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Molecular phylogeny 
 

 

Abstract 

Nucleotide or amino acid sequence data is often used to infer evolutionary relationships 

among a collection of viruses, bacteria, animal or plant species, or other operational 

taxonomic units (OTU). A phylogenetic tree depicts such relationships and provides a visual 

representation of the estimated branching order of the OTUs. Tree estimation is unique for 

several reasons, including: the types of data used to represent each OTU; the use of 

probabilistic nucleotide substitution models; the inference goals involving both tree topology 

and branch length, and the huge number of possible trees for a given sample of a very modest 

number of OTUs, which implies that finding the best tree(s) to describe the genetic data for 

each OTU is computationally demanding. 

  

Introduction: 

Phylogenetic classifications traditionally rely on phenotypic traits and the paleontological 

record. As a result of the large amount of DNA sequences now available in the databases, 

molecular phylogeny has become an essential companion in studying evolutionary 

relationships among species. As usually practiced, it allows constructing phylogenetic trees 

based on differences between homologous sequences or genes. A basic and indispensable 

step in phylogenetic study is alignment of the set of homologous sequences. However, 

distantly related sequences can be difficult to align and under these conditions, different 

algorithms often lead to different phylogenetic results. There are other problems linked to the 

use of biological sequences in phylogenetic analysis, including sampling of representative 

sequences, biological processes such as lateral gene transfer, fusion events and recombination 

(Brocchieri et al 2001).New approaches of molecular phylogeny, taking into account new 

characteristics of sequences, have been recently developed. Such methods include using other 

aspects of molecular data such as structural properties of proteins, the presence and 

organization of genes along genomes, occurrence of characteristic patterns and the 

frequencies of short nucleotide or peptide relative abundance. These methods contribute to 

the understanding of species evolution from different points of view, particularly in terms of 

our understanding of genome evolution. What is intriguing about these methods is that they 

often yield phylogenetic results comparable to those of traditional methods, frequently 

employing data sets much larger than traditional phylogenetic analyses. As such, they deserve 

the attention of those wishing to extract maximal information from comparative genomic data 

sets. 

 

Advantages of molecular sequences over morphological characters for molecular 

phylogenetics: 

 

1. DNA and amino acid sequences are strictly heritable units 

2. Unambigious description of molecular characters and character states 

3. Amenability to mathematical modeling and quantitative analysis 

4. Homology assessment is easy (?) 

5. Distant evolutionary relationships may be revealed 

6. huge amounts of data available 

 

The traditional objective of a phylogenetic tree is to represent the evolutionary relationship 

between species. In molecular phylogenetics, usually an alignment of homologous genes is 



 

 

2 

put into the tree reconstruction. The phylogeny of the species can be transferred from the 

gene tree, if the genes are orthologous. Species may exchange heretic information. This 

mainly occurs in Prokaryotes and is called Horizontal Gene Transfer (HGT). Consider that a 

B. subtilis strain recently obtained the gene encoding Glyclosyl Hydrolase (GH) from an E. 

coli strain. The gene tree and the species tree are incongruent and it is not possible to infer the 

species phylogeny based on the gene tree for Glycosyl Hydrolase. There is no unique 

universal phylogenetic tree. 
 

Reconstructed molecular phylogenies are used to 

  gain insights into (molecular) evolution 

  predict gene functions 

  predict that gene functions diversify 

  detect various regimes of selective pressures (pharmacology) 

  epidemiology 

 

Types of data used in phylogenetic inference:  

 

Character based methods take as input a character state matrix. Examples for characters are 

“number of extremities”, “existence of a backbone”, “nucleotide at a site in a molecular 

sequence”. Use the aligned characters, such as DNA or protein sequences, directly during tree 

inference. 

 

• Maximum Parsimony 

• Maximum Likelihood 

 

Character-based methods:    
   

 Taxa  Characters  

 Species A ATGGCTATTCTTATAGTACG  

 Species B ATCGCTAGTCTTATATTACA  

 Species C TTCACTAGACCTGTGGTCCA  

 Species D TTGACCAGACCTGTGGTCCG  

 Species E TTGACCAGTTCTCTAGTTCG  

 

Character-Based Tree Reconstruction  

The theory is that characters at corresponding positions in a multiple sequence alignment are 

homologous (this word has different meaning in mathematics and is precisely defined for 

sequences with differentials.) among the sequences involved. Evolutionary tree 

reconstruction often starts by sequencing a particular gene in each of n species. After aligning 

these genes, biologists end up with an n × m alignment matrix (n species, m nucleotides in 

each) that can be further transformed into an n×n distance matrix. Although the distance 

matrix could be analyzed by distance-based tree reconstruction algorithms, a certain amount 

of information gets lost in the transformation of the alignment matrix into the distance matrix, 

rendering the reverse transformation of distance matrix back into the alignment matrix 

impossible.   

A better technique is to use the alignment matrix directly for evolutionary tree reconstruction. 

