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Abstract 49 

The cultivated apple (Malus domestica Borkh.) is a cross-pollinated perennial fruit 50 

tree of great economic importance. Previous versions of apple reference genomes 51 

were unphased, fragmented, and lacked comprehensive insights into the highly 52 

heterozygous genome, which impeded genetic studies and breeding programs in apple. 53 

In this study, we assembled a haplotype-resolved telomere-to-telomere reference 54 

genome for the diploid apple cultivar Golden Delicious. Subsequently, we constructed 55 

a pangenome based on twelve assemblies from wild and cultivated apples to 56 

investigate different types of resistance gene analogs (RGAs). Our results revealed the 57 

dynamics of the gene gain and loss events during apple domestication. Compared with 58 

cultivated species, more gene families in wild species were significantly enriched in 59 

oxidative phosphorylation, pentose metabolic process, responses to salt, and abscisic 60 

acid biosynthesis process. Interestingly, our analyses demonstrated a higher 61 

prevalence of RGAs in cultivated apples than their wild relatives, partially attributed 62 

to segmental and tandem duplication events in certain RGAs classes. Other types of 63 

structural variations, mainly deletions and insertions, have affected the presence and 64 

absence of TIR-NB-ARC-LRR (TNL), NB-ARC-LRR (NL), and CC-NB-ARC-LRR 65 

(CNL) genes. Additionally, hybridization/introgression from wild species has also 66 

contributed to the expansion of resistance genes in domesticated apples. Our 67 

haplotype-resolved T2T genome and pangenome provide important resources for 68 

genetic studies of apples, emphasizing the need to study the evolutionary mechanisms 69 

of resistance genes in apple breeding programs. 70 

71 

Keywords: Malus, haplotype-resolved T2T genome, resistance genes, introgression, 72 

structural variation, gene duplication  73 
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Introduction 75 

The cultivated apple (Malus domestica Borkh.) stands as one of the most extensively 76 

produced and economically important fruit crops worldwide (Duan et al. 2017). 77 

Modern cultivated apples, derived from Malus sieversii in the Tian Shan Mountains 78 

between 4,000 and 10,000 years ago, have experienced extensive hybridization and 79 

introgression with wild crabapple species from Siberia (Malus baccata (L.) Borkh.) 80 

and Europe (Malus sylvestris Mill.) (Cornille et al. 2014; Daccord et al. 2017; Chen et 81 

al. 2021; Liao et al. 2021). This process led to a highly divergent genetic architecture, 82 

complex genomic features, and high heterozygosity in cultivated apples. The 83 

century-old Malus domestica cv. Golden Delicious (GD), continues to be popular in 84 

global apple production and serves as a foundational ancestor for many modern apple 85 

varieties. Previous studies have produced multiple versions of the apple reference 86 

genome, including the unphased GD reference genome based on highly homozygous 87 

material (GDDH13) (Velasco et al. 2010; Daccord et al. 2017). The genome includes 88 

a large number of highly repetitive regions that introduce hundreds or thousands of 89 

gaps, creating a significant barrier to achieving a haplotype-resolved complete 90 

reference genome (Giani et al. 2020). 91 

Advances in long-read sequencing technologies, such as the Pacific Biosciences 92 

high-fidelity (PacBio HiFi) and Oxford Nanopore Technology (ONT) ultra-long 93 

platforms, have facilitated the assembly of haplotype-resolved telomere-to-telomere 94 

(T2T) genome. The haplotype-resolved T2T genome, which retains allelic sequences 95 

to the greatest extent and enhances the accuracy and completeness of assemblies (Yue 96 

et al. 2023), is critical for unraveling the full genetic complexity of the apple’s highly 97 

heterozygous genome. However, a linear reference genome from a single individual is 98 

insufficient to represent the entire genetic diversity of a species, especially in light of 99 

the diversification and alterations in the genetic structure related to long-term crop 100 

domestication (Liu et al. 2020; Yang et al. 2022; Long et al. 2024). To overcome this 101 

limitation, pangenome reference has emerged as a promising approach to capture the 102 

genetic diversity of crops and their wild relatives (Sherman 2020; Della Coletta et al. 103 
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2021; Shang et al. 2022; Tang et al. 2022; Zhou et al. 2022; Chen et al. 2023a; Liao et 104 

al. 2023). To date, several wild and cultivated apple chromosome-level genomes have 105 

been released, which are important resources for genetic studies (Sun et al. 2020). 106 

Consequently, employing a pangenome approach to explore the genetic differences 107 

between wild and cultivated apples will provide deeper insights into the genetic 108 

mechanisms underlying apple domestication, including disease resistance. 109 

The disease resistance mechanisms became a major focus in breeding and 110 

improvement of cultivated apples (Zhang et al. 2021; Karlström et al. 2022). Scab and 111 

powdery mildew are the two important fungal threats to apple orchards, causing 112 

severe yield and economic losses by damaging leaves and young fruits (Bus et al. 113 

2010). Due to intense selective pressure, plants have developed a variety of 114 

mechanisms to recognize and defend against pathogens. Some resistance gene analogs 115 

(RGAs) encode proteins containing nucleotide-binding sites (NBS) and leucine-rich 116 

repeat sequences (LRR), playing a pivotal role in recognition and resistance across a 117 

diverse range of pathogens (Yang et al. 2013; Long et al. 2024). Typically, apple 118 

resistance to fungal pathogens originates from single and multigene loci. The presence 119 

and distribution of RGAs on apple chromosomes are highly specific, and these RGAs 120 

evolve independently within the chromosomes (Perazzolli et al. 2014). It is 121 

hypothesized that duplication, divergence, and loss of genome segments lead to 122 

changes in the number of RGAs, which in turn promotes species evolution in response 123 

to rapidly changing pathogens (Arya et al. 2014; Van et al. 2019). The hybridization 124 

and selection contributed to the diversification of nucleotide-binding and leucine-rich 125 

repeat (NLR) genes during apple domestication (Perazzolli et al. 2014). Studies have 126 

shown that the divergence of resistance genes between wild and cultivated apples 127 

means that genes and pathways associated with resistance in apple domestication have 128 

been subject to selection (Singh et al. 2021). Additionally, introgression facilitates 129 

local adaptation by introducing beneficial alleles from a crop wild relative (CWR) 130 

into a cultivated crop, such as enhancing traits such as disease and stress resistance 131 

(Xiao et al. 2023). Despite the importance of RGAs, the genetic variations in 132 
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resistance genes between wild and cultivated apple varieties have not yet been 133 

extensively studied. 134 

In this study, we generated a haplotype-resolved T2T reference genome of the apple 135 

variety ‘Golden Delicious’ (GDT2T) by integrating HiFi, ONT ultra-long, and 136 

high-throughput chromosome conformation capture (Hi-C) reads. Our genome 137 

assembly exhibits significant improvements in contiguity, completeness, and accuracy 138 

when compared to the previously assembled reference genome (GDDH13). 139 

Pan-genomic studies have revealed significant structural variation and differences in 140 

RGAs between wild and cultivated apple species. Gene duplications, structural 141 

variations, and introgression have contributed to the expansion of resistance genes 142 

during apple domestication. These extensive genomic variations provide critical 143 

resources and insights for accelerating the integration of wild species into apple 144 

breeding programs for enhancing disease resistance. 145 

 146 

Results 147 

A haplotype-resolved telomere to telomere reference genome for apple (GDT2T) 148 

A total of 27.75 Gb (~42× coverage) PacBio HiFi reads, 11.04 Gb (~17× coverage) 149 

ONT ultra-long reads, and 46.23 Gb (~71× coverage) Hi-C reads were generated for 150 

GD (Fig. 1, A and B) genome assembly. The genomic homozygosity was assessed to 151 

be 98.9% using the k-mer metric (Supplementary Fig. S1). The de novo assembly 152 

conducted with Hifiasm produced a contig-level assembly with a contig N50 size of 153 

