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Abstract
The Brassicaceae is an important plant family. We built a user-friendly, web-based, comparative, and functional genomic data-
base, The Brassicaceae Genome Resource (TBGR, http://www.tbgr.org.cn), based on 82 released genomes from 27 Brassicaceae
species. The TBGR database contains a large number of important functional genes, including 4,096 glucosinolate genes, 6,625
auxin genes, 13,805 flowering genes, 36,632 resistance genes, 1,939 anthocyanin genes, and 1,231 m6A genes. A total of 1,174,049
specific guide sequences for clustered regularly interspaced short palindromic repeats and 5,856,479 transposable elements were
detected in Brassicaceae. TBGR also provides information on synteny, duplication, and orthologs for 27 Brassicaceae species. The
TBGR database contains 1,183,851 gene annotations obtained using the TrEMBL, Swiss-Prot, Nr, GO, and Pfam databases. The
BLAST, Synteny, Primer Design, Seq_fetch, and JBrowse tools are provided to help users perform comparative genomic analyses.
All the genome assemblies, gene models, annotations, and bioinformatics results can be easily downloaded from the TBGR data-
base. We plan to improve and continuously update the database with newly assembled genomes and comparative genomic
studies. We expect the TBGR database to become a key resource for the study of the Brassicaceae.

Introduction
Comprising approximately 4,000 species and 338 genera,
Brassicaceae is a large family in the order Brassicales
(Al-Shehbaz et al., 2006; Walden et al., 2020). Brassicaceae
contains many important vegetable, oilseed, and feed crop
species (Cheng et al., 2014; Song et al., 2021a, 2021b).

Arabidopsis (Arabidopsis thaliana), an important model or-
ganism in plant biology, is also within this family. Brassicaceae
provides an excellent system for studying genome evolution
and polyploidy.

The “U’s triangle” model consists of six widely cultivated
Brassicaceae species, including three diploid species (Chinese
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cabbage [Brassica rapa, AA, 2n = 2x = 20], Cabbage [Brassica
oleracea, CC, 2n = 2x = 18], and Black mustard [Brassica ni-
gra, BB, 2n = 2x = 16]) and three tetraploid species (mustard
[Brassica juncea, AABB, 2n = 4x = 36], Rapeseed [Brassica
napus, AACC, 2n = 4x = 38], and Ethiopian mustard
[Brassica carinata, BBCC, 2n = 4x = 34]) (Nagaharu, 1935;
Song et al., 2021a). Because of the ubiquity of Brassica “U’s
triangle” species as models for the study of polyploidization
and genome hybridization, much progress has been made in
comparative and functional genomic research on these
Brassica species in recent years, and this has generated large
amounts of omics data.

Since the genome of A. thaliana was sequenced in 2000,
the genomes of several Brassicaceae species have been se-
quenced (Wang et al., 2011; Chalhoub et al., 2014; Liu et al.,
2014; Parkin et al., 2014; Yang et al., 2016). Recently, we pre-
sented a high-quality and chromosome-level genome se-
quence of B. carinata (Song et al., 2021a). With continuously
declining sequencing costs and improvements in bioinfor-
matics analysis technology, the pan-genomes of several spe-
cies of Brassicaceae, such as B. rapa, B. oleracea, and B.
napus, have been analyzed; genus-wide pan-genome studies
have also been conducted (Golicz et al., 2016; Song et al.,
2020a; Bayer et al., 2021; Cai et al., 2021; He et al., 2021).
Most genomes of Brassicaceae species have already been as-
sembled and released, but more work is needed to mine
these genomic datasets.

We built the “The Brassicaceae Genome Resource”
(TBGR) database to make all genome sequences and anno-
tated data of Brassicaceae accessible to the Brassicaceae re-
search community. The purpose of the TBGR database is to
provide a repository that can be used for comparative and
functional genomics analyses of Brassicaceae species at the
whole-genome scale. Here, we present an overview of the
interfaces of the TBGR database, including the Browse,
Charts, Search, Tools, Resources, and Download interfaces
that we designed to help users analyze TBGR data. This
database provides a convenient and useful tool that will
promote Brassicaceae research.

