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PROJECT SUMMARY

Intellectual merit: Biologists have discovered many millions of genes, proteins and other genome and
molecular bio-information, now part of the biology "library" distributed on computers around the world.
These data are complex in structure, large in volume, widely distributed, and rapidly changing. It is
increasingly difficult for the scientist to find and computationally use those objects needed to answer
research questions. IUBio Archive has provided a public distribution center for biology software and
data over the last 15 years, extending the range of biology information that is easily usable by
bioscientists, students and the public. This project will build on that record, with improvements and
extensions to current collections of genome and molecular biology information. It will investigate
emerging data access technology for retrieval and redistribution among national and international
bioinformatics centers. Investigations of high-volume distributed search and retrieval methods, at
databank and bio-object levels are planned. Use of summary data and metadata to build searchable
directories of genomes and molecular objects will aid in the integration and federation of existing primary
biology databases. Standards-compliant technologies for distributed data access will include Web
Services, the Lightweight Directory Access protocol and Grid Services. Client software that is easy for
the emerging group of data-mining biologists to employ in use of distributed databanks and objects will
be developed in this proposal.

Specific aims of this project are:

A. Bio-information warehousing, access and distribution. Extend and investigate methods for
biosciences data-warehousing, improve data distribution and public access and search services, in
collaboration with the Bio-Mirror project.

B. Bioinformatics tools and services. Extend a public molecular biology software archive and web-
based services at [lUBio Archive, with applications to Bio-Mirror and other bioinformatics centers.

C. Genome information directory. Investigate improved methods for genome data federation, access
and search services, in context of the euGenes eukaryote genome information project.

Broader impacts: This project is oriented to improving access to life sciences information for all citizens.
This project and the PI help to educate a broad spectrum of citizens and students, consistent with national
and industry goals of teaching and research in informatics. This includes continuing work with Indiana
University programs in bioinformatics education, and interaction with museums and science education
groups such as the American Museum of Natural History, the National Academy of Sciences Museum,
and the National Science Teachers Association. This project will enhance the infrastructure of
bioinformatics in the US and worldwide, and improve bioscience partnerships with Asian-Pacific,
European and other nations. Improving security for biology data access and distribution is a component
of this project that has applications for national security and bio-threat response.
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PROJECT DESCRIPTION

I. Introduction

How does one find, read, analyze and integrate biology information that is available at repositories
throughout the world, including genes, proteins, and literature reports? There are at least 400 million such
objects at public repositories such as the National Center for Biotechnology Information (NCBI) in USA,
European Bioinformatics Institute (EBI) and National Institute of Genetics (NIG) in Japan, and other
institutions. Tables 1 and 2 indicate the wealth of these, drawn from the EBI data repository and FlyBase
Drosophila genome database in September 2002. Bio-data is collected, curated and computed by many
research groups, and is continually being improved and expanded. New kinds and forms of bio-data are
produced as new experimental methods replace older ones in life sciences. These data are widely
distributed around the world, not just a few central repositories, and are exchanged and published in many
ways via Internet access to databases, spreadsheets, structured and unstructured documents and files.
These objects are categorized in many ways: by name, database identifiers, classes (DNA, proteins,
genome features, literature, gene expression), organism sources, dates discovered, authors, key terms of
biological research, and other attributes. Such attributes and metadata provide means for finding objects
relevant to answering many biological questions.

Table 1. Biology Databanks at EBI Table 2. Drosophila genome objects
Databank  Contents Entries Contents Entries
EMBL DNA Sequences 18,800,000 Literature References 140,000
SWALL Protein sequences 900,000 Gene variants 112,000
InterPro+ Protein motifs 1,000,000 Genome features 50,000
HGBASE SNP database 1,500,000 Genes 40,000
Metabolic Paths 250,000 Transgene constructs 37,000
MEDLINE Literature 11,350,000 Chromosome aberrations 16,000
Total 33,800,000 Fly Stocks 15,000
Drosophila researchers 6,600
Total 416,600

Bioinformatics as a discipline, especially its information engineering side, has a strong focus on the
rich and growing datasets of life sciences. With genome information in particular, a transition is
underway from use of data files to an essential need for integrated database software (Stein 2003).

Today biologists seek primary genome information from among many web services. Genomics web
portals often lack methods for effectively mining large subsets of genomes, or are limited in the questions
one can pose to the underlying complex data. The Ensembl project (Ensembl 2002, 2003) is an example
of integrated software and data that bridges the gap in biology data access between bulk files and web
portals.

Many data exchange formats are used in bioinformatics, with the majority using a key-value record
object structure, such as EMBL and GenBank (Letovsky 1999). Several new exchange formats have been
proposed in recent years, e.g. there are at least eight XML formats for biosequences (Gordon 2002), but
community consensus on common formats is still a ways away. Collections of biology vocabulary and
their relationships are now aiding integration (Covitz 2003) using semantic associations among gene,
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protein, literature and related data sets, such as Gene Ontology and Global Open Biological Ontologies
(GO 2000).

Developing and updating software to read databank structures and provide integration is a large and
ongoing area of activity in bioinformatics. A wide range of bioinformatics tools provide such access:
SRS - Sequence Retrieval System (SRS, Etzold 1993), PubMed (National Library of Medicine) and
Entrez (NCBI), Ensembl (Ensembl 2002, 2003) and DiscoveryLink (IBM, Haas et a/. 2001) database
middleware layer, among others. An important approach to integration of large-scale heterogeneous bio-
data is through knowledge maps (Parker et al. 2003) that are based on summary data and metadata
describing relationships among core data. Catalogs or directories that integrate bio-data in basic but
useful ways can be implemented as interfaces to existing access tools. Projects at DDBJ and EBI
bioinformatics centers have pioneered such with Web Services and XML exchange (XEMBL; XDDBJ)
by adding an interface layer on top of the centers’ current database access tools.

