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ABSTRACT 

A novel chokecherry genetic linkage map was constructed using 565 molecular markers 

and a previously published mapping population (n=101).  Chokecherry (Prunus virginiana L.) is 

a potential model for genetic research of phytoplasmic diseases because of its natural resistance 

to X-disease (Candidatus Phytoplasma pruni).  The novel chokecherry map was developed using 

JoinMap 4.0 and contains a complete set of 16 linkage groups.  In total, the map spans a genetic 

distance of 2,172 cM with an average marker density of 3.97 cM.  Three significant quantitative 

trait loci (QTL) associated with X-disease resistance were identified on linkage groups 15, 5, and 

4 contributing to a total of 45.9% of the phenotypic variation.  This novel genetic linkage map 

and the identified QTL linked to X-disease resistance will provide the framework needed to 

facilitate molecular genetics, genomics, and breeding research concerning X-disease in 

chokecherry and other Prunus species. 
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INTRODUCTION 

Fruit and tree nut production contributes about $18 billion to the U.S. economy annually 

(Perez 2014). Although demand for fresh fruit is still growing, limiting factors such as plant 

disease reduce the yield potential in commercial production systems. X-disease is a major 

example which affects a variety of stone-fruit Prunus species such as peach, apricot, nectarine, 

cherry, plum, and chokecherry (Guo et al. 1998).  Disease incidence as high as 60% and yield 

reductions ranging from 30% to 80% have been observed in Connecticut peach orchards 

(Douglas 1999) and can cause more than 50% mortality in orchards within three years post-

infection (Peterson 1984).  Current control measures for X-disease phytoplasma include pesticide 

treatment for leaf hopper vectors, elimination of infected trees, and antibiotic treatment as a last 

resort (Douglas 1999), but these methods have shown to be inefficient and expensive (Davis, 

2013; Peterson, 1984). Chokecherry is the primary source of X-disease because it is a dominant 

reservoir of leafhoppers, by which the X-disease phytoplasma is vectored and transmitted. 

  It is commonly argued that X-disease resistant cultivars offer the best method of 

phytoplasma control (Olivier et al. 2009; Davis 2013; Peterson 1984); however, natural 

resistance to X-disease hasn’t been documented in any plant host except for chokecherry (Prunus 

virginiana L.) (Guo et al. 1998; Wang et al. 2014).  This makes chokecherry a potential model 

for genetic studies involving X-disease or any other phytoplasma-derived diseases. Previous 

work has developed a partial genetic linkage map for chokecherry which was used to identify a 

quantitative trait locus (QTL) associated with X-disease resistance (Wang et al. 2014) which 

accounted for only 26% of the total phenotypic variation.  Until now, an inadequate repertoire of 

molecular genetics resources in chokecherry has prevented major advances in the genetic 

understanding of the host-pathogen interaction of X-disease.  
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The objectives of this research were to develop and utilize an improved chokecherry 

genetic linkage map for identifying genetic regions related to X-disease resistance.  Simple 

sequence repeat (SSR), amplified fragment length polymorphism (AFLP), and long terminal 

repeat (LTR) markers were utilized in improving the genetic linkage map of chokecherry. 

Following the development of improved linkage maps, marker-assisted breeding and map-based 

cloning for X-disease resistance can be explored straightaway.  Providing new information and 

resources for elucidating mechanisms involved with X-disease and other phytoplasma-derived 

diseases will advance future research regarding disease response.  The thesis research presented 

will allow for continued exploration aimed at identifying specific genes associated with natural 

resistance mechanisms in chokecherry which can be used as a template for examining resistance 

in other Prunus species.  Ultimately, this study could lead to more efficient fruit production 

worldwide and could address issues regarding food supply and affordability. 
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1. LITERATURE REVIEW 

1.1. Phytoplasma and associated diseases 

1.1.1. Phytoplasma biology 

Phytoplasmas are cell wall-less, mycoplasma-like bacterial pathogens of plants that are 

transmitted by a variety of phloem-feeding insects, such as leaf-hoppers, plant hoppers, and 

psyllids or some parasite plants, such as dodder.  The insect vectors belong to the taxonomic 

order Hemiptera (Weintraub and Beanland 2006). Phytoplasma can also be spread via direct 

contact between infected and healthy plant materials, such as grafting.  Phytoplasma are largely 

associated with diseases commonly referred to as yellows diseases. These diseases were 

originally thought to be caused by virus until it was found that phloem sieve tube elements of 

yellows-diseased plants had numerous wall-less, pleomorphic bodies which resembled 

mycoplasmas (Marcone et al. 2014). Resultantly, phytoplasmas were historically classified as 

mycoplasma-like organisms (MLOs) (Doi et al. 1967), until it was replaced with phytoplasma in 

the 1990s. (International Committee on Systematic Bacteriology Subcommittee on the 

Taxonomy of Mollicutes, 1993). Currently, phytoplasmas are placed in the class Mollicute, 

genus Candidatus (IRPCM Phytoplasma/Spiroplasma Working Team – Phytoplasma Taxonomy 

Group, 2004).    

Phytoplasmas are obligate parasites which rely on their plant and insect hosts for 

dissemination. They are difficult to study because in vitro culturing has been proven 

unsuccessful.  However, molecular methods have helped identify and elucidate the genetic 

diversity of these pathogens.  For example, nested polymerase chain reaction (PCR) has been 

implemented to overcome the low titer of phytoplasma DNA being detected in plant tissues.  

Nested PCR begins with a preliminary amplification using universal phytoplasma 16S rRNA 
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primers and a subsequent amplification with primers designed within the previous amplicon.  In 

this way, it is possible to identify low-titer phytoplasma infections with high specificity.  In 

addition, the 16S rDNA sequences and the well-documented host-pathogen ecology have helped 

classify phytoplasma into their respective clades. Phytoplasma are typically differentiated on the 

16S rRNA gene by means of restriction fragment length polymorphisms (RFLP) analysis (Lee et 

al., 1998; Bertaccini & Duduk, 2009).  Ribosomal DNA is quite conserved within taxonomic 

clades, which facilitates the characterization of unknown phytoplasma with the RFLP patterns of 

known phytoplasma.  Now, with improved affordability and utility of complete genome 

sequencing technologies, comparative genomics is underway for these plant pests (Kube et al. 

2012). 

Phytoplasmas have a small genome which can vary in size from 530 to 1350 kilobases 

(kb) (Marcone, 2014).  In contrast to their small genomes, phytoplasma can infect/inhabit a wide 

range of plant hosts.  It is hypothesized by Sugio and Hogenhout (2012) that the dynamic 

architecture of phytoplasma genomes, which is composed of a relatively high abundance of 

repetitive elements, may account for their adaptation to diverse environments of their plant and 

insect hosts.  Phytoplasma genome sequences have been used to identify candidate genes that are 

likely to play major roles in phytoplasma–host interactions (Sugio and Hogenhout 2012). Among 

these are genes encoding surface membrane proteins and effector proteins.  These effector 

proteins are ultimately the cause of phytoplasma pathogenicity and proliferation in plants.  

1.1.2. Phytoplasma virulence 

 Phytoplasmas produce specific virulence proteins or effectors that modulate development 

of plant–pathogen interactions, leading to an increased transmission and improved evolutionary 

fitness of these organisms (Sugio and Hogenhout 2012).  There are three well characterized 
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effector proteins produced by phytoplasma, TENGU, SAP11, and SAP54.  It was reported that 

SAP11 and TENGU induced the production of vasculature tissue in plants, leading to witches’ 

broom symptoms and a harbor for phytoplasma proliferation.  SAP11 also reduces the 

production of jasmonic acid (JA) which is a plant hormone commonly used in stress signaling 

and defense (Turner et al. 2002).  SAP54 was found to inhibit flowering in plants, which 

increases the vascular tissue and the proliferation window of the pathogen by preventing 

senescence in annual plant species (Sugio and Hogenhout 2012).  These limited examples still 

exhibit how diverse phytoplasmas can be in their effective host range.  In the future, it is 

expected that more phytoplasmic effector proteins will be characterized and associated to their 

particular symptomatic diseases in plants.    

1.1.3. Phytoplasma symptoms 

As described before, phytoplasmas reside in phloem sieve cells and can translocate via 

the pores of sieve plates separating cells. Infected plants exhibit various symptoms such as 

witches’ brooms, chlorosis (leaf yellowing), virescence or phyllody (greening of flower organs), 

dieback, and altered volatile production (Mayer et al. 2008; Bertaccini & Duduk 2009; Sugio and 

Hogenhout 2012).  Symptoms can appear within one week upon inoculation, but can take longer 

depending on temperature and plant species.  It is known that the severity and combination of 

symptoms vary among phytoplasma strains and the infected plant host; however, management 

strategies for phytoplasma are quite limited.  A few phytoplasma management strategies include 

rogueing or eliminating infected plants, insecticidal control of leaf hopper vectors, antibiotic 

treatment, and elimination of nearby wild plant hosts.  Chemical control seems to be economical 

and practical; however, the efficacy of chemical control is far from complete with diseases 

continually spreading in many areas of the world (Firrao et al. 2007).  It is also important to 
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consider the environmental and economic impact of continued pesticide use.  The inefficiency of 

phytoplasma management has resulted in a collaborative effort to find natural resistance 

mechanisms in plant host germplasm. 

1.1.4. Phytoplasma-derived diseases and resistance 

It is known that phytoplasma diseases affect a wide range of plants.  A comprehensive list 

of categorized phytoplasmic diseases can be found in a review by Marcone (2015).  A few 

phytoplasmic diseases of particular interest include, Bois Noar (BN), apple proliferation (AP), 

European stone fruit yellows (ESFY), Paulownia Witches’ Broom (PaWB) disease, and X-

disease.  They are particularly interesting because plant hosts of these diseases have documented 

levels of phytoplasma tolerance and/or resistance (Osler et al. 1999; Bertamini et al. 2002; 

Musetti et al. 2004 and 2005; Laimer et al. 2009; Albertazzi et al. 2009; Liu et al. 2013).  

Grapevine (Vitis vinifera L.) cultivars in Europe are constantly assaulted by phytoplasma 

diseases including grapevine-yellows (GY), Flavescence dorée (FD), and Bois noir (BN), 

causing leaf rolling and curling, yellowing, weak canes and desiccated fruit clusters.  This results 

in devastating production losses and poor fruit quality (Laimer et al. 2009).  There are some 

cultivars that have exhibited a phenomenon known as recovery.  Recovery is spontaneous 

symptom remission (Caudwell 1961) which may or may not involve the elimination of the 

pathogen from the host (Schmidt 1965).  Recovery from phytoplasmic diseases was associated 

with an increase of hydrogen peroxide in phloem tissues. The reported hydrogen peroxide 

increase in recovered tissues was not found in diseased plants or in healthy control plants, 

suggesting a coordinated response mechanism has taken place (Romanazzi et al. 2009).   

Additional documentation of disease response in grapevine showed that gene expression profiles 

in infected plants are altered quite dramatically.  Many of the differentially expressed genes seem 
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to be involved with various metabolic pathways (Albertazzi et al. 2009), nonetheless, identifying 

genes relating to direct disease resistance still needs to be uncovered. 

Apple proliferation (AP) and European stone fruit yellows (ESFY) seen in apple (Malus 

domestica Borkh.) and apricot (Prunus armeniaca L.), respectively, have examples of tolerant 

responses to phytoplasma pathogens.  Similarly to grapevines, recovery has been reported in 

both species (Osler et al. 1999; Musetti et al. 2004; Romanazzi et al. 2009).  As mentioned 

before, recovery does not always mean elimination of the pathogen.  For example, recovery from 

apple proliferation (AP) correlates with the disappearance of phytoplasma from the canopy but 

not from the roots (Loi et al. 2002).  In apricot plants affected by ESFY, recovery does not 

appear to be correlated to disappearance of phytoplasma (Osler et al. 1999). It is important to 

note that recovery is not a common occurrence; however, it has been observed that recovered 

plants are less likely to become symptomatic in comparison to plants that were never infected. 

This indicates that systemic acquired resistance (SAR) is involved in inducing recovery (Osler et 

al. 1999 and Musetti et al. 2004), which means metabolites and reactive oxygen species (ROS) 

such as hydrogen peroxide have an active role in the recovery phenomenon. 

Paulownia Witches’ Broom (PaWB) is another example of a phytoplasma-derived 

disease having associated resistance studies.  PaWB affects the hardwood Paulownia plant 

causing proliferation of branches (witches’ broom), yellowing of leaves, and branch dieback (Liu 

et al. 2013). A forward genetics approach was used by Liu and colleagues (2013) to discover 

potential genetic loci associated with PaWB.  They analyzed transcriptome data and expressed 

sequence tags (ESTs) related to biotic stress response and differential expression patterns 

induced by phytoplasma infection.  Quantitative real-time PCR (qRT-PCR) amplified the ESTs 

of interest, which identified a relatively large group of candidate genes that could be related to 
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phytoplasma resistance.  Studies like this will continue to increase not only in numbers but also 

in importance as it is becoming more apparent that resistant cultivars are needed to combat 

phytoplasmic diseases.  

1.1.5. Prunus species and X-disease phytoplasma 

 Prunus species are categorized as stone-fruit tree species based on the characteristic of 

the pits found within the fruit.  A few examples of well-known Prunus species include peach 

(Prunus persica), apricot (Prunus armeniaca), almond (Prunus dulcis), sweet cherry (Prunus 

avium), tart cherry (Prunus cerasus), plum (Prunus domestica), and chokecherry (Prunus 

virginiana).  Stone fruits belong to the Rosaceae family, which holds a large global economic 

impact, estimated over 113 million tonnes (Mt) and 180 billion dollars in the year 2005 

(Hummer and Janick 2009).  Prunus species have a significant impact on these numbers with 

peach itself being produced at over 16 Mt.  Although these production values are quite large, the 

demand for fresh fruit and the production limitations are both growing strong.  The limitations 

mentioned include abiotic and biotic stresses, but one of particular significance is X-disease 

(Marcone 2015). 

 X-disease phytoplasma are categorized as ‘Candidatus Phytoplasma pruni,’ belonging to 

subgroup 16SrIII-A (Davis et al. 2013). X-disease has historically been one of the major limiting 

factors in peach production in the United States (Stoddard et al., 1951).  As an example, X-

disease caused heavy losses in peach and cherry orchards in the United States during the 1990s 

(Bertaccini and Duduk 2009).  The disease was first reported as ‘X disease of peach’ in 1933 in 

Connecticut.  It was called this rather ambiguous name because of its unknown cause and 

mysterious nature (Stoddard 1938).  X-disease is most problematic in orchards that are near wild 

chokecherry, because chokecherry is a natural host of the pathogen (Davis 1986).  Being 
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vectored by over 12 reported leafhopper species (Olivier et al. 2009; Davis et al. 2013) and a 

host range in most Prunus species (Guo et al. 1998) makes this disease very troublesome, 

especially for peach and chokecherry (Rosenberger 1977; Peterson 1984).  

The symptoms of X-disease include chlorosis (yellowing), tattered appearance of leaves 

(shothole), premature leaf drop, poor fruit quality, reduced yields, dieback of branches, and plant 

death (Stoddard et al. 1951, Douglas 1999).  It has been reported that X-disease can cause more 

than 50% mortality in peach orchards within 3 years of infection (Peterson 1984).   Application of 

insecticides in an effort to stem the spread of X-disease, destruction of nearby chokecherry, 

treatment of trees with tetracycline antibiotic, removal of symptomatic branches or full trees, 

replacement of trees that are killed by the disease, and an integrated approach to disease control 

have been practiced with varying degrees of success (Davis 2013; Peterson 1984).  The most 

promising means of phytoplasma and X-disease control lies within plant resistance (Olivier et al. 

2009). Unfortunately, natural disease resistance in plants for any phytoplasmic disease is limited, 

and that includes X-disease.  Thankfully, chokecherry (Prunus virginiana) is a reported species 

that has varying levels of X-disease resistance and tolerance (USDA-NRCS 1993; Walla et al. 

1996; Guo and Cheng, 1998), and recent advances in molecular genetics have provided a means 

to discover genetic loci (genes) associated with X-disease resistance in chokecherry (Wang et al. 

2014).  

1.2. Plant molecular genetics 

1.2.1. Perceptions on molecular genetics 

It is a well-documented phenomenon that plants have undergone multiple genomic 

duplications throughout their history (Van de Peer et al. 2009; Bowers et al. 2003; Jaillon et al. 

2007; Vogel et al. 2009).  Whole genome duplications (WGD) most commonly occur when a 
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diploid or unreduced gamete reproduces with another unreduced gamete (Van de Peer et al. 

2009).  If this occurs within the same species, it results in what is called an autotetraploid.  If the 

diploid gametes came from different but related species, this results in an allotetraploid (Van de 

Peer et al. 2009). Once genome duplication occurs, the resulting offspring may undergo 

chromosome rearrangement, fusions, and deletions.  These resultant consequences of WGD can 

lead to new species and ancestral lineages because of chromosome rearrangement and altered 

genes in terms of copy number, location, regulation, and function. Rearrangements occur in 

duplicated plants to address the costs associated with duplicate sets of genes and the need to 

efficiently produce bivalent chromosome pairing for reproduction.  Many duplicate genes are 

eliminated or rearranged into altered genes.  The changes in genes can result in new or similar 

functions and new phenotypes leading to the evolution of a species (Van de Peer et al. 2009). 

Synteny is another result of the chromosomal changes from ancestral genome duplication 

(Tang et al. 2008).  Synteny is described as similar chromosome blocks having collinear gene 

content and order among the species being compared.  Because of synteny, it is possible to create 

molecular markers that are transferable among a taxomic group (Dirlewanger et al. 2004).  This 

is because the similar chromosome blocks (or syntenic blocks) within closely related species will 

have similar DNA sequence. This provides a means to study a non-model species or a species 

that is not fully sequenced.  Having this understanding reduces resource costs associated with 

identifying genetic loci of interest such as QTL involved with disease resistance like in 

chokecherry.  

1.2.2. Basics of genetic mapping 

Genetic mapping is the ordering of molecular markers in accordance with the relative 

genetic distances among them, and assigning them to their respective linkage groups based on 
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the recombination values from all the pairwise combinations (Jones et al. 1997).  As a simplified 

example, if two loci are not linked (on different chromosomes), they will undergo independent 

segregation and will not be part of the same linkage group.  However, if loci are linked and occur 

in close proximity on the same chromosome, the recombination frequency will be less and so 

will their genetic distance from one another.  Recombination frequency is often expressed as an 

arbitrary map unit called centi-Morgan (cM).  Markers that map together as one linkage group do 

so because they are all located in a single chromosome. The number of different linkage groups 

will correspond to the basic chromosome number of the species if there have been enough 

crossover events in the mapping population and if there have been enough markers employed 

(Jones et al. 1997).  Although the markers can effectively map parallel to the number of 

chromosomes in a species, it is important to note that linkage groups are reported in genetic 

distances, not physical distances.  In cases where crossovers are more abundant in certain 

clusters rather than being randomly distributed (i.e. telomeric versus centromeric regions), the 

genetic map will distort the physical distance.  However, the advent and utility of DNA-based 

markers can provide anchor points for genetic maps to be integrated to its representative 

chromosomes (Jones et al. 1997).  Generally, it is desirable to saturate a genetic map with as 

many markers as possible with a large population with many possible recombination events.  

