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Evolution of genes: Ortholog vs Paralog 

https://en.wikipedia.org/wiki/Sequence_homology



A pipeline for phylogenetic analysis

Selected 
genomes

Annotated 
proteins

Identify 
orthologs

Multiple sequence 
alignment

Phylogentic
tree



Cluster analysis

…

seq1 seq2 seq3 seq4 seq5

seq1 1

seq2 0.9 1

seq3 0.7 0.6 1

seq4 0.8 0.8 0.6 1

seq5 0.9 0.5 0.8 0.7 1

Similarity matrix

FASTA file

Clustering



K-means vs Hierarchical Clustering

• pre-specified K (number of groups);
• prefer clusters of similar size

K-meansHierarchical

Distinct groups



WGCNA tutorial by P. Langfelder, S. Horvath 

WGCNA transformation



MCL 
- a cluster algorithm for graphs

• Single Parameter: -I  (Inflation, range from 1.1 to 10.0)

• Increasing the value of -I will increase cluster granularity



MCL on BLAST results (https://micans.org/mcl/)

cut -f 1,2,11 blastOutfmt6.txt > seq.abc

mcxload -abc seq.abc --stream-mirror --stream-neg-log10 -stream-tf 'ceil(200)' -o 
seq.mci -write-tab seq.tab

mcl seq.mci -I 5.0 -use-tab seq.tab

#cut the blast output to 3 columns:  querID, targetID, 
evalue

#transform evalues

#run mcl. 

Output text file: each line is a cluster, with gene names in the same cluster separated by “tab”

Gene1 Gene234 Gene56
Gene3
Gene43 Gene12
Gene653 Gene877
……



MMseqs2: an ultra fast protein/DNA 
sequence clustering tools

mmseqs easy-linclust input.fasta clusterResult tmp

Command:

• easy-linclust is a tool in the package that scales 
linearly with number of sequences;

• Fast speed due to pre-filtering through k-mer
matching



Gene duplication and speciation, which happens first? 

Gene duplication before speciation Gene duplication after speciation

Ancestor     Gene A

Species 1

Species 2

Speciation

Gene duplication

Gene A

Gene A’

Gene A

Orthologs homologs

Sequence clustering alone cannot solve orthologous relationship

species



How to define orthologs?

Reciprocal best BLAST hit Synteny

Without direct proof, here are the commonly accepted practices: 

Not ortholog
of Gene 1

Inferred from phylogeny

Orthofinder



Orthofinder

MCScanX

Input:  A set of fasta files, with each fasta file represents all proteins from a single 
genome.

Output:  Genes in orthologous groups. Genes duplicated after speciation would 
be in the same group.

Software for identifying orthologous genes *

(MCL  + reciprocal best blast hits + phylogeny)

(synteny)

Input:  BLAST (gene sequence similarity) and GFF (gene position on the genome)

Output: Collinear orthologs.



Phylogenetic analysis pipelines:

Orthologous gene 
identification 

MSA for each 
ortholog group

Build phylogenetic 
tree using MSA 

Concatenated 
orthologous genes

SNP calling on a 
reference genome

Build phylogenetic 
tree from vcf file

SNP based



Phylogeny



What is phylogeny?
• A phylogeny, also known as a tree, is an explanation of how things

evolved, their evolutionary relationships between “taxa” (entities 
such as genes, populations, species, etc.)

• In this introduction, we focus on phylogeny reconstruction by 
sequences



Outline

• Elements in the phylogeny

• How to construct a phylogeny

• Phylogeny evaluation and illustration

• Hands on practice



LEAFY Controls Floral Meristem Identity 
in Arabidopsis 

Weigel D, Alvarez J, Smyth D R, et al. LEAFY controls floral meristem 
identity in Arabidopsis[J]. Cell, 1992, 69(5): 843-859.



Taxa / Terminal Node/ tips

Elements of a phylogeny tree



Elements of a phylogeny tree

Internal nodes



Two branches at any internal note can be flipped without 
changing the phylogeny



Elements of a phylogeny tree



Elements of a phylogeny tree

Root
The root is a very important internal node 
representing the most recent common 
ancestor of all sequences in the
phylogeny.



Place a root on the tree
TimePast Present

Root

Root



two main approaches to place a root
• Outgroup rooting Mid-point rooting

the root is positioned at the midpoint 
between the two longest branches



How to construct a phylogeny

1. distance data 2.discrete characters

• Parsimony
• Maximum Likelihood
• Bayesian Methods

• UPGMA
• Neighbor-joining



Distance method

• Distance calculated based on a specific substitution 

model (Jukes-‐Cantor

• Model, Kimura, BLOSUM64, etc.)

