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 Apple (Malus x domestica Borkh.) is a long-lived woody perennial important to 

international markets. Development of new apple cultivars historically has been 

protracted and expensive, largely due to its biology. We believe that locating markers 

linked to traits of interest and marker-assisted selection (MAS) at the seedling stage could 

accelerate this process. Quantitative trait locus (QTL) mapping and genome-wide 

association studies (GWAS) for traits important to the sustainability and longevity of the 

Canadian apple industry, such as storage disorders, disease resistance, and fruit quality 

were conducted in three populations. Two QTL associated with the storage disorder soft 

scald were detected in the parental background of one F1 cross, but were not replicated 

across years, or when GWAS were conducted in a different population. Apple scab 

(Venturia ineaqualis [Cke.] Wint.) is a fungal pathogen that plagues growers in wet, 

humid climates, such as Nova Scotia. Significant genotype-phenotype GWAS 

associations were detected across seven different chromosomes for apple scab resistance 

in a germplasm collection of commercial cultivars. In the same population, GWAS also 

revealed SNPs associated with fruit quality traits, such as apple fruit skin colour and 



 

change in firmness during storage. Finally, a large, diverse germplasm collection and 

GWAS were used to explore flowering time and fruit quality. Significant marker-trait 

associations were found for flowering time in two years, but no clear candidate genes 

were identified. Fruit quality studies revealed several significant genotype-phenotype 

associations, including harvest date, fruit firmness, and acidity. This research will form 

the foundation of future studies for the development of markers that will assist with the 

development of new apple cultivars well-suited for Canadian and international markets.
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CHAPTER 1. GENERAL INTRODUCTION 

 

  Apples (Malus x domestica Borkh.) are a major horticultural crop both 

internationally (FAOSTAT, 2014), and domestically (Statistics Canada, 2012). To 

safeguard this industry both at home and abroad, it will be necessary to breed new apple 

cultivars that meet changing consumer preferences and climatic conditions. Controlled 

crosses in apple have been made for well over 200 years since the time of Thomas 

Andrew Knight (Isik et al., 2015). Surprisingly, some growers still vegetatively propagate 

cultivars from that era, leaving orchards at risk to constantly evolving pests and diseases 

(Myles, 2013). Another concern is that many international breeding programs are based 

on a limited genetic pool (Kumar et al., 2014a). Unfortunately, rapid development of new 

apple cultivars is inhibited by several factors, including the apple’s long juvenile period 

and self-incompatibility (Brown and Maloney, 2003). For example, ‘Honeycrisp’ is a 

successful cultivar from the University of Minnesota breeding program, but nearly 30 

years passed between the initial cross and cultivar release (Luby and Bedford, 1990; 

Cummins, 1991). Clearly there is a need to generate new apple cultivars sourced from a 

wider gene pool in a timely manner, and marker-assisted selection (MAS) could be a 

useful tool for this task. 

Molecular markers and MAS are of great interest to an apple breeder because 

markers linked to traits of interest can be used to select offspring at the seedling stage 

(Kenis et al., 2008). For a new apple cultivar to be successful from a production and 

consumer standpoint, it must exhibit a combination of traits such as suitable fruit texture, 

storability, and resistance to pests and diseases (Brown and Maloney, 2003). There are 
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several approaches available for identifying markers linked to such traits including 

linkage or quantitative trait locus (QTL) mapping, and association mapping or genome-

wide association studies (GWAS). Apple QTL studies have been limited in comparison 

to other crops (Troggio et al., 2012), and face several drawbacks such as a requirement 

for large populations of controlled crosses (Soto-Cerda and Cloutier, 2012) - generally F1 

populations - that are expensive to maintain for many years (Myles, 2013). Another 

shortcoming of QTL studies is that the genetic variability studied is limited to that found 

within the parents (Ben Sadok et al., 2015). GWAS is another method for genetic 

mapping in apple, whereby genotype-phenotype relationships are explored in diverse 

populations of unrelated individuals (Soto-Cerda and Cloutier, 2012). This method of 

exploiting historical recombination events allows for a higher resolution of mapping in 

comparison to past techniques (Ogura and Busch, 2015). Therefore, an important 

consideration for GWAS is the extent of linkage disequilibrium (LD) present in the study 

population, as it will limit the ability to detect an association between the phenotype, 

sequenced markers, and causal polymorphism(s) (Mitchell-Olds, 2010). One major 

limitation of GWAS is its inability to detect genotype-phenotype relationships associated 

with rare variants (Soto-Cerda and Cloutier, 2012), and in such instances, QTL mapping 

may be a more appropriate tool for evaluating such relationships (Soto-Cerda and 

Cloutier, 2012). In this thesis, these two methods of genetic mapping were explored for 

the purpose of pinpointing genetic regions associated with traits of interest for both the 

grower and consumer. 
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 As outlined above, in QTL mapping and GWAS, genotype and phenotype 

information are used to explore the genetic basis of traits. Fortunately, the genomics era 

has greatly facilitated marker discovery (Troggio et al., 2012), and genotyping costs 

continue to decline (Isik et al., 2015). Experimental design and high quality phenotype 

data are essential for GWAS, and care should be taken to reduce or control for noisy data 

(Ogura and Busch, 2015). Phenotype data should be collected for large populations, 

across years, and locations (Soto-Cerda and Cloutier, 2012), to control for non-genetic 

variation (Myles, 2013). Phenotyping apples can be challenging, though, and even an 

efficient method of measuring apple maturity does not currently exist (Ben Sadok et al., 

2015). Also, the amount of fruit produced by each genotype can vary across years, even 

in established orchards (Kenis et al., 2008). With these challenges in mind, another goal 

of this thesis was to explore efficient phenotype data collection methods. The phenotypes 

explored in this thesis ranged from those influenced by consumer preference (e.g., 

storage disorders, fruit firmness), to those affected by the changing climate (e.g., 

flowering time). In the research presented here, genotype-phenotype relationships were 

studied using both QTL mapping and GWAS, in populations ranging from F1 crosses to 

diverse germplasm collections. The main objective of this thesis was to locate genomic 

regions associated with traits of interest to apple breeders, to explore possible candidate 

genes in regions adjacent to significant associations, and to assess their suitability for 

MAS. Another overall goal of this thesis was to highlight the challenges that can arise 

during genetic mapping in apple, and to describe several solutions available now and in 

the near future. 

 



 

 4 

CHAPTER 2. LITERATURE REVIEW 

2.1 INTRODUCTION 

 The domesticated apple (Malus x domestica Borkh.) is the most produced 

temperate tree crop (Brown, 2012), and is cultivated worldwide on all continents but 

Antarctica (Luby, 2003). Commercial apple trees consist of a scion vegetatively 

propagated from a cultivar of interest (e.g., ‘Honeycrisp’), grafted onto a rootstock that 

imparts characteristics such as dwarfing (e.g., reduced vigour) and disease resistance 

(Volk et al., 2015). Apple is a member of the family Rosaceae, subfamily Maloideae 

(Luby, 2003), tribe Pyreae (Troggio et al., 2012). The exact origin of this interspecific 

hybrid complex remains unclear (Luby, 2003), but it is believed that Malus sieversii 

(Lebed.) M. Roem. is one of the domesticated apple’s wild progenitors (Richards et al., 

2009; Giovannoni, 2010). This wild progenitor is still present in remote mountainous 

forest stands in central Asia, which gives weight to Vavilov’s belief that Kazakhstan is 

the centre of origin of apple (Vavilov, 1992 as cited in Richards et al., 2009), and exhibits 

similarities to cultivated apple (e.g., large size, palatability) (Volk et al., 2015).  

 Apples represent the major fruit crop in temperate regions (Giovannoni, 2010). 

They represent a food source of antioxidants and fibre, while being low in sodium, fat, 

calories, and cholesterol (Volk et al., 2015). A notable element to their commercial 

importance is their amenability to storage under controlled atmosphere conditions for 

long periods, allowing for year-round fruit supplies (Giovannoni, 2010). Apples are 

extensively cultivated and as of 2014 the top five apple producers were China (41 million 

tonnes), the United States of America (5 million tonnes), Poland (3 million tonnes), India, 

Turkey, and Italy (all three produced 2.5 million tonnes) (FAOSTAT, 2014). In 2011, 
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Canada produced approximately 400,000 tonnes of apples, representing a farm gate value 

of $160 million, with Ontario being the largest producer, generating 146,000 tonnes or a 

farm gate value of $65 million (Statistics Canada, 2012). Within Canada many fruit crops 

are grown from coast to coast, such as apples, blueberries, cranberries and grapes 

(Statistics Canada, 2012). Of the total marketed production, though, apples represent 

about 52% of production tonnage (Statistics Canada, 2012). In the past there were active 

Canadian apple breeding programs in British Columbia, Manitoba, Quebec, and Nova 

Scotia (Brown and Maloney, 2003). In recent years, the majority of apple breeding has 

been conducted at the Agriculture and Agri-Food Canada Summerland Research and 

Development Centre in British Columbia, and the Vineland Research and Innovation 

Centre in Ontario. Internationally, consortia have been created for the unified goal of the 

genetic improvement of fruit crops through groups such as RosBREED in the United 

States, and FruitBreedomics in Europe (Peace, 2017).  

 There are several possible explanations for why apples are not as widely bred as 

other Canadian crops, due to complications at the genetic, cultivar, and breeding program 

levels. Apples are a very heterozygous species, in part due to their self-incompatibility S 

allele system, which also complicates standard backcrossing (Brown and Maloney, 

2003). Additionally, several popular cultivars such as ‘Jonagold’ (Hampson and Kemp, 

2003) are triploid (3n = 51), making their gametes generally unsuitable for crosses 

(Brown and Maloney, 2003). Many apple breeders are also currently working with small 

germplasm collections, largely due to financial constraints (Noiton and Alspach, 1996). 

Noiton and Alspach (1996) found that recurring parents included ‘Cox’s Orange Pippin’, 

‘Golden Delicious’, ‘Red Delicious’, ‘Jonathan’, and ‘McIntosh’ and warned that a lack 
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of diversity could become a problem for apple breeding. Also, there are inherent risks 

both economical and environmental, in relying on large, monoculture orchards, especially 

with respect to disease pressure (Myles, 2013). In the past, a greater diversity of apple 

cultivars were grown in smaller orchards, but this changed following WWII, when older 

cultivars were replaced with more commercially-suitable ones (Patzak et al., 2012). 

Confounding the issue of narrow pedigrees is the fact that many released cultivars are in 

fact chance seedlings (Noiton and Alspach, 1996; Brown and Maloney, 2003), and their 

pedigrees are largely unknown. That being said, several breeding programs have 

produced highly successful cultivars such as ‘Fuji’, ‘Gala’, and ‘Honeycrisp’ (Brown and 

Maloney, 2003). ‘Honeycrisp’, released by the University of Minnesota breeding 

program in 1991, has recently become an economically attractive cultivar in many 

regions of Canada (Cline and Gardner, 2005; Nichols et al., 2008). ‘Honeycrisp’ also 

highlights how easily mistakes can be made, even in successful breeding programs. Cabe 

et al. (2005) decided to verify its recorded parentage of ‘Macoun’ x ‘Honeygold’ using 

microsatellite markers, and found one parent to be ‘Keepsake’, while the other was 

presumed lost (Cabe et al., 2005). This unknown parent is now believed to be MN1627, a 

University of Minnesota selection that has since been destroyed (Howard et al., 2017). 

Clearly changes need to be made to past and even current practices to ensure that 

breeding programs are managed well, and new cultivars are produced in a timely fashion. 

Currently, breeding of perennial crops is expensive and time-consuming (Peace, 2017), 

but using marker-assisted selection (MAS) to screen seedlings at an early stage could 

help reduce costs (Myles, 2013).  
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2.2 RATIONALE AND OBJECTIVES 

 Breeding new apple cultivars to meet production, commercial, and environmental 

demands is essential for the longevity of the Canadian apple industry. The underlying 

genetic nature of the apple, combined with its costly growing systems make it an ideal 

candidate species for genetic mapping and subsequent MAS. That being said, there are 

many questions that remain unanswered before this becomes a reality. This Ph.D. thesis 

aimed to address the following general hypothesis, and related research questions and 

objectives: 

Hypothesis:  

Soft scald incidence, scab resistance, and fruit quality traits in apple can be predicted 

using single nucleotide polymorphism genotype data. 

 

Research questions: 

- How genetically mappable are traits such as storage disorders, disease resistance, and 

fruit quality? 

- Is it possible to discover a set of genetic markers associated with these traits that can 

then be employed in MAS? 

- How is the discovery of marker-trait associations in apple affected by the features of the 

phenotype of interest, the population size and composition? 

 

Research objectives: 

- Use QTL and association mapping to uncover statistically significant associations 

between genotypes and phenotypes. 
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- Attempt to identify candidate genes responsible for phenotypic variation. 

- Develop a high-throughput phenotyping system for phenotype data collection in apples. 

 

2.3 LITERATURE REVIEW 

2.3.1 The apple genome  

A reference genome is an invaluable asset to genetic mapping studies. In 2010, 

Velasco et al. published a high-quality draft genome sequence of ‘Golden Delicious’, 

with an estimated size of 742.3 Megabases (Mb). With the genome release, it was 

revealed that large chromosomal regions are found copied in the apple genome (Troggio 

et al., 2012). Apple and other Pyreae tribe members contain 17 chromosomes (x = 17, 2n 

= 34), while other members of the Rosaceae family contain seven to nine chromosomes 

(Troggio et al., 2012). It has been suggested that apple originated from a progenitor 

species with 9 chromosomes that underwent whole genome duplication (WGD), followed 

by the loss of one chromosome (Troggio et al., 2012). Han et al. (2011) confirmed with a 

simple sequence repeat (SSR) linkage mapping study that the apple genome contains both 

genome-wide and segmental duplications. Compared to Fragaria and Prunus, Malus is 

believed to have experienced comparatively more translocations, in addition to a WGD 

event (Jung et al., 2012), approximately 60 to 65 million years ago (Velasco et al., 2010). 

Its presumed wild progenitor, Malus sieversii displays high variability in the wild, but 

due to a human presence for thousands of years, it is difficult to determine the extent to 

which this variability has been influenced by human activity (Luby, 2003). The first 

instances of controlled apple breeding, though, are attributed to Thomas Andrew Knight 

(1759-1838) (Isik et al., 2015). Gross et al. (2014) explored how the improvement 
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process of the domesticated apple has affected its genetic diversity and found no 

significant reduction in genetic diversity through time across the last eight centuries. 

They postulated that the improvement bottleneck was mild or non-existent, but warned 

that such a bottleneck could be possible if we continue to rely on low diversity in 

commercial production (Gross et al., 2014). In the past, a range of apple cultivars were 

grown on small farms for various uses (e.g., fresh eating, cider, preserves), but this 

practise has changed drastically over time due to both societal and lifestyle changes 

(Hampson and Kemp, 2003). Volk et al. (2015) warned that apple production in the U.S. 

is vulnerable due to the reduction in the number of apple breeding programs - despite 

such a large industry - as well as current practises of growing large monocultures of trees. 

It is recognized that in order to feed the growing human population in the next 25 years, 

food availability will need to double, but current agricultural practices rely on only a 

small portion of available diversity (McCouch et al., 2013). Molecular breeding could 

help the world’s food shortage crisis by improving the efficiency of new cultivar 

development of existing crops, and ameliorating the integration of previously wild or 

semi-wild germplasm into the food chain (Kumar et al., 2014a). 

 

2.3.2 Marker-assisted selection (MAS) and traits of interest 

The process of developing new apple cultivars is a lengthy one, often culminating 

in approximately 20 years of work (Bianco et al., 2014). New apple cultivars are 

developed by crossing elite parents, planting out full-sib families, and then forward 

selecting for commercial release or further crossing as parents (Isik et al., 2015). 

Unfortunately, large individual plant size and a long juvenile period (Brown and 



 

 10 

Maloney, 2003; Iwata et al., 2016) translate into significant production costs for apples. 

Marker-assisted selection (MAS) is the process of using markers for traits of interest to 

select offspring at the seedling stage (Kenis et al., 2008). MAS has long been observed as 

a potential tool for accelerating the development of new superior apple cultivars, but has 

only recently been applied to breeding programs (Kumar et al., 2014a). While it is 

difficult to find examples of Rosaceae DNA-informed breeding success stories in the 

literature, it is estimated that MAS at the seedling stage saved the Washington State 

University apple breeding program an estimated $USD 160,000 for the time period of 

2010 - 2012 alone (Peace, 2017).  

Agricultural innovation is important to meet the food demands of our growing 

world population, while still addressing the constraints of global climate change (Cobb et 

al., 2013). In the apple industry, issues such as disease resistance and fruit quality are 

now a breeding focus, as opposed to purely aesthetics (Noiton and Alspach, 1996). MAS 

could present a solution for producing new cultivars with ideal traits in a much shorter 

time span by enabling the selection of promising seedlings based on genotype before the 

time and money are spent on expensive phenotypic evaluations (Myles, 2013). An ideal 

apple cultivar would combine several horticulturally important traits to be a commercial 

and sustainable success. Several such traits were studied in apple for this thesis including 

the storage disorder soft scald, apple scab resistance, and flowering time.  

The advent of long-term controlled atmosphere apple storage technology in the 

last century (Kidd and West, 1927a; 1927b) has helped prolong the local commercial 

apple season and with this, there has been a focus on producing cultivars that maintain 

their texture characteristics during storage, while also avoiding storage disorders (Kumar 
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et al., 2014a). One such disorder is soft scald, which manifests in fruit stored ≤2.2
o
C and 

whose hallmarks are a smooth, but sharply defined darkening of the skin, and the fruit 

tissue directly below (Meheriuk et al., 1982). Cultivars differ with respect to their 

susceptibility to soft scald, with ‘Honeycrisp’ being susceptible (Watkins et al., 2005). 

Substantial fruit losses have been observed in some regions of the United States due to 

the disorder (Tong et al., 2003). Warming treatments prior to cold storage appear to 

reduce incidence (Meheriuk et al., 1982), but this not a catchall solution, as it could 

negatively affect fruit quality of some cultivars (Watkins et al., 2004). Research on the 

underlying biochemistry of soft scald development has revealed that when injected into 

fruit, hexanol, hexanal, hexyl acetate, and hexyl butyrate all induced soft scald, but 

hexanol produced the highest level (Wills, 1972). Relatively little is known about soft 

scald compared to other disorders, in part due to its unpredictable nature (Watkins et al., 

2004). A marker for soft scald would be particularly useful for screening out seedlings 

that would exhibit this disorder when placed in storage, therefore this thesis aimed to 

explore its genetic basis using QTL mapping and GWAS. 

 The management of long-lived perennials can be costly for both the grower, and 

the environment. For example, to properly manage apple scab (Venturia inaequalis 

[Cke.] Wint.) in Eastern USA orchards, eight to 10 applications of fungicide might be 

applied to an orchard in a single growing season (Grove et al., 2003). Such control 

methods are necessary, as the apple scab fungal pathogen causes extensive damage to 

both the leaves and fruit of apple, resulting in yield losses (Cova et al., 2015). Another 

approach to its management involves breeding new cultivars with apple scab resistance. 

The use of apple scab resistance in cultivar development provides a good learning lesson 
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for prioritizing the diversification of resistance sources (Brown and Maloney, 2003). V. 

inaequalis goes through a sexual reproduction phase each year, which can therefore alter 

its virulence (Bastiaanse et al., 2015). The Rvi6 (Vf, former nomenclature) gene from 

Malus floribunda 821 has been widely used in breeding programs around the world, but 

new pathogen strains have emerged that can overcome this form of resistance (Cova et 

al., 2015). Many breeding programs are now focusing on pyramiding resistance from 

several different sources into new cultivars (Kumar et al., 2014a), however it is difficult 

to distinguish phenotypes of pyramided plants from monogenic resistance (Bastiaanse et 

al., 2015). Molecular markers for different sources of apple scab resistance could help 

with this goal of pyramiding in resistance from multiple genetic sources. Approximately 

half of the cultivars in the Cultivar Evaluation Trial (CET) population located at AAFC 

Kentville exhibit some form of apple scab resistance. Therefore, this thesis also examined 

this trait using GWAS.  

 Finally, perennial crop growers are at particular risk due to fluctuating weather 

patterns associated with climate change. In apples, flower bud initiation occurs in the 

season prior to bloom, followed by a chilling period, and budbreak the following spring 

(Dennis, 2003). The timing of apple budbreak and flowering in the early spring puts 

production at risk due to frost events (Mehlenbacher and Voordeckers, 1991), and there is 

already evidence of advancement in bloom dates in both Europe (Legave et al., 2009), 

and the northeastern USA (Wolfe et al., 2005). For example in 2012, a period of high 

temperatures in early spring caused many horticultural crops in the midwestern United 

States to bloom nearly a month early (Gottschalk and van Nocker, 2013). Subsequent 

frost events caused extensive losses in several perennial tree fruit species. There are 
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several methods of apple tree frost protection including heating orchards, wind machines, 

and overhead irrigation (Seeley and Anderson, 2003). Another option for buffering 

against frost events is breeding new cultivars that exhibit later flowering (Liebhard et al., 

2003). This approach has been limited to date due to the complicated nature of this trait 

(Seeley and Anderson, 2003), and only now are the molecular underpinnings of flowering 

in perennial species beginning to be understood (Kurokura et al., 2013). Fortunately, 

there is evidence for phenotypic variation of  >30 days with respect to bloom time in 

apple and other wild Malus species (Mehlenbacher and Voordeckers, 1991; Gottschalk 

and van Nocker, 2013) that could be exploited for breeding purposes. Therefore, this 

thesis also explored flowering time in a large diverse germplasm collection called the 

Apple Biodiversity Collection (ABC) at AAFC Kentville using association mapping.  

Despite its potential benefits, MAS is still limited in apple breeding programs, 

largely due to the small number of markers linked to traits of interest available to 

breeders (Kumar et al., 2014a). Development of markers for the traits outlined above 

would be of great use for future cultivar development. There are several approaches to 

identifying such markers, including QTL mapping and association mapping, which are 

outlined below. 

 

2.3.3 QTL mapping  

One method for identifying genetic regions that can be used for MAS is 

quantitative trait loci (QTL) mapping, or linkage mapping. Apple QTL mapping 

populations generally consist of bi-parental F1 populations (Troggio et al., 2012), due to 

apple’s self-incompatibility (Myles, 2013). In order to explore the genetic basis of traits 
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of interest in apple, the ‘double pseudotestcross’ method was developed (Hemmat et al., 

1994). In this approach two parents are crossed, one of which does not carry the trait of 

interest, allowing for a segregation ratio of 1:1 for the trait in the F1 progeny, which is 

then analyzed separately in the background of both parents (Hemmat et al., 1994). While 

QTL mapping is a helpful tool for apple breeders, there are several limitations when 

compared to other crops, especially annuals, due to the yearly costs associated with 

maintaining large F1 populations (Myles, 2013). Another limitation of QTL studies is that 

the genetic variability studied is limited to that found within the parents and the F1 

population (Ben Sadok et al., 2015), therefore, QTL results are ideally compared across 

and within populations, years, and locations (Kenis et al., 2008). QTL resolution can also 

be within the centimorgan (cM) range, which could feasibly encompass hundreds of 

candidate genes (Flint-Garcia et al., 2003; Ingvarsson and Street, 2011; Khan and 

Korban, 2012). Finally, MAS based on traditional QTL mapping results could run the 

risk of genetic drag due to relatively long QTL intervals (Khan and Korban, 2012).  

 In spite of its limitations, QTL mapping in apple has proven useful for 

deciphering the genetic basis of traits important for breeding (Brown, 2012). The first 

linkage map consisted of 56 seedlings from a ‘Rome Beauty’ x ‘White Angel’ cross and a 

variety of markers (Hemmat et al., 1994), and since then many traits have been explored 

including firmness (Chagné et al., 2014), skin russeting (Falginella et al., 2015), and the 

disorder bitter pit (Buti et al., 2015). Recently, the genomics era has helped saturate 

genetic linkage maps, in comparison to a few years ago where maps contained a few 

hundred markers at most (Troggio et al., 2012). There are several tools available for 

conducting QTL analyses with markers generated using such technology, such R/qtl 
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(Broman et al.,  2003), which was developed for the R environment (R Core Team, 

2016). Past work by Gardner et al. (2014) used genotyping-by-sequencing (GBS) 

technology to generate a saturated linkage map for QTL analysis of apple fruit skin 

colour. A consensus map for a ‘Golden Delicious’ x ‘Scarlet Spur’ F1 cross consisting of 

1,994 SNP markers was constructed, and QTL analysis performed using R/qtl revealed a 

QTL peak on chromosome 9 that overlapped with a known transcription factor associated 

with fruit skin colour (Ban et al., 2007). Another potential use of QTL analyses in apple 

is the identification of areas of interest that can then be mapped to finer locations using 

techniques such as GWAS (Troggio et al., 2012), which was one goal of this thesis. 

 

2.3.4 Association mapping and linkage disequilibrium 

Advancements in genomic technologies have brought association mapping to the 

forefront of genetic analyses (Zhu et al., 2008). This technique, also referred to as linkage 

disequilibrium (LD) mapping, or GWAS, could be a powerful tool for plant breeders 

(Soto-Cerda and Cloutier, 2012). Instead of relying on controlled crosses as in linkage 

mapping, GWAS exploits historical recombination events in a natural population, and 

genetic diversity, allowing for a finer degree of mapping (Nordborg and Weigel, 2008; 

Zhu et al., 2008; Hamblin et al., 2011). This resolution hinges on the concept that over 

time, recombination via meiosis breaks down associations between QTL and markers that 

are not tightly linked (Jannink and Walsh, 2002). Significant marker-trait associations are 

pinpointed by locating markers in LD with a trait of interest (Khan and Korban, 2012), 

with the ultimate goal of connecting genotype with phenotype.  
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LD, also known as gametic-phase disequilibrium (GPD) (Jannink and Walsh, 

2002), refers to the degree of nonrandom association of alleles at different loci (Flint-

Garcia et al., 2003; Zhu et al., 2008), and is an important consideration for association 

analyses. LD describes the correlations between polymorphisms, which are affected by 

recombination and mutation events that accumulate over time (Flint-Garcia et al., 2003). 

Despite the term ‘linkage’, markers that are in LD are not necessarily linked (Jannink and 

Walsh, 2002), as ‘linkage’ refers to physical connections along a chromosome, while LD 

refers to allelic relationships within a population (Flint-Garcia et al., 2003). There are 

several terms for quantifying LD, two of the most common being D’ and r
2
 (also referred 

to as 
2
) (Flint-Garcia et al., 2003; Zhu et al., 2008), where: 

D = pAB - pApB 

Whereby: D = the difference between the observed and expected haplotype frequency 

based on allele frequencies; pAB = the frequency of gamete AB; pA = the frequency of 

allele A; pB = the frequency of allele B. 

D’ =   |D| 

         Dmax 

Where Dmax = min(pApb,papB) if D>0; 

           Dmax = min(pApB,papb) if D<0 

r
2
 =       D

2
 

            pApapBpb 

A researcher must have an understanding of the underlying LD of a population 

before performing association analyses (Flint-Garcia et al., 2003; Khan and Korban, 

2012), as it affects the ability to detect associations between genotype and phenotype 

(Mitchell-Olds, 2010). Due to their self-incompatibility, rapid LD decay was expected in 
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apple (Khan and Korban, 2012), and recent work suggests a rapid decay within several 

hundred basepairs (Migicovsky et al., 2016; Ma et al., 2017). As mentioned above, LD 

can be the result of tight linkage between alleles on the same chromosome but may also 

occur between loci on separate chromosomes, which can be the product of mutation, 

mating system, selection, and population structure (Soto-Cerda and Cloutier, 2012). 

When conducting association analyses it is especially important to control for the effects 

of population structure on LD, as this can generate spurious results (Soto-Cerda and 

Cloutier, 2012). Overall, there is a lack of information on population structure in apple, 

but GWAS may shed more light on this issue in the future (Troggio et al., 2012).  

 Genetic studies involving perennial tree crops present challenges such as their 

long generation time, trait evaluation complexities, and precocity, which suggests they 

might benefit greatly from GWAS (Khan and Korban, 2012). GWAS in apple are in their 

infancy (Iwata et al., 2016), but recent studies have focused on a suite of fruit quality and 

phenology traits (Kumar et al., 2013; Khan et al., 2014; Kumar et al., 2014b; Kumar et 

al., 2015; Migicovsky et al., 2016; Moriya et al., 2017; Di Guardo et al., 2017; Farneti et 

al., 2017; Amyotte et al., 2017). Association mapping could prove helpful for roadblocks 

in previous apple QTL mapping studies but to achieve this, libraries of genotype data, 

such as single nucleotide polymorphisms (SNPs), must be generated. 

 

2.3.5 SNPs 

In GWAS, phenotype and genotype data, often in the form of single nucleotide 

polymorphisms (SNPs), are examined to elucidate candidate causation (Nordborg and 

Weigel, 2008). A SNP occurs when there is a nucleotide basepair (bp) change (A, T, G, 
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or C) between DNA sequences, and are largely mutations resulting from DNA replication 

errors (Edwards et al., 2007). Synonymous SNPs do not result in an amino acid change 

when they occur in a coding region, whereas non-synonymous SNPs do (Edwards et al., 

2007). In plant species several factors can affect the distribution of SNPs throughout the 

genome including breeding systems (i.e., inbreeding versus outbreeding), but typically a 

SNP is thought to occur every 100 to 300 bp (Edwards et al., 2007). Researchers hope to 

overcome the past challenges of QTL analyses using SNPs and association mapping to 

pinpoint causal mutations, or quantitative trait nucleotides (QTNs) (Ingvarsson and 

Street, 2011), resulting in ‘the ultimate genetic marker’ (Edwards et al., 2007). 

