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ABSTRACT
Climate change poses an increasing threat to global
biodiversity and food security. As a wild relative of
cultivated apples, Malus baccata exhibits broad
environmental adaptability and robust stress toler-
ance. However, its effective utilization in breeding is
constrained by the absence of a complete reference
genome and insufficient population‐level genomic

characterization. In this study, we assembled a
haplotype‐resolved, telomere‐to‐telomere genome
for M. baccata, providing unprecedented resolution
for a wild apple reference genome. Population ge-
nomic analyses revealed four distinct genetic clus-
ters. Among these, the Hebei Group 2 harbors the
highest genetic diversity and heterozygosity,
alongside the lowest runs of homozygosity, sug-
gesting a complex history of genetic admixture in
this population. By integrating population genomics
with genotype‐environment association analyses,
we identified a series of climate‐associated single‐
nucleotide polymorphisms and structural variants. A
substantial proportion of these adaptive variants is
localized within the coding and regulatory regions of
candidate genes, providing a genomic basis for
their roles in environmental adaptation. Notably,
DREB1A/D and NAC6 are associated with temper-
ature seasonality and annual precipitation, re-
spectively. Furthermore, future climate projections
indicate that the Northeastern (NE) clusters face
the highest risk of maladaptation, especially under
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high‐emission scenarios. Collectively, these findings
provide critical insights into the genetic basis of
climatic adaptation in wild apples, establishing a
solid foundation for the conservation of crop wild
relatives and the breeding of climate‐resilient
cultivars.
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offset, local adaptation, Malus baccata
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INTRODUCTION

Global environmental changes are intensifying, with rising
temperatures, frequent flooding, and extreme weather

events increasingly threatening biodiversity and global food
security (Mace et al., 2008; Urban, 2015; Malanoski et al., 2024).
Natural populations typically respond to shifting environments
through migration, phenotypic plasticity, selection on standing
genetic variation, or de novo mutations (Aitken et al., 2008; Fior
et al., 2025). Fruit trees, as long‐lived perennial woody species,
are characterized by slow generation times and limited dis-
persal abilities (Long et al., 2025). These biological traits con-
strain their capacity to track rapid climatic change, rendering
standing genetic variation essential for long‐term persistence
(Hereford, 2009; Aitken and Bemmels, 2016; Jia et al., 2020).
Therefore, it is imperative to elucidate and quantify the genetic
basis of local climatic adaptation in fruit trees to predict their
resilience under future scenarios and to guide the development
of climate‐resilient cultivars (Zhou et al., 2014; Gougherty et al.,
2021). Despite significant progress in identifying adaptive genes
in various annual crops, climate‐resilient breeding in perennial
fruit trees remains an emerging field (Rivero et al., 2022; Xiong
et al., 2024).

Crop wild relatives (CWRs) are indispensable reservoirs of
adaptive variation, often retaining valuable alleles that have
been lost during domestication, such as tolerance to drought,
salinity, and cold, as well as resistance to diverse pathogens
(Butchart et al., 2010; Long et al., 2024; Su et al.,
2024; Zhang et al., 2025a, 2025b). The integration of these
alleles into breeding pools has already enhanced crop resil-
ience (Bohra et al., 2022), including heat tolerance in tomato
(Gonzalo et al., 2021), drought and salt tolerance in grapevine
(Carrasco et al., 2022; Cui et al., 2023), and cold tolerance in
apple (Chen et al., 2019). These findings collectively dem-
onstrate the substantial value of wild genetic resources for
crop improvement. To fully exploit this potential and ensure
the continued availability of these genetic resources, the
conservation and comprehensive genomic characterization
of CWRs are essential (Castañeda‐Álvarez et al., 2016). De-
spite recent advances in plant genomics that have accel-
erated the study and conservation of several species, such
as alfalfa (Zhang et al., 2024a), bamboo (Hou et al., 2024),
citrus (Wang et al., 2023), kiwifruit (Zhang et al., 2023; Jiang
et al., 2025), and grape (Zhang et al., 2024b), the majority of
fruit tree wild relatives remain poorly characterized at the
genomic level, especially regarding adaptive potential and
conservation strategies (Gaut et al., 2018).

Among CWRs of temperate fruit tree, the genus Malus
comprises numerous species with significant economic and
ecological values, and represents one of the most globally
widespread and widely cultivated fruit crops (Robinson et al.,
2001; Li et al., 2025). However, wild apple populations are
increasingly threatened by habitat loss and climate change.
Their status as globally prioritized CWRs underscores the
urgency of systematic collection and conservation efforts to
safeguard their unique genetic resources (Khoury et al.,
2013; Vincent et al., 2013). M. baccata (L.) Borkh is one of the
most widely distributed and morphologically diverse apple
species (Chen et al., 2023). Due to its exceptional cold tol-
erance, disease resistance, and broad environmental adapt-
ability, it has been extensively utilized as a rootstock in high‐
latitude regions (Wang et al., 2019). Multiple resistance loci
against major apple pathogens, including apple scab and
powdery mildew, have been identified in M. baccata and its
hybrids, further highlighting its practical value for breeding
(Hemmat et al., 2003; Gygax et al., 2004; Chen et al.,
2019; Wang et al., 2019). Although it has agricultural and
ecological importance, the adaptive potential of M. baccata
remains poorly understood at the genomic level. Current
genome assemblies of M. baccata are incomplete, and
population‐level studies connecting genetic variation with
environmental adaptation are largely lacking (Chen et al.,
2019; Li et al., 2025). Recent advances in long‐read se-
quencing technologies and population genomics offer new
opportunities to address these knowledge gaps (Shi et al.,
2023). By resolving highly repetitive regions and complex
structural variations (SVs), telomere‐to‐telomere (T2T) ge-
nome assemblies in crops such as grape (Shi et al., 2023)
and mango (Ahmad et al., 2025) have improved genome
completeness and accuracy. These references enable pre-
cise variant identification and establish a solid foundation for
genetic and breeding studies (Garg et al., 2024; Li and
Durbin, 2024).

Numerous studies have demonstrated that local adapta-
tion to climate is driven by polygenic selection across het-
erogeneous environments, highlighting the importance of
elucidating the genetic basis of such adaptation at the ge-
nomic level (Sang et al., 2022; Long et al., 2025). However,
the adaptive genetic basis of natural populations of
M. baccata and their responses to current and future climate
change remain poorly understood. Integrating landscape
genomic approaches with genetic offset modeling provides a
powerful framework for dissecting the molecular basis of
local adaptation in apple (Aitken et al., 2024; Feng et al.,
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2024; Lazic et al., 2024; Lind et al., 2024). These approaches
facilitate the identification of signatures of local adaptation,
as well as quantify the genomic vulnerability in natural pop-
ulations in response to climate change.

In this study, we present the first haplotype‐resolved T2T
genome of M. baccata, which reveals genetic and functional
divergence within its diploid genome. We further combined
whole‐genome resequencing of natural populations in
China with environmental data to investigate the genetic
structure and climate adaptation of M. baccata. By in-
tegrating genotype‐environment association (GEA) analysis
and gradient forest modeling, we identified candidate adap-
tive loci related to key environmental factors, including tem-
perature, precipitation, radiation, and soil characteristics.
Moreover, by projecting these models onto future climate
scenarios, we quantified genomic offsets and assessed the
vulnerability of populations to anticipated environmental
changes. Our findings provide new insights into the mechanisms
of climatic adaptation in M. baccata and offer valuable genomic
resources to facilitate climate‐resilient breeding of apples.

