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Phenotypic and genomic signatures across 
wild Rosa species open new horizons for 
modern rose breeding

Bixuan Cheng    1, Kai Zhao    2, Meichun Zhou    1, Peter M. Bourke    3, 
Lijun Zhou    1, Sihui Wu    1, Yanlin Sun1, Lifang Geng1, Wenting Du    1, 
Chenyang Yang    1, Juntong Chen4, Runhuan Huang1, Xiaoling Tian    1, 
Lei Zhang1, He Huang1, Yu Han1, Huitang Pan1, Qixiang Zhang    1, Le Luo    1 & 
Chao Yu    1 

The cultivation and domestication of roses reflects cultural exchanges and 
shifts in 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 years1. 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 within a 
limited genetic pool2, particularly associated with the reduction or loss 
of resistance. Wild related species play central roles in modern plant 

breeding3. Their rich genetic diversity can accelerate the improve-
ment and deployment of new varieties, while introducing favourable 
alleles for targeted traits4. 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 industry5.

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 
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364.44 Mb for haplotype 1 (Hap 1) and 363.41 Mb for haplotype 2  
(Hap 2). Using the unified telomere repeat (‘AAACCCT’) as sequence 
query, we identified 28 telomeres (14 for each haplotype; Supplemen-
tary Fig. 4). The 14 centromeric regions of both haplotypes were also 
detected, ranging from 1.1 to 4.3 Mb, with an average length of 2.2 Mb 
(Supplementary Table 5).

The quality and completeness of the assembly were evaluated 
(Supplementary Table 6) and compared to published Rosa genomes 
(Supplementary Table 9). Evaluation of Benchmarking Universal 
Single-Copy Orthologs (BUSCO) showed that 98.90% of the ortholo-
gous gene sets were present for both haplotype genomes. Second, the 
quality values were 66.16 (Hap 1) and 65.42 (Hap 2), which highlighted 
the high accuracy of the assembly. Third, the long terminal repeat (LTR) 
assembly index (LAI) and mapping rates of both haplotypes indicated 
that the assembly was of very high quality (Supplementary Table 6).

Totals of 32,351 (Hap 1) and 32,408 (Hap 2) protein-coding genes 
were predicted (Supplementary Table 7). The R. persica genome anno-
tated 52–54% of repetitive sequences, most of which are LTR sequences 
(LTRs) (~34%) (Supplementary Table 8). LTR contents are the major 
factors contributing to variations in genome sizes28,29. Comparison of 
published Rosa genomes shows that repeat sequences contribute the 
majority of Rosa genomes (47.92–67.90%; Supplementary Table 9).  
Further comparison between R. persica and R. chinensis ‘Old Blush’ 
showed that R. chinensis ‘Old Blush’ had higher LTR contents and expe 
rienced a large-scale LTR insertion burst in recent times (Supplementary  
Fig. 5a), which may have led to its larger genome size.

R. persica did not undergo a whole genome duplication event  
(Supplementary Fig. 5b), which is consistent with the results of collin-
earity analysis of R. persica and R. chinensis ‘Old Blush’10 (Supplemen-
tary Fig. 5c). Further analysis using 11 Rosaceae species identified a total 
of 11,072 shared orthogroups, 707 of which were entirely single-copy 
genes (Supplementary Table 10). This core Rosaceae single-copy gene 
set was used for further phylogenetic studies.

Resequencing and phylogenetic analyses of Rosa accessions
To fully examine the phylogenetic relationships within this genus, this 
paper presents a large collection of Rosa samples (Fig. 1). Because of 
the similarity of phenotypic characteristics, misidentifications in Rosa 
accessions have been common. First, we conducted a detailed examina-
tion of Rosa species recorded in Flora of China25. Based on years of field 
investigations, combined with phenotypic measurements, specimen 
comparison and phylogenetic results, we have revised the classification 
of several species, as detailed in Supplementary Notes. Subsequent 
analyses were based on current revisions, which were also supported 
by previous studies (Supplementary Notes). After meticulous iden-
tification, we assembled a total of 205 Rosa accessions, covering all 
3 subgenera and 10 sections within the genus Rosa (Extended Data 
Figs. 1 and 2). This collection encompasses 84% (80/95) of Rosa species 
documented in Flora of China (Supplementary Table 11). In addition, 
this study includes newly published Rosa species/varieties30–33, as well 
as subspecies, varieties and cultivars that were recorded in local flora 
literature but not included in the Flora of China. We also included 47 
rose cultivars, 27 of which are ancient roses, and examples of others 
are ‘Eyes for you’ and ‘Tianshan’ cultivars.

We compiled ploidy information for most of our accessions (Sup-
plementary Table 12), among which the ploidy levels of 108 Rosa species 
were confirmed through chromosome observation. The ploidy infor-
mation of other materials was accessed through previously reported 
studies. The ploidy of collected materials ranged between 2x and 10x. 
However, most were diploid (~70%).

Whole-genome resequencing was performed on the above 
materials, and high-quality Illumina sequencing data with an average 
read-depth of 30× were obtained. In addition, we collected data of 10 
published accessions, resulting in a total of 215 high-quality datasets 
for the genus Rosa (Supplementary Table 13). These data were aligned 

of love and beauty from antiquity to modern times6. Today, roses 
are the most extensively cultivated ornamental plants. Their annual 
global trade represents 30% of the cut flower market (www.aiph.org/
statistical-yearbook), and the number of rose cultivars has exceeded 
35,000 and continues to grow. Nevertheless, the origin of most rose 
cultivars dates back to relatively recent times7,8, following the breeding 
renaissance, which occurred in the late eighteenth century. Crosses 
among ancient Chinese roses, wild Rosa species and European old 
cultivars resulted in the first notable revolution in rose breeding, intro-
ducing traits of recurrent blooming as well as rich colour and fragrance. 
Until today, with only eight to ten wild Rosa species contributing to the 
genesis of modern roses9,10, the cultivated rose population has revealed 
a constrained genetic foundation11–13. This makes it difficult to achieve 
breakthroughs in breeding efforts.

Global climate changes are driving rose breeding practice toward 
strong resistance and low maintenance, which urgently necessitates the 
introduction of genetic resources from wild relatives. The utilization 
of wild resources is based on comprehensive understanding of both 
their phylogenetic relationships and evolutionary history. However, 
wild Rosa species have not been systematically studied at the genus 
level in sufficient detail. Abundant phenotypic variation, together with 
frequent hybridization and polyploidization events at the genus level, 
has led to widespread discrepancies and taxonomic confusion in the 
genus Rosa14–16. The current conventional taxonomy of the genus Rosa 
still relies on work based on morphological characters, categorizing 
this genus into 2–4 subgenera, and subgenus (subg.) Rosa is further 
divided into 10–12 sections17–19. Numerous studies have attempted to 
clarify the phylogenetic relationships within this genus at the molecular 
level, but these efforts have consistently resulted in conflicting conclu-
sions, failing to support the current morphologically based taxonomy. 
This has hindered the further utilization of wild Rosa resources.

