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Abstract

The optimal exploitation of genetic variability is essential for the success of breeding
programs and for identifying quantitative trait loci (QTLs) in genetic association studies.
These benefit from populations with a high number of individuals; however, they are
expensive since extensive plant maintenance, characterization, and evaluation are required.
Core collections offer a practical solution by reducing the number of individuals while
representing the original diversity of the population. This study aimed to construct a
core collection for Japanese plum to serve as pre-breeding material and enable genetic
association studies for traits that are difficult to evaluate. Starting from a population of
1062 individuals genotyped by sequencing, genetic distance and allele coverage metrics
were applied to construct several core collections. Genetic parameters and phenotype
distribution comparisons allowed for the selection of a core collection of 108 individuals
that maximized genetic variability while representative of the original population, con-
firmed by linkage disequilibrium and population structure analyses. Its usefulness was
validated by successfully mapping flowering and maturity dates through marker—trait
association. The core collection constructed here will help in the study of fruit quality traits
and biotic and abiotic responses, ultimately generating molecular markers to assist the
crop’s molecular breeding.

Keywords: Prunus salicina; genetic diversity; population structure; marker—trait
association; SNP

1. Introduction

Japanese plum (also Chinese plum or Asian plum; Prunus salicina Lind. and hybrids) is
a deciduous tree from the Rosaceae family that is highly cultivated to consume its fruits. With
a total of 2.6 million hectares of harvested area, plums are the most cultivated stone fruit
trees within the Prunus genus. However, in total production, they rank second (12.4 million
tons), surpassed by peaches [1]. Japanese plums are primarily consumed fresh and possess
good nutritional and organoleptic properties, with an average sugar content of 15%, 1%
of dietary fiber, and 255 k] 100 g~ ! of energy value, and also being particularly rich in

Agriculture 2025, 15, 1369

https://doi.org/10.3390/agriculture15131369


https://doi.org/10.3390/agriculture15131369
https://doi.org/10.3390/agriculture15131369
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0009-0003-1463-8304
https://orcid.org/0000-0001-5057-0464
https://orcid.org/0000-0003-4624-8047
https://orcid.org/0000-0003-1428-0456
https://doi.org/10.3390/agriculture15131369
https://www.mdpi.com/article/10.3390/agriculture15131369?type=check_update&version=1

Agriculture 2025, 15, 1369

2 of 20

phenolic compounds [2,3]. Moreover, plums have health-promoting effects mainly due
to their high antioxidant activity, which is linked to anti-inflammatory, anticarcinogenic,
and antiadipogenic impact, as well as to the prevention of cardiovascular and neurological
diseases [4,5].

The commercial cultivation of Japanese plum is tightly linked to the interspecific
crosses developed by Luther Burbank, who between the late 19th and early 20th centuries
bred the Asian P. salicina with other diploid Asian (P. simonii), Eurasian (P. cerasifera), and
American (P. americana and others) plums seeking to improve plum fruit size, flavor, aroma,
keeping ability, flesh firmness, acidity, and adaptability [6,7]. The cultivars resulting from
these crosses and their descendants formed the basis of the global plum shipping industry
and set up the founding genetic material for most modern plum breeding programs [8,9].
These programs now seek to generate elite cultivars that meet expectations with consumers’
growing demands, all while being competitive in the market and adapting to the actual
environmental challenges. Among the objectives of these programs is the development
of high-quality, large fruits that are visually appealing, with optimal flavor based on a
balanced sweet-to-sour ratio, and with a juicy but firm flesh. Additionally, some programs
aim for an excellent post-harvest shelf life to support long-distance shipment, the increased
health benefits of the fruits, and an extended harvest season [9]. Some specific objectives
involve a further hybridization of the crop, such as introducing apricot as a donor of
PPV (plum pox virus) resistance and self-compatibility traits [10]. Most varieties are self-
incompatible and thus require a pollinator with compatible alleles to generate progeny [11],
which, added to the breeding history, led to reaching high heterozygosity levels compared
to other Prunus crops like peach or apricot [12].

The genetic complexity of the crop has resulted in a wide phenotypic diversity, hinder-
ing its breeding by reducing the chances of pyramiding a high number of advantageous
alleles in the individuals generated from selected crosses [13]. In this context, genomics-
assisted breeding is a key tool to efficiently generate the cultivars of the future [14]. Some
efforts have been made to detect quantitative trait loci (QTLs) on the genome of Japanese
plum aiming at assisting its breeding, mainly focused on the trait segregation in the bi-
parental <Angeleno” x 98-99> progeny [15-18]. More recently, genomic prediction has
been proven effective for the selection of fruit weight, soluble solid content, acidity, and
harvest date in a multi-parent Japanese plum collection, proving that genomics at the
service of breeding will increase the odds of obtaining new high-quality plum cultivars [19].
However, the phenotypic evaluation of advanced traits (e.g., bioactive metabolite content,
post-harvest behavior, disease resistance, and abiotic stress tolerance) becomes increasingly
challenging for large populations because these are difficult to estimate, time-consuming,
and/or cost-limited. In such cases where phenotyping generates a bottleneck, the feasibility
of identifying the QTLs that regulate trait variability is significantly reduced [20].

