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Abstract

Grapevine (Vitis) is the oldest domesticated fruit crop with great cultural and economic importance.
Here, we assemble and annotate haplotype-resolved genomes of 72 Vitis accessions including 25 wild
and 47 cultivated grapevines, and a haplotype-resolved complete genome of V. vinifera. Coalescent
phylogenomics of 142 haplotype genomes disentangles the mysterious hybridization history of
grapevines, revealing enormous genetic diversity among species. Pangenome analysis together with
phenotyping data reveals that European cultivars, more susceptible to the most destructive disease
downy mildew (DM), had a smaller repertoire of disease resistance genes of NLR family. Through
extensive structural variation (SV) characterization, phenotyping, transcriptome profiling of 113 Vitis
accessions, and SV-eQTL analysis, we have identified over 79 SVs and their relevant genes significantly
associated with DM resistance, exemplified by a lysine histidine transporter, VVLHT8. This haplotype-
resolved complete genome and pangenome of Vitis genus will accelerate grapevine breeding and enrich

our understanding of the evolution and biology of grapevines.


https://doi.org/10.1101/2024.02.28.582440
http://creativecommons.org/licenses/by-nc-nd/4.0/

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.28.582440; this version posted March 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Main

Grapevine (Vitis) is one of the oldest domesticated (~11,000 BC) crops with great influence over human
civilization®. Since grapes, the berries of grapevines, are economically important table fruits and
ingredients for many commodities such as wine, juice, and vinegar, there is a constant interest in
improving the grapevine germplasms in terms of berry quality, resistance to biotic and abiotic stresses,
convenience for cultivation. However, years of continuous domestication and breeding make modern
grapevine cultivars quite narrow in genetic diversity?* and vulnerable to a variety of stresses such as
cold, downy mildew, and grey mold, posing a threat to viticulture and the entire grape industry. The wild
grapevine accessions harbor critical genetic diversity vital to improving cultivated grapevines, but so far
have not been comprehensively investigated and sufficiently utilized in breeding. The Vitis genus hosts
two subgenera, Muscadinia and Euvitis with roughly 70 inter-fertile wild species mainly categorized
into three clades, European, North American and East Asian grapevine, based on their geographical
distribution®®. The common European grapevine, V. vinifera, has a long history of domestication with
thousands of commercial cultivars for fresh consumption and wine making, while several North
American species such as V. labrusaca, V. riparia, V. berlandieri, have also been used in interspecific
breeding program mainly for making stress-resistant cultivars and rootstocks. In contrast, the Asian
species are much less explored for breeding but have the largest number of species thus genetic
diversity®.

High-quality genomic information lays the foundation for modern crop breeding approaches and genetic
studies. Although a highly homozygous grapevine V. vinifera cv. PN40024 was once the fourth plant to
have its genome sequence assembled’, Vitis genomics fell much behind other crops with several highly
fragmented genomes® !, Until recently a gap-free PN40024 genome assembly was reported*?, but it
provided limited insights to the clonally propagated crops of permanent heterozygosity such as grape
cultivars®. In fact, it still contains several heterozygous loci with two haplotypes collapsed in a diploid
assembly suffering from assembly errors. Given that grapevine genomes are highly heterozygous due to
frequent outbreeding, a haplotype-aware assembly is not only required for assembly accuracy, but also
critical for understanding the hybridization history of grapevines. Recently, haplotype-resolved T2T
genome assemblies have been reported for European cultivar Yan73® and Thompson Seedless*,
although the assembly remains incomplete missing a few telomeres. Importantly, genomics has
gradually shifted its paradigm from single linear reference genome to graph-based pangenome reference

which can provide a comprehensive genomic variation repertoire of a species or genus'®. Pangenome
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reference integrating multiple individuals from diverse genetic backgrounds has been reported in
human?®, animals'’*°, and plants?®-23, However, most pangenomic studies either rely on incomplete
reference genomes, or ignore haplotype variations in diploid or polyploid organisms, thus inevitably
missing potentially functional variations. Recently, a grapevine pangenome research was reported using
haplotype genomes of 9 North American grapevine accessions?*. However, a genus-wide pangenome
reference based on high-quality genome assemblies of grapevines from all major continents is still
lacking, which can serve as an essential resource for understanding the vast genomic diversity,
functional genomics research, identification of lost heritability, and precision improvement of
grapevines.

Here, we present the largest pangenome study of Vitis genus constructed from assembled and annotated
haplotype-aware genomes of 72 grapevine accessions from 19 Vitis species, including new genome
sequences for 13 Vitis species for the first time, as well as the first haplotype-resolved complete genome
of a major winegrape V. vinifera cv. Chardonnay. We also reported a transcriptomic profiling of 113
Vitis accessions infected by downy mildew (DM) to couple with graph pangenome for genome-wide
association study. Our results revealed a comprehensive genetic architecture of the Vitis genus and
demonstrated the power of using the haplotype-resolved pangenome in combination with variome,
transcriptome and phenome to identify genomic variations associated to agronomic traits, such as DM
resistance and water use efficiency, thus boosting genomics-assisted breeding and genetic studies for

grapevines.

Results

Haplotype-resolved complete genome and centromere landscape of V. vinifera

We first assembled a telomere-to-telomere (T2T) haplotype-resolved genome of a major winegrape (V.
vinifera) cultivar Chardonnay as a reference for downstream variant callings. Chardonnay had an
estimated genome size of 508.07 Mb and a heterozygosity rate of 1.64% based on kmer frequency
analysis (Figure S1A). We deeply sequenced Chardonnay to generate a combination of PacBio high-
fidelity (HiFi) long reads (308x), Oxford Nanopore technology (ONT) ultra-long (N50 > 100 kb) reads
(1179, high-throughput chromatin conformation capture sequencing (Hi-C) reads (180x) for T2T
genome assembly. From HiFi and Hi-C reads, we used hifiasm to successfully assemble two phased
assemblies (hapl and hap2). After decontamination of plastid and microbial sequences the two phased

assemblies were scaffolded into pseudochromosomes using Hi-C data by Juicer? and 3d-DNA?®
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yielding 19 chromosomes for each haplotype containing 3 and 0 gaps, respectively. The chromosome-
level assemblies were then subjected to gap-filling using HiFi and ONT reads as well as unplaced
contigs to achieve gap-free assemblies. The two final haplotype-resolved T2T genomes (VHP-T2T)
sized 501.30 Mb and 503.73 Mb and each contained 19 gap-free chromosomes (Figure S1B) with all 38
telomeres (Table S1) with contig N50 of 26.39 Mb and 26.16 Mb, respectively (Figure 1A and Table
S1). Both haplotypes of VHP-T2T were well aligned against a previous V. vinifera genome PN400242
(Figure S1E). Extensive validations using multiple metrics such as read mapping, Hi-C interaction
maps, BUSCO, LAl and QV (see methods) demonstrated the completeness and accuracy of two haploid
genomes (Table 1; Figure S1C and S1D). All 19 centromeres with genomic locations and boundaries
were clearly validated for both haplotypes of VHP-T2T by ChIP-seq using grapevine-specific antibody
of CENH3 (centromere-specific histone 3) (Figure 1A).

