow Springs Instrument (YSI)
glucose analyser are often used to measure the reducing sugars. The HPLC is by far the most
accurate, sensitive and precise method for measuring reducing sugars though consumes a lot of
time and is quite expensive to run. The FPA has also been reported to be timeconsuming, labor-
intensive, and requires large quantities of reagents and materials (Dashtban et al., 2010). Most of
the recent research on the FPA have mainily focussed on trying to modify the FPA to be easy, fast,
practical, efficient and consume less reagents (Camassola and Dillon, 2012; Decker et al., 2003;
King et al., 2009; Xiao et al., 2004). Such improvement on the FPA have enabled researchers to
assay a large number of samples concurrently in a short time and also downsize on the volume of
reagents and substrates used (Dashtban et al., 2010). Interestingly, Xiao et al. (2004) reported a no

significant difference in the filter paper activity between their modified FPA and the IUPAC FPA.

However, most of the studies referenced above have yet to study the fundamental
issues with the FPA related to the substrate and cellulase enzyme cocktail, which has evolved over
time. Issues such as the fact that Whatman No.1 filter paper substrate has been dried plus Whatman
No.1 filter paper a pure cellulosic substrate while more relevant and realistic substrates will
typically not be dried and contain hemicellulose and lignin. In addition, since filter paper is almost
pure cellulose the contribution of hemicellulases and ligninases to enzymatic hydrolysis may not
be assessed by the FPA. The FPA is typically conducted for 1 hour, yet complete hydrolysis of
most realistic cellulosic substrates requires at least 24 hours. Thus, it is apparent that the FPA
might not assess the influence of substrate and enzyme factors, which influence enzymatic
hydrolysis beyond the 1 hour. Hence, the total enzyme activity derived from the FPA may not

reflect the hydrolytic performance of complexed cellulase enzymes on realistic pretreated
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lignocellulosic biomass. As described in the main body of the thesis, developing an accurate and
reproducible assay for real lignocellulosic substrates is still desired (Wu et al., 2007).
1.7. Enzyme related factors which may not be assessed by the FPA

As noted by several researchers a gradual loss of enzyme activity is exhibited as the
hydrolysis time increases. As well as substrates related factors, a decrease in cellulase activity with
time has been partly attributed to enzyme factors such as enzyme thermal inactivation, enzyme
synergism, end-product inhibition and irreversible adsorption of the cellulases to lignin (Mansfield
et al., 1999). As stated earlier, end-production inhibition can partially be overcome by adding
sufficient B-glucosidase to the cellulase mixtures. Baker et al. (Baker et al., 1997) also suggested
the use a membrane- reactor saccharification assay under simultaneous hydrolysis and
fermentation conditions to overcome end product inhibition. Thermal inactivation, irreversible
adsorption of the cellulases and synergism are still by far the most predominant enzyme factors
that influence enzymatic hydrolysis (Mansfield et al., 1999) and tend to occur as hydrolysis time
is increased. It is apparent that the FPA, which is a one-hour assay, may not assess the above-
mentioned factors.

1.8. Substrate related factors which may not be assessed by the FPA

It is apparent that the substrate physio-chemical properties of the different cellulosic
and lignocellulosic substrate greatly affect the ability of the FPA to predict hydrolytic performance
of cellulase enzymes. While the hydrolytic efficiency of cellulase cocktails on a realistic substrate
cannot be correlated to a single physio-chemical characteristic, it is likely that our ability to predict
the hydrolytic potential of cellulase mixtures primarily depends on the enzymes ability to access

the cellulose fibers in any given substrate (Arantes and Saddler, 2011; Saddler, 1986). Many
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substrate properties play a vital role in determining cellulose accessibility, and most of these

properties are dependent on each other.

Physical characteristics which include DP, crystallinity, pore size and distribution,
degree of swelling and available surface area, and chemical factors such as residual lignin and
hemicellulose, have been shown to play a significant effect on enzymatic hydrolysis (Mansfield et
al., 1999; Mooney, 1998; Zhang and Lynd, 2004). Thus, they also influence the FPA. Several
workers have shown that the presence of the above factors in cellulosic and lignocellulosic
substrates makes them heterogeneous and also restricts cellulose accessibility (Hall et al., 2010;
Nakagame et al., 2011b; Ohgren et al., 2007). The various substrate characteristics and their effects
on enzyme activity together with their mechanisms of limiting cellulose accessibility are discussed
below.

1.8.1. Influence of hemicellulose and lignin on the FPA

As mentioned earlier, the FPA has mostly been based on using model substrates such
as Avicel, PASC, filter paper, solka floc, bacterial microcrystalline cellulose and other cellulose
derivatives (Ghose, 1987; Henrissat et al., 1988, 1985; Mandels et al., 1976; Nidetzky et al., 1994b;
Sineiro et al., 1995; Wood, 1992, 1968). These types of model substrates have helped us elucidate
the mechanisms of action of both individual and total cellulase enzymes in breaking down pure
cellulosic substrates. However, hemicellulose removal has been reported by earlier workers to
ease the enzymatic hydrolysis of realistic lignocellulose (Berlin et al., 2005a; Gubitz et al., 1997;

Hu et al., 2011; Li et al., 2010; Ohgren et al., 2007).

In addition, the lignin content influences cellulose hydrolysis in two ways. 1) forming
a resisting block around the cellulose and hemicellulose in the cell wall, thus constraining swelling

and accessibility of the cellulose during enzymatic hydrolysis (Chu et al., 2017) and 2) lignin
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adsorbs cellulase enzymes irreversibly, thus limiting the amount of cellulases availability to
hydrolyze cellulose (Berlin et al., 2005a; Chandra et al., 2016, 2007; Kumar et al., 2012; Nakagame
et al., 2011b). The extent to which cellulase enzyme adsorb to the lignin is dependent on the type
of lignin (guaiacyl, syringyl, or p-hydroxyphenyl) with guaiacyl lignin having a higher adsorption
capacity (Guo et al., 2014). The inability of the FPA to reflect the effects of lignin and
hemicellulose on cellulase activity calls for development of a new enzyme assay that can predict
how cellulase enzymes will perform on a range of pretreated lignocellulosic substrates.
1.8.2. Influence of cellulose physical characteristics on the FPA

Even when the lignin and hemicellulose effects have been eliminated from
lignocellulosic substrates, cellulose accessibility on purified celluloses can still be a big challenge.
Chandra and Saddler (2012) used the Simons’ staining technique to assess cellulose accessibility
on pretreated cellulosic substrates. Their study reported different cellulosic substrates (PASC,
bleached organosolv, bleached steam pretreated softwood, long, medium, microgranular, and
Avicel) adsorbed different amounts of Direct Orange (DO) which also correlated with the rate and
extent of hydrolysis exhibited by the substrate (Chandra and Saddler, 2012). This indicated that,
although cellulosic substrates can possess the same chemical composition they could still exhibit
different levels of accessibility due to their differences in physical characteristics of DP,
crystallinity, particle size, etc.

1.8.3. Influence of particle size on enzymatic hydrolysis

Particle size plays a vital role in determining the accessible surface area of cellulose,
and hence has an impact on cellulose hydrolyzability (Jeoh et al., 2007). The accessible surface
area greatly influences enzymatic hydrolysis since a higher ratio of accessible surface area to

substrate weight implies that there are more cellulase adsorption sites per mass of the substrate
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(Mansfield et al., 1999). As a result, these types of substrate will hydrolyze faster (Chandra et al.,
2007). Previous studies have showed that small/fine particles hydrolyze better than the large
particles because of their higher accessible surface area (Laivins and Scallan, 1996; Mansfield et
al., 1999; Mooney, 1998). Even with lignocellulosic substrates, pretreatment increases the
substrates accessible surface area by reducing the particle size leading to an increase in cellulolytic
activity (Meehnian et al., 2016).
1.8.4. Influence of degree of crystallinity on enzymatic hydrolysis

The degree of crystallinity is yet another factor that has a tremendous effect on
enzymatic hydrolysis. Most of the model substrates (PASC, avicel, sigmacell, filter paper and
solka floc) used in measuring cellulase activity are manufactured from commercial bleached pulps
and are a blend of amorphous and crystalline cellulose (Zhang and Lynd, 2004). This designates
that these different cellulosic substrates might possess different degrees of crystallinity and hence
will hydrolyze differently. Earlier studies have reported that enzymatic hydrolysis of amorphous
cellulose is 3 to 30 times faster, compared to crystalline cellulose (Fan et al., 1980; Lynd et al.,
2002; Zhang and Lynd, 2004).

1.8.5. Influence of degree of polymerization on enzymatic hydrolysis

The other factor that greatly affects enzymatic hydrolysis of cellulosic substrates is a
degree of polymerization (DP), though, the exact effect of DP on the susceptibility of any cellulosic
substrate to enzymatic hydrolysis is still not clearly understood (Pan et al., 2007; Zhang et al.,
2006). Some studies have suggested that substrates with a lower DP hydrolyse better than those
with a higher DP (Martinez et al., 1997; Puri, 1984). However, producing substrates with a lower
DP required some severe conditions which might affect other substrates characteristics such as

those that contribute to cellulose accessibility (Chandra et al., 2007). Different cellulosic substrates
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have different DP and vary from <100 to >15,000 depending on how the substrate was prepared
and its origin (Zhang and Lynd, 2004). For instance, the DP of natural cotton is 15,000 (Zhang and
Lynd, 2004), a high MW dissolving pulp has a DP of approximately 1000 (Swatloski et al., 2002),
the DP of filter paper made from cotton is approximately 1640 while that from microcrystalline
substrates is approximately 220 (Kongruang et al., 2004). This implies that different celluloses
may hydrolyse differently and show different activities if substituted in the FPA.
1.8.6. Influence of drying and paper-making on enzymatic hydrolysis

The opposite of “opening up” the cellulose structure to increase cellulose
accessibility is to actually close the fibre structure, a process which is thought to occur during
drying of pulps (Esteghlalian et al., 2001; Jeoh et al., 2007). Drying of cellulosic substrates has a
detrimental effect on cellulose hydrolysis as it restricts cellulose accessibility to the cellulases
(Fernandes Diniz et al., 2004; Hubbe, 2014). It is thought that drying collapses and shrinks the
pores in the cell wall of cellulosic fibers by removing the inter-fibril water resulting in an increased
degree of crosslinking between the fibers thus reducing cellulose accessibility (Esteghlalian et al.,
2001; Minor, 1994). This process is called hornification and is typically irreversible upon rewetting
of the cellulose fibers. It has also been suggested that enzymatic hydrolysis is more effective when
the pore size of the substrates is large enough to accommodate cellulase enzymes (Converse et al.,
1988; Tanaka et al., 1988). If the pore sizes are too small, then the large molecular cellulase
enzymes will be isolated, and thus the synergistic cooperation of a complete cellulase system will

be reduced (Esteghlalian et al., 2001).

It is likely that a higher enzyme loading is needed to result in the FPA’s 3.6%
cellulose hydrolysis expectation in 1 hour and that the needed synergism among cellulase mono-

components may be minimal because the larger molecular enzymes are unable to access the
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cellulose. Therefore, using dried Whatman No.1 filter paper in the FPA may result in “erroneous”
low cellulase activity, which may not be representative of the enzyme action on never-dried
substrates. Earlier workers have reported lower hydrolytic efficiencies of enzymes mixtures when

working with dry substrates (Fernandes Diniz et al., 2004; Luo and Zhu, 2010; Welf et al., 2005).

Additionally, the process of making paper may contribute to restricting cellulose
accessibility to the cellulases. With reference to the TAPPI Test Method T 205 “Forming
Handsheets for Physical Tests of Pulp.”, during papermaking, the cell wall fibers are pressed
between flat plates to remove the remaining water and ensure a uniform thickness. This pressing
process aggregates the fibers and, as a result, may lead to the lowering of cellulose accessibility.
After pressing the fibers, are dried in a process that further closes the pores of cellulosic fibers.
Mechanical refining has been shown to reverse the effect of drying and has a great influence on
enzymatic hydrolysis (Nazhad et al., 1995). Mechanical refining increases fiber swelling and
yields fine fibers, thus, increasing the specific surface area of cellulose so that it can easily be
hydrolyzed by cellulases. Mechanical refining of dried fibers has been suggested as an effective
way of partially restoring dried fibers to their never-dried conditions (H. Chen et al., 2012).

1.9. Pretreatments for bioconversion of lignocellulose to reducing sugars

As mentioned earlier, the recalcitrance of lignocellulosic substrates resulting from
how hemicellulose and lignin encrust cellulose is a great challenge to cellulose accessibility to the
cellulase enzymes. As a result, a pretreatment step prior to enzymatic hydrolysis is required to alter
the physio-chemical characteristics of the complex lignocellulosic matrix in order to increase
accessibility of the cellulose to cellulases (Mosier et al., 2005). Pretreatment is a vital step in a
“biorefinery or biomass-to-ethanol process” as it has the ability to recover and fractionate the

hemicellulose and lignin, while increasing cellulose accessibility to cellulase enzymes (Chandra
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et al., 2016, 2007). Additionally, pretreatment reduces the cellulose degree of polymerization,
particle size, the degree of crystallinity, remove as much lignin without degrading the

hemicellulose, and increase cellulose accessible surface area.

Ideally, any pretreatment step should be cost-effective, produce a high cellulose-rich
fraction, which can be easily degraded using low enzyme loadings and be effective on a range of
lignocellulosic substrates. Concerning the latter, as will be explained in more detail, steam
pretreatment has been shown to be effective on a wide range of substrates, providing a cellulose-
rich fraction that can be easily hydrolyzed, and a good recovery of the lignin and hemicellulose
fractions (Bura et al., 2003a). Over the years, a range of pretreatments methods have been
developed covering mechanical, chemical and biological pretreatments (Biermann, 1996; Bura et
al., 2003a, 2003b; Fengel and Wegener, 1989; Kim et al., 2012; Saritha et al., 2012; Sasmal et al.,
2011; Sindhu et al., 2014). Concerning the work reported in this thesis, the pretreatments used
were subdivided into the steam explosion, chemi-mechanical, and pulping based pretreatments.

