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Abstract

In the last few years the gene expression microarray technology has become a central tool in the field of
functional genomics in which the expression levels of thousands of genes in a biological sample are determined
in a single experiment. Several clustering and biclustering methods have been introduced to analyze the gene
expression data by identifying the similar patterns and grouping genes into subsets that share biological
significance. However, it is not clear how the different methods compare with each other with respect to the
biological relevance of the biclusters and clusters as well as with other characteristics such as robustness and
predictability. This research describes the development of an automatic comparative tool called BicAT plus that
was designed to help researchers in evaluating the results of different bi/clustering methods, compare the results
against each others and allow viewing the comparison results via convenient graphical displays. BicAT plus
incorporates a reasonable biological comparative methodology based on the enrichment of the output bi/clusters
with gene ontology functional categories. No exact algorithm can be considered the optimum one. Instead,
bi/clustering algorithms can be used as integrated techniques to highlight the most enriched biclusters that help
biologists to draw biological prediction about the unknown genes.

1. Introduction

One of the main research areas of bioinformatics is functional genomics; which focuses on the interactions
and functions of each gene and its products (mRNA, protein) through the whole genome (the entire genetics
sequences encoded in the DNA and responsible for the hereditary information). In order to identify the functions
of certain gene, we should be able to capture the gene expressions which describe how the genetic information
converted to a functional gene product through the transcription and translation processes. Functional genomics
uses microarrays technology to measure the genes expressions levels under certain conditions and
environmental limitations. In the last few years, Microarray has become a central tool in biological research,
consequently, the corresponding data analysis becomes one of the important work disciplines in bioinformatics.
The analysis of microarrays data poses a large number of exploratory statistical aspects including clustering and
biclustering algorithms which help to identify similar patterns in gene expression data and group genes and
conditions into subsets that share biological significance. There are several bi/clustering methods that have been
proposed to achieve this target (see [1] for a survey) , but the question is: which algorithm is better? And do
some algorithms have advantages over others. Generally, comparing different bi/clustering algorithms is not
straightforward as they differ in strategies, approaches, time complicity, number of parameters and prediction
ability. They are strongly influenced by user-selected parameter values. For these reasons, the quality of
bi/clustering results is also often considered more important than the required computation time. Although there
are some analytical comparative studies to evaluate the traditional clustering algorithms [2-4], for biclustering;
no such extensive comparison exist even after initial trails have been taken[5].In the end, biological merit is the
main criterion for evaluation and comparison between the various bi/clustering methods. BicAT [6] is a
common biclustering analysis toolbox in which most important bi/clustering algorithms like k-means, SOM,
HCL, Bimax [5], OPSM [7], X-motif [8],CC[9], and ISA [10] were implemented, see Figure 1. We have
developed a comparative tool "Bicat_plus" that includes the biological comparative methodology and to be as an
extension to the BicAT program. The Goal of BicAT plus is to enable researchers and biologists to compare
between the different bi/clustering methods based on set of biological merits and draw conclusion on the
biological meaning of the results. Also BicAT plus help researcher in comparing and evaluating the algorithms
results multiple times according to the user selected parameter values as well as the required biological
perspective on various datasets. BicAT plus has many features added to BicAT which could be summarized in
the following:
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a. Adding more algorithms to the BicAT tool in order to have one software package that employs most of
the commonly used bi/clustering algorithms. The additional algorithms are MSBE constant
biclustering and MSBE additive biclustering.

b. Extending the BicAT to perform functional analysis using the three subontologies or categories of GO
(biological process, molecular function and cellular component) and visualizing the enriched GO
terms per each bi/cluster in a separate histogram.

c. Evaluating the quality of each bi/clustering algorithm results after applying the GO functional analysis
and displaying the percentage of the enriched biclusters at the standard P-values (significance levels)
which are: 0.00001,0.00005,0.0001,0.0005,0.001,0.005,0.01 and 0.05 .

d. Comparing between the different bi/clustering algorithms according to the percentage of the functionally
enriched bi/clusters at the required significance levels, the selected GO category and with certain
filtration criteria for the GO terms.

e. Evaluating and comparing the results of external bi/clustering algorithms (not included in the BicAT plus
current version).This gives the BicAT plus the advantage to be a generic tool that doesn’t depend on
the employed methods only. For example; it can be used to evaluate the quality of the new algorithms
introduced to the field and compare against the existing ones.

f. Displaying the analysis and comparison results using graphical and statistical charts visualizations in
multiple modes (2D and 3D).
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Fig. 1. Bi/clustering algorithms employed by BicAT [6].

