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ABSTRACT 

The abundant availability of lignocellulosic biomass has contributed to an 
interest in the conversion of biomass into bioethanol or biochemical products via a 
sustainable pre-treatment process to break down the recalcitrant lignin structure. This 
study attempts to characterize the ligninolytic Agrobacterium sp. strain S2 isolated 
from empty fruit bunch (EFB) and subsequently to identify the lignin 
depolymerization enzymes involved. The strain was previously isolated from decaying 
EFB that was left for more than six months at a plantation. Biochemical 
characterization and quantitate study were administered to study the lignin 
depolymerization and degrading ability of the strain. The strain grew in minimal media 
with alkali lignin as the sole carbon source and it reached maximum growth on day 
three. Several known ligninolytic enzyme assays were performed lignin peroxidase 
(LiP), laccase (Lac) and manganese peroxidase (MnP) activities had been detected. 
Gel permeation chromatography (GPC) analysis was administered to confirm the 
strain’s ability to depolymerize or degrade lignin macromolecules. The alkali lignin 
treated with strain S2 was depolymerized to 2,263 Da on day three and further 
degraded to 1,004 Da on day 7, achieving 70.48% lignin degradation. After confirming 
the lignin-degrading ability of the respective strain, whole-genome sequencing was 
administered. The strain was identified as species that belongs to the Agrobacterium 
genus. The draft genome revealed genes encoding enzymes responsible for 
degradation of high and low molecular lignins. Catalase peroxidase (CP), superoxide 
dismutase (SD), non-heme chloroperoxidase (NCP) and cytochrome P450 (CP450) 
were selected for molecular study because these enzymes were believed to be involved 
in lignin depolymerization. The enzymes were selected based on the inferred 
homology via Basic Local Alignment Search Tool (BLAST), a sequence alignment of 
the target proteins against the databases. Genes encoding the metabolism of peripheral 
pathways for catabolism of aromatic compounds and central aromatic intermediates 
were also predicted. TA cloning and heterologous expression of genes encoding 
enzymes of interest in E.coli (JMP109) were administered via recombinant DNA 
technology and a recombinant CP450 was successfully expressed. The expression of 
CP450 confirmed the ease of genetic modification and recombinant efficiency in 
bacteria of smaller genome. CP450 is known to catalyse aromatic O-demethylation, a 
rate-limiting step in the conversion of aromatic compounds to valuable chemicals. In 
conclusion, the Agrobacterium sp. strain studied has demonstrated promising 
ligninolytic potential and a variety of enzyme candidates for future study.  
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ABSTRAK 

Disebabkan ketersediaan biojisim lignoselulosa yang besar jumlahnya, 
pertambahan minat dalam penukaran biojisim kepada bioetanol atau produk biokimia 
memerlukan proses pra-rawatan yang mampan untuk memecahkan struktur tegar 
lignin. Kajian ini cuba mencirikan ligninolitik Agrobacterium sp. S2 daripada tandan 
buah kosong (TBK) dan seterusnya mengenal pasti enzim penyahpolimeran lignin 
yang terlibat. Strain itu sebelum ini diasingkan daripada TBK reput yang terbiar 
selama lebih enam bulan di ladang. Untuk mengkaji penyahpolimeran lignin dan 
keupayaan degradasi lignin, pencirian biokimia dan kajian kuantitatif telah diselidik. 
Strain tumbuh dalam medium minimum dengan lignin alkali sebagai sumber karbon 
tunggal dan mencapai pertumbuhan maksimum pada hari ketiga. Ujian enzim 
ligninolitik berjaya mengesan aktiviti lignin peroxidase (LiP), laccase (Lac), dan 
manganese peroxidase (MnP). Untuk mengesahkan keupayaan menyahpolimer atau 
merendahkan makromolekul lignin, analisis menggunakan gel permeation 
chromatography (GPC) telah dilakukan. Lignin alkali yang dirawat dengan strain S2 
telah dinyahpolimerkan kepada 2,263 Da pada hari ketiga dan degradasi lagi kepada 
1,004 Da pada hari ketujuh, mencecah 70.48% degradasi lignin. Selepas mengesahkan 
keupayaan degradasi lignin oleh strain tersebut, penjujukan genom keseluruhan telah 
dibuat. Strain dikenalpasti sebagai spesies yang tergolong dalam genus 
Agrobacterium. Draf genom mendedahkan gen pengekodan enzim yang 
bertanggungjawab untuk degradasi lignin molekul tinggi dan rendah. Catalase 
peroxidase (CP), superoxide dismutase (SD), non-heme chloroperoxidase (NCP) and 
cytochrome P450 (CP450) telah dipilih untuk kajian molekul. Enzim-enzim ini 
dipercayai terlibat dalam penyahpolimeran lignin, dipilih berdasarkan homologi yang 
disimpulkan melalui via Basic Local Alignment Search Tool (BLAST) berdasarkan 
persamaan penjajaran jujukan protein sasaran terhadap pangkalan data. Metabolisme 
pengekodan gen bagi laluan periferi untuk katabolisme sebatian aromatik dan 
perantaraan aromatik pusat juga telah diramalkan. Pengklonan TA dan ekspresi 
heterolog gen yang mengekodkan enzim yang menarik dalam E.coli (JMP109) melalui 
teknologi DNA rekombinan telah dilakukan. Hasilnya, rekombinan CP450 telah 
berjaya diekspresikan dan bersedia untuk langkah seterusnya. Ekspresi CP450 
mengesahkan kemudahan pengubahsuaian genetik dan kecekapan rekombinan bagi 
bakteria genom yang lebih kecil. CP450 mempunyai kebolehan memangkinkan O-
demetilasi aromatik, langkah penting dalam penukaran sebatian aromatik kepada 
bahan kimia yang berharga. Agrobacterium sp. strain yang dikaji telah menunjukkan 
potensi ligninolitik yang tinggi.  



viii 

TABLE OF CONTENTS 

 TITLE PAGE 

 

