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ABSTRACT 

Over last few decades the US prune industry has successfully maintained strong and 
vibrant export markets in Europe, Canada and Japan. However, in recent years 
international competition has been steadily eroding the share of US world prune exports. 
A long-term strategy to retain market dominance is to genetically improve California 
prune cultivars using recent advancements in fruit tree genetics to maintain superior fruit 
quality, productivity and sustainability of prune orchards. Moreover, superior and 
genetically distinct CA prune germplasm would enable refined labeling and packaging 
strategies that would help the US industry distinguish its high-quality prunes and prune 
products from its competitors.  Likewise, targeted improvements of   health promoting 
compounds such as antioxidants and sugars may also help the US to keep a preeminent 
position in a challenging world marketplace. Establishing molecular marker profiles 
using high-throughput genotyping by sequencing will support germplasm analysis and 
search for markers associated with health-promoting compounds that can be then 
implemented in marker-assisted breeding. Molecular marker profiles can be employed for 
cultivar authentication and labeling the US prunes on the international market.   Also, 
breeding such new and superior varieties requires understanding of the origins of the 
major US cultivars, in particular French type, and their genetic relationships with 
worldwide prune germplasm.  
 
 
INTRODUCTION 
 
Currently most international sellers of dried plums market them as the ‘d’Agen’ variety 
(syn. d’Ente).  Traditional cultivar identification based on morphological and 
phenological characteristics describes the d’Ente plum (Agen prunes) as a medium-sized 
fruit, rather rounded, orange to purplish red, with juicy flesh, fine and tender, very sweet, 
green, yellow. The d’Ente plum is self-fertile (it is also a good pollinator); it is ripe in late 
August. The tree tolerates all soils, except those too rich in clay. However, based on this 
description it is not always possible to discriminate cultivars with similar pomological 
characters but having a different genetic background. The d’Ente plum trees were 
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introduced to Europe from Middle East by crusaders and were named for the district 
‘Agen’ where they were planted nearly 800 years ago. Over the centuries, a number of 
varieties with distinct characters were propagated under the name d’Agen and 
subsequently imported into the US (California) in 1856.  Many of these d’Agen types, 
including several numbered clones of d’Ente and petite d’Agen, are thought to be clonal 
material (bud mutations) of an original d’Agen type however, hybridization with other 
related cultivars within this group of cultivars cannot be ruled out. The most commonly 
grown cultivar in the US, Improved French, is considered as open pollinated Agen prune 
seedlings released by Luther Burbank around 1900. This variety may have been 
subsequently improved over the last century through selection of clonally propagated 
materials as well as through self-pollination.  

OBJECTIVES 

The objective of this study was to determine the genetic relationship of the main 
industrial US cultivar ‘Improved French’ to other commercial germplasm that is used 
worldwide. The d’Ente (Agen) prunes and Improved French are being analyzed in a set 
of cultivars from different morphological groups of plums maintained at germplasm 
repository at INRA, Bordeaux representing one of the oldest, largest in diversity and best 
characterized plum germplasm sources. In addition, wild Prunus relatives were also be 
included in the study in attempt to determine the genetic relations of hexaploid Prunus 
domestica and its potential wild progenitors, diploid Prunus cerasifera and Prunus 
spinosa. This information is of great importance in choosing parents in the breeding 
program. 

 
PROCEDURE 
 
The objectives were accomplished using a new technique called Genotype-By-
Sequencing (GBS). GBS is method that leverages the power of next generation DNA 
sequencing technologies to assess the genetic relationships among large numbers of 
individuals. This strategy reduces the costs of whole genome next generation sequencing 
using a technique that limits the genome sequencing to a smaller number of informative 
regions. In this way, the entire genome of each individual is not sequenced by rather a 
large number of snippets that typically include the regions containing genes. The 
platform is scalable to 48 or 96 individuals per sequencing run. Here, DNA from 192 
individual plum samples was extracted and used for GBS analysis. A very general outline 
of the procedure is given below: 
 

1) Obtain tissue samples from orchards and germplasm repositories. 
2) Extract DNA. 
3) Generate “barcoded” DNA libraries for sequencing. Barcodes are introduced by 

adding of 4-8 nucleotides to DNA fragments to discriminate all sequences derived 
form individual accession)  

4) Send libraries to reputable service provider (Illumina HiSeq instrument). 
5) Assign sequences to individual accessions using barcodes  
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6) Perform trimming and data quality control steps. 
7) Assemble sequences from each sample to the reference genome (peach). 
8) Identify sequence variations from each assembly (single nucleotide 

polymorphisms or SNPs). 
9) Compare SNP profiles of all samples and generate relationship tree (i.e. 