Core collections are subsets of individuals from a whole collection, selected by diverse
criteria but with the common objective of minimizing sample redundancy and represent the
genetic diversity of the original collection with minimal resources [21], which is helpful to
deal with genetic studies of advanced traits. The criteria (e.g., genotype, phenotype, origin),
as well as how the original collection is represented (e.g., maintaining or maximizing
original diversity), are selected according to the ultimate goal of each core [22]. Many plant
core collections have been established for a broad range of species over the years, either
for germplasm conservation [23,24], pre-breeding selection [25-27], genotype—phenotype
association [28,29], or more general purposes by combining the former objectives [30-32].
While no core collection has been established yet for Japanese plum, several have been
constituted for other Prunus crops to assist their breeding. For example, the core collections
of peach, apricot, and sweet cherry served to map traits related to pest resistance and fruit
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quality traits such as cracking susceptibility, shape, and firmness, through genome-wide
association [33-35], and also proved helpful in validating molecular markers previously
associated with flowering date and flower type [36-38].

In this study, we aimed to construct a Japanese plum core collection suitable for
forward genetic studies. We evaluated the structure and genetic diversity of the population
from the Stone Breeding Program (University of Chile) genotyped in Ballesta et al. (in
press) [19], used genotypic data as selection criteria to construct several theoretical core
collections, and we selected one maximizing genetic distance between individuals that
increased the observed heterozygosity. We demonstrated the usefulness of the selected
collection by mapping flowering and harvesting dates through association analysis, two
traits critical to improve the crop’s adaptability to different climates and extend its harvest
season [39]. The core collection constructed in this study will enable further association
studies for traits that are complex to phenotype and serve as pre-breeding material for the
breeding program.

2. Materials and Methods
2.1. Plant Material and DNA Isolation

The plant material consisted of 31 parental lines, which combined cultivars from the
United States, South Africa, and Chile, together with advanced breeding lines from the
Stone Breeding Program of the University of Chile (Table S1). These were used to form
different cross designs. In the last seven years, at least 44 crosses have been generated
from the initial parental lines, conforming half- and full-sib families. In September and
October 2022, leaf buds were collected from 1062 trees (parentals and progenies), which
were used to extract their DNA according to the CTAB method [40] with modifications
from Healy et al. [41].

2.2. Sequencing and Genotyping

Genotyping of the 1062 plum individuals was performed following the ddRADseq
protocol described in Peterson et al. (2012) [42], using Nspl and Mbol restriction enzyme
combination. IGA Technology Services (Udine, Italy) performed library preparation and
sequencing using a NovaSeq 6000 instrument (Illumina, San Diego, CA, USA), generating
150 bp paired-end reads. Stacks v2.61 [43] was run to demultiplex the reads, and FastQC
v.11.9 to assess their quality. All 1062 samples passed the mean and per-position sequence
quality thresholds, averaging 5.1 million high-quality reads per sample. These were aligned
to the reference genome of P. salicina cv. ‘Sanyueli’ v.2.0 [44] using BWA-MEM2 v.2.2. 1
software [45]. The SNP calling was performed with Stacks v2.64 with the Maruki-high
model on correctly paired-end reads with a minimum mapping quality of 20, and SNPs
with a genotype quality below 20 were filtered out. A stringent filter was then applied
with VCFtools [46], keeping only biallelic SNPs with a minor allele frequency (MAF)
above 10%, with a missing data rate of less than 3% and in Hardy-Weinberg equilibrium
(>0.05). To avoid SNP redundancy, the resulting 3584 SNPs were pruned based on linkage
disequilibrium using Plink v1.90 [47], removing one SNP for each pair of SNPs within a
10 kb window when their value exceeded r2 > 0.5. Sequencing, mapping, and genotyping
details for each sample are available in Supplementary Table S2.

2.3. Phenotypic Evaluation

The above-described population was phenotyped in two consecutive seasons
(2022-2023 and 2023-2024) for the following traits: flowering date (FWD), fruit matu-
rity date (MD), and fruit development period (FDP). All values were recorded in Julian
days (JD). The FWD was recorded when at least three floral buds on different branches
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were in the full bloom stage, and 80% of the remaining buds had reached the balloon
stage [11]. The MD was determined when at least 80% of the fruits in the canopy had a
pressure between 18-22 N, measured using a manual fruit penetrometer FT011 (Turoni,
Forli, Italy). The FDP was calculated as the difference between the MD and FWD. The
phenotypic distributions of the original population and each core collection constructed
(detailed below) were compared with the LaplaceDemon package R library [48].

2.4. Construction of Core Collections

Before building a core collection, trees that did not produce mature fruits in at least
one season were removed from the dataset, leaving 720 trees for the analysis. Two software
programs were used to construct theoretical core collections: GenoCore [49] and Core
Hunter 3 [50]. For Genocore, two core collections were constructed to represent 99%
and 100% of the allele coverage, CV99 and CV100, respectively. For CoreHunter, two
distinct approaches were used based on genetic distances. The Entry-to-Nearest-Entry (EN)
distance is designed to maximize the average distance between the selected individual and
others selected within the core. Conversely, the Accession-to-Nearest-Entry (AN) distance
minimizes the average distance between each individual from the dataset and the closest
selected ones in the core. The genetic distances were computed as Rogers’ distance (default
parameter). The sizes of the core collections were set as 15 and 20% of the filtered data,
resulting in four core collections built with CoreHunter: ANMR15, ANMR20, ENMR15,
and ENMR20.

2.5. Genetic Diversity, Population Structure, and Linkage Disequilibrium

The genetic diversity parameters, including the number of effective alleles, Shannon’s in-
formation index, observed heterozygosity and expected heterozygosity, were calculated using
the software GenAlex 6.5 for the original population and all constructed core collections [51].

