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Abstract 

Gene-edited animals are crucial for addressing fundamental questions in biology and medicine and hold promise for practical applications. In 
light of the rapid advancement of gene editing technologies o v er the past decade, a dramatically increased number of gene-edited animals ha v e 
been generated. Genome editing at off-target sites can, ho w e v er, introduce genomic variations, potentially leading to unintended functional 
consequences in these animals. So, there is an urgent need to systematically collect and collate these variations in gene-edited animals to aid 
data mining and integrative in-depth analy ses. Ho w e v er, e xisting databases are currently insufficient to meet this need. Here, we present the 
Variation Database of Gene-Edited animals (VDGE, https:// ngdc.cncb.ac.cn/ vdge ), the first open-access repository to present genomic variations 
and annotations in gene-edited animals, with a particular focus on larger animals such as monk e y s. At present, VDGE houses 151 on-target 
mutations from 210 samples, and 115,710 variations identified from 107 gene-edited and wild-type animal trios through unified and standardized 
analysis and concurrently provides comprehensive annotation details for each variation, thus facilitating the assessment of their functional 
consequences and promoting mechanistic studies and practical applications for gene-edited animals. 
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ntroduction 

ith the rapid advancement of the clustered regularly inter-
paced short palindromic repeat (CRISPR) gene editing tech-
ology ( 1 ,2 ), a dramatically increased number of gene-edited
nimals have been generated over the past decade. Large gene-
dited animals such as monkeys, pigs and dogs are utilized
ncreasingly in studies of human disease modelling, regener-
tive medicine and agricultural breeding ( 3–9 ). Gene editors
an induce either DNA double-stranded breaks (DSBs) ( 2 ,10 )
r single-stranded breaks (SSBs) ( 11–14 ) at on- or off-target
ites, potentially leading to genomic variations in gene-edited
nimals that differ from those in their parents and in non-
ene-edited control animals ( 15–18 ). Off-target genome edit-
ng at unintended sites, extensively studied in vitro ( 19–22 )
nd in vivo ( 23–26 ), poses one of the most significant chal-
enges in both basic research and translational applications of
ene editing ( 27 ,28 ). 

This rising number of gene-edited animals being generated
s accompanied by an escalating number of off-target events
 15–18 ,29 ). The analysis of off-target effects is essential for
henotype analyses, safety assessments and the practical ap-
lication of these gene-edited animals. From a practical per-
pective, there is an urgent need to understand the biologi-
al phenomena associated with variations caused by off-target
ene editing, such as genomic locations, variation types (e.g.
ingle-nucleotide variants [SNVs] or small insertions and dele-
ions [INDELs]) and allele frequencies, and to assess their sub-
equent effects on phenotype and health. However, this in-
ormation is scattered through different studies and various
atabases, making it difficult to gain clear insights into the
ff-target effects in these gene-edited animals. Towards an in-
reasing understanding of the causes and mechanisms behind
ff-target effects ( 26 , 30 , 31 ), a variety of analytical method-
logies have been employed to detect off-target events in such
nimals ( 15–18 , 29 , 32–36 ). Some studies have focused on ex-
mining algorithm-predicted off-target events in these animals
 29 ,32 ) or comparing differences in genome variants between
ene-edited and wild-type animals ( 29 ,33 ) without eliminat-
ng genetic variants inherited from parents. Other studies have
dentified whole-genome de novo variations based on deep
equencing data analysis of parent-offspring trios ( 8 , 34 , 35 ),
hich distinguish de novo variations from genetic background

n these animals. Different analytical methods yield diverse re-
ults, which further increase the difficulty in achieving a com-
rehensive understanding of off-target effects. So, it is neces-
ary to adopt unified and standardized methods for identifying
enomic variations across different gene-edited animals. Deep
hole-genome sequencing (WGS) data, especially when com-
ined with parent-offspring trio analyses, provides a straight-
orward, universally applicable and more accurate approach
o identifying whole-genome de novo variations in gene-edited
nimals. 

