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Abstract

European plum (Prunus domestica L.) is an ancient domesticated species cultivated in tem-
perate areas worldwide whose genetic structure has been scarcely analyzed to date. In this
study, a broad representation of Spanish European plum germplasm collected in Northeast-
ern Spain and a representative set of reference cultivars were compared using nuclear and
chloroplast markers. The number of alleles per locus detected with the SSR markers ranged
from 8 to 39, with an average of 23.4 alleles, and 8 haplotypes were identified. Bayesian
model-based clustering, minimum spanning networks, and the analysis of molecular vari-
ance showed the existence of a hierarchical structure. At the first level, two genetic groups
were found, one containing ‘Reine Claude’ type reference cultivars altogether with ca. 25%
of local genotypes, and a second one much more diverse. This latter group split in two
groups, one containing most (ca. 70%) local genotypes and some old Spanish and French
reference cultivars, whereas the other included 24 reference cultivars and only six local
genotypes. A third partition level allowed a significant finer delineation into five groups. As a
whole, the genetic structure of European plum from Northeastern Spain was shown to be
complex and conditioned by a geographical proximity factor. This study not only contributes
to genetic conservation and breeding for this species at the national level, but also supports
the relevance of undertaking similar tasks of collection and characterization in other unex-
plored areas. Moreover, this kind of research could lead to future coordinated actions for the
examination of the whole European plum diversity, to define conservation strategies, and
could be used to better understand the genetic control of traits of horticultural interest
through association mapping.

Introduction

The biological origin of European plum (Prunus domestica L.), a hexaploid species (2n = 6x =
48), is still controversial and remains uncertain [1, 2]. It is traditionally considered as an allo-
polyploid between P. spinosa (2n = 4x = 32) and P. cerasifera (2n = 2x = 16) [3-6], belonging
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to the Prunus genus within the Prunoideae subfamily of Rosaceae [7, 8]. This species probably
originated at Western Asia, in the area south to the Caucasus Mountains and the Caspian Sea,
which later travelled into Western Europe [8, 9]. Stone remnants indicate that P. domestica L.
was used by humans, at least, 6,000 years ago, and it is known to have been widely cultivated in
Roman times. This long history of domestication has resulted in a rich diversity of morpholog-
ical characteristics and crop aptitudes [8].

Whereas the analysis of genetic diversity within and between populations in diploid species
is nearly a routine task, the development of genetic studies focusing on polyploid species is
hampered by several difficulties, mainly associated to the complexity of allelic scoring and
molecular data analysis [10, 11]. Due to these limitations, P. domestica L. is one of the least
studied species within the Prunus genus, and only few studies have focused on evaluating the
genetic diversity and population structure of P. domestica L. germplasm [12-14]. However,
learning the extent and structure of genetic variation in germplasm collections is a crucial step
for the efficient conservation and utilization of biodiversity in cultivated crops [15-17]. There-
fore, efforts should be made in order to better know the genetic variation and population
structure in P. domestica, as already carried out for other fruit tree species, where SSR markers
are widely applied in combination with clustering methods. Examples of such an approach can
be found for apple [17-19], pear [16, 20], olive [21, 22], peach [23-24], apricot [25] or cherry
[26] among many others.

Regarding the traditional use of European plum in Spain, the most detailed historical
description can be found in “Cartografia de Frutales en Hueso y Pepita” [27], where valuable
information on putative synonymies and geographical distribution of the main cultivars is
provided at the regional level. Until the 1930s, the three main cultivars at the national level
were ‘Reine Claude Verte’, ‘Reine Claude d’Oullins” and ‘Reine Claude de Bavay’, the two latter
being just two out of the wide number of derived-cultivars from ‘Reine Claude Verte’ [28-30].
Thereafter, local cultivars, ‘Arandana’, Imperial Roja’ and ‘del Pais’, as well as other foreign
cultivars such as ‘Reine Claude Violette’, ‘d’Ente’ or ‘Washington’ were reported as relevant in
some specific regions at that time, but their cultivation at the national level was not widespread
enough to be considered as ‘major cultivars’ [31, 32]. Despite the wide documentation for
these cultivars in the country in the past, the present-day diversity existing in the country is
widely unknown. This fact is especially true for mountainous areas of Northeastern Spain,
which underwent a severe process of population decline from the second half of the last cen-
tury, implying that most traditional farming areas were abandoned [33]. This situation encour-
aged the establishment of prospecting missions in mountainous areas from Northeastern
Spain in order to recover this traditional material to be preserved in germplasm collections
and to be further studied.

