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Abstract

Phylogenetic approaches to evolutionary relationships

in level of intra-species and inter-species

Jihyun Yu

Department of Agricultural Biotechnology

Seoul National University

Molecular phylogenetics exploits sequence information to understand

relationships among organisms and reveal the history of their

evolution. It is an essential analysis method in comparative genomics

and can be used not only to build a classification system for

organisms but also to track the evolutionary pathway of each gene

and the overall evolutionary history of a genome. The dN/dS ratio is

a widely used parameter to understand the evolution of accelerated

gene sequences. This ratio compares the rate of non-synonymous

substitutions (dN), which are base substitutions that cause changes in

coding proteins, and the rate of synonymous substitutions (dS), which

are base substitutions that do not alter coding proteins. These values

are used to reveal genetic flow between phylogenetically-related

species and to estimate the rate of evolution of orthologous genes

among species.

In this thesis, I use phylogenetic approaches to examine evolutionary

relationships in two very different groups of organisms. In the first
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study, mitochondrial genome sequences from 148 baleen whales were

analyzed to trace the spatio-temporal dynamics of endangered fin

whales (Balaenoptera physalus) within the baleen whale (Mysticeti)

lineage. I constructed a precise phylogenetic tree using three methods,

namely the Bayesian coalescent approach, Bayesian inference, and

maximum likelihood method and confirmed that there is a significant

correlation between evolution and geographical location. The analyses

were also used to predict the most recent common female ancestor,

the timing of each differentiation, and the rate of evolution of the

species. In addition, environmental events during each period of

differentiation are suggested as evidence of the accuracy of the tree.

In the second study, I first constructed a whole genome sequence of

the new Lactobacillus plantarum strain GB-LP1 through de novo

assembly and then compared it to the genomes of previous

Lactobacillus plantarum strains to understand the genetic evolutionary

basis of differences in useful lactic acid bacteria. I also identified the

functional elements and potential risk of genes in the new

Lactobacillus plantarum GB-LP1. The results confirmed which genes

underwent GB-LP1-specific evolutionary acceleration, supporting the

hypothesis that evolution in the Lactobacillus plantarum species group

resulted in functional differences related to the inhibition of toxin

expression and production of antimicrobial substances.

Key words: phylogenetic approach, phylogeny, comparative genomic

analysis, evolutionary relationship

Student number: 2016-21734
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1. 1 Comprehension of evolutionary analysis  

Particular genes or traits may underlie phenotypic divergence between 

species; these may also be considered the sources of intraspecific variation 

and intraspecific divergence during evolution. Thus, comprehension of 

evolution is one of the most important mechanisms to scientifically prove the 

diversity of organisms(Felsenstein 1981, Koonin, Aravind et al. 2000, Tamura, 

Battistuzzi et al. 2012).  

To understand the complex evolutionary history of an organism, it is first 

necessary to identify its origin and relation to other organisms. With the 

development of genetic sequencing, molecular genetic information could be 

used to discover important information that could estimate evolutionary 

history. Furthermore, various phylogenetic analysis tools and computation 

methods can be used to estimate diverse evolutionary relationships ranging 

from microevolution to macroevolution(Hedges and Kumar 2009, Cooper, 

Jetz et al. 2010). Using these modern methods, for example, it is possible to 

estimate the substitution ratio of nucleotides/amino acids and similarities and 

differences between organisms based on genetic sequence homology as well 

as the divergence in characteristics related to geographical and temporal 

differences(Crandall, Bininda-Emonds et al. 2000, Yoon, Park et al. 2011). 

 

1.1.1 Molecular phylogeny 

Molecular phylogeny aims to use genomic information and bioinformatics 

algorithms to reveal relationships between organisms. Phylogenies facilitate 
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(1) organization of knowledge of biological diversity, (2) classification 

structuring, and (3) providing insights into events that occurred during 

evolution(Baum 2008). Phylogenetic analysis is the means of inferring or 

estimating these relationships. A phylogenetic tree is a graphical 

representation of the evolutionary history of a set of species that is based on 

genetic distance between organisms(Khalafvand 2015). A phylogenetic tree 

illustrates when a genetic change occurred and whether the change occurred 

in a single species or collectively (in a group). The ultimate goal of a 

phylogenetic tree is to illustrate linearized, differentiated relationships from 

the evolutionary point of view of the taxon of interest(Woese 2000).  

Terminologies related to phylogenetic trees are as follows. Topology 

describes the branching structure of trees, which indicates patterns of 

relatedness. Nodes are any branch bifurcation or termination points of ≥2 

branches. While internal nodes (called HTUs) represent hypothetical 

ancestors, external nodes (called taxons or OTUs) represent any named group 

of organisms. Further, the ancestral taxon at the base of trees is called the root, 

whose node represents the latest common ancestor of all taxa represented on 

the tree. Because some trees are unrooted, the common ancestor cannot be 

determined. This particular tree conveys that taxon B and taxon C are more 

closely related to each other than either taxon is to taxon A (Figure 1-1 (a)). 

A group of taxa that includes a common ancestor and all its descendants is 

called a clade, which is considered monophyletic. Conversely, a group that 

excludes ≥1 descendants is paraphyletic, whereas a group that excludes its 

common ancestor is considered polyphyletic. The vertical lines (called 

branches) represent a lineage, whereas nodes represent their divergence  
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Figure 1-1. Phylogenetic terminologies and the structure of rooted (a) and 

unrooted (b) phylogenetic trees. A root is the ancestral population from which 

all other species originate, and a node represents a branching point from the 

ancestral population. Terminals occur at the topmost part of each branch and 

are labeled by the taxa of the population represented by that branch. A 

monophyletic group (sometimes called a clade) includes an ancestral taxon 

and all of its descendants. 

© 2008 Nature Education All rights reserved.  

  

http://www.nature.com/nature_education
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representing a speciation event from a common ancestor. Branch lengths 

indicate genetic change that corresponds to the degree of divergence. Genetic 

change or substitutions/site equals evolutionary rate (substitutions/site/year) 

× divergence time (years).   

 

A phylogenetic tree may be a rooted phylogeny with a common ancestor or 

an unrooted phylogeny where the common ancestor is unclear and the 

sequence is ambiguous in time. Most phylogenetic trees are rooted, i.e., one 

branch corresponds to the common ancestor of all the species included in the 

tree (Baum 2008). Unrooted trees identify differences between sequences but 

have no means of orienting residue changes relative to time. There are two 

ways to root a phylogenetic tree. The first is the use of an outgroup, which is 

a group of sequences known to be outside the group of interest. The second 

is the use of molecular clock theory, which assumes that all lineages evolved 

at the same rate from their common ancestor. it provide a timescale to the 

phylogenetic tree(Huelsenbeck, Bollback et al. 2002). 

 

1.1.2 Construction of phylogenetic trees 

Multiple sequence alignment (MSA) forms the basis for generating 

phylogenetic trees. MSA usually involves the alignment of three or more 

biological sequences (proteins or nucleic acids) of similar length (Golubchik, 

Wise et al. 2007). MSA can lead to important inferences regarding sequence 

homologies and phylogenetic analysis can be conducted to assess the shared 
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evolutionary origins of the aligned sequences. A phylogenetic tree may still 

be generated using misaligned sequences or also when a non-homologous 

sequence is included in the alignment. Thus, an adjustment in gap creation 

and extension penalties may be required to optimize the alignment. Most 

MSA methods strive to minimize the number of insertions/deletions (gaps) 

and consequently produce concise alignments. However, this can lead to 

different problems particularly if the sequences contain non-homologous 

regions or gaps are informative in the phylogenetic analysis. These problems 

are common in newly produced sequences that are poorly annotated and 

which may contain non-homologous spliced exons, inaccurate domains or 

frame-shifts. A representative method that improves sequence alignments 

when insertions are present was developed by Löytynoja and Goldman as a 

software package called PRANK. Also, various modern alignment programs, 

such as ClustalW, MAFFT, and MUSCLE are also currently available 

(Golubchik, Wise et al. 2007). 

The methods for constructing a phylogenetic tree fall into three categories: 

1) character-based, 2) distance-based, and 3) probability-based(Felsenstein 

1996). 

 First, character-based methods use a pairwise distance matrix, which 

converts the states of taxa into the form of “characters”, as the input. Although 

there is no generally agreed upon definition of a phylogenetic character, the 

only consensus on characters is that variation used for character analysis 

should reflect genetic variation. These attributes can be morphological, 

molecular, genetic, physiological, or behavioral. Maximum parsimony is the 

most commonly used character-based method, and the parsimony score is 
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simply the number of changes of state on the evolutionary tree. The most 

parsimonious tree is the one that minimizes the number of evolutionary 

changes and is thus the preferred hypothesis of the relationships among taxa. 

In other words, for a given topology and alignment position, this method 

determines which ancestral residues require the least number of changes. 

Parsimony is a very simple approach and provides no information on branch 

length, only the presence or absence of change.  

Distance-based methods allow the construction of phylogenetic trees from 

data that may not be easily converted to characters. However, distance-based 

methods are currently discouraged because phylogenetically-informative data 

may be lost when characters are converted to distances. Distance matrices are 

used as non-parametric distance methods, and algorithms are applied based 

on functional relationships between genetic distance values. The genetic 

distance is used to measure the similarity between species or between 

populations within a species and is related to homologous traits and mutations, 

and therefore requires MSA as an input(Gollery 2005). In distance-based 

methods, pairwise distances are estimators of the branch length separating 

two species, and we search for branch lengths and topologies that minimize 

differences between approximated branch lengths and experimental branch 

lengths. Neighbor-joining is a method that applies data clustering techniques 

to sequence analysis using genetic distance as the clustering metric(Ren, 

Tanaka et al. 1995). Programs that use such algorithms include Molecular 

Evolutionary Genetics Analysis (MEGA) software, Phylip, and 

PAUP(Plotree and Plotgram 1989, Yang 1997, Kumar, Nei et al. 2008). 

