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Abstract

The Zebrafish Information Network (zfin.org) is the central repository for Danio rerio genetic and genomic data. The Zebrafish Information
Network has served the zebrafish research community since 1994, expertly curating, integrating, and displaying zebrafish data. Key data
types available at the Zebrafish Information Network include, but are not limited to, genes, alleles, human disease models, gene expres-
sion, phenotype, and gene function. The Zebrafish Information Network makes zebrafish research data Findable, Accessible,
Interoperable, and Reusable through nomenclature, curatorial and annotation activities, web interfaces, and data downloads. Recently, the
Zebrafish Information Network and é other model organism knowledgebases have collaborated to form the Alliance of Genome
Resources, aiming to develop sustainable genome information resources that enable the use of model organisms to understand the ge-
netic and genomic basis of human biology and disease. Here, we provide an overview of the data available at the Zebrafish Information
Network including recent updates to the gene page to provide access to single-cell RNA sequencing data, links to Alliance web pages, rib-
bon diagrams to summarize the biological systems and Gene Ontology terms that have annotations, and data integration with the Alliance

of Genome Resources.
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Introduction

The Zebrafish Information Network (ZFIN, zfin.org) is the knowl-
edgebase for the model organism Danio rerio (zebrafish). Since
1994, ZFIN has served the zebrafish research community by col-
lecting, integrating, and making available zebrafish data. ZFIN’s
biocurators, who have expertise in genetics, developmental, cel-
lular, molecular, and evolutionary biology, have annotated over
16,000 zebrafish research publications for data that include
genes, gene function, sequences, alleles, mutant and transgenic
lines, human disease models, gene expression, phenotype,
orthology, sequence targeting reagents (STR), and antibodies.
Additionally, ZFIN supports the zebrafish research community
by providing wiki resources to view antibody and protocol infor-
mation, as well as ZFIN pages for researchers, laboratories, and
companies.

ZFIN is the nomenclature authority for zebrafish genes and
alleles, and provides official nomenclature support for the zebra-
fish community. This facilitates the discovery and knowledge in-
tegration of gene data, making these data accessible and
reusable. The ZFIN Nomenclature Coordinator provides a core
service of coordinating nomenclature with the HUGO Gene
Nomenclature Committee (HGNC)' and the Mouse Gene
Nomenclature Committee (MGNC) to ensure that zebrafish no-
menclature reflects a gene's orthologous relationship to the

mammalian (primarily human) genes. In addition, the ZFIN
Nomenclature  Coordinator works with the Zebrafish
Nomenclature Committee (composed of active zebrafish
researchers) to approve unique names and symbols for zebrafish
loci and transgenic components used in research according to
guidelines outlined at https://wiki.zfin.org/display/general/
ZFIN+Zebrafish+Nomenclature+Guidelines.

ZFIN aims to make =zebrafish research data Findable,
Accessible, Interoperable, and Reusable (FAIR)? by contributing to
data annotation standards, the use of biomedical ontologies for
data annotations, and persistent identifiers for annotations and
metadata, as well as making data freely available at ZFIN.>™
ZFIN has provided guidance to the zebrafish scientific commu-
nity on minimum requirements for data submissions to ensure
accurate integration with other data as well as encouraging FAIR
standards.®’ In an effort to support FAIR data principles further,
ZFIN and the Mouse Genome Database,® the Rat Genome
Database,” WormBase,’® FlyBase,’ and the Gene Ontology
Consortium™ have collaborated to create the Alliance of Genome
Resources (Alliance).’®'* The Alliance aims to provide a central-
ized multispecies platform that provides access to integrated,
harmonized model organism data that facilitate the use of model
organisms to understand the genetic and genomic basis of hu-
man biology and disease.®> Working in conjunction with the
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Alliance, ZFIN has continued work on data standardization, in-
corporating new data visualizations on the gene page, as well as
automated textual gene descriptions, and providing zebrafish
researchers access to multispecies gene expression, phenotype,
human disease, and orthology data.

