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Summary
Singapore seeks to be an international center for the biomedical sciences and its related industries. Bioinformatics is seen as an important ingredient in this ambition. We provide in this short report a brief overview of bioinformatics in Singapore.  We cover aspects such as training (Section 3), research (Section 4), and commercialization (Section 5).  We also introduce some of the main centers of activities, as well as some of the bioinformaticists in these centers.
Background
As the Singapore government is the main driver to develop the biomedical sector into a new pillar of the Singapore economy, most of the main organizations that are currently involved in bioinformatics research and development in Singapore are government-funded institutions. Before we get into the details, it is useful to lay out these main organizations.
There are two large universities in Singapore, namely the National University of Singapore (NUS) and the Nanyang Technological University (NTU).  The NUS has a longer history in bioinformatics and biomedical training and research, while the NTU did not have a life science school until recently. Both universities are in the process of stepping up their bioinformatics training and research programs. 
 The Agency for Science Technology & Research (A*STAR) is the major provider of science and technology research funding in Singapore, and manages all the national research institutes in Singapore. Several of these national research institutes have bioinformatics and related activities, including the Bioinformatics Institute (BII),  the Genome Institute of Singapore (GIS), the Institute of Molecular & Cell Biology (IMCB), the Institute of High Performance Computing (IHPC), and the Institute for Infocomm Research (I2R).
The I2R  has the longest history in this field, and though the amount of its resources devoted to bioinformatics is small, it accounts for a lion's share of Singapore's output in bioinformatics research. The BII and GIS are newly set up entities and are expected to become Singapore's main centers of bioinformatics and high-throughput biology research.
Besides the organizations above, there are a number of polytechnics, hospital-associated research centers, as well as commercial entities that have activities relating to bioinformatics. 

In the remaining sections of this report, we will survey the bioinformatics activities of all of these public and private organizations.
Training Programs
There are four major university-level bioinformatics training programs in Singapore. The first and oldest program is the S* Life Science Informatics Alliance, an organization involving Karolinska Institutet, NUS, Stanford University, UC San Diego, University of Sydney, University of Uppsala, and University of Western Cape. This is a global alliance to provide a global, unified bioinformatics learning environment made up of modular courses in the disciplines of genomics, bioinformatics, and medical informatics.  The modules are assembled from selected lectures from the seven universities involved and are offered through distance learning. The main driver of this Alliance in Singapore is  Shoba Ranganathan and Tin-Wee Tan in the NUS. Shoba also organizes a bioinformatics module in the NUS Department of Biochemistry that is aimed at biology and biochemistry majors.
The second program is a full-time MSc-level course organized by the BII in partnership with the NUS. This is a two-year course. It was started in 2002 and has a small but selective enrolment. A distinctive quality of the BII program is that it has a very active literature review and journal club series. The program is lead by Gunaretnam Rajagopal, director of the BII. 
The third program is a part-time MSc-level course to be launched in 2003 in the NTU. It is also a two-year course. The course co-ordinator is Chee-Keong Kwoh. The renowned bioinformaticist Ming Li, of the University of Waterloo,  is the external examiner of this course.
The last program is not yet a full program. It currently comprises a couple of very good bioinformatics modules, viz. combinatorial methods in bioinformatics and computation foundation in bioinformatics, offered to undergraduates at the School of Computing in the NUS. These two modules were mounted in 2002 after the arrival of Ken Sung at the school.
Research Projects
The NUS currently has several pockets of bioinformatics activities. In the Department of Biochemistry, Shoba Ranganathan and Tin-Wee Tan are active in Asia-Pacific Bioinformatics Network, a non-profit and non-governmental organization that promotes bioinformatics awareness and education in the Asia-Pacific region. Their group has done curation and research in alternate splicing,  databases for structural biology, assignment of function based on 3D structural model (Ranganathan 2001), etc. In the Department of Computational Science, Yuzong Chen has been working on computer-aided drug design and dynamics of biomolecules. In the Department of Mathematics, there are also several researchers who have made interesting contributions to bioinformatics. Particularly notable is Kwok-Pui Choi and Louxin Zhang's recent theoretical work on spaced seeds, which is an idea that can significantly improve the efficiency and sensitivity of sequence homology search.
The NUS School of Computing did not have any activity in bioinformatics until this year. Besides Ken Sung, there are now several other researchers in the school with an interest in this field:  Gabriel Ciobanu is interested in the logical modeling of protein interaction; Roland Yap, Tzu-Yun Leong, Wynne Hsu, and Mong-Li Lee are interested in medical data analysis; and Beng-Chin Ooi and Kian-Lee Tan are interested in indexing of genomic and protein sequences (Ooi, Pang, Wang, Wong & Yu 2002).
