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Abstract

Background: Successive whole genome duplications have recently been firmly established in all

major eukaryote kingdoms. Such exponential evolutionary processes must have largely contributed

to shape the topology of protein-protein interaction (PPI) networks by outweighing, in particular,

all time-linear network growths modeled so far.

Results: We propose and solve a mathematical model of PPI network evolution under successive

genome duplications. This demonstrates, from first principles, that evolutionary conservation and

scale-free topology are intrinsically linked properties of PPI networks and emerge from i) prevailing

exponential network dynamics under duplication and ii) asymmetric divergence of gene duplicates.

While required, we argue that this asymmetric divergence arises, in fact, spontaneously at the level

of protein-binding sites. This supports a refined model of PPI network evolution in terms of protein

domains under exponential and asymmetric duplication/divergence dynamics, with multidomain

proteins underlying the combinatorial formation of protein complexes. Genome duplication then

provides a powerful source of PPI network innovation by promoting local rearrangements of

multidomain proteins on a genome wide scale. Yet, we show that the overall conservation and

topology of PPI networks are robust to extensive domain shuffling of multidomain proteins as well

as to finer details of protein interaction and evolution. Finally, large scale features of direct and

indirect PPI networks of S. cerevisiae are well reproduced numerically with only two adjusted

parameters of clear biological significance (i.e. network effective growth rate and average number

of protein-binding domains per protein).

Conclusion: This study demonstrates the statistical consequences of genome duplication and

domain shuffling on the conservation and topology of PPI networks over a broad evolutionary scale

across eukaryote kingdoms. In particular, scale-free topologies of PPI networks, which are found

to be robust to extensive shuffling of protein domains, appear to be a simple consequence of the

conservation of protein-binding domains under asymmetric duplication/divergence dynamics in the

course of evolution.

Background
Gene duplication is considered the main evolutionary

source of new protein functions [1]. Although long sus-
pected [2,3], whole genome duplications have only been
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recently confirmed [4-12] through large scale compari-
sons of complete genomes.

Whole genome duplications are rare evolutionary transi-
tions followed by random nonfunctionalization of many
gene duplicates, resulting in characteristic reciprocal gene
loss patterns [4,9,13], on time scales of about 100 MY
(with large variations between genes, see Discussion).
Whole genome duplications presumably provide unique
opportunities to evolve many new functional genes at
once through accretion of functional domains [14-20]
from contiguous pseudogenes (or redundant genes) and
may also promote speciation events by preventing genetic
recombinations between close descendants with different
reciprocal gene loss patterns [13,21].

Consecutive whole genome duplications (WGDs) have
now been firmly established in all major eukaryote king-
doms within the last 300–500 MY, i.e. about 10–15% of
life history.

WGDs have been more frequent in plants [22] due to their
widespread polyploidy; for instance, there were 3 consec-
utive WGDs in the recent evolution of the flowering
plants Arabidopsis thaliana [7] and Populus trichocarpa [23]
while 4 WGDs can be identified in Solanum (potato), Gos-
sypium (cotton) and Brassica genomes [22]. Overall, there
were between 2 and 4 WGDs in plants in the last 300 MY
and many extant species like Solanum (potato), Glycine
(soybean) or Saccharum (sugarcane) have undergone a
recent WGD and are still essentially pseudotetraploid
plants with about twice as many gene loci as their close
relatives lacking this recent WGD. They are living exam-
ples of the dramatic simultaneous changes a single WGD
event produces on a genome. No other genome rearrange-
ment is known to have a comparable immediate impact
on the evolution of genomes (with the exception of endo-
symbiotic events).

Successive genome duplications have also occurred in ani-
mal genomes, even though most extant species are dip-
loids. In vertebrates (chordates), there are, for instance, 4
consecutive WGDs between the seasquirt Ciona intestinalis
and the common carp, Cyprinus carpio, with most tetrap-
ods (including mammals) in between at +2WGDs from
seasquirt and -2WGDs from carp and most bony fish at
+3WGDs from seasquirt and -1WGDs from carp
[11,12,24,25]. In fact, the common carp, Cyprinus carpio,
and other bony fish from the salmonidae family (salmon,
trout) as well as the amphibian Xenopus laevis and even the
mammal Tympanoctomys barrerae (red vizcacha rat from
Argentina [26]) are all pseudotetraploid vertebrates.
[Constitutive tetraploidy is even occasionally observed in
humans where it is responsible for 1 to 2% of early mis-

carriages but may lead, in rare cases, to liveborn infants
reaching the age of two [27].

Amongst invertebrates, examples of polyploid species are
also suspected or confirmed in most phyla, as in annelids
(e.g., leeches [28]), flatworms (e.g., Stenostomum [29]),
mollusks (e.g., Pacific oyster, Crassostrea gigas [30]) and in
the major classes of arthropods, including insects (e.g.,
Nabis pallidus [31]), maxillopods (e.g., copepods [29])
and branchiopods (e.g., brine shrimp [32]). Finally,
WGDs have also occured in protists; in particular, there
were at least 3 consecutive WGDs in the ciliate Paramecium
tetraurelia [33]. Other WGDs will likely be uncovered as
more eukaryote sequences will become available.

Extrapolating from these 2 to 4 consecutive WGDs in the
last 300–500 MY for typical eukaryote genomes, one
roughly expects a few tens consecutive WGDs (or equiva-
lent "doubling events") since the emergence of eukaryo-
tes, if not the origin of life itself. [While WGDs do not
seem readily traceable in extant prokaryote genomes, they
cannot be ruled out either over long evolutionary time
scales (e.g. > 500 MY). In fact, wildtype subpopulations of
bacteria with stable diploid genomes are known to exist
[34]. In addition, viable whole genome recombinants
between different prokaryotes have also been successfully
engineered [35].

These rare but dramatic evolutionary transitions due to
whole genome duplications must have had major conse-
quences on the long time scale evolution of large biologi-
cal networks, such as protein-protein interaction (PPI)
networks.

In this paper, we first discuss some experimental evi-
dences (Fig. 1) and expected consequences of WGDs on
the evolution of PPI networks. We then introduce a gen-
eral model of PPI network evolution under WGD with
asymmetric divergence of duplicated genes (Figs. 2 &3A). It
is first compared to datasets of direct physical interactions
from Yeast PPI network (Figs. 3B &3C) and also to an
alternative model with symmetric protein divergence but
random link "complementation" [36,37] (Additional file
1(Fig. S1)). We then redefine this initial asymmetric diver-
gence model (Fig. 2) in terms of protein-binding domains
(Figs. 4A &4B) to account for indirect protein-protein
interaction within multi-protein complexes (Figs. 4A
&4C) and study the robustness of PPI network topology
against domain shuffling of multi-domain proteins.

Results
Effect of WGD on PPI network evolution

A direct experimental evidence for the effect of WGD on
PPI network evolution is illustrated in Fig. 1. It concerns
the baker yeast, S. cerevisiae, which has the best available
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PPI network dataset [38,39] and a well established WGD
dating back about 150 MY [4,6,9]. About 90% of the ini-
tial pairs of duplicated proteins from this WGD have since
then undergone reciprocal gene loss, leaving about 549
remaining pairs in the extant genome, amongst which 259

have both duplicated proteins included in the available
PPI network [38]. The latter pairs of duplicated proteins
are found to be about 20 times more likely to share some
common protein partners as compared to randomly
picked pairs of proteins, while their connectivity distribu-
tion is essentially the same as other interacting proteins in
the PPI network, Fig. 1. This demonstrates that at least
some of the duplicated interactions that were necessary
present immediately after WGD have not been lost in the
course of 150 MY of evolution, despites the divergence of
the corresponding duplicated pairs and all their (initially)
shared partners. The same trend has also been reported
when considering protein pairs with a significant
sequence homology [40]. This direct experimental evi-
dence for the effect of WGD on PPI network evolution is
even more compelling when considering protein pairs
sharing more than one partner in the PPI network; for
instance, duplicated pairs from this 150 MY-old WGD are
about 1,000 times more likely to share 10 or more part-
ners as compared to randomly picked pairs of the PPI net-
work, Fig. 1.

From a more theoretical point of view and on longer evo-
lutionary time scales (e.g. > 500 MY), we also expect that
alternating WGDs and extensive gene deletions lead to
exponential dynamics of PPI network evolution. In the
long time limit, this should outweigh all time-linear
dynamics that have been assumed in PPI network evolu-
tion models so far [36,41-45] (see, however, Discussion).
In fact, the prevailing exponential dynamics of genome
evolution is already clear from the wide distribution of
genome sizes [1,3] and proliferation of repetitive ele-

Duplicated proteins from the 150 MY old WGD of S. cerevi-siae share protein partnersFigure 1
Duplicated proteins from the 150 MY old WGD of S. 
cerevisiae share protein partners. Distribution of dupli-
cated (red) and random (black) node pairs versus number of 
shared partners. Node degree distribution of duplicated pro-
teins (green) and all proteins of PPI network (blue).
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Model of protein-protein interaction network evolution through whole genome duplicationFigure 2
Model of protein-protein interaction network evolution through whole genome duplication. Whole genome 
duplication is followed by asymmetric divergence of protein duplicates with random distribution between genome copies (e.g. 1/
1' vs 2/2'): "New" duplicates are left essentially free to accumulate neutral mutations with the likely outcome to become non-
functional and eventually deleted unless some "new", duplication-derived interactions are selected; "Old" duplicates, on the other 
hand, are more constrained to conserve "old" interactions already present before duplication. The duplicated network with 
quadruplated links is graphically rearranged for convenience into old and new network copies (e.g. 2 and 2' duplicated nodes 
are swapped here). Links from the duplicated network are then kept with different probabilities γi (0 ≤ γi ≤ 1) reflecting this 
asymmetric divergence between protein duplicates. An alternative model based on symmetric divergence of protein duplicates 
and random link "complementation" is illustrated in Fig. S1 and discussed in Supporting Information.
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ments [46]: it is hard to imagine that the 104-fold span in
lengths of eukaryote genomes could have solely arisen
through time-linear increases (and decreases) in genome
sizes. [There is even a 105-fold span in genome lengths
when including prokaryotes and 108-fold including
viruses].

Overview of the model

We propose a simple model of PPI network evolution
focussing on the effect of whole genome duplication
(extensions to local or partial genome duplication are pre-
sented in ref [47] and confirm the conclusions of this
paper, see also Discussion). In the present model, each
time step n corresponds to a whole genome duplication

and leads to a complete duplication of the PPI network,
whereby each node is duplicated (×2) and each interac-
tion quadruplated (×4) as depicted on Fig. 2[48]. Hence,
the model considers discrete time steps corresponding to
WGD events. Natural selection is then modeled statisti-
cally, that is regarless of specific evolutionary advantages,
at the level of duplication-derived interactions (see Dis-
cussion). Concretely, links from the duplicated network
are assumed to be stochastically preserved (or deleted)
with different probabilities γi (or δi = 1 - γi) reflecting the
divergence of protein duplicates. In principles, these prob-
abilities γi might vary [47] at each WGD event and
between different proteins, but we will focus in this paper
on the simplest relevant model based on the asymmetric

Analytical and numerical results of PPI Network evolution under whole genome duplicationFigure 3

Analytical and numerical results of PPI Network evolution under whole genome duplication. A. Phase diagram 

for the limit degree distribution as a function of network exponential growth rate, Γo + Γn, and asymmetric divergence of gene 

duplicates, Γo - Γn. In paricular, network conservation and scale-free topology are found to be intrinsically linked properties of 

PPI networks under genome duplication. Colored lines correspond to iso-exponent of scale-free degree distribution. All other 

regions of phase diagram are likely biologically irrelevant (see text). B&C. Comparison with protein direct physical interaction 

data for Yeast from BIND [38] and MIPS [39] databases: BIND (August 11, 2005 release), 4576 proteins, 9133 physical interac-

tions,  = 3.99,  = 106 (filled symbols) and MIPS (downloaded online April 20, 2006), 4153 proteins, 7417 physical interac-

tions,  = 3.57,  = 78.6 (open symbols). Squares correspond to raw data, while circles and triangles are statistically 

averaged with gaps in connectivity distribution for large k ≥ 20, due to the finite size of Yeast PPI network. B. One-parameter 

fit of connectivity distribution data pk (corresponding to the "X" mark in A., see text). Numerical connectivity distribution 

averaged over 10,000 network realizations (central green line). Numerical averages plus or minus two standard deviations 

(±2σ) are also displayed to show the predicted dispersions (upper and lower green lines) [Raw data (squares) do not fit within 

the mean ± 2σ curves for large k due to the finite size of Yeast PPI network]. The fitting parameter γ = 0.26 corresponds to an 

effective growth rate of 1 + 2γ = 1.52. C. One-parameter fit of average connectivity of first neighbor proteins gk [50] (i.e. k.gk 

sums connectivities of first neighbors from proteins of connectivity k). Numerical predictions averaged over 10,000 network 

realizations (central blue line). Numerical averages plus or minus two standard deviations are also displayed (upper and lower 

blue lines). Same fitting parameter value as in B, γ = 0.26. Note that gk is rescaled by /  (as  =  holds for each net-

work realization); this rescales large gk fluctuations between network realizations, due to the divergence of  for pk ~ k-_-1 

with 2 > α > 0 for the one-parameter model.
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divergence of duplicated genes following genome dupli-
cation. For each pair of duplicated genes, one copy,
referred to as the "old" duplicate, diverges more slowly
and retains many of the interactions of the parent gene,
while the other copy, referred to as the "new" duplicate,
diverges more rapidly and looses many of its duplication-
derived interactions. At each WGD steps, the asymmetry
between "old" and "new" duplicates defines three interac-
tion divergence parameters: γo, the probability to preserve
duplication-derived interactions between pairs of slowly
diverging "old" duplicates; γn, the probability to preserve
duplication-derived interactions between pairs of rapidly
diverging "new" duplicates and γ, the probability to pre-
serve duplication-derived interactions between pairs
involving one "old" and one "new" duplicates, see Fig. 2.
In practice, interactions between slowly diverging "old"
partners are much more likely to be preserved than those
involving one or all the more two rapidly diverging "new"
partners, i.e. 1 � γo Ż γ Ż γn � 0. "Old" and especially
"new" duplicates that loose all their interactions with pre-

vious partners are then eliminated from the PPI network,
while the "old" and "new" labels of selected duplicates are
eventually all reset (to "old") before the next WGD itera-
tion. Hence, "old" and "new" labels are only transient
notations reflecting the asymmetric divergence of dupli-
cated pairs after each WGD event (see Method).