DECLARATION iii 

DEDICATION iv 

ACKNOWLEDGEMENT v 

ABSTRACT vi 

ABSTRAK vii 

TABLE OF CONTENTS viii 

LIST OF TABLES xii 

LIST OF FIGURES xiv 

LIST OF ABBREVIATIONS xvi 

LIST OF SYMBOLS xvii 

LIST OF APPENDICES xviii 

CHAPTER 1 INTRODUCTION 19 

1.1 Background 19 

1.2 Problem Statement 22 

1.3 Research Goal 23 

1.3.1 Research Objectives 23 

1.4 Research Scope 24 

1.5 Significance of Study 25 

CHAPTER 2 LITERATURE REVIEW 28 

2.1 Lignocellulosic Biomass 28 

2.1.1 Overview 28 

2.2 Lignin 31 

2.2.1 Lignin in lignocellulosic biomass 31 

2.2.2 Lignin’s components 32 

2.2.2.1 Lignin’s linkages and functional 
groups 33 



ix 

2.2.3 Lignocellulosic biomass potential and 
challenges 37 

2.2.3.1 Overview 37 

2.2.3.2 Lignocellulose biomass in Malaysia 38 

2.2.4 Challenges in Lignin Valorization 39 

2.3 Lignin Depolymerization 41 

2.3.1 Lignin Depolymerization via Biological 
Processes 42 

2.3.2 Lignin Degrading Microorganisms 42 

2.3.2.1 Lignin Degradation by Fungi 43 

2.3.2.2 Limitations of Lignin Degradation 
by Fungi 44 

2.3.2.3 Lignin Degradation by Bacteria 45 

2.4 Lignin degrading enzymes 50 

2.4.1 Bacterial Lignin degrading enzymes 50 

2.4.1.1 Extracellular enzyme peroxidases 51 

2.5 Genome sequencing technology for lignin degradation 
enzymes by bacteria 56 

2.6 Protein Engineering and Recombinant DNA 
technology 56 

CHAPTER 3 MATERIALS AND METHOD 59 

3.1 Overview 59 

3.2 Bacteria Cultivation 61 

3.2.1 Alkali Lignin plate preparation 62 

3.2.1.1 Chemicals preparation and specific 
technique administered 63 

3.2.2 Alkali lignin medium (AL-W) broth and LB 
broth 64 

3.3 Gel permeation chromatography (GPC) Analysis 66 

3.4 Ligninolytic enzyme activities 66 

3.5 Enzymes Activity Assay 67 

3.5.1 Lignin peroxidase activity 67 

3.5.2 Manganese peroxidase activity 67 

3.5.3 Laccase 68 



x 

3.6 Genome sequencing and analysis of strain S2 68 

3.7 Recombinant protein technology 69 

3.7.1 DNA Manipulation 69 

3.7.1.1 Primer Generation 69 

3.7.1.2 DNA Extraction and Gel 
Electrophoresis 70 

3.7.2 PCR Amplification of Targeted DNA regions 73 

3.7.3 A-tailing Procedure 74 

3.7.4 Gel Electrophoresis and PCR products 
purification 75 

3.8 Molecular Cloning; TA Cloning 75 

3.8.1 Ligation and Transformation Protocol 76 

3.8.2 Insert confirmation, Colony PCR for 
orientation confirmation and subsequent 
plasmid extraction 78 

3.8.2.1 Protein Induction and Expression 78 

CHAPTER 4 RESULTS AND DISCUSSION 80 

4.1 Overview 80 

4.2 Characteristics of previously isolated strain S2 81 

4.3 Growth of S2 strain in LB agar and alkali lignin agar 82 

4.4 Ligninolytic Enzyme Activities 83 

4.5 Lignin degradation analysis through GPC Analysis 87 

4.5.1 GPC Analysis of KL Molecular Weight 
Distribution by Bacteria Strains 88 

4.6 Genome Analysis 90 

4.7 Identification of lignin genes encoding depolymerizing 
enzyme from the draft genome 93 

4.8 Genomic DNA Extraction and Polymerase chain 
reaction 115 

4.9 TA Cloning 118 

4.9.1 Vector-Insert Ratio 118 

4.9.2 Blue-White colonies Transformation 119 

4.9.3 Insert conformation, Orientation and plasmid 
Extraction 121 



xi 

4.10 Protein Induction and Expression 125 

CHAPTER 5 CONCLUSION 128 

5.1 Conclusion 128 

5.2 Recommendation for future research 129 

REFERENCE 131 

LIST OF PUBLICATION 155 
 

  



xii 

LIST OF TABLES 

TABLE NO. TITLE PAGE

Table 1.1 Economic prospect of lignin derived compounds 26 

Table 2.1  Lignocellulosic in different species of biomass feedstock 29 

Table 2.2 Monolignols ratio of hardwood, softwood and grass 33 

Table 2.3 Linkages and functional groups present in hardwood, 
softwood and grass lignin 34 

Table 2.4 Comparison of conventional physicochemical treatments to 
that of biological routes 40 

Table 2.5 Established reports on lignin degradation by bacteria 47 

Table 2.6  Other oxidizing enzymes believe to be responsible for 
lignin early steps of lignin degradation 53 

Table 2.7  Other oxidizing enzymes believe to be responsible for 
lignin early steps of lignin degradation (continued) 55 

Table 3.1  Alkali lignin preparation 62 

Table 3.2  Materials and Chemicals to prepare AL-W and LB Broth 64 

Table 3.3  Guidelines of designing primer 70 

Table 3.4 Chemicals used for DNA fragments size confirmation 72 

Table 3.5  PCR reaction components for Q5 High Fedility DNA 
polymerase 73 

Table 3.6 Thermal cycling parameters for PCR reaction 74 

Table 3.7 Ligation reactions for transformation 76 

Table 4.1  Enzyme activities up to 7 days post-inoculation 84 

Table 4.2 Average molecular weights and polydispersity indices of 
alkali lignin before (control) and after treatment (Day 3 and 
Day 7) with bacterial strain S2 88 

Table 4.3  Homolog for predicted genes involve in lignin 
depolymerization 95 

Table 4.4  Details on the annotated ligninolytic enzymes or lignin 
depolymerization enzymes found in the genome 102 

Table 4.5  Metabolism of aromatic compounds from the draft genome 
sequence 108 



xiii 

Table 4.6 Concentration and purity of DNA extraction samples 116 

Table 4.7  Insert-Vector ratio used for transformation 119 

Table 4.8  Expected sizes of PCR products with M13 primers and 
insert specific primers 124 

 

  



xiv 

LIST OF FIGURES 

FIGURE NO. TITLE PAGE

Figure 1.1 Market prospect of biofuels in Asia. Adapted from 2019 
Economic Research Institute for ASEAN and East Asia 
(https://www.eria.org/RPR-FY2013-20.pdf ). 26 

Figure 2.1 Hardwood and softwood schematic representation 36 

Figure 2.2  Illustration of lignocellulosic biomass routes and 
management for biofuels and biochemicals 37 

Figure 2.3  Attractive utilization and potential application of lignin 39 

Figure 2.4  Lignin subunits attacked by enzymes and their most 
common reaction mechanisms. Adopted and modified from 
Lambertz et al. (2016) 52 

Figure 2.5  Illustration of recombinant DNA technology mechanism 
using gene cloning for protein synthesis. Adopted from 
CliffsNote (2018) 58 

Figure 3.1 Framework of research 60 

Figure 4.1 Colonies growth in AL plate at 3rd day 82 

Figure 4.2  Growth curve of lignin degrading bacteria strain S2 83 

Figure 4.3 Enzyme Activity assay for strain S2 85 

Figure 4.4  GPC analysis on Mw distribution of alkali lignin by 
isolates, S2 for day 0, day 3 and day 7 90 

Figure 4.5 Phylogenetic analysis of Agrobacterium strain S2 
(highlighted) with the related species strains based on 16S 
rRNA gene homology. This tree was generated by the 
maximum-likelihood algorithm using Jukes-Cantor 
distance correction and the bootstrap resampling method 
after 500 replications, which was conducted with MEGA 7 
software 92 

Figure 4.6 Schematic representation of the one of the many lignin 
degradations pathways for strain S2 based on candidate 
genes from draft genome 107 

Figure 4.7 1.0 % agarose gel electrophoresis of genomic DNA 
samples. The ladder used is HighQu Take5 1kbp DNA 116 

Figure 4.8 1% Agarose gel electrophoresis for Polymerase chain 
reaction (PCR) amplification of target genes. (a) Gene 



xv 

products amplification for superoxide dismutase (b) Gene 
products amplification for catalase peroxidase (c) Gene 
products amplification for cytochrome p450 (d) Genes 
product amplification for non-heme chloroperoxidase. 
HighQu Take5 1kbp DNA ladder was used for all 
amplification 117 

