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In silico ANALYSIS OF PLANT BIOMASS-DEGRADING GENES AND 

THERMOSTABLE ENZYMES FROM A MALAYSIAN HOT SPRING 

MICROBIOME USING TARGETED METAGENOMIC APPROACH 

ABSTRACT 

Biomass decomposition using thermophilic enzymes has attracted attention due to their 

high reaction speed, thermostability, and decreased risk of contamination. Exploitation 

of efficient thermostable glycoside hydrolases (GHs) and auxiliary activities (AA) 

enzymes could accelerate the industrialisation of biofuels and biochemicals. Yet, the full 

spectrum of thermophiles and their enzymes that are important for biomass degradation 

at high temperatures are not well studied. In this work, a Malaysian hot spring located 

within a wooded area with fallen foliage which formed a thick layer of biomass bed under 

heated water represents a good resource for the discovery of microbial biomass decay 

communities. Here, the hypervariable regions of bacterial and archaeal 16S rRNA genes 

were sequenced on Illumina MiSeq platform using total community DNA extracted from 

the hot spring. Data suggested that 25 phyla, 58 classes, 110 orders, 171 families, and 328 

genera inhabited this hot spring. Members of the genera Acidimicrobium, Aeropyrum, 

Caldilinea, Caldisphaera, Chloracidobacterium, Chloroflexus, Desulfurobacterium, 

Fervidobacterium, Geobacillus, Meiothermus, Melioribacter, Methanothermococcus, 

Methanotorris, Roseiflexus, Thermoanaerobacter, Thermoanaerobacterium, 

Thermoanaerobaculum, and Thermosipho were among the main thermophiles which 

harbour various GHs that may be involved in cellulose and hemicellulose breakdown. 

Among these communities, a variety of previously under-studied genera was found, 

revealing substantial diversity in foliage-rich hot springs. 

Keywords: biofilm, biofuel, biomass degradation, cellulase, hot spring, thermophile 
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In silico ANALISIS GEN PENGURAIAN BIOJISIM TUMBUHAN DAN ENZIM 

TERMOSTABLE DARI MICROBIOME KOLAM AIR PANAS MALAYSIAN 

MENGGUNAKAN PENDEKATAN METAGENOMIK SASARAN 

ABSTRAK 

Penguraian biojisim yang menggunakan enzim thermophilic telah menarik perhatian 

disebabkan oleh kelajuan reaksi yang tinggi, thermostability, dan mengurangkan risiko 

pencemaran. Eksploitasi glycoside hydrolases (GHs) dan enzim auxiliary activities (AA) 

yang thermostable dan cekap boleh mempercepatkan perindustrian biopetrol dan 

biokimia. Namun, thermophiles dan enzim-enzimnya yang penting untuk degradasi 

biojisim pada suhu tinggi tidak dikaji dengan terperinci. Dalam kajian ini, kolam air panas 

Malaysian terletak di dalam kawasan yang berhutan dengan kejatuhan dedaun telah 

membentuk lapisan tebal katil biojisim di bawah air panas. Ia merupakan sumber yang 

baik untuk penemuan mikrob degradasi biojisim. Di sini, jujukan di bahagian 

hypervariable 16 rRNA gen untuk bakteria dan arkea telah dilaksanakan dengan 

menggunakan MiSeq platform Illumina yang memerlukan komuniti DNA yang diekstrak 

dari mikrob kolam air panas tersebut. Data mencadangkan 25 phyla, 58 kelas, 110 order, 

171 keluarga, dan 328 genera mendiami kolam panas ini. Ahli-ahli dari genus 

Acidimicrobium, Aeropyrum, Caldilinea, Caldisphaera, Chloracidobacterium, 

Chloroflexus, Desulfurobacterium, Fervidobacterium, Geobacillus, Meiothermus, 

Melioribacter, Methanothermococcus, Methanotorris, Roseiflexus, Thermoanaerobacter, 

Thermoanaerobacterium, Thermoanaerobaculum, dan Thermosipho adalah antara 

thermophiles utama yang mengandungi pelbagai GHs yang mungkin terlibat dalam 

pecahan selulosa dan hemiselulosa. Antara komuniti tersebut, pelbagai genus yang tidak 

dikaji dengan terperinci sebelum ini telah ditemui, dan mendedahkan kepelbagaian 

mikrob dalam kolam air panas yang kaya dengan dedaun. 

Kata kunci: biofilm, biofuel, penguraian biojisim, selulase, kolam air panas, thermophile 
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CHAPTER 1: INTRODUCTION 

Lignocellulolytic biomass is one of the main sources for second generation biofuel 

production due to its renewable, sustainable, and abundance (Xia et al., 2013). Plant 

biomass constitutes mainly lignin, cellulose, and hemicellulose (Van Dyk & Pletschke, 

2012). Biomass decomposition enzyme cocktails from fungi have becoming a crucial 

source in saccharification step (Walton et al., 2011). Presently, most commercial enzyme 

cocktails for large scale industrial usage are products of various fungi. Despite several 

companies offer these cocktails, there are limitations of these enzymes to meet the 

growing demand for the economic viability as these enzyme preparations are highly 

similar in activities and composition as the strains of fungi are similar (Banerjee et al., 

2010a). In the initial development of fungi based enzyme cocktails, many of these 

commercial cellulase enzyme cocktails are ineffective in releasing free glucose from the 

pre-treated biomass without complementary of β-glucosidase (Banerjee et al., 2010a; 

Qing & Wyman, 2011). As many fungal enzymes are glycosylated, heterologous 

expression generally results abnormal glycosylation that adversely affect enzyme 

properties (Banerjee et al., 2010a). As such, the insufficient supplies of active and 

thermostable enzymes that efficiently deconstruct lignocellulosic biomass represent a 

major bottleneck for the industrial-scale conversion of lignocellulosic materials to biofuel 

(Chang & Yao, 2011). 

 

Thermophilic prokaryotes with lignocellulolytic activities offer several 

advantages over mesophiles. The ability of thermophiles and its enzymes (thermozymes) 

to remain active at high temperature can improve the biomass decomposition reactions. 

Operate the decomposition process at higher temperature facilitates the downstream 

recovery due to the alcoholic products (i.e., bioethanol) are easily vaporised at high 

temperature (≥50°C) (Vishnivetskaya et al., 2015). Apart from that, conducting 
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bioprocessing at higher temperature minimises feedstock-derived contamination. The 

process is more cost-effective as cooling after pre-treatment process could be avoided 

(Taylor et al., 2009). 

 

There are several efforts to mine new thermostable enzymes or whole 

thermophilic cells for lignocellulolytic degradation. Bacteria class namely Clostridia and 

its order Thermoanaerobacterales are widely studied for lignocellulosic ethanol 

production (Chang & Yao, 2011). Besides, Deinoccocus-Thermus spp. (Wu et al., 2015), 

Geobacillus spp. (Brumm et al., 2015b; Brumm et al., 2015a), Melioribacter spp. (Rakitin 

et al., 2015), and Thermoanaerobacterium spp. (Currie et al., 2014) are well known for 

deconstructing biomass at high temperature (Bhalla et al., 2013). Furthermore, 

Thermotoga (Yu et al., 2016), Rhodothermus (Keshk, 2016), and Caldicellulosiruptor 

(Peng et al., 2015) have shown to produce hyperthermostable cellulases with an optimum 

hydrolysis temperature above 80°C. A β-glucosidase from thermophilic Anoxybacillus sp. 

was shown to be glucose-tolerant and this characteristic is important to avoid product 

inhibition during saccharification process (Chan et al., 2016). Recently, the genome of a 

new thermophilic Rhodothermaceae strain RA isolated from a hot spring was sequenced, 

and several protein sequences for biomass degradation were identified (Goh et al., 2016). 

 

 Thermophilic bacteria and certain archaea offer a ‘blue ocean’ opportunity for 

harnessing novel lignocellulolytic degradation strains or enzymes. Traditionally, in order 

to clone a recombinant enzyme, the microorganism is isolated, the expression strain is 

selected, gene sequence is identified, and then the gene is cloned. This process could be 

costly and time consuming. In addition, very small fraction (<10%) of environmental 

microorganisms could be cultivated using current isolation and culturing techniques; 

consequently, this has severely reduced the discovery of microbial resources and novel 
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enzymes with superior qualities, which could be exploited for biomass deconstruction. 

Besides, easily cultivable thermophiles may not represent those that dominate natural 

microbiota (Urbieta et al., 2015). Compared to culture-dependent studies, culture-

independent studies represent more inclusive approach for biodiversity analysis (Urbieta 

et al., 2015). Rather than applying conventional culture-dependent approaches for gene 

discovery, this project is mainly focused on the gene mining using culture-independent 

approach involving 16S rRNA gene amplicon based sequencing from Malaysian hot 

spring (60-90°C, mean 68°C, pH 8.6). Interestingly, thick layer of plant litter (mainly 

foliage) forms biomass bed that submerged and decomposed in this hot spring. This study 

provides insight on the list important thermophiles and their thermozymes for degradation 

of biomass at high temperature. These novel genes may provide the key to the solution 

of the biofuel production bottleneck. Moreover, their potential use in biomass 

deconstruction cocktails is worth investigating. 

 

The objectives of this study are to: 

i. To identify thermophilic plant litter microbiome from a Malaysian hot spring. 

ii. To conduct in silico analysis of the microbiome for plant biomass-degrading 

genes and thermostable enzymes. 
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CHAPTER 2: LITERATURE REVIEW 

Thermophiles are able to tolerate high temperatures or require high temperatures for their 

survival and growth. According to Brock (2012), thermophile is “a microorganism 

capable of living at temperatures at or near the maximum for the taxonomic group of 

which it is a part.” Their optimum growth temperature can be ranged from 50°C to 121°C. 

These microorganisms have been classified into moderate thermophiles (optimally at 

50°C or higher), extreme thermophiles (65-79°C), and hyperthermophiles (>80°C) 

(Wagner & Wiegel, 2008). Although many phylogenetically distinct groups of 

thermophiles have been isolated using culture-dependent method, unforeseen diversity of 

thermophiles survived in high temperature environments have been noticed via several 

techniques such as 16S rDNA amplification, direct microscopic examination, and other 

culture-independent methods. Hence, this shows that there are many more non-culturable 

thermophiles yet to be found (Satyanarayana et al., 2013). 

 

Natural biotopes (i.e. terrestrial geothermal and volcanic areas, and deep-sea 

hydrothermal vents) for the survival of thermophiles are distributed everywhere. These 

habitats are relatively high-temperature than the man-made. Many extremophiles and 

hyperthermophiles have been discovered from these habitats by culture-dependent and 

culture-independent methods. Geothermal and volcanic areas consist of terrestrial 

fumaroles, terrestrial hot springs, and geysers. Others natural biotopes include 

geothermally heated oil and petroleum reservoirs, and sun-heated soils/sediments 

(Satyanarayana et al., 2013). 

 

Many extremophiles or hyperthermophiles have been isolated from terrestrial hot 

springs (Brumm et al., 2015b; Brumm et al., 2015a; Goh et al., 2016; Hamilton-Brehm et 

al., 2010; Losey et al., 2013). Various culture-dependent and culture-independent studies 
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have been performed to study their diversity in hot springs (Chan et al., 2015; Gladden et 

al., 2011; Gladden et al., 2012; Mhuantong et al., 2015; Park et al., 2012; Peacock et al., 

2013; Vishnivetskaya et al., 2015; Xia et al., 2012; Xia et al., 2014). Generally, less than 

1% of the extant microbial “species” can been cultured and most of the microorganisms 

cannot grow in conventional isolation media (Satyanarayana et al., 2013). 

 

2.1 Metagenome-derived thermozymes 

Extremophiles or hyperthermophiles are robust microorganisms which are able to 

produce thermostable enzymes, and adapt changes in environmental conditions, such as 

pH and temperature (Barnard et al., 2010). There are many advantages in operating 

bioprocesses under high temperature (>50°C) (Georgieva et al., 2008; Taylor et al., 2009). 

For instance, usage of antibiotics in industrial processes to prevent biological 

contamination can result in higher cost and negative impacts to the environment (Skinner 

& Leathers, 2004; Taylor et al., 2009). However, high temperature can be used instead of 

antibiotics to eliminate or minimize microbial contamination (Mirete et al., 2016). In 

industrial processes, thermozymes possess certain advantages over their mesophilic 

counterparts as high temperature could speed up chemical reaction rate (Sarmiento et al., 

2015). Moreover, high temperature reduces energy input by avoiding cooling step 

between pre-treatment and hydrolysis of lignocellulosic feedstock, and it increases 

solubility and efficient mixtures of substrate (Lynd et al., 2008; Taylor et al., 2009; Turner 

et al., 2007). Some thermozymes are also highly resistant to denaturing agents and 

organic solvents (Fan et al., 2011; Roh & Schmid, 2013). In addition, high temperature 

facilitates downstream product recovery whereby thermozymes are easily separated from 

heat-labile proteins during purification steps as reported by Pessela et al. (2004). 
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2.2 Enzymes required to degrade lignocellulose 

A wide variety with different specificities of enzymes are needed to decompose different 

layers/components of lignocellulose feedstocks. Generally, there are three types of 

enzymes are required to hydrolyse cellulose into glucose monomers which known as 

endo-1,4-β-glucanases (EC 3.2.1.4), exo-1,4-β-glucanases (EC 3.2.1.91) or 

cellobiohydrolase (EC 3.2.1.176), and β-glucosidases (EC 3.2.1.21) (Bayer et al., 1998; 

Demain et al., 2005; Schwarz, 2001; Wilson, 2009; Wilson, 2011). Endoglucanases act 

randomly on internal glucosidic linkages, in the amorphous portion of cellulose, releasing 

oligosaccharides with several polymerization degrees. Cellobiohydrolases degrade 

cellulose by removing cellobiose molecules; they can act on the crystalline portion of 

cellulose and attack from the reducing and non-reducing ends of the glucose chain (van 

den Brink & de Vries, 2011). Exoglucohydrolases are responsible for removal of glucose 

monomers from the non-reducing ends of cyclodextrins. Finally, β-glucosidases 

hydrolyse cellobiose into glucose and also remove glucose monomers from non-reducing 

ends of small cyclodextrins (Maitan-Alfenas et al., 2015). Table 2.1 shows a brief 

overview of different types of enzymes required to degrade complex lignocellulose 

substrates. 

