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The availability of a number of complete cellular genome sequences allows the development of organisms’
classification, taking into account their genome content, the loss or acquisition of genes, and overall gene
similarities as signatures of common ancestry. On the basis of correspondence analysis and hierarchical
classification methods, a methodological framework is introduced here for the classification of the available 20
completely sequenced genomes and partial information for Schizosaccharomyces pombe, Homo sapiens, and Mus
musculus. The outcome of such an analysis leads to a classification of genomes that we call a genomic tree.
Although these trees are phenograms, they carry with them strong phylogenetic signatures and are remarkably
similar to 165-like rRNA-based phylogenies. Our results suggest that duplication and deletion events that took
place through evolutionary time were globally similar in related organisms. The genomic trees presented here
place the Archaea in the proximity of the Bacteria when the whole gene content of each organism is considered,
and when ancestral gene duplications are eliminated. Genomic trees represent an additional approach for the
understanding of evolution at the genomic level and may contribute to the proper assessment of the

evolutionary relationships between extant species.

The determination of complete genome sequences
from =20 organisms offers an unprecedented opportu-
nity for the study of evolutionary problems in molecu-
lar biology and at a highly integrated level. One of the
first problems to address in such a context concerns
the derivation of the universal tree of life, which
should reflect the global evolutionary relationships of
whole organisms, and not only single-gene phylog-
enies. The universal tree of life was based on the 16S-
like rRNA genes (Woese 1987; Woese et al. 1990) and
led to the proposal of the three primary kingdoms or
domains (Eukarya, Bacteria, and Archaea). However,
this proposal has been criticized on different grounds
(Gupta 1998; Mayr 1998). Although other molecular
phylogenies have confirmed this analysis, many genes
(particularly those encoding metabolic enzymes) give
different topologies or even fail to support the three-
domain classification of living organisms (Cavalier-
Smith 1989; Forterre et al. 1992; Brown and Doolittle
1997; Doolittle 1998; Gupta 1998). Within the three-
domain classification itself, a recurrent question con-
cerns the controversial proximity of Archaea to either
Eukarya or Bacteria (Brinkmann and Philippe 1999).
Archaeal organisms appear to be close to Eukarya when
the protein synthesis machinery (transcription and
translation) is considered but close to Bacteria if meta-
bolic genes are compared (Doolittle and Logsdon 1998).

Such unsettling differences not only reflect classi-
cal problems in phylogenetic reconstruction due to
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horizontal transfer (which may have been more in-
tense during early cellular evolution, Woese 1998), un-
equal rates of nucleotide substitution, and gene dis-
placement but also underline the fact that trees depict
the evolutionary distances between genes and not be-
tween organisms or entire genomes.

Previous attempts to analyze the macrostructure of
genomes for phylogenetic reconstruction have been
based on a number of well-known techniques such as
DNA hybridization studies and restriction enzyme frag-
ment analyses (Li 1997). As in the case of gene-based
phylogenies, such approaches are ultimately dependent
on the degree of sequence divergence. On the contrary,
analysis of comparative gene order provides quantitative
models of genome evolution that become independent
from the degree of sequence divergence once orthologs
have been defined (Sankoff et al. 1992; Boore and Brown
1998). Likewise, a more integrative view of genome evo-
lution is feasible with the shared gene trees proposed re-
cently by Snel et al. (1999). Here we present a different
but complementary approach, not on the basis of evolu-
tionary descent but on a hierarchical classification of ge-
nomes involving their gene content and overall similar-
ity. We call the resulting phenograms the genomic tree.

