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The Rosa genome provides new insights into the
domestication of modern roses

Olivier Raymond'*®, Jérome Gouzy
Marion Verdenaud
Caroline Pontg, Sébastien Carrére

21819 Jérémy Just ©18, Hélene Badouin
1418 Arnaud Lemainque®, Philippe Vergne', Sandrine Moja®, Nathalie Choisne’,
1, Jean-Claude Caissard®, Arnaud Couloux®, Ludovic Cottret®?,

2,318
[

Jean-Marc Aury ©3, Judit Szécsi', David Latrasse*, Mohammed-Amin Madoui®, Léa Francois’,
Xiaopeng Fu®, Shu-Hua Yang™, Annick Dubois’, Florence Piola™, Antoine Larrieu"’, Magali Perez?,
Karine Labadie®, Lauriane Perrier!, Benjamin Govetto'?, Yoan Labrousse'?, Priscilla Villand',
Claudia Bardoux’, Véronique Boltz', Céline Lopez-Roques®™, Pascal Heitzler, Teva Vernoux®’,
Michiel Vandenbussche’', Hadi Quesneville’, Adnane Boualem#, Abdelhafid Bendahmane?,

Chang Liu

Roses have high cultural and economic importance as orna-
mental plants and in the perfume industry. We report the rose
whole-genome sequencing and assembly and resequencing
of major genotypes that contributed to rose domestication.
We generated a homozygous genotype from a heterozygous
diploid modern rose progenitor, Rosa chinensis 'Old Blush’.
Using single-molecule real-time sequencing and a meta-
assembly approach, we obtained one of the most comprehen-
sive plant genomes to date. Diversity analyses highlighted the
mosaic origin of ‘La France', one of the first hybrids combin-
ing the growth vigor of European species and the recurrent
blooming of Chinese species. Genomic segments of Chinese
ancestry identified new candidate genes for recurrent bloom-
ing. Reconstructing regulatory and secondary metabolism
pathways allowed us to propose a model of interconnected
regulation of scent and flower color. This genome provides a
foundation for understanding the mechanisms governing rose
traits and should accelerate improvement in roses, Rosaceae
and ornamentals.

Roses are among the most commonly cultivated ornamental
plants worldwide. They have been cultivated by humans since antiq-
uity, for example, in China. Ornamental features as well as therapeu-
tic and cosmetic value have certainly motivated rose domestication.
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The genus Rosa contains approximately 200 species, more than half
of which are polyploid'. Roses have undergone extensive reticu-
late evolution with interspecific hybridization, introgression and
polyploidization. Only 8 to 20 rose species are thought to have
contributed to the present complex hybrid rose cultivars, namely
Rosax hybrida®. The Chinese rose R. chinensis (diploid) was intro-
duced to Europe in the eighteenth century. This species is consid-
ered one of the main species that participated in the subsequent
extensive process of hybridization with roses from the European,
Mediterranean and Middle Eastern (mostly tetraploid) sections
(Supplementary Note 1). These crosses gave rise to hybrid tea rose
cultivars, which are the parents of the modern roses with extraor-
dinarily diverse traits’. Among the breeding traits originating from
Chinese roses, the capacity of recurrent flowering as well as color
and scent signatures are key’. Despite recent progress’, the lack of a
rose genome sequence has hampered the discovery of the molecular
and genetic determinants of these traits and of their breeding history.

Owing to natural autoincompatibility and recent interspe-
cific hybridization, all roses have highly heterozygous genomes®
that are challenging to assemble’ despite their relatively small
size (560 Mb)®. To date, attempts to assemble rose genomes with
short reads have led to highly fragmented assemblies composed
of thousands of scaffolds (83,139 (ref. °) and 15,938 (this study)).
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Fig. 1| Chromosome-level-assembly correlation with genetic map and Hi-C data. a, R. chinensis 'Old Blush’ mature flowers. b, Representations of
chromosome connections between the physical positions on the reconstructed chromosome and genetic-map positions (left panels). Scatter plots with

dots representing the physical position on the chromosome (Chr) (x axis) versus the map position (y axis) are shown. Rho (p) is the Pearson correlation
coefficient (middle panels). A Hi-C intrachromosomal contact map is shown for each chromosome (right panels). The intensity of pixels represents the count
of Hi-C links between 400-kb windows on chromosomes on a logarithmic scale. Darker red color indicates higher contact probability. LG, linkage group.

To overcome these bottlenecks to producing a reference genome, we
obtained a homozygous genome that we sequenced with long-read
sequencing technology. We developed an original in vitro culture
protocol combining fine-tuned starvation, cold stress and hormonal
treatments to induce R. chinensis ‘Old Blush’ microspores to switch
from gametophyte to sporophyte development. This approach
allowed microspores to initiate divisions, form homozygous cell
clusters and develop embryogenic callus from which homozy-
gous plantlets could be regenerated (Supplementary Note 2 and
Supplementary Fig. 1).

The homozygous rose line was sequenced on the PacBio
RS II platform. A sequencing coverage of 80X was obtained with 40
single-molecule real-time cells. Preliminary assembly of the rose
data with a single assembler generated several hundred contigs,
thus illustrating the challenge of assembling plant genomes, even
with long-read data'®''. A key step in improving the contiguity of
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the assembly is the detection and the filtering of spurious edges
in the graph of overlaps. The assembler CANU implements filter
parametrization at the read level, thus leading to more accurate and
contiguous assemblies'”. We developed software called til-r, which
implements similar and alternate heuristics to clean the graph of
overlaps of the FALCON assembler'® (Supplementary Fig. 2; URLs).
We then used CANU to perform meta-assembly of six comple-
mentary raw assemblies generated by CANU and FALCON/TIL-R
(Supplementary Note 3; URLs). The final assembly was composed
of 82 contigs for an N50 of 24 Mb (where N50 is the contig length,
such that 50% of the entire assembly is contained in contigs equal
or larger than this value), thus increasing the contiguity metrics of a
simple assembly by threefold and demonstrating the power of meta-
assembly approaches (Supplementary Fig. 2).

