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Abstract

Grapevine is one of the most economically important crops worldwide. However, the
previous versions of the grapevine reference genome consisted of thousands of
fragments with missing centromeres and telomeres, which limited the accessibility of
the repetitive sequences, the centromeric and telomeric regions, and the inheritance of
important agronomic traits in these regions. Here, we assembled a telomere-to-
telomere (T2T) gap-free reference genome for the pinot noir cultivar (PN40024) using
the PacBio HiFi long reads. The T2T reference genome (PN_T2T) was 69 ‘Mb‘longer
with 9026 more genes identified than the 12X.v2 version (Canaguieret al., 2017). We
annotated 67% repetitive sequences, 19 centromeres and 36_ telomeres, and
incorporated gene annotations of previous versions into the,PN_T2T. We detected a
total of 377 gene clusters, which showed associations with complex traits, such as
aroma and disease resistance. Even though the PN40024 sample had been selfed for
nine generations, we still found nine genemic¢’ hotspots of heterozygous sites
associated with biological processes,6uch ‘as the oxidation-reduction process and
protein phosphorylation. The fully, annotated complete reference genome, therefore,

provides important resources for grapevine genetics and breeding.

Keywords: Viticultare, T2T, gap-free, gene cluster, centromere, telomere, inbreeding
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Introduction

Since the first human genome was published in 2000, lots of reference genomes have
been assembled successively in a variety of species (Lander et al., 2001; Venter et al.,
2001; Rice and Green, 2019). The reference genome is essential for biological and
genetic studies. Thus, acquiring a high-quality genome has persistently been pursued.
However, there are many missing segments due to highly repetitive sequences
clustered across the genome, especially three representative regions: telomere,
centromere and ribosome DNA (rDNA) (Rice and Green, 2019; Giani<t-al.,)2020;
Nurk et al., 2022). Centromere, which hosts CENPA/CENH3-varfant\nucleosomes
and where the kinetochore forms and attaches to spindle _microtubules, play an
essential role during cell division. It consists of alpha satellites, ‘a highly repetitive
DNA sequence. The alpha satellite is composed of monomeric DNA repeats known as
Higher Order Repeats (HOR), which contains arfranged monomers that ranged from
100 to 200 bp (Talbert and Henikoff, 2020;\Naish et al., 2021; Sundararajan and
Straight, 2022). Despite their conserved fungtion across species, their structure and
sequence can change rapidly within and between species, and diverse organizations
were observed from one species’ toy another. However, centromere shows concerted
evolution within the genome-(kziao et al., 2018, Rudd et al., 2006; Melters et al., 2013;
Naish et al., 2021), Currently, the centromere remains mostly unknown for
researchers. A“similar situation also exists in telomeres, which are composed of
tandem repeats of relatively conserved microsatellite sequences located at the end of a
chromosome™ in eukaryotes (Fajkus et al., 2005; Podlevsky and Chen, 2016).
Telomeres are important for protecting chromosome terminal sequences during cell
division (Turner et al., 2019; Coulon and Vaurs, 2020; Yuan et al., 2020; Engin and
Engin, 2021). The rDNA is one of the most abundant repetitive elements in the
genome that are essential for ribosome formation and play an important role in
driving cell growth and cell proliferation (Kobayashi, 2011; Xu et al., 2020; Sasaki

and Kobayashi, 2021). Because of the missing information on previously assembled
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genomes, the investigation of these regions has been extremely limited in the past two

decades.

Fortunately, benefiting from the improvement of sequencing technology and
computational algorithms, the genome assembly ushered in a new era: the telomere-
to-telomere genome (T2T genome, Kille et al., 2022). Compared with the fragmented
genome, the T2T genome has fewer or no gap on it based on the third-generation
sequencing using PacBio high-fidelity long reads (HiFi), ultra-long Oxford Nanopore
Technologies (ONT) and Hi-C data. Moreover, the T2T genome includes nearly
complete information of telomere, centromere and rDNA regions (Logsdon et al.,
2020; Miga and Sullivan, 2021). Promisingly, the T2T genome allows us to access
these regions, opening a window into understanding the strueture of these regions and
the function of genes in these regions. Since the first complete human X chromosome
was published in 2020, T2T assembly quickly become a research hotspot (Miga et al.,
2020; Logsdon et al., 2021). In plants,/thesfirst T2T genome was reported in
Arabidopsis thaliana in 2021 (Naish etal., 2021; Wang et al., 2022a). Presently, T2T
genome assembly has been obtained in several species, such as rice, banana and
watermelon, which fascinated ‘the research on genomic structure and function, and
crop breeding (Belser et al., 2021; Deng et al., 2022; Zhang et al., 2022; Yue et al.,
2022).