Population structure analysis was conducted for the original population without prior
population assumptions using Structure v.2.3.4 [52]. The study employed an admixture
ancestry model with independent allele frequencies between populations, setting a burn-in
period and a total Markov Chain Monte Carlo of 10,000 and 100,000 iterations, respectively.
The optimal number of genetic clusters was selected according to Evanno’s method [53] by
testing K values from 1 to 10 with the software Structure Harvester v0.7 [54]. Additionally,
a genetic principal component analysis (PCA) was carried out in Tassel 5, and the results
were plotted using ggplot2 v3.5.2.

Tassel 5 [55] was used to calculate the linkage disequilibrium (LD) between all pairs
of SNPs (full matrix) and estimate the LD decay pattern. The default parameters were
employed, and a critical value was calculated following Breshegello and Sorrells (2006) [56].
The output of linkage disequilibrium from Tassel 5 was utilized to calculate a critical value.
This was achieved by filtering all missing values (NA) and non-significant values (with
a >0.01 threshold). The 95th percentile was then calculated as the critical value.

The LD decay curves were adjusted using a non-linear least squares (NLS) regression
in R 4.4.1 [57] (Data S1).

2.6. Validation of the Selected Core Collection Through Association Analysis

The selection criteria of the definitive core collection were based on genetic diver-
sity by prioritizing the maximization of observed heterozygosity, and ensuring adequate
representation of the three phenotypic traits evaluated and the genetic clusters of the
original population.

An association analysis for the three studied traits was performed to assess the feasibil-
ity of the core collection for future breeding selection strategies. The Bayesian information
and Linkage-Disequilibrium Iteratively Nested Keyway (BLINK; [58]) model was used
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for this purpose, which was implemented in GAPIT 3.4 software [59] from the R environ-
ment. The association analyses were conducted for both the core collection and the original
population, where the results were compared to assess the concordance of marker—trait
associations (MTAs) between both populations. Two p-values were established to deter-
mine whether the MTAs are considered statistically significant: (i) a Bonferroni correction
(p < 0.05) based on the number of independent tests according to the total of number SNPs
(n = 2342; total SNPs; Bonferroni correction: 0.05/2342 = p adjusted < 2.13 x 1075); and (ii) a
suggestive p-value < 0.00625 based on the assumption that chromosomes can be considered
as independent testing units (n = §; total chromosomes; 8 independent association tests;
Bonferroni correction: 0.05/8 = suggestive p adjusted < 0.00625).

3. Results

3.1. Genome-Wide Distribution of SNPs and Genetic Diversity
3.1.1. SNPs Distribution

The final SNP panel comprised 2342 markers, which were distributed on the eight
chromosomes of P. salicina (Figure 1) with an average of 292.75 SNPs per chromosome, and
an average minimum and maximum distances between SNPs of 4.375 bp and 33.06 Mbp,
respectively (Table 1). The highest SNP count was observed on chromosome 1 (Chrl;
n = 400 SNPs), which accounted for approximately 17% of the total SNPs, while the lowest
marker count was located on chromosome 4 (Chr4; 9.2%; n = 216 SNPs).
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Figure 1. Density plot of the 2342 single nucleotide polymorphisms (SNPs) identified in the 8 chro-
mosomes (represented by the horizontal bars, in Mega-bases) of Japanese plum. The SNPs were
obtained using double digest restriction-site associated DNA sequencing (ddRAD-seq). The color
intensity indicates the number of SNPs in a 100 Kb window.

Table 1. Summary of SNP markers and linkage disequilibrium distribution across the eight chromo-
somes of Japanese plum.

Max Distance

Chromosome Chr. Size (Mbp) N° Markers Min Distance (bp) (Mbp) r?> min 2 r? max
Chrl 400 2 53.60 250 x 1073 0.08 1
Chr2 261 1 36.16 596 x 1077 0.12 1
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Table 1. Cont.

Chromosome Chr. Size (Mbp) N° Markers Min Distance (bp) Ma);l\]z:;;mce r’> min 2 r?> max
Chr3 31.8 361 1 31.57 9.07 x 107° 0.09 1
Chr4 32.3 216 19 32.00 1.02 x 10734 0.10 1
Chr5 23.6 347 1 23.23 152 x 1077 0.13 1
Chré 36.3 319 3 34.34 24 %1078 0.23 1
Chr7 29.9 220 4 29.58 471 x 1079 0.12 1
Chr8 28.1 218 4 27.62 1.00 x 1073%  0.16 1

Chr. Size (Mbp): chromosome size; N° Markers: marker count; Min Distance (bp): minimum distance between

markers; Max Distance (Mbp): maximum distance between markers; 2, 12 min and r? max: average, minimum,

and maximum of linkage disequilibrium values per chromosome, respectively.

3.1.2. Genetic Diversity

The genetic diversity parameters of the original collection and the constructed core
collections are summarized in Table 2. The two core collections constructed with criteria
relying on allele coverage (CV99 and CV100) retain 99% and 100% of the alleles from the
original population, selecting a minimum set of 37 and 60 individuals, respectively. The
four remaining core collections (ENMR15, ENMR20, ANMR15, and ANMR?20) had a higher
number (108 and 144 individuals, corresponding to 15 and 20% of the original population,
respectively), defined before the analysis and the specific individuals then selected by
their genetic distances. The number of effective alleles and Shannon’s information index
varied slightly between the core collections, ranging from 1.549 to 1.594 and 0.511 to 0.536,
respectively. All the core collections except ANMR15 and ANMR20 slightly increased
these values compared to the original collection (Ne = 1.564; I = 0.52), with the CV cores
displaying the highest values. The observed heterozygosity (Ho) of the whole collection
was 0.346. The two CV core collections had a lower value (0.324-0.330) and a greater
(0.352-0.356) expected heterozygosity (He). On the contrary, the ENMR and ANMR col-
lections had higher Ho values (0.348-0.369), which were consistently higher than their He
(0.335-0.348). Among them, ENMR15 exhibited the highest Ho and the most considerable
difference between Ho and He.

