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Hermaphroditic (perfect) flowers were a key trait in grapevine
domestication, enabling a drastic increase in yields due to the
efficiency of self-pollination in the domesticated grapevine (Vitis
vinifera L. ssp. vinifera). In contrast, all extant wild Vitis species are
dioecious, each plant having only male or female flowers. In this
study, we identified the male (M) and female (f) haplotypes of the
sex-determining region (SDR) in the wild grapevine species V. cinerea
and confirmed the boundaries of the SDR. We also demonstrated
that the SDR and its boundaries are precisely conserved across the
Vitis genus using shotgun resequencing data of 556 wild and domes-
ticated accessions from North America, East Asia, and Europe. A high
linkage disequilibrium was found at the SDR in all wild grape species,
while different recombination signatures were observed along the
hermaphrodite (H) haplotype of 363 cultivated accessions, revealing
two distinct H haplotypes, named H1 and H2. To further examine
the H2 haplotype, we sequenced the genome of two grapevine
cultivars, 'Riesling’ and 'Chardonnay’. By reconstructing the first
two H2 haplotypes, we estimated the divergence time between
H1 and H2 haplotypes at ~6 million years ago, which predates the
domestication of grapevine (~8,000 y ago). Our findings emphasize
the important role of recombination suppression in maintaining dioecy
in wild grape species and lend additional support to the hypothesis
that at least two independent recombination events led to the rever-
sion to hermaphroditism in grapevine.
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he evolution of hermaphroditic (perfect) flowers was a key

trait in the domestication history of cultivated grapevine
(Vitis vinifera L. ssp. vinifera; hereafter V. vinifera) (1, 2), enabling
a drastic increase in reliable yields due to the efficiency of self-
pollination. In contrast, wild Vitis species are dioecious (each
plant having only male or female flowers), with known genetic
dominance of male (M) > hermaphrodite (H) > female (f) (3, 4).
Dioecy is rare in the plant kingdom (5), yet all of the ~60 extant
wild species in the Vitis genus are dioecious (6). Given that most
ancestors of Vitis have hermaphroditic flowers and the rarity of
dioecy in flowering plants, this observation suggests a single or-
igin of dioecy in the Vitis genus. The Vitis genus includes two
subgenera: Muscadinia, representing only a few species with
chromosome number 2n = 40, and Euvitis, with chromosome
number 2n = 38. Within the Euvitis, there are at least 28 wild
grapevine species in North America, 30 in Asia, and one in
Europe, V. vinifera L. ssp. sylvestris (hereafter V. sylvestris), the
wild ancestor of the domesticated species (7). A region spanning
~150 kb region on chromosome 2 has been identified in multiple
genetic studies as the sex-determining region (SDR) in grapevine
(4, 8-14). However, due to long divergence time (>40 million
years ago, MYA) and high heterozygosity among Vitis species,
determining the mechanism for the origin of dioecy in the Vitis
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genus and the reversion to hermaphroditism to produce perfect
flowers requires further effort.

The primary impediment to understanding the inheritance of
flower sex phenotypes and the candidate genes responsible for
the various flower sex types in grapevine has been a lack of whole-
genome data for wild and cultivated grapevines. Recently, a
greater number of cultivated and wild grape genomes have be-
come available (13-17), and the complexity of the flower sex-
determining locus in grapevine has begun to clarify. Massonnet
et al. (13) examined this region using a comparison of eleven
wild and cultivated grape genomes. Structural differences were
revealed among M, H, and f haplotypes, delineating candidate
genes for both male sterility and female sterility and uncovering
a signal of recombination between these candidates in hermaphro-
ditic cultivated varieties. An 8 bp deletion and subsequent frameshift
and early termination in the gene VWiIINP! (INAPERTURATE
POLLENT) was implicated as the likely male sterility mutation in
Vitis spp.; M-linked polymorphisms and expression evidence sug-
gested the transcription factor—coding gene VViYABBY3 as a female
sterility candidate (13). In contrast, Badouin et al. (14) examined
this region using a comparative genome approach in V. sylvestris and
proposed a different candidate for female sterility, VViAPT3 (14).

Significance

We studied the grape sex-determining region (SDR) in 12 Vitis
genomes and demonstrated its conservation across 556 geno-
types including 193 accessions from 47 world-wide wild
grapevine species and 363 accessions of cultivated grapevine.
Although the grape SDR is recombination free in all wild spe-
cies, we found two distinct hermaphrodite (H) haplotypes (H1
and H2) among the cultivated grapevines, both chimeras of
male (M) and female (f) haplotypes. The two independent re-
combinations carry different genetic signatures which long
predate the domestication of grapevine, suggesting indepen-
dent evolutions of this trait in wild European grapevine gene
pools prior to human domestication.
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While the genetic resolution of the SDR has improved, several
key aspects remain unknown. The Vitis genus is composed of
more than 60 species with distinct gene pools in North America,
Europe, and Asia. How conserved is the SDR across these gene
pools? Studies of genetic diversity within the wild ancestor and
cultivated grape have proposed different hypothetical origins for
the reversion to hermaphroditism (2, 12, 13, 18, 19). How con-
served is the hermaphroditic haplotype across the diversity of
cultivated varieties? Given the contrasting evidence for female
sterility genes, can we further clarify the relationships between
phenotypes and genotypes? Due to the importance of her-
maphroditic flowers in cultivar development, can we develop a
comprehensive set of genetic markers to enable the rapid se-
lection of specific flower sex genotypes?

In this study, we answer these questions through the combina-
tion of Pacific Biosciences (PacBio) long-read assemblies, whole-
genome bulked sequencing, population genetics, transcriptomics,
and machine-learning approaches. We document that the genomic
boundaries of the SDR are precisely conserved across the entire Vitis
genus and demonstrate the strong role of recombination suppression
in maintaining dioecy in grape. Through our analysis we found the
signature of three recombination sites, which combine the wild
M and f haplotypes into two distinct H haplotypes, named H1
and H2. In addition, allele-specific transcriptomic analysis in-
cluding genotypes with either H1 or H2 haplotypes provides
support for WiINPI and VWiYABBY3 candidate genes for male
sterility and female sterility, respectively. Finally, we leverage
this knowledge to produce genetic markers across the Vitis SDR
that predict all possible haplotype combinations from a variety of
genomic data types.