The grapevines(Vitis vinifera ssp. vinifera), a Near East originated fruit tree, is one of
the most.widely cultivated and economically valuable crops worldwide (Grassi and
De Lorenzis, 2021). Domesticated grapes often have highly heterozygous genomes
(Zbou et al., 2019), which greatly impeded the acquirement of a high-quality genome.
For instance, ~15% of genes were hemizygous in the Chardonnay genome (Zhou et
al., 2019). Fortunately, PN40024, a highly homozygous Pinot Noir genotype that
originated from successive selfings, was sequenced and the reference genome (8X) of
grapevine was first obtained in 2007, which was also the first one for fruit crops

(Jaillon et al., 2007). Subsequently, several updated versions have been released: the

€202 1udy 0| uo Jasn eo8jol|qig -uobely op elejuswWwIeoIbY BIBojouds | A ugioeblseAu| ap onuad) AQ 8EYE0LZ/L90PBUN/IU/SE0L 0 L/10P/3|21B-80UBAPE/IY/WO02 dNO"olWapeoe//:sdiy Wol) papeojumoq



143
144
145
146
147
148
149
150
151

152

153
154
155
156
157
158
159
160
161
162
163
164
165
166

167

168

169

12X.v2 version and its upgraded annotation VCost.v3 in 2017, and the PN40024.v4.1
version in 2021 (Canaguier et al., 2017; Navarro-Paya et al., 2021). In addition,
fragmented genome assemblies of various grape cultivars have been produced in
recent years such as Black Corinth (Massonnet et al., 2020), Cabernet Franc (Vondras
et al., 2021; Minio et al., 2022), Cabernet Sauvignon (Chin et al., 2016; Minio et al.,
2019b; Minio et al., 2022), Carménere (Minio et al., 2019a), Chardonnay (Roach et al.,
2018; Zhou et al., 2019), Merlot (Massonnet et al., 2020), and Nebbiolo (Maestriet al.,
2022). As a representative dicotyledonous plant in fruit trees, the high-quality.genome
will greatly facilitate the research on gene function, genetic structure and evolution of

Vitis and eudicots species.

However, the previous incomplete genome assembly of grapes-makes it difficult to
access the highly repetitive regions on the genome. Here,,we generated a T2T-level
gap-free grape reference genome using the PN40024 material and aimed to address
the following four questions. First, with the-application of third-generation sequencing
and assembly technologies, high-fidelity long reads have contributed to gap-free
genome assemblies (Cheng et al.;"2021; Mascher et al., 2021). Can we complete the
reference genome of grapescusing these new sequencing and assembly approaches?
Second, the studies on eentromere, telomere and rDNA have long been neglected. We
analyzed the feature\structure, and distribution of these regions based on the
assembled gapless grape genome. Third, the annotation of TE and genes in highly
repetitive<regions were improved based on the T2T genome, which could further
improve.our understanding of their biological functions, especially the gene clusters.
Finatly; the PN40024 genome was almost fully homozygous (Jaillon et al., 2007), but
some sites remained heterozygous after nine generations of selfing. It is worthwhile to

investigate the genomic distribution and the genetic effects of such heterozygous sites.

Results

A telomere to telomere gap-free reference genome for PN_T2T
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PN40024, a highly homozygous Pinot Noir inbred line (Jaillon et al., 2007), was used
for T2T genome assembly. In total, 21 Gb (21,024,461,524 bp, ~42X coverage) HiFi
reads were generated by the PacBio platform. For the preliminary assembly, HiFiasm
was used to assemble the HiFi reads. Using the published grapevine genomes as the
reference, we then used Mummer to order the 38 contigs into 19 chromosomes
(Figure 1). Only one gap left after initial assembly into contigs (Figure S1). After
filling the gap with HiFi reads, a gap-free PN_T2T genome was finally generated
(494.87 Mb), which is 69 Mb longer than 12X.v2 (426.18 Mb, Table 1) using-the
same statistical method. The K-mer was used to evaluate genomic“homozygosity,
estimated at 99.8% (Figure S2A-D). The BUSCO was used to=evaluate genomic
completeness, 98.5% of the core conserved plant genes were found complete in the
genome assembly (Figure S2E), which is 4.8% more thanthe"12X.v2 (93.7%, Table
1).