RESULTS

A haplotype‐resolved telomere‐to‐telomere reference
genome for M. baccata
A total of 20.94Gb (~33.65×) of PacBio high‐fidelity (HiFi)
reads, 31.80Gb (~51.11×) of Hi‐C reads, and 16.33 Gb
(~26.24×) of Oxford Nanopore Technologies (ONT) reads were
generated for M. baccata collected from Jingpo Lake, China
(Table S1). Genomic surveys using HiFi reads revealed a het-
erozygosity of approximately 1.1% for theM. baccata genome
(Figure S1), indicating a highly heterozygous diploid genome
and underscoring the necessity of a haplotype‐resolved as-
sembly strategy. The initial haplotype‐resolved assemblies
generated were 629.27Mb and 628.71Mb in size, with contig
N50 values of 34.23Mb and 35.02Mb for haplotypes 1 and 2,
respectively (Table S2). Based on the Hi‐C contact map (Figure
S2), we anchored the two haplotype assemblies to pseudo-
chromosomes, achieving an average anchoring rate of 99.0%
(Table S2). By manually resolving the gaps, two haplotypes
were completely assembled with total lengths of 622.22Mb
and 623.11Mb, and designated as MbaT2T_hap1 and
MbaT2T_hap2, respectively. The two haplotypes exhibited low
switch (~0.71%) and Hamming error rates (~1.44%), indicating
high phasing accuracy. In addition, the high HiFi read mapping
rate (average ~99.99%) and BUSCO score exceeding ~98.5%
further confirmed the quality and completeness of the as-
sembled genomes (Table S2).

We predicted 28 and 30 telomeres in MbaT2T_hap1 and
MbaT2T_hap2, respectively (Figure 1A). The centromeric re-
gions were characterized by the distribution of HODOR ele-
ments and distinct abundance patterns of specific trans-
posable elements (TEs) (Figure S3). For TE annotation,
repetitive sequences accounted for 60.45% (~376.15Mb)
and 60.26% (~375.50Mb) of the haplotypes 1 and 2,

respectively. Long terminal repeat (LTR) retrotransposons
were the predominant class, with Gypsy elements repre-
senting 16.57% and 19.08% of haplotypes 1 and 2, re-
spectively (Figure 1C; Table S3). For gene annotation, 42,657
and 42,649 protein‐coding genes were predicted in two
haplotypes, with high completeness evidenced by BUSCO
scores of 98.6% and 98.3%, respectively. Functional anno-
tation indicated that approximately 94.8% and 94.7% of
genes were assigned to at least one database, confirming the
accuracy and comprehensiveness of the gene models
(Table S2).

Although draft and chromosome‐level assemblies of the
M. baccata genome have been reported previously, these
assemblies are neither telomere‐to‐telomere nor haplotype‐
resolved. To assess the extent of improvement achieved by
our assembly, we compared both haplotypes with the
M. baccata genomes released in 2019 (Chen et al., 2019) and
2025 (Li et al., 2025). The results demonstrate that the current
assembly achieves accurate haplotype phasing and superior
performance across multiple quality metrics, specifically in
the annotation of TEs, telomere and centromere identi-
fication, and gene annotation. Furthermore, comparative
genomic analyses revealed extensive SVs among these as-
semblies (Table S4). Using MbaT2T_hap1 as the reference,
we identified 7,889 deletion events in the M. baccata as-
sembly released in 2025, affecting a total of 1,875 genes.
Functional enrichment analysis revealed that these affected
genes were significantly enriched in photosynthesis‐related
biological processes (Figure S4).

We further evaluated genomic divergence between the
MbaT2T_hap1 and MbaT2T_hap2, identifying a total of
27,897 deletions (DEL), 23,314 insertions (INS), 58 duplica-
tions (DUP), 124 inversions (INV), and 3,002 translocations
(TRANS) (Table S5). Furthermore, 2,632 hemizygous genes
were characterized, accounting for 6.2% of all annotated
protein‐coding genes (Table S6). This proportion is consistent
with findings reported in other Malus species (Peng et al.,
2025). Comparative analysis of SVs between wild M. baccata
and the cultivated apple “Golden Delicious” revealed the set
of SVs (27,460 DEL, 31,794 INS, 222 DUP, 305 INV, and
4,146 TRANS) (Figure S4; Table S7). Presence/absence var-
iation (PAV) analysis identified 7,685 genes specific to
M. baccata (Table S8). Functional enrichment analysis
showed that these genes were significantly enriched in bio-
logical processes, including photosynthesis, flavonoid me-
tabolism, and carbohydrate catabolic processes (Figure 1D).
These results collectively demonstrate that our haplotype‐
resolved T2T assemblies represent a high‐quality genomic
resource for M. baccata, providing a solid foundation for
comparative genomics, population genetics, and studies on
environmental adaptation.

Population structure and genetic diversity of
M. baccata
To investigate the genetic dynamics of wild apple (M. baccata),
we collected short‐read sequence data from 138 individuals.
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The dataset includes 117 newly sequenced accessions with an
average coverage of ~17.3×, 111 of which have precise geo-
graphic coordinates representing 13 geographically distinct
natural populations. This high‐resolution sampling provides a

robust foundation for subsequent spatial genetic and environ-
mental association analyses. One apple (Malus angustifolia) and
five pear accessions were used as an outgroup for population
analysis (Table S9). The 111 accessions were collected from

Figure 1. Genomic and phenotypic landscapes of Malus baccata
(A) Synteny analysis illustrating genomic conservation and divergence among the four genomes GDT2T_hap1, GDT2T_hap2, MbaT2T_hap1, and
MbaT2T_hap2. GD, “Golden Delicious” assembly; Mba, Malus baccata assembly. (B) The map displays the geographical distribution of M. baccata
accessions across East Asia, with representative fruit phenotypes shown for each region. The scale bar indicates ~1 cm. (C) Circos plot of the
MbaT2T_hap1 assembly highlighting genomic features across the 17 chromosomes. From the innermost to the outermost tracks: gene density, structural
variations (SVs), insertions and deletions (InDels), single nucleotide polymorphisms (SNPs), Copia transposable elements (TEs), and Gypsy TEs. (D) Gene
Ontology (GO) enrichment analysis of M. baccata lineage‐specific genes relative to the “Golden Delicious” genome.
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diverse regions across China to capture a comprehensive
spectrum of genetic diversity (Figure 1B). We identified
46,877,012 single nucleotide polymorphisms (SNPs) by aligning
reads to the complete MbaT2T_hap1 reference genome. Fol-
lowing linkage disequilibrium (LD) pruning, a subset of 604,968
SNPs was retained for population genetic analyses. ADMIX-
TURE was employed to infer ancestral components and in-
dividual admixture proportions, with cross‐validation indicating
an optimal number of populations at K= 4–6. The corre-
sponding clustering results for K= 2–6 are illustrated in the
figure (Figure 2A). Maximum‐likelihood phylogenetic re-
construction and principal component analysis (PCA) con-
sistently resolved four genetic clusters within M. baccata, cor-
responding to the Northwestern (NW, 25 individuals),
Northeastern (NE, 60 individuals), Hebei Group 1 (HB1, 14 in-
dividuals), and Hebei Group 2 (HB2, 33 individuals) populations
(Figures 2B, S5).

To characterize patterns of genetic variation across the
four populations, we calculated nucleotide diversity (π) and
genetic differentiation (FST) value. HB2 exhibited the highest
nucleotide diversity (π= 5.35 × 10−3), followed by NW
(π= 4.60 × 10−3), while NE and HB1 showed lower levels
(π= 3.30 × 10−3). NE was highly differentiated from the two
southern populations (NE vs. NW: FST= 0.225; NE vs. HB2:
FST= 0.206) (Figure 2C). Notably, despite its geographic
proximity to NW and HB2, the HB1 group exhibited phylo-
genetic and differentiation patterns more similar to NE (NE vs.
HB1: FST= 0.061). Analyses of identity‐by‐descent (IBD)
blocks revealed stronger signals in NE and HB1 than in other
groups, indicating more extensive haplotype sharing. This
pattern, consistent with their reduced nucleotide diversity,
suggests recent common ancestry or smaller effective pop-
ulation sizes (Figure S6). Analysis of runs of homozygosity
(ROH;> 500 kb) and genome‐wide heterozygosity further
revealed more extensive homozygous tracts and higher
inbreeding in NE and HB1 compared to NW and HB2
(Figure 2D), which may result from limited genetic exchange
in northern regions or selective pressures related to local
environmental conditions (López‐Goldar and Agrawal, 2021).
Given the potential for genetic exchange to shape diversity,
we further examined introgression, the transfer of alleles from
a donor to a recipient population via hybridization and
backcrossing, which can influence both fitness and genomic
architecture (Harrison, 1993; Edelman and Mallet,
2021; Brauer et al., 2023). The fb statistic revealed significant
gene flow into HB1 from both NW and HB2 (Figure 2E). These
results suggest extensive hybridization and gene flow
between HB1 and other wild species, although their role in
recent adaptation remains unclear.