Table 2. Genetic diversity parameters for the original population and the six theoretical core collec-
tions constructed in this work.

Population Individuals Data Type N Ne I Ho He
o we Mgt e m om0
ovio e G Tl oo oo oo oo
o w G G oms oo o oo
moms s G0 RS g oom oms oo
s g e g ows o oo
R A - Y S 1S 1 O 1
a0 1 G Na ges o oo oow

SE: standard error; N: individuals genotyped per locus; Ne: number of effective alleles; I: Shannon’s information
index; Ho: observed heterozygosity; He: expected heterozygosity.
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3.2. Phenotype Distribution

The phenotype distribution on the original population and the six constructed core
collections is shown in Figure 2. In the original population, the FWD exhibited a trimodal
distribution in both seasons, while the MD and FDP followed a bimodal distribution in
2022-2023 and monomodal in the 2023-2024 season. Overall, the two CV collections did not
follow the distribution pattern of the complete set and exhibited a monomodal distribution
for the MD and FDP evaluated in 2022-2023, and the FWD in 2023-2024. The ANMR
collections exhibited a similar distribution trend from the original collection, except for
the FWD (2023-2024) and ANMR15 on the FDP (2022-2023), which displayed bimodal
and monomodal distributions, respectively. The ENMR collections also tend to follow the
distribution of the original population, except for the MD in both seasons and ENMR15
for the FDP (2022-2023), which were trimodally distributed, and ENMR20 for the MD
(2023-2024), showing a bimodal distribution.

S
Density

Core collections
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Figure 2. Distribution plot of all phenotypic traits. The x-axis of the graph represents the Julian
days for each trait measured for the individuals in the full panel and the core collections (CV99,
CV100, ANRM15, ANRM20, ENMR15, and ENMR20), represented by different colors, while the
y-axis shows the relative density of the samples. The FWD, MD, and FDP were evaluated on
the original population and compared with the constructed core collections. On the top, season
2022-2023; bottom, season 2023-2024. (a,d) Flowering date (FWD); (b,e) maturity date (MD);
(c,f) fruit development period (FDP).

The 10th and 90th percentiles of all traits over the seasons were assessed. The average
for the 10th and 90th percentile of the FWD were 52 and 66 JD, respectively, in the first
season, and 43 and 78 JD for the subsequent season, respectively. In the case of the MD,
the average for the 10th percentile was 179 for both seasons. The mean value for the 90th
percentile was 265 in the first and 255 JD in the second season. The 10th and 90th percentiles
of the FDP in the 2022-2023 season were of 120 and 204 JD, respectively; in the 2023-2024
season, these values increased to 128 and 197, respectively.

3.3. Population Structure

Considering the genetic diversity and phenotypic distribution results, the ENMR15
core collection was chosen over the others because of its higher genetic diversity and
optimal representation of the phenotypic distribution of the original population. Further
analyses were conducted on this specific collection to assess the correct representation of the
original population structure and validate its usefulness for genetic association analyses.
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According to Evanno’s method, the most probable number of genetic clusters in the
original population was two. The results indicated that the two clusters are not entirely
isolated, with only 34.2% of the individuals being strongly assigned (Q > 0.9) to one of
the groups, indicating a high level of admixture (Figure 3a). The first two components
of the PCA explained 14.3 and 5.8% of the genetic variability, respectively, with the first
being sufficient to represent the membership probability of individuals in their assigned
group (Figure 3b). The population structure was represented in a PCA, where members
of the same genetic group are genetically closer to each other than to members of families
generated from different progenitors (Figure 3c). For the ENMR15 core collection, the first
two principal components of the genetic PCA explained 9.4 and 5.6%, respectively, of the
variability (Figure 3d), and their members represented the two clusters defined for the
original population.
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Figure 3. Population structure and principal component analysis (PCA) results based on 2342 high-
quality SNPs. (a) The inferred population structure of the 1062 individuals of the original population
for two genetic clusters (K = 2). The x-axis displays the individuals (1062) arranged according to their
membership probability (y-axis; Q), with Q1 (light purple) and Q2 (aquamarine) representing the
two distinct clusters. (b) The genetic PCA for all individuals (1062), distributed in the coordinates
generated on the first two components. Each individual is assigned to Q1 or Q2, in concordance
with the previous plot. (c) The former PCA, highlighting the parentals (PL: paternal line) used in the
breeding program to generate 44 families, with their descendants colored by their maternal origin
(DAM). (d) Genetic PCA of the 108 individuals comprising the ENMR15 core collection, colored by
their cluster assignment (as illustrated in plot a).

3.4. Patterns of Linkage Disequilibrium

The original population showed an average LD value of r? = 0.128 for all chromosomes.
Linkage disequilibrium values for all chromosomes ranged from values close to zero
(r2 min = 2.5 x 107%; chromosome 1) to complete disequilibrium (r> max = 1; for all
chromosomes). Notably, the average LD value on chromosome 6 was higher than any
other chromosome (r? = 0.228), while the average LD values on chromosomes 1 and 3 were
the lowest (r? = 0.0839 and 0.0869, respectively). The LD decay pattern across the eight
chromosomes for the original population is shown in Figure 4. The genome-wide LD
decayed rapidly within 3103.66 Kbp, considering a critical value of r*> = 0.12 (p < 0.01). For
the ENMR15 core collection, the LD rapidly decayed within 1177.25 Kbp, with an estimated
critical value of r? = 0.427 (Figure 4).
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Figure 4. Linkage disequilibrium measures ?) against physical distance between pairs of SNP
markers in kilobases. The purple dotted line denotes the critical r* value, while the turquoise line
indicates the physical distance the critical value reaches. (a) The LD decay pattern for the original
population and (b) the pattern for the ENMRI15 core collection.

