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Abstract: Peach (Prunus persica (L.) Batsch) is one of the most produced and studied stone fruits.
Many genetic and genomic resources are available for this species, including a high-quality genome.
More recently, a new high-density Illumina peach Single Nucleotide Polymorphism (SNP) chip (9+9K)
has been developed by an international consortium as an add-on to the previous 9K array. In the
current study, this new array was used to study the genetic diversity and population structure of the
National Peach Germplasm Collection of the Agrifood Research and Technology Centre of Aragon
(CITA), located in Zaragoza (northern Spain). To accomplish this, 90 peach accessions were genotyped
using the new peach SNP chip (9+9K). A total of 9796 SNPs were finally selected for genetic analyses.
Through Identity-By-Descent (IBD) estimate analysis, 15 different groups with genetically identical
individuals were identified. The genetic diversity and population structure elucidated a possible
exchange of germplasm material among regions, mainly in the northern regions of Spain. This study
will allow for more efficient management of the National Peach Germplasm Collection by classifying
valuable individuals for genetic diversity preservation and will benefit forthcoming Genome-Wide
Association Studies (GWAS) of commercially important fruit traits in peach.

Keywords: genetic diversity; peach; single nucleotide polymorphisms; germplasm; Identity-By-
Descent (IBD)

1. Introduction

Peach (Prunus persica (L.) Batsch), a model plant within the Rosaceae family, is self-
compatible and has a 2—4 year juvenile period. Due to its relatively small genome size
(230 Mb) [1] and low ploidy level (2n = 2x = 16), the genetic control of key agronomical traits
is better understood for peach than for other Prunus species. Globally, peach production
amounts to 25 million tons per year, half of which are produced in China, followed by
Spain, Italy and Greece [2]. Peach spread from China to the rest of the temperate and
subtropical cultivation regions around 7500 to 4000 years ago [3,4]. The spread of peach
to different cultivation regions in Persia, the Mediterranean countries, and America led

Agronomy 2021, 11, 481. https://doi.org/10.3390/agronomy11030481

https:/ /www.mdpi.com/journal /agronomy


https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0001-9911-0194
https://orcid.org/0000-0002-6177-4638
https://orcid.org/0000-0002-0196-8422
https://orcid.org/0000-0003-1054-8814
https://orcid.org/0000-0003-4605-8227
https://orcid.org/0000-0002-7647-5235
https://doi.org/10.3390/agronomy11030481
https://doi.org/10.3390/agronomy11030481
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11030481
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/2073-4395/11/3/481?type=check_update&version=1

Agronomy 2021, 11, 481

20f19

to an initially high genetic diversity within the species. The successful activity of many
breeding programs around the world has led to the release of more than 1000 new cultivars
in the last century. However, the promotion of commercial cultivars that have a common
and limited ancestry in breeding programs, together with high self-compatibility, has
resulted in increased homozygosity and has therefore reduced the genetic diversity in
peach populations [5]. The loss of genetic diversity negatively affects reproductive fitness,
and thus the adaptive potential of the species [6].

To cope with this issue, germplasm banks are fundamental in preserving genetic
diversity and avoiding gene loss. Genetically diverse germplasm can provide useful genes
for enhancing pest resistance and disease tolerance and for breeding cultivars with new
fruit quality traits and improved postharvest shelf-life [7-10]. Effective utilization of Prunus
accessions in breeding programs requires precise and unambiguous characterization. This
is essential for the detection of synonymies, identical individuals with different names,
and homonymies, nonidentical individuals with the same name. Knowledge of the genetic
diversity and phylogenetic relationships among cultivated and wild Prunus species is
necessary to detect gene pools, organize germplasm collections, and to manage plant
material effectively [11,12].

In the last decade, Single Nucleotide Polymorphisms (SNPs) have become the pre-
ferred markers in molecular genetics due to their high frequency in genomes and high-
throughput detection, using various approaches and platforms [13]. For Prunus species,
the availability of the peach genome has made it possible to physically position SNPs
identified in peach through Next-Generation Sequencing (NGS). SNP arrays can be used
to assist breeding processes, such as in deducing the pedigree and parentage of selected
individuals, in determining the heritability and breeding values of key agronomical traits,
and in generating high-density linkage maps that make it possible to identify Quantitative
Trait Loci (QTL) [14] and candidate genes associated with such traits. The first 9K SNP array
version developed in peach led to diverse association studies [15-19] and the generation of
high-density maps [20].

Diversity in Prunus species germplasm banks has been studied by microsatellites or
Simple Sequence Repeats (SSRs) [5,11,21-26]. Some of these studies have led to the molec-
ular characterization of local and foreign cultivars in Spain [11,21,27] and demonstrated
that Chinese landraces have maintained the highest genetic variability and low linkage
disequilibrium [5]. However, SNPs are more frequent than SSRs, which makes them more
helpful for polymorphism detection within specific genes. Diverse automated genotyping
methods [13] and specific tools for correcting genotyping errors in pedigreed germplasm
are available [28]. Recently, Guajardo et al. [12] explored the genetic diversity of Prunus
rootstocks by Genotyping-By-Sequencing (GBS) and identified common markers between
the RosBREED cherry 6K SNP array [29] and the International Rosaceae SNP Consortium
(IRSC) 9K peach SNP array [30].

