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SUMMARY

How selection and demography jointly shape the genomes of perennial crops remains an open question. Ap-
ple (M. domestica) is a compelling system because its domestication involved multiple wild progenitors and
post-domestication admixture across Eurasia. We integrate 218 whole genomes (68 cultivated dessert/cider;
150 wild: M. sieversii, M. orientalis, M. sylvestris), RNA sequencing (RNA-seq), and a genome-wide associa-
tion study of flowering time to resolve how these forces shaped the cultivated apple genome. Despite weak
neutral differentiation and widespread admixture, dessert and cider apples form distinct gene pools that
derive primarily from M. sieversii-M. orientalis rather than European M. sylvestris. We find no evidence of a
domestication bottleneck, as expected in perennials. Demographic-aware selection scans reveal non-over-
lapping targets supported by RNA-seq; dessert shows more hard sweeps at fruit quality, disease resistance,
and flowering genes, whereas cider shows proportionally more soft sweeps and balancing selection. Wild-to-
crop introgression from M. sylvestris is extensive but heterogeneous; some introgressed tracts concentrate
in hard-sweep regions and approach fixation (consistent with rapid, targeted uptake), whereas others persist
at intermediate frequencies with soft-sweep signatures (consistent with diffuse, recurrent introgression of
adaptive alleles). The lead chromosome 9 flowering-time association lies within an introgressed segment
near a transposable element and is separated from sweep peaks, consistent with regulatory/polygenic con-
trol. Cultivated apples carry a lower deleterious load than wild relatives. These results provide a comprehen-
sive genomic portrait of perennial fruit tree domestication, clarifying how selection and adaptive introgres-
sion shaped the cultivated apple genome and yielding actionable targets for breeding and conservation.

INTRODUCTION Since Darwin first recognized domestication as a cornerstone

model for understanding the origins of biodiversity,’ it has
Domestication provides an experimental setting in evolution, become clear that plant domestication involves both artificial se-
revealing how selection and demography (including gene flow) lection on favorable traits and complex demographic events,
shape genomes over a relatively short evolutionary timescale.  including population bottlenecks and gene flow.? Perennial fruit
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trees, however, differ fundamentally from annual crops in their
domestication dynamics. Their long generation times, high out-
crossing rates, and frequent reliance on clonal propagation
lead to milder domestication bottlenecks, retention of gene
flow with wild relatives, and fewer generations since domestica-
tion onset, resulting in unique genomic outcomes.®™

Despite growing genomic insights into perennials, significant
knowledge gaps remain. The extent and dynamics of wild-to-
crop gene flow, the nature of selection (positive vs. balancing”)
acting on domesticated genomes, and the accumulation of dele-
terious mutations—the so-called cost of domestication—are still
poorly understood in perennial fruit trees.® While annuals often
exhibit elevated genetic load post-domestication, the impact
on long-lived, clonally propagated crops is less clear. For
example, studies on grapevines suggest that somatic mutations
may contribute significantly, but broader patterns across peren-
nials remain elusive.®’

The cultivated apple (M. domestica Borkh.) is a powerful
model for studying the domestication of perennial plants. Its
extraordinary phenotypic diversity—ranging in fruit color,
texture, and flavor—has led to its classification into dessert
and cider cultivars,®® with sometimes overlapping phenotypic
characteristics.’® Genomic analyses reveal a continuum be-
tween dessert and cider apples, with two primary gene pools
that are admixed yet genetically structured.”"'? Previous studies
have traced the origin of cultivated apples primarily to M. sieversii
in Central Asia, with additional contributions from M. orientalis in
the Caucasus and the European crabapple, M. sylvestris,
through wild-to-crop introgression.'® Thus, the domestication
history of cider and dessert apples, as well as wild-to-crop
gene flow, is relatively well understood.'™'* However, the
genomic architecture and evolutionary consequences of this
admixture remain poorly resolved, leaving key questions about
the relative roles of selection, introgression, and demographic
history in shaping apple domestication.'*"”

Here, we aim to disentangle the evolutionary processes that
shaped the cultivated apple genome, asking how selection,
introgression, and demographic history jointly influenced the
process of perennial domestication. To address these ques-
tions, we analyzed a genome-wide dataset of 218 apple acces-
sions (including 140 newly sequenced), including dessert and ci-
der cultivars as well as their closest wild relatives (M. sieversii,
M. orientalis, and M. sylvestris). Unlike previous studies that
focused primarily on Central Asian M. sieversii, our work is distin-
guished by the inclusion of an unprecedentedly comprehensive
collection of European M. sylvestris sampled across its full
geographic range. This is crucial because M. sylvestris has
been a major contributor to recent wild-to-crop introgressions,
making this dataset ideal for evaluating the adaptive role of intro-
gression in the domestication of this perennial species. Specif-
ically, we sought to (1) characterize the population structure
and origin of apple genetic diversity; (2) identify genomic signa-
tures of selection—both positive and balancing—associated
with domestication; (3) investigate the extent, sources, and
adaptive roles of wild-to-crop introgression; and (4) evaluate
the patterns and consequences of deleterious mutation load.
To anchor these inferences at the trait and expression levels,
we tested flowering-time differentiation by using a genome-
wide association study (GWAS) and profiled the expression of
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selection candidates with RNA sequencing (RNA-seq), linking
population genomic signals to phenotypic and transcriptional
divergence. By integrating population genomics, selection
scans, ancestry inference, gene expression analyses, and
GWAS, this study provides a comprehensive view of the
evolutionary forces—wild introgression, selection, and demog-
raphy—that forged the cultivated apple genome, offering new in-
sights into the evolutionary dynamics of perennial crop
domestication.

RESULTS

Cider and dessert apples formed distinct gene pools,
admixed with wild relatives

We re-sequenced or retrieved whole-genome short-read data
from 218 apple accessions, including 45 dessert and 23 cider
cultivars and 150 wild individuals, i.e., 87 M. sylvestris (Europe),
40 M. sieversii (Kazakhstan and China), 10 M. orientalis (the
Caucasus), and 13 M. baccata (China). After quality control
(removing clones and individuals with SNP missing rate >30%),
201 accessions were retained in which we identified
28,377,551 SNPs (Figure S1; Data S1A and S1B)."®'°

Population structure and admixture analyses based on 31,300
unlinked synonymous SNPs revealed six major genetic clusters:
dessert apples (orange), cider apples (pink), and four wild groups
corresponding to their geographic origins (Figures 1A and 1B).
Malus sieversii and M. orientalis were not separated at any K
value (Figure S1). Neighbor-net analysis and principal-compo-
nent analysis (PCA) confirmed that M. baccata was highly differ-
entiated from the other species (Figures 1C and 1D) and there-
fore used as the outgroup. Western and Eastern European
M. sylvestris were genetically distinct from M. sieversii-M. orien-
talis, and they formed two clearly differentiated genetic clusters
corresponding to Western and Eastern European individuals, as
supported by PCA and fastSTRUCTURE analysis (Figures 1A
and 1D). Both cider and dessert apples were closer to
M. sieversii-M. orientalis, rather than M. sylvestris, as indicated
in a previous study.”® In addition, the cider apple gene pool
(pink) was substantially admixed with the Western M. sylvestris
gene pool (blue, mean membership coefficients = 3.58%) but
not with the Eastern M. sylvestris gene pool. Dessert apples
were also predominantly admixed with the Western
M. sylvestris gene pool (2.76%) but with a small but measurable
admixture with the Eastern M. sylvestris gene pool (0.57%)
(Data S1C).

FastSTRUCTURE membership coefficients®’ were used to
assign genotypes to a given population (i.e., group of individuals
including genotypes with membership coefficient >0.8 to any
cluster; Data S4B). Six populations were defined: DomC (cider
apples), DomD (dessert apples), SiOr (M. sieversii +
M. orientalis), SylW (Western M. sylvestris), SylE (Eastern
M. sylvestris), and Bacc (M. baccata). Austrian M. sylvestris sam-
ples showed admixed ancestry between the Western and
Eastern European clusters and were excluded from popula-
tion-based selection analyses.

These results confirmed that cider and dessert apples repre-
sent genetically distinct yet admixed gene pools, both of which
are more closely related to Central Asian and Caucasian wild ap-
ples than to European M. sylvestris. Admixture patterns also
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Figure 1. Population genetic structure and variation between cultivated and wild apples in Eurasia

(A) Population structure of cultivated and wild apple accessions inferred by fastSTRUCTURE with K = 6 (n = 201 accessions). Each individual is represented by a
vertical bar, partitioned into K segments corresponding to the proportion of genetic ancestry from the K clusters. Wild accessions are sorted geographically from
west to east in the plot, with the countries of origin listed: DNK, Denmark; FRA WEST, Western France; FRA EAST, Eastern France; DEU, Germany; AUT, Austria;
ROU, Romania; MKD, Macedonia; ITA, Italy; ARM, Armenia; KAZ, Kazakhstan; and CHN, China. Distinct genetic clusters comprise cider apples (pink), dessert
apples (orange), Western M. sylvestris (blue), Eastern M. sylvestris (yellow), M. sieversii and M. orientalis (red), and M. baccata (green).