Compared with a substantial increase in the generation of
ene-edited animals and related omics data, integrated data
esources and analyses for gene-editing associated variations
emain scarce. A number of public variation databases have
een established, such as dbSNP ( 37 ) and dbVar ( 38 ), the two
ajor resources for archiving genome variations for humans;
linVar ( 39 ), a public archive of human variations classified

or diseases and drug responses; GVM ( 40 ,41 ) as a public
epository of genome variations for a range of species and
iDog ( 42 ) as an integrated resource recording variations for
domestic and wild canids. 

Most current variation databases focus on variations in hu-
mans or naturally born animals, with a notable absence of
databases that focus on variations and their functional im-
pacts in gene-edited animals. It is imperative to establish a
publicly accessible platform for archiving, analysing and pre-
senting genomic variations and their impacts in these animals.
This process includes the collation of WGS data of gene-edited
animals, the identification of whole-genome variations using
standardized methods, the assessment of their functional im-
pacts and the enabling of data sharing. 

Here, we present a database named Variation Database of
Gene-Edited animals (VDGE, https:// ngdc.cncb.ac.cn/ vdge ),
an open-access repository that curates and integrates genomic
variation and annotation data of multiple gene-edited animal
species. Currently, VDGE houses off-targeting analyses con-
ducted through unified and standardized workflows for mul-
tiple animal species, including monkeys, pigs, dogs and mice,
encompassing 151 on-target mutations from 210 samples,
and 115,710 variations identified from 107 gene-edited and
wild-type animal trios, with comprehensive annotation details
for each variation. It provides a free, one-stop service for re-
searchers involved in gene-edited animal studies for browsing,
searching, visualizing and downloading information on vari-
ations. 

Materials and methods 

Data collection 

The WGS data of gene-edited and wild-type animals were col-
lected from published literature or generated by this group.
The criteria used in the selection of data from literature pub-
lished before 1 May 2024 included gene-edited or wild-type
monkeys, pigs, dogs and mice and their parents with WGS
data and the coverage of WGS data had to exceed 20 ×. A
total of 70 WGS samples of monkeys, 65 WGS samples of
dogs and 39 WGS samples of mice that met the aforemen-
tioned criteria were selected for further data processing as
shown in Table 1 ( 8 , 15 , 17 , 34 , 43–46 ). These 174 WGS sam-
ples were derived from 107 animal trios, where each trio was
composed of three samples: one individual with its two par-
ents. Raw sequence data were downloaded from the Sequence
Read Archive (SRA) ( 47 ) and the Genome Sequence Archive
(GSA) ( 48 ), as seen in Table 1 . 

In addition to the gene-edited animals with trio data avail-
able, there is a vast array of those lacking trio information.
Most related studies only present data on the on-target sites.
We have collated a small number of these studies into the cur-
rent database version, including 36 samples and 95 on-target
mutations ( 49–58 ), as seen in Table 1 . One such on-target gene
is myostatin ( MSTN ) gene in pigs and dogs. MSTN is a nega-
tive regulator of skeletal muscle mass, which is closely related
to the meat yield of agricultural animals ( 49 ,53 ). 

The reference genomes used in this study included the rhe-
sus monkey ( Macaca mulatta : Mmul_10, GCF_003339765.1)
( 59 ), pig ( Sus scrofa : Sscrofa11.1, GCF_000003025.6) ( 60 ),
crab-eating macaque ( Macaca fascicularis : MFA1912RKSv2,
GCF_012559485.2) ( 61 ), dog ( Canis lupus familiaris :
Dog10K_Boxer_Tasha, GCF_000002285.5) ( 62 ) and mouse
( Mus musculus: GRCm39, GCF_000001635.27) ( 63 ). Ref-

https://ngdc.cncb.ac.cn/vdge
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Table 1. Data summary of the VDGE database 

Species Gene editors Animal trios Samples 
On-target 
mutations SNVs INDELs Genes WGS data source 

Macaca mulatta SpCas9 7 10 3 413 150 226 NCBI SRA 

NA 8 18 0 163 109 153 NCBI SRA 

Macaca 
fascicularis 

SpCas9 1 3 1 36 7 24 NCBI SRA 

BE4max 27 33 14 107,452 357 9,182 NGDC GSA 

NA 4 6 0 181 320 319 NGDC GSA 

Sus scrofa ZFN 0 4 4 0 0 1 - 
TALEN 0 2 4 0 0 1 - 
SpCas9 0 5 7 0 0 1 - 
BE3 0 5 41 0 0 3 - 