The specific aims of this study were to discern the extent of the genetic structure of the P.
domestica L. from Northeastern Spain, as well as to investigate the genetic relationships
between this local material and a diverse set of reference cultivars. In this study, we used for
the first time codominant (SSR) and chloroplastic DNA (cpDNA) markers to elucidate the pat-
tern of genetic diversity, structuration, and differentiation of P. domestica L. from the North-
east of the Iberian Peninsula.

Materials and methods
Plant material and DNA extraction

This study considers 120 P. domestica accessions collected in areas from Northeastern Spain
and an additional set of 46 cultivars used as a reference (Table 1). The prospection area
includes a diversity of eco-geographical locations (Fig 1). All accessions, currently preserved at
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Table 1. Listing of plum reference cultivars included in this study indicating group assignment by STRUCTURE analysis and their chloroplastic haplotypes.

Reference cultivar Country of origin K=2 K=3 K=5 Haplotype
! Albatros Hungary G2.2 G3.3 G5.4 6
'California USA G2.2 G33 G54 1
'Kirke UK G2.1 G3.1 G5.1 1
'Lincoln USA G2.2 G33 G54 1
"Tragedy USA G2.2 G3.2 G5.2 1
"Tuleu gras Romania G2.2 G3.3 G5.4 6
2Amarouge France G2.2 G3.2 G5.3 1
2Campenca France G2.2 G3.2 G5.3 1
De Montfort France G2.1 G3.1 G5.1 1
%Grosse Bleue France G2.2 G3.3 G5.4 1
*Impérial Epineuse France G2.1 G3.1 G5.1 5
*Marcarriére France G2.2 G3.3 G5.4 5
*Mariolet France G2.2 G3.2 G5.2 1
“Prune de Vars UK G2.1 G3.1 G5.1 1
*Royale Bleue France G2.2 G3.3 G5.2 7
*Saint Antonin France G2.2 G33 G5.3 1
®Anna Spath Hungary G2.2 G3.3 G5.4 1
*Arandana Spain G2.2 G3.3 G5.4 1
*De la Rosa Spain G2.2 G3.2 G5.3 1
’D’Ente France G2.2 G3.3 G54 1
*Pozegaka USA G2.2 G3.3 G5.4 1
*Ruth Gerstetter Germany G2.2 G3.3 G5.4 1
“*Cacanska lepotica Serbia G2.2 G3.3 G5.4 5
“Cacanska rodna Serbia G2.2 G3.3 G5.4 5
“Ersinger Germany G2.2 G3.3 G5.4 1
“Jojo Germany G2.2 G3.3 G5.4 1
“Valor Canada G2.2 G33 G5.4 5
®Catalonia Spain G2.2 G3.2 G5.3 1
®Coe’s Golden Drop UK G2.2 G3.3 G5.4 1
°Gran Prize USA G2.2 G33 G54 1
*Monsieur Hatif France G2.2 G3.2 G5.2 1
°Ontario USA G22 G3.3 G54 1
®Reine Claude Comte d’Altham France G2.1 G3.1 G5.1 1
®Reine Claude Diaphane France G2.1 G3.1 G5.1 1
®Reine Claude Rosée France G2.1 G3.1 G5.1 1
®Reine Claude Tardive de Chambourcy France G2.1 G3.1 G5.1 1
*Reine Claude Violette France G2.1 G3.1 G5.1 1
*Utility UK G2.2 G3.3 G5.2 1
*Washington UK G2.1 G3.1 G5.1 1
®President UK G2.2 G3.3 G54 1
®Reine Claude de Bavay Belgium G2.1 G3.1 G5.1 1
®Reine Claude d’Oullins France G2.1 G3.1 G5.1 1
®Reine Claude Verte France G2.1 G3.1 G5.1 1
“Stanley USA G2.2 G3.3 G5.4 5
’Questsche d’Italie Italy G2.1 G3.1 G5.1 1

