Evolutionary classification of proteins encoded in complete eukaryotic genomes: towards reconstruction of the common ancestor of the eukaryotic crown group and understanding eukaryotic evolution
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Abstract

Availability of essentially complete genome sequences of multiple eukaryotic genomes representing diverse phylogenetic lineages provides for the possibility in-depth comparative-genomic analysis. Such analysis is expected to help in the reconstruction of the common ancestor of the eukaryotic crown group and major events in eukaryotic evolution and in prediction of the functions for currently uncharacterized conserved genes. Using procedures developed previously for delineation of Clusters of Orthologous Groups of proteins (COGs) and additional methods for protein domain analysis, we identified 6162 clusters of orthologs, which included proteins from 7 eukaryotic genomes: three animals (the nematode Caenorhabditis elegans, the fruit fly Drosophila melanogaster and Homo sapiens), one plant, Arabidopsis thaliana, two fungi (Saccharomyces cerevisiae and Schizosaccharomyces pombe), and the intracellular microsporidian parasite Encephalitozoon cuniculi. These clusters were designated KOGs, to distinguish them from the prokaryotic set. The conserved, pan-eukaryotic set consists of 858 KOGs; in addition, 921 KOGs include representatives of all compared genomes except for the microsporidian. This set of highly conserved genes is enriched in proteins responsible for house-keeping functions, particularly translation and RNA processing, and contains a much greater fraction of genes that have been shown to be essential for survival in S. cerevisiae and in C. elegans, compared to other KOGs. Thus, these KOGs might approximate the minimal set of essential eukaryotic genes.  The rest of the KOGs show all possible phyletic patterns, which points to major contributions of lineage-specific gene loss (especially in fungi and microsporidia and, to a lesser extent, in insects and nematodes) and “invention” of new genes (particularly in the animal branch) to eukaryotic evolution. Almost one third of the KOGs represented in three or more eukaryotic species did not have a known or predicted function beyond a general prediction of the biochemical activity. This emphasizes the relatively poor current understanding of the biology even for highly conserved eukaryotic genes. By combining the most likely topology of phylogenetic tree of the eukaryotic crown group and the phyletic patterns of the KOGs, the most parsimonious scenario of eukaryotic genome evolution and the minimal ancestral gene sets for ancestral eukaryotic forms were reconstructed. The reconstructed gene set of the last common ancestor of the eukaryotic crown group consists of 3365 KOGs and is substantially enriched in proteins involved in information processing and central metabolism; the reconstructed gene set for the last common ancestor of animals includes 4898 KOGs, many of which are implicated in signal transduction. Only 44% of the KOGs, largely those from the reconstructed gene set for the last common ancestor of the eukaryotic crown group, have readily detectable homologs in prokaryotes; the rest of the KOGs apparently evolved via extensive duplication, divergence and “invention” of new genes. In conclusion, the KOG analysis reveals a conserved core of eukaryotic genes but also emphasizes the dramatic amount of innovation and diversity associated with the evolution of eukaryotic genomes. With further refinement, the KOG system is expected to be a useful platform for functional annotation of newly sequenced eukaryotic genomes and genome-wide evolutionary studies. 

Introduction


Comparative analysis of genomes from distant species provides for major insights into gene functions, genome evolution and phylogeny. In particular, comparative genomics of prokaryotes has revealed previously under-appreciated, major trends in genome evolution, namely, extensive lineage-specific gene loss and horizontal gene transfer (Doolittle 1999a; Doolittle 1999b; Gogarten et al. 2002; Koonin et al. 2000; Koonin et al. 2001a; Mirkin et al. 2003; Snel et al. 2002). The increasingly rapid accumulation of genome sequences is a serious challenge to researchers who strive to extract the maximum functional and evolutionary information from the new genomes. Perhaps the most straightforward path to substantially facilitating the task of comparative genome analysis leads through comprehensive evolutionary classification of the genes from all sequenced genomes. Such classifications are based on two fundamental notions from evolutionary biology: orthology and paralogy, which relate to the two principal types of homologs (Fitch 1970; Fitch 2000; Henikoff et al. 1997; Sonnhammer and Koonin 2002). Orthologs are defined as homologous genes that derive by vertical descent from a single ancestral gene in the last common ancestor of the compared species. Paralogs, in contrast, are homologous genes, which, at some stage of evolution of the respective gene family, have evolved by duplication of an ancestral gene. The notions of orthology and paralogy are intimately linked because, if a duplication (or a series of duplications) occurred after the speciation event that separated the compared species, orthology becomes a relationships between sets of paralogs, rather than individual genes (in which case, such genes are called co-orthologs). 

Deciphering orthologous  and paralogous relationships among genes is critical for both the functional and the evolutionary aspects of comparative genomics (Koonin and Galperin 2002; Wilson et al. 2000). Orthologs typically occupy the same functional niche in different species, whereas paralogs tend to evolve toward functional diversification. Therefore, robustness of genome annotation depends on accurate identification of orthologs. Similarly, knowing which homologous genes are orthologs and which are paralogs is required for constructing evolutionary scenarios involving, along with vertical inheritance, lineage-specific gene loss and horizontal gene transfer. 

In principle, identification of orthologs, including co-orthologs, requires phylogenetic analysis of entire families of homologous proteins, which is expected to isolate orthologous protein sets in distinct clades (Sicheritz-Ponten and Andersson 2001; Storm and Sonnhammer 2002; Zmasek and Eddy 2002). However, on the scale of complete genomes, such analysis is both extremely labor-intensive and error-prone due to the inherent artifacts of phylogenetic tree construction. Therefore shortcuts have been developed by introducing the notion of a genome-specific best hit (BeT). A BeT is the protein in a target genome, which is most similar (as assessed, typically, by the similarity score computed using the BLAST program) to a given protein from the query genome (Huynen and Bork 1998; Tatusov et al. 1997). The underlying premise is that orthologs are more similar to each other than they are to any other proteins from the respective genomes. In multiple-genome comparisons, pairs of potential orthologs identified via BeTs can be joined to form clusters of orthologs represented in all or a subset of the analyzed genomes (Montague and Hutchison 2000; Tatusov et al. 1997). The difficulties with this approach to the identification of orthologous protein sets are twofold. Firstly, many proteins belong to lineage-specific expansions, i.e., have evolved via duplication(s) after the divergence of the compared species, which results in co-orthologous relationships (Jordan et al. 2001b; Lespinet et al. 2002; Remm et al. 2001). This complication can be overcome by first delineating lineage-specific expansions and then treating each of them as a single entity for the purpose of co-ortholog identification (Lespinet et al. 2002).  The second complication ensues from the existence of proteins that in some species are encoded by stand-alone genes and in others by fused genes. The products of the latter, multidomain proteins, may provide bridges between distinct clusters of orthologs and cause artifactual lumping. 

The approach to the identification of orthologous protein sets based on clustering of consistent BeTs has been implemented in the collection of Clusters of Orthologous Groups (COGs) of proteins (Tatusov et al. 2000; Tatusov et al. 1997; Tatusov et al. 2001). In the COG construction protocol, identification of lineage-specific paralogous expansions and identification of co-orthologs were an integral part of the automatic procedure, but the artificially bridged COGs were disjointed manually, on a case by case basis. The COGs were subsequently manually curated and annotated, which resulted in numerous functional predictions for experimentally uncharacterized proteins. The current COG collection consists of proteins from over 70 sequenced prokaryotic genomes and three genomes of unicellular prokaryotes. The procedure for COG construction required that each COG included proteins from at least three sufficiently distant species. Despite this limitation, 60 to 85% of the proteins encoded in prokaryotic genomes were included in the COGs, which emphasizes the high level of evolutionary conservation that is characteristic of the majority of proteins, at least in prokaryotes.

