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With the rapid growth of microarray data, it has become a hot topic to reveal complex
behaviors and functions of life system by studying the relationships among genes. In
the process of reverse network modeling, the relationships with less relevance are generally not considered by determining a threshold when the relationships among genes are
mined. However, there are no eﬀective methods to determine the threshold up to now. It
is worthwhile to note that the phenotypes of genetic diseases are generally regarded as
external representation of the functions of genes. Therefore, two types of phenotype networks are constructed from gene and disease views, respectively, and through comparing
these two types of phenotype networks, the threshold of gene network corresponding to
a certain disease can be determined when their similarity reaches to maximum. Because
the gene network is determined based on the relationships among phenotypes and phenotypes are external representation of the functions of genes, it is considered that relationships in the gene network may show functional relationships among genes in biological
system. In this work, the thresholds 0.47 and 0.48 of gene network are determined based
on Parkinson disease phenotypes. Furthermore, the validity of these thresholds is veriﬁed
by the speciﬁcity and susceptibility of phenotype networks. Also, through comparing the
structural parameters of gene networks for normal and disease stage at diﬀerent thresholds, signiﬁcant diﬀerence between the two gene networks at threshold 0.47 or 0.48 is
found. The signiﬁcant diﬀerence of structural parameters further veriﬁes the eﬃciency
of this method.
Keywords: Systems Biology; Gene Network; Phenotype Network; Threshold.

§ Corresponding

author.
607

December
S0218339011004068

608

12,

2011 10:41 WSPC/S0218-3390

129-JBS

Zhang et al.

J. Biol. Syst. 2011.19:607-616. Downloaded from www.worldscientific.com
by DALIAN UNIVERSITY OF TECHNOLOGY on 05/19/14. For personal use only.

1. Introduction
In both prokaryotic and eukaryotic cells, gene expression is a highly regulated process. This regulation of gene expression has a meaningful eﬀect in maintaining cell
activity and division and responding to the change of environment or external stimuli. So it is meaningful to study gene expression. Now there are two methods in
studying gene expression in theory, forward and reverse modeling. Forward modeling describes the expression of one or several genes starting with transcription and
translation using detailed mathematical model, which includes the binding of transcription factors and RNA polymerase with DNA, the eﬀect of speciﬁc inhibitory
or active factors, the forming of mRNA and proteins in diﬀerent matured stages,
and the regulatory eﬀect of internal feedback loops or external regulators and so on.
Reverse modeling can be used to construct network model using gene expression
proﬁles and gene expression patterns. And then as some gene clusters and motifs
which are sets of functional related genes are discovered, ﬁnally some mechanisms
related to their functions are predicted. Compared with the former which is only
used to deal with a few genes, the latter can process large number of genes simultaneously, even the whole genome in a cell. Now the models of gene network include
Boolean network, Bayesian network, linear model, diﬀerential equation model and
mutual information correlation model1–5 and so on. In mutual information correlation model, if the mutual information values between two genes are greater than a
given threshold, the relationship between them is considered existing. But it is difﬁcult to determine the threshold. Zhang et al.6 described a general framework that
assigns a connection weight to each gene pair and provided empirical evidence that
the “weighted” topological overlap measure leads to more cohesive modules than
its “unweighted” counterpart. But data simpliﬁcation is often essential to reduce
the complexity. Butte et al.7 extracted gene networks by discarding gene pairs with
correlation below the threshold. Voy et al.8 used distribution of correlations of
genes with buﬀer spots on the arrays to select a threshold correlation value, and
found cliques of gene network. Sanoudou et al.9 used a correlation threshold 0.80
to obtain relevance network. Lee et al.10 considered the top 0.5% of correlations to
build a co-expression network. Langaton et al.11 recommended use of ontological
distance, statistical signiﬁcance, and various graph structural attributes to arrive
at a correlation threshold. Palla et al.12 found that a threshold based on clique
size was eﬀective separating networks. Bhavesh et al.13 compared six conceptually
diverse methods and found that the relationships obtained by threshold selection
approaches based on network structure of gene relationships have greater relevance
to real biological relationships than those of approaches based on statistical pairwise
relationships. It is believed that laws of nature always clearly emerge at a proper
coarse-grained level, namely an appropriate threshold. Therefore, it is important to
study the selection of threshold in modeling of gene regulatory networks.
Now, the studies of human diseases have accumulated abundant data of disease
related phenotypes and plenty of relationships between phenotypes and genes.14–18

December
S0218339011004068

12,

2011 10:41 WSPC/S0218-3390

129-JBS

J. Biol. Syst. 2011.19:607-616. Downloaded from www.worldscientific.com
by DALIAN UNIVERSITY OF TECHNOLOGY on 05/19/14. For personal use only.

