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Significance

Our study focused on the history 
of introgression between 
domesticated grapes and their 
European wild relative. We find 
evidence for a single 
domestication of grapevine with 
introgression from the wild 
relative to wine, but not to table, 
grapes. These regions are 
enriched for genes related to 
aromatic compound synthesis, 
suggesting that European wild 
grapes have been an important 
resource for improving the flavor 
of wine grapes. However, the 
beneficial effects of introgression 
carry a potential cost because 
introgressed regions have 
elevated numbers of putatively 
deleterious variants, which are 
usually maintained in a 
heterozygous state for this 
clonally propagated crop. The 
identification of introgressed 
beneficial and deleterious 
variants is important for genomic 
breeding of grapevines.
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Domesticated grapevines spread to Europe around 3,000 years ago. Previous studies 
have revealed genomic signals of introgression from wild to cultivated grapes in 
Europe, but the time, mode, genomic pattern, and biological effects of these intro-
gression events have not been investigated. Here, we studied resequencing data from 
345 samples spanning the distributional range of wild (Vitis vinifera ssp. sylvestris) 
and cultivated (V. vinifera ssp. vinifera) grapes. Based on machine learning–based 
population genetic analyses, we detected evidence for a single domestication of grape-
vine, followed by continuous gene flow between European wild grapes (EU) and 
cultivated grapes over the past ~2,000 y, especially from EU to wine grapes. We also 
inferred that soft-selective sweeps were the dominant signals of artificial selection. 
Gene pathways associated with the synthesis of aromatic compounds were enriched 
in regions that were both selected and introgressed, suggesting EU wild grapes were 
an important resource for improving the flavor of cultivated grapes. Despite the 
potential benefits of introgression in grape improvement, the introgressed fragments 
introduced a higher deleterious burden, with most deleterious SNPs and structural 
variants hidden in a heterozygous state. Cultivated wine grapes have benefited from 
adaptive introgression with wild grapes, but introgression has also increased the 
genetic load. In general, our study of beneficial and harmful effects of introgression 
is critical for genomic breeding of grapevine to take advantage of wild resources.

population genetics | grape breeding | machine learning | viticulture | structural variation

Introgression describes the movement of alleles, usually via hybridization and backcrossing, 
from the donor species or population into the recipient species or population (1, 2). It is 
a pervasive evolutionary process that impacts both population fitness (3, 4) and the 
genomic landscape. However, the outcome of individual introgression events is shaped 
by the relative strength of evolutionary processes, meaning that the outcome of individual 
introgression events can vary considerably. In some cases—i.e., when there is a balance 
between repeated introgression and weak selection against introgressed variants—the 
introgressed allele is expected to reach an equilibrium population frequency (5, 6). More 
often, it is reasonable to expect that an introgressed allele is maladaptive and hence purged 
by natural selection (7). Genetic drift can, however, contravene natural selection and lead 
to the maintenance or fixation of maladaptive introgressed fragments (8).

Of course, introgression can introduce adaptive variants, too. Adaptive introgression 
is expected to proceed when alleles from the donor species have a positive effect on the 
fitness of the recipient species (9, 10). One possible positive effect is that the introgressed 
allele reduces the genetic load in the recipient population. This may be especially true 
when deleterious alleles are recessive (so that a heterozygous hybrid has an immediate 
advantage), when the donor population has a larger population size (and hence likely 
houses fewer deleterious mutations), and for genomic regions that have high recombina-
tion rates (where interference among mutations is minimized) (11). There is also growing 
recognition that adaptive introgression can reassort genetic variants into beneficial com-
binations, thereby driving local adaptation into new ecological niches (12) and distinct 
habitats (9). Current evidence suggests, for example, that introgressed variants have con-
tributed to toxin resistance in Gulf killifish, allowing it to occupy polluted habitats (12). 
When an introgressed fragment is adaptive, it can also include linked, deleterious variants 
that will hitchhike to fixation, especially in regions of low recombination. The linked 
selection of deleterious variants may explain some features of introgression from 
Neanderthal to humans because introgressed fragments convey increased risks to humans 
for some genetic diseases (13).

Although it is widely appreciated that introgression can contribute to local adaptation, 
our understanding of the consequences, genetic architecture, and traits affected by adaptive 
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introgression is still quite limited. Here, we are interested in intro-
gression between a crop wild relative (CWR) and a crop because 
there is a growing recognition that historic introgression events 
have been sources for key agronomic traits (14). Introgression 
between CWRs and crops may be especially likely because barriers 
to hybridization are incomplete due to a short divergence time 
between taxa, and this is especially true for perennial crops with 
long generation times, like grapevines (15–17). In addition, intro-
gression remains a common breeding tool for introducing bene-
ficial alleles from a CWR into a crop (18), especially for traits like 
disease and stress resistance, making CWRs important sources for 
crop improvement and for maintaining food security (19). These 
considerations argue that it is important to characterize genomic 
patterns of introgression between a domesticate and CWRs. 
Indeed, CWR-to-crop gene flow has received growing attention 
over the past decade (20–22).

Here, we investigate population genomic patterns of introgres-
sion between the domesticated grapevine (Vitis vinifera ssp vin-
ifera; hereafter vinifera) and its wild progenitor (V. vinifera ssp 
sylvestris; hereafter sylvestris). Grapevine is among the first domes-
ticated crops; it has been widely cultivated for both fruit (table 
grapes) and wine since antiquity. Historical and archaeological 
evidence dated the first domestication of grapevines back to 6,000 
to 5,800 BC, when ancestors began to collect and propagate 
sylvestris in regions that may have included the South Caucasus, 
the northern Fertile Crescent, and the Levant (23–27). After their 
domestication, grapes were spread throughout the Mediterranean 
world, leading to the diversification of many locally adapted vari-
eties that are typically clonally propagated (28, 29). Within the 
last 3,000 y (30, 31), grapevines were established in Europe, 
where there was secondary contact with genetically distinct syl-
vestris populations. Previous studies have found evidence to sug-
gest a history of introgression between vinifera and European 
populations of sylvestris (16, 26–29, 32). However, the genomic 
extent and fitness effects of introgressed regions remain largely 
uncharacterized in grapevines and other crops.