Compared with the 12X.v2 genome, a substantial improvement was observed in our
PN_T2T assembly. The contig N50 length of PN_T2T was ~ 250 times higher than
that of 12X.v2 (26.89 Mb VS 102°kb), and all the 9429 gaps in 12X.v2 were filled in
PN_T2T genome (Table 1, Table S1, Figure 1A). As shown in Figure 1C, 28 gaps in
12X.v2 were filled in.#N_T2T with the largest gap being 16,951 bp in the 1Mb
syntenic region on chromosome 18 (Figure 1C). Many orientation errors in 12X.v2
were also correetedsuch as inversions and translocations compared to PN_T2T
(Figure XA, Figure S3). For example, two large inversions, which were located
surraunding the centromere of chromosome 3 and at the ends of chromosome 5, with
the Aength of 0.9 M and 4.9 M were observed between two versions of assemblies,
respectively (Figure 1A, Figure 1B). Moreover, 19 centromeres and 36 out of the 38
telomeres were detected on the PN_T2T genome assembly, except one telomere on
chromosome 15 and one telomere on chromosome 17, which were missing in all
previous grape genome assemblies. A total of 37,534 genes and 41,064 transcripts
were annotated, among which 24526 (86.01%), 27696 (78.83%), 27717 (78.75%)
were  shared with older versions PN40024.vV2.1  (https://phytozome-
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next.jgi.doe.gov/info/\Vvinifera v2 1), PN40024.v4, and PN40024.v4.1

(https://integrape.eu/resources/genes-genomes/genome-accessions/), respectively

(Table S2). A total of 5472 (14.58%) genes were not found to correspond in any of
the three versions. A total of 97.9% single-copy genes completely assembled was
assessed by the BUSCO analysis, and structural domains were detected in 35508
sequences out of 40307 unique sequences (88.1%) while PN40024.V4.1 has 38364
unique sequences, and 29688 sequences were detected with structural demains

(77.4%, Table S2).

Based on the species-specific Pan-TE database constructed by RepeatMedeler2, the
repeats were detected with a pipeline shown in Figure 2A. &inally, 66.47% of our
gap-free grape genome was marked as repetitive sequences- (Figure 1D). As a
comparison, 62.47% of the repetitive sequences were identified in 12X.v2 genome
using the same pipeline (Table S3). Among the.repeats/predicted in PN_T2T genome,
the largest portion is transposable elements (TEs, 63.90%) with a total length of 316
Mb (59.96% and 292 Mb in 12X.v2). The TES mainly consisted of the long terminal
repeat (LTR) type (47.54%), predominantly Gypsy (20.22%) and Copia (19.67%)
elements. In total, we detected(276 rDNA sequences, representing 0.019% of the

genome.

The telomeres and centromeres

To access thewtelomeric and centromeric regions in PN_T2T, we identified the
telomeres..and” centromeres using the pipeline in Figure 2A. For telomeres, we
checked the 150 kb sequences at both ends of each chromosome, and the length of the
telomere repeat unit was set to range from 5 to 12 bp. Finally, the telomere repeat unit
(TTTAGGG/CCCTAAA) was detected, which was the most abundant in the genome
and carried by all chromosomes. The same telomere repeat unit was reported in
grapes by Melters et al. 2013 and Castro et al. 2021. We further predicted the
telomeres in 36 out of 38 telomeres in the PN T2T genome, except the short arms of

chromosome 15 and chromosome 17 (Figure 1A, Figure 2B and Table S4). Among
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them, the longest telomere (31 kb) was in the short arm of chromosome 8 with 4,479
repeats while the shortest telomere (1,260 bp) was in the long arm of chromosome 7

with only 180 repeats.

To detect the centromeric region, we scanned candidate repeats from 30 to 500 bp
along the genome. The Tandem Repeats Finder (TRF) found 470 different repeat
units in the PN_T2T genome, of which the 107 bp repeats were the most abundant
unit in the whole genome, which had 182,620.5 (copies > 2) repetitions accounted for
about 3.95% of the genome, followed by 321 bp (2.45%), 214 bp (1.94%);.and 135 bp
(1.05%) (Figure 3A). Interestingly, we found the sequences of 214-bp~and 321 bp
repeat units consisted of two and three copies of the 107 bp repeat unit, respectively.
The TE analyses also support the centromeric feature of the,107bp repetitive region
(Figure 2). Thus, the centromeres were recognized mainly based on 107 bp repeat
units, and localized on all 19 chromosomes (Figure,1A, Figure 2B, and Table S5). As
shown in Figure 3B, the total length of 107 bp“repeats varied from 1.4 kb to 3.8 Mb,
but the sequences of the 107 bp repeats\were highly conserved among chromosomes
(Figure 3C). The 107 bp repeats Were the most abundant in all chromosomes, except
chromosomes 3, 14 and 18 (Figure’3D-H, Table S6). We found that the 187 bp was
the main repeat unit .in ‘chromosome 14, it was scattered throughout the whole
chromosome, and that,51 bp, 56 bp, 105 bp and 107 bp repeat units were highly
overlapped and“enriched in the centromere, which showed a core region of
chromoseme. The centromeric repeat unit in chromosome 3 was the 135 bp repeats
and.its integer multiples (270 bp and 405 bp). As for chromosome 18, 66 bp and its

integer multiple 132 bp were the main repeat units (Figure S4).

