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Highlights

® Assembled two high-quality rose (Rosa) genomes and
analyzed ~-100 Rosa genomes

® Unveiled a multi-step process leading to the de novo
origination of a new gene in Rosa

® Recruitment of mobile DNA to promoter regions enhances
taxon-specific gene expression

® Taxon-specific gene modulates eugenol biosynthesis and
drives rose scent divergence

Li et al., 2025, Cell 188, 1-17
October 30, 2025 @ 2025 Elsevier Inc. All rights are reserved, including those
for text and data mining, Al training, and similar technologies.
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Pigmentation in Cineraria (Pericallis hybrida)
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ABSTRACT

The polyacylation modification of anthocyanins constitutes a pivotal step for plants to develop persistent bright blue floral pig-
mentation, but the biosynthesis and regulatory mechanisms of polyacylated anthocyanin remain poorly understood. In the
blue cineraria (Pericallis hybrida), an important ornamental species, 8 unique anthocyanin structure is characterised by 7- and
3'-polyacylated delphinidin derivatives that generate its distinctive colour. Here, we identified two modification genes PRBGLUL2
and PhSCPL2 in the anthocyanin metabolic pathway, which determine the formation of polyacylated delphinidin derivatives in
cineraria. RNAi-mediated silencing of these genes resulted in the transgenic lines exhibiting significantly reduced pigmentation,
resulting in faded or pale purple colours in ray florets and leaves. Further investigation revealed that co-expression of PRF3'S'H
and PhBGLUL2 in the leaves of pink cineraria enabled the detection of multiple polyacylated modified delphinidin derivatives
accumulating, The MYB activator PhMYB6 was shown to directly activate the transcription of PRF3'5'H and PREGLU1 2, thereby
promoting polyacylated anthocyanin biosynthesis. Electrophoretic mobility shift assay (EMSA) and dual-luciferase assay
demonstrated that PAWREKY44 influences the anthocyanin metabolic pathway by directly activating the expression of PhMYB6.
Notably, PRWRKY44 expression was reciprocally regulated by PRMYB6, establishing a mutually reinforcing positive feedback
loop. Functional validation demonstrated that silencing PhWRK Y44 reduced anthocyanin accumulation in cineraria. These find-
ings reveal an intricate process and regulatory module for the biosynthesis of polyacylated anthocyanins and provide genetic
resources for the molecular breeding of blue ornamental varieties.

1 | Introduction in the floriculture industry (Dyer et al. 2021). From an evolu-

tionary perspective, blue pigments serve as visual cues for pol-
Flower colour is a critical phenotypic trait in ornamental plants, linators, attracting them to the flowers and thereby improving
exhibiting extensive naturally occurring colour variation the plant's chances of reproduction (Dyer et al. 2006). While blue
(Noda 2018). However, pure and vibrant blue remains excep-  floral pigmentation mechanisms exhibit diversity, they all pos-
tionally scarce within angiosperm species. Due to the frequent sess highly complex anthocyanin structures ensuring the chro-
preference for blue, flowers with blue hues are highly favoured matic stabilisation in weakly acidic or neutral environments

se, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and ne medifications or adaptations are made

ons Attribution-NonCommercial-NoDerivs
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The cultivation and domestication of roses reflects cultural exchanges and
shiftsin aesthetics that have resulted in today’s most popular ornamental
plant group. However, the narrow genetic foundation of cultivated roses
limits their further improvement. Wild Rosa species harbour vast genetic
diversity, yet their utilization is impeded by taxonomic confusion. Here

we generated a phased and gap-free reference genome of Rosa persica for
phylogenetic and population genomic analyses of a large collection of Rosa
samples. The robust nuclear and plastid phylogenies support most of the
morphology-based traditional taxonomy of Rosa. Population genomic
analyses disclosed potential genetic exchanges among sections, indicating
the northwest and southwest of China as two independent centres of
diversity for Rosa. Analyses of domestication traits provide insights into
selection processes related to flower colour, fragrance, double flower and
resistance. This study provides a comprehensive understanding of rose
domestication and lays a solid foundation for future re-domestication and
innovative breeding efforts using wild resources.