1.9.1. Steam explosion pretreatment

Among the physio-chemical pretreatments, steam explosion pretreatment has
received substantial attention in pretreating lignocellulosic substrates for bio-ethanol production
(Taherzadeh and Karimi, 2008). Steam explosion pretreatment is the most commonly used
pretreatment process on a commercial scale, for example by Dupont, Abengoa Bioenergy/logen,
DSM-Poet, and Mascoma Inc. US (IEA Task 39, 2011). The concept of steam explosion
pretreatment was introduced in 1926 by William H. Mason (Mason, 1926) and was dubbed as the
Masonite process. The Masonite process was introduced to serve as an alternative to mechanical
pulping, where wood chips were treated with steam heated at high temperatures (~285°C) and

pressure (7 MPa) (Boehm, 1930). However, this process did not result in significant lignin

30



removal. Thus, later work modified the Masonite process to incorporate chemical treatments

(Kokta et al., 1993).

Currently, steam explosion pretreatment employs acids like sulphuric acid or sulfur-
dioxide to enhance delignification at low severity conditions. The steam, pressure, and moisture
make lignin reach its glass transition temperature, flow, and re-precipitate in form of droplets on
top of fibers upon cooling. This process redistributes lignin on the fiber surface and hence exposes
cellulose microfibrils (Shevchenko et al., 2001). The redistribution of lignin increases cellulose
accessibility to the cellulase, and as a result increases reducing sugar yield upon hydrolysis (Kabel
et al., 2007). Grous and coworkers (1986) realized 92% cellulose hydrolysis after hydrolyzing
steam pretreated poplar for 48 hours as compared to the 17% cellulose hydrolysis for the untreated

poplar.

Steam explosion pretreatment has several advantages such as low energy and water
requirements, it’s cost-effective and recovers most of the cellulose-rich and hemicellulose
fractions without prior mechanical refining (Bura et al., 2003a). Steam explosion is effective on a
range of biomasses especially hardwood and agricultural residues. On the other hand, steam
explosion pretreatment has some shortcomings, for instance, forms inhibitory products such as
acetic acid, furfural and 5-hydroxymethylfurfural which hinder effective hydrolysis and
fermentation (Kabel et al., 2007). Additionally using high severity steam pretreatment conditions
leads to complete hemicellulose solubilization and lignin condensation, which in addition to
increasing pretreated biomass recalcitrance, limits the development other value-added products of
hemicellulose and lignin (Shevchenko et al., 2001). Utilizing low severity conditions often results
in high amounts of residual lignin and hemicellulose which restrict cellulose accessibility in

pretreated substrates (Pryor and Nahar, 2010). Consequently, steam pretreatment conditions are
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regularly a compromise between ensuring maximum lignin and hemicellulose removal, while
maximizing total sugar recovery.
1.9.2. Mechanical pretreatment (Deacetylation)

Mechanical pretreatment involves the application of mechanical energy to
disintegrate the cell wall fibers thereby increasing fiber porosity, swelling, external and internal
fibrillation etc. (Koo et al., 2011). Typically, mechanical pretreatment retains all the cell wall
constituents in a water-soluble fraction. Thus, despite the high lignin preservation, mechanical
pretreatment provides a good avenue for overall carbohydrate recovery. Previous studies have
evaluated mechanical pretreatment and have shown that mechanical refining enhances the
accessibility of the carbohydrate to the carbohydrate degrading enzymes (Chen et al., 2013; Jones
et al., 2013). However, in these studies, high enzyme loadings were used to achieve complete
cellulose hydrolysis, largely due to the presence of retained lignin in the substrates (Chandra et al.,
2007). The retained lignin after mechanical refining makes pretreated substrates recalcitrant,
restricts fibre swelling and forms a physical barrier which restricts cellulose accessibility (Berlin

et al., 2006a; Chandra et al., 2016).

To achieve efficient enzymatic saccharification of the cellulose fraction at lower
enzyme loadings, the National Renewable Energy Laboratory (NREL) developed a novel chemi-
mechanical approach involving de-acetylation and mechanical refining (DMR) (Chen et al., 2014;
X. Chen et al., 2012). The DMR involves de-acetylating the hemicellulose and partial removal of
lignin using a dilute alkaline de-acetylation step followed by a low energy disk refining. The DMR
pretreatment resulted in 13% and 19% improvement in glucose and xylose yields respectively of

the disc refined corn stover at high solids loading (15 and 20 wt.%) and low enzyme loading (17—
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22 mg protein/ g cellulose). These results suggested that the DMR pretreatment is a promising
development for use in bio-refineries (Chen et al., 2014)
1.9.3. Organosolv Pretreatment

Organosolv pretreatment encompasses treating wood chips at high temperatures and
pressure with a mixture of water and organic solvents such as ethanol, acetone, or methanol, and
sometimes with/without the addition of a base or acid catalyst with a goal of removing lignin (Zhao
et al., 2009). During organosolv pretreatment, the lignin-carbohydrate complex bonds, alpha and
beta linkages, as well as glucoside linkages are cleaved resulting in the solubilization of
hemicellulose and lignin, while the cellulose remains intact (Muurinen, 2000). Organosolv
pretreatment is often conducted in acid catalyzed organosolv conditions in bioconversion research

(Del Rio et al., 2012, 2010).

Similar to steam explosion pretreatment, organosolv pretreatment is effective on
hardwoods and agricultural residues and often requires no addition of catalyst due to high acetyl
groups present in those residues. During organosolv pretreatment of hardwoods and agricultural
residues, delignification is enhanced by the formation of acetic acid from acetyl groups on the
hemicellulose which provides acid for removal of lignin and solubilization of the hemicellulose
(Zhao et al., 2009). Interesting to note is that without the addition of acid to the pretreatment, high
temperatures of greater than 200°C must be applied (Pye and Lora, 1991). In the case of this thesis,
organosolv pretreatment was used to pretreat hardwood maple prior to enzymatic hydrolysis. The
use of ethanol as a pretreatment solvent dates back to 1983 when Neilson et al. (1983) reported
ethanol delignification to be an effective pretreatment method for enzymatic hydrolysis. Ethanol
organosolv pretreatment is widely used to increase the susceptibility of lignocellulosic substrates

to enzymatic hydrolysis (Pan et al., 2007, 2006).
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1.9.4. Kraft pulping
Kraft pulping based pretreatment is mainly focused on complete lignin removal to

produce cellulose-rich water-insoluble substrates (Fengel and Wegener, 1989). The Kraft process
is a full chemical pulping method, which uses sodium hydroxide (NaOH) and sodium sulfide
(NazS) at a pH above 12, temperature of 155-180°C and steam pressure of 800 kPa as the main
cooking liqour to break down wood chips into pulp (Biermann, 1996; Fengel and Wegener, 1989;
Smook, 1989). During Kraft cooking, the wood fibers are swollen and lignin gets split into
hydroxyl (OH-) and hydrosulfide (SH-) ions. Most lignin is dissolved in the cooking liquor as

phenolate and carboxylate ions.

Additionally, small amounts of hemicellulose are degraded and dissolved in the
cooking liquor leaving the cellulose fiber intact. The resultant brown pulp is washed, screened,
and then bleached by a chlorite post-treatment. Both softwood and hardwoods can be pulped by
the Kraft process (U.S. Congress Office of Technology Assessment, 1989). Kraft pulps from both
hardwoods and softwoods were used to study how substrate heterogeneity determines the choice
of accessory enzymes to bed used to hydrolyze them and how such cocktails are predicted in the
FPA.

1.10. Rationale and objective of the thesis

Due to the challenges faced by the traditional FPA, as described earlier in this
introduction, the thesis work is primarily focused on elucidating how the hydrolytic potential of a
complex cellulase mixture on a range of cellulosic and lignocellulosic substrates pretreated under
different conditions might be best assayed. The specific objectives of the two research sections

are;
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1) To assess the physical and chemical characteristics of the Whatman No.1 filter paper
substrate, with regard to the assay’s ability to predict the hydrolytic performance of
cellulase mixtures on cellulosic and lignocellulosic substrates, and

2) To assess whether the FPA assay is able to predict the hydrolytic potential of commercial
cellulase mixtures. Particularly the contribution that accessory activities (specifically
hemicellulases) and lignin (using Bovine Albumin Serum (BSA) to block enzyme binding

to lignin) might play in influencing the efficacy of the Filter Paper Assay.

In section 3.1, the heterogeneity of the physical characteristic of cellulosic materials
was investigated by evaluating whether different cellulosic substrates with a similar chemical
composition to that of the Whatman No.1 filter paper would show similar hydrolysis rates and
extents when they were hydrolyzed with a commercial cellulase mixture (CTec 3). We hoped to
illustrate whether differences in physical characteristics of DP, crystallinity, pore size, particle size

among different cellulosic substrates would influence both enzymatic hydrolysis and the FPA.

We also tried to better understand the effects of using the dried Whatman No.1 filter
paper on the ability to predict how well a cellulase enzyme mixture might hydrolyse a substrate
that has never been dried. As we could not access the never-dried substrate that was used to make
the Whatman No.1 filter paper, we made our own never-dried pre-hydrolysed Kraft pulp. As
shown within the thesis, this had a similar chemical composition to that of the Whatman No.1 filter
paper. We then used the FPA, enzymatic hydrolysis, water retention value and the Simons’ staining
techniques to determine how drying might affect the susceptibility of a dry filter paper to
enzymatic hydrolysis. By changing the never-dried PHK fibres through drying, rewetting and
disintegrating, we hoped to better understand the substrate characteristics that might influence the

efficacy of the FPA.
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To our understanding, no study has tried to elucidate how lignin and hemicellulose
affect the FPA. Consequently, we made a lignocellulose filter paper from organosolv-pretreated
hardwood and used it to substitute for the Whatman No.1 filter paper in the FPA. We hypothesized
that a “filter paper” made after organosolv pretreatment of a hardwood would reflect the hydrolytic

efficacy of cellulase mixtures on a substrate that contains lignin and hemicellulose.

In section 3.2, the interaction between commercial cellulase mixtures (CTec 3) with
accessory enzymes [hemicellulases preparations (Multifect xylanase and endo-mannanase) was
assessed on pretreated lignocellulosic substrates. We had initially hypothesized that the FPA may
not be an effective predictor of the hydrolytic potential of cellulase cocktails when hydrolysing
realistic pretreated lignocellulosic substrates, especially when accessory activities replace a portion
of the commercial cellulase preparation (CTec 3). We, therefore, identified a heterogeneous set of
pretreated lignocellulosic substrates with varying amounts of cellulose, hemicellulose and lignin.
These substrates included organosolv-pretreated hardwood, steam pretreated softwood, hardwood
and softwood bleached Kraft pulp, de-acetylated corn stover and a chlorite treated

thermomechanical pulp (TMP).

The synergistic interaction between cellulase and accessory enzymes was assessed
by replacing the CTec 3 cocktail with 10%, 20%, 50% and 100% accessory enzymes on a protein
basis. Synergism was evaluated by monitoring changes in the enzyme activity under FPA
conditions, and hydrolysis yields on the range of lignocellulosic substrates stated earlier. We also
hydrolysed the Whatman No.1 filter paper using the CTec 3 replacement strategies described
above to evaluate the influence that a cellulase cocktail replaced with hemicellulases and BSA

might have on the enzymatic hydrolysis of filter paper.
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By evaluating the interaction between cellulases and various accessory enzymes, we
hoped to assess whether the FPA is a reliable predictor of the hydrolytic efficacy of cellulase
mixture on a range of substrates. We also hoped to develop a better assay that could predict if a
given cellulase preparation was likely to be effective on a targeted substrate. In section 3.2, we
discuss potential ways of measuring enzyme performance on a range of cellulosic and
lignocellulosic substrates. However, as will be discussed in the main body of the thesis and in the
conclusions section specifically, despite its many inadequacies, the filer paper assay will likely
remain the main method used to compare the hydrolytic potential of “cellulase cocktails” and the
method used to develop the “optimum” enzyme loading used for dosing cellulases to

lignocellulosic substrates.
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2. Materials and methods
2.1. Substrates used in this study

Most of the cellulosic substrates (Avicel, microgranular cellulose, sigmacell
cellulose, fibrous medium cellulose, and fibrous long cellulose) used in this study were purchased
from Sigma (MO, USA). The dissolving pulp was a kind gift from Fortress Paper, Canada. The
Whatman No.1 filter paper was purchased from Sigma-Aldrich. Fortress Paper, Canada, also
provided the maple, aspen and birch chips, which were used to make pre-hydrolyzed Kraft pulp
and organosolv pulp. The softwood bleached Kraft pulp were donated from a commercial pulp
mill (Weyerhaeuser Canada Ltd), while the hardwood bleached Kraft pulp was donated from
Fortress Paper, Canada

2.2. Commercial enzyme preparation

The commercial enzyme cocktail was CTec 3, which was a kind gift from
Novozymes.

2.2.1. Total enzyme activity measurement

The total enzyme activity was measured using the filter paper assay (FPA) following
the International Union of Pure and Applied Chemistry (IUPAC) guidelines (Ghose, 1987).
Briefly, 50 mg of the Whatman No.1 filter paper strip was rolled and placed into 25 mL test tubes.
1 mL of 50 mM of sodium citrate buffer, pH 4.8 was added to the test tube to saturate the filter
paper. An aliquot (0.5 mL) of diluted enzymes was weighed and then added to the test tubes and
incubated in a water bath at 50°C for 1 hour. At least two dilutions were made with one dilution
capable of releasing slightly more than 2 mg of glucose, while the second one having a capability
of releasing slightly less than 2 mg of glucose equivalent. Controls such as, a) reagent blank, b)

substrate blank, and ¢) enzyme blank were also incubated together with the enzyme assays to take
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their effects into consideration. Glucose standards (from 1-4 mg) were also prepared in parallel to

be used for calibration.