Accompanied by the COGNITOR program, which allows one to add new members to COGs, the COG system has become a widely used tool for computational genomics. The most important applications of the COGs include functional annotation of newly sequenced genomes (Natale et al. 2000; Nolling et al. 2001) (McClelland et al. 2001) (Slesarev et al. 2002), target selection in structural genomics (Brenner 2000; Cort et al. 1999; Gerstein 2000), identification of potential drug targets (Buysse 2001; Galperin and Koonin 1999) and genome-wide evolutionary analyses (Jordan et al. 2001a; Jordan et al. 2002; Koonin and Galperin 2002; Koonin et al. 2001a; Lecompte et al. 2001; Yanai et al. 2001). A central notion introduced in the course of COG analysis is that of a phyletic pattern, which is the pattern of representation (presence-absence) of analyzed  species in each COG (Tatusov et al. 1997). Similar concepts have been independently introduced by others (Gaasterland and Ragan 1998; Pellegrini et al. 1999). The COGs show a remarkable scatter of phyletic patterns, with only a small minority of COGs represented in all sequenced genomes. A recent quantitative study showed that parsimonious scenarios of evolution for most COGs involve multiple events of gene loss and horizontal gene transfer (Mirkin et al. 2003). Both similarity and complementarity of phyletic patterns in COGs, in conjunction with other information, such as conservation of gene order, have been successfully employed for prediction of gene functions (Galperin and Koonin 2000; Koonin and Galperin 2002; Myllykallio et al. 2002). Recently, comparison of phyletic pattern has been formalized in set-theoretical algorithms and systematically applied to the computational and experimental analysis of bacterial flagellar systems, which demonstrated considerable robustness of this approach (Levesque et al. 2003). 

Here we extend the COG system to complex, multicellular eukaryotes. We describe the construction of clusters of probable orthologs, which we named KOGs (eukaryotic orthologous groups) for 7 sequenced genomes of animals, fungi, microsporidia, and plants, and examine their phyletic patterns in connection with known and predicted protein functions. In-depth analysis of some of these KOGs resulted in prediction of previously uncharacterized but apparently essential, conserved eukaryotic protein functions. We also reconstruct the parsimonious scenario of evolution of the crown-group eukaryotes by assigning the loss of genes (KOGs) and emergence of new genes to the branches of the phylogenetic tree and explicitly delineate the minimal gene sets for various ancestral forms.

Results and Discussion

KOGs for 7 sequenced eukaryotic genomes: major trends in genome evolution and new protein functions 

Eukaryotic KOGs were constructed on the basis of the comparison of annotated proteins encoded  in the genomes of three animals (Homo sapiens (Lander et al. 2001), the fruit fly Drosophila melanogaster (Adams et al. 2000), and the nematode Caenorhabditis elegans (Consortium 1998)), the green plant Arabidopsis thaliana (thale cress (Initiative. 2000)), two fungi (budding yeast Saccharomyces cerevisiae (Goffeau et al. 1996)and fission yeast Schizosaccharomyces pombe (Wood et al. 2002)), and the microsporidian Encephalitozoon cuniculi (Katinka et al. 2001). The basic procedure for KOG construction was the same as previously employed for prokaryotic genomes (Refs. (Tatusov et al. 1997; Tatusov et al. 2001) and see Materials and Methods). Given the wide spread of multidomain architectures among eukaryotic proteins and the fact that apparent orthologs often differ in domain composition (Refs. (Koonin et al. 2000; Lander et al. 2001) see below), the protocol based on the BeT analysis was complemented with domain identification using the RPS-BLAST program (Marchler-Bauer et al. 2003). Proteins assigned to one KOG by the initial KOG construction procedure were kept in that KOG without splitting them into individual domains if they shared a common core of domains. In addition, proteins, which consisted solely of widespread, “promiscuous” domains (e.g., SH2, SH3, WD40 repeats or TPR repeats) and did not show clear-cut orthologous relationships, were assigned to Fuzzy Orthologous Groups (FOGs). In the prokaryotic genome analysis, each COG was required to include members from at least three sufficiently distant species (Tatusov et al. 1997). This requirement ensured robust identification of orthologous relationships even for fast-evolving proteins, on the basis of consistent BeTs. However, proteins that had orthologs in only two of the available genomes or no orthologs at all were not covered by the COG system. In the analysis of eukaryotic genomes, we sought to expand coverage, particularly because lineage-specific expansions (LSEs) of paralogous families, which evolve via lineage-specific duplications, account for a substantial fraction of the gene sets of complex eukaryotes (Lespinet et al. 2002). After the initial step of detecting LSEs, these became input to the KOG construction procedure, including the construction of two-species KOGs, which were identified on the basis of reciprocal BeTs with a cut-off for statistical significance of the hits. Under this protocol, a complete breakdown of the eukaryotic genes into evolutionary patterns was obtained. 


Table 1 and Figure 1 show the assignment of the proteins from each of the analyzed eukaryotes to KOGs of different size and to LSEs that did not belong to KOGs. The fraction of proteins assigned to KOGs tends to decrease with the increase of the genome size, from 81% for the fission yeast Schizosaccharomyces pombe, the second smallest genome (for reasons that remain unclear, the smallest genome, that of the microsporidian Encephalitozoon cuniculi, had only 61% of the proteins included in COGs)  to 51% for the largest, human genome (Table 1). The contribution of LSEs shows the opposite trend, being the greatest in the largest genomes, i.e., human and Arabidopsis, and minimal in the microsporidian (Fig. 1). Compared to prokaryotes, where ~70% of the proteins encoded in a genome typically could be included into COGs with three or more lineages, the coverage of eukaryotic genomes with KOGs was generally somewhat lower (Fig. 1). This apparent difference in coverage with highly conserved families (C/KOGs) between prokaryotes and eukaryotes, particularly complex ones, is likely to stem from at least three factors of different nature: i) the relatively small number of eukaryotic genomes included in this analysis, ii) existence of incorrectly predicted genes (false positives) and absence of some real genes in the annotated protein sets for complex eukaryotes, iii) the genuine major contribution of gene loss and LSE to eukaryotic evolution. 

A notable difference was observed between eukaryotes in terms of their representation in KOGs with different numbers of species. While the three unicellular organisms are represented largely in highly conserved 7- or 6-species COGs, in animals and Arabidopsis, a much larger fraction of the gene set is accounted for by LSEs and by KOGs that include three-four genomes, e.g., animal-specific ones (Fig. 1). 
Examination of the phyletic patterns of KOGs clearly points to the existence of a conserved eukaryotic gene core as well as substantial diversity (Fig. 2); this clearly resembles the evolutionary pattern seen previously during the analysis of archaeal COGs (Makarova et al. 1999). The genes represented in each of the 7 analyzed genomes comprise ~20% of the KOG set and approximately the same number of KOGs include 6 species, with the exception of the microsporidian. The prevalence of the latter pattern is not surprising because microsporidia are intracellular parasites with minimal metabolic capabilities and a dramatically reduced genome (Katinka et al. 2001). The next large group consists of animal-specific COGs, which, again, could be expected because animals are the only lineage of complex eukaryotes that is represented by more than one species in the analyzed set of genomes. However, a notable observation is that ~30% of the KOGs had “odd” phyletic patterns. e.g., are represented in one animal, one plant and one fungal species (Fig. 2 and examples in Table 2). 

The KOGs with unexpected patterns were specifically examined during the manual curation of the KOG set, to include potential highly diverged members from one or more analyzed genomes; the breakdown in Fig. 2 shows the results after this correction.  Some of these unexpected patterns might indicate that a gene is still missing in the analyzed set of protein sequences from one or more of the included eukaryotic species; reports of newly discovered genes have appeared since the release of the initial reports on genome sequences of complex eukaryotes, e.g., as a result of massive sequencing of human cDNAs (Yudate et al. 2001) or exhaustive annotation of the Drosophila genome (Misra et al. 2002). Largely, however, the unexpected phyletic patterns seem to reflect the extensive, lineage-specific gene loss that is characteristic of eukaryotic evolution (Aravind et al. 2000); on many occasions, this scenario is supported by the presence of orthologs in other eukaryotic lineages and/or in prokaryotes (Table 2). Mapping of gene loss events to the branches of the eukaryotic phylogenetic tree is discussed in the next section. However, interesting exceptions to the multiple loss explanation might exist as exemplified by the ATP/ADP-translocase, which is present in Arabidopsis and Encephalitozoon and could have evolved via independent horizontal gene transfer from intracellular bacterial parasites (Ref. (Wolf et al. 1999) and Table 2). 

