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Grapevine (Vitis vinifera L.) diversity richness results from a complex domestication history over multiple historical
periods. Here, we used whole-genome resequencing to elucidate different aspects of its recent evolutionary his-
tory. Our results support a model in which a central domestication event in grapevine was followed by postdo-
mestication hybridization with local wild genotypes, leading to the presence of an introgression signature in
modern wine varieties across Western Europe. The strongest signal was associated with a subset of Iberian grape-
vine varieties showing large introgression tracts. We targeted this study group for further analysis, demonstrating
how regions under selection in wild populations from the Iberian Peninsula were preferentially passed on to the
cultivated varieties by gene flow. Examination of underlying genes suggests that environmental adaptation
played a fundamental role in both the evolution of wild genotypes and the outcome of hybridization with culti-
vated varieties, supporting a case of adaptive introgression in grapevine.

INTRODUCTION

The European grapevine (Vitis vinifera L.) is one of the most char-
ismatic plants of the Mediterranean agricultural landscape and one
of the most widely grown fruit crops in the world. V. vinifera has
diverged into two subspecies that distinguish cultivated varieties
(V. vinifera ssp. vinifera) from their wild relatives (V. vinifera ssp.
sylvestris), hereafter vinifera and sylvestris, respectively (1). V. vinifera
is the only species of the Vitis genus’ European clade, holding wild
populations that occupy river banks and damp woods from the
Transcaucasian region of West Asia to the Iberian Peninsula (2, 3).
The origin and domestication centers for V. vinifera are both widely
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considered to match the Transcaucasian region, as suggested by
morphological data and the presence of higher nucleotide diversity
in both wild and cultivated germplasm belonging to this region (4-6).
The earliest archaeological evidence for domestication of Eurasian
grapevine was observed in the South Caucasus, timing it to the Late
Neolithic Period, 8 thousand years (ka) ago (7). Divergence be-
tween the two subspecies, estimated using whole-genome rese-
quencing (WGS), places this event much earlier (22 to 400 ka ago)
with an important bottleneck occurring ca. 8 ka ago (8, 9). Between
6 and 3 ka ago, viticulture spread south and west across the Mediter-
ranean space (10).

Similar to most crops, grapevine still retains numerous unan-
swered questions regarding its origin and domestication path (11).
A restricted origin hypothesis first predicted that diversity of culti-
vated grapes was limited to a few founder genotypes in a single
location (12). Since then, use of molecular markers spanning a
restricted number of loci has suggested the existence of gene flow
between cultivated varieties and local wild genotypes, particularly
associated with Western European wine varieties. Thus, there has
been conflicting molecular evidence to support either multiple in-
dependent domestications (4, 13) or an initial domestication in the
Transcaucasus followed by postdomestication hybridization with
local wild relatives (14). Characterization of cultivated and wild ge-
netic diversity across the Mediterranean geographic range has placed
the Iberian Peninsula region as a strong candidate for local contri-
bution of wild populations to the overall modern-day structure
of the cultivated grape (4). The Iberian Peninsula is a hotspot for
grapevine genetic diversity supporting hundreds of autochthonous
varieties. Its diversity has been structured into three genetic groups
that reflect either a core Iberian nature, a common genetic signature
with Western and Central Europe varieties, or a Western Mediter-
ranean provenance that incorporates the Maghreb (15). This com-
plexity reflects an ancient and rich domestication history, which
translates into the diversity and identity of Iberian wines such as the
distinctive Vinhos Verdes.
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Since the earliest domestication period, human activity led to the
creation of thousands of grapevine varieties (1). Whole-genome rese-
quencing currently offers new opportunities to address this domesti-
cation path. Here, we analyzed 100 whole-genome sequences from the
Vitis genus to elucidate important aspects of grapevine domestication,
including the singularity of Western European genotypes in their rela-
tionship with sympatric sylvestris genotypes. Our data support the
hypothesis of a single major domestication event in V. vinifera, fol-
lowed by postdomestication hybridization with wild relatives in
Western Europe. A subset of Iberian varieties exhibited particularly
extensive signs of unidirectional introgression with local wild geno-
types. Analysis of introgression tracts and selective sweep mapping
suggest that regions under selection in donor wild genotypes were
favorably incorporated into introgressed regions of the Iberian varieties.
Ensuing analysis of the underlying genes suggests a strong association
with environmental adaptation and a scenario of adaptive introgres-
sion as the result of hybridization with local wild relatives.

RESULTS

Whole-genome resequencing dataset

In V. vinifera, several reports have emphasized the importance of
Western Europe as a source of either independent domestication or
postdomestication hybridization between cultivated forms and local
wild plants (4, 6, 14). To provide a detailed understanding of this past

genetic history, we collected 51 cultivated (vinifera) samples, repre-
senting a large geographic range reinforced with Western European
and particularly Iberian varieties, nine wild (sylvestris) samples from
the Iberian Peninsula, and three Vitis sp. genotypes (table S1). Ge-
nomes were resequenced using Illumina technology. This dataset was
complemented with publicly available sequencing data from 37 other
genotypes (table S1). The total dataset comprised 100 genotypes and
was composed of several Vitis sp. members, sylvestris samples from
eastern and Iberian origins, and an array of table and wine vinifera
varieties. Reads were mapped to the V. vinifera reference genome
(Pinot Noir PN40024). Samples mapped, on average, to 86% of the
genome, regardless of origin, showing a mapping depth of 5.2x (fig. S1).

