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PROFILS PHYLÉTIQUES



François Jacob
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prix Nobel en 1965, membre de l’Académie française depuis 1996

Nous sommes faits d’un étrange mélange d’acides nucléiques et de souvenirs, de rêves et
de protéines, de cellules et de mots.

[. . . ]

Le monde vivant est fait de combinaisons d’éléments en nombres finis et ressemble aux
produits d’un gigantesque Meccano résultant d’un bricolage incessant de l’évolution.

“Meccano”, Wikipedia

http://en.wikipedia.org/wiki/Meccano


Phylogénie
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phylogénie ou arbre évolutif

Humain Chimpanzé Gorille Orang-outan Babouin

vers la reste de l'arbre

temps

ancêtre

commun

représente les relations évolutionnaires entre les organismes (relation : descendance
d’un ancêtre commun)



Espèces et populations
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Avise & Wollenberg PNAS 94 :7748, 1997



Histoire des individus
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Correspondance entre phylogénie des espèces et l’histoire des individus (allèles,
plutôt) n’est pas aussi simple . . . on va retourner à cette question

Avise & Wollenberg PNAS 94 :7748, 1997



Histoire d’une famille de gènes
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L’histoire d’une famille de gènes dans la phylogénie

duplication

perte
 transfert

latéral

gène
ancestral

rganisme A B C D E

Temps



Terminologie

Profils ? IFT6299 H2014 ? UdeM ? Miklós Csűrös vii

homologue : relié par un ancêtre commun

→ orthologue : relié par événement de spéciation

→ paralogue : relié par événement de duplication

→ xenologue : acquis par un autre mécanisme (transfert latéral)



Gènes homologues
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orthologues : B1–A1, B1–C1
paralogues : B1–B2 (in-paralog), B1–C2 (out-paralog)
xenologues : A1–AB1 co-orthologues : {C1,C2,C3}–{B1,B2}

Fitch Trends in Genetics 16 :227 (2000)



Profils phylétiques
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pour un gène — enregistrer dans quels espèces il y a au moins un homologue

ABCD -BCD A-CD

→ prédiction de fonction (profils pareils)

→ évolution de répertoire de gènes

→ phylogénie d’espèces

→ validation d’annotation
Tatusov & al BMC Bioinformatics 4 :41 (2003)



Évolution du répertoire de gènes
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Scénarios d’évolution

et d’autres scénarios avec plus d’événements

On peut calculer le meilleur scénario par parcimonie

Mirkin & al BMC Evol Biol 3 :2 (2003)



Parcimonie

Profils ? IFT6299 H2014 ? UdeM ? Miklós Csűrös xi

Problème : on a un arbre phylogénétique et on connait les étiquettes ξ[u] à chaque
nœud terminal u

Objective : trouver des étiquettes ξ[u] pour les nœuds internes

Parcimonie : minimiser les changements sur les arcs (c-à-d minimiser une somme
de pénalités sur les arcs)

Variantes :
– simple : pénalité de 1 pour ξ[u] 6= ξ[v] et 0 pour ξ[u] = ξ[v]

– poids : pénalisation de ∆(x→ y) si ξ[u] = x et ξ[v] = y

– Dollo : étiquettes binaires, 0→ 1 seulement une fois dans l’arbre
– Wagner : étiquettes numériques, ∆(x→ y) = |x− y|
Solution : par programmation dynamique



Évolution du répertoire de gènes
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questions : (1) est-ce que le gène à la racine est pénalisé ? ; (2) quel est le score rélatif
des gains et des pertes ?