With existing studies mostly focusing on rose cultivars, the assem-
blies of several Rosa genomes have traced the genetic origin of modern 
roses10,20, thus laying the foundation for understanding the molecular 
mechanisms underlying important traits21–24. By contrast, most wild 
Rosa resources remain understudied, yet they represent invaluable 
materials for the breeding and phylogenetic research of this genus16. 
China is one of the primary centres of distribution and diversity of Rosa 
species, with more than 95 locally distributed species25. The develop-
ment of sequencing technology has made it possible to study these 
wild resources at the genus level. In this study, we used sequence-based 
whole-genome analyses on a large collection of Rosa samples. Based 
on a telomere-to-telomere assembly of the early diverging wild Rosa 
species Rosa persica26, we propose a robust and comprehensive Rosa 
phylogeny. By uncovering the botanical origin, phylogenetic relation-
ships and evolutionary history of Rosa, this study lays a solid founda-
tion for the utilization of wild Rosa resources. The aim is to assist in the 
re-domestication and revolutionary breeding works of modern roses.

Results
Telomere-to-telomere genome assembly of R. persica
To better explore the systematic evolution of Rosa and the domestica-
tion process of important traits, we generated a phased and gap-free 
genome of R. persica (2n = 2x = 14). Flow cytometry analysis revealed 
that R. persica had an estimated genome size of 0.37 Gb (Supplemen-
tary Table 1 and Supplementary Fig. 1a), which was similar to the size 
estimated by K-mer analysis (0.35 Gb, Supplementary Fig. 1b). We 
obtained a total of 86.56 Gb (247×) PacBio high-fidelity (HiFi) reads 
and 55.37 Gb chromosome conformation capture (Hi-C) data (Sup-
plementary Table 2) for genome assembly. Initial assembly yielded two 
different haplotypes for the diploid R. persica genome (Supplementary 
Table 3 and Supplementary Fig. 2). A haplotype-resolved assembly was 
obtained with zero gaps in the genome after scaffolding contigs using 
Hi-C data and gap-closing with quarT2T27 (Supplementary Table 4 
and Supplementary Fig. 3). Final assembly obtained total lengths of 
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to the reference genome of R. persica Hap 1 for variant calling, and 
high-quality single-nucleotide polymorphisms (SNPs) were obtained 
for subsequent analysis.

Based on the genomic location of 707 single-copy nuclear genes, 
we obtained 6,048 conserved SNPs (single-copy SNPs), which were used 
to construct a robust phylogenetic tree across the whole genus (Fig. 2 
and Supplementary Fig. 6). This phylogeny assigns a distinct basal posi-
tion to subg. Hulthemia (clade A). The largest subgenus (subg. Rosa) 
was resolved as paraphyletic with two well-supported clades (clades 
B and C). Clade B consisted of R. stellata from subg. Hesperhodos and 
a clade of section (sect.) Pimpinellifoliae, which is mainly distributed 
in northern China. These diverging clades appeared as early derived 
groups within subg. Rosa. Species from other sections formed clade C. 
Specifically, sect. Bracteatae, sect. Laevigatae and sect. Banksianae, all 
mainly distributed in southern China, appeared as sister groups to each 
other and formed a clade C1. Taxa from sect. Microphyllae belonged to 
the diverging clade (clade C2), while clade C3 included all taxa from sect. 
Rosa. Clade C4 consisted of a wide range of recently derived materials, 
including a subclade of ‘Tianshan’ cultivars with ancestry from R. laxa; 
a subclade consisting of accessions of European background, including 
sect. Caninae, sect. Gallicanae and R. arvensis; and finally, the nested 
subclade of sect. Synstylae, sect. Chinenses and cultivated roses.

We also assembled the plastomes of 205 Rosa accessions based on 
sequencing data and used annotated coding sequences to reconstruct 
a plastid phylogeny of Rosa. Phylogenies inferred from plastid data 
produced similar results to nuclear-based analyses, where samples 
from different sections were basically clustered together (Extended 
Data Fig. 3). However, incongruencies were still evident between trees, 
and the positions of certain material were rearranged. Examples are  
R. spinosissima and R. platyacantha of sect. Pimpinellifoliae,  
R. pseudobanksiae and R. × fortuneana of sect. Banksianae, and R. glom-
erata of sect. Synstylae. Among the incongruencies between the nuclear 
and plastid trees, subg. Hesperhodos (R. stellata) was identified as the 
basal position of the plastid tree, while it was in the second-diverging 
clade of the nuclear tree. Subg. Rosa was paraphyletic in the plastid 
tree but monophyletic in the nuclear tree. Subg. Hulthemia (R. persica) 
was included within sect. Pimpinellifoliae in the chloroplast tree, while 
it was a sister to what remained of the genus in the nuclear tree. Two 
major clades were found, and ‘Tianshan’ cultivars were clustered within 
a well-resolved subclade, together with their parental material R. laxa. 
Sect. Synstylae, sect. Chinenses and cultivated roses together formed 
a nested subclade.

Ancestral state reconstruction of major traits in Rosa
The reconstruction of ancestral character states for five morphological 
characters provide insights into the evolutionary history of important 
traits of Rosa. Using maximum parsimony and maximum likelihood 
methods, we obtained similar results, namely, that solitary, simple flow-
ers and yellow colour with no petal spots are inferred as ancestral traits 
of Rosa. The leaflet number underwent multiple transition events in 
the phylogeny, and the highest probability of the ancestral state was 
seven leaflets (P = 0.37) (Fig. 3a). Regarding the number of petals, both 
methods suggested that the ancestral state was simple flower (Fig. 3b). 
The double flower trait was retained in the common ancestor node of 
sect. Synstylae, sect. Chinenses, sect. Caninae and cultivated roses. The 
ancestral trait for the flower inflorescence organization was solitary 
flowers (Fig. 3c). The transition from solitary flowers to corymb or com-
pound inflorescence may have occurred twice in the phylogeny. The 
first transition was observed on the branch leading to sect. Banksianae, 
while the second was in the clades of sect. Synstylae and cultivated roses. 
Potential genetic exchanges were observed between sect. Banksiae and 
sect. Synstylae (Fig. 5b). It is thus possible that this trait was first acquired 
from sect. Banksiae and subsequently passed down to these recently 
derived groups. Although R. persica is relatively primitive within Rosa, 
both methods match in that they suggest that the ancestral state had no 
petal spot. The petal spot for wild taxa appeared only in R. persica and 
was introduced into cultivated roses, particularly in the ‘Eyes for you’ 
cultivar group, through recent breeding process (Supplementary Fig. 7).

For flower colour, to reconstruct ancestral states, we used grading 
traits as discrete characters and RGB values (red, green and blue color 
model) as continuous characters (Fig. 3d). The results consistently 
identified yellow flowers as the ancestral trait of Rosa. Flower colour 
transitioned from yellow (subg. Hulthemia and subg. Pimpinellifoliae) 
and white (sect. Banksianae) to red/pink colours during evolution 
and domestication processes. During domestication and selection, 
traits such as double flowers and vibrant colours have been long-term 
breeding targets, which potentially lead to considerable differences 
in the characteristics of modern roses compared to their ancestral 
states. This reflects the influence of human selection on the evolution 
of ornamental traits. It also indicates that the contributions of primi-
tive materials, such as R. persica, to modern roses are relatively small.

