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2b-RAD sequencing of Malus florentina
populations reveals strong population
structure and signals of balancing selection
at disease resistance loci
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Abstract

Background Crop wild relatives of Malus domestica represent exceptional value as breeding resources and
ornamental trees, nonetheless their natural populations are under threat due to anthropogenic factors. Malus
florentina is an apple species endemic to the Balkans and Italy, and our current knowledge on its population genetics
and conservation biological status is strongly limited.

Results In the current study we used a 2b-RAD-seq approach to investigate the population genetic structure and
diversity of four M. florentina populations from three different countries. We detected strong genetic differentiation
among populations and a substantial risk of inbreeding within them. Furthermore, we identified candidate genes
under selection associated with various stress responses including biotic resistance, salt stress and drought stress
tolerance, further supporting local adaptation. Our enrichment analyses based on non-synonymous SNP counts at
resistance loci revealed a significant 2.4-fold change, indicating that disease resistance genes are under selection.

Conclusions According to this study M. florentina populations face considerable risk, and fragmentation of the
studied populations cannot be ruled out. Despite this, the assessed populations exhibit considerable diversity
at disease resistance locj, likely maintained by balancing selection. These findings highlight the importance of
conserving the genetic diversity of wild apple populations for key agronomic traits such as disease resistance.
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Background

Wild relatives of the domestic apple (Malus domestica)
are important genetic resources and are contributing
significantly to biodiversity in their natural habitats. The
genus Malus comprises approximately 40 recognized spe-
cies; however, its taxonomy is considered unresolved due
to extensive interspecific hybridization, unclear species
and genus-level boundaries [1-3]. Apple breeding pro-
grams utilize these wild Malus spp. primarily to enhance
cultivar resistance to biotic stressors and, to a lesser
extent, to improve ecological adaptability. Resistance
genes and Quantitative trait loci (QTLs) have been iden-
tified in various apple species for major apple diseases
such as apple scab (Venturia inaequalis) and fire blight
(Erwinia amylovora). Notable examples include M. flori-
bunda (Rvi6, Rvi7, FB_MY), M. sieversii (Rvi8, Msv_FB7),
M. baccata (Rvill, Rvil12, FB_Mb), M. robusta (FB_MrS5),
M. fusca (FB_Mful0), and M. arnoldiana (FB_Marl2)
[4, 5]. Wild relatives also represent valuable sources of
resistance to a range of other diseases and pests, such as
powdery mildew, cedar apple rust, Alternaria leaf spot,
blue mold, bitter rot, replant disease, Valsa canker, apple
blotch, woolly apple aphid, apple maggot fly, etc [6-9]. In
addition to their value in crop breeding Malus spp. are
among the most important ornamental small trees of
the Northern Hemisphere, have potential as rootstocks,
pollinators, and their crabby fruits can serve as healthy
ingredients of processed foods and drinks [10, 11].

Despite their versatility and economic relevance, wild
Malus species are threatened globally, with natural popu-
lations facing extinction [1, 12]. Notably, in Central Asia,
the main progenitor of the domestic apple M. sieversii
is already on Red List (IUCN), and its populations are
experiencing rapid declines due to habitat loss from agri-
cultural expansion, overgrazing, aridification, and wide-
spread hybridisation with M. domestica. These have led
to severe fragmentation of the natural populations [13].
Similarly, M. sylvestris, the most common apple species
in Europe has already been included in the regional Red
List of many countries [14].

The endemic M. florentina has a limited distribution
to the Balkan Peninsula, Italy, and to a minimal extent
to Anatolia, and is considered endangered or vulnerable
in most of these countries. It is most common in North
Macedonia and Italy, but there are reports from Serbia,
Albania, Greece, and Turkey [15, 16], and most recently
from Bulgaria [17]. Recently, new localities have been
documented in Italy [18], Greece [19], Serbia [20], Alba-
nia [21], and Kosovo [22], but data remain scarce regard-
ing its continued presence at historically reported sites,
and thus, its exact and up to date distribution remains
unclear.

It is occasionally cultivated as an ornamental tree in
North America and Europe, valued for its distinctive
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hawthorn-like leaves, attractive bark, rounded or upright
crown shape, and late-season flowering [17, 23, 24].
Although previously considered susceptible to major
apple diseases (23), M. florentina has not shown suscep-
tibility to Erwinia amylovora in Europe (24). A survey
of a cultivar collection in Geneva, New York, identified
one of its specimens (PI588868) as highly resistant to
apple scab (Venturia inaequalis) [25]. It also exhibited
moderate resistance to apple blotch (Diplocarpon mali)
[26]. Furthermore, the M. florentina accession ‘Skopje
P2’ (P1589385) was reported to be resistant to Rosellinia
necatrix [27].