Character-based tree reconstruction algorithms assume that the input data are described by an 
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n × m matrix (perhaps an alignment matrix), where n is the number of species and miss the 

number of characters. Every row in the matrix describes an existing species and the goal is to 

construct a tree whose leaves correspond to the n existing species and whose internal vertices 

correspond to ancestral species. 

Each internal vertex in the tree is labeled with a character string that describes, for example, 

the hypothetical number of legs in that ancestral species. We want to determine what 

character strings at internal nodes would best explain the character strings for the n observed 

species. The use of the word “character” to describe an attribute of a species is potentially 

confusing, since we often use the word to refer to letters from an alphabet. We are not at 

liberty to change the terminology that biologists have been using for at least a century, so for 

the next section we will refer to nucleotides as states of a character. Another possible 

character might be “number of legs,” which is not very informative for mammalian 

evolutionary studies, but could be somewhat informative for insect evolutionary studies. An 

intuitive score for a character-based evolutionary tree is the total number of mutations 

required to explain all of the observed character sequences. The parsimony approach attempts 

to minimize this score, and follows the philosophy of find the simplest explanation of the 

data. Likelihood estimation is central to many areas of the natural and physical sciences and 

has had a major impact on molecular phylogenetics. Distance-based methods are more rapid 

and less computationally intensive than character based methods, but the actual characters are 

discarded once the distance matrix is derived. On the other hand, character-based methods 

make use of all known evolutionary information, i.e. the individual substitutions among the 

sequences, to determine the most likely ancestral relationships. 

Maximum parsimony (MP) The criterion of Maximum parsimony method is that the simplest 

explanation of the data is preferred, because it requires the fewest conjectures. By this 

criterion, the Maximum parsimony tree is the one with fewest substitutions/evolutionary 

changes for all sequences to derive from a common ancestor. For each site in the alignment, 

all possible trees are evaluated and are given a score based on the number of evolutionary 

changes needed to produce the observed sequence changes. The best tree is thus the one that 

minimized the overall number of mutation at all site. Maximum parsimony works faster than 

ML and the weighted parsimony schemes can deal with most of the different models used by 

ML. However, this method yields little information about the branch lengths and suffers 

badly from long-branch attraction, that is the long branches have become artificially 

connected because of accumulation of inhomogenous similarities, even if they are not at all 

phylogenetically related. Maximum parsimony yields more than one tree with the same score. 

The ‘most-parsimonious’ tree is the one that requires the fewest number of evolutionary 

events (e.g., nucleotide substitutions, amino acid replacements) to explain the sequences.  

Advantages: 

 Are simple, intuitive, and logical (many possible by ‘pencil-and-paper’).   

 Can be used on molecular and non-molecular (e.g., morphological) data. 

 Can tease apart types of similarity (shared-derived, shared-ancestral, homoplasy) 

 Can be used for character (can infer the exact substitutions) and rate analysis. 

 Can be used to infer the sequences of the extinct (hypothetical) ancestors. 

 

Disadvantages: 

 Are simple, intuitive, and logical (derived from “Medieval logic”, not statistics!) 

 Can be fooled by high levels of homoplasy (‘same’ events). 
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 Can become positively misleading in the “Felsenstein Zone”. 

 

Maximum Likelihood (ML) Maximum likelihood (ML) estimation is arguably the most 

widely used method for statistical inference. The framework was introduced in the early 

1920s by the pioneering statistician and geneticist, R.A. Fisher. Likelihood based estimation 

is now routinely applied in almost all fields of the biological sciences, including 

epidemiology, ecology, population genetics, quantitative genetics, and evolutionary biology. 

Like MP methods, Maximum Likelihood method also uses each position in an alignment and 

evaluates all possible trees. It calculates the likelihood for each tree and seeks the one with 

the maximum likelihood. For a given tree, at each site, the likelihood is determined by 

evaluating the probability that a certain evolutionary model has generated the observed data. 

The likelihood’s for each site are then multiplied to provide likelihood for each tree. 

Maximum Likelihood method is the slowest and most computationally intensive method, 

though it seems to give the best result and the most informative tree. 

Distance-based methods: Transform the sequence data into pairwise distances 

(dissimilarities), and then use the matrix during tree building. 
   

             A      B     C     D     E  

  Species A ----  0.20  0.50  0.45  0.40    

  Species B 0.23  ----  0.40  0.55  0.50         

  Species C 0.87  0.59  ----  0.15  0.40    

  Species D 0.73  1.12  0.17  ----  0.25 

Species E 0.59  0.89  0.61  0.31  ---- 

 

Distance-based methods are based on the distance, the degrees of differences between pairs 

of seqeuences. Such distance will be used to construct the distance matrix between individual 

pairs of taxa. The theory in this case is that all sequences involved are homologous and the 

weighted directed tree will satisfy the additive properties. There are two different algorithms 

in distance based method, the cluster-based and the optimality-based. The cluster-based 

method algorithms build a phylogenetic tree based on a distance matrix starting from the 

most similar sequence pairs. The algorithms of cluster-bsed include unweighted pair group 

method using arithmetic average (UPGMA) and neighbor joining (NJ). The optimality-based 

method algorithms compare numerous different tree topologies and select the one which is 

believed to best fit between computed distances in the trees and the desired evolutionary 

distances which often referred as actual evolutionary distances. Algorithms of optimality 

based include Fitch-Margoliash and minimum evolution. 

