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ABSTRACT 

 

The objective of the study was to develop a supermatrix framework by incorporating 
the unique evolutionary signals of each gene that can improve phylogenetic inferences. 
The aim was to address the issue of the supermatrix approach, which potentially 
disregards individual gene properties. The study involved two main experiments: i) 
Experiment 1 focused on the effect of evolutionary signals across housekeeping genes 
on phylogeny inference using Chlorellaceae species. ii) Experiment 2 involved the 
development of a bioinformatics framework using the supermatrix approach. The 
framework incorporates unique properties of each gene in phylogenetic tree 
construction, such as sequence heterogeneity, sequence informative sites, taxonomic 
conflicts at the kingdom level, and tree distance between the gene tree and species tree. 
The genes were concatenated, based on their similar gene properties, into a supermatrix 
for phylogeny inference. Generated phylogenetic tree was compared with tree-of-life, 
which was used as a benchmark dataset, to validate the usability of the supermatrix 
framework. Our findings revealed that each individual housekeeping gene has different 
evolutionary signals, and ignoring these signals would affect the inferred phylogeny. 
The developed bioinformatics framework demonstrated an improvement in the 
accuracy of the inferred phylogenetic trees compared to the conventional tree inference 
approach based on Robinson-Foulds tree distance and Shimodaira Hasegawa test. This 
framework also corroborates with previous studies, which suggest that incorporating 
more genes in the supermatrix approach can enhance phylogenetic inference. Analysing 
individual gene properties by considering the unique evolutionary signals in gene 
concatenation through the supermatrix approach could improve phylogenetic 
inferences. The improvement of using the supermatrix approach could enhance the 
understanding of the evolutionary relationships between species, which further could 
be applied in various fields such as biodiversity conservation, medicine and healthcare. 
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PENGGUNAAN KAEDAH SUPERMATRIK TERHADAP INFERENS 
FILOGENI MELALUI KERANGKA BIOINFORMATIK 

 

ABSTRAK 

 

Objektif kajian ini adalah untuk membangunkan kerangka kerja supermatrik dengan 
menggabungkan isyarat evolusi unik setiap gen bagi menambahbaik inferens filogeni. 
Tujuan utama kajian ini adalah untuk menangani isu kaedah supermatrik yang 
berpotensi mengabaikan sifat individu gen. Kajian ini melibatkan dua eksperimen 
utama: i) Eksperimen 1 fokus kepada kesan isyarat evolusi terhadap gen rujukan dalam 
inferens filogeni dengan menggunakan spesies Chlorellaceae. ii) Eksperimen 2 
melibatkan pembangunan kerangka kerja bioinformatik melalui pendekatan 
supermatrik. Kerangka kerja ini menggabungkan kaedah supermatrik dengan 
mengambil kira sifat unik setiap gen seperti sifat keheterogenan jujukan, tapak 
maklumat jujukan, konflik taksonomi di peringkat alam, dan jarak filogeni antara 
pokok gen dengan pokok spesies. Gen yang mempunyai sifat yang serupa telah 
digabungkan menjadi satu supermatrik untuk inferens filogeni. Pokok-pokok 
filogenetik yang dihasilkan telah dibandingkan dengan pokok kehidupan yang 
menggunakan set data rujukan utama bagi mengesahkan kebolehgunaan kerangka kerja 
supermatrik. Penemuan kajian kami mendedahkan bahawa gen rujukan individu 
mempunyai isyarat evolusi yang berbeza, dan pengabaian kepelbagaian isyarat evolusi 
akan menjejaskan filogeni yang dihasilkan. Kerangka kerja bioinformatik yang telah 
dibangunkan menunjukkan peningkatan terhadap ketepatan pokok filogenetik yang 
dihasilkan berbanding dengan pokok yang terhasil melalui kaedah inferens filogeni 
konvensional berdasarkan jarak pokok Robinson-Foulds dan ujian Shimodaira 
Hasegawa. Kerangka kerja ini juga menyokong kajian lepas dimana penggunaan lebih 
banyak gen dalam pendekatan supermatrik dapat mengukuhkan inferens filogenetik. 
Analisa sifat gen dengan pertimbangan terhadap isyarat evolusi yang unik pada setiap 
gen bagi kaedah supermatrik dapat meningkatkan kualiti inferens filogeni. 
Penambahbaikan kaedah supermatrik boleh meningkatkan pemahaman tentang 
hubungan evolusi antara spesies, yang boleh diaplikasi dalam pelbagai bidang, seperti 
pemuliharaan biodiversiti, perubatan dan penjagaan kesihatan.  
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Background Study 