3.5. Association Analysis for Core Collection Validation

The association analysis for the original population revealed 69 marker—trait associa-
tions (p <2.13 x 107°) for the three traits evaluated in the two consecutive seasons (Table 3).
In addition, 300 marker—trait associations were detected considering a suggestive p-value of
0.00625 (Supplementary Table S3, Figure S1). A lower number of marker—trait associations
were detected for the core collection, of which 59 and 12 were significant using p-values of
0.00625 and 2.5 x 10>, respectively.

Table 3. Summary of the most significant marker—trait associations (p < 2.13 x 10~°) in the entire
population and core collection of Japanese plum based on field performance in two consecutive seasons.

Population Trait Season SNP Chr Pos (Mbp) PVE (%)
o 414579882 4 14.58 21.43
Original FWD 20222023 4730218694 4 30.22 14.67
2 17677588 2 17.68 4.73

2 17810972 2 17.81 2.51

229360599 2 29.36 12.49

Original FWD 2023-2024 3.29679394 3 29.68 223
429671885 4 29.67 5.18

430832109 4 30.83 4.30

6_28964130 6 28.96 17.63

1_6041549 1 6.04 2.57

1_8537798 1 8.54 3.90

110657148 1 10.66 2.08

1_27497096 1 27.50 2.81

234062566 2 34.06 5.78

3_5568519 3 5.57 0.86

3_15529224 3 15.53 1.25

4 2123398 4 2.12 5.79

42749012 4 2.75 0.51

Original MD 2022-2023 49009431 4 9.01 5.34
4 16271618 4 16.27 5.80

4 17776021 4 17.78 5.42

5_14843112 5 14.84 1.68

6_4538253 6 4.54 3.36

6_23796481 6 23.80 1.24

7_29346449 7 29.35 29.04

82117948 8 2.12 1.99

8_20238405 8 20.24 217

8_25944299 8 25.94 1.52
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Table 3. Cont.

Population Trait Season SNP Chr Pos (Mbp) PVE (%)
17582789 1 7.58 274

112071117 1 12.07 1.08

1_39963944 1 39.96 025

234062566 2 34.06 237

3 15415536 3 15.42 1.73

320574499 3 20.57 1.82

4 2123398 4 212 147

4 2749012 4 275 1.65

4 9009431 4 9.01 1050

4 14086328 4 14.09 11.05

Original MD 20232024 414379875 4 1438 1.52
4 15557481 4 1556 10.86

4 16271618 4 16.27 467

4 16847730 4 16.85 407

4 17776021 4 17.78 14.03

4 22490748 4 2249 2.88

5 9438804 5 9.4 249

611673835 6 11.67 233

6_31840696 6 31.84 234

7 27485481 7 27.49 497

819266695 8 19.27 1.84

4 9990227 4 9.99 4056

Core MD 20222023 418831526 4 18.83 13.97
4 22490748 4 22.49 13.37

4 16271618 4 16.27 27.93

Core MD 2023-2024 4755103389 4 25.10 4127
16041549 1 6.04 7.80

1.12071117 1 12.07 595

234062566 2 34.06 8.75

4 2423446 4 242 253

4 8617235 4 8.62 7.88

. 4 9009431 4 9.01 6.84
Original FDP 20222023 4714011592 4 14.01 142
4 16271618 4 16.27 482

4 17776021 4 17.78 17.84

4 18293367 4 18.29 8.35

5 14956833 5 14.96 123

64538253 6 454 7.32

4 2123398 4 212 262

4 9009431 4 9.01 9.27

4 16271618 4 16.27 231

. 4 17455555 4 17.46 17.63
Original FDP 2023-2024 417776001 4 17.78 26.58
4 22490748 4 22.49 7.53

613073537 6 13.07 5.46

7 21679670 7 21.68 275

234062566 2 34.06 17.95

4 18831526 4 18.83 18.19

Core FDP 20222023 4750490748 4 22.49 15.71
52130737 5 213 9.90

2 29453403 2 29.45 14.78

Core FDP 20232024  4.9990227 4 9.99 40.48
4 18831526 4 18.83 13.70

Chr: chromosome; Pos (Mbp): physical position expressed in Mbp; PVE: phenotypic variation explained.

According to the association study considering the original population, two and seven
SNP markers were significantly associated with the FWD evaluated in the 20222023 and
2023-2024 seasons (p < 2.13 x 10~°), respectively, explaining between 2.23 and 21.43% of the
total phenotypic variation. On the other hand, 92 marker—trait associations (Table S3) were
detected considering a suggestive p-value of 0.00625 for the two seasons. In this context,
four markers on chromosomes 1 (SNP 1_50892252), 2 (SNP 2_4372972), 3 (SNP 3_9303984),
and 8 (SNP 8_7359085) were significantly associated with the FWD evaluated for the
2022-2023 and 2023-2024 seasons in the original population. No marker—trait associations
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were found for the FWD in the core collection, considering a p value of 2.13 X 1079,
although 27 markers were significantly associated with the FWD, considering a suggestive
p value of 0.00625. Of these 27 associations, four markers (SNPs 2_27203744, 2_29437650,
229453403, and 2_29487535) located on chromosome 2 were significantly associated with
the FWD in both 2022-2023 and 2023-2024. Most of the common markers associated with
the FWD for the original population and the core collection were only detected for the
2022-2023 season (three markers located on chromosomes 2, 6, and 7).

