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ABSTRACT

With the exponential growth of multi-omics data,
its integration and utilization have brought unprece-
dented opportunities for the interpretation of gene
regulation mechanisms and the comprehensive anal-
yses of biological systems. IAnimal (https://ianimal.
pro/), a cross-species, multi-omics knowledgebase,
was developed to improve the utilization of mas-
sive public data and simplify the integration of multi-
omics information to mine the genetic mechanisms
of objective traits. Currently, IAnimal provides 61
191 individual omics data of genome (WGS), tran-
scriptome (RNA-Seq), epigenome (ChIP-Seq, ATAC-
Seq) and genome annotation information for 21
species, such as mice, pigs, cattle, chickens, and
macaques. The scale of its total clean data has
reached 846.46 TB. To better understand the biolog-
ical significance of omics information, a deep learn-
ing model for IAnimal was built based on BioBERT
and AutoNER to mine ‘gene’ and ‘trait’ entities from
2794 237 abstracts, which has practical significance
for comprehending how each omics layer regulates
genes to affect traits. By means of user-friendly web
interfaces, flexible data application programming in-
terfaces, and abundant functional modules, IAnimal
enables users to easily query, mine, and visualize
characteristics in various omics, and to infer how

genes play biological roles under the influence of
various omics layers.

INTRODUCTION

With the rapid development of high-throughput sequenc-
ing technology, the quantity of data in omics layers has
increased dramatically. The integration analysis of multi-
omics data has brought unprecedented opportunities for
the interpretation of gene regulation mechanisms and the
comprehensive analysis of biological systems (1). For ex-
ample, the Encyclopedia of DNA Elements (ENCODE)
project aims to precisely and comprehensively delineate the
segments that encode functional elements in the human
and mouse genomes using large amounts of multi-omics
data, which include genome, transcriptome and epigenome
data; 926 535 human candidate cis-regulatory eclements
(cCRESs) and 339 815 mouse cCREs have been identified so
far (2). The Functional Annotation of ANimal Genomes
(FAANG) project is working to decipher the function of
genome segments with multi-omics data, and to date it has
completed the analysis of 14 animals, including pigs, cat-
tle, and salmon (3). However, several key challenges have
emerged in the development and utilization of multi-omics
data. First, various types of complicated data sources and
different descriptive standards of data notably increase the
difficulty of data collection and cleaning. Second, the huge
amount of omics data requires efficient methods of data
analysis, storage, and retrieval. Finally, intelligent methods
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need to be developed to integrate, mine, and interpret vari-
ous types of omics data.

Compared with model animals, like mice, multi-omics in-
tegration research progress for livestock animals (e.g. pigs),
companion animals (e.g. cats), and wild animals (e.g. pan-
das) lags far behind. One of the main reasons is that the data
volume of these animal species is relatively small, at ~0.2—
5% that of mice (Supplementary Figure S1). Additionally,
the publicly available omics data for these animal species are
not well standardized because the data come from different
projects, and there is a lack of unified methods for system-
atic collation of basic sample information, quality control,
and analysis, which makes these data difficult to reuse.

There is evidence that reusing publicly available omics
data facilitates new biological discoveries. For example, in
our previous study (4), almost all publicly available mi-
croRNA (miRNA) data for pigs were collected, cleaned,
and analyzed, which tripled the annotation number of pig
miRNAs, and this also improved the integrity of annota-
tion information for half of the known miRNAs. There-
fore, many studies have tried to clean and normalize the
highly heterogeneous omics data of animals. For example,
Genome Variation Map (GVM) mainly focuses on genome
variation (5), Ruminant Genome Database (RGD) focuses
on ruminant gene functional research (6), and The Animal
QTL Database (AnimalQTLdb) provides abundant quanti-
tative trait loci (QTL) information of animals (7). However,
existing databases focus mainly on a single type of omics,
but multi-omics data that include DNA, RNA and pro-
teins are necessary to reveal causal relationships between
genes and traits from a holistic perspective of biological
systems. Meanwhile, applying massive multi-omics data of
model animals like mice to build an integrative multi-omics
model to adapt to other animal species is expected to break
the bottleneck caused by insufficient data. The multi-omics
data of multiple species can in turn be used to refine the
study of gene function in model animals. Therefore, it is im-
portant to develop a platform for the comprehensive collec-
tion of multi-omics data on various animal species and the
facilitation of cross-species omics research.

