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 Phylogeny and Phylogenetic Trees 

• The biological evidence suggests that all life 
evolved from a common ancestor 

• Phylogeny is the study of the evolutionary 
histroy of a group of species (taxa) 

• The relationship can be represented using a 
phylogenetic tree 

 

Orangutan Gorilla Chimpanzee Human 
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 Phylogeny and Phylogenetic Trees 

• The leaves of the tree corresponds to extant taxa 

• Internal nodes correspond to speciation events, and represent 
ancestral taxa. 

• Branches define the relationships among the taxa (descent 
and ancestry) 

• A phylogenetic tree is a binary tree. 
• The branch length usually represents the amount of time 

since speciation. 

 

 
 
 

 

 

 

Orangutan Gorilla Chimpanzee Human 
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Objectives 

 
• Reconstruct the ancestry of species, i.e. find the tree 

of life and  
 
• To estimate the time of divergence between 

organisms since they last shared a common ancestor. 
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Cladograms and Phylogenetic trees from Phonotypical 
characteristics 

• See video! 
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A Phylogenetic Tree 

  a          b                  g          d                  e 

• A (rooted) tree for 5 species.  
• Leaves  a, b, g, d, and e, correspond to contemporary  
        species, for which data has been collected  
• Internal nodes correspond to (inferred) ancestors 
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Using Morphological Characteristics 

Here, the 0s and 1s are indicating the presence or absence of a 
character (has feathers?, lays eggs?, curved beak?, flies?, . . . ). 
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Raccoon or Bear ? 

• Based on anatomical 
and behavioral 
characteristics, the 
panda was originally 
classified as a raccoon 
(1870) 

 

• In 1985, the panda was 
re-classified as a bear 
when an analysis 
based on molecular 
data was done 
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Platypus 
The Platypus 
(Ornithorhynchus anatinus) 
is a venomous, egg-laying, 
duck-billed mammal; the 
sole representative of its 
family (Ornithorhynchidae) 
and genus (Ornithorhynchus) 



CIS 529: Bioinformatics PIEAS Biomedical Informatics Research Lab 

Need for Other Approaches 

Hard to resolve relationships using morphology and 
behavior alone 

 
1. Similar characteristics can evolve independently in 

distantly related organisms — convergent-evolution 
 
2. It is often difficult to find characteristics that are common 

to all the organisms under study 
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Inferring Phylogenies 

Trees can be inferred by several criteria: 

 

– Morphology of the organisms 
• Can lead to mistakes! 

 

– Sequence comparison 

 

Example: 

 

 Orc:    ACAGTGACGCCCCAAACGT 

 Elf:   ACAGTGACGCTACAAACGT 

 Dwarf:  CCTGTGACGTAACAAACGA 

 Hobbit:  CCTGTGACGTAGCAAACGA 

 Human:  CCTGTGACGTAGCAAACGA 
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Humans 
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What is phylogeny good for ? 

• Evolutionary history (“tree of life”) 

• Population history 

• Origins of diseases 

• Prediction of sequence function 

• MSA 

• Can be applied to organisms,  

    sequences, viruses,  

    languages, etc. 
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The Tree of Life and Human Health 
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Lanciotti et al. (1999) 

West Nile 

virus 

http://www.sciencemag.org/content/vol286/issue5448/images/large/se4998110002.jpeg
http://medical.smis.doi.gov/03-west-nile-inside.jpg
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Bird flu phylogeny 
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Zika Virus 

 

19 

Lanciotti, Robert S., Amy J. Lambert, Mark Holodniy, Sonia Saavedra, and Leticia del Carmen Castillo Signor. 2016. “Phylogeny 
of Zika Virus in Western Hemisphere, 2015.” Emerging Infectious Diseases 22 (5). doi:10.3201/eid2205.160065. 



CIS 529: Bioinformatics PIEAS Biomedical Informatics Research Lab 



CIS 529: Bioinformatics PIEAS Biomedical Informatics Research Lab 

Richardson et al. (2006) 
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kujira 



CIS 529: Bioinformatics PIEAS Biomedical Informatics Research Lab 



CIS 529: Bioinformatics PIEAS Biomedical Informatics Research Lab 

Zuckerkandl & Pauling (1962) 

• Zuckerkandl & Pauling (1962) 
demonstrated that molecular 
sequences provide large amounts 
of information and help 
understand evolutionary 
relationships 
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Sequence Data 

Nowadays, biologists rely on molecular sequence data, in 
particular DNA or RNA sequences, which allows the 
comparison of a broader range of species.  
               E. coli, yeast, clam shell, human, ……. 
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Species vs. Gene Trees 

• The taxonomic units (nodes of the tree) can 
represent genes, species or populations. 

• A gene tree represents the evolutionary history 
of a single gene; e.g. the evolution of the 
globin family. 

• A species tree will generally be built using 
multiple genes. 

• We will focus mainly on species trees. 
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Methods for Tree Reconstruction 

Distance based 

• Tree is constructed on the basis of a distance measure between species. 

 

Maximum parsimony 

• The tree that explains the data with the smallest number of evolutionary 
events. 

 

Maximum likelihood 

• Statistical method of phylogeny reconstruction 

• Explicit model for how data set is generated with nucleotide or amino acid 
substitutions 

• Find topology that maximizes the probability of the observed data given the 
model and the parameter values (estimated from data) 
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Distance Based Tree Reconstruction 

Definition: A distance measure dij  between n species is said to be 
a tree-derived distance if there exists a tree T with the species 
at the leaves such that dij is the sum of the branch lengths 
along a path between i and j. 

 

• Tree-derived distances are typically called additive distances. 
 