34.58 Mb. This represents a 55.8-fold improvement compared to the 620 kb of the 154 

GDDH13 genome. Subsequently, we employed Juicer and 3D-DNA for scaffold 155 

construction and further manually filled gaps to refine the assembly. Finally, the 156 

assembled genome sizes for haplotype 1 (GDT2T_hap1) and haplotype 2 157 

(GDT2T_hap2) were 650,775,246 bp and 644,751,625 bp, respectively (Fig. 1C, 158 

Table 1). The phasing of these assembled haplotypes was demonstrated in a spectra 159 

graph generated by the KAT program (Supplementary Fig. S2). The Hi-C contact 160 

matrix displayed high consistency across all chromosomes of GDT2T_hap1 and 161 
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GDT2T_hap2, validating the accuracy of their ordering and orientation (Fig. 1D). The 162 

completeness of the diploid assemblies was evaluated by Benchmarking Universal 163 

Single-Copy Orthologs (BUSCO), with scores indicating 98.7% and 98.6% 164 

completeness for GDT2T_hap1 and GDT2T_hap2, respectively. The GC contents of 165 

the two haplotypes were 38.08% and 38.05%, separately (Table 1). The k-mer 166 

analyzer estimated the average quality value (QV) of each chromosome for the two 167 

haplotypes to be 61.25 using HiFi reads. Then, we analyzed the phasing accuracy and 168 

observed an average haplotype switch error rate of 0.94% and hamming error rate of 169 

1.05%. Genome accuracy was also assessed based on high mapping rates (> 99%) of 170 

HiFi reads to each assembly (Supplementary Table S1). All these statistics for 171 

evaluation were comparable with recently published complete genomes (Nurk et al. 172 

2022, Chen et al. 2023, Huang et al. 2023, Shang et al. 2023, Shi et al. 2023, Sun et al. 173 

2023). Comparative genome analysis revealed significant synteny among 174 

GDT2T_hap1, GDDH13, and GDT2T_hap2 (Fig. 1C, Supplementary Fig. S3). The 175 

high degree of collinearity between the genetic distances of the SNP markers and the 176 

physical distance on each chromosome further demonstrated the quality of our 177 

assembly (Supplementary Fig. S4). 178 

We successfully achieved a phased gap-free reference genome assembly for each 179 

haplotype of GD, fulfilling all 3,109 gaps identified in the GDDH13 genome. We also 180 

corrected previously misassembled regions, notably the start of chromosome 1 and the 181 

end of chromosome 16 in GDT2T_hap1, covering regions of 5,416,121 bp (including 182 

111 genes) and 2,722,516 bp (including 63 genes), respectively (Supplementary Fig. 183 

S5, Supplementary Table S2). The genes located in misassembled regions were 184 

significantly enriched in pathways related to protein deacetylation and cell growth 185 

(Supplementary Table S2). The authenticity of the inversion between two haplotypes 186 

was confirmed by mapping ONT, HiFi, and Hi-C reads to GDT2T_hap1 and by 187 

examining Hi-C heatmaps (Supplementary Fig. S6). Additionally, we integrated a 188 

2.36 Mb sequence into chromosome 10 (covering 35 genes), including a 189 

polyol-related gene (UDP-glucose flavonoid 3-O-glucosyltransferase 7, named GT7) 190 
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that is potentially critical for sugar decomposition in strawberry (Fragaria × 191 

ananassa) (Griesser et al. 2008) (Fig. 1E, Supplementary Fig. S7, Supplementary 192 

Table S3). A comprehensive and accurate assembly of the complete diploid genome 193 

represents a major advance in apple genomic research. 194 

Gene and TE annotations of GDT2T 195 

For gene content assessment, we identified 44,375 and 44,304 protein-coding genes in 196 

GDT2T_hap1 and GDT2T_hap2, capturing 96.6% and 97.0% of a BUSCO reference 197 

gene set (Table 1). For GDT2T_hap1 and GDT2T_hap2, there are 63,512 and 63,437 198 

transcripts respectively, with an average of 1.43 splice variants per gene. Of these, 199 

36,443 (94.51%) in GDT2T_hap1 and 34,221 (94.62%) in GDT2T_hap2 were 200 

functionally annotated using the comprehensive Pfam database. Furthermore, a total 201 

of 1,396 genes were specific to GDT2T_hap1, and 1,306 genes were unique to 202 

GDT2T_hap2. These distinctions were the results of ancestral apple hybridization 203 

followed by subsequent clonal propagation. Functional enrichment analysis based on 204 

Gene Ontology (GO) annotation indicated these unique genes were significantly 205 

enriched in the triterpenoid biosynthetic process (Supplementary Table S4). 206 

We utilized the Extensive de novo TE Annotator (EDTA) to generate a high-quality 207 

repetitive sequence library (Xie et al. 2019). A total of 866,404 and 899,134 208 

transposable elements (TEs) were identified in GDT2T_hap1 and GDT2T_hap2, 209 

accounting for 61.5% and 61.47% of the two haplotypes, respectively 210 

(Supplementary Table S5). In the GDT2T_hap1, long terminal repeat 211 

retrotransposons (LTR-RTs) emerged as the most prevalent TE class, with Gypsy and 212 

Copia LTR-RTs comprising 18.89% and 10.36% of the genome, respectively. 213 

To define the telomeric regions in GD’s two haplotypes, the most prevalent telomere 214 

repeat unit (CCCATTT at the 5’ end and TTTAGGG at the 3’ end) was identified, 215 

which was present in nearly all chromosomes (Fajkus et al. 2005). We predicted 30 216 

telomeres in both haplotypes. In GDT2T_hap1, the longest telomere was located at 217 

the end of chromosome 15 (12.87 kb) and consists of 1,839 repeats. Conversely, 218 

chromosome 14 exhibited the shortest telomere at 609 bp with 87 repeats 219 
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(Supplementary Table S6). Regarding centromeric regions, the identification of an 220 

optimal centromeric repeat unit was challenging due to the presence of dispersed 221 

fragments of varying lengths within chromosomes. Typically, LTR-RTs are enriched 222 

in plant centromeres often mixed with tandem repeats (Fernandes et al. 2019; Song et 223 

al. 2021). Over 90% of rice centromeric repeats are Gypsy, which complicates 224 

complete centromere assembly (Song et al. 2021). In the apple genome, Gypsy 225 

elements were notably enriched in the centromeric regions of both haplotypes, while 226 

LTR (Copia), DNA (MULE-MuDR), and RC (Helitron) TEs were absent 227 

(Supplementary Fig. S8, Supplementary Table S6). Additionally, we confirmed the 228 

position of the centromere using previously published HODOR sequences (Daccord et 229 

al. 2017). By examining the distribution regions of various TEs and HODOR 230 

sequences, we delineated the centromeric ranges of all chromosomes in both 231 

haplotypes, identifying regions that closely align with previous findings in ‘HFTH1’ 232 

(Zhang et al. 2019). 233 

 234 

Hemizygosity within the diploid GD genome 235 

Apple domestication is driven by the hybridization of different wild species and the 236 

clonal propagation by artificial selection of genotypes with desired traits. This process 237 

likely contributes significantly to phenotypic variation through heterozygous genomic 238 

regions (Schnable and Springer 2013). In this study, we assessed the impact of 239 

heterozygous structural variations (hSVs) on these genes. Using Sniffles (v2.0.7), we 240 

remapped HiFi reads to the GDT2T_hap1 reference genome and identified 56,852 241 

hSVs (> 50 bp), comprising 28,720 deletions, 23,799 insertions, 40 duplications, 147 242 

inversions, and 4,146 translocations (Supplementary Table S7). Furthermore, 3,323 243 

hemizygous genes were found in the apple genome, accounting for 7.5% of all 244 

annotated protein-coding genes. Coverage values in hemizygous regions, as verified 245 

using the Integrated Genomics Viewer (IGV), showed a reduction to half of their 246 

original levels (Supplementary Fig. S9). GO enrichment analysis showed that the 247 
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functions of hemizygous genes are related to important biological processes, 248 

including protein phosphorylation and defense response process (Fig. 1F). 249 

 250 

Pangenome and structural variation among wild and cultivated apples 251 

To build a comprehensive gene pool for apple varieties, we performed pangenome 252 

analysis using seven apple accessions (Chen et al. 2019; Zhang et al. 2019; Sun et al. 253 