Although distance-based methods have a short computation time, the 
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disadvantage is that information is lost when converting differences between 

sequences to just distance.  

Probability-based methods are a type of parameter method based on data 

from discrete populations. They generate a phylogenetic tree for each gene in 

a given sequence and then track the evolution of a particular element within 

the sequence. In recent phylogenetic systematics research, probability-based 

methods such as maximum likelihood, Bayesian inference, and Bayesian 

Markov chain Monte Carlo (MCMC) are commonly used(Huelsenbeck, 

Ronquist et al. 2001, Katoh, Kuma et al. 2001, Gamerman and Lopes 2006). 

For maximum likelihood, parameters such as tree topology and branch length 

are estimated from the data such that the likelihood of the data given the 

parameters is maximized; the goal is to find the topology and branch lengths 

that maximize the likelihood of the data. For each generated tree, the 

probability that the tree can explain the data is calculated, and the tree that is 

most likely to explain the data is selected over the others(Kishino and 

Hasegawa 1989). Analysis programs that use maximum likelihood algorithms 

include PAML and PAUP(Swofford 2001, Yang 2007). Although these 

methods have long computation times and computational limits, they are the 

best method of predicting evolutionary history from large data sets and 

complex evolutionary models. Recent studies have suggested that values and 

standard error measurements for this parameter of the estimate should be 

reported when these methods are used. Hypotheses for parameter values and 

the topology of phylogenetic trees are also available, and parametric 

bootstrapping plays an important role as an indicator of robustness of 

phylogenetic trees(Felsenstein 1985). Bootstrapping is a method for the non-
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parametric evaluation of the statistical sample error of data without assuming 

a probability distribution. In this method, a given set of data is assumed to be 

an independent sample representing the original population. A plurality of 

samples are created by random re-extraction that allows duplication from the 

data. The statistics obtained from each re-extraction are then calculated. In 

other words, bootstrapping involves virtual sampling based on the actual 

research results and aims at evaluating the accuracy of results or estimating 

distribution based on the results. The bootstrap is considered significant when 

the value of the strap is >70%, i.e. >95% of the true phylogenetic 

classification is achieved.  

Bayesian inference is another probability-based method for generating 

phylogenetic trees. Bayesian inference of phylogeny is based on the posterior 

probability of a phylogenetic tree. This approach uses probabilistic 

simulations for obtaining a sample from the posterior distribution and 

performs basic inferences on this sample. It expresses the uncertainty in the 

phylogeny and in the parameters of the sequence mutation model with a 

posterior probability distribution (Larget and Simon 1999). Its advantages 

over maximum likelihood include that it is computationally more efficient. It 

quantifies and addresses the source of uncertainty, and it can incorporate 

complex models of evolution. Additionally, this approach is useful when 

sufficiently large data is not available and therefore may pose a problem 

regarding overfitting. With improved computational power and increased 

acceptance of the statistical methods, Bayesian methods are becoming more 

widely used for the reconstruction of phylogenetic trees(Nylander, Ronquist 

et al. 2004). Bayesian MCMC has already been accepted as a state-of-the-art 



20 

 

method for phylogeny reconstruction led by rapid and widespread adoption 

of MrBayes (Drummond and Rambaut 2007, Ronquist, Teslenko et al. 2012).  

 

1.1.3 Estimation of origin using Molecular clock model  

Many studies have proposed reconstructing phylogenetic trees using a 

molecular clock model and estimating the relationship between organisms 

and divergence times. A molecular clock illustrates the concept of time to the 

difference in genes within the DNA or in protein sequences. The molecular 

clock hypothesis states that the DNA and protein sequences evolve at a rate 

that is relatively constant over time and among different organisms. A direct 

consequence of this constancy is that the genetic differences between any two 

species are proportional to the time since these species last shared a common 

ancestor(Ho 2008). Therefore, this method is used in evolutionary studies for 

estimating the segregation age of a species by identifying the number of 

occurrences of a mutation in a particular gene over a period of time. Thus, the 

molecular clock is useful for systematically grasping the evolutionary history 

including when, where, and how the organism propagated. In fact, research 

has been performed on populations to estimate the geographic distribution, 

origin, and propagation direction of organisms(John, Fensome et al. 2003, 

Yoon, Kim et al. 2013). The initially proposed molecular clock model 

assumed that the genetic distance in the phylogenetic tree is based on time, 

where all phylogenetic trees evolve at an identical rate. However, this model 

does not fit the actual biological world. Furthermore, it is widely recognized 

that nucleotide and amino acid substitutions do not generally accumulate at a 
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constant and universal rate, even across closely related lineages. Subsequent 

research has evolved the concept of relaxed molecular clock inference models, 

which assume that a constant evolutionary rate across lineages could improve 

the accuracy of time estimation. Relaxed molecular clocks were introduced 

to estimate the time to the most recent common ancestor (tMRCA) in the 

absence of rate constancy (Wertheim, Sanderson et al. 2009). Currently, there 

exist two major types of relaxed-clock models. The first type assumes that the 

rate varies over time and among organisms. The rate variation occurs around 

an average value. The second type allows the evolutionary rate to "evolve" 

over time based on the assumption that the rate of molecular evolution is tied 

to other biological characteristics that also undergo evolution. For instance, 

there is evidence that the rates of substitution are influenced by the metabolic 

rate of an organism (Ho 2008). 

The method of calibration of the molecular clock is a very important 

consideration when using either the strict- or the relaxed-clock method for 

genetic analysis. In order to calibrate the molecular clock, one must know the 

absolute age of an evolutionary divergence event such as the split between 

mammals and birds. An estimate of the timing of this event can be gained by 

examining the fossil record or by correlating this particular instance of 

evolutionary divergence with a geological event of known antiquity. Once the 

evolutionary rate is calculated using a calibration curve, the calibration can 

be applied to other organisms for estimating the timing of evolutionary events 

(Weir and Schluter 2008). The molecular clock model will continue to shed 

light on the temp and timescale of evolution for several upcoming years. 
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1.1.4 Inference of demographic histories 

The goal of evolutionary biogeography is to understand the mechanisms 

leading to present-day distribution of species. One approach is to infer 

population histories from molecular data. This approach is based on 

assumption of the existence of the molecular clock and searches for 

associations between the timings of population and geological events or 

events shaping the distribution of species. The estimation of historical 

population parameters from genomic information offers a methodical 

understanding of the environmental effects of speciation (Grant, Liu et al. 

2012). 

The estimation of demographic histories based on genetic information has 

proven to be of great value for validating hypotheses in various biological 

fields such as conservation biology and ecology. A Bayesian skyline plot is a 

method used for inferring the historical effective population size at a given 

time from a sample containing molecular sequences without dependence on 

a pre-specified parametric model of demographic history. The size of the 

effective population is defined as "the minimum number of populations in 

which the gene frequency within the population remains unchanged, even if 

the generation is repeated". The Bayesian skyline plot model uses standard 

MCMC sampling procedures to estimate a posterior distribution of effective 

population size through time. The model derives directly from a sample of 

nucleotide sequences and any specified nucleotide-substitution model. The 

Bayesian skyline plot includes credibility intervals for the estimated effective 

population size at every point in time, back to the most recent common 

ancestor of the gene sequences. These credibility intervals represent both 



23 

 

phylogenetic and coalescent uncertainty. Additionally, the “averaging” effect 

of MCMC sampling naturally produces smoother estimates than previous 

skyline plots (Drummond, Rambaut et al. 2005). Bayesian skyline plots can 

be performed using the BEAST software package and the Tracer software 

(Drummond and Rambaut 2007, Rambaut, Suchard et al. 2014). 

 

1.1.5 Signature of selective pressure 

 Selective pressure is one of the most popular methods for data analysis in 

phylogeny and molecular evolution. The basic idea behind this method is that 

if we know the location of mutations on a phylogenetic tree, we can easily 

make inferences about the causes of molecular evolution. For example, we 

may want to test if some types of mutation occur at a higher rate than other 

types of mutation. The signature of selective pressure can be detected by 

calculating the dN (non-synonymous substitutions) to dS (synonymous 

substitutions) ratio. Estimation of dN/dS provides a sensitive measure of 

selective pressure at the protein level and is particularly useful for identifying 

adaptive protein evolution. Values of w = 1, <1, and >1 indicate neutral 

evolution, purifying (negative) selection, and diversifying (positive) selection, 

respectively(Yang and Nielsen 2002). Genes that are not subject to any 

evolutionary selective pressures are expected to accumulate non-synonymous 

mutations in their DNA sequence, resulting in neutral evolution. By contrast, 

as most non-synonymous changes are probably deleterious, non-synonymous 

substitutions should be eliminated to reduce deleterious mutations. In this 

case, synonymous substitutions should occur more often than non-
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synonymous substitutions, resulting in purifying selection. As a third 

possibility, certain coding regions are selected for extraordinary high rates of 

non-synonymous substitution. This indicates positive selection as the fixation 

of advantageous mutations that underlie adaptive molecular evolution. 