Dendrogram) and PCA plot based on Principal Component Analysis.  
 
The work reports a fist-year data for 2-year proposal submitted in 2014 and approved by 
CDPB to support a study executed in cooperation between AFRI USDA and Clemson 
University Computational Biology & Genomics Laboratory. It should be noted that 
Clemson University donated additional bioinformatic resources to this project in the 
form personnel time and computational time on CUGI servers.  
 
RESULTS AND CONCLUSIONS  
 
The following specific accomplishments are reported for 2015: 
 

- 192 plum accessions in total were genotyped by sequencing. Samples represented 
main pomological groups of plum from USDA ARS National Germplasm 
Repository, Davis CA, Ted DeJong, University of CA, Davis, Ralph Scorza, 
USDA ARS Appalachian Fruit Research Station, Kearneysville WV, and the 
French National Institute for Agricultural Research (INRA), Bordeaux, France 
(Table1). Three accessions of Improved French from different repositories were 
included into analysis for verification their identity and genetic relations within 
European germplasm including 13 original d’Agen prunes from France. List of 
the 192 cultivars assigned to pomological groups is given in Table 2.  

- GBS data was processed and analyzed using bioinformatic pipeline shown on Fig. 
A1 in Appendix with technical details. Summary of data processing for individual 
accessions are in Table 2.    

- A total of 84,923 SNP markers were used for study genetic relations of d’Agen 
prunes and Improved French within European germplasm.  Clustering of d’Agen 
varieties on dendrogram was in agreement with their separation from other 
pomological groups (greengages, damsons and mirabelles) on the Principal 
Component Analysis plot.   

- Potential synonymous cultivars as well as mislabeled cultivars and sampling 
mistakes were pointed out based on established molecular profiles.   
 

 
Plum2015 plant material 
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Dendrogram  
 
SNP profiles for 187 samples were compared and used to generate a complete 
dendrogram on Fig.1. Plum accessions were separated into 6-7 groups. Noticeable, 
d’Agen prunes including Improved French from USA and France were clustered into 
distinct group on dendrogram separately from other groups of European plums.  
 
 
 
 



California Dried Plum Board  Research Reports 2015 
 

29 
 

                    
 
 Fig.1 Dendrogram of genetic similarity 187 plum accessions estimated over 23,010 

polymorphic SNP markers. Colors indicate pomological groups: red (Prune), green 
(Greengage), blue (Damson and Mirabelle), black hexaploid Prunus domestica 
(European plum) and diploid species P. cerasifera and P. spinosa.  
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Principal Component Analysis (PCA plot) 
Genetic variation in plum2015 dataset are shown on PCA plot on Fig.2. The separation of 
clusters was not absolute though most of d’Agen prunes (red color) formed a distinct 
group in lower part of the plot. Greengages (green color) also created distinct group on a 
plot were less stratified indicating potential hybridization with other pomological groups.  
 
 

                  
 
Fig. 2. Principal Component Analyses  (PCA) of 187 plum accessions. 
Distribution of plum varieties on the two first PCA axes determined from 45,593 SNP 
markers. Colors and symbols represent pomological groups of plum: red (Pru, prune), 
green (Gg, greengage), blue (DMi, damson and mirabelle), black (Pd, Prunus domestica 
/European plum), grey (dP, diploid P. cerasifera and P. spinosa).  Diploid species are not 
shown.  
 



California Dried Plum Board  Research Reports 2015 
 

31 
 

Conclusions 
 
Analysis of the GBS data and the resulting dendrogram and PCA plot produced from 
reference assembly to the peach genome reveal the following conclusions: 
 

1) The GBS strategy successfully predicted most of the known genetic relationships 
among plum varieties. Several known synonymous cultivars were detected as well 
as potentially mislabeled cultivars and technical sampling mistakes.  For example, 
our results indicated that the P. cerasifera accession from INRA was mislabeled 
as plum Mirabelle sans nom (unknown Mirabelle).  

2) On the dendrogram all d’Agen prunes but d’Ente_cv162 and d’Ente Double 
grouped together. This cluster also included three accessions of Improved French 
and other cultivars of a prune type. Positioning of d’Ente_cv162 on the 
dendrogram and the PCA plot may be explained by sampling/labeling mistake 
while d’Ente Double and synonymous cultivar Double Robe may have d’Agen 
prunes in their pedigree.  

