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Accurate sequence information, genome assemblies and annotations are the foundation for genetic and genome-wide studies. The major factors that limit de novo genome assembly are heterozygosity and repetitive sequences, such as TEs, which are often collapsed to single copies in draft genomes 1 . In recent years, however, evidence supporting the importance of TEs in genome evolution, genome structure, regulation of gene expression and epigenetics has been mounting 2-5 . The characterization of sequences and the distribution of TEs within a genome is, therefore, of great importance.

Until now, the study of epigenetically controlled characteristics in perennial plants has been hampered by the draft status of their genome sequences. In the case of apple, a draft was produced 6 but remained incomplete with inaccurate contig positions 7 ; this hindered its utility for genetic and epigenetic studies. De novo sequencing and assembly of a new genome for apple, using technologies of the third generation, had thus become a necessity.

In the last few years, single-molecule sequencing and optical-mapping technologies have emerged 8 , which are well suited for assembling genomic regions that contain long repetitive elements. Recently, several high-quality genome assemblies have been published using one or both technologies 9-14 . The use of long-read sequencing technologies may also tackle potential assembly issues that are related to the presence of highly similar sequences resulting from whole-genome duplication events that frequently occurred in angiosperm genomes 15 .

In addition to DNA sequence modifications, it has been shown that epigenetic variations contribute to genome accessibility, functionality and structure 16,17 . Several studies have demonstrated that local DNA methylation variants, which are represented by differential cytosine methylation at particular loci, can have major effects on the transcription of nearby genes and can be inherited over generations 18-20 .

Apple, like most other fruit tree crops, is propagated by grafting onto rootstocks, which over time can allow the acquisition and propagation of epimutations, via variation in DNA methylation states that can influence various phenotypes, such as fruit color 21,22 . Thus, knowledge of the epigenetic landscape of apple cultivars could provide new tools to study somatic variants, leading to the development of epigenetic markers for marker-assisted selection.

To produce a high-quality apple reference genome and methylome, we generated a de novo assembly of a 'Golden Delicious' doubledhaploid tree (GDDH13) composed of 280 assembled scaffolds and arranged into 17 pseudomolecules, which represent the 17 chromosomes of apple. This assembly resulted from a combination of short High-quality de novo assembly of the apple genome and methylome dynamics of early fruit development A r t i c l e s (Illumina) and long sequencing reads (PacBio), along with scaffolding based on optical maps (BioNano) and a high-density integrated genetic linkage map 23 . This chromosome-scale assembly was complemented by a detailed de novo annotation of genes based on RNA sequencing (RNA-seq) data, TE annotation and small RNA alignments.

To understand the potential role of epigenetic marks on fruit development, we constructed genome-wide DNA methylation maps that compared different tissues and two isogenic apple lines that produce large or small fruits. This led to the identification of differential DNA methylation patterns that are associated with genes involved in fruit development.

This work provides a solid foundation for future genetic and epigenomic studies in apple. Furthermore, our TE annotation provides novel insights into the evolutionary history of apple and may contribute to explaining its divergence from pear.

RESULTS

Genome sequencing, assembly and scaffolding

The doubled-haploid Golden Delicious line (GDDH13, also coded X9273) used in this study is the result of breeding efforts that were initiated at INRA in 1963 (ref. 24) (Supplementary Fig. 1 and Online Methods). Homozygosity of this line was confirmed with microsatellite markers that are distributed along the apple genome (data not shown) and by observation of the k-mer spectrum of Illumina reads derived from GDDH13 (Fig. 1a and Supplementary Note).

To perform de novo assembly of the GDDH13 genome, we combined three different technologies: short-read sequencing, long-read sequencing and optical mapping (Fig. 1b). Using DNA from the leaves of GDDH13, we generated ~120-fold coverage of Illumina paired-end reads (72 Gb), 80-fold coverage of Illumina Nextera mate-pair reads (58 Gb) at three different insert sizes (2, 5 and 10 kb) and ~35-fold coverage of PacBio sequencing data (24 Gb; 2,837,045 subreads with a mean length of 8,474 bp). The Illumina paired-end reads were first assembled using SOAPdenovo 25 , and the resulting contigs were combined with the PacBio reads using the DBG2OLC assembler 26 . This resulted in an assembly that consisted of 2,150 contigs with an N50 of 620 kb (i.e., 50% of the assembly was contained in contigs ≥620 kb in size) (Supplementary Table 1) and a total length of 625.2 Mb, which were subsequently corrected by using the Illumina paired-end reads (94,896 single-base assembly errors corrected; 1,054,709 insertions (1,466,015 bp) and 123,510 deletions (178,733 bp)) and scaffolded by using Illumina mate-pair reads with BESST (assembly N50 increased from 620 kb to 699 kb).

Next, using a ~600-fold-coverage BioNano optical map, we generated a consensus map that resulted in an assembly of 649.7 Mb. This consensus map was then used for the hybrid assembly with the corrected scaffolds, which, together with single-nucleotide polymorphism (SNP) markers derived from a high-density genetic linkage map 23 , allowed the construction of the 17 pseudochromosomes (Supplementary Table 2 and Supplementary Note). To estimate the genome size, we calculated different k-mer frequency distributions of the Illumina reads. The estimated GDDH13 genome size of 651 Mb was very close to the 649.7-Mb size in the consensus map.

Assessment of genome quality

We assessed the quality of the assembly by using two independent sources of data. First, we used the SNP markers that were mapped on the previously mentioned integrated genetic linkage map to validate A r t i c l e s scaffold assembly. Of the 15,417 SNP probe sequences, we identified sequence homology in the GDDH13 genome for 14,732 of them. We then assessed their position on the scaffold assemblies by comparing their location on the integrated genetic linkage map. In total 14,117 of the mapped markers (95.8%) were found to be located at their expected positions (Supplementary Note). To visualize these data, we plotted the genetic distance against the physical distance of the genetic markers for each chromosome (Supplementary Fig. 2); the data for chromosome (Chr) 11 is shown as an example in Figure 1c. This analysis showed that there was very little discrepancy between the physical and genetic maps. For comparison, we plotted these markers to the heterozygous apple genome (v 1.0; Supplementary Fig. 3). We also plotted the recombination rates in sliding windows of 3 Mb on this chromosome (Fig. 1d) and identified a decrease in recombination frequency toward the middle of Chr11. Second, we estimated the level of linkage disequilibrium (LD) using the r 2 parameter between all pairwise SNP comparisons by using marker data that were derived from an apple core collection 27,28 . In the present version of the GDDH13 genome, we did not identify any abrupt jumps in LD, indicating the overall robustness of the assembly (Fig. 1e and Supplementary Fig. 4). Using previously published genetic data 29 , we generated a haplotype map for GDDH13, which allowed the identification of recombination breakpoints (Supplementary Fig. 5).

Finally, the completeness of the assembly was tested by searching for 248 core eukaryotic genes 30 In total, 237 of 248 CEGs were completely present, and 7 CEGs were partially present, indicating that fewer than 2% of the CEGs could not be detected, which compared very favorably with other assemblies 31 .

Genome annotation

To obtain a global view of the apple transcriptome, we performed a high-throughput RNA-seq analysis on poly(A)-enriched RNAs from nine libraries that originated from different genotypes and tissues. RNA-seq reads were assembled, and the resulting contigs were mapped to the scaffolds and integrated in the EuGene combiner pipeline 32 . In total, we identified 42,140 protein-coding genes (which represent 23.3% of the genome assembly) and 1,965 non-protein-coding genes (Supplementary Table 2 and Supplementary Note). Evidence of transcription was found for 93% of the annotated genes.

To further evaluate the quality of the annotation, a comparison with annotations of previous apple genome assemblies 6,33 was performed using the BUSCO v2 method, which is based on a benchmark of 1,440 conserved plant genes 34 . The results indicate that our apple genome annotation is the most complete, despite having the lowest number of predicted genes (Table 1).

The de novo annotated genes were named using the following convention: MD (for Malus domestica) followed by the chromosome number and gene number on the chromosome (in steps of 100) going from top to bottom according to the linkage map, for example, MD13G0052100.

Previously published small RNA (sRNA) data 35 were also mapped to the genome. We found that most 21-and 22-nt-long sRNAs mapped to protein-coding genes, whereas most 24-nt-long sRNAs mapped to TEs. The distribution of 23-nt-long sRNAs was evenly included in both types of genomic features (Supplementary Fig. 6).

Ancestral genome duplication

Intragenomic synteny of GDDH13 was assessed using SynMap (CoGe; http://www.genomevolution.org) and visualized with Circos 36 . Results of this analysis (Fig. 2) showed an even clearer genome duplication pattern than has previously been reported 6 . Only very few regions showed no synteny to other parts of the genome (for example, the middle part of Chr04).

Transposable elements and annotation of repeat sequences

To produce a genome-wide annotation of repetitive sequences, TE consensus sequences (provided by the TEdenovo detection pipeline 37 ) were used to annotate their copies in the whole genome. To refine this annotation, we performed two iterations of the TEannot pipeline. In the GDDH13 genome, TEs represented 372.2 Mb (57.3% of the 649.7 Mb BioNano assembly; Supplementary Table 2). Excluding undefined bases (Ns), the TE content of the total nucleotide space in the final annotation was 59.5% of the assembly. The most abundant repeats in this genome are retrotransposons or class I elements (74.8% of TE content, 42.9% of genome assembly), and in particular long terminal repeat retrotransposons (LTR-RTs), which represent 66% of this type of repeat, whereas non-LTR retrotransposons (LINE and SINE) accounted for 7% (Fig. 3a and Supplementary Table 2). DNA transposons or class II elements (DNA transposons and Helitrons) make up 23% of the TE content (13.4% of the genome assembly; Fig. 3a and Supplementary Table 2). A complete list of identified TEs, their integrity and copy number can be found in Supplementary Table 3.

table 1 comparison of the GDDH13 genome with previously published assemblies of the apple genome GDDH 13 Li et al. 33 Velasco et al. 

A r t i c l e s

We ran the REPET 38 pipeline on the PacBio contigs, which allowed us to identify an additional hyper-repetitive consensus sequence (Genbank entry KX869746). This consensus sequence was automatically classified as a 9,716-bp LTR-RT with over 500 full-length copies, and it accounted for 3.6% of the genome assembly (22.3 Mb). We termed this TE consensus sequence HODOR (high-copy Golden Delicious repeat). At the chromosomal level, a higher density of HODOR copies coincided with particular regions of each chromosome that show reduced recombination levels, whereas the density level of other TEs remained constant or was decreased at these same regions (Fig. 3b and Supplementary Fig. 7). Even though the retrotransposon consensus sequence has clear 5′ and 3′ LTRs that are 1.8 kb in size, there are no homologies with typical TE-related sequences encoding a gag protein, a reverse transcriptase or an integrase. However, we found partial sequence similarity to the Malus domestica Copia-100 element present in RepBase Update 39 , corresponding to different domains such as gag pre-integrase, RNase H and integrase. These results suggest that HODOR is a non-autonomous LTR retrotransposon derivative or LARD (large retrotransposon derivative). We scanned the genome and were able to identify TEs that could contribute to the mobilization of HODOR (Supplementary Table 3 and Supplementary Note). Notably, we also found significant (BLASTX e-values ≤ 1 × 10 -29 ) similarities with sequences encoding three short bacterial proteins of unknown function (Supplementary Fig. 8a), and mining of transcriptome data 35 showed HODOR to be primarily transcribed in the sense and antisense orientations in apple seeds (Supplementary Fig. 8b).

To investigate the evolutionary history of TEs in the apple genome, we plotted the distribution of identity values between genomic copies and their consensus sequences (Fig. 3c). Distributions for all classes of repeats showed a peak at 77% identity. By considering the mutation rate that has been reported for LTR-RTs in plants (1.3 × 10 -8 base substitutions per site per year 40,41 ), we estimated the age of those insertions as described by the International Human Genome Sequencing Consortium 42 . We concluded that the peak at 77% identity corresponded to an insertion age of around 21 million years ago (Mya) (Fig. 3c). We also noted a second peak, particularly for LINE elements, at 98% identity that corresponded to a TE burst at ~1.6 Mya (Fig. 3c).

The apple methylome

To investigate the apple methylome, we produced genome-wide maps of DNA methylation content at single-base resolution for GDDH13 leaves and young fruits 43,44 .

Globally, in leaves we found DNA methylation levels of 49%, 39% and 12% in the CG, CHG and CHH sequence contexts (where H is adenine, thymine or cytosine), respectively (Fig. 4a). DNA methylation was not evenly spread throughout the chromosomes (Fig. 4b shows the profile for Chr11; see Supplementary Fig. 9 for the profiles for all of the chromosomes), and peaks of methylation coincided with recombination cold spots. 

A r t i c l e s

As expected 45,46 , there are reduced overall DNA methylation levels in gene sequences, whereas TEs are extensively methylated (Fig. 4c). For genes, we identified three major types of DNA methylation patterns. Genes in cluster 1 were characterized by high levels of DNA methylation in the gene body in the CG and CHG contexts, which was concomitant with high DNA methylation in the surrounding regions. Genes in cluster 2 had low CG, and very low CHG and CHH, methylation in the gene itself, yet there were increased levels in the surrounding region. Finally, genes in cluster 3 featured low DNA methylation levels in both the gene body and in the surrounding regions (Supplementary Fig. 10). This last cluster contained the largest number of genes (27,179; 64.5% of all genes), showing that in apple, genes are generally depleted for DNA methylation. By mining previously produced large transcriptome data sets for apple 35 , we found that genes covered with very high levels of DNA methylation (cluster 1) showed the lowest expression levels (1.58 median log 2 value), whereas cluster 2 and cluster 3 genes had higher log 2 values (3.3 and 2.8, respectively). This result confirmed that the amount of DNA methylation surrounding genes influences their expression level. As one example of TEs, we assessed the DNA methylation levels for HODOR and found that HODOR was almost completely methylated in the CG (90% methylated) and CHG (65% methylated) contexts but that it had much less methylation in the CHH context (3%) (Fig. 4c).

DNA methylation and fruit development

To assess how DNA methylation contributes to fruit development, we first compared DNA methylation levels between leaves and fruits. We called differentially methylated regions (DMRs) using a hidden Markov model (HMM)-based approach 47 . In total, we identified 1,017 high-confidence DMRs in all contexts between leaves and fruits, and we observed a very strong bias for DMRs containing methylation changes in the CHH context (875 DMRs; 86.0%) (Fig. 5a). We identified 294 genes that contained DMRs in their promoter region-14 DMRs were in the CHG context and showed increased amounts of DNA methylation in leaves, whereas the remaining 280 DMRs were found in the CHH context and showed increased amounts of DNA methylation in fruits. Thus, most methylation differences between leaves and fruits occurred at CHH sites, with a robust increase observed in the developing fruit. Among genes with DMRs that were 2 kb upstream of their transcription start site (TSS), we identified several apple orthologs of Arabidopsis genes with important roles in flower and fruit development and in epigenetic regulation (Fig. 5b).

Next we wanted to test whether DNA methylation could have a role in the regulation of fruit size. We took advantage of GDDH18, an isogenic line that was obtained from the same haploid that produced GDDH13 (Supplementary Note). Whole-genome sequencing showed the presence of 27 homozygous SNPs within genes between the two trees, with nine of these SNPs resulting in amino acid changes (Supplementary Table 4). Although the GDDH13 and GDDH18 trees were indistinguishable, the GDDH18 fruits were much smaller (Fig. 5c) because of a reduced number of cell layers in the parenchyma (Fig. 5d).

To elucidate whether the difference in fruit size could have an epigenetic basis, whole-genome bisulfite sequencing was performed on samples that were collected at 3 d before pollination (or -3 d after pollination (DAP); when fruits have a similar size and number of cell layers) and at 9 DAP (a few days before observing significant phenotypic differences between the fruits). As expected from their common origin, only a limited number of high-confidence DMRs (n = 197) could be found between young fruits of GDDH13 and GDDH18 at -3 DAP. Of these, 47 DMRs were located within 2 kb upstream of the TSS of genes. Similarly, we identified a total of 148 high-confidence DMRs between fruits of GDDH13 and GDDH18 at 9 DAP. From this analysis, we found that 53 genes contained DMRs in their promoter region (i.e., within 2 kb upstream of the TSS). At both time points a majority of genes with DMRs showed a decrease in methylation in their promoter region for GDDH18 (Supplementary Table 5). Notably, in both comparisons, DMRs in the CG-CHG and CHG contexts were over-represented. The overlap of DMRs between the two time points analyzed included 22 genes with DMRs in their promoter regions, with most of them (n = 17) showing lower methylation in GDDH18 (Supplementary Table 5). Several of the 22 genes have orthologs in other species with a role that could explain the observed size difference between the GDDH13 and GDDH18 fruits-including SQUAMOSA PROMOTER-BINDING PROTEIN LIKE 13 (SPL13, MD16G0108400), 1-AMINO-CYCLOPROPANE-1-CARBOXYLATE SYNTHASE 8 (ACS8, MD15G0127800) and CYTOCHROME P450 FAMILY 71 SUBFAMILY A POLYPEPTIDE 25 (CYP71A25, MD14G0147300), which belong to the minority of genes with increased methylation in GDDH18.

DISCUSSION

As a prerequisite to epigenomic studies in apple, we decided to produce a high-quality reference genome for apple. An advantage for us was the availability of the homozygous GDDH13 doubled-haploid line. Assembling a genome that is both highly heterozygous and recently duplicated into a haploid consensus sequence presents a substantial challenge. This is exemplified by the comparison of our first assembly steps to a recently published report on a heterozygous Golden Delicious apple genome sequence 33 . Following hybrid assembly of PacBio and Illumina reads, Li and colleagues 33 reported a N50 of 112 kb, whereas we obtained a N50 of 620 kb at that same step. These results highlight the power of haploids or doubled haploids in genome sequencing projects 48 , particularly in those for apple, which is not only highly heterozygous but has also undergone a recent whole-genome duplication (ref. 6 and this study). The optical mapping then allowed us to produce scaffolds with a N50 of 5.5 Mb, which, in association with a high-density integrated linkage map, yielded highly contiguous pseudomolecules. In this new apple genome, we followed a newer convention 23 in which the orientation of Chr10 and Chr05 became aligned by the inversion of Chr05. We chose to invert Chr05 because it is the least frequently reported of the two in previous genetic studies on quantitative trait loci (QTL), gene discovery and characterization.

We estimated the genome size of GDDH13 to be 651 Mb (Supplementary Table 2), which suggested that the GDDH13 genome may be smaller than that of the heterozygous Golden Delicious line, which was recently estimated to be 701 Mb (ref. 33). Although the GDDH13 tree looks similar to the heterozygous Golden Delicious A r t i c l e s counterpart (including tree architecture, flowering time and fruit appearance; Supplementary Fig. 1), it is possible that through the consecutive steps of selfing, haploid development and chromosome doubling, some minor parts of the genome might have been lost or re-arranged. Thus, it is possible that some of the genome sequence might be missing in the GDDH13 assembly.

Our gene prediction analysis reduced the estimated number of annotated genes in apple from 63,541 (Genome Database for Rosaceae, see URLs and ref. 6) to 42,140, which is much closer to the 42,812 genes that have been reported for pear 49 and the 45,293 genes that were identified after filtering out overlapping genes from the original apple genome annotation 49 (Supplementary Note).

TEs also have an important role in structuring genomes. The indepth TE annotation we performed showed a major TE burst in apple that we estimated to have happened around 21 Mya. This affected all types of TEs, suggesting that the precursor of the modern apple underwent environmental changes with resulting stresses that led to the activation of these TEs 50 . The observed TE burst corresponds to the Miocene epoch (23 Mya to 5 Mya) and may coincide with two events: the divergence between pear and apple 48 and an uplift event occurring at the Tian Shan mountains 51 , which cover the region where the ancestor of the apple originates from 52 . We hypothesize that these TE bursts, which presumably must have been very different in the predecessor of pear and apple, have contributed to the diversification, and possibly even speciation, of these plants.

Although our analyses using previously reported approaches 53 did not identify any characteristic short centromeric repeat sequence in the apple genome, we can hypothesize the putative localization of centromeres on the GDDH13 chromosomes. We found that the regions in which we observed a decrease in the recombination rate between successive markers of the integrated linkage map coincided with the regions that showed an increase in the estimated level of LD in the core apple collection, as well as an increase in DNA methylation levels. In addition, we identified HODOR, the most repetitive consensus sequence in the apple genome, as being over-represented in these same genomic regions. These findings suggest that centromeric regions in the GDDH13 genome may be located within the regions that show an over-representation of HODOR. Future studies will show whether HODOR has a role in the centromere structure in the apple genome. Blast searches have revealed that the HODOR sequence also exists in pear, and because of its origin from potential horizontal gene transfer events, it will be of great interest to investigate when HODOR first appeared during the Rosaceae evolution.

The genome-wide distribution of DNA methylation peaked in putative centromeric regions of high LD and high HODOR content. As has been observed in Arabidopsis 43 , TEs were enriched and genes strongly depleted for DNA methylation. The 10% of genes that possess high levels of DNA methylation (gene body and surrounding region; Supplementary Fig. 10), globally showed a very low level of transcription, and these genes may be expressed during very specific developmental stages or tissues. The comparison of the apple leaf and fruit methylomes revealed a noteworthy pattern-the fruit globally had higher CHH DNA methylation levels, which suggested increased activity of the RNA-directed DNA methylation machinery in this organ 54 . Consistent with this observation, it has been shown for Arabidopsis that cell-type-specific DNA methylation differences mainly occur at CHH sites 55 . Notably, DNA methylation differences in the CHH context between leaf and fruit tissues occurred next to 294 genes. Several of these were found to be orthologous to genes that are known to be important regulators of flower and fruit development in other species. This suggests that apple fruit development is regulated by epigenetic processes, which is consistent with data obtained in tomato, demonstrating that DNA methylation is important for fruit ripening 56-58 .

In addition, among the major agronomical traits that contribute to both yield and quality, fruit size is one of the most important for many domesticated crops. Two of the key determinants that are known to alter plant organ size are cell number and cell size 59 . Here we investigated fruit size difference between two isogenic doubled-haploid apple lines. We found that the number of cell layers in the parenchyma of GDDH13 fruits increased more rapidly than those in the parenchyma of the smaller GDDH18 fruits, with significant differences being observed as early as 21 DAP. To identify regulators that contributed to the difference in fruit size between the two doubled-haploid apple lines, we found three genes that potentially contributed to the cell number difference, and these contained DMRs in their promoter regions (Supplementary Note).

The identification of potential molecular mechanisms that control cell-division-related processes by DNA methylation provides new insights into the understanding of this important process. However, by comparing the GDDH13 and GDDH18 genomes, we identified nine SNPs that affect protein sequences, and thus we cannot currently exclude a genetic effect.

The high-quality reference apple genome sequence reported here offers unprecedented insights into the genome dynamics of a tree and provides an important basis for future studies, not only in apple but also in other Rosaceae species.

URLs. Structural and functional annotations are available through our genome browser: https://iris.angers.inra.fr/gddh13/. The Whole-Genome Shotgun project can be found in GenBank under: https:// www.ncbi.nlm.nih.gov/nuccore/MJAX00000000.1 The REPET package v2.5 used to detect TEs used in this study can be found here: https://urgi.versailles.inra.fr/Tools/REPET SynMap-CoGe: http:// www.genomevolution.org Genome Database for Rosaceae: http:// www.rosaceae.org.

METhODS

Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.

Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
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ONLINE METhODS

Genome assembly of GDDH13. Hybrid assembly. The genome assembly was performed using a combination of sequencing technologies: PacBio RS II reads, Illumina paired-end reads (PE) and Illumina mate-pair reads (MP). First, Illumina PE reads were separately assembled using SOAPdevo 2.223 (ref. 25). Next, the PacBio reads and Illumina contigs were combined to perform a hybrid assembly using the DBG2OLC pipeline 26 .

Assembly polishing. A polishing of the assembly using the Illumina pairedend reads was performed. The 120× Illumina reads were mapped to the contigs using BWA-MEM 61 . This alignment was then used with Pilon 1.17 (ref. 62) to correct the assembly.

Mate pair scaffolding. A total of 8.5 Gb of Illumina MP data (approximate sequencing depth = 15×), with an insert size varying between 2 kb and 10 kb, was used to scaffold the assembly. The MP reads were mapped on the corrected contigs using BWA-MEM. The alignments were processed with the BESST 63 software to scaffold the assembly.

BioNano scaffolding. A BioNano optical mapping analysis was performed, and data was collected and analyzed with IrisViewer (v2.5). The 397 BioNano maps, with a N50 of 2.649 Mb and a total length of 649.7 Mb, were used in the hybrid assembly step with the scaffolds obtained from the MP scaffolding to assemble the final scaffolds in IrisViewer.

Scaffold validation and anchoring to the genetic map. An integrated multiparental genetic linkage map of apple 23 that was composed of 15,417 SNP markers was used to organize and orientate the scaffolds into chromosomesized sequences. The probe sequences of the 15,417 markers 64 were mapped onto the genome using BWA-MEM. The physical and genetic positions of the mapped markers were used to place and orient the scaffolds and contigs relative to each other. Detailed methodological details describing the assembly processes can be found in the Supplementary Note.

Linkage disequilibrium (LD). The 'Old Dessert' INRA core collection, comprising 278 accessions 27 , was genotyped with the Axiom Apple-480K SNP genotyping array 28 . LD was estimated with the r 2 statistics using the R package snpStats (R package version 1.16.0). Heat maps of pairwise LD between markers were plotted using the R package LDheatmap 65 .

RNA sequencing (RNA-seq) analysis. To maximize the number and diversity of genes that were identified by RNA-seq, mRNA was purified from various organs at multiple developmental stages derived from seven cultivars and hybrids. A total of nine libraries were generated (see Supplementary Note for more details).

The cDNA sequencing libraries were constructed following the manufacturer's instructions (Illumina, San Diego, CA, USA), and the Illumina GA processing pipeline Cassava 1.7.0 was used for image analysis and base-calling.

DNA extraction from leaf and developing fruits, and bisulfite sequencing. Young leaves from GDDH13 and developing fruits from GDDH13 and GDDH18 (two biological replicates from independently grafted trees) were collected 3 d before pollination (-3 DAP, with petals, sepals, anthers and styles removed) and 9 DAP. DNA was purified using the Macherey-Nagel NucleoSpin plant II DNA extraction kit (Germany), following the manufacturer's instructions. Bisulfite treatment was applied to determine the cytosine methylation status, using the Epitect bisulfite kit (Qiagen) and 100 ng of genomic DNA.

Whole-genome bisulfite sequencing was performed, and DMRs between leaves and young GDDH13 fruits, and between GDDH13 and GDDH18 fruits, at -3 DAP and 9 DAP were computed according to Hagmann et al. 47 . DNA methylation distribution plots and gene clustering analyses by methylation patterns were performed with deepTools 66 .

Small RNA alignment. Apple sRNA sequences derived from mature fruit parenchyma 35 were aligned to the Golden Delicious doubled-haploid pseudomolecules using BWA-MEM. Only perfectly mapped sequences were considered further, and reads with identical sequences were allowed to be mapped to two or more loci.

Genome annotation. RNA-seq data derived from nine different libraries was de novo assembled using Trinity 67 and SOAPdenovo-trans 68 . For each library, the assembly with the highest N50 value was chosen to annotate the genes. 2,033 mRNAs and 326,941 expressed sequence tags (ESTs) extracted from the NCBI nucleotide and EST databases, respectively, were also used for gene prediction.

The structural annotation of coding genes was performed using EuGene 32 by combining Gmap transcript mapping 69 , similarities detected with plant proteomes and Swiss-Prot, and ab initio predictions (interpolated Marlov model and weight-array matrix for donor and acceptor splicing sites). Moreover, the EuGene prediction was completed by tRNAscan-SE 70 , RNAmmer 71 and RfamScan 72 to annotate non-protein-coding genes, including those encoding tRNA, rRNA, miRNA and snoRNA, and other regions with proof of transcription but without significant similarities and coding potential (named ncRNA).

Functional annotation of proteins was performed using InterProScan 73 . The functional annotation was then completed by the prediction of targeted signals using the TargetP software 74 .

