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An on-line database for zebrafish development and

genetics research

Monte Westerfield, Eckehard Doerry*, Arthur E. Kirkpatrick*, Wolfgang Drievert

and Sarah A. Douglas*

We have built a relational database of zebrafish devel
opmental and genetic research information accessible via the
World Wide Web. Our team of biologists and computer
scientists employed a user-centered design process, using
input from the research community to tailor the contents and
usability of the database. The database supporis the broad
range of data types generated by zebrafish research including
lext, images and graphical information about mutations,
gene expression patterns and the genetic map. Data are
entered both by the database staff and divectly by authorized
users. The database also maintains links among data,
scientists and laboratories, thus facilitating information
exchange within the research commumnily.
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Importance of the zebrafish database

THE ZEBRAFISH HAS RECENTLY emerged as a premier
organism for studies of vertebrate development and
genetics."” Powerful techniques allow efficient gen-
eration and recovery of zebrafish mutations that affect
a wide range of genes including those that regulate
developmental patterning, organogenesis, physiology
and behavior. The functions of many of these genes
appear to be conserved among different vertebrate
groups.”® Analysis of zebrafish mutations therefore
provides insights into gene functions in other verte-
brates, including humans.

The remarkable success of research using zebrafish
has generated a serious information access problem.
Although the use of zebrafish in genetic research is
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relatively new, the number of labs and the amount of
data generated by these labs are increasing at a
phenomenal rate. For example, ongoing genetic
screens have already identified over 3000 mutations.”®
As mutant lines become available, the information
about these lines grows rapidly; studies of each mutant
generate a description of its phenotype, genetics,
lineage, map location, interactions with other genes,
etc. The number of annual zebrafish publications has
increased over 400% in the past six years. The
information already far exceeds the ability of individ-
ual scientists to track and organize it. For these
reasons, a concerted effort has begun to establish and
maintain a centralized database for the zebrafish
community.

The zebrafish database project grew from our
earlier World Wide Web (WWW) site, http://zfish-
.uoregon.edu. Due to the dramatic increase in infor-
mation and the demand for more sophisticated
search methods, we have integrated the Web site
information and other zebrafish research information
into an object-oriented relational database. The
resulting database project is unique among biological
systems because it incorporates many novel design
principles and database features:

® designed with a usercentered collaborative

method;

meets usability and usefulness requirements of
biologists;

developed exclusively for WWW access;
includes unpublished data;

depends upon user submission of data;
integrates genotype and phenotype informa-
tion;

supports multi-media data.

Database design process

From the outset, both biologists and computer scien-
tists participated together to design the zebrafish
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database. The ultimate usefulness and usability of a
database depend upon a careful assessment of the
requirements of the users, detailed testing of proto-
types by real users, and analysis of the users’ inter-
active behavior while using the database. We? followed
the basic steps of user-centered (Figure 1; ref 10) and
participator}»‘” design.

Step 1: Develop database and usability requirements

We began by identifying what types of data are needed
in the database and how the database can be used to
study biological problems. To identify these require-
ments, the computer scientists on the project needed
to understand the everyday work of zebrafish
researchers and its relationship to their use of the
database. This was a difficult task because biological
research is very specialized, using techniques and
vocabulary which are unfamiliar to most computer
scientists. Accordingly, the computer scientists inter-
viewed zebrafish researchers, read journal articles,
participated in experiments, and attended research
talks and lab meetings. We used questionnaires to
gather design information from scientists around the
world, distributing them at workshops and via the
zebrafish WWW site. We also examined existing web-
accessible biological databases to evaluate their con-
tent and user interfaces and we obtained help and
design suggestions from scientists who are developing
databases for mouse and Drosophila. We used this
information to formulate the requirements for the
database.

Step 2: Iterate detailed design process

We next began an iterative refinement phase with
cycles of design, prototype implementation, and
evaluation with real users. In a process known as
usability testing, selected pairs of zebrafish scientists
evaluated each prototype using typical data submis-
sion and retrieval tasks. We videotaped and analysed
these sessions to identify problems which we solved
with changes implemented in subsequent prototypes

Develop Database
and Usability
Requirements

Public
Release

@

-

Data collection

Figure 1. The user-centered design process.
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in the iterative design cycle. When we were satisfied
with a prototype, we made it available to a small group
of zebrafish scientists (acting as beta testers) through
the WWW; access to the prototypes was limited to
these testers. Each screen contained a comment form
allowing our testers to send us feedback. At the end of
the beta testing period, we interviewed our testers to
assess the prototype design and improve it.