The PPI network evolution resulting from these successive
WGDs is first solved analytically in the asymptotic limit of
large PPI networks and then numerically for comparison
with the available data on the yeast PPI network. Finally,
an extension of this model is proposed to include the role
of protein domains and their extensive shuffling between
multidomain proteins over long evolutionary time scales.

Modelling PPI network evolution under WGD

The interaction network is characterized at each WGD step

n by its number of nodes with k neighbors  and its

total number of links . Yet, we are not

Nk
n( )

L kNn
k
n

k

( ) ( ) /=
≥∑ 2
1

Combining whole genome duplication and domain shuffling of multi-domain proteinsFigure 4
Combining whole genome duplication and domain shuffling of multi-domain proteins. A. Protein-domain interac-
tion network. Nodes now correspond to single binding domains in a protein-domain interaction network (solid lines). Multi-
binding-domain proteins are introduced through a new type of links corresponding to covalent peptide bonds between protein 
domains (black dashed lines). This provides a graphical framework to distinguish mutually exclusive, direct interactions 
("XOR") between protein domains from cummulative, indirect interactions ("AND") within multi-protein complexes (red 
dashed lines). B&C. Comparison with protein direct & indirect interaction data for Yeast from BIND [38] database (B&C 
filled symbols, indirect interactions from [75,76]) and Ref [77] (C open symbols, see Supporting Information). Data are statisti-
cally averaged as in Fig. 3B&C to account for gaps in connectivities for large k ≥ 20, due to the finite size of Yeast PPI network. 
B. Two-parameter fit of both direct connectivity distribution pk and average direct connectivity of first neighbor proteins gk 

[50] (see Fig. 3C and text). Numerical predictions are averaged over 1,000 network realizations (central green and blue lines). 
Numerical averages plus or minus two standard deviations are also displayed to show the predicted dispersions (upper and 
lower green and blue lines). The two adjusted parameters (γ = 0.1 and λ = 0.3) correspond to a network growth rate of 20% 
and an average of 1.5 protein-binding sites (domains) per protein. The connectivity distribution of the underlying single-domain 
network (corresponding to γ = 0.1 and λ = 0.0) is also displayed (brown line) to illustrate its relation to the full multi-domain 
protein network (see text). C. Two-parameter fit of both direct & indirect "matrix" connectivity distribution pk and average 
direct & indirect "matrix" connectivity of first neighbor proteins gk [50] (see text). Same two adjusted parameters (γ = 0.1 and 
λ = 0.3) as in B while a selection of indirect interactions is added up to a total of 28,000 direct and indirect interactions (see 
Supporting Information).
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concerned by the evolutionary details of a particular net-

work realization but rather by the statistical consequences

of successive WGD events on the long evolutionary time

scale of typical PPI networks. To this end, stochastic differ-

ences between possible PPI networks are averaged over all

network realizations, and noted as � � for k ≥ 0 and

�L(n)�. In addition, because evolutionary changes in the

averages � � are coupled to one another for all node

degrees k ≥ 0, it is convenient to model the evolution of

these averages � � by introducing a linear transform of

� � in the form of a "generating function",

which includes all nodes of the network according to their

connectivity k ≥ 0. Permanently disconnected nodes (k =

0) need, however, to be removed from the list of relevant

nodes, as they correspond to proteins that have in fact lost

all previous interactions and presumably their function,

and are eventually eliminated from the genome. To this

end, we redefine the graph size as, ,

where  has been removed, and introduce a normal-

ized generating function p(n)(x) for the mean degree distri-

bution,

The use of generating functions is a standard method [49]

that enables to characterize distributions � � and pk

from their successive moments, e.g.  via the

successive derivatives of their generating functions, e.g.

, j ≥ 1 (see Methods). While the node degree dis-

tributions Nk and pk are purely local characteristics of net-

works, the use of generating functions can, in fact, be

generalized [47] to other, possibly non local features of

interest, such as the average connectivity of first neighbors

gk [50], introduced below.

Asymmetric divergence of duplicated proteins

In the following, we consider a general model of PPI net-
work evolution under WGD which allows for asymmetric
divergence of duplicated proteins, Fig. 2. Symmetric diver-
gence of duplicate proteins corresponds to a particular

case of divergence with vanishing asymmetry and is dis-
cussed in the Supporting Information in the context of an
alternative model based on symmetric duplication-diver-
gence processes with link "complementation" [36,37].

Actually, asymmetric divergence between duplicated
genes is well supported by the reciprocal gene loss pat-
terns arising after WGD [4,6,9]; this demonstrates that
many, if not most, of the initially duplicated genes are
eventually retained as single genes in the duplicated
genome, reflecting clearly the asymmetric fate of dupli-
cated genes after WGD (see, however, Discussion).
Indeed, while duplicated genes are initially equivalent
and experience, at first, the same functional constraints
[51], their divergence becomes eventually asymmetric
[52-54]. This occurs as one duplicate is more constrained
to retain "old" interactions, while the other duplicate is
less constrained and thus accumulates more mutations
with the likely outcome to become nonfunctional by loos-
ing all its duplication-derived interactions, unless some of
them are eventually retained by selection. Note that the
only interaction changes considered in this model are
deletions of duplication-derived interactions (e.g. interac-
tions arising from horizontal gene transfer are more char-
acteristic of prokaryote evolution [55] and neglected here
[45]). As outlined in the model overview above, diver-
gence asymmetry is introduced by assigning different evo-
lutionary parameters γo and γn in between "old" or "new"
duplicated nodes corresponding to a larger and lower
chance to conserve instances of their parent-node interac-
tions, Fig. 2. Duplication-derived interactions arising
between different "old" and "new" duplicates are retained
with probability γ. Note that "old" and "new" labels in
Fig. 2 refer to the asymmetric conservation and fate of
duplicates after WGD (and not to specific genome copies).
Functionalization patterns of duplicated genes are further
discussed in additional file 1.

We have solved this mathematical model of PPI network

evolution under WGD illustrated in Fig. 2. The theoretical

approach detailed in Methods relies on asymptotic meth-

ods applied to a functional recurrence relating successive

normalized generating functions p(n)(x) of the PPI net-

work degree distribution, Eq. 2. We outline here, from a

biological perspective, the main conclusions of this exact

analytical approach. The main results only depend on the

following two combinations of evolutionary parameters,

Γo = γo + γ and Γn = γn + γ, which correspond to the average

rates of connectivity change between successive WGDs, k

→ kΓi, for each type of duplicates, i = o, n. We assume Γo

≥ Γn by definition of the more conserved ("old") and less

conserved ("new") duplicates, respectively. Hence, the

connectivity of the most conserved duplicates decreases or
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increases as  under m successive WGDs: the case Γo <

1 corresponds to an exponential decrease of connectivity

and eventual disappearence of any given node of the net-

work. By contrast, the case Γo > 1 corresponds to a connec-

tivity increase of the "old" duplicate descents and, hence,

to an overall conservation of the PPI network in the course

of evolution under WGDs, see below and Discussion.

Strikingly, it can be shown that this simple criteria on Γo

governs not only the evolutionary conservation but also

the topology of the emerging PPI networks under WGDs,

see Methods for detailed proof. The different evolutionary

regimes and asymptotic degree distributions, pk, are sum-

marized in the phase diagram Fig. 3A in the plane (Γo +

Γn,Γo - Γn). Each axis of this phase diagram has a simple,

biologically relevant interpretation: Γo + Γn is the global

growth rate of the network in terms of number of interac-

tions (Γo + Γn > 1 to ensure a growing network) and Γo - Γn

corresponds to the divergence asymmetry between dupli-

cated proteins. We outline here the two main evolutionary

regimes of the model and discuss their biological rele-

vance (see Methods for proof details).

• Non-conserved, exponential regime

The case Γo < 1 (and Γn < 1) implies an exponentially

decreasing degree distribution, pk ∝ exp(-μk) for large k Ż

1, corresponding to a regular, infinitely derivable generat-

ing function, p(x). From an evolutionary perspective, we

find that this exponential topology arises while the links

emerging from each node (Fig. 2) are more likely lost than

duplicated at each round of global duplication (as Γi = γ +

γi < 1 is equivalent to δδi > γγi). This implies that most

nodes eventually disappear, and with them all traces of

network evolution, after just a few rounds of global dupli-

cation. The network topology is not conserved, as antici-

pated above, but instead continuously renewed from

duplication of the (few) most connected nodes. From a

speciation perspective, this implies that all nodes of a

given PPI network realization are eventually more closely

related to one another than to any other node of a differ-

ent PPI network realization, i.e. from a different species.

Clearly, this class of evolutionary non-conserved PPI net-

works doest not appear to be biologically relevant, given

the typical degree of conservation between orthologous

proteins across living kingdoms. As a consequence, we can

also conclude from the phase diagram Fig. 3A that expo-

nential PPI networks arising through genome duplication

would necessary correspond to non-conserved networks

and would thus be presumably irrelevant from a biologi-

cal perspective. This result actually holds, beyond genome

duplication, for evolutionary duplication-divergence

dynamics at any genomic scale (from single gene to whole

genome) and even with variations in all evolutionary

parameters  at each duplication-divergence process

n, see Discussion. Hence, only non-exponential topolo-

gies of PPI networks are likely to be observed in nature.

This corresponds to the second regime discussed below.

• Conserved, scale-free regime

The case Γo > 1 > Γn implies a "scale-free" topology with a
power law decrease of the node degree distribution pk ∝ k-

α-1, for large k Ż 1. This corresponds to a singular, non-
infinitely derivable generating function, p(x), with the fol-
lowing asymptotic expansion in the vicinity of x = 1,

p(x) = 1 - A1(1 - x) - ... - Ar(1 - x)r - Aα (1 - x)α - ...

(3)

where r ≥ 1 is an integer and α > 1 the solution of the fol-
lowing characteristic equation (with r ≤ α <r + 1),

When  for exactly some integer r ≥ 1

the last term in Eq. 3 should be replaced by (1 - x)r ln(1 -

x), and the limit degree distribution decreases like k-r-1 (see

"exponent" lines in Fig. 3A for α + 1 = 2, 3, 4, ...). Hence,

from an evolutionary perspective, we find that scale-free

degree distributions emerge under successive, global net-

work duplications only if the "old" node copies have their

links more likely duplicated than lost at each round of

global duplication (as Γo = γ + γo > 1 is equivalent to γγo >

δδo). Thus, "old" nodes statistically keep on increasing

their connectivity once they have emerged as "new" nodes

by duplication. This implies that most nodes and their

surrounding links are conserved throughout the evolution

process, thereby ensuring that local topologies of previous

networks remain embedded in subsequent networks.