The usefulness of SNP sets for the study of genetic diversity and population structure
has been proven in different Prunus species. The 9K SNP peach array was used to genotype
European and Chinese peach germplasm collections, revealing a subdivision into three
main populations: Occidental cultivars from breeding programs, Occidental landraces,
and Oriental accessions [8]. The Brazilian breeding germplasm was genotyped by means
of a GBS approach, and three main subpopulations were discovered [31]. Sequencing a
group of Occidental peach varieties showed reduced variability levels, with an average
of one SNP every 598 bps and one indel every 4189 bps [32]. Genetic diversity analysis
through SNP detection using RAD-seq on the whole genome was assessed in apricot and
showed a decrease in genetic diversity during the domestication process [33]. Although the
Spanish National Peach Germplasm Collection at CITA has been studied and genetically
characterized with SSR markers [11,34], it has never been characterized with a set of SNP
markers.

Here, we describe one of the first works with the IRSC Peach 9+9K SNP chip array
(https:/ /www.rosaceae.org/Analysis /431, accessed on 15 January 2021), which has been
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used to genotype a representative sample of the National Peach Germplasm Collection
of the Agrifood Research and Technology Centre of Aragon (CITA), located in Zaragoza
(Spain). The main goal of this study was a deep genetic characterization of this collec-
tion, describing the population structure and its relationship with geographic origin and
fruit typology.

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

Ninety accessions of Prunus persica (L.) Batsch from the National Peach Germplasm
Collection at CITA were chosen. The germplasm collection was established in Zaragoza
(northeast Spain; latitude 41 43 42.7 N, longitude 0 48 44.1 W), and the trees were grafted
onto the ‘GF 677’ rootstock. Among the 90 accessions, 84 were Spanish and 6 were foreign
(‘Andora’ (two replicates), ‘Vivian’ and ‘Aurelio” from USA, ‘Pepita’” from Brazil, and
‘Aniversario’ from Argentina). The Spanish accessions came from different regions located
in the Ebro Valley and/or northeast Spain (Zaragoza (28), Lleida (13), Huesca (12), Navarra
(9), Teruel (2), and La Rioja (1)) and two regions in southeast Spain (Murcia (18) and Valencia
(1)). The sample list also includes two replicates from ‘Blanco Tardio’, two accessions named
‘La Escola’, and two accessions named ‘Paraguayo Almudi’, but with different IDs. The
list included round and flat cultivars with yellow or white flesh (see Supplementary Table
S1A for details about the ID, origin, and fruit typology of the accessions). Genomic DNA
was extracted from leaf tissue as described by Doyle and Doyle [35]. The samples were
quality tested and quantitated using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA) and Qubit (Thermo Fisher Scientific, Wilmington, DE,
USA), respectively.

2.2. Genotyping

DNA samples were genotyped with the new version of the high-density Illumina
peach SNP chip (9+9K) [36], using an iScan at the “Centro de Investigacién en Agri-
gendmica” (CRAG) in Barcelona (Spain). Genotype calls for each SNP were obtained
using the iScan output data in the Genotyping Analysis Module of GenomeStudio v2.0.5.
(IIumina Inc., San Diego, CA, USA) with the Gen Call Threshold established at 0.15.
SNPs were filtered with the software ASSIST v1.02 [37] to obtain a subset of reliable SNPs,
establishing a Frequency Rare Allele value of 0.05. SNPs within the category “Shifted-
Homo”, discarded by ASSIsT, were explored to recover some manually using the “SNP
Graph” in GenomeStudio (Supplementary Table S1B). For that, Mendelian segregation and
Mendelian-inconsistent errors were checked [28] using a F1 full-sib family as reference,
which was also genotyped with this array (data not shown). The SNPs approved by ASSIsT
and those manually recovered were used as the reliable subset of SNPs for this study.

2.3. Identification of Duplicated Individuals

PLINK v.1.90 software [38] was used to detect clones using genotype data to provide an
estimate of pairwise Identity-By-Descent (IBD). Input files used by PLINK were generated
in GenomeStudio by “PLINK Input Report Plug-in v2.1.4” using the final subset of SNPs
only. Pairs of individuals with an IBD of 100% were considered clones. Additionally,
several fruit traits, such as harvest date, skin color, percentage of blush, blush color, flesh
color, flesh texture, fruit weight, stone adhesion (free or cling-stone), soluble solids content
(SSC) (expressed in °Brix), pH, and titratable acidity (TA) (expressed in g malic acid /L)
were measured in 2019 and 2020 in the germplasm collection to complement the genotypic
characterization. The clones detected through PLINK were excluded from the subsequent
analysis, with only one individual per group retained.

2.4. Genetic Diversity Analysis

The genetic diversity analysis was performed by measuring the fixation index (Fsr),
gst, and Dy of the total of the accessions, and the Allelic Richness (A;), Observed Het-
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erozygosity (H,) and Expected Heterozygosity (He) of the populations. These measures
were obtained using the “basicStats” function of the DiveRsity v.1.9.90 package of R [39].
Moreover, the pairwise Fst, gs1, and Dy, values among the identified populations were
calculated using the “diffCalc” function. For these analyses, only the reliable SNP subset
was used, and only Spanish populations were analyzed, excluding those with only one
individual. Finally, the inbreeding coefficients of all the individuals were calculated by
specifying the flag “~het” in PLINK.

2.5. Genetic Structure Analysis

Linkage Disequilibrium (LD) could modify the genetic structure analysis. For this
reason, the reliable SNP subset was pruned for LD in PLINK using the command “~indep-
pairwise”. The parameters were as follows: a window size of 50 SNPs, 5 SNPs to shift the
window at each step, and an r? threshold of 0.2. Genetic structure analysis was conducted
with fastStructure v.1.0 [40]. Clusters (K) were set from 1 to 10. For the choice of the most
likely K, “chooseK.py” script was used.

The total 90 accessions and the LD-pruned SNP subset were used to carry out a
Principal Component Analysis (PCA) using the SNPRelate v.1.24.0 package in R [41], and
to complement the structure analysis obtained in fastStructure. PCA results were plotted
using the ggplot v.3.3.3 R package [42].