New Method of Determining Threshold of Gene Network

609

The changes of phenotypes are considered as external representation of those of
genes’ expressions. Therefore, the threshold of gene network can be determined
based on the relationships between genes and phenotypes and the gene network
after determining the threshold may manifest functional correlations in biological
system. In this work, mutual information gene networks for Parkinson disease at
diﬀerent thresholds are constructed, and the corresponding Parkinson phenotype
networks are obtained based on the relationships between genes and phenotypes. On
the other hand, from the view of disease, another Parkinson phenotype network can
be built, in which the relationships among phenotypes better reﬂect the biological
system. Through comparing the two types of phenotype networks constructed in
diﬀerent ways, the maximum similarity between them is obtained. The threshold at
which the similarity reaches to maximum is the right one of gene network. Finally,
the validity of this method is further conﬁrmed through calculating the sensitivity
and speciﬁcity of two types of phenotype networks and comparing the structural
parameters of gene networks with and without disease.

2. Modeling Method
2.1. Mutual information
In this work, a gene expression proﬁle is a vector whose components are its expression in diﬀerent sample cells. For convenience, we denote gene expression proﬁles by
their corresponding genes. For example, the mutual information of genes A and B
means the mutual information of their expression proﬁles. The mutual information
of genes A and B is deﬁned as follows:
I(A; B) = H(A) + H(B) − H(A, B),
(2.1)

where H(X) = − x∈X p(x) log2 p(x) is the entropy of X, H(A, B) is the joint
entropy of A and B. Larger values of I(A; B) imply closer interrelation between
genes’ expressions. In the case of I(A; B) = 0, genes’ expressions are irrelevant.
2.2. Construction of phenotype networks
Phenotype networks will be constructed in two diﬀerent ways. On one hand, phenotype network can be constructed from the view of disease, which is called target
phenotype network. Actually, every disease has a large number of phenotypes. We
believe that two phenotypes are related to each other when they are connected
with the same disease. Using disease-related phenotypes derived from HPO (Human
Phenotype Ontology), phenotype network can be constructed. On the other hand,
phenotype network also can be built from the view of gene, which is called inference phenotype network. Because diseases with similar phenotypes are caused by
genes with related features, we can assume that the similarity of phenotypes has
a positive correlation with the correlation of genes. Therefore, we can calculate
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the score of the similarity of two phenotypes based on the closeness among genes
and then construct the phenotype network. The similarity of two phenotypes is
deﬁned as19


2
Spp∗ = Cp (p∗ ) +
βpg (p∗ g ∗ )e−lgg∗
(2.2)
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g∈G(p) g∗ ∈G(p∗ )

where G(X) represents a set of genes related to phenotype X, Cp (p∗ ) is a constant which could be explained as the basal similarity between phenotypes p and
p∗ , βpg (p∗ g ∗ ) represents the level of gene g contributing to the similarity between
phenotype p and any other phenotype p∗ , and lgg∗ is the topological distance
between g and g ∗ . The detailed description can be seen in Ref. 19. From the comparison of the above two types of phenotype networks, the gene network corresponding
to these phenotype networks with maximum similarity is considered to better reﬂect
real relationships among genes in disease.
3. Materials and Numerical Experiment
3.1. Data source and processing
3.1.1. Data source
In this work, the data we work on contain phenotype and gene data related to
Parkinson disease. Phenotype data are derived from HPO database, which embodies 48 phenotypes related to Parkinson disease and a gene list corresponding to each
phenotype; gene data are from NCBI (National Center for Biotechnology Information) database. The sample data sets for Parkinson disease and normal tissues
include 50 samples from GSE6613 and 45 samples from GSE20295, respectively,
both belong to GPL 96.
3.1.2. Data processing
In HPO database, some phenotypes describe the genetic model of Parkinson disease.
For example, phenotype HP: 0000006 is autosomal dominant inheritance. Because
we focus on the relationships among disease feature–related phenotypes, and the
above phenotypes without Parkinson disease features have nothing to do with our
purpose, we exclude those phenotypes from our phenotype database. Besides, some
phenotypes have no corresponding speciﬁc genes. These phenotypes are always
irrelevant to the functional changes of genome, so we also exclude them. Finally,
there are 36 phenotypes related to Parkinson disease remaining in our phenotype
database, 495 genes related to these 36 phenotypes in our gene database and 1211
relationships between these phenotypes and genes.a
We choose genes in gene database which are related to phenotypes of Parkinson
disease for our purpose. In the case where several probes correspond to one gene,
a http://cise.sdust.edu.cn/institute/isbbc/DTGP.htm/Re