After 1 hour, the reaction was stopped by adding 3 mL of 3, 5-Dinitrosalicylic Acid
(DNS) to all the test tubes and mixing gently. The tubes were then boiled for 5 minutes at 105°C
in an oil bath, containing adequate oil to cover the portion of the test tube occupied by the reaction
mixture for colour development. All the enzyme assays, blanks, and glucose standards were boiled
together. After boiling, the tubes were transferred to an ice-cold water bath, left to cool and to
allow the pulp to settle for 30 minutes. Samples of 0.2 mL were drawn from all of the tubes
(enzyme assays, blanks and glucose standards), and were diluted in 2.5 mL of water in
spectrophotometer cuvettes. Finally, the colour formation was determined by reading the
absorbance of the samples at 540 nm. The glucose concentration of the enzymes assays was
calibrated against a glucose standard. The two data points from enzyme dilutions that were closest
to 2 mg of glucose on the standard curve were considered to interpolate the actual enzyme dilution
that released 2 mg glucose. This enzyme dilution was then used to calculate the filter paper activity

using equation 2.1.

0.37
Original undiluted Enzyme releasing 2 mg glucose

Filter Paper Activity = FPU/g enzyme (2.1)
The filter paper activity was expressed in terms of filter paper units per gram of enzyme preparation
(FPU/g enzyme preparation), where one FPU is equal to the amount of original undiluted enzyme
which released 2 mg glucose.
2.2.2. Determination of Protein Concentration
The protein concentration of CTec 3 was determined using the modified ninhydrin
assay as modified by Mok et al. (2015). Briefly, 100 pl of CTec 3 enzyme samples diluted to

concentration ranging between 0 — 800 pg/g protein were first incubated with 50 pl of NaBH4 for
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1 hour at a ratio of 1:3 NaBHa/total sugar (w/w) in a screw cap microcentrifuge tube (0.5 ml) using
BSA as the protein standard. The centrifuge bottles were then opened and 300 pl of 9M HCI was
added to the reaction mixture. The tubes were sealed and incubated in a heating block at 130°C for
2 hours. After 2 hours, the samples were left to cool down and 100 pl of the hydrolysate was
transferred to 1.5 ml Eppendorf tubes. The reaction was then neutralized with 100ul of 5SM NaOH
solution. After neutralization 200 pl of 2% ninhydrin reagent was added to the Eppendorf tubes
and the reaction mixed thoroughly. The tubes were sealed and incubated in a heating block at
100°C for 10 minutes. The Eppendorf tubes were left to cool down, thereafter 500 pl of 50% (v/v)
ethanol was added. Finally, 200ul of the coloured solution was vortexed and transferred to 96-well
microplates and their absorbance read at 560 nm. All of the samples were performed and analyzed

in triplicate and the mean values and standard deviations reported.

2.3. Preparation of Pretreated substrates

2.3.1. Pre-hydrolysis and Kraft pulping pretreatment

The pre-hydrolyzed, never dried Kraft pulp was a kind gift which was previously
prepared by Xiaoli Dou (2017). The pre-hydrolyzed Kraft pulp was prepared from a mixture of
never-dried maple, aspen and birch chips (mass ratio of maple: aspen: birch was 7:2:1). Briefly,
the never-dried wood chips were first left to sit in water under vacuum overnight to remove air
prior to pre-hydrolyzing them. Two hundred (200) grams of the wood chips, water, and 0.4% w/w
sulfuric acid were then added to the custom-built four vessels (2L each) rotating digester (Aurora
products Ltd. Savona, BC, Canada) at a wood: liquid ratio of 1:4. The digester was pre-warmed to
80°C for 27 minutes, followed by heating to the maximum temperature of 170°C for one (1) hour.
It was then kept at 170°C for another one and a half (1.5) hours before cooling in cold water until
the pressure dropped to zero. The digester was then opened and the cooking liquor filtered from

the pre-hydrolyzed wood chips.
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This was followed by Kraft cooking of the pre-hydrolyzed wood chips within the
same digester. The pre-hydrolyzed wood chips were again left to sit in water under vacuum
overnight to remove air prior the Kraft cooking process. An equivalent of 200 g oven-dried weight
(ODW) of pre-hydrolyzed wood chips, water and NaOH was added to the vessel at a wood: liquid
ratio of 1:4. The NaOH loading to the chips was 16%, 20% and 24% w/w. The digester was pre-
warmed to 110°C for 37 minutes, followed by heating to a maximum temperature of 170°C for 25
minutes. It was then kept at 170°C until the final H factor reached 1000. The digester was then
cooled in cold water until the pressure dropped to zero. The digester was then opened, and the
cooking liquor filtered from the pre-hydrolyzed pulp.

2.3.2. Organosolv pretreatment

The organosolv pulp was made from maple chips, using a custom, four-vessel (2 L
capacity each) rotating digester (Aurora Products, Savona, BC, Canada). Briefly, 200 g (ODW) of
never-dried maple chips were pre-incubated overnight in a solution containing water and 65% v/v
of ethanol at a liquid: wood chips ratio of 7:1. Sulfuric acid was then added under the two
conditions of, low severity (LS) and, high severity (HS) with 0.5 and 1.0 (H2SOs %w/w)

respectively. The samples were pretreated at 170°C for one (1) hour at a heating rate of 3°C/min.

After pretreatment, the digester was cooled to room temperature in a water bath. After
cooling the digester was opened and pretreated maple chips together with the spent liquor were
homogenized in a standard British disintegrator for 15 minutes. They were later separated from
one another using vacuum filtration. The resultant pulp was washed three times using 1 L of water
in a Buchner funnel. The rejects (un-pulped wood chips) from both severity pretreatments were
hand-picked from the top of homogenized settled pulp. The organosolv pretreated pulps were then

stored in sealed plastic bags at 4°C for determination of the chemical composition, paper and
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enzymatic hydrolysis. The low severity pulp was used to make 0.5% acid organosolv paper, while
the high severity pulp was used to make 1% acid organosolv paper.
2.3.3. Deacetylation and screw refining pretreatment

The de-esterification of acetylated xylan present in corn stover was catalyzed using
NaOH following the procedure, with some modifications, as described by Chen et al. (2012).
Briefly, 25 g (ODW) of never-dried corn stover was suspended in 313 ml of a solution consisting
of 4.8% (w/v) 0.1 M NaOH in thermoplastic bags. The mixture was sufficiently mixed to ensure
that NaOH impregnates the corn stover fibers. The thermoplastic bags containing the solution was
incubated at 80°C in a water bath for 3 hours. The pH was approximately 12. After deacetylation,
the NaOH was extracted from the corn stover by filtration in a Buchner funnel and then washed
thoroughly. The deacetylated corn stover was then refined in an Angel Juicer AG- 5500, followed
by collection in sealable bags and stored at 4°C for chemical composition determination and
enzymatic hydrolysis.

2.3.4. Chlorite pretreatment

The chlorite pretreatment for delignification of the thermo-mechanical pulp (TMP)
and the pre-hydrolyzed Kraft pulp was carried out using the procedure as described by Pulp and
Paper Technical Association of Canada’s (PAPTAC) Useful methods G10.U. Briefly, 25 g (ODW)
of never-dried TMP was suspended in 250 ml of a solution comprising of 5% (w/v) NaClO;
dissolved in 1% (v/v) glacial acetic acid. The reaction mixture was incubated overnight in darkness
at room temperature. The chlorite treated TMP was washed thoroughly with water by filtering
using a Buchner funnel. The resulting chlorite treated TMP and pre-hydrolyzed pulp was then
collected into sealable bags and kept at 4°C for chemical composition determination and enzymatic

hydrolysis.
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2.3.5. Steam pretreatment

Steam pretreatment was carried out in a 2-liter StakeTech Il steam gun (Stake
Technologies, Norvall, ON, Canada) at the FPB/B laboratory as previously described (Hu, 2014).
Briefly, 300 g (ODW) of softwood (lodgepole pine) chips were impregnated overnight with SO>
in sealed plastic bags. The bags were then opened for 1 hour in a fume hood to release the
unabsorbed SO>. A batch of 50 g for each substrate was loaded in the steam gun and pretreated
using the conditions of: temperature; 190°C, time; 5 minutes, and SO,%w/w; 3%, that were
previously optimized by Bura et al. (2003b) to recover maximum sugars (cellulose and
hemicellulose).

2.4. Chemical compositional analysis of pretreated substrates

The pretreated substrates were analyzed for their Klason lignin content using the
Technical Association of the Pulp and Paper Industry’s (TAPPI) standard T-22 om-88 method.
The hydrolysate was retained for determination of the reducing sugar composition and acid-soluble
lignin. The acid soluble lignin was determined by reading the absorbance at 205 nm on a Cary 50
UV-Vis spectrometer according to the previously described method (Dence, 1992). The reducing
sugar composition was determined using a DX-3000 high-performance anion exchange
chromatography system (Dionex, Sunnyvale, CA), equipped with an anion exchange column
(Dionex CarboPac PA1l) and an EDA40 electrochemical detector, with fucose as an internal
standard. The reducing sugars (arabinose, galactose, glucose, xylose, and mannose) derived from
the substrates were calibrated and determined against monomeric standards.

2.5. Papermaking, air-drying and disintegration process

Paper handsheets were made from either never-dried pre-hydrolyzed Kraft pulp
(PHK) and organosolv pulp. The hand sheets had a target weight of 1.5 g (ODW), similar to that
of the Whatman No.1 filter paper (diameter of 150 mm, Cat No. 1001-150), according to TAPPI
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Test Method T 205 “Forming Handsheets for Physical Tests of Pulp.” Briefly, 7.5 g (ODW) of
pulp was suspended in distilled water at 0.375% consistency [weight fiber/ (weight fiber + weight
water)] for 15minutes. The solution was then disintegrated in a standard British disintegrator at
3000 rpm for 5 minutes at room temperature until all the fibers were dispersed. This was followed
by stirring the pulp stock thoroughly and measuring out 400 mL of the pulp stock for each
handsheet to be made. For each sheet, the measured pulp stock was poured into the handsheet
making machine. Water was added to a depth of 350 mm above the surface of the paper forming
wire. A perforated stirrer was used to stir the suspension. The water was subsequently drained
from the handsheet making machine at a rapid speed under suction from the water leg. The sheet
was then removed from the machine, using couch plates, and pressed in the paper-pressing
machine. After wet pressing twice, all of the handsheets were dried at a temperature (30°C) and
relative humidity (50%) controlled room for three days. The dried paper sheets were then stored

at room temperature for enzymatic hydrolysis and enzyme activity measurements.

Air-dried PHK fibers were also prepared and used to study the effect of drying on
enzyme activity and fiber hornification. Briefly, 10 g (ODW) of never-dried fibers were spread on
an aluminum plate and left to dry at a room temperature of 25°C and a relative humidity of 50%
for seven days. After drying, the moisture content was 3.2%. The air-dried fibers were then stored
in plastic bags for subsequent enzyme hydrolysis, enzyme activity, Simons’ staining, and water

retention value measurements.

Some dried PHK handsheets were rewetted at 1% consistency [weight fiber/ (weight
fiber + weight water)] using de-ionized water, then disintegrated for 15 minutes in a Hamilton

Beach DrinkMaster Two-Speed Stainless Steel Drink Mixer. After disintegration, the moisture

44



content of the PHK disintegrated paper was measured. The paper was stored at 4°C for subsequent
enzyme hydrolysis, enzyme activity, Simons’ staining and water retention value measurements.
2.6. Enzymatic hydrolysis

The enzymatic hydrolysis of the pure cellulosic and pretreated substrates used in
sections 3.1 and 3.2 was carried out in duplicate at 5% (w/v) solids loading in sodium acetate
buffer (50 mM, pH 4.8), at 50 °C, with a shaking of 150 rpm in a MaxQ 4000 Incubator. The
reaction was conducted in 50 mL capacity septa stoppered bottles (aluminum crimp-top) in 10 mL
reaction volumes. Cellulase enzymes (Cellic CTec 3, Novozymes, Bagsvaerd, Denmark) were
added based on the protein loading per g cellulose present in the substrate using dosages of 10 mg
protein/g cellulose and 20 mg protein/g cellulose for section 3.1 and 15 mg protein/g cellulose and

30 mg protein/g cellulose for section 3.2.

The enzymatic hydrolysis was run for 48 h in section 3.1 and 72 hours in section 3.2
and 100 ul samples were periodically taken at 2, 4, 8, 12, 24 and 48 h for reducing sugar analysis.
The samples were heated at 100°C for 10 min in a heating block to inactivate the enzymes followed
by centrifugation at 13000 rpm for 10 minutes and stored at 4°C for reducing sugar yield analysis.
For the synergistic experiments described in section 3.2, the protein loading was fixed at 30 mg
protein/g cellulose and replaced by either 10%, 20%, 50% or 100% of xylanase, mannanase or
BSA used cellulase-accessory enzyme replacement strategies illustrated in Table 2.1. Initial
experiment involved using 50% of the above fixed protein loading (15 mg protein/g cellulose) to
show the role that accessory enzymes play in enhancing enzymatic hydrolysis of pretreated
lignocellulosic substrates. For each replacement experiment, samples were taken at 4, 24 and 72

hours for reducing sugar analysis.
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Table 2.1: Enzyme characteristic, experimental design and cellulase replacement strategies with
hemicellulases and BSA.