Genome synteny. SynMap (CoGe, see URLs) was used to identify collinearity blocks using homologous coding sequence pairs. Detailed methodological details on the annotation processes can be found in the Supplementary Note.

Comparison of annotation between the heterozygous Golden Delicious and GDDH13 genomes. Malus domestica predicted gene (MDP) sequences obtained from the heterozygous genome annotation 6 were mapped to the GDDH13 genome assembly using the best BLAT 75 hit. Comparison of the two genome annotations was done using Bio++ 76 .

Repeat annotation. The TEdenovo pipeline 37,77 from the REPET package v2.5 (see URLs) was used to detect TEs in genomic sequences and to provide a consensus sequence for each TE family. Consensus TE sequences were used to annotate the TE copies in the whole genome using the TEannot pipeline 38 from the REPET package v2.5. Consensus sequences that were classified as potential host genes because they contain host gene Pfam domains were kept from this study. The same process was used to identify the HODOR consensus sequence on the PacBio assembly with the REPET pipeline. TE insertion ages were calculated using the adapted T = K/r formula for nonduplicated LTR sequences, where K is the sequence divergence, and r is the substitution rate 78 . The observed sequence divergence was corrected with the Jukes and Cantor model 79 . Additional methodological details on the repeat annotation can be found in the Supplementary Note.

Background

Like retroviruses, long terminal repeat (LTR) retrotransposons (class I elements), which represent the most abundant class of transposable elements (TEs) in eukaryotes, transpose via a copy and paste mechanism. This process requires the conversion of a full length RNA polymerase II (Pol II) transcript into extrachromosomal complementary DNA (ecDNA) by reverse transcription [1]. In their life cycle LTR retrotransposons can produce extrachromosomal circular DNA (eccDNA), which is an indicator for their ongoing activity [2]. In plants, TEs are increasingly seen as a source of genetic and epigenetic variability and thus important drivers of evolution [3][4][5][6]. However, plants have evolved several regulatory pathways to retain control over the activity of these potentially harmful mobile genetic elements. Cytosine methylation ( m C) plays a central role in TE silencing in plants [7]. In addition, plants have evolved two Pol II-related RNA polymerases, Pol IV and Pol V, that are essential to provide specific silencing signals leading to RNA-directed DNA methylation (RdDM) at TEs [8], thereby limiting their mobility [9][10][11]. More recently, various additional noncanonical Pol IV-independent RdDM pathways have been described [12]. Notably it was found that Pol II itself also plays an important role in RdDM [13,14] by feeding template RNAs into downstream factors such as RNA-DEPENDENT RNA POLYMERASE 6 (RDR6), resulting in dicer-dependent or -independent initiation and establishment of TE-specific DNA methylation [15]. Beyond that, recent work suggests a new "non-canonical" branch of RdDM that specializes in targeting transcriptionally active full-length TEs [16]. This pathway functions independently of RDRs via Pol II transcripts that are directly processed by DCL3 into small interfering RNAs (siRNAs).

Results

Here, we wanted to investigate if Pol II could play a direct role in repressing TE mobility in plants. For this purpose we chose the well-characterized heat-responsive copia-like ONSEN retrotransposon [11] of Arabidopsis and took advantage of the hypomorphic nrpb2-3 mutant allele that causes reduced NRPB2 (the second-largest component of Pol II) protein levels [14]. Using quantitative real-time PCR (qPCR), we determined that challenging nrpb2-3 seedlings by heat stress (HS) led to a mild increase in total ONSEN copy number (sum of ecDNA, eccDNA and new genomic insertions) relative to control stress (CS) and compared to the wild type (WT) (Fig. 1a). This result is supported by the observed dose-responsive increase in ONSEN copy number after HS and pharmacological inactivation of Pol II with α-amanitin (A), a potent Pol II inhibitor [17] that does not affect Pol IV or Pol V [18] (Fig. 1b). In order to test the interaction between Pol II-mediated repression of TE activation and DNA methylation, we grew WT and nrpb2-3 plants on media supplemented with zebularine (Z), an inhibitor of DNA methyltransferases active in plants [19], and subjected them to HS. To ensure the viability of the nrpb2-3 seedlings we choose a moderate amount of Z (10 μM). The presence of Z in the medium during HS generally enhanced the production of ONSEN copies. Importantly, this induced increase in ONSEN copy number was more distinct in the nrpb2-3 background (Fig. 1a). This indicated that both DNA methylation and Pol II transcriptional activity contribute to the repression of ONSEN ecDNA production. To complete their lifecycle, the reverse transcribed ecDNA of activated retrotransposons has to integrate back into the genome [1]. Given that we observed a strong increase in ONSEN copy number after HS and treatment with moderate amounts of Z in the nrpb2-3 background, we wanted to address the inheritance of additional ONSEN copies by the offspring. For this we compared the average ONSEN copy number of pooled S1 seedlings obtained from Z-treated and heat-stressed WT and nrpb2-3 plants grown under controlled conditions on soil by qPCR. We observed a distinct increase in the overall ONSEN copy number exclusively in the nrpb2-3 background (Additional file 1: Figure S1).

Because both DNA methylation and Pol II can be inhibited by the addition of specific drugs, we wanted to test if treating WT plants with both A and Z at the same time could strongly activate and even mobilize ONSEN after a HS treatment. We grew WT seedlings on MS medium supplemented with Z (40 μM) [19] individually or combined with A (5 μg/ml, A&Z). Consistent with the strong activation of ONSEN in HS and Z-treated nrpb2-3 seedlings, the combined treatment (A&Z) of the WT gave rise to a very high (Fig. 1c) HS-dependent (Fig. 1d) increase in ONSEN copy number, comparable to that in the nrpd1 background (Fig. 2e). We noted that the overall amplitude of HS-dependent ONSEN activation could vary between different waves of stress applications in terms of copy number (Fig. 1a,b). Yet, the observed enhancing effect of Pol II and DNA methyltransferase inhibition with A and Z on ONSEN activation was consistent in independent experiments (Figs. 1a-c and2e). To detect activated TEs at the genome-wide level we took advantage of the production of eccDNA by active retrotransposons. eccDNA is a byproduct of the LTR retrotransposon life cycle [20]. Using mobilome sequencing, which comprises a specific amplification step of circular DNA followed by high-throughput sequencing to identify eccDNA derived from active LTR retrotransposons [2], we found that only ONSEN was activated by HS in combination with A&Z (Additional file 1: Figure S2). Confirming our qPCR data, more ONSEN-specific reads were detected in the presence of A and Z in the medium.

To better understand the mechanisms by which the drugs enhanced the activation of ONSEN after HS at the DNA level, we assessed how they influenced DNA methylation at the genome-wide level using wholegenome bisulfite sequencing (WGBS) after CS. Overall, we found that all drug treatments affected global DNA methylation levels. While the treatment with Z affected all sequence contexts, we observed that inhibition of Pol II primarily affected cytosine methylation in the CHG and CHH sequence contexts (where H is an A, T or G). The combined A&Z treatment had a slight additive demethylating effect in the CHG and CHH contexts compared to A or Z alone (Fig. 2a,b). DNA methylation levels at one ONSEN locus (AT1TE12295) is depicted in Fig 2c . Treatment with A led to a slight decrease in DNA methylation, which was more apparent in Z-and A&Z-treated plants. We then checked by northern blot whether the degree of reduction in DNA methylation would coincide with increased ONSEN transcript levels directly after HS. We found that treatment with Z alone resulted in the highest ONSEN transcript level after HS (Fig. 2d). Considering the data obtained on ONSEN ecDNA (Fig. 1c), we concluded that a substantial proportion of these Z-induced transcripts were not suitable templates for ONSEN ecDNA synthesis.

In Drosophila, it has been shown that Pol II-mediated antisense transcription results in the production of TEderived siRNAs in a Dicer-2-dependent manner [21]. In support of this in Arabidopsis, a recent publication pointed out the importance of DCL3 in regulating ONSEN in the ddm1 background [16]. To elucidate whether the effect of Pol II inhibition was also dicer-dependent, we grew both rdr6 and dcl2/3/4 triple mutant plants on A, applied HS and measured ONSEN ecDNA levels. Strikingly, we found that A still enhanced ecDNA accumulation in rdr6 plants, whereas inhibition of Pol II had no additional effect in the dcl2/3/4 triple mutant (Fig. 2e).

Induced mobilization of endogenous TEs in plants has so far been very inefficient, thus limiting their use in basic research and plant breeding [3]. In the case of Arabidopsis, transposition of ONSEN in HS-treated WT plants has not been observed [11,22]. Because the A&Z drug treatment resulted in high accumulation of ONSEN copy numbers-essentially mimicking plants defective in NRPD1 (Fig. 2e)-we wanted to test if the combined drug treatment could lead to efficient ONSEN mobilization in WT plants. First, we assessed by qPCR if, and at what frequencies, new ONSEN copies could be detected in the progeny of A&Z-treated and heat stressed plants. In fact, we found new ONSEN insertions in 29.4% of the tested S1 (selfed first generation) pools (n = 51), with pools having up to 52 insertions (Additional file 1: Figure S3). We then confirmed stable novel ONSEN insertions in a subset of independent individual high copy plants by transposon display (Fig. 3a), qPCR (Fig. 3b) and sequencing of 11 insertions in a selected high-copy line (hc line 3; Fig. 4; Additional file 1: Figure S4). Tracking ONSEN copy numbers over three generations of selfing indicated that the new insertions were stably inherited (Fig. 3b). Furthermore, the re-application of heat stress and drugs in the S3 generation of two hc lines did not lead to greater accumulation of ONSEN copies compared to control lines, but we instead observed stronger silencing in lines with more ONSEN copies (Additional file 1: Figure S5).

TE insertions can interrupt genes or alter their expression by recruiting epigenetic marks or by stress-dependent readout transcription from the 3′ LTR into flanking regions [6]. To test this, we grew the S2 generation of the selected hc lines under long-and short-day conditions. Interestingly, we observed that many hc lines showed clear and homogenous phenotypes in response to the different growth conditions (plant size, chlorophyll content and flowering time; Fig. 3c,d).

To demonstrate that ONSEN insertions could directly influence such developmental phenotypes, we closely investigated hc line 3, which produced white seeds (Fig. 4a). Using a candidate gene approach, we found that an ONSEN insertion in transparent testa 6 (TT6, AT3G51240; Fig. 4b) was responsible for the recessive white seed phenotype [23,24]. This was confirmed by segregation analysis of the F2 generation of a cross between WT and hc line 3 (Fig. 4a) followed by genotyping (Fig. 4c).

Next, we wanted to test if Pol II plays a more general role in repressing TEs in plants. Due to its significantly different epigenetic and TE landscape compared to Arabidopsis, we wanted to test if we could mobilize TEs in rice (Oryza sativa) [25], a genetically well-characterized monocotyledonous crop. To capture drug-induced mobilized TEs, we characterized the active mobilome in O. sativa seedlings that were grown on MS medium supplemented with no drugs, A only, Z only or a combination of A and Z, using the same approach as we used for Arabidopsis. We identified Houba, a copia-like retrotransposon [26], as highly activated only when plants were treated with A&Z (Fig. 5a). Bona fide activity of Houba was supported by the detection of eccDNA containing LTR-LTR junctions (Additional file 1: Figure S6). The activation of Houba was further confirmed by eccDNA-specific PCR on the Houba circles (Fig. 5b-d).

Discussion

In this study, we show the importance of Pol II in the repression of TE mobility in plants. By choosing the wellcharacterized heat inducible ONSEN retrotransposon, we were able to specifically address the role of Pol II in silencing transcriptionally active endogenous TEs in WT plants. Recent studies propose Pol II as the primary source for the production of TE-silencing signals that can then feed into the RNA silencing and DNA methylation pathways [15]. Our data strongly support these findings at two levels. First, we found that inhibition of Pol II activity reduced the degree of DNA methylation at ONSEN, demonstrating its distinct role in this process, and that Pol II also contributes to reinforcing silencing at the genome-wide level, primarily in the CHH but also in the CHG context. Second, our finding that DCL enzymes are sufficient to process the silencing signal produced by Pol II suggest that Pol II acts at very early steps in the TE silencing pathway by providing substrates to these enzymes. The observation that inhibition of Pol II in the rdr6 background still further enhanced ONSEN accumulation after HS supports the notion that Pol II plays a central role in the previously proposed expressiondependent RdDM pathway [16].

Using mobilome sequencing we confirmed previous findings [2] that this approach is a powerful diagnostic tool to detect mobile retrotransposons: we detected highest levels of eccDNA of ONSEN in HS and drug-treated Arabidopsis seedlings and found new insertions in successive generations of these plants. Using the same approach on rice we were able to detect production of Houba eccDNA after drug treatments, suggesting that the progeny will then contain novel Houba insertions. This is still to be confirmed and may be hampered by the already very high Houba copy number present in the genome [27].

Our findings may indicate that Pol II is primarily involved in silencing young, recently active retrotransposons and perhaps to a lesser extent other tightly silenced TEs. Indeed, there are indications of very recent natural transposition events for ONSEN [28] and Houba [29] in the Arabidopsis and rice genomes, respectively. For instance, the annual temperature range has and may still contribute to contrasting ONSEN mobilization events in different Arabidopsis accessions [28]. Houba is the most abundant TE of the copia family in rice and has been active in the last 500,000 years [30]. Overall, our findings lead to the question of when plants lower their guard: under what conditions could Pol II be less effective in silencing TEs? Certain stresses that affect the cell cycle have been reported to lead to the inactivation of Pol II [31,32]; this would provide a window of opportunity for TEs to be mobilized. Therefore, combined stresses that affect the cell cycle and activate TEs may lead to actual TE bursts under natural growth conditions. Interestingly, it has been reported that retrotransposon-derived short interspersed element (SINE) transcripts can inhibit Pol II activity [33]. This strongly suggests the presence of an ongoing arms race between retrotransposons and Pol II. Considering that almost all organisms analyzed so far have TEs [4] and RNA polymerases [34] and the reliance of TEs on host RNA polymerases, it may-from an evolutionary point of view-not come as a surprise that Pol II also has a function as an important regulator of retrotransposon activity. Strikingly, it has been shown in both Saccharomyces cerevisiae and Drosophila melanogaster that Pol II-dependent intra-element antisense transcription plays an important role in TE silencing [21,35]. In addition, we observed a discrepancy in ONSEN transcript accumulation and measured ecDNA after HS in seedlings that were treated with zebularine only. This substantiates the notion that both the quantity and quality of transcripts affect regulation, reverse transcription and successful integration of retrotransposons. This is well in line with previous observations demonstrating that different TE-derived transcripts have distinct functions in the regulation of TE activity [36]. As a next step it will be of great interest to investigate if Pol II-dependent antisense transcription of TEs and subsequent dicer-dependent processing may be the key to solve "the chicken and the egg problem" of de novo silencing functional retrotransposons in eukaryotes.

Finally, our findings will allow future studies on the potential beneficial role TEs play in adaptation to stresses. Indeed, two recent studies point out the adaptive potential of retrotraonsposon and, more specifically, ONSEN copy number variation in natural accessions [28] and RdDM mutant backgrounds of Arabidopsis [37]. Upon mobilization, the heat-response elements in the LTRs of ONSEN [38] can create new gene regulatory networks responding to heat stress [11]. Therefore, it will now be of great interest to test if the ONSEN hc lines obtained in this study are better adapted to heat stress. This will allow us to test if retrotransposoninduced genetic and epigenetic changes more rapidly create beneficial alleles than would occur by random mutagenesis. Furthermore, the observation that HS did not lead to a stronger activation of ONSEN in hc lines compared to WT plants suggests that genome stability is not compromised in these lines. This result can be explained by at least two possible mechanisms: (i) the occurrence of insertions of inverted duplications of ONSEN, such as has been observed for the Mu killer locus in maize [39]-such insertions will lead to the production of double-stranded RNA feeding into gene silencing and thereby limit the activity of that TE; and (ii) balancing of TE activity and integrated copy number as has been described for EVADE in Arabidopsis [40]. In this case, when a certain TE copy number threshold is reached robust transcriptional gene silencing takes over, thereby limiting TE mobility and ensuring genome stability. The stability of new TE insertions is an important aspect in light of the future use of TEs in crop breeding and trait stability.

Conclusions

TEs are important contributors to genome evolution. The ability to mobilize them in plants and possibly in other eukaryotes in a controlled manner with straightforward drug application, as shown here, opens the possibility to study their importance in inducing genetic and epigenetic changes resulting from external stimuli. Because the induced transposition of ONSEN can efficiently produce developmental changes in Arabidopsis, it will be very interesting to test if specific stress-induced TE activation can be used for directed crop breeding for better stress tolerance in the near future.

Methods

Plant material

All Arabidopsis mutants used in this study (nrpb2-3 [14], nrpd1-3 [41], rdr6 [42], dcl2/3/4 triple mutant [43]) are in the Col-0 background. For O. sativa japonica, the cultivar Nipponbare was used.

Growth conditions

Prior to germination, Arabidopsis seeds were stratified for 2 days at 4 °C. Before and during stress treatments plants were grown under controlled conditions in a Sanyo MLR-350 growth chamber on solid ½ MS medium (1% sucrose, 0.5% Phytagel (Sigma), pH 5.8) under long day conditions (16 h light) at 24 °C (day) and 22 °C (night) (Arabidopsis) and 12 h at 28 °C (day) and 27 °C (night) (O. sativa).

To analyze successive generations, seedlings were transferred to soil and grown under long day conditions (16 h light) at 24 °C (day) and 22 °C (night) (Arabidopsis) in a Sanyo MLR-350 growth chamber until seed maturity.

For phenotyping, Arabidopsis plants were grown under long day conditions (16 h light) at 24 °C (day) and 22 °C (night) and short day conditions (10 h light) at 21 °C (day) and 18 °C (night).

Stress and chemical treatments

Surface sterilized seeds of Arabidopsis and O. sativa were germinated and grown on solid ½ MS medium that was supplemented with sterile filtered zebularine (Sigma; stock, 5 mg/ml in DMSO), α-amanitin (Sigma; stock, 1 mg/ml in water) or a combination of both chemicals. Control stresses (6 °C for 24 h followed by control conditions for 24 h, CS) and heat stresses (6 °C for 24 h followed by 37 °C for 24 h, HS) of Arabidopsis seedlings were conducted as described previously [11].

DNA analysis

For qPCR and prior to digestions, total DNA from Arabidopsis plants was extracted with the DNeasy Plant Mini Kit (Qiagen) following the manufacturer's recommendations. For the qPCRs to measure the ONSEN copy number following HS and chemical treatments the aerial parts of at least ten Arabidopsis plants per replicate were pooled prior to DNA extraction. To track ONSEN copy numbers in the S1-3 generations of controls (only HS) and hc lines (HS + A&Z treatment) DNA from true leaves was extracted. For the estimation of the ONSEN transposition frequency, total DNA of pools consisting of at least eight seedlings of the progeny of HS + A&Ztreated plants was isolated. The DNA concentration was measured with a Qubit Fluorometer (Thermo Fisher Scientific). The copy numbers of ONSEN were determined with qPCRs on total DNA using a TaqMan master mix (Life Technologies) in a final volume of 10 μl in the Light-Cycler 480 (Roche). ACTIN2 (AT3G18780) was used to normalize DNA levels. Primer sequences are given in Additional file 1: Table S1.

For the mobilome-seq analysis total DNA from the pooled aerial parts of three 10-day-old O. sativa seedlings was extracted as previously reported [44]. Genomic DNA (5 μg) for each sample was purified using a Geneclean kit (MPBio, USA) according to the manufacturer's instructions. ecDNA was isolated from the GeneClean product using PlasmidSafe DNase (Epicentre, USA) according to the manufacturer's instructions, except that the 37 °C incubation was performed for 17 h. DNA samples were precipitated by adding 0.1 volume of 3 M sodium acetate (pH 5.2), 2.5 volumes of ethanol and 1 μl of glycogen (Fisher, USA) and incubating overnight at -20 °C. The precipitated circular DNA was amplified by random rolling circle amplification using the Illustra TempliPhi kit (GE Healthcare, USA) according to the manufacturer's instructions except that the incubation was performed for 65 h at 28 °C. The DNA concentration was determined using the DNA PicoGreen kit (Invitrogen, USA) using a LightCycler480 (Roche, USA). One nanogram of amplified ecDNA from each sample was used to prepare the libraries using the Nextera XT library kit (Illumina, USA) according to the manufacturer's instructions. DNA quality and concentration were determined using a high sensitivity DNA Bioanalyzer chip (Agilent Technologies, USA). Samples were pooled and loaded onto a MiSeq platform (Illumina, USA) and 2 × 250-nucleotide paired-end sequencing was performed. Quality control of FASTQ files was done using the FastQC tool (version 0.10.1). To remove any read originating from organelle circular genomes, reads were mapped against the mitochondria and chloroplast genomes using the program Bowtie2 version 2.2.2 71 with -sensitive local mapping. Unmapped reads were mapped against the reference genome IRGSP1.0 (http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html) using the following parameters: -sensitive local, -k 1. DNA from both mitochondria and chloroplast genomes integrated in nuclear genomes was masked (1,697,400 bp). The TE-containing regions cover 194,224,800 bp in O. sativa. Finally, the bam alignment files were normalized and compared using deeptools [45] and visualized with the Integrative Genomics Viewer (IGV) software (https:// www.broadinstitute.org/igv/). Data from the mobilome analysis were submitted to GEO (accession number GSE90484).

The presence of circular Houba copies was tested by an inverse PCR on 7 ng of the rolling-circle amplified template that was also used for sequencing. A PCR specific to chloroplast DNA served as a loading control. PCR products were separated on a 1% agarose gel that was stained with a Midori Green Nucleic Acid Staining Solution (Nippon Genetics Europe). Primer sequences are given in Additional file 1: Table S1.

Transposon display

The integration of additional copies of ONSEN into the genome of heat stressed and treated plants was ascertained by a simplified transposon display based on the GenomeWalker Universal kit (Clontech Laboratories), as previously described [11] with the following modifications: 300 ng of total DNA from adult plants in the S2 generation of heat stressed and A&Z-treated plants was extracted with a DNeasy Plant Mini Kit (QIAGEN) and digested with blunt cutter restriction enzyme DraI (NEB). After purification with a High Pure PCR Product Purification Kit (Roche) digested DNA was ligated to the annealed GenWalkAdapters 1&2. The PCR was performed with the adaptor-specific primer AP1 and the ONSEN-specific primer Copia78 3′ LTR. The PCR products were separated on a 2% agarose gel that was stained with Midori Green. For primer sequence information, see Additional file 1: Table S1.

Cloning, sequencing and genotyping of new insertions

To identify the genomic region of new ONSEN insertions, the PCR product of the transposon display was purified using a High Pure PCR Product Purification Kit (Roche), ligated into a pGEM-T vector (Promega) and transformed into Escherichia coli. After a blue white selection, positive clones were used for the insert amplification and sequencing (StarSEQ). The obtained sequences were analyzed with Geneious 8.2.1 and blasted against the Arabidopsis reference genome. The standard genotyping PCRs to prove novel ONSEN insertions were performed with combinations of the ONSEN-specific primer Copia78 3′ LTR and primers listed in Additional file 1: Table S1.

RNA analysis and northern blotting

Total RNA from the aerial part of at least ten Arabidopsis seedlings was isolated using the TRI Reagent (Sigma) according to the manufacturer's recommendations. RNA concentration was measured (Qubit RNA HS Assay Kit, Thermo Fisher) and 15 μg of RNA was separated on a denaturing 1.5% agarose gel, blotted on a Hybond-N + (GE Healthcare) membrane and hybridized with 25 ng of a gel-purified and P 32 -labelled probe (Megaprime DNA Labelling System, GE Healthcare) specific to the full length ONSEN transcript (see Additional file 1: Table S1 for primer sequences). Northern blots were repeated in three independent experiments with the same results.

Whole-genome DNA methylation analysis

Whole-genome bisulfite sequencing library preparation and DNA conversion were performed as previously reported [46]. Bisulphite read mapping and methylation value extraction were done on the Arabidopsis TAIR10 genome sequence using BSMAP v2.89 [47]. Following mapping of the reads the fold coverages of the genome for CS, CS + A, CS + Z and CS + A&Z were 13.4, 13.2, 18.4 and 16.3, respectively. Data from the bisulphite sequencing analysis have been submitted to GEO (accession number GSE99396).

Statistics

Statistical analyses were performed with SigmaPlot (v. 11.0). Depending on the normality of the data, either an H-test or a one-way ANOVA was performed. The Student-Newman-Keuls method was used for multiple comparisons.

Background

Transposable Elements (TEs) are defined as DNA sequences able to move and spread within eukaryotic and prokaryotic genomes. These repeated elements constitute a variable fraction of eukaryotic genomes, ranging from 3% in the yeast Saccharomyces cerevisiae, 45% in human, to 80% in maize [1][2][3]. TEs were discovered by Barbara McClintock in the late 1940s, refuting the idea that genomes are stable but are, on the contrary, dynamic entities [4]. TEs are highly diverse and an unified classification system for eukaryotic TEs has been proposed, establishing two TE classes according to their transposition mechanisms, structures and similarities [5]. Class I (Retrotransposons) groups elements moving by a copy-paste mechanism through an RNA that is reversed transcribed. Class I is composed of several TE orders, named LTR, DIRS, PLE, LINE and SINE. Class II (DNA transposons) is composed of TEs using different cut-paste mechanisms to transpose. These elements are grouped into the orders TIR, Crypton, Helitron and Maverick. Although intact retrotransposons and DNA transposons are autonomous elements that can move by themselves, SINE elements are non-autonomous TEs and rely on LINE for their mobility, even though their origin is distinct. Other non-autonomous elements can also be distinguished. LTR elements can degenerate into non-coding structures known as LARD (> 4 kbp) or TRIM (< 4 kbp), and TIR elements can also degenerate into non-coding structures known as MITE. LARD, TRIM and MITE elements have intact termini and can thus move by exploiting the molecular machinery of related autonomous TEs [6]. Genomes also contain highly diverged TE fossils, accumulated over time and having no mobility capacity. Due to their mobility, TEs generate mutations their host genome through new insertions/ deletions and participate in genome evolution by impacting the DNA sequence, genome size [7,8] and chromosome structure [9]. TE activity is known to be triggered during stressful events and, while the majority of transpositions are neutral or harmful to the organisms, transposition events are recognized to promote beneficial mutations [10]. New TE insertions can impact gene function and gene regulation [11]. They can also create new genes and participate in the rise of new phenotypes. The role of TEs has been widely studied in animals [12], land plants [13] and insects [14,15], but work on their impact on microalgal genomes is only just beginning [16][17][18][19]. Microalgae form a diverse polyphyletic group composed of eukaryotic, unicellular and multicellular, photosynthetic organisms [20]. They live in all aquatic habitats whether these have fresh, brackish or salt water and have colonized different extreme habitats, ranging from hot springs, high altitude streams, ice sheets and desert sand crusts, highlighting their evolutionary ability to adapt to broad range of ecosystems [21][22][23][24][25]. Currently around 150,000 species of algae have been described (http://www.algaebase.org), but the number of non-described species is likely to number hundreds of thousands or millions of species [26]. They are divided among different eukaryotic phyla, in Archaeplastidia (green and red lineage), Rhizaria, Alveolates, Stramenopiles (brown lineage), Cryptophytes, Haptophytes and Excavates [27]. Despite their high number and diversity, few genome-wide TE annotations have been performed for microalgae. For the green lineage, this task was realized for ten Chlorophyte species [28][29][30][31][32][33][34][35][36][37]. For the red lineage, TE annotation was only done for the Rhodophyte Cyanidioschyzon sp. [38]. TEs were annotated in three diatom genomes (brown lineage) [18,[39][40][41] and also in five dinoflagellate species [42][43][44][45][46]. In Haptophytes, TE annotation has only been performed for one species [47]. These studies reveal that the TE content of microalgae genomes is diverse and includes both retrotransposons and DNA transposons.