 

The total number of species on Earth is estimated to range from millions to billions 

(Larsen, Miller, Rhodes, and Wiens, 2017; Mora, Tittensor, Adl, Simpson, and Worm, 

2011). However, more than 80% of these species remain unidentified ( Mora, Tittensor, 

Adl, Simpson, and Worm, 2011). The theory of evolution explains how one life form 

changes over time and how life diversifies from the origin of the species. Charles 

Darwin sketched the first phylogenetic tree in 1837, which modelled the relatedness of 

one species with another. A phylogenetic tree depicts the concept of evolutionary 

relatedness between species, with the trunk of the tree representing the common 

ancestor of the species and branches showing the diversification or evolution of the 

parental species to its offspring. The phylogenetic tree, which portrays the evolutionary 

relationship and relatedness among different organisms and is universal, where it is



2 
 
 

capable of inferring the evolutionary relationship of all cellular organisms, is called the 

tree of life.  

 

Phylogenetics is the study of phylogeny or evolutionary relationships between 

organisms. Previously, when molecular data were not widely available, researchers 

investigated the evolution of species’ morphological characteristics. With the advent of 

sequencing technology, enormous molecular sequence data has been produced. The 

availability of this sequence data has resulted in the increasing importance of 

phylogenetic studies to make sense of sequence data. Moreover, evolutionary history 

can be better inferred, especially with the use of molecular sequence data compared to 

morphological data (Betancur et al., 2013; Yang and Rannala, 2012).  

 

Accurate phylogeny could provide a better understanding of the evolutionary 

relatedness between species. For example, the chimpanzee and bonobos have been 

known to be the closest living relative of human in the animal kingdom (Prüfer et al., 

2012). This relationship could not be deciphered solely based on morphological 

information, as the chimpanzee and bonobos do not look or act like humans but share 

99% of their DNA. Understanding the exact evolutionary relationship has always been 

a challenge in phylogenetic research. Thus, inferring an accurate phylogenetic tree is 

important to illustrate the correct evolutionary relationship between species.    

 

To infer the evolutionary relationships between organisms, phylogeny was 

inferred using phylogenetic analysis. The common flow in the phylogenetic analysis 

was initiated with the retrieval of the sequences of interest, followed by sequence 

alignment before inference of phylogeny. Selection of the sequence of interest is vital 
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in phylogenetic analysis as it helps to infer a better evolutionary relationship between 

species. Housekeeping and orthologous genes are ideal genetic information used as 

inputs for phylogenetic analysis. Housekeeping genes are responsible for the 

maintenance of basic cellular functions and evolve slower than other genes (Joshi, Ke, 

Drangowska-Way, O’Rourke, and Lewis, 2022). On the other hand, orthologous genes, 

which are derived from a common ancestor, separated only by a speciation event, and 

are conserved, are also favourable in phylogenetic analysis (Koonin, 2005a).  

 

Generally, a phylogenetic tree inferred from single-gene information is known 

as a gene tree. In contrast, when multiple gene information is accommodated in tree 

inference, the output tree is known as a species tree. A gene derived from a common 

ancestral gene in different species carries useful information to infer a phylogenetic tree; 

however, previous studies have emphasised that a gene tree is not a reliable estimate of 

species evolutionary history (Forterre, 2015; Low, Džunková, Chaumeil, Parks, and 

Hugenholtz, 2019; Thiergart, Landan, and Martin, 2014). Therefore, phylogeny should 

be constructed using multiple genes to generate a more reliable and accurate 

evolutionary relationship between species (Dong et al., 2022).  

