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Abstract

Cytoscape is a software environment for integrated models of biomolec-

ular interaction networks. It is developed and continually developing as

an open source software project and offers an graphical user interface

(GUI) for network modeling. This Java-based framework can visualize

and integrate protein-protein, protein-DNA and genetic interactions with

high-throughput expression data and molecular state information. With

the help of Cytoscape and its plugins a researcher can e.g. identifying

functional subnetworks in large-scale datasets. The cell interactomics

can be visualized. Additionally, the produced images with Cytoscape

are high quality and can be used in scientific papers. This article gives an

overview of the tool and its plugins. This writing is not a manual or de-

tailed user tutorial, because these can be found in the Cytoscape website

(www.cytoscape.org), where also Cytoscape itself is downloadable.

1 Introduction

If we want to develop predictive biology - e.g. in genomics, proteomics or

metabolomics and further on in medical and physiological understanding - one

important principle is that in most cases it is not individual genes but rather bi-

ological pathways and networks that are responsible of the wide diversity of an

organism’s response or its phenotype [Quackenbush, 2007]. We must develop

tools to understand the structures of the networks and the rules that govern

the interactions between elements in a biological system. Biological knowl-

edge integration and analysis from biodatabases lead to better interpretation
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of experimental data of genomic and proteomic assays. It’s easy to understand

the importance of finding ’common languages’ in integration. We need data

representation methods and standards [Brazma et all, 2006]. Visualization of

numerically non-intuitive or vast data is one natural way, which humans can

easily interpret.

Nowadays high-throughput technologies and biodatabases provide us with

increasing amount of genomic and proteomic data. A wide variety of differ-

ent analysis tools are available for extracting knowledge out of that large-scale

data. An individual scientist may, though, need some programing or other ad-

ditional skills to use those tools or software packages. Furthermore, some useful

tools are commercial, and academic researchers can’t afford them. Especially

visualization and appropriate partitioning/integration of the large-scale data

give insight to the modeling of biological systems. This is particularly true for

interaction networks which are fundamental in the understanding of cellular pro-

cesses. Cytoscape [Shannon et all, 2003] is an easy-to-use platform for visual-

ization biomolecular interaction networks. These interactions can be integrated

with gene expression profiles and other functional genomics data. Cytoscape

supports the development of plugin tools that extends the core functionality.

Cytoscape was originally designed by Dr. Trey Ideker (Department of Bioengi-

neering, University of California at San Diego, USA) in 1999 and made public

in July, 2002. The methods presented in Ideker et all [Ideker et all, 2002] paper

’Discovering regulatory and signaling circuits in molecular interaction networks’

are, also, implemented in Cytoscape. Cytoscape is now jointly developed with

several groups and researchers.

In the next chapter I describe the requirements and basic utilities of Cy-

toscape. Following these I provide the short description of the plugin capa-

bilities. In the subsequent chapters I give a more detailed picture of some of

these useful plugin-features. At the end I present some of my own comments

and a summary. All along the way I’m not intended to give user instructions

- I try to sketch a picture how computer visualizing and analyzing tools used

in comparative network analysis help us to create more understanding of the

molecular mechanism in the cell. The reader can, in addition to my sketch, use

different knowledge colors of his and hers own for a more detailed painting. By

modeling cellular networks we get hypothesises which can then further on be

tested in wet-lab experiments.
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2 Requirements and basics

Cytoscape is a Java application that runs on Linux, Windows or Mac OS X

and it’s developed under the GNU LGPL (Lesser General Public License). Cy-

toscape is a stand-alone-tool but offers an open plugin-architecture, allowing

anyone to add functionality by writing one. Plugin licenses are individual, but

mostly free to use at least for academic purposes. Cytoscape requires Java ver-

sion 1.5.0. Java and Cytoscape are freely downloadable and both installations

are easy. Both platforms offer detailed tutorials for getting started

(java.sun.com/docs/books/tutorial, www.cytoscape.org/tut/tutorial.php).

Not much is required using the tools. For developing new features Java and

Cytoscape offers great APIs (Application Program Interface) with

HTML-documentations.