Steps 3 & 4: Data collection and public release

Step 3, data collection, was conducted in parallel with
the iterative design cycle. Several laboratories helped
by collecting and formatting data for entry into the
database. Public release of the database represents an
additional step, rather than the end of the user-
centered design process; usability analysis continues,
allowing the system to evolve to meet the changing
needs of the users. The commentary forms for
gathering user feedback remain available in the
public release. We are also recording (anonymously)
the sequence of screens visited by each user and the
total number of visits to each screen to identify
common usage patterns and to expose areas of
confusion. Finally, we are planning to conduct user
surveys, periodically interviewing a sample of users to
assess usage patterns, good and bad features of the
database, and interest in including additional data
types.

Overview of the zebrafish database
Relational database searches

Because of the broad range of zebrafish research, the
database system must support many different types of
data including images, spatialized graphical data and
text information. To make these experimental data
available to the research community, we first con-
sidered using standard WWW document technology
as a standard WWW server could list all the informa-
tion that the zebrafish community needs. However, a
simple WWW site has significant limitations when
compared to a database system. For example, all data
must be tediously entered and interlinked by hand in
the source files, and data access is limited to simple
file contents browsing because there is no underlying
data model. Zebrafish researchers need to put
together complex searches which combine genetic,
developmental, image, and other types of data. Only a
database system that supports model-based data
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organization and dynamic relational querying can
support such powerful searching capabilities.

For these reasons we chose a commercial object-
oriented relational database
(ORDBMS) which supports:

man agcmcnt S}"St(:‘ m

* user-defined data types;
a standard language for relational queries;
image, spatial and temporal data types;

security, query optimization, and data integrity.

The relational database system supports an abstract
data model which separates the logical data model
from the low-level data structures and forms the
foundation for relational querying. Adding object-
oriented modelingm'l:}' to a relational database creates
important advantages including inheritance and class
structures. Its extensible type system allows creation of
data types to represent the full range of biological
data including images and movies. Moreover, an
ORDBMS, like traditional database management sys-
tems, provides the support we require for security,
query optimization, data integrity and recovery.

Inexpensive, ubiquitous access

Our goal is to provide easy access to the database for
researchers with little or no knowledge of how the
database operates. It is also important for researchers
world wide to access the database using general
purpose, inexpensive hardware and software because
most users of the database are biologists with desktop
computers and limited database expertise. For these
reasons, we have designed and built a WWW-acces-
sible interface which allows users to interact with the
database using commonly available WWW browser
software like Mosaic or Netscape - (Figure 2). A
primary challenge in the user interface design was to
determine in advance which subset of queries would
satisfy the needs of most users but still provide a
simple interface. We chose this approach, rather than
providing a more powerful, but cumbersome stan-
dard query language (SQL) interface, The interface
translates browsable lists of search criteria submitted
by users (Figure 3A) into SQL queries, submits the
queries to the underlying database, and formats the
results into standard hypertext markup language
(HTML) pages which are displayed by the user’s
browser software (Figure 3B). Items in the query
result are linked (Figure 3B, arrow) to pages of
additional more detailed information (Figure 3C).
During data submission by users, the interface also
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acts as the arbitrator between the research labs and
the database, ensuring uniformity of the data types
and the assignment of proper descriptors (attributes)
to data records, thus enforcing the data model.

The data model and the contents of the
database

Most research using zebrafish centers on develop-
ment and geneLics,2 although there are increasing
numbers of physiological and behavioral studies. The
database supports the broad range of data types
generated in these diverse studies including text
descriptions and images of wild-type and mutant fish,
graphical displays of the genetic map, physiological
records, and laboratory methods.'* In additional, the
database contains information about researchers and
laboratories facilitating information exchange within
the research community. The specifications for how
these types of data are represented in the database are
described in a data model document written to be
intelligible to both computer scientists and biologists.
This document contains descriptions of the data
types, their attributes, and their relationships to each
other, as well as examples of how to use the database.
The data model serves as the blueprint for database
implementation and offers users a concise overview of
the contents of the database. The current data model
includes 25 classes of information, most of which are
highly interconnected (Figure 4; see also http:/
/zfish.uoregon.edu/zf_Sinfo/dbase/db.html).

