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Abstract

Cerasus is a subgenus of Prunus in the family Rosaceae that is popular owing to its ornamental, edible, and medici-
nal properties. Understanding the evolution of the Cerasus subgenus and identifying selective trait loci in edible
cherries are crucial for the improvement of cherry cultivars to meet producer and consumer demands. In this study,
we performed a de novo assembly of a chromosome-scale genome for the sweet cherry (Prunus avium L) cultivar
‘Burlat, covering 297.55 Mb and consisting of eight chromosomes with 33,756 protein-coding genes. The rese-
quencing and population structural analysis of 384 Cerasus representative accessions revealed that they could be
divided into four groups (Group 1, Group 2, Group 3, and Group 4). We inferred that Group 1 was the oldest popu-
lation and Groups 2, 3, and 4 were clades derived from it. In addition, we found selective sweeps for fruit flavor

and improved stress resistance in different varieties of edible cherries (P avium, P. cerasus, and P. pseudocerasus).
Transcriptome analysis revealed significant differential expression of genes associated with key pathways, such

as sucrose starch and sucrose metabolism, fructose and mannose metabolism, and the pentose phosphate path-
way, between the leaves and fruits of P avium. This study enhances the understanding of the evolutionary processes
of the Cerasus subgenus and provides resources for functional genomics research and the improvement of edible
cherries.
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significant differential expression of genes involved in
key metabolic pathways, including sucrose, fructose,
and mannose metabolism, between the leaves and fruits
of P avium. Our findings provide new insights into the
evolutionary processes of the Cerasus subgenus and
offer valuable genomic resources for the improvement
of edible cherry cultivars.

Gene and accession numbers

All sequence data and genome files generated for this
study were deposited in NGDC (https://ngdc.cncb.ac.cn/
gsa/) under Bio Project ID PRJCA024707.

Introduction
Cerasus, a subgenus of the genus Prunus in the family
Rosaceae, generically contains approximately 150 species
with different ploidies ranging from 2xto 4 X (Li and Li
2007). It is primarily distributed in the temperate regions
of Asia, Europe, and North America (Zhang et al. 2021).
Based on the application value requirements, the subge-
nus Cerasus is classified into three main categories: orna-
mental, edible, and medicinal. The key force behind this
diversification is the selective breeding of Cerasus plants
to meet the demands for fresh and processed products.
Despite the importance of Cerasus plant diversifica-
tion and the economic value of cultivar improvement,
their evolutionary relationship has been controversial.
The current consensus is that the Cerasus subgenus
originated in East Asia (i.e., China, Japan, Korea, and
Russia), especially in western and eastern China and
along Japan and Korea (i.e., Himalaya-Japan) (Chen
et al. 2020; Li, 2007). However, the origins of sweet
cherry and sour cherry (Prunus cerasus) are believed
to be traced back to a region south of the Caucasian
mountains around the Caspian and Black Seas before
they were disseminated across Europe and Russia by
explorers (Mariette et al. 2010). Given that natural
interbreeding among the Cerasus subgenus is univer-
sal, it is unsurprising that its evolutionary relationships
remain controversial. Otherwise, edible cherry varie-
ties mainly belong to three Cerasus species, P. avium,
P cerasus, and P. pseudocerasus, and are highly valued
by consumers owing to their fruit taste and nutritional
quality, and by producers owing to their economic
importance (Welk 2016). Recent genomic stud-
ies focusing on cultivated cherry and related species
within the Cerasus subgenus have pinpointed specific
genomic regions (Donkpegan et al. 2023; Holusova
et al. 2023; Wang et al. 2023a, b) associated with fruit
taste, flavor, color (Calle et al. 2020; Calle et al. 2021;
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Sooriyapathirana et al. 2010), size (Rosyara et al. 2013;
Zhang et al. 2010; Campoy et al. 2015), firmness (Cai
et al. 2019; Crump et al. 2022), and susceptibility to
fruit cracking (Barreneche et al. 2021; Crump et al.
2022). Their findings indicated that these selection
pressures were evident during both the domestication
process and subsequent improvement efforts. However,
substantial phenotypic variation exists among different
edible cherry varieties, and their genetic basis remains
unknown.

For a comprehensive understanding of the genetic
relationships and selection signatures within the
Cerasus subgenus, single nucleotide polymorphism
(SNP) markers were utilized and identified through
population-level whole-genome resequencing (WGR).
Currently, WGR has been extensively applied to vari-
ous crops, such as rice (Wang et al. 2018), maize (Grzy-
bowski et al. 2023), grapes (Dong et al. 2023), apples
(Liao et al. 2021), and other important economic
crops (Yao et al. 2022). Previous studies have shown
that resequencing analysis can be applied in explor-
ing the population structure and genetic relationships
of Cerasus subgenus accessions. Recently, 18 species
(Cao et al. 2022; Zhu et al. 2023; Zheng et al. 2022; Baek
et al. 2018; Fang et al. 2022; Wang et al. 2022; Goeck-
eritz et al. 2023; Shirasawa et al. 2021; Shirasawa et al.
2019; Jiu et al. 2023, 2024a, b) within the Cerasus sub-
genus were successively subjected to genome assem-
bly, encompassing four P. avium cv. ‘Big Star’ (Pinosio
et al. 2020), ‘Satonishiki’ (Shirasawa et al. 2017), ‘Tie-
ton’ (Wang et al. 2020a); v2.0 (Wang et al. 2020b), and
‘Regina’ (Le 2020). Despite ongoing improvements in
the quality of the reference genome assembly for sweet
cherries, high-quality data for elite sweet cherry culti-
vars remains lacking.

In the present study, we combined Illumina, Nanop-
ore and chromosome conformation capture (Hi-C) data
to assemble a high-quality chromosomal genome of P
avium. Additionally, a WGR of 384 edible and ornamen-
tal cherry accessions (289 P. avium, six P. mahaleb, three
P cerasoides, eight P. serrulata, three P. tomentosa, 31 P
cerasus, 35 P pseudocerasus, eight P.Xgondouinii, and
one P, fruticosa) was performed. With approximately 33
million high-quality SNPs, our results revealed the popu-
lation structure and evolutionary relationships among
species of the Cerasus subgenus. Furthermore, selective
sweeps associated with agriculturally important genes
were identified in some cultivated edible cherry species.
Our findings provide genetic evidence regarding the evo-
lutionary relationships of the Cerasus subgenus and facil-
itate trait selection for edible cherry breeding.
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Results