Also additional documentation for plugin writers is available in Cytoscape

website. The source code of plugins can be available, but the policy is that it is

not required. A developer needs only to provide other user with jar-file of the

plugin. The jar-file needs then to be put in the plugin-folder of Cytoscape-files

and it can then be used.

Also from CSC’s (the Finnish IT center for science) website

(www.csc.fi), we can find useful material, slides, exercises and videos, when we

familiarize ourself with Cytoscape.

2.1 Core features

The central organizing metaphor of Cytoscape is a network graph

[Shannon et all, 2003]. Molecular species represented as nodes and molecular

interactions represented as links/edges between those nodes. Core software

components offer basic functionality for integrating arbitrary data on the graph

and visual representation of that. Data are integrated with the graph model

using attributes. Name value pairs map node or edge names to specific data

values. Functionality includes methods for graph layout and setting visual prop-

erties according to node or edge attributes. One can also customize network

data and display those by using different visual styles. Cytoscape supports

several automated network layout algorithms, e.g. spring-embedder-layout. Se-

lectively displaying subset of large interaction network can make graph more

comprehensive. There are also selection and filtering tools, such as a differ-

ential expression filter by expression data values. In the figure 1 we can see
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basic functionality alternatives in the menu bars and in the panel layout. These

are adjustable and many attributes can be determined by the user. From the

menu additional tools are available. Cytoscape basics are related to visual-

Figure 1: GUI of Cytoscape

ization but when used with its plugins Cytoscape can be used to analyzing

purposes as well. Integrating network data with other data e.g. expression data

[Schlitt and Brazma, 2006] and Gene Ontology annotations (e.g. using BiNGO,

a Cytoscape-plugin [Maere, 2005] ) is great advantage in analysis.

2.2 Biological network and expression data

Getting interactions from public databases is the self evident feature, which

a tool like this ought to have. Protein protein interactions from BIND and

TRANSFAC databases are suitable for Cytoscape. Functional annotations from

Gene Ontology (GO) and KEGG databases can be used with Cytoscape. Bi-

ological models represented with Systems Biology Markup Language (SBML),

BioPAX, PSI-MI, delimited text or Excel-files can be used. The other way

round, some other tool export Cytoscape compatible formats, e.g BRM (The
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Bioinformatics Resource Manager, [Shah, 2007]) and iArray (Integrative Array

Analyser, [Pan et all, 2006]). These were examples - more accurate data for-

mat compatibility can be found in the Cytoscape site and few examples comes

further in this article.

A quite comprehensive general (not just Cytoscape) data format and stan-

dards review recently published can be found in [Brazma et all, 2006], many of

the acronyms mentioned here comes more understandable reading it.

One example of integrated network-genetic data usage in Cytoscape is fol-

lowing: Users may select nodes involved in a threshold number of interactions,

nodes that share a particular GO annotation, or nodes whose gene expression

levels change significantly in one or more conditions according to p-values loaded

with the gene expression data.

3 Plugins

The before mentioned plugins add variety of visual, data format and algorithmic

capabilities. Plugins are separate works which use Cytoscape as a Java code li-

brary. Ideker et all [Ideker et all, 2002] used Cytoscape with plugin, now named

jActiveModules, for discovering regulatory and signaling circuit in molecular in-

teraction networks in 2002. So, the plugin-idea was there from the beginning.

This particular plugin identify significant active subnetworks.

Today there are 38 plugins available in the Cytoscape website

(www.cytoscape.org/plugins2.php). These are divided to five categories: anal-

ysis, network and attribute I/O, network inference, functional enrichment and

communication/scripting plugins. And they are used for analyzing existing net-

works, importing networks and attributes in different file formats, inferring new

networks, functional enrichment of networks and communicating with or script-

ing Cytoscape, respectively.

For instance, interfaces for other programming languages are provided by a

plugin, called CytoTalk, which runs a simple internal XML-RPC server from

within Cytoscape that allows the current network and its various attributes to

be manipulated from an external process that is XML-RPC capable. So inter-

action with Cytoscape from Perl, Python, R, shell scripts, C or C++ programs

or external Java processes is possible. Many plugins for different database in-

teraction are developed for both public and custom databases.