Patterns of population structure

We began by investigating population structure between species
within the Vitis genus and cultivated and wild V. vinifera samples,
using clustering methods based on genotype likelihoods (16-18).
Among other advantages, these methods use a probabilistic frame-
work to tackle multiple aspects of population genomics, offering an
extensive suite of solutions tailored specifically to medium- and
low-coverage data. First, principal components analysis (PCA) was
used to help visualize the relationships between the different Vitis spe-
cies members (Fig. 1A and fig. S2, A and B). Vitis rotundifolia (also
designated Muscadinia rotundifolia) was clearly divergent from the
remaining genotypes, in line with previous WGS assessments (9, 19).
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Fig. 1. Population structure analysis of Vitis sp. and Vitis vinifera genotypes. (A) PCA plot of Vitis sp. and V. vinifera wild and cultivated genotypes. (B) PCA plot of
V. vinifera samples. (C) Ancestry proportions of all V. vinifera genotypes following admixture analysis for K=4; bars represent individual genotypes, organized into six
study groups plus remaining admixed individuals. (D) Phylogenetic tree of V. vinifera samples.
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Cultivated and wild V. vinifera formed a consistent cluster, with wild
genotypes appearing closer to remaining Vitis species. We then re-
solved the relationship between cultivated and wild genotypes by ex-
cluding non-V. vinifera samples (Fig. 1B and fig. S2, C and D). This
resulted in a clear separation between wild and cultivated varieties
(PC2, 2.88% of the variance). Most notably, an overall east-to-west
geographical gradient was evident both in wild and cultivated samples
(PC1, 3.71% of the variance), consistent with a parallel westward ex-
pansion in these subspecies. Within cultivated varieties, there was a
separation between table and wine varieties (Fig. 1B). Broadly, the
PCA revealed a subclustering of wine varieties that reflected their es-
timated provenance. Varieties with estimated Iberian origin were split
into two cohesive genetic groups, distinctly separated by varieties of
Western and Central Europe estimated provenance. Overall results
were strongly supported by ancestry and phylogenetic tree analysis
(Fig. 1, C and D). Although the PCA seemed to explain a small per-
centage of the observed variance, values were similar to those reported
using identical sequencing and PCA estimation methodologies (20, 21).
Also, they followed the differentiation into wild-table-wine grapes of
previous genome resequencing efforts (9, 19) and reflected the same
clustering patterns in wine grapes obtained with 18K single nucleotide
polymorphism (SNP) chip data (15). Subsequently, we used popula-
tion structure data and the perceived geographical origin of the vari-
eties to cluster and name genotypes within six study groups: Wild
samples were divided between Eastern and Iberian groups (Wgasr,
n=8; Wiggria, # = 9), while cultivated varieties were divided between
one table (CrapLg, # = 9) and three wine groups, representing West-
ern and Central Europe (Cywce, # = 9) and the Iberian Peninsula
(CwiB1> 1 = 13; Cy1p2, n = 12) (Fig. 1, B to D). We estimated identity-

by-descent (IBD) scores to single out the presence of clones, in which
case, a single clone was retained for subsequent population studies (fig.
S3 and table S2).

When interrogating these study groups for patterns of ancestry
using admixture analysis, Cyp; displayed compelling evidence of shared
ancestry with Iberian sylvestris genotypes (Fig. 1C and fig. S4A). These
results were highly contrasting with its Cy,1p; counterpart in K = 4 and
other meaningful simulations (K =2 to K = 6). Furthermore, Cy;p; was
the wine group closest to Wiggria genotypes in the PCA (Fig. 1B), and
phylogenetic tree analysis placed most of the Cy,p, genotypes within
the same subclade as Wiggria samples (Fig. 1D and fig. S4B). This
evidence amounts to a high likelihood of genetic relatedness between
Cwiz and Wigggis groups. In addition, wine varieties from Western
and Central Europe were also polarized by PC1 of the multivariate analysis
to comparable levels as Wiggpia and Cyp (Fig. 1B). They also clustered
next to these two groups in the phylogenetic tree, suggesting some
extent of admixture between Cywcp and Wiggria, although smaller
than that observed for C,p,. Table varieties clustered closer to wild
genotypes from the center of origin (Wgast) in all analysis (Fig. 1),
supporting previous evidence of high phenotypic and genetic differ-
entiation between table and wine grapes (9, 22). This also indicates that
a potential hybridization event in Western European grapevine varieties
took place after differentiation between wine and table grapes.

Introgression testing between cultivated varieties and local
wild genotypes

Given the potential for hybridization with local wild relatives dis-
played by Cy;g2, we next tested for admixture using Patterson’s
D statistics—an explicit test of gene flow (Fig. 2A) (23). We configured
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Fig. 2. Patterson’s D statistics test for admixture. (A) Patterson’s D statistics (or ABBA-BABA test) assumes that in four groups phylogenetically related as such—