To locate the centromeric repeats, we further examined the relationship between TE
and centromeres. LTR retrotransposons or centromeric retrotransposons (CRs), were
usually mixed with tandem repeats and enriched in plant centromeric regions (Guo et
al., 2016; Fernandes et al., 2019). We found (Figure 4A) that the genes and TE repeats,
such as LTR (Gypsy and Copia), DNA TE(MULE-MuDR) and RC (Helitron), have a
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low density in the special region where the enormous centromeric tandem repeats
enriched in the chromosome were viewed in IGV (Figure 2 and Figure S4). We then
inferred the region with centromeric repeats and low TE density as the centromeres
after zooming one by one (Figure S4 and Table S5). The pattern of 107 bp was the
target, which was highly linked with the centromeric region in grapes. However, there
were likely different repeat units and patterns that appeared on chromosomes 3, 14,
and 18 (Figure 3F-H). The scattering of transposons and the distribution Of the
centromere showed that specific sequence-defined repeat superfamilies are corretated
or anticorrelated to various levels with centromeric proximity (Figure-2B, Figure 4A),
forming density gradients that are the main chromosome-scale=repeat-associated

features, presumably reflecting overall chromatin structure (Figure'S4).

To detect the captured genes, we then screened all genes insthese regions in the highly
linked centromeric region. Interestingly, we founth343 genes (Table S7) captured in
the centromeres, which included 179 genes with Uniprot ID through blastp. Through
GO (Gene Ontology) functional annotatien, 12 genes were enriched in protein binding
(molecular function, MF), such™as VWAMP1 (Vitis01g01298 and Vitis13g01021;
Uniprot ID: Q9M1S8) involved in’ethylene (ETH), gibberellin (GA), and abscisic
acid (ABA) signaling pathways (Saibo et al., 2007; Shi et al., 2013). In addition, we
found 10 genes enriched in the cellular component (CC) of the cytosol, mitochondrion
and cytoplasm respectively, including auxin transport protein VvBIG (Vitis02g01141;
Uniprot ID: Q9SRU2), which influences general growth and development in plants
(Gilet al., 2001); fumarate hydratase 1 VVFUML1 (Vitis02g01128; Uniprot ID: P93033)
catalyzes the active of mitochondrial Krebs cycle-associated enzyme (Zubimendi et
al., 2018); 6-phosphogluconate dehydrogenase, decarboxylating 2 VvPGD2
(Vitis02g01123, Uniprot ID: QI9FWAZ3) plays a key role in the development of the
male gametophytes and interaction between the pollen tube and the ovule (Holscher et
al.,, 2016). Moreover, RNA modification, protein autophosphorylation, DNA
integration, DNA recombination and photomorphogenesis were enriched in the

biological process (BP) (Figure 4C).
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Gene clusters in the grapevine reference genome

To infer the gene clusters in the grapevine genome, protein-to-protein alignments
among the Pinot protein coding gene exposed a rich panoply of duplication structures
in terms of genomic positions and functions. Prominent and complex tandem-like
blocks of high-similarity genes can be seen via visualizations of all-vs.—all alignments
(Figure S5). We found a total of 377 gene clusters in the grapevine reference genome
(Table S8). These duplications often involve local rearrangements and can extend into
megabases with dozens to hundreds of genes involved (Figure 5). On chromosome 16
(23-27 Mb), there were 599 genes enriched domains mainly including, WAKs (Wall
associated receptor kinase galacturonan binding), PPR repeat;/<=eueine-rich, ABC
transporter, Intergrase domain, Peptidase family, Protein'\Kinase and Reverse
transcriptase (Figure 5A). And on chromosome 18 (25~36 'Mb), there were 1237
genes enriched domains mainly including Intergrase domain, C JID domain, NB ARC
domain, Leucine rich repeat, Multicopper aXidase;”Reverse transcriptase, Terpene
synthase and TIR. The results showed thatumany of the strongly enriched structural
domains were part of the structural™domains of plant disease resistance genes (R
genes), including NB-ARC, TIR :andystructures identified by the Colis database. We
analyzed the domain architectureof our 41,064 PN _T2T PCGs and identified 3,381
possible R genes. Collectively, these R genes and gene clusters in grapes indicated a

tremendous opportunity for exploring plant defense mechanisms.