There is a plugin, tYNA, that allows one to upload networks to and download
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networks from the tYNA database. TYNA is a Web system for managing,

comparing and mining multiple networks, both directed and undirected. It

can also identify defective cliques, calculate global statistics and identify hubs

(nodes with many connections) and bottlenecks [Yip et all, 2006]. Combining

the network sharing capability and other unique features provided by tYNA and

the advanced visualization and analysis facilities of Cytoscape can be powerful.

A plugin, called cPath, query, retrieve and visualize interactions from the

MSKCC Cancer Pathway database. The Agilent Literature Search plugin builds

networks by extracting interactions from scientific literature.

Celebral is a plugin that can automatically generate a view of the network in

the style of traditional pathway diagrams from an interaction network and sub

cellular localization annotation. It gives an intuitive interface for the exploration

of a biological pathway of a system [Barsky et all, 2007]. Localization informa-

tion can be catered e.g. from HPRD database. GenePro [Vlasblom et all, 2006]

plugin provides several integrative and interactive visualization and analysis

tools for PPI networks.

And one example more, named Motif Finder, runs a Gibbs sampling mo-

tif detector on sequences for nodes in a Cytoscape network. In the next sub

chapters we can find a few more examples of the usefulness of the plugins.

3.1 Network creation

BioNetBuilder [Avila-Campillo et all, 2007] offers an interface to create biolog-

ical networks integrated from several databases. Networks can be created for

about 1500 organisms, e.g. common model organisms and human. Databases

that can be used are for instance: DIP, BIND, Prolinks, KEGG, HPRD, The

BioGrid and GO. Standardizing in interaction databases aren’t complete and

naming conventions either. So, tools are needed, at least those that aren’t ex-

pensive. This plugin allows for creation of networks composed of metabolic

relationships, protein and protein-DNA interactions and associations from com-

parative genomics. After creation the network can be saved, viewed, annotated

or analyzed by other features of Cytoscape. For instance, the CyGaggle plugin

allows access to many non-Cytoscape analysis tools.

BioNetBuilder consists of a client and a secure Java servlet. XML-RPC

(Apache Software Foundation, 2006) is used for communication between the

client and servlet. The servlet consists of several database handlers, which

make queries to read-only interaction MySQL databases. With a synonym-
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resolution system handler the plugin can integrate data from databases that

identify their genes with different ID types. BioNetBuilder doesn’t require a

rigid database schema, file-format or data-model that new data sources have to

conform to. New database interfaces can be added to the server with source

data from several possible formats being used with little formatting costs. As

a part of the tool the tool-implementers maintain a server which responds to

requests made by users. They also provide database initialization and updating

tools for users’ own mirror BioNetBuilder servlet and databases. The plugin is

robust and scalable solution for building and visualizing networks for speacies

for which public data can be found.

3.2 Domain interaction networks

The known functions of the the interacting protein domains provides important

information on cellular function of protein interactions and complexes. It is

useful to decompose protein-protein interactions into their constituent domains

before being able to functionally characterize them further and to model the

spatial structure of protein complexes.

DomainNetworkBuilder [Albrecht et all, 2005] plugin decomposes protein net-

works into domain-domain interactions and generates a new network of inter-

acting domains. Basically, it transforms each protein node into a chain of con-

secutive domain nodes and constructs a putative network of interacting domain

nodes.

It queries in-house database, which contains protein information from the

UniProt database, domain information from the Pfam database, and domain

interaction information from the InterDom database. Like the interaction type

’pp’ used by Cytoscape for protein-protein interaction edge, the plugin intro-

duces three new edge types for domain nodes. There is ’dl’ for a domain linker

between domain nodes of the same protein, ’pl’ for a protein linker between a

protein and domain node the same protein, and ’dd’ for a domain-domain inter-

action between different proteins. The coloring schema as well as the different

shapes of protein and domain nodes and interaction edges can be changed using

the visualization tools of Cytoscape. The domain network can be saved in file

formats supported by Cytoscape.

