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ABSTRACT 

Current demand for energy drives the rapid progress of second-generation 
biofuel development. Use of lignocellulosic biomass, such as oil palm empty fruit 
bunch (EFB) in second-generation biofuels production resolved the limitation of first-
generation biofuels which compete with food source. Lignocellulosic pre-treatment 
and saccharification are two crucial steps in second-generation biofuel production. 
These steps require synergistic action of lignocellulolytic enzymes. The use of large 
volume of freshwater in biofuel industry is a major concern as it creates competition 
between biofuel industry and human consumption. Seawater, which cover 96.5% of 
the biosphere could be an alternative to freshwater in biological pre-treatment and 
saccharification of lignocellulosic biomass. Therefore, the discovery of novel salt-
tolerant microorganisms and their halophilic enzymes is an important aspect of 
lignocellulosic waste deconstruction using seawater. In this study, halophilic microbial 
community was collected from mangrove soil at Tanjung Piai National Park, Johor.  
Their ability to degrade lignocellulose was explored using culture independent and 
culture dependent approaches. The mangrove soil was used as inoculum and incubated 
with EFB in artificial seawater medium for 10 weeks. Total DNA, RNA and proteins 
were extracted (culture independent). 16S rRNA and 18S rRNA gene fragments were 
amplified from total DNA and composition of microbial community was analyzed 
based on amplicon metagenome sequencing. Taxonomic analysis showed that phyla 
Proteobacteria and Bacteroidetes were predominant prokaryotic population. 
Metatranscriptomic analysis revealed a total of 9,953 open reading frames (ORFs) 
related to lignocellulose degradation: 3,867 glycosyl hydrolases (GHs), 2,485 
carbohydrate binding modules (CBMs), 2,156 carbohydrate esterases (CEs), 947 
auxiliary activities (AAs) and 498 polysaccharide lyases (PLs). The highly expressed 
enzyme families were GH74, CE1, GH5, AA2, GH43, CE3, GH3, CE15, GH10 and 
GH6. Metaproteomic analysis identified a total of 87 lignocellulolytic enzymes in 
bound fraction of EFB and culture supernatant. Synergistic action of different 
lignocellulolytic enzymes from diverse microbial origin was observed with mostly 
affiliated to phyla Proteobacteria and Bacteroidetes. In addition, bacteria from the 
mangrove microbial community were isolated and their lignocellulolytic abilities were 
assessed (culture dependent). Two halophilic bacteria from the phylum Bacteroidetes, 
namely Meridianimaribacter sp. CL38 and Robertkochia sp. CL23 were selected for 
genomic analyses. A total of 30 and 89 lignocellulolytic enzymes were encoded in the 
genomes of strain CL38 and CL23, respectively. Furthermore, both strains 
demonstrated their abilities to degrade EFB. Genomic analyses of these two strains are 
the first genomic information from their respective genera. Due to the low similarity 
of 16S rRNA gene with closely related member, strain CL23 was further 
taxonomically characterized via polyphasic approach. Based on phenotypic, 
chemotaxonomic and genomic evidences, the strain CL23 is proposed as a new species 
with the name Robertkochia solimangrovi sp. nov. Multi-omics and taxonomic 
analyses in this study identified new halophilic microorganisms from mangrove with 
a wide array of new lignocellulolytic enzymes that are able to degrade EFB. These 
enzymes could be further investigated for development of enzyme cocktails which will 
be useful for seawater based lignocellulosic biorefining. 
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ABSTRAK 