Deleterious and adaptive variations in M. baccata
Deleterious alleles are defined as variants that may determine
fitness (Charlesworth and Charlesworth, 1998). We investigated
the accumulation of deleterious alleles. These results revealed
that under an additive model, the HB2 and NW subgroups,
characterized by higher hybridization backgrounds, harbored

significantly more deleterious SNPs and SVs than the NE and
HB1 subgroups. Interestingly, deleterious SNPs exhibited con-
trasting patterns between the heterozygous and recessive
models (Figure 3A). Although HB2 and NW carried a higher
heterozygous load, their recessive deleterious mutations were
significantly reduced. This observation suggests that inter-
specific hybridization in M. baccata facilitates the purging of
recessive deleterious SNPs while simultaneously accumulating
hybrid load. Notably, HB2 and NW maintained elevated
deleterious SV loads under three models, indicating that SNPs
and SVs follow distinct response mechanisms to evolutionary
selection. This discrepancy likely arises from the stronger genetic
burden and recombination suppression associated with SVs,
which hinders the efficient purging of deleterious SVs compared
to the more effective selection acting on individual SNP sites.

The landscape genomic frameworks exhibit strong effec-
tiveness in detecting adaptive signals along environmental
gradients (Lotterhos, 2023; Lazic et al., 2024). To investigate
the genetic basis of local adaptation in M. baccata, we per-
formed GEA analysis using latent factor mixed models
(LFMM) for all bioclimatic variables (Figure S7). This approach
effectively evaluates the associations between genetic var-
iants and environmental factors while accounting for con-
founding population structure. In total, we identified 7,619
SNPs and 766 SVs that exhibited significant associations
with at least one environmental variable (Table S10). Based
on the variable importance rankings from gradient forest (GF)
analysis and pairwise Spearman correlation coefficients
(|r|< 0.8), we selected six uncorrelated bioclimatic variables
to minimize multicollinearity in subsequent analyses
(Figures S8, S9). The selected variables comprised three
temperature‐related variables: mean diurnal range (BIO2),
temperature seasonality (BIO4), and maximum temperature
of the warmest month (BIO5), and three precipitation‐related
variables: annual precipitation (BIO12), precipitation of the
wettest month (BIO13), and precipitation of the driest quarter
(BIO17) (Figure S9). Using these six selected variables, re-
dundancy analysis (RDA) was performed to identify genetic
loci potentially associated with bioclimatic gradients, ulti-
mately detecting 45,842 SNPs and 1,144 SVs (Table S11).
Based on the RDA results, we calculated an adaptive index to
quantify genetic similarity and divergence across the land-
scape (Capblancq and Forester, 2021). The first RDA
axis (RDA1) captured the majority of adaptive variation, and
pronounced spatial heterogeneity in the adaptive index
was observed (Figure 3B, C). These six selected bioclimatic
variables largely explained a substantial portion of the
environment‐associated genomic variation in M. baccata.
Specifically, genetic variants in the HB2 population showed
signatures of local adaptation associated with the maximum
temperature of the warmest month (BIO5) and precipitation of
the wettest month (BIO13), as indicated by positive RDA1
scores (Figure 3B). In contrast, variants in NE populations
were most strongly associated with temperature seasonality
(BIO4) and precipitation of the driest quarter (BIO17),
reflected by negative RDA1 scores (Figure 3C).
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Figure 2. Population genetic structure and diversity analyses of M. baccata
(A) Admixture analysis displaying the ancestry components of M. baccata accessions across different K values. The upper panel exhibits a phylogenetic
tree, reconstructed without the outgroup. (B) Principal component analysis (PCA) plot illustrating the genetic clustering of the four M. baccata populations:
NW, Northwestern; NE, Northeastern; HB1, Hebei Group 1; and HB2, Hebei Group 2. (C) Heatmap representation of pairwise FST values among the four
M. baccata populations. The circles indicate nucleotide diversity (π). (D) Boxplots representing heterozygosity (pink) and the proportion of the genome in
runs of homozygosity (blue) across the four populations. For each box plot, the horizontal line signifies the median, the box boundaries represent the first
and third quartiles, and the whiskers denote the data range (min to max). Sample sizes for each population are as follows: NE (n= 60), HB1 (n= 14), HB2
(n= 33), and NW (n= 25). (E) Branch introgression (fb) values indicating the strength of potential gene flow between groups. Darker red corresponds to
higher fb values.
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Figure 3. Genome‐wide profiling of deleterious mutations and adaptive variations in M. baccata
(A) Boxplots showing the accumulation of deleterious mutations and structural variations (SVs) under recessive, heterozygous, and additive genetic models
across the NW, NE, HB1, and HB2 populations. For each box plot, the horizontal line signifies the median, the box boundaries represent the first and third
quartiles, and the whiskers denote the data range (min to max). Sample sizes for each population are as follows: NE (n= 60), HB1 (n= 14), HB2 (n= 33), and
NW (n= 25). (B, C) Redundancy analysis (RDA) plots illustrating the relationship between genomic variants and key bioclimatic variables for the four
populations. (D) Genomic distribution of core adaptive single nucleotide polymorphisms (SNPs) and SVs across the genome. (E) Manhattan plot showing
the results of the PCAdapt analysis, identifying outlier SNPs putatively under selection and potentially involved in local adaptation. The horizontal dashed
line represents the significance threshold (Bonferroni‐corrected P< 0.05). (F) Bubble plot illustrating the GO terms significantly enriched among the outlier
genes identified by PCAdapt.

Wild relatives (Malus baccata) for breeding of climate‐resilient appleJournal of Integrative Plant Biology

www.jipb.net Month 2026 | Volume 00 | Issue 00 | 1–22 7

 17447909, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.70194, W

iley O
nline L

ibrary on [04/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Finally, the candidate environment‐associated loci were
defined by overlapping the results of LFMM and RDA. This
consensus approach jointly identified 3,671 SNPs and 214
SVs, which were designated as putative “core variants”
underlying climate adaptation (Figure 3D; Table S12;
Figure S12). These high‐confidence loci were distributed
across the entire genome. GO enrichment analysis revealed
that these “core variants” are involved in diverse biological
processes, including shoot system morphogenesis, iso-
prenoid metabolic process, and response to hydrogen per-
oxide (Figure S10). These variants were primarily located in
upstream cis‐regulatory regions (33.18%) and intergenic re-
gions (26.70%) (Figure S11). The high proportion of variants
in cis‐regulatory regions suggests that regulatory changes
may contribute to climate adaptation, although further func-
tional validation is required to confirm their effects. Only
4.60% of the core adaptive SNPs were non‐synonymous,
and 6.29% were synonymous. To complement the GEA re-
sults, we employed the PCAdapt algorithm to identify ge-
nomic outliers deviating from the overall population structure.
This analysis revealed 7,628 outlier SNP windows and 746 SV
windows, involving 3,143 candidate genes (Figure 3E;
Table S13). GO enrichment analysis of genes potentially
affected by these outlier loci revealed a primary enrichment in
biological processes related to regulation of response to
external stimulus, phospholipid metabolic process, and
amino acid biosynthetic process (Figure 3F).

