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The extensive germplasm resource collections that are now available for major crop plants and their wild relatives will
increasingly provide valuable biological and bioinformatics resources for plant physiologists and geneticists to dissect the
molecular basis of key traits and to develop highly adapted plant material to sustain future breeding programs. A key to the
efficient deployment of these resources is the development of information systems that will enable the collection and storage of
biological information for these plant lines to be integrated with the molecular information that is now becoming available
through the use of high-throughput genomics and post-genomics technologies. The GERMINATE database has been designed
to hold a diverse variety of data types, ranging frommolecular to phenotypic, and to allow querying between such data for any
plant species. Data are stored in GERMINATE in a technology-independent manner, such that new technologies can be
accommodated in the database as they emerge, without modification of the underlying schema. Users can access data in
GERMINATE databases either via a lightweight Perl-CGI Web interface or by the more complex Genomic Diversity and
Phenotype Connection software. GERMINATE is released under the GNU General Public License and is available at http://
germinate.scri.sari.ac.uk/germinate/.

Since the 1960s, successful worldwide initiatives
have been developed to establish and maintain genetic
resource collections of the world’s major crop species
and their close relatives (Marshall and Brown, 1975;
Williams, 1984). These collections are the repository of
millions of years of natural selection and contain the
genetic diversity necessary for plant breeding efforts
to cope with the recurring pressure of pathogen evo-
lution and global changes in climate and soil. Such
collections typically contain thousands of plant sam-
ples per species, usually termed accessions, and in
some cases contain more than 100,000 distinct lines or
accessions (Chang et al., 1989;Williams, 1989; Hoisington
et al., 1999). The concept of an accession can vary
between both communities and institutions. Within
the genetic resources community, an accession is most
commonly considered a distinct germplasm sample
that is maintained in a collection (Sackville Hamilton

et al., 2002). The composition of the germplasm sample
can be narrow or wide and ranges from a distinct
inbreeding line to a population. The unit of manage-
ment in a collection depends partly on the species of
the sample and the collection in which it is maintained.

Extensive documentation systems have been put in
place to maintain and allow the use of these collections
efficiently in plant breeding programs worldwide.
These are currently evolving to incorporate develop-
ments in information management, such as the use of
formal ontologies (http://www.plantontology.org/;
Mouder and Stoner, 1989; Plant Ontology Consortium,
2002; Stein et al., 2004). The genetic resources commu-
nity has developed a standard set of descriptive in-
formation to be recorded for any new line or accession,
known as ‘‘passport’’ information (Williams, 1984).
Passport information itself is evolving to make use of
new technologies. For example, the use of global
positioning satellite systems by plant collectors has
made available precise geographic location informa-
tion for new collections, which in turn means that
climatic and edaphic information can be more pre-
cisely associated with genotypic and phenotypic in-
formation for a given plant line.

There is now a move toward increasing the quality
of the information available for germplasm collections
through a systematic approach to documentation. This
includes the development of concepts and procedures
for efficient GenBank management, such as reducing
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the number of duplicate accessions and establishing
representative ‘‘core collections’’ (Engels and Visser,
2003). The goal of these efforts is the efficient manage-
ment and utilization of the resources by plant breed-
ing programs in both developed and developing
countries. A key element in this strategy has been the
development of high-throughput molecular technolo-
gies, which is enabling scientists to describe the ge-
notypes of a significant proportion of accessions from
genetic resource collections in addition to the con-
ventional evaluation trials that describe phenotypes
(Milbourne et al., 1998). An example of a large-scale
application of this approach is the Generation Chal-
lenge Program, an international effort to use molecular
biology and the rich stocks of genetic resources avail-
able for many major crop species to provide a new gen-
eration of crops to meet the needs of resource-poor
people around the globe (http://www.generationcp.org).

The developments in molecular genotyping have
passed though a number of phases as the genotyping
technologies have become increasingly more sophisti-
cated and higher throughput, contributing to the quan-
tity and quality of data associated with plant genetic
resources. Technology has ranged from protein poly-
morphismdata based on isozymes in the 1960s to DNA
markers such as restriction fragment length polymor-
phisms (Kochert, 1991; Brettschneider, 1998) and ran-
dom amplified polymorphic DNA (Powell et al., 1995;
Edwards, 1998) in the 1980s and 1990s and in the last
decade, to the advent of amplified fragment length
polymorphisms (Vos et al., 1995; Matthes et al., 1998),
simple sequence repeats (SSRs;Ciofi et al., 1998; Li et al.,
2000), and single nucleotide polymorphisms (SNPs;
Wang et al., 1998). The rapid increase in the number of
expressed sequence tag sequences available for many
important crop plants has provided the information
required to design and deploy functional SNPmarkers
in known genes of many major crops, and many SNP
development programs are currently under way. In
parallel, a new generation of genotyping technologies
based on arrays and other formats has evolved to score
many thousands of data points in a single experiment,
such as retrotransposon-based insertion polymor-
phisms (RBIPs; Flavell et al., 1998) and DarT (Jaccoud
et al., 2001). Thesenew technologies havebeenmatched
by high-throughput methods for DNA extraction
(Aharoni and Vorst, 2002; Schnable et al., 2004), result-
ing in large-scale genotyping of plant lines being
routinely possible.