Malus florentina has long been the subject of taxo-
nomic uncertainty and conflicting classifications. First
described as Pyrus florentina in 1806, it since has been
proposed to be an interspecific hybrid, it has been recom-
bined or renamed seven times by various taxonomists
placed in eight different genera: Pyrus, Crataegus, Mespi-
lus, Sorbus, xMalosorbus, Torminaria, Eriolobus and
Malus [20]. Currently the most accepted name is Malus
florentina (Malus sect. Florentinae) [28, 29], although
its designation remains debated in the modern genetic
era. Recent molecular analyses have revealed that M.
florentina is closer to North American apple species (M.
coronaria and M. angustifolia, and M. ioensis) and the
recently recombined former Docynia species (e.g. Malus
indica) than to Eurasian apples [29, 30]. Most recently
a genetic similarity with Cydonia has also been pro-
posed, together with the recombination of M. florentina
and its sister species M. trilobata to the genus Eriolobus
[3]. Despite these uncertanities in the current paper we
use the widely accepted name Malus florentina (Zucc.)
C.K.Schneid.

Although several genetic studies have been conducted
on M. florentina to clarify its taxonomic status, the pop-
ulation genetics of its natural populations has not yet
been studied to date. However, a study using microsatel-
lite markers (SSRs) has been conducted on its similarly
threatened sister species M. trilobata. The study on a
total of 69 individuals of five Greek populations revealed
a fragmented population structure and patterns of isola-
tion by distance, typical to peripheral populations [31].

Traditionally, population genetic studies have relied on
SSRs, which are effective for assessing genetic structure
but offer no, or limited information on the functionality
of the variation. In contrast, restriction site associated
DNA sequencing (RAD-seq) provides comparable accu-
racy, and being more powerful is more reliable for popu-
lations with low sample numbers, while also allows the
identification of single nucleotide polymorphisms (SNPs)
linked to functional genes [32, 33]. Among RAD-seq
approaches 2b-RAD-seq offers a flexible and cheap
solution by using type IIB restriction enzymes to pro-
duce fixed-length, short fragments through a relatively
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simple protocol [34, 35]. Although it may yield signifi-
cantly lower genome coverage than usual RAD-seq tech-
niques, it requires low amount of DNA-input, and results
in controllable and uniform coverage with less bias.

Although 2b-RAD-seq is especially suitable for study-
ing non-model organisms, high-quality reference
genomes greatly enhance the potential of in-depth func-
tional analyses. For M. florentina no genomic resources
were available until recently. The construction of a Malus
pan-genome, however, now includes a high-quality
assembly of M. florentina, providing opportunities for
more detailed evolutionary and functional studies of the
species [36].

Understanding genetic diversity and adaptive poten-
tial of the threatened M. florentina is crucial from many
perspectives. It might support decision-making in man-
agement, conservation, and selection work for direct use
or breeding. To detect patterns of balancing selection at
disease resistance loci (specifically nucleotide-binding
leucine-rich repeat receptors or NLRs) reduced represen-
tation sequencing has been used in several other species
[37-39]. The elevated diversity of resistance genes in nat-
ural populations, resulting from the host-pathogen arms
race, is crucial for identifying valuable gene sources and
strongly supports the case of in situ conservation; partic-
ularly in clonally propagated species such as apples.

For these reasons, in the present study we analyzed
the population genetic diversity and structure of four M.
florentina populations from three countries (Albania,
Bulgaria, and Italy) using a 2b-RAD-seq approach. In
addition, we identified and functionally annotated can-
didate genes under selection, which may indicate local
adaptation. We also performed SNP enrichment analysis
on disease resistance loci to detect signatures of balanc-
ing selection and to assess the genetic potential of the
populations.

Table 1 Summary of Malus florentina populations sampled in
this study

Pop Country Nearest city Long (°E) Lat(°N)  Refer-
name ence (first
report)
ALBT  Albania Boshanj 2060189 4043242 Barinaet
al. 2010
ALB2  Albania Leskovik 20.64644 40.17717 Barina et
al.2010
BLG Bulgaria Boboshevo 2296119 4217706 Aneva
and Zhe-
lev, 2023
ITA Italy Collelongo  13.59583 4191250 Contietal.
2006
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Materials and methods

Summary of historical sites of M. florentina

Prior sample collection we summarized previously
reported sites of M. florentina. Georeferenced points
were manually extracted from historical distribution
maps using the imager R package [40], and a coordinate
transformation was applied to generate a consensus map.
During our expeditions of the last two decades new sites
of M. florentina were noted from 2006 to 2025.

Sample collection

We sampled 41 trees from four previously reported M.
florentina populations in August 2024. The sampling sites
were located in Albania (ALB1 and ALB2, » = 9 and #
= 12, respectively) [21], Bulgaria (BLG, n = 9) [17], and
Italy (ITA, n = 11) [18]. Leaf samples (3—4 per tree) were
collected from wild trees (with minimum 10 m between
trees) and kept under humid conditions during trans-
port, typically in an electric cooler. Malus florentina is
not listed by the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES,
www.cites.org), nor was it subject to local legislation.
Additionally, sampling was conducted outside protected
areas (Table 1).