 

Table 2.1: Types of enzymes required to degrade lignocellulose to monomers 
(Parisutham et al., 2014) 

Enzymes Cleavage target 
Lignin degradation 
   Lignin peroxidase 
   Aryl-alcohol oxidase 
   Laccase 
   Glyoxal oxidase 
   Cellobiose dehydrogenase 

 
Oxidatively degrades lignin 
Oxidation of aromatic alcohol of lignin 
Degrades phenolic portion of lignin 
Oxidation of glyoxal 
Oxidize cellobiose and cellodextrins to aldonolactones 

Hemicellulases 
   Endoxylanase 
   β-Xylosidase 
   Acetyl xylan esterase 
   Feruloyl esterase 
 
   Glucuronoyl esterase 

 
Hydrolyzes glycosidic bond of glucuronoxylan or arabinoxylan 
Hydrolyze xylobiose or xylooligosaccharide from xylan 
Deacetylates the backbone glycosyl unit of xylan 
Hydrolyzes feruloyl esters of arabinan/arabinoxylan, 
rhamnogalacturonan or xyloglucan 
Demethylates xylan backbone of glucuronoarabinoxylan 
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Table 2.1, continued. 
   Arabinofuranosidase 
 
   Galactosidase 
   Glucuronidase 
   Mannanase 
   Xyloglucan hydrolase 

Removes arabinose from arabinoglucuronoxylan or 
arabinoxylan 
Removes galactose from galactomannan or pectin 
Removes glucuronoyl or its methyl ester from xylan 
Degrades mannosyl polymer of glucomannas or galactomannas 
Degrades glucan of xyloglucan 

Cellulases 
   Cellobiohydrolase 
   Endoglucanase 
   β-Glucosidase 
   Phospho-β-glucosidase 

 
Hydrolyzes reducing or non-reducing end of cellulose chain 
Hydrolyzes random internal glycosidic bonds of cellulose 
Cleaves non-reducing end of cellobiose and cellodextrin 
Cleaves phosphorylated cellobiose and cello-dextrins 

 

2.3 Plant cell wall degradation using auxiliary activities 

Auxiliary Activities (AA) acts as catalytic modules in plant cell wall degradation 

(Levasseur et al., 2013). AA has been classified as a new family of enzymes that cleave 

complex carbohydrates with the potential ability to aid the glycoside hydrolases, 

polysaccharide lyases, and carbohydrate esterases gain access to the cellulose and 

hemicellulose encrusted in the plant cell wall (Levasseur et al., 2013). Therefore, AA 

category is a large class of modules which targets on variety of catalytic reactions or 

multiple substrates. Up to date, AA class is split into 13 families, and includes subfamilies 

for families AA1, AA3, and AA5 (Table 2.2). Subfamilies are designated using the family 

name plus a suffix indicating the subfamily (Levasseur et al., 2013). 
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Table 2.2: Subfamily division and known activities in the AA families (Levasseur et al., 2013) 
(Sub) families Known activities EC number Mechanism References 
AA1 Multicopper oxidase    
   AA1_1 Laccase EC 1.10.3.2 Catalyses the one-electron oxidation of phenolics, aromatic amines, and other 

electron-rich substrates via the reduction of oxygen to water. 
(Baldrian, 2006) 

   AA1_2 Ferroxidase EC 1.10.3.2 Catalyses the oxidization of iron II to iron III. (Levasseur et al., 2013) 
   AA1_3 Laccase-like    

multicopper oxidase 
EC 1.10.3.2 n.a n.a 

AA2 Class II peroxidase    
 Manganese peroxidase EC 1.11.1.13 Oxidizes Mn(II) to Mn(III) which in turn oxidizes a variety of phenolic model 

compounds able to degrade and ⁄ or modify lignin polymers. 
(Levasseur et al., 2013) 

 Lignin peroxidase EC 1.11.1.14 Oxidizes phenolic aromatic substrates and catalyses oxidative cleavages of C–C 
bonds and ether bonds in high-redox-potential non-phenolic aromatic substrates. 

(Levasseur et al., 2013) 

 Versatile peroxidase EC 1.11.1.16 Oxidizes Mn(II), phenolic, and non-phenolic substrates. (Levasseur et al., 2013) 
AA3 GMC oxidoreductase    
   AA3_1 Cellobiose 

dehydrogenase 
EC 1.1.99.18 Uses electron acceptors to oxidize soluble cellodextrins to the corresponding 

lactones. 
(Henriksson et al., 2000; 
Turbe-Doan et al., 2013) 

   AA3_2 Aryl-alcohol oxidase / 
Glucose oxidase 

EC 1.1.3.7 / 
1.1.3.4 

Aryl-alcohol oxidase catalyses the oxidative dehydrogenation of several aromatic 
and aliphatic polyunsaturated alcohols with an α-carbon primary hydroxyl group, 
with the concomitant reduction of O2 to H2O2; glucose oxidase oxidizes the 
hydroxyl group at the C1 position of sugars. 

(Levasseur et al., 2013) 

   AA3_3 Alcohol oxidase EC 1.1.3.13 Catalyses the oxidation of primary aliphatic alcohols to their respective 
aldehydes. 

(Levasseur et al., 2013) 

   AA3_4 Pyranose oxidase EC 1.1.3.10 Catalyses the C2-oxidation of D-glucopyranose and structurally analogous mono- 
and di-saccharides to the corresponding sugars while reducing O2 to H2O2. 

(Giffhorn, 2000) 

AA4 Vanillyl alcohol 
oxidase 

EC 1.1.3.38 Catalyses the conversion of a wide range of phenolic compounds bearing side 
chains at the para-position of the aromatic ring. 

(de Jong et al., 1992) 

AA5 Radical-copper 
oxidase 

   

   AA5_1 Glyoxal oxidase EC 1.2.3.15 Oxidizes simple aldehydes to the corresponding carboxylic acids. (Whittaker et al., 1996) 
   AA5_2 Galactose oxidase EC 1.1.3.9 Catalyses the oxidation of a wide range of carbohydrates (including galactose) 

but also primary alcohols into the corresponding aldehydes, with the reduction of 
O2 into H2O2. 

(Whittaker, 2003) 

AA6 1,4-Benzoquinone 
reductase 

EC 1.6.5.6 Involves in a quinone redox cycle that generates extracellular Fenton reagents. (Brock et al., 1995; Jensen Jr 
et al., 2002; Lee et al., 2007) 

 

Univ
ers

ity
 of

 M
ala

ya



 
 

9 

Table 2.2, continued. 
(Sub) families Known activities EC number Mechanism References 
AA7 Glucooligosaccharide 

oxidase 
EC 1.1.3.- Oxidizes the C1 hydroxyl groups of β-1,4-linked sugars through two half-

reactions featuring the oxidation of the reducing sugar to the lactone and 
spontaneous hydrolysis to the corresponding acid; oxidizes a variety of 
carbohydrates (D-glucose, maltose, lactose, cellobiose, malto- and cello-
oligosaccharides) with the concomitant reduction of O2 to H2O2. 

(Fan et al., 2000; van 
Hellemond et al., 2006) 

AA8 Iron reductase domain - 
 

Stimulates the reduction of Fe(III) by acting as an electron sink or by directly 
reducing Fe(III); generation of highly reactive hydroxyl radicals (OH•) via 
Fenton’s reaction. 

(Eastwood et al., 2011; 
Henriksson et al., 1993) 

AA9 Lytic polysaccharide 
monooxygenase 
(GH61) 

- Oxidizes the C1 carbon of the glucose ring structure but may also be able to 
oxidize C4 and C6. 

(Beeson et al., 2011; Bey et 
al., 2013; Phillips et al., 2011) 

AA10 Lytic polysaccharide 
monooxygenase 
(CBM33) 

- Cleaves polysaccharide chains in crystalline chitin and cellulose to produce 
aldonic acids. 

(Forsberg et al., 2011; Vaaje-
Kolstad et al., 2005) 

AA11 Lytic polysaccharide 
monooxygenase 

- Cleavage of chitin chains with oxidation of C-1 has been demonstrated for a 
AA11 LPMO from Aspergillus oryzae. 

(Hemsworth et al., 2014) 

AA12 pyrroloquinoline 
quinone-dependent 
oxidoreductase 

- Activity was demonstrated for the CC1G_09525 protein of Coprinopsis cinerea. (Matsumura et al., 2014) 

AA13 Lytic polysaccharide 
monooxygenase 

- Cleavage of starch with oxidation of C-1 at the site of cleavage has been 
demonstrated for the LPMO encoded by gene NCU08746 from Neurospora 
crassa. 

(Vu et al., 2014) 

    Note: Latest update on September 2017. 
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2.4 Biotechnological applications of thermophiles and thermozymes 

The adaptation of thermophiles to the harsh habitats (i.e. hot springs and deep-sea 

hydrothermal vents) explains the high genomic and metabolic flexibility of microbial 

diversity in these ecosystems which causes them and its thermostable proteins highly 

suitable for some industrial and biotechnological applications (Badhai et al., 2015). 

Therefore, mining of novel biocatalysts from extremophiles has become an important 

field. In recent years, many thermozymes such as novel thermostable polymerases 

(Schoenfeld et al., 2013), beta-galactosidases (Wang et al., 2014), esterase (Fuciños et al., 

2014), and xylanases (Shi et al., 2013), have been discovered and characterized to explore 

a new horizon in biotechnology. 

 

2.4.1 Bioenergy – Biofuels 

Plant biomass is the most plentiful renewable biomass on earth and is considered as an 

attractive raw material of bioenergy and bio-based chemicals (de Gonzalo et al., 2016). 

The biotechnological conversion of lignocellulose into different carbohydrates, including 

glucose, is the basis for the generation of bioethanol, carbohydrates and aromatic products 

(Asgher et al., 2014; Kawaguchi et al., 2016; Ragauskas et al., 2014). In order to optimize 

the use of plant biomass through biorefining, lignin degradation has become a key target 

in recent years. Efficient and cost-effective methods for selective lignin degradation are 

in high demand (de Gonzalo et al., 2016).  

 

As lignin is naturally recalcitrant to biological degradation, the production of 

bioethanol from lignocellulosic biomass always involves harsh methods such as thermo-

mechanical and chemical pre-treatments to enhance material accessibility, and followed 

by chemical-based or enzyme-catalysed hydrolysis to release soluble sugars (Balat, 2011; 

Mussatto et al., 2010). Although chemical hydrolysis is best suited to industrial-scale 
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continuous processing of biomass, none of these methods have been commercialized due 

to cost-ineffective of pre-treatment processes, and production of microbial growth 

inhibitory compounds (i.e. phenols, organic acids, furfurals and/or hydroxylmethyl 

furfurals) in most thermal and acid pre-treatment processes which remarkably inhibit 

fermentation (Balat, 2011; Taherzadeh & Karimi, 2007; Yang & Wyman, 2008). Hence, 

enzymatic hydrolysis of polysaccharides has been viewed as the key of cost effective in 

long term production of bioethanol (Zhang et al., 2012). It is more selective towards sugar 

production as it is very mild process, high yields, and the maintenance costs are low 

compared to chemical-based hydrolysis (Kuhad et al., 1997; Saini et al., 2015). 

 

2.5 Diversity analysis of thermophiles 

Conventional cultivation methods have been important in characterizing the biochemical 

and physiological properties of pure cultures, or in developing whole-cell applications. 

Nevertheless, the number of cells that can be visualised using microscopy are higher than 

the numbers of colonies grown on plates (Urbieta et al., 2015). This explains that we 

underestimated the diversity existed in the environment using culture dependent method. 

Moreover, easily cultivable thermophiles may not represent those that dominate natural 

microbiota (Urbieta et al., 2015). Thus, culture-independent methods involving 18S or 

16S rRNA gene sequencing represent a more comprehensive approach for biodiversity 

analysis. The universality of the 16S rRNA genes makes them an ideal target for 

phylogenetic analysis and taxonomic classification (Olsen et al., 1986). 

 

Next-generation sequencing (NGS) also known as second-generation sequencing, 

has accelerated the 16S rRNA-gene based biodiversity studies as more samples can be 

analysed at a lower sequencing cost (Urbieta et al., 2015). Partial 16S rRNA gene 

sequences is often used for the biodiversity analysis as the read length of most NGS 
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sequencer platforms is relatively short, (Urbieta et al., 2015). Generally, most 16S rRNA 

genes contains nine conserved regions (C1-C9) and nine variable regions (V1-V9) 

(Urbieta et al., 2015). Thus, degenerate or non-degenerate primers are designed according 

the targeted conserved regions, which also known as targeted metagenome (Urbieta et al., 

2015). 