A major challenge for plant genetics is how to both
integrate and analyze this rapidly accumulating vol-
ume of information and concurrently cope with the
rapid development of new technologies for genotyp-
ing and phenotyping. A key component of this process
is the formal recording and storage of plant genotype
information in a database or data warehouse context.
Currently deployed database systems address the
storage and management of germplasm and genetic
resource collections (Knupffer, 1990; Bruskiewich et al.,
2003; http://www.ars-grin.gov/), interspecies com-

parative genomics (Ware et al., 2002; Matthews et al.,
2003; Sanchez-Villeda et al., 2003), and specific marker
technologies (Lawrence et al., 2004; Warburton et al.,
2004a, 2004b). While each of these is very useful in its
own sphere, these databases have limitations that re-
strict their versatility for dealing with modern germ-
plasm collection data. For example, they do not
address the storing of genotype and phenotype data
in a generic manner that can accommodate rapidly
evolving technologies. Furthermore, existing data-
bases are not flexible enough to deal with the wide
variety of genetic systems exhibited by plants, such as
breeding system (inbreeding, outbreeding) or ploidy
levels. To address this issue more generically, a more
comprehensive approach to the description of plant
genotype information is needed that allows for a broad
range of marker technologies in the very diverse
genetic systems found in plants, including polyploidy
and varying levels of inbreeding.

We present here the GERMINATE database, which
aims to describe genetic and phenotypic information
generically and can be used for any type of genetic
system. Our aim is to fill a gap that currently exists in
the community. To achieve this goal, we have based
our database design around the elemental concept
of a generic marker and its different forms or alleles.
This can then be translated both to and from marker
technologies and genetic systems by the use of struc-
tured metadata, allowing for the storage of genotype
information without prior knowledge of either the
technology or genetic system.

RESULTS

Database Design

Overview

The primary goal of GERMINATE is to develop
a robust database that may be used for storage and
retrieval of a wide variety of data types for a broad
range of plant species. GERMINATE focuses on geno-
type, phenotype, and passport data, but has been
designed to potentially handle a much larger range of
data. We have aimed to provide a versatile database
structure that can be simple, require little mainte-
nance, may be run on a desktop computer, and yet has
the potential to be scaled to a large, well-curated
database running on a server. The design ofGERMINATE
provides a generic database framework from which
interfaces ranging from simple to complex may be used
as a gateway to the data.

PostgreSQL (http://www.postgresql.org/) was se-
lected for development of the GERMINATE database
because it is relatively quick when used for small
databases and lightweight interfaces, but is extremely
scalable and can be used for large databases with
complex interfaces. In addition, PostgreSQL is dis-
tributed under the BSD license (based on the
Berkeley Software Distribution license; see http://
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www.postgresql.org/license.html), which allows
GERMINATE to be released within an open-source
project. This is particularly important for the world-
wide genetic resource community, which includes
many institutions with limited financial resources.
Furthermore, releasing GERMINATE in an open-
source project will enable others to develop tools and
interfaces to the database, thus enhancing its versatil-
ity. The final reason for adopting PostgreSQL is the fact
that it allows strict constraints, triggers, and foreign
key relationships on objects in the database allowing
data integrity checks on data loaded into the database,
whereas many alternative open-source database lan-
guages do not fully implement these features.
The GERMINATE database is currently divided into

four modules, Data Integration, Information, Passport
Data, and Datasets, and a set of general tables used
by all modules (Fig. 1). Expansion, modification, and
addition ofmodulesmay be implemented as necessary.