Therefore, identification of positive selection is an important challenge in 

molecular evolution. The branch-site model, which is a synthesis of the 

branch and site models, is widely used for this purpose and allows selection 

processes to vary across lineages and sites in the estimation of different dN/dS 

values(Zhang, Nielsen et al. 2005). It is expected to be more powerful than 

the branch-based test, which averages all sites in the protein, or the site-based 

test, which averages all branches on the phylogeny because of the focus on 

individual amino acid residues and particular lineages. Although the original 

branch-site test was found to generate excessive false positives when its 

assumptions were violated, slight modifications introduced later appear to 

have made the test far more robust. Thus, the modified test is commonly used 

to detect evolutionary meaning(Kosakovsky Pond, Murrell et al. 2011). 
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2.1 Abstract 

As probiotics play an important role in maintaining a healthy gut flora 

environment through antitoxin activity and inhibition of pathogen 

colonization, they have been of interest to the medical research community 

for quite some time now. Probiotic bacteria such as Lactobacillus plantarum, 

which can be found in fermented food, are of particular interest given their 

easy accessibility. We performed whole genome sequencing and genomic 

analysis on a GB-LP1 strain of L. plantarum isolated from Korean traditional 

fermented food; this strain is well known for its functions in immune response, 

suppression of pathogen growth and anti-toxin effects. The complete genome 

sequence of GB-LP1 is a single chromosome of 3,040,388 bp with 2,899 

predicted open reading frames. Genomic analysis of GB-LP1 revealed two 

CRISPR regions and genes showing accelerated evolution which may have 

antibiotic and antitoxin functions. The aim of the present study was to predict 

strain specific genomic characteristics and assess the potential of this new 

strain as lactic acid bacteria at the genomic level using in-silico analysis. 

These results provide insight into the L. plantarum species as well as confirm 

the possibility of its utility as a candidate probiotic. 
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2.2 Introduction 

Changes to the intestinal microbiota of a host has been shown to impact their 

phenotype and health. The presence of pathogenic bacteria is associated with 

the accumulation of toxins or harmful waste, such as ammonia and fatty 

substances, which is generated by the catabolism of carbon and nitrogen 

sources that enhance their growth or virulence (Bäumler and Sperandio 2016). 

For the typical bowel patient with an increased population of sulfate-reducing 

bacteria, damage to tissue as well as DNA often occurs due to the increased 

microbial production of toxic substances (Kostic, Xavier et al. 2014). 

Moreover, pathogen proliferation may affect the immune system and disease 

progression by changing the intestinal environment (Goodrich, Waters et al. 

2014, Virgin 2014, Bäumler and Sperandio 2016). The importance of research 

on pathogen proliferation has led to a growing interest in probiotics which 

can function as antibiotics and antitoxins. Probiotics provide benefits to the 

host through adhesion, the generation of metabolites, and immune system 

regulation; through these processes, they are able to effectively improve 

overall digestion as well as treat and prevent disease (Parvez, Malik et al. 

2006, Macfarlane, Steed et al. 2009, Paolillo, Carratelli et al. 2009).  

As probiotics can easily be consumed through the intake of fermented foods, 

numerous studies have been actively conducted on probiotics present in food. 

The Lactobacillus species of probiotics can be found in fermented foods, as 

well as naturally occurs in the human gastrointestinal tract. In particular, L. 
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plantarum is able to survive under extreme conditions, acts as an effective 

probiotic that supresses growth of pathogenic bacteria, and has anti-toxin 

functions (Shah, Patel et al. 2016). This probiotic microorganism is well-

known for its health-promoting effects and non-pathogenic presence in the 

human gastrointestinal tract(Nomoto 2005).  

Although often beneficial, candidate probiotics may also cause adverse 

effects, particularly those with uncharacterized genomes and gene expression 

profiles. For example, horizontal gene transfer (HGT), which occurs 

frequently among microorganisms, may be associated with virulence and 

anti-resistance (Eaton and Gasson 2001, Stewart and William Costerton 2001). 

Therefore, even if these elements are not expressed, they may play a 

protective role for pathogens through the process of aggregation that suppress 

the adherence of probiotics and promotes the growth of pathogens with anti-

resistance effects (Mah, Pitts et al. 2003). Therefore, determining the 

sequence of bacterial genomes is essential for identification of potential 

phenotypes. Complete genome sequence analysis provides insight into 

aspects of function and potential dangers through predicting bacterial 

genes(Morelli 2007). Moreover, genomic comparisons aimed at 

understanding bacterial evolution help to rapidly assess the biology of new 

species through evolutionarily conserved molecular mechanisms among 

closely related species. Furthermore, interest in the evaluation of new strains 

is also moving towards in silico analysis of genome sequences as an 
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alternative to experimental verification (Siezen, van Enckevort et al. 2004, 

Feil, Feil et al. 2005, Liu, Yang et al. 2015, Singh, Sharma et al. 2017).  

Limited research has been performed on the specific lactic acid bacteria 

present in Korean traditional fermented foods. Here, we isolated a novel 

probiotic candidate, L. plantarum GB-LP1, and we de novo assembled its 

complete genome sequence in order to reveal the unique properties of this 

novel strain. We also identified genomic content and functional factors, as 

well as genes related to HGT, CRISPR, and virulence in order to identify the 

potential effects of external factors and potential pathogenic properties. 

Additionally, we report the characterization of bacterial genome and 

molecular biological evidence related to accelerated evolution of genes 

through comparative analysis with 23 other genome sequence of L. plantarum 

strains. The present study extends our understanding of L. plantarum GB-LP1 

and identifies its safety and primary effectiveness as a probiotic supplement.  



30 

 

2.3 Materials and Methods 

Strain isolation and whole genome sequencing 

Genomic DNA of L. plantarum strain GB-LP1, which was isolated from 

Korean traditional fermented food, was extracted and purified using an Ultra 

Clean Microbial DNA Isolation Kit (MoBio, Carlsbad, CA, USA) according 

to manufacturer instructions. Assessment of the concentration and purity of 

the extracted DNA was performed using a NanoDrop spectrophotometer 

(Thermo Scientific, Wilmington, DE, USA). Approximately 5μg of genomic 

DNA was fragmented through a Hydroshear system (Digilab, Marlborough, 

MA, USA) into an average size of 8–12 kb. For SMRT sequencing, SMRTbell 

template libraries were prepared with C4 chemistry on a PacBio RS II system 

(Pacific Biosciences, Menlo Park, CA, USA). Libraries were cleaned-up 

using 0.45 volume of AMPure XP beads in order to remove short inserts of 

<1.5 k b. The size distribution of the sheared DNA template was measured 

using an Agilent 12000 DNA Kit (Applied Biosystems, Santa Clara, CA, 

USA), and the concentration of the template was determined using Invitrogen 

Qubit (Carlsbad, CA, USA). Next, we appended DNA polymerase enzyme 

C4 as recommended by the manufacturer for small-scale libraries after the 

sequencing primers were annealed to the templates at a final concentration of 

5 nM template DNA. The enzyme template-complexes were loaded with a 

DNA/Polymerase Binding Kit P6 (Pacific Biosciences) and libraries onto 

75,000 zero-mode waveguides. The DNA Sequencing Reagent 2.0 Kit 
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(Pacific Biosciences) was used to sequence SMRT cells using a 120-min 

sequence capture protocol for maximizing the subread length with PacBio RS 

II.  

 

Genome Assembly and Annotation  

Raw sequence data was filtered and assembled using the 

“RS_HGAP_assembly.3” algorithm included within the PacBio SMRT portal 

system ver. 2.3.0(Chin, Alexander et al. 2013). The genome size parameter 

was set to 3,300,000 bp using the Compute Minimum Seed Read Length 

option. Other parameters were set at the default. For further analysis, 

assembled contigs were restricted to a length above 20,000bp and coverage 

of over 50x. In order to improve the accuracy of the pre-assembled GB-LP1 

genome sequence, an iterative polishing process was executed until no 

genomic variants were identified. Genome annotation was performed via the 

RAST annotation server(Aziz, Bartels et al. 2008) with default options. We 

also identified function based on Cluster of Orthologous Groups (COG) 

categories using COGNIZER(Bose, Haque et al. 2015), and the 

comprehensive result from annotation was expressed using DNA Plotter 

(Carver, Thomson et al. 2009). 
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Comparative genomic analysis  

In order to perform comparative genomic analysis, genome sequences above 

the chromosome level of 23 Lactobacillus plantarum strains were obtained 

from the NCBI database 

(https://www.ncbi.nlm.nih.gov/genome/genomes/1108). Information about 

these genome sequences is provided in Supplementary Table2-1. First, we 

identified Average nucleotide identity (ANI) values for all 24 strains using 

JSpecies ver. 1.2.1(Richter and Rossello-Mora 2009). An orthologous gene 

set was formed using MESTORTHO(Kim, Sung et al. 2008) and multiple 

sequence alignment of each orthologous gene was performed using 

PRANK(Löytynoja and Goldman 2008). After removing poorly aligned sites 

using the GBlocks program(Talavera and Castresana 2007), we reconstructed 

a phylogenetic tree based on orthologous sequences concatenated into one 

sequence. Phylogenetic analysis was conducted within MEGA6(Tamura, 

Stecher et al. 2013) using the neighbor-joining method. Additionally, one-to-

one comparison of sequences was performed against the closest-related 

strains, JDM1 and DOMLa, in order to identify the unmatched DNA regions 

of GB-LP1, and was detected using ACT(Carver, Rutherford et al. 2005). 