Hence, the evolutionary conservation and scale-free

topology of PPI networks appear intrinsically linked

under genome duplication. Evolutionary conservation,

which is a fundamental property of proteins and PPI net-

works (see e.g. Fig. 1) is shown to necessary lead to scale-

free PPI network topologies. It is, in fact, a very general

and fundamental result that is not sensitive to variations in

the model parameters  on the evolutionary time

scale n and also holds for duplication-divergence events at

k mΓo

{ }( )γ i
n

Γ Γ Γ Γn o n o
α α+ = + (4)

Γ Γ Γ Γn o n o
r r+ = +

{ }( )γ i
n
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any genomic scale from single gene to whole genome

duplication (see Discussion). In other words, scale-free

topologies of PPI networks appear to be a simple conse-

quence of the evolutionary conservation of PPI networks

and their underlying proteins.

In summary, whole genome duplication with asymmetric
divergence of duplicated proteins leads to the emergence
of two main classes of PPI networks : i) PPI networks with
an exponential degree distribution and without protein
nor topology evolutionary conservation and ii) PPI net-
works with a scale-free limit degree distribution and pro-
tein conservation together with at least some local
topology conservation. All other evolution scenarios are
unlikely to model biologically relevant cases; they corre-
spond either to an exponential disappearance of the
whole PPI network (i.e. if Γn + Γo < 1) or to an exponential
shift of all proteins towards higher and higher connectivi-
ties, i.e. dense regime in Fig. 3A, see Methods and [47].
Note, in particular, that the evolution of PPI networks
with symmetric divergence under WGD, i.e. Γo - Γn = 0 in
Fig. 3A, cannot lead to biologically relevant, conserved PPI
networks with scale-free topology; Indeed, WGD followed
by symmetric divergence of duplicated genes leads either
to non-conserved exponential PPI networks (for 1 < Γo +
Γn < 2) or to nonstationary dense PPI networks (for 2 < Γo

+ Γn). Besides, the same conclusion applies for an alterna-
tive model of PPI network evolution under WGD and
"link complementation", see additional file 1. Hence,
asymmetric divergence of duplicated genes under WGD is
required to obtain a (non-dense) conserved PPI networks.
Yet, we will argue, below, that such divergence asymmetry
arises, in fact, spontaneously at the level of protein-bind-
ing domains. This will support a refined model of PPI net-
work evolution in terms of protein domains rather than
entire proteins.

Fitting PPI network data with a one-parameter model

Scale-free degree distributions have been widely reported

for large biological networks and other exponentially

growing networks like the WWW. We showed in the pre-

vious discussion that scale-free limit degree distributions

require an asymmetric divergence of duplicated proteins

(Γo - Γn = γo - γn > 0) which corresponds to the probability

difference between conservation of old interactions (γo)

and coevolution of new binding sites (γn). The expected

range of parameters for actual biological networks is 1 �

γo Ż γ Ż γn � 0; In particular, the most conservative (γo =

1) and least correlated (γn = 0) evolution scenario corre-

sponds to the strongest divergence asymmetry between

duplicated proteins (Γo - Γn = 1, upper border on Fig. 3A).

The condition γo = 1 ensures that not only local but also

global topologies of all previous networks remain embed-

ded in all subsequent networks. This model is effectively a

one-parameter model (γ) for PPI network evolution

through whole genome duplication. It converges towards

a stationary scale-free limit degree distribution pk ~ k-α-1

with 0 <α < 2 for 0 <γ < (  - 1)/2 and generates non-

stationary dense networks for (  - 1)/2 <γ < 1 [47]. We

used this one-parameter model to fit both the degree dis-

tribution (Fig. 3B) and the average connectivity of first

neighbors (Fig. 3C) for direct physical interaction data of

S. cerevisiae taken from two databases, BIND [38] and

MIPS [39]. BIND data mainly comes from high through-

put two-hybrid techniques, while MIPS data is primarily

based on hand curated, litterature references (with pre-

sumably fewer nonspecific spurious interactions). The

predicted asymptotic regime is in fact approached for k ≤
20 due to the finite size of Yeast PPI network. Note, in par-

ticular, that both scale-free degree distribution (Fig. 3B)

and protein hub repulsion (so-called network "disassorta-

tivity" [42,50], Fig. 3C) are simultaneously predicted with a

single fitting parameter γ = 0.26. This corresponds to a

fixed growth rate Γo + Γn = 1 + 2γ = 1.52 (i.e. the number

of links and nodes increases by 52% at each global dupli-

cation).

Adding and removing up to 30% of links randomly, or

drawing γ from a uniform distribution between 0 and

0.52 (with average  = 0.26) yield remarkably similar fits

(not shown) to the experimental data. This reveals a large

insensibility to false- positive and negative noises and

fluctuations in γ (as long as the non-stationary dense

regime is avoided, Fig. 3A). The fixed (or averaged) growth

rate of 52% at each round of global duplication is enough

to generate networks of the size of S. cerevisiae starting

from a few interacting "seeds" after about 20 global dupli-

cations (i.e. 1.5220 = 4334 times more nodes with an aver-

age of one global duplication per 200 MY for 4BY). Such

scenario is not a priori incompatible with experimental

data, as we only have clear records on global duplications

dating back up to 400–500 MY ago (i.e. only 10 to 20% of

life history). Yet, these records suggest that "recent" whole

genome duplications might be more frequent (every

100–150 MY) and more selective (growth rates between

10 and 25%). [Indeed, ciona, 16,000 genes, and human,

~25,000 genes, (resp. tetraodon, ~22,000 genes) differ by

two (resp. three) whole genome duplications; this corre-

sponds to an averaged growth rate of 25% (resp. 11%)

5

5

γ
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including local duplications [49], i.e. (25/16)1/2 = 1.25

(resp. (22/16)1/3 = 1.11).] We will show, however, below,

that this discrepancy is essentially resolved by redefining

PPI network evolution in terms of protein binding

domains instead of entire proteins. This will also provide

a theoretical framework to account for both direct and

indirect protein-protein interactions within multiprotein

complexes.

Direct vs indirect protein-protein interactions

The protein-protein interactions we have considered so far
correspond to direct physical contact between protein pairs
derived, for instance, from two-hybrid expression assays
[56]. However, we expect from the proposed scale-free fit
of the degree distribution (Fig. 3B) that the underlying PPI
network has conserved not only pairwise interactions dur-
ing evolution but also some level of network topology
(see above). The emergence of locally conserved topology
in PPI network evolution leads "naturally" to conserved
associations or "modules" between multiple proteins [57-
61] and, beyond, to recurrent "motifs" across different
types of biological networks [62-71].

In fact, many biological functions are known to rely on
multiple direct and indirect interactions within protein
complexes. Moreover, the combinatorial complexity of
multiple-protein interactions is likely responsible for the
remarkable diversity amongst living organisms [72],
despite their rather limited and largely shared genetic
background (i.e. a few (ten) thousands genes built from a
few hundreds families of homologous protein domains
[18-20,73,74]).

High-throughput studies using affinity precipitation
methods coupled to mass spectroscopy [75-77] have pro-
posed some 80,000 direct and indirect protein interac-
tions for S. cerevisiae (raw data) and similar data are now
becoming available for several other species.

Yet, from a theoretical point of view, the evolution of indi-
rect interactions is expected to depend not only on locally
conserved network topology but also on the actual "com-
binatorial logic" between direct interactions [78,79]. This
cannot be readily defined on traditional PPI network rep-
resentation (e.g. Fig. 2) and requires a somewhat more
elaborate model as we now discuss.

Redefining PPI network evolution in terms of protein 

domains

Indirect protein interactions reflect the occurence of simul-
taneous direct interactions within protein complexes. This
requires that some proteins have more than one binding
sites to simultenaously interact with several protein part-
ners. Indeed, proteins with a single protein-binding site

can only bind to one partners at a time, underlying a sim-
ple "XOR"-like combinatorial logic. By contrast, proteins
with several protein-binding sites greatly increase the
combinatorial complexity of biological processes (like
gene regulation or cell signaling) by adding "AND" oper-
ators to the computational logic between multiple direct
interactions.

In addition, we note that binding sites are likely the pri-
mary source of asymmetric divergence in PPI network
evolution, as mutations on a shared binding site will gen-
erally affect the interactions with all its binding partners
(Fig. 2) and not just a random subset of them (Fig. S1).
Hence, asymmetric divergence of binding site duplicates
"naturally" results from "spontaneous symmetry break-
ing" due to the intrinsic evolutionary coupling of interac-
tions sharing a common binding site. Yet, this argument
of spontaneous symmetry breaking only applies to indi-
vidual binding sites, not to entire proteins. Indeed, while
the divergence of individual binding sites should be
inherently asymmetric, this does not have to be the case a
priori at the level of entire proteins with multiple binding
sites. This is because, in principles, distinct binding sites of
a protein are not necessarily coupled, thereby enabling
them to evolve somewhat independently and to eventu-
ally lead, after gene duplication, to a partition of the most
conserved binding site copies between each protein dupli-
cates (i.e. this amounts to a "subfunctionalization"
between duplicated genes, see additional file 1). Struc-
tural independence of binding sites is expected, in partic-
ular, for proteins with multiple binding sites located on
different protein domains. In this case, the evolutionary
symmetrization of multidomain proteins should even be
further enhanced by extensive shuffling of protein
domains over broad evolutionary scales [19]. Yet, we will
demonstrate below that even a strong symmetrization of
protein divergence at the level of protein domains, corre-
sponding to a complete random shuffling of protein
domains, is not suffcient to prevent the emergence of scale-
free PPI networks, by constrast to predictions for symmet-
ric models at the level of individual interactions (see dis-
cussion above and Fig. S1 in addtional file 1).

In the following, we propose to highlight this central role
of protein domains in the evolution of PPI networks by
simply redefining our initial asymmetric divergence
model (Fig. 2) in terms of protein-binding domains, and
assuming at first a single protein-binding site per protein-
binding domain, as illustrated in Fig. 4A (see however
Discussion). In particular, the normalised generating
function p(x) introduced previously, Eqs.(2,3), now corre-
sponds to the connectivity distribution of individual pro-
tein-binding domains, instead of entire proteins. This
alternative representation of PPI networks provides a the-
oretical framework to model the evolution of the combi-
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natorial logic underlying PPI networks, as it distinguishes
mutually exclusive, direct interactions ("XOR") between
protein domains (Fig. 4A, black solid lines) from cummu-
lative, indirect interactions ("AND") within multi-protein
complexes (Fig. 4A, red dashed lines).

Combining whole genome duplication and extensive 

domain shuffling

As noted in the introduction, whole-genome duplications
is thought to promote efficient shuffling of multi-domain
proteins by enabling many accretion and deletion events
of functional domains after each genome doubling. In
fact, we will assume in the following that the overall shuf-
fling of multi-domain proteins is so efficient that protein
domains encoded along the genome are effectively ran-
domly shuffed over long evolutionary time scales, e.g. > 500
MY-1 GY, as suggested by the different multi-domain
combinations typically observed across distant living
kingdoms [19]).

Indeed, our aim, here, is not to model the fine details of
domain shuffling events on short evolutionary time
scales, but instead to check the robustness of PPI network
scale-free topology against the extensive shuffling of pro-
tein domains that effectively occurs over long evolution-
ary time scales. Assuming a random shuffling of
individual protein domains implies that their evolution-
ary dynamics is ultimately averaged over a long series of
single- and multi-domain proteins. Hence, the integrated
connectivity of individual protein domains can be
assumed to have evolved independently from their current
position inside a specific single- or multi-domain protein.
Besides, a more elaborate model of protein evolution
detailing domain accretion and deletion events leads to
virtually identical asymptotic results (not shown).

Assuming a random shuffling of independent protein
domains over long evolutionary time scales is also a more
stringent condition with regards to the robustness of PPI
network topology against domain shuffling events. The
overall topology of PPI networks is expected to be a force-
riori less affected by actual domain shuffling events.

Finally, the assumption of random shuffling of independ-

ent protein domains is simple enough to be amenable to

an exact mathematical extension of the initial model

neglecting multidomain protein structures. Indeed, in the

asymptotic limit, the generating function for the connec-

tivity distribution of the global multidomain protein net-

work, (x), can be derived a posteriori by reconstructing

multidomain proteins from a poissonian linking of suc-

cessive protein domains whose connectivies are character-

ized by the generating function p(x) = ∑k≥1pkx
k and

randomly distributed along the genome. Hence, pk is the

probability to find a protein domain with connectivity k

at a given location along the genome. We introduce a new

parameter λ, corresponding to the probability to form a

covalent connection between successive protein-binding

domains encoded along the genome. Then, the respective

contributions of single, double, triple domain proteins to

the overall multidomain generating function (x)

become, p(x)(1 - λ), p(x)λp(x)(1 - λ), p(x)λp(x)λp(x)(1 -

λ), etc, to account for the probability to find a given multi-

domain protein whose global connectivity is summed

over its individual domains, e.g., pkλpk'(1 - λ), with global

connectivity k + k'.