Population structure discloses differentiation within Rosa
The results of a principal component analysis (PCA) based on sequenc-
ing data of 215 samples indicated that PC1 (51.1%) generally separates 
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Fig. 1 | Geographical distribution of core Rosa accessions. The collected subg. 
Hesperhodos accession originates from North America. Accessions in sect. 
Caninae and sect. Gallicanae originate from Europe, as shown in the left plate. All 
other accessions were collected from China, as shown in the right plate. The small 

pie charts correspond to the percentages of collected Rosa accessions covered in 
the subgenus/section. Map data from the National Standard Map Service System 
(http://bzdt.ch.mnr.gov.cn/; source number GS(2016)1613) (left) and Google 
Earth, SIO, NOAA, US Navy, NGA, GEBCO (right).
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early differentiated accessions from recently differentiated accessions 
(Fig. 4a). The early diverging accessions from subg. Hulthemia, subg. 
Hesperhodos, sect. Pimpinellifoliae and sect. Rosa clustered together, 
while the recently differentiated sect. Synstylae, sect. Chinenses and 
cultivated roses also clustered together.

Population structure analysis was conducted using ADMIXTURE 
(v.1.3.0). With the optimal solution at nine populations (K = 9) (Sup-
plementary Table 14), the population structure corresponded well 
with the phylogenetic tree (Fig. 4d). In addition, the topological differ-
ences between the chloroplast and nuclear tree were also supported 
by the results of population structure analysis. Species that differen-
tiated early in the phylogenetic tree showed a relatively consistent 
genetic background, indicating fewer inter-specific hybridization 
events. R. platyacantha, R. foetida and R. spinosissima shared a hybrid 
background of both sect. Pimpinellifoliae and sect. Rosa, suggesting 
that these accessions may be natural inter-specific hybrids. Poten-
tial genetic exchanges were also observed between sect. Banksianae 
and sect. Synstylae, with R. pseudobanksiae, R. × fortuneana and  
R. uniflora showing mixed genetic compositions. Accessions with 

European background in sect. Caninae and sect. Gallicanae had hybrid 
origins. The genetic composition of cultivated roses almost entirely 
originated from sect. Chinenses and sect. Synstylae, further corrobo-
rating that species in these two sections were the main contributors 
to the cultivated roses34.

We further divided the 215 accessions into an early differentiated 
group (group 1) and a recently differentiated group (group 2), based 
on the results of population structure, PCA and phylogenetic analysis. 
Moreover, within group 2, the wild species (group 2-W) and cultivated 
roses (group 2-C) were separated. Linkage disequilibrium analysis of 
the three groups indicated that group 1 showed the fastest linkage 
disequilibrium decay, followed by group 2-W, with group 2-C show-
ing the slowest linkage disequilibrium decay (Fig. 4b). Calculation of 
nucleotide diversity (π) for the three groups showed that group 1 had 
the highest nucleotide diversity (π = 1.33 × 10−2), followed by group 
2-W (π = 1.13 × 10−2). With a value of 1.08 × 10−2, cultivated roses showed 
the lowest nucleotide diversity (Fig. 4c). These results suggest that 
artificial selection during the domestication process of roses has led 
to a decrease in population genetic diversity.
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Retracing the origin and demographic history of Rosa
Geographical information of Rosa species indicated two distinct distri-
bution areas in China (Fig. 5e and Extended Data Fig. 4). TreeMix (v.1.13) 
and structure analyses found no gene flow among early-derived species 
distributed in the northwest (subg. Hulthemia and sect. Pimpinellifoliae) 
and southwest (sect. Banksianae) of China; the fixation index (FST) value 
of 0.16 was found between sect. Pimpinellifoliae and sect. Banksianae 
(Fig. 5c). We thus suggest that there are two diversification centres for the 
genus Rosa, one in the northwest and the other in the southwest of China. 
TreeMix and D-statistic (Fig. 5a,b and Supplementary Table 15) identified 
gene flow between sect. Rosa and sect. Pimpinellifoliae, both of which are 
mainly distributed in the northern area of China. Gene flow between sect. 
Synstylae and sect. Banksianae was also detected, with a low fixation index 
(FST = 0.11). According to the similar geographical distributions between 
these sections, it can be inferred that sect. Rosa originated from sect. 
Pimpinellifoliae, while sect. Synstylae originated from sect. Banksianae. 
Little genetic differentiation was found between sect. Chinenses and 
sect. Synstylae (FST < 0.05). Together with the phylogenetic results, it is 
suggested that sect. Chinenses originated from sect. Synstylae and that 
the divergence between them happened relatively recently.

We selected sections with sufficient sample size and performed 
effective population size analysis using Stairway Plot (v.2.1) (Fig. 5d). 
Previous studies have shown that Rosa species diverged at approxi-
mately 6 Ma (million years ago)22,23,35. Population dynamics analysis 
showed that the first population bottleneck in Rosa occurred after 
approximately 6 Ma, during the transition period between the Miocene 
and the Pliocene36. This population bottleneck promoted differentia-
tion among Rosa sections.

During this period, sect. Banksianae underwent significant dif-
ferentiation from others. This differentiation may have been caused 

by significant geographic differences between the north and south 
of China during the late Tertiary Himalayan orogeny (approximately 
23–1.6 Ma), thus accelerating population divergence. The second popu-
lation bottleneck occurred during the Last Glacial Maximum (approxi-
mately 26.5–19 ka (thousand years ago)), which was characterized by a 
significant decrease in global temperature and precipitation37, resulting 
in a continuous decline in Rosa population size. The effective popula-
tion size of sect. Banksianae recovered at around 0.2 Ma and remained 
stable thereafter, possibly because of its wide geographic distribution 
and greater number of species within the group. Sect. Synstylae, sect. 
Chinenses and rose cultivars in group 2 showed similar trends, indicat-
ing that these populations did not undergo significant differentiation.

Identification of genomic footprints of domesticated traits
To further examine selected loci during the rose domestication pro-
cesses, we conducted selective sweep analysis between group 1 and 
group 2, as well as between group 2-W and group 2-C (Fig. 6b and Sup-
plementary Table 16). Selective sweeps that were identified between 
group 1 and group 2 were considered to be involved in the evolutionary 
history and domestication of Rosa species, and genes enriched for 
the Gene Ontology categories ‘trichome branching’, ‘toxin catabolic 
process’ and ‘glutathione transferase activity’ (Supplementary Fig. 8a). 
Sweeps identified between group 2-W and group 2-C were primarily 
related to the recent domestication of cultivated roses. Genes under 
selection between group 2-W and group 2-C were enriched in ‘response 
to fructose’, ‘stem cell division’ and scent-related pathways, such as 
‘sesquiterpene metabolic process’ and ‘terpene synthase activity’  
(Supplementary Fig. 8b).