So, the plugin provides tools for investigating and visualizing protein inter-

actions on detailed molecular level of domain and binding sites. This helps in

the validation and functional analysis of observed and predicted protein inter-
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actions. This is important when new experiments are designed and 3D models

are constructed.

3.3 Expression data

Expression Correlation Network plugin clusters expression data. More of this

can be found from Cytoscape site. It enables the users to correlate genes or

conditions in an expression matrix file which is loaded into Cytoscape. The

correlations are visualized as a network. A condition correlation network is

an good alternate way of representing expression condition clustering results.

Cluster visualization can sometimes be easier in that way than the normal heat-

map view.

In addition to previous, using other Cytoscape features by coloring nodes

according expression data and defining node shape by expression significance

data Cytoscape user can put different expression results in more comprehensive

context.

3.4 Clustering

Network clustering is available through the MCODE plugin. It finds clusters

of highly interconnected regions in networks. The properties of MCODE are

listed in MCODE www-page (baderlab.org/Software/MCODE): fast network

clustering, fine-tuning of results with numerous node-scoring and cluster-finding

parameters, interactive cluster boundary and content exploration, multiple re-

sult set management and cluster sub-network creation and plain text export.

Clusters mean different things in different types of networks. Clusters in a

protein-protein interaction network have been shown to represent protein com-

plexes and parts of pathways. Clusters in a protein similarity network represent

protein families. Visualization of those may give a new insight and hypothesis

to the user of Cytoscape. A good user manual can be found in the MCODE

www-pages.

The algorithm used in MCODE operates in three stages, vertex weighting,

complex prediction and optionally post-processing to filter or add proteins in the

resulting complexes by certain connectivity criteria. A network of interacting

molecules can be intuitively modeled as a graph, where vertices are molecules

and edges are molecular interactions. To find locally dense regions of a graph,

MCODE uses a vertex-weighting scheme based on the clustering coefficient,

which measures ’cliquishness’ of the neighborhood of a vertex. A clique is defined
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as a maximally connected graph. The first stage of MCODE, vertex weighting,

weights all vertices based on their local network density. The second stage,

molecular complex prediction, takes as input the vertex weighted graph, seeds a

complex with the highest weighted vertex and recursively moves outward from

the seed vertex, including vertices in the complex whose weight is above a given

threshold. The third stage is post-processing. Complexes are filtered if they

do not contain at least a 2-core (graph of minimum degree 2). A detailed

description of the algorithm (these few sentences are from there) can be found

in [Bader and Hogue, 2003].

3.5 GO, Gene Ontology

Gene Ontology is a three-fold conceptual hierarchical vocabulary system of genes

applying commonly to different species. It is a acyclic relationship graph, where

the connections mean is-a and part-of relations. It is continuously commonly,

by a project of biological community, curated so that the IDs of the conceptions

don’t get changed. The curation is based on evidences. It has three separate

classifications within itself. Genes have three-fold classification according to

which biological process they belong, what molecular function they have and

in what cellular component they belong. A good place to learn more is the

community web site in www.geneontology.org.

BiNGO (the Biological Networks Gene Ontology tool) [Maere, 2005] deter-

mines which Gene Ontology (GO) categories are statistically over-represented

in a set of genes. It provides annotation for a wide range of organisms. BiNGO

supports the use of GOSlim ontologies, as well as custom ontologies and an-

notations. The graphs can be viewed, laid out, modified and saved in various

manners. The default annotations are parsed from the GO information avail-

able from NCBI. Additionally the before mentioned other classification systems

can be used. BiNGO uses, for instance, Bonferroni correction to control false

positive rate in the statistical analysis. Other evidence should be used along

the suggestions that BiNGO gives in the interpretation of the results.