(((P4,Py),P3),0)—the proportion of ABBA and BABA sites will be equal under a scenario

of incomplete lineage sorting without gene flow. Genome-wide levels of introgression

from the donor P3 group can be detected by the presence of statistically significant levels of excess ABBA (P3=>P,) or BABA (P3=>P,) patterns. (B) Genome-wide Patterson’s
D scores when confronting table (P4) against wine groups as P, and wild groups as Ps. (C) Genome-wide Patterson’s D scores assuming wine groups as either P; or P, and
wild groups as Ps. (D) Chromosome-level estimates of Patterson’s D statistics (+SE) estimated in the Crapie Or Cwig1 (P1), Cwis2 (P2), and Wigeria (P3) configurations.
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the statistic to test potential gene flow from sylvestris donor groups
(either Wgagt or Wigggia) to recipient cultivated groups. When plac-
ing Craprg (which previously showed no evidence of admixture with
Wigeria) as Pj, wine genotypes as P,, and Wiggria as the donor
group, we observed positive and statistically significant Patterson’s
D levels across all tests (Fig. 2B). Results were strongest for Cyip2
(D = 0.1772; Z = 114.2490; P = 0.0000), followed by Cywce (D =
0.1448; Z = 76.7658; P = 0.0000) and C,,p; (D = 0.0927; Z = 59.4755;
P =0.0000). Conversely, D scores were negative and much closer to
zero (neutrality) when replacing Wiggria with Weast (Fig. 2B and
table S3). Statistical support for the strongest gene flow occurring be-
tween Wiggria and Cypz was still evident when strictly wine groups
were placed as recipients (Fig. 2C). When looking at each chromo-
some separately, there was a highly heterogeneous distribution of D
(Fig. 2D), indicating that exchange of genetic information was not
random across the genome. We found that chromosomes 6 (D = 0.20)
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and 14 (D = -0.03) provided extreme cases of high and low admix-
ture, respectively. When extending this analysis to mitochondrial
and chromosomal genomes, we observed an increase in Patterson’s
D, which suggests a sylvestris maternal progenitor in the cross(es)
that resulted in admixture. Collectively, these results support the first
genome-level claim of admixture between Western European grape-
vine varieties and local wild relatives.

Analysis of introgression impact

We next looked at the impact of introgression by performing a
genome-wide characterization of three separate properties of the data:
(i) nucleotide diversity, (ii) IBD scores, and (iii) genetic differentia-
tion. Diversity indexes and measures of population differentiation
were estimated across the genome while taking into account nucle-
otide uncertainty (16) (Fig. 3 and fig. S5). Results for nucleotide di-
versity (r) (Fig. 3A) and Watterson’s theta (By) (fig. S5A) showed a
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Fig. 3. Nucleotide diversity and genetic differentiation of the six study groups. (A and B) Violin plot distribution of nucleotide diversity (A) and Tajima’s D (B). (C) Vi-
olin plot of pairwise IBD scores reflecting comparisons between two genotypes of interest. (D) Heatmap of the group differentiation matrix of averaged Fsr values (inset:
multidimensional scaling analysis of the Fst matrix for study group differentiation). (E) Biogeographical model depicting Vitis vinifera speciation (triangle) and important
events during domestication history (circles). Statistics in (A), (B), and (D) were estimated as 100-Kb nonoverlapping windows across the genome.
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decrease in diversity when comparing wild grapes from the East
(m = 0.0140; By = 0.0140) and the wild Iberian group (n = 0.0112;
Oy = 0.0108). There was also a decrease in nucleotide diversity from
wild to table (r = 0.0120) and wine (n = 0.0110 to 0.0119) groups,
which is consistent with the presence of a weak domestication
bottleneck (14). Comparisons were all statistically supported (P < 0.001).
There was an increase in nucleotide diversity in Cy,5, when com-
pared to the remaining wine groups, which is compatible with higher
proportion of admixture following introgression of local sylvestris
into the vinifera genetic pool. Tajima’s D statistics were close to zero
for Weast (TD = -0.0346), but they increased for the remaining
study groups (Fig. 3B), consistent with population contraction (a likely
scenario in the wild Iberian population). An overall similar profile
was observed when we summarized IBD scores between all individuals
of a study group against all individuals of a second group (Fig. 3C).
Groups displayed comparable levels of heterozygosity, albeit slightly
higher in cultivated varieties (0.341 + 0.024; n = 43) when compared
to wild genotypes (0.335 + 0.014; n = 17) (fig. S5C).

To capitalize on the opportunities provided by our dataset on
understanding grapevine domestication, we determined the impact
of introgression on differentiation. We calculated the fixation index
(Fst) (24) across all pairwise group comparisons and used multidi-
mensional scaling to reduce Fsy distances to a two-dimensional space
(Fig. 3D). Results completely mirrored our previous PCA analysis
(Fig. 1A). Highest Fst was observed for table grapes against wild
Iberian genotypes (Fsr = 0.179). This result, in conjunction with the
fact that table grapes were the group closest to wild Eastern grapes
(second lowest Fsr = 0.063), suggests an altogether independent path
between table vinifera and Iberian sylvestris genotypes (Fig. 3E).
Most notably, we observed three important and correlated observa-
tions: (i) All three wine groups were more differentiated against
Wiggria (Fst = 0.100 to 0.154) than Wgast (Fst = 0.082 to 0.104),
suggesting a common origin in Wgagr; (ii) there was a sharp (~33%)
decrease in Fst in Wipgria versus Cyip, when compared with other
wine groups, supporting the existence of an introgression event; yet,
(iii) the overall lowest Fgr, with values that represent fairly low di-
vergence, was observed between Iberian wine groups (Fsr = 0.059),
as might be expected with a recent differentiation (Fig. 3D). Col-
lectively, these observations strongly undermine the possibility of an
independent grapevine domestication event based on Western
European wild grape ancestors. Rather, they favor the following model:
(i) a single major domestication in the Transcaucasus, (ii) differen-
tiation between wine and table grapes, and (iii) a postdomestication
hybridization event with local wild grapes in Western Europe (most
likely taking place in the Iberian Peninsula) (Fig. 3E).