Ultimately, map-based cloning projects can be conducted in a much more efficient manner with 

a robust map.  Also, genome sequencing projects benefit from detailed genetic maps because the 

anchor points assist assembly of the sequence reads (Nelson 2012). 

1.2.3. Short history of genetic mapping 

Plant molecular genetics has continued to evolve since the discovery of Mendel’s work 

with peas (Reid and Ross 2011).  In today’s world, we benefit from years of genetic research 
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through the use of molecular markers, genomics, and bioinformatics.  Understanding and 

deciphering the genetic factors involved with traits of interest is a major goal of many 

researchers.  If we look back through the development of plant molecular genetics tools and 

using tomato as a reference, we see that it begins with phenotype (Hedrick and Booth 1907). 

Phenotypic or morphological markers were basically the beginning of mapping and 

associating traits of interest.  In 1907, Hedrick and Booth provided a summary of phenotypic 

inheritance of simple tomato traits.  This study provided a Mendelian prediction of a few 

qualitative characteristics but a genome-wide explanation was not available until an increasing 

repertoire of molecular markers has come to be.  Isozymes were the first type of molecular 

marker developed that could assist in genetic mapping and phenotypic prediction.  For example, 

the first complete genetic map which included all 12 chromosomes of tomato was published by 

Butler in 1952.  Soon after was the development of DNA-based markers such as RFLPs, AFLPs, 

SSRs, and SNPs.  These new systems allowed tomato to be one of the first species to be mapped 

in a ‘high-density’ fashion (Tanksley 1992).  The progression of these marker systems in other 

species improved the approaches taken to conduct genetic mapping, QTL identification, and 

association mapping (Viruel et al. 1995; Abbott et al. 1998; Dettori et al. 2001; Kalendar et al. 

2011; Salazar et al. 2014).  

1.2.4. Combining molecular genetics and phenotypic variation 

Molecular markers are ‘neutral’, meaning that their presence does not directly influence 

phenotype (besides genetic loci that are expressed genes).  Markers rather provide a means of 

flagging regions of the genome that may be involved with a phenotype.  The ‘flags’ or genetic 

loci are what constitute a genetic map (Asins 2002).  Refinement of genetic maps is facilitated 

through the use of more individuals in a population (more recombination) and the more markers 
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you can use.  Genetic maps rely on heterozygous populations with variations in phenotype.  This 

is also necessary for QTL mapping or association mapping (Asins 2002).   

QTL mapping arose as a means to identify markers that lie close to a genetic factor 

(gene) influencing phenotype (Asins 2002).  If strong linkage is identified between a marker and 

a QTL, then breeders can use the marker to screen breeding populations for traits of interest, 

which is known as marker-assisted selection (MAS) (Lande and Thompson 1990).  Association 

mapping is a similar approach to find genetic factors of interest, but requires identification of 

population structure and interactions between the subpopulations.  Once population structure is 

accounted for, linkage disequilibrium (nonrandom association of alleles at different loci) 

attributes the association of a marker to the trait of interest (Flint-Garcia et al. 2003).  If 

identified markers are validated in other populations, they can be used in MAS to help enhance 

selection efficiency and reduce resource costs in screening plants for beneficial genetics.  

Association and QTL studies provide a means to identify genetic regions, but it is usually 

the goal to discover the physical location and the complete sequence of the genetic factors in 

question (Jander et al. 2002).  DNA sequencing has provided this availability.  Combining 

genetic linkage groups, QTL, and sequencing data allows for map-based cloning of candidate 

genes.  Once a candidate gene is identified, its function needs to be tested and confirmed.  

Biotechnology approaches such as genetic engineering can be used to conduct complementation 

to confirm the function of the gene (Jander et al. 2002).  Overall, molecular genetics is 

continually improving to provide researchers with all the necessary tools to discover genes that 

are involved with a species and traits of interest.  This understanding is the basic driving force 

behind the molecular studies in plants including chokecherry and X-disease research. 
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1.3. Chokecherry: a model woody species for X-disease disease research 

1.3.1. Chokecherry biology and ecology 

 Chokecherry (P. virginiana) is a small tree or shrub species in the Rosaceae family.  

Chokecherry has the same base chromosome number as other Prunus species (x = 8), but is one 

of the few tetraploids, having 32 chromosomes (2n = 4x = 32) (Dai, unpublished).  It is native to 

North America with geographical origins stretching from northern Mexico to most of Canada 

and parts of Alaska.  Leaves are simple, glabrous, and oval in shape with dark green color and 

serrated edges. They form perfect flowers that are aromatic and arranged in cylindrical racemes 3 

to 6 inches long.  Chokecherry fruits are dark red to black spherical drupes that are high in 

antioxidant and anthocyanin content.  The common name, chokecherry, came from the bitter 

taste of the fruit and the relatively large seed within the pulp.  (USDA-NRCS National Plant 

Data Team, http://plants.usda.gov/plantguide/pdf/cs_prvi.pdf) 

The fruit was a staple for numerous Indian tribes across the North American continent, 

especially to tribes who lived on the plains and prairies. Chokecherries were routinely cooked 

before they were eaten or dried thoroughly to neutralize the naturally occurring hydrocyanic acid 

produced when cyanogenic glycosides in the leaves, stem, and stone are disturbed (USDA-

NRCS).  Chokecherry fruits are still collected today and used to make jellies, jams, pie-fillings, 

syrups, sauces, and wines.  More recently, chokecherry is being implemented as a minor crop in 

the prairie provinces of Canada for juice production. Estimated fruit production potential is 

15,000 pounds per acre from mature plants (USDA-NRCS).  In the United States, chokecherry is 

a popular ornamental for its size, attractive white flowers, and autumn color (USDA-NRCS). 

Chokecherry is tolerant to many stresses including drought, cold temperatures, and 

alkaline soil, which is attributed to its extensive root system.  Chokecherry plantings are used 
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extensively in shelterbelts, windbreaks, wildlife habitat, and erosion control.  Also, it is 

effectively grown on disturbed sites such as mined land reclamation, highway right-of-ways, and 

construction sites (USDA-NRCS National Plant Data Team, 

http://plants.usda.gov/plantguide/pdf/cs_prvi.pdf). Most recently, chokecherry is being proposed 

as a model system for X-disease research and resistance germplasm for Prunus and Rosaceous 

crop systems (Dai, personal communication).  

1.3.2. Chokecherry and foundational X-disease research 

Chokecherry is susceptible and a natural host to X-disease phytoplasma.  However, its 

native range and genetic diversity have provided a few accessions that display resistance (or at 

least tolerance) to disease pressure.  In 1983, a chokecherry seed source located in Bismarck, 

ND, was established by the United States Department of Agriculture-Natural Resources 

Conservation Service (USDA-NRCS) to examine potential X-disease resistant materials.  Over 

3,000 established germplasm from 179 seed sources collected from ND, MN and the surrounding 

region were planted and evaluated for X-disease symptoms.  By 1994, 44% of the plants were 

dead and the remaining 1,792 plants still contained X-disease phytoplasma.  Only 5% of the 

remaining plants displayed little to no X-disease damage.  Walla et al. (1996) reported that the 

few plants with little damage and/or zero observable symptoms may be resistant or highly 

tolerant to X-disease phytoplasma.  This chokecherry planting paved the way for recent 

molecular genetic studies in chokecherry (Wang et al. 2014) and the novel results discussed later 

in this thesis.  

1.3.3. Genetic mapping in Prunus 

 The Prunus reference map was constructed using an F2 population (n=75) from a cross 

between ‘Texas’ almond and ‘Earlygold’ peach (T x E) (Joobeur et al. 1998). The T x E map was 
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first reported having 246 markers (235 RFLPs and 11 isozymes) in the expected eight linkage 

groups (Joobeur et al., 1998). An updated map with an addition of 96 simple sequence repeats 

(SSRs) has been reported by Aranzana et al. (2003). Another 220 markers consisting of 89 SSRs, 

five sequence-tagged sites (STS), and 126 RFLPs were added by Dirlewanger et al. (2004). The 

current map has 562 markers, covering 519 cM with an average density of 0.92 cM per marker 

(Genome Database of Rosaceae, website).    

 The sweet cherry map, developed from a cross between the cultivar ‘Emperor Francis’ 

and a wild forest cherry called ‘New York 54’ (EF x NY) was constructed using primarily simple 

sequence repeat (SSR), amplified fragment length polymorphism (AFLP) and sequence tagged 

sites (STS) markers derived from the Prunus reference map.  Only 26% of the SSR markers were 

successfully placed on the parental EF or NY maps (Olmstead et al. 2008).  The study attributed 

this to a reduced transferability of non-cherry Prunus markers and a low level of polymorphism 

between the mapping parents.  However, Olmstead and colleagues (2008) successfully 

developed new markers for sweet cherry.   The increased marker density resulted in the expected 

eight linkage groups for both parental maps.  The EF and NY maps were 711.1 and 565.8 cM, 

respectively, with the average distance between markers of 4.94 and 6.22 cM.  It was reported 

that 82 markers were shared between the EF x NY and the Prunus reference map and the 

majority of the markers were ordered the same as the Prunus reference.  This shows the 

homology and the linear nature of Prunus diploid genomes, but it can be expected that polyploid 

species such as tart cherry and chokecherry may have rearrangements relative to the shared loci.  

Chokecherry is a minor plant species and has far less genetic resources to employ compared to 

its significant Prunus cohorts like peach, cherry, and almond.  Therefore, identification of 

genetic loci contributing to important traits is inhibited and the production of genetic resources is 
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warranted; however, the limitations of genetic mapping in tetraploid species need to be 

considered.   

1.3.4. Mapping in tetraploid species 

Complex inheritance has limited the advancement of genetic maps in tetraploids, 

especially for autotetraploids.  Random combinations of bivalent paring and quadrivalent paring 

from four homologous chromosomes and genetic anomalies like double reduction are a few 

examples leading to the complexity.  Nevertheless, autotetraploid species such as alfalfa, potato, 

blueberry, and cut roses have been successfully mapped (Bradshaw et al. 2008, Gar et al. 2011; 

Robins et al. 2008; McCallum et al. 2016).  Many allotetraploid species such as tart (sour) 

cherry, durum wheat, cotton, and rapeseed (Brassica napus) have also been mapped successfully 

(Canli 2004; Rong et al. 2007; Marone et al. 2012; Cai et al. 2014).  True allotetraploids have the 

same inheritance as diploids, and are much easier to genetically map; however, it is often thought 

that many tetraploid species have intermediate inheritance (Hickok 1978a,b; Stift et al. 2008; 

Koning-Boucoiran et al. 2012). This means that some chromosomes have diverged enough to 

preferentially pair to produce diploid inheritance (disomic), while others are similar enough to 

have levels of randomly pairing or produce quadrivalents during meiosis, leading to tetrasomic 

inheritance. Segregation analysis is the recommended way to determine allelic inheritance and 

the corresponding polyploid type (Krebs and Hancock 1989; Soltis and Rieseberg 1986). The 

aforementioned considerations may seem dire for genetic mapping of tetraploids, but a universal 

approach has been established and widely applied.  

Wu et al. (1992) proposed the use of single dose restriction fragments (SDRF) to 

overcome the difficulty of mapping polyploids.  This type of mapping strategy accounts for 

syntenic rearrangements of homeologous chromosomes.  It has been also been proposed by Wu 
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et al. (1992) that a population size of at least 75 is needed to confidently map in tetraploid 

species.  Molecular markers used for tetraploids are scored as ‘single dose’ alleles because this 

produces simplex by nulliplex arrangements that have recombination frequency estimates 

consistent across both types of inheritance.  Ultimately this provides a means for software 

programs such as JoinMap (Van Ooijen 2006) and TetraploidMap (Hackett and Luo 2003; 

Hackett et al. 2007) to construct reliable genetic maps. 

Potato is a good example of a tetraploid crop species mapped via JoinMap and 

TetraploidMap.  In 2008, Bradshaw et al. was able to successfully develop genetic linkage 

groups in TetraploidMap by using 38 AFLPs and 514 SSR markers.  The genetic maps were 

subsequently subjected to QTL analysis using the Interval Mapping function in the 

TetraploidMap program.  This resulted in the identification of 16 QTL associated with 

agronomic traits, including yield.  More recent applications of JoinMap and TetraploidMap in 

potato were reported by Hackett et al. (2013) and Massa et al. (2015).  Both studies utilized the 

Infinium 8303 Potato SNP array in conjunction with allele dosage information to develop new 

genetic maps for their populations and successive QTL identification for certain agronomic 

traits. 

Autotetraploid blueberry has also been successfully mapped using both TetraploidMap 

and JoinMap.  McCallum et al. (2016) utilized SNPs and SSR markers to construct the first 

representative linkage groups in blueberry.  They used TetraploidMap first to identify the groups, 

and then JoinMap was used to refine the maps one linkage group at a time.  Additionally, 

JoinMap has the advantage of being able to combine parental maps based on the shared markers.  

This function was utilized for blueberry and resulted in an improved genetic map and a 

consensus framework to conduct future studies like QTL mapping. 
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Tart cherry was the first polyploid Prunus species mapped and has provided an outline 

for genetic mapping in other tetraploid Prunus species (i.e. chokecherry).  Tart cherry is thought 

to be derived from natural hybridization between sweet cherry (P. avium) and ground cherry (P. 

fruticosa).  This origin was first suggested by Olden and Nybom (1968), and was later confirmed 

with molecular biology and genetics approaches (Hancock and Iezzoni, 1988; Santi and 

Lemoine, 1990; Schuster and Schreiber, 2000).  Genetic mapping of tart cherry utilized the 

single dose restriction fragments SDRF or the ‘single dose allele’ strategy of molecular marker 

genotyping even after previous allele segregation analysis determined disomic inheritance 

(Beaver et al. 1993, Canli 2004).  JoinMap software constructed the final linkage groups.  

Further analysis of the linkage groups revealed 11 QTL linked to flower and fruit traits. 

1.3.5. QTL mapping for disease resistance in Prunus species 

Diseases in Prunus species are major contributors to economic losses and production 

limitations.  QTL mapping for disease resistance using genetic maps has facilitated efforts to 

combat diseases in Prunus species.  An early effort in disease QTL identification was to identify 

QTL related to plum pox virus (PPV) resistance in apricot (Lambert et al. 2007).  A population 

of 220 F1 progenies from a cross between a susceptible cultivar ‘Polonais’ and a resistant cultivar 

’Stark Early Orange’ were analyzed for resistance phenotypes and subjected to QTL analysis.  

Four genomic regions were identified as being involved in PPV resistance.  In addition, 

candidate genes associated to these major QTL were found via sequencing and map-based 

cloning. More recently, Rubio et al. (2015) was able to identify gene expression patterns related 

to disease onset via RNA-seq of apricot. 

Peach is the most significant fruit species in Prunus.  Peach is also the most genetically 

studied and has a high quality reference genome (IPGI 2013).  Employing all the tools available, 
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many QTL and genetic loci have been determined to be associated with phenotypic traits.  

Zhebentyayeva et al. (2013) utilized genetic maps and sequencing information to elucidate the 

genetic mechanisms involved with chilling requirement for floral development in peach 

cultivars.  They found two genes that are associated with a major QTL located on linkage group 

1 of the peach map. Disease resistance QTL have also been well documented in peach.    

Powdery mildew, caused by Sphaerotheca pannosa is one of the most severe diseases 

seen in European peach orchards (Foulogne et al. 2003).  Foulongne et al. (2003) identified 13 

QTL associated with the disease, which were subsequently used for crop improvement via 

marker-assisted selection (MAS).  In 2012, QTL contributing to resistance to phloem feeding 

aphids was documented (Sauge et al. 2012).  Their results suggest a change in phloem 

characteristics contributes to aphid resistance.  Another severe disease in peach called bacterial 

spot (caused by Xanthomonas arboricola) has been studied extensively.  In a report by Yang et 

al. (2013), a total of 14 QTL with additive effects on bacterial spot resistance were identified.  

The availability of sequence information and high quality molecular markers (i.e. peach SNP 

arrays) help facilitate this field of research.  High quality genetic maps collaborate with the 

sequence information to deduce the genes contributing to QTL effects.   Molecular genetics and 

genomics tools in other Prunus species may not be as full-bodied as in peach, but utilizing 

synteny and genome sequence similarity has effectively provided related species the resources 

needed to conduct molecular genetics studies. 

1.3.6. Transferable molecular markers for studying related species 

A cost-effective way to conduct genetic mapping studies in inadequately studied species 

involves exploiting molecular markers that are transferable to closely related species.  A great 

example of this approach has been seen in Rosaceae.  A somewhat novel approach of developing 
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markers for intra-family genetic analysis was conducted by Cabrera et al. (2009).  They 

developed a group of Conserved Ortholog Set (COS) markers specifically for rosaceous species.  

The effectiveness of these markers was demonstrated by determining the amplification 

frequencies as well as their polymorphic extent.  Transferability of molecular markers across the 

Rosaceae family (primarily in the Malus, Prunus, and Fragaria genera) was verified, indicating 

their great value for genetic analyses within family due to the conserved nature of the markers.   

It has also been shown that commonly used markers, such as simple sequence repeat 

(SSR) and single nucleotide polymorphisms (SNPs) are transferable.  Peach SSR markers used in 

the T x E reference map have been used in many other Prunus species including sweet cherry, 

tart cherry, chokecherry, apricot, almond, and more with varying percentages of transferability 

(Canli 2004; Olmstead et al. 2008; Dangl et al. 2009; Wang et al. 2012; Lambert et al. 2007). 

Wide transferability of other rosaceous markers (i.e. apple and pear) to Prunus species has also 

been demonstrated (Cabrera et al. 2009; Canli et al. 2004 & 2008; Zhang et al. 2014).   

Transferability of chokecherry SSR and retrotransposon-based molecular markers has 

been demonstrated (Wang et al. 2012; Liang et al. unpublished).  Retrotransposons are uniformly 

distributed throughout plant genomes and their long terminal repeats (LTR) are quite conserved.  

The conserved LTR sequences are a result of copy and paste transpositions of these DNA 

elements (Havecker et al. 2004).  Transposition/insertion of TEs on plant chromosomes 

generates unique junctions between TEs and their flanking sequences (Bennetzen 2000).   

Several molecular marker types (REMAP: retrotransposon-microsatellite amplified 

polymorphism, IRAP: inter-retrotransposon amplified polymorphism, RBIP: retrotransposon-

based insertional polymorphism, ISBP: insertion-site-based polymorphism) have been developed 

based on LTR retrotransposons and have been employed for genetic and QTL mapping in many 
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plant species (You et al. 2010; Mazaheri et al. 2014; Monden et al. 2014; Sun et al. 2015). These 

LTR markers have been used in the mentioned studies to increase marker density on genetic 

linkage groups.  Combining several types of molecular markers from related species is a proven 

concept that has been employed for QTL mapping in many plant species (Olmstead et al. 2008; 

Keyser et al. 2010; Lambert et al. 2007; Guajardo et al. 2015; Canli 2004; Dirlewanger et al. 

2004). 

1.3.7. Chokecherry genetic and QTL mapping for X-disease  

 Chokecherry is currently the only plant species to display natural resistance to X-disease 

phytoplasma.  Until recently, there was no genetic information on chokecherry and X-disease.  