Fifty-two and sixty-three marker—trait associations were detected for the MD assessed
in 2022-2023 and 2023-2024 (original population), respectively, considering a suggestive
p-value of 0.00625. The markers significantly associated with the MD, considering a p-
value of 2.13 x 1075, explained up to 29.04% of the phenotypic variation (SNP 7_29346449;
2022-2023 season). Eight markers were associated with the MD in both seasons, located on
chromosomes 2 (SNP 2_34062566), 4 (SNPs 4_2123398, 4_2749012, 4_9009431, 4_16271618,
4 17776021, and 4_22490748), and 6 (SNP 6_4538253) for the original population. Only
eight marker—trait associations were detected for the core collection, even considering a
suggestive p-value. Of these eight SNP markers, seven were located on chromosome 4.
Only two markers on chromosome 4 (SNPs 4_22490748 and 4_16271618) were significantly
associated with MD for the core collection and the original population in a single or
both seasons.

For the FDP evaluated in the 2022-2023 and 2023-2024 seasons, 56 and 35 marker—trait
associations were found, respectively, considering a suggestive p-value of 0.00625, while
twelve and eight associations were detected, respectively, with a p-value of 2.13 x 10>
in the original population. Seven markers located on chromosomes 2 (SNPs 2_34062566
and 2_35099722), 3 (SNP 3_20506903), and 4 (SNPs 4_9009431, 4_16271618, and 4_17776021;
and one additional SNP 4_2423446 p < 0.000625) were statistically associated with the FDP
evaluated in both the 2022-2023 and 2023-2024 years, which explained up to 26.58% of
the phenotypic variation. When implementing the association analysis for the core collec-
tion, only three markers on chromosome 4 (SNP 4_9990227, 4_18831526, and 4_22490748;
p < 0.00625) were statistically associated with the FDP for the 2022-2023 and 2023-2024
seasons (24 total marker—trait associations). One SNP marker located on chromosome 1
(SNP 1_6041549) was consistently detected in the core collection and the original popula-
tion for the 2022-2023 season but not for the 2023-2024 season. One marker located on
chromosome 2 (SNP 2_34062566) was consistently detected in the original population in
both seasons but was only detected in the core collection in the 2022-2023 season. Two
markers (SNPs 4_18831526 and 4_22490748) located on chromosome 4 were statistically
associated, considering both the core collection and the original population.

4. Discussion

Environmental adaptation and phenotypic plasticity in crops are required for their
sustained production over time and are essential to obtain advances in their genetic im-
provement. In this context, germplasm collections provide genetic resources to improve
modern commercial genotypes. However, the lack of large-scale phenotypic evaluations
hinders the selection of genotypes and the generation of new varieties of high commercial
value [20]. Core collections represent a key strategy to exploit genetic variability at an
optimal manageability and overcome this limitation, allowing for the minimization of the
resources required to phenotype a population for genotype—-phenotype association analyses
and the maintenance of efficient pre-breeding collections [21].

High-throughput sequencing technologies can generate a vast number of molecular
markers over the genome of the target species. In this study, we used ddRAD sequencing,
which allows for the further optimization of the sequencing cost per sample but has some
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common drawbacks, such as increased data missingness [60]. We applied stringent filters
to the sequenced data, significantly reducing the total marker count. Still, we kept the best
quality SNPs well distributed over the eight chromosomes of Japanese plum, suitable for
population structure analysis, linkage disequilibrium estimation, and the generation of a
core collection with increased genetic diversity to enhance Japanese plum breeding.

4.1. Generation of a Core Collection Maximizing Genetic Diversity

Multiple strategies have been employed to construct core collections since their con-
ceptualization by Frankel (1984) [61]. Initially, sample origin and phenotypic data were
the common stratification choices because these offered a quick and cost-effective way of
sample differentiation. Later, the widespread and systematic use of molecular markers
led to their preference due to their stability, co-dominance, and heritability, which served
to discard the influence of ambient factors [21]. Still, nowadays many core collections are
constructed by combining DNA markers with phenotypic data to ensure adequate represen-
tation of traits of interest [62-64]. Since the ultimate goal of the core collection in this study
is to serve as pre-breeding material and enable fruit quality studies, individuals without
flowering or poor fruit setting were filtered out, as their inclusion would compromise the
collection’s utility. Subsequently, the selection criteria relied exclusively on the information
provided by DNA markers, aiming at maximizing the genetic diversity to make it suitable
for genetic association studies targeting a wide range of heritable traits [33].

The CV collections were constructed with a maximization strategy that favors allelic
richness, which in this study resulted in a minimum of 37 and 60 individuals required to
retain 99% and 100%, respectively, of the alleles of the original collection, similar to those
values obtained in peach and apricot core collections [36,65]. Considering that Japanese
plum is a highly diverse species, these low numbers still agree with the original population
design because, even though it is relatively large, it consisted of half- and full-sibling
families generated with recurrent parentals. While ideal for the manageability of a pre-
breeding collection, such a limited sample size might lack the resolution to map QTLs
in Prunus crops successfully [66]. To increase the sample size to at least one hundred
genetically diverse individuals while minimizing genetic redundancy, a distance-based
strategy recommended by Odong et al. (2013) [22] was incorporated. The entry-nearest-
entry metric included in Core Hunter 3 was designed to maximize the genetic diversity of
the whole population while avoiding the inclusion of close individuals [22,50]. Although
the former would theoretically be the ideal metric to construct the core collection of our
objectives, the accession-nearest-entry metric that favors an evenness representation of all
individuals was also incorporated, and the optimal core collection was chosen based on
comparative analyses.