Results

Whole-Genome Sequencing of Bulked Female and Male Individuals
Accurately Define the Boundaries of the Sex-Determining Locus in
V. cinerea. Vitis cinerea, a wild North American grapevine spe-
cies used in both rootstock and scion breeding, was the focus of
our initial investigation into the structure of the SDR in grape-
vine. A hybrid assembly of the male flowering accession ‘B9’ using
PacBio sequencing reads and Bionano optical maps revealed two
scaffolds (Fig. 1 and SI Appendix, Fig. S1) with a region similar to
the ~143 kb SDR in the V. vinifera ‘PN40024’ 12x .v2 reference

genome (20). These two scaffolds were 270,484 bp (denoted as
haplotype 1) and 325,205 bp (denoted as haplotype 2), respec-
tively. Using shotgun whole-genome sequencing of two pools
constructed from 13 male or 13 female accessions of V. cinerea, we
examined the sequencing read depth differences (SI Appendix,
Table S1) between the two ‘B9’ haplotypes. Sequencing reads
uniquely mapped onto these two haplotypes are illustrated in
Fig. 1, and the raw read depth was illustrated in SI Appendix, Fig.
S2. For female (f/f) bulk, twofold read depth was detected, with
reads uniquely mapping solely on haplotype 1, whereas for male
(M/f) bulk, singlefold sequencing depth mapped to both haplo-
types. For additional analysis, we compared these two haplotypes
to the SDR of the recently sequenced genome of the female-
flowered V. riparia ‘Manitoba 37" (16) (f/f) and determined that
divergence between V. cinerea haplotypes and V. riparia ‘Manitoba
37 was significantly smaller for haplotype 1 (two-tailed ¢ test,
P value < 0.007, SI Appendix, Fig. S3). Together, these results
demonstrate that the V. cinerea haplotype 1 corresponds to the
f haplotype, while haplotype 2 represents the M form. A twofold
coverage in both male and female bulks in the upstream and
downstream regions indicate that these regions are not divergent
enough to be assembled into two separate haplotypes, delineating
the extent of the SDR in V. cinerea ‘B9’. The length of f and M
haplotypes in V. cinerea ‘B9’ are 145.5 kb and 226.1 kb, respec-
tively. The size of the f haplotype is very conserved across species,
while the M haplotype has a greater variation in size, ranging from
263.4 kb to 805.7 kb in other Vitis species (14). In V. cinerea, the
SDR differentiates into f and M forms beginning roughly at the 5’
untranslated region (UTR) of the plant-specific transcription
factor WiYABBY3 and terminates downstream of the 3’ terminus
of WiAPT3, an adenine phosphoribosyltransferase gene. The
primary source of variation between f and M haplotypes is due to
a 24.3% greater transposable element (TE) content in the M
haplotype. TE insertions are physically clustered in three regions.
The first cluster is found upstream of ViYABBY3 and is enriched
in DNA transposons. The second occurs between TPP (Trehalose-
6-phosphate phosphatase) and ViINPI (INAPERTURATE POLLENT)
and is enriched in LTEs. The final cluster is found between the
3-ketoacyl-acyl carrier protein synthase III gene (KASIII) and a
PLATZ transcription factor gene and is a mixture of DNA and
long-terminal repeat (LTR) transposons (Fig. 1). The genetic
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Fig. 1. Identification of the two SDRs of Vitis cinerea ‘B9' genome using bulk-sampled whole-genome sequencing. Sequencing depths of uniquely mapped

reads from male and female bulked libraries per 500 bp window are plotted along with the two SDR haplotypes. Twofold mapping in female individuals and
singlefold mapping in male individuals delineate the SDR from upstream of VWiYABBY3 and to VViAPT3 (left to right) in both haplotypes. Genes and TEs are
illustrated as colored arrows and color-coded blocks, respectively. Sequence similarities between conserved regions are illustrated with gray blocks.
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distance estimated by the single-nucleotide polymorphism (SNP)
density between the f and M haplotypes of V. cinerea ‘B9’ with V.
sylvestris ‘DVIT3603.16’°, and V. arizonica ‘b40-14°, did not reveal
significant differences. These results show that the structure and
boundaries of the SDR in V. cinerea is broadly similar to V. syl-
vestris and V. arizonica SDRs (13).

The Sex-Determining Locus Is Conserved Across the Vitis Genus. To
test the conservation of the SDR boundaries across the Vitis
genus, publicly available whole-genome shotgun sequences were
examined for 556 accessions including: 1) 178 wild accessions
representing 47 wild grapevine species from North America,
East Asia, and Europe, 2) 363 accessions of cultivated grapevine,
and 3) 15 accessions of V. rotundifolia and other related Vitaceae
(Fig. 2 and Dataset S1). To avoid sample size bias between wild
and cultivated accessions in the dataset, 36,691 genome-wide
ancestry informative markers (AIM) were identified and used
to estimate population structure. The muscadine grape, V.
rotundifolia (2n = 40), was used as the outgroup. The clustering
of AIM based on identity-by-state and population structure was
conducted with a number of subpopulations (K) ranging from 2
to 5. A value of K = 2 split the dataset into a European gene pool
versus a wild North American and East Asian gene pool, likely
reflecting the greater overall sampling of cultivated varieties in
the dataset. Setting K = 3 split the dataset further by differen-
tiating the North American wild species from European and East
Asian gene pools. Individuals were assigned to populations with

A B

K=2 K=3 K=4 K=5

a probability greater than 0.99 when K = 4 and reflect the four a
priori clades in this dataset: a North America clade (NA), an
East Asia clade (EA), and two clades representing European
grapes, a wild V. sylvestris clade (EU), and domesticated V. vi-
nifera (VV) (Fig. 24). When K = 5, the domesticated cluster was
fractured into two admixed populations, likely reflecting the
impact of grape breeding within V. vinifera and between wine and
table grape types. Two additional clusters of accessions were
identified with mixed ancestry between the four core populations
and are assumed to be recent hybrid cultivars, denoted as HYB1
and HYB2.