Tuntutan tenaga semasa telah mendorong kemajuan pesat pembangunan bahan 
bakar bio generasi kedua. Penggunaan biojisim lignoselulosa seperti tandan sawit 
kosong (TSK) dalam penghasilan bahan bakar bio generasi kedua telah menangani 
keterbatasan bahan bakar bio generasi pertama iaitu persaingan sumber makanan. Pra-
rawatan dan sakarifikasi lignoselulosa adalah dua langkah penting dalam penghasilan 
bahan bakar bio generasi kedua. Langkah ini melibatkan tindakan sinergi pelbagai 
enzim lignoselulolitik. Penggunaan isipadu yang besar air tawar dalam industri bahan 
bakar bio adalah kebimbangan utama kerana ia menjadi persaingan antara kegunaan 
industri ini dan manusia. Air laut, yang merangkumi 96.5% biosfera boleh dijadikan 
alternatif menggantikan air tawar dalam pra-rawatan biologi dan sakarifikasi biojisim 
lignoselulosa. Oleh itu, penemuan mikroorganisma baru bertoleransi garam dan enzim 
halofilik adalah penting untuk mengungkai sisa lignoselulosa menggunakan air laut. 
Dalam kajian ini, komuniti mikrob halofilik telah didapatkan dari tanah hutan bakau 
Taman Negara Tanjung Piai, Johor. Keupayaan mikrob untuk menguraikan sisa 
lignoselulosa telah diterokai melalui kaedah bebas kultur dan kaedah bergantung 
kultur. Tanah hutan bakau telah digunakan sebagai inokulum dan dieram dengan TSK 
dalam air laut tiruan selama 10 minggu. DNA, RNA dan protin telah dipencilkan 
(kaedah bebas kultur). Cerbisan gen 16S rRNA dan 18S rRNA telah diamplifkasi 
daripada DNA jumlah dan komposisi komuniti mikrob telah dianalisa berdasarkan 
penjujukan metagenom amplikon. Analisis taksonomi menunjukkan bahawa filum 
Proteobakteria dan Bakteroidetes adalah populasi prokariot dominan. Analisis 
metatranskriptom mendedahkan sejumlah 9,953 rangka bacaan terbuka (ORF) 
berkaitan dengan degradasi lignoselulosa: 3,867 hidrolase glikosida (GH), 2,485 
modul pengikatan karbohidrat (CBM), 2,156 esterase karbohidrat (CE), 947 aktiviti 
auksiliari (AA) dan 498 lyase polisakarida (PL). Famili enzim yang banyak terungkap 
adalah GH74, CE1, GH5, AA2, GH43, CE3, GH3, CE15, GH10 dan GH6. Analisis 
metaproteomik telah mengenal pasti 87 enzim lignoselulolitik di fraksi terikat TSK 
dan kultur supernatan. Tindakan sinergistik pelbagai enzim lignoselulolitik dapat 
diperhatikan dengan kebanyakannya berasal daripada filum Proteobakteria dan 
Bakteroidetes. Di samping ini, bakteria dari komuniti mikrob tanah hutan bakau telah 
dipencilkan dan kebolehan bakteria untuk menguraikan lignoselulosa telah dinilai 
(kaedah bergantung kultur). Dua bakteria halofilik dari filum Bakteroidetes, iaitu 
Meridianimaribacter sp. CL38 dan Robertkochia sp. CL23 telah dipilih untuk analisa 
genomik. Sebanyak 30 dan 89 enzim lignoselulolitik dikodkan masing-masing dalam 
genom strain CL38 dan CL23. Kedua-dua strain juga menunjukkan keupayaan untuk 
mengurai TSK. Analisis genomik kedua-dua strain ini merupakan maklumat genomik 
pertama dilaporkan bagi genus masing-masing. Disebabkan persamaan yang rendah 
pada gen 16S rRNA strain CL23 berbanding dengan spesies terdekat, strain ini telah 
dipilih untuk pencirian taksonomi melalui kaedah polifasik. Berdasarkan bukti fenotip, 
kemotaksonomi, dan genotip, strain CL23 telah dicadangkan sebagai spesies baharu 
dengan nama Robertkochia solimangrovi sp. nov. Analisa multi-omik dan taksonomi 
dalam kajian ini mengenalpasti mikroorganisma halofilik yang baru dari tanah hutan 
bakau dengan pelbagai enzim lignoselulolitik baru yang dapat menguraikan TSK. 
Enzim-enzim tersebut boleh dikaji dengan lebih lanjut untuk membangunkan koktel 
enzim yang akan berguna dalam bio-penulenan lignoselulosa berasaskan air laut. 
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CHAPTER 1  
 