Mirkin & al BMC Evol Biol 3 :2 (2003)



Gènes de LUCA
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LUCA (Last Universal Common Ancestor) : le plus récent ancêtre commun de
toutes les organismes vivantes

NATURE REVIEWS | MICROBIOLOGY VOLUME 1 | NOVEMBER 2003 | 133

R E V I EW S

Without knowing the true ratio (or ratios, because
these might differ in different phylogenetic lineages) of
the frequencies of gene loss and HGT, how can we
choose the optimal g value for the evolutionary recon-
struction? A definitive solution is probably out of our
reach, but a crude one can be obtained by reverting to
the minimal gene-set approach or, more precisely,
examination of the state of essential functional niches in
the reconstructed gene-set of LUCA. It is possible to
trace how these niches are filled with the increasing size
of the reconstructed LUCA or, to use technical jargon,
with an increasing g value. This type of analysis
becomes particularly convincing when, as well as indi-
vidual functions, the completion of entire metabolic
pathways is examined, as illustrated in FIG. 6. A sys-
tematic survey showed that most, if not all, known
essential pathways are filled up with genes at g = 1 —
when one assumes that gene loss and HGT are equally
common, and ~600 genes are assigned to LUCA42. Of
course, the possibility that the number of essential
functional niches is underestimated in these recon-
structions should always be considered. This would
lead to a more complex LUCA, and functional argu-
ments for a greater complexity of LUCA have indeed
been made58. With that caveat, the results seem to be
compatible with the notion of a relatively simple LUCA,
with a genome that is considerably smaller than those of
any known extant free-living prokaryotes.

Of course, the approaches to ancestral gene-set
reconstruction described here are over-simplified in
more than one important respect. First, only phyletic
patterns and the species tree, but not the phylogenetic
trees for individual genes, are taken into account. When
such phylogenetic trees are analysed, some genes that
are extremely widespread and are assigned to LUCA by
phyletic-pattern analysis might actually have had a later
origin and been disseminated by HGT; this has been
noticed, in particular, for several ribosomal-protein
genes that are generally considered to be refractory to
HGT59–61. Such cases of hidden HGT could further
reduce the number of genes traced back to LUCA.
Second, it is assumed that the same g value is valid for
the entire history of microbial life, from LUCA to the
present day, and this is certainly an oversimplification.
On one hand, it is likely that HGT between closely
related species occurs at higher rates than that between
distant lineages46. Conversely, in the early days of
microbial evolution, at the time LUCA existed and
shortly thereafter, HGT might have been much more
rampant than it was after the main phylogenetic lin-
eages were fully established62. These opposing trends
would add uncertainty to our estimates of the ancestral
gene-sets; narrowing the margin of error will require
much more comparative-genomic analysis.

Minimal gene-sets and LUCA
The phrases ‘minimal genome’ and ‘minimal gene-set’
sound appealing and encroach on the fundamentals of
life but, in reality, we learn relatively little from a com-
putationally derived, hypothetical minimal gene-set
or from an experimentally defined set of essential

most parsimonious one. If g >>1, the contribution of
HGT is negligible; by contrast, if g < 1, the scenario is
dominated by HGT.

The most parsimonious scenario for each gene
(COG) shows either the presence or absence of the
given gene in each of the internal (ancestral) nodes of
the species tree, and therefore contributes to the recon-
struction of the gene complements of these ancestors,
including LUCA (FIG. 4). The combination of the scenar-
ios for all COGs gives a conservative (because some
ancestral genes might have been lost in all extant species
with sequenced genomes) approximation of the most
likely gene repertoire for each of the ancestors. Clearly,
the size and composition of the reconstructed ances-
tral gene-sets depend critically on the value of the 
g parameter — the relative rates of gene loss and HGT.
At high g values, when HGT is practically disallowed,
genes with scattered phyletic patterns (for example, see
FIG. 4b) will be assigned to ancestors and, in many cases,
to LUCA, indicating that LUCA was a complex organ-
ism. By contrast, low g values indicate a simple LUCA
with far fewer genes. FIGURE 5 shows the strong depen-
dence of the number of genes in the reconstructed
LUCA gene-set on the g value. The reconstructed ances-
tral gene-sets depend not only on the relative rates of
gene loss and HGT but also on the topology of the
species tree that is used for the reconstruction.However,
examination of the gene sets for LUCA obtained with
alternative species-tree topologies showed that the effect
of these differences is not dramatic, at least quantitatively
(as long as reasonable tree topologies are considered)42.

EVOLUTIONARY PARSIMONY

A methodological approach in
evolutionary biology that aims
to explain an observed
distribution of character states
(for example, the phyletic
pattern of a gene in a species
tree) by postulating the minimal
number of events in the course
of evolution that could have led
to that distribution.