Figure 4.9 Blue-white colonies transformation 120 

Figure 4.10 1% Agarose gel electrophoresis for blue and white colonies 
Ladder used; HighQu Take5 1kbp DNA ladder 122 

Figure 4.11 1.0 % agarose gel electrophoresis for colonies with SD and 
CP450 recombinants having correct orientation 124 

Figure 4.12 1.0 % agarose gel electrophoresis of extracted plasmids of 
respective recombinants 125 

Figure 4.13  SDS-PAGE for protein expression in E.coli BL21(DE3) for 
recombinant protein CP450 (A) and SD (B). Lane 1,2,3 (A): 
1.0 mM IPTG induction at T1=2hr, T2= 4hr and T3=6hr 
respectively. Lane 4,5,6,7: uninduced T0=0hr, T1, T2 and 
T3 respectively. Lane 1,2,3,5 (B): 1.0 mM IPTG induction 
at T0=0hr, T1=2hr, T2= 4hr and T3=6hr respectively. Lane 
4,5,6,7: uninduced at T0, T1, T2 and T3 respectively. Lane 
kDA: protein molecular weight marker (precision plus 
protein dual xtra Biorad) 126 

 

  



xvi 

LIST OF ABBREVIATIONS 

ABTS - 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 

BLAST - Basic Local Alignment Search Tool 

bp - Base pair 

CP - Chloroperoxidase 

CP450 - Cytochrome P450 

DNA - Deoxyribonucleic acid 

EFB - Empty Fruit bunch 

GPC - Gel Permeation Chromatography 

IPTG - Isopropyl β-D-1-thiogalactopyranoside 

LB - Luria Broth 

LiP - Lignin Peroxidase 

MnP - Manganese Peroxidase 

NCBI - National Centre for Biotechnology Information 

NCP - Non-heme Chloroperoxidase 

NGS - Next-Generation Sequencing 

OD - Optical Density 

PCR - polymerase chain reaction 

RST - Rapid Annotations using Subsystems Technology 

SD - Superoxide Dismutase 

SDS - sodium dodecyl sulphate 

VA - Veratryl alcohol 

  



xvii 

LIST OF SYMBOLS 

uL - Microliter 

mL - Millilitre 

𝛼 - Alpha 

β - Beta 

°C - Degree Celsius 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

  



xviii 

LIST OF APPENDICES 

APPENDIX TITLE PAGE

Appendix A Primers construction                                                                         142 

Appendix B Plasmid Validation                                                                            148 

 

 

 

 



 

19 

CHAPTER 1  

 

 

INTRODUCTION 

1.1 Background 

Globally, biomass production from various wastes is estimated at a staggering 

amount of 146 billion tons yearly (Guragain & Vadlani, 2021). Four major crop 

residues consist of corn stover, rice straw, wheat straw and sorghum stover stood at 

1413, 1084, 1056 and 81 Mt respectively (Guragain & Vadlani, 2021). Consequently, 

as a prominent player in agricultural commodities, lignocellulose waste production in 

Malaysia towers at approximately 168 Mt annually (Bušić et al., 2018). They include 

but are not limited to oil palm waste, coconut trunk fibres, rice husks, sugarcane, 

cassava, corn and their respective residues (cassava rhizome and corncobs) as well as 

municipal waste (Abd Aziz & Kin Mun, 2012; Zafar, 2018). Recognized as the leading 

palm oil producer and exporter alongside the neighbouring country Indonesia, oil palm 

wastes in Malaysia account for an astounding amount of 94 % of the abundant 

agricultural and forestry biomass resources (Zhuohua Sun et al., 2018). 

Despite eminent interest in utilizing lignocellulosic biomass for the second 

generation of bioethanol, the application of biomass feedstock for biofuels and 

biochemicals is still at a nascent stage, relative to the amount of generated biomass. 

Current global lands use to grow biofuels feedstocks is only 25 million hectares, which 

is 0.19% of the world’s total land area (Guragain & Vadlani, 2021). The main 

challenge lies in the pre-treatments technology for converting the lignocellulosic 

biomass into valuable products (Silva et al., 2021; Zhuohua Sun et al., 2018). 

Lignocellulose biomass comprises three major polymers of lignin, cellulose and 

hemicellulose associated in the hetero matrix at varying degrees depending on the 

source of biomass (Isikgor & Becer, 2015). The chains of polysaccharides cellulose 

and hemicellulose are the major elements for biofuels, biochemicals and bioethanol 

production while lignin is a potential polymer for biomaterials production. Amongst 
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them, lignin is the most complex, posing a significant challenge in pre-treatment 

technology or lignin valorization: conversion, degradation, depolymerization technology due 

to the inherent recalcitrance. This can be attributed to complex three-dimensional 

structure of heteropolymer lignin comprises of diverse stable C-C and C-O linkages 

within phenyl propanoid monomeric subunits (Isikgor & Becer, 2015).  

Conventionally, the utilization of biomass and lignin depolymerization is 

governed via physicochemical pre-treatments, albeit these technologies are not 

without challenges (high input energy, costly, requires stringent conditions and 

produce toxic intermediates). Therefore, biological processes offering green 

technology via microorganisms are considered ideal as they mirror the occurrence of 

lignin degradation in nature, resulting in the continuous development and studies of 

biological processes (P. Chen et al., 2017; Wang et al., 2013). Microorganism-

mediated bio-catalytic processes, for instance, require a relatively mild condition, 

which translates to low energy requirement and essentially affordable cost (Kim et al., 

2016). Utilization of fungi in diverse fields such as bioremediation and biorefinery for 

biomass delignification has been implanted. (Rybczyńska-Tkaczyk & Korniłłowicz-

Kowalska, 2017; R. Xu et al., 2018). 

White rot basidiomycetes are the most studied lignin degraders. Lac, MnP and 

LiP are some of the common lignin oxidizing enzymes secreted by the fungi. However, 

fungi demonstrate limitations for industrial application due to inferior adaptability to 

diverse pH, temperature and oxygen limiting conditions. While fungi face challenges 

in expression at protein level due to the complex and larger genome sizes, bacteria 

offer convenient molecular genetics and protein expression with smaller genomes 

(Yang et al., 2021). This allows for more efficient genetic modification to enhance the 

production of lignin-degrading enzymes, owing to the higher recombination efficiency 

and greater ease for desired gene expression (Atiwesh et al., 2022). Therefore, the 

interest has shifted to bacteria, which offer excellent adaptability in various conditions 

(Bandounas et al., 2011).  

Bacterial lignin degradation also demonstrates versatile degradation pathways 

of aromatic substances, transforming components of highly complex lignin, single 
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phenols and xenobiotic compounds (Kameshwar & Qin, 2016). Amongst bacteria, the 

species majorly belong to the actinobacteria and proteobacteria phyla. Streptomyces 

viridosporus T7A, Nocardia autotrophica, Sphingobium sp. SYK-6, Pseudomonas 

putida mt-2, Rhodococcus sp., Burkholderia cepacia, Microbacterium sp and 

Citrobacter sp were identified as efficient lignin degraders (Taylor et al. 2012). 