(B) Map showing the average proportions of fastSTRUCTURE membership coefficients at K = 6 for all wild individuals from each sampling location (Data S1) and
for cider or dessert varieties (lower left corner, outside the map, for cultivated apples). The size of each pie chart is proportional to the sample size.

(C) Neighbor-net tree depicting relationships among wild and cultivated apple accessions and their associated populations, as identified by fastSTRUCTURE with
K = 6. Colors correspond to the genetic groups inferred with K = 6, and admixed individuals (membership coefficient < 80% for any given gene pool) are shown in
gray.

(D) PCA illustrating the genetic variation among wild and cultivated apple accessions. The total variance explained by each of the first two components is
indicated along the respective axis. All analyses used the 31,300 unlinked, synonymous SNPs across 201 apple genotypes.

See also Figure S1 and Data S1A and S1B.
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ancestors of DomC/DomD and SiOr, gene flow
between the ancestors of SylW/SylE and SiOr,
and gene flow between DomC/DomD and SylW/
SylE populations. Divergence scenarios include

D1, where DomC and DomD both diverge from SiOr, with DomC diverging more recently and SylE diverging from SylW; D2, where DomD diverges from SiOr,

followed by DomC diverging from DomD, and SylE diverging from SyIW.).
See also Figures S2 and S3 and Data S1D-S1F.

highlighted the distinct and asymmetric contributions of the two
M. sylvestris gene pools (Eastern and Western) to the cider and
dessert cultivated apple gene pools.

Divergence and demographic histories of wild and
cultivated apples

Genetic differentiation estimates confirmed that Bacc was the
most divergent (Figure S2A; Data S1D). Using Bacc as an out-
group, the species-tree topology and coalescent-based
ASTRAL phylogeny tree (Figures S2B and S2C) showed that
SylW and SylE formed a clade, but this could not resolve whether
DomC was closer to SiOr or DomD. Repeated ASTRAL analyses,
using the same number of individuals per population, consis-
tently recovered two alternative species-tree topologies
(Figure S2D). SylE, Sylw, SiOr, DomC, and DomD displayed
weak genetic differentiation, further consistent with a recent
divergence and/or gene flow (Figure S2E; Data S1E).

Cultivated apples (DomC and DomD) exhibited higher genetic
diversity than the wild populations SiOr and SylW (Data S1D),
indicating a lack of bottleneck during domestication. Demo-
graphic inference revealed a gradual decline in effective
population size (Ne) from the penultimate glaciation to the mid-
Holocene (~10,000 years ago), followed by divergent trends
(Figures 2A, 2B, and S2F). SiOr and SylW expanded post-
glacially, whereas SylE maintained a relatively stable N,

4 Current Biology 36, 1-15, April 20, 2026

(Figure 2B). Among cultivated apples, DomD showed a demo-
graphic expansion ~2,500 years ago, whereas DomC showed
a contraction (Figure 2A).

Post-glacial climate likely shaped the demography of wild
apples; however, we caution that the long-term declines in-
ferred from Markovian coalescent models may also arise from
historical population structure rather than from current re-
ductions in Ne.22 The expansion of DomD reflects its historical
spread. DomD shows a demographic expansion consistent
with its documented historical spread. By contrast, DomC
displays a recent decrease in estimated N, which could reflect
genetic homogenization associated with modern breeding an-
d/or the dominance of a limited number of elite cultivars in
this study, rather than an actual contraction in census size.
These demographic changes were taken into account in the se-
lection analyses below.

Genome-wide introgression from European wild apples
to cultivated apples

Patterson’s D-statistics and f4-ratios,”® using Bacc as the
outgroup, revealed significant introgression from SylW into
both DomD and DomC, with weaker signals from SylE. Minor
gene flow was detected between SylE and SiOr, indicating
elevated gene flow from an ancestor of M. sylvestris into the
M. domestica gene pool (Figures 2C and S2E; Data S1E). The

23,24



Biology (2026), https://doi.org/10.1016/j.cub.2026.03.048

Please cite this article in press as: Chen et al., Gene flow from the European wild apple and selection shaped the domesticated apple genome, Current

Current Biology

massive “proto-gene flow” from ancestral M. sylvestris could
also explain the observed N, expansion above. '

Five-taxon D-statistics (Dron)?” and topology weighting ana-
lyses®® confirmed contributions from both Western and Eastern
M. sylvestris to DomD and DomC (Data S4C and S4D). The
dominant species-tree topology indicated introgression from
SylW into the common ancestor of DomC and DomD. This
was further supported by f-branch statistics?® and the best-fit
gpGraph model,*® which inferred multiple admixture events,
including one predating the DomC-DomD split (Data S3C and
S4E). Among eight demographic models (Figure S8A) tested
with fastsimcoal2,®’ the best-fitting scenarios (G3D1 and
G3D2) incorporated gene flow from SiOr into SylW/SylE and
from SylW/SyIE into DomC and DomD, with stronger introgres-
sion into DomD (Figure S8B). However, the models did not
allow a clear resolution of the origin of DomC (Figure 2D; Data
S1F and S4F). Overall, these approaches provided broadly
consistent evidence for introgression involving SylW/SylE and
the domesticated groups DomC and DomD. Minor differences
among methods were mainly reflected in the inferred phyloge-
netic placement of DomC and DomD. These discrepancies
likely reflect both the short divergence times of DomC and
DomD and the varying temporal sensitivities of the methods
to gene flow.

DomD exhibited stronger overall introgression than DomC,
as reflected by higher genome-wide f4-ratios (DomD =
0.5011; DomC = 0.4570). Per-chromosome D-statistics and
topology weighting revealed heterogeneous wild-to-crop intro-
gression (Data S4G and S4H).*>** In DomC, chromosome 13
showed the highest SylE/SylW admixture, whereas in DomD,
chromosomes 16 and 14 were most affected. Sliding-window
fy scans®* indicated highly introgressed regions (Data S4l),
which were enriched for genes linked to nitrogen metabolism,
terpene biosynthesis, and steroid biosynthesis (Figure S3B).
A subsequent Venn comparison of genes in these regions
revealed both shared and unique loci between DomC and
DomD, highlighting potential functional roles for the intro-
gressed genes (Figure S3A).

Divergent positive and balancing selection in cider,
dessert, and wild apples

Selection scans integrated multiple complementary approaches
to detect different modes of selection: OmegaPlus and RAISD
for hard sweeps, G12/G123 for both hard and soft sweeps,
and BetaScan2 for balancing selection. Together, these
methods provide a comprehensive view of selective pressures
by capturing distinct and sometimes overlapping signals across
populations (Figures 3B and 3C; Table 1).

Most positive selection genes were population specific;
however, 27 were shared between DomC and DomD, including
genes linked to fruit quality, disease resistance, and flowering
time (Figure 3A; Data S2A and S2B). We also identified 81
genes under balancing selection, 44 of which were shared
among populations (Figure 3C; Data S2C). These included
stress-response genes such as MdDREB2 (Figure S4B).%°
Furthermore, 23 balancing selection genes were specifically
shared between DomC/DomD and M. sylvestris (SylE or
SylW), including MdVIP5 (MD04G1191400), a flowering-related
gene®® (Data S2C). Cider apples (DomC) displayed more soft
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sweeps and balancing selection, whereas dessert apples
(DomD) showed more hard sweeps (Table 1). DomC lacked
the fruit size gene fs75.7"%?° but had unique balancing selec-
tion targets such as RPW8-NBS (Figure S4C).>” DomD con-
tained two disease-resistance genes and eight flowering genes
under hard sweeps.

Wild populations, especially SylW, had more genes under
balancing selection than cultivated apples (Table 1; Data S2C).
Positive selection in wild groups targeted multiple NBS-LRR
genes (Figure S5).

Selection during domestication acted on both a small set of
shared domestication-related traits and many population-spe-
cific targets. DomC exhibited a higher proportion of soft sweeps
and balancing selection, consistent with the retention of broader
genetic diversity, whereas DomD experienced stronger direc-
tional selection. To corroborate the functional relevance of selec-
tion signals, we integrated transcriptomic data from controlled
conditions in which wild and cultivated genotypes were grafted
onto the same rootstock and grown under identical conditions.
Genes differentially expressed between cultivated (DomC or
DomD) and wild apples (SiOr or SylW) were cross-referenced
with genes under positive selection to identify domestication-
related candidates, and 88 sweep genes were differentially ex-
pressed in cultivated apples compared with their wild relatives
(Data S2A), providing orthogonal validation of the selected
candidates.

Adaptive introgression from distinct donors shaped
fruit-quality loci in cider and dessert

Local ancestry inference using RFMix®® revealed enrichment
for DomC and DombD in SiOr ancestry. Still, DomC carried
more SylW ancestry in hard sweeps, whereas DomD carried
more SylE ancestry across sweep types (Data S4J and S4K).
Q95sior, Domc/DomD, Sywvisyie (10%, 100%) Statistics (i.e., 95th
percentile of derived frequencies in DomC/DomD of SNPs that
have a derived allele frequency 100% in a donor panel—SylW/
SylE—but where the derived allele is at a frequency smaller
than 10% in SiOr)*® showed a bimodal frequency distribution
in DomC and lower peaks in DomD (Data S4N). These patterns
reflect distinct adaptive introgression histories.

