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Abstract

The Rat Genome Database (RGD, https://rgd.mcw.edu) has evolved from simply a resource for rat genetic markers, maps, and genes, by 
adding multiple genomic data types and extensive disease and phenotype annotations and developing tools to effectively mine, ana
lyze, and visualize the available data, to empower investigators in their hypothesis-driven research. Leveraging its robust and flexible 
infrastructure, RGD has added data for human and eight other model organisms (mouse, 13-lined ground squirrel, chinchilla, naked 
mole-rat, dog, pig, African green monkey/vervet, and bonobo) besides rat to enhance its translational aspect. This article presents an 
overview of the database with the most recent additions to RGD’s genome, variant, and quantitative phenotype data. We also briefly 
introduce Virtual Comparative Map (VCMap), an updated tool that explores synteny between species as an improvement to RGD’s suite 
of tools, followed by a discussion regarding the refinements to the existing PhenoMiner tool that assists researchers in finding and com
paring quantitative data across rat strains. Collectively, RGD focuses on providing a continuously improving, consistent, and high-quality 
data resource for researchers while advancing data reproducibility and fulfilling Findable, Accessible, Interoperable, and Reusable (FAIR) 
data principles.
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Introduction
The laboratory rat (Rattus norvegicus) is an essential human dis
ease model commonly used in translational research for under
standing human physiology and afflictions (Amberger and 
Hamosh 2017; Justice and Sanchez 2018; Smith et al. 2019; Carter 
et al. 2020; Smith et al. 2020). With the ongoing efforts on the rat 
reference genome assembly (current—mRatBN7.2) (Howe et al. 
2021; De Jong et al. 2022), strain-specific sequencing [Wistar 
Kyoto (WKY), spontaneously hypertensive (SHR), and spontan
eously hypertensive stroke-prone (SHRSP) have been sequenced 
recently], and new variant discovery, the Rat Genome Database 
(RGD) (https://rgd.mcw.edu), which was established in 1999 
(Shimoyama et al. 2015) as a centralized public source of these 
types of information on the laboratory rat, has undergone con
tinuous additions and improvements. As such, RGD has become 
the principal source of information on rat genetic, genomics, 
and phenotypic data for the rat research community and other re
searchers (Fang et al. 2022; Ran et al. 2022; Wood et al. 2022; Ye et al. 
2022). RGD offers information on genes, strains, markers, var
iants, quantitative trait loci (QTLs), expression data, protein 

structures, pathways, simple sequence length polymorphisms 
(SSLPs), ontologies, and sequences (Table 1). RGD is also the offi
cial nomenclature authority for rat genes, strains, and QTLs, co
ordinating nomenclature with the HUGO Gene Nomenclature 
Committee (HGNC) and the Mouse Genome Database (Bruford 
et al. 2020; Blake et al. 2021) with rat and mouse sharing nomencla
ture guidelines. As a major model organism knowledgebase, RGD 
is a founding member of the Alliance of Genome Resources 
(Alliance of Genome Resources Consortium 2022) and has recently 
been designated as a Global Core Biodata Resource by the Global 
Biodata Coalition.

In addition to being the rat model organism database, RGD is an 
integrated comparative genomics resource that includes add
itional species (human, mouse, 13-lined ground squirrel, chin
chilla, naked mole-rat, dog, pig, African green monkey/vervet, 
and bonobo) (Shimoyama et al. 2016; Kaldunski et al. 2022). 
While RGD’s paradigm is to connect rat data with that of human 
and mouse, RGD’s infrastructure makes the addition of other 
mammalian species relatively straightforward. Additional species 
have been included in RGD based on user requests with the 
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criteria that they must be model organisms for human 
disease-related research which RGD actively curates (Kaldunski 
et al. 2022) and that they do not have a dedicated genome 
database.

RGD provides 15 Disease Portals (https://rgd.mcw.edu/rgdweb/ 
portal/index.jsp) including Aging & Age-Related Disease, Cancer 
& Neoplastic Disease, Cardiovascular Disease, COVID-19 (Wang 
et al. 2022), Developmental Disease, Diabetes, Hematologic 
Disease, Immune & Inflammatory Disease, Infectious Disease, 
Liver Disease, Neurological Disease, Obesity & Metabolic 
Syndrome, Renal Disease, Respiratory Disease, and Sensory 
Organ Disease, as integrated disease research platforms.

Substantial data at RGD come from the literature through 
manually curated gene, strain, and QTL annotations using gene, 
disease, phenotype, gene–chemical interaction (ChEBI), and mo
lecular pathway ontologies for rat; disease, ChEBI, and pathway 
ontologies for mouse and human; and mammalian and human 
phenotype ontologies (MP and HP) for rat and human, using 
RGD’s curation tool (Hayman et al. 2016). The annotations from 
rat, mouse, and human at RGD are propagated to all orthologs 
in other RGD species via the Inferred from Sequence Orthology 
(ISO) evidence code where appropriate (Kaldunski et al. 2022). 
Moreover, RGD integrates additional data through automatic pi
pelines from various resources, and experimental results are 
also submitted directly to RGD by research community members, 
with the data being updated weekly. The electronic data resources 
at RGD, along with their sources, are listed in Table 2. 
Additionally, Table 3 lists the total number of genes (protein- 
coding and non–protein-coding) for each species at RGD, the num
ber of genes that are unique to the NCBI and Ensembl (includes 
genes that have only one of them and not the other as the source 
of the gene record in RGD), and the number of genes with IDs 
shared across both NCBI and Ensembl (includes genes present in 
both NCBI and Ensembl). To analyze this rich resource of inte
grated data, RGD provides a suite of analysis and visualization 
tools (https://rgd.mcw.edu/wg/tool-menu/) for comparative gen
omics that includes OntoMate for literature search (Liu et al. 
2015), Multi Ontology Enrichment Tool (MOET) for ontology en
richment (Vedi et al. 2022), PhenoMiner for finding rat quantitative 
data (Wang et al. 2015), Variant Visualizer for exploring variants, 
and JBrowse and GViewer genome browsers to view genes and 
other data mapped to the genome in their genomic context 
(Skinner et al. 2009; Laulederkind et al. 2019). Furthermore, RGD 
has now updated both the PhenoMiner tool (https://rgd.mcw. 
edu/rgdweb/phenominer/ontChoices.html), which offers more 
functionality and added data, and Virtual Comparative Map 
(VCMap) (https://rgd.mcw.edu/vcmap/, currently a beta version), 
a web-based tool to explore synteny between rat, mouse, and hu
man. This article focuses on updates of RGD disease, phenotypic 
and genomic data, and RGD tools to analyze that information.