After identifying the population structure in the dataset, sev-
eral population genetic thresholds were used to infer the extent
of the SDR boundaries in the shotgun dataset. As was demon-
strated in Massonnet et al. and Badouin et al. (13, 14), the f
haplotype appears to contain the least amount of structural
variation across the genus, lacking the majority of TEs found in
the M and H haplotypes. Given the similarities observed across f
SDRs (13, 14) and for ease of comparison with these previous
studies, we used the ‘Cabernet Sauvignon’ “f” haplotype (12) as
the reference sequence. Testing for elevated minor allele fre-
quency, violation of Hardy—Weinberg equilibrium, and patterns
of linkage disequilibrium (LD) allowed us to identify 1,066 SNPs
that cosegregate with flower sex phenotype (Dataset S2). These
metrics demonstrate that the boundaries of the SDR are pre-
cisely conserved across the Vitis genus (Fig. 2 B and C).
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Fig. 2. Population characteristics demonstrate the boundaries of the SDR. (A) Population structure of 556 grapevine accessions designated as wild North
American (NA), wild East Asian (EA), wild European (EU), domesticated grape (VV), hybrid groups (HYB1 and HYB2), and the outgroup Vitis rotundifolia (VR).
(B) Sequence scans of the 2.1Mb region of chromosome 2 hap2 of Cabernet Sauvignon containing the f haplotype. Minor allele frequency (Upper) and
Hardy-Weinberg equilibrium (Lower) for North America (NA), Europe (EU), and East Asia (EA) wild populations. The x-axis is the position relative to
WiYABBY3, and the y-axis is the —log10 (P value) indicating the significance level of the signal. (C) The extent of LD in r2 detected in wild grape species.

Dashed black lines denote the SDR.
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Identification of the Critical and Independent Recombination Events
Leading to Hermaphroditism. In order to determine potential re-
combination site(s), we examined the genotype of the 1,066
markers that cosegregate with the flower sex phenotype. The
entire SDR cosegregated in all wild grapevine species examined
(n = 129; Fig. 3 A-C), indicating the absence of recombination in
both f and M haplotypes. Large LD blocks encompassing the
SDR indicated that recombination has been completely sup-
pressed in wild grapevine species (Fig. 2C). LD extent was
greater and stronger in the EU clade compared to the NA and
EA clades, likely due to a relatively narrow genetic background
and a recent origin within the European clade. In contrast, we

observed differences of allelic status along with the SDR in all
363 accessions with domesticated V. vinifera or mixed germplasm
(81 Appendix, Fig. S4), highlighting three recombination sites. In
Fig. 3D, we represent 34 hermaphroditic accessions with four
typical combinations of haplotypes.

The most frequently observed recombination event occurs
between the transaldolase gene and the TPP gene (Fig. 3E).
Intergenic regions and the first five genes in the SDR, stretching
from the upstream region of VWiYABBY3 to the 5’ end of the
transaldolase gene, are highly similar to those found in the f
haplotype (Fig. 3E), while the remaining genes in the locus are
highly similar to the M haplotype, suggesting a single crossover
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Fig. 3. Haplotype structure and recombination events in the SDR of wild and cultivated grapes. (A-D) Allelic state of the 1,066 sex-linked SNPs in 129 wild
and 34 representative cultivated accessions. Colors represent allelic state: red = homozygous reference allele (f allele), magenta = heterozygous, and blue =
homozygous alternative allele (M allele). Each row illustrates the genotype of one sample. Abbreviations for gene pool are the following: NA; North
American wild, EA; East Asian wild, and EU; European wild. Flower sex genotype is designated as the following: f/f (female flower), M/f (male flower), and H1/
f, H2/f, H1/H1, and H1/H2 (hermaphroditic flower). Dashed black lines indicate detected recombination sites. (E) Whole-sequence comparison between the f
haplotype of V. sylvestris 'DVIT3603.16’, H1 haplotype of ‘Chardonnay’, H2 haplotype of ‘Chardonnay’, and the M haplotype of V. sylvestris 'DVIT3603.16".
Chromosomal backbone indicates inferred genetic ancestry: red = f-associated and blue = M-associated. Colored boxes and arrowheads represent TEs and
gene models for the region. (F) Cartoon model [modified from Massonnet et al. (13)] of structural differences between the various SDR haplotypes observed
in sequenced genomes. (G) Tree of estimated divergence time of M, f, H1, and H2 haplotypes. The red star indicates the presumed divergence of f and M (and
H) haplotypes. The red triangle denotes the divergence of H1 and H2 haplotypes.
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event in the SDR at the 5" end of the transaldolase gene. Numerous
clusters of TEs were also observed in this haplotype relative to
the f haplotype (SI Appendix, Fig. SS5). This recombination pat-
tern matches the pattern recently reported by Massonnet et al. in
‘Cabernet Sauvignon’, and we designated this H haplotype as
H1 (13).

A second recombination pattern was observed for 41 her-
maphroditic haplotypes, designated as H2. In the H2 haplotype,
recombination occurred in an intron of the transaldolase gene,
near the 3’ end of the gene, and colocalized with a TE cluster
insertion that increases the predicted gene length relative to the
H1 annotation. This TE insertion was also observed in the M
haplotypes of the two sequenced male V. sylvestris genomes (13),
suggesting shared ancestry between the V. sylvestris M haplotypes
and H2 haplotypes.

The H2 allele is also characterized by an additional recombi-
nation site, downstream of the gene encoding a WRKY tran-
scription factor and 47 kb upstream of the annotated VWiAPT3
gene. As a result of these two recombination events, the H2
haplotype has a different pattern of genome similarity across the
SDR relative to the H1 haplotype. This pattern of recombination
suggests either two independent crossover events within a rela-
tively short distance, or more likely, a double crossover event in
the SDR. All biologically possible combinations of the SDR
haplotypes were observed in the dataset except H2/H2.

No previously sequenced genome of grapevine includes the
H2 haplotype. In order to further examine this haplotype, we
sequenced the genome of the cultivar ‘Riesling’ (H1/H2) using
PacBio sequencing. The high contiguity of the diploid genome
(SI Appendix, Table S2) allowed us to identify the H1 and H2
haplotypes. These two haplotypes were then used to guide the de
novo assembly of the two SDR haplotypes of ‘Chardonnay’ (H1/
H2) (see Materials and Methods). Whole-sequence comparison of
‘Chardonnay’ and ‘Riesling” H2 haplotypes with H1 haplotypes
showed structural differences between the two forms of H hap-
lotypes, while the structure of H2 haplotypes was found similar
to the two V. sylvestris M haplotypes (13) (SI Appendix, Fig. S6).
Gene content in H1 and H2 haplotypes were found to be iden-
tical (Fig. 3C and SI Appendix, Fig. S6).