Identification of introgression tracts in Iberian

grape varieties

Next, we used fA4 statistics to assess the fraction of the genome
shared through introgression (25). The analysis was restricted to the
same biogeographical space (Iberia), where we had the strongest
and weakest signs of introgression in wine study groups, sympatric
with the potential donor (wild) genotypes, i.e., configuration fA4
(P; = CyiB1> P2 = CyiB2, P3 = Wiggria, and O = V. TOi'ui’ldlfOll'(l)
(Fig. 4A). Averaged genome values from the sliding window analy-
sis were fairly high (fAs = 0.216). Together with the previous ances-
try analysis (see Fig. 1C), our results suggest that the proportion of
introgressed tracts may range between 25 and 50% of the grapevine
genome in Cyp, varieties. Nonetheless, we decided to implement a

Freitas et al., Sci. Adv. 7, eabi8584 (2021) 19 November 2021

conservative approach in defining introgression tracts (see Materi-
als and Methods), which resulted in 219 tracts averaging 162 Kb in
size and representing 8.11% of all genomic windows (Fig. 4A).
Chromosome 6 displayed the largest number of tracts (33), consist-
ent with its highest averaged Patterson’s D score (Fig. 2D). In total,
introgression tracts contained 2214 genes (data file S1). To extract
biological meaning, genes were subjected to Gene Ontology (GO)
term functional enrichment analysis (table S4), which highlighted
an overrepresentation (P < 0.05) in abscisic acid (ABA) signaling
genes. ABA is the canonical hormone in plant adaptation to abiotic
stress stimuli (26). Of importance also is the presence of a homolog
for the ABA receptor PYRI (VIT_0250012g01270), which is the
sensor protein for ABA (27). Enrichment analysis also signaled
grapevine PATHOGENESIS RELATED-10 homologs, strongly as-
sociated not only with biotic but also with abiotic stress responses
(28). Results support a scenario where introgression in Cyp; grape-
vine varieties implicated local environmental adaptation.

Detection of signatures of positive selection across the
genome and overlap with introgression tracts

We next reasoned that some regions under selection might be fa-
vored in introgressed tracts of Cy,1p;. To address this, we focused on
the detection of selection signatures across the genome, by compar-
ing cultivated varieties and Iberian wild genotypes, against the wild
ancestral (Wgasr) (Fig. 3E). A catalog of potential positive selection
signals was identified through four complementary statistics that
use different properties of the data: genetic differentiation (Fsr),
genetic diversity [reduction of diversity (ROD)], and the allele
frequency spectrum of mutations (ATD and Fay and Wu’s H). We
then implemented a summarization strategy using decorrelated
composite of multiple signals (DCMS) (table S5) (29). Multiple
comparisons (Fig. 4B and data file S2) revealed high and differenti-
ated signals of positive selection across the genome. We observed
the differentiation that underpinned domestication of wine and ta-
ble grapes, with shared selection targets (e.g., chromosome 17) con-
trasting with a series of genomic regions specific for each cultivated
study group (Fig. 4B; WEgast versus Cyrapre/ Cwwce/Cwisl/Cwis2)-
The data also provided an opportunity to look at the genomic
fingerprint of adaptation of sylvestris plants as they expanded west-
ward from their speciation center (Fig. 4B; WgsT versus Wiggria)-
Strongly selected regions (95th percentile) included an extensive
set of genes associated with biotic and abiotic stress responses, in-
cluding homologs of the ABA sensing and signaling pathway, and
multiple pathogen resistance genes with importance for grapevine
biology (data file S3), indicating that biogeographical expansion
was most likely driven by the capacity to adapt to newly found ex-
ternal challenges.

We then investigated whether introgressed tracts in Cy,ip, might
match regions under positive selection. A partial overlap could be
observed between regions under selection in Cyp, and Wiggria
(Fig. 4B). We cross-referenced genes in introgressed tracts and
genes under positive selection in Iberian wild genotypes against
multiple signals of positive selection identified for the various wine
and table study groups. In this comparison, C,p, consistently dis-
played two to three times as many shared genes when compared to
the remaining cultivated groups (Fig. 4C). This result suggests that
introgression and selection were not independent events. Further-
more, the introgressed regions contained 76 genes with signatures
of positive selection in both Wiggria and Cyyp, (table S6). The gene
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using 20-Kb nonoverlaping windows across the genome, assuming the configuration fA4 (P1 = Cyig1, P2 = Cwis2, P3=Wigeria, O = V. rotundifolia). Singleton windows with
elevated fA4 scores were not considered as tracts (see Materials and Methods for details). The x axis shows chromosome positions. (B) Manhattan plots of DCMS scores for
CrpgLe versus Weast, Cwwce Versus Weast, Cuig2 versus Weast, Cwig1 versus Weast, and Wigeria versus Weast estimated across the genome in 100-Kbp windows with 50-Kbp
steps. Dashed line represents 95th percentile cutoff. The x axis shows chromosome positions. (C) Venn summarization of shared genes between introgressed tracts in
Cuwig2, Signatures of positive selection in wild groups (Weast versus Cyig2), and signatures of positive selection in cultivated grapevine groups against Weasr.
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set comprised highly relevant homologs of genes associated with flow-
ering and light perception (CONSTANS-Like, VIT_00s0194g00070;
FARI-Related, VIT_00s0194g00200), pathogen perception and hor-
monal signaling (RPP2A, VIT_18s0072g01230; ICS2, VIT_17s0000g05750),
abiotic stress responses to cold (ADA2B, VIT_00s0194g00130) and
drought (ERD4/OSCA1.8, VIT_02s0109g00230), and sugar content
regulation (PKR, VIT_02s0109g00080). The latter two genes, ERD4
and PKR, integrate one of the largest and most robust signals of intro-
gression observed in our analysis, positioned in chr2, and consisting
of five consecutive introgression tracts (Fig. 5). Their contiguity
suggests that they may be part of a large introgression tract, con-
taining additional positively important homologs of known abiotic
and biotic stress determinants (e.g., MED25, VIT_02s0012g02620;
ABC-transporter Homolog; VIT_02s0012g02770; Disease resistance
protein RPM1, VIT_02s0012g02720; Putative disease resistance protein
RGA1, VIT_02s0109g00420; and multiple Geraniol 8-hydroxylase-
coding genes) (Fig. 5E). This genomic section exemplifies our hypothesis
in which robust fA; signals of introgression often equaled a peak in
selection signatures in the Cypy, including elevated levels of Tajima’s
D and ROD. They also matched a peak in selection signatures