 

Biodiversity analysis using partial 16S rRNA-based metagenome sequences is not 

restricted only for microbial diversity study in hot springs but also with coastal 

environments, soil samples, municipal wastewater treatment plants, tongue coating 

microbiomes, and the mouse gut (Cai et al., 2013; Fierer et al., 2012; Inskeep et al., 2013; 

Jiang et al., 2012; Lee et al., 2010; Somboonna et al., 2012). Although the strategies of 

targeted metagenomics can be used to infer the taxonomic diversity of the community 

(16S rRNA gene profiling) or particular aspects of its functional diversity, a broader view 

of functional diversity, i.e., a more exhaustive answer to the question “what are they 

doing,” is provided by shotgun metagenomics (DeCastro et al., 2016). 

 

2.6 Functional analysis of thermophiles 

Currently, advanced development of high throughput sequencing methods has increased 

the understanding of microbial ecology which could enhance the widespread of 

biotechnological applications from personalized medicine to bioenergy (Cho & Blaser, 

2012; Suen et al., 2010). As an example, metagenomics has been used to identify the 

potential enzymes for use in biofuels production. Many novel enzymes have been 

characterized using this approach, including amylolytic enzymes, β-glucosidase for 

bioethanol, endoglucanase, lignases, lipolytic enzymes for biodiesel, and xylanase (Xing 

et al., 2012).   
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The taxonomic composition and phylogenetic diversity of environmental samples 

are often characterized using gene markers such as the 16S rRNA gene of bacteria and 

archaea. Nevertheless, metabolic or other functional capabilities of the microorganisms 

cannot be directly identified based on the marker gene studies or focus on one or a few 

universal genes only (Langille et al., 2013). In turn, shotgun metagenomic aims to extract 

all the genes from a community and generate detailed metabolic and functional profiles.  

However, the sequencing cost is extremely expensive for shotgun metagenomic 

sequencing across many samples (Langille et al., 2013). 

 

Despite the fact that marker gene and shotgun sequencing approaches differ in the 

type of information generated, phylogeny and biomolecular function are strongly, if 

imperfectly, correlated. Phylogenetic trees based on 16S marker gene closely resemble 

clusters obtained on the basis of shared gene content (Konstantinidis & Tiedje, 2005; 

Segata & Huttenhower, 2011; Snel et al., 1999; Zaneveld et al., 2010), and researchers 

frequently infer properties of uncultured microorganisms from cultured relatives. For 

instance, the genome of a Bacteroides spp. might reasonably be inferred to contain many 

genes encoding glycoside hydrolase activity, based on the commonality of these activities 

in sequenced Bacteroides isolates (Xu et al., 2007). This interrelation is in turn closely 

related to the pan- and core-genomes of each phylogenetic subtree (Collins & Higgs, 

2012), in that larger and more strongly conserved core genomes result in more confident 

linkages of genes with clades. 

 

Conversely, a clade’s core genome consists of genes its members can be expected 

with high probability to carry in their genomes. The correlation between phylogeny and 

functional attributes depends on factors including the complexity of the trait (Martiny et 

al., 2013), but the overall degree of correlation suggests that it may be fruitful to predict 
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the functions encoded in a microorganism’s genome on the basis of functions encoded in 

closely related genomes (Langille et al., 2013). 

 

 Some 16S studies have extended these intuitions to infer the functional 

contribution of particular community members by mapping a subset of abundant 16S 

rDNA gene sequences to their nearest sequenced reference genome (Barott et al., 2012; 

Morgan et al., 2012; Muegge et al., 2011). The accuracy of such approaches has not been 

evaluated, but the correlation between gene content and phylogeny (Chaffron et al., 2010; 

Konstantinidis & Tiedje, 2005; Zaneveld et al., 2010) (excepting special cases such as 

laterally transferred elements and intracellular endosymbionts with reduced genomes) 

suggests that it may be possible to approximately predict the functional potential of 

microbial communities from phylogeny (Langille et al., 2013). 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Equipment and Instruments 

Instruments used during course of this study included -20°C freezer (Liebherr, UK); 2100 

Bioanalyzer (Agilent Technologies, USA); 4°C chiller (Thermo Scientific, USA); -80°C 

freezer (Gaia Science, Singapore); agarose gel electrophoresis (AGE) (Biorad, USA); 

autoclave machine (Hirayama, USA); centrifuge machine (Eppendorf, North America); 

ecoTM real-time PCR system (Illumina, USA); eco-spin microcentrifuge (Elmi, Latvia); 

gel documentary image analyzer (UVP, USA); ice maker (Nuove Technologie Del 

Freddo, Italy); laminar flow cabinet (Esco Technologies, USA); milli-Q® integral water 

purification system (Merck, Germany); Illumina MiSeq sequencer (Illumina, USA); 

nanodrop spectrophotometer (Thermo Scientific, USA); pH meter (Sartorius, Germany); 

polymerase chain reaction (PCR) T100 thermal cycler (Biorad, USA); Qubit® 2.0 

fluorometer (Invitrogen, USA); sonicator (Branson Ultrasonics, USA); thermomixer 

(Eppendorf, North America); water bath (Benchmark, USA); and weighing machine 

(Sartorius, Germany). 

 

Equipment used in this study included laboratory glassware (beakers, conical 

flasks, glass beads, measuring cylinders, Schott’s bottles); microcentrifuge tubes (1.5 mL 

and 2.0 mL); syringe (Terumo, USA); syringe filter (0.22 μm pore size) (Sartorius, 

Germany); polypropylene tubes (15 mL and 50 mL); pipettes (Eppendorf, North 

America); and pipette tips (Eppendorf, North America). 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



16 
 

3.1.2 Commercial kits 

The commercial kits used in the study are described in Table 3.1. 

 

Table 3.1: Commercial kits used in this study 
Kit (Manufacturer) Application 

Agilent High Sensitivity kit (Agilent 
Technologies, USA) 

Sizing and quantitation of DNA 
sequencing libraries 

Agencourt AMPure XP System (Beckman 
Coulter, USA) 

Purify the extracted metagenome libraries 
and DNA sequencing libraries 

KAPA SYBR Fast qPCR Master Mix 
(KAPA Biosystems, USA) 

Real-time PCR (qPCR) amplification 

Nextera XT Index Kit (Illumina, USA) Append sequencing adapters and indexes 
to DNA sequencing libraries 

2x KAPA HiFi HotStart ReadyMix Kit 
(KAPA Biosystems, USA) 

Amplification of next-generation 
sequencing libraries prepared for Ilumina 
sequencing 

MiSeq Reagent Kit V2 (2 × 250 base 
pairs) and V3 (2 × 300 base pairs) 
(Illumina, USA) 

For next-generation sequencing 

Qubit® dsDNA HS Assay Kit (Life 
Technologies, USA) 

Quantify the concentration of dsDNA 
ranging from 10 pg/μL to 100 ng/μL 

 

3.1.3 Commercial reagents 

The commercial reagents used in this study are 1 kb DNA marker (Promega, USA); 

elution buffer (Qiagen, USA); GelStarTM Nuclei Acid Gel Stain (Lonza, USA); lysozyme 

(Sigma-Aldrich, USA); phosphate-buffered saline (Merck, Germany); proteinase K 

(Qiagen, USA); RNase A (Qiagen, USA); and Tris-EDTA buffer (Epicentre, USA).   

 

3.1.4 Chemical reagents 

All the chemical reagents used in this study are analytical grade which purchased from 

Merck, Germany; Thermo Scientific, USA; Sigma-Aldrich, USA; Promega Ltd, USA; 

Amresco, USA; and Invitrogen Corp., USA. Solvents used in this work were supplied by 

Merck, Germany and Thermo Scientific, USA. 
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3.1.5 Buffer solutions 

3.1.5.1 Modified cetyltrimethylammonium bromide (CTAB) lysis buffer 

The modified CTAB lysis buffer was prepared by 100 mM Tris-HCl, 100 mM EDTA, 

100 mM K2HPO4, 1.5 M NaCl, and 1% w/v CTAB. The buffer was filter-sterilized with 

minisart syringe filter (0.22 μm pore size). 

 

3.1.5.2 Tris-boric acid ethylenediaminetetraacetic acid (TBE) 

The 10× TBE stock solution was prepared by mixing 108 g Tris base, 55 g boric acid, 

and 50 mL 0.5 M Na2EDTA.2H2O in 1 L of deionized water with pH adjusted to 8.0 

before subjected to autoclave at 15 psi, 121°C for 15 min. 

 

3.1.6 Stock solution 

3.1.6.1 Preparation of 10% (w/v) sodium dodecyl sulfate (SDS) solution 

Briefly, 100 mL of 10% SDS solution was prepared by weighing 10 g SDS in 250 mL 

Schott’s bottle. Then, 80 mL deionized water was added and mixed well. The volume 

was adjusted to 100 mL with deionized water. The solution was filter-sterilized with 

minisart syringe filter (0.22 μm pore size) before use. 

 

3.1.7 Agarose gel electrophoresis (AGE) 

The extracted metagenome was separated by AGE using 1% (w/v) agarose gel. Firstly, 5 

μL of metagenome samples were mixed with 1 μL of 6× bromophenol blue loading dye 

onto an agarose gel along with 1 kb DNA marker. The loaded gel was subjected to 

electrophoresis in 1× TBE buffer at 75 V until the loading dye front approached about 1 

cm from the edge of the gel (approximately 60 minutes). The gel was pre-stained with 

0.5× GelStarTM Nuclei Acid Gel Stain (Lonza, USA). The stained agarose gel was 

visualized and digitally photographed with gel documentary image analyzer (UVP, USA). 
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3.1.8 Polymerase Chain Reaction (PCR) master mix for 16S rRNA gene 

amplification and DNA libraries purification 

PCR and DNA libraries purification were carried out in accordance to Illumina 16S rRNA 

Metagenomic Sequencing Library Preparation Guide. The thermocycling conditions 

were programmed and performed according to the manufacturer’s instructions. 

 

Table 3.2: Amplicon PCR master mix preparation using region of interest-specific 
primers with overhang adapters attached 

Component Volume (µL) 
Microbial DNA (5 ng/µl) 2.5 
Amplicon PCR Forward Primer 1 µM 5 
Amplicon PCR Reverse Primer 1 µM 5 
2x KAPA HiFi HotStart ReadyMix 12.5 

Total 25 
 

Table 3.3: Thermocycling conditions for amplicon PCR 
Step Temperature Duration 

Initial denaturation 95°C 3 min 

25 cycles 
Denaturation 95°C 30 sec 
Annealing 55°C 30 sec 
Extension 72°C 30 sec 

Final extension 72°C 5 min 
Hold 4°C - 

 

Table 3.4: Amplicon PCR clean-up 
Component Volume (µL) 

10 mM Tris pH 8.5 52.5 µl per sample 
AMPure XP beads 20 µl per sample 
Freshly Prepared 80% Ethanol (EtOH) 400 µl per sample 
Amplicon PCR product 25 µl per sample 

 

Table 3.5: Index PCR master mix preparation with dual indices and Illumina sequencing 
adapters using Nextera XT Index Kit (Illumina, USA) 

Component Volume (µL) 
Amplicon PCR product 5 
Nextera XT Index Primer 1 (N7xx) 5 
Nextera XT Index Primer 2 (S5xx) 5 
2x KAPA HiFi HotStart ReadyMix 25 
PCR Grade water 10 
Total 50 
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Table 3.6: Thermocycling conditions for index PCR 
Step Temperature Duration 

Initial denaturation 95°C 3 min 

8 cycles 
Denaturation 95°C 30 sec 
Annealing 55°C 30 sec 
Extension 72°C 30 sec 

Final extension 72°C 5 min 
Hold 4°C - 

 

Table 3.7: Index PCR clean-up 
Component Volume (µL) 

10 mM Tris pH 8.5 27.5 µl per sample 
AMPure XP beads 56 µl per sample 
Freshly Prepared 80% Ethanol (EtOH) 400 µl per sample 
Amplicon PCR product 50 µl per sample 

 

3.1.9 EcoTM real-time PCR (qPCR) master mix for library quantification 

 EcoTM qPCR was carried out in accordance to EcoTM Real-Time PCR System User Guide. 

The thermocycling conditions were programmed and performed according to the 

manufacturer’s instructions. 