 

 However, considering multiple gene information in tree inference can be 

challenging, as each gene has evolved independently and possesses conflicting 

evolutionary stories throughout the genome. The conflicts in the evolutionary story of 

the gene tree and species tree are known as phylogenetic incongruence. Incongruence 

could possibly occur due to errors during tree inference, for example, insufficient 

sequence length, sampling error, or failure of the reconstruction method to account for 

the properties of the sequence data. Evolutionary events such as incomplete lineage 
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sorting, horizontal gene transfer, gene loss, and gene duplication, which occur 

independently throughout the genome, could also contribute to incongruence. Thus, 

selecting suitable genes and the tree inference method can be used to infer the 

evolutionary relationships between species more accurately.  

 

 The inference of evolutionary species between the Chlorellaceae species is 

commonly carried out based on the standard housekeeping genes, that is, the 18S 

ribosomal RNA (Khaw, Khong, Shaharuddin, and Yusof, 2020). Since using a single 

gene to infer the phylogenetic tree could miss out important evolutionary signals, other 

housekeeping genes such as ITS and rbcL were also included in the phylogenetic 

analysis of the Chlorellaceae species. Chlorellaceae is one of the most prominent 

taxonomic families of microalgae with 222 species across 56 genera. Given its desirable 

characteristics in offering new possibilities for more effective and affordable alternative 

energy resources, the evolutionary relationships between the species inferred from 

previous studies conflicted with one another, resulting in an obscure taxonomy and 

phylogenetic relationship between the species. 

 

 Supermatrix approach is one of the methods to reconstruct evolutionary 

relationship between species, by combining sequence data from multiple gene or 

genomic regions into a single, concatenation matrix known as a supermatrix. Unlike 

the conventional tree inference method that focus only on individual genes, it analyses 

data from the concatenation matrix, as a combination. Thus, the approach is capable of 

leveraging larger amount of information, for more robust phylogenetic inference. 

However, the phylogenetic signals in each gene could have been mixed or averaged up 

when being analysed as a whole in the concatenation matrix. 
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 Therefore, in this study, the effect of the supermatrix approach by incorporating 

gene characteristics to improve phylogenetic inference was investigated. The study is 

divided into two experiments. A preliminary study initially explored the impact of the 

supermatrix approach using housekeeping genes on the phylogenetic inference of 

Chlorellaceae species. However, limitations in available Chlorellaceae sequence data 

restricted further analysis. Thus, the study pivoted to the COG dataset use in a prior 

established tree of life study. Leveraging these benchmark orthologous sequences, a 

bioinformatics framework was designed to infer the Tree of Life. From these 

experiments, the gene characteristics between the housekeeping genes of the 

Chlorellaceae species and the tree of life could be assessed, and the effect of the 

bioinformatics framework incorporating these gene characteristics could be identified. 

This study could provide insights into the use of gene characteristic information in 

conducting supermatrix analysis.  

 

 

1.2 Problem Statement 

 

Although incorporating multiple gene information in inferring phylogeny can be more 

convincing, it has been hampered by phylogenetic discordance, which arises from the 

conflict between different gene information. The conflicting signal carried by each gene 

makes inferring a species tree challenging to accommodate the heterogeneous 

information from these genes. The common practice for handling phylogenetic 

discordance was to employ the supermatrix approach in phylogenetic analysis.  
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The supermatrix approach has been proven to resolve the conflict between 

heterogeneity and to increase phylogenetic resolution (Dong et al., 2022). This 

approach considers all gene information and analyses it as a whole. Although 

accommodating more genes in the supermatrix approach can improve the resolution of 

the inferred trees, this approach tends to ignore differences or genetic variation by 

randomly averaging conflicting signals (Lartillot, Brinkmann, and Philippe, 2007; 

Smith, Walker-Hale, Walker, and Brown, 2020).  Although averaging the conflicting 

phylogenetic signals can improve the resolution of the tree, each of the signals might 

carry important evolutionary information, and they are worthy of attention for 

elucidating the comprehensive story between species.  

