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Abstract: We elucidate grapevine evolution and domestication histories with 3,525 cultivated
and wild accessions worldwide. In the Pleistocene, harsh climate drove the separation of wild
ecotypes due to continuous habitat fragmentation. Then, domestication occurred concurrently
about 11,000 years ago in the Near East and the Caucasus to yield table and wine grapevines.
The Near East domesticates dispersed into Europe with early farmers, introgressed with ancient
wild western ecotypes, and subsequently diversified along human migration trails into muscat
and unique western wine grape ancestries by the late Neolithic. Analyses of domestication traits
also reveal novel insights into selection for berry palatability, hermaphroditism, muscat flavor,
and berry skin color. These data demonstrate the role of grapevine in the early inception of

agriculture across Eurasia.
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One-Sentence Summary: The dual origin and diversification of grapevine is a testament to

early human migration and the development of various Eurasian civilizations.
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The cultivated grapevine (V. vinifera ssp. vinifera, hereafter V. vinifera) shares a close
relationship with humans (7). With unmatched cultivar diversity, this food source (table and
raisin grapes) and winemaking ingredient (wine grapes) became an emblem of cultural identity
in major Eurasian civilizations (/-3), leading to intensive research in ampelography,
archaeobotany, and historical records to reveal its history (4). Early work asserted that V. vinifera
originated from its wild progenitor V. vinifera ssp. sylvestris (hereafter V. sylvestris) about 8,000
years ago (ya) during the Neolithic agricultural revolution in the Near East (3, 6). In recent years,
various genetic studies explored this proposition (6—13), but the critical details of grapevine
domestication were often inconsistent. Studies argued for the existence of domestication centers
in the western Mediterranean (/3), Caucasus (/2, /4), and Central Asia (/2), which in turn cast
doubt on the popular notion of a single past domestication event (/0, /7). Three demographic
inferences yielded population split times between V. vinifera and V. sylvestris to dates between
15-400 thousand years ago (Kya), predating the historical consensus on domestication time (7—
9). As early domesticates spread to other parts of Eurasia via poorly defined migration routes in
the ensuing millennia (5), the single-origin theory also confounds the origin order between table
and wine grapevines. One view proposes a wine grapevine-first model with the two types
diverging about 2,500 ya (7, 10, 11). Hybridization with local V. sylvestris was common in
creating extant European wine grapes (/0, /1), but when these introgression events occurred is
unknown. Several studies suggest that the earliest cultivation of European wine grapes in France
and Iberia postdates 3000 ya (10, 15). These discrepancies primarily result from the inadequate
sampling of grapevine accessions and the limited resolution of genetic data in previous analyses.

Therefore, we report the genomic variation dataset from a global cohort to systematically
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delineate the structure of grapevine genetic diversity, explore the origin of V. vinifera, deduce a

putative dispersal history, and investigate key domestication traits and diversification signatures.

Results

We constructed a chromosomal-level reference V. sylvestris genome assembly (VS-1 from
Tunisia) to attain genomic variations, which shows a higher percentage of anchored
chromosomal lengths than PN40024 (fig. S1, table S1-S9) (/6). From the 3,304 assembled
accessions from a dozen Eurasian germplasm and private collections, we obtained good-quality
[llumina paired-end sequencing data to an average 20x coverage for 3,186 grapevine accessions
(2,237 V. vinifera and 949 V. sylvestris; table S10-S13). The sample selection preferentially
includes old, autochthonous, and economically important varieties to maximize the spectrum of
genetic diversity. We also included genomic data for 339 previously sequenced accessions (266
V. vinifera and 73 V. sylvestris; table S14) in the analyses (7, 8, 17), producing the final cohort of
3,525 grapevine accessions (2,503 V. vinifera and 1,022 V. sylvestris). The alignment of the
[llumina reads to the VS-1 reference genome identifies 45,624,306 biallelic SNPs and 7,314,397

biallelic short Indels (<40 bp; 73.2% shorter than five bps) (/6), among which rare alleles (minor

allele frequency < 1%) account for the majority (fig. S2, table S15-S22).