Local adaptation to temperature in M. baccata
For each environmental variable, we identified key genes
associated with significant loci, in which allele frequencies
showed strong correlations with both geographic dis-
tribution and environmental gradients (Figure S13; Table
S14). The majority of SNPs (~70%) were associated with a
single environmental variable, whereas a smaller fraction
was linked to multiple variables. For example, ~12.4% of
SNPs were associated with four environmental variables,
suggesting that a subset of loci may be subject to
consistent selective pressures across multiple ecological
gradients (Figure S14). We identified numerous previously
reported climate‐adaptive genes, many of which are as-
sociated with temperature‐related traits. Notably, two
tandem duplicated homologs of DREB transcription factors
(DREB1A and DREB1D) (Yang et al., 2011; Chen et al.,
2019) were consistently detected in association with mul-
tiple bioclimatic variables, specifically temperature sea-
sonality (BIO4) and mean temperature of the coldest
quarter (BIO11) (Figure 4A, B). One structural variant
(DEL00116767) and one SNP (4_8215096) were observed
in the upstream regions of DREB1D and DREB1A,
respectively (Figure 4C). The SNP associated with DREB1A
was linked to six BIOs (BIO1, BIO3, BIO4, BIO6, BIO9,
and BIO11), highlighting its broad environmental
responsiveness. Homologs of these two genes have
been previously characterized in M. baccata, with their
roles in drought stress response validated in Arabidopsis

(Vonapartis et al., 2022). The geographic distribution of
both variants revealed clear differences in allele frequency
(Figure 4D, F). Regarding the SV (DEL00116767), the allele
carrying the deletion was mainly observed in southern re-
gions characterized by lower temperature seasonality,
while the non‐deletion allele was almost fixed in north-
eastern regions with higher temperature seasonality. Allele
frequencies of both variants exhibited significant correla-
tions with climatic gradients (Figure 4E, G). In addition,
compared with neutral reference variants, these adaptive
alleles exhibit distinct allele frequency patterns across the
BIO4 gradient (Figure S15). To further validate the func-
tional implications of these variants, we analyzed publicly
available transcriptomic data under cold stress. Both
DREB1A and DREB1D showed significant upregulation in
cold‐treated samples compared with controls, which is
consistent with their roles in cold stress responses and
further underscores the adaptive significance of the
identified genomic variants (Figure S16; Table S15).

Local adaptation to precipitation in M. baccata
We also identified numerous genes associated with precip-
itation (Figure S13; Table S14). A representative example is the
transcription factor NAC6, which showed a significant associ-
ation with annual precipitation (BIO12) (Figure 5A). In rice, the
homolog gene OsNAC6 has been reported to enhance drought
tolerance by promoting lateral root formation (Lee et al., 2017).
A critical candidate SNP (SNP_10_22531962) was identified
~1 kb upstream of NAC6 within the putative cis‐regulatory
region, suggesting a potential role in modulating NAC6
expression under climatic stress (Figure 5C). Geographical
distribution analysis revealed that the G allele predominated
in populations inhabiting regions with higher precipitation,
whereas the A allele frequency increased in populations from
drier regions (Figure 5B). Allele frequency at this locus exhibited
a strong positive correlation with annual precipitation
(Figure 5D). Additionally, the G allele, prevalent in high‐
precipitation regions, displayed moderately higher extended
haplotype homozygosity (EHH) values compared to the A allele
(Figure 5E), suggesting a weak signal of positive selection.
Nevertheless, the absence of pronounced selective sweep
signals further indicates that climate adaptation inM. baccata is
primarily shaped by a polygenic architecture involving many loci
of small effect. Consistent with these patterns, analysis of
publicly available transcriptomic data revealed that NAC6 ex-
pression was significantly downregulated following flooding
treatment, supporting its responsiveness to precipitation‐
related stress (Figure S1; Table S15).

Several other genes were also implicated in precipitation‐
related adaptation. The candidate gene associated with
precipitation of the driest month (BIO14) corresponds to
FAX4, whose loss‐of‐function mutation disrupts fatty acid
transport and membrane stability, thereby affecting osmotic
regulation under drought stress (Li et al., 2020). The gene
associated with precipitation of the wettest quarter (BIO16)
corresponds to GRXC2, a homolog strongly induced by
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osmotic perturbation in Arabidopsis (Belin et al., 2015).
Additionally, ADH2 was significantly associated with precip-
itation of the warmest quarter (BIO18), and its soybean or-
tholog (GmAdh2) has been validated to enhance germination

under flooding stress (Figure S13) (Komatsu et al.,
2011; Tougou et al., 2012).

We further conducted LFMM analyses on seven additional
environment variables, including monthly precipitation

Figure 4. Genome‐wide identification of candidate loci associated with local adaptation to temperature
(A, B) Manhattan plots showing the significant genomic signals associated with temperature seasonality (BIO4, top panel) and the mean temperature of the
coldest quarter (BIO11, bottom panel). SNPs and SVs are represented by points and triangles, respectively. Horizontal dashed lines indicate significance
thresholds (FDR≤ 0.05) for SNPs (blue) and SVs (red), with key candidate genes labeled. (C) Diagrams of the DREB1D and DREB1A genomic loci.
The candidate adaptive SNPs are highlighted. (D, F) Maps showing the geographical distributions and relative frequencies of the DEL00116767
(D) or SNP_4__8215096 (F) variant (reference [REF] and alternative [ALT] alleles) overlaid onto the local values for BIO4 and BIO11, respectively.
(E, G) Scatterplots showing the correlation between the frequency of the ALT allele for DEL00116767 (E) or SNP_4__8215096 (G) and the
corresponding bioclimate values across latitudes.
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(prec6, prec12), solar radiation (srad6, srad12), vapor pres-
sure (vapr6, vapr12), and elevation (Table S16). These com-
plementary datasets provide valuable resources and novel
insights into the genomic basis of local adaptation. We found
that numerous candidate genes were significantly associated
with the climatic variables, including 2,160 SNPs and 467
SVs, which involve 965 annotated genes, some of which have
been previously validated, such as CBF/DREB transcription
factors, HSP70 (Jung et al., 2013; Usman et al., 2017), and
NAC family genes (Table S16). Collectively, our analyses of
candidate genes under selection reveal that natural pop-
ulations of M. baccata exhibit polygenic adaptation to local
climatic factors, particularly temperature and precipitation
gradients. These adaptive loci elucidate the genetic basis of
local adaptation and represent key genomic indicators for
predicting the responses of M. baccata to future climate
change.

Local adaptation to saline‐alkali soil in M. baccata
Soil properties, such as fertility, nutrient availability, and
cation exchange capacity, are pivotal determinants of plant
growth and survival, particularly under challenging

environmental conditions, such as salinity and alkalinity
(Liang et al., 2024). To investigate the genetic basis of soil
adaptation in M. baccata, we applied LFMM analyses and
identified 5,034 SNPs and 1,730 SVs significantly associated
with seven soil factors. These variants correspond to 2,202
candidate genes, including previously validated genes, such
as CIPK11, TCP20, NRAMP7.2, NLP2, and LYK3 (Table S17).
Among these soil factors, soil cation exchange capacity
(CEC_SOIL) represents a critical indicator of soil fertility, nu-
trient availability, and buffering capacity under saline–alkaline
conditions (Gao et al., 2024). At loci significantly associated
with CEC_SOIL variation, we identified 750 genes involved in
biological processes significantly enriched salt–alkaline
stress tolerance, including alcohol metabolic process, re-
active oxygen species metabolic process, response to toxic
substance, detoxification, and protein autophosphorylation
(Figure 6A, B). Interestingly, a SNP located in the coding re-
gion of the NPF gene showed a significant positive correla-
tion between allele frequency and CEC_SOIL levels (Figure
6C, D). Haplotype analysis further revealed that haplotypes
carrying the high CEC_SOIL allele (G) exhibited faster EHH
decay compared with those carrying the alternative allele