3. Results
3.1. Characterization and Selection of SNPs

A total of 16,038 SNPs were scored in GenomeStudio (iScan data of the remain-
ing 1962 SNPs were not received). ASSIST determined 8954 SNPs as approved (55.83%)
(Table 1), and 3247 of them (20.25%) were flagged as robust. In addition, for 2779 SNPs
(17.33%), one of the homozygous genotypes was present only in 5% or less individuals, and
2928 SNPs (18.26%) were described as distorted and as having an unexpected segregation.
Within the set of discarded SNPs (7083, 44.17%), 2724 were monomorphic and 1018 failed;
for 3174 SNPs, one of the homozygous genotypes was absent in our population (Shifted-
Homo). Moreover, 842 SNPs (5.25%) from the “ShiftedHomo” category were manually
recovered in GenomeStudio. Therefore, a final subset of 9796 SNPs (61.08%) was selected
to perform the following analyses (see Supplementary Table S1B for SNP classification
done in ASSIST).

Table 1. Classification of Single Nucleotide Polymorphisms (SNPs) using ASSIsT.

Classification Number of SNPs % SNPs
Approved 8954 55.83%
Robust 3247 20.25%
OneHomozygRare_ HWE 1405 8.76%
OneHomozygRare_NotHWE 1374 8.57%
Distorted AndUnexpSegreg 2928 18.26%
Discarded 7084 44.17%
Monomorphic 2724 16.98%
Failed 1018 6.35%
ShiftedHomo 3174 19.79%
NullAllele-Failed 168 1.05%
Total 16,038 100.00%

3.2. Identification of Duplicates and Labeling Errors

Among the 90 accessions, the results obtained with PLINK identified 44 accessions
included in 15 different groups of genetically identical individuals or clones (Table 2). The
groups contained two to six genetically identical individuals. The estimated IBD was 100%
within each group (see Supplementary Table S1F for PLINK results). Genotypic differences
were found, however, within the clone group 10 (“Escolapio” and ‘Zaragozano’). PLINK
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Table 2. Clones detected through Identity-By-Descent (IBD) analysis in Plink.

analysis provided a pairwise IBD value of 100% (PI_HAT = 1) between these two accessions,
but an IBS distance of 95.30%. A different genotype was detected in 462 markers for
“Escolapio” and ‘Zaragozano’, and in 458 of these markers, no alleles were shared between
the two accessions. These markers were distributed across chromosomes; there were 77 in
chromosome 1, 3 in chromosome 2, 94 in chromosome 3, 286 in chromosome 6 and 2 in
chromosome 8 (Supplementary Table S1D and Figure 1). In our sample list, the two pairs
of replicates were confirmed as identical. On the other hand, two pairs of homonymies
were detected: ‘Paraguayo Almudi’ (5138) and ‘Paraguayo Almudi’ (5139) were genetically
different (PI_HAT = 0.5), as were the two accessions named ‘La Escola’ (5093 and 5340)

(PL_HAT = 0).

Name ID Country Region Clone Group
Calabacero 5306 Spain Murcia 1
Calabacero Candelo 5649 Spain Murcia 1
Calabacero Deleite 5260 Spain Murcia 1
Calabacero Rancho 5648 Spain Murcia 1
Calabacero Rincon 5262 Spain Murcia 1
Calabacero Soto 5261 Spain Murcia 1
Deja-1 5050 Spain Navarra 2
Deja-2 5051 Spain Navarra 2
Miraflores 5213 Spain Zaragoza 3
Miraflores Serapio 5122 Spain Zaragoza 3
Jerénimo Copia 5263 Spain Murcia 4
Jerénimo Ortiz (1) 5265 Spain Murcia 4
Jerénimo Prasio C-15 5266 Spain Murcia 4
Maruja Perfeccion 5269 Spain Murcia 4
Rojo del Rito 5162 Spain Lleida 5
Tipo Rojo del Rito 5233 Spain Lleida 5
Maruja Alquibla 5268 Spain Murcia 6
Maruja Argos 5311 Spain Murcia 6
Maruja Tejar 5270 Spain Murcia 6
Maruja Tradicién 5267 Spain Murcia 6
San Jaime 5006 Spain Lleida 6
Paraguayo Almudi (5138) 5138 Spain Zaragoza 7
Paraguayo San Mateo 5143 Spain Zaragoza 7
Paraguayo Villamayor 5259 Spain Zaragoza 7
Pomar 1 5149 Spain Huesca 8
Pomar 2 5150 Spain Huesca 8
Pomar 3 5151 Spain Huesca 8
Sunmel 1 5503 Spain Zaragoza 9
Sunmel 2 5504 Spain Zaragoza 9
Escolapio 5231 Spain Zaragoza 10
Zaragozano 5004 Spain Zaragoza 10
La Escola (5340) 5340 Spain Lleida 11
Sudanell 3099 B.D. 5001 Spain Lleida 11
Sudanell 2 (2349) 5176 Spain Lleida 11
Fulla 5073 Spain Huesca 12
Pigat 5146 Spain Huesca 12
Rojo-Amarillo Septiembre 5159 Spain Lleida 12
Paraguayo Jota 5141 Spain Zaragoza 13
Paraguayo Niqui 5359 Spain Huesca 13
Rojo de Tudela 5161 Spain Navarra 14
Tambarria B.D. 5186 Spain Navarra 14
Borracho de Jarque 5421 Spain Zaragoza 15
Comodin 5044 Spain Huesca 15
Moret 5126 Spain Huesca 15
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Figure 1. Representation of genotype differences found in chromosomes 1, 3, and 6 between “Escolapio’ and ‘Zaragozano’

accessions represented by Flapjack software [43]. The rectangle represents whole chromosomes of both accessions, separated

by dotted lines. A black line means that a different genotype was observed between both accessions, while white means the

same genotype. Regions with high genotype differences were zoomed in and highlighted by a red rectangle.