Data
Genome sequence and variants
The rat research community requires continuously updated and 
improved genomic resources to strengthen their studies. The first 
rat genome sequence, RGSC/Rnor 2.0, was that of the BN/ 
NHsdMcwi strain, released in November 2002, followed by the first 
published version of the rat reference genome sequence, RGSC3.1 
(completed by the Rat Genome Sequencing Project Consortium) 
(Gibbs et al. 2004; Lindblad-Toh 2004), and subsequently, several 
improved versions have been released. In 2020, the latest en
hanced rat reference genome, mRatBN7.2, was sequenced and T
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assembled by the Darwin Tree of Life Project at the Wellcome 
Sanger Institute as a part of the Vertebrate Genomes Project 
(VGP) (Howe et al. 2021) (Fig. 1a). The assembly was derived from 
an inbred male from the same colony of Brown Norway rats 
(BN/NHsdMcwi) used in the earlier rat reference genome assem
bly versions. The new BN rat reference genome used a variety of 
sequencing technologies, including Pacific Biosciences continu
ous long reads, 10×  linked reads, BioNano maps, and Arima 
Hi-C super scaffoldings. This latest version of the assembly was 
corrected by manual curation for misjoins and removal of haplo
typic duplications which allowed a mean genome coverage of 
∼92×. This assembly is substantially improved compared with 
previous assemblies, comprising 175 scaffolds and a 
Benchmarking Universal Single-Copy Orthologs (BUSCO) com
pleteness score of 96.25%, (the previous assembly Rnor_6.0 
BUSCO score is 93.76%), and contiguity is much improved 
(Worley et al. 2008; Howe et al. 2021; De Jong et al. 2022). In compari
son, the BUSCO scores for the human (assembly name: 
GRCh38.p14) and mouse genome assemblies (assembly name: 
GRCm39) are 99.2 and 99.5% (https://www.ncbi.nlm.nih.gov/ 
assembly/), respectively (Church et al. 2011; Chin and Khalak 
2019; Nurk et al. 2022).

It is reported that the Brown Norway strain is separated phylo
genetically from other rat strains (Saar et al. 2008). Therefore, 
other reference-quality rat strain genome assemblies for strains 
of rats that are more closely related to one another were devel
oped (Fig. 1b–d) (Kalbfleisch et al. 2023). Among those, the three 
rat strain genome assemblies added to RGD since 2020 include 
SHRSP/BbbUtx (Fig. 1b) (NCBI Accession: PRJNA793432; Strain ID: 
RGD:8142383), SHR/Utx (Fig. 1c) (NCBI Accession: PRJNA825507; 
Strain ID: RGD:8142385), and WKY/Bbb (Fig. 1d) (NCBI Accession: 
PRJNA825508; Strain ID: RGD:1581635). These rat strains were se
lectively bred to fully explore the genetic basis of hypertension, 
cardiovascular disease, cerebrovascular disease, and many other 
polygenic or complex diseases (Doris 2017). Their assemblies were 
de novo compiled reference-quality genomes and were not con
structed by aligning reads to the latest rat reference genome as
sembly, mRatBN7.2.

When compared with mRatBN7.2, the three assemblies have 
identical GC content (41.5%) but are larger in genome size 
(2.9 Gb vs 2.6 Gb). The SHR/Utx assembly, derived from the spon
taneously hypertensive male rat of the stroke- and renal 
injury-resistant SHR-B2 lineage, has 2151 scaffolds and 3407 con
tigs. The genome assembly of the stroke- and renal injury-prone 
spontaneously hypertensive rat strain SHRSP/BbbUtx (BUSCO 
score 96.22%, 2734 scaffolds and 4344 contigs) is similar in con
tiguity and completeness to the current rat reference genome, 
mRatBN7.2 (Kalbfleisch et al. 2023). The WKY/Bbb genome assem
bly, which is closely related to SHR and SHRSP and is an accepted 
control strain for studying hypertension and cardiovascular dis
ease, has the highest number of contigs (5009) and is derived 
from a 52-week-old male R. norvegicus sample. All these assem
blies were generated by the University of Kentucky as a part of 
the Inbred Rat Genome Sequencing Project (UTH/UK/UofL).

Table 2. A list of external data resources for the Rat Genome 
Database.

Imported data type Resource

Gene (GO) annotations Gene Ontology Consortium 
(human and mouse) (The Gene 
Ontology Consortium 2021) and 
UniProt-GOA (rat) (The Gene 
Ontology Consortium 2019), 
Mouse Genome Informatics 
(MGI) (mouse) (BLAKE et al. 2021), 
and European Bioinformatics 
Institute (EBI) (human, 13-lined 
ground squirrel, chinchilla, 
naked mole-rat, dog, pig, African 
green monkey/vervet, and 
bonobo) (Cantelli et al. 2022)

Mammalian phenotype (MP) 
annotations

MGI (mouse) (Blake et al. 2021) and 
Online Mendelian Inheritance in 
Animals (OMIA) (dog) (Nicholas 
2021)

Disease (DO) annotations Online Mendelian Inheritance in 
Man (OMIM) (human) (Amberger 
and Hamosh 2017), MGI (human 
and mouse), OMIA (dog and pig), 
ClinVar (human) (Landrum et al. 
2020), and Comparative 
Toxicogenomics Database (CTD) 
(human) (Davis et al. 2019)