De novo assembly of P. avium cv.’Burlat’genome

The elite sweet cherry cultivar ‘Burlat’ was selected for
genome sequencing and assembly (Fig. 1A). The genome
size of P avium was estimated based on a 17-31-mer
distribution analysis, which was less than the previous
k-mer-based estimate for P avium cv. ‘Big Star’ (322 Mb)
(Pinosio et al. 2020), ‘Satonishiki’ (352.9 Mb) (Shira-
sawa et al. 2017) and ‘Tieton’ (341.38 Mb) (Wang et al.
2020) (Figure S1, Tables S1, S2, and S5). By integrating
192 Gb of long reads from the Nanopore platform (Fig-
ure S2) and 84.71 Gb of short-read sequence data from
the Illumina NovaSeq (Table S1), we yielded 298.03 Mb
of the chromosome-level genome sequences with a
scaffold N50 length of 32.05 Mb. A total of 273.34 Mb
(~91.72%) were anchored to eight pseudochromosomes
within the genome (Table S3, Figs. 1B, 1C, S3, and S4).
To assess integrity and accuracy, 99.06% of Illumina
short reads were mapped to the assembly, covering 99.0%
of the genome. Bench-marking Universal Single-Copy
Orthologs (BUSCO) analysis of 1,614 conserved single-
copy plant genes revealed 97.9% completeness with only
18 genes missing in the assembly, which was comparable
to~97.9% for the cherry “Tieton v2’ (Wang et al. 2020)
assembly (Fig.1D and S5, Table S4).

Annotation of P. avium cv.’Burlat’ genome

We predicted 133.76 Mb of repetitive sequences,
accounting for 48.94% of the assembled genome, includ-
ing 32.63% retrotransposons and 9.55% DNA transpo-
sons. Long terminal repeat (LTR) retrotransposons were
the major components, containing 84.32 Mb sequences,
and accounted for 30.85% of the genome, with 17.25%
Gypsy and 12.50% Copia (Table S6). Genome annota-
tion revealed 33,756 protein-coding genes. The average
length, number of introns, and number of exons per gene
were 2,915 bp, 5.47, and 4.47, respectively (Table S7).
BUSCO analysis showed that 98.4% of the gene set was
completely covered by the genome annotations (Table S9
and Figure S5). In addition, 33,131 (98.15%) genes were
functionally annotated using nine public databases: Non-
Redundant Protein Sequence (NR) (33,125), eggNOG
(28,222), Swiss-Prot (22,868), Pfam (23,071), Clusters of
Orthologous Groups of Proteins (COG) (28,222), Gene
Ontology (GO) (10,328), Kyoto Encyclopedia of Genes
and Genomes (KEGG) (12,987), the Arabidopsis Infor-
mation Resource (TAIR) (25,864), and the Oryza sativa
Information Resource (MSU) (26,896) (Table S8).

Evolutionary relationships and population structure

in Prunus subgenus Cerasus

The evolutionary relationships among the various species
of the Cerasus subgenus remain controversial. To obtain
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the genotypes of these germplasm resources, 3.96 Tb
of whole-genome sequencing data (13,205,172,192
paired-end raw reads) were generated for the 384 acces-
sions sampled from nine Cerasus species (Fig. 2A and
Table S10). After applying basic filtering criteria, the
reads were mapped onto the assembled P avium cv.
‘Burlat’ genome. The average alignment rate was 95.36%
(82.31%—98.17%). The sequencing quality, alignment rate,
and sequence depth of the reads among different indi-
viduals are shown in Table S10. After the identification
of SNPs and indels using the Genome Analysis Toolkit
(GATK), a basic set containing 33,790,533 SNPs and
4,538,846 indels was obtained (Table S11).

To decipher the genetic relationships among these spe-
cies, we employed maximum likelihood (ML)-based phy-
logenetic analysis using whole-genome SNPs from the
384 accessions, with the closely related P persica serv-
ing as an outgroup. The phylogenetic tree (Fig. 2B) clas-
sified the species into four primary clades, i.e., Group
1, P. tomentosa and P. mahaleb; Group 2, P. serrulata,
P. cerasoides, and P. pseudocerasus; Group 3, P. cerasus,
P x gondouinii, and P. fruticosa; and Group 4, P. avium.
The findings were consistent with the population struc-
ture results (Fig. 2C and S6; K=5). This topology cor-
roborated previous findings (Wan et al. 2023), indicating
that P tomentosa shares a sister relationship with other
clades. Among the remaining species, P. mahaleb formed
a sister clade with Group 2, which collectively consti-
tuted a sister clade with Groups 3 and 4. Interestingly,
the Group 3 topology suggests the possibility of gene flow
between the interrelated P cerasus and P Xgondouinii
species. A few accessions were grouped into clades with
different genetic backgrounds (Fig. 2B). For instance, the
sweet cherry accession SH1 (‘Krymsky No.5’) was posi-
tioned within Group 3, whereas TA15 (‘Kale’) exhibited
clustering within Group 2. A possible explanation is
potential misclassification based on morphology during
sample collection. Another plausible interpretation is the
presence of interspecific hybridization in the germplasm
samples.

Principal components analysis (PCA) revealed the
presence of four clusters, with the first three principal
components explaining 23.87%, 7.52%, and 6.45% of the
total genetic variance (Figs. 2D and S7). Among them,
PC1 separated Groups 1 and 2 from Groups 3 and 4, sug-
gesting that the latter two groups shared more similarities
in genetic background than Groups 1 and 2. This finding
was further supported by the results of the phylogenetic
analysis (Fig. 2B). PC2 clearly segregated the samples in
Group 1 into two species, P. tomentosa and P. mahaleb,
and delineated the samples in Group 2 into three species,
P, pseudocerasus, P. cerasoides, and P. serrulata (Fig. 2E),
which originated in the southwestern region of China
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Fig. 1 Characteristics of the P avium cv.'Burlat’genome. A Phenotypic characteristics of P avium cv.'Burlat’trunks, flowers, leaf buds, flower buds,

leaves, berries collected between February and May of 2022 and 2023. B Landscape of the P avium genome assembly. The circles (outer to inner)

represent chromosome ideogram (chr1 to chr 8), gene density, repetitive sequences density, GC content, and duplicated gene links between ‘Burlat’

and ‘Tieton v2'genomes. Chromosomes are shown in a 50 kb window. C Hi-C contact map revealing extensive hierarchical chromatin interactions

in the genome of P avium. D Benchmarking Universal Single-Copy Orthologs (BUSCO) assessment of the completeness of the P avium genome
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and subsequently expanded to other areas (Zhang et al.
2021; Chen et al. 2020).