Enzyme characteristics CTec 3 Xylanase Mannanase  BSA
Protein concentration (mg/mL) 180.3 37.1 20.3 20.0
Filter paper activity (FPU/Q) 139.6 NA NA NA
Co% (mg/g cellulose) 30 0 0 0
CX1o0% (Mmg/g cellulose) 27 3 NR NR
CXa20% (mg/g cellulose) 24 6 NR NR
CXso0% (mg/g cellulose) 15 15 NR NR
CXao0% (Mg/g cellulose) NR 30 NR NR
CMu1o% (mg/g cellulose) 27 NR 3 NR
CM2o% (mg/g cellulose) 24 NR 6 NR
CMsoy (mg/g cellulose) 15 NR 15 NR
CMuoo0% (mg/g cellulose) NR NR 30 NR
CBu1o% (mg/g cellulose) 27 NR NR 3
CBz2o% (mg/g cellulose) 24 NR NR 6
CBsox% (mg/g cellulose) 15 NR NR 15
CBu1oo% (mg/g cellulose) NR NR NR 30
CXMu1ow% (Mmg/g cellulose) 27 1.5 15 NR
CXM20% (mg/g cellulose) 24 3.0 3.0 NR
CXMsoy (Mmg/g cellulose) 15 7.5 7.5 NR
CXMuoow% (mg/g cellulose) NR 15 15 NR

FPU- filter paper units; NR- not replaced; BSA- bovine serum albumin; NA- not analyzed; C- cellulase; X; xylanase,
and M- mannanase

2.7. Determination of cellulose and hemicellulose hydrolysis

Cellulose hydrolysis was determined as glucose released during enzymatic

hydrolysis using the YSI sugar analyzer (Yellow Springs Instruments Co., YSI 2700 SELECT
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Biochemistry Analyzer) for section 3.1, while in section 3.2, the high performance liquid
chromatography (HPLC) was used to determine the extent of cellulose and hemicellulose
hydrolysis. The cellulose and hemicellulose hydrolysis yield (%) was calculated from the
measured glucose and mannose and xylose concentration as a percentage of the theoretical

carbohydrate available in the substrate using equation 2.2 and 2.3 respectively.

Glucose released (%) X 0.9

Cellulose and mannan hydrolysis (%) = %X 100% (2.2)

Solids loading x cellulose%

Glucose released (%) X 0.88

Xylan hydrolysis (%) = X 100% (2.3)

Solids loading x xylan%

Where the glucose released is the maximum concentration after enzymatic
hydrolysis; cellulose% is the theoretical amount of cellulose present in the substrate; 0.9 is the
conversion factor of cellulose and mannan to glucose, 0.88 is the conversion factor of xylan to
glucose; the solids loading used in this study was 5%w/v. The cellulose hydrolysis experiments
were conducted in duplicate and their mean values and standard deviations reported. Substrate and

enzyme blanks were run in parallel to consider their effects.

2.8. Fiber characterization methods

2.8.1. Simons staining

To determine likely enzyme accessibility to cellulose, Direct Orange (DO) staining
was performed according to the modified Simons’ Staining Technique (Chandra and Saddler,
2012). DO dye (DO, Pontamine Fast Orange 6RN) was purchased from Pylam Products Co. Inc.
(Garden City, NY). The DO dye was then fractionated to isolate the high molecular weight (HMW)
molecules that have a high affinity for cellulose from low molecular weight molecules (LMW)

following the procedure reported previously (Esteghlalian et al., 2001).
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For each substrate, 10 mg (ODW) was weighed into a series of six 1.5 ml centrifuge
tubes. To each tube, 0.1 ml of phosphate-buffered saline (PBS) solution (pH 6) was added and left
to sit overnight at room temperature. The DO dye (10 mg/ml HMW) was added to each tube in
increasing series of (0.025, 0.05, 0.075, 0.1, 0.15, and 0.2 ml). Distilled water was then added to
make the final volume of the solution up to 1ml. The tubes were then incubated at 70°C for 12
hours in a rotary shaker at 200 rpm.

After incubation, the tubes were removed from the rotary shaker and left to cool at
room temperature. One millilitre (ml) of sample was drawn from each tube and centrifuged at
13,000 rpm for 5 minutes. The respective absorbance supernatant from each tube was read at 450
nm on a Cary 50 UV-Vis spectrophotometer. The amount of dye adsorbed onto the fibers was
calculated using the Langmuir isotherm by subtracting the concentration of the initial added DO
dye from the concentration of the DO dye in the supernatant according to the Beer-Lambert law.
The extinction coefficients of the DO dye were determined by preparing standard curves for the
dye and measuring its slope at an absorbance of 450 nm. The value calculated and used in this
thesis was €050 = 34.35.

2.8.2. Water retention value

The extent of fiber hornification for each substrate was determined using the water
retention value (WRV) technique, according to Technical Association of the Pulp and Paper
Industry's (TAPPI) useful method UM 256. Briefly, 0.4-1.5 g (ODW) of each substrate was
suspended in 5 ml of deionized water and vortexed vigorously to break the pulp apart. The pulp
suspension was left to sit overnight at room temperature, to ensure uniform fiber saturation. The
pulp suspension was then filtered through a 200-mesh screen in a centrifuge cup. This was

followed by recirculation of the filtrates three times, to prevent fiber loss. The resultant pulps were
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then centrifuged for 900 G at 21°C. The wet samples from each substrate were weighed and then
oven dried at 105°C overnight. The oven-dry weight was also noted and WRV was calculated

using Equation 2.4.

WRV (%) = =4

x 100% (2.4)

Where My is the mass of the wet substrate and Mgy is the mass of the wet substrate.
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3. Results and Discussions

3.1. Does substrate heterogeneity affect the standardized enzyme activity assay ability to
predict hydrolysis of a range of substrates?

3.1.1. Background
The ability to predict the hydrolytic efficiency to effectively “dose” cellulase enzyme

mixtures on pretreated substrates plays a pivotal role in the commercialization of biochemical
processes to convert biomass to fuels and chemicals. Currently, the standardized measure of the
hydrolytic efficiency of cellulase mixtures is based on the filter paper assay (FPA) which
quantifies the amount of cellulase enzymes required to cause a 3.6% cellulose conversion (2 mg
glucose) of a 50 mg Whatman No. 1 filter paper in 60 minutes (Ghose, 1987). Several studies have
modified the FPA to be carried out using microplates so that we can assess multiple enzyme
cocktails at a high throughput (Berlin et al., 2006b; Camassola and Dillon, 2012; Chundawat et
al., 2008; Decker et al., 2003; King et al., 2009; Xiao et al., 2004). Baker et al. (1997) proposed a
new membrane reactor saccharification assay for measuring enzyme activity under simultaneous
saccharification and fermentation (SSF) conditions, while Urbanszki et al. (2000) standardized the
traditional FPA to predict the hydrolytic potential of cellulase enzymes under the conditions used
for simultaneous saccharification and fermentation. However, these studies have yet to investigate
fundamental issues with the FPA that are related to the substrate. The main issue with the FPA is
that, although the assay is effective at indicating the hydrolytic potential of a given cellulase
enzyme cocktail when applied to filter paper, the assay is not effective when estimating hydrolytic

potential of enzyme cocktails when applied to complex, pretreated lignocellulosic substrates.

In this section of the thesis the factors that were investigated included the effects of
drying the cellulose that predominates in the Whatman No.1 filter paper substrate during its

manufacture, the high cellulose content of the filter paper substrate compared to lignocellulosic
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substrates and the differences in the ease of hydrolysis of Whatman No.1 filter paper compared to

other cellulosic substrates.

When other wood components such as lignin and hemicellulose are associated with
cellulose they form a recalcitrant matrix. Thus, the assessment of the hydrolytic performance of
cellulase enzymes on Whatman No.1 filter paper is not indicative of the hydrolytic performance
of cellulase enzymes when hydrolyzing lignocellulosic substrates. In addition, the considerable
heterogeneity of lignocellulosic substrates caused by different pretreatment methods and condition
make realistic substrates a continuous moving target. Hence it is very difficult to standardize a

cellulase activity assay.

The process of papermaking which involves the forming, pressing and drying of
cellulosic fibres alter their physical characteristics including the substrate pore size and volume
which decreases cellulose accessibility (Hubbe, 2014). Pressing of cellulosic fibres removes inter-
fibre water and causes fibre aggregation, a process, which restricts cellulose accessibility.
Subsequent drying also leads to fibre hornification rendering dried substrates less susceptible to
enzymatic hydrolysis (H. Chen et al., 2012). Earlier work has shown that drying-induced fiber
hornification lowers enzymatic hydrolysis yields of cellulosic biomass (Fernandes Diniz et al.,
2004; Luo and Zhu, 2010; Luo et al., 2011; Welf et al., 2005). Therefore, since the pulp utilized
to produce filter paper undergoes both pressing and drying during the manufacturing process, it is
likely that the hydrolysis of the collapsed and hornified fibres of the Whatman No.1 filter paper
during the FPA may not be representative of the enzyme performance when a never dried substrate
is subjected to enzymatic hydrolysis. As well as changes in the fibres undergone during the
papermaking process, other characteristics such as cellulose crystallinity, pore volume and degree

of polymerization that have been shown to influence the ease of hydrolysis of cellulosic substrates
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are expected to differ among various types of purified celluloses such as Avicel, sigma cell, cotton

etc., (Fan et al., 1981; Zhang et al., 2006).

Therefore, these differences will also limit the ability of the FPA to predict the
hydrolytic potential of a cellulase cocktail when the cocktail is subsequently applied to other types
of purified celluloses. These issues with the FPA are likely further compounded when trying to
predict the hydrolytic potential of cellulases on the many types of biomass feedstocks and
pretreatments that are currently being investigated. Finally, the FPA is conducted within a
timeframe of 60 minutes, yet complete hydrolysis of most lignocellulosic substrates typically
requires at least 24 hours or longer. Thus, the FPA might not reveal the changes in cellulase activity

during a prolonged enzymatic hydrolysis.

Based on these considerations the major goal of the thesis research section was to
illustrate the potential deficiencies in the ability of the FPA by assessing the effects of the
differences between the filter paper and “real” lignocellulosic substrates that are likely to be
“never-dried” and contain cellulose that is accompanied by lignin and hemicellulose. Therefore,
the initial experiments involved replacing the Whatman No.1 filter paper with never-dried
cellulosic substrates that had a similar chemical composition to the filter paper, to assess the effects
of both papermaking and drying on the FPA. Subsequently, the Whatman No.1 filter paper was
replaced with paper made from organosolv pretreatment to evaluate how the FPA reflects cellulase
activities on a substrate that contains cellulose, lignin, and hemicellulose.

3.1.2. Effects of papermaking on the hydrolytic efficiency of cellulase mixtures

It was hypothesized that the cellulase activity measured on dry Whatman No.1 filter

paper during the FPA was not a true representation of the enzyme activity on a substrate that has

not undergone the drying and papermaking process. During the papermaking process, the cell walls
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in the pulp fibres collapse and form extensive hydrogen bonds during the forming, pressing and
drying steps. Drying often causes an irreversible hardening of the cellulose-hemicellulose-lignin
matrix referred to as “hornification”. Hornification has been shown to limit cellulose accessibility
to the cellulases thereby compromising hydrolysis yields (Esteghlalian et al., 2001; Fernandes
Diniz et al., 2004; loelovich and Morag, 2011). Therefore, we hypothesized that the pressing and
drying steps during the paper making process used to produce filter paper would have a detrimental
effect on the ability of the FPA to predict the hydrolytic potential of real cellulosic substrates that
typically do not undergo pressing and drying.

To delineate the effects of papermaking and drying, the FPA using the regular
Whatman no.1 filter paper was initially tested and compared to the FPA performed with filter
paper that was disintegrated prior to being used in the assay. We also postulated that suspending
the Whatman No.1 filter paper in the sodium citrate buffer for 24 hours prior to adding the enzymes
would help to “open up” or swell the hornified fibers so that the cellulase enzymes could access
the cellulose. Therefore, four sets of cellulase activity measurements were set up involving
substitituion of Whatman No. 1 filter paper with a pre-wetted (for 24 hours) Whatman filter paper,
disintegrated Whatman filter paper and disintegrated Whatman filter paper with pre-wetting (for
24 hours) (Figure 3.1).

As anticipated, disintegrating the Whatman No.1 filter paper increased the filter
paper units (FPU) of CTec 3 by 48% FPU/ g enzyme preparation (Figure 3.1). It is apparent that
disintegrating the Whatman No.1 filter paper “opened up” the cellulose fibers and increased the
surface area available for the cellulases to hydrolyze. Similarly, substrate disintegration reduced
the protein loading which released 2.0 mg reducing sugar in 60 minutes by 27% compared with

2.13 mg protein of CTec 3 enzyme mixture for the dry Whatman No.1 filter paper used in the
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standardized FPA. However, suspending the Whatman No.1 filter paper in sodium citrate buffer
for 24 hours prior to adding the cellulase enzymes (pre-wetted filter paper and pre-wetted
disintegrated filter paper) did not influence the filter paper activity measured when compared to
the samples that had not undergone the pre-wetting process.

These results indicated that pressing and drying processes during papermaking
compromise the FPA of the cellulase mixtures. Previous work on drying and papermaking revealed
that bleached Kraft pulps at a moisture content below 18%, exhibited irreversible changes in their
fiber due to hornification, and the effect was more pronounced on fibres which contain low

amounts of lignin and hemicellulose (Newman, 2004).
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Figure 3.1: Filter paper units (FPU) of CTEC 3 using different substrates (Whatman No.1 filter
paper, pre-wetted Whatman No.1 filter paper, disintegrated Whatman No.1 filter paper, prewetted,
and disintegrated Whatman No.1 filter paper in 50 mM sodium citrate buffer. Hydrolysis
conditions: 50°C for exactly 60 min. Error bars indicate the standard deviation (n=3).