 

INTRODUCTION 

1.1 Background of study 

Over the last century, almost three-fold of increase in human population 

created a significant burden in energy resources (Prasad et al., 2019). A total of 7.6 

billion of world human population in 2018 consumed an estimated 89 billion barrels 

of petroleum per day (Kumari and Singh, 2018). Currently, fossil fuel including 

petroleum and oil remains as the major contributor to meet the 80% of energy demand 

in the world (Raud et al., 2014; Raud et al., 2019). Nevertheless, the excessive 

dependence on non-renewable fossil fuel has caused detrimental effects to the 

environment such as global warming, loss of precious biodiversity, emission of 

greenhouse gases and rising of sea level (Binod et al., 2019; Gaurav et al., 2017; Robak 

and Balcerek, 2018). More importantly, fossil fuel is estimated to be depleted 

completely by next 45 years (Arifin et al., 2014).   

Harnessing biofuel from various biomass resources is an important alternative 

to replace fossil fuel as it provides several advantages such as sustainability and eco-

friendly (Bhatia et al., 2017; Raud et al., 2019). Up to this point, United States and 

Brazil are two chief intercontinental producers of first-generation biofuel (~87% total 

world production) which derived from food crops such as corn and sugarcane (Gupta 

and Verma, 2015; Lopes et al., 2016; Prasad et al., 2019). In details, a total of 15800 

and 7060 million gallons of first-generation biofuels were produced by United States 

and Brazil in 2017 respectively (Liu et al., 2019a; Prasad et al., 2019).   
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Since corn and sugarcane are utilized as foods and feeds, these crops are not 

the best raw materials for first-generation biofuel production. This leads to food 

competition and may worsen the starvation issue in some third world countries 

(Banerjee et al., 2010; Owusu and Asumadu-Sarkodie, 2016; Ramos et al., 2016; Raud 

et al., 2019). To resolve this issue, the utilization of non-edible plant biomass as 

feedstocks are favorable (Kumari and Singh, 2018; Marriott et al., 2016; Shafawati 

and Siddiquee, 2013). The lignocellulosic biomass comprises of cellulose, 

hemicellulose, lignin and pectin is the most abundant form of fixed carbon on Earth 

(109 tons/annum) and its breakdown is a critical component for second-generation 

biofuel production (Batista-García et al., 2016). Oil palm empty fruit bunch (EFB) is 

one of the promising lignocellulosic biomasses. It is the major solid waste generated 

during the palm oil production process in the palm oil mill (Loh, 2017). The 

valorization of this abundant waste is highly encouraged in countries like Malaysia 

and Indonesia as they are the chief producers internationally (Aditiya et al., 2016; 

Ahmad et al., 2019).     

The conversion of lignocellulosic biomass into second-generation biofuels 

such as bioethanol and biobutanol primarily requires four steps: pre-treatment of 

lignocellulosic biomass, hydrolysis/saccharification, fermentation of sugar monomers 

from lignocellulosic biomass and recovery of biofuel as final product (Gaurav et al., 

2017; Gupta and Verma, 2015; Liu et al., 2019a). The biological pre-treatment and 

enzymatic hydrolysis by using microorganisms (bacteria and fungi) offered benefits 

such as less energy input, cost saving and environmental friendly as compared to other 

methods (Bhatia et al., 2017; Derman et al., 2018; Prasad et al., 2019).  
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The functional diversity and flexibility of bacteria make them as the good 

candidates for biological pre-treatment and saccharification as compared to fungi 

(Obeng et al., 2017). Many bacteria were able to decompose plant biomass into carbon-

containing sugars by secreting lignocellulolytic enzymes, including cellulases, 

hemicellulases, ligninases and pectinases (de Gonzalo et al., 2016; Juturu and Wu, 