 

 Research has explored various evolutionary complexities that pose challenges 

to supermatrix-tree inference (Gatesy et al., 2019). To accommodate genetic variation, 

evolutionary models have been developed and implemented in tree inference to capture 

the substitution process pattern from heterogeneous sequence data. Selecting an 

appropriate evolutionary model is an important procedure in phylogenetic tree 

inference, as it can affect the accuracy of the phylogenetic tree, especially in certain 

character-based tree inference methods that rely on evolutionary models, such as 

maximum likelihood and Bayesian models.  

 

The challenge of model usage in tree inference is that it is expected to account 

for all variations between different genes. Partitioned models were introduced decades 

ago to improve the usage of a homogenous model (single model for tree inference of 

entire supermatrix alignment) in heterogeneous datasets by allowing the use of 

independent models at each gene partition for multiple gene datasets (Bull and 
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Swofford, 1993; Yang, 1996). However, the model setting has been claimed to cause 

over-partitioning and poor parameter estimation (Redmond and McLysaght, 2014; 

Redmond and McLysaght, 2021). Despite the importance of evolutionary model usage 

in phylogenetic tree inference, the optimal method for selecting the best partition 

scheme remains unclear. 

 

Accurate identification and classification of species are crucial for effective 

conservation efforts and understanding their potential applications. The Tree of Life 

(TOL) is a metaphor used to describe a branching diagram that could represent 

evolutionary history of living organisms on Earth. However, constructing TOL as a 

benchmark for all phylogenetic studies presents several challenges. The evolutionary 

history is not always a simple and direct branching process. Evolutionary events such 

as horizontal gene transfer, coalescent and incomplete lineage sorting could lead to 

complex relationships that are difficult to capture accurately in a single tree.  

 

 Currently, there have been two established TOL studies carried out, which 

covers all the three domains of life (Ciccarelli et al., 2006; Hug et al., 2016). Both of 

the TOLs included the cluster of orthologous groups (COG) to infer the evolutionary 

relationships of species. Ciccarelli’s dataset consisted of 30 COGs from hundreds of 

organisms, covering the three domains of life; Eukaryote, Archaea and Bacteria. 

Ciccarelli employed supermatrix approach to randomly concatenated all the identified 

COGs for maximum likelihood tree inference using JTT+I+Γ (Jones et al., 1992) model. 

This method aimed to capture the maximum amount of evolutionary signal, but it also 

introduced potential biases associated with concatenating sequences with varying 

evolutionary rates.  
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While, Hug’s dataset covered thousands of organisms from 16 COGs, but 

focusing more on the bacterial and archaeal domains. Similarly, the 16 COGs were 

concatenated randomly to form a super-matrix of sequences for maximum likelihood 

tree inference. The best model employed for the dataset was LG+Γ (Le and Gascuel, 

2008). This study aimed to provide a more detailed understanding of relationships 

within these specific domains, acknowledging the limitations of a universal TOL for 

capturing the intricacies of bacterial and archaeal evolution. 

 

 The conventional supermatrix approach employed often lack of precision 

needed, particularly for intricate groups, such as the Chlorellaceae family. The complex 

evolutionary history and morphological similarities within this family pose significant 

challenges to their classification, hindering their potential as sustainable biofuel sources. 

The evolutionary history of Chlorellaceae species was deemed complex and cryptic, 

possibly because of rapid diversification and morphological similarities. Studies have 

struggled to accommodate the diversity of gene properties and intricate relationships, 

leading to conflicting interpretations. Different genes within the Chlorellaceae genome 

evolve at varying rates and respond differently to evolutionary pressures, contributing 

to heterogeneity among the genes. This confounds conventional tree-building 

approaches, leading to incongruent results based on the chosen genes. 