Regarding each ortholog gene, the dN (rate of non-synonymous substitution) 

and dS (rate of synonymous substitution) value was calculated using codeml 

of PAML4 with the maximum likelihood method(Yang 2007). Evolutionarily 

accelerated genes were estimated using the branch-site model. We ascertained 
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genomic islands (GI) related to horizontal transfer using the multiple 

prediction methods within the IslandViewer3 package. CRISPR regions and 

structures were confirmed using CRISPRFinder(Grissa, Vergnaud et al. 2007). 

 

Strain deposition and complete genome sequence accession number 

The complete genome sequence of L. plantarum GB-LP1 strain was 

deposited in the NCBI database under number PRJNA379903.  
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2.4 Results  

General Features of L. plantarum GB-LP1 

The single circular DNA chromosome of L. plantarum GB-LP1 is 3,040,388 

bp nucleotides with 44.9% GC content. The GB-LP1 genome consists of 

2,899 open reading frames (ORFs) and 79 structural RNAs (Figure 2-1 and 

Table 2-1). From the total of 2,899 OFSs, 2,327 genes (80.3%) were annotated 

as functional genes, while the remaining 572 genes were predicted as 

hypothetical and functionally unknown genes. The distribution of predicted 

ORFs resulting from COG functional categorization and SEED subsystem 

categorization is presented in Figure 2. Among the 2,327 genes, 1,817 ORFs 

were divided into 25 SEED subsystem categories. 358 ORFs were assigned 

to Carbohydrates, which has the highest proportion of categories. Amino 

Acids and Derivatives (218 ORFs), Protein Metabolism (185 ORFs), 

Cofactors, Vitamins, Prosthetic Groups, Pigments (137 ORFs) and Cell Wall 

and Capsule (122 ORFs) were upper categories. According to COG functional 

categorization, 1998 ORFs, approximately half of all predicted ORFs, 

belonged to five major categories; 538 ORFs in category R (General function 

prediction only), 432 ORFs in category E (amino acid transport and 

metabolism), 396 ORFs in category G (carbohydrate transport and 

metabolism), 338 ORFs in category K (transcription), and 294 ORFs in 

category L (replication, recombination, and repair) were identified. 

 



35 

 

 

Figure 2-1. Genome map of L. plantarum GB-LP1. Genomic structure of L. 

plantarum GB-LP1. From outside towards the interior circles, circles indicate 

(i) the distribution of functional gene by COG annotation, (ii) the coding DNA 

sequence (CDS) in the lagging strain, (iii) the CDS in the leading strain, (iv) 

tRNA, (v) rRNA, and (vi) G+C content (%) of the genome. Evolutionarily 

accelerated genes (green) and putative CRISPRs (purple) are expressed 

around the outer circle. 
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Table 2-1. Comparison of chromosomal properties of L. plantarum strains. 
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Figure 2-2. Functional categorization of all predicted ORFs in the L. 

plantarum GB-LP1 genome based on (A) SEED and (B) COG databases.  
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Genomic island and CRISPR genes 

In order to better understand the influence of external environment, CRISPR 

regions and genomic islands (GI) were detected and visualized in Figure 1 

and Figure 3, respectively. First, CRISPR regions were found to be related 

with one hypothetical protein and one functional protein. The CRISPR region 

predicted coding sequence was included in the cell wall anchor protein, and 

had two spacers of 31bp length each. The total CRISPR region was 130bp 

long and the start position was 2669898bp. As a result of GI analysis, nine 

putative GIs were identified using three methods- IslandPick, SIGI-HMM and 

IslandPath-DIMOB. Among these methods, the GI detected using IslandPick 

was related with integrase/recombinase and putative type II restriction 

enzyme methylase subunit via SEED annotation. Additionally, a diversity of 

prophage and prophage-associated genes were found to be genomic island-

like regions. These putative external genes, such as mobile genetic elements, 

could have an important impact on genetic trait and bacterial fitness.  

 

Comparative Phylogenetic Tree Analysis 

In order to compare phylogenetic relationships, ANI trees and a 

phylogenetic tree were constructed between the L. plantarum species. The 

trees were built using ANI values and the orthologous gene set between GB-

LP1 and 23 other genome sequences which are available within the NCBI 
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database (Figure 2-4 A and 2-4 B). All ANI values were high, with some 

above 98.00%. The topology of the ANI tree revealed that GB-LP1 belongs 

to the closest monophyletic group I consisting of three strains- Zhang-LL, 

DOMLa, and JDM1. Within group I, the closest neighbor of LP1 was Zhang-

LL, but it was not congruent with the phylogenetic tree using orthologous 

genes. In the constructed phylogenetic tree, created using the neighbor-

joining method and bootstrapping 1000 times, GB-LP1 was found to show a 

sister group relationship with DOMLa and JDM1, excluding Zhang-LL. 

Observing the difference between the whole genome and orthologous gene 

set allows us to identify the patterns of lineage-specific gain and loss of 

genes(Wolf, Makarova et al. 2012). Additionally, we performed a whole 

genome sequence comparison between the closest-related strains - JDM1, 

DOMLa, and Zhang-LL. As aggregated results, there were overlap of 

unmatched regions in LP1. Among the overlap, two regions where prophage 

like elements and enzyme coding gene such as integrase were located is 

congruence with those of GI results (Figure 2-5).  
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Figure 2-3. The genomic islands (GI). The GI regions were detected using 

IslandViewer3 by three approaches, shown in each color as follows: the entire 

detected region in red, IslandPath-DIMOB in blue, IslandPick in green, and 

SIGI-HMM in yellow.   
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Figure 2-4. Two non-homologous regions between the closely related strains. 

From aggregated comparative genome sequence analysis, two 

nonhomologous regions were revealed in common. The arrows indicate the 

position and the size of the predicted ORFs.  
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Figure 2-5. Comparative tree analyses of 24 L. plantarum strains. (A) The 

ANI tree was constructed based on similarity of the genomes. (B) 

Phylogenetic tree using orthologous genes among 24 stains.  
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Comparative Genomics Using dN/dS Analysis  

Analysis of comparative nucleotide substitution was conducted on the 

orthologous gene set in order to identify the specific gene related effects of 

the GB-LP1 strain of L. platarum. One hypothetical gene and two enzyme 

related genes were determined as significant evolutionarily accelerated genes 

through dNdS analysis based on the branch-site (Table 2-2). One of functional 

gene was shown to be substituted from histidine to tyrosine, when comparing 

to the sequences of other L. plantarum strains. These molecular changes 

indicate that positively charged R groups were replaced by aromatic R groups 

causing changes in cofactor binding affinity or enzyme activity. The gene was 

annotated glyoxylate reductase (EC 1.1.1.79, EC 1.1.1.26) that catalyzes the 

reduction of glyoxylate to glycolate, and considered as either 

hydroxypyruvate reductase (EC 1.1.1.81) or Glyoxylate 

reductase/hydroxypyruvate reductase (GRHPR). Although both proline and 

leucine are nonpolar and aliphatic R groups, analysis of L. plantarum GB-

LP1 showed substitution of proline to with leucine for protein TldD, which 

belong to the TldE/TldD proteolytic complex. We hypothesize that the 

substitution of proline results in structural modification of post-translational 

proteins and their interaction with other proteins 
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Table 2-2. Evolutionarily accelerated gene in L. plantarum GB-LP1 (p < 0.05, 

BEB >0.95). 
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2.5 Discussion 

In this study, we de novo constructed the complete genome sequence of L. 

plantarum GB-LP1, a novel strain isolated from Korea traditional fermented 

food. Genetic relatedness between GB-LP1 and known complete sequences 

of L. plantarum was calculated through different phylogenetic analysis. As a 

result of phylogenetic analysis using orthologous genes, GB-LP1 was 

grouped together with DOMLa and JDM1, although it showed the highest 

sequence similarity with Zhang-LL. JDM1 has been proven safe, and is a 

commonly used probiotics for human and various animals such as pig (Zhang, 

Liu et al. 2012). These findings suggest GB-LP1 for use as a probiotic 

supplement, although further research is needed to identify bacterial traits or 

the impact on the host at the genomic level. We performed genomic analysis 

using different bioinformatics approaches based on evolutionary history in 

order to judge GB-LP1’s suitability as a probiotic bacteria. 

Genetic elements that have horizontally transferred from other species can 

play a significant role in the enhancement of bacterial fitness, genomic 

stability and strain-specific effect(Hacker and Carniel 2001). However, they 

may also be harmful to the host, either directly or indirectly(Roberts and 

Kreth 2014). CRISPR, which are also transferred, can cause the host to obtain 

new biological functions(Wiedenbeck and Cohan 2011). Therefore, we 

conducted analysis of GI, where horizontally transferred genes were predicted 

to be located, and CRISPR regions for the complete genome. We ascertained 
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nine GI and two CRISPR regions that were predicted to be foreign bacterial 

elements. There were no GI results regarding the transfer of virulence factors 

and resistance gene. The identified regions were related with various 

functional protein coding gene from prophage-like protein to transcriptional 

regulation and enzyme. Two regions of GI prediction results also matched the 

specific region of GB-LP1 shown in the comparison with the nearest strains 

in phylogenetic relationship. It allowed the region was transmitted from 

outside and has been strain-specific regions. Through the CRISPR region 

prediction, we detected it in part of conserved domains on cell wall anchor 

protein in L. plantarum. This suggests that the region may have been 

evolutionarily conserved and could have functions relating to immune system 

and mucus-binding.   

