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Molecular Phylogenetics: Concepts

for a Newcomer

Pravech Ajawatanawong

Abstract Molecular phylogenetics is the study of evolutionary relationships

among organisms using molecular sequence data. The aim of this review is to

introduce the important terminology and general concepts of tree reconstruction to

biologists who lack a strong background in the field of molecular evolution. Some

modern phylogenetic programs are easy to use because of their user-friendly

interfaces, but understanding the phylogenetic algorithms and substitution models,

which are based on advanced statistics, is still important for the analysis and

interpretation without a guide. Briefly, there are five general steps in carrying out

a phylogenetic analysis: (1) sequence data preparation, (2) sequence alignment,

(3) choosing a phylogenetic reconstruction method, (4) identification of the best

tree, and (5) evaluating the tree. Concepts in this review enable biologists to grasp

the basic ideas behind phylogenetic analysis and also help provide a sound basis for

discussions with expert phylogeneticists.

Keywords Evolutionary trees, Molecular phylogenetics, Phylogenetic analysis,

Phylogenetic markers, Phylogeny
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1 Introduction

Biological research has changed rapidly in the last decade, particularly following

the launch of next-generation sequencing (NGS) technology [1]. This is because

NGS dramatically reduces sequencing prices, speeds up the process, and generates

high-throughput DNA sequencing results. Moreover, the advancements in several

“-omic” areas also drive biological research in the new era of bioinformatics,

systems biology and networking biology. Because the generation of data is easy

today, the bioresearch paradigm has shifted from the generation of sequence data to

analysis efficacy and power.

Molecular phylogenetics is a disciplinary study of evolutionary relationships

amongst organisms using molecular sequences. The analysis methods used in

molecular phylogenetics were originally developed to reveal evolutionary path-

ways, yet today molecular phylogenetics is used in several fields, such as systematic

biology and biodiversity [2], molecular epidemiology [3–5], identification of gene

functions [6], and microbe identification in microbiome studies [7–9]. For these

reasons, molecular phylogenetics is a fundamental field in science of which most

biologists require background knowledge.

This review aims to introduce network biologists who are new to the field of

molecular phylogenetics to the basic concepts and ideas behind phylogenetic

analysis. It begins with the frequently used terminology, characteristics of sequenc-

ing markers, and general methods for tree reconstruction and tree evaluation. It then

discusses some popular computer programs and critical points that need to be

considered in the analysis.

2 Phylogenetic Tree

A phylogenetic tree or phylogeny is a tree-like diagram used to visualize evolu-

tionary relationships among a set of operational taxonomic units (OTUs). The OTU

generally represents a species, but can also represent individual organisms in a

population, a gene or protein sequence or a taxon at any taxonomic rank (e.g.,

family, order, class, phylum). The tree is composed of nodes and branches (Fig. 1).

Nodes at the tips of the tree are called ‘external nodes.’ These are used to represent

the OTUs. Another type of node, called ‘internal nodes,’ represents a recent

common ancestor (RCA). Between these are lines, called ‘branches,’ used to

connect newer and older nodes and show the evolutionary relationships among

186 P. Ajawatanawong



the taxa. A branch linking two internal nodes is an ‘internal branch,’ which shows

an ancient relationship. Conversely, the branch joining an internal node with an

external node to show a modern relationship is called an ‘external branch.’
The deepest branch of the tree represents the ‘root’ or the ‘most recent common

ancestor’ (MRCA) of all taxa in the tree. Generally, phylogenetic software can only

reconstruct an ‘unrooted tree’ or a tree showing who is closely related to whom. To

give the tree more meaning in an evolutionary context, the ‘rooted tree’ is

reconstructed by identifying the origin of all taxa. The best way to root a phylo-

genetic tree is by adding an ‘outgroup’ in the dataset. Theoretically, the root of the

tree is located between the outgroup and the remaining taxa. So the best outgroup is

an organism or group of organisms recently diverged from the remainder of the

organisms in the tree. If an outgroup is unknown or if an ideal outgroup is

unavailable (e.g., if there are no data or closely related specimen available), the

middle point of the longest branch on the tree can be used as the root of the tree.

