Cellulase saccharification of rooibos biomass pretreated with

horseradish peroxidase

By

Mamosela Marriam Mohotloane

Submitted in fulfilment of the requirements for the degree

MASTER OF SCIENCE (BOTANY)

In the Faculty of Natural and Agricultural sciences
Department of Plant Sciences: Botany Division
University of the Free State

Bloemfontein Campus

November 2023

Supervisor: Dr. Mpho Stephen Mafa



Declaration

I, Mamosela Marriam Mohotloane, declare that the Master’s Degree research
publishable manuscripts/published articles that I herewith submit for the Master’s
Degree qualification in Botany at the University of the Free State is my
independent work, and that | have not previously submitted it for a qualification

at another institution of higher education.

W‘ m MO\NAMP& 27 November 2023

Mamosela Marriam Mohotloane Date

Plant Science Department



Dedicated to:

My mom,

Mpho Margret Mohotloane

&

My sister,

Reamohetswe Mohotloane

“Success 1s no accident. It is hard work, perseverance, learning,
studying, sacrifice and most of all, love of what you are doing or

learning to do.”— Pelé



Acknowledgements

I would like to express my gratitude to the following institutions:
¢ University of the Free State, Department of Plant Science and Centre for
Graduate Support, for resources and funding that made my studies a success.
¢ National Research Foundation (NRF) Thuthuka grant for funding my
research project.
+» Future Professoriate Programme for supporting my appointment as a Lab
research assistant in the Carbohydrate and enzymology laboratory (CHEM
Lab)

I would like to express my heartfelt gratitude to:

+«» Dr Mpho S Mafa (my supervisor) for his constant support throughout this
project. His impeccable work ethics, kindness, inspiring passion for research
and motivation to be the best version of myself. Thank you for believing in
me and showing me that any goal is attainable through hard work and
determination.

+» Prof Brett lvan Pletschke for his constant support.

+ Dr Orbett Alexander for assistance with FTIR and XRD analysis, and
valuable feedback.

+»* Hanlie Grobler for training and assistance with SEM analysis.

% My mom and sister (“my day ones”*¥") for their continued love, support, and
motivation. My pillars of strength, comfort and encouragement in moments
in my life, where i felt uncertainty. You’ve given me hope to move forward
without fearing the unknown. Thank you for believing in me and pushing

me to be my best. I wouldn’t be where | am without you®” .

I would like to thank God for the strength and guidance to complete my

studies.



Table of Contents

DT Fo 2 [0 USSR PP PRSI [
=T [Tox= U1 o] o ISP I
ACKNOWIBAGEMENTS ... bbb ii
TADIE OF CONTENTS ... bbbttt b et b e 1\
LiSt OF @DDIEVIALIONS ......eouieieiicie et Vi
LISE OF TIQUIES ...ttt be et e b e e be e sreenas viil
LISE OF TADIES.....e e et X
RESEAICH OULPULS ... ..ottt e st e b e e s reesneeneenneeneeas Xi
10 1010 4 T= 2P RSP OUPROPPRTPI 1
Chapter 1: General INTrOAUCTION ........cc.oiiiiiiiieieieee e 3
Chapter 2: LITErature FEVIEW ........cuiiiieieiieiiieeiie ettt 5
1. Summary of lignocellulose COMPOSITION ........c.ccueiiiiieiiiicce e 5
2. Biological pretreatments for sustainable lignin removal ...............ccccooov i, 6
2.1. Ligninolytic enzymes for delignification of lignocellulose .............ccccocvrvriiiinnn, 15
Nt O I Voo LSOOV 15
2.1.2. PEIOXIUASES .. veviviiieitieiieiie ettt bbb bbbt 17
2.1.3. Are there differences between lignin (LiP) and versatile peroxidase (VP)?..19

2.2. Hydrolytic enzymes for degradation of hemicellulose and cellulose....................... 23
2.3. Carbohydrate active non-hydrolytic and oxidative//reductase enzymes.................. 24
2.3.1. Lytic polysaccharide monooxygenase (LPMOs) de-crystallise cellulose......24
2.3.2. Expansins decrease the cellulose crystallinity via fibre chain loosening. ...... 26

2.4. Model of synergism: interplay between enzymatic pretreatment and biomass hydrolysis

.................................................................................................................................. 27

3. State of the art technology used to characterise the pretreatment effect on biomass. .. 29
3.1. Biomass topological studies using scanning electron microscope (SEM)............... 29
3.2. Measuring the chemical functional group of the biomass using FTIR analysis ...... 30
3.3. Determination of cellulose crystallinity using X-ray diffraction (XRD)................. 32
4. Problem STAteMENT........cui it 34
5. AIMS AN ODJECLIVES. ....ecvieiiic ittt e sraeaas 35

Chapter 3: Horseradish peroxidase delignification of fermented rooibos modifies biomass

structural and chemical properties and improves holocellulolytic enzyme cocktail
BT ICACY. . oot ba et 36
3L ADSEIACT. ...ttt ettt bbbt b e enes 36



I [ 011 (0o [0o3 (o) o [FURTRURRE RO R R RRTTRRR 38

3.3 Materials and MEtNOGS..........cceiriiieii e 40
S RESUILS ...ttt b et ne e nre e eres 46
KT oW 1] o] PP UTR 59
3.6 CONCIUSION ....viitiie ettt bbbt b e ne e 63
3.7 RETEIBICES ....oviiieie sttt bbbt 64
3.8 SUPPIEMENTANY GALA ......ccviieiiieiee e 71
Chapter 4: Elucidating the mechanism used by a peroxidase to change the structural and
chemical properties of cellulose and enhance cellulase activity............cccccevveveinenenn, 75
A1 ADSEFACE ..ottt bbb bbb bbb 75
v (11 oo 1 Tod o] o IR 76
4.3 Materials and MEthOaS. ........coviiiiiiee e 78
A4 RESUILS ..ot bbbttt 82
4.5 DISCUSSION. ...veevieriitestistesttetesseesee e stestesbesbesbeese e st et et e sbesbesbeebeaseeseeste st e ebesbesbesbenreaneeneens 91
I 03 Tod [1ES] o] o R 95
O =] (T =] T RS 96
Chapter 5: General discussion and CONCIUSION ...........cccceoeiieiieieiiie e 101
R EIBNICES ...ttt bbb b bbb re e 105
AAPPENAICES. ..ttt bbbttt bbb bbbt bbb bbbt 127



List of abbreviations

% Percent

AA Auxiliary activity

AAO Aryl alcohol oxidase

AcME Acetyl mannan esterases
APX Ascorbate peroxidase

BEK Bleached eucalypt kraft pulp
BRF Brown rot fungi

BWX Beechwood xylan

C.S Crystallite size

Cl/Cc4 Carbon number 1 or 4
Ca(OH): Calcium hydroxide

CBHI Cellobiohydrolase-I

CBM Carbohydrate binding modules
CMC Carboxymethyl cellulose sodium
COz Carbon dioxide

Crl Crystallinity index

Cu (I Copper(Il) oxide

CWDE Cell wall degrading enzymes
DNS Dinitrosalicylic acid reagent
DP Degree of polymerisation
Dyp Dye decolourising peroxidase
EG1 Endoglucanase-1

EG2 Endoglucanase-2

EGs Endoglucanases

EXLA Expansin-like A

EXLB Expansin-like B

EXLX Expansin-like X

EXPA a-expansins

EXPB [-expansins

FAE-1 Feruloyl esterase

Fe?* Ferrous ion

FTIR Fourier transform infrared spectroscopy

FWHM Full width half maximum

Vi



GH Glycoside hydrolase

GOD Glyoxal oxidase

GX Glucuronoxylan

H20 Water

H202 Hydrogen peroxide

H2S04 Sulfuric acid

H3PO4 Phosphoric acid

HCI Hydrochloric acid

HEC Holocellulolytic enzyme cocktail
HNO3 Nitric acid

HRP Horseradish peroxidase

I.P.C.C Intergovernmental Panel on Climate Change
KOH Potassium hydroxide

Lac Laccase

LiP Lignin peroxidase

LPMO Lytic polysaccharide monooxygenase
MnP Manganese peroxidase

NaOH Sodium hydroxide

nm Nanometer

NSSC Neutral sulfite semi-chemical pulp
OH Hydroxylic group

SBP Soybean peroxidase

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SEM Scanning electron microscope

SRF Soft rot fungi

viv Volume per volume

VAPs Value-added products

VP Versartile peroxidase

wiv Weight per volme

WAX Wheat arabinoxylan

WRF White rot fungi

XRD X-ray diffraction

vii



List of figures

Figure 2.1: The illustration of the direct and indirect mechanism of laccases

Figure 2.2: The Illustration of the mechanism of action of peroxidases

Figure 2.3: SEM images of untreated raw and delignified substrate

Figure 2.4: FTIR analysis showing three regions of interest, OH group region, phenolics/lignin
region and glycosidic bonds/holocellulose regions

Figure 2.5: X-ray powder diffractograms of Avicel, and Filter Paper samples

Figure 2.6: The Gaussian functions used to fit the X-ray diffraction data from a Avicel Control

Figure 3.1: Determination of HRP partial purity with SDS-PAGE.

Figure 3.2: The activity of the peroxidase enzyme on, guaiacol substrate at different enzyme
concentrations, on methylene blue dye and on 8 aminoquinoline

Figure 3.3: The determination of the impact of HRP treatment biomass topology using scanning
electron microscopy

Figure 3.4: Effects of horseradish peroxidase (HRP) enzyme on the chemical functional groups
of fermented rooibos samples using FTIR analysis

Figure 3.5: The HRP-pretreatment effect on the crystallinity of cellulose in the fermented
rooibos biomass using X-ray diffraction analysis

Figure 3.6: The reducing sugars produced by horseradish peroxidase (HRP) during Avicel
pretreatment

Figure 3.7: The sedimentation rate of horseradish peroxidase (HRP) pretreatment,

Figure 3.8: The effects of HRPpretreatment on the microcrystalline cellulose substrat (Avicel)
measured as a function of endoglucanase-1 (EG1), Endoglucanase-2 (EG2) or B-
glucosidase.

Figure 3.9: Substrate specific activity of the cellulases and xylanases on the xylan and cellulose
substrates

Figure 3.10: Formulations of the endoglucanase cocktail using different combinations of
endoglucanase 1 (EG1) and endoglucanase 2 (EG2).

Figure 3.11: Formulation of the cellulase cocktail composed of two endoglucanases (EG1 and
EG2) and exoglucanase (Exo)

Figure 3.12: The additive effect of xylanase on the endoglucanase cocktail activity and

reducing sugar yield

viii



Figure S11: The activity of the HRP on the guaiacol substrate. A, B and C show the colour
change due to the reaction, raw data from the kinetic read of the reaction, and the
calculated HRP activity, respectively

Figure S12: The activity of the HRP on the 8-aminoquinoline substrate. A and B show the color
change due to the reaction, and the calculated HRP activity, respectively

Figure S13: The effect of the HRP pretreatment on the endoglucanase (EG) activity. The HRP
pretreated Avicel and rooibos or the controls (including the H202 and inactivated
HRP) were catalysed by EG1 from A. niger and EG2 from Aspergillus sp

Figure 4.1: The Gaussian functions used to fit the X-ray diffraction data from an Avicel control.

Figure 4.2: SEM topological analysis of Avicel and filter paper

Figure 4.3: FTIR analysis of horseradish peroxidase (HRP) pretreated cellulose model
substrates

Figure 4.4: XRD diffractogram of the HRP-pretreatment cellulose model substrate Avicel (A)
and filter paper (B

Figure 4.5: The endoglucanase-1 (EG1) and endoglucanase-2 (EG2) activity assays on HRP
pretreated microcrystalline cellulose substrates (Avicel and filter paper

Figure 4.6: The synergy between EG1 and B-glucosidase tested using cellulose model
substrates.

Figure 4.7: Formulations of the holocellulolytic enzyme cocktail using different combinations
of endoglucanase 1 (EG1) and xylanase on fermented rooibos substrate

Figure 4.8: The application of the formulated cellulase and holocellulolytic enzyme cocktails
using the most effective combinations, 100% endoglucanase 1 (EG1) (A), and 50%
endoglucanase 1 (EG1)/50% Xylanase (B) on HRP pretreated fermented rooibos
substrate.

Appendices

Figure Al: A representation of the DNS (glucose) assay (A) and Bradford assay (B) standard
curves



List of tables

Table 2.1: The advantages and limitation of the developed pretreatment methods and their
effect on the biomass

Table 2.2: Represents the similarities and differences between lignin and versatile peroxidase
assays

Table 3.2: The HRP Biochemical properties and kinetic parameters

Table 4.1: Mean crystallite size (C.S) calculated, computed (deconvolution) crystallinity
indexing, and peak height crystallinity indexing for Avicel and filter paper samples

Table 4.2: Position of maximum (260), d-spacing, and full width at half maximum intensity

(FWHM) for Avicel and filter paper samples

Appendices

Table Al: Biochemical characterisation of ligninolytic and holocellulolytic enzymes
Table A2: Lignocellulose composition (as a percentage) of various biomass materials used for
biofuel production.

Table A3: The Functional group assignment of the biomass components



Research outputs

Conferences

% International Conference

Mamosela, M. Mohotloane, Brett, | Pletschke, and Mpho, S. Mafa. HRP pretreatment modifies
the structural and chemical properties of rooibos biomass, improving its saccharification by
enzyme cocktails. 4th International Conference of Bioresource Technology for Bioenergy,
Bioproducts and Environmental Sustainability (BIORESTEC). Italy, 2023 (Poster)

% Local conference

Mamosela, M. Mohotloane and Mpho, S. Mafa. Formulation of holocellulolytic enzyme
cocktail for hydrolysis of HRP-delignified rooibos bagasse for production of value-added
chemicals. The 32nd Annual meeting of the Catalysis Society of South Africa (CATSA). South
africa, 2022 (poster)

+¢ Science communication: NAS Flash facts Competition

Mamosela, M. Mohotloane and Mpho, S. Mafa. First place winner in the Botany Division
during the Plant science departmental flash fact competition and a finalist in the Natural and

Agricultural Science faculty competition.

Publications

% Mohotloane, M.M., Alexander, O., Pletschke, B.l. and Mafa, M.S., (2023). Horseradish
peroxidase delignification of fermented rooibos modifies biomass structural and chemical
properties and improves holocellulolytic enzyme cocktail efficacy. Biologia 78, 1943—-1959.
https://doi.org/10.1007/s11756-023-01424-4 (IF: 1.67, Q3)

% Mohotloane, M.M., Alexander, O., Adoons, V.N., Pletschke, B.l. and Mafa, M.S., 2024.
Peroxidase application reduces microcrystalline cellulose recalcitrance towards cellulase
hydrolysis in model cellulose substrates and rooibos biomass. Carbohydrate Polymer
Technologies and Applications, 7, p.100426. https://doi.org/10.1016/].carpta.2024.100426
(IF: 5.5, Q1). Note: the manuscript was published during the marking of the dissertation,

therefore, the title and the structure of the content underwent review. The publication may

slightly differ from the submitted chapter 4.

Xi


https://doi.org/10.1007/s11756-023-01424-4
https://doi.org/10.1016/j.carpta.2024.100426

Summary

Worldwide industrilization has led to economic activities (such as burning of fossil fuels) that
enhance greenhouse gas emmissions in the atmostphere, resulting in a phenomenon known as
global warming. Therefore, the use of agricultural residues to produce second generation
biofuel (2G) can lead to a reduction in carbon dioxide (CO2) emissions. However, it has been
challenging to produce biofuel from agricultural residues, due to the presence of lignin in the
plant biomass. Lignin causes non-specific binding of the glycoside hydrolases (GHSs) to the
biomass, reducing their efficiency. Therefore, it is vital to remove lignin before the production
of biofuel. Most chemical methods are effective in removing lignin but are expensive and
hazardous to the environment and human health. Hence, there is a need to find cheaper
alternative methods that are sustainable, renewable, and environmentally friendly, such as the
use of biological pretreatment. This study aimed to delignify fermented rooibos using purified
horseradish peroxidase (HRP) and to formulate a holocellulolytic enzyme cocktail for
conversion of the delignified fermented rooibos biomass to soluble sugars.

The results indicated that HRP was partially purified, with activity on guaiacol, 8-
aminoquinoline, and decolourised methylene blue dye. HRP had a pH optimum of 4.5 and
displayed a mesophilic temperature range. It had higher affinity towards guaiacol (Km= 0.082
mg/mL) compared to 8-aminoquinoline (Km= 0.221 mg/mL), but it efficiently catalysed both
guaiacol (63436.48 s1. mg/mL) and 8-aminoquinoline (59189.81 s1. mg/mL). The partially
purified HRP was used to pretreat the fermented rooibos biomass to remove lignin. Scanning
electron microscopic (SEM) analysis showed lignin removal, exposed microcrystalline
cellulose fibres and the changed structure of the biomass. These observations were
corroborated by the Fourier Transform Infrared (FTIR) spectroscopy, which showed reduction
of ester-linkages and phenolic functional groups. X-ray diffraction (XRD) analysis confirmed
that pretreated biomass had reduced crystallinity compared to the control (untreated) biomass.
Cellulose model substrates (Avicel and filter paper) were used to elucidate the mechanisms
HRP uses to reduce the crystallinity of cellulose fibres. The results suggest that HRP treatment
increased cellulose crystallite sizes from 45 to 47 nm at the 002 lattices in Avicel and decreased
from 60.7 to 59.3 nm in filter paper. These modifications enhanced hydrolytic enzymes’
accessibility (demonstrated using endoglucanase) to the pretreated rooibos biomass than the
control. Commercial cellulases and xylanases were used to formulate the holocellulolytic

enzyme cocktail (HEC). The HEC converted the HRP delignified rooibos biomass to soluble



sugars, producing about 95% vyield of total reducing sugars at enzymes load of 25 mg /g

biomass.



Chapter 1: General introduction

Carbon dioxide is an important gas used in plant photosynthesis and the most abundant
greenhouse gas in the atmosphere, mainly regulated by the carbon cycle. However, economic
activities (mainly burning fossil fuel) accelerate its accumulation in the atmosphere by
producing toxic gases such as carbon monoxide, leading to increased global temperature or
what is known as global warming (I.P.C.C 2007; Tian et al., 2018). These toxic gases disrupt
the regulation of carbon dioxide emissions. Therefore, several strategies, such as the production
of ethanol-based biofuel from forestry or agricultural residues, have been developed to decrease
carbon dioxide emissions (Tsegaye et al., 2019; Bhatia et al, 2020; Mafa et al., 2020b;
Saravanan at el., 2022). Biofuel (particularly second-generation biofuel) is a form of green
energy that can replace fossil fuel and regulate carbon dioxide through the carbon cycle, thus
minimizing the greenhouse gas emissions (Olsson and Hahn-Hagerdal 1996; Houghton 2005;

L.P.C.C 2007; de Gouvéa et al., 2019).

Second-generation biofuel has been studied for decades in the biorefinery sector, but it
continues to be a challenge to close the gap in the circular economy due to the presence of
lignin in the plant biomass (also known as lignocellulose) (van Dyk and Pletschke 2012;
Bagewadi ef al., 2017; Giacobbe et al., 2018; Kumar et al., 2020; Mafa et al., 2020b;). The
removal of lignin from the biomass via eco-friendly means and the application of enzyme
cocktails to degrade lignocellulose to simple fermentable sugars has been an obstacle, thus
resulting in a higher (expensive) price of biofuel compared to petroleum production (Olsson
and Harn-Hagerdal 1996). Therefore, it is imperative to do further research on more efficient
methods for lignin removal, which will result in a higher conversion of fermentable sugars
from lignocellulose degraded with formulated enzyme cocktails (van Dyk and Pletschke 2012;
Mafa et al., 2020b; Tiwari et al., 2023).

The major constituents of lignocellulose are cellulose, hemicellulose, and lignin (Malhotra and
Suman 2021). Cellulose and hemicellulose (known as holocellulose) are the sources of sugars
that can be fermented into ethanol or value-added products (VAP) (van Dyk and Pletschke
2012; Tian et al., 2018; Malgas et al., 2019; Kumar et al., 2020; Malhotra and Suman 2021;
Mustafa et al., 2022). Lignin is a phenolic-containing polymer that protects the plant by
reinforcing the cell wall (Tian et al., 2018; Kumar et al., 2020; Mnich et al., 2020; Malhotra

and Suman 2021; Mustafa et al, 2022). Cell wall reinforcement interrupts the enzyme-



substrate complex, thus inhibiting the conversion of the substrate to sugar products (Bagewadi
et al., 2017; Kong et al. 2017; Bhatia et al., 2020; Malhotra and Suman 2021; Sheng et al.,
2021). Therefore, it is for this reason that lignin must be removed before the lignocellulosic
biomass is hydrolysed through enzymatic application (Mnich et al., 2020; Malhotra and Suman
2021; Tiwari et al., 2023). However, the removal of lignin poses a challenge due to the
pretreatment methods that have been developed, which are based on the use of chemicals (such

as acids and alkaline pretreatment).

These pretreatment methods have limitations; for instance, acid pretreatments are not only
expensive to use, but they are toxic to the environment and human health because they produce
toxic compounds (Bagewadi et al., 2017; Kong et al., 2017; Agrawal et al., 2019). They also
affect the production and fermentation process of the sugars by producing inhibitory products,
such as furfural and hydroxymethylfurfural (Badiei ef al., 2014; Behera et al., 2014; Bagewadi
etal., 2017; Kong et al., 2017; Haldar and Purkait 2021; Malhotra and Suman 2021). Although
alkaline pretreatments are cost-effective, they also have limitations, which include the
hydrolysis of a higher concentration of hemicellulose affecting the sugar production, and lignin
removal is dependent on the amount of lignin present in the biomass (Hendriks and Zeeman
2009; Mafa et al., 2020b). Therefore, we proposed the use of biological pretreatments, which
are sustainable and environmentally friendly without affecting the production and fermentation
process of the sugar products (Giacobbe et al., 2018; Malhotra and Suman 2021). The literature
review aims to provide an overview of biological pretreatments as a method of lignin removal
that increases the effectiveness of the holocellulolytic enzyme cocktails during sugar

production.



Chapter 2: Literature review

. Summary of lignocellulose composition

Lignocellulose is considered the most abundant organic resource that makes up the main
component of the plant cell wall. The major components of lignocellulosic biomass are
cellulose, hemicellulose, and lignin, while pectin, ash content and protein composition is lower
(Van Dyk and Pletschke 2012; Calderan-Rodrigues et al., 2019; Mnich et al., 2020). The
percentage composition of the major components (cellulose, hemicellulose, and lignin) differs
between lignocellulosic sources (Table A2). The percentage content is commonly 30-60%, 20—
40%, and 15-25% for cellulose, hemicellulose, and lignin, respectively (Koupaie et al., 2019).
Table A2 shows the lignocellulose composition of various biomass materials used for biofuel

production.

Cellulose is made up of linear B-p-glucose units linked by B-p-(1—4) glycosidic bonds, forming
microcrystalline fibres with small amounts of amorphous cellulose occurring between the
fibres (Olsson and Harn-Hagerdal 1996; Silva-Sanzana et al., 2020; Mafa et al., 2021a).
Cellulose microcrystalline fibres are directional, as they consist of a reducing end at anomeric
carbon (C1) and a nonreducing end at C4 carbon (Mafa et al., 2021a). The microcrystalline
cellulose chain bundle is made possible by the inter and intra hydrogen bonding, which forms
between adjacent and/or opposite hydroxylic groups (OH) (Crosgrove 2000; Harmsen et al.,
2010; Silva-Sanzana et al., 2020). These structural properties make microcrystalline cellulose

insoluble in water and recalcitrant to enzymatic hydrolysis (Coseri 2017).