Gene–chemical interaction 
(ChEBI) annotations

CTD (human) (Davis et al. 2019)

Human phenotype (HP) 
annotations

Human Phenotype Ontology group 
(Köhler et al. 2021) and ClinVar 
(human) (Landrum et al. 2020)

Pathway (PW) annotations Small Molecule Pathway Database 
(SMPDB) (human) (Jewison et al. 
2014)

RNA-Seq expression data Gene Expression Omnibus (GEO) 
(rat and human) (Clough and 
Barrett 2016), Expression Atlas 
(rat, mouse, human dog, African 
green monkey, pig) (Moreno et al. 
2022), and Genotype-Tissue 
Expression (GTEx) (human) 
(GTEx Consortium 2020)

Predicted protein structures AlphaFold (all RGD species) 
(Jumper et al. 2021)

miRNA mRNA targets—miRGate (all RGD 
species) (Andrés-Leó et al. 2015)

Variants Genome-wide association studies 
(GWAS) Catalog (human) (Sollis 
et al. 2022), European Variation 
Archive (EVA) (rat, dog, African 
green monkey, mouse, and pig) 
(Cezard et al. 2022), and Dog10K 
genomes project (Ostrander et al. 
2019)

Gene records, gene positions, 
gene model definitions (the 
intron/exon structures for 
the genes)

NCBI (Brown et al. 2015) and 
Ensembl (Cunningham et al. 
2022)

Gene nomenclature The primary sources: HGNC 
(human), MGI (mouse), and 
VGNC (other RGD species; 
https://vertebrate.genenames. 
org/) (Bruford et al. 2020); the 
secondary sources if primary 
unavailable—NCBI and Ensembl

Retired/archived data From resources that are no longer 
freely accessible, such as the 
Pathway Interaction Database 
(Schaefer et al. 2009), Kyoto 
Encyclopedia of Genes and 
Genomes (KEGG) for pathway                                                                                             

(continued) 

Table 2. (continued)  

Imported data type Resource

annotations (Kanehisa and Goto 
2000), and the Genetic 
Association Database (GAD) 
(Becker et al. 2004)
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Extensive genome data are available for use and download at 
RGD and are supported by the tools provided for genome visual
ization, such as JBrowse (https://rgd.mcw.edu/jbrowse/) (Skinner 
et al. 2009; Laulederkind et al. 2011). RGD currently maintains 
JBrowse instances for all versions of the rat reference assembly, 
the newly added strain-specific assemblies (SHR, SHRSP, WKY), 
and assemblies for all other species represented in RGD. For all 
other rat assemblies and human and mouse genomes, instances 
of JBrowse at RGD include disease-related tracks that show data 
objects annotated to diseases in particular categories, tracks 
showing genes that interact with classes of drugs and chemicals, 
genes and transcript locations and structures from both NCBI and 
Ensembl, gene–chemical interactions tracks, QTLs, reference se
quences, and variants that are available (Shimoyama et al. 2016; 
Smith et al. 2020). In Fig. 1a, nervous system-related disease 
strains and QTLs present on chromosome 7 in the mRatBN7.2 gen
ome assembly are shown as an example. Of note, the Lrrk2 gene 
was one of the genes associated with nervous system-related dis
eases and was found at this locus using JBrowse disease-related 
tracks. We will use the Lrrk2 gene as a use case throughout the 
manuscript.

Variation information in JBrowse includes rat variants recently 
acquired from the European Variant Archive (EVA) (Cezard et al. 
2022) (also available for most assemblies for mouse, pig, vervet, 
and dog), microsatellite markers (also for human), and rat strain- 
specific variants. Strain-specific variants for the mRatBN7.2 as
sembly are derived through a collaboration with the Hybrid Rat 
Diversity Program (HRDP) (Tabakoff et al. 2019). Variants for hu
man in JBrowse are from ClinVar (Landrum et al. 2020) and 
dbSNP (Sherry et al. 2001).

In addition to the variant information available in JBrowse, 
RGD’s Gene/Variant report pages and Variant Visualizer tool offer 
the ability to explore rat strain-specific, dog breed-specific, and 
human clinical and genome-wide association study (GWAS) var
iants available in RGD data. Rat variants that appear in Variant 
Visualizer and on the main RGD website encompass data for un
ique strains and sub-strains submitted by researchers and derived 
from bioinformatic analyses at RGD. Notably, the data for the 
mRatBN7.2 assembly include variants from strains that are part 
of the HRDP (Tabakoff et al. 2019) and the Heterogeneous Stock 
(HS) Founder Strains (Hansen and Spuhler 1984; Solberg Woods 
et al. 2010). Variant Visualizer also includes rat variants mapped 
to the Rnor5.0, Rnor6.0 and mRatBN7.2 assemblies imported 
from EVA. RGD’s human Variant Visualizer provides data from 
both ClinVar and, most recently, the National Human Genome 
Research Institute (NHGRI)–European Bioinformatics Institute 
(EBI) GWAS Catalog (Buniello et al. 2019) (https://www.ebi.ac.uk/ 
gwas/). For dog, breed-specific variants were imported from the 
first phase of the Dog10K genomes project (http://www. 
dog10kgenomes.org/). Table 4 provides an overview of the volume 
and sources of the types of variant data available in RGD.