Divergence time at the SDR was estimated using BEAST
software for six wild species from North America (V. cinerea [M/f],
V. rupestris [f/f], and V. arizonica [M/f]), East Asia (V. romanetii
[f/f]), Europe (two V. sylvestris [M/f]), and four representative
domesticated cultivars: ‘Carménere’ (H1/H1), ‘Chardonnay’ (H1/H2),
‘Riesling’ (H1/H2), and ‘Zinfandel’ (H1/f) (SI Appendix, Fig. S7). For
these estimates we used 1) the conserved region of the locus between
WiINPI and PLATZ transcription factor genes in the SDR and 2) the
WiYABBY3 portion of the SDR. The divergence time between the
outgroup species, V. rotundifolia, and the subgenus Vitis was con-
strained at the Vifis genus crown age of 46.9 MYA (21). The f hap-
lotype and M haplotype diverged at a mean age of ~38.6 MYA (95%
highest posterior density interval, HPDI, 26.94 to 47.96 MYA), but
this divergence overlaps with the crown age of the genus, indicating
that f and M haplotypes may have diverged prior to the rise of the
Euvitis subgenus.

In V. arizonica ‘b40-14’, six LTRs were estimated to have been
inserted in the M haplotype 30 MYA and a H1 specific cluster of
LTR dated from 33 to 68 MYA inserted between KASIII and the
PLATZ transcription factor. Due to the shared TE structure, it is
clear that both H haplotypes evolved from some form of M
haplotype in this region, and we speculate that historical LTR
activity played a role in the initiation of SDR evolution. While
the two currently sequenced male V. sylvestris genomes appear to
represent the ancestral gene pool for the H2 haplotype, no
current V. sylvestris genome has been identified for the H1
haplotype. Resequencing data, however, demonstrates that there
are male V. sylvestris that are likely associated with the HI1
progenitor gene pool.
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Divergence between H1 and H2 haplotypes was estimated at
6.1 to 6.7 MYA, soon after the estimated divergence of the
European and Asian clades (Fig. 3G), suggesting these two gene
pools diverged prior to domestication (~8,000 y ago). Estimating
the divergence time using the conserved region around VWiYABBY3
further supports a divergence between H1 and H2 haplotypes that
predates the divergence and presumed domestication of V. vinifera
from the wild ancestor V. sylvestris (SI Appendix, Fig. ST). The LTR
inserted into the transaldolase gene of the two V. sylvestris M and
V. vinifera H2 haplotypes was dated at ~6 MYA, further sug-
gesting divergence between the H1 and H2 haplotype gene pools
occurred before domestication (SI Appendix, Fig. S5). Together,
this evidence supports the hypothesis that the two recombination
patterns observed in the H1 and H2 haplotypes originated from
two independent events.

Pedigree Relationships Support Separate Gene Pools for H1 and H2
Haplotypes. To examine the prevalence of the different H hap-
lotypes among cultivated grapevine accessions, we examined the
recorded pedigree relationships for the accessions sampled in
this study. Pedigree relationships either through direct parent—
offspring association or through unobserved connections could
be inferred for 65.1% of the samples (Fig. 4 and Dataset S3).
The majority of samples carrying an H haplotype carried the H1
version either in a heterozygous state with the f haplotype (H1/f),
with the H2 haplotype (H1/H2), or as homozygous (H1/H1). H1
haplotypes were common in table, raisin, and wine grapes. The
H2 haplotype was only observed in a heterozygous state (H2/f or
H1/H2) and only in a group of wine grape cultivars of reported
provenance to north and west regions of Europe (France and
Germany). Tracing of H2 haplotypes through grandparent—parent—
child pedigree (e.g., ‘Pinot noir’'—‘Knipperelé’—Triomphe
d’Alsace’) indicates the H2 haplotype can be transferred through
breeding as well as preserved via clonal propagation.

Hypothesis Testing Candidate Genes for Sex Determination: VvilNP1,
VviYABBY3, and WiAPT3. Several different candidate mutations
have been proposed for the male sterility and female sterility
phenotypes. Most recently, Massonnet et al. identified an 8 bp
deletion in the gene VViINPI as the likely male sterility mutation
and the M allele of 1WiYABBY3 as the female sterility gene (13).
Badouin et al. in contrast, proposed VWiAPT3 as the female
sterility gene (14). Here, we used the pattern of sex-linked SNPs
and chromosome painting of these SNPs for the four haplotype
combinations H1/f, H2/f, H1/H1, and H1/H2 (all hermaphroditic
phenotypes) and allele-specific expression from female, male,
and hermaphroditic inflorescences to test these hypotheses (Fig. 5).

Chromosome painting of the sex-linked SNPs partitioned the
SDR into four gene regions, A through D (Fig. 5 C and D).
Region A contains two genes, the female sterility gene proposed
by Massonnet et al. (13), 'iYABBY3, and VviSKU5. SNPs linked
to the male phenotype were significantly associated with this
region (Fig. 5F). Region B contains two genes encoding beta-
fructofuranosidase and transaldolase. No sex-linked SNPs or
association with a particular flower sex phenotype were detected
in this region. Region C contains eleven candidate genes, and
SNPs in this region were significantly associated with the phe-
notype of male sterility (female). Due to a lack of recombination
in this region, the candidate genes cannot be narrowed down to a
single specific gene. However, this region includes the current
candidate gene for male sterility in grapevine (13), WWiINPI.
Finally, the D region contains a single putative gene, the female
sterility candidate gene proposed by Badouin et al. (14),
WiAPT3. The pattern of sex-linked SNPs among the H haplo-
type combinations differentiates the role of the four different
regions as to their contribution to flower sex. In the A region, all
hermaphroditic accessions carry a haplotype that is most similar
to that of a female haplotype, while the other three regions can
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Fig. 4. Distribution and pedigree relationships of H1 and H2 haplotypes in sequenced grape cultivars. Lines connecting cultivar dots indicate a pedigree
relationship. The size of cultivar dot denotes the frequency of cultivar in the pedigree of sampled cultivars. Unconnected dots lack direct pedigree data. Color
of the dot denotes the combination of SDR haplotypes in each genotype. Gray dots are cultivars connecting observed cultivars but are unsampled in

genotyping data.