RESULTS

Construction of Genomic Trees by Comparisons

of All Predicted ORF Products for Completely
Sequenced Genomes

In this work, we aim to derive the genomic tree from all
of the available completely sequenced genomes
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through whole proteome comparisons, taking into ac-
count the predicted gene product content of each or-
ganism and their similarity. The construction of such a
tree requires an appropriate methodological approach.
The full set of predicted gene products of a completely
sequenced organism is compared with itself and with
that of every other organism considered. The possible
similarity of a given open reading frame (ORF) product
to any other is determined by appropriately defined
statistical limits (see Methods). Comparison of organ-
ism j with organism i determines the proportion of
OREFs in organism j that have at least one similar ORF in
organism i (T;). We call this proportion the “weight” of
the common ancestry of j with respect to i (see Meth-
ods). The validation of the statistical limits used in
such comparisons is discussed in Methods. The overall
pairwise comparison of n organisms leads to a nxn ma-
trix of Tj,. The appropriate method to handle such
data matrices as a whole is correspondence analysis
(Benzecri 1973; Greenacre 1984). The rationale of this
method is to derive an orthogonal system of axes,
called factors and denoted F,, F,,... F,,_; (a maximum
of n — 1 such axes can be determined), which pass
through the barycenter of the observations and corre-
spond to a decreasing order of the amount of informa-
tion each factor represents. Fach organism is repre-
sented by its coordinates in this system. Thus, dis-
tances between organisms can be calculated, and their
subsequent classification according to their neighbor-
hood leads to a hierarchical tree, or the genomic tree.
Such a tree is a graphical representation of the relation-
ship between sets of organisms, which includes indi-
rectly genome sizes, levels of internal redundancy due
to ancestral duplications, and overall gene loss or ac-
quisition events. This tree is independent of functional
identity. Instead, it is based on the sole presence or
absence of genes of common ancestry, as defined by
comparison with all other genomes.

This method was applied to the data set, obtained
from the comparison of the 20 completely sequenced
organisms, plus the data available from human,
mouse, and Schizosaccharomyces pombe (see Table 1).
The results of our analysis are presented in Figure 1, in
which organisms are represented on the best factorial
space (i.e., the first and second factors). The distances
between the surveyed organisms were calculated from
their factorial coordinates and used to construct the
genomic tree shown in Figure 2a. Four well-defined
groups of organisms with similar profiles appear on
this tree: (1) An archaeal cluster formed by Methanococ-
cus jannaschii; Archaeoglobus fulgidus, Methanobacterium
thermoautotrophicum, and Pyrococcus horikoshii; (2) a
(eu)bacterial group formed by Escherichia coli, Synecho-
cystis sp., Bacillus subtilis, Aquifex aeolicus, Mycobacte-
rium tuberculosis, Campylobacter jejuni, Haemophilus in-
fluenzae, Helicobacter pylori, Rickettsia prowazekii, Chla-

mydia trachomatis, Treponema pallidum, and Borrelia
burgdorferi; (3) a mycoplasma cluster (Mycoplasma pneu-
moniae and Mycoplasma genitalium) that groups with
the Bacteria cluster; and (4) the eukaryotic group (Cae-
norhabditis elegans, Mus musculus, Homo sapiens, S.
pombe, and Saccharomyces cerevisiae).

As indicated in Figure 2, the different species are
not distributed at random in our trees, but their over-
all clustering follows the three-domain distribu-
tion, whose general topology is remarkably similar to
unrooted 16S-like rRNA-based and gene-shared phy-
logenies (Woese 1987; Woese et al. 1990; Snel et al.
1999). Note, however, that although this tree is the
outcome of a hierarchical classification, it carries a
strong phylogenetic signature and can thus be consid-
ered a genomic tree of considerable assistance in un-
derstanding the evolutionary relationships between
genomes.

In the approach discussed here, genome size, levels
of ancestral gene redundancy due to duplications, and
overall loss or acquisition of genes all contribute indi-
rectly to the position of a given organism in the facto-
rial space. An obvious concern is that the inclusion of
small genomes, such as those of M. genitalium or M.
pneumoniae, which may have undergone massive gene
losses, may drastically alter the genomic tree by the
limitation imposed on the proportions of genes of
common ancestry in other genomes. To test this pos-
sibility, we eliminated the two Mycoplasma genomes
from the data set and recomputed a novel tree (Fig. 2b).
As shown in Figure 2b, whereas the exclusion of the
mycoplasma produces no major changes in the overall
tree topology, it affects the internal branching of the
Bacteria, displacing A. aeolicus from a cluster that in-
cludes E. coli, B. subtilis, Synechocystis sp., and M. tuber-
culosis, to another branch with R. prowazekii and C.
trachomatis. These changes probably are due to the
small branch lengths among the inner nodes of the
Bacteria. Removal of the two mycoplasma genomes af-
fects slightly the Archaea, in which P. horikoshii is dis-
placed by M. janaschii.

