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Abstract  28 

Apple (Malus domestica Borkh.) is an important fruit crop cultivated worldwide in 29 

temperate regions. Due to their frequent high content in repetitive DNA sequences 30 

and large size, plant genomes have long been considered challenging to assemble. A 31 

first reference genome of a ‘Golden Delicious’ doubled-haploid apple tree, GDDH13, 32 

was previously produced in 2017. The chromosomes of GDDH13 present however a 33 

high percentage of N stretches, around 12%, and above 8% of the assembly was not 34 

anchored on chromosomes. Here, we provide a chromosome-level assembly of 35 

another ‘Golden Delicious’ doubled-haploid apple tree, GDDH18. Interestingly, this 36 

tree presents phenotypic differences with GDDH13, notably associated with fruits 37 

size. In this assembly, 99.4% of the sequences were assembled into 17 contigs 38 

corresponding to the 17 expected chromosomes of apple, and all but one of these 39 

17 contigs present telomeric repeats at both their extremities. A high complete 40 

BUSCO (Benchmarking Universal Single-Copy Orthologs) score and a high LTR 41 

Assembly Index, respectively of 99.5% and above 22, attest to the high quality of 42 

the assembly and to the completeness of both the gene and the repetitive space. A 43 

de novo annotation of the assembly was produced, allowing to predict 51,892 44 

protein-coding genes, of which 93% are functionally annotated. A total of 6,239 45 

additional genes were functionally annotated in comparison with the GDDH13 46 

assembly. This high-quality assembly of GDDH18 along with a de novo annotation 47 

will both help to better understand the phenotypic differences between the trees 48 

GDDH13 and GDDH18, and will serve as an enhanced reference genome for 49 

advancing the study  of apple genomics.  50 
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Introduction  51 

Apple (Malus domestica Borkh.) belongs to the Rosaceae family and is an important 52 

fruit crop cultivated worldwide in temperate regions. It has a diploid genome of 53 

around 650 Mb with 17 chromosomes ranging from 31 Mb to 59 Mb (2n=2x=34), 54 

and is composed of approximately 57% of transposable elements (TE) repeats 55 

(Daccord et al. 2017). A Rosaceae ancestor from which the apple originates notably 56 

underwent a whole genome duplication (WGD) around 27 Mya (Lallemand et al. 57 

2023). The domestication of apple likely begun in the Tian Shan Mountains in 58 

Central Asia between 4,000 and 10,000 years ago, and the wild Central Asian 59 

species Malus sieversii has been shown to be the main contributor to the genome of 60 

the domesticated apple Malus domestica (Harris et al. 2002; Velasco et al. 2010). 61 

The spread of domesticated apples to Europe through the Silk Road was associated 62 

with additional contributions of other local wild species, including Malus sylvestris 63 

and Malus orientalis (Cornille et al. 2014; Cornille et al. 2019). Hybridization with 64 

wild relatives played thus an important role in the evolution of the cultivated apples 65 

(Cornille et al. 2012; Cornille et al. 2014; Duan et al. 2017; Sun et al. 2020). A 66 

doubled-haploid and highly homozygous ‘Golden Delicious’ line called Golden 67 

Delicious Doubled Haploid 13 (GDDH13) was developed thanks to breeding effort 68 

(Lespinasse et al. 1998; Daccord et al. 2017). This highly homozygous line allowed 69 

to facilitate the assembly of a reference genome (Daccord et al. 2017). 70 

 71 

Plant genomes have long been considered challenging to assemble, notably because 72 

they are often characterized by high repetitiveness, large genome size, or high 73 

ploidy levels (Belser et al. 2018; Kong et al. 2023). A number of projects have 74 

however permitted the production of several high-quality plant genomes these last 75 

few years, notably thanks to the development and improvement of long reads 76 

sequencing technologies (Belser et al. 2018; Istace et al. 2021; Belser et al. 2021; 77 
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Aury et al. 2022; Salson et al. 2023). A chromosome-level assembly of GDDH13 was 78 

produced in 2017 (Daccord et al. 2017). However, this genome contains 12% of 79 

ambiguous bases (N), telomeric repeats are missing at the ends of most of the 80 

chromosomes, and 52.7 Mb of unanchored contigs were grouped onto an artificial 81 

pseudochromosome 0. 82 

 83 

Here, we provide a high-quality assembly of the apple line Golden Delicious 84 

Doubled Haploid 18 (GDDH18). This tree originates from the same haploid seedling 85 

used to generate GDDH13 (Daccord et al. 2017), but differs by producing 86 

significantly smaller fruits and a higher number of seeds, which facilitates 87 

laboratory experimentation. This GDDH18 assembly showed improved continuity 88 

and better quality metrics in comparison with the previous GDDH13 assembly 89 

(Daccord et al. 2017). Additionnally, we also provided a de novo annotation of this 90 