carry a mixture of male- or female-associated SNPs and still
retain a hermaphroditic flower (Fig. 5D). In the B region, pat-
terns of sex-linked SNPs differ between the H1 and H2 haplo-
types due to the two different locations of recombination, with
the H1 haplotype maintaining the pattern of female-associated
SNPs, while the H2 haplotype carries male-associated SNPs. In
the C region, H1/f and H2/f genotypes carry one haplotype with
SNPs associated with the male phenotype and one with the fe-
male phenotype (heterozygous). HI/H2 genotypes, however, are
enriched across the C region for male-associated SNPs. Finally,
in the D region, the secondary recombination event observed in
H2 haplotypes results in another split pattern by genotype. Here

the H1/f and H1/H2 genotypes are heterozygous for

SNPs while H2/f genotypes are enriched for female-linked SNPs.
The presence of the second recombination site in the D region of
H2 haplotypes excludes VWiAPT3 as a likely candidate for the
female-sterile phenotype. This region can be either M like or f
like, yet the flower phenotype is hermaphroditic in either case,
leaving evidence supporting region A as the likely female sterility

region of the SDR.

To further test the likelihood of WiYABBY3 as the candidate

reads that support the reference allele (f haplotype) or alterna-
tive allele (M haplotype) with the flower genotype. There was no
significant correlation between the f-specific expression with fe-
male- or male-sterile phenotype (SI Appendix, Fig. S9). The
highest correlation was between the M haplotype—specific ex-
pression of iYABBY3 and the female-sterile phenotype, which
indicates potential transcription regulation in determining fe-
male sterility (Fig. 5G). This result is in agreement with the
observation of M-specific transcription factor binding sites ob-
served upstream of ViYABBY3 (13). The strong association of
the A region with the female-sterile trait as well as the occur-
rence of the second recombination site observed in H2 genotypes
indicates that an f-like A region is critical for and found in all
currently sampled hermaphroditic samples. The recombination
pattern observed in H2 genotypes demonstrates that region D
which carries VWiAPT3 is not necessary for the H phenotype, thus
excluding this gene as the female sterility candidate. We thus
conclude that the female sterility—determining gene is most likely
located in the A region, and VWiYABBY3 is the only gene in the A
region with a significant signal in genome-wide association study
for the female-sterile trait.

sex-linked

gene for the female sterility phenotype, we conducted allele-

specific transcriptome analysis of 29 accessions representing
nine wild species, 13 accessions of domesticated grape, and six
bulked female and male samples from three biparental pop-
ulations with H/HxM/f (SI Appendix, Table S3 and Fig. S8). For
each polymorphic site, we tested the correlation between the
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Flower Sex Marker Development and Phenotypic Prediction. Our
analysis of a marker designed to span the 8 bp deletion in
WiINPI (14) was accurate in 100% of 167 genotypes repre-
senting nine wild grapevine species from North America and
East Asia (Fig. 6 A and B and SI Appendix, Table S4) and 187
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Fig. 5. Association between the flower sex phenotype, genotype, and allele-specific expression. (A and B) Manhattan plots of genome-wide association
study (GWAS) for male-sterile (A) and female-sterile trait (B). (C) Gene models for predicted genes located within the sex locus boundary. (D) Chromosome
painting of male- (blue) and female (pink)-linked SNPs across the SDR. (E and F) Zoomed Manhattan plot for SDR of GWAS for male-sterile (E) and female-
sterile traits (F). The y-axis is an adjusted —log10 P value. (G) Dot plot demonstrating the association between flower sex phenotype (female-sterile) and

alternative-specific gene expression in flower bud tissue. The y-axis denotes the —log10 P value of the association.

genotypes from two biparental mapping families, which includes
‘Horizon’ (H/H) x V. cinerea ‘B9 (M/f) and an F2 family of
16_9 2 (H/f) x 16_9_2 (H/f) (SI Appendix, Figs. S10 and S11).
Theoretically, markers that predict male sterility and female
sterility separately should distinguish female, male, and her-
maphroditic phenotypes when combined. Using this framework,
we developed a pipeline to predict the flower sex phenotype
based on the genotype of the A region (the female sterility—
determining region) and the C region (the male sterility—
determining region). Markers in the B and D regions can be used
to predict the specific H haplotype. We used Bayes factor
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hypothesis testing comparing the null hypothesis that all sites are
homozygous for the reference sequence and the alternative hy-
pothesis that all sites are heterozygous. Using sites that cosegregated
with flower sex, the accuracy of the prediction is 100% based on 193
accessions, comprising 137 wild accessions and 56 cultivars or
hybrids with validated phenotypes (Dataset S1). Applying this
framework to RNA sequencing data were also successful with an
accuracy of 100% for 29 wild accessions and 19 grapevines from
cultivars and breeding populations (SI Appendix, Table S3).

Due to genetic divergence in the SDR across the Vitis genus,
prediction power is decreased when surveying the wide variation

PNAS | 7 of 11
https://doi.org/10.1073/pnas.2023548118


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023548118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023548118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023548118/-/DCSupplemental
https://doi.org/10.1073/pnas.2023548118

A

In M/H
haplotype

50 98

- THVEMVHHHFQAYYEALDLAASNDVAQLLYPEWRNSLEKPFLWLGDFHP - - -
acggagccctegttggecgeggtagggeectegtcategacteteggtee
catattaaatacaaactatcccaatcattacaggactaacttgtgatac
ccgggtccttgececcacteccececcttaageeccagttecggtcagecccee

267

© koK ko kK K K K K K

THVEMVHHHFQAYY - --GPRRLQGCCTTALPRMA *
acggagccctcegttg--/cccccgttaageccagi
catattaaatacaa---gcggtagggccctegtca
ccgggtcctegecc---atcccaatcattacagga

Inf
haplotype

= deletion

premature stop codon

vy, @ EAclade

@ NA clade lla
(V. palmata)

® NAclade b
e (V. labrusca)

-
L] NA clade Ilb
" e (V. cinerea, V. aestivalis)