Because the positions of B. burgdorferi (850 genes),
C. trachomatis (877 genes), R. prowazekii (837 genes),
and T. pallidum (1031 genes) in the genomic tree are
within the major bacterial branch, and not with the M.
genitalium-M. pneumoniae cluster (468 and 677 genes,
respectively), genome size is not overemphasized in
the genomic tree. The fact that the two mycoplasma
genomes form a deep branch within the Bacteria that is
far removed from their close relative B. subtilis (as
shown, e.g., by their 16S rRNA phylogeny) demon-
strates that more realistic assessments of the different
contributions of the variables defining the position of
a given organism in the genomic tree are still required.
We have tested the impact of the insertion of addi-
tional sequences on the topology of the tree by simu-
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Table 1. Completely Sequenced Organisms and Other Fragmentary Data Considered in this Analysis

Organism Domain? Code® ORFs© Partitions?
H. influenzae B HI 1713 1377
M. genitalium B MG 468 361
Synechocystis sp. B Ssp 3168 2002
M. pneumoniae B MP 677 424
H. pylori B HP 1577 1226
E. coli B EC 4290 2473
B. subtilis B BS 4100 2573
B. burgdorferi B BB 850 696
A. ageolicus B AE 1522 1157
M. tuberculosis B MT 3924 2329
T. pallidum B TP 1031 852
C. trachomatis B CT 877 718
C. jejuni B @] 1731 1323
R. prowazekii B RP 837 653
M. jannaschii A M| 1735 1180
M. thermoautotrophicum A MTH 1871 1227
A. fulgidus A AF 2437 1423
P. horikoshii OT3 A PH 2061 1373
S. cerevisiae E SC 6182 4437
C. elegans E CE 19,099 7558
S. pombe® E SP 3579 2248
H. sapiens E Hs

M. musculus® E Mm

Predicted ORF products considered in this study are essentially as described in the original publications: H. influenzae (Fleischman et
al. 1995), M. genitalium (Fraser et al. 1995), M. jannaschii (Bult et al. 1996), Synechocystis sp. strain PCC6803 (Kaneko et al. 1996),
M. pneumoniae (Himmelreich et al. 1996), H. pylori (Tomb et al. 1997), E. coli (Blattner et al. 1997), M. thermoautotrophicum (Smith
et al. 1997), B. subtilis (Kunst et al. 1997), A. fulgidus (Klenk et al. 1997), B. burgdorferi (Fraser et al. 1997), A. aeolicus (Deckert et al.
1998), M. tuberculosis (Cole et al. 1998), P. horikoshii (Kawarabayasi et al. 1998), T. pallidum (Fraser et al. 1998), C. trachomatis
(Stephens et al. 1998), R. prowazekii (Andersson et al. 1998), and C. elegans (The C. elegans Sequencing Consortium, 1998). Yeast S.
cerevisiae ORF products (Goffeau et al. 1997) correspond to those indicated in the MIPS server: http://www.mips.biochem.mpg.de/,
with a few modifications. Preliminary complete proteome of C. jejuni (ftp.sanger.ac.uk in/pub/pathogens/Cj/) was considered.

?(B) Bacteria; (A) Archaea; and (E) Eukarya.

POrganism abbreviations used in Figs. 1 and 3.

“The total number of predicted ORF products.

9The total number of distinct partitions.

€S. pombe correspond to those at the Sanger ftp server: ftp.sanger.ac.uk under/pub/yeast/sequences/pombe/pompep/), human (H.
sapiens) and mouse (M. musculus) sequences Hsuniq, Mmuniq (Boguski et al. 1995). An incomplete set of data was used, containing
3579 ORF products representing at least 68% of total proteome (V. Wood pers. comm.); 43,088, and 8,821 sets of clustered ESTs
derived from GenBank release 106, respectively. Hsuniq and Mmuniqg were used solely as targets for comparisons with the other

organisms.

lating the inclusion of artificial genomes with different
degrees of ancestral conservation with the actual ge-
nomes (0, 20, 100) and found essentially the same re-
sults (data not shown).