 

Table 3.8: EcoTM qPCR master mix preparation for library quantification 

Component Volume for a 20µL 
well reaction 

Volume for a full 48 
well plate (x50) 

Kapa SYBR Fast qPCR Master Mix 10 µL 500 µL 
Primer Premix 2 µL 100 µL 
PCR grade water 4 µL 200 µL 

Total 16 µL 800 µL 
 

Table 3.9: Thermocycling conditions for EcoTM qPCR 
Step Temperature Duration 

Initial activation/denaturation 95°C 5 min 
Denaturation 95°C 30 sec 35 

cycles Annealing / extension / data acquisition 60°C 45 sec2 
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3.2 Methods 

3.2.1 Flow chart 

 

 

 

 

Carbohydrate-active gene prediction

Short-listing GH and AAs genes related to biomass degradation

Sequencing data analysis

Raw data filtering and bioinformatics analysis

Library construction and 16S rRNA gene amplicon based sequencing

Analysis of microbial diversity

Metagenomic DNA extraction

Isolation of bulk metagenome and subsequently polished to remove inhibitors 
(i.e. humic acids) and unwanted products

Foliage analysis

Analysis of foliage content including lignin, cellulose, and hemicellulose

Hot spring water analysis

Physicochemical analysis of water sample

Samples collection

Hot spring water and plant foliage were collected from SK-Y hot spring (60-
90°C) 
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3.2.2 Sample collection and water analysis 

SK-Y hot spring (3°59′50.50″N, 101°23′35.51″E) is located near to Sungkai, Perak, in 

Malaysia. Previously, Chan et al. (2015) have conducted microbial diversity analysis of 

the main water source in SK hot spring. In this study, as the shape of the sampling 

drainage is ‘Y-shaped’, this enclosed site is therefore named as SK-Y hot spring 

(hereinafter named as SK-Y hot spring), in order to differentiate current work to the 

earlier study on the SK hot spring (Chan et al., 2015). SK-Y hot spring is located 

approximately 10 metres away to the SK hot spring previously reported by Chan et al. 

(2015). 

 

Sampling was performed on 24 March 2016. Temperature and pH of the SK-Y 

were measured using thermometer and pH paper, respectively. A clean stainless water 

sampling dipper was used to collect water samples without any foliage at four different 

spots with approximately 5 metres between sampling locations. Water was stored in 

sterile glass Schott bottles and immediately transported to laboratory within 2.5 hours and 

stored at 4°C for overnight. On the following day, water analysis was conducted by 

MyTest Lab Sdn Bhd (Malaysia) using American Public Health Association (APHA) 

standard protocols. At least 20 pieces of submerged foliage with no apparent biofilm were 

collected with sampling dipper and transferred to polypropylene Ziploc bags using a 

tweezer. Submerged foliage with green biofilm was collected and stored separately in 1 

L Schott bottles. Degraded foliage was collected at the base of SK-Y with green biofilm 

and non-degraded plant litters were carefully removed in situ. 

 

Freshly picked foliage samples from trees grown along SK-Y were collected and 

stored in sterile polyethylene bags. The content of lignin, cellulose, and hemicellulose of 

these foliage samples were analysed at Malaysian Agricultural Research and 
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Development Institute (MARDI), a local service provider for conducting analysis of acid 

detergent lignin (ADL), acid detergent fibre (ADF), and neutral detergent fibre (NDF), 

using a modified protocol based on Van Soest and Wine (1967). The plant identification  

was analysed by Dr. Yong Kien Thai from Rimba Ilmu, Institute of Biological Sciences, 

Faculty of Science, University of Malaya, Malaysia. 

 

3.2.3 Metagenomic DNA extraction 

In order to study microbial diversity of SK-Y hot spring, metagenome extraction of the 

following samples was performed: (i) pooled water of four sites at equal volume ratio 

(SK-Y hot spring water), (ii) submerged foliage with no apparent biofilm (labelled as 

non-decay), (iii) green biofilm found on submerged foliage (labelled as green biofilm), 

and (iv) degraded foliage (labelled as decay) collected at the base of SK-Y hot spring. 

The top layer of submerged plant litter bed is always covered with green biofilm (soft in 

texture) (Figure 3.1C). Apparently, foliage are decomposing underneath at the base of the 

bed (Figure 3.1E). 
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Figure 3.1: Y-shaped Sungai Klah (SK-Y) hot spring  and types of samples. (A) 
Illustration of sampling site for water and foliage, (B) SK-Y hot spring, (C) Foliage with 
green biofilm, (D) Non-degraded foliage with no apparent biofilm, and (E) Degraded 
foliage. (Figure with permission by Lee et al. (2018) is licensed under CC BY 3.0) 
 

Briefly, 4 litres of pooled water was filtered through a filter membrane with 0.22 

μm pore size (Sartorius, Göettingen, Germany). Then, membrane was kept with 10 mL 

of autoclaved 1× concentration of phosphate-buffered saline (PBS, pH 7.4) (137 mM 

sodium chloride, 2.7 mM potassium chloride, and 10 mM phosphate buffer) (Merck, 

Darmstadt, Germany) containing sterile glass beads and shaken vigorously for 5 minutes. 

Next, the membrane was withdrawn and the leftover liquid was centrifuged at 17,000×g 

for 2 minutes at 4°C.  The supernatant was discarded and the pellet was resuspended using 

Tris-EDTA buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA) (Epicentre, Madison, WI, 

USA) and modified cetyltrimethylammonium bromide (CTAB) lysis buffer (100 mM 

Tris-HCl, 100 mM EDTA, 100 mM K2HPO4, 1.5 M NaCl, and 1% w/v CTAB) (Murray 

& Thompson, 1980; Zhou et al., 1996). Subsequently, enzymatic lysis was carried out by 

incubating at 37°C for overnight in the presence of 10 mg mL-1 of lysozyme (Sigma-

Aldrich, Saint Louis, MO, USA) and gently swirled at 20 minutes interval. The solution 
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was then boiled at 90°C for 1 hour (Murray & Thompson, 1980). Subsequently, SDS was 

added to the final concentration of 1% (w/v), followed by the supplementation of 20 mg 

mL-1 of proteinase K (Qiagen, Valencia, CA, USA), incubated at 60°C for 2 hours with 

gentle shaking at 15 minutes interval. RNA treatment was performed with addition of 100 

mg mL-1 RNase A (Qiagen, Valencia, CA, USA) and incubated at 37°C for 30 minutes. 

Proteins were removed by washing the DNA pellet with phenol/chloroform/isoamyl 

alcohol (25:24:1). The resulting DNA pellet was precipitated with 0.6 volume of 

isopropanol followed by 70% (v/v) ethanol and was rehydrated with 60 µl of elution 

buffer (Qiagen, Valencia, CA, USA) (Manjula et al., 2011).  

 

 Briefly, 100 g of foliage samples (separately for foliage with no apparent biofilm, 

foliage with green biofilm, or degraded foliage) were placed inside a 500 mL autoclaved 

glass bottle containing sterile PBS buffer, pH 7.4 (137 mM sodium chloride, 2.7 mM 

potassium chloride, and 10 mM phosphate buffer) (Merck, Darmstadt, Germany) with 

0.05% (v/v) Tween 20 (4 mL PBS per 1 g leaf, pH 7.4), and sonicated (Branson 

Ultrasonics, Danbury, CT, USA) in water bath for 1 minute at 25°C. The preparations 

were then hand-shaken vigorously for 30 seconds, and the leaves debris were discarded 

while remaining liquid was aliquoted into a 50 mL tube and centrifuged at 14,800×g for 

10 minutes at 4°C. The pellet was subjected to the aforementioned conventional 

metagenome extraction. 

 

To improve the purity of extracted metagenomic DNA libraries, inhibitors such 

as humic acids were removed using the Agencourt AMPure XP System (Beckman 

Coulter, Brea, CA, USA). The quality and yield of purified metagenome were examined 

using 1% w/v agarose gel electrophoresis, a NanodropTM 1000 spectrophotometer 
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(Thermo Scientific, Waltham, MA, USA), and a Qubit® 2.0 Fluorometer (Invitrogen, 

Merelbeke, Belgium). 

 

3.2.4 Library construction and 16s rRNA gene amplicon based sequencing 

The Illumina 16S rRNA Metagenomic Sequencing Library Preparation Guide was 

followed for preparing metagenome libraries. Two sets of primers were used to target on 

bacteria and archaea hypervariable 16S rRNA conserved regions (Klindworth et al., 

2012): (a) 16S rRNA  V3 and V4 bacterial amplicon PCR forward primer 5’-TCG TCG 

GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG-3’; 

(b) 16S rRNA V3 and V4 bacterial amplicon PCR reverse primer 5’-GTC TCG TGG 

GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT CTA ATC C-

3’; (c) targeted archaeal amplicon PCR forward primer 5’-TCG TCG GCA GCG TCA 

GAT GTG TAT AAG AGA CAG CAG CMG CCG CGG TAA-3’; and (d) targeted 

archaeal amplicon PCR reverse primer 5’-GTC TCG TGG GCT CGG AGA TGT GTA 

TAA GAG ACA GTA CNV GGG TAT CTA ATC C-3’. The underlined and non-

underlined sequences refer to Illumina adapter overhang nucleotide sequences and locus-

specific primers for the regions to be targeted, respectively. The amplicons were then 

subjected to a series of library quantification steps to accurately quantify NGS sample 

libraries. Accurate quantification is extremely critical to optimise the output of Illumina’s 

MiSeq system. The amplicons were quantified with Qubit® dsDNA HS Assay Kit (Life 

Technologies, USA) on a Qubit® 2.0 Fluorometer, library size selection based on Agilent 

Technologies 2100 Expert Bioanalyzer using Agilent High Sensitivity kit (Agilent 

Technologies, Santa Clara, CA, USA), and absolute quantification of the number of 

amplifiable molecules in a library using EcoTM Real-Time PCR System with KAPA 

SYBR Fast qPCR Master Mix (KAPA BioSystems, Boston, MA, USA) prior to 

sequencing. Next, metagenome libraries were sequenced using paired-end sequencing on 
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an Illumina MiSeq sequencer (Illumina, San Diego, CA, USA) with MiSeq Reagent Kit 

V2 (2 × 250 base pairs) and V3 (2 × 300 base pairs) for archaea primers amplicons and 

bacteria primers amplicons, respectively.  

 

3.2.5 Sequence analysis 

The raw sequence reads generated by Illumina sequencing were processed in CLC 

Genomic Workbench 7.0 (CLC Bio, Aarhus, Denmark). Adapter sequences were 

trimmed and reads were filtered to ensure an average PHRED score of 20. Paired-end 

reads were merged (mismatch cost = 2; gap cost = 3; maximum unaligned end 

mismatches = 0; minimum score = 8) in CLC Genomics Workbench 7.0. The assembled 

reads were then undergone chimera filtering and microbial taxonomic classification using 

QIIME pipeline (Caporaso et al., 2010). The QIIME pipeline was followed with default 

parameters using version 1.9.1 unless otherwise noted. Briefly, the steps included are 

removing chimera sequences, picking OTUs based on open reference clustering approach 

using UCLUST tool, and taxonomic assignment using BLAST against the National 

Center for Biotechnology Information (NCBI) 16S Microbial database with e-value of 

0.001. The NCBI database was selected due to its diverse and huge database with the 

capability to provide greater depth of information during taxonomic profiling compared 

to RDP, GreenGenes or SILVA databases (Chan et al., 2015). All samples were randomly 

subsampled to the same sequencing depth prior to further analysis. Microbial diversity 

was assessed with rarefraction analysis, the number of observed OTUs per sample, 

Shannon-Wiener, and Simpson using QIIME. Beta diversity measurement between all 

the samples were calculated using Unifrac distance (Lozupone & Knight, 2005), 

implemented in QIIME. Principal coordinates analysis (PCoA) was performed on the 

weighted UniFrac distance matrix which accounts for communities’ membership and 

relative abundances of OTUs. 
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3.2.6 Metabolic potential analysis 

PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved 

States) (Langille et al., 2013) was used to predict the functional profiles of the 

microorganisms present in SK-Y hot spring. An OTU table was generated using the 

closed-reference OTU picking method in QIIME Version 1.9.1 (Caporaso et al., 2010), 

and was taxonomically assigned using UCLUST with GreenGenes Version 13_05 as the 

reference database. Next, the OTU table was analysed using the PICRUSt pipeline 

according to the metagenome inference workflow, as described by the developers, to 

generate putative KEGG Ortholog abundances for each sample within the OTU table. 

Data from the PICRUSt pipeline were statistically evaluated with the STAMP 

bioinformatics package (Parks et al., 2014). 