(Continued)
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Table 1. (Continued)

Reference cultivar Country of origin K=2 K=3 K=5 Haplotype
"Victoria UK G222 G33 G54 1

Small numbers indicate the germplasm repositories where the reference cultivars were obtained
! Research Institute for Fruit Growing and Ornamentals, Budapest Hungary

French National Institute for Agricultural Research (INRA)

*Universidad Piblica de Navarra (UPNA), Pamplona, Spain

“Institute of Pomology, Croatian Centre for Agriculture, Food and Rural Affairs, Zagreb, Croatia
*School of Agriculture, Policy and Development, University of Reading, UK

®Horofruticulture, CITA de Aragén, Zaragoza, Spain

7Pomology Department, CSIC, Zaragoza, Spain

https://doi.org/10.1371/journal.pone.0195591.t001

the CITA and Public University of Navarre collections, were prospected from singular trees
that, at the moment of their collection, were actively cultivated (in backyards or small farms
with the owner permission to conduct the study on this site) or were abandoned old trees for
which specific permission was not required from three provinces of Aragon (Huesca, Zaragoza
and Teruel), one from the Basque country (Alava) and Occidental Pyrenees in Navarra (S1
Table). The reference set was aimed at including: (i) old Spanish cultivars, (ii) old French culti-
vars (geographical proximity could have had important relationships with Spanish germ-
plasm), (iii) a good representation of cultivars of the ‘Reine-Claude’-group, whose presence in
the past was reported as very important in the country [28-30], and (iv) a diverse set of other
international cultivars, some of them mentioned in literature as relatively important in the
past in the country, at least at the regional-level [31].

Young leaves of each accession were collected and immediately conserved at -20°C until
DNA extractions were performed. Total genomic DNA of each accession was isolated follow-
ing the protocol described by Hormaza [34]. DNA concentration of each sample was

Fig 1. Geographic location of the collection sites of the local plum accessions included in this study. Collection localities prospected in areas from Northeastern
Spain are indicated with orange dots.

https://doi.org/10.1371/journal.pone.0195591.g001
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quantified in a Nanodrop 1000 (Thermo Fischer Scientific, Wilmington, DE, USA), and work-
ing dilutions to 10 ng ul"* final concentration were prepared.

Genetic characterization

The genetic characterization of all the accessions was performed using both nuclear and chlo-
roplast markers. With regards to nuclear markers, a set of 21 SSRs [35-39] was selected
according to their location in the reference linkage map for Prunus TxE (almond ‘Texas’ x
peach ‘Earlygold’). This SSR set contains three markers per chromosome, except for chromo-
somes 1, 2 and 4, for which two were included (S2 Table). The 21 SSR markers were amplified
using four sets of multiplex PCR reactions, denoted as M01, M02, M03 and M04. Each multi-
plex was designed combining the molecular size (pb) of the fragments amplified for each SSR
with different fluorescent dyes (S2 Table). The thermal profile for M01, M02, and M03 was
performed as described in Dirlewanger et al. [38]. The four SSR markers included in M04
were amplified separately according to the thermal profiles proposed in their original refer-
ences and combined after PCR. Fluorescently-labeled PCR products were separated using an
ABI 3730 sequencer (Applied Biosystems, Foster City, CA, USA), and analyzed and sized with
Peak Scanner Software version 1.0 (Applied Biosystems, Foster City, CA, USA).