• Distances from each sequence to all others are 

calculated and stored in a matrix

• Tree then calculated from the distance matrix using a 

specific tree-building algorithm

Jukes--Cantor Model

Substitution refers to the replacement of one amino acid 
with another amino acid in a protein or the replacement of 
one nucleotide with another in DNA or RNA



Kimura’s 2--parameter model (K2P)



(revised from NIH lecture )



Protein Substitution Matrices
PAM250: Based on phylogenies where all 
sequences differ by no more than 15%.

BLOSUM62: Based on clusters of sequences with
greater than 62% identical residues

BLOSUM62 and BLOSUM50 target alignments with 
20 – 30% identity



Take home message

1. Transition is more frequent than transversion.

2. Different substitution model lead to different 
phylogeny



Neighbor-joining algorithm

Qa,b= 4*5 – (5+9+9+8) – (5+10+10+9) = -50

Transform distance matrix into a U matrix



join a and b and repeat the calculation



Summary of Neighbor Joining

1. The first step is to build a distance matrix 

2. Neighbor-joining is a recursive algorithm (step by step).  
Each step is to cluster the closest branch with the 
previous step.



Packages with NJ algorithm
• PAUP* – Phylogenetic Analysis Using Parsimony

and other methods

• PHYLIP – a suite of phylogenetic programs

• MEGA – An integrated phylogenetic analysis package

• Clustal X, Clustal O , muscle output tree, MAFTT implemented. 

• TASSEL -- a Java platform designed for the optimized analysis of crop genomic 

diversity. TASSEL takes the genotypes as input



TASSEL 





Maximum likelihood Trees
Most widely used method when accurate trees are required



Log likelihood of different topology



Packages with ML algorithm
• PAML – tree search only for small datasets

• PHYML – a suite of phylogenetic programs

• MEGA – An integrated phylogenetic analysis package

• RAxML-ng – a fast, scalable and user- friendly tool for maximum likelihood phylogenetic
inference, specifically designed for large phylogenomic analyses

• IQ-Tree  -- a fast and effective stochastic algorithm for estimating maximum- likelihood 

phylogenies
• FastTree --Specifically designed for efficiently estimating large phylogenies in terms of 

number of taxa (up to one million); restricted to a small number of substitution models

• SNPhylo: a pipeline to construct a phylogenetic tree from huge SNP data, Reduce SNP 

redundancy by linkage disequilibrium
Kapli P, Yang Z, Telford M J. Phylogenetic tree building in the genomic 
age[J]. Nature Reviews Genetics, 2020: 1-17



Bayesian phylogenetic



Packages with Bayesian Inference algorithm

• MrBayes --Bayesian inference of phylogenetic trees. cited 30,000 times

• PhyloBayes-- a Bayesian software package for phylogenetic 

reconstruction and molecular dating

• P4--Python package for phylogenetic analyses



Model selection

• JModelTest
• ProtTest for protein MSAs

Abadi S, Azouri D, Pupko T, et al. Model selection 
may not be a mandatory step for phylogeny 
reconstruction[J]. Nature communications, 2019, 
10(1): 1-11.

skipping model selection and using instead the most 
parameter-rich model, GTR+I+G, leads to similar inferences

general time reversible (GTR, nst=6): variable base frequencies, 
symmetrical substitution matrix
gamma distribution (G): gamma distributed rate variation among 
sites
proportion of invariable sites (I): extent of static, unchanging 
sites in a dataset



Bootstrapping



Bootstrapping



Hands on practice
• Input format

Fasta format



Phylip format

1st line: Number of sequences(space)Number of sites
2nd line: Sequence ID (10 characters max) Sequence



Nexus format



Conversion tools

• https://www.ebi.ac.uk/Tools/sfc/



Format conversion in MEGA



RAxML replaced RAxML

Adapted from the Exelixis Lab



command line for raxml

• /programs/raxml-ng_v0.9.0/raxml-ng  --all  --msa leafy_align.fas --
model JTT+G4+F --prefix leafy_all

• /programs/raxml-ng_v0.9.0/raxml-ng  --all --msa prim.phy --model 
GTR+G --prefix A1

• The best tree is saved in [prefix].raxml.bestTree
• The tree with bootstrap value is saved in [prefix].raxml.support



Illustration of phylogeny
• iTOL – web-based tool

• Mega

• TreeView, FigTree

• R packages ape, ggtree, 
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