Among all tested collections, both ENMR collections had the highest observed het-
erozygosity, increased expected heterozygosity, mean number of effective alleles per locus,
and Shannon’s information index relative to the original population. Since only genotypic
data were used for selection, three traits (flowering date, maturity date, and fruit devel-
opment period) were used to assess how the core collections represented the distribution
of the original population. The ENMR collections faithfully represent the original set of
phenotypic distribution in the considered phenological traits and, in some cases, include
more individuals at the extremes of the distributions, as expected for the entry-nearest-entry
metric [22]. While this effect was not observed in the FWD trait, it was very notable in the
MD and FDP traits at the right end of their phenotypic distributions, which was reflected
on their averaged 90th percentile values. These values in the ENMRI15 collection were
higher compared to the original population: for the MD, the values were 20 and 22 days
higher for the first and second season, respectively; for the FDP, these were 15 and 22 days
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higher, respectively. This indicates that the core collection, only relying on genotypic data,
favored the representation of late maturity trees that were underrepresented in the original
population. The ENMR core collection with 108 individuals was ultimately selected over
the one with 144 due to slightly higher diversity index values and a better cost-efficiency.
The entry-nearest-entry metric has also been the optimal method for the generation of core
collections in other Rosaceous crops such as apple and strawberry [67,68].

The original population consisted of two genetic groups with high levels of admixture
between them. This low level of structure is observed in multi-parent populations, in
which most individuals are closely related because of the recurrent use of the parentals
in the breeding program [69]. Carrasco et al. (2012) [70] analyzed 29 Japanese plum elite
cultivars and, similar to our results, determined that the population consisted of only two
groups with low levels of differentiation. Conversely, in studies in which the population
consisted of individuals of very different origins, or that included non P. salicina plum
species and hybrids from the early breeding of the modern Japanese plum, more than four
genetic clusters could be identified [12,71]. The two genetic clusters found here were well
represented in the ENMR15 collection, further indicating that it faithfully represents the
original population.

The core collection constructed here is a representation of the genetic diversity of the
breeding program, whose founders were plum cultivars generated after the interspecific
hybridization of the species. Typically, core collections have been constructed including
landraces and historical cultivars, as in the sweet cherry and apricot core collections [33,35].
Still, some reference populations, such as the PeachRefPop and the apple REFPOP, have also
incorporated several multi-parent progenies to represent the diversity of modern cultivated
varieties and facilitate further genetic studies [36,72]. While the core collection constructed
here might represent the variability of modern plum cultivars, it may fail to represent the
full extension of the species-wide genetic diversity. To achieve this goal, a global effort
would be required to construct a plum germplasm collection that incorporates, aside from
modern cultivars from diverse origin, landraces from China and the early cultivars from
the Burbank breeding program, including those non P. salicina species used in the early
hybridization of the crop [71].

4.2. Genome-Wide Patterns of Linkage Disequilibrium (LD)

In the context of genomics-assisted breeding, linkage disequilibrium (LD) allows for
estimating the marker density needed to achieve adequate resolution in the mapping of
quantitative trait loci (QTLs). As expected, the LD pattern of the core collection decayed
faster than in the original population. The LD decayed within ~1100 Kbp, and a critical
threshold of r? = 0.427 was considered necessary to maintain a significant association
between loci. In contrast, the LD decay was observed within ~3100 Kbp for the original
population, supporting the maintenance of the LD over considerably greater physical
distances. P. salicina has a relatively small genome of approximately 280 Mbp; therefore,
based on the observed LD patterns, it is estimated that a minimum of approximately
100 and 250 SNP markers would be necessary to effectively map QTLs in the original
population and the core collection, respectively. These results support the feasibility of
using both populations for genetic mapping studies.

The LD pattern observed in the original population and the ENMR15 core collection
was consistent with the estimated genetic diversity indices (see above). The core collection
had slightly greater genetic diversity (in terms of heterozygosity) than the original popula-
tion, which is expected given that it was designed to conserve individuals that represent the
greatest genetic diversity in the population. Consequently, linkage disequilibrium in the
core collection is expected to decay rapidly and spread over shorter distances. According to
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other studies in natural populations with higher diversity of Prunus [73-75], the LD pattern
reported in this study extends over relatively long distances, which is consistent with the
diversity and genetic structure parameters. For instance, Thurow et al. (2020) [73] identified
three clusters conforming to a Brazilian peach breeding germplasm, and consequently,
the LD pattern decayed above 38 Kbp. In contrast to the present study, Carrasco et al.
(2022) [76] previously examined the genetic diversity of a Japanese plum breeding program,
which was defined by two genetically homogeneous groups, and linkage disequilibrium
was spread over relatively short distances. In fact, Carrasco et al. (2022) [76] considered
only genetically distinct elite cultivars, which explains the discrepancy with the results of
this study.

