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ABSTRACT

Ruminant Genome Database (RGD; http://animal.
nwsuaf.edu.cn/RGD) provides visualization and anal-
ysis tools for ruminant comparative genomics and
functional annotations. As more high-quality rumi-
nant genome assemblies have become available, we
have redesigned the user interface, integrated and
expanded multi-omics data, and developed novel fea-
tures to improve the database. The new version, RGD
v2.0, houses 78 ruminant genomes; 110-species syn-
teny alignments for major livestock (including cat-
tle, sheep, goat) and wild ungulates; 21 012 ortholo-
gous gene clusters with Gene Ontology and path-
way annotation; ∼8 600 000 conserved elements;
and ∼1 000 000 cis-regulatory elements by utilizing
1053 epigenomic data sets. The transcriptome data
in RGD v2.0 has nearly doubled, currently with 1936
RNA-seq data sets, and 155 174 phenotypic data sets
have been newly added. New and updated features in-
clude: (i) The UCSC Genome Browser, BLAT, BLAST
and Table Browser tools were updated for six avail-
able ruminant livestock species. (ii) The LiftOver tool
was newly introduced into our browser to allow co-
ordinate conversion between different ruminant as-
semblies. And (iii) tissue specificity index, tau, was
calculated to facilitate batch screening of specifi-
cally expressed genes. The enhanced genome anno-
tations and improved functionality in RGD v2.0 will be
useful for study of genome evolution, environmental
adaption, livestock breeding and biomedicine.

INTRODUCTION

Ruminants are one of the most successful and ecologically
important herbivorous animal groups on Earth, exhibit-
ing diverse morphologies (e.g. different headgear, body size,

and tooth) (1) and great adaptations to various ecologi-
cal environments (e.g. polar region, Tibet plateau, desert
steppe and tropical rainforest) (2). In addition, the rumi-
nants include several important livestock species: cattle,
zebu, yak, buffalo, sheep, goats and reindeer, which have
prominent contributions to the prosperity of agriculture
and civilization (3). Therefore, ruminants are excellent mod-
els for the study of environmental adaptation and agro-
nomic traits.

Ruminantia has nearly 200 extant species in six differ-
ent families (Tragulidae, Antilocapridae, Giraffidae, Cervi-
dae, Moschidae, and Bovidae) and each family has distinct
characteristics (4). In 2019, the Ruminant Genome Project
(RGP) that we launched released 47 ruminant genomes (5).
This batch of data was also used to build the RGD v1.0
database in the same time (5). Since then, improvements
in sequencing and computational technologies have enabled
researchers to generate a growing wealth of genomics, epi-
genetics, transcriptomics and breeding data for ruminant
species (6–9). Nowadays, nearly 80 ruminant genomes have
become available, and 12 of them assembled based on third-
generation sequencing platform (10). In addition, the Func-
tional Annotation of Animal Genomes (FAANG) consor-
tium (6) and more public works have generated genome-
wide data on RNA-seq (7,11–13), chromatin modification
and chromatin accessibility (14–20). Application of com-
parative genomics methods to the new datasets, and full
utilization of thousands of human regulatory datasets will
provide a powerful basis to form rich annotations to all
aligned ruminant genomes, and identify clade or species-
specific mutations.

In the update, we performed genome alignments of 110
high-quality ruminant and outgroup genomes, including 29
genomes based on third-generation sequencing platform.
Some key outgroup node species, such as platypus, tuatara,
chicken, tropical clawed frog, coelacanth, zebrafish, and sea
lamprey, were newly added to perform the alignments. RGD
v2.0 also has greatly improved expression data and func-
tional element annotation. We expanded RNA-seq data
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from 1151 to 1936 samples, which is currently the largest
ruminant expression atlas spanning eight ruminant species.
Ruminant epigenomic data were also expanded from 32 to
220 data sets. In addition, 833 human epigenomic data sets
were mapped to the ruminant genomes. These datasets pro-
viding various information for functional element annota-
tion. We also added phenotypic data including QTL and
GWAS regions from cattle, sheep and goats. The RGD will
be continuously updated, and provides useful resources for
ruminant research communities. Here, we describe the data
and tools currently available in RGD v2.0.

