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Abstract 

Modern plant breeding utilizes a high number of molecular markers for segregation 
analysis, gene mapping and marker discovery to facilitate marker-assisted selection (MAS). 
Genotyping-by-sequencing (GBS) is a cost effective next-generation sequencing technology 
that provides a platform for detection of a high number of SNPs in a large sample pool. 
Centro de Estudios Avanzados en Fruticultura (CEAF) located in Rengo, Región de 
O’Higgins, Chile, initiated a Prunus rootstocks breeding program in 2010. Consequently, 
different interspecific crosses have been carried out utilizing the Prunus rootstock 
germplasm collection established at CEAF and available pollen obtained from the Prunus 
rootstocks germplasm of the Spanish Estación Experimental de Aula Dei - Consejo Superior 
de Investigaciones Científicas (EEAD-CSIC). In the present study, 53 diploid Prunus 
rootstocks and five scion cultivars were genotyped using GBS for genome-wide single 
nucleotide polymorphism (SNP) identification, enabling the assessment of the genetic 
diversity of both Chilean and Spanish germplasm collections. A group of 45,391 high quality 
SNPs (MAF>0.05; missing data <5%) were selected for further analysis of this group of 58 
genotypes. These SNPs are distributed in genic and intergenic regions in each chromosome, 
with an average of 50% located in exonic regions. The genetic diversity detected among the 
studied accessions divided them in three groups, which are in agreement with their current 
taxonomic classification. These results demonstrate the high potential of SNPs identified 
from GBS for Prunus rootstock identification and to study genetic diversity in Prunus 
species. Also, given the high number of SNPs identified in exonic regions, this strategy 
represents an important tool for finding candidate genes underlying traits of interest and 
potential functional markers for use in MAS. 

 
INTRODUCTION 

Prunus is a large genus, which belongs to the subfamily Prunoideae of the family Rosaceae 
(Rehder, 1940). Many species of this genus, known as stonefruit, are economically important as 
sources of edible fruits (e.g., peaches, plums, cherries and almonds). Chile is a stone fruit 
producer and exporter and it is located on the southern end of the American continent along the 
Pacific coast, therefore fruit production is off-season in respect to the main consumption markets 
in the Northern hemisphere. 

For fruit production, almost all fruit trees are grafted onto rootstocks. This means that the 
tree is actually composed of two genetically distinct individuals. The top one (scion) is the 
fruiting variety, while the rootstock determines certain traits of the tree, such as size, vigor, and 
biotic and abiotic stress tolerance related to soil characteristics (Cummins and Aldwinckle, 1983; 
Layne, 1987). New stone fruit scion cultivar development is addressed by many breeding 
programs around the world, but only a few of them are devoted to the selection of new Prunus 
rootstocks. 

In 1950, a survey of Spanish Prunus germplasm was conducted and a collection 
established at the Estación Experimental de Aula Dei - Consejo Superior de Investigaciones 
Científicas (EEAD-CSIC). The aim was to preserve and use this material in breeding programs to 
obtain new stone fruit rootstocks with specific adaptation to Mediterranean environments 



(Moreno, 2004). Given the importance of stone fruit production in Chile and working in 
collaboration with EEAD-CSIC, a Prunus rootstock breeding program was established at Centro 
de Estudios Avanzados en Fruticultura (CEAF) in 2010. The existing genetic variability of the 
Prunus genus is being used to obtain new rootstocks adapted to Chilean soil and climatic 
conditions through interspecific crosses.  

Effective utilization of Prunus rootstocks in breeding programs and Prunus germplasm 
management depends on accurate and unambiguous characterization (Bouhadida et al., 2009). 
Molecular markers, such as RAPDs (Lu et al., 1996; Casas et al., 1999) and SSRs (Serrano et al., 
2002; Liu et al., 2007; Bouhadida et al., 2009; Arismendi et al., 2012) have been used to perform 
molecular characterizations and to estimate relationship between Prunus rootstocks. However, 
PCR-based marker systems, including SSRs, are limited in their applications because of a lack of 
resolution power, specificity and the high cost of analyses when performed on a large scale, 
although the SSRs are capable of semi-automation. Recent advances in next-generation 
sequencing (NGS) have accelerated the discovery of another kind of molecular marker, single-
nucleotide polymorphisms (SNPs), which have presented great potential for high-throughput SNP 
genotyping in modern plant breeding.  

In this work, we describe the use of genotyping-by-sequencing (GBS), a high throughput, 
low cost next generation method for discovering novel SNPs and performing genotyping studies 
(Elshire et al., 2011; Poland et al., 2012). The main objectives of this work were to determine 
genetic variability and to detect relationships between Prunus rootstocks from the CEAF and 
EEAD-CSIC germplasm collections using GBS for their conservation, management and 
utilization in current and future rootstocks breeding programs.  