Common ligninolytic enzymes similar to fungi have been reported through 

biochemical characterization studies (Y. Shi et al., 2013; Z. Xu et al., 2018; Yang et 

al., 2012). However, genomics studies had shown that bacteria might possess different 

mechanisms and secrete different ligninolytic enzymes found in fungi. These potential 

ligninolytic bacteria are largely undiscovered and many ligninolytic enzymes may still 

emerge. In addition, previous characterization studies on lignin-degrading bacteria 

mostly used lignin model dimers, such as β-aryl ether lignin, veratrylglycerol-β-

guaiacol ether, guaiacylglycerol-β-guaiacyl ether and lignin-derived aromatic 

compounds to evaluate lignin degradation ability (Ghatge et al., 2018; Li et al., 2020). 

However, studies on lignin depolymerization, which involve degradation of high 

molecular weight lignin products are limited and require further evaluation. In recent 

decades, rapid progress and development of high throughput sequencing technology 

for omics study allow for the discovery of various lignin-degrading bacteria-enzyme 

systems from anaerobic and aerobic communities, rotten wood, wastewater treatment 

plant compost, marine and animal gut microbiota (Silva et al., 2021; Zhuohua Sun et 

al., 2018). Malaysia’s tropical climate and abundant biomass feedstock sourcing from 

oil palm waste could unearth a variety of ligninolytic bacteria. 

A potential strain previously isolated from empty fruit bunch (EFB) was 

studied (Tahir et al., 2019). The strain is mesophilic, preferring alkaline conditions and 

showed initial ligninolytic ability when tested with methylene blue dye. For this study, 

to characterize the ligninolytic potential, the strain growth on the alkali lignin plate 

and alkali lignin-W minimum media were evaluated. In addition, ligninolytic 

enzymes’ activity and gel-permeation chromatography (GPC) analysis using alkali lignin 

was administered to study the lignin depolymerization potential. The genome strain, 

designated as strain S2, was shotgun sequenced. The draft genome sequence was then 

subjected to genome analysis to identify the genes potentially involved in lignin 

depolymerization via sequence similarity alignment. Finally, TA cloning and 
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heterologous expression were performed for the selected candidate genes encoding 

lignin depolymerization enzymes;- superoxide dismutase (SD), catalase peroxidase 

(CP), non-heme chloroperoxidase (NCP) and cytochrome P450 (CP450). These genes 

were selected based on their significant sequence similarity that translates to 

homologs. Through recombinant DNA technology and protein induction, CP450 

recombinant protein was successfully expressed, confirming the ease of genetic 

modification and recombinant efficiency of this particular strain of bacteria. The scope 

of study stopped here. However, functional characterization of recombinant CP450 

protein on its ability to depolymerize could therefore be pursued for further study.  

1.2 Problem Statement 

Lignocellulosic biomass is still underutilized relative to their abundance 

production. The residues from major crops, forests and municipal waste are expected 

to increase by 2050. 2.6 billion tons of municipal waste production and six billion tons 

of forest residue are projected by 2050. Currently, only a portion of the amount is being 

utilized for biochemicals and biofuels production (Asia, 2019; Guragain & Vadlani, 

2021). In Malaysia alone, the lignocellulose biomass production stands at 168 Mt 

annually, with oil palm plantation waste conquering the majority (94%) (Bušić et al., 

2018). As a major player in palm oil production and agricultural activities, 13.6 % of 

the country's land area is allocated for oil palm plantation. Out of palm oil processing 

yield, only 10% are finished products (palm oil and palm kernel oil) while the 

remaining 90% are harvestable biomass waste remain underutilized.  

The primary challenge in the conversion of lignocellulose biomass is governed 

by the pre-treatment’s technology, which involves an effective disruption of the 

recalcitrance lignin. The conventional pretreatments of physicochemical have 

drawbacks due to their high cost and possible toxic intermediates production (Galbe 

& Wallberg, 2019). Therefore, biological pretreatments using microbes-mediated 

systems may offer an alternative for green and improved treatment as they mimic the 

degradation of biomass in nature. Although studies have reported white-rot and brown-

rot fungi as efficient degraders, study on bacterial lignin degradation system is 
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relatively unexplored. With emerging of “omics” technologies, immense interest has 

shifted to bacterial enzymes mediated systems as they are superior adapting in various 

conditions. Earlier report discussed several challenges of fungi biological catalysts for 

commercialization by listing difficulty in recombinant protein expression and complex 

genome as one of the challenges. Due to smaller and less complex genome, bacteria 

will offer more efficient gene expression and recombinant protein expression (Ahmad 

et al., 2011).  

Potential ligninolytic bacteria from various habitats are still largely 

undiscovered. Bacteria are predicted to secrete other ligninolytic enzymes that are not 

found in fungi, potentially emerging ligninolytic candidate genes discovery. In 

addition, most studies for lignin degradation of bacteria focus on the utilization of 

lignin dimers or artificial substrates, with limited quantitative evidence on lignin 

depolymerization or the ability of bacteria to degrade lignin macromolecules.  

1.3 Research Goal 

Therefore, this study attempts to characterize ligninolytic potential of Agrobacterium 

sp. strain S2 and identified the depolymerization enzymes involved. 

1.3.1 Research Objectives 

The objectives of the research are: 

(a) To evaluate the lignin degradation and depolymerization ability of a strain 

isolated from decaying empty fruit bunch. 

(b) To predict candidate genes encoding lignin depolymerization enzymes from 

the draft genome  

(c) To express a recombinant protein through DNA manipulation. 
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1.4 Research Scope 

The scope of this research can be delineated into two primary frameworks. The 

first work focused on the characterization of the previously isolated strain on its 

ligninolytic capability through biochemical study and quantitative analysis. 

Biochemical characterization includes growth of bacterial strain S2 in alkali lignin 

agar, alkali lignin W-media (broth) and crude enzyme activities study of common 

ligninolytic enzymes consisting of LiP, MnP and Lac. The quantitative analysis was 

done through GPC analysis to confirm whether the high molecular weight of lignin 

particles was successfully degraded to smaller ones, providing evidence on the strain 

lignin depolymerization capability.  

The second framework detailed the genomic analysis of the strain. The strain 

was shotgun sequenced with Ion Torrent. Genomic analysis revealed the strain as 

species belonging to Agrobacterium genus. The draft genome sequence was then 

subjected to genome analysis via RAST annotation and sequence similarity alignment 

using BLAST (against the NCBI, UniProt, EMBL-EBI and Pfam databases) to infer 

homology. This method allowed for the reliable identification of candidate genes 

responsible for lignin depolymerization in the genome. Similarly, other putative genes 

playing roles for peripheral pathways for the catabolism of aromatic compounds and 

central aromatic intermediates were also discussed.  

Based on the presence of homologs inferred from sequence similarity 

alignment, four selected enzymes of SD, CP450, NCP and CP were pursued. Through 

recombinant technology, molecular cloning was administered via DNA extraction, 

primer design, genes amplification (PCR), TA cloning, heterologous expression, 

induction and protein expression. One recombinant protein, CP450, was successfully 

expressed and ready for future study.  
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1.5 Significance of Study 

Characterizing the ligninolytic ability of the previously isolated strain through 

biochemical study and quantitative analysis through GPC will contribute to the 

knowledge on a variety of bacteria isolated from diverse habitats showing lignin 

degradation and depolymerization capability. In addition, genome annotation 

identified the strain as genus Agrobacterium. This genus has limited information on 

its genome features regarding lignin degradation capability relative to other commonly 

reported bacteria lignin degraders such as Streptomyces, Rhodococcus and 

Amycolatopsi. Although there have been several bacteria from genus Agrobacterium 

isolated from cherry tree gall, municipal solid waste and wood decay samples 

(hardwood) from mountain Qinling, this is first draft genome sequence with reported 

study detailing on ligninolytic genes in genome Agrobacterium isolated from EFB in 

a tropical climate. This is significant as the EFB source harbours a substantial amount 

of lignin (29.2%) compared to that in hardwood (15 to 24%), softwood (20 to 27%) 

and other agricultural waste (12 to 25%). 