The branching pattern dividing the two new nodes is called a ‘bifurcation’ or a
‘dichotomy.’ This fits with the concept of speciation, in which organisms split from

one ancestor into two new species. The tree that contains only bifurcating nodes is a

‘fully resolved tree.’ If a deeper node branches into more than two new nodes (three

or more), this branching pattern is said to be ‘multifurcating’ or a ‘polytomy.’
To read a tree properly, one needs to understand that all branches on the tree can

be rotated around a node while retaining the same meaning in the context of

evolutionary relatedness (Fig. 2a). Sometimes unrooted phylogenies are drawn in

a star-like shape, also called a ‘star tree.’ In this case, all branches can be rotated too
(Fig. 2b) and the angles of all nodes are meaningless. A phylogenetic tree clusters

taxa based on their evolutionary relationships. The closely related taxa are grouped

together and share an RCA, whereas more distantly related taxa share a deeper

(earlier) common ancestor. All taxa that are descended from the same ancestor
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Fig. 1 Composition of a phylogenetic tree. Terminology frequently used in phylogenetic trees is

labeled on the tree
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make up a ‘monophyletic group’ or ‘clade’ (Fig. 3a). However, a group of organ-

isms that shares the same ancestor, but does not include all members descending

from that ancestor, is called a ‘paraphyletic group’ or ‘glade’ (Fig. 3b). Another
type of group in phylogenetics is a ‘polyphyletic group’ (Fig. 3c). This term refers

to a group of taxa that are homoplasy. This means that they are not derived from the

same ancestor and the term is usually uses for describing convergent evolution.

Molecular phylogenetic analysis must begin with a set of homologous

sequences. The homology in molecular sequences is based on the sequences

being derived from the same ancestor. With this in mind, molecular homology

can be classified into three different types based on genetic mechanisms that

separate the daughter sequences. The first type is ‘orthologous genes.’ This

means that the sequence was once present in the genome of an ancestor, and was

Fig. 2 A phylogenetic tree is similar to a mobile. Rotating the branches on the tree does not

change the topology (branching pattern) and meaning of the evolutionary relationship in both

rooted (a) and unrooted (b) phylogenies
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Fig. 3 Examples of a monophyletic group (a), a paraphyletic group (b), and a polyphyletic group

(c) are shown in gray
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transferred to the new species by speciation. This kind of gene is potentially

informative for molecular phylogeny. Conversely, some genes are duplicates of

other genes in the same genome and are called ‘paralogous genes.’ They can cause

confusion in the tree reconstruction. Finally, the type of homologous genes that

must be avoided in molecular phylogenetic reconstructions are ‘xenologous genes.’
These arise from horizontal gene transfer from one species to another. This type of

gene can be problematic for a gene tree reconstruction and so usually are best

avoided.

3 Molecular Markers for Building a Tree

Over the last few decades, DNA sequences have been accepted and widely used as

molecular characters for phylogenetic tree reconstructions, surpassing the use of

morphological characters [10]. This is because the sequence states of DNA, which

can be only adenine, thymine, cytosine, or guanine, are clearer than morphological

states. Molecular sequences also provide a large number of characters for phylo-

genetic analysis. For example, a phenotype regulated by single gene or a group of

genes can be recognized as one character, but almost all positions in a gene’s DNA
sequence are useful characters for phylogenetic analysis. In addition, sequence-

based phylogeny allows scientists to compare organisms across higher taxonomic

ranks, such as class, phylum, or even kingdom, despite a lack of comparable

morphology (see [11] for further discussion).

Ribosomal RNA (rRNA) sequences in the small subunit (SSU) of the ribosome

(16S rDNA sequences for prokaryotes and 18S rDNA sequences for eukaryotes) are

the most widely used molecular region for phylogenetic analyses [12–15]. There

are several reasons why the SSU is a very powerful marker [16, 17]. First, it is an

ancient molecule which emerged during the very early stages of life and it codes for

a function necessary for the survival of all cellular organisms. It is therefore present

in all organisms. This allows different organisms with no morphology in common

to be compared. Second, this molecule is vertically transferred with a low rate of

mutation. This means the SSU is very conserved in its sequence, structure, and

function. Third, the SSU sequence has multiple variable regions (V1–V9) which are

all flanked with conserved blocks. This is convenient for finding oligonucleotide

primers to amplify a piece of the SSU DNA for testing the diversity of sequences. In

addition to the SSU, there are many other sequence markers which are potentially

useful and have been used for phylogenetic analyses. Generally, a potentially useful

marker sequences should be single copy and located in either the genome of the

nucleus or organelles [18] such as the mitochondrial or plastid genomes (see further

details in [19]). They can be either coding or non-coding sequences.