While disintegrating the Whatman No.1 filter paper increased the FPU of CTec 3

during the 1-hour FPA, it was also of interest to investigate whether the same effect would be
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observed over an extended duration of enzymatic hydrolysis. Similar to the results observed with
the FPA, when dry and disintegrated Whatman No.1 filter papers were subjected to enzymatic
hydrolysis, an increase in hydrolysis yields were observed when using the disintegrated Whatman
no.l filter paper (Figure 3.2). After 48 hours, hydrolysis yields reached up to 62% and 86%
cellulose hydrolysis for disintegrated filter paper at 10 and 20 mg protein /g cellulose respectively.
It should also be noted that during the first 4 hours of hydrolysis, the reducing sugar yields for both
the substrates at an identical protein loading were similar. However, when the duration of the
enzymatic hydrolysis was extended, both substrates exhibited different hydrolytic profiles. This
indicated that the FPA, which is carried out over 60 minutes, might not be representative of the
hydrolytic potential of cellulase mixtures over the 24-48 hours which is typically necessary to

obtain conversion of >70% of the cellulose to glucose.
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Figure 3.2: Cellulose hydrolysis of Whatman No.1 filter paper and disintegrated Whatman No.1

filter paper at 10 mg/g cellulose and 20 mg/g cellulose for 48 hours. Hydrolysis conditions: 50°C,
5% solids loading and 150 rpm shaking.

55



3.1.3. Changes in cellulase activity when hydrolyzing cellulosic substrates from their
never-dried state to air-dried and paper state

To evaluate the effects of drying on the filter paper activity, never dried fibres were
compared to those that had undergone drying under FPA conditions. Initially the chemical
composition of the Whatman filter paper was measured indicating that the substrate consisted of
96% cellulose and 4% hemicellulose (Table 3.1). Bleached pre-hydrolyzed Kraft pulp (PHK) was
used as a substrate to mimic the Whatman No.1 filter paper substrate since it had a similar chemical
composition to the Whatman No.1 filter paper (Table 3.1). To assess the effects of drying, the
PHK pulp was used and substituted in the FPA and compared to PHK fibres that were air dried in
a fume hood prior to assessment using the FPA. The PHK pulp was formed into sheets and

subsequently disintegrated to again assess the effects of papermaking on the FPA.

Table 3.1: Carbohydrate and lignin composition of cellulosic substrates

Substrate Compositional analysis of cellulosic substrate (%)

Ara Gal Glu Xyl Man AIL  ASL

Whatman No.1 FP 0.5+0.0 0.1+0.0 96.0+0.8 1.6+0.0 1.7+0.0  bdl 0.1+0.0
PHK pulp 0.4+0.1 0.3+0.2 94.5+04 3.6x0.6 0.0+0.0 bdl 0.3+0.1
Dissolving pulp 0.7#0.2 0.1+0.0 95.4+0.3 2.8+0.5 25+0.4  bdl 0.2+0.1

Mean + Standard deviation; Ara - Arabinan; Gal — Galactose; Glu — Glucan; Xyl — Xylan; Man — Mannan; AIL — Acid
insoluble lignin; ASL — Acid insoluble lignin; bdl — below detectable levels; FP — filter paper

Surprisingly, it was apparent that the filter paper activity results using the PHK
formed paper (148 FPU/ g of enzyme preparation) were almost the same as those obtained with
Whatman no 1 filter paper (139 FPU/ g of enzyme preparation). Therefore, the PHK pulp seemed
to be a good representation of a substrate that has a similar response during the FPA as the

Whatman no. 1 filter paper. On average, air-drying and papermaking reduced the CTec 3 activity
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on PHK pulp by 60% FPU/g enzyme preparation (Figure 3.3). There is no big difference in the
FPU of PHK air-dried fibers and PHK filter paper, which indicated that the reduction in CTec
activity was mostly caused by drying rather than the papermaking process. When the PHK filter
paper was disintegrated, the CTec 3 activity increased but could not reach the same level as the

FPU results obtained using the never-dried fibres.
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Figure 3.3: Filter paper units of CTEC 3 using different substrates (PHK never-dried fibers, PHK
air-dried fibers, PHK filter paper, and PHK disintegrated filter paper) in 50 mM sodium citrate
buffer. Hydrolysis conditions: 50°C for exactly 60 min. Error bars indicate the standard deviation
(n=3).

The high CTec 3 activity when hydrolyzing the never dried PHK fibers was
indicative of the higher substrate accessibility of the never dried fibres, which was lost when the
fibres had undergone drying either via air drying or during the production of paper sheets. The
reduction in CTec 3 activity exhibited by air-dried pulp and filter paper is likely due to fibre

hornification, which has been shown to decrease cellulose accessibility via the formation of fibre

aggregates. It was apparent that disintegration only partially restored the cellulose accessibility of
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the PHK paper, thus the effects of hornification were only partially reversible. Since never-dried
pretreated biomass will typically be used for enzymatic hydrolysis, the drying undergone by fibres
during the production of the Whatman filter paper appears to severely compromise the ability to

estimate the true activity of cellulases on never dried substrates.

Although drying-induced fiber hornification significantly reduced CTec 3 activity on
PHK within the 60-minute timeframe of the FPA, it was unclear whether the hydrolysis yields
would be affected if the hydrolysis was extended over a longer time. When the hydrolysis time for
the PHK substrates with and without drying and disintegration was extended to 48 hours using an
enzyme loading of 20 mg/g cellulose (Figure 3.4), the trend observed for the hydrolysis yields was
similar to the trend observed after 60 minutes during the FPA (Figure 3.3). A similar trend was
observed in earlier work which assessed the effects of drying on never dried fully bleached Kraft

pulp and its subsequent ease of enzymatic hydrolysis (Esteghlalian et al., 2001).
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Figure 3.4: Cellulose hydrolysis of PHK filter paper, PHK air-dried fibers, PHK disintegrated filter

paper and PHK never-dried fibers at 20 mg/g cellulose for 48 h hydrolysis. Hydrolysis conditions:
50°C, 5% solids loading and 150 rpm shaking.
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It was apparent that, after 48 hours of hydrolysis, the PHK never-dried fibers
hydrolyzed better than the PHK disintegrated filter paper, filter paper and air-dried fibers (Figure
3.4). However, the PHK paper and air-dried fibres showed the same hydrolysis profiles, which
differed slightly from what was observed in the FPA measurement as the PHK filter paper had a
slightly higher FPA than did the PHK air-dried pulp. This difference could likely be attributed to
the effects of shaking at 150 rpm during the 48-hour hydrolysis, which likely improved the mixing
of the air-dried fibres compared to the static hydrolysis conditions employed during the standard
FPA procedure.

3.1.4. Characterizing the effect of hornification on enzymatic hydrolysis

It has been reported that the cell wall lumens of never-dried pulps are swollen, porous
and accessible (Laivins and Scallan, 1996). Drying and pressing causes collapse of the swollen
lumens and increases the degree of cross-linking of adjacent microfibrils inter-linked by strong
hydrogen bonds (H&ggkvist et al., 1998). This “hornification” results in a reduction in the
accessible surface area of cellulose, which inhibits effective enzymatic hydrolysis (Haggkvist et
al., 1998; Laivins and Scallan, 1996). The effects of fiber-induced hornification and drying of

cellulosic substrates has often been measured using the water retention value (WRV) technique.

The WRYV concept was introduced by Jayme (1944) to evaluate the pore closure
changes that pulps and fibers undergo during drying and rewetting processes. This technique
attempts to quantify the water trapped in the inner pores of cellulosic substrates after
centrifugation. Centrifugation removes excess water from cellulose fibers, leaving behind only
water inside the cell wall (Jayme, 1944). Thus, we used the WRYV to assess the extent by which

cellulose accessibility was affected by drying. The degree of hornification was defined as the
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reduction in WRV expressed as grams of water retained in fibers per gram of wetted fibers (g

water/g fiber).
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Figure 3.5: The extent of fibre swelling of various cellulosic substrates contrasted to their ease of
enzymatic hydrolysis. Cellulose hydrolysis experiments were performed at 5% solids loading
using a cellulase loading of 20 mg/g substrate cellulose, 50°C, and 150 rpm.

The never-dried PHK pulp exhibited the highest WRV of 2.3 g water/g fiber as
compared to the PHK air-dried pulp and PHK filter paper (Figure 3.5). Disintegration increased
the WRYV of the Whatman No.1 filter paper and PHK filter paper from 1.1-1.9 g water/qg fiber, and
1.7-2.1 g water/g fiber (Figure 3.5). It is apparent that disintegration partially restored the WRV
of both the Whatman and PHK filter paper. Similarly, Chen et al. (2012), mechanically refined
oven-dried bleached hardwood and softwood pulps which consequently increased the WRYV of the
pulp substrates. The hydrolysis yields (after 48h) of the never-dried, air-dried, paper and

disintegrated fibers were also correlated with the WRYV results (Figure 3.5).
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It appeared that the increased cellulose hydrolysis observed at 48 hours correlated
well with the WRV. It was also apparent that drying of the substrates compromised the
accessibility of the pulp to water as well as enzymes. Therefore, it may be more representative to
use never dried pulp substrates in the FPA to obtain a more accurate assessment of the hydrolytic
potential of a given cellulase cocktail. However, the use of wet substrates will present other
difficulties since their moisture content would need to be standardized and these wet substrates

would be sensitive to microbial degradation during storage.

As well as using WRV to assess accessibility, several other studies have suggested
that the Simons’ staining technique can provide a good estimate of cellulose accessibility. It has
been shown that this assay is a good predictor of how well a given substrate will be hydrolyzed by
cellulase enzyme mixtures (Arantes and Saddler, 2011; Chandra et al., 2008, 2016; Chandra and
Saddler, 2012; Hu et al., 2011). The Simons’ staining method is based on the adsorption of a Direct
Orange dye onto the cellulose fibers since. The >100kDa portion of the dye has been shown to
have a diameter of 5-7 nm which is similar to the rate limiting pore size for enzymatic hydrolysis
(Grethlein et al., 1984; Stone et al., 1969). Hence, the adsorption capacity of the orange dye
molecule by cellulosic fibers has been suggested to better represent how cellulase enzyme

components might access the cellulose.

Similar to previous work, the Simons staining values reflected the ease of hydrolysis
of the substrates closely with an r? value of 0.93 (Figure 3.6). Again it was apparent that drying
severely compromised enzymatic hydrolysis while disintegration partially recovered some
cellulose accessibility (Figure 3.6). Thus, it was very likely that the detrimental effects of drying
played a key role in limiting the effectiveness of the FPA in predicting the ease of hydrolysis on

pretreated substrates that are typically “never-dried”.
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Figure 3.6: The adsorption of the enriched (> 100 kDa) DO dye of various cellulosic substrates
contrasted to their ease of enzymatic hydrolysis. Cellulose hydrolysis experiments were performed
at 5% solids loading using a cellulase loading of 20 mg/g substrate cellulose, 50°C, and 150 rpm.

3.1.5. Comparing the use of other pure cellulosic substrates to the Whatman No.1
filter paper in the FPA

In addition to issues with the filter paper substrate itself, the chemical composition
of the Whatman No.1 filter paper indicates that the substrate is mainly composed of highly purified
cellulose (Table 3.1). However, the various methods that “pulp” and/or “bleach” to obtain purer
form of cellulose will results in a range of cellulosic substrates which will vary in their properties.
Therefore, although different cellulosic substrates might possess a similar amount of cellulose, the
hydrolytic activity of cellulase mixtures acting on these substrates might be variable due to

differences in their physio-mechanical characteristics imparted by processing.

Thus, the FPA may be limited in its ability to predict the hydrolytic potential of

cellulase enzymes even within sets of highly purified cellulose samples. To test this hypothesis,
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an initial enzymatic hydrolysis was conducted on the commercial cellulosic substrates, dissolving
pulp, and Whatman No.1 filter paper at 5% solids loading for 48 hours at 20 mg/g cellulose protein
loading. The Whatman No. 1 filter paper and dissolving pulp possessed a relatively similar glucan
content of over 95%dwt (Table 3.1). In previous work other commercial cellulosic substrates
(avicel, microgranular cellulose, sigmacell cellulose, fibrous medium cellulose, and fibrous long

cellulose) were shown to contain more than 90% cellulose (Chandra and Saddler (2012).

With the same enzyme and solids loading, the various cellulosic substrates resulted
in significantly different hydrolytic profiles (Figure 3.7). When the hydrolysis time was extended
to 48 hours, the sigmacell cellulose, dissolving pulp and Whatman No.1 filter paper hydrolyzed
far better than the Avicel, microgranular, fibrous medium and fibrous long cellulose. Thus, it was
apparent that each of the different types of cellulose hydrolyzed to varying extents despite having
similar chemical composition. These results are similar to those of Chandra and Saddler (2012)
who used the Simons’ staining technique to assess the cellulose accessibility of various cellulosic

substrates.

It was apparent that the FPA, which uses the Whatman No.1 standardized filter paper
substrates, may not adequately assess the hydrolytic performance of cellulase mixtures on
substrates even when they have a similar chemical composition. It was also likely that the presence
of lignin and hemicellulose might further compound the issues of the FPA in predicting the ability
of cellulase cocktails to hydrolyze real lignocellulosic substrates. Due to the high cost of removing
lignin, realistic pretreated substrates will typically contain some amount of residual lignin as well
as hemicellulose. Therefore, we next investigated the impact that the presence of lignin and

hemicellulose might have on the efficacy of the FPA.
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Figure 3.7: Enzymatic hydrolysis of pure cellulosic substrates at 5% solids loading and protein

loading of 20 mg protein/ g cellulose in 50 mM sodium acetate buffer. Hydrolysis conditions:
50°C, 150 rpm. Error bars indicate the standard deviation (n=2).