Hemicellulose is composed of a group of polysaccharides containing the B-p-(1—4)-linked
backbones of p-glucose, p-mannose, and p-xylose, while the sidechains are composed of L-
arabinose, p-galactose and aldoronic acids (Malgas et al., 2019). Hemicelluloses are grouped
into classes depending on the sugar residues found in their backbone, such as xyloglucans,
xylans (arabinoxylan, glucuronoxylan and arabino-glucuronoxylan), mannans (glucomannan,
galactomannan, and galactoglucomannan) and mixed-linked glucans (Olsson and Harn-
Hagerdal 1996; Malgas et al., 2019; Malgas et al., 2020, Silva-Sanzana et al., 2020; Mafa et
al., 2021b). Additionally, the hemicellulose composition of lignocellulosic material differs
depending on the plant species (Olsson and Harn-Hagerdal 1996; Silva-Sanzana et al., 2020).
Hence, it is necessary to understand the sample type (dicot or monocot) before choosing the

hemicellulolytic enzymes to degrade the hemicellulose content in the biomass.



The complex structure of lignin is made up of monolignols that form subunits in the polymer.
The monolignols are known as p-hydroxycinnamyl (coumaryl) alcohol, 4-hydroxy-3-
methoxycinnamyl (coniferyl) alcohol, and 3,5-dimethoxy-4-hydroxycinnamyl (sinapyl)
alcohol and they form the phenylpropanoid units, namely, p-hydroxyphenyl (H) subunits,
guaiacyl (G) subunits, and syringyl (S) subunits, respectively (Koupaie et al., 2019; Chan et
al., 2020; Mnich et al., 2020; Weng et al., 2021). The lignin polymer binds to cellulose and
hemicellulose resulting in a rigid structure of the plant cell wall and it is mainly found in the
cell walls of vascular plants, where it plays a role in growth and development. Additionally, it
can protect the plant cells against cell wall degrading enzymes (CWDE) secreted by pathogens
and pests due to its insoluble nature (Mnich et al., 2020). Due to its protective nature, lignin
causes non-specific substrate-enzyme binding complex, thus inhibiting enzymatic degradation
(Kong et al., 2017; Malhotra and Suman 2021). Therefore, it is essential to remove lignin
through chemical, mechanical, hydrothermal, or biological pretreatments before cellulose or

hemicellulose hydrolysis.

. Biological pretreatments for sustainable lignin removal

The biological pretreatment is defined as the method that uses biological molecules such as
enzymes or microorganisms to achieve a cost-effective, sustainable, and eco-friendly
lignocellulosic pretreatment approach (Kong et al, 2017; Malhotra and Suman 2021;
Mohotloane et al., 2023). The pretreatment is mostly known for the utilisation of
microorganisms such as fungi and bacteria, which produce enzymes that remove lignin and
decrease the recalcitrant nature of the microcrystalline cellulose (Menon and Rao 2012; Behera
etal., 2014; Mustafa et al., 2022). In addition, several studies used recombinant enzymes, crude
enzymes, or purified enzymes extracted from microorganisms to remove lignin from the
biomass (Giacobbe ef al., 2018; Agrawal et al., 2019; Daou et al., 2021). The recent study by
Mohotloane ef al. (2023) demonstrated that some enzymes (peroxidase) sourced from plant

material are efficient in removing lignin from the biomass.

There are several reasons biological pretreatments are preferred over other methods. They
include high selectivity for the substrate of choice, require low energy to produce high yields
of sugar products or lignin removal, do not produce inhibitory products (like black liquor), and
reduce loss of polysaccharides from the biomass (Giacobbea et al., 2018; Wagner et al., 2018;
Sharma et al., 2019; Hernandez-Chaverri et al., 2021; Devi et al., 2022; Mustafa et al., 2022).
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However, the reaction conditions require careful monitoring, and the process is slow in terms
of fungal pretreatment compared to non-eco-friendly chemical pretreatments. The slow nature
of the reaction offers scientists an opportunity to explore technologies that can enhance the
reaction to better the system. Hence, there has been a rise in research in this area in the past
decade (Harmsen et al., 2010; Limayem and Ricke 2012; Menon and Rao 2012; Hernandez-
Chaverri et al., 2021; Mustafa et al., 2022). The types of biological pretreatments include
microbial (known as fungal, bacterial, microbial consortia and ensiling) and enzymatic. Table
2.1 summarizes the benefits and limitations of biological pretreatments in contrast to the

developed (chemical, mechanical and physical) pretreatments.



Table 2.1: The advantages and limitation of the developed pretreatment methods and their effect on the biomass

to the biomass at a particular flow

rate

lignin digestion.

relatively low.

and use of ozone gas
is extremely

expensive.

Type Description Pretreatment | Effects on | Advantage Disadvantage References
Pretreatment time biomass
structure
Chemical
Acids e Pretreatment with dilute or strong | 20-90 minutes e Enlarged surface area | @ It is a well-studied | o Low lignin digestion. | Kumar et al. (2020);
acids, with a concentration of 4% that enhances biomass technique. e Increased formation | Haldar and Purkait
and 70-77%, respectively. digestibility, resulting High reaction rate. of inhibitors. (2021)
e The most used acids can be in the removal of | ¢ Requires high | e Corrosive and toxic
inorganic or organic such as H2SO4, hemicellulose. temperature and pressure. to the environment
HCl, H3POs, HNO3, fumaric and ¢ Lignin modification. and human health.
maleic acids. ® Requires
e Dilute acids require a temperature neutralization.
range of 130-210°C, while 40-
100°C for strong acids
Alkali e Alkaline pretreatment uses | Several minutes to | e Lignin degradation. Efficient in biomass | e Requires longer | Hendriks and
chemicals such as NaOH, KOH and | hours e Enlarged surface area, containing low lignin reaction time. Zeeman  (2009);
Ca (OH)2 leading to content. e Neutralization —may | Kumar ez al. (2020);
hemicellulose Requires low temperature be difficult. Mafa et al. (2020)
digestion. and pressure.
Enhanced  downstream
hydrolysis.
Ozonolysis e The use of ozone gas that is applied | 15-90 minutes e Mostly selective for Formation of inhibitors is | e On-site  production | Zabed et al. (2016)




Functions at room
temperature and

atmospheric pressure.

e The use of ozone gas
poses safety issue due
to its flammability

and toxicity.

Tonic liquid e Application of ionic liquids on | 30-60 minutes e Enlarged surface Easy to recycle and re | e Recovery of ironic | Li et al. (2011);
lignocellulose biomass (such as N- area that results in use. liquids Is necessary. Kumar et al. (2020);
methyl morpholine-N-oxide better cellulose and Consumes low energy, | e Increasing the costs. | Li et al (2022);
monohydrate) hemicellulose even at high biomass Sidana ef al. (2022)
e The ionic liquids remain liquids at digestion. loading.
temperatures that are not above o Efficient lignin
100°C removal.
Organosolv e A cocktail of organic liquids and | 30 minutes e Complete digestion Neutral conditions are | e Removal of solvents | Tayyab et  al
water at a ratio of 1:1 of hemicellulose and required for low cellulose is not necessary. (2018); Sidana et al.
e Mineral acids can be used as lignin. However, loss. e Although the method | (2022)
organosolv as they improve lignin cellulose remains in Functions at low is expensive.
removal a solid form. temperature and pressure. | e Results in  the
Produces pure cellulose production of
yields. inhibitors.
Efficient in  biomass
containing high lignin
content.
Physical
Mechanical e The grinding, milling, chipping of | A few minutes o Enlarged surface Easy to use. e Requires high energy | Zabed et al. (2016);
biomass material to a small to fine | (Approximately 1- area, increased Improves mass and heat during processing. Koupaie et al
size 10 min) porosity and transfer in the | o Without the removal | (2019)
decrease in cellulose downstream  processes of lignin.
crystallinity, (hydrolysis and
improved fermentation).




accessibility to

enzymes.

e Resulting in high

hydrolysis yield.

e The method is not
economically

practical.

Irradiation e The use of microwave, gamma, | Minutes to hours e Incomplete removal | e Efficient at high energy | e The method is not | Bhutto et al. (2017);
electron beam irradiation and of  lignin that input. environmentally Hassan et al. (2018)
ultrasonic treatment enhanced  surface | e Improving the rate of the friendly.

area leading to: downstream  enzymatic | ¢ With low rate of
e A decrease in hydrolysis. biomass

cellulose modification.

crystallinity. e Resulting in high
e Complete digestion costs.

of hemicellulose.

Physicochemical

Steam explosion e An example is the use of an | Several minutes | ¢ Modification of | ® No requirement for | ® Produces inhibitory | Auxenfans et al
autoclave  which  uses  high- | (around 5 min) lignin structure, recycling or implication compounds. (2017); Kumar et al.

temperature and pressure steam that
autohydrolysis the biomass with or
without an acid catalyst.

e The temperature and pressure of the
steam is about 160-260°C and 5-50

atm, respectively.

resulting in complete

digestion of lignin.

Enlarged surface
area, resulting in
accessibility to
hemicellulose
digestion.

on the environmental
costs.
e Shorter reaction time, at

low energy input.

e Leading to loss of

sugar products after

hydrolysis.

(2020)

Liquid hot water

e The hydrolysis of biomass using
higher temperatures of about 180-
220°C and pressure

15 minutes

Complete digestion

of lignin.
Enlarged surface
area, leading to

e [eading to

e Minimal to no formation
of inhibitory compounds.
the high

recovery of sugars.

e Resulting

e Requires a lot of

water and energy
input for processing.
in  high

costs

Luo et al. (2019)
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hemicellulose

digestion.

Which is achieved

without the need for

catalysts or chemicals.

e However, it produces
low fermentable

sugars

Wet oxidation

o Application of air or oxygen on the

5-120 minutes

Lignin degradation.

Inexpensive capital costs.

e Expensive materials

Bhutto et al. (2017)

lignocellulose biomass e Enlarged  surface Effective lignin removal for the reactor are
e The methods require  high area, leading to and carbohydrate required.
temperature  of 140-210° and reduced  cellulose recovery. e With high energy
pressure of about 20.0mpa recalcitrance. Increased accessibility to input.
enzymatic digestion. e However, there’s low
recovery of
hemicellulose.
Supercritical fluid e The commonly used supercritical | 20 minutes e Successful  lignin Low operational costs. e The utilities required | Bhutto et al. (2017);
fluid is CO2, which uses moderate removal that With low temperature may increase the | Herndndez-
critical temperature and pressure increased the surface requirement for high solid costs. Chaverri et al
area leading to. loads. e Outputs may be | (2021),
e Accessibility to However, results in affected.
cellulose digestion. minimal sugar
degradation.

Ammonia fibre

explosion (AFEX)

e Application of liquid ammonia on

lignocellulose  biomass at a
temperature of 60-120°C and 3mpa
pressure for the duration of 30
minutes followed by the

decompression step

30-60 minutes

Modification of
lignin structure
leading  to the

removal of lignin.

Enlarged surface
area, increasing
accessibility to
cellulose and
hemicellulose
digestion.

It is only effective for
biomass that contains low

lignin content.

e The equipment and
ammonia required in
the processes are

expensive.

Koupaie et al
(2019); Kumar et al.
(2020)
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Biological

Fungal e The fungal pretreatment method is | Weeks to months oIt is effective in The pretreatment and | ® The method requires | Kumar et al. (2020);
based on the incorporation of single lignin removal, but downstream  recovery long incubation time. | Hernandez-
cells or species of basidiomycetes or the method results in costs are low. e It results in a loss of | Chaverri et al.
ascomycetes  fungi  with  the a greater loss of the The method requires less carbohydrates. (2021); Maity et al.
lignocellulolytic biomass using the holocellulose. energy and reagents. (2021)
classic  cultivation  techniques, There’s little to no waste
namely, submerged culture or solid- generation and formation
state. of inhibitors.

Bacterial e The method  subjects  the | Several days o It is less effective for Bacteria growth is more | e The method is less | Kumar ez al. (2020)

lignocellulosic biomass to lignin-

lignin removal due to

rapid than fungi.

effective in degrading

degrading enzymes such as the complexity of the The method is more lignin compared to
Actinomycetes, a-proteobacteria lignin structure thus effective than fungi, with fungi.
and y-proteobacteria most bacterial strains a shorter incubation time.
are  suited  for It is easier to genetically
holocellulose manipulate bacteria, and
degradation. it has higher adaptability
than fungi.
It also has little to no
formation of inhibitors.
Microbial consortium (e The microbial consortia | Several days e The method has been The complex | e The environmental | Kumar ez al. (2020)

pretreatment incorporates co-culture
systems that are made up of pure
cultures, which can be fungal-fungal
or bacterial-bacterial, or bacterial-

fungal combinations

most effective in the
production of biogas,
as it has the
capability of
degrading

macromolecules and

reducing  biomass

combination  of the
microbial communities
increases hydrolysis by
facilitating biomass
accessibility to  the

enzymes.

changes may affect
the adaptability of the

individual strains.
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crystallinity, thus

enhancing biomass

The method results in

enhanced productivity at

degradability. a lower incubation time
compared to fungi.
Metabolites  that are
needed for the
breakdown of lignin are
produced stable and
continuously.

Ensiling e The use of lactic acid bacteria or a | Weeks to months | e The method was Little to no waste is | e The incubation time | Sun et al (2021)
mixture of lactic acid and hydrolytic developed for the generated. is longer, which may
enzymes preservation of The method is used for result in a loss of the

lignocellulose crop storage, which can polysaccharides
biomass during be achieved at moderate (mainly cellulose and
biogas production environmental hemicelluloses).

conditions.

Downstream costs are

very low.

Enzymatic e The use of crude or purified | Hours to a few | e The method s The method is most | e There is a higher cost | Malhotra and
enzymes, either as cocktails or single | days effective in  the effective in the in the production and | Suman (2021);
enzymes for biomass degradation. removal of lignin and hydrolysis of | purification of | Singhania et al
The enzymes are sourced from the hydrolyses of the macromolecules that enzymes. (2022); Mohotloane
bacteria, fungi and plants, and the holocellulose assists in further | e The ligninolytic | et al. (2023)
most common enzymes  are resulting in increased conversion processes at a enzymes lack stability
ligninases, laccases and peroxidases. sugar production. lower incubation time during industrial

compared to fungal and processes.

bacterial pretreatment.
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Extensive research has been done on fungi as a method of lignocellulose pretreatment,
particularly basidiomycetes which have been identified as lignin-degrading fungi (Chandel et
al., 2015). The exploration of the fungal pretreatment isolated three types of fungi namely:
white-rot (WRF), brown-rot (BRF) and soft-rot (SRF), which have different lignin degrading
capabilities (Sharma et al., 2019; Zabed et al., 2019). White-rot fungi are known for their
efficiency in the complete removal of lignin and subsequent degradation of the holocellulose,
due to their selective ability to degrade biomass utilising their extracellular enzymatic systems
(Abraham et al., 2020). Whereas, soft-rot fungi perform incomplete removal of lignin, leading
to faster degradation of the holocellulose, due to the presence of a wide range of cellulolytic
enzymes (Shirkavand et al., 2016). In contrast, BRF are more of the holocellulose degrading
fungi, with little to no effect on lignin. However, it has been proposed that lignin modification
is successful through the fenton reaction, where BRF utilises the hydrogen peroxide (H20>)
produced during hemicellulose degradation (Shirkavand ef al., 2016; Tian et al., 2018; Zabed
et al., 2019). The hydrogen peroxide combined with iron (Fe*") is able to cleave lignin and
this is mediated by the free radical reactions (Schilling ef al., 2012; Shirkavand et al., 2016;
Tian et al., 2018; Zabed et al., 2019). Additionally, BRF uses two degradation systems, the
enzymatic Fenton-like reaction and non-enzymatic fenton reaction to degrade lignocellulose

(Schilling et al., 2012; Shirkavand et al., 2016).

Although fungal pretreatment has been shown to be effective in its lignin removal capability,
it requires a longer pretreatment time, which results in a greater loss of the holocellulose, thus
decreasing the soluble sugars produced (Zabed et al., 2019; Kumar et al., 2020; Hernandez-
Chaverri et al., 2021). It is for this reason that the bacterial strains are studied for lignocellulose
pretreatment as they required less pretreatment time because of their rapid growth rate and
metabolic activities (Kumar ef al., 2020). However, the lignin degradation by bacterial strains
is less effective as it depends on the composition of the biomass. Lignin has been proven to be
a complex and tough structure to degrade than hemicellulose and cellulose (Sharma et al.,
2019; Singhania et al., 2022). Therefore, most bacterial strains are suited for cellulose

degradation as they are known to produce cellulases (Shi ef al., 2009; Sharma et al., 2019).

The microbial pretreatment of lignocellulose biomass at optimum conditions is a fairly
established method, however, the longer reaction time that results in the loss of holocellulose
prompted researchers to develop a method that requires less time and produced more sugar

products. Thus, gave rise to enzymatic pretreatment, which is the use of crude, purified or
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partially purified enzymes, either as cocktails or single enzymes for biomass degradation.
These enzymes are sourced from bacteria, fungi and plants, and the most common enzymes are
known as ligninases, laccases and peroxidases (Malhotra and Suman 2021). The enzymatic
pretreatment process contains two mechanisms of action: 1. As ligninolytic enzymes for lignin
removal and 2. As hydrolytic enzymes for the degradation of the holocellulose. This section
highlights the microbial pretreatment such as fungi and bacteria, however, subsequent sections

focus on reviewing the enzymatic (laccase and peroxidase) pretreatments on the lignocellulose.

2.1 Ligninolytic enzymes for delignification of lignocellulose
Ligninolytic enzymes are extracellular enzymes that initiate biochemical reactions catalysing
the lignin polymer into monolignols (Sharma et al., 2019; Zabed et al., 2019). The most studied
enzymes are laccases, lignin peroxidase, manganese peroxidase and versatile peroxidase
sources from fungi, bacteria, and plants. The source, properties and mechanisms of action

differentiate these enzymes from each other (Kumar and Chandra 2020).

2.1.1 Laccases
Laccases (oxygen oxidoreductase, EC 1.10.3.2) are known as multi-copper proteins that
contain four copper atoms in the catalytic centre, which plays a role during catalysis
resulting in the reduction of oxygen to water (Nargotra et al., 2022). The four copper atoms
are categorized as type I (T1), type II (T2) and type III (T3) according to their absorption
spectra or electron paramagnetic resonance. The T1 is detected by its absorption at 600-610
nm, due to its copper-cysteine covalent bond. Additionally, this site contains a high redox
potential, which is responsible for substrate oxidation (Malhotra and Suman 2021).
Laccases catalyse various phenolic or non-phenolic substrates by utilising oxygen as a co-
factor, and is found in a wide range of sources, including fungi, bacteria, and plants
(Agrawal et al., 2018; Abraham ef al., 2020). However, most studies were performed using
fungal laccases compared to those produced by the bacteria (Baruah et al., 2018). Laccase
uses a direct or indirect mechanism in the catalysis of the phenolic and non-phenolic

substrates [(Figure 2.1), (Malhotra and Suman 2021)].
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Oxidized
Substrate Substrate

(a) (b)

Figure 2.1: The illustration of the direct (a) and indirect (b) mechanism laccases utilise in the

catalysis of phenolic and non-phenolic compounds (Malhotra and Suman 2021).

The direct mechanism is described as the interaction of the substrate with the copper centre
of laccase resulting in a formation of a radical, which is only successful if the ionisation
potential of the substrate is lower than that of the T1 copper ion redox potential. Hence, the
method is suited for phenolic-containing compounds as they have low ionisation potential
(Figure 2.1a). However, non-phenolic containing compounds have a high ionisation
potential than the T1 copper ion redox potential. Therefore, laccases are unable to perform
the catalysis on their own; they require a mediator [such as 1-hydroxybenzotriazole (HBT),
N-hydroxyphthalimide (HPI) and violuric acid (VLA)] containing a low molecular weight
to drive the catalytic activity. The indirect mechanism occurs in two steps; firstly, the
mediator is oxidised by the laccase, then secondly, the resulting oxidised mediator leads to
the oxidation of the substrate, thus returning the mediator to its initial unoxidised form
(Figure 2.1b). The oxidation of the non-phenolic compound is a non-enzymatic reaction
promoted by a laccase oxidised mediator (Chaurasia et al., 2013; Agrawal et al., 2018;
Malhotra and Suman 2021). Some studies have attributed the industrial and biotechnological
application importance of laccases to their lower/lesser range of substrate specificity
(Agrawal et al., 2019). In contrast, other studies showed that laccases have broad substrate
specificity (Giacobbe et al., 2018; Malhotra and Suman 2021). The authors argue that broad
substrate specificity of laccase made its use appealing in many industries, such as biogas,

bioethanol, clinical application, bleaching fibres and food.

Laccases particularly play a role in lignin degradation reactions that enhance yield
production during hydrolysis and fermentation processes because of lignin modification,
leading to increased biomass porosity (Giacobbe et al, 2018). Bagewadi et al. (2017)

demonstrated that a laccase produced from Trichoderma harzianum strain HZN10
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effectively delignified saw dust. Similarly, laccase pretreatment effectively removed lignin,
which led to the efficient hydrolysis of the holocellulose resulting in about 80% soluble
sugars production yield (Giacobbe et al, 2018). Along with lignin removal, laccase
pretreatment has been shown to modify the structural properties of the microfibres. These
modifications enhanced surface area, exposure of pores and reduce hydrophobic properties
of the biomass, which increase the activities of the glycoside hydrolases (GHs). Studies
demonstrated that the delignification of various biomass with laccase resulted in high
production of sugar during simultaneous pretreatment and hydrolysis (Avanthi and Banerjee
2016; Banerjee et al, 2019; Rajeswari and Jacob 2020). However, the drawback in
simultaneous pretreatment and hydrolysis is the reduction of cellulase and B-glucosidase

activity leading to low soluble sugar production.

2.1.2 Peroxidases
Some lignin-degrading enzymes have no ability to degrade lignin by themselves but produce
the reactive oxygen species (ROS) or reducing compound necessary to initiate activities of
lignin degrading enzymes (Singhania et al., 2022). Examples of these enzymes are glyoxal
oxidase (GOD) (EC 1.2.3.5), aryl alcohol oxidase (AAO) (EC 1.1.3.7), heme-thiolate
haloperoxidases [(EC 1.11.2.1) classified under unspecific peroxygenases], glucose
dehydrogenase (EC 1.1.99.10) and pyranose 2-oxidase (EC 1.1.3.10). These enzymes are
known as lignin-degrading auxiliary enzymes, and their function is to generate H>O2, which
activates reactions catalysed by peroxidases during lignin breakdown (Kumar and Chandra
2020; Singhania ef al., 2022). Peroxidases are proteins that contain a heme-group that
facilitates the oxidation of organic substrates by reducing H>O» into H>O (Bilal et al., 2018;
Morsi et al., 2020; Mohotloane et al., 2023). Peroxidases are produced by many sources,
including bacteria, fungi, and plants, which belong to the peroxidase catalase superfamily

(PCATS) (Battistuzz et al., 2010; Pandey et al., 2017).

Peroxidases are further subdivided into three classes (Class I, Il and IIT) (Jouili ez al., 2011).
Class I peroxidases are produced from bacteria, these include cytochrome C peroxidase
(CCP; EC 1.11.1.5), ascorbate peroxidase (APX; EC 1.11.1.11) and catalase-peroxidase
(CP; EC 1.11.1.6) (Twala et al., 2020; de Oliveira et al., 2021). Although catalase-
peroxidase is closely related to Cytochrome C peroxidase and ascorbate peroxidase
evolutionary, it is known to be bifunctional enzyme, acting as catalase and peroxidase

(Pandey et al., 2017). On the other hand, Class II peroxidases are produced by fungi, and
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these include lignin peroxidase (LiP; EC 1.11.1.14), manganese peroxidase (MnP; EC
1.11.1.13) and versatile peroxidase (VP; EC 1.11.1.16). Lastly, Class III peroxidases are
found in the plant kingdom, and examples include horseradish peroxidase (HRP), and

soybean peroxidase (SBP) (Pandey ef al., 2017; de Oliveira et al., 2021).