Common phyletic patterns of genes, which otherwise have not been suspected to be functionally linked, may suggest existence of such connections and prompt additional analysis leading to concrete functional predictions (Aravind 2000; Galperin and Koonin 2000; Huynen and Snel 2000; Marcotte et al. 1999). KOG5324 and KOG4246 provide a case in point: the initial observation that these KOGs share the same, unusual pattern of presence-absence in eukaryotes and similar phyletic patterns in prokaryotes, with ubiquitous presence in archaea, prompted a more detailed examination of the multiple alignments of the respective proteins and the conservation of the (predicted) operon organization in archaea and bacteria (Table 2). The combination of clues from these analyses suggests that the two proteins interact in a still uncharacterized pathway of RNA processing, which additionally includes RNA 3’-phosphate cyclase (Billy et al. 2000) and 5-cytosine methylase; the proteins in KOG5324 and KOG4246 are likely to represent novel enzyme families, e.g., a kinase-phosphatase pair (EVK and L. Aravind, unpublished). 

The distribution of KOGs by the number of paralogs in each genome is shown in Figure 3. The excess of intra-KOG LSEs in multicellular eukaryotes is obvious. Cases when a single gene in yeast or, particularly, Encephalitozoon has two or more co-orthologs in animals and/or plants are most common in KOGs. These observations support the notion of the major contribution of LSE to the evolution of eukaryotic complexity. However, 101 KOGs are represented by a single ortholog in all compared genomes (Table 3) and a substantial number of KOGs have one member from a majority of the genomes. Recent theoretical modeling of the evolution of paralogous families has suggested that, in general, ancient protein families tend to have multiple paralogs (Karev et al. 2002; Snel et al. 2002). Therefore, whenever a KOG has a single member in all or most species, this is probably due to selection against duplication of this particular gene. 

Figure 4 shows the distribution of known and predicted functions of eukaryotic proteins among 26 functional categories for the entire set of KOGs and, separately, for KOGs represented in 6-7 species and the animal-specific KOGs.  Compared to the functional breakdown of prokaryotic COGs (Tatusov et al. 2000), the prevalence of signal transduction is notable among eukaryotes. This feature is particularly prominent in animal-specific KOGs, whereas the highly conserved set is comparatively enriched in  proteins involved in translation, transcription, chaperone-like functions, cell cycle control, and chromatin dynamics  (Fig. 4). The large number of KOGs,  for which only general functional prediction was feasible and those whose functions remain unknown, emphasizes that our current understanding of eukaryotic biology is seriously lacking with respect even to the functions of highly conserved genes. 

We examined in greater detail the KOGs that are represented by a single gene in each of the 7 genomes (Table 3). As can be envisaged from their presence in all diverse eukaryotic taxa, including the “minimal” genome of Encephalitozoon, and as shown by comparison with the knockout phenotype data (Table 3 and see below), these ubiquitous KOGs are likely to be of particular biological importance. For the majority of these KOGs, the function has already been experimentally determined, to a varying degree of detail, but some consist of uncharacterized proteins and, for a sizable fraction of these, function could be predicted during the present work through in-depth sequence and context analysis (Table 3). The set of ubiquitous, single-member KOGs is markedly enriched for proteins involved in translation, transcription, various forms of RNA processing and assembly of RNP particles, such as the ribosome and the spliceosome. Unexpectedly, in 9 of the single-member, pan-eukaryotic KOGs, the only detectable domain was the WD40 repeat (Table 3). This is particularly notable because WD40-repeat proteins, which are extremely abundant in eukaryotes and are present in several prokaryotic lineages as well (Ponting et al. 1999), are generally not known to form well-defined, one-to-one orthologous relationships. The WD40 proteins in the pan-eukaryotic KOGs listed in Table 3 are exceptions, which is likely due to their unique and essential roles in the assembly of RNA processing complexes. Recently, it has been demonstrated that, in yeast S. cerevisiae, five of these proteins are subunits of the 18S rRNA processome (Dragon et al. 2002). The domain composition of the uncharacterized proteins in this set of KOGs and the genome context of their archaeal orthologs lead to the prediction that several of them are so far uncharacterized subunits of molecular complexes involved in RNA processing and/or ribosome assembly (Table 3). In addition, KOGs in the single-member pan-eukaryotic set include subunits of molecular complexes that are not directly related to RNA processing, such as the proteasome, the TCP-1 chaperonin complex (Kubota et al. 1995) and the TRAPP complex involved in protein trafficking (Jones et al. 2000). With some notable exceptions, such as the WD40-proteins, the KOGs in the single-member, pan-eukaryotic set show remarkable patterns of evolutionary conservation: they are either (nearly) ubiquitous in the three kingdoms of life, e.g., RNA polymerase subunits, or are universally conserved in eukaryotes and archaea but missing in bacteria, such as most of the proteins implicated in RNA processing (Table 3). It appears that elaborate molecular machines central to the functioning of the eukaryotic cell have evolved, largely from ancestral archaeo-eukaryotic components, at the onset of eukaryotic evolution, and both loss and duplication of the respective genes have been strongly selected against throughout the rest of eukaryotic evolution.

Genome-wide analysis of protein evolutionary rates show a broad range (Grishin et al. 2000), and we were interested in investigating the dependence of evolutionary rate on protein function using the KOG set.  The characteristic evolutionary rate for each KOG, which included  a member(s) from Arabidopsis, by measuring the mean evolutionary distance from Arabidopsis (the outgroup in the phylogenetic tree; see below) to the other species. Even withing the KOGs including all seven species (i.e. the most stable core of the crown group genomes), the evolutionary rates differ by a factor of 20 between the fastest- and the slowest-evolving set of orthologs (Fig. 5a). Excluding the 5% from each tail of the distribution still leaves almost a four-fold difference in evolution rates. The mean rates and the distributions were compared for different functional categories of KOGs (Table 4 and Fig. 5b). Although all the distributions substantially overlap, there is a statistically highly significant difference between the evolutionary rates for proteins of different functional categories (Table 4 and Fig. 5b). The slowest evolving proteins are those involved in translation and RNA processing, the fastest evolving ones are proteins involved in cellular trafficking and transport, and replication and transcription systems have intermediate evolutionary rates (Table 3 and Fig. 5b).

A parsimonious scenario of gene loss and emergence in eukaryotic evolution and reconstruction of ancestral eukaryotic gene sets


Assuming a particular species tree topology, methods of evolutionary parsimony analysis can be employed to construct a parsimonious scenario of evolution, which is, essentially, a mapping of different types of evolutionary events onto the branches of the tree. With prokaryotes, the problem is confounded by the major contributions of both lineage-specific gene loss and horizontal gene transfer to the genome evolution, with the relative likelihoods of these events remaining unknown (Mirkin et al. 2003; Snel et al. 2002). The possibility of horizontal gene transfer between major lineages of eukaryotes apparently can be safely disregarded, which provides for an unambiguous parsimonious scenario including only gene loss and emergence of new genes as elementary events. The phylogenetic tree of the eukaryotic crown group seems to have been established with considerable confidence. In particular, some conflicting observations notwithstanding, the consensus of many phylogenetic analyses appears to point to an animal-fungal clade, grouping of microsporidia with the fungi, and a coelomate (chordate-arthropod) clade among the animals (Refs. (Blair et al. 2002; Hedges 2002); YIV, IBR, and EVK, unpublished). Assuming this tree topology and treating the phyletic pattern of each KOG as a string of binary characters (1 for the presence of the given species and 0 for its absence in the given KOG), the parsimonious scenario of gene loss and emergence during the evolution of the eukaryotic crown group was constructed. For this reconstruction, the Dollo parsimony approach was adopted (Farris 1977). Under this approach, gene loss is considered irreversible; thus, a gene (a KOG member) can be lost independently in several evolutionary lineages but cannot be regained. The use of this assumption is justified by the implausibility of horizontal gene transfer between eukaryotes (the Dollo approach was not considered valid in the reconstruction of prokaryotic ancestors).