Results

Overview of the main interfaces of the TBGR
database
We collected genomic information resources from 82 public
genomes of 27 Brassicaceae species (Supplemental Table S1).
We then conducted a systematic bioinformatics analysis of
these data, including gene annotation, synteny, duplication
type, clustered regularly interspaced short palindromic
repeats (CRISPR) guide sequences, transposable elements
(TEs), homologous genes, transcription factors (TFs), N6-
methyladenosine (m6A), and identification of the main
functional genes. We identified many important functional
genes in the Brassicaceae family, including glucosinolate,
auxin, flowering, resistance, and anthocyanin genes. Finally,
we built the TBGR database to help users easily query, com-
pare, and download these genome resources and results of

these bioinformatics analyses. Using these available datasets
and related bioinformatics tools, the genome information
was stored in backend tables of MySQL, which can be easily
accessed by the frontend web application. Here, we provide
a detailed description of the interfaces of the TBGR data-
base, including the Browse, Charts, Search, Download, Tools,
Resources, Help, and Contact interfaces (Figure 1).

Search interface
In this section, we detail the search function that can be
used to obtain the gene annotation, synteny, guide sequen-
ces of CRISPR, duplication type, and homologous genes for
27 Brassicaceae species (Figure 2). We conducted the func-
tional annotation for all genes of these species. Based on the
four databases (Pfam, UniProt knowledgebase [Swiss-Prot,
TrEMBL], nonredundant protein sequence database [Nr],
and Gene Ontology [GO] database), 80.35% London rocket
(Sisymbrium irio) to 99.98% Saltwater cress (Eutrema salsugi-
neum) of the genes were annotated in different species
(Supplemental Table S2). All of these annotations can be
searched in the TBGR database using the gene id of each
species. Furthermore, users can enter the gene symbol (e.g.
FLOWERING LOCUS C [FLC]) or the accession number (e.g.
GO:0005634 for GO database and PF07145 for Pfam data-
base) of each functional database to realize the cross-species
search function. Moreover, we added the external links for
the genes of 27 representative genomes of Brassicaceae spe-
cies. The external links included UniProt, National Center
for Biotechnology Information (NCBI), and Comparative
Genomics platform. In addition, we also linked the A. thali-
ana genes to The Arabidopsis Information Resource and B.
napus genes to Brassica napus pan-genome information re-
source (BnPIR).

To clarify the evolutionary relationships of genes in
Brassicaceae, we conducted a homologous gene analysis using
OrthoFinder software. A total of 55,714 orthogroups were
identified among 27 species, among which 13,226 groups
belonged to the species-specific orthogroups (Supplemental
Tables S3 and S4). In addition to displaying these groups and
downloading sequences on our database, we also displayed
the evolutionary trees for the genes of each group. Based on
the orthologous genes, the phylogenetic tree of these species
was constructed to uncover the evolutionary relationship of
these Brassicaceae species (Figure 3).

To explore patterns of gene duplication or loss after whole-
genome duplication events in Brassicaceae species, we per-
formed genome syntenic analyses. The syntenic genes be-
tween any two or more species of Brassicaceae are provided
in the TBGR database. We also provided an option to identify
syntenic genes within a range (Flanking 10, 20, 30 genes)
around a gene of interest. Furthermore, the five duplication
types (dispersed, proximal, singleton, tandem, and whole-ge-
nome duplication [WGD]/segmental) were identified for each
gene of 27 species (Figure 3; Supplemental Table S5). We
found that the WGD/segmental duplication was dominant in
the six Brassica U’s triangle species, Camelina (Camelina sat-
iva), and Maca (Lepidium meyenii). This phenomenon was
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due to the fact that each Brassica species and C. sativa had
one additional whole-genome triplication (WGT) event com-
pared to other Brassicaceae species, and L. meyenii also had
two additional WGD events (Kagale et al., 2014; Jeong et al.,
2016; Zhang et al., 2016; Song et al., 2021a).

To facilitate CRISPR research on Brassicaceae species, we
designed guide sequences for all genes of these species and
provided the search function in our database (Figure 2). A
total of 1,174,049 specific guide sequences were designed for
genes of all species, and the success rate of guide sequence
design ranges from 79.46% (Schrenkiella parvula) to 99.76%
(Capsella grandiflora) in different species (Figure 3;
Supplemental Table S6). Furthermore, the off-target sequen-
ces for each guide sequence were identified and deposited
in our database.