Wang et al. (2014) developed a genetic map (RC x SC) from a cross between an X-disease 

resistant chokecherry (RC) and susceptible chokecherry (SC). The mapping population was 

composed of 101 progenies with varying degrees of X-disease resistance.  Commonly used 

markers, SSR and AFLP, were used based on the knowledge that they are transferable and 

polymorphic among species (Dirlewanger et al. 1998; Canli et al. 2004; Gisbert et al. 2009; 

Olmstead et al. 2008; Wang et al. 2012; and Yamamoto et al. 2005).  More recently, 

retrotransposon-based LTR markers developed from chokecherry genome sequences have shown 

to be polymorphic in chokecherry and are being used for mapping (Liang et al. unpublished).   

The previous genetic mapping progress in chokecherry has identified a quantitative trait locus 

(QTL) associated with X-disease resistance, accounting for 26% of the phenotypic variation 

(Wang et al. 2014).  Large gaps and unassigned linkage group segments of the previous maps 

warrant the improvement of the chokecherry linkage map, which will provide opportunities for 

more QTL identification, map-based cloning, and facilitated sequence assembly.   
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2. MATERIALS AND METHODS 

2.1. Plant Materials 

2.1.1. Mapping population 

 The chokecherry (Prunus virginiana L.) mapping population used in Wang et al. (2014) was 

used again to construct a novel genetic linkage map and to identify QTL associated with X-disease 

resistance.  The mapping population consists of 101 progenies which derived from a cross between a 

susceptible (SC) and a resistant (RC) chokecherry lines.  The two parental lines were selected from a 

large chokecherry germplasm collection that was established in 1983 by the USDA Natural 

Resources Conservation Service (NRCS). The female parent (R-II-2010-3, ‘RC’) was rated as highly 

resistant to X-disease phytoplasma, and the male parent (S-V-2007-3, ‘SC’) was rated highly 

susceptible.   

2.1.2. Phenotyping of X-disease resistance in the mapping population 

Chokecherry hybrid seedlings were inoculated with an aggressive X-disease phytoplasma 

strain using a side grafting method (Wang et al. 2014). In brief, scions consisting of fresh 

symptomatic chokecherry branches were collected from the source tree less than two hours before 

being grafted to the stem of the seedling. Non-inoculated seedlings were used as controls.  After 2 

weeks of growth, nested PCR was used to confirm X-disease infection.  Nested PCR utilized 

universal phytoplasma primers (R16 F2- ACGACTGCTGCTAAGACTGG and R16 R2-

TGACGGGCGGTGTGTACAAACCCCG) and X-disease specific primers (R16 (III) F2-

AAGAGTGGAAAAACTCCC and R16 (III) R1-TCCGAACTGAGATTGA).  For more information 

on nested PCR conditions see Wang et al. (2014).   

Phenotypic data has been collected over a period of four years (2008, 2009, 2010, 2011) 

using the disease resistance scoring method described in Walla et al. (2004) and Wang et al. (2014).  

In short, X-disease severity was rated on a scale of 0–5 based on the level of X-disease symptoms 
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and tree vigor ( 0 = whole plant died; 1 = leaves were discolored, most shoots and leaves were very 

stunted, and very low growth vigor; 2 = leaves were discolored, most shoots and leaves were stunted, 

and low growth vigor; 3 = leaves were discolored, most shoots and leaves were moderately stunted, 

and moderate growth vigor; 4 = all or part of tree with slight symptoms and high growth vigor; and 5 

= no symptoms and high growth vigor). The final disease severity rating used in QTL analysis was 

an average score from the last two years of evaluation (5–6-year-old trees). 

2.1.3. DNA extraction 

 Leaf samples from all offspring and both parental lines were collected and stored in a       

-80
o 

C freezer.  DNA was extracted from leaf tissues based on cetyltrimethylammonium bromide 

(CTAB) methods described in Lodhi et al. (1994) with some modifications.  Additional steps 

included washing ethanol-precipitated DNA with 70% ethanol in a slow moving shaker for 2-3 h 

before being dissolved in tris-EDTA (TE) buffer and then digesting DNA solutions with RNase 

A (10 mg/ml) followed by Proteinase K (1mg/ml) for 60 and 15 min, respectively.  DNA 

concentration was determined using a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher 

Scientific Inc.) and stored at 4 °C until use.  

2.2. Molecular markers used in chokecherry genetic mapping 

2.2.1. Previous markers proven in chokecherry 

 Simple sequence repeat (SSR) and amplified fragment length polymorphism (AFLP) 

markers produced a total of 498 ‘single dose’ alleles analogous to single dose restriction 

fragments (SDRFs) suitable for tetraploid chokecherry mapping (Wang et al. 2014).  The SSR 

markers originated from chokecherry and six other Prunus species including peach (P. persica), 

sweet cherry (P. avium), Japanese plum (P. salicina), apricot (P. armeniaca), almond (P. 

amygdalus), and tart (sour) cherry (P. cerasus). The information on SSR markers from other 

Prunus species were obtained from the Genome Database for Rosaceae (GDR) website 
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(www.rosaceae.org).  All 498 qualified markers were re-tested for the usability in this research.  

All molecular markers were scored in the same fashion as single dose restriction fragments 

(SDRFs) and identified as single dose alleles based on the presence and absence of each band in 

the image from the parents and all 101 progeny. 

2.2.2. Development of LTR retrotransposon markers 

 Long terminal repeat (LTR) retrotransposon markers were developed from a partial 

genome sequence in chokecherry.  LTR development is explained in more detail in Liang et al. 

(unpublished).  In brief, sequence contigs of chokecherry (Wang et al. 2012) were searched for 

LTRs using the online software ‘RepeatMasker’ (Smit, Hubly, and Green 2013).  The function 

‘cross_match’ search engine and ‘Prunus’ was specified as the DNA source.  Regions containing 

LTRs were used to design primers flanking unique repeat junctions.  The primers were designed 

using Primer Premier 5.0 (http://www.premierbiosoft.com).  A total of 78 polymorphic 

chokecherry LTR markers were scored as single dose alleles for the whole mapping population 

(Table 1).  Polymerase chain reaction (PCR) conditions are described below in section 2.3. 

2.2.3. Development of SSR markers using peach genome sequences 

A total of 48 new SSR marker primer pairs were designed from the peach reference 

genome (Prunus persisca whole genome v1.0; Verde et al. 2013).  The software ‘RepeatMasker’ 

was used as described in 2.2 above with the additional option ‘Only mask simple…’ to quickly 

locate simple sequence repeats from the scaffolds.  Peach scaffolds two, four, and six were used 

in the simple repeat search.  Primers were designed based on the flanking regions of the simple 

repeats using Primer Premier 5.0 (http://www.premierbiosoft.com).  Primers were screened via 

BLASTn to examine off-target effects.  If off-target effects were detected, primers were either 

discarded or re-designed.  See Table 2 for a complete list of SSR markers designed.  The 48 
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developed markers were examined in a subpopulation of chokecherry (n=8) to analyze 

amplification and polymorphic potential.  PCR amplification of the SSR primers were done in 20 

μl reactions consisting of 60 ng template DNA, 1.5 mM MgCl2, 1× PCR buffer (Promega 

M791A), 200 μM dNTP, 0.2 µM of each primer, and 0.2 U Taq DNA polymerase.  PCR 

amplifications were performed with the following procedure: 94 
o
C for 4 min, followed by 35 

cycles of 94 
o
C for 30 s, 56 

o
C for 30 s, 72 ℃ for 60 s (8 min for the final extension cycle).  The 

PCRs were conducted with a Programmable Thermal Controller PTC-100
TM

.  PCR products 

were separated in a non-denaturing 6% polyacrylamide gel (29:1 acrylamide: bis, J.T. Baker, 

Mallinckrodt Baker, Inc. NJ). The gel was prepared as following.  A mixture of 7.5 ml 10× TBE 

buffer, 22.5 ml acrylamide (29:1), 119.9 ml ddH2O, 106 mg APS (Ammonium Persulfate), and 

110.7 µl TEMED (Tetramethylenediamine) was poured between two glass plates and left to 

polymerize for one hour.  A pre-run of the resultant gel was done at 350 V in 0.5× TBE buffer 

for 1 h to allow ethidium bromide to migrate from the buffer into the gel.  A total of 8µl of PCR 

products were loaded into wells of the gel and ran at 250 V for 3 h.  The gel was visualized under 

UV lights and images were captured using software ‘Alphaimager 2200’.   

2.2.4. Newly adopted SSR markers from the Rosaceae family 

 Additional markers from recent publications were adopted for use in this study.  Dettori 

et al. (2015) successfully developed 216 long core (tri, tetra, and penta) simple sequence repeats 

from the whole peach genome sequence (Peach v1.0; Verde et al. 2013).  A group of 176 SSR 

markers that amplified products in sweet cherry (Dettori et al. 2015) were tested in chokecherry.  

Zhang et al. (2013) developed 194 SSR markers from assembled sequences of pear (Pyrus).  

Only 17 pear SSR markers were reported transferable in Rosaceae in which 11 were tested in 

chokecherry.  Sun et al. (2015) developed 8 new highly polymorphic and multi-allelic LTR-
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based markers and these 8 pear markers were all tested in chokecherry.  All markers were tested 

in a subpopulation (n=8) of chokecherry to identify polymorphic banding patterns.  Polymerase 

chain reaction was conducted via the same protocol found in 2.3; however, changes in annealing 

temperature were made according to the primer characteristics (Table 3).  Polymorphic banding 

patterns within the chokecherry subpopulation (n=8) identified the adopted markers used for the 

full mapping population. 

2.3. Genetic map construction and QTL identification 

2.3.1. Segregation analysis 

All of the molecular markers were scored for the presence/absence of individual marker 

alleles and tested in accordance to Koning-Boucoiran et al. (2012) and Beaver et al. (1993).  The 

terminology ‘phenotypic class’ was used to describe when the marker genotype in terms of 

dosage of an allele could not be observed directly.  Segregation of molecular markers with two 

(duplex) or three (triplex) unique single-dose alleles in one parent and nulliplex in the other 

parent was analyzed.  The segregation ratios of the phenotypic classes of the progeny were used 

to reveal the allelic constitution of the gametes contributed by a parent, which allows the 

identification of the meiosis mode of inheritance for a particular locus.  The hypotheses of 

segregation according to disomic and tetrasomic inheritance were both tested by Chi-square 

goodness-of-fit test at α = 0.01.  In the case of allotetraploids with a disomic inheritance, four 

phenotypic classes are expected with a frequency of 1/4 each.  In the case of tetrasomic 

inheritance, random homeologous chromosome pairing and resultant six phenotypic classes in 

the progeny are expected with frequencies of 1/6 each.  These six classes can be directly 

recognized if the parent has four alleles at a locus that segregate in the progeny.  If a marker has 

only three different alleles segregating, the presence or absence of the fourth allele (null allele O) 
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can be inferred assuming a single-locus situation.   Markers that produce only two unique single-

dose alleles in one of the parents of the mapping population can also be used.  In this situation, 

not all possible phenotypic classes can be distinguished for autotretraploids.  Alternatively, four 

phenotypic classes are expected with frequencies 1/6, 2/6, 2/6, and 1/6.  Disomic inheritance will 

have expected frequencies of 1/4, 1/4, 1/4, and 1/4. 

2.3.2. Map construction using JoinMap 

Linkage analysis was performed using JoinMap 4.0 (Van Ooijen, 2006) for cross-

pollinated progeny.   All molecular marker single dose alleles were coded as simplex or nulliplex 

in reference to the parental type (nn x np, lm x ll), because estimating recombination frequencies 

in autotetraploids and diploids are identical for simplex by nulliplex markers.  Map constructions 

were performed following a ‘Two-Step’ strategy (Tavassolian et al. 2010; Klagges et al. 2013) 

that involved constructing parental maps separately before combining.  The segregation pattern 

of markers was tested and distorted markers (chi-square threshold of 0.001) were eliminated 

from analysis.  ‘Suspect Linkage’ and ‘Genotype Probabilities’ tabs were used to identify mis-

grouped markers and double recombination, respectively.   Regression mapping was used as the 

mapping algorithm with Kosambi’s mapping function to convert recombination frequency into 

map distance.  Logarithm of odds (LOD) of 3.0 was the minimum LOD score to establish 

linkage groups.  The inspection of proper assignment of a marker to a group was done by 

calculating the Strongest Cross Link (SCL) parameter.  Also, ungrouped markers were manually 

transferred into established groups by examining SCL and related LOD values.   

The process of removal of unfit loci, reassigning groups, and mapping was done for each 

individual parental map until a limited number of markers could not be assigned to a linkage 

group.  Final linkage groups were compared between each parental map to define a consensus 
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grouping based on homologous loci.  Non-corresponding linkage groups were aligned with each 

consensus parental grouping to check for conflicting markers before combining the parental 

maps.  Newly joined chokecherry maps were developed by using the ‘Combine Groups for Map 

Integration’ function of JoinMap.  If combined groups showed markers that were not suited for 

regression mapping, MergeMap Online (Wu et al. 2008) was used to finish ordering the new 

groups. All combined chokecherry linkage groups were drawn using MapChart 2.30 (Voorrips 

2002) and compared with previous chokecherry (RC x SC) maps (Wang et al. 2014). 

2.3.3. QTL analysis using Qgene 

A combined map of the redefined chokecherry parental maps (Wang et al. 2014) was 

used for the QTL analysis using the software QGene 4.3.10 (Joehanes and Nelson, 2008).  

Normality test of the phenotypic data was reported as a Kolmogorov-Smirnov (K-S) p-value.  

Composite Interval Mapping (CIM) was used to detect quantitative trait loci (QTL).  Nearby loci 

with the highest LOD scores were selected as cofactors per the default parameters set in the 

program.  Permutation tests with 1,000 iterations were used to determine significant LOD 

thresholds at the 95% and 99% confidence levels for the experiment-wise Type I error.  An 

overall schematic of the process of starting with PCR products to establishing significant QTL is 

illustrated in Figure 1 
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Fig. 1. A flowchart summarizing the steps taken to create a genetic linkage map and identify 

significant quantitative trait loci (QTL).  A. Gel electrophoresis image of amplified alleles from a 

single PCR-based molecular marker (i.e. SSR); B. The amplicons presented in the gel image are 

recorded individually as ‘single dose’ alleles according to the coding requirements of the utilized 

software package; C. A collection of all the genotyping data is uploaded to a software package 

(i.e. JoinMap) and tests are run (i.e. segregation distortion) to eliminate molecular markers from 

the genetic mapping process.  Genetic mapping is conducted within the software program to 

develop separate parental linkage groups; D. Parental linkage groups are compared via MapChart 

to identify shared genetic loci for integration; E. Homologous parental linkage groups as 

indicated by shared loci are combined to produce an integrated consensus map; and F. Progeny 

genotype data within each linkage group is associated with its corresponding phenotypic (i.e. 

disease resistance) score and analyzed via composite interval mapping and permutation within a 

QTL analysis software program (i.e. QGene).   

 

2.3.4. Comparative analysis of Prunus genetic maps 

Synteny analysis with other Prunus maps was conducted.  The linkage groups from the 

refined chokecherry map (linkage groups Cho-1 to 16) were compared to the Prunus reference 

A. 

F. E. D. 

C. B. A. 
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map (T x E) (Joobeur et al. 1998; Aranzana et al. 2003; Dirlewanger et al. 2004) and the sweet 

cherry linkage map (EF x NY) (Olmstead et al. 2008).  Homologous loci within the T x E and EF 

x NY maps are reported.  The new chokecherry map produced herein was also compared to the 

previous chokecherry (RC x SC) map (Wang et al. 2014).  MapChart 2.30 (Voorrips 2002) was 

used to visualize how the new map combined the parental maps and the small chromosome 

segments. 
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Table 1. Chokecherry retrotransposon-based long terminal repeat (LTR) markers that produced polymorphisms in chokecherry 

Marker  

name 

Marker  

type
a 

Source  

species Forward sequence Reverse sequence Ta
b 

LTR1-A12 RBIP Chokecherry GATGTAAAGACAGCCTTCCTCC CTACACCCAATCCGCAGCATA 56 

LTR1-B56 RBIP Chokecherry ATGTTACCTCCTCAATCCG AGATAACGCATAATCCAGTAC 56 

LTR1-B78 IRAP Chokecherry CTAAAGCAGGCACCTCGAC GATCTCCTGCCATGTCTGC 56 

LTR1-C12 RBIP Chokecherry TTCCTACAACCGTCTCACT CCATCATCAACCACTCCGT 56 

LTR1-C56 RBIP Chokecherry TTCGGTTTCAAGCCTCCAT AGCCTTTGACCTTCTGGAC 56 

LTR1-D1112 RBIP Chokecherry TGGCGGAAAGAAAGTTAGGT CAGTATTGCTGCTGAGGTG 56 

LTR1-F78 RBIP Chokecherry ACAACCCCTTATGAGCCT TCAAGTACTGCTGGAAATTC 56 

LTR1-G12 RBIP Chokecherry ATACCCTTTACTGGTTTCAC TATTGTGGTTGAGGTGGT 56 

LTR1-G78 RBIP Chokecherry TTATGGGACAAAGAAGGAAC CGCTACCTCGGGTGTCTC 56 

LTR2-A34 RBIP Chokecherry CAGCCCACTTGGTGAAATAG TCCGAGTCAACTTGGATGG 56 

LTR2-B1112 RBIP Chokecherry TCTCGTCGTGGACAAGTAAC GATTCGGGATAGAGGCTTG 56 

LTR2-C12 RBIP Chokecherry TGTAAAACTCCCTGGGTCTTG CAGATTCTACAGAGTCTATGG 56 

LTR2-C56 RBIP Chokecherry ACGCCCAGCAAGTGTCTAT CAAGGGTCGTCCTGTCTCC 56 

LTR2-C78 RBIP Chokecherry GCACCATTCTAACTCCTCA GCCACCGACTTCTTCACG 56 

LTR2-C1112 RBIP Chokecherry ACCCTATTGAACCAGAACC TTTGACACTTGAACTCGGT 56 

LTR2-D34 RBIP Chokecherry CATGGCTCACTTACCTCAA GTCATCTACTACGCATCCC 56 

LTR2-D78 RBIP Chokecherry CTCTGCTTCGTTGTTCTGG GGGTTCAAATCCTCCACTTC 56 

LTR2-D910 IRAP Chokecherry CCCCTAAGTCCGATCCATT CTCAGATTCTTGCTGGTCC 56 

LTR2-E12 IRAP Chokecherry TGGAGGTCTAACAACAGAAG TGCCTGCTGATTTTGTAGTGT 56 

LTR2-G34 RBIP Chokecherry GAAACCTCTTCCGTTAGTG AACCGTGAACCTACTGATG 56 

LTR2-G56 RBIP Chokecherry GTTGGTGAGGGTTGGTTTC GTGAGAAGTATGATGTGCTG 56 

LTR2-G78 RBIP Chokecherry GAACTAATACTGTCAAGGGAG CTGCGAGATTTAGACCACC 56 

LTR2-G1112 RBIP Chokecherry GGATTTATGTGCGGCTCAAG TGTCGAACCCTGTGCTGTC 56 

LTR2-H12 RBIP Chokecherry GAAACTTACCTTGTGCGTGCTG CGAGTCAAGCCCTATCCGT 56 

LTR2-H78 ISBP Chokecherry TCCACTTCAGCAGCCTTAG CTGTCAGTCACACTATGTAAGC 56 

LTR3-A12 RBIP Chokecherry TTAACCGCAGGGTCCGTCT CTATGTCTCCGAGGCTGAAG 56 

LTR3-A56 RBIP Chokecherry GCCCTCCGATGCTAAAGTT CAAGTCCCCAACCAAGAAG 56 
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Table 1. Chokecherry retrotransposon-based long terminal repeat (LTR) markers that produced polymorphisms in chokecherry 

