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2 

ABSTRACT 32 

Plant domestication shapes gene contents between the cultivars and their wild 33 

progenitors. Previously, short-reads and small variants (SNPs, indels and 34 

microsatellites) were mostly used to study grapevine (Vitis vinifera) domestication 35 

processes. Due to the lack of population-level assemblies for both the crop and its 36 

wild progenitors, capturing gene gain and loss caused by large structural variants 37 

remains a challenge. Here, we applied comparative genomic analyses to discover gene 38 

gain and loss during grapevine domestication using long-read assemblies of 39 

representative population samples for both domesticated grapevines (V. vinifera ssp. 40 

vinifera) and their wild progenitors (V. vinifera ssp. sylvestris). Only ~7% of gene 41 

families were shared by 16 Vitis genomes while ~8% of gene families were specific to 42 

each accession, suggesting dramatic variations of gene contents in grapevine 43 

genomes. Compared to wild progenitors, the domesticated accessions possessed more 44 

genes involved in asexual reproduction, while the wild progenitors harbored more 45 

genes related to pollination, revealing the transition from sexual reproduction to 46 

clonal propagation during domestication processes. Moreover, the domesticated 47 

accessions harbored fewer disease-resistance genes than wild progenitors. The 48 

structural variants occurred frequently in aroma and disease-resistance related genes 49 

between domesticated grapevines and wild progenitors, indicating the rapid 50 

diversification of these genes during domestication. Our study provides insights and 51 

resources for biological studies and breeding programs in grapevine. 52 

53 

Keywords: Viticulture, comparative genomics, gained genes, lost genes, aroma, 54 

disease, Vitis 55 
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INTRODUCTION 57 

58 

Plant domestication has been conducted by early farmers since thousands of years 59 

ago, during which the crop wild progenitors were artificially selected for desired 60 

agronomic traits along with moderate to severe bottleneck (Doebley et al., 2006; Gaut 61 

et al., 2018; Huang et al., 2022). The artificial selection aims to select the human-62 

favored traits, leading to the increase of allele frequency, and sometimes even fixation 63 

of the beneficial alleles (Doebley et al., 2006; Gaut et al., 2018). However, at the same 64 

time, domestication brings in deleterious variants in the crop genomes due to genetic 65 

bottleneck, hitchhiking and the relaxation of selection (Gaut et al., 2018). Previous 66 

investigations have revealed the accumulation of deleterious SNP variants (Liu et al., 67 

2017; Zhou et al., 2017; Gaut et al., 2018; Zhang et al., 2021) and large structural 68 

variants (SV, > 50 bp) (Zhou et al., 2019; Kou et al., 2020) in crop genomes. Such 69 

SVs that occurred during domestication could lead to a change in gene content (Zhou 70 

et al., 2019; Tang et al., 2022), leading to the gain and loss of genes in the 71 

domesticated population compared with its wild progenitors. The gained and lost 72 

genes are often associated with important agronomic traits and biotic/abiotic 73 

resistance, which can be used as targets for future crop breeding. For example, flavor 74 

genes were lost during the domestication of tomato  (Solanum lycopersicum) (Zhu et 75 

al., 2018).  76 

77 

The swift development of sequencing technologies and assembly algorithms in past 78 

decades has enabled the comparative analyses of high-quality genome assemblies 79 

based on long-reads sequencing at population level and thus the detection of big SVs 80 

in population samples. For example, the gene presence/absence has been investigated 81 

by long-read based assemblies in domesticated rice (Oryza sativa) (Kou et al., 2020; 82 

Shang et al., 2022), maize (Zea mays) (Hufford et al., 2021), sorghum (Sorghum 83 

bicolor) (Tao et al., 2021), soybean (Glycine max) (Liu et al., 2020), tomato (Zhou et 84 

al., 2022) and potato (Solanum. tuberosum) (Tang et al., 2022) based on the 85 
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comparative genomic analyses, which can efficiently identify the gene gain and loss 86 

caused by big SVs, and thus facilitate crop breeding. 87 

88 

Grapevine (Vitis vinifera) is one of the most economically important fruit crops, 89 

which has a vital impact on human culture, history and humanity. Previous studies on 90 

the origin of grapevine suggested that cultivated grapevines were domesticated from 91 

the Eurasian grapevine (V. vinifera ssp. sylvestris), the wild ancestor of grapevine, 92 

more than 10,000 years ago (Zhou et al., 2017). As a result of domestication, 93 

cultivated grapevines harbor the traits that are beneficial to mankind, including 94 

increased sugar content, enlarged berry and bunch size, pleasant aroma, and reduced 95 

seeds (This et al., 2006; Zhou et al., 2017). Plenty of population genetic analyses have 96 

been conducted and found the changes in genome-wide genetic diversity and artificial 97 

selection at specific genomic regions resulting from domestication (Zhou et al., 2017; 98 

Liang et al., 2019; Zhou et al., 2019). However, the genes gain and loss caused by 99 

large SVs during grapevine domestication still remain unknown, due to the lack of 100 

population long-read sequencing or assemblies.  101 

102 

Here, we first unified 17 chromosome-level grapevine genome assemblies using long-103 

read sequencing, including one outgroup, muscadine (V. rotundifolia, Vmu) and 16 104 

accessions representing three Vitis populations (Table S1). The cultivar population 105 

contained nine representative accessions (V. vinifera ssp. vinifera, hereafter vinifera), 106 

including two table grapes, Black Corinth Seedless, Black Corinth Seeded, and seven 107 

vine grapes, Cabernet Sauvignon, Carménère, Chardonnay, Merlot, Riesling, 108 

Zinfandel, and Pinot Noir. The wild progenitor population included five accessions 109 

(V. vinifera ssp. sylvestris, hereafter sylvestris). The wild relative population has two 110 

samples of grapevine wild relatives, riverbank grape (V. riparia, Vri) and Arizona 111 

grape (V. arizonica, Var). Then, we conducted comparative genomic analyses for the 112 

wild progenitor population, the cultivar population, and all our samples, respectively. 113 

Finally, we explored their gain/loss and gene contents changes from the wild 114 

progenitor population to the cultivar population along with their biological functions. 115 
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Altogether, our results provide highly valuable resources for functional genomic 116 

studies and breeding in grapevine. 117 

118 

RESULTS 119 

Chromosome-level genome assembly and annotation 120 

To investigate the gained and lost genes caused by SVs during grapevine 121 

domestication, we first collected and constructed chromosome-level genome 122 

assemblies for 17 grapevine accessions. Among these accessions, Vmu was regarded 123 

as outgroup of the remaining 16 accessions as previous studies did (Zhou et al., 2017). 124 

The remaining 16 accession, which we referred to Vitis population later, represented 125 

one wild progenitor population, one cultivar population and one wild relative 126 

population. Across these 17 genomes, an average of 11.15 Mb scaffold N50 length 127 

was detected (Table S2). Benchmarking universal single-copy orthologs (BUSCO) 128 

evaluation showed that a mean of 95.08% of the 1614 single-copy Embryophyta 129 

genes were assembled in these genomes’ primary (or haplotype1) assemblies (Fig. 130 

S1), indicating the high credibility of these genomes. Genomic collinearity analysis 131 

revealed an overall high collinearity between our genomes (Fig. S2). Consistent with 132 

previous findings (Cochetel et al., 2021), our results showed that chromosome 20 of 133 

Vmu was collinear with chromosome 7 of Vitis, so we linked chromosome 7 and 134 

chromosome 20 of Vmu for downstream analysis. 135 

136 

In order to eliminate the artificial effects in genome annotations caused by different 137 

pipelines, we used the uniform pipeline for the reannotation of all genomes (see 138 

Methods). As a result, an average of 32824 protein-coding genes were predicted 139 

across the genomes. Since transposable elements (TEs) constitute a large portion of 140 

the genome in many organisms (Wells and Feschotte, 2020), we further explored 141 

whether TEs contributed to the genome size variations during grapevine 142 

domestication. Meanwhile, we also used a general pipeline to reannotate TEs and 143 

found that TEs occupied 46.55% of the genome on average, with Gypsy and Copia 144 

superfamilies being the most numerous TE classes (Fig. S3, Table S3), which were 145 
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consistent with previous study (Zhou et al., 2019). Then we compared the genome 146 

sizes among the wild progenitors, cultivars, and wild relative populations (Fig. S4A). 147 