Biology databases are among the most cross-referenced of science data, where many databases actively
manage linkages to other databases. The Life Sciences Identifier (LSID) is a developing standard to offer
consistent syntax for biology identifiers, and has reference implementations using Web Services and
Lightweight Directory Access Protocol (LDAP). The OpenURL standard (NISO 2003) provides a
related mechanism for network object access, an example is LinkOut used for biosequences and literature
at NCBI bioinformatics center. These and other protocol standards in sciences and informatics are
relevant to providing best access to collections of biology information.

Large bio-data sets need to be copied frequently among computers for bioscientists to perform
experimental analyses. The task of keeping data sets integrated with others and in synchrony with their
sources is a growing problem. The Bio-Mirror project distributes a core of 150 gigabytes of data among
several global bioinformatics centers. Several of members of this project lack sufficient network
bandwidth, as well as engineering personnel, to update data sets regularly. The problem is compounded
for regional and laboratory data collections where bioinformatics engineers and infrastructure are more
limiting resources.

Needs for automating the efficient selection, distribution and integration of bio-data are increasingly
important in biological and biomedical research. This project will provide solutions to this through a
combination of warehousing, redistribution and integrated access to a wide range of genome and biology
data and software, using existing and newly developing high-performance search, retrieval and
distribution methods; it will investigate basic, effective ways to federate or integrate bio-objects from
local and distributed databases, developing directories or knowledge maps for improved access through
summary and metadata about objects; and it will focus on eukaryote genome data as a set of widely
interesting and complex data objects where improvements in integrated access are important.

Summary of IUBio projects. 1UBio Archive (Gilbert 1989) has been providing public dissemination
of biology information for nearly 15 years. IUBio Archive includes hundreds of biology software titles,
many added during the current grant period, as well as a cataloged, searchable database of software.
Along with software titles, 100+ GB of biology databanks is available in integrated searchable form via
the SRS system. Web usage is about 75,000 pages/month (no robots), and 10,000 distinct hosts/month.

Bio-Mirror project (bio-mirror.net) has a goal of efficient world distribution of rapidly changing
biology data. It is a production distribution system offering FTP, web and rsync access to daily updated,
high-volume bioinformatics databanks and exchanges data with centers in Asia-Pacific and throughout
the world. Current databank volume is 140 GB, with a 10-20% daily turnover, and transfers at this site
are approaching one TB/week.

euGenes project (eugenes.org) is a public access system that provides a common summary of gene and
genome information from eukaryotic organisms. Summary information on these covers 900,000 genome
features with maps and sequences, 200,000 named genes and their functions, with links to extended
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information. Usage is about 20,000 pages/month (no robots), and 5,000 distinct hosts/month. A related
project not in this proposal is FlyBase (flybase.net), a comprehensive database of Drosophila genetics and
molecular biology (Table 2), with web usage of about 700,000 pages/month, and 30,000 distinct
hosts/month. Recent developments with euGenes include redesign of the infrastructure for easy, rapid
replication of the entire information system, in the context of the Generic Model Organism Database
project (GMOD; www.gmod.org/argos/) and extensions to provide gene object catalogs as an aid toward
federated access to source genome databases.

The aims of this proposal are:

A. Bio-information warehouse, access and distribution. Extend the current biology data and software
archive, and investigate improved methods for biosciences data-warehousing or archiving, improve data
distribution and public access and search services, in collaboration with the Bio-Mirror project.
Extensions include development of object level access through directories or catalogs of bio-information,
with emphasis on high-volume, high-availability distributed data access systems. Improvements in
reliability, use of replicated sources, security options and efficiency can solve growing needs for biology
data distribution.

B. Bioinformatics tools and services. Extend and improve the public molecular biology software
archive and web-based services at [lUBio Archive, with applications to Bio-Mirror and other
bioinformatics centers. Integrate use of SRS, IBM DiscoveryLink and other data selection tools with
bioinformatics analysis tools.

C. Genome information directory. Extend and investigate improved methods for genome data
federation, access and search services, in context of the euGenes eukaryote organism genome project.

The research proposed focuses on information engineering for effective management of proliferating
bio-information. One trend emerging among users of genome databases such as FlyBase is a move
among bioscientists and proto-bioinformaticians to data-mining, that is search, retrieval and integration of
large subsets of data, often drawn from many database sources, often focused on summary information
for a range of common gene attributes. These results are used in spreadsheets and simple databases or
analyses. This class of computer-savvy bioscientist is somewhere between a computer-naive biologist
needing strong computational support from data providers, and an experienced bioinformatics group who
can ‘roll their own’ data-mining tools. The proposed aims will aid this growing class of bioscientist to
more fully find and use the wealth of available bio-data, with a combined approach of warehousing,
advanced data access tools, and database integration through summary information.

In overview the project goals are ambitious, but they are practical and can be achieved in the requested
funding period to provide advanced bio-information management. This work will be done in conjunction
with needs and efforts of other bioinformatics groups around the world that are investigating improved
data access technologies. It will be carried out in collaboration with partners at US, European and Asian
Pacific bioinformatics centers, including Rodrigo Lopez and Peter Stoehr (European Bioinformatics Inst.,
EBI), Ugawa Yoshihiro (Miyagi University, Japan), Markus Buchhorn (Australian National Univ.), Tan
Tin Wee (Natl. Univ. Singapore), Rick Westerman (Purdue Univ.) and others. Letters of support are
provided in a supplement to this proposal.
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II. Results from Prior NSF Support

Current NSF support to the PI is through NSF-DBI award 0090782 of $250,000 for 2/1/2001 to
01/31/2004. This project, “IUBio Archive: Access and Distribution of Genomic and Molecular Bio-
information”, serves public biology software and data via FTP, Web/HTTP, rsync, LDAP and other
Internet protocols, at Internet addresses iubio.bio.indiana.edu, bio-mirror.net and eugenes.org. Papers
published from this ongoing project include (Gilbert 2002a, 2002b, 2003a, 2003b), with additional ones
in preparation. This funding has been instrumental in training two bioinformatics graduate students,
Danfeng Yao (M.S. in computer sciences, 2002) and Paul Poole (M.S. in bioinformatics, 2003), and many
other students at Indiana University benefit from lectures and seminars with the PI on subjects supported
by NSF through this project. This project has formed an important component for bioinformatics training
and additional graduate student support is sought in this proposal.