Integrating f4 statistics, topology weights (Data S4M), RFMix,
and Q95 (Data S4N), we identified 14 adaptive introgression re-
gions in DomC and 23 in DomD. Haplotypes were clustered us-
ing PCA (dudi.pca) followed by hierarchical clustering (hclust) us-
ing Genotype Plot“ to assess grouping patterns and infer shared
ancestry with wild donors (Data S2D and S5). Notably, DomC
haplotypes clustered with multiple SylW individuals on chromo-
some 17 overlapping a fruit texture quantitative trait locus
(QTL)*" (Figures 4A and 4B). In contrast, DomD haplotypes clus-
tered with one SylW individual localized on chromosome 16 and
included the acidity marker Ma“? (Figures 4C and 4D).

Adaptive introgression shaped key fruit-quality loci, with cider
and dessert apples drawing on different donor ancestries and
experiencing distinct selection dynamics.

Selection and introgression reduced deleterious
mutation load in domesticated apples

No highly constrained sites with a GERP-RS score > 2*° were de-
tected in the apple genome (Data S40), a threshold commonly

Current Biology 36, 1-15, April 20, 2026 5




Please cite this article in press as: Chen et al., Gene flow from the European wild apple and selection shaped the domesticated apple genome, Current
Biology (2026), https://doi.org/10.1016/j.cub.2026.03.048

¢ CellPress Current Biology

OPEN ACCESS

logio(k) G123

(o] Cc "2
2341244910 1?5 . 155 . MdGH3 AF,‘?L TMK7
. ! Cider Apple MiR-156* 2
MED13 + s e /\/7//:? 159

+ N 8 MAJAR ¥ + MdXTHIB\ E PN '
*++ H ¢+ o w4 + M+ L m‘“‘A.FfGL/
15{1.7405J0.5 o# b o + g +° e ,,,

9 . . g &+
8 4 L b+ i #9
0.741.040.040.0

+
ﬁ

12 13 15 16 17
0.74 1.0 0.040.01 % g

TN v B 7o v WEKY55 * 3 "/ITJ,:E,\T/;Q
S\ 32 ° * JWRKY70 NBS-LRR78 | §__
1LiE2 ° o myeos ¥ RS ) PILS2
8 bHLH DCL3 ASB1
PGM1  © FP ERECTA(fs15.1), EFKH WiE-159
2.9] 24 00]o0{ A7 ACLE Dessert Apple N ‘
A BFT

0
logio(w)  G12

B [ Hard sweep [ Soft sweep c "

200 188 444
K % Soft sweep 20 44

150 & Hard sweep I |

‘é Soft sweep I
E 100 8 Hard sweep
< K 777
) T I I I I
. ] ] . -_ 4 2

Number of genes
under balancing selection

Number of genes
under positive selection

[=N=]
o o oN
N« ©
Sylw
B syw s
SylE SylE [}
I sior [ I sior [
[ DomD o : B pomD °
I DomC o B oomc @
Positive selection Balancing selection
genes per population genes per population

Figure 3. Positive and balancing selection of cultivated and wild apples

(A) Positive selection along the genomes of cider and dessert cultivated apples. Different symbol shapes and y axes represent different types of selection tests.
From left to right, log1o(w) (squares), log1o(u) (circles), G12 (triangles), and G123 (crosses) values are shown. Significant selective sweep signals are represented in
pink (DomC) or orange (DomD). The positive selection patterns of the gene symbols are represented in red (indicating hard sweeps) and green (indicating soft
sweeps), consistent with those depicted in (B). The blue text box represents the positive selection genes shared by DomC and DomC.

(B) UpSet plot summarizing genes under positive selection (hard and soft sweeps) identified within and across the five apple populations. The horizontal bars
(bottom left) show the total number of selected genes detected in each population. The matrix (bottom right) indicates which populations contribute to each
intersection set, with black circles marking population membership and connecting lines showing shared sets across two or more populations; orange and green
squares in the inset indicate hard and soft sweeps, respectively. The upper histogram shows the number of selected genes for each population or population
intersection. The blue-highlighted bar represents the set of genes jointly under positive selection in DomC and DomD.

(C) Upset plot of genes under balancing selection across the five apple populations. The horizontal bars (bottom left) display the total number of genes under
balancing selection in each population. The matrix (bottom right) shows the populations under consideration as black circles. When an intersection between two
or more populations is displayed, these populations are connected by a solid black line. The bar graph (top) represents the number of genes under balancing
selection in a population or the number of intersections between two or more populations. DomC, cider apples; DomD, dessert apples; SiOr, M. sieversii and
M. orientalis; SylE, Eastern European M. sylvestris; SylW, Western European M. sylvestris.

See also Figures S4 and S5 and Data S2A-S2C.

used to identify deleterious mutations in constrained genomic  mutation load was primarily estimated using SIFT 4G, a phylog-
regions.”**> Because GERP estimates based on closely related  eny-independent and widely validated predictor of functional
Rosales species can underestimate long-term constraint, deleteriousness.*® Cultivated apples carried a lower
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Table 1. Size and gene count of regions under positive selection and balancing selection in the five cultivated and wild apple

populations
Positive selection
Hard sweep Soft sweep Total Balancing selection
Region Number of Region Number of Region Number Region Number
Population size (kb) genes size (kb) genes size (kb) of genes size (kb) of genes
DomC 604.27 83 1,124.19 133 1,728.46 216 82.43 39
DomD 1,092.84 169 532.95 85 1,625.79 254 36.14 22
SiOr 276.31 21 74.71 11 351.02 32 21.11 14
SylE 335.73 26 17.64 3 353.37 29 62.56 36
Sylw 644.75 62 123.93 12 768.68 74 139.04 75

DomC, cider M. domestica; DomD, dessert M. domestica; SiOr, M. sieversii and M. orientalis; SylE, Eastern European M. sylvestris; SylW, Western

European M. sylvestris. See also Data S2A-S2C.

heterozygous and homozygous relative deleterious burden than
their wild relatives (Figure 5A). The heterozygous mutation
burden is higher in DomC compared with DomD. In contrast,
the homozygous mutation burden shows no significant differ-
ence (Figures S6A and S6B). Most deleterious variants were het-
erozygous across populations (Figure 5A).

Introgression from M. sylvestris, especially SylE into DomD
and SylW into DomC/DomD, was associated with reduced ho-
mozygous deleterious mutations (Figure 5B). Non-introgressed
regions under hard and soft sweeps also had fewer deleterious
mutations than controls (Figure 5C). Hard sweep introgressed
genes were depleted of deleterious mutations in DomD but
not DomC.

Domesticated apples—especially DomD —carry a lower dele-
terious load than wild relatives, likely due to the combined effects
of selection and introgression.

GWAS supports phenotypic divergence between cider
and dessert cultivated apple

To evaluate whether phenotype-associated variants overlap with
regions under selection or introgression, we ran a flowering-time
GWAS in GAPIT v3 (BLINK; K and K+Q) on best linear unbiased
predictions (BLUPs) from a subset of cider and dessert.*”*® Two
SNPs surpassed false discovery rate (FDR) and Bonferroni
thresholds: Chr09:24,880,275 (p = 1.11 x 107'®; PVE = 92.4%)
and Chr08:21,795,100 (p = 1.51 x 107'%; PVE = 87.7%)
(Figures 6A and 6B). The Chr08 signal lies ~2.6 kb from ACC1
(MD08G1178000), implicated in very-long-chain fatty acid
biosynthesis and cold response,*® while the Chr09 SNP falls
~10 kb from an O-fucosyltransferase gene (MD09G1220000;
SPINDLY-like hormone signaling®®) in a region containing a
HODOR transposable element (TE) (ms537607_Chr09_HO-
DOR-RLC_denovoMDO_kr-B-P814.288-Map5_reversed), '®
suggesting potential regulatory effects. Genotype distributions
at Chr09:24,880,275 clearly separate DomC from other groups,
particularly M. sylvestris (Figures 6C and 6D; Data S2E). Consis-
tent with a wild-to-crop origin, fq for DomC-SyIW at this locus ex-
ceeds the genome-wide Q3 (the upper quartile of the f4 distribu-
tion), indicating localized introgression (Figure S7). These two
loci do not overlap sweep peaks, implying that flowering-time
differences may stem from regulatory variation or polygenic ba-
ses not captured by classical selection scans.