GP.xls
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the highest expression value is chosen to form the gene’s expression proﬁle. Among
the above-mentioned genes, there are some genes’ expression almost completely 0
or 1 in all samples. We focus on the structure of gene networks and the diﬀerence
of the structures. These genes contribute little to the diﬀerence of the structures.
In our study, if less than 15% or more than 90% of the total components of a gene’s
proﬁle are equal to 1, we exclude the genes from our gene database. Thus, there
are 116 and 139 genes left in normal and Parkinson disease databases respectively.
Our work is based on the databasesb and each of these data sets includes p-values.
To calculate mutual information between genes, we discretize p-values in each
database as follows. (i) Select the range [Min, Max] for p-values and divide it into
20 portions such that each portion contains almost the same number of p-values.
Order the portions in the number order and denote them by 1st, 2nd, . . . , 20th
interval, respectively. (ii) Replace the p-values in an interval by its labeling value.
Obviously, the granularity of our discretization is ﬁner than that of 0 − 1 discretization, and hence our discretization loses less information than that contained in the
0-1 discretization. Therefore, it is reasonable to believe that the mutual information networks based on our discretization can better reﬂect the nature of the gene
regulatory system.
3.2. Numerical experiment
For each of the discretizated databases, we can calculate mutual information values
and hence obtain a complete network of all genes in the database with mutual
information values as edge weights. Note that the ranges for mutual information values for our two databases are diﬀerent. For the purpose of comparison
of networks, we normalize the mutual information values for each database as
x∗ = (x − min)/(max − min), where x and x∗ represent the original and normalized
mutual information values, and max and min are the maximum and minimum of
the original mutual information values, respectively. Then we choose the threshold
in the range [0.1, 0.9] by step-length 0.01, and obtain 81 diﬀerent mutual information networks in all. For each gene network for Parkinson disease, we obtain the
corresponding phenotype network using the approach described in Sec. 2.2. Assume
Cp (p∗ ) = 0 and βpg (p∗ g ∗ ) = 1/n, where n represents the number of genes related to
phenotype p. That is to say, each gene has the same contribution to the similarity
between phenotypes p and p∗ . In this research, we deﬁne the topological distance
lgg∗ as the shortest path between g and g ∗ . Because the relationships among genes
in gene network are mutual information correlations, the greater the value is, the
closer the relation between two genes is and the less the distance is. Hence, we
deﬁne the distance lgg∗ between g and g ∗ as 1 − I(g; g ∗ ).
From the comparison of the phenotype network constructed from the view of
disease phenotypes with each of 81 phenotype networks corresponding to gene
b http://cise.sdust.edu.cn/institute/isbbc/DTGP.htm/database.rar.
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network, we can obtain that the maximum similarity between two types of phenotype networks is 66.6%. In this case, the threshold of gene network is 0.47 or
0.48. Here the similarity is measured by the ratio of the numbers of their common
edges and the union-set of their edges. Because threshold 0.47 or 0.48 is obtained
in the maximum similarity between phenotype networks, it is reasonable to believe
that the gene network can reveal the close correlation between genome and disease.
Taking 0.47 as the threshold value, we obtain 62 non-isolate nodes and 497 edges
in the gene network. The corresponding phenotype network contains 499 edges,
while the phenotype network from the view of disease includes 389 edges and two
phenotype networks contains 355 common edges (see Fig. 1). Phenotypes related
to the same disease should generally have closer relationships. The average degrees

(a)

(b)

(c)
Fig. 1. The phenotype networks related to Parkinson disease. (a) Target phenotype network.
(b) Inference phenotype network when the threshold of gene network is 0.47. (c) The common
relationships of two types of phenotype networks. Phenotypes have closer relationships.