We analyze a set of 345 sequenced accessions that represent both 
the diversity of cultivated grapevine, including wine and table 
grapes, and the broad geographic distribution of sylvestris. We used 
these data to focus on four sets of questions. First, we assess patterns 
of divergence among sylvestris populations, wine grapes, and table 
grapes to get insight into population and domestication history. 
Second, we use machine learning methods to identify introgressed 
regions of the vinifera genome. What are the genomic characteristics 
of these regions? And do they correspond to selected regions of the 
genome, which we have also inferred using machine learning 
approaches? Third, are introgressed regions replete with putatively 
deleterious variants, consistent with hitchhiking with adaptive var-
iants, or is it likely that introgression occurred to reduce the dele-
terious load? Finally, what traits may have been affected by 
introgression, and is there putative evidence of supergenes—i.e., 
introgressed linked, adaptive complexes? Altogether, using machine 
learning–based population genetic methods, this study distinguishes 
the signals of soft/hard sweeps, the time, mode, direction, and con-
tent of introgression, while providing insights into their genomic 
signatures and their implications for grapevine breeding.

Results

Population Subdivision and Heterozygosity. To investigate the 
genetic history of grapevines, including introgression events, we 
analyzed resequencing data from a total of 345 Vitis accessions. The 
accessions included 72 wild grapes (V. vinifera ssp. sylvestris) from 
Europe (EU), 36 wild grapes from the Middle East and Caucasus 

region (ME), and 231 domesticated grapes (V. vinifera ssp. 
vinifera), along with representatives of North American outgroup 
species Vitis californica (n = 3) and Muscadinia rotundifolia (n = 3). 
Wild sylvestris was sampled to cover the predicted distribution area 
in Europe and the Near East (SI Appendix, Fig. S1). Among the 
analyzed sample, 40 accessions were resequenced by this study; the 
remaining data were published previously (SI Appendix, Table S1). 
The 345 accessions had average mapping coverages of >20x.

After calling and filtering SNPs for all samples relative to the 
Chardonnay reference (33), we constructed an ML phylogenetic 
tree of the samples based on different models (Fig. 1A and 
SI Appendix, Fig. S2; see Material and Methods). In the resulting 
phylogeny, domesticated grapes clustered together, suggesting a 
single domestication event, consistent with some but not all pre-
vious studies (34). Wine and table grapes were reciprocally mono-
phyletic, suggesting an early divergence of domesticated grapes 
based on usage. The sylvestris samples were also monophyletic, but 
sylvestris contained three distinct groups: those collected in Europe 
(EU group), those around the Caspian Sea (ME1 group), and 
samples from the Fertile Crescent near the Mediterranean Sea 
(ME2 group) (35). A principal component analysis (PCA) and 
the estimation of the ancestry component proportion also con-
firmed the divergence among these populations (Fig. 1B and 
SI Appendix, Figs. S3–S5). Notably, the EU sylvestris formed a 
distinct group but with minority admixture components shared 
with wine grapes (Fig. 1A).

To gain more potential insight into the possibility of hybridi-
zation and introgression among groups, we constructed network 
phylogenies based on chloroplast and mitochondrial genome data 
(SI Appendix, Figs. S6 and S7). These cytoplasmic phylogenies 
had three notable features: 1) Some domesticated grape varieties 
clustered with the EU group, but more obviously for wine grapes 
(32.5% and 28.4%, based on chloroplast and mitochondrial trees, 
respectively) than for table grapes (9.3% and 11.8%), thus sup-
porting the admixture pattern based on nuclear genomes; 2) the 
cytoplasmic genomes of wild ME1 and ME2 groups were indis-
tinguishable from the remainder of domesticated grapes; and 3) 
wine and table grapes were intercalated in clades, punctuated by 
short branches between them. These results, especially the group-
ing of wine grapes with EU sylvestris, suggest the possibility of 
extensive introgression.

Demography and the Evidence for Introgression. To investigate 
divergence between wild and domesticated grapes, we evaluated 
heterozygosity and genome-wide differentiation (FST). Wine and 
table grapes (0.24 in both) had higher heterozygosity than wild 
populations (0.17 in EU, 0.20 for ME1, 0.22 for ME2, Fig. 1C), 
which could be due to historical introgressions and long-term 
clonal propagation that permits the accumulation of heterozygous 
mutations (30, 33, 36). We used forward simulations to evolve 
outcrossed and clonal populations. The results showed that 
outcrossing populations maintain an equilibrium (heterozygosity 
is 0.13 ± 0.004), but clonal populations increase heterozygosity 
continuously through 20,000 asexual generations (Fig.  1D), 
suggesting that clonality is one factor contributing to differences 
in heterozygosity between wild and cultivated populations.

Regarding divergence between groups, the average genome-wide 
FST between either ME1 or ME2 and cultivated grapes ranged from 
0.006 to 0.036 (Fig. 2A and SI Appendix, Fig. S8). In contrast, the 
wild EU group had higher pairwise FST values compared to the other 
groups (from 0.085 to 0.120). Comparable results were obtained in 
sequence similarity (Dxy) analysis among five populations (SI Appendix, 
Fig. S9). Notably, ME2 also had the lowest within-group nucleotide 
diversity (π = 0.0013 on average) at ~2/3 the value of ME1 (0.0023 D
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on average), which had the highest within-group nucleotide diversity 
(Fig. 2A and SI Appendix, Fig. S10).