As mentioned above, the degree of LD or LD decay in an organism or population 

can significantly affect the number of markers required for analysis (Flint-Garcia et al., 

2003; Ingvarsson and Street, 2011), and consequently the mapping resolution (Hall et al., 

2010). A general rule is that more markers are needed in an outcrossing species, 

compared to species that experience longer spans, or slower decay, of LD (Hall et al., 

2010; Xu et al., 2012a), which has significant implications for GWAS in apple. Due to 

the rapid LD decay expected in apple GWAS populations, whole-genome sequencing 

should ensure sufficient power for causal polymorphism discovery (Migicovsky et al., 

2016). Although whole-genome sequencing is currently cost prohibitive, this may be 

possible in the future as sequencing costs continue to decline (Isik et al., 2015).  

 

2.3.6 Populations for genetic mapping 

One of the first steps in conducting genetic mapping in plants is choosing the 

appropriate population for an analysis. For QTL mapping in apple, F1 populations 
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generated via bi-parental crosses are the standard choice (Troggio et al., 2012). 

Association mapping, though, aims to exploit accumulated historical recombination 

events, therefore large populations of diverse material are needed (Myles et al., 2009). 

This approach to population choice is why it is thought association mapping results are 

more widely applicable for MAS compared to linkage studies, and larger population sizes 

also allow for greater power to detect genetic effects, especially those of smaller effect 

(Zhu et al., 2008; Ingvarsson and Street, 2011).  

The development and analysis of plant biodiversity germplasm collections are 

crucial to understanding and utilizing phenotypic variance, to meet the world’s future 

agricultural needs (Cobb et al., 2013). However, it is expensive to maintain the 

germplasm collections necessary for GWAS (Ingvarsson and Street, 2011). This 

monumental task could be alleviated by setting up networks of researchers collaborating 

on common germplasm, while pooling phenotypic data (Cobb et al., 2013). An ideal 

germplasm collection for GWAS in apple could be the USDA Malus core collection in 

Geneva, New York (Khan and Korban, 2012). Indeed, many of the selections in the 

Apple Biodiversity Collection (ABC) located at the Agriculture and Agri-Food Canada 

(AAFC) Kentville Research and Development Centre in Nova Scotia are derived from 

this germplasm collection. The ABC contains approximately 1,100 commercial cultivars 

and Malus relatives planted in an incomplete block orchard design. This large, diverse 

population, and orchard design combined with association mapping will be a powerful 

tool for studying the underlying genetic basis of traits important to the sustainability and 

longevity of the Canadian apple industry.  
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After a population has been established for an association mapping study, one of 

the first steps in conducting such analyses is the generation of genotype data using one of 

the available sequencing technologies, such as genotyping-by-sequencing. 

 

2.3.7 Genotyping-by-sequencing 

One NGS technique generating much interest is genotyping-by-sequencing 

(GBS), whereby restriction enzymes are used to reduce genome complexity (Xu et al., 

2012a). This method, developed by Elshire et al. (2011), generates reduced representation 

libraries (RRLs) via DNA digestion with methylation-sensitive restriction enzymes. 

Using methylation-sensitive restriction enzymes helps to avoid repetitive regions, which 

can complicate alignment (Khan and Korban, 2012). Samples are tagged with an 

identifier, such as a unique barcode adaptor sequence (Elshire et al., 2011), followed by 

multiplexing in sequencing lanes (Khan and Korban, 2012). These barcodes allow for 

sample organization following sequencing on an NGS platform, such as the Genome 

Analyzer II (Illumina, Inc., San Diego, CA) (Elshire et al., 2011). Overall, GBS generates 

sequence data in a timely, specific, and highly reproducible fashion (Elshire et al., 2011). 

It is expected that the cost of NGS will continue to decline in the future (Zhu et al., 2008; 

Nordborg and Weigel, 2008; Hall et al., 2010; Xu et al., 2012a), and that read lengths will 

increase (Ingvarsson and Street, 2011). GBS also has the added benefit of avoiding 

ascertainment bias attributed to platforms such as arrays (Isik et al., 2015).  

Using GBS for marker development in apple may prove challenging, though, for a 

number of reasons. When samples are distantly related to the reference genome, there can 

be problems with alignment and genotype calling (Myles, 2013). In addition, not all 
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samples are sequenced to the same degree, which can result in missing data across sites in 

the genome (Myles, 2013). Fortunately, NGS data sets can always be re-aligned to 

improved reference genomes using new bioinformatics tools to extract as much useful 

data as possible, which may help overcome some of these challenges in the future 

(Myles, 2013).  

 

2.3.8 Analysis of GBS data and SNP calling 

There are several pipelines available for processing GBS data and calling SNPs. 

One such pipeline described by Gardner et al. (2014) incorporated custom python scripts 

and existing software to process raw sequence data and prepare inputs for SNP calling 

and locus quality filtering. DNA barcode deconvolution and basic sequence quality 

filtering were carried out using a custom python script (barcode_splitter.py), after which 

separate .fastq files for each DNA sample were aligned to the apple reference genome (v. 

1.0p, https://www.rosaceae.org/species/malus/malus_x_domestica/genome_v1.0p) using 

the Burrows-Wheeler aligner (BWA) (Li and Durbin, 2009). Finally, SNP calling was 

performed using the genome analysis toolkit (GATK) (McKenna et al., 2010) on the 

master alignment file after further processing with SAMtools (Li et al., 2009) and Picard  

(https://broadinstitute.github.io/picard/). Conducting GBS for marker discovery in 

heterozygous crops can lead to genotype gaps, which necessitates the development of 

improved genotype calling and imputation algorithms (Myles, 2013). Fortunately 

genotype calling pipelines continue to be developed and improved, including TASSEL 

(Bradbury et al., 2007) and SAMtools. Software has also been developed for unphased 
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genotype data from heterozygous species that imputes missing SNP genotype data using 

a k-nearest neighbour imputation method called LD-kNNi (Money et al., 2015).  

Many of the programs mentioned provide opportunities for researchers to fine-

tune sequence data processing and SNP calling approaches based on their research needs. 

For example, if the desire is to saturate the genome as much as possible for markers with 

the hope of identifying one or a few markers associated with a trait, then a researcher 

may be willing to sacrifice SNP quality for an increase in SNP quantity. Conversely, if a 

researcher is interested in only a small number of high quality markers for the purposes 

of evaluating population structure and linkage disequilibrium, they may decide to 

sacrifice quantity for quality. A researcher must strike a balance between these two 

routes, depending on their specific research goals.  

 

2.3.9 Development of high-throughput phenotyping systems for genetic mapping 

While generating, filtering, and analyzing genotype data are important elements to 

association analyses phenotyping is equally important, and as the cost of genotyping 

decreases funds and time will be allocated to phenotyping (Hall et al., 2010; Ingvarsson 

and Street, 2011). It can be difficult to collect adequate, high-quality phenotype data on a 

large, diverse population for genetic analyses (Zhu et al., 2008), but is crucial for sound 

association mapping (Hall et al., 2010; Cobb et al., 2013). Important considerations when 

phenotyping for GWAS, include: the ease by which a trait can be measured, its 

quantitative nature, the possibility of automation, the cost associated with its 

measurement, what indirect factors influence its expression, how data will be managed, 

stored, and processed, and what the appropriate analysis will be (Cobb et al., 2013). One 
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benefit of clonal plant studies is the ability to replicate genetically identical individuals 

through vegetative propagation, to identify variation due to the environment, and 

genotype x environment (G x E) interactions (Ingvarsson and Street, 2011). Due to the 

expense associated with maintaining large diversity collections of perennial crops, 

though, controlling for E and G x E interactions in apple GWAS will likely remain a 

challenge in the immediate future. 

There are several issues unique to phenotyping apples for GWAS. Progeny in an 

F1 cross and indeed a diversity collection do not mature at the same time, which makes 

phenotyping challenging. There are also issues with respect to how to efficiently assess 

maturity (Ben Sadok et al., 2015). When choosing to harvest apple fruit, often a 

compromise needs to be made between quality and predicted storability (Watkins, 2003). 

There are several harvest indices for apple, including: internal ethylene concentration of 

the fruit, starch pattern index, firmness, background fruit skin colour, and seed colour 

(Watkins, 2003). One new technology for assessing maturity is the delta absorbance (DA) 

spectrometer, which is a non-destructive tool for assessing apple maturity. The DA meter 

generates a measure of chlorophyll content in the apple peel by calculating the absolute 

difference in absorbance maxima of two wavelengths of light (Toivonen et al., 2012). 

Harvest maturity will be assessed in this thesis using a combination of the above 

approaches to assess maturity in a wide range of genotypes.  

 The phenome of a plant species represents a seemingly infinite source of new 

discoveries (Cobb et al., 2013) and overall, there is a lag with respect to phenotyping 

technologies compared to genotyping technologies (Xu et al., 2012a). Xu et al. (2012a) 

described a precision phenotyping system as one that delivers data in a high-throughput 
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generation, collection, processing, analysis and delivery fashion. It is also important to 

reduce the “signal-to-noise” ratio when phenotyping, with techniques including careful 

selection of experimental plot location, uniform management of a germplasm collection, 

and mechanization, to name a few (Xu et al., 2012a). One data collection method for 

GWAS incorporates a barcoding system and portable barcode scanners (Zhu et al., 2008). 

This data collection approach was incorporated during the establishment of the ABC 

orchard, and allows for fast, efficient data collection and processing.  

As large amounts of phenotyping data are generated, there is a need for 

appropriate data management and storage (Cobb et al., 2013). Popular methods of storing 

phenotype data in-house include a local database, or a laboratory information 

management system (LIMS) (Cobb et al., 2013). Another option is a Structured Query 

Language (SQL) database, which is used to organize phenotype data collected from the 

ABC, whereby queries can be used to compile a table from various linked tables within 

the database. When working with perennial crops, it is essential that data be organized in 

an efficient and up to date manner, as data will be collected over the course of many 

years in order to produce robust GWAS results.  

 

2.3.10 Statistical tools for association mapping and complementary analyses 

In addition to generating genotypic and phenotypic datasets of sufficient size and 

quality for genetic mapping, a researcher must also know how to appropriately analyze 

data to reach sound conclusions. Helpful statistics for association analyses include linear 

regression, analysis of variance (ANOVA), t tests, and chi-square tests (Zhu et al., 2008). 

Additionally, there are many software tools available for different portions of association 
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studies including TASSEL, STRUCTURE, SPAGeDi, EINGENSTRAT, SAS, and R for 

method development (Zhu et al., 2008). The techniques and literature surrounding 

analysis of GBS data and association mapping are constantly improving, and were 

expected to evolve even during the course of this thesis.  

In many quantitative genetics experiments, linear models fitted with maximum-

likelihood approaches have been a popular analysis method (Cobb et al., 2013). For 

phenotypic data analysis, though, this method has several shortcomings, such as the need 

for extensive replication and extensive procedures to normalize data (Cobb et al., 2013). 

Another alternative is the Bayesian approach, where instead of generating point 

estimates, distributions of random variables of interest are described (Cobb et al., 2013). 

This method can also compensate for issues such as non-normal data, unbalanced 

designs, outliers, and fewer replications compared to maximum-likelihood approaches 

(Cobb et al., 2013). In addition to the methods available for phenotype data analysis for 

GWAS, there exist several methods for the association analysis portion. Accounting for 

population structure is an important consideration for GWAS (Zhu et al., 2008; Nordborg 

and Weigel, 2008), but the newly developed unified mixed-model (Zhu et al., 2008) 

appears promising (Hall et al., 2010). With this approach, population structure 

information and cryptic relatedness among members of the GWAS population are 

exploited to manage population structure (Hall et al., 2010). A model is then fitted based 

on two matrices: a matrix of population effects (Q), and a matrix explaining relative 

kinship (K) (Hall et al., 2010). Korte et al. (2012) proposed an extension to this linear 

mixed-model approach called the fully parameterized multi-trait mixed model (MTMM), 

which also accounts for correlated phenotypes. There are several software packages 
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available for conducting GWAS including TASSEL (Bradbury et al., 2007) and CARAT 

(Jiang et al., 2016), for quantitative date and binary data, respectively. Different analysis 

methods for processing phenotype data and subsequent GWAS should be considered, and 

chosen based on the experimental design and the trait of interest of a particular study. 

Another imperative consideration for GWAS is controlling for multiple testing 

and type I error rate. One common method is the Bonferroni correction, whereby the type 

I error rate significance level of α is adjusted for multiple testing by dividing α by the 

number of tests conducted (i.e., SNPs) (Balding, 2006), but this method is regarded as 

conservative (Ogura and Busch, 2015). Another approach involves calculating Meff, or the 

effective number of independent tests, using the “SimpleM” package (Gao et al., 2010). 

SimpleM derives Meff from SNP marker data using a principal component approach and 

the number of principal components that contribute to 99.5% of variation, and adjusting 

the threshold to α/Meff (Gao et al., 2010). Several methods exist for managing type I error 

rate, and should be addressed prior to running GWAS.  

After conducting GWAS, the genomic regions surrounding significant genotype-

phenotype associations must be explored for candidate genes. Three essential online tools 

for doing so in apple are the Genome Database for Rosaceae (https://www.rosaceae.org), 

the National Center for Biotechnology Information’s (NCBI) Basic Local Alignment 

Search Tool (BLAST®) tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi), and the Universal 

Protein Resource (UniProt) Knowledgebase (UniProtKB) (http://www.uniprot.org). 

After completing an association analysis and exploring significant marker-trait 

associations for candidate genes, there are several complementary analyses that can be 

conducted to explore factors such as population structure, signatures of selection, and 



 

 27 

genomic prediction. As mentioned earlier, population structure has important 

implications for GWAS, but principal components analysis (PCA) can also be used to 

explore the genetic basis of a population, or to explore relationships among phenotypes. 

Several tools are available for PCA, including the prcomp function in R. In some 

instances, after completing GWAS, it might be advantageous to look for selective sweeps 

in a population. One such method is the Cross Population Extended Haplotype 

Homozygosity (XP-EHH) test, where the near or achieved fixation of an allele in one 

population compared to a polymorphic state in a larger population context can be 

detected (Sabeti et al., 2007). This test detects alleles that have recently risen to high 

frequency, through the detection of long-range haplotypes that have yet to be broken up 

by recombination (Sabeti et al., 2007).  

Finally, in instances where a trait of interest for an association analysis is 

controlled by many small effect loci, genomic selection (GS) could be a more effective 

tool for breeders compared to GWAS (Myles, 2013). GS is used to predict the genetic 

value of potential selections using their genomic estimated breeding value (GEBV), 

generated using a series of markers positioned across the genome (Newell and Jannink, 

2014). It is believed that since GS uses all markers, the GEBV may capture more genetic 

variation, as it encompasses both minor and major marker effects (Newell and Jannink, 

2014). In GS, a training population is used to generate a prediction equation (Kumar et 

al., 2014a), which is then used in combination with genotypic data from a population of 

non-phenotyped individuals (a selection population), to generate GEBVs (Kumar et al., 

2014a). There are several tools available for calculating genomic prediction accuracies 

including the “PopVar” R package (Mohammadi et al., 2015). These types of analyses, in 
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combination with GWAS, are hoped to best explain the genetic basis of the traits 

explored in this thesis.  

 

2.3.11 Association mapping challenges 

As with many genetic analysis techniques, several challenges have arisen with 

GWAS. There are many ways in which genomes can vary across and within species, 

including gene copy number variation (CNV), presence/absence variation (PAV), and 

larger scale inversions, translocations, and segmental duplications of chromosomes 

(Olsen and Wendel, 2013). Also, gene, or in some cases whole genome, duplication 

commonly occurs in the plant kingdom (Olsen and Wendel, 2013). It is expected that in 

this study, performing GWAS in apple will be a challenge due to the apple’s relatively 

recent whole genome duplication, and its self-incompatibility, which results in both 

heterozygosity, and an expected rapid decay in LD (Khan and Korban, 2012; Bianco et 

al., 2016). 

Finally, a common criticism of GWAS is the issue of ‘missing heritability’ (Hall 

et al., 2010; Brachi et al., 2011), or unexplained heritability components, with a classic 

example being the heritability of human height (Ingvarsson and Street, 2011). Although 

human height is understood to be highly heritable (80 - 90%), past GWAS 

polymorphisms associated with this trait only explained ~5% of heritability (Maher, 

2008). It was thought that this issue of unexplained heritability might have been in part 

due to low frequency functional alleles within mapping populations (Myles et al., 2009). 

More recent work has explained a higher proportion of variance associated with this trait 

(45%) when analyses incorporated all SNPs simultaneously (Yang et al., 2010). Yang et 
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al. (2010) concluded that much of the former “missing heritability” was due to small 

individual effects that did not pass significance tests, and remaining heritability is likely 

affected by MAF of causal variants and low LD between these variants and SNPs. It has 

been suggested that GWAS and GS are limited in their ability to detect the impact of rare 

causal alleles (Cobb et al., 2013). In such instances, QTL mapping may be a more 

appropriate tool for evaluating such alleles (Soto-Cerda and Cloutier, 2012). There is also 

the overarching issue with GWAS that there are relatively few instances of independent 

replication of genotype-phenotype associations in the plant literature (Ingvarsson and 

Street, 2011). Therefore, the independent replication of significant marker-trait 

associations detected using GWAS in different populations is crucial (Ingvarsson and 

Street, 2011). To gain further confidence in GWAS results, complementary molecular 

biology or transgenic studies could also be conducted (Brachi et al., 2011; Ingvarsson and 

Street, 2011).   

 

2.4 CONCLUDING REMARKS 

 The efficient development of new apple cultivars to meet the environmental and 

commercial demands of the future remains a challenge. It is anticipated that new genomic 

sequencing technologies and bioinformatics tools will help to accelerate this endeavour 

by aiding in the discovery of novel genomic regions associated with horticulturally 

important traits that can be exploited using MAS. The overall goal of this thesis was to 

explore different methods of pinpointing such genomic regions across different traits, and 

populations of different size and composition. 
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CHAPTER 3. QTL ANALYSIS OF SOFT SCALD IN TWO APPLE 

POPULATIONS. 

 

This research chapter has been published, but has been formatted to ensure consistency 

throughout this thesis. Tables have been condensed to fit within the thesis format. 

 

McClure, K.A., K.M. Gardner, P.M.A. Toivonen, C.R. Hampson, J. Song, C.F. Forney, J. 

DeLong, I. Rajcan, and S. Myles. 2016. QTL analysis of soft scald in two apple 

populations. Nat. Hortic. Res. 3.  

 

<http://www.nature.com/articles/hortres201643> 

doi: 10.1038/hortres.2016.43 

 

3.1 ABSTRACT 

 

The apple (Malus x domestica Borkh.) is one of the world’s most widely grown 

and valuable fruit crops. With demand for apples year round, storability has emerged as 

an important consideration for apple breeding programs. Soft scald is a cold storage 

related disorder that results in sunken, darkened tissue on the fruit surface. Apple 

breeders are keen to generate new cultivars that do not suffer from soft scald and can thus 

be marketed year round. Traditional breeding approaches are protracted and labour 

intensive, and therefore marker-assisted selection (MAS) is a valuable tool for breeders. 

To advance MAS for storage disorders in apple, we used genotyping-by-sequencing 



 

 31 

(GBS) to generate high-density genetic maps in two F1 apple populations, which were 

then used for QTL mapping of soft scald. In total, 900 million DNA sequence reads were 

generated, but after several data filtering steps, only 2% of reads were ultimately used to 

create two genetic maps that included 1,918 and 2,818 SNPs. Two QTL associated with 

soft scald were identified in one of the bi-parental populations originating from parent 

‘11W-12-11’, an advanced breeding line. This study demonstrates the utility of next-

generation DNA sequencing technologies for QTL mapping in F1 populations, and 

provides a basis for the advancement of MAS to improve storability of apples. 

 

Keywords: linkage mapping, quantitative trait locus, apple, storage, disorder. 

 

3.2 INTRODUCTION 

 

 Apples (Malus x domestica Borkh.) represent a major horticultural crop 

internationally, with the second highest production value for a fruit crop (FAOSTAT, 

2013). Although the development of new cultivars focuses mainly on combining fresh 

fruit quality with pest and disease resistance (Brown and Maloney, 2003), low-

temperature related disorders are also a breeding target since new cultivars are expected 

to retain their desirable qualities during extended periods of cold storage (Watkins, 2003). 

Some cultivars of apples, such as ‘McIntosh’, have been grown for well over 200 years 

and there is an inherent risk with this practice: the pests and diseases that plague a 

cultivar continue to evolve and change, while a cultivar remains frozen in evolutionary 

time as it is continually vegetatively propagated (Myles, 2013). Confounding this issue is 
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the fact that breeding new cultivars can take substantial time and resources; for example, 

nearly 30 years passed between the initial cross that generated ‘Honeycrisp’ and its 

release as a commercial cultivar (Luby and Bedford, 1990; Cummins, 1991).  

Soft scald, or ribbon scald, is a disorder that manifests in fruit stored ≤2.2
o
C 

(Meheriuk et al., 1982), after 6 to 12 weeks storage (Hopkirk and Wills, 1981), and is 

thought to result from low temperature injury (Watkins et al., 2005). First described in 

1917, its symptoms are a smooth, but sharply defined darkening of the skin, and often the 

fruit tissue directly below (Ramsey, 1917; Meheriuk et al., 1982), with patches that vary 

in size from ≤0.64 cm diameter to the majority of the skin surface (Brooks and Harley, 

1934). Apple cultivars vary in their susceptibility to soft scald, and some high-value 

cultivars (e.g., ‘Honeycrisp’) can experience substantial fruit losses due to this disorder 

(Tong et al., 2003; DeLong et al., 2006). Many factors have been implicated in the 

severity of soft scald such as: maturity at harvest, growing season conditions, storage 

settings, fertilizer treatments, rootstock, crop load, and soil fertility (Plagge and Maney, 

1937; Meheriuk et al., 1982; Tong et al., 2003). It is likely that not simply one, but a 

combination of factors affect soft scald (Tong et al., 2003).  

Little is known about the biochemistry of soft scald development (Watkins et al., 

2004), but early work found that it could be induced by injecting apples with either 

hexanol or hexyl acetate (Wills and Scott, 1970), while another study found that hexanol, 

hexanal, hexyl acetate, and hexyl butyrate all induced soft scald, with hexanol having the 

most drastic effect (Wills, 1972). In addition, unaffected and affected tissue from the 

same fruit differed with respect to fatty acid composition: sound tissue had a higher 

percentage of linoleic acid (Hopkirk and Wills, 1981). Fatty acid composition also 
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differed between fruit, trees, and orchards, suggesting a link to differences in disorder 

susceptibility (Hopkirk and Wills, 1981). Despite challenges in determining the 

underlying cause of the disorder, years of research have found that storing fruit at warmer 

temperatures, such as 2.2
o
C, helps decrease scald in susceptible cultivars (Plagge and 

Maney, 1937). Other means of reducing soft scald include treatment with the antioxidant 

diphenylamine (DPA) (Watkins et al., 2004), warming periods prior to cold storage 

(Meheriuk et al., 1982; DeLong et al., 2004; DeLong et al., 2006), and treatment with 1-

methylcyclopropene (1-MCP) (Fan et al., 1999; DeEll and Ehsani-Moghaddam, 2010).  

Although numerous efforts have been made to reduce soft scald incidence in 

susceptible cultivars, Volz et al. (2001) suggest that this disorder is highly heritable and it 

may, therefore, be possible to breed new cultivars that are resistant to scald. One cost-

effective method of developing new apple cultivars is marker-assisted selection (MAS), 

where offspring are selected at the seedling stage using molecular markers associated 

with traits of interest (Kenis et al., 2008). Apples are an ideal candidate for MAS due to 

their long juvenile period, large plant size, and the expense associated with orchard 

maintenance (Myles, 2013). A marker for soft scald would be especially useful since the 

disorder may not be expressed under the testing conditions before cultivar release, as was 

the case for ‘Honeycrisp’ (Tong et al., 2003). Compared to crops of similar value, few 

quantitative trait locus (QTL) analyses have been completed in apple (Troggio et al., 

2012). However, significant research has focused on locating and annotating genes 

associated with apple scab (Venturia inaequalis) resistance (Brown and Maloney, 2003). 

Indeed, for the most part in apple, implementation of MAS in breeding programs has 
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focused on disease resistance (Kumar et al., 2012a) and some breeding programs are 

using MAS for monogenic traits such as apple scab resistance (Kenis et al., 2008). 

The release of an annotated apple reference genome (Velasco et al., 2010) has 

been essential in the pursuit of genetic studies in apple (Troggio et al., 2012), especially 

for marker discovery using next-generation sequencing (NGS) technology. Generally, 

increasing the number of markers in a study increases confidence that a trait linked to a 

true QTL has been discovered, and could be of use for MAS (Kumar et al., 2012a). 

Genotyping-by-sequencing (GBS) is a NGS technique that can be used to generate 

markers for a variety of genetic analyses (Elshire et al., 2011). It reduces genome 

complexity via restriction fragment digestion of isolated DNA, and allows for sample 

pooling and reaction multiplexing due to barcoded adapter sequences unique to each 

DNA sample (Elshire et al., 2011). The goal of this study was to explore the genetic basis 

of soft scald using the pseudo-testcross method (Hemmat et al., 1994) for linkage map 

construction followed by QTL mapping. The fruit from two F1 crosses from the 

Agriculture and Agri-Food Canada (AAFC) Summerland Research and Development 

Centre apple breeding program were analyzed after cold storage and QTL analyses were 

performed using single nucleotide polymorphism (SNP) markers generated using GBS. 

 

3.3 MATERIALS AND METHODS 

 

3.3.1 Plant material 

 The plant material used for this study originated from two F1 crosses planted at 

the AAFC Summerland Research and Development Centre in Summerland, British 
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Columbia, Canada that exhibited segregation for soft scald according to the breeder, 

CRH. Crosses were made between ‘11W-12-11’ (female parent) and ‘SPA440’ (male 

parent), and between ‘Ambrosia’ (female parent) and ‘Honeycrisp’ (male parent). Both 

‘11W-12-11’ (‘Summerred’ x ‘Discovery’) and ‘SPA440’ (Hampson et al., 2005) 

(‘Splendour’ x ‘Gala’) are advanced selections from the Summerland Research and 

Development Centre apple breeding program. ‘Ambrosia’ was a chance seedling 

discovered by Wilfred and Robert Mennell of Cawston, B.C., Canada in the 1980’s 

(Cummins, 1995), and its parentage is unknown. ‘Honeycrisp’ was developed by the 

University of Minnesota and was originally thought to be a cross between ‘Macoun’ x 

‘Honeygold’ (Cummins, 1991), but this parentage was later found to be incorrect. 

‘Honeycrisp’ is now believed to be a cross between ‘Keepsake’ and an unknown parent 

(Cabe et al., 2005). 

 For both crosses, emasculated female flowers were pollinated using dried pollen 

from the male parent at the balloon flower stage. After harvest, seeds were extracted and 

stratified for 2.5 to 3 months in sterile sand. The following spring, germinated seeds were 

planted in styrofoam plug trays in the greenhouse for one month before being 

transplanted to the seedling nursery and grown for 2.5 years. The ‘11W-12-11’ x 

‘SPA440’ cross was made in 2001 and 2003, while the ‘Ambrosia’ x ‘Honeycrisp’ cross 

was made in 2006. Trees were double budded in August onto either Budagovsky 9 (B.9) 

(‘11W-12-11’ x ‘SPA440’) or Malling 9 (M.9) (‘Ambrosia’ x ‘Honeycrisp’) rootstocks 

and trained as short spindles. The trees were planted in double rows, with 0.6 m between 

trees within a row, and alternating 1.8 and 3.0 m between rows. All pest management 

techniques followed industry standards. Trees were drip irrigated and a weed free strip 
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was maintained under the trees. Crop load was adjusted on all trees by hand thinning to 

one fruit per cluster with 10 to 15 cm between each fruit. Hand thinning was completed 

by early July each year. 

 

3.3.2 Phenotyping 

 Disease incidence was measured on trees bearing a minimum of 20 fruit. 

Beginning in the last week of August, fruit maturity was assessed twice weekly using a 

delta absorbance (DA) spectrometer (Sinteleia, Bologna, Italy). The DA meter has 

emerged as a potential non-destructive tool for assessing apple maturity, via measurement 

of chlorophyll a content in apple peel (Toivonen et al., 2012). More specifically, the DA 

meter generates a measure of chlorophyll content by calculating the absolute difference in 

absorbance maxima of two wavelengths of light (Toivonen et al., 2012). Trees with fruit 

index of absorbance difference (IAD) measurements ≤ 0.7 were flagged and 5 fruit per tree 

were measured again later that week. Once the mean fruit IAD value fell below 0.5, the 

tree was harvested (DeLong et al., 2014; Toivonen, 2015). Fruit were placed in labeled 

craft paper bags and kept in refrigerated air (RA) storage at 0.5
o
C for 3 months at the 

Summerland Research and Development Centre. After storage, fruit were visually 

assessed for soft scald presence and severity by noting the hallmarks of disorder 

manifestation (i.e., smooth, sharply-defined and darkened skin) (Meheriuk et al., 1982). 