Chloroplast analyses were based on the amplification of six non-coding cpDNA regions,
and were performed using six consensus primer pairs [HK, K1K2, VL, CD, DT and CS [40,
41] and subsequently digested with three restriction enzymes: Hinfl, Tagl and Alul (New
England Biolabs). Three ng of total DNA were used for PCR amplifications, and 2 ul of PCR
product were digested by 1.6 enzyme units in a mixture of 17 ul per sample. The reactions
were incubated for 15 min at 65°C for Taql, and 15 min at 37°C for Hinfl and Alul, with a
final inactivation for 20 min at 80°C. Restriction fragments were run on 2.5% agarose gels,
stained with red dye, and visualized under UV light. Approximate restriction fragment size
was estimated with a 100 bp ladder marker (Invitrogen).

Diversity analysis

SSR diversity analysis. Since allele dosage determination in polyploid species is a compli-
cated issue, we compared all multilocus genotypes scoring and recording the alleles as present/
absent. Thus, for instance, AABBCC and AAAABC genotypes were both codified and included
in the dataset as ABC. This way to codify the data is known as the ‘allelic phenotype’ approach
[42, 43] and provides information on the presence of alleles, not on allele frequencies [44].
This approach has been shown to provide satisfactory results in recent population genetics
works in polyploids [45-47]. The multilocus SSR profiles of all the accessions were compared
pairwise in order to determine the genetic uniqueness of each accession and to quantify redun-
dancy. The number of allelic phenotypes (Ap), the number of observed alleles per locus (Ap),
the mean number of alleles per genotype (Ay), the effective number of alleles (Ag), and the
number of rare alleles per locus (Ar) were estimated for each SSR locus. In order to quantify
the occurrence of rare alleles, two levels were considered, present in < 5% (A_s¢,) and < 1%
(A_1q) of the genotypes.

A pairwise distance similarity matrix between all genotypes was calculated using Bruvo dis-
tance (Dp) [48] through the ‘poppr’ R-package [49] on the R statistics platform [50], and
graphically represented in minimum spanning networks (MSN) plots. Bruvo’s genetic distance
takes distances between SSR alleles into account without the knowledge of allele copy number
or the requirement that individuals be the same ploidy [51]. Bruvo’s distance ranges from 0,
indicating identical genotypes, to 1, indicating maximum dissimilarity.
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Chloroplast diversity analysis. Asa complement to SSR diversity analysis, the polymor-
phism degree of the 18 possible cpDNA region/enzyme combinations was assessed. The study
of chloroplast DNA variation using the PCR-RFLP has been shown to be useful and informa-
tive for studying chloroplast DNA diversity and phylogenetic relationships among Prunus spe-
cies [12, 52-55]. For contingency reasons, a preliminary analysis of each primer-enzyme
combination was performed in the set of the reference cultivars (46 genotypes). In a second
analysis, only those combinations showing polymorphic fragments in the reference set were
analyzed in the whole set of unique genotypes. The presence or absence of each restriction
fragment at each polymorphic site was scored as binary data and used to identify chloroplastic
haplotypes.

Genetic structure inference

The software STRUCTURE version 2.3.4 [56] was used to estimate the number of hypothetical
subpopulations (K) and to quantify the membership probability of each genotype to the
inferred subpopulations. Analysis was performed under the admixture model and correlated
allelic frequencies, and run using the recessive allele approach [57] codifying the genotypes fol-
lowing the recommendations provided in the software manual for polyploid species, success-
fully applied in previous studies [16, 19, 58-59]. The analysis was run for K values ranging
from 1 to 10 inferred clusters, with 10 independent runs each, applying a burn-in period of
200,000 followed by 500,000 iterations. Structure Harvester ver. 0.6.93 [60], which implements
the AK method defined by Evanno et al. [61], was used to estimate the most pertinent K value.
Each genotype was assigned to the group for which it had the highest assignation probability
(gD), considering a strong membership coefficient of a genotype to a particular group whenever
qI > 0.80 [16-19, 21], whereas when gI < 0.80 were considered as admixed genotypes. Place-
ment of accessions on the inferred groups was determined using CLUMPP ver. 1.1 [62] and
the CLUMPP output was directly used as input for Distruct ver. 1.1 [63] to graphically display
the results.