Core accessions differentiate by eight distinct genetic ancestries

Clones, mutants, synonyms, and homonyms are common phenomena in grapevine germplasm
and collections (/8). Using the identity-by-state sharing pattern estimators, we found 1,534
accessions sharing the genetic profile with at least one other in the cohort, totaling 498 distinct

genotypes (fig. S3, table S23) (/6). We kept one accession for each distinct genotype, corrected
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misidentified accessions, and excluded interspecific hybrids for a core cohort of 2,448
grapevines (1,604 V. vinifera and 844 V. sylvestris; fig. S3), which remain representative of the

major viticultural regions (/9) in the world (Fig. 1A, fig. S3).

The principal component analysis (PCA) shows that V. sylvestris and V. vinifera separately
spread out along the first two axes (total variance explained, PC1 7.56%, PC2 1.71%), with both
displaying a crude Near East to Western Europe gradient (Fig. 1B, fig. S4-S5). The PC3 axis
(1.26% variance) separates V. vinifera individuals according to their utilization, agreeing with
the main table and wine grapevine clades in the maximum likelihood phylogenetic tree and
reticulate phylogenetic network (fig. S6-S7). Notably, the V. vinifera accessions show a weak
isolation-by-distance correlation (Fig. 1C), suggesting a disconnection between the viticultural
geographic pattern and the genetic structures in the grapevine (20). This observation could be
due to the extensive exchange of superior cultivars across regions and the subsequent

interbreeding throughout history.

Given the poor resolution of viticultural regions in defining grapevine diversity, we leveraged
genetic ancestry information from an unsupervised ADMIXTURE analysis to categorize core
accessions (Fig. 1D, fig. S8) (16). At K=2, all V. vinifera accessions contain a majority east (red)
ancestry that matches the ancestry of the V. sylvestris accessions in the East Mediterranean
region. At K=8, hierarchical clustering of ancestry components identifies four V. sylvestris
groups from distinct geographic regions: the Near East (Syl-E1, 84.3% K2), the Caucasus (Syl-
E2, 72.7% K6), Central Europe (Syl-W1, 94.7% K1), and the Iberian Peninsula (Syl-W2, 69.8%

K8; Fig. 1D-1F). V. sylvestris accessions collected from other regions show admixed genetic
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structures (/6). For cultivated grapevines, six genetic ancestries could designate six distinctive
groups (CG1 to CGo6), all covering a broad range of viticultural regions (Fig. 1D to 1F) (16).
Accessions with pure or close to pure ancestries (Fig. S9) (/6) help ascribe names to these
groups as Near East table grapevines (CG1, 73.9% K2), Caucasian wine grapevines (CG2, 66.4%
K6), muscat grapevines (CG3, 87.7% K5), Balkan wine grapevines (CG4, 69.9% K4), Iberian
wine grapevines (CGS5, 68.8% K7), and Western European wine grapevines (CG6, 68.4% K3).
The admixed V. vinifera accessions showed different combinations of genetic ancestries (fig.
S9). The four V. sylvestris and six V. vinifera groups, supported by archetypal analysis at K=8
(fig. S10), form identifiable clusters in the PCA plots (Fig. 1G, fig. S4), thus suitable for

population genomic investigations.

Separation of V. sylvestris ecotypes in Pleistocene

According to the genetic ancestries and the occupied ecological niches in the western Eurasia
continent, we designate V. sylvestris accessions in the Near East and the Caucasus as the eastern
ecotype (Syl-E) and accessions in Central Europe and the Iberian Peninsula as the western
ecotype (Syl-W; Fig. 2A). The large between-ecotype fixation index values (e.g., Syl-E1 vs. Syl-
W1, Fst=0.340) and the small within-ecotype fixation index values (Syl-E1 vs. Syl-E2,
Fst=0.101; Syl-W1 vs. Syl-W2, Fst=0.072; fig. S11, table S26) support this designation. Both
nucleotide diversity (n) and individual heterozygosity show that the western ecotype (especially
Syl-W1) has significantly reduced variation compared to its eastern counterpart (fig. S11).

Furthermore, the linkage disequilibrium decay (LD, »°) was much slower in Syl-W (1.0-1.6Kb at

10
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half of maximum 7°) than in Syl-E (400-600bp at half of maximum 7?; fig. S12). These data

demonstrate that the eastern ecotype retains more genetic diversity.

