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Abstract—Most biological functions are presented through
protein–protein interaction (PPI) networks. PPI networks
show the complex protein-protein interaction relationship
within the organism. The generation or destruction of these
interaction may lead to changes in biological functions. The
latest research results show that the interaction network of
species with a higher degree of evolution has higher
resilience. Here we explore the resilience changes of a single
species during its evolution. We obtain data from public and
published websites SNAP. We have proved that no matter
what the network structure is, whether it is large or small,
when the network fault gradually increases, the resilience
gradually decreases. This also indicates that the network
with the greatest resilience has a higher degree of evolution.
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I. INTRODUCTION
The study of life diversity has a long history and a

large number of systematic studies have proved that DNA
sequence data at the genomic level is constantly evolving
[1]. The evolution of DNA and amino acid sequences may
rewrite a large number of protein-protein interactions, and
generate or destroy the ability of protein interaction
networks to express biological functions [2]. On the other
hand, organisms adapt to changing environments by
adjusting their phenotypes [3], which is also an important
source of biodiversity. And most of the phenotypes are the
result of interactions between multiple biomolecules and
their interactions with the environment.

Therefore, it is necessary to study how the evolution of
protein-protein interaction network in a specific organism
towards a more adaptive environment. Protein-protein
interaction (PPI) network has become an important tool for
research; Usually, each node in the network represents a
protein, and an edge between two points represents the
interaction relationship between them[4].

PPI networks represent complex intracellular protein
interactions, and the presence or absence of interactions
can lead to biological changes in organisms. In general, not
only the mutation of proteins will lead to the deletion of
nodes, but also environmental factors or the availability of
resources will lead to the destruction of interaction
networks. The resulted protein networks decomposition
can fundamentally affect the exchange of biological
information between proteins in cells.

This paper focuses on the bacterial interaction
networks and researches the changes of network resilience
when the protein network fails.We construct the node

damage model of the protein network to research the
change of the resilience when the network fails, and then
analyze the change trend of the network resilience in the
evolution process.

II. MATERIALS AND METHODS

A. Data sources
The protein interaction networks were obtained from

the data published by Zitnik et al [5]. The full interaction
networks can be obtained from their website SNAP
(http://snap.stanford.edu/tree-of-life/). The protein-protein
interaction data includes experimentally supported
interactions and human expert-curated interactions rather
than computational predictions.

B. Network resilience
Zitnik et al. formally defined network resilience. As an

important measure of the topological characteristics of
protein networks, network resilience measures the ability
of the network to maintain its topological connectivity and
measures the anti-interference ability of the network
indirectly (the main form of 'interference' is the deletion of
network nodes or edges). It measures the speed at which a
interaction network crashes when nodes are removed.
Zitnik et al. researched the evolution of PPI networks in
the whole life tree. The result indicates that the network
resilience of biological networks is gradually enhanced in
the process of evolution. The greater the network resilience,
the stronger the ability of organisms to adapt to the
environment.
A interaction network is represented by an undirected

graph G(V, E) where G contains N nodes,
 vvv NV ,...,, 21 ,connected by M links,   VE vvvv jj

 ,, ii

.

In the original network G, there is a path between any two
nodes vi and vj. Network resilience is an information
theory analysis based on its size, scale and quantity of the
connecting components in the network.

When the network is damaged, the connectivity of
some nodes in the network G is destroyed. If nodes vx and
vy are separated in different sub networks Gx and Gy, in
other words, there is no path to connect vx and vy. These
sub networks Gx and Gy are called the connected
components of G. The connected components divide G
into multiple parts, and the nodes inside the connected
component are connected to each other. If vz has no
connection with other nodes in G, vz is an isolated node.
The more a interaction network is damaged, the more
isolated nodes will be appear in it.
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The improved Shannon diversity was used to calculate
the diversity of components as
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It is the entropy of K connected components in G，N
is the total number of nodes in the network, pi=|Ci|/N is the
proportion of the number of nodes in the component Ci to
the number of nodes in G.

The resilience R of G is then defined as follows:
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It is caculated by the accumulation of improved
Shannon diversity when f ranges from 0 to 1.

III. RESULT
The recent researches focus on the network resilienec

and the evolutionary relationship of species in the life tree.
Maddamsetti computed Lenski’s long-term evolution
experiment data with Escherichia coli, and discovered that
the evolved PPI networks are more resilient than expected
by chance [6].
We study the changes of network resilience when the

network is damaged by various failure rates. Generally, if
the faulty protein network consists of a majority of large
components and a few small components, it is considered
that the network has great resilience. On the contrary, if
the protein network is divided into many small compone-
nts, the network resilience is considered to be low.
Here, network failure is achieved by removing different

numbers of nodes, which represent attacks or general node
failures. When network nodes are damaged, the edges
connected to the nodes will be removed.
We use failure rates r to indicate the degree of network

damage. The value range of r is 0%, 1%, 2%, and 100%.
When r equals 0, it means that the network is connected
without damage. When r equals 1%, it indicates that 1% of
nodes in the network are damaged and will be removed
from the network.By analogy, when r equals 100%, it
means that all nodes in the interactome are damaged and
the network does not contain any nodes.
When computing the network failure rate r, randomly

remove r×N nodes, and the number of nodes in the
network become N-r×N. Then calculate the resilience of
the remaining network. Since the resilience is the rate of
network fragmentation calculated by randomly removing
nodes, the elastic value is not a constant value. Repeat the
calculation for 100 times, that is, for each network failure
rate, 100 resilience will be obtained. The 100 resilience of
each failure rate r are plotted in the figure, and the
resilience of all possible failure rate of r are marked from
0%, 1%, 2%,..., 100%. Then we can get the resilience
curve. The curve composed of resilience under all failure
rate is called resilience curve.
We focus on PPI networks for three species: Treponema

pallidum, Bacillus subtilis 168 and Burkholderia
pseudomallei， and draw the resilience curve (Fig.1). In
the process of node removal, the resilience decreases
gradually and monotonically until 0.

Figure 1. Resilience change curve. The abscissa is the
network failure rate p(0%-100%), and the ordinate is the
resilience. Draw all resilience values in the figure with
scattered points and fit them into straight lines.

In order to put these results in a better context, we
performed a survey of resilience of all bacterial species
mentioned in Zitnik pape，and calculated the falling slope
of each resilience curve, then used violin chart to count
data range (Fig. 2). The slopes of bacteria’s resilience
curves are mostly between 0.9 and 1.0. When the network
failure increases from 0% to 100% gradually, the network
resilience decreases significantly. In general, a higher
negative slope indicates that deleting nodes produces lower
resilience.

Figure 2. Violin statistics on elastic change curvature. We
calculated the slopes of the resilience curves of all
common bacteria in zitnik's paper and depicted them with
a violin plot.

IV. CONCLUSION
In order to study the changing trend of the resilience of

PPI networks in evolution, we systematically calculated
the resilience of PPI networks of all bacteria in Zitnik's
paper when networks are damaged over all possible
failure. We discovered that there exist trends of
decreasing resilience in interaction networks when all
bacteria encountered network failure. In general, no
matter the size of the network, the resilience is gradually
reduced when the network suffers from a gradual increase
failure. This finding also indicates that the structure of PPI
network is formed by evolving towards the direction of
increasing resilience, in other words, the evolution
enhances the resilience of protein interaction networks.
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