Demographic history and introgression in Cerasus
subgenus

To explore the demographic history of Prunus subgenus
Cerasus, we estimated the historical effective population
size (Ne) of their ancestors using the PSMC method (Li
and Durbin 2011) based on whole-genome SNPs. Previ-
ous studies have shown that the demographic history of
perennial fruit crops, such as peaches (Yu et al. 2021),
apples (Liao et al. 2021), and grapes (Liang et al. 2019),
typically exhibits a pattern of sequential contraction and
expansion in Ne. However, our study revealed a more
complex scenario in the Cerasus subgenus populations
comprising nine species (Figs. 3A and S8). Demographic
history analysis indicated that five species, P. tomentosa,
P. mahaleb, P. avium, P. fruticosa, and P. cerasus, expe-
rienced an initial bottleneck during the Pleistocene gla-
ciation (1.17 to 0.8 million years ago). Subsequently, a
second bottleneck occurred approximately 70,000 years
ago during the last glaciation (70.0 to 11.5 thousand
years ago) in two Cerasus subgenus species: P mahaleb
and P. tomentosa (Fig. 3A). This finding is consistent with
the effective population bottleneck observed in peren-
nial strawberries (Qiao et al. 2021) Notably, P. fruticosa,
P. cerasus, and P. avium, which originate from the Asia
Minor Peninsula (Pervaiz et al. 2015), displayed relatively
limited effects from the Last Glacial Maximum (LGM)
and exhibited varying degrees of effective population
expansion, particularly P fruticosa and P. cerasus. This
anomaly may be attributed to the comparatively minor
influence on the Asia Minor Peninsula during the LGM
(Yi 2018). Additionally, this pattern, particularly Ne con-
traction, was not observed during the Pleistocene in P
cerasoides, P.Xgondouinii, and P pseudocerasus (Fig-
ures S8a, b, and e). A probable explanation is that these
species are predominantly distributed in tropical and
subtropical regions near the equator. The influence of
the LGM, which resulted in reduced temperatures and

(See figure on next page.)
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altered precipitation patterns, paradoxically promoted
plant growth (L et al. 2018).

To study genetic divergence, we calculated the genetic
distance (Fgy) between species (Fig. 3B). The results dem-
onstrated minimal genetic divergence within groups
and substantial differentiation among groups (Fig. 3B),
which is consistent with the results of both the phyloge-
netic analysis and population structure. A strong ances-
tral gene flow was identified from the roots (except for P
tomentosa) to P. cerasus and from the roots of P avium
and P cerasus to P fruticosa (Fig. 3C, D). Gene flow
between these species may have been important in facili-
tating the rapid diversification of the Cerasus subgenus.

Pedigree analysis within Cerasus subgenus accessions

To investigate the pedigree relationships of the 384
Cerasus subgenus accessions, we analyzed the patterns of
identity-by-descent (IBD) relationships among the acces-
sions. The pedigree network constructed using Cytoscape
showed that the majority of relationships were among
cherry accessions (Fig. 4A). P. avium formed a compact
standalone cluster, whereas P pseudocerasus was highly
connected to P cerasoides and P. serrulata, consistent
with the distribution of the population structure (Fig. 2B:
Group 2). A plausible explanation for this finding is that
the three Cerasus subgenus species may share a common
ancestor, with origins and distribution primarily located
in regions, including the Himalayan Mountain range.
Additionally, a cluster was formed between P cerasus
and P Xgondouinii, whereas P. mahaleb and P. tomen-
tosa constituted two separate clusters. Notably, a limited
number of species constituted a loosely connected clus-
ter (V76-V62, SH8-V33, and V116-V117), indicating that
there remains untapped potential within this species for
the development of hybrid cultivars.

Genetic diversity and genetic structure distribution of P.
avium

After filtering based on IBD, we identified 14,048,694
genome-wide genetic variants in the 141 edible cherry
accessions, including 11,875,331 SNPs and 2,173,363

Fig. 2 Population structure and geographic distribution of the 384 accessions of Cerasus subgenus germplasm. A Geographic locations and fruit
phenotypes of representative varieties from 384 Cerasus accessions. The size of each pie chart represents the sample size. The fruit images of P
cerasoides, P fruticosa, and P.x gondouinii were sourced from external references. P. cerasoides fruit image adapted from Gao Xinxin, sourced

from https://ppbc.iplant.cn/tu/2594155; P, fruticosa fruit image adapted from Gao Xiaohui, sourced from https://ppbc.iplant.cn/tu/653724;

P.x gondouinii fruit image adapted from the article "Analysis of agromorphological between duke cherry (P x gondouinii (Poit. & Turpin) Rehd.)

and its progenitors: sweet cherry (Prunus avium L) and sour cherry (Prunus cerasus L.)". B Maximum likelihood phylogenetic tree for 384 accessions
based on SNPs. Four P, persica accessions were used as the outgroup species. C Model-based clustering analysis with different cluster numbers
(k=2-6). The y-axis quantifies cluster membership, and the x-axis lists the different accessions. The orders and positions of these accessions

on the x-axis are consistent with those presented in the tree. D Principal component analysis of the first two components of the 384 accessions. E

Histogram of species distribution of the accessions in each group
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Fig. 3 Demographic history of Cerasus subgenus species. A Demographic history of diploid Cerasus species (P avium, P. mahaleb, P serrulata, and P
tomentosa) germplasm inferred from the estimation of the historical effective population size (Ne) using the pairwise sequentially Markovian
coalescent method. B Genetic differentiation (Fg;) within nine Cerasus subgenus species. C-D Population splits and migrations among Cerasus
species. Colored lines represent gene flows, and arrows indicate the direction of the gene flow

indels (Figure S9, Tables S12 and S13). The number of
SNP variants per individual was significantly different
(Mann—Whitney, P<0.001) between sweet cherries and
other edible cherries (P cerasus and P. pseudocerasus).
Conversely, the number of SNP variants per individ-
ual showed no significant difference (Mann—Whitney,

(See figure on next page.)

P<0.001) within the China—Europe region (Table S14),
which is consistent with the results presented in Tables
S15, S16, and Figure S10.

To investigate the genetic structure and distribution
of sweet cherries in China and Europe, we employed the
ML method to construct a phylogenetic tree for the 87

Fig. 4 Genetic diversity and differentiation across Cerasus and P, avium accessions from different geographic regions. A Degree relationship network
of 384 Cerasus accessions. The shades of line color are proportional to the calculated identity-by-descent (IBD) values. B Phylogenetic tree of 87
P.avium accessions from different geographic regions after IBD filtering. C Nucleotide diversity (1) estimation from different geographic regions.

D Tajima'’s D estimation from different geographic regions. E Nucleotide diversity () and genetic differentiation (Fg;) within different geographic
regions calculated using the sliding window approach (100 kb windows with 100 kb steps). The circle size represents the mean value of 77in each
region. The numbers marked between each regions indicate the mean value of Fo. F Linkage disequilibrium decay among different regions
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distinct genotypes of sweet cherry cultivars. Phylogenetic
analysis of the different varieties showed no significant
geographic distribution differences within the P avium
cultivated population in China (Figs. 4B and S11). The
limited duration of introduction and cultivation has pre-
vented the development of a unique genetic structure
distribution among the diverse regions in China, cor-
roborating the historical account of the introduction of
sweet cherry varieties to China in 1871 (Zhang 2017).