The seven pseudochromosomes were built by integrating 86.4%
of the 25,695 markers of the K5 rose high-density genetic map'‘.
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Fig. 2 | Structure of diversity in resequenced genotypes highlights the origin of modern rose cultivars. a, Genealogy of resequenced genotypes. Sections:
CIN, Cinnamomeae; SYN, Synstylae; CHI, Chinenses. Genotypes: PEN, Rosa pendulina; RUG, Rosa rugosa; MAJ, Rosa majalis; ARV, Rosa arvensis; MOS,
Rosa moschata; WIC, R. wichurana; SPO, R. chinensis ‘Spontanea’; GIG, Rosa gigantea; MUT, R. chinensis ‘Mutabilis’; SAN, R. chinensis 'Sanguinea’; GAL, Rosa
gallica; DAM, Rosa damascena; OB, R. chinensis ‘Old Blush’; HUM, R. chinensis ‘Hume's Blush’; FRA, Rosa x hybrida ‘La France’ (flower photo). b, Genetic
structure and variant density. 1, circular representation of pseudomolecules. 2, schematic representation of the contribution of Cinnamomeae, Synstylae
and Chinenses sections to ‘La France’ in 35 chromosomal segments: light red, CHI; light green, SYN; light blue, CIN; multiple bands, mixed origin in the
fragment. 3-8, density in heterozygote and homozygote variants (light and dark shades respectively) in 1-Mb sliding windows in ‘La France’, R. gigantea,
‘Hume's Blush’, ‘Mutabilis’, ‘Sanguinea’ and ‘Old Blush’ heterozygote genotypes, respectively. ¢, Principal component analyses of genetic variation in three
illustrative genomic segments. Orange dot, ‘La France’; blue, CIN; green, SYN; red, CHI; black, other cultivars. y axis, first component; x axis,

second component. The number indicated in each plot refers to the genomic fragments analyzed (e.g., 4.3 is the third segment of chromosome 4;
Supplementary Fig. 6).

A large fraction of the assembly (97.7%, 503 Mb) was oriented with  and Rosa genomes, structured into eight protochromosomes with
Pearson’s correlation coefficients ranging from 0.986 to 0.996, thus 13,070 protogenes, was derived from the ancestral Rosaceae karyo-
illustrating the high congruence between sequence and genetic type through one ancestral chromosome fission and two fusions.
data. The genome structure and quality were confirmed by mapping  Interestingly, the strawberry genome experienced an extra ances-
of Hi-C chromosomal-contact-map data (Fig. 1 and Supplementary  tral chromosome fusion from the ancestral Rosoideae karyotype
Fig. 3). With its very few remaining gaps and high consistency to reach its modern genome structure, whereas the Rosa sp. went
between genetics and sequence data, the rose genome assembly is  through one fission and two fusions, independently of strawberry,
one of the most contiguous obtained to date for a plant genome. to reach its modern genome structure. A phylogeny based on 748
The rose genome comprises 36,377 inferred protein-coding gene sequences showed that Rosa, Fragaria and Rubus diverged
genes and 3,971 long noncoding RNAs. Annotation assessment within a short timeframe, thus suggesting an evolutionary radiation
with the Plantae BUSCO v2 dataset” identified 96.5% complete inside the Rosoideae subfamily (Supplementary Fig. 5b).
gene models. BUSCO analyses using the assembled heterozygous To gain insight into the makeup of modern roses, we rese-
genome of R. chinensis ‘Old Blush’ (Supplementary Note 4) identi- quenced representatives of three sections (Synstylae, Chinenses and
fied 93.5% complete genes (Supplementary Data 1). On the basis Cinnamomeae; Supplementary Table 2) that were involved in the
of transcriptomic data from pooled tissues, 207 miRNA precursors ~ domestication and breeding that led to rose hybrid cultivar creation
were predicted. Transposable elements (TEs) spanned 67.9% of the  (Supplementary Notes 1 and 8). We observed discrete levels of vari-
assembly, and 50.6% were long-terminal-repeat retrotransposons ant density along the genomes of hybrid cultivars (Fig. 2b) that may
(Supplementary Note 5, Supplementary Fig. 4 and Supplementary reflect different introgression histories. We used the changes in vari-
Table 1). The web portal RchiOBHm-V2 (see URLs) provides access  ant density to segment the genome into 35 intervals (2-56 Mb) and
to the reference genome integrating annotations, polymorphisms, studied their genetic structure through principal component analy-
transcriptomic data and the first rose epigenome on rose petals sis (Fig. 2c and Supplementary Fig. 6). We focused on the modern
(Supplementary Note 6). Rosa X hybrida ‘La France, which is considered to be among the first
Comparative genomic investigation allowed us to assess rose created hybrids combining the growth-vigor traits of European spe-
paleohistory within the Rosaceae family (Supplementary Note 7).  cies and the recurrent blooming of Chinese species.
Conserved gene adjacencies identified an ancestral Rosaceae Patterns of diversity along the seven chromosomes showed that
karyotype consisting of nine protochromosomes with 8,861 pro- the genome of ‘La France’ is a complex mosaic formed by DNA
togenes (Supplementary Fig. 5a). Our evolutionary scenario estab-  fragments transmitted by the three ancestral pools of diversity
lished that the ancestral Rosoideae karyotype of the strawberry represented in the targeted rose sections (Fig. 2, Supplementary
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Fig. 3 | Inter-regulatory connections between color biosynthesis and some scent pathways. a, Schematic representation of the rose chromosomes
together with the positions of candidate genes potentially affecting anthocyanin pigments, volatile-molecule biosynthesis and flowering. Chromosome
segments 2.4, 3.2-3.6 and 5.1 originating only from R. chinensis are indicated in light red. Red, anthocyanin-synthesis genes; blue, terpene-biosynthesis
genes; black, flowering-time genes; green, development genes. b, Schematic representation of interconnections between color (pink background)

and scent (blue background) pathways. Gene expression data show the anticorrelation between expression of miR156 and SPL9 genes during petal
development. RT-gPCR was performed on petals harvested at three successive stages: noncolored petals early during development (St. 1); petals at the
onset of anthocyanin synthesis (St. 2); and fully colored petals (St. 3). Black arrows, biosynthetic steps reported in rose; red arrows, biosynthetic steps
reported in other species but not in rose; green arrows, putative steps with unknown enzymes; dashed black arrow, several enzymatic steps; maroon
arrows, gene regulation reported in Arabidopsis thaliana but not in rose; dashed maroon arrow, putative gene regulation. IPP, isopentenyl diphosphate;
DMAPP, dimethylallyl diphosphate; DFR, dihydroflavonol-4-reductase; ANS, anthocyanidin synthase; 3GT, anthocyanidin 3-O-glucosyltransferase; GT1,
anthocyanidin 3,5-diglucosyltransferase; GPPS, geranyl diphosphate synthase; FPPS, farnesyl diphosphate synthase; GGPPS, geranylgeranyl diphosphate
synthase; GDS, germacrene D synthase; TPS, terpene synthase; NES, linalool/nerolidol synthase; CCD1/CCD4, carotenoid cleavage dioxygenases 1/4;
NUDX1, nudix hydrolase 1.