(continued) 

Marker  

name 

Marker  

type
a 

Source  

species Forward sequence Reverse sequence Ta
b 

LTR3-B34 RBIP Chokecherry CCGAAAGCACAACAACCAT TCGCTATCTCAAGGGGTCT 56 

LTR3-B1112 RBIP Chokecherry GTCAGCACCATCATAGTTACG GGTCGGGTCCTGTCAACTT 56 

LTR3-C12 RBIP Chokecherry TAGAAACCGTTAGGAATAGG CCTCAAGATGCCTAAGACC 56 

LTR3-E12 RBIP Chokecherry ACTAACTCGGAAAGTGCTC CTTTTCCTATCTTTCGTTCC 56 

LTR3-E1112 RBIP Chokecherry TTGGACTACCTACCACTCT TAATCTCAGCATGTAAGTCG 56 

LTR3-H78 RBIP Chokecherry AGATTGCTCTGTATCGCCCAT CACCGAATCCTGCTGAAGTT 56 

LTR4-A34 IRAP Chokecherry GAGGACGTGTCACCTATGGT TGACAGGGATCAAGCCACAC 56 

LTR4-A910 IRAP Chokecherry CACAGGCTTATAGGCTGGAG CACCAGACGACCCAAGAGAT 56 

LTR4-A1112 RBIP Chokecherry GCAACCTTGTAGGGATTAG AACTTTCCAGAACCAGCGT 56 

LTR4-B12 RBIP Chokecherry TATGCTTTGTGCTCTGTCT CTTCATAGAGGGCATTTTC 56 

LTR4-B1112 RBIP Chokecherry AGGACCCAGGGAGTTTTAC GGTGGCGACTTGGCTTTC 56 

LTR4-C34 RBIP Chokecherry GGAAACTATTCTAGGGATGT GACAACAAAGCCGCAATAG 56 

LTR4-C78 RBIP Chokecherry GGTGAAGCCCTGATGACTG CCAATGGAGGAGGAACTGG 56 

LTR4-C1112 RBIP Chokecherry TCCTGGCATTTCTTTGTACG ATCAGCCCCACGCAAATCG 56 

LTR4-D34 RBIP Chokecherry GGTGATGGGCTTTTAGGGT GAAGAAGCATTTGGGAACTC 56 

LTR4-E34 RBIP Chokecherry ACCAAATGCTCACTACCTTC GAATGAAGCTGACTTTGATGGT 56 

LTR4-E56 RBIP Chokecherry TTATCCTCCCTGCTGACTT TGGAAGGAACGAGTTTGGT 56 

LTR4-E78 IRAP Chokecherry AAGTTTGGGTGTTGTCTCC GATTGAACTCGCAAAGCAG 56 

LTR4-F12 RBIP Chokecherry CTTTTGGCTAGGGCTTTCC TGGATACATCAGCACAACAC 56 

LTR4-F1112 RBIP Chokecherry ATTCCACAAATCTGCAAAGAC ATCCCTGGAGCAGAAATGG 56 

LTR4-G56 RBIP Chokecherry AGGCAAGTCGTTTGAAGAAG TCTACTCTTGGGGAGTGAG 56 

LTR4-G78 IRAP Chokecherry CAAAGCCTGCTCTGATACC AAGTTGGGTGTTCTTGACAT 56 

LTR4-H910 RBIP Chokecherry CGGTGGGGTTAGTATCTTG ATCTCCTTGCCTTCCTGAC 56 

LTR5-B56 RBIP Chokecherry TGGGAAATAGAGCGATACT CAACTCAAGTATGCGTATG 56 

LTR5-D1112 RBIP Chokecherry CTGGAGAAAGGGCAATAGT CGAAACATACCCGAGAAAC 56 

LTR5-E12 RBIP Chokecherry CATTCTCCAGGTGCTATCT ATCCTCACCACAACAGCAT 56 

LTR5-F12 IRAP Chokecherry ATGTGGTACAAGCACTTCGGT CCCAAACAAGGAACTCACG 56 
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Table 1. Chokecherry retrotransposon-based long terminal repeat (LTR) markers that produced polymorphisms in chokecherry 

(continued) 

Marker  

name 

Marker  

type
a 

Source  

species Forward sequence Reverse sequence Ta
b 

LTR5-F78 RBIP Chokecherry CAAAGAATCGCTCTACCTC ACCCGAACAATGATAGGAC 56 

LTR5-H78 RBIP Chokecherry TATGCTGGCGTTAAGTGGT CCTCATTTCGTGGAGTGCT 56 

LTR6-A78 RBIP Chokecherry AATCGGCAGGGGCTGTAAT TATTCCTCAGATGGCAGAC 56 

LTR6-B34 RBIP Chokecherry CCTTGATTTGTTGGTGCTG TTTGGGATGAGCCTTGTGG 56 

LTR6-B910 RBIP Chokecherry GACACCTCCCTTTGATACTG CTCCGATGCCTAAGTCAGT 56 

LTR6-D12 IRAP Chokecherry TTCACTGGACATGGCTTGC TTCCTTATGAAGTCTGGGTG 56 

LTR6-F56 RBIP Chokecherry CTACAACCTTAACGTGGAC CAGATTTCAGTCTAACCCAG 56 

LTR7-B78 RBIP Chokecherry TCGGTATTTTCAGAGTAGGT AGATACGCAACTTCGGTCC 56 

LTR7-B910 RBIP Chokecherry GATGACCTCAGACGCCTTGT CAACCAAGAAGGGCAAAGAG 56 

LTR7-C12 RBIP Chokecherry AGACCGACACGCTTAGGGAC AGTGTGTTGAGTCTCCATTGCT 56 

LTR7-C56 RBIP Chokecherry TGGGCGATACAGAGCAATC TGGAACGGTGGGATTTACT 56 

LTR7-C78 RBIP Chokecherry CTCCGAGCGAGTTGCTATC TTCACGAGCCTCTGATACG 56 

LTR7-C1112 RBIP Chokecherry TTCCAGACAAGTCGTTCCAC CCAGTTCCTAATCCGCAC 56 

LTR7-D12 RBIP Chokecherry CGAATCCTGTGGTTTTCCG ATTGGGTTTTCGTGGTTGT 56 

LTR7-D34 RBIP Chokecherry TAAGGCATTCAACTCACTCT CATATTGCTCTTGCTGTCTC 56 

LTR7-D56 RBIP Chokecherry GGAATGTCTATCACCCCTT TTGGTCTGCGATGGGTTCT 56 

LTR7-D910 RBIP Chokecherry TGATACCAAGTTGACACGAC TTTCGGCAGAAGTCAAACC 56 

LTR7-D1112 RBIP Chokecherry CATACTAACCCCACCGTTTC GTGTGACTGTAGACCCTTG 56 

LTR7-E12 RBIP Chokecherry GTTAGAGCCTTCCCAGATG TACAAGCCAAAGCCTAAGTG 56 

LTR7-E1112 RBIP Chokecherry CAACCAAGAACCCCAACG GAAGGGCATGAGTACATAG 56 

LTR7-G56 REMAP Chokecherry CCTTCCTTGCTTGTATTGTC GTACTAACCCCACCGTTTC 56 

LTR7-G78 RBIP Chokecherry CCATTGTTGGTGCTGTTGC ATCCTGAAAAGAGCAATGTG 56 

LTR7-H56 RBIP Chokecherry TCTTCCCCTTTGGTAACTG GCCTCCACAGCAACAAGAT 56 

a
Marker types - REMAP: retrotransposon-microsatellite amplified polymorphism, IRAP: inter-retrotransposon amplified 

polymorphism, RBIP: retrotransposon-based insertional polymorphism, ISBP: insertion-site-based polymorphism 

b 
Annealing temperature (°C) for polymerase chain reaction (PCR) 
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Table 2. Complete list of newly designed simple sequence repeat (SSR) markers from the peach reference genome 

Marker 

name 

Marker 

type Scaffold Forward sequence Reverse sequence Ta
a 

SSR8-A12 SSR 2 TGGCGTCTGAACTCCGATTG GAACAACTTCCTTCCTCCATCT 56 

SSR8-A34 SSR 2 TCTGAGCCCGTCACCTTTC GAGAGAAACCGATTAGCACC 56 

SSR8-A56 SSR 2 CAAGGCAGAAAATTGTGAGT TTCTTATTTGTCGGTGAGG 56 

SSR8-A78 SSR 2 ATTGACACTGGCACTCTTG TCAACACCGATTCAAGCAC 56 

SSR8-A910 SSR 2 ACGGGCTGATTTTGCCTTGG CAACTGCGAAGTGCTTGACG 56 

SSR8-A1112 SSR 2 GCCTAAGGTTATTAGGTGC TTTCCAGTGCTGCTCTATC 56 

SSR8-B12 SSR 2 GTGGAAGGAGTACAATGGATG CCCGTCACTTTTGACTACTTG 56 

SSR8-B34 SSR 2 CAAAACAGAAATTGTGAGTGG ATCTCGGAAAGAGGTTGGT 56 

SSR8-B56 SSR 2 TTTTGTGGCTCTTTACCCT CCTTTCTAACCATCCCTCT 56 

SSR8-B78 SSR 2 CCCTTGGGATACCGAATAG AACAGTCCATCAATGCTCC 56 

SSR8-B910 SSR 2 TGGAAAGTTACCCAAATGAC TGAAAGGTTGGAACATAGAG 56 

SSR8-B1112 SSR 2 TCAGGGTCTGGAGAACGGAG TAAAATCGGGTAGGTGAGGAAC 56 

SSR8-C12 SSR 2 TTTCTGGGGCAACAGTGAC TTGAGCCTGTTTGGGATTG 56 

SSR8-C34 SSR 2 CAGATGTGGTGTTTGCCGACT GATCAACGGAAGTATAGTGGC 56 

SSR8-C56 SSR 2 AAGGATTGGCAATGCGTGT AAGACAAAGGTGAGAAAAGC 56 

SSR8-C78 SSR 2 TGGTCAAAAGAAACCCAGTGG TTTGGCACCAGTCCCGTCT 56 

SSR8-C910 SSR 2 GATTTCAACCCGATTCTAC GATAAATCCCACTACCCAT 56 

SSR8-C1112 SSR 2 TCCAATCTCACAAAATCAGG ACTTACTGAATCACCTTTGC 56 

SSR8-D12 SSR 2 GTGTGGGCAAGAACTTATCAT CCATTCCCAAAGTCACCGAT 56 

SSR8-D34 SSR 4 ACTGCCCGCATTCTTGGTT CTCTTCAGGCTTGACATACT 56 

SSR8-D56 SSR 4 AAGCAGCATCTTCCTCTTC TCAATACCGTCAAGATAACC 56 

SSR8-D78 SSR 4 GTGATGATTGAATCTGCCAT GACAAAGCTAATTCCACATC 56 

SSR8-D910 SSR 4 ATTGCTGGGAAATCTGGAAG ATCAAGCCAAACGGCAGAG 56 

SSR8-D1112 SSR 4 TGTTGTACATGACCGTTAGC CATTTTCACCAAGGCTTTACC 56 

SSR8-E12 SSR 4 AGTCAGTGAGCCAGCCTATG GGGAATGGGAACAGGAAACG 56 

SSR8-E34 SSR 4 GAGATAAGGGCATTTTGGTCAT CCCAACCATCAGCTAGAGC 56 

SSR8-E56 SSR 4 CGCAAGGTTCATATTCTTC CACCATCTGTCCAAATCAT 56 
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Table 2. Complete list of newly designed simple sequence repeat (SSR) markers from the peach reference genome (continued) 

Marker 

name 

Marker 

type Scaffold Forward sequence Reverse sequence Ta
a 

SSR8-E78 SSR 4 GCTTTGCCTTGTAGACGCTT GTGGAGCATAAGCATACCTC 56 

SSR8-E910 SSR 4 TGTTCTCATCCAAAGCAGC TTTTCTTGAAGCACCGTGT 56 

SSR8-E1112 SSR 4 ATGCCTGAATGAATGCTCT AGTGGGAGATTGAGTTTGT 56 

SSR8-F12 SSR 4 GCCTTGTAGACACTTCCCTG TGTGGAACATAAGCGAACCTC 56 

SSR8-F34 SSR 4 AGAACCTTGAACGATTGAC TGTCTGGATCTTTGTTTGG 56 

SSR8-F56 SSR 4 TGGGAGGTAATTTGGTGAC AAATGGGAATCCTTGGTGT 56 

SSR8-F78 SSR 4 GTTGTTGTTCTCATCCGAAAC CTACCTTTGTTGTCCTCTGC 56 

SSR8-F910 SSR 4 GTGTAGGAGTAGCCCTGGTT AGAGGCAAAAGAGGAACAGTG 56 

SSR8-F1112 SSR 4 ATTAGAGTTTAGGGTCGGTT GCATTCCACCAGTACAACT 56 

SSR8-G12 SSR 4 GTGACCGTTGGAGGCTGTAT TACACCCATTTTGCTCACCC 56 

SSR8-G34 SSR 4 CAGTGATACCTGCTACGAT CTATCTGCTCCGATTCCTC 56 

SSR8-G56 SSR 4 CTTTTGAAAGCAGACAGATC GCCAGTCTAACCTTCTCAG 56 

SSR8-G78 SSR 6 TTGCTAACAGTGGCACGCTC AGAAAGAAGCAGTCGTCAAGC 56 

SSR8-G910 SSR 6 CTTGGCAACAAAGTAAGAAC CACTTAGAGCAATACCACTT 56 

SSR8-G1112 SSR 6 CTTCTCGGGTGATGTGGTC CGGTTGGTTGGTCAAGACAT 56 

SSR8-H12 SSR 6 AACTCACAAGTTCCCAACC GATTAGGTTTGGCAACTGAG 56 

SSR8-H34 SSR 6 TTTGCTAGGTGTCCGTCTC CGTTGATTGTAACTTCTTCG 56 

SSR8-H56 SSR 6 CCTTTAGATGGGTAGTTTGC GCACCCGTTCAAGAATCAC 56 

SSR8-H78 SSR 6 ATTGCTTACTTCCCTGGTT AGCGAGGCTTGTGATTGG 56 

SSR8-H910 SSR 6 TGGAAAGGGTATAGCTGTG CAAGATGACAACTGAGGCT 56 

SSR8-H1112 SSR 6 GGTGTACGCTTCCACTATG CGGATTATCGGACAAAGTG 56 

a
 Annealing temperature (°C) for polymerase chain reaction (PCR) 
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Table 3. Simple sequence repeat (SSR) markers from (Dettori et al. 2015) and (Zhang et al. 2014) that were successfully anchored to 

the novel chokecherry genetic map 

Marker 

name 

Marker 

type 

Source 

species 

 

Forward sequence 

 

Reverse sequence 

 

Ta
a 

RPPG1-017 SSR Peach GCTCATCAAAACTCTCAACCA CCCTTTCTTCAATCCCATC 56 

RPPG1-023 SSR Peach GGCCTTTGTTTTCTTTCCTT GGATTTCAGTTGACCCATTT 56 

RPPG1-025 SSR Peach GATTTGATTCCTGTGGCATT TGGGCATTCTTTTTCTCTTC 56 

RPPG1-026 SSR Peach CTTCTGGCACTCTTCCATTT GTTCCCAAGTTTTCCTCTCA 51 

RPPG1-029 SSR Peach TCACTCCAGCATTTGAACC AGCACTGAAAACACCACAGA 56 

RPPG1-041 SSR Peach TGTTGTAATGGATGGTGTCTTC CTTGGTCTTGGTTTCATTCA 56 

RPPG2-007 SSR Peach GCATCAGAAGTCCCAATCA GCGGTGGTGTGAAACTAAA 51 

RPPG2-019 SSR Peach TTACGTGCTTTTCCCATGA CGCCTTATCCCCTGACTAT 49 

RPPG3-030 SSR Peach AAACTGCCCAAAACAAAGAC GCAACCAACAAAGATGACAA 56 

RPPG3-031 SSR Peach AGCGGAGAGAGAATGAGATG GCAACAATACGAACAGCAAG 58 

RPPG3-038 SSR Peach GTTTCCCATCCCATACCTC CAACACAAGAAGCAAGCAAG 53 

RPPG3-039 SSR Peach CAACACGTTATTGCCCATT GTGAGCCACATTTACTATTGAGAG 49 

RPPG3-041 SSR Peach TGCCATTCAACAACAAACAC TCAAGGGAACAGGGATGA 54 

RPPG4-074 SSR Peach AGTGGCTGTTCTGGTTTGAG GTTTGGGGTTTGGAGAGAG 58 

RPPG4-076 SSR Peach TGCCAACTATGCTCCTATTTAC GGATTTGAATTGCCGAACT 54 

RPPG4-097 SSR Peach GGCATGTGAAAGCAAAAGT CTTCCTGAAAACCCCATTC 49 

RPPG5-008 SSR Peach CCTGAATGGCTCTCTCTTTC TGTTGGTGGGACTAATGATG 58 

RPPG5-020 SSR Peach CAAGAATTTGGCTTGGAACT GTGTATCATGGACAGCTTGC 56 

RPPG5-024 SSR Peach TTAGAAAACGGGACAAGCAC CAACGACACCATTGAAAACT 56 

RPPG6-009 SSR Peach GGGCTTGGCTGATAAAATAA TGGTAAAATAGAAGAGCGAGAAG 53 

RPPG6-010 SSR Peach ACTTGACGTAGAGAGCATACCTAA ATTATGGGCAGAAATGGTTG 51 

RPPG6-014 SSR Peach ACCCAATACACAAGATTGACC CTTTGGAAGCAGGGATTAGA 53 

RPPG6-018 SSR Peach TCTGCTATCTGTTTGGTGGA GACTACAGTGGGGGATGAAC 58 

RPPG6-024 SSR Peach CTTGGAGATTGGGGCATA CACAAGATGGACTAGGCAAA 49 

RPPG6-025 SSR Peach GATAAAAGGGTAGGTAGGTCCA AGTCCCATGTGCTTGTTTCT 53 

RPPG6-030 SSR Peach GATGACACCGAGTTTCGATT CAGATCGGGTTTACGCTACT 58 

RPPG6-033 SSR Peach CATTATCAAACCACGACCAA AAAGCTCAACAGCGACTTCT 56 
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Table 3. Simple sequence repeat (SSR) markers from (Dettori et al. 2015) and (Zhang et al. 2014) that were successfully anchored to the 

novel chokecherry genetic map (continued) 

Marker 

name 

Marker 

type 

Source 

species 

 

Forward sequence 

 

Reverse sequence 

 

Ta
a 

RPPG6-036 SSR Peach GCTATTTTCTCCACCAGCTC GCCATAGTTGACTGCATTGAT 55 

RPPG6-038 SSR Peach GCATAGGGTGTGTTCCTCA CCAGTGACATCTAGCCCATT 53 

RPPG7-018 SSR Peach TTGTCATCAGGTCGTTCATC TCCTCCCACTCTGTATTTGG 58 

RPPG7-020 SSR Peach GATCCAACTTCCACCACACT CAGGGCACCATCTCTTAAAC 55 

RPPG7-023 SSR Peach TTTAGCCATTTACCCATTTTG CATTCCTGTTCCCTTTTTGT 56 

RPPG7-026 SSR Peach TTTGGTGAGTGGGCTCTATT CTATCGTTCGCTGGTCTTCT 53 

RPPG7-029 SSR Peach CGAAGTGGAAACAGAAGATGA GAGGTTGAAGACGGAAGATG 55 

RPPG7-032 SSR Peach AAGGGAGGAGGATTGTGAA TGGTAGACGGGTAGATGTTG 53 

RPPG8-007 SSR Peach ACCACCACCTCTTCCAATC ACCTCAAAGTGTCCCAGAAA 53 

RPPG8-011 SSR Peach GCTTCTTCTTTGCTTGGAGT CCGTTCATCATCTACCTTCC 53 

RPPG8-014 SSR Peach ACTTGAATGGGCTAAAACGA GAGAAGAAAAGAGCGTGGAG 56 

RPPG8-017 SSR Peach AAACTATGCCTTGCTTGAGAAC GCGGCGTTTCTTTCCTTT 53 

RPPG8-020 SSR Peach CTGATCTGACAAAAGCACCA TGAAGGCAACAAGAACGTAG 58 

RPPG8-030 SSR Peach GCAAGTCAAACCACACAAGA TGAAAGTGAAACCAACGAGA 56 

RPPG8-031 SSR Peach ATCATGTCCTTTGGGCTCT GGGCAAATCGAAGTTGTG 54 

NAUpy_E603 SSR Pear GAAAGTCCTTTTATCTAATTGGAATCCT CAGGGCAAAGCTTTCTCTTATTTT 58 

 
a
 Annealing temperature (°C) for polymerase chain reaction (PCR) 
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3. RESULTS 

3.1. Molecular markers successfully mapped to the new chokecherry linkage groups 

3.1.1. LTR molecular markers 

A previous study tested a total of 336 chokecherry long terminal repeat based (LTR) 

primer pairs for amplification and polymorphisms in eight chokecherry lines and ten 

representative Rosaceous species (Liang et al. unpublished).  The results revealed 78 primer 

pairs that produced polymorphic alleles in chokecherry.  All 78 polymorphic primers were 

evaluated in the full mapping population of chokecherry, resulting in the identification of 59 

qualified single dose alleles based on expected segregation ratios of 1:1 or 3:1 (χ
2
 = 0.001).  Of 

the qualified LTR markers, 20 were successfully anchored to the chokecherry genetic map 

(Table 4).  Additionally, eight pear LTR markers retrieved from Sun et al. (2015) were tested in 

the subpopulation (n=8) of chokecherry.  No pear LTR markers produced amplicons in 

chokecherry and were not further examined in the full mapping population.  Figure 2 provides an 

example of successful amplification of polymorphic alleles in LTR marker analysis. 