Peroxidase use a similar mechanism for catalysis, even though they oxidise different
substrates. The main mechanism of peroxidases is a series of steps, resulting in the formation
of compound I and II (Figure 2.2). The process involved the iron (Fe*") or ferric resting
state of the enzyme, which reacts with the oxidising agent H,O,, resulting in the reduction
of H20> to form water and the Fe®* that is oxidised to form compound I (Fe*" known as the
oxyferryl center). The oxidised compound I accepts an electron from the substrate, forming
compound II (known as the oxyferryl heme intermediate) and a substrate-free radical (Hiner
et al., 2002; Pandey et al., 2017). Compound II interacts again with one substrate molecule,
which reduces compound II back to the ferric resting state. However, an excess supply of
H>0» results in a formation of a complex containing an oxygen molecule bound to the
ferrous iron (known as compound III) present in peroxidase (such as MnP, VP and HRP),

[(Figure 2.2); (Kumar and Chandra 2020; de Oliveira et al., 2021)]

0/OH
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/ Resting state a0 Fell—
O/ o Compound 0
| -H,0
3 -H,0
Fell— 2H* ¢ :
Compound III ¥
+
\ o o R
I, =— |
FelV— e FelV'—
Compound IT Compound I

Figure 2.2: The Illustration of the mechanism of action of peroxidases (de Oliveira et al.,
2021)

The peroxidases sourced from plants have a few physiological functions including cell wall

lignin cross-linking (Mafa ef al., 2022; Mafa et al., 2023). As indicated earlier in this section
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most fungal and bacterial ligninolytic enzymes (including peroxidase) were reported to
effectively remove lignin from the biomass samples. In addition, my MSc findings for
objective 1 and 2, demonstrated that partially HRP effectively removed lignin and displayed
the cellulose activity, leading to decreased microcrystalline cellulose recalcitrance
(Mohotloane et al.,, 2023). Interestingly, these findings correlated with the observations
made by Min et al. (2022) that peroxidases appear to be more than just lignin-degrading
enzymes, because their MnP sourced from WRF Phanerochaete chrysosporium had
cellulase-xylanase enzyme degrading capabilities as it resulted in high amounts of soluble

reducing sugars produced from CMC, Avicel and xylan substrates.

2.1.3 Are there differences between lignin (LiP) and versatile peroxidase (VP)?
Lignin and versatile peroxidase enzymes both belong to the oxidoreductase family that are
secreted by fungi and some bacteria (Kumar and Chandra 2020; Singhania ef al., 2022). In
addition, these enzymes share some functions; for instances the VP possess activities of MnP
and LiP. Also, all the peroxidases are classified under Auxiliary Activity Family 2 in CAZy
database (AA2: http://www.cazy.org/AA2 characterized.html). It is unclear if LiP, and VP

can be used at the same time to pretreat the lignocellulose biomass for lignin removal. Could
these two peroxidases show synergism and improve the lignin removal? To answer this
question and assess the possibility of synergism between the LiP and VP, extensive research
was conducted on peroxidase assays to compare the differences or similarities between these

enzymes (Table 2.2)

Table 2.2: Comparisons of LiP and VP activity assays similarities and differences.

Lignin peroxidase

Versatile peroxidase

Principle

LiP (EC 1.11.1.14) are associated with lignin
degradation, and they were first discovered in
white-rot fungi (Phanerochaete chrysosporium).
Additionally, LiP functions in the presence of
H>O; to catalyse the degradation of lignin
(Singhania et al., 2022). Lignin peroxidases
utilise the two-step mechanism (that results in the
formation of compound I and II) to catalyse the
oxidation and

of phenolic non-phenolic

VPs (EC 1.11.1.16) known as the hybrid
peroxidases are also produced by white-rot fungi
and they exhibit similar molecular structure to
LiP and MnP (Singhania et al, 2022). The
versatile peroxidases follow the two-step
mechanism forming compound I and II in
oxidation of phenolic and non-phenolic
compounds. However, the presence of excess

H,0., it results in the formation of compound II1.
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http://www.cazy.org/AA2_characterized.html

compounds (Kumar and Chandra). According to
Expasy enzyme database [accessed 14 November
2023], LiP in the presence of excess H,O; results
in the formation of compound III. Additionally,
Ghodake et al. (2009), demonstrated that lignin
peroxidase  sourced from  Acinetobacter
calcoaceticus NCIM 2890 had the ability to

oxidise manganese (Mn?").

Procedure

Similarities between LiP and VP*

1. The oxidation of veratryl alcohol was
determined at a concertation ranging from
0.4 to 17 mM, buftering conditions pH 1
or 3 (0.1 M, 0.2 M and 20 mM sodium

HCI-KCI,

and H20»

succinate,

added

tartrate, and

respectively) at
concentrations ranging from 0.2 to 40
mM. The reactions were measured at 310
nm (a few studies used 285 and 300 nm)
(Yang et al, 2005; Sugiura et al, 2003;
Ghodake et al., 2009).

. MnP activity was determined using 1 mM
MnSO4, with the addition of 50 mM
sodium tartrate buffer (pH 4.5) and the
reaction was started with 10 mM HOo.
The formation of Mn*" was determined by

monitoring the absorbance at 238 nm

(Ghodake et al., 2009)

. The oxidation of 2, 6-dimethoxyphenol
with a concentration of 49.6 mM was
measured by adding 20 mM succinate

buffer pH 3.0 and about 0.2 mM H>O» was

1. Veratryl alcohol oxidation was determined
at the concentration of 0.4 to 2 mM, with
the addition of 100 mM sodium tartrate
buffer at pH 3 and H>O> concentration
ranging from 0.1 to 0.54 mM. The
reactions were measured at 310 nm
(Taboada-Puig et al., 2011; Ravichandran
etal., 2019)

.MnP activity was determined using 0.5 or
1 mM MnSO4 added to 100 mM malonate
buffer (pH 4.5) or sodium tartrate buffer
(pH 5) and the reaction was initiated with
H>0O, at a concentration of 0.1 or 0.4 mM.
The formation of Mn** was determined by
monitoring the absorbance read at 238 or
270 nm (Taboada-Puig et al, 2011;
Ravichandran et al., 2019).

3.The oxidation of 2, 6-dimethoxyphenol

was determined at a concentration of 0.1 or

1 mM, added 50 mM malonate buffer pH

4.5- or 100 mM sodium tartrate buffer pH
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added to initiate the reaction. The change
in absorbance was recorded at 470 nm

(Sugiura et al., 2003).

3 and H>O» (0.1 or 0.4 mM) was used to
initiate the reaction the presence of
MnSOs. The change in absorbance was
read at 468 nm (Taboada-Puig et al.,, 2011;
Ravichandran et al., 2019).

Differences between LiP and VP*

1. Lignin peroxidase activity was measured

using 2,2’-azino-di-[3-ethyl-
acid]

(ABTS) with the addition of 20 mM 4-

benzthiazoline-(6)-sulphonic

aminoantipyrine, 50 mM Tris—HCl buffer
containing 1 mM MnCl; at pH 8,5 and
0.33 mM H20,. The absorbance was
measures every 30s for 4 minutes to
determine the increase in absorbance at

510 nm (Rekik et al.,, 2015).

. Decolorization of textile dyes was
determined using 100 png Reactive red
M5B as substrate, with the addition of 50
mM potassium phosphate buffer pH 7.0,
40 mM H20O, and 2.5 mM tryptophan
(TRP) as the stabilizing agent. The
reaction was measured at 598nm
(Ghodake et al., 2009)

. Lignin peroxidase activity was measured
using  o-dianisidine,  guaiacol, 4-
chlorophenol, and 2,4,6-trichlorophenol
as substrates with concentrations ranging
from 10 to 40 mM. The reactions included

20mM 4-aminoantipyrine, 50 mM Tris—

1. 2,2’-azino-bis [3-ethylbenzothiazoline-6-

sulfonic acid] (ABTS), was used to
determine versatile peroxidase activity
using substrate concentrations ranging
from 0.1 to 5 mM. The reactions were
initiated by adding H202 (0.1 or 0.4 mM)
in buffering systems of 100 mM sodium
acetate buffer pH 4.5 or 5 and the change
in absorbance was measured at 436 nm,
or 420 nm (Min et al., 2010; Taboada-
Puig et al., 2011; Ravichandran et al,
2019).

. The degradation of azo dye reactive black

5 was determined using 10 uM of the
substrate added to 100 mM sodium
tartrate buffer pH 3. The reaction was
initiated by adding 0.1 mM H;O: and
measured as the decrease in absorbance at

598 nm (Ravichandran et al., 2019).

. The demethylation of methylene blue dye

(MB) to determine lignin peroxidase
activity and the oxidation of MBTH (3-
methyl-2-benzothi-azolinone hydrozone)
DMAB (3-

(dimethylamino) benzoic acid) form azo

together with
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HCI buffer containing 1 mM MnClat pH
8.5 and 0.33mM H:0,. The absorbance
was measures every 30s for 4 minutes to
determine the increase in absorbance at
510 nm (Rekik et al., 2015).

. Ghodake et al. (2009), also assayed lignin
peroxidase activity on tryptophan (TRP),
L-Dopa, n-propanol, mimosine, 8-
hydroxyquinone substrates at 10 mM
concentration, with 0.2 M HCI-KCI
buffer pH 1.0 and 40 mM H»0O; as a co-
substrate. The changes in absorbance
were measured at 305, 300, 300, 303, 310

nm, respectively.

. Sugiura et al. (2003), determined lignin

peroxidase activity using the
concentration of benzyl alcohol,
anisalcohol and guaiacol substrates

ranging from 1.8 to 26.6 mM, with 20
mM succinate buffer pH 3 and 0.2 mM
H>02. The change in absorbance was
measured over time at 285, 280 and 470

nm, respectively.

dye (blue colour) was used to determine
MnP. The substrate concentrations for
MB, MBTH and DMAB were 40 uM, 70
uM and 1 mM, respectively. The MBTH
and DMAB reaction were conducted in
the presence of MnSQO4 ranging from 0.3
to 2.0 mM concentration. The reactions
were initiated by 0.1 mM H>O», in
reaction mixture buffered by 0.1 M
sodium tartrate buffer pH 3.5 or 4.5. The
change in absorbance were recorded at
664 and 590 nm for LiP and MnP (Ertan
etal., 2012).

* All the reactions were measured using kinetic mode of UV-VIS spectrophotometer. # The reactions were conducted at temperatures ranging

from 25 to 37 °C and the absorbances were measured over time between 3 to 10 minutes.

The LiP and VP assays show similarities, with minor differences. Therefore, we postulate that
these enzymes can be use in a synergistic manner to remove lignin from the biomass. For
instance, both enzymes have a similar mechanism even though VP is a bifunctional enzyme
(containing both LiP and MnP). Additionally, both enzymes catalyse a range of substrates with
diverse chemical properties. Throughout the literature it was observed that most studies did
not determine MnP activity when performing lignin peroxidase activity assays, except for a
few studies by Sugiura et al. (2003) and Ghodake et al. (2009). Both studies showed that LiP
(sourced from Acinetobacter calcoaceticus NCIM 2890 and Phanerochaete sordida YK-624)
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had MnP activity by determining the oxidation of Manganese substrates. Additionally,
Ghodake et al. (2009) proposed the LiP from Acinetobacter calcoaceticus NCIM 2890 was a
versatile peroxidase because it displayed activity on various substrates including ten textile
dyes. Thus, these findings could be an indication that LiP and VP are similar enzymes and

perhaps can be considered for synergistic assays in future studies.

2.2 Hydrolytic enzymes for degradation of hemicellulose and cellulose
Enzymes that hydrolyse cellulose and hemicellulose are classified under GH family, which is
a big subfamily of the carbohydrates active enzymes (CAzymes) documented in CAZy
(http://www.cazy.org/Home.html). These enzymes are produced by a broad range of organisms,
including but not limited to fungi, bacteria, plants (Van Dyk and Pletschke 2012; Bhattacharya
et al., 2015). The hydrolysis of cellulose polysaccharides into B-p-glucose monomers requires
cellulases, which are classified into exo-1,4-pB-glucanases also known as cellobiohydrolases
(CBHI and CBHII), endo-1,4-B-glucanases (EC 3.2.1.4) and B-glucosidases (EC 3.2.1.21).
Endoglucanases hydrolyse the amorphous region of cellulose chains, while the CBHs act on
the crystalline region of the cellulose (Malgas et al., 2020a; Mafa et al., 2021a). There are two
CBHs, i.e., CBHI (EC 3.2.1.176) which breakdown the cellulose chain from the reducing ends
(C1) and CBHII (EC 3.2.1.91) hydrolyse the cellulose from the non-reducing ends (C4). The
oligosaccharides or disaccharides produced by the endoglucanase and CBHIs are further
hydrolysed to glucose by B-glucosidase. It is well known that in the biological systems (cells)
or in vitro assays, cellulases mainly work in synergy during the conversion of cellulose to
glucose units, although they act on different chain length (degree of polymerization: DP) and
display different substrate affinities (Mafa et al., 2021a; Zhou et al., 2021). In contrast,
Thoresen et al. (2021) demonstrated that some endo-exo cellulases do not show synergism due

to the differences in their substrate affinities.

Unlike cellulose, the degradation of hemicellulose requires a more complex enzyme
consortium, which include the main enzymes that breaks down xylan into monomers. To
degrade the xylan backbone chain, xylanases (EC 3.2.1.8) and xylosidase (EC 3.2. 1.37) are
generally used with assistance from debranching enzymes (L-arabinofuranosidases, o-p-
glucuronidases and esterases) (Mafa et al., 2021; Malgas 2021b). For mannan backbone chain
degradation to mannose, mannanases (EC 3.2.1.78) and mannosidase (EC 3.2.1.25) are
required, and once again the debranching enzymes assist to remove the side chain from mannan

(Van Dyk and Pletschke, 2012; Malgas et al., 2015; Malgas ef a/ , 2019; Mafa and Malgas
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2023). The breakdown of the glycosidic and ester bonds in the side chains or branches of the
chain is facilitated by a-L-arabinofuranosidase (EC 3.2.1.55), B-glucuronidase (EC 3.2.1.139),
acetylxylan esterase (EC 3.1.1.72), ferulic acid esterase (EC 3.1.1.73) and/or glucuronyl
esterases (EC 3.1.1) (Huang et al., 2019; Malgas et al., 2021).

Xylanases belonging to family GH10 and GH11 of glycoside hydrolases are the main enzymes
responsible for the breakdown of the B-1,4-glycosidic bonds. Xylanases from family GH10 are
known to target and cleave the branched xylans, while GH11 xylanases breakdown the xylans
found in the backbone of the hemicellulose (Malgas et al., 2019). In contrast, -1,4-linked
mannan backbone is hydrolysed by endo-mannanases to produce oligomers which are further
degraded to produce mannose subunits, while a-L-arabinofuranosidase and a-L-arabinases
function together to cleave the arabinan situated in the side chains attached to the xylan
backbone to produce arabinose (Wu et al., 2022). Due to the complexity of the hemicellulose
structure, a consortium of xylan enzymes functions synergistically to produce monomeric
products. The synergy between the enzymes is characterised by two modes of action:
homeosynergy and heterosynergy. Homeosynergy is the synergy between two enzymes that
cleave the backbone or two enzymes that cleave the side chain, and heterosynergy is the
synergy between a backbone and side chain cleaving enzymes (Amit et al., 2018; Malgas et

al,, 2019).

2.3 Carbohydrate active non-hydrolytic and oxidative/reductase enzymes
Non-hydrolytic or oxidative proteins are auxiliary enzymes that increase the activity of
hydrolytic enzymes, these are lytic polysaccharide monooxygenases (LMPOs), swollenins,
expansins and carbohydrate binding modules (CBM) (Kim et al., 2014; Adsul et al., 2020,
Mafa and Malgas 2023). The auxiliary enzymes improve biomass accessibility to hydrolytic
enzymes (GHs) and in this section, we address the contribution of LPMO and expansins

activities towards cellulose loosening.

2.3.1 Lytic polysaccharide monooxygenase (LPMOs) de-crystallises cellulose.
The microcrystalline fibres can be recalcitrant to enzymatic hydrolysis due to their
physicochemical properties. However, there is accumulating evidence showing that LPMOs
reduce the recalcitrant nature of cellulose, and improves cellulase activity (Harris et al., 2010;
Cragg et al., 2015; Eijsink et al., 2019; Moon et al., 2022). LPMOs are copper containing

enzymes that function in the degradation of the insoluble cellulose by utilising the oxidative
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reaction, which involves the cleaving of glycosidic bonds. Thus, modifying the cellulose
structure, resulting in the enhanced accessibility of the hydrolytic enzymes (such as
endoglucanases (EGs), (CBHs) and B-glucosidase) to the biomass (Forsberg et al., 2019;
Singhania ef al., 2021; de Gouvéa et al., 2019). These enzymes are sourced from bacteria and
are classified as auxiliary activities (AA), which belong to several families. The first LPMOs
to be characterised were initially classified as GH61 and CBM33 family, which are now known
as AA9 and AAI1O0, respectively (Walton and Davies 2016; Calderaro et al., 2021). Other
families include AA11, AA13, and the recently discovered AA14, AA15 and AA16 (de Gouvéa
et al., 2019; Singhania et al., 2021; Calderaro et al., 2021). These LPMO families modify
different polysaccharides, such as cellulose, xylan, chitin, and starch (de Gouvéa et al., 2019).
LPMOs (particularly family AA9 and white-rot fungi sourced LPMOs) have also been
associated with the facilitation of lignin removal by acting as auxiliary enzymes that are known
to produce H20: required by lignin degrading peroxidase (Li ef al., 2019; Tdlgo et al., 2022).
Given that LPMOs are among the currently scientific buzzing word, the only focus is on
microcrystalline cellulose modifying LPMO Family AA9 and AA10; which cleave the
glycosidic bonds at carbon 1 (C1) and carbon 4 (C4) (de Gouvéa et al., 2019; Forsberg et al.,
2019; Singhania et al., 2021).

Although the reaction mechanism of LPMOs remains unclear, it has been proposed that the
reaction begins with the reduction of the Cu (II) (contained within the LPMO copper center) to
Cu(I), due to an external electron donor leading to the activation of the dioxygen molecule. The
dioxygen molecule removes a hydrogen molecule from either C1 or C4 of the microcrystalline
cellulose, replacing it with the hydroxyl group in the formed substrate radical. Thus, resulting
in the cleavage of the glycosidic bonds, which reduce the crystallinity of cellulose (Vaaje-
Kolstad et al., 2017; Forsberg et al., 2019; Singhania et al., 2021; Nargotra et al., 2022).

The mechanism of LPMOs in cellulose modification or cleavage is region specific, particularly
family AA9 has been shown cleave C1 and C4 separately or simultaneously and they are
classified as type 1 (C1 cleaving), type 2 (C4 cleaving) and type 3 (C1 and C4 cleaving) LPMOs
(Meier et al., 2017; Chylenski et al, 2019 Singhania ef al., 2021). This ability to cleave
microcrystalline cellulose could explain its proposed synergy with cellulases resulting in
increased cellulose degradation (Vermaas et al., 2015). Filiatrault-Chastel et al. (2019)
demonstrated that AA16 LPMOs sourced from Aspergillus aculeatus showed activity on the
C1 region of cellulose and increased 7. reesei CBHI activity on cellulose degradation.

Additionally, de Gouvéa ef al. (2019) showed that the incorporation of Aspergillus fumigatus
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LPMO in the hydrolysis of sugarcane bagasse (SEB) improved the cellulase cocktail efficacy
by 22% compared to the use of the cocktail alone. A thermostable MtEGS endoglucanase that
was multifunction showed synergistic capabilities when combined with MtLPMO by the
increasing sugar yield production. Thus, validating the LPMO ability to de-crystallise and

synergize with cellulases resulting in improved hydrolytic activity (Karnaouri et al., 2017).

2.3.2 Expansins decrease the cellulose crystallinity via fibre chain loosening.
Non-hydrolytic enzymes that possess the ability to break the intra- and inter-hydrogen bonds
of microcrystalline cellulose (or between cellulose fibres) resulting in a decreased crystallinity
and loosened cellulose fibres are known as expansins (Wu et al., 2022; Cosgrove 2022).
Expansins are classified into two groups that have a similar cell wall loosening activity: namely
o (EXPA) and B (EXPB) expansins (Baker et al, 2000). Additionally, there are other
subfamilies sourced from plants [expansin-like A (EXLA) and expansin-like B (EXLB)] and
non-plants [expansin-like X (EXLX)] (Imai et al., 2023; Georgelis et al., 2015). The a-
expansins are a smaller family found in Arabidopsis, while the B-expansins are a larger family
found in grasses (Cosgrove 2000). These families are typically found in the plant cell wall, and
they play a significant role in several physiological processes, however, they function in
cellulose modification by cleaving hydrogen bonds within cellulose, and between cellulose and

hemicellulose (Cosgrove 2000; Mafa and Malgas 2023; Imai et al., 2023;).

Imai et al. (2023) reported that EXPB and EXLX seem to have a similar structure to family
GH-45 endoglucanases, however the similarity does not imply that expansins have hydrolase
activity because they mainly function in inducing stress relaxation and extension of plant cell
walls without hydrolysing the cellulose fibres. Duan et al. (2018) demonstrated that the
Bacillus subtilis expansins (BSEXLXT1) increased the enzyme accessibility to cellulose by
breaking the hydrogen bonds, which lead to increased surface area and reduced crystallinity
index. Other studies showed that Bacillus subtilis expansins (BsEXLXT1) effectively synergized
with cellulases on the hydrolysis of filter paper shown by the activity that was 5 times higher
than the cellulases alone (Zhang et al., 2021). These studies demonstrate that expansins
decrystallise and loosen cellulose substrates, improving cellulose degradation and release of
soluble sugars that are important for producing biofuel and value-added products upon

fermentation.
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2.4 Model of synergism: interplay between enzymatic pretreatment and biomass hydrolysis.
Enzyme synergism is a process that occurs when oxidative enzymes in combination with
hydrolytic enzymes work together in the catalysis of different components of the lignocellulose
resulting in enhanced product production (Van Dyk, J.S. and Pletschke, B., 2012; Malgas et
al., 2021). There are two types of synergistic systems, namely, simultaneous, and sequential.
Simultaneous synergy entails the use of various enzymes in a reaction at the same time, while
sequential synergy requires a step-by-step addition of enzymes depending on their efficacy and

lignocellulose substrate targets (Mafa et al., 2021a).

Due to the complexity of lignocellulose, particularly the presence of lignin, most studies use
the sequential system together with the simultaneous system, beginning with the biomass
pretreatment for lignin removal, then the subsequent hydrolysis of the holocellulose with
enzyme cocktails (containing cellulases and xylanases) for enhanced production of sugar
products (Mohotloane et al., 2023; Schmitz et al., 2022). To improve the system, we propose
the use of the sequential system for lignin removal by using LiP, VP and HRP individually or
in synergistic combinations. The delignified biomass can be subsequently subjected to GH
enzymes that hydrolyse the hemicellulose and cellulose in a simultaneous manner. As
mentioned above lignin is a complex polymer that resist GH enzymes degradation by causing
non-specific binding of the GH enzymes (Harmsen et al., 2010; Mnich et al., 2020). Thus,
biological pretreatments (enzyme use) should remove lignin, followed by holocellulolytic

biomass hydrolysis with GHs enzymes.

Lignin is made up of monolignols that are connected by the intra-polymer linkages (ether or
carbon-to-carbon linkages), while the inter-polymer linkages between lignin and the
polysaccharides are hydrogen bonds, ether bonds and covalent bonds (Harmsen ef al., 2010).
For instance, G-units of lignin or ferulic acids forms ester bonds that cross-link lignin with
hemicellulose, which are responsible for the recalcitrance towards enzymatic degradation
(Mnich et al., 2020).