Canis lupus 
familiaris 

SpCas9 17 28 23 481 2,121 1,326 NGDC GSA 

NA 14 39 0 399 249 362 NGDC GSA 

Mus musculus SpCas9 7 20 31 201 90 124 NCBI SRA 

BE3 0 7 13 0 0 0 - 
BE4 9 9 10 1,925 193 988 NCBI SRA 

NA 13 21 0 578 285 395 NCBI SRA 

Note: GSA, Genome Sequence Archive; INDEL, small insertion and deletion; NCBI, National Center for Biotechnology Information; NGDC, National 
Genomics Data Center, Beijing Institute of Genomics, Chinese Academy of Sciences; SRA, Sequence Read Archive; SNV, single-nucleotide variant; TALEN, 
transcription activator-like effector nuclease; WGS, whole-genome sequencing; ZFN, zinc finger nucleases; NA, not applicable as they are wild-type animals; 
-, no WGS data available. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

erence genomes and corresponding annotation feature
files were downloaded from the NCBI Genome ( https:
// www.ncbi.nlm.nih.gov/ datasets/ genome ) ( 64 ). Gene Ontol-
ogy (GO) information of various species was downloaded
from AmiGO 2 ( https:// amigo.geneontology.org/ amigo ) ( 65 ).

Data processing 

Prior to detecting variations in gene-edited and wild-type
animal trios, the genetic relationship between the offspring
and their parents was first validated by analysing identity
by descent (IBD) using PLINK1.9 software ( 66 ). Read se-
quences were then filtered using the fastp software (v 0.23.1)
( 67 ) with default parameters. The qualified short reads of all
samples were mapped to reference genomes using the bwa-
mem2 (v2.2.1) algorithm ( 68 ). Following the initial align-
ment, GATK (v4.2.6.1) ( 69 ) was used to sort the aligned BAM
files and mark duplicate reads. Platypus (v0.8.1) ( 70 ) was
employed to identify SNVs and INDELs from de-duplicated
BAM files. We compared four variant calling tools, GATK (v
4.2.6.1) ( 69 ), Platypus (v0.8.1) ( 70 ), FreeBayes (v1.3.6) ( 71 )
and Strelka2 (v2.9.10) ( 72 ), and found that Platypus identi-
fied the highest number of known on-target mutations with a
minimal occurrence of false positives compared to the other
three tools. We, therefore, selected Platypus as the final variant
calling tool. 

The criteria for identifying de novo variations from variant
call format (VCF) files of each animal trio called by Platypus
were as follows: (i) The site filtering strategy filters variants at
the site-level, taking variant quality by depth (QD), mapping
quality (MQ), P -value for strand bias (SbPval), the number
of forward reads (NF) and the number of reverse reads (NR)
into consideration. (ii) The genotype quality (GQ) had to be
no < 40 for SNVs and no < 5 for INDELs. (iii) For SNVs, the
read depth was required to be between one-third and twice the
average depth of each individual; for INDELs, the read depth
was required to be between 5 and twice the average depth
of each individual. (iv) The occurrence of de novo variations
in the offspring was identified in accordance with the prin-
ciples of Mendel’s genetic law. This means that the de novo 

variation in the offspring was heterozygous (0 / 1), whereas 
the genotype at the identical locus from both parents was ho- 
mozygous (0 / 0 or 1 / 1). (v) The number of reads supporting 
the alternative allele of the offspring in the parents had to be 
no > 1. (vi) The variant allele frequency defined as alternative 
allele / alternative allele + reference allele in the offspring had 

to exceed 0.2. (vii) Any missing genotype mutations present 
in a sample were excluded. 

To remove false positive mutations from the filtered de novo 

variations, IGV (v2.16.1) ( 73 ) and the tview module of Sam- 
tools (v1.6) ( 74 ) were employed to examine the reads associ- 
ated with all de novo variations. This process was conducted 

on the cleaned BAM files. A maximum of one read carrying an 

alternative allele at the variant position in the parental align- 
ment BAM files was permitted. The term alternative allele read 

was defined as a read that aligned with the corresponding al- 
ternative allele observed in the offspring. 