GDDH18 assembly. A high-quality assembly of GDDH18, combined with a de novo 91 

annotation, will not only facilitate the identification of genes or alleles associated 92 

with fruit development and clarify the phenotypic differences between GDDH13 93 

and GDDH18, but more importantly, it will provide an enhanced reference genome. 94 

This improved genomic resource represents a cornerstone for advancing the study 95 

and understanding of apple genomics, enabling more precise investigations and 96 

fostering future applications in fruit biology and breeding.  97 
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Materials & Methods 98 

 99 

Plant materials and sequencing 100 

Young leaves of a ‘Golden Delicious’ Doubled-Haploid tree GDDH18 (Daccord et al. 101 

2017) from UE Horti orchard 102 

(https://doi.org/10.15454/1.5573931618268674E12) were sampled. High DNA 103 

Molecular Weight was extracted with NucleoBond HMW DNA kit (Macherey-Nagel, 104 

Düren, Germany) according to the manufacturer. DNA quality was assessed with 105 

FemtoPulse (Agilent, CA, USA) after SRE-XL kit purification (Pacific Biosciences, 106 

Menlo Park, CA, USA) to eliminate fragments smaller than 30Kb and quantity was 107 

checked with a Qubit 4 fluorometer (Thermo Fisher Scientific, MA, USA).  108 

A sequencing library was built with the ligation Oxford Nanopore  sequencing kit 109 

V14 (SQK-LSK114) using 1000ng as input, with a ligation time of 30mn and using 110 

the LFB buffer. Sequencing was performed by using a R10.4.1 flowcell on a 111 

PromethION 24 instrument for 96 hours.  112 

After the first 24 hours, the flowcell was washed with a nuclease-flush according to 113 

the manufacturer’s instructions, then reloaded with a fresh library built as above.  114 

Raw signal was live-base called with Dorado v7.8.3+f64462b6f and the SUP model 115 

(super accurate), as implemented in minKNOW v6.4.8. Taxonomic affiliation of the 116 

basecalled reads was assesed with centrifuge 1.0.3 (Kim et al. 2016) to detect 117 

contamination during the library and sequencing processes. 118 

 119 

 120 

 121 

Long reads assembly 122 

Long reads were filtered using Fitlong (v. 0.2.0, --length_weight 10 123 

https://github.com/rrwick/Filtlong). Several read coverages were assessed for the 124 
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assembly (ranging from 30X to 60X, Supplementary Table 1). The two assemblers 125 

Flye (v. 2.9.2, Kolmogorov et al. 2019, and Hifiasm (v. 0.25.0, Cheng et al. 2021, 126 

2022, 2024) were tested. Telomeres were sought on the different assemblies using 127 

quarTeT (v. 1.2.5, Lin et al. 2023). We selected the assembly with the minimum 128 

number of contigs and for which telomeres were found at both extremities for a 129 

maximum number of chromosomes. We used both FCS-adaptor and FCS-GX 130 

(Astashyn et al. 2024; https://github.com/ncbi/fcs) to detect and remove adaptors 131 

and contaminations from foreign organisms in the selected assembly. We used 132 

publicly avaiblable paired-end short reads of the GDDH18 tree (run SRR5351715, 133 

BioProject PRJNA379390) for polishing of the assembly. The short reads were 134 

aligned to the assembly using bwa-mem2 (v.2.2.1, mem option, Li & Durbin 2010; 135 

Vasimuddin et al. 2019), and we only kept properly paired reads using samtools (v. 136 

1.9, -f 0x02 option, Danecek et al. 2021). Hapo-G was then used to polish the 137 

assembly using paired-end short reads (v. 2.31, default parameters, Aury & Istace 138 

