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Abstract

Asteraceae is the largest family of dicotyledons and includes Chrysanthemum and Helianthus, two important genera of ornamental plants.
The genus Chrysanthemum consists of more than 30 species and contains many economically important ornamental, medicinal, and
industrial plants. To more effectively promote Chrysanthemum research, we constructed the CGD, a Chrysanthemum genome database
containing a large amount of data and useful tools. The CGD hosts well-assembled reference genome data for six Chrysanthemum
species. These genomic data were fully annotated by comparison with various protein and domain data. Transcriptome data for nine
different tissues, five flower developmental stages, and five treatments were subsequently added to the CGD. A fully functional ‘RNA
data’ module was designed to provide complete and visual expression profile data. In addition, the CGD also provides many of the latest
bioinformatics analysis tools, such as the efficient sgRNA search tool for Chrysanthemum. In conclusion, the CGD provides the latest,
richest, and most complete multi-omics resources and powerful tools for Chrysanthemum. Collectively, the CGD will become the central

gateway for Chrysanthemum genomics and genetic breeding research and will aid in the study of polyploid evolution.

Introduction

As the largest dicotyledonous family, Asteraceae (also called Com-
positae) consists of more than 25000 species in approximately
1600 genera and is widely distributed worldwide [1]. The family
includes many important genera of industrial and ornamental
plants, such as Chrysanthemum and Helianthus. Genus Chrysan-
themum, as an important part of the Compositae family, con-
tains many plants with the ornamental, medicinal and industrial
value. Chrysanthemum morifolium, a perennial herbaceous plant
that originated in China, has a history of cultivation comprising
more than 3000 years [2, 3]. Since the eighth century AD, Japan
and Europe have introduced cultivated chrysanthemum cultivars
from China and bred many varieties [4]. At present, chrysan-
themums have become one of the most economically important
flowers in the world [5]. In October 2018, the genome of the first
wild diploid species of the genus Chrysanthemum, Chrysanthemum
nankingense, was completely sequenced and resolved [6]. In the
following 6 years, the genomes of the diploid wild Chrysanthemum
species Chrysanthemum seticuspe 7], Chrysanthemum lavandulifolium
[8], Chrysanthemum makinoi 9], and Chrysanthemum indicum [10]
were obtained and reported. In April 2023, the first genome of
cultivated chrysanthemum (C. morifolium Ramat., Chinese name
‘TuHua') was resolved and formally published [11]. These valuable
data have laid a solid foundation for basic research and industrial
development of genus Chrysanthemum.

In recent years, the development of multi-omics technolo-
gies has provided new opportunities for researchers to analyse
crop growth and development from multiple dimensions [12, 13].
Based on these multi-omics data, various multi-omics analysis
tools, such as genome-wide association studies (GWASs), BSA-
seq and weighted correlation network analysis (WGCNA) have
been developed and widely used in genetic analysis and breed-
ing. These techniques have demonstrated the power of multi-
omics in assisted breeding [14-16]. To better utilize multi-omics
data, multi-omics platforms have been developed for numerous
important crops, such as Brassicaceae [17], Cucurbitaceae [18],
the genus Camellia [19], rice (Oryza sativa L.) [20], wheat (Triticum
aestivum L.) [21], maize (Zea mays L.) [22], tomato (Solanum lycoper-
sicum) [23], and rapeseed (Brassica napus) [24]. The lack of a multi-
omics platform thatintegrates multi-omics data and bioinformat-
ics tools has greatly slowed the progress of basic research and
genetic breeding in chrysanthemum.