Ligninolytic enzymes such as phenol oxidases (laccase) and heme peroxidases (lignin,
manganese, and versatile peroxidase) as previously mentioned, undergo oxidative reactions
that produce free radicals which are involved in cleaving ether, carbon-carbon bonds and
breakdown of the aromatic rings. Therefore, dislodging the lignin from the polysaccharides and
releasing the lignin fragments (Chan et al., 2020; Weng et al., 2021). Zhang et al. (2022)

showed that laccase, lignin peroxidase and manganese peroxidase can be used in combination
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for complete removal of lignin from corn stover. The authors highlighted that the laccase
initiated the reaction by producing intermediates that are further catalysed by LiP and MnP,
resulting in the destruction of the lignin structure. Interestingly, HRP was found to remove
relatively about 80% of lignin from rooibos biomass, while also reducing the recalcitrant nature
of cellulose (Mohotloane et al., 2023). Further removal of the lignin from the polysaccharides
can be achieved by the catalysis of the ester bonds between lignin and hemicellulose by
utilising ferulic acid esterase [CE1; EC 3.1.1.73] (Schmitz et al., 2022). These studies show
that the LiP, VP, MnP and HRP can be used as effective biological pre-treatment technology

for lignin removal but retain higher content of holocellulose.

Following lignin removal and biomass washing processes, the hemicellulose component of the
biomass should be degraded in the sequential synergy. Choices of enzymes used to degrade
polysaccharides are vital because monocots and dicots have different types of hemicellulose,
i.e., xylan, xyloglucan, mannan, and B-glucans. For instance, xylanases are crucial enzymes
required for the degradation of xylan, particularly endo-1,4-B-p-xylanases (EC 3.2.1.8) and 1,4-
B-p-xylosidases (EC 3.2.1.37). The xylanase from family GH11, which function in cleaving the
glycosidic bonds contained in the backbone of xylan to produce short oligosaccharides. These
oligosaccharides can further be degraded into xylose monomers by xylosidases (Malgas ef al.,
2021). The debranching of the arabinobiose or arabinose involve the combination of o-L-
arabinofuranosidase (EC3.2.1.55), while the debranching of glucuronic acid from xylose
structure is facilitated by a-p-glucuronidases (EC 3.2.1.131). Mafa et al. (2021b) demonstrated
that feruloyl esterase (FAE-1) can synergise with xylanases from family GH10 to effectively
remove the arabinoxylan contained within cereal feedstock. Although the FAE-1 does not break
down sugar molecules themselves, it functions in the cleavage of the ester bonds that link
ferulic acid and arabinoxylan.

Hemicellulose structures are also known to contain mannan residues, which are classified under
four subfamilies that are homo or hetero polysaccharides. The homo polysaccharide is the
linear mannan, while the hetero polysaccharides are the glucomannan, galactomannan and
galactoglucomannan (Mafa and Malgas 2023). Due to the various components of the mannan
structure, homeo or hetero-synergistic systems can be used during hydrolysis and synergistic
properties of mannan have been extensively reviewed by Malgas et al. (2015). However, Mafa
and Malgas (2023) proposed an updated model which incorporates the use of oxidative or non-
hydrolytic enzymes such as LPMO, expansins and swollens, which function in the

decrystallization of cellulose, thus enhancing the hydrolytic activity of acetyl mannan esterases
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(AcME) and other GH enzymes. Similar to lignin, we propose the biomass wash step to remove
the hemicellulose fragments that maybe still be attached, thus leaving the cellulose for further
hydrolysis.

The most abundant polysaccharide in lignocellulosic biomass is cellulose. The microcrystalline
fibres are recalcitrant to enzymatic degradation, while the amorphous region is easily degraded
by the enzymes (Adsul et al, 2020). The CBHs are responsible for hydrolysing the
microcrystalline cellulose regions and amorphous regions are hydrolysed by the
endoglucanases. The oligomers produced are further hydrolysed by B-glucosidase (Andlar et
al., 2018; Keller et al., 2021; Fernandes et al., 2022). However, enzymes such as LPMOs and
expansins play an important role in reducing the recalcitrance of crystalline cellulose. LPMOs
have been shown to synergize with cellulases, however caution should be taken when
combining CBHs with LPMOs because the mechanism of the enzymes is region specific
(Vermaas et al., 2015; Filiatrault-Chastel ef al., 2019). For examples, LPMOs that act on the
Cl1 region of the cellulase show anti-synergism when combined with CBHI, which acts on the
same region, as previously mentioned (Keller ef al., 2021). Therefore, this can be avoided by
combing the C1 cleaving LPMO with the C4 cleaving CHBII. Although the proposed
sequential synergism maybe efficient in the hydrolysis of the lignocellulose, it may be
expensive due to the use of various enzymes. Therefore, simultaneous synergism maybe
beneficial as it is a combination of lignocellulolytic enzymes used at the same time. Schmitz et
al. (2022) studied the degree of synergy between xylanases, ferulic acid esterase and laccase
using sequential and simultaneous application and the findings showed that the simultaneous

addition of the enzymes resulted in a higher degree of synergy compared to sequential.

. State of the art technology used to characterise the pretreatment effect on biomass
Pretreatment methods that aid the removal of lignin or de-crystallization of cellulose induce
chemical and structural modification to the lignocellulose biomass. These effects can be
analysed using various techniques, however for the purpose of the review, we focused on the
use of scanning electron microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR)

and X-ray diffraction (XRD) analysis.

3.1 Biomass topological analysis using scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is a powerful tool used to study the surface topology.

The advantage of using SEM is that it has a large focal length, which allows researchers to
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view the surface of the sample in focus in any specific area at a time using different
magnifications, regardless of the texture (roughness or smoothness) of the sample (Vernon-
Parry, 2000; Zhou et al., 2007). SEM analysis can be used to determine the efficacy of the pre-
treatment, i.e., lignin modification results in the formation of the droplets or flakes on the
surface of biomass samples; or complete lignin removal increases surface porosity and
exposure of the holocellulose (Ling et a/, 2019). Rajak and Banerjee (2015) demonstrated that
laccase (sourced from Pleurotus sp) could modify lignin on wasteland weed (Saccharum
spontaneum) biomass samples. The authors used the SEM analysis to show the effect of the
pretreatment on the surface topology of the biomass (Figure 2.3). The untreated biomass (a)
shows a smooth, intact layer of lignocellulose, while the treated biomass (b) displayed a rough
and flaky surface containing sheets or pieces of lignin. These modifications resulted in
increased hydrolytic enzyme accessibility to holocellulose and increased sugar production.
Similarly, a follow up study conducted using laccase sourced from Lentinus squarrosulus
MR13 on the same wasteland weed yielded similar results, showing that the pretreatment

degraded the lignin layer (displayed by the rough layer) resulting in exposure to the

holocellulose, thus increasing hydrolytic enzyme accessibility to biomass (Rajak and Banerjee

2016).

Figure 2.3: SEM images (a) untreated raw substrate (b) delignified substrate (Rajak and
Banerjee 2015).

3.2 Measuring the chemical functional groups of the biomass using FTIR analysis
Understanding the chemical properties of the materials provides insight into the chemical and
structural differences observed after pretreatment. FTIR mainly identifies the chemical

functional groups within a sample by utilising infrared radiation. This technique provides a
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spectrum that shows absorbance/transmittance readings versus the wavenumber, which results
from the infrared absorption made by every functional group in the sample (Khan et al, 2018).
The chemical functional groups of the plant biomass components can be identified between
700 to 3600 (1/cm) wavenumber as illustrated in Table A3. The findings are either represented
in a form of a table or graph, showing the absorbances or transmittance (%) of the region of
choice (Colom ef al., 2003; Waghmare et al., 2018; Zhang et al., 2019). For instance, Figure
2.4 shows an FTIR analysis conducted to determine the effect of the pretreatment on the
biomass samples and the three regions of interest widely reported in the literature (Table A3).
These regions of interest show the chemical functional groups belonging to the OH group
region (inter and intra hydrogen linkages), phenolics/lignin region and glycosidic
bonds/holocellulose regions (Figure 2.4). The regions correspond to the following
wavenumbers ranging between 3600-3000, 1800-1500 and 1200-900 (1/cm), respectively
(Figure 2.4). A successful lignocellulose pretreatment would show a reduction in the peaks at
wavenumbers between 1700-1500 and 1700-1780 (1/cm) belonging to lignin/phenolic and
ester linkages, respectively. The lower absorbance is an indication of the breakdown of ester
linkages between lignin and hemicellulose and the carbon-carbon bonds, thus leading to lignin
removal. Additionally, the reduction at peak 1113 (1/cm) shows the cleaving of inter or intra
ether or glycosidic linkages within and between lignin, hemicellulose, and cellulose. Therefore,
indicating lignin removal and separation of the hemicellulose and cellulose which enhances the
accessibility of the enzymes to the biomass. However, if the pretreatment is unsuccessful the
peaks at those regions would be similar to the control, showing no change in the pretreated
samples. In contrast, the peak at 3600-3000 (1/cm) belonging to the inter or intra hydrogen
bonds can either decrease or increase depending on the effect of the pretreatment on the
microcrystalline fibres. A decrease in the peak indicates cleaving of the hydrogen bonds which
is shown by a lower crystallinity index in the pretreated sample compared to the control. While
an increase in the peak indicates remodelling of the hydrogen bond network, which can be
shown by an increase in the crystallinity index. However, the increase or decrease in the

crystallinity index does not specify the solubility of pretreated sample.
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Figure 2.4: FTIR analysis showing three regions of interest, OH group region (inter or intra
hydrogen bonds), phenolics/lignin region and glycosidic bonds/holocellulose regions

represented by blue, red and green arrows, respectively.

3.3 Determination of cellulose crystallinity using X-ray diffraction (XRD)
X-ray diffraction is a technique mostly used to provide insight into the physical properties of
the crystalline nature of cellulose. It can be used to determine the crystallinity index (Crl),
distance between the crystals and size of the crystals in the tested sample (Ling et a/, 2019; Yu
et al, 2020). Most studies use the Segal/Parks peak height method to measure the Crl of the
cellulose in various lignocellulose biomasses (Segal ef al., 1959; Park et al., 2010). However,
the Crl does not account for the amorphous and crystalline material, therefore other factors
such as crystallite sizes, d-spacing and Full Width Half Maximum (FWHM) play a role in the
crystalline nature of cellulose (Park et al., 2010; Cheng et al., 2011; Ling et al., 2017; Ren et
al., 2022). Cellulose material from different sources have varying diffraction patterns, leading

to different Crl (Garvey et al., 2005).

Figure 2.5 is an example of diffraction patterns with peaks labelled to indicate their crystal
lattice assignment of the crystalline cellulose model substrate before and after pretreatment.
The number of the resolved diffraction peaks differs in the Avicel and filter paper biomass.
Avicel shows three resolved peaks, while filter paper has four narrow peaks. Garvey et al.

(2005) demonstrated that filter paper has four narrow resolved peaks when compared to neutral
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sulfite semi-chemical pulp (NSSC) and bleached eucalypt kraft pulp (BEK) samples. The
changes in the XRD spectra of the samples during pretreatment can be determined using the
Segal/park peak height method, which measures the Crl (%) by using the ratio between the
height at peak 002 ((Ioo2) and height of the minimum (Iam) found between the 002 and the 101
peaks. However, this method does not determine of the amount of the crystalline and

amorphous material in the cellulose sample (Park et al., 2010).
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Figure 2.5: X-ray powder diffractograms of (a) Avicel, and (b) Filter Paper samples.

The computational method that can separate amorphous and crystalline contributions to the
diffraction spectrum to accurately measure the crystallinity index (%) is known as the
deconvolution method, which uses a curve-fitting process [Figure 2.6; Park ef al., 2010]. The
shape and number of peaks are used to make the assumptions for the curve fitting. Curve fitting
the XRD spectra requires the use of the Gaussian, Lorentzian and Voigt functions that can result
in a separation of five or four crystalline peaks (Park et al., 2010, Ling et al., 2017). Figure 2.6
shows the curve fitting of the Avicel control using five Gaussian crystal peaks. The crystallinity

index (Crl) is calculated from the ratio of the area of all crystalline peaks to the total area.
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Figure 2.6: The Gaussian functions used to fit the X-ray diffraction data from a Avicel Control.

To comprehensively determine the crystalline nature of a cellulose in biomass samples, factors
such as lattice spacing (d-spacing), which describe the distance between the crystallites and the
crystallite size can be used to understand the evolution of the peak morphology. The changes
in the d-spacing and crystallite size at 101 and 101 plane indicates the structural property of
cellulose. For instance, a perfect crystallite size of between 0.384 and 0.3866 nm, and a larger
d-spacing at 002 plane is an indication of a compact biomass, which can be differentiated by
two resolved peaks. Thus, implying increased recalcitrance to endoglucanase hydrolysis (Ju et
al., 2015). Whereas a decrease in the crystallite size at the 101-lattice plane as a result of a
breakdown of the intermolecular hydrogen bonds, which is associated with the increase in the
distance between the crystals represented by one broad peak, could have a direct implication

to the ability of endoglucanase to hydrolyse microcrystalline cellulose (Figure 2.6; Ling et al.,

2017; Ren et al., 2022).

4. Problem Statement

Several investigations have demonstrated that rooibos tea has the potential to be applied as a
source of complex phenolic compounds that can be used beyond the tea industry. For instance,
Hiibsch et al. (2014) demonstrated that the rooibos extracts had antibacterial activity.
Additionally, the application of ferulic acid esterase, pectinase, B-glucanase, and xylanase on
rooibos biomass improved the extraction of phytochemicals (Coetzee et al., 2014). The enzyme

phytochemical extracts contain flavone and iso-orientin, which have pharmaceutical value. The

34



use of cellulase and xylanase biocatalysts improved the concentration of soluble solids
extracted from rooibos (Pengilly et al., 2008). However, there is a knowledge gap regarding
the innovative use of rooibos residue from tea extraction processes. According to the rooibos

council (https://sarooibos.co.za/industry-statistics/) close to 14000 tons of rooibos is produced

annually in South Africa and about 6000 tons of the rooibos is exported Therefore, the amount
of rooibos residue left after tea processing is measured in tons per annum, and the fact that
rooibos is a woody fynbos plant, suggests that it can be suitable for biofuel production. Thus,
the current MSc research project addresses the knowledge gap regarding the use of rooibos as

a potential sustainable bioresource for producing value added chemicals/products.

5. Aims and objectives.

The aims of the MSc project were to comprehensively characterise the horseradish peroxidase
(HRP) and use it to delignify rooibos biomass. In addition, to formulate a holocellulolytic
enzyme-cocktail (using cellulases and xylanase) that catalyse the production of soluble sugars

from the HRP delignified fermented rooibos.

The study’s objectives were to
1. Extract, purify and physicochemically characterise HRP.
2. Apply purified HRP on fermented rooibos bagasse for lignin removal; and characterise the
delignified biomass.
3. To probe the HRP activity on cellulose model substrates (decrystallizing cellulose)
4. Formulate a holocellulolytic enzyme cocktail (HEC) with cellulases and xylanases, and its
application for effective hydrolysis of the delignified rooibos biomass.

5. Apply HEC for conversion of pretreated rooibos residues into soluble sugars.
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Abstract

The purpose of the study was to pretreat fermented rooibos biomass with partially purified
horseradish peroxidase (HRP) for lignin removal and to convert delignified biomass to soluble
sugars through saccharification with a formulated holocellulolytic enzyme cocktail (HEC).
HRP enzyme was extracted from the horseradish root tissue and was partially purified by
membrane filters and characterised biochemically. HRP enzyme was used to pretreat the
fermented rooibos biomass to remove lignin before hydrolysing it with the HEC. Our findings
indicated that HRP is versatile because it displayed activity on guaiacol, 8-aminoquinoline, and
decolourised methylene blue dye. HRP had a pH optimum of 4.5 and displayed a mesophilic
temperature range. The Kinetics studies indicated that HRP displayed a higher affinity towards
guaiacol (Kn=0.082 mg/mL) followed by 8-aminoquinoline (Kn= 0.221 mg/mL). However,
the catalytic efficiency revealed that the enzyme hydrolysed guaiacol (63436.48 s'. mg/mL)
and 8-aminoquinoline (59189.81 s™!. mg/mL) efficiently. HRP pretreatment of rooibos biomass
significantly removed lignin content and increased pores on the surface as visualised with
SEM. FTIR validated the SEM results by showing reductions at 3324.81, 1615.16 and 1018.75
cm, corresponding to crystalline cellulose, lignin and holocellulose regions, respectively.

HRP pretreated biomass had the lowest crystallinity index of 11.2% compared to 20% of the
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control. HRP delignified rooibos biomass was hydrolysed effectively by the HEC, which
released about 10% yield of soluble sugars compared to 6% of control. We conclude that HRP
pretreatment significantly modified the structural and chemical properties of the biomass,
making it more accessible to hydrolytic enzymes.

Keywords: Enzyme cocktail; enzymatic biomass-pretreatment; HRP-activity; rooibos biomass;
LPMO-activity
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1. Introduction

Economic activities such as burning fossil fuels (coal, oil and gas) enhance the greenhouse
effect leading to global warming. Hence, biofuel production from agricultural residues is one
of the preferred renewable fuels because it can decrease carbon monoxide emissions (I.P.C.C
2007; Houghton 2005). Plants can use the emissions of carbon dioxide from the biofuel during
photosynthesis resulting in an ecofriendly process known as the carbon cycle (1.P.C.C 2007).
The biorefinery sector continues to investigate cheaper methods for producing second
generation biofuel and value-added products (VAPSs) from agricultural residues, which have
the potential to produce simple sugars that can be fermented into ethanol (Olsson and Hahn-
Hagerdal 1996; Mafa et al. 2021). However, removing lignin from the biomass via ecofriendly
means and using enzyme cocktails to degrade lignocellulose to simple sugars has been a
challenge, resulting in a higher price for biofuel than petroleum production (Olsson and Hahn-
Hagerdal 1996). These observations prompt more research that probes newer, efficient and
environmentally friendly methods to remove lignin from lignocellulose or formations of
enzyme cocktails with superior biomass conversion to fermentable sugars (Mafa et al. 2021,
Van Dyk and Pletschke 2012).

Agricultural wastes such as rooibos (Aspalathus linearis) residues are carbon-rich biomass that
can be used to produce second-generation biofuels without affecting food supply due to their
high abundance (Kong et al. 2017; Malhotra and Suman 2021). Rooibos is part of the fynbos
vegetation found in the Western Cape and Northern Cape Provinces of South Africa (Joubert
and Schulz 2006; Lotter and Maitre 2014). It is one of the major drinks consumed as a ready-
made tea (iced tea), or as a hot tea (Joubert and Schulz 2006). The production of iced tea results
in tons of rooibos bagasse produced annually, and the manufacturing companies typically
dispose of the waste by burning, dumping it into landfills or using it as compost (kondo et al.
2007). We propose that some of the rooibos residues disposed of annually can be used to

produce biofuel and VAPs through enzymatic degradation.

The physiological and biochemical features of the rooibos plant make it an attractive biomass
source. Rooibos is a shrub (woody plant) that grows along the ground and can reach 2 m in
length (Joubert and Schulz 2006; Lotter and Maitre 2014). Pengilly et al. (2008) demonstrated
that soluble sugars (e.g., xylose, glucose, arabinose, and galactose) were easily extracted from
rooibos samples by boiling in water. Compared to black tea (Camellia sinensis), rooibos

contains lower tannin content, which forms part of lignin in most dicots (Joubert and de Beer
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2011). A study by Dossou-Yovo et al. (2021) showed that rooibos contains about 45% soluble
matter, 37% holocellulose, 9% soluble lignin, and 82% of the rooibos biomass is hydrolysable.
Other studies argue that the holocellulose constitutes the major content (Malhotra and Suman
2021), where cellulose forms 36-61%, and hemicellulose constitutes 13-39% (Olsson and
Harn-Hagerdal 1996; Calderan-Rodrigues et al. 2019).

Cellulose and hemicellulose are hydrolysed by glycoside hydrolases (GHs) that constitude
main-chain cleaving and debranching enzymes to produce sugars that can be fermented to
produce ethanol or VAP (van Dyk and Pletschke 2012; Malgas et al. 2019; Mafa et al. 2021).
However, the presence of lignin can lead to non-specific substrate-binding of holocellulolytic
enzymes or inhibits the enzymatic degradation of cellulose and hemicellulose (Malhotra and
Suman 2021; Kong et al. 2017). Lignin is a polymer comprised of randomly linked
hydroxycinnamyl alcohols such as p-coumaryl alcohol, coniferyl alcohol, and sinapy!l alcohol
(Mnich et al. 2020). Due to its protective nature, lignin must be removed before the
lignocellulosic biomass is hydrolysed through enzymatic application. Generally, lignin
removal results in a higher enzymatic biomass conversion rate with a higher yield of soluble
sugars. (Mnich et al. 2020; Mafa et al. 2020; Van Dyk and Pletschke 2012).

Most of the developed pretreatment methods used to remove lignin include chemicals
(particularly acid pretreatments) which are expensive and produce toxic compounds, such as
black liquor, that are detrimental to the environment and human health (Kong et al. 2017;
Bagewadi et al. 2017). Additionally, pretreatment methods alter the lignin and hemicellulose
structure during lignin degradation and produce inhibitory compounds, such as furfural and
hydroxymethylfurfural, which impede enzymatic hydrolysis and the fermentation process
(Kong et al. 2017; Harmsen et al. 2010). In contrast, the use of alkaline pretreatments, such as
sodium hydroxide, is cost-effective compared to acid pretreatment. Alkaline pretreatments
lower the degree of polymerisation (DP) and cellulose crystallinity, as a result, increases the
efficacy of the enzymes that hydrolysis carbohydrates (Mafa et al. 2020; Hendriks and Zeeman
2009). However, the limitation of alkaline pretreatment is that the method's efficacy depends
on the amount of lignin present in the biomass, and it can also hydrolyse hemicellulose content
at higher concentration (Mafa et al. 2020; Hendriks and Zeeman 2009). The biological
approach for lignin removal (including the use of ligninase, peroxidase, laccase and

carbohydrate esterase enzymes or microbes), is a cheaper alternative that is sustainable,
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environmentally friendly and effective without the loss of polysaccharides and the production

of inhibitory compounds (Giacobbea et al. 2018).

Biological pre-treatments use enzymes produced by microorganisms and plants to remove
lignin from the biomass. Enzymes that remove lignin are known as ligninolytic enzymes, which
include lignin peroxidase (LiP, EC 1.11.1.14), manganese peroxidase (MnP, EC 1.11.1.13),
versatile peroxidase EC 1.11.1.16), and dye decolourising peroxidase (DyP, EC 1.11.1.19)
(Malhotra and Suman 2021; Biko et al. 2022). The current study will focus on the use of
horseradish peroxidase to delignify rooibos bagasse. The peroxidases (EC 1.11.1.7) require
H>0> as a co-substrate to initiate the reaction for lignin degradation, and in the same reaction,
H202 is converted to water (Sarika et al. 2015; Rad et al. 2007; Lavery et al. 2010; Liu et al.
2013). Ligninolytic enzymes, such as peroxidase from horseradish roots (Armoracia
rusticana), are heme-containing enzymes used in immunohistochemistry, the treatment of
waste containing phenolic compounds, removal of colour from waste or the removal of
peroxide from industrial waste (Miranda and Cascone 1995; Lavery et al. 2010; Liu et al. 2013;
Sarika et al. 2015). The need for cheaper biofuel and other VAPs produced from lignocellulosic
material is the driving force behind the search for cheaper and eco-friendly de-lignification
process of the biomass. The aims of the study are to comprehensively characterise horseradish
peroxidase (HRP) and use it to de-lignify rooibos biomass. Secondly, to formulate a
holocellulolytic enzyme cocktail and apply it to the de-lignified rooibos to convert it to soluble

sugars.