2021). 139 

 140 

Quality assessment and comparison with previous Malus genomes 141 

The completeness of the gene space assembly was assessed using BUSCO (v. 6.0.0, 142 

Manni et al. 2021) and three databases: embryophyta_odb12 (2,026 BUSCO genes), 143 

viridiplantae_odb12 (822 BUSCO genes) and rosaceae_odb12 (10,071 BUSCO 144 

genes). We computed the LTR Assembly Index (LAI) score (Ou et al. 2018, 2019) 145 

using LTR_retriever (v 3.0.4) to assess the continuity of the assembly based on the 146 

repeat space following the protocol described here: 147 

https://github.com/oushujun/LTR_retriever. We used LTRharvest and 148 

LTR_FINDER_parallel to identify LTR. LTR_retriever was then used to compute the 149 

LAI score. In order to assess the impact of the polishing step with the short reads, 150 
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we computed both the LAI and the BUSCO scores of the GDDH18 assembly before 151 

and after the polishing step. 152 

For comparison purposes, the BUSCO and the LAI scores were also computed for 153 

the GDDH13 assembly (Daccord et al. 2017) and a recent high-quality ‘Golden 154 

Delicious’ diploid phased genome, GDT2T (Su et al. 2024). We used the same 155 

databases and the same procedures as previously described to compute the BUSCO 156 

and the LAI scores. 157 

We used D-GENIES to compare the chromosomes of the GDDH18 assembly with the 158 

chromosomes of both GDDH13 and GDT2T (v. 1.4, hide noise option enabled and 159 

small matches filtered, Cabanettes & Klopp 2018). 160 

 161 

Telomeric and centromeric repeats identification 162 

We used quarTeT (v. 1.2.5, default parameters, Lin et al. 2023) to identify telomeric 163 

repeats on the chromosomes of the three ‘Golden Delicious’ assemblies GDDH18, 164 

GDDH13 and GDT2T. 165 

We mapped the 9,716 bp HODOR (High cOpy golDen deliciOus Repeat, accession 166 

KX869746, Daccord et al. 2017) sequence to the GDDH18 chromosomes using 167 

Minimap2 (Li 2018, -N 1000 -p 0.5 parameters), and computed the number of 168 

HODOR alignments found on non-overlapping genomic windows of 1 Mb for each 169 

chromosome. We only kept alignments longer than 3,000 bp. We used these 170 

alignments to estimate the putative centromere position on the GDDH18 assembly. 171 

We performed the same analysis on the GDDH13 genome for comparison. 172 

 173 

Mitochondrial and chloroplast sequences identification 174 

We used Oatk (Zhou et al. 2025 , v.1.0, default parameters) with the angiosperm 175 

database for assembling the mitochondrial and chloroplastic genomes using all the 176 

Nanopore long reads. We also mapped the mitochondrion (NCBI accession 177 

NC_018554.1, Goremykin et al. 2012) and the chloroplast (NCBI accession 178 
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NC_061549.1, Li et al. 2022) sequences to the GDDH18 assembly obtained with 179 

Hifiasm, using Minimap2 (v. 2.22, default parameters, Li 2018). This allowed to 180 

identify the contigs corresponding to mitochondrial and chloroplast sequences and 181 

removed them from the final assembly. 182 

 183 

Gene annotation 184 

Structural annotation of the Malus domestica GDDH18 genotype was performed 185 

using the EuGene pipeline (Sallet et al. 2019; Carrere & Gouzy 2023). This 186 

integrative gene prediction workflow combined multiple sources of evidence, 187 

including transcript alignments and protein homology searches. Transcriptome 188 

assemblies (Supplementary Table 2) were used to guide gene model prediction, 189 

while protein sequence homology was assessed against several reference 190 

databases, including Swiss-Prot, and the UniProt/TrEMBL plant subset. Detection 191 

and masking of transposable elements (TEs) were carried out using the Dfam 192 

consensus sequence database (https://dfam.org) and the TransposonPSI protein 193 

database (http://transposonpsi.sourceforge.net).  194 

Functional annotation of predicted protein-coding genes was performed using a 195 

combination of eggNOG-mapper v2.1.12 (Cantalapiedra et al. 2021), BLAST+ 196 

v2.15.0 (Altschul et al. 1990), InterProScan v5.64-96.0 (Jones et al. 2014), and 197 