To further investigate population histories, we performed two 
additional analyses: i) sequential Markov coalescent (SMC) anal-
ysis and ii) identity-by-descent (IBD) analysis. SMC++ analysis 
revealed that all populations experienced bottlenecks with con-
tinual decreases in population sizes until ~104 B.P. (SI Appendix, 
Fig. S11), consistent with previous studies (26, 30). We calculated 
IBD within each population and in pairs between populations. 
Higher IBD values reflect higher probabilities of recent ancestry. 
Not surprisingly, given its lower diversity, the EU group had the 
highest within-group IBD value (0.56), while the remaining 
groups had similar values (ranging from 0.35 to 0.42). EU also 
tended to have lower pairwise IBD values compared to the remain-
ing populations, reflecting higher divergence, although the 
EU-wine comparison had notably higher IBD values than the 
other EU-based pairwise contrasts (Fig. 2B).

These results might indicate an introgression history between wine 
grapes and EU sylvestris. To address this issue more directly, we mod-
eled demography using site frequency spectra (2dSFS) and coalescent 
simulations (Material and Methods). We performed demographic 
estimation of each population independently (SI Appendix, 
Figs. S12–S17 and Table S2) and compared six initial models with-
out introgression to find out the most likely relationships between 
cultivated grapes (table and wine) and ME wild grapes (ME1 or 
ME2) (SI Appendix, Fig. S18 and Table S3). Similar to the SMC++ 
results, fastsimcoal inferred a bottleneck with subsequent recovery 
for the EU, table, and wine groups. In contrast, it inferred a contin-
uous Ne decrease for both ME1 and ME2.

Based on the initial model, we estimated 34 different potential 
models of gene flow among the table, wine, and EU populations 
(SI Appendix, Figs. S19 and S20 and Table S4). Under the best 
model, fastsimcoal inferred that the EU group diverged ~4 × 
104 years ago; suggested that the domestication of table grapes 
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Fig. 1. Relationship among groups and their heterozygosity. (A) A phylogenetic tree with admixture analysis. In the phylogeny, the color of branches reflects 
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occurred as early as ~1.5 × 104 y ago (Fig. 2C); and estimated that 
wine grapes split from table grapes ~1.0 × 104 years ago. This 
fastsimcoal model suggested that gene flow between EU and 
domesticated populations began 1.8 × 103 years ago. Importantly, 
the best-fit model also suggested a high probability of gene flow 
from EU sylvestris into domesticated populations, with ~fivefold 
higher migration rates into wine grapes (1.7 × 10−4) compared to 
table grapes (3.8 × 10−5) (Fig. 2C and SI Appendix, Table S5).

To complement analyses of introgression patterns between wild 
grapes (EU, ME1, and ME2) and domesticated grapes (table and 
wine) inferred from coalescent models, we also calculated the fb 
statistic (37), which was based on triplet topologies that were 
rooted with whole-genome data from outgroups (Vitis californica 
and Muscadinia rotundifolia) (Fig. 2D). The results reflected no 
evidence for introgression between the EU and table groups (fb = 0), 
but the fb value (0.22) between the EU and wine groups was 
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consistent with the possibility of introgression. Overall, our anal-
yses are consistent with previous analyses in suggesting that domes-
tication from ME groups was followed by introgression between 
EU and wine grapes (26, 28, 29). Our results are, however, bol-
stered by additional detail about the timing and genomic locations 
of these events (see below).

Introgression Signals from EU to Wine Grapes. Given evidence 
for introgression between EU sylvestris and domesticated grapes, 
we also applied the fd statistic based on 50-kb nonoverlapping 
windows. As with fb, the triplet topologies suggested a higher 
genome-wide value for the EU-wine comparison (average fd 
of 0.26) than the EU-table comparison (average fd of 0.06), 
again suggesting higher levels of introgression between EU 
sylvestris and wine grapes compared to table grapes (Fig. 2E and 
SI Appendix, Fig. S21). However, the difference in genome-wide 
fd values between wine and table grapes could, in principle, 
reflect population parameters like Ne, recombination, and mating 
systems. We, therefore, used Dxy to analyze potentially introgressed 
regions of wine-EU and table-EU pairs. We measured the 
difference (Dxy (wine_EU)–Dxy (table_EU)) of each window based 
on the triplet topologies between EU groups and domesticated 
populations (SI  Appendix, Fig.  S22). The average value of the 
difference between Dxy (wine_EU) and Dxy (table_EU) was −0.02, 
indicating that genomic sequences were more similar between 
wine and EU groups than between the table and EU groups. 
These results support our inference of EU introgression into wine 
grapes but provide no evidence for EU introgression with table 
grapes. The fdM statistic further confirmed this result because 
fdM identified 6,743 windows (50 kb per window) as admixed 
between EU and wine but only 651 windows between EU and 
table grapes (SI Appendix, Table S6).

We also calculated the number and function of genes in high 
fd windows. Comparing the wine-EU and table-EU pairs, we 
found no difference in gene numbers within low fd regions (fd 
< 0.4, P > 0.05). However, we found more genes in the high fd 
regions (>= 0.4) of wine grapes, suggesting a genetic basis for 
successful introgression events (Fig. 2F). We also performed 
gene ontology (GO) analysis of the high fd windows. For both 
wine and table grapes, putatively introgressed regions were 
related to metabolic pathways, which could contribute to flavor 
profiles (Fig. 2G). In table grapes, we identified two biological 
processes related to defense responses, similar to introgression 
among wild grapes (38). Finally, some biological processes were 
significantly enriched only in wine grapes, such as phenylpro-
panoid metabolic, secondary metabolic, and aromatic com-
pounds. This last set of GO enrichment categories suggests that 
introgression may have affected aromatics for the winemaking 
process. We also evaluated the effects of recombination on 
introgression and found no significant difference in recombi-
nation between the 5% or 1% highest fd regions (0.0066 and 
0.0064 cM/kb) and the genomic background (0.0066 cM/kb) 
(SI Appendix, Table S7).