LUCA — genome tree

LUCA — RNA tree
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Figure 5 | Dependence of the number of genes in a reconstructed last universal common

ancestor on the relative rates of gene loss and horizontal gene transfer. The sizes of the

smallest extant genome (Mycoplasma genitalium) and the smallest genomes of free-living

prokaryotes (Aquifex aeolicus, Prochlorococcus marinus and Thermoplasma acidophilum) are

indicated for comparison. The genome tree was constructed on the basis of concatenated

analysis of ribosomal proteins52 and the ribosomal-RNA tree is described in REF. 69. COGs,

clusters of orthologous groups of proteins; g, gain penalty; HGT, horizontal gene-transfer; LUCA,

last universal common ancestor.

Koonin Nat Rev Microbiol 1 :127 (2003)



Métabolisme de LUCA
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genes. The important realization that came from this
type of analysis is the remarkable evolutionary plasticity
of even the central, essential biological functions.Only a
tiny group of genes (nearly all of them associated with
translation and transcription) is truly ubiquitous among
living things63 (TABLE 2). Although a detailed examina-
tion of the reconstructed gene-sets is not possible here, it
is interesting to note that the reconstructed gene-set of
LUCA (within a broad range of g values) lacks some of
the main components of the DNA-replication machin-
ery (such as the replicative polymerase and helicase), in
agreement with the hypothesis that LUCA might not
have had a modern-type DNA genome and replication
system64,65. An alternative hypothesis is that LUCA did
have a DNA-replication system,but this ancestral system
was obliterated by NOGD in one of the principal
branches of life, probably bacteria66–68. This remains 
a distinct possibility but, at present, the scheme for a
mixed RNA–DNA replication system of LUCA, with 
a genome distributed among multiple RNA segments,
seems to be the most parsimonious reconstruction64.

There seems to be a limited number of indispensable
cellular functions, but the number of unique realiza-
tions of the minimal gene-set for cellular life is likely to
be astronomically large. Construction of minimal
gene-sets allows a researcher to systematically identify
cases of NOGD for subsequent experimental analysis,
which is crucial for uncovering the diversity of essen-
tial cellular systems. In the (perhaps not so distant)
future, when experimental manipulations with
genome-scale gene-sets become as routine as working
with recombinant plasmids is today, theoretically
derived minimal gene-sets might have an inportant role
in attaining a new level of understanding of the cell. At
that time, it should become clear whether organisms
with minimal genomes might be good starting material
for biotechnological designs, as suggested recently by 
J. Craig Venter and others11.

The immortal dictum of Theodosius Dobzhansky
states that “Nothing makes sense in biology except in
the light of evolution”. Minimal gene-sets certainly
don’t. These constructs, whether theoretical or experi-
mental, are intimately linked to the problem of the
reconstruction of ancestral genomes. I think
Dobzhansky’s saying could be extended to point out
that “Nothing about (at least prokaryotic) evolution
makes sense except in the light of horizontal gene-
transfer and lineage-specific gene-loss” (taken loosely
from a recent paper by Gogarten, Doolittle and
Lawrence46). The apparent preponderance of HGT
makes evolutionary reconstruction both challenging
and interesting. Knowledge of the parameters of the
evolutionary process, particularly the relative rates of
gene loss and HGT, is crucial for enabling parsimony-
type algorithms to produce realistic reconstructions
of ancestral gene-sets. Examination of the population
of the minimal set of functional niches in different
versions of reconstructed ancestors (for example,
LUCA) helps in determining the optimal evolution-
ary parameters, thereby linking the functional and evo-
lutionary aspects of minimal gene-sets.
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Figure 6 | Essential functions for different versions of the last universal common

ancestor: glycolysis and gluconeogenesis. Enzyme names are accompanied by COG

(clusters of orthologous groups of proteins) numbers and gene names (from Escherichia coli,

unless indicated otherwise as follows: APE, Aeropyrum pernix; BS, Bacillus subtilis; PH,

Pyrococcus horikoshii). Phyletic patterns are shown using the following species abbreviations:

Eukaryotes: y, Saccharomyces cerevisiae. Archaea: a, Archaeoglobus fulgidus; 

k, Pyrococcus horikoshii; m, Methanococcus jannaschii and Methanothermobacter

thermoautotrophicus; o, Halobacterium sp.; p, Thermoplasma acidophilum; z, Aeropyrum pernix.