To this end, we constructed the Chrysanthemum genome
database (CGD) (CGD, http://210.22.121.250:8880/asteraceae/
homePage), the first Chrysanthemum bioinformation center. The
CGD contains all the most recently published genomic data,
rich transcriptome data, and newly developed or integrated
bioinformatics tools. We believe that the use of multi-omics data
and tools integrated in the CGD can accelerate basic research on
Chrysanthemum and provide effective tools for assisted genetic
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CRISPR search for paralogs
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Figure 4. Workflow of the CRISPR search for paralogs.

provides an ‘RNA data’ module where users can obtain expression
profiles by choosing either to search by gene ID (Fig. 3A) or to
search by range (Fig. 3B). In addition, the expression profiles of
the genes of interest in different RNA-seq items can be accessed
through the ‘Expression’ module provided on the gene page. Fur-
thermore, the eFP browser module was added to the CGD for
visualization of all the expression profiles (Fig. 3C). Now, the
expression profile data of specific genes can be accessed simply
and directly.

CRISPR module

Gene editing technology plays a key role in realizing precision-
directed breeding in crops. CRISPR (clustered regularly inter-
spaced short palindromic repeats)-Cas (CRISPR associated) has
evolved into one of the most advanced crop genetic engineering
systems and has been widely used in ornamental crops [32, 33]. To
better support the development of gene editing for Chrysanthemum
breeding, we developed the Chrysanthemum CRISPR search system
by integrating all the publicly released genomic data of genus
Chrysanthemum, CRISPR-P v2.0, and CRISPR-local system [34, 35].
This function includes three Cas protein guide sequence design
strategies: SpCas9, LbCas12a, and FnCas12a, which provides a
variety of toolkits for Chrysanthemum gene editing. In ‘CRISPR
search’ module, users can obtain the sgRNA sequence of the
target gene by inputting one gene number of the target gene and
selecting the sgRNA according to the score and the probability
of off-target editing events given by the system. In addition,
we optimized and developed a CRISPR search module for
editing multiple paralogs for complex polyploid characteristics
of cultivated chrysanthemums, which is called CRISPR search for
paralogs (Fig. 4). Now, users can use this system to design generic
targets for paralogs or specific targets for individual genes within
paralogs.

Other tools

In addition to the above bioinformatics tools, many useful
genome analysis tools, such as Muscle, GeneWise, GO, and
KEGG enrichment, and transcriptome analysis tools, such as
correlation heatmaps and co-expression networks, have been
added to the CGD. To achieve a great representation of the large
amount of multi-omics data, we implemented a variety of data
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i GGTGGCGGCTTGGAAAGACGAGG E

visualization methods in addition to expression data. In the
comparative genomics module, genomic syntenic blocks and
syntenic gene pairs between uniform and different species can
be easily obtained. These common and useful bioinformatics
analysis tools embedded in databases can help users analyse
Chrysanthemum multi-omics data. In the future, we will add more
useful bioinformatics tools to the CGD and continue to optimize
the suitability of existing tools in the CGD.

Discussion and perspectives

In this study, we established the CGD, the first Chrysanthemum
database based on genomic and transcriptome data. The CGD pro-
vides the most up-to-date multi-omics dataset of Chrysanthemum
species to date, including genomic information, gene sequences
and annotations, and spatiotemporal information on gene expres-
sion. Based on these complete and rich data, we have developed
and integrated numerous useful bioinformatics analysis and visu-
alization tools. This approach will help researchers understand
the evolutionary relationships of different Chrysanthemum species,
clarify the regulatory networks of growth and development, and
uncover key genes involved.

In conclusion, these data and tools fully demonstrate the pow-
erful potential of the CGD in basic research and genetic breed-
ing. In the future, we will strengthen our collaboration with
Chrysanthemum researchers around the world. In addition, we
will regularly collect new datasets to analyse and add to the
CGD, including but not limited to genomes (for de novo assem-
bly and resequencing), proteomes, transcriptomes (for single-cell
transcriptomes and spatiotemporal transcriptomes), epigenomes,
metabolomes, phenomes, and phenotypes. We believe that the
CGD will become a central gateway for scientific research on
Chrysanthemum species in the near future, further extending its
potential and thus promoting the development of the chrysan-
themum industry.
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