NEW DATA AND VISUALIZATIONS

We redesigned the RGD interface and divided the home
page into 11 modules, including (i) ‘the UCSC Genome
Browser (hereafter referred to as ‘Genome Browser’)’
(21), (ii) ‘Expression’, (iii) ‘Epigenome’, (iv) ‘Orthologous
Gene’, (v) ‘Comparative Genomics’, (vi) ‘QTLdb’, (vii)
‘GWASdb’, (viii) ‘BLAT Tool’ (22), (ix) ‘BLAST Tool’ (23),
(x) ‘Table Download’ and (xi) ‘LiftOver’ (21). Each module
provides detailed pages to access available data and tools. A
wealth of new data is available in RGD v2.0. The main up-
dates include three new 110-way alignments, identification
and annotation of orthologous genes, expansion of regula-
tory and transcriptome data, and newly added phenotypic
data, etc. We upgraded the BLAST tool and newly intro-
duced the ‘Table Browser’ and ‘LiftOver’ tools (21). RGD
uses CodeIgniter framework and MySQL as the database
managements system to achieve interactive data mining and
visualization. The database construction pipeline is shown
in Figure 1. Below, we describe the currently available data
and tools, with a focus on new data and features.

New assemblies for genome browser

The current Genome Browser hosts seven genome
assemblies, including four newly added ones,
Oar rambouillet v1.0 (sheep), BosGru3.0 (yak),
UOA Brahman 1 (zebu), and UOA WB 1 (water buf-
falo), covering major ruminant livestock species. The
standard basic information, including assembly chro-
mosome and scaffold names, gap locations, NCBI gene
annotations and GC percent in 5-base windows were also
imported into the database.

110-species alignments and conservation scores

Genome-wide synteny is a fundamental guide to locate
genes, identify conserved elements, reveal similarities and
differences among species, and trace the course of evolu-
tion. In RGD v1.0, we released 67-species alignments (in-
cluding 55 ruminants and 12 outgroup species) against goat
genome assembly (ARS1), which was the most continuous
assembly in Ruminantia at that time. With the rapid devel-
opment of third-generation sequencing technology, genome
quality has been greatly improved. In this work, we col-
lected the best assembled genome versions of 78 ruminants
and 32 outgroup species (Supplementary Table S1), which
are usually used as reference genomes in NCBI, to per-
form multiple alignments using Last and Multiz softwares.

In RGD v2.0, we have created three new multiple align-
ment tracks that feature these 110 species (Supplementary
Table S1): one for cattle (ARS-UCD1.2 Btau5.0.1Y), one
for sheep (Oar rambouillet v1.0 addY), and one for goat
(ARS1) (Figure 2A and B). Users can find sequence differ-
ences among species by zooming in the alignments to the
base level (Figure 2B and Supplementary Figure S1A). Be-
yond this, tracks can be configured to activate coding se-
quence codon display. The coding sequences of 110-way
alignments can be translated into amino acids (Supplemen-
tary Figure S1A). We used the 110-species synteny data
to identify the orthologous genes of ruminants and out-
group species, and provided up to 21 012 orthologous genes
for each species. Each gene was annotated with the corre-
sponding Gene Ontology (GO) ID (24) and pathway. Users
can enter a gene symbol to get the results of three parts:
coding sequence and protein sequence for each species, de-
tailed classification (Molecular Function, Cellular Com-
ponent and Biological Process) of GO, and KEGG (25)
& WikiPathways (26). Users can click ‘GO ID’ to link to
AmiGO 2 database (24), or click the ‘Pathway show’ to get
a detailed pathway figure.