MATERIALS AND METHODS 

Plant material 
Out of 58 diploid accessions used in this study (Table 1), 24 belong to the subgenus 

Amygdalus, 17 to the subgenus Prunus, 6 to the subgenus Cerasus, and 11 are hybrids between 
subgenera Amygdalus and Prunus. These accessions were obtained from the Prunus rootstock 
collections maintained at CEAF in Chile (n=33) and EEAD-CSIC in Spain (n=25). Twenty eight 
accessions were commercial rootstocks, five commercial scion cultivars and the rest consisted of 
advanced selections, pre-breeding accessions and local Prunus germplasm. Among the 
commercial rootstocks, three of them (‘Adara’, ‘Citation’ and ‘Mariana 2624’) were used in 
duplicates, with one sample from each germplasm set to compare results and accuracy of 
identification. 
 
DNA extraction and quantification 

Genomic DNA was extracted from young leaves using two DNA extraction kits: the 
DNeasy plant kit (Qiagen) for samples from CEAF and the NucleoSpin® Plant II (Macherey-
Nagel) for samples from EEAD-CSIC, according to the manufacturer’s instructions. The DNA 
was quantified using spectrophotometry (Tecan Tradind AG, Switzerland) and DNA quality was 
examined by electrophoresis in 1% agarose.  
 
Genotyping-by-sequencing 

A reduced representation GBS library was prepared using the restriction enzymes PstI and 
MspI, and sequenced using Illumina HiSeq 2500 at the Clemson University Genomics 
Computational Laboratory (CUGCL, Clemson, South Carolina, USA) as described by Poland et 
al. (2012). Sequence reads were aligned to the P. persica reference genome (Peach v2.1; Verde et 
al., 2017). SNPs were extracted using the GBS pipeline implemented in TASSEL software 
(Bradbury et al., 2007) and accessions were called using minor allele frequency (MAF) >0.05. 
SNPs were labeled according to the chromosome in the peach genome (Chr1 to Chr8), followed 
by the physical position in base pairs (bp). The location of each SNP within genic (exonic, 
intronic and UTR) and intergenic regions was determined using Perl script (www.perl.org) with 
Peach v2.1 as reference.  
 



Phylogenetic and population structure analysis 
An UPGMA dendrogram was performed using TASSEL 5.2.5. (Bradbury et al., 2007). 

To determine the optimal value of the population number (K) and population structure among 
genotypes, the SNP genotyping information was analyzed with the program STRUCTURE v2.3.4 
(Evanno et al., 2005) following Kumar et al. (2016) and the fastSTRUCTURE software package 
using default parameters (Raj et al., 2013).  

RESULTS AND DISCUSSION 
Using the GBS methodology on genomic DNA from the 53 Prunus rootstocks and five 

scion cultivars, we developed the first whole-genome analysis considering members from three 
different subgenera (Amygdalus, Prunus and Cerasus) of the Prunus genus. SNPs identified from 
GBS have been previously used study the phylogenetic and population structure in apricot 
(Gürcan et al., 2016), using 90 accessions of different origins and DNA digestion using ApeKI 
restriction enzyme. In our case, a double-digest restriction enzyme protocol (PstI/MspI) was used 
to obtain a representation of the genome of each Prunus sample. A total of 45,391 high quality 
SNPs (MAF>0.05; missing data <5%), evenly distributed over the eight pseudomolecules 
representing the 8 chromosomes of peach, were identified. The number of identified SNPs ranged 
from 4,131 for the pseudomolecule 8, to 10,762 for the pseudomolecule 1. Of the 45,391 SNPs 
identified, 41,084 (90.5%) were located in genic sequences, with 23,941 in coding regions (CDS), 
4,634 in untranslated regions (UTRs), and 12,509 in introns (Figure 1). The 41,084 SNPs located 
in genic sequences are present in 4,884 different genes (or 18.2% of genes identified in the whole-
genome reference sequence), with an average of 8.4 variants per gene. The putative structural and 
functional relevance of SNPs identified for this group of Prunus accessions will be analyzed in 
future studies.  

An UPGMA dendrogram, generated in TASSEL, grouped accessions into three major 
groups, in agreement with their taxonomic classification (subgenera Amygdalus, Prunus and 
Cerasus; Figure 2). The group Amygdalus consisted of 25 accessions, which were pure or hybrid 
genotypes between species from subgenus Amygdalus. The group Prunus comprised 18 
accessions, where 17 were pure or hybrids between species from subgenus Prunus and one 
accession (‘Ishtara’) is described as a Prunus - Amygdalus hybrid. The group Cerasus consisted of 
five accessions. The hybrids between subgenera were separated from the main groups. Duplicated 
accessions (‘Adara’, ‘Citation’ and ‘Mariana 2624’) appeared together, except ‘Mariana 2624’, 
which showed a different origin and genetic background to one of the two samples. This was 
corroborated after this analysis. 