The NTU has started its BioInformatics Research Center (BIRC) in 2002. The key members of the BIRC include Jagath C. Rajapakse—who is an experienced researcher in neural networks and medical imaging, Chee-Keong Kwoh—who is an expert in probabilistic inference and medical imaging, and K. C. Lun—who is well-known in the medical informatics world. The research interests of BIRC covers a very broad spectrum, such as computational genomics, functional genomics, structural genomics, molecular imaging, and medical informatics. 
The NTU School of Mechanical & Production Engineering also has a small team of bioinformatics researchers. The most experienced amongst them is Meena Sakharkar, who earned the first bioinformatics PhD awarded by the NUS. She has done excellent curation work on introns and exons (Sakharkar, Kangueane, Woon, Tan, Kolatkar, Long & de Souza 2000, Sakharkar, Tan & de Souza 2001). Besides this work, her group are also exploring peptide vaccine design and protein-protein interaction.
The BII was set up in 2001 to encourage, develop, and support trained expertise in bioinformatics to advance biomedical research and development in Singapore. It currently has skeletal research groups in systems biology, structural & functional genomics, computational genomics, medical genomics, and distributed computing. The key researchers are Gunaretnam Rajagopal—who has significant experience in supercomputing techniques for modeling complex systems, Pawan Dhar, Kuo-Bin Li, and Adrian Mondry. The BII scientific advisory board has many luminaries in the bioinformatics world, including Michael S. Waterman, Leroy E. Hood, and John Wooley.
The GIS is Singapore's flagship in genomic sciences. The bioinformatics works conducted in GIS are largely in support of various biological research projects in GIS. The key bioinformatics researchers in GIS are Philip Long—who is well-known in the machine learning field, Prasanna Kolatkar—who is an expert in protein crystal structures, and Lin Kui—who is an excellent bioinformaticist. It is also worth noting that, David J. Lipman, a luminary of the bioinformatics field, sits on the GIS scientific advisory board. An important recent bioinformatics project at the GIS was the design and development of a S. pombe genome-wide ORF microarray. This is one of the few S. pombe microarrays that are being used in the studies of global gene expression patterns and their regulation. Another recent project was a study of cellular responses to estrogens. Here, bioinformatics was used to identify direct targets of estrogen receptors. This project has successfully produced over 100 early estrogen-responsive genes with putative estrogen response elements, which was a 5-fold increase over the 20 or so known estrogen-responsive genes with estrogen response elements. A third project was the study of gene expression of hepatocellular carcinoma. Bioinformatics was used to examine the variation in gene expression patterns in paired samples of hepatocellular carcinoma tumour tissues and non-tumour counterparts. A significant on-going bioinformatics effort at the GIS is the development of a protein-protein interactions database to help better understand the intricate relationships between the individual proteins within different genomes.
The IMCB's recent main bioinformatics activities were centered on its Fugu  project. Its informatics team, lead by Elia Stupka, was the work horse that annotated and analyzed the draft Fugu genome sequence (Aparicio et al. 2002).
The IHPC does not have a bioinformatics group. However, its computational chemistry group, lead by Wu Ping, does have some bioinformatics capabilities, especially in the protein structure and modeling aspects. An interesting project of this group in 1998 was a study of prostate cancer where prognosis was made based on chemical data from hair samples of patients.
I2R currently has the most active bioinformatics researchers in Singapore—after all, it was the first organization to conduct bioinformatics research in a significant way in Singapore.  The key bioinformatics researchers in I2R are Vladimir B. Bajic—who has created an extremely  accurate human transcription start site prediction system, Vladimir Brusic—who is a pioneer in immunoinformatics research, Jinyan Li—who has made innovative contributions to datamining technology research with his idea of emerging patterns, See-Kiong Ng—who wrote the key genotyping automation software that was used by DeCODE to genotype the Icelandic population, and Limsoon Wong—who conducted the first piece of bioinformatics research in Singapore back in 1994. The group's research also benefits from the participation of Louxin Zhang of the NUS Department of Mathematics—who is an expert in sequence analysis and phylogeny reconstruction algorithms, and Christian Schoenbach of RIKEN Japan—who is a member of the FANTOM02 core team.  
As mentioned earlier, the first piece of bioinformatics research in Singapore was conducted in 1994 in I2R. It was the development of the Kleisli query system for the integration and manipulation of data sources that are highly heterogeneous, highly complex, and geographically dispersed. Amongst the first problems the system was applied to was the so-called ``impossible'' biological data integration problems identified by the US Department of Energy at that time (DOE 1993). This was one of the earliest and most general data integration system for biology (Buneman, Davidson, Hart, Overton & Wong 1995, Wong 2002). The system was subsequently licensed in 1998 to geneticXchange of Menlo Park for commercialization, see http://www. geneticxchange.com.