Although the two haplotypes of VHP-T2T showed high collinearity with a sequence identity of 93.37%,
we identified 9,223 structural variants (SVs) including 4,407 deletions, 4,374 insertions, 73 inversions
and 369 translocations between them (Figure 1B), highlighting the heterozygosity nature of cultivar
Chardonnay (Figure 1C). These variations spanned 7.8 Mb and 7.11 Mb representing 1.55% and 1.41%
of hapl and hap2, respectively. The largest difference resided in their centromere regions (Table S2)
with a diverse repeat composition and variable centromere lengths both within and among chromosomes
(Figure 1D), as demonstrated by the CENH3 ChlP-seq signals (Figure 1A). Consistent with a previous
report!?, the satellite DNA monomer of 107bp (VVCEN107) was the dominant repeat unit (hapl:
26.32%, hap2: 25.99%) in all V. vinifera centromeres. Besides, VVCEN135 was occasionally found in a
few centromeres and all centromeres were invaded by long terminal repeats (LTRs) (Figure 1D). For
example, two haplotypes differed greatly in Chr04 centromere where the size of centromeres,
VVCEN107 copy numbers and the extent of LTR invasion were markedly distinctive (Figure 1E).
Comparative analysis across 19 chromosomes revealed low sequence conservation among centromeres
(Figure S2), suggesting highly variable and rapidly evolved winegrape centromeres even between two
parent haplotypes. Genome annotation combining ab initio prediction, homology proteins and multi-
tissue transcriptome data predicted 39,261 and 39,056 protein-coding genes for hapl and hap2,
respectively (Table 1), comparable to 37,534 in the previous report for winegrapes!2. VHP-T2T hapl,
with a higher contig N50 than hap2, was used as reference in downstream variant calling and

pangenome construction.
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Genetic and phenotypic diversity of grapevines

To understand genetic and phenotypic diversity of Vitis genus, we collected and curated 71 diploid
grapevine accessions including 25 wild grapevines and 46 cultivars, covering 19 species (Figure 2A
and Table S3). The wild accessions included 23 East Asian and 2 North American grapevines, while the
cultivars were grouped into 22 European, 19 North American, 1 East Asian and 4 Muscadine grapevines
(V. rotundifolia) according to our phylogenetic analysis, representing a broad spectrum of grapevine
genetic diversity (see below Figure 2D and Table S3). This collection of grapevines displayed large
phenotypic variations such as leaf morphology (sizes and shapes), berry morphology, resistance to
downy mildew, and stomatal density, length and conductance (Figure 2B, 2C, S3B and Table S4). For
instance, compared to Muscadine and East Asian groups, North American and European groups had
longer stomata, higher stomatal conductance and were less resistant to downy mildew, whereas
Muscadine groups had higher stomatal density than other groups (Figure S3B and Table S4).

We then performed population genomic sequencing of these grapevine accessions using Illumina paired-
end (NGS) short reads (~50x coverage) (Table S5) to detect single nucleotide polymorphisms (SNPs)
and Indels using VHP-T2T hap1 as a reference genome. In total, 123 million SNPs and Indels were
detected and further filtering yielded a set of 683,041 high-quality synonymous SNPs for the 71
accessions, which were used in downstream phylogenetics, principal component analysis (PCA) and
biogeographic history (ADMIXTURE) investigation. Both approximately-maximume-likelihood tree
(Figure 2D) and PCA (Figure 2E) showed an unambiguous separation of the 71 accessions into four
clusters representing the North American, East Asian, European and the Muscadine grapevines. We
further conducted ADMIXTURE analysis to understand the genetic ancestry of the 71 accessions. At
k=4, all 71 grapevine accessions were divided into four distinctive ancestry groups corresponding to a
single geographic group, indicating the independent origin of grapevines for the three continents as
reported previously® (Figure 2F). At k=6, the best k value determined by cross validation error (Figure
S3C), grapevines from North America and Europe showed multiple ancestries but overall shared no
ancestry among groups, suggesting a lack of genetic exchanges among them (Figure 2F). It also showed
that the genetic diversity of North American and East Asian grapevines has not been well explored in the
breeding of cultivated winegrapes (V. vinifera), highlighting the great potential of these resources in
genetic improvement of grapevines. Meanwhile, we downloaded NGS data of 475 grapevine and
outgroup accessions reported by Liang et al.® to compile a total of 591 accessions (including 71

accessions in Table S3 and 45 additional samples in Table S4) covering both wild and cultivated
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grapevines from the three major continents in our analysis. SNP-based phylogenetic tree of the 591
accessions suggested that our 71 grapevine accessions were a good representation of genetic diversity in

the Vitis genus (Figure S3A), and thus they were used to construct the pangenome.

Pangenome assembly and annotation of 71 grapevine accessions

For pangenome reference construction, we assembled genomes of the 71 grapevine accessions with
estimated heterozygosity rates of 1.13% to 3.13% and genome sizes of 337 Mb to 483 Mb based on
kmer analysis (Table S6). We generated PacBio HiFi (~60>) and Hi-C (~100x) reads (Table S5) for
each of our 71 grapevine accessions and assembled two haploid genomes per accession with 74 to 3,057
haplotigs using hifiasm (Table S7), which were further anchored to chromosomes using Hi-C data. The
final assemblies of 142 haplotype genomes (71 accessions x 2 haplotypes) sized from 435.8Mb to
651.2Mb (Figure 3A), with BUSCO scores between 93% and 97.5%, Quality Value (QV) of 34.8-71.6,
and LTR Assembly Index (LAI) of 12.6-21.5 (Figure S4A and Table S7), suggesting high level of
completeness. All haplotype-resolved genomes contained 19 chromosomes of variable sizes (Figure
S4B) except for Muscadine grapevines with 20 chromosomes as previously reported?®. The contig N50
of 142 haplotype genomes varied from 5.01 Mb to 26.15 Mb with a mean value of 19.36 Mb, almost
comparable to the VHP-T2T assembly (Figure 3B). Genome annotation of the 142 haplotypes
integrating ab initio prediction, homolog and transcriptome evidence predicted 31,761 to 36,639 (mean:
35,185) protein-coding genes for Muscadine, 35,403 to 42,168 (mean: 39,905) for European, 39,151 to
43,318 (mean: 40,895) for East Asian and 38,586 to 51,051 (mean: 41,177) for North American
accessions (Table S7). Overall, two haploid genomes of all accessions had comparable genome sizes,
NG50, numbers of annotated genes and repeat contents with only minor exceptions (Figure 3A). For
example, repetitive elements occupied 36.77% to 52.73% of the genomes (Figure 3A and Table S7)
and genome sizes were positively correlated with the LTR transposon occupancy (R?= 0.26-0.68) with
the exception of V. rotundifolia (R?=0.12) accessions (Figure 3C). In addition, five haplotypes of V.
rotundifolia accessions had unusually twice as much DNA transposon presence than the three groups of
Euvitis grapevines (Figure 3C and Figure S4C). The distinctive repeat composition in Muscadine with

Euvitis grapevines was overall in line with their phylogenetic relationships (Figure 2D).
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Haplotype-aware phylogenomics reveals the hybridization history of grapevines
Haplotype-resolved genome assemblies can provide unique and unprecedented insights into the
hybridization history of species even without trio information. With 144 haplotype grapevine genomes
(VHP-T2T included), we constructed a whole-genome coalescent phylogenetic tree to investigate the
hybridization history of these grapevine accessions. The Pangenome Graph Builder (PGGB)? was first
used to generate a pangenome graph of 144 haplotypes. Using SNPs from the deconstructed graph with
VHP-T2T hapl as reference, we built phylogenetic trees for each chromosome and then used
ASTRAL® to generate a coalescence tree from 19 chromosome-based trees (Figure 3D and Table S8).
The coalescence tree showed a clear separation of haplotypes belonging to each of three continents and
Muscadine. There was extensive intra-group hybridization of haplotypes for North American and
European but not East Asian accessions. In addition, inter-group hybridization across different
continents was minimal, especially between East Asian accessions and the other two continents. These
results are consistent with the fact that East Asian accessions are rarely used in breeding and thus most
of the samples we collected were from wild sources, while other samples were mainly from cultivars
(Table S3). Though we cannot rule out the possibility that incompatibility exists, complete failure of
hybridization among species in Vitis genus has not been reported to the best of our knowledge and it is
generally accepted by the Vitis research field that Vitis species are inter-fertile>®. Thus, genome
information of these newly released wild accessions represents a resource of genetic pool for grapevine
improvement.