The genetic heterozygosity after the ninth generation of selfing

We areinterested in the genomic changes associated with the inbreeding process.
Based on the reference genome of PN_T2T, the resequencing data of four PN40024
clones were downloaded from NCBI and analyzed (Jaillon et al., 2007, Magris et al.,
2019). A total of 244,215 SNPs were detected, among which 208,330 SNPs (85.3%)
were shared in all four samples while the other 35,886 SNPs were only presented in 1-
3 samples (Figure 6A). Interestingly, we found nine hotspots of heterozygous SNPs
on chromosomes 1, 2, 3, 4, 7, 10, 11 and 16 (Figure 5A, Figure S6). To further

investigate the highly heterozygous region, we examined the top 5% heterozygosity
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windows and identified a total of nine large continuous fragments (chromosome 1:
1.1-1.3 M, chromosome 2: 4.2-7.2 M, chromosome 3: 9.4-9.9 M, chromosome 4:
21.8-22.9 M, chromosome 7: 15.3-26.2 M, chromosome 10: 0.7-6.5 M, 17.6-18.3 M,
chromosome 11: 7.1-7.8 M, chromosome 16: 13.0-13.5 M). The GO enrichment
analysis on the genes in these regions showed that the most significantly enriched
terms were response to water deprivation, protein phosphorylation, cell division,
response to oxidative stress and response to salt stress, which were closely assoCiated

with key physiological activities in plants (Table S9, Figure 6C, Figure S7)(

Discussion

The complete reference genome is essential for crop genetics-and breeding. The
previous versions of the grapevine reference genome.have thousands of gaps with
errors in repetitive regions and missing centromeres and telomeres, which limited the
access of variants within these regions. Sometimes; such unreachable regions are
underlying QTL of important agronomicstraits; such as the berry color and sex
determination on chromosome 2 (Fournier-Level et al., 2009; Zhou et al. 2017; Zhou
et al. 2019; Zou et al. 2021) and disgaSe resistance on chromosome 14 (Riaz et al.,
2008; Morales-Cruz et al. 2022)5The complete reference genome has great potential
to reveal the missing heritability of important polygenic agronomic traits, therefore, it
could increase the genetiC gain in grapevine breeding. More and more investigations
suggested the.important functions of gene clusters, a total of 377 gene clusters were
detected in'thePN_T2T. The grapevine genome is also widely used in studies of plant
evolutionyand comparative genomics because of its important phylogenetic position
on the evolution of eudicots (Jaillon et al., 2007). The T2T version could be widely
used in plant evolutionary genomics, especially at the repetitive sequences,
centromeres and telomeres. The T2T gap-free reference genome had incorporated
gene annotations of previous versions with more accurate TE annotation (up to ~ 67%
of the genome), which will be an important resource for grapevine functional

genomics and breeding.
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The architecture and context of plant centromeres

The centromeric region ranges from Kbs to Gbs in length, including > 90% tandem
repeats (McKinley and Cheeseman, 2016). The centromere is among the last pieces of
great unknowns in genomics since it was inaccessible by previous sequencing
technologies. The assemblies often collapse due to the highly repetitive nature of the
centromeric region. We assembled and annotated centromeres for all 19 chromosomes
of the grapevine genome (Figure 1). Most of the chromosomes have a Single
centromere while others could have multiple centromeric regions (so.. eatled
holocentromere (Steiner and Henikoff, 2014; Hofstatter et ah, 2022). On
chromosomes 16 and 18, we found tandem repeats in many regiens=while on other
chromosomes only a single peak was detected (Figure_2B), Suggesting that the
structure of the centromeric region might be more complicated and requires further

investigations.

In the PN40024 grapevine reference genome, there are three major repetitive patterns
in the 19 chromosomes, suggesting “different chromosomal evolutionary histories
(Figure 3D-H). On chromosomes™3, 14 and 18, we found 135 bp, 56bp and 66 bp
tandem repeats, respectively«(Figure’S4), while on other chromosomes, the major unit
of tandem repeats is 107 bp (Figure 3D-H, Figure 4B, Figure 4D). The evolutionary
histories of the grapevine centromere of each chromosome are still an open question
to be addressedwwith all Vitis genomes. Previous comparative genomic analyses
suggested- that centromere is conservative among closely related species with a
constant. number of chromosomes (Liao et al., 2018). The transformation of
centfemeric structures happens during the chromosomal division and fusion when the
number of chromosomes changes in evolution. The muscadine grape has 20
chromosomes with chromosomes 7 and 13 collinear with Vitis chromosome 7, which
is associated with a chromosome fusion event (Cochetel et al.,, 2021). Only one
centromeric region is left on chromosome 7 in our grapevine reference genome
(Figure 2B, Figure S4), suggesting one centromere was lost during the evolvement of