KofamScan v1.3.0 (Aramaki et al. 2020). Outputs from these tools were integrated 198 

to produce final annotation files in GFF3 and TSV formats, prioritizing eggNOG 199 

annotations when overlaps occurred between sources. We applied the default 200 

parameter values for all analyses, unless otherwise specified.  201 

We estimated the proportions of the genome in protein-coding genes using the 202 

outputs of this pipeline. 203 

 204 
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Identification of syntenic blocks 205 

Identification of syntenic genes along the chromosomes of the GDDH18 assembly 206 

was performed using i-ADHoRe (Simillion et al. 2008, Proost et al. 2012) and an 207 

approach previously used for GDDH13 (Lallemand et al. 2023). For the 208 

identification of homologous genes, we first used blastP (e-value 10-5, max target 209 

seq 5, Camacho et al. 2009) and aligned all the proteins identified in GDDH18 210 

versus all. The resulting homology information was then used as input with i-211 

ADHoRe (v.3.0, Proost et al. 2012) for the construction of syntenic blocks. We used 212 

the same parameters for i-ADHoRe (v.3.0, Proost et al. 2012) as previouly used for 213 

GDDH13 (Lallemand et al. 2023): cluster type = colinear; tandem gap = 15; gap size 214 

= 30; cluster gap = 30; q value = 0.75; prob cutoff = 0.01, and anchor points = 5. The 215 

identification of homologous genes between the chromosomes allowed the 216 

reconstruction of syntenic fragments that were displayed using Circos (Krzywinski 217 

et al. 2009). To estimate the number of ohnologous genes we retained the pairs 218 

from the last WGD 27 Mya (Lallemand et al. 2023) belonging to the ohnologous 219 

chromosome pairs: 01-07, 01-15, 02-07, 02-15, 03-11, 04-06, 04-12, 05-10, 06-14, 220 

08-15, 09-17, 12-14 and 13-16.  221 

 222 

TE annotation  223 

The TEannot pipeline from the REPET package V3.0 (Quesneville et al. 2005, Flutre 224 

et al. 2011, Hoede et al. 2014, 225 

https://urgi.versailles.inrae.fr/Tools/REPET/TEannot-tuto) was used with default 226 

parameters to annotate TE copies in the GDDH18 genome. We used the consensus 227 

library of TE previously constructed for GDDH13 (Daccord et al. 2017, 228 

https://urgi.versailles.inrae.fr/repetdb/report.do?id=49000001), to identify 229 

repetitive elements in the GDDH18 assembly. A total of 2,456 TE consensus 230 

sequences were used, ranging from 358 to 17,023 bp, with a mean size of 3,150 bp. 231 
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We estimated the percentage of the different classes of TE copies in the GDDH18 232 

genome, using the GFF3 file generated with Teannot.  233 
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Results & Discussion 234 

 235 

Long reads sequencing  236 

We generated 4.4 M reads ‘PASS’ with a quality score Q larger than 10 (85.5% of the 237 

total sequencing data) with a N50 of 31.8 kb and a mean Qvalue of 20.48, totalling 238 

82.45 Gb of sequencing data. Of these reads, 91.64% were complete with Nanopore 239 

adapters kept at both ends, indicative both of the quality of the sequencing and of 240 

the library. A taxonomical analysis of contaminants was performed with 241 

centrifuge1.0.3, using a 10,000 reads subsample (with options -k 15 --min-hitlen 26 242 

--host-taxids 3750 --exclude-taxids 32644,28384,12908,77133). This analysis 243 

showed no significant contamination, with only 0.30% and 0.08% of bacterial and 244 

fungi reads, respectively (Supplementary Tables 3-5). 245 

 246 

Assembly of the long reads 247 

We tested long read assembly with both Hifiasm (Cheng et al. 2021, 2022, 2024) 248 

and Flye (Kolmogorov et al. 2019), and evaluated different depths ranging from 30X 249 

to 60X (Supplementary Table 1). A depth of 45X yielded the least fragmented 250 

assembly using Hifiasm, composed of a maximum number of contigs with telomeric 251 

repeats at both extremities (Supplementary Table 1). This assembly was obtained 252 

using 508,796 filtered reads, with a N50 and a mean length of 57 kb 253 

(Supplementary Table 6). A total of 26 contigs were obtained with a N50 of 36 Mb 254 