Bulk file distribution from [UBio is rising, from 100 Gigabytes/month in year 2001, to three
Terabytes/month in early 2003. Hardware capability includes 600 Gigabytes of storage and a 4 CPU
Sun Enterprise server, funded by NSF Grant DBI-9982851 and the Indiana University High Performance
Network Project. Currently 500 GB of biology data and software are stored at [UBio, available as part of
Bio-Mirror (150 GB), IUBio services (200 GB), euGenes eukaryote genes database (100 GB), and
Biology software and Bionet news archives (50 GB). The storage array is at capacity; an equipment fund
supplement to the current award has been requested, and this proposal seeks additional server equipment
to extend its services.

IUBio Archive

IUBio Archive for biology data and software has been an important Internet information resource for
biologists since 1989 (Baxevanis and Ouellete 1998). The PI's early work includes pioneering efforts to
provide interactive searches of biosequence databanks over the Internet, including a graphical Internet
search client (Gilbert 1990) and a WALIS server for searching biology data (Gilbert 1992, 1993). Public
software available at IUBio is focused on molecular biology, with sections for alignment, sequence
consensus, phylogenetics, pattern matching, primer selection, restriction enzymes, RNA structure,
searching, and platform-specific programs (Gilbert 1999). This collection of publicly available software
is a popular source of analysis tools for bioscientists.

A recent addition to IUBio Archive is the EPrints system (Steele 2002) for self-archiving of
publications. Software authors can submit and maintain software packages with this system, lessening
the burden on the archive administrator. Modifications were added to permit its use for software
cataloging and distribution, and software file access through FTP and Rsync. EPrints includes the
standard Open Archives Initiative (Lagoze and Sompel 2001; OAI 2001) interface for harvesting
metadata about publications, used in distributed publication directories. These include OpenArchives.org,
which catalogs the IUBio software archive on a regular basis. Additional software archiving
developments include tools to automatically locate and retrieve new and updated public bioinformatics
software packages. This work will help to ensure that IUBio Archive maintains current software with
minimal intervention by an administrator.

IUBio Archive has for several years provided a US public site (Gilbert 1995) for the Sequence
Retrieval System (SRS, Etzold and Argos, 1993; Zdobnov et al. 2002). SRS is an important and widely
used tool for biosequence and related genomic data searches, as it provides a tested and working way of
linking, or federating in a basic sense, many related databanks, as well as offering automated up to date
access to these data. The SRS service at IUBio has been upgraded to new versions, and extended to add
more biosequence data sets during the NSF funding period.

Continuing the service of archiving important public bioscience data and software tools, and expanding
its role in bioinformatics data warehousing, is a goal for [lUBio Archive. New tools of importance to
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molecular biosciences are being added to IUBio user services. These include EMBOSS (Rice 2000), a
developing, comprehensive, open-source package of sequence analysis tools; Pasteur Institute Software
Environment (PISE; Letondal 2000), a framework for integrating bioscience analysis tools into a web
server; and phylogenetics tools. An archive of the Bionet public news articles comprises a large and
popular section of this archive. Besides serving the biosciences community, this news archive is a source
of science information widely used by the general public. Bionet news contains much useful information
on molecular biology materials and methods, software, organism and techniques oriented science news
and discussion.

Bio-Mirror project

As multi-gigabyte public bioinformatics databanks grow and change daily, access to them is hampered by
limits on Internet bandwidth. The Bio-Mirror project addresses this problem with rapid redistribution
from several sites. Such mirrors reduce the burden on source providers, and mitigate Internet outages and
slow distant connections.

The Bio-Mirror project was formed in 1998 as a collaboration of Asian-Pacific bioinformatics centers
(APBionet) and IUBio Archive at Indiana University. It distributes databanks using Internet2
connections between continents. Many APBionet members are part of new and growing bioinformatics
centers, where Bio-Mirror sites provide a short path to current data from US and European sources.
Project sites serve data to a range of educational, government and industry bioinformatics groups. We
also investigate new technologies in science data grid informatics to improve data distribution.

The Bio-Mirror project is provided as a public service by member centers with support of several
organizations. Participants include APBionet and bioinformatics centers in Japan, Australia, Singapore,
China, Korea, Malaysia, Taiwan, Thailand and the USA (Table 3). High performance network
infrastructure and collaborative help have been essential to this project, including Trans-Pacific network
(TransPAC) and Asia-Pacific Advanced Network (APAN).

Table 3. Bio-Mirror sites.

