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Abstract 
 
Phylogenetic profiling involves the study of the occurrence of gene families across fully 
sequenced genomes.  For any gene, it is possible to create a phylogenetic profile which 
encodes the presence or absence of homologs of the gene across organisms.  The 
comparison of phylogenetic profiles may be used to measure the evolutionary distance 
between organisms leading to the reconstruction of phylogenetic trees.  The pair-wise 
comparison of phylogenetic profiles allows us to identify genes that co-occur across 
organism and are likely to participate within the same pathway or protein complex.  
Finally, by comparing phylogenetic profiles to phenotypic profiles that encode the 
presence or absence of phenotypes across organisms, it is possible to infer that a gene is 
partially responsible for establishing a phenotype.   These techniques are currently used 
to survey about one hundred fully sequenced genomes that are currently determined.  
However, they promise to become more informative as the number of fully sequenced 
genomes increases by orders of magnitude. 
 
 
Introduction 
 
Biology has been profoundly changed by the development of techniques to sequence 
DNA.  The advent of rapid sequencing in conjunction with the capability to assemble 
sequence fragments into complete genomes sequences enables researches to read and 



analyze entire genomes of organisms.  Parallel progress has been made in algorithms to 
study the evolutionary history of proteins.  The techniques rely on the ability to measure 
the similarity of protein sequences in order to determine the likelihood that different 
proteins are descended from a common ancestor.  It is therefore possible to reconstruct 
families of proteins that share a common ancestor. 
 
Combining these two capabilities, we can now not only determine which proteins are 
coded within an organism’s genome, but also discover the evolutionary relationships 
between the proteins of multiple organisms.  Phylogenetic profiling is the study of which 
protein types are found in which organisms.   
 
In order to perform phylogenetic profiling one must first establish a classification of 
proteins into families.  An example of such a classification scheme across a broad range 
of fully sequenced organisms is the Clusters of Orthologous Groups (Tatusov 1997), 
where an attempt is made to group together proteins that perform a similar function.  
Next each organism is described in terms of which protein families are coded or not in its 
genome. 
 
As we will see in this review, this simplified representation is useful to explore the 
evolutionary history of an organism as well as to study the function of protein families 
and how they may be related to observable phenotypes. 
 
Genome Phylogeny 
 
Species phylogenies have traditionally been constructed by measuring the evolutionary 
divergence in a particular family of proteins or RNAs (Fitch 1967).  The most commonly 
used sequence for such phylogenetic reconstructions is that of the small subunit 
ribosomal  RNA.  The advantages of using this RNA gene are that it is found in all 
organisms, and it has evolved relatively slowly, thus permitting the construction of 
phylogenies between distant organisms. 
 
Access to the complete genomes of organisms offers a new approach to phylogenetic 
reconstruction.  Rather than looking at the evolution of a single protein or RNA family, it 
is now possible to compare the gene content of two organisms.  This general approach to 
phylogenetic reconstruction has been applied in a variety of ways (Fitz-Gibbon 1999, 
Snel 1999, Tekaia 1999, Lin 2000, Montague 2000, Wolf 2001, Bansal 2002, Clarke 
2002, House 2002, Li 2002).   
 
Several metrics have been used to measure the similarity of two organisms based on their 
gene contents, including the percentage of genes shared by the two species.  Furthermore, 
phylogenetic trees may be reconstructed using several techniques including distance-
based phylogenies and parsimony.  In general, the trees constructed using whole genome 
comparisons are similar to those using small subunit rRNA sequences, with occasional 
discrepancies of interest (Figure 1). 
 



Co-evolution of Protein Families 
 
Before fully sequenced genomes became available, the computational study of protein 
function relied entirely on the detection of sequence similarity.  The general notion upon 
which these studies are based is that proteins with detectable sequence similarity are 
likely to have evolved from a common ancestor and thus by definition are homologs.  
Furthermore, such proteins are likely to have preserved common structure and function.  
Therefore similarity detection may be used to assign a putative structure and function to 
proteins that have a sufficient degree of sequence similarity to an experimentally 
characterized protein.    The definition of “sufficient degree” of similarity has been at the 
center of much of research.  Depending on the methodology used to determine sequence 
similarity, various statistical tests have been devised to determine whether two proteins 
have truly evolved from a common ancestor. 
 
Although techniques based on sequence similarity are powerful, they are unable to 
inform us about a possible structure or function of a protein family that does not contain 
experimentally characterized members.  This is a significant limitation because a large 
fraction of all protein families currently fall within this category.  Phylogenetic profiling 
may be used to address this problem, and give us at least partial functional information on 
these protein families by determining the pathway or complex to which a protein belongs. 
 