Genetic differentiation between and intra-group variability

The degree of differentiation between the genetic groups derived from STRUCTURE was esti-
mated by performing analyses of molecular variance (AMOVA) using GenAIEx 6.5 [64, 65].
The statistical significance of the variance components was assessed using 1000 permutations.
Moreover, pairwise PhiPT, an analog of Wright’s Fsr for dominant binary data [66], were cal-
culated among groups.

The mean pairwise distance (MPD), i.e., mean of the pairwise PhiPT per genetic group, an
index of the group differentiation relative to other genetic groups, was calculated for each
group. The within-group sum of squares divided by the number of individuals in the group
was applied as a normalized intra-group variability index (nSSWG) [66]. Additionally, the
pairwise Bruvo genetic distances among all genotypes clustered within each group were repre-
sented by heat maps. Allelic intra-group variability measures were provided for each group
defined by STRUCTURE, including the number of alleles (N, ), the number of exclusive alleles
(Nga) and the mean number of alleles per genotype (Ayy).

Results and discussion
SSR polymorphism and redundancy

The study of amplification products showed that eight out of the 21 SSR markers used were
problematic in terms of absence of amplification product, insufficient fluorescence signal, low
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level of polymorphism or complex scoring pattern and, as a consequence, were excluded from
subsequent analyses (S2 Table). Furthermore, two out of the remaining markers, BPPCT007
and UDP98-406, amplified two loci each. The amplification ranges (pb) for this pair of mark-
ers were 118-167 pb and 68-124 pb, respectively, and since it was difficult to delimit the allelic
range for each locus, their use was exclusively restricted to the identification process, and
excluded from further analyses. Therefore, despite the alleged high cross-transferability of SSR
loci reported between Prunus species [38, 67-68], it may not be true when a larger set of sam-
ples is considered.

Based on the remaining 11 SSR markers, 135 unique genotypes were found within the
whole set of accessions evaluated (120 local and 46 reference accessions), which corresponds
to a 18% of duplication degree as a whole. Seventeen groups of SSR duplicates were identified.
Two accessions had the same SSR profile than ‘Stanley’, whereas eight had the same profile
than cultivars within the ‘Reine Claude’ group (i.e. ‘Reine Claude Verte’, ‘Reine Claude Tardive
de Chambourcy’, ‘Reine Claude Diaphane’, ‘Reine Claude de Bavay and ‘Reine Claude d’Oul-
lins’). The remaining groups of SSR duplicates were comprised exclusively by local accessions.
It is worth noting that the latter SSR duplicates frequently included germplasm collected either
in the Pyrenees or in the Iberian Cordillera, seldom including accessions collected from differ-
ent areas. This fact may indicate that independent local selection processes could have been
performed by the farmers from these areas in the past, seeking for adaptation to specific habi-
tats across the heterogeneous Northeastern mountain landscape.

The presence of slight allelic differences was quantified by the pairwise Bruvo distance coef-
ficient between genotypes, showing that 46 pairs of genotypes involving as a whole 24 differed
in less than 0.05, which corresponded to a very few allelic mismatches. Slight allelic differences
may result from potential genotyping errors, but also from putative somatic mutations, rela-
tively frequent in long-lived tree species for which vegetative propagation has been used since
ancient times [69-70].

Genetic diversity

Assessment of genetic diversity using nuclear SSR markers. The 11 SSR markers proved
to be highly diverse in terms of their degree of polymorphism, ranging from 8 (UDP96-008) to
39 (BPPCT025) alleles per locus, leading to a total number of 257 alleles (Table 2). The average
number of alleles per locus (23.4) was slightly higher than those reported for Swedish (22.7;
[14]) and Croatian germplasm (18.7; [13]), and lower than reported for French traditional
germplasm (29) [12]. The mean number of alleles per genotype (Ay) ranged from 2.74
(UDP98-409) to 4.89 (CPSCT026), with a mean value of 4.01. In spite of the high number of
alleles found, the mean number of effective alleles (Ag) was low (9.21), indicating that an
important number of alleles appeared in the population at very low frequency. Thus, the pro-
portion of rare alleles was high, with a mean percentage of 35.4% and 10.3% alleles per locus
found respectively in less than 5% and 1% of the genotypes, and 32 alleles were unique (i.e.
identified only in one genotype). This fact highlights the richness and allelic singularity that
still can be found in traditional material, thus representing an important unexplored source of
genetic variation.