At present, most animal omics databases follow a strat-
egy wherein omics data are analyzed in advance, and fixed
conclusions are provided to users. This strategy is very effec-
tive for solving specific problems, but it sacrifices the flexibil-
ity and reusability of data, and it indirectly wastes comput-
ing resources and time. For example, in Animal-eRNAdb
(8), enhancer RNA (eRNA) expression level can be queried
easily in all available individuals for a given species, but the
data need to be re-downloaded, cleaned, and analyzed if the
expression level in a particular subset of individuals needs
to be fetched. Similarly, GVM (5) allows users to query
genotype information easily on any particular marker site
of all available individuals in a given species, but it does
not support queries or computational operations at the in-
dividual level. More flexible databases are required to offer
omics data processing at the individual level, which can sig-
nificantly promote the reusability and mining efficiency of
omics data.

The integrated analysis of multi-omics data is a diffi-
cult problem to solve. The commonly used method is data
stacking, which is relatively simple to implement but has
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high false positive and false negative rates that can be effec-
tively reduced by designing appropriate statistical models
for specific data sets in the case of ignoring the limitation of
specific scenarios and experiments. With the arrival of the
third development wave of artificial intelligence, deep learn-
ing has become one of the most promising research meth-
ods for multi-omics integration due to its good compatibil-
ity with heterogeneous data and its powerful big data pro-
cessing capabilities (9). In one study, a convolutional neu-
ral network (CNN) model was utilized to integrate the in-
formation of genome, transcriptome, and quantitative trait
loci/gene/nucleotide (QTX) in pigs and to provide a score
to assess the causal relationship of each ‘gene-trait’ pair
(10). Compared with single omics, the CNN model trained
by multi-omics data improved the mining efficiency of key
genes underlying specific traits, but the limited multi-omics
data for pigs also posed an obstacle to the further improve-
ment of scoring accuracy. Making full use of massive, cross-
species multi-omics data through transfer learning is ex-
pected to solve this problem in some animal species with
insufficient multi-omics data. In addition, the rapid devel-
opment of natural language processing technology makes it
possible to efficiently mine gene-trait relationships in a large
quantity of literature, thus helping to predict gene func-
tions and to improve the interpretability of results from in-
tegrated analysis of multi-omics data.

In this study, we constructed IAnimal, which is an
individual-level, cross-species, multi-omics knowledgebase.
It includes individual level omics data for genome (WGS,
whole genome sequencing), transcriptome (RNA-Seq,
RNA sequencing), and epigenome (ChIP-Seq, chromatin
immunoprecipitation with high-throughput sequencing,
and ATAC-Seq, assay for transposase-accessible chro-
matin with high-throughput sequencing) data for 21 animal
species, including mice, pigs, cattle, chickens and macaques.
In addition, TAnimal also contains a large quantity of lit-
erature abstracts to reveal how each omics affects the traits
through genes. Unified standards were used to clean, an-
alyze, and structure these omics data based on engineering
approaches and crowdsourcing ideas. Data-application pro-
gramming interfaces (APIs) were also developed at the in-
dividual level to settle upon a convenient approach for the
use of structured data.

DATA COLLECTION AND PROCESSING
Data collection

Genome data, high-throughput omics data, and informa-
tion extracted from the literature of 21 animal species (in-
cluding mice, pigs, cattle, chickens and macaques) were col-
lected to construct a cross-species, multi-omics, knowledge-
base. Because the quantity of data for mice far exceeds those
of other species, a certain number of representative sam-
ples were selected by excluding highly similar ones. In con-
trast, data for other species were collected as comprehen-
sively as possible. Genome sequences and annotations of
all species were obtained from the Ensembl database (11),
high-throughput sequencing reads were downloaded from
the SRA (12) and EBI (13) databases, and literature ab-
stracts were acquired from the NCBI database (14) through
the Entrez interface. After quality control on these data, the
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final information used in TAnimal included 2 794 237 liter-
ature abstracts and 61,191 individual level omics data from
WGS, RNA-Seq, ChIP-Seq and ATAC-Seq and genome
annotation information for 21 species. The scale of clean
data was approximately 846.46 TB (Table 1).