Rat quantitative phenotype data
In addition to qualitative annotations using established ontologies, 
RGD also curates quantitative phenotype data for rat strains and 
developed the PhenoMiner tool to query and display this data 
(Wang et al. 2015). In order to organize the quantitative phenotype 
data, RGD has implemented five different ontologies: Rat Strain 
Ontology (RS), Clinical Measurement Ontology (CMO), 
Measurement Method Ontology (MMO), Vertebrate Trait Ontology 
(VT), and Experimental Condition Ontology (XCO) (Laulederkind 
et al. 2013; Smith et al. 2013). The definition of each of these ontology 
terms can be found on their respective ontology browsers that can T
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be reached from https://rgd.mcw.edu/rgdweb/ontology/search. 
html. Originally, the data were derived from large-scale projects 
such as the PhysGen Program for Genomic Applications (PGA) 
(Dwinell 2010) and the National BioResource Project for the Rat in 
Japan (NBRP-Rat) (Serikawa et al. 2009). More recently, similar 
large-scale data sets have been submitted directly by researchers 
to RGD, loaded in bulk into the database, and made available in 
the PhenoMiner tool (Keele et al. 2018, 2021). In addition, on an on
going basis, RGD curators manually extract quantitative phenotype 
data from the literature, including a recently completed project to 
comprehensively curate the literature references from an extensive 
review article on rat models of human diseases and related pheno
types (Szpirer 2020) and a targeted curation project to expand RGD’s 
data for the HRDP founder strains. The data in the PhenoMiner tool 
are updated weekly from the new data that will be added from bulk 
submissions and/or manual curation. Updates in the PhenoMiner 
tool are discussed later in this manuscript in the “Tools updates” 
section.

Tool updates
New VCMap tool (beta version)
RGD’s VCMap (https://rgd.mcw.edu/vcmap/) tool explores the 
genomic positions of genes and conserved synteny between differ
ent species. Currently, only rat, mouse, and human assemblies 
are available, but we will include other species and assemblies 
in the future for comparative genomics (Kwitek et al. 2001; 
Twigger et al. 2002; Laulederkind et al. 2011). Using VCMap, the 
relative locations of multiple genes can be seen in one window 
and compared across these species or assemblies. The current 
web-based version VCMap (0.7) is an update from the previous 
Java-based applet, expanding the utility of this valuable tool and 
making it more intuitive for users (software available from RGD 
GitHub). Currently, we use synteny net data (pairwise alignment 
data) from the University of California Santa Cruz (UCSC) to deter
mine synteny across species (Lee et al. 2022).

VCMap is accessible from RGD in the “Analysis and 
Visualization” options in the menu toolbar (Fig. 2a) and on the 
home page. There are two ways to begin exploring the synteny be
tween species with VCMap, using either “Load by Gene” (Fig. 2b) or 
“Load by Position” (Fig. 2c) as an option from the top of the VCMap 
browser. Using the “Load by Gene” choice, the user selects the 
backbone configuration for which synteny is to be explored (in
cludes the anchor species and assembly version) and enters the 
gene symbol. After that, the comparative species between rat, hu
man, and mouse can be chosen to assess synteny. As shown in 
Fig. 2d and e, loading the VCMap results page displays the over
view and details of the comparison information at the top, includ
ing assembly, length, comparative species, and base selection. 
The chromosome with the entered gene is displayed vertically, 
with the anchor chromosome shown (chromosome 7 in rat) right
most in the overview and leftmost in the detailed view, arranged 
in increasing coordinate configuration from top to bottom. 
Figure 2d and e show that the human region has major syntenic 
blocks on chromosomes 12, 8, and 22 and the mouse has major 
blocks on chromosomes 10 and 15 in conserved synteny with rat 
chromosome 7. When mousing over the large section of the hu
man chromosome 12 block, users can see the dashed lines 
linking that section to the rat chromosome are crossed, indicating 
that those synteny blocks are reversed relative to each other 
for those regions between human and rat (Fig. 2d). The  circled 
darker area on rat chromosome 7 in the overview panel is the 
area in focus shown as a detailed view in Fig. 2e. Similarly, any 

of the regions in the overview can be viewed in detail by selecting 
them. However, it should be noted that the current VCMap beta 
version is still in active development. There will be regular up
dates with additional species, data types, and user interface and 
feature improvements.

Gene/variant report pages
RGD users can find all gene-related information in RGD gene re
port pages that were recently updated and improved with more 
information and better navigation. RGD gene report pages show 
the gene name, description, RGD ID, orthologs, annotations, refer
ences, genomics, expression data, sequences, and links to add
itional information at other databases. In Fig. 3, the Lrrk2 gene 
report page (https://rgd.mcw.edu/rgdweb/report/gene/main. 
html?id=1561168) is presented. The left side of the page displays 
a scrollable summary of all the information available. The rat 
gene report pages provide information on orthologs for the gene 
with links to the corresponding species-specific gene pages in 
RGD. The Alliance Genes section links to pages on the Alliance 
of Genome Resources website for the corresponding rat gene 
and orthologous genes for all Alliance species (Kishore et al. 
2020; Alliance of Genome Resources Consortium 2022) (Fig. 3a). 
Where mutations within the gene are known, as in the case of 
Lrrk2, the gene report links to both allele and Genetic Model (i.e. 
mutant strain) report pages for more information about what is 
known about these. A view of the gene location in the Genome 
Browser (JBrowse) is shown (Fig. 3a), which can be opened in full 
screen. The Lrrk2 gene report page also shows RGD’s manual 
gene-disease, gene-phenotype, gene-pathway, and gene-chemical 
interaction annotations, along with imported annotations from 
Gene Ontology (GO), ClinVar, Comparative Toxicogenomics 
Database (CTD), Genetic Association Database (GAD), and 
Online Mendelian Inheritance in Man (OMIM). Users can also see 
the comparative map data of the different orthologs with their 
chromosome numbers and positions for other assemblies on the 
gene report pages.