DISCUSSION

Selection, introgression, and demography jointly forged the
domesticated apple genome. Despite weak genome-wide differ-
entiation at neutral sites and extensive shared admixture, cider
and dessert cultivars of M. domestica form distinct gene pools
that derive primarily from M. sieversii-M. orientalis rather than
European M. sylvestris.'®?° Notably, although these two cultivar
groups are genetically differentiated, the origin of cider apples
remains uncertain because alternative evolutionary scenarios
cannot be clearly distinguished from one another based on cur-
rent data. We find no evidence of a domestication bottleneck in
M. domestica, as previously observed in other perennials.®®
Instead, demographic inference indicates a recent expansion
in desert M. domestica and relative contraction in cider, along-
side post-glacial expansions in M. sieversii-M. orientalis and
Western M. sylvestris, with relative stability in Eastern
M. sylvestris.®""°> For M. sylvestris, this pattern is consistent
with its post-glacial phylogeographic history; during the last
glacial maximum, M. sylvestris was confined to multiple southern
and eastern refugia (e.g., south France, the Balkans, and Carpa-
thian regions), followed by northward and westward recoloniza-
tion as climates warmed, leading to a large, expanding Western
European genetic group but more demographically stable
eastern populations that persisted closer to refugial areas.
Such a structure reflects the interplay of historical climate
change and natural gene flow in shaping population divergence
across Europe.®® We accounted for these histories when infer-
ring selection and in GWAS to limit confounding by relatedness
and structure.””*®

Our results revealed contrasting selection modes in a peren-
nial crop. Cider M. domestica shows proportionally more soft
sweeps and balancing selection—consistent with broader re-
tained diversity. In contrast, dessert M. domestica exhibits
more hard sweeps on fruit-quality, disease-resistance, and flow-
ering genes.'®°* 8 The contrasting selective sweep patterns
observed between dessert and cider groups are broadly consis-
tent with domestication trajectories reported in other perennial
fruit crops. For example, in grapevines, table and wine grapes
show partially overlapping but distinct sets of selective sweeps,
reflecting divergent selection targets related to fruit size, texture,
sugar content, and post-harvest qualities in table grapes vs.
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Figure 4. Adaptive introgression signals and typical haplotypes structures across positive sweep regions in cider and dessert apples

(A) Signals of introgression patterns across Chr17 (1.8-2.5 Mb) in the DomC population. From top to bottom: topology weighting, fy, local ancestry painting, and
maximum Q95 value across all Syl donor individuals. The highlighted region indicates the putative adaptive introgression region.

(B) Zoom-in of the highlighted region in (A) showing haplotype structure, spanning from 2.123 to 2.172 Mb, with a soft sweep in the cider apple genome.

(C) DomD, Chr17 (2.8-3.5 Mb). Same analyses as in (A). The highlighted region indicates the putative adaptive introgression region.

(D) Zoom-in of the highlighted region in (C) showing haplotype structure, spanning from 3.148 to 3.220 Mb, the hard-sweep region of the dessert apple genome.
The different colored bars on the left represent individuals from different populations. The left panel shows a dendrogram of haplotype clustering by PCA (du-
di.pca),”" and the bar plot shows haplotypes from different populations in different colors. The dark green and light green colors indicate the reference and
alternative alleles, and long continuous blocks indicate shared introgressed haplotypes under selection. The clustered selection haplotype and the donor wild
individuals are highlighted by red dots. The upper part shows the genes in this region, and the gene IDs come from the annotations of the GDDH13 v1.1 genome.'®
The QTL and GWAS regions are labeled in red above the gene models. DomC, cider apple; DomD, dessert apple; SiOr, M. sieversii and M. orientalis; SylE, Eastern
European M. sylvestris; SylW, Western European M. sylvestris; Bacc, M. baccata.

See also Data S2D and S5.

fermentation-related traits in wine grapes.®® Although historical
records suggest that cider apples were used earlier than dessert
apples,® both recent studies'® and our results indicate that cider
and dessert apples are genetically very close. Our demographic
inference further suggests that the divergence of cider apples
may be more recent than that of dessert apples (Figure 2D).
Following their more recent divergence, cider apples not only

8 Current Biology 36, 1-15, April 20, 2026

show a slightly lower number of positive selection genes,
compared with dessert apples, but also exhibit more soft
sweeps that can reach fixation relatively quickly. These observa-
tions suggest that differences in the number of detected selec-
tive sweeps may not solely reflect the temporal history of use
but could also result from the recent divergence, ongoing gene
flow, and the specific traits targeted in each population. Also,
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Figure 5. Distribution of mutation burden in
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P3 of fy analysis.

(C) Mutation burden in the cider (DomC) and
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genes, hard-sweep genes, and soft-sweep genes.
Adaptive introgression genes are indicated with a
blue border. The y axis shows the number of
deleterious alleles per 1,000 bp of coding
sequence (CDS). DomC, cider apple; DomD,
dessert apple; SiOr, M. sieversii and M. orientalis;
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GDDH13 reference,'® suggesting cis-
regulatory variation of wild origin may un-
derlie phenological divergence. Notably,

these two GWAS hits do not coincide

Corlltrol Hard .sweep Soft s.weep Corlltrol

wild apple populations, to a much larger extent than cider, carry
massive balancing selection signals, as expected in natural sys-
tems.®" Transcriptome profiling supports these inferences; a
substantial subset of sweep candidates is differentially ex-
pressed between cultivated and wild apples, indicating that se-
lection has remodeled both their sequences and their
expression.

In addition to selection, introgression from wild relatives
played a central role in shaping diversity and adaptation. Local
ancestry reveals a clear asymmetry; hard-sweep regions in cider
are enriched for Western M. sylvestris ancestry, whereas dessert
M. domestica carries more Eastern M. sylvestris ancestry across
both hard and soft sweeps. Frequency spectra of introgressed
variants further indicate contrasting dynamics. In cider apples,
M. sylvestris-derived haplotypes cluster in hard-sweep tracts
and show a bimodal distribution (many near fixation and many
still rare), consistent with strong selection on a few advanta-
geous tracts; in dessert apples, introgressed alleles more often
remain at intermediate frequency and co-occur with soft
sweeps, a pattern consistent with diffuse, polygenic adaptation
in which recombination breaks up haplotypes and limits single-
tract fixation."®®? A representative case is a lead flowering-
time SNP on chromosome 9 that is located near an
O-fucosyltransferase (SPINDLY-like) gene—an effector of hor-
mone signaling linked to flowering pathways®°—embedded in
a cider-Western M. sylvestris introgressed tract and adjacent
to a HODOR long terminal repeat (LTR) element in the

Hard éweep Soft s.weep

with sweep peaks, implying that flower-
ing-time differences may arise from regu-
latory variation or polygenic effects not
captured by classical selection scans. This highlights that
GWAS can reveal loci that may be missed by sweep-based ap-
proaches, providing complementary insights into the genetic ar-
chitecture of domestication-related traits.

Cultivated apples carry fewer predicted deleterious alleles
than wild relatives, contrary to trends in many annual crops
and grapevines,®®"%*®* but mirror observations in other peren-
nial fruit trees such as the domesticated pear.®® Depletion of
harmful variants in hard-sweep introgressed genes in apples,
together with higher burdens in soft-sweep regions, suggests
that selection and wild gene flow jointly reduced genetic load
while enabling adaptive change. While long-term clonal propa-
gation could mask some deleterious alleles, the concordance
between ancestry, selection mode, and load reduction argues
for genuine purging in key regions. The depletion of harmful var-
iants in hard-sweep introgressed regions, together with compar-
atively higher burdens in soft-sweep regions, suggests that pos-
itive selection and wild gene flow jointly shaped adaptive change
while reducing genetic load. Although long-term clonal propaga-
tion could, in principle, mask recessive deleterious alleles, the
consistent concordance among ancestry, sweep mode, and
load reduction supports genuine purging in key genomic regions
rather than simple sheltering effects. These patterns highlight
fundamental differences between perennial and annual domes-
tication models. In perennial fruit trees, domestication typically
involves prolonged phenotypic evaluation over multiple years
and repeated cycles of selection before genotypes are retained
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Figure 6. Genome-wide association analysis identifies loci associated with flowering time in cultivated apples

(A) Manhattan plot of —log+(p) values based on the K+Q model and quantile-quantile (Q-Q) plot comparing the observed and expected —log1o(p) values based on
the K+Q model.

(B) Manhattan plot of —logo(p) values based on the K model. Q-Q plot comparing the observed and expected —logo(p) values based on the K model. The solid
horizontal line indicates the genome-wide significance threshold after Bonferroni correction (p = 7.22 x 10~°). The dashed horizontal line represents the FDR-
adjusted significance threshold at 0.05.

(C) Boxplots of flowering-time BLUPs across genotypes and cider and dessert apple populations. The y axis shows BLUPs of flowering time, and the x axis
indicates different genotypes. Box colors correspond to different subpopulations.

(D) Genotype distributions of two SNP loci detected with GWAS across wild and cultivated apple populations. Each pie chart represents the proportion of
genotypes for a given SNP. Different colors indicate different subpopulations. DomC, cider M. domestica; DomD, dessert M. domestica; SiOr, M. sieversii and
M. orientalis; SylE, Eastern Europe M. sylvestris; SylW, Western Europe M. sylvestris; BAcc, M. baccata; XadmixX, group of individuals classified as admixed
between two populations (i.e., individuals assigned with membership coefficient < 0.8 to any given cluster at K = 6 with fastSTRUCTURE analyses).