2. Methodology

2.1. Software Development and Architecture

Before using the BicAT plus, Active Perl version 5.10 and Java Runtime Environment (JRE) version 6
are required to be installed on your machine. BicAT plus has been tested and show good performance on a PC
machine with the following configurations: CPU: Pentium 4, 1.5 GHZ, RAM: 2.0 GB, Platform: windows XP
professional with SP2.

BicAT plus is structured in the hierarchy of packages which are shown in figure 2. The highlighted blocks with
dashed boundary are the additional modules developed for the comparative tool while the black ones are the
original modules of the BicAT program. We faced many problems during the implementations like 1- lack of
documentation of the BicAT tool which influenced the planned time to understand the source code and extend
it. 2- All bugs reported about BicAT should be fixed in order to avoid its effect on the comparative tool. Ex:
delete node from the navigation tree. 3- Technical problems like calling GeneMerge Perl script from java code.
The used solution was to save the Perl commands in a batch file, then call the batch file from the java code using
the Runtime class provided by SUN. 4- One of the objectives of this research was to enrich the BicAT (written
using java) with more biclustering algorithms. But, some of these algorithms are written using C and C++. Thus,
to solve such a compatibility problem, we converted the C files to dynamic link library (DLL) file then loaded it
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to the system class path library. Another possible solution was to use the Java native interface (JNI) to call the C
files.
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Fig. 2. The general design of the BicAT plus. Dashed block for the comparative tool packages and classes.
The black entities are the original packages and interfaces of the BicAT program. Modified from [11].

2.2. GO Overrepresentation Programs

Many programs like: BINGO[12], FUNCAT[13], GeneMerge[14] and FuncAssociate[15] were used to
investigate whether the set of genes discovered by bi-clustering/clustering methods present significant
enrichment with respect to a specific GO annotation provided by Gene Ontology Consortium[16]. BicAT Plus
used GeneMerge program as the most popular GO program. GeneMerge provides a statistical test for assessing
the enrichment of each GO term in the sample test. The basic question answered by this testis as follows: when
sampling X genes (test set) out of N genes (reference set, either a graph or an annotation), what is the probability
that x or more of these genes belong to a functional category C shared by 7 of the N genes in the reference set?.
The hyper geometric test, in which sampling occurs without replacement, answers this question in the form of P-
value. Its counterpart with replacement, the binomial test, provides only an approximate P-value, but requires
less calculation time.

2.3. Comparative methodologies based on GO
BicAT plus provides reasonable method for comparing the results of different bi/clustering algorithms by:

2.3.1 identifying the percentage of enriched or overrepresented biclusters with one or more GO term per
multiple significance levels (p-values) for each algorithm.

Number of enriched biclusters at this level

(1

Percentage of enriched bicluster significance level =
total number of biclusters

The definition of significance depends on the user selection of threshold p-values. A bi/cluster is said to be
significantly overrepresented (enriched) with a functional category if the p-value of this functional category is
lower than the preset threshold P-value [17, 5]. The results are displayed using a histogram for the entire
compared algorithms at the different preset significance levels, and the algorithm which gives higher proportion
of enriched bi/clusters per all significance levels is considered to be the optimum one as it does group
effectively the genes sharing similar functions in the same bi/cluster.

2.3.2 Estimate Algorithms predictability power to recover interested pattern Genes whose transcription is

responsive to a variety of stresses have been implicated in a general yeast response to stress. Other gene
expression responses appear to be specific to particular environmental conditions. BicAT plus make the user to
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compare the perdictibility power of bi/clusters algorithms to interested pattern defined by the user see table 2 for

an example.

2.4. Comparison Process Steps

The following process diagram shown in Figure 3 summarizes the required steps by the user to compare
between the different algorithms using the BicAT plus.
1- download BicAT plus from our site http://home.k-space.org/FADL/Downloads/BicAT plus.zip.
2- Load Gene Expression Data to BicAT plus then run the selected five prominent bi/clustering methods

with setting parameters as table 1T

3-Run GO comparison tool in the BicAT plus and add the available bi/clustering algorithms to the

compared list as shown in Figure[4] .

4. Select the on of the available GO category e.g. biological process, molecular function and cellular

components.