We found that genome size variations can be primarily explained by the differences in 148 

TEs content (Fig. S4B).  149 

150 

Comparative genomic analyses of cultivated and wild grapes 151 

Firstly, we constructed the gene-based pan-genome of 17 samples by clustering the 152 

predicted gene models from our annotations using the Markov clustering algorithm 153 

(Fig. 1A). Ortholog investigation classified all genes from 17 genomes into 50750 154 

families. The number of pan gene families increased rapidly to a platform with the 155 

increasing genome numbers, while the number of core gene families decreased with a 156 

similar tendency (Fig. 1B), indicating the representativeness of our pan-genome. The 157 

core gene families were defined as gene families presented across more than 15 158 

accessions, while shell gene families were defined as 2-15 accessions and cloud as 159 

only one (Fig. 1C and 1E). The higher Ka/Ks value in cloud genes than core genes 160 

may suggest the functional conservation of the latter (Fig. 1C). Moreover, Gene 161 

Ontology (GO) annotation suggested the 8886 core gene families (17.51% of 50750 162 

families) were mainly enriched in basic molecular functions such as ATP binding, 163 

RNA-directed DNA polymerase activity and protein serine kinase activity (Fig. S5A). 164 

Whereas, the 3970 cloud gene families (7.8%) were mainly enriched in biological 165 

processes, such as proteolysis, DNA integration and DNA recombination (Fig. S5B). 166 

The comparison between the outgroup (Vmu) and the combined Vitis population (n = 167 

16) found that 751 gene families (1.48%) have remarkably more genes in the168 

outgroup, while 479 gene families (0.94%) have remarkably more genes in the Vitis 169 

(Mann-Whitney-Wilcoxon Test, p-value < 0.05). 170 

171 

To explore the changes in gene families during grapevine domestication, we 172 

constructed pan-genomes of the wild progenitor population (n = 5, Fig. S6A and B), 173 

cultivar population (n = 9, Fig. S6C and D) and Vitis population (n = 16, Fig. S6E and 174 

F), respectively. In the wild progenitor population, a total of 20303 gene families 175 
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(52.75% of 50750 families) containing 155294 genes were shared between all 176 

accessions, while 1843 gene families (4.79%) containing 5016 genes were specific to 177 

each accession (Fig. 1E). In the cultivar population, a total of 6289 gene families 178 

(13.62%) consisting of 117335 genes were presented in all accessions (Fig. 1E), the 179 

functions of which were mainly related to cell wall-related process and 180 

photosynthesis-related process (Fig. S7), while 4173 gene families (9.04%) consisting 181 

of 12097 genes were unique to each accession (Fig. 1E), and their functions were 182 

mainly involved in cellular aromatic compound metabolic process (Fig. S7). In the 183 

Vitis population, 3579 gene families (6.98%) consisting of 163284 (23.96%) genes 184 

occurred in all accessions, while 4451 gene families (8.67%) consisting of 10631 185 

(1.56%) genes were private (Fig. 1E).  186 

Furthermore, we compared the gene families contained in the two haplotypes in three 187 

diploid genomes, respectively (Fig. S8). On average, 3725 gene families (20.29%) 188 

were different between two haplotypes of diploid genomes. We also detected the 189 

proportion of hemizygous genes which were defined as the genes that were 190 

surrounded by a heterozygous insertion/deletion variation (Fig. 1D), and found a 191 

comparable results to the gene family analyses and previous analyses in Chardonnay 192 

(Zhou et al., 2019). The proportion of hemizygous genes in all accessions ranged from 193 

14.31% to 18.70%, and the mean hemizygous gene proportion in wild progenitor 194 

population (n = 5, Fig. 1D and Fig. S8) was 16.56%, which is slightly higher than that 195 

in the cultivar population (15.49%, n = 7 with missing long reads of Ries and Vra, 196 

Fig. 1D and Fig. S8).  197 

 198 

Gene gain and loss during grapevine domestication 199 

To study the changes in gene contents during grapevine domestication, we further 200 

analyzed the pan-genome based on the combination of wild progenitors and cultivar 201 

populations (n = 14, Fig. 2A and 2B). GO analysis showed that a total of 2849 gene 202 

families (5.56% of 50750 families), which cultivars have remarkably more members 203 

related to wild progenitors (Mann-Whitney-Wilcoxon Test, p-value < 0.05) or missed 204 

(lost all members) in wild progenitors, were mainly enriched in the biological process 205 
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related to fruit development, carbohydrate derivative metabolic process and callus 206 

formation process which involve in a vital step of grapevine cutting (Jaleta, 2019; 207 

Hussein et al., 2021) (Fig. 2C). Whereas, the wild population has more genes in 1337 208 

families (2.61%) mainly enriched in defense-related process, seed development and 209 

pollen-related function (Fig. 2D). These results are consistent with the fact that most 210 

of the cultivated grape are propagated clonally, while most of the wild grape are 211 

propagated sexually with seeds. Besides, the genes which function mainly enriched in 212 

fruit and carbohydrate derivative metabolic process may reflect the artificial selection 213 

on the fruit size and sugar content during domestication (This et al., 2006; Zhou et al., 214 

2017). Interestingly, we also noted that some GO terms, such as aromatic-related 215 

process and response to biotic stimulus activity, present in not only the cultivar-more 216 

gene families set, but also the wild-more gene families set (Figure 2C and D). These 217 

may reflect divergent mechanisms of the biological processes in wild relatives and 218 

cultivars.  219 

 220 

Within the gene families that have remarkable member change associated with grape 221 

domestication, we explored the contents of aroma-related genes, which have been of 222 

great interest in viticulture and enology. On the basis of aroma genes found in Vcs 223 

(Zhou et al., 2017), we searched their homologous genes within other accessions to 224 

determine aroma genes in the pan-genome. We notice the dramatic changes in gene 225 

numbers in the cultivar and wild progenitor populations (Table S4). In chromosome 226 

16 of Vcs, we showed an example of a locus which contains 30 tightly distributed 227 

aroma related genes within 500 kb. This locus was defined as an aroma gene cluster, 228 

and was further mapped to other accessions to find the homologous region (Table S5). 229 

Collinearity analysis of this cluster showed there were numerous SVs (Fig. 2E and 230 

2F). The aroma related compound in grapevine has high diversity between different 231 

species or cultivars (Ilc et al., 2016; Rahman et al., 2022). Consistent with functional 232 

characterization of cultivar-specific SVs in VviTPS-a, which play a major role on 233 

gene function and floral sesquiterpene profile (Smit et al., 2019), we also detected 234 

SVs in aroma-related gene cluster, which may have been selected during 235 
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domestication. In summary, our results regarding the SVs in the aroma-related gene 236 

cluster and the dramatic variation in gene numbers may reveal the potential molecular 237 

mechanism underlying the diversity of grapevine aroma (Lin et al., 2019). This 238 

information could also provide the candidate materials for further breeding process.  239 

 240 

Resistance gene analogues in the cultivated and wild grapes 241 

Many efforts have been made on investigating the influence of crop domestication on 242 

resistance to biotic and antibiotic stress, and it has been found that the domesticated 243 

crops are usually more sensitive to stress compare to their wild ancestors (Córdova-244 

Campos et al., 2012; Ferrero et al., 2020; Zhao et al., 2022). For example, in our 245 

study, we found that a gene family consists of the homologous genes of enhanced 246 

disease resistant 2 (EDR2) of Arabidopsis (Arabidopsis thaliana) was extensively 247 

present in wild population but lost in cultivar population (Fig. 2A and B, Mann-248 