the genus Vitis.
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The centromeric architecture shaped the content within the genome, population
genetic diversity within species and genetic differentiation among species. Population
genetic analyses revealed that the genetic variants in the centromeric region are highly
linked with much lower genetic diversity compared to chromosome arms (Kawabe et
al., 2008). The centromeres capture tens to thousands of genes that are highly linked
with the centromeric tandem repeats. These genes along with the centromeric region
are functional as supergenes. In total, we found 343 captured genes (Table S7)in the
centromeric region in the grapevine reference genome. Interestingly, the genes-are
mainly involved in the ethylene (ETH), gibberellin (GA), and abscisic acid (ABA)
signaling pathways (Saibo et al., 2007; Shi et al., 2013).

The hotspots of heterozygous variants in selfing plants

The current grapevine reference genome was generated, by a Pinot Noir sample
(PN40024) selfed for nine generations with high homozygosity at 99.8% of the
genome (Figure S2A-D). However, we still*interested in the remained heterozygous
sites. Thus, we collected Illumina resequencing reads for four clones of PN40024
maintained in different international labs. Interestingly, the heterozygous SNPs and
SVs were enriched in specific\egions when mapped to the PN_T2T. In total, we
found 208,330 heterozygous SNPs shared by the four samples, and 35,886 SNPs
specific to 1-3 samples, The former is more likely the original variants of PN40024
after nine generations of selfing while the latter could be somatic mutations generated
during the distribution and tissue culture in different labs. Interestingly, we found the
hotspots.of common variants were enriched in central biological processes including
the “@xidation-reduction process and protein phosphorylation. The hotspots on
chromosome 2 also cover the sex-determination QTL region (Figure 6), which
complicated the mining of the sex-determination genes (Zhou et al. 2019; Zou et al.,
2021), because the candidate genes were not presented in the old version of the
reference genome. It has been reported that during the clonal reproduction of fruit
trees, such heterozygous deleterious variants accumulate in the genome (Zhou et al.

2019; Xiao et al., 2023). The clonal processes hide recessive deleterious variants
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including small SNPs and indels and large structural variants in a heterozygous state
(Zhou et al., 2017; Zhou et al., 2019). A strong inbreeding depression has been
commonly observed in clonal crops, including potato, cassava, citrus and grapevine
(Zhou et al., 2017; Ramu et al., 2017; Zhang et al., 2021; Wang et al., 2022b;) since
the strongly deleterious variants in these genomic regions has been exposed to lethal
or strong recessive selection during selfing cycles. In grapevine breeding, the
inbreeding and outcrossing depression were commonly detected because the hidden
heterozygous recessive deleterious variants increased during clonal propagation-has

been exposed during sex reproduction.

Methods

Sample collection and genome sequencing

PN40024 is a line that belongs to one of the near hemaezygous lines originally derived
from Pinot Noir by successive selfing steps, estimatee-the close to 97% homozygosity
tested by SSR markers (Jaillon et al., 2007), We’got this inbred material from INRAE
under Material Transfer Agreement<(MTA) and transplanted it in the greenhouse
belonged to AGIS (Agricultural'Genemics Institute at Shenzhen, Chinese Academy of
Agricultural Sciences, ShenzhenyChina) for subsequent experiments. Young leaves
and ovules from PN40024 ‘were flash-frozen in liquid nitrogen. Genomic DNA and
RNA were isolated using the DNeasy Plant Mini kit (Qiagen) following the
manufacturer's_instructions. For PacBio HIFI sequencing, two single-molecule real-
time cells were sequenced on a PacBio Sequel Il platform, and a total of 21 Gb of
HiFi read-was generated using CCS (https://github.com/PacificBiosciences/ccs) with
the default parameter for the sequenced accessions. From each RNA-seq sample,
1Solate poly (A) mRNA 10 pg of total RNA was used to prepare Illumina RNA-seq
libraries. These libraries were then sequenced using the Illumina HiSeqTM 2000

system in accordance with the manufacturer's instructions.

