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H I G H L I G H T S
� The Genomic Database of Fruits is the first large-scale collection of fruit genomic data and bioinformatics analysis results.
� Based on whole-genome analyses of 44 fruit species, we constructed a comprehensive, user-friendly fruit database called “The Genomic Database of Fruits”
(http://tgdf.bio2db.com/).
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A B S T R A C T

Fruit has an important role in human nutrition and health; therefore, the systematic study of fruit genomic data is
essential. The Genomic Database of Fruits (TGDF, http://tgdf.bio2db.com/), established through whole-genome
analyses of 44 fruit species, is a comprehensive, user-friendly fruit database. TGDF contains a wealth of functional
genes, including 11,350 flowering genes, 3161 auxin signaling genes, 2164 anthocyanin synthesis genes, 1464
abscisic acid (ABA) synthesis genes, 10,931 cell division and expansion genes, 1786 starch synthesis genes, 294
fruit size genes, and 6311 sugar transporter genes. Additionally, TGDF contains 1,433,368 CRISPR guide se-
quences from various fruit genomes, along with information on homologous genes and duplication types for the
44 fruit species. TGDF contains 6,417,060 gene annotations sourced from TrEMBL, SwissProt, Nr, and Gene
Ontology databases, along with tools such as Sequence Fetch, BLAST, Synteny, and JBrowse for bioinformatics
analyses. Transcriptomic data were also collected and collated from fruits, including details on instruments, tis-
sues, or growth stages. This comprehensive, user-friendly resource is the first collection of fruit genomic data.
Users can easily download genomic sequences, gene annotations, and bioinformatics analysis results from TGDF,
which will be updated continually. We anticipate that TGDF will become a primary resource for fruit comparative
and functional genomic studies.
1. Introduction

Fruit is rich in vitamins, carbohydrates, dietary fiber, minerals, ca-
rotenoids, and other nutritional sources, and plays an indispensable
role in human nutrition and health [1–3]. Over the past decade, ad-
vances in sequencing technologies and reductions in sequencing costs
have led to the sequencing of numerous plant genomes. In particular,
the emergence of third-generation sequencing technologies has
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substantially increased plant genomic data quantity and quality [4].
Grape (Vitis vinifera), the first crop to be sequenced [5], marked the
beginning of the sequencing of fruit genomes and the realization that
genome sizes vary greatly across fruit species. For instance, the genome
size of Gansu peach (Prunus kansuensis), sequenced in 2022, is 198 Mb,
while the genome size of grape (V. vinifera), sequenced in 2007, is 1.03
GB [5,6], with the genome sizes of other fruit species falling within this
interval.
.
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The analysis of fruit genomes offers important resources for
comparative genomics, functional genomics, and molecular biology
studies. However, most fruit genome sequences lack gene sets and an-
notations. Currently, the databases of several fruits are available,
including the Citrus Genome Variation Database (http://citgvd.cric.cn)
[7], Citrus Pangenomic Breeding Database (http://citrus.hzau.edu.cn/)
[8], Persimmon Genome Database (http://www.persimmongenome.cn),
Kiwifruit Genome Database (http://kiwifruitgenome.org/) [9], Grape
Genome Database (http://www.grapegenomics.com/) [10], Bayberry
Database (http://www.bayberrybase.cn/) [11], Pineapple Genome
Database (http://pineapple.angiosperms.org/pineapple/html/index.h
tml) [12], Pear Genome Project (http://peargenome.njau.edu.cn/)
[13], and Blueberry Genome Database (http://bioinformatics.towson.
edu/BBGD/) [14]. In addition, family- and genus-level genome data-
bases, such as the Rosaceae Genome Database (https://www.ros
aceae.org) [15] and the Gourd Genomics Database (http://cucu
rbitgenomics.org/) [16], are also available.

Despite the existence of multiple fruit genome tools, a comprehen-
sive, user-friendly fruit genome resource has not been available until
now, which has hindered comparative and functional genomic studies.
Therefore, we established “The Fruit Genome Database” (TGDF), a large-
scale database for sharing fruit genome sequences, along with gene
annotation information and transcriptomic data. TGDF, an open-access
resource, sources genomic sequences primarily from the National Cen-
ter of Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov)
and Ensembl Plants (http://plants.ensembl.org) [17,18]. The aim of this
endeavor is to provide a centralized platform for fruit genome data. In
this study, we present an overview of its interface and related datasets,
which will enable researchers to carry out comparative and functional
genomic studies of various fruit species at the whole-genome level.