Data Integration Module

This module is designed to store information on the
nature of the plant samples used for data collection.
Data collection in plant genetics varies dramatically
with respect to the plant or plants sampled. In some
cases, data are associated with a single plant or tissue,
pooled plants, an accession (typically one or a limited
number of plants grown up from a seed bag), or
pooled accessions. Sometimes, the data collected will
be at the population level, for example, when obligate
outbreeders are being studied.
The Data Integration Module accommodates these

various approaches to data collection used in the plant
genetic resources community and allows a single
generic method for handling the different data types
(Fig. 1). This is achieved by making the association
of the data with a database entry, which can be an
accession, sample, GerminateIdentity, or a group of
any of these. GerminateIdentity entries are used to
link data to germplasm that have not yet been as-
signed an identifying number in a collection. Germ-
plasm can be assigned a GerminateIdentity number
without requiring information about the germplasm to
be entered into any other tables in the database, such
as the Accessions table. Accessions are a subtype of
GerminateIdentity entries that are recognized in
GERMINATE by an identifying number, together
with an institution code. Samples can represent mul-
tiple entries derived from a single accession, such as
individual plants or different parts of a particular
plant (e.g. roots or leaves). Groups can be pools of
Accessions, Samples, or GerminateIdentity entries or
groups of progenitors for tracking ancestral informa-
tion. Every object inserted into the database is as-
signed a database ID in the table used for that type of
object (e.g. Accession or Sample). All data are then
linked to the accession or other entity by the database
ID and table ID. To ensure data integrity, a trigger in
the database checks that the ID is present in the proper

table when the data are entered. As all data in GER-
MINATE are linked in this manner, this design pro-
vides the framework for linking between varied data
types and datasets in a single analysis. The key to
analysis will then be the tools and interface used to
access the data.

The concept of accessions, samples, and groups can
vary greatly between institutions and individuals and
can therefore be defined within the context of the data-
base. Users implementing local copies of GERMINATE
will be able to define these terms to suit their needs;
however, community standards are expected to be
defined for commonly used terms and incorporated
into the database.

Passport Module

This module stores descriptive information about
the origin, ancestry, and species of an accession,
collectively known as passport data. An important
component of passport data is the multi-crop passport
descriptors (MCPDs), which are standards developed
jointly by the Food and Agriculture Organization and
the International Plant Genetic Resource Institute
(Alercia et al., 2001; http://www.ipgri.cgiar.org/).
The MCPDs are considered to be the lowest common
denominator between plants and are a widely recog-
nized standard for most crop species. They are also
likely to be the most accessed descriptors for the
accessions in the database. The Passport Module holds
the MCPDs with extensions to these standards to
improve their generality (Fig. 1). Since the MCPDs
are not an exhaustive list of all possible descriptors, the
GERMINATE database includes an AdditionalInfor-
mation table to accommodate any additional descrip-
tors that users may want to hold in the database (Fig.
1). This table makes the module broadly applicable
and capable of describing species and individuals
within different contexts. We are currently working
with plant breeders and geneticists to formalize how
accessions are described and to ensure the data struc-
ture is equally applicable to the genetic resources,
breeding, and genetics communities.

Themajority of passport descriptors are divided into
related groups that are reflected in the table structure
of the Passport Module. Each descriptor is assigned to
a field in the appropriate table in the Passport Module
(Fig. 1). For ease of tracking, the descriptor names used
in the MCPDs list are used as the field names in tables.
For example, the Taxonomy table includes descriptors
genus, species, spauthor (species authority), and crop-
name (Fig. 1). Certain passport descriptors are asso-
ciated in this fashion as multiple accessions frequently
share the same sets of descriptors, which will often
be requested as a group in queries, and not all de-
scriptors will be defined for any one accession. This
associative approach simplifies and accelerates access
to the passport descriptors, compared to the over-
complicated approach of accessing each descriptor
individually by its association with an accession or
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Figure 1. Graphic of the GERMINATE schema. Codes: PK, Primary Key; U, Unique index; I, Index; FK, Foreign Key (the numbers
following indicate if multiple columns are a part of the same index or key). The four modules and 54 tables are depicted.
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the oversimplified approach of storing them all in
a single table that would then contain many undefined
fields. In addition, the database is streamlined by
avoiding multiple database entries of descriptors du-
plicated between accessions (such as genus and spe-
cies). Our approach follows common normalization
guides for databases. The groups of descriptors in
a table are then linked to accessions by associating an
ID for the table entry with the accession ID.
The values of several passport descriptors are con-

strained by public standards. For example, the collect-
ing or acquisition source (collsrc) uses a controlled
vocabulary for the location where the accession was
collected, such as wild habitat, farm, market, or in-
stitute. Each of these permitted values is assigned
a number, defined in the MCPDs list, and this number
is submitted as the value of the collsrc descriptor.
GERMINATE adheres to these standards by limiting
entries for these descriptor fields, using checks, trig-
gers, or foreign keys to a look-up table that holds all
current values. Look-up tables are used whenever
possible, as they permit easy addition of new values as
public and database standards evolve.
Passport data also includes geographical informa-

tion about sites where accessions were collected.
GERMINATE uses a data format for geographical
data that is consistent with formats used by many
Geographic Information System (GIS) programs. We
have been working with the developers of DIVA-GIS
(Hijmans et al., 2001; http://diva.riu.cip.cgiar.org/
index.php) to ensure GERMINATE can be integrated
with DIVA-GIS to display GIS information. Although
other programs can display GIS data, DIVA is a key
open-source GIS program in the genetic resources
community and will be the default for displaying
GIS data in GERMINATE.