The tree built from a gene is called a ‘gene tree.’ Normally, a gene tree can

illustrate the evolutionary history of that gene, which is not necessarily the same as

the story of the species’ evolution. As such, it is probable that the topology

(branching pattern) of the gene tree might not be identical to the ‘species tree.’
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Phylogenetic tree reconstruction based on multiple genes is an alternative way to

improve the resolution of a gene tree and avoid the biases that come with a tree

generated from a single gene. Phylogenetic signals from different genes can be

combined by concatenating all the aligned sequences. This approach aims to

integrate the signal from each gene to make it more intense.

Rokas and Holland [20] proposed the term ‘rare genomics changes’ (RGCs),
which refers to regions in the genomes of organisms in a particular clade that have

rare mutational changes, which can be used as novel markers in molecular phylo-

geny and evolution. Some examples of RGCs include indels (insertions/deletions),

sequence signatures, and amino acid composition changes, which show the poten-

tial of RGCs as evolutionarily informative markers [21–24]. There have been some

attempts to use RGCs as data for phylogenetic tree reconstruction, but it is very

difficult to measure the rate of evolution in these markers and there is also no

accepted weighting method for them.

4 Sequence Alignment

DNA and protein sequences are the most frequently used data types in molecular

phylogenetic analysis. To study deep phylogeny, one needs ancient, universal,

orthologous sequences to form the dataset. However, these sequences might be

very diverse and may not align properly. To circumvent this problem, protein

sequences are a better choice. This is because mutations appear to have fewer

effects on protein sequences. On the other hand, the study of recent evolution or

phylogenetic analysis of OTUs within the same species needs DNA sequences,

which are less conserved in their sequences than are proteins. Moreover, the

analysis of non-coding sequences can be carried out on DNA sequences only.

Molecular phylogenetic analysis relies heavily on the accuracy of the sequence

alignment. The programs used for the alignment of sequences are developed from

several algorithmic approaches. One of the most popular algorithms is ‘progressive
sequence alignment,’ which has been implemented in several software packages,

such as MUSCLE [25, 26], MAFFT [27, 28], and Clustal Omega [29]. The general

concept on which progressive sequence alignment is based is the construction of a

‘guide tree,’ which is not meant to be accurate. The guide tree is used to identify

sequences with the highest similarity to align first. That is because they are the

easiest sequences to align. Then the algorithm keeps adding less similar sequences

to the previous alignment. If a gap is needed, it is inserted into the previous

sequence alignment and added to all sequences. Once all sequences are aligned, a

better tree, which is built from more sophisticated methods, is created and used as a

guideline for improving the final alignment.

Most alignment algorithms were developed to perform a good alignment of

conserved regions, but none are powerful enough to handle indel (insertion/dele-

tion) regions properly. Moreover, most tree reconstruction methods are developed

based on substitution models. Therefore, all indel regions should be removed from
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the alignment to avoid errors in the analysis. There are some programs that can

identify conserved regions and help the user eliminate indel regions from an

analysis, such as SeqFIRE [30] and GBLOCKS [31, 32].

5 Phylogenetic Reconstruction

Methods for phylogenetic reconstruction can be classified into two main

approaches: distance-based methods and character-based methods. The concept

behind the former is the transformation of all sequence information into a distance

matrix, which is then analyzed using an algorithm for clustering the taxa. Building a

tree with this method is fast but all sequence information is lost in the process. The

latter method is time-consuming because all the sequence information is used for

the evaluation of the best phylogenetic tree. The calculation of phylogenetic trees

using this method can be carried out using several approaches, such as maximum

parsimony (MP), maximum likelihood (ML), or Bayesian analyses.