For QTL mapping, scald phenotype measurements were converted to percentage of fruit 

in a sample that exhibited scald (i.e., incidence of disorder). Mapping was also conducted 

with data converted to binary format (i.e., presence/absence of scald). 

 



 

 37 

3.3.3 Genotyping 

 Leaf tissue was collected using a hole punch from each accession in each cross 

once, and collected in duplicate from both sets of parents. Punched tissue was dried using 

a freeze dryer before being shipped to the AAFC Kentville Research and Development 

Centre in Kentville, Nova Scotia, Canada for DNA extraction. Tissue was lyophilized 

and then ground using a 2010 Geno/Grinder
®
 (SPEX

®
SamplePrep, Metuchen, NJ, USA). 

Whole genome DNA was extracted using a NucleoSpin
®
 96 Plant II kit (Machery-Nagel, 

Düren, Germany) with the following modifications to the kit protocol: samples were 

incubated in lysis buffer for 60 min, and were processed using a vacuum manifold with 

an additional step of filtering lysate through receiver plates before proceeding to the 

binding step. DNA samples were quantified using the QuantiFluor
®
 dsDNA System and 

the GloMax
®
-Multi+ Microplate Multimode Reader with Instinct

®
 (Promega, Madison, 

WI, USA). 

 Library preparation and DNA sequencing were performed at L’Institut de 

Biologie Intégrative et des Systèmes (IBIS) at Université Laval, Quebec City, Québec, 

Canada using an Illumina HiSeq 2000 and the genotyping-by-sequencing (GBS) 

approach (Elshire et al., 2011), with the restriction enzyme ApeKI (Sonah et al., 2013). 

Each F1 progeny was sequenced once, while each parent in each cross was sequenced in 

duplicate as recommended by Gardner et al. (2014). 

 

3.3.4 SNP calling 

 A custom python script was used to parse the raw sequence file in .fastq format by 

unique barcode identifiers and to complete several quality filtration steps (Gardner et al., 
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2014). Any reads missing a barcode and/or restriction fragment tag were removed, and 

chimeric sequences and adapter sequences were trimmed. The reads from duplicate 

parent samples were pooled, and seven accessions that produced very low total read 

numbers were discarded from further analyses. Samples were aligned to version 1.0p of 

the apple reference genome 

(https://www.rosaceae.org/species/malus/malus_x_domestica/genome_v1.0p) using bwa 

(Li and Durbin, 2009) allowing 4% sequence mismatch. Samples were grouped by 

population (‘11W-12-11’ x ‘SPA440’, and ‘Ambrosia’ x ‘Honeycrisp’), and single 

nucleotide polymorphisms (SNPs) were called using the UnifiedGenotyper tool in GATK 

(McKenna et al., 2010). After calling SNPs, filtering was done using VCFtools (Danecek 

et al., 2011) with a maximum of 20% missing data per SNP, a minor allele frequency 

threshold of 0.20, and a minimum read depth of 8. SNPs were grouped for pseudo-

testcross consensus map construction into three groups and checked for segregation 

distortion using a chi-squared test: i) markers heterozygous in parent 1 and homozygous 

in parent 2 (Aa x aa), ii) markers homozygous in parent 1 and heterozygous in parent 2 

(aa x Aa), and iii) markers heterozygous in both parents (Aa x Aa). For further SNP 

calling details, see the original protocol (Gardner et al., 2014). 

 

3.3.5 Consensus map construction 

 SNPs were binned in each population by 2 cM windows and those from 

unassembled regions of the genome were removed before consensus map construction. A 

CP type (outbreeder full-sib family) consensus map was constructed for each population 

using JoinMap 4.0 (Van Ooijen, 2006), with N = 221 for the ‘11W-12-11’ x ‘SPA440’ 



 

 39 

cross, and N = 119 for the ‘Ambrosia’ x ‘Honeycrisp’ cross. Markers were placed into 

linkage groups using the independence LOD option, and ordered on groups using the 

regression mapping algorithm and the Kosambi mapping function. The start order option 

was used, where markers were first ordered in one parental background using R/qtl and 

then fed into JoinMap. Any markers that had NNFIT values ≥ 50 were removed. 

Consensus maps for each cross were drawn using MapChart (Voorrips, 2002). 

 

3.3.6 QTL analysis 

 Interval mapping was conducted using R/qtl version 1.36-6 (Broman et al., 2003), 

using the scanone function. In 2013, phenotype data were available for 213 progeny of 

the ‘11W-12-11’ x ‘SPA440’ cross, and 91 progeny of the ‘Ambrosia’ x ‘Honeycrisp’ 

cross (Figure S3.1). In 2014, phenotype data were available for 71 progeny in each cross 

(142 phenotype data points total) due to inadequate crop load (Figure S3.1). QTL 

analyses were repeated, but no significant QTL were detected from the 2014 data (data 

not shown). The model = “binary” option of scanone was used to compare interval 

mapping of phenotype data as untransformed or binary (0 = 0-15% incidence, 1 = 16-

100% incidence). Problematic phasing of markers was highlighted by plotting the 

pairwise recombination fractions and LOD scores using the plotRF function, and 

switched using the switchAlleles function prior to consensus map construction and 

subsequent QTL analysis. A 5% LOD significance threshold was generated for each QTL 

analysis using 10,000 permutation tests. The proportion of variance explained by a QTL 

peak was calculated using 1-10
-2LOD/n

, where n = sample size (Gardiner et al., 2012). An 

interval of ±50 kb around SNPs with the highest LOD score on each chromosome was 
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searched for genes using the GBrowse tool for Malus x domestica v1.0 pseudo haplotype 

(https://www.rosaceae.org/gb/gbrowse/malus_x_domestica_v1.0-primary/). The PLINK 

genotype files, JoinMap input files, and phenotype data will be made available through 

the Dryad Digital Repository (http://datadryad.org). 

 

3.4 RESULTS 

 

3.4.1 SNP generation and filtering 

 The first step following sequencing was to process the raw DNA sequence data 

through a custom read filtration pipeline (Gardner et al., 2014). Read counts were fairly 

consistent across all four plates sequenced; each plate of 96 samples generating >200 

million reads (Figure 3.1, “raw data”). Seven samples failed to generate a sufficient 

number of reads and were discarded from further analyses. A total of 73,544,759 reads 

were also discarded for missing a barcode or restriction fragment tag. Finally, 

821,403,507 reads that were deemed “good reads” for downstream analyses also included 

those that were trimmed because they were adjacent to chimeric restriction fragment 

regions, or reads that read into a sequencing adapter region. Of the remaining reads, 39% 

were discarded because they did not map uniquely to the reference genome (Figure 3.1, 

“read mapping”). The remaining reads were then used to call SNPs using GATK. 

Additional stringent filtration steps included filters implemented in VCFtools (Figure 3.1, 

“genotype calling”), and this resulted in 26% of the total mapped reads being retained. At 

this point, markers that did not map to any of the 17 apple chromosomes - “unassembled” 

markers - were also removed from downstream analyses. 
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Figure 3.1 Number of reads across quality filtering steps. A total of 894,948,266 reads 

were generated.  In the first step (“raw data”), reads were rejected if they lacked a 

restriction fragment tag or a barcode; and were trimmed if they were chimeric or 

contained an adapter sequence. After these filters were applied, seven samples with low 

read counts were removed, further decreasing read counts. In the next step (“read 

mapping”), reads were rejected if they did not uniquely map to the reference genome. 

The number of reads was then reduced to the next bar (“genotype calling”) by filtering 

for minor allele frequency (MAF), read depth, and data missingness. Markers unanchored 

to the 17 chromosomes of the apple genome were also removed. Finally, in the final bar 

(“QTL mapping”), SNPs were retained only if they passed filters for segregation 

distortion and marker duplication. The final set of SNPs for QTL analysis were derived 

from 17,395,037 reads, or about 2% of the original sequence data. 
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3.4.2 Consensus map construction 

 All SNPs that passed VCFtools thresholds were divided into the three marker 

state categories for the pseudo-testcross linkage map construction. Markers were filtered 

for Mendelian segregation and binned to ease linkage map construction. What remained 

were 1,918 markers for the ‘11W-12-11’ x ‘SPA440’ (N = 221) consensus map (Figure 

S3.2), and 2,818 for the ‘Ambrosia’ x ‘Honeycrisp’ (N = 119) map (Figure S3.3). For the 

final QTL analysis for each parental background ([Aa x aa] and [aa x Aa]), 1,355 markers 

were used in the ‘11W-12-11’ x ‘SPA440’ population (N = 213 with phenotype data in 

2013), and 1,838 in the ‘Ambrosia’ x ‘Honeycrisp’ population (N = 91 with phenotype 

data in 2013). These sets of SNPs were generated from 9,771,701 and 7,623,336 reads, 

respectively (Figure 3.1, “QTL mapping”). In total, of the nearly 900 million reads 

generated, 17,395,037, or 2%, were used for the final QTL analyses. 

It was noted that parent ‘SPA440’ had substantially fewer reads compared to 

parent ‘11W-12-11’, which had >7 million more reads. In the ‘Ambrosia’ x ‘Honeycrisp’ 

cross, the parents’ read counts were more evenly distributed, differing by <1 million. The 

parental maps of the ‘Ambrosia’ x ‘Honeycrisp’ cross were well saturated with markers 

for each linkage group. ‘SPA440’ had few markers on chromosome 1, and not enough 

markers grouped to chromosome 5, hence, it is absent in Figure S3.4. Few markers also 

grouped to chromosome 6 in ‘11W-12-11’. Preliminary QTL analyses in R/qtl with all 

markers prior to linkage mapping suggested that loss of markers on these linkage groups 

did not drastically affect QTL analysis results.  

The consensus map for ‘11W-12-11’ x ‘SPA440’ consisted of 1,918 SNP 

markers, and spanned 1,586 cM. The average distance between SNPs across 
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chromosomes was 0.83 cM. For the ‘Ambrosia’ x ‘Honeycrisp’ cross, the consensus map 

contained 900 more markers (2,818), and was 1,464 cM in length. The average distance 

between markers across chromosomes was 0.52 cM. 

 

3.4.3 QTL Analysis 

To the best of our knowledge, only one other unpublished attempt has been made 

to genetically map apple soft scald to date. Significant soft scald QTL were observed for 

parent ‘11W-12-11’ on chromosomes 2 and 3 using 2013 data (Figure 3.2). No other 

significant QTL were detected in the other parental backgrounds (Figures S3.4, S3.5, 

S3.6). The two significant QTL detected from the 2013 data did not show stability across 

years: no significant QTL were detected in ‘11W-12-11’ from the 2014 data. The 

correlation in soft scald incidence between years was significant, but relatively weak in 

both populations (R
2
 = 0.121, p = 0.00251 in ‘11W-12-11’ x ‘SPA440’; R

2
 = 0.224, p = 

0.000344 in ‘Ambrosia’ x ‘Honeycrisp’; Figure S3.1). 

Scald incidence was skewed towards zero: F1 trees often produced fruit that 

exhibited no symptoms of scald (Figure S3.1). No data transformation improved 

normality, therefore the model = “binary” option in scanone was used to see if mapping 

the data as a binary trait drastically changed results, which it did not (Figure S3.7). As a 

result, all further analyses were completed with the data in its original form. 

The most significant QTL was obtained on chromosome 2 in 2013 for the ‘11W-

12-11’ parental background (Figure 3.3a). Marker chr2:3379607_C had a LOD score of  
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Figure 3.2 QTL analysis results for parent ‘11W-12-11’ across the 17 apple 

chromosomes. The solid line represents LOD scores for the QTL analysis, while the 

dotted line represents the significance threshold based on 10,000 permutation tests. 

Regions on chromosomes 2 and 3 are significantly associated with incidence of soft 

scald. 
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Figure 3.3 Soft scald QTL analysis results for parent ‘11W-12-11’. LOD scores for QTL 

analysis results for chromosome 2 (a) and chromosome 3 (b) are denoted by the solid 

line. The dotted line represents the significance threshold resulting from 10,000 

permutation tests. All SNP names reflect their positions according to the Golden 

Delicious v1.0 reference genome. The highest LOD score for chromosome 2 was marker 

chr2:3379607_C (4.91), and for chromosome 3 was marker chr3:36346255_C (4.19). 
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4.91, and the proportion of variation explained by this QTL was 10%. Another marker on 

chromosome 3 (chr3:36346255_C) (Figure 3.3b), had a LOD score of 4.19 and explained 

8.7% of variation. When the soft scald values for both marker states at each of these loci 

were plotted, in both instances the heterozygous state revealed an increase in soft scald 

values (Figure S3.8). A QTL confidence interval of 100 kb (±50 kb) around each peak 

was selected and these regions of the genome were analyzed using the GBrowse tool of 

the Genome Database for Rosaceae. For the peak on chromosome 2, no candidate genes 

were identified, but the predominant GO terms were associated with enzymatic activity 

or binding (Table S3.1). For the peak on chromosome 3, fewer genes were found within 

the mapping interval, many of which also had enzymatic activity or binding GO terms 

(Table S3.2).  

 

3.5 DISCUSSION 

 

Soft scald is a brown-to-black discoloration of apple skin and flesh (Brooks and 

Harley, 1934), as a result of low temperature or chilling injury (Fan et al., 1999), when 

fruit is stored below 2-3
o
C (Watkins et al., 2004). Soft scald is a common storage 

disorder in the cultivar ‘Honeycrisp’ in Canada (DeLong et al., 2004), which should be a 

concern due to the extensive recent plantings of ‘Honeycrisp’ (Tong et al., 2003). While 

holding ‘Honeycrisp’ fruit at warmer temperatures prior to storage helps mitigate soft 

scald, this pre-storage treatment can negatively affect quality in other cultivars (Watkins  

et al., 2004). Despite its benefits, it is still unclear why a warming period helps prevent 

soft scald (DeLong et al., 2006). ‘Honeycrisp’ did not display soft scald symptoms during 
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its selection in a breeding program in Minnesota (Tong et al., 2003). Therefore, a marker 

for soft scald would be of use for the development of new apple cultivars to avoid the 

storage problem ‘Honeycrisp’ growers now face. To the best of our knowledge, little 

research has explored the genetic basis of soft scald, but Volz et al. (2001) suggested that 

this disorder has relatively high heritability.  

One of the first steps in QTL analyses is marker discovery. The genomics era has 

helped saturate genetic linkage maps, in comparison to a few years ago where maps 

would have a few hundred markers at most (Troggio et al., 2012). GBS is one technique 

that can be used to generate thousands of markers for QTL mapping at relatively low cost 

(Gardner et al., 2014). There remain some challenges, though, such as accurate genomic 

DNA quantification since variable DNA concentrations result in uneven sequence 

coverage across samples (Elshire et al., 2011). In this study, there was a drastic difference 

in the number of reads generated for parent ‘SPA440’ compared to other parents: ‘11W-

12-11’ had nearly 5X as many reads, while ‘Honeycrisp’ and ‘Ambrosia’ individually 

had about 2.5X more reads. This may have been due to a lower DNA concentration or 

quality extracted from ‘SPA440’ samples compared to the other parents. Parental DNA 

samples were sequenced twice to ensure sufficient read counts for marker discovery, but 

this was still insufficient for the parent ‘SPA440’. Across samples, only 8% of reads were 

removed via the custom read filtering pipeline (Figure 3.1). However, nearly 40% of 

reads were discarded because they did not map to the reference genome. This is due in 

part to the fact that approximately 30% of the apple genome is absent from the anchored 

portion of the current reference genome sequence (Velasco et al., 2010). When samples 

are distantly related to the reference genome, there can be problems with alignment and 
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genotype calling (Myles, 2013). Read mapping will hopefully improve as the reference 

genome is improved over time, and the GBS reads generated here can be re-aligned to 

improved reference genome versions in the future and new SNPs can be called. Further 

drastic reductions in reads resulted from filtering SNPs for minor allele frequency, 

missing data and read depth using VCFtools, as well as marker selection for linkage map 

construction. After all steps were completed, only ~2% of the reads generated for this 

study were used for the final QTL analyses. Such reductions in usable reads have been 

observed in other work using GBS derived SNP markers for consensus map construction 

in apple (Gardner et al., 2014).  Improvements to the apple reference genome, and 

imputation algorithms that help fill in missing data are needed to exploit the 98% of the 

data we did not make use of in this study. 

Despite the fact that only 2% of sequence data was used for map construction, 

high-density genetic maps for two F1 crosses were generated. In a previous apple F1 

cross, a consensus map was constructed with 1,994 markers, totaling 1,272 cM in length 

with an average of 0.68 cM between markers (Gardner et al., 2014). The ‘11W-12-11’ x 

‘SPA440’ and ‘Ambrosia’ x ‘Honeycrisp’ consensus maps in this study (Figures S3.2, 

S3.3, respectively) were composed of a similar number of markers (1,918 and 2,818, 

respectively), and had comparable average marker densities (0.83 cM and 0.52 cM, 

respectively), but were both larger (1,586 cM and 1,464 cM, respectively). Overall, both 

maps fall within the range of previously published map lengths (Chagné et al., 2012; 

Khan et al., 2012). It is worth noting that 22% of the markers in both crosses had linkage 

group assignments that conflicted with the predicted chromosomal locations according to 

the reference genome. Such conflicts between genetic and physical positions have been 
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reported previously; for example 18% of GBS-based SNPs in Gardner et al. (2014) and 

14% of array-based SNPs in Antanaviciute et al. (2012). Incorrect anchoring of 

sequences in the reference genome assembly is the most likely explanation for this 

discrepancy and it is anticipated that future improvements to the reference genome will 

resolve most of these conflicts. 

There is great interest in discovering the genetic basis of traits in apple due to the 

high costs associated with apple breeding and the potential of MAS to reduce these costs. 

Many QTL have been identified in apple, including loci underlying fruit size 

(Devoghalaere et al., 2012; Potts et al., 2013), weight (Potts et al., 2013), dry matter 

(Chagné et al., 2014), ethylene production (Costa et al., 2014), firmness (Chagné et al., 

2014), volatile compounds (Vogt et al., 2013), acidity (Zhang et al., 2012), time of fruit 

maturity (Chagné et al., 2014), fire blight resistance (Gardiner et al., 2012), bitter pit 

(Buti et al., 2015), skin russeting (Falginella et al., 2015), and rootstock-induced dwarfing 

(Foster et al., 2015). As of 2011, the majority of QTL studies involved several hundred 

markers and 250 individuals or fewer (Kumar et al., 2012a). The QTL analyses presented 

here used populations comparable in size, although larger populations (>500) are ideal 

(Chagné et al., 2014). In the present study, two minor effect (<20% variation explained) 

QTL for scald were identified on chromosomes 2 and 3 in the parental background of 

‘11W-12-11’ (Figures 3.2, 3.3), where the heterozygous states may increase the incidence 

of soft scald (Figure S3.8). These QTL were associated with GO terms including 

enzymatic activity and binding (Tables S3.1, S3.2). It is noteworthy that the QTL peak on 

chromosome 2 in this study is in the vicinity of QTL associated with volatile compounds 

in other QTL mapping and GWAS work (Souleyre et al., 2014; Kumar et al., 2015). In 
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both studies, QTL at the beginning of chromosome 2 appear to be associated with various 

volatile compounds, including hexanol. Given the implication of compounds such as 

hexanol in the incidence of soft scald (Wills and Scott, 1970; Wills, 1972), these areas 

could prove relevant in elucidating the genetic basis of soft scald in the future. It is hoped 

that as annotation of the apple genome improves, further details about the genes adjacent 

to the QTL in this study will emerge. No other parental backgrounds revealed QTL 

(Figures S3.4, S3.5, S3.6). One possible explanation for this could be that the low sample 

size of the ‘Ambrosia’ x ‘Honeycrisp’ cross (91 progeny in 2013) reduced power to 

identify QTL.  

It is difficult to determine why the QTL identified in 2013 in ‘11W-12-11’ were 

not repeated when analyzing 2014 data. Even in an established orchard, the amount of 

fruit produced by each genotype can vary across years, although the fluctuations we 

observed in 2013 versus 2014 were relatively drastic (Kenis et al., 2008). In apple, the 

degree of stability of QTLs in diverse genetic backgrounds is largely unknown (Bink et 

al., 2014; Kumar et al., 2012a). In a QTL study of fruit quality, 1/3 of QTLs were stable 

over two harvest years, only one of which was a major QTL (Kenis et al., 2008). Ideally, 

QTL results in apple would be compared between and within populations, across years 

and locations, but this is often prohibitively expensive and time consuming for apple 

(Kenis et al., 2008). In the present study, it is likely that the lower sample size in 2014 

resulted in a reduction in precision. Determining the stability and transferability of the 

QTL discovered here will clearly require studies with larger sample sizes and marker 

numbers. To this end, genome-wide association studies (GWAS) hold particular promise 
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for identifying the causal loci underlying breeding targets in apple (Migicovsky et al., 

2016). 

One of the most important aspects of QTL analyses is phenotype data collection 

and interpretation. In apple mapping studies, it is particularly important to control for 

non-genetic variation, such as that imposed by the environment (Myles, 2013). For 

example, apple fruit texture is a complex trait that also shows considerable variation 

across cultivars, and efforts are being made to measure it comprehensively and efficiently 

(Ben Sadok et al., 2015). Another challenge to phenotyping in apple is studying how 

traits change during storage, and vary across years (Ben Sadok et al., 2015). In 

comparison to other disorders, little is known about soft scald (Tong et al., 2003), in part 

due to its unpredictable nature (Watkins et al., 2004), with a range of susceptibilities 

across but also within cultivars (Hopkirk and Wills, 1981). In this study, the correlation 

of disorder incidence across years was significant but low, which is highlighted by the 

difference in incidence between years in the susceptible parents ‘11W-12-11’ and 

‘Honeycrisp’ (Figure S3.1). Fruit maturity might affect soft scald development (Plagge 

and Maney, 1937), which is a concern as there is currently no universally accepted and 

non-destructive method of measuring apple maturity (Ben Sadok et al., 2015), although 

the DA meter appears promising (Toivonen et al., 2012; DeLong et al., 2014; Toivonen, 

2015). Even for a cultivar like ‘Honeycrisp’, authors have highlighted the lack of a 

significant harvest index, and suggested fruit be harvested based on color development 

(Watkins et al., 2005). In addition, progeny of a cross do not reach maturity 

simultaneously, which complicates phenotyping considerably. For this study, because the 

optimal harvest dates of F1 offspring are always unknown, fruit were harvested based on 
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a threshold of delta absorbance measured from the apple skin (IAD). A significant benefit 

of using the DA meter is that fruit are not lost due to destructive methods of measuring 

maturity. Methods of improving phenotyping efficiency and accuracy in apple are needed 

and should be explored.  

In the present study, it is impossible to ascertain the reason for lack of 

repeatability for the observed QTL. Based on the information presented above, there 

clearly are interacting factors affecting manifestation of soft scald. Another likely 

limiting factor is the low sample size of ‘Ambrosia’ x ‘Honeycrisp’ in 2013, and low 

sample sizes for both populations in 2014. Thus, there are clearly significant challenges 

associated with accurately quantifying storage disorders in sufficient sample sizes for 

well-powered genetic mapping in apples, but the present study provides a motivating 

starting point. 

 Although a prime candidate for improvement through marker-assisted selection, 

advances in apple breeding have been met with challenges (Brown and Maloney, 2003). 

One of the major limitations compared to other crops are the relatively high costs 

associated with maintaining large F1 populations for the many years needed to perform 

robust QTL mapping (Myles, 2013). There has been limited use of QTL in MAS due to 

problems such as stability across genetic backgrounds and environments (Kenis et al., 

2008). For these reasons, the use of well-controlled and replicated GWAS populations 

holds particular promise for elucidating the genetic underpinnings of commercially 

important traits in apple (Kumar et al., 2015). If soft scald is in fact controlled by many 

small effect loci, genomic selection (GS) could help overcome some limitations of 

standard QTL mapping (Kumar et al., 2012a). The present study demonstrates that, even 
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though only a small fraction of the DNA sequence data was used for genetic mapping, 

GBS data from apple F1 populations produced genetic maps comparable in quality to 

other methods that are suitable for QTL analysis. As an added benefit, the NGS data 

collected here can be re-aligned to improved reference genomes and analyzed with better 

bioinformatics tools in the future, possibly revealing QTL missed in the present study. 

With accurate, reliable and replicated phenotype data from large populations, the 

contribution of NGS technologies to the improvement of long-lived perennials can be 

fully realized. 
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CHAPTER 4. GENOME-WIDE ASSOCIATION STUDIES OF APPLE QUALITY 

AND SCAB RESISTANCE. 

 

4.1 ABSTRACT 

 

Apples (Malus x domestica Borkh.) are an important horticultural crop 

internationally. Growers of this long-lived perennial must produce fruit of adequate 

quality while also combatting abiotic and biotic stressors, such as apple scab (Venturia 

ineaqualis [Cke.] Wint.). In some climates, apple scab can negatively affect tree health 

and fruit quality, and is controlled by multiple fungicide sprays, or planting resistant 

cultivars. Traditional apple breeding methods can take up to 20 years from a cross to 

commercial release, but marker-assisted selection (MAS) could help hasten this process. 

It is thought that genome-wide association studies (GWAS) could be used to discover 

markers for MAS. In this study, GWAS were used to study the genetic basis of traits 

important to the Canadian apple industry. Significant associations between single 

nucleotide polymorphism (SNP) markers and traits such as apple fruit skin colour, 

change in firmness after storage, and apple scab resistance were detected across the apple 

genome. While apple fruit skin colour GWAS hits were replicated in both years of data, 

change in firmness after storage was not. The apple scab GWAS results were spread 

across seven chromosomes in the genome, and attempts were made to discern whether 

these associations represented one or several introgression events. This research 
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highlights the strengths and weaknesses of GWAS in a moderately sized collection of 

commercial apple cultivars. 

4.2 INTRODUCTION 

 

Our ability to feed the world’s growing population amidst concerns such as 

climate change continues to be a challenge, however, new breeding technologies could 

help in areas such as improved crop yields (Tester and Langridge, 2010). Within Canada, 

as well as internationally, some cultivars of apples have been propagated vegetatively for 

well over a hundred years, which leaves them frozen in genetic time and at the mercy of 

the evolving pests and diseases that plague them (Myles, 2013). Confounding this 

problem is the fact that most international apple breeding programs are based on a narrow 

gene pool (Kumar et al., 2014a). Clearly there is a need for new apple cultivars to meet 

future climatic and consumer demands, but development of new apple cultivars is 

hampered by constraints at both the genetic (self-incompatibility and inbreeding 

depression), and management (large plant size and long juvenile period) levels (Brown 

and Maloney, 2003).  

The goal of many apple breeding programs is to combine high fruit quality with 

disease resistance (Brown and Maloney, 2003). Apple scab is a major disease caused by 

the fungus Venturia ineaqualis, which results in extensive damage to both the leaves and 

fruit of apples (Cova et al., 2015). Its ascospores are spread via rainfall and air currents 

(Grove et al., 2003), and the two main methods of its control are planting resistant 

cultivars, or heavy fungicide use (15 to 25 treatments per season) (Cova et al., 2015). The 

use of apple scab resistance in cultivar development highlights the importance of 
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incorporating several diverse sources of resistance (Brown and Maloney, 2003). Despite 

there being several reported genes associated with resistance, of the commercial cultivars 

that are scab resistant, most contain the Rvi6 gene from Malus floribunda 821 (Patocchi 

et al., 2009). V. inaequalis goes through a sexual reproduction phase each year, which 

affects its virulence (Bastiaanse et al., 2015), resulting in the development and discovery 

of a race of scab that could overcome Rvi6 resistance in some selections in 1993 (Brown 

and Maloney, 2003). To avoid this in the future, it is essential that several resistance 

genes be pyramided into new cultivars (Kumar et al., 2014a). Laloi et al. (2017) found 

that pyramiding three forms of apple scab resistance located on linkage groups 1, 11, and 

17 into progeny improved resistance compared to when these resistance sources acted 

alone. It is difficult to distinguish phenotypes of pyramided plants from those with 

monogenic resistance (Bianco et al., 2014; Bastiaanse et al., 2015), however, molecular 

markers may prove a useful tool to differentiate these two types of resistance (Brown and 

Maloney, 2003).  

Molecular markers and marker-assisted selection (MAS) are of interest to apple 

breeders because genotyping of greenhouse seedlings can result in more desirable 

seedlings being planted in the field, thereby cutting down on cost and land requirements 

(Brown and Maloney, 2003). To that end, the release of an apple reference genome 

(Velasco et al., 2010) has greatly aided the efforts of MAS in apple breeding. Modern 

genetic marker data can be generated using several approaches, including 20K and 480K 

apple single nucleotide polymorphism (SNP) arrays (Bianco et al., 2014; Bianco et al., 

2016), or SNP discovery using data generated by the next-generation sequencing (NGS) 

genotyping-by-sequencing (GBS) approach (Elshire et al., 2011). SNPs are called using 
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bioinformatics tools, such as the TASSEL (Trait Analysis by aSSociation, Evolution and 

Linkage) pipeline (Bradbury et al., 2007), from data generated using sequenced reads 

from restriction enzyme-digested DNA. One of the main advantages of GBS compared to 

SNP arrays is that one is not limited by a fixed set of SNPs when genotyping (Chagné, 

2015). Another advantage is that the cost per data point for genotyping and whole 

genome sequencing continues to decline (Isik et al., 2015).  