How to efficiently collect, clean, analyze and store large
omics data from widely distributed sources, different data
formats and uneven quality is always a great challenge.
Considering the various characteristics of omics data, uni-
fied standards and platforms were designed in this study.
First, an automatic download, analysis, and storage sys-
tem for omics data was developed using technologies such
as Docker, Nextflow (15) and PostgreSQL. Then, for high-
throughput data that needed manual cleaning, an NGS
cleaning program (Supplementary Figure S2) based on the
idea of ‘crowdsourcing’ was established, in which volun-
teers viewed and processed the data simultaneously, and po-
tential errors were corrected by mutual verification. Mean-
while, the Label Studio (16) platform (https://github.com/
heartexlabs/label-studio) was employed to conduct online
labeling for the literature.

Functional annotation of animal genomes

The loci, sequences, structures, and other basic information
of genes for all species were parsed from genome and an-
notation files that were downloaded from the Ensembl (Re-
lease 104) database (11). To unify the functional annota-
tion standards and provide convenient exploration, Inter-
ProScan (V5.27) (17) and KofamScan (V1.3.0) (18) were
utilized with Swiss-Prot (19), Kyoto Encyclopedia of Genes
and Genomes (KEGG) (20), Gene Ontology (GO) (21),
Pfam (22), InterPro (23) and KOG (24) databases to obtain
the functions of 570,628 genes in all species. The percent-
ages of genes that had annotation information from Swiss-
Prot, KEGG, GO, Pfam, InterPro, and KOG were 70.71%,
55.10%, 51.35%, 66.15%, 68.37% and 63.68%, respectively
(Supplementary Table S1).

Gene family and core gene set analysis

To facilitate the cross-species comparison of genes, the
longest coding transcript was retained for isoforms, and Or-
thoFinder (V2.5.4) (25) was applied to group them into 30
206 clusters. Consistent with a previous study (26), we also
defined core gene sets that are common to all species at a
certain phylogenetic level and potentially dispensable gene
sets that show presence/absence variations across species at
the same phylogenetic level. According to the distribution
of genes for each species in these clusters, the core and dis-
pensable gene families were counted in different evolution-
ary branches, and core genes of different species were iden-
tified simultaneously at different phylogenetic levels, which
included phylum, class, order, family, genus, and species
(Supplementary Figure S3B).

Processing of WGS-seq data

All collected WGS data were processed using standard
bioinformatics pipelines. By using SRAToolkit (V2.8.2)
(27), raw data were first converted to fastq files, which

were subsequently trimmed by removing adapters and low-
quality (*“W 4 -M 20 -q 20 -u 40 -n 5 -1 15°) bases us-
ing fastp (V0.12.4) (28). The remaining high-quality reads
were aligned against the reference sequence by using BWA
(V0.7.17) (29). Uniquely mapped reads were used for de-
tection of short variants with Sentieon (V202010.02) (30).
To obtain highly confident short variants, samples with
sequencing depth <3 and coverage <70% were removed.
GATK (V4.0.3.0) (31) was next employed using the param-
eter QUAL < 30.011QD <2.011FS > 60.011MQ <40.01
I SOR > 3.0 Il ReadPosRankSum < —8.0’ / ‘QUAL < 30.0
[1QD < 2.0 11 FS > 200.01SOR > 10.0 | | ReadPos-
RankSum < —20.0 11 MQ < 40.0 1| MQRankSum < —12.5
to retain high-quality, short variants that were then anno-
tated by ANNOVAR (V2018Aprl6) (32). Finally, [Animal
recorded 877 598 274 variations in 10 835 WGS samples
from 21 species; approximately 35% of the variations were
mapped to dbSNP (V155) (33), which improved usability
and comparability. Because variations can reflect genetic
distance, FastTree (V2.1.10) (34) was used to construct a
phylogenetic tree of all samples, which has been embedded
in the Population module.

Processing of RNA-seq data

Like WGS data, all collected RNA-seq datasets were also
processed through a standard bioinformatics pipeline. After
conversion and trimming, the remaining high-quality reads
were aligned against the reference sequence by HISAT2
(V2.2.1) (35), and then alignments were fed to StringTie
(V2.1.7) (36) to assemble the transcripts and to quantify
the expression levels of all genes. To ensure the accuracy of
quantification, samples with aligned reads >6 million were
retained. To prevent interference from abnormal samples,
the median value was applied to represent the gene expres-
sion in the heatmap, and outliers were deleted by using the
method of Tukey’s fences in the boxplot. The specific for-
mula was as follows:

[O1 —k*(Q3 - Q1), 03+ k= (03— O],

where Q1 and Q3 represent the first and third quartiles
of Euclidean distance observations, respectively, and k is a
nonnegative constant, where k = 1.5ork = 3indicatesan
‘outlier,” and k& was set to 3 in this study. At last, the Pearson
correlation coefficient between two genes without consider-
ing tissue type, breed, or developmental stage in a species
was defined as gene co-expression coefficient (GCC).