2. Materials and methods

2.1. Materials

Rooibos samples were supplied by rooibos limited (Clanwilliam, Western Cape, South Africa).
The horseradish root was provided by Mr Barry Newton and Mr John Parr from Yaxham farm
situated in Tweespruit, Free State, South Africa. The SDS-page prestained protein ladder was
purchased from Thermo fisher scientific. The commercial cellulases and xylanase enzymes
such as xylanase from Aspergillus oryzae, endoglucanasel (EG1) from Aspergillus niger,
endoglucanase2 (EG2) from Aspergillus sp., B-glucosidase from Aspergillus niger and CBHI
from Hypocrea jecorina were all purchased from Sigma (3050 spruce street, St Louis, MO,
USA). The commercial substrates, such as guaiacol, avicel, 8-aminoquinoline, glucuronoxylan

and carboxymethyl cellulose sodium (CMC) were purchased from Sigma (3050 spruce street,
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St Louis, MO, USA), whereas beechwood xylan and wheat arabinoxylan were purchased from
Megazyme, (Wicklow, Ireland) and methylene blue dye was supplied by protea laboratories.
All the analytical chemicals used in the study were purchased from Sigma (3050 spruce street,
St Louis, MO, USA), unless stated differently.

2.2. Extraction of horseradish peroxidase (HRP)

Horseradish peroxidase (HRP) was extracted from 300 g root tissue of horseradish. The root
was chopped into 5 cm pieces, transferred into an electric industrial blender (Mellerware:
optima jug blender), and homogenised into a fine paste after adding 500 mL of 50 mM sodium
phosphate buffer at pH 6. The homogenate was transferred into 50 mL falcon tubes and
incubated on ice for 30 minutes. The ice-cool samples were filtered using a cheese cloth. The
resulting supernatant was transferred into clean falcon tubes and allowed to sediment for 16
hours at 4°C. After 16 hours, samples were centrifuged at 15 000 xg for 30 minutes, and the
supernatant was collected in a clean beaker, and then filtered using a 0.45um, white 47mm
gridded sterile (Millipore) filter. A volume of 400 mL of the filtrate (HRP) was collected in
clean Falcon tubes and stored at 4°C for further use.

2.3. HRP purification analysis

About 50 mL crude HRP was added to a 30 kDa, 20-100 mL, 4pk Pierce™ protein concentrator
PES (Thermoscientific, United Kingdom) for partial purification. The samples were
centrifuged at 4250 xg for 30 minutes, the flow-through and the retained samples were
collected in 50 mL falcon tube. The protein concentration of the partially purified HRP enzyme
was determined using Bradford's method (Bradford 1976). The enzyme purity was determined
with 12% (w/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
according to Laemmli (1970). The proteins were loaded on stacking gel wells and separated
for 2 hours at 118 V. After separation, the gel was stained overnight using the Coomassie-
staining solution (40% methanol, 10% acetic acid, and 0.025% Coomassie Brilliant Blue
G250), and destained using a destaining solution (40% methanol and 10% glacial acetic acid).

2.4. HRP substrate specificity assay

HRP substrate specificity assays were conducted using guaiacol, methylene blue and 8-
aminoquinoline. About 1.5 mM of guaiacol substrate was dissolved in 50 mM sodium citrate
buffer pH 4.5, and 0.5% (v/v) H20. and used to test HRP activity. Firstly, we varied HRP
concentrations as follows, 1.6 ug/mL, 4.7 pg/mL, 7.8 pg/mL and 16 pug/mL but kept the
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concentration of the substrate constant. The kinetic absorbance was measured as the rate of the
reaction for 3 minutes at 470 nm. Once the HRP activity on guaiacol was established, about
0.68 mg/mL of HRP was used to demethylate methylene blue dye by dissolving about 1.5 mM
methylene blue dye in 50 mM sodium citrate buffer pH 4.5, which was added to HRP, and
0.5% (v/v) H202. The reactions were incubated for 16 hours and the absorbance was measured
at 666 nm. The third reaction to test the versatility of HRP was performed using 1.5 mM of 8-
aminoquinoline dissolved in 50 mM sodium citrate buffer pH 4.5, then added to 4.7 pg/mL of
HRP and 0.5% (v/v) H20.. The reactions were incubated at 37°C for 20 minutes and the
absorbance was measured at 520 nm. All the reactions were performed in triplicate and
absorbance readings were performed on an ultraviolet-visible spectrophotometer (Varian Cary
100 Bio UV-Visible). The extinction coefficient of guaiacol and 8-aminoquinoline were 26.6
mM .cm~* and 6.58 mol/L .cm™, respectively.

2.5. HRP biochemical characterisation

Biochemical characterisation studies were performed to determine the HRP pH optimum, pH
stability and thermostability using guaiacol as a substrate. pH optimum studies were assayed
using 1.5 mM guaiacol dissolved in different buffers, i.e., 50 mM sodium citrate buffer for pH
4 t0 5.5; 50 mM sodium phosphate buffer for pH 6 to 7.5; 50 mM for Tri-HCL buffer for pH 8
to 9) and 4.7 pg/mL of the HRP and 0.5% (v/v) H2O.. For pH stability studies, the enzyme was
incubated for 16 hours in different buffers with varying pH, and the reactions were conducted
as mentioned above. Similarly, for thermostability assays, the enzyme was incubated at 37, 50
and 70°C for 1, 5, and 16 hours to initiate the reaction as mentioned above. All reactions were

conducted in triplicate, and the absorbance was measured at 470 nm.

2.6. HRP enzyme Kinetic studies

The kinetics studies were conducted using 8-aminoquinoline and guaiacol substrates. HRP
kinetic constants were determined using various concentrations (0.1, 0.25, 0.5, 0.75, 1, 1.25,
1.5 mM) of 8-aminoquinoline and guaiacol substrate. Each reaction in 1 mL consisted of the
substrate dissolved in 50 mM sodium citrate buffer at pH 4.5, 4.7 pg/mL of the HRP-enzyme
and 0.5% (v/v) H20.. For 8-aminoquinoline, the reactions were incubated for 20 minutes at
37°C, and the absorbance readings were taken at 520 nm. For guaiacol, the reactions were
measured as the rate of the reaction at 470nm. The reactions were carried out in triplicate and
the readings were taken using a spectrophotometer (Varian Cary 100 Bio UV-Visible). After

calculation, the reaction rate was converted to mg/mL for the determination of the Michaelis-
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Menten constant (Km), Vmax, catalytic constant (kca) and catalytic efficiency using the

Lineweaver-Burk plot and Solver analysis in Microsoft Excel (Version 2016).

2.7. Fermented rooibos biomass pretreatment with HRP for lignin removal

About 2.5 g of soluble sugar-free fermented rooibos samples were dissolved in 50 mM sodium
citrate buffer pH 4.5. The lignin removal reaction was conducted by adding 0.5 mg/mL HRP-
enzyme and 1% (v/v) H2Oz in the tubes containing the rooibos biomass. The reaction period
was 24 hours, and samples were incubated in a water bath set at 37°C followed by mixing with
vortex every 6 hours. Additions of enzyme and H.O> were performed in triplicate (at 0, 6 and
12 hour incubation) in the reaction. There were two reaction controls that were performed in
the same conditions as the HRP pretreatment reaction, except that first control contained
rooibos biomass and buffer only, and the second control reaction contained rooibos biomass
and 1% (v/v) H202 only. After the lignin removal reaction, the samples were centrifuged at 4
000 xg for 15 min and the supernatant was removed and frozen at -20°C for later use, while the
rooibos material was dried at 60°C for 72 hours and stored in an airtight container at room

temperature for later use.

2.8. Rooibos biomass analysis with FTIR

Chemical (functional group) analysis of the untreated or pretreated fermented rooibos biomass
samples was analysed with Fourier Transform Infrared (FTIR) Spectroscopy. The FTIR spectra
of the fermented rooibos control (untreated), and H20. or HRP pretreated samples were
measured at room temperature using an UATR-FTIR instrument (Thermo scientific, USA). All
FTIR spectra were collected in absorbance mode at a spectrum resolution of 4 cm™?, with 32
co-added scans per sample over the range of 4000 to 650 cm ™. Peaks’ functional groups were
assigned according to Mafa et al. (2020).

2.9. X-ray diffraction (XRD) analysis of rooibos biomass

The XRD technique was used to determine the HRP-pretreatment effect on the crystallinity of
the fermented rooibos biomass. Once again, 1% (v/v) H20> pretreated biomass and untreated
rooibos biomass were used as controls. The Bruker diffractometer (USA) was used to do XRD
using Cu Ka radiation at 40 kV and 130 mA at Coupled 26/Theta scanning angle and a speed

of 0.5%minute. Sample’s crystallinity index was calculated according to Park et al. (2010).
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2.10. Determination of rooibos biomass topology with SEM

To determine the effect of HRP-pretreatment on rooibos biomass topology and the controls,
completely dry samples were analysed with scanning electron microscopy (SEM). Samples
were mounted on aluminium pin stubs using double sided carbon tape and coated with Iridium
(10 nm) for conductivity using a Leica EM ACE600 coating system. Specimens were imaged
at 5 kV using a JSM-7800F Extreme-resolution Analytical Field Emission SEM (Tokyo,
Japan). The samples with different magnification ranging between 100 to 1000 times were used
to analyse the samples and photos were taken with a built-in camera to document the results.

2.11. The effect of HRP on microcrystalline cellulose

About 2.5 g of Avicel samples were dissolved in 50 mM sodium citrate buffer pH 4.5. The
reaction was conducted as described in the lignin removal method to determine the effect of
the HRP pretreatment on the microcrystalline cellulose. After 24-hour incubation, each of the
sample was mixed by vortexing and placed in a falcon tube stand to determine the
sedimentation rate according to Koskela et al. (2022) with modification. Photographs were
taken (using a cell phone) every min for 10 min and after 10 min the distance of the
sedimentation was measured in millimetre (mm). After the determination of the sedimentation,
the samples were centrifuged at 4 000 x g for 15 minutes and the supernatant was removed and
stored at -20°C for later use, while the Avicel insoluble material was dried at 60°C for 72 hours
and stored in an airtight container at room temperature for later use. The supernatant was used
to determine the soluble reducing sugars using DNS method (Miller 1959). The readings were
taken at 540 nm on an ultraviolet-visible spectrophotometer (Varian Cary 100 Bio UV-Visible).
Enzyme activity was also conducted using EG1 (from A. niger) and EG2 (from Aspergillus
sp.), and B-glucosidase (from A. niger) and HRP pretreated Avicel was used a substrate. Each
reaction assays for the cellulase activity consisted of about 1% (w/v) substrate (pretreated
Avicel dissolved in 50 mM sodium phosphate buffer pH5) added to 0.143 mg/mL for EG1,
0.33 mg/mL for EG2, and 0.25 mg/mL for B-glucosidase of the enzymes. All the reactions were
incubated at 37°C for about 2 hours. After the completion of the reactions, samples were

centrifuged at 5 000 x g and total reducing sugars were also detected with the DNS method.

2.12. Holocellulolytic enzymes substrate specificity assay
Substrate specific assays were conducted using wheat arabinoxylan (WAX), beechwood xylan
(BWX), which represent the hemicellulosic content of lignocellulose; and carboxymethyl

cellulose sodium (CMC) represented the amorphous cellulose content, while microcrystalline
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cellulose was represented by Avicel or filter paper. Each reaction assay for the xylanase activity
consisted of 1% (w/v) WAX and BWX dissolved in 50 mM sodium phosphate buffer pH 6 and
0.143 mg/mL of xylanase and EG1, or 0.246 mg/mL of EG2. In the case of cellulase two
experimental regimes were used; for the CHBI activity, about 0.024 mg/mL of enzyme was
added to 1% (w/v) Avicel or 3 discs of filter paper hydrated in 50 mM sodium phosphate buffer
pH6, and endoglucanase activities were assayed using 1% (w/v) CMC dissolved in 50 mM
sodium phosphate buffer at pH6. All the reactions were incubated for an hour at 37°C, except
for the reaction where enzymes degraded Avicel and filter paper, the reactions were incubated
for about 5 hours. All the experiments were conducted in triplicate. The enzyme activity was

measured using the DNS method as mentioned in the previous section.

2.13. Formulation of the cellulolytic cocktail

The most effective endoglucanase enzyme core set was determined using 1% (w/v) of CMC or
3-discs of filter paper dissolved in 50 mM sodium citrate buffer pH 5 and enzyme-loading
combinations (100, 75, 50, 25, 0%) of EG1 and EG2 were kept at constant concentration of
0.143 mg/mL. The reactions contained 1% (w/v) CMC, 0.143 mg/mL enzyme (EG1 and EG2
combinations) and 0.0143 of B-glucosidase, and the reactions were incubated for an hour at
37°C. After the completion of the reactions, reducing sugars were detected using the DNS
method. The most effective EG1:EG2 combination (i.e., 25%:75%) was further used in
combination with CBHI to determine the cellulolytic cocktail using 1% (w/v) Avicel or 3-discs
of filter paper dissolved in 50 mM sodium citrate buffer pH5. The experimental setup was

similar to the one used to develop the most effective EG1:EG2 core sets.

2.14. Application of the holocellulolytic enzyme cocktail on the delignified rooibos
biomass
The cellulolytic enzyme cocktails (consisting of EG1, EG2, CBHI and B-glucosidase) did not
show a superior hydrolytic effect compared to EG1, EG2 and B-glucosidase. As a result, the
holocellulolytic enzyme cocktail was formulated by investigating the additive effect of
xylanase on the most effective EG1:EG2 enzyme core set. The xylanase additive effect was
determined using 1% (w/v) of the de-lignified or control rooibos biomass that was hydrated by
50 mM sodium citrate buffer at pH 5. The best EG1:EG2 (25%:75%) was used at a constant
concentration of 0.143 mg/mL and 0.0143 mg/mL p-glucosidase, while the xylanase
concentration varied at 0.1, 0.5, 0.75 and 1 mg/mL. The reactions were incubated for 24 hours

at 37°C. All experiments were performed in triplicate. After the completion of the reactions,
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reducing sugars were detected using the DNS method as described in the effect of HRP on

microcrystalline cellulose section.

2.15. Data analysis

All the data (excluding the SDS-page and sedimentation data) was analysed in Excel and used
to generate graphs and tables. One-way ANOVA was used to calculate the significant
differences between treatments where necessary. Solver was used to determine the kinetic
constants of the HRP enzyme.

3. Results

3.1. HRP partial purification and substrate specificity

Post extraction of HRP from the root of horseradish plant, the enzyme was partially purified
and concentrated. The SDS-PAGE analysis showed intense bands with a molecular weight of
44, 48 and 66 kDa (Fig. 3.1). These bands were visible in the crude HRP samples, partially
pure HRP and the dialyzed samples. It is important to note that after dialyzing the concentrated
partially pure HRP samples, a few of the bands between the 48 and 60 kDa and a few bands
above 60 kDa disappeared from the gel. These observations indicated that we partially purified

the HRP enzyme which was used in the follow-up studies.

PC Crude HRP  Partially pure  Dialyzed

250 kDa

60 kDa

48 kDa
44 kDa

10 kDa

Figure 3.1: Determination of HRP partial purity with SDS-PAGE. Lane 1 (PC) represents the
protein standard (prestained protein ladder), lane 2 represents crude protein extracted from the
horseradish root, lane 3 represents HRP enzyme partially purified with 30 kDa cut-off filters
and Lane 4 shows the profile of a further dialyzed partially pure HRP.
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Substrate specificity assays were conducted to determine the partially purified HRP enzymes’
activities. The enzymes showed extremely high activity on the guaiacol substrate- as a result,
this substrate was used to determine the correct HRP concentration for further analysis. The
results showed that 4.7 pg/mL concentration of the HRP was sufficient as it did not convert
guaiacol to tetraguaiacol more rapidly as did 16 pg/mL (Fig. 3.2a). So, a concentration of 4.7
pg/mL was used for downstream analysis and to test the HRP activity on one other substrate
(Fig. 3.2c). The enzyme decolourised the methylene blue dye by significantly reducing the
absorbance values (Fig. 3.2b). Also, the HRP enzyme efficiently converted 8-aminoquinoline
to form a quinoline dye (Fig. 3.2c), and the activity of the HRP enzyme was significantly
different from when H2O, was present alone. The assays showed that HRP is a versatile enzyme
because it had activity on all three tested substrates.

a 200 * b 03
18.0 - -
16.0 £ 0.25
S *
< 140 8 02 4
S 120 © I
> 100 * 80.15
> 80 c
T 6.0 - * S o1
< | =
0 3 0.05
20 1 e
0.0 < 9 ‘ ;
1.6 4.7 7.8 16 Blank Control (H,0, HRP

without HRP)
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without HRP)

Treatments
Figure 3.2: represents the activity of the peroxidase enzyme on, a) guaiacol substrate at
different enzyme concentrations, b) on Methylene Blue dye and c) on 8 aminoquinoline. The
values represent the means + standard deviation. The * represents significant differences

between enzyme concentrations or treatments detected with ANOVA (p<0.05).

3.2. Biochemical properties and kinetics parameters of the HRP enzyme
Guaiacol is a model substrate for peroxidase, and it was used to optimize the HRP enzyme

biochemical conditions. HRP displayed a pH optimum at 4.5 (Table 3.1), however at pH 4 and
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5.5 the enzyme displayed more than 80% relative activity indicating that the enzyme favoured
acidic conditions but gradually lost activity as the conditions became more basic. For pH
stability studies, the enzyme still demonstrated high activity at pH 4.5, while it lost between 30
and 40% of its activity at pH 4, and at pH 5 to 7, and lost more than 50% of its activity in the

basic range. Thus pH 4.5 was taken as the optimum pH condition for the HRP-enzyme.

The thermostability studies for HRP was conducted by incubating the enzyme at 37, 50, and
70°C for 1, 5 and 16 hours, respectively. The enzyme had high activity at 37°C for all three-
time points (Table 3.1), and at 50°C, it had an activity of more than 80% after 1 hour of
incubation, but gradually lost activity at 50°C after 5 hours incubation followed by 16 hour
incubation. At 70°C the enzyme lost activity at all the time points. Thus, 37°C was taken as the

temperature at which the HRP enzymes showed optimal activity.

Table 3.1. The HRP Biochemical properties and kinetic parameters

Biochemical properties (optimum

Substrates Kinetics
conditions)
pH . .
pH N Thermostability Kwm Vinax Coefficient constant
) stability ) ) Keat (5-1)
optima studies (mg/mL)  (mg/mL.min?) (s. mg/mL)
range
) 4% 45; 45 and
Guaiacol 37°C 0.082 0.404 518545  63436.48
5.5% 6.5
) o Not
8-Aminoquinoline  Not tested ested Not tested 0.221 1.022 13096.86 59189.81
este

*indicates the pH conditions where HRP enzyme displayed more that 80% relative activity
All experiments were perfomed in triplicate.

Kinetics studies showed the rate at which HRP catalysed guaiacol and 8-aminoquinoline
substrate into products, as well as HRP’s affinity towards the substrates. The Ky values were
0.082 and 0.221 mg/mL for guaiacol and 8-aminoquinoline substrates, respectively (Table 3.1).
These results indicate that HRP enzyme has a higher affinity toward guaiacol compared to 8-
aminoquinoline. However, the enzyme displayed a higher Vmax (1.022 mg/mL.min ') when it

catalyse 8-amniquinoline, which was 3.5 fold higher than the Vmax (0.404 mg/mL.min ') it
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displayed during the catalysis of guaiacol. kca: values of 5185.45 s for guaiacol and 13096.86
s’ for 8-aminoquinoline were recorded. The HRP displayed a catalytic efficiency value of
about 63436.48 s!'. mg/mL for guaiacol and 59189.81 s™'. mg/mL for 8-aminoquinoline. The
catalytic efficiency values were higher when HRP catalysed guaiacol, compared to when it
catalysed 8-aminoquinoline. The results showed that HRP enzyme has a higher affinity for
guaiacol compared to 8-aminoquinoline, but the enzyme -catalysed guaiacol and 8-

aminoquinoline efficiently.

3.3. Structural, and physicochemical characterization of HRP-treated rooibos biomass

After confirming the substrate specificity, optimum biochemical properties and Kinetics
parameters for the HRP enzyme, it was used to delignify the rooibos biomass. SEM topological
studies were employed to determine the lignin removal efficacy of the HRP enzyme. The
control (the untreated rooibos biomass) had a rough surface with a thick layer of lignin covering
cellulose and hemicellulose of fermented rooibos, which was visible under 300x and 800x
magnification (Fig. 3.3). The biomass treated with 1% (v/v) H202, had a smoother surface that
still contained pieces of the lignin layer visible on the biomass. Also, a few pores appeared on
the biomass after H.O> pre-treatment. Interestingly, the biomass treated with HRP showed a
significant removal of lignin layer from the fermented rooibos biomass, such that the fibres
(holocellulose) were exposed, suggesting that relatively more than 80% of the lignin layer was
removed or catalysed by HRP to phenolic compounds compared to the control. Lastly, the
HRP-treated rooibos biomass was more porous compared to the control and H>O; pretreatment.
Increased, pores on the HRP-treated rooibos surface could grant hydrolytic enzymes more

access to the biomass, which could lead to increased soluble sugars production.
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Control (H,O, without HRP)

i, "

Figure 3.3: The determination of the impact of HRP treatment biomass topology using scanning
electron microscopy. The topological structure of the samples were determined at 300x (left

images) and 800x (right images) magnification; scale bar for all images is 10 um.

Changes in the chemical functional groups in the untreated or pretreated fermented rooibos
biomass samples were analysed with FTIR. The FTIR results corroborated the SEM findings
because it was clear from the FTIR analysis that HRP pretreatment had an effect on the
structural and chemical features of the rooibos biomass (Fig. 3.4). The control (untreated)
biomass showed a high peak at 3324.81 cm™ (red asterisk) which represent the OH groups,
inter- and intra-hydrogen bonds found in the microcrystalline cellulose region of the biomass.
The rooibos biomass pretreated with H2O also had a high peak at the same wavenumber as
untreated samples, while the HRP pretreated samples showed a significant decrease in the
absorbance at 3324.81 cm™. The observations suggest untreated and H,O> pretreated biomass
had higher crystallinity compared to HRP-treated biomass. In addition, the control (untreated)
biomass showed the highest peak at the phenolic content range (1615.16 cm™), indicating the
substantial presence of lignin in the samples. The second higher peak at the phenolic content
range was that of H2O>, followed by HRP pretreated biomass with significantly reduced peak
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in the phenolic content region compared to the control (yellow asterisk above peak 1615.16 in
Fig. 3.4). Once again, the results indicated that HRP pretreatment had a significant effect by
removing the lignin from the biomass. There was a minimal difference between control and
H.0, pretreated biomass at the holocellulose region (1018.75 cm™). However, the HRP
pretreated biomass had a reduced holocellulose peak at 1018.75 cm™ (green asterisk in Fig.
3.4). The FTIR findings reveals that HRP-enzyme treatment had significantly modified the

chemical and structural features of fermented rooibos biomass.
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Figure 3. 4: Effects of horseradish peroxidase (HRP) enzyme on the chemical functional groups
of fermented rooibos samples using FTIR analysis. The HRP-pretreated rooibos FTIR
spectrum was compared to that of the control and H>O, pretreated biomass. Three regions of
interest, OH group region, phenolics/lignin region and glycosidic bonds/holocellulose regions

are represented by red, yellow and green asterik, respectively.

The SEM and FTIR findings were supported by XRD analysis of the HRP-pretreated rooibos
biomass. The untreated biomass displayed a higher crystallinity index of 20.4%, while the H.O>
pretreated biomass had a reduction of 3.2% crystallinity index than the control (Fig. 3.5).
However, the HRP pretreated biomass showed that the pretreatment had an effect on the
microcrystalline cellulose as it led to a reduction of 9.2% in the crystallinity index. Taken
together, the SEM, FTIR and XRD analysis demonstrated that the HRP-pretreatment

significantly modified structural and chemical features of the rooibos biomass.
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Figure 3.5: The determination of the HRP-pretreatment effect on the crystallinity of cellulose
in the fermented rooibos biomass using X-ray diffraction analysis. Colour of the peaks

represent control-black, control (H2O; without HRP)-dark gray and HRP-light gray.