Quantitative trait locus (QTL) mapping has been used in apple to study the 

genetic basis of fruit quality traits but across studies there is limited crossover of markers, 

and even phenotyping protocols (Costa, 2015). Other challenges include the need for 

large populations of related individuals, and the accompanying limited number of 

recombination events (Soto-Cerda and Cloutier, 2012). An alternative is genome-wide 

association studies (GWAS), which allow for a higher resolution of causal loci in 

comparison to past mapping techniques (Ogura and Busch, 2015). GWAS use diverse 

populations of unrelated individuals and acquired historical recombination events to 

explore genotype-phenotype relationships. It is important to control for relatedness and 

population stratification in GWAS, as it can lead to spurious results (Kumar et al., 2013), 

however, a GWAS approach developed by Yu et al. (2006), called the mixed linear 

model (MLM) accounts for both population structure, and familial relatedness using the 

kinship matrix (Soto-Cerda and Cloutier, 2012). One major limitation of GWAS is its 

ability to detect genotype-phenotype relationships associated with rare variants (Soto-

Cerda and Cloutier, 2012). Other issues that make GWAS in apple particularly 

challenging include apple’s heterozygous nature, its relatively recent whole genome 

duplication, and the rapid rate of linkage disequilibrium (LD) decay (Bianco et al., 2016). 
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Nonetheless, GWAS have been used to explore several important fruit quality traits such 

as titratable acidity (Kumar et al., 2013; Kumar et al., 2014b), soluble solid 

concentration, crispness, juiciness, flavour intensity (Kumar et al., 2014b; Amyotte et al., 

2017), russeting and fruit weight (Kumar et al., 2014b), bitter pit, internal browning, fruit 

splitting, fruit flesh colour (Kumar et al., 2013), fruit skin overcolour (Kumar et al., 

2014b; Migicovsky et al., 2016; Amyotte et al., 2017), harvest season (Migicovsky et al., 

2016), fruit firmness (Kumar et al., 2013; Migicovsky et al., 2016), flesh mealiness 

(Moriya et al., 2017, Amyotte et al., 2017), skin thickness (Amyotte et al., 2017), and 

volatile compounds (Kumar et al., 2015; Farneti et al., 2017). 

Genomic selection (GS) has recently emerged as another method to accelerate 

apple breeding. In GS, one attempts to predict the genetic value of potential selections 

using their genomic estimated breeding values (GEBVs) (Newell and Jannink, 2014). 

First, a training population is used to generate a predictive equation, then genotypic data 

from a population of non-phenotyped individuals (a selection population) is entered into 

the model, and GEBVs computed (Kumar et al., 2014a). The accuracy of GS is calculated 

using cross-validation methods, whereby the phenotype and genotype data are split into 

training and validation data sets (Kumar et al., 2014a). It is thought that GS and 

calculated GEBVs may capture more genetic variation, as GS incorporates both minor 

and major marker effects (Newell and Jannink, 2014). 

 The objective of this study was to use SNP data generated using the GBS 

approach to study fruit quality and scab resistance in a collection of apple cultivars. 

Results were compared across two years of data collection to determine whether novel 

genetic loci for commercially important traits could be identified. 
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4.3 MATERIALS AND METHODS 

 

4.3.1 The Cultivar Evaluation Trial (CET) population 

 

Apple trees used for this study consisted of the Nova Scotia Fruit Growers’ 

Association (NSFGA) Cultivar Evaluation Trial (CET) orchard, based at the Agriculture 

and Agri-Food Canada (AAFC) Kentville Research and Development Centre in Nova 

Scotia, Canada. The purpose of this orchard was to evaluate cultivars from international 

breeding programs for suitability to the Nova Scotia industry. Trees were planted 

annually in a randomized completed block design, so that for a given year, all cultivars 

(N total = 173) were evenly distributed within a row. Therefore, trees varied in age, but 

all trees were physiologically mature at the time of data collection (i.e., had been 

established in the orchard for 2-17 years prior to data collection). All trees were grafted 

onto M.9 dwarfing rootstock, with trees planted 1 m apart, with 5 m between rows. One 

goal of the CET was to assess cultivars resistant to apple scab, and therefore roughly half 

of the cultivars examined in this study were scab resistant, based on breeding records. 

Trees were maintained according to standard horticultural practices for the area, and no 

supplemental irrigation was applied. Trees were hand thinned in mid-July in 2013 to 

adjust crop load to commercial standards of one fruit per cluster with 10 to 15 cm 

between each fruit. In 2014, trees were first chemically thinned using Sevin XLR at 5 

Lha
-1

 when ‘Honeycrisp’ fruitlets were ~12 mm in diameter (mid-June), and hand 

thinning was completed to commercial standards in mid-July. 
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4.3.2 Phenotype data collection 

 In 2013 and 2014, fruit were harvested based on historical harvest dates, 

background skin colour change, fruit palatability (i.e., loss of bitter flavour), and seed 

colour (Watkins, 2003). Forty fruit per cultivar were harvested, with fruit selected 

randomly from all replications of bearing trees within a cultivar (mean N = 6). All 

phenotype measurements were taken on composite samples due to resource limitations. 

Measurements were taken on either the same day or no more than two days after harvest. 

All measurements were conducted on ten fruit per cultivar, except for soluble solids 

content (SSC) and titratable acidity (TA) measurements, which were completed on a 

composite juice sample from all ten fruit. Fruit skin colour was scored subjectively as the 

percentage of red blush covering the fruit surface. Firmness was measured in C Peak 

pounds (lb) on the red and green side of each fruit after a thin slice of skin was removed, 

using a fruit quality tester (Geo-Met Instruments, New Minas, Nova Scotia, Canada), and 

then averaged. Soluble solids content (%), was calculated using a hand-held digital 

refractometer (Atago Co., Tokyo). Titratable acidity was measured as mg malic acid100 

mL
-1

 of juice using a 2 mL juice sample mixed in 40 mL of distilled water, and titrated 

using 0.1 M NaOH until the phenolphthalein colour change was observed using an 

automated titrator (Brinkmann Model 350; Metrohm, Herisau, Switzerland). 

Following the measurements taken at harvest, the remaining fruit were kept at 

0.8-1°C in refrigerated air in stacked, perforated plastic bins covered in plastic sheets to 

retain moisture. After three months of storage, fruit were removed, allowed to come to 

room temperature, and measured for post-storage characteristics. All rotten fruit were 
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discarded, and when possible ten fruit were chosen randomly for post-storage 

measurements including firmness, SSC, and TA. Changes in firmness, SSC, and TA were 

calculated by subtracting the measurements at harvest from the post-storage 

measurements. 

 

4.3.3 Genotype calling 

 DNA extraction and sequencing via genotyping-by-sequencing (GBS) (Elshire et 

al., 2011) using the restriction enzymes ApeKI and PstI-EcoT22I were completed on 176 

unique CET apple accessions. Genotypes were called from .fastq files using TASSEL 

version 5.2.28 (Bradbury et al., 2007), and reference genome version 1.0p 

(https://www.rosaceae.org/species/malus/malus_x_domestica/genome_v1.0p). Quality 

filters included: i) a minimum depth of 8 and max depth of 100 reads, ii) sites deviating 

from Hardy-Weinberg Equilibrium (HWE) at P < 0.0001 were removed, iii) sites with 

more than 70% missing data were removed, iv) sites with fewer than 10 copies of the 

minor allele across all samples were removed, and v) only bi-allelic SNPs were retained. 

These filtering steps resulted in 31,809 SNPs and 43,650 SNPs from the ApeKI and PstI-

EcoT22I data sets, respectively. The two resulting variant call format files were then 

merged in TASSEL, and samples with more than 70% missing data were removed. This 

resulted in 75,130 SNPs for 173 samples, which were then imputed using LinkImpute 

v1.1 (Money et al., 2015) with the parameters k = 9 and l = 25, which resulted in an 

imputation accuracy of 93.4%. 
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4.3.4 Genome-wide association studies and genomic prediction for fruit quality 

 GWAS was performed for fruit quality data in 2013 and 2014 using TASSEL 

version 5.2.28 for quantitative traits, and CARAT version 1.3 (Jiang et al., 2016) for 

binary traits, after removing SNPs that were not anchored to one of the 17 chromosomes, 

and filtering for a minor allele frequency (MAF) of 0.05. This resulted in 55,361 SNPs in 

2013, 55,748 SNPs in 2014, and 55,147 SNPs for the GWAS for scab resistance. For all 

fruit quality traits analyzed using TASSEL, GWAS was performed using the 

WeightedMLM (PCA + K), except for scab resistance, which was run using just K to 

enable a meaningful comparison to the CARAT results. Quantitative data were 

transformed using the Box-Cox transformation only if transformation improved the 

normality of the residuals from the GWAS. The correlation between all quantitative traits 

across years was examined using the cor.test (Pearson’s) function in R, and presented 

using the heatmap.2 function of the “gplots” package in R, after Bonferroni correction for 

multiple testing. The significance threshold was determined for 2013, 2014, and scab 

GWAS separately, using the “simpleM” package in R (Gao et al., 2010), which calculates 

the effective number of independent tests (Meff). The significance threshold was drawn as 

-log10(α/Meff) where α was set to 0.05. Candidate genes for each trait were identified as 

those within a 100 kilobasepair (kb) window centered on a significant SNP using the 

Genome Database for Rosaceae (GDR) GBrowse tool (https://www.rosaceae.org). 

Genomic prediction accuracies were calculated using the x.val function of the “PopVar” 

R package, using rrBLUP for cross-validation (CV) with nFold = 5 and nFold.reps = 3 

(Mohammadi et al., 2015). Finally, high resolution DNA melting was used to genotype a 

SNP in the PG1 gene (G/T SNP at position 437 of GenBank accession L27743.1) 
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described in Costa et al. (2010). The forward primer sequence used was 5’-

TCCTTCATACACGGACAC-3’, and the reverse primer was 5’-

CTTGGCCTGATCAATTCCAT-3’. 

 

4.3.5 Apple scab resistance 

 Ninety-three SNPs significantly associated with apple scab were found on seven 

different chromosomes. Linkage disequilibrium between all pairs of scab-associated 

SNPs was calculated using the --r2 command in PLINK (Purcell et al., 2007). Because 

scab-associated SNPs within a chromosome were tightly clustered physically, it was 

assumed that most of these clusters of scab-associated SNPs probably represented a 

single locus. To determine how many of the seven putative scab resistance loci each 

accession carried, the TASSEL WeightedMLM output was used to determine which 

allele was associated with scab resistance. Next, the summed number of resistant alleles 

present within each accession at each of the seven putative loci was calculated.  These 

values enabled us to determine unequivocally whether an accession carried the resistance 

allele at each of the seven loci.   

Principal components analysis (PCA) was performed on 32,077 SNPs that had 

been LD-pruned (plink commands: indep-pairwise 10 3 0.5) and then filtered for MAF 

0.05 using the prcomp function in R after centering and scaling of the data. The pairwise 

identity-by-descent (IBD) was calculated in PLINK using the --genome command. For 

the purpose of the IBD analysis, ‘scab resistant’ cultivars were labeled in the orchard as 

scab resistant and also possessed all seven resistant loci. ‘Scab susceptible’ cultivars were 

labeled as scab susceptible and had no resistant loci according to our analyses. All 
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pairwise IBD values within the scab resistant group (SR:SR) were compared to pairwise 

IBD values between scab resistant and scab susceptible cultivars (SR:SS). The XP-EHH 

statistic (Sabeti et al., 2007) was calculated between susceptible and resistant accessions 

using the program “selscan” (Szpiech and Hernandez, 2014) from genotype data that had 

not been filtered for deviations from HWE (see above), but had been phased using 

“fastPHASE” (Scheet and Stephens, 2006). The dotted lines in Figure 4.4 and 

Supplementary Figure S4.5 delineate the upper 1% value of SNPs genome-wide. 

 

4.4 RESULTS 

 

4.4.1 Phenotype data collection 

 Correlations between all pairs of phenotypes over two years were evaluated, and 

are displayed as a heatmap in Figure 4.1 (see Supplementary Figure S4.1 for numerical 

values, and Table S4.1 for phenotype data summary). For traits that were measured in 

both years, all showed strong positive correlations (r ≥ 0.7) between the two years of data 

(harvest date [r = 0.967, p = < 1 x 10
-15

], fruit weight [r = 0.767, p = < 1 x 10
-15

], fruit 

skin colour [r = 0.838, p = < 1 x 10
-15

], firmness at harvest [r = 0.795, p = < 1 x 10
-15

], 

TA [r = 0.742, p = < 1 x 10
-15

], SSC/TA [r = 0.825, p = < 1 x 10
-15

], firmness after 

storage [r = 0.810, p = < 1 x 10
-15

]), except for SSC (r = 0.388, p = 8.052 x 10
-5

), and 

change in fruit firmness during storage (r = 0.614, p = 1.548 x 10
-14

). In both years, 

firmness measurements at harvest were significantly correlated with measurements after 

storage (for 2013, r = 0.747, p = < 1 x 10
-15

; for 2014, r = 0.753, p = < 1 x 10
-15

). Strong 

correlations were also observed between different traits within a year. For example, in  
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Figure 4.1 Correlation heatmap of CET phenotype data collected at harvest and after 

three months storage in refrigerated air in 2013 and 2014. The upper half of the triangle 

represents Pearson's product-moment correlation values ranging from -1 to 1. Colours 

range from dark blue to dark red, representing stronger positive and stronger negative 

correlations, respectively. The bottom half of the triangle represents the corresponding 

Bonferroni-corrected p-values, with darker shades of purple corresponding to lower 

values. 
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both years harvest date was positively associated with fruit firmness at harvest and after 

storage (2013 [r = 0.480, p = 3.098 x 10
-8

; r = 0.509, p = 1.465 x 10
-9

], 2014 [r = 0.602, p 

= 1.115 x 10
-14

; r = 0.535, p = 3.628 x 10
-10

]), suggesting that earlier apples were softer, 

and later apples were firmer. In the CET orchard, harvest began the first week of August 

and finished the first week of November. In both years, harvest date was also positively 

correlated with SSC (for 2013, r = 0.487, p = 1.511 x 10
-8

; for 2014, r = 0.410, p = 1.460 

x 10
-5

), suggesting that earlier fruit had lower sugar content. In combination, these data 

suggested that earlier harvested apples were softer and less sweet compared to later 

harvested apples. In both years, fruit weight was correlated with SSC, suggesting that 

larger apples were also sweeter (for 2013, r = 0.452, p = 4.459 x 10
-7

; for 2014, r = 0.337, 

p = 0.002). Finally, in both years firmness after storage was positively correlated with 

change in firmness (for 2013, r = 0.529, p = 1.586 x 10
-10

; for 2014, r = 0.347, p = 0.002), 

suggesting that the firmest apples after storage exhibited the least softening. 

 

4.4.2 Genome-wide association studies and genomic prediction for fruit quality 

 GWAS was performed on nine fruit quality traits separately for each year and the 

results are presented in Supplementary Figure S4.2. Three noteworthy associations are 

highlighted in Figure 4.2A-C. In both years, there were SNPs significantly associated 

with fruit skin colour on the distal ends of chromosomes 1 and 9 (Figure 4.2A). Although 

it did not reach above the significance threshold, a modest peak was observed on 

chromosome 3 associated with harvest date in 2013 (Figure 4.2B). For change in 

firmness following storage in 2013, one significantly associated SNP was found near the 

center of chromosome 10 (Figure 4.2C). Interestingly, this peak was not observed in the  



 

 67 

 

 

 

 

Figure 4.2 GWAS results for (A) fruit skin colour, (B) harvest date, and (C) change in 

firmness for the CET population in 2013 and 2014. The top row of Manhattan plots 

represents the results for 2013 phenotype data, and the bottom row the 2014 results. The 

middle row shows a zoomed in plot for the chromosome containing the GWAS hit, with 

the position of any genes in the literature for the corresponding trait denoted using a solid 

black, the gene name, and the corresponding MDP id from GDR. In all plots, the solid 

line represents the -log10(α/Meff) value significance threshold, where Meff = the effective 

number of independent tests, and α = 0.05. 
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data from 2014, despite a significant positive correlation between years for this trait (r = 

0.614, p = 1.548 x 10
-14

).  

 When a 100 kilobasepair (kb) window centered on each significant SNP was 

analyzed, several candidate genes were identified (Table S4.2). Two of the SNPs on 

chromosome 9 associated with fruit skin colour (S9_32743361; S9_32743362) are 

located approximately 100 kb upstream of a MYB transcription factor 

(MDP0000259614). While the peak for harvest date (Figure 4.2B) was not above the 

significance threshold, it was near an NAM, ATAF1,2, CUC2 5 (18.1), or NAC5 (18.1), 

protein (MDP0000868419) identified by Migicovsky et al. (2016) as a marker-trait 

association for harvest date and fruit firmness. Within the 100 kb window surrounding 

the SNP significantly associated with change in firmness in 2013 (S10_21375724), there 

is an ethylene-responsive transcription factor (ERF) (MDP0000855671) that was 

identified as a possible candidate gene for this phenotype. However, the SNPs found that 

were associated with change in firmness during storage were also about 500 kb from the 

PG1 gene (MDP0000326734), which is a well-studied locus, involved in fruit texture 

(Costa, 2015). To determine whether the GWAS hit for change in firmness was in fact 

capturing an association with PG1, 98 cultivars were genotyped for a putatively 

functional SNP in PG1, which has been shown to predict firmness in several apple 

populations (Costa et al., 2010). GWAS was re-run for change in firmness including the 

PG1 SNP and found that while no SNPs exceeded the significance threshold, the PG1 

SNP (S10_20843047; red dot on graph) showed no signal of association (p = 0.02561, at 

Meff significance threshold of 1.539 x 10
-6

), while the SNP originally identified as the 
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most significant still showed the strongest association (S10_21375724; indicated with a 

blue dot on the graph; Supplementary Figure S4.3). 

 Finally, the ability to predict phenotypes using a genomic selection model was 

evaluated by performing cross validation (Figure 4.3). Predictability was measured as the 

correlation (r) between predicted and observed values, and these values ranged from 0.08 

for change in firmness (2014), to 0.72 for scab resistance. 

 

4.4.3 Apple scab resistance  

GWAS performed using TASSEL revealed 93 SNPs across seven chromosomes 

that were significantly associated with scab resistance (Figure 4.4A). Several of these loci 

overlapped with signatures of selection for scab resistance as identified through an XP-

EHH analysis (Figure 4.4B). A Manhattan plot for each chromosome containing a locus 

associated with apple scab, together with the results of the XP-EHH scan from that 

chromosome, are shown in Supplementary Figure S4.5. For the SNPs associated with 

apple scab resistance (Figure 4.4A), nearby predicted genes included several leucine-rich 

repeat (LRR) genes on chromosome 1 (MDP0000432882, MDP0000213589, 

MDP0000088815, MDP0000318241, MDP0000792424, MDP0000473154), 4 

(MDP0000875229), 12 (MDP0000236942, MDP0000741253), and 15 

(MDP0000282967) (Table S4.2). A BLAST query suggested that in addition to LRR 

properties, several of these genes also shared similarity with the apple scab Rvi6 

resistance gene or paralogs (HcrVf1-4). However, since the reference genome assembly is 

based on the cultivar ‘Golden Delicious’, which does not contain the introgression(s) 
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Figure 4.3 Genomic prediction values for all traits studied in the CET population in 2013 

(green) and 2014 (light blue), plus historical scab resistance data. Each bar represents the 

mean rrBLUP r value at nFold = 5, nFold.reps = 3, and the error bars correspond to the 

standard deviation. 
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Figure 4.4 The (A) GWAS and (B) Cross Population Extended Haplotype Homozygosity 

(XP-EHH) test results for the historical scab resistance data. In the top panel, the solid 

line represents the -log10(α/Meff) value significance threshold. In the bottom panel, the 

dotted line represents the upper 1% quantile of XP-EHH values. 
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from wild Malus species that confer scab resistance, we suspected that the DNA 

sequence(s) responsible for scab resistance in this population are absent in the reference 

genome. Thus, the identification of candidate genes for scab resistance based on this 

assembly should be interpreted with caution. As apple scab resistance was recorded as a 

binary trait, TASSEL GWAS results were compared to another association mapping 

model specifically designed for binary data, CARAT. It was found that the two methods 

gave fairly consistent results, and that the -log10p-values generated from the two methods 

were correlated (r = 0.745, p = < 2.2 x 10
-16

; Supplementary Figure S4.4).   

The LD between scab-associated SNPs was investigated to determine the degree 

to which the identified loci represented independent genetic sources of scab resistance. 

Figure 4.5A displays the correlations between all 93 scab-associated SNPs as a heatmap. 

The heatmap suggests that there is significant LD not only within chromosomes, but also 

between chromosomes. Figure 4.5B shows the extent of LD between SNPs on the same 

chromosome and between SNPs on different chromosomes. By comparing the r
2
 values 

for comparisons within and between chromosomes, it was found that intra-chromosomal 

LD was not significantly different from inter-chromosomal LD (Mann-Whitney U-test, 

W = 2 x 10
6
, p = 0.900). 

The GWAS for scab resistance indicated that there were potentially seven 

independent loci on separate chromosomes associated with scab resistance (Figure 4.4A). 

The TASSEL GWAS effect output file was used to determine which allele was 

associated with resistance at each of the 93 SNPs significantly associated with scab 
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Figure 4.5 A comparison of linkage disequilibrium (LD) represented by r
2
 of the 93 SNPs that produced significant GWAS results for 

historical scab resistance. (A) A heatmap of LD (r
2
) between SNPs, where darker blue colours represent stronger positive correlations 

between SNPs. (B) A comparison of r
2
 among SNPs on the same chromosome (green = intra-chromosomal r

2
), and SNPs on different 

chromosomes (blue = inter-chromosomal r
2
). The intra- and inter-chromosomal r

2
 values were similar, and not significantly different 

(W = 2 x 10
6
, p = 0.900). 
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across the seven loci. A cultivar was deemed to possess resistance at a locus if they 

carried at least one copy of the resistance allele across the majority of SNPs on that 

chromosome. Each cultivar’s status across the seven resistance loci was displayed as a 

function of whether the cultivar was labeled in the CET as resistant or susceptible (Figure 

4.6A). In most cases, cultivars labeled as resistant had all seven resistance loci and those 

labeled as susceptible did not. However, of the 84 cultivars labeled as resistant, 15 had no 

resistance alleles. Similarly, of the 88 cultivars labeled as susceptible, three possessed all 

seven resistance loci.  

If there was predominantly one genetic source of scab resistance in the CET and it 

was introgressed relatively recently from a single ancestor, it would be expected that scab 

resistant cultivars would be more closely related to each other than they are to scab 

susceptible cultivars. To investigate this, IBD was calculated for all pairwise comparisons 

between scab resistant cultivars (SR:SR), and all pairwise comparisons between resistant 

and susceptible cultivars (SR:SS). It was found that IBD for SR:SR was significantly 

higher than for SR:SS (Figure 4.6B) (Mann-Whitney U-test, W = 906080, p = 0.003), 

although the mean IBD values were similar (SR:SR = 0.102, SR:SS = 0.095). To further 

investigate the relationships among all cultivars as a function of both their genetically- 

inferred and their assumed/labeled scab resistance status, each cultivar was labeled 

according to both of these statuses and displayed on a PCA plot generated from the 

genome-wide genotype matrix (Figure 4.6C). Weak correlations between the number of 
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Figure 4.6 A comparison of the relationships between scab resistant and susceptible 

cultivars in the CET. (A) A bar graph outlining the number of resistant loci, ranging from 

zero to seven, found in each scab susceptible (SS = grey), and scab resistant (SR = light 

blue) cultivar. (B) A comparison of identity-by-descent (IBD) values among resistant 

cultivars (SR:SR = light blue), and among resistant and susceptible cultivars (SR:SS = 

grey). When the two groups of IBD values were compared, they were significantly 

different (W = 906080, p = 0.003), although similar (SR:SR = 0.102, SR:SS = 0.095). (C) 

A PCA plot of the first two PCs from SNP data for resistant (circles) and susceptible 

(triangles) cultivars. The number of resistant loci found in each cultivar is represented by 

colour, with darker blue shapes corresponding to increasing number of resistant loci. 
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resistant alleles and the two major axes of genetic variation were found (PC1: r = 0.18, p 

= 0.02; PC2: r = 0.22, p = 0.004), as well as slight differences in PC1 or PC2 scores 

between cultivars labeled as susceptible and those labeled as resistant (PC1: W = 5000, p 

= 0.003; PC2: W = 4000, p = 0.02). 

 

4.5 DISCUSSION 

The development of new tree fruit cultivars is an expensive and time-consuming 

endeavour, but it is believed that new genomic technologies will help with its 

advancement by elucidating the genetic basis of commercially important traits and 

enabling MAS (Isik et al., 2015; Edge-Garza et al., 2015). Arguably the most crucial 

steps towards establishing robust genotype-phenotype associations that lead to MAS are 

the design of mapping populations and the collection of high-quality phenotypic data 

(Ogura and Busch, 2015). Phenotypic data collection for robust GWAS remains a 

significant challenge in tree fruit, as the cost can be prohibitive to evaluate sufficiently 

large populations, across years and locations to control for non-genetic factors (Soto-

Cerda and Cloutier, 2012; Myles, 2013). In this study, care was taken to limit such effects 

and this is evident from the strong correlations observed within traits across years, 

represented by the blue diagonal line in Figure 4.1. However, GWAS results were not 

always consistent across years (Figure 4.2B, 4.2C; Supplementary Figure S4.2). 

Interestingly, many of the traits with inconsistent GWAS results between years involved 

fruit firmness measures. It should be noted that apple maggot (Rhagoletis pomonella 

[Walsh]) pressure was greater in 2013, and fruit received a chemical thinning spray in 

2014, followed by hand thinning after fruitlet drop, as opposed to solely hand thinning in 
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2013. To what degree these differences in treatment affected the resulting phenotype data 

remain unknown. Although change in firmness after storage showed a significant 

correlation between years (r = 0.614, p = 1.548 x 10
-14

), the difference in GWAS results 

between years highlights the sensitivity of this type of analysis to between-year variation. 

Replicating phenotype measurements across clonal trees in addition to collecting 

composite fruit samples likely would have better captured phenotype variability in the 

CET population (Brown, 2012), but was cost prohibitive. The attempts here to provide 

post-hoc explanations for the observed discrepancies in GWAS results between years 

only highlights the importance of ensuring consistent data collection in single location, 

multi-year trials.  

In addition to correlations between years for a given trait, several noteworthy 

correlations between phenotypes were observed (Figure 4.1). For example, harvest date 

correlated with fruit firmness before and after storage, as well as SSC. SSC was also 

correlated with fruit weight, suggesting that larger apples were sweeter. Apple firmness 

appeared to be stable during the course of storage, as at harvest and post storage firmness 

measures were significantly positively correlated. Finally, firmness after storage was 

positively correlated with change in firmness. This suggests that apples that had high 

firmness after storage experienced less softening during storage. Several of these findings 

are supported by research describing later harvested apples as firmer and sweeter (Nybom 

et al., 2013; Migicovsky et al., 2016). These observations suggest that breeders selecting 

for later maturing, firmer apples may also be inadvertently selecting for higher SSC and 

firmness retention. 
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Despite the absence of significant associations for most traits, several noteworthy 

associations were detected (Figure 4.2). Apple fruit skin colour is a well-studied trait, and 

served as a benchmark to assess this study’s robustness. A convincing peak was detected 

on chromosome 9 for fruit skin colour in both years (Figure 4.2A). This peak highlights a 

genomic region previously identified by our group and others that harbours an R2R3 

MYB transcription factor (MdMYB1 or MdMYBA; MDP0000259614) known to regulate 

apple fruit skin colour (Takos et al., 2006; Ban et al., 2007; Gardner et al., 2014; Kumar 

et al., 2014b; Migicovsky et al., 2016; Amyotte et al., 2017). The strength of the 

association found here, and its detection in several other studies, suggests that this single 

locus plays a key role in determining fruit skin colour across diverse apple germplasm. 

This study’s ability to detect this major effect locus demonstrates that the phenotypic and 

genotypic data presented here are of sufficient quality and quantity to uncover loci at 

least of large effect.  

Fruit texture is an important trait for consumers. There has been a focus on 

breeding firm cultivars that maintain their firmness during long-term storage, which helps 

prolong the commercial season. The literature has highlighted the possible involvement 

of several genes for fruit texture including PG1 (Longhi et al., 2012; Longhi et al., 2013; 

Nybom et al., 2013; Costa, 2015), NOR (Longhi et al., 2012), RIN (Longhi et al., 2012), 

Pel (Longhi et al., 2012), ACS1 (Oraguzie et al., 2004; Costa et al., 2005; Wang et al., 

2009; Longhi et al., 2012; Nybom et al., 2013), ACS3 (Wang et al., 2009), ACO1 (Costa 

et al., 2005; Nybom et al., 2013), and Exp7 (Costa et al., 2008; Nybom et al., 2013). In 

this study, a strong GWAS hit was found for change in firmness after storage on 

chromosome 10, but only in one year (Figure 4.2C). Several previous studies have 
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identified QTL for firmness related traits on chromosome 10, and the two candidate 

genes underlying these QTL are polygalacturonase (PG) and 1-aminocyclopropane-1-

carboxylate oxidase (ACO) (Kumar et al., 2013; Costa, 2015; Moriya et al., 2017; 

Amyotte et al., 2017). It is believed that PG is associated with firmness through 

depolymerization of cell wall pectin (Kumar et al., 2013), while ACO is thought to affect 

apple shelf-life through the conversion of 1-aminocyclopropane-1-carboxylic acid (ACC) 

to ethylene (Costa et al., 2005). In our study, the most significantly associated SNP with 

change in fruit firmness was located about 500 kb downstream of PG and 15.5 Mb 

upstream of ACO. In diverse apple collections like the one studied here, LD decays 

rapidly, often within 100 bp (Migicovsky et al., 2016). Therefore, ACO can be excluded 

as the cause of the signal detected, since ACO is located too far downstream from the 

observed GWAS peak. However, a lack of recombination around the GWAS peak could 

conceivably result in LD extending up to 500 kb, therefore the variation in the known 

firmness-related gene PG could perhaps be the cause of the signal observed here. A SNP 

marker for a semi-conserved substitution in the first predicted exon of PG (Costa et al., 

2010) was genotyped in a subset of the CET population and found to not predict loss of 

firmness (Supplementary Figure S4.3). Therefore, it was concluded that neither ACO nor 

PG, directly underlie the most significant GWAS peak from 2013 phenotype data.  