Bacteria: b, Bacillus subtilis; c, Synechocystis sp.; d, Deinococcus radiodurans; e, Escherichia coli;

f, Pseudomonas aeruginosa; g, Vibrio cholerae; h, Haemophilus influenzae; i, Chlamydia

trachomatis and Chlamydophila pneumoniae; j, Mesorhizobium loti; l, Lactococcus lactis and

Streptococcus pyogenes; n, Neisseria meningitidis; q, Aquifex aeolicus; r, Mycobacterium

tuberculosis; s, Xylella fastidiosa; t, Treponema pallidum and Borrelia burgdorferi; u, Helicobacter

pylori and Campylobacter jejuni; v, Thermotoga maritima; w, Mycoplasma genitalium and

Mycoplasma pneumoniae; x, Rickettsia prowazekii. Pairs of related species designated by the

same letter were treated in all analyses as a single entity. The COGs that first appear in different

reconstructed versions of the last universal common ancestor (LUCA; designated according to the

g value (gain penalty) are colour-coded as follows: LUCA0.9, yellow; LUCA1.0, green; LUCA2.0,

purple; LUCA3.0, red; COGs that do not appear in LUCA, blue). Multiple COGs corresponding to

the same reaction are cases of non-orthologous gene displacement. dhnA, DhnA-type fructose

1,6-bisphosphate aldolase, and related enzymes; eno, enolase; fba, fructose/tagatose

bisphosphate aldolase; gapA, glyceraldehyde-3-phosphate dehydrogenase A/erythrose-4-

phosphate dehydrogenase; gpmA, phosphoglycerate mutase 1; MJ, predicted phosphoglycerate

mutase family; pfkA, phosphofructokinase A; pgi, glucose-6-phosphate isomerase; pgk,

phosphoglycerate kinase; pgm, phosphoglyceromutase; ppsA, phosphoenolpyruvate synthase

A/pyruvate phosphate dikinase; pykA, pyruvate kinase A; tpi, triose phosphate isomerase.

Modified with permission from REF. 42 © (2003) BioMed Central.

couleur coût de gain (g)
jaune 0.9
vert 1
violet 2
bleu non-LUCA

avec g = 1, presque tous les chemins essentiels sont présents dans LUCA : ≈ 600

gènes

Koonin Nat Rev Microbiol 1 :127 (2003)



Prédiction de fonction par profils
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Pellegrini & al PNAS 96 :4285 (1999)



Fonction et profil phylétique
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(synthèse de histidine — les profils proches incluent aussi d’autres protéines de
métabolisme d’acides aminés)

Pellegrini & al PNAS 96 :4285 (1999)



Profils complémentaires
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Il y a des exemples ou la fonction d’un COG était déterminé par complémentarité
à un COG de fonction connue

Exemple : synthase de thymidilate

COG0207 (fonction connue) : a-m---y--drlb-efghsn-j---w

Recherche d’un profil complémentaire (c’est un enzyme essentiel)

COG1351 (fonction inconnue) : -o-pkz-qv-r--c------u-xit-

NOGD — Non-orthologous gene displacement

exemple de Koonin & Galperin Sequence-Evolution-Function (2003)



Pas toujours aussi propre. . .
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profils phylétiques pour groupes de gènes reliés par fonction
http://genomebiology.com/2004/5/5/R32 Genome Biology 2004,     Volume 5, Issue 5, Article R32       Glazko and Mushegian R32.3
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Genome Biology 2004, 5:R32

Figure 1 (see legend on previous page)

Archaea (13): Eukaryota (3):

Bacteria (10):

Actinobacteria (4):
Gram plus (12):

Gamma (11):

Proteobacteria (6):

Alpha (7):