Country  Host Web site Bulk data access
Australia Australian National University — -- rsync: and ftp://bio-mirror.-
au.apan.net/biomirror/
China Institute of Microbiology, http://bio- ftp://bio-mirror.cn.apan.net/-
Chinese Academy of Sciences  mirror.cn.apan.net/  pub/biomirror/
Japan Computer Center for AFFRC http://bio- ftp://bio-mirror.jp.apan.net/-
mirror.jp.apan.net/ pub/biomirror/
Korea Korea Advanced Institute of http://bio- ftp://bio-mirror kr.apan.net/-
Science and Technology mirror.kr.apan.net/ pub/biomirror/
Malaysia Universiti Putra Malaysia http://ingene2.upm.  ftp://ingene2.upm.edu.my/
edu.my/
Singapore  National University of http://bio- ftp://bio-mirror.sg.apan.net/-
Singapore mirror.sg.apan.net/  biomirrors/
Taiwan National Yang-Ming http://bio- ftp://bio-mirror.ym.edu.tw/-
University mirror.ym.edu.tw/ biomirror/
Thailand Kasetsart University http://bio- http://bio-mirror.ku.ac.th/-
mirror.ku.ac.th/ biomirror/
USA IUBio Archive, Indiana http://www.bio- rsync: and ftp://bio-mirror.net/-
University mirror.net/ biomirror/
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Contents of the Bio-Mirror databank set include core databanks from the three collaborating DNA
databanks GenBank, EMBL and DDBJ. SwissProt, TTEMBL, PIR, PDB, Pfam and InterPro protein
databanks are included, as well as BLAST and RefSeq databanks. Ensembl, NCBI Genomes, LocusLink,
euGenes, Unigene, Gene Ontology, and related genome and other data are included. The current
collection exceeds 140 Gigabytes (compressed, or about 500 GB uncompressed). Approximately 10% of
these change daily, and most are updated in the course of 3 months. Complete databank file sets are
mirrored from sources in the US, Europe, and Asia-Pacific. The European Bioinformatics Institute (EBI)
and National Center for Biotechnology Information (NCBI) centers now include Bio-Mirror sites in their
access information.

Project sites currently serve many Terabytes
per month to thousands of bioinformatics
centers and labs. Bulk distribution has risen
2000 from 100 Gigabytes/month in year 2001 to 3
Terabytes/month in 2003 at the US node
(Figure 1). File transfer (FTP) provides the
best access, as FTP servers have been tuned for
large file transfer. Bio-Mirror sites also offer
search and analyses services of these data with
0 +& - - - SRS and other programs. The Perl FTP mirror
Jan-00 Jan-01 Jan-02 Jan-03 package (McLoughlin 1998) is used at Bio-
Mirror sites to maintain daily updates, with
additional Perl tools for updating local
databanks available in the project collection.

3000

Megabytes

—

o

o

o
1

Figure 1. Monthly data transfer at US Bio-mirror.

The Bio-Mirror project has been developed with colleagues Y. Ugawa, A. Mizushima (Japan), Tan Tin
Wee (Singapore) and others, with the support of the Asian Pacific Bioinformatics group (APBionet).
Nodes now include bioinformatics centers in Japan, Australia, Singapore, China, Korea, Thailand,
Maylasia, and the USA. Indiana University high performance network infrastructure and collaborative
help has been essential to this project, including TransPAC (Trans-Pacific network), and Asia-Pacific
Advanced Network (APAN) connections.

euGenes genome data access system

A bioinformatics project started in 1999 by the PI is a genome summary service for eukaryote
organisms, euGenes (Gilbert 2002a). The genome data summarized in euGenes for eight eukaryote
organisms, including humans, mouse, Drosophila, C. elegans, forms a set of attributes on genes that will
be useful for developing directory systems to locate gene objects. Primary information on all known and
inferred protein coding genes of these genomes is included, with whole chromosome DNA and feature
annotations. There are usable whole-genome map displays with feature annotations, chromosome
locations and molecular data integration. Consistent gene symbols, identifiers, and synonyms are used
for the known, predicted and orphan coding genes from these organisms. Gene homologies are calculated
using BLAST among these genomes. Standard vocabulary of molecular function, biological process and
cell location is integrated into data searching and reporting.

euGenes is built with source data contained in the I[UBio Archive / Bio-Mirror data distribution set. Its
software derives from work by the PI in designing and developing the FlyBase project public interface as
a portable, distributed web service for access to model organism data (FlyBase 1999). A recently funded
NIH project that is related to this work is development of reusable, generic tools for genome data access
for model organism genome databases. This focuses on developing practical tools for deploying
directories of genome data in model organism databases, including FlyBase and euGenes. This is an
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essential component for automated data access and grid computing. The NIH project complements the
work proposed here, which focuses on data warehousing and distribution mechanisms.

Web functions in the euGenes service provide for search, retrieval, map display and summaries of
genome data are provided for easy use, including ability to combine queries with gene ontology,
homologies, features and other attributes. Public usage has risen from less than 1% of the FlyBase system
in late 2000 to 5% of it in 2002. Many people use this system on a daily basis. These include bioscientists
from all parts of the globe, in academia, government and biotechnology and pharmaceutical industries.
The genome maps are particularly popular, for their ease of use and functionality. Reference database
links are included for source data. Cross-links to euGenes from WormBase (Stein et al. 2001) and
GeneCards (Rebhan et al. 1998) are currently available. Web logs show frequent and returning use by
those referred from these services, an indication that this enhances WormBase and GeneCards services.
Much of the open source software developed for euGenes is in Perl, with use of bioinformatics tools such
as SRS, BLAST, and Unix tools including MySQL and Berkeley DB. Java programs (gnomap and
Readseq, D. Gilbert, unpublished 2000) that produce genome maps and extract annotated sequence from
genomes are component tools that are also used in other contexts.
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IT1. Research plan

IUBio Archive data and software collections, including its component Bio-Mirror and euGenes data
distribution and integration projects, will be maintained and updated in the proposal period. A five-year
project span is requested to maintain continuity for current and new public services. Approximately half
of this project effort will be directed to improving current information infrastructure, and one half toward
research in new data access means. New databank additions will focus on the emerging genome sets
along with other widely used bioinformatics databanks. These include searchable Medline literature data,
and searchable Ensembl genome data. Software packages will be added to the bio-software collection
through author-archiving and automated collection means.