While the diploid phylogenetic tree (Figure 2D) and haploid tree were mostly concordant with each
other, there were a few exceptions (Table S8). For example, a V. pseudoreticulata xV. vinifera hybrid
V125 was grouped to the European clade in the diploid tree, whereas in haploid tree, its two haplotypes
were placed in European and East Asian clade, respectively. Therefore, the results demonstrated the
value of haplotype-based whole-genome phylogeny for correctly tracing back the grapevine

hybridization history.

Pangenome analysis of grapevines

With the 144 fully annotated haplotype Vitis genomes, we performed pangenome analysis on the 72
grapevine accessions using previously reported methods?°, classifying all genes into a total of 64,517
gene families from 144 genomes (Table S9). The number of gene families increased rapidly as

additional genomes were included and approached a plateau with n=125 genomes (Figure 4A),
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indicating a closed pangenome with the 72 accessions. Of the total gene sets, 8,223 families (12.75%)
were present in all 144 genomes and defined as core genes, 9,252 families (14.34%) were present in 130
to 143 genomes and defined as softcore genes, 45,988 families (71.28%) were present in 2 to 129
accessions and defined as dispensable genes, 1,054 families (1.63%) were present in only one accession
and defined as private genes (Figure 4B). Although dispensable and private gene families constituted a
larger proportion (72.91%) of the total gene sets in the 72 accessions (Figure 4B and 4C), they only
accounted for an average of 29.82% of the genes in individual accessions (Figure 4D). European
grapevines contained significantly larger fraction of softcore and smaller fraction of private genes than
North American and East Asian grapevines (Figure S5A), indicative of gene loss and reduced gene
diversity in cultivated grapes. Core genes having lower nucleotide diversity () (Figure S5B) and dN/dS
ratio indicated they were more functionally conserved than dispensable genes (Figure S5C). While core
and softcore genes were enriched in house-keeping processes such as nucleologenesis, cell
differentiation and guard cell development (Figure S5D and S5E), the dispensable and private genes
were enriched for biosynthesis of secondary metabolites and chemotaxis (Figure S5F and S5G).
Grapevine downy mildew is the most destructive disease in the global viticulture, caused by the
oomycete Plasmopara viticola specifically penetrating through stomata, resulting in yield loss and
reduction of grape quality. Nucleotide-binding site leucine-rich repeat (NLR) genes are key players in
plant immunity against pathogens and diversified among individual accessions of plants®.. We annotated
grapevine NLR genes using NLR-annotator®2and performed pan-NLRome analysis from the 72
grapevine accessions showing variable downy mildew resistance. In total, we discovered 104,046 NLR
genes (Table S10) categorized into eight subfamilies (Figure 4E) across 144 haplotypes (Figure 4F),
including 24,236 core, 49,784 softcore, 29,953 dispensable and 73 private NLR genes (Figure S5H, S5I
and Table S10). These grapevine NLR genes mostly resided in gene clusters and many were located
near subtelomere regions (Figure 4E). East Asian grapevines were overall more DM-resistant (Figure
4G) and harbored more NLR genes than European accessions (Figure 4H), especially for the
subfamilies encoding coiled-coil NB-ARC domains (Figure 4F). These results suggested that wild
grapevines from East Asian contained a larger repertoire of NLR genes than cultivated European grapes,
altogether probably contributing to their differential DM resistance.
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Extensive structural variations present in wild and cultivated grapevines

Large-scale genomic variants such as SVs are major drivers of plant evolution and domestication. We
detected SVs in 67 Euvitis accessions (Muscadine accessions were omitted due to different numbers of
chromosomes) by aligning the 135 high-quality haplotype-resolved genome assemblies (134 haplotypes
+ VHP-T2T hap2) against VHP-T2T hapl as the reference using minimap, followed by SV detection
using Syri®. A total of 132,518 non-redundant SVs (54,784 insertions, 62,652 deletions, 3,641
inversions, and 11,441 translocations) of 51 bp to 7,473,130 bp were detected (Figure 5A and S6).
North American and East Asian accessions had more SVs detected than European ones (Figure 5B),
probably due to using a reference genome of European origin (V. vinifera). With 135 haplotype
genomes, the number of pan-SVs have not reached a plateau indicating that with larger sample set more
SVs could be detected (Figure 5C). The majority of insertions and deletions (90% < 1,053 bp) were
shorter than the inversions and translocations (90% < 313 kb), with some inversions longer than 1 Mb
(Figure 5D). The inversions and translocations were mainly distributed in and near centromeres (Figure
S7A and S7B), whereas deletions and insertions lacked genomic hotspots (Figure 5A). The large SVs
(>1Mb) detected by pairwise whole-genome alignments were validated by mapping sample Hi-C reads
against VHP-T2T (Figure S7C-S7F). For example, one 3.4Mb inversion event on Chr7 for V. heyneana
hapl was visible on Hi-C interaction map showing abnormal chromatin interaction signals of a typical
inversion (Figure 5E). Although SVs were mostly located at the intergenic regions and TEs (Figure
5F), 67.5% were found in 3-kb upstream, downstream, and genic regions of 19,244 protein-coding
genes, thus potentially disrupting their functions. Gene ontology enrichment of these genes suggested
that SVs may have well contributed to the grapevine evolution in terms of leaf morphology, detection of
biotic stimulus and pathogen recognition (Figure 5G). Particularly, our SV collection detected
previously characterized®**® molecular markers for downy mildew resistance routinely used in grapevine
breeding (Figure 5H, 51, S8 and S9). One such SV on Rpv3 locus (UDV305)% was located on the
promoter of VVSEC14 (cytosolic factor family protein) homologous to Arabidopsis SEC14 involved in
stress response*®. This 112bp deletion was present in mostly European accessions showing increased
VWSEC14 expression and disease susceptibility (Figure 5H and 51). We have also identified two
additional SVs, a 59bp deletion on promoter region and 238bp insertion in 3'UTR of VVSEC14, mostly

in North American accessions with reduced VVSEC14 expression and disease resistance (Figure 5I).

10
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Graph-pangenome enabled discovery of SV-eQTLs for downy mildew resistance

SVs have major impacts on agronomically important traits by disrupting gene coding sequence or gene
expression. However, population-level SV genotyping is challenging in plants, impeding SV—phenotype
associations. Graph-based pangenomes are capable of storing both reference and alternative allele
sequences while retaining the coordinate systems of the linear reference genome, which facilitates
mapping of short reads from SV regions and thus SV genotyping. Several studies reported SV-
genotyping by mapping low coverage NGS reads to graph-based pangenome for SV genotyping?>%’. We
constructed a grapevine graph-based genome by integrating the linear reference genome sequence of V.
vinifera VHP-T2T and the 132,518 non-redundant SVs identified from the 67 Euvitis genomes using vg
pipeline (Figure 6A). The resulting graph pangenome had 535,122,987 bases containing 16,830,980
nodes and 16,946,222 edges. We then genotyped these SVs in 113 accessions (Table S4) by mapping
their NGS data (50x) against the pangenome graph using Giraffe and vg3®. With the genotyped SVs, we
performed expression quantitative trait loci (eQTL) analysis by incorporating transcriptome data of 113
accessions infected by P. viticola at 1 dpi (days post inoculation) (Table S4). The expressed genes
(TPM >1) and SV genotypes were used in eQTL analysis as previously described®, which identified 79
significant association signals (P < 2.14e-5) (Figure 6B and Table S11).