T2T genome assembly
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Initially, PN40024 was assembled genome by incorporating PacBio single-molecule
real-time long-read sequences. Reads generated by the PacBio Sequel Il platform
were self-corrected, trimmed and assembled by hifiasm, using default parameters
(https://github.com/chhylp123/hifiasm, Cheng et al., 2021). The initial output of
hifiasm (v.0.13) vyielded the p_ctg draft assembly. Genome heterozygosity was
estimated using a k-mer-based approach by GenomeScope2.0 (Ranallo-Benavidez et
al., 2020), estimated close to 99.8% homozygosity (Figure S2A-D). Then, homology-
based scaffolds were generated with MUMmer (v.4.0.0) (Marcais et (al., 2018)
"scaffold", using the 12X.v2 reference genome (Figure S3). By applying MUMmer
tools, we order and orient the contig-level assemblies into 19 chremesemes, and join
the adjacent contigs to generate a scaffold with 100 N. Finally;"we adjusted the
assembly manually through aligning the genome sequencing data from previous
version of PN40024, which was mapped to the” genome assembly by Minimap2
(v.2.21) and visualized in IGV (v.2.12.3) software to'observe whether the gap regions
were supported by reads (Figure S1). The, filling and close of the gaps with the
selected and assigned contigs were “performed by mapping the 50 bp-sequences
around the gap to continuous/long reads (CLR) of PN40024.v4 and obtaining the
gapless telomere-to-telomere \PN40024 assembly for all 19 grape chromosomes.
Assembly was inspegcted hased on BUSCO (Simdo et al., 2015) completeness and the

duplication score.

The annotation of genes and TEs

We have used an self-developed method for genome annotation. The putative genes
were\first searched for by using transcripts and uniprot as evidence. A preliminary
gene model was then built for the putative genes and the further search was performed
using AUGUSTUS (V3.4.0) (Stanke et al., 2006). All the found putative genes
fragments were then filtered, including genes involving duplicated regions, genes with
CDS lengths shorter than 90 and genes not supported by any evidence. The missing
genes were attempted to be complemented and the complete genes were subjected to

the alternative splicing analyses. Finally, all the results were examined by hidden
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Markov models downloaded from the Pfam database to obtain the final gene models.
Interproscan (v.5.56-89.0, Jones et al., 2014) was used to function annotation for our
assembly, Pfam (v.34.0, Mistry et al., 2021) and Coils (v.2.2.1, Fitzkee et al., 2005)
was used for the identification of structural domains (https://github.com/unavailable-
2374/Genome-Wide-Annotation-Pipeline).

The primary repeat analysis was outlined in Figure 2A and began with the
construction of a Pan-Vitis database of repeat families by RepeatModeler (open-2.0.3,
Flynn et al., 2020) and a series of scripts, which was then applied with RepeatMasker
(open-4.1.2). For building this Pan-Vitis repeat database we dowhload) 17 Vitis
genomes from NCBI, then use RepeatModeler2 to identify TE family=After that, we
got 17 consensus fasta files of TE family, by removing the single copy and failed
annotations we aggregated these files. We used NCBI-BE:AST+2.9.0 (Altschul et al.,
1990) to remove some redundancy sequences (-i.80%, -1 80%). After all, we got the
final file of repeat identity, then we used deepFE (Yan et al., 2020) with the Plant
model to classify those unclassified repeatelements. Finally, the repetitive sequence
of the complete reference genome was*annotated by RepeatMasker.

Genome comparison between ,different versions of the grapevine reference
genome

To compare previous versions of grapevine genome with PN_T2T, we align the
genomes using minimap2 and index the alignment BAM file using
samtools(mifnimap2” -ax asm5 -t 4 --eqx A.fa B.fa | samtools sort -O BAM - >

A_B.bam, samtools index A_B.bam). Next, to detect structural variations between

genomes,’we need to find synteny and structural rearrangements between the genomes.

Ror_this, we use SyRI: (syri -c A_B.bam -r A.fa -q B.fa -F B --prefix A_B). Finally,
Plotsr were used to generate the graph: plotsr --sr A_Bsyri.out --sr B_Csyri.out --sr
C_Dsyri.out --genomes genomes.txt -0 output_plot.pdf,

https://github.com/schneebergerlab/plotsr). MUMmer (v.4.0.0) was used to compare

the 12X.v2 genome with the reference genome PN_T2T using whole-genome

alignments (Marcais et al., 2018). First, we aligned the two genome sequences using
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nucmer (nucmer --mum) and then filtered one-to-one alignments with a minimum
alignment length of 10,000 bp (delta-filter -i 95 -1 10000).

Samtools (v.1.7) were used to extract the sequence of chromosome 18: 25.0-26.0 Mb
in 12X.v2 and aligned the sequence in PN_T2T. The gap information was detected
with a python script (getgaps.py) and finally used LINKVIEW?2
(https://github.com/YangJianshun/LINKVIEW?2) to visualize the alignment results.

