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h i g h l i g h t s

• We study the projected network of terms starting from a bipartite terms/genes network.
• GO terms distinct from a semantic point of view might be linked in the above network.
• Such GO terms are in the same community when considering their gene content.
• This is important from a biomedical point of view, as it reveals relations amongst biological functions.
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a b s t r a c t

The last decade has seen the advent and consolidation of ontology based tools for the
identification and biological interpretation of classes of genes, such as the Gene Ontology.
The Gene Ontology (GO) is constantly evolving over time. The information accumulated
time-by-time and included in the GO is encoded in the definition of terms and in the
setting up of semantic relations amongst terms. Here we investigate the Gene Ontology
from a complex network perspective.We consider the semantic network of terms naturally
associated with the semantic relationships provided by the Gene Ontology consortium.
Moreover, the GO is a natural example of bipartite network of terms and genes. Herewe are
interested in studying the properties of the projected network of terms, i.e. a gene-based
weighted network of GO terms, in which a link between any two terms is set if at least one
gene is annotated in both terms. One aim of the present paper is to compare the structural
properties of the semantic and the gene-based network. The relative importance of terms
is very similar in the two networks, but the community structure changes.We show that in
some cases GO terms that appear to be distinct from a semantic point of view are instead
connected, and appear in the same community when considering their gene content. The
identification of such gene-based communities of terms might therefore be the basis of a
simple protocol aiming at improving the semantic structure of GO. Information about terms
that share large gene content might also be important from a biomedical point of view,
as it might reveal how genes over-expressed in a certain term also affect other biological
processes, molecular functions and cellular components not directly linked according to
GO semantics.
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1. Introduction

The last decade has seen the advent and consolidation of ontology based tools for the identification and biological inter-
pretation of classes of genes, such as the Gene Ontology (GO) [1]. GO allows for associating a gene to its biological functions
and it also provides the information about the other genes which cooperate in performing such functions. As such, GO is a
useful tool for exploiting the existence of sets of genes involved in a certain pathology. The GO is constantly evolving [2–4]
over time. The information accumulated time-by-time and included in the GO is encoded in the definition of terms and in
the setting up of semantic relations amongst terms. The semantic GO structure is mainly based on the knowledge of existing
relations amongst biological functions, based on the available literature.

The GO is a natural example of bipartite complex system of terms and genes. One can therefore investigate the properties
of the associated bipartite network, as well as the properties of its projected networks. Here we will be interested on the
projected network of terms, i.e. a gene-based weighted network in which the nodes are the terms and a link between any
two terms is set up whenever a gene is annotated in both terms [5]. Recently a methodology has been proposed that identi-
fies preferential links in the projected network [6], i.e. linkswhose presence in the projected network cannot be explained in
terms of a random co-occurrence of neighbors in the bipartite system. The resulting network is called statistically validated
network (SVN). One aim of the present paper is to understand whether the semantic and the gene-based term networks
share the same structural properties or not, even at the level of statistically validated networks. In fact, such approachmight
be the basis of protocols that are able to capture the relations amongst genes so that they can be profitably transferred at
the level of terms.

Another way to compare the information encoded in the semantic GO structure with the one associated to the genes
annotated in the terms is to investigate the network communities. Communities within the gene-based network are
gathering GO terms that share a similar profile in terms of their annotated genes. Communities in the semantic network
put together GO terms that share a similar profile in terms of their semantic relationships. Indeed, the idea of searching
for communities of GO terms is not new. However, one usually looks for communities of the semantic GO network only
[7–14]. Our approach is different. In fact, we use the information on the gene content of any GO term in order to create a
statistically validated network of GO terms and then we partition it by using any standard community detection algorithm.
The statistical characterization of these communities is then performed by using the information relative to the communities
in the semantic network. As we will show, it turns out that in some cases GO terms present in the same community of the
gene-based SVN are not joined by any semantic link. This shows that terms that appear to be distinct froma semantic point of
view are instead connected when considering their gene content. The identification of communities in the gene-based SVN
can therefore be the basis of a simple protocol able to fully exploit the possible relationships amongst terms, thus improving
the knowledge of the semantic structure of GO.

The above results indicate that the gene-based SVNhas amodular structure organized around the threemainGObranches
(BP, MF, CC). Such results refer to a small portion of the entire gene-based network, since the SVN only accounts for 4% of
the whole set of GO terms. In order to verify if the SVN and the whole gene-based network share similar properties, we
used an approach different from the community detection analysis, which is not feasible to investigate the behavior of
the complete gene-based network. We then studied the spectral properties of the correlationmatrix associated to the gene-
based network. The analysis of the spectral properties of thewhole correlationmatrix confirms that the semantic distinction
of the three branches (BP, CC and MF) is also a fingerprint for the gene-based network. Furthermore, the community
structure of the gene-based SVN is confirmed by investigating the hierarchical structure of its terms. In fact, we find that
the communities of the gene-based validated network are compatible with the clusters obtained by applying the average
linkage clustering technique to the correlation matrix associated to its terms.

One final investigation regards the role of the gene annotations in the GO terms in the level of modularity of the
gene-based network. Specifically, we investigated whether or not each single genes is preferentially annotated in one
of the three branches. Our investigation shows that a crucial role is played by the semantic relations amongst terms. In
fact, when we consider all the annotations, as inherited from the semantic GO links, we find 40% of genes preferentially
annotated in CC. On the contrary, when we consider genes as annotated only in the most specific terms, genes annotated
in different branches are compatible with the random null hypothesis of genes annotated uniformly among the GO
branches.

As a by-product, we present a simple methodology that allows to have a first glance insight about the biological meaning
of groups of GO terms. We have put on a statistical basis what any researcher first does when he obtains a list of GO terms
that are somehow relevant in the analysis he is performing. The first thing to do is to read the definitions of the GO terms
trying to figure out a possible ‘‘story’’ for the reason why the obtained terms are connected together. We have devised a
procedure that helps in this direction by providing the most relevant ‘‘words’’ of the ‘‘story’’.

The paper is organized as follows: in Section 2.1 we illustrate the data considered in our investigation, in Section 2.2 we
will briefly review the methodologies that allows the generation of statistically validated networks while the community
characterization methodology is illustrated in Section 2.3. In Section 3 we will study the semantic and gene-based network
and show GO terms that belong to the same gene-based network community and are not joined by any semantic link. Our
conclusions are drawn in Section 4.
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