Species identification relied on morphological traits
described in previous works [17, 28] and was done by the
authors (by Csaba Kozma and David Papp, or in case of
ITA samples by Fabio Conti). Key distinguishing features
included an upright, apple-like growth habit with haw-
thorn-like leaves, and patchy bark. (Fig. 1).

DNA extraction

When the leaf samples arrived at the laboratory, they
were frozen to —80 °C. Frozen samples were ground in a
mortar, and then DNA was extracted using the E.Z.N.A.
Plant DNA Kit (Norcross, GA, USA) following the man-
ufacturer’s instructions. The concentrations and integ-
rity of the extracted DNA samples were determined by
a NanoDrop spectrophotometer (NanoDrop ND-1000;
Thermo Fisher Scientific, Waltham, MA, USA), and by
electrophoresis on 1% agarose (Sigma-Aldrich, St. Louis,
MO, USA) gel, using TAE buffer.

Library preparation, sequencing, and quality control

Library preparation and raw read processing followed
the 2b-RAD-seq protocol described by Wang et al. [35].
Genomic DNA of 100 ng was digested with the Type IIB
restriction enzyme BsaXI, which recognizes the sequence
5'-NbACN;CTCCN,,-3’ and cleaves on both sides to
generate fragments of 32-36 bp with 3-base 3’ over-
hangs. Adaptors were ligated to the cohesive ends, and
five RAD tags were concatenated per library, each cor-
responding to an individual sample. Barcoded libraries
were amplified by PCR and underwent size selection to
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Fig. 1 Morphology of M. florentina in the studied populations: upright crown shape of soliter trees (A), Hawthorn-like leaves and small, 2-3 cm large
generative organs (B, C, E), and typical patchy bark (D). Photo credit: D. Papp (A, D), F. Conti (B, C, E)

enrich fragments of approx. 320 bp, followed by sequenc-
ing on an Illumina NovaSeq platform using 150 bp
paired-end reads (PE150).

Raw reads went through demultiplexing, trimming, and
filtering using built-in Perl scripts. The five concatenated
RAD tags were separated and assigned to each sample.
Then reads containing the restriction enzyme recogni-
tion sites were extracted. Finally, low-quality sequences,
adapter contamination, and other artifacts were removed
by trimming the adapters, and by removing reads with
more than 8% undetermined bases (N) or more than 15%
of bases with a Phred quality score below 30. Sequenc-
ing and QC was performed at CD Genomics (Shirley, NY,
USA, https://www.cd-genomics.com).

Read alignment and variant calling
Cleaned reads (approx. 28 bp long) were aligned to the M.
florentina consensus genome assembly (accession num-
ber: GWHCAWS00000000, bioproject: PRJCA015452,
referred to as Eriolobus florentinus) using Bowtie v1.3.1
and the Rbowtie package in R v4.3.3 [36, 41]. Resulting
SAM files were converted to BAM format, sorted, and
indexed using Samtools v1.21 and the Rsamtools package
[42]. For quality control, BAM files were used to calculate
mapping ratio, genome coverage, and sequencing depth.
To identify low-quality samples, cutoff values were
determined using the interquartile range (IQR) method.
For each metric, the first quartile (Q1) and third quar-
tile (Q3) were calculated, and the IQR was defined as
Q3-Ql. Samples with values below Q1-1.5xIQR (map-
ping ratio<66.48%, and genome coverage <0.38%) were

classified as outliers. No meaningful, negative cutoff
value was determined for depth by the IQR method.

Variant calling was performed using FreeBayes v1.3.9
[43]. To obtain high-quality variants, only sites with a
minimum coverage of 5 reads, a minimum alternate
allele counts of 3, and an alternate allele frequency of at
least 0.1 were kept. Complex haplotype calling was dis-
abled, and only the top-ranking alternate allele per site
was retained. Variant calling was run with the --report-
monomorphic flag to include invariant sites. Where not
specified otherwise, variants were filtered to include
only those with a base quality > 20 and a mapping qual-
ity = 30. Furthermore, the raw variant calls were filtered
using BCFtools v1.9 (“bcftools view -v snps -m2 -M2
-e “TYPE!="snp” input_file.vcf -0 output_file.vcf -O v”)
and as a final step with VCFtools v0.1.16 (“vcftools --vcf
input_file.vcf --max-missing 0.9 --min-alleles 2 --max-
alleles 2 --recode --out output_file”) [44, 45]. All indels,
complex errors, and multiallelic sites were excluded to
retain only biallelic SNPs, maximum 5% rare alleles and
10% missing data. Minor allele frequency (MAF) and
linkage disequilibrium (LD) decay were calculated from
the VCEF file using VCFtools.