Finally, annotated information including genic and inter- 
genic regions, variant effects, variant consequences and genes 
were obtained by comparing the variations against NCBI re- 
sources ( 64 ) using ANNOVAR ( 75 ). Gene symbols and names 
were standardized to vertebrate gene nomenclature commit- 
tee (VGNC) nomenclature ( 76 ). Gene groups were delineated 

based on HUGO Gene Nomenclature Committee (HGNC) re- 
sources ( 77 ). The GO terms were identified through the GO 

knowledge base ( 78 ). 

Database implementation 

The VDGE database was implemented using Spring Boot, a 
standalone Java application ( https:// spring.io/ projects/ spring- 
boot ) as the backend framework. The frontend user inter- 
face was developed using Vue.js, an approachable and ver- 
satile framework for building web user interfaces ( https: 
//vuejs.org ) and Quasar, an enterprise-ready cross-platform 

Vue.js framework ( https://quasar.dev ). All metadata were 
stored in MySQL, a free and popular relational database 
management system ( https://www.mysql.com ). For data visu- 
alization, JBrowse 2 ( 79 ) was used for secondary develop- 

https://www.ncbi.nlm.nih.gov/datasets/genome
https://amigo.geneontology.org/amigo
https://spring.io/projects/spring-boot
https://vuejs.org
https://quasar.dev
https://www.mysql.com
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ent. The charts on the web page were constructed using
pache ECharts, an open-source JavaScript visualization li-
rary ( https://echarts.apache.org ). 

atabase content and usage 

verview of VDGE 

DGE is a comprehensive platform that presents genomic
ariations and their potential functional impacts in gene-
dited animals, offering users a one-stop solution for data
cquisition and analysis across multiple species (Figure 1 ). It
dopts an integrated architecture comprising six pivotal mod-
les including Species, Animal Trios, Samples, On-target Mu-
ations, Variations and Genes. The Variations and On-target

utations modules interface with other modules to catalogue
very variation identified by a standardized analytical pipeline
n both gene-edited and wild-type animal trios (see ‘Mate-
ials and methods’ section). In the current version, VDGE
resents a total of 115,710 variations and 56 on-target muta-
ions, identified from 174 samples of 107 animal trios across
our distinct species ( 8 , 15 , 17 , 34 , 43–46 ) using the standard-
zed analysis pipeline. VDGE also includes 95 on-target muta-
ions derived from 36 gene-edited animal samples which lack
rio deep sequencing data. This information was collected and
urated manually from publicly available literature ( 49–58 ).
dditionally, 12,708 genes associated with variations were in-
orporated into the database. Data statistical information is
ummarized in Table 1 . 

pecies 

he Species module organizes diverse data spanning different
pecies, providing users with a comprehensive overview of the
ontents of the database. VDGE currently contains data for
ene-edited animals from four large animal species including
he rhesus monkey ( M. mulatta ), the crab-eating macaque ( M.
 ascicularis ), the pig ( S. scrof a ) and the domestic dog ( Canis lu-
us familiaris ), as well as the house mouse ( M. musculu s) as a
lassic animal model. The Species browsing page presents ba-
ic information for each species, including taxonomy ID, ref-
rence genome and genome size. It also incorporates concise
tatistical summaries of variations and related data including
nimal trios, samples, on-targets, variations and genes (Fig-
re 2 A), allowing users to navigate and access data resources
or species of interest. For each species, VDGE offers a de-
ailed page containing an overview and tabular displays of in-
egrated data from other modules (Figure 2 B). 