Note 8, Supplementary Fig. 6 and Supplementary Data 2). For
example, chromosome 4 haplotypes are structured by a combina-
tion of Cinnamomeae, Synstylae and Chinenses genomes, whereas
chromosome 7 haplotypes have been transmitted by Synstylae
and Chinenses ancestors, without an apparent contribution of
Cinnamomeae.
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We took advantage of the transmission of genomic bits of
Chinenses hybrids to ‘La France’ to identify new candidate genes
potentially involved in recurrent blooming. The insertion of a TE
in TFLI (RoKSN), a repressor of floral transition responsive to
activation by gibberellic acid, is considered a major determinant
of recurrent blooming'®. We found that this TE was transmitted

775

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.


http://www.nature.com/naturegenetics

LETTERS

to ‘La France’ by R. chinensis cultivars and thus may participate
in its recurrent blooming. A recent segregation analyses of R. chi-
nensis ‘Old Blush’ X Rosa wichurana backcross progeny has shown
that recurrent blooming probably involves at least a second inde-
pendent locus'. This second locus may have been transmitted to
‘La France’ by only R. chinensis and thus may be located in chro-
mosomal segments such as those originating from the Chinenses
section, e.g., segments 2.4 and 5.1 (Fig. 2). On these segments,
we identified the putative homologs of the transcription factor
SPT (segment 2.4, Fig. 3a), which is known to control flowering
in Arabidopsis'®", and of DOGI (segment 5.1, Fig. 3a), which is
known to modify flowering by acting on miR156 (ref. ). These
genes are thus additional promising candidates that may determine
recurrent blooming in roses.

Roses exhibit a high diversity of flower fragrance and color, of
which biochemical and regulatory determinants have been only
partially elucidated (Supplementary Note 9 and Supplementary
Fig. 7). Data mining of the rose genome combined with in-depth
biochemical and molecular analyses of volatile organic compounds
permitted identification of at least 22 biosynthetic steps in the ter-
pene pathway that have not been characterized in the rose, two
of which have not previously been characterized in other species
(Supplementary Note 9 and Supplementary Fig. 7).

To study the relationships between color and scent pathways,
we performed biochemical and molecular analyses on cyanidin,
whose glucosylated derivatives represent more than 99% of the total
anthocyanin pigments”, and on germacrene D, a volatile organic
compound produced in petal cells of R. chinensis ‘Old Blush’
(Supplementary Data 3). Our analyses suggest that coordinated bio-
synthesis of these two compounds is achieved through the miR156-
SPL9 regulatory module. In Arabidopsis, SPL9 is a repressor of
anthocyanin synthesis in the cells of aging plants*. miR156 nega-
tively regulates SPL9 in the cells of young plants, thereby enabling
the formation of a MYB-bHLH-WD40 protein complex that acti-
vates anthocyanin production®. Analysis of this module in the
petals of ‘Old Blush’ indicated that the expression of SPL9 peaked
before maximum ANTHOCYANIDIN SYNTHASE (ANS) expres-
sion (Supplementary Fig. 8). In fully colored petals, we observed
induced expression of miR156, which correlated with downregu-
lation of SPLY expression and upregulation of ANS expression
(Fig. 3b, Supplementary Fig. 8 and Supplementary Fig. 9). The
maximum expression of GDS, which encodes the enzyme catalyzing
germacrene D synthesis, also correlated with miR156 and ANS acti-
vation and with SPL9 downregulation (Fig. 3 and Supplementary
Fig. 8). This observation, together with a previous demonstration
that ANS and GDS can be activated in rose petals by expression of
the Arabidopsis AtPAP1 MYB transcription factor”, suggests that
the biosynthesis of anthocyanin and germacrene D may be mod-
ulated by the miR156-SPL9 regulatory module, possibly through
action on a MYB-bHLH-WD40 complex. Although PAPI is not
expressed in ‘Old Blush’ petals, we found that the expression pat-
tern of RAMYBI0, which has been described as a regulator of the
anthocyanin-biosynthetic pathway in Rosaceae®, is compatible with
arole in coactivation of the synthesis of cyanidin and germacrene D
in petal epidermal cells (Supplementary Fig. 8).

The biosynthesis of terpenes, major scent compounds in roses,
has been shown to involve TERPENE SYNTHASE (TPS) proteins,
such as NEROLIDOL SYNTHASE (NES)*. A search for TPS in the
rose genome revealed a cluster of NES genes on chromosome 5 that
has a counterpart in Fragaria®. These genes were not substantially
expressed in rose petals (Supplementary Data 4). In Arabidopsis, the
expression of some TPS is activated by SPL9 (ref. 7). In rose petals,
the downregulation of SPL9 through activation of miR156 (Fig. 3b
and Supplementary Fig. 8) might explain the absence of expression
of NES genes and probably explains why they do not participate in
the production of some terpenes in rose flowers. Our data provide
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hints as to why alternative routes to produce terpenes, such as the
one involving NUDXI (ref. %), have been used in rose flowers.

Here, we propose that the miR156-SPL9 regulatory hub orches-
trates the coordination of production of both colored anthocyanins
and certain terpenes, by permitting the complexation of preexist-
ing MYB-bHLH-WD40 proteins, which in turn modulate differ-
ent components of both pathways (Fig. 3). Therefore, anthocyanin
synthesis in rose flowers may be linked to the production of some
volatile compounds, thus providing a regulatory explanation for the
evolution of nonstandard terpene-biosynthesis pathways. Moreover,
this co-regulation may hinder the combination of pigmentation and
specific scents in rose hybrids.