In order to identify more specific potential effects of GB-LP1 if used as a 

probiotic, we searched for evolutionarily accelerated genes in L. plantarum at 

the species level. Firstly, GB-LP1 appeared signature of positive selection on 

amino-acid changes in TldD protein. This metalloprotease protein is part of 

TldE/TldD proteolytic complex and may be involved in microcin B17 

processing and regulation of ccd system. (Allali, Afif et al. 2002, Yang, Lin 

et al. 2014). Another sign which suggests positive selection was the 

identification of GRHPR, which is involved in glyoxylate metabolism. 

GRHPR is considered a sign of a healthy microbial community(Claud, 

Keegan et al. 2013). Deficiency of GHRPR leads to glyoxylate accumulation, 
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which is highly toxic. Glyoxylate is reactive dicarboxylic acid molecule, and 

considered as a toxic intermediate. Increased level of glyoxylate inhibits the 

substrate interaction of xylulose 5-phosphate/fructose 6-phosphate 

phosphoketolase (Xfp), which a vital role in carbohydrate metabolism, in L. 

plantarum(Glenn and Smith 2015). In humans, GHRPR has negatively 

correlated with tumor proliferation.(Pan, Ni et al. 2013). Moreover, an 

absence of this enzyme is the cause of primary hyperoxaluria type 2 (PH2) 

and results in increased oxalate level in urine(Duan, Hu et al. 2014). Increased 

oxalate synthesis is linked to kidney stones, renal disease, and the 

development of idiopathic calcium oxalate stone disease(Knight, Wood et al. 

2016). However, oxalate levels can be reduced through oxalate degradation 

by intestinal microorganisms. In this regard, Lactobacillus species are 

considered one of the optimal species which perform oxalate 

degradation(Abratt and Reid 2010). Evolutionarily selection of GB-LP1 may 

provide advantage for survival and reproduction in the aforementioned 

circumstance. At the molecular level, GB-LP1 has evolved with a variety of 

genes which may improve its antibacterial effect and the health of the host. 

Through this comparative analysis, it was also possible to verify the 

verification of the new lactic acid bacteria in a variety of ways. Consequently, 

our results support GB-LP1, a newly identified strain, as a suitable probiotic 

bacteria given its latent effectiveness and lack of direct risk factors. These 

results expand our understanding of the L. plantarum species and provide 
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insights which will be extremely valuable for industrial use. 
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Tabel 2-S1. L. plantarum 23 strains and sequences used in the present study.
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Chapter 3. Tracing the spatio-temporal dynamics 

of endangered fin whales (Balaenoptera physalus) 

within baleen whale (Mysticeti) lineages  

: A mitogenomic perspective. 
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3.1 Abstract 

To explore the spatio-temporal dynamics of endangered fin whales 

(Balaenoptera physalus) within the baleen whale (Mysticeti) lineages, we 

analyzed 148 published mitochondrial genome sequences of baleen whales. 

We used a Bayesian coalescent approach as well as Bayesian inferences and 

maximum likelihood methods. The results showed that the fin whales had a 

single maternal origin, and that there is a significant correlation between 

geographic location and evolution of global fin whales. The most recent 

common female ancestor of this species lived approximately 9.88 million 

years ago (Mya). Here, North Pacific fin whales first appeared about 7.48 

Mya, followed by a subsequent divergence in Southern Hemisphere 

approximately 6.63 Mya and North Atlantic about 4.42 Mya. Relatively 

recently, approximately 1.76 Mya and 1.42 Mya, there were two additional 

occurrences of North Pacific populations; one originated from the Southern 

Hemisphere and the other from an uncertain location. The evolutionary rate 

of this species was 1.002 × 10–3 substitutions/site/My. Our Bayesian skyline 

plot illustrates that the fin whale population has a rapid expansion event since 

~2.5 Mya, during the Quaternary glaciation stage. Additionally, this study 

indicates that the fin whale has a sister group relationship with humpback 

whale (Meganoptera novaeangliae) within the baleen whale lineages. Of the 

16 genomic regions, NADH5 showed the most powerful signal for baleen 

whale phylogenetics. Interestingly, fin whales have 16 species-specific amino 
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acid residues in eight mitochondrial genes: NADH2, COX2, COX3, ATPase6, 

ATPase8, NADH4, NADH5, and Cytb.  
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3.2 Introduction 

The fin whale, Balaenoptera physalus (Linnaeus, 1758), is the second largest 

animal on our planet - about 27 m in body length and 75 tonnes in weight - 

after the blue whale. Its body shape is long and slender, and the body color is 

gray and white respectively for the dorsal and ventral side. To date, the fin 

whale has provided important benefits such as meat, blubber, and baleen to 

humans. However, this animal is unfortunately close to extinction due to 

commercial whaling; their global population estimates range from 100,000 to 

119,000 (Reilly, Bannister et al. 2008). In order to prevent extinction, the 

International Whaling Commission (IWC) recently started to control the 

commercial hunting of fin whales.  

Conservation and management of the endangered species require an 

understanding of its demography, biogeography, ecology, behavior, genetics, 

and their interactions. When exploring the evolutionary phylogenetics of 

animals, the mitochondrial DNA is a very useful genetic marker largely due 

to its maternal inheritance, relatively low rate of genetic recombination, and 

the presence of strictly orthologous genes evolving at different rates (Saccone, 

De Giorgi et al. 1999). To this end, many works have been published 

regarding cetacean phylogeny on the basis of mitochondrial genome (Morin, 

Archer et al. 2010, Archer, Morin et al. 2013) and particular gene regions, 

such as control region (D-loop) (Hatch, Dopman et al. 2006, Jackson, Steel et 

al. 2014, Pomilla, Amaral et al. 2014) and cytochrome b (May-Collado and 
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Agnarsson 2006, McGowen, Spaulding et al. 2009, Amaral, Jackson et al. 

2012) sequences. Nevertheless, spatiotemporal dynamics of the fin whales 

remains inconclusive. There has been only one phylogenetic study focused 

on fin whale mitogenome sequences (Archer, Morin et al. 2013). In that report, 

authors suggested that the North Atlantic fin whales are more closely related 

to Southern Hemisphere than to the North Pacific regions. However, they did 

not address the population size changes and phylogenetic position of the fin 

whale within the baleen whale lineages; the authors dealt with only fin whale 

species of the 15 modern Mysticeti species and used only one phylogenetic 

analysis method - the concatenation in BEAST program.   

Accordingly, to further explore the phylogeny and evolutionary dynamics of 

the fin whale, it is still needed to analyze more extensive sequence 

information from additional representative species, using more exhaustive 

analytical methods. We analyzed 148 published mitochondrial genome 

sequences of 14 baleen whale species using the Bayesian coalescent approach 

as well as Bayesian inferences and maximum likelihood methods. The present 

study has five specific objectives: (1) testing the monophyletic origin of the 

fin whale; (2) addressing the geographic influences on the heterogeneity of 

fin whales; (3) examining the phylogenetic relationships between fin whales 

and other baleen whale species; (4) estimating the time of the most recent 

common female ancestor of fin whales; (5) finally, assessing the changes in 

the population size of modern fin whales  
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3.3 Material and Methods 

Mitochondrial genome characterization of the fin whales   

We analyzed the published mitochondrial genome sequences of 148 baleen 

whales (Mysticeti) from NCBI. In detail, 125 are fin whales (Balaenoptera 

physalus) from the North Pacific (n=72), North Atlantic (n=12), and Southern 

Hemisphere (n=41), while the remaining 23 whales are members of 13 other 

baleen whale species. The taxa utilized in the present study are listed in Table 

3-S1 with their GenBank accession numbers. The sequences were aligned 

using MAFFT v 6 (Katoh, Misawa et al. 2002), and then visually edited. The 

final alignment for phylogenomic analyses comprised 16,454 nucleotide 

positions. Furthermore, we characterized 125 fin whale mitochondrial 

genome sequences. Here, we estimated the following values for both 

nucleotide and amino acid sequences of the 38 mitochondrial genome regions 

using BIOEDIT 7.053 (Hall 1999), Modeltest 3.7 (Posada and Crandall 1998), 

and PAUP 4.0b10 (Swofford 2003) - total sites (including gaps), variable sites, 

sequence identities, Ts/Tv ratios, base frequencies, and evolutionary models. 

The 38 partitions used in the analysis were divided according to sequence 

positions of a published mitochondrial genome (GenBank accession no. 

AP006472). In addition, we plotted the number of nucleotide and amino acid 

variations at each position throughout the mitochondrial genomes. We first 

estimated the nucleotide differences by counting the number of minor 

nucleotides at each position across the sequence alignment. Next, we defined 
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the most frequent nucleotide at each site as the major nucleotide (A, T, C, or 

G), and the rest of the nucleotides were considered minor nucleotides. As an 

example, at a specific position of the alignment, if the nucleotide C was major 

in 117 samples, while A, T, and G were observed as minor nucleotides in the 

remaining 31 samples, the nucleotide difference was 31. We applied the same 

principle for amino acid differences.  

 

Phylogenomic analyses 

Phylogenomic analyses were carried out using Bayesian inferences (BI) and 

maximum likelihood (ML). Kogia breviceps (NC005272) (Odontoceti; 

Kogiidae) was used as an outgroup as it is the closest related species to the 

Mysticeti. The best-fit model for the baleen whale mitochondrial genomes 

was determined using the standard Modeltest PAUP block in PAUP 4.0b10 

(Swofford 2003) and Akaike’s information criterion (AIC) in Modeltest 3.7 

(Posada and Crandall 1998); GTR+I+G was selected as the best evolutionary 

model.  