Datasets Module

The Datasets Module stores genotype, phenotype,
and trait data for the accessions in the database. An
example of how molecular marker data are stored is
shown in Figure 2. GERMINATE can accommodate
integer, decimal, short and long text, and binary (large
object) data in addition to array types for text, integer,
and decimal types. Array types are a list of data stored
in a single field in a table. Arrays permit easy access to
any number of alleles per locus or marker for an
accession. The arrays could also be used to store
a haplotype for an accession across a set of loci. These
arrays are assigned an integer ID, which is then stored
in the IntegerData table because searching integers
rather than text will speed up queries for large data-
sets. The array types are also able to accommodate
datasets for plants of any ploidy level. In autopoly-
ploids where multivalents still form and more than
two alleles are inherited in an individual at a particular
locus, there is no upper limit on the number of alleles
for a loci that can be stored in the database. Alterna-
tively, in allopolyploids or diploidized polyploids

where homoeologous loci segregate independently,
the distinct allele set at each homoeologous locus
would be stored in the database, and these homoeol-
ogous loci can be linked together using the Linking
table (described in the ‘‘Database Information’’ sec-
tion). The chromosomal assignment of each homoeol-
ogous locus is pertinent for analysis on such loci, and
this information is stored in a separate dataset that can
then be linked back to the dataset that stores the alleles
for the individual accessions at a particular locus. This
is a particular advantage of the GERMINATE database
structure. Furthermore, the ability to store multiple
alleles for a specific marker/sample combination also
means GERMINATE can store datasets derived from
pooled individual plants from a population. Many
databases deal with multiple alleles at a locus by
storing all the allele values as a text string. This slows
down access and queries on the allele values since it is
necessary to decode the text string.

The Datasets Module is metadata driven; for a given
dataset, any number of metadatasets can be associated
with it. The metadatasets store the information to
describe the data values. For example, in a genotyping
dataset where the alleles are the data values, the
metadatasets would describe the markers and acces-
sions in which they were evaluated. The metadatasets
are associated to their dataset by linking the dataset_id
field to the metadataset_id fields in the Metadatasets
table (Figs. 1 and 2). The data values for a dataset can
then be associated with any other object in the data-
base (such as Accession) using the ReferenceData
table. These relationships are described in more detail
below. The metadataset also has its own dataset entry
with associated data and can have its own metadata-
sets if required, allowing the flexibility for storage of
any level of complexity of data. Additional metadata
information, such as details about the experiment,
method, and markers used to generate the data, are
associated to each dataset via an ID.

A variety of data storage methods are currently
being implemented in the GERMINATE database.
Two of the more common methods are described
here (see Fig. 1 for details regarding the relationships
between tables). Trait or phenotypic data are often
recorded as observations of a trait in a defined context
for a set of accessions. The trait data are stored in the
appropriate data table, depending on the type of data
submitted (e.g. integer type would be used for phys-
ical dimensions of a plant, or string type for flower
color). The dataset ID indicates which dataset the
information belongs to, and a data index keeps track of
the order of data for the dataset. The accessions
associated with the trait data are the only metadataset
for the entry. The accession IDs are stored in the
ReferenceData table in the same data index order as
the trait values and associated with the accession
dataset ID. The Metadatasets table then holds the
information to link the metadataset (the accession
dataset) to the dataset (the trait values) when the
data are requested.
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Figure 3. Example of GDPC and the GERMINATE Perl-CGI interfaces returning information about Pisum sativum subspecies
abyssinicum. A, The GDPC interface showing a taxa query that has retrieved accessions that are from P. sativum subspecies
abyssinicum and that have a source geographical location. The properties shown are for accession number 691, Small Black Pea
from Ethiopia, one of the accessions returned. B, The Perl-CGI interface showing a similar query. The passport descriptor subtaxa
have been searched for abyssinicum; taxonomy information, some location information, accession name and number, and
institution code have been returned. The same accession (691) highlighted in A is highlighted here for comparison.
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