Fig. 2. Polyacrylamide gel electrophoresis showing amplification patterns of chokecherry LTR 

marker (LTR-D1112) in a chokecherry subsample population (n=49) and the two parental types. 

From left to right: 100bp DNA ladder (L), 1-49 chokecherry progenies, susceptible chokecherry 

parent (S), resistant chokecherry parent (R), 100bp DNA ladder (L). 

L ---------------------------------------------------------Progenies-------------------------------------------------

---------------------- 

R S L 



 

40 

 

3.1.2. SSR markers 

 A total of 257 simple sequence repeat (SSR) markers used previously for construction of 

the RC x SC maps (Wang et al. 2014) were re-analyzed in this study.  The scoring data by Wang 

et al. (2014) was converted to the JoinMap format and subjected to the same statistical tests of 

the other molecular markers utilized. The results showed that the majority (97.7%) of the SSR 

markers were successfully anchored to the new chokecherry linkage groups (Table 4).   

A total of 48 newly developed SSR primer pairs were tested in a subpopulation (n=8) of 

chokecherry, one peach genotype, and one sour cherry genotype.  The results showed 100% 

amplification of the primer pairs in peach, while only 27 and 11 pairs produced amplicons in 

chokecherry and sour cherry, respectively.  The amplified bands in chokecherry produced a total 

of 19 polymorphic markers (Table 5), with 11 being successfully anchored to the chokecherry 

linkage map (Table 4).  

Additional SSR markers were adopted from Dettori et al. (2015) and Zhang et al. (2014) 

with a total of 176 peach and 11 pear primer pairs being tested in a chokecherry subpopulation 

(n=8).  Peach SSRs were more transferable with 130 primer pairs (73.9%) producing amplicons; 

only four pear SSRs were amplifiable (36.4%) in chokecherry.  A total of 117 polymorphic SSR 

markers (116 peach, one pear) were examined in the full mapping population.  A total of 55 SSR 

markers (54 peach, one pear) were successfully anchored to the chokecherry genetic map (Table 

4).  Details on the distribution of all anchored markers are summarized in Table 6 ‘Marker 

distribution and map statistics for the integrated chokecherry (Cho) map’.  Figure 3 provides an 

example of successful amplification of polymorphic alleles in SSR marker analysis 
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Fig. 3. Polyacrylamide gel electrophoresis showing amplification patterns of peach SSR marker 

(SSR8-D78) in a chokecherry subsample population (n=49) and the two parental types. From left 

to right: 100bp DNA ladder (L), 1-49 chokecherry progenies, susceptible chokecherry parent (S), 

resistant chokecherry parent (R), 100bp DNA ladder (L). 

 

3.1.3. AFLP markers  

 There were no new amplified fragment length polymorphism (AFLP) markers tested in 

this study; however, a total of 241 AFLP markers that were previously proven qualified for 

genetic mapping in chokecherry (Wang et al. 2014) were analyzed for their suitability in 

constructing the new chokecherry map and QTL mapping in this study.  A total of 228 of the 241 

qualified markers (94.6%) were successfully mapped to the new chokecherry genetic map (Table 

4). 

 

--------------------------------------------------------Progenies----------------------------------------------------

---------------------- 

L L S R 
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Table 4. Origin and overall performance of molecular markers tested in genetic mapping of the novel chokecherry map 

a
 Prunus SSR markers originate from chokecherry, peach, sweet cherry, black cherry, Japanese plum, apricot, almond, and sour cherry 

b
 Chokecherry AFLP markers are described in more detail in Wang et al. 2014 

c
 Markers were considered qualified if segregation distortion ratios did not exceed Chi-Square’s test at (p<0.001) 

d 
Percentage of markers that were mapped of the total markers tested 

 

 

 

 

 

 

 

 

 

 

 

 

Marker type Source species Tested Amplified Polymorphic Qualified
c 

Mapped % Mapped
d 

Reference 

SSR Peach 176 130 116 85 54 30.7% Dettori et al. 2015 

 

Peach 48 27 19 17 11 22.9% Present study 

 

Pear 11 4 1 1 1 9.1% Zhang et al. 2014 

LTR Chokecherry 336 283 78 59 20 6.0% Liang, unpublished 

 

Pear 8 0 0 0 0 0.0% Sun et al. 2015 

SSR Prunus
a 

257 257 257 257 251 97.7% Wang et al. 2014 

AFLP Chokecherry
b 

241 241 241 241 228 94.6% Wang et al. 2014 

TOTAL   1077 942 712 660 565  52.5%   
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Table 5. Newly designed short simple repeat (SSR) markers that produced polymorphisms in chokecherry  

Marker  

name 

Marker 

type 

Source  

Species Forward sequence Reverse sequence Ta
a 

SSR8-A12 SSR Peach TGGCGTCTGAACTCCGATTG GAACAACTTCCTTCCTCCATCT 56 

SSR8-A910 SSR Peach ACGGGCTGATTTTGCCTTGG CAACTGCGAAGTGCTTGACG 56 

SSR8-D1112 SSR Peach TGTTGTACATGACCGTTAGC CATTTTCACCAAGGCTTTACC 56 

SSR8-D12 SSR Peach GTGTGGGCAAGAACTTATCAT CCATTCCCAAAGTCACCGAT 56 

SSR8-D34 SSR Peach ACTGCCCGCATTCTTGGTT CTCTTCAGGCTTGACATACT 56 

SSR8-D56 SSR Peach AAGCAGCATCTTCCTCTTC TCAATACCGTCAAGATAACC 56 

SSR8-D78 SSR Peach GTGATGATTGAATCTGCCAT GACAAAGCTAATTCCACATC 56 

SSR8-E1112 SSR Peach ATGCCTGAATGAATGCTCT AGTGGGAGATTGAGTTTGT 56 

SSR8-E12 SSR Peach AGTCAGTGAGCCAGCCTATG GGGAATGGGAACAGGAAACG 56 

SSR8-E34 SSR Peach GAGATAAGGGCATTTTGGTCAT CCCAACCATCAGCTAGAGC 56 

SSR8-E78 SSR Peach GCTTTGCCTTGTAGACGCTT GTGGAGCATAAGCATACCTC 56 

SSR8-G34 SSR Peach CAGTGATACCTGCTACGAT CTATCTGCTCCGATTCCTC 56 

SSR8-F78 SSR Peach GTTGTTGTTCTCATCCGAAAC CTACCTTTGTTGTCCTCTGC 56 

SSR8-F910 SSR Peach GTGTAGGAGTAGCCCTGGTT AGAGGCAAAAGAGGAACAGTG 56 

SSR8-G12 SSR Peach GTGACCGTTGGAGGCTGTAT TACACCCATTTTGCTCACCC 56 

SSR8-G56 SSR Peach CTTTTGAAAGCAGACAGATC GCCAGTCTAACCTTCTCAG 56 

SSR8-G78 SSR Peach TTGCTAACAGTGGCACGCTC AGAAAGAAGCAGTCGTCAAGC 56 

SSR8-H1112 SSR Peach GGTGTACGCTTCCACTATG CGGATTATCGGACAAAGTG 56 

SSR8-H910 SSR Peach TGGAAAGGGTATAGCTGTG CAAGATGACAACTGAGGCT 56 

a
 Annealing temperature (°C) for polymerase chain reaction (PCR) 
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Table 6. Marker distribution and map statistics for the integrated chokecherry (Cho) genetic map 

Linkage  

group 

SSR 

 

AFLP 

 

LTR 

 

TOTAL 

 

Length 

 

Average  

distance
a 

Longest 

 gap
b 

     (cM) (cM) (cM) 

Cho-1 12 7 1 20 129.7 6.5 19.4 

Cho-2 20 12 0 32 127.8 4.0 18.3 

Cho-3 17 13 1 31 149.2 4.8 16.6 

Cho-4 38 9 0 47 142.6 3.0 9.9 

Cho-5 32 3 0 35 142.5 4.1 11.7 

Cho-6 20 9 2 31 98.3 3.2 8.7 

Cho-7 18 21 0 39 126.9 3.3 13.1 

Cho-8 10 25 0 35 145.6 4.2 21.2 

Cho-9 7 23 0 30 156.8 5.2 13.2 

Cho-10 20 23 0 43 161.6 3.8 11.3 

Cho-11 17 0 15 32 98.2 3.1 10.7 

Cho-12 18 15 0 33 168.6 5.1 15.2 

Cho-13 25 14 0 39 171.4 4.4 10.1 

Cho-14 15 21 1 37 135.0 3.6 16.5 

Cho-15 25 20 0 45 124.4 2.8 9.4 

Cho-16 23 13 0 36 93.6 2.6 9.1 

TOTAL 317 228 20 565 2172.1 3.97  - 

a
 Average distance in centi-Morgans (cM) between markers per linkage group 

b 
Largest gap between markers per linkage group 

3.2. Construction of a novel chokecherry genetic map 

3.2.1. Segregation analysis 

The hypothesis of preferential pairing of chromosomes in allotetraploids (disomic 

inheritance) was investigated using markers for which one single parent has a single dose for two 

or three marker alleles. Six phenotypic classes are expected for markers with three single-dose 

alleles in the case of autotetraploids (tetrasomic inheritance) if they belong to the same locus. 

Eight are possible in the case of disomic inheritance.  The hypothesis of equal 1/8 or 1/6 

segregation ratios for disomic or tetrasomic inheritance, respectively, was tested with a Chi-

square goodness-of-fit test (α = 0.01) for the three-allelic or triplex by nulliplex marker, C6363.   

Progeny for this marker exhibited segregation patterns in a ratio not significantly different from 
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the expectations for tetrasomic or disomic inheritance (Table 7).   More molecular markers 

showing segregation of two single dose alleles derived from one parent were also tested to 

provide further insight into the mode of inheritance.  In this situation, only four marker classes 

are possible, but it is possible to test the inheritance pattern. The corresponding phenotypic 

classes have expected frequencies of 1/6, 2/6, 2/6, and 1/6 for tetrasomic inheritance due to the 

random pairing of bivalents or quadrivalent formation.  Disomic inheritance phenotypic classes 

are expected to segregate at 1/4 each.  Frequencies of the phenotypic classes of the progeny 

varied between the hypothesis of disomic and tetrasomic inheritance (Table 8). For example, 

markers C11508, LTR5-F78, PS7a2, UCD-CH17, and UDP409 fit the ratios of both disomic and 

tetrasomic inheritance.  The majority of the duplex markers (9 of 18) rejected the goodness-of-fit 

of tetrasomic inheritance while not rejecting disomic inheritance.  The remaining 4 markers 

rejected the disomic inheritance pattern but were statistically similar to tetrasomic segregation 

ratios.  The 565 molecular markers mapped to chokecherry linkage groups were scored as single 

dose alleles to circumvent the mathematical differences between disomic and tetrasomic genetic 

linkage mapping. 

3.2.2. Combining parental maps 

 Two parental genetic maps were created and analyzed against each other to find 

homologous loci shared by any linkage groups.  All linkage groups between the parents had a 

homologous group based on having at least 2 shared loci (common markers).  Before combining 

the groups in JoinMap, all markers were double checked to make sure none were shared in any 

other groups.  A total of 12 new linkage groups were created by joining and re-ordering parental 

groups via the ‘Combine Groups for Map Integration’ function of JoinMap.  The remaining four 

pairs of linkage groups had the required shared loci; however, there were some markers that did 
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not order properly once combined.  To overcome this problem, MergeMap Online (Wu et al. 

2008) was utilized to create the newly formed chokecherry linkage maps.  All four pairs were 

successful joined and ordered to finish the development of sixteen newly formed linkage groups, 

representative of the haploid chromosome number (n = 2x = 16) of chokecherry (2n = 4x = 32) 

(Wang et al. 2014; Liang et al. unpublished).   

3.2.3. Marker distribution and map statistics 

 A total of 16 novel chokecherry linkage groups have been created to represent the 16 

chromosome pairs found in this tetraploid Prunus species (Fig. 4).  Chokecherry linkage group 1 

(Cho-1) had the fewest markers anchored to it; twelve SSR, seven AFLP, and one LTR were 

distributed across a map distance of 129.7 centi-Morgans (cM).  The chokecherry linkage group 

with the most markers was Cho-4, having a total of 47 anchored markers in which 38 markers 

are SSRs and nine AFLPs markers, spanning a total map length of 142.6 cM.   The linkage group 

with the longest map distance was Cho-13, spanning 171.4 cM, whereas Cho-16 was the shortest 

at 93.6 cM.  The longest gap between any two markers in all linkage groups was 21.2 cM near 

the end of Cho-8.  Overall marker density for all linkage groups was 3.97 cM per molecular 

marker.  The total genetic length of the collective chokecherry linkage groups is 2172.1 cM 

(Table 6). 
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Table 7. Distribution of gametic contribution to chokecherry progeny for the triplex SSR marker, C6363 (ABCO x OOOO) 

Marker Gametic contribution χ
2
 probability of inheritance

a 
Chokecherry 

  AO BO CO AB AC BC OO
b 

ABC
b 

Unknown Disomic Tetrasomic linkage groups 

C6363 16 11 14 9 10 11 18 11 1 0.58715 0.06225 14, 9 

a
Chi-square goodness-of-fit test (p<0.01) to assess segregation different from disomic (1:1:1:1:1:1:1:1) or tetrasomic (1:1:1:1:1:1) 

inheritance for gametes AO, BO, CO, AB, AC, BC, OO, and ABC (O being a null allele)  
b
Gametes OO and ABC are expected and included only for disomic phenotypes 
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Table 8.  Distribution of gametic contribution to chokecherry progeny for various duplex by nulliplex markers (ABOO x OOOO) 

Marker Gametic contribution  χ
2
 probability of inheritance

a 
Chokecherry linkage groups 

  AB AO BO OO Unknown Disomic Tetrasomic 

 BPCT028 12 33 27 29 0 0.02 0.00 8 

C11508 29 29 24 19 0 0.44 0.20 12, 14 

C2109 21 22 27 26 5 0.78 0.00 2, 13 

C6256b 26 13 30 29 3 0.06 0.00 15 

CPPCT22 15 31 24 28 3 0.12 0.00 2, 16 

CPPCT26 28 41 18 13 1 0.00 0.32 15 

CPSCT006 32 15 23 28 3 0.09 0.00 1 

EMPA02 38 28 24 11 0 0.00 0.09 3 

EMpaS10 25 18 32 24 2 0.26 0.00 4, 12 

LTR5-F78 22 16 22 13 28 0.34 0.01 6 

LTR7-D1112 21 21 26 32 1 0.35 0.00 1, 16 

PMS3 28 21 25 25 2 0.80 0.00 4 

PS7a2 28 38 19 15 1 0.01 0.57 8 

RPPG4-084 18 17 29 31 6 0.08 0.00 - 

SSR8-E34 35 24 11 19 12 0.00 0.24 3, 9 

UCD-CH17 28 28 22 20 3 0.56 0.25 12 

UDP409 27 29 20 23 2 0.58 0.18 13 

UDP98-406 46 34 7 13 1 0.00 0.01 14 

a
Chi-square goodness-of-fit test (p<0.01) to assess segregation different from disomic (1:1:1:1) or tetrasomic (1:2:2:1) inheritance for 

gametes AB, AO, BO, and CO (O being a null allele) 
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Fig. 4. Linkage groups 1-16 of the novel chokecherry (Cho) genetic map 
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Fig. 4. Linkage groups 1-16 of the novel chokecherry (Cho) genetic map (continued) 
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RPPG5-02447.4
EAGT-MCCT-23352.2
EAGT-MCAA-25456.4
C9657-56.6
BPPCT014-64.3
BPPCT005-266.9
C9600-372.2
BPPCT005-174.4
UCD-CH16-176.9
C5900-177.9
C2762-280.9
C3635-481.5
C1882-291.6
C1882-193.2
C5948b-94.0
C5948a-96.4
C3280a-98.3
C6669-100.0
EAGC-MCAA-245101.4
C4407-2104.8
CPPCT25-6106.2
EMpaS13-108.8
RPPG6-018-3111.6
C4882-114.0
C6387-118.3
RPPG6-018119.6
C6099-121.4
C162-127.5
C3637-130.8
C1795-142.5