Mutations

The description of mutations in the data model
provides a good example of how information is
interconnected. To enter a database record describ-
ing a new mutation, the attributes describing the
mutant line are specified (Figure 4). These include its
name, abbreviated name, the person who discovered
the mutation, the parental lineage, the mutant
phenotypes, and the lab that currently has it. The
genetic composition of this stock is specified by the
chromosomes it contains with each chromosome
being specified by the alterations it contains. The
complete description of the mutant is thus provided
by the combination of information describing the
alterations contained in each chromosome and the
full set of altered chromosomes.



M. Westerfield et al

The lineage of a stock is specified by the mother tion is especially useful for entering information
and father used to generate that stock. This informa- about stocks containing more than one mutation
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Figure 2. The graphical interface. The interface allows users to communicate with the database
using standard WWW browsers that run on desk top computers. No other specialized userside
software is required.
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created by crossing parents with different single
mutations (Figure 5). Each parental stock is specified
by its chromosomes which are each specified by the
alterations they contain. The lineage of a parental line
is specified by its parents, and so on. The data model
associates a fish with its parents, so, for example, when
information about the parent’s genotype is updated,
the updated information automatically appears in the
description of the offspring. Thus, data entered at
different times and in different contexts are intercon-
nected by the relationships defined by the data model.
This relational property of the database also allows
scientists to retrieve information in many different
ways. For example, one can search for and display
mutations by phenotype, genetic map location, muta-
gen, type of chromosomal rearrangement, lab of
origin, double mutants derived from particular single
mutations, or any combinations of these or other
attributes (Figure 3).

Images

Many studies using zebrafish rely on anatomical or
morphological analyses. Much of the information
obtained from these studies is recorded in photo-
micrographs of anatomical structures, gene expres-
sion patterns, or labeled cells in wild-type and mutant
embryos. In studies, photomicrographs
recorded during development of live embryos are
made into tme-lapse movies. Thus, images are
included in many of the data records in the database
and we have defined a data type which represents
images (Figure 4). The attributes of images include
the stock and developmental stage of the fish, the type
and orientation of the image, the magnification, and
the anatomical structures shown. Anatomical struc-
tures are defined, as a function of developmental age,
by the anatomical atlas, a dictionary of hierarchically
arranged terms. The developmental staging atlas
includes images that illustrate the morphological
features that define each stage as well as a text
description of the stage. Similarly, the attributes of
cloned genes include images of their expression
patterns linked to text descriptions which, in turn, are
linked to developmental stages. This organization of
the data model allows the scientist to combine various
attributes into complex searches, such as finding all
images of gene expression patterns in a particular
region of the CNS at a particular developmental stage
in a particular mutant.

s50me
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Data sources, entry and integrity
Data entered by database staff

Some types of data generated from studies of zebra-
fish are currently available in other public databases.
For example, most zebrafish research publications are
listed in Medline or other literature
resources. The database staff searches these public
sources on a regular basis, and downloads informa-
tion into the zebrafish database. Similarly, DNA, gene
and protein sequences are available through GEN-
BANK and other on-line sources. The zebrafish
database provides links from zebrafish gene or pro-
tein names to the raw data in these other sources.

reference

Submissions by authorized users

A goal of the zebrafish database project is to archive as
much information as possible. Although only a
fraction of the data obtained in scientific studies is
available to the research community in peer reviewed
journals, much of the unpublished information may
be useful and important for current and future
studies. The data obtained from screens for new
mutations provide a good example. Recent screens
have identified over 3000 mutations affecting zebra-
fish morphology and developmental patterning. Only
a few hundred of these have been described in any
detail in peer reviewed publications and these descrip-
tions are necessarily incomplete due to space con-
straints imposed by the journals. A complete set of
photographs and phenotypic descriptions of these
mutants will never appear in journals even though the
information has been obtained and may be useful. If
these data are not preserved in a database, much of
the information will eventually be lost. For these
reasons, we have designed the zebrafish database to
accept submissions directly from authorized scientists,
without review. This means that some records contain
preliminary or incomplete data whereas others, based
on published information, are more complete and
accurate. To distinguish among these sources, each
record is marked with a tag which identifies whether a
researcher or database staff member submitted it and
whether it has been published. During a database
search, the user can therefore determine a level of
confidence for each data item.
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Figure 3 (see caption on facing page).
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Updating data