3.4. The effect of HRP on microcrystalline cellulose

The significant decrease in the crystallinity, lignin and holocellulose content after HRP
pretreatment (shown by SEM, FTIR and XRD analysis), suggests that the HRP-enzyme
hydrolysed the lignin and holocellulose content. As a result, we further investigated the effects
of HRP enzyme on the microcrystalline cellulose using Avicel as a suitable substrate. The
reducing sugars produced during the Avicel pretreament was determined using the hydrolysate
(supernatant) collected after the 24 hour reaction. Fig. 3.6 showed that HRP pretreatment
produced the highest level of reducing sugar content compared to the control and H2O>
pretreatment, which had residual activity. The HRP application produced 6 fold higher total
reducing sugars compared to the H>O> pretreated sample; and 10 fold higher total reducing
sugars compared to the control. The residual total reducing sugars detected in the control
samples and H20, treated samples could be due to auto-hydrolysis of avicel substrate during
incubation at 37°C for 24 hours.
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Figure 3.6: The reducing sugars produced by horseradish peroxidase (HRP) during Avicel
pretreatment. The untreated and H>O» pretreatment samples were used to compare the HRP
activity on Avicel substrate. The values represent the means + standard deviation. The *
represents significant differences between enzyme concentrations or treatments detected with

ANOVA (p<0.05).

Additionally, sedimentation studies were performed to validate the HRP enzyme activity on
the Avicel substrate. Fig. 3.7 demonstrates that the rate of Avicel sedimentation after the HRP-
pretreament reaction was significantly slower compared to the control (untreated) and H.O>
pretreated Avicel biomass. Avicel sedimented rapidly in the control leaving a clear liquid on
top measuring 1.6 cm and a similar response was observed in the H2O2 Avicel with the clear
liquid measuring 1.7 cm after 10 minutes. Interestingly, the HRP pretreated Avicel had a slow
sedimentation rate, resulting in a sedimentation distance that was not significantly different
between 3, 5 and 7 minutes (Fig. 3.7 b to d). Only after 10 minutes sedimentation distance was
about 0.9 cm, suggesting that the HRP-pretreatment had an effect on the structural and

physicochemical properties of cellulose.
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Figure 3.7: The sedimentation rate of horseradish peroxidase (HRP) pretreatment, H>O>
pretreatment and control Avicel after one minute (a), three minutes (b), five minutes (c), seven
minutes (d), ten minutes (e) 10 minutes. The clear liquid on top of Avicel used was to measure

sedimentation distance covered.

EG1, EG2 and B-glucosidase hydrolysis assays were used to determine the impact of HRP
pretreatment on the structural and chemical properties of Avicel. The EG1 and EG2 showed
high activity in the HRP pretreated Avicel compared to control (untreated) and H2O- pretreated
samples (Fig. 3.8). After HRP pretreatment EG1 showed more than 2 fold activity on Avicel
compared to control and H2O- treated samples, respectively. EG2 displayed about 1.2 fold
higher activity when it hydrolysed the HRP-treated samples compared to control and H.O>
treated Avicel. EGs are known to show little-to-no activity on Avicel, due to its crystalline
nature, which makes it recalcitrant to enzymatic hydrolysis. However, the findings reveals that
HRP-treatment had an effect on reducing the recalcitrance of Avicel, resulting in the increased
EGs activities on the modified Avicel. B-glucosidase displayed low activity as expected,
because it usually hydrolyse disaccharides or shorted oligosaccharides (with a DP less than 5)
into monosaccharides, indicating that the polymers produced during HRP pretreatment had
higher degrees of polymerisation (long oligosaccharides).
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Figure 3.8: The effects of HRP-pretreatment on the microcrystalline cellulose substrate
(Avicel) measured as a function of endoglucanase-1 (EG1), Endoglucanase-2 (EG2) or B-
glucosidase. The values represent the means + standard deviation. The U represent units, which
is equal to umol.h'!. The * represents significant differences of EGs activity on pretreated

Avicel; detected with ANOVA (p<0.05).

3.5. Substrate specificity of holocellulolytic enzymes

Before the formulation of the holocellulolytic enzyme cocktail for hydrolysis of rooibos
biomass, we determined the specific activities of commercial EG1, EG2, CBH and xylanase.
Fig. 3.9a shows that xylanase enzyme had higher activity on BWX followed by WAX and GX.
EG1 enzyme also displayed a higher activity on BWX and had the same amount of activity on
WAX and GX. It is important to note that EG1 displayed relatively similar results on all xylan
substrates, while EG2 displayed 3 fold lower activity on xylan substrates compared to the
xylanase (Fig. 3.9a). Cellulolytic substrate specificity revealed that CBHI had the overall
highest activity on both substrates that represents the microcrystalline cellulose. It showed
more than 3 fold higher activity on filter paper and Avicel compared to the activity of EG1,
EG2, and xylanase. While CBHI has the overall highest activity on CMC (Fig. 3.9b). Both

endoglucases exhibited the second highest activity on CMC, compared to xylanase.
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Figure 3.9: Substrate specific activity of the cellulases and xylanases on the xylan and cellulose
substrates. In a) xylanase, endoglucanase-1 (EG1) and endoglucanase-2 (EG2) activity tested
on Beechwood-xylan (BWX), wheat arabinoxylan (WAX) and glucuronoxylan (GX)
substrates. In b), xylanase, CBHI, EG1 and EG2 activity was tested on Avicel, filter paper and
carboxymethyl cellulose sodium (CMC) substrates. The U represent units, which is equal to

pumol.h!

3.6. Endoglucanase binary synergy

The most effective endoglucanase combination was determined by using varying combinations
of the EG enzymes. B-glucosidase was applied at 10% (v/v) relative to the total concentration
of the EGs. The most effective combination of EGs was 25% EG1 and 75% EG2, as this
combination had a significantly (p<0.05) higher specific activity compared to other
combinations (Fig. 3.10). The next best combination of EGs that had significantly higher
activity was 50% EG1 and 50% EG2. The enzyme combination 25% EG1 and 75% EG2 was

selected for the formulation of the cellulase cocktail.
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Figure 3.10: Formulations of the endoglucanase cocktail using different combinations of
endoglucanase 1 (EG1) and endoglucanase 2 (EG2). The U represent units, which is equal to
umol.h!. The * represents significant differences of EGs activity on pretreated Avicel detected

with ANOVA (p<0.05)

3.7. Cellulase enzyme cocktail

The most effective cellulase combination was formulated by using varying combinations of the
selected endoglucanase enzyme core-set and exoglucanase (CBHI) as shown in Fig. 3.11. The
concentration of the enzymes was kept constant at 0.84 mg/mL and B-glucosidase application
concentration was 0.084 mg/mL. The endoglucanase enzyme core set dosed at 100% showed
significantly (p<0.05) higher activity compared to any CBHI and EGs combinations (Fig.
3.11). The next best combination was a 75% endoglucanase and 25% exoglucanase
combination, which showed second significantly (p<0.05) higher activity (Fig. 3.11). However,
we anticipated that the best activity would be observed where all three cellulase enzymes were

combined.
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Figure 3.11: Formulation of the cellulase cocktail composed of two endoglucanases (EG1 and
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umol.h™!. The * represents significant differences of EGs and exoglucanase combination on

CMC or filter papers detected with ANOVA (p<0.05)

3.8. Additive effect of xylanase on the rooibos biomass hydrolysis

The additive effect of xylanase enzyme on enhancing the cellulase cocktail activity was tested
using rooibos biomass. The final volume and the concentration of the endoglucanase
combination was kept constant at 1 mg/mL, and the substrate loading at 1% (w/v), respectively.
The fermented rooibos biomass was treated with peroxidase enzyme to remove the lignin
content, while the control substrate was only subjected to buffer without peroxidase. Xylanase
enzyme was used by increasing the concentration from 0.1 to 1 mg/mL. Fig. 3.12a shows the
combined activity of the selected EG enzyme cocktail and xylanase was significantly higher
(p<0.5) at 0.5 mg/mL xylanase enzyme loading. Thereafter, the activity did not change,
indicating that 0.5 mg/mL xylanase enzyme loading was an ideal concentration to have
maximum effect on hydrolysis of the rooibos biomass. However, the fermented biomass treated
with peroxidase had the overall highest activity, which may give an indication that lignin was
indeed removed, thus increasing the efficiency of enzyme hydrolysis. Another indication that
the removal of lignin increased the efficiency of the enzymes is displayed in Fig. 3.12b, where
the yield produced in the biomass treated with peroxidase was higher by 10% compared to the
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6% in the control. It also indicated that 0.5 mg/mL of xylanase, in addition to the endoglucanase

cocktail, is required in order to produce more sugar products.
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Figure 3.12: The additive effect of xylanase on the endoglucanase cocktail activity (a) and
reducing sugar yield (b) during fermented rooibos biomass hydrolysis. The values and error
bars represent the means = SD, respectively. The * represents significant differences of
holocellulolytic enzyme cocktail activity on fermented rooibos detected with ANOVA

(p<0.05). Concentration is in mg/mL.

4. Discussion
The partially pure horseradish peroxidase contained bands with molecular weights of 44, 48
and 66 kDa, which were similar to molecular weight of horseradish peroxidase reported by
Paul and Stigbrand (1970). Peroxidase from sycamore maple and peanuts contained bands of
42 and 40-42 kDa molecular weight, respectively (Dean et al. 1994; Chibbar and VVan Huystee
1984). Duarte-Vazquez et al. (2007) reported that peroxidases typically sourced from plants
have a molecular weight of between 30 to 60 kDa. These studies suggest that the three intense
bands observed on the SDS-PAGE in our study could be isozymes of horseradish peroxidase.
In addition, the partially pure HRP showed versatility as it hydrolysed three tested substrates.
The enzyme in the presence of the co-substrate H,O» converted the model substrate guaiacol
to tetra-guaiacol, which is measured as the change in absorbance overtime (Fig. SI1), similar
to the HRP enzyme reported by Lavery et al. (2010). The enzyme also acts as a decolourizing
agent by removing colour from methylene blue dye. Bholay et al. (2012) proposed that
bacterial peroxidase with decolourizing activity showed lignin modifying activity. The 8-

aminoquinoline is mainly used as an antimalaria agent (Strother et al. 1981), however, it is
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similar to the 4-aminoantipyrine-phenol substrate that acts as a hydrogen donor in the presence
of hydrogen peroxide and HRP, resulting in the production of the quinone chromogen. Our
studies also found 8-aminoquinoline was hydrolysed by HRP enzyme to produce quinoline dye
(Fig. SI2), giving an intense pink colour formation (Sarika et al. 2015). We propose that 44, 48
and 66 kDa protein bands on the SDS-PAGE gel could be the HRP-isozymes, which contribute
to the versatile nature of this enzyme. We are conducting follow-up studies to identify and

verify if this protein band are isozyme of the HRP.

Biochemical studies showed that the HRP pH optimum was 4.5, which is within the pH range
of peroxidases reported in literature; for instance, date-palm peroxidases showed an optimum
pH at pH 4.5 (Al-Bagmi et al. 2019), while other peroxidases have optimum pH from 4 to 6
(Sarika et al. 2015; Biko et al., 2022). The HRP enzyme is not thermostable, because the
enzyme lost activity at 50 and 70°C within one hour of incubation and was only stable at 37°C.
However, peroxidase from Moringa oleifera L. leaves was stable at 55°C (Khatun et al. 2012).
The Kmn value represents the affinity or possible degree at which an enzyme tends to bind to a
substrate. HRP displayed higher affinity for guaiacol compared to 8-aminoquinoline, but
catalytic efficiency was relatively higher in both substrates. These implies that the HRP is
effective in producing more products at a faster rate during catalysis of both substrates
(Sulyman et al. 2020).

After successfully characterising HRP and confirming its versatility in hydrolysing three
substrates, we used it to delignify fermented rooibos biomass. The SEM results showed the
efficacy of HRP pretreatment in removing lignin from the fermented rooibos biomass. The
HRP pretreatment removed the thick rough layer of lignin, exposing the pores and fibres of the
biomass, which generally increase the area accessible to enzymes for hydrolysis. Similar
studies on the pretreatment of corn stover with lignin degrading fungi and isolated Trametes
hirsuta yj9, showed that the pretreatments removed lignin and increased biomass conversion
to simple sugar (Su et al. 2018; Sun et al. 2011). Liu et al. (2022) also used bactetrial
(Raoultella ornithinolytica RS-1) pretreatment to remove lignin from the corn stover. It was
shown that the RS-1 strain was successful in removing lignin because it secreted lignin-
peroxidase, manganese-peroxidase and unclassified peroxidase (Liu et al. 2022). The studies
validated our SEM findings, which showed that HRP-pretreatment modified or removed the

lignin from rooiboss biomass.
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The FTIR results validated the claim that HRP pretreatment removed lignin from the rooibos
biomass. Liu et al. (2022) also found that biological pretreatment of the corn stover decreased
the peak at 1630 cm ™2, which corresponded to the C = O stretching vibration of aromatic rings
in lignin. Our findings also showed a similar trend because the HRP pretreated rooibos biomass
had a significant decrease at 1625 cm™. At 1718 cm™ corresponding to ester bonds (lignin
hemicellulose conjugation region) peak slightly increase in the HRP pretreated rooiboss
biomass compared to H2O> control, suggesting that the products of lignin degradation
increased. In addition, the pretreatment of rice straw with renewable bioionic liquids showed a
decrease in the phenolic content, indicating the removal of lignin (Hou et al. 2013).
Additionally, the FTIR analysis show the broad peak between 3000 cm™ and 3500 cm
corresponding to OH stretching vibration and intra/inter hydrogen bonds was significantly
reduced in the HRP-treated biomass. The region (3000-3500 cm™) is generally assigned to
microcrystalline cellulose (Mafa et al. 2020), so the decreased peak at this region indicate that
HRP treatment modified the microcrystalline cellulose of rooibos biomass. The XRD results
confirmed a decrease in the crystallinity of cellulose due to the HRP pretreament. Other studies
also used FTIR analysis to show that pretreatment of corn stover with lignin degrading fungi
or bacteria had an increased cellulose and hemicellulose content, and XRD analysis displayed

a reduction in the crystallinity of cellulose (Su et al. 2018; Lui et al. 2022).

The SEM, FTIR and XRD results indicated that the HRP pre-treatment also hydrolysed the
holocellulose content of the rooibos. This observation implies that the HRP enzyme also
possesses lytic polysaccharide monooxygenase-like (LPMO-like) activity, which catalyse the
holocellulose content (cellulose or hemicellulose) of the biomass (Walton and Davies 2016;
Meier et al. 2018). Further analyses were conducted by pretreating microcrystalline model
substrate (Avicel) with the HRP enzyme. The results showed that the hydrolysate from the
pretreatment contained reducing sugars produced by the HRP enzyme. Additionally, the
sedimentation study showed that HRP pretreatment modified the structure of Avicel. We
propose that HRP decreased recalcitrance of cellulose towards enzymatic hydrolysis because
after HRP-pretreatment the Avicel was effectively hydrolysed by endoglucanases (Fig. SI3).
Eijsink et al. (2019) argued that LPMOs require the presence of a reductant (e.g., H2.0>) to
catalyse recalcitrant polysaccharides to produce oxidised oligosaccharides. The authors
detected both reducing sugars and oxidised sugars, and the presences of reducing sugars was
attributed to contamination. Interestingly, manganese peroxidase sourced from Phanerochaete

chrysosporium that degraded lignin from the biomass, could also produce high amount of
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soluble reducing sugars froms CMC, Avicel and xylan substrates (Min et al. 2022). The
manganese peroxidase from Min et al. (2022) and HRP used in our study have similar
properties such as, LPMO-like activity, cellulase activity boosting effects and reduced the
recalcitrance of Avicel. We are conducting additional studies to establish the LPMO

mechanism employed by the HRP enzyme during cellulose hydrolysis.

The HRP-pretreated rooibos biomass was hydrolysed by the holocellulolytic enzyme cocktail.
Commercial enzymes used to formulate the enzyme cocktail were analysed with binary
synergy assays (for endoglucanases) and ternary synergy assays as described by (Mafa et al.,
2021 and Thoresen et al., 2021). Synergy studies of the two endoglucanases were used to
formulate the best endoglucanase enzyme core set. The endoglucanase enzymes hydrolyse
glycosidic bonds in the amorphous region of cellulose, while the exoglucanase (CBHI) enzyme
hydrolyses glycosidic bonds from the reducing-end region of the microcrystalline cellulose
(Van Dyk and Pletschke, 2012, Zhang and Zhang, 2013, Mafa et al., 2021). Thus, CMC was
used as the substrate for endoglucanase synergy studies, which demonstrated that the best
endoglucanase combination was 25% EG1 and 75% EG2. This EGs combination was used
along with CBHI to formulate the cellulase cocktail. The results were not expected because the
EGs combination at 100% enzyme dose had higher activity than the combinations of EGs and
CBHI on Avicel or filter paper. Thoresen et al. (2021) demonstrated that CBHs and
endoglucanases do not always display synergy. As a result, some EG and CBH combinations
don’t produce higher concentration of soluble sugars, the phenomena is called anti-synergy
(Thoresen et al. 2021; Mafa et al., 2021). Therefore, the best EGs combination were used to
convert the HRP de-lignified rooibos biomass.

EGs combination was supplemented with various concentrations of xylanase and the enzyme
cocktail was used to hydrolyse the delignified rooibos. The removal of lignin allowed the
holocellulolytic enzyme cocktail to convert the rooibos biomass to soluble sugars better than
control. In addition, the holocellulolytic enzyme cocktail yielded 10% soluble sugars during
the hydrolysis of delignified rooibos biomass which was about 2 fold higher compare to the
yield of soluble sugars produced from the control. Eijsink et al. (2019) demonstrated that the
use of LPMOs together with commercial cellulases enzymes resulted in a 10% yield of glucose
produced from the lignocellulose biomass. The manganese peroxidase had boosting effects on
the cellulase activity that degraded CMC, such that about 75% of CMC was converted to

glucose (Min et al. 2022). In addition, a bacterial strain that secreted three types of peroxidases

62



was used to pretreat corn stover and thereafter, used commercial cellulase and B-glucose to
convert 20% of pretreated corn stover to soluble sugars (Liu et al. 2022). These studies support
our observation that the HRP pretreated rooibos biomass was efficiently degraded by the
holocellulolytic enzyme cocktail.

5. Conclusion
Horseradish peroxidase (HRP) is a versatile enzyme with activity on multiple substrates. It also
displays LPMO-like activity that produces significant amounts of reducing sugars from Avicel.
Additionally, the LPMO-like activity of HRP decreased Avicel's recalcitrance against
endoglucanase enzymes - as a result, endoglucanases showed higher activity on HRP-treated
Avicel. Furthermore, SEM analysis showed that HRP pretreatment removed lignin from
fermented rooibos biomass, increased pores on the biomass surfaces, and there were visible
signs that it degraded holocellulose content. To the best of our knowledge, this is the second
study reporting on versatile peroxidase that possesses LPMO-like activity and can remove
lignin from lignocellulose substrate after Min et al. (2022). We are working on elucidating the
LPMO mechanisms employed by HRP to produce reducing sugars from microcrystalline
cellulose. The efficacy of HRP pretreatment on rooibos biomass was confirmed by FTIR and
XRD analysis, which showed a decreased crystallinity, reduced holocellulose content, and a
reduction in lignin from fermented rooibos biomass. Finally, saccharification of HRP
pretreatment rooibos biomass with holocellulolytic enzyme cocktail released more reducing
sugars and resulted in about a 10% yield compared to the control. Thus, we recommend the use
of HRP pretreatment over chemical pretreatment because it removes lignin and reduces the

crystallinity of lignocellulosic biomass.
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due to the reaction, raw data from the kinetic read of the reaction, and the calculated HRP
activity, respectively. The values represent the mean + standard deviation. In C, The H202 is

the control (H202 without enzyme); HRP is enzyme control without H20»; inactive HRP+H20;
and HRP activity.

Control Control Inactivated Active
H:0; HRP HRP HRP

72



Enzyme activity on 8 aminoquinoline

70.0 q

60.0
< 50.0 |
400 1
= 30.0 A

< 200 -
100 .
0.0 T T T 1

Control H202 Control HRP Inactive HRP Active HRP
Treatments

Fig.SI12 The activity of the HRP on the 8-aminoquinoline substrate. A and B show the color
change due to the reaction, and the calculated HRP activity, respectively. The values represent
the mean * standard deviation. In B, the H20> is the control (H202 without enzyme); HRP is

enzyme control without H20>; inactive HRP+H20>; and HRP activity.
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Fig.SI3 The effect of the HRP pretreatment on the endoglucanase (EG) activity. The HRP
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to EG releasing total reducing sugars, while A and B show the calculated activity of EG1 and
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Abstract

In our previous study we hypothesised that the HRP enzyme had microcrystalline cellulose
modifying activity, which has not yet been explored. The current study investigated the effect
of HRP pretreatment on microcrystalline cellulose substrates, Avicel and filter paper. Our SEM
findings showed that HRP pretreatment resulted in the possible oxidation of the para-
microcrystalline regions of Avicel, cracking, and opening of pores on the surface. On filter
paper, HRP removed the para-microcrystalline regions exposing fibres. The peak height
crystallinity index (Crl) method confirmed that HRP increased the Crl of Avicel from 49% to
54.19% and filter paper from 42% to 47%. The cellulose crystallite sizes increased from 45 to
47 nm at the 002 lattices in Avicel but decreased from 60.7 to 59.3 nm in filter paper. In
addition, true endoglucanase displayed 1.15-fold increased activity on HRP-pretreated Avicel,
but its activity was comparable to the control on pretreated filter paper. These findings showed

that HRP pretreatment acted on cellulose Il of Avicel, loosening crystalline cellulose to make
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it accessible to enzymes. In conclusion, HRP pretreatment modified microcrystalline cellulose
of model substrates, as well as rooibos biomass, resulting in a 95% yield of total reducing

sugars at 25 mg enzyme loading/g biomass.

Keywords: cellulose; microcrystalline cellulose; horseradish peroxidase; biomass

pretreatment; endoglucanase; enzyme cocktail

1. Introduction

Second-generation biofuels (2G) are produced from raw materials such as agricultural residues
that can be utilised without affecting the food supply (Kumar, Bhardwaj, Agrawal, Chaturvedi,
& Verma, 2020). However, it is challenging to produce biofuel from agricultural residues due
to its complex lignocellulose structure, which interferes with the saccharification processes or
combined saccharification and fermentation processes (Bagewadi, Mulla, & Ninnekar, 2017).
The lignocellulosic biomass is composed of major components such as cellulose,
hemicellulose, and lignin. The cellulose and hemicellulose components are made up of
fermentable sugars, while lignin is a complex polymer made up of phenolic compounds. Lignin
is well known for hindering CAZyme activities by forming a barrier that inhibits lignocellulosic
biomass degradation through enzymatic application (Mnich et al., 2020). The hindrance of
CAZyme activities directly influences the production of simple sugars, which can be fermented
to produce biofuel (Bagewadi et al., 2017).