See also Figure S7 and Data S2E.

and propagated. Combined with rapid linkage disequilibrium  fruit trees, together with recurrent introgression from wild rela-
decay and large effective population sizes,®® this extended se- tives, facilitate adaptive evolution while limiting the accumulation
lective filtering is expected to weaken Hill-Robertson interfer-  of linked deleterious variation, explaining the depletion of genetic
ence by reducing linkage between adaptive alleles and nearby load observed in sweep regions in DomC and DomD.

deleterious variants.®” As a result, purifying selection can more Together, our integrative analyses—enabled by broad sam-
efficiently eliminate deleterious mutations even in genomic re-  pling of M. sylvestris across its range —refine wild-to-crop donor
gions affected by strong selective sweeps. We therefore pro- histories'®%°® and demonstrate that apple domestication com-
pose that the distinctive domestication dynamics of perennial bines classic hard sweeps (Mendelian-like) with widespread
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polygenic adaptation from standing and introgressed variation,
much of which escapes detection by standard sweep scans.
Future steps include measuring genome-wide polygenic shifts
among cultivar groups with a more comprehensive sampling of
M. domestica, particularly in Western and Northeastern Eu-
rope.®”®® Concurrently, integrating allele-specific expression
and methylation marks of nucleotide and structural variants—
including TEs—will aid in distinguishing regulatory from coding
regions involved in perennial domestication and in improving
the prioritization of alleles for breeding and conservation amid
global change.
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Materials availability
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Data and code availability

@ All sequencing data generated in this study have been deposited in the
NCBI under BioProject accession NCBI: PRJNA1252109 (whole-
genome sequencing, lllumina platform) and NCBI: PRJNA1297608
(RNA-seq data, lllumina platform).

® The analysis code and workflow are available at https://github.com/
CornilleEclecticLab/Apple-domestication_population_genomics.

® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Twisst Martin and Belleghem?® https://github.com/simonhmartin/twisst

mvftool v0.6.2.1 (Dgoy)

RFMix v2.03
bin.vef2QU.pl (Q95 statistic)

Genotype Plot v0.2.1

OmegaPlus v3.0.3
RAISD v2.9

SelectionHapStats (G12 and G123
statistics)

Pease and Hahn”” and Pease and
Rosenzweig®”

Maples et al.>®

Racimo et al.*® and this paper

Whiting*°

Alachiotis et al.”®

Alachiotis and Pavlidis®*

Harris et al.®

https://github.com/peaselab/mvftools and
https://github.com/jbpease/dfoil

https://github.com/slowkoni/rfmix
https://github.com/CornilleEclecticLab/

Apple-domestication_population_
genomics

https://github.com/JimWhiting91/
genotype_plot

https://github.com/alachins/omegaplus
github.com/alachins/raisd

https://github.com/ngarud/
SelectionHapStats

BetaScan2 Siewert and Voight®® https://github.com/ksiewert/BetaScan
MSMC2 v2.1.4 Schiffels and Wang®” https://github.com/stschiff/msmc2
eggNOG-mapper v2.1.5 Huerta-Cepas et al.”® https://github.com/eggnogdb/eggnog-
mapper
ClusterProfiler v3.22 Wu et al.*? https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html
GERP++ Davydov et al.*® https://github.com/tvkent/GERPplusplus
SIFT4G Vaser et al.*® https://github.com/pauline-ng/SIFT4G_
Create_Genomic_DB and https://github.
com/pauline-ng/SIFT4G_Annotator
est-sfs v2.0 Keightley and Jackson'®’ https://sourceforge.net/projects/est-usfs/

R package MASS v7.3.61 Venables et al.’"" https://cran.r-project.org/web/packages/

MASS/index.html

R package GAPIT v3.5 Wang and Zhang*’ https://github.com/jiabowang/GAPIT

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A total of 140 newly sequenced individuals originated from leaves of 43 cultivated apple (Malus domestica) samples, including 21
dessert and 22 cider apple varieties, 75 M. sylvestris (European crabapple), nine M. orientalis, three M. sieversii, and ten
M. baccata. The status of cider and dessert cultivars was assessed using the New Book of the Apple'®® and the expertise of the
ResPom consortium (INRAE Angers) (Data ST1A and S4A). Leaf tissues were collected from actively growing shoots for genomic
DNA extraction. In addition, publicly available high-coverage genomes’®’" were incorporated to complement the dataset (Data
S3B). For transcriptomic analyses, RNA-seq data were generated from 59 leaf samples from cider M. domestica (n = 15, five
genotypes x three clonal replicates), dessert M. domestica (n = 15, 5 genotypes x three clonal replicates), M. sylvestris (n = 15,
five genotypes representing SyIW x three clonal replicates), and M. sieversii (n = 12, four genotypes x three clonal replicates) to
investigate domestication-associated expression divergence. All plant material used in this study was collected or sourced in full
accordance with applicable international regulations, including the Nagoya Protocol and the International Treaty on Plant Genetic
Resources for Food and Agriculture (ITPGRFA). Proper permits and agreements were secured for the collection, use, and analysis
of both cultivated and wild apple genetic resources.

METHOD DETAILS

DNA extraction, and sequencing

DNA was extracted with the Macherey-Nagel DNA Mini Kit using the manufacturer’s instructions. DNA quality controls were per-
formed using two methods: (1) Agarose gel electrophoresis for testing DNA degradation and potential contamination, and (2) Qubit
2.0, which quantifies the DNA concentration precisely. A total of 1.0 pg of DNA per sample was then used as input material for the
DNA library preparations. Sequencing libraries were generated using NEBNext DNA Library Prep Kit following the manufacturer’s
recommendations, and indices were added to each sample. The genomic DNA was randomly fragmented to 350 bp by shearing,
then the DNA fragments were end-polished, A-tailed, and ligated to the NEBNext adapter for lllumina sequencing, and further
PCR-enriched with P5 and indexed P7 oligos. The PCR products were purified (AMPure XP system), and resulting libraries were

Current Biology 36, 1-15.e1-e7, April 20, 2026 e2


https://github.com/simonhmartin/twisst
https://github.com/peaselab/mvftools
https://github.com/jbpease/dfoil
https://github.com/slowkoni/rfmix
https://github.com/CornilleEclecticLab/Apple-domestication_population_genomics
https://github.com/CornilleEclecticLab/Apple-domestication_population_genomics
https://github.com/CornilleEclecticLab/Apple-domestication_population_genomics
https://github.com/JimWhiting91/genotype_plot
https://github.com/JimWhiting91/genotype_plot
https://github.com/alachins/omegaplus
http://github.com/alachins/raisd
https://github.com/ngarud/SelectionHapStats
https://github.com/ngarud/SelectionHapStats
https://github.com/ksiewert/BetaScan
https://github.com/stschiff/msmc2
https://github.com/eggnogdb/eggnog-mapper
https://github.com/eggnogdb/eggnog-mapper
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://github.com/tvkent/GERPplusplus
https://github.com/pauline-ng/SIFT4G_Create_Genomic_DB
https://github.com/pauline-ng/SIFT4G_Create_Genomic_DB
https://github.com/pauline-ng/SIFT4G_Annotator
https://github.com/pauline-ng/SIFT4G_Annotator
https://sourceforge.net/projects/est-usfs/
https://cran.r-project.org/web/packages/MASS/index.html
https://cran.r-project.org/web/packages/MASS/index.html
https://github.com/jiabowang/GAPIT

Please cite this article in press as: Chen et al., Gene flow from the European wild apple and selection shaped the domesticated apple genome, Current
Biology (2026), https://doi.org/10.1016/j.cub.2026.03.048

¢? CellPress Current Biology

OPEN ACCESS

analyzed for size distribution by Agilent 2100 Bioanalyzer and quantified using real-time PCR. After pooling, the qualified libraries
were loaded into lllumina sequencers based on their effective concentration and expected data volume.

This newly sequenced dataset was complemented with publicly available sequencing data with at least 15x coverage (78 other
genotypes in Duan et al. and Sun et al.,”"®"" including 24 dessert and one cider apple cultivars, one M. orientalis, 37 M. sieversii,
12 M. sylvestris, and three M. baccata). Therefore, the total dataset included 218 genotypes and was composed of 45 dessert
and 23 cider apple varieties and the four main wild relatives of the cultivated apple: M. orientalis (n = 10), M. sieversii (n = 40),
M. sylvestris (n = 87), and M. baccata (n = 13) (Data S1A and S4A).

Variant calling and filtering

Quality control and pre-processing of the reads were performed using FastQC v0.11.8"° and fastp v0.21.0,”* respectively. Variant
calling was carried out following the Best Practices procedure.'® Clean DNA reads were aligned to the GDDH13 Version 1.1 reference
genome'® using bwa-mem v2.17 (https://github.com/bwa-mem2/bwa-mem?2). Mapping statistics are shown in Data S2. Raw var-
iants were called using GATK HaplotypeCaller’® (GATK version 4.1.7, https://github.com/broadinstitute/gatk). The raw variants were
filtered using the GATK variant filter module with a hard filter (Level 1 filters) and further refined with a custom script (Level 2 filters)
(Figure S1). Genomic kinship was calculated for all pairs of individuals using Plink2.”” Duplicate or clonally related individuals were
excluded from further analysis (i.e., individuals with pairwise KING-robust kinship estimates greater than 0.354),'%® using ‘Plink2 —
make-king’. Individuals with a missing rate > 30% were also removed. All filtering parameters are listed in Data S3A, and the removed
samples are detailed in Data S1A, which represents 17 genotypes and retains 201 individuals. The dataset was phased using Beagle
v5.179 with default settings and genetic maps'®* for each chromosome. The genetic map position of each SNP was obtained by the
MareyMap pipeline. The recombination rate variation across the genome was estimated using high-density integrated genetic
maps.'%*"% We downloaded marker genetic distance and physical distance data for the GDDH v1.1 reference genome and imported
them into MareyMap Online(https://Ibbe-shiny.univ-lyon1.fr/MareyMapOnline/), then followed the MareyMap pipeline to obtain
recombination rates along the genome.