 

3.2.7 Carbohydrate-active gene prediction 

After taxonomic assignment using QIIME, the taxa with relative abundance of ≥0.85% 

were individually checked against the complete genomes information available in CAZy 

to determine the numbers and types of glycoside hydrolase families for these taxa. Later, 

the taxa consisted of high GH families were subjected to BacDive (The Bacterial 

Diversity Metadatabase) search to determine metadata such as taxonomy, morphology, 

physiology, culture and growth conditions, and isolation, sampling and environmental 

information in each taxon. 
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CHAPTER 4: RESULTS 

4.1 General sampling site descriptions 

More than a dozen of hot spring features are present in SK hot spring park and the main 

hot spring at this area is a small stream with multiple spring heads. Chan et al. (2015) 

have performed earlier the 16S rRNA gene amplicon and shotgun sequencing for samples 

taken from the SK main stream (SK hot spring) (Chan et al., 2015). Despite the SK hot 

spring is located within a wooded area, plant litters are not accumulated in the stream as 

the water flows rapidly. Approximately 10 metres away to the SK hot spring, a man-made 

drainage with a total length of approximately 30 metres and 0.5 metre depth was built to 

trap heated spring water (Figure 3.1A). As the shape of the drainage is ‘Y-shaped’, this 

site is therefore named as SK-Y hot spring, in order to differentiate current work to our 

earlier study on the SK hot spring (Chan et al., 2015). The temperature at the SK-Y spring 

head was approximately 90°C, but was lower 60-70°C (mean 68°C) adjacent to water 

surface or further away from the spring head. The pH for SK-Y hot spring was between 

7.5-8.6. The most interesting feature for this hot spring is not only high in temperature, 

but SK-Y hot spring is accumulated with fallen plant litters (mainly foliage) that formed 

a bed of foliage (thickness: approximately 20 cm). The average size for fresh fallen 

foliage is about 15 cm (length) × 6 cm (width) (Figure 4.1). 
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Figure 4.1: Picked foliage found in SK-Y hot spring. (A) Vitex sp., (B) Ficus sp., (C) 
Stenochlaena sp., and (D) Adenanthera sp.. (Figure with permission by Lee et al. (2018) 
is licensed under CC BY 3.0) 
 

4.2 Physicochemical analysis of water 

Water analysis was carried out to study the physiochemical condition of SK-Y hot spring 

(Appendix A). The temperature and pH during sampling was 68°C and pH 8.6, 

respectively. The colour of the water was 68 TCU (true colour unit), slightly lower than 

the SK stream (75 TCU) (Chan et al., 2015). 0.96 mg L-1 and 0.65 mg L-1 of aluminium 

and iron, respectively were detected in SK hot spring but these metal ions were not 

detected in SK-Y hot spring water sample. SK-Y hot spring has higher fluoride (6 mg    

L-1), nitrate (0.29 mg L-1), and zinc (0.17 mg L-1) content to that of SK hot spring (1.1 mg 
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L-1, <0.1 mg L-1, <0.02 mg L-1, respectively). The sulphur and sulphide content in SK-Y 

hot spring were 0.5 mg L-1 and 12.3 mg L-1, respectively. Other metals such as mercury, 

cadmium, chromium, lead, manganese, nickel, silver, aluminium, barium, and strontium 

were below the quantifiable limits. 

 

Table 4.1: Water analysis of the pooled SK-Y hot spring water sample (Lee et al., 2018) 
Test parameter Method Unit SK-Y SK WHO 

Physical 
Colour ADMI APHA 2120 F TCU 68 75 15 
Turbidity d APHA 2130 B NTU ND (<1) 130 5 
Chemical 
pH APHA 4500 - H+ 

B 
- 8.6 8.2 6.5−8.5 

Aluminium (Al) APHA 3111 D mg L-1 ND (<0.1) 0.96 0.2 
Ammonia (N) APHA 4500 – 

NH3 C / NH3 B 
mg L-1 ND (<0.1) ND (<0.1) 1.5 

Ammonical 
nitrogen 

APHA 4500 – 
NH3 C / NH3 B 

mg L-1 ND (<0.1) <0.2 - 

Anionic Detergent 
(MBAS) d 

APHA 5540 C 
(Mod.) 

mg L-1 ND (<0.5) ND (<0.2) - 

Arsenic (As) APHA 3114 B mg L-1 ND 
(<0.001) 

0.07 0.01 

Barium (Ba) APHA 3111 D mg L-1 ND (<0.05) ND (<0.02) 0.7 
Borate (H3BO3) d APHA 4500 B-C mg L-1 ND (<1) - - 
Boron (B) APHA 4500 - B B mg L-1 ND (<0.10) 0.06 2.4 
Bicarbonate 
(CaCO3) d 

APHA 2320 B mg L-1 97.7 - - 

Biocides (Total) d In House mg L-1 ND (<0.1) ND - 
Bromide (Br-) d By Ion 

Chromatography 
mg L-1 ND (<1.0) - - 

Cadmium (Cd) APHA 3111 B mg L-1 ND 
(<0.003) 

ND 
(<0.002) 

0.003 

Carbon 
Chloroform 
Extract (CCE) d 

In House mg L-1 ND (<0.5) ND 0.3 

Calcium (Ca) d APHA 3111 B mg L-1 0.03 - - 
Chloride (Cl-) APHA 4500 - CI- 

B 
mg L-1 0.5 2 300 

Chloroform d APHA 6210 B mg L-1 ND (<0.3) ND 0.3 
Chromium (Cr III) In-house Method 

III b 
mg L-1 ND (<0.01) - 0.05 

Chromium (Cr VI) APHA 3500 -  Cr 
B 

mg L-1 ND (<0.01) ND (<0.02) 0.05 

Copper (Cu) APHA 3111 B mg L-1 0.08 ND (<0.02) 2 
Cyanide (CN-) In-house Method I 

a 
mg L-1 ND (<0.01) ND (<0.02) - 

Fluoride (F-) APHA 4500-F- D mg L-1 6 1.1 1.5 
Formaldehyde 
(CH2O) 

In-House Method 
V c 

mg L-1 ND (<0.01) <0.1 - 
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Table 4.1, continued. 
Test parameter Method Unit SK-Y SK WHO 

Free chloride 
residual (Cl2) 

APHA 4500- Cl 
B 

mg L-1 0.3 <0.1 5 

Hardness (CaCO3) 
d 

APHA 2340 B mg L-1 0.6 <1 500 

Iron (Fe) APHA 3111 B mg L-1 ND (<0.05) 0.65 0.3 
Lead (Pb) APHA 3111 B mg L-1 ND (<0.01) ND (<0.02) 0.01 
Magnesium (Mg) d APHA 3111 B mg L-1 0.12 0.5 - 
Manganese (Mn) APHA 3111 B mg L-1 ND (<0.01) ND (<0.02) 0.1 
Mercury (Hg) APHA 3112 B mg L-1 ND 

(<0.001) 
ND 

(<0.001) 
0.006 

Mineral oil d APHA 5520 F 
Hydrocarbons 

mg L-1 ND (<0.3) ND (<0.2) - 

Nickel (Ni) APHA 3111 B mg L-1 ND (<0.02) ND (<0.02) 0.07 
Nitrate nitrogen d APHA 4500 - 

NO3− B 
mg L-1 0.29 <0.1 - 

Nitrite (NO2
-) Palin Test Kits, 

Method: AK109 
mg L-1 ND (<0.1) <0.1 3 

Phenol (C6H5OH) APHA 5530 B 
& APHA 5530 

D 

mg L-1 ND 
(<0.002) 

ND 
(<0.002) 

- 

Phosphate (PO4
3-) APHA 4500 - P 

C 
mg L-1 0.84 0.2 - 

Potassium (K) d APHA 3111 B mg L-1 2.5 - - 
Selenium (Se) APHA 3114 B mg L-1 ND 

(<0.001) 
ND 

(<0.005) 
0.04 

Silver (Ag) APHA 3111 B mg L-1 ND (<0.05) ND (<0.02) - 
Sodium (Na) d APHA 3111 B mg L-1 34.5 27 50 
Strontium (Sr) d APHA 3120 B mg L-1 ND (<0.6) - - 
Sulfate (SO4

2-) APHA 4500 - 
SO4

2− E 
mg L-1 6.4 8 250 

Sulfur (S) d Test by ICP-
OES 

mg L-1 0.5 3.9 - 

Sulphide APHA 4500 - 
S2- F 

mg L-1 12.3 0.2 - 

Total nitrogen APHA 4500 - 
Norg B 

mg L-1 ND (<0.1) 5.6 - 

Zinc (Zn) APHA 3111 B mg L-1 0.17 ND (<0.02) 5 
Other 
Acidity APHA 2310 B mg L-1 15.8 <1 - 
Alkalinity APHA 2320 B mg L-1 51.7 76 - 
Biochemical 
oxygen demand 
(BOD) 5 days at 
20°C 

APHA 5210 B / 
APHA 4500 - O 

G 

mg L-1 6 5 - 

Biochemical 
oxygen demand 
(BOD) 5 days at 
60°C 

APHA 5210 B / 
APHA 4500 - O 

G 

mg L-1 4 10 - 

Biochemical 
oxygen demand 
(BOD) 5 days at 
80°C 

APHA 5210 B / 
APHA 4500 - O 

G 

mg L-1 3 5 - 

Chemical oxygen 
demand (COD) 

APHA 5220 C mg L-1 17 35 - 

Univ
ers

ity
 of

 M
ala

ya



32 
 

Table 4.1, continued. 
Test parameter Method Unit SK-Y SK WHO 

C:N Ratio 
(TOC/TN) d 

APHA 5310 D / 
APHA 4500 - 

Norg B 

mg L-1 0.5 - - 

Dissolved oxygen APHA 4500 - O 
G 

mg L-1 3.0 6.2  

Total organic 
carbon (TOC) d 

APHA 5310 D mg L-1 0.502 9.04 - 

Bacteriological 
Total coliform 
count d 

APHA 9221 B MPN 
(per 100 mL) 

ND (<2) ND (<1.1) ND 

Escherichia coli d APHA 9221 F MPN 
(per 100 mL) 

ND ND (<1.1) ND 

Abbreviations: 
SK-Y: Y-shaped Sungai Klah hot spring; SK: Sungai Klah main stream hot spring; WHO: World Health Organization; APHA: 
Standard Methods of American Public Health Association for the Examination of Water & Wastewater, 21st Edition, 2005; ADMI: 
American Dye Manufacturer’s Institute; TCU: true color unit; NTU: Nephelometric Turbidity Unit; MPN: most probable number; 
Mod.: modified method; ND: not detectable 
Method reference(s): 
a In-house Method 1: Based on APHA 4500 - CN- C & E and Merck Method 14429 
b In-house Method III: Based on APHA 3500 - Cr B /APHA 3111 B 
c In-house Method V: Based on Macherey Nagel Nanocolor Formaldehyde 8 
d Not SAMM Accredited 
 

4.3 Analysis of foliage lignocellulose content 

Vitex, Ficus, Stenochlaena, and Adenanthera are the main plant genera grown adjacent 

to SK-Y hot spring. Most of these plants are young trees with height of approximately 2-

4 metres. The average percentage of lignin, cellulose, and hemicellulose for fresh foliage 

randomly picked from the trees were analysed using neutral detergent fibre (NDF; 

hemicellulose, cellulose, and lignin), acid detergent fibre (ADF; cellulose and lignin), and 

acid detergent lignin (ADL; fractions of plant cell walls) (Van Soest & Wine, 1967) 

(Table 4.2). The percent of lignin varied from 3.0%-16.7%, while hemicellulose contents 

were 2.9%-4.5% among the foliage samples. Vitex and Stenochlaena foliage samples 

were relatively higher in cellulose content than that of Ficus and Adenanthera samples. 

Lignocellulosic contents of these plant genera were not found in literatures, except for 

the one reported by Codron et al. (2007) for Vitex sp. foliage, which stated that foliage 

contained 6.0% lignin, 8.1% hemicellulose, and 7.2% cellulose. 
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Table 4.2: Approximate composition (as a percentage) of various foliage samples (Lee 
et al., 2018) 

Genus Lignin (%) Hemicellulose (%) Cellulose (%) 
Vitex 9.9 3.9 10.2 
Ficus 8.7 2.9 7.0 

Stenochlaena 16.7 4.3 11.3 
Adenanthera 3.0 4.5 3.8 

 

4.4 16S rRNA NGS data analysis 

Metagenomic DNA extracts that represent microbiome for water, non-decay, green 

biofilm, and decay were undergone 16S rRNA gene amplicon sequencing using primer 

pairs specific for bacteria and archaea. After quality filtration and adapters trimming of 

raw reads, high quality assembled reads were analysed using Quantitative Insights Into 

Microbial Ecology (QIIME) pipeline (Table 4.3). Average of 14929 and 25 observed 

OTUs for bacteria and archaea, respectively were generated from four samples. These 

data were processed at a rarefaction depth of 819322 and 12175 sequences per bacteria 

and archaea samples, respectively. Simpson and Shannon-Wiener indexes indicated the 

highest species richness and evenness in the bacterial diversity of SK-Y hot spring water 

sample, while the lowest was found in the archaeal diversity of non-decay sample. The 

rarefaction curves of all the samples did not reach saturation, indicating that there is high 

level of diversity in the systems (Figure 4.2). 

 

Table 4.3: Summary of assembled data obtained from metagenomes of foliage and water 
microbiota (Lee et al., 2018) 

Dataset 
SK-Y Hot Spring 

Water Green Biofilm Non-decay Decay 

Bacteria Archaea Bacteria Archaea Bacteria Archaea Bacteria Archaea 
Number of reads 510983 1153627 248958 1455515 288476 1437865 651444 826285 

Sequence 
length (bp) 

Minimum 200 200 264 203 264 200 200 200 

Average 294 266 269 263 269 263 329 261 
Maximum 429 422 275 390 275 390 430 320 

Observed OTUs 11704 31 16331 26 16153 21 15529 21 
Shannon 7.867 2.195 7.450 0.961 7.318 0.574 7.169 1.402 
Simpson 0.989 0.533 0.982 0.242 0.982 0.141 0.981 0.405 
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Figure 4.2: Alpha rarefraction plot based on observed OTUs. (A) Bacterial diversity and 
(B) Archaeal diversity. (Figure with permission by Lee et al. (2018) is licensed under CC 
BY 3.0) 
 

To assess the microbial phylogenetic beta diversity, weighted Unifrac distance 

was used to indicate the extent of the phylogenetic similarities among the microbial 

communities (Lozupone et al., 2007). PCoA using weighted UniFrac revealed that the 

bacterial communities (Figure 4.3A) of the samples are grouped into three distinct 

clusters. Overall, bacterial communities were phylogenetically more similar between the 

green biofilm and non-decay samples, while revealed a clear difference between the SK-

Y hot spring water, decay, and cluster of green biofilm and non-decay samples. Besides, 

the same pattern was also noticed in archaeal communities (Figure 4.3B). 