Population diversity and structure

Based on the variants called, whole-population and
within-population genetic diversity indices were calcu-
lated using VCFtools. The following indices were deter-
mined: observed and expected heterozygosity (Ho, He),
inbreeding coefficient (FI_S), Tajima’s D, and nucleo-
tide diversity (i). To calculate Tajima’s D and nucleotide
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diversity () we used 50 kb window size (inferred from
the LD decay plot), and we first defined callable regions
based on the raw VCEF file.

Mean relatedness coefficients (P_HAT), estimating
the proportion of alleles that two individuals share due
to common ancestry, were calculated for all within-pop-
ulation pairwise comparisons using PLINK v1.9 [46]. In
addition, we identified private alleles (alleles unique to a
single population) using the private_alleles function in
the poppr R package.

Population structure was analysed using ADMIXTURE
v1.3.0 [47], DAPC (Discriminant Analysis of Principal
Components) from the adegenet R package v2.1.11 [48],
and pcadapt v4.3.3 [49]. For these analyses a stricter fil-
tering was applied and outlier samples with low mapping
ratio or depth were excluded. Variants were recalled with
FreeBayes, and missing data were filtered using VCFtools
(adding “--max-missing 1 and “--maf 0.05”).

Pairwise FST values [50] were computed by VCFtools
across all SNPs, giving six pairwise comparisons among
the four populations. Isolation by distance (IBD) was
tested by correlating genome-wide FST values and geo-
graphic distances among populations. Geographic dis-
tances were computed from the coordinates of the four
populations using the Haversine formula through the
geosphere v1.5-20 R package [51]. The significance of the
correlation was determined by the Pearson method in a
Mantel test with 999 permutations using the vegan pack-
age v2.6—-10in R [52].

Functional annotation of SNPs

For functional annotation SNPs were mapped to gene
regions of the reference genome (gff3 file) using the
GenomicRanges and rtracklayer R packages [53, 54].
Protein sequences containing one or more SNPs were
functionally annotated using InterProScan v5.73 with all
available databases [55]. In addition, SNPs were anno-
tated for functional impact using SnpEft v5.0e [56]. Vari-
ants were classified into four impact classes (HIGH,
MODERATE, LOW, and MODIFIER) according to
default SnpEff terminology. To summarize functional
annotations, we reported only Pfam signature descrip-
tions of candidate genes containing SNPs under selec-
tion. Genes were considered candidates under selection
if met al.l the following criteria: PCAdapt significance (p
< 107°), ranked in the top 5% of mean pairwise FST val-
ues, and were classified as having MODERATE or HIGH
impact by SnpEff.

Enrichment around resistance loci

We conducted an SNP frequency enrichment to assess
signatures of selection near loci potentially involved in
disease resistance. To assess whether regions around dis-
ease resistance loci have overrepresented diversity, SNP
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counts in genomic windows of + 450 kb flanking NLRs
(nucleotide-binding leucine-rich repeat) and known
resistance genes (R-genes) were compared to randomly
sampled control windows [37]. The nucleotide-binding
leucine-rich repeat (NLR) genes of the reference genome
were annotated using NLR-Annotator v2.1b [57]. To map
known resistance genes towards major apple diseases
(apple scab and fire blight) 16 flanking markers and gene
sequences of characterized genes (Table S1) were blasted
to the reference genome [38]. Alongside the full quality-
filtered SNP set, we also run the analyses with SNPs fil-
tered for having moderate or high impact based on the
SnpEff annotation. The number of SNPs overlapping each
NLR or R-gene flanking window was counted using the
GenomicRanges and rtracklayer packages. To test for
enrichment, a matched set of randomly placed windows
(equal in number and size, sampled across chromosomes)
was generated. A one-sided Wilcoxon rank-sum test and
a permutation test (1000 iterations) were used to com-
pare mean SNP counts between NLR or R-gene flanking
and random windows. The circos plot was drawn with
the circlize package [58], while all other visualization of
the results was performed with ggplot2 v3.5.2 [59].

Results

Distribution summary

We have identified altogether 27 new localities of M. flo-
rentina from 2006 to 2025 in Albania (n = 23), Kosovo
(n = 3), and in North Macedonia (# = 1). The total num-
ber of reports according to our new findings and our lit-
erature summary is 307 (Fig. 2, Table S2) [16-18, 20-22,
60-62].

Statistics of sequencing, QC and variant calling

In total, 41 samples were sequenced using the 2b-RAD
method. A mean of 5.1 million raw reads were gener-
ated per sample, of which 3.0 million (59%) matched
the expected recognition site of the BsaXI restriction
enzyme. After quality filtering, a mean of 1.9 million
clean reads per sample was retained, corresponding to
37.3% of the initial raw reads. Alignment statistics indi-
cated sufficient quality for downstream analyses (Table
S3). The mean mapping ratio to the reference genome
was 85.9%, with a sequencing depth of 0.057x and
genome coverage of 0.58% (per-locus depth~10).

