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Abstract

Chionanthus retusus, an arbor tree of the Oleaceae family, is an ecologically and economically valuable ornamental plant for its
remarkable adaptability in landscaping. During C. retusus breeding, we observed diverse floral shapes; however, no available genome
for C. retusus has hindered the widespread identification of genes related to flower morphology. Thus, a de novo telomere-to-telomere
(T2T) gap-free genome was generated. The assembly, incorporating high-coverage and long-read sequencing data, successfully yielded
two complete haplotypes (687 and 683 Mb). The genome encompasses 42 864 predicted protein-coding genes, with all 46 telomeres and
23 centromeres in one haplotype. Whole-genome duplication analysis revealed that C. retusus underwent one fewer event of whole-
genome duplication after differentiation compared to other species in the Oleaceae family. Furthermore, flower vein diversity was
the main reason for the differences in floral shapes. Auxin-related genes were responsible for petal shape formation on genome-
based transcriptome analysis. Specifically, the removal and retention of the first intron in CrAUX/IAA20 resulted in the production of
two transcripts, and the differences in the expression levels of CrAUX/IAA20 resulted in the variations of flower veins. Compared to
transcripts lacking the first intron, transcripts with intron retention caused more severe decreases in the number and length of flower
veins in transgenic Arabidopsis thaliana. Our findings will deepen our understanding of flower morphology development and provide
important theoretical support for the cultivation of Oleaceae.

Introduction
Chionanthus retusus (2n = 2x = 46) is an arbor tree belonging to
the family Oleaceae, widely distributed and cultivated in East
Asia and North America [1]. In China, it is a famous ornamental
plant that is highly adaptable and has a long lifespan, and is an
important tree species for afforestation in barren mountains [2].
The leaves and flowers of C. retusus are also used as Chinese
traditional medicine and tea due to its rich flavonoids, antho-
cyanins, and tea polyphenols [3, 4, 5]. In the southern region of
China, the flowers and leaves of C. retusus are commonly utilized
to produce a type of tea known as glutinous rice tea [5]. Moreover,
C. retusus, a native tree species originating from China, is highly
suitable for landscaping purposes for its abundant blooming of
white flowers in April. Consequently, it is frequently referred to
as ‘April Snow’ in China. To date, C. retusus has been extensively
cultivated as an ornamental tree in gardens, and the variability
in its floral morphology has garnered significant attention in
the process of selecting and breeding new varieties [6]. Due to

its wide array of floral morphologies (Fig. S1), C. retusus is well
suited for investigating the mechanisms that regulate flower
development.

The morphogenesis of lateral organs is closely related to vas-
culature patterning [7]. Earlier analyses of mutants with various
lateral organs with abnormal shapes and vascular systems have
provided important insights into the relationship between organ
shape and vascular development [8]. Unfortunately, there are
only a few published reports describing the association between
floral shapes and petal vasculature development. The expression
of the Vigna radiata gene encoding the plant-specific Dof-like
transcription factor LOW (Love On Wings) in Arabidopsis thaliana
alters the petal vasculature pattern [9]. In the chrysanthemum
mutant ‘MADG’, the thickening of the petal vasculature leads
to the development of a petal tip that is unable to bend [10].
Therefore, exploring the potential genes regulating petal vascu-
lature variations on flower morphology in C. retusus presents an
intriguing avenue for research.
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of ethanol solutions with increasing concentrations. Finally, the
petals were embedded in paraffin and transversely sectioned
(10 μm thickness) using the EM UC7 microtome (Leica, Germany).
Sections were stained with 0.01% (w/v) Toluidine Blue O, after
which digital images were captured using the 80i microscope. To
examine the petal vasculature microstructure, the middle parts
of the petals collected at the S3 stage were manually cut into
∼2-mm sections, which were then fixed in a solution comprising
4.0% (v/v) glutaraldehyde and 0.1 M phosphate buffer (pH 6.8)
for >24 h. The sections were subsequently treated with osmic
acid, dehydrated, embedded in Epon resin, and polymerized. The
samples were cut into 70-nm-thick sections using the EM UC6
ultramicrotome (Leica) and then stained with uranium acetate
and lead citrate. The sections were examined at an accelerating
voltage of 120 kV using the Talos L120C G2 transmission electron
microscope (Thermo Fisher, USA). The vascular tissue length,
width, and area and the cell wall thickness were measured using
microscopy images and the ImageJ software. More specifically, the
vascular tissue length, width, and area and the cell wall thickness
of at least 50 cells from three independent plants were measured
and then analyzed using Student’s t-test.

Transcriptome sequencing, gene expression
analysis, and co-expression regulatory network
analysis
The transcriptome sequencing analysis was performed by
Beijing Novogene Co. Ltd. Samples were collected at four flower
development stages (S1 to S4) for the three varieties. Total RNA
was extracted using a plant RNA kit from TIANGEN (DP432,
Beijing, China), and using the RNA Nano 6000 Assay Kit for the
Bioanalyzer 2100 system, and RNA-Seq libraries were constructed
according to the protocol provided by Illumina and sequenced on
the NovaSeq6000 platform. The RNA-seq short reads obtained
for 36 tissue samples were aligned to our chromosome-scale
genome using HISAT2 [53]. The read counts for these samples
were calculated using HTSeq. Differential gene expression was
analyzed using the R package DESeq2. The following criteria
were applied to detect significant DEGs: |log2(fold-change)| > 1
and adjusted P < 0.05. To assess the relationships between
DEGs, we constructed a co-expression regulatory network
using the following parameters of the WGCNA package [54]:
weighted network, unsigned, hierarchical clustering tree, dynamic
hybrid tree cut algorithm, power 8, and minModuleSize = 30.
The network was visualized using Cytoscape (v3.5.1). Network
statistics were calculated using the NetworkAnalyzer tool in
Cytoscape [55]. Gene expression heat maps were generated using
the default parameters of an online program (https://magic.
novogene.com/customer/main#/small-tools/2ec0f5f4ac89941fe4
fb43 480001f375/1/heatmap).

Vector construction and plant transformation
The CrAUX/IAA20 promoter region (1500 bp upstream of the ATG
start codon) was amplified from the genomic DNA of the three C.
retusus varieties using gene-specific primers and then cloned into
the pBI121 expression vector. Agrobacterium tumefaciens (GV3101)
cells harboring the recombinant expression vectors were used for
the transient transformation of tobacco leaves. At 3 days post-
infection, the tobacco leaves were treated with deionized water
and various indole-3-acetic acid (IAA) concentrations. Following
the extraction of RNA, the GUS expression level was determined by
performing a quantitative real-time PCR (qRT-PCR) analysis. The
primers used for cloning the promoter region and for the qRT-PCR
analysis are listed in Table S16.

The full-length coding sequences of CrAUX/IAA20-L and
CrAUX/IAA20-S were amplified from the floral cDNA of XZH, XDL,
and XX using gene-specific primers and then cloned into pRI101
vectors. The recombinant vectors were sequenced to confirm the
incorporated sequences were correct. They were then used for
the genetic transformation of A. thaliana Col-0 plants according
to the floral-dip method [56]. After extracting RNA, the qRT-PCR
analysis was performed using SYBR Premix Ex Taq™ II (Takara,
Dalian, China) and the CFX96 Real-Time PCR System (BioRad,
USA). Three biological replicates and three technical replicates
were used to analyze each gene. Relative expression levels were
calculated according to the comparative 2−ΔΔCt method. The
primers used for cloning genes and for the qRT-PCR analysis are
listed in Table S16.
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