Construction of Genomic Trees by Comparison

of the Minimized Sets of Predicted ORF Products
from Completely Sequenced Genomes

In the approach presented here, gene families are rep-
resented by their respective weights, and this corre-
sponds to the whole genome picture. This approach
can be complemented by highlighting the functional
classification of genes. Because the organisms included
here have genomes with different sizes and may ex-
hibit important variations in the degree of gene acqui-
sition and loss, it is important to construct a tree de-
rived from genomes reduced to their minimal content
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by eliminating ancestral gene duplications that are still
recognizable. Thus, in a second alternative approach,
we have reduced each organism to its minimum ge-
nomic content by eliminating ancestral gene duplica-
tions and derived a second genomic tree. This was
achieved with the following approximation: Each or-
ganism is represented by its partitions (i.e., genes with
common ancestry; see Methods). Accordingly, instead
of considering ancestry weight as the outcome of gene
similarity, we considered it as the result of partition
similarity. This neutralizes the variable rates of gene
acquisition and losses because now each given gene
family is represented by only one member (i.e., the
corresponding partition). The resulting data set was
analyzed following the previous methodology for the
construction of a hierarchical tree, which represents
the constituent set of genes in the organisms consid-
ered. The conservation rate of organism j in organism
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separated, forming a branch distant from
both B. subtilis and M. tuberculosis. The
1 latter species group into a non-natural
cluster together with E. coli, Synechocystis
sp., and A. aeolicus. It is of interest that A.
{1 aeolicus, whose exact phylogenetic posi-
tion has been debated (Deckert et al.
1998), is firmly located in our tree within
the Bacteria, as in the case of rRNA phy-
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logenies (Burggrof et al. 1992; Pitulle et al.

Hs 1994; Reysenbach et al. 1996). However,

CE""mm’ it does not branch off early and instead
clusters with M. tuberculosis.

F1 - 48% In contrast to the rooted universal
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Figure 1 Factorial representation of the weight of ancestral duplication and com-
mon ancestry in each genome, obtained by the multidimensional correspondence
analysis method. First and second factorial axes (F; and F.,) represent, respectively,
48% and 26.4% of total information included in the ancestry weight matrix resulting
from predicted gene product comparisons (see Methods). Dots represent the distri-
bution of the surveyed organisms (abbreviations are as in Table 1).

i is defined by P;, which is obtained by dividing the
number of distinct partitions of j including members
having at least one significant match in i, by the total
number of distinct partitions in j. Thus, for instance,
11.4% of yeast partitions share ancestral conservation
with B. subtilis, 9.6% with H. influenzae, and so on.

Figure 3a shows the organisms’ distribution on the
first factorial space, and Figure 3b shows the genomic
tree obtained by the hierarchical classification of their
genomes by their distances as calculated in the whole
factorial space. This new genomic tree represents the
synthesis of the minimal content relationships in the
considered organisms, and can be mapped onto the
small subunit (SSU) rRNA phylogeny discussed by
Woese (1987) and Woese et al. (1990). This result bears
upon the current debates on the major divisions in the
living world (Gupta 1998; Mayr 1998).

DISCUSSION

Genomic and Gene Trees

On the basis of correspondence analysis and a hierar-
chical classification of gene content and overall gene
similarities as ancestry weight, we have developed a
new approach for genomic analysis that allows the
construction of genomic trees that carry a strong phy-
logenic signature and whose overall topology strongly
resembles the SSU rRNA-based evolutionary trees
(Woese et al. 1990). Although our approach provides
an excellent equivalent to the 16S-like TRNA-based
branching orders of Archaea and the Eukarya (Fig. 2a),
it leads to a different branching order within the Bac-
teria domain. This is particularly true of Gram-positive
bacteria, from which the two mycoplasma are widely

s phylogenies that pair Archaea with the
eukaryotic branch (Gogarten et al. 1989;
Iwabe et al. 1989; Brown and Doolittle
1995), our methodology places the two
prokaryotic kingdoms closer to each
other than any one of them is to Eukarya
(Fig. 2a). This is in accordance with the
reconstruction of the universal tree,
which eliminates artifacts due to long branch attrac-
tion and places Archaea as a sister group of Bacteria
(Brinkmann and Philippe 1999).

Because the genomic tree shown in Figure 2a is
based solely on the ancestral duplication and conser-
vation proportions, its coherence at a gross level with
the small subunit rRNA tree suggests that the average
duplication and loss events that have taken place
through evolutionary time are statistically similar in
related organisms. That is, the weight of ancestry con-
tributes to define the overall properties of a genome
and groups it in a way that is strongly reminiscent of
rRNA-based phylogenies over extended periods of evo-
lutionary time.