Machine Learning–Based Genome Scans of Selected and 

Introgressed Regions. Although previous studies have detected 
introgression between EU sylvestris and wine grapes (26, 28, 29), 
these inferences have suffered from two shortcomings. First, they 
have generally not been put into the context of adaptive events 
to investigate the interplay between selection and introgression. 
Second, the boundaries of introgressed regions have not been 
located precisely.

To broadly survey the genetic features of domesticated grape 
genomes, we analyzed genome-wide selection by applying the 

population branch statistic (PBS) to wine and table grapes sepa-
rately. Interestingly, the two groups presented very similar selection 
patterns (SI Appendix, Fig. S23). Strong, shared selection signals 
were detected on chromosomes 2, 11, 17, and 18. The regions on 
chromosomes 2 and 17 have been detected as sweep regions pre-
viously; they contain, respectively, the sex determination locus 
(30, 33, 39) and genes that may contribute to berry and seed size 
(28). The pattern of shared sweeps supported our demographic 
analyses indicating that wine grapes originated from table grapes, 
such that some important regions related to traits were under 
selection in all grapes during domestication. However, there were 
also multiple loci that were under selection separately in wine or 
table grapes. For example, one region on chromosome 3 had an 
extremely high PBS value in wine-ME2 comparisons, but not 
table-ME2 comparisons, suggesting selection specific to wine 
grapes.

We also used machine learning methods to characterize selective 
sweep regions, using Shic (40, 41) (Material and Methods). We 
found that the most significant regions were classified as soft-linked 
selected regions—i.e., >21% of genome sequences in the wine and 
table group fell into this category (Fig. 3A and Datasets S1 and S2). 
The next common classification category was soft-selected regions, 
containing ~12% of genome sequences in the wine and table pop-
ulations. Relatively, few regions were recognized as hard-selected 
or hard-linked selected regions (0.14% or 0.17% in wine grapes 
and 0.11% or 0.88% in table grapes, respectively). As expected, 
nucleotide diversity (π) of the wine population was much lower 
in these regions (Fig. 3C), consistent with selection removing 
genetic diversity. Selected regions also had high recombination 
rates: The average recombination rate (cM/kb) was 1.5 and 1.3 
times higher than the genomic background in hard and soft selec-
tion regions, respectively (SI Appendix, Table S7).

To investigate the relationship between selection and introgres-
sion, we first sought to refine the boundaries of introgressed 
regions. Although we detected significant introgression signals 
with fd, it has substantial limitations: 1) It is difficult to define 
the threshold of fd to separate introgressed and nonintrogressed 
regions; 2) fd cannot distinguish the direction of introgression 
(e.g., from EU to wine or vice versa); 3) relatively large windows 
are necessary to apply the method as recommended (42). For 
example, with our data, only 67% of genomic regions were valid 
(i.e., containing 100 biallelic SNPs) when using 50-kb windows, 
and 80% were valid with 100-kb windows. To detect introgressed 
regions more precisely, we identified them using another machine 
learning–based classifier, Filet (43). We applied Filet with 22 sep-
arate parameters to fit the model and to compare EU to wine 
grapes (SI Appendix, Table S8). Filet identified a total of 836 
regions (10 kb per region) as introgressed from EU sylvestris into 
wine grapes (Fig. 3B, SI Appendix, Fig. S24, and Dataset S3), rep-
resenting 1.82% of the total genome. However, only 0.11% of 
the EU sylvestris genome was inferred to be introgressed from wine 
grapes, suggesting clear directionality to introgression events. The 
proportion of introgressed regions also varied among chromo-
somes; 4.38% of chromosome 18 was inferred to be introgressed 
from EU wild grapes, followed by chromosome 10 with 3.47%. 
In contrast, chromosome 2 had the lowest percentage of putatively 
introgressed regions (0.47%) (SI Appendix, Fig. S24).

Fig. 3C provides an example that illustrates the results. This 
diagram shows two regions on chromosome 8 that were inferred 
to be introgressed from EU to wine grapes, and it also includes 
information about selected regions in wine grapes. These two 
regions constitute 0.5 Mb in total, with 0.175 Mb (35%) over-
lapping putatively selected regions. As expected, FST and Dxy were 
low for these regions. To further validate the reliability of these D
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predictions, we generated the local phylogenetic tree in one of the 
introgressed regions (Fig. 3D). This phylogeny included three 
clades: clade 1, which consisted of wine grapes and EU wild grapes; 
clade 2, which consisted of wine grapes and ME wild grapes; and 
clade 3, which consisted of wines grapes, EU wild grapes, and ME 
wild grapes. These results strongly implicate the introgression of 
this region from EU sylvestris into some wine grapes.

Altogether, our machine learning analyses identified putatively 
introgressed regions, putatively selected regions, and their overlaps. 
Out of 836 introgressed regions, 298 (or 36%) overlapped with 

predicted selected (hard, hard-linked, soft, and soft-linked) regions 
(Fig. 3B). Among the 298 overlapping regions, 176 introgressed 
regions were inferred to have been under hard or soft selection, as 
opposed to linked-selection. Across the genome, there were 292 
genes in regions inferred to have been under selection and also 
putatively introgressed (SI Appendix, Fig. S25 and Dataset S4), 
including 57 such genes on chromosome 18. We investigated GO 
functions for the genome-wide set of introgressed-selected genes 
and focused on three kinds of genes (flowering-related genes, 
flavor-related genes, and stress response-related genes) (Fig. 3E 
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and SI Appendix, Table S9). Interestingly, many flowering-related 
genes were selected after introgression, followed by aromatic 
compound-related genes. Most of the enrichment for GO cate-
gories was also related to flavor, including lignin catabolic pro-
cesses, L-phenylalanine catabolic processes, and cinnamic acid 
biosynthetic processes (SI Appendix, Fig. S26). Thus, based on our 
analyses, adaptive introgression between wine and EU sylvestris 
appears to have primarily affected flavor-related traits.