A database record can be updated at any time by the
original submitter, but, if a change is requested by a
user who did not submit the original data, the update
must be performed by the database staff. The data-
base records the previous and the updated value,
retaining a history of the changes. A record may need
to be updated for several different reasons. First,
simple errors occur during data entry: these errors
can be corrected directly by the submitter during the
data entry process. Second, some data records are
incomplete because associated information was
unknown when the data were first submitted. For
example, a mutation may be entered before its map
location is known. The database allows submission of
partial records because information should be availa-
ble in a timely manner, even if it is preliminary. The
original submitter of a data record retains the
privilege to update the record, so new information
can be added as it becomes available. The database
staff makes all other updates. Third, database records
become outdated: due to the nature of scientific
discovery, information describing a biological system
or process changes as new studies are completed.
Database records describing previous studies may
thus, become incorrect or obsolete. For example, a
gene may be cloned by more than one laboratory and
entered into the database under different names.
When the genes are shown to be identical, one of the
records will need to be deleted or changed. This
creates a more difficult problem because outdated
records need to be identified and decisions made
about how to deal with them. To solve such problems,
the database staff communicates with the original data
submitters. An oversight committee from the zebra-
fish research community helps make especially diffi-
cult decisions.

Figure 3. Searching for a mutation by phenotype. (A) The
user sets up the search for mutations that cause fused eyes,
by specifying the phenotype. (B) The results of the search
include a list of mutant alleles with a fused eye phenotype.
Each allele name is a ‘hotlink’ to more detailed informa-
tion. (C) Detailed information about the eyelops”’® mutation.
Information specified for each attribute of the mutant data
type is returned to the user. Many of these attributes are
‘hot-links’ to other data records.
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How the database deals with biological
problems

Specifying the resolution or precision of the data

A general problem we have encountered during
design of the database is how to specify the precision
with which data were recorded. Developmental stag-
ing is a good example. Zebrafish develop very rapidly,
growing from the fertilized egg to a free swimming
larva in three days.'” Developmental processes can
change significantly over a very short period of time.
To describe these processes adequately, precise devel-
opmental staging is required. However, the precision
of staging varies widely among different studies: in
some cases, investigators accurately stage develop-
ment within a few minutes, whereas in other studies,
the stage of the embryo from which data were
obtained is only roughly specified, for example 1 day,
2 days, etc. These differences in precision can create
ambiguities during data entry and searches. When for
example, an investigator submits data that were
obtained from embryos at a range of times during the
second day of development, they need to be identified
differently from data obtained at a particular devel-
opmental stage during that day. Similarly, when an
investigator requests records from 1l-day embryos,
should these include all data from any stage between
24 and 48 hours, or only those data which were
obtained precisely at 24 hours?

Our solution to this problem is to map the
developmental stage to a time frame in hours. The
higher the resolution specified, the narrower the time
frame. For example, an embryo coarsely staged as 1
day is mapped to a broad time frame of 24-48 hours;
a record from an embryo staged precisely with the
standard staging series, like Blastula: 30%-epiboly, is
mapped to a narrower time frame, in this case,
4.66-5.24 hours. Searches for records are specified in
a similar manner. The user can request a range of
developmental stages at whatever resolution is
required. For example, searching for embryos
between 1 and 3 days would be a broad search
whereas embryos between Gastrula Dome and Gas-
trula Bud stages would produce a narrow, high-
precision search. To carry out the search, the search
criteria are, again, mapped to a time frame in hours.
The database then retrieves records from devel-
opmental stages (time frames) that intersect the
requested time frame. Matching records are displayed
in priority order, based on how closely they match the
requested time frame. Records from developmental
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stages that fall completely within the time frame (i.e.
the actual age of the embryo is positively known to
have been within the requested period) are displayed
first, records whose specified developmental stage
partially overlaps or completely includes the
requested time frame (ie., the actual age of the
embryo might be within the target period) are
displayed last. In this manner, the investigator speci-
fies the level of precision both during submission and
retrieval of data records.

Spatial resolution is also a problem for specifying
anatomical structures. Some data records contain very
precise anatomical descriptions, whereas other con-
tain more general terms. For example, the expression
pattern of a gene may include the ventral thalamus.
Some researchers would use the precise term, ventral
thalamus, whereas others would use the progressively
less specific terms diencephalon, forebrain, anterior
central nervous system or head. Thus, if an inves-
tigator requests records of genes expressed in the
ventral thalamus, should these include gene expres-
sion data loosely specified as from the head or only
those data obtained specifically from the ventral
thalamus? The hierarchical organization of the Ana-
tomical Atlas specifies the relationships among ana-
tomical structures, allowing users to search broadly
for data records from the head or specifically for
records from the ventral thalamus. The database also
enforces a standardized anatomical nomenclature;
during data submission, users must describe anatomi-
cal structures using standard terms selected from
those listed in the Anatomical Atlas.