5. Select the P-values e.g. 0.00001, 0.0001, 0.01, 0.005, and 0.05.

6. Press compare button.

7. Press comparison menu, Functional enrichment and select 2D or 3D charts see Figure 5.

Load Gene Run bi/clustering

expression data algorithms that you want

to BicAT plus ™ compare their results ™
The comparison Click comparison/

results are functional enrichement
displayedusing  +— thenselect the chart

statistical model (2D or 3D)

graphical charts

Click comparison
menu/GO Comparsion

5. Select the GO terms
filtration criteria (if

« required)

6. Press compare button

1. Select the compared
bi/clusters results 2. Add

™ external algorithms results you
want to include (if exists)

3. Select the GO category (BP,
MF, and CC)

Al s
4, Select the significance levels

Fig. 3. BicAT Plus Comparison process steps.

Table 1. Default Parameter settings of the compared bi/clustering methods.
The definitions of these parameters are listed in their original publications ([10],[9],[18]) respectively.
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Fig. 4. BicAT Plus Comparison Dialog

26" NATIONAL RADIO SCIENCE CONFERENCE, NRSC’2009
Future University, 5" Compound, New Cairo, Egypt, March 17 — 19, 2009

Authorized licensed use limited to: Emory University. Downloaded on October 1, 2009 at 06:18 from IEEE Xplore. Restrictions apply.



26" NATIONAL RADIO SCIENCE CONFERENCE (NRSC2009)

March 17-19, 2009, Faculty of Engineering, Future Univ., Egypt

B BicAT Plus

File Preprocess Run Functional Analysis Compare Tools View About

isplay
[9 Dataset 0
>~ (5 Data Display
7 (] Bicluster results
o [ All biclusters / ConstantBi (7),
9 3 All biclusters { AdditiveBi (7), L.|
[ 1D: 0, size: 441 (21,21)
[)1D:1, size: 418 (2219
[ 1D: 2, size: 255 (17,15)
[ 1D: 3, size: 196 (14,14)
[ 1D: 4, size: 196 (14,14)
[ 1D: 5, size: 182 (13,14)
[ 1D: 6, size: 182 (13,14)
¢ Al biclusters {154 (63, L2
[ Ip: 0, size: 1360 (136,10)
[ 1D:1, size: 1270 (127,10)
[ 1D: 2, size: 1206 (134,9)
[)10:3, size: 1197 (133.9)
[ 1D: 4, size: 1177 (107,11)
[ ID: 5, size: 1080 (135,8)
[ 1D: 8, size: 1080 (120,9)
[ 10: 7, size: 1080 (135,8)
[ 1D: &, size: 1080 (135,8)
[ 1D: 9, size: 1080 (135,8)
[ 1D: 10, size: 1080 (135,8)
[ 1D: 11, size: 1072 (134,8)

§| matrix view | Expressionview | Analysis i ion vi C

Bi/Cluster Functional Analysis
p-value threshold : 1.0E-5

@ N

29.3%

-log(p-value)

6 - n w & o

Enriched Functional Classes

EBX

No of Enriched Functional Classes : 4
GO:0006406 MRNA export from nucleus  percentage of Enrichement = 29.3%
Il GO:0008407 RNA export from nucleus  percentage of Enrichement = 34 6%

[ 10:12, size: 1040 (104,10) 60:0006403 tRNA export from nucleus  percentage of Enrichement = 33.3%
[)10: 13, sie: 1026 (1149) W GO:0006999 nuclear pore organization and biogenesis  percentage of Enrichement = 36.0%
§

[)1D: 14, size: 1008 (112.9) |+

O T I D
| Displayview | Workflow

Fig. 5. Functional analysis results of the selected bi/cluster. Each column represents an enriched GO functional
class. The height of the column is proportional to the significance of this enrichment

3. Results and Discussion

The above comparison steps is performed on the gene expression data of S. cerevisiae provided by Gasch [19].
The dataset contains 2993 genes and 173 conditions of diverse environmental transitions such as temperature
shocks, amino acid starvation, and nitrogen source depletion. This dataset is freely available from [20]. For each
bi/clustering algorithm we used the default parameters as authors recommend in their publications. See Table I.

3.1 The percentage of enriched function

After applying the above steps on Gasch data, BicAT plus produce the histogram shown in figure 1. By
comparing Figure 6 and Figure 3 in [5] , we found that the percentage of enriched biclusters for the matched
algorithms are almost the same. This does validate the results of the proposed comparative tool. Investigating
both figures, we observed that OPSM algorithm gave a high portion of functionally enriched biclusters at all
significance levels (from 85% to 100 %) . Next to OPSM, ISA and Bimax show relatively high portions of
enriched biclusters.