The most significant signal was located at Chr3 where a 85 bp insertion event was strongly associated
with expression level changes for a gene encoding a leucine histidine transporter homologous to
Arabidopsis thaliana LHT8 (VVLHT8 hereafter) which was reported to regulate plant defense response
against bacterial and fungal disease in a salicylic acid (SA)-dependent manner®. The VVLHT8
expression was higher in the accessions with 85 bp insertion than these without (Figure 6C) and those
SV-homozygous accessions were more susceptible to DM (Figure 6D) and had different stomatal traits
including higher stomatal density and stomatal conductance at night (Figure 6E-6F). The results were
validated with grapevines either without the SV or being SV-homozygous (Figure 6G-6L). We also
found that the SVV-homozygous accessions showed lower SA content in the leaves (Figure 6M). Stomata
are key players in not only water use efficiency but also warding off pathogen invasion, and SA is an
important phytohormone regulating stomatal movement and plant immunity*'-#3, These results
suggested that VVLHT8 could regulate DM resistance and water use efficiency in a stomate- and SA-
dependent manner. In addition to VVLHTS, expression levels of several other genes from the eQTL
analysis were also found significantly related to DM resistance and stomatal traits (Figure S10), and

many others can be identified through further analysis of the phenotyping data of the 113 grapevines
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provided in Table S4 and S11. These genes are thus strong genetic targets for improving DM resistance

and water use efficiency of grapevines.

Discussions

Grapevine is a model species for studying plant domestication and evolution®’ and is also an important
cash crop with over seven million hectares planted across the globe, contributing over hundreds of
billion dollars to the world economy*. Surprisingly, grapevine genomics, once in frontiers, have been
progressing much slower than other crops, largely because of their high genome heterozygosity caused
by extensive hybridization. Despite several published reference genomes of grapevines®11.13:142427
complete and haplotype-aware reference genomes remain lacking to date. Using sequencing data
generated from the latest PacBio HiFi, ONT ultra-long and Hi-C technologies, we assembled the first
haplotype-resolved complete genome of V. vinifera cv. Chardonnay, the most influential grapevine for
making white wine. It allowed us to gain insight into the substantial genomic variations between two
haplotype genomes including CENH3-ChIP validated centromere regions, revealing unprecedented
landscape of high-copy tandem repeats within haplotype-aware grape centromeres. This opens the path
to dissect the function and evolution of centromeres in grapevine genomes which have long served as
the pillars for plant evolutionary genomics studies. We further explored haplotype landscape of 71
global grapevine accessions (25 wild + 46 cultivars) representing the broad genetic diversity of the
genus by producing high-quality haplotype-resolved genomes of them to construct a pangenome and
trace the complex hybridization of grapevines. To the best of our knowledge, genomes of 60 Vitis
accessions in our sampling are newly released including new genomes for 13 Vitis species, while
genomes of the other 12 Vitis accessions have recently been reported >131445-%0 byt further improved in
this study (Table S3). This is so far the largest pangenome study integrating genus-wide haplotype-
aware genomes reported for any plants. The genomes of 47 cultivars will directly facilitate the research
and breeding of grapevines and thus benefit the grape industry.

Human domestication of grapevines dates back to ~11,000 BC and is primarily based on a single species
V. vinifera®. This has led to a rather narrow genetic diversity among grapevine cultivars making them
susceptible to various biotic and abiotic stresses. Therefore, shifting the attention to wild grapevine
species for genetic and genomic research is critical to improving grape cultivars. In this work, we
released haplotype-resolved reference genomes of 25 new wild grapevines, which are crucial

germplasms for improving the cultivars in many traits, particularly resistance to biotic and abiotic
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stresses. The current grapevine breeding is heavily dependent on the crossing between European and
North American grapevines, which was clearly supported by our haplotype-based coalescent
phylogenetic analysis (Figure 3D). The same analysis also highlighted that Asian grapevines were
poorly explored in breeding and represent a valuable genomic resource for grapevine improvement. We
expect these high-quality grapevine genomes to empower future research endeavors towards answering
key questions about grapevine biology and evolution, such as the mechanisms behind heterosis, sex
locus and centromere evolution etc.

Grapevine genomics has been relying on a single linear reference genome of European grapevine, which
introduces reference bias owing to its narrow representation of grapevine diversity. From the assembled
and annotated Vitis genomes, we built a graph-based pangenome reference for grapevine functional
genomics research and molecular breeding, a hallmark paradigm shift from current approach. By
including a published genome of the wild European grapevine V. vinifera ssp. sylvestris, our pangenome
covers the most comprehensive genome information of Vitis genus to date (Figure 4), which is
supported by the saturated number of identified core and dispensable gene families in our grapevine
collection. We also extensively characterized SVs in each of the grapevines, obtaining the largest
catalog of structural variations for Vitis spp. The high-quality genomes, variomes, phenomes,
transcriptomes from global grapevine accessions generated in this study will make our grapevine
collection a useful material pool for both functional genomics studies and breeding of grapevines.
Identification of genetic markers, particularly specific gene sequences, is key to genomics-assisted and
gene-editing based crop improvement. To show the power of pangenome in identification of trait-
associated genetic markers, we focused on critical agronomic traits, DM resistance and stomatal traits
closely relevant to water use efficiency, and identified 79 SVs strongly linked to these traits using SV-
eQTL analysis (Figure 6, S10 and Table S4). By analyzing SVs in the known DM-resistant QTLS, we
identified VVSEC14 in the Rpv3 locus®**® negatively regulating DM resistance (Figure 51), thus
representing a potential target to improve usage of the locus. Further functional studies of the genes
affected by the SVs will facilitate precision improvement of grapevines. There have been several large-
scale genomic resequencing and phenotyping projects of grapevines®. Population-scale variant detection
and genotyping by mapping resequencing reads to our pangenome followed by GWAS is a cost-saving
and unbiased approach that will accelerate the identification of trait-associated genetic markers.
Overall, the current study released the first haplotype-resolved complete genome and the largest

pangenome of grapevines, revealed the genetic architecture of the Vitis genus and demonstrated the
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power of employing the pangenome to uncover genomic variants linked to important grapevine traits
such as DM resistance and water use efficiency, thus paving the way for future research and marker-

assisted improvement of grapevines towards the goal of generating a super grapevine for human beings.

Online Methods and Materials

Plant resources and sample collection

The Vitis accessions used in this study were grown in the vineyards at Zhengzhou Fruit Research
Institute, Chinese Academy of Sciences, and Institute of Advanced Agricultural Sciences, Peking
University, China. Standard management procedures, such as cultivation, watering, fertilization,

pruning, and disease control, were applied to all plants.

DNA and RNA isolation

Genomic DNA used for NGS short-read sequencing was isolated from grape plants using the DNeasy
Plant Mini Kit (QIAGEN). The Agilent 4200 Bioanalyzer (Agilent Technologies, Palo Alto, California)
was used to evaluate the DNA's integrity. High molecular weight DNA used for long-read sequencing
was isolated from fresh leaves of grapevines using CTAB (cetyltrimethylammonium bromide) method
as described previously®. Genomic DNA quality was assessed using 1% agarose electrophoresis to
determine whether the samples were contaminated and degraded. The purity of the samples was detected
using a NanoPhotometer® spectrophotometer (IMPLEN, CA, USA) and DNA sample concentration
was determined by the Qubit® 2.0 Flurometer (Life Technologies, CA, USA). Total RNA was isolated
from grapevine leaves using TRIzol reagent (Thermo Fisher, USA) following manufacturer protocol.
The concentration of extracted nucleic acid was detected with Nanodrop2000 (Thermo Fisher, USA).
For RNA quality examination, the purity of the samples was determined by NanoPhotometer ®
(IMPLEN, CA, USA), while the concentration and integrity of RNA samples were detected by Agilent
2100 RNA nano 6000 assay kit (Agilent Technologies, CA, USA).