 

 Therefore, the critical challenge lies in reconciling the ambiguity present in the 

current phylogenetic reconstructions and revealing the true evolutionary relationships 

within the Chlorellaceae family. This necessitates a novel approach that accounts for 

the complexities of evolutionary history, diverse sequence characteristics, and 

functional adaptation. Addressing this challenge is not only essential for maximising 
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the biofuel potential of Chlorellaceae but also for improving understanding of their role 

in the intricate tree of life. 

 

 

1.3 Research Objectives 

 

This study has three main objectives. 

a. To identify suitable housekeeping genes as the backbone of the phylogeny. 

b. To design a bioinformatics framework for supermatrix analysis to infer 

phylogeny. 

c. Implementing the proposed framework for inferring phylogeny. 

 

 

1.4 Research Questions 

 

a. Which housekeeping genes are most suitable for inferring phylogeny? 

b. What is the bioinformatics framework of the supermatrix approach for inferring 

phylogeny? 

c. How does the proposed framework of the super-matrix approach affect the 

resulting phylogeny? 
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1.5 Significance of Study 

 

The accurate identification of species is important for conservation and extinction 

assessments. Phylogenetic trees, visualised as tree-like diagrams with branching 

structures, offer crucial insights into the evolutionary relationships between species by 

revealing their shared ancestry and evolutionary history. This information empowers 

researchers to understand the characteristics of each species, their relationships with 

other organisms, and their potential vulnerability. Furthermore, by tracing the branches 

back to the shared ancestors, phylogenetic trees provide valuable insights into the 

evolutionary history of each species, including their adaptations, shared traits, and 

potential threats (Pinto-Ledezma, Diaz, Halpern, Khoury, and Cavender-Bares, 2023). 

This allows them to distinguish between closely related species, particularly in intricate 

groups where traditional methods fall short, thereby ensuring accurate identification 

and classification (Shahzad et al., 2020). 

 

 The Chlorellaceae family, with rapid growth on non-arable land and high lipid 

content, is an attractive candidate for sustainable biofuel production (Feng et al., 2020; 

Lal, Banerjee, and Das, 2021). However, their complicated evolutionary history, due to 

their cryptic diversity and morphological similarities, poses challenges (Krivina, 

Temraleeva, and Bukin, 2021; Malavasi, Škvorová, Němcová, and Škaloud, 2022; 

Yuan et al., 2020). Distinguishing between closely related species can be a daunting 

task, hindering our understanding of their potential. In such situations, phylogenetic 

trees can serve as an invaluable tool to offer perspectives on the evolutionary history of 

a species.  
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 Phylogenetic trees serve as more than just evolutionary trees; they can be 

powerful tools to unravel the relationships between species, guide conservation efforts, 

and unlock the potential hidden within the diverse tapestry of life. However, the 

accuracy and reliability of trees rely heavily on inference methodologies. The inability 

of the tree inference method to account for varying evolutionary rates and processes 

across different genes introduces uncertainties that affect the accuracy of tree inference. 

This study incorporated gene characteristics in the supermatrix approach, where genes 

are grouped based on shared properties, resulting in smaller and more homogeneous 

supermatrices. Different evolutionary models were applied to each gene cluster to 

account for their specific characteristics and reduce the impact of inappropriate model 

assumptions. 

 

 By considering gene-specific characteristics, this approach potentially leads to 

more accurate phylogenetic inferences than the conventional single-model supermatrix 

method. In addition, grouping genes with similar properties minimises conflicting 

signals between gene trees, thereby improving the overall robustness of the inferred 

tree. This framework could be beneficial for analysing complex groups with high 

heterogeneity and provides an alternative for exploring the evolutionary dynamics of 

the diversity of genes within complex groups of species, offering better insights into 

their evolutionary history and relationships. 
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