The phenotypic data recorded in 2019 and 2020 (Supplementary Table S1C) showed
that clones in group 1 shared the same fruit traits. Similar characteristics were also observed
for clones in group 5 and in group 13. The rest of the groups showed some phenotypic
intragroup differences, although these differences happened either in one year only (clone
groups 2, 3, 11, 12) or in both years but in different individuals each year (clone groups
4,6,7,8,10, 15). Group 9 (‘Sunmel 1’ and ‘Sunmel 2’) showed the same difference in
the harvest date for both years (‘Sunmel 1" was 19 and 20 days earlier than ‘Sunmel
2’ in 2019 and 2020, respectively). Similarly, group 14 (‘Tambarria B.D.” and ‘Rojo de
Tudela’) showed differences in the harvest date in both years (‘Tambarria B.D.” was 10
and 24 days earlier than ‘Rojo de Tudela’” in 2019 and 2020, respectively). The phenotypic
traits with considerable differences within clone groups were harvest date, percentage of
blush, soluble solid content (SSC), and titratable acidity (TA). The maximum difference in
harvest day was 24 days in clone group 14 in 2020. Considerable differences in the blush
percentage were detected in clone groups 4, 8, 9, and 15. The maximum difference in SSC
was 4 °Brix in clone group 4, and the maximum difference in the TA was 0.436 g malic
acid/L in clone group 9.

3.3. Genetic Diversity Analysis

The average values of observed heterozygosity (H,) and expected heterozygosity (He)
were 0.197 and 0.253, respectively, but the level of genetic diversity varied among peach
populations according to their origin (Table 3).

The highest allelic richness (A;) among the populations was observed in the Lleida
population (1.543), while Navarra showed the lowest (1.295) (Table 3). This fact indicates
that in the Lleida accessions, we can find the two possible alleles in a major number of loci,
unlike in other populations. Regarding H,, Lleida and Murcia showed the highest values
(0.285 and 0.234, respectively) and Navarra the lowest (0.081) (Table 3). Therefore, the
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percentage of heterozygotes for the different loci in Lleida and Murcia is greater than in the
rest of populations. The He values ranged from 0.209 in Teruel to 0.312 in Lleida (Table 3).
The inbreeding coefficient (Fig) per population showed the highest value in Navarra (0.598)
and the lowest in Teruel (—0.142).

Table 3. Genetic diversity measures per population Allelic Richness (A;), Observed Heterozygosity
(Ho), Expected Heterozygosity (He), and inbreeding coefficient per population (Fis) obtained with

the DiveRsity package.
Population N° Individuals A, H, He Fis

Murcia 7 1.394 0.234 0.220 —0.016
Lleida 8 1.543 0.285 0.312 0.043
Huesca 6 1.380 0.164 0.249 0.297

Zaragoza 22 1.461 0.188 0.301 0.314

Navarra 7 1.295 0.081 0.229 0.598
Teruel 2 1.377 0.228 0.209 —0.142

Average 8.667 1.408 0.197 0.253 0.182

The values of the pairwise analysis of the fixation index (Fst) determined that the
region of Murcia region is the most genetically different with respect to the rest of the
populations (Table 4). The values of pairwise Fsr ranged from 0.111 in Murcia-Teruel to
—0.052 in Teruel-Zaragoza. Moderate differentiation was detected between Murcia and
Teruel, and between Navarra and Huesca. Regarding gsr, values ranged from 0.072 for
Murcia-Navarra to —0.003 for Zaragoza-Lleida. The pairwise values for gst follow the
same trend as the Fsr values, identifying Murcia as the population with higher genetic
differentiation from the rest of the populations. Similar results were obtained for Djqst,
indicating a higher presence of private alleles in the Murcia population. The highest Dyt
values were detected for Navarra-Murcia (0.008) and Navarra-Lleida (0.004). Additionally,
pairwise analysis was carried out including the clones detected by PLINK. The differenti-
ation values obtained were notably higher than without clones, and Murcia-Teruel was
the pair with the highest Fsr value (0.235, data not shown). Murcia and Navarra showed
the highest gt differentiation (0.106), whereas the highest Dy value (0.015) was obtained
between Huesca and Murcia.

Table 4. Genetic differentiation pairwise analysis.

Population Differentiation Measures Teruel Navarra Zaragoza Huesca Lleida
Djost 0.0002
Navarra gsT 0.0308
Fsr —0.0410
Djost 0.0000 0.0015
Zaragoza gsT 0.0052 0.0217
Fsr —0.0522 0.0162
Djost 0.0000 0.0016 0.0000
Huesca 5T 0.0110 0.0315 —0.0001
Fsr —0.0520 0.0155 —0.0247
Djost 0.0000 0.0039 0.0000 0.0000
Lleida 5T 0.0128 0.0396 —0.0026 0.0053
Fsr —0.0125 0.0497 —0.0192 —0.0108
Djost 0.0018 0.0075 0.0028 0.0028 0.0013
Murcia gsT 0.0584 0.0717 0.0272 0.0411 0.0249
Fsr 0.1113 0.1086 0.0321 0.0626 0.0405

Global genetic diversity values for the entire group of accessions were calculated
(Table 5). An Fgt value of 0.011 indicates that only 1.1% of the existing genetic variability is
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related to interpopulation differences. This fact indicates low genetic differentiation among
the different geographic populations. The same low differentiation is shown by Dy, and
gst values (0.003 and 0.040, respectively). Moreover, Fir and Fis values showed moderate
global inbreeding (0.309 and 0.262, respectively).