Concerning TE activity in microalgae, a few studies have reported evidence of expression or transposition events. Expression of two LTR/Copia families was identified under nitrate starvation or exposure to diatomderived reactive aldehydes in the diatom species Thalassiosira pseudonana and Phaeodactylum tricornutum [18]. Moreover, expression of LTR/Copia or TIR/Mariner elements was also reported under thermal stress in P. tricornutum, Amphora acutiuscula, Amphora coffeaeformis and Symbiodinium microadriaticum [16,[48][49][50]. Evidence of transposition events was only identified for a MITE element in a clone of Chlamydomonas reinhardtii in the presence of vitamin B 12 , resulting in a new phenotype [17].

Concerning TE activity in Haptophytes, we previously compared genetic polymorphisms between genomes of several strains of Tisochrysis lutea [51]. We identified new insertions/deletions and suggested the implication of autonomous TEs in the genome evolution of this species. In this context, the goal of the present study was to inventory TEs in the T. lutea genome and to identify potentially autonomous TEs. This marine microalga is commonly used as a feed in aquaculture [52] and is particularly studied for biotechnological applications such as food and biofuel production [53,54]. In addition, several domesticated strains of T. lutea have been obtained with different processes [55] and a large amount of omics data has been collected [51,[56][57][58][59][60].

In this study, we present a detailed TE annotation of the T. lutea genome. To achieve this, we designed a new pipeline named PiRATE (Pipeline to Retrieve and Annotate Transposable Elements). The efficiency of the detection and classification steps of PiRATE was evaluated with data of the model species Arabidopsis thaliana. Moreover, to be as exhaustive as possible about the repeated content of T. lutea, a new genome assembly was performed by combining Pacific Bioscience and Illumina data. Finally, available transcriptomic and proteomic data were used to reveal potential active TE families.

Results

PiRATE: Pipeline to Retrieve and Annotate Transposable Elements of non-model organisms

The goal of the present study was to inventory the TE content of the T. lutea genome and study the activity of potentially autonomous TEs. Annotation of TEs is a challenging task because of their diversity, their repetitive nature and the complexity of their structures (i.e. GC-rich regions, homopolymers and repeated motifs). Numerous tools have been designed to identify TEs (Additional file 1: Table S1), which can be grouped into four approaches according to their TE detection method:

(1) similarity-based detection such as RepeatMasker [61], (2) structure-based detection such as MITE-Hunter [62], (3) repetitiveness-based detection such as RepeatScout [63], and (4) tools building repeated elements from unassembled data such as dnaPipeTE [64].

Currently, the tool used most frequently to perform a TE annotation is RepeatMasker, which provides a rough estimation of the TE content in a genome assembly [61,65]. However, this tool compares the genomic sequences with a databank of known TEs to realize the annotation and is therefore not suitable for realizing a de novo TE annotation [65][66][67]. To perform a de novo TE annotation, pipelines employing repetitiveness-based methods of detection, such as RepeatModeler and REPET, are commonly recommended [66][67][68][69]. Here we built PiR-ATE (Fig. 1) to conduct a de novo TE annotation in the genome of non-model species T. lutea. PiRATE is composed of detection, classification and annotation steps.

Detection of TEs

To date, genome assembly of non-model organisms has usually not been performed at the level of complete chromosomes but is instead highly fragmented. This fragmentation is recognized to be partly the result of a bad assembly of the TE copies due to their high Step 1: The detection of putative TEs and repeated sequences is performed using 12 tools, combining four detection approaches. Detected sequences from approaches 1 and 4 are filtered according to their length (minimum 500 bp). Detected sequences from the tools MITE-Hunter and SINE-Finder are directly saved as non-autonomous TEs. Other detected sequences are clustered with CD-HIT-est to reduce redundancy. Step 2: Putative TE sequences are automatically classified with PASTEC as potentially autonomous TEs, non-autonomous TEs or uncategorized sequences. The potentially autonomous TEs are manually checked and grouped into TE families. Step 3: Three libraries are manually constructed with a "Russian doll" strategy: 1) a "potentially autonomous TEs library", a "total TEs library" and a "repeated elements library". A double-run of TEannot is carried out for each library to select sequences that align with a full-length (FLC) on the genome assembly and finally obtain three independent annotations repetitive content, which increases the difficulty of their detection [70]. The optimization of the detection step of PiRATE was therefore a priority. We made an overview of tools related to TE detection (Additional file 1: Table S1) and 12 tools were selected according to the specificity and efficiency of their algorithms. These tools represent the four major TE detection approaches (presented above), so as to be as exhaustive as possible. Combining tools is recognised to improve TE detection efficiency [66,67,71]. We then applied a clustering method to decrease the redundancy of the detected sequences, by selecting the larger detected sequences of each cluster. The goal of this step was to promote the detection of full-length TE sequences. The detection of complete TE sequences bearing recognizable conserved domains or specific structures and motifs makes the classification step easier. Moreover, a complete TE sequence indicates a potentially autonomous element.

Classification of TEs

The classification step of PiRATE is performed by PAS-TEC [72], which partly uses databanks of known TEs to establish an automated classification of the detected sequences. To improve the classification step of PiRATE, its default databanks were upgraded, by adding 1240 TE sequences from other public databanks, non-inventoried algal TEs and by building 78 new profile HMMs (Hidden Markov Model). Adding non-inventoried data is important for improving the TE classification of species belonging to poorly studied phyla, which often have few described TEs in the databanks. This is common for numerous microalgal phyla (i.e. Haptophyta, Euglenophyta and Dynophyta). In our case, only 17 TE families belonging to the Haptophyte phylum are present in the most frequently used and complete TE databank Repbase [73,74]. We also estimated that only 2609 TE families are described for microalgal taxa in Repbase. Compared with other taxa, this number is very low, for examples 29,503 TE families are described for Metazoa and 12,620 for Viridiplantae (Repbase, 10/29/2017). The putative TE sequences are classified following the Wicker et al. classification [5] and can be grouped as 1) potentially autonomous TEs, 2) non-autonomous TEs or 3) uncategorized sequences. Because we were interested in potentially autonomous TEs, these sequences were manually checked and grouped into families.

Annotation of TEs

the annotation step, we built three libraries in order to then apply a method that we named "Russian doll", due to its nesting strategy (Additional file 1: Figure S1). We built a "potentially autonomous TEs library" containing checked potentially autonomous TEs, a "total TEs library" also containing the non-autonomous TEs, and a "repeated elements library" also containing the uncategorized repeated sequences. These nested libraries made it possible to perform several independent annotations in order to avoid a competition effect among sequences aligning on the same genomic regions.

Evaluation of PiRATE with A. thaliana genomic data Evaluation of the detection step

The detection and classification steps of PiRATE were evaluated to highlight their strengths and weaknesses. This evaluation made it possible to define suitable rules for the manual check step. As a control, we used 359 consensus sequences of the described TE families of A. thaliana, available in Repbase. Genomic data of the model plant A. thaliana provided a suitable control because of its high quality genome assembly and high TE diversity. Class I and Class II A. thaliana TE families are well described for both autonomous and nonautonomous TEs. Detected sequences covering less than 40% of the full-length of a consensus sequence were considered too short to be efficiently classified and were not taken into account. The proportion of TE families detected with a complete length (coverage score ≥ 70%) or detected with at least a partial length (coverage score ≥ 40%) is given in Fig. 2a. PiRATE detected ~81% (292/359) of the TE families described in A. thaliana genome (Fig. 2a). PiRATE was especially effective for detecting sequences belonging to LTR (96%), LINE (79%), non-autonomous TIR (81%) and non-autonomous Helitron (94%) (Fig. 2a). It had a good efficiency for detecting TIR (62%) and Helitron (60%). However, it had difficulty detecting SINE elements (27%) (Fig. 2a). In addition, we compared the detection step of PiRATE to TEdenovo [68], LTRharvest [75], RepeatScout [63], RepeatMasker [61], dnaPipeTE [64], RepeatExplorer [76] and RepARK [77] (Fig. 2b). Overall, the detection step of PiRATE detected the highest percentage of TE families of A. thaliana. Compared to TEdenovo, which displayed the second highest percentage of detected TE families, PiRATE detected 21 additional TE families (+ 6%) (Fig. 2b and Additional file 1: Figure S2). PiRATE was particularly more effective for detecting LINE (+ 32%) and TIR (+ 10%) (Additional file 1: Figure S2).

Evaluation of the classification step

To evaluate the classification step of PiRATE, we used the 292 sequences detected by PiRATE during the evaluation of the detection step, which represent the largest detected sequences of the 292 TE families of A. thaliana. These 292 sequences were classified with PASTEC using the PiRATE databanks (excluding data from Arabidopsis species). To estimate the classification efficiency, we counted the number of detected TEs with correct classification at the order level and the number of sequences that had an incorrect classification or that were uncategorized. We observed that 75% (218/292) of the detected TEs were correctly classified, 7% (21/292) were incorrectly classified and 18% (53/292) were uncategorized. The classification step of PiRATE was therefore efficient at correctly classifying autonomous TEs belonging to LTR (98%), LINE (87%), TIR (91%) and Helitron (100%) but had difficulty correctly classifying SINE (50%), nonautonomous TIR (27%) and non-autonomous Helitron (7%) (Additional file 1: Figure S3). Taking into account all of the above results, PiRATE is efficient enough to detect and correctly classify the majority of the autonomous TE families.

A new genome assembly of T. lutea to improve the TE annotation

We recently published a draft genome assembly of T. lutea obtained with Illumina short-read technology [51].

To obtain an improved genome assembly, the genome of T. lutea was re-sequenced with Pacific Bioscience longread technology. A new genome assembly was performed from the long reads and was improved with the Illumina short-read data, used to build the draft genome assembly [51]. The new genome assembly of T. lutea is composed of 193 contigs and is 82 Mb in size. A gain of around 30 Mb was obtained (+ 34%), compared with the previous 54 Mb genome assembly, which was composed of 7659 contigs [51]. The size of the coding regions increased slightly between these genome versions. While the new genome assembly encodes for 15,972 genes, corresponding to a coding region length of 32 Mb, the gene proportion of the previous draft genome version was 25 Mb, suggesting that the new assembled regions are mostly repeated elements. This new larger version of the genome seems to incorporate more assembled TEs.

Effect of genome quality on TE detection approaches

To estimate the contribution of each TE detection approach of PiRATE depending on the level of fragmentation of the genome assembly, the detection step (Fig. 1) of PiRATE was applied with raw Illumina data of T. For each TE order (x-axis) is indicated the percentage of TE families detected with a complete length (coverage score ≥ 70%, white bars) or detected with a partial and a complete length (coverage score ≥ 40%, black bars). The x-axis indicates the number of TE families for each order; "n-a" means non-autonomous. b) Comparison of the percentage of TE families of A. thaliana detected by PiRATE (Step 1), RepARK, RepeatExplorer, dnaPipeTE, RepeatScout, RepeatMasker, LTRharvest and TEdenovo. For each tool is indicated the percentages of TE families of A. thaliana detected with a complete length (coverage score ≥ 70%, white bars) or detected with a partial and a complete length (coverage score ≥ 40%, black bars). The x-axis indicates the tools and nature of the input data lutea and, either the draft genome version of T. lutea (7659 contigs) [51] or the new genome assembly of T. lutea (193 contigs). In both cases, the detected sequences were compared to the referent sequences of the TE families of T. lutea (described below). For each TE detection approach in PiRATE, we counted the number of T. lutea TE families detected, with the largest length (i.e. the most complete sequences, having the highest percentage of coverage compared to the reference TE sequences) and divide this number by the total of detected TE families. This provided an estimation ratio of the contribution of each TE detection approach depending on the input data (Fig. 3). With both types of dataset, the similarity-based approach had the weakest percentage and contributed to detecting only 2 or 3% of the T. lutea TE families. Using the draft genome assembly and the raw Illumina data, the structural-based approach contributed to detecting 1% of the TEs families of T. lutea, but 20% of the TE families of T. lutea with the new genome assembly and the raw Illumina data (Fig. 3). The repetitiveness-based approach contributed to detecting 7% of the TE families of T. lutea with the draft genome assembly and the raw Illumina data. However, it was the most efficient approach with the new genome and contributed to detecting 63% of the T. lutea TE families (Fig. 3). When a draft genome assembly is used as input, the fourth detection approach, using raw Illumina data to build repeated elements, was the most useful approach and contributed to detecting 67% of the TE families (Fig. 3).

Annotation of the repeated elements content of the T. lutea genome

We applied PiRATE to the new genome assembly of T. lutea and raw Illumina data. After the classification step, we manually curated the sequences as potentially autonomous TEs, non-autonomous TEs or uncategorized repeated elements. Because we were interested in characterizing their activity, the potentially autonomous TEs were manually checked and grouped into families (see Methods). We identified six potentially autonomous families of LTR/Copia and four families of LTR/Gypsy (Table 1). We found 14 potentially autonomous families of LINE elements, similarly close to Tx1 elements, belonging to the L1 superfamily [78,79]. We identified seven potentially autonomous families of TIR/Harbinger, six families of TIR/PiggyBac and eight families of TIR/ Mariner. A high number of potentially autonomous hAT elements were detected. Due to their divergence, they were grouped into 129 putative families.

Three annotations were conducted with three nested libraries (Additional file 1: Figure S1). From the "potentially autonomous TEs library" composed of 240 referent sequences, we estimated that the proportion of the potentially autonomous TEs represent 3.79% of the T. lutea genome (Table 1). The annotation of the TE content was performed with the "total TEs library" containing 459 supplementary sequences corresponding to 14 sequences of potential SINE elements, 188 sequences of potential MITE, 240 sequences of potential TRIM and 17 sequences of potential LARD (Table 1). From this annotation, we estimated that the genome of T. lutea contains 20.84% of potentially autonomous and non-autonomous TEs (Table 1 and Additional file 1: Figure S4). Class I and Class II TEs represent 15.89 and 4.95%, respectively (Table 1). We found a large quantity of Gypsy (4.65%), LINE (3.87%) and hAT (2.12%) copies, suggesting ancient burst events for these elements (Table 1). We established that the proportion of non-autonomous TEs is 17.05% (Table 1). Then, we performed the annotation Fig. 3 Comparison of the contribution of the four TE detection approaches of PiRATE on the detection of the TE families of Tisochrysis lutea, depending on the input data. For each TE detection approach, we calculated the number of TE families detected with the largest length and divide this number by the total of detected TE families of T. lutea. The input dataset was either the draft genome assembly of T. lutea and raw Illumina data of T. lutea (white bars) or the new genome assembly of T. lutea and raw Illumina data of T. lutea (black bars). The similarity-based detection, structural-based detection and the repetitiveness-based detection use a genome assembly as input data. The last approach builds repeated elements from raw Illumina data of every repeated element by using the "repeated elements library" containing an additional 2680 uncategorized repeated sequences. From this annotation, we estimated that 17.79% of the T. lutea genome is represented by uncategorized repeated elements (Additional file 1: Figure S4). To estimate the proportion of the simple tandem repeats, we used the tool RepeatMasker and found that they made up 5.97% of the genome assembly of T. lutea (Additional file 1: Figure S4). By adding together the proportions of all the annotated repeats, we estimated that the total proportion of repeated elements in the T. lutea genome was 44.6%. Knowing that the coding gene proportion is of 38.49%, we estimated that 16.91% of the genome is non-characterized (Additional file 1: Figure S4).

Discovery of potentially active autonomous TEs in the T. lutea genome

In this study we chose to focus on the identification of potentially autonomous TEs to reveal potentially active elements. From the annotation obtained with the "potentially autonomous TEs library", we performed the cartography of the 572 annotated TEs that are potentially autonomous (Fig. 4).

To identify potentially active TEs and have an estimation of the genome dynamic of T. lutea, transcriptomic data were mapped on the new genome assembly and crossed with the annotation of the 572 potentially autonomous TEs. Expression was identified for 17 TE families: one LTR/Copia, four TIR/Mariner, four TIR/ Harbinger and eight TIR/hAT. These families represent 73 potentially autonomous TEs and their genomic position is illustrated in Fig. 4 and is indicated in Additional file 2. Putative ancient transpositions were studied by looking for similarities between copies belonging to these 17 expressed TE families (Additional file 2). We identified that the Mariner-3 family is composed of 24 highly similar copies, which share a mean pairwise identity of 99.7%. Among them, 20 copies seem to be complete (Additional file 3). This high number of similar copies suggests that this family was/is active. The hAT-2 family is composed of three highly similar copies that share a mean pairwise identity of 99.8%. Moreover, eight similar copies were identified for the Harbinger-6 family and five similar copies for the Copia-3 family. Other details can be found in Additional file 2. TE copies belonging to these 17 expressed TE families were submitted to BLASTx on proteomic data of T. lutea, that we previously obtained under nitrogen limitation [58]. We identified that transposase proteins were synthesized for the Mariner-3 family and the hAT-2 family. The transposases of the Mariner-3 and hAT-2 families match with six and 36 peptides, respectively. The alignments with the matching peptides can be found for both families in Additional file 4. From transcriptomic data of a previous study, we highlight that these families were among the three higher expressed genes [58].

Discussion

PiRATE: Pipeline to Retrieve and Annotate Transposable Elements of non-model organisms

The goal of the present study was to inventory the TE content in the genome of T. lutea genome and study the activity of potentially autonomous TEs. We built PiR-ATE to counter the lack of knowledge about TEs in Haptophytes and the difficulty of identifying TEs in a fragmented genome assembly [70]. The detection step of PiRATE has been optimized to promote the detection of full-length TE sequences and its classification step has been improved for algal genomes. The detection step of PiRATE combines multiple, existing analysis packages representing all major approaches for TE detection. The detection step of PiRATE was evaluated with genomic data of A. thaliana and compared to TEdenovo [68], LTRharvest [75], RepeatScout [63], RepeatMasker [61], dnaPipeTE [64], RepeatExplorer [76] and RepARK [77] (Fig. 2b). Overall, the detection step of PiRATE detected the highest percentage of TE families (81%) with a partial and complete length compare to the other tools used alone (Fig. 2b). This confirms that the combining of multiple tools, using several approaches improves the detection of different TE families, with complete sequences, as previously indicated [66,67,71]. In this comparison, TEdenovo was efficient and displayed the second highest percentage of detected TE families (75%) (Fig. 2b). LTRharvest also showed a good capacity to detect TE families of A. thaliana (62%) (Fig. 2b). This is due to the high content of LTR elements in the A. thaliana genome and because this tool detected TE families belonging to other TE orders. In this comparison, the least effective tools were RepARK (3%), RepeatExplorer (4%) and dnaPipeTE (6%), which used raw illumina data as input (Fig. 2b). This is not surprising considering the challenge of building repeated elements from raw Illumina data, compared to the other tools using the complete genome assembly of A. thaliana.

A new genome assembly of T. lutea to improve the TE annotation

We recently published a draft genome assembly of T. lutea obtained with Illumina short-read technology [51].

While this technology has a very low sequencing error rate, its use alone often leads to fragmented assemblies, especially in TE-rich genomes, due to the incapacity of short-reads to entirely span repetitive elements [80]. To obtain an improved genome assembly, the genome of T. lutea was re-sequenced with Pacific Bioscience longread technology and the assembly was corrected with short-read Illumina data. Indeed, the use of long-reads leads to a more complete and accurate assembly of long repeated elements such as TEs [81][82][83]. However, to date, this technology has a high sequencing error rate and its combination with short-read Illumina data has become a common way of partially overcoming this problem [84][85][86]. Compare to the previous draft genome Transposase proteins were synthesized for these both TE families assembly, this new genome assembly is larger, less fragmented and seems to incorporate more assembled TEs.

Effect of genome quality on TE detection approaches

To estimate the contribution of the four TE detection approaches of PiRATE depending on the level of fragmentation of the genome assembly, the detection step (Fig. 1) of PiRATE was applied with raw Illumina data of T. lutea and, either the draft genome version of T. lutea (7659 contigs) [51] or the new genome assembly of T. lutea (193 contigs). The four TE detection approaches showed different contribution according to the level of fragmentation of the genome assembly (Fig. 3). By gathering these four detection approaches, PiRATE improves the TE detection of organisms having a genome assembly which is highly fragmented.

Annotation of the repeated elements content of the T. lutea genome

With PiRATE, we established that the total proportion of repeated elements in the T. lutea genome is represented by 20.84% of TEs, 17.79% of uncategorized repeated elements and 5.97% of simple tandem repeats (Additional file 1: Figure S4). The high percentage of uncategorized repeated elements could indicate the presence of unknown TEs. A high number of uncategorized sequences (30.9%) was also reported in the Emiliania huxleyi genome [40]. Here, we choose to focus on the identification of potentially autonomous TEs to reveal potentially active elements. The proportion of the potentially autonomous TEs represents 3.79% of the T. lutea genome, corresponding to 572 annotated TEs (Fig. 4). Interestingly, we found a potentially autonomous TIR/ Mariner in the predicted mitochondrial genome and a potentially autonomous LTR/Copia and TIR/hAT in the predicted chloroplast genome.

Identification of potentially active TEs in T. lutea

Few studies have investigated TE activity in microalgal genomes and their role is poorly known. Regarding Class I TEs, some studies reported expression of LTR elements in dinoflagellate and diatom species under thermal stress or nitrogen limitation [16,[48][49][50]. Concerning Class II elements, a previous study reported a case of phenotypic evolution for the microalga Chlamydomonas reinhardtii caused by the transposition of a MITE in the presence of vitamin B 12 [17]. In the present study, we identified 17 expressed TE families and, among these, a TIR/Mariner Luffy and a TIR/hAT Ace family were able to synthesize their transposase under nitrogen starvation [58]. We highlight the presence of highly similar copies (Additional file 3) suggesting that these elements are able to transpose or could be able to trigger the transposition of potential derived MITE elements. Although we cannot draw conclusions about their mobility, the investigation of the TE expression is a good indicator of the potential activity of TEs. Nitrogen limitation has been previously described as a stress condition in the diatom Phaeodactylum tricornutum, triggering overexpression of the LTR/Copia family named Blackbeard [18]. Although we cannot draw conclusions about de novo insertions, the evidence presented here indicates that these both TEs families are suitable candidates for mobility and could participate in the genome evolution of T. lutea.

Conclusion

Genome-wide TE annotation has rarely been performed in microalgae compared with animals, insects and land plants. This study opens the way to new searches about the role of TEs in the genome evolution of Tisochrysis lutea and their contribution to the microalgal adaptation process. In the present study, we built PiRATE to counter the lack of knowledge about TEs in Haptophytes and the difficulty of identifying TEs in a fragmented genome assembly. With PiRATE, we conducted a genome-wide detection and annotation of the repeated elements in a new genome assembly of Tisochrysis lutea and established that it is composed of 3.8 and 15.95% of potentially autonomous and non-autonomous TEs, respectively. The annotation of the potentially autonomous TEs was crossed with transcriptomic and proteomic data and evidence of expression was identified for 17 TE families. Among these, we discovered that transposase proteins were synthesized for both a Mariner (Luffy) and a hAT (Ace) family. Both these families have several highly similar copies throughout the genome and were among the three highest expressed genes in a previous transcriptomic study. All of this suggests that both these families could be able to transpose themselves or trigger the transposition of potential derived MITE elements.

Methods

Microalga strain and culture conditions

The T. lutea strain was provided by the Culture Collection of Algae and Protozoa (CCAP 927/14). This strain was isolated by Haines in the late 70s and stored in the algae bank. The strain was grown in two 1-L flasks, bubbled with 0.22 mm filtered-air. The culture was maintained at a constant temperature of 21 °C, under a constant irradiance of 50 μmol m -2 s -1 .

DNA extraction, sequencing, genome assembly and gene annotation

Total DNA was extracted from the T. lutea WT-strain using a phenol/chloroform protocol. DNA quality and concentration were assessed with gel electrophoresis and Qubit Fluorometric Quantitation (ThermoFisher, Massachusetts, USA), respectively. T. lutea genome sequencing was performed with a PacBio RSII sequencer (Pacific Bioscience, California, USA) at the Plateforme GeT PlaGe (Toulouse, France); seven SMRT cells were performed. Filtered subreads were assembled using Canu1.3 [82]. The assembly was polished with Quiver (https://github.com/PacificBiosciences/GenomicConsensus) and its accuracy was improved with Pilon [87] using previous Illumina Hiseq mate-pair reads of T. lutea ( [51]; SRA: SRR3156597). The annotation of the codinggene region was performed with the pipeline MAKER2 [88][89][90][START_REF] Lomsadze | Improved Prokaryotic Gene Prediction Yields Insights into Transcription and Translation Mechanisms on Whole Genome Scale[END_REF].

TE annotation in the T. lutea genome using PiRATE Step 1: TE detection

The new genome assembly of T. lutea and previous raw Illumina data ([51]; SRA: SRR3156597) were used as input. Putative TE sequences were detected using four approaches (Fig. 1). The first approach was represented by two tools using similarity-based detection: RepeatMasker (setting: -s, -no_low, -lib; with the PiRATE nucleotide databank; [61]) and TE-HMMER (with a homemade profile HMMs databank). TE-HMMER is a homemade tool using HMMER (default setting, [START_REF] Eddy | Multiple alignment using hidden Markov models[END_REF]) and tBLASTn (setting: -evalue 10E-300, [START_REF] Altschul | Basic local alignment search tool[END_REF]). The second approach consisted of five tools using structural-based detection: LTRharvest (default setting, [75]), Helsearch (default setting, [START_REF] Yang | Structure-based discovery and description of plant and animal Helitrons[END_REF]), MGEScan-nonLTR (default setting, [START_REF] Rho | MGEScan-non-LTR: computational identification and classification of autonomous non-LTR retrotransposons in eukaryotic genomes[END_REF]), MITE-Hunter (default setting, [62]) and SINE-Finder (default setting, [START_REF] Wenke | Targeted identification of short interspersed nuclear element families shows their widespread existence and extreme heterogeneity in plant genomes[END_REF]). The third approach combines tools using repetitiveness-based detection: TEdenovo (steps 1 to 4, default setting, [68] and Repeat Scout (default setting, [63]). These tools cluster repeated sequences from a genome assembly to build consensus sequences. The last approach was composed of tools performing the assembly of repeated sequences from raw Illumina data (fasta or fastq). We used RepARK (default setting, [77]), dnaPipeTE (setting: %coverage: 0.6, [64]) and RepeatExplorer (setting: -paired, [76]). The sequences detected by the first and the last approaches that were below 500 bp in length were removed with a perl script. The sequences detected with SINE-Finder and MITE-Hunter were directly saved for the second step. Other detected sequences were concatenated into a single FASTA file and clustered with CD-HIT-est (settings: -aS 1 -c 1 -r 1 -g 1 -p 0, [START_REF] Li | Cd-hit: a fast program for clustering and comparing large sets of protein or nucleotide sequences[END_REF]) to reduce the redundancy. This made it possible to remove shorter sequences that aligned with 100% of identity on a part of the larger sequences.

Step 2: TE classification

In the second step, sequences were automatically classified with PASTEC [72], following the Wicker et al.

classification system [5] This tool was improved with custom databanks (described below). Three libraries were manually constructed with a "Russian doll" strategy in order to perform separate annotations (Additional file 1: Figure S1): a "potentially autonomous TEs library", a "total TEs library" containing the potentially autonomous TEs and the non-autonomous TEs and a "repeated elements library" also containing the uncategorized repeated sequences. Sequences classified as LTR, LINE and TIR were manually sorted by superfamily (according to the evidence section produced by PASTEC). To facilitate their manual check, sequences belonging to the same putative superfamily were grouped into families with MCL (MCL_inflation: 1.5; MCL_coverage: 0). The percentage of identity between sequences belonging to the same family were checked with Blastn (-identity: 80%). We followed the 80-80-80 Wicker rules to form families [5]. Finally, larger sequences from each TE family were checked and selected for the "potentially autonomous TEs library" according to the presence of TE domains or similarities with Pfam (http://pfam.xfam.org) , NCBI-BLASTx and Censor (http://www.girinst.org/ censor). We defined as potentially autonomous LTR, sequences bearing at least a reverse transcriptase and an integrase domain and having similarity to known LTR elements. We defined as potentially autonomous LINE, sequences bearing at least a reverse transcriptase domain and sharing similarity to known LINE elements. We defined as potentially autonomous TIR, sequences with evidence of a transposase domain or similarity with known TIR elements.