2012; 2014a; Malgas et al., 2015). These enzymes have been further classified, based 

on structure in the Carbohydrate-Active Enzyme database (CAZy), into glycosyl 

hydrolases (GHs), carbohydrate esterases (CEs), polysaccharide lyases (PLs) and 

auxiliary activities (AAs) (Lombard et al., 2014). Common well-known bacteria such 

as Bacillus spp., Brevibacillus spp., Cellulomonas spp., Streptomyces spp. and 

Pseudomonas spp. have been widely studied in terms of their biomass degrading 

abilities for biorefining applications (Juturu and Wu, 2014a; Kamsani et al., 2016; 

Sharma et al., 2019).   

In a typical bioprocessing model, large volume of freshwater is used to culture 

microorganism for lignocellulosic biomass degradation (Chen and Fu, 2016). It was 

calculated that 1.9–5.9 m3 of freshwater were consumed to produce 1 m3 of biofuel 

(Fang et al., 2015). This creates an unnecessary competition of freshwater between 

human consumption and biorefinery (Vörösmarty et al., 2010). While only 3.5% of the 

Earth water is freshwater which consists of ice caps, glaciers, groundwater and 

accessible surface freshwater (Nandakumar et al., 2019). This issue is worsened by 

unresolved water pollutions due to human activities. To have a better solution, 

seawater could be considered as an alternative for lignocellulose biomass pre-

treatment and saccharification as seawater covers 96.5% of the biosphere (Dalmaso et 

al., 2015; Dhondy et al., 2019). Due to the reason that seawater contains salt such as 

NaCl, the search for new halophilic microorganisms and its lignocellulolytic enzymes 

are important.   
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Mangrove environment is one of the areas that reside with halophilic 

microorganisms. The plant biomass degrading microorganisms living in this area play 

an important role in recycling the organic carbon in the soil (Castro et al., 2018; 

Kathiresan, 2019; Lin et al., 2019; Wang et al., 2019). Thus, mangrove area serves as 

potential source for mining of microorganisms and their enzymes related to 

lignocellulose degradation.   

To have a thorough understanding on halophilic microorganisms in mangrove 

environment and their salt tolerant lignocellulolytic enzymes, both culture independent 

and dependent approaches are necessary (Guo et al., 2018; López-Mondéjar et al., 

2019). Culture independent approach includes amplicon metagenomics, 

metatranscriptomics and metaproteomics (Guo et al., 2018; López-Mondéjar et al., 

2019). The profile of lignocellulosic degrading microbial population at community 

level requires the utilization of amplicon metagenome sequencing of gene markers 

such as 16S rRNA and 18S rRNA to reveal their identity (Christensen et al., 2018; 

McAllister et al., 2018; Schöler et al., 2017). While the metatranscriptomic and 

metaproteomic studies are centered on functionality of lignocellulolytic genes in terms 

of expressed mRNA and proteins formed by microbial community respectively (Guo 

et al., 2018; López-Mondéjar et al., 2019). In terms of culture dependent approach, 

genomic analysis and polyphasic characterization are widely utilized to reveal the new 

culturable halophilic bacteria with lignocellulolytic ability (López-Mondéjar et al., 

2019; Raina et al., 2019). The identification of new culturable bacteria involves 

polyphasic characterization such as genotypic, phenotypic and chemotaxonomic 

analyses in order to propose new bacteria with valid taxon name (Raina et al., 2019). 

The genomic analysis on selected culturable strains could elucidate the 

lignocellulolytic genes encoded in the genomes (Berlemont and Martiny, 2015). 

Collectively, both culture independent and culture dependent approaches are coupled 

with each other to comprehensively decipher the new halophilic microorganisms with 

lignocellulolytic enzymes production. 
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1.2 Problem statement 

Large volume of freshwater used in pre-treatment and saccharification of 

lignocellulosic biomass for second-generation biofuel production have been a major 

concern due to limited access of freshwater on Earth. Furthermore, this also created 

freshwater competition between biorefinery industry and human consumption. The 

utilization of seawater could be a potential for freshwater replacement in pre-treatment 

and saccharification of lignocellulosic biomass as seawater is abundant (96.5% of 

biosphere). Thus, the search for new lignocellulolytic microorganisms and its enzymes 

from halophilic source is necessary.  The halophilic microorganisms in the mangrove 

area have been participated in plant biomass degradation for organic carbon recycling. 