Browse interfaces
We identified the TEs, TFs, m6A, and other important func-
tional genes from the whole genomes of 27 Brassicaceae
species (Figure 2). For user convenience, comprehensive

information for all of these TEs and genes are provided
according to family and species in the Browse interface.

Large numbers of TEs are present in plant genomes, and
their genomic positions can change, which can lead to the
appearance of new mutations, rewiring of the gene regulatory
network, and even enlarging genome size (Lee and Kim, 2014;
Naville et al., 2019; Nishihara, 2020). We annotated the TEs of
the genomes of 27 Brassicaceae species and performed a de-
tailed classification (Figure 3; Supplemental Figure S2). A total
of 5,856,479 TEs were detected in all species, which were fur-
ther divided into 4,155,956 retrotransposons, 1,012,983 DNA
transposons, and 687,540 other TEs (Supplemental Table S7).
Furthermore, we found that there was obviously a positive
correlation between the expansion of the transposon and the
genome size (r = 0.79) (Supplemental Figure S3). Therefore,
these identified transposons provide rich resources for future
research on the expansion of the genome.

TFs play an important role in plant development and
stress responses, and they regulate downstream genes by
binding to specific DNA sequences (Song et al., 2013, 2020a,

The  Brassicaceae Genome Resource
                 (TBGR) Database

Address

Figure 1 The architecture of “The Brassicaceae Genome Resource” (TBGR) database. The different colors represent the main interfaces of TBGR.
Gff, general feature format; RLK, receptor like kinases; RLP, receptor like protein; MTA70, 70 kDa subunit of methyltransferase-A; AlkB, Alkylation
repair protein-B; YTH, IYT521-B homology.
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2020b). A total of 85,220 TFs from 63 families were detected
in all species examined (Figure 4A; Supplemental Table S8).
The four families with the largest number of genes were
Myeloblastosis_DNA-bind (MYB) (9,604), APETALA2/
Ethylene-Responsive Factor (AP2/ERF) (6,087), nucleotide-
binding site (5,746), and basic helix–loop–helix (5,331), which
were markedly higher than the number of genes in other
families. Comparing with A. thaliana, we found that nuclear
TF, X-box binding 1 (NF-X1), and growth-regulating factor
gene families were obviously expanded, while the signal trans-
ducer and activator of transcription gene family numbers
were contracted in most species (Figure 4B; Supplemental
Table S9). Interestingly, we found that compared to other
Brassicaceae species, nearly all TF families were expanded in

C. sativa and L. meyenii due to their additional WGT event
and two WGD events, respectively (Kagale et al., 2014; Zhang
et al., 2016) (Figure 4B). However, although an additional
WGT event occurred in Brassica and R. sativus, most TF fami-
lies did not expand substantially in the four diploid species
(B. nigra, B. rapa, B. oleracea, and R. sativus). This result indi-
cated that most genes might have been lost after genome
duplication, a finding that was also consistent with previous
reports (Wang et al., 2011; Song et al., 2021a). Among three
tetraploid Brassica species (B. napus, B. juncea, and B. cari-
nata), almost all TF families were expanded since they come
from three diploid Brassica species that hybridized with each
other (Chalhoub et al., 2014; Yang et al., 2016; Song et al.,
2021a) (Figure 4B).

Figure 2 Overview of the main interfaces and internal features of the TBGR database including the Home, Browse, Charts, Resources, Search,
Download, Tools, Help, and Contact interfaces.
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Furthermore, we identified 4,096 glucosinolate genes, 6,625
auxin genes, 13,805 flowering genes, 1,939 anthocyanin
genes, and 36,632 resistance genes in the genomes of 27
Brassicaceae species (Figure 5; Supplemental Tables S10 and
S11). The resistance genes were further divided into 14 fami-
lies according to their domains (Supplemental Table S11).
These genes have played an important role in the breeding
and research of Brassicaceae. Users can query and download
related genes directly from our website. For example, in the
flowering gene browsing interface, the user can find FLC
genes in all species by entering “FLC” in the input box of the
lower right corner. Then, the FLC gene list and queried se-
quence data are provided for users to download at the bot-
tom of the result page, so that users can use these data for
further cross-species comparative analysis.