Whitney-Wilcoxon Test, p-value < 0.05). This gene was shown to have an important 249 

function in response to powdery mildew (Vorwerk et al., 2007). 250 

To determine whether the resistance of domesticated grapevine differ from wild 251 

progenitor population, we investigated the amount change of resistance gene 252 

analogues (RGAs) between wild and cultivated grapes. Firstly, we used the re-253 

annotated protein sequences of 17 genomes to detect nucleotide-binding leucine-rich 254 

repeat receptor (NLR) genes, and then classified them into eight types using a 255 

previously reported strategy (Van de Weyer et al., 2019). On average, the wild 256 

population tend to have more NLR genes than cultivars in eight types of NLR genes 257 

(Fig. 3A and Table S6). GO enrichment analyses also showed the gene families 258 

related to cell killing, which is one of the plant immunities strategies enabled by NLR 259 

genes (Yuan et al., 2021), contracted in cultivated population (Figure 2C). Our results 260 

showed that the domesticated grapevine harbored less resistance-related genes 261 

compared with wild population, possibly due to the relaxed selection as previously 262 

described in tomato (Ferrero et al., 2020). 263 

To investigate the diversity of RGAs in each population, we used long-read sequenced 264 

and assembled genomes to construct a graph-based pan-genome (GBPG) for all 265 
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grapevine (n = 17), cultivar (n = 9) and wild (n = 5) population, respectively. After the 266 

trunk genomes were selected, assemblies were subsequently added to the graphs in an 267 

iterative manner, with regions of synteny being excluded while sufficiently diverged 268 

subsequences (>50 bp) instead augmented the graph with new nodes (“bubbles”). 269 

When we compared the GBPG of cultivar population (n = 9), wild population (n = 5), 270 

and all samples (n = 17), we found there are 5420 NLR genes in total in the GBPG for 271 

all grapes, while wild and cultivar GBPG have 1803 and 2079 NLR genes, 272 

respectively (Table S7). Considering the bubbles reflect the diversity, we investigated 273 

the average diversity contribution (ADC, genes in bubbles divided by the number of 274 

accessions) of each accession to NLR genes in each GBPG. In wild GBPG, each wild 275 

accession has 284.8 NLR genes’ ADC, while each cultivated accession has 162 ADC 276 

of NLR genes in cultivar GBPG. Given that the diversity of cultivar GBPG is higher 277 

than wild GBPG (The percentage of genes in bubbles was 68.27% for cultivar GBPG 278 

and 29.40% for wild GBPG), the lower NLR genes’ ADC of cultivated accessions 279 

highly suggests the homology of themselves, indicating the loss of NLR genes’ 280 

diversity during the grape domestication. The counts of trunk NLR genes in GBPG 281 

for wild, cultivar and all showed similarity, which indicated the conservative of these 282 

trunk NLR genes. 283 

284 

A particularly interesting subset of NLR genes was paired and clustered. We found 285 

that the wild have more gene pairs on average, as well as the proportion of paired 286 

NLR genes (Table S8). Consistently, the wild also have more NLR gene clusters and 287 

clustered NLR genes on average, as well as the proportion of clustered NLR genes 288 

(Table S8).  289 

290 

To further analyze the differences of NLR genes between cultivated and wild grapes, 291 

we further performed Pan-NLRome analyses, which use NLR genes to construct Pan-292 

NLR gene families (Van de Weyer et al., 2019). Our results showed that most of the 293 

NLR genes showed specificity, indicating a dramatic variation between accessions 294 

(Fig. 3B). The same pattern has been found in many other organisms, such as the 295 
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Brassica genus (Zhang et al., 2021) and maize (Thatcher et al., 2023). We also 296 

constructed the NLR gene maps for all 17 accessions (Fig. 3E and 3F, Fig. S9). NLR 297 

genes showed a different distribution on each chromosome. Altogether, our analysis 298 

showed a contraction as well as a dramatic diversity of NLR genes during grapevine 299 

domestication. 300 

301 

Specifically, downy mildew (Plasmopara viticola) can cause serious oomycete 302 

disease, which is a major threat to viticulture. Previous studies on Vmu have reported 303 

the resistance to Uncinula necator/resistance to Plasmopara viticola 304 

(MrRUN1/MrRPV1) locus (Feechan et al., 2013) and resistance to P. viticola 305 

(MrRPV1) gene (Qu et al., 2021), which played an important role in grape downy 306 

mildew resistance. We mapped the NLR gene clusters of MrRUN1/MrRPV1 locus on 307 

Vcs, and further aligned the same regions on other accessions based on the 308 

collinearity (Fig. 3C). In general, cultivars have fewer NLR genes than both wild 309 

relatives and Vmu in this region (Fig. 3C). Genes with the highest BlastP alignment 310 

scores to MrRPV1 also harbor frequent SVs in the 16 accessions (Fig. 3D), which 311 

may lead to diverse resistance to DM due to the sequence diversity caused by SVs 312 

(Foria et al., 2020). The NLRs content changes and SVs between cultivar and wild 313 

grapevine found in our work will provide a list of candidates for further functional 314 

validation and guidance for breeding process (Foria et al., 2020; Warschefsky and 315 

Rieseberg, 2021). 316 

317 

DISCUSSION 318 

Understanding the population genetics of crop domestication is crucial for developing 319 

genomic strategies in crop breeding (Gaut et al., 2018; Zhang et al., 2021). Previous 320 

investigations have primarily focused on small variants including SNPs and Indels 321 

and SSRs. However, the importance of SVs that potentially have large effects on 322 

agronomic traits and biotic and abiotic resistance were ignored for decades, mainly 323 

due to technological limitations in sequencing and algorithms detecting (Gaut et al., 324 

2018; Zhou et al., 2019). Such structural changes can directly lead to the gain or loss 325 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae039/7591227 by guest on 30 January 2024



 

 12 

of regulatory elements and genes during crop domestication. In grapevine, the 326 

domestication process has been investigated with SNP-array (Myles et al., 2011), 327 

short-read resequencing data (Zhou et al., 2017; Liang et al., 2019; Zhou et al., 2019; 328 

Freitas et al., 2021; Magris et al., 2021). However, population-scale long-read based 329 

analyses have not yet been conducted. In this study, we apply a common pipeline to 330 

assemble and annotate the genomes for representative accessions of sylvestris, 331 

vinifera and relatives of V. vinifera using long reads. Comparative genomic and pan-332 

genome analyses were subsequently conducted to study the dramatic variation of the 333 

gene content, which revealed the genes gain and loss during grapevine domestication, 334 

especially those related to aroma and disease resistance. Our results demonstrate that 335 

the graph-based pan-genome could serve as a reference for grapevine genetics, 336 

genomics and evolutionary studies. The variations in gene content resulting from 337 

large SVs have major impacts on agronomic traits and biotic and abiotic resistances in 338 

grapevine and therefore could be used in genetic analyses and breeding of grapevine.  339 

 340 

Gene gain and loss during domestication  341 

We found dramatic variation in gene contents between the two genome copies within 342 

each diploid assembly, as well as among accessions within wild progenitor, cultivated 343 

grapes and Vitis populations, and between wild progenitor and cultivated populations. 344 

We observed that only 7% of the gene families shared between all the 16 Vitis 345 

samples while 8% of them were specific to each sample. A total of 2849 gene families 346 

which enriched in the biological process related to fruit development, carbohydrate 347 

derivative metabolic process and callus formation process gained while 1337 gene 348 

families enriched in defense-related process, seed development and pollen-related 349 

function lost in the cultivar population compared with the wild progenitor population, 350 

suggesting tremendous changes in gene content associated with grapevine 351 

domestication. Overall, our findings highlight the importance of studying the changes 352 

of gene contents that occur during domestication and their potential impacts on 353 

agronomic traits and resistance to biotic and abiotic stresses in grapevine. 354 

 355 
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Domestication has shaped many phenotypic traits of grapevine, including the size of 356 

berry and cluster size, the berry color, the aroma and the transition of mating system 357 

from dioecy to hermaphrodism (This et al., 2006; Zhou et al., 2017). Previous 358 

research investigating QTL regions underlying sex determination and berry color have 359 

highlight the importance of SVs and the variation of gene content (Zhou et al., 2019; 360 