Table 5. Global genetic differentiation values.

Actual Lower Value Upper Value
Fsr 0.0110 —0.0312 0.0684
gsT 0.0395 —0.0182 0.1214
Dyost 0.0027 —0.0113 0.0246
Frr 0.3092 0.2236 0.3877
Fis 0.2620 0.1672 0.3483

The highest inbreeding coefficient of the 90 accessions was obtained for ‘Calanda Son-
rosado’ (0.991) and the lowest for ‘Paraguayo Niqui’ (—0.964) (Supplementary Table S1E).
The inbreeding coefficient average in the total population was 0.290. A total of 13 individu-
als had more than 9700 homozygous SNPs showing inbreeding values higher than 0.980.

3.4. Genetic Structure Analysis

The genetic structure of the accessions, excluding the duplicates, was analyzed using
fastStructure. Previously, the subset of reliable SNPs was pruned, and a final dataset of
324 pruned SNPs was used in the genetic structure analysis. The results of the chooseK.py
script showed K = 3 as the best option (marginal likelihood = —1.009), but K = 7 (marginal
likelihood = —1.015) was selected to provide the best explanation of the genetic structure
(Figures 2 and 3).

-1.06 —-1.04 -1.02

Marginal Likelihood

-1.08

-1.10

Figure 2. The most likely K clusters obtained in fastStructure.

Following the criteria of assigning an individual to the cluster of its maximum esti-
mated membership coefficient value, the size of the cluster ranged from 3 to 18 individuals
(Figure 4). Cluster 1 was the largest one (18 individuals) and was composed of ‘Maruja’
(clone group 4 and 6), ‘Jeronimo’ (except ‘Jerénimo Espuiia’) (clone group 4), and ‘Cal-
abacero’ (clone group 1) accessions from the Murcia region and another 13 accessions
from the north of Spain. Among these accessions from the north, the group formed by
‘Duraznillo 42B’, ‘Generoso’, ‘Sudanell 1" (2211 AD), Miraflores accessions (clone group 3),
and the clonal group 11 (formed by Sudanell cultivars and ‘La Escola’ (5340)) showed a
high membership coefficient (0.999). Cluster 2 was composed of some northern Spanish ac-
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cessions, mainly from Navarra, ‘Jerénimo Espufia’ from Murcia, and ‘Andora’ and “Vivian’
(5266) from USA. Cluster 3 was composed of two foreign nectarine accessions (‘Aniversario’
from Argentina and ‘Aurelio” from USA) and three peach accessions from the north of
Spain (‘Blanco Tardio’, ‘Rojo de Azagra’, and ‘Buisan’). All the accessions within cluster
3 had melting flesh, except for ‘Rojo de Azagra’. Cluster 4 was made up of ‘Pepita’ from
Brazil, “Amarillo Temprano (Ebro)” from Zaragoza, and ‘La Escola’ (5093) from Lleida.
Cluster 5 was composed of three accessions from Zaragoza (‘Gallur’, ‘Pavia Amarilla de
Tolosa’, and ‘Pavia Blanca’), one accession from Navarra (‘Campiel M. de Cierzo’), and one
accession from Teruel (‘Valdeltormo B.D."), although this last accession showed a similar
membership coefficient with another three different clusters (clusters 4, 6, and 7). Cluster 6
was mainly formed by accessions from the north of Spain, although the accessions ‘Utiel
BD’ from Valencia and ‘Brasileno Elipe” from Murcia showed a considerable membership
coefficient with this cluster (0.652 and 0.542, respectively). All of the flat peaches in the
study, accompanied by ‘Montaced (Binaced)” and the clonal group 15 (‘Borracho de Jarque’,
‘Comodin’, and ‘Moret’), formed cluster 7.

3 8 3 8 88228953883 3% 883 228 8R83 5258 %35 ¥ I R 33 % 8235288 388K 8

Figure 3. Cont.
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Figure 3. Structure results for k = 1 to k = 10 of the accessions excluding the duplicates: (a) placed
according to cluster order; (b) placed according to geographic origin. The ID numbers can be found
in Supplementary Table S1A.

Considering a threshold of 0.8 for the individual admixture coefficient, a high level of
admixture was observed, with 23 (39.98%) admixed accessions. In order to study the intr-
acluster and intercluster distances and the specific case of ‘Escolapio” (5231) and ‘Zaragozano’
(5004), a PCA analysis was carried out including the 90 accessions (Supplementary Figure S1).
The pruning process including the 90 individuals resulted in 308 pruned SNPs, which
indicates a loss of 16 SNPs compared to the 324 pruned SNPs obtained with 59 individuals
(only one clone per group). The first two PCs explained 31.9% of the cumulative variation
(PC1 accounted for 22.9% and PC2 for 9%). The scatterplot shows that PC1 mainly separates
flat-fruit cultivars and most nectarine genotypes from the rest of the round peaches, with a
high separation of flat cultivars from clone group 7 (ID 5138, 5143, 5259). PC2 clearly sepa-
rates cluster 6 (formed by northern accessions), mainly from cluster 1 (formed by southern
accessions), and in general separates the different clusters from one another. Overall, the
PCA shows high agreement with the clustering analysis. In addition, ‘Escolapio” (5231)
and ‘Zaragozano’ (5004) were positioned in the right upper corner, although close to the
‘Rojo del Rito’ clone group (clone group 5), which indicates considerable differentiation
compared to the rest of the accessions.
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Figure 4. A more detailed representation of the genetic structure obtained in fastStructure (k = 7). The x-axis represents the
membership coefficient.
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4. Discussion

The availability of the new SNP (9+9K) array allowed us to analyze in-depth the
genome-wide allelic variation present in the accessions belonging to the National Peach
(Prunus persica) Germplasm Collection at CITA (Spain). To our knowledge, this is the first
time this array has been used to genotype a large collection of peach accessions. The new
array has made it possible obtain 3-4K more SNPs than the previous 9K array [8,28,30]. As
has been suggested in other species [44], SNP arrays seem to be a key control element for
the fingerprinting of varieties and their introduction into germplasm collections.