The very high-quality rose genome sequence reported in this
study, combined with an expert annotation of the main pathways
of interest for the rose (Supplementary Notes 9-13, Supplementary
Figs. 7-23, Supplementary Table 3 and Supplementary Data 5-10),
provides new insights into the genome dynamics of this woody
ornamental and offer a basis to disentangle the seemingly man-
datory trait associations or exclusions. Furthermore, access to
candidate genes, such as those involved in abscisic acid synthe-
sis and signaling, paves the way for improving rose quality with
better water-use efficiency and increased vase life. Breeding for
other characteristics such as increased resistance to pathogens
should also benefit from these data and may lead to decreased
use of pesticides.

URLSs. Genome browser and genomic resources, https://lipm-brows-
ers.toulouse.inra.fr/pub/RchiOBHm-V2/; MetExplore, https://met-
explore.toulouse.inra.fr/metexplore2/?idBioSource=5104/; EuGene
plant pipeline, http://eugene.toulouse.inra.fr/Downloads/egnep-
Linux-x86_64.1.4.tar.gz; tbl2asn2, https://www.ncbi.nlm.nih.gov/
genbank/tbl2asn2/; REPET, https://urgi.versailles.inra.fr/Tools/
REPET/; miRanda, http://www.microrna.org/; til-r, http://lipm-
bioinfo.toulouse.inra.fr/download/til-r/.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41588-018-0110-3.
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Methods

Production of homozygous rose line derived from heterozygous R. chinensis
‘Old Blush’. Flower buds were harvested from R. chinensis ‘Old Blush’ plants when
most microspores were at the mid-late uninucleate/early bicellular development
stages (Supplementary Fig. 1). Microspores were aseptically isolated from

anthers, suspended in starvation medium and pretreated at 4°C in darkness for

21 d. Approximately 160,000 microspores were suspended in AT12 medium
corresponding to AT3 medium® supplemented with 4.5uM 2,4-D and 0.44

M BAP, pH 5.8, and then incubated at 25°C in the dark. Developing microcalli
(~0.5mm diameter) were observed after approximately 11 weeks and were then
subcultured individually under the same conditions (Supplementary Note 2).
Developed calli were then plated onto solid MS salt medium complemented with
B5 vitamins, 30 g/L sucrose, 2.5mM MES, 4.5uM 2,4-D, 0.44uM BAP and 6.5g/L
VitroAgar (Kalys Biotechnologie), pH 5.8. A callus that displayed somatic embryos
(designated RcHzRDP12; Supplementary Fig. 1g) was selected. The homozygosity
status and ploidy level of this callus were confirmed by DNA genotyping and
fluorescence-activated cell-sorting analysis, respectively, as previously described™.

Sample preparation and sequencing. High-quality nuclear DNA was prepared
from RcHzRDP12 homozygous callus propagated on callus-maintenance medium
(Supplementary Note 2) as previously described*' with the following modifications.
Ten percent fresh weight of PVP40 was added to callus cells that had been ground
in liquid nitrogen. Purified nuclei pellets were processed with a Qiagen DNeasy
Plant kit (Qiagen). DNA integrity was verified via gel electrophoresis (0.7%
agarose), and total DNA was quantified through fluorometry with Picogreen
(Applied Biosystems/Life Technologies).

To sequence the R. chinensis ‘Old Blush’ genome, we used in vitro—cultured
plants obtained through adventitious shoot organogenesis from type 1 somatic
embryo (RcOBTypel), as previously described™. Axenic in vitro R. chinensis
‘Old Blush’ plantlets were ground in liquid nitrogen, and nuclei were purified as
previously described*'. Nuclei pellets were then processed with a Qiagen DNeasy
Plant kit (Qiagen), according to the protocol provided by the supplier.

High-quality DNA was extracted from leaf samples of Rosa species and
cultivars grown at ENS-Lyon, at the Lyon botanical garden, in the rose garden
‘La Bonne Maison, O. Masquier, Lyon, France’ or in the rose garden Jardin
Expérimental de Colmar, France’ (Supplementary Note 8).

DNA integrity was verified by gel electrophoresis (0.7% agarose), and DNA
was then quantified by fluorometry with Picogreen (Applied Biosystems/Life
Technologies).

Paired-end-sequencing DNA libraries were constructed with Illumina’s
TruSeq DNA LT kit according to the manufacturer’s recommendations
(Supplementary Tables 4 and 5). The distributions of DNA-fragment lengths in the
libraries were verified with Agilent BioAnalyzer High Sensitivity DNA chip assays.
Whole-genome sequencing of R. chinensis ‘Old Blush’ was performed on
an [llumina HiSeq 2000 instrument. Sequences from paired-end and mate-
pair reads of the multiple libraries were assembled in ALLPathsLG software*
(Supplementary Table 6).

Three-dimensional proximity information obtained by chromosome
conformation capture sequencing (Hi-C). Leaf tissues were fixed in 1% (vol/
vol) formaldehyde and were then used for preparation of two independent in situ
Hi-C libraries. Nuclei extraction, nuclei permeabilization, chromatin digestion
and proximity-ligation treatments were performed essentially as previously
described*. DpnlI was used as a restriction enzyme. The recovery of Hi-C DNA
and subsequent DNA manipulations were performed as previously described™.
Libraries were sequenced on an Illumina NextSeq instrument with 2 X 75-bp
reads. Hi-C libraries were independently analyzed in HiC-Pro pipeline (default
parameters and LIGATION_SITE = GATCGATC™). Valid ligation products
from each library were merged for interaction-matrix construction. The genome
was divided into bins of equal size, and the number of contacts was determined
between each pair of reported bins. Finally, contact maps were plotted in
HiCPlotter software’’.

Genome assembly. The program til-r was developed to implement heuristics
aiming at filtering the graph of overlap generated by FALCON (Supplementary
Note 3). A meta-assembly combining two CANU and four FALCON assemblies
was generated in CANU 1.4 (Supplementary Fig. 2 and Supplementary Note 3).