Below the comparative map data section, a link to species- 
specific variants at RGD for the gene is presented (https://rgd. 
mcw.edu/rgdweb/report/gene/main.html?id=1561168#cnVariants; 
Fig. 3a). RGD has improved the variant data already present with 
recently included additional data as mentioned above (Table 4). 
The “Variants in Lrrk2” icon (Fig. 3a) shows an overview of the total 
number of variants present for the gene. Clicking on this icon 
takes the user to the variant overview page where all the variants 
associated with the gene are listed (https://rgd.mcw.edu/rgdweb/ 
report/rsId/main.html?geneId=1561168; Fig. 3b). The list has mul
tiple columns that include information related to the assembly, 
chromosome number, position, type, and reference and variant 
nucleotides, with each variant linked to its variant page. Where 
a Polyphen prediction for whether the variant is damaging to 
the protein function is available, this prediction is included in 
the table. In the future, we are considering expanding the predic
tion algorithms for finding the damaging variants. Links are pro
vided to view each variant individually in Variant Visualizer. 
Alternatively, selecting the option to view all the variants in the 
Variant Visualizer tool provided at the top of this variant overview 
page brings the user to the Variant Visualizer landing page. 
Figure 3c shows the Variant Visualizer (https://rgd.mcw.edu/ 
rgdweb/front/config.html) landing page for rat, where the option 
is available to select strains either individually or by sequence 
groups (HRDP, HS Founder strains). Selecting all available strains 
for the Lrrk2 gene on this page and choosing probably/possibly 
damaging as the option in Polyphen predictions on the following 

https://rgd.mcw.edu/rgdweb/ontology/search.html
https://rgd.mcw.edu/rgdweb/ontology/search.html
https://rgd.mcw.edu/vcmap/
https://rgd.mcw.edu/rgdweb/report/gene/main.html?id=1561168
https://rgd.mcw.edu/rgdweb/report/gene/main.html?id=1561168
https://rgd.mcw.edu/rgdweb/report/gene/main.html?id=1561168#cnVariants
https://rgd.mcw.edu/rgdweb/report/gene/main.html?id=1561168#cnVariants
https://rgd.mcw.edu/rgdweb/report/rsId/main.html?geneId=1561168
https://rgd.mcw.edu/rgdweb/report/rsId/main.html?geneId=1561168
https://rgd.mcw.edu/rgdweb/front/config.html
https://rgd.mcw.edu/rgdweb/front/config.html
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page (Fig. 3d) shows that there are two variants in the gene that 
are predicted to be damaging and are present in sequenced rat 
strains with variant data available at RGD (Fig. 4a). Clicking on 
the specific variant, for example, for rat strain LE/Stm, the Lrrk2 
gene variant shows a Variant Details popup that includes infor
mation such as the variant type, conservation, sequencing depth, 
variant nucleotide, and reference nucleotide (Fig. 4b). The Variant 
Details pane also shows transcript location for each transcript of 
the gene, i.e. whether the variant is in an exon, intron, UTR, etc. 
For variants in the protein-coding sequence, the predicted amino 
acid position, change, and functional consequence, in this case, a 
nonsynonymous change from phenylalanine (F) to cysteine (C) 
and the predicted protein sequence with the variant amino acid 
embedded are provided. Where available, Polyphen predictions 
and the detailed output of the tool are also shown. For each vari
ant in the Variant Visualizer, the details popup links to the corre
sponding variant report page, which gives further information 
(Fig. 4c).

The rat variant report pages (https://rgd.mcw.edu/rgdweb/ 
report/variants/main.html?id=146204103) display the variant 
with its unique RGD ID (146204103 in Fig. 4c) and reference SNP 
(rs) ID (that links to EVA for that variant). This page provides the 
choice to view the variant position in the Genome Browser 
(JBrowse) and includes information such as transcripts and vari
ant sample details. The sample detail section shows the strains 
that the variant has been found in, along with the information 
on the variant allele depth and zygosity. The strain/sample names 
link to Variant Visualizer for that variant in that strain.

Similarly, using the human gene report page (https://rgd.mcw. 
edu/rgdweb/report/gene/main.html?id=1353141), human var
iants in the LRRK2 gene can be explored (Fig. 5a and b). Figure 5c 
and d show that variant rs34637584 (https://rgd.mcw.edu/ 
rgdweb/report/variants/main.html?id=8556550), which can be 
found in both the ClinVar and GWAS Catalog data sets, is desig
nated as pathogenic in ClinVar. The variant is predicted to be 
linked with several nervous system diseases. The variant report 

Fig. 1. The Rat Genome Database JBrowse genome browser displaying a) feature density of mRatBN7.2 genes and transcripts, nervous system 
disease-related QTLs and strains, and feature data of the Lrrk2 gene; b) feature density of SHRSP/BbbUtx genes and transcripts; c) feature density of SHR/ 
Utx; and d) feature density of WKY/Bbb in chromosome 7.

https://rgd.mcw.edu/rgdweb/report/variants/main.html?id=146204103
https://rgd.mcw.edu/rgdweb/report/variants/main.html?id=146204103
https://rgd.mcw.edu/rgdweb/report/gene/main.html?id=1353141
https://rgd.mcw.edu/rgdweb/report/gene/main.html?id=1353141
https://rgd.mcw.edu/rgdweb/report/variants/main.html?id=8556550
https://rgd.mcw.edu/rgdweb/report/variants/main.html?id=8556550
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page can be accessed using the “Go to variant report page” link. 
The page also previews the variant’s location in RGD’s Genome 
Browser (JBrowse). The annotation details imported from 
ClinVar present their clinical significance and disease associa
tions. These disease associations have been translated at RGD 
into the Disease Ontology (DO) annotations shown in Fig. 5e. 
Similar information about the variant’s associations with disease 
traits imported from the GWAS Catalog is also provided (not 
shown). In addition, the Variant Details section listed in the sum
mary on the left side of the page provides the same information 
seen in the Variant Visualizer’s Variant Details popup mentioned 
previously. Finally, for researchers interested in more informa
tion, links to references and external databases such as OMIM 
and dbSNP are available (Fig. 5e).

PhenoMiner
The PhenoMiner tool (https://rgd.mcw.edu/rgdweb/phenominer/ 
ontChoices.html) is a unique quantitative phenotypic data reposi
tory and search engine developed at RGD to complement the 
qualitative phenotype data that RGD has accumulated and pre
sented since its establishment (Laulederkind et al. 2013; Wang 
et al. 2015; Zhao et al. 2019). It contains quantitative phenotypic 
data from about 1400 rat strains categorized into chromosome- 
altered, coisogenic, congenic, consomic, inbred, mutant, recom
binant inbred, segregating inbred and transgenic strains, and 
outbred stocks, quantitated by different measurement methods 
in various experimental conditions (Fig. 6). The PhenoMiner tool 
includes results from high-throughput phenotyping projects 
(PGA, NBRP, HRDP), bulk data loads submitted by research groups 

(Keele et al. 2018, 2021), and manual curation efforts using the in- 
house PhenoMiner curation tool (Wang et al. 2015).