Massonnet et al., 2020). Our comparative genomic analyses revealed extensive 361 

differences in gene content between the cultivar population and the wild progenitor 362 

population. We identified genes that were gained and lost genes in the cultivar 363 

population potentially contributing to the development of beneficial agronomic traits. 364 

These findings suggest that the domestication of grapevine has had a major impact on 365 

the genetic makeup of the plant, resulting in the origin of beneficial agronomic traits. 366 

 367 

The domesticated grapes are highly valued for their flavor-rich in winemaking and 368 

fresh-eaten. Interestingly, we found a dramatic variation in gene contents related to 369 

aroma (Fig. 2). Our findings suggest that combining or manipulating cultivar-specific 370 

aroma-related genes could be an effective strategy for aroma breeding in grapevine. 371 

However, viticulture has been heavily impacted by pests and diseases, as many 372 

cultivars have lost resistance genes during domestication (Fig. 3). The introduction of 373 

resistance genes from grape wild relatives could potentially increase the resistance to 374 

various disease. Alternatively, wild Vitis with disease resistance could be used as 375 

rootstocks and grafted with cultivars to confer resistance(Zhong et al., 2022). These 376 

approaches could help mitigate the impact of pests and diseases on grapevine 377 

cultivation. 378 

 379 

Comparative genomic analyses capture most of the genomic diversity  380 

In the Chardonnay genome, large SVs affected longer genomic regions than small 381 

variants including indels and SNPs between the haploid assemblies (Zhou et al., 382 

2019). We found ~15% heterozygous SVs within each diploid Vitis genomes (Fig. 383 

1B), which suggested that more than 10% of the genes are missing in the PN40024 384 

reference genome (Jaillon et al., 2007; Shi et al., 2023). At the same time, we found 385 
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only ~7% of gene families are shared while ~8% are private to each accession, 386 

indicating that we are losing great information using the linear genome from one 387 

accession as a reference genome. A general estimate of 60% of the plant trait 388 

variations are caused by SVs (Gaut et al., 2018). TEs constitute the majority of 389 

angiosperm DNA and contribute a lot to the genomic diversity and SVs, which may 390 

lead to several trait variation (Tenaillon et al., 2010; Lisch, 2013). In grapes, the berry 391 

color variation is associated with TE variation and big inversions (Kobayashi et al., 392 

2004; Carbonell-Bejerano et al., 2017; Zhou et al., 2019) and the sex determination 393 

were determined by the presence and absence of genes or regulatory elements during 394 

multiple recombination events (Zhou et al., 2019; Zhou et al., 2019; Massonnet et al., 395 

2020; Zou et al., 2021). On many occasions, the casual genes of important traits in 396 

grapevine were not present in the PN40024 reference genome (Shi et al., 2023).  397 

398 

The pan-genome combined presence/absence variations of many divergent genomes 399 

could capture most of the genomic diversity and reduce reference biases in genetic, 400 

genomic and evolutionary studies. In tomato, the pan-genome reference reduced 401 

reference biases and increased the mapping efficiency compared to the single linear 402 

reference genome (Zhou et al., 2022). At the time, the missing heritability of complex 403 

agronomic traits could be hidden in the SVs ignored by previous quantitative studies 404 

because SVs are mostly unlinked with SNPs (Gaut et al., 2018; Zhou et al., 2019; Kou 405 

et al., 2020). The using of graph-based pan-genome reference and adding SVs have 406 

greatly increased the genetic estimates of heritability in tomato metabolic traits (Zhou 407 

et al., 2022). We believe our work will greatly improve the studies in grapevine 408 

genetics, genomics and evolution and breeding. 409 

410 

CONCLUSION 411 

In conclusion, by utilizing comparative genomic analyses from population-level, our 412 

result revealed the dramatic variation in gene contents, such as aroma gene clusters 413 

and disease-resistance gene clusters caused by SVs. The gain and loss of genes in 414 

domesticated grapevine population reveals the possible transition from sexual 415 
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reproduction to clonal propagation during domestication processes. The gene loss and 416 

gain would facilitate the functional genomics and breeding researches in grapevine. 417 

418 

MATERIALS AND METHODS 419 

A general pipeline for genome assembly and annotation using Pacbio CLR reads 420 

A total of 17 genomes and their corresponding sequencing reads were downloaded 421 

from the public database (Table S1). Except for Ries and Vra, we collected Pacbio 422 

CLR reads of 15 genomes. Of these genomes, five were assembled at the 423 

chromosome level, which included PN40024 (Vitis vinifera ssp. vinifera cv. Pinot 424 

Noir clone PN40024), muscadine (Vitis rotundifolia), riverbank grape (V. riparia), 425 

Arizona grape (V. arizonica) and Cabernet Sauvignon (V. vinifera cv. Cabernet 426 

Sauvignon) (Table S1).The remaining 12 genomes were recovered at the scaffold 427 

level (Table S1), which were assembled to chromosomes level by Ragtag (Alonge et 428 

al., 2022) using Vcs as the reference genome in this study. The 17 genome annotations 429 

were updated with the upgrade function of Ragtag (Alonge et al., 2022).  430 

431 

To perform pan-genome annotation of the pipeline, we firstly extracted the CDS of 432 

the genes from the published annotations of 17 genomes. Then, we eliminate 433 

redundancy using CD-HIT v4.7 (Li and Godzik, 2006) with the parameters ‘-c 0.95 -434 

aS 0.9 -G 0.9 -s 0.9’. Thus, the sequences of >95% identity and <10% length variant 435 

were reduced to a single category, and the longest sequence of all categories was used 436 

to build the CDS database based on pan-genome theory. The sequences from CDS 437 

database were re-mapped to each genome using GMAP v2019-06-10 (Wu and 438 

Watanabe, 2005) with the parameters ‘-t 10 -P -p 3 --min-identity=0.9 -f’, and the 439 

region with ≥ 90% identity and coverage were selected as the candidate gene regions. 440 

The final gene models were predicted by AUGUSTUS v2.7 (Stanke and Morgenstern, 441 

2005) with the parameters ‘--species=arabidopsis --strand=both --singlestrand=false --442 

genemodel=complete --codingseq=on --sample=100 --keep_viterbi=true --443 

alternatives-from-sampling=true --minexonintronprob=0.2 --444 

minmeanexonintronprob=0.5 --maxtracks=2’. TE annotation was performed by EDTA 445 
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(Ou et al., 2019) with the parameters ‘--sensitive 1 --species others --anno 1’. Both 446 

gene annotation and TE annotation were performed with soft-masked or unmasked 447 

genomes as the input. Correlation analysis was performed using the R package 448 

‘performanceAnalytics’ (Peterson and Carl, 2020) in R 4.2. 449 

450 

Genome completeness and quality evaluation 451 

The genomes completeness were evaluated using BUSCO v.5.0.0 (Manni et al., 2021) 452 

with dataset embryophyta_odb10 and Quast v.2.3 (Gurevich et al., 2013). With Vmu 453 

hap1 as the reference, genomes synteny analysis of the other 16 genomes was 454 

performed via whole-genome alignment using MUMmer4 (Marçais et al., 2018). The 455 

best alignment blocks of each other were selected, and then filtered with strict 456 

criterions by the delta-filter function of MUMmer4 with option “-1, -r, -l 1200”. 457 

Finally, the filtered datasets were used for the dot plot. 458 

459 

SNPs calling, phylogenetic analyses and SV identification 460 

Using Vcs as the reference genome, the available Pacbio and Illumina sequencing 461 

reads of 16 accessions were mapped using minimap2 v2.17-r941 with the parameters 462 