2020; Khan et al. 2022; Li et al. 2022). These included four accessions from Malus 254 

domestica (GD, Gala, Honeycrisp, and HFTH1), three wild apple accessions 255 

(including one Malus baccata (Mba), one Malus sieversii (Msi), and one Malus 256 

sylvestris (Msy)), representing diversity of the Malus genus (Supplementary Fig. 257 

S10, Supplementary Table S8). Orthologs analysis categorized all the protein-coding 258 

genes from seven apple genomes into 44,989 pan-genomic clusters (Fig. 2A). The 259 

gene family counts increased rapidly, stabilizing as more genomes were included, 260 

while the counts of core genes gradually declined (Fig. 2B). Of the total gene sets, 261 

34.41% were core genes (present in seven accessions), 63.43% were dispensable 262 

genes (present in five accessions), and 1.15% were private genes (present in one 263 

accession) (Fig. 2C, Supplementary Table S9). Core genes exhibited significantly 264 

lower pairwise dN/dS ratios than private genes, indicating their functional conservation 265 

(Fig. 2D). Additionally, 90.51% of the core genes were found to possess InterPro 266 

domains, approximately 1.7 times more than private genes (Fig. 2E). These findings 267 

collectively emphasized the immense value of pangenome studies in exploring and 268 

utilizing diverse gene pools, which is crucial for advancing apple biology and 269 

breeding programs. 270 

To investigate alterations in genetic composition throughout the process of apple 271 

domestication, we examined genomic differences between wild and cultivated apples 272 

based on the pangenome (n=7). We found that 609 gene families had a significantly 273 

higher gene count in cultivated species compared to wild species. GO enrichment 274 

analysis revealed that these genes were mainly enriched in the regulation of cellular 275 

respiration, energy derivation, as well as regulation of cellular component size 276 
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biosynthetic process. Conversely, the 338 gene families more abundant in wild 277 

species were involved in oxidative phosphorylation, pentose metabolic process, 278 

responses to salt, and abscisic acid biosynthesis process (Fig. 2, F and G). These 279 

findings highlight significant differences in secondary metabolite synthesis between 280 

wild and cultivated apples. 281 

To further understand genomic divergence within Malus, we conducted 282 

whole-genome alignments of eleven genomes using GDT2T_hap1 as the reference. 283 

Finally, 28,219 high-confidence structural variations (SVs) (> 50 bp) were identified, 284 

including 13,159 insertions, 9,406 deletions, 3,246 inversions, and 2,408 duplications 285 

(Supplementary Table S10). These SVs were mostly scattered across the 17 286 

chromosomes, with insertions and deletions being less frequent in centromeric regions, 287 

whereas duplications were more prevalent (Supplementary Fig. S11). Notably, a 288 

fixed large inversion (~523 kb) on chromosome 11 was identified in the genomes of 289 

all wild and domesticated apples studied (except Gala_hap2) (Supplementary Fig. 290 

S12, Supplementary Table S11). Within this inversion region, 29 genes were 291 

identified, including a cytochrome P450 protein potentially involved in environmental 292 

stress response mechanisms, such as detoxification of plant defensive compounds or 293 

insecticides (Supplementary Table S12) (Heitz et al. 2012). The extensive variation 294 

among wild and cultivated apple species provides access to further harness the genetic 295 

diversity of distantly related wild apples in genome-driven breeding. 296 

 297 

RGAs in the wild and cultivated apples 298 

Plant resistance to various pathogens can be controlled by a variety of plant resistance 299 

(R) genes that exhibit different evolutionary patterns across species. In our study, we 300 

systematically searched for plant RGAs across twelve apple genomes, employing 301 

RGAugury (Li et al. 2016), NLR-annotator (Steuernagel et al. 2020) and DeepLRR 302 

(Liu et al. 2022). These RGAs were classified into eleven families based on protein 303 

domains, namely CN, CNL, NBS, NL, TN, TNL, TX, RLK, RLP, RPW8-X, and 304 

TM-CC (see the method for specific classifications). Our analysis revealed a range of 305 
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1,012 to 1,309 RGAs in each of the twelve genomes from both wild and cultivated 306 

apples (Supplementary Fig. S13). Notably, cultivated apples exhibited a significantly 307 

higher number of RGAs compared to their wild counterparts (Fig. 3, A and B). Some 308 

types of RGAs, such as TNL, were more prevalent in cultivated apples, averaging a 309 

29.8% increase over wild apples (Fig. 3A, Supplementary Table S13). On average, 310 

TM-CC was the most abundant, accounting for 25.9% of all RGAs, followed by RLK 311 

(20.5%) and TNL (13.61%). The least abundant were RPW8-X (1.15%), CN (1.25%), 312 

and TN (2.18%) (Supplementary Table S13). Furthermore, we demonstrated the 313 

distribution characteristics of RGAs on each chromosome in both wild and cultivated 314 

apples (Fig. 3C, Supplementary Fig. S14). On average, chromosomes 2, 5, 10, 15, 315 

and 11 harbored 9.2%, 9.1%, 9.0%, 7.9%, and 7.9% of the anchored RGAs, 316 

respectively. In contrast, chromosomes 6, 12, 13, 14, and 16 contained only 4.4%, 317 

4.2%, 2.9%, 4.2%, and 3.1% RGAs, respectively (Supplementary Table S14). The 318 

distribution pattern was consistent with that reported in previous studies (Singh et al. 319 

2021). Certain specific RGAs have been validated, such as the MdRNL6, known for 320 

its contribution to broad-spectrum fungal resistance in apples (Perazzolli et al. 2014) 321 

(Supplementary Table S15). 322 

Generally, the NLR gene arrangement patterns were clustered or head-to-head (paired) 323 

(Van et al. 2019). Compared to wild apples, cultivated varieties exhibited a higher 324 

number of both NLR gene clusters and pairs (Fig. 3B, Supplementary Table S16). 325 

Furthermore, integrating all RGAs identified per genome with pan-genomic results 326 

revealed that 58.1% of these RGAs were core genes, 38.8% were dispensable genes, 327 

and 3.1% were private genes (Supplementary Table S13). Overall, genetic 328 

recombination resulting from ancestral hybridization has played a significant role in 329 

diversifying the genetic structures of RGAs in both wild and domesticated apple 330 

varieties. To study the dynamic patterns of NLR genes in wild and cultivated apples 331 

and their relationship with gene duplication, we constructed a phylogenetic tree based 332 

on the protein sequences of different types of NLR genes. It has been observed that 333 

gene duplication was more prevalent in cultivated species than in their wild relatives 334 
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within the same phylogenetic branch, suggesting that gene duplication contributes 335 

significantly to the enhanced accumulation of NLR genes in cultivated apples 336 

(Supplementary Fig. S15). Furthermore, we analyzed the duplication types of RGAs 337 

in both cultivated and wild apples based on the location of RGAs on the genome. An 338 

average of approximately 33.4% of RGAs underwent whole-genome/segmental 339 

duplications (WGD), while 25.3% of RGAs experienced dispersed duplication events 340 

(Fig. 3D). Tandem and proximal duplication events accounted for 24.4% and 7.9% of 341 

all duplication events, respectively. Additionally, we observed differences in RGA 342 

classes associated with various duplication events. For example, most CNL genes 343 

were preserved through tandem duplications, whereas RLK genes predominantly 344 

underwent segmental duplications (Fig. 3D). Comparing the duplication types of 345 

RGAs between cultivated and wild apples, we observed that in cultivated apples, TNL, 346 

TX, and RLP genes showed a significant increase in proximal duplication events. 347 

NBS and TNL genes exhibited a significant increase in dispersed duplication events, 348 

while RLK and CN genes were significantly amplified through segmental and tandem 349 

duplications, respectively. In contrast, a significant increase in the number of TM-CC 350 

was observed exclusively in wild apples when in a singleton state. Moreover, SVs, 351 

particularly deletions and insertions, were identified as key mechanisms impacting 352 