nimal Trios and Samples 

he Animal Trios and Samples modules provide detailed in-
ormation on trios and samples from both gene-edited and
ild-type animals. Currently, VDGE houses 15 M. mulatta

rios, 32 M. fascicularis trios, 31 Canis lupus familiaris trios
nd 29 M. musculus trios (Table 1 ). Each trio includes three
amples from father, mother and their offspring ( 80 ). Ani-
al Trios module provides comprehensive data sets, which

re derived from other modules, including on-targets, varia-
ions and genes. These data sets are closely linked to the off-
pring samples. Each animal trio is assigned a unique identi-
er (ID) prefixed with ‘Tri’, while each WGS sample is tagged
ith ‘Samp’. These IDs serve as seamless navigational aids, en-

bling users to quickly access and explore data across diverse
odules with ease and precision. The Animal Trios browsing
page enables users to filter data of interest by species, gene ed-
itor and target gene, with the associated metadata presented
in a tabular form. In addition, VDGE provides a detailed page
for each animal trio, showing relevant information and tabu-
lar data from other modules. Similarly, the Samples brows-
ing page permits the filtering of data based on sex, tissue,
sequencing platform, sequencing depth and sequencing data
access. 

On-target Mutations and Variations 

The On-target Mutations module, designated with the pre-
fix ‘On’, archives on-target variations induced by various
gene editors in gene-edited animals. In parallel, the Varia-
tions module, characterized by unique identifiers commencing
with ‘V’, stores variations including de novo SNVs and IN-
DELs occurring at unintended genomic sites in the offspring
samples of each gene-edited or wild-type animal trio. A to-
tal of 115,710 variations were identified though a standard-
ized analysis pipeline from 107 animal trios (Table 1 ), with
the majority of SNVs were derived from cytosine base editor
(CBE)-edited animal trios. It is important to note that not all
gene-edited animals exhibit on-target editing, as exemplified
by cases such as Tri012 and Tri049, where the gene editing
may not always occur at the intended on-target site ( 45 ). 

Both the On-target Mutations and Variations browsing
pages empower users to quickly filter data of interest based on
a range of criteria in the left panel, including species, gene ed-
itors, target genes and variation types (Figure 2 C). The meta-
data, presented in a structured table format, ensures clarity
and accessibility. VDGE goes a step further by offering dedi-
cated, comprehensive pages for each on-target mutation and
variation. These pages are replete with metadata, encompass-
ing detail information such as variation type, position, refer-
ence and alternative allele, variant allele frequency, variant ef-
fect, associated gene and phenotype. To enhance the user ex-
perience, JBrowse visualization and related gene ontology in-
formation are seamlessly integrated, providing a holistic view
of the data (Figure 2 D). 

Genes 

To further evaluate the potential impacts of variations to
gene-edited animals, each variation was annotated and sub-
sequently mapped to the corresponding genes. All genes re-
lated to variations are included in the Genes module. A to-
tal of 12,708 genes were identified as being associated with
all 115,710 variations in the database. Apparently, base edi-
tors (BEs) affect a much greater number of genes within an
individual animal compared to Streptococcus pyogenes Cas9
(SpCas9) editors. The Genes page allows users to quickly fil-
ter data of interest based on species, gene symbol, position
and gene type (e.g. coding or non-coding genes). By pinpoint-
ing the genes linked to variations, the impact of these genetic
changes on the physiological status and health of gene-edited
animals can be more readily evaluated. 

Data browsing, retrieval and download 

VDGE provides data statistics and corresponding module en-
trances on the homepage. The search box allows users to input
any keyword to search through all the data in the database or
select the appropriate module to quickly explore data of inter-
est. For each module, VDGE provides user-friendly browsing,
filtering and retrieval interfaces. Users can filter data based

https://echarts.apache.org
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Figure 1. The construction pipeline of VDGE, including data collection, data processing and database implementation. INDEL, small insertion and 
deletion; SNV, single-nucleotide variant; WGS, whole-genome sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

on common entries. The resulting filtered data are presented
in a clear, tabular format, and each module is interconnected
through IDs, allowing users to navigate to any other data of in-
terest. To further enhance users’ understanding, the Statistics
module presents statistical metrics for select data, including
variation number, gene region, SNV type, INDEL length and
the distribution of variant allele frequency (Figure 2 E). This
statistical portrait facilitates the discovery of hidden data fea-
tures. 