In the resulting parsimonious scenario, each branch was associated with both gene loss and emergence of new genes, with the exception of the plant branch and the branch leading to the common ancestor o fungi and animals, to which gene losses could not be assigned with the current set of genomes (Fig. 6). There is little doubt that, once genomes of early-branching eukaryotes are included, gene loss associated with these branches becomes apparent. The principal features of the reconstructed scenario include massive gene loss in the fungal clade, with additional elimination of numerous genes in the microsporidian; emergence of a large set of new genes at the onset of the animal clade and subsequent substantial gene loss in each of the animal lineages, particularly in the nematodes and arthropods (Fig. 6). The estimated number of genes lost in S. cerevisiae after its divergence from the common ancestor with the other yeast species, S. pombe, closely agreed with a previous estimate produced by a different approach (Aravind et al. 2000).


The parsimony analysis described above involves explicit reconstruction of the gene sets of ancestral eukaryotic genomes. Under the Dollo parsimony model, which was employed for this analysis, an ancestral gene (KOG) set is the union of the KOGs that are shared by the respective outgroup and each of the remaining species. Thus, the gene set for the common ancestor of the crown group includes all the KOGs, in which Arabidopsis co-occurs with any of the other analyzed species. Similarly, the reconstructed gene set for the common ancestor of fungi and animals consists of all KOGs, in which at least one fungal species co-occurs with at least one animal species. These are conservative reconstructions of ancestral gene sets because, as already indicated, gene losses in the lineages branching off the deepest bifurcation could not be detected. Under this conservative approach, 3365 genes (KOGs) were assigned to the last common ancestor of the crown group (Fig. 6). More realistically, it appears likely that a certain number of ancestral genes have been lost in all or all but one analyzed lineages during subsequent evolution such that the gene set of the eukaryotic crown group ancestor might have been close in size to those of modern yeasts. In terms of the functional composition, the reconstructed core gene set of the crown-group ancestor resembled more the highly conserved KOGs than the animal-specific KOGs (Fig. 4) in being enriched in house-keeping functions, such as translation, transcription, and RNA processing (data not shown).

Evolutionary relationships between eukaryotic and prokaryotic orthologous gene sets

The prokaryotic and eukaryotic C/KOGs were identified in separate genome comparisons, although an overlap existed because both sets included the unicellular eukaryotes, namely two yeasts and the microsporidian. In order to identify the prokaryotic counterparts of the KOGs, the sequences of the eukaryotic proteins included in the KOGs were compared to the position-specific scoring matrices constructed for all prokaryotic COGs by using the RPS-BLAST program (Ref. (Marchler-Bauer et al. 2003); see Materials and Methods for details). The results were checked manually and also by comparing the assignment of proteins from unicellular eukaryotes to each of the orthologous gene sets.  Altogether, probable orthologous relationships were established between 2456 eukaryotic KOGs (44%) and 1516 prokaryotic COGs. A more detailed breakdown of the relationships between eukaryotic and prokaryotic orthologous gene clusters could reveal important evolutionary trends. Figure 7a compares the occurrence of prokaryotic counterparts for the entire set of eukaryotic KOGs and its subsets conserved at different levels. Clearly, the reconstructed gene set of the common ancestor of the crown group and, particularly, the pan-eukaryotic KOGs are substantially enriched in “ancient” KOGs (those with prokaryotic counterparts) compared to the full KOG collection. In contrast, among KOGs that are inferred to have evolved in individual lineages within the crown group, a significantly lower fraction have detectable prokaryotic counterparts (Fig. 7a).  

Early evolution of eukaryotes is known to have involved duplication of ancient genes inherited from prokaryotes (e.g., (Brown and Doolittle 1997) and this was apparent in the KOGs against COGs comparison. Although one-to-one relationships were predominant, in ~30% cases, two or more eukaryotic KOGs corresponded to the same prokaryotic COG (Fig. 7b). This is indicative of extensive duplication of ancestral genes at early stages of eukaryotic evolution; moreover, a substantial fraction of these genes have undergone repeated duplications, resulting in a one-to-many relationship between prokaryotic and eukaryotic orthologs (Fig. 7b).

An in-depth analysis of the relationships between eukaryotic and prokaryotic orthologous gene clusters should include an attempt to decipher their evolutionary history, i.e., classification of the C/KOGs represented both in eukaryotes and prokaryotes into those that have been inherited from Last Universal Common Ancestor, the archaeo-eukaryotic subset and those which are shared due to horizontal gene transfer between bacteria and eukaryotes at various stages of eukaryotic evolution. This analysis is beyond the scope of the present work. Perhaps the principal message to stress here is that, using a fairly sensitive sequence comparison method, prokaryotic homologs could be detected only for ~44% of the eukaryotic KOGs, and this fraction increased to just ~54% for those genes that could be traced to the last common ancestor of the crown group (Fig. 7a). This observation emphasizes the major amount of innovation that accompanied the emergence and early evolution of eukaryotes; even those KOGs, for which prokaryotic counterparts will be eventually identified through more sensitive sequence and structure comparison, apparently experienced rapid evolution during the prokaryote-eukaryote transition.

Phyletic patterns of COGs and dispensability of yeast and worm genes

There are 885 eukaryotic COGs with at least one representative from each of the 7 analyzed genomes. In accord with the “knockout rate” hypothesis (Wilson et al. 1977), which has been largely supported by recent, genome-wide analysis of gene conservation  (Hirsh and Fraser 2001; Jordan et al. 2002), it could be expected that these highly conserved genes were essential for the survival of eukaryotic organisms. This appears particularly plausible given the near-minimal eukaryotic gene complement of the microsporidian. The prediction was put to test by using the recently published functional profile of the yeast S. cerevisiae genome, which includes the data on the growth rates of homozygous deletion strains for 96% of the ORFs in the yeast genome (Giaever et al. 2002). Growth rates have been previously interpreted as a measure of fitness (Hirsh and Fraser 2001). 

When the phyletic patterns of the COGs were superimposed over the data on gene dispensability (with essential genes operationally defined as those whose deletion had a lethal effect on a rich medium (Giaever et al. 2002)), it was found that 45% of the essential genes were conserved in all 7 species and 25% were represented in 6 species (typically, with the exception of E. cuniculi); 15% of the essential yeast genes had no orthologs in the other analyzed genomes (Fig 8a). In a striking contrast, among non-essential genes, 16.5% were represented in all compared genomes and 28.5% had no detectable orthologs (Fig. 8a). The reciprocal comparison is equally illustrative: essential genes comprised 18.5% of the entire set of yeast genes but 35% of the genes (KOGs) represented in all 7 species. This translates into a statistically highly significant dependence between a gene’s (in)dispensability and conservation over long evolutionary distances. The probability of the set of highly conserved genes being so enriched for essential genes due to chance was estimated at <<10-10.  Notably, an even greater enrichment for essential genes was seen among the KOGs that were represented by one and only one ortholog in each of the 7 analyzed genomes: of the 101 such KOGs, 76 included an essential yeast gene (Table 3 and data not shown). Such preponderance of essential genes could be expected because, in this set of KOGs, the indispensability of the respective function could not have been masked by the presence of paralogs. Thus, the low propensity of a gene to be lost during evolution is often due to the gene’s biologically critical (and apparently conserved) function; however, it is equally notable that 15% of the indispensable genes in yeast are specific to the Saccharomyces lineage.

For an additional set of ~15% nonessential yeast genes, knockout results in a measurable retardation of growth (Giaever et al. 2002). Unexpectedly and in contrast to the result with the essential genes, we failed to observe a correlation between the magnitude of a gene’s knockout effect on yeast growth and the phyletic pattern (data not shown). This seems to indicate that the measured effect on yeast growth might not translate into an effect on fitness that the loss of the ortholog of the given gene has in distant species. 

Much like in yeast, in C. elegans, essentiality of genes appears to correlate with strong evolutionary conservation. We compared the recent RNAi inhibition data (Kamath et al. 2003), which cover 86% of the C. elegans genes, to the phyletic patterns of the respective KOGs. Of the essential worm genes, 38% were conserved in all 7 compared species and 19% were conserved in 6 species (Fig. 8b). In contrast, only 6% of the non-essential C. elegans genes were represented in 7 species and 7% were conserved in 6 species (Fig. 8b). Thus, there seems to be a strong and robust connection between a gene’s essentiality and its tendency to be conserved in evolution over a wide span of taxa; this connection was established by using two independent data sets from biologically extremely different model organisms.