Genome sequencing

For NGS sequencing library, g-Tubes (Covaris) were used to shear 15 g of genomic DNA and AMPure
PB magnetic beads were used to concentrate the DNA. Library construction was conducted using a 1.9
ogDNA template according to the steps sepecified in the TruSeq DNA Sample Preparation Guide
(IMlumina, 15026486 Rev.C). HiSeq X Ten sequencing platform (Biomarker Inc, Qingdao) was used to
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execute the paired-end sequencing program (PE150) to produce 150 bp sequence reads. For standard Hi-
C library preparation, young leaves were cross-linked by 40 ml of 2% formaldehyde solution at ambient
temperature in a vacuum for 15 min, following a standard Hi-C protocol®2. The constructed Hi-C
sequencing library was first subjected to a test run of sequencing to evaluate valid interaction read pairs
using HiC-Pro (v3.1.0)° before high coverage sequencing by Hlumina NovaSeq 6000 to yield 50~126
Gb (126~334>genome coverage) paired-end reads. To generate PacBio HiFi data, a total of 15 g
purified HMW genomic DNA were used to construct a standard PacBio SMRThbell library using PacBio
SMRT Express Template Prep Kit 2.0 (Pacific Biosciences, CA). The CCS (circular consensus
sequencing) was performed using a PacBio Sequel lle instrument at Biomarker Technologies
Corporation (QingDao, China) to generate 24~156 Gb (58~308><genome coverage) HiFi reads with read
length N50 of 13.4~23.5 kb. To generate Oxford Nanopore ultra-long reads, the long DNA fragments
were size-selected and processed following the Ligation Sequencing SQK-LSK109 Kit (Oxford
Nanopore Technologies, Oxford, UK) protocol. The final DNA library was sequenced using the
PromethlON sequencer (Oxford Nanopore Technologies, Oxford, UK) by Single-Molecule Sequencing
Platform at Annoroad Inc. (Beijing, China).

Genome assembly

For genome survey to estimate genome sizes and heterozygosity of 72 grapevine accessions, Illumina
paired-end reads were used in kmer frequency analysis with Jellyfish v2.3.0% (k-mer=21) and
Genomescope v1.0%. To assemble the haplotype-resolved T2T genome for ¥, vinifera, high coverage
PacBio HiFi (308x) and ONT ultra-long (117x) reads were used to produce an initial assembly of two
haplotypes using hifiasm v0.19.8% *--hom-cov --h1 --h2 --ul" by incorporating Hi-C reads. The initial
assemblies of two haplotypes were then scaffolded using Hi-C reads by Juicer®” and 3d-DNA®® pipeline.
Briefly, HiC-Pro>® was used to extract valid read pairs after the Hi-C data was aligned to the draft
genomes using Bowtie2 v2.2.3%°. The alignment was then used to calculate the Hi-C interaction matrix
by Juicer and the assemblies were scaffolded using 3d-DNA. On the basis of signals from Hi-C
interaction heatmaps, manual adjustments were applied to the scaffolded pseudochromosomes using
Juicebox v1.11.08°". ONT ultra-long reads were used in gap-filling of the chromosome-scale assemblies.
The ONT reads first underwent filtering by fitlong v0.2.1 (https://github.com/rrwick/Filtlong) with
parameters --min_length 80000 --min_mean_q 9. Then, consistency correction was performed on the

filtered reads using NECAT version 0.0.1. Using the corrected ONT and HiFi reads, TGS-gapcloser
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v1.2.1%° with the parameter --tgstype ont --ne, was used to close gaps in the scaffolded genomes. And
contigs not incorporated into the scaffolds were aligned to the chromosomes using minimap2 “-x asm5".
Sequences intended for gap filling must satisfy two criteria: 1) the contig should span the entire gap
region, 2) the sequences on both sides of the gap, 100kb away from it, should exhibit over 90% sequence
identity with the contig, and the alignment length should exceed 100kb. Subsequently, the filled
positions were examined in IGV (Integrative Genomics Viewer) for validation of correctness. Genome
assemblies of other 71 grapevine accessions were generated from HiFi and Hi-C reads using similar
procedure as the T2T genome assembly described above except that no ONT and HiFi reads were used
for gap-filling. After the initial haplotig-level assembly, the haplotigs were anchored to chromosomes
using Hi-C reads of each accession by Juicer v1.6%", 3D-DNA v201008%, and Juicebox v1.11.08%%. To
remove plastid sequences from all genome assemblies produced in this study, the genome contigs were
aligned to V. vinifera mitochondrial and chloroplast genome sequences (GenBank accessions
FM179380.1 and DQ424856.1, respectively) with minimap2 v2.24% with parameter *-x asm5". Contigs
with base coverage of at least 50% identical with a plastid sequence were eliminated from the final
assemblies. Other common contamination sequences (e.g. microbial DNAs) were further eliminated by
aligning the contigs to all of the RefSeq bacterial genomes from NCBI with blast-2.13.0+ with

parameters * -task megablast’.

Genome polish and validation

To polish genome assemblies PacBio HiFi and ONT ultra-long reads were aligned to the assemblies
using Winnowmap®, retaining only the primary alignments. Small indels (< 50bp) were called from the
alignment results of HiFi using DeepVariant®. Structural variations (> 50bp) were identified from the
alignment results of Hifi and ONT (for VHP-T2T) using Sniffles. Merfin was then applied to evaluate
the variant calls and BCFtools®® was used to correct the bona fide variants in the genome assemblies. To
validate the VHP-T2T assemblies, we remapped the raw sequencing reads to the genome assemblies,
and examined the mapping results for abnormal coverage of reads genomewide. Briefly, a total of 156.9
Gb of HiFi reads were aligned to the haplotype-resolved T2T genome using Winnowmap with the
parameters -W -ax map-pb’. For subsequent read depth analysis, only primary alignments with MAPQ
value >30 were considered. The read depth for each base was then calculated using samtools (v.1.6)%
with the parameter "bedcov'. Afterwards, average depths were computed for all 1 kb bins across the

genome. Bins with depths < 150 and > 600 were designated as low-coverage and high-coverage regions,
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respectively. Additionally, we aligned 29.9 Gb of high-quality ONT ultra-long reads to the genome using
the same approach. Bins with depths < 50 and >200 were respectively defined as low-coverage and
high-coverage regions, respectively. We found the low-coverage regions (4.3% of total genome) were
generally associated with large segments of satellite arrays such as centromeric regions, and high-
coverage regions (0.15% of total genome) were enriched with plastid DNA insertion regions.
Nonetheless, we found a generally normal coverage (expected from sequencing depths) of mapped reads
across all genomic regions, suggesting correct assembly of genomes even at complex regions. Then, we
also looked for any large and obvious assembly errors by checking Hi-C interaction maps and found
none. Finally, several standard quality control metrics were applied to evaluate the accuracy and
completeness of final genome assemblies as follows. BUSCO v5.4.2%” was used to evaluate the genic
region completeness. Using LTR retriever v2.9.0, the completeness of intergenic regions was assessed
by LAI®®, Lastly, k-mer based the quality of the assemblies was assessed by Meryl v1.3 and Merqury

v1.3% using default parameters.

Annotation of pangenome

Genome repeats were annotated using RepeatModeler (v1.0.11)7, followed by genome soft-masking
through RepeatMasker (v4.1.2.p1)". The prediction of the gene model utilized an integrated pipeline
that included the following data: ab initio predictions, homologous protein comparisons, RNA-seq, and
Iso-seq evidence. In the ab initio prediction phase, we trained the GeneMark-ET model using
BRAKER?2 (v.2.1.6)"2 and further refined it by training the semi-HMM model SNAP”® via MAKER
(v3.01.03)"4. The plant homologous protein sequences used in this work were non-redundant, human-
curated, and retrieved from the UniProt Swiss-Prot database (https://www.uniprot.org/downloads) to
ensure their uniqueness. To further increase the dataset's comprehensiveness, we also included published
peptide sequences from Vitis as mentioned in Massonnet et al.”, Jaillon et al.”, and Minio et al.”. We
refined the homologous protein set using cd-hit (version 4.8.1)"” with default parameters to reduce
potential redundancy. Transcriptome evidence was included in genome annotation integrating the leaf
transcriptome of the 71 grapevine accessions (Table S3) and multi-tissue transcriptomic data from Vitis
species downloaded from NCBI (Table S12). The public transcriptome data were categorized into three
groups by population of three origins: Europe, North America, Asia. Subsequently, each group of
transcriptome data was utilized for gene annotation for the accessions of the corresponding population.