The Maladaptive Effects and Hitchhiking Genetic Load via 
Introgression. To investigate the genetic consequence of 
introgression in wine grapes, we estimated allele frequencies 
in introgressed regions. Almost 48% of introgressed alleles 
were shared by more than half of the wine grape individuals, 
but typically in a heterozygous state, which led to only 9% of 
these alleles having frequencies >50% (Fig. 4A and SI Appendix, 
Fig.  S27). Furthermore, we found that introgression affects 
deleterious load. The dSNPs/sSNPs ratio is significantly higher 
in the introgression region than the nonintrogression region 
(P < 0.05, Student’s t test, Fig. 4B). The density of dSNP was 
also significantly elevated in introgressed regions for all three 
types of loads (heterozygous, recessive, and additive) compared 
to nonintrogressed regions (P < 0.05, Student’s t test, Fig. 4C). In 
particular, the density of heterozygous load was ~threefold higher 
in introgressed regions than nonintrogressed regions (Fig. 4C). 
We attribute this last finding to clonal propagation because 
recessive or partially recessive dSNPs can “hide” indefinitely in a 
heterozygous state in clonal lineages (33), which means that wine 
grapes maintain two sets of deleterious mutations in introgressed 
regions: native dSNPs and dSNPs from EU. These two sets drive  
higher dSNP densities in these regions. Overall, these calculations 
suggest that introgressed regions have increased the number of 
dSNPs in wine grapes, but the effects of these dSNPs may be 
hidden by their heterozygous state.

We also compared the site frequency spectra (SFS) of deleteri-
ous and structural variants (SVs) in introgressed and nonintro-
gressed regions, using synonymous SNPS (sSNPs) as a presumably 
neutral control. Compared to sSNPs, the dSNP and SV frequency 
spectra were significantly skewed toward the left, consistent with 
purifying selection in wine grapes (P < 0.05, Wilcoxon signed-rank 
test, Fig. 4D). Interestingly, dSNPs in introgressed regions also 
exhibited significantly leftward shifts of the SFS relative to dSNPs 
in the nonintrogressed regions, indicating a stronger purifying 
selection on introgressed regions (P < 0.05, Wilcoxon signed-rank 
test, Fig. 4D). The slightly elevated proportion of moderate fre-
quency (i.e., <~0.3, Fig. 4D) dSNPs and SVs in introgressed 
regions, relative to nonintrogressed regions, again suggests that 
introgressed regions tend to be widespread but found in a hete-
rozygous and potentially hidden state.

Simulations and the Dynamics of Introgressed Alleles. In 
order to understand the dynamics of introgressed alleles, we 
conducted forward simulations to investigate introgression 
from outcrossing populations into clonal and outcrossing 
populations. We simulated hybridization with both beneficial 
and deleterious alleles, followed by 10 generations of outbreeding 
before transitioning to clonality (Material and Methods). 
We found that the total number of introgressed alleles, both 
beneficial and deleterious, increased after hybridization until 
they reached an equilibrium (Fig. 4E and SI Appendix, Fig. S28). 
There was nonetheless an important difference between clonal 
and outcrossing populations because clonal populations reached 
equilibrium much more quickly (i.e., in ~100 instead of ~2,000 
generations), generally suggesting that clonal populations may be 

able to capture introgressed alleles more effectively in the short 
term. We also examined the number of introgressed segregating 
sites over time, which declined after introgression before reaching 
an equilibrium. The number of introgressed segregating sites was 
lower for deleterious than for beneficial alleles at equilibrium, 
suggesting the effects of positive and negative selection (Fig. 4F 
and SI Appendix, Fig.  S29). This decline suggested that some 
purging and loss of introgressed sites occurred following 
introgression, but the remaining sites were fixed throughout the 
population eventually (Fig. 4 G and H, SI Appendix, Figs. S30 
and S31, and Movies S1 and S2). Interestingly, in the clonal 
population, the frequency of most alleles was maintained at 50% 
at equilibrium, reflecting maintenance of the heterozygous state 
under our simulation conditions (Fig. 4 G and H and Movies 
S1 and S2). We also estimated the distribution of fitness effects 
(DFE) of introgressed alleles. Purifying selection was stronger 
in clonal than outcrossing populations within 100 generations 
after admixture (Fig. 4I, SI Appendix, Fig. S32, and Movie S3), 
but the strength of selection continued to increase for the 
outcrossing population to be more prominent at generation 
2000 (Fig. 4J, SI Appendix, Fig. S33, and Movie S3). To sum, 
these simulations illustrate that the fate of introgressed alleles 
can differ dramatically between clonal and outcrossing systems. 
The accelerated dynamics in clonal populations generally suggest 
that introgression may be a historically important process for 
improving clonal systems like domesticated grapes.