Variant calling returned 6,903,982 unique variant sites
across all samples. After filtering with BCFtools we have
got 40,951 SNPs, reduced to a final 4,812 by the VCFtools
filter. In this SNP set, the mean MAF across all SNPs was
0.25+0.17; while LD was high at short distances (r* =~
0.50 at 1 kb) but decreases rapidly with distance, reaching
near-background levels (r* ~ 0.10) by 50 kb (Fig. 3).

For population structure analyses we used an alterna-
tive, stronger filtering, and three outlier samples (with
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Fig. 2 Consensus map of Malus florentina populations summarizing the reported sites in the last half century (top) [16-18, 20-22, 60-62]; new locations
reported in this study, and the four sampled historic sites (bottom, square: new locations, triangle: sampled historic sites); colors indicate the year in which

the site was reported

low mapping ratio or low coverage) were excluded based
on the cutoff values determined by the IQR method. Fur-
thermore, variants were recalled with no monomorphic
sites included resulting in 42,253 variants. BCFtools filter
returned 40,801 SNPs and finally, a stronger VCFtools fil-
ter (only keeping variants with no missing data and with
minor allele frequency>5%) returned a final 1,257 high-
quality SNPs suitable for analysing population structure.

Genetic diversity indices

Genetic diversity analyses revealed moderate variation
across all 41 individuals, with observed heterozygos-
ity (Ho) of 0.35+0.04 and expected heterozygosity (He)
of 0.38, yielding a low but positive inbreeding coeffi-
cient (FI_S=0.09+0.12) that reflects deficit of heterozy-
gotes. Genome-wide nucleotide diversity (i) averaged
0.34+0.17, and Tajima’s D in 50 kb windows was strongly
positive (1.14+0.85), indicating an excess of alleles at
intermediate frequencies, consistent with demographic
structure or balancing selection.

At the population level, all four populations displayed
comparable patterns, with m ranging from 0.26 to 0.28
and Ho from 0.34 to 0.36, while He remained constant at
0.38 (Table 2). FI_S values were positive across popula-
tions (0.05-0.11), lowest in Bulgaria, again suggesting a
general deficit of heterozygotes. Tajima’s D values were
slightly positive (0.04—0.07), further supporting an over-
representation of intermediate-frequency alleles relative
to neutrality expectations.

Although no clonal individuals were detected, popu-
lation level PI HAT values were high, especially in
ALB2 population, where the mean relatedness (0.41)
approaches that expected between full siblings (0.5).

A total of 431 private alleles were detected across pop-
ulations, with the highest number in Italy (358), followed
by Bulgaria (42) and Albania_1 (22), while Albania_3
exhibited only 9 private alleles.
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Fig. 3 Genome-wide linkage disequilibrium (LD) decay across 4,812 SNPs. Mean pairwise r* values (+SE) are plotted against physical distance between
SNPs, binned in 1 kb intervals up to 500 kb. The vertical dashed line marks the 50 kb threshold, indicating the distance at which LD has largely decayed

Table 2 Population-level genetic diversity indices of four Malus
florentina populations

Population Albania 1 Albania 2 Bulgaria Italy
Nr. of individuals 9.00 12.00 9.00 11.00
Ho mean 0.35 0.35 0.36 0.34
Ho SD 0.03 0.02 0.02 0.08
He mean 0.38 0.38 0.38 0.38
He SD 0.00 0.00 0.00 0.00
F_IS mean 0.10 0.09 0.05 0.1
FI_SSD 0.08 0.06 0.06 0.21
mmean 0.26 0.26 0.28 0.28
nSD 022 022 0.21 0.21
TajimaD mean' 0.06 0.07 0.07 0.04
TajimaD SD' 0.35 037 037 0.27
PI_HAT mean 0.36 0.41 0.29 0.20
PI_HAT SD 0.10 0.09 0.12 0.20

Ho: observed heterozygosity; He: expected heterozygosity; F_IS: inbreeding
coefficient; m: genome wide nucleotide diversity; PI_HAT: pairwise relatedness
coefficient; 'TajimaD was calculated with 50 kb window size

Population structure
The PCA graph, showed strong distinction between all
populations, except the two Albanian ones (Fig. 4A). The
scree plot of PCAdapt suggested K=2 (Fig. S1) and the
strongest distinction could be observed alongside PC1
explaining 42.6% variance, distinguishing the Italian
population from the Balkan ones. Similarly, the Balkan
samples were clearly separated along PC2 (5.8%), whose
distribution suggests a clinal variation.

A similar population structure was suggested by the
DAPC analyses. With best K=4 (inferred from the

Bayesian Information Criterion or BIC plot) the analyses
showed that all populations have individual clusters with
the exception of the two admixed Albanian populations
located 30 km-s from each other (Fig. 4B and C).

We explored the relationship between genetic and geo-
graphic distance (IBD) among populations using a Man-
tel test (Fig. S2). Although the result was not statistically
significant (p=0.125), likely due to the low number of
populations (7 =4) and number of permutations (n=23),
a positive, strong correlation was observed (Mantel
r=0.923).