The m6A methylation is one of the most important types
of RNA modification. The characterization of plant m6A
and its function is a major focus of current plant research.
A previous study indicates that the evolutionary relation-
ships among genes related to m6A modification are highly
conserved across plants (Yue et al., 2019). Therefore, we ex-
plored the m6A genes in Brassicaceae species and provided
them in the TBGR database. We detected 268 m6A writers,
419 erasers, and 544 readers in 27 Brassicaceae species
(Figure 5; Supplemental Table S10). The 268 m6A writers
were further divided into 113 with 70 kDa subunit of
methyltransferase-A (MTA70), 42 Wilms’ tumor 1-associat-
ing protein (WTAP), 28 Virilizer, and 85 Hakai genes. These
rich m6A gene resources in the TBGR database will contrib-
ute to the genetic improvement of Brassicaceae species
through epitranscriptome manipulation in the future.

Charts interface
This interface provides several interactive plots to view TFs,
m6A, TEs, and important functional genes of 27
Brassicaceae species (Figure 2). The number of glucosinolate,

auxin, flowering, anthocyanin, and m6A genes in each spe-
cies is shown in a histogram that permits intuitive compari-
son of the number of genes of each type among different
species. The bar charts and line charts show the number of
genes in each TF family and each type of TEs in each spe-
cies, which makes it easier for users to make comparisons
among species. The multi-select dropdown menu allows
users to select species to view according to their needs.
These charts can also be easily downloaded using the link in
the upper right corner of this interface.

Download interface
The genome-related datasets (general feature format [Gff],
genome, coding sequence [CDS], and protein sequences) of
82 genomes from 27 Brassicaceae species can be down-
loaded from this interface (Figure 2). There are multiple ver-
sions of the genome or pan-genome of several species, such
as B. rapa, B. napus, and B. oleracea. In addition, comprehen-
sive information for these genomes is provided, including
the genome version, genome size, gene number, chromo-
some number, scaffold N50, sequencer type, publication in-
formation (date and journal), reference, database, and their
links for each species. All of the genomic datasets and
resources can be easily downloaded and used for compara-
tive genomic analyses. In the Download interface, we pro-
vide the main bioinformatics analysis pipeline used in this
study. If users want to perform related analysis on other ver-
sions of the genome, they can also perform similar analysis
by referring to our methods or pipelines of this interface in
TBGR database.

Tools interface
Four popular tools (Basic Local Alignment Search Tool
[BLAST], Synteny, Primer Design, JBrowse) are embedded in
the TBGR database to help users perform genomic analyses
(Figure 2).
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Figure 5 Plot of the number of functional gene families (glucosinolate, auxin, flowering, anthocyanin, and m6A genes) in the 27 Brassicaceae spe-
cies. The numbers for each functional gene family were log2 transformed. The size of the dot represents the log2-transformed gene number, and
the color represents different types of genes.
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The BLAST tool is used in the TBGR database to help
users conduct sequence alignment. We provide a user-
friendly graphic interface and built the BLAST database us-
ing the nucleotide sequences and protein sequences of 27
Brassicaceae species. Users can easily perform similarity
analysis by copying a sequence to the frame or uploading a
file in FASTA format.

We developed a syntenic tool (Synteny) to help users per-
form collinearity analysis within or between species. The
tool was divided into online and database modes. In the on-
line mode, users can upload Gff and BLAST files for collin-
earity analysis. The website also provides a visualization
function for the results of collinearity analysis. By adjusting
the configuration file, four forms of display effects can be
achieved, including bar plotter, circle plotter, dot plotter,
and dual synteny plotter. For the database mode, users only
need to select two Brassicaceae species among the 27 spe-
cies, and they can quickly display the collinearity diagram.

A tool (Primer Design) was developed to help users design
the primers for the genes of 27 Brassicaceae species by en-
tering the gene accession under the Database mode. In addi-
tion, the users can design the primers by uploading their
own nucleic acid sequences in FASTA format in online
mode.

A genome browser (JBrowse) was constructed to display
the genomic data and features of Brassicaceae genes. Users
can query the genomic sequences of each chromosome or
scaffold, which enables users to view the detailed informa-
tion for selected genes.

Resource, help, and contact interfaces
In the Resource interface, the figures, genome size, and links
to relevant studies and the database of each Brassicaceae
species are provided (Figure 2). In addition, we have col-
lected common databases of Brassicaceae species and pro-
vided links in the Resource interface to facilitate access to
these resources. In the Help interface, users are provided
with a detailed manual of the TBGR database and the
abbreviations of gene symbols and species names. In the
Contact interface, users are provided our emails and phone
numbers.