PhenoMiner facilitates data exploration within and across dif
ferent studies and strains by querying using standardized Rat 
Strain (RS), Clinical Measurement (CMO), Measurement Method 
(MMO), Experimental Condition (XCO), and Vertebrate Trait (VT) 
ontology terms. RS provides a structured representation of the re
lationships between strains to facilitate selections, CMO contains 
terms that represent what was measured, MMO terms represent 
how the measurement was done, XCO terms represent the condi
tions under which the measurements were made, and VT terms 
are used to categorize measurable or observable characteristics 
of a vertebrate organism (Laulederkind et al. 2013; Laulederkind 
et al. 2019). Between 2020 and 2022, RGD curators created nearly 
200 new terms for PhenoMiner.

Users can reach the PhenoMiner user interface using the 
“Analysis & Visualization” tab in the menu at the top of any 
RGD page (Fig. 2a). This newer version of PhenoMiner has all the 
ontology sections on its main page. In the bottom section of the 
page, options in the Rat Strain Selections load from the Rat 
Strain Ontology automatically, although users can start with 
any of the other ontologies by selecting the appropriate tabs below 
the “Generate Report” button on the same page. The selections 
that are made in the bottom panels appear in the boxes at the 
top in their respective ontology group. The “Generate Report” but
ton shows the results from the selected options (Fig. 7a).

Using gene/variant report pages and Variant Visualizer, we es
tablished that the Lrrk2 gene contains a damaging variant in LE 
rats. Also, in human, the LRRK2 gene variant is predicted to be 
linked with nervous system-related diseases (Figs. 3–5). To explore 
this further, we searched in PhenoMiner for brain function-related 
hormones progesterone and testosterone levels in the blood in Crl: 
LE and LE-Lrrk2em1Sage−/− rat strains (Fig. 7a). The results page 
shows the table and graph of the results (Fig. 7). Options for fur
ther filtering the results are provided in the left sidebar (Fig. 7). 
When the results use more than one unit, a graph is not displayed 
on the page until appropriate selections to limit the results to 
those with the same units are made. The filters on the left side 
of the page are linked to the graph and table, and selections that 
are made appear concurrently in both the graph and table. 
There are options to download using “Download all records” to re
trieve the unfiltered result set and “Download table view records” 
to save the results of a filtered query (Fig. 7b). The graph provides 
the option to color the bars based on several choices with the le
gend displaying what each color corresponds to. The bars in 
Fig. 7c are colored by the strain as seen from the legend, but op
tions to color by condition, method, phenotype, and sex (Fig. 7d) 
are also available. The table can be sorted by the values in any 
of the columns, as indicated by the up and down arrows in the col
umn headers.

Disease Portal updates
RGD has focused almost since its inception on providing its users 
with disease-related data and resources for their research. 
Therefore, Disease Portals (https://rgd.mcw.edu/rgdweb/portal/ 
index.jsp) were created that consolidate disease-associated data, 
including genes, strains, and QTLs for a selected disease category 
integrated at RGD (Hayman et al. 2016), were created. The custo
mized ontology browser in each of the 15 Disease Portals shows 
relevant disease terms with less specific parent and more specific 
child terms. The annotations associated with the selected disease 
term can also be viewed with links to the ontology report page, al
lowing users to find and compare annotations across different 

Table 4 Number of variants in the Rat Genome Database 
(retrieved Jan 2023).

Species Assembly (name) Source Number of 
variants from 
each source

Human Human Genome 
Assembly 
GRCh37 
(GRCh37)

ClinVar GRCh37 1,452,414

Human Genome 
Assembly 
GRCh38 
(GRCh38)

ClinVar GRCh38 1,451,585
GWAS Catalog 

GRCh38
70,460

Rat RGSC Genome 
Assembly v3.4 
(RGSC_v3.4)

European 
Variation 
Archive

16,656,349

RGSC Genome 
Assembly v5.0 
(Rnor_5.0)

European 
Variation 
Archive

55,064

RGSC Genome 
Assembly v6.0 
(Rnor_6.0)

Hybrid Rat 
Diversity Panel 
—Rnor_6.0

4,706,582

mRatBN7.2 
Assembly 
(mRatBN7.2)

European 
Variation 
Archive

9,632,470

Hybrid Rat 
Diversity Panel 
—Rnor_6.0

18,627,685

Hybrid Rat 
Diversity Panel 
—mRatBN7.2

14,489,795

Dog Dog CanFam3.1 
Assembly 
(CanFam3.1)

Variants from the 
Dog10K 
genomes 
project

28,468,158

https://rgd.mcw.edu/rgdweb/phenominer/ontChoices.html
https://rgd.mcw.edu/rgdweb/phenominer/ontChoices.html
https://rgd.mcw.edu/rgdweb/portal/index.jsp
https://rgd.mcw.edu/rgdweb/portal/index.jsp
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Fig. 2. Using Virtual Comparative Map (VCMap) to explore the Lrrk2 gene in rat, human, and mouse; a) VCMap is found in the “Analysis & Visualization” 
menu on the Rat Genome Database homepage; b) using the “Load by Gene” option to explore the Lrrk2 gene by gene name; c) using the “Load by Position” to 
explore the Lrrk2 gene by its genomic position; d) the “Overview” section displays an overview of the gene and its syntenic region; and e) the “Detailed” 
section provides more detailed information of the gene and syntenic region with Slc2a13 and Abcd2 genes upstream of Lrrk2 gene.

Fig. 3. Exploring the Lrrk2 gene and its variants in rat; a) the Rat Genome Database rat gene report page for the Lrrk2 gene linking to its variants; b) variant 
overview page that shows all the rat Lrrk2 gene variants; c) Variant Visualizer tool to select rat strain-specific variants; d) option to choose polyphen 
prediction type.
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RGD data types and species. RGD Disease Portals also have RGD 
tools that provide disease-associated gene analysis and visualiza
tion, such as MOET (Vedi et al. 2022) and GViewer.