Gene page
Summary section update

The gene page integrates and displays data pertinent to the gene,
providing a comprehensive and current understanding of gene
expression, mutant phenotypes, associated diseases, gene func-
tions, alleles, and orthology. The layout and functionality of the
gene page was recently updated to provide better navigation and
usability.’® The ZFIN gene page has a layout similar to the
Alliance gene page, providing users a comparable view and func-
tionality thatis helpful when navigating between sites. At the top
of the gene page, the gene summary section provides basic infor-
mation about the gene including symbol, links to nomenclature
history, name, previously used aliases, textual gene description,
and links to gene pages at other databases (Fig. 1). The textual
gene description is new to the summary section of the gene page
and is computationally generated and provided by the Alliance.?
In addition, comparative information was recently added to the
summary section, displaying a hexagonal icon that represents
the model organism databases of the Alliance. Clicking the icon
directs users to the orthology section of the corresponding
Alliance gene page, providing quick access to homologous gene
information. The summary section is followed by sections that
present data pertaining to the gene. A navigation pane on the left
side of the page allows quick access to the data sections of

interest. Currently, ZFIN contains data on 37,466 genes that are
categorized as protein coding genes, ncRNA genes, or pseudo-
genes.

Gene expression section update

The “Expression” section on the gene page focuses primarily on
the wild-type (WT) expression of the gene. This section begins
with links to: (1) “All Expression Data” which links to a summary
of gene expression in both WT and mutant fish; (2) external sites
with cross-species comparison data; (3) links to high throughput
data sets; and (4) Thisse large-scale WT screen’® (Fig. 2). Recently
links to UCSC scRNAseq data were added to the high throughput
data section, providing users access to the new single-cell RNA-
seq atlas of zebrafish gene expression during organogenesis.™
Single-cell RNA-seq is a technique that has been increasingly
used in zebrafish to understand transcriptional changes at the
cellular level during development.’°??> These data, along with
traditional in situ data that ZFIN annotates, help to provide an
understanding of changes in gene expression during develop-
ment. The WT expression summary provides a high-level visual
summary ribbon that denotes the anatomical systems, stages,
and GO cellular components (CCs) that have annotations and is
discussed in more detail in the following section.

ZFIN curates gene expression using gene symbols, genotypes
and strains, the Zebrafish Experimental Conditions Ontology
(ZECO),”® the Zebrafish Anatomical Ontology (ZFA)** the
Zebrafish Stage ontology (ZFS),** GO cellular compartment ontol-
ogy (GO-CC),*2° and Spatial ontology (BSPO).?” Through the use
of metadata identifiers and annotation standardization, ZFIN
gene expression annotations comply with FAIR standards. ZFIN
currently has 14,350 genes with expression data and has curated
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Fig. 1. The ZFIN gene page. Web page providing information as it relates to a gene. The top portion provides general information about the gene, and the
left navigation panel allows users to navigate directly to areas of interest. Arrows indicate new links or information provided by the Alliance.
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Fig. 2. Expression section of the gene page. Section of the gene page providing information about where and when the gene is expressed. Links to all
expression data, Alliance and Bgee for cross-species expression data, high throughput data, and Thisse'® expression data are provided. Circles indicate
new links. The wild-type expression summary provides an overview of expression data, with color blocks indicating where annotations exist. Clicking
on shaded boxes opens a table with more detailed gene expression information as shown.

216,696 zebrafish gene expression assays; of those 134,233 are in
WT backgrounds with standard or control conditions. In addition,
ZFIN has curated 31,964 transgenic reporter assays.

Expression, phenotype, gene ontology ribbons

The expression, phenotype, and gene ontology (GO) sections of
the gene page utilize a ribbon diagram to visually summarize
which anatomical systems, developmental stages, or GO biologi-
cal process (BP), molecular function (MF), or cellular compart-
ment terms have annotations (Figs. 2-4). The ribbon diagrams
were recently added to ZFIN gene pages and are adapted from
the ribbon diagrams displayed on Alliance gene pages.’® The
terms used in the expression and phenotype summary ribbon
were chosen to support grouping of annotations and are either
hierarchically high-level ontology terms that subsume many bio-
logical concepts or terms that have been used in many annota-
tions in ZFIN. For example, the anatomy portion of the ribbon
summary uses high-level anatomical system terms from the ZFA
ontology that have child terms that describe the anatomical
structures that are part of the indicated anatomical system. The
ribbon summary also lists terms that may not be child terms of
an anatomical system but are of particular interest to zebrafish
researchers and have a high number of expression or phenotype
annotations. These include “fin,” “integument,” “neural tube,”
“primary germ layer,” and “somite.” The “other structures” term
groups all other annotations that use terms that are not child
terms of an anatomical system.