The strong similarity between our genomic trees,
which embody sequence divergence, gene losses, and
acquisitions, with the 16S-like RNA phylogenies,
which are based solely on sequence divergence, raises
the issue of their consistency with phylogenetic trees
constructed from other genes common to all the sur-
veyed organisms. To analyze this issue, 75 partitions of
universal genes were determined [i.e., each partition of
structural orthologous genes (see Methods) includes at
least one member from each of the organisms consid-
ered]. Phylogenetic trees were constructed by the
neighbor-joining method with a bootstrap value of
1000, by use of the Clustal W program (Thompson et
al. 1994). These 75 trees are scarcely consistent with
each other and with the rooted universal tree. The re-
sulting gene trees can be divided roughly as follows: (1)
36% are consistent with the rooted universal tree (i.e.,
that branch archaeal genes with eukaryal ones) and
include, among others, those of genes encoding ribo-
somal proteins, as well as those involved in DNA me-

Genome Research 553
www.genome.org



Tekaia et al.

r Escherichia coli

'{ Svnechocystis SD.

Aguifex acolicus

Mycob inm tuberculosi:
Campylobacter jejuni
Haemophilus influenzae
Helicobacter pylori
Rickettsia prowazekii
Chlamydia trachomatis

" Treponema pallidum
Borrelia burgdorferi
1.71'_, p P ? i
Mycoplasma genitalium
Methanococcus jannaschii
Archaeoglobus fulgidus
Methanab, ium ther
Pyrococcus horikoshii
Caenorhabditis elegans

Mus musculus

Homo sapiens
Schizosaccharomyces pombe

s, b,

¥

1y cer

Treponema pallidum
Campylobacter jejuni
Aguifex aeolicus

Chlamydia trachomatis
Haemophilus influenzae
Helicobacter pylori
Borrelia burgdorferi
Mpycob ium tuberculosi
Escherichia coli
Synechocystis Sp.

A oth 'y th.

Archaeoglobus fulgidus

Dy horiknchii
ryr aor

Caenorhabditis elegans
Mus musculus

Homo sapiens

[ 'R '
g ¥

g, 5

o
Ll et &L LTI

Iy cer

Figure 2 Genomic tree. (a) This tree is obtained by a hierarchical classification
of the organisms on the basis of their neighborhood distances. Distances between
all pairs of organisms are calculated in the factorial space obtained by correspon-
dence analysis. Horizontal lines between nodes are proportional to their similarity.
(b) Same tree excluding data from M. genitalium and M. pneumoniae.

tabolism and a few metabolic pathways; (2) in 21%,

sults show the phylogenetic distortion ef-
fects on gene trees, and emphasize the con-
flict between species and gene trees. In light
of these distortions, the last genomic tree
shown in Figure 3b may be considered as
the average tree of all orthologous genes.

Future genome sequences will allow
further refinement of the genomic trees pre-
sented here, and critical comparison with
the sequence-based (Woese 1987) and
shared-gene (Snel et al. 1999) trees will lead
to a proper assessment of the value of our
results. The trees presented here are less
likely to suffer from the pitfalls of tradi-
tional methods such as variable changes in
sequences and reliability of sequence align-
ments (Gupta 1998), because our approach
is insensitive to such problems. However,
our methodology is not intended to substi-
tute for evolutionary inference on the basis
of sequence comparisons but, rather, to pro-
vide a snapshot of the molecular evolution
whether the large variations of genome sizes
between organisms, the level of internal re-
dundancy in each genome, and the losses or
acquisitions of genes during evolution are
considered or not. The observed differences
between the topology of the genomic trees
very likely are due to the different weights
of gene families and their ancestry. The
proximity between the Archaea and the
Bacteria observed in the two genomic trees
has to be confirmed once more completely
sequenced eukaryal and archaeal genomes
are available. Nevertheless, the statistical
analysis of the degree of ancestral duplica-
tion and evolutionary conservation dis-
cussed here may help in the development of
novel approaches to the management and
understanding of large volumes of genomic
data. Thus, our results represent an addi-
tional approach for the understanding of
evolution at the genomic level and may
contribute to the proper assessment of the
evolutionary relationships between extant
species.