Demographic inference with folded SNP frequency spectra reveals an ancient population
bottleneck in Syl-E around 400-800 Kya and in Syl-W around 150-400 Kya (Fig. 2B, fig. S13).
This Pleistocene period, characterized by changing climate cycles (21, 22), also witnessed the
deduced population split (median time ~200-400 Kya) between the two ecotypes (Fig. 2C). The
slow descent of the split line suggests that the geographic isolation process was gradual (fig.
S13). At ~56 Kya, the population split between Syl-E1 and Syl-E2 occurred during the last
glacial cycle (11.7-115 Kya) when the global climate trended toward dryer and colder conditions
(23). Close to the time of the Last Glacial Maximum (LGM at ~21 Kya), V. sylvestris subgroups
experienced a second population bottleneck (~40 Kya), with effective population sizes (NVe)
reaching a minimum of 10,000 to 40,000 (Fig. 2B, fig. S13). Following this result, ecological
niche modeling predicts that the areas with suitable environmental conditions for Syl-E and Syl-
W (suitability>0.75) remained connected at the Pleistocene Last Interglacial (~130 Kya, fig.
S14) but became entirely separated at the LGM (Fig. 2D). The post-bottleneck N. rebound was
steeper in the Syl-W accessions, but the numbers decreased to lower levels in recent times (Fig.
2B, fig. S13). This result agrees with the reduced genetic diversity in Syl-W and the abrupt

population split between Syl-W1 and Syl-W2 at ~2.5 Kya.

Dual origin of V. vinifera at the advent of agriculture

The wet climate in the Early Holocene (~11.7-8.3 Kya) (24) facilitated the expansion of suitable
habitats for Syl-E, resulting in a large geographic span from Central Asia to the Iberian Peninsula
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(Fig. 2D). This expansion supports the eastern origin and subsequent continental dispersal of V.
vinifera. Since CG1 shares the main ancestral component with Syl-E1 and CG2 with Syl-E2
(Fig. 1D and IF), the possibility of two domestication events becomes evident. Indeed, both CG1
and CG2 maintain the highest genetic diversity and manifest the quickest LD decay among all
CG groups (fig. S11 and S12). Furthermore, they are less differentiated from their corresponding
wild ecotypes (Fig. 3A, fig. S11). The AIC-based phylogenetic selection also prefers a dual
origin tree model (fig. S15), which agrees with the outgroup f3 statistics bi-plots that CG1 and
CQ2 are genetically closer to Syl-E1 and Syl-E2, respectively (Fig. 3B, fig. S15, table S27).
Notably, the population split lines of CG1/Syl-E2 and CG2/Syl-E1 pairs resemble that of Syl-
E1/Syl-E2 and differ from those of CG1/Syl-E1 and CG2/Syl-E2 pairs (Fig. 3C, fig. S16). These
data collectively support a dual origin of V. vinifera and reject the popular theory of a single
primary domestication center (/0, /7). Both CG1/Syl-E1 and CG2/Syl-E2 population pairs
separated quickly (Fig. 3C), which is compatible with a clean split scenario. We estimate the
median population split time to be ~11 Kya (95% confidence interval: ~10.5-12.5 Kya) for both
pairs, suggesting that the independent domestication events took place concurrently around the
advent of agriculture. As CG1 and CG2 separately represent table and wine grapevine ancient
genetic backgrounds (K2 and K6; fig. S9), the dual origin rejects the assumption that wine

grapevine predates table grapevine (7, 10, 11).

The dispersal of grapevine domesticates along human migration routes

The geographic distributions of CG1 and CG2 cultivars across Eurasia and North Africa
correspond to vastly different human migration routes for the two grapevine groups (Fig. 3D).

The CG2 cultivars were mainly confined to both sides of the Caucasus Mountains, with a limited

12
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dispersal into the Carpathian Basin by the northern Black Sea. This result contrasts with previous
models implying that CG2 played a central role in the formation of wine grapevines in Europe
(3). Instead, CG2 represents a local domestication effort that had a minor impact on grapevine
diversification. In comparison, the dispersal of CG1 in four directions spanned Eurasia and North
Africa. First, the eastward expansion through Central Asia into India and China follows the Inner
Asia Mountain Corridor, a path that also witnessed the exchange of other crops (i.e., wheat,
barley, and millet) between the West and the East (25). Second, the northbound expansion could
mirror the early cultural contact of the Near East over the Zagros mountains with the Caucasus
(26, 27). Third, the northwest expansion via Anatolia into the Balkans bespeaks the spread of
farming into Europe (28, 29). Finally, a westward expansion moved across the North African
coastline to reach Morocco (30). Even though grapevine domesticates followed the trails of past

human migration, the timing and dispersal details require paleogenomic data for delineation.