(Table 1). The N50 of the contigs of the GDDH18 assembly was 58 fold larger than 255 

GDDH13 (Supplementary Table 7). The total size of the assembly was 658 Mb 256 

(Table 1), corresponding to the expected size of the apple ‘Golden Delicious’ haploid 257 

genome (Daccord et al. 2017; Su et al. 2024). 258 

 259 

Identification of telomeric repeats and of the chromosomes 260 
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Telomeric repeats were identified at both extremities of 16 contigs, likely 261 

corresponding to 16 chromosomes (Supplementary Figure 1, and Supplementary 262 

Table 8). In comparison, no chromosome of the GDDH13 assembly (Daccord et al. 263 

2017) showed telomeric repeats at both ends (Supplementary Table 7). Telomeric 264 

repeats were also found at one single extremity of two other contigs 265 

(Supplementary Fig. 4). One of these contig, ptg00006l, had a size of around 47 Mb, 266 

close to the expected size of chromosome 5 of GDDH13 (Supplementary Table 8). 267 

The other smallest contig was 498 kb in size (ptg000023l, Supplementary Table 8). 268 

While this telomeric region might represent one extremity of the chromosome 5, 269 

the contig mapped ambiguously to multiple positions of the GDDH13 and the 270 

GDT2T genomes. It was thus included in the Chr00 (see the corresponding section). 271 

Alignment of the 17 largest contigs of the GDDH18 assembly to the GDDH13 272 

chromosomes confirmed that these contigs corresponded to the 17 chromosomes 273 

of the apple genome (Figure 1). The remaining nine small contigs that were not 274 

included in the nuclear genome assembly represented 0.6% percent of the 275 

assembled sequences, highlighting the high contiguity and completeness of the 276 

contig sequences. 277 

 278 

Identification of mitochondrial and chloroplast sequences 279 

The nine contigs shorter than 1 Mb in size were assembled separately and were not 280 

integrated into the putative chromosomes by Hifiasm. Three contigs (ptg000024l, 281 

ptg000021c and ptg000022c) were mapped to the published mitochondria and 282 

chloroplast genomes of apple (NCBI accessions NC_018554.1, Goremykin et al. 283 

2012, and NC_061549.1 respectively, Li et al. 2022) with sequence identities 284 

between 75 and 100% (Supplementary Figure 2). The contig ptg000022c notably 285 

seemed to correspond to multiple adjacent chloroplast sequences, based on 286 

visualisation of the alignments (Supplementary Figure 2). These contigs that 287 
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aligned to the mitochondria and the chloroplast genomes were discarded from the 288 

final assembly. OatK (Zhou et al. 2025) allowed the assembly of a 162 kb sequence 289 

that aligned all along a previously published chloroplast apple sequence 290 

(NC_061549.1 NCBI accession, Li et al. 2022) with high identity (Supplementary 291 

Figure 3, Supplementary Table 9 for annotation). However, no sequence was 292 

assembled with OatK for the mitochondrial genome. A previous study showed that 293 

the apple mitochondrial genome displays few similarity with other angiosperm 294 

mitochondrial genomes (Goremykin et al. 2012), which could make it difficult to 295 

reconstruct the sequences (Ni et al. 2025), notably when using databases. 296 

 297 

Construction of a Chr00 and of the final assembly 298 

We constructed a Chr00 (named MdG1800) totalling 2.2 Mb and comprising three 299 

contigs (ptg000013l, ptg000019l and ptg000023l of 587 kb, 782 kb and 498 kb, 300 

respectively), composed of repetitive sequences (identified by FCS-GX, 301 

Supplementary Table 10), and two additional contigs (ptg000025l and ptg000026l 302 

of 253 kb and 97 kb, respectively). The Chr00 gathers the sequences that have not 303 

been anchored with enough confidence to a chromosome. The Chr00 of the 304 

GDDH18 assembly was 24 fold smaller than the Chr00 of the GDDH13 assembly 305 

(Daccord et al. 2017), demonstrating a greater completeness of the assembly of the 306 