Both phastCons (27) and phyloP (28) conservation scores
in mammalian and vertebrate evolutionary scales also have
been newly added for the three major livestock (cattle,
sheep, and goat) (Supplementary Figure S1B). We down-
loaded four conservation scores files (phastCons100way,
phastCons30way, phyloP100way and phyloP30way) and
two conserved elements files (phastConsElements100way
and phastConsElements30way) based on human (hg38)
genome from the UCSC Genome Browser (21), and con-
verted the human genome coordinates to the cattle, sheep,
and goat using LiftOver with -minMatch = 0.2. In total, 8
576 390 and 2 536 600 conserved elements across vertebrates
and mammals were identified, respectively (Supplementary
Table S2).

Epigenomic data browser

More than 90% of the common variants associated with
complex traits are located in intergenic and intronic re-
gions (29,30). Prediction of potential regulatory elements
will help to identify the function of mutations in evolu-
tionary and population genetics studies (31). With contin-
uous effort on curating the published data, RGD v2.0 now
contains 220 epigenomic data sets for ruminants (188 new
ones), including 196 for cattle, 23 for sheep and one for goat
(Supplementary Table S3). The downloaded reads were first
aligned to their respective reference genomes using BWA
(version 0.7.17-r1188) (32). Then samtools (33) was used to
remove low-quality and multiple-mapping reads with the
option “-q 20”. Peaks were called by MACS v.2.1.1 (34),
retaining only data with a P-value < 1e−5. Due to rel-
atively more available epigenomic data for cattle tissues,
we applied ChromHMM software (v1.22) (35) to discover
chromatin states in this species. First, gene annotation file
was used to build libraries of subsequent chromatin state
annotations by using subroutine ‘ConvertGenetable’. Then
reads counts of each epigenome were calculated in non-
overlapping 200 bp bins to mark signal enrichment regions
by using subroutine ‘BinarizeBed’. Finally, we trained sev-
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Figure 1. The processing pipeline used to construct RGD v2.0. RGD v2.0 integrated comparative genomics, transcriptomics, epigenomics and phenotypic
data. Users can search a gene symbol or a genomic region to get results in an interactive table and graph.

eral models with varying numbers of states and chose 15-
state model since it captured all key chromatin interactions.
We display the ruminant histone ChIP-seq and ATAC-seq
data in Genome Browser using −log10 (P-value) as the
height of the y-axis (Supplementary Figure S2A). And these
data are prioritized to identify the ruminant regulatory re-
gions (promoters, enhancers, and silencers). A total of 965
844 (genome proportion: 13.73%) cis-regulatory elements
from cattle and 166 848 (genome proportion: 2.34%) cis-
regulatory elements from sheep were identified (Supplemen-
tary Table S4). We did not compute statistics for goat since
there was only one sample. Compared with other published
species, such as mouse (genome proportion: 12.6%) (31),
and pig (genome proportion: 17.38%) (36), the regulatory
data of sheep and goats are far from saturated.

As a supplement, 833 human epigenomes (Supple-
mentary Table S5) containing four core histone marks
(H3K4me3: 192, H3K27ac: 141, H3K4me1: 196 and
H3K4me3: 197) from the Roadmap Epigenomics Project

(37) and one open chromatin marker (ATAC-seq: 107) from
the Encyclopedia of DNA Elements (ENCODE) project
(38) are mapped on the cattle, sheep and goat reference
genomes by LiftOver tool (21) with the optimal minMatch
threshold 0.2 (31). We retained only regions with exact re-
ciprocal mapping back to the human genome according the
published method (31). We found that ∼80% of human reg-
ulatory data can be mapped to the genomes of cattle, sheep,
and goats. The promoter regions have the higher recall rates
(82−87%) than any other signal regions (68−85%), indi-
cating that promoters are the most conserved of the sig-
nal regions (Supplementary Table S6). The mapped genome
coverages for cattle, sheep, and goat were 28%, 21% and
21%, respectively, indicating that the ruminant regulatory
elements can be well recovered by human data (Supple-
mentary Table S6). In RGD v1.0, we used the read cover-
age to display the mapped human regulatory data, while in
RGD v2.0 we adjusted the display mode of human regula-
tory data to the peak files, and also used -log10 (P-value)
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Figure 2. An example of Cervidae-specific diverged sites in the 3’UTR of the NOVA1 gene. (A) NOVA1 gene structure and conserved elements in 100
vertebrates and 30 mammals. (B) Cervidae uniquely divergent sites present in NOVA1. We display the new tracks of 110-species alignments and conserved
elements. And 29 genomes were assembled based on third-generation sequencing platform.