The removal of lignin from biomass is essential for the successful production of bioethanol.
Several chemical pretreatment methods have been developed for the removal of lignin. Most
chemical pretreatment methods such as acids or alkaline biomass pretreatment successfully
remove lignin from biomass. However, their disadvantages include expensive costs, corrosive
nature, harm to the environment, and results in the production of inhibitory compounds that
affect the production of fermentable sugars, (Badiei, Asim, Jahim, & Sopian, 2014, Bagewadi
et al., 2017, Behera, Arora, Nandhagopal, & Kumar, 2014, Harmsen, Huijgen, Bermudez, &
Bakker, 2010, Limayem & Ricke, 2012). Physical and chemical methods such as evaporation,
solvent extraction, ion exchange, and activated charcoal adsorption can be deployed to remove
the toxic compounds; however, these processes are expensive and only add to the production
costs (Bagewadi et al., 2017). To align with Sustainable development goal number 12
regarding the production of green chemicals that have less negative effect on the environment,

several studies have used enzymatic or microbial methods to de-lignify the biomass.
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The use of biological pretreatments, such as ligninase, peroxidase, laccase, and carbohydrate
esterase enzymes or microbes, is increasing and several researchers argue that it can be a
preferable alternative to chemical pretreatment (Behera et al., 2014, Kong et al., 2017,
Mohotloane, Alexander, Pletschke, & Mafa, 2023,). Biological pretreatments have attractive
features, i.e. they are sustainable, environmentally friendly without producing inhibitory
compounds, require low energy, and are highly selective, resulting in high yields of sugar
products (Bagewadi et al., 2017, Devi et al., 2022, Sharma, Xu, & Qin, 2019, Wagner et al.,
2018). The current disadvantages of this method include a slow reaction process if microbes
(fungi) are used for pretreatment, (Harmsen et al., 2010, Hernandez-Chaverri, Buenrostro-
Figueroa, & Prado-Barragén, 2021, Limayem & Ricke, 2012), and growth conditions require
careful optimization (Behera et al., 2014, Menon and Rao, 2012). However, selected ligninase
enzymes successfully reduced the lignin content from biomass, particularly lignin peroxidase
(LiP: EC1.11.1.14), versatile peroxidase (VP: EC 1.11.1.16), manganese peroxidase (MnP: EC
1.11.1.13), and laccase (Lac: EC 1.10.3.2) (Behera et al., 2014, Kersten, Kalyanaraman,
Hammel, Reinhammar, & Kirk, 1990, Kong et al., 2017, Kumar et a.l, 2020, Manavalan,
Manavalan, & Heese, 2015, Mohotloane et al., 2023).

Peroxidases are enzymes known to contain a heme group and are used in the catalysis of
organic or inorganic compounds (Lavery et al., 2010, Pandey, Awasthi, Singh, Tiwari, &
Dwivedi, 2017, Veitch, 2004). As a widely used commercial enzyme, horseradish peroxidase
(HRP) is produced in large quantities for use in clinical diagnostic tests (Veitch, 2004). Other
applications include the treatment of wastewater by removing phenols and dyes, or the
detoxification of foodstuffs and industrial effluents by removing peroxide (Lavery etal., 2010).
Additionally, our previous study demonstrated that HRP removed lignin from rooibos biomass
and changed the structural properties of the rooibos biomass after pre-treatment (Mohotloane
et al., 2023). We confirmed that HRP pre-treatment decrystallised microcrystalline cellulose
regions in rooibos samples, which resulted in a higher subsequent production of soluble sugars.
These findings generated the following questions: can HRP pre-treatment remove lignin and
decrystallise other woody biomass? Given that it decrystallised the microcrystalline cellulose
of rooibos, does it have activity on cellulose? And if so, which mechanism does it employ to
catalyse cellulose modification? To answer these questions, the model crystalline cellulose

substrates, such as Avicel and filter paper, were used to delineate HRP action against cellulose.
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Previous studies claimed that crystalline cellulose is recalcitrant to enzymatic activity, and that
it generally inhibits endoglucanase activity (Mafa, Pletschke, & Malgas, 2021, Van Dyk &
Pletschke, 2012). In contrast, para-crystalline (cellulose 11) and amorphous cellulose are easily
degraded by endoglucanases. Chemical pretreatments were used to reduce the recalcitrance of
microcrystalline cellulose by exposing the amorphous cellulose or regenerating para-
crystalline cellulose, resulting in increased enzyme activity (Mafa, Malgas, Rashamuse, &
Pletschke, 2020a, Tian, Zhao, & Chen, 2018). The physicochemical changes of the biomass
are measured using current technologies, which include scanning electron microscopy (SEM),
Fourier Transform Infrared Spectroscopy (FTIR), and X-ray diffraction (XRD) (Khan et al.,
2018, Ling et al., 2019, Vernon-Parry, 2000, Yu, Liu, Xu, Chen, & Gao, 2020, Zhou, Apkarian,
Wang, & Joy, 2007).

Ling et al., (2019) used various techniques, including SEM, FTIR, and XRD to show that ball
milling has an effect on cotton cellulose by breaking the crystalline cellulose while exposing
or regenerating the amorphous cellulose. Mohotloane et al., (2023) used SEM to show the
removal of lignin and topological surface changes in rooibos samples after HRP pretreatment.
These findings were supported by FTIR and XRD analyses, which revealed that HRP
pretreatment had an effect on the holocellulose region of the biomass and reduced its
crystallinity index. The current study aims to elucidate how HRP pretreatment changes the
physicochemical properties of microcrystalline cellulose substrates (Avicel and filter paper)
and subsequently enhances the hydrolytic activity of CAZymes.

2. Materials and methods

2.1.Materials

Rooibos (Aspalathus linearis) samples were supplied by Rooibos Limited (Clanwilliam,
Western Cape, South Africa). The horseradish root (Armoracia rusticana) was provided by
Mr. Barry Newton and M.r John Parr from Yaxham farm situated in Tweespruit, Free State,
South Africa. The commercial cellulase and xylanase enzymes, such as xylanase from
Aspergillus oryzae, endoglucanasel (EG1) from Aspergillus niger, endoglucanase2 (EG2)
from Aspergillus sp., and B-glucosidase from Aspergillus niger, and commercial substrate
Avicel were all purchased from Sigma (3050 spruce street, St Louis, MO, USA). The filter
paper was purchased from Whatman International Limited (Springfield Mill, Maidstone, Kent,
England). All the analytical chemicals used in the study were purchased from Sigma (3050

spruce street, St Louis, MO, USA) unless stated differently.
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2.2 Effect of HRP on cellulose model substrates

2.2.1 Auvicel and filter paper pretreatment with HRP

Filter paper was crushed using liquid nitrogen and an industrial blender (Mellerware: optima
jug blender) to produce a biomass similar to cotton wool. The cellulose model substrates were
pretreated with HRP to assess its effect on the cellulose region of the biomass. An amount of
2.5 g of Avicel and filter paper was dissolved in 50 mM sodium citrate buffer pH 4.5, and the
reaction conditions were similar to the ones described by Mohotloane et al. (2023). HRP

pretreated samples were dried, crushed, and stored in an airtight container for later use.

2.2.2 FTIR analysis of HPR pretreated cellulose substrate

FTIR spectroscopy was used to determine the chemical (functional group) changes of the HRP
pretreated Avicel and filter paper samples. Peaks’ functional groups were assigned, FTIR
spectra were overlaid, and an absorbance mode was used to compare the changes between the
control and pretreated samples, according to Mafa et al., (2020a).

2.2.3 XRD analysis of Avicel and filter paper

X-ray diffractograms were recorded with a Bruker D8 Advance diffractometer. All XRD
measurements were performed using the reflectance technique. The incident X-ray radiation
was the Cu Ka (A = 1.54 A) characteristic X-ray passing through a nickel (Ni) filter with a
power of 40 kV and 40 mA. Both the air-scattering prevention slit and the divergence slit were
1°. The width of the detection slit was 0.6 mm. Counts were collected over a range of angles
between 10° and 80°, with an increment of 0.01945° for 1 hour. The X-ray source was a copper
(Cu) target bombarded with electrons. All samples were fixed on the sample holder. Each
crystalline peak was determined by the XRD deconvolution (curve fitting) method. Figure 4.1
shows the curve fitting of the Avicel control, which was used to measure the crystallinity index.
In addition, the crystallinity index (Crl) was calculated using the Segal method by determining
the ratio between the maximum peak height subtracting the minimum peak height (loo2 - 1am)
and total maximum peak height (loo2) (Park et al 2010, Segal, Creely, Martin Jr, & Conrad,
1959).

_ (1002—1AM)
Cri% = ———=x100 1)
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Where Crl% is the percentage crystallinity index, looz is the maximum peak height at 26 =22.8°

and lawm is the minimum peak height at 26 = 18.5°
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Figure 4.1: The Gaussian functions used to fit the X-ray diffraction data from an Avicel control.

The crystallite sizes of all samples were calculated based on the Scherrer equation (2) (Scherrer,

1918):

kA
b= B cosb (2)

where k is a constant whose value ranges between 0.9-0.99, A is the incident an X-ray
wavelength, £ is full width at half maximum (FWHM) of diffraction peaks in radians and 0 is
the Bragg angle in degrees. The value of k used in equation (2) was 0.9.

The d-spacing values were calculated using Bragg’s equation (3):

nA = 2dsin 8 (3)

where n is an integer, A is the wavelength of incident wavelength, d is the spacing between the
planes in the atomic lattice, and 0 is the angle between the incident ray and the scattering planes.

2.2.4 Topological studies of cellulose model substrates using SEM
SEM was used to determine the effect of HRP pretreatment on the topology of the
microcrystalline cellulose model substrates Avicel and filter paper. Completely dry samples

were mounted on aluminium pin stubs using double-sided carbon tape and coated with gold (2
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pm) for conductivity using a Bio-Rad sputter coater (United Kingdom). Specimens were
imaged at 5 kV using a JEOL JSM 1T-200 SEM (Kyoto, Japan). The samples were analyzed
with different magnifications ranging between 1000 and 10000x and photos were taken with a
built-in camera to capture the results.

2.2.5 The effect of HRP pretreatment on Avicel and filter paper saccharification

Enzyme activity assays were conducted using EG1 (from A. niger) and EG2 (from Aspergillus
sp.). The HRP pretreated Avicel and filter paper, and the untreated control were used as
substrates. Each reaction consisted of about 1% (w/v) substrate (pretreated Avicel and filter
paper dissolved in 50 mM sodium phosphate buffer pH 5) added to 0.1 mg/mL of EG1 and
EG2 enzymes. All the reactions were incubated at 37°C for about 0.5,1, 1.5, 2, and 24 hours.
After the completion of the reactions, samples were centrifuged at 5 000 x g, and the total

reducing sugars were quantified using the DNS method (Miller, 1959).

2.3.Improvement of the holocellulolytic enzyme cocktail

2.3.1 Formulation of the holocellulolytic enzyme cocktail

The most effective B-glucosidase concentration was determined using 1% (w/v) of pretreated
Avicel and filter paper in 50 mM sodium citrate buffer pH 5, and the enzyme-loading
combinations were 95, 90, 85, 80, 75, 70% for EG1, and 5, 10, 15, 20, 25, 30% for B-
glucosidase, respectively. The enzyme concentration for all the combinations was kept constant
at 2.5 pg/mL and incubation occurred for 24 hours at 37°C. After the completion of the
reactions, the total reducing sugars were detected using the DNS method.

The most effective concentration of B-glucosidase (i.e.,10%) was used in combination with
EG1 and xylanase to formulate the holocellulolytic enzyme cocktail. The reaction consisted of
1% (w/v) HRP pretreated rooibos biomass in 50 mM sodium citrate buffer pH ,5 and the
enzyme loading combinations between EG1, and xylanase were 100, 75, 50, 25, 0%,
respectively. The enzyme combinations were kept at 2.5 pg/mL. The DNS method was used

to measure the total reducing sugars produced.

2.3.2 HRP treated rooibos degradation with the holocellulolytic enzyme cocktail
The most effective holocellulolytic enzyme combination (50%:50%, EG1: xylanase) and
(100%:0%, EGL1: xylanase) were used to determine the required concentration (mg/g) to

produce a high sugar yield percentage from HRP-treated biomass. The yield was determined
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using 1% (w/v) HRP pretreated rooibos biomass in 50 mM sodium citrate buffer (pH 5) and
using varying enzyme concentrations of 0.25, 0.5, 0.75, and 1 mg/mL, respectively. The
reactions were incubated for 24 hours at 37°C. All experiments were performed in triplicate.
After the completion of the reactions, reducing sugars were detected using the DNS method.

3. Results

3.1 Determination of the topology using SEM

Our previous findings showed that HRP pretreatment not only removed lignin from fermented
rooibos biomass, but that it also decreased the cellulose crystallinity (chapter 3). For a
comprehensive understanding of this phenomenon, further studies were conducted to
determine the effect of HRP pretreatment on the crystalline cellulose model substrates (Avicel
and filter paper). SEM topological analysis showed that the Avicel control samples had a
smooth surface layer of a fibre-like texture that was visible under 6000x magnification (Fig
4.2). However, the HRP-treated Avicel displayed a rough surface showing cracks and pores,
with thick pieces of material that were seemingly being removed. The filter paper control had
a smooth fibre-like surface, with a few thread-like structures visible on the surface layer.
Interestingly, the HRP-treated filter paper exhibited a rough surface, showing the exposed
microcrystalline cellulose fibre with pores between some fibres. These results show that the
HRP had cellulase activity on the para-crystalline cellulose region, but that it could not
hydrolyse the microcrystalline cellulose. The paracrystalline cellulose regions are referred to

as cellulose I1, while the crystalline cellulose was mostly cellulose Ig.
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Avicel Filter paper

Control

HRP

Figure 4.2: SEM topological analysis of Avicel and filter paper. The substrates pretreated with
HRP (Avicel, bottom left and filter paper, bottom right images) were compared to the controls
(Avicel, top left and filter paper, top right images). Avicel samples were analyzed at 6000-x
magnification, while the filter paper samples were analyzed at 7000-x magnification; scale bar

for all images is 2 um.

3.2 FTIR analysis of the HRP pretreated cellulose model substrate.

FTIR analysis was used to determine the changes in the chemical functional groups of the
untreated or pretreated Avicel and filter paper samples. The FTIR results confirmed the SEM
findings by showing that HRP pretreatment modified the cellulose model substrates. The
Avicel control showed a lower peak at 3330.82 cm™ compared to the pretreated samples (Fig
4.3A). This peak corresponded to the presence of OH group in the sample, and it was broader
in the microcrystalline cellulose-containing samples, because of the inter- and intra- hydrogen
bonds that formed between the fibres containing OH groups. Interestingly, the same pattern
was observed for the filter paper samples at peak 3330.82 cm™. The HRP pretreated samples
displayed a significantly higher peak compared to the control (Fig 4.3B). Similar findings were
observed at peak 1029.91 cm™, which represented the glycosidic bonds. The Avicel control
had a lower peak, while the pretreated Avicel had a slight increase compared to the control at
peak 1029.91 cm™. The HRP pretreated filter paper showed a substantial increase, compared
to the control at the same peak. Thus, the SEM and FTIR findings suggest that the pretreatment
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modified the structural and chemical properties of the two well-known cellulose model

substrates.
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Figure 4.3: FTIR analysis of horseradish peroxidase (HRP) pretreated cellulose model
substrates. The HRP treated Avicel (A) and filter paper (B) samples were compared to the
controls by overlaying the spectra using the absorbance mode. Two regions of interest, the OH

group, and glycosidic bonds regions, are represented by a red and green asterisk, respectively.

3.3 Crystallinity analysis of the HRP pretreated cellulose substrates

X-Ray diffraction (XRD) further supported the SEM and FTIR findings by showing that HRP
pretreatment modified the crystallinity of the cellulose model substrates. Avicel and filter
paper XRD diffractogram intensities showed clear differences between the HRP-treated and
control. The pretreatment increased the peak intensity at the 101 and 002 lattice plane in the
Avicel, compared to the control samples. The two lattice planes corresponded to cellulose 11
and cellulose IB, respectively. In the filter paper, the intensity values at the 101 lattice plane

were similar for the HRP treated samples and controls, but there was a significant increase in

84



the intensities of the pretreated samples, compared to the controls at the 002 lattice plane (Fig.
4.4A and 4.4B).

In addition, the peak height method showed that HRP pretreatment resulted in an increased
crystallinity index (Crl) of about 54.19% and 47% in Avicel and filter paper, respectively,
compared to a Crl of about 48.89 and 41.89% in the respective control samples (Table 4.1). It
is worth noting that the crystallinity index determined with the deconvolution method showed
a 1% change for the Crl of the Avicel samples. The control displayed a Crl of 71%, while the
HRP pretreatment sample had a Crl of about 72%. The filter paper showed no change between

the control and HRP pretreated samples, which had a Crl of about 93% for both samples.
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Figure 4.4: XRD diffractogram of the HRP-pretreatment cellulose model substrate Avicel (A)
and filter paper (B). The spectra were overlaid to compare the differences between HRP-treated

samples and the controls.

The determination of the crystallinity is not limited to the crystallinity index; there are other
indicators to consider when determining cellulose crystallinity, such as crystallite sizes. The

crystallite size was determined using the Scherrer equation and our results showed that the
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HRP pretreatment has an effect on the crystallite sizes (Table 4.1). The HRP pretreated Avicel
had reduced crystallite sizes (39.6 and 55.5 nm) at the 101 and 040 lattice planes compared to
40.6 and 58.1 nm in the controls. In contrast, the crystallite sizes of pretreated Avicel at the
021 and 002 lattice planes increased to 58.8 and 47.3 nm, compared to 57.5 and 45.7 nm in the
controls. Interestingly, the crystallite size at peak 101 showed no change in both the control
and HRP pretreated Avicel and filter paper.

Additionally, the crystallite sizes at 002 and 040 lattices decreased to 59.3 and 62.9 nm in the
HRP pretreated filter paper compared to 60.7 and 63.4 nm in the control, respectively. In
contrast, the crystallite sizes at 101 and 021 lattices increased to 55.9 and 53.1 nm in HRP
pretreated filter paper compared to 51.8 and 49.4 nm in the controls. The modification of the
crystallite sizes further supports the hypothesis that the HRP pretreatment modified the
physicochemical properties of the cellulose model substrates. The decreased d-spacing at the
101 and 002 lattice planes in the HRP pretreated filter paper samples (compared to the controls)
confirmed the change in the structure of the biomass at the molecular level (Table 4.2).

Table 4.1: Mean crystallite size (C.S) calculated, computed (deconvolution) crystallinity

indexing, and peak height crystallinity indexing for Avicel and filter paper samples

Miller Indices 101 101 021 002 040 Peak deconvolut
height [CrI [ ion  [Crl
Sample C.S (A C.S (A C.S (A CS (A CS A
(%0)] (%0)]
Avicel (Control) 40.6 53.5 575 45.7 58.1 48.89 71
Avicel (HRP) 39.6 53.5 58.8 47.3 55.5 54.19 72
F. Paper (Control) 51.8 66.1 49.4 60.7 63.4 41.89 93
F. Paper (HRP) 55.9 66.1 53.1 59.3 62.9 47.00 93

1nmisequalto1l A

Table 4.2: Position of maximum (20), d-spacing, and full width at half maximum intensity

(FWHM) for Avicel and filter paper samples

Miller Indices 101 101 021 002 040

Sample 20 FWHM | 20 FWHM | 20 FWHM | 20 FWHM | 20 FWHM
Avicel (Control) 15.135 | 1.972 16.753 | 1.499 20.724 | 1.404 22.751 | 1.772 34.665 | 1.433
d-spacing (nm) 0.584 0.528 0.428 0.390 0.258
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Avicel (HRP) 15.122 | 2.024 16.776 | 1.501 20.738 | 1.373 22.756 | 1.713 34.632 | 1.499
d-spacing (nm) 0.585 0.528 0.427 0.390 0.258
F. Paper (Control) | 15.034 | 1.545 16.726 | 1.215 21.138 | 1.634 22.933 | 1.335 34.469 | 1.311
d-spacing (nm) 0,589 0,529 0,420 0,387 0,259
F. Paper (HRP) 15.087 | 1.433 16.731 | 1.215 21.105 | 1.521 22.993 | 1.366 34.565 | 1.322
d-spacing (nm) 0.587 0.529 0.421 0.386 0.259

Note: C.S = Crystal size, FWHM = Full Width Half Maximum, 26 = 2Theta

3.4 Endoglucanase activity on HRP treated cellulose model substrates

The SEM, FTIR, and XRD findings indicated that the HRP pretreatment modified the structural
and chemical properties of microcrystalline cellulose model substrates. To test if these
modifications were essential for higher enzymatic activity, endoglucanase 1 (EG1: from A.
niger) and endoglucanase 2 (EG2: from Aspergillus sp.) were used to hydrolyse HRP pretreat
Avicel and filter paper. Our findings showed that EG1 and EG2 activities significantly
increased in the HRP pretreated Avicel and filter paper samples. EG1 showed a steadily
increasing activity over time in both the control and the HRP pretreated Avicel samples (Fig
4.5A). The highest activity for this enzyme was recorded at 24 hours incubation, with an
increase of 10% activity in the HRP pretreated Avicel, compared to the control. The second
endoglucanase, EG2, showed little to no change over time with a sharp increase at 24 hours
incubation in both the control and HRP pretreated Avicel samples (Fig 4.5B). EG2 had an
increase of 20% activity in the HRP pretreated Avicel compared to the control. In contrast, the
endoglucanase activities (EG1 and EG2) were comparable between HRP treated filter paper
and the controls. The findings suggest that the filter paper was a much crystalline substrate
compared to the Avicel (Fig 4.5C and D).
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Figure 4.5: The endoglucanase-1 (EG1) and endoglucanase-2 (EG2) activity assays on HRP
pretreated microcrystalline cellulose substrates (Avicel and filter paper). A and B represent EG1
and EG2 activities acting on Avicel, respectively, while C and D represent EG1 and EG2
activities on pretreated filter paper, respectively. Controls were used to confirm the effect of
HRP treatment on the cellulose model substrates. The values represent the means + standard
deviation. Activity is equivalent to total reducing sugars produced EG during substrate
hydrolysis (in umol/mg). One-way ANOVA (p < 0.05) was used to test for significant

differences between HRP-treated and untreated Avicel and filter paper.

3.5 Cellulase synergy

The most effective B-glucosidase concentration was determined using varying combinations of
EG1 and B-glucosidase on HRP pretreated Avicel (Fig 4.6A) and filter paper (Fig 4.6B),
including the controls. The B-glucosidase showed a higher enzyme activity at 10% (v/v)
enzyme loading when it hydrolysed the HRP treated Avicel; a slightly lower enzyme activity
was observed at a loading of 20% [B-glucosidase. In general, it is important to note that the
addition of B-glucosidase to the reactions improved the enzymes activities of the treated Avicel
substrate, compared to the controls. The HRP pretreated filter paper displayed significantly
reduced enzyme activity compared to the controls (Fig 4.6B). However, for the control

samples, the 10% B-glucosidase enzyme loading displayed the highest activity. In summary,
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the findings above indicated that a 90% EG1/10% B-glucosidase enzyme loading was the

optimal enzyme combination for hydrolysis on the cellulose model substrates.
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Figure 4.6: The synergy between EG1 and B-glucosidase tested using cellulose model
substrates. The enzyme activity was determined using HRP-treated Avicel (A) and filter paper

(B), and their controls. The U represent units, which is equal to pmol.h™!.

3.6 Holocellulolytic enzyme formulation

After confirming the most effective f-glucosidase enzyme loading in combination with the
EG1, we attempted to formulate the holocellulolytic enzyme cocktail that could improve the
yield of soluble sugars from the HRP pretreated complex substrate (rooibos biomass). The
results in Fig 4.7 showed that the most effective combinations were 50% EG1/50% xylanase,
and 100% EG1/0% xylanase, which displayed 1.4-fold and 1.5-fold higher specific activities,
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respectively, compared to their controls. In addition, the HRP-pretreated fermented rooibos
was hydrolysed better than the controls, suggesting that B-glucosidase and EG1 or xylanase

acted synergistically on the pretreated substrate.
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Figure 4.7: Formulations of the holocellulolytic enzyme cocktail using different combinations
of endoglucanase 1 (EG1) and xylanase on fermented rooibos substrate. B-glucosidase was
dosed at 10 % enzyme load relative to the concentrations of EG1 and xylanase. The values
represent the means =+ standard deviation. The U represent units, which is equal to pmol.h—1 .
One-way ANOVA (p < 0.05) was used to test for significant differences between HRP-treated

and untreated Avicel and filter paper.