Discussion
Several databases of single species of Brassicaceae have been
built, such as genomic resources for Alpine rock-cress
(Arabis alpina) (http://www.arabis-alpina.org/) (Jiao et al.,
2017), the radish genome database (RadishGD) (http://rad
ish-genome.org/) (Yu et al., 2019), Pennycress Genomics for
field penny-cress. (Thlaspi arvense) (http://pennycress.umn.
edu), the Brassica Genomics Database for B. carinata (http://
brassicadb.bio2db.com) (Song et al., 2021a), and the BnPIR
(http://cbi.hzau.edu.cn/bnapus/) (Liu et al., 2021). In addi-
tion, some databases have been constructed for multiple
Brassica species, such as the Brassica database (BRAD,
http://brassicadb.cn) (Cheng et al., 2011), the Brassica.info
database (https://www.brassica.info), the Crucifer Genome

Initiative (http://cruciferseq.ca), the Brassica Genome
Database (BrGDB, http://www.plantgdb.org/BrGDB/), and
Brassica Genome (http://www.brassicagenome.net). These
databases provide rich resources for Brassica studies, and
their main focus is on genome data dissemination and visu-
alization. Most of the analysis data in the BRAD database fo-
cuses mainly on one species (B. rapa); however we
performed bioinformatics analyses of the genomic data for
27 representative genomes of Brassicaceae species and dis-
played them in our database. For example, BRAD provides
users only the ability to search for TF gene families and sev-
eral important functional gene families of B. rapa.
Compared with BRAD, our database contains TF gene fami-
lies and several important functional gene families of 27 rep-
resentative genomes of Brassicaceae species.

Moreover, we added more analyses and data below, which
are not available in other public resources database of
Brassicaceae. First, we performed the m6A, CRISPR guide
sequences, and TEs analyses of 27 representative genomes of
Brassicaceae species, and finally deposited these results in
our database. These three research contents are not only
hotspots of current research in plants, but also very impor-
tant for comparative and functional genomics studies of
Brassicaceae species. Second, our synteny tool in TBGR data-
base not only provides collinearity analysis and shows collin-
earity diagram among Brassicaceae species in the database,
but also provides user upload function. Users can upload
relevant data for collinearity analysis for any other species,
which facilitates genome collinearity analysis between non-
Brassicaceae and Brassicaceae species. Third, our database
contains duplication type information of each gene of 27
representative genomes of Brassicaceae species. Furthermore,
we also performed the orthologous and paralogous gene
identification within or between 27 representative genomes
of Brassicaceae species. Then, the phylogentic trees were
constructed based on these orthologous and paralogous
gene families, and shown in the TBGR database. Finally,
comprehensive information for 82 genomes of 27
Brassicaceae species are provided in the Download interface,
including the species classification, genome information,
publication information, and database for each species. All
of these information can help users quickly understand the
82 genomic information of various versions (Supplemental
Table S1), and users can choose to use them according to
their needs. However, this information does not exist in
other databases of Brassica species.

Compared with the existing platforms, the TBGR database
integrates most of the resources of these websites, including
a systematic analysis of these genomic data. Therefore, the
TBGR database can help users mine data from the genomes
of all Brassicaceae species, and it has specific features that fa-
cilitate comparison among these existing databases. First,
the TBGR database contains comprehensive genomic infor-
mation from 82 public genomes of 27 Brassicaceae species,
so it provides a wealth of resources for genomics research in
this group. Second, based on the bioinformatic analysis of
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these genomic data, we obtained a large number of impor-
tant functional genes (glucosinolate, auxin, flowering, resis-
tance, and anthocyanin genes), m6A, CRISPR guide
sequences, TEs, and other related data resources. We then
integrated all of these data into our website, which provides
rich resources for researchers of Brassicaceae and other
plants. Third, this database provides information on the syn-
teny and orthologs between any two Brassicaceae species.
Fourth, gene annotation information of the 27 Brassicaceae
species from four annotation databases is provided. Finally,
the Blast, Synteny, Primer Design, and JBrowse tools were
built into the TBGR database, which helps users easily per-
form comparative genomic analyses of Brassicaceae species.