5.1 Distance-Based Approach

The key concept behind distance matrix methods is the conversion of a pairwise

sequence alignment into distant values. Because a multiple sequence alignment

(MSA) must contain three or more sequences, distance values from all possible

pairwise sequences generate a distance matrix. Once a matrix is developed, the

alignment is no longer used for the phylogenetic reconstruction. At this point, the

matrix is used as the input for the tree building. Different tree building approaches

used include the unweighted pair group method with arithmetic mean (UPGMA),

weighted pair group method with arithmetic mean (WPGMA), neighbor-joining

(NJ), least square (LS), and minimum evolution (ME) methods.

To infer sequence evolution, substitution models are used to calculate a distance

value. The simplest method, which can infer the distance from both nucleotide and

protein sequences, is p-distance. This is based on the level of sequence similarity

for each pair in the alignment. Jukes–Cantor’s one-parameter (JC69) model

assumes that all changes in nucleotides occur at the same rate [33], whereas

Kimura’s two parameters (K80) model treats the occurrence of transitions and

transversions as different rates [34]. The JC69 and K80 models both assume

nucleotide substitution moves toward an equilibrium, which means the frequency

of each nucleotide is close to 0.25. In the case of disequilibrium, one needs to

employ another substitution model which fits the observed mutations. Some other

models include F81 [35], HKY85 [36], TN93 [37], and more (see details in

[38, 39]). Using an appropriate model for phylogenetic tree reconstruction is

important to avoid errors in the clustering step. There are a number of software
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packages used for testing the applicability of the relevant model against the MSA,

such as ModelTest [40] and jModelTest [41].

It is more complicated to infer protein substitutions. This is because changes in

protein sequences result from substitutions in the DNA. However, there have been

some attempts to observe amino acid substitutions in protein sequences by using a

protein substitution matrix. There are two main matrix approaches generally used in

sequence analysis software, including those used in phylogenetic analysis. One of

these is called the percentage accepted mutation (PAM) matrix [42] and the other is

the blocks substitution matrix or BLOSUM [43]. The PAM models with a

higher number (e.g., PAM250) and the lower number BLOSUM matrices (e.g.,

BLOSUM30) are suitable for more diverse amino acid sequences, whereas the

PAMmodels with a lower number (e.g., PAM60) and the higher number BLOSUM

matrices (e.g., BLOSUM90) are suitable for the highly conserved amino acid

sequences.

The major advantage of distance matrix methods is their rapid calculation speed.

This is possible because the method dramatically reduces the amount of data from a

long sequence alignment into a single distance matrix. Moreover, this method may

give reliable results if homoplasy is rare and randomly distributed throughout the

tree. However, reduction of the data leads to a loss of sequence information and can

sometime generate negative branch lengths, which lack biological meaning.

Instead, distance-based approaches (e.g., the NJ method) are recommended for

large datasets (>1,000 sequences) with high sequence similarity.

5.2 Character-Based Approach

There are several methods that have been developed from character-based

approaches, such as maximum parsimony (MP), maximum likelihood (ML), and

Bayesian inference methods. These approaches aim to reconstruct a phylogeny

directly from the sequence data, without any transformation. They make extremely

slow calculations but the final tree is said to be very accurate. Briefly, the algorithm

used in these begins with scoring all possible phylogenies that can be generated

from the n taxa. Then the optimal tree is assumed to be the tree with the best score.

However, it is nearly impossible to score all of the individual trees when the number

of taxa is larger than 20 (as this means the number of possible trees is larger than

2.21� 1018) by using a greedy method that searches all possible trees. Some

computational search algorithms allow the user to score and select from all possible

trees simultaneously. They also reduce the number of possible trees by skipping the

theoretically impossible topologies from the possible trees, resulting in an increased

search speed. Two popular search algorithms, which are implemented in most

current phylogenetic software, are the ‘branch-and-bound’ and ‘heuristic’methods.

The process of the former method starts with the generation of a core tree: a three-

taxa phylogeny. Then a random new taxon from the dataset is added into the core

tree, and the only the new trees with an improved score have the fifth taxon added to
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them. This process is continued until the algorithm reaches the last taxon. The

heuristic method is generally similar to the branch-and-bound method, but instead

of adding new taxa into the tree with an improved score over the previous tree,

the heuristic method uses only the tree with the best score in each round of taxon

addition.