Pseudomolecule building. Pseudomolecules were built by anchoring the 82
contigs to the K5 SNP genetic linkage map'* in ALLMAPS software™. Four
chimeric breakpoints were identified and corrected by identifying the primary
contigs in which the problematic regions were not merged. Three chimeric
breakpoints were absent in CANU assemblies, and the fourth was absent in

all primary assemblies. Finally, ALLMAPS was applied on the corrected meta-
assembly, thus enabling building of seven pseudomolecules corresponding to the
rose haploid chromosome number by anchoring and orienting 97.7% of the contigs
(503 Mb) based on 86.4% of the genetic markers. The final assembly consists of
seven pseudochromosomes and the mitochondrial and chloroplast genomes plus
46 unanchored contigs spanning 11.2 Mb (Supplementary Fig. 2a).
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The genome was first polished in quiver” with stringent alignment cutoffs
(--minLength 3000 --maxHits 1). Then, a run of pilon* (version 1.21, --mindepth
30 --fix bases) with homozygous ‘Old Blush’ Illumina paired-end reads edited 7,444
SNPs, 107,249 small insertions and 33 small deletions. The final genome assembly
is composed of 515,588,973 nt including the 3,300 ‘N’ for the 33 gaps, seven of
which represent centromeres. Biological centromeres were located by identifying
tandem repeats in TRF software’, selecting patterns of an over-represented
length in the genome, assembling them in contigs and visually inspecting their
distribution along the pseudomolecules (Supplementary Note 3).

Localization of putative crossovers and segmental conservation between
genotypes. Identification of putative loci of crossovers was performed by mapping
Tllumina reads from the heterozygous genome (five distinct libraries) on the
constructed pseudochromosomes in BWA software* and by counting pairs

in which only one read had a match, in 10-kb-long windows. We observed 50
windows with over-represented one-end-mapped pairs in at least two libraries and
kept them as candidate crossover loci (Supplementary Fig. 12, yellow frame). To
confirm them, when possible, we used the sequence conservation with genotypes
related to the inferred parents of ‘Old Blush’ (Supplementary Fig. 12, red plots;
Supplementary Note 4.2).

Annotation of protein-coding genes and IncRNAs. Gene models were predicted
with a fully automated and parallelized pipeline, egn-ep (see URLs), that carries
out probabilistic sequence model training, genome masking, transcript and
protein alignment computation and integrative gene modeling in EuGene
software® (release 4.2a). The configuration of the egn-ep pipeline is detailed in
Supplementary Note 5. The inferred mRNAs were assessed in BUSCO v2 (ref. °),
which found 1,389 complete, 23 fragmented and 28 missing gene models (96.5%,
1.6% and 1.9% respectively). 36,377 genes were retained after the removal of
annotated repeated elements (described below). The correspondence between gene
models in homozygous and heterozygous annotations was established on the basis
of best reciprocal hits (Supplementary Table 7 and Supplementary Data 1).

Functional annotation of protein-coding genes. The protocol described by
Schlépfer et al." was used to annotate enzymes and build the metabolic network.
Two cutoffs were modified to increase stringency: the BLAST e-value cutoff was
lowered to 107%, and the pathway-prediction score was set to 0.3 in pathway-tools.
Nineteen pathways considered to be false positives were removed. A MetExplore
instance® is available to visualize the network (see URLs).

Protein-coding genes were annotated through integration of five sources,
depending on their expected accuracy. Priorities were successively given to (i) a
search of reciprocal best hits with the 218 Rosaceae proteins tagged as ‘reviewed’ in
the UniProt database (90% span, 80% identity), (ii) the description of the 8,512
previously annotated enzymes, (iii) transcription factors and kinases identified
(2,414 and 1,885 respectively) by ITAK", (iv) the 3,954 transcription factors
identified by PlantTFCat* and (v) the InterPro analysis matching 31,853 proteins®.
Finally, the annotations were tested and edited when needed to follow consistency
rules defined by GenBank (see URLSs).

De novo transposable-element and repeat annotation. The pseudochromosomes
were deconstructed into ‘virtual’ contigs by removal of stretches of >11 undefined
bases (Ns) to exclude gaps. We generated 2,742 virtual contigs with an N50 of

22 Mb for a total length of 515 Mb. The TEdenovo pipeline’*' from the REPET
package v2.5 (see URLs) was used to detect TEs in these contigs and to build a
consensus sequence for each TE family with a minimum of five sequences per
group. A library was generated containing 28,545 consensus sequences, classified
according to structural and functional features (similarities with characterized
TEs from the RepBase database v21.01 (ref. *) and domains from Pfam27.0).
After removal of redundancy and filtering consensus sequences classified as
satellites (labeled SSR) and unclassified consensus sequences constructed with
fewer than ten copies in the genome, a library of 8,226 consensus sequences was
used to annotate TE copies in the whole homozygote genome with the TEannot
pipeline with default parameters™. To refine TE annotation, consensus sequences
showing no full-length fragments (i.e., fragments covering more than 95% of

the consensus sequence) in the genome were filtered out, and a subset of 3,933
consensus sequences was used to run a second TEannot iteration. After a manual
curation step to reclassify some consensus sequences, the final annotation files
were renamed with this new classification, and this library was used to annotate
the heterozygote genome (15,938 scaffolds for a total length without Ns of 746 Mb)
with the TEannot pipeline. Consensus sequences classified as potential host genes
bearing Pfam domains were manually curated and removed from the TE set (453
consensus sequences).

Annotation of miRNA precursors and mature miRNAs. To identify R. chinensis
miRNA genes, an RNA library was constructed with mixed RNAs from pooled
organs. After adaptor cleaning and removal of rRNA/tRNA-related sequences, we
identified 38 million putative small RNAs displaying a size distribution ranging
between 20 and 25 nt, with two peaks at 21 nt (17 million) and 24 nt (11.8 million).
Genome-wide annotation of miRNA precursors was performed with an updated
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version of the pipeline described by Formey et al.”, which was modified to
integrate stringent criteria proposed by miRBase (for example, expression of both
mature 5p and 3p miRNAs)™. A total of 207 miRNA precursor loci were predicted
to correspond to 636 expressed mature precursors (328 5p and 308 3p). miRNA
targets were predicted with miRanda v3.0 (see URLs). Known mature miRNAs not
found by the automatic and stringent process were annotated with blastn.