‘--MD -ax map-pb’ (Li, 2018) and BWA v0.7.17-r1198-dirty (Li, 2013) with default 463 

parameters. The mapped reads were further transformed and ordered by SAMtools 464 

v0.1.18 (Danecek et al., 2021). SNPs calling were performed using bcftools mpileup 465 

and bcftools call v1.10 (Li, 2011). The SNPs were further filtered using vcftools 466 

v0.1.13 (Danecek et al., 2011) with the parameters ‘--remove-indels --minDP 18 --467 

minQ 20 --maf 0.05 --stdout --mac 3 --recode --recode-INFO-all --max-missing 1 --468 

min-alleles 2 --max-alleles 2’. The remaining SNPs were used to construct the 469 

phylogeny by FastTree v2.1.11 SSE3 (Price et al., 2010). 470 

471 

We performed the SVs calling by: (1) mapping the reads to their genomes’ primary 472 

assemblies following the preceding steps of long-read reads alignment; (2) using 473 

Sniffles v1.0.12 (Sedlazeck et al., 2018) to identify the SVs. We treated the 474 

insertion/deletion as raw presence/absence variation, and further filtered based on 475 
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their length (shorter than 50bp and longer than 1Mbp were dropped) and reads 476 

coverage. The genes surrounded by heterozygous presence/absence variation were 477 

picked out as the hemizygote, and were counted by bedtools v2.30.0 (Quinlan and 478 

Hall, 2010). 479 

480 

Gene family clustering and GO enrichment 481 

Base on the re-annotated proteins from 17 genomes, we retrieved gene families using 482 

Orthofinder v2.5.2 (Emms and Kelly, 2019) with default settings. Gene families were 483 

divided into 17 types based on the number of genomes that have such gene families. 484 

The homologous proteins pairs were recovered using MCScanX (Wang et al., 2012), 485 

the selection pressure of each pair was calculated with KaKs_Calculator Toolbox v2.0 486 

(Wang et al., 2010). Boxplot was generated using R package ‘ggplot2’ (Wickham, 487 

2016) in R 4.2. 488 

489 

We employed the Mann-Whitney U test to test whether there were significant 490 

differences of gene family numbers between populations (p < 0.05). Gene ontology 491 

annotation was performed in Uniprot (UniProt, 2023) by blastp (Camacho et al., 492 

2009). The enrichment test was performed by TBtools (Chen et al., 2020), and GO 493 

terms with P value <0.05 were defined as enrichment. 494 

495 

Aroma related genes and gene clusters 496 

To define aroma genes of the graph pan-genome, we first recovered the aroma gene 497 

lists based on PN40024_v1.0 genome annotation (Zhou et al., 2017). 58 aroma genes 498 

from PN40024_v1.0. Then, we extracted CDS sequences of these genes, mapped to 499 

gene sequences of Vcs with MUMmer4. The genes with high identity and complete 500 

CDS were defined as presumptive aroma genes, then the CDSs of these genes were 501 

used as the reference to search the other 16 genomes using the same process.  502 

503 

NLR gene identification and classification 504 
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RGAs are a set of genes that provide immunity for plants to defense various 505 

pathogens. Re-annotated proteins of the surveyed 17 genomes were scanned using 506 

interproscan v5.51-85.0 (Jones et al., 2014; Blum et al., 2021) to identify the domains. 507 

Similar to the pan-NLRome of Arabidopsis (Arabidopsis thaliana) (Van de Weyer et 508 

al., 2019), we defined as NLR genes those that contained at least a central nucleotide-509 

binding domain shared by Apaf-1, resistance proteins, and CED4 (NB-ARC), a 510 

Toll/interleukin-1 receptor (TIR), or a RPW8-like coiled coil (RPW8) domain. 511 

Proteins containing PF00931 (NB-ARC), PF01582 (TIR), and PF05659 (RPW8) 512 

domains were selected, and then divided into eight protein classes: CC-NBS, CC-513 

NBS-LRR, NBS, NBS-LRR, RPW8-X, TIR-NBS, TIR-NBS-LRR and TIR-X (Van de 514 

Weyer et al., 2019). Later, we identified the conserved domains of the eight protein 515 

categories using Multiple EM for Motif Elicitation (MEME) (Bailey et al., 2015) 516 

analysis was performed with the flags “-mod anr -nmotifs 20”. The corresponding 517 

MEME results of each category were treated with Find Individual Motif Occurrences 518 

(FIMO) v.5.3.0 (Grant et al., 2011) was run on each protein class using the 519 

corresponding MEME results. Proteins with at least five conserved domains were kept 520 

and used for downstream analysis.  521 

For the diversity analyses of NLRs, we first used minigraph (Li et al., 2020) to add 14 522 

assembled genomes sequenced with third-generation to the reference genome V. 523 

vinifera cv. Cabernet Sauvignon, consolidating all the genomes into a graphic format. 524 

Fifteen annotated sequences are then mapped onto the pan-genome using minigraph. 525 

The annotated gene of the reference genome is taken when annotated genes from 526 

other genomes share 90% of the gene similarity and unity with V. vinifera cv. 527 

Cabernet Sauvignon. We chose the longest annotated one in multiple additions. For 528 

genes not mapped on the backbone of the map, we used CD-HIT with parameter '-l 529 

0.9' to remove the redundant genes and only retained the genes with the minimum 530 

distance from SL5.0. The gene sets mapped to the trunk were then merged and the 531 

redundant genes were removed using a CD-HIT with parameter '-l 0.9'. Finally, we 532 

used the minigraph -c lr parameter to identify the trunk and bubble annotations. The 533 
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GBPG of wild and cultivar population were built using the same pipeline, with VsyA 534 

and Ves chose to be the trunk, respectively. 535 

Similar to previously reported strategy (Van de Weyer et al., 2019), pan-NLRome 536 

analysis were performed by clustering the NLRs with orthofinder v2.5.2. We used 537 

RIdeogram (Hao et al., 2020) to visualize the distribution of each NLR genes category 538 

across chromosomes. Paired NLR genes were defined as two NLR genes which 539 

interval less than two non-NLR genes between them. If more than three genes 540 

“paired” to each other, these genes were defined as a cluster.  541 

 542 

MrRUN1/MrRPV1 locus analyses 543 

To perform MrRUN1/MrRPV1 locus analyses, we downloaded gene and CDS 544 

sequences of MrRGA1 (JQ904631), MrRGA2 (JQ904632), MrRGA4 (JQ904633), 545 

MrRGA8 (MrRPV1, JQ90464), MrRGA9 (JQ904635), MrRGA10 (MrRUN1, 546 

JQ904636) and MrRGA11 (JQ904637) from NCBI. MrRUN1/MrRPV1 locus were 547 

previously defined in V. rotundifolia (Feechan et al., 2013). These sequences were 548 

mapped to Vmu chromosome 12 using blastn (Camacho et al., 2009). We defined the 549 

best colinear regions as the NLR clusters of MrRUN1/MrRPV1 locus. The 550 

MrRUN1/MrRPV1 NLR cluster of Vcs was delimited by MUMmer4 based on the 551 

collinearity with the MrRUN1/MrRPV1 locus of Vmu (Feechan et al., 2013) as the 552 

reference, and MrRUN1/MrRPV1 NLR cluster of Vcs was further used as the 553 

reference to delimited NLR clusters of other 15 genomes. MrRPV1 was used as the 554 

reference to search genes on chromosome 12 in the other accessions by blastp 555 

(Camacho et al., 2009), and the best matches were presumptive RPV1 genes. 556 

 557 

Data Availability 558 

The assemblies, the pan-genome and their annotation have been deposited to zenodo: 559 

https://doi.org/10.5281/zenodo.7880095. 560 

 561 

Accession Numbers 562 

Genome sequencing data used in this article were available in the NCBI SRA 563 
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588 
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591 

592 

database (PRJNA593045, PRJNA550461, PRJNA517468, PRJNA527006, 

PRJNA512170, PRJNA316730) and ENA (PRJEB37020). Sequences of NLR genes 

in MrRUN1/MrRPV1 locus are available in NCBI: MrRGA1 (JQ904631), MrRGA2 

(JQ904632), MrRGA4 (JQ904633), MrRGA8 (MrRPV1, JQ90464), MrRGA9 

(JQ904635), MrRGA10 (MrRUN1, JQ904636), and MrRGA11 (JQ904637).  
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614 