chromosomes (Supplementary Table 7). 307 

Using FCS-GX, one contig, ptg000020c, was found to be similar to a Cannabis sativa 308 

sequence (Supplementary Table 10) and was thus removed from the assembly. The 309 

final assembly is composed of 17  chromosomes (MdG1801-MdG1817, Figure 1, 310 

Supplementary Table 10), including 16 chromosomes with telomeric repeats at 311 

both ends (Supplementary Table 8, Supplementary Figure 1), along with the Chr00, 312 

the mitochondrial and the chloroplast sequences. Three short adaptors sequences 313 

were found and removed from the final assembly (Supplementary Table 11). 314 
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 315 

Quality metrics 316 

The complete BUSCO scores obtained for the whole genome assembly of GDDH18 317 

were high, between 97.4% and 99.8% depending on the database used (Table 1 and 318 

Supplementary Table 7), and were indicative of the high completeness of the gene 319 

assembly. These BUSCO scores were notably slightly higher than those found on 320 

GDDH13, between 96.0% and 98.1% using the same databases (Supplementary 321 

Table 7). Duplicated BUSCO score of the GDDH18 assembly was high 55.0% 322 

(viridiplantae_odb12 (n=822), Table 1). The ancestor of apple underwent a recent 323 

WGD around 27 Mya (Lallemand et al. 2023), likely explaining this high fraction of 324 

duplicated BUSCOs in the assembly. 325 

The LAI score imputed for the assembly was 22.16, higher than the score of the 326 

GDDH13 assembly of 20.16 (Supplementary Table 7). An LAI score above 20 is 327 

characteristic of high-quality (“gold standard”) assemblies (Ou et al. 2018). 328 

Accordingly, a high LAI reflects a good continuity of repetitive genomic regions. 329 

The short-reads polishing step did not enhance the BUSCO scores, and resulted in a 330 

slight drop in the LAI score (Supplementary Table 12). This could be explained by 331 

the low mean depth of the short reads available for the GDDH18 tree, around 17X 332 

after mapping and filtering of the properly paired reads. Therefore, we propose a 333 

final assembly that does not include results from the polishing step. It has recently 334 

been suggested that assemblies using Oxford Nanopore R10.4 and the latest Kit V14 335 

technology may not require a short-reads polishing step (Belinchon-Moreno et al. 336 

2025; Sereika et al. 2022). 337 

 338 

Gene annotation 339 

De novo annotation with Eugene allowed the identification of 65,170 predicted 340 

genes, of which 51,892 corresponded to protein-coding genes and 13,278 to non-341 
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coding RNA genes (Supplementary Table 13). Protein-coding genes had a mean 342 

gene length of 3,130 bp, with the shortest gene spanning 150 bp and the longest 343 

79,620 bp (Supplementary Table 13). About 80% of protein-coding genes 344 

contained introns. The protein-coding genes comprised on average 4.79 exons 345 

(mean exon length of 315 bp) and 3.79 introns (mean intron length of 427 bp). The 346 

average coding sequence (CDS) length was 1,075 bp, while mean 5′ and 3′ UTR 347 

lengths were 255 bp and 421 bp, respectively. Non-coding RNA genes including 348 

snoRNA, rRNA, tRNA, miRNA, snRNA and other undefined ncRNA, displayed an 349 

average length of 1,074 bp.  350 

Completeness assessment of the predicted proteome was evaluated using BUSCO 351 

v6.0.0 (viridiplantae_odb12 dataset, 822 genes), yielding completeness scores of 352 

96.4%, with less than 0.4% missing BUSCOs. Among the 51,892 predicted proteins, 353 

48,379 (93%) were functionally annotated by at least one tool (Supplementary 354 

Table 14). Specifically, 43,063 proteins were annotated by eggNOG, 46,060 by 355 

BLAST, 38,520 by InterProScan, and 40,641 by KofamScan (Supplementary Table 356 

14). A total of 41,686 proteins were associated with at least one Gene Ontology 357 

