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means for analysis and data display tools, such as genome map viewers, to likewise access and combine
current data from multiple sources, an essential function for comparative genome studies.

The preliminary work with DAS and LDAP directories of genome annotations (section C) has shown some
of the aspects for design and implementation of this module.  It is feasible to build minimal, easy to apply
gateway interfaces for existing organism database systems that add an LDAP directory interface.  As well,
client software capable of using genome data directories for updating organism database components, and for
scientists who want to access bulk data in an automated way from organism database entries, will be
developed.

Design of data directory middleware will include these goals:
® Build on existing data search systems, such as SQL, SRS, DAS.
® Use common community-defined data definitions and attributes as directory entries. These will

include data object (gene, reference, etc.) 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 and other community standards.

® Use existing data structures and schema, allowing mapping where necessary to shared community
definitions.  For example, the DAS annotation system is based on a data structure developed for gene
finding and extended for genome annotations. The euGenes feature data is based on the
DDBJ/EMBL/GenBank specification of sequence features.  Mapping from one to the other structure
is needed for consistent use by clients.

® Provide for directory linking via references to federate multiple project directories, so that one can
search a number of related sites for relevant data.

® Provide for directory replication and mirroring.
® Offer community access to directory updates as an optional feature, to be used where suited to

organism databases.

Design of data directory client access software will include these goals:
® Software libraries will be constructed for biodata directory access by client tools.  These will build on

existing libraries for LDAP access in Java and Perl languages.
® Example client programs for use of data directories that would include the preliminary work with

annotation maps, and extend to the range of data objects commonly available in FlyBase and other
existing organism projects.

® The example clients should be usable by computer-capable bioscientists who are developing
experimental databases or analyses that use organism database objects.

Schema defining the primary directory objects and attributes should be developed from point of view of a
common community use. For that purpose, available common bio-data categorizations such as the Gene
Ontology classifications [GO], gene expression data standards (MIAME [MG]), and taxonomic categories
will all play a role in the definition of data directory structure.  The preliminary genome feature directory
services have been developed with this in mind.  The biosequence ontology now in initial stages of
development among GO consortium members will provide a foundation for improved consensus definitions
of sequence feature object directories.

The preliminary schema used for directory construction with the euGenes data set is shown in Listing 1.
This is described in LDAP schema nomenclature, including RFC 1274, 2252, 2256 available from the
Internet Engineering Task Force (IETF, http://www.ietf.org/), and relies on these published schema for
primitive object identifiers.  Objects and attributes are defined, the object specifying a directory entry
definition, which must or may have given attributes or fields of information.  Each definition includes an
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object definition identifier (oid), syntax of the attribute, which can be a primitive value such as string, integer
or binary, or a complex object, as well as identifiers for equality and comparison matching operations in
directory searches.

The structure is hierarchical, starting with Bioinformatics-Service as a root object, proceeding through
Genome-map, Species, and Chromosome to Sequence, Feature-summary and Feature object classes.  Feature
objects inherit attributes (the SUP term) of parent classes, and define attributes that must be included, such as
the Feature ID, or may be included in entries, such as notes and database cross references.  In this hierarchy,
a feature always is associated with a map, species and chromosome identifier as part of its distinguished
name.  However, multiple hierarchy classifications are feasible for directory entries, something that is
important to many biology data objects, as is found in ontology classifications.