Flower colour is a critical domestication trait that has undergone a 
transformation from the ancestral traits of white/yellow to red and pink 
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colours that predominate in cultivated roses today. The formation of 
the petal colour is related to both carotenoid and flavonoid pathways. 
Here, genes involved in carotenoid synthesis were selected, includ-
ing 15-cis-phytoene desaturase, phytoene synthase and zeta-carotene 
isomerase. Genes such as flavonol synthase, flavanone 3′-hydroxylase 
and anthocyanidin 3-O-glucosyltransferase were identified in the 
selected regions on Chr1, Chr2 and Chr4. These genes are involved in 
flavonoid biosynthesis and glycosylation pathways38,39 (Supplementary 
Table 17).

Many V-myb avian myeloblastosis viral oncogene homolog‌ (MYB) 
transcriptional factors in the biosynthesis of anthocyanin and proan-
thocyanidins have been functionally characterized in roses10,21,40–42. We 
also found several R2R3-MYBs under selection. Phylogenetic analysis 
disclosed that these genes were clustered into S5, S7, S20 and S21 sub-
families (Supplementary Fig. 9). Haplotypes of two identified MYB 
genes, A002073.1 (group 1 versus group 2) and A014329.1 (group 2-W 
versus group 2-C), were significantly correlated with petal colours 
(Supplementary Figs. 10 and 11). Most of the red/pink petal colours 

were associated with Hap 1 of both genes, while petals with white/
yellow colours were associated with other haplotypes. It is worth not-
ing that these haplotypes were specific to certain groups of materials 
(Supplementary Figs. 10b and 11b), indicating their important roles in 
floral colour differentiation during the evolutionary process of roses. 
Specifically, Hap 1 of both genes represented a unique genetic feature 
of wild roses in group 1 because they were exclusive in materials from 
this group.

The fragrance of modern roses has been inherited from multiple 
ancestor species historically involved in rose breeding in the nine-
teenth century. However, many characteristic fragrances, especially 
in cultivars for cut flower productions, were lost during the breeding 
process in the twentieth century because the main breeding goals 
shifted toward long vase life and disease resistance. Here, in addition 
to genes responsible for flower colour, we also found genes associ-
ated with biosynthetic pathways of volatile compounds in selective 
sweeps. For instance, a terpenoid synthase gene (TPS) on Chr7, which 
was reported to be associated with the sesquiterpene germacrene D10,43, 
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was under selection. In the selective sweep region between group 2-W 
and group 2-C, genes related to floral scent were all distributed on Chr5, 
and loci overlapped with the previously identified quantitative trait 
loci (QTLs) of 2-phenyl ethanol44. We identified the key enzyme gene 
phenylacetaldehyde reductase, which is involved in the biosynthesis 
of 2-phenyl ethanol and rhodinol in roses45–47. Other genes related 
to terpenoid and phenypropanoid biosynthetic pathways, such as  
nerolidol s ynthas e,  eugenol s ynthas e,  and caffeoyl-C oA 
O-methyltransferase, were also under selection.

In contrast to wild accessions, in cultivated roses, the charac-
teristic of continuous flowering is particularly valued. We identified 
genes related to the continuous flowering trait between group 2-W and 
group 2-C, indicating that the continuous flowering trait is the result of 
recent selection events, rather than of long-term natural selection48. 
The Koushin (KSN) gene on Chr3 (14.6–15.6 Mb), which has been func-
tionally characterized as one of the key factors for the formation of 
continuous flowering10,24,48,49, was under selection. Results based on QTL 
analysis indicated that the continuous flowering trait is controlled by at 
least two loci10,50,51. We also identified flowering-promoting factor 1 and 
flowering time control protein at the selection loci on Chr4 (32–34 Mb). 
Flowering-promoting factor 1 has been proven to promote flowering 
in Arabidopsis52 and Fragaria vesca53. Flowering time control protein 

may be involved in regulating flowering through a thermosensory 
pathway54. This locus overlapped with the QTL region for flowering 
date identified previously55.

Genes related to floral organ development were identified in 
selection sweep loci on multiple chromosomes. In the genus Rosa, 
these genes may be associated with domestication traits such as petal 
number and inflorescence. The results of a genome-wide association 
study (GWAS) disclosed key QTLs for petal number (Fig. 6a and Sup-
plementary Fig. 12). APETALA 2-like was identified in the GWAS and FST 
overlapping locus on Chr3 (9.8–11.8 Mb) (Supplementary Table 18). The 
APETALA 2-like has been proven to be regulated by miR172 and deter-
mines the single/double flower trait in roses10,24,56,57. In this study, this 
gene was identified in both FST groups, indicating that it has been under 
continuous selection pressure. Interestingly, two SQUAMOSA-promoter 
binding-like (SPL) genes were also found to be under selection on 
Chr1, and SPL8 (A001449.1) was predicted to be the putative target 
of miR15610.

We also focused on genes associated with disease resistance 
mechanisms and certain defence response-related genes within the 
selected intervals. Gene homologues encoding proteins containing 
nucleotide-binding sites and leucine-rich repeat sequences and proteins 
with a central nucleotide-binding domain (NB-ARC) have been found 
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within several distinct peaks; all of these peaks are associated with gen-
eral disease resistance mechanisms58–60. In the selective regions between 
group 2-W and group 2-C, the most disease-resistance-related proteins 
were found to be distributed on Chr4, and a Bet v1 gene cluster was found 
in addition to nucleotide-binding sites and leucine-rich repeat sequence 
genes and NB-ARC genes (Supplementary Table 17). Bet v1 belongs to 
the PR-10 disease-related protein family; its expression can be induced 
by pathogen infection, mechanical injury or abiotic stress61,62.

Discussion
Towards a refined taxonomy of the genus Rosa
Linnaeus noted ‘Mihi videtur naturam miscuisse plures vel lusu ex uno 
plures formasse’ (It seems to me that nature has mixed several of them 
or, by game, formed several from one) when referring to the genus Rosa 
in Species Plantarum63. The identification and taxonomic analyses of 
Rosa species remain a true challenge, even today. Research has indi-
cated that misidentifications of samples have resulted in discrepan-
cies and low comparability between different phylogenetic studies 
of the genus Rosa26. In this study, after years of field investigations, 
a comprehensive collection of Rosa accessions was used, and these 
materials were re-identified and classified by two means: (1) based on 
specimens and morphological observations, materials with stable 
phenotypes from the Flora of China were merged and treated as the 
same species (Supplementary Notes), and (2) the wild types, varieties, 
and cultivars were finely divided. Population structure analysis fur-
ther validated our accurate identification of the materials. For exam-
ple, the single-petaled R. odorata and R. chinensis are wild materials 
with a homozygous genetic background, while the double-petaled  

R. chinensis ‘Old Blush’ originated from human selection and shows a 
stronger admixture component. In previous studies, these cultivars 
may have been treated as wild varieties, thus affecting the accuracy 
of the results.