 (d)    Afu  Archaeoglobus fulgidus Sce  Saccharomyces cerevisiae
Hbs  Halobacterium sp. NRC-1 Spo  Schizosaccharomyces pombe
Mac  Methanosarcina acetivorans Ecu  Encephalitozoon cuniculi
Mth  Methanothermobacter
Mja  Methanococcus jannaschii Aae  Aquifex aeolicus
Mka  Methanopyrus kandleri AV19 Tma Thermotoga maritima
Tac  Thermoplasma acidophilum Ctr  Chlamydia trachomatis
Tvo  Thermoplasma volcanium Cpn  Chlamydophila pneumoniae
Pho  Pyrococcus horikoshii Tpa  Treponema pallidum
Pab  Pyrococcus abyssi Bbu  Borrelia burgdorferi
Pya  Pyrobaculum aerophilum Syn  Synechocystis
Sso  Sulfolobus solfataricus Nos  Nostoc sp. PCC7120
Ape  Aeropyrum pernix Fnu  Fusobacterium nucleatum

Dra  Deinococcus radiodurans
Cgl  Corynebacterium glutamicum
Mtu  Mycobacterium tuberculosis H37Rv Cac  Clostridium acetobutylicum
MtC  Mycobacterium tuberculosis CDC1551 Lla  Lactococcus lactis
Mle  Mycobacterium leprae Spy  Streptococcus pyogenes M1GAS

Spn  Streptococcus pneumoniae
Eco  Escherichia coli K12 Sau  Staphylococcus aureus N315
EcZ  Escherichia coli O157:H7EDL933 Lin  Listeria innocua
Ecs  Escherichia coli O157:H7 Bsu  Bacillus subtilis
Ype  Yersinia pestis Bha  Bacillus halodurans
Sty  Salmonella typhimurium LT2 Uur  Ureaplasma urealyticum
Buc  Buchnera sp. APS Mpu  Mycoplasma pulmonis
Vch  Vibrio cholerae Mpn  Mycoplasma pneumoniae
Pae  Pseudomonas aeruginosa Mge  Mycoplasma genitalium
Hin  Haemophilus influenzae
Pmu  Pasteurella multocida Nme  Neisseria meningitides MC58
Xfa  Xylella fastidiosa 9a5c NmA  Neisseria meningitides Z2491

Rso  Ralstonia solanacearum
Atu  Agrobacterium tumefaciens strain C58  Hpy Helicobacter pylori 26695
Sme  Sinorhizobium meliloti jHp  Helicobacter pylori J99
Bme  Brucella melitensis Cje  Campylobacter jejuni
Mlo  Mesorhizobium loti
Ccr  Caulobacter crescentus CB15
Rpr  Rickettsia prowazekii
Rco  Rickettsia conorii

(a) TCA cycle

(b) Glycolysis

(c) Two types of thymidylate synthase
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G_COG0469
G_COG0588
G_COG0696
G_COG3635

F_COG0207
F_COG1351

TCA

Glycolysis

Two thymidylate synthases

C_COG0538 Isocitrate dehydrogenases
C_COG0567 Dehydrogenase (E1)
C_COG1048 Aconitase A
CE_COG0473 Isocitrate dehydrogenase
C_COG0372 Citrate synthase
C_COG0074 Succinyl-CoA synthetase a
C_COG0045 Succinyl-CoA synthetase b
C_COG0479 Succinate dehydrogenase Fe-S
C_COG1053 Succinate dehydrogenase
C_COG0508 Acyltransferase (E2)
C_COG1249 Dehydrogenase (E3)
C_COG0039 Malate/lactate dehydrogenases
C_COG0114 Fumarase
C_COG1951 Tartrate dehydratase a
C_COG1838 Tartrate dehydratase b

G_COG1830 DhnA-type fructose aldolase
G_COG0837 Glucokinase
G_COG0205 6-phosphofructokinase
G_COG0191 Fructose bisphosphate aldolase
G_COG0166 Glucose-6-phosphate isomerase
G_COG0057 Glyceraldehyde-3-phosphate
G_COG0149 Triosephosphate isomerase
G_COG0126 3-phosphoglycerate kinase
G_COG0148 Enolase
G_COG0469 Pyruvate kinase
G_COG0588 Phosphoglycerate mutase1
G_COG0696 Phosphoglyceromutase
G_COG3635 Phosphoglycerate mutase AP