Listing 1. Preliminary schema for genome annotation directories (LDAP format)

# gnomap2.schema
# ldap schema for euGenes gnomap data
# version 0.2, 3jan01, d.gilbert

## ldap Syntax Object Identifiers
#binary: 1.3.6.1.4.1.1466.115.121.1.5
#integer:1.3.6.1.4.1.1466.115.121.1.27
#directory string: 1.3.6.1.4.1.1466.115.121.1.15
#printable string: 1.3.6.1.4.1.1466.115.121.1.44
#numeric string: 1.3.6.1.4.1.1466.115.121.1.36
#octet string: 1.3.6.1.4.1.1466.115.121.1.40

attributetype ( Species-attr-oid
  NAME ( 'spp' 'Species' )
  DESC 'Species'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Chromosome-attr-oid
  NAME ( 'chr' 'Chromosome' )
  DESC 'Chromosome'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Feature-attr-oid
  NAME ( 'ft' 'Feature' )
  DESC 'Chromosome feature'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Location-oid
  NAME ( 'loc' 'Location' )
  DESC 'Chromosome feature physical (base) location'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch

  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Loc-start-oid
  NAME ( 'start' 'Location-start' )
  DESC 'start base number of feature'
  EQUALITY integerMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.27)

attributetype ( Loc-stop-oid
  NAME ( 'stop' 'Location-stop' )
  DESC 'last base number of feature'
  EQUALITY integerMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.27)

# strand should be an enum ( '+', '-', '0' )
attributetype ( Strand-oid
  NAME ( 'strand'   )
  DESC 'dna strand (forward,reverse)'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Map-location-oid
  NAME ( 'map' 'map-location' )
  DESC 'Chromosome feature genetic, cytologic
location'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Dbxref-oid
  NAME ( 'dbxref'  )
  DESC 'Database cross-reference'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( note-oid
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  NAME ( 'note'  )
  DESC 'Feature note'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Count-oid
  NAME ( 'count' )
  DESC 'count of items'
  EQUALITY integerMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.27)

attributetype ( Bases-oid
  NAME ( 'bases' 'base-count' )
  DESC 'count of bases'
  SUP Count )

attributetype ( NA-sequence-attr-oid
  NAME ( 'na' 'nucleic-acid' )
  DESC 'sequence of nucleic acid data'
  EQUALITY caseIgnoreMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Binary-NA-sequence-attr-oid
  NAME ( 'bna' 'binary-nucleic-acid' )
  DESC 'binary coded sequence of nucleic acid data'
  SUP nucleic-acid
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.5)

attributetype ( AA-sequence-attr-oid
  NAME ( 'aa' 'amino-acid' )
  DESC 'sequence of amino acid data'
  EQUALITY caseIgnoreMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Binary-AA-sequence-attr-oid
  NAME ( 'baa' 'binary-amino-acid' )
  DESC 'binary coded sequence of amino acid data'
  SUP amino-acid
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.5)

attributetype ( content-oid
  NAME ( 'con' 'content' )
  DESC 'data content types'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( urc-oid
  NAME ( 'urc' 'url-component' )
  DESC 'cgi key parameter to url'
  EQUALITY caseIgnoreMatch
  SUBSTR caseIgnoreSubstringsMatch
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

attributetype ( Service-oid
  NAME ( 'srv' 'service' )
  DESC 'bioinformatics service'
  SYNTAX 1.3.6.1.4.1.1466.115.121.1.15)

objectclass ( Bioinformatics-Service-oid NAME
'Bioinformatics-Service'
  DESC 'bioinformatics service'
  SUP top AUXILIARY MUST srv
  MAY ( mail $ url $ web $ content ) )

objectclass ( Genome-map-oid NAME 'Genome-map'
  DESC 'Genome map'
  SUP top
  MUST ( id )
  MAY (  name $ description $ spp $ content $ format $
url $ urc $ web ) )

objectclass ( Species-oid NAME 'Species'
  DESC 'Species held in map'
  SUP Genome-map
  MAY (  bases  $ chr ) )

objectclass ( Chromosome-oid NAME 'Chromosome'
  DESC 'Chromosomes held in species map'
  SUP Species
  MAY (  bases $ loc $ start $ stop $ strand $ map ) )

objectclass ( NA-Sequence-oid NAME 'NA-sequence'
  DESC 'Nucleic acid sequence from chromosome in
species map'
  SUP Chromosome
  MUST ( na )
  MAY  ( bna ) )