Introgression Affects Supergenes. Finally, we investigated the 
inferred sizes of introgressed regions after merging Shic-inferred 
introgressed regions that were separated by <50 kb (as determined 
by LD decay) (SI Appendix, Figs. S34 and S35). After this merging, 
we obtained a total of 532 windows, ranging from 10 to 250 kb. 
However, 81.6% of putatively introgressed regions were <40 kb 
in length even after merging. Only 25 of 532 windows were 
>100 kb, with the largest being ~250 kb (SI Appendix, Table S10). 
We focused on these larger (>100 kb) regions to assess sets of 
potentially cointrogressed genes. For example, one 120-kb region 
on chromosome 14 contained a gene cluster. To better understand 
the history and genetic architecture of this region, we compared 
11 assembled genomes consisting of six wine grapes, two EU 
wild grapes, and two ME wild grapes. Synteny across this region 
indicated that part of the region was duplicated in the ME grapes 
and in one EU grape, representing a region of 260 kb containing 
11 genes with the malectin/receptor-like protein kinase domain. 
In contrast, most wine grapes (except Merlot) lacked all or part 
of the duplication (Fig. 5 A and B). This result suggests that EU 
wild grapes initially lost the duplication of this cluster, and this 
allele was then introgressed into wine grapes from EU grapes.

We further examined the genes in this region by blasting them 
to the Arabidopsis protein database. One gene in this region was 
identified as homologous to the Feronia (Fer) gene in Arabidopsis. 
Fer affects male–female gametophyte interactions during pollen 
tube reception, but it also influences cell growth as well as biotic 
and abiotic stress response in Arabidopsis and rice (44–48). We 
propose that this Fer-like gene was differentiated in EU and ME 
wild grapes and that some wine grapes obtained their Fer alleles 
from EU wild grapes. Consistent with this conjecture, the 
KINSHIP correlation of the 10-kb window that contained this 
gene separated the grapes into three subgroups (coefficients 0.5 
to 1.5 were shown), with two subgroups clustering EU grapes with 
many wine grapes (Fig. 5C). Both the Dxy and FST showed low 
genetic divergence between the wine and EU in subgroup 1 and 
subgroup 2, supporting the evidence of introgression detected by 
Filet analysis (SI Appendix, Fig. S36).D
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Fig. 4. Features of variants in putatively introgressed regions of wine group and estimation of introgressed alleles by forward simulation. (A) Proportion of 
introgressed alleles in different frequencies in the wine group. The X axis shows different frequency bins. Blue bars indicate the frequency of individuals that 
contained the introgressed alleles; the orange bars indicate the frequency of introgressed alleles. The Y axis is the proportion of the introgressed alleles that 
fall into each frequency bin. The shaded area in each bar indicates the average proportion of alleles in the heterozygous state. (B) Comparisons between the 
introgression region and nonintrogression region for the ratio of dSNPs to sSNPs per individual overall. Student’s t test (***P < 0.001) (C) The ratio of putatively 
deleterious SNP (dSNP) frequencies in introgressed regions relative to nonintrogressed regions. Heterozygous reflects dSNPs found in a heterozygous state. 
The recessive model considers only dSNPs in a homozygous state, and the additive model was calculated by using the number of heterozygous dSNPs plus 
twice the number of recessive dSNPs. The random values were used as negative control, which were calculated by selecting the regions randomly on the whole 
genome that had the same length as introgressed regions. Student’s t test (***P < 0.001) (D) The SFS of synonymous SNPs (sSNP), deleterious SNPs (dSNPs), 
and structural variants (SVs) in nonintrogression regions and introgression regions. (E–J) Analysis of the destiny of introgressed alleles by forward simulation. 
The total number of introgressed alleles in the whole introgressed population (E). The number of different kinds of introgressed alleles in whole introgressed 
population (F). The SFS of introgressed beneficial and deleterious alleles at the 500th generation after hybridization in the outcrossing group (G) and clonal group 
(H). The DFE distribution of introgressed alleles in outcrossing and clonal populations at the 100th generation (I) and the 2,000th generation after hybridization (J).
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Although there was a high probability (65%) of introgression 
from the EU to the wine population for this region, introgressed 
alleles were not fixed across wine accessions (Fig. 5D). The retention 
of introgression events and the dynamics of selection on intro-
gressed regions are likely to be a function of recombination dynam-
ics. To investigate the recombination events of this locus and the 
flanking regions, we estimated the two major haplotypes (repre-
senting 44% of variants) using LDna, a method that identified the 
clusters of loci in high LD from population genomic datasets using 
network analysis (49). We found an identical LD block1 (ancient 
homozygosity) prevalent in EU and wine grapes (Fig. 5E). There 
was a different LD block (LDblock2) in a homozygous state within 
group 1 and heterozygous state within group 2, as well as derived 
homozygous haplotypes were observed within group 2. These LD 
analyses suggest that recombination did not break up this region 
in wine grapes after introgression from EU wild grapes.

Discussion

As a source of both table fruit and wine, domesticated V. vinifera 
is the most valuable horticultural crop in the world (25). It has also 
rapidly become a model system for the study of the dynamics of 

perennial domestication (16), the evolution of mating systems (39), 
and the evolutionary genetic consequences of clonality and genomic 
breeding (30, 33). Accordingly, previous population genomic anal-
yses have tackled important issues in grapevine genomic diversity 
ranging from the timing and number of domestication events, their 
demographic history (27, 30), selective sweeps (26), the accumu-
lation of SVs in clonal lineages (33), and introgression between 
wine grapes and European sylvestris (28).