Unlike the application of phylogenetic profiling to genome phylogeny where we were 
interested in measuring the similarity of organisms based on their profile of gene 
families, here we wish to measure the similarity between the profiles of the families 
themselves.  To accomplish this we measure the co-occurrence or co-absence of pairs of 
protein families across genomes (see figure 2).  The underlying assumption of this 
method is that pairs of non-homologous proteins that are present together in genomes, or 
absent together, are likely to have co-evolved.  That is, the organism is under 
evolutionary pressure to encode both or neither of the proteins within its genome and 
encoding just one of the proteins lowers its fitness.   
 
It has been observed that co-evolved protein families are likely to be members of the 
same pathway or complex (Huynen 1998, Pellegrini 1999).  This is not surprising since it 
is more efficient for an organism to retain all or none of the subunits of a complex, or 
members of a pathway, since preserving only a fraction of these would not retain the 
function of the complex or pathway yet would entail their wasteful synthesis.   
Phylogenetic profiling has therefore emerged as a powerful method to group proteins 
together into cellular complexes and pathways.   
 
Notice that protein families clustered on the basis of their phylogenetic profiles need not 
possess any sequence similarity.  Therefore phylogenetic profiling is able to determine 
functions for proteins families with no experimentally characterized members, thus going 
beyond the capabilities of conventional sequence-similarity based techniques. 
 
Computing Phylogenetic Profiles 



 
To compute phylogenetic profiles for each protein coded within a genome one can use 
several approaches.  One of these is to first define orthologous proteins across genomes.  
Orthologs are proteins that have descended from a common ancestor by way of 
speciation.  Although the actual calculation of orthologs is not trivial, an estimate of 
groups of orthologous proteins has been compiled in the Clusters of Orthologous Groups 
(COG) database (Tatusov 1997).  Armed with these clusters, a profile may be trivially 
calculated by enumerating the organisms that are represented in each COG. 
 
Another approach to establishing a phylogenetic profile is to identify homologs of a 
protein using a sequence alignment technique.  Along these lines, a popular method is to 
define a homolog of a query protein to be present in a secondary genome if the 
alignment, using BLAST (Altschul 1999), of the query protein with any of the proteins 
encoded by the secondary genome generates a significant alignment.  The result of this 
calculation across N genomes yields an N-dimensional phylogenetic profile of ones and 
zeroes for the query protein.  At each position in the phylogenetic profile the presence of 
a homolog in the corresponding genome is indicated with a one and its absence with a 
zero.  
 
There is no need to restrict phylogenetic profiles to contain only entries of ones and 
zeroes.  Various methods have been used in which the entries of the phylogenetic profile 
measure the similarity of two proteins.  As an example, one method uses the inverse of 
the log of the E value from a BLAST search as the similarity metric (Date 2003). 
 
Estimating the Probability of Co-evolution 
 
Once the phylogenetic profiles have been computed, one needs to determine the 
likelihood that two proteins have co-evolved based on the similarity of their profiles.   A 
variety of techniques have been reported to compute these probabilities.  Here we briefly 
review a few of them. 
 
The first approach is the computation of the similarity between two phylogenetic profiles 
using the Hamming distance (Pellegrini 1999).   The Hamming distance is the number of 
bits that differ between the two profiles.  Although this is a simple measure to compute, it 
is a limited by not providing a probability estimate of observing this distance. 
 
It is possible to obtain such an estimate of the probability that two proteins co-evolve by 
using the hypergeometric distribution.  If we assume that the two proteins A and B do not 
co-evolve, we can compute the probability of observing a specific overlap between their 
two profiles by chance by using the hypergeometric distribution: 
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where N represents the total number of genomes analyzed, n the number of homologs for 
protein A , m the number of homologs for protein B and k !  the number of genomes that 
contain homologs of both A and B (Wu 2003).  Because P represents the probability that 
the proteins do not co-evolve, )(1 kkP !>"  is then the probability that they do co-evolve.    
 
A similar approach attempts to compute the likelihood of co-evolution using the mutual 
information between two phylogenetic profiles (Date 2003, Wu 2003): 
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!"= ),(ln),(),( bapbapBAH .  Here the sums are over the possible states that the 
profiles can assume.  If two profiles are identical their mutual information is zero.  
Dissimilar profiles have positive mutual information scores.  One advantage of the 
mutual information approach is that it can be applied to non-binary phylogenetic profiles, 
whereas the hypergeometric function cannot. 
 
Recovery of Pathways and Complexes 
 
Protein pairs that co-evolve are likely under some evolutionary pressure because their 
functions are coupled:  preserving one without the other disables their combined function.  
This scenario may occur if the proteins are subunits of cellular complexes or components 
of pathways. 
 