in Wigggria, but not in Cyp; (Fig. 5, C and D). PRK is particularly
meaningful since this sugar-associated regulator is positioned with-
in the largest introgression tract and both Cy;;5, and Wigggia sweeps
(Fig. 5E), targeting it as a key functional candidate for future char-
acterization studies. Collectively, these findings highlight the func-
tional pathways that most likely drove introgression from local wild
populations into a range of Western European grapevine varieties.

DISCUSSION

Implementation of whole-genome resequencing is currently driv-
ing an onset of population genomic approaches that target the ge-
netic basis of domestication, selection, and adaptation events. Here,
we resequenced dozens of grapevine genotypes and provided new
evidence that Western European cultivated grapes hosted a major
postdomestication hybridization event with local wild genotypes,
rather than independent domestication. In grapevine, such an event
likely took place in the Iberian Peninsula. However, a molecular sig-
nature of introgression was also found across multiple grape varieties
of Western Europe outside the Iberia. Whether a single or multiple
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Fig. 5. Signals of introgression and positive selection in one of the strongest introgression tracts for the C,,;52 study group, positioned in chromosome 2.
(A) Zoom-in on chromosome 2 (9.5- to 13.5-Mb coordinates) details five neighboring introgression tracts determined by top fA4 scores in a 20-Kb sliding window analysis
of configuration fA4 (Py = Cyig1, P2 = Cwis2, P3 = Wigeria, O = V. rotundifolia). (B) DCMS scores for the Weast versus Cy g2 comparison (top) and scores for the selection signa-
ture statistics composited in the DCMS analysis (ATajima’s D and Fay and Wu's H in the middle; Fsy and ROD in the bottom). (C) DCMS scores for the Weast versus Wiggria
comparison. (D) DCMS scores for the Weast versus Cyg1 comparison. (E) Gene space and annotation of highlighted genes in this genomic interval.
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postdomestication hybridization events occurred across the Medi-
terranean basin is yet to be determined. Our data support a growing
body of literature showing that hybridization events leading to
postdomestication gene flow are mainstream occurrences during
crop geographical expansion (30). In few crops, this phenomenon
has been associated with adaptive introgression (30, 31). Similarly,
our genome-level approach allowed us to (i) recognize introgres-
sion tracts, (ii) detect selective sweeps underpinning adaptation of
wild populations, and (iii) identify genes of interest mutually in-
volved in adaptation and introgression.

Western European varieties reflect postdomestication
hybridization rather than independent domestication

In the present work, we tested whether postdomestication hybrid-
ization or an independent domestication event underpinned the
development of Western European wine varieties [reviewed in (11)].
The likelihood of an independent domestication event should not
be minimized, since recent WGS hints at the possibility of an inde-
pendent history for a specific set of grapevine cultivars from the
Levant (32). However, our results provide genome-level evidence
that Western European wine varieties did not originate from inde-
pendent domestication but rather from a postdomestication hy-
bridization event. Compared to insights generated from markers
with ascertainment bias, our data contradict previous claims for an
independent domestication (4, 13, 33-36) and help clarify ambiva-
lent hypothesis (6, 37-40), in favor of a postdomestication hybrid-
ization model (14, 41). Furthermore, our results suggest a common
domestication framework that contemplates both wine and table
grapes deriving from the historically and genetically accepted do-
mestication center in the Transcaucasus, followed by expansion of
grapevine across the Mediterranean basin, where it hybridized at
least once with local sylvestris populations (Fig. 3E).