Cho-5

EMpaS01-10.0
C8169-6.4
BPPCT008-115.1
EAGA-MCCA-20015.8
EAGT-MCAA-25518.8
EATG-MCCC-31030.3
EAGC-MCAA-17531.1
RPPG6-030-332.3
EAGT-MCCC-36434.6
RPPG6-01035.1
RPPG6-010-436.0
BPPCT018-138.5
CPPCT08-38.9
CPSCT002-139.9
EAGT-MCCC-35744.4
RPPG6-03047.4
UDP98-412-148.4
RPPG6-010-248.6
UDP98-412-248.7
RPPG6-018-252.5
EAGT-MCCC-32054.6
RPPG6-030-256.0
LTR4-E78.156.5
RPPG6-02459.7
LTR5-F78.364.7
EMPA19-69.6
CPSCT012-278.5
EAGA-MCCT-44584.8
EATG-MCCC-27087.2
EMPA04-293.5
C1585-198.3

Cho-6

UDP96-18-20.0

UDP96-18-16.2

RPPG1-02622.4

SSR8-E34.239.0

RPPG1-02945.9
EAGT-MCAT-29749.8
C3635-151.2
EATG-MCAT-26054.7

EMPA02-163.4
EAGA-MCCA-46065.3
UDP96-18-366.9
EAGA-MCCA-52570.7
UDP97-402-574.3

EAGA-MCAG-29283.8
EACT-MCCC-36087.6
EACT-MCCA-34090.5
EAGA-MCCC-30593.9
RPPG1-04194.7
pchpgms3-397.7
C10367-1105.2
LTR4-F12107.5
EAGT-MCAT-542109.4
EMPA02-2114.0
EAGG-MCCA-155114.8
EAGA-MCCA-520117.2
BPPCT027-3121.7
PMS67-1123.8
EAGG-MCCT-347125.3
BPPCT016-1131.6
EAGG-MCCT-208138.2

BPPCT036-1149.2

Cho-3

EACT-MCCA-5700.0
PS12A02-13.7
PS12A02-47.2
PS12A02-29.3
PS12A02-310.8
SSR12-C12.215.0
EMpaS10-422.8
UDP97-402-227.0
UDP97-402-428.2
C6255-31.5
EMpaS18-240.2
EAGG-MCAC-76043.3
EMpaS06-249.2
UDP98-024-1
UDP98-024-2

53.3

PMS3-554.3
EAGG-MCAG-12554.7
UCD-CH15-158.6
EAGT-MCCC-39860.9
EMpaS18-363.7
EMpaS10-567.0
SSR8-D7871.7
EMpaS18-171.9
EAGT-MCCT-27375.5
UDP98-024-3
UDP98-022-2

82.3

UDP98-024-584.1
EAGT-MCCT-27085.3
SSR8-D5689.0
EMpaS10-391.0
UDP97-402-391.5
EAGT-MCCT-25093.1
RPPG4-07494.0
UDP97-402-195.9
EAGG-MCAC-720100.7
EAGT-MCCA-265104.4
EMpaS06-1105.9
UDP98-024-6107.0
BPPCT040-4109.9
BPPCT040-5111.4
BPPCT040-6112.9
BPPCT040-2114.2
BPPCT040-3118.9
BPPCT040-1122.1
SSR8-E78.3128.6
SSR8-D78.3132.7
EMpaS08-142.6

Cho-4
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Fig. 4. Linkage groups 1-16 of the novel chokecherry (Cho) genetic map (continued)

EAGG-MCAC-1010.0

EAGT-MCCA-8011.6

C6363-120.0
BPPCT009-126.5
EATG-MCCC-21030.6
EAGT-MCCG-55334.5
EAGA-MCCT-25038.4
EAGG-MCCG-48049.2
EAGA-MCCC-15749.8
EAGG-MCCT-38053.9
EAGT-MCCG-17056.1
EATG-MCCA-16556.2
EAGG-MCCC-34157.1
EAGG-MCCA-32060.1
EAGT-MCCA-39864.3
UCD-CH19-166.6
EAGG-MCAC-25069.2

UCD-CH19-284.2
EAGA-MCCC-14789.5
BPPCT026-293.5
EAGT-MCAT-21094.5
EAGA-MCCG-39795.5

CPDCT008-103.3

EAGG-MCAA-370126.5

EACT-MCAA-428135.3
EACT-MCAA-435138.6
EAGT-MCCC-303142.1
EACT-MCCC-303144.0
SSR8-E34147.6

EAGG-MCAG-218156.8

Cho-9

UCD-CH16-20.0

EAGG-MCAG-35311.3
EAGG-MCCT-35215.1
EAGC-MCCT-32019.1
EAGA-MCCT-45822.3
EAGA-MCCC-34225.4
EATG-MCAT-18030.1
EACT-MCCA-36032.2
EAGA-MCCT-41533.8
EAGC-MCAA-32536.8
EAGT-MCCT-45541.1
EAGG-MCAA-49546.1
BPPCT002-249.0
BPPCT002-151.6
EAGA-MCAG-25352.4
BPPCT001-156.1
BPPCT001-360.1
EAGA-MCCA-21564.0
EAGC-MCAA-33067.1
BPPCT002-470.5
EAGC-MCCA-33074.4
EAGA-MCCC-16276.4
RPPG2-00780.1
UDA005-180.5
BPPCT017-180.8
C4399-87.1
UCD-CH11-389.7
EAGT-MCAG-42091.7
EAGC-MCCA-20294.1
EAGC-MCAA-32797.7
EAGT-MCCA-400100.4
EAGG-MCCA-142100.9
BPPCT006-108.9
EAGT-MCCG-685110.0
EAGT-MCAA-252114.4
RPPG5-008117.4
BPPCT002-5119.4
UCD-CH11-4133.0
UCD-CH11-1137.9
UDA005-2142.7
EMpaS04-1149.1
UCD-CH11-2155.5
EMpaS04-2161.6

Cho-10

RPPG3-0310.0
EAGA-MCCC-2456.0
EAGT-MCCC-21016.7
EAGA-MCAA-43117.9
EATG-MCCC-35027.7
EAGT-MCCC-53227.9
UDA002-333.6
RPPG3-03036.5
C8064-42.1
EAGA-MCAA-22643.5
EACT-MCAA-48051.9
EMpaS05-52.5
PMS30-353.3
EAGA-MCAG-15557.3
EATG-MCCC-36063.1
C6256a-63.2
EAGA-MCAG-56564.9
EAGT-MCCA-52565.4
UDA002-170.7
RPPG3-03972.3
C9824-72.5
EATG-MCCA-25574.1
UDA002-275.3
EAGC-MCCT-32876.3
EAGA-MCCC-42079.6
EAGC-MCCT-24582.0
EACT-MCAA-29082.3
PMS30-184.0
EAGC-MCCA-54085.6
BPPCT039-187.6
PMS30-289.5
EATG-MCAT-38590.8
BPPCT007-193.9
EAGA-MCCG-31097.3
BPPCT007-497.5
BPPCT007-8101.2
BPPCT007-2105.2
EAGC-MCCA-532113.8
EAGT-MCAT-265126.9

Cho-7

EAGT-MCCT-2800.0

PS7a2-321.2

EAGA-MCCT-10732.0
EAGG-MCCA-56634.6

EACT-MCCA-22548.5
EAGC-MCCA-63051.2
C7670-53.8
EAGC-MCCA-62756.3
EAGC-MCAA-60558.8
PS7a2-262.0
EAGG-MCCG-30565.8
UCD-CH14-266.0
EAGC-MCCC-53066.7
EAGT-MCCG-25067.8
EAGC-MCCA-42071.0
EAGT-MCAG-25077.1
EAGC-MCAA-60480.3
PMS67-385.7
EAGC-MCCA-64588.7
C9500-91.2
C4940-91.6
EAGT-MCCG-25493.0
EATG-MCAT-36595.1
EAGC-MCCA-65097.5
EATG-MCCA-40298.8
EAGG-MCAC-485105.1
C5900-2107.5
C14231-114.3
EAGG-MCAA-425118.4
EAGC-MCAA-602125.6
EAGG-MCCA-270127.5
EAGG-MCCG-220129.3
BPPCT028-1134.0
EACT-MCAA-475135.1
EAGG-MCCT-205145.6

Cho-8

RPPG3-0310.0
EAGA-MCCC-2456.0
EAGT-MCCC-21016.7
EAGA-MCAA-43117.9
EATG-MCCC-35027.7
EAGT-MCCC-53227.9
UDA002-333.6
RPPG3-03036.5
C8064-42.1
EAGA-MCAA-22643.5
EACT-MCAA-48051.9
EMpaS05-52.5
PMS30-353.3
EAGA-MCAG-15557.3
EATG-MCCC-36063.1
C6256a-63.2
EAGA-MCAG-56564.9
EAGT-MCCA-52565.4
UDA002-170.7
RPPG3-03972.3
C9824-72.5
EATG-MCCA-25574.1
UDA002-275.3
EAGC-MCCT-32876.3
EAGA-MCCC-42079.6
EAGC-MCCT-24582.0
EACT-MCAA-29082.3
PMS30-184.0
EAGC-MCCA-54085.6
BPPCT039-187.6
PMS30-289.5
EATG-MCAT-38590.8
BPPCT007-193.9
EAGA-MCCG-31097.3
BPPCT007-497.5
BPPCT007-8101.2
BPPCT007-2105.2
EAGC-MCCA-532113.8
EAGT-MCAT-265126.9

Cho-7

EAGT-MCCT-2800.0

PS7a2-321.2

EAGA-MCCT-10732.0
EAGG-MCCA-56634.6

EACT-MCCA-22548.5
EAGC-MCCA-63051.2
C7670-53.8
EAGC-MCCA-62756.3
EAGC-MCAA-60558.8
PS7a2-262.0
EAGG-MCCG-30565.8
UCD-CH14-266.0
EAGC-MCCC-53066.7
EAGT-MCCG-25067.8
EAGC-MCCA-42071.0
EAGT-MCAG-25077.1
EAGC-MCAA-60480.3
PMS67-385.7
EAGC-MCCA-64588.7
C9500-91.2
C4940-91.6
EAGT-MCCG-25493.0
EATG-MCAT-36595.1
EAGC-MCCA-65097.5
EATG-MCCA-40298.8
EAGG-MCAC-485105.1
C5900-2107.5
C14231-114.3
EAGG-MCAA-425118.4
EAGC-MCAA-602125.6
EAGG-MCCA-270127.5
EAGG-MCCG-220129.3
BPPCT028-1134.0
EACT-MCAA-475135.1
EAGG-MCCT-205145.6

Cho-8
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Fig. 4. Linkage groups 1-16 of the novel chokecherry (Cho) genetic map (continued)

LTR4-E560.0
LTR4-C3410.7
LTR1-F7812.2
LTR2-C5613.3
LTR6-B3418.6
LTR4-A111219.4
RPPG4-07619.9
LTR7-H5624.3
RPPG7-02929.4
RPPG8-02032.5
RPPG7-02036.1
RPPG6-03839.0
LTR2-H7841.9
LTR7-G5642.5
LTR4-C111245.6
RPPG6-03649.6
LTR2-C12
RPPG1-025

52.7

LTR6-A7857.8
LTR3-B3459.4
RPPG6-01462.2
RPPG3-03863.0
RPPG5-02068.9
RPPG6-02574.4
NAUpy_E60375.4
RPPG4-097
RPPG8-017

78.9

RPPG8-03179.6
RPPG3-04186.4
LTR5-D111289.9
LTR2-G3492.3
RPPG6-00998.2

Cho-11

C11508-20.0

C12352-15.2
C7247-19.5
UCD-CH17-1
PMS3-1

22.3

EAGG-MCAG-35527.3
BPPCT040-731.6
SSR8-F7832.5
SSR8-F78.333.5
EACT-MCCA-24741.0

EAGA-MCCG-34855.7
EAGA-MCAA-43056.3
PMS3-259.9

EMpaS10-270.4
EATG-MCAT-35576.2
EAGT-MCCA-27080.9
CPSCT007-83.8
LTR7-B7891.4
RPPG4-084-396.1
EAGA-MCAG-21096.7
EACT-MCCA-29099.7
C11610-102.2
EAGG-MCCC-280103.1
EAGA-MCCC-302104.2

C9559-114.4
EMpaS10-1117.5

EAGG-MCAC-465131.2
EAGG-MCAG-438131.7
EATG-MCCC-232135.3
EAGC-MCCA-265139.0
EAGG-MCCC-235142.4

PMS3-3155.5

UCD-CH17-5168.6

Cho-12

LTR4-E560.0
LTR4-C3410.7
LTR1-F7812.2
LTR2-C5613.3
LTR6-B3418.6
LTR4-A111219.4
RPPG4-07619.9
LTR7-H5624.3
RPPG7-02929.4
RPPG8-02032.5
RPPG7-02036.1
RPPG6-03839.0
LTR2-H7841.9
LTR7-G5642.5
LTR4-C111245.6
RPPG6-03649.6
LTR2-C12
RPPG1-025

52.7

LTR6-A7857.8
LTR3-B3459.4
RPPG6-01462.2
RPPG3-03863.0
RPPG5-02068.9
RPPG6-02574.4
NAUpy_E60375.4
RPPG4-097
RPPG8-017

78.9

RPPG8-03179.6
RPPG3-04186.4
LTR5-D111289.9
LTR2-G3492.3
RPPG6-00998.2

Cho-11

C11508-20.0

C12352-15.2
C7247-19.5
UCD-CH17-1
PMS3-1

22.3

EAGG-MCAG-35527.3
BPPCT040-731.6
SSR8-F7832.5
SSR8-F78.333.5
EACT-MCCA-24741.0

EAGA-MCCG-34855.7
EAGA-MCAA-43056.3
PMS3-259.9

EMpaS10-270.4
EATG-MCAT-35576.2
EAGT-MCCA-27080.9
CPSCT007-83.8
LTR7-B7891.4
RPPG4-084-396.1
EAGA-MCAG-21096.7
EACT-MCCA-29099.7
C11610-102.2
EAGG-MCCC-280103.1
EAGA-MCCC-302104.2

C9559-114.4
EMpaS10-1117.5

EAGG-MCAC-465131.2
EAGG-MCAG-438131.7
EATG-MCCC-232135.3
EAGC-MCCA-265139.0
EAGG-MCCC-235142.4

PMS3-3155.5

UCD-CH17-5168.6

Cho-12

EAGG-MCAC-1010.0

EAGT-MCCA-8011.6

C6363-120.0
BPPCT009-126.5
EATG-MCCC-21030.6
EAGT-MCCG-55334.5
EAGA-MCCT-25038.4
EAGG-MCCG-48049.2
EAGA-MCCC-15749.8
EAGG-MCCT-38053.9
EAGT-MCCG-17056.1
EATG-MCCA-16556.2
EAGG-MCCC-34157.1
EAGG-MCCA-32060.1
EAGT-MCCA-39864.3
UCD-CH19-166.6
EAGG-MCAC-25069.2

UCD-CH19-284.2
EAGA-MCCC-14789.5
BPPCT026-293.5
EAGT-MCAT-21094.5
EAGA-MCCG-39795.5

CPDCT008-103.3

EAGG-MCAA-370126.5

EACT-MCAA-428135.3
EACT-MCAA-435138.6
EAGT-MCCC-303142.1
EACT-MCCC-303144.0
SSR8-E34147.6

EAGG-MCAG-218156.8

Cho-9

UCD-CH16-20.0

EAGG-MCAG-35311.3
EAGG-MCCT-35215.1
EAGC-MCCT-32019.1
EAGA-MCCT-45822.3
EAGA-MCCC-34225.4
EATG-MCAT-18030.1
EACT-MCCA-36032.2
EAGA-MCCT-41533.8
EAGC-MCAA-32536.8
EAGT-MCCT-45541.1
EAGG-MCAA-49546.1
BPPCT002-249.0
BPPCT002-151.6
EAGA-MCAG-25352.4
BPPCT001-156.1
BPPCT001-360.1
EAGA-MCCA-21564.0
EAGC-MCAA-33067.1
BPPCT002-470.5
EAGC-MCCA-33074.4
EAGA-MCCC-16276.4
RPPG2-00780.1
UDA005-180.5
BPPCT017-180.8
C4399-87.1
UCD-CH11-389.7
EAGT-MCAG-42091.7
EAGC-MCCA-20294.1
EAGC-MCAA-32797.7
EAGT-MCCA-400100.4
EAGG-MCCA-142100.9
BPPCT006-108.9
EAGT-MCCG-685110.0
EAGT-MCAA-252114.4
RPPG5-008117.4
BPPCT002-5119.4
UCD-CH11-4133.0
UCD-CH11-1137.9
UDA005-2142.7
EMpaS04-1149.1
UCD-CH11-2155.5
EMpaS04-2161.6

Cho-10
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Fig. 4. Linkage groups 1-16 of the novel chokecherry (Cho) genetic map (continued) 

PacC13-20.0

EAGG-MCAA-2706.2
C9736-10.8
CPPCT06-215.2
UDP409-318.6
CPPCT06-120.9
EAGT-MCCT-18021.9
BPPCT012-127.1
RPPG8-01431.3

RPPG8-01139.8
PacA10-145.2
CPSCT021-148.4
EAGG-MCAG-41251.2
RPPG8-00753.6

EAGG-MCAC-47561.0
EAGG-MCAA-26065.8
pchpgms2-70.3
C4846-170.7

BPPCT032-580.8
CPSCT021-282.3
PacA10-283.7
EAGC-MCCT-16089.2
PacA10-391.9
EAGG-MCCA-14895.4
EAGC-MCCC-615102.6
C2109-2104.1
EACT-MCCA-450107.0
EAGA-MCAG-265112.7
EAGA-MCCT-105116.2

C7319-124.3

CPPCT20-130.5
BPPCT012-2133.4

EAGT-MCCA-206139.3
EACT-MCCA-350142.9

UDP409-4148.2
UDP409-2151.7

PacC13-1160.7

RPPG8-030165.3

EAGG-MCCT-325171.4

Cho-13

EAGT-MCCA-1750.0
EAGA-MCAA-2251.5
pchpgms1-18.0
UDA008-118.2
C8086-24.9
EAGG-MCCT-46825.3
EAGG-MCCA-22529.6
EAGT-MCCA-22031.5
EATG-MCCC-26533.5
UDA008-533.6
EAGA-MCCA-10240.9
UDA008-343.3
EACT-MCCA-56547.6
EAGA-MCCA-54050.2
EAGC-MCCA-60151.9
C11508-154.6
EAGG-MCCC-29756.1
EAGC-MCCA-25857.7
BPPCT013-60.0
EAGT-MCCG-34561.8
EAGT-MCAT-51564.9
UCD-CH10-166.8
EAGG-MCAC-55070.2
EATG-MCAT-34073.9
EAGG-MCCT-29577.9
EAGT-MCAT-15082.8
EAGT-MCCG-18587.3
C6363-289.1
BPPCT002-791.6
EAGA-MCCA-10597.8
C11197-101.8
RPPG2-019107.3
C5595b-1110.0
EAGA-MCCC-465110.3
UDP98-406-1113.9
LTR6-F56130.6
UDP98-406-2135.0

Cho-14

PacC13-20.0

EAGG-MCAA-2706.2
C9736-10.8
CPPCT06-215.2
UDP409-318.6
CPPCT06-120.9
EAGT-MCCT-18021.9
BPPCT012-127.1
RPPG8-01431.3

RPPG8-01139.8
PacA10-145.2
CPSCT021-148.4
EAGG-MCAG-41251.2
RPPG8-00753.6

EAGG-MCAC-47561.0
EAGG-MCAA-26065.8
pchpgms2-70.3
C4846-170.7

BPPCT032-580.8
CPSCT021-282.3
PacA10-283.7
EAGC-MCCT-16089.2
PacA10-391.9
EAGG-MCCA-14895.4
EAGC-MCCC-615102.6
C2109-2104.1
EACT-MCCA-450107.0
EAGA-MCAG-265112.7
EAGA-MCCT-105116.2