Interestingly, only 7,670 bp upstream of the top GWAS hit for change in firmness 

is a gene predicted to be an ethylene-responsive transcription factor, or ERF 

(MDP0000855671) (Figure 4.2C). Ethylene is a gaseous plant ripening hormone and 

growth regulator, known to be involved in apple softening through research involving 

ethylene inhibitors (Johnston et al., 2002). In apples, a burst of ethylene is generated as 
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maturing fruit approach the climacteric phase, which promotes ripening and following 

translocation, degradation of the abscission layer (Greene, 2003). ERFs are members of 

the AP2/ERF family of transcription factors (TFs), which are involved in responses to 

biotic and abiotic stress (Zhuang et al., 2011). Girardi et al. (2013) performed an in-depth 

analysis of the apple AP2/ERF family, and found that an ERF gene was induced in tissue 

infected with apple scab, suggesting a role for ethylene in fungal pathogenesis. Another 

study found that two MdERFs (MdERF1 and MdERF2) were expressed in ripening fruit 

and that when treated with an antagonist of ethylene receptors (1-methylcyclopropene [1-

MCP]), ERF expression was reduced (Wang et al., 2007). Li et al. (2016) found that 

MdERF2 suppressed MdACS1 transcription through multiple mechanisms including 

binding to its promoter, and as a result negatively affected biosynthesis of ethylene and 

fruit ripening. As the link between ethylene biosynthesis and fruit softening is established 

(Tacken et al., 2010), it was concluded that genetic variation in the ERF on chromosome 

10 could possibly influence firmness loss in apples during storage. The identification of a 

novel candidate gene in this study for firmness loss suggests that GWAS is a potentially 

powerful alternative to traditional QTL mapping for uncovering novel loci underlying 

variation in commercially important traits in apple. Moreover, since markers currently 

used for MAS in apple have been identified primarily from bi-parental mapping 

populations, it is hypothesized that many more markers that account for phenotypic 

variation across diverse apple germplasm, and which are therefore transferable across 

breeding programs, likely remain to be identified through GWAS. However, this 

association with MdERF was only detected in one year, and must be verified in a larger 
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germplasm collection, such as the Apple Biodiversity Collection (ABC) before 

conclusions can be drawn as to its direct utility for MAS. 

 In several instances, there were suggestive GWAS peaks in this study that did not 

cross the significance threshold, such as the association between SNPs on the distal end 

of chromosome 3 and harvest date (Figure 4.2B), firmness at harvest in 2013, and 

firmness after storage in 2013 (Supplementary Figure S4.2). All three of these suggestive 

peaks correspond to the recently discovered association between variation in the NAC5 

(NAC18.1) transcription factor, harvest date, and firmness (Migicovsky et al., 2016). The 

lack of statistical significance for these associations in the present study could be due to 

narrow phenotypic data variability, reduced robustness due to sample size, or a 

significance threshold that is too conservative. Regardless of the reason for the lack of 

statistical significance of this signal, our results point to the same genomic region as 

reported previously involving NAC5 (NAC18.1) in harvest date and fruit firmness, 

although they were not significant.  

The observation of nearly significant GWAS hits for harvest date and firmness 

that overlap with known loci underlying these traits highlights the difficulty of achieving 

sufficiently well-powered GWAS that result in robust genotype-phenotype associations 

in apple. It is possible that the absence of significant genotype-phenotype associations for 

many traits examined in the present study was due to reduced robustness. The number of 

accessions (N = 173) and the number of markers (~55,000 SNPs) evaluated here are both 

modest, especially in light of recent research suggesting that millions of SNPs may be 

required for well-powered GWAS in diverse apple populations due to rapid LD decay 

(Migicovsky et al., 2016). An important consideration for studying firmness both at 
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harvest and after storage is the fact that efficiently measuring apple maturity in a diverse 

collection of cultivars is challenging (Ben Sadok et al., 2015). Attempts were made to 

replicate apple maturity across years, but to what extent this variability might have 

affected trait data is not known. In addition, the genetic architecture of the traits assessed 

here remains largely unknown. If the traits phenotyped here are in fact controlled by a 

large number of small effect alleles, the sample sizes required to detect significant 

genotype-phenotype associations may be prohibitively large for a long-lived woody 

perennial as expensive to grow as apples. The composition of this population may have 

also limited our ability to detect QTL, as cultivars were chosen to assess their commercial 

suitability for the growing region, and therefore may not have encompassed the variation 

for traits available in wider breeding material. Another limitation of this research was the 

lack of replication across clonal trees. Composite fruit samples were collected due to 

labour shortages, therefore it is possible that replication would have better captured the 

phenotypic variation present in the CET population. Future GWAS studies in apple with 

larger sample sizes, and perhaps more genetic diversity will help clarify the contributions 

of these various factors to the ability to identify genotype-phenotype associations. 

Genomic prediction was also performed to investigate the potential utility of the 

entire marker data set to predict phenotypic variation in this study using a genomic 

selection model (Figure 4.3). Genomic selection is in its infancy in tree fruit, but work by 

Kumar et al. (2012b) generated prediction accuracies for fruit quality traits ranging from 

0.70 - 0.90 in a population derived from seven full-sib families. In this study, genomic 

prediction accuracies ranged from 0.08 to 0.72, which fell within the range of values 

from another highly diverse collection of apples previously evaluated by our group 
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(Migicovsky et al., 2016). The lower prediction accuracies observed here in a diverse 

collection compared to those from Kumar et al. (2012b) highlight the effects of 

population structure on genomic prediction accuracies. With 1,120 seedlings derived 

from six common parents, LD decayed 100 to 1,000 times more slowly in Kumar et al. 

(2012b) compared to levels observed in a diverse collection of apples (Migicovsky et al., 

2016). As such, markers are more likely to be in strong LD with causal variants in Kumar 

et al. (2012b), which results in higher prediction accuracies. In addition, fewer 

segregating variants have an effect on phenotypic variation in populations with high 

degrees of relatedness, and this contributes to the high prediction accuracies in Kumar et 

al. (2012b) relative to those observed here. The same principle also explains why the 

GWAS hits identified by Kumar et al. (2013) are of larger effect than those reported here 

or in Migicovsky et al. (2016). A population derived from only six parents will have a 

limited number of causal variants segregating, and thus the task of finding them using 

GWAS is simplified since each will have a greater effect than they otherwise would in a 

diverse population with many more segregating causal variants. The advantage of 

genomic analyses of diverse collections is the ability to uncover variants that would 

otherwise be missed in populations derived from a small number of founders. Although 

the prediction accuracies are likely to be lower, the ability to mine useful alleles from 

diverse populations nevertheless holds great promise in contributing to future apple 

improvement.  

Many apple breeding programs focus on the development of elite cultivars that 

contain one or more sources of scab resistance. Scab resistance loci are generally derived 

from wild Malus species and breeders use wild germplasm as a source of resistance, and 
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then introgress resistance into commercial cultivars by further crossing with elite 

germplasm. Several strong signals of association for scab resistance were detected here 

using GWAS (Figure 4.4A; Supplemental Figure S4.4). Two of these loci, on 

chromosomes 1 and 15, also overlap with strong signatures of positive selection detected 

using the XP-EHH statistic (Figure 4.4B; Figure S4.5). This result suggests that 

resistance alleles at these loci have recently and rapidly risen to high frequency. Thus, by 

selecting for scab resistance over multiple generations, apple breeders have shaped the 

apple genome by reducing genetic diversity and creating extended homozygosity at the 

loci underlying scab resistance. The observation of overlap between genome-wide 

signatures of selection and the scab resistance loci identified by GWAS provided 

additional support that the GWAS were powerful enough to successfully identify loci 

underlying scab resistance.   

The GWAS for scab resistance resulted in significant associations on seven 

different chromosomes. There are several known sources of scab resistance from various 

wild Malus species that have been genetically mapped, some even to the same 

chromosomes. For example, Rvi6, Rvi10 and Rvi17 have been mapped to three different 

regions on chromosome 1, and Rvi2, Rvi4, Rvi8, Rvi9, Rvi11, and Rvi15 to different 

regions on chromosome 2 (Bus et al., 2011). It was presumed unlikely that seven 

independent loci were detected in this study. Therefore, attempts were made to test to 

what degree the GWAS signals might represent the presence of a single causal locus that, 

because of misassembly of the reference genome, appeared to be spread across multiple 

regions of the genome. To investigate whether the result was consistent with one or 

multiple introgression(s), an analysis of inter- and intra-chromosomal LD was conducted 
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for the SNPs significantly associated with scab resistance (Figure 4.5A & B). No 

difference was observed between intra- and inter-chromosomal r
2
 values (W = 2 x 10

6
, p 

= 0.900), and thus it was concluded that the GWAS hits across all seven chromosomes 

could represent a single introgression.  

By investigating the pedigrees and breeding records of the cultivars in the CET, it 

was determined that most scab resistance was likely derived from a single accession, 

Malus floribunda 821, the most common source of scab resistance in modern apple 

breeding (Patocchi et al., 2009; Cova et al., 2015). A significant GWAS peak was 

detected on chromosome 12 where Rvi1 (formerly Vg) resistance from ‘Golden 

Delicious’, another cultivar popular in modern apple breeding (Noiton and Alspach, 

1996), maps (Cova et al., 2015). That said, no strong selective sweep or CARAT results 

were detected for chromosome 12 (Figures 4.4B; S4.4). The strongest and most extended 

GWAS signal observed for scab resistance was located on chromosome 1, to which the 

M. floribunda 821 resistance locus, Rvi6, has been mapped (Bus et al., 2011). Moreover, 

the strongest signal of selection also overlapped with this locus (Figure 4.4B, Figure 

S4.5). Therefore, it was suggested that the seven loci for scab resistance likely 

represented the Rvi6 introgression from M. floribunda 821. Two previous studies found 

that 13.7% and 18.3% of SNPs were assigned to chromosomes that conflicted with their 

locations according to the reference genome used here (Antanaviciute et al., 2012; 

Gardner et al., 2014). Therefore, it was concluded that the SNPs identified as 

significantly associated with scab resistance on chromosomes other than chromosome 1 

could be due to reference genome misassembly. It could also be the case that these 

multiple associations capture previously unknown resistance loci associated with M. 
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floribunda 821 resistance introgression, but this remains challenging to substantiate at 

this time. Overall, these results highlight the challenges associated with inferring the 

genetic architecture of a trait from GWAS results when only poorly assembled reference 

genomes are available. With new releases of the reference genome in the future, SNPs 

can be re-called, GWAS re-run, and conclusions could be drawn with more certainty as to 

whether these results capture one or more introgression events.  

The Rvi6 form of resistance from Malus floribunda 821 has been widely used in 

breeding programs around the world (Brown, 2012), but new pathogen strains have 

emerged that can overcome this form of resistance (Cova et al., 2015). This has 

necessitated the exploration of new sources of resistance and the pyramiding of these 

sources into new cultivars (Patocchi et al., 2009). Although the GWAS signals presented 

here likely stem from the introgression of a single source of scab resistance, the 

relationship between the GWAS results and the recorded scab resistance status of CET 

samples was further explored by determining how many alleles at the seven scab 

resistance loci were carried by each cultivar. In general, cultivars labeled as resistant 

carried all seven loci, while cultivars labeled as susceptible carried none (Figure 4.6A). 

However, several exceptions were observed. For example, 15 cultivars were labeled as 

resistant but did not carry any of the resistance alleles (Figure 4.6A). Available breeding 

records were examined and it was noted that several of these 15 cultivars had ancestry 

from wild Malus species other than M. floribunda 821. For example, ‘Murray’ and 

‘Rouville’ are known to carry Rvi5 scab resistance (Patocchi et al., 2009), derived from 

Malus micromalus 245-38 and M. atrosanguinea 804, which co-locates to chromosome 

17 (Cova et al., 2015). Thus, while several sources of scab resistance likely exist in the 
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CET collection, it is likely that only resistance derived from Rvi6 was at a sufficiently 

high frequency to be mapped via GWAS. Similarly, three cultivars labeled as susceptible 

were observed that carried all seven of the resistance alleles. It is hypothesized that these 

cultivars were likely mislabelled as susceptible when introduced into the collection 

studied here, but in fact carry resistance from Rvi6. Several scenarios where the genetic 

data conflict with the recorded disease resistance status within the CET were identified, 

and this information will be used to verify and thus improve the curation of this diverse 

collection of apples. 

 Although the overwhelming majority of scab resistant cultivars in our sample 

likely derive ancestry from a single accession of M. floribunda 821, samples labeled as 

resistant with all seven resistance loci were found to be only slightly more closely related 

to each other than they were to cultivars labeled as susceptible with no resistance loci 

(Figure 4.6B). This observation was corroborated by the PCA results, in which a 

cultivar’s resistance status is a poor predictor of its position along the two primary axes 

of genetic differentiation (Figure 4.6C). Thus, while the effects of breeding for scab 

resistance have left a statistical signature in the form of reduced diversity among resistant 

cultivars and genetic differentiation between resistant and susceptible cultivars, the signal 

is relatively weak, suggesting that the number of generations since introgression has been 

sufficient to shuffle the Rvi6 locus into a diversity of genetic backgrounds. Noiton and 

Alspach (1996) compared mainstream cultivars and cultivars carrying Vf resistance for 

inbreeding, coancestry, and status effective number. They found that while apple 

cultivars on average were not substantially inbred compared to other fruit crops, the 

status effective numbers between and within these two groups were very low, suggesting 
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that breeders were working with a narrow genetic base. Therefore, while cultivars were 

not substantially inbred, the authors warned that if the genetic basis of breeding programs 

was not broadened, inbreeding could be problem in future offspring (Noiton and Alspach, 

1996). 

Apples are an ideal candidate for MAS due to their long juvenile periods, large 

size, and the expense associated with their maintenance (Myles, 2013), but MAS has only 

recently been applied to breeding programs (Kumar et al., 2014a). This study 

demonstrated that GWAS holds promise for detecting the genetic basis of traits in apple, 

such as fruit skin colour, change in firmness during storage, and apple scab resistance 

although there were several limitations to its power. One such limitation was the extent of 

LD present in the population being studied, as it will affect the ability to detect genotype-

phenotype associations (Mitchell-Olds, 2010). Other considerations include traits that are 

highly affected by population structure, and associations caused by rare alleles (Soto-

Cerda and Cloutier, 2012). Overall, the major limitations to this study were likely the size 

and composition of the population, and lack of replication beyond repeating the study 

across years. Nonetheless, a novel region associated with an ERF that could be of interest 

in breeding for firmness retention was detected, and the genetic basis of apple scab 

resistance in the CET was further explored. Finally, another analysis technique that holds 

promise in apple breeding is GS, which could help decrease the length of breeding cycles 

by reducing the need to phenotype seedlings (Kumar et al., 2012b). As these forms of 

analyses gain ground in the scientific literature, new orchards will be planted with the 

requirements of these studies in mind, which will allow breeders to better exploit the 

wealth of phenotypic and genotypic diversity available for apple cultivar development. 
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CHAPTER 5. INVESTIGATING FLOWERING TIME, PRECOCITY, AND 

FRUIT QUALITY IN A LARGE, DIVERSE APPLE GERMPLASM 

COLLECTION USING GENOME-WIDE ASSOCIATION STUDIES. 

 

5.1 ABSTRACT 

 

 To ensure the sustainability of the Canadian apple (Malus x domestica) industry, 

new cultivars will need to be developed to meet the challenges of the changing climate 

and consumer preferences. Current apple breeding practices need to be improved to 

develop new cultivars faster, and at a lower cost. Marker-assisted selection (MAS) is one 

tool that can be used to screen apple seedlings at an early stage, resulting in time and cost 

savings. In this study, apple flowering time and fruit quality traits were examined using 

genome-wide association studies (GWAS) in a large, diverse germplasm collection. 

Apple flowering time was studied over three years, and although significant GWAS 

associations were discovered, no clear candidate genes were revealed. Flowering time 

data were correlated across years, though, suggesting that phenotype data captured this 

trait consistently. Apple fruit quality traits were measured using an automated 

phenotyping machine, and several genotype-phenotype associations were discovered, 

including harvest date, fruit firmness at harvest, juiciness, and acidity. Interestingly, 

GWAS hits for harvest date, fruit firmness at harvest, and juiciness all co-located to at 

least one common region on chromosome 3. Further phenotype data collection and 

GWAS will need to be completed to determine the utility of these markers for MAS in 

wider Canadian apple breeding programs. 
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5.2 INTRODUCTION 

 

Food availability will need to double to feed the growing human population in the 

next 25 years, but our current agricultural practices rely on a small fraction of the world’s 

available plant species, and within these only a small portion of their available diversity 

(McCouch et al., 2013). For example some apple (Malus x domestica Borkh.) cultivars 

such as ‘McIntosh’, ‘Jonathan’, ‘Golden Delicious’ and ‘Delicious’ have been grown for 

decades, if not centuries (Volk et al., 2015). Molecular breeding techniques could help 

feed our growing population through new variety development, the incorporation of traits 

from crop wild relatives, and domestication of semi-wild plants (Kumar et al., 2014a). 

Linkage mapping or quantitative trait locus (QTL) studies have proven very useful for 

exploring the genetic basis of traits in plants, but have several limitations such as a 

requirement for large populations of crossed individuals and limited numbers of 

recombination events (Soto-Cerda and Cloutier, 2012). Genome-wide association studies 

(GWAS) can also be used to study genotype-phenotype associations in plants, and allow 

for a higher resolution of causal loci compared to past techniques such as QTL studies 

(Ogura and Busch, 2015). The large numbers of markers needed to exploit the power of 

GWAS is becoming attainable (Soto-Cerda and Cloutier, 2012) as the cost per data point 

for genotyping and whole genome sequencing declines (Isik et al., 2015). 

Despite the potential benefits of marker-assisted selection (MAS) in apple, its 

integration to date into breeding programs has been limited, in part due to a low number 

of available markers (Kumar et al., 2014a). The development of new markers for apple 

should focus on helping producers meet future climatic and consumer demands. The 
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timing of apple tree flowering in the early spring puts production at risk due to frost 

events (Mehlenbacher and Voordeckers, 1991). Confounding this is the worrisome 

advancement of bloom dates in both Europe (Legave et al., 2009), and the northeastern 

USA (Wolfe et al., 2005). In 2012, fruit tree crop growers in the midwestern United 

States experienced drastic losses due to a warm spring followed by frost events 

(Gottschalk and van Nocker, 2013). To avoid frost injury, new cultivars could be bred for 

later flowering (Liebhard et al., 2003; Volk et al., 2015), but there has been little effort to 

date as flowering time is a complicated quantitative trait influenced by both the genotype 

and climate (Seeley and Anderson, 2003).  

With respect to the consumer, fruit quality is a paramount concern when breeding 

new cultivars (Costa, 2015). Fruit texture is particularly important, and there has been a 

focus on producing cultivars that maintain their texture characteristics after storage 

(Kumar et al., 2014a). Apple fruit firmness and how it changes over time is a complex 

trait involving many genes, including polygalacturonase (PG) which encodes a cell wall 

degrading enzyme (Longhi et al., 2013), ACC synthase (ACS) which generates 1-

aminocyclopropane-1-carboxylic acid (ACC) from S-adenosyl-L-methionine (SAM), and 

ACC oxidase (ACO) which converts ACC to ethylene (Zhu and Barritt, 2008). While 

fruit firmness has been studied using both QTL (King et al., 2000; Kenis et al., 2008; 

Costa, 2015) and GWAS (Kumar et al., 2013) approaches, research in our lab suggests 

that there are still novel associations to be found (Migicovsky et al., 2016; Chapter 4). 

Finally, acidity is another crucial aspect of fruit quality, as it drastically affects perceived 

apple fruit taste (King et al., 2000). The predominant organic acid in apples is malic acid, 

and it is believed that its accumulation in the vacuole involves malic acid transporter 
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genes (Khan et al., 2013). In the future, an apple breeding program integrating robust 

markers for these traits could drastically reduce the time and labour costs currently 

associated with breeding long-lived perennial species (Myles, 2013). 

The objective of this study was to explore the genetic basis of several traits 

important to both the producer and consumer in a large, diverse germplasm collection. 

Single nucleotide polymorphism (SNP) data were generated using the genotyping-by-

sequencing (GBS) approach and were used in conjunction with phenotype data to run 

GWAS. Flowering time data were compared across three years, and fruit quality data 

within the same year, and significant genotype-phenotype associations were explored for 

candidate genes and utility for MAS. 

 

5.3 MATERIALS AND METHODS 

 

5.3.1 The Apple Biodiversity Collection (ABC) population 

Budwood for the ABC population was obtained from the United States 

Department of Agriculture (USDA) Plant Genetic Resources Unit apple diversity 

collection in Geneva, NY, USA, and the Agriculture and Agri-Food Canada (AAFC) 

Kentville Research and Development Centre in Kentville, NS, Canada. Budwood for 

each accession (N = 1,262) was grafted in triplicate onto M.9 rootstock in a nursery in 

spring 2012, and later that fall trees were uprooted and kept in cold storage until planting 

in spring 2013. Prior to planting, drainage tile was installed and soil amended to standard 

practices. Two trees from each triplicate were planted in an incomplete block design with 

two blocks (North and South). Each block was divided into a nine x three grid pattern, 
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and one of three standards or “check trees” were equally spaced within each grid portion, 

resulting in the standards accounting for the north to south and east to west variation 

within a block when incorporated into a mixed model (see below, and Figure S5.1). 

Guard trees were planted at the end of each block row. The orchard was staked, trellised, 

pruned, and maintained to industry standards. No supplemental irrigation was applied 

during the course of this research. All flowers were removed by hand in 2013 and 2014 to 

promote vegetative growth. In 2015, trees were hand thinned in mid-July to adjust crop 

load to commercial standards of one fruit per cluster, with 10 to 15 cm between each 

fruit. Due to an early season hurricane and subsequent fire blight (Erwinia amylovora 

[Burrill]) epidemic, trees were pruned heavily throughout summer 2014 to limit spread of 

the bacterium. Trees that were pruned heavily were recorded using a barcode scanner, 

and these flowering time data were removed from downstream analyses. 

 

5.3.2 Phenotype data collection 

 In 2014, 2015, and 2016 (1 - 3 years after planting) flowering time was measured 

each spring for all trees in the ABC. Flowering time was recorded as the date when >80% 

of the flowers on the youngest wood were at the king bloom stage. Flowering time was 

recorded every three days, when the spray schedule permitted, using a barcode scanner. 

Climatic data were collected from a weather station located at AAFC Kentville. All date-

related data were converted to cumulative growing degree days (GDDs) using a base of 

5
o
C. A precocity measure was determined by scoring the first year in which a tree 

bloomed, with scores ranging between 1 (2014), 2 (2015), 3 (2016), and 4 (had yet to 

bloom as of 2016). Both flowering time and precocity measurements were adjusted for 
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placement in the orchard using a mixed model based on the original planting design 

outlined above. This REML model accounted for fixed effects (accession), and the 

following random effects: Block (North or South), north to south position within a block 

(rGrid), east to west position within a block (cGrid), and the Block*rGrid, Block*cGrid, 

and the Block*rGrid*cGrid interactions. The model was run using the lmer function in 

the “lme4” R package (https://CRAN.R-project.org/package=lme4), and the mixed model 

means generated were used for association analyses. 

 In addition to flowering time and precocity measurements, accessions were also 

measured for fruit quality traits in 2015, two years after planting in the final orchard. As 

no data on optimum harvest date for Nova Scotia existed for the majority of the ABC 

accessions, harvest maturity was assessed using a starch-iodine or starch-to-sugar 

conversion test (Blanpied and Silsby, 1992), seed colour, background fruit skin colour, 

and presence of fruit drop. For each harvest, the date was recorded, and the following 

measurements were taken on a sample of 10 fruit (if possible) and averaged: fruit weight 

(g), firmness at harvest (kgcm
-2

), acidity (gL
-1

 malic acid), soluble solids content (SSC) 

(
o
Brix), and juiciness ([weighed juice/total fruit weight] x 100). Measurements were 

taken and recorded using a Pimprenelle automated phenotyping machine (Setop Giraud 

Technologie, Cavaillon, France). Composite samples and arithmetic means for these data 

were used for association analyses as data were collected from one block of the orchard 

in that year, due to resource limitations. The correlations between all phenotypes 

collected in this study were examined using the cor.test function in R, and p-values were 

Bonferroni-corrected for multiple testing. 
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5.3.3 Genotype calling 

Young leaf tissue was collected from all accessions in the ABC, and DNA was 

extracted and sequenced via the genotyping-by-sequencing (GBS) approach (Elshire et 

al., 2011), using ApeKI and PstI-EcoT22I restriction enzymes. Single nucleotide 

polymorphisms (SNPs) were called using three different SNP calling pipelines: GATK 

(v3.5) (McKenna et al., 2010), SAMtools (v1.3) (Li et al., 2009), and TASSEL (v5.2.28) 

(Bradbury et al., 2007), using reference genome version 1.0p 

(https://www.rosaceae.org/species/malus/malus_x_domestica/genome_v1.0p). First, 

failed raw reads were removed using Illumina’s CASAVA-1.8 FASTQ filter 

(http://cancan.cshl.edu/labmembers/gordon/fastq_illumina_filter/), then GBSX toolkit 

(v1.3) (Herten et al., 2015) was used to deconvolute reads for the GATK/SAMtools 

pipelines. GATK/SAMtools pipeline reads were then trimmed using BBMAP (v35.82) 

(https://sourceforge.net/projects/bbmap/) to remove nucleotides with low quality (< 20) 

from the 5’ end of each read, and to remove any trimmed reads that were <30 

nucleotides. Reads with full enzyme cut sites were removed using BBMAP, as they were 

likely chimeric sequences. Reads were then pooled across runs and enzymes into one file 

per accession.  

GATK/SAMtools pipeline reads were aligned to the reference genome separately 

using BWA (v0.7.12) (Li and Durbin, 2009). GATK’s HaplotypeCaller algorithm was 

run on each separate accession’s reads to generate genomic variant call format files 

(GVCFs), which were combined by random groups of 50 accessions using GATK’s 

“CombineGVCFs” program. SNPs were called from these combined GVCF files using 

GATK’s “GenotypeGVCFs” command. For the SAMtools pipeline reads, SAMtool’s 
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“mpileup” command was run on reads for each accession, and then SNPs were called 

using the bcftools (v1.3) “call” command. For the TASSEL pipeline reads, SNPs were 

called using an alternative method of the TASSEL 5 GBS v2 Pipeline for each enzyme 

separately. The two SNP tables were combined using a custom Perl script that preferably 

kept SNPs from the PstI-EcoT22I read set, as they had higher read coverage on average. 

The TASSEL SNPs were outputted with a minor allele frequency (MAF) of 0.01, and 

then all three SNP sets were filtered using PLINK (v1.90b3.29) (Purcell et al., 2007) to 

remove indels, and sites with more than two alleles. Following this filtering step, the 

GATK/SAMtools SNPS were also filtered for a MAF of 0.01 using PLINK. 

SNPs were imputed for each caller separately using LinkImputeR (Money et al., 

2017 submitted; http://www.cultivatingdiversity.org/software.html) at a maximum 

position/sample missingness of 70% and a minimum depth of four reads, resulting in 

imputation accuracies of 94.7% (GATK), 93.9% (SAMtools), and 93.7% (TASSEL). 

Following imputation, SNP counts for each caller were 135,973 (GATK), 168,998 

(SAMtools), and 227,601 (TASSEL). SNPs were pooled by merging the three .vcf files 

and when SNPs overlapped across callers, one SNP was randomly chosen resulting in a 

final SNP set with 18.9% of SNPs from GATK, 28.0% from SAMtools, and 53.1% from 

TASSEL. The final SNP set consisted of 267,956 SNPs across 1,138 unique accessions. 

 

5.3.4 Genome-wide association studies (GWAS) and principal components analysis 

(PCA) 

 Prior to running GWAS, the final SNP set was filtered in PLINK (Purcell et al., 

2007) for accessions for which there were phenotype data, to remove unanchored SNPs, 
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and for a MAF of 0.02. This filtering resulted in 182,419 SNPs for 1,017 accessions for 

flowering time and precocity data, and 178,592 SNPs for 422 accessions for 2015 fruit 

quality data. GWAS was performed using TASSEL version 5.0 using the WeightedMLM 

(PCA + K) with three principal components (PCs). PCs and the kinship matrix (K) were 

calculated using TASSEL with default settings. A significance threshold was determined 

by calculating the effective number of independent tests (Meff) using the “simpleM” 

package in R (Gao et al., 2010), and a significance threshold was drawn as  

-log10(α/Meff) where α = 0.05. A 100 kilobasepair (kb) window centered on each 

significant SNP was used to explore candidate genes for each phenotype using the 

Genome Database for Rosaceae (GDR) GBrowse tool (https://www.rosaceae.org). 