Domain accretion in orthologous sets of eukaryotic proteins

As noticed previously, the complexity of domain architecture of proteins in some orthologous sets increases with increasing organismic complexity; this phenomenon has been dubbed domain accretion (Koonin et al. 2000). With the KOG set in hand, we sought to assess the extent of accretion quantitatively by using the data on the presence of domains from the CDD collection in each of the KOG members. The results summarized in Table 5 show a relatively small but statistically significant excess of domains in proteins from multicellular organisms compared to the orthologs from unicellular organisms.  Furthermore, among the multicellular eukaryotes, human proteins have the greatest complexity of domain architectures, followed by Drosophila and Arabidopsis (Table 5). Among the unicellular eukaryotes, Encephalitozoon had by far the least complex domain architectures (Table 5), which reflects the general genome reduction in this intracellular parasite.

Conclusions


The eukaryotic KOG analysis revealed a substantial conserved core of eukaryotic genes as well as major lineage-specific variations. Lineage-specific expansion of paralogous families within the KOGs and expansion of families that do not have orthologs in other-compared genomes make major contributions to the evolution of eukaryotic genomes. Only a minority of eukaryotic KOGs have readily detectable prokaryotic counterparts, which emphasizes the extent of innovation linked to the origin of eukaryotes and further major transitions in eukaryotic evolution, such as the origin of multicellularity and the origin of animals. The wide scatter of the phyletic patterns among the KOGs testifies to the importance of lineage-specific gene loss in the evolution of eukaryotic genomes. Parsimonious reconstruction allows mapping of the loss events to specific branches of the eukaryotic phylogenetic tree and a conservative reconstruction of the gene sets of ancestral eukaryotic forms.  The distribution of losses is highly non-uniform, with massive gene elimination observed in yeasts and microsporidia, and, to a lesser extent, in nematodes and insects; in contrast, a minimal number of gene losses are associated with the vertebrate lineage.  The reconstructed gene set for the common ancestor of the eukaryotic crown group consists of 3365 genes and should be considered the low-bound approximation of the gene content of this ancestral form. As it could have been expected, this gene set is substantially enriched in genes involved in housekeeping functions and poor in genes implicated in signal transduction.


The current collection of eukaryotic KOGs includes 7 genomes whose sequences had been available as of July 1, 2002. Manual correction and annotation of KOGs is a labor-intensive process, which precluded immediate inclusion of the genomes of the mouse (Waterston et al. 2002), fugu fish (Aparicio et al. 2002), mosquito (Holt et al. 2002), the urochordate Ciona instestinalis (Dehal et al. 2002) and the malarial parasite (Gardner et al. 2002), which have become available since that date. However, once the basic system is established, it is expected that inclusion of these and other newly sequenced  genomes in the KOG system proceeds at a greater pace. The KOG system can be employed for functional annotation of genes from new genomes by using the COGNITOR program and for research into evolution of eukaryotic genomes as exemplified by preliminary results reported in this paper. The utility of the system for both of these purposes should increase progressively with the inclusion of new genomes, particularly those of early-branching eukaryotes. 

Materials and Methods

Protein sets for eukaryotic genomes. The protein sets for yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, the microsporidian Encaephalitozoon cuniculi,  and the fruit fly Drosophila melanogaster were extracted from the GenBank database. The protein sequences for the nematode Caenorhabditis  elegans  were from the WormPepXX database. The sequences for the thale cress Arabidopsis thaliana were…; the sequences for Homo sapiens were from the NCBI build 30???

Sequence analysis, construction and annotation of KOGs. Briefly, the KOG construction procedure includes the following steps (Tatusov et al. 1997; Tatusov et al. 2001). 1. Detection and masking of widespread, typically repetitive domains, which was performed by using the RPS-BLAST program and the position-specific scoring matrices (PSSMs) for the respective domains from the CDD collection (Marchler-Bauer et al. 2003). The following domains were detected and masked using the procedure:  ankyrin repeats, leucine-rich repeats (LRR), tetratricopeptide repeats (TPR), Src Homology motif 2 (SH2), Src Homology motif 3 (SH3), WD40 repeats (those have it – Sergey? Darren?– please complete the list), Masking these domains was required to ensure the robust classification of the eukaryotic orhtologous clusters with the KOG detection procedure because hits between these common, “promiscuous” domains resulted in spurious lumping of numerous non-orthologous proteins. 2. All-against-all comparison of protein sequences from the analyzed genomes by using the gapped BLAST program (Altschul et al. 1997), with filtering for low sequence complexity regions performed using the SEG program (Wootton and Federhen 1996).  2. Detection of lineage-specific expansions of paralogous families. 3. Detection of triangles of mutually consistent, genome-specific best hits (BeTs), with each of the paralogous protein sets detected at step 2 treated as a single entity. 4. Merging triangles with a common side to form crude, preliminary COGs. 5. Case by case analysis of each candidate KOG. This analysis serves to eliminate the false-positives that are incorporated in the KOGs during the automatic steps and examination of the domain composition of KOG members, which was determined using the RPS-BLAST program and the CDD collection of position-specific scoring matrices (PSSMs) for individual domains (Marchler-Bauer et al. 2003). The proteins were kept in the same KOG when they shared a conserved core domain architecture. However, in cases when KOGs were artificially bridged by multidomain proteins, the latter were split into individual domains (or arrays of domains) and steps (1)-(4) were repeated with these sequences; this results in the assignment of  individual domains to KOGs in accordance with their distinct evolutionary affinities. 6. Assignment of protein containing promiscuous domains. In cases when a sequence assigned to a KOG contained one or more masked promiscuous domains, these domains were restored and became part of the respective KOG. Proteins containing promiscuous domains but not assigned to any KOG classified in Fuzzy Orthologous Groups (FOGs) named after the respective domains. 7. Examination of large KOGs, which included multiple members from all or several of the compared genomes by using phylogenetic trees, cluster analysis with the BLASTCLUST program (ftp://ftp.ncbi.nih.gov/blast/), comparison of domain architectures, and visual inspection of alignments; as a result, some of these protein sets were split into two or more smaller ones that were included in the final set of KOGs. The KOGs were annotated on the basis of the annotations available through GenBank and other public databases, which were critically assessed against the primary literature. For proteins that are currently annotated as “hypothetical’ or “unknown”, iterative sequence similarity searches with the PSI-BLAST program (Altschul et al. 1997), the results of the RPS-BLAST searches, additional domain architecture analysis performed by using the SMART system (Schultz et al. 1998), and comparison to the COG database by using the COGNITOR program (Tatusov et al. 2001) were employed to identify distant homologs with experimentally characterized functions and/or structures. The known and predicted functions of KOGs were classified into 20 categories (see legend to Fig. 4); these were modified from the functional classification previously employed for prokaryotic COGs (Tatusov et al. 2001) by including several specifically eukaryotic categories.

For the estimation of sequence evolution rates, multiple alignments of KOGs were constructed using the MAP program (Huang 1994) and the pairwise evolutionary distances were calculated with the maximum likelihood method under the PAM model by using the PROTDIST program of the PHYLIP package (Felsenstein 1996). When a KOG included more than one member from the given species, the paralog with the greatest average similarity to proteins from other organisms was selected to represent the species in the given KOG. Since A. thaliana represents the most likely outgroup species for the analyzed set of eukaryotes, distances from the Arabidopsis representative to proteins from all other species were averaged to estimate the characteristic evolutionary distance for the given KOG. Data from KOGs with excessive variability of the distances between A. thaliana and other species (standard deviation to mean ratio >0.5) were discarded. Since the divergence times for all KOGs are presumed to be the same (and equal to the time elapsed since the last common ancestor for the eukaryotic crown group), the mean evolutionary distance in a KOG is a measure of the KOG’s evolutionary rate. 

The parsimonious evolutionary scenario, which included gene losses and emergence of KOGs mapped to the branches of the eukaryotic phylogenetic tree, was constructed by using the DOLLOP program of the PHYLIP package (Felsenstein 1996); this program is based on the Dollo parsimony method, which assumes irreversibility of character loss (Farris 1977). 

