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� Introduction

Two genes from two di�erent species are said to be orthologs if they evolved directly from
a single gene in the last common ancestor ���	 Genes that evolved from a single gene that
was duplicated within a genome are called paralogs ���	 Paralogs are further classi
ed into
two types� in�paralogs and out�paralogs �
� ��	 In�paralogs are paralogs that were duplicated
after the speciation event� and out�paralogs are paralogs that were duplicated before the
speciation event	 Fig	 � illustrates the di�erence between in�paralogs and out�paralogs	
Typically� orthologs perform the same function� whereas a paralog in a genome evolves to
perform a new function	
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Figure �� There are two speciation events �in�
verse Y junctions�� and three gene�duplication
events �inverse T junctions�� Two genes whose
common ancestor is at a Y junction are orthol�
ogous� e�g�� A and B��� and B�� and C�� Two
genes whose common ancestor is at a T junc�
tion are parlogous� e�g�� B�� and B�	� and B��
and C�� B��� B��� and B�	 are in�paralogs to
A �or C� because the speciation event occurred
before the B�
 duplication event� whereas B�

and C� are out�paralogs to B�
 and C� as the
duplication occurred before speciation�

Tatusov et al	 ��� developed Clusters of Orthologous Groups �COGs�� a classi
cation of
genes across multiple complete genomes based on their homologous relationship	 A COG
comprises individual orthologous genes or orthologous groups of paralogs �in�paralogs and
out�paralogs� from three or more lineages	 COGs does not distinguish between in�paralogs
and out�paralogs	 Since the idea of COGs present a framework using which gene functions
for newly sequenced or poorly characterized genomes can be predicted� it is very important
that COGs contain only orthologs �and in�paralogs�� and not out�paralogs	 In this paper� we
present a new evolution�based iterative clustering method� which can be used to identify out�
paralogs in a given COG and thus re
ne the COG to contain only orthologs and in�paralogs	
Through repeated clustering of a COG� one can construct a gene tree that shows not only the
speciation� but also the duplication events	 Our clustering method is simple and can easily
be automated and used to classify any phylogenetically related set of entities	 Previously�
Remm et al	 ��� presented a method that clusters orthologs and in�paralogs	 However� their
method can only 
nd orthologous genes between any two species� and not across several
species	
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� Materials and Methods

Let N be the number of proteins in a given COG	 Sequences contained in a given COG were
aligned using CLUSTALW�	��	 Similarity matrix from the multiple sequence alignment
were calculated using CLUSTALW	 Let I denote the vector of evolutionary distances in
the similarity matrix from protein i	 A new matrix called the correlation coe�cient matrix
was calculated� in which each entry ���� � sij � ��� represents the correlation coe�cient
between column vectors I and J 	 Clustering is performed by constructing a graph with N

vertices �each representing a protein in the COG�� in which an edge exists between vertices
i and j if and only if sij is non�negative	 The resulting graph may or may not be fully
connected	 Based on the number of edges crossing a cut between two connected components
�subgraphs� in the graph� the graph may qualify to be split into two subgraphs� with the
subgraph containing proteins from majority of the species �in the original COG� denoting
the new re
ned COG� while the other subgraph denoting the set of out�paralogs with respect
to the re
ned COG	 Our clustering technique breaks down a COG into at most two clusters	
One may choose to re
ne the COG further by performing the above steps yet again� starting
from the alignment of sequences	 Checks and balances are provided to prevent the breaking�
up of a given COG along kingdom lines	

� Results
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Figure �� �a� Graph representing COG
��� with �� proteins from �� species� Two nodes �proteins�
are connected by an edge if and only if their distance vectors to other nodes �including themselves�
are positively correlated� Clustering shows that the ���node connected component does not belong
to the COG� indicating that these �� proteins are out�paralogs to the proteins in the main cluster�
leaving the COG with �� proteins from �� species� �b� Second round of clustering is applied to the
re�ned COG
���� and �� more out�paralogs are removed� leaving the COG with �� proteins from
�� species� �c� Third round of clustering removes � more out�paralogs� leaving the COG with ��
proteins from �� species� Further clustering is not recommended as it only breaks the COG along
kingdom lines�
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