The domestication of ornamental plants by humans spans a history of
approximately 5,000 years', This process has not only created colour-
ful civilizations but also witnessed the continuous pursuit of aesthetic
values by human society. Successive rounds of breeding and selection
have shaped the appealing traits of ornamental plants, Despite their
appeal, a potential consequence of this process is a rapid decline in
genetic diversity, a result of short-term selection pressure withina
limited genetic pool’, particularly associated with the reduction or loss
of resistance. Wild related species play central roles in modern plant

breeding”. Their rich genetic diversity can accelerate the improve-
ment and deployment of new varieties, while introducing favourable
alleles for targeted traits’. The strategy of introducing wild resources
and expanding genetic backgrounds for the cultivation of ornamental
plants has received considerable attention from breeders aiming to
promote the sustainability of the ornamental plant industry”.
Roses—known as the ‘queen of flowers'—belong to the genus
Rosa in the Rosaceae family. As the most successfully domesticated
ancient ornamental plants, roses have been regarded as a symbol

'State Key Laboratory of Efficient Production of Forest Resources, Beijing Key Labaratory of Ornamental Plants Germplasm Innovation and Molecular
Breeding, National Engineering Research Center for Floriculture and School of Landscape Architecture, Beijing Forestry University, Beijing, China.
“College of Life Sciences, Fujian Nermal University, Fuzheu, China. *Plant Breeding, Wageningen University & Research, Wageningen, The Netherlands,
‘Key Laboratory of Plant Diversity and Specialty Crops, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming, China.

e-mail: yuchao@bjfu.edu.cn
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Summary

Prunus mume, an important ernamental woody plant in the Rosaceae family, contains many
interspecific hybridizations. Purple colour is a breeding trait of aesthetic value for P mume, but
little is known about the orgin and genetic architecture of this trait. Here we address these issues
by producing a haplotype-resolved genome from an interspecific hybrid cultivar of £. mume (M)
and P, cerasifera 'Pssardii’ (), named & mume Meiren', followed by a detailed molecular
characterization. The final length of the diploid genome is 499.47 Mb, with 250.66 Mb of
haplotype b (HM) and 248.79 Mb of haplotype C (HC). Approximately 95.42% (476.61 Mb) of
the phased assembly is further anchored 1o 16 homologous chromosomes, Based on the
genomic variation, we identify a 1.8 Mb large-fragmented inversion (IMV} on chromosome 1b of
HC, which co-segregates with purple colour traits of 'Meiren’ inherted fram its purple C parent
‘Fissardii’. We find that a MYB transcription factor, PmmMYET0.5h, resides at the distal
breakpoint of the INV, which displays consistent allele-specific expression (ASE). By directly
binding to the promoter of anthocyanin symthetic alleles, PromtAYET 0.5 serves as a co-activator
to promote anthocyanin accumulation in 'Meiren” organs. Motably, the INV identified in ‘NMeiren'
i5 generated from 'Pissarchi’ rather than P, cerasifers, which alters the promoter sequence of
PormAdYE10.5b, activates its expression and results in the purple colour trait. Results from this

Keyworlis: genetic architecture,
haplotype gename assembly, imersion,

purple colaur, Prunus murme,
arnamental plant.

study shed light on the evolutionary ongin of purple colour in "Meiren' and could potentally
provide guidance on the genetic improvermnent of colour traits in armamental woody plants

Introduction

In mature, the majority of plants appear green in colour via their
chlorophyll. However, there is also a qroup of plants that appear a
different colour because of the green pigment covered up by
some other pigments. A unigue colour of great evolutionary and
omamental significance for plants, purple has increasingly
attracted a considerable interest of plant biologists and evolu-
tienary biologists (Dalrymple et al, 2020; Hempel et al,, 2015;
Hughes and Lev-Yadun, 2023; Sapir et al.,, 2021; Surmacz, 2023).
The main component of purple-red pigments is water-soluble
anthocyanin (K&Y et al, 1981), whose accumulation is closely
related to flavonoid-anthocyamin secondary metabolites (Jaa-
kola, 2013; Lepiniec et af, 2006). Previous studies show that
anthocyanin bicsynthess is regulated by transcnption factors (TFs)
R2ZRI-MYE, DHLH, and WD40 repeat protein complexes, known
as MYE -bHLH- WDR iMBW) iDubos et al., 2010; Jaakola, 2013;
Koes et al,, 2005; Xu ef ai, 2014). The Rosaceae family include a
diverse range of horticultural and armamental species, in which
substantial variations in colour are observed for flowers, fruits and
leaves. In Prunug genus, numercis gene loci have been
characterized for the colours of leaves, fruits and flowers, such
as leaf colour (Gr), fruit skin colour (3c), and flower colour {Fo)
(Shimada et al,, 2000, Toshiva Yamamoto et al, 2001). Locating