Figure 1. Grapevine pan-genome analyses. We clustered re-annotated genes from 17 615 

genomes into gene families to perform grapevine comparative genomic analyses.(A) 616 

Phylogenetic relationships inferred from SNPs among 17 genomes and 617 

presence/absence information of pan gene families in 17 grape genomes. (B) Count of 618 

gene families in the pan-genome and core genome in randomly chose genome. (C) 619 

Number of gene families presented versus number of genomes and ka/ks for gene 620 

families of different frequency. The histogram showing the number of gene families 621 

in the 17 genomes with different frequencies, and the box plot showing the ka/ks 622 

values. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x 623 
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interquartile range; points, outliers; numbers at the top, sample number. (D) SV 624 

heterozygosity of all 17 genomes. (Data of Ries and Vra are missing bucause we 625 

failed to collect their PacBio reads). (E) The proportion of cloud, shell and core gene 626 

families in pan-genome of all samples, Vitis population, wild population and cultivar 627 

population, respectively. 628 

629 

Figure 2. Comparative genomics showed variation of gene contents between different 630 

populations, and gene gain and loss during grapevine domestication. (A) 631 

Presence/absence information of pan gene families of wild and cultivars populations. 632 

(B) More/less information of genes in pan gene families of wild and cultivars633 

populations. The color represents the ratio of an accession’s gene content to that of 634 

the accession with the most genes in that gene family. (C) GO enrichment result for 635 

genes gained by cultivar population. (D) GO enrichment result for genes lost in 636 

cultivar population. (E) Structural variation of aroma gene cluster. Innermost circle 637 

showing the aroma cluster of Vcs while outermost showing the other 16 accessions’ 638 

cluster. The lines in genomes representing CDS of aroma genes, and lines between 639 

genomes showing the similarity. (F) The structural variations of the genes that are 640 

best matched to the aroma related gene Vra04g1149 in PN40024. Blue square reflects 641 

the cds of these genes. 642 

643 

Figure 3. Analyses of the resistance gene analogues. (A) The count of NLR genes in 644 

the domesticated population (cv, n = 9) and wild population (n = 5). Significance was 645 

tested by the Wilcoxon test; ns: no significance, **: p ≤ 0.01. Center line, average 646 

value; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; points, 647 

outliers. (B) Distribution of NLR genes of different types. The x axis indicating the 648 

number of genome that had such gene families. (C) Structure of NLR gene cluster 649 

within MrRUN1/MrRPV1 locus. Innermost circle showing the NLR cluster of Vcs 650 

with outermost showing the other 16 genomes. The lines in gray representing the 651 

similarity of genome sequences, and the lines in other colors representing the 652 

similarity of CDS from NLR genes within different type. (D) The structural variations 653 
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of the genes that are best matched to the MrRPV1 (Vmu112g1042) in Vmu. (E and F) 654 

Distribution of different types’ NLR genes on chromosome 18 (E) and 19 (F) in 655 

domesticated population (cv) and wild population. CC, TIR, RPW8, NBS, LRR refer 656 

to coiled-coil motifs, Toll/interleukin-1 receptor motifs, Resistance to Powdery 657 

Mildew 8 domain, nucleotide-binding site, leucine-rich repeat domain, respectively. 658 

659 

REFERENCES 660 

Alonge M, Lebeigle L, Kirsche M, Jenike K, Ou S, Aganezov S, Wang X, 661 

Lippman ZB, Schatz MC, Soyk S (2022) Automated assembly scaffolding 662 

using RagTag elevates a new tomato system for high-throughput genome 663 

editing. Genome Biol 23: 258 664 

Bailey TL, Johnson J, Grant CE, Noble WS (2015) The MEME Suite. Nucleic 665 

Acids Res 43: W39-49 666 

Blum M, Chang HY, Chuguransky S, Grego T, Kandasaamy S, Mitchell A, Nuka 667 

G, Paysan-Lafosse T, Qureshi M, Raj S, et al. (2021) The InterPro protein 668 

families and domains database: 20 years on. Nucleic Acids Res 49: D344-669 

D354 670 

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden 671 

TL (2009) BLAST+: architecture and applications. BMC Bioinformatics 10: 672 

421 673 

Carbonell-Bejerano P, Royo C, Torres-Perez R, Grimplet J, Fernandez L, 674 

Franco-Zorrilla JM, Lijavetzky D, Baroja E, Martinez J, Garcia-675 

Escudero E, et al. (2017) Catastrophic Unbalanced Genome Rearrangements 676 

Cause Somatic Loss of Berry Color in Grapevine. Plant Physiol 175: 786-801 677 

Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, Xia R (2020) TBtools: 678 

An Integrative Toolkit Developed for Interactive Analyses of Big Biological 679 

Data. Mol Plant 13: 1194-1202 680 

Cochetel N, Minio A, Massonnet M, Vondras AM, Figueroa-Balderas R, Cantu D 681 

(2021) Diploid chromosome-scale assembly of the Muscadinia rotundifolia 682 

genome supports chromosome fusion and disease resistance gene expansion 683 

during Vitis and Muscadinia divergence. G3 (Bethesda) 11 684 

Córdova-Campos O, Adame-Alvarez RM, Acosta-Gallegos JA, Heil M (2012) 685 

Domestication affected the basal and induced disease resistance in common 686 

bean (Phaseolus vulgaris). European Journal of Plant Pathology 134: 367-379 687 

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, Handsaker 688 

RE, Lunter G, Marth GT, Sherry ST, et al. (2011) The variant call format 689 

and VCFtools. Bioinformatics 27: 2156-2158 690 

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, Whitwham 691 

A, Keane T, McCarthy SA, Davies RM, et al. (2021) Twelve years of 692 

SAMtools and BCFtools. Gigascience 10 693 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae039/7591227 by guest on 30 January 2024



24 

Doebley JF, Gaut BS, Smith BD (2006) The molecular genetics of crop 694 

domestication. Cell 127: 1309-1321 695 

Emms DM, Kelly S (2019) OrthoFinder: phylogenetic orthology inference for 696 

comparative genomics. Genome Biol 20: 238 697 

Feechan A, Anderson C, Torregrosa L, Jermakow A, Mestre P, Wiedemann-698 

Merdinoglu S, Merdinoglu D, Walker AR, Cadle-Davidson L, Reisch B, et 699 

al. (2013) Genetic dissection of a TIR-NB-LRR locus from the wild North 700 

American grapevine species Muscadinia rotundifolia identifies paralogous 701 

genes conferring resistance to major fungal and oomycete pathogens in 702 

cultivated grapevine. Plant J 76: 661-674 703 

Ferrero V, Baeten L, Blanco-Sánchez L, Planelló R, Díaz-Pendón JA, Rodríguez-704 

Echeverría S, Haegeman A, de la Peña E (2020) Complex patterns in 705 

tolerance and resistance to pests and diseases underpin the domestication of 706 

tomato. New Phytologist 226: 254-266 707 

Foria S, Copetti D, Eisenmann B, Magris G, Vidotto M, Scalabrin S, Testolin R, 708 