2. Materials and methods

2.1. Retrieval of fruit genome and gene annotation resources

We obtained genome sequence files, GFF sequence files, coding
sequence (CDS) sequence files, and protein sequence files of 44 fruit
species using different public databases: the National Center for
Biotechnology Information Database (NCBI, https://www.ncbi.nlm.nih
.gov/), Ensembl Plants (http://plants.ensembl.org), National Genomics
Data Center (https://bigd.big.ac.cn/gwh) [19], Rosaceae Genome Data-
base (https://www.rosaceae.org), and Gourd Genome Database
(http://cucurbitgenomics.org/). In addition, several single genome da-
tabases were searched, such as the Kiwifruit Genome Database (http://k
iwifruitgenome.org/), Pineapple Genomics Database (http://pineapple.
angiosperms.org/pineapple/html/index.html), and Citrus Genome
Database (Supplementary Table 1). We selected the most recent version
or the most commonly used version of each genome as the study object.
Genomic information for each fruit species, including genome size, gene
number, sequencing information, genome database, and species classi-
fication, was collected. To eliminate redundant sequences, alternatively
spliced sequences were removed using custom Perl scripts.

2.2. Gene function annotation

Swiss-Prot, TrEMBL [20], Gene Ontology (http://geneontology.org/)
[21], and non-redundant protein sequence database (https://www
.ncbi.nlm.nih.gov) were used to annotate the genes of the 44 fruit spe-
cies, and the gene annotations were deposited into TGDF.

2.3. Functional gene identification

The anthocyanin synthesis genes, auxin signaling genes, flowering
genes, abscisic acid (ABA) signaling genes, cell division and expansion
genes, and starch synthesis genes of each target fruit species were
searched and identified using BLASTp (E-value < 1e-5; identity >60%;
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score >150). To identify candidate genes, we analyzed the sequences of
auxin signaling genes, anthocyanin synthesis genes, flowering genes, and
other genes from 44 fruit species, comparing them with sequences from
other species. Given that the candidate genes are highly homologous to
the functional genes of model species such as Arabidopsis thaliana, it is
likely that these genes share similar functions across different species.
After the candidate genes were screened, a domain analysis was per-
formed to verify whether the candidate genes had the target domains.

2.4. CRISPR-Cas9 target design

CasFinder was used to design Cas9 targets for CRISPR [22], while
RepeatMasker was used to screen repetitive genomic sequences in each
species [23]. Subsequently, an index was created for each genome using
Bowtie [24], and CasFinder pipeline scripts (CasValue_v2.pl and Cas-
Finder.pl) were applied to CRISPR guide sequences [22]. Internal Perl
scripts were then used to filter candidate sequences, yielding specific
sequences for each gene.

2.5. Homologous gene identification

OrthoFinder (v2.0) was used to identify homologous genes. BLASTp
(E value < 1e-5) was used to determine protein sequence similarities
between different species. Subsequently, cluster analysis was performed
using the MCL algorithm (I> 1.5), and trees were constructed using gene
families from all species.

2.6. Collinearity and gene duplication types

Collinearity blocks within and between genomes were analyzed using
MCScanX with default parameters [25]. Initially, BLASTp alignment was
used to identify homologous sequences between and across genomes
(E-value < 1e-5). Subsequently, collinearity blocks were analyzed by
comparing chromosome, gene, start position, and stop position columns
in giff files with BLASTp results, and collinearity was detected using
TBTools [26]. Finally, the duplication type was predicted usingMCScanX
(duplicate_gene_classifier) [25].

2.7. Database construction

TDGF was established using Django framework and MySQL database,
after incorporating several programming languages such as HTML, CSS,
JavaScript, R, and Python [27], and an interactive interface was estab-
lished for the easy retrieval of information [28]. Diagrams are generated
using Echarts, an open-source visualization library based on JavaScript,
while data are stored and managed through server storage functions,
with access rights set up to safeguard against data breaches. Additionally,
Python and Perl scripts were used to process the genomic data, and
various bioinformatics tools were used to explore the biological signifi-
cance of each genomic dataset.