» o«

The terms used for the GO ribbon are high-level terms that
were chosen through a collaboration with the GO Consortium
and the Alliance based on annotation coverage for model species
represented at the Alliance. These high-level terms cover broad
aspects of the BP, MF, and CC branches of GO and have a subset
tag, “goslim_agr,” to specify that the term is a member of the GO
Alliance subset. A subset of an ontology, or slim, is a trimmed
down version of the ontology that contains a subset of terms and
is useful for providing a high-level view of the content of an on-
tology. The Alliance subset is named “GO slim AGR subset” and
can be downloaded at http://geneontology.org/docs/download-on
tology/#subsets. The expression, phenotype, and GO ribbon dia-
grams have similar functionality, with shaded boxes denoting
the presence of annotations for the indicated system, stage, BP,
MF, or cellular compartment. Clicking on the shaded box opens a
table view that provides more detailed annotations.

Phenotype section update

The “Phenotype” section of the gene page reports the phenotype
of mutant and gene knockdown fish (Fig. 3). This section begins
with a link to all phenotype data, which directs users to a pheno-
type figure summary page that lists the phenotype annotations
with associated figures and publications for a gene. A new cross-
species comparison section provides a link to the phenotype sec-
tion of the Alliance gene page. The Phenotype Summary provides
a high-level ribbon overview of the anatomical systems, stages,
MFs, and BPs that have phenotype annotations.
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Fig. 3. Phenotype section of the gene page. Section of the gene page providing mutant and gene knockdown phenotype information. Links to Alliance
gene page provided in Cross-Species Comparison section. The phenotype summary provides a high-level overview of systems, stages, MFs, and BPs that
have annotations. Clicking shaded boxes opens a table where more detailed annotation information is provided, as shown. Image reproduced/adapted
with permission. Lun K, Brand M. A series of no isthmus (noi) alleles of the zebrafish pax2.1 gene reveals multiple signaling events in development of
the midbrain-hindbrain boundary. Development 1998 Aug;125(16):3049-62. doi: 10.1242/dev.125.16.3049. PMID: 9671579.

Phenotype annotations provide core insights into gene func-
tion and are utilized to facilitate the understanding of disease
processes and outcomes. ZFIN annotates phenotype data using
the Phenotype and Trait Ontology (PATO),*® ZFA, GO, and
Chemical Entities of Biological Interest Ontology (ChEBI).*’ A phe-
notype annotation is composed of the mutant or knockdown fish,
the experimental conditions, the stage at which the phenotype is
observed, the phenotype statement, and the associated publica-
tion. Phenotype statements are composed of entities and quali-
ties assembled in the E+ Q syntax™° using the aforementioned
ontologies. To facilitate cross-species phenotype integration,
ZFIN participates as a core member of the UPheno initiative,
which aims to reconcile logical definitions across several model
organism phenotype ontologies.®’ This reconciliation work will
benefit the Alliance as it moves toward providing ribbon dia-
grams for cross-species phenotype comparisons. ZFIN has cu-
rated 52,305 phenotype statements for single gene mutant or
knockdown fish under standard or control conditions. There are
4,895 genes represented by 7,055 alleles with mutant phenotypes.
Additionally, there are 2,241 genes that have no mutant alleles
but have MO induced phenotypes and 245 genes that have phe-
notypes reported in animals injected with CRISPRs (CRISPants).