Another plugin’s, GOlorize, layout algorithm that determines the placement

of the nodes based on both their connection and class structure can be used with

BiNGO. GOlorize uses GO annotations as source of external class information

to direct the layout process and to emphasize the biological function of the nodes

[Garcia et all, 2007].
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3.6 Network topology

In cell biology, it is useful to see whether the connectivity of genes of one func-

tional type is similar to some characteristic shape, like a feed-forward loop

[Ferro et all, 2007]. NetMatch plugin searches biological networks for subcom-

ponents matching a given query, queries may also be approximate. NetMatch

supports subgraph matching queries against a target network, which are pre-

viously loaded into the Cytoscape workspace. Approximate queries are special

subgraphs that may contain nodes and edges labeled with a special wildcard

symbol. The plugin handles target and query graphs with multi-edges , loops

and a list of attributes for each edge and node.

The tool can be set to search labeled or unlabeled, directed or undirected

networks. Users may query in NetMatch by loading from an existing file, im-

porting from the Cytoscape workspace or drawing using the NetMatch query

drawing tool.

4 Conclusion

There are future plans and numerous suggestions for plugin implementations in

the Cytoscape site. They arise from the users’ needs and that is seen to be a

good point when developing useful tool in bioinformatics. John Quackenbush’s

and some of his colleagues’ opinions of standardizing [Quackenbush et all, 2006,

Quackenbush, 2006] seems to apply to this issue as well.

Although I haven’t seriously used Cytoscape, I have found it useful with

some other tools that user can make his or hers own notes along the data

and results. Maybe some simple note editor which can also make notes on

an image (produced by Cytoscape) would be useful. A simple-small-size Java-

implementation of such as a plugin isn’t too hard, but serious implementation

needs usage of Cytoscape, so the real need of it comes clear. Maybe some kind

of custom annotations (general version, not just related to some plugins - as

now seems to be) would be useful, too. I expect , we’ll see fine quality animated

network function visualizations as our knowledge of interactomics grows.

I’d like to see beyond the visual images which Cytoscape so nicely gives.

A review of Sharan and Ideker [Sharan and Ideker, 2006] concerning network

comparison gives a nice broader vision related to some issues written in this

article. I suggest it for further readings. They categorize network comparison

to alignment, integration and querying. The meaning and coals of these three
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comparisons are (’shortened version’): alignment meaning the global identifica-

tion of similar/dissimilar regions to find functional protein modules and study

as well as predict network interaction and evolution, integration meaning the

process of combining networks (at least two networks of different types for the

same species) and finding interrelations and interaction predictions, querying

meaning comparing subnetwork module versus a network and identifying dupli-

cated or conserved modules. The writers compare the more mature sequence

analysis and the ’youngster’ biological networks analysis, the first one having

more easier structure to interpret.

The network comparison and evolution considered from the theoretical point

of view have quite significant history - much older than this new interactomics

history. About the network evolution, Barabsi and Oltavai have written a re-

view [Barabsi and Oltavai, 2004], where they consider gene duplication as main

reason for the evolution of the so called scale free networks. Another fundamen-

tal issue in ’gene nature’ is the sequence mutation occurrence. This naturally

changes the interface between interacting proteins. At least these two things

should be in mind, when interpreting the visualized networks.

5 Summary

Researchers may report the developing project if they use Cytoscape. A quite

large user article set can be found in the Cytoscape website. Among others the

research articles concern identification of protein complexes, phenotyping and

interactome mapping, phenotype analysis using network motifs derived from

changes in regulatory network dynamics, systematic interpretation of genetic

interactions using protein networks and conserved patterns of protein interac-

tion in multiple species (www.cytoscape.org/pubs.php). All this kind of usage

suggest that Cytoscape is a powerful graph layout-analysis tools. Just to remind

ourself from the beginning:

It can organize multiple networks. In those large networks navigation is easy.

The networks can be filtered and graph node and edge attributes mapped to

visual attributes. Visual styles can be defined for later use.

A graph can have node and edge attributes e.g. expression data, interac-

tion type and GO function mapping and those can be visualized with various

node/edge size, shape, color or font. User can take continuous gene expression

data and visualize it as continuous node colors.
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In the website a huge list of features that have been discussed for future

inclusion into Cytoscape can be found. This list is prioritized each year. The

idea of developing according to users needs seems powerful.
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