Hence, summing over all possible multidomain proteins

finally yields for the overall generating function (x) =

p(x)(1 + λp(x) + λ2p2(x) + ...)(1 - λ),

Although non-protein-binding domains are omitted here

for simplicity, they can readily be taken into account by

including a fraction of disconnected, non-protein-binding

domains in p(x). Eq. (5) implies, in particular, an expo-

nential distribution of multi-domain proteins, in agree-

ment with actual distributions [80,81], with an average of

1/(1 - λ) protein-binding sites per protein. While p(x) now

reflects the independent evolution of single protein-bind-

ing domains, Eq. (5) shows that it also controls the

asymptotic properties of the derived multi-domain net-

works (x); in particular, for biologically relevant cases

with Γo > 1 > Γn, we obtain from Eq. (3) the following

asymptotic expansion in the vicinity of x = 1,

which implies that degree distributions of multi-domain

protein networks k increase with respect to the underly-

ing single-domain interaction network pk as k ~ pk/(1 - λ)

for large k, while the fraction of proteins with a single

binding partner 1 decreases at the same time as 1 =

'(0) = (1 - λ)p'(0) = (1 - λ)p1 (see Fig. 4B). From a bio-

logical perspective, note that the scale-free degree distribu-

tion of such multi-domain protein networks results from

an asymmetric divergence of individual binding sites (or
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domains) rather than an asymmetric divergence of global

protein architectures. This has also biological conse-

quences for the functionalization of duplicated genes (see

additional file ). In particular, random (symmetric) "sub-

functionalization" between protein duplicates at the level

of protein domains does not prevent the emergence of

scale-free networks with locally conserved topology, by

contrast to random link "complementation" at the level of

individual interactions (Fig. S1) which leads to exponen-

tial networks without conserved topology (see Supporting

Information).

Hence, domain shuffling of multi-domain proteins pro-
vides a powerful, yet non-disruptive source of combinato-
rial innovation, as it preserves essential topological
features inherited from the underlying protein-domain
interaction network evolution.

Finally, comparison with experimental data sets including
indirect protein-protein interactions [75-77] is made by
adopting a statistical implementation of the "combinato-
rial logic" discussed above (see Supporting Information).
It is based on a Dijkstra algorithm that estimates the rela-
tive importance of all possible indirect interactions
between multi-domain (and single-domain) proteins for
each PPI network realization. Figs. 4B &4C show rather
good fits of experimental data sets corresponding to an
estimated 30% to 60% coverage of actual PPI networks
[75-77] (see, however, Supporting Information). The two
adjusted parameters, γ = 0.1 and λ = 0.3, correspond to a
network growth rate of 20% (i.e. 1 + 2γ) and an average of
1.5 (i.e. 1/(1 - λ)) protein-binding sites (domains) per
protein in agreement with broad estimates for these bio-
logical parameters (see above and [80,81]). This also con-
firms that the properties of PPI networks we have
predicted from first principles (i.e. i) exponential dynam-
ics and ii) symmetry breaking) are already transparent
from partial data sets.

Discussion
In this paper, we establish the statistical consequences of
successive whole genome duplications and divergence
asymmetry between gene duplicates on both i) evolution-
ary conservation and ii) emerging topological properties
of PPI networks. The evolutionary dynamics of non-con-
served networks implies that all evolutionary traces are
erased exponentially fast from the network and its under-
lying genome over typical WGD time scales (e.g. 100 MY).
Hence, evolutionary conserved networks are presumably
the only biologically relevant PPI networks that may arise
through whole genome duplications. We have also dem-
onstrated that they necessarily present a scale-free topol-
ogy that is robust to extensive domain shuffling of their
multiple domain proteins.

Other evolutionary processes than WGD and domain
shuffling have not been included in the main text above,
for simplicity. Yet, additional PPI network features can
also be taken into account. We have investigated, in par-
ticular, the roles of 3 additional well-documented features
of PPI network evolution, which we discuss below. They
are i) protein homo-oligomerization, ii) protein domains
with multiple binding sites and, finally, iii) other duplica-
tion-divergence events at smaller genomic scale than
entire genome (i.e. from single gene to partial genome
duplication). Yet, we have found that none of these addi-
tional PPI network features significantly affect the general
conclusions of the present study.

• i) Protein homo-oligomerization

The possibility of protein homo-oligomerization can be
explicitly taken into account by introducing 2 types of
nodes corresponding respectively to i) self-interacting
proteins with self-link loops and ii) non-self-interacting
proteins without self-link loops, see Fig. S2 and Support-
ing Information. Available data on PPI networks reveals
that about 10 to 15% of interacting proteins are self-inter-
acting [38,39]. Empiral evidence have also been reported
on the higher overall connectivity and interconnectivity of
homodimer proteins in PPI networks [82]. In principle,
the detailed evolution of PPI network conservation and
topology is affected by self-link loops which provide a
source of duplication-derived de novo interactions
between "old" and "new" copies of duplicated self-inter-
acting proteins, Fig. S2. However, the general conserva-
tion and topological properties of PPI networks turn out
to be little affected by the presence of self-link loops, in
the asymptotic limits of large PPI networks and large node
degrees (see Supporting Information for detailed proof).
In a nutshell, this is because conservation and topology of
PPI networks are controlled by the exponential increase of
their node degrees while the contribution of de novo inter-
actions arising from duplicated self-interacting proteins
can at most lead to a linear increase of node degrees, with
a maximum increment of +1 link per duplication event
and protein. Thus, although an abundance of self-interact-
ing proteins would significantly affect the evolution of
low connectivity proteins, it could not lead to a change of
topological regimes for the highly connected nodes of the
PPI networks (e.g. from exponential to scale-free node
degree distribution or vice versa). Hence, to a first approx-
imation, self-interacting proteins can be simply ignored to
establish the asymptotic conservation and topology
regimes of PPI network evolution, as we have done in the
main text and Fig. 3A. Note, however, that the actual
power law exponents of scale-free node degree distribu-
tions might nonetheless be affected by de novo interactions
arising from duplicated self-interacting proteins (see Sup-
porting Information for details). In addition, self-link
loops might also be important for the evolution of certain
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network motifs whose initial emergence might precisely
depend on the presence of self-interacting proteins (e.g.
the triangle motif unless one triangle at least is already
present in the initial network).

• ii) Protein domains with multiple binding sites

The possibility of having protein interfaces involving
more than two proteins at a time (e.g., the hetero-trimeric
fibrinogen) is not currently included in the model. Actu-
ally, the average number of binding sites per protein-
binding domains is around 1.3, with about 80% of pro-
tein-binding domains having a single binding site [83]
(except for self-interacting domains forming homo-oligo-
meric self-assemblies, which require, as expected, at least
2 binding sites, see table 2 in [83].) Yet, in principle, the
evolution of protein-binding domains with multiple
binding sites can be taken effectively into account, at least
numerically, by introducing a strong physical correlation
between successive single-binding-site "domains". How-
ever, we want to stress that our main results regarding pro-
tein-binding domains do not concern nor rely on the
detailed evolutionary correlation of binding sites and
domain shuffling mechanisms. Indeed, by assuming only
single-binding-site domains, we have demonstrated that
even the most extensive shuffling of binding site/domain
orders, implying the loss of all correlation along the pri-
mary sequence, does not qualitatively affect the general
conservation and topological properties of emerging PPI
networks under whole genome duplications. Hence, it is
quite clear and confirmed by simulations (not shown)
that introducing physical correlation between successive
binding sites/domains has a forceriori even less effect on
the general evolutionary regimes, we have predicted
above.

• iii) Duplication-divergence events at smaller genomic 

scales

Finally, beyond whole genome duplication, duplication-

divergence events are also known to occur at smaller

genomic scales from single gene to partial genome dupli-

cation. Moreover, local duplications/deletions may also

lead to exponential dynamics of PPI network evolution if

they are selected independently in parallel. A general

model for PPI network evolution under duplication-

divergence processes at any genomic scale (from single

gene to whole genome) and allowing also for variations in

all evolutionary parameters  over evolutionary time

scale n is presented in ref [47]. It confirms and generalizes

the conclusions of the present study focussing on whole

genome duplications.

Interestingly, recent evolutionary records (< 500 MY) for
specific eukaryotes from various kingdoms, e.g. [23,33],

suggest that whole genome duplications have been a sig-
nificant factor in the overall expansion of ancestral
genomes [23,33], while local duplications have been
mainly responsible for the expansion of specific gene fam-
ilies. It will be interesting to see whether this is a general
trend or not as new complete eukaryote sequences will
become available.

This difference in typical selection pattern of gene dupli-
cates from either whole genome or local duplications may
possibly reflect their opposite dosage effects on cellular
activity and ultimately correspond to two evolutionary
paradigms reminiscent to Monod's "chance and neces-
sity" principles [84]. Indeed, random local duplications of
essential genes are thought to be generally detrimental by
the dosage imbalance they initially induce, thereby raising
the odds for their rapid nonfunctionalization [85-87],
unless they specifically happen to be beneficial under con-
comitant environmental changes [51]. Hence, the typical
fate of random local duplications might be primarily
driven by immediate "necessity" rather than "chance" and
eventually lead to the expansion of specific gene families
through series of beneficial local duplications. By con-
trast, rapid nonfunctionalization of duplicates following a
whole genome duplication should be typically opposed
by dosage effect, in particular, for highly expressed genes
and for genes involved in multiprotein complexes or met-
abolic pathways [33]. This is because whole genome
duplications initially preserve correct relative dosage
between expressed genes, while subsequent random non-
functionalizations disrupt this initial dosage balance.

Preventing rapid asymmetric divergence between dupli-
cates from recent whole genome duplications appears, in
the end, to increase their chance of neo- or subfunctional-
ization by favoring longer genetic drift rather than early
functional loss. Hence, by contrast with local duplica-
tions, the typical fate of gene duplicates under whole
genome duplication might be largely driven by (long
term) chance rather than (immediate) necessity. It is also
reflected in the random pattern of reciprocal gene loss
associated with multiple speciation events that typically
follow a whole genome duplication [13,21]. This preva-
lence of chance over necessity following whole genome
duplications further supports the stochastic and statistical
framework we have adopted here to model the evolution
of PPI networks under whole genome duplication.

Conclusion
In this paper, we argue that, large scale topological fea-
tures of PPI networks emerge spontaneously in the course
of evolution under simple duplication/deletion events
[45], regardless of the specific evolutionary advantages
individual proteins might have been selected for. While
other selection drives than mere protein domain conser-

{ }( )γ i
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vation might have also played a role, they do not appear
to have been necessary nor prevailing factors to shape the
large scale topology of PPI networks. For instance, the
repulsion of protein hubs into largely independent net-
work modules (i.e. the so-called network "disassortativ-
ity" property [42,50]) is predicted here (Figs. 3C &4B)
without any specific selection pressure being ever invoked
in favor of such network motifs. Yet, we showed that the
exponential dynamics of PPI network evolution under
genome duplication requires an asymmetric divergence of
protein duplicates. Such asymmetric divergence arises,
however, "naturally" at the level of protein-binding sites
or domains (through "spontaneous symmetry breaking")
and is robust to extensive domain shuffling of multi-
domain proteins.

From a more general perspective, the context of accelerat-
ing genome sequencing projects calls for a broader and
inevitably more statistical understanding of biological
network evolution, beyond the accumulation of details
for particular evolutionary transitions of specific species.
The analysis of PPI networks over broad evolutionary
scales can only be based on a few well-established evolu-
tionary mechanisms shared across a wide variety of organ-
isms. As novel whole genome duplications are now
routinely discovered in newly sequenced eukaryote
genomes, e.g. [23,33], it is clear that these rare but dra-
matic simultaneous changes in genome content must
have had a major impact on the long time scale evolution
of eukaryote genomes and, hence, resulting biological
networks. This study demonstrates the expected biological
implications of such successive genome duplications in
terms of both conservation and topology of PPI networks.
In particular, it shows from first principles, that scale-free
topologies of PPI networks are a simple consequence of
their evolutionary conservation. It also highlights the
importance and origin of the divergence asymmetry
between gene duplicates, as well as the overall robustness
of the resulting scale-free topology to domain shuffling of
multi-domain proteins.