RGAs. On average, TNL, CNL, NL, and TM-CC were most affected by SVs, with 353 

proportions of 41%, 39%, 37.2%, and 37.1%, respectively, whereas TX genes were 354 

the least affected, at 21.3% (Fig. 3E). 355 

 356 

Evolution and introgression of RGAs between cultivated and wild apples 357 

To further investigate the differences in RGAs content between wild and 358 

domesticated apples, RGAs from twelve genomes were classified into 1,182 families. 359 

Certain RGAs families were present in cultivated apples but absent in their wild 360 

counterparts. For instance, the OG0000045 gene family experienced an expansion in 361 

the Msy and all cultivated genomes, but it was absent in Msi and Mba (Fig. 3F). This 362 

suggested that RGAs of cultivars may have originated from Msy, highlighting a 363 
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selective genetic adaptation in cultivated species. Moreover, the RGAs have expanded 364 

in cultivars; for instance, the resistance gene N, which mediates resistance to the 365 

tobacco mosaic virus (TMV), is present in 2-3 copies in cultivated species compared 366 

to only one copy in the two wild species (Supplementary Table S17). 367 

Previous studies proposed that Malus domestica originated from Msi and later 368 

incorporated substantial genetic contributions from Msy (Cornille et al. 2012). 369 

Additionally, the possibility of genetic introgression from other wild Malus species 370 

implies a complex domestication history. To uncover the origins of RGAs in 371 

cultivated apples, we performed homologous sequence comparisons with wild 372 

relatives, aiming to identify the ancestral species contributing most significantly to the 373 

RGAs content in cultivated species. Comparative analysis of the four genomes 374 

revealed 474 (GD, Msi, Msy, and Mba) and 479 (Gala, Msi, Msy, and Mba) common 375 

RGAs (Fig. 4A).  376 

In the scenarios lacking common RGAs, GD exhibited a 39.8% overlap of RGAs with 377 

Msi, which was slightly lower than the 40.0% shared with Msy, and higher than the 378 

32.3% overlap with Mba. It has been suggested that the predominant contribution of 379 

RGAs from Msi and Msy in their hybridization with cultivated apple species (Fig. 380 

4B). Gala showed a higher proportion of RGAs (39.5%) with Msy compared to 38.9% 381 

with Msi and 31.5% with Mba, suggesting a more significant exchange of RGAs with 382 

Msy. 383 

Mba, known for disease resistance and cold tolerance, is frequently hybridized with 384 

cultivars to enhance the disease resistance of fruit trees (Cornille et al. 2012; Chen et 385 

al. 2019). However, the precise integration of the resistance genes into cultivars and 386 

their chromosomal locations in the introgressed segments had remained unidentified. 387 

In our study, we selected genomes from three wild (Msi, Msy, and Mba) species and 388 

the cultivated apple (GD) for collinear sequence alignment. A genomic fragment 389 

(Chr02: 3,001,525-3,195,910bp) in the GDT2T_hap1 genome, closely matching Mba 390 

and distinct from Msi and Msy, suggested potential introgression from Mba (Fig. 4C). 391 

To verify the hypothetical introgression event, we calculated the genetic distances 392 
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between the syntenic regions of Msi, Msy, and Mba relative to the GD genome. 393 

Consistent with previous findings, there were significant divergences between the two 394 

haplotypes of GD across chromosomes corresponding to the hybrid origin of the 395 

wild-species alleles (Sun et al. 2020) (Fig. 4D). However, some chromosome regions 396 

of Mba displayed a closer genetic divergence to the GDT2T_hap1 genome. 397 

Specifically, within a 100 kb region, GD showed significant genetic divergence 398 

between its two haplotypes. However, the genetic distance between GDT2T_hap1 and 399 

Mba reduced to 0.67. This region also showed a large genetic divergence between GD 400 

and the other two wild species (Fig. 4D, Supplementary Table S18), suggesting 401 

potential introgression from Mba into cultivated apples and consequent RGAs 402 

expansion. In this introgressed fragment, we identified two genes that specifically 403 

introgressed from Mba into GD, as the TNL and NL types (MDgdA02G000320 and 404 

MDgdA02G000324), but 10 amino acids were altered in both of them during 405 

long-term introgression. By comparing these two putative introgressed genes with 406 

grape homologous gene families, we found that one of the homologous genes 407 

(MDgdA02G000320) has the closest phylogenetic relationship to genes that have been 408 

verified to be associated with downy mildew in grapes (Feechan et al. 2013) 409 

(Supplementary Table S19, Supplementary Fig. S16). Furthermore, 10 amino acid 410 

alterations were identified in the MDgdA02G000320. However, functional 411 

annotations indicated that 91.7% of the SNP mutations in the gene had moderate to 412 

minor effects on proteins, suggesting that this gene may have played similar roles in 413 

apples (Supplementary Table S20). 414 

 415 

Discussion 416 

Modern apple growers focus on producing cultivars that meet the specific needs of the 417 

apple industry, such as high nutritional value, disease resistance, and ecological 418 

adaptability (Duan et al. 2017; Zheng et al. 2020; Liao et al. 2021; Lin et al. 2023). 419 

Due to the long juvenile period of apple trees, traditional breeding techniques such as 420 

repeated backcrossing are extremely time-consuming (Luo et al. 2020), which 421 
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emphasizes the need for effective breeding strategies for apples (O’Rourke 2021). In 422 

our research, we provide a haplotype-resolved reference genome for apples. Our 423 

analyses revealed the expansion of RGAs in cultivated apples by employing 424 

pangenome analysis, providing insights into changes in gene function during 425 

domestication and accelerating the integration of wild species into apple breeding. 426 

 427 

A haplotype-resolved T2T reference genome for apple genetics and breeding 428 

At the molecular level, a high-quality reference genome is indispensable for 429 

uncovering traits and facilitating genetic enhancement (Lin et al. 2023). Despite the 430 

release and subsequent updates of the Golden Delicious genome since 2010, 431 

limitations in sequencing technology and assembly algorithms have led to incomplete 432 

assemblies (Velasco et al. 2010). The development of third-generation sequencing 433 

technology, especially the combination of high-continuity ONT ultra-long sequencing 434 

and high-accuracy HiFi sequencing, has overcome the assembly problems of 435 

centromeres and highly repetitive regions. In this study, we have successfully 436 

constructed a haplotype-resolved T2T reference genome, correcting many 437 

misassembles present in the GDDH13 and filling all chromosomal gaps. This 438 

enhanced assembly enabled the identification of several genes not present in the 439 

earlier version, which are significantly enriched in protein deacetylation and cellular 440 

growth processes. Given the long history of hybridization and clonal reproduction of 441 

apples as perennial crops, our investigation uncovered the presence of hemizygous 442 

genes within the GD genome (Zhou et al. 2019; Sun et al. 2020). The results indicate 443 

that 7.5% of the genes exhibit a hemizygous state, and were significantly enriched in 444 

important biological processes, such as protein phosphorylation, defense response, 445 

and phosphoenolpyruvate transport, which may lead to changes in apple agronomic 446 

traits or resistance. This ratio is lower than the 15.5% reported by Zhou et al. (2019) 447 

in grapes, but it exceeds the results observed in several potato accessions (Tang et al. 448 

2022). Overall, the completed genome assembly stands as a foundational reference for 449 
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further apple research and offers valuable genetic insights for evolutionary studies and 450 

advancements in apple breeding. 451 

 452 

Pangenome reveals gene gain/loss during apple domestication 453 

Domestication can modify the phenotype and genome of various crops through 454 

selection (Liao et al. 2023). Comprehending the population genetics of crop 455 

domestication is pivotal for advancing genetics (Varshney et al. 2020; Liao et al. 456 