3. Results

3.1. Overview of fruit research

We collected genomic data from 44 fruit crops, including 1 mono-
cotyledon and 43 dicotyledons (Supplementary Fig. 1a). Most dicots
belonged to the Rosaceae family, with a total of 20 species. Most fruit
crops were sequenced between 2017 and 2019, representing 54.55% of
all fruit genomes (Fig. 1a; Supplementary Fig. 1b). We also collected
related genomic information for these crops (Supplementary Table 1).

3.2. Overview of the homepage

We conducted a comprehensive bioinformatics analysis of the
genomic data of these fruit species, which included identifying major
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Fig. 1. Overview of fruit genome sequencing and TGDF database creation. (a) Species information and major genome sequencing indicators (publication year,
assembled genome size, and sequencing technology) of the 44 fruit crops from the years 2007–2023. (b) Architecture of ‘The Genomic Database of Fruits’
(TGDF) database.
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functional genes, annotating genes, designing specific guide sequences
for CRISPR, analyzing homologous genes, and characterizing repetitive
types. Functional genes of interest included those involved in auxin
signaling, anthocyanin synthesis, and flowering.
3

Finally, we established TGDF to help users access these genome re-
sources, along with querying the bioinformatics analysis results (Fig. 1b).
All genomic information is stored in the database's backend, and users
can easily access this information through the database's frontend. Here,
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we provide descriptions of the homepage, browsing interface, search
function, download feature, resource repository, tools, and contact page
(Fig. 1b; Fig. 2).

3.3. Home interface

The TGDF homepage consists of three sections: brief introduction,
species overview, and chart section. The species information is organized
by family and species, and each fruit crop is associated with its Latin
name, acronym, common name, species classification, genome size,
chromosome number, and species picture. This provision helps users to
understand the different types of fruits. Additionally, we provide trees
and diagrams of the important functional genes in each fruit species.
Histograms display the number of auxin signaling, anthocyanin synthe-
sis, and flowering genes for each fruit species, facilitating the comparison
of functional genes across different species.

3.4. Search interface

In TGDF, we provide gene annotations, CRISPR guide sequences, ho-
mologues, and repetitive types of the 44 fruit species based on four protein
databases (UniProt knowledgebases [SwissProt, TrEMBL], Nr, and GO),
we annotated 51.19% (Fragaria nubicola) to 99.98% (Prunus persica) of all
genes in each species (Fig. 3; Supplementary Table 2), and these annota-
tions are available for download. In addition, we included the external
links to the genomes of the 44 fruit species, which are accessible through
UniProt, NCBI, and the comparative genomics platform.

To facilitate gene editing studies in various fruit species, we designed
1,433,368 CRISPR guide sequences for all genes and stored them in
TGDF. The success rate for different species ranged from 25.20%
(P. kansuensis) to 98.90% (Actinidia eriantha) (Fig. 3; Supplementary
Table 3).

To clarify the genetic evolutionary relationships, we used Ortho-
Finder to analyze the homologous genes. Among the 44 fruit species,
there were 58,616 orthogroups, with 21,412 species-specific groups
(Supplementary Tables 4 and 5). We also displayed these groups in
TGDF, along with the phylogenetic tree of each group. Species trees were
constructed using homologous genes to reveal the evolutionary re-
lationships among these fruit species.

To explore gene duplication or loss after whole genome repeat (WGD)
events, we conducted a collinearity analysis of amino acid sequences
within and between two species. For the 44 fruit species, we detected 5
duplication types in each gene: dispersed, singleton, proximal, tandem,
and whole genome replication (WGD)/segment (Fig. 3; Supplementary
Table 6). WGD/segment duplication was predominant in several species
that experienced WGD events, accounting for the highest proportion of
duplication types in Prunus domestica (83.98%), followed by V. vinifera
(68.81%) and Actinidia chinensis (67.07%).

3.5. Browser interface

The functional genes identified from the whole genomes of 44 fruit
crops, including genes related to flowering, anthocyanin synthesis, auxin
signaling, ABA signaling, cell division and expansion, and starch syn-
thesis, are available in TGDF (Fig. 4; Supplementary Table 7). Species
information of related fruit species is also provided.

In TGDF, users can access species information for all fruits, organized
by family and species, including taxonomic identifiers, common names,
Wikipedia links, and species overviews, which surpasses the content
available in other fruit crop interfaces. In addition to the genomic data,
we collected the transcriptomic data of the 44 fruit species. Our interface
provides users with login numbers, sample information, instruments
used, tissue details, and table-version information, all of which facilitate
searches and downloads. Users can also download tables, which provide
4

valuable information on gene expression profiles in various fruit species.