Method
Mathematical solution of the model

Our formal approach is based on the use of generating

functions to capture the statistical properties of emerging

PPI networks under WGD. In particular, the generating

function of the average number of protein nodes � �

with k binding partners after n WGD steps is defined as,

As discussed in Results, a general model for PPI network
evolution under WGD allows for an asymmetric diver-

gence of duplicated genes, Fig. 2. Hence, each WGD step
(n) → (n + 1) corresponds to the following functional
recurrence between consecutive generating functions F(n)

and F(n + 1),

F(n+1)(x) = F(n)(An(x)) + F(n)(Ao(x)) (8)

where Ai(x) = (γx + δ)(γix + δi), for i = n, o and, γ, γn and γo

[resp. δ, δn and δo] correspond to the probabilities to pre-
serve [resp. delete] the duplication-derived interactions
between "old" and "new" duplicated nodes, as depicted in
Fig. 2. The functional recurrence Eq. 8 is derived as fol-
lows. Since each node is initially duplicated, F(n+1)(x),
which essentially counts the number of nodes according
to their degree k ≥ 0, is the sum of two F(n)(x) correspond-
ing, respectively, to the "old" and "new" nodes in the
duplicated network. The variable x in F(n)(x), whose suc-
cessive powers xk essentially count the number of links (k)
around each node of degree k, should then be replaced by
x2 (since each node degree can at most double) and even-
tually be substituted as x  γix + δi, where γi [resp. δi = 1 - γi]
corresponds to the probability to keep [resp. delete] each
link emerging from each node of the duplicated graph.
Hence, at each WGD step (n)  (n + 1), the generating func-
tion recurrence for PPI network evolution with asymmet-
ric divergence of duplicated proteins becomes Eq. 8 (see
Supporting Information for proof details).

Note, that there are two types of time scales in this model
of PPI network evolution: one which is slow corresponds
to the long time decay of ancestral interactions between
"old" genes, while the other one is faster (e.g. 10–100 MY)
and corresponds to the spontaneous symmetry breaking
between "old" and "new" duplicate copies and the con-
commitant deletion of many "new" duplicates. In partic-
ular, we do not introduce distinct time scales for
spontaneous symmetry breaking and deletion of "new"
genes, since these two steps are not assumed to be distinct
phenomena but rather simultaneous processes that can-
not be formally decoupled.

The overall graph dynamics through successive global

duplications is clearly exponential as anticipated; in par-

ticular, the total number of nodes grows as F(n)(1) = A·2n,

where A is the initial number of nodes, and the number of

links scales as �L(n)� ∝ (2γ + γo + γn)n. We remove perma-

nently disconnected nodes from the list of relevant nodes,

assuming that they correspond to proteins that have in

fact lost their function and are eventually eliminated from

the genome. To this end, we redefine the graph size as,

, where  has been removed,

and introduce a normalized generating function p(n)(x) for

the mean degree distribution,

Nk
n( )

F x N xn
k
n k

k

( ) ( )( ) = 〈 〉
≥

∑
0
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Absolute and relative generating functions are related
through,

Inserting this expression (10) in recurrence (8) gives a

closed relation between successive (n)(x) = p(n)(x) - 1,

where Δ(n) is the ratio between consecutive numbers of
connected nodes,

Δ(n) = �N(n+1)�/�N(n)� = 2 - p(n)(δδn) - p(n)(δδo) ≤ 2. The evo-
lution of the mean degree is obtained by taking the first
derivative of (11) at x = 1,

where Γn = γ + γn =  and Γo = γ + γo =  hereafter.

For each type of node i = n, o, Γi corresponds to the aver-

age rate of connectivity change between WGDs, k → kΓi.

Hence, in particular, the connectivity of the most con-

served duplicates decrease or increase as  under m

successive WGDs: the case Γo < 1 corresponds to an expo-

nential decrease of connectivity and eventual disap-

pearence of any given node of the network. By contrast,

the case Γo > 1 corresponds to a connectivity increase of

the "old" duplicate descents and, hence, to an overall con-

servation of the PPI network in the course of evolution

under WGDs. We will now show that the same criteria on

Γo governs not only the evolutionary conservation but

also the topology of the emerging PPI networks under

WGDs.

We will limit the discussion here to degree distributions
approaching a stationary regimes p(n)(x) → p(x) with a
finite mean degree 1 ≤ p'(1) < ∞. This seems to cover the
most biologically relevant networks; for completeness,
other cases are discussed elsewhere [47]. From (12) and
the condition of finite mean degree, we readily obtain that
Δ(n) → Γn + Γo ≤ 2, which implies that the network evolu-

tion is asymptotically equivalent in terms of connected
nodes and links,

�N(n+1)�/�N(n)� → �L(n+1)�/�L(n)� = Γn + Γo (13)

This condition can be shown [47] to ensure that the evo-
lution of the ensemble average of networks (Eq. 7) indeed
reflects the "typical" evolution of PPI networks under glo-
bal duplication.

The stationary degree distribution is then solution of the

functional equation, with (x) = p(x) - 1,

which can be differentiated k times to express the kth
derivative in terms of lower derivatives,

where the coefficients αm ≡ αm(γn, γo, γ) are all positive
from the definition (9).

The finite or infinite nature of  depends on the two

parameters Γn and Γo and defines the form of the limit

degree distribution. The phase diagram Fig. 3A summa-

rizes in the plane (Γo + Γn, Γo - Γn) the different regimes for

the asymptotic degree distribution pk. Γo + Γn is the global

growth rate of the network (Γo + Γn > 1 to ensure a growing

network) and Γo - Γn corresponds to the divergence asym-

metry between duplicated proteins. We now discuss the

two main stationary regimes for pk and their biological rel-

evance in the case of Γn ≤ Γo (the case Γn ≤ Γo is deduced

by permutating indices):

• Non-conserved, exponential regime

If both Γo < 1 and Γn < 1, then,

and the factor in front of  in (15) is always strictly

positive, which implies that all derivatives of the limit

degree distribution are finite. Hence, in this case, the limit

degree distribution decreases more rapidly than any

power law (see explicit asymptotic development in [47]).

Note that this "exponential" regime occurs when the links
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emerging from each node (Fig. 2) are more likely lost than

duplicated at each round of global duplication (as Γi = γ +

γi < 1 is equivalent to δδi > γγi). This implies that most

nodes eventually disappear, and with them all traces of

network evolution, after just a few rounds of global dupli-

cation. The network topology is not conserved, but instead

continuously renewed from duplication of the (few) most

connected nodes. From a speciation perspective, this

implies that all nodes of a given PPI network realization

are eventually more closely related to one another than to

any other node of a different PPI network realization, i.e.

from a different species. Clearly, this class of evolutionary

non-conserved PPI networks doest not appear to be bio-

logically relevant, given the typical degree of conservation

between orthologous proteins across living kingdoms. As

a consequence, we can also conclude from the phase dia-

gram Fig. 3A that exponential PPI networks arising

through genome duplication would necessary correspond

to non-conserved networks and would thus be presuma-

bly irrelevant from a biological perspective. This result

actually holds, beyond genome duplication, for evolu-

tionary duplication-divergence dynamics at any genomic

scale (from single gene to whole genome) and even with

variations in all evolutionary parameters  at each

duplication-divergence process n, see [47]. Hence, only

non-exponential topologies of PPI networks are likely to

be observed in Nature. This corresponds to the second

regime discussed below.

• Conserved, scale-free regime

If Γo > 1 > Γn, then the factor in front of  in (15) can

become negative. However, since the generating function

should have all its derivatives positive, a negative value for

one of them means that it simply does not exist. In fact,

for Γn ln Γn + Γo ln Γo ≥ 0 (red line in Fig. 3A and [47]),

there is an integer r ≥ 1 such that,

implying that all derivatives  are finite up to the rth

order, while  is infinite. This justifies the follow-

ing asymptotic expansion of p(x) in the vicinity of x = 1,

p(x) = 1 - A1(1 - x) - ... - Ar(1 - x)r - Aα(1 - x)α - ...

(18)

for some appropriate r <α <r + 1. This anzats is then
inserted in (14) using (γx + δ)(γn,ox + δn,o) = 1 - Γn,o(1 - x)

+ γγn,o(1 - x)2 to obtain an equation on the coefficients
A1,...Ar. The term Aα does not mix with previous terms and
gives the following equation for α,

The limit degree distribution follows a power law in this
case,

pk ∝ k-α-1 (20)

When  for exactly some integer r ≥ 1

the last term in Eq. 18 should be replaced by (1 - x)r ln(1

- x), and the limit degree distribution decreases like k-r-1

(see red and blue "exponent" lines in Fig. 3A for α + 1 = 2,

3, 4, ...)

Note that scale-free degree distributions emerge under
successive, global network duplications only if the "old"
node copy has its links more likely duplicated than lost at
each round of global duplication (as Γo = γ + γo > 1 is
equivalent to γγo > δδo). Thus, "old" nodes statistically
keep on increasing their connectivity once they have
emerged as "new" nodes by duplication. From biological
perspective, this implies that most nodes and their sur-
rounding links are conserved throughout the evolution
process, thereby ensuring that local topologies of previous
networks remain embedded in subsequent networks.

In summary, whole genome duplication with asymmetric

divergence of duplicated proteins leads to the emergence

of two classes of PPI networks with finite asymptotic

degree distributions : i) PPI networks with an exponential

degree distribution and without protein nor topology evo-

lutionary conservation and ii) PPI networks with a scale-

free limit degree distribution and protein conservation

together with at least some local topology conservation.

All other evolution scenarios, which do not lead to finite

asymptotic degree distributions, are unlikely to model

biologically relevant cases; they correspond either to an

exponential disappearance of the whole PPI network (i.e. if

Γn + Γo < 1) or to an exponential shift of all proteins

towards higher and higher connectivities (i.e. dense

regime in Fig. 3A for ΓnΓo > 1) [47]. Hence, from a biolog-

ical perspective, evolutionary conservation and scale-free

topology of PPI networks are intrinsically linked under

genome duplication. Evolutionary conservation, which is

a fundamental property of proteins and PPI networks (see

e.g. Fig. 1) is shown to necessary lead to scale-free PPI net-

work topologies. It is, in fact, a very general and funda-

mental result that is not sensitive to variations in the

{ }( )γ i
n

∂ x
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model parameters  on the evolutionary time scale n

and also holds for duplication-divergence events at any

genomic scale from single gene to whole genome duplica-

tion (see [47]). In other words, scale-free topologies of PPI

networks appear to be a simple consequence of the evolu-

tionary conservation of PPI networks and their underlying

proteins.

Abbreviations
WGD : Whole Genome Duplication; PPI network : Pro-
tein-Protein Interaction network.

Authors' contributions
HI conceived the research, KE and HI performed the
research and wrote the paper.

Additional material

Acknowledgements
We thank U. Alon, J. Berg, M. Bornens, M. Cosentino-Lagomarsino, T. Fink, 

L. Hirschbein, R. Monasson, M. Vergassola and P. Wincker for discussion. 

This work was supported by CNRS and Institut Curie.

References
1. Li WH: Molecular Evolution Sunderland, MA: Sinauer; 1997. 
2. Ohno S: Evolution by Gene Duplication New York: Springer; 1970. 
3. Sparrow AH, Naumann AF: Evolution of genome size by DNA

doublings.  Science 1976, 192:524.
4. Wolfe KH, Shields DC: Molecular evidence for an ancient dupli-

cation of the entire yeast genome.  Nature 1997, 387:708-713.
5. McLysaght A, Hokamp K, Wolfe KH: Extensive genomic duplica-

tion during early chordate evolution.  Nat Genet 2002,
31:200-204.

6. Wong S, Butler G, Wolfe KH: Gene order evolution and pale-
opolyploidy in hemiascomycete yeasts.  Proc Natl Acad Sci USA
2002, 99:9272-9277.

7. Simillion C, Vandepoele K, Van Montagu MCE, Zabeau M, Van de Peer
Y: The hidden duplication past of Arabidopsis thaliana.  Proc
Natl Acad Sci USA 2002, 99:13627-13632.

8. Blanc G, Hokamp K, Wolfe KH: A recent polyploidy superim-
posed on older large-scale duplications in the Arabidopsis
genome.  Genome Res 2003, 13:137-144.

9. Kellis M, Birren BW, Lander ES: Proof and evolutionary analysis
of ancient genome duplication in the yeast Saccharomyces
cerevisiae.  Nature 2004, 428:617-624.

10. Dujon B, Sherman D, Fischer G, Durrens P, Casaregola S, Lafontaine
I, De Montigny J, Marck C, Neuveglise C, Talla E, Goffard N, Frangeul
L, Aigle M, Anthouard V, Babour A, Barbe V, Barnay S, Blanchin S,

Beckerich JM, Beyne E, Bleykasten C, Boisrame A, Boyer J, Cattolico
L, Confanioleri F, De Daruvar A, Despons L, Fabre E, Fairhead C,
Ferry-Dumazet H, Groppi A, Hantraye F, Hennequin C, Jauniaux N,
Joyet P, Kachouri R, Kerrest A, Koszul R, Lemaire M, Lesur I, Ma L,
Muller H, Nicaud JM, Nikolski M, Oztas S, Ozier-Kalogeropoulos O,
Pellenz S, Potier S, Richard GF, Straub ML, Suleau A, Swennen D,
Tekaia F, Wesolowski-Louvel M, Westhof E, Wirth B, Zeniou-Meyer
M, Zivanovic I, Bolotin-Fukuhara M, Thierry A, Bouchier C, Caudron
B, Scarpelli C, Gaillardin C, Weissenbach J, Wincker P, Souciet JL:
Genome evolution in yeasts.  Nature 2004, 430:35-44.