Processing of ChIP-seq and ATAC-seq data

All collected ChIP-Seq and ATAC-Seq datasets were first
required to pass conversion and quality control with both
fastp (V0.12.4) (28) and Chromap (V0.2.3) (37). MACS3
(V3.0.0a7) (38) was used to call peaks with the parame-
ter “-p 0.01 —nomodel —shift -75 —extsize 150 —keep-dup
all -B —SPMR’ for ATAC-Seq data and ‘-q 0.01 —nomodel
—shift 0 —extsize $x —keep-dup all -B —SPMR’ for ChIP-
Seq data, where $x was calculated by SPP (V2.0.1) (39).
The bedGraph files generated above were converted to Big-
Wig format by bedGraphToBigWig (V2.9) (40) for down-
stream analysis and visualization in JBrowser. To facilitate
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Table 1. Data summary of the [Animal knowledgebase
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Species WGS RNA ChIP ATAC Literature Project Tissue Variation(M)  Bases(TB)
Ailuropoda melanoleuca 58 133 0 0 2534 18 21 12.42 2.49
Anas platyrhynchos 1162 819 0 4 1408 87 30 44.27 18.38
Anser cygnoides 283 134 0 8 130 18 10 22.67 5.31
Balaenoptera musculus 1 2 0 0 629 3 3 6.17 0.13
Bos taurus 983 3995 216 158 291 242 243 85 52.71 76.89
Camelus dromedarius 38 28 0 0 4197 12 10 10.17 1.7
Canis lupus familiaris 2116 2581 95 9 225467 263 126 47.57 134.04
Capra hircus 961 1355 0 5 1015 159 60 65.66 64.24
Equus asinus 189 61 8 0 53280 13 14 16 2.66
Equus caballus 538 2192 135 18 58 089 155 95 35.71 42.64
Felis catus 311 180 0 0 92331 44 46 79.49 2591
Gallus gallus 1108 4098 533 161 108 208 462 111 37.16 53.26
Loxodonta africana 11 23 0 0 567 9 6 14.3 1.55
Macaca mulatta 696 7318 222 149 37963 246 127 107.18 129.66
Mus musculus 80 8983 2499 544 1644 283 1340 132 16.47 77.99
Oryctolagus cuniculus 49 1424 67 12 234 595 91 45 106.05 12.33
Ovis aries 877 2682 90 8 8715 222 75 71.91 61.83
Panthera leo 41 2 0 0 5439 5 6 13.93 1.14
Panthera tigris 8 2 0 0 914 4 4 12.11 0.99
Sus scrofa 1311 8626 647 130 23092 652 218 95.2 132.92
Ursus thibetanus 14 0 0 0 139 2 1 10.44 0.4
ALL 10 853 44 638 4512 1206 2794 237 4030 256 877.6 846.46

the comparison of enrichment signals in the specified re-
gion of different samples, the genome was divided into bins
with a length of 200 bp in which the enrichment signals were
counted by bigWigAverageOverBed (V2.0) (40). It is worth
noting that because the amount of ChIP-Seq and ATAC-
Seq data for the vast majority of species was much smaller
than that of RNA-Seq and WGS data, a relatively loose fil-
tering criterion was established, namely that only samples
with <2000 peaks were deleted. Users can flexibly select in-
teresting samples for mining and visualization through the
interface provided by [Animal.

Processing of literature data

The BioBERT (41) and AutoNER (42) models were built
(Supplementary Results) to process the literature data, and
the accuracy, precision, recall, and F1-Measure of the op-
timized model were 89.95%, 78.39%, 32.19% and 45.64%,
respectively. For BioBERT, the manual labeling of gene
and phenotype entities in 1760 abstracts was performed in
the Label Studio platform (16), and a fine-tuned BioBERT
model was built using transfer learning. For AutoNER,
gene dictionaries were constructed with gene IDs, names,
and descriptions of all species, and phenotype dictionaries
were constructed with terms from Mammalian Phenotype
Ontology (43) and Vertebrate Trait Ontology (44). Based
on these two models, the gene and phenotype entities were
identified in all literature abstracts, and the union was ob-
tained. To offer convenience for exploring the relationships
between genes and traits, gene entities were mapped to both
gene ID and gene name, and only the sentences that con-
tained both genes and traits were kept for query, feedback,
and visualization.