Based on plant identification and whole-genome re-sequencing 
data, we present a comprehensive and robust phylogenetic analysis of 
the genus Rosa. Numerous phylogenetic analyses based on nuclear and 
plastid genes have suggested that the subg. Rosa was not monophyletic 
and that subg. Hesperhodos, subg. Hulthemia and subg. Platyrhodon 
should be classified at the sectional level14,64,65. Our phylogeny sup-
ports that most sections delimited by ref. 18 are monophyletic and that 
subg. Hulthemia shows a distinct basal position in the nuclear-based 
phylogeny, while subg. Hesperhodos formed an isolated clade at the 
base of the plastid phylogenetic tree. Recent studies have shown that 
subg. Hesperhodos and subg. Hulthemia have shown the highest genetic 
distance from other roses, suggesting that they are the only remaining 
descendants of an ancient group of roses26,66. Thus, we propose that 
these two subgenera should be retained.

Many phylogenetic studies found that sect. Synstylae and sect. 
Chinenses fall within the same clade64,66–68. Our results also showed that 
sect. Synstylae, sect. Chinenses and rose cultivars formed a clade within 
the phylogenetic tree and are further divided into several subclades. 
Population divergence analysis indicated that the genetic backgrounds 
of both sections were similar and had not yet fully differentiated. There-
fore, we suggest that sect. Synstylae and sect. Chinenses can be com-
bined and treated as different series within the same section.

Studies at the population level further confirmed the hybrid origin 
of certain Rosa accessions and clarified the phylogenetic relationships 
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line denotes the genome-wide significance threshold of 5.2, as determined 
using a Bonferroni test. b, Selective sweep analysis to identify candidate 
genes. The upper selective sweeps contrast group 1 and group 2 populations 
(improvement and domestication sweeps), while the lower panel contrasts group 
2-W and group 2-C populations (domestication sweeps). Gene abbreviations: 
SAM, S-adenosyl-L-methionine-dependent methyltransferase; AP2, APETALA2; 
CCoAOMT, Caffeoyl-CoA O-methyltransferase; RPPL, Disease resistance RPP-
Like; RLK, RLK-Pelle-DLSV family; AGL, AGAMOUS-Like; AP2L, APETALA2-Like; 

WUS, WUSCHEL; JGL, JAGGED-Like; Z-ISO, 15-cis-zeta-carotene isomerase; NCED, 
9-cis-epoxycarotenoid dioxygenase NXS, Neoxanthin synthase; DRRP, Disease 
resistance response protein; TPS, Terpenoid synthases gene; GDS, Germacrene 
D synthase; SPL, Squamosa promoter-binding-like protein; FLS, flavonol 
synthase; F3′H, flavanone 3′-hydroxylase; PSY, phytoene synthase; PTL, Petal 
Loss; TFL1, TERMINAL FLOWER 1; PDS, 15-cis-phytoene desaturase; RPW, Powdery 
mildew resistance protein; TMV, TMV resistance protein; 3GT, anthocyanidin 
3-O-glucosyltransferase; FPF, Flowering-promoting factor; FCA, flowering time 
control protein; ANR, Anthocyanin regulatory protein; NES, nerolidol synthase; 
PAR, phenylacetaldehyde reductase; EGS, eugenol synthase.

http://www.nature.com/natureplants


Nature Plants | Volume 11 | April 2025 | 775–789 783

Article https://doi.org/10.1038/s41477-025-01955-5

between species. R. foetida, R. platyacantha and R. spinosissima have 
a hybrid background between sect. Pimpinellifoliae and sect. Rosa, 
which is consistent with previous findings14,64,69. According to molecular 
and morphological evidence, R. pseudobanksiae had a hybrid origin 
between R. banksiae var. normalis and R. multiflora var. cathayensis70, 
which was corroborated in this study. The European accessions from 
sect. Caninae, sect. Gallicanae and R. arvensis formed one clade, indi-
cating that these materials have a relatively independent genetic back-
ground compared to Rosa species from China. Previous studies have 
shown that sect. Caninae originated from the hybridization between 
R. arvensis and R. majalis64,69. This study also found a hybrid origin of 
sect. Caninae. However, relatively few Rosa samples with European 
backgrounds were collected in this study. Further studies should be 
conducted using samples from different regions across the world 
because the limited geographical scope of sampling may have led to 
differences in phylogenetic analyses26. These studies should combine 
Rosa species with Asian, European and North American backgrounds 
for a more comprehensive analysis.

In an attempt to clarify the reticulated pattern within the genus, 
studies have increasingly used both chloroplast genes19,65–67 and nuclear 
genes15,71,72 to construct phylogenetic trees. However, differences in 
topological structures caused by hybridization, introgression and 
linked selection are likely to be common, especially in genera that 
have undergone rapid divergence and polyploidization events, such 
as the genus Rosa64,68. In addition, contrasting biological properties 
of the nuclear and plastid genomes, such as their modes of inherit-
ance, as well as recombination and evolutionary rates, may also lead 
to conflicting phylogenetic results73. Therefore, reliance on a single 
outcome is not sufficient for a comprehensive understanding. Based 
on the obtained high-quality whole genome information, we first used 
conserved single-copy nuclear markers, which have characteristics 
such as biparental inheritance and a high content of information. This 
tree successfully links the identified monophyletic clades with the 
traditional classification of the genus based on morphology. We also 
combined the results of plastid-based phylogeny and identified poten-
tial hybridization events. The nodes of both trees show high supporting 
rates (Extended Data Fig. 3). For deeper nodes, particularly within the 
nested subclade of sect. Synstylae, sect. Chinenses and rose cultivars, 
the nuclear-based phylogeny showed higher support rates compared 
to plastid-based analyses. In previous studies, short branch lengths 
with low support values were also observed in plastid phylogenetic 
trees15,66, suggesting simultaneous diversification of these sections.

Tracing back the evolutionary process of Rosa
Combining the population history and geographical distribution of 
the genus Rosa (Extended Data Fig. 4) suggests that the northwest 
and southwest of China represent two independent centres of diver-
sity of Rosa. Fossil and phylogenetic evidence suggest that the genus 
Rosa originated in Central Asia15. Based on population analysis, we 
believe that subg. Hulthemia originated in the northwest region of 
China, followed by differentiation and the earliest radiation of sect. 
Pimpinellifoliae64, representing the northern populations. The species 
in the northern populations had yellow flowers and a larger number of 
leaflets with smaller leaf size, which may be the result of adaptive evolu-
tion to reduce water loss caused by high latitudes and arid climates. The 
southwest diversity centre of Rosa originated from sect. Banksianae, 
characterized by white flowers, compound corymb inflorescences 
and the presence of fragrance, which may be related to a warm and 
humid climate74. We speculate that this geographical pattern of flower 
colour may also be influenced by pollinator behaviours across different 
regions. In the higher-latitude areas of northwest China, the flowers of 
Rosa are mostly bright yellow or even spotted, which can attract insect 
pollinators more effectively. The proportion of white flowers was higher 
in the south of China, indicating that here, flowers may mainly rely on 
scent to attract insect pollinators.