3.1.6. Influence of lignin and hemicellulose within the substrate on the efficacy of the
filter paper assay

The large number of combinations of pretreatments and biomass types will result in
a large number of biomass substrates (Chandra et al., 2007; Maurya et al., 2013; Sun et al., 2016).
Therefore, it is challenging to recommend a standardized lignocellulosic substrate that might be
representative of other substrates when used in a standardized cellulase activity assessment.
Therefore, to assess the possible effects of hemicellulose and lignin on the FPA, an organosolv
pulp was produced using conditions and steps described earlier in section 2.3.2. The organosolv
substrates provided fibres that contained lignin but could still be readily formed into paper sheets

at the same target weight as the Whatman No.1 filter paper.
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Table 3.2: Carbohydrate and lignin composition of Whatman No.1 filter paper and Organosolv
pretreated substrates

Substrate Compositional analysis of cellulosic substrate (%0)

Ara Gal Glu Xyl Man AlL ASL
Whatman No.1 FP  0.5£0.0 0.1+0.0 96.0+0.8 1.6+0.0 1.7+0.0 bdl bdl
0.5% acid 0.3+0.0 0.2+0.0 53.4+1.8 11.35+0.5 2.9+0.3 25.5#5.1 0.1+0.0
1% acid 0.4+0.0 bdl 61.09+£3.1 5.78+0.5 1.7+0.0 28.9+2.8 0.1+0.0

Mean + Standard deviation; FP — filter paper; 0.5% acid - 0.5% acid pretreated organosolv maple; 1% acid - 1% acid
pretreated organosolv maple; Ara - Arabinan; Gal — Galactose; Glu — Glucan; Xyl — Xylan; Man — Mannan; AIL —
Acid insoluble lignin; ASL — Acid insoluble lignin; bdl — below detectable levels.

The 0.5% acid pretreated organosolv maple (0.5% acid) and 1% acid pretreated
organosolv maple (1% acid) were formed into filter paper that contained 53.4%dwt and 61.1%dwt
cellulose content respectively (Table 3.2). The 1% acid had a higher lignin content (28.9%dwt) as
compared to 0.5% acid (25.5%) likely due to the hydrolysis of the hemicellulose component at the
higher acidity, which increased the proportion of lignin in the substrate. The total hemicellulose-
derived sugars (arabinose, galactose, mannose, and xylose) present in the 0.5% acid and 1% acid
treated substrates was 14.8%dwt and 7.9%dwt respectively (Table 3.2). These substrates were
quite different when compared to the Whatman No.1 filter paper, which contained 96%dwt

cellulose and 4%dwt total hemicelluloses (Table 3.1).

When assessing the standardized FPA using the Whatman No.1 filter paper, a result
of 139 FPU/ g enzyme preparation was obtained (Figure 3.8). In the presence of the hemicellulose
and lignin that were contained in the organosolv substrates, the filter paper activity on the filter
paper made using the 1% acid, and 0.5% acid organosolv treated substrates decreased to 79 and
66 FPU/ g of enzyme preparation respectively. The filter paper derived from the 0.5% acid
organosolv substrate appeared more recalcitrant when compared to the paper derived from the

organosolv treatment employing a 1% acid charge.
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It was apparent that the higher severity organosolv conditions using 1% acid filter
paper (section 2.3.2) removed more hemicellulose and likely decreased the cellulose DP,
consequently reducing substrate recalcitrance. Previously, Pan et al. (2008) also showed that using
a higher acid concentration during organosolv pretreatment contributed to a lower degree of
polymerization of cellulose, lower cellulose crystallinity, and a smaller fiber size. This resulted in
an increase in cellulose hydrolysis. It was evident that the presence of lignin and hemicellulose in
both the 0.5% acid, and 1% acid filter paper reduced the CTec 3 activity by approximately 47%
FPU/ g enzyme preparation (Figure 3.8). This indicated the higher recalcitrance of pretreated

lignocellulosic substrates that contained lignin and hemicellulose.
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Figure 3.8: Filter paper units of CTEC 3 using different substrates (Whatman No.1 filter paper,
1% acid pretreated organosolv maple filter paper, and 0.5% acid pretreated organosolv maple filter
paper) in 50 mM sodium citrate buffer. Hydrolysis conditions: 50°C for exactly 60 min. Error bars
indicate the standard deviation (n=3).

When the Whatman No.1 filter paper, and paper made from 0.5% acid, and 1% acid

pulps were disintegrated and subjected to prolonged hydrolysis at a 5% solid loading with 20 mg
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protein/g cellulose for 48 hours, the disintegrated filter paper from the organosolv pulp produced
using 0.5% acid was the most recalcitrant as only a 63% hydrolysis yield was obtained after 48
hours. However, the disintegrated sheet which used the organosolv pulp using 1% acid actually
hydrolyzed to a higher yield than did the disintegrated Whatman No.1 filter paper (Figure 3.9),
even though the FPA of the organosolv substrate was just over half that of the filter paper (Figure
3.8). Earlier work by Pan et al. (2008) showed that the use of a higher acid concentration during
organosolv pretreatment contributed to a lower degree of polymerization of cellulose, lower
cellulose crystallinity, and a smaller fiber size, thus resulting in an increase in cellulose hydrolysis.
This indicated that, at a fixed solids (%w/v) and protein loading using an extended hydrolysis
residence time, the FPA results did not reflect the hydrolytic potential of CTec 3 cellulase
preparation on these substrates. Consequently, the FPA might not be representative of the

hydrolytic potential of the same enzyme on realistic lignocellulosic biomass.
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Figure 3.9: Cellulose hydrolysis of Whatman No.1 filter paper, 1% acid pretreated organosolv

maple filter paper, and 0.5% acid pretreated organosolv maple filter paper at 20 mg/g cellulose for
48-hour hydrolysis. Hydrolysis conditions: 50°C, 5% solids loading and 150 rpm shaking.
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3.1.7. Conclusions

In this section of the thesis, we tried to elucidate the role that substrate heterogeneity
will likely play in influencing our ability to accurately predict the hydrolytic potential of cellulase
enzyme mixtures on a range of substrates. Although Whatman No.1 filter paper might have a
similar chemical composition to that of other cellulosic materials, the hydrolytic performance of
CTec 3 on other, “purer”, cellulosic substrates the results were quite different. The fact that the
Whatman No.1 filter paper used in the standardized FPA is dry greatly influenced its ability to
predict how a cellulase mixture might hydrolyze a never dried substrate. When lignin and
hemicellulose are present in a substrate, the substrate becomes more heterogeneous making it even
more difficult to standardize the “cellulase” assay. It was also apparent that the current one-hour

assay used in the FPA was not representative of the sugar released over longer hydrolysis times.
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3.2. Can the filter paper assay assess the enhancement in hydrolysis yields when cellulases
are supplemented with accessory enzymes to better hydrolyze pretreated
lignocellulosic substrates?

3.2.1. Background
It was apparent that the nature of the cellulose, the processing conditions (forming,

pressing and drying during papermaking), and the presence of lignin and hemicellulose all
influenced the cellulase activity measured using the FPA. In all cases the filter paper activity was
significantly lower when a substrate containing hemicellulose and lignin was substituted in the
FPA for Whatman no 1. Filter paper. As discussed earlier, both lignin and hemicellulose have
been shown to limit the accessibility of cellulase enzymes to cellulose (Berlin et al., 2005b;

Scheller and Ulvskov, 2010; Siqueira et al., 2017).

Therefore, to try to deal with lignin and hemicellulose limiting cellulose hydrolysis,
enzyme cocktails have been developed to include hemicellulose and/or lignin
degrading/modifying enzymes (accessory enzymes) that act synergistically with the cellulases to
breakdown the complexed pretreated lignocellulosic substrates (Berlin et al., 2005a; Gao et al.,
2011; Hu et al., 2014, 2013, 2011; Sun et al., 2015; Varnai et al., 2011). The addition of these
accessory enzymes has been shown to have a tremendous effect on reducing the overall cellulase
loading required to hydrolyze pretreated lignocellulosic substrates (Hu et al., 2011). However, it
was likely that the FPA might be insensitive to the beneficial contributions of accessory enzymes

and other, potentially “lignin blocking” proteins, such as BSA, in the cellulase cocktail.

It has been suggested that accessory enzymes hydrolyse hemicellulose resulting in
increased cellulose accessibility to the cellulases (Arantes and Saddler, 2011; Gourlay et al., 2013;
Hu et al, 2011). The synergism among the cellulase enzymes (cellobiohydrolases,

endoglucanases, and B-glucosidase) act in concert to break down cellulose (Henrissat et al., 1985;
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Kostylev and Wilson, 2012), while the synergism among cellulases and accessory enzymes
(LPMOs, swollenin, xylanases, mannanase, BSA, pectinase, esterase) specifically breakdown
pretreated lignocellulosic substrates (Gourlay et al., 2013; Hu et al., 2011; Jung et al., 2015; Li et

al., 2014; Selig et al., 2008; Varnai et al., 2011; Yang and Wyman, 2006).

Different pretreatments produce lignocellulosic substrates with different
compositions, which may require varying enzyme requirements for complete hydrolysis. Recently
the newly advanced cellulase cocktails such as the CTec series (Cellic CTec 1, CTec 2, and Cellic
CTec 3) from Novozymes have been developed. These enzyme mixtures have made a significant
impact by enhancing hydrolysis using lower protein loading, especially when hydrolyzing xylan
rich substrates (Sun et al., 2015). Though the Novozymes approach has been beneficial in
improving the cellulase cocktails to hydrolyze complex lignocellulose, Rana and Ahring (2015)
reported that CTec 2 cellulase preparations were not effective when hydrolyzing softwood
(loblolly pine) as compared to corn stover. The same study also revealed that supplementation of
CTec 2 with fungal strains from T. reesei RUT-C30 enhanced the mannan and cellulose hydrolysis
(Rana and Ahring, 2015). Other workers (Hu et al., 2011) replaced cellulase enzymes by up to
86% with xylanases when hydrolyzing steam pretreated cornstover and realized gains of up to 19%
in cellulose and xylan hydrolysis. These findings support the notion of adding specific accessory
enzymes to cellulase cocktails that target specific substrates components. For instance, a cellulase
enzyme cocktail enriched with xylanase may be best suited for the hydrolysis of a deacetylated

corn stover substrate that contains up to 20-30% xylan (Chen et al., 2014; X. Chen et al., 2012).

The synergistic interaction of commercial cellulase mixture (CTec 3) with accessory
enzymes [hemicellulases preparations (xylanase and endo-mannanase)] and Bovine Albumin

Serum (BSA) was next assessed during the hydrolysis of a range of pretreated lignocellulosic
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substrates. It was thought that, although a synergistic enhancement in the hydrolysis yield could
be realized using a cellulase cocktail that contained accessory enzymes, these enhancements would
not be shown as an increase in cellulase activity when the activity of the same cocktail was
quantified using the standardized FPA.
3.2.2. Experimental design

The pretreated substrates were chosen based on the type/amount of hemicellulose
and lignin they contained. They were then matched with respective accessory enzymes that were
anticipated to function synergistically with cellulases to enhance their hydrolysis. Bovine Serum
albumin (BSA) was used to replace a portion of cellulase enzymes in the lignin-rich steam
pretreated softwood because of its ability adsorb and “block lignin”, consequently decreasing non-
specific binding of cellulases (Kim et al., 2014; Yang and Wyman, 2006). Mannanases and
xylanases were used to replace a portion of the cellulase mixture to hydrolyze the mannan and

xylan rich pretreated substrates (Hu et al., 2011; Malgas et al., 2015).

The protein loading was fixed at a minimum cellulase loading required to achieve
greater than 70% cellulose hydrolysis for all of the substrates (Table 3.3). The cellulase cocktail
was then replaced with 10%, 20%, 50% and 100% of each of the accessory enzymes and BSA on
a protein basis. For each replacement, the changes in total cellulase activity under FPA conditions
was measured and correlated to hydrolysis yields. Finally, the Whatman No.1 filter paper that was
used in the FPA was hydrolysed using the cellulase cocktail that was amended with accessory
enzymes. This was done to assess the influence of accessory enzymes on their ability to hydrolyze

the cellulose-rich filter paper substrate.
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Table 3.3: Monosaccharide and lignin composition of pretreated lignocellulosic substrates and
Whatman No.1 filter paper (% dry weight).

Substrate Compositional analysis of cellulosic substrate (%0)
Ara Gal Glu Xyl Man AlL ASL

Whatman FP 0.5+0.0 0.1+0.0 96.0+0.8 1.6x0.0 1.7+0.0  bdl bdl
Organosolv maple 0.4+0.0  bdl 64.1+3.1 5.84£0.5 1.7¢0.0 28.9+2.8 0.1+0.0
SPS 0.4+0.0 bdl 55.5+0.8 1.1+0.0  bdl 37.6+5.1 0.4+0.8
SBKP 0.3£0.0 0.3x0.0 92.7+9.8 8.2+0.5 5.9+0.6  bdl bdl
HBKP 0.3£0.0 bdl 87.33.2 16.6+0.8  bdl bdl bdl
PD-TMP 0.8£0.0 1.8+0.0 47.5%0.2 49+0.1 16.1+0.3 156403 0.3+0.0
DACS 2.3£t0.0 0.7#0.0 49.9+0.1 17.1+0.1 bdl 16.1+0.2  0.2+0.0

Mean + Standard deviation; FP — filter paper; SPS-Steam pretreated softwood; SPCS-Steam pretreated corn stover;
SBKP-Softwood bleached Kraft pulp; HBKP-Hardwood bleached Kraft pulp; PD-TMP- partially delignified TMP;
DACS-De-acetylated corn stover; Ara - Arabinan; Gal — Galactose; Glu — Glucan; Xyl — Xylan; Man — Mannan; AlL
— Acid insoluble lignin; ASL — Acid insoluble lignin; bdl — below detectable levels; %dwt - % dry weight.