The population genetic structure among the studied Prunus accessions suggested the 
maximum ∆K-value of K = 3 (Figure 3), which was in agreement with the phylogenetic analysis. 
Structure analysis grouped 25 accessions in one population (Amygdalus), 17 in the second 
population (Prunus) and 5 in the third population (Cerasus), with the rest being admixed. An 
interesting result was observed for Nanking cherry (P. tomentosa), classified as a member of the 
section Microcerasus within the subgenus Cerasus (Rehder, 1940) or the subgenus Prunus 
(Mowrey and Werner, 1990; Bortiri et al., 2002; Aradhya et al., 2004). Our P. tomentosa 
accession was grouped within the Prunus in both UPGMA and structure analysis, although the 
STRUCTURE results revealed the presence of variations (SNPs) characteristic to the three 
subgenera (Amygdalus, Prunus and Cerasus). Indeed, Mowrey and Werner (1990) suggested P. 
tomentosa being more primitive than other Prunus species, which would explain our results. 

CONCLUSIONS 
The GBS-derived SNPs represent a valuable resource for molecular characterization of 

commercial and selected Prunus rootstocks. This resource provides tools for analyses of the 
genetic diversity among the different interspecific hybrids and species in the germplasm 
collections of CEAF and EEAD-CSIC for their conservation, management and utilization in 
current or future rootstock breeding programs. 
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Figures 
 

 

Figure 1. Distribution of SNPs in genic [CDS, intronic, untranslated (UTR)] and intergenic 
regions using the physical position of each SNP on Peach v2.1 [Verde et al., 2017] for 
each pseudo-molecule and the average of all pseudo-molecules. 

 
 

 

Figure 2. Phylogenetic analysis of 58 Prunus accessions generated through the UPGMA method 
in TASSEL software. 



 

Figure 3. Estimation of the population structure using Structure. The genetic structure analysis 
clearly differentiated three Prunus subgenera (Amygdalus, Prunus and Cerasus). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tables 
 
Table 1. List of analyzed accessions by Prunus subgenus and species. 
 

Subgenus Amygdalus Species 
‘Nanopac (R 40)’1 (P. dulcis x P. persica) x (P. dulcis x P. persica) 
‘Purplepac (R 70)’1, ‘Greenpac (R 90)’1 (P. persica x P. davidiana) x (P. dulcis x P. persica) 
AG 0006053, ‘Nemared’1 (P. persica x P. davidiana) x P. persica 
AG 0204093 P. persica x (P. dulcis x P. persica) 
AG 0601033, AG 0601043 P. persica x (P. persica x P. davidiana) 
‘Nemaguard’1 P. davidiana x P. persica 
‘Carmel’2 P. dulcis 
‘Adafuel’1, ‘Adarcias’1, ‘GF577’1, ‘GF677’1, ‘Hansen 536’1, ‘Hansen 2168’1, ‘Ibdes 1’3, ‘Tamarite de 
Litera (T. de Litera)’3, ‘Tauste7’3, ‘Titan x Nemared (TxN)’3  

P. dulcis x P. persica 

‘Pomona’2 P. persica 
‘Cadaman’1, ‘Flordaguard’1 P. persica x P. davidiana 
‘Garnem’1 P. persica x P. dulcis 
Subgenus Cerasus  
‘Bing’ 2, ‘Mazzard F12/1’1 P. avium 
‘Pontaleb’1 P. mahaleb 
‘MaxMa 14’1, ‘MaxMa 60’1 P. mahaleb x P. avium 
Nanking cherry (P. tomentosa)3 P. tomentosa 
Subgenus Prunus  
‘Densipac (R 20)’1 P. besseyi x P. cerasifera 
‘Adara’ CEAF1, ‘Adara’ CSIC1, ‘Ademir’1, ‘Myrobalan 2201’3, ‘Myrobalan 2261’3,  
‘Myrobalan 713AD’3, ‘MyrobalanB’1, ‘Myrobalan m2’3, ‘Myrocal’1, ‘P1079’3, ‘P2175’3 

P. cerasifera 

‘Mariana 2624’ CSIC1, ‘Mariana 2624’ CEAF1 P. cerasifera x P. munsoniana 
‘Myrobalan GF 3-1’1 P. cerasifera x P. salicina 
‘Angeleno’2, ‘Larry Ann’2 P. salicina 
Prunus x Amygdalus hybrids  
‘Ishtara’1 (P. cerasifera x P. salicina) x (P. cerasifera x P. persica) 
AD 04033, PADAC 0401-013, PADAC 9902-013, PADAC 99-053 P. cerasifera x (P. persica x P. dulcis) 
‘Replantpac (RR)’1 P. cerasifera x P. dulcis 
AD 0301123, AG 0301043, AG 0301073 P. cerasifera x P. persica 
‘Citatin’ CEAF1, ‘Citation’ CSIC1     P. salicina x P. persica 
1commercial rootstocks 2commercial scion cultivars 3advanced selections, pre-breeding materials or local Prunus germplasm



 