objectclass ( AA-Sequence-oid NAME 'AA-sequence'
  DESC 'Amino acid sequence from chromosome in
species map'
  SUP Chromosome
  MUST ( aa )
  MAY  ( baa )  )

objectclass ( Feature-summary-oid NAME 'Feature-
summary'
  DESC 'Feature summary in chromosome in species
map'
  SUP Chromosome
  MAY (  ft $ count  )  )

objectclass ( Feature-list-oid NAME 'Feature-list'
  DESC 'Feature list from chromosome in species map'
  SUP Chromosome
  MAY (  ft $ count  )  )

objectclass ( Feature-oid NAME 'Feature'
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  DESC 'Feature in chromosome in species map'
  SUP Feature-summary

  MAY ( dbxref $ note ) )

A basic Java library interface to genome annotation directory access as used in the preliminary gnomap
program is provided in Listing 2.

Listing 2. Preliminary java interface to genome feature directory access
import java.util.List; import java.util.Map;
public interface GenomeMapDirectory {
  public void setEnvironment(Map env); // set directory connection options
  public Service openService();  // return a service connection
  public interface Service {
    public List getSourceNames(); // list available sources from service directory
    public List getSchema(String name);// list object and attribute definitions
    public Source getSource(String name); //return a named source
    }
  public interface Source { //species or other general categories in directory
    public List getSegmentNames(); //List of available chromosomes from source
    public Segment getSegment(String name); //return a named segment
    public List getSchema(String name); // list object and attribute definitions
    }
  public interface Segment { //chromosome or other genome segment for a source
    public List getFeatureKinds(); //List of available feature classes
    public List getSchema(String name); // list object and attribute definitions
    public List selectFeatures(Map searchAttribs, Map returnAttribs);
      //Find all features with matching search attributes,
      //return all or only selected feature attributes
    }
}

Such a data directory interface can be used by several implementations for data transport, including LDAP,
DAS, local file or SQL database, as well as be adapted to new protocols as needed.  This method of
abstracting genome data directories will be employed in constructing a software access library, usable in the
example clients developed for this project as well as for other programs.  This is a generalized interface,
specifying that directory services and their components have distinguished names and attributes, and leaves
details of their contents to the schema definition.

The construction of a genome directory component will include implementation of schema of commonly
agreed on minimal attributes for genome data, packaging these with server and client implementations for
directory use, and techniques for linking LDAP servers to existing database search methods.   The Globus
project provides excellent examples for packaging directory service software for installation with minimal
effort on part of service providers; this will form a core part of such a component.  Existing toolkits and
libraries in Perl and Java languages for client access to LDAP directory data provide the framework for
inclusion in existing or developing genome analysis and display tools, such as map viewers. The Community
Grid toolkit (CoG, [CG]) provides an open-source library of software for developing client interfaces to such
data directories for use in of Science Grid programs.

Data Grid documents [GD, EG, VD] suggest this infrastructure is capable of efficient data transport.  The
methods from the Globus Grid package rely on LDAP for data catalog search and retrieval, with replica
catalog management software, and an enhanced FTP server/client modified for parallel transfers, large TCP
buffers, other efficiency and security methods [GD].  Work to develop virtual data grid methods is underway
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[VD] for physics and other sciences. These new developments, including its proposed Virtual Data Toolkit,
will be incorporated in the proposed directory module.

The LDAP technology includes these attributes of use for bio-data directories:
® The general directory structure is a flexible, hierarchically organized set of objects with identifiers to

community definitions. The objects can be relatively simple (address-book like) or complex, Java or
CORBA objects.  Each object belongs to one or more classes, and has any number of defined attributes.
Attributes can be primitives such as string data, numbers, and binary as well as defined complex
structures.

® Each entry has a unique 'distinguished name' identifier that locates it in a directory and among many
directories (as each directory has a distinguished name).

® It provides computable directory tree traversals (browsing) and searching; it provides referrals to other
servers and remote objects; it has extension mechanisms to implement new object handlers.