Candidate genes within this region were also blasted 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi), the top hit recorded, and functionality was 

explored using UniProt (http://www.uniprot.org). 

 Finally, principal components analysis (PCA) was performed on 122,552 SNPs 

that had been LD-pruned (plink commands: indep-pairwise 10 3 0.5), and then filtered 

for MAF 0.02, using the prcomp function in R after centering and scaling data. PCA 

results were compared to flowering time in 2016 by taking the accessions and dividing 

them into lower third (“Early”), middle third (“Mid”), and upper third (“Late”) quantiles. 

 

5.4 RESULTS 

 



 

 99 

5.4.1 Phenotype data collection 

 All phenotype data collected in this study were first examined for correlations 

(Figure 5.1; see Supplementary Figure S5.2 for numerical correlation values, and Table 

S5.1 for phenotype data summary). Harvest date (1322 - 2000 GDD) in particular was 

positively correlated with several other phenotypes including firmness at harvest (r = 

0.603, p = < 1 x 10
-15

), acidity (r = 0.216, p = 5.170 x 10
-4

), SSC (r = 0.446, p = < 1 x 10
-

15
), juiciness (r = 0.336, p = 7.362 x 10

-11
), and flowering time in all three years ([2014: r 

= 0.261, p = 3.210 x 10
-5

], [2015: r = 0.357, p = 1.703 x 10
-12

], [2016: r = 0.356, p = 

3.326 x 10
-12

]). Fruit weight was negatively correlated with firmness at harvest (r = -

0.230, p = 7.753 x 10
-5

), and positively correlated with acidity (r = 0.170, p = 0.02590), 

and juiciness (r = 0.210, p = 6.935 x 10
-4

). Firmness at harvest was positively correlated 

with SSC (r = 0.301, p = 1.304 x 10
-8

), and flowering time across all years ([2014: r = 

0.251, p = 9.014 x 10
-5

], [2015: r = 0.306, p = 6.274 x 10
-9

], [2016: r = 0.335, p = 1.142 x 

10
-10

]). Acidity was positively correlated with SSC (r = 0.207, p = 0.001167), and SSC 

was positively correlated with flowering time in 2016 (r = 0.234, p = 6.141 x 10
-5

). 

Finally, many flowering time measurements were positively correlated with each other 

([2014 vs. 2015: r = 0.426, p = 3.155 x 10
-15

], [2014 vs. 2016: r = 0.467, p = < 1 x 10
-15

], 

[2015 vs. 2016: r = 0.676, p = < 1 x 10
-15

]).  

 

5.4.2 Genome-wide association studies (GWAS) and principal components analysis 

(PCA) 

 When flowering time GWAS results were compared across years (Figure 5.2), 

there was little to no overlap, except for possibly two SNPs on chromosomes 12 and 13,  
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Figure 5.1 Correlation heatmap of ABC phenotype data collected at harvest in 2015, and 

flowering time from 2014 to 2016. The upper triangle presents Pearson's product-moment 

correlation values ranging from -1 to 1. Cooler colours correspond to stronger positive 

correlations, and warmer colours, stronger negative correlations. The bottom triangle 

presents the corresponding p-values, with the shade of purple corresponding to the 

Bonferroni-corrected values. 
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in both 2015 and 2016 (Figure 5.2B & C). There were no large GWAS peaks for 

flowering time consisting of multiple linked SNPs, but predominantly many single 

SNPs.When a 100 kb window centered on each significant SNP was analyzed, several 

genes related to embryo development, seed germination, microtubules, and 

gametogenesis were discovered (Table S5.2). Several other genes known to be associated 

with flowering were found in the vicinity of significant peaks. For example, one SNP on 

chromosome 4 (chr4_9995135_tassel) was located 243,433 bp upstream of the start of a 

terminal flower 1 gene (TFL1-2) (MDP0000126761) associated with 

phosphatidylethanolamine-binding, and one SNP on chromosome 11 

(chr11_22755985_samtools) was located 825,916 bp upstream of the start of a LEAFY-

like gene (AFL1) (MDP0000492089). There was a significant positive correlation 

between years for flowering time (Figure 5.1; Figure 5.3A & B). As years passed, this 

correlation became stronger ([2014 vs. 2015: r = 0.423, p = < 1 x 10
-15

], [2015 vs. 2016: r 

= 0.621, p = < 1 x 10
-15

]). Finally, PCA results were compared to the lower, middle, and 

upper thirds of flowering time data from 2016 (i.e., “Early”, “Mid”, and “Late” flowering 

accessions). Although the first two PCs did not account for a large amount of variation 

(PC1: 4.4%, PC2: 2.5%), apple accessions did pull apart along PC1 based on their 

flowering time (Figure 5.3C), as flowering time and PC1 scores were significantly 

negatively correlated (r = -0.445, p = < 1 x 10
-15

). Flowering time and PC2 scores were 

also correlated, albeit slightly (r = 0.103, p = 0.001251).  

 GWAS was also performed for all fruit quality phenotypes, resulting in the 

identification of several significant associations, and genes present within a 100 kb 
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Figure 5.2 GWAS results for flowering time in the ABC in (A) 2014, (B) 2015, and (C) 

2016. In all plots, the solid black line represents the -log10(α/Meff) value significance 

threshold, where Meff = the effective number of independent tests, and α = 0.05. 
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Figure 5.3 A comparison of the relationship across years for genotypes and flowering 

time (GDD) in the ABC. (A) A scatterplot of the 2014 flowering time values plotted 

against 2015 values (r = 0.423, p = < 1 x 10
-15

). (B) A scatterplot of the 2015 flowering 

time values plotted against 2016 values (r = 0.621, p = < 1 x 10
-15

). (C) A PCA plot of the 

first two PCAs from SNP data for all ABC accessions. The flowering time period is 

represented by colour, with yellow corresponding to “Early” flowering accessions, 

orange to “Mid”, and red to “Late”. Flowering time and PC1 values were significantly 

negatively correlated (r = -0.445, p = < 1 x 10
-15

), while flowering time and PC2 scores 

were weakly correlated (r = 0.103, p = 0.001251). 
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window centered on each significant SNP are listed in Table S5.2. Interestingly, GWAS 

peaks were observed on chromosome 3 for harvest date (Figure 5.4), firmness at harvest 

(Figure 5.5), and juiciness (Figure 5.6). When a 100 kb window was examined on 

chromosome 3 for all three of these traits, the same NAC5 (NAC18.1) transcription 

factor was found in every case. This same SNP (chr3_31409362_tassel) was detected 

previously by our research group and resulted in a nonsynonymous substitution of the 

fifth amino acid of NAC5 (NAC18.1) from aspartic acid (D) to tyrosine (Y), named D5Y 

(Migicovsky et al., 2016). For harvest date and firmness at harvest, peaks were also 

observed on chromosome 10, but no obvious candidate genes were found within the 100 

kb window centered on significant SNPs. However, the significant SNP on chromosome 

10 (chr10_21075121_samtools) for firmness at harvest was located ~230 kb downstream 

of the start of PG1, ~300 kb upstream of an ethylene response factor (ERF) gene 

(MDP0000855671), and ~15.8 Megabasepairs (Mb) upstream of the start of ACO1 

(Figure 5.5). Additional peaks were observed on chromosomes 4 and 15 for harvest date, 

but no clear candidate genes were discovered. Finally, a large peak associated with 

acidity was detected on chromosome 16 (Figure 5.7), and although no obvious candidate 

genes fell within its 100 kb window, a gene with Malus x domestica aluminum-activated 

malate transporter 4-like predicted function (MDP0000244249) was located ~80 kb 

upstream (Figure 5.7B). No significant associations were observed for flowering time in 

2014, precocity, fruit weight, and soluble solids content (Figure S5.3). 
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Figure 5.4 GWAS results for harvest date in the ABC (A), with (B) representing the 

zoomed in GWAS results for chromosome 3. The solid line in (B) denotes the position of 

a NAC5(NAC18.1) transcription factor gene (MDP0000868419) previously associated 

with harvest date by our research group. Both solid lines represent the -log10(α/Meff) value 

significance threshold, where Meff = the effective number of independent tests, and α = 

0.05. 
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Figure 5.5 GWAS results for firmness at harvest in the ABC (A), with (B) representing 

the zoomed in GWAS results for chromosome 3, and (C) chromosome 10. The solid line 

in (B) denotes the position of a NAC5(NAC18.1) transcription factor (MDP0000868419), 

while the solid lines in (C) denote a polygalacturonase (PG1) gene (MDP0000326734), 

and an ethylene response factor (ERF) (MDP000855671). All solid lines represent the -

log10(α/Meff) value significance threshold, where Meff = the effective number of 

independent tests, and α = 0.05. 
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Figure 5.6 GWAS results for juiciness in the ABC (A), with (B) representing the zoomed 

in GWAS results for chromosome 3. The solid line in (B) denotes the position of a 

NAC5(NAC18.1) transcription factor gene (MDP0000868419). Both solid lines represent 

the -log10(α/Meff) value significance threshold, where Meff = the effective number of 

independent tests, and α = 0.05. 
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Figure 5.7 GWAS results for acidity in the ABC (A), with (B) representing the zoomed 

in GWAS results for chromosome 16. The solid line in (B) denotes the position of a 

malate transporter gene (MDP0000244249). Both solid lines represent the -log10(α/Meff) 

value significance threshold, where Meff = the effective number of independent tests, and 

α = 0.05. 
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5.5 DISCUSSION  

 

Apple is an ideal candidate for MAS (Myles, 2013), and genomic analyses such 

as GWAS could help elucidate the genetic basis of traits of interest for breeding. 

Experimental design and high quality phenotype data are essential for GWAS, and care 

should be taken to reduce noise in phenotype data (Ogura and Busch, 2015), while also 

aiming to measure phenotypes in large populations, across locations, and years (Soto-

Cerda and Cloutier, 2012). Complicating this is the fact that apple cultivars vary widely  

in their time to maturity, which further highlights the importance of developing efficient 

protocols to manage the “phenotyping bottleneck”. Barcode scanners and the Pimprenelle 

automated phenotyping machine greatly reduced the time required for data collection in 

this study, but efficient data collection techniques will continue to be a paramount 

concern as the scale of GWAS increase with time.  

When phenotypic data were compared in this study, several notable correlations 

were observed (Figure 5.1). In particular, harvest date was significantly correlated with 

all phenotypic measurements except for fruit weight and precocity. Our research group 

has previously found harvest date to be correlated with several of these phenotypes, 

including firmness and SSC (Migicovsky et al., 2016; Chapter 4), and juiciness 

(Migicovsky et al., 2016). Multiple correlations were also found between flowering time 

data across years, with coefficients of determination (r
2
 = 0.18 - 0.39) within the range 

observed for floral budbreak stage by Celton et al. (2011) (r
2 

= 0.06 - 0.47). This suggests 

that phenotype measurements were biologically meaningful (Figure 5.1), and that 
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flowering time in apple is affected by genotype, as well as climate (Lawson et al., 1995; 

Seeley and Anderson, 2003). 

 Flowering time in the ABC population was a focus of this study, as it is 

intrinsically linked to apple fruit production. Most apple flower initiation begins in early 

summer, with floral parts present by the fall, followed by a period of dormancy during 

which a chilling period is needed before budbreak the following spring (Dennis, 2003). 

Cultivars differ with respect to how much chilling is required to break the dormancy 

period, which consequently affects where they can be grown (Dennis, 2003). There is a 

range of about six weeks in which cultivars bloom, but most bloom within a three week 

window, and it is not uncommon in many apple growing regions for there be to 

substantial crop losses due to freeze/frost events (Seeley and Anderson, 2003). Climate 

change is a concern for producers of perennial crops, and there is evidence for 

advancements in flowering stages for apple in North America (Wolfe et al., 2005), and 

abroad (Legave et al., 2009). Fortunately, late-flowering cultivars tend to be less 

susceptible, due to flowering stage, to devastating side effects of a frost event during full 

bloom (Mehlenbacher and Voordeckers, 1991). Despite the potential threat of climate 

change to apple yields, there has been little effort to breed for bloom date as it is a 

complicated trait (Seeley and Anderson, 2003). Much more attention has focused on 

reducing the juvenile period in apples as it is a major limitation to production (Kumar et 

al., 2014a). Several transgenic approaches have emerged to overcome juvenility by either 

introducing the BpMADS4 gene from silver birch (Betula pendula Roth.), which is 

thought to be similar to the FRUITFULL (FUL) gene of Arabidopsis thaliana 

(Flachowsky et al., 2007; Weigl et al., 2015), or by altering the expression of MdTFL1, as 
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TFL1 is thought to prevent expression of LFY and AP1 (Kotoda et al., 2006). Other 

transgenic methods for accelerating breeding of horticultural crops include using a 

transgenic plant as a parent before later selecting out the transgene in segregating 

progeny, and using transgenic plants as donors for flowering promoting proteins through 

translocation across graft unions (van Nocker and Gardiner, 2014).  

Flowering time GWAS have been performed on several commercially important 

plant species including soybean where 27 loci were associated with days to flowering 

including candidate flowering genes (Zhang et al., 2015), and tropical maize where >100 

loci were associated with days to anthesis during drought and well-watered conditions 

including the flowering time locus Vgt1 (Wallace et al., 2016). In this study there was 

little to no overlap of GWAS hits across years for flowering time (Figure 5.2). When a 

100 kb window centered on each significant SNP was examined, no genes that appeared 

to be directly related to the floral initiation or timing emerged, but a UniProt 

(http://www.uniprot.org) database search revealed gene functions in Arabipdiosis 

thaliana that could be related to flower and/or fruit development (Table S5.2). For the 

SNP associated with flowering time in 2015 on chromosome 13, two genes in its vicinity 

included MDP0000152515 (PREDICTED: Malus x domestica dynamin-related protein 

1C) associated with pollen maturation, and MDP0000259187 (PREDICTED: Malus x 

domestica E3 ubiquitin protein ligase RIE1) associated with embryo development. A 

SNP on chromosome 2 associated with flowering time in 2016 was located near 

MDP0000129902 (PREDICTED: Malus x domestica ethylene-responsive transcription 

factor WRI1-like), which was associated with embryo development and seed 

germination. Finally, a SNP on chromosome 11 associated with flowering time in 2016 
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was positioned near MDP0000189203 (PREDICTED: Malus x domestica E3 ubiquitin-

protein ligase RHF2A-like), which was associated with gametogenesis progression. 

While none of these genes appeared to be associated with flowering time in the apple 

literature, they could represent areas of interest as the genetic basis of flowering time in 

apple continues to unfold. 

  For flowering time, GWAS produced no large peaks consisting of several SNPs, 

which could suggest that flowering is a quantitative trait controlled by a large number of 

loci each with small effects. No previous GWAS involving apple flowering time were 

found in the literature, but several QTL analyses have revealed QTL on linkage groups 1 

(Lawson et al., 1995; Celton et al., 2011), 4 (Allard et al., 2016), 6 (Celton et al., 2011), 7 

(Liebhard et al., 2003; Allard et al., 2016), 8 (Celton et al., 2011; Allard et al., 2016), 9 

(Celton et al., 2011; Allard et al., 2016), 10 (Liebhard et al., 2003; Allard et al., 2016), 11 

(Allard et al., 2016), 12 (Celton et al., 2011; Allard et al., 2016), 15 (Allard et al., 2016), 

and 17 (Liebhard et al., 2003; Celton et al., 2011). Few of the chromosomes with GWAS 

hits presented here overlapped with these linkage groups, therefore the flowering 

literature was examined for possible candidate genes in the vicinity of significant SNPs. 

In apple there is a complex interplay of floral development and cell cycle genes, 

environmental cues, and phytohormones from floral initiation in year one, to reproductive 

budbreak in year two. The molecular underpinnings of flowering in perennial species are 

being studied (Kurokura et al., 2013), and genes in the apple flowering literature include 

AFL1 and AFL2 [FLORICAULA/LEAFY] (Wada et al., 2002; Hättasch et al., 2008), 

TFL1-1/1-2 (Kotoda et al., 2006; Hättasch et al., 2008), and FT1 (Tränkner et al., 2010), 

to name a few. These genes and others implicated in floral development were compared 
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to the significant SNPs in this study, and one SNP on chromosome 4 

(chr4_9995135_tassel) was located 243,433 bp upstream of the start of a terminal flower 

1 gene (TFL1-2) (MDP0000126761) associated with phosphatidylethanolamine-binding. 

Another SNP on chromosome 11 (chr11_22755985_samtools) was located 825,916 bp 

upstream of the start of a LEAFY-like gene (AFL1) (MDP0000492089). By altering the 

expression of MdTFL1 using antisense RNA transgenic technology, Kotoda et al. (2006) 

were able to reduce the juvenile period of apple, and suggested that TFL1 plays a major 

role in apple flower induction and development. Wada et al. (2002) found that AFL1 and 

AFL2 in apple shared high homology, but their temporal expression differed, with AFL1 

expression appearing to coincide with floral development specifically. Transgenic 

Arabidopsis thaliana plants overexpressing AFL2 displayed accelerated flowering, and 

those expressing AFL1 displayed a similar, albeit weaker phenotype (Wada et al., 2002). 

It would appear that TFL1 acts as a repressor of flowering in Rosaceae and is likely 

involved in not only the juvenile transition period but also the seasonal flowering 

phenomenon (reviewed by Kurokura et al., 2013). The role of AFL is not as clear, as 

overexpression does not appear to promote flowering in apple per se (reviewed by 

Kurokura et al., 2013). The polygenic nature of flowering time control in apple is likely 

reflected in the GWAS results presented here, although no strong candidate genes were 

detected in this study. 

The spread of data points in the PCA plot suggests a correlation between 

flowering time and population structure (flowering time vs. PC1: r = -0.445, p = < 1 x 10
-

15
), and possibly reflects the different geographical origins of the ABC collection 

accessions, which ranges from Nova Scotia to the proposed centre of origin in the 
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mountains of Kazakhstan (Figure 5.3C). The correlation across years for flowering time 

increased as trees aged (i.e., 2014 vs. 2015, and 2015 vs. 2016) (Figure 5.3A & B). While 

trees in the ABC were nearing maturity, it could be that more time was needed to reach 

full reproductive maturity, a phenomenon that can take several years in apple. Another 

limitation of this study was the number of time points recorded for flowering time. The 

orchard design was incoporated by collecting flowering time data from clonal replicates, 

across three years, but it could be that trait data variability was not exploited (Table 

S5.1). We tried to record flowering as often as possible, however, time restraints and 

spray applications reduced data timepoint collection. In the future, a greater effort should 

be made to capture the underlying phenotypic variability of flowering time in the ABC. 

This study was also limited by the variability in this trait, as most cultivars flower within 

a three-week window (Seeley and Anderson, 2003). Celton et al. (2011) did not detect 

any QTLs when there was a rather narrow window for apple flowering time. It appears 

that flowering time is likely a quantitative trait in apple with complex genetic control, 

therefore genomic selection could be a more appropriate genetic analysis technique in 

breeding for this trait (Myles, 2013). These analyses should be re-run in the future, with 

more time points, and genomic data aligned to the latest version of the reference genome. 

 When breeding new apple cultivars, fruit quality is a principal concern, as it is an 

essential characteristic for the consumer (Costa, 2015). In this study, several at harvest 

parameters were examined using GWAS. Significant genotype-phenotype associations 

were detected for harvest date on chromosomes 3, 4, 10, and 15 (Figure 5.4A). Kenis et 

al. (2008) used QTL analyses to map harvest date to several linkage groups including 3 

and 10. Previous work completed by our lab also detected a GWAS peak for harvest 
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season on chromosome 3 (Migicovsky et al., 2016), as well as a peak below the 

significance threshold in a smaller diversity population (Chapter 4). In all three cases, 

these peaks co-located with a NAC5 (NAC18.1) transcription factor (MDP0000868419) 

with a D5Y substitution (Figure 5.4B). NAC transcription factors represent a large family 

of transcription factors in plants with diverse functions including but not limited to: 

embryonic, floral and vegetative development (e.g., NAM, CUC1, CUC2, CUC3), lateral 

root formation and auxin signalling (e.g., NAC1), and defence and abiotic stress (e.g., 

GRAB1, GRAB2, StNAC, ANAC019, ANAC055, ANAC072) (Olsen, 2005). The role of 

NAC transcription factors in apple is just starting to be explored, but it is thought that 

they are involved in biotic/abiotic signalling pathways, and other physiological and 

developmental processes (Su et al., 2013). Su et al. (2013) identified 180 MdNAC genes, 

and in doing so found that this family of genes was larger in apple compared to other 

plant species (i.e., Arabidopsis, rice, grape, soybean, tobacco, and poplar), which might 

reflect complex transcriptional regulation. Other genes within the 100 kb window for 

harvest date included MDP0000652278 (PREDICTED: Malus x domestica 

alkaline/neutral invertase A, mitochondrial-like (LOC103433854), mRNA), 

MDP0000286389 (PREDICTED: Malus x domestica pentatricopeptide repeat-containing 

protein At4g20090-like (LOC103445984), transcript variant X6, mRNA), and 

MDP0000263391 (PREDICTED: Pyrus x bretschneideri GATA transcription factor 8-

like (LOC103940977), mRNA) on chromosomes 4, 10, and 15, respectively. 

 Firmness at harvest also produced GWAS peaks on chromosomes 3 and 10 

(Figure 5.5). QTL mapping studies detected firmness QTL on different linkage groups 

including 10 (King et al., 2000; Kenis et al., 2008; Costa, 2015), and separate GWAS 
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also produced peaks on chromosomes 3 and 10 (Kumar et al., 2013). Apple fruit texture 

and softening are complex traits (Brown, 2012) associated with many genes, including 

polygalacturonase (PG) (Longhi et al., 2013), ACC synthase (ACS), and ACC oxidase 

(ACO) (Zhu and Barritt, 2008), both of which are part of the ethylene biosynthesis 

pathway. Both PG1 and ACO1 co-locate to chromosome 10, and while the exact location 

of ACS1 could not be determined with version 1.0p of the reference genome, it is 

believed to be on chromosome 15 (Costa et al., 2005). Neither PG1 (MDP0000326734) 

nor ACO1 (MDP0000195885) were in the 100 kb window surrounding the significant 

SNP on chromosome 10 (chr10_21075121_samtools) in this study, but this SNP was 

located ~230 kb downstream of the start of PG1 (Figure 5.5C). This SNP was also ~15.8 

Megabasepairs (Mb) upstream of the start of ACO1, and ~300 kb upstream of an ethylene 

response factor (ERF) (MDP0000855671) discovered by this group when studying 

change in firmness after storage using GWAS (Chapter 4). The function of MdERFs in 

apple fruit is just starting to be revealed (Li et al., 2013), but they are thought to be 

involved in fruit ripening (Wang et al., 2007; Li et al., 2016) (see Chapter 4). Given the 

proximity of PG1 to this peak, and its ubiquitous presence in apple fruit texture literature 

(Costa, 2015), it is the most likely candidate gene in this study. 

 Sensory trials are emerging as an important element to the evaluation of new 

apple cultivars (King et al., 2000; Brown, 2012; Amyotte et al., 2017). Although often 

measured using a sensory approach (King et al., 2000; Ben Sadok et al., 2015), in this 

study fruit juiciness was measured as total juice weight divided by total fruit weight, and 

produced a significant GWAS peak on chromosome 3 (Figure 5.6). Past QTL analyses 

for fruit juiciness have detected QTLs on linkage groups 1 (Ben Sadok et al., 2015), 11 
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(Ben Sadok et al., 2015), and 16 (King et al., 2000), and a recent GWA conducted using 

sensory analysis measurements of juiciness produced a hit on chromosome 13 (Amyotte 

et al., 2017). None of these overlapped with the peak described here, but the candidate 

gene frequently associated with significant SNPs on chromosome 3 was the same NAC5 

(NAC18.1) transcription factor identified by Migicovsky et al. (2016). This, and the 

firmness findings highlight a potential challenge with the phenotype data of this study; 

harvest date, fruit firmness, and juiciness GWAS results all partially overlap. It could be 

that these phenotypes are controlled by similar mechanisms, but it is obvious, though, 

that both firmness and juiciness phenotype values are correlated with harvest date but not 

each other (Fig. 5.1). This is not surprising, as the correlation between harvest date and 

firmness or mealiness has been previously reported (Nybom et al., 2013; Migicovsky et 

al., 2016; Moriya et al., 2017). It is thought that softening is due to loss of cell-to-cell 

adhesion, and that early cultivars soften more rapidly due to larger cells and intercellular 

spaces in the fruit of these cultivars (reviewed by Johnston et al., 2002). During the 

present study, it was noticed that early apples were often mealy, so it is not surprising that 

harvest date and juiciness were also correlated, due to how juiciness was measured. 

These findings highlight the importance of gauging the interplay of GWAS phenotypes, 

and that in the future, methods for correcting firmness and juiciness data based on harvest 

date could maybe be explored.  

Lastly, another essential element of apple fruit quality is acidity, as it has a strong 

effect on perceived taste (Khan et al., 2013). In this study, one significant GWAS peak 

was detected on the top of chromosome 16 for titratable acidity (Figure 5.7). QTL 

mapping and GWAS studies have also located QTL on chromosomes 8 (Liebhard et al., 
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2003; Kumar et al., 2013; Ma et al., 2016), and 16 (Maliepaard et al., 1998; Liebhard et 

al., 2003; Kenis et al., 2008; Xu et al., 2012b; Kumar et al., 2014b; Ma et al., 2016). It is 

generally regarded that there is at least one locus of major effect on chromosome 16 for 

malic acid, Ma, where homozygous recessive individuals (mama) have been found to 

express a higher pH compared to more acidic homozygous dominant (MaMa) and 

heterozygous individuals (Mama) (Khan et al., 2013). Differences in malic acid content 

might be due to accumulation of acid from the cytosol into the vacuole via a malic acid 

transport gene, of which there are 27 putative malic acid transporters in the apple genome 

(Khan et al., 2013). Within the 100 kb windows centered on the significant SNPs for 

titratable acidity, the only candidate gene related to acidity was MDP0000912144 

(PREDICTED: Malus x domestica uncharacterized PKHD-type hydroxylase At1g22950-

like), which is thought to have L-ascorbic acid (Vitamin C) binding activity. More 

interesting, though, was a gene with Malus x domestica aluminum-activated malate 

transporter (ALMT) 4-like predicted function (MDP0000244249), located ~80 kb 

upstream of one significant acidity SNP (Figure 5.7B). The expression of this candidate 

gene, referred to as Ma2 by Khan et al. (2013), was not correlated with malic acid content 

in an F1 population. Another candidate gene that could not be positioned in version 1.0p 

of the reference genome, Ma1 (MDP0000252114), but is located in the vicinity of Ma2, 

was positively correlated with malic acid content (Khan et al., 2013). Ma et al. (2015) 

conducted a candidate gene-based association mapping study using several ALMTII 

family homologs including Ma1 (MDP0000252114) and Ma2 (MDP0000244249), and 

only found Ma1 to be significantly associated with malic acid content. They further 

explored the subcellular localization of this gene, and found that it resided in the 
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tonoplast membrane of the vacuole (Ma et al., 2015). These results provide further 

evidence that this homolog is associated with apple fruit acidity, but the Ma1 gene 

accounted for ~7.46% of phenotypic variation, suggesting Ma1 is not the sole 

determinant of acidity (Ma et al., 2015). Bai et al. (2015a; 2015b) have explored the role 

of gene networks in determining apple acidity using RNA-seq data analysis, and have 

begun to elucidate how the expression of Ma1 and other genes might influence the 

differences in acidity that are observed across cultivars. Since apples of the low acid 

genotype (mama) are generally regarded as insipid (King et al., 2000), a marker or 

markers predictive of this phenotype could be used to select against such apples. Future 

improvements to the reference genome will help to determine whether any significant 

SNPs detected here are possibly linked to Ma1. 

Apple is an ideal candidate for MAS (Myles, 2013), and its use in breeding 

programs is expanding (Kumar et al., 2014a). New genomic technologies such as GBS 

hold great promise for the advancement of apple breeding through marker discovery (Isik 

et al., 2015), and subsequent GWAS to elucidate the genetic basis of traits (Ogura and 

Busch, 2015). In this study, a large diversity collection was used to explore the genetic 

basis of traits such as flowering time and fruit quality. Although flowering time appears 

to be a complex quantitative trait in apple, several genes of interest were highlighted. 

Several phenotypes produced significant GWAS hits for quality traits that have proved 

difficult to map in a previous study (Chapter 4) such as harvest date, firmness at harvest, 

and acidity. We hypothesize that the greater variation for these traits present in the ABC, 

and the larger population size of the ABC, helped exploit the power of GWAS and 

revealed several strong candidate regions underpinning these traits. Interestingly, some 
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traits still produced no significant GWAS results, such as fruit weight (Figure S5.3). It 

was noted that the automated phenotyping machine used here was limited as to the 

minimum and maximum fruit size that it could process, effectively cutting off the lower 

minimum and upper maximum of the size phenotype data distribution (Table S5.1). 