We analyzed genetic diversity parameters, including
nucleotide diversity (), Tajima’s D, observed heterozy-
gosity (Ho), expected heterozygosity (He), inbreeding
coefficient (F), and linkage disequilibrium (LD). After
correcting for subpopulation sample sizes, P avium
had lower 7 (2.44x107%) than other edible cherries (i,
pseudocerasus — 1.2x 10_2 and TTp cerasus™= 1.3x 10_2) (Fig' 4C
and Table S17). This observation is consistent with the
conclusions derived from He, Ho, and F which indicated
that P avium displays the highest coefficient of inbreed-
ing while exhibiting the lowest levels of He and Ho (Fig-
ure S12 and Table S18). This low level of diversity in P
avium is also evident when compared with other fruit
species in the Rosaceae family, such as apricot (P arme-
niaca) (m=6.18x107%) (Zhang et al. 2021), pear (Pyrus)
(m=5.5%107%) (Wu et al. 2018), and peach (P. persica)
(m=3.41x107%) (Cao et al. 2014). This might be attrib-
uted to the specific breeding methods (grafting and
cutting) and reproductive traits associated with the
domestication of sweet cherries. Among sweet cherry
varieties, the European varieties exhibited a higher 7
(2.7x1073) than varieties from southern (m=2.40x 1073,
northern (m=2.33x107%), and central (m=2.42x107%)
China. The similar genetic diversity (Fig. 4C) suggests a
relatively consistent introduction time for sweet cherries
in the southern, northern, and central regions of China.
The Tajima’s D values displayed the following trend: mid-
dle China (1.50) > southern China (1.42) > northern China
(1.04) > Europe (0.85) (Fig. 4D), mirroring the 7 analysis
results and signifying a greater extent of selection within
China than in Europe. Furthermore, in European cul-
tivated varieties, the genetic diversity of the French and
Spanish varieties was higher than that of the Italian varie-
ties (Figure S13).

We further investigated the genetic divergence
among regional subpopulations of P avium (Fig. 4E and
Table S19). The European subpopulation was genetically
more distant, with greater genetic diversity than the Chi-
nese subpopulations (southern, northern, and middle
China), implying distinct genetic differentiation between
Eurasian regions. The combined diversity and phylog-
eny analyses suggested that the ancestral populations of
French and Spanish cherries may be more closely related
to wild cherries (Figures S11 and S13). Additionally, Fg
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values between the Chinese subpopulations indicated
weaker genetic differentiation among regional popula-
tions. This could be attributed to the relatively short
period since the introduction of sweet cherry into China
or the relatively frequent gene exchange during the mod-
ern cultivation process in China.

Because LD decay is often associated with genetic
diversity, we further analyzed the average LD values
based on r* among different species. The results showed
that LD P avium > LD P. pseudocerasus >LD P, cerasus’ which was
consistent with the results of nucleotide diversity, m ,
avium <Tp pseudocerasus <TMp cerasus and is pr imar ﬂY influenced
by artificial selection (Figure S14). The distribution of
1?/2 values for different regions of P avium (Fig. 4F) was
in the following order: Europe (0.2741) (0.197 kb) <cen-
tral China (0.3329) (0.198 kb) < northern China (0.3145)
(0.256 kb) < southern China (0.3154) (0.295 kb).

Selective sweeps for Cerasus species

To gain insights into the genetic selection driving the
differentiation of cultivated Cerasus species, we aimed
to identify key selective signals during the evolution
of Cerasus species. By analyzing genomic regions with
marked differences in 7 and Fg values (both top 5%)
across comparisons between Group 1 and other groups,
we detected 22 selective sweep regions between Groups
1 and 2, encompassing 10 candidate genes (Figure S15).
Similarly, comparisons between Groups 1 and 3 revealed
138 selective sweep regions with 9 candidate genes (Fig-
ure S16), while the comparison between Groups 1 and 4
identified 142 selective sweep regions containing 8 can-
didate genes (Figure S17 and Table S20). Based on inter-
group selective sweep analysis, we characterized the
distinct evolutionary traits of the groups. Group 1, con-
sisting of P. tomentosa and P. mahaleb, retained ancestral
traits such as simple flower structures (Potter et al. 2007),
indicating early divergence in Cerasus evolution. Group
2, which includes P serrulata, P. pseudocerasus, and P,
cerasoides, has evolved more derived traits like vivid
flower coloration, probably as adaptations to new polli-
nators or varied environments. Selective sweeps between
Groups 1 and 2 revealed genes associated with flower
morphology, such as PAV05G026040, which encodes
dihydroflavonol 4-reductase, an enzyme that converts
dihydroflavonol to dihydroflavonone and plays a crucial
role in flower color formation (Luo et al. 2016). Group 3,
composed of P. fruticosa, P. cerasus, and P. X gondouinii,
was characterized by diverse fruit traits and enhanced
disease resistance, which likely facilitated adapta-
tion to harsher conditions. The selective sweep analy-
sis in Group 3 identified three disease resistance genes,
PAV01G006060, PAV03G002600, and PAV04G004330,
further supporting this possibility. Finally, Group 4,



Lei et al. Molecular Horticulture (2025) 5:6

represented by sweet cherry, has undergone significant
artificial selection, leading to larger, sweeter fruits. The
selective sweep analysis of Group 4 also identified a gene
related to fruit sweetness (PAV03G048310) (Table S20),
which encodes the bHLH transcription factor. The previ-
ous studies have indicated that this gene are involved in
the regulation of soluble sugar and acid accumulation (Yu
et al. 2021).

Following the identification of key selective sweeps,
we further validated the candidate genes associated with
selection signals in edible cherries (P avium, P. pseu-
docerasus, and P. cerasus). By analyzing genomic regions
(~1 kb in length) comprising the top 0.5% highest scores
in p statistical analysis (Figs. 5A, D, and S20; Tables S21,
$23, and S25), we pinpointed selective signal genes across
different cherry species. After filtering out synonymous
and intronic mutations, we identified 183, 201, and 319
candidate genes in P pseudocerasus, P. avium, and P
cerasus, respectively (Tables S22, S24, and S26). After fil-
tering out synonymous and intronic mutant genes, 183,
201, and 319 candidate genes were selected from P, pseu-
docerasus, P. avium, and P. cerasus, respectively (Tables
S22, S24, and S26).