The maximum parsimony (MP) method—the oldest phylogenetic method—is a

substitution model-free method for phylogenetic tree reconstruction. It is mostly

used for building trees from morphology-based data, where it is difficult to measure

the rate of evolutionary change. When this method is applied to molecular

sequences, each column in the MSA is treated as a individual character. Even

though each molecular sequence contains numerous characters, not every position

is useful in the MP analysis (e.g., invariable sites). Characters (columns in the

MSA) having at least two states (more than two types of nucleotide or amino acid)

are called ‘parsimony informative sites,’ and only these are included in the MP

analysis. The MP method searches for the ‘the most parsimonious tree’ or ‘the
maximum parsimony tree,’ which requires the minimum number of steps to build.

Phylogenetic tree reconstruction using this method can give a reliable result if

homoplasy occurs in the sequence data either randomly or infrequently. Moreover,

this method can be easily applied to any novel type of data, such as indel positions.

However, most sequences do not simply evolve at a low rate, and as a result

sequences can be difficult to align, which makes MP less efficient, particularly

when alignment patterns are complicated. MP is a time-consuming method, and it is

not recommended when multiple-gene sequences are concatenated or with

sequences with high levels of variation [44].

The second popular method for phylogenetic tree reconstruction is maximum

likelihood (ML). ML is a statistical method used to estimate the parameters of a

model given the data, and was first applied in phylogenetic analyses of DNA and

protein sequences by Felsenstein [35]. In phylogenetic analysis, the ML method

estimates the branch lengths and topology of the tree based on the substitution

model and the sequence alignment. The numerical output of the ML analysis is the

probability that a tree topology and model fit to the sequences. The calculation is

repeated for all possible tree topologies that can be generated from n taxa. The tree

topology with the highest maximum likelihood value is then reported as the best

tree or the ‘maximum likelihood tree.’ The strong point of the ML method is that it

is claimed to be very accurate. This is because the analysis relies heavily on the

evolutionary model. Because of this, all substitution models that can be used in the

distance matrix methods can also be used for tree selection. Unlike the MP method,

the ML method uses all the information in the sequences to calculate the maximum

likelihood value. However, this results in a slow calculation time. Likewise, another

weak point of the ML method is that it is impractical for large data sets. This is

because the calculation is robust and requires significant computational resources.

Bayesian statistics is the newest method, which was first used for phylogenetic

tree reconstruction about two decades ago [45]. This method depends on Bayesian

statistics, and aims to search for the tree that maximizes the chance of seeing the

model given the data (see details in [46–48]). In brief, the Bayesian phylogenetic
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algorithm searches for the tree that has the highest posterior probability. To deal

with the enormous number of possible trees, Bayesian phylogenetic inference uses

a Markov chain Monte Carlo (MCMC) algorithm to search for the best tree. This

technique is more sophisticated than that used in the ML method because every new

tree that is explored can produce a lower score than the tree in the previous step.

This allows the Bayesian inference algorithm to find the best tree efficiently. There

are some popular programs that implement the Bayesian inference algorithm,

such as MrBayes [49, 50], PhyloBayes [51, 52], and BEAST [53].

Once a tree is reconstructed it is necessary to visualize it. There are no set rules

for presenting a tree, but using color and renaming taxa to something easy to

understand are always beneficial to the reader. Generally it is best to try to avoid

using sequence codes or accession numbers to label OTUs. Likewise, it is critical to

write a summary of the method used to build the tree to present in the figure legend.

This helps the user to understand the tree more easily [54].

6 Conclusion

Phylogenetic analysis is one of the important techniques in the networking bio-

logist’s toolbox. It can be used to identify the evolutionary relationships among

organisms, as well as gene or protein sequences. To analyze an evolutionary path-

way, one needs to start with orthologous sequences and perform the analysis

properly. However, single gene phylogenies generally have less evolutionary sig-

nal. As genomes are now being widely sequenced, the possibility of tree recon-

struction based on entire or nearly complete genomes is emerging. This approach

may replace traditional techniques in molecular evolution in the near future.
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