Improvements planned for the euGenes system include automated replicability for distribution to other
computers. Addition of new eukaryote organisms is planned, drawing on more source databases including
Ensembl (vertebrates) and Gramene (rice). Web Services search and retrieval access genome summary
data will be added, drawn from any common practice examples in genome database informatics, and
additional human-usable web interface features will be added, drawn from available open-source genome
informatics projects such as GMOD.

In addition, experimental work will be undertaken to extend access to these collections. Experiments
with data grid and alternate technology to improve distribution of biology data, and especially genome
data as found in euGenes and FlyBase projects are in progress, and offer future improvements in this area.
Extensions planned for IUBio Archive include development of object level access through directories or
catalogs of bio-information (Gilbert 2002¢, 2002d), in context of grid computing and web services, with
emphasis on high-volume, high-availability distributed data access systems. Improvements for the SRS
data access system, including work with SQL and XQuery integration using IBM DiscoveryLink (Hass et
al. 2001; renamed Information Integrator), and addition of bio-application services including EMBOSS
(Rice, 2000) are planned.

A. Bio-information warehousing, access and distribution.

Improved bio-data distribution. The Rsync protocol (Tridgell, 2002), recently added at Indiana and
Australian Bio-Mirror servers, has proven a useful alternative to FTP for file distribution, as it includes
file system synchronization that updates only changed files. Rsync can also synchronize only changed
sections within files, though for binary-compressed large databanks this may reduce efficiency. The
SDSC Storage Resource Broker (Baru et al. 1998) provides access heterogeneous data sets based on
attributes rather than physical locations, and will be tested in the Bio-mirror context for improvements to
bio-data distribution. GridFTP (Allcock ef al., 2002), another possible improvement, supports parallel
transfers and other efficiency methods. Although it can double transfer rates in a local network, our tests
indicate problems such as lack of anonymous transfers, limited support for 64-bit systems, limited
mirroring options, and bandwidth costs associated with parallel transfer. Additional work to identify
and deploy improvements for distribution will be undertaken.

Object versus Bulk distribution. Efficient search and retrieval for subsets of databanks, as object or
record-oriented data exchanges, has several advantages over the current common practice of bulk
databank distribution. A data record in bioinformatics can be any ID/Accession record from the source
data model. Record-oriented exchanges could greatly improve distribution efficiency: only changed
records need to be updated, rather than entire databanks. For efficient grid computing, one wants to be
able to distribute selected subsets to many compute nodes, rather than whole databanks. Components of
biology data grids will need to include directories or catalogs of data at file and object levels, to locate
objects and groupings for replication, as well as efficient bulk data transport and automatic replication
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management. The directory itself should be replicated and contain information on replication servers for
each data set such as Bio-Mirror sites.

B. Bioinformatics tools and services.

In addition to improving the data and software collections, new interactive web services for use of the
housed data will be developed. Addition of the EMBOSS suite of molecular biology analysis functions,
and other bio-data analysis tools for web-based analyses, with links to SRS for data selection, will
provide public access to integrated data analysis functions. SRS has several features recommending it
for producing data directory information. It provides a tested and practical way of federating many
related databanks, as well as offering automated, up-to-date access to these data. It has parsing methods
for hundreds of biology databanks that are actively maintained by Lion Bioscience as data formats
change. SRS provides summary metadata for each databank and data object, which can be adjusted to
project needs. It is one of the fastest search and retrieval systems suited for the basic biological queries
that are commonly text-oriented, and is efficient for large biology databanks, using inverted text indexing
and regular expression parsing. Vocabulary databases such as Gene Ontology can be used for classifying
DNA and protein objects through federated indexing (following cross-links between databases).

C. Genome information directory.

Work with euGenes genome collections will focus on providing summary catalogs or directories of
primary information on eukaryote genes and genome features drawn from source databases. These
summary data include gene identifiers, names and synonyms, database cross references, and summary
information on function (Gene Ontology), feature location, and homologies, plus metadata relating to
database sources and access links, update dates and versions. This will provide a knuckle service, a broad
survey of gene information in source databases, in the knuckles-and-nodes approach suggested by Lincoln
Stein (2003). The current genome collection will be extended to newly available eukaryote genomes.
Search and retrieval of this genome summary data will be made available through the common data
directory interfaces discussed. This service will be made highly replicable, drawing on the related project
work for GMOD, so that genome catalogs can be readily copied and accessed from many Internet sites
and within government and industry projects that require secure, local access.

A goal common to the above three sections of this project is the examination and use of available
technology for an efficient bio-data access system that works at the object level. This can include existing
and new genome and bio-database systems such as Ensembl, DiscoveryLink and SRS, with additions of
LDAP for high efficiency, distributable query/retrieval of large volume object directories, and Web
Services plus emerging Grid Services for wider access to object directories. Given no current common
practice standard for distributed data access in bioinformatics, each of these viable contenders will be
evaluated and employed where they prove most feasible and useful to improving community access.

New technology for providing computable and efficient high-volume access to large databanks is being
developed in the context of data grids (Avaki Corp., 2002; OSGA-DALI, 2002; iVDGL, 2002) in several
sciences. The developing grid computing infrastructure includes methods for efficient transport of high
volume data, project-oriented sharing of data, security and resource authentication. Core technologies
include Web Services, Grid Services and LDAP. Web Services provide computable web access to data,
with examples for bio-databanks (XEMBL, XDDBJ). Lightweight Directory Access Protocol (LDAP) is
a computer industry standard for distributed searching and updating large collections of metadata and
their underlying objects. An example LDAP directory of bio-data is available at IUBio (Gilbert, 2002).
The developing Open Grid Services Architecture (OGSA) standard has growing support (Foster and
Kesselman, 1999), including bioinformatics projects (EGD-WP10, 2000; MyGrid, 2002). OGSA
Database Access and Integration (OSGA-DALI, 2002) is particularly relevant to developing collection and
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directory level access to science data. Additional technologies such as network performance monitoring
(NMI, 2002) can usefully improve reliable, rapid distribution of databanks.