Conserved domains from the NCBI CDD database were detected in the eukaryotic proteins that belonged to the KOGs by using the RPS-BLAST program (Marchler-Bauer et al. 2003), with an E-value cut-off of 0.001. Domains with biased amino acid sequence composition, which tend to produce a high false-positive rate in RPS-BLAST searches, were excluded from the analysis. 

Availability of the results: The eukaryotic KOG set is accessible at http://www.ncbi.nlm.nih.gov/COG/KOGs
Acknowledgments: We thank L. Aravind and Wei Yang for useful discussions and Igor Garkavtsev, Uma Shankavaram and Pratap Venepalli for their contributions at the initial stages of the KOG project. 
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Figure legends

Figure 1. Assignment of proteins from each of the 7 analyzed eukaryotic 

genomes to KOGs of different size and to non-KOG LSEs.

Species abbreviations: Atu, Arabidopsis thaliana, Ca, Caenorhabditis elegans, 

Dme, Drosophila melanogaster, Ecu, Encephalitozoon cuniculi, Hsa, Homo 

sapiens, Sce, Saccharomyces cerevisisae, Spo, Schizosaccharomyces pombe. 

Figure 2. Phyletic patterns of the KOGs.

All, each of the 7 analyzed species represented; all-Ec, all species represented 

except for Encephalitozoon cuniculi.

Figure 3. Distribution of the KOGs by the number of paralogs in each of the 

analyzed eukaryotic genomes. 

Species abbreviations are as in Fig. 1. 

Figure 4. Functional breakdown of the KOGs.

Designations of functional categories: A, RNA processing and modification, B, chromatin structure and dynamics, C, energy  production and conversion, D, cell cycle control and mitosis, E, amino acid metabolism and transport,  F, nucleotide metabolism and transport, G, carbohydrate metabolism and transport, H, coenzyme metabolism, I, lipid metabolism, J, translation, K, transcription, L, replication and repair, O, post-translational modification, protein turnover, chaperone functions, Q, secondary metabolites biosynthesis, transport and catabolism, T, signal transduction, U, intracellular trafficking and secretion, Y, nuclear structure, Z, cytoskeleton; R, general functional prediction only (typically, prediction of biochemical activity), S, function unknown.

Figure 5. Distribution of amino acid substitution rates for different functional categories of KOGs.

(a) Probability density function for the distribution of evolutionary rate among the set of KOGs including 7 species.

(b) Distribution functions for the evolutionary rates in different functional categories of KOGs.

The designations of functional categories are as in Fig. 4. 

Figure 6. The parsimonious scenario of loss and emergence of genes (KOGs) for the most likely topology of the eukaryotic phylogenetic tree.

The number in boxes indicate the inferred number of KOGs in the respective ancestral forms. The numbers next to branches indicate the number of gene gains (emergence of KOGs) (numerator) and gene (KOG) losses (denominator)  associated with the respective branches; a dash indicates that the number of losses for a given branch could not be determined. The species abbreviations are as in Fig. 1.

Figure 7. Correspondence between eukaryotic and prokaryotic orthologous gene sets.

(c) Representation of prokaryotic counterparts in different subsets of KOGs

CGA, crown group ancestor; non-CGA, KOGs not represented in the crown group ancestor; MSP, metazoa-specific KOGs.

(d) Evidence of ancient duplications of eukaryotic genes revealed by the KOGs against COGs comparison.  

The connections between KOGs and COGs detected by using RPS-BLAST (see text) were analyzed by single linkage clustering.

Figure 8. Gene dispensability in yeast and worm and phyletic patterns of the respective KOGs.

(a) Distribution of essential and non-essential genes among different size classes of KOGs and LSEs in yeast Saccharomyces cerevisiae. The number of species in the KOGs and LSEs is color-coded as indicated to the right of the plot.

(b) Distribution of essential and non-essential genes among different size classes of KOGs and LSEs in the nematode Caenorhabditis elegans. The number of species in the KOGs and LSEs is color-coded as indicated to the right of the plot.

Table 1

Representation of the 7 analyzed eukaryotic species in KOGs and LSEs

	Species
	Total number of proteins analyzed
	Number of proteins in KOGs (%)
	Number of proteins in non-KOG LSEs (%)

	Encephalitozoon cuniculi
	2000
	1218(61)
	212(11)

	Saccharomyces cerevisiae
	6387
	4401(69)
	364(6)

	Schizosaccharomyces pombe
	5035
	4069(81)
	115(2)

	Arabidopsis thaliana
	26406
	14473(55)
	9518(36)

	Caenorhabditis elegans
	20751
	11043(53)
	5259(25)

	Drosophila melanogaster
	13703
	8845(65)
	1608(12)

	Homo sapiens
	38638
	19707(51)
	6784(18)

	
	
	
	


Table 2

Examples of KOGs with unexpected phyletic patterns

	KOG#
	Phyletic patterna
	(Predicted) structure and function
	Prokaryotic homologs
	Comments

	10805
	---H--E
	Discoidin domain protein, potential regulator of proteasome activity
	Detected in a few phylogenetically scattered bacteria, no COG so far (Ponting et al. 1999)
	

	7976
	A-----E
	ATP/ADP translocase
	ATP/ADP translocases of chlamydia, rickettsia, Xylella fastidiosa
	ATP/ADP translocase is a hallmark of intracellular parasites and symbionts, which allows them to scavenge ATP from the host cell; chloroplast protein in plants. Could be acquired by plants and microsporidia via independent HGT from bacteria (Wolf et al. 1999).   

	10579
	---HY--
	Uncharacterized protein essential for propionate metabolism
	PrpD protein of several bacteria and archaea (COG2079)
	The yeast and human (and the orthologs from other vertebrates)  proteins show the greatest similarity to different subsets of bacterial orthologs, which might suggest independent HGT events. 

	10780
	---H-P-
	Uncharacterized conserved protein, probably enzyme
	COG4336, sporadic representation in several bacterial lineages
	The human (and mouse) protein has an additional domain conserved in the archaeon Pyrococcus. Human and S. pombe proteins are most similar to different subsets of bacterial homologs, which suggests the possibility of independent HGT events.

	10683
	A----p-
	Urease
	Ureases of many bacterial species
	Highly conserved enzyme present  in plants and many fungi but not S. cerevisiae. Plant and fungal ureases have a common domain architecture distinct from that of bacterial orthologs, which suggests monophyletic origin. Might have evolved via early HGT from bacteria (proto-mitochondria?) with subsequent lost in animals and some fungi.

	7424
	A--H—E
	Recombination repair protein BRCA2, contains varying number of BRCA2 repeats
	None
	Although sequence conservation is limited to the BRC repeats (Chen et al. 1998), the number of which varies substantially, statistical significance of the observed sequence  similarity and the absence of other homologs suggests that the proteins in this KOG are true orthologs. Apparent orthologs of BRCA2 are detectable also in other species from the taxa represented in the KOGs (mosquito Anopheles gambiae, fungus Ustilago maydis (Kojic et al. 2002)) and in early-branching eukaryotes (Leishmania, Trypanosoma; EVK, unpublished), suggesting that evolution of BRCA2 involved multiple gene losses

	5497
	A--H—E
	TATA-binding protein 1-interacting protein
	None
	Probable multiple gene losses

	5225
	A--H—E
	3-methyl-adenine DNA glycosylase
	Orthologs in many bacteria (COG2094)
	The plant protein and those from mammals and microsporidia show the greatest similarity to different subsets of bacterial orthologs. Evolution might have included a combination of gene loss and independent HGT events.

	1826
	A-D-Y--
	Predicted epimerase related to aldose 1-epimerase
	Bacterial orthologs, primarily proteobacteria (COG0676)
	Eukaryotic proteins are more closely related to each other than to bacterial orthologs indicating monophyletic origin. Function remains unknown; might be involved in a distinct and still uncharacterized pathway of polysaccharide biosynthesis. LSE in Arabidopsis (7 paralogs).