Shared and unique domestication signatures in CG1 and CG2 grapevines

Given the dual origin scenario, we investigated domestication signatures in both Syl-E1/CG1 and
Syl-E2/CG2 group pairs by selecting genomic regions that display increased nucleotide diversity
differences and population differentiation (both top 5%; Fig. 3D). This method yields 1,140
domestication selective sweep genes in 132 regions for CG1 and 887 genes in 137 regions for
CG2 (table S28), among which only 189 genes in 31 regions exist in both groups (table S29).
Most shared signals are on chromosomes 2 and 17, confirming previous investigations that the
selection on flower sexual morphs (sex determination region, SDR), berry skin color (VvMybA
gene cluster), and berry development (SDH gene cluster) are of great importance during

grapevine domestication (8, /7). In addition, our analysis also identifies shared domestication
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genes that possibly underlie grapevine growth (e.g., NPF; see (16) for gene descriptions),
physiology (e.g., FER4), fruit set (e.g., GA20X gene cluster), and resistance to biotic/abiotic

stress (e.g., FER4; PPR gene cluster; RNF181 gene cluster).

As expected for dual domestications, most selective sweep signatures in CG1 and CG2 are
unique and target distinctive chromosomal regions (Fig. 3E). Even though CG1 and CG2
correspondingly represent table and wine grapevines, many unique signatures seem to suggest a
convergent selection mechanism targeting different aspects of common domestication traits. An
obvious example is the improvement of berry palatability through the reduction of alkaloid
biosynthesis (MecgoR gene cluster in CG1; TR2 and SSL gene clusters in CG2) and the
enhancement of carbohydrate metabolism (SWEET17 in CGl; PFKFBI in CG2). Other
examples include perceived berry desirability (BEAT gene cluster for floral scent in CG1; UFGT
gene cluster for berry color in CG2) and response to environmental stresses (UPL6 in CG1; WAK
in CG2). These findings suggest that the initial cultivation of CG1 and CG2 may have been to
serve early humans' caloric and micronutrient needs. The selection of genetic features suitable
for winemaking in CG2 could have been serendipitous, and the practice of winemaking with
CG2 (e.g., 8000 ya) (/4) possibly postdates grapevine domestication. Since gene annotation
depends on homology-based inference, it should be noted that many genes mentioned here need

further verification in grapevine.

Wine grapevine diversification in Europe

As the CG1 early domesticates dispersed into Europe via Anatolia, a crucial question concerns
the diversification history of European wine grapevines in the ensuing millennia. In particular,
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the shared areas of suitable habitats for Syl-E and Syl-W in the early Holocene (black area in
Fig. 2D) formed an ecological foundation for the genetic exchange between CG1 and local
refugia Syl-W accessions in the coastal regions of northern Mediterranean and southern Black
Sea, the Iberian Peninsula, and an area corresponding to present western France. It is therefore
important to examine where and how distinct grapevine genetic ancestries (CG3-CG6) formed
with relevance to Syl-W introgression (/0, /7). We have chosen cultivars in each group with at
least 75% major ancestry (also average Syl-W ancestry in each V. vinifera group <3%) to
perform population analyses. This selection rules out many old varieties [i.e., ‘Lambrusco’
cultivars deriving about half of their ancestries from Syl-W (fig. S9)], which likely showcase
secondary diversification efforts after the distinct ancestries had been established. Interestingly,
the TreeMix analysis finds one migration edge that points from Syl-W to a population ancestral
to CG3-CG6 (estimated weight 0.114; Fig. 4A, fig. S17), suggesting an ancient introgression
event occurred before the diversification of all European grapevines. An additional migration
edge also points from Syl-W to CG6 (estimated weight, 0.292), which implies an independent
introgression event unique to Western European wine grapevines in the past. Various
combinations of D-statistics testing the gene flow from Syl-W into CG groups (Z-score>3.0,
adjusted P<4.17x107; Fig. 4B, table S31) support this introgression history. Additionally, gene
flow from Syl-W into CG3-CG6 inferred from Momi2 align with their corresponding divergence
from CG1, further supporting the introgression history (Fig. 4C). Notably, the estimated median
divergence times date the creation of muscat grapes (CG3) to 10,500 ya, Balkan wine grapes
(CG4) to 8,070 ya, Iberian wine grapevines (CGY) to 7,740 ya, and Western European wine