No manual checks were performed for sequences classified as non-autonomous TEs. Sequences classified as SINE, MITE and TRIM were directly selected for the "total TEs library". Only sequences classified as LARD, which were obtained with the repetitiveness-based approach of TE detections (TEdenovo or Repeat Scout), were selected. Sequences detected by SINE-Finder and MITE-Hunter were also directly selected for the "total TEs library". Finally, the sequences classified as noCat (uncategorized) and obtained with the repetitivenessbased approach at the TE detection step were selected for the "repeated elements library".

Step 3: TE annotation Three libraries were built (Additional file 1: Figure S1): 1) a "potentially autonomous TEs library" 2) a "total TEs library" and 3) a "repeated elements library". A first run of TEannot ( [68], default setting, steps 1, 2, 3, 7 and 8) was performed for each library to known sequences matching with a full-length size on the genome (FLC sequences) and to remove potential chimeric data. A second run of TEannot was performed with these FLC sequences for each of the final libraries (default setting, steps 1, 2, 3, 4, 5, 7 and 8) and three annotations were obtained.

Proportion of TEs and repeated elements in T. lutea

From the annotation file obtained with the "potentially autonomous TEs library", we manually selected 572 sequences and calculated their proportion in the genome of T. lutea. TEs. The different criteria used are detailed in Additional file 1: Method S1 and Table S2. An illustration of the position of these sequences on the T. lutea genome assembly was built with the tool Circos [START_REF] Krzywinski | Circos: an information aesthetic for comparative genomics[END_REF]. The annotations obtained with the "total TEs library" and the "repeated elements library" were used to estimate the total proportion of TEs and to calculate the proportion of uncategorized repeated elements in the genome of T. lutea. Details on the method are available in Additional file 1: Method S2 and Table S3. The proportion of simple repeats was calculated with the tool RepeatMasker (setting: -s -noint -no_is, [61]).

PiRATE databanks Nucleotide and protein databanks

A nucleotide and a protein databank of TEs were built with sequences from Repbase (REPET version 20.05, http://www.girinst.org/repbase), the P-MITE database (http://pmite.hzau.edu.cn) and SINE base (http://sines. eimb.ru). Because algae originally arose from the predation of a cyanobacterial organism by a eukaryotic heterotrophic organism, cyanobacterial TE sequences were also added from the IS-finder database (http://www-is.biotoul.fr) (Additional file 5). Moreover, we added noninventoried TEs of microalgae and macroalgae, retrieved from the NCBI database (Additional file 5).

Profile HMMs databank

A homemade databank of profile HMMs was built with sequences of the protein databank. Multiple protein alignments were performed with Clustal Omega (http:// www.ebi.ac.uk/Tools/msa/clustalo/). When possible, TE protein sequences from algae were favoured. 78 profile HMMs were performed with the HMMbuild tool of HMMER [START_REF] Eddy | Multiple alignment using hidden Markov models[END_REF] for 62 TE categories displayed on the Browse Repbase tool (http://www.girinst.org/repbase/update/browse.php). This databank was used with TE-HMMER at the detection step. At the classification step, we combine this databank with the default databank of PASTEC (ProfilesBankForREPET_Pfam27.0_GypsyDB. hmm, https://urgi.versailles.inra.fr/download/repet).

Evaluation of PiRATE

The efficiency of the detection and classification steps of PiRATE were evaluated with genomic data of the model plant A. thaliana. We used the genome assembly TAIR10 available on the TAIR project (https://www. arabidopsis.org/download/index-auto.jsp?dir=%2Fdown-load_files%2FGenes%2FTAIR10_genome_release%2F-TAIR10_chromosome_files) and the raw Illumina data available at the 1001 genome project http://1001genomes.org/data/SLU/SLUHenning2014/releases/current/ strains/Seattle-0). These data of A. thaliana were submitted to the step 1 of PiRATE (RepeatMasker and TE-HMMER were used without data from Arabidopsis species in the databanks). The detected sequences were submitted to PASTEC [72] and compared to the 359 TE families described in A. thaliana and available on Repbase (http://www.girinst.org/repbase). We didn't include the terminal repeated sequences of the LTR TE families and the heterologous TE named DRL1. From the classification file, we selected each of the sequences matching to a TE consensus sequences of A. thaliana. Those covering less than 40% of the full-length of a consensus sequences were considered as too short to be efficiently classified and were not taken in account. We considered as a partial or complete detection the detected sequences covering at least 40% or 70% of the full-length of a consensus TE family of A. thaliana, respectively. For the comparison of the detection step of PiRATE with TEdenovo [68] (steps 1 to 4, with LTRharvest [75]), LTRharvest [75], RepeatScout [63], Repeat-Masker [61], dnaPipeTE [64], RepeatExplorer [76] and RepARK [77], the number of detected TE families was calculated with the same method previously described for the evaluation of the PiRATE detection step. For the evaluation of the classification step of PiRATE, we used the longest detected sequences of the 292 TE families detected by PiRATE during the evaluation of the detection step as a control. These 292 sequences were classified with PASTEC using modified versions of the three PiRATE databanks (Nucleotide, protein and profile HMMs), without data from Arabidopsis sp. We calculated the percentages of correct classification, incorrect classification or uncategorized classification. Details on the impact of the genome assembly quality on the efficiency of the TE detection step of PiRATE are available in Additional file 1: Method S3.

Transcriptomic and proteomic analyses

The expression analysis was performed using eight sets of previously published transcriptomics data [56,58]. These data were concatenated and normalized using the tool insilico_read_normalization.pl of Trinity [START_REF] Grabherr | Fulllength transcriptome assembly from RNA-Seq data without a reference genome[END_REF]. Reads were then mapped on the new genome assembly of T. lutea with TopHat [100] and crossed with the annotation of the potentially autonomous TEs. HTseqCount [101] was used to count the number of mapped reads for each potentially autonomous TEs. With a homemade script we retrieved the TE families with transcripts covering at least 90% of the annotated sequences. Sequences of the TE copies of these expressed TE families were then compared with BLASTx to published proteomic data [58]. Sequence alignments of the peptides of the Mariner (Luffy) and hAT (Ace) elements on the predicted transposases were performed with ClustalOmega and visualized with Geneious (Additional file 4). With the global-alignment tool of Geneious [102] (setting: free end gaps), a mean pairwise identity was calculated for each expressed TE family having at least three annotated copies (Additional file 3).

PiRATE is automated through a stand alone Galaxy

All tools used in PiRATE are automated in a standalone Galaxy [103]. The PiRATE-Galaxy is available through a virtual machine at https://doi.org/10.17882/51795. A tutorial file can be download.
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Despite their genetic complexity and lack of biotechnological resources, rose represents a model for ornamental plant species, allowing the investigation of traits such as bloom seasonality or flower morphology. Furthermore, rose displays a range of unique features as a result of its complex evolutionary and breeding history, including interspecific hybridization events and polyploidization 4-6 . Roses belong to the genus Rosa (Rosoideae, Rosaceae), which contains more than 150 species 7 of varying ploidy levels, ranging from 2n = 2× to 10× 8,9 . Many modern roses are tetraploid and can be genetically classified as 'segmental' allopolyploids (a mixture between allopolyploidy and autopolyploidy) 10 , whereas dog-roses display unequal meiosis to maintain pentaploidy 11,12 . Rose breeding has a long and generally unresolved history in Europe and Asia, most likely involving several interspecific hybridization events. Importantly, many very-old varieties are still maintained in private and public rose gardens and are a living historical archive of rose breeding and selection 13 . Large and well-documented herbarium collections, combined with genomic advances, offer excellent opportunities to reconstruct phylogenetic relationships within the species.

Roses have been subject to selection for several traits that are not usually encountered in other crops. In particular, aesthetic criteria have been a principal focus of rose breeding over the past 250 years, next to plant vigour and resistances to biotic and abiotic stresses. Among the aesthetic traits, flower colour and architecture (from 5-petalled 'simple' flowers to 100-petalled 'double' flowers), floral scent and prickle formation on the stem and leaves have been the main targets of the breeders' eyes (and noses). Although these traits can be interpreted as signs of the domestication process, they originally evolved through adaptation to natural conditions. The availability of a high-quality reference genome sequence is key to unravelling the genetic basis underlying these evolutionary and developmental processes that accelerate future genetic, genomic, transcriptomic and epigenetic analyses. Recently, a draft reference genome sequence of Rosa multiflora has been published 14 . Although completeness measures suggest that the assembly is fairly complete in terms of the gene space covered, it is also highly fragmented (83,189 scaffolds, N50 of 90 kb).

Rose is the world

Here, we present an annotated high-quality reference genome sequence for the Rosa genus using a haploid rose line derived from an old Chinese Rosa chinensis variety 'Old Blush' (Fig. 1a,b). 'Old Blush' (syn. Parsons' Pink China) was brought to Europe and North America in the eighteenth century from China and is one of the most influential genotypes in the history of rose breeding. Among other things, it introduced recurrent flowering into Western germplasm, which is an essential trait for the development of modern rose cultivars 15 . We validated our pseudo-chromosome scale genome assembly of 'Old Blush' using high-density genetic maps of multiple F1 progenies and synteny with Fragaria vesca. We delineated hallmark chromosomal features, such as the pericentromeric regions, through annotation of transposable element families and positioning of centromeric repeats using fluorescent in situ hybridization (FISH). This reference genome also allowed us to analyse the genetic diversity within the Rosa genus following a resequencing of eight wild species. Using genetic (F1 progeny and diversity panel) and genomic approaches, we were able to identify key potential genetic regulators of important ornamental traits, including continuous flowering, flower development, prickle density and self-incompatibility.

Results

Development of a high-quality reference genome sequence. We developed a haploid callus cell line (HapOB) using an anther culture at the mid-to-late uninucleate microspore developmental stage from the diploid heterozygous 'Old Blush' variety (Fig. 1c-e). The homozygosity of the HapOB line was verified with ten microsatellite markers distributed over the seven linkage groups (Supplementary Table 1). Flow cytometric analysis showed the HapOB callus to be diploid, suggesting that spontaneous genome doubling occurred during in vitro propagation.

A combination of Illumina short-read sequencing and PacBio long-read sequencing technologies was used to assemble the doubled haploid HapOB genome sequence. PacBio sequencing data (Supplementary Table 2) was assembled with CANU 16 , yielding 551 contigs (N50 of 3.4 Mb), representing a total length of 512 Mb. Of the obtained sequence, 95% is contained in only 196 contigs. The PacBio-based assembly was error corrected with Illumina pairedend reads: 37,300 single-nucleotide polymorphisms (SNPs) and 307,700 insertions and deletions (indels) were corrected, representing 341.1 kb (Supplementary Table 2). K-mer spectrum analysis (K = 25) suggested a genome size of 532.7 Mb (251.1 Mb of a unique genome sequence and 279.6 Mb of repetitive sequences), whereas flow cytometric analysis estimated a genome size of 1C = 568 ± 9 Mb. Thus, the assembled sequence represents 96.1% or 90.1%, respectively, of the estimated genome size. No major contamination was detected by screening for the predicted prokaryotic genes (Supplementary Table 3). Furthermore, only four contigs had low Illumina read mapping frequency, all of which were found to most likely encode plant proteins.

High-density female and male genetic maps were developed from a cross between R. chinensis 'Old Blush' and a hybrid of Rosa wichurana (OW). F1 progeny from this cross (n = 151) were genotyped with the WagRhSNP 68K Axiom array 17 (Table 1 and Supplementary Table 4). Thirteen contigs, for which marker order clearly indicated assembly artefacts, were split before anchoring all 564 resulting contigs to the female and male genetic maps using a total of 6,746 SNP markers (Table 1). Of these, 196 contigs were anchored manually onto the seven linkage groups, mostly on both the female and the male genetic maps (174 and 143 contigs, respectively). In total, 466 Mb were therefore anchored onto the genetic maps and assembled into 7 pseudo-chromosomes representing 90% of the assembled contig length (Table 1 and Supplementary Fig. 1a). The remaining 368 contigs (52 Mb) were assigned to chromosome 0 (Chr0). The quality of the assembly of the seven pseudo-chromosomes was assessed using two independent genetic maps: the previously published integrated high-density genetic map (K5) based on 172 tetraploid F1 progeny 10 , and a newly developed high-density map based on 174 diploid F1 progeny from a cross between cultivar 'Yesterday' and R. wichurana (YW; see Supplementary Fig. 1b). The co-linearity between the pseudo-chromosomes and both linkage maps is excellent (Supplementary Fig. 2). In addition, the anchoring of the 386 contigs (52 Mb), currently assigned to Chr0, onto the K5 map and the YW map revealed that 39 contigs (total: 28.4 Mb) and 27 contigs (total: 24.1 Mb), respectively, can potentially be positioned onto the 7 linkage groups (Supplementary Fig. 2). However, because these genetic maps were created using independent genotypes that are not related to R. chinensis 'Old Blush' , we chose a conservative approach by not incorporating these contigs into the pseudo-chromosome sequence of HapOB.

Positioning centromeres within the genome assembly. The centromeric regions were identified using both bioinformatic and cytogenetic methods. We discovered a highly abundant tandem repeat (0.06% of the genome with more than 2,000 copies per haploid genome) of monomers (159 bp long) that we call OBC226 ('Old Blush' centromeric repeat from RepeatExplorer cluster 226; Fig. 2a). PCR confirmed the tandem organization of this repeat (Fig. 2b). FISH analysis unambiguously confirmed the location of the repeat in the centromeric regions of four of the seven chromosomes: Chr2, Chr5, Chr6 and Chr7 (Fig. 2c). Mapping of the OBC226 repeat sequence revealed regions with high coverage on all HapOB pseudo-chromosomes except Chr1, which explains why no clear centromeric region could be detected on this chromosome (Fig. 2d). On Chr3 and Chr4, the copy number of OBC226 was probably too low to be detected by FISH. Furthermore, the core OBC226 centromeric repeats were flanked by other repetitive sequences, and these were unequally distributed along the chromosomes, with a clearly higher density in the core centromeric regions (Fig. 2d). These centromeric regions were also enriched in Ty3/Gypsy transposable elements. Taken together, these results confirm the position of the centromeric regions on the seven pseudo-chromosomes and reveal the high repeat sequence content, and low gene content, of the scaffolds currently assigned to Chr0.

Annotation of the sequence. Coding genes. Based on the mapping of 723,268 transcript sequences (expressed sequence tag/complementary DNA and RNA sequencing (RNA-seq) contigs with a minimum size of 150 bp) onto the HapOB genome assembly, we predicted a total of 44,481 genes covering 21% of the genomic sequence length using Eugene combiner 18 . These include 39,669 proteincoding genes and 4,812 non-coding genes. Evidence of transcription was found for 87.8% of all predicted genes. At least one InterPro domain signature was detected in 86.5% of the protein-coding genes using InterProScan 19 , with 68.0% of the genes assigned to 4,051 PFAM gene families 20 . The quality of the structural annotation The genetic maps were developed from a cross between 'Old Blush' (OB; female) and a hybrid of R. wichurana (W; male) using an Affymetrix SNP array. The initial size of the genome was 512 Mb and reached a final size of 518.5 Mb owing to the addition of 10,000 N between each contig to create the pseudo-molecules. N, any nucleotide. was assessed using the BUSCO v2 method based on a benchmark of 1,440 conserved plant genes 21 , of which 92.5% had complete gene coverage (including 5.3% duplicated ones), 4.1% were fragmented and only 3.4% were missing. This result can be compared to the analysis of the whole-genome assembly, which identified 95% complete genes and 3.6% missing genes. The set of predicted noncoding genes included 186 ribosomal RNA, 751 transfer RNA, 384 small nucleolar RNA, 99 microRNA, 170 small nuclear RNA and 3,222 unclassified genes (annotated as non-coding RNA) with evidence of transcription but no consistent coding sequence.

The number of predicted proteins in Rosa (39,669) is higher than the number of predicted proteins in F. vesca (28,588 predicted proteins 22 ). By BLAST analysis, we identified 6,543 proteins that are rose specific. Among them, 5,867 proteins have no homologue in Arabidopsis thaliana. For these proteins, no functional information is available from closely related species and experimental evidence will be required to explore their role in roses. We also looked at whether the difference in the predicted number of proteins was owing to protein family expansion. Such a scenario was detected for some protein families, including nucleotide-binding site leucine-rich repeat (NBS-LRR) and cytochrome P450 (Supplementary Fig. 3).

Transposable elements. The REPET package 23 was used to generate a genome-wide annotation of repetitive sequences of the HapOB genome (see Methods for details). Retrotransposons, also called class I elements, represent the largest transposable element genomic fraction (35.1% of the sequenced genome), of which long terminal repeat (LTR) retrotransposons represent 28.3%. Gypsy elements are more frequent than Copia (Supplementary Table 5a). Non-LTR retrotransposons long intersperced nuclear elements (LINEs) and potential short intersperced nuclear elements (SINEs) represent 5.0% of the sequence genome and class II elements (DNA transposons and Helitrons) represent 11.7% (Supplementary Table 5a). The remaining 15% include unclassified repeats (7.3%), chimaeric consensus sequences (1.9%) and potential repeated host genes (5.8%). We also identified Caulimoviridae copies representing 1.25% of the genome. Interestingly, one particularly abundant Gypsy Tat-like family was found in the genome assembly. The total copy coverage represents 3.4% of the genome. Tat-like elements are known to have an open reading frame (ORF) after the polymerase domains, and surprisingly in this case, the ORF corresponds to a class II transposase domain.

In a preliminary comparison between the transposable element annotation in HapOB and the F. vesca v2.0.a1 genome assembly (without manual curation) (Supplementary Table 5b), we found that retrotransposon elements represent the largest transposable element genomic fraction in F. vesca (13.91%), similar to rose. We found approximately twofold more copies for all transposable element families except SINE and unclassified in Rosa than in Fragaria. This indicates that the difference in genome size between Rosa and Fragaria is largely due to an expansion of the transposable element fraction.

Synteny between Rosa and F. vesca. Rosa and Fragaria both belong to the Rosoideae subfamily of the Rosaceae 24 , having diverged around 50 million years ago 25 . Previous genetic studies have demonstrated that large macrosyntenic blocks are conserved between Rosa and Fragaria 10,26 . We compared the HapOB genome to the recently updated F. vesca genome 22 to analyse the synteny in detail (Supplementary Fig. 4a). R. chinensis Chrs 1, 4, 5, 6 and 7 display strong synteny with F. vesca Chrs 7, 4, 3, 2 and 5, respectively. Consistent with previous suggestions 10 , a reciprocal translocation was detected between R. chinensis Chr 2 and 3 and F. vesca Chrs 6 and 1, respectively. Our results clarify the highly conserved synteny between F. vesca and Rosa, revealing only two major translocation events.

Within the Rosaceae family, the synteny is also well conserved between Prunus and Rosa (Supplementary Fig. 4c): Rosa Chr1 corresponds to Prunus Chr2, Rosa Chr4 corresponds to the end of Prunus Chr1, whereas Prunus Chrs 3, 5 and 8 correspond to large parts of Rosa Chrs 2, 6 and 7 respectively. Owing to the allopolyploid origin of Malus, the overall synteny is less clear, even if large blocks of synteny can be detected (Supplementary Fig. 4b).

Genetic diversity with the genus Rosa. The 150 or more existing rose species belong to four subgenera. Excluding the subgenus Rosa, all subgenera contain only one or two species. We resequenced eight Rosa species (Table 2), representing three of the four subgenera (Hulthemia: R. persica, Herperhodos: R. minutifolia and Rosa). Within Rosa, we covered all of the main sections according to the latest phylogenetic analyses 27,28 (Table 2) in the form of R. chinensis var. spontanea, R. rugosa, R. laevigata, R. moschata, R. xanthina spontanea and R. gallica. All are diploid species except R. gallica, which is tetraploid (Table 2). SNPs and indels were identified relative to the HapOB reference sequence (Fig. 3).

The nuclear SNP-based phylogenetic tree of the eight species (Fig. 3a) is consistent with previous molecular analyses 27,28 . The clade, including R. chinensis, R. gallica, R. moschata and R. laevigata, fits with the Synstylae and allies clade previously found in a chloroplastic analysis 28 . The same is the case for R. persica and R. xanthina, both belonging to the Cinnamomeae and allies clade. However, R. rugosa and R. minutifolia show an uncertain position. In particular, R. minutifolia, which belongs to the Hesperhodos subgenus 27,28 , was expected to be closer to R. persica and R. xanthina. One of the possible explanations is that the resequenced R. minutifolia individual is actually the product of an interspecific cross, as it shows unexpected morphological characters, such as few prickles on the young flowering shoots and flowers clustering in inflorescences. Methodologically, the use of only homozygous SNPs may have caused bias, especially in R. rugosa, as most of its SNPs were in the heterozygous state (Supplementary Table 6).

The lowest SNP and indel density was found in R. chinensis var. spontanea (9.9 and 1.6 per kb, respectively). 'Old Blush' is described as an interspecific cross between R. chinensis var. spontanea and R. x odorata var. gigantea 6 , which is consistent with the relatively low sequence divergence of R. chinensis var. spontanea compared to the HapOB reference sequence. The highest SNP and indel density was found in R. gallica (21.0 and 4.5 per kb, respectively); this could be the result of the (allo)tetraploidy of this species 29 , as shown by its high proportion of heterozygous SNPs (74%; Supplementary Table 6).

As expected, the majority (79.2-89.0%) of the SNPs were located in non-coding regions (Supplementary Table 6). Only 3-7% of the SNPs were located in exons, of which half were synonymous, in line with other species (for example, tomato 30 ). The different species displayed varying levels of homozygosity (homozygous SNPs ranging from 79.2% in R. persica to 26.0% in tetraploid R. gallica; Supplementary Table 6). The number of small indels was higher (between 876,648 and 2,430,123) than Malus, with an average of 346,498 indels 31 , suggesting a higher level of diversity within the Rosa genus.

Analysis of the genetic control of important traits. This new reference sequence is an important tool to help decipher the genetic basis of ornamental traits, such as blooming (including continuous flowering, flower development and the number of petals), prickle density on the stem and self-incompatibility. We studied the genetic determinism in (1) two F1 progenies (151 individuals obtained from the OW progeny and 174 individuals obtained from the YW progeny), and (2) a panel of 96 rose cultivars originating from the nineteenth to the twenty-first century 32,33 . Our data demonstrate that important loci controlling continuous flowering, double flower morphology, self-incompatibility and prickle density were predominantly localized in a single genomic region of Chr3 (Fig. 4a). Most species of roses are 'once flowering'. In rose, continuous flowering is controlled by a homologue of the TERMINAL FLOWER 1 (TFL1) family, RoKSN, located on Chr3 (ref. 34 ). The continuous flowering phenotype is due to the insertion of a Copia retrotransposon element in the RoKSN gene. The continuous flowering rose 'Old Blush' was previously proposed to be RoKSN Copia /RoKSN Copia at the RoKSN locus 34 . This Copia element corresponds to the RLC_ denovoHm-B-G10244-Map11 retrotransposon. We identified 34 insertions of this transposable element in the HapOB genome, of which 11 are full length (Supplementary Table 7a). The element is inserted into three genes, all of which are disrupted. The 3′ and 5′ LTRs of the full-length elements are > 99% similar (Supplementary Table 7a), suggesting a recent insertion, as previously proposed for the element inserted in RoKSN 34 .

Here, quantitative trait locus (QTL) analysis in the OW progeny identified the CONTINUOUS FLOWERING locus on Chr3 (Fig. 4a), as expected, but we were unable to detect the RoKSN gene in the annotated HapOB genome. Detailed analysis of RoKSN allele segregation in the OW progeny revealed the existence of a null allele, in which RoKSN is deleted (see Supplementary Table 8 for further details). The diploid 'Old Blush' parent of the OB mapping population is therefore hemizygous RoKSN Copia /RoKSN null , and the RoKSN null allele is present in the HapOB genome sequence.

Interesting parallels exist between rose and F. vesca because F. vesca also exhibits both the once flowering and the continuous flowering phenotypes. In strawberry, a 2-bp deletion in the TFL1 homologue causes a shift from once flowering to continuous flowering 34,35 . Synteny analysis revealed four orthologous syntenic blocks in the RoKSN gene region, here called blocks (Supplementary Fig. 5). We detected a pattern of conserved gene content in combination with genome rearrangements between different Rosa species and the published genome sequence of F. vesca 36 where the synteny with F. vesca is broken at the FvKSN location. The FvKSN gene is located between the A and B blocks in F. vesca. The A block is inverted in the HapOB genome, and the C and D blocks are inserted between the A and B blocks. In R. multiflora 14 and R. laevigata (see Methods for the partial R. laevigata genome sequence assembly), which are both once flowering, the RoKSN WT allele is present and synteny is conserved with F. vesca (Supplementary Fig. 5). Taken together, these data indicate that the RoKSN null allele is the result of a large rearrangement at the CONTINUOUS FLOWERING locus, leading to the complete deletion of the RoKSN gene. The RoKSN null allele represents a novel allele responsible for continuous flowering, which has not been previously described. Double flower. The number of petals is an important ornamental trait, and roses with higher numbers of petal ('double flower') have traditionally been selected. Through a study of mutant lines (sports), the change in petal number was attributed to a homeotic conversion in organ identity, with stamens converted into petals 37 . The genetic basis of the double flower trait is complex, with a dominant gene (DOUBLE FLOWER) controlling simple versus double flower phenotypes and two QTLs controlling the number of petals on double flowers 38 . Here, we combined the genome sequence with segregation data of four different F1 progenies to confine the putative location of the DOUBLE FLOWER locus (Supplementary Table 9) to a 293-kb region of Chr3 (between position 33.24 Mb and 33.53 Mb; Fig. 4a). Using a genome-wide association study (GWAS) approach with a panel of 96 cultivated roses, we detected a strong association with simple versus double flowers in the same region (between position 33.08 Mb and 33.94 Mb; Fig. 4b). A second significant peak was located at a distance of 5 Mb, which may correspond to a secondary locus influencing this trait.

The 293-kb region contains 41 annotated genes. Among these, half are expressed during the early stages of floral development (Supplementary Table 10). By excluding genes expressed in later floral stages (with completely open flowers), we retained four candidate genes: an F-box protein (RC3G0245100), a homologue of APETALA2/ TOE (RC3G0243000), a Ypt/Rab-GAP domain of the gyp1p superfamily protein (RC3G0245000) and a tetratricopeptide repeat-like superfamily protein (RC3G0243500) (Supplementary Table 10). Concerning double flowering, 'Old Blush' is heterozygous for the DOUBLE FLOWER locus. Sequencing both alleles of the four selected candidate genes in 'Old Blush' revealed only minor modifications for RC3G0245100, RC3G0245000 and RC3G0243500 (Supplementary Fig. 6a-c, respectively). However, concerning the APETALA2/TOE gene (RC3G0243000), we detected a 1,426-bp insertion in intron eight (Supplementary Fig. 7a). The insertion showed high similarity to an unclassified transposable element (annotation noCAT_denovoHM-B-R7962-Map20; Supplementary Table 5c). This repeat element is present 62 times in the HapOB genome, of which 20 insertions are full length and 4 are located in gene introns (Supplementary Table 7b). Apart from this insertion and a few SNPs, no other differences were detected between the two alleles. In the OW progeny, all individuals that carry the transposable element insertion allele display the double flower phenotype (see Supplementary Table 11 for further details).