C7319-124.3

CPPCT20-130.5
BPPCT012-2133.4

EAGT-MCCA-206139.3
EACT-MCCA-350142.9

UDP409-4148.2
UDP409-2151.7

PacC13-1160.7

RPPG8-030165.3

EAGG-MCCT-325171.4

Cho-13

EAGT-MCCA-1750.0
EAGA-MCAA-2251.5
pchpgms1-18.0
UDA008-118.2
C8086-24.9
EAGG-MCCT-46825.3
EAGG-MCCA-22529.6
EAGT-MCCA-22031.5
EATG-MCCC-26533.5
UDA008-533.6
EAGA-MCCA-10240.9
UDA008-343.3
EACT-MCCA-56547.6
EAGA-MCCA-54050.2
EAGC-MCCA-60151.9
C11508-154.6
EAGG-MCCC-29756.1
EAGC-MCCA-25857.7
BPPCT013-60.0
EAGT-MCCG-34561.8
EAGT-MCAT-51564.9
UCD-CH10-166.8
EAGG-MCAC-55070.2
EATG-MCAT-34073.9
EAGG-MCCT-29577.9
EAGT-MCAT-15082.8
EAGT-MCCG-18587.3
C6363-289.1
BPPCT002-791.6
EAGA-MCCA-10597.8
C11197-101.8
RPPG2-019107.3
C5595b-1110.0
EAGA-MCCC-465110.3
UDP98-406-1113.9
LTR6-F56130.6
UDP98-406-2135.0

Cho-14
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Fig. 4. Linkage groups 1-16 of the novel chokecherry (Cho) genetic map (continued)  

EMPA05-10.0
EAGT-MCAT-3203.1
SSR8-D1112-19.8
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3.2.3. Comparative analysis of chokecherry maps 

 The newly developed chokecherry linkage groups have been compared to the previously 

published RC x SC chokecherry map (Wang et al. 2014).  The previous map had separate linkage 

groups for the two parents (resistant chokecherry, RC and susceptible chokecherry, SC) and a 

few segmented groups due to large gaps spanning 30 cM or more.  The present chokecherry map 

produced herein was labeled according to the homologous relationship to previous chokecherry 

linkage group numbers.  Most new linkage groups corresponded to unique previous linkage 

group pairs, but a few groups combined different combinations of previous linkage group 

segments or none at all.  Linkage group Cho-1 corresponded best with SC-1 and RC-11 in the 

RC x SC map (Wang et al. 2014) (Fig. 5).  Linkage group Cho-2 corresponded best with RC-2 

and SC-10 (Fig. 6).  Cho-10 was mostly a combination of RC-10 and the segmented group SC-

2b (Fig. 7).  Lastly, Cho-4 corresponded with the segmented groups RC-12a and SC-4e (Fig. 8).  

These new combinations of linkage groups eliminated previous linkage groups that were labeled 

12 and 11.  To compensate, the two new chokecherry groups with the least homology with 

previous linkage groups were assigned arbitrarily as Cho-11 and Cho-12.  Group Cho-11 showed 

zero homology with previous maps, while Cho-12 showed homology to segment 14b of the RC 

linkage map and the top half of SC-5 (Fig. 9). 

 The overall genetic length of the chokecherry maps was changed as well.  The revised 

chokecherry linkage groups spanned a total of 2172.1 cM compared to the 2089.0 cM and 1562.0 

cM for the previous RC and SC maps, respectively (Table 9).  This represents a 104% and 139% 

increase in genetic length for the new chokecherry map.  Nevertheless, the marker density was 

increased substantially, going from 6.9 cM (RC) and 6.0 cM (SC) to 3.97 cM per marker.  

 



 

56 

 

Table 9. Size comparison in centi-Morgans (cM) of the revised chokecherry map to reference 

maps in Prunus 

 

 RC
a   

              SC
b 

              TxE
c 

                  EFxNY
d 

     (cM)                (cM)                (cM)                   (cM) 

Chokecherry map 2172.1 2172.1 2172.1 2172.1 

Reference map 2089.0 1562.0 621.2 638.5 

Difference 83.05 610.1 1550.9 1533.6 

Percent difference 104% 139% 350% 340% 

a 
Resistant chokecherry (RC) parent map (Wang et al. 2014) 

b 
Susceptible chokecherry (SC) parent map (Wang et al. 2014) 

c
 ‘Texas’ almond  x ‘ Earlygold’ peach (TxE) reference map for Prunus species (Dirlewanger et 

al. 2004; Aranzana et al. 2003; Joobeur et al. 1998; Horn et al. 2005; Lalli et al. 2005) 
d
 ‘Emperor Francis’ x ‘New York 54’ (EFxNY) sweet cherry map (Olmstead et al. 2008) 
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Fig. 5. Integrated chokecherry linkage group 1 (Cho-1) joins resistant chokecherry (RC-11) and 

susceptible chokecherry (SC-1) linkage groups from Wang et al. 2014  
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Fig. 6. Integrated chokecherry linkage group 2 (Cho-2) joins resistant chokecherry (RC-2) and 

susceptible chokecherry (SC-10) linkage groups from Wang et al. 2014 
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Fig. 7. Integrated chokecherry linkage group 10 (Cho-10) joins resistant chokecherry (RC) 

linkage group 10 and susceptible chokecherry (SC) segment 2b from Wang et al. 2014  
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Fig. 8. Integrated chokecherry linkage group (Cho-4) joins resistant chokecherry (RC) segment 

12a and susceptible chokecherry (SC) segment 4e from Wang et al. 2014
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Fig. 9. Integrated chokecherry linkage group (Cho-12) joins the first half of resistant chokecherry 

(RC) linkage group 5 and susceptible chokecherry (SC) segment 14b from Wang et al. 2014  
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3.2.4. Comparative analysis of chokecherry and the Prunus reference maps 

 Chokecherry synteny with the Prunus reference map ‘Texas’ almond x ‘Earlygold’ peach 

(T x E) (Dirlewanger et al. 2004) was examined.  It was discovered that 32 total loci are 

orthologous between chokecherry and the T x E map (Table 10). The strongest homology is seen 

between chokecherry group 4 (Cho-4) and T x E-4 with a total of seven orthologous loci.  Other 

groups showing a strong relationship by having at least three orthologous loci include Cho-2 and 

T x E-7, Cho-3 and T x E-1, Cho-5 and T x E-5, Cho-7 and T x E-3, Cho-10 and T x E-2, and 

Cho-12 and T x E-4.  All other chokecherry groups have only one or two orthologous loci except 

for Cho-16 and Cho-11 which have no corresponding loci found in the T x E map.   

3.2.5. Comparative analysis of chokecherry and sweet cherry maps 

 Chokecherry linkage maps were compared with the ‘Emperor Francis’ x ‘New York 54’ 

(EF x NY) sweet cherry maps for syntenic relationships.  A total of 23 marker loci were shared 

between chokecherry and sweet cherry.  The largest number of orthologous loci is seen between 

Cho-4 and EF x NY-4 (Table 11) in which six loci were shared.  Linkage groups Cho-2, Cho-7, 

Cho-10, and Cho-12 have at least three loci shared with corresponding sweet cherry linkage 

groups. Most of the shared loci between chokecherry and sweet cherry are seen in the same 

linkage groups as peach (Table 12). 
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Table 10. Orthologous loci between chokecherry and Prunus reference T x E linkage groups  

  TxE-1
b 

TxE-2 TxE-3 TxE-4 TxE-5 TxE-6 TxE-7 TxE-8 

Cho-1
c 

    

1 

   Cho-2 

      

4 

 Cho-3 3
a 

  

1 

    Cho-4 

   

7 

    Cho-5 

    

5 

   Cho-6 

     

2 

  Cho-7 

  

5 

     Cho-8 2 

       Cho-9 

  

1 

 

1 1 

  Cho-10 

 

6 

  

1 

  

1 

Cho-11 

        Cho-12 

   

4 

    Cho-13 

 

2 

  

1 

  

2 

Cho-14 

 

2 

      Cho-15 2 

  

1 

    Cho-16                 

a 
 Number of orthologous loci shared between linkage groups 

b 
‘Texas’ almond x ‘Earlygold’ peach (TxE) linkage groups 

c
 Chokecherry (Cho) linkage groups 
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Table 11. Orthologous loci between chokecherry and sweet cherry linkage groups  

  EFxNY-1
b 

EFxNY-2 EFxNY-3 EFxNY-4 EFxNY-5 EFxNY-6 EFxNY-7 EFxNY-8 

Cho-1
c 

    

1 

   Cho-2 

      

3 

 Cho-3 1
a 

       Cho-4 

   

6 

    Cho-5 

   

2 1 

   Cho-6 

     

2 

  Cho-7 

  

4 

     Cho-8 1 

       Cho-9 

    

1 1 

  Cho-10 

 

5 

   

1 

  Cho-11 

        Cho-12 

   

4 

    Cho-13 

 

2 

      Cho-14 

 

1 

 

1 

    Cho-15 1 

       Cho-16 

        a 
Number of orthologous loci shared between linkage groups 

b 
‘Emperor Francis’ x ‘New York 54’ (EFxNY) sweet cherry linkage groups 

c
 Chokecherry (Cho) linkage groups 
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Table 12. List of homologous loci and their corresponding linkage groups 

Marker       Linkage group 

Name Type  Cho
a 

TxE
b 

EFxNY
c 

EMPaS11 SSR  1 5 - 

CPSCT006 SSR  1 - 5 

PMS2 SSR  2 7 7 

CPSCT004 SSR  2 7 - 

PMS67 SSR  3 - 1 

BPPCT027 SSR  3 1 - 

BPPCT016 SSR  3 1 - 

BPPCT036 SSR  3 4 - 

PMS3 SSR  4 - 4 

BPPCT040 SSR  4 - 4 

BPPCT014 SSR  5 5 5 

BPPCT005 SSR  5 - 4 

BPPCT032 SSR  5 5 - 

EMPaS01 SSR  6 6 6 

BPPCT008 SSR  6 6 6 

CPSCT012 SSR  6 6 - 

EAT-MCCC-350 AFLP  7 - 3 

PMS30 SSR  7 - 3 

BPPCT039 SSR  7 3 - 

BPPCT007 SSR  7 3 - 

PMS67 SSR  8 1 1 

BPPCT028 SSR  8 1 - 

BPPCT026 SSR  9 5 5 

BPPCT009 SSR  9 - 6 

CPDCT008 SSR  9 3 - 

BPPCT002 SSR  10 2 2 

BPPCT006 SSR  10 8 2,6 

BPPCT002 SSR  10 2 2 

BPPCT001 SSR  10 1 - 

BPPCT017 SSR  10 5 - 

PMS3 SSR  12 4 4 

BPPCT040 SSR  12 4 4 

CPSCT021 SSR  13 2 2 

BPPCT012 SSR  13 8 - 

BPPCT032 SSR  13 5 - 

BPPCT013- SSR  14 2 4 

a Chokecherry (Cho) linkage groups 

b  ‘Texas’ almond x ‘Earlygold’ peach (TxE) linkage groups 

c ‘Emperor Francis’ x ‘New York 54’ (EFxNY) sweet cherry linkage groups 
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Table 12. List of homologous loci and their corresponding linkage groups (continued) 

Marker  Linkage groups 

Name Type  Cho
a 

TxE
b 

EFxNY
c 

BPPCT002 SSR  14 2 2 

PceGA59 SSR  15 1 1 

BPPCT027 SSR  15 1 - 

BPPCT036 SSR  15 4 - 

a
 Chokecherry (Cho) linkage groups 

b  
‘Texas’ almond x ‘Earlygold’ peach (TxE) linkage groups 

c 
‘Emperor Francis’ x ‘New York 54’ (EFxNY) sweet cherry linkage groups 

 

3.3. QTL related to X-disease resistance 

3.3.1. Data distribution 

 The distribution of phenotypic data for X-disease resistance in the chokecherry mapping 

population (101 progenies) was tested for normality using the Kolmogorov-Smimov normality 

test.  This test is conducted using the ‘Trait analysis’ function in QGene 4.0 (Joehanes and 

Nelson 2008).  Analysis produced a normality coefficient at 0.171, showing that the data are 

distributed normally and are suitable for quantitative trait loci (QTL) analysis. 

3.3.2. Identified QTL and their significance 

Three significant quantitative trait loci (QTL) were identified from the novel chokecherry 

linkage groups (Table 13).  The composite interval mapping (CIM) function of QGene was used 

to detect the likelihood value of a QTL, expressed as an experiment-wise logarithm of the odds 

(LOD) score.  The most likely position of the QTL was estimated by peak LOD score.  The 

percentage of phenotypic variation explained (R
2
) was estimated for all three QTL.  A QTL 

accounting for the greatest contribution of X-disease phenotypic variation was identified on 

linkage group Cho-15.  This particular locus spanned a distance of 2.1 cM, accounted for 18.4% 

of the phenotypic variation, had an additive effect of 0.71, and was significant at both the 95% 

and 99% levels of confidence (Fig. 10).  Chokecherry linkage group Cho-5 also had a significant 
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QTL.  This particular locus explained 14.6% of the phenotypic variation, had an additive effect 

of 0.42, was significant at the 99% confidence level, and spanned a genetic distance of 11.5 cM 

(Fig. 11).  Linkage group Cho-4 had the third detected QTL, accounting for 12.9% of the 

phenotypic variation and an additive effect of 0.66.  This locus was only significant at the 95% 

confidence level and spanned a distance of 6.9 cM (Fig.12).  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.  Quantitative trait locus identified on linkage group 15 (Cho-15) with an LOD score of 

3.8.  Upper and lower line represent 1% and 5% significance thresholds respectively   
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Fig. 11.  Quantitative trait locus identified on linkage group 5 (Cho-5) with an LOD score of 3.0.  

Upper and lower line represent 1% and 5% significance thresholds respectively   

 

 

 

 

 

 

 

 

 

Fig. 12. Quantitative trait locus identified on linkage group 4 (Cho-4) with an LOD score of 2.6.  

Horizontal line represents a significance threshold of 5% 
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Table 13. Significant quantitative trait loci (QTL) statistics and associated markers distances in centi-Morgans (cM)  

QTL 

 

Linkage 

group 

Position  

(cM) 

Peak 

(LOD) 

Permutation 

significance
a 

Additive 

effect
b
 

Phenotypic  

Variance
c 

Flanking marker 1 

 

Flanking marker 2 

 

Interval
 

 (cM)
d 

1 Cho-15 24 3.8 ** 0.71 18.4% EAGA-MCCG-347 C4136 2.1 

2 Cho-5 138 3.0 ** 0.42 14.6% C3637 C1795 11.5 

3 Cho-4 78 2.6 * 0.66 12.9% EAGT-MCCT-273 UPD98-024-3 6.9 

a
 Significance thresholds were set after 1000 permutation iterations: * Significant at (α = 0.05), ** Significant at (α = 0.01) 

b 
Additive effect represents the phenotypic score change due to QTL presence 

c
 Phenotypic variance represents the R

2
 value produced by the QTL  

d
 Interval is the genetic distance between the flanking markers in which the QTL resides 
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4. DISCUSSION 

4.1. Adoption and development of molecular markers for chokecherry genetic mapping 

The main objective of the present work was to provide legitimate resources for X-disease 

research and management in Prunus species.  X-disease is a major limiting factor of stone fruit 

production and current management strategies are inefficient (Douglas et al. 1999; Davis et al. 

2013; Peterson 1984).  Chokecherry has a documented ability to overcome X-disease 

phytoplasma and could provide valuable resources for biological, genetic, and molecular 

research on the host-pathogen interaction of X-disease. An inadequate repertoire of molecular 

genetics resources in chokecherry has prevented major advances in understanding of this 

potential germplasm source.   

4.1.1. Transferability of SSR markers used in chokecherry mapping 

Genetic studies and molecular breeding approaches require basic genomic resources, 

such as molecular markers and linkage maps.  In chokecherry, previous studies have 

demonstrated the utility of simple sequence repeat (SSR), amplified fragment length 

polymorphism (AFLP), and long terminal repeat (LTR) markers (Wang et al. 2014; Liang 

unpublished).  Many of these markers are derived from DNA sequences other than chokecherry, 

meaning they are transferable among species with closely related ancestry.  Transferability of 

markers is best described as the percentage of markers that produce polymorphisms across 

genera/ species (Mnejja et al. 2010).  Many studies showed the inter-specific and inter-generic 

transferability of rosaceous SSR markers (Dondini et al. 2007; Gasic et al. 2009; Mnejja et al. 

2010; Wang et al. 2012; Zhang et al. 2014; Dettori et al. 2015).  In this study, 60.3% of peach 

SSRs were polymorphic and transferable to chokecherry, which is slightly better than the 55% 

transferability observed by Wang et al. (2014).  This may be explained by using a relatively high 
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number of long-core SSR markers that may be more unique and phylogenetically conserved; 

however, this idea would need to be confirmed with a larger number of markers tested in 

multiple chokecherry populations.  The newly developed peach SSR markers (Table 3) were 

amplified 100% in peach, 29.2% in cherry, and 56.2% in chokecherry.  It is interesting that 

51.9% of the amplified SSR markers were multi-allelic (amplifying 2-6 bands) in tetraploid 

chokecherry and only 4.2% and 0.0% were multi-allelic in peach and cherry (diploid), 

respectively.  It could be explored whether or not the polyploid nature of chokecherry plays any 

role.  Additionally, this data supports the seemingly higher percentage of genomic synteny 

between chokecherry and peach versus chokecherry and other Prunus species (Wang et al. 2012; 

2014). 

4.1.2. Transferability of LTR markers used in chokecherry mapping 

It is known that long terminal repeats (LTRs), produced by ‘copy and paste’ transposition 

of retrotransposons are well dispersed in plant genomes.  The abundance, uniqueness, and non-

sequence-biased transposition of LTR-retrotransposons (Bennetzen 2000) make them valuable 

resources for marker identification and gene mapping.  Also, sequences of retrotransposons are 

similar within plant species and related genera (Lou and Chen 2007; Kalendar et al. 2011); 

however, Liang et al. (unpublished) found that the transferability rate of chokecherry LTR 

primers was lower than that of chokecherry SSR primers.  For example, an average of 32.0% of 

chokecherry LTR primer pairs amplified bands in other Prunus species (cherry, peach, plum, and 

apricot), whereas 61.0% of chokecherry SSR primer pairs were amplified in Prunus (Liang et al. 

(unpublished; Wang et al. 2012).   Furthermore, only 10% of chokecherry LTR primer pairs 

versus 47.2% SSR primer pairs amplified bands from non-Prunus rosaceous species (Liang et al. 

unpublished; Wang et al. 2012).  This indicates that the transferability of LTR markers to more 
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distantly related species is sharply reduced.  Nevertheless, LTR markers have proven utility in 

genetic mapping (You et al. 2010; Mazaheri et al. 2014; Monden et al. 2014; Sun et al. 2015) and 

have successfully been anchored to the novel chokecherry linkage map (Liang et al. 

unpublished). 

4.2. Development of a novel chokecherry linkage map 

4.2.1. Segregation analysis and genetic mapping 

 Molecular markers were scored for the absence or presence of individual marker 

amplicons (alleles), and those segregating at a ratio of 1:1 in the progeny were used for mapping.  