In conclusion, the TBGR database will facilitate both com-
parative genomic and functional genomic studies in plants,
especially for Brassicaceae species. Users can easily retrieve
and download the target functional genes for research for
cross-species comparative analysis. In the future, we will con-
tinuously improve and update the newly assembled
genomes and comparative genomic tools in the TBGR
database.

Materials and Methods

Collection of genome resources
Genome-related datasets such as GFF files, genome sequen-
ces, CDSs, and protein sequences of each Brassicaceae spe-
cies were collected from several public databases. Most
datasets were obtained from the NCBI (https://www.ncbi.
nlm.nih.gov), Phytozome (https://phytozome-next.jgi.doe.
gov), the BRAD (http://brassicadb.cn), the BnPIR (http://cbi.
hzau.edu.cn/bnapus/), and other related databases
(Supplemental Table S1). Alternatively, spliced genes were
removed using a custom Perl script to prevent redundant
sequences from being included in subsequent analyses. We
obtained 82 genomes of 27 Brassicaceae species and pro-
vided detailed information on these plants, such as their
classification, sequencing information, references, and related
databases (Supplemental Table S1). For species with multiple
versions of the genome, we choose the version that is of
high quality, the latest or commonly used by researchers.
The representative genomes for further bioinformatics analy-
sis were marked with red color in Supplemental Table S1.
On TBGR database, we added a list of selected representa-
tive genomes in the Download interface, and marked the
background color as yellow. For another interface of the
TBGR database, we also added the corresponding genome
version information after the species name.

TE detection
RepeatMasker (v4.1.1), RepeatModeler (v2.0.1), and
HelitronScanner (v1.0) were used for transposon prediction
(Tempel, 2012; Xiong et al., 2014) (Supplemental Figure S1).
RepeatMasker was used to compare the model species
Zebrafish (Danio rerio) and A. thaliana in the Repbase data-
base (Bao et al., 2015). RepeatModeler and RepeatMasker
were used to predict TEs de novo. Finally, HelitronScanner

was used to predict helitron type transposons (Xiong et al.,
2014). The pearson correlation coefficient between the
expansion of the transposon and the genome size was
calculated using the “cor” function package of R (https://
www.r-project.org).

Gene functional annotation
The gene annotations of 27 Brassicaceae species were per-
formed using four databases, including the Pfam database
(v34.0) (http://pfam.xfam.org) (Mistry et al., 2021), UniProt
knowledgebase (Swiss-Prot, TrEMBL) (https://www.uniprot.
org) (UniProt C, 2021), nonredundant protein sequence
database (Nr) (https://www.ncbi.nlm.nih.gov), and GO data-
base (http://geneontology.org) (Gene Ontology C, 2021).
Furthermore, we obtained the level of GO annotation using
the goatools (Klopfenstein et al., 2018). All the annotation
information was sorted into tables in batches using the Perl
program for display in the TBGR database.

Identification of orthologous, paralogous, and
xenologous genes
Orthologs, paralogs, and xenologs were identified using
OrthoFinder (v2.0) (Emms and Kelly, 2019). First, the similar-
ity relationships between the protein sequences of all species
were based on Blastp similarity scores (E-value 51e-5).
Cluster analysis was conducted using the MCL graph cluster-
ing algorithm (Inflation value 41.5), and single-copy and
multi-copy gene families were obtained. Gene trees and spe-
cies trees were constructed using each gene family across all
species using the FastTree software (Price et al., 2009).

Synteny and duplication type detection
The Multiple Collinearity Scan toolkit (MCScanX) was used
to conduct gene collinearity analysis with default parameters
(Wang et al., 2012). First, BLASTP was used to search for po-
tential anchors (E-value 510–5; top five matches) between
each gene in multiple genomes. Collinearity analysis was
then performed using the BLAST results and GFF files.
Finally, collinear relationships within one species or between
two species were drawn using TBtools (Chen et al., 2020).
The program (duplicate_gene_classifier) in MCScanX was
used to infer types of duplicated genes (Wang et al., 2012).