Additionally, the discovery of a variety of candidate genes responsible for 

depolymerization and degradation of small lignin molecules will contribute to the 

knowledge of ligninolytic enzymes machinery and pathways in bacteria that are 

relatively less studied than fungi. This is important as fungal enzymes have been found 

to be lacking in terms of feasibility for commercial production due to several 

challenges. The enzymes are more susceptible to degradation in extreme temperature 

and pH conditions than their bacterial counterpart. Moreover, bacteria may offer the 

ease of genetic modification and recombination efficiencies for desired gene 

expression in comparison to fungi with more complex genomes. The expressed 

recombinant enzyme CP450 showed that the genetic modification and gene expression 

were successful. The recombinant enzyme can therefore be subjected for further 

functional characterization study to reveal the role and understand the lignin 

degradation pathways (Atiwesh et al., 2022; Yang et al., 2021). Understanding 

bacterial lignin degradation and the active enzymes are essential for the pursuit of 

green technology as an alternative to the current physicochemical methods of biomass 

utilization.  
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In long terms expectancy, this study may be beneficial to the society and 

industrial scales as it provides alternative insight and approach to revamp the existing 

physicochemical pre-treatments. Consequently, this will propel the nascent growth of 

biomass waste management and utilization, especially in Malaysia and Indonesia. 

Economically, this study has an attractive market prospect as it is associated to the 

prominent market demand of biofuels ($23640 million in 2017 and expected to reach 

$46431 million by 2026) and lignin derived compounds, as illustrated below in Table 

1.1 and Figure 1.1. 

Table 1-1 Economic prospect of lignin derived compounds  

Products Market Price 

($/kg) 

Function Demanded 

quantity/annum 

PHA 1.06 Biomedical 

application 

750,000 tons 

Vanilin 15 Food industry 16,000 tons 

Lipid 1.22 biodiesel 22.5 billion tons 

Muconate 1.7 Adipic acid 

building block 

2.7 million tons 

 

 

 

` 

Figure 1.1 Market prospect of biofuels in Asia. Adapted from 2019 Economic 
Research Institute for ASEAN and East Asia (https://www.eria.org/RPR-FY2013-
20.pdf ).  
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In terms of environment, this study advocates a green sustainable reformation 

through the alternative or integration of biological route with the existing physico-

chemical pre-treatments that typically expounds major dismal in environmental 

aspects.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

131 

REFERENCE 

Abd Aziz, N., & Kin Mun, L. (2012). Malaysia’s biomass potential. BE Sustainable. 
http://www.besustainablemagazine.com/cms2/malaysias-biomass-potential/  

Abd El Monssef, R. A., Hassan, E. A., & Ramadan, E. M. (2016). Production of 
laccase enzyme for their potential application to decolorize fungal pigments on 
aging paper and parchment. Annals of Agricultural Sciences, 61(1), 145-154. 
https://doi.org/https://doi.org/10.1016/j.aoas.2015.11.007  

Abdel-Hamid, A. M., Solbiati, J. O., & Cann, I. K. (2013). Insights into lignin 
degradation and its potential industrial applications. In Advances in Applied 
Microbiology (Vol. 82, pp. 1-28). Elsevier.  

Abdelaziz, O. Y., Brink, D. P., Prothmann, J., Ravi, K., Sun, M., García-Hidalgo, J., 
Sandahl, M., Hulteberg, C. P., Turner, C., Lidén, G., & Gorwa-Grauslund, M. 
F. (2016). Biological valorization of low molecular weight lignin. 
Biotechnology advances, 34(8), 1318-1346. 
https://doi.org/https://doi.org/10.1016/j.biotechadv.2016.10.001  

Agrawal, K., Chaturvedi, V., & Verma, P. (2018). Fungal laccase discovered but yet 
undiscovered. Bioresources and Bioprocessing, 5(1), 4. 
https://doi.org/10.1186/s40643-018-0190-z  

Ahmad, M., Roberts, J. N., Hardiman, E. M., Singh, R., Eltis, L. D., & Bugg, T. D. 
(2011). Identification of DypB from Rhodococcus jostii RHA1 as a lignin 
peroxidase. Biochemistry, 50(23), 5096-5107.  

Álvarez, A., Cachero, S., González-Sánchez, C., Montejo-Bernardo, J., Pizarro, C., & 
Bueno, J. L. (2018). Novel method for holocellulose analysis of non-woody 
biomass wastes. Carbohydrate polymers, 189, 250-256.  

Amen-Chen, C., Pakdel, H., & Roy, C. (2001). Production of monomeric phenols by 
thermochemical conversion of biomass: a review. Bioresource Technology, 
79(3), 277-299.  

Arantes, V., Jellison, J., & Goodell, B. (2012). Peculiarities of brown-rot fungi and 
biochemical Fenton reaction with regard to their potential as a model for 
bioprocessing biomass. Appl Microbiol Biotechnol, 94(2), 323-338.  

Archibald, F. S. (1992). A new assay for lignin-type peroxidases employing the dye 
azure B. Applied and environmental microbiology, 58(9), 3110-3116. 
https://doi.org/10.1128/AEM.58.9.3110-3116.1992  

Asgher, M., Bhatti, H. N., Ashraf, M., & Legge, R. L. (2008). Recent developments in 
biodegradation of industrial pollutants by white rot fungi and their enzyme 
system. Biodegradation, 19(6), 771.  

Asia, E. R. I. f. A. a. E. (2019). Study for Asean potential for biofuels market  
Asina, F. N. U., Brzonova, I., Kozliak, E., Kubátová, A., & Ji, Y. (2017). Microbial 

treatment of industrial lignin: Successes, problems and challenges. Renewable 
and Sustainable Energy Reviews, 77, 1179-1205. 
https://doi.org/https://doi.org/10.1016/j.rser.2017.03.098  

Atiwesh, G., Parrish, C. C., Banoub, J., & Le, T. T. (2022). Lignin degradation by 
microorganisms: A review. Biotechnol Prog, 38(2), e3226. 
https://doi.org/10.1002/btpr.3226  



 

132 

Azadi, P., Inderwildi, O., Farnood, R., & A. King, D. (2013). Liquid fuels, hydrogen 
and chemicals from lignin: A critical review (Vol. 21). 
https://doi.org/10.1016/j.rser.2012.12.022  

Azadi, P., Inderwildi, O. R., Farnood, R., & King, D. A. (2013). Liquid fuels, hydrogen 
and chemicals from lignin: A critical review. Renewable and Sustainable 
Energy Reviews, 21, 506-523. 
https://doi.org/https://doi.org/10.1016/j.rser.2012.12.022  

Bandounas, L., Wierckx, N. J., de Winde, J. H., & Ruijssenaars, H. J. (2011). Isolation 
and characterization of novel bacterial strains exhibiting ligninolytic potential. 
Bmc Biotechnology, 11(1), 94.  