T2T genomes were annotated using transcriptomic data from multiple tissues of Chardonnay cultivar.
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Trinity (v2.8.4)"8 was used for de novo transcriptome assembly’®. The final gene model was predicted by

MAKER pipeline with protein-coding genes having an AED < 0.5.

Centromere and telomere identification

Telomere sequences were detected using Tandem Repeat Finder (TRF) v4.09.17° with the following
parameters: '2 7 7 80 10 50 500 -d -h *. The generated ".dat file' was converted into a GFF3 file format by
using TRF2GFF (https://github.com/Adamtaranto/TRF2GFF), making it easier to recognize the seven-
base telomeric repeats. For in silico centromere identification, tandem repeat annotation was carried out
using TRASH®, with the parameter configuration as '2 7 7 80 10 50 500 -f -d -m'". The relative positions
within the centromere were aligned with blast-2.13.0+ concurrently by utilizing the tandem repeat
sequence units of the centromeres identified by Huang et al.8%. The colorful identity heatmaps of

genomic sequence were generated using StainGlass®.

CENH3 ChlP-seq and data analysis

ChlIP was performed according to a described previously method, standardized with anti-grape-CENH3
antibodies. An antigen with the peptide sequence ‘RTKHPAVRKTKALPKK’ corresponding to the N
terminus of grape CENH3 was used to produce the antibody. For ChlP experiment, seedlings were fixed
with 1% formaldehyde solution in MS buffer (10 mM potassium phosphate, pH 7.0; 50 mM NacCl) at
room temperature for 15 min in a vacuum. After fixation, the seedlings were incubated at room
temperature for 5 min under vacuum with 0.15 M glycine. Approximately 1 g fixed tissue was
homogenized with liquid nitrogen and purifying nuclei, and resuspended in 1 ml of cell lysis buffer &
incubate for 10 min on ice & spin at 1500 rpm (RC-3B, 600 x g) for 5 min (Cell lysis buffer: 10 mM
Tris, 10 mM NaCl, 0.2 % NP-40 [pH 8.0], 1X protease inhibitors). The cell lysis was further
resuspended in 1 ml of nuclei lysis buffer for 10 min on ice (Nuclei lysis buffer: 50 mM Tris, 10 mM
EDTA, 1% SDS, 1X protease inhibitors) to isolate nuclei. The resuspended chromatin solution was
sonicated five times for 15 s each at ~10% power (setting 2.5 on the sonicator, Sanyo Soniprep 150).
The volume of the chromatin sample was measured and then ChlIP dilution buffer was added to 1ml of
chromatin with 2.5 pg of anti-H3K4me3 and incubated for 12 h at 4°C. 50 ul protein A/G Beads were
added and incubated for 4 hr at 4. Beads were washed twice with each of the following buffers: wash
buffer A (50mMHEPES-KOH pH 7.5, 140mMNaCl, ImMEDTA pH 8.0, 0.1% Na-Deoxycholate, 1%
Triton X-100, 0.1% SDS), wash buffer B (50 mM HEPES-KOH pH 7.9, 500 mM NaCl, 1 mM EDTA
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pH 8.0, 0.1% Na-Deoxycholate, 1% Triton X-100, 0.1% SDS), wash buffer C (20 mM Tris-HCI pH8.0,
250 mM LiCIl, 1 mM EDTA pH 8.0, 0.5% Na-Deoxycholate, 0.5% IGEPAL C-630, 0.1% SDS), wash
buffer D (TE with 0.2% Triton X-100), and TE buffer. To purify eluted DNA, 200 ul TE was added and
then RNA was degraded by the addition of 2.5 | of 33 mg/mL RNase A (Sigma, R4642) and incubation
at 37°C for 2 hours. The DNA was then resuspended in 50 ul TE and amplified with the VAHTS®
Universal DNA Library Prep Kit for lllumina V3 (Vazyme ND607). Amplified ChIP libraries were
sequenced on the Illumina Novaseq 6000 platform.

ChIP-seq analysis was conducted as previously described® with modifications. Briefly, CENH3 ChIP—
seq Illumina reads (2 x 150 bp) from Chardonnay leaves were processed with fastp to remove adaptor
sequences and low-quality bases (Phred+33-scaled quality < 20). Trimmed reads were aligned to the
respective genome assembly using Bowtie2 with the default settings. Up to ten valid alignments were
reported for each read pair and read pairs with Bowtie2-assigned MAPQ of <30 were discarded using
samtools. Duplicate reads were removed by markduplicates in Picard tools with the following settings: --
REMOVE_DUPLICATES true --VALIDATION_STRINGENCY LENIENT. For retained read pairs
that aligned to multiple locations, with varying alignment scores, the best alignment was selected.
Alignments with two or more mismatches or having only one read in a pair were discarded. For each
dataset, counts per million mapped reads (CPM) coverage values were calculated with the bamCoverage
tool from deepTools (v.3.5.1)%4. ChIP-seq broad peaks were called by MACS2 (v.2.2.7.1)%, then peaks
of replicates were identified by IDR (v.2.0.4.2)%.

Reference-based variant detection in grapevine accessions

For detection of SNPs for population genetic analysis, the NGS reads of 72 grapevine accessions (this
study) and 475 accessions from Liang et al.® were mapped to VHP-T2T hap1 reference genome with
BWA mem (v0.7.17)% using default parameters. Reads were sorted and duplicate reads were marked
using Picard tools. The base qualities were re-calibrated with GATK 4.1.8%8 and the variants were called
using GATK HaplotypeCaller followed by joint genotyping with GenotypeGVCFs. To identify SVs
from the haplotype-resolved genome assemblies, Syri (v1.6.3) was applied to the alignments of
genome assemblies against VHP-T2T hapl generated using minimap2 with parameters "-ax asm5 -eqx
to detect SVs including insertions, deletions, inversions, and translocations. For pan-SV analysis, the
identified SVs from each sample were merged using SURVIVOR (v1.0.7)® with parameters 50 1 0 0 0
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0°. The SVs in intergenic, upstream, downstream, intronic, and exonic regions were annotated using
ANNOVAR®,

Phylogenetic tree construction

High-quality SNPs were extracted from the raw variant calling output of GATK by VCFtools v0.1.16
using ‘--remove-indels --max-missing 0.3 --maf 0.05” options®. Synonymous SNPs were sorted out
after the SNPs were annotated by SNPeff version 5.1d%. In order to create the maximum likelihood
(model Jukes-Cantor) tree, FastTree version 2.1.11 SSE3 was used using the default values for the large
tree®®. For the tree with 72 accessions, the SNPs were further filtered by samples and the tree was
generated as described. For the haplotype-aware tree, a reference-free pangenome with 71 accessions
and Chardonnay T2T was constructed using PGGB® with parameters " -n 144 -t 8 -p 93 -s 50000 -V
"VHP-T2T:.:1000' -S -m*?°, The SNPs were filtered from the variants that were deconstructed from the
pangenome using VHP-T2T hapl as the reference. SNP tree was then built for each chromosome of all
haplotype genomes and the coalescence tree was built using ASTER v1.15 and the ASTRAL-pro

algorithm®,

Biogeography analysis

To construct PCA plots, we used Plink v1.9006.27% with parameters " --double-id --allow-extra-chr --
set-missing-var-ids @:# --indep-pairwise 50 10 0.1" and then with parameters ~ --double-id --allow-
extra-chr --set-missing-var-ids @:# --extract vitis.prune.in --make-bed --pca’. Ancestry analysis was
performed with ADMIXTURE version 1.3.0 with k=2 to k=12,

Pangenome analysis

To identify homologous relationships among the genomes of grapevines assembled in this study, the
longest transcript of each predicted gene in each genome was chosen as a representative. An all-against-
all comparison was then performed using BLASTP followed by clustering using OrthoFinder (v.2.5.2)
with default parameters. Ortholog groups among the 144 Vitis genomes were identified using
OrthoFinder (v2.5.5)°" with default parameters. Based on the clustering results, we classified genes into
the following four categories: core (these were shared among all 144 haplotypes), softcore (these were
present in >90% of samples but not all; 130-143), dispensable (these were present in more than one but

less than 130), and private (these only existed in one accessions). The GO enrichment analysis was
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performed using the ClusterProfiler R package®. Multiple sequence alignment was performed using
ParaAT (v2.0)%. The nucleotide diversity was calculated with nuc.div function from pegas R package.