Table 3.4: Enzymatic hydrolysis of pretreated lignocellulosic substrates for 72 hours using CTec
3 loaded at 15 mg/ g cellulose, shaking: 150 rpm, pH 4.8 and 5% solids loading, assessed for
percentage of cellulose, xylan and mannan hydrolysis and total reducing sugar yield.

Substrate Hydrolysis, % Total reducing sugar, g/l
Cellulose Xylan Mannan
Organosolv maple 83.4 86.6 NA 32.3
SPS 48.7 NA NA 14.9
SBKP 73.3 69.6 50.8 42.7
HBKP 78.7 82.6 NA 46.5
PD-TMP 39.6 NA 17.5 11.9
DACS 53.1 46.4 NA 19.0

Standard deviation: 0.1-0.8 (n=2); SPS-Steam pretreated softwood; SBKP-Softwood bleached Kraft pulp; HBKP-
Hardwood bleached Kraft pulp; PD-TMP- partially delignified TMP; DACS-De-acetylated corn stover; NA — Not

Assessed.
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3.2.3. Synergistic effect of cellulase, xylanase, mannanase, and BSA on pretreated
lignocellulosic substrates

3.2.3.1.  Xylan-rich substrates

a) Deacetylated Corn Stover

The de-acetylated corn stover (DACS) was chosen since it contained approximately
17% xylan. Therefore, the cellulase cocktail (CTec3) was partially replaced with a xylanase
enzyme preparation (multifect xylanases) which was anticipated to enhance the hydrolysis yields
of the de-acetylated corn stover. Multifect xylanase has been shown to exhibit high xylanase and
xylosidase activities (Hu et al., 2011). The xylan in xylan rich substrates is thought to be covalently
bonded to acetyl groups (branched) by ester bonds (Agger et al., 2010). Successful debranching of
xylan (removal of acetyl groups) through de-acetylation under alkaline conditions has a significant
impact on enhancing the rate and extent of enzymatic hydrolysis (X. Chen et al., 2012). The
enhancement in hydrolysis yields via de-acetylation has been attributed to an increase in cellulose

accessibility by removing the steric hindrance presented by acetyl groups (Grohmann et al., 1989).

The synergism between cellulase (CTec 3) and multifect xylanase enzymes when
hydrolyzing de-acetylated corn stover was investigated after a hydrolysis time of 4, 24 and 72
hours (Figure 3.10). After 4 hours, replacing 20% of the cellulase cocktail (20% Repl) increased
the hydrolysis by 5.7% (Figure 3.10A) while a 50% replacement of CTec 3 presented a similar
cellulose hydrolysis yield to the original enzyme cocktail (0% Repl) indicating that replacing
>50% of the cellulases perhaps limited the ability of the cocktail to hydrolyze cellulose. However,
replacing the cellulase cocktail with 20 and 50% xylanases increased the xylan hydrolysis by 23%

(20% Repl and 50% Repl respectively).

After 72 hours, it was apparent that substituting 50% of the cellulases led to a similar

hydrolysis yield as the cellulase cocktail without replacement although xylan hydrolysis was
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complete (Figure 3.10C). Interestingly, the use of 50% of CTec 3 (15 mg CTec 3/ g cellulose)
without xylanase supplementation when hydrolyzing DACS resulted in approximately a 2-fold
reduction in xylan and cellulose hydrolysis as well as the total reducing sugar (Table 3.4) as
compared to when xylanase was supplemented to CTec 3 at 1:1 enzyme ratio (Figure 3.10C-D).
This implied that CTec 3 synergistically cooperated with multifect xylanase to enhance cellulose

and xylan hydrolysis when commercial CTec 3 was replaced by up to 50%.
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Figure 3.10: Synergistic effect of cellulase and xylanase (A—D) on deacetylated corn stover with
the corresponding hydrolysis time for (A) and (B), and (C) being 4 h, 24 h, and 72 h respectively.
(D) is the total reducing sugar yield from different cellulase-xylanase replacement strategies. Error
bars indicate the standard deviation (n = 2). Repl - % of CTec 3 replaced by xylanases.

74



b) Organosolv pretreated maple

The synergism between CTec 3 cellulase mixture and multifect xylanase was further
investigated using the organosolv pretreated maple substrate that was detailed in section 2.3.2. The
organosolv pretreated maple had a lower xylan content (~6% xylan) compared to the de-acetylated
corn stover (Table 3.3). The organosolv pretreatment often results in a higher cellulose yield in the
solid phase, while the hemicellulose and lignin fractions are solubilized in the cooking liquor
(Nitsos et al., 2018; Zhao et al., 2009). This has been shown to improve the susceptbility of

organosolv substrates to enzymatic hydrolysis (Karnaouri et al., 2018).

After 4 hours, the cellulose hydrolysis of the organosolv pretreated maple increased
by 3.2% when CTec 3 was replaced by up to 10% xylanase (10%Repl) (Figure 3.11A). However,
when the hydrolysis time reached 72 hours, replacing 0%, 10%, 20% and 50% (0%Repl, 10%Repl,
20%Repl and 50%Repl) of the cellulase cocktail with xylanases resulted in relatively the same
cellulose and xylan hydrolysis yields as the cellulase cocktail without replacement (Figure 3.11C).
It was apparent that, likely due to the lower amount of xylan in the organosolv pretreated maple
substrate, that the replacement with xylanase was less effective in improving cellulose hydrolysis
yields. Previous work by Bura et al. (2009) showed that corn stover and poplar substrates that
contained a higher amount of xylan were far more responsive to xylanase treatments than

substrates that which contained <5% xylan.
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Figure 3.11: Synergistic effect of cellulase and xylanase (A—D) on organosolv pretreated maple
with the corresponding hydrolysis time for (A) and (B), and (C) being 4 h, 24 h, and 72 h
respectively. (D) is the total reducing sugar yield from different cellulase-xylanase replacement
strategies. Error bars indicate the standard deviation (n = 2). Repl - % of CTec 3 replaced by
multifect xylanase.

c) Hardwood bleached Kraft pulp

In contrast to the de-acetylated corn stover and organosolv pretreated maple, the
hardwood bleached Kraft pulp contained a high proportion of xylan (~17%) and was virtually
lignin free (Table 3.3). Thus, it was anticipated that the xylanases could potentially play a greater
role in acting synergistically with the cellulases since lignin was not present to compromise the

accessibility of enzymes to the cellulose and the hemicellulose. The Kraft pulping process
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removes lignin under highly alkaline conditions, which likely also results in the deacetylation of
the hemicellulose component in the hardwood. This is a similar effect to the targeted deacetylation

of the corn stover in the case of the DASC substrate, discussed earlier.
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Figure 3.12: Synergistic effect of cellulase and xylanase (A-D) on hardwood bleached Kraft pulp
with the corresponding hydrolysis time for (A) and (B), and (C) being 4 h, 24 h, and 72 h
respectively. (D) is the total reducing sugar yield from different cellulase-xylanase replacement
strategies. Error bars indicate the standard deviation (n = 2). Repl - % of CTec 3 replaced by
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Enzymatic hydrolysis results with partial replacement of the cellulase cocktail with
xylanases showed that the partial replacement of the cellulases with xylanase was beneficial during
the initial stages of hydrolysis (Figure 3.12A). However when the hydrolysis reaction time was

extended beyond 4 hours, the cellulases synergistically cooperated with the xylanase to maintain

77



the same cellulose and xylose hydrolysis yields for all of the tested enzyme cocktails (0%Repl,

10%Repl, 20%Repl, and 50%Repl) constant (Figure 3.12B-C).

These results suggested a high degree of synergism between the cellulases and
xylanases as substituting 50% of the cellulase cocktail with xylanases still resulted in the
hydrolysis of 80 and 100% of the cellulose and xylan respectively. Suprisingly, when 50% of
the initial cellulase loading (15 mg CTec 3/ g cellulose) was used without xylanase
supplementation to hydrolyze HBKP, there was a ~10% and ~25% reduction in cellulose and xylan
hydrolysis (Table 3.4) as well as the total reducing sugar. This seemed to indicate that the xylanase

was helpful in facilitating the hydrolysis of both the cellulose and the hemicellulose.

d) Determining the “overall” cellulase activity of the cellulase-xylanase enzyme

mixture

Supplementing a commercial cellulase cocktail (CTec 3) with xylanases to hydrolyze
a range of substrates that differed in their xylan and lignin contents revealed the important role
played by xylanase in facilitating the hydrolysis of the cellulose and hemicellulose especially in
the case of xylan rich substrates. However, although the substitution of a portion of the cellulases
with xylanases might aid in the hydrolysis of xylan rich substrates, it was likely that this
enhancement might not be reflected in an increase in filter paper activity, as measured by the FPA.
It was therefore of interest to assess the effects of replacing a portion of cellulase cocktail (CTec
3) with xylanases on the ability of the FPA to predict the hydrolytic potential of a cellulase-
xylanase mixture that was shown to effectively hydrolyze xylan rich substrates. Therefore, the
cellulase activity of a cellulase cocktail substituted with the various proportions of xylanases was

measured using the FPA.
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Figure 3.13: Filter paper units (FPU) of CTec 3 with xylanase. Error bars indicate the standard
deviation (n = 3). %Repl — percentage (%) of CTec 3 replaced by Xylanase

It was apparent that the replacement of the cellulase cocktail with xylanase resulted
in a decrease in total filter paper activity (Figure 3.13). Surprisingly, replacing only 10% of the
cellulase cocktail with xylanases (10% Repl) resulted in a 40% decrease in the measured FPU.
Further decreases, while replacing 50% of the cellulase cocktail, actually decreased the activity to
<50% of the cellulase cocktail without xylanase replacement (Figure 3.13). Thus, unlike the “real”
xylan rich substrates studied in the previous sections where there was synergism between
cellulases and xylanases, the cellulase enzymes seemed to be the only “essential components”

involved in the hydrolysis of the cellulose rich Whatman No.1 filter paper used in the FPA.
3.2.3.2.  Lignin-rich substrates

a) Steam pretreated softwood

Steam-pretreated softwood (SPS) substrates were used to asssess the possible

synergy between cellulases and the addition of BSA limiting enzyme binding to the lignin
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component (Table 3.3). Previous work had reported that, after steam pretreatment of softwoods,
the water-insoluble lignin and cellulose content of the substrate increases due to solubilization of
the hemicellulose in the liquid stream (Chandra et al., 2007; Nakagame et al., 2011a; Shevchenko
et al., 2001). The residual lignin in steam pretreated softwoods has been shown to play a pivotal
role in the ease of hydrolysis of the cellulose component as lignin removal from these substrates

has been shown to result in enhanced hydrolysis of the cellulose.

Mooney et al. (1998) suggested that the lignin present in pretreated softwoods
inhibits cellulose hydrolysis through steric hindrance of the cellulose, while other workers have
attributed it to unproductive binding of cellulases onto lignin rather than the cellulose (Berlin et
al., 2006a; Kumar et al., 2012; Nakagame et al., 2011b; Siqueira et al., 2017). The effects of lignin
on enzymatic hydrolysis are not readily alleviated through the synergistic action of accessory
enzymes. Therefore, rather than adding auxiliary enzyme activities to the enzyme cocktail, bovine
serum albumin (BSA) was used to replace a portion of the cellulase (CTec 3) to prevent
unproductive binding of cellulases to the surface of lignin as was demonstrated in previous studies

(Kim et al., 2014, Siqueira et al., 2017; Yang and Wyman, 2006).

Partial replacement of the cellulase cocktail with BSA resulted in similar hydrolysis
yields to the cellulase cocktail without replacement. However, when 50% of the cellulase cocktail
was replaced by BSA the hydrolysis yield underwent a slight decrease (50%Repl), (Figure 3.14A-
C). Although the partial replacement of the cellulases with BSA did not result in increases in
cellulose hydrolysis, it should be noted that when 50% of the maximum cellulase (15 mg CTec 3/
g cellulose) loading was used alone (without BSA supplementation) the cellulose hydrolysis yield
decreased to only ~49% (Table 3.4) as compared to the 65% when the BSA was added (Figure

3.14). These results suggest that the BSA was helpful in aiding the hydrolysis of the SPS substrate,
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but it is likely that the 38% lignin (Table 3.3) contained in the substrate presented a physical barrier

inhibiting hydrolysis while the BSA typically only helps partially alleviate non-productive
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Figure 3.14: Synergistic effect of cellulase and BSA (A-C) on Steam pretreated softwood with the
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Error bars indicate the standard deviation (n = 2). Repl - % of CTec 3 replaced by BSA.

b) Assessing total cellulase activity for the cellulase-BSA complexed enzyme

mixture

Similar to the experiments with xylan rich substrates in the previous sections where

the replacement of cellulases in the enzyme cocktail resulted in decreased filter paper activity when
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the modified cocktail was measured using the FPA, the activity of the cellulase cocktails
substituted with BSA were also measured using the FPA. Similar to what was observed with
xylanase enzyme, replacement of CTec 3 with BSA reduced the total cellulase (CTec 3) activity
in the FPA (Figure 3.15). The cellulase activity, decreased by 25%, 34% and 58% when the

cellulases were replaced with 10%, 20% and 50% with BSA respectively.