This study has been designed to categorize introgressed regions 
and the evolutionary processes that have affected these regions. We 
have focused on introgression because it is not only important for 
current breeding efforts of important crops (50) but also because 
historical introgression has been a major force for shaping genetic 
diversity in crops like rice (51), olives (52), apples (53, 54), and 
maize (18, 55, 56). However, the genomic extent of introgression 
has not been thoroughly characterized in any crop, nor has there 
been a careful accounting for the adaptive forces that drive successful 
introgression events. There are at least two adaptive scenarios that 
likely apply to the retention of introgressed regions. The first is that 
introgression contributes to adaptive alleles affecting agronomic 
traits. For example, introgression has contributed to highland adap-
tation in maize (56), stress tolerance in potatoes (57), and perhaps 
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fruit quality in apples (53). While these isolated examples prove the 
point, we must accentuate again that the potential phenotypic bases 
for adaptative introgression events are generally not well character-
ized for any crop. A second, nonexclusive adaptive explanation is 
that introgression drives increased fitness because it introduces 
genomic segments that reduce the deleterious burden—i.e., revers-
ing the so-called cost of domestication (58). There is at least one 
known instance where a genomic region with fewer deleterious 
variants introgressed into a crop from wild populations (55), sug-
gesting that this mechanism could be common.

The opportunity for adaptive introgression likely occurs when a 
crop disperses from its center of domestication and contacts new 
wild populations or species (36, 59). The migration of grapevines 
into western Europe provides an ideal system for study, for two 
reasons. First, the migration to Europe was not particularly recent 
because the domesticated grapevine was spread to Europe around 
3,000 years ago (25, 31). In fact, some important current cultivars 
were already being grown by Romans > 1,000 years ago (25, 31, 
34). The point is that there has been enough time for introgression 
with European sylvestris to have occurred. Second, European sylves-
tris populations (EU) are distinct, in terms of both their divergence 
from other sylvestris populations and their population histories 
(Figs. 1B and 2 A and B and SI Appendix, Figs. S2–S5). The EU 
group has lower levels of nucleotide diversity than either the ME1 
or ME2 groups (Fig. 2A and SI Appendix, Fig. S10), suggesting 
lower historical population sizes. The genetic divergence of EU 
populations provides an opportunity to detect introgression events.

Although a genomic signal of introgression had been detected 
between EU and wine grapes previously (28, 29), there has not 
yet been an intensive study to detect regions of introgression and 
to infer the forces that contribute to their establishment. Many 
methods have been developed to detect introgression, including 
probability models (60), clustering (61), genomic statistical 
indexes (62, 63), and ancestral history reconstruction (64). It can 
be difficult to identify these regions accurately since ILS and intro-
gression can generate similar patterns of genetic sharing on can-
didate regions (9, 65). Some methods have been designed to 
exclude the effect of ILS, such as the ABBA-BABA test and derived 
methods (66, 67), but these methods have some limitations that 
include sensitivity to effective population size and difficulty locat-
ing regions accurately (42). In this study, we have utilized 
ABBA-BABA statistics (e.g., fb, fd, and fdM) but also imple-
mented complementary methods based on machine learning. 
Machine learning approaches combine summary statistics to 
achieve sensitivity and accuracy that often exceeds inference based 
on a single summary statistic (43, 68). Population genetic methods 
based on machine learning have been applied successfully in 
human genetics and for crop breeding and trait prediction (69, 
70). However, to our knowledge, it has not been used to study 
processes associated with plant domestication.

Altogether, we identified 836 introgressed segments (based on 
10-kb windows) from the EU to the wine group, with only 47 
segments resulting from introgression in the opposite direction 
(i.e., from the wine group to the EU group) (Fig. 3B and 
SI Appendix, Fig. S24). There is thus ample evidence for introgres-
sion from EU sylvestris to wine grapes but surprisingly little cor-
responding evidence of introgression between EU and table grapes 
(Fig. 2 C and D and SI Appendix, Figs. S21 and S22). Given intro-
gression between EU sylvestris and wine grapes, an important 
question is whether it has had an adaptive basis. Adaptive intro-
gression has played an important role in crop domestication, such 
as in maize, barley, potato, and rice (71). Our analyses provide 
general evidence to suggest that introgression has contributed to 
key agronomic traits of wine grapes and that the introgression was 

adaptive, based on overlaps with selective sweeps. We found that 
the genes within introgressed regions were enriched for biological 
processes that could be interpreted to be related to aromatic qual-
ities, a trait of great importance to wine grapes, including lignin 
catabolic processes, L-phenylalanine catabolic processes, and cin-
namic acid biosynthetic processes, and some processes related to 
flowering. We were surprised, however, that we did not see enrich-
ment for disease-defense genes because these have been commonly 
exchanged between wild Vitis species (38) and are often associated 
with local adaptation. The lack of exchange of disease-resistance 
genes may reflect that many of the major, modern diseases of 
grapes come from America and were likely introduced long after 
the hypothesized hybridization events. We note, however, that 
defense response genes were enriched in the 5% fd regions in table 
grapes but not wine grapes. The enrichment of phenylpropanoid 
metabolic, secondary metabolic, and aromatic compounds in wine 
grapes (Fig. 2G), indicates that EU wild grapes have served chiefly 
as sources for flavor-related traits related to wine-making.

We also sought to establish the adaptive nature of introgression 
events by characterizing signatures of selective sweeps within intro-
gressed regions of wine grapes. We recognize that this exercise 
probably has low statistical power, both because our analyses sug-
gest that most introgressed variants are in low frequency and 
because it is difficult to detect ongoing sweeps based on 
low-frequency variants. Despite this obstacle, we identified a total 
of 298 windows out of 836 introgressed windows (10 kb per win-
dow) under selective sweeps (hard, hard-linked, soft, or soft-linked 
selection), representing a substantial enrichment.

We also investigated the timing and intensity of gene flow by 
constructing and analyzing 34 models with different timing and 
direction of introgression events. Our best-fit model suggests that 
introgression has been ongoing for the past ~1.8 thousand years, 
corresponding roughly to the timing of the dispersal of grapes to 
Europe, especially from EU wild grapes to wine grapes. These 
models also infer that gene flow from EU sylvestris to table grapes 
has been relatively low—i.e., roughly 100 times less intense than 
gene flow to wine grapes. This result is further supported by fd 
analysis and chloroplast and mitochondria phylogenetic trees 
(Fig. 2E and SI Appendix, Figs. S6, S7, and S21), where ~30% of 
the organelle haplotypes of wine grapes clustered with EU sylves-
tris, but few table grapes (~10%) clustered with EU sylvestris.