as y-axis (Supplementary Figure S2B), making these data
more standardized. The human core histone marks and one
open chromatin marker combining all collected human tis-
sues and cell lines are shown in five different colors signal
tracks (Supplementary Figure S2B).

Expression data browser

Genome-wide expression analysis of RNA-seq data is a pre-
requisite for gene function researches. In RGD v1.0, we
have developed a geneHeatmap tool to display the gene ex-

pression data. In the new version, we added two new com-
mon species, zebu and water buffalo. The RNA-seq sam-
ples were expanded from 1151 to 1936 (sheep: 832, cattle:
461, goat: 300, zebu: 128, yak: 88, water buffalo: 69, sika
deer: 38 and roe deer: 20; Supplementary Table S7). We
downloaded the raw reads from the NCBI Sequence Read
Archive (SRA) and removed adaptor sequences and low-
quality reads using Trimmomatic (version 0.36) (39). The
high-quality reads were mapped to their respective reference
genomes with STAR (version 2.5.1) (40), then unaligned
reads were extracted for further mapping by HISAT2 (ver-
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sion 2.0.3-beta) to improve reads utilization (41). The Pi-
card tool (version 2.1.1) was used to merge the two bam
files. We computed Fragments Per Kilobase per Million
mapped reads (FPKM) values for each gene by StringTie
(version1.3.4) (42). The tissue specificity index, tau (43), was
newly added using in-house Perl scripts according to the
suggestions by the user community. We provide download
of expression matrix files for eight ruminant species, which
can facilitate screening genes of interest according to the tau
value and tissue expression level.

In RGD v2.0, the transcriptome data covered more abun-
dant tissue/cell types and more developmental stages. We
classified these samples first by repetition, followed by
tissue/cell type, and finally by organ system (Supplemen-
tary Table S7). Therefore, users can easily find gene expres-
sion patterns and tissues with high expression abundance
(Supplementary Figure S3). We also added some groups
that researchers often compare to analyze their functions.
For instance, one of the most important economic traits of
goat is cashmere production. We provide gene expressions
of skin samples of Dazu black goats distributed in southern
China, as well as Mongolian cashmere goats distributed in
northern China, which can help study genes participating
in cashmere production. Other groups, such as samples at
high and low altitudes; mammary gland at early lactation,
late lactation, and dry period; and endometrium with high
fertility and low fertility, etc., can also provide valuable in-
formation for animal production traits and adaptability.

The color depth of each heatmap cell represents the av-
erage FPKM value of each tissue. Users can view the de-
tailed numbers as the pointer hovers over the heatmap cell.
The search results can be downloaded in CSV format. The
expression data is also organized into the tracks of the
Genome Browser, named ‘expreBar’ (Supplementary Fig-
ure S4A). Users can click a specific gene to link to a more de-
tailed visualization page that generates a box-whisker plot
showing the range of expression levels across samples (Sup-
plementary Figure S4B).