Cipriani G, Wiedemann-Merdinoglu S, Bogs J, et al. (2020) Gene 709 

duplication and transposition of mobile elements drive evolution of the Rpv3 710 

resistance locus in grapevine. Plant J 101: 529-542 711 

Freitas S, Gazda MA, Rebelo MA, Munoz-Pajares AJ, Vila-Vicosa C, Munoz-712 

Merida A, Goncalves LM, Azevedo-Silva D, Afonso S, Castro I, et al. 713 

(2021) Pervasive hybridization with local wild relatives in Western European 714 

grapevine varieties. Sci Adv 7: eabi8584 715 

Gaut BS, Seymour DK, Liu Q, Zhou Y (2018) Demography and its effects on 716 

genomic variation in crop domestication. Nat Plants 4: 512-520 717 

Grant CE, Bailey TL, Noble WS (2011) FIMO: scanning for occurrences of a given 718 

motif. Bioinformatics 27: 1017-1018 719 

Gurevich A, Saveliev V, Vyahhi N, Tesler G (2013) QUAST: quality assessment tool 720 

for genome assemblies. Bioinformatics 29: 1072-1075 721 

Hao Z, Lv D, Ge Y, Shi J, Weijers D, Yu G, Chen J (2020) RIdeogram: drawing 722 

SVG graphics to visualize and map genome-wide data on the idiograms. PeerJ 723 

Comput Sci 6: e251 724 

Huang X, Huang S, Han B, Li J (2022) The integrated genomics of crop 725 

domestication and breeding. Cell 185: 2828-2839 726 

Hufford MB, Seetharam AS, Woodhouse MR, Chougule KM, Ou S, Liu J, Ricci 727 

WA, Guo T, Olson A, Qiu Y, et al. (2021) De novo assembly, annotation, and 728 

comparative analysis of 26 diverse maize genomes. Science 373: 655-662 729 

Hussein SA, Medan RA, Noori AMJEE, Cons (2021) Effect of different 730 

agricultural media and wounding on rooting and growing of Grapes (Vitis 731 

vinifera L.) semi wood cutting. 27: 52-57 732 

Ilc T, Werck-Reichhart D, Navrot N (2016) Meta-Analysis of the Core Aroma 733 

Components of Grape and Wine Aroma. Frontiers in Plant Science 7 734 

Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, Casagrande A, Choisne N, 735 

Aubourg S, Vitulo N, Jubin C, et al. (2007) The grapevine genome sequence 736 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae039/7591227 by guest on 30 January 2024



 

 25 

suggests ancestral hexaploidization in major angiosperm phyla. Nature 449: 737 

463-467 738 

Jaleta A (2019) A Review on the Effect of Rooting Media on Rooting and Growth of 739 

Cutting Propagated Grape (Vitis vinifera L). World Journal of Agriculture and 740 

Soil Science 3 741 

Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, McWilliam H, 742 

Maslen J, Mitchell A, Nuka G, et al. (2014) InterProScan 5: genome-scale 743 

protein function classification. Bioinformatics 30: 1236-1240 744 

Kobayashi S, Goto-Yamamoto N, Hirochika H (2004) Retrotransposon-induced 745 

mutations in grape skin color. Science 304: 982 746 

Kou Y, Liao Y, Toivainen T, Lv Y, Tian X, Emerson JJ, Gaut BS, Zhou Y (2020) 747 

Evolutionary Genomics of Structural Variation in Asian Rice (Oryza sativa) 748 

Domestication. Mol Biol Evol 37: 3507-3524 749 

Li H (2011) A statistical framework for SNP calling, mutation discovery, association 750 

mapping and population genetical parameter estimation from sequencing data. 751 

Bioinformatics 27: 2987-2993 752 

Li H (2013) Aligning sequence reads, clone sequences and assembly contigs with 753 

BWA-MEM. arXiv: Genomics  754 

Li H (2018) Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 755 

34: 3094-3100 756 

Li H, Feng X, Chu C (2020) The design and construction of reference pangenome 757 

graphs with minigraph. Genome Biol 21: 265 758 

Li W, Godzik A (2006) Cd-hit: a fast program for clustering and comparing large sets 759 

of protein or nucleotide sequences. Bioinformatics 22: 1658-1659 760 

Liang Z, Duan S, Sheng J, Zhu S, Ni X, Shao J, Liu C, Nick P, Du F, Fan P, et al. 761 

(2019) Whole-genome resequencing of 472 Vitis accessions for grapevine 762 

diversity and demographic history analyses. Nat Commun 10: 1190 763 

Lin J, Massonnet M, Cantu D (2019) The genetic basis of grape and wine aroma. 764 

Horticulture Research 6 765 

Lisch D (2013) How important are transposons for plant evolution? Nature Reviews 766 

Genetics 14: 49-61 767 

Liu Q, Zhou Y, Morrell PL, Gaut BS (2017) Deleterious Variants in Asian Rice and 768 

the Potential Cost of Domestication. Mol Biol Evol 34: 908-924 769 

Liu Y, Du H, Li P, Shen Y, Peng H, Liu S, Zhou GA, Zhang H, Liu Z, Shi M, et 770 

al. (2020) Pan-Genome of Wild and Cultivated Soybeans. Cell 182: 162-176 771 

e113 772 

Magris G, Jurman I, Fornasiero A, Paparelli E, Schwope R, Marroni F, Di 773 

Gaspero G, Morgante M (2021) The genomes of 204 Vitis vinifera 774 

accessions reveal the origin of European wine grapes. Nat Commun 12: 7240 775 

Manni M, Berkeley MR, Seppey M, Simao FA, Zdobnov EM (2021) BUSCO 776 

Update: Novel and Streamlined Workflows along with Broader and Deeper 777 

Phylogenetic Coverage for Scoring of Eukaryotic, Prokaryotic, and Viral 778 

Genomes. Mol Biol Evol 38: 4647-4654 779 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae039/7591227 by guest on 30 January 2024



26 

Marçais G, Delcher AL, Phillippy AM, Coston R, Salzberg SL, Zimin A (2018) 780 

MUMmer4: A fast and versatile genome alignment system. PLoS 781 

computational biology 14: e1005944 782 

Massonnet M, Cochetel N, Minio A, Vondras AM, Lin J, Muyle A, Garcia JF, 783 

Zhou Y, Delledonne M, Riaz S, et al. (2020) The genetic basis of sex 784 

determination in grapes. Nat Commun 11: 2902 785 

Myles S, Boyko AR, Owens CL, Brown PJ, Grassi F, Aradhya MK, Prins B, 786 

Reynolds A, Chia JM, Ware D, et al. (2011) Genetic structure and 787 

domestication history of the grape. Proc Natl Acad Sci U S A 108: 3530-3535 788 

Ou S, Su W, Liao Y, Chougule K, Agda JRA, Hellinga AJ, Lugo CSB, Elliott TA, 789 

Ware D, Peterson T, et al. (2019) Benchmarking transposable element 790 

annotation methods for creation of a streamlined, comprehensive pipeline. 791 

Genome Biol 20: 275 792 

Peterson BG, Carl P (2020) PerformanceAnalytics: econometric tools for 793 

performance and risk analysis. R package version 2.0.4. Available from: 794 

https://CRAN.R-project.org/package=PerformanceAnalytics.  795 

Price MN, Dehal PS, Arkin AP (2010) FastTree 2--approximately maximum-796 

likelihood trees for large alignments. PLoS One 5: e9490 797 

Qu JJ, Dry I, Liu LL, Guo ZX, Yin L (2021) Transcriptional profiling reveals 798 

multiple defense responses in downy mildew-resistant transgenic grapevine 799 

expressing a TIR-NBS-LRR gene located at the MrRUN1/MrRPV1 locus. 800 

Horticulture Research 8 801 

Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utilities for comparing 802 

genomic features. Bioinformatics 26: 841-842 803 

Rahman FU, Nawaz MA, Liu RT, Sun L, Jiang JF, Fan XC, Liu CH, Zhang Y 804 

(2022) Evaluation of volatile aroma compounds from Chinese wild grape 805 

berries by headspace-SPME with GC-MS. Food Science and Technology 42 806 

Sedlazeck FJ, Rescheneder P, Smolka M, Fang H, Nattestad M, von Haeseler A, 807 

Schatz MC (2018) Accurate detection of complex structural variations using 808 

single-molecule sequencing. Nat Methods 15: 461-468 809 

Shang L, Li X, He H, Yuan Q, Song Y, Wei Z, Lin H, Hu M, Zhao F, Zhang C, et 810 

al. (2022) A super pan-genomic landscape of rice. Cell Res 32: 878-896 811 

Shi X, Cao S, Wang X, Huang S, Wang Y, Liu Z, Liu W, Leng X, Peng Y, Wang 812 

N, et al. (2023) The complete reference genome for grapevine (Vitis vinifera 813 

L.) genetics and breeding. Horticulture Research  814 

Smit SJ, Vivier MA, Young PR (2019) Linking Terpene Synthases to Sesquiterpene 815 