4.1. SNP Genotyping, Identification of Duplicates and Labeling Errors

The high resolution provided by the new SNP array allowed for improved genetic
characterization of the accessions of this collection, some of which have turned out to be
identical or cloned samples and/or possibly labeling errors. Lack of genetic differences
among samples could be due to lack of SNPs in the array from specific regions of the
peach genome, although the amount of markers used in this study is clearly higher than
in previous studies [8]. Some of the clones detected in the present study have been
characterized previously with SSRs [11,21,24,26,27,34]. The clone groups detected here
(clone groups 1, 2,4, 5, 6,7, 8, 10, 13) are in agreement with the genetic proximity observed
in previous works, in which small differences in one or two markers, genetically close, were
observed. For other groups of clones (clone groups 12, 14, 15), considerable differences
were observed, as described below.

Regarding clone group 12, the accessions ‘Fulla” and ‘Rojo Amarillo Septiembre’ were
placed genetically far away in a previous neighbor-joining dendrogram by Pérez et al. [34]
using a set of 10 SSR markers. However, both accessions had a high admixture coefficient
for the same cluster in their population structure analysis. Contrarily, Wiinsch et al. [24],
using the same set of SSR markers, established ‘Fulla’” and ‘Rojo Amarillo Septiembre’
as synonymies. In addition to the different pool of samples studied by these authors,
which can influence the dendogram results, this disagreement might be caused by the
different methodology (agarose gel electrophoresis vs. capillary electrophoresis) used in
both studies. In a different study also using SSR markers, Bouhadida et al. [11] found
results similar to ours, identifying ‘Pigat” and ‘Rojo Amarillo Septiembre’ as genetically
close accessions. Our phenotypic records have not shown considerable differences among
the three members of the clone group 12 in terms of harvest time and fruit traits, which may
indicate that if the genotype differences found by Pérez et al. [34] really exist, these changes
can occur in noncoding regions and do not influence gene expression and fruit phenotype.

On the other hand, regarding clone group 14, previous works have placed ‘Rojo de
Tudela” and “Tambarria B.D.” in different subgroups, with a long distance between the
two accessions [24,34]. In our study, “Tambarria B.D.” showed an earlier harvest date
than ‘Rojo de Tudela’ in both years, with some variability between years. In addition, a
different fruit flesh color was observed between both accessions: “Tambarria B.D.” was
white-fleshed and ‘Rojo de Tudela’ yellow-fleshed. The accumulation of carotenoids in
chromoplasts causes the yellow-flesh color, and the disruption of the ccd4 functional allele
prevents carotenoid degradation, resulting in white flesh in peach [45,46]. However, three
distinct mutational mechanisms have also been detected as the possible origin of yellow
flesh in peach [46]. According to the alignment of an apple ccd4 mRNA [47], the physical
position of this gene was between 25,639,600 to 25,641,440 bps [45]. In our final set of
SNPs, 32 SNPs have a physical position between 25,545,000 and 26,317,783 bps but do not
show any genotypic pattern for yellow and white flesh. To find a possible association, an
association test between the whole set of SNPs and flesh color data was performed using
the WGassociation function of the R package SNPassoc v2.0-2 [48]. Interestingly, no SNP
showed complete association with the yellow-flesh trait only, so SNPs with the lowest
p-value were associated with some yellow-flesh individuals, but not with others (data
not shown). Similarly, Font i Forcada et al. [19] did not find any significant association
with peach flesh color in their study of 43 native local Spanish accessions and 51 modern
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foreign cultivars with the IPSC 9K peach SNP array v1.0. A possible explanation for this
result could be the fact that the ccd4 allele is not included in these arrays or that a different
mutational mechanism could have occurred in the Spanish germplasm. Further analysis
with a higher number of individuals may help to elucidate these results. These results
indicate the importance of complementing genetic analysis with consistent phenotyping
in order to detect possible misleading conclusions and the need for greater consensus in
future SNP peach arrays to enrich future works.

‘Borracho de Jarque’, “Comodin’, and ‘Moret” were identified for the first time as
clones in clone group 15. Consistent results were reported by Alonso et al. [27], after
analysis with a set of 16 SSRs, who defined these three accessions as very close genetically.
However, other works have shown a large genetic distance between ‘Borracho de Jarque’
on the one hand and ‘Comodin” and ‘Moret” on the other hand [24,34]. Few phenotypic
differences have been detected among the accessions of this clone group, such as a slightly
higher percentage of blush in ‘Borracho de Jarque’, an old variety grown in small and
mountainous area ("Aranda’ Valley) with high altitudes in the Iberian System. This isolated
origin could explain the low inbreeding value of this cultivar (—0.619), very unusual
for Spanish nonmelting peach cultivars, which are traditionally obtained after the self-
fertilization of heirloom cultivars [49,50]. This fact reinforced the clone detection results,
discounting the possibility that these accessions were obtained after the self-pollination of
a high homozygous peach genotype.