BI analysis was conducted using MrBayes 3.2.1 (Ronquist and Huelsenbeck 

2003) with the following parameters: Nst, 6; rates, gamma; number of 

generation, 30,000,000; sample frequency, 500; number of chains, 4; burn-in 

generation, 25%. Here, the Bayesian posterior probabilities (BPP) were 

calculated as a measure of node support. 

ML phylogenetic analysis was performed in PHYML 3.0 (Guindon and 

Gascuel 2003) and was run under the following options: model of nucleotide 
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substitution, GTR; initial tree, BIONJ; nonparametric bootstrap analysis, yes, 

500 pseudoreplicates; proportion of invariable sites, estimated; number of 

substitution rate categories, 6; gamma shape parameter, estimated by program; 

optimize tree topology, yes. Bootstrap values shown on respective internal 

nodes indicated confidence of the phylogenomic analysis. 

In addition to the phylogenomic analyses, we employed BI analyses at the 

mitochondrial gene level in order to screen the most significant phylogenetic 

marker among the 16 mitochondrial genes. The best-fit models for each 

region used in analyses are summarized in Table 3-S2. 

 

Estimation of time of the most recent common ancestor (tMRCA), 

substitution rate, and population size changes    

BEAST 2.4.4 (Drummond and Rambaut 2007) was used to estimate the 

times of the most recent common ancestor (tMRCA), rates of nucleotide 

substitutions, and changes in population size under Bayesian coalescent 

approach. Crown Cetacea was calibrated based on the oldest mysticete fossil 

Llanocetus (Mitchell 1989, Steeman 2007) (34 Mya, 35 mean, 1.0 SD). The 

age of the basal of the crown Mysticeti was estimated on the basis of an 

unnamed balaenid from New Zealand (Hubbard, Barker et al. 2002) (28 Mya, 

29.0 mean, 1.0 SD). Kogia breviceps (Odontoceti; Kogiidae) was used as an 

outgroup. The analysis was conducted under the GTR+I+G model, nst = 6, 

and rates = gamma derived from AIC in Modeltest 3.7 (Posada and Crandall 

1998). We employed the relaxed uncorrelated lognormal for clock model and 
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Yule process for tree topology prior. The data sets were each run for 

500,000,000 generations to ensure convergence of all parameters (ESSs > 100) 

with discarded burn-in of 10%. Subsequently, we examined the effective 

population size changes of fin whales over the time and analyzed only 125 fin 

whale mitochondrial genome sequences using the Coalescent bayesian 

skyline for tree topology prior. For the calibration point of fin whale, we 

assumed an tMRCA of 9.88 My, which was estimated from entire 148 baleen 

whale mitochondrial genome sequences. The output files were analyzed 

together in Tracer 1.5 (http://beast.bio.ed.ac.uk/ Tracer), and the statistical 

uncertainties were summarized in the 95% highest probability density (HPD) 

intervals. Trees were summarized as maximum clade credibility trees using 

the TreeAnnotator program in the BEAST package and were displayed using 

FigTree 1.4.2 (Rambaut 2012)    
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3.4 Results 

Findings from the mitochondrial genome sequences of fin whales 

Characterization of the entire mitochondrial genome and individual gene 

sequences of the 125 fin whales are reported in Table 3-1. The mitochondrial 

genome alignment (including insertions) is 16,402 bp in length, and 951 

(5.8%) of the nucleotide sites are polymorphic. Our plot, which visualizes the 

number of both nucleotide and amino acid variations at each site throughout 

the alignment, illustrates that both nucleotide and amino acid alterations were 

evenly distributed throughout the mitochondrial genomes (Figure 3-1). As a 

note, higher amino acid similarities were observed in three genes (COX1, 

COX2, and COX3). The nucleotide sequence identities among the fin whale 

samples ranged from 98.7 to 99.9% (average, 99.3%), corresponding to 97.9–

100% (average, 99.1%) identity at the amino acid level. Of the 16 regions 

analyzed, NADH2 was the most variable (average sequence identities of 98.8), 

while both 16S rRNA and NADH1 were the most conserved (average 

sequence identities of 99.7% for both nucleotides). Interestingly, all fin 

whales had their specific amino acid sequences throughout these eight genes: 

NADH2, COX2, COX3, ATPase6, ATPase8, NADH4, NADH5, and Cytb 

(Table 3-2). 

 

Phylogenomic analyses 

For phylogenomic inferences, we analyzed 148 mitochondrial genome  
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Table 3-1. Summary of mitochondrial genome regions of 125 fin whales used 

in this study.  

*Ts/Tv ratio = transition versus transversion ratio  
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Figure 3-1. Plotting the nucleotide (a) and amino acid (b) differences 

throughout the mitochondrial genomes of 125 fin whales. The number of 

differences was estimated as the total number of altered nucleotides at each 

site compared with the multiple sequence alignment method. Both nucleotide 

and amino acid alterations were evenly distributed throughout the 

mitochondrial genomes. Especially, higher amino acid similarities were 

observed in three genes (COX1, COX2, and COX3). 
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Table 3-2. Fin whale specific amino acid sequences 

Genomic region Specific amino acid 

NADH2 L-4, H-80, M-164 

COX2 V-218 

COX3 L-41 

ATPase6 M-29, A-44, T-114, S-188 

ATPase8 A-40 

NADH4 M-55 

NADH5 H-23, V-49, K-514 

Cytob H-224, I-238 
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sequences of baleen whales (125 fin whales and 23 other baleen whales). Our 

study focused on reliably aligned regions comprising a total of 16,454 

nucleotide positions. Bayesian inferences (BI) and maximum likelihood (ML) 

methods produced identical tree topologies and supported the configurations 

of the maximum clade credibility tree (Figure 3-2 and Figure 3-3). Especially, 

the fin whale clade within the baleen whale lineages was enlarged as shown 

in Figure 3-3.  

The topologies of the phylogenomic trees indicated that fin whale had a 

monophyletic origin and its members were classified into one of four major 

clades with high confidence for each node. There were geographic groupings 

within the global fin whale trees. Group 1 consisted of 50 fin whales, Southern 

Hemisphere (n=41) and North Pacific (n=9); here, North Pacific whales had 

a single origin. Group 2 (n=12) were from the North Atlantic, whereas both 

Group 3 (n=2) and Group 4 (n=61) were individuals from the North Pacific 

regions. The phylogenetic trees also strongly supported the fin whale clade as 

the sister group to humpback whale (Megaptera novaengliae) within the 

baleen whale lineages. 

In addition to phylogenomic analyses we carried out BI analyses at gene 

level under the best-fit evolutionary model to identify strongest phylogenetic 

marker among the 16 regions (Table 3-S2). Here, all individual trees were 

compared to the complete mitochondrial genome trees. From the comparison, 

NADH5 gene tree (Figure 3-4) is the most similar to the genomic tree; thus, 

the NADH5 gene was selected as the most significant phylogenetic marker   
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Figure 3-2. Bayesian maximum clade credibility phylogenomic tree on the 

ground of mitochondrial genome sequences of 148 baleen whales. Kogia 

breviceps was used as an outgroup. The data set (16,454 base pairs) was also 

analyzed phylogenetically with Bayesian inference (BI) and maximum 

likelihood (ML) methods which showed identical topologies. The scale bar 

represents time in million years before present. The robustness of the 

phylogenetic analysis is presented above the nodes: left numbers are Bayesian 

posterior probabilities (≥0.80) and right ones are ML bootstrap values (≥60%). 
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Figure 3-3. Distribution of the fin whale (Balaenoptera physalus Linnaeus, 

1758) within the Bayesian maximum clade credibility phylogenetic tree 

derived from complete mitochondrial genome sequences of 148 baleen 

whales. The robustness of the phylogenetic analysis is showed above the 

nodes: left numbers are Bayesian posterior probabilities (≥0.80) and right 

ones are ML bootstrap values (≥60%). Divergence times (in My) are 

positioned below the nodes; the 95% HPD intervals are indicated in brackets. 

Groups are marked by a “G”.  
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Figure 3-4. The BI tree based on NADH5 sequences of 148 fin whales. 

Posterior probabilities (≥0.80) are indicated above the branches. Kogia 

breviceps was specified as the outgroup. 
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for baleen whales. The overall tree topologies of both control region (Figure 

3-S1) and Cytochrome b gene (Figure 3-S2), which have been used as the 

markers of Mysticeti phylogeny, were very different from those of 

mitochondrial genome tree (Figure 3-2); most groupings were collapsed in 

both Control region and Cytochrome b trees. 