 This project was followed by the FIMM project in 1996 which focused on curation of information pertaining to human functional immunology (Schoenbach, Koh, Sheng, Wong & Brusic 2000), and on development of methods for recognizing immunogenic peptides from antigens (Brusic & Zeleznikow 1999, Brusic, Petrovsky, Zhang & Bajic 2002). This project was a pioneer of the field that has now come to be known as immunoinformatics (Petrovsky & Brusic 2002). The group has made successful epitope predictions in several disease areas such as IDDM, melanoma, HIV, Malaria, renal transplantation, just to name a few.
By around end of 1998, the I2R  group became sufficiently experienced and launched several major projects in the subsequent years aiming at  post-genome knowledge discovery problems. The earliest amongst these later projects was the PIES project which was started in 1998 to use natural language processing techniques to extract protein interaction information from scientific literature (Ng & Wong 1999). The group also started the literature datamining track in the Pacific Symposium on Biocomputing series and organized the track for three years until 2002, when this topic was finally recognized as an important challenge (Hirschman, Park, Tsujii, Wong & Wu 2002). A prototype of PIES was licensed in 2001 to Molecular Connections in Bangalore as the backbone of its curation system, see http://www.molecularconnections.com.
Following PIES, the Dragon project was started in 2000 to analyze and predict gene features in genomic DNAs. By late 2001, the project has delivered initial success—its human transcription start site recognizer is currently the most accurate in the world by a significant margin (Bajic, Chong, Seah & Brusic 2002). It has recently been licensed to BioBase of Germany to be integrated into their TRANSPLORER product in 2003, see http://www.biobase.de.  
Most recently, the I2R group has also embarked on a project to develop technologies for analysing clinical data, including gene expression and proteomic data. A driving interest of this project is the research on new datamining and classification algorithms that are both highly accurate and highly comprehensible. Most of the initial ideas are based on the concept of emerging patterns (Li & Wong 2002a) and have delivered some initial successes (Li & Wong 2002b, Yeoh et al. 2002).
Besides these projects, the I2R group is also busy in analysing a specific group of zinc finger proteins, in curating information on action of toxins on ion channels, and in algorithms and methodologies for various aspects of post-genome knowledge discoveries, especially those pertaining to protein interactions.
Commercial Sector Activities
In the commercial sector, the most notable is the National Cancer Center, where Patrick Tan is leading the OmniArray Research Group. This group investigates the influence of genetic differences on the development of certain cancer diseases. The group has made good progress in the use of cDNA microarray technology and in the management and analysis of microarray data (Ooi & Tan 2003).
Another organization is the Lilly Systems Biology Research Center managed by Santosh Mishra, a very seasoned bioinformaticist. The Lilly Systems Biology Research Center is a subsidiary of Eli Lilly and Company. The center is to deliver innovative computational tools to help identify novel drug targets and elucidate drug mechanisms.
On a smaller scale are start-up companies such as KooPrime, Helixense, Agenica, and several others.  KooPrime is a spin-out from the NUS and specializes in laboratory information management and automation. Helixense is marketing a data integration platform called gRNA that they developed in-house. Agenica is a joint venture between Mitsui and the National Cancer Center to develop a molecular gene expression database for human breast cancer.
Closing Remarks
We would like to close this report by a few brief remarks on the history and progress of bioinformatics in Singapore.
As early as 1991 or 1992, there was already a limited amount of bioinformatics activities in Singapore that were championed by Tin-Wee Tan. However, these activities were mostly about mirroring of data collections and standard sequence searching applications.
The nature of bioinformatics activities in Singapore began to take on a more research-oriented character when Limsoon Wong started work on the Kleisli query system in 1994. This work generated significant interests from several large international pharmaceutical companies. 
This helped convinced the Singapore Economic Development Board to provide the funding in 1996 to start a Bioinformatics Center in the NUS as a joint collaboration between the support services of Tin-Wee at the NUS and the research of Limsoon at the I2R  (then known as the Institute of Systems Science). The resources of this Bioinformatics Center allowed several talented researchers to be recruited and nurtured into full-fledged bioinformaticists. Some of them have already been mentioned earlier: Louxin Zhang, Prasanna Kolatkar, Meena Sakharkar, Vladimir Brusic, Kui Lin, Shoba Ranganathan, and several others. 
By 2000, the potential of bioinformatics in modern biomedical research and high-throughput biological investigations has been fully recognized. Therefore, A*STAR initiated significant new funding to encourage and support research and development in this area. The GIS was established as the flagship for high-throughput genomic research in Singapore. A year later, the BII was established to drive bioinformatics training and research. Both the NUS and the NTU also responded by establishing proper degree programs in bioinformatics in 2002 and 2003.
Today, as described in the main sections of the report, we see considerable bioinformatics activities in Singapore. We can therefore expect increased vibrance in this field in Singapore in the near future
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