SYSTEM DESIGN AND IMPLEMENTATION

IAnimal is a decomposing system primarily based on the
Vue front-end and SpringBoot back-end framework. To fa-
cilitate the storage and invocation of big omics data, we

used MySQL and MongoDB as storing systems, and My-
Batis and Redis as persistent layers. To use third-party pro-
grams conveniently, [Animal uses docker package software
for back-end services such as JBrowse2 (V1.7.10) (45), Se-
quenceServer (V2.0.0) (46), and Primer3web (V0.4.0) (47).
IAnimal is freely available to the public, accessible on both
computers and mobile devices without login or registration,
and it has been optimized for multiple browsers, including
Chrome (recommended), Internet Explorer, Opera, Firefox,
Microsoft Edge and Safari.

DATABASE CONTENT AND USAGE
Overview of IAnimal

IAnimal is committed to helping users excavate gene func-
tions by using big, cross-species, multi-omics data, which
can make full use of massive public data and, simultane-
ously, reduce the energy consumption caused by tremen-
dously repetitive calculations. Based on engineering and
crowdsourcing concepts, [Animal completes data collec-
tion and analysis efficiently (Figure 1A, B), develops flex-
ible data APIs to facilitate data invocation and excava-
tion, and provides user-friendly functional modules to make
the knowledgebase easy to use (Figure 1C). The current
implementations of the TAnimal knowledgebase contain
25 modules in five core sections (Genome, Transcriptome,
Epigenome, Literature and Tools) and three additional aux-
iliary sections (Taxonomy, Download and Help). The core
sections are mainly developed for the purpose of conve-
nient data query, excavation, and visualization, and the
auxiliary sections help users obtain additional information
and documents provided by the knowledgebase. Users can
browse and preview the functions of candidate genes rapidly
through the gene search module located on the homepage.
This module integrates various omics information of genes
to help users explore their potential functions, then users
can jump to the relevant omics section to explore the func-
tions of each gene at a specific omics level and, finally, a
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series of relevant toolsets can be applied to the downstream
excavating analysis of gene functions.

Gene Search module with integrated multi-omics information

A quick way to utilize multi-omics information is to search
the genes of interest through the Gene Search module lo-
cated on the homepage, which supports searching by gene
name, gene id, genomic region or functional annotation
(Figure 2A). Through the advanced search function, users
can perform more flexible gene searches, which include
batch search and screening of large-scale genes. When there
are many search results, users can filter the search results by
gene expression level in the specified tissue, the type of mu-
tation contained in the gene, or the gene function given by
the literature group (Figure 2B). The results integrate ‘ba-
sic information’, ‘sequence’, ‘structure’ (Figure 2D), ‘func-
tional annotation’, ‘expression levels’ (Figure 2E), ‘variant’,
‘literature entities’, homologous genes’, ‘peak signal’ and
‘gene network’ for all genes, and users can infer the poten-
tial biological functions of the genes quickly from this infor-
mation (Figure 2C). Here, the omics information of genes
is integrated mainly by using the default parameters, where
users can explore the functions of candidate genes through
specific modules and data APIs in IAnimal.

Genome section

The Genome section contains six modules: Gene Anno-
tation, Gene Family, Core GeneSet, Genome Informa-
tion, Variation and Population. The Gene Annotation
module is used mainly to help users query the anno-
tation of a specified gene in databases such as Swiss-
Prot, KEGG, GO, Pfam and InterPro. The Gene Fam-
ily module is designed to query genes and gene families,
to explore gene functions from the gene family level, and
then to realize the comparison of gene functions within
and between species (Supplementary Figure S3A). The
Core GeneSet module provides conserved/dispensable gene
families in different evolutionary branches and conserved
genes of all species at different phylogenetic levels (e.g.
phylum/class/order/family/genus/species, Supplementary
Figure S3B). Users can download relevant information by
interacting with the visual images. The Genome Informa-
tion module provides basic information on the genome
in TAnimal, which is convenient for obtaining the same
genome for downstream analysis.