2023). The pangenome is a powerful method for uncovering gene content alterations 457 

throughout the domestication of apples and for identifying structural variations with 458 

reduced reference bias (Li et al. 2022a; Li et al. 2023; Wang et al. 2023). Our 459 

pangenome analyses in this study have shed light on the impact of domestication on 460 

gene content, with effects predominantly centered around cellular respiration, energy 461 

procurement mechanisms, and various secondary metabolic pathways. Compared with 462 

cultivated species, expanded genes in wild species enriched in metabolite synthesis 463 

pathways, echoing recent observations by Wang et al. (2023). Despite the varying 464 

completeness of genomes in our constructed pangenome, we endeavor to minimize 465 

the bias from incomplete genomes. For a more accurate exploration of gene pool 466 

diversity between wild and cultivated apples, future pangenome construction should 467 

prioritize incorporating a broader range of more complete genomes. In a deeper 468 

exploration of genomic architecture, we found a large inversion fixed on chromosome 469 

11 in the wild apples. This implies that in the process of domestication, hybridization 470 

events and subsequent recombination processes can engender SVs (Baurens et al. 471 

2019). Such SVs hold the potential to drive both the loss and expansion of resistance 472 

genes within both wild and domesticated populations, resulting in changes in 473 

population adaptability to pathogens and environments (Long et al. 2024). 474 

In recent years, studying the disease resistance mechanism of wild and cultivated 475 

germplasm has become crucial for apple breeding and improvement (Bus et al., 2011; 476 

Caffier et al., 2016). In this study, the numbers of RGAs were significantly higher in 477 

cultivated apples than in wild apples. However, among eleven different types of 478 
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RGAs, only five categories showed a significant increase in cultivars compared to 479 

wild species. These results can be attributed to the unique naturally controlled habitats 480 

and disease pressures of wild and domesticated plants, where cultivation practices 481 

favor the emergence of novel host-specific pathogens and their strains, resulting in 482 

human-driven selection for an increased number of resistance genes (McDonald and 483 

Stukenbrock 2016). The non-random distribution of various RGA classes across 484 

chromosomes appears to be an outcome of the domestication process in perennial 485 

species, which enhances selection in some genomic regions associated with specific 486 

diseases and environmental adaptations (Li et al. 2011). We discovered that most 487 

RGAs were amplified through segmental, dispersed, and tandem duplication events. 488 

This pattern is consistent with the notion that disease and selection pressures have 489 

driven the expansion of NLR genes through both proximal and tandem duplication 490 

events (Zhang et al. 2019; Sun et al. 2020). 491 

 492 

Introgression from wild apples empowers disease resistance in apple breeding 493 

It is well-known that the domestication of apples has been largely driven by 494 

interspecific hybridization (Lee et al. 2003). In previous studies, several 495 

disease-resistance genes implemented in commercial apple breeding were introduced 496 

from wild Malus species (Peil et al. 2007). In our study, the RGAs of cultivated 497 

apples (GD and Gala) were derived from Msy and Msi in almost equal proportions, 498 

indicating that RGAs were retained during hybridization in these two wild ancestors. 499 

We also observed a few shared RGAs specific to Mba with GD and Gala. Therefore, 500 

we used Mba in the comparative analysis to explore whether the RGAs were 501 

introduced into the cultivars (GD and Gala) from Mba. Gene introgression frequently 502 

occurs in perennial crops like apples, driven by short divergence times and incomplete 503 

reproductive isolation between modern crops and their wild relatives (Wang et al., 504 

2023; Chen et al. 2021). Through comparative genomics and genetic distance analysis 505 

between GD and wild apple species, we identified a genomic segment containing two 506 

resistance genes in the GDT2T_hap1 that resulted from Mba introgression. Sequence 507 
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analysis showed that one of the introgressed genes showed 98.6% sequence similarity 508 

between wild and cultivated varieties, the significant similarity confirms the 509 

introgression event. Notably, the homolog of the TNL type confers resistance to 510 

powdery mildew and downy mildew in grapes, demonstrating that the introgression of 511 

resistance genes may enhance the disease resistance of cultivated varieties (Feechan et 512 

al. 2013). Overall, incorporating wild apple genetic resources into apple breeding 513 

programs to select disease- and cold-resistant varieties may be relevant to sustainable 514 

apple production (Morales-Cruz et al. 2023). Moreover, by combining rootstocks with 515 

grafted selections, we can pyramid several disease-resistance alleles from different 516 

sources to create elite breeding parental lines (Luo et al. 2020). 517 

 518 

Materials and Methods 519 

Plant materials and sample collection 520 

Fresh and healthy leaf tissue was collected from Malus domestica cv. ‘Golden 521 

Delicious’ apple trees, in Wuwei, Gansu Province, China, and immediately preserved 522 

using liquid nitrogen. These materials were packaged for HiFi, ONT ultra-long, and 523 

Hi-C sequencing, respectively, and subsequently submitted to the company for 524 

genomic DNA extraction and library preparation. 525 

 526 

Library preparation and DNA sequencing 527 

High-molecular-weight genomic DNAs were isolated using the DNeasy Plant Mini kit 528 

(Qiagen) following the Isolation of high-molecular-weight genomic DNAs using the 529 

DNeasy Plant Mini kit (Qiagen) according to the manufacturer’s instructions. For 530 

PacBio HiFi sequencing, a single-molecule real-time cell was sequenced on the 531 

PacBio Sequel II platform using CCS with default parameters. For ONT ultra-long 532 

sequencing, the library was prepared with the Oxford Nanopore SQK-LSK109 kit and 533 

then sequenced on the PromethION ONT platform. Hi-C libraries were generated by 534 

digesting samples with the DpnII restriction enzyme and constructing them using a 535 

standard Hi-C protocol. Subsequently, these Hi-C libraries were sequenced on the 536 

Illumina HiSeq X Ten platform. 537 
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 538 

Genome assembly and quality assessment 539 

GenomeScope2.0 (Ranallo-Benavidez et al. 2020) was utilized to estimate the 540 

genome’s heterozygosity through a k-mer-based approach. The genome was de novo 541 

assembled using HiFi reads and Hi-C reads in combination with Hifiasm (v0.16) 542 

(Cheng et al. 2021). The initial output of Hifiasm produced a pair of components 543 

named p_ctg, including the phased haplotypes. Subsequently, two 544 

pseudochromosomes were constructed, validated, grouped, and anchored with Hi-C 545 

reads using Juicer (v1.5) (Durand et al. 2016) and 3D-DNA (v180922) (Dudchenko et 546 

al. 2017). An interactive heatmap of the two haplotypes was manually edited using 547 

Juicebox (v1.11.08) (Durand et al. 2016). The gap information of 548 

pseudochromosomes was detected with a Python script (getgaps.py). The ONT 549 

ultra-long reads were assembled by NextDenovo (v2.4.0). We manually adjusted the 550 

assembly by assembled contigs as well as ONT reads, which were mapped to the 551 

genome assembly by Minimap2 (v2.24) (Li 2018) and visualized in Integrated 552 

Genomics Viewer (IGV v2.12.3) software to observe whether the gap regions were 553 

supported by reads (Shi et al. 2023). The most consistent sequence was applied to 554 

manually replace the corresponding gap-joining sequence. Eventually, two gap-free 555 

haplotypes of the GD assembly of all 17 chromosomes were obtained. 556 

The haplotype-resolved T2T genome of GD was validated using the KAT program 557 

(Mapleson et al. 2017) confirming the successful assembly of both haplotypes. 558 

Genome quality and completeness were assessed using Benchmarking Universal 559 

Single-Copy Orthologs (BUSCO) (v5.2.2) (Simão et al. 2015) with the 560 

‘eudicots_odb10’ database. To detect switch error and hamming error in our 561 

phased-genome assembly, we used a pipeline ‘calc_switchErr’ 562 

(https://github.com/tangerzhang/calc_switchErr), relying on a ‘true’ phased SNP 563 

dataset generated using HiFi and Hi-C reads. N50 was used to assess the integrity and 564 

continuity of genome assembly, respectively. The raw reads were mapped to the final 565 

assembly to estimate the mapping rate and used SAMtools (v1.9) (Danecek et al. 566 
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2021) to calculate. Hi-C data were visualized and checked using Juicebox. We 567 

collected published SNP map information (Di Pierro et al. 2016). The genetic map 568 

was anchored to the syntenic information of the GDT2T_hap1 genome using 569 

ALLMAPS (Tang et al. 2015). 570 

 571 

Annotation of genes and transposable elements 572 

RNA-sequencing data (SRR10821819, SRR10821824, SRR13867877, SRR12533153, 573 

SRR14225143, SRR9887260) were downloaded from the National Center for 574 

Biotechnology Information (NCBI) and encompassed leaf, root, and fruit tissues. The 575 

raw reads underwent quality filtering using Trimmomatic (v0.39) (Bolger et al. 2014). 576 