	4566
	---HYPE
	Rad52/22, protein involved in double-strand break repair
	None
	Probable gene loss in plants, insects and nematodes

	5324
	-CDH--E
	Uncharacterized predicted enzyme (structure of the ortholog from the bacterium Thermotoga maritima has been determined – pdb code 1j5u)
	Conserved in all archaea and several bacteria (COG1371)
	Context analysis of archaeal and bacterial genomes suggests functional interaction between proteins of KOG5324 and KOG4246, RNA 3’-terminal phosphate cyclase (KOG4398, COG0430), and tRNA/rRNA cytosine C5-methylase (KOG1299/COG0144) (Ref. (Genschik et al. 1998) and EVK, unpublished observations). Taken together, the observations appear to implicate KOG5324 and KOG4246 in a still uncharacterized pathway of rRNA and/or tRNA processing and modification. Conservation of these proteins in archaea and early-branching eukaryotes suggests lineage-specific gene loss in plants and fungi. 

	4246
	-CDH--E
	Uncharacterized predicted enzyme
	Conserved in all archaea and several bacteria (COG1690)
	See comment for KOG5324.

	
	
	
	
	


aAbbreviations: A, thale cress A.  thaliana, C, nematode C. elegans, D, fruit fly D. melanogaster, E, microsporidian Encephalitozoon cuniculi, H, Homo sapiens, S, budding yeast S. cerevisiae, P, fission yeast S. pombe; a letter indicates the presence of the respective species in the given KOG and a dash indicates its absence.

Table 3

Examples of KOGs represented by exactly one ortholog in 7 analyzed eukaryotic genomes

	KOG#
	(Predicted) function
	Prokaryotic homologs
	Fitness class
	Comments

	
	
	
	yeasta
	wormb
	

	1757
	Predicted GTPase of the XAB1 family (Leipe et al. 2002)
	All archaea and several bacteria (COG1100)
	essential
	essential
	XP-A-binding protein in humans, thus implicated in repair ((Leipe et al. 2002) and references therein).

	1758
	Predicted GTPase of the XAB1 family (paralog of KOG1757) (Leipe et al. 2002)
	All archaea and several bacteria (COG1100)
	essential
	essential
	Might have a function in repair given the paralogous relationship with KOG1757.

	0467
	Predicted E3 ubiquitin ligase
	None
	dispensable,

slow growth
	unknown
	The proteins in this KOG contain a modified RING domain, which might not be capable of metal-binding similarly to the U-box domain (Aravind and Koonin 2000), which has been shown to function as E3 (Cyr et al. 2002). 

	1861
	DNA polymerase  processivity subunit, inactivated phosphatase
	Small subunit of archaeal DNA polymerase II (COG1311)
	essential
	essential
	The small, regulatory subunit of DNA polymerase also forms a pan-eukaryotic KOG3044, which is a paralog of KOG861 (the only recent duplication in KOG3044 is seen in vertebrates). In contrast, another paralog, the small subunit of DNA polymerase e, is represented in animals, fungi and the early-branching protozoan Plasmodium, but not in plants or Microsporidia. Thus, the history of this polymerase subunit apparently involved inactivation of the phosphatase (or nuclease) inherited from archaea, with subsequent duplications at early stages of eukaryotic evolution (Aravind and Koonin 1998). 

	2010
	Uncharacterized conserved protein containing a CCCH Zn-finger; possible role in RNA processing or splicing
	none
	dispensable
	unknown
	CCCH fingers have been shown to bind 3’ untranslated regions in various mRNAs (Bai and Tolias 1996; Cheng et al. 2003)

	2543
	Predicted DNA-binding protein kinase of the RIO1 family; possible role in chromatin remodeling/cell cycle control
	Orthologs in most archaea but not in bacteria (COG0478)
	essential
	unknown
	This is one of the very small number of protein kinases that show a clear-cut orthologous relationship between all eukaryotes and most archaea, and apparently, the only one containing a predicted DNA-binding domain (Leonard et al. 1998).

	2594
	PP-loop family ATP pyrophosphatase domain, which in fungi, plants and insects is fused to a duplicated translation inhibitor domain. The fusion, along with the phyletic pattern of the PP-ATPase domain, suggest an essential function in translation regulation. 
	Orthologs of the PP-loop domain are present in all archaea (COG2102) but not in bacteria. Orthologs of the translation inhibitor domain are found in most bacteria and several archaea (COG0251)
	dispensable
	unknown
	PP-loop ATPases have been previously implicated in base thiolation in various RNAs (Anantharaman et al. 2002) and proteins in this K/COG might have a similar function, which is likely to be conserved in eukaryotes and archaea. However, the fusion with translation inhibitor, which has been reported to have endoribonuclease activity (Morishita et al. 1999), is a eukaryote-specific feature.

	2818
	Predicted RNA-binding protein containing a PUA domain, probable role in translation/RNA modification (Aravind and Koonin 1999b)
	Orthologs present in all archaea (COG2016) but not in bacteria.
	unknown
	unknown
	Several of the archaeal orthologs of this protein form fusions with a PP-loop ATPase domain implicated in base thiolation (Anantharaman et al. 2002). Thus, the proteins of this KOG might interact with those of KOG2594, to form a enzymatic complex. involved in RNA modification, or with the TurA family pseudouridine synthase, which is also universally conserved in eukaryotes (KOG2852)

	2750
	Predicted RNA-binding protein consisting of a PIN domain and a Zn-ribbon. Involved in 26S proteasome assembly.
	Represented by orthologs in all archaea but no bacteria (COG1349)
	essential
	dispensable
	PIN domain has been detected in exosome subunits and is thought to have RNA-binding properties or even nuclease activity (Clissold and Ponting 2000; Makarova et al. 1999). Thus, the demonstration of the role of this protein (Nob1p1) in proteasome assembly (Tone and Toh 2002) suggests a connection between ATP-dependent, regulated degradation of RNA and proteins. This connection seems to have been established already in archaea (Koonin et al. 2001b).  

	3605
	Predicted RNA-binding protein containing KH domain, interacts with Nob1p.
	Represented by orthologs in all archaea but no bacteria (COG1094)
	essential
	dispensable
	This is the second predicted RNA-binding protein involved in proteasome assembly (Tone and Toh 2002), which emphasizes the aforementioned link between RNA and protein processing.

	3020
	Predicted metalloprotease with chaperone activity (RNAse H/HSP70 fold) (Aravind and Koonin 1999a)
	Represented by orthologs in all archaea and bacteria (COG0533)
	essential
	unknown
	One of the few remaining uncharacterized proteins that are universally conserved in all cellular life forms. The only experimentally demonstrated activity is that of sialoglycoprotease but fusion with a distinct protein kinase in several archaea and analysis of gene neighborhood suggest a fundamental role in signal transduction, possibly translation regulation (Wolf et al. 2001). 

	3153
	Protein containing a U1-type, RNA-binding C2H2 Zn-finger. Probable role in RNA splicing/processing.
	None
	essential
	essential
	

	3357
	Protein required for 60S ribosomal subunit biogenesis (Gonczy et al. 2000); contains the IMP4 domain, which is involved in rRNA processing (Lee and Baserga 1999); paralog of KOG3095 and KOG3292, which are also represented in all analyzed genomes. 
	Distantly related to COG2136, represented by orthologs in most archaea, but not in bacteria (KSM, unpublished)
	essential
	unknown
	The COG2136 proteins appear to be subunits of the predicted archael exosome (Koonin et al. 2001b). Apparently, this gene has undergone at least two ancient duplications in eukaryotes. 

	3371
	Predicted RNA methylase involved in rRNA processing.
	Distantly related to numerous Rossmann-fold methylases but prokaryotic orthologs could not be confidently identified.
	dispensable
	dispensable
	This protein (Rrp8p in yeast) has been shown to participate in the processing of rRNA (Bousquet-Antonelli et al. 2000) and sequence analysis reveals the presence of a Rossmann-fold methylase domain (EVK, unpublished). Therefore Rrp8p probably methylates either snoRNA or rRNA itself.

	3390
	RNA-binding nuclear protein containing a distinct C4 Zn-finger; implicated in the biogenesis of 60S ribosomal subunits (Ohtake and Wickner 1995). 
	None
	essential
	essential
	Initially identified in yeast as the MAK16 protein required for dsRNA virus reproduction (Wickner and Leibowitz 1979).