grapevines to 6,910 ya (Fig. 4D). These stepwise diversification times accord with the historical
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migration of Anatolian farmers into Europe (26, 29, 31, 32), substantiating the role of viticulture

in forming Neolithic agricultural societies.

The migration edge weights, fs-ratio, and Momi2 estimates collectively show that ancient
introgression from Syl-W accounts for about 11.4-18.0% of the CG3-CG6 genomes (Fig. 4, table
S30). On top of this, at least one other independent introgression event contributed about 25.0-
30.0% additional Syl-W to the CG6 ancestry. We have screened the introgression tracts in CG3-
CG6 by choosing the genomic windows with the top 1% drand fam values (fig. S18). A total of
ten shared regions among CG3-CG6 groups contain genes that are putatively involved in plant
immunity (e.g., CYSK), abiotic stress response (e.g., GBA), and carbohydrate metabolism (e.g.,
TPS/TPP; table S31). This result agrees with the proposal that introgression helps grapevines

adapt to new environments and become more suitable for wine making (10, 11).

Genetic analyses of domestication and diversification traits
Hermaphroditism: origin of H2 haplotype

The transition from dioecy in V. sylvestris (male, M/f; female, f/f) to hermaphroditism in V.
vinifera is the most prominent phenotypic change during domestication (33). It involves
recombination events between M and f around a selective sweep region on chromosome 2 known
as the sex determination region (SDR; Fig. 5A). Previous studies have identified two major
hermaphroditic haplotypes (H1 and H2) and four hermaphroditic genotypes (H1/f, H2/f, H1/H1,
and H1/H2) from select cultivars (33), but the recombination history remains unclear. The
analysis of our grapevine cohort reveals five recombination sites in the SDR region (Fig. 5B),

which not only confirms known genotypes but also identifies novel minor haplotypes (male
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variant Mv, female variant fv, H3, H4, and HS5) and genotypes (Mv/f, M/H1, M/HS, H1/fv, H5/f,
H4/f, H2/H2, and H2/H3) in both wild and cultivated grapevines (Fig. 5B, table S32). Among all
SDR haplotypes, both M and H1 manifest the highest subtype diversity (fig. S19-S22).
Furthermore, the SDR genotype statistics reveal a distribution bias of the H2-containing SDRs in
the Iberian (CG5) and Western European grapevines (CG6; Fig. 5C, fig. S23). To investigate this
observation, we constructed a putative recombination history for all known SDR haplotypes (Fig.
5D). It shows that a first recombination event between the parental M and f haplotypes created
My (site 4), fv (site 3), H1 (site 2), and H4 (site 1). On this basis, H1 experienced a second
recombination event with f to produce H3 (site 5) and HS (site 4), whereas H4 recombined again
with f at site 5 to bring about H2. Since three Syl-E V. sylvestris (IS164, IS167, and IS180) and
11 V. vinifera accessions in the cohort contain H4 (Fig. 4G), a likely scenario supports a
westward dispersal of H4 after human selection to reach the Iberian Peninsula [e.g., in extant old
Iberian cultivar ‘Malvasia Fina’ (PO153)], where H2 originated from H4 via secondary
recombination and later became dominant during the diversification of Iberian and Western

European cultivars.