Transcriptome assembly was performed using HISAT2 (v2.2.1) (Kim et al. 2019) and 577 

StringTie (v2.1.7) (Pertea et al. 2015). For gene annotation, we followed the pipeline 578 

in the Genome-Wide-Annotation-Pipeline 579 

(https://github.com/unavailable-2374/Genome-Wide-Annotation-Pipeline). For gene 580 

functional annotation, InterProScan (v5.29) was applied to predict potential protein 581 

domains, based on sequence signatures. The transposable elements were identified by 582 

the Extensive De-Novo TE Annotator (EDTA, v2.0.0) with default parameters (Ou et 583 

al. 2019). 584 

 585 

The identification of telomeres and centromeres 586 

The telomere repeat units were explored by using the Telomere Identification toolkit 587 

(TIDK v0.2.0) (https://github.com/tolkit/telomeric-identifier) with the ‘tidk explore’ 588 

function. The entire genome was then further searched using the ‘tidk search’ function. 589 

Telomere statistics were generated based on TIDK plots. For centromere localization, 590 

we roughly determined their locations using the abundance of different types of TE 591 

across chromosomes. We downloaded HODOR repeat sequences and compared their 592 

genomic distribution between two haplotypes to validate the accuracy of centromere 593 

boundaries (Daccord et al. 2017). Data analysis and visualization were completed 594 

using IGV (v2.12.3). 595 
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 596 

Genome comparison and synteny analysis 597 

Whole-genome alignment was conducted between the assembled sequences 598 

(GDT2T_hap1 and GDT2T_hap2) and GDDH13 using MUMmer (v4.0.0) with 599 

parameters ‘NUCmer -c 90 -l 40’ (Marçais et al. 2018). The alignment blocks were 600 

then subjected to a filtration process using ‘delta-filter’ in the one-to-one alignment 601 

mode (-1). Detailed comparison results were extracted using the parameters 602 

‘show-coords -T -q -H’. Meanwhile, Synteny and Rearrangement Identifier (SyRI) 603 

(Goel et al. 2019) was used to identify collinear orthologs and structural 604 

rearrangements. Graphical representations were produced using Plotsr (Goel and 605 

Schneeberger 2022). 606 

To detect structural variants (SVs) in the seven accessions, long reads were mapped to 607 

the GDT2T_hap1 genome via Minimap2 (v2.24) with the parameters ‘minimap2 -ax 608 

map-pb/minimap2 -ax map-hifi’. Variant calling was performed using four callers: 609 

Sniffles (v2.0.7) (Sedlazeck et al. 2018), SVIM (v1.4.2) (Heller and Vingron 2019), 610 

CuteSV (v1.0.13) (Jiang et al. 2020), and PBSV (v2.8.0) 611 

(https://github.com/PacificBiosciences/pbsv) all set to default parameters. Merging of 612 

all SVs from different callers was conducted using SURVIVOR (v1.0.6) (Jeffares et 613 

al. 2017). Finally, BCFtools (v1.9) (http://github.com/samtools/bcftools) was utilized 614 

to filter SVs across all samples, focusing on variants. 615 

 616 

Identification of specific genes and hemizygous genes 617 

We used DIAMOND (v0.9.24) (Buchfink et al. 2015) software to perform all-vs-all 618 

sequence alignment on the input sequences. The parameter was ‘diamond blastp -d 619 

$db -q $data -k 1 -e 0.00001’. To identify the hemizygous genes in GD, we employed 620 

Minimap2 (v2.24) to map HiFi reads to the GDT2T_hap1 genome. Subsequently, 621 

Sniffles (v2.0.7) with default parameters (Sedlazeck et al. 2018) was utilized for 622 

detecting variations. Filter using the following criteria: length ≥ 50 bp, quality ≥ 60, 623 

PASS and PRECISE. These results were consolidated into heterozygous SVs. Genes 624 
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entirely overlapping with these deletions were classified as hemizygous genes (Zhou 625 

et al. 2019). To understand the functionalities of these hemizygous genes, we 626 

conducted a GO enrichment analysis and visualized it (Shi et al. 2023). 627 

 628 

Analyses of the pan-genome 629 

For the pan-genomic analyses, ten genomes along with their sequencing reads were 630 

obtained from public databases (Supplementary Table S8). Within these genomes, 631 

Malus baccata was aligned and oriented to chromosomes utilizing the 632 

reference-guided software RagTag (Alonge et al. 2022), with GDDH13 serving as the 633 

reference genome. We used liftoff to update the annotation files of all genomes to 634 

ensure the same annotation process (Shumate and Salzberg 2021). We used GTX to 635 

call SNPs from the resequencing data of 38 samples (v2.2.1) 636 

(http://www.gtxlab.com/product/cat) with GD_hap1 as the reference, and then PLINK 637 

(v1.90b6.21) (Purcell et al. 2007) was used for principal component analysis (PCA) 638 

analysis (Cornille et al. 2012). Gene family analysis was performed using 639 

OrthoFinder (v2.5.2) (Emms and Kelly 2019) based on the longest proteins of the 640 

seven accessions. Single-copy orthologous genes were extracted and aligned, and then 641 

RAxML was used to construct a phylogenetic tree with pear as the outgroup (Sun et al. 642 

2023). The identified gene clusters were categorized into three groups: core (present 643 

in seven accessions), dispensable genes (present in five accessions), and private gene 644 

clusters (present in one accession). Syntenic gene pairs were identified using 645 

MCscanX (Wang et al. 2012), and Perl scripts (add_ka_and_ks_to_collinearity.pl) 646 

utilized for calculating the synonymous (dS) and nonsynonymous (dN) substitution 647 

rates within the gene clusters, determining the dN/dS ratios. 648 

 649 

Identification and classification of RGAs 650 

NLR-annotator (v2.1) was used to detect genomic fragments containing putative 651 

nucleotide-binding domains and leucine-rich repeat (NLR) genes in each genome 652 

(Steuernagel et al. 2020). Subsequently, the RGAugury (v2.2) (Li et al. 2016) pipeline 653 
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classified putative nucleotide-binding site (NB-ARC) domain-encoding genes into 654 

various subgroups based on domain and motif structures. These subgroups included 655 

NBS (NB-ARC), TN (Toll/interleukin-1 receptor (TIR) and NB-ARC), CN 656 

(coiled-coil (CC) and NB-ARC), CNL (CC, NB-ARC and LRR), NL (NB-ARC and 657 

leucine-rich repeat (LRR)), TNL (TIR, NB-ARC and LRR), TX (TIR-X), RPW8-X 658 

(RPW8-like), TM-CC (transmembrane and coiled-coil) (Van de Weyer et al. 2019). 659 

Notably, the presence of only LRR or CC motifs was not considered sufficient for 660 

NLR identification. Lastly, DeepLRR was utilized to detect leucine-rich repeats 661 

containing RLKs (LRR-RLKs), and leucine-rich repeats containing RLPs (LRR-RLPs) 662 

(Liu et al. 2022). These identified RGAs were subsequently merged and their 663 

distribution across chromosomes was visualized using RIdeogram (Hao et al. 2020). 664 

Paired NLR genes were defined as two NLR genes separated by no more than two 665 

non-NLR genes. If three or more genes were ‘paired’, they were classified as a gene 666 

cluster. A python script was then employed to count the number of clustered and 667 

paired NLRs in each genome. Based on the GO database (http://geneontology.org/), 668 

we conducted the background GO-Terms using whole genome proteins. The GO 669 

enrichment analysis was performed by clusterProfiler (v4.0) (Wu et al. 2021) and 670 

using a test threshold of FDR < 0.05. All P-values obtained by Student’s t tests 671 