3) The group of the d’Agen prunes is not homogeneous.  Many d’Agen plum types 
appear to be seedlings from self-pollination (if grouped in the vicinity of d’Ente 
clones) or cross-pollination with other plums (grouped in adjacent clusters). 
Sequencing of the progeny from self-pollination of Improved French should help 
in setting statistical threshold for separation F2 progeny from clonally propagated 
material.   

4) The 2015 data gave more support for the hypothesis that Prunus domestica 
originated from hybridization between Prunus spinosa and Prunus cerasifera. 
Moreover, PCA analysis indicated 4 plum cultivars that could originate from 
hybridization of hexaploid plum with its progenitor P. spinosa. These are cv_34 -
Prunus insititia (veritable), cv_35-Saint Julien, cv_91 - Wegierka wiedenska and 
cv_99 - Prune de Chien.  The role of P. cerasifera in origin of hexaploid plum is 
still unclear. Alignment of GBS sequences against the chloroplast genome of 
peach and estimate of genetic relations within the plum 205 dataset may highlight 
maternal lineage of inheritance.  

 
 
BUDGET NARRATIVE 
 
Funding is still in process due to administrative issues. Clemson University and AFRI 
USDA have temporarily covered the costs of sequencing and labor for data analysis. 
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Appendix (technical details) 
 
GBS library preparation and sequencing 
 
In genotyping by sequencing experiments (GBS) in complex plant genomes, the enzyme 
choice for genomic selection is critical in collecting the sequencing depth of coverage 
necessary for dense marker distribution. Using bioinformatic tools we virtually digested a 
closely related peach genome to predict a number of restriction sites with most common 
enzymes used for GBS. In 2014, based on this ‘in silico’ prediction, we selected Pst1 
restrictase and successfully genotyped 96 plum accessions by sequencing DNA fragments 
in one direction. Though successful, this experiment has shown that only 40% of 
fragments were distributed in a range of 200-400bp, which is considered as optimal for 
unidirectional sequencing. Significant proportion of fragments (28%) was distributed in 
the range of 400-700bp and technically can be sequenced only using sequencing from 
both ends deemed as paired–end sequencing. Thus, in 2015 we modified previous 
protocol and sequenced fragment from both ends to incorporate into analyses information 
from large fragments (up to 700-800bp). Total genomic DNA was prepared for 192 
accessions and digested with PstI.  Restriction fragments (200-700 bp) were selected, 
individually indexed and tailed with Illumina sequencing adapters. In post library 
treatments accessions were multiplexed at level 48x per lane on four flow cell lanes of an 
Illumina HiSeq2500 (Illumina) on high output mode using a single-end 2x125bp run 
cycle. 
 
 
Demultiplexing, filtering, and coverage 
 
Raw plum2015 data were processed using bioinformatic pipeline shown on Fig.A1. A 
total of 886,240,424 reads were collected from 4 lanes of Illumina sequencing. Of these, 
867,727,768 (97,9%) reads were deemed good due to presence barcode and the Pst1 
restriction site. This suggested a high quality of DNA and sequencing library 
preparations, as well as efficient clustering and sequencing on Illumina instrument. A 
total of 574,294,165 GBS reads (66.53%) were aligned to the peach reference genome 
(Prunus persica v2.0) using Burrows-Wheeler Aligner (Li and Durbin 2009). Plum 
accessions were genotyped using software package Stacks (Catchen et al., 2013). In 
average 125,116 total polymorphic sites per accession were detected with average density 
of 79 reads per site.  Five accession ‘Quetsche blanche de Létricourt’ (cv_18), ‘Reine-
Claude INFEL® 1330’ (cv_32), ‘Reine Claude vraie’ (cv_46), ‘Spurdente’ (cv_166) and 
‘Victory row10 tree13’ (cv_188) were excluded from downstream analyses because of 
low density SNP reads (<30x). 
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                          Fig.A1. Plum data processing pipeline 

 
 

Dendrogram construction 
 

In total 136,120 polymorphic variants were detected and 84,923 SNPs passed basic 
quality check.  Of these, 51,291 markers were excluded after additional filtering at 
default settings (monomorphic “TRUE”, MAF <5%, missing rate <10%). Retained 
23,010 SNPs were used to calculate dissimilarity matrix and construct dendrogram with 
R package SNPRelate (Zheng et al., 2012). 

 
Principal Component Analysis (PCA plot)  

To estimate genetic separation pomological groups we also generated 45,593 SNP 
markers using less stringent criteria for frequency of minor alleles (<0.001%).  PCA 
analysis was conducted using the R software packages ‘SNPRelate’ (Zheng et al., 2012).  
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