Therefore, increased phenotyping efficiencies may have been achieved at the cost of 

capturing trait variation. In the future, excessively small and large fruit could be 

evaluated in the lab separately, instead of using the Pimprenelle. While flowering time 

measurements included clonal replicates, the first year of data collection in the ABC 

presented here did not. Replication will be done in future years, and will hopefully better 

capture phenotypic variability. The age of trees may have also affected phenotype 

variability. The ABC orchard was planted only in 2013, therefore trees may still require 

more time to reach reproductive maturity (Peace, 2017). As trees age and data collection 

continues in the ABC, the confounding effects of age on phenotypic measurements will 

decrease (Myles, 2013). Finally, the importance of a NAC5 (NAC18.1) transcription 

factor in affecting at least harvest date was made abundantly clear, as this now represents 

the third study involving an independent population that has made this link. Most traits 

presented in this chapter represented only one year of data, therefore, GWAS must also 

be replicated in future years to confirm results. Nonetheless, several GWAS results 

presented here could be of use in the future development of markers applicable to diverse 

apple populations.  
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CHAPTER 6. SUMMARY AND FUTURE DIRECTIONS 

 

6.1 OVERALL FINDINGS 

 

 The goal of this thesis was to explore the genetic basis of traits important for the 

long-term sustainability of the Canadian apple industry. Growers of this long-lived 

perennial crop face unique pressures from the climate, pests, diseases, long-term storage 

conditions, and the consumer. In this thesis, significant genotype-phenotype associations 

were found for many commercially important traits including incidence of soft scald 

(Chapter 3), apple fruit skin colour, change in firmness during storage, apple scab 

resistance (Chapter 4), harvest date, firmness at harvest, juiciness, and acidity (Chapter 

5). That being said, several challenges did arise, especially with respect to phenotype data 

collection, the replicability and reliability of genetic mapping results, and the future 

utility of the markers discovered for use in MAS. 

 

6.2 CHALLENGES 

 

 One challenge that arose across mapping approaches in this thesis was phenotype 

data collection. Although incredibly important for fruit quality and storability, assessing 

apple maturity efficiently and across a range of cultivars remains a challenge (Ben Sadok 

et al., 2015). Apples also mature over a range of dates, which greatly extends the 

phenotyping period. For example, in the CET (Chapter 4) and ABC (Chapter 5) the 

harvest season begins in August and ends in November. The use of barcoding technology 
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and an automated phenotyping machine greatly improved data collection efficiency, but 

sometimes at a cost. For example, the automated phenotyping machine was limited as to 

the size of fruit it could process. Excessively small and large fruit could not be measured, 

effectively cutting off the lower and upper tails of the fruit size phenotype distribution 

(Table S5.1). In this research these samples were discarded, but in the future if more 

resources are available, these fruit could be assessed by hand separately in the lab. In the 

future, these costs and benefits of high-throughput phenotyping techniques will need to 

be weighed when making decisions regarding experimental design.  

 The power of genetic mapping studies and the replicability and reliability of 

results present several challenges. For several traits studied in this thesis, no significant 

associations were detected across years, or at all. There are several plausible explanations 

for these findings, many of which relate to size: an insufficient number of markers, small 

experimental population size, limited trait variability, lack of replication, and many small 

effect loci contributing to a trait. It is likely that a combination of these factors affected 

the mapping of traits across populations studied here. Genetic marker discovery has 

greatly benefitted from new genomic technologies (Troggio et al., 2012). A large number 

of markers are necessary for GWAS (Soto-Cerda and Cloutier, 2012), because the extent 

of LD present in a GWAS population affects the ability to detect genotype-phenotype 

associations (Mitchell-Olds, 2010). It is thought that whole genome sequencing may be 

required for well-powered GWAS in apple due to the rapid rate of LD decay (Migicovsky 

et al., 2016; Ma et al., 2017), but whole-genome sequencing is currently cost prohibitive 

in most cases. In the mean time, as improved reference genomes and bioinformatics tools 

are released, it is hoped that marker discovery in heterozygous crops such as apple will 
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improve (Myles 2013). It will also be interesting in the future to further explore how 

selection affects LD within apple populations, and how such LD affects our ability to 

map traits (e.g., apple scab resistance) using GWAS. With respect to experimental 

population sizes, maintaining large apple populations for genetic mapping purposes is 

expensive. Also, trees must reach reproductive maturity before phenotype measurements 

are taken, therefore populations must be planted many years in advance of genetic 

mapping studies. Both of these factors greatly limit the population sizes currently 

available for genetic mapping in apple. Another factor affecting robustness is that trait 

variability may have been limited in both our F1 and GWAS test populations. It is well 

known that one weakness of QTL studies (Chapter 3) is that genetic variability is limited 

to that found within the parents and subsequent cross (Ben Sadok et al., 2015). Also, in 

the case of the CET population (Chapter 4), most accessions were commercial cultivars, 

and they therefore might not have exhibited variability for traits important to the 

consumer such as eating quality (i.e., SSC, acidity, flesh firmness). Another limitation of 

this study was the lack of replication in the CET and ABC studies. Due to resource 

limitations, GWAS were run using phenotype data from composite samples. In the future 

if costs permit, clonal replicates should be incorporated into the experimental design to 

better account for experimental error. Finally, the genetic architecture for many traits in 

apple is largely unknown, and if a trait were controlled by many loci of small effect, then 

genomic selection (GS) might be a more appropriate tool to select for that trait (Myles, 

2013). It is impossible to know what factors most affected our ability to detect genotype-

phenotype associations, but due to our ability to map some traits well, we suspect that 
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nature of the phenotype data (i.e., quantity and variability) and the genetic architecture of 

traits may have played important roles. 

  Finally, after completing genetic mapping, it is often challenging to assess 

associations for suitability for MAS. One large impediment to this process is the current 

state of the reference genome and its annotation. For example, no clear candidate genes 

were detected in the vicinity of the soft scald QTL results (Chapter 3), beyond general 

enzymatic function. If a significant association is adjacent to a gene that could be 

responsible for the expressed phenotype, this provides an orthogonal piece of evidence 

that the association is biologically meaningful and robust. It is hoped that as reference 

genome annotation improves, genetic mapping results will be easier to interpret. Another 

issue that arose is assessing the reliability or transferability of a marker. In several 

instances, significant associations were not replicated across years or populations. 

Replicating these GWAS results in independent, large, diverse populations (Ingvarsson 

and Street, 2011), followed by evaluation in breeding populations will better assess their 

robustness and utility for MAS. Finally, in several instances correlations across 

phenotypes for traits, and correlations across GWAS results (i.e., harvest date, firmness at 

harvest, juiciness) were observed (Chapter 5). It is difficult to interpret if such traits are 

controlled by similar genetic mechanisms, or if phenotypes are simply correlated, 

possible due to selection. Apple GWAS is still in its infancy and it is believed that as the 

field grows, interpretations of and comparisons across mapping studies will help with 

determining whether genotype-phenotype associations are suitable for MAS. 
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6.3 FUTURE RESEARCH DIRECTIONS 

 

  Several candidate regions associated with traits important to both the grower and 

consumer were detected during the course of this research. Now the task remains to 

evaluate several of these associations that are strong candidates for MAS over multiple 

years in the diverse ABC germplasm collection; especially those associated with fruit 

texture (Chapters 4, 5). In conjunction with marker validation over multiple years in the 

ABC, validation should also be completed in wider breeding material, such as that 

located at the Vineland Research and Innovation Centre in Ontario, and the AAFC apple 

breeding program in British Columbia. This work will allow for a better assessment of 

marker utility in a broader breeding sense, and could also pave the way for their use in 

genetic modification (Brown and Maloney, 2003). It is also hoped that through this 

process, we will start to bridge the “chasm” between fundamental apple genomics 

research and its wider implementation into applied breeding in Canada (Peace, 2017). 

The QTL results from the soft scald incidence trial (Chapter 3) will likely remain as 

building blocks for understanding the genetic basis of this trait, but at this time do not 

appear to be clear candidates for MAS. It is suggested that for genetic mapping of traits 

such as soft scald, which is historically affected by several environmental factors (Tong 

et al., 2003), F1 populations should be replicated at different growing sites, and data 

collected across multiple years to generate the best possible phenotype data for QTL 

mapping (Kenis et al., 2008). Moving forward, large experimental populations should 

also be clonally replicated across growing sites to assess the effects of G x E and 

genotype x environment x management (G x E x M) on GWAS and GS results (Iwata et 



 

 127 

al., 2016). As new versions of the reference genome are released, next-generation 

sequencing (NGS) data should be re-aligned to the genome, SNPs re-called, and GWAS 

re-run using the data presented here.  

This thesis provides a basis for the use of NGS technology and apple germplasm 

collections to genetically map traits important to the Canadian apple industry. It is hoped 

that this research will provide a starting point for the development of new Canadian apple 

cultivars in a more cost-effective and timely manner through MAS. 
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APPENDIX A: CHAPTER 3 - QTL ANALYSIS OF SOFT SCALD IN TWO 

APPLE POPULATIONS. 
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Figure S3.1 - Graphical representations of the phenotype data for soft scald incidence in 

populations ‘11W-12-11’ x ‘SPA440’ and ‘Ambrosia’ x ‘Honeycrisp’ in 2013 (a,b), 2014 

(c,d), and the correlation between years (e,f,). 
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Figure S3.2 A genetic map generated using markers from an ‘11W-12-11’ x ‘SPA440’ 

cross. 
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Figure S3.3 A genetic map generated using markers from an ‘Ambrosia’ x ‘Honeycrisp’ 

cross. 
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Figure S3.4 Soft scald QTL analysis results for parent ‘SPA440’. 
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Figure S3.5 Soft scald QTL analysis results for parent ‘Ambrosia’. 
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Figure S3.6 Soft scald QTL analysis results for parent ‘Honeycrisp’. 
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Figure S3.7 Soft scald QTL analysis comparison for interval mapping (black) versus a 

binary model (red) for parent ‘11W-12-11’. 
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Figure S3.8 - A comparison of soft scald by genotype at the QTL on chromosome 2 

(chr2:3379607_C, LOD = 4.91) (a), and chromosome 3 (chr3:36346255_C, LOD = 4.19) 

(b). 
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Table S3.1 Gene names and GO categories for transcripts found within ±50 kb of the highest QTL peak on chromosome 2 

(chr2:3379607_C, LOD = 4.91) according to Genome Database for Rosaceae GBrowse (last accessed May 16 2016). 
mRNA Name GO Term GO Term Name InterPro Term Interpro Name 

MDP0000220312 GO:0008152 metabolic process IPR001920 Asp/Glu racemase 

      IPR015942 Asp/Glu/hydantoin racemase 

MDP0000311737 GO:0016787 hydrolase activity IPR000086 NUDIX hydrolase domain 

  GO:0046872 metal ion binding IPR000571 Zinc finger, CCCH-type 

  GO:0003676 nucleic acid binding IPR015375 NADH pyrophosphatase-like, N-terminal 

  GO:0008270 zinc ion binding IPR015376 Zinc ribbon, NADH pyrophosphatase 

  

  

IPR015797 NUDIX hydrolase domain-like 

  

  

IPR020084 NUDIX hydrolase, conserved site 

      IPR020476 NUDIX hydrolase 

MDP0000653439 GO:0005622 intracellular IPR001876 Zinc finger, RanBP2-type 

  GO:0008270 zinc ion binding     

MDP0000222124 GO:0005488 binding IPR002885 Pentatricopeptide repeat 

      IPR011990 Tetratricopeptide-like helical 

MDP0000313114 No data No data IPR005050 Early nodulin 93 ENOD93 protein 

MDP0000416118 No data No data IPR005050 Early nodulin 93 ENOD93 protein 

MDP0000806475 GO:0006468 protein phosphorylation IPR000719 Protein kinase, catalytic domain 

  GO:0005524 ATP binding IPR002290 Serine/threonine- / dual-specificity protein kinase, catalytic domain 

  GO:0004672 protein kinase activity IPR008271 Serine/threonine-protein kinase, active site 

  GO:0004674 protein serine/threonine kinase activity IPR011009 Protein kinase-like domain 

  GO:0004713 protein tyrosine kinase activity IPR020635 Tyrosine-protein kinase, catalytic domain 

MDP0000295695 GO:0006468 protein phosphorylation IPR000719 Protein kinase, catalytic domain 

  GO:0005524 ATP binding IPR001245 Serine-threonine/tyrosine-protein kinase catalytic domain 

  GO:0004672 protein kinase activity IPR001480 Bulb-type lectin domain 

  GO:0004674 protein serine/threonine kinase activity IPR002290 Serine/threonine- / dual-specificity protein kinase, catalytic domain 

  GO:0004713 protein tyrosine kinase activity IPR003609 Apple-like 

  

  

IPR008271 Serine/threonine-protein kinase, active site 

  

  

IPR011009 Protein kinase-like domain 

  

  

IPR013227 PAN-2 domain 

      IPR020635 Tyrosine-protein kinase, catalytic domain 

MDP0000198976 GO:0006468 protein phosphorylation IPR000270 Phox/Bem1p 

  GO:0005524 ATP binding IPR000719 Protein kinase, catalytic domain 

  GO:0005515 protein binding IPR001245 Serine-threonine/tyrosine-protein kinase catalytic domain 

  GO:0004672 protein kinase activity IPR002290 Serine/threonine- / dual-specificity protein kinase, catalytic domain 
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  GO:0004674 protein serine/threonine kinase activity IPR008271 Serine/threonine-protein kinase, active site 

  GO:0004713 protein tyrosine kinase activity IPR011009 Protein kinase-like domain 

  

  

IPR017441 Protein kinase, ATP binding site 

      IPR020635 Tyrosine-protein kinase, catalytic domain 

MDP0000866453 GO:0006468 protein phosphorylation IPR000719 Protein kinase, catalytic domain 

  GO:0005524 ATP binding IPR002290 Serine/threonine- / dual-specificity protein kinase, catalytic domain 

  GO:0004672 protein kinase activity IPR008271 Serine/threonine-protein kinase, active site 

  GO:0004674 protein serine/threonine kinase activity IPR011009 Protein kinase-like domain 

  GO:0004713 protein tyrosine kinase activity IPR017441 Protein kinase, ATP binding site 

      IPR020635 Tyrosine-protein kinase, catalytic domain 

MDP0000244230 GO:0005737 cytoplasm IPR005491 EMSY N-terminal 

  GO:0008168 methyltransferase activity IPR007857 Skb1 methyltransferase 

  GO:0003723 RNA binding IPR008395 Agenet 

      IPR014002 Tudor-like, plant 
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Table S3.2 Gene names and GO categories for transcripts found within ±50 kb of the highest QTL peak on chromosome 3 

(chr3:36346255_C, LOD = 4.19) according to Genome Database for Rosaceae GBrowse (last accessed May 16 2016). 
mRNA Name GO Term GO Term Name InterPro Term Interpro Name 

MDP0000161552 GO:0005515 protein binding IPR002110 Ankyrin repeat 

      IPR020683 Ankyrin repeat-containing domain 

MDP0000157951 GO:0034968 histone lysine methylation IPR001214 SET domain 

  GO:0006508 proteolysis IPR007728 Pre-SET domain 

  GO:0005634 nucleus IPR009007 Peptidase aspartic, catalytic 

  GO:0004190 aspartic-type endopeptidase activity 

 

  

  GO:0018024 histone-lysine N-methyltransferase activity 

 

  

  GO:0005515 protein binding 

 

  

  GO:0008270 zinc ion binding     

MDP0000180189 No data No data IPR006214 Inhibitor of apoptosis-promoting Bax1-related 

MDP0000139194 GO:0006468 protein phosphorylation IPR000719 Protein kinase, catalytic domain 

  GO:0005524 ATP binding IPR002290 Serine/threonine- / dual-specificity protein kinase, catalytic domain 

  GO:0004672 protein kinase activity IPR008271 Serine/threonine-protein kinase, active site 

  GO:0004674 protein serine/threonine kinase activity IPR011009 Protein kinase-like domain 

  GO:0004713 protein tyrosine kinase activity IPR017441 Protein kinase, ATP binding site 

      IPR020635 Tyrosine-protein kinase, catalytic domain 
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APPENDIX B: CHAPTER 4 - GENOME-WIDE ASSOCIATION STUDIES OF APPLE QUALITY AND SCAB 

RESISTANCE. 

 

 

 
 

Figure S4.1 Numerical r values and p-values corresponding to the CET phenotype data heatmap presented in Figure 4.1. NS = 

indicates p-value >0.05, * = 0.01 > p-value < 0.05, ** = p-value < 0.01.
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Figure S4.2 The GWAS results for each trait studied in the CET in 2013 and 2014. Each 

plot also contains a histogram of the trait value, a Manhattan plot of the GWAS results, a 

Q-Q plot of the observed and expected -log10P values, and a histogram of the residual 

values for the GWAS for each trait from TASSEL. 
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Figure S4.3 A preliminary examination of SNPs adjacent to polygalacturonase (PG1) 

and an ethylene-responsive (ERF) transcription factor and their GWAS results. The blue 

dot represents the SNP (S10_21375724) closest the ERF transcription factor 

(MDP0000855671) and the red dot (S10_20843047) represents PG1 (MDP0000326734). 

Even when the PG1 marker data were inserted into the GWAS, SNP S10_21375724 still 

produced the association with the smallest p-value. The solid line represents the  

-log10(α/Meff) value significance threshold. No SNPs exceeded the significance threshold, 

likely due to the small sample size (N = 98). 
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Figure S4.4 The scab TASSEL (A), and CARAT (B) association mapping results, and a -

log10(p) comparison of the two (C). In the top and bottom plot, the solid line represents 

the -log10(α/Meff) value significance threshold. Panel (C) is a comparison of the p-values 

for TASSEL (x-axis) and CARAT (y-axis), which displayed a positive, significant 

correlation (r = 0.745, p = < 2.2 x 10
-16

). 
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Figure S4.5 A comparison of scab TASSEL GWAS results, and Cross Population 

Extended Haplotype Homozygosity (XP-EHH) test results across chromosomes 1, 4, 5, 7, 

12, 14, and 15. In the top panel, the solid line represents the -log10(α/Meff) value 

significance threshold. In the bottom panel, the dotted line represents the upper 1% 

quantile of XP-EHH values. 
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Table S4.1 A table summarizing the phenotype data for harvest date and fruit quality in the CET in 2013 and 2014. Phenotype data 

that were transformed using the Box-Cox transformation for GWAS are indicated accordingly. 

 

Trait Minimum Maximum Mean SD 

2013 

Harvest date (Julian days) 211 304 270 22 

Fruit weight (transformed) -3.47 4.33 4.27 x 10
-11

 1 

Colour (transformed) -2.04 1.51 4.27 x 10
-11

 1 

Firmness at harvest (lb) 9.61 26.52 18.23 2.75 

Titratable acidity (mg malic acid100 mL
-1

 of juice) 165.6 1584 696.1 238.6 

Soluble solids content (%) 9.3 16.1 12.4 1.2 

SSC/TA (transformed) -3.06 2.39 3.05 x 10
-11

 1 

Firmness after storage (lb) 7.01 21.34 12.78 3.24 

Change in firmness (lb) -11.87 0.67 -5.45 2.23 

2014 

Harvest date (transformed) -2.06 2.07 -2.40 x 10
-11

 1 

Fruit weight (transformed) -2.94 3.06 -1.80 x 10
-11

 1 

Colour (transformed) -2.14 1.68 1.80 x 10
-11

 1 

Firmness at harvest (lb) 11.37 29.03 19.26 3.45 

Titratable acidity (mg malic acid100 mL
-1

 of juice)  191.6 1658 832.9 285.2 

Soluble solids content (%) 9.8 16.9 13.2 1.2 

SSC/TA (transformed) -3.05 2.50 1.80 x 10
-11

 1 

Firmness after storage (lb) 5.2 22.89 14.03 3.43 

Change in firmness (lb) -11.89 1.85 -5.17 2.43 

 

 

 

 

 



 

 174 

Table S4.2 A table summarizing the results for each SNP that produced a significant GWAS result from Genome Database for 

Rosaceae (GDR) (https://www.rosaceae.org) and NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi), within a ±100 kb window 

centered on each SNP.  
Change in firmness 2013 

Marker MAF Gene name Top BLAST hit 

S10_21375724 0.12179 MDP0000367163 PREDICTED: Malus x domestica protein root UVB sensitive 2, chloroplastic (LOC103445636), transcript variant X2, mRNA 

  

MDP0000329966 PREDICTED: Malus x domestica actin-depolymerizing factor (LOC103445634), mRNA 

  

MDP0000942873 PREDICTED: Malus x domestica inorganic phosphate transporter 1-4 (LOC103445633), mRNA 

  
MDP0000186457 Malus x domestica MdSFBB9-alpha, S9-RNase, MdSFBB9-beta genes, complete cds, Psi-SFBB9-alpha, Psi-SFBB9-beta pseudogenes 

  
MDP0000855671 PREDICTED: Malus x domestica ethylene-responsive transcription factor 1B (LOC103445672), mRNA 

    MDP0000154627 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

Colour 2013 

Marker MAF Gene name Top BLAST hit 

S1_30788940 0.34615 MDP0000262773 PREDICTED: Malus x domestica cytochrome b5-like (LOC103439701), transcript variant X2, mRNA 

  
MDP0000166404 PREDICTED: Malus x domestica cytochrome P450 704C1-like (LOC103439717), mRNA 

  
MDP0000166405 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At5g66520-like (LOC103439726), mRNA 

  

MDP0000166406 PREDICTED: Malus x domestica alpha-L-fucosidase 1-like (LOC103439742), mRNA 

  

MDP0000271120 PREDICTED: Malus x domestica alpha-L-fucosidase 1-like (LOC103439751), mRNA 

  

MDP0000166410 PREDICTED: Pyrus x bretschneideri 3-ketoacyl-CoA synthase 5-like (LOC103940278), mRNA 

  

MDP0000286623 PREDICTED: Malus x domestica uncharacterized LOC103439759 (LOC103439759), transcript variant X2, mRNA 

  
MDP0000634037 PREDICTED: Malus x domestica protein SUPPRESSOR OF npr1-1, CONSTITUTIVE 1-like (LOC103441060), mRNA 

  
MDP0000257201 PREDICTED: Malus x domestica protein SUPPRESSOR OF npr1-1, CONSTITUTIVE 1-like (LOC103439768), transcript variant X6, mRNA 

S9_31448296 0.38141 MDP0000218344 PREDICTED: Malus x domestica ethylene-responsive transcription factor ERF054-like (LOC103444124), mRNA 

  

MDP0000252890 PREDICTED: Malus x domestica ribulose bisphosphate carboxylase small chain, chloroplastic (LOC103444126), mRNA 

  

MDP0000534906 PREDICTED: Malus x domestica uncharacterized LOC103444125 (LOC103444125), mRNA 

  

MDP0000597525 PREDICTED: Malus x domestica uncharacterized LOC103444125 (LOC103444125), mRNA 

  
MDP0000271874 PREDICTED: Malus x domestica caffeoylshikimate esterase-like (LOC103421885), transcript variant X1, mRNA 

  
MDP0000271873 PREDICTED: Malus x domestica protein ABA DEFICIENT 4, chloroplastic (NS), mRNA 

  

MDP0000271872 PREDICTED: Malus x domestica mannose-6-phosphate isomerase 1-like (LOC103444130), transcript variant X1, mRNA 

  

MDP0000271871 PREDICTED: Malus x domestica uncharacterized LOC103444129 (LOC103444129), mRNA 

    MDP0000142484 PREDICTED: Malus x domestica uncharacterized LOC103444133 (LOC103444133), mRNA 

S9_32678877 0.38141 MDP0000358490 No results 

  
MDP0000175312 PREDICTED: Pyrus x bretschneideri FHA domain-containing protein At4g14490 (LOC103963668), mRNA 

  

MDP0000212044 PREDICTED: Malus x domestica uncharacterized LOC103444194 (LOC103444194), mRNA 

  

MDP0000212045 PREDICTED: Malus x domestica protein RSI-1 (LOC103444195), mRNA 

  

MDP0000262973 PREDICTED: Malus x domestica uncharacterized LOC103444196 (LOC103444196), mRNA 

  

MDP0000252274 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  
MDP0000326957 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  
MDP0000530903 PREDICTED: Malus x domestica glutathione S-transferase DHAR3, chloroplastic (LOC103444197), transcript variant X1, mRNA 

S9_32682478 0.37821 MDP0000358490 No results 

  

MDP0000175312 PREDICTED: Pyrus x bretschneideri FHA domain-containing protein At4g14490 (LOC103963668), mRNA 

  

MDP0000212044 PREDICTED: Malus x domestica uncharacterized LOC103444194 (LOC103444194), mRNA 

  

MDP0000212045 PREDICTED: Malus x domestica protein RSI-1 (LOC103444195), mRNA 



 

 175 

  

MDP0000262973 PREDICTED: Malus x domestica uncharacterized LOC103444196 (LOC103444196), mRNA 

  

MDP0000252274 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  
MDP0000326957 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  
MDP0000530903 PREDICTED: Malus x domestica glutathione S-transferase DHAR3, chloroplastic (LOC103444197), transcript variant X1, mRNA 

S9_32743362 0.37821 MDP0000252274 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  

MDP0000326957 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  

MDP0000530903 PREDICTED: Malus x domestica glutathione S-transferase DHAR3, chloroplastic (LOC103444197), transcript variant X1, mRNA 

  

MDP0000181482 Malus domestica DELLA protein GAI (LOC103444199), mRNA 

    MDP0000350005 PREDICTED: Malus x domestica uncharacterized LOC103401311 (LOC103401311), transcript variant X1, mRNA 

S9_33085337 0.34615 MDP0000284298 PREDICTED: Pyrus x bretschneideri probable receptor protein kinase TMK1 (LOC103959458), mRNA 

  

MDP0000291386 PREDICTED: Malus x domestica PHD finger protein MALE MEIOCYTE DEATH 1 (LOC103444210), mRNA 

  

MDP0000291387 PREDICTED: Pyrus x bretschneideri potassium channel SKOR (LOC103959456), transcript variant X2, mRNA 

  

MDP0000254312 PREDICTED: Malus x domestica uncharacterized LOC103411757 (LOC103411757), ncRNA 

  

MDP0000284296 PREDICTED: Malus x domestica tRNA threonylcarbamoyladenosine dehydratase (LOC103444361), mRNA 

  
MDP0000760132 PREDICTED: Malus x domestica putative pentatricopeptide repeat-containing protein At1g26500 (LOC103444214), mRNA 

    MDP0000183836 PREDICTED: Malus x domestica embryonic protein DC-8-like (LOC103444213), transcript variant X1, mRNA 

S9_33086028 0.36859 MDP0000284298 PREDICTED: Pyrus x bretschneideri probable receptor protein kinase TMK1 (LOC103959458), mRNA 

  

MDP0000291386 PREDICTED: Malus x domestica PHD finger protein MALE MEIOCYTE DEATH 1 (LOC103444210), mRNA 

  

MDP0000291387 PREDICTED: Pyrus x bretschneideri potassium channel SKOR (LOC103959456), transcript variant X2, mRNA 

  

MDP0000254312 PREDICTED: Malus x domestica uncharacterized LOC103411757 (LOC103411757), ncRNA 

  
MDP0000284296 PREDICTED: Malus x domestica tRNA threonylcarbamoyladenosine dehydratase (LOC103444361), mRNA 

  
MDP0000760132 PREDICTED: Malus x domestica putative pentatricopeptide repeat-containing protein At1g26500 (LOC103444214), mRNA 

    MDP0000183836 PREDICTED: Malus x domestica embryonic protein DC-8-like (LOC103444213), transcript variant X1, mRNA 

S9_33095213 0.34615 MDP0000291386 PREDICTED: Malus x domestica PHD finger protein MALE MEIOCYTE DEATH 1 (LOC103444210), mRNA 

  

MDP0000291387 PREDICTED: Pyrus x bretschneideri potassium channel SKOR (LOC103959456), transcript variant X2, mRNA 

  
MDP0000254312 PREDICTED: Malus x domestica uncharacterized LOC103411757 (LOC103411757), ncRNA 

  
MDP0000284296 PREDICTED: Malus x domestica tRNA threonylcarbamoyladenosine dehydratase (LOC103444361), mRNA 

  

MDP0000760132 PREDICTED: Malus x domestica putative pentatricopeptide repeat-containing protein At1g26500 (LOC103444214), mRNA 

    MDP0000183836 PREDICTED: Malus x domestica embryonic protein DC-8-like (LOC103444213), transcript variant X1, mRNA 

S9_33095230 0.34615 MDP0000291386 PREDICTED: Malus x domestica PHD finger protein MALE MEIOCYTE DEATH 1 (LOC103444210), mRNA 

  

MDP0000291387 PREDICTED: Pyrus x bretschneideri potassium channel SKOR (LOC103959456), transcript variant X2, mRNA 

  

MDP0000254312 PREDICTED: Malus x domestica uncharacterized LOC103411757 (LOC103411757), ncRNA 

  
MDP0000284296 PREDICTED: Malus x domestica tRNA threonylcarbamoyladenosine dehydratase (LOC103444361), mRNA 

  

MDP0000760132 PREDICTED: Malus x domestica putative pentatricopeptide repeat-containing protein At1g26500 (LOC103444214), mRNA 

    MDP0000183836 PREDICTED: Malus x domestica embryonic protein DC-8-like (LOC103444213), transcript variant X1, mRNA 

S9_33348062 0.37179 MDP0000854396 PREDICTED: Prunus mume L-type lectin-domain containing receptor kinase IX.1 (LOC103336010), mRNA 

  

MDP0000234814 PREDICTED: Malus x domestica protein FAR1-RELATED SEQUENCE 11 (LOC103444226), transcript variant X3, mRNA 