Even though feralized domesticate individuals can be found in
the Iberian Peninsula, their abundance proportions seem to be fair-
ly small (37, 39). Here, introgression directionality testing using fA4
statistics indicated unidirectional gene flow between sylvestris and
vinifera populations, supporting previous 3-population tests on
SNP chip data (14). Another key finding was the multiple evidence
that all three wine study groups seem to display, to varying degrees,
a sylvestris introgression signature (summarized as Cyigz > Cywwce >
Cyip1) (Fig. 2). This suggests that introgression historically perme-
ated most of the modern grapevine wine varieties found in Western
Europe. Future studies should now address the origin and whether
these introgression signatures are derived from a single or multiple
hybridization events (Fig. 3E). Our varietal dataset was structured
into groups that broadly reflect previous population structuring
using SNP chip data (15, 34), in which Cyp; can be seen as a core
group of typical Iberian varieties, while Cy,p; are Iberian varieties
with an affinity to Western and Central Europe genotypes (15). In
this context, the possibility that the hybridization responsible for
Cywip2 took place outside the Iberian Peninsula needs to be con-
sidered. However, the likeliest scenario is that this hybridization
occurred in the Iberian Peninsula. Cyp, showed the highest and
Cyip1 showed the lowest introgression signatures, yet both groups
presented the closest genetic proximity, indicating recent differen-
tiation. Ample studies using low-resolution molecular markers sup-
port the genetic proximity between local sylvestris populations and
modern cultivated varieties in Portugal (33, 36, 39, 42) and Spain
(4, 6, 37). Last, the chlorotype that characterizes wild populations
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in Western Europe is more prevalent in cultivated varieties from
the Iberian Peninsula, when compared to the remaining geogra-
phies (4).

In a single-introgression model, Cyp;-related genotypes may
have acted as donors of sylvestris genetic material, further diluted in
Western European cultivated varieties by backcrossing with vinifera
as a result of purposeful breeding. The long track record of his-
torical flow of varieties across Europe, particularly since Roman
times (43, 44), offers a framework for interchange between Iberian
and Western and Central Europe varieties. Recent ancient DNA
analysis suggests a transition in French grapevine diversity from Roman
to Medieval times, in which early Roman period seeds clustered closer
to Iberian and Eastern European grape varieties, whereas Late Roman
and Early Medieval seeds were more similar to modern Western
Europe varieties (41). In agreement, pip morphometric studies docu-
mented a shift from abundant morphologically wild pips in earlier
chronologies to domestic types in the Late Roman and Medieval times,
suggesting greater selection efforts in these later periods (44). Mean-
while, one should also consider a multiple-introgression model, in which
hybridization events occurred independently in multiple geographic
locations (Fig. 3E). Non-genome-level studies have suggested a
genetic relatedness with local wild genotypes in cultivated varieties
from Italy, France, and the Balkans (6, 13, 38, 40, 45, 46), but whether
these signatures reflect a single or multiple hybridization events re-
mains to be established. Future whole-genome resequencing efforts
across the Mediterranean distribution range will be vital to expand
our knowledge on postdomestication hybridization, particularly in
the wine-producing varieties of Western Europe.

Selection signatures corroborate a case of adaptive
introgression in grapevine

Screening for wild introgression signatures that may be present in
the cultivated gene pool can be an effective strategy to uncover wild
diversity relevant for crop adaptation to current environmental
changes (30). Our evidence suggests that adaptive introgression is
common in cultivated grapes, since many wild genes under natural
selection seem to have been favored and retained in introgressed
cultivated varieties (Figs. 4 and 5). The size of estimated introgres-
sion in the strongest admixed study group, Cyigz, suggests the
replacement of a massive number of alleles for new functional vari-
ants. Such an event is likely to lead to important phenotypic differ-
ences (30). We used a WGS genomics strategy that is powerful for
population-scale studies, as it facilitates sample comparison against
a common reference genome (47), but recognize as a caveat of the
approach the failure to account for sylvestris genomic regions that
are absent from the vinifera reference genome. Genome alignment
between our reference genome and the recent high-quality assem-
bly of the V. vinifera ssp. sylvestris genome (48) highlights the ab-
sence of major structural variations between both genomes (fig. S6),
which should minimize this bias. Moreover, we combined detection
of introgression with detection of selection, to refine our capacity to
identify impactful genes. We subsequently singled out a set of 76
genes that belong to selective sweeps in Cyip, and Wiggria and are
part of introgression tracts between both groups (table S6). They
offer high confidence candidates for trait architecture determina-
tion in Cypz. Using small SNP panels, Cunha and co-workers (39)
recently genotyped the Portuguese national variety catalog plus lo-
cal sylvestris genotypes, showing that a subset of varieties with
strong overlap with Cyp; clustered with local wild relatives. Several
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varieties belonged to the Vinhos Verdes demarcated region typical
of Northwestern Iberia. In our studies, the provenance of Cyp;
members is associated with the north of Portugal, and 7 of 11 mem-
bers are canonical Vinhos Verdes varieties, firmly establishing how
a major introgression event characterizes this Iberian wine type.
Remarkably, Vinhos Verdes are naturally sparkling wines with low-
er sugar and higher acidity, suggesting that there may be a genetic
component in addition to the viticultural and environmental fac-
tors that help shape their typicity. Among the 76 genes of interest
(table S6), we singled out PKR (VIT_02s0109g00080) because of its
overlap with an interval showing strong signatures of both positive
selection and introgression (Fig. 5). PKR encodes for a phosphorib-
ulokinase that can be accounted for sugar content regulation, and
its Arabidopsis best ortholog (AtPRK, AT1G32060) is involved in
redox regulation of the Calvin-Benson cycle (49).