In order to evaluate the ability of the algorithms to group the maximum number of genes whose expression
patterns are similar and sharing the same GO category, we use the filtration criteria developed in the
comparative tool by neglecting those bi/clusters which have study fraction less than 25%. The study fraction of
a GO term is the fraction of genes in the study set (bicluster) with this term.

N . . .
Study fraction of a GO term = 0 of genes sharing the GO termin a bicluster

x 100 (@)
total number of genes inthis bicluster
Figure 7 shows that OPSM and ISA have highly enriched biclusters/clusters that have large number of genes per
each GO category. On the other hand, Bivisu biclusters are strongly affected by this filtration and they contains
a lower number of genes per each category. This filtration will help in identifying the powerful and most reliable
algorithms which are able to group maximum numbers of genes sharing same functions in one cluster.

3.2 The predictability power to recover interested pattern

The user could compare bi/clusters algorithms based on which of them could recover defined pattern like which
one of them could recover clusters which have response to the conditions applied in Gasch experiments. In
Table 2, the difference between the biclusters/clusters contents were summarized. Although OPSM show high
percentage level of enriched biclusters (as shown in Figures. 2 and 3), its biclusters do not contain any genes
within any GO category response to Gasch experiments. The k-means and Bivisu cluster/bicluster results
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distinguished a unique GO category, which is GO:0000304 (response to singlet oxygen), and GO:0042542
(response to hydrogen peroxide) The powerful usage of these bi/cluster algorithms is significantly appeared in
GO0:0006995 “cellular response to nitrogen starvation” where these algorithms were able to discover 4 out of 5
annotated genes without any prior biological information or on desk experiments.

4. Conclusions

We have introduced the BicAT plus with reasonable comparative methodology based on the Gene Ontology. To
the best of our knowledge such an automatic comparison tool of the various bi/clustering algorithms has not
been available in the literature. BicAT plus is an open source tool written in java swing and it has a well
structured design that can be extended easily to employ more comparative methodologies that help biologists to
extract the best results of each algorithm and interpret these results to useful biological meaning. In other words,
the algorithms that show good quality of results (per the dataset) can be used to provide a simple means of
gaining leads to the functions of many genes for which information is not available currently (unannotated
genes).

Using BicAT plus, we can identify the highly enriched bi/clusters of the whole compared algorithms. This might
be quite helpful in solving the dimensionality reduction problem of the Gene Regulatory Network construction
from the gene expression data. This problem originates from the relatively few time points (conditions or
samples) with respect to the large number of genes in the microarray dataset.

i

BiclustenCluster Algorithms

Doiren | Wt

Fig. 6. Percentage of biclusters significantly enriched by GO Biological Process category (S. cerevisiae) for the

Fig. 7. Percentage of significantly enriched biclusters by GO Biological Process category by setting the allowed
minimum number of genes per each GO category to 10 and the study fraction to large than 50%.
Table 2
Gene Ontology category per number of annotated genes of the Bicluster/cluster algorithm results for the
experimental condition on Gasch Experiments|[19].
GO Term / (number of K-means CC ISA Bivisu OPSM
annotated genes)
GO:0042493 4 5 7 6 0
Response to drug / (118)
GO:0006970
response to osmotic stress / (83) 3 5 6 3 0
GO:0006979
response to oxidative stress / 2 7 11 0 0
(79)
GO:0046686
response to cadmium ion / (102) 2 3 2 2 0
GO0:0043330
response to exogenous dsRNA / 2 3 2 2 0

(7
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GO:0046685 2 0 2 2 0
response to arsenic / (77)

GO0:0006950 9 11 16 2 0
response to stress / (532)

GO:0009408 3 0 2 2 0
response to heat / (24)

GO0:0009409 0 0 2 0 0
response to cold / (7)

GO0:0009267

cellular response to starvation / 0 2 0 0 0
(44)

GO0:0006995

cellular response to nitrogen 4 4 4 0 0
starvation / (5)

GO:0042149

cellular response to glucose 0 2 0 0 0
starvation / (5)

GO0:0009651

response to salt stress / (15) 2 7 0 0 0
GO:0042542

response to hydrogen peroxide 0 0 0 2 0
/(5)

GO:0006974

response to DNA damage 0 22 0 3 0
stimulus / (240)

GO0:0000304

response to singlet oxygen / (4) 2 0 0 0 0
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