It is possible to test this hypothesis starting from pathway annotation.  Several databases 
have been developed that through extensive manual curation have categorized proteins 
into pathways (Tatusov 2003, Kanehisa 2004, Camon 2004).  In figure 3 we show that 
proteins that are likely to have co-evolved (have significant P values) are likely to belong 
to the same pathway (using the COG pathway definitions, Tatusov 2003).  In fact, we 
find that protein pairs with significant P values nearly always belong to the same 
pathway.   A similar curve could also be constructed using protein complexes instead of 
pathways, yielding similar results (Bowers 2004).   
 
Combining all pairs of co-evolving proteins with significant P values we can generate a 
vast network.  This is because if protein A is found to co-evolve with B, and is thus said 
to be functionally linked to B, B may then be linked to C, C to D and so forth.  By 
examining clustered groups of proteins within this network one can identify the protein 
components of pathways and complexes (Strong 2003, Von Mering 2003).  An example 
of such a network is shown in figure 4.  Here we see that many of the components of the 



flagella form a cluster, as do the components of the chemotaxis pathway.  Furthermore, 
the network also illuminates the fact that these two clusters are co-evolving.  This is not 
surprising given the intimately coupled function of flagella and chemotaxis within the 
cell. 
 
Phenotype Profiling 
 
We have discussed the use of phylogenetic profiling to study the evolution of genomes 
and to study the co-evolution of encoded proteins, yielding functional clusters and 
networks of clusters.  A third application we review is the linking of genes to phenotypes 
(Jim 2004, Levesque 2004).   
 
Each of the fully sequenced organisms that is used to construct phylogenetic profiles of a 
gene has specific phenotypes.  A phenotype is any observable characteristic of the 
organism.  Examples of phenotypes include flagella, pili and thermosensitivity.  It is 
possible to construct a phenotypic profile by cataloguing the presence or absence of the 
phenotype across genomes, just as we have done for the presence or absence of genes.   
 
By identifying the genes whose phylogenetic profiles are correlated with the phenotypic 
profiles, it is possible to associate a gene with the phenotype.  For instance, about half of 
the fully sequenced organisms contain flagella.  The genes whose phylogenetic profiles 
are correlated with a flagella profile are nearly all known components of the bacterial 
flagella (Levesque 2003, Jim 2004).    The same approach may also be used to identify 
the components of pili, and the proteins that endow organisms with thermo-stability (Jim 
2004).  In general, if a reliable phenotypic profile can be constructed for a trait that is 
found in a significant fraction of the sequenced genomes, this technique can identify the 
proteins that are most likely responsible for the trait.    
 
Conclusions 
 
The availability of fully sequenced genomes has enabled us to perform phylogenetic 
profiling by identifying the distribution of protein families across organisms.  As we have 
discussed in this review, phylogenetic profiling may be used to study the evolution of 
genomes, the co-evolution of proteins or the association between proteins and 
phenotypes.   
 
Today we have access to about 100 fully sequenced genomes.  However, it is reasonable 
to assume that within the next decade this number will grow by orders of magnitude.  As 
the data become available, phylogenetic profiling will become far more powerful than it 
is today.  As a result, phylogenetic profiling will undoubtedly continue to expand our 
understanding of genome evolution and protein function.   
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Figure 1  
 
Phylogenetic trees of prokaryotes, based on gene content (upper tree, House 2002), and 
small subunit ribosomal RNA sequence (lower tree), constructed using online analysis 
tools at the Ribosomal Database Project (http://rdp.cme.msu.edu) (Cole 2003).  A few 
notable discrepancies are shown in the gene content tree as bold taxa. 
 
Figure 2 
 
Clustered phylogenetic profiles of human HMBS (hydroxymethylbilane synthase), 
ALDH3 (aldehyde dehydrogenase) and FTHFD (formyltetrahydrofolate dehydrogenase) 
genes.    The profiles are computed over 83 organisms shown on the top.  Red indicates 
that a homolog of the human gene was found in the corresponding organism and black 
that it was not.  The profiles have been clustered using hierarchical clustering (Eisen 
1998). 
 
Figure 3 
 
The probability that two genes have co-evolved as a function of their likelihood to belong 
to the same pathway.  The probability is computed using the hypergeometric function 
(see text).  The pathways are obtained from the COG databases (Tatusov 2003).  Pairs of 
genes with significant P values (on left) are nearly always found to belong to the same 
pathway. 
 
Figure 4 
 
Clusters of E coli proteins that are predicted to co-evolve by the phylogenetic profile 
analysis, and which form a large network.  The network shows a cluster of proteins (flg 
and flh genes) that are components of the bacterial flagella.  A second cluster includes 
components of the chemotaxis pathway (che genes).   These two clusters are linked to 
each other, indicating that flagellar and chemotaxis clusters have co-evolved in bacteria. 
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