11. Jaillon O, Aury JM, Brunet F, Petit JL, Stange-Thomann N, Mauceli E,
Bouneau L, Fischer C, Ozouf-Costaz C, Bernot A, Nicaud S, Jaffe D,
Fisher S, Lutfalla G, Dossat C, Segurens B, Dasilva C, Salanoubat M,
Levy M, Boudet N, Castellano S, Anthouard V, Jubin C, Castelli V,
Katinka M, Vacherie B, Biemont C, Skalli Z, Cattolico L, Poulain J, De
Berardinis V, Cruaud C, Duprat S, Brottier P, Coutanceau JP, Gouzy
J, Parra G, Lardier G, Chapple C, McKernan KJ, McEwan P, Bosak S,
Kellis M, Volff JN, Guigo R, Zody MC, Mesirov J, Lindblad-Toh K, Bir-
ren B, Nusbaum C, Kahn D, Robinson-Rechavi M, Laudet V, Schachter
V, Quetier F, Saurin W, Scarpelli C, Wincker P, Lander ES, Weissen-
bach J, Roest Crollius H: Genome duplication in the teleost fish
Tetraodon nigroviridis reveals the early vertebrate proto-
karyotype.  Nature 2004, 431:946-957.

12. Dehal P, Boore JL: Two rounds of whole genome duplication in
the ancestral vertebrate.  PLoS Biol 2005, 3:e314.

13. Scannell DR, Byrne KP, Gordon JL, Wong S, Wolfe KH: Multiple
rounds of speciation associated with reciprocal gene loss in
polyploid yeasts.  Nature 2006, 440:341-345.

14. Doolittle RF: The multiplicity of domains in proteins.  Annu Rev
Biochem 1995, 64:287-314.

15. Riley M, Labedan B: Protein evolution viewed throughE.coli
protein sequences: introducing the notion of a structural
segment of homology, the module.  J Mol Biol 1997,
268:857-868.

16. Tatusov RL, Koonin EV, Lipman DJ: A genomic perspectiveon
protein families.  Science 1997, 278:631-637.

17. Koonin EV, Aravind L, Kondrashov AS: The impact of compara-
tive genomics on our understanding of evolution.  Cell 2000,
101:573-576.

18. Apic G, Gough J, Teichmann SA: Domain combinations in
archaeal, eubacterial and eukaryotic proteomes.  J Mol Biol
2001, 310:311-325.

19. Orengo CA, Thornton JM: Protein families and their evolution-
a structural perspective.  Annual Rev Biochem 2005, 74:867-900.

20. Bornberg-Bauer E, Beaussart F, Kummerfeld SK, Teichmann SA,
Weiner J III: The evolution of domain arrangements in pro-
teins and interaction networks.  Cell Mol Life Sci 2005,
62:435-445.

21. Lynch M, Force A: Gene duplication and the origin of interspe-
cific genomic incompatibility.  Am Nat 2000, 156:590-605.

22. Adams KL, Wendel JF: Polyploidy and genome evolution in
plants.  Current Opinion in Plant Biology 2005, 8:135-141.

23. Tuskan GA, DiFazio S, Jansson S, Bohlmann J, Grigoriev I, Hellsten U,
Putnam N, Ralph S, Rombauts S, Salamov A, Schein J, Sterck L, Aerts
A, Bhalerao RR, Bhalerao RP, Blaudez D, Boerjan W, Brun A, Brunner
A, Busov V, Campbell M, Carlson J, Chalot M, Chapman J, Chen GL,
Cooper D, Coutinho PM, Couturier J, Covert S, Cronk Q, Cunning-
ham R, Davis J, Degroeve S, Déjardin A, dePamphilis C, Detter J,
Dirks B, Dubchak I, Duplessis S, Ehlting J, Ellis B, Gendler K, Good-
stein D, Gribskov M, Grimwood J, Groover A, Gunter L, Hamberger
B, Heinze B, Helariutta Y, Henrissat B, Holligan D, Holt R, Huang W,
Islam-Faridi N, Jones S, Jones-Rhoades M, Jorgensen R, Joshi C, Kan-
gasjärvi J, Karlsson J, Kelleher C, Kirkpatrick R, Kirst M, Kohler A,
Kalluri U, Larimer F, Leebens-Mack J, Leplé JC, Locascio P, Lou Y,
Lucas S, Martin F, Montanini B, Napoli C, Nelson DR, Nelson C,
Nieminen K, Nilsson O, Pereda V, Peter G, Philippe R, Pilate G, Polia-
kov A, Razumovskaya J, Richardson P, Rinaldi C, Ritland K, Rouzé P,
Ryaboy D, Schmutz J, Schrader J, Segerman B, Shin H, Siddiqui A,
Sterky F, Terry A, Tsai CJ, Uberbacher E, Unneberg P, Vahala J, Wall
K, Wessler S, Yang G, Yin T, Douglas C, Marra M, Sandberg G, de
Peer YV, Rokhsar D: The Genome of Black Cottonwood, Pop-
ulus trichocarpa (Torr. & Gray).  Science 2006, 313:1596-1604.

24. Panopoulou G, Hennig S, Groth D, Krause A, Poustka AJ, Herwig R,
Vingron M, Lehrach H: New evidence for genome-wide duplica-
tions at the origin of vertebrates using an amphioxus gene

Additional File 1

Supporting Information (6 pages). I. Model of PPI network evolution 

under WGD with symmetric divergence and link "complementation". II. 

Proof of Functional Recurrences (Eq. 8 and Eq. S1). III. Gene function-

alization patterns in different models of PPI network evolution under 

WGD. IV. Statistical weighting of indirect interactions from protein com-

plexes. V. Evolution of PPI networks including self-interacting proteins 

under WGD.

Click here for file

[http://www.biomedcentral.com/content/supplementary/1752-

0509-1-49-S1.pdf]

{ }( )γ i
n

http://www.biomedcentral.com/content/supplementary/1752-0509-1-49-S1.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1257789
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1257789
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9192896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9192896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12093907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12093907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12374856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12566392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12566392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12566392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15004568
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15004568
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15004568
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15229592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15229592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15496914
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15496914
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15496914
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16128622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16128622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16541074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16541074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16541074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7574483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9180377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9180377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9180377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9381173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9381173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10892642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10892642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11428892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11428892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15719170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15719170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15752992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15752992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16973872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16973872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12799346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12799346


BMC Systems Biology 2007, 1:49 http://www.biomedcentral.com/1752-0509/1/49

Page 17 of 18

(page number not for citation purposes)

set and completed animal genomes.  Genome Res 2003,
13:1056-1566.

25. David L, Blum S, Feldman MW, Lavi U, Hillel J: Recent duplication
of the common carp (Cyprinus carpio L.) genome as
revealed by analyses of microsatellite loci.  Mol Biol Evol 2003,
20:1425-1434.

26. Gallardo MH, Gonzalez CA, Cebrian I: Molecular cytogenetics
and allotetraploidy in the red vizcacha rat, Tympanoctomys
barrerae (Rodentia, Octodontidae).  Genomics 2006,
88(2):214-221.

27. Guc-Scekic M, Milasin J, Stevanovic M, Stojanov LJ, Djordjevic M:
Tetraploidy in a 26-month-old girl (cytogenetic and molecu-
lar studies).  Clin Genet 2002, 61:62-65.

28. Gambi MC, Ramella L, Sella G, Protto P, Aldieri E: Variation in
genome size in benthic polychaetes: systematic and ecologi-
cal relationships.  Journal Marine Biological Association UK 1997,
77:1045-1057.

29. Gregory TR, Hebert PD, Kolasa J: Evolutionary implications of
the relationship between genome size and body size in flat-
worms and copepods.  Heredity 2000, 84:201-208.

30. Guo XM, Allen SK: The successful induction of tetraploidy in
the Pacific oyster Crassostrea gigas (Thunberg).  Aquaculture
1995, 137:152-153.

31. Grozeva S, Kuznetsova VG, Nokkala S: Patterns of chromosome
banding in four nabid species (Heteroptera, Cimicomorpha,
Nabidae) with high chromosome number karyotypes.  Hered-
itas 2004, 140(2):99-104.

32. Dufresne F, Hebert PDN: Polyploidy and clonal diversity in an
arctic cladoceran.  Heredity 1995, 75:45-53.

33. Aury J, Jaillon O, Duret L, Noel B, Jubin C, Porcel B, Segurens B,
Daubin V, Anthouard V, Aiach N, Arnaiz O, Billaut A, Beisson J, Blanc
I, Bouhouche K, Camara F, Duharcourt S, Guigo R, Gogendeau D,
Katinka M, Keller A, Kissmehl R, Klotz C, Koll F, Le Mouel A, Lepere
G, Malinsky S, Nowacki M, Nowak J, Plattner H, Poulain J, Ruiz F, Ser-
rano V, Zagulski M, Dessen P, Betermier M, Weissenbach J, Scarpelli
C, Schachter V, Sperling L, Meyer E, Cohen J, Wincker P: Global
trends of whole-genome duplications revealed by the ciliate
Paramecium tetraurelia.  Nature 2006, 444:171-178.

34. Grandjean V, Hauck Y, Le Derout J, Hirschbein L: Noncomple-
menting Diploids From Bacillus subtilis Protoplast Fusion:
Relationship Between Maintenance of Chromosomal Inacti-
vation and Segregation Capacity.  Genetics 1996, 144:871-881.

35. Itaya M, Tsuge K, Koizumi M, Fujita K, Kagaku M: Combining two
genomes in one cell: Stable cloning of the Synechocystis
PCC6803 genome in the Bacillus subtilis 168 genome.  Proc
Natl Acad Sci USA 2005, 102:15971-15976.

36. Vázquez A, Flammini A, Maritan A, Vespignani A: Modeling of pro-
tein interaction networks.  ComPlexUs 2003, 1:38-44.

37. Middendorf M, Ziv E, Wiggins C: Inferring network mechanisms:
the Drosophila melanogaster protein interaction network.
Proc Natl Acad Sci USA 2005, 102:3192-3198.

38. Alfarano C, Andrade CE, Anthony K, Bahroos N, Bajec M, Bantoft K,
Betel D, Bobechko B, Boutilier K, Burgess E, Buzadzija K, Cavero R,
D'Abreo C, Donaldson I, Dorairajoo D, Dumontier MJ, Dumontier
MR, Earles V, Farrall R, Feldman H, Garderman E, Gong Y, Gonzaga
R, Grytsan V, Gryz E, Gu V, Haldorsen E, Halupa A, Haw R, Hrvojic
A, Hurrell L, Isserlin R, Jack F, Juma F, Khan A, Kon T, Konopinsky S,
Le V, Lee E, Ling S, Magidin M, Moniakis J, Montojo J, Moore S, Muskat
B, Ng I, Paraiso JP, Parker B, Pintilie G, Pirone R, Salama JJ, Sgro S,
Shan T, Shu Y, Siew J, Skinner D, Snyder K, Stasiuk R, Strumpf D,
Tuekam B, Tao S, Wang Z, White M, Willis R, Wolting C, Wong S,
Wrong A, Xin C, Yao R, Yates B, Zhang S, Zheng K, Pawson T, Ouel-
lette BFF, Hogue CWV: The Biomolecular Interaction Network
Database and related tools 2005 update.  Nucleic Acids Res 2005,
33(suppl1):D418-D424.

39. Mewes HW, Frishman D, Mayer K, Münsterkötter M, Noubibou O,
Pagel P, Rattei T, Oesterheld M, Ruepp A, Stumpflen V: MIPS: anal-
ysis and annotation of proteins from whole genomes in 2005.
Nucleic Acids Res 2005, 34(suppl1):D169-D170.

40. Maslov S, Sneppen K, Eriksen KA, Yan KK: Upstream plasticity
and downstream robustness in evolution of molecular net-
works.  BMC Evol Biol 2004, 4:9.

41. Albert R, Barabási AL: Statistical Mechanics of Complex Net-
works.  Rev Mod Phys 2002, 74:47-97.

42. Barabási AL, Oltvai ZN: Network Biology.  Nat Rev Genetics 2004,
5:101-113.

43. Raval A: Some asymptotic properties of duplication graphs.
Phys Rev E Stat Nonlin Soft Matter Phys 2003, 68:066119.

44. Berg J, Lässig M, Wagner A: Structure and evolution of protein
interaction networks: a statistical model for link dynamics
and gene duplications.  BMC Evol Biol 2004, 4:51.