Bantleon, R., Altenbuchner, J., & van Pee, K. H. (1994). Chloroperoxidase from 
Streptomyces lividans: isolation and characterization of the enzyme and the 
corresponding gene. J Bacteriol, 176(8), 2339-2347.  

Bélanger, C., Canfield, M. L., Moore, L. W., & Dion, P. (1995). Genetic analysis of 
nonpathogenic Agrobacterium tumefaciens mutants arising in crown gall 
tumors. J Bacteriol, 177(13), 3752-3757. 
https://doi.org/10.1128/jb.177.13.3752-3757.1995  

Biocompare. (2013). Primers, by Design - Tips for Optimal DNA Primer Design. 
Biocompare,. Retrieved January 24 from 
https://www.biocompare.com/Bench-Tips/133581-Primers-by-Design-Tips-
for-Optimal-DNA-Primer-Design/ 

Biologics International Corp. (2018).  Biologics International Corp. Retrieved January 
1 from https://www.biologicscorp.com/blog/recombinant-protein-
definition/#.XGABPjMzbIU 

Brebu, M., & Vasile, C. (2010). Thermal degradation of lignin—a review. Cellulose 
Chemistry & Technology, 44(9), 353.  

Brink, D. P., Ravi, K., Lidén, G., & Gorwa-Grauslund, M. F. (2019). Mapping the 
diversity of microbial lignin catabolism: experiences from the eLignin 
database. Appl Microbiol Biotechnol, 103(10), 3979-4002. 
https://doi.org/10.1007/s00253-019-09692-4  

Britannica. (2021). homology. In Evolution, Heredity & Genetics. Britannica. 
Brodeur, G., Yau, E., Badal, K., Collier, J., Ramachandran, K., & Ramakrishnan, S. 

(2011). Chemical and physicochemical pretreatment of lignocellulosic 
biomass: a review. Enzyme research, 2011.  

Brown, M. E., Walker, M. C., Nakashige, T. G., Iavarone, A. T., & Chang, M. C. Y. 
(2011). Discovery and Characterization of Heme Enzymes from Unsequenced 
Bacteria: Application to Microbial Lignin Degradation. Journal of the 
American Chemical Society, 133(45), 18006-18009. 
https://doi.org/10.1021/ja203972q  

Brunow, G. (2005). Methods to Reveal the Structure of Lignin. In Biopolymers Online. 
https://doi.org/doi:10.1002/3527600035.bpol1003  

Bugg, T. D. H., & Ahmad, M. (2011). The emerging role for bacteria in lignin 
degradation and bio-product formation. Current Opinion in Biotechnology, 
22(3), 394-400. https://doi.org/https://doi.org/10.1016/j.copbio.2010.10.009  

Bugg, T. D. H., Ahmad, M., Hardiman, E. M., & Rahmanpour, R. (2011). Pathways 
for degradation of lignin in bacteria and fungi [10.1039/C1NP00042J]. Natural 
Product Reports, 28(12), 1883-1896. https://doi.org/10.1039/C1NP00042J  

Bugg, T. D. H., Ahmad, M., Hardiman, E. M., & Singh, R. (2011). The emerging role 
for bacteria in lignin degradation and bio-product formation. Current Opinion 



 

133 

in Biotechnology, 22(3), 394-400. 
https://doi.org/https://doi.org/10.1016/j.copbio.2010.10.009  

Buraimoh, O., Amund, O., & Ilori, M. (2015). Kraft lignin degradation by 
autochtonous streptomyces strains isolated from a tropical lagoon ecosystem. 
Journal of Microbiology, Biotechnology and Food Sciences, 05. 
https://doi.org/10.15414/jmbfs.2015/16.5.3.248-253  

Bušić, A., Marđetko, N., Kundas, S., Morzak, G., Belskaya, H., Ivančić Šantek, M., 
Komes, D., Novak, S., & Šantek, B. (2018). Bioethanol Production from 
Renewable Raw Materials and its Separation and Purification: a Review. Food 
Technology and Biotechnology, 56(3). 
https://doi.org/10.17113/ftb.56.03.18.5546  

Chandra, R., Singh, R., & Yadav, S. (2012). Effect of bacterial inoculum ratio in mixed 
culture for decolourization and detoxification of pulp paper mill effluent. 
Journal of Chemical Technology & Biotechnology, 87(3), 436-444. 
https://doi.org/https://doi.org/10.1002/jctb.2758  

Chen, P., Yan, L., Zhang, S., Wu, Z., Li, S., Yan, X., Wang, N., Liang, N., & Li, H. 
(2017). Optimizing bioconversion of ferulic acid to vanillin by Bacillus subtilis 
in the stirred packed reactor using Box-Behnken design and desirability 
function. Food Science and Biotechnology, 26(1), 143-152.  

Chen, W., Chen, Y., Yang, H., Xia, M., Li, K., Chen, X., & Chen, H. (2017). Co-
pyrolysis of lignocellulosic biomass and microalgae: products characteristics 
and interaction effect. Bioresource Technology, 245, 860-868.  

Chen, Y. H., Chai, L. Y., Zhu, Y. H., Yang, Z. H., Zheng, Y., & Zhang, H. (2012). 
Biodegradation of kraft lignin by a bacterial strain Comamonas sp. B-9 isolated 
from eroded bamboo slips. J Appl Microbiol, 112(5), 900-906. 
https://doi.org/10.1111/j.1365-2672.2012.05275.x  

Christopher, L. P., Yao, B., & Ji, Y. (2014). Lignin Biodegradation with Laccase-
Mediator Systems [Review]. Frontiers in Energy Research, 2(12). 
https://doi.org/10.3389/fenrg.2014.00012  

Chuetor, S., Ruiz, T., Rouau, X., & Barakat, A. (2015). Dry fractionation of straw 
prior to biofuels production.  

Colpa, D. I., Fraaije, M. W., & van Bloois, E. (2014). DyP-type peroxidases: a 
promising and versatile class of enzymes. Journal of industrial microbiology 
& biotechnology, 41(1), 1-7.  

Crawford, R. L., & Crawford, D. L. (1988). [14C]lignin-labeled lignocelluloses and 
14C-labeled milled wood lignins: Preparation, characterization and uses. In 
Methods in Enzymology (Vol. 161, pp. 18-31). Academic Press. 
https://doi.org/https://doi.org/10.1016/0076-6879(88)61005-6  

Crawford, R. L., Crawford, D. L., & Dizikes, G. J. (1981). Catabolism of the lignin 
substructure model compound dehydrodivanillin by a lignin-degrading 
Streptomyces. Archives of Microbiology, 129(3), 204-209.  