• In general we don’t have available to us the “real” tree-
distance.  Given surrogate information about the tree-
distance, we would like to obtain the best estimate of the 
phylogenetic tree. 



CIS 529: Bioinformatics PIEAS Biomedical Informatics Research Lab 

Tree Reconstruction - Ultrametric Case 

If: 

Pairwise distances dij among n extant species satisfy the 
Ultrametric property 

Then: 

There exists a unique rooted tree (up to trivial relabeling) with 
these species as leaves, that gives these distances.  

Thus the original tree can be recovered exactly. 

 

Proof:  See Ewens and Grant – Statistical Methods in Bioinformatics (2nd edition) 
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UPGMA (Unweighted Pair Group Method using  Averages) 
• Uses a hierarchical clustering method. Initially each species is in its own 

cluster. The algorithm sequentially combines two clusters and forms a new 
node in the tree.  
 

• First define distance dij between two clusters Ci and Cj to be the average 
distance between pairs of species from each cluster: 

 

 

 

 

     where |Ci| denotes the number of species in cluster Ci.  

• Note that if Ck is the union of Ci and Cj and Cl is another cluster, then 

This is also known as average linkage cluster analysis 

Alternatives are “maximum” or “minimum” linkage 
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UPGMA 

• Initialization: 
– Assign each species i to its own cluster Ci 

– Define a leaf of T for each species. Place it at height zero. 

• Iteration: 
– Find i,j so that dij is minimal (in case of ties, choose randomly) 

– Define new cluster k by Ck = Ci union Cj. Define dkl for all l by 

 

 

 

 

– Define a node k with “daughter” nodes i and j and place it at height 
dij/2.  

– Add k to the current clusters and remove i and j. 

• Termination: 
– When only two clusters i,j remain, place the root at height dij/2. 
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UPGMA Example 
(1) 

(2) 

(3) (4) 
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Other methods 

• Neighbor joining 

– constructs unrooted trees 
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Parsimony 

• One of the most commonly used methods for tree 
reconstruction 
 

• Uses sequence information directly rather than distances that 
reflect sequence similarity. 
 

• The idea:  find a tree that explain the observed sequences with 
minimal number of substitutions (Occam’s razor) 
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Parsimony 

• Assign a score to a tree (with ancestral sequences included) as 
the total number of substitutions along all branches of the 
tree. 
 

• The objective: find the tree that minimizes this score 
 

• Minimization is over all choices of inferred ancestral sequences 
and tree topologies. 
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Parsimony 

Suppose we are given the four sequences: 

AAG,   AAA,   GGA,   AGA 

•  For each possible topology for a rooted tree with 4 leaves, assign 
sequences to the ancestral nodes such that the total number of 
changes needed is minimized.  

•  Minimize this number over all trees   
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Parsimony 

Two step process: 

1. Given a tree topology and an assignment of residues to the 
leaf nodes, find an assignment of residues to internal nodes 
that minimizes the number of mutations (note parsimony 
treats each position independently) 

This is sometimes called the SMALL PARSIMONY PROBLEM. 

Solvable using dynamic programming 

2. Search over all possible trees and find the “best” tree, 

 that is, the tree having the minimal parsimony score. 

  This is sometimes called the LARGE PARSIMONY PROBLEM. 
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Large Parsimony 

Exhaustive Search 

For each unrooted tree 
with n leaves, calculate the 
minimum parsimony score 
and choose the tree with 
minimum score. 

Feasible only for small n. 

Parsimony score is 
independent of root 
position. 

Large parsimony is NP complete 
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Maximum Likelihood phylogeny 

 

• Given a tree T with n leaves, where sequence xj is at leaf node j, 
and a set of edge lengths denoted by t1, t2,...., t2n-2  (written as 
t), we want to define 

          P(x | T, t) 
 

• This requires a model of evolution – probabilities of mutation 
events that change sequences along the edges of the 
evolutionary tree 
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Probability Model 
Define: 
 

 
      

P(x | y , t ) 

the probability that a given 
ancestral sequence y will evolve 
into x along an edge of length t. 

For any set of ancestral sequences 
assigned to internal nodes, we can 
calculate the probability of 
observing such a fully specified 
tree. 

t1 

x1 

x5 

x4 

x2 x3 

t2 t3 

t4 

y 

x 

t 
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Maximum Likelihood Tree 

• The tree with topology T and edge lengths t  
that maximizes  P(x | T, t) 

 

• Finding the maximum likelihood tree 
involves a search over: 

• Tree topologies  

• Assignment to ancestor sequences 

• Edge lengths t 
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Phylogenetic Trees using MEGA 

• MEGA is a commonly used tool for this 
purpose 
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MEGA steps 

• BLAST the given sequence to get more sequences – must be 
done carefully 

• Construct MSA using MUSCLE or CLUSTALW 
– MUSCLE is better 

• Construct tree 
– Distance based (distance matrix …) 

– Parsimony based 

– Maximum likelihood based 

• Generate confidence values (using bootstrapping)  
– Optional but recommended 
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For Dengue viruses 

• http://faculty.pieas.edu.pk/fayyaz/ippy/html_
demos/Bioinformatics.html 

 

http://faculty.pieas.edu.pk/fayyaz/ippy/html_demos/Bioinformatics.html
http://faculty.pieas.edu.pk/fayyaz/ippy/html_demos/Bioinformatics.html
http://faculty.pieas.edu.pk/fayyaz/ippy/html_demos/Bioinformatics.html
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End of Lecture 

http://io9.gizmodo.com/5936427/the-evolutionary-history-of-dragons-illustrated-by-a-scientist 
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