 Univ
ers

ity
 of

 M
ala

ya



35 
 

 

Figure 4.3: Ordination plots derived from Principal Coordinates Analysis (PCoA) of 
phylogenetic beta diversity metrics using weighted UniFrac algorithm between bacterial 
and archaeal community composition of SK-Y hot spring. (A) PCoA of bacterial diversity 
and (B) PCoA of archaeal diversity. (Figure with permission by Lee et al. (2018) is 
licensed under CC BY 3.0) 
 

4.5 Bacterial diversity analysis 

Unless specified, the values shown in this subsection is the average number for four 

samples. Generally, taxonomic assignment of bacteria in the four samples could be 

classified into 25 phyla, 58 classes, 110 orders, 171 families, and 328 genera. Ten most 

abundant phyla contributed up to 75.5% of the total bacterial diversity included 

Proteobacteria (14.7%), followed by Chloroflexi (12.8%), Firmicutes (10.8%), and 

Cyanobacteria (8.4%) (Figure 4.4A). Minor phyla present in SK-Y hot spring samples 

included Chlamydiae, Gemmatimonadetes, Elusimicrobia, Lentisphaerae, and 

Deferribacteres which each of them was ≤0.08% of total populations. OTUs affiliated to 

Armatimonadetes, Chlorobi, Spirochaetes, and unclassified candidate phyla were also 

detected at lower percentage. On the other hand, decay sample consisted of higher 

percentage of Acidobacteria (9.3%), Aquificae (4.6%), and Thermotogae (5.2%) than the 

other three samples. Photosynthetic phyla, for instances, Chloroflexi and Cyanobacteria 

A B 
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are present in lower percentage in decay sample than those present in green biofilm. 

Broad range of Proteobacteria class including Alpha-, Beta-, Gamma-, Delta-, and 

Epsilonproteobacteria were observed in all samples.  

 

The following classes contributed to almost 69% of total population in degraded 

foliage microbiota: Actinobacteria, Aquificae, Deinococci, Bacilli, Clostridia, 

Ignavibacteria, Planctomycetia, Alphaproteobacteria, Thermodesulfobacteria, 

Thermotogae, unclassified Acidobacteria, and other unclassified classes or blast hits. All 

these classes are also present in green biofilm, non-decay, and water samples, but may 

appear as different percentages. Major classes associated with green biofilm but present 

in lower percentage in decay sample are those of Blastocatellia, Bacteroidia, Cytophagia, 

Caldilineae, Chloroflexia, Cyanobacteria, Betaproteobacteria, Deltaproteobacteria, and 

Gammaproteobacteria.  

 

A total of 171 families were observed across all the samples with Thermaceae 

(4.5%), Caldilineaceae (3.8%), Chloroflexaceae (3.6%), and Roseiflexaceae (3.6%) 

represent the most abundant groups. Apart from that, Fervidobacteriaceae (5.0%) was 

found to be the predominant family in decay sample. For bacterial classified genera, the 

four samples in SK-Y hot spring shared most of the OTUs with different abundancy 

(Figure 4.4B) which were dominated by Caldilinea (3.8%), Meiothermus (3.8%), 

Chloroflexus (3.6%), Roseiflexus (3.6%), Thermoanaerobaculum (3.1%), Melioribacter 

(2.4%), Geobacillus (2.2%), Desulfurobacterium (1.8%), Thermosipho (1.3%), 

Thermoanaerobacterium (1.0%), Fervidobacterium (1.0%), Acidimicrobium (1.0%), 

Chloracidobacterium (1.0%), and Thermoanaerobacter (0.9%).  
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Figure 4.4: (A) Relative abundance at bacterial and archaeal phyla in SK-Y hot spring 
and (B) Heat map representation of abundance bacterial (≥0.85%) and archaeal genera in 
SK-Y hot spring. (Figure with permission by Lee et al. (2018) is licensed under CC BY 
3.0) 
 

4.6 Archaeal diversity analysis 

In this work, an archaea specific primer pair was used to target locus-specific sequences 

of archaea in the four samples taken from SK-Y hot spring. Despite the primers were 

designed specifically for archaea, only 0.9%-3.8% of the OTUs identified in these four 

samples were affiliated to archaea. From this, archaea was deduced to be present in a 

relatively smaller portion in SK-Y hot spring, and further analysis using shotgun 

metagenome sequencing is needed to validate this assumption. For subsequent analysis 

for archaea, all OTUs related to bacteria were excluded. The most prevalent phylum of 

archaeal diversity across all samples was Thaumarchaeota (85.5%). In SK-Y hot spring 

water, green biofilm, and decay samples, Euryarchaeota was the second most abundant 

archaeal phylum, followed by Crenarchaeota. Nevertheless, Crenarchaeota was the 
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second dominant phylum in the non-decay sample, followed by Euryarchaeota. Within 

Thaumarchaeota, the most abundant class in all samples was Nitrososphaeria with 

Nitrososphaera (84.0%) as dominant taxa. Furthermore, the second most abundant class 

in SK-Y hot spring water, green biofilm, and decay samples was Methanomicrobia that 

was mainly represented by Methanofollis. Thermoprotei was the second dominant class 

in non-decay sample with Aeropyrum as the second abundant genus. Genus level 

assignment revealed that Methanocorpusculum (3.6%), Nitrosopumilus (1.5%), 

Methanogenium (0.4%), Ignicoccus (0.3%), Methanotorris (0.3%), Methanosphaerula 

(0.3%), Halapricum (0.2%), and Methanothermococcus (0.2%) genera were present 

across all the samples (Figure 4.4B). In contrast, Caldisphaera genus was found in all the 

samples except for non-decay sample.  

 

4.7 PICRUSt analysis 

In this study, PICRUSt classified the metagenome into six main functional modules: (1) 

cellular processes and signaling; (2) environmental information processing; (3) genetic 

information processing; (4) human diseases; (5) metabolism; and (6) organismal systems 

(Figure 4.5). The microbial metabolism of carbohydrates and the total numbers of 

carbohydrate-active genes existing in this SK-Y hot spring community were estimated. 

A great proportion of genes are related to carbohydrate metabolism (Figure 4.6), 

suggesting the presence of a high diversity of biomass degrading communities in the 

degrading foliage in this hot spring. Methane and sulfur metabolism gene modules were 

also identified by the PICRUSt pipeline, which indicate the regulation of methane and 

sulfur (Figure 4.7) in the geochemical cycle. 
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Figure 4.5: Hierarchical clustering heat map generated from functional abundance profile 
reflecting the distribution of metagenome into six major modules. (Source: Personal 
collection) 
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Figure 4.6: Hierarchical analysis of the community functions from bacterial and archaeal 
data sets classified by KEGG Orthology. (Source: Personal collection)
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Figure 4.7: Relative abundance of genes in SK-Y hot spring samples for selected functional KEGG pathways inferred from 16S rRNA gene data using 
PICRUSt. (A) SK-Y hot spring water sample, (B) Green biofilm sample, (C) Non-decay sample, and (D) Decay sample. (Source: Personal collection) 
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4.8 Thermophiles and thermozymes involved in foliage degradation 

In this study, V3-V4 region of the 16S rRNA gene was amplified on the Illumina MiSeq 

platforma and majority of detected OTUs (approximately 500 base pairs) are confidently 

assigned to genus level at blast e-value of 0.001. Region V3-V4 was selected due to its 

ability to distinguish all bacterial species to the genus level except for closely related 

Enterobacteriaceae in various environmental communities (Chakravorty et al., 2007; 

Claesson et al., 2010). As this region is less suitable for species identification due to a 

higher degree of sequence conservation compared to the other hypervariable regions, 

genera that are ≥0.85% relative abundance in at least one SK-Y hot spring sample were 

shortlisted and searched for related literatures and databases. Representative strains of 

these genera that have complete genomes information are summarised in Table 4.4. The 

following thermophilic bacteria genera have abundance of carbohydrate-active genes 

(GH groups of enzymes): Caldilinea, Meiothermus, Chloroflexus, Roseiflexus, 

Thermoanaerobaculum, Melioribacter, Geobacillus, Desulfurobacterium, Thermosipho, 

Thermoanaerobacterium, Fervidobacterium, Acidimicrobium, Chloracidobacterium, 

and Thermoanaerobacter. For archaeal genera, Aeropyrum, Caldisphaera, Methanotorris, 

and Methanothermococcus are potent lignocellulosic biomass degraders, yet the numbers 

of total types of GHs (GH 15, 31, 38, 57, 99, and 122) for these archaeal genera are 

relatively fewer to most bacteria (more than 60 GHs were mapped to the assigned genera) 

(Table 4.4). Comparison of major biomass degraders found in this study and selected 

literatures are shown in Table 4.5. 
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Table 4.4: List of important genera and thermozymes involved in high temperature cellulolytic degradation 

Genusa Bacteriab (Accession no.) OGTc, 
°C 

Opt. 
pHc GH Groupsd Place of Isolation References 

Acidimicrobium A. ferrooxidans DSM 10331 (NC_013124) 45 1.7 5,13,15,18,23,30,39 Hot spring (Clum et al., 2009) 

Aeropyrum 

A. camini SY1 = JCM 12091 
(NZ_BBBZ00000000); A. pernix K1 

(BA000002) 
85-90 7.0-7.8 99,122 

Deep-sea hydrothermal vent 
chimney; marine solfataric 

vent 

(Kawarabayasi et 
al., 1999) 

Caldilinea 
C. aerophila DSM 14535 = NBRC 104270 

(NC_017079) 55 7.0 

1,2,3,4,13,16,18,20,2
3,29,31,33,36,38,39,4
2,43,51,63,65,77,78,9

9,116, 127,130 

Hot spring; deep hot aquifer n.a 

Caldisphaera C. lagunensis DSM 15908 (NC_019791) 75 4.0-4.5 15,31,38,57 Acidic hot spring n.a 

Chloracidobacterium 
Candidatus C. thermophilum B (NC_016024; 

NC_016025) 44-58 5.5-9.5 1,3,13,15,23,27,57,73
,77 Hot spring (Costas et al., 2012) 

Chloroflexus 

Chloroflexus sp. Y-400-fl (NC_012032); C. 

aurantiacus J-10-fl (NC_010175); C. 

aggregans DSM 9485 (NC_011831) 
48-55 7.5-8.2 

1,2,3,5,9,13,15,16,18,
23,31,32,35,38,39,51,

57,65,77,78,94,114 
Hot spring n.a. 

Desulfurobacterium 
D. thermolithotrophum DSM 11699 

(NC_015185) 60-75 6.0 23,73 Deep-sea hydrothermal vent 
chimney (Göker et al., 2011) 

Fervidobacterium 

F. islandicum AW-1 (NZ_CP014334); F. 

nodosum Rt17-B1 (NC_009718); F. 

pennivorans DSM 9078 (NC_017095); F. 

pennivorans DYC (CP011393) 

65-75 6.8-7.4 
1,3,4,5,13,16,20,23,3
0,31,35,36,38,42,57,6

5,94,130 

Hot spring mixture of water 
and mud; branch of wood in 
hot spring; filter sediment in 

a district heating pipe 

(Lee et al., 2015) 
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Table 4.4, continued. 

Genusa Bacteriab (Accession no.) OGTc, 
°C 

Opt. 
pHc GH Groupsd Place of Isolation References 

Geobacillus 

G. kaustophilus HTA426 (NC_006510); 
Geobacillus sp. 12AMOR1 (NZ_CP011832); 

Geobacillus sp. C56-T3 (NC_014206); 
Geobacillus sp. GHH01 (NC_020210); 

Geobacillus sp. JF8 (CP006254); Geobacillus 
sp. JS12 (NZ_CP014749); Geobacillus sp. 
LC300 (NZ_CP008903); Geobacillus sp. 

WCH70 (CP001638); Geobacillus sp. 
Y4.1MC1 (CP002293); Geobacillus sp. 

Y412MC52 (NC_014915); Geobacillus sp. 
Y412MC61 (NC_013411); G. 

stearothermophilus 10 (NZ_CP008934); G. 

stearothermophilus X1 (CP008855); G. 

subterraneus KCTC 3922 (CP014342); G. 

thermodenitrificans NG80-2 (NC_009328); G. 

thermoglucosidasius C56-YS93 (NC_015660); 
G. thermoglucosidasius DSM 2542 

(NZ_CP012712); G. thermoleovorans 
CCB_US3_UF5 (NC_016593); G. 

thermoleovorans KCTC 3570 (NZ_CP014335) 

45-70 6.8-7.3 

1,2,3,4,5,10,13,18,23,
27,31,32,36,37,38,39,
42,43,51,52,53,65,67,
70,73,78,94,127,130 

Compost; mud (60 metres 
underground); hot spring; 

flax plants; sugar beet juice 
from extraction installations; 
hot-gas well; coatings inside 
tube; formation water of the 
oil field; evaporated milk; 
deteriorated canned food; 
water sludge sample of a 

hydrothermal geyser outlet 

(Brumm et al., 
2015b; Brumm et 
al., 2015a; Brumm 
et al., 2016; Feng et 
al., 2007; Shintani et 
al., 2014; Takami et 
al., 2004a; Takami 

et al., 2004b; 
Wiegand et al., 

2013; Wissuwa et 
al., 2016; Yao et al., 

2013) 

Meiothermus 
M. silvanus DSM 9946 (NC_014212); M. 

ruber DSM 1279 (NC_021081) 45-55 7.2-8.2 
1,3,4,10,13,15,23,26,
31,36,38,42,43,57,63,

77,114,125,130 

Hot spring (biofilm, water); 
geothermally heated soil 

(Sikorski et al., 
2010; Thiel et al., 

2015) 

Melioribacter M. roseus P3M (NC_018178) 47 7.2-7.8 

1,2,3,5,9,10,13,16,20,
23,26,27,28,29,30,31,
35,43,47,50,51,53,55,
67,77,88,92,94,97,10
5,106,115,125,127,13

0 

Microbial mat from the 
wooded surface of a chute 
under the flow of thermal 
water coming out of an oil 

exploration well 

(Kadnikov et al., 
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Table 4.4, continued. 