NA clade |
(V. riparia, V. rupestris,

i =
s 5 V. acerifolia)
Genotype Flower sex

0
o1

® Female

® Male

(V. amurensis, V. piasezkii) 1

Phenotype M H H H  H W M MW
Genotype ¢ | M | HIA HIHI M2 HIH2 H2H2 MM MH1  MH2
Bameice 0000 1111 0011 0022 0110 Of21 0220 2222 1122 {221
A B C D
2 -
V. sylvestris ‘DVIT3603.16’
M, 1111
] . - s oo o o
2
; V. sylvestris ‘DVIT3603.07
/f, 0000
0
2 = ——
‘Semillon’
| H1/, 0011
0 o o o oc o e .,
2
1 . .. ‘Carménere’
H1/H1,0022
0 . . - .
0 —
’ . ‘PN40024’
_ | H2/f, 0110
0 - . oo o
: -
; ‘Chardonnay’
- o T H1/H2,0121
0 .

Fig. 6. Marker prediction for flower sex in grapevine. (A) DNA alignment of WilNP1 with 8bp indel noted in red for M/H haplotype and missing from f
haplotype. (B) Flower sex phenotype prediction validation using VvilNP1 deletion and linked C region markers for wild grapevine germplasm (n = 167). (C) All
possible and observed combinations of haplotypes with M, f, H1, and H2 and their flower sex phenotype. Genotypes with an asterisk have not been observed
in natural populations. (D) Marker prediction haplotyping for flower sex genotypes observed in this study represented as numeric SNP states: 0 = homozygous
female allele (f), 1 = heterozygous allele (H/f or M/f), and 2 = homozygous alternative allele (H/H or H/M or M/M).

in species with low marker numbers. Therefore, we used high-
density polymorphisms from shotgun sequences to predict the 10
possible genotypes (Fig. 6C) that can occur when combining the
four SDR haplotypes observed in this study. Using the characteristic
reference and alternative allele states for these haplotypes, we
computed the numeric genotype that represents the different
flower sex haplotypes. Example accessions, their numeric geno-
type, and corresponding flower phenotype are shown in Fig. 6D.
Markers we have designed and tested using the amplicon sequencing
(Ampseq) and RNase H2-dependent amplicon sequencing
(rhAmpSeq) platforms are listed in Dataset S4.

Discussion

The study presented here documents genomic evidence of mul-
tiple independent evolutions of hermaphroditism within do-
mesticated grapevine through exhaustive examination of genetic
diversity in the Vitis genus. This study tested previous hypotheses
about flower sex-determining genes through distribution of sex-
linked SNPs, transcriptomics, and recombination patterns, add-
ing support to VviINPI and VWiYABBY3 as determining male-
sterile and female-sterile phenotypes, respectively. Two unique
patterns of recombination between these two candidate loci re-
sult in a structurally complemented SDR. The evolution of this
important trait from wild grapevine likely enabled early viticul-
turists to increase the reliability of annual fruit yields and elim-
inate the need for nearby pollinator vines. Presumably due to
ease of vegetative propagation, this hermaphroditic state could
be easily selected from the wild and used as breeding stock in the
development of the thousands of modern-day domesticated
V. vinifera cultivars.

Recombination Signature and Genetic Structure of the SDR in
Grapevine. Rare recombination events shaped the mating system
in the Vitis genus. The results presented in this study demonstrate
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that all dioecious, wild grapevines sampled concur with the genetic
model of determination in grapevines. Male vines carry both
the M and f haplotypes, with M dominant relative to f, while fe-
male vines carry only f haplotypes. This strict method of pheno-
typic expression has fixed sex-associated SNPs across the SDR
region. Divergence estimates of the M and f haplotypes overlap
with that of the estimates for the divergence of bunch grapes
(Euvitis, 2n = 38) from muscadine grapes (V. rotundifolia, 2n =
40). This suggests that the divergence between the f and M hap-
lotypes predates the divergence of the Vitis genus, consistent with
the hypothesis of the single origin of dioecy in the Vitis genus.

As has been recently suggested (13), and supported by the
results of this study, the evolution of dioecy in grapevines most
likely evolved from a stepwise process of loss of hermaphrodit-
ism that began prior to species diversification in Vitis. It is clear
that recombination is suppressed at the Vitis SDR, as no evidence
of recombination was detected in the 129 wild genotypes, and our
results show that LD in the SDR region is very high (Fig. 2). In
some species, such as spinach, the SDR is located in a cold spot of
recombination (22). This is not the case in Vitis, in which we find
the SDR is located in a chromosomal region with a relatively
normal recombination rate of 0.6 cm/Mb (23). Extremely high or
low SNP density, as well as TE insertions, have been proposed as a
consequence of the sex chromosome divergence, but may also
contribute to recombination suppression (24-26). We compared
the SNP density between the f and M haplotypes of the three male
accessions V. sylvestris ‘DVIT3603.16°, V. arizonica ‘b40-14’, and
V. cinerea ‘BY’ and found that there is no significant difference in
SNP density in these three genomes. However, the recombination
breakpoints observed in the H1 and H2 hermaphroditic haplo-
types occur in the region with moderate SNP density (SI Appendix,
Fig. S12), perhaps explaining why the transaldolase region of the
SDR has repeatedly been a site for recombination in the
European clade.
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The greatest structural variance between the M and f SDRs is
the two TE clusters located at the 5’ end of JWYABBY3 and 5’
end of WiINPI, the two sex-determining candidate genes. Nu-
merous LTRs that are dated around 30 to 36 MYA further in-
dicate that evolution of the SDR was accompanied by a pervasive
TE movement (SI Appendix, Fig. S5). TE accumulation has also
been observed to play an important role in determining the SDR
in spinach and papaya (27, 28). In Vitis, the f haplotype is smaller
and carries far fewer TE insertions compared with the M hap-
lotype. Greater genetic divergence between species at the M
allele suggests that the relaxed evolution of this locus in the wild
is ongoing. These pieces of evidence suggest that the insertion of
the TEs followed by the increased divergence plays a role in the
recombination suppression in the wild Vitis SDR.