Davis, J. R., Goodwin, L., Teshima, H., Detter, C., Tapia, R., Han, C., Huntemann, 
M., Wei, C.-L., Han, J., Chen, A., Kyrpides, N., Mavrommatis, K., Szeto, E., 
Markowitz, V., Ivanova, N., Mikhailova, N., Ovchinnikova, G., Pagani, I., 
Pati, A.,. . . Sello, J. K. (2013). Genome Sequence of Streptomyces 
viridosporus Strain T7A ATCC 39115, a Lignin-Degrading Actinomycete. 
Genome Announcements, 1(4), e00416-00413. 
https://doi.org/doi:10.1128/genomeA.00416-13  



 

134 

de Caprariis, B., De Filippis, P., Petrullo, A., & Scarsella, M. (2017). Hydrothermal 
liquefaction of biomass: Influence of temperature and biomass composition on 
the bio-oil production. Fuel, 208, 618-625.  

de Gonzalo, G., Colpa, D. I., Habib, M. H., & Fraaije, M. W. (2016a). Bacterial 
enzymes involved in lignin degradation. Journal of biotechnology, 236, 110-
119.  

de Gonzalo, G., Colpa, D. I., Habib, M. H. M., & Fraaije, M. W. (2016b). Bacterial 
enzymes involved in lignin degradation. Journal of biotechnology, 236, 110-
119. https://doi.org/https://doi.org/10.1016/j.jbiotec.2016.08.011  

DeAngelis, K., Sharma, D., Varney, R., Simmons, B., Isern, N., Markillie, L. M., 
Nicora, C., Norbeck, A., Taylor, R., Aldrich, J., & Robinson, E. (2013). 
Evidence supporting dissimilatory and assimilatory lignin degradation in 
Enterobacter lignolyticus SCF1 [Original Research]. Frontiers in 
Microbiology, 4(280). https://doi.org/10.3389/fmicb.2013.00280  

Demirbaş, A. (2001). Relationships between lignin contents and heating values of 
biomass. Energy conversion and management, 42(2), 183-188.  

Di Gennaro, P., Bargna, A., Bruno, F., & Sello, G. (2014). Purification of recombinant 
catalase-peroxidase HPI from E. coli and its application in enzymatic 
polymerization reactions. Appl Microbiol Biotechnol, 98(3), 1119-1126. 
https://doi.org/10.1007/s00253-013-4948-0  

Doherty, W. O., Mousavioun, P., & Fellows, C. M. (2011). Value-adding to cellulosic 
ethanol: Lignin polymers. Industrial Crops and products, 33(2), 259-276.  

Education, G. (2021). Phenol Chloroform DNA Extraction: Basics, Preparation of 
Chemicals and Protocol. Retrieved Feb 21, 2021 from 
https://geneticeducation.co.in/phenol-chloroform-dna-extraction-basics-
preparation-of-chemicals-and-protocol/ 

 
Elisashvili, V., Kachlishvili, E., & Penninckx, M. (2008). Effect of growth substrate, 

method of fermentation and nitrogen source on lignocellulose-degrading 
enzymes production by white-rot basidiomycetes. J Ind Microbiol Biotechnol, 
35(11), 1531-1538. https://doi.org/10.1007/s10295-008-0454-2  

Fackler, K., Gradinger, C., Hinterstoisser, B., Messner, K., & Schwanninger, M. 
(2006). Lignin degradation by white rot fungi on spruce wood shavings during 
short-time solid-state fermentations monitored by near infrared spectroscopy. 
Enzyme and Microbial Technology, 39(7), 1476-1483.  

Faisal, U. H., Sabri, N. S. A., Yusof, N., Tahir, A. A., Said, N. N. M., Riyadi, F. A., 
Akhir, F. N. M., Othman, N., & Hara, H. (2021). Draft Genome Sequence of 
Lignin-Degrading Agrobacterium sp. Strain S2, Isolated from a Decaying Oil 
Palm Empty Fruit Bunch. Microbiol Resour Announc, 10(19). 
https://doi.org/10.1128/mra.00259-21  

Flores-Félix, J. D., Menéndez, E., Peix, A., García-Fraile, P., & Velázquez, E. (2020). 
History and current taxonomic status of genus Agrobacterium. Syst Appl 
Microbiol, 43(1), 126046. https://doi.org/10.1016/j.syapm.2019.126046  

Furukawa, T., Bello, F. O., & Horsfall, L. (2014). Microbial enzyme systems for lignin 
degradation and their transcriptional regulation. Frontiers in Biology, 9(6), 
448-471.  

Gagnon, K. (2010). Chapter 9 - Measuring Electroneutral Chloride-Dependent Ion 
Fluxes in Mammalian Cells and in Heterologous Expression Systems. In F. J. 
Alvarez-Leefmans & E. Delpire (Eds.), Physiology and Pathology of Chloride 



 

135 

Transporters and Channels in the Nervous System (pp. 149-157). Academic 
Press. https://doi.org/https://doi.org/10.1016/B978-0-12-374373-2.00009-1  

Galbe, M., & Wallberg, O. (2019). Pretreatment for biorefineries: a review of common 
methods for efficient utilisation of lignocellulosic materials. Biotechnology for 
Biofuels, 12(1), 1-26.  

Ghatge, S., Yang, Y., Song, W.-Y., Kim, T.-Y., & Hur, H.-G. (2018). A novel laccase 
from thermoalkaliphilic bacterium Caldalkalibacillus thermarum strain TA2. 
A1 able to catalyze dimerization of a lignin model compound. Appl Microbiol 
Biotechnol, 102(9), 4075-4086.  

Glenn, J. K., Morgan, M. A., Mayfield, M. B., Kuwahara, M., & Gold, M. H. (1983). 
An extracellular H2O2-requiring enzyme preparation involved in lignin 
biodegradation by the white rot basidiomycete Phanerochaete chrysosporium. 
Biochemical and Biophysical Research Communications, 114(3), 1077-1083.  

Goodner, B., Hinkle, G., Gattung, S., Miller, N., Blanchard, M., Qurollo, B., Goldman, 
B., Cao, Y. W., Askenazi, M., Halling, C., Mullin, L., Houmiel, K., Gordon, 
J., Vaudin, M., Iartchouk, O., Epp, A., Liu, F., Wollam, C., Allinger, M., & 
Slater, S. (2002). Genome Sequence of the Plant Pathogen and Biotechnology 
Agent Agrobacterium tumefaciens C58. Science, 294, 2323-2328. 
https://doi.org/10.1126/science.1066803  

Goyal, H. B., Seal, D., & Saxena, R. C. (2008). Bio-fuels from thermochemical 
conversion of renewable resources: A review. Renewable and Sustainable 
Energy Reviews, 12(2), 504-517. 
https://doi.org/https://doi.org/10.1016/j.rser.2006.07.014  

Granja-Travez, R. S., & Bugg, T. D. H. (2018). Characterization of multicopper 
oxidase CopA from Pseudomonas putida KT2440 and Pseudomonas 
fluorescens Pf-5: Involvement in bacterial lignin oxidation. Arch Biochem 
Biophys, 660, 97-107. https://doi.org/10.1016/j.abb.2018.10.012  

Green, M. R., & Sambrook, J. (2012). Molecular Cloning: A Laboratory Manual. Cold 
Spring Harbor Laboratory Press. 
https://books.google.com.my/books?id=DgqZtgAACAAJ  

Gupta, A., & Khare, S. K. (2009). Enzymes from solvent-tolerant microbes: useful 
biocatalysts for non-aqueous enzymology. Crit Rev Biotechnol, 29(1), 44-54. 
https://doi.org/10.1080/07388550802688797  

Guragain, Y., & Vadlani, P. (2021). Renewable Biomass Utilization: A Way Forward 
to Establish Sustainable Chemical and Processing Industries. Clean 
Technologies, 3, 243-259. https://doi.org/10.3390/cleantechnol3010014  