® Global searches of directories are possible (e.g. start a search at one directory, and the search can be
forwarded to any number of directories that are linked in).

® Controls for result sorting and paged output of long lists are provided with a defined API.
® Schema and data structure are flexible enough to describe a variety of complex data objects.
® Schema are searchable and retrievable like the primary directory entries, so that directory 'discovery' is

possible.
® Schema are well documented and based on formally agreed on standard object and attribute definitions

which have unique object identifiers (e.g. the IETF RFC documents).
® Mechanisms for updating directories by peer group members are included.
® Replication of directories among servers is a feature, which can be important for high availability.
® Security mechanisms for data transport, access and updates are included.
® Servers link to a variety of backend data systems; no specific data management software is required.

The proposed work will collect such existing, open-source parts and tie them together in server and client
implementations for genome database use, focusing on implementing the range of methods needed for (a)
LDAP server to backend database integration, and (b) example client uses of these directories with emphasis
on simple means to integrate directory protocols in other clients.   Preliminary tests with genome annotations
will be extended to include other data classes provided by genome databases, including literature records,
vocabulary and ontology classifications, expression and gene interaction data, and others.

Among other features, the LDAP technology provides a standard programming interface for a number of
features now developed ad-hoc in Web-HTML interfaces to genome data.  Sorting and paging of query
results are an essential step for handling high-volume results. Both browsing and searching capabilities are
essential to knowledge discovery.

Of notable interest, LDAP services can be federated in such a way that your search can transparently traverse
a number of servers.  Given cooperation among bioinformatics centers, one could search all the public bio-
data in the world with one query. Computable directories such as LDAP, unlike web pages, can be searched
and joined or federated among disparate sources of information, to list the "names" of any networked object,
along with its properties.

Methods for providing computable directories are a core component for a bio-grid, with LDAP providing a
mature technology capable of dealing with large-scale directories, flexible for data structures and backend
search systems.  In conjunction with Grid technologies for resource location and replication, this can provide
the needed resource location method for bio-grids.   As Open Grid Services Architecture  [FN] matures as a
component of Grid architecture with Web standards integration, development of the proposed data
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directories will take advantage of these new interoperability techniques.  In particular, the planned
GridService interface defines a standard WSDL operation for querying and retrieving service data. The query
language used in this directory search may be an XML standard such as Xquery, as an alternative for the
LDAP query standard.  Data discovery is an important aspect of directories, and the OGSA supports this via
registries.  Registries in this context allow interested parties to query for new resources, to register new
resources, and to receive notification of newly registered resources.

Perl, Java and other language libraries and source code to use LDAP directories are widely available.  An
open-source server (www.openldap.org) provides essential component for providing directories.  For use of
such directories, client software is also widely available in several languages, along with applications for
browsing and searching.

Interoperability and Longevity
The focus of this work is on promoting interoperability and public use of genome data in various ways.  It is
the goal here to use existing or developing data structures and formats that have reached a consensus of use
by the community, rather than to define new ones.  Both proposed modules (GISR and DGD) are adaptable
to a range of data formats, which is one of their key strengths.  The SRS-based module will support a wide
range of existing bio-data formats. It offers automatic parser construction for XML-DTD format databanks,
and addition of parsers other data formats is well documented, as well as an area that this project’s members
and the SRS parent company provides training.   There may be need to define working formats and structures
in the course of the project as with use of new approaches to data directories.  A working schema for such
directory use with genome annotations is provided (Listing 1) based on current available data structures,
though it is adaptable to new structures. The data grid directory module will add methods from the Open
Grid Service Architecture as they mature, providing interoperability between Grid and Web-XML directory
and repository protocols. As the model organism database community grows and encompasses new kinds
and forms of data, it will find the modules planned here will easily adapt to new needs, as prior experience
has proven.