The Variation module is the most important function
in this section. With the aid of this module, users can re-
trieve interesting variant loci in the form of variant ID,
gene ID/Name and genome region (Figure 3A), and users
can also construct one or more interesting subpopulations
through breed information or sample ID (Figure 3B). To
make full use of individual information to construct sub-
populations, this section also provides a Population mod-
ule to help users understand the basic information and evo-
lutionary relationships of samples (Figure 3C). The Varia-
tion module will calculate gene frequencies for all specified
subpopulations, so users can quickly compare the similari-
ties and differences of variant loci among these subpopula-
tions (Figure 3D). Users can further filter the variant loci of
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interest based on the comparison results among these sub-
populations and obtain detailed annotation information for
these variant loci and their distribution in all samples (Fig-
ure 3E, F). Furthermore, the genotype data of all individ-
uals can be obtained through the download interface pro-
vided by this module to achieve more flexible downstream
analysis and exploration (Figure 3E). In addition, to facil-
itate users to visualize the genotype of specified samples,
IAnimal also provides the Genotype Plotter module based
on our flexible data API (Figure 3H). Users only need to in-
put the variant ID and sample ID of interest, and the mod-
ule will output the high-quality genotype image, which can
be used for publication directly.

Transcriptome section

The Transcriptome section contains three modules: Gene
Expression, Gene Network, and GCC Comparison. Users
can retrieve the expression level of the gene of interest in dif-
ferent samples through gene ID/Name or genome region,
and batch search is also available for multiple genes (Figure
4A). Since the sample size of the transcriptome is generally
large, users often expect to compare the expression levels
of genes across several specific subgroups. Therefore, this
module provides two modes (custom grouping and quick
grouping by tissue) to help users generate subgroups of in-
terest rapidly (Figure 4B). Finally, the expression levels of
genes in each subgroup are displayed in a heatmap (Figure
4C), and users can select the genes and subgroups of interest
from the heatmap to be displayed in a boxplot for compar-
ison (Figure 4D).

The Gene Network module in this section can also con-
struct a GCC matrix for all genes. Users can obtain and vi-
sualize the gene set (target genes) related to the specified
gene (query gene) and indirect genes related to the target
genes (Figure 4E) through the gene ID and the GCC thresh-
old (the default setting is that the absolute value of the GCC
is >0.5). By default, only the top 10 genes in the absolute
value of GCC are displayed, and the user can increase or
decrease the number of genes to be displayed by changing
the corresponding parameters. To compare the differences
in the regulation patterns of genes in different species (Fig-
ure 4F), this section also provides a GCC Comparison mod-
ule to obtain the GCC of a specified gene set in two differ-
ent species. Users only need to select two species and enter a
gene set to visually compare the GCC among the gene sets
between the two species.

Epigenome section

The Epigenome section contains five modules: Signal View,
Peak Search, Signal Plotter, Signal Comparison and Data
Matrix. Using the Signal View module, the enrichment sig-
nals of specified regions in different targets and tissues
can be obtained by searching gene ID or genomic region.
The Signal View module provides two modes, selection
by target/tissue and custom grouping, which helps users
construct any number of subgroups (Supplementary Fig-
ure S4), and the retrieved results will be exhibited in the
heatmap (Figure 5A). To make it easier for users to cus-
tomize subgroups with sample information, this section
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Figure 2. Interface of the Gene Search module. (A) There are five different search modes in the Gene Search module. Users can select an appropriate mode

to obtain the gene sets of interests. (B) Users can filter the query results based on features of transcriptome, genome, and literature. When there are too
many query results, users can narrow down the candidate gene sets by this mode. (C) Gene information at different omics layers. This mode integrates 11
kinds of information for a queried gene, so users can infer the gene’s potential biological functions quickly. (D) Visualization of the gene structure. Users
can view the structure information of different gene transcripts intuitively. (E) Gene expression information. This includes the gene expression of each

individual and the gene expression in different tissues.

also provides the Data Matrix module to help users view the
epigenomics data in [Animal more intuitively (Supplemen-
tary Figure S5). In addition to enrichment signals, users can
also view enrichment peaks and their statistical informa-
tion in a specified genome region through the Peak Search
module (Figure 5B). By clicking the link in the results, the
genome coverage of the sample corresponding to the peak
can be conveniently viewed in the JBrowse module (Figure
5C). In addition, although the coverage of a specified re-
gion for the samples of different targets and tissue near a
specified gene can be viewed through the JBrowse track file
provided by IAnimal, it is difficult to merge and to visualize
a large number of samples in JBrowse. We implemented the
Signal Plotter module by using IAnimal’s flexible data API,
which can merge samples in the specified group and return
a publication-level vector diagram (Figure 5D) and users
can specify one or more groups for visualization. IAnimal
also provides a Signal Comparison module to easily reveal

potential links between ChIP-seq, ATAC-seq and expres-
sion levels of given genes across species. Using this module,
users can easily compare the signals and expression levels of
a given gene between two species (Figure S5E).