Figure 5. Genome‐wide identification of candidate loci associated with local environmental adaptation analyses related to precipitation
(A) Manhattan plot showing the significant genomic signals associated with the annual precipitation (BIO12). SNPs and SVs are represented by points and
triangles, respectively. Horizontal dashed lines represent the significance thresholds (FDR≤ 0.05) for SNPs (blue) and SVs (red), with key candidate genes
labeled. (B) Map showing the geographical distribution and relative frequencies of SNP_10__22531962 variants (REF and ALT alleles) overlaid on BIO12.
(C) Diagram of the NAC6 genomic locus. The candidate adaptive SNP is highlighted. (D) Scatterplot showing the correlation between the frequency of the
ALT allele and bioclimate values (BIO12) across latitudes. (E) Decay of extended haplotype homozygosity (EHH) for the REF and ALT alleles at the
significant SNP_10__22531962 of NAC6. (F) Bar plot illustrating the relative expression levels of NAC6 in M. baccata var. xiaojinensis under control and
water‐stress conditions. Transcriptomic data are presented as transcripts per million (TPM), retrieved from NCBI (BioProject PRJNA392909). P‐values were
adjusted using the Benjamini–Hochberg method (*P< 0.05).
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(A) (Figure 6E). These findings highlight the genomic basis of
soil adaptation and provide insights into the mechanisms
enabling M. baccata to thrives in marginal soils. In summary,
our association analyses uncovered adaptive loci and can-
didate genes linked to key environmental and climatic fac-
tors, deepening our understanding of the genetic basis of
local adaptation in wild apple and offering critical information
for predicting species' responses to future climate change.

Genomic offset reveals genetic vulnerability under
future climate change
Given the accelerating pace of climate change, it is essential
to assess how natural populations will respond to future
environmental conditions. Here, we employed genomic offset
analyses based on core adaptive variants to predict the
responses of M. baccata populations to projected climatic
changes. Specifically, we quantified climatic vulnerability
using GF models, which estimate the magnitude of genomic
offset required for populations to maintain local adaptation
as the climate shifts. Forward and reverse offsets were
further utilized to capture potential mismatches under
migration and in situ scenarios, highlighting populations
and regions at greatest conservation risk (Gougherty et al.,
2021). To account for temporal and climatic uncertainty,

projections were based on three global circulation models
(ACCESS‐CM2, CMCC‐ESM2, and GISS‐E2‐1‐G) under two
Shared Socioeconomic Pathways (SSP245 and SSP585) for
the 2060s (2041–2060), 2080s (2061–2080), and 2100s
(2081–2100). We used 19 bioclimatic variables (BIO1–BIO19)
to estimate the genomic offset across the geographic
distribution of the species. Notably, the estimated local,
forward, and reverse offsets exhibited high consistency
across all models (Figure S18), supporting the robustness of
our adaptive predictions.

Specifically, genomic offsets exhibited an increasing trend
under higher emission scenarios, indicating that genetic
mismatches between populations and their future environ-
ments will intensify as greenhouse gas emissions rise
(Figure 7A, B). According to the multi‐model averages, pop-
ulations in the eastern and southeastern parts of the
distribution, especially in coastal areas near the Korean
Peninsula, consistently showed larger local offsets than
those in the west (Figures S19, S20). These results suggest
that the eastern edge of the range may be a hotspot for
climatic vulnerability. Forward and reverse offsets provided
complementary insights into the adaptive landscape, with
distinct spatial patterns revealed by the ternary color maps
(Figure 7C, D). Extensive areas in northeastern China

Figure 6. Genome‐wide identification of candidate loci associated with local adaptation to soil cation exchange capacity
(A) Manhattan plot showing the significant genomic signals associated with soil cation exchange capacity (CEC_SOIL). SNPs and SVs are repre-
sented by points and triangles, respectively. Horizontal dashed lines represent the significance thresholds (FDR ≤ 0.05) for SNPs (blue) and SVs (red),
with key candidate genes labeled. (B) GO term enrichment analysis of candidate genes significantly associated with CEC_SOIL. (C) Diagram of the
NFP2.11 genomic locus. The candidate adaptive SNP is highlighted. (D) Scatterplot showing the correlations between the frequency of the ALT allele
and CEC_SOIL values across latitudes. (E) Extended haplotype homozygosity (EHH) decay for the REF and ALT alleles at the significant SNP
(SNP_6__28111882).
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simultaneously exhibit high levels of both local and reverse
genomic offset. This spatial pattern indicates that pop-
ulations within the region not only experience significant local
environmental fluctuations, but also face difficulties in

obtaining suitable “donor” sources from other parts of the
species' distribution range. In contrast, populations along the
eastern coastline are characterized by a yellow‐green colo-
ration on the genomic landscape maps, reflecting the dual

Figure 7. Projections of genomic offset under future climate scenarios for the 2081–2100 period
(A, B) Spatial distribution of local genomic offset across the adaptive range of M. baccata (~78,000 grid cells). Genomic offset values represent the average
across three climate models under (A) the intermediate emission scenario (SSP245) and (B) the high emission scenario (SSP585) for 2081–2100 period.
Blue, lower genomic offset values; red, higher genomic offset values. (C, D) RGB composite maps showing the relative contributions of local (red), forward
(green), and reverse (blue) genetic offsets under the SSP245 (C) and SSP585 (D) models. (E) Local, forward, and reverse genetic offsets across the four
M. baccata populations for three future time intervals (2041–2060, 2061–2080, and 2081–2100) under the SSP585 scenario. For each box plot, the
horizontal line signifies the median, the box boundaries represent the first and third quartiles, and the whiskers denote the data range (min to max). Sample
sizes for each population are as follows: NE (n= 49), HB1 (n= 13), HB2 (n= 29), and NW (n= 20).
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pressure of increasing local environmental maladaptation
and the necessity to migrate outward to track suitable hab-
itats. Meanwhile, inland regions are dominated by dark green
values, suggesting that adaptive pressure in these areas is
primarily driven by forward genomic offset. However, the
overall magnitude of this pressure is substantially lower than
that recorded at the margins of the species' range
(Figure 7C, D).

We compared local, forward, and reverse genomic off-
sets among the four populations under different climate
scenarios and carbon emission pathways. The NE pop-
ulation consistently displayed the highest levels of genetic
offset, with this offset continuing to increase over time. This
pattern suggests that the NE population is more susceptible
to environmental changes and confronts more pronounced
adaptive challenges (Figure 7E). To evaluate the potential
fitness consequences of these offsets, we examined
whether populations predicted to experience greater ge-
nomic offsets also harbor a higher burden of deleterious
mutations. Our analyses revealed no significant correlations
between predicted genetic offsets (including local and re-
verse offsets) and the load of deleterious variants
(R2 = 0.0018, P = 0.12) (Figure S21). This lack of association
suggests that future climatic vulnerability and accumulated
genetic load may represent decoupled evolutionary pres-
sures on M. baccata populations. Nevertheless, a subtle yet
significant correlation was observed between forward ge-
nomic offset and deleterious variation (R2 = 0.23, P = 4e−9).
Notably, populations harboring a higher burden of homo-
zygous deleterious mutations may face heightened adaptive
barriers when attempting to track their shifting climatic
niches.