Ambiguity in experimental data

In some cases, data from different studies may differ
or contradict each other. This means that searches
may return ambiguous results. For example, the
genetic map is constructed from data describing the
segregation of markers among the offspring of a
reference cross between parents that carry poly-
morphic forms of the markers. The location of a
marker relative to other markers on the genetic map
is calculated by counting the frequency of appearance
of each polymorphic form among the offspring. The
precision with which the marker is located thus
depends upon the number of offspring examined.
Moreover, the calculated positions of markers may
vary among different reference crosses and some
markers are not detectable in all crosses. To accom-
modate these variations, the database requires that
submitters specify the reference cross and the preci-
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sion used to calculate the position of each marker as
it is entered. During searches, the database allows the
user to select among available reference cross data
and to view the precision of measurement of each
marker. Serious ambiguities due to variations among
reference crosses are referred to a chromosome
committee of zebrafish scientists who make decisions
about how the standardized genetic map should
appear.

How the database deals with WWW-based
interface design problems

Interface design for any Web-accessible database is
severely constrained by basic limitations in the tech-
nology of the Web itself, primarily because the WWW
environment was designed to support distribution of
static documents, rather than the dynamic connec-
tions required to interact efficiently with a database.
The limitations of HTML and Hypertext Transfer
Protocol (HTTP), the communication protocol that
controls interactions between the user and database
server, impose several constraints.

o Anonymous Transactions. The HTTP protocol
does not distinguish among transactions at the
user level, meaning that transactions are essen-
tially anonymous.

Discrete, Stateless Transactions. The HTTP protocol
supports only discrete transactions between user
and server. Each transaction retrieves a single
HTML document. Both the HTTP server and
the user treat each transaction independently of
preceding transactions. Although both typically
maintain a record of document access, this
record plays no role in shaping the retrieval or
appearance of future documents.

These constraints interfere with some of the basic
principles and techniques of modern interface
design. For example, anonymous transactions do not
support user authentication and discrete, stateless
transactions do not support persistent information
(e.g. navigation, context-sensitive help), most forms of
event-based feedback (e.g. immediate error-checking,
graying of inappropriate menu choices) or inter-
action techniques like direct manipulation and ani-
mation. To ameliorate these limitations of the WWW
environment, we use the database itself to store
individual user and interface state information. To
provide enhanced user interaction and to make the
interface more responsive, the database generates the
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majority of interface screens dynamically. Raw applica-
tion pages, containing static elements interspersed
with scripted processing instructions, are stored as
text in a database table. We use two types of scripted
instructions. Database scripts, executed by the server,
control the content and appearance of the returned
page. JavaScript, executed by the client, controls user-
side activities like checking submitted information for
errors, enforcing correct nomenclature, and updating
the navigation and help information. Although this
combination of HTML scripting enhancements and
storing user interface information in the database
itself solved many of the problems associated with
plain HTML, we also needed to use Java for more
sophisticated graphical user interfaces with displayed
animation and interaction techniques like zooming
and panning. Our Java applets provide interactive
graphical displays for annotating images (Figure 6)
and for viewing the genetic map.

Future prospects

The zebrafish database is still only partially complete.
Our immediate goals are to finish designing inter-
faces to handle all the major data types represented in
the data model. We will also need to populate these
classes with data, Our longer-term goals include
developing methods to access and integrate informa-
tion from other databases. For example, cross-species
comparisons of gene expression patterns, mutant
phenotypes, and genetic linkage maps will provide
important insights into vertebrate development and
evolution. Such studies will be greatly facilitated by
methods that allow cross-database searches. We also
hope to develop methods for choosing search criteria
graphically based upon anatomical and developmen-
tal parameters. Graphical searches will provide a
much more natural means for biologists to query the
database. Additional data types will also be added as

Figure 5. Specification of a double mutant made by crossing
two single mutants. The parental genotypes (top) are
associated with the new double mutant record (bottom) by
the lineage attribute. Updates to chromosomal information
for either parental stock automatically appear in the
description in the double mutant.
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Figure 6. A Java applet to annotate images. To annotate a
data record on an image, the database sends the user an
applet which runs in the user’s browser. The user then draws
and edits arrows and labels on the image and writes a text
description. The annotated image is then submitted to the
database.

future new directions develop within the zebrafish
research community.

Accessing the zebrafish database

The database can be accessed at: http://zfish.uor-

egon.edu. To gain authorization for data submission

or to obtain additional information, contact:
zfinadmn@cs.uoregon.edu.
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