Genetic structure and genome segmentation. Illumina data mapping and SNP
calling were performed as described in Supplementary Note 8. The number

of homozygote and heterozygote variants in sliding windows of 1 Mb was
computed on genic SNPs for each genotype, with functions of the bedtools

suite (bedtools makewindows, bedtools intersect and bedtools groupby)™.

To compute the density of variants per window, the number of variants was
divided by the number of informative sites (mapping coverage between 5 and

60 for the 14 resequenced species and between 50 and 300 for the heterozygote
Old Blush genotype). We use the term variants in tetraploid species to refer

both to allelic differences and to differences between homeologs (i.e., between
genes of different subgenomes). Owing to vegetative multiplication of rose
cultivars, limited recombination has occurred after hybridization, and the size of
introgressed fragments should be large. If the genomes or subgenomes involved
in hybridization events have different distances with respect to the reference
genome, genomic regions with different introgression histories should display
different levels of variant density in resequenced hybrid cultivars. We used the
changes in variant density in the genotypes FRA, GIG, HUM, MUT and SAN to
segment the genome into 35 intervals (ranging from 2 to 56 Mb). The genomic
boundaries were defined as the start of the windows corresponding to the
inflexion points in density files. For each of the 35 genome segments, the genetic
structure was inferred on biallelic SNPs with no missing data and not overlapping
with repeat elements. Principal component analyses’” were performed with the
gIPCA function of the adegenet package (version 2.0.1)*. Axes 1 and 2 of the
PCA explained a significant proportion of the variance (29.29% to 40.53% and
12.07% to 19.89%, respectively). Therefore, we present only the analyses of
these two axes.

Rose and Rosaceae paleogenomics. Two parameters were defined as previously
described™ to increase the stringency and significance of BLAST sequence
alignment by parsing BLAST results and rebuilding high-scoring pairs or pairwise
sequence alignments to identify accurate paralogous and orthologous relationships
between Rosa (7 chromosomes, 49,767 genes), apricot (8 chromosomes, 31,390
genes), peach (8 chromosomes, 27,864 genes), apple (17 chromosomes, 63,514
genes), pear (17 chromosomes, 42,812 genes) and strawberry (7 chromosomes,
32,831 genes). From the previous orthologous and paralogous relationships,
ancestral karyotypes were reconstructed as defined by Salse”, such that the
ancestral genome is a ‘median’ or ‘intermediate’ genome consisting of a clean
reference-gene order common to the extant species investigated.

Biochemical analyses of scent composition in roses. Volatile compounds
were extracted with hexane from petals and stamens of roses of the different
genotypes, mainly as previously described” (Supplementary Note 9). Camphor
was used as an internal standard to estimate compound quantities. Hexane
sample fractions were analyzed with a gas chromatograph coupled to an
electron ionization mass spectrometer detector (Agilent 6850) operated under
an ion-source temperature of 230 °C, a trap emission current of 35uA and

a 70-eV ionization energy. All experiments were performed at least twice.
Chromatographs were analyzed in Agilent Data Analysis software, and the
volatile substances were identified by screening the WILEY 275, NIST 08 and
CNRS libraries to compare MS spectra. The Kovats retention index of each
substance was calculated with data of the injection of a homologous set of #-
alkane (C4-C,,) according to the Kovats formula®. Mass-spectra similarities
together with Kovats-retention-index values were then used for compound
identification. Concentrations were calculated through comparison of the
camphor area as the internal standard.

ChIP-seq assays. Petals were collected from R. chinensis ‘Old Blush’ and fixed

in 1% (vol/vol) formaldehyde. ChIP assays were performed with anti-H3K9ac
(Millipore, 07-352) or anti-H3K27me3 (Millipore, 07-449) according to a
procedure adapted from Veluchamy et al.”'. Library quality was assessed with

an Agilent 2100 Bioanalyzer (Agilent), and the libraries were subjected to high-
throughput sequencing on an Illumina NextSeq 500 instrument. After trimming,
reads were aligned to the R. chinensis genome in bowtie2 (ref. **) with a maximum
mismatch of 1bp and unique mapping reported. To determine the target regions
of H3K9ac ChIP-seq, model-based analysis of ChIP-seq (MACS2)® was used.

Detection of H3K27me3-modified regions was performed with SICER*. HOMER®

was used to annotate H3K9ac peaks with nearby genes if peaks were located in
windows —2kb to+1kb around the gene TSS. For H3K27me3 peaks, bedtools
intersect’® was used, and only genes that overlapped with this specific modification
were kept. Clustering of H3K9ac and H3K27me3 peaks was performed with
SegMINER®. Rstudio, Circos®” and NGSplot*® were used for graphic representation
of histone modifications.
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RNA preparation and qPCR analyses. Total RNA and small RNAs were prepared
from petals at three developmental stages: noncolored petals early during
development (closed bud; stage 1); petals at the onset of anthocyanin synthesis
(closed bud; stage 2); and fully colored petals with maximum anthocyanin content
(bud opening; stage 3). Total RNA was prepared as previously described”. One
microgram of RNA was used in reverse-transcription assays, and qPCR was
performed as previously described” with gene-specific primers (Supplementary
Note 10 and Supplementary Tables 8 and 9). Small RNAs were extracted with a
Macherey-Nagel NucleoSpin miRNA kit. Contaminating DNA was removed with
an Ambion DNA-free kit. RNA concentrations were measured with a NanoDrop
ND-1000 Micro-Volume spectrophotometer (NanoDrop Technologies) before and
after DNase treatment. Small-RNA quantification was performed with stem-loop
RT-PCR as previously described”". Reverse transcription was performed with a
RevertAid kit (Thermo Fisher Scientific). Primers specific to 5.8S rRNA or stem-
loop RT-primer for miR156 (Supplementary Note 10 and Supplementary Table 8)
were used. 5.85 rRNA and miR156 expression were quantified with a QuantStudio
6 Flex Real-Time PCR 384 instrument (Applied Biosystems) with a Fast SYBR
Green Master Mix kit (Roche Diagnostic) and specific primers (Supplementary
Note 10). Data were collected for three independent biological replicates.

Code availability. Source code (in C) and linux binaries of the til-r software
are available at http://lipm-bioinfo.toulouse.inra.fr/download/til-r/ under the
GPL license.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary.