Ka/Ks ratio was calculated using KaKs_calculator 3.0.

Transcriptome sequencing and analysis

To prepare the library for RNA sequencing, a total amount of 1-3 ug RNA per sample was used as input
material for the RNA sample preparations. Sequencing libraries were generated using VAHTS Universal
V6 RNA-seq Library Prep Kit for lllumina ® (NR604-01/02) following the manufacturer’s
recommendations and index codes were added to attribute sequences to each sample. The library's RNA
concentration was initially quantified using the Qubit® RNA Assay Kit in Qubit® 3.0, and the
concentration was subsequently diluted to 1 ng/pl. The Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, USA) was used to measure the insert size. After making sure that the insert size was
as anticipated, the Bio-RAD CFX 96 fluorescence quantitative PCR apparatus was used to precisely
measure the library effective concentration (Library effective concentration > 10 nm). HiSeq X Ten
sequencing platform (Biomarker Inc, Qingdao) was used to execute the paired-end sequencing program
(PE150) to produce 150 bp sequence reads. For data analysis, fastp (v0.23.4)% was used to filter the
raw RNA-seq data to obtain clean reads. After that, Hisat2 (v2.2.1)'°* was used to map clean reads to the
reference genome. Based on the RNA-seq alignments, StringTie (v2.2.1)1% computed the FPKM, TPM,
and count values for each gene's level of expression. To find the genes that were significantly up- and
down-regulated, differential gene expression analysis in R using the DESeq2 package was employed.
We defined differentially expressed genes as those with an absolute fold change > 2 and an adjusted p-
value < 0.05. For the validation of VVLHT8 transcription, 500 ng of RNA was used to synthesize cDNA
using SPARKscript II RT Plus Kit (With gDNA Eraser) (Sparkjade). Quantitative PCR was performed
using 2>SYBR Green gPCR Mix (With ROX) (Sparkjade) and CFX Opus 96 (Bio-rad). Primers used in
PCR amplification are as follows: 5'-GTGTGTCATACAGCCCACCA-3"and 5'-
TTTGAAGGCATTGTCCCCTGT-3' for VVLHTS; and 5-CTTGCATCCCTCAGCACCTT-3" and 5'-
TCCTGTGGACAATGGATGGA-3' for VWACTL as a reference.

Graph-pangenome construction and structure variant genotyping
To integrate the linear reference genome and large-scale genomic variant information, we constructed a

graph-based genome of grapevine using vg (v.1.38.0). By combining the grapevine genomes from this
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work and the V. sylvestris genomes published from a prior study with the VHP-T2T reference genome
and SVs in terms of insertions and deletions more than 50 bp, we created a graph-based genome of grape
using vg construct (v1.43.0)1% without removing any alternate alleles. The preliminary graph was
indexed in XG and GBWT by using vg index with the '-L' parameter to retain alternative allele paths. A
GBWT index was then built using vg gbwt with the '-P* option. Then we mapped resequencing data (50x
coverage Illumina paired-end reads) of 113 grape accessions (Table S4) using vg giraffe pipeline against
the pangenome graph indexed by vg index. Low-quality alignments with a mapping quality and base
quality both below five were excluded. Finally, SV genotyping was conducted using vg call with default

parameters.

eQTL analysis

The resultant vcf files of SV genotyping were imputed using Beagle v5.21% with default settings. SVs
with minor allele frequency > 0.05 were kept by VCFtools and used for downstream analysis. PCA was
performed to infer population structure using R package rMVP. Genes with a mean TPM value larger
than 0.1 were contained. The top 20 hidden and confounding factors in expression data were inferred
using the probabilistic estimation of expression residuals (PEER) method. Both the first 20 factors in
PEER results and the first ten principal components in PCA analysis were used as covariates. The eQTL
mapping was conducted using MatrixEQTL%. The resultant P-value were adjusted using the FDR
method. The significance thresholds (P < 2.14x<10°) were calculated using the Genetic type 1 Error
Calculator'%, For each gene, eQTLs were classified as cis if they were located within 5 kb upstream or
downstream of the gene's annotated transcription start site or transcription stop site. Primers used for the
SV validation in Figure 6G are as follows: 5'-CAATGGAGGTAGGCCTCGTT-3" and 5'-
TCCCCACCTTTCTCTTTGGG-3".

Measurement of stomatal conductance, density and size
The 4-7th fully-expended leaves from the tip of a branch were used for characterizing stomatal traits of

grapevines according to our previous study%’

. A portable hand-held LI-600 fluoro-stomata measuring
instrument (LI-COR, US) was used to measure the stomatal conductance on the abaxial side at 10:00
AM and 22:00 PM. For the measurement of stomatal density and size, the abaxial epidermis were

imaged using a microscope (Eclipse Ci-L, Nikon, Japan), followed by measurement using Image J
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software (NIH, Bethesda, MD). The long axe of each stomate was measured as the size of a stomate. At

least 5 leaves from different grapevines were used for all the measurement.

Downy mildew infection assay

Downy mildew infection was performed as described previously®. Each grapevine leaf disc (8 mm in
diameter) was inoculated with 20 pL of 1x10° sporangia/mL P, viticola suspension on the abaxial
surface and incubated at 18 + 2°C with relative humidity of 80 + 10% in a growth chamber under a 12 h
white light (60 pmol-m2-s7!)/12 h dark regime. Leaf discs were collected 24 hours post inoculation for
transcriptome analysis and 7 days post inoculation for sporangium counting. At least three biological

replicates were performed with five leaf discs from different grapevines in each replication.

Salicylic acid quantification

Fully-expended leaves of grapevines were used for SA quantification according to the previous
method!®. All the detections were performed on a Vanquish UHPLC system combined with a TSQ Altis
MS/MS system (Thermo Scientific, USA). ACQUITY UPLC@HSS T3 column (150 mm x 2.1 mm, 1.8
um particle size, Waters) was used for the separation of samples with the column oven at 35°C. The
mobile phase was composed of 0.1% formic acid in water (A) and 0.1% formic acid in ACN (B) with
the flow rate at 0.2 mL/min. A linear gradient elution program with the following proportions (v/v) of
solvent B was applied: 0-1 min at 10%, 1-13 min from 10% to 60%, 13-14 min from 60% to 95%, 14-17
min at 95%, 17-18.1 min from 95% to 10%, 18.1-20 min at 10%, giving a total run time of 20 min. The
injection volume was 2 pL.