The identification of telomeres and centromeres

The telomere repeat units were explored by using the TIDK (v.0.2.0)
(https://github.com/tolkit/telomeric-identifier) with options: tidk explore~fgenome.fa
--minimum 5 --maximum 12 -o tidk_explore -t 2 --log --dir telemere_find --extension
TSV. Then the whole genome was searched using the ‘parameter: tidk search -f
genome.fa -s TTTAGGG -o tidk_search --dir telemere_find. Finally, we completed
the rapid statistics of telomere based on the tidk-plot and used R script to visualize the
telomere peak.

For centromere annotation, the TRF"(v.4.09) (Benson, 1999) was used to finish
tandem repeats annotation with thevparameter: trf genome.fa 2 7 7 80 10 50 500 -f -d -
m, and then we merged “the  results of annotation by using TRF2GFF
(https://github.com/Adamtaranto/ TRF2GFF). To complete data statistics and
visualization, we perfarmed information extracted by using awk command in the
linux system andsanalyzed the results in IGV (v.2.12.3) (Thorvaldsdéttir et al., 2013).
We used-four software to show more details about the centromeric region: Igtree (v.
2.1.4-beta) (Minh et al., 2020) was used to achieve the phylogenetic tree (options: -m
GTR+14G -bb 1000 -bnni -alrt 1000); itol (v.6) (Letunic and Bork, 2021) was used to
visualize the phylogenetic tree; GeneDoc (v.2.7.0)
( https://github.com/karlnicholas/genedoc) was to achieve multiple sequence
alignment; R script was used to plot the data statistics and typeset details respectively.
To detect the functions of the genes captured in the centromeric regions, we
downloaded the protein sequence library of Swissprot (2022/08/30,
https://ftp.ncbi.nIm.nih.gov/blast/db/FASTA/ ) for a local blast. After this, we
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extracted all the protein sequences of PN_T2T blasted by diamond (v.2.0.15)
(parameter: - k 1 - e 0.00001, https://github.com/python-diamond/Diamond). We
further uploaded the SwissProt ID to DAVID (https://david.ncifcrf.gov/tools.jsp) and
completed Gene Ontology enrichment and annotation. Finally, Data visualization was

completed by our R scripts.

The identification of gene clusters

To define the clustered genes in the reference genome, protein sequences were
extracted using gffread and then filtered by e-value less than 1le-5 and similarity
greater than 30% using blastp for all-vs-all alignments. The filtered alignment results
were combined with functional annotations to filter out alignment results that did not
share the same structural domains. Finally, we determined the presence of gene
clusters by identifying three consecutive identical PFnumbers, using such PF
numbers as seeds, and going up and down 30 genes to find genes with the same PF

number. In total, 377 gene clusters were found (Table S8).

The heterozygosity in selfed PN40024.clones

Four resequencing samples were. downloaded from NCBI database (SRR6156373,
SRR8835144, SRR8835157, SRR8835168) and mapped to newly assembled PN_T2T
genome for SNP calling. Quality-controlled reads were mapped to the genome using
bwa (v.0.7.15) with the default parameters. SAMtools (v.1.4) and GATK (v.4.1.8)
were used farssorting and indexing the bam file with no duplicates. The gvcf files
were combined in GATK and were used to join calling SNPs across all samples. To
obtainhigh-quality SNPs, we performed strict filtering of the SNP calls based on the
fellowing criteria: (1) the SNPs with more than two alleles were removed in all
samples in vcftools with parameters --min-alleles 2 --max-alleles 2; (2) we removed
the SNPs with quality scores (GQ) less than 30 (--minGQ 30) and the missing rate is 0
(--max-missing 1); (3) SNPs had minor allele frequencies (MAFs) > 0.01 to remove

the invariable sites.

Data availability
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All PacBio sequence data have been deposited to the NCBI Sequence Read Archive
under the project number: PRINA882193 and the National Genomics Data Center
(NGDC) Genome Sequence Archive (GSA) (https://ngdc.cncb.ac.cn/gsa/), with
BioProject number PRICA012093. The assembly and annotation have been deposited
to zenodo: https://zenodo.org/record/7751391#.ZBgVmcIBy3A.

Code availability
All the scripts and pipelines used in this study have been achieved in GitHub:

https://github.com/zhouyflab
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Table 1. Comparison of genomic features of 12X.v2 and PN_T2T assembly

12X.v2 PN_T2T
Total sequence length (bp) 426,176,009 494,873,210
Number of chromosomes 19 19
Contig N50 (bp) 102,700 26,899,771
Max length 30,274,277 36,684,271
Number of gaps 9429 0
Centromere - 19/19
Telomere - 36/38
Bases masked (bp) 303,719,475 328,929,883
Retroelements (bp) 217,819,122 241,027,616
LTR (bp) 212,117,752 235,245,099
The number of genes 28,516 37,534
The number of TE 942,096 935,783
BUSCO 93:70% 98.50%
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