The question remains as to whether introgressed regions provide 
an adaptive benefit by reducing deleterious load. This is a complex 
question. Since EU sylvestris has lower nucleotide diversity than 
other groups, one predicts that genetic drift may lead to a higher 
deleterious load in EU populations. In accordance with this expec-
tation, we find that introgressed regions in wine grapes generally 
have higher numbers of putatively deleterious mutations than the 
genomic background. On average, the frequency of heterozygous 
harmful SNPs in introgressed regions is three times that of the 
randomly selected regions of the same length (Fig. 4C). Their 
frequency distribution is also skewed in introgressed regions 
because > 50% of the deleterious SNPs (dSNPs) in the intro-
gressed regions were found at frequencies <9%. In the nonintro-
gressed regions, by contrast, ~40% of the dSNPs had frequencies 
<9% (Fig. 4D). Nonetheless, if deleterious mutations are recessive, 
they will not provide a fitness detriment in the heterozygous state 
(13). Consistent with this idea, deleterious regions had especially 
high heterozygosity.

Overall, these observations provide a multifaceted view of the 
forces that have driven introgression in this system. On the one 
hand, evidence suggests that introgression has contributed to agro-
nomic traits but introduced deleterious mutations. However, this 
combination likely contributes to a short-term gain of fitness via D
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heterozygosity, adding to previous observations that clonal lineages 
may hide deleterious mutations in the heterozygous state (72). In 
this study, we have inferred this similar dynamic process, finding 
that clonal propagation can quickly select favorable and detrimen-
tal introgressed alleles in a much shorter time (< 100 generations) 
than for outcrossing population (>2,000 generations) (SI Appendix, 
Figs. S28–S31 and Movies S1 and S2). Interestingly, most bene-
ficial introgressed alleles are fixed in an outcrossing population 
eventually but not in clonal population (Movies S1 and S2). We 
conclude that introgression has contributed to the complement 
of the beneficial and deleterious variants in the heterozygous state 
within grapes. These beneficial and deleterious variants may prove 
to be major targets for genomic design of grapevine breeding (73), 
including the purging of putatively deleterious variants that may 
become uncovered during the process of sexual breeding.

Material and Methods

For full materials and methods, see SI Appendix. A total of 40 samples were 
sampled from the USDA grape germplasm collections in Davis, California 
(SI Appendix, Table S1). Genomic DNA was isolated from leaf samples, paired-
end sequencing libraries were constructed, and libraries were sequenced 
using the Illumina HiSeq 4000 platform with 150-bp paired reads to a target 
coverage of 30x. The raw sequencing data have been deposited in the Short 
Read Archive at NCBI under BioProject ID: PRJNA910315 (74) and the National 
Genomics Data Center (NGDC) Genome Sequence Archive with BioProject num-
ber: PRJCA016655 (75). We also used Illumina raw reads of 305 samples from 
previous publications that were downloaded from the Short Read Archive at 
NCBI. For all resequencing data, reads were trimmed, filtered, and mapped 
to the V. vinifera reference genome (33). The GATK4 was used for SNP and 
genotype calling. Vcftools was then used to perform filtering to reduce false 
positives (76) (SI Appendix, Supplementary Methods).

Phylogenetic trees were constructed using SNP data by iqtree with 1,000 
bootstrap replicates (77). Vcftools was used to calculate the summary statistics 
of heterozygous sites and nucleotide diversity ( � ). The heterozygosity of each 
sample was calculated by dividing the number of heterozygous sites in each 
sample by the number of all SNPs. IBD was calculated using plink with parameter: 
--genome. Sequence similarity (Dxy), and fixation indices (FST) were calculated 
using the Python script: popgenWindows.py (https://github.com/simonhmartin/
genomics_general) with 50-kb nonoverlapping windows. Based on phylogenetic 
analyses and population structure of SNPs from the 345 accessions, we detected 
17 individuals (5%) that did not cluster with their reported group, suggesting they 

were misidentified in public databases or versatile usage (SI Appendix, Table S1). 
After their removal, for population genetic analyses including Dsuite, fd, SMC++, 
Fastsimcoal, PBS, Shic, and Filet, the curated data set consisted of 328 accessions 
were used: 214 domesticated grapes representing table group (n = 152), wine 
group (n = 62); 108 wild grapes, including ME1 group (n = 29), ME2 group  
(n = 7), and EU group (n = 72); and outgroup accessions from Vitis californica  
(n = 3) and Muscadinia rotundifolia (n = 3).

The continuous-time sequential Markovian coalescent approximation imple-
mented fastsimcoal (version: fsc27) was used to further estimate the population 
history under complex evolutionary scenarios (78, 79). We used Dsuite (https://
github.com/millanek/Dsuite) to calculate Patterson's D (ABBA-BABA) and f4-ratio 
statistics across populations to evaluate introgression probabilities across the 
genome (37). We also used the machine learning–based introgression analysis 
program Filet to predict introgressed regions (43).

The forward simulation software SLiM3 (80) was used to evaluate the heterozy-
gosity of crops and the dynamics of introgressed alleles under different propaga-
tion types: outcrossing or cloning. Additional details are available in SI Appendix.

Data, Materials, and Software Availability. Data (genome sequences; script) have 
been deposited in NCBI, NGDC and GitHub (PRJNA910315 (74); PRJCA016655 (75); 
https://github.com/zhouyflab/Grapevine_Adaptive_Maladaptive_Introgression (81)).
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