The FlyBase public service is rare in its continued support of the same published data access URLs over
several years, while improving and adding new services.  This is an important design goal for long-term
public data access, as many other services add references to such URLs but lack a mechanism for updating
them. This stability for published data access interfaces, to primary functions of data search and retrieval,
and data object lookups, is a continuing design goal for these modules. The proposed GISR module provides
an abstraction of the specific search/retrieval engine used, where the planned SRS engine can be replaced by
other methods.  This was the case in early FlyBase development where the functions provided by WAIS
software were replaced by SRS, without sacrificing support for the published access interfaces.  One of the
strengths of a modular information system approach (as outlined in Figure 6) over single database design
structures, is flexibility in adapting to new access mechanisms while continuing to support older ones.

Data grid directories offer an improved mechanism to maintain stable access to data objects, by employing a
common industry standard interface to data that is independent of changes to web interfaces.  It may be that
in 5 years the bioscience community will shift to Grid or Web-XML as primary data access methods, but
such a transition would take several years with needs for continuing Web-HTML access for many scientists.
Web access URLs added to FlyBase in mid 1990s are supported today.  A focus on stable access interfaces
does have drawbacks in software construction, in effort required to maintain these access points while adding
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improvements.  One benefit of object oriented software construction used with the prior and planned work is
improved ability for long-term maintenance of application programming and module use interfaces.

Documentation, publication and support
Documentation of software developed in this project will include source-code standard methods for Perl
(PerlDoc, with CPAN style distribution packaging) and Java (JavaDoc, with standard Java source and library
packaging methods), as well as separate detailed instructions and description of operations and use.
Publication summarizing these tools in peer reviewed bioinformatics journals will be undertaken, along with
Internet distribution of project software and documents from Web, CVS and FTP sites which other GMOD
group developers use.   The Perl sources from this work for use of SRS data search and retrieval, and data
directory access with LDAP methods will be written with an eye toward Bioperl project standards, and will
be contributed to it.   Java sources and other tools will be contributed to ongoing collaborative projects such
as Biojava.  Support for this work will continue in the tradition which the PI has shown for continued support
and update of bioinformatics software, including the decade long commitment to tools including Readseq
and SeqPup, public distribution and information services such as IUBio Archive and Bio-Mirror.

Sequence of project
Year 1.  Preliminary module construction

Extension and revision of FlyBase and euGenes project software to make a generic module (GISR). The
focus of this first year will be on leveraging available software components to abstract those portions as base
software classes that are suited to any range of organisms and common genomic data classes. Specific
adaptors for a given organism data content will be then added to provide for required functionality in each
database adopting this module, including FlyBase.  Extend preliminary work with data directories to a fuller
complement of model organism and related bioinformatics data sets.  Develop directory middleware
interfaces to common database and information system search components.

Year 2.  Testing and deployment

In the second project year, testing and deployment of both modules will be done, within the FlyBase and
euGenes projects, and with partner MODs who will find this a useful addition to existing data access
components.  There are many genome-related databases in development for individual research projects that
can benefit from these access modules.  The PI is currently providing advice to a few of these, ranging from
Daphnia to dinoflagellates, and will provide support for such wishing to implement these access modules,
Software documentation, with a focus on easy installation and use in conjunction with other data
management systems will be accomplished, as will publication and distribution of the works of this project.

Public release of project information
All software, design methods, data and analysis protocols developed in this project will be made publicly
available for free use by bioscientists and bioinformaticians working on other projects, as the PI's work over
the last decade have been.    Publication of preliminary work is available at http://eugenes.org/ and
http://iubio.bio.indiana.edu/biogrid/.  These include source code, data and documentation for genome data
parsing and indexing with SRS, genome annotation directories as used with DAS and LDAP methods, and
their use with the gnomap map display program.   To encourage collaborations with other generic model
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organism groups, all products of this work will be shared through public access developer locations such as
http://www.gmod.org/, http://sourceforge.net/projects/gmod and any other venues that the model organism
database projects, NIH and GMOD groups recommend.
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