(one-tailed) are indicated. 672 

 673 

The impact of duplication events and structural variation on RGAs 674 

We utilized the ‘intersect’ command embedded in BEDTools (v2.29.2) to determine 675 

the impact of SVs on RGAs in each genome by comparing their positions with SVs 676 

(Quinlan and Hall 2010). We used ‘duplicate_gene_classifier’ in McscanX software 677 

to detect duplication events of different RGAs. We applied the Mann-Whitney U test 678 

to evaluate statistically significant differences in the numbers of gene families 679 

between wild and cultivated apple species. Protein sequences from the RGAs were 680 

aligned using MUSCLE (v3.8.31) (Edgar 2004) with the default parameter. 681 

Alignment results were then fed to IQ-TREE (v1.6.12) (Nguyen et al. 2015) for 682 
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phylogenetic tree construction. The SNPs on homologous genes were annotated using 683 

snpEff (v5.2) (Cingolani et al. 2012) with default parameters, based on the gene 684 

annotation for the GDT2T_hap1 genome. 685 

 686 

Genetic contribution of wild progenitors to the cultivar apple 687 

Genes of the merged two haplotypes were filtered using CD-HIT (v4.8.1) (option: -c 688 

0.9) (Li and Godzik 2006), followed by the analysis of homologous genes between 689 

wild and cultivated species using MCScanX. Venn diagrams were generated via the 690 

‘ggvenn’ (R package) for visual representation. We performed genome-wide 691 

comparisons for each genome using specified parameters ‘nucmer -g 5000 -b 1000 -L 692 

10000 -t 15’. The collinearity of six haplotypes was illustrated using Plotsr. To infer 693 

the genetic contribution of the three wild ancestors to GDT2T_hap1, we projected the 694 

consensus genome fragment of all wild species onto GDT2T_hap1 and used distmat 695 

(https://www.bioinformatics.nl/cgi-bin/emboss/distmat) to calculate genetic 696 

divergence. Subsequently, a Jukes-Cantor correction was applied to each 697 

non-overlapping 50kb window on the GDT2T_hap1 and GDT2T_hap2. The genetic 698 

origins of each window of cultivated apples were matched to Msi, Msy, and Mba 699 

based on lower variance values. Sequence alignments of candidate proteins were 700 

conducted using ClustalW in MEGA11 (Tamura et al. 2021), and sequence 701 

visualization was accomplished using GeneDoc (vgd322700) (KB 1997). 702 

 703 

Accession Numbers 704 

Sequence data and gene name from this article can be found in the GDR 705 

(https://www.rosaceae.org/species/malus/all). 706 

 707 

Supplementary Data 708 

Supplementary Figure S1. Assessment of ‘Golden Delicious’ genome size and 709 

heterozygosity by k-mer.  710 
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Supplementary Figure S2. K-mer analysis shows comparisons of HiFi reads to the 711 

genome with KAT. 712 

Supplementary Figure S3. A comparison of genomic collinearity between the two 713 

haplotypes of GD and GDDH13, respectively. 714 

Supplementary Figure S4. Comparative analysis of the physical location of 715 

GDT2T_hap1 and the genetic distance of SNP markers in four previously published 716 

genetic maps. 717 

Supplementary Figure S5. Verification of real reads in the inversion region between 718 

GDDH13 and GDT2T_hap1.  719 

Supplementary Figure S6. Verification of real reads in the inversion region between 720 

GDT2T_hap1 and GDT2T_hap2. 721 

Supplementary Figure S7. Sequence alignment of GT7 homologous genes: includes 722 

‘GT7’ (strawberry), ‘XP_008364526.1’ (Malus), ‘GDT2T_hap110g00922’ (GD). 723 

Supplementary Figure S8. Visualization of transposable elements (TEs) and 724 

HODOR repeat sequences across the whole genome using IGV. 725 

Supplementary Figure S9. A demonstration of the hemizygous gene of GD 726 

supported by homozygosity, coverage, and the breakpoints of HiFi reads. 727 

Supplementary Figure S10. Selected apple genome information for pangenome 728 

studies. 729 

Supplementary Figure S11. The landscape of structural variations among wild and 730 

cultivated apples. 731 

Supplementary Figure S12. Inversion map of wild and cultivated apple genomes. 732 

Supplementary Figure S13. Comparison of resistance gene analogs (RGAs) among 733 

different genomes. 734 

Supplementary Figure S14. The distribution plots of RGAs across different 735 

chromosomes. 736 

Supplementary Figure S15. Evolutionary trees of the five classes of RGAs between 737 

wild and cultivated apples. 738 
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Supplementary Figure S16. Comparison of the two introgressed genes from Malus 739 

baccata to GD. 740 

Supplementary Table S1. Summary of sequencing data. 741 

Supplementary Table S2. Functional annotation of genes in the corrected regions of 742 

the GD genome.  743 

Supplementary Table S3. Functional annotation of genes in the newly integrated 744 

region on chromosome 10 of the GDT2T_hap1 genome. 745 

Supplementary Table S4. GO functional annotation of all private genes identified 746 

between the two haplotypes of GD. 747 

Supplementary Table S5. Summary of annotated transposable elements in the two 748 

haplotype-resolved assemblies of GD. 749 

Supplementary Table S6. The telomeres and centromeres identified in the 750 

GDT2T_hap1 and GDT2T_hap2 genomes. 751 

Supplementary Table S7. Structural variations detected by genome alignment 752 

between the two haplotypes of GD. 753 

Supplementary Table S8. Summary of twelve collected apple genomes. 754 

Supplementary Table S9. Statistics on the number of core, dispensable, and private 755 

gene families across seven apple accessions. 756 

Supplementary Table S10. SVs were identified among the eleven apple genomes 757 

using GDT2T_hap1 as the reference genome. 758 

Supplementary Table S11. Inversions were identified in wild and cultivated apples. 759 

Supplementary Table S12. Genes and their functional description in the inversion 760 

region of chromosome 11. 761 

Supplementary Table S13. The identification and classification of RAGs among the 762 

twelve apple genomes. 763 

Supplementary Table S14. Counts of RGAs on different chromosomes in the 764 

genome. 765 

Supplementary Table S15. RGAs that have been functionally verified in previous 766 

studies. 767 
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Supplementary Table S16. The number of NLRs, clustered NLR, and paired NLR 768 

genes in each apple genome. 769 

Supplementary Table S17. Expansion of RGAs in cultivated apples. 770 

Supplementary Table S18. Genetic distance between GD and three wild apples. 771 

Supplementary Table S19. Description of genes on GD genome introgression 772 

fragments. 773 

Supplementary Table S20. Annotation information of mutations on the introgressed 774 

gene MDgdA02G000320. 775 
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Table 1. A comparison of genomic features of GDDH13 and 810 

GDT2T_hap1/GDT2T_hap2 reference genomes. 811 

Assembly GDDH13 GDT2T_hap1 GDT2T_hap2 

Length of assembled contigs (bp)  - 663,491,465 663,492,220 

Contig N50 (bp) 620,000 37,717,778 34,588,713 

Contig BUSCO (%) - 98.3 98.9 

Length of assembled contigs (bp)  - 650,653,859 644693502 

Scaffold N50 (bp) 5,500,000 37,717,778 36,267,156 

Longest scaffold (bp) - 56,139,794 54,725,691 

Scaffold gaps (>1bp) 3109 9 10 

Number of gaps 3109 0 0 

Final genome size (bp) 656,833,168 650,775,246 644,751,625 

HiFi mapping rate (%) - 99.5 99.5 

Genome BUSCO (%) 96.8 98.7 98.6 

GC content (%) 33.55 38.08 38.05 

Number of telomeres - 29/34 29/34 

Number of centromeres - 17 17 

Protein-coding genes 42,140 44,375 44,304 

Number of transcripts 52,741 63,512 63,437 

mRNA BUSCO (%) 94.9 96.6 97.0 

Proteins BUSCO (%) 94.9 96.4 97.0 

TE (%) 57.3 61.5 61.5 

‘-’, no data in the original publication. 812 
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Figure Legends 814 