As described by Aranzana et al. [49] and Bouhadida et al. [26] after screening well-
known peach sports, the presence of small discrepancies (of one or a few SSRs) between
these sports was possible and was not enough to declare genetic dissimilarities. In the
current study, the observed discrepancies between SNPs, which provide a broad image
of the genome of the individuals, might not be enough to declare the nonclone status of
some of the detected clones. Clearly, the ability of breeders and growers to select mutations
with different phenotypic expressions, as in the case of “Tambarria B.D.” and ‘Rojo de
Tudela’, has helped to create a phenotypically diverse collection, even though the genetic
differences are actually quite small. As previously described by Aranzana et al. [51], the
presence of unique valuable germplasm is unfortunately scarce in this stone fruit crop
species. The high number of synonymies found here, representing the same gene pool,
clearly demonstrates this fact in the peach species and confirms the strong need for a
complete genetic characterization of each germplasm collection.

In general, the phenotypic traits evaluated in the accessions were in complete agree-
ment with the detection of duplicates, since most of the clones within a clone group shared
similar phenotypic characteristics. Small differences in the phenotypic records were ob-
served, but most were not consistent in both years of the study. Further study of the
phenotypic traits will clarify whether the presence of variability in some clones is due to
genetic differences, such as new mutations, or whether it has been caused by environmental
effects. Somatic mutations are relatively frequent in tree species [52] and are an important
source of discovery of new cultivars [26,50,53]. In grape, subsequent propagation through
vegetative multiplication can explain how somatic mutations have accumulated in clones,
causing genetic diversity [54,55]. Carrier et al. [54] detected transposable elements as the
major cause of somatic polymorphism in this species. In apple, somatic mutations were
observed in the bud sport yellow apple ‘Blondee’ (BLO) from ‘Kidd’s D-8" (KID), the origi-
nal name of apple cultivar ‘Gala’. This mutation clearly affects skin color, and, according
to the authors, the methylation in the MdMYB10 promoter is likely the causal epigenetic
mechanism for the mutation. In our study, the detected clones ‘Sunmel 1" and ‘Sunmel
2’—with a PI_HAT of 1, a large number of similar genotypes (9796 SNPs), and a coefficient
of inbreeding of 0.65—could elucidate a possible parent and sport relationship between
these two accessions. Indeed, ‘Sunmel 1’ has an earlier harvest date (260), with a clear
difference of 20 days from ‘Sunmel 2’ (280), observed in both years of records. Similar to
the case of ‘Blondee’, a transcriptome analysis together with a whole-genome resequencing
strategy using these four accessions (‘Sunmel 1’, ‘Sunmel 2’, “Tambarria B.D’, ‘Rojo de
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Tudela’) could improve our knowledge of the mechanisms underlying the harvest date
trait in peach.

For the first time, high PI_HAT values (IBD 100%) were obtained between “Escolapio’
and ‘Zaragozano’; consequently, both accessions should be classified as synonyms or
identical clones. More interestingly, and in contrast to the case of ‘Sunmel 1’ and ‘Sunmel
2’, we observed large genetic differences (462 different SNPs) between these two accessions,
mainly in chromosome 6 (286 markers). According to Micheletti et al. [8], the distal end of
chromosome 6 seems to be a particularly unstable region in the peach genome, with major
rearrangements occurring frequently. Although those authors found a large amount of
missing data in this region (between 38 and 60 SNPs with no data), they suggested that
the phenotypic differences between an original cultivar and its sports may be caused by
genes located in these unstable DNA fragments of chromosome 6. The possible hypothesis
of a parental and its sport mutation relationship does not seem to be well supported
in this case, due to the large number of hypothetical somatic mutations (426) and their
distribution along five chromosomes. Accordingly, the study of the inbreeding coefficients
(Supplementary Table S1E) showed high inbreeding values in ‘Zaragozano’ and ‘Escolapio’
(0.9859 in both). Only 41 SNPs from a total of 9796 are heterozygous in these two accessions.
This high level of inbreeding may indicate that ‘Zaragozano” and “Escolapio’ were obtained
after the self-pollination of the same peach genotype. The differences found in these SNPs
between both accessions would therefore come from heterozygous loci in the progenitor
that segregated in ‘Zaragozano’ and ‘Escolapio’. Furthermore, PCA analysis showed a
considerable distance between them and the rest of the accessions in general, which may
indicate unique haploblocks in both compared to the total population. These unique
haploblocks may explain the IBD estimate of 100%, despite the genotype differences found
between ‘Escolapio’ and ‘Zaragozano’.

4.2. Genetic Diversity of the Accessions

The average heterozygosity (H, = 0.197) in our study was lower than the H,, observed
in breeding germplasm from the University of Florida reported by Chavez et al. [56] using
SSRs, with an average value of 0.4. On the other hand, the values obtained here are closer
to those obtained by Micheletti et al. [8] after genotyping 1240 peach accessions from
different parts of the world, using the previous version of the peach SNP array, with a
total of 4271 SNP markers. These authors obtained a H,, of 0.286. The use of biallelic SNP
markers or the use of multiallelic SSRs could be the main reason for the discrepancies
between these studies, which have also been observed in other species such as walnut or
grape [57,58]. In the populations from Lleida, Huesca, Zaragoza, and, especially, Navarra,
H. was higher than H,. This was probably due to the Wahlund effect, or, more likely in
our case, to inbreeding. The H,, values were only higher than the H, values in the case of
Murcia and Lleida, which could suggest low inbreeding and large genetic variation. In the
case of Lleida, these findings are probably due to the small sample size from this region
within the collection analyzed. Increasing the sample size from all these regions would
therefore be necessary to provide further support to these assumptions. Regarding Fig,
Teruel showed the lowest value, probably due at least in part to the small sample size, too.
Navarra showed a high inbreeding value (0.598), which indicates that self-pollination has
been frequent in that region.