(GO) term, and 42,625 with a KEGG Orthology (KO) term (Supplementary Table 358 

14). To assess the reliability of predicted proteins, the PSAURON machine-learning 359 

model (Sommer et al. 2024) was applied, assigning a probability score for each 360 

protein based on sequence features, conservation patterns, and length 361 

distributions. Overall, 89.3% of predicted proteins exhibited a high PSAURON 362 

confidence score (higher than 0.8). Among the 4,316 unannotated proteins, 43.8% 363 

received a significant PSAURON score indicative of genuine protein-coding 364 

potential. The majority of unannotated proteins (3,019 i.e. 70.7%) were short, with 365 

lengths below 100 amino acids.  366 

The GDDH18 assembly presented 6,239, 4,004 and 4,075 more functionnally 367 

annotated protein-coding genes in comparison with GDDH13 (Daccord et al. 2017), 368 
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and with the two haplotypes of the GDT2T genome (Su et al. 2024), respectively 369 

(Supplementary Table 7). The protein-coding and annotated genes corresponded to 370 

23.4% of the genome (Figure 2), in accordance with the percentage found in the 371 

GDDH13 genome (Daccord et al. 2017). A lower density of genes was observed 372 

around the putative centromeric regions of GDDH18 (Supplementary Figure 4).  373 

 374 

Identification of syntenic blocks 375 

A total of 700 syntenic blocks were identified between the chromosomes of the 376 

GDDH18 genome with i-ADHoRe (Supplementary Tables 15-17, Supplementary 377 

Figure 5). These syntenic blocks were identified between chromosomes similar to 378 

GDDH13 (Lallemand et al. 2023, Supplementary Figure 5). These syntenic blocks 379 

had a mean size of 1.5 Mb and encompassed 106 genes on average, with a median 380 

number of 31 genes. A smaller number of syntenic blocks were indentified in the 381 

GDDH18 assembly in comparison with the GDD13 assembly (865 syntenic blocks in 382 

GDDH13, Lallemand et al. 2023), and they consisted in a larger median number of 383 

genes, 31 in GDDH18 and nine in GDDH13 (Lallemand et al. 2023), which could be 384 

further indicative that the GDDH18 assembly was less fragmented. We estimated a 385 

total of 12,006 pairs of ohnologous genes likely originating from the last WGD 27 386 

Mya (Supplementary Table 18), in accordance with a previous study in GDDH13 387 

(Lallemand et al. 2023). 388 

 389 

TE annotation  390 

All of the 2,456 consensus had at least one copy on the GDDH18 genome. We found 391 

that approximately 63.2% of the GDDH18 assembly was composed of repeats, in 392 

accordance with previous results on ’Golden Delicious‘ genomes (Daccord et al. 393 

2017; Su et al. 2024). The class I elements were the most prevalent, representing 394 

46.6% of the genome, including 41.9% LTR, 4.1% LINE and 0.4% SINE (Figure 2). 395 
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DNA transposon or class II elements represented 13.2% of the genome, including 396 

10.2% TIR, 1.0% MITE, 0.3% HELITRON, and 1.8% class II elements no further 397 

classified (Figure 2). A total of 4.1% of copies represented unclassified TEs (Figure 398 

2). The proportions of class I and class II elements were similar as the GDDH13 399 

genome (Daccord et al. 2017). Gypsy and Copia LTR elements were present in 400 

proportions close to those reported for the GDT2T genome (Su et al. 2024), 401 

representing approximately 24.8% and 12.6%, respectively. 402 

 403 

HODOR repeats 404 

We found HODOR (High cOpy golDen deliciOus Repeat, accession KX869746, 405 

Daccord et al. 2017) repeats gathered on specific genomic regions of each 406 

chromosome (Supplementary Figure 6). These genomic regions enriched in HODOR 407 

repeats correspond to the putative centromeres of the apple chromosomes (Su et 408 

al. 2024) and were found in similar regions in GDDH18 and GDDH13 409 

(Supplementary Figure 6). The high repetitiveness of the HODOR sequence might 410 

explain partially the fragmentation of the GDDH13 assembly obtained with shorter 411 