To ensure data integrity for researchers to reuse, VDGE pro-
vides metadata and sequence data downloads. Users can click
the Download button at the top right of each data table to
download all metadata. For sequence data downloads, VDGE
provides a separate Download module, which organizes all
sequencing data, mapping data, SNV and INDEL data on a
per-sample basis. Click on the link allows users to download
the desired data from the provided FTP address. 
An example of using VDGE 

The CBEs are a major class of BEs, which are engineered fu- 
sions of Cas9 and a cytidine deaminase enzyme that retain 

the ability to be programmed with a guide RNA and mediate 
the direct conversion of cytidine to uridine, effecting a C to T 

(or G to A) substitution ( 11 ). These CBEs have been reported 

to induce substantial genome-wide off-target SNVs in mouse 
embryos and rice ( 16 ,30 ). 

The information about BE-edited animal trios can be found 

in the Species module, by navigating to the Species button,
which is prominently featured in the homepage’s navigation 

bar (Figure 3 A). A fourth-generation base editor, BE4 ( 81 ),
was used to target the Wap gene in Mus musculus ( 17 ). Ten on- 
targets and 2,118 variations were identified from nine mouse 
trios using the standardized analysis pipeline. These variations 
were mapped to 988 genes (Figure 3 B). The number of SNVs 
in each trio was found to be in the hundreds, which is consis- 
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Figure 2. Screenshots of VDGE. ( A ) Data summary in the Species module. ( B ) Detailed page for the Macaca mulatta species. ( C ) Variations module. ( D ) 
Details of the variation V0000003, including JBrowse visualization and related gene ontology information. ( E ) Statistics module. 
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ent with the findings of a previous study indicating that CBE
reatment results in hundreds of genome-wide de novo SNVs
n mouse embryos ( 16 ). 

In parallel, BE4max, a variant of fourth-generation BEs
 82 ), was employed to target the LMNA gene in Macaca fasci-
ularis ( 45 ). Fourteen on-targets and 107,809 variations were
dentified from 27 monkey trios using the standardized anal-
sis pipeline. These variations were mapped to 9,182 genes
Figure 3 C). Navigating to the LMNA detail page and click-
ng on the Trio ID, information of a single trio can be viewed
nd monkey Tri010 was selected for further exploration. The
etailed page for Tri010 displays the data source and infor-
ation on the gene-edited animal and its parents. It shows

hat BE4max-mediated gene editing resulted in 9,069 d e novo
ariations in 3,407 genes in the gene-edited monkey. Related
nformation for each sample can be viewed via external links
Figure 3 D). 
By clicking Browse button located in the upper right corner,
the Variation browsing page is selected (Figure 3 E). The filter
bar on the left side of the page supports further filtering and
viewing of the variations based on variation type, position,
variant allele frequency, gene region and variant effect. Among
the 9,069 d e novo variations, there are 9,060 SNVs and 9 IN-
DELs, with the number of SNVs far exceeding that of INDELs
(Figure 3 E). On the Tri010 page, the Gene browsing page can
be selected. The filter bar on the left side of the page allows for
further filtering and viewing of the 3,407 genes related to the
variations (Figure 3 F). There are 2,770 protein-coding genes
among all of the 3,407 genes. Variations in some of these genes
may produce functional consequences for the gene-edited an-
imals. For example, the variation V028639, which is mapped
to the caspase 2 ( CASP2 ) gene, is a C to T point mutation
(Figure 3 G). The Variant Effect column shows that V028639
is a nonsynonymous SNV, resulting in the conversion of amino
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Figure 3. VDGE usage example. ( A ) Summarized panel for multiple species. ( B ) Mice trios edited b y BE4. ( C ) Monk e y trios edited b y BE4max. T he bo x es 
indicate the number of SNVs and INDELs in each animal trio. ( D ) Detailed page for Tri0 1 0. Clicking on Browse Variation and Browse Gene Annotation 
buttons (indicated in D by arrows) will jump to Variations page ( E ) and annotated Genes page ( F ) of Tri0 1 0, respectively . ( G ) JBrowse visualization of de 
no v o v ariation V028639 that is mapped to caspase 2 ( CASP2 ) gene (indicated b y bo x). Clic king the but tons indicated b y arro ws in A, C, D and F will 
proceed to the subsequent page. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

acids from glycine (G) to glutamic acid (E), as displayed in the
Consequence column of the Variations module. Caspase 2 is
a member of the caspases protein family, which is involved in
cell death mediated by apoptosis, pyroptosis, necroptosis and
autophagy ( 83 ). The functional disruption of Caspase 2 may
affect the physiological status and health of the gene-edited
animal (the offspring of the Tri010). 