Literature section
The Literature section includes the two modules: Entity
Search and Entity Cloud. Users can retrieve gene or pheno-
type entities in the Entity Search module, which will return
detailed descriptions and abstract information related to the
corresponding entities (Figure 6A); then, users can compre-
hensively evaluate the potential functions of the specified
genes and the potential regulatory gene sets of the speci-
fied traits. Because these entities are derived from machine
learning models, false positives cannot be avoided com-
pletely. This module also provides a convenient feedback
function to optimize the model continuously to improve
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Figure 3. The main functions and usage of the Genome section. (A) There are four different search modes in the Variation module. Users can select an
appropriate mode to search the variations of interest. (B) There are two methods of constructing subgroups. Subgroups can be constructed through breed
information or sample IDs. (C) The Population module helps users customize subgroups. Through the sample information and phylogenetic tree of this
module, users can better understand the population structure and construct subgroups. (D) An example of Variation module search results. The similarities
or differences of gene frequencies among subgroups can be easily compared. (E) The details of a specified variant. (F) The genotype frequency of a specified
locus. (G) The genotypes and basic information of all individuals. Users can select individuals of interest for downstream analysis. (H) The genotype image
generated by the Genotype Plotter module. The genotype alleles of homozygous reference, homozygous variant, heterozygote, and missing (no call) are
marked in blue, yellow, dark grey and light grey, respectively.
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Figure 4. The main functions and usage of the Transcriptome section. (A) There are four different search modes in the Gene Expression module. Users
can select an appropriate mode to search the gene sets of interest. (B) There are two methods of constructing subgroups. Users can construct subgroups
through tissue information or sample IDs. (C) The expression levels of queried genes in customized subgroups. Users can view the expression levels of genes

0
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in different subgroups conveniently. (D) Comparison of expression levels of specified genes in different subgroups. Users can select genes and subgroups of
interest from a heatmap to be displayed in a boxplot for comparison. (E) The regulatory network of the specified gene and other genes. Users can obtain
and visualize the gene set associated with the specified gene through the gene ID and the GCC threshold. (F) Visualization of the regulation patterns among

PTPRC, WWTRI, HSPHI and DNAJBI4 between pigs and mice by using the GCC Comparison module.
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Figure 5. The main functions and usage of the Epigenome section. (A) Enrichment signal level of queried chromosome bins in customized subgroups. (B)
The enrichment peak information obtained by the Peak Search module. Users can click the view button to display the peak on JBrowse. (C) Visualization
of user-specified enrichment peak by using the JBrowse module. Users can also add other tracks to compare with this peak. (D) Example in which the
Signal Plotter module was used to visualize the enrichment signals of CTCT, H3K27, H3K27ac, H3K27me3 and H3K4me3 in the LOX gene region in
embryo tissue. This module can display the enrichment signals of multiple samples. (E) Example in which the Signal Comparison module was used to
reveal potential links between ChIP-seq, ATAC-seq, and expression level of LOX gene between pig and mice.
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A The gene entity search, taking the /IGF2 gene as an example
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Figure 6. The main functions and usage of the Literature section. (A) The results of the Entity Search module, using the /GF2 gene as an example. The
results contain genes and phenotype entities, and users can click the corresponding sentence or abstract to view the detailed information. (B) The feedback
interface for Gene-Trait relationships. This allows users to give feedback on the reliability of relationships between genes and traits. (C) The feedback
interface for entity recognition. Users can feed back the accuracy of entity recognition, which will assist the continuous optimization of the named entity
recognition model. (D) The word cloud image generated by the Entity Cloud module, using the /GF2 gene as an example. From the word cloud image,
users can infer that /GF2 may be related to muscle growth. (E) The word cloud image generated by the Entity Cloud module, using coat color trait as an
example. From the word cloud image, users can infer that the K7 gene plays an important role in regulating this trait.

the accuracy of entity recognition (Figure 6B, C). To facili-
tate intuitive exploration of gene functions and trait-related
genes, this section also provides the Entity Cloud module,
which displays the search results as a word cloud so that the
information provided by the literature is clear at a glance
(Figure 6D, E).