In this report, we show an east-to-west genetic gradient in both
wild and cultivated genotypes (PC1; Fig. 1B), which supports earlier
studies (6, 14, 22, 34) and corroborates the presence of introgres-
sion. The latter is likely to have favored a reduction in the genetic
load (i.e., the “cost of domestication”) previously reported in grape-
vine (9), evidenced here by the increase in nucleotide diversity in
Cyigz- In the Wiggpia population, selective sweeps were likely asso-
ciated with resistance and adaptation mechanisms, detected by the
presence of a large number of genes involved in transcriptional con-
trol, pathogen resistance, and hormonal modulation (data file S3).
In other crops, adaptive introgression has been associated with ad-
aptation to altitude and geographical expansion (50, 51). Similarly,
we highlight how Vinhos Verdes varieties are typical of the North-
western Iberian Peninsula, characterized by a wet temperate Atlantic
climate that contrasts severely with the dry Mediterranean climate
toward the Iberia Southeast (52). Considering that sylvestris plants
are lianas that favor high-humidity conditions (37), introgression
may have enabled cultivated grapes to quickly rewire water usage
signaling and response pathways. In support, many of our 76 genes
of interest are involved in ABA/drought responses. The trehalose
6-phosphate phosphatase (TPP) family member VIT_15s0046g01000
links sugar and abiotic stress adaptation by being involved in the
control of sugar utilization and in the tolerance response to drought,
as seen in other plants (53). VIT_18s0072g01220 is a putative grape-
vine ABA transporter (54) that may interfere with ABA distribution
and ultimately control the ABA-regulated stress responses (55).
VIT_00s0194g00210 is an ortholog of the Arabidopsis TPK1 vacuolar
K" channel involved in the ABA- and CO,-mediated stomatal closure
(56). Other genes with orthologs implicated in drought/ABA responses
include the transcriptional adapter ADA2B (VIT_00s0194g00130)
(57) and Early-Responsive to Dehydration stress protein ERD4
(VIT_02s0109g00230) that belongs to the OSCA family of mechan-
ically activated ion channels involved in osmosensing (58). The
latter OSCA proteins were recently associated with regulation of
plant stomatal immunity (59). Last, our 76 genes of interest also
incorporate the homologs of ISOCHORISMATE SYNTHASE 2
(VIT_17s0000g05750), which is involved in the biosynthesis of
salicylic acid (SA), the central hormone in local and systemic acquired
resistance against pathogens (60), as well as DISEASE RESISTANCE
PROTEIN RPP2A (VIT_18s0072g01230), an ortholog of genes linked
to downy mildew resistance (61). Thus, it seems that introgression
affected on upstream hormonal control of environmental responses,
especially those involving ABA and SA. These results emphasize the po-
tential of these wild populations as sources of previously unknown
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allelic diversity for breeding, as suggested for grapevine and other ma-
jor crops (62, 63).

The timing of postdomestication hybridization

An important question now remains as to the historical timing of
postdomestication hybridization. Genome resequencing data suggest
a protracted domestication history in which sylvestris and vinifera
diverged anytime between 200-400 and 22 ka ago. Models show an
important genetic bottleneck ca. 8 ka ago that matches the earliest
archaeological evidence of Eurasian grapevine use in the Transcaucasus
and marks the beginning of purposeful cultivation in grapevine
(7-9, 11). Tt is generally accepted that the Transcaucasus region
approximates the primary domestication center, after which grape-
vine use (and possibly a wine culture) spread to Anatolia and across
the Mediterranean following the main civilizations (10, 64). This
assumption provides an extensive time frame for a subsequent
hybridization event. There is multiple support for the use of wild
grape across Europe and the Mediterranean civilizations before the
widespread use of domesticated grape [reviewed by (10)]. In the
Iberian Peninsula, there is evidence for gathering of wild grapes by
hunter gatherers in the Early Holocene (65) and by the first prehis-
toric farmers 8 to 4 ka ago (43), and its multipurpose use seems to
have extended until the late 20th century (66). This means that
locals have been familiar with native sylvestris populations and
therefore amenable to take advantage of crosses with domesticated
vinifera. In our report, D statistics (Fig. 2) corroborates previous
chlorotype data (4) to support an original cross with maternal
sylvestris provenance. Given the differentiated flower morphology of
subspecies vinifera (hermaphrodite) and sylvestris (unisexual), and
in the absence of reproductive barriers, it looks like a plausible sce-
nario that wild plants were the receptors of domesticated pollen as
suggested by molecular data. This might show up as “wild” plants
(possibly adjacent to domesticated vineyards), displaying superior
berry/bunch characteristics. As to the timing of this event, the earliest
evidence of grapevine cultivation in the Iberian Peninsula dates
back to 2900 years ago and is based on Phoenician influence (43, 67),
making it the earliest tentative moment for an introgression event
in this region. In stark contrast, we show how varieties from the
Cwipz population can display up to 25 to 50% of introgression tracts
(Figs. 1 and 2), placing them as potential F1s or second-generation
backcrosses. In grapevine, this is not necessarily recent because of
the extensive use of clonal lineaging since Roman times (10). In
support, ancient DNA analysis of French medieval grape pips re-
cently provided evidence for 900 years of uninterrupted vegetative
propagation (41). The study also suggests the presence of gene flow
between local wild grapevines and cultivated varieties, timing it to
the early stages of viniculture in France (ca. 2500 years ago). Within
the context of the Iberian Peninsula, we find additional support that
hybridization was not a fairly recent event. A morphometrics study
of grape pips from Northwestern Iberia archaeological sites grouped
medieval and Roman pips close to the modern variety Alvarinho(PT)/
Albarifio(SP) (68). This Cyp, member is a hallmark variety for
Vinhos Verdes wines and was suggested to be a first-generation
migrant from sylvestris based on simple sequence repeat (SSR) data
(33). Another Cy;p; variety, Amaral, is mentioned in 1532 writings
addressing the North of Portugal (69). Collectively, results frame a
postdomestication hybridization event in the Iberian Peninsula be-
tween 2900 and 500 years ago. Definitive clues are likely to be hidden
in the DNA of archaeobotanical samples. Future approaches should

9 of 12

¥202 ‘2z Afenuer uo B10°8oUs 105 MMM//:SANY WO.) PapeojuMod



SCIENCE ADVANCES | RESEARCH ARTICLE

concentrate on using genomic approaches to confront ancient DNA
samples with modern genomic sequences as a means to understand
the timing, strength, and interdependence of hybridization events
that seem to permeate a subset of Iberian varieties and Western
European varieties in general.