LDAP is interesting for high-volume data access: it uses common object schema, allows federated
queries over distributed collections, is efficient for high volumes of objects by using binary object
transport, and is flexible for accessing a range of data structures including flat files, object-oriented data
and relational databases. Web Services offer much flexibility and garner much of the current interest in
bioinformatics object exchange, but are not as fully developed a standard for distributed query as LDAP,
and WS are not as efficient for high-performance scientific computing compared to binary transport
methods (Chiu et al. 2002). Though these are different protocols, they share many similarities, and there
are available translation tools to make Web Services and LDAP interoperate (e.g. DSML).

Data access middleware

Data clients

— wi.ll l?e developgd to link
Database backends ( maps ( Databases Other existing genomics and
IR diractories bioinformatics databanks to
- Genome data CS”'E"MS“EBBK Data miners(” web reports ) grid and related data retrieval
E o < protocols. Preliminary
RDBMS | %, research of Dr. Gilbert has
: % produced initial versions of
”  \ Xindice ) Dfia ojects these for Web Services and
( sRs Interoperable Directory LDAP (Gilbert 2002c,
: Protocols 2002d). A directory service
@ I Grid Services (OGSA), LDAP, can support several interface
ol Y LSID, Moby, OAL WebServices standards, as they refer to the
| (XML,00,DB) | B same underlying attributes
"""""" Data Directory layer and metadata, as diagrammed

in Figure 2. The major
Figure 2. Bio-object access components components of this diagram

are the existing
bioinformatics databases, comprising various relational databases, flat file databases, and others, with the
software components that interact with these. Several of these are currently employed in IUBio Archive
and euGenes projects. A data directory middleware layer to interact with these existing backends will
provide distributed query and retrieval interfaces that are compliant with existing and developing
standards for Internet distributed directory systems. Methods of abstracting collection interfaces will be
employed in constructing a software library for this, usable by client programs developed for this project
as well as for other projects. The construction of this biology collection service will include schema of
suitable consensus attributes and metadata, and techniques for linking collections to existing databases.

Directories provide a “broad and shallow knuckle” of integration that can add significant value to
existing databases. Such directories provide a means for researchers who develop laboratory databases
that use links to reference data, to access and retrieve up-to-date gene or other object attributes in an
efficient manner. They provide the means for analysis and visualization tools, such as genome map
viewers, to likewise access and combine current data from multiple sources, useful for instance in
comparative genome studies.

An object entry in this directory will have primary attributes that are common to bio-data records:
stable identifiers, name(s), functional categories, location of a gene on a genome, along with meta-data
such as when it was updated, where among data centers this record can be located, what formats it comes
in. Summaries of genome data available in GeneCards, LocusLink and euGenes provide working cases
to define these primary attributes: identifiers, names and cross-database links are important for
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directories, detailed attributes, experimental and computed evidence are less so. Categorizations such as
Gene Ontology, taxonomic, developmental and anatomical attributes are important for semantic and high-
level searches.

This directory layer should use common community-defined data definitions, schema and attributes.
These will include object (gene, protein, reference) names, synonyms and Ids, cross-references to other
databases, dates of updating, available formats, source and locations for data, categories defined by Gene
Ontology, MIAME, taxonomy and other community standards. Directory linking via cross-references
can join several projects, so that a number of related sites can be searched in one pass (distributed
searches are a feature of LDAP that is not yet standard for Web Services). Community access to add and
update directory entries is also a useful feature for enabling shared projects. Given appropriate security
and access controls, as available with LDAP, this is straightforward to implement. For client access to
directories, software will be built on existing libraries for Web Services and LDAP in Java and Perl
languages. Computer-savvy bioscientists and bioinformaticians will be able to use client software with
minimal programming.

Preliminary tests using data transport protocols LDAP, SOAP, and SRS-Web for search and retrieval of
volumes of biosequence objects have been done (Gilbert, 2002d). Tests using the same database backend
system differ in the object directory interface, transport protocol, and data reformatting required.
Preliminary results indicate that LDAP is 10 times faster than Web Services methods (SOAP and SRS-
Web), due to a more compact binary-encoded transport and a more direct route from server file system to
client applications.

This project will test and develop public access via a variety of standard protocols: Web and Grid
Services, LDAP and Open Archives Initiative. We intend to build information retrieval services that can
be used via simple Java and Perl clients to enable researchers to access genome and molecular biology
data, use filters to select data subsets of interest, and run programs that use the data without needing
detailed knowledge of the underlying computer and operating system infrastructure. Open source
software tools and libraries now exist for sciences information technology realms to provide the Data
Directory Layer components (Figure 2) and associated client software to interact with it. Existing, open-
source toolkits and libraries in Perl and Java languages for access to OGSA, OAI and LDAP compliant
collections will provide the access support for information retrieval tools. LDAP client access is available
with standard Java Directory Services and Perl libraries. Tomcat, Axis and SOAP projects of the
Apache.org open-source community effort provide widely used web services frameworks that share
access to common databases. OGSA-DAI and Community Grid toolkits (von Laszenwski et al. 2000)
provide libraries for developing data grid client programs.
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IV. Relation to present state of field

The need for efficient distributed computing methods in bioinformatics is increasingly evident, as seen
from several projects that address this in different ways. The current common means for bioinformatics
centers and laboratories to offer network services are web-based, which has the value of universal
accessibility, but has limitations in computable access, and lack of standard user interfaces and distributed
use of resources. Technology for finding bio-data currently relies primarily on use of FTP servers, Web
page servers and general Web robot indexing such as Google and Alta-Vista. There are a few examples
of services for finding and accessing bio-data using CORBA or related (RPC, Java RMI) technology.