Discussion and future plans 

As a revolutionary biotechnology, gene editing holds immense
promise and generates great expectations for its potential to
transform various fields of biological research and applica-
tion. Many gene editing therapies are currently in clinical tri-
als and the FDA has approved a CRISPR-based therapy called
Casgevy to treat sickle cell disease and β-thalassemia ( 84 ,85 ).
Gene-edited animals are also the subject of a variety of fun-
damental biological studies and potential commercial appli-
cations ( 4 ,86–88 ). 

The safety of gene editing is a significant concern for both
researchers and the public ( 89 ). Off-target events in gene edit-
ing are rare in some cases ( 34 ,35 ) but not in others ( 16 ,30 ).
Different gene editors produce varying off-target effects in the 
same cell line and the same gene editor can exhibit different 
off-target effects in different cell types ( 26 ). Even an identical 
gene-editing system can lead to different off-target events in 

different individuals. So, it is necessary to conduct a detailed 

off-target analysis for each individual gene-edited animal. In 

this study, we focused on the analysis of de novo variations in 

gene-edited animals with trio WGS data. It should be noted 

that not all de novo variations are caused by off-target effects 
of gene editing; some of them could be spontaneous muta- 
tions, including de novo germline mutations and somatic mu- 
tations ( 90 ). 

The VDGE database is the first repository to present 
genome variations and annotations in gene-edited animals,
with a particular focus on larger animals that hold a great 
application value. VDGE exhibits the following key charac- 
teristics: (i) VDGE offers a user-friendly platform that facil- 
itates the exploration of genomic variation and annotation 

information across multiple gene-edited animal species, with 

efficient data browsing, retrieval and downloading capabili- 
ties, making it a one-stop resource for researchers seeking in- 
formation on variations and offering a valuable dataset for 
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he study of gene-edited animals. (ii) VDGE houses complete
enomic variations for each animal trio by implementing a
tandardized analysis pipeline that leverages deep WGS data
nd parent-offspring trio analysis. (iii) VDGE provides an ex-
ensive dataset of variation-related information by integrating
pecies, animal trios and on-target mutations, as well as anno-
ation details such as variant type, genomic position, alterna-
ive allele and variant allele frequency, gene, gene ontology
nd potential functional consequence. These integrated data
acilitate in-depth phenotype analysis, safety evaluations and
ranslational studies for gene-edited animals. We recommend
sers to choose a computer browser to ensure the best user
xperience, even though our website is also compatible with
obile browsers. 
In the future, VDGE will be maintained and updated by cu-

ating and integrating more on-target and variation informa-
ion from gene-edited animals, particularly those lacking trio
eep sequencing data. The range of organisms will be broad-
ned by incorporating livestock, including cattle ( 86 ), sheep
 91 ) and rabbits ( 92 ), as well as model organisms such as ze-
rafish ( 93 ), to meet the diverse needs of agricultural appli-
ations and scientific research. We also plan to enrich VDGE
y incorporating variations identified by additional method-
logies such as Cas-OFFinder ( 29 ), GUIDE-seq ( 15 ,23 ) and
ITE-seq ( 18 ,21 ) to ensure a more comprehensive and accu-
ate representation of variations present in each gene-edited
nimal. Moreover, a web server would be set up for the anal-
sis pipeline used in this study. Once the new trio WGS data
f gene-edited animals have been generated, the web server
ould facilitate the identification of variations. Furthermore,
n upload functionality will be added to VDGE to allow users
o submit on-target or variation information directly. A stan-
ardized data processing procedure will be implemented to
nsure the consistency and accuracy of the data submitted by
sers and curated by VDGE staff. 

ata availability 

DGE is available online for free at https://ngdc.cncb.ac.cn/
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