GO analysis of P. cerasus revealed significant functional
representation in immune response, regulation of cell
death, fructose metabolic processes, and plasma mem-
brane (Figure S18). Among these, the fructose metabolic
process was the most significant, with three enriched
genes identified. This implies a potential positive selection
for fruit flavor associated with these genes. Among the
three enriched genes, five non-synonymous SNPs were
located in genes PAV01G023140 and PAV01G023190,
which encode the sugar transport protein MST4 (Wang
et al. 2008; Wang et al. 2007), and PAV01G023150, which
encodes the homolog of the sugar transport protein
13 (STP13) in Arabidopsis (Liu et al. 2016; Nuhse et al.
2004) (Fig.5B and Table S27). Notably, the function of the
MST4 gene as a monosaccharide transporter has been
identified in rice, demonstrating its ability to transport
glucose, fructose, mannose, and galactose (Wang et al.
2007). Therefore, this gene may influence the sweetness
and acidity of sour cherry (2 cerasus). Genotypic analysis
revealed a significant difference in haplotypes containing
a non-synonymous SNP within the PAV01G023150 gene
among the different cherry species. In this haplotype,
the SNP at position chr1:13,360,116 (C/T) resulted in an
amino acid change from serine to glycine (Fig. 5C).

By comparison, GO enrichment analysis of P pseu-
docerasus selection candidate genes showed signifi-
cant functional representation associated with immune
response, transmembrane transporter activity, and regu-
lation of stress response (Figure S16), suggesting posi-
tive selection for resistance to biotic and abiotic stresses.
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Among the genes enriched in the regulation of the innate
immune response, PAV02G035760 encodes a RING/U-
box superfamily protein. Previous studies identified
RING/U-box proteins encoded by soybeans, and their
expression levels are affected by drought stress (Zhang
et al. 2017). Furthermore, PAV03G002960 encodes the
peroxisomal (S)-2-hydroxy-acid oxidase GLO4 (Esser
et al. 2014), and PAV04G021630 encodes the probable
leucine-rich repeat receptor-like serine/threonine-pro-
tein kinase At3g14840 (Marmagne et al. 2007; Gou et al.
2010). Among the three enriched genes, PAV02G035760
contained a significant nonsynonymous SNP (T/C)
located at 18,921,569 bp on chr2, leading to an amino
acid change from lysine to arginine. Genotyping indi-
cated that the P pseudocerasus accessions with the
homozygous mutation genotype were significantly less
than those with the reference genotype (Fig. 5F).

Of the 201 selected candidate genes in P avium, GO
enrichment analysis revealed significant functional rep-
resentation associated with spectrin, ion channel, and
cytoskeletal protein binding and ATPase activity (Fig-
ure S21). Notably, the candidate gene, PAV03G048310,
was identified in both the selective regions between
groups 1 and 4, as well as in the selective region of the
sweet cherry single population, indicating that this gene
plays a critical role in the evolution of traits related to
sugar and acid metabolism in sweet cherry. Another
gene, PAV01G084290, encodes a transmembrane protein
(At3g47200) which is involved in regulating skin thick-
ness in soybeans (Qiao et al. 2022) (Table S27).

Transcriptome analysis of glucose metabolism-related
pathways and selected genes

We identified 730 up-regulated and 373 down-regulated
differentially expressed genes (DEGs) between fruits and
leaves (Fig. 6A). By selecting candidate genes subjected
to selective pressure within edible cherry populations,
we analyzed the differential transcriptome expression
between fruits and leaves, and identified five, 12, and
10 DEGs from candidate genes in P pseudocerasus, P.
cerasus, and P. avium, respectively (Fig. 6B).

To assess variations in the expression of sugar metabo-
lism pathways in fruits and leaves, we identified 15 DEGs
related to starch and sucrose metabolism through a com-
prehensive gene analysis (Fig. 6C). Of these, three AMY1
(alpha-amylase), one glge (glucose-1-phosphate adenylyl
transferase), one SPS (sucrose-phosphate synthase), one
SUS (sucrose synthase), and three WAXY (granule-bound
starch synthase) were upregulated in the leaf, whereas
one Ugp2 (UTP-glucose-1-phosphate uridylyl trans-
ferase), four TPS (alpha, alpha trehalose-phosphate syn-
thase), and one SPS (sucrose-phosphate synthase) were
upregulated in the fruit.
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Meanwhile, we identified eight significant differences
in genes related to fructose and mannose metabolism
(Fig. 6D) and nine DEGs in the pentose phosphate path-
way (Fig. 6E). In fructose and mannose metabolism, one
HK1 (Histidine kinase 1) and one GMDS (GDP-mannose
4,6 dehydratase) were upregulated in the fruit, whereas
MPG was upregulated in the leaves. Additionally, in the
pentose phosphate pathway, one G6PD (glucose-6-phos-
phate 1-dehydrogenase), one FBPA (fructose-bisphos-
phate aldolase), one TKT (transketolase), two FBPase
(fructose-1,6-bisphosphatase), one RP3E (ribulose-phos-
phate-3-epimerase), and one FBPA (fructose-bisphos-
phate aldolase) were upregulated in the leaf, whereas one
6PGD and PFK-1 (6-phosphofructokinase 1) were upreg-
ulated in the fruits.

Discussion

In this study, we used a P avium cv. ‘Burlat’ genome
assembly and resequencing of 384 diverse representative
Cerasus subgenera accessions to reconstruct a detailed
picture of the evolutionary history and genetic rela-
tionships of nine Cerasus species and identify the con-
sequences of these selection processes for the genetic
composition of economically important edible cherries.
These resources will be valuable for further genomic
research and facilitate iterative applications to explore
the genetic diversity and evolutionary history of the
Cerasus subgenus.

To study the genetic relationships among the nine
Cerasus species and identify the genomic loci associ-
ated with the selective traits of edible cherries, we first
performed a genetic relationship analysis based on a
comprehensive dataset of whole-genome SNPs from 384
Cerasus accessions which divided the nine Cerasus spe-
cies into four groups. Among the four groups, Group 1
(P. tomentosa and P. mahaleb) was the oldest population
and closer to the root of the phylogenetic tree, whereas
Groups 2 (P. serrulata, P. cerasoides, and P. pseudocer-
asus), 3 (P. cerasus, P.X gondouinii, and P. fruticosa), and
4 (P. avium) were clades derived from Group 1. This find-
ing suggests possible genetic and evolutionary relation-
ships among the nine Cerasus species. Populations of
the subgenus Cerasus exhibited a complex demographic
history characterized by four distinct evolutionary pat-
terns. Although the limited sampling did not allow for
the display of the whole scheme for the evolution of the
nine Cerasus species, the results revealed important
details regarding the demographic history of this subge-
nus. First, during the Pleistocene glaciation period (1.17
to 0.8 million years ago), the majority of Cerasus species
experienced a contraction in Ne owing to the influence
of climatic conditions. Second, during the LGM, approxi-
mately 80,000-20,000 years ago, the Earth underwent
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a cyclical alternation of multiple glacial and interglacial
periods, resulting in pronounced climatic variations
among different regions. This resulted in the tropical
and subtropical regions experiencing glacier retreat due
to factors, such as rising temperatures, climate warm-
ing, and human activities, leading to the rapid growth of
Cerasus species (P cerasus, P.Xgondouinii, P. fruticosa,
P pseudocerasus, and P. cerasoides) in these regions.
Conversely, the high-latitude and altitude areas in the
Northern Hemisphere, characterized by perennial and
extensive glacier coverage, exerted inhibitory effects on
soil, vegetation, and plant survival. These conditions led
to a secondary contraction in the Ne of P. tomentosa and
P. mahaleb.