 

Divergence times, substitution rates, and population size changes 

The most recent common female ancestor of the global fin whales existed 

approximately 9.88 Mya, which is much younger than 29.86 Mya of modern 

baleen whales (Figure 3-2). North Pacific fin whales emerged first (7.48 Mya), 

followed by a subsequent segregation of Southern Hemisphere (6.63 Mya) 

and North Atlantic (4.42 Mya). Notably, 1.76 Mya, some Southern 

Hemisphere females migrated to the North Pacific (Figure 3-3), and then 

North Pacific fin whales appeared 1.42 Mya, independently. The 

mitochondrial evolutionary rate of this whale is 1.002 × 10–3 

substitutions/site/My, which is much lower than 2.252 × 10–3 

substitutions/site/My of modern baleen whales. According to the Bayesian 

skyline plot (Figure 3-5), fin whale population size has increased from about 

2.5 Mya to the present day, which coincides with the Quaternary glaciation 

stage.  
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Figure 3-5. Bayesian skyline plot (BSP) on the basis of mitochondrial 

genome sequences from 125 fin whales. The dark line in the BSP shows the 

estimated effective population size through time. The blue area represents the 

95% highest posterior density confidence intervals for this estimate. The BSP 

analysis indicated that the fin whale population experienced two rapid 

expansion events about 2 Mya and 0.25 Mya during the Pleistocene.   
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3.5 Discussion 

Our results indicate a monophyletic origin of fin whale, which supported its 

synapomorphic characters such as tall spout, long back, prominent dorsal fin, 

and asymmetrical color pattern. These characters enable distinguishment of 

fin whale from three balaenopterid relatives (blue, sei, and Bryde's whale). 

The spout of fin whales is much more pointed than that of blue whales, and 

the prominent dorsal fin is positioned more posterior than those of sei or 

Bryde's whales. Most of all, the most distinctive character of the fin whale is 

the asymmetrical coloration of their body. The monophyly of this species was 

in line with the presence of its species-specific amino acid sequences in eight 

genes: NADH2, COX2, COX3, ATPase6, ATPase8, NADH4, NADH5, and 

Cytb. 

Next, our phylogenomic study focused on the geographic influences on the 

evolution of fin whales. To date, on the basis of the geographic distribution, 

many experts have sub-divided this species into two subspecies, Baleana 

physalus physalus Linnaeus, 1758 for Northern Hemisphere and Baleana 

physalus quoyi Fischer, 1829 for Southern Hemisphere fin whales (Lönnberg 

1931, Tomilin 1946, Lockyer and Waters 1986). Lönnberg (1931) mentioned 

that there were significant differences between the vertebral features of the 

two subspecies. A few years later, Tomilin (1946) claimed that the body sizes 

of Southern Hemisphere whales are much larger than those from Northern 

Hemisphere. This viewpoint was confirmed by Lockyer and Waters (1986), 

who conducted morphological examinations using a larger series of 
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specimens from the North Atlantic and Antarctica. In their report, the 

maximum body length of Antarctic fin whales was about 3–4 m greater than 

those in the Northern Hemisphere. Recently, there was an additional 

suggestion relating the subspecies classification of fin whale; Clarke (2004) 

added a "pygmy" subspecies (B. p. patachonica, Burmeister, 1865) living in 

the Southern Hemisphere to the previous two subspecies. The form is small 

(approximately 18–24 m) and dark with black baleen. Today, the Society of 

Marine Mammalogy accepts these three subspecies: B. p. physalus Linnaeus, 

1758 in the Northern Hemisphere, B. p. quoyi Fischer, 1829 in the Southern 

Hemisphere, and the pygmy fin whale, B. p. patachonica Burmeister, 1865 

(2012). However, there was a contradicting article on this topic, on the basis 

of mitochondrial genome sequences; Archer, Morin et al. (2013) noted that 

North Pacific and North Atlantic fin whales were not the same subspecies. 

Our mitochondrial genome sequences supported that there is a significant 

correlation between geographic location and evolution of global fin whales, 

and indicated that North Pacific fin whales might be classified into three 

geographic stocks: Group 3, Group 4, and a clade within Group 1. 

Accordingly, our findings propose six subspecies system of this species: three 

from North Pacific and one each from North Atlantic, Southern Hemisphere, 

and "pygmy" form. As a note, the presence of North Pacific clade within the 

Southern Hemisphere Group 1 revealed that some Southern Hemisphere 

females returned to the North Pacific.  

Our trees also clearly depict that the fin whale and humpback whale 
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(Megaptera novaengliae) are sister group taxa within the baleen whale 

lineages. This observation is in line with the results from cytochrome b 

(LeDuc and Dizon 2002), control region (Hatch, Dopman et al. 2006), and 

mitochondrial genome (Dornburg, Brandley et al. 2011) sequences. Several 

workers, however, have disagreed on this matter. Molecular investigators, 

based on the control region sequences,  reported that fin whale has stronger 

affinities to blue whale (Balaenoptera musculus) than humpback whale 

(Arnason, Gullberg et al. 1993). Bouetel and de Muizon (2006), on the 

grounds of their morphology data, suggested that fin whale resembles the 

common minke whale (Balaenoptera acutorostrata) more strongly than other 

baleen whale species. 

Next, we also tried to identify which gene has stronger phylogenetic signal 

by comparing 16 individual region trees with the mitochondrial genome trees. 

Although control region (Arnason, Gullberg et al. 1993, Hatch, Dopman et al. 

2006) and Cytochrome b (Arnason and Gullberg 1994, May-Collado and 

Agnarsson 2006) sequences have been used as a molecular marker for 

elucidating the Mysticeti phylogeny, our results indicated that topologies of 

NADH5 tree were the most closest to those of the mitochondrial genome tree, 

rather than control region or Cytochrome b. Accordingly, we propose that 

NADH5 is the most significant phylogenetic marker to reconstruct the 

Mysticeti phylogeny.   

On the time of the most recent common female ancestor of fin whale, our 

findings indicated that this species is about 9.88 My old. This is much younger 
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than the morphological character-based ancestor of 16 My old (Gatesy, 

Geisler et al. 2013), while it is much older than other previous reports: 1.94 

My old on the ground of mitochondrial genome (Archer, Morin et al. 2013), 

7 My old based on mitochondrial genome (Dornburg, Brandley et al. 2011) 

and morphological and molecular (Marx and Fordyce 2015) evidences. Our 

estimate for fin whale was also much younger than 29.86 Mya of modern 

baleen whales, which is calculated in this study. Subsequently, we found that 

North Pacific fin whales occurred first (7.48 Mya), and then moved 

sequentially to Southern Hemisphere (6.63 Mya) and North Atlantic (4.42 

Mya). Especially, 1.76 Mya, some Southern Hemisphere females returned to 

the North Pacific, and independent lineage of North Pacific fin whales seem 

to appear 1.42 Mya.  

The mean evolutionary rate estimated in this study is 1.002 × 10–3 

substitutions/site/My; this value is lower than the results from previous fin 

whale studies, 1.1 × 10–2 substitutions/site/ My (Dornburg, Brandley et al. 

2011) and 2.94 × 10–3 substitutions/site/My (Archer, Morin et al. 2013). This 

value is also lower than our estimate of 2.252 × 10–3 substitutions/site/My for 

modern baleen whales.   

In terms of the effective population size changes of fin whale, our Bayesian 

skyline plot (BSP) illustrates that the fin whale population has experienced 

rapid increase from ~2.5 Mya to the present day. This period coincides with 

the Quaternary glaciation stage, the “Ice Age”(Gradstein, Ogg et al. 2004), 

which is characterized by repeated glacial cycles. Especially, cooling water 
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derived from upwelling regime is responsible for the changes in the ocean 

ecosystem. Phytoplanktone, the base of mysticete food change, were 

fertilized and this high level of nutrient resulted in population size expansion 

and gigantism of fin whale (Marx and Fordyce 2015, Slater, Goldbogen et al. 

2017).  

Molecular genetic studies are used to infer patterns (of distribution and 

migration), population structure change, and the influences of climate change 

as well as taxonomic classification. Especially, to develop conservation and 

management strategies, the first important step is to clarify characteristics of 

the unique populations at the phenotypic and genotypic levels (Prystupa, Hind 

et al. 2012). Fin whale (Balaenoptera physalus) is listed as Endangered (EN 

A1d), on the IUCN Red List of Threatened Species (IUCN 2003) and 

therefore understanding the spatial and temporal patterns are essential to 

improving their conservation. This is the first study on temporal and spatial 

dynamics of the fin whale within the baleen whale lineages. The present study 

enhanced our knowledge of the spatiotemporal dynamics of the fin whales 

and could provide useful information for future fin whale conservation 

projects. 
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Table 3-S1. Species and sequences used in the present study, along with 

GenBank accession numbers. New sequences are marked with an asterisk (*). 

The geographic locations of fin whales are expressed each color as follows: 

the North Pacific in blue, the North Atlantic in green, and the Southern 

Hemisphere in orange. 

Classification Species Accession no. 