Genusa Bacteriab (Accession no.) OGTc, 
°C 

Opt. 
pHc GH Groupsd Place of Isolation References 

Methanothermococcus M. okinawensis IH1 (NC_015636) 65 6.5-7.0 15,57 Hydrothermal vent chimney; 
heated sea-shore n.a 

Methanotorris M. igneus Kol 5 (NC_015562) 70-85 6.5-7.2 15,57 Black smoker; marine 
hydrothermal system n.a 

Roseiflexus 
R. castenholzii DSM 13941 (NC_009767); 

Roseiflexus sp. RS-1 (NC_009523) 48 7.5 
1,2,3,4,5,13,15,18,20,
23,29,36,38,39,51,57,

73,77,78,94 
Bacterial mat in hot spring n.a 

Thermoanaerobacter 

T. brockii subsp. finnii Ako-1 (NC_014964); T. 

italicus Ab9 (NC_013921); T. kivui DSM 2030 
(NZ_CP009170); T. mathranii subsp. 
mathranii str. A3 (NC_014209); T. 

pseudethanolicus ATCC 33223 39E 
(NC_010321); Thermoanaerobacter sp. X513 
(NC_014538); Thermoanaerobacter sp. X514 

(NC_010320); T. tengcongensis MB4 
(NC_003869); T. wiegelii Rt8.B1 

(NC_015958) 

60-70 6.9-7.4 

1,2,3,4,5,10,13,15,18,
20,23,26,28,30,31,32,
36,38,43,51,52,65,66,

67,94, 105,127,130 

Cow dung compost; hot 
spring; acidic volcanic steam 
outlet; continuously stirred 
tank reactor for hydrogen 

production 

(Hess et al., 2014) 

Thermoanaerobacterium 

T. saccharolyticum JW/SL-YS485 
(CP003184); T. thermosaccharolyticum DSM 
571 (NC_014410); T. thermosaccharolyticum 
M0795; T. xylanolyticum LX-11 (NC_015555) 

55-65 6.0-7.8 

1,2,3,4,5,10,11,13,15,
16,18,23,25,26,28,29,
31,32,36,39,42,43,51,
52,53,65,66,67,81,84,
94,105,116,120,127,1

30 

Hydrothermal vent; hot 
spring; corn-canning waste; 
salt lagoon sediment; tartrate 

infusion of grape residue; 
pond sediment; cow dung 
compost; fruit juice waste 

products 

(Delver et al., 1996) 

Thermoanaerobaculum 
T. terrenum ATCC BAA-798 (NC_013525; 

NC_013526) 60 7.2-7.4 1,2,3,4,5,10,13,15,29,
32,36,38,39,42,43,51 Hot spring (Kiss et al., 2010) 
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Table 4.4, continued. 

Genusa Bacteriab (Accession no.) OGTc, 
°C 

Opt. 
pHc GH Groupsd Place of Isolation References 

Thermosipho 
T. africanus TCF52B (NC_011653); T. 

melanesiensis BI429 (NC_009616) 60-75 6.3-7.2 1,2,3,4,13,20,23,31,3
6, 38,57,73,85,130 

Hydrothermal vent; spring; 
production water from an oil 
well; Riftia pachyptila sheath 

scraping 

(Antoine et al., 
1997; Nesbø et al., 

2009) 

Notes:   

a These genera were found to be ≥0.85% in SK-Y hot spring 
b Representative strain(s) with complete genome(s) information 
c Optimum growth temperature (OGT) and optimum pH were obtained from The Bacterial Diversity Metadatabase (http://bacdive.dsmz.de)   
d List of GH families obtained from Carbohydrate-Active EnZymes database (http://www.cazy.org) 
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Table 4.5: Comparison of the potential thermophilic biomass degraders in different experimental setups (Lee et al., 2018) 

Source Potential biomass degraders Analysis 
approaches 

Temp., 
(°C) pH Biomass 

substrates/source References 

Submerged foliage and hot 
spring water of SK-Y hot 
spring, Perak, Malaysia 

Acidimicrobium, Aeropyrum, Caldilinea, Caldisphaera, 

Chloracidobacterium, Chloroflexus, Desulfurobacterium, 

Fervidobacterium, Geobacillus, Meiothermus, 

Melioribacter, Methanothermococcus, Methanotorris, 

Roseiflexus, Thermoanaerobacter, 

Thermoanaerobacterium, Thermoanaerobaculum, 

Thermosipho 

Cultivation-
independent 60-70 7.5-8.6 Plant litter This study 

Sediments from hot spring, 
Xiamen, China Geobacillus, Thermus, Bacillus, Anoxybacillus Enrichment 50-80 7.0 Sugarcane bagasse (Zhao et 

al., 2017) 
Mixture of water and 

sediment from SK main 
stream hot spring, Perak, 

Malaysia 

Aciduliprofundum, Caloramator, Hydrogenobacter, 

Ignavibacterium, Melioribacter, Methanocaldococcus, 

Methanocella, Methanothermus, Methylacidiphilum, 

Thermodesulfovibrio, Thermotoga, Thermus 

Cultivation-
independent 50-110 7.0-9.0 Scattered plant 

litter 
(Chan et 
al., 2015) 

Soil contacting regions of a 
bagasse pile at Phu Khieo 
Bio-Energy Chaiyaphum 

province, Thailand 

Actinobacteria, Bacteroidetes/Chlorobi, 
Chlamydiae/Verrucomicrobia, Chloroflexi, 

Fibrobacteres/Acidobacteria, Firmicutes, Planctomycetes, 
Proteobacteria 

Cultivation-
independent 50 n.a Sugarcane bagasse 

(Mhuanton
g et al., 
2015) 

Vegetated area of Obsidian 
Pool (site OBP 10), 

Yellowstone National Park 

Anaerobacter, Caldicellulosiruptor, Caloramator, 

Clostridium, Thermoanaerobacter 

Cultivation-
independent 

and 
enrichment 

55-85 5 

In situ sampling 
(Juncus tweedyi); 

enrichment 
(Avicel, xylan, 

switchgrass, 
Populus) 

(Vishnivets
kaya et al., 

2015) 

Anaerobic digestion sludge 
collected from Shek Wu Hui 
wastewater treatment plant, 

Hong Kong, China 

Anaerolineales, Bacteroidales, Clostridiales, 
Methanobacteriales, Methanosarcinales, Thermotogales Enrichment 55 6.0-7.0 

Microcrystalline 
cellulose with 

glucose 

(Xia et al., 
2014) 
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Table 4.5, continued. 

Source Potential biomass degraders Analysis 
approaches 

Temp., 
(°C) pH Biomass 

substrates/source References 

Sediment and water column 
of Great Boiling Spring, 

Nevada 

Archaeoglobales, Desulfurococcales, Dictyoglomus, 

Thermotoga 
In situ 

enrichment 74-85 5 

Ammonia fiber 
explosion-treated 
corn stover and 
aspen shavings 

(Peacock et 
al., 2013) 

Switchgrass-adapted 
bacterial consortia 

Paenibacilli spp., Rhodothermus marinus, Thermobispora 

bispora, Thermomicrobia sp., Thermus thermophilus 
Enrichment 60 n.a Microcrystalline 

cellulose 
(Park et al., 

2012) 
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CHAPTER 5: DISCUSSION 

5.1 Microbial diversity analysis in SK-Y hot spring 

The 16S rRNA gene amplicon sequencing for microbial diversity elucidations have been 

widely used in various engineered or environmental samples (Chan et al., 2015; Hess et 

al., 2011; Mhuantong et al., 2015; Singh et al., 2014; Vishnivetskaya et al., 2015). Culture 

independent studies at hot springs in Yellowstone National Park (YNP) have a long 

research history where clonal library was initially used (Brock, 1967; Thiel et al., 2016), 

and lately microbial diversity in Octopus and Mushroom Springs at YNP were revisited 

using high throughput NGS (Thiel et al., 2016).   

 

Although SK main stream and SK-Y hot springs are approximately 10 metres 

away, the dominated microbial diversity between them are dissimilar (Table 4.5), 

probably due to several factors such as physiochemical or geochemical structure, 

temperature, dissolved oxygen level, and the quantity of plant litters. Yet, SK and SK-Y 

hot springs have rich microbial diversity as both sites were dominated by various genera. 

Often, microbial alpha diversity are higher in circumneutral or slight alkaline hot springs 

than those of acidic sites (Sharp et al., 2014). Furthermore, high taxonomical and 

functional diversity are likely driven by the abundance of micronutrients and organic 

materials, thus SK-Y hot spring is an important site to discover thermophilic species with 

robust cellulolytic capabilities.  

 

SK-Y hot spring was studied in this work because it represents a natural ‘biomass 

degrading bioreactor’ which containing abundant of foliage embedded in the hot spring 

water. The top surface of the submerged foliage bed was covered by green biofilm. The 

microbial diversity analysis shows that Cyanobacteria (14.7%), Proteobacteria (14.4%), 

and Chloroflexi (13.1%) were the major three phyla that contributed to the green biofilm 
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communities. Cyanobacteria and Chloroflexi are chlorophyll-based phototrophs bacteria 

and are highly affected by the temperature, pH, sulphide concentration, sunlight and/or 

chemical gradients (Klatt et al., 2013). High sulphide concentration (12.3 mg L-1) with 

different chemical compositions (Table 4.1) potentially led to the increases in the 

abundance of chlorophototrophic compared to our previously studied SK hot spring 

(sulphide, 0.2 mg L-1) which detected low abundance of chlorophototrophs (Chan et al., 

2015). Moreover, the stagnant spring water of SK-Y hot spring has flavoured the green 

biofilm formation compared to the fast-flowing SK hot spring.  

 

This study focused on identification of thermophiles involved in foliage 

degradation at the deeper part of the spring. The dissolved oxygen level at the base of 

SK-Y hot spring is expected to be low as spring head temperature could reach 90°C. The 

present study shows that Firmicutes and Proteobacteria represented the dominated phyla 

in the microbiota of degraded foliage. This might be due to higher cellulose content of 

7.0%-11.3% among Vitex, Ficus, and Stenochlaena foliage samples compared to 

hemicellulose content of 2.9%–4.3%. This is supported by Eichorst et al. (2013) whereby 

Firmicutes are the primary degraders of cellulose in laboratory enrichment experiment. 

Members of Firmicutes included Geobacillus, Thermoanaerobacter, 

Thermoanaerobacterium, Candidatus Desulforudis, and Caldicellulosiruptor, which 

could participate in different stages of halocellulose degradation as reported elsewhere 

(Bhalla et al., 2013; Cobucci-Ponzano et al., 2015; De Maayer et al., 2014; Eichorst et al., 

2013; Vishnivetskaya et al., 2015). In the decomposition of sugarcane bagasse waste at 

50°C, the predominance phylum is Proteobacteria (Mhuantong et al., 2015). Thus, the 

reports elucidated that Firmicutes and Proteobacteria are the important phyla for biomass 

degradation at high temperature. Another important bacterial component in SK-Y hot 

spring was Acidobacteria, particularly the major genus of Thermoanaerobaculum (7.3%), 
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a chemo-organotrophic that thrived in anaerobic habitats (Losey et al., 2013). 

Acidobacteria exclusively or preferentially use organic substrates as an energy. 

 

Some of the thermophiles in SK-Y hot spring have been noticed too in natural 

geothermal or heated laboratory setups related to biomass degradation (Table 4.5). For 

instance, the microbial community in heated sediments surrounding vegetated (Juncus 

tweedyi) wetland (68°C) in Obsidian Pool (site OBP10) in YNP was mainly constituted 

of phyla Firmicutes, Proteobacteria, Aquificae, Deinococcus-Thermus, Spirochaetes, 

Verrucomicrobia, and a huge proportion of unclassified bacteria. Majority of Firmicutes 

members including lignocellulolytic degraders Clostridium, Anaerobacter, Caloramator, 

Caldicellulosiruptor, and Thermoanaerobacter (Vishnivetskaya et al., 2015). In the same 

report, when OBP10 samples were inoculated with various lignocellulolytic materials 

(Avicel, switchgrass, Populus, and xylan) and incubated at 55-85°C in anaerobic 

laboratory setup. The main bacteria after three passages of culturing were 

Thermoanaerobacter, Caloramator, Caldicellulosiruptor, Clostridium, Dictyoglomus, 

and Fervidobacterium; and their distributions in these experiments varied with 

experimental parameters such as temperature and substrates (Vishnivetskaya et al., 2015).  