We identified that China-European genetic differen-
tiations existed within sweet cherries, with European
varieties exhibiting closer affinity to their wild relatives
than those from China (Figs. 2B and 4B). The phyloge-
netic results showed a greater closeness of the central
China group to the European root sweet cherry varieties
(Fig. 4B), and there was less genetic divergence between
the central China group and European sweet cherry
varieties (Fig. 4E); suggesting that P avium was prob-
ably introduced to the rest of China from central China
(Shandong and Henan).

Phylogenetic analysis of the genetic structure distribu-
tion of sweet cherries indicated the absence of distinct
genetic differentiation among the regions. Notably, as
we moved from central China groups toward the north-
ern and southern ones, the rate of LD decay gradually
slowed. Similarly, nucleotide diversity gradually con-
verged in central China towards both the northern and
southern groups, and the changes in population differ-
entiation indices slowly decreased. Collectively, these
observations suggest a similar trend. One plausible
explanation for these findings is that sweet cherries in
China have experienced some level of regional differen-
tiation owing to the influence of varying climatic condi-
tions and environmental changes across different regions.
Among these, the southern and northern groups exhib-
ited a higher degree of selective breeding than the central
group. However, the relatively short history of regional
introduction and breeding programs has resulted in a
less pronounced genetic differentiation between these
regions. The genetic diversity in sweet cherry germplasm
resources remains limited, and these constraints signifi-
cantly impede further trait improvements and the devel-
opment of new varieties. Therefore, future efforts should
focus on the introduction of genetic resources from wild
cherries and closely related species to ameliorate existing
challenges in sweet cherry cultivation.

Analyses of the SNPs also shed light on a set of selec-
tive sweeps that promote edible cherry fruit flavor and
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resistance to biotic and abiotic stress. The results were
consistent with the traits chosen during edible cherry
selection. For instance, fruit acidity in the sour cherry
(P cerasus) is required to produce a nutrient-rich edible
berry (Chunmei et al. 2011). Enrichment of genes con-
trolling fruit flavor within the selective sweep regions
identified in this study demonstrates that this trait plays
an important role in the selection of sour cherry. Chi-
nese cherry (P, pseudocerasus) has been selected for traits
related to plant resistance to biotic and abiotic stresses
(Ran et al. 2022; Hou 2022), which was consistent with
the enrichment results of the selected candidate genes.
While selective sweeps highlight key candidate genes
involved in fruit flavor and stress resistance, the study is
limited by the absence of experimental validation, par-
ticularly at the gene expression and functional levels.
Addressing this gap in future work would provide more
definitive insights into the biological roles of these candi-
date genes and further substantiate their contributions to
cherry domestication.

In conclusion, our study elucidates the genetic rela-
tionships and demographic histories of nine Cerasus
subgenus species and provides novel information on
the distribution of genetic diversity of sweet cherries in
Europe and China. Identification of interspecific genetic
relationships within this subgenus offers a theoretical
benchmark for investigating the genesis and development
of Cerasus plants on a global scale. Furthermore, this
extensive database of variations in Cerasus species facili-
tates future research on various aspects, such as pan-
genomics, and functional genomics.

Materials and methods

Plant materials and DNA extraction

The sweet cherry cv. ‘Burlat’ originated from France
and was selected for genome assembly. Young leaves of
‘Burlat’ were sampled from Tongchuan Haisheng Mod-
ern Agriculture Co., Ltd. in Shanxi, China (Latitude
108°5056" N, 31°51'14" E). Fresh leaves of 384 Cerasus
accessions from nine species (P. mahaleb, P. cerasoides,
P serrulata, P. tomentosa, P. fruticosa, P. X gondouinii, P.
avium, P. cerasus, and P. pseudocerasus) were collected
for resequencing analysis. During the sample selec-
tion, we acquired specimens from two key regions: eight
Cerasus subgenus cultivation hubs in China and the
well-known INRAE Prunus Genetic Resources Center in
France (Table S10). The fresh leaves were placed on silica
gel for rapid drying. Subsequently, DNA was extracted
using the DNAsecure Plant Kit (Tiangen, Beijing, China),
with 2 pg genomic DNA from each accession used for
library construction. DNA purity, concentration, and
integrity were assessed using a Qubit fluorescence

Page 14 of 20

spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA) according to the manu-
facturers’ instructions.

Library construction and sequencing

Nanopore sequencing was performed using the Rapid
Barcoding Kit/Rapid Sequencing Kit to construct librar-
ies, which were sequenced on the PromethION Beta
v19.05.1 platform (Oxford Nanopore Technologies,
Oxford, UK), following the manufacturer’s recommen-
dations. For genome-based correction and population
genetic analysis, Illumina sequencing libraries were
generated using an NEBNext Ultra DNA Kit (NEB Inc.,
Ipswich, MA, USA), according to the manufacturer’s
instructions. Libraries were subjected to paired-end
sequencing (PE150) using I[llumina HiSeq X Ten (Illu-
mina, San Diego, CA, USA) platform. Otherwise, a Hi-C
library was also prepared using the following procedure:
fresh, young leaves were first fixed in formaldehyde and
lysed. The cross-linked DNA was then digested over-
night with the four-cutter restriction enzyme Dpn IIL
The resulting fragments were ligated and biotinylated to
form chimeric rings, which were subsequently enriched,
sheared, and processed. The Hi-C library was sequenced
on the [llumina HiSeq X Ten platform.

Genome size estimation

To estimate genome size, Illumina reads were subjected
to k-mer analysis using KmerGenie (Chikhi et al. 2014)
(version 1.7051), where k-mer lengths ranged from 17 to
31 bp. The optimal k-mer length was chosen to predict
genome size. Subsequently, k-mers were counted using
Jellyfish (v.2.2.5) (Margais et al. 2011), and the frequency
spectrum was fitted using GnomeScope (v1.0.0) (Vur-
ture et al. 2017). The genome size, heterozygosity, and
repetitive sequence content of P avium cv. ‘Burlat’ were
estimated.