45. Ispolatov I, Krapivsky PL, Yuryev A: Duplication-divergence
model of protein interaction network.  Phys Rev E Stat Nonlin Soft
Matter Phys 2005, 71:061911.

46. Hartl DL: Molecular melodies in high and low C.  Nat Rev Genet
2000, 1:147.

47. Evlampiev K, Isambert H: Asymptotic Evolution of Protein-Pro-
tein Interaction Networks for General Duplication-Diver-
gence Models.  preprint 2006 [http://arxiv.org/abs/q-bio.MN/
0611070.].

48. Conant GC, Wolfe KH: Functional partitioning of yeast co-
expression networks after genome duplication.  PLoS Biol 2006,
4:e109.

49. Flajolet P, Sedgewick R: Analytic Combinatorics 2006 [Http://
algo.inria.fr/flajolet/Publications/books.html].

50. Maslov S, Sneppen K: Specificity and stability in topology of pro-
tein networks.  Science 2002, 296:910.

51. Kondrashov FA, Rogozin IB, Wolf YI, Koonin EV: Selection in the
evolution of gene duplications.  Genome Biol 2002,
3:research0008.1-research0008.9.

52. Zhang P, Gu Z, Li WH: Different evolutionary patterns
between young duplicate genes in the human genome.
Genome Biol 2003, 4:R56.

53. Conant GC, Wagner A: Asymmetric sequence divergence of
duplicate genes.  Genome Res 2003, 13:2052-2058.

54. Fares MA, Byrne KP, Wolfe KH: Rate asymmetry after genome
duplication causes substantial long-branch attraction arti-
facts in the phylogeny of Saccharomyces species.  Mol Biol Evol
2006, 23:245-253.

55. Doolittle RF: Evolutionary aspects of whole-genome biology.
Curr Opin Struct Biol 2005, 15:248-253.

56. Uetz P, Giot L, Cagney G, Mansfield T, Judson R, Knight J, Lockshon
D, Narayan V, Srinivasan M, Pochart P, Qureshi-Emili A, Li Y, Godwin
B, Conover D, Kalbfleisch T, Vijayadamodar G, Yang M, Johnston M,
Fields S, Rothberg J: A comprehensive analysis of protein-pro-
tein interactions in Saccharomyces cerevisiae.  Nature 2000,
403:623-627.

57. Dokholyan NV, Shakhnovich B, Shakhnovich EI: Expanding protein
universe and its origin from the biological Big Bang.  Proc Natl
Acad Sci USA 2002, 99:14132-14136.

58. Spirin V, Mirny LA: Protein complexes and functional modules
in molecular networks.  Proc Natl Acad Sci USA 2003,
100:12123-12128.

59. Wuchty S, Oltvai ZN, Barabási AL: Evolutionary conservation of
motif constituents in the yeast protein interaction network.
Nat Genet 2003, 35:176-179.

60. Wuchty S: Evolution and topology in the yeast protein inter-
action network.  Genome Res 2004, 14:1310-1314.

61. Vergassola M, Vespignani A, Dujon B: Cooperative evolution in
protein complexes of yeast from comparative analyses of its
interaction network.  Proteomics 2005, 5:3116-3119.

62. Hartwell LH, Hopfield JJ, Leibler S, Murray AW: From molecular
to modular cell biology.  Nature 1999, 402:C47-C51.

63. Milo R, Shen-Orr S, Itzkovitz S, Kashtan N, Chklovskii D, Alon U:
Network motifs: simple building blocks of complex net-
works.  Science 2002, 298:824.

64. Guelzim N, Bottani S, Bourgine P, Képès F: Topological and causal
structure of the yeast transcriptional regulatory Genet.
2002, 31:60-63.

65. Yeger-Lotem E, Sattath S, Kashtan N, Itzkovitz S, Milo R, Pinter RY,
Alon U, Margalit H: Network motifs in integrated cellular net-
works of transcription-regulation and protein-protein inter-
action.  Proc Natl Acad Sci USA 2004, 101:5934-5939.

66. Francois P, Hakim V: Design of genetic networks with specified
functions by evolution in silico.  Proc Natl Acad Sci USA 2004,
101:580-585.

67. Berg J, Lässig M: Local graph alignment and motif search in bio-
logical networks.  Proc Natl Acad Sci USA 2004, 101:14689-14694.

68. Prill RJ, Iglesias PA, Levchenko A: Dynamic properties of network
motifs contribute to biological network organization.  PLoS
Biol 2005, 3:e343.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12799346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12832638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12832638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12832638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16580173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16580173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16580173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11903358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11903358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11903358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10762390
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10762390
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10762390
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15061786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15061786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15061786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17086204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17086204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17086204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8913734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8913734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8913734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16236728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16236728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16236728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15728374
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15728374
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15070432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15070432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15070432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14754281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15566577
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15566577
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15566577
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16089769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16089769
http://arxiv.org/abs/q-bio.MN/0611070.
http://arxiv.org/abs/q-bio.MN/0611070.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16555924
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16555924
Http://algo.inria.fr/flajolet/Publications/books.html
Http://algo.inria.fr/flajolet/Publications/books.html
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11988575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11988575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12952535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12952535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12952876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12952876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16207937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16207937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16207937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15963888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10688190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10688190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12384571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12384571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14517352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14517352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12973352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12973352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15231746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15231746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16035114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16035114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16035114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10591225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10591225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12399590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12399590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12399590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11967534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11967534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15079056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15079056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15079056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14704282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14704282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15448202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15448202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16187794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16187794


Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 

disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:

http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

BMC Systems Biology 2007, 1:49 http://www.biomedcentral.com/1752-0509/1/49

Page 18 of 18

(page number not for citation purposes)

69. Mazurie A, Bottani S, Vergassola M: An evolutionary and func-
tional assessment of regulatory network motifs.  Genome Biol
2005, 6:R35.

70. Buchler NE, Gerland U, Hwa T: Nonlinear protein degradation
and the function of genetic circuits.  Proc Natl Acad Sci USA 2005,
102:9559-9564.

71. Gelfand MS: Evolution of transcriptional regulatory networks
in microbial genomes.  Curr Opin Struct Biol 2006, 16:420-429.

72. Birchler JA, Bhadra U, Bhadra MP, Auger DL: Dosage-dependent
gene regulation in multicellular eukaryotes: implications for
dosage compensation, aneuploid syndromes, and quantita-
tive traits.  Dev Biol 2001, 234:275-288.

73. Murzin AG, Brenner SE, Hubbard T, Chothia C: SCOP: a structural
classification of proteins database for the investigation of
sequences and structures.  J Mol Biol 1995, 247:536-540.

74. Gough J, Karplus K, Hughey R, Chothia C: Assignment of Homol-
ogy to Genome Sequences using a Library of Hidden Markov
Models that Represent all Proteins of Known Structure.  J Mol
Biol 2001, 313:903-919.

75. Gavin AC, Bosche M, Krause R, Grandi P, Marzioch M, Bauer A,
Schultz J, Rick JM, Michon AM, Cruciat CM: Functional organiza-
tion of the yeast proteome by systematic analysis of protein
complexes.  Nature 2002, 415:141-147.

76. Ho Y, Gruhler A, Heilbut A, Bader GD, Moore L, Adams SL, Millar A,
Taylor P, Bennett K, Boutilier K: Systematic identification of pro-
tein complexes in Saccharomyces cerevisiae by mass spec-
trometry.  Nature 2002, 415:180-183.

77. Gavin AC, Aloy P, Grandi P, Krause R, Boesche M, Marzioch M, Rau
C, Jensen LJ, Bastuck S, Dumpelfeld B: Proteome survey reveals
modularity of the yeast cell machinery.  Nature 2006,
440:631-636.

78. Han JD, Bertin N, Hao T, Goldberg DS, Berriz GF, Zhang LV, Dupuy
D, Walhout AJ, Cusick ME, Roth FP, Vidal M: Evidence for dynam-
ically organized modularity in the yeast protein-protein
interaction network.  Nature 2004, 430(6995):88-93.

79. Kim PM, Lu LJ, Xia Y, Gerstein MB: Relating three-dimensional
structures to protein networks provides evolutionary
insights.  Science 2006, 314(5807):1938-1941.

80. Wolf YI, Brenner SE, Bash PA, Koonin EV: Distribution of protein
folds in the three superkingdoms of life.  Genome Res 1999,
9:17-26.

81. Ekman D, Bjorklund AK, Frey-Skott J, Elofsson A: Multi-domain
proteins in the three kingdoms of life: orphan domains and
other unassigned regions.  J Mol Biol 2005, 348:231-243.

82. Ispolatov I, Yuryev A, Mazo I, Maslov S: Binding properties and
evolution of homodimers in protein-protein interaction net-
works.  Nucleic Acids Res 2005, 33:3629-3635.

83. Kim WK, Henschel A, Winter C, Schroeder M: The Many Faces of
Protein-Protein Interactions: A Compendium of Interface
Geometry.  PLoS Comput Biol 2006, 2(9):e124.

84. Monod J: Le hazard et la nécessité Seuil 1970.
85. Fraser HB, Wall DP, Hirsh AE: A simple dependence between

protein evolution rate and the number of protein-protein
interactions.  BMC Evol Biol 2003, 3:11.

86. Papp B, Pál C, Hurst LD: Dosage sensitivity and the evolution of
gene families in yeast.  Nature 2003, 424:194-197.

87. Maere S, De Bodt S, Raes J, Casneuf T, Van Montagu M, Kuiper M, Van
de Peer Y: Modeling gene and genome duplications in eukary-
otes.  Proc Natl Acad Sci USA 2005, 102:5454-5459.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15833122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15833122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15972813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15972813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16650982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16650982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11396999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11396999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11396999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7723011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7723011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7723011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11697912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11697912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11697912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11805826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11805826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11805826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11805837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11805837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11805837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16429126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16429126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15190252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15190252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15190252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17185604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17185604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17185604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9927481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9927481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15808866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15808866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15808866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15983135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15983135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15983135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17009862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17009862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17009862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12769820
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12769820
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12769820
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15800040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15800040
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/


Modeling protein network evolution under genome
duplication and domain shuffling

Kirill Evlampiev and Hervé Isambert∗
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SUPPORTING INFORMATION

I. Model of PPI network evolution under WGD with symmetric divergence and link “com-
plementation”

An alternative model of interest is the so-called “duplication-mutation-complementation” model initially proposed
in the context of protein network evolution through successive local duplications [1, 2]. This model can be easily
adapted to the context of PPI network evolution through whole genome duplication, Fig. S1. After each global
duplication step, the probability to keep an instance of each interaction is now distributed randomly over the four
equivalent links without reference to particular protein duplicates, unlike in the main text model, Fig. 2. The
complementation step (which ensures that at least one instance of each previous link is retained) can be enforced
here through the “old” link copy (γo = 1) with γn corresponding to the “new” interaction sharing no node with
γo, while γ still pertains to the last two equivalent cross links. This model is thus effectively symmetric from the
protein point of view and readily yields the following recurrence for the generating function of the network degree
distribution.

F (n+1)(x) = 2F (n)
(

(γx+δ)(γex+δe)
)

, (1)

where γe = (γn +γo)/2 and δe = (δn +δo)/2 are effective average probabilities to retain or delete old and new
links (see below for proof details). Hence, the model of PPI network evolution with link complementation is
in fact equivalent to the case of a symmetric divergence of duplicated proteins in the previous general model.
Such symmetric divergence of duplicated proteins yields either a stationary, non-conserved exponential regime
(Γn + Γo < 2, Fig. 3A) or a non-stationary dense regime [3] (Γn + Γo > 2, Fig. 3A).
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Figure S1. Alternative Model of PPI network evolution through whole genome duplication with symmetric divergence of

duplicated proteins and random link “complementation” [1, 2].

Hence, the “duplication-mutation-complementation” model cannot lead to evolutionary conserved PPI networks
with scale-free topology, in the context of whole genome duplication evolution, by contrast to the same model applied
to local duplication with time-linear evolution [1, 2].
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II. Proof of Functional Recurrences (Eq. 8 and Eq. S1)

After each whole genome duplication, each node has at most doubled its number of neighbors counted through
powers of x in the generating function. Hence, a given PPI network realization with Nk nodes of connectivity k
(k ≥ 0) will contribute to the next duplicated ensemble of PPI networks as,

Nkxk → Nkx2k (2)

After link deletion with probability δ or δi = δo, δn, it contributes to the xm terms of the generating function (with
m = 0, . . . , 2k) as,

Nkx2k → Nk

(

k
∑

ℓ=0

(

k
ℓ

)

(γx)ℓδk−ℓ

) (

k
∑

ℓ=0

(

k
ℓ

)

(γix)ℓδk−ℓ
i

)

= Nk

(

(γx + δ)(γix + δi)
)k

(3)

for the asymmetric divergence model (Fig. 2, Eq. 8, main text) and as,

Nkx2k → Nk

(

k
∑

ℓ=0

( k
ℓ

)

(γx)ℓδk−ℓ

)





k
∑

j=0

( k
j

)

(

j
∑

ℓo=0

1

2j

( j
ℓo

)

(γox)ℓoδj−ℓo
o

)(

k−j
∑

ℓn=0

1

2k−j

( k − j
ℓn

)

(γnx)ℓnδk−j−ℓn
n

)





→ Nk

(

(γx + δ)(γex + δe)
)k

(4)

with γe = (γo + γn)/2 and δe = (δo + δn)/2 for the symmetric divergence model with link “complementation” [1,2]
(Fig. S1, Eq. S1).