MATERIALS AND METHODS
Extended Materials and Methods are available in the Supplementary
Materials and Methods.

Sampling, sequencing, and mapping

Vinifera varieties were sampled from two separate Portuguese
germplasm collections (PORVID and UTAD), and sylvestris samples
were collected in the southwestern region of the Iberian Peninsula.
High-quality genomic DNA was used to produce polymerase chain
reaction-free sequencing libraries followed by Illumina sequencing.
Sequencing data from 37 additional genotypes from previous studies
were also used. Information on genotypes and sequencing effort is
summarized in table S1. Read quality filtering and trimming was
performed with FastQC (www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and Trimmomatic (70). Reads were mapped to the
V. vinifera PN40024 reference genome using BWA-MEM (71).

Population structure analysis

For PCA, we estimated genotype posterior probabilities using the
ANGSD software package (16). The ngsCovar feature (ngsPopGen
package) was used to compute the expected correlation matrix
between individuals from genotype posterior probabilities. For the
phylogenetic tree, the same genotype posterior probabilities were used
to calculate pairwise genetic distances in ngsDist from ngsTools.
We computed a distance-based minimal evolution tree by inputting
the genetic distance matrix into FastME (www.atgc-montpellier.fr/
fastme/) with 100 bootstraps for branch support. For ancestry analysis,
we used NgsAdmix (www.popgen.dk/software/index.php). NgsAdmix
was run assuming two to eight ancestral populations with the default
minor allele frequency of 0.05.

Nucleotide diversity and genetic differentiation

Population genetics summary statistics (Fst; Watterson’s Theta, 6,;
m; Tajima’s D; Fay and Wu’s H) were also inferred under a probabi-
listic framework using ANGSD. V. rotundifolia (9) was used as the
outgroup to polarize the ancestral state of alleles at each polymor-
phic site. All statistics were summarized across the genome using a
sliding-window approach.

IBD estimation and SNP calling

To look at the relationship between different grape cultivars, we
performed IBD analysis using the probabilistic methods imple-
mented in ANGSD (16). We applied stringent criteria for the SNP
call, with post-cutoff of 0.95 and an SNP P value of 1 x 10~ to
include only highly supported SNPs. Subsequently, the SNPs were
used to calculate IBD for all pairwise comparisons among the 100
samples using PLINK (72) and applying the following filters: maf
0.05 and geno 0.05.

Admixture test using Patterson’s D statistic
Patterson’s D statistics (or ABBA-BABA test) assumes three
populations (P, P, and P3) and one outgroup (O), which are
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phylogenetically related as (((P1,P2),P3),0). Here, we estimated all
permutations of the six groups of interest (Wgast, Wiggria> CrasLE
Cwwce> Cwisl, and Cyip) as Py, Py, and Ps. V. rotundifolia served as
an outgroup (O). We computed Patterson’s D statistic using allele
frequencies instead of binary counts of fixed ABBA-BABA sites, as
implemented in the ABBABABA2 (Multipopulation) function in
ANGSD (16), using nonoverlapping 20-Kbp windows. We calculated
fNg to assess the fraction of the genome shared through introgres-
sion (25) in the comparison P; = Cyp1, P2 = Cyisz, P3 = Wipgria, and
O = V. rotundifolia. We estimated D(P;,P,,P,,0) and D(P,,P3,P3,0)
in ANGSD as previously described, which allowed us to obtain, for
each genomic window, a donor population Pp, (population with the
higher frequency of the derived allele).

DCMS analysis of positive selection signatures

We calculated four separate statistics that differ in their approach to
detect selection events based on the type of selection signals that are
targeted: genetic differentiation (Fsr), shifts in the allele frequency
spectrum of mutations [Delta Tajimas’s D (ATD) and Fay and Wu’s
H], and reduction in genetic diversity from pairwise nucleotide
diversity measures (ROD). Statistics were based on Fst, Tajima’s D,
Fay and Wu’s H, and nucleotide diversity (r), calculated across the
genome (100-Kbp windows, 50-kbp steps) as previously reported.
DCMS was then used to summarize the four different statistics, taking
the covariance of the statistics into account (29). Comparisons of
interest were defined as those that confronted the Wgst group with
the remaining five groups. Genes of interest were considered for
genomic windows above the 95th percentile of the distribution.

Analysis of genes of interest

Gene annotation was retrieved from PANTHER (www.pantherdb.org)
and UniProtKB (www.uniprot.org/uniprot/). Also, for the 76 cross-
referenced genes of interest, protein Fasta sequences were retrieved
from UniProtKB and used to perform a BlastP search in NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), against the nonredundant
protein sequences (nr) database, and the Arabidopsis thaliana RefSeq
database. GO terms (GO biological process complete) were subjected
to statistical overrepresentation testing in PANTHER.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi8584

View/request a protocol for this paper from Bio-protocol.
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