Pairwise linkage disequilibrium (LD) between SNPs was computed by PopLDdecay v3.42.%° The decay distance of LD was defined
as the physical distance at which r? decreased to half of its maximum value. The LD decay distance varied among populations,
ranging from 6.6 Kb to 123.5 Kb (Data S3D). For genetic diversity (r),'°® genetic distance (Dxy), '°° differentiation (Fs7),'°” and £y scans
analysis, a window size of 10 kb was chosen, providing a compromise between resolution and statistical robustness given the SNP
density across the genome. For the Do analysis, a window size of 100 kb was used because the information content in five indi-
vidual sets of 10 kb windows was insufficient.

Linked and non-synonymous SNPs were filtered out for population structure and demographic inference to avoid bias from poten-
tial SNPs linked to genomic regions under selection (Level 3 filters, Data S3A). SNPs were annotated with SnpEff v5.0,'% and only
synonymous SNPs were retained. SNPs in LD were removed. Linked SNPs were filtered using Plink v1.9%" with the ‘~indep-pairwise’
function, applying the following parameters: window = 5 Kb, step = 1 SNP, and r* = 0.2. SNPs with distances less than 5 Kb were
removed using the ‘thin’ function of vcftools v0.1.16.%° In total, 31,300 unlinked and synonymous SNPs were used for analyses of
population structure, genetic variation, and differentiation across 201 genotypes.

Population structure, genetic variation, and differentiation

The population structure and admixture were inferred using the Bayesian clustering method implemented in fastSTRUCTURE v1.0,"
with 31,300 unlinked, synonymous SNPs and 201 genotypes. Analyses were performed with default parameters, running 20 itera-
tions for each K value from K = 1 to K = 10 clusters. The consensus solution for each K value was generated using CLUMPAK,®®
and the optimal K value was determined based on the cross-validation error.?' The bar plots were generated using the R package
pophelper v2.3.1, and the K value that yielded well-assigned individuals across all clusters was selected.

Two additional methods were employed to further explore the genetic variation and differentiation among the genetic groups de-
tected by fastSTRUCTURE. Principal component analysis (PCA) was conducted using the Plink v1.9 PCA module,®' and the first
three principal components were visualized using the R package “ggplot2”'°. A Hamming distance matrix among individuals
was calculated using Plink v1.9,%" followed by the construction of a neighbor net, which was visualized with SplitsTree v4.12.3.%°
For both PCA and neighbor-net, individuals assigned to a given cluster with a membership coefficient > 0.8 (Figure S4) were co-
lor-coded according to their genetic cluster inferred with fastSTRUCTURE, while admixed individuals were colored gray. This
threshold was selected based on the distribution of maximum membership coefficients inferred by fastSTRUCTURE (see Results,
Figure S4B).

Population genetic diversity and differentiation

Descriptive population genetic estimates were computed for each population (i.e., each cluster inferred with fastSTRUCTURE,
excluding admixed individuals with a membership coefficient < 0.80). Genetic diversity (z),'°® genetic distance (Dxy),'°® and differ-
entiation (Fs7)'” between populations were estimated using pixy®° with the “all-sites” variant calling format (VCF). Population ge-
netic diversity statistics —including the number of private alleles (A,), number of polymorphic sites (S), observed heterozygosity(H,),
expected heterozygosity (He), and inbreeding coefficient (Fis)—were calculated for each population using the populations module in
Stacks.''® Genome-wide 7z, Dy, and Fst were calculated using all sites (332,335,748 variant and invariant sites) in 10 Kb window
regions of high mappability.
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Divergence time estimates and effective population size (Ne) over time

To infer population divergence history, we first reconstructed a coalescent species tree using ASTRAL-11.°° ASTRAL is a tool for infer-
ring an unrooted species tree from a set of unrooted gene trees under the multispecies coalescent model. This method is particularly
well suited to addressing incomplete lineage sorting, a common phenomenon in tree species.®® Phylogenetic trees per 100 SNP win-
dows were calculated with PhyML®® with the GTR model. The output trees were re-rooted with a single BAcc individual using the ETE
Toolkit,?° and then used as input to ASTRAL-III. These trees were also used as input to Twisst®® to get the most common species-tree
topology of cultivated and wild apple populations.

Effective population size (Ne) over time and population divergence estimates were inferred using two methods: SMC++.%” First, the
reference genome mappability scores were calculated with GenMap v1.3.0""'" using a k-mer size of 140 (the average length of filtered
sequencing reads) for 20 Kb windows with 10 Kb steps. Any mean scores of 20 kb or higher than 0.8 were defined as high-mappability
regions. SMC++ demographic inference employed SNPs within high mappability regions with all individuals for each population. A
mutation rate of 3.9 x 10°° per bp per generation and a generation time of 10 years were used to convert generations into years.'® The
divergence time between DomD and SiOr, DomC and SiOr, and SylW and SylE was also inferred by SMC++ using the “split”
command.

Genome-wide estimates of gene flow among wild and cultivated populations

D-statistics and f4-ratio were employed to detect gene flow among cultivated and wild populations. The D-statistic (ABBA-BABA
test)®>?® and related statistics, such as the fs-ratio,?® are widely used parsimony-like methods for distinguishing gene flow from
incomplete lineage sorting. While the D-statistic tests for introgression, the f4-ratio estimates the proportion of admixture or introgres-
sion using population allele frequencies. We computed genome-wide four-taxon D-statistics and f4-ratios using the Dtrios command
in Dsuite®' with unlinked 31,300 SNPs. Tests were performed on populations identified by fastSTRUCTURE, excluding admixed in-
dividuals with membership coefficients <0.80, and using BAcc as the outgroup. D-statistics and f,-ratios were computed for all
possible trios and organized according to the tree topology. The significance of D-statistics was assessed using a jackknife across
20 blocks.?*?* Results were visualized using the Ruby scripts plot_d.rb and plot_f4ratio.rb available from M. Matschiner’s repository.
After that, D-statistics and f,-ratios were calculated for each branch of the population tree using the “Fbranch” module in Dsuite using
the most common species-tree topology and the coalescent species-tree inferred by ASTRAL (Data S4E). The f-branch result was
visualized using the dtools.py script provided in the Dsuite.

We investigated the directionality and extent of gene flow with gpGraph implemented in the R package ADMIXTOOLS 2.°° As input,
allele frequencies and f,-statistics®® were calculated for each population using the 31,300 unlinked and synonymous SNPs. The func-
tion “find_graphs” in gpGraph was then executed to explore admixture graphs with the assumed number of admixture events
ranging from O to 4 using BAcc as the outgroup population. A testing procedure was used in which the best-scoring graph among
200 candidate graphs for a given number of migrations was first identified, and graphs with the same number of migrations were not
significantly worse (p-value > 0.05). It was also tested whether the best-scoring graph for each number of migrations could be signif-
icantly rejected in favor of a graph with a higher number of migrations. The test score was calculated by optimizing a topology from a
subset of the f-statistics and evaluating it on the remaining data. A significance test was performed for each graph using a jackknife
approach, and the results were then compared with those from the remaining graphs using a nominal p-value of 0.05. The optimal
number of admixture events was determined by identifying the graph that was significantly better than all graphs with fewer migra-
tions (Data S3C and S4E).

To further characterize the gene flow between cultivated and wild apple, full genome SNPs (28,377,551) were used for Dggy,
Twisst, and chromosome-level D-statistic, and fy genome scan analysis. The Droy analysis®’ was conducted on a selection of
five populations (P1, P2, P3, P4, and O), and the divergence time between P1 and P2 was earlier than that between P3 and P4.
The M. baccata population was used as the outgroup (O). The SMC++ divergence time estimates suggest that the SylW and SylE
divergence time was earlier than DomC from SiOr but later than DomD from SiOr. So, all four possible populations set, set1 (P1 =
SiOr, P2 = DomC, P3 = SylW, P4 = SylE, O = Bacc), set2 (P1 = SiOr, P2 = DomD, P3 = SylW, P4 = SylE, O = Bacc), set3 (P1 =
SylW, P2 = SylW, P3 = SiOr, P4 = DomC, O = Bacc), and set4 (P1 = SylW, P2 = SylW, P3 = SiOr, P4 = DomD, O = Bacc) were
used as the input for Dro analysis (Data S4C). Droy analysis was applied by the mvftool v0.6.2.1%% ‘CalcPatternCount’ function.
A total of 100 non-repeating individual sets were randomly generated, and the test was applied on 100 KB-sized windows along
the genome. The total number of significant introgression windows in each set was then summarized. The Twisst analysis®® was
applied to two groups of five populations: Set DomD, comprising SiOr, DomD, SylE, SylW, and BAcc; and Set DomC, comprising
SiOr, DomC, SylE, SylW, and BAcc. The analysis was constrained to a five-taxon topology (Data S4D). Phylogenetic trees were in-
ferred for windows containing 100 SNPs using PhyML,®® with the same parameters as above, and served as the input data. Chro-
mosome-level topology weighting analysis was applied separately, constrained to a six-taxon topology (Data S4H) by Twisst.”®
Chromosome-level D-statistics were calculated for each chromosome using the Dtrios command in Dsuite in four population groups
(SiOr-DomC-SylE-BAcc, SiOr-DomC-SylW-BAcc, SiOr-DomD-SylE-Bacc, and SiOr-DomD-SylW-Bacc). To identify introgression
within specific genomic regions, we also employed the fy4 statistic in 10-kb sliding windows using the ABBABABAwindows.py
(https://github.com/simonhmartin/genomics_general/tree/master) on the same four population groups in Chromosome-level D-sta-
tistics analysis (Data S4G). We identified the potential introgressed regions as those in the top 5% of f4 values across four population
groups and extracted the genes located in these regions. The list of genes was then subjected to KEGG enrichment analysis, and the
significant KEGG pathways were visualized by R (see details in ‘Gene function annotation and enrichment analysis’ section).
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Demographic modeling based on site frequency spectrum (SFS)