Hara, H. (2019). Primer Designing. In F. Ummu Habibah (Ed.): Hara, Hirofumi  
Hassan, S. S., Williams, G. A., & Jaiswal, A. K. (2018). Emerging technologies for 

the pretreatment of lignocellulosic biomass. Bioresource Technology, 262, 
310-318. https://doi.org/https://doi.org/10.1016/j.biortech.2018.04.099  

Hatakeyama, M., Kitaoka, T., & Ichinose, H. (2016). Heterologous expression of 
fungal cytochromes P450 (CYP5136A1 and CYP5136A3) from the white-rot 
basidiomycete Phanerochaete chrysosporium: Functionalization with 
cytochrome b5 in Escherichia coli. Enzyme and Microbial Technology, 89, 7-
14. https://doi.org/https://doi.org/10.1016/j.enzmictec.2016.03.004  

Heikrujam, J., Kishor, R., & Mazumder, P. (2020). The Chemistry Behind Plant DNA 
Isolation Protocols. In. https://doi.org/10.5772/intechopen.92206  

Huang, J., Fu, S., & Gan, L. (2019). Lignin Chemistry and Applications. Elsevier 
Science. https://books.google.com.my/books?id=kfCFDwAAQBAJ  



 

136 

Huang, Y.-F., Chiueh, P.-T., & Lo, S.-L. (2016). A review on microwave pyrolysis of 
lignocellulosic biomass. Sustainable Environment Research, 26(3), 103-109.  

Ichinose, H. (2012). Molecular and functional diversity of fungal cytochrome P450s. 
Biological and pharmaceutical bulletin, 35(6), 833-837.  

Ihssen, J., Jankowska, D., Ramsauer, T., Reiss, R., Luchsinger, R., Wiesli, L., 
Schubert, M., Thöny-Meyer, L., & Faccio, G. (2017). Engineered Bacillus 
pumilus laccase-like multi-copper oxidase for enhanced oxidation of the lignin 
model compound guaiacol. Protein Engineering, Design and Selection, 30(6), 
449-453. https://doi.org/10.1093/protein/gzx026  

Isikgor, F. H., & Becer, C. R. (2015). Lignocellulosic biomass: a sustainable platform 
for the production of bio-based chemicals and polymers. Polymer Chemistry, 
6(25), 4497-4559.  

Jackson, C., Couger, M., Prabhakaran, M., Ramachandriya, K., Canaan, P., & 
Fathepure, B. (2017). Isolation and characterization of Rhizobium sp. strain 
YS‐1r that degrades lignin in plant biomass. Journal of applied microbiology, 
122(4), 940-952.  

Jackson, C. A., Couger, M. B., Prabhakaran, M., Ramachandriya, K. D., Canaan, P., 
& Fathepure, B. Z. (2017). Isolation and characterization of Rhizobium sp. 
strain YS-1r that degrades lignin in plant biomass. J Appl Microbiol, 122(4), 
940-952. https://doi.org/10.1111/jam.13401  

Janusz, G., Pawlik, A., Sulej, J., Świderska-Burek, U., Jarosz-Wilkołazka, A., & 
Paszczyński, A. (2017). Lignin degradation: microorganisms, enzymes 
involved, genomes analysis and evolution. FEMS microbiology reviews, 41(6), 
941-962. https://doi.org/10.1093/femsre/fux049  

Janusz, G., Pawlik, A., Świderska-Burek, U., Polak, J., Sulej, J., Jarosz-Wilkołazka, 
A., & Paszczyński, A. (2020). Laccase properties, physiological functions and 
evolution. International Journal of Molecular Sciences, 21(3), 966.  

Jiménez, D. J., Dini-Andreote, F., & van Elsas, J. D. (2014). Metataxonomic profiling 
and prediction of functional behaviour of wheat straw degrading microbial 
consortia. Biotechnology for Biofuels, 7(1), 92. https://doi.org/10.1186/1754-
6834-7-92  

Kameshwar, A. K., & Qin, W. (2016). Recent Developments in Using Advanced 
Sequencing Technologies for the Genomic Studies of Lignin and Cellulose 
Degrading Microorganisms. Int J Biol Sci, 12(2), 156-171. 
https://doi.org/10.7150/ijbs.13537  

Khan, A. S., Man, Z., Bustam, M. A., Nasrullah, A., Ullah, Z., Sarwono, A., Shah, F. 
U., & Muhammad, N. (2018). Efficient conversion of lignocellulosic biomass 
to levulinic acid using acidic ionic liquids. Carbohydrate polymers, 181, 208-
214.  

Kim, J., Kim, K.-H., & Kwon, E. E. (2016). Enhanced thermal cracking of VOCs 
evolved from the thermal degradation of lignin using CO2. Energy, 100, 51-
57.  

Kirk, T. K., & Farrell, R. L. (1987). Enzymatic" combustion": the microbial 
degradation of lignin. Annual Reviews in Microbiology, 41(1), 465-501.  

Koschorreck, K., Richter, S. M., Ene, A. B., Roduner, E., Schmid, R. D., & Urlacher, 
V. B. (2008). Cloning and characterization of a new laccase from Bacillus 
licheniformis catalyzing dimerization of phenolic acids. Appl Microbiol 
Biotechnol, 79(2), 217-224. https://doi.org/10.1007/s00253-008-1417-2  



 

137 

Lai, C., Chua, H., Danquah, M., & Saptoro, A. (2017). Isolation of Thermophilic 
Lignin Degrading Bacteria from Oil-Palm Empty Fruit Bunch (EFB) Compost. 
IOP Conference Series: Materials Science and Engineering,  

Lambertz, C., Ece, S., Fischer, R., & Commandeur, U. (2016). Progress and obstacles 
in the production and application of recombinant lignin-degrading peroxidases. 
Bioengineered, 7(3), 145-154. 
https://doi.org/10.1080/21655979.2016.1191705  

Li, J., Wang, P., Salam, N., Li, X., Ahmad, M., Tian, Y., Duan, L., Huang, L., Xiao, 
M., & Mou, X. (2020). Unraveling bacteria-mediated degradation of lignin-
derived aromatic compounds in a freshwater environment. Science of The Total 
Environment, 749, 141236.  

Liu, Z.-H., Le, R. K., Kosa, M., Yang, B., Yuan, J., & Ragauskas, A. J. (2019). 
Identifying and creating pathways to improve biological lignin valorization. 
Renewable and Sustainable Energy Reviews, 105, 349-362. 
https://doi.org/https://doi.org/10.1016/j.rser.2019.02.009  

Lynd, L. R., Weimer, P. J., Van Zyl, W. H., & Pretorius, I. S. (2002). Microbial 
cellulose utilization: fundamentals and biotechnology. Microbiol. Mol. Biol. 
Rev., 66(3), 506-577.  

Madigan, M. T., Martinko, J. M., Bender, K. S., Buckley, D. H., & Stahl, D. A. (2014). 
Brock Biology of Microorganisms. Pearson. 
https://books.google.com.my/books?id=i1wPngEACAAJ  

Mallinson, S. J., Machovina, M. M., Silveira, R. L., Garcia-Borràs, M., Gallup, N., 
Johnson, C. W., Allen, M. D., Skaf, M. S., Crowley, M. F., & Neidle, E. L. 
(2018). A promiscuous cytochrome P450 aromatic O-demethylase for lignin 
bioconversion. Nature communications, 9(1), 2487.  
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