 

In another report, Anaerolineales, Clostridiales, Bacteroidales, Thermotogales, 

Methanobacteriales, and Methanosarcinales were the major orders in an anaerobic 

digestion sludge enriched with microcrystalline cellulose at 55°C (Xia et al., 2014). In a 

separate study, Park et al. (2012) suggested that Thermus thermophilus, Paenibacillus 

spp., Rhodothermus marinus, Thermobispora bispora, and Thermomicrobia sp. are 

important thermophiles for microcrystalline cellulose degradation at 60°C. This result is 

similar to Eichorst et al. (2013) which reported that Firmicutes, Bacteroidetes, and 

Thermus are important for cellulose degradation. A different microbiota community was 
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observed in degradation (55°C, aerobic) of switchgrass under high-solid condition (Yu et 

al., 2015), where the dominant phyla included Chloroflexi, Proteobacteria, Bacteroidetes, 

and Actinobacteria. Great Boiling Spring (GBS) is a hot spring located at Nevada (77-

85°C) (Peacock et al., 2013). This site generally lacks of lignocellulosic plant materials. 

A microbial diversity analysis was conducted to compare the microbial diversity in GBS 

water-sediments as well as man-made in situ enrichment using ammonia fiber explosion-

treated corn stover and aspen shavings. The biomass enriched samples consisted of 

potential biomass degraders, sugar fermenters, and hydrogenotrophs such as Thermotoga, 

Dictyoglomus, Desulfurococcales, and Archaeoglobales. Interestingly, the microbial 

flora in biomass enriched samples and GBS indigenous samples were different, therefore 

Peacock et al. (2013) suggested that the additional lignocellulosic biomass stimulated the 

growth of the potent biomass degraders in a natural environment. The current data in this 

work agreed with aforementioned observation since microbiota in SK-Y hot spring water 

sample alone is different to foliage samples. 

 

The main purpose of current work summarises a list of important thermophiles 

for biomass degradation at high temperature and circumneutral pH. The major potential 

biomass degraders found in this study are slightly different from the other results (Table 

4.5), but my list is more comprehensive. During the time course of biomass 

decomposition process, compositions of phyla could be altered (Eichorst et al., 2013; Yu 

et al., 2015). The length of time needed for new fallen foliage to reach degradation stage 

in SK-Y hot spring was uncertained. Yet, microorganisms attached on top layer of the 

submerged plant litter bed (i.e., submerged foliage with no apparent biofilm and green 

biofilm attached on submerged foliage) could mimic taxa that are involved in the early 

stage of degradation process. Slowly over a certain period of time, these foliage will be 

covered and compressed by new layers of fallen plant litters, and the initial foliage 
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eventually would be occupied by a slightly different microbiota community to complete 

the degradation (i.e. the decay sample in this study). 

 

5.2 Biomass-degrading metabolic potential 

Hydrolysis of cellulolytic materials involved various groups of GHs (Singh et al., 2014). 

A complete list of important GHs and lignin acting enzymes (or known as auxiliary 

enzymes, AA) for complete biomass decomposition is available in several earlier 

publications (Banerjee et al., 2010b; Mhuantong et al., 2015; van der Lelie et al., 2012).  

Synergistic actions of the different types of core halocellulolytic enzymes, such as the 

exoglucanase, endoglucanase, cellobiase, endo-β-1,4-xylanase, xylan-1,4-β-xylosidase, 

α-L-arabinofuranosidase, α-glucuronidase, acetylxylan esterase, feruloyl esterase, 

mannan endo-1,4-β-mannanase, β-1,4-mannosidase, and arabinan endo-1,5-α-L-

arabinosidase, are crucial for efficient hydrolysis of halocellulose to xylose or glucose 

(Van Dyk & Pletschke, 2012).  

 

Several publications have elucidated some examples of thermophiles for 

decomposing biomass at elevated temperatures (Eichorst et al., 2013; Mhuantong et al., 

2015; Park et al., 2012; Vishnivetskaya et al., 2015; Yu et al., 2015). The present study 

is an attempt to investigate the functional profiles using PICRUSt and CAZy database to 

determine the composition of thermophilic microbial communities (Table 4.4). Genera 

with incomplete genome data, or those with lower OGT (<40°C), or OTUs which are 

unable to be classified confidently to genus level, or OTUs lower than 0.85% of total 

population were excluded from the analysis. At this point, we assume that species or 

strains within the same genus will have similar genomic content and thus exhibit 

homologous genes for cellulolytic enzymes. Despite many of the OTUs for SK-Y hot 

spring are able to assign at species level, yet the affiliation may be ambiguous, and 
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therefore we are not able to pinpoint the actual species present in SK-Y hot spring. Due 

to this limitation, a general overview of foliage degradation at high temperature was 

provided using complete genomes information available in databases or literatures. 

Shotgun metagenome sequencing and culture collections of SK-Y hot spring is yet to be 

performed to validate the information provided in Table 4.4. 

 

The abundance of sequences associated with specific carbohydrates metabolism 

from KEGG annotation is illustrated in Figure 4.7. A total of twenty-four carbohydrates 

and energy pathways were identified in SK-Y hot spring, with a substantial overlap 

between the bacterial and archaeal data sets. In silico PICRUSt analysis shows the 

increase of the prevalence of functional genes encoding carbohydrate and energy 

metabolic pathways to convert cellulose, hemicellulose, and lignin into various types of 

monosaccharides that are essential aerobic energy sources via the citrate cycle (TCA) 

(Mhuantong et al., 2015). Carbohydrate catabolic pathways, including glycolysis, 

oxidative pentose phosphate pathway, and TCA, are active mainly during the dark phase 

of the light-dark cycle (Quintana et al., 2011). These pathways are responsible for 

producing NAD(P)H and other biosynthetic metabolites that are involved in the normal 

cellular functions (Quintana et al., 2011). The pentoses, xylose, and arabinose are 

metabolized by the non-oxidative pentose phosphate pathway in thermophilic bacteria, 

and are later converted into intermediates within the glycolysis pathway (Chang & Yao, 

2011; Zeikus et al., 1980). The different carbohydrates metabolic pathways in SK-Y hot 

spring may be explained by the high diversity of thermophilic biomass degraders, which 

account for at least 18 genera, based on CAZy analysis. 

 

Among many GH families, GH 5, 6, 7, 8, 9, 12, 44, 45, 48, 51, 61, 74, and 124 

which comprised of endoglucanases, exoglucanases, and beta-glucosidases are important 
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biocatalyst to degrade cellulose (Mhuantong et al., 2015; van der Lelie et al., 2012). The 

intermediate products of cellulose (i.e., cello-oligosaccharides and cellobiose) are further 

processed by the β-glucosidase from GH 1, 3, 9, 30, and 116 involving the hydrolysis of 

beta-linked dimers of oligosaccharides (Mhuantong et al., 2015; van der Lelie et al., 2012). 

Some of the candidates listed in Table 4.4 have been well characterised, for instances, 

Melioribacter (Podosokorskaya et al., 2013) and Thermoanaerobacterium (Currie et al., 

2014). Majority of the dominated bacterial genera in SK-Y hot spring are abundance of 

GH enzymes, thus again supported the findings that the genera listed in Table 4.4 are 

generally important for biomass degradation at circumneutral pH and high temperature. 

Apparently, our data also suggested that bacteria consortium instead of archaea plays a 

more important role in biomass degradation as genomes of archaeal genera harbour lower 

numbers of GH enzymes. Generally, the genome size of archaea is relatively smaller than 

bacteria, and probably due to genome streaming process, many genes for GH enzymes 

have been omitted (Urbieta et al., 2015). 

 

According to Mhuantong et al. (2015), the AA 1 (multicopper oxidase), AA 3 

(choline dehydrogenase), AA 4 (vanillyl-alcohol oxidase), AA 5 (copper radical oxidase), 

AA 6 (1,4-benzoquinone reductase), AA 7 (glucooligosaccharide oxidases), and AA 9 

(copper-dependent monooxygenases) are crucial in lignin degradation. Besides that, AA 

2 (dye-decolorising peroxidases, homologue to fungi lignolytic peroxidases) is an 

enzyme that has the ability to degrade lignin (de Gonzalo et al., 2016). So far, most well 

studied AA enzymes are originated from fungi (Karnaouri et al., 2014; Levasseur et al., 

2013).  Based on the complete genomes information shown in Table 4.4, only three AA 

families (i.e., AA 1 from Melioribacter roseus P3M, AA3 from Meiothermus ruber DSM 

1279, and AA 6 from Geobacillus stearothermophilus X1 and Geobacillus 

thermoglucosidasius DSM 2542) were identified in SK-Y hot spring. Based on CAZy 
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classification for auxiliary enzymes, genes for AA are lacking or missing for most of the 

thermophiles listed in Table 4.4. Several Thermus OTUs were identified in SK-Y hot 

spring as minority taxa. A thermostable and chloride-tolerant laccase (AA 1, E.C 1.10.3.2) 

from Thermus thermophilus SG0.5JP17-16 was lately cloned and overexpressed (Liu et 

al., 2015). Interestingly, based on information provided in CAZy, the genome sequence 

of T. thermophilus SG0.5JP17-16 was lacked of laccase. This example of contradictory 

could suggest to us that AA database may require further validation by curators and 

researchers. In fact, the total numbers of identified AA enzymes in genomic sequencing 

projects are indeed lower than well-established GHs that have been categorised in 

according to CAZy and PeroxiBase Database (Fawal et al., 2013). By further examining 

the minority genera (<0.85%) detected in SK-Y hot spring, we managed to identify the 

presence of some AA genes in some sequenced genomes. Examples of these include 

Nocardioides (AA 3), Amycolatopsis (AA 3, AA 6, AA 7, and AA 10), Azoarcus (AA 3, 

AA 4, and AA 6), Pseudoxanthomonas (AA 3 and AA 6), and other AA enzymes present 

in Anoxybacillus, Thermodesulfobacteriaceae, Clostridium, Geobacter, Bacillus, and 

some other minority members. Despite Bacillus spp. are generally mesophilic, proteins 

from Bacillus could be thermostable, for instance laccase from Bacillus licheniformis 

ATCC 9945a had an optimum temperature of 90°C and a half-life of 50 minutes at 70°C 

(Lončar et al., 2016). We are not able to rule out the presence of fungi or enzymes from 

fungi in SK-Y hot spring that may help in partial lignin removal. Nevertheless, as the 

average temperature of SK-Y hot spring is relatively high, the presence of fungi and the 

stability of its enzymes are doubtful. 
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CHAPTER 6: CONCLUSION 

The work presented here describes a ‘natural biomass degrading bioreactor’ as one of the 

hot springs with the highest temperature in Malaysia which remains largely under-

exploited, but it possesses a great potential for the biofuel, fermentation, and cellulosic 

biorefinery industries. It also provides a unique ecological niche, as the microorganisms 

in this lignocellulose-rich environment are able to thrive in relatively high temperature 

with varying microenvironments of aerobic surface to anoxic interior. The microbial 

community in this SK-Y hot spring thus presents a good resource for the discovery and 

characterization of new biomass-degrading enzymes. Detailed 16S rRNA gene amplicon 

sequencing using high-throughput Illumina MiSeq platform revealed a diverse and 

distinct landscape of bacterial and archaeal fauna in both water sample and foliage 

samples with prevalence of the bacterial phyla Proteobacteria, Chloroflexi, Firmicutes, 

and Cyanobacteria; and archaeal phyla Thaumarchaeota, Euryarchaeota, Crenarchaeota, 

and Candidatus Korarchaeota. Collectively, biomass degradation at high temperature 

may involve various community structure and factors such as temperature, dissolved 

oxygen level, type of biomass, and stage of degradation (or complexity of substrate) 

which will greatly influence the thermophiles population. The current study also 

discusses the analyses of carbohydrate active enzymes from thermophiles involved in 

plant biomass degradation by a microbial community speculated from the SK-Y hot 

spring. The metagenomic data from 16S rRNA sequences demonstrated that the microbial 

population contained many taxa known for their ability to degrade lignocellulosic 

biomass. A total of 18 genera from the microbial community are considered promising 

candidates for the mining of novel enzymatic cocktails for the conversion of 

lignocellulosic biomass into fermentable sugars. Analysis of the CAZy helped in 

identification of more than 60 GH enzymes, which needs to be further explored regarding 

their collaboration and interaction for plant biomass degradation in this microbial 
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community. Despite the relatively easy access to their genes, biochemical 

characterizations of all enzymes for biomass decomposition at high temperature is still 

under explored. We showed here the potential biomass degraders through bioinformatics 

analysis and demonstrated how these potent biomass degraders are important for the 

mining of broad range of lignocellulose-degrading enzymes for the production of enzyme 

cocktails. 

 

To improve hydrolysis ability, enzymes with better desirable properties and 

enzyme systems with optimized compositions can be obtained using high-throughput 

screening approaches. Furthermore, deep understanding of the biological process for 

lignocellulolytic enzyme production will provide critical targets for rational strain 

engineering for high productivities. Nevertheless, low enzymatic digestibility of 

lignocelluloses (a scientific problem) and the immature platform for systematic 

engineering of bacterial strains (a technical problem) are still the major barriers for the 

present work. 
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