EMBNet (www.embnet.org) in European and elsewhere, and APBionet (www.apbionet.org,
collaborating in Bio-Mirror) in Asia-Pacific, are networks of bioinformatics centers that share data and
tools in a fashion similar to the Bio-Mirror project. ~ These networks, along with regional and institution
centers currently rely primarily on standard FTP for bulk databank exchange. They have needs for
improved data distribution and access that this project addresses. Many of these centers provide data
access using SRS; future versions of this bio-data access system may include a network federation
mechanism based on LDAP or Web Services.

GeneCards (Rebhan ef al. 1998) is an integrated summary of human gene information available on the
Internet and via bioinformatics databases. This project combines curation and automated information
retrieval and analysis to produce a very easy to use summary of knowledge, along lines similar to the
euGenes genome service, but more specialized in its area of genome information. The Pise project
(Letondal 2000) provides a good example of Web-centric bioinformatics services. Pise has a command
description language (XML based), which encapsulates the input, output and options needed for running
bio-applications. The Embreo (Tribble 2001) and Jemboss (Carver and Mullan 2002) projects are
developing Web Services methods for distributed computing of bioinformatics applications, particularly
the EMBOSS package.

Current directories of software and data for biosciences produce either web-based HTML documents,
and/or metadata in various formats. Many of these are human curated, and often suffer from going out-of-
date after a time. Perhaps the best example of automatic or semi-automatically maintained biology
resource directories is the BioNetBook project (Letondal et al. 1999). A public distributed genome
annotation system (BioDAS, biodas.org) provides common access to genome information from
WormBase, Ensembl, UCSC Human Genome Project, TIGR and FlyBase. BioDAS is a specific solution
to a specific need, that of providing network access to reference genome annotations, with requirements
for development and maintenance of client and server software focused on this one function. The myGrid
project (www.mygrid.org.uk) is a developing bio-grid effort that will include research on data distribution
methods.

Collaborative initiatives in the US, Europe and elsewhere have formed to build large-scale data grids
for physics, astronomy, climate sciences and biology (iVDGL, PPDG, EGD-WP10). Data grid research
approaches in Globus and iVDGL projects include studies on high volume distribution of data files as
well as object level exchange (Allcock et al. 2002; Stockinger et al. 2002). Another high-performance
data access technology is the SDSC Storage Resource Broker (Baru ef al. 1998). This client-server
middleware provides a uniform interface for distributing heterogeneous data over a network and for
managing replicate data sets. It provides a way to access data sets and resources based on their attributes
rather than names or physical locations.

The Life Sciences ID (LSID) initiative is a proposal for developing a standard naming system for
biology data objects that would improve consistency in locating these objects, and could form a common,
stable naming system for use with LDAP and other directory systems. The LDAP distributed search
system seems particularly suited for summary metadata describing biology data objects, and recently is
receiving attention for uses in development of biology data directory systems. The LSID proposal
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includes reference implementations in both Web Services (LSID-WS 2003) and LDAP (LSID-LD 2003).
There is bioinformatics community support for both, with arguments in favor of the LDAP mechanism
(Phillips 2003). Robert Kincaid has been investigating LDAP for constructing bio-object directories,
using NCBI LocusLink and related source data for gene lookups with gene expression and other database
interactions (Kincaid 2002). LDAP is widely used in current computer operating systems, and is
employed for directories of people and organization information, computer authentication and resource
discovery. It has a well-developed security model, including access controls at any level of object
hierarchy and fields. It is used in Grid computing (Czajkowski et al 2001), and forms part of the NSF
Middleware initiative (NMI 2002), for use in locating large video objects and other directory functions.

A thoughtful review of current and new approaches to integrating biology databases is provided by
Lincoln Stein (2003). In this he discusses several practices, from warehousing through distributed
federation, and proposes a functional compromise to answer current needs with the difficult problem of
integration. This “knuckles and nodes” approach builds onto source node databases (such as WormBase,
FlyBase, GenBank) an additional group of knuckle or joining data services, which link and consolidate
specific reference information among the source nodes. Examples of knuckle services include euGenes
and LocusLink for joining gene databases by common identifiers, names and orthologies among organism
genes. It should be clear that there is no easy nor single solution to integration of a large, heterogenous
collection of bio-data, but that several approaches need to be tried, and best values of each used or added
to other methods where possible. The BioMoby project (Wilkinson and Links 2002) is working to
provide a centralized repository system for access to a broad range of biology data, via object names,
using Web Services technology. The BioMoby project, MyGrid, implementations of LSID (LSID-WS
2003), and other bio-information integration projects have similarities with the research outlined in
federated access to bio-objects. This project complements these others, emphasizing integration via
directories of simple summary data and metadata that many genome and bio-data objects have, analogous
to the Dublin Core for literature, and by focusing on aspects of efficient high-volume selection and
transport used for finding and replicating bio-objects among computers.

The Open Grid Services Architecture (OGSA) standard for distributed computing has growing support
in software industry and academic research (Foster and Kesselman 1999), including the NSF Middleware
project (NMI 2002) and bioinformatics projects (EGD-WP10 2000, MyGrid 2002). Grid computing
infrastructure includes standards and methods for efficient transport of high volume data, project-oriented
sharing of data, security and resource authentication. The OGSA Grid Service interface defines Web
Services operations for querying and retrieving data, with support for query languages such as XQuery.
OGSA Database Access and Integration is particularly relevant to developing collection and directory
level access to science data. Web Services, including the developing OGSA Grid Services, are very
suitable for small message-sized interactions. But they are not efficient for high-performance scientific
computing with large volume data transport, compared to available binary transport methods (Chiu et al.
2002).