Phylogenetic analysis showed that RC3G0243000 belongs to the APETALA2/TOE clade within the AP2/ERF subfamily 39 (Supplementary Fig. 7d). Like all members of the AP2 clades, the protein encoded by RC3G0243000 contains two conserved AP2 domains and a conserved putative miRNA172 binding site (Supplementary Fig. 7b,c). The genomic position, expression analysis, protein sequence data and predicted deleterious effect of the insertion in intron 8 suggest that the APETALA2/TOE gene is a good candidate for the DOUBLE FLOWER locus. APETALA2/TOE has a central role in the establishment of the floral meristem and in the specification of floral organs 40-43 . APETALA2 was classified as a class A floral homeotic gene, which specifies sepal identity if expressed alone and petal identity if expressed together with class B genes 44 . Furthermore, AP2/TOE3 repressed AGAMOUS expression (a class C gene) in the two outer floral whorls in the floral meristem 42 (reviewed in ref. 45 ). In rose, a reduction in the levels of RhAGAMOUS transcripts was proposed to be the basis of the double flower phenotype 37 . We hypothesise that misregulation of the rose APETALA2/TOE homologue (due to the presence of the transposable element) is responsible for the RhAGAMOUS transcript level reduction, leading to the double flower phenotype. Interestingly, a GWAS approach for petal number (a quantitative analysis) in a panel of tetraploid and double flower varieties 33 revealed that the most significant QTL is also located at the DOUBLE FLOWER locus (Fig. 4c). Several markers in this cluster display significant dose-dependent effects on the number of petals. One of these markers, RhK5_4359_382 (at position 33.55 Mb), was analysed via the Kompetitive allele specific PCR (KASP) technology both in the original association panel of 96 cultivars and in an ). Other significant associations detected by GWAS are shown in Supplementary Fig. 12. n = 96 cultivars with 3 flowers scored by cultivar. d,e, QTL analysis for prickle density in two F1 progenies using the OW mapping population based on scoring from 2016 and 2017, n = 151 individuals (d), and the YW mapping population, n = 174 individuals (e). Lod, log likelihood ratio.

independent panel of 238 tetraploid varieties and showed the same effect in both populations (Supplementary Fig. 8a,b). Two other markers (RhK5_14942 and RhMCRND_760_1045) were also tested on the 96 cultivars by KASP technology and revealed the same pattern (Supplementary Fig. 8c,d). This demonstrates a dual role of the DOUBLE FLOWER locus in rose: it controls both the double flower phenotype (double versus single flowers) and the number of petals. Given that the petal number QTL was detected in several panels of unrelated rose genotypes, it seems that this locus acts independently of the genetic background.

Self-incompatibility. As described for other Rosaceae species 46-48 , in some diploid roses, self-incompatibility is caused by a gametophytic SI (self-incompatibility) locus. This locus is most likely composed of genes encoding S-RNases and F-box proteins, which represent the female-and male-specific components, respectively. Previous approaches have failed to characterize the Rosa Sl-locus genes owing to the low sequence similarity between S-RNase genes across species and the existence of multiple genes for both S-RNases and F-box proteins. A screen for S-RNase and F-box homologues in the HapOB genome sequence identified a region of 100 kb on Chr3 that contains three genes coding for S-RNAses and four genes for S-locus F-box proteins (Fig. 4a and Supplementary Fig. 9a). This region is syntenic with the SI locus in Prunus persica (Supplementary Fig. 9b). One of the S-RNases (S-RNase36) was expressed in pistils of 'Old-Blush' flowers. Of the F-box genes, Fbox38 accumulated in the stamens (Supplementary Fig. 9c,d). Hence, this region fulfils the requirements of a functional S-locus.

This region is consistent with previous data on segregation of the self-incompatibility phenotype in a diploid rose population, in which the self-incompatibility phenotype was analysed by generating a bi-parental progeny and backcrossing individual progeny to both parents 49 . We generated a marker for an orthologue of the S-RNase gene (SRNase30) expressed in pistils of 'Old Blush' that cosegregates with the S-locus at a distance of 4.2 cM. The large number of recombinants might be explained by incomplete expression of self-incompatibility (leaky phenotypes) in some individuals of the progeny, a phenomenon that is also observed in, for example, Solanum populations 50 .

Prickle density. We investigated the genetic regulation of prickle density in rose. In two F1 progenies, QTLs were detected on Chr3. In the OW and YW progenies, a large region of significant association was detected between position 31.2 Mb and the end of the chromosome on both male and female maps (Fig. 4d,e, respectively). In both populations, two peaks were clearly detected, which probably correspond to two neighbouring QTLs (Fig. 4a,d,e). Through a GWAS approach, we detected a strong association between SNPs and the presence of prickles between positions 31.0 Mb and 32.4 Mb (Supplementary Fig. 10a). In rose, prickles originate as a deformation of glandular trichomes in combination with cells from the cortex 51 . We have looked for homologues of candidate genes controlling trichome initiation and development identified in A. thaliana 52 . Screening the QTL region on Chr3 of HapOW for gene family members of these candidate genes revealed several WRKY transcription factors, of which RC3G0244800 (positioned at 33.40 Mb; Fig. 4a) shows strong similarity with AtTTG2 (TESTA TRANSPARENT GLABRA2), which is involved in trichome development in Arabidopsis 53 (Supplementary Fig. 10b). We studied the expression of the rose TTG2 homologue (RcTTG2) in three different individuals of the OW progeny with different prickle densities (absence, medium-and high-density prickles on the stem; Supplementary Fig. 10c). The RcTTG2 transcript accumulated at higher levels in stems presenting prickles, suggesting that RcTTG2 is a positive regulator of prickle presence in rose. This TGG2 homologue represents a good candidate for the control of prickles in rose.

Discussion

We have produced a high-quality reference rose genome sequence that will represent an essential resource for the rose community but also for rose breeders. Using this new reference sequence, we have analysed important structural features of the genome, including the position of the centromeres (Fig. 2) and SNP and indel frequencies (Fig. 3).

Taking advantage of this new high-quality reference sequence, rose is set to become a model species to study ornamental traits. For example, rose was previously used to study scent emission, leading to the discovery of a new pathway for the synthesis of monoterpenes 54 . Here, using a combination of genomic and genetic approaches (F1 progenies and GWAS diversity panel), we have demonstrated that this new reference sequence can be used to analyse loci controlling ornamental traits, such as continuous flowering, double flower, self-incompatibility and prickle density (Fig. 4). We have identified and characterized candidate genes for these traits. We propose that a rose APETALA2/TOE homologue controls the switch from simple to double flower and, unexpectedly, also the number of petals within double flowers. Further analyses are necessary to validate the function of these genes. The analyses were done in diploid roses but also in tetraploid roses, allowing direct implementation in rose breeding materials, with the development of diagnostic markers as we demonstrated for petal number. For this economically crucial trait, we have developed a genetic marker that permits the prediction of petal number, which we validated on a large panel (Supplementary Fig. 8). This represents a good example of how the development and release of the rose genome sequence can accelerate gains in rose breeding.

Cultivated roses have an allopolyploid background but segregate mainly tetrasomically 10,55 . Hence, rose is a unique model for polyploidization and chromosome pairing mechanisms, which can now also be investigated at the molecular level. This reference sequence opens the way to genomic and epigenomic approaches to study important traits, providing an essential bridge between this and other plant species.

Methods

Development of haploid 'Old Blush' callus. Young lower buds of 'Old Blush' (Fig. 1c) with microspores at a mid-to-late uninucleate developmental stage (Fig. 1d) were collected in a greenhouse, wrapped in aluminium foil and stored in the dark at 4 °C for 25 days. hese were then surface sterilized in 70% ethanol for 30 s and in sodium hypochlorite solution (2.9° active chloride) for 15 min followed by rinsing three times in double-distilled sterilized water.

Anthers were aseptically removed using binoculars and ground in starvation B medium 56 with minor modifications (pH 6 and 0.1 M sorbitol) for 2 min using a MSE homogenizer (Measuring & Scientific Equipment) set at 10,000 r.p.m. Anthers were then collected on 50-µ m mesh filters, covered with a fine layer of fresh modified starvation B medium and incubated for 24 h at 22 °C in darkness. Anthers were transferred on MS medium containing 30 g l -1 sucrose, 0.5 mg l -1 BAP (6-benzylaminopurine) and 0.1 mg l -1 NAA (naphthaleneacetic acid) in 12-well culture plates. Plates were incubated in darkness at 23 °C/19 °C (16 h/8 h), taking care not to move the boxes or expose them to light for 80 days to induce somatic embryo formation. Somatic embryos were isolated from the anthers and transferred on the same medium in petri dishes with filter paper in 4-week intervals until the production of callus (Fig. 1e). Then, callus was multiplied on the same medium in the dark until enough material for DNA extraction was produced. Homozygosity was verified using ten previously described microsatellite markers 57 .

Genome sizes and ploidy levels were analysed on a flow cytometer, PASIII (488-nm, 20-mW laser; Partec). The Cystain absolute PI reagent kit (Sysmex) was used for sample preparation. Solanum lycopersicum 'Stupické polni tyckove rane' (1,916 Mb/2C) was used as an internal standard.

Genome sequencing and assembly. DNA extraction for PacBio and Illumina sequencing. Callus tissues of the haploid 'Old Blush' HapOB line was kept in the dark for 3 days prior to DNA extraction to reduce chloroplast DNA contamination. DNA extraction was performed on 1 g HapOB callus tissue as described previously 58 . In total, approximately 30 mg genomic DNA was obtained in several batches for the preparation of three independent single-molecule real-time (SMRT) bell libraries. For the irst library, genomic DNA was sheared by a Megaruptor (Diagenode) device with 30-kb settings. Sheared DNA was puriied and Deciphering the genetic control of flowering and ripening periods in apple is essential for breeding cultivars adapted to their growing environments. We implemented a large Genome-Wide Association Study (GWAS) at the European level using an association panel of 1,168 different apple genotypes distributed over six locations and phenotyped for these phenological traits. The panel was genotyped at a high-density of SNPs using the Axiom ® Apple 480 K SNP array. We ran GWAS with a multi-locus mixed model (MLMM), which handles the putatively confounding effect of significant SNPs elsewhere on the genome. Genomic regions were further investigated to reveal candidate genes responsible for the phenotypic variation. At the whole population level, GWAS retained two SNPs as cofactors on chromosome 9 for flowering period, and six for ripening period (four on chromosome 3, one on chromosome 10 and one on chromosome 16) which, together accounted for 8.9 and 17.2% of the phenotypic variance, respectively. For both traits, SNPs in weak linkage disequilibrium were detected nearby, thus suggesting the existence of allelic heterogeneity. The geographic origins and relationships of apple cultivars accounted for large parts of phenotypic variation. Variation in genotypic frequency of the SNPs associated with the two traits was connected to the geographic origin of the genotypes (grouped as North+East, West and South Europe), and indicated differential selection in different growing environments. Genes encoding transcription factors containing either NAC or MADS domains were identified as major candidates within the small confidence intervals computed for the associated genomic regions. A [START_REF] Myles | Association mapping: critical considerations shift from genotyping to experimental design[END_REF]. Germplasm collections generally contain more genetic diversity than segregating progenies and, since association mapping exploits all the recombination events that have occurred in the evolutionary history of the association panel, a much higher mapping resolution is expected [START_REF] Zhu | Status and prospects of association mapping in plants[END_REF][START_REF] Myles | Association mapping: critical considerations shift from genotyping to experimental design[END_REF][START_REF] Ingvarsson | Association genetics of complex traits in plants[END_REF]. In addition, the number of QTLs that can be mapped for a given phenotype is not limited to the segregation products in a specific cross, but rather by the number of QTLs underlying the trait and the degree to which the studied population captures the genetic specieswide diversity [START_REF] Zhu | Status and prospects of association mapping in plants[END_REF][START_REF] Yano | Genome-wide association study using whole-genome sequencing rapidly identifies new genes influencing agronomic traits in rice[END_REF]. Association mapping has recently been applied to fruit tree species such as peach [START_REF] Micheletti | Whole-genome analysis of diversity and SNPmajor gene association in peach germplasm[END_REF] [START_REF] Laurens | Review of fruit genetics and breeding programmes and a new European initiative to increase fruit breeding efficiency[END_REF]; http://www.fruitbreedomics.com) was used for the first time in the present study to perform GWAS. Here, we focused on the analysis of the genetic control of flowering and ripening periods in a panel of almost 1,200 different genotypes distributed over six apple collections managed by six European institutes. We identified one genomic region associated with flowering period and three with ripening period. Co-variation between the genotypic frequencies at the significant SNPs and three major geographic groupings of genotypes was explored, and candidate genes were identified in the detected genomic , suggesting a natural stopping criterion (genetic variance = 0) for including cofactors, and allowing to estimate the explained and unexplained heritable variance for each trait. The causal-variant heritability tagged by all possible genotyped SNPs, was quantified for each trait at the step 0 of MLMM, i.e., when the structure, kinship and residual variances were estimated with no SNP included as cofactors in the model. The part of variance explained (PVE) by the significant SNP(s) as well as the part of variance due to population structure and due to kinship, were estimated at the optimal step of the MLMM (i.e., stopping criterion).

INTRODUCTION

To establish 95% confidence intervals for the significant SNPs retained as cofactors in the whole population, we conducted a re-sampling approach as proposed by [START_REF] Hayes | Overview of statistical methods for Genome-Wide Association Studies (GWAS)[END_REF]. The full set of individuals with phenotypic data was randomly split into two subsets with equal size; this procedure was repeated 50 times for each trait, and then a GWAS was run on each subset as explained above. The standard error (se(x)) of the position of an underlying association was estimated as the median absolute deviation of the positions of the SNPs retained as cofactors on each chromosome over all subsets. Then, the 95% confidence interval was calculated as the position of the most significant SNPs retained as cofactors in the analysis of the whole population ±1.96 se(x).

Effects of the SNPs Identified as Cofactors

The SNPs identified as cofactors were analyzed toward mode and size of allelic effects. The mode of gene action at each SNP was estimated for the whole population and (when possible) for each of the three geographic groups using the ratio of dominance (d) to additive (a) effects calculated from the mean of the genotypic means for each genotypic class. The dominance effect was calculated as the difference between the mean observed within the heterozygous class and the mean across both homozygous classes (d = G AB -0.5 (G AA + G BB ), where G ij is the trait mean in the ijth genotypic class). To classify the mode, we used the following ranges, similar to [START_REF] Wegrzyn | Association genetics of traits controlling lignin and cellulose biosynthesis in black cottonwood (Populus trichocarpa, Salicaceae) secondary xylem[END_REF]. No dominance was defined for small absolute values, i.e., |d/a| ≤ 0.50; partial or complete dominance was defined as values in the range 0.50 < |d/a| < 1.25; and over-or under-dominance pertained to values of |d/a| > 1.25.

To assess the joint effect of the different allelic combinations (i.e., genetic variants) defined by the SNPs identified for each trait, mean and statistical significance among the most frequent genetic variants were calculated by the Tukey-Kramer test (α = 0.05).

Dominance and epistatic effects among the identified SNPs were tested in a model including their additive effects with correction for population structure (Q) and modeling phenotypic covariance with the kinship matrix (K). Percentages of variance explained by additive plus dominance effects, and by additive plus dominance and epistatic effects were estimated in a hierarchical sequence, using a cumulative R 2 metric.

In Silico Candidate Gene Research

Chromosomal regions corresponding to approximate 95% confidence intervals for the position of SNPs retained as cofactors in the whole population for flowering and ripening periods were investigated for in silico candidate gene identification using GDDH13 genome [START_REF] Daccord | High-quality de novo assembly of the apple genome and methylome dynamics of early fruit development[END_REF]. The annotations of protein-coding and non-protein-coding genes of the regions of interest were identified using GDDH13 genome v1.1 browser (https://iris.angers.inra.fr/gddh13/). Annotations regarding the biochemical function of genes (mainly provided by InterproScan) were enriched by the biological functions inferred from the putative orthologs identified in Arabidopsis thaliana, Solanum lycopersicum, and Prunus persica genomes. Furthermore, structures of predicted genes and intergenic regions were systematically investigated to detect eventual mis/not-annotated genes and pseudogenes (stop codons and/or frameshifts in their CDS) in the regions of interest.

RESULTS

Phenotypic Variation

Large phenotypic variation was observed at both whole population and collection level (Table 1). In the individual collections, average flowering period varied in genotypic means from 3.66 to 5.58 (on the 1-9 scale), while average ripening period varied from 3.75 to 6.89. Heritability was consistently high (>0.80). The two traits were significantly correlated when calculated across all genotypes in the whole population (r = 0.44; p-value = 2.2e -16 ), see Figure S1.

The three geographical groups differed considerably for both traits (Figure 1). For flowering period, 94% of the genotypes had genotypic means between 2 and 5 (mean value = 3.77) in the North+East group, while 96 and 83% of the genotypes varied between 3 and 7 and between 3 and 6 for the South and West groups respectively, with almost identical mean values (South: 5.03; West: 4.99). For ripening period, phenotypic variation was even higher: 83% of the genotypes in the North+East group had a genotypic mean below 5 (mean value = 3.41), while 91% in the South group had values above 5 (mean value = 7.49). The West group showed an intermediate distribution (mean value = 5.48).

Population Structure and Linkage Disequilibrium

PCA was applied to summarize global genetic marker variation in the association panel: the ten largest Eigenvalues used to describe the whole population structure explained 17% of the overall variation. In Figure 2, the first two components of the PCA are represented. Genetic discrimination between the genotypes classified according to their geographic group of origin is visible in the bi-dimensional plot; genotypes from the North+East group are located in the upper part along the Y axis, while those from the West and South groups mostly occur on the left and right side along the X axis, respectively. The three groups North+East, West and South, explained 30 and 37% of the variation for the first two dimensions of the PCA but less than 6.5% for the next eight dimensions. LD (r 2 ) was very variable in the SNP sets of 10 kb randomly sampled along the genome, spanning the entire range from absence to complete LD (Figure S2). The distribution of LD was highly asymmetric, with half of the marker pairs showing a r 2 value below 0.1 (r 2 vs value below 0.07 when corrected for relatedness and population structure). LD decay curves were very flat (Figure 3); mean r 2 values were 0.24, 0.21, and 0.19 at 100 bp, 1 kb, and 5 kb, respectively, while mean r 2 vs values were 0.20, 0.17, and 0.13, respectively. Half of the adjacent marker pairs occurred within 587 bp, while 90% occurred within 4,975 bp. To estimate LD between a causal variant in the middle of a marker interval and its flanking markers, mean r 2 values for marker pairs at half these distances (i.e., 293.5 and 2,487.5 bp) were computed: in the whole population, mean r 2 values were 0.23 and 0.19 without correction, and 0.19 and 0.14 with correction.

Genome-Wide Association Study (GWAS) Without Cofactor Inclusion

Flowering Period

Using a single-locus mixed model with control for population structure and relatedness, 50 SNPs were significantly associated with flowering period for the whole population (Table S2). In a quantile-quantile (Q-Q) plot (not shown), close adherence was found between the observed and expected -log10(p) values till around 3, indicating that the significant SNPs are unlikely to be biased by population structure and relatedness. A strong association signal was found on chromosome 9 (49 SNPs) with a Bonferroni correction threshold of 5% (-log10(p) > 6.74). The remaining SNP was located on the fictive chromosome 0 containing all unassigned scaffolds. The SNPs located on chromosome 9 spanned a distance of 3.24 Mb (265,164-3,509,888 bp).

Analyses of the individual collections revealed significant associations for flowering period only at INRA (29 SNPs), NFC (2 SNPs) and RBIPH (1 SNP) (Table S2). Twenty-one of these SNPs, all on chromosome 9, were also significant for the whole population. Of the 11 SNPs identified only in individual collections, nine were located on chromosome 9, one on chromosome 4 (RBIPH), and one on chromosome 11 (NFC).

Ripening Period

For ripening period, 82 SNPs exhibited a significant association for the whole population with adjustment for population structure and relatedness (Table S3). The Q-Q plot (not shown) was similar to the previous one. Most SNPs (70) were located on chromosome 3, spanning a distance of 2.05 Mb (29,196,200-31,243,065 bp). Nine SNPs were located on chromosome 16 and spanned a distance of 274.3 kb (9,032,064-9,306,332 bp), while three SNPs could not be mapped.

When GWAS was performed for each collection separately, numbers of significant SNPs were 38, 12, and 8 for NFC, INRA and SLU, respectively, two for both RBIPH and UNIBO, and only one for CRA-W (Table S3). Thirty-one of the 43 SNPs identified in the analyses of individual collections, showed a significant association also in the whole population. When analyses were carried out at collection-scale, all the identified SNPs were located on chromosome 3, except for three that were unmapped; none of the SNPs located on chromosome 16 with a significant association in the whole population, were identified in the GWAS of the individual collections.

Genome-Wide Association Study (GWAS) Using SNPs as Cofactors

To further dissect the signal from the chromosomal regions containing the sets of significant SNPs for each trait, we performed a GWAS with MLMM using SNPs as cofactors [START_REF] Segura | An efficient multi-locus mixed-model approach for genome-wide association studies in structured populations[END_REF]. MLMM handles the putatively confounding effect of significant SNPs elsewhere on the genome, which considerably outperforms the existing single-locus mixed models by reducing the number of significantly associated SNPs rather than the number of peaks [START_REF] Sauvage | Genome-Wide Association in tomato reveals 44 candidate loci for fruit metabolic traits[END_REF]. The part of variance explained by structure and kinship estimated at step 0 of MLMM (i.e., when no SNP were included as cofactors in the model) was 0.78 for flowering period and 0.84 for ripening period (Table 2).

Flowering Period

The optimal MLMM according to the EBIC criterion for the whole population retained two SNPs for flowering (FB_AFFY_0496090 "SNP.9-1" and FB_AFFY_0495650 "SNP.9-2"), both located on chromosome 9, only 27 kb apart (Table 3). These two SNPs were significantly associated with flowering period also in the initial analysis based on a singlelocus mixed model (Table S2). With this optimal model, 8.9% of the whole phenotypic variance was explained by the pair of SNPs retained, 27.3% corresponded to the underlying population structure of the association panel, and 38.6% was associated with kinship (Figure 4A). In the re-sampling analysis conducted for estimating an approximate 95% confidence interval, the number of cofactors retained in the model was one in 76 subsets, two in 23 subsets and three in one subset (Table S4). SNP.9-1 and SNP.9-2 were selected as cofactors in 35 and 38 subsets, respectively, while other SNPs from the same chromosome were selected as cofactors in 45 subsets, among which FB_AFFY_4941692 ("SNP.9-5") was selected in 25 subsets (Table S4). For this region, the length of a 95% confidence interval was estimated at 157 kb. GWAS of each single collection retained one, two and four SNPs (Tables 2,3) for the collections of INRA, RBIPH, and NFC, respectively, but none for the collections of CRA-W, SLU, and UNIBO. The part of variance explained by the markers selected in the optimal models for each collection was 13% (INRA), 27% (RBIPH), and 33% (NFC) (Table 2; Figure 4A). One of the two SNPs identified in the MLMM analysis of the whole population, a Order of inclusion of the SNPs at the optimal model in MLMM according to the EBIC criterion. b The allele associated with an early flowering period is highlighted in bold. The alternative allele is thus associated with a late flowering period. c The allele associated with an early ripening period is highlighted in bold. The alternative allele is thus associated with a late ripening period. d The allele found in SLU with the lowest frequency was the opposite to the one that appeared in the lowest frequency in the whole population and the other five individual collections.

SNP.9-2, was also found for the INRA collection. Neither the two SNPs selected for the RBIPH collection (chromosomes 4 and 9) nor the four identified in the NFC collection (chromosomes 4, 9, 11, and 12) were retained in the analysis of the whole population.

Ripening Period

The optimal model according to the EBIC criterion retained six SNPs for the whole population, four at the bottom of chromosome 3 (FB_AFFY_6730867, FB_AFFY_7541229, FB_AFFY_4981462, and FB_AFFY_1209620, denoted as "SNP.3-3, " "SNP.3-4, " "SNP.3-6, " and "SNP.3-7"), one at the bottom of chromosome 10 (FB_AFFY_3795860 "SNP.10-1"), and another on the top of chromosome 16 (FB_AFFY_6370928 "SNP.16-1") (Table 3). The four SNPs identified on chromosome 3 were clustered two by two with a distance of only 35 and 26 kb within each cluster and a distance of about 296 kb between clusters. The SNP retained on chromosome 10 (SNP.10-1) and one of the four retained on chromosome 3 (SNP.3-3) did not show a significant association with ripening period in the analysis based on a singlelocus mixed model (Table S3). Altogether, the six SNPs explained 17.2% of the phenotypic variation, whereas population structure and kinship explained 52.2 and 15.7%, respectively (Figure 4B). When estimating the approximate 95% confidence interval with a re-sampling analysis, the number of cofactors retained varied between one and five, and between two and four in 94 of the 100 subsets (Table S5). SNP.3-6 and SNP.3-7, selected as the two first cofactors in the whole collection, were selected in 55 and 85 subsets, respectively. Other SNPs from chromosome 3 were selected in 59 subsets (Table S5). The length of a 95% confidence interval was estimated at only 152 kb for chromosome 3, but 1.39 Mb for chromosome 10, and 426 kb for chromosome 16.

The optimal model for the analysis of each individual collection retained at least one SNP per collection (Tables 2,3): four in the SLU collection, two in the RBIPH collection, and one each in the remaining collections. Part of variance explained by the markers identified for each collection, ranged from 12% (CRA-W) to 28% (SLU) (Table 2; Figure 4B), with an average of 18%. Two out of the six SNPs retained in the whole population were identified also in some of the individual collections, i.e., SNP.3-6 in NFC and RBIPH, and SNP.3-7 in SLU, both of them belonging to the same lower cluster previously defined on chromosome 3. For INRA and UNIBO the same single SNP (FB_AFFY_1253936 "SNP.3-5") on chromosome 3 was selected by MLMM and was located in between the two previously identified SNP clusters. In brief, the analyses of the individual collections identified six SNPs additional to the six ones identified in the whole population, three on chromosome 3, and one on each of chromosomes 13, 15, and 16.

For each trait, Manhattan plots obtained with the singlelocus mixed model and the multi-locus mixed model for the whole population and for the individual collections, are shown in Figures S3,S4.

Allele Frequencies, Effects and Genetic Variants for the SNPs Identified as Cofactors

For each of the eight SNPs identified as cofactors in the analysis of the whole population, the minor (i.e., less frequent) allele remained the same across the individual collections, the three geographic groups and the whole population, except for two cases: SLU collection and North+East group for SNP.3-7 associated with ripening period (Tables 3, 4A,B). In the two latter cases, the allele of SNP.3-7 with the lowest frequency was the alternate one to that in the other five collections and two geographic groups thus exhibiting a strong shift in the frequency of the G allele associated to early ripening period. Large differences between geographic groups were also observed for the minor allele frequencies (MAF) of the four SNPs associated with ripening period located on chromosome 3 (Table 4B), again indicating a North-South gradient.

The phenotypic effects of the two SNPs identified for flowering period indicated a strong mean difference (>1.9) between genotypic means for genotypes homozygous for the alternative alleles (Table S7; Figure S7). Dominance effects and epistatic interaction effects were significant, despite explaining a very small part of the variance (Table 5; Table S7). For ripening period, an even higher mean difference (frequently >2.5) was observed between the genotypic means of alternative homozygous genotypes for the four SNPs on chromosome 3 (Table S8; Figure S8), while less variation was found for SNP.10-1 and SNP.16-1. Variation in genotypic frequencies at each SNP was again very pronounced between geographic groups (Figure S8). Globally, dominance effects and epistatic interaction effects between the six SNPs were not significant, except some partial dominance occasionally observed for SNP.3-3, SNP.3-4, and SNP.10-1 (Table 5; Table S8).

The joint effect associated with the two SNPs identified for flowering period was assessed by comparing the average values for genotypes with different combinations of alleles in the whole population. Among the five genetic variants with a frequency above 1% (Table 6), variants 1 and 5 combining, respectively, the two alleles associated with early (GG/AA) 

Candidate Gene Identification

For flowering period, we considered the interval 451,830-635,974 bp (i.e., 184 kb) on chromosome 9, corresponding to the fusion of the 95% confidence intervals of the two SNPs selected as cofactors. In this interval, we found 28 gene models (Table S9) including putative transcription factors containing e.g., a NAM/NAC (MD09G1006400), a WRKY (MD09G1008800), a SBP (MD09G1008900) domain, and a putative glutaredoxin (MD09G1007400). In a second run, we also considered the 95% confidence interval covering SNP.9-5 which was selected in 25 subsets of the re-sampling analysis (Table S4) despite not being detected in the initial analysis. The corresponding interval 654,780-811,891 bp (i.e., 157 kb) was almost contiguous to the previous one, thus defining a wider region of ∼360 kb (451,830-811,891 bp). Thirty-eight additional gene models were found in this enlarged interval (Table S9) including a putative SRF transcription factor containing a MADS-and a K-box (MD09G1009100), another putative SRF transcription factor (not detected by automatic annotation pipeline), and a gene model containing a SWIB/MDM2 domain (MD09G1011600).