Support for VvilNP1 as the Male-Sterile Candidate Gene. When sex-
linked SNPs were examined across the SDR, we found significant
clustering of these SNPs associated with the female flower
phenotype in the C region, the region where the candidate gene
WiINPI resides. Markers spanning the 8 bp deletion in VWilNPI
discovered by Massonnet et al. (13) and those in linkage pre-
dicted the female phenotype at 100% accuracy in 167 accessions
of grapevine, representing all Euvitis gene pools. All male ac-
cessions in this study carry one “functional” copy of VviINPI and
one copy with the 8 bp deletion and predicted premature
stop codon.

Support for the Female Sterility Candidate Gene VviYABBY3. Mas-
sonnet et al. (13) hypothesized that 1ViYABBY3 is the most likely
candidate gene for female sterility due to the association of
M-linked SNPs and transcription factor binding sites whereas
Badouin et al. (14) suggested VWiAPT3 is more likely. In our
study, we tested these contrasting hypotheses by showing that
M-linked SNPs associate with both the A and D regions of the
SDR. However, our examination of the patterns of SNPs across
hundreds of genotypes from all grapevine gene pools and the
discovery of the H2 allele throw greater support to a single
candidate, VWiYABBY3. We demonstrated that all examples of
hermaphroditic vines carry a critical recombination event in the
sex-determining locus, combining an f-like SDR surrounding
WiYABBY3, with an M-like SDR surrounding ViINPI. The
most common form of H haplotype in this dataset, designated
H1, was found in table, raisin, and wine grape germplasm. All H1
haplotype germplasms share a specific recombination in the 5’
end of a transaldolase gene in region B of the SDR. The H1
haplotype was observed in every possible combination with other
alleles at the SDR: homozygous (H1/H1) and heterozygous (H1/
f, H1/H2, and H1/M). The second, hermaphroditic haplotype,
H2, is generated from what appears to be a double crossover
recombination event with crossovers at the 3’ end of the trans-
aldolase gene and also upstream of VviAPT3. The transaldolase
recombination site is associated with the insertion of a TE cluster
within the transaldolase gene itself, leading to an increased
predicted gene length in H2 genotypes. The H2 haplotype, much
like the HI haplotype, has an f-like SDR surrounding
WiYABBY3 and an M-like SDR surrounding VviINPI. The sex-
linked pattern of SNPs revealed by this double crossover re-
combination results in H2 genotypes in which the VWidAPT3 re-
gion can fluctuate and H2/f genotypes actually carry two f-like
WiIAPT3. As a result, comparing the recombination signatures of
H1 and H2 haplotypes demonstrates that all hermaphroditic
phenotypes carry an f-like 1ViYABBY3 but can carry either f-like
or M-like WiAPTS3.

Multiple Hermaphroditic Alleles Demonstrate Independent Evolutions
of Hermaphroditism in Domesticated Grapevines. While it has long
been accepted that V. vinifera was domesticated from its wild
ancestor V. sylvestris, the domestication history of grapevine is an
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ongoing topic of interest and national pride (18, 29). Using re-
latedness between V. vinifera and V. sylvestris accessions, Myles
et al. (18) suggested a single origin for domesticated grapes with
origins in the near East Caucasus region. However, western
cultivars of V. vinifera also retain a signature suggesting intro-
gression with wild V. sylvestris in this region. Distinct H hap-
logroups have been observed in a study of 73 wild and 39
hermaphrodite cultivated grapevines though results suggest a
primary origin for H haplotypes in the Eastern Mediterranean
region, with potential secondary centers elsewhere (10). In
contrast to the single-origin theory, an analysis of chloroplast
DNA polymorphisms in 1,201 V. sylvestris and cultivated grape-
vine suggested at least two origins for domesticated grapevine
(19). In all cases, the H haplotype appears to have arisen from
the M haplotype, similar to the results observed in our study.
This result is perhaps intuitive given the critical recombination
between M and f alleles to generate the unique patterns of H
alleles observed in this study could only have occurred in male-
flowering (M/f) genotypes.

Several specific pieces of evidence in this study support in-
dependent recombination events observed in the H1 and H2
gene pools. First, the breakpoint site of the recombination
around the transaldolase gene is different in H1 and H2 haplo-
types, and H2 haplotypes appear to be the result of a double
crossover event. If the recombination between VWiYABBY3 and
WiIINPI giving rise to H1 and H2 alleles happened sequentially,
then at least one side of the break should be highly similar to
each other. Second, the divergence time in the WiYABBY3 re-
gion and WWiINPI region between the H1 and H2 alleles predate
the divergence between V. sylvestris and V. vinifera. Third, we
discovered an H2-specific TE inserted ~6 MYA, which again
suggests the divergence between H1 and H2 is much earlier than
the presumed domestication of V. vinifera from V. sylvestris. This
is consistent with a hypothesis of multiple (at least two) origins of
grape hermaphroditism. We identified two unique patterns of
recombination in only 363 genotypes. Even for interspecific hy-
brid accessions in this dataset (HYB1 and HYB2; Fig. 2), no
additional hermaphroditic haplotypes were detected, leaving no
evidence for independent origins of the H haplotype outside the
European clade. However, it remains possible that other re-
combination events at the SDR exist among the estimated 6,000
to 12,000 named grape cultivars (30). The currently sequenced
accessions of V. sylvestris come from the Caucasus region, in
agreement with the hypothesis that this region played a key role
in the domestication of grapevine (29). While we can associate
the M haplotype of the sequenced V. sylvestris genomes with the
H2 allele, the progenitor M haplotype for the widespread H1
allele can only be inferred from shotgun data. Greater efforts to
sequence and analyze wild V. sylvestris is needed to help identify
the potential origin of this haplotype.