QTLdb and GWASdb browser

Information about reported phenotypic data is newly avail-
able in the RGD v2.0. We downloaded the 165 353 QTLs
from AnimalQTLdb (44), and filtered entries that were not
anchored to genome chromosome. Finally, 150 617 cattle
QTLs associated with 630 agronomic traits and 2350 sheep
QTLs associated with 121 agronomic traits were retained.
We provide three ways to retrieve QTLdb: search by gene
symbol, find QTLs by genome location, and find associated
genes by a trait name or a keyword. We also integrated 2207
associations from GWAS Atlas (8), 1630 for cattle, 539 for
sheep and 38 for goat. We converted genomic coordinates
of SNPs to the newer assemblies using LiftOver by default
parameters. Users can browse the GWAS data by any key-
words. These data can help users associate phenotypes and
genotypes to further confirm user’s interested genes.

Gene information search

In RGD v1.0, we have provided basic gene information
search for four main livestock (goat, sheep, cattle, and yak),

including genomic location, CDS length, transcript profile,
relevant GO ID and GO terms, and KEGG pathways. In
RGD v2.0, we upgraded this module to full database re-
trieval on the home page, and optimized the user’s search
method, which can identify redundant spaces in the input
text. Users can enter a gene symbol, a NCBI gene ID, or
an Ensembl gene ID, to view all available information. The
search results include eight main contents: (i) Gene Sum-
mary, (ii) Gene Structure and Regulation, (iii) Gene Expres-
sion, (iv) Quantitative Trait Locus, (v) Orthologous Gene,
(vi) Gene Ontology, (vii) KEGG and WikiPathway, and
(viii) Genome Browser. The results are presented in a clas-
sical tabular format and can be linked to Genome Browser
and external databases.

SOFTWARE AND TOOL IMPROVEMENTS

BLAT and BLAST

RGD v1.0 created a webBLAT server (22) and www-
BLAST based on the goat (ARS1), sheep (Oar v4.0),
and cattle (ARS-UCD1.2 Btau5.0.1Y) genome. In
RGD v2.0, we added four new genomes (sheep:
Oar rambouillet v1.0 addY, zebu: UOA Brahman 1,
yak: BosGru3.0 and water buffalo: UOA WB 1), ex-
tending the genome assemblies to all available ruminant
livestock species. We also introduced ViroBLAST (23) to
replace the outmoded wwwBLAST. The current alignment
tools can help users retrieve homologous DNA, RNA,
and protein sequences faster. And the webBLAT tool can
return a list of links to all genome locations by aligning
with the input sequence, which can then be displayed in
Genome Browser to facilitate the access to more sequence
features.

Table Download

RGD v2.0 has a UCSC Table Browser (21) tool for retriev-
ing raw data in various format and performing intersections
and unions between data in different tracks. Users can select
clade, genome, assembly, group, track, table, regions of in-
terest, output format and define output file name to extract
subsets of the Genome Browser quickly and easily. We also
wrote an additional module (Table Download) to extract
other data in the database, including information of orthol-
ogous genes, gene expressions, QTLs and GWAS. Users can
realize batch download by entering gene symbol or NCBI
gene ID list.

LiftOver tool

The LiftOver tool (21) is available in RGD v2.0, which can
realize coordinate conversion between different ruminant
assemblies. We generated 33 chain files to support the fol-
lowing genome conversion: four genome versions of cattle
(ARS UCD1.2, Btau 5.0.1, UMD 3.1.1 and UMD 3.1),
three genome versions of sheep (Oar rambouillet v1.0,
Oar v4.0 and Oar v3.1), three genome versions of goat
(ARS1, CHIR 2.0 and CHIR 1.0), the water buffalo
genome (UOA WB 1), as well as the human genome
(Hg38.p13). Users can perform online coordinate con-
versions between different ruminant genome assemblies,
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Figure 3. Application of the regulatory data and multiple genome alignments to identify the key variations of PLAG1 gene. (A) The heat map on the left
shows the emission probabilities of 15-chromatin state identified by ChromHMM based on the data of six epigenomic markers (H3K4me3, H3K27ac,
H3K4me1, H3K27me3, CTCF and ATAC-seq) from nine bovine tissues. The heat maps in the middle and right show the overlap enrichment for various
genomic annotations. (B) Two candidate variations, ss319607405 (14:23375648–23375650), and ss319607406 (14:23375692), were located in the active
transcriptional start site (TSS) and promoter regions, and overlapped with a highly conserved element. (C) Detailed regulatory signals and multiple sequence
alignments around these two variations.
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and facilitate migration of human data to ruminant
species.