For ripening period, we considered two intervals on chromosome 3, one corresponding to the fusion of the 95% confidence intervals of SNP.3-6 and SNP.3-7 which overlapped (30,624,802,006 bp, i.e., 178 kb), and the second for the confidence interval of SNP.3-3 and SNP. 3-4 (30,354,359-30,540,756 bp, i.e., 186 kb). Only eleven gene models were found in the first interval and 24 in the second, with 6 additional gene models in between (Table S10). Two successive genes encoding a putative transcription factor containing a NAM/NAC domain (MD03G1222600 and MD03G1222700) were found in the very close vicinity of SNP.3-6 and SNP.3-7, both SNPs located in between the two genes. An Ultrapetala transcription factor (MD03G1220200) was found close to SNP.3-3, and a protein tyrosine kinase TABLE 6 | Joint effect of the two SNPs associated with flowering period in the whole population and of the ten most frequent genetic variants defined by the four SNPs on chromosome 3 associated with ripening period in the whole population.

Genetic variant

Genotypes at SNPs a The allele associated with an early flowering period is highlighted in bold; order of SNPs is as follows: SNP.9-1/SNP.9-2.

b The allele associated with an early ripening period is highlighted in bold; order of SNPs is as follows: SNP.3-3/SNP.3-4/SNP.3-6/SNP.3-7.

(MD03G1221300) close to SNP.3-4. On chromosome 10, we considered the 95% confidence interval 37,695,471-39,085,497 bp for SNP.10-1 and found 153 gene models (Table S11). Among them were four putative transcription factors, two of which contained a NAM/NAC domain (MD10G1288300 and MD10G1299900) while another two contained an Apetala-2 domain (MD10G1290400 and MD10G1290900). A carbohydrate phosphorylase putatively involved in starch metabolism was also identified (MD10G1289300). On chromosome 16, we considered a 95% confidence interval 8,933,453-9,359,141 bp for SNP.16-1 and found 38 gene models (Table S12). Together with two putative transcription factors encoding either a NAM/NAC domain or a TIFY domain (MD16G1125800 and MD16G1127400, respectively), we especially identified a gene model encoding an auxin responsive protein (MD16G1124300) and another gene model encoding a sugar bidirectional transporter (MD16G1125300).

A nearly perfect microsynteny (with some minor rearrangement) was revealed between apple and peach in all the four confidence interval genomic regions estimated in our study, as shown by the numerous conserved homologs between the two species in those regions (Tables S9-S12).

DISCUSSION

Genomic Regions Controlling Variation in Phenological Traits

The SNPs retained as cofactors in the GWAS on the whole population defined one genomic region controlling flowering period and three controlling ripening period. Additional regions were identified when conducting GWAS for individual collections. The associations found accounted for varying levels of trait variation (0-33% for flowering period; 12-28% for ripening period) across the whole population and individual collections. We applied a conservative approach in identifying SNPs as cofactors for p-values below a defined threshold of Bonferroni correction at 5%. Implementation of those stringent parameters was essential to eliminate false positives, but have probably sacrificed some true associations with small effects.

The top of chromosome 9 was recently indicated as being involved in the genetic control of flowering or bud burst period [START_REF] Celton | Deciphering the genetic determinism of bud phenology in apple progenies: a new insight into chilling and heat requirement effects on flowering dates and positional candidate genes[END_REF][START_REF] Allard | Detecting QTLs and putative candidate genes involved in budbreak and flowering time in an apple multiparental population[END_REF]. The regions pointed out in these contributions overlap with the confidence interval found in our study although the region indicated by [START_REF] Allard | Detecting QTLs and putative candidate genes involved in budbreak and flowering time in an apple multiparental population[END_REF] is shifted slightly downstream since the very top of the chromosome was not mapped in their experiment. The regions indicated in these studies were, however, much larger than the confidence interval we report: Celton et al. (2011) examined a region of almost 16 cM corresponding to 4.04 Mb and comprising 983 gene models in the apple genome v1.0 of the Genome Database for Rosaceae (GDR, https://www.rosaceae. org/), whereas Allard et al. (2016) indicated a region of 10 cM corresponding to 1.8 Mb and comprising 622 gene models. The numerous recombination events accumulated in our association panel reduced the associated region to 184 kb with only 28 gene models in the GDDH13 genome. An extended interval of ∼360 kb was nevertheless proposed to take into account the results of the re-sampling analysis, thus generating a final set of 66 candidate gene models. Interestingly, [START_REF] Trainin | A unique haplotype found in apple accessions exhibiting early bud-break could serve as a marker for breeding apples with low chilling requirements[END_REF] identified a common haplotype on the top of chromosome 9 shared by a small subset of mostly Israeli apple cultivars adapted to low-chill conditions such as the well-known "Anna." They defined an interval of about 1.7 Mb but suggested that the genetic factor/s responsible for early bud-break could be located in a region of about only 190 kb (between SNP-A6-2 and SNP-A4). Mapping these SNPs on the GDDH13 genome, we found the corresponding interval to be 730,978-923,844 bp, which overlaps the extended interval accounting for SNP.9-5 (451,830-811,891 bp). This co-localization raises the question of the allelic control of flowering period in that particular genomic region as described below.

Chromosomes 3, 10, and 16 have shown associations with ripening period in previous linkage mapping studies [START_REF] Liebhard | Mapping quantitative physiological traits in apple (Malus × domestica Borkh.)[END_REF][START_REF] Kenis | Identification and stability of QTLs for fruit quality traits in apple[END_REF][START_REF] Chagné | Genetic and environmental control of fruit maturation, dry matter and firmness in apple (Malus × domestica Borkh[END_REF][START_REF] Kunihisa | Identification of QTLs for fruit quality traits in Japanese apples: QTLs for early ripening are tightly related to preharvest fruit drop[END_REF]. None of these studies attempted to define a confidence interval for the physical position of the reported QTLs, thus preventing an accurate comparison of the precision in QTL location between studies. Recently, [START_REF] Migicovsky | Genome to phenome mapping in apple using historical data[END_REF] did not find any associations with ripening period on chromosomes 10 and 16 in a GWAS based on single-locus tests, but identified associations with two SNPs on chromosome 3 located within the coding region of NAC18.1 (GenBank ID: NM_001294055.1) which corresponds to a gene model (MD03G1222600) at position ∼30,697,000 bp of GDDH13 genome. Interestingly, this position fits perfectly within the 95% confidence interval of SNP.3-6/SNP.3-7 (30,624,429-30,802,006 bp). Since this genomic region has been identified in various environments and genetic backgrounds, it therefore appears to potentially be a major factor in the genetic control of ripening period.

GWAS on Phenological Traits Suggests Presence of Allelic Heterogeneity

For each trait, MLMM analysis for the whole population retained SNPs in weak LD despite being in close vicinity. Two SNPs retained as cofactors for flowering period on chromosome 9 were only 27 kb apart. Four SNPs retained for ripening period on chromosome 3 spanned a region of 296 kb, with two subregions spanning only 35 and 26 kb, respectively. Identification of multiple significant SNPs within or near a single gene may suggest either allelic heterogeneity or the presence of an untyped causal variant that requires multiple SNPs to be adequately tagged, or both [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF][START_REF] Dickson | Rare variants create synthetic genome-wide associations[END_REF][START_REF] Segura | An efficient multi-locus mixed-model approach for genome-wide association studies in structured populations[END_REF]. Allelic heterogeneity refers to the presence of more than two functional alleles of a given gene affecting a phenotypic trait [START_REF] Wood | Allelic heterogeneity and more detailed analyses of known loci explain additional phenotypic variation and reveal complex patterns of association[END_REF]. Indeed, the biallelic nature of SNPs reduces their ability to tag multiple alleles and explains the need for several SNPs to tag them. Also, maximizing the genetic variance in the association panel by including geographically distant accessions with both different and complex evolutionary histories is expected to improve resolution, but has the potential to introduce genetic heterogeneity (i.e., multiple causal variants with various dates of appearance and frequencies) which can generate false "synthetic" associations when only single-locus tests are used [START_REF] Korte | The advantages and limitations of trait analysis with GWAS: a review[END_REF]. Fortunately, the MLMM approach is able to disentangle the contribution of genetic heterogeneity by including "competing" variants as cofactors within the mixed model setting and thus helps to discard false "synthetic" associations [START_REF] Segura | An efficient multi-locus mixed-model approach for genome-wide association studies in structured populations[END_REF][START_REF] Korte | The advantages and limitations of trait analysis with GWAS: a review[END_REF]. For flowering period, the two detected SNPs can either fit with allelic heterogeneity or untyped causal variant requesting more than one SNP. But more interestingly, the co-localization of our confidence interval with the small genomic region identified by [START_REF] Trainin | A unique haplotype found in apple accessions exhibiting early bud-break could serve as a marker for breeding apples with low chilling requirements[END_REF] for the extreme phenotype of lowchilling requirement, opens the question of the local genomic architecture of this trait. Since bud-break and consequently flowering period of Israeli cultivars occur much earlier than in traditional European cultivars [START_REF] Trainin | A unique haplotype found in apple accessions exhibiting early bud-break could serve as a marker for breeding apples with low chilling requirements[END_REF], either two different polymorphic genes or a single gene with at least three alleles may be responsible for the co-location of detectable genotypic variation for flowering period and early bud-break. In the latter case, at least two alleles would control the genotypic difference we observed here for flowering period, and another more "extreme" allele would confer the early bud-break of Israeli cultivars. Alternatively, this extreme allele could be proposed as an epi-allele when considering epigenetic control [START_REF] Ríos | Epigenetic regulation of bud dormancy events in perennial plants[END_REF]. For ripening period, a model including the two nearby genomic regions detected on chromosome 3 can also be proposed with the presence of two closely positioned genes (∼300 kb apart), each with possible allelic heterogeneity. Such a complex pattern of association has never been highlighted before for flowering and ripening periods in apple. Nevertheless, additional genetic studies would be required to be certain about the multiallelic and multi-genic architecture of the detected regions by using e.g., local haplotype sharing methods [START_REF] Xu | Detecting local haplotype sharing and haplotype association[END_REF] provided that sufficient SNPs are available.

Unexplained Genetic Variation May Be Accounted for by Multiple Factors

The limited number of detected genomic regions associated with the traits and the low/moderate amount of phenotypic variance accounted for by the retained SNPs suggests that several, if not many additional genomic regions are involved in the genetic control of these traits. Here, as with other GWAS, we were challenged by the so-called "missing heritability" syndrome (i.e., traits exhibiting both high heritability and tiny effect variants; [START_REF] Maher | Personal genomes: the case of the missing heritability[END_REF][START_REF] Manolio | Finding the missing heritability of complex diseases[END_REF][START_REF] Visscher | A commentary on 'common SNPs explain a large proportion of the heritability for human height[END_REF][START_REF] Yang | Common SNPs explain a large proportion of the heritability for human height[END_REF][START_REF] Zuk | The mystery of missing heritability: genetic interactions create phantom heritability[END_REF]. In our experiment, a significant proportion of the phenotypic variance not captured by the SNP cofactors could be explained by relatedness accounting for polygenic effects (15-58% for flowering period, 8-41% for ripening period) and population structure mostly accounting for genetic differentiation over geographic groups (7-36% for flowering period, 30-53% for ripening period). The large proportion of phenotypic variance under genetic control clearly indicates that additional genomic regions are still to be discovered. Interestingly, at the whole population level, the part of variance explained by relatedness for flowering period (39%) was more than twice the estimate for ripening period (16%), while the inverse was observed for the part of variance explained by structure (27% for flowering period, 52% for ripening period), thus indicating differential impact of relatedness and geographic structure on these two phenological traits. MDP0000320691) highlighted by [START_REF] Porto | Transcription profiling of the chilling requirement for bud break in apples: a putative role for FLC-like genes[END_REF], were located either on another chromosome or considerably downstream on chromosome 9.

Whilst the candidate genes we identified did not encompass all of those that have previously been proposed to have a role in flowering time, it is clear that a number of them have putative roles in the regulation of flowering time in apple or other plants.

Putative Functions of Genes Controlling Phenotypic Variation in Apple Ripening Period

Concerning ripening period, three main genomic regions were identified (on chromosomes 3, 10, and 16) with candidate genes belonging to the NAC family, surrounded by other genes putatively involved in apple ripening. In the genomic region of chromosome 3, two NAC transcription factors (MD03G1222600 and MD03G1222700) are strongly indicated as candidate genes for the control of this trait. A member of this gene family (i.e., ppa008301m, according to the P. persica genome version v1.0) was identified in a major locus on chromosome 4 controlling maturity date in peach, and a 9 bp DNA insertion in its last exon was described as a variant putatively linked to early ripening [START_REF] Pirona | Fine mapping and identification of a candidate gene for a major locus controlling maturity date in peach[END_REF]. Most interestingly, one of the two NAC genes of apple (i.e., MD03G1222700) cited above showed to be the best homolog of this particular peach NAC gene which was renamed Prupe.4G186800 in the P. persica genome version v2.1 [START_REF] Verde | The Peach v2.0 release: high-resolution linkage mapping and deep resequencing improve chromosome-scale assembly and contiguity[END_REF]. The second apple NAC gene was also showed to be homolog to the second peach NAC gene cited by Pirona et al. (2013) (i.e., ppa007577m.v1.0 equivalent to Prupe.4G187100.v2.1), and a strong microsynteny was observed between Malus and Prunus all along the analyzed confidence interval (Table S10). The importance of NAC transcription factors in controlling fruit ripening traits has been described also in tomato [START_REF] Zhu | A new tomato NAC (NAM/ATAF1/2/CUC2) transcription factor, SlNAC4, functions as a positive regulator of fruit ripening and carotenoid accumulation[END_REF] and kiwifruit [START_REF] Nieuwenhuizen | Natural variation in monoterpene synthesis in kiwifruit: transcriptional regulation of terpene synthases by NAC and ETHYLENE-INSENSITIVE3-like transcription factors[END_REF]. Very recently, two NAC members (called SlNAC4/9) were indicated as regulators of ethylene biosynthesis and ethylene-related genes in tomato [START_REF] Kou | NAC transcription factors play an important role in ethylene biosynthesis, reception and signaling of tomato fruit ripening[END_REF].

The genes identified on chromosome 10 appeared to be involved in the same metabolic pathways: two NAM/NAC (MD10G1288300 and MD10G1299900) and two Apetala2 (MD10G1290400 and MD10G1290900) transcription factors. Members of the plant-specific APETALA2/ethylene response factor (AP2/ERF) superfamily of transcription factors act downstream of the ethylene signaling pathway and are strongly conserved throughout the plant kingdom [START_REF] Xie | Roles of APETALA2/Ethylene-Response factors in regulation of fruit quality[END_REF]. They are apparently associated with several plant developmental and growth processes, including fruit ripening [START_REF] Licausi | Genomic and transcriptomic analysis of the AP2/ERF superfamily in Vitis vinifera[END_REF][START_REF] Karlova | Transcriptional control of fleshy fruit development and ripening[END_REF][START_REF] Xie | Roles of APETALA2/Ethylene-Response factors in regulation of fruit quality[END_REF].

On chromosome 16, two additional putative transcription factors encoding either a NAM/NAC domain (MD16G1125800) or a TIFY domain (MD16G1127400) were identified as well as one gene encoding an auxin responsive protein (MD16G1124300) and one gene for a sugar bidirectional transporter (MD16G1125300) with high homology with a senescence associated protein (SAG 29) of Arabidopsis. TIFY transcription factors comprise a plant-specific family involved in the regulation of various developmental processes and responses to phytohormones. Among the 30 members of this family characterized in apple [START_REF] Li | Genome-wide identification and analysis of the apple (Malus × domestica Borkh.) TIFY gene family[END_REF], are the jasmonate zim-domain (JAZ) proteins, known to be repressors of JA signaling and, consequently, actors of the cross-talk among multiple hormone signaling pathways including ethylene and gibberellins [START_REF] Ansorge | Next-generation DNA sequencing (II): techniques, applications[END_REF]. The expression patterns of genes in the JA biosynthesis pathway was found to be correlated with genes in the ethylene biosynthesis pathway, emphasizing the role of JA biosynthesis and its signaling on apple fruit maturation [START_REF] Lv | Genome-wide identification of jasmonate biosynthetic genes and characterization of their expression profiles during apple (Malus × domestica) fruit maturation[END_REF].

Altogether, candidate genes identified after GWAS highlight the probable role of transcription factors, controlling the ethylene biosynthesis or regulatory pathway, for ripening in apple. Other candidates such as the gene encoding for an auxin responsive protein may also be considered since an ethylene-auxin interplay at a late ripening stage has been proposed in apple [START_REF] Tadiello | Interference with ethylene perception at receptor level sheds light on auxin and transcriptional circuits associated with the climacteric ripening of apple fruit (Malus x domestica Borkh[END_REF].

FUTURE PERSPECTIVES

GWAS mapping is a powerful tool for the identification of genomic regions associated with important traits, but results can be restricted by too much genetic heterogeneity, insufficient marker density and an overly strong impact of population structure. In the present study, narrow genomic regions controlling two phenological traits and a rather low number of candidate genes were identified, while other regions remained unidentified because of the relationship between traits and geographic structure. Enlarging the diversity panel with more genotypes, especially from Southern and Northern+Eastern groups, might improve detection of loci associated with those traits in each geographic group. Also, a combination of linkage and association analyses may achieve higher statistical power and resolution [START_REF] Jansen | Mapping quantitative trait loci in plant breeding populations: use of parental haplotype sharing[END_REF][START_REF] Flint-Garcia | Maize association population: a high-resolution platform for quantitative trait locus dissection[END_REF][START_REF] Pascual | Dissecting quantitative trait variation in the resequencing era: complementarity of bi-parental, multi-parental and association panels[END_REF] and reduce the confidence interval of the detected genomic regions which would call for validating the function of certain candidate genes by genetic transformation, especially gene editing [START_REF] Busov | Genetic transformation: a powerful tool for dissection of adaptive traits in trees[END_REF][START_REF] Nishitani | Efficient genome editing in apple using a CRISPR/Cas9 system[END_REF]. Still, the current set of phenotypic and genotypic data is already useful to establish genome-wide predictions [START_REF] Meuwissen | Prediction of total genetic value using genome-wide dense marker maps[END_REF][START_REF] Muranty | Accuracy and responses of genomic selection on key traits in apple breeding[END_REF] of the breeding values of the studied genotypes for these two traits.

process with the help of HM and C-ED. Selection of germplasm and acquiring phenotypic data were performed by C-ED, AG, RG, LF, ML, PH, MO, FP, JS, HN, RGr, LD, and ST. MB and SM brought expertise about GWAS methodology and results interpretation. SA performed the candidate gene analysis thanks to the new apple genome sequence developed by ND and J-MC. C-ED conceived and coordinated the study. FL coordinated the EU FruitBreedomics project including this study. JU, HM, and C-ED wrote the manuscript with decisive contributions of SA and LD. HN, MO, MT, LB, RV, MB, LG-G, and SM critically reviewed the manuscript. All authors read and approved the final manuscript.
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Figure 1

 1 Figure 1 Assembly and validation of the GDDH13 doubled-haploid apple genome. (a) k-mer (23 bp) spectra of the doubled-haploid GDDH13 and the heterozygous Golden Delicious 33 genomes. The x axis represents k-mer multiplicity, and the y axis represents the number of k-mers with a given multiplicity in the sequencing data. The green dashed line represents the ideal Poisson distribution fitted on the data of GDDH13. (b) Overview of the processing pipeline used for the assembly of the GDDH13 genome (see supplementary Note for details). (c) Graphical representation of the location of SNP markers on the physical map (x axis), as compared to their position on the integrated genetic map (y axis), for Chr11 of the GDDH13 genome. Each marker is depicted as a circle on the plot (1,069 data points). The colors depict the chromosomes as follows: red for Chr01, light green for Chr04, pink for Chr08, blue for Chr10 and violet for Chr11. (d) Graphical representation of the mean local recombination rates between successive SNP markers along Chr11 (3-Mb sliding window, 1-Mb shift, threshold 4). The x axis represents the physical positions of the means on Chr11, and the y axis indicates the recombination ratio (centiMorgan (cM)/Mb) in each 3-Mb sliding window. (e) Heat map of genotypic linkage disequilibrium (LD; r 2 ) in Chr11 in the 'Old Dessert' INRA apple core collection. Shown are the graphical representation of the location of SNPs on the physical map (top) with correspondence to their order in a regular distribution (bottom) of Chr11 (1,461,195 data points). The color bar indicates the level of LD, from high LD (red) and low LD (blue).
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 2249 Figure 2 Synteny and distribution of genomic and epigenomic features of the apple genome. The rings indicate (from outside to inside, as indicated in the inset) chromosomes (Chr), heat maps representing gene density (green), TE density (blue) and DNA methylation levels (orange). A map connecting homologous regions of the apple genome is shown inside the figure. The colored lines link collinearity blocks that represent syntenic regions that were identified by SynMap.

Figure 3

 3 Figure 3 Distribution and evolution of transposable elements in the apple genome. (a) Percentage of base pairs of the assembled GDDH13 genome that represent genes, pseudo-genes, TEs and non-annotated regions. Retrotransposons (class I) are shown in shades of red, and DNA transposons (class II) are shown in shades of blue. (b) Chromosomal density plots of all TE families on Chr01 to Chr04 (top), and the recombination rate for each corresponding chromosome (3-Mb sliding window) (bottom). (c) Distribution of sequence identity values between genomic copies and consensus repeats in the GDDH13 assembly (based on 2,198,722 data points). The relative frequencies per percentage of identity of the Helitron, TIR, LTR, LINE, SINE and unclassified TEs (NoCat) are represented in different colors.

Figure 4

 4 Figure 4 DNA methylation landscape of the GDDH13 genome. (a) Percentage of DNA methylation distributions of the three methylation contexts (CG, CHG or CHH) in Arabidopsis 44 , soybean60 and apple. For apple, the percentages were estimated based on the number of cytosines that had a methylation ratio≥0.75. (b) Top, chromosomal distribution of the methylation ratios along Chr11. Bottom, the recombination rate plot from Figure1d, for comparison purposes. (c) Global distribution of DNA methylation levels at protein-coding genes, TEs and HODOR, including a 1-kb window upstream of the TSS and downstream of the transcription end site (TES). In all of the panels, the DNA methylation sequence contexts are color-coded as follows: brown for CG, yellow for CHG and blue for CHH.

Figure 5

 5 Figure 5 Differentially methylated regions between apple tree leaves and young fruits. (a) DMR content in samples of GDDH13 leaves and young fruits (CHH, n = 875 DMRs; CHG, n = 88 DMRs; CG, n = 21 DMRs; CG and CHG, n = 17 DMRs; CHG and CHH, n = 14 DMRs; CG and CHH, n = 2 DMRs). Most of the DMRs (86%) were identified in the CHH context. (b) Selection of GDDH13 genes that present a DMR within a region 2 kb upstream of the TSS. The apple gene ID, the methylation context of the DMR, the orthologous Arabidopsis gene annotation and the function of the encoded protein are listed. (c,d) Representative image comparing the fruit sizes of heterozygous Golden Delicious, GDDH13 and GDDH18 at harvest (c) and quantification of the number of cell layers in the parenchyma of GDDH13 (orange) and GDDH18 (green) fruits, as assessed by microscopy (n = 12 data points per box plot) (d). The horizontal line in the box represents the median, the lower and upper hinges correspond to the first and third quartiles, the lower and upper whiskers extend from the hinge to the smallest and largest value (no further than 1.5-fold the inter-quartile range from the hinge), and outlying points are plotted individually. Scale bar, 1 cm.

Fig. 1

 1 Fig.1Pol II represses the HS-dependent mobility of the ONSEN retrotransposon in Arabidopsis. ONSEN copy number in Arabidopsis seedlings measured by qPCR directly after CS and HS treatments. a In the WT and the nrpb2-3 mutant and after HS plus treatments with α-amanitin (A; 5 μg/ml) or zebularine (Z; 10 μM) (mean ± standard error of the mean (s.e.m.), n = 6 biological repetitions). b In the WT and after HS plus treatment with A at different concentrations (μg/ml) as specified on the x-axis (mean ± s.e.m., n = 4 biological repetitions). c In the WT and after HS plus treatment with Z (40 μM) or a combination of A (5 μg/ml) and Z (A&40Z) (mean ± s.e.m., n = 3 biological repetitions). d In the WT after chemical treatment with A (5 μg/ml), Z (40 μM), a combination of A and Z (A&Z) or in the nrpb2-3 and nrpd1 backgrounds following CS (mean ± s.e.m., n = 3 biological repetitions). All values are relative to ACTIN2. *P < 0.05, **P < 0.01

Fig. 2

 2 Fig. 2 Simultaneous inhibition of DNA methyltransferases and Pol II reduces global CHH methylation and mimics the TE silencing deficiency of the nrpd1 background. a Genome-wide DNA methylation levels in the WT after CS and CS plus treatment with A (5 μg/ml), Z (40 μM), or a combination of A and Z (A&Z) for three sequence contexts (brown for CG, yellow for CHG and blue for CHH). b Same as a but only depicting the CHH context for clarity. c Methylome data of treated and untreated plants at an ONSEN locus located on Chr 1 (ONSEN is indicated in yellow, its LTRs in red). d Northern blot of ONSEN transcripts directly after CS, HS and HS plus treatment with A, Z or a combination of A&Z in the WT and after HS in nrpd1 plants. The black arrow indicates the ONSEN full-length transcript. Below, a Midori-stained agarose gel is shown as a loading control. e ONSEN copy number measured by qPCR directly after CS and HS treatments in WT, rdr6, dcl2/3/4 and nrpd1 seedlings directly after CS, HS and HS plus treatment with A, Z or a combination of A&Z (mean ± s.e.m, n = 3 biological repetitions, values relative to ACTIN2; *P < 0.05, **P < 0.01)

Fig. 4

 4 Fig. 4 Transparent testa phenotype of hc line 3 co-segregates with an ONSEN insertion in TT6. Seed phenotypes (a) and corresponding genotypes (c) of a segregating F2 population (lanes 1-22) obtained from a cross between the WT and hc line 3 (hc) are shown. b Primers used for genotyping of the ONSEN insertion. For the WT-PCR depicted in the upper part of c the light (tt6 fw) and dark (tt6 rev) green primers flanking the TT6 locus (AT3G51240) were used. The ONSEN insertion in TT6 was detected by a combination of the light green primer with the red primer specific to the ONSEN LTR (Copia 78 3′ LTR, red arrow). M indicates the size marker. Primer sequences are given in Additional file 1: TableS1

Fig. 3

 3 Fig. 3 Drug-induced mobilization of ONSEN in WT Arabidopsis plants. a Transposon display testing seedlings in the S2 generation of WT plants for novel ONSEN insertions: lanes a to c show HS-treated plants; lanes 1 to 7 show hc lines 1-7 treated with HS and A (5 μg/ml) and Z (40 μM), M indicates the size marker. b ONSEN copy number in the S1, S2 and S3 generations measured by qPCR (mean ± s.e.m, n = 3 technical replicates, values relative to ACTIN2). c, d Photographs of S2 plants showing both homogeneous and environment-dependent phenotypic variability induced by the ONSEN mobilization when grown under long (c) and short day (d) conditions. qPCR data for the S3 generation of line 6 in b as well as pictures of phenotypes in c and d are missing due to severe infertility and extinction of this line

Fig. 5

 5 Fig. 5 Drug-induced activation of the Houba retrotransposon in O. sativa. Mobilome analysis of DNA extracted from seedlings after growth under control conditions (C), A (5 μg/ml), Z (40 μM) or the combination of A&Z. a Logarithmic ratio of the depth of coverage obtained after aligning the sequenced reads on one Houba element. b Primer localization (black bar, Houba element; arrows, PCR primers; red box,LTR). c Circular forms of Houba are specifically detected in plants treated with A&Z using inverse PCR with primers shown in (b). d Specific PCR on chloroplast DNA is shown as a loading control. Total DNA subjected to a rolling circle amplification was used as a template. M indicates the size marker