Based on the inferred topology from gpGraph, the most common ASTRAL phylogenetic tree, and the gene flow events identified us-
ing D-statistics and Dgg,, fastsimcoal v2.8%" was employed to further investigate the demographic history of apple populations. The
analysis considered four possible gene flow scenarios: GO, where no gene flow occurs within populations; G1, involving gene flow
between the ancestors of DomC/DomD and SiOr, as well as SylW/SylE populations; G2, where gene flow occurs between DomC/
DomD and SylW/SylE populations; and G3, which combines both G1 and G2. Additionally, four divergence scenarios were also
included: D1, where DomC and DomD both diverge from SiOr, with DomC diverging more recently and SylE diverging from SyIW;
D2, where DomD diverges from SiOr, followed by DomC diverging from DomD, and SylE diverging from SyIW. This framework re-
sulted in eight distinct scenarios being evaluated (Figure S4F).

A folded 2D site-frequency spectrum (SFS) was generated using 31,300 SNPs with the program easySFS (using the -a op-
tion). 12113 Each scenario was optimized through 50 independent runs with specific settings, including 100,000 coalescent simula-
tions per likelihood estimation (-n 100,000), 40 cycles of the conditional maximization algorithm (-L40), and a minimum of 10 observed
SFS entries for likelihood computation (-C10). The maximum likelihood values obtained from these runs were used to determine the
best-fitting scenario or scenario group. Once the most likely scenario or scenario group was obtained, the parameter median esti-
mates from the 50 runs were calculated, and the 95 percent confidence intervals.

Detection of signatures of positive and balancing selection

Signatures of positive selective sweeps in the genomes of cultivated and wild apples were detected using OmegaPlus®® and
RAISD,’* which are linkage disequilibrium (LD) and composite methods, respectively, employing 28,377,551 SNPs (Data S4A).
OmegaPlus computes the w statistic, which can be used for synonymous and non-synonymous linked SNPs while considering
the LD between SNPs. For the selective sweep analysis, OmegaPlus was applied to each chromosome individually per population
with the parameters -minsnps 5, —minwin 5,000, —maxwin 100,000, and a grid size set to the number of chromosome lengths divided
by 1000 bp (chosen given a median gene length of ~2,000 bp, to ensure coverage of all genes for detection). RAISD calculates the u
statistic, a composite evaluation metric that scores genomic regions by quantifying local reduction in polymorphism, shifts in the SFS
towards low- and high-frequency variants, and localized patterns of LD across the genome. We performed p-statistics using 50 SNPs
per chromosome per population. Soft sweeps were detected using the G712 and G123 statistics.”® Positive selection can reduce
genomic diversity at both the selected and linked sites, producing a characteristic signature of elevated expected haplotype homo-
zygosity. These selective sweeps can be classified as either hard or soft. In a hard selective sweep, a single adaptive haplotype rises
to high population frequency. In contrast, in a soft sweep, multiple haplotypes sweep through the population simultaneously, pro-
ducing distinct patterns of genetic variation near the selected site. VCF files were converted to the format required by SelectionHap-
Stats.®® The G12 and G123 statistics® were calculated for each chromosome of each population using overlapping windows of 200
SNPs with a step size of 50 SNPs. The above threshold definitions for these positive selection signals are referenced in the “Control of
demographic history for selection analyses” section.

Signatures of balancing selection were inferred using BetaScan2,°® which identifies the enrichment of variants in regions with low
deviation from allele frequency and a deficit of substitutions. VCF files were converted to the input format required by BetaScan2
using a custom script, excluding folded allele frequencies lower than 0.15 (-m 0.15). The $ scores were calculated for all remaining
SNPs using a window size of 1000 bp (-w 1000) for each SNP position. LD blocks were defined as regions with LD (% > 0.8), computed
using LDBlockShow v1.39.""* As in the positive selection analysis, a neutral model was used to define the threshold for 4 scores.

Control of demographic history for selection analyses

The effect of population demographic history on SFS, LD, and genetic diversity across the genome was controlled for in all selection
analyses presented above. Significance thresholds for deviations from the neutral model in selection analyses were assessed based
on simulated datasets under the neutral demographic model. The population history (Ne) estimated by MSMC2°""'° was converted
into ms parameters using the msmc2ms.py script (https://github.com/stschiff/msmc-tools). A total of 10,000 datasets, each
comprising five populations of equal numbers of pure individuals, as defined by fastSTRUCTURE analyses, were simulated using
the ms program. Each dataset consisted of a 1 Mb chromosome fragment from the respective model parameters. Subsequently,
10,000 simulations of a 1 Mb chromosome under the neutral demographic model were conducted to assess the significance of
w, u, G12/G123, and g statistics using the same parameters for the real genome. The top 1% values of w, p, G12/G1283, and
were considered to deviate significantly from the neutral model simulations, thereby serving as thresholds for each selection analysis.
The low mappability regions (see above) were excluded from the selection signal results.

Gene function annotation and enrichment analysis

Enrichment analyses of genes under selection were then performed. KEGG pathway annotations were obtained using eggNOG-
mapper v2.1.8,%° with the GDDH v1.1 genome gene protein file'® as input. KEGG pathway names were downloaded from https://
www.kegg.jp. Enrichment analysis was conducted using the ClusterProfiler v4.0 R package,’® with significantly enriched KEGG
pathways defined as those with a g-value < 0.05. Enrichment plots were generated using the Enrichplot v3.17 R package.''® Flower-
ing genes were identified by aligning the GDDH v1.1 protein sequence with the Flowering Interactive (FLOR-ID) database.® Genes
were retained if they exhibited an e-value of less than 1e-5, matched bases of at least 50 base pairs, and an identity of 80% or higher.
Transcription factors (TFs) were identified in the GDDH v1.1 genome using PlantTFDB (http://planttfdb.cbi.pku.edu.cn/)’” by

e5 Current Biology 36, 1-15.e1-e7, April 20, 2026


https://github.com/stschiff/msmc-tools
https://www.kegg.jp
https://www.kegg.jp
http://planttfdb.cbi.pku.edu.cn/

Please cite this article in press as: Chen et al., Gene flow from the European wild apple and selection shaped the domesticated apple genome, Current
Biology (2026), https://doi.org/10.1016/j.cub.2026.03.048

Current Biology ¢? CelPress

OPEN ACCESS

HMMERS3.0.""®The TFs were classified according to the consensus rules, including the required and prohibited protein domains for
each TF gene family, summarized on the PlantTFDB website. Resistance gene analogs (Rgene) based on differences in their domains
identified by NLGenomeSweeper,''® combine information from the GDDH v1.1 released annotation.'®

RNA extraction, library preparation, and sequencing

Leaf samples were immediately flash-frozen in liquid nitrogen after harvesting and subsequently stored at —-80°C. Samples were pul-
verized using a QIAGEN TissueLyser Il (R2) with the addition of Polyvinylpyrrolidone (PVP40) to reduce interference from phenolic
compounds. Total RNA was extracted using the Nucleospin RNA Plant Kit (Macherey-Nagel, Duren, Germany), following the man-
ufacturer’s protocol, which includes RNA binding, DNase treatment, and centrifugation steps.

RNA quality and quantity were initially assessed using a NanoDrop spectrophotometer, with purity determined via absorbance ra-
tios at 260/280 nm and 260/230 nm. Samples with A260/A230 ratios between 1.8 and 2.2 were considered of poor quality and dis-
carded. RNA integrity was further evaluated using a Bioanalyzer (Agilent Technologies, USA). High-quality RNA was used to
construct a cDNA library using the Novogene NGS Stranded RNA Library Prep Set (PT044), with rRNA depletion. Sequencing
was performed on a NovaSeq 6000 system (lllumina, San Diego, CA, USA) using the S4 Reagent Kit v1.5 (300 cycles), producing
150 bp paired-end reads targeting 20 million reads per sample.

RNA-sequenced data processing and differential expression analysis

Raw reads were assessed using FastQC v0.11.2,”® followed by adapter trimming and quality filtering with fastp v0.23.2,”% and ribo-
somal RNA filtering using SortMeRNA v4.3.2."?° Cleaned reads were aligned to the M. domestica GDDH13 v1.1 reference genome'®
using STAR v2.7.10b,'?" and gene quantification was performed in alignment-based mode using Salmon v1.10.0."%?