Assessment of Trees 

The assessment of constructed phylogenetic trees will be on the reliability of the inferred 

phylogeny. More precisely, is any particular tree more reliable than the others? Or, is it more 

biologically or statistically significant than the other? Bootstrapping and Jacknifing are two 

analytical strategies which repeatedly resample data from the original database to test for 

errors of a phylogenetic trees. Kishino-Hasegawa and Shimodaira-Hasegawa tests are often 

used to compare the significance of two phylogenetic trees. Finding correct and acurate 

phylogenetic trees is generally an extremely difficult task. One important point is to calculate 

how many different such trees exist, and these numbers are indeed astronomically large when 

the number of taxa increases. While the argument makes some mathematical sense, it makes 

absolutely no biological sense because many of the mathematically existing trees can be 
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eliminated by biological common sense. It is more due to the facts that often times one has to 

derive a consensus tree from multiple individual trees based majority rule, or any other rules 

which would make biological sense in practice, and both consensus and these rules are often 

very fuzzy and varies from people to people. Moreover, at each step of the tree building, 

there are multiple choices, criteria to make those choices are so vague that different choices 

often lead to some significantly different outcomes. A more detailed version of the 

introduction to the area can be found in references such as J. Xiong (4)and M. Nei et al (2). 

Bootstrapping: The tree building algorithms produce a phylogenetic tree, or trees, but with no 

measure of how much they should be trusted. J. Felsenstein (5) in 1981 suggested that using 

the bootstrap as a method of assessing the significance of some phylogenetic feature, such as 

the segregation of a particular set of species on their own branch, known as clade. The 

bootstrap works as follows: given a database consisting of an alignment of sequences, an 

artificial dataset of the same size is generated by picking columns from the alignment at 

random with replacement. (A given column in the original dataset can therefore appear 

several times in the artificial dataset.) The tree building algorithm is then applied to this new 

dataset, and the whole selection and tree building procedure is repeated some number of 

times, typically of the order of 1,000 times. The frequency with which a chosen phylogenetic 

feature appears is taken to be a measure of the confidence we can have in this feature. For 

certain probabilistic models, the bootstrap frequency of a phylogenetic feature F can be 

shown to approximate the posterior distribution P (F|data). When the bootstrap is applied to a 

non-probabilistically formulated model, such as parsimony, it can be interpreted in terms of 

statistical hypothesis testing, though a rather more elaborate procedure than that given above 

may be needed to make the bootstrap conform to standard notions of confidence intervals. 

Jackknifing. In addition to bootstrap, another often used resampling technique is jackknifing. 

In Jackknifing, one half of the sites in a dataset are randomly deleted, creating datasets half as 

long as the original. Each new dataset is subjected to phylogenetic tree construction using the 

same method as the original. The advantage of jackknifing is that sites are not duplicated 

relative to the original dataset and that computing time is much shortened because of shorter 

sequences. One criticism of this approach is that the size of dataset has been changed into one 

half and that the datasets are no longer considered replicates. Thus, the results may not be 

comparable with that from bootstrapping. 

Kishino-Hasegawa and Shimodara-Hasegawa Tests. In phylogenetic analysis, it is also 

important to test whether two competing tree topologies can be distinguished and whether 

one tree is significantly better than the other. The task is different from bootstrapping in that 

it tests the statistical significance of the entire phylogeney, not just portions of it. For that 

purpose, several statistical tests have been developed specifically for each of the three types 

of tree reconstruction methods, distance, parsimony, and likelihood, including Kishino-

Hasegawa and Shimodara-Hasegawa Test. 

Analysis of the Algorithms 

The most frequently used distance methods are cluster based. The major advantages is that 

they are computationally fast and are therefore capable of handling databases that are deemed 

to be too large for any other phylogenetic methods. The methods, however, are not 

guaranteed to find the best tree, whatever the best means. Exhaustive tree searching 

algorithms such as Fitch-Margoliash and Minimum Evolution have better overall accuracies. 

On the other hand, they can be computationally too expensive to use when the number of taxa 
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is too large, even sometimes, only as large as 12, because overall number of topologically 

different trees will be exponentially growing and soon become too large to handle, even 

though nowadays the computing power has been increasing dramatically. A compromise 

between the two types of algorithms is a hybrid approach such as the generalized neighbor 

joining, with a performance similar to that of minimum evolution, but algorithm runs much 

faster. The overall advantages of all distance based methods is the ability to make use of a 

large number of substitution models to correct distances. The drawback is that the actual 

sequence information is lost when all the sequence variation is reduced to a single value. 

Hence, ancestral sequences at internal nodes cannot be inferred. 
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