The lowest cross-validation error (0.53) in the ADMIX-
TURE analysis suggested two ancestral populations.
Ancestry proportions at K=2 appeared to correlate with
geographic distance, supporting isolation by distance,
except in the ALB2 population (Fig. 5). We additionally
examined K=3 and K=4. K=3 revealed an ancestral
population largely restricted to the Balkan populations,
and highlighted differences between populations of the
two major geographic area. ALB2 again showed a notable
deviation, lacking an ancestry common to all other popu-
lations. At K=4 BGR population was revealed to be the
most admixed population, while ALB2 was still lacking a
common ancestry.

Functional annotation of candidate genes under selection
To identify candidate genes with SNPs under selection,
we filtered for high PCAdapt significance (p < 107%),
pairwise mean FST value (top 5%), and MODERATE
or HIGH SnpEft impact (Table 3). All four candidate
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Fig.4 Genetic structure of four M. florentina populations based on (A) a PCAdapt plot (with 90% confidence ellipses), (B) a Bayesian Information Criterion

(BIC) plot to infer best K, and (C) a DAPC barplot with K=4 genetic clusters

genes fulfilling these criteria had MODERATE impact
class putatively causing missense variation. Almost half
(47.8%) of the SNPs which were considered selected
based on PCAdapt also had high FST values, provid-
ing strong support for divergent selection among popu-
lations. Four candidate genes we identified were (1) a
ubiquitin-conjugating enzyme (IPR000608), (2) a gene
with a PWWP domain (IPR000313), (3) a gene consist-
ing of a protein kinase domain (IPR000719) and a NAF
domain (IPR004041), likely encoding a CIPK-type serine/
threonine protein kinase [63], and (4) an aspartyl-tRNA
synthetase (IPR004364). A full annotation of all SNPs is
presented in the supplementary files (Table S4).

For all four identified genes, the alternative allele is
fixed in the Albanian populations, nearly fixed in the Bul-
garian population (alternate allele frequency: 0.94 to 1),
but shows variable frequencies in the Italian population
ranging from 0 to 0.45, indicating population-specific
differentiation.

SNP enrichment near disease resistance associated loci
To detect signatures of selection near disease resistance
loci, we carried out an SNP frequency enrichment analy-
sis by comparing+450 kb windows around resistance
loci to randomly selected genomic regions with the same
window sizes (Fig. 6).

To first detect NLR genes, we run NLR-Annotator
on the reference genome, which returned 827 NLRs.

The most common class was TIR-NB-LRR (40.9%), fol-
lowed by CC-NB-LRR (27.6%) and NB-LRR (12.3%). The
remaining 19.2% were distributed among other less com-
mon categories, such as the CC-TIR-NB-LRR and vari-
ous incomplete NLR structures. To locate the position of
R-genes/QTLs acting against the two major diseases of
apple (apple scab and fire blight), we have blasted flank-
ing marker regions and R-gene sequences to the refer-
ence genome. Highest quality BLAST results were in
accordance with the expected chromosomes and posi-
tions for all the 16 genes.

Enrichment analyses were carried out with all SNPs
and with SNPs filtered to MODERATE and HIGH
impact, and with NLRs and R-genes/QTLs in all four
combinations. The Wilcoxon test was significant in all
cases (p<0.05) except for the R-genes/QTLs tested with
all SNPs (p=0.16). However, the permutation test with
1000 random window sets was highly significant in all
combinations (p <1x10~%). Calculating with all SNPs we
observed a 1.3 fold change of SNP count at NLR windows
compared to random window sets. The fold change value
increased to 1.6 for R-genes/QTLs, many of which is
well characterized and known to have strong phenotypic
effect. Filtering SNPs to have MODERATE or HIGH
impact (SnpEff) further increased the fold changes. Win-
dows of NLRs showed 1.7 fold change, while R-genes/
QTLs had 2.4 times more SNPs in the +450 kb windows

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Papp et al. BMC Plant Biology (2026) 26:95 Page 9 of 15

Genetic cluster

Fig.5 Map of sampling locations and admixture plots for K=2 (top), K=3 (middle), and K=4 (bottom) ancestral populations
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Table 3 Candidate genes containing SNPs under selection, identified by PCAdapt (p < 107), high FST values (top 5%), and by

MODERATE SnpEff impact class

Gene Chr Position Ref Alt Signature desc.! FST? InterPro

g21807.t1  chr3 283234 T @ tRNA synthetases class II; OB-fold nucleic acid binding domain ~ 0.5918  IPR0O04364;IPR004365
g22274.11 chr3 4690237 A G Protein kinase domain; NAF domain 0.9451 IPRO00719:IPRO04041
g698.t1 chré 36,176,126 T C PWWP domain 0.9404  IPRO00313

g3266711  chri6 12,106,779 G A Ubiquitin-conjugating enzyme 0.5288  IPRO00608

'Pfam database; 2mean pairwise FST

TNL: TIR, TIR-NB, TIR-NB-LRR,
CC-TIR-NB-LRR, TIR-LRR

CNL: CC, CC-NB, CC-NB-LRR

Rvi-gene

=
-]
B NL:NB, NB-LRR
]
=]

FB R-gene/QTL

“
55:1“’“’0

Fig.6 Circos plot summarizing genetic variation at resistance loci in 41 Malus florentina samples; the outer ring shows the frequency of non-synonymous
SNPs; the middle ring displays NLR types in £450 kb windows (colors represent NLR types); the inner ring marks the positions of 16 flanking markers or
functionally characterized R-genes/QTLs for apple scab (brown) and fire blight (green)

around them as the randomly selected windows of the
same sizes.