These results were anticipated since the Whatman No.1 filter paper is a highly
cellulosic substrate and BSA does not contribute enzyme activity, but rather acted as a lignin-
blocking agent. This is consistent with the findings of Yang and Wyman (2006) who found that
only a small amount of BSA was adsorbed by Avicel cellulose. Therefore, it was apparent that the
addition of protein to the enzyme cocktail, to decrease possible enzyme binding to the lignin within
“real” lignocellulosic substrates, such as steam pretreated softwoods, are not reflected in an

increase in the filter paper activity.
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3.2.3.3.  Mannan containing substrates

a) Partially delignified TMP

Compared to xylan rich substrates, there has been far fewer studies detailing the
ability of hydrolytic enzymes to breakdown mannan containing substrates. Due to their lower
degree of acetylation compared to xylans, galactoglucomannans are typically more labile and are
thus partially solubilized under highly alkaline Kraft pulping conditions. Similarly, the acidic
conditions employed during steam, organosolv or dilute acid pretreatments tend to hydrolyze and
solubilize the mannan component. Therefore, in order to preserve the hemicellulose in the water
insoluble substrate fraction, a thermomechanical pulp was used. Thermomechanical pulps involve
a pre-steaming of wood chips with subsequent mechanical defibration. However, these softwood
TMP pulps have been shown to be highly recalcitrant to enzymatic hydrolysis due to their high

lignin content (Boussaid and Saddler, 1999; Mooney et al., 1998).

Therefore, the TMP was subjected to partial delignification using sodium chlorite,
which reduced the lignin content and provided a substrate that contained approximately 16%
mannan (Table 3.3). It was predicted that replacement of a portion of cellulase cocktail with 10%,
20%, and 50% mannanase might boost the hydrolysis yields of a partially delignified TMP.
Previous work had shown that endo-f-mannanase have a high specificity for galactoglucomannan,
breaking it down to mannose at the reducing end, resulting in improved cellulose accessibility

(Katsimpouras et al., 2016; Tenkanen et al., 1997; Varnai et al., 2011).

Similar to the results observed earlier with the steam pretreated softwood, a 50%
substitution of the cellulase cocktail with mannanases resulted in a decrease in cellulose hydrolysis

but 10 and 20% replacements maintained the same hydrolysis yields as the initial 100% cellulase
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cocktail (0%Repl) with slight increases to the mannan hydrolysis (Figure 3.16). Employing a 50%
loading of the cellulase cocktail without mannanases resulted in a yield of only 39% (Table 3.4)
compared to the hydrolysis yield of >70% with the cocktail that contained 50% mannanases.
Therefore, similar to the results observed when replacing cellulases with xylanases in the enzyme
cocktail used to hydrolyze xylan rich substrates, it was evident that the mannanases and cellulases
worked together to increase the total glucose and mannose yields when applied to mannan rich

substrates.
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Figure 3.16: Synergistic effect of cellulase and mannanase (A-D) on partially delignified TMP
with the corresponding hydrolysis time for (A) and (B), and (C) being 4 h, 24 h, and 72 h
respectively. (D) is the total reducing sugar yield from different cellulase-mannanase replacement
strategies. Error bars indicate the standard deviation (n = 2). Repl - % of CTec 3 replaced by
mannanase.
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b) Softwood bleached Kraft pulp

Compared to the partially de-lignified softwood TMP described above that contained
15% lignin, the softwood bleached Kraft pulp (SBKP) was assessed as a mannan containing
substrate that was virtually lignin free, similar to the xylan-rich hardwood Kraft pulp discussed
earlier (Table 3.3). However, the SBKP also contained, 8% xylan, the cellulase cocktail was
substituted with both xylanases and mannanases to determine if these enzymes could act
synergistically with the cellulases to improve hydrolysis yields. It was apparent that after 72 hours,
substitution of the cellulase cocktail with the 50:50 mixture of xylanases and mannanases resulted
in an increase in cellulose, mannan and xylan hydrolysis compared to the 100% cellulase cocktail

(0% Repl). (Figure 3.17D).

It was also evident that the replacement of 20% of the cellulase cocktail with the
50:50 xylanase: mannanase mix was the most effective in increasing the total hydrolysis yields.
When the cellulase loading was reduced to 50% of the initial loading, the cellulose, mannan and
xylan hydrolysis yield all decreased by approximately 9%. Therefore, it was apparent that partially
substituting the cellulases with the xylanases and mannanases improved enzymatic hydrolysis

yields.
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Figure 3.17: Synergistic effect of cellulase, xylanase, and mannanase (A-D) on softwood bleached
Kraft pulp with the corresponding hydrolysis time for (A) and (B), and (C) being 4 h, 24 h, and 72
h respectively. (D) is the total reducing sugar yield from different cellulase-Xylanase-mannanase
replacement strategies. Error bars indicate the standard deviation (n = 2). Repl - % of CTec 3
replaced by Xylanases and mannanases.

c) Assessing the total cellulase activity for the cellulase-xylanase-Mannase

enzyme mixture

Since the previous section showed that the partial replacement of the cellulase
cocktail (Ctec 3) with a combination of xylanases and mannanases enhanced the total reducing
sugar yield of a softwood bleached Kraft pulp, similar to previous sections the activity of the

cellulase-mannanase-xylanase cocktail was quantified in the FPA. Unlike the actual enzymatic
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hydrolysis of the softwood bleached Kraft pulp and partially delignified TMP shown in the
previous sections (where mannanases and a mannanase-xylanase combination increased
hydrolysis yields), replacement of cellulases (CTec 3) with the mannanases and xylanases resulted
in a decreased measured FPA activity (Figure 3.18). The decrease in cellulase activity in the FPA
using the partially substituted cellulase cocktails was consistent with every substrate that was
studied in this section. Although it has been shown here and in other work that the adjustment of
cellulase cocktails based on the chemical composition of pretreated lignocellulosic substrates can
significantly reduce total cellulase loading and increase cellulase activity on lignocellulose, the
FPA seems insensitive to the enhancements provided by accessory enzymes. This is primarily due
to the differences between the cellulose-rich Whatman No.1 filter paper utilized in the FPA and

“real” pretreated lignocellulosic substrates that contain lignin and hemicellulose (Himmel et al.,
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Figure 3.18: Filter paper units (FPU) of CTec 3 with (A) mannanase, and (B) xylanase and
mannanase. Error bars indicate the standard deviation (n = 3). Repl - % of CTec 3 replaced by
mannanase, and xylanase and mannanase.

3.2.4. Hydrolysis of Whatman No.1 filter paper with different CTec 3 replaced
cocktails

Since the FPA is a one-hour assay, yet complete hydrolysis of cellulose takes at least

24 hours, it was of interest to assess whether the standardized FPA is representative of the
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hydrolysis yields obtained after hydrolyzing the Whatman No.1 filter paper for 72 hours using the
different cellulase cocktails. Similar to what was observed in the FPA results of a cellulase
preparation (CTec 3), the cellulose hydrolysis when cellulase enzymes were replaced with
mannanase, Xylanase and BSA decreased with an increase in cellulase replacement for all the

different cocktails (Figure 3.19).
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Figure 3.19: Synergistic effect of cellulase, xylanase (A), BSA (B), mannanase (C), and xylanase
and mannanase (D) when hydrolyzing Whatman No.1 filter paper corresponding to a hydrolysis
time of 72 hours. Error bars indicate the standard deviation (n = 2). Repl - % of CTec 3 replaced
by Xylanases, BSA, and mannanase. Hydrolysis conditions: 50°C, 150 rpm shaking, pH 4.8.

This again supports our earlier assertion that, when hydrolyzing a highly cellulosic

substrate like the Whatman No.1 filter paper, cellulases are the key enzymes. As such, the FPA is
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not reflective of the hydrolytic performance of certain enzyme mixture especially those which have
been developed to work on more realistic lignocellulosic substrates.
3.2.5. Conclusions

Substituting cellulase enzymes with accessory enzyme activities that are known to
enhance enzymatic hydrolysis of actual pretreated substrates was assessed. Lignocellulosic
substrates were produced to contain different amounts of cellulose, xylan, mannan and lignin. They
were subsequently used to assess how the addition of xylanase and mannanase, as well as the
ability of BSA to block enzyme adsorption to lignin, consequently increasing enzymatic hydrolysis
yields when these proteins were substituted for cellulases in the enzyme cocktail. The substitution
of the cellulase cocktails with accessory enzymes was shown to enhance or at least maintain
hydrolysis yields even though the enzyme cocktail contained a lower amount of cellulases.
However, it was evident that when the activity of the same enzyme cocktails containing accessory
enzymes were assessed using the FPA, the increases observed during the actual enzymatic
hydrolysis were not reflected in an increase in overall FPU activity. It was apparent that the high
cellulose content of the Whatman no.1 filter paper compromises the ability of the FPA to
effectively quantify the activities of accessory enzymes such as mannanases and xylanases on more

realistic lignocellulosic substrates.
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4. General conclusions and future work

4.1. Conclusions
The work in this thesis shed light on the shortcomings of the FPA and its ability to

predict the hydrolytic potential of a given cellulase enzyme cocktail. The limitations of the FPA
arise mainly from the characteristics of the Whatman No. 1 filter paper substrate that is used in the
assay. The process of drying and sheet-forming undergone by the Whatman No.1 filter paper used
in the assay decreases this substrates accessibility, resulting in an underestimation of cellulase
activity. Consequently, this compromises the prediction of cellulase activity on substrates that are
typically not dried or formed into sheets prior to enzymatic hydrolysis. The work also showed that
the Whatman No.1 filter paper substrate has a cellulose content >95%. The FPA exhibited
behaviour similar to that obtained with the hydrolysis of a pre-hydrolyzed Kraft pulp. This is a
high value purified cellulose feedstock typically used for the production of cellulose derivatives,
not for lower value applications such as enzymatic breakdown to sugar. This high cellulose content
of the filter paper substrate also compromises the ability of the FPA to predict the ease of
hydrolysis of typical pretreated lignocellulosic substrates that contain both hemicellulose and
lignin. When the Whatman No.1 filter paper used in the FPA was substituted with paper produced
using organosolv pretreated hardwood substrates, which contained up to 15% hemicellulose and
29%dwt lignin, it was likely that the lignin and hemicellulose compromised accessibility to the

cellulose.

We assessed the potential of changing the cocktail mix as one way of increasing
hydrolysis and lowering the cellulase enzyme protein loading required to obtain effective
enzymatic hydrolysis of real pretreated lignocellulosic substrates. These accessory enzymes have
been shown to work synergistically with cellulases to hydrolyze the non-cellulosic components,
such as hemicellulose, to increase the accessibility of cellulases to cellulose. This consequently

90



increases the cellulose hydrolysis yield and also the overall sugar yield from the biomass (cellulose
and hemicellulose). However, due to the highly pure cellulose used to produce the Whatman No 1
filter paper, it was likely that the filter paper assay did not effectively predict the hydrolytic
potential of cellulase cocktails when accessory enzymes were added. Therefore, in the second
section of the thesis substrates were prepared which varied in their xylan, mannan and lignin
content. The CTec 3 cellulase cocktail was then partially substituted with xylanases, mannanases
and BSA to potentially enhance the hydrolysis of the respective xylan, mannan and lignin rich
substrates. The addition of these accessory enzymes increased cellulose hydrolysis and overall
sugar yields and allowed for up to 50% of the cellulase cocktail to be substituted with the accessory
enzymes while maintaining virtually the same cellulose hydrolysis yield as the original cellulase
cocktail. However, when the cellulase cocktails that had been substituted with accessory enzymes
were tested in the FPA, it was apparent that, even though similar or increased hydrolysis yields
were obtained with these cocktails when they were applied to real substrates, these modified
cocktails showed reduced FPA reactivity. Unfortunately, it was apparent that the filter paper assay
was unable to predict the hydrolytic capability of these modified enzyme cocktails on real

pretreated lignocellulosic substrates.

The thesis work highlighted the shortcomings of the FPA with regard to predicting
the hydrolysis of real lignocellulosic substrates. However, the work also emphasised the high level
of variability that can result with regard to the substrates being hydrolysed by cellulase cocktails.
The substrate variability that arises from the numerous variables including, biomass heterogeneity,
processes such as drying or pressing, the type/conditions of pretreatments/pulping processes
employed, etc., all have an effect. As a result, it continues to be a significant challenge to develop

a “universal” assay to predict cellulase activity.
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4.2. Future work
4.2.1. Optimization of the “cellulase cocktail” for specific lignocellulosic substrate

The replacement of commercial cellulase preparation with accessory enzymes
enhanced reducing sugar yield upon hydrolysis. Thus, it was apparent that accessory enzymes
improved the cellulase activity of CTec 3 when hydrolysing lignocellulosic substrates, though this
improvement was not reflected in the standardized FPA. It was also apparent that adding accessory
enzymes based on substrate composition did result in an increase in the hydrolytic potential of that
particular enzyme mixture for that particular substrate. For instance, xylanase and mannanase
enzymes boosted the reducing sugar yields of xylan-rich and mannan-rich substrates respectively.
Though a chemical composition analysis was conducted on pretreated lignocellulosic substrates,
the commercial cellulase preparation (CTec 3) was not characterized for its composition in terms
of specific enzyme activity. Sun et al. (2015) characterized the CTec 3 enzyme to be rich in
xylanase and B-glucosidase enzymes. However the same study never assessed the composition of
other accessory enzymes such as the LPMOs in the cocktail, CTec 3 tolerance to inhibitors and
lignin effects and its thermos-stability (Sun et al., 2015). This should be done. This will enable us
to envisage how different cellulase cocktails can hydrolyse a range of substrates for which they
were custom-made.

4.2.2. Development of a prolonged throughput assay for lignocellulosic substrates

The current one-hour FPA assay does not predict the hydrolysis yields obtained when
the hydrolysis time is extended to a more realistic 48 to 72hours. Hence, further research should
be conducted to assess the influence of modifying/optimising enzyme cocktails and the appropriate
biomass substrates over a longer hydrolysis time preferably measuring cellulase activity at 12

hours, using high substrate concentrations.
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