3.7 Producing soluble sugars from HRP treated biomass.

Quantification of the total amounts of soluble sugars was conducted using 1% (w/v) of the
HRP-pretreated rooibos biomass. A 50% EG1/50% xylanase combination, and 100% EG1
(mixed with 10% B-glucosidase enzyme loading) were used in the production of soluble sugars,
as they displayed high activity in the holocellulolytic enzyme formulation (Fig 4.7).
Interestingly, the results indicated that the soluble sugar yield decreased as the enzyme loading
concentration increased (Fig 4.8). The substrate hydrolysis with 100% EG1 (i.e. with no
xylanase) showed a sharp decrease in the yield (Fig 4.8A), while 50% EG1 and 50% xylanase
showed a steady decline until 75 mg/g biomass. Above 75 mg/g biomass concentration, the

100% EG1 enzyme rapidly lost activity and there was, consequently, a decline in yield at 100
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mg/g. However, the 50% EG1 and 50% xylanase combinations only lost 11% in total reducing
sugars yield at the same concentration. The 25 mg/g biomass was the effective concentration

required to achieve 99% (Fig 4.8A) and 96% (Fig 4.8B) of total reducing sugar production.
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Figure 4.8: The application of the formulated cellulase and holocellulolytic enzyme cocktails
using the most effective combinations, 100% endoglucanase 1 (EGIl) (A), and 50%
endoglucanase 1 (EG1)/50% Xylanase (B) on HRP pretreated fermented rooibos substrate.

4. Discussion

Agricultural biomass pre-treatment is vital for removing or modifying lignin, increasing
enzymes accessibility to the biomass, and enhancing hydrolysis. In addition, pre-treatment
reduces biomass crystallinity, which renders samples recalcitrant to enzyme hydrolysis (Mafa
et al., 2020b, Van Dyk & Pletschke, 2012). Therefore, the higher activity of the cellulases on
the crystalline cellulose could be attributed to structural and chemical modification, which
increases enzyme accessibility to the biomass (Van Dyk & Pletschke, 2012). Our previous
study demonstrated that HRP pretreatment removed lignin and significantly decreased the
crystallinity of rooibos biomass (Mohotloane et al., 2023). These observations led us to ask the
following questions: Does HRP reduce the crystallinity of all the plant biomass samples, or is
it specific to rooibos? Could the changes in the cellulose regions improve enzymatic activity
on HRP-pretreated biomass? To understand the effects of HRP pretreatment on crystalline
cellulose region of the biomass, we pretreated the cellulose model substrates, Avicel and filter
paper.
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The HRP pretreatment improved EG1 hydrolysis on Avicel and filter paper, as it had a higher
activity compared to the control. Similarly, the true endoglucanase EG2 showed a lower
enzyme activity on the Avicel and filter paper controls. However, the HRP pretreatment
improved EG2 activity on both substrates. The EGs showed much higher activity on the Avicel
compared to filter paper; suggesting that the pretreatment made Avicel a less crystalline
biomass. Mohotloane et al., (2023) demonstrated that EG1 is a multifunctional enzyme because
it was able to hydrolyse both cellulosic and hemicellulosic substrates. However, EG2 is a true
endoglucanase that showed activity on the amorphous cellulose substrate (CMC) and had
residual activity on the microcrystalline cellulose and hemicellulose substrates. Other oxidative
enzymes such as lytic polysaccharide monooxygenases (LPMOSs) act on the recalcitrant
microcrystalline cellulose or chitin regions, increasing biomass accessibility for the GH
enzymes (Chang et al., 2022, Levasseur, Drula, Lombard, Coutinho, & Henrissat, 2013., Min
et al., 2022). In addition, LPMO application increased endoglucanase activity by minimizing
the recalcitrant nature of microcrystalline cellulose, resulting in the improved production of
soluble sugars (Monclaro & Ferreira Filho, 2017). Our findings showed that HRP pretreatment
of the crystalline cellulose substrate Avicel increased surface area and enzyme accessibility to

the biomass, resulting in improved endoglucanase activities.

SEM analysis showed that the HRP pretreatment structurally modified the crystalline cellulose
substrates. The pretreated Avicel developed a rough surface layer, showing cracks and pores
compared to the smooth surface observed in the control sample. The cracks and pores indicate
that the HRP enzyme increased substrate accessibility, which resulted in higher hydrolytic
efficiency for the endoglucanase enzymes. Similarly, HRP pretreatment removed the
amorphous and paracrystalline cellulose from the filter paper samples, resulting in more
exposed microcrystalline cellulose fibres compared to the control sample, which had a smooth
surface. Min et al. (2022) also demonstrated that Avicel pretreatment with manganese
peroxidase (MnP) had peeling effects on the surface of biomass that exposed cracks on the
biomass. These observations support our findings, except that the filter paper results suggested
that HRP pretreatment acted mostly on cellulose Il (paracrystalline cellulose), exposing

cellulose 1 (microcrystalline cellulose).

Generally, the FTIR peak reduction at 3000-3500 cm™ implied that the crystalline region had
been modified. The peak is assigned to OH groups and for the microcrystalline cellulose sample

a broad peak indicated the presence of inter- and intra- hydrogen bonds between fibres. Several
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studies have shown that the decreased IR absorbance values (due to biomass pretreatment) in
this region (3000-3500 cm™) are associated with the regenerated amorphous cellulose, which
resulted in increased cellulase activity (Mafa et al., 2020b). Similarly, Ling et al. (2019)
showed that the process of ball milling over time altered the bands (at 3000-3500 cm™)
associated with cellulose Ia and I, which suggested a modification of the crystalline structure,
resulting in an increase in the amorphous region. In contrast, the HRP pretreatment increased
the peak at 3330.82 cm™ in Avicel and filter paper. These findings suggest that HRP was
oxidising and removing the cellulose 11 (para-crystalline) regions and exposed the cellulose Ig
(microcrystalline cellulose), supporting the SEM results obtained. However, the chemical and

structural modification did not hinder enzyme hydrolysis by the endoglucanases.

The SEM and FTIR findings were confirmed by the XRD results, which showed that HRP
pretreatment increased Crl in Avicel and filter paper. The commonly used peak height method
by Segal et al. (1959) showed about a 5% increase in Crl of the pretreated samples, compared
to the controls of Avicel and filter paper. Although peak height is the most commonly used
method for determining Crl, a few studies caution against using Crl as a measure of biomass
crystallinity, because it does not account for changes in the peak morphology/area, crystallite
sizes, and d-spacing (Ju, Bowden, Brown, and Zhang, 2015, Nam, French, Condon, and
Concha, 2016, Park et al., 2010). A study by Bommarius et al. (2008) also indicated that an
increase in crystallinity index during Avicel pretreatment with ammonia, alkaline, and organo-
solvent did not reduce cellulase activity. These observations from other studies and our findings
with Avicel and filter paper Crl prompted us to determine other factors, such as crystallite size

and d-spacing, to further understand the effect of HRP pretreatment at the molecular level.

Our findings show that there were significant changes at the molecular level after the HRP
pretreatment of Avicel and filter paper. For Avicel there was a 1 nm decrease in the crystallite
size and an increase of 0.001 nm d-spacing at the 101 lattice plane. These results suggest that
HRP pretreatment acts on the cellulose crystallites and breaks down the intermolecular
hydrogen bonds, leading to increased distance between the crystallites (Table 1 and 2). In
addition, crystallite size at the 002 lattice-plane increased by about 1.6 nm, but there was no
change in the d-spacing between the crystallites. We propose that these changes at the
molecular level are directly correlated to the improved hydrolysis of HRP pre-treated Avicel

by the endoglucanases.
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For HRP pretreated filter paper, there was a significant (4 nm) increase in the crystallite size
and 0.002 nm d-spacing at the 101 lattice plane (Tables 1 and 2). However, at the 002 lattices
there was about a 1 nm decrease in the crystallite size and 0.001 nm in d-spacing. The 101
lattice plane corresponds to the presence of cellulose Il, while 002 represents cellulose |
allomorphs. The increased crystallite size of cellulose 1l confirmed our hypothesis that
suggested that the HRP enzyme showed higher activity on the cellulose 11 allomorph and
exposes crystalline cellulose Ig. These imply that there was an increase in the microcrystalline
fibres in filter paper samples, leading to less endoglucanase biomass accessibility and activity.
In addition, several studies have shown that samples which have large crystallites will have
two distinct peaks at 101 and 101 lattice planes, while samples with small crystallites have a
broad peak combining the two peaks of 101 and 101 (Garvey, Parker, & Simon, 2005, Ju et
al., 2015, Ling, Chen, Zhang, & Xu, 2017). Ju et al. (2015) also argued that the increment in
d-spacing and crystallite sizes showed that the biomass crystals were loosening while the
decrease in d-spacing and crystallite size indicated a more compared biomass. These
observations confirmed that HRP pretreatment was essential for changing the loosening Avicel

structures, while it compacted the biomass of the filter paper.

After determining the effects of HRP pretreatment on the physicochemical properties of the
cellulose model substrates, we formulated an enzyme cocktail by including 10% (v/v) B-
glucosidase and increasing enzyme loading to improve the production of total reducing sugars.
B-glucosidase is known as a cellulase enzyme that plays a role in degrading cellobiose, which
is known to inhibit endoglucanase and exoglucanase activities (Zhang & Zhang, 2013). The
previously formulated enzyme cocktail produced 10% total reducing sugars in the HRP
pretreated rooibos (Mohotloane et al., 2023), which prompted the need to formulate an enzyme
cocktail with improved sugar production. The holocellulolytic enzyme cocktail resulted in two
effective combinations that were used at varying enzyme concentrations to quantify the
percentage yield produced per gram of biomass. The enzyme cocktails effectivity produced
over 95% total reducing sugars at a lower concentration of 25 mg/g biomass, validating the
efficacy of the HRP pretreatment in structurally and chemically modifying the biomass. Mafa
et al. (2020b) demonstrated that NaOH pretreatment effectivity removed lignin from corncob
and sweet sorghum bagasse, which improved the hydrolytic activity of the formulated enzyme

cocktail obtained from termite metagenome. Similarly, Malgas et al. (2017) formulated a
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holocellulolytic enzyme with superior hydrolytic efficiency on pretreated hardwoods, which

resulted in high sugar conversion and yield.

5. Conclusion
Horseradish peroxidase (HRP) modifies the structural and chemical properties of
microcrystalline cellulose. SEM analysis showed that the HRP had a peeling effect on Avicel,
exposing cracks and pores, while it removed the amorphous and para-crystalline cellulose from
filter paper, exposing the crystalline fibres (cellulose 1). In addition, the FTIR and XRD
analysis confirmed that after pretreatment, Avicel and filter paper increased in crystallinity
index, supporting the hypothesis that the HRP enzymes oxidized and reduced cellulose 11 and
exposed cellulose Ig. This claim was supported by the HRP pretreatment’s ability to increase
d-spacing and crystallite sizes at the 101 and 002 lattice planes in the cellulose model
substrates. These physicochemical changes improved the activity of EGs on the Avicel and
reduced the activity on the more crystalline cellulose substrate (filter paper). This information
was important for understanding how HRP removes lignin and decreases the crystallinity of
the rooibos substrate. Lastly, the formulated cellulases and hollocellulolytic enzyme cocktails
achieved a yield of more than 95% of total reducing sugars per 25 mg enzyme loading/g

biomass.
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Chapter 5: General discussion and conclusion

Second generation biofuel (2G) is emerging as a renewable resource of choice because it does
not compete with the food sources. However, it has been a challenge to close the loop
(knowledge gap) in the circular economy, due to the presence of lignin in the agricultural
residues and the limitations of the lignocellulose pretreatment methods that have been
developed. Hence, in this study we explored the use of a sustainable and environmentally
friendly biological pretreatment [partially purified horseradish peroxidase (HRP)]. Our results
showed that this enzyme can catalyse several substrates, similar to LiP or VVP. In addition, the
findings showed HRP functions optimally under normal acidic condition and temperatures of
50°C for less than an hour. Additionally, thermostability results revealed that this enzyme can
be used for more than 24 hours at 37°C, making it suitable for overnight biomass pretreatment.
The HRP physicochemical properties demonstrated that this enzyme does not use hash
conditions like chemical pretreatments, which requires temperatures that are between 60 and
250°C.

The SEM, FTIR and XRD analyses showed HRP pretreatment modified the structural and
chemical properties of the rooibos biomass. The HRP pretreatment showed efficiency in
removing lignin, while also displaying LPMO-like activity because it reduced the recalcitrant
nature of cellulose to endoglucanase activity. These findings prompted further research to
elucidate the mechanism HRP used to modify structural and chemical properties of the
microcrystalline cellulose. Hence, we used cellulose model substrates, i.e., Avicel and filter
paper. The SEM analysis showed that HRP opened pores and cracks on the surface of the
Avicel, while it efficiently hydrolysed the para-crystalline cellulose in the filter paper samples
and exposed the crystalline fibres. These results were validated by the FTIR, which showed a
significant increase in absorbance values of the broad peak between 3000 and 3600 cm™ that
is assigned to hydroxyl group, intra and intermolecular hydrogen bonds. Several studies
including our research group have demonstrated that highly crystalline substrates have higher
absorbance values in this region indicating strong intra and intermolecular hydrogen bonds. In
contrast, pretreated samples displayed a lower absorbance value in this region, confirming the

disruption of the intra and intermolecular hydrogen forces.

Surprisingly, both HRP treated Avicel and filter paper samples had increased Crl (crystallinity
index) according to XRD analysis. Several studies suggested that higher Crl percentage was
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correlated to higher cellulose crystallinity; therefore, the substrate will be more recalcitrant to
enzymatic hydrolysis. However, Park et al. (2010) argued that the Crl generated using the Segal
peak height method only explains the differences between the samples, as it does not consider
the proportions of the amorphous and crystalline material within the sample. Therefore, we
used the crystallite size, distance between the crystals (d spacing) and full width half-maximum
(FWHM) to demonstrate the crystallinity and structural changes of cellulose in Avicel and filter
paper after HRP pretreatment. Results showed that in Avicel the crystallite sizes at 002 lattice
increased from 45.7 to 47.3 nm, while filter paper samples showed a general decrease of 1 nm,
from 60.7 to 59.3 nm. Pretreated Avicel samples showed a significant decreased crystallite
sizes (from 58.1 to 55.5 nm) at 040 lattice compared to a smaller decreased crystallite size from
63.4 to 62.9 nm. Both lattices 002 and 040 are attributed to cellulose-1 (highly crystalline
cellulose allomorph), thus, the crystallite size changes in Avicel, and filter paper suggest HRP
reduce the crystallinity of the microcrystalline cellulose. Shao et al. (2023) argued that the
increased grain sizes (at 002 lattice) suggested pretreatment loosened the crystalline structure
of cellulose by destroying the intermolecular hydrogen bonds, which result in the decreased
crystallinity. The FWHM and d-spacing also confirmed structural changes due to HRP
treatment (chapter 4: Table 2).

Generally, endoglucanases do not effectively hydrolyse Avicel and filter paper
microcrystalline cellulose regions. In our study, the endoglucanase displayed significantly
higher activity on the HRP pretreated Avicel compared to the control. In contrast, the
endoglucanase activity was reduced during the hydrolysis of filter paper. These patterns of
endoglucanase activity corroborated the SEM results that showed HRP hydrolysed the para-
crystalline regions of the filter paper exposing cellulose Ig. These findings imply the
pretreatment increased the recalcitrance of filter paper towards endoglucanases but made

Avicel easily accessible to the endoglucanase.

The complete removal of lignin and reduced cellulose crystallinity improving the subsequent
hydrolysis processes with the formulated holocellulose enzyme cocktail (HEC). In chapter 3,
the holocellulolytic enzyme cocktail was formulated with a combination of two endoglucanases
(a multifunctional and a true endoglucanase), xylanase and B-glucosidase added at 10% (v/v).
However, Cellobiohydrolase (CBHI) was not included in the HEC because it displayed anti-
synergism with the endoglucanases, as the endoglucanase combination showed more activity

than the combination containing CBHI. The application of the HEC on the delignified rooibos
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resulted in 10% soluble sugars yield compared to 6% of the untreated rooibos. Therefore, for
chapter 4 we aimed to improve the rooibos biomass conversion rate and improve soluble sugar
production yields. We identified one of the challenges with the cocktail formulation method
used in chapter 3 to be an underestimation of the enzyme concentration. One of commercial
endoglucanases and xylanase were powders, as a result we determined their concentration by
using weight per volume (w/v) method instead of measuring the enzyme concentration with
Bradford method (Bradford 1976). The use of w/v method may not be accurate because we
assumed that the weight that we measured is the correct concentration, instead the
concentration was lower than expected. To solve the enzyme concentration challenge we
decided to measure the concentrations of all enzymes used in chapter 4 by following Bradford

method.

The higher enzyme loading (25 to 100 mg/g) of the multifunctional endoglucanase, xylanase
and B-glucosidase added at 10% (v/v) was used to formulate the HEC. The best formulated
HEC increased the conversion rate of HRP delignified rooibos over a period of 16 hours,
resulting in 95% soluble sugar yield at 25 mg/g biomass. Thus, a higher enzyme concentration
loading increased sugar conversion and improved the efficacy of the B-glucosidase in
converting the short oligomers to monomeric sugars. These results demonstrated the
effectiveness of HRP pretreatment on rooibos biomass, leading to formulation of less complex

enzyme cocktail with higher biomass conversion rate.

In conclusion, the research presented in this MSc dissertation showed that rooibos biomass has
the potential to be a feedstock for the production of value-added chemicals/products.
Interestingly, the biomass was compatible with the type of biological pretreatment, resulting in
a reduced pretreatment period (24-hour period) compared to other biological pretreatments
(which take days or a week). The HRP also removed relatively more than 80% of the lignin
from the biomass, changing both the structure and chemical properties. These modifications
improved the enzyme hydrolysis/activity on the pretreated biomass. Finally, the HEC produced

more than 90% yields of soluble sugars from the pretreatment biomass.
Future prospectives

1. Future work will focus on investigating the HRP pretreatment on the different

fermented rooibos grades A to D, which we have in the CHEM-Lab.
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. The HRP pretreated rooibos biomasses will be investigated for the grade that can be
used to produce the value-added chemicals at the large scale/pilot scale.

. Comprehensive characterisation of the biomass (grades A to D) will be performed and
used to select the biomass grade with better properties.

. Can HRP, LiP and MnP synergize? We will also attempt to answer that question.
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Appendices

Table Al: Biochemical characterisation of ligninolytic and holocellulolytic enzymes
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Types of Names of the Source pH Temperature Thermostabi Reference
enzymes enzymes optimum optimum lity
Ligninolytic enzymes
dye-decolourizing Raoultella pH 6 50°C 50°C Falade et al. (
peroxidase ornithinolytica 2019)
OKOH-1
Laccase Sphingobacteriu  pH 4.5 40°C - Neelkant et al.
mksn-11 (2020)
laccase Alcaligenes pH 4 55°C - Abdelgalil et
faecalis al. (2020)
yellow laccase Lentinus pH 4-9 40°C 25-55°C Mukhopadhya
squarrosulus y and Banerjee
MR13 (2015)
Bacterial peroxidase  Thermobifida pH 3.5 25°C 60°C van Bloois et
fusca al. (2010)
Bacterial peroxidase isolated strain pH3 40°C - Kalyani et al.
Pseudomonas (2011)
sp.
SUK1
Manganese Phanerochaete pH 4.5 30°C 25-40°C Urek and
peroxidase chrysosporium Pazarlioglu,
(2004)
free and Trametes pH 6 and 5, 60°C and 80°C, 20-60°C and 20- Asgher et al.
immobilized Lignin versicolor IBL- respectively respectively 80°C, respectively  (2012)
peroxidase 04
Lignin peroxidase Acinetobacter pH 1.0 40-70°C - Ghodake et al.
calcoaceticus (2009)
NCIM 2890
hybrid versatile  Bjerkandera pH 3.0-3.5 for 40°C for LiP and - Ertan et al
peroxidase (Lignin adusta LiP and pH 60°C for MnP (2012)
4.5 for MnP



and Manganese

peroxidase)

Peroxidase Moringa pH6 50°C 50°C Khatun et al
Oleifers L leaves (2012)

Peroxidase from  Phoenix pH 3-5, with - 75°C Al-Bagmi et

date palm dactylifera optima at al. (2019)
leaves around pH 4.5

Horseradish Armoracia pH 4.5 - 37°C Mohotloane et

peroxidase rusticana al., 2023

Peroxidase Leucaena pH S5 55°C 65°C for 20 min Pandey and
Leucocephala Dwivedi,

(2011)
Peroxidase Carica papaya pH7 40°C 60°C for 1 hour Pandey et al.
(2012).
Holocellulolytic enzymes

Thermostable Planomicrobium pH 9 80°C 50 -90°C Liu et al

xylanase glaciei CHR43 (2021)

GH10 xylanase Penicillium pH 3.5-5 65°C 55-75°C Bagewadi, et
citrinum isolate al. (2016)
HZN13

Cellobiohydrolase 1  Penicillium pHS5.2 60°C - Dos Santos et

(CBHI) digitatum al. (2020)

B-1,4-Glucanases Penicillium pH3.2 60°C 50°C Bai et al

from simplicissimum (2013)
H-11

GH10 Aspergillus pH9 80°C 60°C Sharma et al.

Endoxylanase terreus S9 (2018)

Table A2: Chemical composition (as a percentage) of various biomass materials used for

biofuel production

Lignocellulosic materials Major components of the lignocellulosic material Reference

Cellulose (%) Hemicellulose (%) Lignin (%)
Sugarcane Bagasse 43 25 24 Merino and Cherry (2007)
Sweet sorghum bagasse 27 14 14 Liet al (2010)
Corn stover (Zea mays) 38 23 20 Wan and Li (2010)
Corn cobs 45 35 15 Sun and Cheng (2002)
Wheat straw 30 22 17 Ballesteros et al. (2006)
Rice straw 32.1 241 18 Howard at al., (2003)
Sugarcane leaves 45 25 18 Singh et al. (2008)
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Cotton stalk
Rye straw

Switchgrass

67
31
31

16 13
22 25
24 18

Kim et al. (2016)
Garcia-Cubero et al., 2009
Lee et al. (2009)

Table A3: Functional group assignment of biomass components

Wavenumber Functional group assignment and | References

(1/cm) biomass component identification. (Mafa et al., 2020a, b)

3600-3000 OH, stretching vibration; broad peak | Nuruddin et al., 2016
represents intra/inter hydrogen bonds: | Guo et al., 2019
Microcrystalline cellulose region. Mafa et al. 2020a, b

3000-2600 2960-2850 C-H stretching (cellulose). Nuruddin et al., 2016

Mafa et al. 2020a, b

1800-1500 1775-1730 ester bond, lignin hemicellulose | Nuruddin et al., 2016
conjugation region. Derkacheva and Sukhov
1675-1655 C=0O stretching vibration: | 2008
lignin region. Guo et al., 2019
1630-1593 Aromatic skeletal plus C=0
stretching vibration: Lignin region.

1500-1300 1428 CH, symmetric bending (cellulose). | Nuruddin et al., 2016
1367 C-H vibrations and CH> bending. Guo et al., 2019
(Cellulose, hemicelluloses). Liuetal., 2021
1331-1320 Bending of O—H groups in | Mafaet al. 2020a, b
pyranose ring.

1300-1200 1200 C-C plus C-O plus C=0 stretching | Guo et al., 2019
vibration; carbohydrates and lignin. Derkacheva and Sukhov

2008

1200-900 1057-1030 ether/glyosidic bonds, with | Wang et al., 2012
shoulders at Liuetal., 2021
1109 and 1165 related to the
polysaccharide components.

900-700 900 celluloses Nuruddin et al., 2016
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890 hemicellulose Liu et al., 2021
886 B-1,3-glucan

# adapted from Mafa et al., 2020a, b
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Figure Al: A representation of the DNS (glucose) assay (A) and Bradford assay (B) standard
curves
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