Tools section

The Tools section contains five modules: JBrowse, BLAST,
Primer, Enrichment and Data API. The JBrowse module
enables users to visualize genomes, genes, variants, ChIP-
Seq, and ATAC-Seq signals for 21 species at the genome-
wide level and to derive high-quality vectorgraphs. Through
the BLAST module, users can align the specified nucleic
acid sequences or protein sequences to genomics, CDS,
cDNA, ncRNA, and protein sequences of specified species
online, which is convenient for sequence function research.
With the Primer module, users can design primers for down-
stream experimental validation. The Enrichment module
can be used to perform GO and KEGG functional enrich-
ment analysis on a specified gene set. The Data API module
is the basis for the efficient use of multi-omics big data in the

IAnimal knowledgebase. The API interface helps users ac-
quire multi-omics data more flexibly for personalized anal-
ysis and visualization; it provides 12 types of interfaces,
namely, Species, Expression, Genes, Variation, Epigenome,
Literature, Homology, Gene NetWork, Annotation, Gene
Family, Statistics and Plotter. By referring to the demo,
users can obtain the data of interest. However, in contrast
to the simpler modules in the Tools section, the use of the
Data API module requires certain programming skills and
experience. In the future, easier, faster, and more convenient
online tools will be generated for these interfaces to meet the
requirements of users worldwide.

Taxonomy, download, and help modules

The Taxonomy module mainly introduces the species in this
study and their omics data, which is convenient for users to
obtain the basic information for each species. The Down-
load module was designed to obtain genome-related files
and various omics information used in the knowledgebase
for local excavation. The Help module contains the intro-
duction, user manual, FAQs, and update&news for TAni-
mal, in which users can obtain detailed information about



the database and provide valuable comments and construc-
tive suggestions.

SUMMARY AND FUTURE DIRECTIONS

With the continuous development of experimental tech-
niques and sequencing technology, multi-omics data have
exhibited hyper-exponential growth. However, it is still a
major challenge to unite and utilize these very large data
sets to systematically explore the genetic mechanisms that
underlie the formation of a trait, especially in the domain
of animal studies. Most existing animal databases, such as
AnimalTFDB (48), AnimalQTLdb (7), Animal-ImputeDB
(49) and Animal-eRNAdb (8), focus mainly on a single
type of omics data. In this area of research, I[Animal is cur-
rently the most comprehensive multi-omics database, cov-
ering the largest number of animal species. At present, [An-
imal includes 61 191 individual level omics data (e.g. WGS,
RNA-Seq, ChIP-Seq and ATAC-Seq) and genome annota-
tion information for 21 animal species, and its scale of clean
data is 846.46 TB. IAnimal includes a novel deep learning
model developed based on the BloBERT and AutoNER al-
gorithms. This model mines the relationship between ‘gene’
and ‘trait’ by using 2 794 237 abstracts to learn the regula-
tion pattern of different omics layers and effects of genes on
traits.

By means of a user-friendly web interface, [Animal en-
ables users to easily query, mine, and visualize the features
of genes in various omics, such as gene expression profiles
in different tissues, gene networks among genes, genotyping
results of variant sites, and enrichment signals around genes
for different transcription factors or histones. By aid of flex-
ible data APIs and abundant functional modules within
TAnimal, users can utilize cross-species multi-omics infor-
mation to mine for gene functions. With the explosive in-
crease in the scale of multi-omics data for animals and the
rapid development of deep learning frameworks such as
Transformer, developing more intelligent integrated multi-
omics analysis methods to interpret the relationships be-
tween genes and traits will be a direction for future work.

It should be noted that IAnimal focuses mainly on
WGS, RNA-Seq, ChIP-seq, ATAC-Seq and literature data.
In the future, with the increasing data volume of high-
throughput/resolution chromosome conformation capture
(Hi-C), whole genome bisulfite sequencing (WGBS), and
other omics data types, we will continue to expand omics
data and enrich [Animal with new types of omics data. In
addition, although flexible data APIsin IAnimal enable per-
sonalized data analysis, modules to facilitate downstream
data analysis and visualization based on these APIs still
need to be enriched. Overall, IAnimal will be committed to
providing comprehensive, structured multi-omics data for a
wide range of animal species as well as relevant, intelligent
integration analysis algorithms and corresponding mining
and visualization tools. TAnimal is a valuable resource for
producing unprecedented knowledge to fill the gap between
genomes and phenomes.

DATA AVAILABILITY

TAnimal is freely available to the public at https://ianimal.
pro/.
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