A global Fgr value of 0.011 indicates that 99% of the genetic diversity of our accession
panel occurs within the five peach populations (Table 5). A global moderate value of Fst
(0.07) has been observed in walnut populations from Iran [57]. Fst values for woody tree
species tend to be lower (0.08-0.10) [57,59,60]. In addition, Jost et al. [61] stated that if more
than two populations are compared using SNPs, the Fst and gst measures give information
about the fixation of the alleles, reflecting nearness to fixation rather the actual degree of
differentiation of allele frequencies among them. Therefore, it is important to consider in
global values other genetic measures, such as Dy, to complement Fgr. In this case, the
Djost global value (0.003) indicates a low proportion of private alleles in the populations.
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In peach, wide pairwise values of Fst have been observed, ranging from low (Fst = 0.11)
or moderate values (Fst = 0.18) when Occidental peaches used in breeding programs
were compared to traditional Occidental peaches [8], to high values (Fs; = 0.442) when an
“Occidental nectarine” cluster and the “Wild-related species” cluster were compared by
Li et al. [5]. The pairwise Fst analysis suggests that the Murcia population is the most
genetically differentiated from the other regions. As the Murcia region (southeast Spain) is
geographically far from other regions studied (northeast Spain), neither pollen nor natural
seed dispersal coming from any other region is feasible. Although genetic differentiation
could be considered as moderate between Murcia and the rest of the populations, it
will be interesting to explore the Murcia population more in-depth for crossing in future
Spanish peach breeding. On the other hand, the Teruel-Huesca, Teruel-Navarra, Teruel-
Zaragoza, and Teruel-Lleida populations showed lower pairwise Fgsr values, suggesting
higher gene flow between these regions in the Ebro Valley and surrounding areas. Due
to this geographical proximity, the most plausible possibility is that human activities
have been pivotal in the gene flow between these regions. Accordingly, human activities
and climate have been identified as key drivers of gene flow in a wild temperate apple,
providing a practical basis for conservation, agroforestry, and breeding programs for apples
in Europe [62].

At the same time, parameters like gsT and Djst have confirmed this moderate differen-
tiation value among the northern and southern geographic populations. In general, these
results could support an intensive exchange of germplasm material among the populations,
occurring mainly in the north of Spain, with the consequent decrease in genetic diversity.

The high inbreeding coefficient detected (higher than 0.9) was expected in a sense,
since, as mentioned previously, Spanish nonmelting cultivars have been described geneti-
cally as much more homozygous than melting peaches and nectarines [49,50]. According to
the mating system of this selfing species and the fact that Spanish cultivars and traditional
“Old World” cultivars were selected from seed propagation, a high level of homozygosity
is expected. Interestingly, some of the nonmelting nectarines studied here, such as ‘Pavia
Blanca” and ‘Pavia Amarilla de Tolosa’, also showed high inbreeding values, whereas
‘Aurelio” and ‘Aniversario’, from Argentina and with melting flesh, showed low values
(0.352 and —0.136, respectively).

The presence of melting-flesh flat and round peaches among the individuals with
the lowest inbreeding values is also remarkable. Nonetheless, we have identified some
nonmelting peaches with low inbreeding values (like ‘Comodin’, ‘Borracho de Jarque’, and
‘Moret’). A possible explanation would be that they are hybrids from a cross with a highly
heterozygous parent, or two homozygous parents with large differences between their
genotypes. Further parent—child detection analysis with more individuals would be useful
to elucidate these cases.

4.3. Genetic Population Structure

The general view of the population structure showed a genetic structure mainly
influenced by the origin and the fruit type, with a few exceptions. The chosen distribution
of the accessions in seven clusters could elucidate the structure of the population studied.
These results clearly support a strong exchange of genetic resources among the northern
territories of Spain, with a less significant exchange of germplasm between the Murcia
region and the north of Spain, with the exception of ‘Duraznillo 42B” (believed to have
originated in Zaragoza), which showed closeness to many accessions from Murcia in
the PCA. The foreign accessions are distributed in three different clusters together with
Spanish individuals. Previous works have explained the distribution of cultivars from
North America in several clusters mixed with Spanish accessions due to the use of ancient
nonmelting Spanish individuals in American breeding programs [11,63].

The phenotypic traits indicate some patterns of differentiation among the cluster
conformation, mainly in the case of flat peaches (cluster 7), in accordance with previous
works [11,24,34,49]. A total of eight accessions out from the total of 17 white-flesh peaches
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grouped in cluster 2, which could indicate some ancient relationship among these indi-
viduals. Moreover, cluster 3 grouped all the melting-flesh peaches and nectarines, with
the exception of ‘Rojo de Azagra’, the sole member with nonmelting flesh. PCA analysis
confirmed the closeness between cluster 3 and the melting flat peaches (cluster 7).

5. Conclusions

In this work, the new high-density Illumina peach SNP chip (9+9K) was used for the
first time to decipher the genetic diversity of the Spanish National Peach (Prunus persica)
Germplasm Collection at CITA. The obtained genotype of 90 accessions of the germplasm
exposed the usefulness of many new SNPs and contributed new genetic information about
this collection and the possible origins and peach material movement in Spain. Genotype
data were used to provide an estimate of pairwise Identity-By-Descent (IBD), detecting
15 groups of duplicates and elucidating some synonymies (and some homonymies) within
the Germplasm Collection. Genetic diversity and structure analysis could suggest a notable
exchange of plant material among regions, especially within the northern regions of Spain.
The genetic characterization of the peach accessions with SNP markers provides a useful
and efficient way to manage germplasm collections and to help in future breeding decisions
for peach improvement.
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