in the Gr interval, RZR3-MYE PoMYEI0.4 was identified to
regulate anthocyanin pigmentation in peach leaf (Zhou et al,,
2014). A total of & MYE activators, that is, FoMYBIO.1-
POMYB10.6, homelogues of AtMYB114 (Heppel et al, 2013),
were found to mediate anthotyanin accumulation in various
organs, such as leaf, flower, peel, and fruit flesh in paach cultivars
{(Hui et al, 2016; Rahim et al, 2014; Ravaglia et &/, 2013; Tuan
et al, 2015 Zhou ef al, 2014, 2018a,b). Also, PsMYE10s were
identified to regulate the anthocyanin accumulation of red fruit
peel and flesh {Fang et al, 2021; Fiol et al, 2021) in Frunus
salicina. However, researches on colour trait mostly focus an the
excavation and role of key genes in Prunus, with few studies
ravesling the origin of purple from the perspective of genetic
evolution.

Interspecific hybridization 15 a common breeding approach
that drives the fusion of allelic gene information in species and
accelerates evolution (Huang et al., 2023; Shin et al, 2022).
Heterosis is primarily attributed to the complementary effects
between the genomes of the parental lines, exhibiting stronger
performance in some relative trams. With the presence of
high-throughput sequencing, research on the molecular mech-
anisms of heteross is gradually involved, and allele-specific
exprassion (ASE) is considerad one of the important mechanisms
for explaining heterosis (Wang er af, 2022). On the conteary,
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\®|check for updates Rose is an important ornamental crop cultivated globally for perfume pro-
duction. However, our understanding of the mechanisms underlying scent
production and molecular breeding for fragrance is hindered by the lack of a
reference genome for tea roses. We present the first complete telomere-to-
telomere (T2T) genome of Rosa gigantea, with high quality (QV > 60),
including detailed characterization of the structural features of repetitive
regions. The expansion of genes associated with phenylpropanoid biosynth-
esis may account for the unique tea scent. We uncover the release rhythm of
aromatic volatile organic compounds and their gene regulatory networks
through comparative genomics and time-ordered gene co-expression net-
works. Analyzes of eugenol homologs demonstrate how plants attract polli-
nators using specialized phenylpropaneids in specific tissues. This study
highlights the conservation and utilization of genetic diversity from wild
endangered species through multi-omics approaches, providing a scientific
foundation for enhancing rose fragrance via de novo domestication.

As the ancestor of tea roses, Rosa gigantea (RG) contributed to the tea
scent, yellow color, large flowers, and vigorous growth of modern
roses. Before the 17th century, roses were widely cultivated in the East
and West"". After the establishment of sea lines of communication,
Western botanists discovered Chinese roses, with a unique scent
characterized by a subtle medicinal fragrance and gentle, refreshing
sweetness, described as a tea scent by Westerners because it was
reminiscent of another Famous import from China, green tea’, The wild
tea rose R gigantea, with the typical tea scent and large yellow flowers,
formed the early tea roses (Supplementary Fig. 1). Two famous Chinese
garden roses, ‘Hume's Blush Tea-scented China' and Parks' Yellow Tea-
scented China’, were introduced from China to England and then to
France in the early 19th century®. Together with . chinensis '01d Blush”

and R chinensis var, sempenflorens, gene exchange between these
varieties and European roses started the first revolution in rose
breeding’. Symbolized by La France' in 1867, Hybrid Tea Rose became
the most popular owing to its large diameter, high-centered shape,
single long stem, and diverse colors”,

Human intervention has generated roses with highly diverse col-
ors, covering all shades except blue, but a limited fragrance, with a
single characteristic scent. Hybrid Tea Rose has been continuously
improved to create colorful hybrid roses’. Currently, most popular cut-
flower roses are derived from Hybrid Tea Rose”. The aromatic trait has
been neglected during the breeding process, and the tea scent has
been lost®. In addition, to ensure a stable quality, oil roses with the
classic scent have been propagated through strictly asexual

'State Key Laboratory of Efficient Praduction of Forest Resources, Besjing Key Laboratory of Ornamental Plants Gesmplasm Innovation and Molecular