4.3. Core Collection Validation Through Association Analysis

To validate the future usefulness of the core collection for developing selection strate-
gies for the Japanese plum breeding program, a comparative study for detecting marker—
trait associations was implemented in the original population and in the core collection
(in this case, ENMR15). In general, a small number of SNPs were significantly associated
with the studied traits for both the original population and the core collection. Notably, the
associations identified in the original population were consistent with previous studies.
Chromosomes 1, 4, 6, and 8 have been extensively described to be associated with pheno-
logical traits such as the FWD, MD, and FDP in Prunus spp. [16,77-80]. Previously, Salazar
et al. 2020 [16] identified three QTLs located on chromosomes 6, 1, and 8 associated with the
blooming date, and on chromosomes 4 and 2 associated with the FDP in an F1 population
from the cross ‘98-99” x ‘Angeleno’ of P. salicina. In the present study, marker-trait associa-
tions detected in the original population, explaining between 12 and 21% of the phenotypic
variation in the FWD, could not be detected in the core collection. On the other hand,
considering the LD decay pattern for the core collection (LD decay > ~1177 kb), two loci sig-
nificantly associated with the FWD in the core collection could be linked to the loci strongly
associated with the FWD in the original population. The SNP markers 4_29203059 (which
could be related to 4_30218694, which explained 14% of the PV of the FWD) and 2_29363790
(which could be related to 2_29360599, which explained 12.5% of the PV of the FWD) were
located less than 162 kb from the markers detected in the original population. In addition,
several SNPs located on chromosomes 6 were significantly associated with the FWD in the
core collection, considering a suggestive p-value, which is consistent with previous studies
examining the genetic control of flowering dates in Prunus [16,78]. Although the flowering
beginning date is considered highly heritable [16,77,78] inter-season variation is recognized
as conditioning accurate phenotyping and the detection of stable QTLs for flowering dates.
In fact, according to the Chilean Meteorological Division (https://www.meteochile.gob.cl/
(accessed on 28 April 2025)), the rainfall between the seasons evaluated in this study was
highly variable (August-September 2023: 173.6 mm and August-September 2022: 23.6 mm),
affecting floral structures and the ability to phenotype the appropriate beginning and end
dates of the flowering period.

Association analysis for the MD detected genomic regions located mainly on chromo-
some 4 that were statistically related to the MD, both for the original population and the core
collection, in both seasons. Chromosome 4 has been extensively studied for its relationship
with the ripening date of Prunus spp. fruits, identifying several stable molecular markers
for more than one evaluation season [16,78,81]. Previously, Pirona et al. [82] described that
a NAC transcription factor would be encoded in a genomic region of chromosome 4 of
the peach, which is postulated as a master candidate gene for ripening. Notably, some
SNPs significantly associated with the MD and located on chromosome 4 (detected in the
original population) were not statistically related to the MD in the core collection until the
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significance threshold was set to a suggestive value (e.g., SNP 4_22490748). Interestingly,
in this study, an SNP significantly associated with the MD located on chromosome 7 was
detected, which explained 20% of the phenotypic variation in the 2022-2023 season. Despite
the magnitude of its effect, this locus was not detected in the 2023-2024 season, which
explains why it was not detected in the core collection.

A major QTL located ~17 Mbp on chromosome 4 was detected, explaining up to 26%
of the phenotypic variation in the FDP in both seasons. Controversially, this QTL was not
detected in the association analysis for the core collection, considering the significance
threshold values of p < 0.00625. On the other hand, this SNP marker was associated with
the FDP in the core collection with a significance of p < 0.05 in both seasons, from which it
can be assumed that this locus was not detected due to its low representativeness in the
core collection, although an SNP located ~18 Mbp on chromosome 4 explained up to 18%
of the variation in the FDP in both seasons.

The traditional association studies are characterized by their extensive sample sizes,
often encompassing hundreds or thousands of accessions. This approach guarantees
achieving success, as it ensures that the trait under investigation possesses the essential
qualities of being a continuous variable, accompanied by numerous observations and a
normal distribution. Consequently, at a small sample size (n < 100 individuals), only loci
that account for a substantial proportion of the phenotypic variance will be identified;
meanwhile, loci exhibiting a minor effect will need the evaluation of a thousand individuals
to be detected [43,83].

In this study, it has been demonstrated that the number of individuals influences
the probability of discovering marker—trait associations. On the other hand, marker—trait
associations adjacent to those detected in the original population were detected, and were
consistent with previous studies; therefore, the results demonstrated that the core collection
can be used for the detection of new genomic regions to ultimately assist breeding programs.

5. Conclusions

This study is the first construction of a Japanese plum core collection based on a
multi-parental original population, maintaining the representation of several elite cultivars,
progenies, and selections. This core collection maximizes genetic diversity and is an optimal
representation of the original population with only 10% of the total individuals (n = 108),
providing access to plant resources that represent the total genetic diversity of the breeding
program while minimizing the amount of material that needs to be maintained. We
validated its usefulness by association analysis, which revealed stable QTLs for flowering
date, fruit development period, and maturity date in two consecutive seasons, consistent
with previous findings. This core collection will provide valuable genetic resources for
future research and breeding in Japanese plum.
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Abbreviations

The following abbreviations are used in this manuscript:

QTLs Quantitative trait loci

PPV Plum pox virus

MAF Minor allele frequency

FWD Flowering date

FDP Fruit development period

MD Maturity date

JD Julian days

AN Accession-to-nearest-entry

EN Entry-to-nearest-entry

LD Linkage disequilibrium

NLS Non-linear least squares

BLINK Bayesian information and linkage disequilibrium iteratively nested keyway
MTAs Marker—trait associations

Bp Base-pair

Mbp Mega base-pair

Kbp Kilo base-pair

SNPs Single nucleotide polymorphism

ddRADseq Double digest restriction-site associated DNA sequencing
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