Metabolism in Grapevine Flowers. Front Plant Sci 10: 177 816 

Stanke M, Morgenstern B (2005) AUGUSTUS: a web server for gene prediction in 817 

eukaryotes that allows user-defined constraints. Nucleic Acids Research 33: 818 

W465-W467 819 

Tang D, Jia Y, Zhang J, Li H, Cheng L, Wang P, Bao Z, Liu Z, Feng S, Zhu X 820 

(2022) Genome evolution and diversity of wild and cultivated potatoes. 821 

Nature: 1-7 822 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae039/7591227 by guest on 30 January 2024



 

 27 

Tao Y, Luo H, Xu J, Cruickshank A, Zhao X, Teng F, Hathorn A, Wu X, Liu Y, 823 

Shatte T, et al. (2021) Extensive variation within the pan-genome of 824 

cultivated and wild sorghum. Nat Plants 7: 766-773 825 

Tenaillon MI, Hollister JD, Gaut BS (2010) A triptych of the evolution of plant 826 

transposable elements. Trends in Plant Science 15: 471-478 827 

Thatcher S, Jung M, Panangipalli G, Fengler K, Sanyal A, Li B, Llaca V, Habben 828 

J (2023) The NLRomes of Zea mays NAM founder lines and Zea luxurians 829 

display presence-absence variation, integrated domain diversity, and mobility. 830 

Mol Plant Pathol  831 

This P, Lacombe T, Thomas MR (2006) Historical origins and genetic diversity of 832 

wine grapes. Trends Genet 22: 511-519 833 

UniProt C (2023) UniProt: the Universal Protein Knowledgebase in 2023. Nucleic 834 

Acids Res 51: D523-D531 835 

Van de Weyer AL, Monteiro F, Furzer OJ, Nishimura MT, Cevik V, Witek K, 836 

Jones JDG, Dangl JL, Weigel D, Bemm F (2019) A Species-Wide Inventory 837 

of NLR Genes and Alleles in Arabidopsis thaliana. Cell 178: 1260-1272 e1214 838 

Vorwerk S, Schiff C, Santamaria M, Koh S, Nishimura M, Vogel J, Somerville C, 839 

Somerville S (2007) EDR2 negatively regulates salicylic acid-based defenses 840 

and cell death during powdery mildew infections of Arabidopsis thaliana. 841 

BMC Plant Biol 7: 35 842 

Wang D, Zhang Y, Zhang Z, Zhu J, Yu J (2010) KaKs_Calculator 2.0: a toolkit 843 

incorporating gamma-series methods and sliding window strategies. Genomics 844 

Proteomics Bioinformatics 8: 77-80 845 

Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, Lee TH, Jin H, Marler B, 846 

Guo H, et al. (2012) MCScanX: a toolkit for detection and evolutionary 847 

analysis of gene synteny and collinearity. Nucleic Acids Res 40: e49 848 

Warschefsky EJ, Rieseberg LH (2021) Laying the groundwork for crop wild 849 

relative conservation in the United States. Proceedings of the National 850 

Academy of Sciences of the United States of America 118 851 

Wells JN, Feschotte C (2020) A Field Guide to Eukaryotic Transposable Elements. 852 

Annu Rev Genet 54: 539-561 853 

Wickham H (2016) ggplot2 : Elegant Graphics for Data Analysis. In. Springer-Verlag 854 

New York, Cham 855 

Wu TD, Watanabe CK (2005) GMAP: a genomic mapping and alignment program 856 

for mRNA and EST sequences. Bioinformatics 21: 1859-1875 857 

Yuan MH, Jiang ZY, Bi GZ, Nomura K, Liu MH, Wang YP, Cai BY, Zhou JM, 858 

He SY, Xin XF (2021) Pattern-recognition receptors are required for NLR-859 

mediated plant immunity. Nature 592: 105-+ 860 

Zhang C, Yang Z, Tang D, Zhu Y, Wang P, Li D, Zhu G, Xiong X, Shang Y, Li C, 861 

et al. (2021) Genome design of hybrid potato. Cell 184: 3873-3883 e3812 862 

Zhang Y, Edwards D, Batley J (2021) Comparison and evolutionary analysis of 863 

Brassica nucleotide binding site leucine rich repeat (NLR) genes and 864 

importance for disease resistance breeding. Plant Genome 14: e20060 865 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae039/7591227 by guest on 30 January 2024



28 

Zhao H, He YQ, Zhang KX, Li SJ, Chen Y, He M, He F, Gao B, Yang D, Fan Y, et 866 

al. (2022) Rewiring of the seed metabolome during Tartary buckwheat 867 

domestication. Plant Biotechnology Journal  868 

Zhong H, Liu Z, Zhang F, Zhou X, Sun X, Li Y, Liu W, Xiao H, Wang N, Lu H, et 869 

al. (2022) Metabolomic and transcriptomic analyses reveal the effects of self- 870 

and hetero-grafting on anthocyanin biosynthesis in grapevine. Hortic Res 9: 871 

uhac103 872 

Zhou YF, Massonnet M, Sanjak JS, Cantu D, Gaut BS (2017) Evolutionary 873 

genomics of grape (Vitis vinifera ssp. vinifera) domestication. Proc Natl Acad 874 

Sci U S A 114: 11715-11720 875 

Zhou YF, Minio A, Massonnet M, Solares E, Lv Y, Beridze T, Cantu D, Gaut BS 876 

(2019) The population genetics of structural variants in grapevine 877 

domestication. Nat Plants 5: 965-979 878 

Zhou YF, Muyle A, Gaut BS (2019) Evolutionary Genomics and the Domestication 879 

of Grapes. In D Cantu, MA Walker, eds, The Grape Genome. Springer, Cham, 880 

pp 39-55 881 

Zhou YF, Zhang Z, Bao Z, Li H, Lyu Y, Zan Y, Wu Y, Cheng L, Fang Y, Wu K, et 882 

al. (2022) Graph pangenome captures missing heritability and empowers 883 

tomato breeding. Nature 606: 527-534 884 

Zhu G, Wang S, Huang Z, Zhang S, Liao Q, Zhang C, Lin T, Qin M, Peng M, 885 

Yang C, et al. (2018) Rewiring of the Fruit Metabolome in Tomato Breeding. 886 

Cell 172: 249-261 e212 887 

Zou C, Massonnet M, Minio A, Patel S, Llaca V, Karn A, Gouker F, Cadle-888 

Davidson L, Reisch B, Fennell A, et al. (2021) Multiple independent 889 

recombinations led to hermaphroditism in grapevine. Proc Natl Acad Sci U S 890 

A 118 891 

892 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae039/7591227 by guest on 30 January 2024



1      2    3    4    5    6     7    8    9   10  11   12 13   14  15  16   17

Vmu
Var
Vri
VsyA
VsyD
VsyC
VsyE
VsyB
Ves
Ved
Vch
Vca
Ries
Vra
Vzc
Vcs
Vme

Fa
m

ily
 n

um
be

r

Number of genomes

Fa
m

ily
 n

um
be

r
Ka

/K
s

Number of genomes

A B

C D

E

present absent

Figure 1. Grapevine pan-genome analyses.We clustered re-annotated genes from 17 genomes into gene families to perform grapevine comparative 
genomic analyses.(A) Phylogenetic relationships inferred from SNPs among 17 genomes and presence/absence information of pan gene families in 
17 grape genomes. (B) Count of gene families in the pan-genome and core genome in randomly chose genome. (C) Number of gene families 
presented versus number of genomes and ka/ks for gene families of different frequency. The histogram showing the number of gene families in the 
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whiskers, 1.5x interquartile range; points, outliers; numbers at the top, sample number. (D) SV heterozygosity of all 17 genomes. (Data of Ries and 
Vra are missing bucause we failed to collect their PacBio reads). (E) The proportion of cloud, shell and core gene families in pan-genome of all 
samples, Vitis population, wild population and cultivar population, respectively.
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that are best matched to the aroma related gene Vra04g1149 in PN40024. Blue square reflects the cds of these genes.
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