Mutations section update

The “Mutations” section of the gene page is intended to provide a
high-level summary of the alleles and knockdown reagents that
have been used to investigate gene function. As part of the gene
page update, the tables in this section were updated from lists to

data tables that provide more data and allow users to gain a bet-
ter understanding of the allele or knockdown reagent without
having to go to another web page for more information.?> The
Mutations section has 2 tables, the “mutants” table, which sum-
marizes information for the alleles of a gene, and “STR” table,
which lists curated gene knockdown reagents such as morpholi-
nos, CRISPRs, and TALENs. ZFIN facilitates FAIR standards for
STR reagents by obtaining STR sequence information from publi-
cations, providing distinct nomenclature and identifiers, and
reporting this information via user interfaces and download files.
In addition, STR sequence targets are verified, and if errors are
found authors are contacted to make corrections. Currently,
ZFIN has records for 10,763 Morpholinos, 6,872 CRISPRs, and 813
TALENSs. As the nomenclature authority for allele designations,
ZFIN has made allele associations for 19,319 genes and has
records for 53,522 alleles.

Human disease section update

The “Human disease” section on the gene page provides 2 types
of disease associations, diseases associated with zebrafish genes
via orthology to human disease-causing genes and experimen-
tally verified disease models (Fig. 4). The “Associated with the
Human Ortholog” table lists disease ontology (DO) terms,>* which
links to the ZFIN DO term page where more information can be
found about the disease, as well as the OMIM disease name and
links to the corresponding OMIM page.®* Recently, links to the
Alliance Disease page were added to this table, directing users to
the Alliance disease page that provides cross-species information
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Fig. 4. Human disease section of the gene page. Provides information about human diseases associated with the gene via orthology to human genes
and experimentally validated models of human disease. Links to Alliance disease pages (circled) provide access to multispecies disease information

including associated genes, and experimental models.

about genes and alleles associated with disease as well as experi-
mental models of disease. Information in the “Associated with
Human Ortholog” table is produced by computational mappings
of ZFIN curated orthologs to human genes and their disease asso-
ciations from the genemap and mim2gene files from OMIM
(https://omim.org/downloads/). This zebrafish gene to human
gene/disease mapping is used to make associations between the
ZFIN gene and the DO terms via DO term to OMIM disease map-
pings in the DO file.®® The “Associated Experimental Models” ta-
ble lists curated experimental models of human disease. These
models have been experimentally verified to model some or all
aspects of a human disease. ZFIN currently has 1,900 curated dis-
ease models and 3,606 diseases associated with 5,154 zebrafish
genes via orthology with 4,078 human genes. Individual DO term
pages can be found via the search at the top of any ZFIN page.

Gene ontology section

The “Gene ontology” section of the gene page reports the roles of
a gene or gene product as described by the gene ontology (GO)
term annotations for the gene. ZFIN manually produces GO
annotations while curating publications.®® These annotations are
created by associating a gene or gene product with GO terms that
describe MFs that the gene product enables, the BP the gene prod-
uct is involved in, and the CC where the gene product performs
its function. ZFIN also downloads and displays GO annotations
that are produced based on electronic annotation from
InterPro2GO and UniProt.*”*® The GO section was recently
updated to include a high-level summary ribbon view of the MF,
BP, and CC annotations for a gene. Clicking on shaded boxes
opens a table with more detailed GO annotations that include the
annotated GO term, evidence code, with/from field, and citation
(Fig. 5). ZFIN has 23,047 genes with GO annotations.

Orthology and other data sections

The “Orthology” section of the gene page provides an overview of
the orthology relationships between zebrafish, human, and
mouse genes. An expert curator using conserved synteny, gene
family tree analysis, and amino acid alignments has vetted
orthology displayed in this section. The primary resources used

in the process of determining orthology and gene nomenclature
are Ensembl,’® NCBI,* and Panther.*° This level of orthology veri-
fication is necessary due to the whole genome duplication in the
teleost lineage*’ that causes many computational algorithms
used for orthology to misidentify co-orthologs of mammalian
genes. This section has new links to the orthology section of the
zebrafish gene pages at the Alliance where the displays highlight
computationally derived orthology and paralogy.

The other sections on the gene page provide additional infor-
mation about the gene and links to related data both at ZFIN and
other sites. The protein domains section contains 2 tables which
provide data from InterPro.*? The domain, family, and site sum-
mary table lists protein binding sites, domains, and families with
links to InterPro and the Domain Details Per Protein table denotes
which domain/site/family is associated with each specific
Uniprot entry.** The transcript section links to several genome
browsers and displays transcript diagrams, links to ZFIN tran-
script pages, and withdrawn transcripts. ZFIN links to SignaFish
for interactions when known.** Antibodies targeting the gene,
plasmids with the coding region at Addgene, and constructs con-
taining the gene are linked in their respective sections. There is
also a section that links BACs, ESTs, and cDNAs associated with
the gene as well as a section that links to sequences at GenBank
and UniProt.