The OpenURL standard (Van de Sompel and Beit-Arie 2001; NISO 2003) from Digital Library
research is another developing standard that is important for many web-based scholarly information
environments, including bioinformatics. OpenURL provides a mechanism for delivery of objects that
originate in various domains including PubMed and Open Archives Initiative. LinkOut is an
implementation of this for biosequence and literature data in NCBI Entrez and PubMed systems. These
and other protocol standards in sciences and informatics are relevant to providing best access to
collections of biology information.
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V. Outcomes, publication and distribution

Outcomes include new methods for biology data access, distribution and federation and improved use
of this knowledge for bioscientists. Extended bioinformatics software tools at [UBio Archive will be
made available to public use and redistribution. Integration of these tools in servers at Bio-Mirror and
other bioinformatics centers is underway, including directories of bio-information distributed from IUBio.
Software, data and documentation produced have been and will continue to be made publicly available as
an open-source effort, in electronic and traditional publications read by bioscientists and
bioinformaticians.

VI. Schedule and Milestones

Year 1. IUBio server software archive and tools enhancements: upgrade SRS to version 7; add
EMBOSS and related biodata analysis tools for web-based analyses; add Medline/PubMed literature
database to SRS web search services; investigate use of IBM DiscoveryLink/Information Integrator with
biology databases for web and distributed database searches. Add Ensembl genome organism databases
for integration with euGenes summary data. Investigate, with Bio-Mirror partners, data replication using
directories of data objects.

Year 2. Focus on functional developments and evaluation of best standards in data access of LDAP,
Web and Grid Services methods. Identify use cases for laboratory and projects wanting distributed data
query and retrieval for large subsets of genome and molecular biology data. Continue year 1 extensions
for new databases and data access tools. Extended metadata production for integration of bio-
information, with preliminary public access and distribution.

Year 3. Focus on ease-of-use improvements in euGenes genome summary web interfaces; addition of
robust GMOD tools to euGenes. Addition of emerging best practices for data grid and bio-data
cataloging systems, depending on functionality, including Web Services and Grid Services for data
access, BioMoby, LSID implementations. Work on distribution, documentation and implementation
help for bioinformatics server tools to Bio-Mirror and other bioinformatics centers.

Year 4. Work on practical problems for developed data access systems, and on ease of replication and
installation at partner and other bioinformatics centers. Focus on solving problems with use cases of
client laboratories and projects. Improvements to documentation and distribution mechanisms for
advanced data access tools, in conjunction with Bio-Mirror partners and other bioinformatics centers.
Revisiting of best bioinformatics community practices and tools for data access, with modification and
addition of access methods and data sets as required.

Year 5. Focus on solving production access problems with integrated bio-data directories, and on
problems arising in partnership centers and laboratory use cases. Extended publication and dissemination
of available access systems.

VII. Broader impacts

Contributions to Bioinformatics: This project enhances access to genomic and molecular biology
data and software in several ways: it collects from primary sources and redistributes over global network;
it organizes new data and software into consistent frameworks for easy use (SRS, euGenes,
bioinformatics web); it develops improved methods for public use of bioinformatics software and data
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including emerging data/compute grid methods; euGenes summarization of genome data and skeleton for
new genome information system; and e-Prints database with its Open-Archive Initiative access for
software publication and organization. The research proposed focuses on information engineering for
effective management of proliferating bio-information, rather than fundamental new experiments in
computational biology. This project will enhance the infrastructure of bioinformatics in the US and
worldwide, as a data warehouse connected with high-speed Internet network infrastructure. It will
enhance partnerships with Asian-Pacific, European and western hemisphere nations in areas of
bioinformatics and high-speed networking. Benefits to society include improved world scientific
partnerships and technology transfer to areas that are now building bioinformatics and Internet centers for
sciences.

Education: Teaching bioinformatics methods to graduate students, including those working on this
project and two dozen others enrolled in the Indiana University School of Informatics Masters in
Bioinformatics program, is a component of the PI’s efforts. Talks and lectures by the PI on this area of
bioinformatics to students and a range of academic and industry scientists are ongoing. Informal teaching
and advising to biology graduate students and faculty on bioinformatics methods also is an educational
contribution. The international bioinformatics organizations APBioNet (Asia-Pacific Bioinformatics
network; www.apbionet.org) and EMBNet (European Bioinformatics network; www.embnet.org) are
collaborative partners with Indiana University bioinformatics efforts of Dr. Gilbert. These organizations
include educational objectives, workshops, courses and efforts to promote bioinformatics education in
numerous countries.

The euGenes genome service is useful for and used by general public, and provides a reference source
for museums and other science education organizations for information about the Human and related
genomes. The National Science Teachers Association (NSTA.org) has selected it as a teaching resource
(www.scilinks.org). A genomics exhibit at American Museum of Natural History, created by Dr. Robert
DeSalle (http://www.amnh.org/exhibitions/genomics/), was aided by collaboration with the PI. The
National Academy of Sciences' Marian Koshland Science Museum is developing a genomics exhibit (Dr.
Erika Shugart, managing editor), which also may well contain information derived from the euGenes.

Contributions to other Sciences and beyond Science and Engineering: This project is oriented to
improving access to life sciences information for all citizens. This PI and Indiana University are
enthusiastically committed to enabling participation of all citizens, especially those often
underrepresented in technological and engineering disciplines, including minorities, women and persons
with disabilities. We will seek to involve and educate a broad spectrum of citizens with this project. The
archive of Bionet news at IUBio is widely used by general public for learning about active research in
many bioscience areas. The Pl is involved in discussions in the State of Indiana on ways to improve
bioinformatics practices and education for commerce.

Developing collaborations with other sciences in grid computing are expected to yield multi-
disciplinary computing infrastructure useful to many disciplines. Development of directory systems in
which security and authenticated access to biology data are fundamental components has applications for
national security and bio-threat response research. Improvements in access to public genome and
bioscience data will aid in the general improvement of science/technology understanding and integration
into commercial and personal activities.
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