The Quaternary climate change and Himalayan orogeny provided 
new ecological niches for the vertical distribution of plants75,76. Gao 
and colleagues analysed the population history of two species in sect. 
Pimpinellifoliae, namely, R. sericea and R. omeiensis75,77. Their results 
suggest that climate change during the Last Glacial Maximum period 
led to a lower tree line, thus creating additional high-altitude habitats 
for cold-tolerant Rosa species and further promoting the divergence 
of the two species. By combining the geographic distribution of Rosa 
species, we speculate that changes in climate and topography have 
promoted the differentiation of Rosa species along mountain ranges77. 
There is formation of an expansion trend from northern and southern 
evolutionary centres towards the middle area. The unique geographi-
cal environment of the Qinling region fosters the diversity of the rose 
populations in the central area and facilitates the genetic exchange 
between the northern and southern regions, thereby giving rise to the 
more widely distributed sect. Rosa and sect. Synstylae. Sect. Chinenses 
and sect. Synstylae have undergone multiple hybridizations through-
out history68. Based on the results of this study, we believe that sect. 
Chinenses originated from sect. Synstylae and that the two sections 
have not yet fully differentiated.

Evolution of traits and identification of domestication loci
Ancestral trait reconstruction showed that the common ancestor of 
Rosa most likely showed single-petal flowers with yellow colour and 
seven leaflets. This inference is consistent with the number of leaflets 
observed in the fossil of the ancient rose R. fortuita78. The evolutionary 
process followed a trend of the loss of primitive yellow flowers and 
the emergence of diverse red/pink flowers in Rosa. The simultaneous 
selection of genes related to both carotenoid and flavonoid biosynthe-
sis may have led to these changes. During the domestication of Rosa 
in the nineteenth and twentieth centuries, red and pink flowers were 
the predominant rose colours. Despite the convergence of natural 
and human selection in the preference for flower colour, our results 
indicate that these two processes may have been driven by different 
selection loci. For example, we identified two MYB genes that may 
be involved in the formation of red/pink flowers. However, they were 
identified in different groups and loci and may have been subject to 
independent selective forces. Regarding rose scent, the characteristic 
scent compounds differ among wild and cultivated rose materials43,79. 
This means that the gain and loss of rose scent during domestication 
might follow different paths compared to the evolutionary process of 
the genus. Both processes may lead to variations in the functions of 
the enzyme involved in the scent compounds in plants79–81. This also 
explains why the genes identified in this study were involved in different 
bio-compound syntheses, which also showed that rose scent is formed 
by a multitude of traits driven by many genes and pathways. However, 
it is worth noting that the modern rose cultivars used in this study were 
under-represented for rose scent. Subsequent studies should con-
sider including more diverse germplasm to ensure a wider diversity 
of scent-forming compounds.

Flower colour and scent are biochemically interconnected and may 
be associated with traits such as flower development and responses to 
both biotic and abiotic stresses46. We expected that many enzymes 
and transcription factors identified in the selected loci (such as MYBs, 
AP2/ERFs and SPLs) might be involved in the coordinated regulation 
of multiple traits10,40,82,83. According to the results, many AP2/ERFs on 
different chromosomes are under selection. In apples and strawber-
ries, AP2/ERFs have been reported to interact with MYBs during fruit 
de-greening and coloration84,85. They may also interact with TPSs to reg-
ulate volatile compounds86,87. In addition, the miR156-SPL module has 
been demonstrated to participate in plant secondary metabolites88,89. 
The miR156-SPL9 identified in ‘Old Blush’ was reported to regulate 
both anthocyanin and germacrene D biosynthesis10. CCoAOMT was 
also involved in the regulation of anthocyanin content, leading to 
the differentiation of red and purple colours in rose petals90. These 
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genes may act as potential pleiotropic regulators in the evolution and 
domestication of roses. Nonetheless, their significance needs to be 
further confirmed through functional validation.

A second breeding revolution for modern roses
Over the past 500 years, ornamental plants have undergone complex 
and intense selective pressures4, which may have led to the sudden loss 
of genetic diversity. The development of biotechnology has provided 
powerful tools for the genetic improvement of ornamental plants; 
however, the narrow genetic base still poses obstacles to breeding 
efforts. De novo domestication has opened up new horizons for plant 
breeding. On the one hand, identifying key domestication genes dur-
ing the domestication process can lay the foundation for efficient 
genetic improvement. On the other hand, using wild relatives for 
re-domestication can further facilitate the introduction of broader 
genetic backgrounds and can overcome breeding bottlenecks, while 
accelerating the breeding process of desired traits91,92.

The findings of this study suggest that the genetic diversity of 
cultivated roses is limited compared to genetic diversity in wild roses. 
This observation differs from the findings of a recent study, which 
reported that the genetic diversity of modern roses have a significantly 
higher genetic diversity than the wild roses20. Such discrepancies may 
have arisen from differential grouping of materials and the number of 
samples within groups. Nevertheless, given that the major contributors 
of modern roses are derived from only two sections, it is necessary to 
expand the genetic background of modern roses by introducing wild 
germplasm in future breeding efforts. With the aim to overcome this 
genetic bottleneck and initiate a secondary breeding revolution for 
modern roses, we have selected representative germplasm from dif-
ferent sections based on phylogenetic and population analyses.

First, primitive accessions with homozygous genetic backgrounds 
were selected (Fig. 2 and Supplementary Table 19). These accessions 
were differentiated early within sections, show strong resistance and 
can thus be used as starting materials for the re-domestication of Rosa 
plants. They can also be selected as representative germplasm for 
pan-genomic studies of Rosa.

Second, accessions that were regarded as natural intersection 
hybrids with heterozygous genetic backgrounds were selected as 
potential breeding materials (Fig. 2 and Supplementary Table 20). 
These materials can be further used for distant hybridization breeding 
to enrich the genetic composition of modern roses and expand their 
genetic diversity.

Methods
Sample collection
The Rosa accessions used in this study were extensively collected across 
China since 2003, resulting in a total of 205 samples (Supplementary 
Table 13). The collected materials were introduced and preserved in the 
Kunming Yang Chinese Rose Garden (Kunming, China), Xinjiang Career 
Technical College (Xinjiang, China) and Beijing Forestry University  
(Beijing, China). They were subjected to years of observation, and 
specimen analyses were performed. This work led to the conclusion 
that certain materials should not be regarded as independent spe-
cies but should rather be merged with existing species (Supplemen-
tary Table 11 and Supplementary Notes). The materials covered all 12 
subdivisions of Rosa, including three subg. Hulthemia samples, one 
subg. Hesperhodos sample, 65 sect. Rosa samples, 39 sect. Synstylae 
samples, 18 sect. Pimpinellifoliae samples, 17 sect. Chinenses samples, 
12 sect. Banksianae samples, five sect. Microphyllae samples, two sect. 
Laevigatae samples, one sect. Bracteatae sample, four sect. Caninae 
samples, one sect. Gallicanae sample, 27 ancient rose samples and 20 
modern rose samples. The modern rose group included 13 ‘Eyes for 
you’ rose cultivars and five ‘Tianshan’ rose cultivars bred in China. The 
collected materials covered 80 species recorded in the Flora of China, 
with a coverage rate of 84%. The assignment of botanical sections of 

Rosa materials in subsequent population genetic analyses was based 
on the revisions proposed in Supplementary Table 11 and Supplemen-
tary Notes.