reads (Daccord et al. 2017). 412 

 413 

Inversions found between the GDDH13 and GDDH18 assemblies  414 

Alignments of the GDDH18 and the GDDH13 chromosomes showed an overall 415 

continuity between homologous chromosomes (Figure 1). 416 

Some DNA sequence inversions were identified between GDDH13 and GDDH18 on 417 

chromosomes 1, 8 and 16 (Supplementary Figure 7). These putative inversions 418 

were also found when comparing GDDH13 and GDT2T (Su et al. 2024), but they 419 

were not found when comparing GDDH18 to the two haplotypes of GDT2T 420 

(Supplementary Figure 7), suggesting that sequences at these particular loci might 421 

have been misassembled in GDDH13.  422 
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Other putative inversions were found when comparing the chromosomes 2, 3, 6 423 

and 12 of GDDH18 to one of the haplotypes of GDT2T (Supplementary Figure 8). 424 

These putative inversions were also previously observed when comparing GDDH13 425 

to GDT2T (Su et al. 2024). These putative inversions are close to the centromeres 426 

(Su et al. 2024). While these inverted sequences may originate from a mis-427 

assembly, it has already been proposed and observed that centromeric regions 428 

might be naturally prone to inversions (Harringmeyer & Hoesktra 2022, Salson et 429 

al. 2025). These  putative inversions have to be validated with independent method 430 

such as Hi-C data.  431 
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Data and code availability 432 

The GDDH18 ONT long reads, the genome assembly and the annotation of the 433 

genes are available in the European Nucleotide Archive (ENA), under the project 434 

PRJEB97937: https://www.ebi.ac.uk/ena/browser/view/PRJEB97937. The raw 435 

long reads can be found here: 436 

https://www.ebi.ac.uk/ena/browser/view/ERR15761846, the assembly here: 437 

https://www.ebi.ac.uk/ena/browser/view/GCA_977014495, and the annotation 438 

file with the functionally annotated genes here: 439 

https://www.ebi.ac.uk/ena/browser/view/ERZ28547962. The plastid sequence, 440 

the GFF3 of all the genes annotation file and of the transposable elements 441 

annotation file have been deposited via the GSA figshare portal 442 

(https://doi.org/10.25387/g3.32012313), and can be shared under request . The 443 

scripts used for the GDDH18 assembly and the analysis of the genome can be found 444 

on the GitLab repository: https://forge.inrae.fr/OPTIMAE/gddh18_assembly. 445 
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 676 

Figures legends 677 

Figure 1. Chromosome-to-chromosome alignments between GDDH13 and 678 

GDDH18. 679 

The 17 longest contigs of the GDDH18 assembly identified as the 17 putative 680 

chromosomes of the apple genome are aligned to the 17 chromosomes of GDDH13 681 

(Daccord et al. 2017). On the x-axis are the GDDH18 chromosomes and on the y-682 

axis are the GDDH13 chromosomes. Yellow, orange, light green and dark green 683 

colors correspond to alignments with identities between 0% and 25%, 25% and 684 

50%, between 50% and 75%, and above 75%, respectively. 685 
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Figure 2. Percentage of the GDDH18 genome represented by protein-coding genes 686 

and TEs regions. 687 

Percentage of the GDDH18 genome that represents the protein-coding genes and 688 

the TEs regions. Light green represents the functionally annotated protein-coding 689 

genes and dark green the unannotated protein-coding genes. The class I TEs are in 690 

three different shades of blue and include in the order LTR, LINE and SINE 691 

elements. The class II TEs are in orange, brown, coral and red, and include TIR, 692 

unclassified class II, MITE, and HELITRON elements respectively. Unclassified TEs 693 

are in grey. 694 
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Table 1. Assembly statistics. 696 

Total assembly  

Total length 658,096,990 bp 

GC content 38.9% 

Complete BUSCOs 
viridiplantae_odb12 (n=822) 

99.5% 

Complete and duplicated BUSCOs 55.0% 

Fragmented BUSCOs 0.1% 

Missing BUSCOs 0.4% 

Chromosomes  

Number of chromosomes 17 

Total length of chromosomes 655 Mb 

Percentage of Ns No gap 

Contigs  

Number of contigs 28 

Longest contig 59 Mb 

N50 (contigs) 36 Mb 

Gene annotation  

Total number of genes 65,170 

Number of protein-coding genes  51,182 

Number of protein-coding and functionally 

annotated genes 

48,379 
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