F_COG0207 ThyA Thymidylate synthase
F_COG1351 ThyX Thymidylate synthase

→ pertes et déplacements fréquents ; c’est des fragments de chemins qui sont préservés
⇒ on veut un modèle de coévolution (avec arbre) ou de corrélation (sans arbre)

Glazko & Mushegian Genome Biol 4 :R32 (2004)
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Table 1  Sizes of gene networks reconstructed for each organism at increasing accuracies, as measured by the minimal mutual
information score for each linkage in a network

Genome Proteins in Proteins with KEGG Mutual information Proteins in network Functional Annotated proteins in network 
genome annotation score threshold (% of proteome) linkages (% total annotated proteins)

E. coli K12 4,405 1,231 0.7 1,751 (39.7%) 12,874 639 (51.9%)
0.75 1,408 (31.9%) 7,049 528 (42.8%)
0.85 784 (17.7%) 2,008 291 (23.6%)

E. coli O157H7 5,283 991 0.7 1,827 (34.5%) 13,121 499 (50.3%)
0.75 1,472 (27.8%) 7,245 403 (40.6%)
0.85 828 (15.6%) 2,043 241 (24.3%)

S. cerevisiae 6,343 1,131 0.7 1,053 (16.6%) 7,630 354 (31.2%)
0.75 804 (12.6%) 3,875 286 (25.2%)
0.85 359   (5.6%) 917 114 (10.0%)

C. crescentus 3,737 734 0.7 1,256 (33.6%) 6,541 391 (53.2%)
0.75 998 (26.7%) 3,697 328 (44.6%)
0.85 555 (14.8%) 1,112 197 (26.8%)

P. aeruginosa 5,565 1,205 0.7 2,260 (40.6%) 23,729 672 (55.7%)
0.75 1,880 (33.7%) 13,193 561 (46.5%)
0.85 1,145 (20.5%) 3,884 341 (28.2%)

S. aureus 2,594 574 0.7 848 (32.6%) 4,603 266 (46.3%)
0.75 661 (25.4%) 2,604 211 (36.7%)
0.85 332 (12.7%) 667 122 (21.2%)

V. cholerae 3,828 898 0.7 1,394 (36.4%) 10,466 463 (51.5%)
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Figure 5 Clusters representing potentially new pathways selected from reconstructions of genome-wide interaction networks of four different organisms.
Boxes with thicker borders, and bold lines denote the cluster core. Each cluster was extended to include operon partners, as well as secondarily linked
proteins that are naturally grouped with the proteins in the cluster but with a mutual information value less than the selected threshold; these are
represented by dotted lines and boxes with thinner borders. Thick red lines represent connections between genes in an operon, whereas colored boxes
represent homologous proteins. All selected core clusters are composed of proteins, at least 50% of which lack precise functional assignments. Boxes 
with dashed outlines represent such uncharacterized proteins.
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cellular systems resulting from recent horizontal transfers will be
detected well using this approach.

We can speculate as to why one should expect to find entirely new
systems. In well-characterized systems like yeast, ∼90% of the unchar-
acterized proteins are linked in networks to proteins of known func-
tion. Most uncharacterized proteins therefore appear to be additional
components of known systems. However, in examining the novel cel-
lular systems of Figure 5, the few characterized proteins seem to be
strongly biased towards metabolic functions, which occur commonly
as more or less discrete systems within cells, easily capable of being
coinherited or horizontally transferred, and therefore lend themselves
to the type of analysis described here. Such an analysis may preferen-
tially reveal new cellular systems of this type, including biosynthetic
pathways, systems involved in cell wall and cell envelope synthesis, and
degradative systems. However, our analysis does not indicate the pre-
cise nature of the systems, which may include pathways, structural
complexes and regulatory networks.