With the continual and rapid progress in the discovery of gene– 
disease associations and ontology development, the disease gene 
data at RGD also need to be constantly updated. RGD curators 
regularly update the information in the Disease Portals that was 
created in the past. Following a recently completed project to ex
pand the data in the Cancer & Neoplastic Disease Portal, an up
date of the Cardiovascular Disease Portal is currently in progress.

Being FAIR at RGD
The Findable, Accessible, Interoperable, and Reusable (FAIR) data 
principles are essential for data repositories to improve their dis
covery and usability (Wilkinson et al. 2016). The findability aspect 
requires data to have unique identifiers used explicitly and re
corded systematically in searchable resources for easy retrieval. 

Accessibility is ensured by having the data open, free, and avail
able to everyone. The use of standardized vocabularies and data 
maintains interoperability. Reusability requires data to have a 
clear and accessible license for its usage and to maintain proven
ance (Jauer and Deserno 2020).

RGD offers a centralized platform of resources and tools that 
can be found and interrogated to unravel innovative prospects 
and develop scalability. The goal of RGD has been to provide 
open access standardized data, and it has been working all along 
to be a “FAIR resource” following the FAIR data principles (https:// 
fairsharing.org/1951) to enhance its usability. RGD data are find
able and accessible through multiple channels, including the 
RGD web application (https://rgd.mcw.edu), representational 
state transfer application programming interfaces (REST APIs) 
(https://rest.rgd.mcw.edu/rgdws/swagger-ui.html), file download 
site (https://download.rgd.mcw.edu/data_release), and through 
multiple third parties that import RGD data (including NCBI, 

Fig. 4. Exploring the Lrrk2 gene variants in rat using the Variant Visualizer tool; a) results page from Variant Visualizer tool displays the rat strain-specific 
damaging variants for the Lrrk2 gene; b) clicking on the LE/Stm rat strain opens the Variant Details display that has the “Go to Variant Page” link that; c) 
opens the variant report page for that variant.

https://fairsharing.org/1951
https://fairsharing.org/1951
https://rgd.mcw.edu
https://rest.rgd.mcw.edu/rgdws/swagger-ui.html
https://download.rgd.mcw.edu/data_release
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Monarch, Ensembl, GO) (Wilkinson et al. 2016). In addition, RGD 
assigns globally unique persistent identifiers for genes, strains, 
and other genomic objects. The identifier format at RGD is regis
tered at https://bioregistry.io/ (Hoyt et al. 2022) and https:// 
identifiers.org/ (Wimalaratne et al. 2018) to avoid any potential 

conflicts. All RGD data are open and also available on the down
load site (https://download.rgd.mcw.edu/data_release), including 
genes for all the RGD species; miRNA targets for human, rat, and 
mouse; QTLs for rat, mouse, and human; genome annotation (in 
GFF format) and rat strains; SSLPs for rat, mouse, and human; 

Fig. 5. Exploring the LRRK2 gene and its variants in human with a) its gene report page; b) Variant Visualizer; c) results from the Variant Visualizer showing 
variants from ClinVar and GWAS Catalog; d) Variant Details display and “Go to Variant Page” that; e) opens up the variant report page containing 
additional information.

Fig. 6. Number of PhenoMiner records for different rat strain categories.

https://bioregistry.io/
https://identifiers.org/
https://identifiers.org/
https://download.rgd.mcw.edu/data_release
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and variants as VCF files for rat. Orthologs for all the RGD species 
are in their respective folders. All ontology annotations across 
ontologies, species, and data types are provided in both a format 
that closely follows the Gene Ontology’s GAF2.2 specification 
and in expanded “with_terms” files that include additional infor
mation. For ontologies developed by RGD, the ontology files them
selves in both the OBO (Jackson et al. 2021) and OWL (https://www. 
w3.org/2001/sw/wiki/OWL) formats are available on the down
load site and in GitHub (https://github.com/rat-genome- 
database). Software is licensed under the GPL v3 and is available 
for download via GitHub, which is updated weekly. The RGD 
GitHub link is present at the top right of the RGD homepage 
near the search bar. Data interoperability at RGD is realized using 
standardized ontologies for curation in addition to the use of 
standard biological file formats whenever possible. Reusability is 
ensured using the Creative Commons (CC) BY 4.0 explicit license 
(https://creativecommons.org/licenses/by/4.0/). RGD’s publicly 
available REST APIs provide programmatic access to stored RGD 
information and annotations. Also, requests for data are repeat
able and, wherever possible, include provenance for traceability. 
As a result of adhering to these standards and practices, RGD 
data can integrate with modernized informatics infrastructure 

for use by the research community. Thus, RGD has enhanced 
the exposure of its data and tools to be utilized globally.

To further data FAIRification efforts, RGD participates with 
other databases, such as the Gene Ontology Consortium, DO, 
and Human Phenotype Ontology (HPO), in developing additional 
and existing ontologies/vocabularies by requesting new terms, 
edits to existing terms, and updates to the structure of the ontol
ogies (i.e. new term–term relationships) in addition to the expan
sion of five RGD-developed ontologies. At present, RGD group 
members have been working on mapping RGD’s instance of 
Disease Ontology (RDO) terms to terms of the Experimental 
Factor Ontology (EFO) in order to integrate EFO associations 
from the GWAS Catalog into RGD’s larger disease-related infra
structure. Additionally, RGD not only acquires and integrates 
data from other groups mentioned at the beginning of this article 
(Table 2), but also makes its data available to other groups, includ
ing the NCBI, GO, Monarch Initiative, Ensembl, and others for use 
by the broader biomedical research and clinical communities. 
RGD has facilitated bulk download and automated access to cu
rated and other data. RGD also offers support to investigators to 
provide them with information on specific data sets or building 
data pipelines using the “Contact” link found in the menu bar on 