DISCUSSION

CWRs represent a critical reservoir of genetic diversity for
climate‐resilient breeding, harboring alleles that enhance
stress tolerance and crop resilience under rapid environ-
mental change (Hilton and Gaut, 1998; Jarvis et al., 2008; Le
Corre et al., 2020). Within the genus Malus, M. baccata is
particularly distinguished by its extensive geographic dis-
tribution across heterogeneous environments (Li et al., 2023).
Most existing T2T reference genomes in Malus have been
derived from cultivated varieties, such as “Golden Delicious”
(Malinsky et al., 2021), which restricts their utility for
population‐scale studies of wild relatives. Aligning re-
sequencing data from wild apples to a domesticated refer-
ence genome often introduces bias in variant calling, results
in the loss of wild‐specific genomic information, and con-
sequently leads to an underestimation of structural and
functional diversity (Ahmad et al., 2025; Akopyan et al., 2025).
To address this limitation, we present a haplotype‐resolved
T2T genome for M. baccata, which provides a high‐resolution
reference for downstream comparative and population ge-
nomics analyses. This assembly facilitates the precise

identification of SNPs and SVs, revealing lineage‐specific
adaptive variants (Exposito‐Alonso et al., 2019; Fagny and
Austerlitz, 2021; Metheringham et al., 2025).

The absence of reproductive isolation among the genus
Malus facilitates recurrent interspecific hybridization, re-
sulting in extensive introgression across divergent pop-
ulations (Whitehead et al., 2021; Ha et al., 2022). Our pop-
ulation genomic analyses reveal that the NE population
exhibits reduced nucleotide diversity, extended ROH, and
elevated inbreeding rates. These genomic signatures are
characteristic of populations undergoing bottlenecks or lo-
calized isolation, mirroring patterns observed in other long‐
lived woody perennials, such as Quercus robur (Leroy et al.,
2020). The observations also suggest that the NE population
may harbor unique adaptive alleles of potential conservation
value. Interestingly, HB1 showed a closer genetic affinity to
NE despite its geographic proximity to NW and HB2. Fur-
thermore, the fb statistics confirmed robust gene flow be-
tween the HB1 and NE populations (Figure 2E). These results
demonstrate that the population structure in pollinated plants
is shaped not only by geographic isolation but also by
complex evolutionary histories and gene exchanges (Liang
et al., 2025). The pattern of spatial discordance between
geography and genetic structure is also observed in other
perennial woody plants (Zhou et al., 2019; Ding et al., 2022),
underscoring the influence of historical admixture on con-
temporary genomic diversity. The HB2 and NW populations
exhibit higher genetic diversity while carrying a heavier
burden of deleterious alleles, predominantly in the hetero-
zygous state (Figure 3). In M. baccata, frequent interspecific
hybridization and introgression appear to act as a double‐
edged sword; they introduce adaptive alleles that may facil-
itate local adaptation, while simultaneously increasing het-
erozygous genetic load (Liu et al., 2022; Robinson et al.,
2023). While this heterozygous genetic load may be tempo-
rarily masked, its potential segregation in subsequent gen-
erations poses a significant challenge for climate‐resilient
breeding. Consequently, leveraging genomic selection and
molecular design breeding to purge deleterious mutations
while preserving adaptive alleles emerges as a critical priority
for future research.

Although classical common garden or reciprocal trans-
plant experiments remain the gold standard for validating
local adaptation, their implementation in long‐lived woody
perennials is often constrained by extended generation times
(Lowry and Willis, 2010; Lind et al., 2024; Lotterhos, 2024). By
integrating LFMM, RDA, and PCAdapt, we reliably detected
candidate adaptive genes associated with temperature,
precipitation, and other environmental variables. This in-
tegrative strategy serves as a robust and practical alternative
to traditional experimental designs, enabling high‐confidence
detection of selection signatures in the absence of long‐term
phenotypic trials. (Lasky et al., 2015; Wang et al., 2018; Kang
et al., 2023). Among the identified loci, approximately 30% of
adaptive loci were associated with one or more climate fac-
tors. The allele frequency spectra of these loci exhibited
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strong correlations with geographic distribution, highlighting
their potential contribution to local adaptation. Our analysis is
entirely based on statistical inference. Therefore, we cannot
determine whether the effects of the putative adaptive loci on
phenotypic traits are mediated through changes in protein
function or through regulation of gene expression. For the
candidate genes DREB1A/D and NAC6, our current in-
ferences are supported by multiple lines of indirect evidence.
These include significant genotype‐climate associations,
functional annotations from other species, and stress‐
induced transcriptomic profiles from homologous species.
Collectively, these results strongly support that these loci
play a crucial role in regulating the adaptive stress response
of M. baccata. In fact, direct demonstration of whether these
variants affect gene expression under climatic stress would
require targeted functional validation or population‐scale
expression mapping using allele‐specific expression anal-
ysis, which could provide definitive evidence of their adaptive
roles. Consequently, we emphasize that functional validation
of adaptive loci and genes is crucial for elucidating the
adaptive basis of this species.

Projecting GF models onto future climate scenarios fur-
ther revealed substantial spatial heterogeneity in genomic
vulnerability (Bay et al., 2018). Our projections reveal that the
NE population and populations in the eastern coastal regions
exhibit the highest genomic offsets, suggesting a heightened
risk of maladaptation under future climate change (Figure 7).
This geographic pattern is consistent with observations in
other species, where peripheral populations were found to
face disproportionately higher risks of maladaptation (Wang
et al., 2023; Fiscus et al., 2025). These results underscore the
integrated effects of genomic background, interspecific hy-
bridization, and future climate change on the adaptive land-
scape of M. baccata. While these findings provide critical
insights into the genomic basis of environmental adaptation
in M. baccata, functional validation through controlled ex-
periments remains essential to confirm their adaptive sig-
nificance (Waldvogel et al., 2020; Lazic et al., 2024). Our
findings provide a genomic and population framework that
establishes a theoretical basis for climate‐resilient apple
breeding through the strategic utilization of wild alleles, and
simultaneously offer a generalizable model for investigating
adaptation in other perennial fruit crops (Zhao et al.,
2023; Nyine et al., 2025).

From a conservation perspective, in situ and ex situ strat-
egies should be considered for genetically diverse populations,
such as HB2 and NW, which serve as critical reservoirs of al-
leles for buffering against environmental change. Conversely,
vulnerable populations (NE) require urgent monitoring and may
benefit from assisted gene flow, introducing pre‐adaptive alleles
from more resilient populations (Browne et al., 2019; Xiang
et al., 2024; Anderson et al., 2025; Long et al., 2025). While
gene introgression can introduce beneficial adaptive variation, it
may simultaneously increase the burden of deleterious
alleles, emphasizing the importance of carefully evaluating its
costs and benefits in conservation and breeding programs

(Huang et al., 2022; Fiscus et al., 2025). Climate‐resilient
breeding strategies in apples can be informed by targeting
populations with complementary genetic features. For instance,
the HB2 population offers high genetic diversity, while the NE
population provides specific stress‐adapted alleles, collectively
enhancing the adaptive potential of apple cultivars (Fiscus et al.,
2025). In some cases, preserving locally adapted populations
may necessitate limiting excessive hybridization to maintain
genomic integrity (Tobias et al., 2025). Furthermore, integrating
long‐term genomic monitoring with predictive offset modeling
will facilitate the development of adaptive management frame-
works (van der Valk and Dalén, 2024). Although our data and
identified adaptive loci provide a valuable foundation for future
breeding, they remain insufficient. To fully harness the adaptive
potential of this species, future research should expand apple
genomic resources to include wild and cultivated germplasm,
as well as genotypic, phenotypic, and environmental datasets
from diverse regions. Furthermore, integrating multidisciplinary
fields, such as physiology, evolutionary biology, and population
and quantitative genetics, will also enable breeders to more
accurately predict environmental challenges and develop apple
varieties with improved stress resistance and adaptability.

MATERIALS AND METHODS

Plant materials, sample collection, and genome
resequencing
For genome assembly, M. baccata was collected from Jingpo
Lake, Heilongjiang Province, China, and had been preserved in
the National Germplasm Repository of Pear and Apple
(Xingcheng, China). Fresh and healthy leaf tissues were imme-
diately frozen in liquid nitrogen and sent to a commercial pro-
vider for high‐molecular‐weight DNA extraction, library prepa-
ration, and sequencing. High‐molecular‐weight genomic DNA
was isolated using the DNeasy Plant Mini Kit (Qiagen, Germany)
following the manufacturer's instructions. HiFi reads were
generated on the PacBio Revio platform. For ONT sequencing,
libraries containing DNA fragments > 150 kb were constructed
and sequenced on the PromethION platform. Hi‐C libraries
were prepared using the DpnII restriction enzyme and se-
quenced on the NovaSeq. 6000 to facilitate chromosome‐level
scaffolding.