Numeric Genotypes Predict all Possible Flower Sex Haplotypes. It
typically takes at least two years for a grapevine to reach first
bloom; thus, determining flower sex at the seedling stage would
increase breeding efficiency by quickly identifying undesired
flower sex phenotypes (typically, male or female vines). Previous
efforts to develop molecular markers that predict flower sex in
Vitis have resulted in two SSR markers with decent efficiency
when used in domesticated grape backgrounds. These markers,
VVIB23 and VVIAPRTS3, are capable of predicting phenotypes
for hermaphroditic vines when crossed with female vines (9, 20,
31). However, implementing these markers in crosses using wild
grapevine germplasm has been less successful due to genetic
divergence across the Vitis genus (32). With a greater under-
standing of the genetic architecture of the SDR revealed in this
study, we can now see why these previous markers may fail.
Specifically, these markers are on the two flanks of the SDR and
do not distinguish the complexity of the A, B, C, and D regions
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as outlined in this study. Recently, primers were designed to
evaluate the presence/absence of the 8 bp deletion in VWiINPI
(13), but these markers cannot distinguish between the H1 and
H2 haplotypes. Breeders may decide that specific combinations
of H alleles are preferable in their own programs. It is interesting
to note that no H2/H2 genotypes were observed in this study and
could suggest there are potential fitness consequences of dif-
ferent H combinations. The development of numeric genotypes
gives breeders and researchers the tools needed to predict the
flower sex genotype/phenotype for any of the 10 possible M, f,
H1, and H2 genotype combinations.

Conclusion

The evolution of hermaphroditism played a critical role in the
domestication of grapevine. While there have been frequent
investigations into the flower sex-determining locus in grapevine,
until recently, the structure of the locus has remained elusive.
However, the advancement of long-read whole-genome sequencing
efforts in grapevine helped determine the origin of hermaphroditism
in grapevine as the result of a rare recombination event. Using
shotgun sequencing data from 363 hermaphroditic genotypes,
we identified two unique patterns of recombination, giving rise
to two distinct H haplotypes, H1 and H2. Structural differences
between H1 and H2 haplotypes as well as divergence time es-
timates suggest diversification of the SDR occurred prior to
domestication and support at least two independent evolutions
of the hermaphroditic trait during the domestication history of
grapevine.

Materials and Methods

The details of the materials and methods are described in S/ Appendix,
Supplementary Text. To decipher the SDR in the Vitis genus, we examined
the 12 whole-genome assemblies, including four genomes newly generated
in this study, two bulk whole-genome sequencing with 13 female and 13
male V. cinerea accessions, genome-wide shotgun resequencing of 556 in-
dividuals (Dataset S2), transcriptome sequencing of 48 individuals repre-
senting diverse wild and cultivated germplasm resources (S/ Appendix, Table
S3), targeted Amplicon sequencing of 167 individuals (S/ Appendix, Table
S4), and rhAmpSeq sequencing of two biparental populations (S/ Appendix,
Figs. S10 and S11).

For wild dioecious species, we de novo assembled and scaffolded three
wild genotypes: V. cinerea ‘B9’ (male), V. rupestris 'B38' (female), and V.
romanetii 'C-166-043' (DVIT2732, female) (23). Regarding the H1/H2 V. vi-
nifera cultivars, we sequenced the genomes of ‘Chardonnay’ and 'Riesling’
using PacBio. Genome sequences for V. riparia ‘"Manitoba 37’ (female) were
provided from Patel et al. (16), and reference genome sequences for V.
arizonica 'b40-14’ (male), V. sylvestris 'DVIT3351.27' (male), V. sylvestris
'DVIT3603.07' (female), V. vinifera cultivar ‘Zinfandel’, and the outgroup
species V. rotundifolia 'Trayshed’ (male) were obtained from Massonnet
et al. (13) The genome of V. vinifera 'Carménére’ was obtained from Minio
et al. (33) All of the assemblies were annotated using the following pipeline.
Structural annotation of the protein-coding genes in SDRs was based on the
alignment of coding sequence (CDS) from ’'Cabernet Sauvignon’ SDRs and
manually curated. RepeatMasker v.open-4.0.6 (34) was used with a custom
Vitis vinifera ssp. vinifera repeat library (35) to identify repetitive and
transposable elements.
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For genome-wide shotgun resequencing data, we accessed data for 523
from the National Center for Biotechnology Information Sequence Read
Archive (NCBI SRA) including 16 submitted in our previous study (23) and 17
from http://www.grapegenomics.com (36). The read depth of these samples
ranges from 3x to 50x. The run accession, project number, sample name,
and the species are included in Dataset S1. Reads were mapped and poly-
morphism were detected using '‘Cabernet Sauvignon’ f haplotype, denoted
as CabSau_f, as the reference genome. Population structure was estimated
using AlMs, which were determined considering Fs; and population charac-
terizing SNP (37).

Divergence time between H1 and H2 haplotypes was estimated based on
conserved regions of the SDR with Mugsy (38). Conserved blocks within the C
region of the SDR were concatenated due to the lack of historical recombination.
The Akaike information criterion indicated that a Hasegawa-Kishono-Yano
model +G+l was the best-fitted substitution model by jModelTest 2 v2.1.10 (39).
The maximum likelihood (ML) phylogeny of these haplotypes was further
calculated using RAXML v8.2.4 with a GTRCTA site rate substitution model
(40). Genetic divergence for the ML phylogeny was estimated by Bayesian
analysis with the software BEAST v.2.5.2 with a relaxed molecular clock for
80 x 10° Markov chain Monte—Carlo cycles (41).

The Vitis International Variety Catalogue (https:/www.vivc.de/) parent-
offspring relationship data for the 556 accession with genome-wide shotgun
sequences was used to clarify relationships between H1 and H2 haplotypes.

Flower sex phenotype; female, male, and hermaphroditic, was decomposed
as the interaction of two factors, one determining male sterility/fertility, the
other determining female sterility/fertility. Genome-wide association studies
and allele-specific read depth association for flower sex were both conducted
for male sterility and female sterility traits.

The candidate region with sex-linked SNPs was searched for primer using
Primer3 (42) with target size 200bp to 270bp (Optimum 250bp) and Tm
between 57 and 64 °C. Marker details are listed in Dataset S4. We also designed a
flower sex prediction pipeline which includes reads filtering, genotyping for sex-
linked sites, and a phenotype prediction with Bayesian approach. The package of
Vitis_flower_sex_predictor is publicly available at (https:/bitbucket.org/cornell_
bioinformatics/flower_sex_predictor) (43).

Data Availability. Sequencing data have been deposited in National Center for
Biotechnology Information Sequence Read Archive (NCBI SRA, PRINA550461
and PRJNA281110) (44, 45). The genomes are public available at http:/www.
grapegenomics.com (36). The python package for flower sex prediction in the
Vitis is available at bitbucket (https:/bitbucket.org/cornell_bioinformatics/
flower_sex_predictor/src/master/) (43).
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