Fig. 1

 1 Fig.1Overview of the pipeline. Step 0: genome assembly and raw Illumina data are used as input data. Step 1: The detection of putative TEs and repeated sequences is performed using 12 tools, combining four detection approaches. Detected sequences from approaches 1 and 4 are filtered according to their length (minimum 500 bp). Detected sequences from the tools MITE-Hunter and SINE-Finder are directly saved as non-autonomous TEs. Other detected sequences are clustered with CD-HIT-est to reduce redundancy. Step 2: Putative TE sequences are automatically classified with PASTEC as potentially autonomous TEs, non-autonomous TEs or uncategorized sequences. The potentially autonomous TEs are manually checked and grouped into TE families. Step 3: Three libraries are manually constructed with a "Russian doll" strategy: 1) a "potentially autonomous TEs library", a "total TEs library" and a "repeated elements library". A double-run of TEannot is carried out for each library to select sequences that align with a full-length (FLC) on the genome assembly and finally obtain three independent annotations

Fig. 2

 2 Fig. 2 Evaluation of the detection step of PiRATE with genomic data of Arabidopsis thaliana. a) Percentage of TE families detected in A. thaliana. For each TE order (x-axis) is indicated the percentage of TE families detected with a complete length (coverage score ≥ 70%, white bars) or detected with a partial and a complete length (coverage score ≥ 40%, black bars). The x-axis indicates the number of TE families for each order; "n-a" means non-autonomous. b) Comparison of the percentage of TE families of A. thaliana detected by PiRATE (Step 1), RepARK, RepeatExplorer, dnaPipeTE, RepeatScout, RepeatMasker, LTRharvest and TEdenovo. For each tool is indicated the percentages of TE families of A. thaliana detected with a complete length (coverage score ≥ 70%, white bars) or detected with a partial and a complete length (coverage score ≥ 40%, black bars). The x-axis indicates the tools and nature of the input data

Fig. 4

 4 Fig.4Cartography of the 572 potentially autonomous TEs in the genome assembly of Tisochrysis lutea. The contig position is random. TEs belonging to the same superfamily are represented with the same colour. The 73 potentially autonomous TEs belonging to the 17 expressed TE families are highlighted with a green "T". Elements belonging to the TIR/Mariner Luffy family and TIR/hAT Ace family are marked by a grey circle. Transposase proteins were synthesized for these both TE families

  's most important ornamental plant, with economic, cultural and symbolic value. Roses are cultivated worldwide and sold as garden roses, cut flowers and potted plants. Roses are outbred and can have various ploidy levels. Our objectives were to develop a high-quality reference genome sequence for the genus Rosa by sequencing a doubled haploid, combining long and short reads, and anchoring to a high-density genetic map, and to study the genome structure and genetic basis of major ornamental traits. We produced a doubled haploid rose line ('HapOB') from Rosa chinensis 'Old Blush' and generated a rose genome assembly anchored to seven pseudo-chromosomes (512 Mb with N50 of 3.4 Mb and 564 contigs). The length of 512 Mb represents 90.1-96.1% of the estimated haploid genome size of rose. Of the assembly, 95% is contained in only 196 contigs. The anchoring was validated using high-density diploid and tetraploid genetic maps. We delineated hallmark chromosomal features, including the pericentromeric regions, through annotation of transposable element families and positioned centromeric repeats using fluorescent in situ hybridization. The rose genome displays extensive synteny with the Fragaria vesca genome, and we delineated only two major rearrangements. Genetic diversity was analysed using resequencing data of seven diploid and one tetraploid Rosa species selected from various sections of the genus. Combining genetic and genomic approaches, we identified potential genetic regulators of key ornamental traits, including prickle density and the number of flower petals. A rose APETALA2/TOE homologue is proposed to be the major regulator of petal number in rose. This reference sequence is an important resource for studying polyploidization, meiosis and developmental processes, as we demonstrated for flower and prickle development. It will also accelerate breeding through the development of molecular markers linked to traits, the identification of the genes underlying them and the exploitation of synteny across Rosaceae. NATuRE PLANTS | VOL 4 | JULY 2018 | 473-484 | www.nature.com/natureplants

Fig. 1 |

 1 Fig. 1 | Development of the HapOB haploid line from R. chinensis 'Old Blush'. a, The R. chinensis variety 'Old Blush' painted by Redouté in 1817. Paul Fearn/ Alamy Stock Photo. b, A flower from the R. chinensis variety 'Old Blush'. c, A cross-section of the floral stage used for the anther culture. d, DAPI staining on mid-to-late uninucleate microspores. Similar results were observed on more than 15 microspores in one experiment. e, The HapOB callus was obtained after the anther culture at the appropriate stage and used for genome sequencing.

Fig. 2 |

 2 Fig. 2 | Identification of centromeric regions in the HapOB reference genome. a, The cluster CL226 identified by RepeatExplorer. b, Agarose gel electrophoresis of tandem repeat fragments amplified from the genomic DNA of HapOB using OBC226 PCR primers (right lane) along with the lambda-PstI size ladder (left lane). Similar results were obtained in two independent experiments. c, FISH with carboxy tetramethylrhodamine (TAMRA)-labelled OBC226 oligo probes on R. chinensis metaphase chromosomes. Chromosome numbers are labelled from 1 to 7. Similar results were observed in at least 10 metaphase cells in two independent experiments. d, Circos representation of the distribution of OBC226 (purple), the pericentromeric region (blue), Ty3/Gypsy (orange) and Ty1/Copia repeat elements (green) along the seven pseudo-chromosomes and Chr0 (scale in Mb).
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 4 JULY 2018 | 473-484 | www.nature.com/natureplants Detection of a new allele controlling continuous flowering in rose.

Fig. 3 |

 3 Fig. 3 | Resequencing of eight Rosa species. a, The phylogenetic relationships of the eight sequenced Rosa species and the reference genome HapOB, using a genome-wide set of homozygous SNPs. b, Analysis of genetic diversity in eight species of the Rosa genus along the seven pseudo-chromosomes of the HapOB reference sequence. Circles from outside to inside show: gene density (red), transposable element density (green), SNP density for R. xantina (purple), R. chinensis var. spontanea (yellow), R. gallica (blue), R. laevigata (light green), R. moschata (light orange), R. rugosa (light purple), R. persica (light red) and R. minutifolia alba (light blue). Scales are in Mb.

Fig. 4 |

 4 Fig.4| A region at the end of Chr3 controls important ornamental traits. a, Major genes and QTLs that control continuous flowering, double flower, selfincompatibility and prickle density are shown together with candidate genes for each trait. Detailed analyses per locus are described in Supplementary Figs. 5, 7, 9 and 10, respectively. For prickle density in OW progeny (OW2017 and OW2016), the boxes represent the 1-LOD (log of the odds ratio) interval and the lines the 2-LOD interval. b,c, GWAS analysis showing the P values of the association between SNPs positioned along Chr3 and the number of petals, indicating regions that control the number of petals. The petal number is considered as a qualitative trait (simple versus double flowers; GLM) (b) or as a quantitative trait (MLM) (c). The horizontal red line shows Bonferroni-corrected significance levels (1.78 × 10 -6 ). Other significant associations detected by GWAS are shown in Supplementary Fig.12. n = 96 cultivars with 3 flowers scored by cultivar. d,e, QTL analysis for prickle density in two F1 progenies using the OW mapping population based on scoring from 2016 and 2017, n = 151 individuals (d), and the YW mapping population, n = 174 individuals (e). Lod, log likelihood ratio.
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FIGURE 1 |

 1 FIGURE 1 | (A) Distribution of the genotypes according to ranges of genotypic means on flowering period at two different levels: (A1) Whole population; (A2) Geographic groups. The three geographic groups are depicted using the following color codes: Blue = North+East group; Green = West group; Red = South group. (B) Distribution of the genotypes according to ranges of genotypic means on ripening period at two different levels: (B1) Whole population; (B2) Geographic groups. The three geographic groups are depicted using the following color codes: Blue = North+East group; Green = West group; Red = South group.

FIGURE 2 |

 2 FIGURE 2 | Scatter plot of the first two dimensions of the Principal Component Analysis (PCA) performed on the 1,168 apple genotypes based on 275,223 SNPs. The geographic groups are depicted using the following color codes: Blue = North+East group; Green = West group; Red = South group; Black = Other.

FIGURE 3 |

 3 FIGURE 3 | LD decay according to the physical distance between SNPs. Both the usual r 2 and the r 2 after correcting for relatedness and population structure (r 2 vs ) are given.

FIGURE 4 |

 4 FIGURE 4 | Partition of variance at the optimal models according to EBIC for the whole population and the six individual collections for flowering period (A) and ripening period (B). Gray: part of variance explained by structure; Blue: part of variance explained by SNPs retained as cofactors; Green: part of variance explained by kinship; Red: residual variance.
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Table 1

 1 Diversity and proportion of transposable element orders and classes in the genome assembly of Tisochrysis lutea. The abbreviations "a" and "n-a" indicate autonomous and non-autonomous transposable elements respectively

			Orders/ Superfamilies	Number of families (f)	Number of potentially	Proportion of the potentially	Proportion of total
				or detected sequences (s)	autonomous TEs	autonomous TEs (%)	genome (%)
	Class I	a	LTR/Copia	6 f	45	0.37	1.09
			LTR/Gypsy	4 f	242	2.56	4.65
			LINE/L1	14 f	59	0.25	3.87
		n-a	SINE	14 s			0.04
			LTR/LARD	17 s			0.76
			LTR/TRIM	240 s			5.48
	Total Class I						15.89
	Class II	a	TIR/hAT	129 f	145	0.41	2.12
			TIR/Mariner	8 f	41	0.11	0.19
			TIR/Harbinger	7 f	26	0.05	0.34
			TIR/PiggyBac	7 f	14	0.04	0.26
		n-a	MITE	188 s			2.04
	Total Class II						4.95
	Total TEs				572	3.79	20.84

Table 1 | Metrics of the alignment of the male and female genetic maps with the HapOB genome assembly Linkage group Genetic maps (no. of markers)

 1 

				Chr.	No. of anchored			No. of anchored contigs		Pseudo-
					markers used for						molecules
					anchoring						
		Female	Male		Female	Male	Female	Male	Manual	Cut	Excluded	Size (in bp)
		(OB)	(W)						integration			
	1	715	195	1	587	146	18	14	18	1	1	64,770,848
	2	1,114	303	2	1,001	249	14	18	20	-	-	75,129,302
	3	528	564	3	477	498	20	25	31	-	1	46,843,630
	4	227	404	4	191	334	12	18	20	-	-	59,004,735
	5	1,031	362	5	866	275	40	29	37	2	1	85,885,663
	6	1,153	254	6	1,010	186	43	20	43	-	1	67,395,200
	7	863	241	7	743	183	27	19	27	-	-	67,081,725
	-	-	-	Total without Chr0		174	143	196	-	-	466,111,103
	-	-	-	0	-	-	387	418	368	-	-	52,404,850
	Total:	5,631	2,323	-	4,875	1,871	561	561	564	-	-	518,515,953

Table 2 | Summary of resequencing and sequence variations (SNP and small indels) identified in eight Rosa species Rosa species sequenced Genome size (in Mb)

 2 

			Classification	Ploidy Flower	Flower	Blooming	Geographical	No. of	No. of	HapOB	Depth of	No. of	SNP/	No. of	Small
						colour	morphology	seasonality	origin	reads	reads	genome	coverage	SNPs	density	small	indel
										(millions)	mapped	covered	(in × ) a		(no. per	indels	density
											(millions)	by the			kb)	(no.
												mapping				per kb)
												(%)			
			Subgenus	Section											
	R. chinensis	562	Rosa	Chinenses	2	Pink	Single	Once	China	110	104	90	28	5,564,345 9.9	876,648 1.6
	var.							blooming							
	spontanea														
	R. gallica	538	Rosa	Gallicanae	4	Pink	Single	Once	Europe	231	218	90	73	11,280,831 21.0	2,430,138 4.5
								blooming							
	R. laevigata	562	Rosa	Laevigatae	2	White Single	Occasionally China-	100	92	70	31	6,327,292 11.3	1,195,164 2.1
									Taiwan						
	R. moschata 554	Rosa	Synstylae	2	White Single	Recurrent	Asia Minor	92	86	71	29	5,862,043 10.6	1,417,766 2.6
								blooming							
	R. munitifolia	416	Hesperhodos		2	White Single	Once	North	96	89	69	30	5,270,249 12.7	1,208,933 2.9
	alba							blooming	America						
	R. persica	416	Hulthemia		2	Yellow Single	Once	Central	114	100	56	34	5,602,086 13.5	1,218,337 2.9
								blooming	Asia						
	R. rugosa	522	Rosa	Cinnamomeae 2	Pink	Single		Northern	125	116	84	39	8,270,874 15.8	1,703,127 3.3
									China-						
									Japan-Korea						
	R. xanthina	391	Rosa	Pimpinellifoliae 2	Yellow Single	Once	Asia	95	85	60	28	5,642,595 14.4	1,316,384 3.4
	spontanea							blooming							

a The depth of coverage is the ratio between the number of mapping base pairs (the number of mapping reads × read size) and the genome size.
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  Flowering time in temperate plants is influenced by multiple environmental factors related to temperature and day length at different periods of the year[START_REF] Wilczek | Effects of genetic perturbation on seasonal life history plasticity[END_REF][START_REF] Cook | Divergent responses to spring and winter warming drive community level flowering trends[END_REF][START_REF] Abbott | The genetic control of bud-break in trees[END_REF]. For crop cultivation, floral timing is of utmost importance, because it is a major yield determinant[START_REF] Jung | Editorial: recent advances in flowering time control[END_REF]). Temperate fruit trees use bud dormancy for adaption to seasonality (Campoy et al., 2011; Sánchez-Pérez et al., 2014; Ionescu et al., 2017): flowering occurs uniformly when the chilling and heating requirements associated with winter and spring have been fulfilled. In the context of global climate change, increasing temperatures tend to result in an acceleration of springtime phenological events (Hänninen and Tanino, 2011; Cook et al., 2012), with implications for both the risk of frost damage (Cannell and Smith, 1986; Vitasse et al., 2014) and the photosynthetic capacity of the trees (Ensminger et al., 2008). Moreover, this advance is responsible for several morphological disorders/abnormalities, including bud burst delay, low burst rate, irregular floral or leaf budbreak and poor fruit set (Erez, 2000; Celton et al., 2011; Dirlewanger et al., 2012; Abbott et al., 2015). Disruptions in synchronization of flowering may disturb pollination for selfcultivars, while modifications of fruit harvesting periods can cause problems with orchard management and fruit marketing (Dirlewanger et al., 2012). Breeding programs mainly focus on improvement of yield and fruit quality, but additional objectives like climate change adaptation receive increased attention. Genetic control of flowering and ripening periods plays a crucial role, since adaptation to different growing environments affects fruit quality (Chagné et al., 2014; Jung et al., 2017). Flowering time is regulated by an intricate signaling network of multiple genes that integrates both endogenous and exogenous stimuli to induce flowering under the most favorable conditions Boss et al., 2004; Amasino, 2005). Fruit ripening control involves coordinated regulation of many metabolic pathways (Johnston et al., 2009; Pirona et al., 2013; Chagné et al., 2014), resulting in the conversion of starch to sugars, reduced acidity, reduced flesh firmness, changes in color and an increase in aroma/flavor volatile compounds. Both traits are quantitatively inherited in most fruit tree species (Celton et al., 2011; Pirona et al., 2013; Castède et al., 2014; Chagné et al., 2014). Association mapping exploits the linkage disequilibrium (LD) present among individuals from natural populations or germplasm collections to dissect the genetic basis of complex trait variation (Neale and Savolainen, 2004; Aranzana et al., 2005; Balding, 2006;

	Abbreviations: CRA-W, Centre Wallon de Recherche Agronomique [Gembloux
	(Belgium)]; EBIC, Extended Bayesian Information Criterion; GDDH13 genome,
	version (v1.1) released for the apple genome based on the doubled haploid
	GDDH13; GWAS, Genome-Wide Association Study; INRA, Institut National
	de la Recherche Agronomique [Angers (France]; LD, linkage disequilibrium;
	MLMM, multi-locus mixed model; NFC, University of Reading [Brogdale
	(United Kingdom)]; PCA, Principal Component Analysis; QTL, Quantitative Trait
	Loci; RBIPH, Research and Breeding Institute of Pomology Holovousy [Holovousy
	(Czech Republic)]; SLU, Swedish University of Agricultural Sciences [Alnarp
	(Sweden)]; SNP, Single Nucleotide Polymorphism; UNIBO, University of Bologna
	[Bologna (Italy)].

(

  , apricot (Mariette et al., 2016) and apple (Leforestier et al., 2015; Migicovsky et al., 2016; Di Guardo et al., 2017; Farneti et al., 2017), especially after the release of high-density SNP arrays with uniform coverage of the whole genome (Chagné et al., 2012; Verde et al., 2012;

	Bianco et al., 2014) or Genotyping-by-Sequencing (Gardner et al.,
	2014).	
	The high density Axiom R	Apple 480 K SNP array (Bianco
	et al., 2016) developed within the EU-FruitBreedomics project

TABLE 1 |

 1 Averages and ranges for the genotypic means for flowering and ripening periods. A single average value was available at NFC, assessed over 10 years (different years according to the cultivars).

	Population	Phenotypic assessments			Genotypic adjusted means	
		No. years (range)	data/cvr.	bs_h 2	Mean	SD	Range
	FLOWERING PERIOD						
	Whole population	29 (1985-2014)	5.45	0.82	4.79	1.15	1.73-9.24
	INRA	4 (2009-2012)	3.00	0.88	5.58	1.45	2.56-9.52
	UNIBO	6 (1987-1992)	7.60	0.84	5.26	0.99	2.57-7.81
	CRA-W	19 (1985-2007)	4.90	0.88	3.97	1.03	1.25-7.25
	RBIPH	13 (1995-2010)	5.00	0.85	4.42	0.83	3.03-8.61
	NFC	1 a	-	-	4.91	0.92	2.00-9.00
	SLU	3 (2012-2014)	3.00	0.81	3.66	0.85	1.99-6.56
	RIPENING PERIOD						
	Whole population	22 (1987-2014)	5.37	0.95	5.43	2.05	0.54-9.95
	INRA	10 (2002-2014)	4.86	0.95	6.89	1.77	1.62-9.26
	UNIBO	13 (1987-2014)	7.83	0.96	6.51	1.87	0.98-9.19
	CRA-W	10 (1987-2008)	4.37	0.87	4.90	1.15	1.12-8.38
	RBIPH	5 (2006-2010)	5.07	0.92	5.00	1.56	1.00-7.60
	NFC	3 (1999-2013)	2.93	0.87	5.94	1.77	2.00-8.33
	SLU	3 (2012-2014)	2.91	0.98	3.75	1.44	1.00-7.00
	modeling phenotypic covariance with the kinship matrix (K)				
	implemented in a modified version of the multi-locus mixed				
	model (MLMM) proposed by Segura et al. (2012). The				
	Extended Bayesian Information Criterion (EBIC, Chen and				
	Chen, 2008) was used to select the model that best fitted our				
	data. genome-wide significance threshold was determined				
	using a Bonferroni correction at 5%. MLMM uses a stepwise				
	mixed-model regression with forward inclusion and backward				
	elimination of SNPs re-estimating the variance components of				
	the model at each step. MLMM divides the phenotypic variance				
	into genetic variance (explained by structure, by kinship, and				
	by SNPs included as cofactors in the model), and unexplained				
	variance (residual variance)						

a

TABLE 2 |

 2 Summary of trait associations at the optimal models according to the EBIC criterion.Part of Variance Explained (PVE) by population structure, cofactors and kinship, the number of associations without cofactors, the number of significant cofactors, the PVE by cofactors, and the ratio PVE by kinship/PVE by cofactors and kinship are showed. Data obtained for individual collections and the whole populations are provided.

	Population	No. cultivars	Model 0 PVE by		Optimum model		
			(structure + kinship)				
				PVE by (structure +	No. associations	No. significant	PVE by
				cofactors + kinship)	without cofactors	cofactors	cofactors
	FLOWERING PERIOD						
	Whole population	1,126	0.78	0.75	50	2	0.09
	INRA	251	0.93	0.90	29	1	0.13
	UNIBO	166	0.74	0.74	0	0	0.00
	CRA-W	221	0.72	0.72	0	0	0.00
	RBIPH	177	0.79	0.58	1	2	0.27
	NFC	288	0.78	0.77	2	4	0.33
	SLU	159	0.80	0.80	0	0	0.00
	RIPENING PERIOD						
	Whole population	1,149	0.84	0.85	82	6	0.17
	INRA	260	0.84	0.84	12	1	0.13
	UNIBO	178	0.88	0.86	2	1	0.16
	CRA-W	217	0.70	0.65	1	1	0.12
	RBIPH	176	0.80	0.78	2	2	0.18
	NFC	293	0.97	0.92	38	1	0.22
	SLU	160	0.94	0.89	8	4	0.28

TABLE 3 |

 3 Summary of associations identified by Multi-Locus Mixed Model (MLMM) at the optimal models according to the EBIC criterion for flowering and ripening periods in the whole population and in the six individual collections.

	Population	SNP code	SNP short name	No. Cofactor a	Location of the SNPs	Alleles	p-value	MAF
					Chromosome	Position			
	FLOWERING PERIOD								
	Whole population	FB_AFFY_0496090	SNP.9-1	1	9	530,386	G/T b	1.33E-08	0.11
	Whole population	FB_AFFY_0495650	SNP.9-2	2	9	557,419	A/G	6.81E-08	0.13
	INRA	FB_AFFY_0495650	SNP.9-2	1	9	557,419	A/G	1.06E-12	0.18
	RBIPH	FB_AFFY_6830175	SNP.4-1	1	4	968,334	C/T	3.16E-09	0.01
	RBIPH	FB_AFFY_1629518	SNP.9-3	2	9	925,476	A/G	8.01E-08	0.14
	NFC	FB_AFFY_6873601	SNP.4-2	4	4	7,719,622	A/G	3.94E-07	0.24
	NFC	FB_AFFY_7355751	SNP.9-4	2	9	1,938,744	C/T	3.15E-08	0.11
	NFC	FB_AFFY_2782466	SNP.11-1	1	11	12,422,656	A/C	8.30E-09	0.02
	NFC	FB_AFFY_9818101	SNP.12-1	3	12	14,536,815	C/T	5.35E-08	0.15
	RIPENING PERIOD								
	Whole population	FB_AFFY_6730867	SNP.3-3	4	3	30,430,113	A/G c	6.76E-15	0.10
	Whole population	FB_AFFY_7541229	SNP.3-4	5	3	30,465,002	C/T	8.51E-10	0.09
	Whole population	FB_AFFY_4981462	SNP.3-6	2	3	30,700,183	C/T	4.39E-19	0.18
	Whole population	FB_AFFY_1209620	SNP.3-7	1	3	30,726,252	A/G	1.28E-13	0.41
	Whole population	FB_AFFY_3795860	SNP.10-1	6	10	38,390,484	A/G	1.76E-08	0.23
	Whole population	FB_AFFY_6370928	SNP.16-1	3	16	9,146,297	C/T	5.16E-12	0.14
	INRA	FB_AFFY_1253936	SNP.3-5	1	3	30,590,166	A/C	3.03E-14	0.08
	UNIBO	FB_AFFY_1253936	SNP.3-5	1	3	30,590,166	A/C	6.75E-09	0.06
	CRA-W	FB_AFFY_4741632	SNP.3-2	1	3	30,318,639	A/G	6.71E-08	0.11
	RBIPH	FB_AFFY_4981462	SNP.3-6	1	3	30,700,183	C/T	3.60E-10	0.20
	RBIPH	FB_AFFY_4836781	SNP.15-1	2	15	10,377,731	C/T	3.18E-08	0.37
	NFC	FB_AFFY_4981462	SNP.3-6	1	3	30,700,183	C/T	1.37E-18	0.14
	SLU	FB_AFFY_0899559	SNP.3-1	4	3	24,220,838	A/G	7.21E-07	0.10
	SLU	FB_AFFY_1209620	SNP.3-7	1	3	30,726,252	A/G	7.51E-15	0.33 d
	SLU	FB_AFFY_6239519	SNP.13-1	3	13	1,889,560	G/T	1.41E-07	0.24
	SLU	FB_AFFY_3879540	SNP.16-2	2	16	10,298,660	G/T	2.34E-07	0.27

TABLE 5 |

 5 Test of dominance and epistatic effects among the SNPs selected as cofactors in the GWAS of the whole population for flowering and ripening periods. late (TT/GG) flowering at a homozygous stage differed on average by 3.73 corresponding to 3.24 σ (in standarddeviation units). The double heterozygous variant 3 (GT/GA) exhibited an intermediate value. For the four SNPs identified on chromosome 3 for ripening period, only 26 combinations out of the 81 potential variants were observed, 10 of which accounted for ∼95% of the association panel (Table 6). The genetic variants accumulating homozygous alleles associated to early ripening period (variant 10: AA/TT/TT/GG) or late ripening period (variant 1: GG/CC/CC/AA) differed by 4.63 on average corresponding to 2.25 σ. Out of the 397 genotypes belonging to variant 1, only 4.3% belonged to the North+East group, while 69.7 and 19.7% belonged to the West and South groups, respectively, representing 12, 35.7, and 52.7% of the total genotypes from North+East, West, and South groups, respectively. By contrast, the infrequent variant 10 (∼2%) was common in the North+East group (52.2%) but more scarce (17.4%) and totally absent in the West and South groups, respectively. Multiple comparisons indicated no significant differences between variants 1 and 8, between variants 4, 5, 6, and 7, or between variants 9 and 10 (

	Trait	Effects	d.f. F-test p-value PVE (%)
	Flowering period Additive	2	79.8 4.3E-33	9.1
		Dominance	2	5.9	2.7E-03	0.7
		Epistatic	4	9.0	3.7E-07	2.0
	Ripening period Additive	6 106.6 3.4E-106	17.4
		Dominance	6	1.1	3.6E-01	0.2
		Dominance of SNP.3-4 1	4.8	2.8E-02	0.1
		Dominance of SNP.3-6 1	4.5	3.3E-02	0.1
		Epistatic	41 a	1.2	2.3E-01	1.3

a Some combinations of SNP genotypes did not exist in the whole population, which reduced the df for all interactions between 6 SNPs. and

Table 6 ).
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Articles

NATuRe PlANTs concentrated with AMpureXP beads (Agencourt) and further used for SMRTbell preparation according to the manufacturer's protocol (Paciic Biosciences; 20-kb template preparation using BluePippin (Sagesscience) size selection system with a 15-kb cut-of). Two additional libraries were made excluding the DNA shearing step, but with an additional initial damage repair. Size-selected and -isolated SMRTbell fractions were puriied using AMPureXP beads and inally used for primer and polymerase (P6) binding according to the manufacturer's binding calculator (Paciic Biosciences). hree library DNA-polymerase complexes were used for Magbead binding and loaded at 0.16, 0.25 and 0.20 nM on-plate concentrations, using 12, 7 and 8 SMRT cells, respectively. Final sequencing was done on a PacBio RS-II platform, with a 345-or 360-min movie time, 1 cell per well protocol and C4 sequencing chemistry. Raw sequence data were imported and further processed on a SMRT Analysis Server v2.3.0.

For Illumina sequencing, approximately 200 ng genomic DNA was sheared in a 55-µ l volume using a Covaris E210 device to approximately 500-600 bp. One library with an insert size of 720 bp was made using Illumina TruSeq Nano DNA Library Preparation Kit according to the manufacturer's guidelines. The final library was quantified by Qubit fluorescence spectrophotometry (Invitrogen) and the library fragment size range was assessed by Bioanalyzer High Sensitivity DNA assay (Agilent). The library was used for clustering as part of two lanes of a pairedend flow cell v4 using a Cbot device and subsequent 2 × 125 paired-end sequencing on a Hiseq2500 system (Illumina). De-multiplexing was carried out using Casava 1.8 software.

Genome assembly, polishing and contamination assessment. All sequence data generated that were derived from 27 SMRT cells containing 19.2 Gb of reads larger than 500 bp were assembled with CANU hierarchical assembler v1.4 (ref. 16 ) (version release r8046). In general, default settings were used except 'corMinCoverage' , which was changed from 4 to 3, 'minOverLapLength' , which was increased from 500 to 1,000, and 'errorRate' , which was adjusted to 0.015. The assembly was completed on the Dutch National e-Infrastructure with the support of SURF Cooperative using 2,024 CPU hours (Intel Xeon Haswell 2.6 GHz) for the complete CANU process. Illumina paired-end (2 × 125 bp) reads were mapped onto the genome assembly using Burrow-Wheeler aligner maximum exact match (BWA-MEM) 59 . Pilon 60 was then used to error correct the assembly. This procedure was repeated three times iteratively.