Genome assembly and quality assessment

The long-read data generated by Oxford Nanopore were
utilized for de novo genome assembly using NECAT-
v0.0.1 (Chen 2020) (https://github.com/xiaochuanle/
NECAT), a process encompassing raw read correc-
tion, contig assembly, and bridging contigs. The result-
ant assembled genome was refined by polishing using
Racon3 (Vaser et al. 2017), with clean short reads utilized
as the input to improve base accuracy. We conducted
two rounds of purging using purge_dups-v1.2.5 (https://
github.com/dfguan/purge_dups). Then, we performed
Hi-C chromosome conformation analysis using Juicer
v1.6.2 (Durand et al. 2016) and 3D-DNA v180922 (Dud-
chenko et al. 2017) with default settings. Subsequently,
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we evaluated the integrity of the Hi-C-assisted chromo-
somal assembly using Juicerbox v2.18.00 (https://github.
com/aidenlab/Juicebox) and HicPlotter v0.6.6 (Akdemir
and Chin 2015) to construct a chromatin contact matrix.

To assess the quality of the genome assembly, Illu-
mina reads were aligned to the genome using the Bur-
rows—Wheeler Aligner (BWA) (Li 2013) with default
parameters to estimate the coverage ratio. The com-
pleteness and quality of the genome were evaluated
using BUSCO v3.0.1 (Siméo et al,, 2015) with default
parameters by mapping to the BUSCO library (embryo-
phyta_odb10, eudicots_odb10, viridiplantae_odb10, and
eukaryota_odb10).

Genome annotation

Repeat sequences were annotated using de novo and
homology-based approaches. For the de novo approach,
RepeatModeler (version 1.0.4) (Flynn et al. 2020) was
used to establish a repository of repeat elements. LTR
sequences were identified using ltr_harvest (Ellinghaus
et al. 2008), Itr_finder_parallel (Ou and Jiang 2019), and
Itr_retriever (Ou et al. 2018), and a non-redundant LTR-
RT library was generated. Finally, repetitive sequences
were annotated using RepeatMasker (version 4.0.7)
(Tarailo 2009). For homology-based annotation, the
transposable elements were aligned against the RepBase
library (RepBase 21.01) (Jurka et al. 2005) using Repeat-
Masker (Tarailo 2009) and RepeatProteinMask. Tandem
Repeats Finder (version 4.0.9) (Benson and Benson 1999)
was used to confirm tandem repeat sequences. Finally,
the results from both de novo and homology-based
annotations were integrated.

To annotate protein-coding gene structures in the
genome, we utilized a combination of de novo predic-
tion, protein evidence, and transcriptome evidence. For
homology-based annotation, the protein sequences of P
avium(GCF_002207925.1) (Shirasawa et al. 2017) were
aligned against the genome assembly using TBLASTN
(v.2.2.26). Based on the aligned sequences, gene mod-
els were predicted using GeneWise v2.4.1 (Birney et al.
2004). For transcript-based annotation, RNA datasets
from sweet cherry leaf and root tissues were obtained
from the NCBI database (PRJNA595502, PRJNA419491,
PRJNA550274, and PRJNA73727). All RNA reads from
NCBI were aligned to the assembled genome using
Tophat2 (Kim et al. 2013). The alignment results were
used to construct transcripts using Cufflinks v2.1.1 (Trap-
nell et al. 2013), and the TransDecoder package (http://
transdecoder.sourceforge.net/) was employed to predict
open reading frames on the assembled transcripts. Sub-
sequently, MIKADO 1.1 (Venturini et al. 2018) was uti-
lized to filter and merge the genes obtained using two
distinct approaches. For de novo gene prediction, we
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used the Augustus (Stanke et al. 2006) software to predict
protein-coding genes. Ultimately, the outcomes of the
three methods were amalgamated using MAKER2 (Holt
and Yandell 2011).

BLAST (Altschul et al. 1990) with an e-value threshold
of<1le-5 was used to annotate the relevant gene func-
tions against nine local functional databases, including
NR, UniProt Swiss-Prot, KEGG, COG, eggNOG, and
two specialized protein databases for Arabidopsis thali-
ana and Oryza sativa. We utilized InterProScan and data
from various sources, including Pfam and GO, to identify
the GO and the gene model domains.

Variation calling

All clean paired-end reads were aligned to the refer-
ence genome using BWA (v0.7.10-r789) (Li et al. 2009)
with default parameters. Samtools v1.3.1 (Li et al. 2009)
was then utilized to convert the mapping results into
the BAM format and filter unmapped and non-unique
reads. Duplicate reads were removed using Picard v2.1.1
(https://sourceforge.net/projects/picard/). After BWA
alignment, realignment was conducted in two stages
using GATK v3.3-0-g37228af (McKenna et al. 2010).
Initially, the Realigner-Target-Creator package identified
the regions requiring realignment. Subsequently, Indel
Realigner was used to realign the regions identified in the
preceding step, resulting in a realigned BAM file for each
accession. Variant detection adhered to the best-practice
workflow recommended by GATK. Variants were called
for each accession using GATK HaplotypeCaller, and
joint genotyping was performed on the gVCF files to
merge variant alleles across different haplotypes.

During the filtering process, SNP filter criteria were
established as QD<5.0 || MQ<40.0 || FS>60.0 ||
SOR>3.0 || MQRankSum < —10.0 || ReadPosRankSum <
—8.0 || QUAL< 30, and the filter expression of Indel was
set as QD <2.0 || ReadPosRankSum < —10.0 || Inbreed-
ingCoeff< —0.8 || FS>100.0 || SOR>5.0 || QUAL<30
(DePristo et al. 2011). Only insertions and deletions of
40 bp or shorter were considered. Subsequently, indels
and SNPs with multiple alleles,>50% missing rates, and
MAF<0.005 were removed, resulting in the creation
of a basic set. SNPs with MAF<0.05 were additionally
excluded for phylogenetic tree structure analysis, IBD
calculation, LD decay assessment, PCA, and population
structure analyses, constituting the core set. Annotation
of SNPs and indels was conducted using ANNOVAR
v2015-12—-14 (Wang et al. 2010), with the genome as a
reference.

Population genetics analysis
To investigate the evolutionary patterns among the
sampled accessions, whole-genome SNPs were used to
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construct an ML phylogenetic tree with 100 bootstrap
replicates using SNPhylo v20140701 (Lee et al. 2014). P
persica served as the outgroup for the analysis. The phy-
logenetic tree underwent color coding via the iTOL web
server (https://itol.embl.de/).