Discussion

Habitat fragmentation caused by human activities can
erode genetic diversity, reduce gene flow, and compro-
mise the adaptive potential of wild plant populations,
increasing the risk of extinction [64]. Wild Malus popula-
tions are also affected by habitat loss, and their conserva-
tion is a serious global concern [1, 12, 65]. The picture on
their population genetic diversity and structure, however,

is complex. Various studies, on different wild Malus spe-
cies such as M. sieversii, M. sylvestris, M. orientalis, and
M. baccata demonstrate weak population genetic struc-
ture and no strong isolation by distance, suggesting con-
siderable gene flow among populations, and high within
population genetic diversity; with encouraging cases of
well-conserved wild apple populations in relatively intact
forests [65—-69]. Meanwhile some recent studies report
that many natural wild apple populations are severely
affected by habitat fragmentation, which poses a seri-
ous threat to their survival [13, 70]. One of the greatest
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Fig. 7 Heatmap of pairwise FST values among the four studied populations; blue shading indicates higher genetic differentiation

concerns in protecting wild Malus germplasm is exten-
sive hybridization with the domesticated apple [71, 72].
Crop-to-wild introgression, however, has smaller risk for
M. florentina, for the larger genetic distance resulting in
strong reproductive barriers [27].

The closest relative, M. trilobata has small, scattered
populations similar in size and distribution to M. floren-
tina and was shown to have fragmented population struc-
ture in Greece with strong isolation by distance effect.
In addition to various threats, wildfires have recently
decimated some of its areas suggesting that conservation
efforts should account for fire management and climate
change mitigation [31]. Besides this example, a predictive
study demonstrated habitat loss for wild apples under
future climate scenarios [13].

In this study we observed strong population struc-
ture for M. florentina, similarly what was shown for its
sister species [31]. The analyses revealed pronounced
genetic differentiation and limited gene flow between
populations from different countries. In contrast, the
two Albanian populations located 30 km from each other
had substantial gene flow between them. Genetic differ-
entiation among populations was positively correlated
with geographic distance. As expected, pronounced dif-
ferences were observed between the Italian and Balkan
samples by various analyses in terms of genetic diversity,
population structure, and pairwise genetic distances (Fig.
7).

When comparing the nucleotide diversity observed in
our study with data on non-structured Malus popula-
tions [66], we found much lower 1 values (0.26 to 0.28
vs. 0.74 to 0.90), which may indicate a recent evolution-
ary bottleneck in the population history of M. florentina.
This scenario is further supported by the positive Tajima’s
D values we observed, which may also reflect the action
of balancing selection in these populations.

We analysed private allele counts which reflected the
population structure, with the majority of private alleles
identified in the Italian population, and the second larg-
est number in the Bulgarian. The lowest number of pri-
vate alleles and the highest pairwise relatedness values
were found in the ALB2 population, which may reflect
inbreeding, population fragmentation or localized
reproduction.

Gametophytic self-incompatibility (SI) is a major fac-
tor driving high genetic diversity and heterozygosity in
Malus, and its breakdown could lead to highly structured
selfing populations. S-alleles underlying SI have been
identified in most wild apple species, but not yet in M.
florentina or its sister species M. trilobata [73]. Higher
ploidy levels can sometimes relax SI, but cytogenetic
studies have confirmed the diploid status of M. floren-
tina [74]. While self-compatibility has been reported in
some Malus accessions, including ornamental forms of
wild species, it has not been documented at the popula-
tion level in natural habitats [75]. Although widespread
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self-compatibility in M. florentina appears unlikely, fur-
ther controlled crossing experiments are necessary to
exclude the possibility.