Breeding, National Engineering Research Center for Floriculture, Beifing Laboratory of Urban and Rural Ecological Environment and School of Landscape
Architecture, Beijing Forestry University, Beifing, China, “College of Life Sciences, Fujian Normal University, Fuzhou, China, *ey Laboratory of Malecular
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transcription factors for anthocyanin biosynthesis and
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Abstract

Cineraria (Senecio cruentus) is an ornamental plant with pure colour and bicolour cultivars, widely used for landscaping. Anthacyanin
biosynthesis influences coloration patterns in cineraria. However, how anthocyaning accumulate and distribute in cinerariais poorly
understood. This study investigated the molecular mechanisms underlying anthocyanin biosynthesis and bicolour formation in
cineraria using pure colour and bicolour cultivars. Transcriptome and gene expression analysis showed that five genes, ScCHSZ,
S¢F3H1, ScDFR3, ScANS, and SchHLH17, were inhibited in the white cultivar and colourless regions of bicolour cultivars. In contrast,
two MADS-box genes, ScAG and ScAGL11, showed significantly higher expression in the colourless regions of bicolour cultivars. ScAG
and ScAGL11 were localized in the nucleus and co-expressed with the bicolour trait. Further functional analysis verified that ScAG
inhibits anthocyanin accumulation in tobacco (Nicotiana tabacum), However, virus-induced gene silencing (VIGS) experiments showed
that silencing of ScAG and ScAGL11 increases anthocyanin content in cineraria leaves. Similar results were observed when ScAG
and 5¢AGL11 were silenced in the cineraria capitulum, accompanied by the smaller size of the colourless region, specifically in the
ScAG/5cAGL11-silenced plants, The expression of 5¢CHS2, S5cDFR3, and ScF3H1 increased in silenced cineraria leaves and capitulum.
Furthermore, yeast two-hybrid and bimolecular fluorescence complementation experiments demonstrated that ScAG interacts with
5cAGL11. Moreover, ScAG directly inhibited the transcription of 5¢F2H1 while ScAGL11 inhibited 5cDFR2 expression by binding to their
promoters separately. The iindings reported herein indicate that ScAG and S5cAGL11 negatively regulate anthocyanin biosynthesis in
cineraria ray florets, and their differential expression in ray florets influences the bicolour pattern appearance.

Introduction

Cineraria (Senecio cruentus) is an important ormamental
plant with variable flower colours applied in landscaping.
Cur previous study identified pelargonidin, cyanidin, and
delphinidin as the main pigments in pink, carmine, and
blue cineraria cultivars, respectively [1]. These findings
indicated cineraria as an ideal material for studying the
regulation of anthocyanin metabolite branch biosynthe-
sis. Most plant species show limited colour phenotypes
due to specific anthocyanin deficiency [2, 3], negatively
influencing their omamental and econamic wvalue,
Howewver, cinerarias have many colouration pattems
including pure colour and bicolour types (Fig. 1a).
Most bicolour cineraria exhibit colour differences at
the basal section of the ray florets near the stamens
and pistils, which is more attractive for pollinators.
Thus, the bicolour pattern is more biologically and
evolutionarily valued than the pure colour trait. However,

the transcriptional mechanisms regulating anthocyanin
accumulation and bicolour formation in cineraria are
unclear,

Transcription factors (TFs) are key for anthocyanin
accumulation as they regulate the anthocyanin biosyn-
thesis pathway [ABF)-related genes, including the MYB-
bHLH-WD40 (MBEW) complex [4]. In red-centred kiwifruit
(Actinidia chinensis) [5], apple (Malus spp) [6], Trifolium
repens [7], monkeyflower (Mimulus lewisii) [8], and Ly {Lil-
ium spp.) [9-11], the MBW complex activates anthocyanin
accumulation, and contributes to the formation of
differential coloration phenotypes (spotted, blotch, and
bicolour traits). Nevertheless, TFs that negatively regu-
late anthocyanin biosynthesis have also been reported,
such as FtMYB18, PuMYBS7, and PpMYB18, which
repress anthocyanin accumulation in Tartary buckwheat
(Fagopyrum tataricum) [12], poplar (Populus spp.) [13], and
peach (Prunus persica) [14], respectively. Additionally,

Received: 11 August 2021; Accepted: 7 March 202%; Published: 23 March 2022; Corrected and Typeset: 17 June 2022
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