A second argument suggests that many more pathways are still
unknown. Before the availability of genome sequences, it was the

norm to perform experiments on known systems or logical extensions
of these systems. The effect of this strategy was to extend biological
knowledge gradually across an organism’s set of pathways, rather than
sampling the pathways evenly. We might therefore expect there to be
undiscovered pathways even in well-characterized organisms, espe-
cially when the pathways and systems are not obviously connected to
known systems. The approach presented here avoids this bias in prege-
nomic experiments: biological networks are derived independently of
whether the proteins have been characterized. In contrast to prege-
nomic experiments, this allows discoveries about pathways, old and
new, to proceed systematically.

METHODS
Calculation and clustering of phylogenetic profiles. The amino acid sequences
of all 174,901 known proteins from 57 different organisms were obtained from
the National Center for Biotechnology Information (NCBI) Entrez Genome
website. The amino acid sequences were first compared with each other using
the NCBI Basic Local Alignment Search Tool (BLAST)45 (174,9012, or ∼31 bil-
lion, comparisons). Phylogenetic profiles were constructed as follows: for each
protein i, a vector was generated with elements pij, corresponding to each
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Figure 6  The phylogenetic profiles drawn for the core components of the gene clusters in Figure 5. The genes corresponding to proteins within a cluster show
similar patterns of presence and absence, indicated by red and blue squares, respectively, among the 57 genomes, labeled across the top. The intensity of
red denotes the degree of homology between the protein labeled at the left with the best matching protein sequence of the corresponding genome. Deeper
red indicates stronger sequence similarity, blue indicates no detectable similarity (BLAST E-value ≥ 1). To enhance interpretation, genomes are arranged
according to broad phylogenetic relationships, indicated above their names (http://tolweb.org/tree/phylogeny.html).
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cellular systems resulting from recent horizontal transfers will be
detected well using this approach.

We can speculate as to why one should expect to find entirely new
systems. In well-characterized systems like yeast, ∼90% of the unchar-
acterized proteins are linked in networks to proteins of known func-
tion. Most uncharacterized proteins therefore appear to be additional
components of known systems. However, in examining the novel cel-
lular systems of Figure 5, the few characterized proteins seem to be
strongly biased towards metabolic functions, which occur commonly
as more or less discrete systems within cells, easily capable of being
coinherited or horizontally transferred, and therefore lend themselves
to the type of analysis described here. Such an analysis may preferen-
tially reveal new cellular systems of this type, including biosynthetic
pathways, systems involved in cell wall and cell envelope synthesis, and
degradative systems. However, our analysis does not indicate the pre-
cise nature of the systems, which may include pathways, structural
complexes and regulatory networks.

A second argument suggests that many more pathways are still
unknown. Before the availability of genome sequences, it was the

norm to perform experiments on known systems or logical extensions
of these systems. The effect of this strategy was to extend biological
knowledge gradually across an organism’s set of pathways, rather than
sampling the pathways evenly. We might therefore expect there to be
undiscovered pathways even in well-characterized organisms, espe-
cially when the pathways and systems are not obviously connected to
known systems. The approach presented here avoids this bias in prege-
nomic experiments: biological networks are derived independently of
whether the proteins have been characterized. In contrast to prege-
nomic experiments, this allows discoveries about pathways, old and
new, to proceed systematically.

METHODS
Calculation and clustering of phylogenetic profiles. The amino acid sequences
of all 174,901 known proteins from 57 different organisms were obtained from
the National Center for Biotechnology Information (NCBI) Entrez Genome
website. The amino acid sequences were first compared with each other using
the NCBI Basic Local Alignment Search Tool (BLAST)45 (174,9012, or ∼31 bil-
lion, comparisons). Phylogenetic profiles were constructed as follows: for each
protein i, a vector was generated with elements pij, corresponding to each
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Figure 6  The phylogenetic profiles drawn for the core components of the gene clusters in Figure 5. The genes corresponding to proteins within a cluster show
similar patterns of presence and absence, indicated by red and blue squares, respectively, among the 57 genomes, labeled across the top. The intensity of
red denotes the degree of homology between the protein labeled at the left with the best matching protein sequence of the corresponding genome. Deeper
red indicates stronger sequence similarity, blue indicates no detectable similarity (BLAST E-value ≥ 1). To enhance interpretation, genomes are arranged
according to broad phylogenetic relationships, indicated above their names (http://tolweb.org/tree/phylogeny.html).
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Table 1  Sizes of gene networks reconstructed for each organism at increasing accuracies, as measured by the minimal mutual
information score for each linkage in a network