3.6. Download interface

TGDF includes genome-related datasets, including genome se-
quences, GFF files, coding sequences [CDS], and protein sequences, from
44 fruit species. These genome datasets are accessible through our
interface and can be easily downloaded for comparative genomic anal-
ysis of fruit crops.

3.7. Tools interface

TGDF is equipped with various tools, such as BLAST, Sequence Fetch,
Synteny, and JBrowse, which assist users in performing comparative and
functional genomic analyses. Sequence Fetch enables rapid retrieval of
target sequence information, offering users the convenience of browsing,
searching, and downloading relevant information, thus expediating
bioinformatic analysis.

In TGDF, we created a user-friendly interface with BLAST using CDS
and protein sequences from the 44 fruit species. Users can seamlessly
perform sequence alignments by either uploading a file in Fasta format or
copying the sequence directly into the designated box.

Synteny offers two collinearity analysis tools: Toolkit (MCscanX) and
Python MCscan. With Python MCscan users can upload BED and CDS files
online for collinearity analysis. Configuration files (“layout” and “seqids”)
can be used in consultation with the Python MCscan manual. For the
database schema, users select 2 or 4 species to carry out collinearity
analysis. For MCscanX, users upload BLAST or GFF files for collinearity
analysis. Different configuration files yield four collinearity types: point
plotters, circular plotters, bar plotters, and dual synchronous plotters.

Additionally, we incorporated the JBrowse tool to display fruit crop
characteristics and gene sequences. This tool allows users to examine the
details of the selected genes on the corresponding chromosome sequence.

3.8. Resources and contact information

TGDF provides comprehensive information on fruit crops, common
fruit diseases and their treatments, relevant publications, fruit nutritional
values, and much more. Users can easily access these resources and
quickly gain insights into their research status. In addition, contact in-
formation, such as email addresses, is provided so that users can easily
contact the authors.

4. Discussion

In recent years, as the genomes of more fruit species have been
sequenced, specific databases, such as PGD for pineapple [12], KGD for
kiwifruit [9], CitGVD for citrus [7], and DGD for persimmon, have
emerged. While these databases offer valuable information for the study
of fruit genomes, they typically only contain one or a few closely related
species. On the other hand, TGDF integrates the information from these
databases and contains bioinformatics analysis results of genomes from
44 fruit species. Therefore, this integration offers several advantages.
Firstly, TGDF is the only platform containing genomic data from 44 fruit
species. Secondly, we provide CRISPR guide sequences, identify func-
tional genes, and annotate genes for fruit crops. Therefore, these aspects
not only address current challenges in plant research but also strengthen
comparative and functional genomic studies in fruit crops.

Additionally, TGDF provides information on gene duplication types
across the 44 fruit species. We also identified homologous genes within
or between the genomes, constructing species trees and storing the in-
formation in TGDF. Finally, TGDF contains resources for the major fruits,
helping users to understand the current status of research and to obtain
information on target genes for further study.



Fig. 2. Overview of TGDF showing the homepage and other features, including home, browse, resources, search, tool, download, help, contact information interfaces.
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Fig. 3. Bar plots of the number of gene functional annotations, gene duplication types, and CRISPR guide sequences in the 44 fruit species. Whole-genome duplication
(WGD) and whole-genome triplication (WGT) events are indicated by yellow and blue, respectively. The specific values are presented in Supplementary Tables 2, 3,
and 6.

Fig. 4. Plot of the number of members of several functional gene families, including auxin signaling, anthocyanin synthesis, flowering, cell division and expansion,
sugar transporter, and sweet genes in the 44 fruit crops. The numbers for each gene family were transformed by log2. The size of the circle represents the size of the
value, and the specific values are presented in Supplementary Table 7.
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5. Conclusion

We constructed The Genomic Database of Fruits (TGDF, http://tgdf.bi
o2db.com/), a user-friendly platform, by analyzing the genomes of 44
fruit species. TGDF contains functional genes, CRISPR guide sequences,
and bioinformatics analysis results from 44 fruit species. We anticipate
that TGDF will emerge as an important resource for comparative and
functional genomic studies in fruit crops in the future.
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