METHODS

archaeal genes branch with bacterial ones, and this
group includes, among others, genes involved in elec-
tron transport, gluconeogenesis/glycolysis, and RNA
processing; and (3) 43% are a mixture of the previous
topologies, that is, some genes branch with eukaryal
genes, whereas others branch with bacterial genes, and
eukaryal sometimes branch with bacterial genes (F.
Tekaia, A. Lazcano, and B. Dujon, in prep.). These re-
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The rationale for the construction of genomic trees is based
on the systematic comparison of the predicted translation
products of all surveyed organisms (data taken from original
publications; see Table 1) as a means to determine the pres-
ence or absence of genes of common ancestry with an inter-
nally calculated threshold of significance. For each organism
included in the analysis, every gene product is successively
used as a query sequence against all the gene products of the
same organism, and against all the gene products of each of
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Figure 3 (0) Factorial representation of the constituent ancestry in each genome. First
and second axes (F, and F,) represent, respectively, 29.5% and 21.1% of the total
information included in the ancestry weight matrix resulting from the organism'’s par-
titions (see Methods). Organismal distribution on this factorial plane is very similar to
that in Fig. 1. Human and mouse, for which no accurate ancestral gene duplications can
be presently calculated, were not considered in this analysis (abbreviations are as in
Table 1). (b) Genomic tree for the considered organisms (minus human and mouse) as
obtained from the whole factorial space resulting from the corresponding analysis (see

Fig. 2a for methods of analysis).

the other organisms considered; the former is used to define
partitions of genes, and the latter to measure the weight of
common ancestry (see below).

Definition of a Partition

A set of ORF products in a given organism defines a partition
if, and only if, the following three properties are verified: (1)
Each member of the set has at least one highly significant
match with one other member of the set; (2) no member of
the set has highly significant matches with members not in-

exhibit important differences in size and
complexity, we first determined a limit
of significance of the BLASTP probabil-
ity scores for each of the genomes consid-
ered (Tekaia and Dujon 1999). This was
achieved by use of sets of random se-
quences, equivalent in number to the num-
ber of ORFs of each genome, and generated
with sizes and amino acid compositions
equal to the average size and composition
of the actual proteome of each organism.
Each of these random sequences was compared against the
entire database of the cognate organism, and the best
probability scores were recorded as for actual sequences. For
each organism, the highest BLASTP probability score leaving
<5% of pseudosignificant matches was considered as the limit
of significance when that organism is used as target. Probabil-
ity score limits were set at 10~? for S. cerevisiae, 10~ ° for B.
subtilis, B. burgdorferi, M. tuberculosis, M. jannaschii, and C.
elegans, 10~ 2 for S. pombe, T. pallidum, P. horikoshii, and R.
prowazekii, 10~ 2 for C. trachomatis, and 10~ * for all other
genomes.
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Ancestry Weight Matrix using ORF Products

The data table T resulting from the pairwise comparisons of
the organisms considered here can be found in http://www-
alt.pasteur.fr/Ctekaia/dupcons.html. In this table, Tj is the
proportion of ORF products from organism j having a com-
mon ancestry with one or several ORF product(s) of organism
i (note that Tj; is normalized because it is divided by the total
number of ORFs in j). T}; is the proportion of ORF products in
organism j having a common ancestry with one or several
other ORF product(s) of the same organism. In this study,
i=1, 23 and j =1, 21, the difference between i and j corre-
spond to the sequences from man (Hsuniq) and mouse (Mmu-
niq), which serve solely as targets for comparisons not as que-
ries. As an example, in the S. cerevisiae genome, 16.7% of the
ORFs share ancestral conservation with the B. subtilis genome,
12.7% with the H. influenzae genome, and so on. We refer to
such proportions as the weight of common ancestry in the S.
cerevisiae genome when compared with B. subtilis, H. influen-
zae, and others. Because of variable genome sizes and internal
redundancy, the matrix is not symmetrical, for example, the
weight of common ancestry in the B. subtilis genome when
compared with §. cerevisiae is 15.5%.

Ancestry Weight Matrix Using Partitions

The data table P resulting from the pairwise comparisons of
the organisms can also be found in http://www-alt.pasteur.fr/
(kekaia/dupconsparts.html. In this table, P; is the proportion
of distinct partitions in organism j having ancestry with at
least one predicted gene product in organism i. Because each
partition is unique in its organism, P;=100.% (i.e., when
comparing a given organism with itself, each partition is its
unique match).

Structural Orthologous Genes

Two genes belonging to two distinct organisms are called
structural orthologs, if and only if each shows the most simi-
larity to the other when comparing it with its counterpart
organism.

Partitions are obtained by applying the same definition
(as in organisms) and by considering the whole set of ortholo-
gous genes obtained from the considered organisms.
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