Salicylic acid was monitored by multiple reaction monitoring in a positive mode of electrospray
ionization. The ion source conditions were as follows: positive ion capillary, 4000 V; sheath gas, 35 arb;
aux gas, 10 arb; ion transfer tube temperature, 350°C; Vaporizer temperature, 350°C. After optimizing
the MRM parameters, the precursor ion m/z of salicylic acid under positive mode was 136.8, as well as
the main specific products ion m/z were 64.883 and 92.883 with the collision energy of 28.71 and 16.02
V, respectively. The RF lens was set at 42 V.
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Statistical analysis
Details of the statistics applied in this study are provided in the figures, figure legends and methods. All
statistics were carried out in R using Student's or Tukey's t-test or Wilcoxon rank sum where appropriate

(unless otherwise indicated).
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932 Table 1. Summary statistics from the haplotype-resolved T2T gap-free genome assembly and

933  annotation of Vitis vinifera cv. Chardonnay

934
Haplotype 1 Haplotype 2
No. of contigs (gap) 19 (0) 19 (0)
Assembly size (Mb) 501.30 503.73
No. of centromeres 19 19
No. of telomeres 38 38
Contig N50 (Mb) 26.39 26.16
Contig N90 (Mb) 18.40 22.46
Largest contig (Mb) 38.76 37.63
BUSCO (%) 96.8 97.2
NGS mapping ratio (%) 99.28 99.27
HiFi mapping ratio (%) 99.91 99.96
ONT mapping ratio (%) 100.00 100.00
LAI (LTR Assembly Index) 18.92 17.71
QV (Quality Value) 72.93 73.36
Protein-coding genes 39,261 39,056
Repeat content (%0) 53.56 53.63
935
936
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Figure legends

Figure 1. Haplotype-resolved complete genome sequence of Vitis vinifera cv. Chardonnay

A. ldeogram of T2T assembly for two haplotypes, on which various genomic features are visualized. For
each chromosome (chr), synteny and structural variants (SVs) between hapl and hap2, telomeres,
centromeres, CENH3 log2(ChlIP/input) distribution, 107 bp satellite repeat distribution, and gene density
are shown.

B. Bar graph summarizing the number of SVs between two haplotypes of VHP-T2T.

C. Bubble plots showing the heterozygous segments between two haplotypes for 19 chromosomes.
Alternating colors indicate a switch of homozygous-heterozygous status.

D. Centromere length (bar graph) and motif contents (heatmap) of VHP-T2T hapl and hap2 genomes.

E. Top: a sequence identity heatmap created by StainGlass using centromere sequence of hapl and hap2
from Chr04. Bottom: heatmaps in the two boxes shows centromere regions, CENH3 ChlP-seq signals,

107 bp motif distribution and transposon content for Chr04 centromere for VHP-T2T hapl and hap2.

Figure 2. Geographic distribution and phylogenetic analysis of grapevine accessions

A. Geographic distribution of the grapevines used in this study (Purple: Muscadine, Blue: North
American, Green: East Asian, Red: European originated grapevines). The map is generated by map data
function in the R package ggplot2.

B-C. Representative berry shape (B) and leaf morphology (C) pictures of grapevines.

D. Coalescence maximum likelihood phylogenetic tree. The tree is rooted by the Muscadine clade.

E. Principal component analysis of grapevine accessions.

F. ADMIXTURE ancestry analysis of grapevine accessions.

Figure 3. Assembly and annotation statistics, and coalescence phylogenetics of haplotype-resolved
grapevine genomes

A. Genome size, NG50, annotated gene number, repetitive sequences, of two haplotypes of the same
accessions. The x=y line is drawn in black.

B. Assembly continuity plot of two T2T genomes and 142 chromosome-scale haplotype-resolved
genomes.

C. Correlation of genome size and sequence occupied by DNA transposons, LTR transposons, and genes

each with a fitted line and correlation coefficient score (R?).
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D. The coalescent tree from 19 chromosome-based trees constructed with SNPs from the pangenome

graph. Dotted lines connect the two haplotypes of the same accessions.

Figure 4. Pangenome analysis of grapevines

A. Variation of gene families in the pan- and core-genome with additional grapevine genomes.

B. Compositions of the grapevine pangenome and individual haploid genomes. The histogram shows the
number of gene families in the 144 haploid genomes with different frequencies where colors of
histograms correspond to core, softcore, dispensable, and private genes. The pie chart shows the
proportion of the gene family marked by each composition.

C. Presence and absence variation of gene families in 144 haplotypes.

D. Distribution of core, softcore, dispensable and private genes in 144 haplotypes.

E. Chromosomal distribution of NLR genes in VHP-T2T hapl genome.

F. Distribution of NLR genes shown in a heatmap of column z-scores normalized from the number of
genes. On the left, the haplotype-resolved phylogenetic tree is shown. a-j: the number of CC.NBARC,
CC.NBARC.LRR, CC.TIRNBARC.LRR, NBARC, NBARC.LRR, TIR, TIR.CC.NBARC.LRR,
TIR.LRR, TIRNBARC and TIR.NBARC.LRR.

G. Disease index of downy mildew as shown by the number of spores after P. viticola (Pv) infection.
**P <0.01, ***P < 0.001, ****P < 0.0001, Student's t test.

H. The number of NLR genes in different grapevine groups. **P < 0.01, Student's t test. ns, not
significant.

Figure 5. Structural variant landscape and pan-SV analysis in grapevines

A. Distribution of SVs in VHP-T2T genome. i) chromosomes (centromeres shown in black), ii) gene
density, iii) deletions, iv) insertions, v) inversions, vi) translocations.

B. SV number distribution in East Asian, North American, and European accessions.

C. Variation of SV count in the pan- and core-SV along with additional grapevine genomes.

D. SV size distribution. TRA: translocation. INV: inversion. DEL: deletion. INS: insertion.

E. Example of a 3.4Mb inversion event on Chr3 of V007 sample (bottom) validated by Hi-C data, as
opposed to a reference control (top). Left, dot plot showing genome alignment to VHP-T2T. Right: Hi-C
contact heatmap showing Hi-C reads mapping to the VHP-T2T genome.

F. SV distribution with respect to the genes (top) and transposable elements (TE, bottom).
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G. Enriched GO (gene ontology) terms in genes affected by SVs. BP: biological process. CC: cellular
component. MF: molecular function.

H. Gene model for VVSEC14 with three SVs. The haplotypes that have the mutations are shown in cyan.
NA: North American. EA: East Asian. EU: European.

I. Expression levels of VVSEC14 gene and the number of spores collected when infected with P. viticola
(Pv) in accessions of different SV genotypes: no SV (0/0), with heterozygous SV (0/1), and homozygous
SV (1/1). Purple: Muscadine, Blue: North American, Red: European accessions. *P < 0.05, Wilcoxon
Rank Sum test.

Figure 6. Graph pangenome and multi-omics identified SV-eQTLs for downy mildew resistance
A. Schematic flowchart of grape pangenome construction and SV-eQTL analysis.

B. Manhattan plot of SV-eQTL analysis for downy mildew (DM) resistance. The gene model of LHT8
gene is shown with the primers (black arrows) used for PCR validation of the 85bp insertion
significantly linked to DM resistance. Two other significant linked SV-eQTLs (EFR-like and ABCB15)
were also marked with arrows. Dotted horizontal line indicates significance threshold.

C-F. Expression levels (C), sporangium numbers after P. viticola (Pv) infection (D), stomatal density
(E), and stomatal conductance at 10 pm (F) in accessions of different SV genotypes. *P < 0.05,
Wilcoxon Rank Sum test.

G. PCR validation of the 85bp insertion in accessions with (bottom) or without SV (top).

H-1. Relative expression levels (H), representative leaf images showing DM sporangium (1) in
accessions infected by P. viticola (Pv) at 7 days post inoculation.

J-M. Sporangium number (J), stomatal density (K), stomatal conductance at 10 PM (L), and salicylic
acid contents (M) in the accessions with homozygous SV or without SV.

Different letters indicate statistical significance (P < 0.05, ANOVA with Tukey’s test); ND, not
detected. 0/0, no SV; 0/1, with heterozygous SV; 1/1, homozygous SV.
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Figure 1. Haplotype-resolved complete genome sequence of Vitis vinifera cv. Chardonnay
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Figure 2. Geographic distribution and phylogenetic analysis of grapevine accessions
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Figure 3. Assembly and annotation statistics, and coalescence phylogenetics of
haplotype-resolved grapevine genomes
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Figure 4. Pangenome analysis of grapevines
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Figure 5. Structural variant landscape and pan-SV analysis in grapevines
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Figure 6. Graph pangenome and multi-omics identified SV-eQTLs for downy
mildew resistance
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