ZFIN data at the Alliance

ZFIN is a founding member of the Alliance of Genome
Resources (alliancegenome.org),’* which has the primary mis-
sion of developing and maintaining comparative genome infor-
mation resources that facilitate the use of multiple model
organisms to understand the genetic and genomic basis of hu-
man biology and disease. As of the Alliance 4.1 release (August
2021, see Agapite et al. this issue), ZFIN contributes the follow-
ing data to the Alliance: genome data, WT expression, pheno-
type data, mutant and transgenic alleles, variants, disease
models, and orthology. Through the integration of model or-
ganism gene data, the Alliance provides comprehensive gene
orthology data. The Alliance utilizes ZFIN data, and other
model organism database data, to produce species-specific


https://omim.org/downloads/
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Fig. 5. Gene ontology section of the gene page. This section provides an overview of the GO MF, BP, and CC annotations for a gene. Shaded boxes
indicate presence of data; clicking shaded boxes, as shown, opens a table where more detailed annotation information is provided.

genome browsers that display the genome, genes, and variants.
In addition, the Alliance uses ZFIN data to produce zebrafish-
specific gene and allele pages, and provides links to data pages
at ZFIN including the gene, allele, fish, and disease pages.
ZFIN’s InterMine-based data mining database, ZebrafishMine,
has been replaced by the InterMine instance developed at the
Alliance, AllianceMine (https://www.alliancegenome.org/alli
ancemine).»*>*¢ AllianceMine has gene, orthology, allele, gene
ontology, and disease ontology data and search templates for
zebrafish and other model organisms. AllianceMine will con-
tinue to be updated with additional ZFIN data and data types
with each Alliance release. As discussed previously, reciprocal
links are provided from ZFIN pages to appropriate Alliance
data pages. The Alliance makes ZFIN data available along with
data from all the participating model organism databases via
either swagger APIs from the Alliance (https://www.alliancege
nome.org/api/swagger-ui/) or as download files (https://www.
alliancegenome.org/downloads).

ZFIN technical implementation

The ZFIN technical stack is substantially unchanged since our
last publication.® In brief the ZFIN web architecture is primarily
written in Java using the Spring Framework and served by JSP in
Apache/Tomcat. The ZFIN user interface is implemented using
React, GWT, Angular, jQuery, and plain JavaScript. Groovy, SQL,
and Perl are used to process and load bulk data. Hibernate serves
as the object-relational mapping library from Java to the rela-
tional PostgreSQL database. ZFIN uses both Solr and Java/Spring
to support our search interfaces. Data from papers are entered
via a web-based curation interface primarily written in GWT with
a few implementations of AngularJS interfaces. The community
wiki is powered by Atlassian Confluence software (http://www.
atlassian.com/software/confluence/). A detailed and browsable
view of the current ZFIN data model can be found at http://zfin.
org/schemaSpy/index.html. Our current plan is to move from our
servers to cloud servers to provide dynamic response to load and
smooth our server costs.

Data availability

As the knowledgebase for the zebrafish model organism research
community, one of the main goals for ZFIN is to make the data
that ZFIN annotates and integrates as accessible as possible. As
discussed earlier, ZFIN makes integrated data available on the
Gene Page. ZFIN also produces data-specific web pages for alleles,
fish, antibodies, constructs, STR, clones, publications, and ontol-
ogy terms where information that is more detailed can be found
for each data type. In addition, data at ZFIN can be searched us-
ing the single box search as well as dedicated search forms for
specific data types. For computational exploration of data, ZFIN
maintains a downloads page that provides access to data-specific
download files (https://zfin.org/downloads) and archives https://
zfin.org/downloads/archive. ZFIN also can provide custom down-
load files upon request. Data provided in download files are FAIR
compliant denoting the date the file was generated, as well as all
identifiers, symbols, names, and ontology terms. As previously
noted, ZFIN data are also available via AllianceMine, API, and
download files at the Alliance.
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