December
S0218339011004068

12,

2011 10:41 WSPC/S0218-3390

129-JBS

J. Biol. Syst. 2011.19:607-616. Downloaded from www.worldscientific.com
by DALIAN UNIVERSITY OF TECHNOLOGY on 05/19/14. For personal use only.

New Method of Determining Threshold of Gene Network

613

Fig. 2. The comparison of the sum of sensitivity and speciﬁcity with the similarity of phenotype networks at diﬀerent thresholds. For convenience, we increase the similarity by 0.9 at each
threshold.

of the two types of phenotype networks with 36 phenotypes are relatively great,
27.72 and 21.61, respectively. It is accordance with our above consideration.
The sensitivity is deﬁned as the percentage of edges in target network which are
also in inferred network, while the speciﬁcity is the percentage of edges in inferred
network which are also in target network.20 We believe that the greater the sum of
the sensitivity and speciﬁcity are, the closer to target network the inference network
is. Through computing the sensitivity and speciﬁcity of phenotype networks at
diﬀerent thresholds and comparing the similarity with the sum of sensitivity and
speciﬁcity (Fig. 2), we observe that the sum of sensitivity and speciﬁcity reaches to
the maximum value at thresholds 0.47 and 0.48, which is the same value obtained
from the point of similarity. Note that the phenotype network is nearly a complete
network when the threshold is small, so the maximum of the sum of sensitivity
and speciﬁcity is a trivial fact. The inference networks at thresholds 0.47 and 0.48
are close to target network. This conclusion is identical to the above one, so this
shows the eﬀectiveness of the proposed method to determine the threshold of gene
network based on phenotypes.

4. Comparison of Structural Parameters of Gene Network
In order to show the diﬀerence between gene networks corresponding to normal
stage and Parkinson disease, we compute ﬁve structural parameters: average degree
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Fig. 3. Plots of ﬁve structural parameters versus the threshold values. The diﬀerence between
the gene networks corresponding to normal stage and disease is most signiﬁcant at the thresholds
0.47 and 0.48. The obvious diﬀerence reveals the functional one between the gene regulatory
relationships of normal stage and Parkinson disease.

(K), average degree of non-isolated nodes (D), proportion of non-isolated nodes (R),
average path length (L) and average clustering coeﬃcient (C). These statistics are
plotted versus the threshold values in Fig. 3. Comparing these statistics of the two
networks, one can see that the diﬀerence between the gene networks corresponding
to normal stage and disease is most signiﬁcant at the thresholds 0.47 and 0.48.
It is believed that the structure of a network dictates its functions. The obvious
diﬀerence reveals the functional one between the gene regulatory relationships of
normal stage and Parkinson disease.

5. Conclusions and Discussions
Disease phenotypes are external representation of genes’ functions, and the change
of phenotypes are derived from the variation of genes’ expressions. In this work,
we propose a new approach to determine the threshold of gene network. Through
comparing two types of phenotype network constructed from the view of disease and
gene respectively, we determine the threshold of gene network. When the similarity
of two phenotype networks reaches to the maximum, the thresholds are 0.47 and
0.48. We verify the availability of the thresholds in two ways. On one hand, when the
sensitivity and speciﬁcity are both higher, the two phenotype networks are closest
with each other. The sum of sensitivity and speciﬁcity can reach the maximum
value at thresholds 0.47 and 0.48, which are identical to the ones obtained from the
point of similarity. On the other hand, we compare ﬁve statistics of gene networks
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for normal and disease stages, and ﬁnd that the most obvious diﬀerence is also at
thresholds 0.47 and 0.48. The signiﬁcant diﬀerence of these statistics reveals the
structural diﬀerence between gene networks corresponding to normal and disease
stages. This further veriﬁes the reliability and eﬀectiveness of this approach.
Besides, we analyze the relationships of the gene network after determining
the threshold through searching their shared Gene Ontology terms. For example, genes APTX, TRIM37, and SPG7 share common molecular function — zinc
ion binding, and zinc plays a role in the central nerve system as a neurosecretory product, cofactor, or modulator. It has been reported that zinc levels are
increased in substantia nigra, caudate nucleus, and lateral putamen in patients
of Parkinson disease.21 Genes ATXN3, CYP7B1, DCTN1, GARS, ITPR1, SETX,
SPG7, PPP2R2B, TTBK2, SPAST, and APTX share common biological process —
cell death, and in our gene network, there are many relationships among them.
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