For contamination assessment, prokaryotic genes were predicted on the contigs using MetaGeneAnnotator 61 . The number of genes per nucleotide was computed for every contig. Furthermore, Illumina reads were mapped on the contigs using BWA-MEM 62 . The number of mapped reads per nucleotide was computed for every contig. Contigs with a low Illumina read mapping frequency were aligned against the GenBank non-redundant protein database using BLASTX.

Development of high-density genetic maps and GWAS analysis. Plant material.

A diploid F1 population of 151 individuals (OW) was obtained by crossing R. chinensis 'Old Blush' and a hybrid of R. wichurana obtained from Jardin de Bagatelle (Paris, France). his population was planted at the INRA Experimental Unit Horti (Beaucouzé, France).

A diploid F1 population of 174 individuals (YW) was obtained from a cross between 'Yesterday' and R. wichurana (the extended population as used in ref. 63 ). This population was planted at the ILVO (Melle, Belgium).

The tetraploid K5 cut rose mapping population consisted of 172 individuals obtained from a cross between P540 and P867. It was planted in Wageningen, the Netherlands, and was previously used in various QTL studies 64,65 .

The association panel comprised 96 cultivars, of which 87 were tetraploid, 8 were triploid and 1 was diploid, selected to reduce the genetic relatedness between genotypes 33 . Plants were cultivated in a randomized block design, with three blocks comprising one clone of each genotype both in the greenhouse and at an experimental field location at Leibniz Universität Hannover, Germany. For marker validation, an independent population of 238 tetraploid varieties was used that was cultivated in a field plot of the Federal Plant Variety Office in Hannover, Germany. Plants of the association panel and the phenotypic data are described in Supplementary Table 12.

Genetic map construction. The construction of the different genetic maps from F1 progenies (OW, YW and K5), the KASP assay for SNP validation and the development of a sequence characterized amplified region (SCAR) marker for the SI locus are described in Supplementary Methods.

GWAS analysis. The GWAS analyses for petal numbers and prickle density were performed in TASSEL 3.0 (ref. 66 ) as described previously 33 . Trait marker association for petal number was analysed using the mixed linear model (MLM) and 39,831 markers (petal as a quantitative trait with the Q + K model), including a fixed effect as the population structure matrix (Q) and random effect as the kinship matrix (K). Significance thresholds were corrected for multiple testing by the Bonferroni method using the number of contigs (19,083) as a correction factor, resulting in a significance threshold of 1.78 × 10 -6 . The kinship matrix used in the MLM was calculated for 10,000 SNP markers with the software SPAGeDi 1.5 (Zitat) as described previously 33 . For the GWAS analysis of prickles and petals with the general linear model (GLM) in TASSEL 3.0 (ref. 66 ), 63,000 markers were analysed. Petals and prickles were set as qualitative traits (1 and 0 to indicate presence or absence, respectively), and the analysis was performed without any correction for population (Q + K). Significance thresholds in the GLM were corrected by the number of contigs (28,054) to 1.78 × 10 -6 .

Alignment of the HapOB rose genome with the OW genetic maps. The alignment of the genetic and physical maps was done in two steps. First, the HapOB sequence was aligned to the integrated genetic maps to detect problems of assembly (contigs that are present on two linkage groups). Second, to precisely order and orient the contigs on each linkage group, the alignment was done separately on the male and female maps and manually integrated.

During the first step, 7,822 out of a total of 7,840 SNP markers were positioned by mapping the corresponding 70-bp probes onto the HapOB genome sequence using Blat v.35 (ref. 67 ). Markers with more than one best hit were eliminated. Out of the 7,360 remaining markers, 6,808 passed the mapping quality filter (≥ 95% match and ≤ 4% mismatch). Of these, 6,746 markers belonging to the most common linkage group on their respective contigs were conserved and described as 'concordant' markers. Only contigs with more than one of these markers were retained.

During the second step, the mapping and anchoring were done independently on the male and female maps (Table 1). The procedure and conditions were the same as for the first mapping. Only concordant markers were kept (4,875 (87%) and 1,871 (81%) for the female and male map, respectively). We positioned and oriented the different contigs manually (Supplementary Table 13). When a contig spanned several loci, its order and position were clear. However, for some contigs, genetic maps did not resolve the orientation problems. In these situations, we used the synteny between Rosa and F. vesca 10 . The strategy used to position and orient contigs is described in Supplementary Fig. 11. The position and orientation of the contigs are listed in Supplementary Table 13.

Concerning the K5 integrated genetic map, among the 25,695 SNP markers present, 20,706 SNPs (80.6%) could be positioned on the HapOB genome sequence by BLAST of the SNP-flanking marker sequences (Supplementary Fig. 2a).

Centromere region identification and FISH. Three complementary tools were used to identify centromeric tandem repeats and to estimate their abundance in the R. chinensis 'Old Blush' genome: Tandem Repeat Finder (TRF 68 ), TAREAN 69 and RepeatExplorer 70 , each with default settings, and the output was parsed using custom python scripts. All tandem repeats identified by TRF were subjected to allagainst-all BLAST to cluster similar repeats and to estimate abundance (the total number of tandem repeat cluster copies) in the genome. Paired reads were quality filtered and trimmed to 120 bp for analysis by RepeatExplorer (0.5 M read pairs) and TAREAN (1.3 M read pairs). RepeatExplorer cluster CL226 had the globularlike shape specific for tandem repeats. The corresponding monomer repeat sequence was identified by analysing the contigs of this cluster with TRF. The identical tandem repeat was also identified by TAREAN and TRF. To determine the location of the CL226 tandem repeat cluster in the genome assembly, 275 M paired-end genomic reads of 'Old Blush' were mapped onto the contigs from RepeatExplorer cluster CL226, using Bowtie2 (ref. 71 ) with parameter -k 1 to select read pairs with high similarity to the CL226 repeat. Selected read pairs were then split into two groups: reads that matched the CL226 repeat sequence itself and reads that matched the flanking genome sequence. Both groups of reads were separately mapped onto the genomic scaffolds using Bowtie with parameters -a 1 and -N 1. The distribution of the two sets of CL226 reads was visualized using the circlize package 72 of R Bioconductor 73 . Mitotic chromosome slides were prepared with the 'SteamDrop' method 74 using young root meristems of R. chinensis 'Old Blush' . Two oligonucleotide probes (5′ -TTGCGTTGTTCTAGTGACATTCA-TAMRA-3′ ; 5′ -ACCCTAGAAGCGAGAAGTTTGG-TAMRA-3′ ) were used for FISH, as previously described 75 . DRAWID 76 was used for chromosome and signal analysis.

Annotation of the rose genome. Gene and transposable element annotations are described in Supplementary Methods.

Diversity analysis.

The plant material originated from 'Loubert Nursery' in Rosiersur-Loire, France (R. persica), from 'Rose Loubert' rose garden in Rosier-sur-Loire, France (R. moschata, R. xanthina spontanea and R. gallica) and from 'Roseraie du Val de Marne' , Haÿ-Les-Roses, France (R. chinensis var. spontanea, R. rugosa, R. laevigata and R. minutifolia alba).

Illumina paired-end shotgun indexed libraries were prepared from 3 μ g DNA per accession, using the TruSeq DNA PCR-Free LT Kit (Illumina). Briefly, indexed library preparation was performed with low-sample protocol with a special development to reach an insert size of 1-1.5 kb. DNA fragmentation was performed by AFA (Adaptive Focused Acoustics) technology on the focused ultrasonicator E210 (Covaris). All enzymatic steps and clean up were done according to the manufacturer's instructions, apart from the fragmentation and sizing steps. Paired-end sequencing using 2 × 150 sequencing-by-synthesis cycles was performed on a HiSeq 2000/2500, Rapid TruSeq V2 chemistry (Illumina) running in rapid mode using on-board cluster generation (according to the

manufacturer's instructions). For some read sets, a low enrichment of libraries with five PCR amplification cycles was performed.

Cutadapt and FASTX toolkit software were used for quality control (Q > 30), and adapter trimming and high-quality reads were considered for further analysis. To identify the SNPs and indels in each species, filtered paired-end reads were mapped against the HapOB reference using BWA with default parameters 77 . The BWA software produced highly accurate alignment compared to other software. Unmapped and duplicated reads were removed using SAMtools and the Picard package, respectively 78 . Furthermore, reliable mapped reads were used for base quality score recalibration and indel realignment using the Genome Analysis Toolkit (GATK) software 79 . We then called variants individually on each sample using the HaplotypeCaller/GATK. The identified SNPs and indels were filtered out on the bases of a minimum read depth of 20 and SNP quality (Q) ≥ 40. The genomic distribution of SNPs and indels was analysed by calculating their frequency over each 200-kb interval on each HapOB chromosome. Circos was used to visualize the distribution of SNPs and indels on each HapOB chromosome. SnpEff and SnpSift 80,81 were used to annotate the effects of SNPs and identify the potential functional effects of amino acid substitution on corresponding proteins, respectively.

To infer phylogenetic relationships between Rosa species, homozygous SNPs from each VCF file were merged using GATK CombineVariants and parsed to build a SNP alignment using VCFtools and our own scripts. A maximum likelihood analysis was performed using RAxML v8.1.5 with 100 bootstrap replicates 82 . As the SNP alignment contains only variable sites, an ascertainment bias correction was applied to the GTRGAMMA model of substitution 83 . The resulting phylogenetic tree was rooted on R. persica, which was purported to be the most divergent Rosa species 84 .

To conduct the synteny analysis between the HapOB reference sequence and F. vesca, orthologous genes were identified using reciprocal BLAST with an e-value of 1 × 10 5 (ref. 85 ), v = 5 and b = 5. The protein sequences and annotation for F. vesca (v2.0.a1) were downloaded from the GDR database (https://www.rosaceae.org/). The output of the BLAST tool was used in the McSCANX tool to identify syntenic regions between the genomes 86 . The circos software 87 was used to visualize the syntenic regions between two genomes. In addition, an analysis of microsynteny was performed between R. chinensis 'Old blush' and F. vesca for Chr3 to see the conserved region near the RoKSN locus using Symap software 85 .

Good-quality and pre-processed Illumina reads of R. laevigata were used for assembly. Genomic sequence reads were assembled using SPAdes (v3.11.1) with a k-mer value of 63 (ref. 88 ).

Morphological traits. Petal number. For the OW and YW populations (151 and 174 individuals, respectively), the number of petals per lower was counted using 5 or up to 10 independent lowers, respectively. In roses, single lowers typically have ive petals. Flowers with fewer than eight petals were considered as simple lowers, whereas those with eight or more petals were considered as 'double' lowers.

For the GWAS panel, the number of petals was counted for three flowers on each of the three clones from greenhouse-grown plants, and the arithmetic means were calculated for each genotype.

Prickle number. In the OW and YW populations, the length of a stem part with four internodes was measured in the middle of a stem (between the fifth and seventh internodes). Prickles were counted on four internodes. The prickle density was expressed as the number of prickles per internode. For each genotype, three stems were measured and counted.

For the GWAS panel, prickle density was calculated as the arithmetic mean of the number of prickles between the third and fourth node of newly developed shoots. For each genotype, three shoots were counted from three replicates in a randomized block design.

Expression analysis. For TTG2 expression analysis, three individuals of the OW progeny were selected according to prickle density: OW9068 (no prickles), OW9155 (low density) and OW9106 (high density). The terminal part of young stems was harvested in spring 2016 from field-grown plants (two biological replicates). RNA extraction, cDNA synthesis, qPCR (three technical replicates) and relative quantifications were performed as previously described 89 . Calibration was done using TCTP and UBC genes. The following primers were used to amplify TTG2 (RcTTG2-1-F: CCTCAAACCCAGGAGCATC and RcTTG2-1-R: CAACAGCTTGATCCCTGAGAG).

Organ-specific expression of candidate self-incompatibility genes were tested using RNA extracted from the stamens and pistils of three flower buds and five open flowers and the terminal leaflets of three young leaves, sampled from an individual of 'Old Blush' in August 2017. RNA extraction was carried out according to previously published protocols 37 . cDNA synthesis and RT-PCR were performed with the PrimeScript RT reagent Kit with genomic DNA Eraser and EmeraldAmp PCR Master Mix (TaKaRa) according to the manufacturer's protocols. The following primers (5′ to 3′ ) were used to amplify seven candidate genes and a house-keeping gene: SRNase26 (F1: TGCAGCCAACACATACGATT and R1: GCAAGAAGATCGGCGTAGTC), SRNase30 (F1: TGTTCAACAATGGCCGATAA and R1: TGCACATAAGCGAAGGAGTG), SRNase36 (F1: TGTGGTAACAGCTGCAAAGC and R1: TCAACCACGTTTTTGCCATA), Fbox29 (F2: TGACTATTTTCTATTGCGCTTGAG and R1: CACCACAAAAAGGATAACAAGAC), Fbox31 (F1: TTTGCTATGAAAATGATAACAACAG and R1: AACCCCATGGTTTCATTAAGTA), Fbox38 (F1: GACTACTCTCCTTTGGCCTGAA and R1: CTACAGCTGCAGAATCATTTGAC), Fbox40 (F1: CGTCCAATATCTCTACTCAATGGT and R1: CCTCTTCTTGGTGAGTCTGAAAT) and RoTCTP (F2: AAGAAGCAGTTTGTCACATGG and R2: TCTTAGCACTTGACCTCCTTCA).

Reporting Summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
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MATERIALS AND METHODS

Plant Material

The association panel consisted of 1,168 different diploid apple genotypes corresponding to accessions preserved in six European germplasm collections (Table S1). The uniqueness of these genotypes was confirmed with SSR markers in a previous analysis [START_REF] Urrestarazu | Analysis of the genetic diversity and structure across a wide range of germplasm reveals prominent gene flow in apple at the European level[END_REF]. Some accessions corresponding to genotypes present at multiple locations were maintained in order to adjust phenotypic data between collections. Especially, ten standard genotypes ("Alkmene, " "Ananas Reinette, " "Discovery, " "Golden Delicious, " "Ingrid Marie, " "James Grieve, " "Jonathan, " "Reine des Reinettes" (= "King of the Pippins"), "Reinette de Champagne" and "Winter Banana") were included from almost all collections. The association panel comprised mainly genotypes corresponding to old local/national cultivars, and the majority could be classified into three geographic groups according to their area of origin in Europe [North+East (141 different genotypes), South (148) and West (775)]; the remaining 104 corresponded to recent cultivars, germplasm originating from other worldwide regions, or were of unknown origin [START_REF] Urrestarazu | Analysis of the genetic diversity and structure across a wide range of germplasm reveals prominent gene flow in apple at the European level[END_REF].

Phenotypic Data Analysis

Phenotypic data for flowering and ripening periods were scored on an ordinal scale from 1 to 9, and consisted of both historical data in germplasm databases and of new data acquired in recent years (2012-2014) using the same scoring scales. Flowering period was assessed by recording dates of Fleckinger phenological flower stages F or F2 [START_REF] Fleckinger | Phénologie et arboriculture fruitière[END_REF], and then assigning a score on the ordinal scale by comparison to reference cultivars. Assessments for flowering period were performed over a period of 3-19 years except for NFC where only a single average value (assessed over 10 years) was available (Table 1). Ripening period was determined by observing pre-ripening drop of healthy fruits, ground-and over-color of fruits, taste of fruits and/or iodine starch index. It was recorded over 3-13 years (Table 1).

Genotypic means obtained for each genotype by adjusting for year and site effects were used as phenotypes for association analysis. When analyzing individual collections, the genotypic means were estimated using a linear model taking into account the year effect (Equation 1), while we considered the combined effect of site and year (Equation 2) for the whole analysis, i.e., all the collections were combined into a single analysis:

where for (Equation 1), P ik is the phenotypic value of the kth genotype in the ith year; µ is the mean value of the trait; Y i is the fixed effect of the ith year on the trait; g k is the random genotypic effect of genotype k; and e ik is the residual term of the model. For (Equation 2), µ, Y i , and g k have the same meanings as in (Equation 1); P ijk refers to the phenotypic value of the kth genotype in the ith year in the jth site; S j is the fixed effect of the jth site; and e ijk is the residual term of the model. Heritability of genotypic means (h 2 , here called broad-sense heritability) was estimated for each individual collection as:

where σ 2 G is the variance of genotype effect, σ 2 ε is the variance of the residual term, and n is the mean number of observations per genotype. These analyses were performed using "R" software (R Core Team, 2014), in particular the packages effects [START_REF] Fox | Effect displays in R for generalised linear models[END_REF], lme4 [START_REF] Bates | lme4: Linear Mixed-effects Models using S4 Classes[END_REF] and FactoMineR [START_REF] Lê | FactoMineR: an R package for multivariate analysis[END_REF].

SNP Genotyping

The 

Kinship, Population Structure and Linkage Disequilibrium Estimates

GEMMA software [START_REF] Zhou | Genome-wide efficient mixed-model analysis for association studies[END_REF] was used to estimate the standardized relatedness matrix (K) between the genotypes at the whole population level and within each collection. A Principal Component Analysis (PCA) of the SNP data was performed using PLINK [START_REF] Purcell | PLINK: A tool set for whole-genome association and populationbased linkage analyses[END_REF] and the ten largest Eigenvalues were used to control for population structure (Q). Matrix Q was constructed for the whole population as well as for each collection separately.

LD was studied between sets of SNPs spanning regions of 10 kb randomly sampled along the genome. These sets were obtained by a random choice of 50 contigs larger than 10 kb on each chromosome, followed by the selection of SNPs spanning a random region of 10 kb in each of these contigs. LD was estimated as squared allele frequency correlations (r 2 ) and as r 2 corrected for population structure and relatedness (r 2 vs ) using the R-package LDcorSV [START_REF] Mangin | Novel measures of linkage disequilibrium that correct the bias due to population structure and relatedness[END_REF]. In addition, local LD (r 2 ) was assessed for chromosomal regions of 1 Mb surrounding the SNPs retained as cofactors in the GWAS (see next section for details) and displayed in LD maps and network plots using "LDheatmap" and "network" R-packages, respectively.

Genome-Wide Association Study (GWAS)

The GWAS method was applied both at the whole population level and for each collection independently. GWAS were conducted with correction for population structure (Q) and

Linkage Disequilibrium among SNPs Identified as Cofactors

Pairwise LD was assessed to test the independence of SNPs identified as cofactors for each trait in the whole population as well as in each geographic group. For flowering period, low LD (r 2 = 0.27; r 2 vs = 0.12) was detected in the whole population between the two SNPs associated with the trait despite being located only 27 kb apart (Table 4A). Analysis of the results at the geographic-group level found almost complete equilibrium between these two SNPs in the North+East and South groups (r 2 = 4E -04 and 0.06, respectively), while LD was much higher (r 2 = 0.41; r 2 vs = 0.22) in the West group. For ripening period, variable LD values were found among the four SNPs identified as cofactors located on chromosome 3 (Table 4B). Intermediate to high r 2 values were found between SNP.3-3, SNP.3-4, and SNP.3-6, whereas low values were observed between these three SNPs and SNP.3-7. In the North+East and West groups, r 2 values between these four SNPs were quite similar to those found in the whole population. By contrast, very low r 2 were found for the South group, except for the pair SNP.3-3/SNP.3-6 (r 2 = 0.43).

LD interconnections between the eight SNPs retained as cofactors and other SNPs residing within their surrounding regions of 1 Mb (Figure S6) showed that SNP.16-1 exhibited the highest number of connections with other SNPs at r 2 > 0.70, i.e., 53 SNPs delineating a region of 763 kb (Table S6). None or only a few (maximum 16) SNPs in the neighborhood of the remaining seven retained SNPs were linked with them at r 2 > 0.70. Accordingly, none of the triangular LD heat maps for the above mentioned regions showed a LD spatial pattern suggesting that they are organized in blocks of moderate/high LD (Figure S5). Conversely, networks of moderate LD (r 2 ∼0.5-0.6) were more frequently observed for the above mentioned regions (i.e., five regions with more than 40 connected SNPs).

TABLE 4 | (A)

Pairwise LD between the two SNPs associated with flowering period in the whole population (A1) and in the three geographic groups: North+East (A2), West (A3), and South (A4). (B) Pairwise LD between the four SNPs associated with ripening period on chromosome 3 in the whole population (B1) and the three geographic groups: North+East (B2), West (B3), and South (B4).

A B (A1) Whole population (B1) Whole population

SNPs as cofactors SNP.9-1 SNP. Values below the diagonal line refer to the usual r 2 and above the diagonal line refer to r 2 vs (i.e., with correction for relatedness and population structure) MAF of the SNPs are given for the whole population and the three geographic groups. a The allele found in the North-East group with the lowest frequency at the SNP.3-7 was the opposite to the one that appeared in the lowest frequency in the whole population and the other two geographic groups. Pairwise LD between SNPs are highlighted using the following color scale: red (r 2 = 1) and yellow (r 2 = 0).

Several factors may have hampered the detection of additional genomic regions. Genetic architecture consisting of many common variants with small effects and/or rare variants with large effects can reduce the statistical power of GWAS [START_REF] Brachi | Genome-wide association studies in plants: the missing heritability is in the field[END_REF][START_REF] Gibson | Rare and common variants: twenty arguments[END_REF][START_REF] Stranger | Progress and promise of genomewide association studies for human complex trait genetics[END_REF][START_REF] Korte | The advantages and limitations of trait analysis with GWAS: a review[END_REF]. The wide diversity in our association panel may have favored the inclusion of several rare variants with strong effects that could not be detected in the present study. The rapid LD decay and the LD pattern between causal variants and genotyped SNPs are two other limiting factors [START_REF] Manolio | Finding the missing heritability of complex diseases[END_REF][START_REF] Visscher | A commentary on 'common SNPs explain a large proportion of the heritability for human height[END_REF][START_REF] Stranger | Progress and promise of genomewide association studies for human complex trait genetics[END_REF]. Despite the use of a high-density SNP array, it is possible that some genomic regions with causal variants were insufficiently covered by SNPs (i.e., null or incomplete LD), thus preventing detection of the corresponding variance. Denser genotyping may be required to find new associations given that both their effect and frequency are large enough to be detected by GWAS. Also, other factors may account for the unexplained genetic variation: (i) quality and precision of the phenotypic (historical) data [START_REF] Myles | Association mapping: critical considerations shift from genotyping to experimental design[END_REF][START_REF] Migicovsky | Genome to phenome mapping in apple using historical data[END_REF], (ii) genotype × environment (GxE) interactions, (iii) epistatic effects that were not systematically investigated in our experiment, or even, (iv) epigenetic variation.

Population Structure and Geographic Adaptation

Our association panel consisted mostly of local and/or old dessert apple cultivars selected as representative subsets by each institute. The phenotypic differences observed in the geographic-scale analyses (North+East, South and West groups) are probably explained by adaptive selection to different environments. Adaptive traits are frequently filtered by environmental gradients that coincide with patterns of population structure due to the differential fixation of alleles among groups of cultivars, following diversifying selection and/or genetic drift [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF][START_REF] Brachi | Genome-wide association studies in plants: the missing heritability is in the field[END_REF][START_REF] Lasky | Genome-environment associations in sorghum landraces predict adaptive traits[END_REF][START_REF] Nicolas | Genetic diversity, linkage disequilibrium and power of a large grapevine (Vitis vinifera L) diversity panel newly designed for association studies[END_REF]. Despite genetic structure being weak at the whole population scale in our study (only 17% of the genotypic variation was explained by the ten largest Eigenvalues of the PCA), this structure explained a moderate (flowering period: 27%) or even high (ripening period: 52%) proportion of the phenotypic variance in GWAS. These results are in line with the phenotypic differences observed at a geographic scale, since the first two principal components were highly associated with geographic grouping (30 and 37%). A similar observation was made by [START_REF] Migicovsky | Genome to phenome mapping in apple using historical data[END_REF]. Differential selection together with genetic drift where the germplasm originated (North+East, West and South) may have favored or selected specific alleles or combinations of alleles in different geographic regions/environments. A good example is given by SNP.3-7, which was associated to ripening period with a frequency of 67% for its G allele in the North+East group but only 17% in the South group. Similarly, when considering the genetic variants combining the four SNPs retained on chromosome 3, variant 10 combining all earliness-associated SNP alleles at a homozygous state, was very common in accessions of the North+East group while totally absent in the South. In apple, harvest period is probably the trait with the strongest impact of geographical adaptation, since local weather conditions define the length of harvesting season.

Putative Functions of Genes Controlling Phenotypic Variation in Apple Flowering Period

Gene models of particular interest were identified in the interval defined on chromosome 9, including a putative NAC gene (MD09G1006400). NAC-domain proteins are transcription factors involved in the genetic control of flowering time in Arabidopsis [START_REF] Yoo | Control of flowering time and cold response by a NAC-domain protein in Arabidopsis[END_REF], where two NAC proteins in association with a JMJ14 gene (a histone demethylase) apparently take part in flowering time regulation [START_REF] Ning | Two novel NAC transcription factors regulate gene expression and flowering time by associating with the histone demethylase JMJ14[END_REF]. In addition, a putative WRKY transcription factor was identified. This gene model (MD09G1008800, corresponding to MDP0000154734 in GDR) was cited by Trainin et [START_REF] Horvath | Transcriptome analysis identifies novel responses and potential regulatory genes involved in seasonal dormancy transitions of leafy spurge (Euphorbia esula L.)[END_REF][START_REF] Horvath | Characterization, expression and function of DORMANCY ASSOCIATED MADS-BOX genes from leafy spurge[END_REF], raspberry [START_REF] Mazzitelli | Co-ordinated gene expression during phases of dormancy release in raspberry (Rubus idaeus L.) buds[END_REF], blackcurrant [START_REF] Hedley | Candidate genes associated with bud dormancy release in blackcurrant (Ribes nigrum L.)[END_REF], and kiwifruit [START_REF] Wu | Conservation and divergence of four kiwifruit SVPlike MADSbox genes suggest distinct roles in kiwifruit bud dormancy and flowering[END_REF]. Also, MD09G0010600 is predicted as a SWIB/MDM2-domain containing gene, a member of a family of chromatin remodeling complexes that modify DNA accessibility by restructuring nucleosomes [START_REF] Jerzmanowski | SWI/SNF chromatin remodeling and linker histones in plants[END_REF]. These three genes (MDP0000167381/MDP0000126259, MDP0000296123, and MDP0000315892/MDP0000317368 in GDR v1.0, respectively) were also mentioned by [START_REF] Trainin | A unique haplotype found in apple accessions exhibiting early bud-break could serve as a marker for breeding apples with low chilling requirements[END_REF]. Conversely, the other candidate genes highlighted by these authors were located outside of our largest confidence interval, as were all the candidate genes cited by [START_REF] Celton | Deciphering the genetic determinism of bud phenology in apple progenies: a new insight into chilling and heat requirement effects on flowering dates and positional candidate genes[END_REF]. Finally, special attention should be given to the MADSdomain containing gene (MD09G1009100 = MDP0000167381 = MDP0000126259 in its shorter version) since it was upregulated in several differential expression situations when comparing the low chilling requirement sport "Castel Gala" with "Royal Gala" [START_REF] Porto | Transcription profiling of the chilling requirement for bud break in apples: a putative role for FLC-like genes[END_REF]. By contrast, the other two genes (MADS-box: MDP0000207984, and PRE1-like: 
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Using Whole Genome Bisulfite Sequencing (WGBS) and the previously generated assembly, we produced genome-wide DNA methylation maps and showed a general correlation between DNA methylation next to genes and gene expression. Moreover, we identified several Differentially Methylated Regions (DMRs) between apple fruits and leaf methylomes associated to candidate genes that could be involved in agronomically relevant traits such as apple fruit development. Finally, we developped a complete and easyto-use pipeline which aim is to handle the complete treatment of WGBS data, from the reads mapping to the DMRs computing. It can handle datasets having a low number of biological replicates.