Data availability. The R. chinensis ‘Old Blush’ homozygous genome has been
deposited in DDBJ/ENA/GenBank under accession number PDCK00000000.
PacBio raw data have been deposited in the Sequence Read Archive (SRA) under
study accession number SRP119907. The R. chinensis ‘Old Blush’ heterozygous
genome has been deposited under BioProject accession number PRJEB24406.

Resequencing sequence reads have been deposited in the SRA under study
accession number SRP119986.

Hi-C data have been deposited under SRA accession numbers SRR6189546
and SRR6189547, and ChIP-seq data have been deposited under SRA accession
numbers SRR6167310, SRR6167311, SRR6167312 and SRR6167313 and under
Gene Expression Omnibus accession number GSE109433.
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Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

Please do not complete any field with "not applicable" or n/a. Refer to the help text for what text to use if an item is not relevant to your study.

For final submission: please carefully check your responses for accuracy; you will not be able to make changes later.

» Experimental design
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Describe how sample size was determined. No sample size calculation was required for this study.
2. Data exclusions
Describe any data exclusions. No data exclusion

3. Replication

Describe the measures taken to verify the reproducibility = RNA-seq experiments were performed in triplicate. ChIP-seq experiments were performed on
of the experimental findings. independent tissues. All real time quantitative RT-PCR were repeated at least 3 times.

4. Randomization

Describe how samples/organisms/participants were The study does not involve any randomized experimental group. Phylogenetic groups are
allocated into experimental groups. based on published data.

5. Blinding
Describe whether the investigators were blinded to No blinding was required for this study.

group allocation during data collection and/or analysis.

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.

6. Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

X

|:| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|:| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

X X

|:| A statement indicating how many times each experiment was replicated

|:| The statistical test(s) used and whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X X

|:| A description of any assumptions or corrections, such as an adjustment for multiple comparisons

|:| Test values indicating whether an effect is present
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

X

|:| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

X X

|:| Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)
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See the web collection on statistics for biologists for further resources and guidance.
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» Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this Code for filtering FALCON overlaps can be found at http://lipm-bioinfo.toulouse.inra.fr/
study. download/til-r/. This is indicated in the manuscript.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability
Indicate whether there are restrictions on availability of The data availability statement is included in the Author Information section of the main

unique materials or if these materials are only available manuscript
for distribution by a third party.

9. Antibodies

Describe the antibodies used and how they were validated = ChIP assays were performed using the commercially available antibodies, anti-H3K9ac
for use in the system under study (i.e. assay and species). (Millipore, ref. 07-352) and anti-H3K27me3 (Millipore, ref. 553 07-449), previously validated
by other published data and widely used for similar experiments.

10. Eukaryotic cell lines

a. State the source of each eukaryotic cell line used. No cell lines were used in this study.
The source of plants used in this study is given in Supplementary Table 7 (section 8 of
Supplementary Notes).

b. Describe the method of cell line authentication used.  No cell lines were used in this study.

c. Report whether the cell lines were tested for No cell lines were used in this study.
mycoplasma contamination.

d. If any of the cell lines used are listed in the database ~ No cell lines were used in this study.
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide all relevant details on animals and/or No animals were used in this study.
animal-derived materials used in the study.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population No human research was performed in this study.
characteristics of the human research participants.
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ChIP-seq Reporting Summary

Form fields will expand as needed. Please do not leave fields blank.

» Data deposition

1. For all ChIP-seq data:

[X]a. Confirm that both raw and final processed data have been deposited in a public database such as GEO.

X] b. Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

2. Provide all relevant data deposition access links. ChipSeq raw data have been deposited under SRA numbers SRR6167310,
The entry may remain private before publication. SRR6167311, SRR6167312 and SRR6167313.
Processed data can be accessed through genome browser https://lipm-
browsers.toulouse.inra.fr/pub/RchiOBHmM-V2/ (login: reviewer / password: rosaob).
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3. Provide a list of all files available in the database RcHt_17 H3K9ac_mark_Petal.R1.fastq.gz
submission. RcHt_17_H3K9ac_mark_Petal.R2.fastq.gz
RcHt 17 H3K9Ac_Input_Petal.R1.fastq.gz

RcHt 17 _H3K9Ac_Input_Petal.R2.fastq.gz

RcHt 17 H3K27me3_mark_Petal.fastqg.gz

RcHt_17_H3K27me3_Input_Petal.fastq.gz

4. Provide a link to an anonymized genome browser The genome and data can be accessible for the reviewer at

session (e.g. UCSC), if available. https://lipm-browsers.toulouse.inra.fr/pub/RchiOBHmM-V2/ (login: reviewer /
password: rosaob).

» Methodological details

5. Describe the experimental replicates. n.a
6. Describe the sequencing depth for each Homozygous genome :
experiment. H3K9Ac mark, mean coverage : 5.2x,; H3KSAc input, mean coverage : 15x;

H3K27me3 mark, mean coverage : 4.9x; H3K27me3 input : 4.2x
Heterozygous genome :

H3K9Ac mark, mean coverage : 3.6x; H3K9Ac input, mean coverage : 10.2x;
H3K27me3 mark, mean coverage : 3.4x; H3K27me3 input : 2.9x

7. Describe the antibodies used for the ChIP-seq H3K9AC : MILLIPORE / 07-352 / n.a / 2325091
experiments. H3K27me3 : MILLIPORE / 07-449 / n.a / 2686928
8. Describe the peak calling parameters. ** H3K9AC mark :

* read mapping :

bowtie2 -x SINDEX_FILE -m1 SR1_file -m2 SR2_file -S SRESULT FILE -N1
SINDEX_FILE = [RchiOBHmM-V2.0,RcHzRDP12]

- Chip:

SR1_file = SDATA_REP/trim_galore/RcHt_17_H3K9ac_mark_Petal.R1.vall.fq.gz
SR2_file = SDATA_REP/trim_galore/RcHt_17_H3K9ac_mark_Petal.R2.val2.fq.gz
SRESULT_FILE = [aln_bowtie2_Rose_K9ac_mark_Flower_vs_RchiOBHm-
V2.0.sam,aln_bowtie2_Rose_K9ac_mark_Flower_vs_RcHzRDP12.sam]

- Input :

SR1_file = SDATA_REP/trim_galore/RcHt_17_H3K9ac_Input_Petal.R1.vall.fq.gz
SR2_file = SDATA_REP/trim_galore/RcHt_17_H3K9ac_Input_Petal.R2.val2.fq.gz
SRESULT_FILE = [aln_bowtie2_Rose_K9ac_Input_Flower_vs_RchiOBHm-
V2.0.sam,aln_bowtie2_Rose_K9ac_Input_Flower_vs_RcHzRDP12.sam]

* Peak calling :

macs2 callpeak -f BAM -t Smark_file -n Sresult_file -g 515588973 -c Scontrol_file --
bdg

- RchiOBHmM genome :
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9. Describe the methods used to ensure data quality.