Scoring markers as single dose alleles overcomes the discrepancy of the mathematical process of 

calculating the recombination frequencies for autotetraploid (tetrasomic) inheritance or 

allotetraploid (disomic) inheritance, because this type of mapping strategy accounts for syntenic 

rearrangements and homeologous chromosome loci (Wu et al. 1992; Canli 2006; Koning-

Boucoiran et al. 2012).  It is also important to understand that many polyploids have intermediate 

inheritance patterns (Hickok 1978a,b; Stift et al. 2008; Koning-Boucoiran et al. 2012).  This 

means that some chromosomes have diverged enough to preferentially pair to produce diploid 

inheritance (disomic), while others are similar enough to have levels of randomly pairing or 

produce quadrivalents during meiosis, leading to tetrasomic inheritance.  Segregation analysis is 

the recommended way to determine allelic inheritance and the corresponding polyploid type 

(Krebs and Hancock 1989; Soltis and Rieseberg 1986).  

Segregation analysis of markers with two or three unique single dose alleles in one of the 

parents was analyzed in detail using the distribution of the number of individuals over the 

different phenotypic classes encountered in the progeny.  The results showed that about half of 

the markers (9/19) were strictly compatible with disomic inheritance, yet 4 were strictly 
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compatible with tetrasomic inheritance and 6 did not reject either inheritance model (Table 7 and 

8).  This suggests an intermediate mode of inheritance of chokecherry.  A total of 11 chokecherry 

linkage groups are described by the markers used for inheritance determination, but only 4 are 

strictly disomic and 1 is strictly tetrasomic.  The remaining linkage groups have supporting 

evidence of both tetrasomic and disomic inheritance patterns.  More molecular markers need to 

be developed and utilized to study the tetraploid inheritance in more detail; however, this 

determination does not affect the genetic mapping process other than providing a means to 

explore individual chromosomes more unambiguously. 

Tart cherry was the first polyploid Prunus species mapped and has provided an outline 

for genetic mapping in other tetraploid Prunus species like chokecherry.   Genetic mapping of 

tart cherry utilized the single dose restriction fragments SDRF or the ‘single dose allele’ strategy 

of molecular marker genotyping even after previous allele segregation analysis determined it was 

an allotetraploid with disomic inheritance (Beaver et al. 1993, Canli 2004).  This is because 

homologous loci may be present among non-pairing homeologous chromosomes.  Overall, the 

tart cherry example of allotetraploid mapping and many autotetraploid examples mentioned in 

the literature review support the rationale that single dose alleles of molecular markers can be 

used in the intermediate tetraploid chokecherry population for genetic mapping and QTL 

identification.  Also, Figures 13 and 14 provide examples of the collinearity of genetic maps 

produced from diploid mapping software (JoinMap) and autotetraploid mapping software 

(TetraploidMap). 
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Fig. 13. Integrated chokecherry linkage group (Cho-15) and its colinearity with TetraploidMap-

developed parental linkage groups: Resistant chokecherry (RC Tet-15) and susceptible 

chokecherry (SC Tet-15) 
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Fig. 14. Integrated chokecherry linkage group (Cho-4) and its colinearity with TetraploidMap-

developed parental linkage groups: Resistant chokecherry (RC Tet-4) and susceptible 

chokecherry (SC Tet-4) 
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UDP97-402-195.9
EAGG-MCAC-720100.7
EAGT-MCCA-265104.4
EMpaS06-1105.9
UDP98-024-6107.0
BPPCT040-4109.9
BPPCT040-5111.4
BPPCT040-6112.9
BPPCT040-2114.2
BPPCT040-3118.9
BPPCT040-1122.1
SSR8-E78.3128.6
SSR8-D78.3132.7
EMpaS08-142.6

Cho-4

UDP98-024-50.0
UDP98-024-3
UDP98-022-2

5.8

UDP98-024-115.8
UDP98-024-2
UCD-CH15-1

19.4

EMpaS06-220.7
PMS3-522.6
EMpaS18-129.5
EAGG-MCAC-76030.8
EMpaS18-230.9
EMpaS18-333.5
EAGT-MCCT-27334.0
EMpaS10-439.0
RPPG4-074-239.8
UDP97-402-242.2
C6255-42.6
UDP97-402-444.4
EMpaS10-545.5
EAGT-MCCC-39849.8
PS12A02-150.3
SSR8-D7851.7
RPPG4-07452.5
PS12A02-455.0
PS12A02-355.7
PS12A02-256.2
SSR8-D5657.1
EACT-MCCA-57058.5
EAGA-MCCA-14773.1
pchpgms3-176.0
pchpgms3-279.4
EMPA02-182.4
EACT-MCCA-61086.3
EATG-MCAT-26087.0
PceGA59-189.6
CPPCT27-192.2
EACT-MCCA-47596.4
EAGT-MCCC-35597.2
EACT-MCCC-35299.7
C1114-99.9

SC Tet-4
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4.2.1. Genetic mapping in cross-pollinating species 

Genetic maps produced from reliable molecular markers and heterogeneous populations 

are the basis for forward genetics, comparative genomics, and QTL identification.  Chokecherry, 

being the only plant species reported as resistant to X-disease, will benefit greatly from a 

reference genetic map; however, a few limitations besides having limited genetic resources 

needed to be addressed.   Chokecherry trees are obligate outcrossing species, have a long 

juvenile period, and complicated genetic make-up; therefore, alternatives to development of true 

F2 or backcross populations for mapping are needed.  Weeden et al. (1994) described appropriate 

alternatives such as simple hybridization, resulting in a so called pseudo-F2 population.  In open-

pollinating species, particularly in those that are self-incompatible woody species, seeds derived 

from a single tree may represent similar haploid genotypes and so can be considered as pseudo-

F1 plants; thus, a pseudo-F2 population can be developed by crossing two pseudo-F1 trees 

(Weeden et al. 1994).  This strategy was recently used for genetic linkage map construction of 

flowering dogwood (Wang et al. 2009) and other woody species including many Prunus species 

(Canli, 2004; Lambert et al. 2007; Olmstead et al. 2008; Klagges et al. 2013; Wu et al. 2014).  

Our results also showed that managed hybridization in a cross-pollinating species provides 

sufficient recombination for genetic mapping. 

4.2.2. Integration of chokecherry parental maps 

Wang et al. (2014) developed the first chokecherry genetic linkage map (RC x SC) 

consisting of individual parental linkage groups using TetraploidMap (Hackett et al. 2007). The 

RC (female parent) map consisted of 14 linkage groups in which four were composed of multiple 

segments. The SC (male parent) map had 16 linkage groups and four consisted of segments.  The 
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linkage group segments resulted from large gaps (>30 cM).  Combining parental maps increases 

marker density and can fill some gaps.  Ultimately, combined maps have an advantage in QTL 

mapping because of the complete parental allelic consideration during QTL analysis and the 

decreased QTL interval (Keyser et al. 2010; Klagges et al. 2013; Wu et al. 2014).  In this study a 

well-described ‘psuedo-F2’ segregating population derived from a cross between two parents 

with contrasting X-disease resistance was used (Wang et al. 2014).  JoinMap 4.0 (Van Ooijen, 

2006) was selected to construct a single map for a cross pollinating (CP) population.  Regression 

mapping in JoinMap was first used for each parental map separately.  Regression mapping 

permits the construction of linkage groups by adding loci one at a time starting from the most 

informative pair of loci (Van Ooijen, 2006).  The best position of the most informative markers 

is searched by comparing the goodness-of-fit of the calculated map for each tested position.  

When the goodness-of-fit measure decreases sharply for a locus, it is removed and the process is 

continued until a framework map is produced (Van Ooijen, 2006; Wang et al. 2011).   Two more 

rounds of goodness-of-fit position appropriate marker loci that were previously removed.  After 

linkage groups for each parent was established, joining homologous groups was successfully 

implemented. 

Integration of maps by regression mapping in JoinMap is based on mean recombination 

frequencies and combined logarithm of the odds (LOD) scores.  Applying the regression 

mapping algorithm requires at least two common markers to provide relative map distances.  A 

total of 11 linkage groups from each parental map were successfully joined together. The 

remaining pairs of linkage groups were unstable meaning that a few conflicting markers had 

insufficient linkage leading to incomplete regression mapping.  In an attempt to overcome this 

issue, markers showing segregation distortion or missing data were excluded from the parental 
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maps.  Nevertheless, five out of 16 groups remained unstable and needed to be ordered with 

another program called MergeMap (Wu et al. 2008).  MergeMap relies on graph theory (Yap et 

al. 2003; Jackson et al. 2005) and uses directed acyclic graphs (DAGs) to represent maps from 

individual populations and to resolve conflicts between maps. Although MergeMap does not 

make use of genotype data, simulations have shown that MergeMap can outperform JoinMap in 

terms of ordering accuracy and running time (Wu et al. 2008; Wang et al. 2011).  It is important 

to understand that that MergeMap relies solely on the linear arrangement of molecular markers 

from each paired map and does not use the genotypic data to perform the map re-calculation.  As 

a result, JoinMap tends to produce more accurate estimates of genetic distances. However, 

JoinMap has limited utility when a low number of shared markers are found between individual 

maps.  JoinMap resolves marker order in the integrated map based on mean recombination 

frequencies and combined LOD scores (Wang et al. 2011).  MergeMap resolves conflicts by 

identifying and eliminating a small number of markers that are of questionable value from the 

maps.  MergeMap only requires the marker order and cM distances of the component maps, 

rather than the original genotypic data. Therefore, it is crucial that the original parental maps are 

a reliable representation of marker order.   

The primary limitation of MergeMap is an overestimation of genetic length of the 

integrated maps (Wang et al. 2011).  Overall, when accurate estimates of genetic distances are 

not the priority, MergeMap provides a rapid and relatively reliable solution (Wang et al. 2011).  

Indeed, JoinMap and MergeMap can generate integrated maps with good consistency in marker 

order, so both have been used to construct the novel chokecherry linkage groups.  Furthermore, 

the increase in marker density produced by combining parental maps have improved QTL 
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mapping and have provided a resource for future examination of genetic and physical positions 

(i.e. map-based cloning, comparative genomics, and genome sequencing).   

4.2.3. Syntenic relationship of chokecherry and other Prunus maps 

Synteny, as described before, is the product of shared chromosomal segments with the 

same genetic order of molecular markers between closely related species (Tang et al. 2008; 

Dirlewanger et al. 2004; Cabrera et al. 2009).  Transferability of molecular markers relies on 

synteny; however, these same transferable markers can provide a means of determining synteny 

between two species.  The reliability of the peach genome sequence and genetic maps have been 

utilized in studies to confirm synteny and collinearity of peach and Prunus species (Arus et al. 

2012; Shulaev et al. 2008; Zhebentyaveva et al. 2008; Klagges et al. 2013).  In this study, the 

new chokecherry linkage maps did not contain enough shared markers with the Prunus reference 

map (T x E) or the sweet cherry genetic map (EF x NY) to conduct a thorough study of their 

synteny; however, certain linkage groups show homology to a few representative Prunus 

chromosomes.  Tables 8, 9, and 10 show which chokecherry linkage groups are homologous to 

Prunus linkage groups.  Since chokecherry is a tetraploid, it may be expected that 

rearrangements and duplicated loci have resulted in non-collinearity to other Prunus species. The 

tables aforementioned could elude to this postulation, however, it seems that more shared 

markers and/or genome sequencing will help deduce the evolutionary relationship of 

chokecherry and Prunus species. 

4.3. QTL mapping for X-disease resistance in chokecherry  

The joint analysis of genotype marker segregation in genetic maps and phenotypic data 

from individuals enables the detection of loci affecting quantitative traits.  Crossing two parents 

having dissimilar phenotype allows different but linked loci to be co-segregating, 
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consequentially leading to the discovery of QTL and the inferred genetic location relative to 

linked molecular markers. The most obvious applications of QTL analysis seem to be marker-

assisted selection (MAS) for breeding and QTL map-based cloning.  More specifically, QTL 

characterization can help deduce the genetic mechanisms of plant–pathogen interaction, plant 

evolutionary genomics, DNA regulatory elements, and germplasm enhancement.  The success in 

these applications depends on the reliability and accuracy of the QTL analysis and the underlying 

genetic linkage maps being used.  It is also important to consider the limitations of QTL 

discovery.  In 1994, Beavis reported some of these limitations in a mapping population (n=400) 

that were analyzed as four separate populations of 100.  Results showed that none of the 

identified QTL were shared among the four groups.  This profound documentation indicates that 

careful consideration needs to be done while using QTL information.  Nonetheless, QTL 

mapping has proven its utility in a multitude of plant species and is still a useful tool used for 

genetic research. 

In this study, new genetic linkage maps were grouped for chokecherry with the aim to 

provide a framework for future studies and to identify additional QTL located near molecular 

markers.  The new linkage groups presented have a higher number of molecular markers and 

increased marker density.  Three significant QTL associated with X-disease were identified.  

Although it is impossible to unveil all possible QTL using a single segregating population, our 

population was large enough to identify QTL that explained 45.9% of the phenotypic variation 

and had a cumulative additive effect of 1.79 to the phenotype scores.  The QTL located on 

linkage group Cho-15 contributed the most to the overall phenotypic effect and also had the 

shortest genetic interval of 2.1 cM.  This particular QTL was the only one previously identified 

by Wang et al. (2014).  That study mapped the QTL within a ten-fold longer interval of 21.4 cM.  
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Additional markers and the integration of the parental maps resulted in an increase in marker 

density which explains the shorter genetic interval.  Interestingly, the increased marker density 

and shorter QTL interval were associated with smaller phenotypic variation than previously 

reported at this locus.  Wang et al. (2014) reported 26.6% phenotypic variation was explained by 

the locus, while present results show 18.4% of the phenotypic variation is explained.  This may 

be attributed to the discovery of additional QTL contributing to the phenotype and the possibility 

of more molecular markers causing background interference during analysis.   

The other two QTL located on groups Cho-5 and Cho-4 respectively, span 11.5 and 6.9 

cM distances and explain 14.6 and 12.9% of the total phenotypic variation.  It is important to 

consider the physical distance between the QTL flanking markers.  Note that 10 cM equates to 

300 kilo base pairs (kbp) in Arabidopsis and 6,000 kbp in wheat (Asins 2002).  Also, genetic 

distance changes with chromosomal regions and the corresponding recombination frequencies.  

Until more resources are utilized in chokecherry, such as genomic sequencing and SNP markers, 

it will be difficult to determine how the genetic distances correlate with X-disease QTL.  

Although this issue is overcome by closely linked markers in MAS, map-based cloning and 

genome walking rely on markers being a short physical distance from the QTL or marker. 

Nevertheless, the present chokecherry linkage map is an improvement from previously 

developed maps.  Map-based cloning can still be explored for all three QTL.  Sequence 

information of the nearest molecular markers will allow for map-based cloning beginning with 

genome walking.  In this way the DNA sequence information within the QTL location will 

produce additional markers to hone in on the QTL.  Eventually, sequencing across the precise 

QTL position will provide a list of candidate genes that can be confirmed with complementation 

studies. 
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4.4. Future applications 

In spite of its economic importance, few molecular genetics and genomic research studies 

have targeted X-disease phytoplasma. The paucity of genetic information on chokecherry is a big 

obstacle for studying the mechanisms of its genetic resistance to X-disease (Candidatus 

Phytoplasma pruni).  The linkage maps constructed in this study have provided a basis to identify 

QTL and will help discover genes relevant to the X-disease resistance/susceptibility response.  

Also, the genetic maps will provide a framework for marker assisted selection (MAS) and 

genomic analysis.  Future whole genome sequencing and/or transcriptome expression profiles 

will provide relevant data essential to expanding the genetic understanding of X-disease and 

other phytoplasmic ‘yellowing’ diseases. 

Single nucleotide polymorphism (SNP) markers are an example of a valuable molecular 

tool used in genetic mapping.  SNP markers are abundant and polymorphic, but SNP assay 

development is time consuming and cost-intensive; therefore, SNPs were not a practical resource 

option in chokecherry as of yet.  Recently, it has been reported that new rosaceous and Prunus 

SNP arrays are somewhat transferable and could be applied to chokecherry in the future (Peace 

et al. 2012; Verde et al. 2012).  Also, the availability of the peach reference genome and the 

partial sweet cherry genome (International Peach Genome Initiative 2013; Guajardo et al. 2015) 

will enable the alignment of SNPs used in future mapping studies of chokecherry.   

Advances in next-generation sequencing (NGS) technology have provided a wealth of 

genomic data that has been a valuable resource for molecular genetic research of many plant 

species.  For example, a large number of molecular markers, such as SSRs and SNPs, can be 

identified from NGS data (Cavagnaro et al. 2010; Zalapa et al. 2012; Dettori et al. 2015; Peace et 

al. 2012; Guajardo et al. 2015; Verde et al. 2012); however, due to a lack of genomic resources 
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aliquoted to non-model species, relatively few molecular markers have been discovered.  As the 

efficiency, affordability, and accessibility continue to increase for DNA sequencing we can 

expect non-model species (i.e. chokecherry) to have the full capacity of genomic resources 

available (i.e. SNP markers).  

 The understanding of molecular mechanisms involved in symptom development and 

interaction between phytoplasmas and their hosts is quite limited; however, map-based cloning 

and RNA-seq are becoming the forefront of discovering candidate genes involved in the host-

pathogen interaction such as seen for Paulownia witches’ broom (PaWB) phytoplasma and 

Paulownia tree species (Liu et al. 2013).  In congruence, biochemistry studies have linked gene 

expression data to deduce the host-pathogen interactions of phytoplasma diseases such as Bois 

Noir (BN), European Stone Fruit Yellows (ESFY), and Apple Proliferation (AP) (Bertamini et 

al. 2002; Musetti et al. 2004 and 2005).  In chokecherry, X-disease QTL and gene candidates 

will support the previous phytoplasma research.  As mentioned in the literature review, there are 

multiple types of phytoplasma and different associated diseases.  Uncovering the genetic 

mechanisms of host resistance will be crucial for future understanding of phytoplasma and 

management strategies.  After the resources are provided for chokecherry research, applications 

of RNA-seq and candidate gene cloning will be readily available and highly applicable. 

CONCLUSION 

To conclude, the novel chokecherry genetic map constructed in this study represents a 

high quality framework that can be used for the elucidation of X-disease (‘Candidatus 

Phytoplasma pruni’) response in woody plant species, especially in the Prunus genus.  The 

present maps have been instrumental in current QTL analysis, and will be a reliable reference for 

genetic and genomic applications such as marker assisted selection (MAS), DNA sequencing, 
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RNA-seq, and candidate gene cloning. Improving the chokecherry germplasm with the proposed 

technology could offer great benefits for the fruit tree industry.  Chokecherry is a troublesome 

host of X-disease, so providing disease resistance would greatly inhibit the spread of X-disease 

phytoplasma to other hosts including orchard production systems.  This would directly benefit 

important Prunus crop species such as peach, apricot, plum, cherry, and nectarine by reducing 

production costs associated with X-disease management.  As another use, Prunus breeding 

programs could utilize disease resistant chokecherry lines as germplasm sources for inter-

specific crosses or gene integration via biotechnology.  Lastly, natural resistance mechanisms in 

chokecherry could be used as a template to examine natural resistance in other Prunus species. 
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