III. Gene functionalization patterns in different models of PPI network evolution under
WGD

The initial model depicted on Fig. 2 with asymmetric divergence of duplicated proteins leads typically to “neofunc-
tionalization” of “new” duplicates, while “old” duplicates retain most initial interactions (if not all for γo = 1).

By contrast, the alternative model depicted on Fig. S1 with symmetric divergence of duplicated proteins and
random link “complementation” [1, 2] leads typically to random “subfunctionalization” between protein duplicates
at the level of individual interactions. However, this eventually leads to exponential degree distributions with no
topology conservation of the PPI network (see above), whereas scale-free degree distributions with at least local
topology conservation of the PPI network indeed emerge under the initial asymmetric model, Fig. 2.

Yet, as discussed in the main text, the necessary asymmetric divergence of protein duplicates occurs “spon-
taneously” at the level of protein-binding sites rather than of the entire (multi-domain) proteins, as assumed in
Fig. 2. This motivates the redefinition of the initial model in terms of protein-binding domains (Fig. 4A) to capture
the asymmetric divergence of protein duplicates at the level of protein-binding sites and allow, at the same time,
for extensive domain shuffling events of multidomain proteins (see main text).

This more elaborate model of PPI network evolution by whole genome duplication and domain shuffling encom-
passes both “neofunctionalization” and “subfunctionalization” of gene duplicates at the level of protein domains,
in agreement with the suggestion that gene/protein evolution should be analyzed in terms of domains rather than
entire proteins [4–10]. In addition, this combined model of PPI network evolution also provides a theoretical
framework to describe the evolution of the “combinatorial logic” behind indirect interactions within multi-protein
complexes (see Fig. 4A and main text).

IV. Statistical weighting of indirect interactions from protein complexes

We use a statistical implemention of the “combinatorial logic” underlying indirect protein interactions. Indirect
interactions between protein pairs are weighted by the product of binding site “availabilities” along the shortest
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weighted path of intermediate direct interactions connecting them. The “availability” ai of a binding site i is
defined as the relative expression level (ei) with respect to its first neighbor binding partners j of connectivity dj ,

ai =
ei

ei +
∑

j∈〈i〉 ej/dj

< 1 (5)

Where expression level ej can be distributed with specific statistics, such as randomly, uniformly or according to
characteristic power laws, as reported experimentally [11–15]. Yet, in practice, we found that the predicted large
scale topological features of PPI networks depend only weakly on the specific distribution of expression levels (for
reasonable distribution range).

The statistical probability of an (intermediate) direct interaction between domains i and j is then proportional to
aiaj , which we use in a Dijkstra-like algorithm [16] for additive distance minimization assigning d◦ij = − ln(aiaj) > 0
weights between interacting domains i and j. Because of the presence of both covalent peptide bonds and direct,
noncovalent interactions between protein domains (Fig. 4A), indirect protein-protein interactions correspond to
alternating paths of noncovalent and covalent interactions with no successive noncovalent interactions which are
forbidden by the shared binding site constraint (i.e. a binding site can only interact with one binding partner
at a time). We describe below an algorithm which performs a simultaneous minimization for paths starting with
a covalent bond (cij) and paths starting with a direct, noncovalent interaction (dij). (An additional variable for
second node vij on the path is also needed to avoid non-physical “covalent loops”.)

The initialization of distances between protein domains is:

c◦ij = Max, v◦
ij = j for all (i, j) pairs, and

δij = d◦ij =− ln(aiaj) for direct, noncovalent interactions,

δij = 0, d◦ij = Max for covalent bonds,

δij = d◦ij = Max otherwise.

We then iterate until convergence (after N2× (longest path) operations):

d′ij = min
(

dij , min
k∈〈i〉d

(δik + ckj)
)

c′ij = min
(

cij , min
k∈〈i〉c,vkj 6=i

(δik + min(dkj , ckj))
)

v′
ij = {k ∈ 〈i〉c | vkj 6= i, min(δik + min(dkj , ckj))}

and remove eventually the minimum paths starting with a covalent bond (to avoid double counting of indirect
interactions for multidomain proteins below):

dij = Max if dij ≥ min(cij , cji) (6)

Hence, the probabilities to observe a single indirect interactions within protein complexes is given by:

wij = 0 if dij = Max

wij = β exp(−dij) otherwise,

with the normalization condition Σi<jwij = 1, which gives 1/β = Σi<j exp(−dij).
wij is thus the normalized product of availabilities ak along the shortest weighted path between i and j.

Finally, the individual probabilities pij to observe a total of M indirect interactions within protein complexes are
given by:

pij = 1 − (1 − wij)
n (7)

where n is solution of Σi<jpij = M .

Given the number M of indirect interactions in various data sets [17–19], we have assessed their expected contri-
bution to the large scale topology of Yeast PPI network from the two-parameter γ−λ model described in the main
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text. M ≃ 28, 000 corresponds to the sum of about 9, 000 direct physical interactions from the BIND database [20]
(Fig. 3B&C filled symbols) and about 19, 000 “matrix” interactions from [17,18] between 2, 100 proteins already in-
volved in direct physical interactions (out of 4, 576 proteins in the BIND database, Fig. 4C filled symbols). “Matrix”
interactions from [19] (Fig. 4C open symbols) are “reconstructed” from supplementary information files of [19] as
follows: “matrix” interactions are included for (each complex core)×(each associated “module”) and (each complex
core)×(each associated “attachment” = one protein). This reconstructed dataset should therefore be considered
as incomplete, since “matrix” interactions between compatible modules and/or attachments associated to a given
core are not taken into account (information not given in [19]).

Numerical fits (γ = 0.1, λ = 0.3) are displayed on Fig. 4C (for direct and indirect interactions) for both connectiv-
ity distribution (green) and average connectivity of first neighbors (blue). They corresponds to the same adjusted
values (γ = 0.1, λ = 0.3) as in Fig. 4B (for direct interactions only).

V. Evolution of PPI networks including self-interacting proteins under WGD

The possibility of protein homo-oligomerization can be explicitly taken into account by introducing 2 types of nodes
corresponding respectively to i) self-interacting proteins with self-link loops and ii) non-self-interacting proteins
without self-link loops, Fig. S2. Available data on PPI networks reveals that about 10 to 15% of interacting proteins
are self-interacting [20]. In principle, the detailed evolution of PPI network conservation and topology is affected by
self-link loops which provide a source of duplication-derived de novo interactions between “old” and “new” copies of
duplicated self-interacting proteins. We introduce three new evolutionary parameters, µo, µn and µ, corresponding,
respectively, to the probability to conserve the self-link interaction of an “old” or a “new” duplicated gene or the
duplication-derived de novo interaction between them, Fig. S2.
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Figure S2. Model of PPI network evolution through whole genome duplication with asymmetric divergence of duplicated

proteins and including self-link interactions.

From a theoretical perspective, we now have to solve two coupled functional recurrences for the generating

functions, F
(n)
ℓ (x) and F

(n)
nℓ (x), respectively, with and without self-link loops. The global generation function

including all network nodes is then simply F (n)(x) = F
(n)
ℓ (x) + F

(n)
nℓ (x). Hence, we have,

• Generating function WGD recurrence for the self-link loops, F
(n)
ℓ (x):

F
(n+1)
ℓ (x) =

(

µx + 1 − µ
)

[

µoF
(n)
ℓ

(

Ao(x)
)

+ µnF
(n)
ℓ

(

An(x)
)

]

, (8)

where µo, µn and µ correspond to the selection rates of the loop derived interactions as depicted in Fig. S2 and
Ao(x) = (γox+δo)(γx+δ) and An(x) = (γnx+δn)(γx+δ), as in the main text, with γo, γn and γ (resp. δi = 1−γi)
corresponding to the selection (resp. deletion) rates of the non-loop derived interactions as depicted in Fig. S2.
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• Generating function WGD recurrence without self-link loops, F
(n)
nℓ (x):

F
(n+1)
nℓ (x) =

[

F
(n)
nℓ

(

Ao(x)
)

+ F
(n)
nℓ

(

An(x)
)

]

+
(

µx + 1 − µ
)

[

(1 − µo)F
(n)
ℓ

(

Ao(x)
)

+ (1 − µn)F
(n)
ℓ

(

An(x)
)

]

(9)

with the same notations.

• And the global generating function including all network nodes, F (n)(x) = F
(n)
ℓ (x) + F

(n)
nℓ (x):

F (n+1)(x) =
[

F (n)
(

Ao(x)
)

+ F (n)
(

An(x)
)

]

+ µ(x − 1)
[

F
(n)
ℓ

(

Ao(x)
)

+ F
(n)
ℓ

(

An(x)
)

]

(10)

Note, in particular, that,

- i) the evolution of self-link loops, F
(n)
ℓ (x), is not coupled to non-self-interacting proteins, F

(n)
nℓ (x), while the global

network evolution, F (n)(x), is coupled to self-link loops, F
(n)
ℓ (x), if and only if µ 6= 0.

- ii) the existence of self-link loops in the PPI network does not affect the arguments of any generating functions,
leading instead to self-link-dependent prefactors in all three generating function recurrences. This implies that the
leading term of successive derivatives at x = 1 of these generating functions involve successive powers of Γo and
Γn, as Γk

o and Γk
n, where Γo,n = ∂xAo,n|x=1.

Hence, applying the same asymptotic method approach as above readily yields the following asymptotic regimes
for i) self-interacting proteins and ii) global PPI network,

• i) we always have ∆ℓ = µo +µn, for the exponential growth rate of the number of self-link loops, and for scale-free
conserved regime, Γo > 1 > Γn, ∆ℓ = µo + µn = µoΓ

αℓ
o + µnΓαℓ

n , which defines the power law exponent, αℓ, for the
limit degree distribution of self-interacting proteins, pℓk ∝ k−αℓ−1, k ≫ 1.

• ii) there are two cases for the global network topology in the linear regimes (i.e. with same growth rates in terms
of node or link numbers):

1- If ∆ℓ = µo+µn < Γo+Γn = ∆ = Γα
o +Γα

n , then the network growth rate ∆ is dominated by non-self-interacting
proteins, which implies a negligeable effect of self-link loops and no changes from the paper conclusions, in particular
α = αnℓ, corresponding to the scale-free exponent without self-link loops defined as Γo + Γn = Γαnℓ

o + Γαnℓ
n , as in

main text.

2- or else ∆ℓ = µo +µn = ∆ = Γα
o +Γα

n > Γo +Γn = Γαnℓ
o +Γαnℓ

n , then the network growth rate ∆ is dominated
by self-interacting proteins, which implies some non negligeable effects of self-link loops but actually no changes
from the paper main conclusions on network conservation and topological regimes, except for the precise value of
the power law exponent α in scale-free regimes, which increases from α = αnℓ to αnℓ < α < αℓ. Note, however,
that self-interacting proteins exhibit a larger connectivity exponent αℓ than the global PPI network, α < αℓ.

Hence, overall, the general conservation and topological properties of PPI networks is actually little affected by
the presence of self-link loops, in the asymptotic limits of large PPI networks and large node degrees. As can be seen
from the above argument, this is because conservation and topological properties of PPI networks are controlled by
the exponential increase of their node degrees, k → k × Γo,n, while the contribution of de novo interactions arising
from duplicated self-interacting proteins can at most lead to a linear increase of node degrees, with a maximum
increment of +1 link per duplication event and protein. Thus, although an abundance of self-interacting proteins
can significantly affect the evolution of low connectivity proteins, it cannot lead to a change of topological regimes
for the highly connected nodes of the PPI networks (e.g. from exponential to scale-free node degree distribution
or vice versa). Hence, to a first approximation, self-interacting proteins can be simply ignored to establish the
asymptotic conservation and topology regimes of PPI network evolution, as we have done in the main text. Note,
however, that self-link loops might still be important for the evolution of certain network motifs whose initial
emergence might precisely depend on the presence of self-interacting proteins (e.g. the triangle motif unless one
triangle at least is already present in the initial network).
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