Fig. 7. Exploring different rat strain measurements using PhenoMiner: a) PhenoMiner interface that shows options to select strains, clinical 
measurements, measurement methods, and experimental methods to “Generate Report”; b) option to edit query and download results; c) legend reflects 
the color represented in the graph; and d) the graph can be colored by strain, condition, phenotype, method, and sex.

https://www.w3.org/2001/sw/wiki/OWL
https://www.w3.org/2001/sw/wiki/OWL
https://github.com/rat-genome-database
https://github.com/rat-genome-database
https://creativecommons.org/licenses/by/4.0/
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the top right of most RGD web pages or the “Send Message” option 
that appears on most RGD pages. RGD is a founding member of the 
Alliance of Genome Resources (https://www.alliancegenome.org), 
a consortium of the major model organism databases focused on 
harmonizing and presenting cross-species information. Being a 
member of the Alliance, rat and human data from RGD are sub
mitted for integration into the Alliance database with data for 
six other essential model organisms from the other member 
groups, including FlyBase, Mouse Genome Informatics (MGI), 
Saccharomyces Genome Database (SGD), WormBase, XenBase, 
ZFIN, and GO (Alliance of Genome Resources Consortium 2022). 
RGD also participates in the Research Resource Identification 
Initiative (RRID: SCR_006444), an initiative of The FAIR Data 
Informatics Lab at UCSD (Wilkinson et al. 2016), which facilitates 
the identification of RGD rat strains with unique Research 
Resource Identifiers (RRIDs) based on the strain RGD IDs. RGD dis
plays the unique RRIDs associated with the strains as citation IDs 
on the strain report pages. Using such unique identifiers allows 
specific resources employed within a study to be unambiguously 
identified, enabling the reuse of specific resources and improving 
the reproducibility of results. Due to the importance, and exten
sive use, of RGD data and tools globally, RGD has been recently 
identified as a Global Core Biodata Resource (https:// 
globalbiodata.org/) by the Global Biodata Coalition, adding RGD 
to the “collection of 37 resources whose long-term funding and 
sustainability is deemed critical to life science and biomedical re
search worldwide.”

Future directions and conclusion
RGD is focused on integrating genetic, multi-omics, and biological 
data across multiple rat strains and populations and extending 
data integration across species to human, mouse, and other mod
el organisms of human disease. RGD aims to create an integrated 
data environment for functional annotations to genes, genetic 
variation, genomic features, strains, and genetic loci for rats using 
our well-established automated and manual processes employing 
multiple ontologies. As part of the Genome Reference Consortium 
(GRC), RGD will maintain and curate the rat reference genome 
(currently mRatBN7.2), add sequence variant data from strains 
undergoing whole genome sequencing, and incorporate new 
strain-specific de novo assemblies and annotations. Robust tran
scriptome data from sequencing of total RNA, full-length tran
scripts, and single cell/nuclear RNA and epigenomic data from 
assay for transposase-accessible chromatin with sequencing 
(ATAC-seq), reduced representation bisulfite sequencing (RRBS), 
and others will be brought into RGD from many of the sequenced 
strains. These data, along with the robust mining, visualization, 
and analysis tools at RGD, will be leveraged to integrate multiple 
phenotypes (via phenotype and strain annotations) with genetic 
information (gene function, expression, regulation) within the 
Disease Portals. Precision Model Portals for HRDP and HS rats 
are being developed with integrated data across multiple strains 
from whole animal phenotypes to transcriptomes and epigen
omes to genetic variants and individual rat genotypes.

RGD plans to create a comparative platform to integrate these 
data across species through their respective genomes and predict 
precision preclinical models through in silico comparative stud
ies. Where not available from other sources, pairwise genome syn
teny maps will be generated using established methods between 
rat, human, mouse, and other species in RGD and the Alliance 
of Genome Resources to complement the existing ortholog infor
mation. Data having associated genomic locations in each species 

will be entered into RGD’s cross-species integration tools, includ
ing genes, variants, gene regulatory regions, epigenome marks, 
QTLs, expression quantitative trait loci (eQTLs), GWAS, spontan
eous and induced mutants. Users will be able to query across spe
cies for various data types or upload data sets for comparative 
analysis and visualization. RGD is also planning to integrate its 
data with the newer version of JBrowse (JBrowse 2.0) that offers 
many new features including interactive editing of configuration, 
ability to search by gene name/ID, and displaying multiple chro
mosomes in a single view. The addition of more options in gene/ 
variant report pages at RGD is planned, along with the continuous 
improvement of ontologies and Disease Portals. Together, these 
integrated ecosystems will lead to new hypotheses about complex 
disease genetics and disease mechanisms. Furthermore, we have 
begun to assess how to make the RGD website more mobile- 
friendly, and we are currently working to improve the user experi
ence on mobile devices. Overall, RGD will continue to integrate 
genetic and biological data across species in model organisms of 
human disease and into RGD tools, enhancing RGD’s value as a re
source for computational, translational, and clinical research.

Data availability
The authors state that all data necessary for confirming the con
clusions presented in the article are represented fully within the 
article. The data (https://rgd.mcw.edu/wg/data-menu/) and tools 
(https://rgd.mcw.edu/wg/tool-menu/) described in the article are 
available from the RGD website (https://rgd.mcw.edu), REST 
APIs (https://rest.rgd.mcw.edu/rgdws/swagger-ui.html), and file 
download site (https://download.rgd.mcw.edu/data_release), 
and the software is available on the GitHub (https://github.com/ 
rat-genome-database) link at the top right of the RGD homepage. 
For more information on the RGD webpages and tools, there are 
help pages (https://rgd.mcw.edu/wg/help3/) and video tutorials 
(https://rgd.mcw.edu/wg/home/rgd_rat_community_videos/rgd- 
tutorials/). RGD also offers virtual office hours that are available 
by appointment using the “Contact” link on the homepage 
(https://rgd.mcw.edu/rgdweb/contact/contactus.html).
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