Functional gene identification
The Pfam database was used to identify the main 63 TF
gene families from all the protein sequences of 27 species
(E-value 51e-5) (Mistry et al., 2021). A total of 73
Arabidopsis glucosinolate genes were collected from previ-
ous studies (Wang et al., 2011; Cheng et al., 2014; Song
et al., 2021a); 295 Arabidopsis flowering genes were collected
from the FLOR-ID database and previous studies (Aach
et al., 2014; Cheng et al., 2014; Bouche et al., 2016; Li et al.,
2018; Song et al., 2021a); and 151 Arabidopsis auxin genes
and 41 Arabidopsis anthocyanin genes were downloaded
from the BRAD database (Cheng et al., 2011). Functional-
related genes in other Brassicaceae species were identified
using BLASTP (E-value 51e-5; score 4150) and checked
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manually. The resistance gene analogs were detected in 27
Brassicaceae species using the pipeline of RGAugury (Li
et al., 2016).

m6A analysis
The m6A genes were mainly divided into three groups: writ-
ers, erasers (Alkylation repair protein-B [AlkB]), and readers
(IYT521-B homology [YTH]) (Yue et al., 2019). Writers con-
tained four gene families, 70 kDa subunit of
methyltransferase-A (MTA70), WTAP, Virilizer, and Hakai,
which were identified using the numbers “PF05063”,
“PF17098”, “PF15912”, and “PF18408”, respectively. The AlkB
gene family of erasers was identified using the number
“PF13532”, and the YTH gene family of readers was identi-
fied using the number “PF04146” with the E-value 51e-5.

CRISPR–Cas9 target sequence identification
The CRISPR–Cas9 target sites were detected by the
CasFinder system (Aach et al., 2014). First, RepeatMasker
was used to shield repetitive sequences in each genome
(Tarailo-Graovac and Chen, 2009). Bowtie was then used to
generate the index for each genome with default parameters
(Giannoulatou et al., 2014). The two scripts CasFinder.pl and
CasValue_v2.pl in CasFinder were used to identify the guide
sequences for each gene with default parameters except –
x = 5 (Aach et al., 2014). Finally, the candidate guide sequen-
ces were filtered using in-house Perl scripts to obtain the
specific guide sequences for each gene. The off-target
sequences for each guide sequence were detected using
CasOT program (Xiao et al., 2014).

Database construction
The TBGR database was constructed based on the Django
framework and MySQL database management. The TBGR
database contains several databases that store processed
genome-related datasets in MySQL. The TBGR database was
written in programming languages, including HTML, CSS,
JavaScript, and Python. The charts were generated by
Echarts, which is an open-source visualization library imple-
mented in JavaScript. The interactive Web interface was
built to enable users to conveniently access the TBGR data-
base and obtain relevant information. Python, JavaScript,
and HTML were used to transmit query requirements and
extract datasets rapidly from the MySQL database. The col-
lected genomic datasets were processed using Python and
Perl scripts, and several bioinformatics tools were used to
explore the biological meaning of the genomic datasets.

Supplemental Data
The following materials are available in the online version of
this article.

Supplemental Figure S1. The flowchart for TE
identification for 27 Brassicaceae species used in this study.

Supplemental Figure S2. The classification of TEs in the
genomes of 27 Brassicaceae species.

Supplemental Figure S3. The correlation analysis of TE
and genome size in 27 Brassicaceae species.

Supplemental Table S1. The detailed information of 82
genomes from 27 Brassicaceae species.

Supplemental Table S2. The statistics of gene functional
annotation of 27 Brassicaceae species compiled from four
databases.

Supplemental Table S3. The overall statistics of ortholo-
gous genes in all 27 Brassicaceae species.

Supplemental Table S4. The statistics of orthologous
genes in each species of 27 Brassicaceae.

Supplemental Table S5. The statistics of orthologous
genes in each species of 27 Brassicaceae. WGD, whole ge-
nome duplication.

Supplemental Table S6. The statistics of guide sequence
number for CRISPR studies in 27 Brassicaceae species.

Supplemental Table S7. The number of different types of
TE in the genome of 27 Brassicaceae species.

Supplemental Table S8. The number of genes in each TF
family for all 27 Brassicaceae species.

Supplemental Table S9. The ratio of the number of
genes in each TF family for each of the 27 Brassicaceae spe-
cies compared with A. thaliana.

Supplemental Table S10. The number of important func-
tional genes related to glucosinolate, auxin, flowering, antho-
cyanin, and m6A genes in 27 Brassicaceae species.

Supplemental Table S11. The number of resistance genes
for each classification in 27 Brassicaceae species.
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