So far, limited studies were performed to elucidate the ability of mangrove 

microorganisms for lignocellulose degradation. Therefore, in this study, research was 

conducted by using culture independent and dependent approaches to reveal the 

potential of mangrove microorganisms in decomposing lignocellulosic biomass.     

1.3 Objectives of study 

There are four objectives in this research in which objective 1 and 2 are related 

to culture independent approach, while objective 3 and 4 are related to culture 

dependent approach: 

1. To profile the empty fruit bunch adapted mangrove microbial community that 

participated in lignocellulose decomposition by using amplicon metagenome 

analysis. 

2. To mine the lignocellulolytic enzymes produced by empty fruit bunch adapted 

mangrove microbial community through metatranscriptomic and 

metaproteomic approaches. 

3. To isolate and analyze the genomes of culturable bacteria with lignocellulose 

decomposing ability from empty fruit bunch adapted mangrove soil samples. 

4. To propose a new bacterial species with lignocellulolytic ability via polyphasic 

taxonomy approach. 
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1.4 Scope of study 

This study hypothesized that the potential of mangrove microorganisms 

(halophilic source) for oil palm EFB (lignocellulosic biomass) degradation by using 

culture independent (amplicon metagenomics, metatranscriptomics and 

metaproteomics) and culture dependent (polyphasic characterization and genomics) 

approaches could be elucidated.   

To test the hypothesis, for culture independent part, total DNA, RNA and 

proteins were directly extracted from EFB-adapted mangrove soil samples. The 16S 

rRNA and 18S rRNA gene fragments that amplified from total DNA extracted were 

subjected to amplicon metagenome sequencing. The identity of EFB-adapted 

prokaryotic and eukaryotic communities were profiled. While the extracted total RNA 

and proteins were purified and subjected to metatranscriptomic and metaproteomic 

analyses. The potential new salt tolerant lignocellulolytic enzymes were mined and 

identified.   

For culture dependent part, culturable bacteria were isolated and screened with 

lignocellulolytic enzymes production and the isolates were identified via 16S rRNA 

gene analysis. Two culturable bacteria, namely Meridianimaribacter sp. CL38 and 

Robertkochia sp. CL23 without any -omics study and no applications on lignocellulose 

degradation reported at the time of study were selected for further investigations. The 

genomes of both bacterial strains were sequenced and analyzed. As low 16S rRNA 

gene similarity shared between strain CL23 and the only species of Robertkochia 

genus (Robertkochia marina), strain CL23 was characterized by using polyphasic 

approach including phenotypic, chemotaxonomic and genotypic aspects to determine 

the taxonomy position of strain CL23. This strain was proposed as a new bacterial 

species with validated name.   
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1.5 Significance of study 

By employing culture independent and culture dependent approaches, the 

exploration of new mangrove microorganisms that were able to produce salt-tolerant 

lignocellulolytic enzymes for EFB decomposition provides following significance: 

1. The identity of mangrove microbial community that are able to deconstruct oil 

palm EFB was profiled. Many bacteria from the mangrove soil were 

taxonomically less-well defined and their application on lignocellulose 

decomposition were not established. Meridianimaribacter sp. CL38 and 

Robertkochia sp. CL23 are two such bacteria that were isolated from mangrove 

soil. An insight on potential new bacteria for lignocellulose degradation was 

gained.  

2. A set of novel salt-tolerant lignocellulolytic enzymes were mined through 

multi-omics analyses (metatranscriptomics, metaproteomics and genomics). 

This imparts a prospective new halophilic source for enzyme cocktail 

development in order to be utilized in lignocellulose pre-treatment and 

saccharification. 
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