Access to data and pipeline

All sample information including the SRA accession num-
bers can be found in the ‘Sample Info’ of each correspond-
ing section of the RGD interface. And all data can be ac-
cessed in the ‘Downloads’ section. The processing pipeline
and the full details of materials and methods are shown
in the ‘About & Manual’ section. Our database can be
accessed online at http://animal.nwsuaf.edu.cn/code/index.
php/RGD.

DISCUSSION AND FUTURE PLANS

To date, the functional element annotations are still rare
in ruminants, especially in wild species. Using compara-
tive genomic approaches to build a bridge connecting these
data, can effectively illustrate the role of genes and mu-
tations in species evolution, population genetics and ani-
mal production. The previous researches have proved that
RGD v1.0 can effectively help users to locate the causal
and functional mutations, such as cervid-specific variations
controlling antler regeneration (45), reindeer-specific varia-
tions involved in vitamin D metabolism (46), and giraffe-
specific variations exhibiting exceptional hypertension re-
sistance (47). With the reducing cost and growing power
of sequencing, a wealth of multi-omics data including ge-
nomics, transcriptomics, and epigenetics have been accu-
mulated. Here, we have fully upgraded the database, used
a unified pipeline to process and analyze the data, migrated
a large number of human regulatory data, and ultimately,
provided rich genomic annotations for ruminant species.

For example, we first observed bovine PLAG1 gene,
which has been proved by many studies to influence the
stature (weight and height) of cattle (48–50). Two can-
didate variations, ss319607405 (14:23375648–23375650),
and ss319607406 (14:23375692), located in the PLAG1-
CHCHD7 intergenic region, have been reported the most
likely cis-acting causal variants by influencing bidirectional
promoter strength (48). By searching the bovine genome
browser hosted in RGD v2.0, we found that both these two
variations were located in the active transcriptional start site
(TSS) and promoter regions (Figure 3A and B), and also
affected a highly conserved element with high phastCons
scores (Figure 3B). We further examined the regulatory sig-
nals of various tissues and found that H3K4me3 maker
exhibited strong signals in adipose, alveolar macrophages,
bESC, blastocyst, cerebellum, cerebral cortex, hypothala-
mus, liver, lung, rumen epithelial primary cells, skeletal mus-
cle, spleen, testis, and trophectoderm (Figure 3C, and Sup-
plementary Figure S5), consistent with the published ver-
ification results of luciferase reporter assays (48). Multi-
ple sequence alignments also showed a tandem repeat of
CCG copies at ss319607405 locus (Figure 3C), which may
affect transcriptional regulation by altering binding of nu-
clear factors. There are also another two examples that show
evidence of regulation through RGD v2.0, (i) a 504-bp dele-
tion at ∼14 kb downstream of the FGF5 gene, that previ-
ously has been reported to be involved in cashmere produc-
tion, affects enhancer activity (51,52), and (ii) mutations in

FSHR gene that are associated with litter size in Hu sheep,
regulate core promoter activity (53) (Supplementary Figure
S6 and S7). Therefore, RGD v2.0 is also of great value in
ruminant livestock.

In summary, RGD v2.0 currently hosts 3664 tracks, in-
cluding 1442 new ones, 2183 updated tracks and 39 tracks
maintained the original state (Supplementary Table S8).
RGD v2.0 covers almost all available high-quality multi-
omics data of ruminant species, and contains ∼2.98 TB of
data. We will continuously update the RGD v2.0, and plan
to collect all variation data of ruminant species, including
SNPs, indels and Structure Variations (SVs) data in future.
This comprehensive data resource will enable researchers to
be easily applied to the biological, evolutionary, ecological
and husbandry studies.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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