Phenotypic trait measurement
The investigation of phenotypic traits for wild Rosa resources has been 
ongoing for 20 years (since 2003). After field research, these resources 
were introduced to our germplasm gardens for years of observations, 
including the morphology of flowers, leaves and hips, as well as the shed-
ding of glandular trichomes and sepals. All traits were measured and 
subsequently photographed at their full bloom stage. Measurements 
for all traits were taken from three biological replicates, with technical 
replicates performed for each quantitative trait. Binary traits included 
flower inflorescence (corymb or compound/solitary) and flower spot 
(with spot/without spot). Quantitative traits included the number of 
petals, RGB values of flower colour and the number of leaflets. A detailed 
description of the methods used to measure these traits is provided in 
Supplementary Methods. The detailed phenotypic information of these 
species is recorded in the book Genus Rosa L. in China16.

DNA extraction, library preparation and sequencing
Genomic DNA was extracted from young leaves of R. persica using the 
DNeasy Plant Mini Kit (QIAGEN). DNA quality was assessed using the 
Agilent 4200 Bioanalyzer (Agilent Technologies) and pulsed field gel 
electrophoresis. The genomic DNA was subsequently processed using 
two library construction methods: one for long-read sequencing on 
the Pacific Bio platform and the other for short-read sequencing on 
the Illumina HiSeq platform.

A Single-molecule real-time (SMRT) bell library for long-read 
sequencing data was constructed using the Pacific Biosciences SMRT-
bell Express Template Prep kit 2.0 (Pacific Biosciences). The REV-HiFi 
15 kb libraries were prepared, followed by barcode annealing (TCAC-
GACGACGAGTAT) and binding of the SMRT bell templates to poly-
merases using the DNA/Polymerase Binding Kit (Pacific Biosciences). 
Sequencing was performed on a Pacific Biosciences Revio platform 
at Berry Genomics.

For short-read sequencing, the library was prepared following 
Illumina TruSeq Nano DNA Sample Prep Kit, and the 150 bp paired-end 
library was sequenced on an Illumina HiSeq X platform (Illumina). For 
Hi-C sequencing, fresh young leaf tissue was preserved in 1% formal-
dehyde (v/v). Crosslinked DNA was fixed and marked with biotin and 
then purified and sheared to 500–700 bp to construct sequencing 
libraries. Sequencing was performed using 150 bp paired-end mode 
on an Illumina Hiseq X platform. Petals, leaves, rose-hips and stems 
of the same individual were collected for RNA extraction. Total RNA 
was extracted using the TRIzol reagent. Libraries were generated and 
sequenced on an Illumina Hiseq X platform.

Complete assembly and evaluation of the R. persica genome
A total of 86.56 Gb (254×) PacBio HiFi reads were generated. A pri-
mary assembly was conducted using Hifiasm based on the haplo-
type‐aware method (https://github.com/chhylp123/hifiasm). This 
yielded a contig-level assembly with 13 and 12 continuous sequences 
for haplotypes 1 and 2, respectively. The assembled contigs were 
subsequently anchored using Hi-C sequencing, and 55.37 Gb of raw 
data (163×) were obtained. Seven super-scaffolds for each haplotype, 
with length ranging from 36 to 65 Mb in Hap 1 and 39 to 65 Mb in Hap 
2, were obtained after assigning data with ALLHIC (v.0.9.8) (https://
github.com/tanghaibao/allhic). QuarTeT (v.1.2.0) (https://github.com/ 
aaranyue/quarTeT) was used to locate and fill the remaining gaps in 
Hap 1 (six gaps) and Hap 2 (five gaps). The flanking sequences of these 
gaps were extracted, while the consistent sequences were identified by 
RagTag (v.2.1.0) (https://github.com/malonge/RagTag) using HiFi data 
and published Rosa genomes. Both short- and long-read sequences 
were used to map the genome and assess the coverage of continuous 
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and gap-closed sequences. It is worth noting that there was uniform 
coverage across the entire genome. Finally, a phased, complete genome 
with zero gaps was obtained.

Quality evaluation was conducted to evaluate the accuracy, conti-
nuity and completeness of the genome. Quality values were calculated 
using Merqury93 (v.1.3) to evaluate the accuracy of the assembly. The 
completeness and continuity of the genome were evaluated using 
BUSCO (v.5.4.5)94 and LAI (LTR_retriever; v.2.9.0). Samtools (v.1.9) was 
used to assess the genome coverage from the mapping results of Illu-
mina and HiFi reads. Genome size evaluation and karyotype analysis, 
detection of telomeres and centromeres, genome annotation, quality 
evaluation, and comparative genomic analyses are described in Sup-
plementary Methods.

Whole-genome re-sequencing and variant calling
A total of 205 fresh young leaves were collected for the extraction of 
high-quality genomic DNA. Then, a paired-end library with an insert 
size of 300–500 bp was constructed and detected using a Qubit 3.0 
fluorometer (Life Technologies) and a Bioanalyzer 2100 system (Agilent 
Technologies). Sequencing of the library was performed using the Illu-
mina NovaSeq X platform (Illumina). The clean data of 205 Rosa acces-
sions used in this study and 10 previously published data were aligned 
to the reference genome of R. persica Hap 1 using BWA mem2 (v.0.7.17)95. 
Duplicated reads were then removed using the Picard (v. 2.20.7) tool 
MarkDuplicates (https://broadinstitute.github.io/picard/). We gener-
ated genomic variant call formats (GVCFs) for each accession using 
GATK (v.4.2.2.0)96 HaplotypeCaller. The GVCFs were then combined and 
used for variant calling by GenotypeGVCFs. Further filtering was car-
ried out with parameters ‘MQ < 30.0, MQRankSum < −20.0, QD < 2.0, 
QUAL < 30.0, SOR > 3.0, FS > 60.0 and ReadPosRankSum < −8.0.’

Phylogenetic analyses
We chose four species as outgroup materials: Fragaria nilgerrensis 
(SRR10275319), Fragaria iinumae (SRR9217949), Potentilla tanacetifolia 
(SRR8208352) and Rubus henryi (SRR14240565), and the genomic data 
were obtained from the National Center for Biotechnology Information 
database. For the single-copy SNP phylogenetic tree, we used the identified 
Rosaceae 707 single-copy gene set and extracted genomic regions using 
TBtools (v.2.056)97. Bedtools (v.2.31.1) was then used to extract variant 
information from the variant call format (VCF) file based on genomic 
location, and a dataset of 6,048 single-copy SNPs was formed. The maxi-
mum likelihood phylogenetic tree was constructed using IQ-TREE2 (v. 
2.1)98, with a bootstrap test of 1,000 replicates. For the chloroplast phy-
logenetic tree, chloroplast genomes of all samples were assembled using 
GetOrganelle (v.1.7.4.1)99. PGA (v.1.9.1)100 was used to annotate chloroplast 
genomes. Coding sequence (CDS) were extracted using geneious software 
(v.2022.2.1), and MAFFT (v.7.520) was used to perform multiple alignments 
on extracted sequences. The maximum likelihood phylogenetic tree was 
inferred using IQ-TREE2 (v. 2.1). FigTree (v.1.4.4) (http://tree.bio.ed.ac.
uk/software/figtree/) and iTOL (v.7) (https://itol.embl.de) were used for 
visualization. The Tanglegram function in the R package ‘dendextend’ 
(v.1.18.1) was used to compare chloroplast and nuclear trees101.