Differential gene expression analysis was conducted with the R-based DiCoExpress pipeline.”® Read counts were first normalized
by collection year and then merged. Low-expression genes were filtered using the “NbConditions” strategy with a CPM_cutoff of 5.
TMM normalization was applied,'®® and differential expression was tested using the edgeR method'* with an FDR threshold
(Alpha_DiffAnalysis) of 0.05. Genes differentially expressed between cultivated (cider or dessert) and wild apples were cross-refer-
enced with genes under positive selection in DomC and DomD to identify domestication-related candidate genes.

Genomic landscape of introgressions and adaptive introgressions

The genomic landscape of introgression was investigated as a first step to studying the adaptive introgression. As described in
“Genome-wide estimates of gene flow among wild and cultivated populations”, introgression regions across the genome were de-
tected using the £y statistic and topological weighting. A smoothing approach was then applied for topological weighting results, us-
ing a 20 Kb window size to refine the inferred topologies. The resulting topology weighting data were categorized into five distinct
patterns (Data S4H): no introgression (one topology), DomC/DomD introgressed by the ancestor of SylE and SylW (one topology),
SylE introgression (three topologies), SylW introgression (three topologies), and others (seven topologies).

To investigate adaptive introgression further, two new analyses were introduced. The Q95 statistic® was calculated in the form of
Q95si0r, Domc/DomD, SyWrsyiE (10%, 100%)» Which pertains to the 95th quantile frequency of derived alleles in the DomC or DomD pop-
ulations that have a derived allele frequency of 100% in a donor panel in the SylW and SylE individuals and are present at <10% fre-
guency in the combined SiOr panel (Data S4L). Local ancestry was inferred using RFMix (v2.03)*® with phased data from all DomC
and DomD individuals (Data S4J and S4K). The BAcc, SiOr, SylW, and SylE populations, retaining only very pure individuals (mem-
bership coefficient > 0.99 in fastSTRUCTURE analysis), served as reference populations. A comprehensive analysis integrating re-
sults from four analytical methods—fy, topology weighting, Q95 statistic, and local ancestry inference—was conducted to identify
potential regions of adaptive introgression. For each selection region, f4, introgression topology weighting, and SylW/SyIE ancestry
proportion were calculated. Regions exhibiting outlier values based on the interquartile range (IQR) method were subsequently ex-
tracted, with thresholds for extreme values defined as (Q3 + 1.5IQR) to identify outliers (Data S4M and S4N). The distribution of Q95
values exhibited a bimodal pattern, prompting using the k-means algorithm to categorize the signals into two clusters. To prevent
overinterpretation of the Q95 statistic’s efficacy, the cluster centroid value of the higher Q95 values was utilized as the threshold
(Data S4N). Any selected region containing two or more signals (including signals of the same type but from different wild donor pop-
ulations) was designated as an adaptive introgression area based on the four identified signals. Haplotype plots with dendrograms for
candidate adaptive introgression regions were generated using Genotype Plot v0.2.1.%°

Mutation load estimates
The constrained regions of the apple genome were identified using the GERP-++ software.*® First, genome sequences of eight spe-
cies within the Rosales order (i.e., apple (M. domestica), pear (Pyrus pyrifolia), loquat (Eriobotrya japonica), Bowman’s root (Gillenia
trifoliata), almond (Prunus dulcis), peach (Prunus persica), strawberry (Fragaria vesca), and marijuana (Cannabis sativa))'®'2>"*" were
collected for multiple sequence alignments. Multiple sequence alignments were performed with LastZ v1.02."%? A phylogenetic tree
for the 4-fold conserved loci was then constructed based on the maximum likelihood method in IQ-TREE v2.1 software.'*® Finally, the
number of “rejected substitutions” (GERP RS score) was estimated using the ‘gerpcol’ module from the GERP++ software.

Since no sites with GERP RS scores> 2 were found in the apple genome (see supplemental information above), we estimated
genome-wide mutation load using the number of derived deleterious alleles identified in Malus accessions based on Sorting Intol-
erant From Tolerant 4G (SIFT 4G) scores.*® We constructed a SIFT 4G database specific to the apple (Malus domestica) genome
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using the SIFT4G_Create_Genomic_DB tool. The database was built based on the reference genome sequence (FASTA) and
genome annotation (GFF3) files. To enhance the evolutionary conservation information, we incorporated the UniRef90 protein clus-
tering database'®* as a source of homologous protein sequences during database construction. This integration provided a compre-
hensive set of homologs for multiple sequence alignment, thereby improving the accuracy of functional impact predictions. Following
database construction, we employed the SIFT4G_Annotator tool to annotate genetic variants (in VCF format) with SIFT scores. Only
variants located within coding sequences (CDS) were retained for downstream analyses. The proportion of missing genotypes per
individual was low, with an average of 2.4% and a median of 2.1%. We then polarized derived and ancestral alleles using M. baccata
and P. pyrifolia as outgroups. The software est-sfs v2.04'°° was used to estimate the ancestral alleles of M. domestica, M. sieversi,
M. orientalis, and M. sylvestris individuals. First, short-read sequences from five M. baccata (outgroup 1) and five P. pyrifolia (outgroup
2) were mapped to the GDDH v1.1 apple reference genome. ' Alleles with a frequency greater than 0.8 in the outgroup were consid-
ered as putatively ancestral, as high frequency in these related species likely reflects the ancestral state. The Kimura two-parameter
model'®® was then applied to estimate ancestral allele probabilities, and only those with an ancestral site probability greater than 0.9
were considered. Candidate deleterious mutations were screened based on the SIFT4G results, with a threshold set at a “SIFT
score < 0.05” of any nonsynonymous position.'® We observed a reference bias, where sites with the derived allele in the reference
apple genome were more often categorized as tolerated versus sites where the reference was ancestral, similar to findings in human
and soybean genomes (Data S40). We adjusted the derived deleterious allele count at sites where the reference genome contained
the derived allele using the probability estimation method described by Simons.'®” The mutation load for each accession was quan-
tified by counting the ratio of derived deleterious to synonymous mutations at the individual level (Data S40).

To examine the relationship between gene flow or selection sweep and mutation load. The mutation load of each gene was quan-
tified as the average number of derived deleterious alleles per 1,000 bp of the CDS region in DomC or DomD populations, which stan-
dardizes for gene length and facilitates comparison among genes. The introgression level (fy) was calculated for each gene in the four
population groups (SiOr-DomC-SylE-BAcc, SiOr-DomC-SylW-BAcc, SiOr-DomD-SylE-BAcc, and SiOr-DomD-SylW-BAcc). The
deleterious allele distribution per gene was fitted to a negative binomial distribution, and the coefficients with fy were estimated
by the gim.nb function from the MASS package.'®" Genes from various selection regions, including soft or hard sweeps and adaptive
introgression or non-introgression, were extracted, while the remaining genes function used as controls. The statistical significance
of the difference between the selection genes and the control genes was assessed using a Wilcoxon test.

Genome-wide association study (GWAS) of flowering time in cultivated apples

To investigate phenotypic divergence between cider and dessert apples, we conducted a GWAS for flowering time using a subset of
30 cultivated accessions, each with six replicates in a randomized design measured across three common gardens over three years,
planted in 2021. We analyzed genotype—-phenotype associations using the GAPIT R package (v3.0)*” implementing the BLINK
method,*® with kinship (K) and population structure (Q) as covariates. SNPs were filtered for minor allele frequency (MAF > 0.05)
and missing rate < 20% prior to analysis. Significance thresholds were determined using both false discovery rate (FDR < 0.05)
and Bonferroni correction.'*® For significant SNPs, we examined average LD decay distance (10 Kb) nearby genes and transposable
elements using the GDDH13 v1.1 genome gene annotation and TE annotations.'® To assess population-specific differentiation at
these loci, we visualized genotype distributions using custom scripts that generated barplots of allele frequencies by individual
and genetic group (DomC, DomD, SiOr, SylE, SylW) based on fastSTRUCTURE assignments, excluding individuals with >20%
missing data or admixture coefficients < 0.8. We assessed the distribution of flowering-associated alleles across selective sweep
and introgressed regions in the DomC and DomD populations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted in R (v4.4.1). Unless otherwise specified, all statistical tests were two-sided.

Population genetic statistics, including nucleotide diversity (r), genetic differentiation (Fst), divergence (Dxy), and linkage disequi-
librium decay, were calculated using standard estimators.

The significance of D-statistics and related admixture tests was assessed using block jackknife resampling across genomic
blocks. Neutral expectations for selection scans were generated under demographic models inferred from coalescent analysis.
GWAS were performed using a mixed linear model controlling for kinship and population structure. Significant SNPs were deter-
mined using both Bonferroni correction (p,q; < 0.05) and false discovery rate (FDR) control (FDR < 0.05). For adaptive introgression
analyses, outlier regions were defined using interquartile range (IQR) criteria (outlier regions defined as Q3 + 1.5 * IQR) or clustering-
based thresholds where bimodal distributions were observed. Regions supported by multiple independent statistics were consid-
ered high-confidence candidates. Differential gene expression significance was determined using adjusted p-values (FDR < 0.05)
from the statistical framework applied in the RNA-seq pipeline. Gene functional enrichment analyses were evaluated using hypergeo-
metric tests with FDR correction (FDR < 0.05). Mutation load comparisons and associations between introgression, selective
sweeps, and deleterious variation were evaluated using Wilcoxon rank-sum tests and generalized linear models where appropriate.
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