	3399
	Predicted RNA-binding protein containing PIN domain and implicated in translation or RNA processing.
	Conserved in most archaea but not in bacteria (COG1412)
	essential
	unknown
	A translation-associated function is suggested by genome context analysis in archaea (EVK, unpublished). 

	
	
	
	
	
	

	3508
	Predicted -helical protein, potentially involved in replication/repair; paralog of KOG3636.
	Conserved in most (possibly all) archaea but not in bacteria (COG1711)
	essential
	unknown
	A function in DNA replication/repair is suggested by the analysis of the genome context of archaeal orthologs (KSM and EVK, unpublished).

	3636
	Predicted -helical protein, potentially involved in replication/repair; paralog of KOG3508.
	Conserved in most (possibly all) archaea but not in bacteria (COG1711)
	essential
	essential
	A function in DNA replication/repair is suggested by the analysis of the genome context of archaeal orthologs (KSM and EVK, unpublished).

	3546
	Small protein containing a Zn-ribbon, possibly RNA-binding.
	Conserved in Crenarchaeota (COG4888)
	dispensable
	unknown
	

	3686
	Predicted nucleotide kinase; nuclear protein (Fap7p) involved in oxidative stress reponse in yeast (Juhnke et al. 2000).
	Conserved in all archaea but not in bacteria (COG1936)
	Essential
	unknown
	

	0322, 0345, 0357, 0362, 0375, 0764, 1467, 1764
	WD40-repeat proteins, subunits of rRNA processing complexes (Dragon et al. 2002; Pestov et al. 2001)
	WD40-repeat proteins are present in several bacterial lineages and particularly abundant in cyanobacteria but are missing in most archaea (COG2319) 
	All essential (
	dispensable (0322, 0357, 0764, 1467, 1764)

unknown (0345, 0357, 0362)
	

	
	
	
	
	
	


aData from (Giaever et al. 2002) 

bData from (Kamath et al. 2003)

Table 4

Evolutionary rates in KOGs with different functions 

A. Evolutionary rates for different functional categories of KOGsa.

	Functional category
	No. of COGs
	Mean rate, substitutions per site
	Standard deviation 

	J
	227
	0.98
	0.37

	H
	62
	0.98
	0.30

	A
	167
	1.01
	0.36

	C
	140
	1.01
	0.43

	O
	307
	1.01
	0.40

	F
	50
	1.05
	0.34

	E
	130
	1.07
	0.38

	L
	139
	1.11
	0.38

	B
	56
	1.13
	0.33

	Z
	64
	1.13
	0.46

	K
	209
	1.15
	0.42

	G
	115
	1.16
	0.43

	I
	110
	1.16
	0.32

	T
	200
	1.18
	0.39

	D
	111
	1.19
	0.40

	R
	415
	1.23
	0.42

	M
	33
	1.26
	0.47

	U
	196
	1.27
	0.42

	Q
	30
	1.27
	0.37

	P
	69
	1.28
	0.45

	N
	2
	1.30
	0.78

	S
	348
	1.40
	0.41

	all
	3203
	1.16
	0.42


aOnly the KOGs that included a member(s) from Arabidopsis were analyzed; the evolutionary rates are the average distances between the Arabidopsis representative in the given KOG and the proteins from other species (see Material and Methods for details). The functional categories are designated as in Fig. 4

B. Statistical significance of differences in evolutionary rates between selected functional categories of KOGs (T-test).

	
	J
	L
	U
	S

	J
	-
	
	
	

	L
	3(10-3
	-
	
	

	U
	1(10-12
	3(10-4
	-
	

	S
	7(10-33
	5(10-13
	2(10-4
	-


Table 5

Domain accretion in complex eukaryotes

	
	hsa
	dme
	ath
	cel
	sce
	spo
	ecu

	Hsa
	
	<1(10-10
	<1(10-10
	<1(10-10
	<1(10-10
	<1(10-10
	<1(10-10

	Dme
	470

3214

805
	
	2(10-1
	<1(10-10
	<1(10-10
	<1(10-10
	<1(10-10

	Ath
	327

2224

530
	354

2085

403
	
	3(10-1
	<1(10-10
	<1(10-10
	<1(10-10

	Cel
	347

2986

880
	428

2962

650
	334

2052

376
	
	1(10-8
	<1(10-10
	<1(10-10

	Sce
	149

1789

504
	161

1704

411
	183

1769

374
	197

1715

336
	
	1(10-2
	<1(10-10

	spo
	100

1880

549
	123

1807

426
	135

1886

388
	150

1808

359
	158

2360

216
	
	<1(10-10

	ecu
	10

700

332
	17

738

254
	12

739

235
	14

748

244
	13

816

158
	19

835

140
	


Below the diagonal - for a given pair of species, top to bottom: the number of  KOGs, in which the average number of detected domains from the CDD collection 

(cut-off E =10-3) in the proteins from the species to the left is greater than that for the species to the right; the number of KOGs with equal average number of  domains; the number of KOGs, in which the average number of domains is greater for the species to the right (e.g., D melanogaster has a greater number of detected domains than H. sapiens in 470 KOGs, the same number in 3214 KOGs, and a smaller number in 805 KOGs). Above the diagonal – statistical significance of the difference; P((2). 

[image: image5.emf]   

S. cerevisiae  

717  

497  

1004  

273  

1120  

115  

1463  

221  

0%  

25%  

50%  

75%  

100%  

non - essential  

essential  

1  

2 - 5  

6  

7  

[image: image6.emf]   

C. elegans  

736  

312  

917  

154  

3602  

181  

7282  

163  

0%  

25%  

50%  

75%  

100%  

non - essential  

essential  

1  

2 - 5  

6  

7  


[image: image1]

[image: image7.emf]0

500

1000

1500

2000

2500

3000

3500

4000

1 2 3 4 5 6 7 8 9 10 >10

ath

ecu

sce

spo

cel

dme

hsa

[image: image8.emf]0.00

0.25

0.50

0.75

1.00

0 0.5 1 1.5 2 2.5 3

J

L

U

S

[image: image9.emf]1

2

3

4

5

>5

>5

5

4

3

2

1

0

100

200

300

400

500

600

700

800

900

 

[image: image10.emf]44%

54%

28%

28%

66%

0

1000

2000

3000

4000

5000

6000

All CGA non-CGA Msp 7-sp

No-prok

Prok

[image: image11.wmf]0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0

0.5

1

1.5

2

2.5

3




[image: image2]

[image: image3]












[image: image4]


Tatusov et al., Fig. 2





Tatusov et al. Fig. 3





Tatusov et al., Fig. 5a





Tatusov et al., Fig. 1











Tatusov et al., Fig. 4





Tatusov et al., Fig. 7a





Tatusov et al., Fig. 8a





Tatusov et al., Fig. 6





3365





3788





3031





3229





4898





5127





1465/-





423/-





14/771





27/1957





258/60





122/297





39/198





1298/188





701/514





264/35





1630/158





430/480





Ath





Sce





Spo





Ecu





Cel





Dme





Hsa





all 7 species present





Tatusov et al., Fig. 8b











Tatusov et al., Fig. 7b








KOGs with all 7 species present





3





2.5





2





1.5





1





0.5





0





1.8





1.6





1.4





1.2





1





0.8





0.6





0.4





Tatusov et al., Fig. 5b





Tatusov et al. Fig. 1





Tatusov et al. Fig. 2








 





























with 





Eukaryotic COGs 





2.71/0.14=20.0





COGs





All 





2.71/0.14=20.0





COGs





All 





All KOGs


2.71/0.14=20.0





90% of KOGs


1.57/0.43=3.7





# KOGs





# COGs





0





100





200





300





400





500





600





700





800





900





S





R





T





O





K





U





J





A





C





L





D





E





I





G





P





B





F





H





M





Q





V





W





N





Functional categories





# KOGs





All KOGs





6-7 species





All animals





0





1





2





3





4





5





6





7





ecu





sce





spo





ath





cel





dme





hsa





0





2000





4000





6000





8000





10000





12000





14000





# proteins





# species in KOGs





# paralogs 





858





921





186





188





142





1109





271





1947





All





All-Ec





Animals-Fungi





Plant+fungi





Plant+animals





All animals





All fungi





Other patterns





0.2





0