We identified four candidate genes under selection,
which were associated with diverse range of functions
in model species. The ubiquitin-conjugating enzyme
(IPR0O00608) has many functions including DNA
repair, cell cycle regulation, selective protein degrada-
tion, and stress response [76], making it a strong candi-
date for stress-related adaptation. The PWWP domain
(IPR000313), possibly coding a DNA-binding protein
functioning as a transcription factor, is associated with
meristem development and flowering time; muta-
tions leading to early flowering in Arabidopsis [77]. The
CIPK-type serine/threonine protein kinase (IPR000719;
IPR004041) is involved in calcium signalling pathways
related to salt stress response in A. thaliana [63, 78].
Finally, the aspartyl-tRNA synthetase gene (IPR004364)
has been shown to be involved in both BABA-induced
disease immunity in Arabidopsis [79] and drought toler-
ance in poplar, where it co-occurs with a DNA-binding
domain (IPR004365), similarly as in our case [80]. In line
with the strong population structure these candidates
suggest potential involvement in local adaptation. Other
gene families, such as the MAAGO Argonaute family and
MdAMYBS5 genes, have been extensively studied in apple
and linked to drought and salt stress resistance, as well
as local adaptation. In contrast, to the best of our knowl-
edge, the functions of our candidate genes have not yet
been characterized in apple, and our findings should
therefore be considered indicative [36, 81].

Although, our results support a structured population,
it remains unclear whether this population structure is
the result of recent fragmentation or if it reflects a his-
torically small and isolated distribution. This distinction
has important implications for conservation biology, par-
ticularly in assessing extinction risk and designing appro-
priate management strategies [82]. Our sampling for
genetic analyses focused on the main distribution area
of M. florentina in Italy and parts of the Balkans, how-
ever, we acknowledge that some relevant regions where
the species has also been reported, such as central Bal-
kan areas, North Macedonia, and peripheral populations
in Greece and Turkey were not included. Future studies
that incorporate these populations with finer-resolution
sampling may uncover additional patterns of genetic
differentiation.

Although no formal survey was conducted to update
the current distribution of M. florentina, we reported 27
new locations, in addition to summarizing the literature
[16-18, 20-22, 60—62]. While more rigorous analyses are
required to draw firm conclusions, the summarized data
suggest that recently published reports originate from
more southern regions compared to historical records.
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Decline of abiotic and biotic resistance can be a sign of
genetic erosion [83]. We have analysed evolutionary pro-
cesses acting on the disease resistance of the populations.
Our analysis revealed a pronounced enrichment of SNP
variation in proximity to known disease resistance loci
(NLRs and R-gene/QTL regions), with 2.4 fold change
non-synonymous (HIGH or MODERATE) SNP density.
This pattern is consistent with previous studies show-
ing that NLRs carry disproportionately high diversity.
For example, Buckley et al. [37] reported that genomic
regions of elevated polymorphism in A. lyrata con-
tained a significantly higher density of predicted NLRs
than other regions. Gladieux et al. [39] found balancing
selection at NLRs in traditional rice landraces, which
harboured many ancient NLR haplotypes absent from
modern varieties, with higher NLR diversity. In Rosa-
ceae, many studies have reported signatures of both posi-
tive and balancing selection on S-alleles, which govern
gametophytic incompatibility and are known to evolve in
a manner similar to R-genes under frequency-dependent
selection [84, 85]. It has been demonstrated in apple that
NLRs show signatures of balancing selection and evolved
under positive (Ka/Ks >1) selection [38]. Our observed
excess of non-synonymous SNPs (MODERATE or
HIGH) near resistance loci likely reflects such diversify-
ing selection.

We detected these signals using 2b-RAD, a reduced-
representation genotyping approach. Although RAD-seq
was used before to detect this signal [37], it is worthwhile
to note that more specifically 2b-RAD has significantly
lower genome coverage than usual RAD-seq techniques.
Despite of this, with a more simplistic approach using
SNP count instead of indices (nucleotide diversity or Taji-
maD), we have shown similar selection patterns as previ-
ous studies [37-39].

Although our results support the presence of balanc-
ing selection at disease resistance loci in the studied
populations, some potential confounding factors under-
lying elevated SNP diversity should be considered. Dis-
ease resistance genes are often organized in clusters of
highly similar paralogous sequences, which can lead to
misalignment of short reads, such as those generated by
2b-RAD, and thereby inflate SNP counts [86]. In addi-
tion, NLR loci are typically located near the ends of chro-
mosomes, regions that are generally more polymorphic
compared to central chromosomal regions, which may
further contribute to the observed excess of SNPs [87].

Conclusion

In this study, we demonstrated that the sampled M. flo-
rentina populations exhibit strong genetic structure, like
their sister species M. trilobata. The pronounced dif-
ferentiation between Italian and Balkan samples should
be considered for conservation efforts. Candidate genes
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under selection include one potentially involved in salt
stress tolerance and another linked to drought tolerance,
suggesting possible adaptation to aridification, which
might be linked to the changing climate conditions. We
summarized and expanded the known distribution of M.
florentina. Our data support that M. florentina popula-
tions are under threat; nonetheless, we observed high
diversity at resistance loci. The elevated SNP counts in
resistance loci compared to random windows might indi-
cate balancing selection. These findings support that nat-
ural genetic reserves are particularly valuable for apple
resistance breeding programs. In situ conservation or
expanding the number of ex situ preserved accessions is
especially important for M. florentina, since, to the best
of our knowledge, germplasm collections currently main-
tain only a few accessions of this species.
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