Muscat flavor: trait selection may reduce grapevine fitness

Muscat grapevine is unique for its floral aromas, which result from a hard-to-define concoction
of monoterpenoids in the fruit (34). Given the broad geographic distribution (fig. S24) and
ancient history of muscat grapevines, it is difficult to pinpoint the center of origin. Momi2
estimate predicts a population split from CG1 at around 10,564 ya (Fig. 4C), which would
suggest an origination site close to the Near East. This scenario agrees with the relatively low Fsr

values and sizeable gene flow with CG1 (Fig. 4 and fig. S11). The CG3 group also show low
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genetic diversity and high LD extent compared to others (fig. S11 and fig. S12). One possible
reason is the gradual loss of ancient CG3 cultivars in Anatolia and the surrounding regions
throughout history (fig. S24). Even though the muscat aroma is a complex trait, genome-wide
association (GWA) analysis based on a binary differentiation reveals 18 SNP signatures on
chromosomes 5 and 18 (fig. S24, table S33). This set includes a nonsynonymous SNP
Chr5:19419686 in the V'vDXS gene linked to the trait (34). Examination of the genotype at this
locus shows that 108 out of the 134 muscat grapevines (including ‘Muscat Hamburg’, ‘Konigin
der Weingérten’, and ‘Muscat of Alexandria’ commonly used as parental cultivars) are
heterozygous (G/T) and only eight individuals are homozygous (T/T) for the alternative SNP
(exact test for Hardy-Weinberg Equilibrium, D=20.68, P=2.01x10"'?). Additionally, the majority
of grapevines without muscat aroma are homozygous for the reference SNP (G/G; 1,451 out of
1,468; exact test for Hardy-Weinberg Equilibrium, D=0.049, P=1.00). This result suggests that
selection on this allele might have put constraint on grapevine fecundity, thereby preventing the

alternative SNP from reaching fixation.

Berry skin color: novel genes associated with white grapes

The emergence of white grapes from their red-berried congeners is an essential domestication
episode in viticulture history. The color change results from a reduction of anthocyanin synthesis
in berry skin cells, where the expression of proposed master regulators, such as VvMybA,
decreased significantly in select cultivars due to either a Gret! retrotransposon (35), non-
conservative exonic mutations (36), or large deletions in the locus (37). We performed GWA
analysis on this large grapevine cohort (fig. S25A and B) and identified multiple significant

SNPs across the genome (fig. S25C). The most prominent peak spans a broad genomic region
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from 3.51Mb to 16.05 Mb on chromosome 2, overlapping the VvMybA locus. Among all
significant exonic SNPs in this region (table S34), nonsynonymous SNPs with the smallest P-
values localize to two uncharacterized genes outside the VvMybA locus (fig. S25D), whose
putative protein functions are acylaminoacyl-peptidase (Vvsyl02G000229) and lysine-specific
demethylase (Vvsyl02G001064), respectively. These SNPs are overwhelmingly homozygous for
the reference allele in white grapes and heterozygous in red grapes (fig. S25E). We validated the
SNPs in red-berried V. sylvestris accessions to account for possible false positives and confirmed
their genotypes as predominant heterozygous (fig. S25E, table S34). In comparison, significant
exonic SNPs in V'vMybA genes [including Chr2:5116947 G/T reported previously in (36)] show
shared genotypes between white grapes and the V. sylvestris accessions (fig. S25E). It is not clear
how Vvsyl02G000229 and Vvsyl02G001064 might regulate anthocyanin synthesis, but these
results demonstrate that exonic mutations in the two genes are better predictors of berry skin
colors. Furthermore, the heterozygous SNP states in V. sylvestris accessions suggest that the

white berry alleles existed in natural wild populations before grapevine domestication.

Discussion

Our systematic genomic survey of V. sylvestris and V. vinifera accessions paints a defined
picture of grapevine evolutionary history, which echoes key events in the history of world
climate change and human migration (Fig. 6). The Pleistocene era witnessed the continuous
fragmentation of habitats, the decline of effective population size, and the separation of ecotypes
for V. sylvestris. It is highly likely that modern humans extensively utilized grapevines as an
energy source from the late Pleistocene, but the harsh climate was not suited for agriculture (38).