Genetic diversity was also quantified using the allelic phenotype approach, as this task is
much more problematic in polyploids than in diploids, since more than two alleles per individ-
ual and locus are transmitted, potentially including multiple copies of a given allele [10]. In
this study, the highest number of Ap corresponded, as expected, to those markers being the
richest in detected alleles (Table 2). The most frequent Ap occurred in variable rates among
markers, ranging between 6.25% (UDP96-005) and 34.09% (UDP96-008) of the genotypes.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195591  April 9, 2018 7/20


https://doi.org/10.1371/journal.pone.0195591

o @
@ : PLOS | ONE Genetic diversity and structure of Spanish Prunus domestica germplasm

Table 2. Allelic diversity of the European plum germplasm evaluated in this study.

SSR locus LG Motif Ap Ao Am Ag Acro Aso
UDP96-005 1 (AC),6TG(CT),CA(CT),, 112 (6.25) 35 4.19 13.82 2.86 40.00
CPPCT-029 1 (CT)pa 36 (29.06) 17 3.34 6.11 0.00 41.18
UDP96-008 3 (CA),s 34 (34.09) 8 3.67 4.88 12.50 12.50
BPPCT-039 3 (GA)20 101 (9.02) 36 483 13.19 2222 44.44

pchgms-2 4 (CT)ay 72 (10.76) 19 3.59 6.87 10.53 42.11
CPSCT-005 4 (CT)5 90 (9.70) 25 3.89 8.38 20.00 52.00
UDP98-412 6 (AG)zs 79 (16.66) 21 428 7.70 14.29 33.33
BPPCT-025 6 (GA)zs 100 (8.80) 39 434 13.73 10.26 53.85
CPPCT-033 7 (CT)16 80 (14.91) 18 4,38 9.16 0.00 11.11
CPSCT-026 7 (CT)16 101 (12.59) 23 4.89 11.36 8.70 21.74
UDP98-409 8 (AG)s 62 (14.06) 16 2.74 6.17 12.50 37.50

Mean - - 78.82 23.36 4.01 9.21 10.35 3543

Ap, allelic phenotypes pointing out in brackets the frequency of the most common variant
Ao, number of observed alleles

Ay, mean number of alleles per genotype

Ag, effective number of alleles

Ag, number of alleles present in <1% and <5% of genotypes (as percentages of the total number of alleles for each SSR).

https://doi.org/10.1371/journal.pone.0195591.t1002

Assessment of genetic diversity using chloroplast DNA (cpDNA) markers. Chloroplast
DNA (cpDNA) variation was assessed using PCR-RFLP and, seven out of the 18 primer-
restriction enzyme combinations resolved polymorphic fragments in the reference set of culti-
vars. When analyzed with those seven primer-restriction enzyme combinations, 13 polymor-
phic sites were detected (S3 Table), and the whole set of unique genotypes considered revealed
eight different haplotypes (named from H1 to H8) (Table 3). This number of haplotypes is
slightly higher than that found in 80 European plum cultivars from the French National collec-
tion, where five were detected using the same methodology [12]. In our study, H1 was by far
the most prevalent haplotype, with a frequency of 0.86, whereas H5 was the second in fre-
quency (0.08), and the remaining haplotypes included just two or a single genotype. Reference
cultivars exhibited mainly haplotypes H1 and H5, the most frequent ones, although ‘Albatros’
and ‘T'uleu gras’ constituted H6 haplotype (Table 1).