Figure 1. The haplotype-resolved T2T reference genome of the Malus domestica cv. 815 

Golden Delicious (GDT2T). A) The image of GD. B) Anatomy image of GD. The 816 

image was digitally extracted for comparison. C) Comparative genomics between 817 

GDDH13 and two haplotypes of GDT2T. The purple distribution map shows the gene 818 

density of GDT2T haplotype 1. Two large inversions (orange color) on chromosomes 819 

1 and 2 indicate the resolution of assembly errors present in GDDH13. The red box on 820 

chromosome 10 indicates enhanced completeness of the new assembly. D) Hi-C 821 

interaction matrix based on the GD diploid assemblies. E) Multiple genes are located 822 

in the insertion region on chromosome 10 of GDT2T_hap1 as compared to GDDH13. 823 

F) GO terms of the hemizygous genes. 824 

Figure 2. Pangenome across seven apple species. A) Phylogenetic relationships and 825 

presence/absence of pan-gene families across seven accessions. Seven accessions: 826 

Malus sieversii (Msi), Malus sylvestris (Msy), Malus baccata (Mba), HFTH1, 827 

Honeycrisp (HC), Gala, Golden delicious (GD). B) Distribution of the number of 828 

pan/core gene families for each additional apple genome. C) Histogram shows the 829 

number of gene families with different frequencies in the seven genomes. The pie 830 

chart shows the proportions of different gene family categories. D) Violin plot of 831 

dN/dS distribution in the core, dispensable, and private gene clusters. E) The 832 

percentage of the three gene clusters with and without protein domain annotations. F) 833 

GO analysis of expanded gene families in cultivated (CV) species. G) GO analysis of 834 

expanded gene families in wild species.  835 

Figure 3. Genome-wide detection of resistance gene analogs (RGAs) across wild and 836 

cultivated (CV) species. A) Counts of each category in the classification of RGAs 837 

based on protein domains. RPW8-X, RPW8-like; CN, CC-NB; TN, TIR-NB; NBS, 838 

NB domain only; NL, NB-LRR; TX, TIR-X; TNL, TIR-NB-LRR; RLP, LRR-RLPs; 839 

CNL, CC-NB-LRR; RLK, LRR-RLKs; TM-CC, transmembrane-CC (see Methods). 840 

B) Number of RGAs, clustered NLR, clustered genes, paired NLR and paired genes in 841 

wild and cultivated species. The upper and lower edges of the boxes represent the 75% 842 
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and 25% quartiles, respectively, while the central line denotes the median. C) 843 

Diversity distribution of different RGA types across chromosome 1. Different 844 

categories of RGAs are displayed with triangles of various colors. D) Counts of five 845 

duplication events for RGAs of wild and cultivated species. Significant P-values 846 

between RGAs in wild and cultivated apples: *P < 0.05. **P < 0.01. All P-values 847 

obtained by Student’s t-tests are indicated. E) The proportion of four classifications of 848 

structure variations in the genomic region (2 kb) near RGAs. DEL, deletion; DUP, 849 

duplication; INV, inversion; INS, insertion. F) Comparative heatmap of RGAs 850 

families between wild and cultivated species. 851 

Figure 4. Comparative and introgression analyses of RGAs in wild and cultivated 852 

apples. A-B) The Venn diagram shows the shared and unique RGAs between three 853 

wild and one cultivated apple. A: Golden Delicious (GD) with Malus sieversii (Msi), 854 

Malus sylvestris (Msy) and Malus baccata (Mba). B: Gala with Msi, Msy, and Mba. 855 

C) Alignment analysis of genome collinearity among six haplotypes. Different RGA 856 

classes are represented by different colored triangle patterns. The red box and arrow 857 

indicate the potential introgression of a gene fragment from Mba to GD. D) The upper 858 

panel shows the genetic distance between the two haplotypes of GD. The middle 859 

panel represents the genetic distance between GDT2T_hap1 and the consensus 860 

sequences of Msi, Msy, and Mba. The lower panel represents the genetic distance 861 

between GDT2T_hap2 and the consensus sequences of Msi, Msy and Mba. 862 

Introgressed regions are displayed using gray blocks. 863 
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Figure 1. The haplotype-resolved T2T reference genome of the ‘Golden Delicious’ (GDT2T). A) The 
image of GD. B) Anatomy image of GD. The image were digitally extracted for comparison. C) 
Comparative genomics between GDDH13 and two haplotypes of GDT2T. The purple distribution 
map shows the gene density of GDT2T haplotype 1. Two large inversions on chromosomes (chr) 1 
and 2 indicate the resolution of assembly errors present in GDDH13. The red box on chromosome 10 
indicates enhanced completeness of the new assembly. D) Hi-C interaction matrix based on the GD 
diploid assemblies. E) Multiple genes are located in the insertion region on chromosome 10 of 
GDT2T_hap1 compared to GDDH13. F) GO terms of the hemizygous genes. 
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Figure 2. Pangenome across seven apple species. A) Phylogenetic relationships and presence/absence of 
pan-gene families across seven accessions. Seven accessions: Malus sieversii (Msi), Malus sylvestris (Msy), 
Malus baccata (Mba), HFTH1, Honeycrisp (HC), Gala, Golden delicious (GD). B) Distribution of the number 
of pan/core gene families for each additional apple genome. C) Histogram shows the number of gene families 
with different frequencies in the seven genomes. The pie chart shows the proportions of different gene family 
categories. D) Violin plot of dN/dS distribution in the core, dispensable, and private gene clusters. E) The percent-
age of the three gene clusters with and without protein domain annotations. F) GO analysis of expanded gene 
families in cultivated (CV) species. G) GO analysis of expanded gene families in wild species.
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Figure 3
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Figure 3. Genome-wide detection of resistance gene analogs (RGAs) across wild and cultivated (CV) species. 
A) Counts of each category in the classification of RGAs based on protein domains. RPW8-X, RPW8-like; CN, 
CC-NB; TN, TIR-NB; NBS, NB domain only; NL, NB-LRR; TX, TIR-X; TNL, TIR-NB-LRR; RLP, 
LRR-RLPs; CNL, CC-NB-LRR; RLK, LRR-RLKs; TM-CC, transmembrane-CC (see Methods). B) Number of 
RGAs, clustered NLR, clustered genes, paired NLR and paired genes in wild and cultivated species. The upper 
and lower edges of the boxes represent the 75% and 25% quartiles, respectively, while the central line denotes 
the median. C) Diversity distribution of different RGAs types across chromosome 1. Different categories of 
RGAs are displayed with triangles of various colors. D) Counts of five duplication events for RGAs of wild and 
cultivated species. Significant P-values between RGAs in wild and cultivated apples: *P < 0.05. **P < 0.01. All 
p-values obtained by Student’s t-tests are indicated. E) The proportion of four classifications of structure varia-
tions in the genomic region (2 kb) near RGAs. DEL, deletion; DUP, duplication; INV, inversion; INS, insertion. 
F) Comparative heatmap of RGAs families between wild and cultivated species.
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Figure 4. Comparative and introgression analyses of RGAs in wild and cultivated apples. A-B) 
The Venn diagram shows the shared and unique RGAs between three wild and one cultivated apple.  
A: Golden Delicious (GD) with Malus sieversii (Msi), Malus sylvestris (Msy), and Malus baccata 
(Mba). B: Gala with Msi, Msy, and Mba. C) Alignment analysis of genome collinearity among six 
haplotypes. Different RGA classes are represented by different colored triangle patterns. The red box 
and arrow indicate potential introgression of a gene fragment from Mba to GD. D) The upper panel 
shows the genetic distance between the two haplotypes of GD. The middle panel represent the genetic 
distance between GDT2T_hap1 and  the consensus sequences of Msi, Msy, and Mba. The lower panel 
represents the genetic distance between GDT2T_hap2 and the consensus sequences of Msi, Msy, and 
Mba. Introgressed regions are displayed using gray blocks.
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