Mysticeti; Balaenidae Balaena mysticetus 1 AP006472 

Balaena mysticetus 2 NC005268 

Eubalaena australis NC006930 

Eubalaena japonica NC006931 

Mysticeti; Neobalaenidae Caperea marginata 1 NC005269 

Caperea marginata 2 AP006475 

Mysticeti; Balaenopteridae Balaenoptera acutorostrata 1 AP006468 

Balaenoptera acutorostrata 2 NC005271 

Balaenoptera acutorostrata 3 *Korea 30 

Balaenoptera acutorostrata 4 *Korea 34 

Balaenoptera acutorostrata 5 *Korea 35 

Balaenoptera acutorostrata 6 *Korea 37 

Balaenoptera bonaerensis NC006926 

Balaenoptera borealis NC006929 

Balaenoptera brydei 1 AB201259 

Balaenoptera brydei 2 NC006928 

Balaenoptera edeni NC007938 

Balaenoptera musculus NC001601 

Balaenoptera omurai 1 AB201257 

Balaenoptera omurai 2 NC007937 

Balaenoptera physalus KC572708 

Balaenoptera physalus KC572709 

Balaenoptera physalus KC572710 

Balaenoptera physalus KC572711 

Balaenoptera physalus KC572712 

Balaenoptera physalus KC572713 

Balaenoptera physalus KC572714 
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Balaenoptera physalus KC572715 

Balaenoptera physalus KC572716 

Balaenoptera physalus KC572717 

Balaenoptera physalus KC572718 

Balaenoptera physalus KC572719 

Balaenoptera physalus KC572720 

Balaenoptera physalus KC572721 

Balaenoptera physalus KC572722 

Balaenoptera physalus KC572724 

Balaenoptera physalus KC572726 

Balaenoptera physalus KC572727 

Balaenoptera physalus KC572728 

Balaenoptera physalus KC572729 

Balaenoptera physalus KC572730 

Balaenoptera physalus KC572731 

Balaenoptera physalus KC572732 

Balaenoptera physalus KC572733 

Balaenoptera physalus KC572734 

Balaenoptera physalus KC572735 

Balaenoptera physalus KC572736 

Balaenoptera physalus KC572737 

Balaenoptera physalus KC572738 

Balaenoptera physalus KC572739 

Balaenoptera physalus KC572740 

Balaenoptera physalus KC572741 

Balaenoptera physalus KC572744 

Balaenoptera physalus KC572745 

Balaenoptera physalus KC572746 

Balaenoptera physalus KC572747 

Balaenoptera physalus KC572748 

Balaenoptera physalus KC572749 

Balaenoptera physalus KC572750 

Balaenoptera physalus KC572751 

Balaenoptera physalus KC572753 

Balaenoptera physalus KC572754 

Balaenoptera physalus KC572755 
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Balaenoptera physalus KC572756 

Balaenoptera physalus KC572757 

Balaenoptera physalus KC572759 

Balaenoptera physalus KC572760 

Balaenoptera physalus KC572761 

Balaenoptera physalus KC572763 

Balaenoptera physalus KC572764 

Balaenoptera physalus KC572765 

Balaenoptera physalus KC572766 

Balaenoptera physalus KC572769 

Balaenoptera physalus KC572771 

Balaenoptera physalus KC572773 

Balaenoptera physalus KC572774 

Balaenoptera physalus KC572775 

Balaenoptera physalus KC572776 

Balaenoptera physalus KC572779 

Balaenoptera physalus KC572781 

Balaenoptera physalus KC572782 

Balaenoptera physalus KC572784 

Balaenoptera physalus KC572785 

Balaenoptera physalus KC572786 

Balaenoptera physalus KC572788 

Balaenoptera physalus KC572789 

Balaenoptera physalus KC572791 

Balaenoptera physalus KC572792 

Balaenoptera physalus KC572793 

Balaenoptera physalus KC572794 

Balaenoptera physalus KC572795 

Balaenoptera physalus KC572796 

Balaenoptera physalus KC572799 

Balaenoptera physalus KC572800 

Balaenoptera physalus KC572801 

Balaenoptera physalus KC572802 

Balaenoptera physalus KC572803 

Balaenoptera physalus KC572804 

Balaenoptera physalus KC572805 
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Balaenoptera physalus KC572806 

Balaenoptera physalus KC572807 

Balaenoptera physalus KC572808 

Balaenoptera physalus KC572811 

Balaenoptera physalus KC572812 

Balaenoptera physalus KC572813 

Balaenoptera physalus KC572815 

Balaenoptera physalus KC572817 

Balaenoptera physalus KC572818 

Balaenoptera physalus KC572821 

Balaenoptera physalus KC572823 

Balaenoptera physalus KC572825 

Balaenoptera physalus KC572826 

Balaenoptera physalus KC572827 

Balaenoptera physalus KC572828 

Balaenoptera physalus KC572829 

Balaenoptera physalus KC572830 

Balaenoptera physalus KC572831 

Balaenoptera physalus KC572832 

Balaenoptera physalus KC572833 

Balaenoptera physalus KC572834 

Balaenoptera physalus KC572835 

Balaenoptera physalus KC572836 

Balaenoptera physalus KC572837 

Balaenoptera physalus KC572838 

Balaenoptera physalus KC572839 

Balaenoptera physalus KC572840 

Balaenoptera physalus KC572841 

Balaenoptera physalus KC572842 

Balaenoptera physalus KC572843 

Balaenoptera physalus KC572844 

Balaenoptera physalus KC572845 

Balaenoptera physalus KC572846 

Balaenoptera physalus KC572847 

Balaenoptera physalus KC572848 

Balaenoptera physalus KC572849 
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Balaenoptera physalus KC572850 

Balaenoptera physalus KC572851 

Balaenoptera physalus KC572852 

Balaenoptera physalus KC572853 

Balaenoptera physalus KC572854 

Balaenoptera physalus KC572855 

Balaenoptera physalus KC572856 

Balaenoptera physalus KC572859 

Balaenoptera physalus KC572860 

Balaenoptera physalus NC001321 
 

Megaptera novaeangliae NC006927 

Mysticeti; Eschrichtiida Eschrichtius robustus 1 NC005270 

Eschrichtius robustus 2 AP006471 

Odontoceti; Kogiidae Kogia breviceps NC005272 

 

 

 

  



79 

 

 

 

 

 

 

 

Table 3-S2. Summary of mitochondrial genome regions of 148 baleen whales 

used in this study. 
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Figure 3-S1. The BI tree on the basis of control region sequences of 148 

baleen whales. Bayesian posterior probabilities above 0.80 are shown on the 

nodes.   
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Figure 3-S2. The BI tree on the basis of cytochrome b sequences of 148 

baleen whales. Bayesian posterior probabilities above 0.80 are shown on the 

nodes.   
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General discussion 

The comparative evolutionary analysis has proven to be fundamental and 

indispensable for explaining all biologically-based phenomena and 

understanding the genetic characteristics of organisms. It could provide useful 

information regarding the location and nature of functional variants, 

ultimately helping to clarify phenotypic differences inter and intra species. 

Phylogenetic analysis can be employed for various purposes. We could 

deduce relationships among species or genes, and the origin of organisms. In 

addition, we could identify biological processes that affect how interested 

sequences have evolved e.g identify genes or residues undergoing positive 

selection, and explore the evolution of traits through history. We could 

estimate the timing of major historical events and the impact of geography on 

species diversification. 

In these regards, this study could help us understand the potential 

characteristics of novel organisms by constructing a genome and comparative 

evolutionary analysis. With a decrease in diversity due to deliberate capture 

and harvesting, habitat destruction by development activities, and inter-

subsidence effects due to global environmental changes, it is essential to 

understand and maintain biodiversity by studying the causes of species 

decline and promoting the development of species conservation methods. 

Therefore, through the analogy of the origins of species and the evolutionary 

process, this study would enable us to understand biodiversity and provide 

insights for future studies in species conservation.
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국문초록 

 

종내 및 종간의 진화적 관계에 대한 계통발생론적 접근 

 

유지현 

농생명공학부 

서울대학교 대학원 농업생명과학대학 

 

분자계통분석은 유전체 염기서열정보에 의거해 다양한 생물 개체 간의 

유연관계를 밝히는 것으로, 생물의 진화 역사를 이해하는 데에 기본적인 

분석 방법이다. 또한, 유전체 내에서 각각의 유전자가 겪어온 진화 

경로를 추적하고 이를 바탕으로 유전체의 진화 역사와 진화기작을 

연구하는 비교유전체학 분야에서도 필수적인 분석 방법이다. 

dN/dS분석은 dN/dS는 코딩 단백질에 변화가 생기는 염기 치환인 

non-synonymous substitution이 일어난 비율(dN)과 코딩 단백질에 

변화를 주지 않는 염기 치환인 synonymous substitution이 일어난 

비율(dS)을 비교한 것이다. 이 추정치는 계통분류학적으로 연관되어 

있는 종들 사이의 유전적 흐름을 밝히기 위해 사용되며, 그 종들 간의 

orthologous genes의 진화 가속 정도를 추정한다.  

첫번째 연구에서는 나는 멸종 위기에 처한 수염고래아목 긴수염고래과 

대왕고래속의 시∙공간적 역학연구를 위해 148마리 baleen whale의 

미토콘드리아 게놈 서열을 분석했다. Bayesian coalescent approach, 
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Bayesian inference 그리고 maximum likelihood 방법을 이용해 정밀한 

계통수를 구축하고 이들의 진화와 지리적 위치가 유의한 상관관계가 

있음을 확인했다. 또한, The most recent common female ancestor의 

출현시기와 각 특이적 분화 시기 및 해당 종의 진화 속도를 예측하고, 

시기별 환경적 요인을 근거로 제시했다.  

두 번째 연구에서는, denovo assembly를 통해 새로운 락토바실러스 

플란타럼 GB-LP1 균주의 전장유전체를 구축하고, 이전 락토바실러스 

플란타럼 균주들의 유전체와 비교하여 유용 유산균으로서 차이를 

뒷받침하는 유전적 진화 근거를 찾기 위해 노력했다. 이 연구에서, 

새로운 락토바실러스 플란타럼 GB-LP1 내 유전자들의 기능적 요소 및 

잠재적 위험 가능성에 대한 확인을 했다. 또한 락토바실러스 플란타럼 

종 그룹 내에서 GB-LP1 특이적으로 진화 가속을 겪은 유전자들을 

확인했고, 이에 따라 독성 발현 억제와 항균성 물질 생산과 관련된 

기능적인 차이를 야기할 것이라는 근거를 뒷받침했다. 

 

주요어: 계통발생론적 접근, 계통발생, 비교유전체 분석, 진화적 관계 
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