A low degree of cpDNA variation can be due to historical events (i.e., number and type of
the refugia, mode of recolonization of the species, etc.), but also to human-mediated activities

Table 3. CpDNA haplotypes and frequencies in the Prunus domestica L. unique genotypes identified in this study.

Haplotypes Haplotype combinations® Unique genotypes Frequency
H1 AAAAAAAAAAAAA 116 0.86
H2 AAAABCAAAAAAA 1 0.01
H3 BABABCAAABBBB 1 0.01
H4 BABABCAAACBBB 1 0.01
H5 BABABCCAACBBB 11 0.08
Hé6 BABBBDAAABBBB 2 0.01
H7 BABBBDBBBBBBB 2 0.01
H8 BBBBBDAAABBBB 1 001

* Each letter corresponds to a polymorphic restriction digestion site. Each unique combination of letters designates a haplotype.

https://doi.org/10.1371/journal.pone.0195591.t003
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[71]. The presence in our study of a prevalent haplotype is consistent with the results reported
for P. domestica germplasm preserved at the French National Plum Collection [12]. These
authors argued that the presence of one major haplotype may suggest a limited number of
founders during the period that plum was first introduced into Western Europe.

Genetic structure: Major divisions and substructuring of the diversity

Estimate of the number of hypothetical genetic groups. The analysis of the rate of
change AK over the range of K values evaluated in STRUCTURE revealed that the germplasm
could be divided into two and three groups, with a less pronounced peak found at K = 5 (Fig
2), AK values being 39.3, 33.1 and 12.4, respectively. Variation of the AK values as well as of the
posterior log-probability of the data as a function of the number of K values is provided in S1
Fig. Group size for K = 2 was 37 (G2.1) and 98 (G2.2) genotypes (each group was named using
first its K value followed by a cardinal number). For K = 3, group size was 67, 38 and 30 for
G3.2, G3.1 and G3.3 respectively, and for K = 5 it varied from 3 (G5.5) to 41 (G5.3) (Table 4).
The fact that all the K values resulted in asymmetric divisions may be indicative of the exis-
tence of a real population structure, and not resulting from a statistical artifact [56].

In species with a complex genetic background such as European plum, Bayesian clustering
methods may detect genetic structures at different levels, which makes recommendable an
examination of the results not only for the K value showing the highest AK, but also for some
others showing relatively high values for this parameter in order to delineate further levels of
substructure of the diversity. Therefore, the most likely divisions obtained for K =2, K= 3 and
K =5 will be examined and compared throughout the subsequent sections. The consistency in
the clustering of the genotypes between runs was examined to analyze the robustness of the
divisions obtained at the three K values. The assignment of the genotypes was very consistent
between runs, none shifting from genetic group when K = 2 and K = 3, and just 13 admixed
genotypes showed slight discrepancy between runs when K = 5. These three partitioning levels
were then compared in terms of their mean assignment probability of genotypes to the
inferred groups for each of the three K values considered, as well as to the proportion of geno-
types strongly assigned (qI > 0.80) [17]. The mean probability of assignment for the genotypes
to the inferred groups for the three K values was very high and almost identical (around 0.80).
The proportion of genotypes strongly assigned differed between K values (Table 4), with 64%,
74% and 59% of the genotypes being strongly assigned when K values were 2, 3 and 5, respec-
tively. The minimum spanning networks (MSN) based on Bruvo’s distance (S2 Fig) were con-
sistent with the results obtained with the Bayesian clustering method at K=2, K=3 and K =5,
supporting the existence of the above mentioned genetic groups.

Placement of genotypes in the genetic groups. For K = 2, ca. 25% of the local genotypes
clustered together in G2.1 with all the reference cultivars of the ‘Reine Claude’ group (Fig 2A),
a varietal-group whose preponderance in the past at the national level in terms of geographical
distribution and production has been broadly documented [28-31]. The remaining local geno-
types (ca. 75%) clustered in G2.2 along with those reference varieties (32) not belonging to the
‘Reine Claude’ group (Table 4). This major structure re