Ancestral state reconstruction
Mesquite102 (v.3.81) was used for ancestral state reconstruction using 
both maximum parsimony and maximum likelihood methods. Both 
binary and discrete traits were used including inflorescence types (0 
for solitary, 1 for corymb or compound), flower petal (0 for single petal, 
1 for double petals), flower spot (0 for spotless, 1 for spotted), flower 
colour (0 for white, 1 for yellow, 2 for red/pink, 3 for others) and leaflet 
number (0 for single leaf, 1 for 3 leaflets, 2 for 5 leaflets, 3 for 7 leaflets, 
4 for 9 leaflets, 5 for 11 leaflets, 6 for 13 leaflets, 7 for 15 leaflets). We also 
treated each value of flower colour (according to the RGB classifica-
tion) as continuous traits and used the maximum likelihood method 
to reconstruct the ancestral RGB states of Rosa.

Population genetic analyses
SNPs with more than 10% missing calls and minor allele frequency 
(MAF) < 0.05 were removed for population genetics analyses. ADMIX-
TURE103 (v. 1.3.0) was used to identify the population structure. The 
optimal K value was determined by calculating the cross-validation 
error. Plink104 (v. 1.90) was used to run PCA analyses of population SNPs. 
PopLDdecay105 (v. 3.41) was used for linkage disequilibrium analysis. 
GeneHapR (v.1.2.5)106 was used for haplotype analysis.

GWAS
GWAS analysis was performed on the number of leaflets (quantitative), 
the number of petals (quantitative) and inflorescence type (binary). 
Only diploid and tetraploid samples were included in the GWAS analy-
sis using GWASpoly software (v.2.13)107. A total of 861,222 SNPs were 
used for initial filtering. SNPs with more than 10% missing rate and 
MAF < 0.05 were removed, which resulted in a set of 96,342 markers for 
subsequent analysis. The VCF2dosage function was first used to sepa-
rately generate dosage files for both diploids and tetraploids from VCF 
files. The marker dosage was then combined and coded based on the 
highest ploidy. The (0, 1, 2) dosage for diploids were coded as (0, 2, 4). 
The ploidy flag was set as ‘ploidy = 4’. The leave-one-chromosome-out 
method was used to correct the population structure. The Bonferroni 
test was used to determine the logarithm of the odds threshold, cor-
responding to a 5% false-positive rate across the genome. The get.QTL 
function was used to provide an output of the obtained significant 
markers, with parameters ‘bp.window = 5e6’ set to prune the marker 
list. Manhattan plots were generated using the CMPlot package (v.4.5.1) 
(https://github.com/YinLiLin/CMplot) in R (v.4.3.1). Candidate genes 
were screened within the 50 kb regions upstream and downstream of 
the peak SNP.

Selective sweep analysis
Data of polyploid samples were first removed using VCFtools 
(v.0.1.16)108, leaving 149 diploid samples for subsequent analysis. Selec-
tive sweeps were then identified using whole-genome SNPs between 
early-differentiated (group 1) and recently differentiated (group 2) 
samples, as well as between wild materials (group 2-W) and cultivars 
(group 2-C) within group 2. A sliding window size of 100 kb with a step 
size of 10 kb was used to calculate FST and nucleotide diversity (π) 
between groups. The top 5% regions of both FST values and π ratios were 
considered as candidate selective sweeps and were used to identify 
candidate genes.

Geographical distribution and gene flow analysis
The distribution information of species in the genus Rosa in China was 
derived from field investigation records, specimen collection informa-
tion and geographic distribution records in the Flora of China. The col-
lected information was then converted into Global Positioning System 
coordinate data, and the distribution map (Extended Data Fig. 4) was 
drawn using ArcGIS (v.10.2) software.

For gene flow analyses, polyploid species were excluded. Tree-
Mix109 (v.1.13) was used to identify gene flows between different sub-
divisions of the genus Rosa. To obtain the most suitable migration 
edges, the number of migrations was set from 0 to 10. The OptM R 
package (v.0.1.6; https://cran.r-project.org/web/packages/OptM) was 
used to identify the best migration edges. D-statistics and f4 statistics 
were calculated using the Dtrios command in Dsuite (v.0.4 r42)110  
software to identify genome-wide introgressions based on 
high-quality SNPs.

Demographic analysis
To examine the recent demographic history of Rosa, we used the 
easySFS script (available at https://github.com/isaacovercast/easySFS) 
to convert VCF files into an SNP frequency spectrum format. This proce-
dure was followed by the application of Stairway Plot111 software (v.2.1), 
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wherein a random subset comprising 67% of all loci was extracted. 
This step facilitates the inference of temporal shifts in the effective 
population size (Ne) based on neutral loci. The mutation rate of Rosa 
was estimated based on fourfold degenerate sites that were neutral 
to selection pressure. Seven different nucleotide substitution models 
(models 1–7) were used in PAML (v.X1.3.1)112. An estimated neutral muta-
tion rate of 2.9 × 10−9 was obtained by calculating the average results. It 
is worth noting that this mutation rate is also supported by published 
references35,75. The generational time span for plants in the genus Rosa 
was established at 2 years.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Raw sequencing data have been deposited in the National Center for 
Biotechnology Information (NCBI) BioProject database with the Bio-
Project PRJNA1224503. The phased genome assembly of R. persica 
has been deposited in the NCBI database under accession numbers 
JBLIYO000000000 (Hap 1) and JBLIYP000000000 (Hap 2). The previ-
ously published reads used in this study are available from NCBI and 
public GDR database at https://www.rosaceae.org. Specific source data 
are listed in Supplementary Tables 10 and 13.
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Extended Data Fig. 1 | Flower traits of Rosa accessions used in this study. The plates of accessions are sorted by scientific groups. Sample IDs correspond to 
Supplementary Table 13.
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Extended Data Fig. 2 | Leaf traits of Rosa accessions used in this study. The plates of accessions are sorted by number of leaflets. Sample IDs correspond to 
Supplementary Table 13.
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Extended Data Fig. 3 | Comparison between plastid phylogeny (left) based 
on chloroplast coding sequences, and nuclear phylogeny (right) based on 
single-copy SNPs. Both trees were constructed using maximum likelihood 

method. Bootstrap values were tested with 1,000 replicates. The colors represent 
accessions from different botanical groups, in correspondence with previous 
figures.
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Extended Data Fig. 4 | Geographical distributions of different botanical sections of Rosa. The white dots represent distribution information of Rosa accessions, 
which was derived from field investigation, specimen information, and geographic distribution records from Flora of China and Chinese Virtual Herbarium  
(http://www.cvh.ac.cn).
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