10. Describe the software used to collect and analyze
the ChIP-seq data.

Smark_file = aln_bowtie2_Rose_K9ac_mark_Flower_vs_RchiOBHm-V2.0.bam
Sresult_file = aln_bowtie2_Rose_K9ac_Flower _vs_RchiOBHm-V2.0.macs2
Scontrol_file = aln_bowtie2_Rose_K9ac_Input_Flower_vs RchiOBHmM-V2.0.bam
- RcHzRDP12 genome :

Smark_file = aln_bowtie2 Rose_K9ac_mark_Flower_vs RcHzRDP12.bam
Sresult_file = aln_bowtie2_Rose_K9ac_Flower vs_RcHzRDP12.macs2
Scontrol_file = aln_bowtie2_Rose_K9ac_Input_Flower_vs RcHzRDP12.bam
**H3K27me3 :

* read mapping :

bowtie2 -x SINDEX_FILE -U R_file -S SRESULT_FILE -N1

SINDEX_FILE = [RchiOBHmM-V2.0,RcHzRDP12]

- Chip :

SR_file = RcHt_17_H3K27me3_mark_Petal.trimmed.fq.gz

SRESULT_FILE = [aln_bowtie2_Rose H3K27me3_mark_Flower_vs_RchiOBHm-
V2.0.sam,aln_bowtie2 Rose_H3K27me3_mark_Flower_vs RcHzRDP12.sam]

- Input :

SR_file = RcHt_17_H3K27me3_Input_Petal.trimmed.fq.gz

SRESULT_FILE = [aln_bowtie2_Rose H3K27me3_Input_Flower_vs_ RchiOBHm-
V2.0.sam,aln_bowtie2 Rose_H3K27me3_Input_Flower_vs RcHzRDP12.sam]

* Peak calling :

macs2 callpeak -f BAM -t Smark_file -n Sresult_file -g 515588973 -c Scontrol_file --
bdg

- RchiOBHmM genome :

Smark_file = aln_bowtie2_Rose H3K27me3 mark_Flower_vs_RchiOBHm-
V2.0.bam

Sresult_file = aln_bowtie2_Rose H3K27me3_Flower_vs_RchiOBHm-V2.0.macs2
Scontrol_file = aln_bowtie2 Rose_H3K27me3_Input_Flower_vs_RchiOBHm-
V2.0.bam

- RcHzRDP12 genome :

Smark_file = aln_bowtie2_Rose_H3K27me3 mark_Flower_vs_RcHzRDP12.bam
Sresult_file = aln_bowtie2_Rose_H3K27me3_Flower_vs_RcHzRDP12.macs2
Scontrol_file = aln_bowtie2_Rose_H3K27me3_Input_Flower_vs RcHzRDP12.bam

** H3K9AC mark :

* RchiOBHmM genome :

# peaks with FDR < 5% = 46624
# peaks FC>5= 21668

* RcHzRDP12 genome :

# peaks with FDR < 5% = 50577
# peaks FC>5=27286
**H3K27me3 mark :

* RchiOBHmM genome :

# peaks with FDR < 5% = 13877
# peaks FC >2 = 6379

* RcHzRDP12 genome :

# peaks with FDR < 5% = 20179
# peaks FC>5=11799

Software used to collect and analysed ChipSeq data are fully described in section
6.2 of Supplementary Notes
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Flow Cytometry Reporting Summary

Form fields will expand as needed. Please do not leave fields blank.

» Data presentation

For all flow cytometry data, confirm that:
[X] 1. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

< 2. The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of
identical markers).

[X]3. All plots are contour plots with outliers or pseudocolor plots.

[X]4. Anumerical value for number of cells or percentage (with statistics) is provided.
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» Methodological details

5. Describe the sample preparation. Nuclei were isolated from RcHzRDP12 calli or from young leaves of regenerated
plantlets, as previously described17, and stained by adding 1ug/ml DAPI (Sigma)
for 1 hour at room temperature.

6. ldentify the instrument used for data collection. FACS data collections were performed using MACSQuant VYB (Miltenyi Biotec)
cytometer.

7. Describe the software used to collect and analyze FACS data analyses were performed using FlowJo software (FlowJo LLC).
the flow cytometry data.

8. Describe the abundance of the relevant cell Total nuclei populations were gated using DAPI intensity (Extended Data Fig. 1j, left

populations within post-sort fractions. panels): 16% of ‘Old blush” and 13% of RcHzRDP12 nuclei were retained as DAPI+.
Next, doubles were eliminated from this population using DAPI-W versus DAPI-H
axes (Extended Data Fig. 1j, middle panels): about 97% of DAPI+ nuclei were
retained by this gating in both samples. Finally, in DAPI+ singles cells, the
proportions of nuclei with different ploidy levels were determined based on their
DAPI intensity (Extended Data Fig. 1j, right panels): about 67% and 12% of nuclei
were diploids (2N) and tetraploids (4N), respectively in both the “Old Blush”
sample and in the RcHzRDP12 sample.

9. Describe the gating strategy used. Total nuclei populations were gated using DAPI intensity (Extended Data Fig. 1j, left
panels). Next, doubles were eliminated from this population using DAPI-W versus
DAPI-H axes (Extended Data Fig. 1j, middle panels). Finally, in DAPI+ singles cells,
the proportions of nuclei with different ploidy levels were determined based on
their DAPI intensity (Extended Data Fig. 1j, right panels).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information. [X
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