Genome Proteins in Proteins with KEGG Mutual information Proteins in network Functional Annotated proteins in network 
genome annotation score threshold (% of proteome) linkages (% total annotated proteins)

E. coli K12 4,405 1,231 0.7 1,751 (39.7%) 12,874 639 (51.9%)
0.75 1,408 (31.9%) 7,049 528 (42.8%)
0.85 784 (17.7%) 2,008 291 (23.6%)

E. coli O157H7 5,283 991 0.7 1,827 (34.5%) 13,121 499 (50.3%)
0.75 1,472 (27.8%) 7,245 403 (40.6%)
0.85 828 (15.6%) 2,043 241 (24.3%)

S. cerevisiae 6,343 1,131 0.7 1,053 (16.6%) 7,630 354 (31.2%)
0.75 804 (12.6%) 3,875 286 (25.2%)
0.85 359   (5.6%) 917 114 (10.0%)

C. crescentus 3,737 734 0.7 1,256 (33.6%) 6,541 391 (53.2%)
0.75 998 (26.7%) 3,697 328 (44.6%)
0.85 555 (14.8%) 1,112 197 (26.8%)

P. aeruginosa 5,565 1,205 0.7 2,260 (40.6%) 23,729 672 (55.7%)
0.75 1,880 (33.7%) 13,193 561 (46.5%)
0.85 1,145 (20.5%) 3,884 341 (28.2%)

S. aureus 2,594 574 0.7 848 (32.6%) 4,603 266 (46.3%)
0.75 661 (25.4%) 2,604 211 (36.7%)
0.85 332 (12.7%) 667 122 (21.2%)

V. cholerae 3,828 898 0.7 1,394 (36.4%) 10,466 463 (51.5%)
0.75 1,177 (30.7%) 5,876 390 (43.4%)
0.85 699 (18.2%) 1,712 232 (25.8%)
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Figure 5 Clusters representing potentially new pathways selected from reconstructions of genome-wide interaction networks of four different organisms.
Boxes with thicker borders, and bold lines denote the cluster core. Each cluster was extended to include operon partners, as well as secondarily linked
proteins that are naturally grouped with the proteins in the cluster but with a mutual information value less than the selected threshold; these are
represented by dotted lines and boxes with thinner borders. Thick red lines represent connections between genes in an operon, whereas colored boxes
represent homologous proteins. All selected core clusters are composed of proteins, at least 50% of which lack precise functional assignments. Boxes 
with dashed outlines represent such uncharacterized proteins.
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(ceci n'est pas un arbre …)

bleu=absence; rouge=similarité (score BLAST)

Date & Marcotte Nat Biotech 9 :1062 (2003)



Corrélation entre profils

Profils ? IFT6299 H2014 ? UdeM ? Miklós Csűrös xx

sans arbre évolutif : mesurer la corrélation entre les profils
vecteurs binaires (ou réelles — coordonnées expriment similarité)

profils x[1..n] et y[1..n] (sur n génomes)

→ corrélation linéaire (Pearson) n’est pas une bonne idée

→ information mutuelle marche mieux

estimer les distributions de x[i] ∼ px, y[i] ∼ py et
(
x[i], y[i]

)
∼ pxy (com-

munes pour i = 1,2, . . . , n), et calculer

I(x, y) =
∑
α,β

pxy(α, β) log
pxy(α, β)

px(α) · py(β)

comparer avec I pour profils aléatoires



Quels génomes ?

Profils ? IFT6299 H2014 ? UdeM ? Miklós Csűrös xxi

BAE3 = bactérie+archée+quelques eucaryotes ; NR = sans génomes proches

Jothi, Przytycka & Aravind BMC Bioinformatics 8 :173 (2007)