To obtain representative materials reflecting the native ge-
netic diversity of M. baccata, field surveys were conducted be-
tween 2011 and 2015 across its natural distribution range. A total
of 117 wild accessions were collected, including 111 individuals
representing 13 natural populations. These samples predom-
inantly originated from Heilongjiang, Jilin, Hebei, Shanxi, Gansu,
and Shaanxi. The collected wild materials were subsequently
propagated asexually and maintained for long‐term conservation
in the National Germplasm Repository of Pear and Apple
(Xingcheng). Samples used in this study consisted of leaf tissues
directly collected from repository‐maintained plants. In
addition, 16 previously published Malus and five pear (Pyrus)
accessions (used as outgroups) were retrieved from the NCBI
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database (Table S9). For genome annotation, publicly available
RNA‐seq datasets (SRR8156047, SRR8156048, SRR8156049,
SRR8156050) were obtained from NCBI.

Genome assembly, quality assessment, and
annotation
To estimate genome size and heterozygosity, K‐mer frequency
distributions were generated from HiFi reads using Genome-
Scope (v2.0) (Ranallo Benavidez et al., 2020). Haplotype‐resolved
assemblies were then constructed using hifiasm (v0.16) (Cheng
et al., 2021) by integrating HiFi, ONT, and Hi‐C data under default
parameters. Hi‐C data were processed with the Juicer (v1.5)
(Durand et al., 2016b) pipeline, and chromosomal scaffolds were
built and ordered with 3D‐DNA (v201008) (Dudchenko et al.,
2017). Manual editing of the interactive Hi‐C contact maps for
both haplotypes was performed using Juicebox (v1.11.08) (Du-
rand et al., 2016a). Gap regions in the pseudomolecules were
identified using custom Python scripts and corrected with over-
lapping contigs and ONT reads (Shi et al., 2023). The polished
sequences were aligned to the assembly with Minimap2 (v2.24)
(Li, 2018) and visualized in Integrative Genomics Viewer (IGV)
(v2.13.1) (Robinson et al., 2011) to verify read support. Finally, the
most consistent reads were used to replace gap sequences,
yielding the completed assembly.

Assembly quality and completeness were evaluated with
BUSCO (v5.2.2) using the “eudicots_odb10” dataset (Simão
et al., 2015). Switch and Hamming errors in the phased as-
semblies were evaluated with the calc_switchErr pipeline
(github.com/tangerzhang/calc_switchErr). Assembly continuity
was assessed using N50 statistics, and mapping rates were
determined by aligning raw reads to the final assemblies, with
the resulting data processed using SAMtools (v1.9) (Danecek
et al., 2021). Chromosomal organization was further examined
through Hi‐C contact maps visualized in Juicebox. Telomeric
repeats were identified with the TIDK (v0.2.0) (https://github.
com/tolkit/telomeric-identifier) using the explore and search
functions, and summary statistics were obtained from the re-
sulting plots. To identify and refine centromere boundaries, we
inferred their positions based on the chromosomal distributions
of different TE types, annotated genes, and HODOR repeats
(Daccord et al., 2017), and visualized the results for both hap-
lotypes in IGV (Daccord et al., 2017). Gene annotation was
performed using an integrated approach, combining results
from three pipelines: Genome‐Wide‐Annotation‐Pipeline
(https://github.com/unavailable-2374/Genome-Wide-
Annotation-Pipeline), Liftoff (v1.6.1) (Shumate and Salzberg,
2021), and EviAnn (v2.0.2) (Zimin et al., 2025). InterProScan
(v5.29) (Jones et al., 2014) was applied to predict potential
protein domains. Functional annotation was first performed
using eggNOG‐mapper (v2.1.13) (Cantalapiedra et al., 2021).
TEs were identified by the Extensive de novo TE Annotator
(EDTA, v2.0.0) with default parameters (Ou et al., 2019).

Genome comparison and synteny analysis
Syntenic orthologs and structural rearrangements were
identified using Synteny and Rearrangement Identifier (SyRI)

(Goel et al., 2019) and visualized with Plotsr (Goel and
Schneeberger, 2022). To detect SVs between cultivated and
wild species, HiFi reads from GD and M. baccata were
mapped to the MbaT2T_hap1 genome using Minimap2.
Variants were subsequently called with Sniffles (v2.0.7) using
default parameters (Sedlazeck et al., 2018) and filtered using
the following criteria: length≥ 50 bp, quality≥ 60, “PASS”,
and “PRECISE”. Genes that fully overlapped with hetero-
zygous SVs within the two haplotypes were classified as
hemizygous genes (Zhou et al., 2019). To investigate the func-
tions of these hemizygous genes, sequences were aligned
against reference databases using DIAMOND (v0.9.24)
(Buchfink et al., 2015) with the parameters “blastp –k 1 –e 1e‐5”.
Gene Ontology (GO) enrichment analysis was subsequently
performed using clusterProfiler (Wu et al., 2021).

Environmental data and species distribution modeling
Environmental predictors were downloaded at a spatial res-
olution of 2.5 arc‐min (~5 × 5 km), including 19 bioclimatic
variables, monthly precipitation (prec6 and prec12), solar
radiation (srad6 and srad12), vapor pressure (vapr6 and
vapr12), and elevation, all from WorldClim v2 (https://
worldclim.org/data/bioclim.html). In addition, seven soil vari-
ables (CEC_SOIL, CN_RATIO, ORG_CARBON, TOTAL_N,
PH_WATER, CLAY, ELEC_COND) were obtained from the
Harmonized World Soil Database (HWSD; https://www.fao.
org/soils-portal/data-hub/en/). Species occurrence data were
collected from two sources: 5,466 occurrence records of
M. baccata downloaded from GBIF (gbif.org, accessed 2024)
and 111 field‐collected samples from our study.

We integrated spatial data with current environmental
layers to predict the potential range of M. baccata sur-
rounding our sampling sites. ENMTools (v1.3) (Warren et al.,
2010) was used to reduce spatial autocorrelation by filtering
duplicate occurrence records across the 19 bioclimatic vari-
ables. To reduce multicollinearity, highly correlated pre-
dictors (Spearman's |r|> 0.8) were excluded prior to mod-
eling. Species distribution models were implemented in
MaxEnt (Elith et al., 2011) using default settings.

Genome resequencing and variant calling
Genomic DNA from 111 wild M. baccata individuals was ex-
tracted using the DNeasy Plant Mini Kit (Qiagen). Libraries with
an average insert size of 150 bp were sequenced on an Illu-
mina NovaSeq. 6000 platform, generating paired‐end reads
per sample. Raw reads were aligned to the haplotype 1
reference genome of M. baccata using BWA‐MEM (v0.7.17)
(Li, 2013). Small variants were identified by GTX (http://www.
gtxlab.com/product/cat) (v2.2.1) using the default parameters.
To ensure high‐quality variant calls, SNPs were filtered with
VCFtools (v0.1.16) (Danecek et al., 2011) using the following
criteria: QD> 2.0, QUAL> 30.0, GQ> 20.0, and missing gen-
otype rate < 20%. SVs were detected using Delly (v1.1.6)
(Rausch et al., 2012). Only “PASS” and “PRECISE” variants
were retained, while sites with over 20% missing data were
excluded.