Using PLINK v1.90b3.38 (Purcell et al. 2007), SNPs
in LD were filtered out, with a window size of 50 SNPs
(advancing 5 SNPs at a time) and an r? threshold of 0.5.
This process established a pruned SNP set for population
structure analysis. LD-based pruning effectively mitigates
the ascertainment bias (Malomane et al. 2018). GCTA
v1.25.3 (Yang et al. 2011) was utilized to conduct PCA
with subsequent plotting of the first three eigenvectors.
PopLDdecay v3.41 (Zhang et al. 2019) was used to calcu-
late LD, and ADMIXTURE v1.3 (Alexander et al. 2009)
was utilized for analyzing population structure. We pre-
specified the number of genetic clusters (K) from two to
nine and performed a cross-validation error estimation
to assess the convergence of individuals.

Population evolutionary analysis

We employed TreeMix v1.13 (Pickrell 2012) to infer
historical relationships among species, utilizing an ML
approach based on a Gaussian model of allele frequency
change. The topology of the ML trees varies depend-
ing on the number of migration events (m) allowed in
the model, ranging from m=3 to m=4 (Fitak and Fitak
2021). The tree’s bootstrap values were generated from
1,000 replicates.

To elucidate changes in the historical population size
of the Cerasus subgenus species, we used PSMC (https://
github.com/lh3/psmc) to infer the population size.
Because of the propensity of PSMC to systematically
underestimate actual event durations, particularly in sce-
narios of limited sequencing depth, we opted for samples
exhibiting the highest mean coverage from each of the
nine subgenera to guarantee the integrity of the consen-
sus sequences. Using SAMtools v1.3.1 (Li et al. 2009),
consensus sequences were generated and segmented into
nonoverlapping 100-bp bins. The specified parameters
included: -N25 -t15 -r5 -p "4+ 25X 2+ 4+ 6. A generation
time of three years and a mutation rate of 7.7 x 10~ per
site per year (Xie et al. 1841) were used in the analysis.

Pedigree construction

We computed the IBD for all pairwise compari-
sons within the 384 Cerasusaccessions using PLINK
v1.90b3.38 (Purcell et al. 2007). The lowest pairwise
IBD value (>0.5) were used as a stringent empirical cut-
off. If the IBD value was>95%, the pairs of accessions
were considered genetically identical. A network figure
based on IBD was generated using Cytoscape (version
3.10.0;http://www.cytoscape.org).
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Genetic diversity analysis

Vcftools v0.1.13 (Danecek et al. 2011) with 100 kb slid-
ing windows was utilized to estimate genetic diversity,
includingHe, Ho, m, and Tajima’s D using the filtered set
of high-quality SNPs. Additionally, we employed the
same software to compute the overall genetic differentia-
tion across populations, quantified by Weir and Cocker-
ham’s estimator of Fgr.

Detection of selected genes

RAiSD v2.9 (Raised Accuracy in Sweep Detection) (Ala-
chiotis and Pavlidis 2018) was utilized to identify sig-
natures of selective sweeps using the p statistics, with a
significance threshold set at the top 0.5% for the p statis-
tic score. Candidate-selected genes were identified based
on genes annotated with non-synonymous SNP muta-
tions found in these regions. GO enrichment analysis of
the selected genes was conducted using the GO database.
Then, we conducted a genome-wide investigation of selec-
tion signals by analyzingF¢ and 7. Using a sliding window
approach of 50 kb with 10 kb steps, we quantified Fgand
7t with Vcftools v0.1.13 (Danecek et al. 2011). Genes anno-
tated within regions exhibiting significant selection sig-
nals were identified as candidate loci under selection.

Transcriptome analysis

To investigate the expression differences of selective genes
and genes associated with sugar metabolic pathways in
various tissues of edible cherries, we obtained transcrip-
tomic data for leaves and fruits from three distinct P
avium cultivars (‘Bing, ‘Lapins; and ‘Rainier’) from the
NCBI database (PRJNA497458) (Maldonado et al. 2019).
DEGs were identified using the DESeq2 method (Love
et al. 2014), and Reads Per Kilobase Million (RPKM) was
used for gene-level quantification. Genes with adjusted
|log,FC|>2 and p-value<0.05 were defined as DEGs.
The R packages EnhancedVolcano and Pheatmap2 were
employed to create an expression level heatmap and Vol-
cano map for different tissues based on log;, RPKM data.

Abbreviations
BUSCO Benchmarking Universal Single-Copy Ortholog
COG Clusters of Orthologous Groups of Proteins

DEGs Differentially expressed genes

GATK The Genome Analysis Toolkit

GO Gene Ontology

Hi-C High-throughput chromosome conformation capture
KEGG Kyoto Encyclopedia of Genes and Genomes
IBD Identity-by-descent

LD decay Linkage disequilibrium decay

LGM Last Glacial Maximum

LTR Long terminal repeat

ML Maximum-likelihood

NR Non-Redundant Protein Sequence

SNP Single nucleotide polymorphism

PCA Principal components analysis

WGR Whole-genome resequencing
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Expected Heterozygous Sites (%) estimation (a) in Pavium, Pcerasus, and
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S13. Nucleotide diversity (m) and tajama’D estimation from different
geographic regions. Figure S14. Linkage disequilibrium (LD) decay among
edible cherries. Figure S15. Selective sweep regions during evolution of
Cerasus inferred from Fs;and ROD statistics of group1 and group2. Figure
S16. Selective sweep regions during evolution of Cerasus inferred from
Fsrand ROD statistics of group1 and group3. Figure S17. Selective sweep
regions during evolution of Cerasus inferred from Fs; and ROD statistics

of group1 and group4. Figure S18. The enrichment analysis of GO in P
cerasus. Figure $19. The enrichment analysis of GO in Ppseudocerasus. Fig-
ure S20. y statistics calculated by raisd across the genome in Pavium. The
dashed lines mark the regions at the top 0.5%. Figure S21.The enrichment
analysis of GO in Pavium.
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species. Table S21. Summary for P pseudocerasus selective sweep regions
from p analysis. Table S22. Summary for exon variant in selective sweep
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(kmer=17-31). Table S3. Data statistics on 8 pseudomolecules for P avium.

Table S12. Sample statistics for edible cherries after IBD filtration. Table S13.

edible cherries. Table S19. f5; between regions of sweet cherries. Table S20.
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sweep regions from p analysis. Table S24. Summary for exon variant in
selective sweep regions for P cerasus. Table S25. Summary for P avium
selective sweep regions from p analysis. Table $S26. Summary for exon
variant in selective sweep regions for R avium. Table S27. Functional anno-
tation of selection candidate genes for edible cherries.
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