As the climatic conditions ameliorated at the Pleistocene-Holocene transition, the grapevine with
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its relatively stable perennial yield unsurprisingly became one of the earliest candidates for
domestication. The dual events underpin the model that plant domestication occurs in large
culturally connected areas over a long time (39), but the domestication time gap remains between
genomic inference and archaeological evidence (table S35, fig. S26-27) (16). The diverse SDR
haplotypes suggest that an early goal could be the conscious selection (40) and propagation of
rare naturally-occurring hermaphroditic individuals from the V. sylvestris population, because
they allow mass plantation without male plants. The selection on phenotype, but not on
genotype, also implies that the different hermaphroditic haplotypes were subject to strong
genetic drift, supported by the high frequency of HI and almost extinct H4 in extant cultivars.
The Mesolithic and Neolithic periods also saw the early dispersal and diversification of
grapevines where unique ancestries emerged in the Balkans, Iberia, and Western Europe with the
help of V. sylvestris introgression into CG1. This event mirrors early farmer migration in Europe,
consolidating the role of viticulture in forming sedentary societies. A higher level of cultural
exchange characterizes the last stage since the Bronze Age, thus the trading of superior
grapevine cultivars along trade routes. It is especially evident in the plethora of Italian cultivars
with three or more genetic ancestries, but unfortunately poses a challenge to disentangle the
genealogical history of each grapevine cultivar (20). Lastly, genetic reliable wild grapevines
from Central Asia, a region battered by climate change and social instability for the past few
millennia, are no longer available to test Vavilov’s theory for a diversity center or a hypothetical
turnover of grapevine types due to Islam conversion in the region. Paleogenomic data may help

to resolve these questions in the future.
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Fig. 1. Genetic diversity of global core V. sylvestris and V. vinifera accessions. (A)
Geographical locations of the 2,448 core grapevine accessions. (B) Principal component analysis
according to major viticultural regions. Large square/circle highlights median position. Star shows
VS-1 position. (C) Isolation-by-distance test of V. sylvestris and V. vinifera accessions. Linear
regression with 95% confidence interval shown. (D) ADMIXTURE clustering of the accessions.
(E) The geographic locations of the accessions in each group. Gray represents minor locations. (F)
Average proportion of major genetic ancestries in grapevine groups. (G) PC2 vs. PC3 projection
according to grapevine groups. Syl-W, V. sylvestris western ecotype; Syl-E, V. sylvestris eastern

ecotype; CG, cultivated grapevine.

Fig. 2. The population history of V. sylvestris ecotypes. (A) Geographic isolation and population
separation of V. sylvestris ecotypes. Pie charts show mean ancestry proportion at K=8. Same color
scheme in Fig. 1B. (B) Demographic histories of V. sylvestris populations deduced from Stairway
Plot 2. Lines: median with 75% and 95% confidence interval. (C) Population split times among
ecotypes with MSMC2. Red bars, median with 95% confidence interval. (D) Ecological niche

modeling of the suitable habitats for V. sylvestris ecotypes. The color scale shows suitability score.

Fig. 3. Independent domestications of V. vinifera in the Near East and the Caucasus. (A)
Pairwise fixation index of major grapevine groups. (B) Outgroup f3 statistics biplot measuring
genetic similarity. Rotund, Muscadinia rotundifolia. Stars mark the f3 statistics for CG1/CG2. (C)
Estimated split times among Syl-E1/2 and CG1/2 with MSMC?2 (left). Red bars, median with 95%
confidence interval. (D) Geographic distribution of CG1 and CG2 in relation to the domestication
centers. Human dispersal routes shown. (E) Shared (sky blue) and unique domestication selective

sweep regions (red and dark teal) in V. vinifera.

Fig. 4. Stepwise diversification of V. vinifera in Europe. Introgression from Syl-W into
European V. vinifera groups revealed by TreeMix (A) and confirmed by D-statistic (B). (C) Four
population simulation of split times and genetic introgression using Momi2. Median numbers from
100 bootstrap runs. (D) Origination of V. vinifera groups (CG3-CG6) by the end of Neolithic.
Geographic distribution of CG groups shown by color circles. See fig. S24 for details on CG3.
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Fig. 5. Selection and evolution of the sex determination region in the core grapevine
accessions. (A) The sex determination region (SDR) in VS-1. Red arrows indicate identified
recombination sites. (B) SDR genotypes from associated SNPs reveal five recombination sites
(dashed lines) and genotype diversity (right). Major and minor haplotypes shown on the left. (C)
Distribution of SDR genotypes in the six major grapevine groups. (D) Recombination history of
all SDR haplotypes. (E) Putative dispersal route of the H4 haplotype and the origination of H2
haplotype.

Fig. 6. Schematic graph of grapevine evolutionary history. Key events in the evolutionary

history of grapevines are shown side by side with major events in global climate change and human

migration.
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