Wild relatives (Malus baccata) for breeding of climate‐resilient appleJournal of Integrative Plant Biology

www.jipb.net Month 2026 | Volume 00 | Issue 00 | 1–22 15

 17447909, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.70194, W

iley O
nline L

ibrary on [04/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://github.com/tolkit/telomeric-identifier
https://github.com/tolkit/telomeric-identifier
https://github.com/unavailable-2374/Genome-Wide-Annotation-Pipeline
https://github.com/unavailable-2374/Genome-Wide-Annotation-Pipeline
https://worldclim.org/data/bioclim.html
https://worldclim.org/data/bioclim.html
https://www.fao.org/soils-portal/data-hub/en/
https://www.fao.org/soils-portal/data-hub/en/
http://www.gtxlab.com/product/cat
http://www.gtxlab.com/product/cat


Population structure and genetic statistics
Following LD pruning in PLINK (–indep‐pairwise 100 50 0.2)
(Purcell et al., 2007), 698,888 SNPs were retained for population
structure analyses. PCA was performed using PLINK (v1.9)
(Purcell et al., 2007), and individual ancestry proportions were
estimated using ADMIXTURE (v1.30) with K values ranging from
2 to 12 (Alexander et al., 2009). For phylogenetic reconstruction,
a thinned SNP dataset (VCFtools –thin 500) was used to infer a
maximum‐likelihood tree in IQ‐TREE (v2.1.4) under the “GTR+
I+G” model with 1,000 ultrafast bootstrap replicates (Nguyen
et al., 2015). The resulting tree was visualized in iTOL (https://
itol.embl.de/). Outgroup samples were included only to root
the ML tree and were excluded from PCA and ADMIXTURE.
The consistent results across PCA, ADMIXTURE, and phylo-
genetic inference allowed us to delineate four genetic groups
(HB1, HB2, NE, and NW).

Population genetic statistics were computed in non‐
overlapping 25 kb windows. Nucleotide diversity (π) and
pairwise genetic differentiation (FST) among populations were
calculated using VCFtools. Genome‐wide heterozygosity and
ROH were estimated with PLINK. The total ROH length per
individual was obtained by summing all detected ROH seg-
ments. Genomic introgression was assessed with Dsuite
(v0.4) (Malinsky et al., 2021). Based on the ML phylogenetic
framework, we calculated the f‐branch statistics. The in-
tensity of these events was subsequently visualized.

Detection of genomic selection signatures using
PCAdapt
To detect loci associated with population structure, we em-
ployed PCAdapt (v4.3.3) (Luu et al., 2017), which does not re-
quire predefined population assignments. The number of prin-
cipal components was determined from the scree plot. Multiple
testing correction was performed using the Bonferroni method.
SNPs and SVs with an adjusted P‐value < 0.05 were identified
as significant outliers, providing a high‐confidence set of can-
didate loci under putative selection.

Estimation of genetic load
Genomic genetic load was estimated as the number of dele-
terious mutations per individual. Using the reference genome
annotation, we applied the SIFT4G (v4.3.3) algorithm to predict
the functional effects of SNPs (Vaser et al., 2016). Amino acid
substitutions with scores ≤ 0.05 were classified as deleterious,
whereas those with scores > 0.05 were considered tolerated.
For each individual, deleterious alleles were quantified in terms
of heterozygous, homozygous, and additive counts, with addi-
tive load calculated as the number of heterozygous deleterious
alleles plus two times the number of homozygous deleterious
alleles across SNPs and SVs (Zhou et al., 2019).

Identification of environment‐associated genetic
variants
To investigate associations between genetic variation
and environmental factors, we applied latent factor mixed
models (LFMM) implemented in the R package LEA (v3.10.1)
(Frichot et al., 2013). Two final variant datasets were

analyzed: SNPs (MAF> 0.1, LD pruned with 200 100 0.9)
and SVs (MAF> 0.1). Missing SNP genotypes were imputed
with Beagle (v4.1) (Browning and Browning, 2013), while
SVs with missing data were removed. After filtering,
2,567,174 SNPs and 73,574 SVs were retained for down-
stream analyses. Before LFMM analysis, population struc-
ture was inferred using the pca() and snmf() functions in
LEA, and the optimal number of latent factors was set to
K = 6 to account for population structure confounding.
LFMM models were fitted using the lfmm() function, with
bioclimatic variables as predictors. P‐values were extracted
with lfmm.pvalues(), and significance was assessed using
5% FDR correction.

As a complementary approach, we performed re-
dundancy analysis (RDA) to identify genetic variants strongly
associated with multivariate environmental gradients
(Capblancq and Forester, 2021). We first ranked the
importance of the 19 bioclimatic variables using the
“gradientForest” R package (Ellis et al., 2012) and reduced
multicollinearity by excluding variables with pairwise
correlations |r|≥ 0.8. Six uncorrelated predictors (BIO2, BIO4,
BIO5, BIO12, BIO13, and BIO17) were retained and in-
corporated into RDA using the vegan package (v2.46)
(Oksanen et al., 2018). Variants were considered significant if
their loadings on any RDA axis exceeded three standard
deviations from the mean. To further investigate whether
these environmentally associated variants were driven by
recent positive selection, we analyzed EHH patterns using
the R package “rehh” (Gautier and Vitalis, 2012). To assess
the robustness of adaptive variants, we examined allele fre-
quency changes along environmental gradients and compared
these patterns with a neutral reference set containing the same
number of variants. We used the R package “gradientForest” to
quantify allele frequency variation and calculate the cumulative
importance as the sum of contributions from all climate varia-
bles across split points. Visualization was performed using the
ggplot2 package in R (v3.4.2).

RNA‐seq data processing and expression
quantification
We collected publicly available RNA‐seq datasets, primarily from
samples subjected to various forms of abiotic stress. All clean
RNA‐seq reads were aligned to haplotype 1 of the M. baccata
reference genome using STAR (v.2.7.11b) (Dobin et al., 2013).
Subsequently, we performed differential expression analysis
using the R package DESeq. 2 (v.1.36.0) (Love et al., 2014), with
gene expression levels quantified as transcripts per million (TPM)
from the raw counts generated by featureCounts.

Genomic offset assessment
To quantify genome‐wide offset under future climate change,
we applied the gradient forest‐based offset metric. Nineteen
bioclimatic variables were obtained from the WorldClim
CMIP6 dataset for three future time periods (2041–2060,
2061–2080, and 2081–2100) under two emission scenarios
(SSP245 and SSP585), at a spatial resolution of 2.5 arc‐min
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(~5 × 5 km). Three general circulation models (GCMs), in-
cluding ACCESS‐CM2, CMCC‐ESM2, and GISS‐E2‐1‐G,
were used to capture model uncertainty. Genomic offset
was estimated using the R package “gradientForest”, with
three complementary metrics calculated: local offset, reverse
offset, and forward offset. These metrics were defined as
Euclidean distances between genomic composition pre-
dicted under current and future climatic conditions. Correla-
tions among offsets estimated under different GCMs were
assessed using the “cor.test” function in R, and visualized
with the corrplot package. The mean offset values across
GCMs were further mapped as RGB composites, with red,
green, and blue channels representing local, forward, and
reverse offsets, respectively, and plotted using ggplot2
(Sang et al., 2022). Finally, we tested the associations be-
tween genomic offsets and deleterious variant accumulation
by calculating Spearman's rank correlations (cor.test in R)
between three offset metrics and genetic load indicators
(homozygous, heterozygous, and additive) across the four
genetic groups under each future scenario.

Data availability statement
All raw sequence data and the assembly of the Malus baccata
genome are deposited in the NCBI Sequence Read Archive
under project numbers PRJNA1332630, PRJNA1390481, and
PRJNA1390482. These data are also available in the National
Genomics Data Center (NGDC: PRJCA046864; https://
ngdc.cncb.ac.cn/). The assembly and its annotation are de-
posited in Zenodo (https://zenodo.org/records/17205814). All
analysis codes are deposited at https://github.com/suying77/
Malus-Baccata-climate-adaptation.
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