  
MDP0000322474 PREDICTED: Malus x domestica increased DNA methylation 3-like (LOC103411831), mRNA 

  
MDP0000220972 PREDICTED: Malus x domestica condensin complex subunit 3-like (LOC103444368), partial mRNA 

  

MDP0000184940 PREDICTED: Malus x domestica 15.7 kDa heat shock protein, peroxisomal-like (LOC103444228), transcript variant X3, mRNA 

  

MDP0000690147 PREDICTED: Malus x domestica L-ascorbate oxidase homolog (LOC103446733), mRNA 

S9_33445405 0.39103 MDP0000690147 PREDICTED: Malus x domestica L-ascorbate oxidase homolog (LOC103446733), mRNA 

  

MDP0000136274 PREDICTED: Malus x domestica zinc finger CCCH domain-containing protein 29 (LOC103432836), mRNA 

  

MDP0000242000 PREDICTED: Malus x domestica probable inactive receptor kinase RLK902 (LOC103444229), mRNA 
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    MDP0000843512 No results 

S9_33461563 0.35577 MDP0000136274 PREDICTED: Malus x domestica zinc finger CCCH domain-containing protein 29 (LOC103432836), mRNA 

  
MDP0000242000 PREDICTED: Malus x domestica probable inactive receptor kinase RLK902 (LOC103444229), mRNA 

    MDP0000843512 No results 

S9_36405919 0.375 MDP0000133222 PREDICTED: Malus x domestica cyanogenic beta-glucosidase-like (LOC103444437), mRNA 

  

MDP0000317074 Malus x domestica cultivar Evereste fire blight resistance locus LG12, complete sequence 

  

MDP0000317076 PREDICTED: Malus x domestica ATP-dependent DNA helicase pif1-like (LOC108174022), mRNA 

  

MDP0000317078 Malus domestica ACC oxidase gene, complete cds 

  
MDP0000378695 PREDICTED: Malus x domestica phospholipid-transporting ATPase 2-like (LOC103417388), transcript variant X2, mRNA 

  
MDP0000127125 Malus domestica zinc finger CCCH domain-containing protein 2 (LOC103444439), mRNA 

  

MDP0000241557 PREDICTED: Malus x domestica double-stranded RNA-binding protein 4-like (LOC103444440), transcript variant X5, mRNA 

  

MDP0000187247 PREDICTED: Malus x domestica uncharacterized LOC108174393 (LOC108174393), ncRNA 

Colour 2014 

Marker MAF Gene name Top BLAST hit 

S1_30788940 0.35333 MDP0000262773 PREDICTED: Malus x domestica cytochrome b5-like (LOC103439701), transcript variant X2, mRNA 

  
MDP0000166404 PREDICTED: Malus x domestica cytochrome P450 704C1-like (LOC103439717), mRNA 

  

MDP0000166405 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At5g66520-like (LOC103439726), mRNA 

  

MDP0000166406 PREDICTED: Malus x domestica alpha-L-fucosidase 1-like (LOC103439742), mRNA 

  

MDP0000271120 PREDICTED: Malus x domestica alpha-L-fucosidase 1-like (LOC103439751), mRNA 

  

MDP0000166410 PREDICTED: Pyrus x bretschneideri 3-ketoacyl-CoA synthase 5-like (LOC103940278), mRNA 

  
MDP0000286623 PREDICTED: Malus x domestica uncharacterized LOC103439759 (LOC103439759), transcript variant X2, mRNA 

  
MDP0000634037 PREDICTED: Malus x domestica protein SUPPRESSOR OF npr1-1, CONSTITUTIVE 1-like (LOC103441060), mRNA 

  

MDP0000257201 PREDICTED: Malus x domestica protein SUPPRESSOR OF npr1-1, CONSTITUTIVE 1-like (LOC103439768), transcript variant X6, mRNA 

S9_31448296 0.38 MDP0000218344 PREDICTED: Malus x domestica ethylene-responsive transcription factor ERF054-like (LOC103444124), mRNA 

  

MDP0000252890 PREDICTED: Malus x domestica ribulose bisphosphate carboxylase small chain, chloroplastic (LOC103444126), mRNA 

  
MDP0000534906 PREDICTED: Malus x domestica uncharacterized LOC103444125 (LOC103444125), mRNA 

  
MDP0000597525 PREDICTED: Malus x domestica uncharacterized LOC103444125 (LOC103444125), mRNA 

  

MDP0000271874 PREDICTED: Malus x domestica caffeoylshikimate esterase-like (LOC103421885), transcript variant X1, mRNA 

  

MDP0000271873 PREDICTED: Malus x domestica protein ABA DEFICIENT 4, chloroplastic (NS), mRNA 

  

MDP0000271872 PREDICTED: Malus x domestica mannose-6-phosphate isomerase 1-like (LOC103444130), transcript variant X1, mRNA 

  

MDP0000271871 PREDICTED: Malus x domestica uncharacterized LOC103444129 (LOC103444129), mRNA 

    MDP0000142484 PREDICTED: Malus x domestica uncharacterized LOC103444133 (LOC103444133), mRNA 

S9_32678877 0.38333 MDP0000358490 No results 

  

MDP0000175312 PREDICTED: Pyrus x bretschneideri FHA domain-containing protein At4g14490 (LOC103963668), mRNA 

  

MDP0000212044 PREDICTED: Malus x domestica uncharacterized LOC103444194 (LOC103444194), mRNA 

  

MDP0000212045 PREDICTED: Malus x domestica protein RSI-1 (LOC103444195), mRNA 

  

MDP0000262973 PREDICTED: Malus x domestica uncharacterized LOC103444196 (LOC103444196), mRNA 

  
MDP0000252274 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  
MDP0000326957 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  

MDP0000530903 PREDICTED: Malus x domestica glutathione S-transferase DHAR3, chloroplastic (LOC103444197), transcript variant X1, mRNA 

S9_32682478 0.38 MDP0000358490 No results 

  

MDP0000175312 PREDICTED: Pyrus x bretschneideri FHA domain-containing protein At4g14490 (LOC103963668), mRNA 

  

MDP0000212044 PREDICTED: Malus x domestica uncharacterized LOC103444194 (LOC103444194), mRNA 

  

MDP0000212045 PREDICTED: Malus x domestica protein RSI-1 (LOC103444195), mRNA 
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MDP0000262973 PREDICTED: Malus x domestica uncharacterized LOC103444196 (LOC103444196), mRNA 

  

MDP0000252274 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  
MDP0000326957 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  
MDP0000530903 PREDICTED: Malus x domestica glutathione S-transferase DHAR3, chloroplastic (LOC103444197), transcript variant X1, mRNA 

S9_32743362 0.37667 MDP0000252274 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  

MDP0000326957 PREDICTED: Malus x domestica geranylgeranyl pyrophosphate synthase 7, chloroplastic-like (LOC103444350), mRNA 

  

MDP0000530903 PREDICTED: Malus x domestica glutathione S-transferase DHAR3, chloroplastic (LOC103444197), transcript variant X1, mRNA 

  

MDP0000181482 Malus domestica DELLA protein GAI (LOC103444199), mRNA 

    MDP0000350005 PREDICTED: Malus x domestica uncharacterized LOC103401311 (LOC103401311), transcript variant X1, mRNA 

S9_33086028 0.37333 MDP0000284298 PREDICTED: Pyrus x bretschneideri probable receptor protein kinase TMK1 (LOC103959458), mRNA 

  

MDP0000291386 PREDICTED: Malus x domestica PHD finger protein MALE MEIOCYTE DEATH 1 (LOC103444210), mRNA 

  

MDP0000291387 PREDICTED: Pyrus x bretschneideri potassium channel SKOR (LOC103959456), transcript variant X2, mRNA 

  

MDP0000254312 PREDICTED: Malus x domestica uncharacterized LOC103411757 (LOC103411757), ncRNA 

  

MDP0000284296 PREDICTED: Malus x domestica tRNA threonylcarbamoyladenosine dehydratase (LOC103444361), mRNA 

  
MDP0000760132 PREDICTED: Malus x domestica putative pentatricopeptide repeat-containing protein At1g26500 (LOC103444214), mRNA 

    MDP0000183836 PREDICTED: Malus x domestica embryonic protein DC-8-like (LOC103444213), transcript variant X1, mRNA 

S9_33095213 0.35333 MDP0000291386 PREDICTED: Malus x domestica PHD finger protein MALE MEIOCYTE DEATH 1 (LOC103444210), mRNA 

  

MDP0000291387 PREDICTED: Pyrus x bretschneideri potassium channel SKOR (LOC103959456), transcript variant X2, mRNA 

  

MDP0000254312 PREDICTED: Malus x domestica uncharacterized LOC103411757 (LOC103411757), ncRNA 

  

MDP0000284296 PREDICTED: Malus x domestica tRNA threonylcarbamoyladenosine dehydratase (LOC103444361), mRNA 

  
MDP0000760132 PREDICTED: Malus x domestica putative pentatricopeptide repeat-containing protein At1g26500 (LOC103444214), mRNA 

    MDP0000183836 PREDICTED: Malus x domestica embryonic protein DC-8-like (LOC103444213), transcript variant X1, mRNA 

S9_33095230 0.35333 MDP0000291386 PREDICTED: Malus x domestica PHD finger protein MALE MEIOCYTE DEATH 1 (LOC103444210), mRNA 

  

MDP0000291387 PREDICTED: Pyrus x bretschneideri potassium channel SKOR (LOC103959456), transcript variant X2, mRNA 

  

MDP0000254312 PREDICTED: Malus x domestica uncharacterized LOC103411757 (LOC103411757), ncRNA 

  
MDP0000284296 PREDICTED: Malus x domestica tRNA threonylcarbamoyladenosine dehydratase (LOC103444361), mRNA 

  
MDP0000760132 PREDICTED: Malus x domestica putative pentatricopeptide repeat-containing protein At1g26500 (LOC103444214), mRNA 

    MDP0000183836 PREDICTED: Malus x domestica embryonic protein DC-8-like (LOC103444213), transcript variant X1, mRNA 

S9_33348062 0.37333 MDP0000854396 PREDICTED: Prunus mume L-type lectin-domain containing receptor kinase IX.1 (LOC103336010), mRNA 

  

MDP0000234814 PREDICTED: Malus x domestica protein FAR1-RELATED SEQUENCE 11 (LOC103444226), transcript variant X3, mRNA 

  

MDP0000322474 PREDICTED: Malus x domestica increased DNA methylation 3-like (LOC103411831), mRNA 

  

MDP0000220972 PREDICTED: Malus x domestica condensin complex subunit 3-like (LOC103444368), partial mRNA 

  
MDP0000184940 PREDICTED: Malus x domestica 15.7 kDa heat shock protein, peroxisomal-like (LOC103444228), transcript variant X3, mRNA 

  

MDP0000690147 PREDICTED: Malus x domestica L-ascorbate oxidase homolog (LOC103446733), mRNA 

S9_33445405 0.39333 MDP0000690147 PREDICTED: Malus x domestica L-ascorbate oxidase homolog (LOC103446733), mRNA 

  

MDP0000136274 PREDICTED: Malus x domestica zinc finger CCCH domain-containing protein 29 (LOC103432836), mRNA 

  

MDP0000242000 PREDICTED: Malus x domestica probable inactive receptor kinase RLK902 (LOC103444229), mRNA 

    MDP0000843512 No results found 

S9_36405919 0.37333 MDP0000133222 PREDICTED: Malus x domestica cyanogenic beta-glucosidase-like (LOC103444437), mRNA 

  

MDP0000317074 Malus x domestica cultivar Evereste fire blight resistance locus LG12, complete sequence 

  

MDP0000317076 PREDICTED: Malus x domestica ATP-dependent DNA helicase pif1-like (LOC108174022), mRNA 

  

MDP0000317078 Malus domestica ACC oxidase gene, complete cds 

  

MDP0000378695 PREDICTED: Malus x domestica phospholipid-transporting ATPase 2-like (LOC103417388), transcript variant X2, mRNA 

  

MDP0000127125 Malus domestica zinc finger CCCH domain-containing protein 2 (LOC103444439), mRNA 
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MDP0000241557 PREDICTED: Malus x domestica double-stranded RNA-binding protein 4-like (LOC103444440), transcript variant X5, mRNA 

  

MDP0000187247 PREDICTED: Malus x domestica uncharacterized LOC108174393 (LOC108174393), ncRNA 

Scab 

Marker MAF mRNA Name Top BLAST hit 

S1_20333308 0.15116 MDP0000470237 PREDICTED: Malus x domestica metal tolerance protein 11 (LOC103433471), transcript variant X2, mRNA 

  

MDP0000262060 PREDICTED: Malus x domestica protein-tyrosine-phosphatase MKP1-like (LOC103433485), mRNA 

  

MDP0000638870 PREDICTED: Pyrus x bretschneideri squalene monooxygenase-like (LOC103967056), mRNA 

  

MDP0000639132 PREDICTED: Malus x domestica uncharacterized LOC103433565 (LOC103433565), mRNA 

S1_20333339 0.15116 MDP0000470237 PREDICTED: Malus x domestica metal tolerance protein 11 (LOC103433471), transcript variant X2, mRNA 

  
MDP0000262060 PREDICTED: Malus x domestica protein-tyrosine-phosphatase MKP1-like (LOC103433485), mRNA 

  
MDP0000638870 PREDICTED: Pyrus x bretschneideri squalene monooxygenase-like (LOC103967056), mRNA 

  

MDP0000639132 PREDICTED: Malus x domestica uncharacterized LOC103433565 (LOC103433565), mRNA 

S1_21435608 0.17733 MDP0000135255 PREDICTED: Malus x domestica protein FIZZY-RELATED 3-like (LOC103434009), mRNA 

  

MDP0000135256 PREDICTED: Malus x domestica ribosomal RNA large subunit methyltransferase E-like (LOC103435739), transcript variant X1, mRNA 

  
MDP0000284129 PREDICTED: Malus x domestica AP3-complex subunit beta-A-like (LOC103434048), mRNA 

  
MDP0000284128 PREDICTED: Malus x domestica protein kinase APK1A, chloroplastic-like (LOC103406369), mRNA 

S1_21436904 0.17733 MDP0000135255 PREDICTED: Malus x domestica protein FIZZY-RELATED 3-like (LOC103434009), mRNA 

  

MDP0000135256 PREDICTED: Malus x domestica ribosomal RNA large subunit methyltransferase E-like (LOC103435739), transcript variant X1, mRNA 

  

MDP0000284129 PREDICTED: Malus x domestica AP3-complex subunit beta-A-like (LOC103434048), mRNA 

  

MDP0000284128 PREDICTED: Malus x domestica protein kinase APK1A, chloroplastic-like (LOC103406369), mRNA 

S1_23463729 0.17442 MDP0000155155 PREDICTED: Malus x domestica suppressor protein  

  
MDP0000155158 PREDICTED: Malus x domestica rop guanine nucleotide exchange factor 7-like (LOC103435596), mRNA 

  

MDP0000262655 PREDICTED: Malus x domestica protein GUCD1-like (LOC103435606), transcript variant X7, misc_RNA 

  

MDP0000155162 No results found 

  

MDP0000912491 Malus x domestica mitchondrial complete genome, cultivar Golden delicious 

  

MDP0000912495 PREDICTED: Malus x domestica uncharacterized LOC103435629 (LOC103435629), mRNA 

S1_26315922 0.2093 MDP0000132360 PREDICTED: Malus x domestica chlorophyll a-b binding protein CP29.3, chloroplastic-like (LOC103437223), mRNA 

  
MDP0000757111 PREDICTED: Malus x domestica high mobility group B protein 1-like (LOC103437212), transcript variant X2, mRNA 

  

MDP0000569755 PREDICTED: Pyrus x bretschneideri uncharacterized mitochondrial protein AtMg00810-like (LOC108865883), mRNA 

  

MDP0000127773 PREDICTED: Malus x domestica cytochrome P450 90A1-like (LOC103437230), transcript variant X2, mRNA 

  

MDP0000242079 PREDICTED: Malus x domestica nuclear pore complex protein NUP88-like (LOC103437244), mRNA 

  

MDP0000885728 PREDICTED: Malus x domestica E3 ubiquitin-protein ligase PUB23-like (LOC103438112), mRNA 

  
MDP0000296681 PREDICTED: Malus x domestica putative ABC1 protein At2g40090 (LOC103437264), transcript variant X2, misc_RNA 

  
MDP0000885737 PREDICTED: Malus x domestica peptidyl-prolyl cis-trans isomerase CYP19-4-like (LOC103437310), transcript variant X2, mRNA 

  

MDP0000200253 PREDICTED: Malus x domestica phosphoinositide phospholipase C 6-like (LOC103437320), transcript variant X2, mRNA 

  

MDP0000200254 PREDICTED: Malus x domestica phosphoinositide phospholipase C 2-like (LOC103438122), mRNA 

  

MDP0000227895 PREDICTED: Malus x domestica interactor of constitutive active ROPs 1-like (LOC103453798), mRNA 

  

MDP0000578464 PREDICTED: Pyrus x bretschneideri 3-dehydrosphinganine reductase T 

  
MDP0000578465 PREDICTED: Malus x domestica putative serine/threonine-protein kinase-like protein CCR3 (LOC103437330), mRNA 

  
MDP0000208525 PREDICTED: Malus x domestica carboxy-terminal domain RNA polymerase II polypeptide A small phosphatase 1 (LOC103437342), mRNA 

S1_26337589 0.21221 MDP0000127773 PREDICTED: Malus x domestica cytochrome P450 90A1-like (LOC103437230), transcript variant X2, mRNA 

  

MDP0000242079 PREDICTED: Malus x domestica nuclear pore complex protein NUP88-like (LOC103437244), mRNA 

  

MDP0000885728 PREDICTED: Malus x domestica E3 ubiquitin-protein ligase PUB23-like (LOC103438112), mRNA 

  

MDP0000296681 PREDICTED: Malus x domestica putative ABC1 protein At2g40090 (LOC103437264), transcript variant X2, misc_RNA 
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MDP0000885737 PREDICTED: Malus x domestica peptidyl-prolyl cis-trans isomerase CYP19-4-like (LOC103437310), transcript variant X2, mRNA 

  

MDP0000200253 PREDICTED: Malus x domestica phosphoinositide phospholipase C 6-like (LOC103437320), transcript variant X2, mRNA 

  
MDP0000200254 PREDICTED: Malus x domestica phosphoinositide phospholipase C 2-like (LOC103438122), mRNA 

  
MDP0000227895 PREDICTED: Malus x domestica interactor of constitutive active ROPs 1-like (LOC103453798), mRNA 

  

MDP0000578464 PREDICTED: Pyrus x bretschneideri 3-dehydrosphinganine reductase T 

  

MDP0000578465 PREDICTED: Malus x domestica putative serine/threonine-protein kinase-like protein CCR3 (LOC103437330), mRNA 

  

MDP0000208525 PREDICTED: Malus x domestica carboxy-terminal domain RNA polymerase II polypeptide A small phosphatase 1 (LOC103437342), mRNA 

  
MDP0000578467 

PREDICTED: Malus x domestica dual specificity tyrosine-phosphorylation-regulated kinase mbk-2-like (LOC103437351), transcript variant 

X1, mRNA 

S1_26391955 0.19477 MDP0000885737 PREDICTED: Malus x domestica peptidyl-prolyl cis-trans isomerase CYP19-4-like (LOC103437310), transcript variant X2, mRNA 

  

MDP0000200253 PREDICTED: Malus x domestica phosphoinositide phospholipase C 6-like (LOC103437320), transcript variant X2, mRNA 

  

MDP0000200254 PREDICTED: Malus x domestica phosphoinositide phospholipase C 2-like (LOC103438122), mRNA 

  

MDP0000227895 PREDICTED: Malus x domestica interactor of constitutive active ROPs 1-like (LOC103453798), mRNA 

  
MDP0000578464 PREDICTED: Pyrus x bretschneideri 3-dehydrosphinganine reductase T 

  
MDP0000578465 PREDICTED: Malus x domestica putative serine/threonine-protein kinase-like protein CCR3 (LOC103437330), mRNA 

  

MDP0000208525 PREDICTED: Malus x domestica carboxy-terminal domain RNA polymerase II polypeptide A small phosphatase 1 (LOC103437342), mRNA 

  

MDP0000578467 

PREDICTED: Malus x domestica dual specificity tyrosine-phosphorylation-regulated kinase mbk-2-like (LOC103437351), transcript variant 

X1, mRNA 

  
MDP0000308285 PREDICTED: Malus x domestica protein  

  

MDP0000308284 PREDICTED: Malus x domestica PHD finger protein ALFIN-LIKE 2-like (ALF5), transcript variant X1, mRNA 

  

MDP0000313066 PREDICTED: Malus x domestica pre-mRNA-splicing factor 38B-like (LOC103441953), transcript variant X2, mRNA 

  

MDP0000225939 PREDICTED: Malus x domestica flavonol synthase/flavanone 3-hydroxylase-like (LOC103406417), mRNA 

  

MDP0000316017 Malus x domestica genomic sequence for BAC clone MC-20 containing a Mal d 1 gene cluster 

  

MDP0000225941 PREDICTED: Malus x domestica zinc finger protein CONSTANS-LIKE 3 (LOC103447775), transcript variant X2, mRNA 

S1_26404220 0.21802 MDP0000200254 PREDICTED: Malus x domestica phosphoinositide phospholipase C 2-like (LOC103438122), mRNA 

  
MDP0000227895 PREDICTED: Malus x domestica interactor of constitutive active ROPs 1-like (LOC103453798), mRNA 

  

MDP0000578464 PREDICTED: Pyrus x bretschneideri 3-dehydrosphinganine reductase T 

  

MDP0000578465 PREDICTED: Malus x domestica putative serine/threonine-protein kinase-like protein CCR3 (LOC103437330), mRNA 

  

MDP0000208525 PREDICTED: Malus x domestica carboxy-terminal domain RNA polymerase II polypeptide A small phosphatase 1 (LOC103437342), mRNA 

  

MDP0000578467 
PREDICTED: Malus x domestica dual specificity tyrosine-phosphorylation-regulated kinase mbk-2-like (LOC103437351), transcript variant 
X1, mRNA 

  

MDP0000308285 PREDICTED: Malus x domestica protein  

  

MDP0000308284 PREDICTED: Malus x domestica PHD finger protein ALFIN-LIKE 2-like (ALF5), transcript variant X1, mRNA 

  

MDP0000313066 PREDICTED: Malus x domestica pre-mRNA-splicing factor 38B-like (LOC103441953), transcript variant X2, mRNA 

  
MDP0000225939 PREDICTED: Malus x domestica flavonol synthase/flavanone 3-hydroxylase-like (LOC103406417), mRNA 

  
MDP0000316017 Malus x domestica genomic sequence for BAC clone MC-20 containing a Mal d 1 gene cluster 

  

MDP0000225941 PREDICTED: Malus x domestica zinc finger protein CONSTANS-LIKE 3 (LOC103447775), transcript variant X2, mRNA 

S1_26546889 0.20349 MDP0000280809 PREDICTED: Malus x domestica nuclear pore complex protein NUP1-like (LOC103420585), mRNA 

  

MDP0000947001 PREDICTED: Malus x domestica uncharacterized LOC103437429 (LOC103437429), transcript variant X1, mRNA 

  

MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  
MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  
MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  

MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 

  

MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 
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MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  

MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  
MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  
MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  

MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  

MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  

MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

S1_26546919 0.20349 MDP0000280809 PREDICTED: Malus x domestica nuclear pore complex protein NUP1-like (LOC103420585), mRNA 

  
MDP0000947001 PREDICTED: Malus x domestica uncharacterized LOC103437429 (LOC103437429), transcript variant X1, mRNA 

  
MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  

MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  

MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  

MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 

  

MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  
MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  
MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  

MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  

MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  

MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  

MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  
MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

S1_26546925 0.20349 MDP0000280809 PREDICTED: Malus x domestica nuclear pore complex protein NUP1-like (LOC103420585), mRNA 

  

MDP0000947001 PREDICTED: Malus x domestica uncharacterized LOC103437429 (LOC103437429), transcript variant X1, mRNA 

  

MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  

MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  
MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  
MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 

  

MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  

MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  

MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  

MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  

MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  
MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  

MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  

MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

S1_26546930 0.20349 MDP0000280809 PREDICTED: Malus x domestica nuclear pore complex protein NUP1-like (LOC103420585), mRNA 

  

MDP0000947001 PREDICTED: Malus x domestica uncharacterized LOC103437429 (LOC103437429), transcript variant X1, mRNA 

  
MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  
MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  

MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  

MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 

  

MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  

MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  

MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 
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MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  

MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  
MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  
MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  

MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

S1_26558164 0.20058 MDP0000947001 PREDICTED: Malus x domestica uncharacterized LOC103437429 (LOC103437429), transcript variant X1, mRNA 

  

MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  

MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  
MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  
MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 

  

MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  

MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  

MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  

MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  
MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  
MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  

MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  

MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

  

MDP0000449662 PREDICTED: Malus x domestica acetylglutamate kinase, chloroplastic-like (LOC103410829), mRNA 

  

MDP0000158653 PREDICTED: Malus x domestica GDSL esterase/lipase At2g40250-like (LOC103438181), mRNA 

  
MDP0000158654 PREDICTED: Malus x domestica transcription factor LUX-like (LOC103426420), transcript variant X3, mRNA 

S1_26579754 0.22093 MDP0000947001 PREDICTED: Malus x domestica uncharacterized LOC103437429 (LOC103437429), transcript variant X1, mRNA 

  

MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  

MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  

MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  
MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 

  
MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  

MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  

MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  

MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  

MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  

MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  
MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  

MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

  

MDP0000449662 PREDICTED: Malus x domestica acetylglutamate kinase, chloroplastic-like (LOC103410829), mRNA 

  

MDP0000158653 PREDICTED: Malus x domestica GDSL esterase/lipase At2g40250-like (LOC103438181), mRNA 

  

MDP0000158654 PREDICTED: Malus x domestica transcription factor LUX-like (LOC103426420), transcript variant X3, mRNA 

S1_26579756 0.22093 MDP0000947001 PREDICTED: Malus x domestica uncharacterized LOC103437429 (LOC103437429), transcript variant X1, mRNA 

  
MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  

MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  

MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  

MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 

  

MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  

MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 
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MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  

MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  
MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  
MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  

MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  

MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

  

MDP0000449662 PREDICTED: Malus x domestica acetylglutamate kinase, chloroplastic-like (LOC103410829), mRNA 

  

MDP0000158653 PREDICTED: Malus x domestica GDSL esterase/lipase At2g40250-like (LOC103438181), mRNA 

  
MDP0000158654 PREDICTED: Malus x domestica transcription factor LUX-like (LOC103426420), transcript variant X3, mRNA 

S1_26579825 0.21221 MDP0000947001 PREDICTED: Malus x domestica uncharacterized LOC103437429 (LOC103437429), transcript variant X1, mRNA 

  

MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  

MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  

MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  

MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 

  
MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  
MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  

MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  

MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  

MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  

MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  
MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  
MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

  

MDP0000449662 PREDICTED: Malus x domestica acetylglutamate kinase, chloroplastic-like (LOC103410829), mRNA 

  

MDP0000158653 PREDICTED: Malus x domestica GDSL esterase/lipase At2g40250-like (LOC103438181), mRNA 

  

MDP0000158654 PREDICTED: Malus x domestica transcription factor LUX-like (LOC103426420), transcript variant X3, mRNA 

S1_26584761 0.22384 MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  
MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  

MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  

MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 

  

MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  

MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  

MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  
MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  

MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  

MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  

MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  

MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

  
MDP0000449662 PREDICTED: Malus x domestica acetylglutamate kinase, chloroplastic-like (LOC103410829), mRNA 

  
MDP0000158653 PREDICTED: Malus x domestica GDSL esterase/lipase At2g40250-like (LOC103438181), mRNA 

  

MDP0000158654 PREDICTED: Malus x domestica transcription factor LUX-like (LOC103426420), transcript variant X3, mRNA 

S1_26584764 0.22384 MDP0000342592 PREDICTED: Malus x domestica transcription factor bHLH51-like (LOC103437419), mRNA 

  

MDP0000693678 PREDICTED: Malus x domestica transcriptional activator Myb-like (LOC103437479), mRNA 

  

MDP0000360613 PREDICTED: Malus x domestica uncharacterized LOC103417778 (LOC103417778), ncRNA 

  

MDP0000169843 PREDICTED: Malus x domestica RING-H2 finger protein ATL66-like (LOC103406447), mRNA 
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MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  

MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  
MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  
MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  

MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  

MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  

MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  

MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

  
MDP0000449662 PREDICTED: Malus x domestica acetylglutamate kinase, chloroplastic-like (LOC103410829), mRNA 

  
MDP0000158653 PREDICTED: Malus x domestica GDSL esterase/lipase At2g40250-like (LOC103438181), mRNA 

  

MDP0000158654 PREDICTED: Malus x domestica transcription factor LUX-like (LOC103426420), transcript variant X3, mRNA 

S1_26599394 0.21512 MDP0000226756 PREDICTED: Malus x domestica omega-hydroxypalmitate O-feruloyl transferase-like (LOC103438151), partial mRNA 

  

MDP0000160402 PREDICTED: Malus x domestica taxadien-5-alpha-ol O-acetyltransferase-like (LOC103406422), mRNA 

  

MDP0000312065 PREDICTED: Pyrus x bretschneideri probable receptor-like serine/threonine-protein kinase At5g57670 (LOC103941444), mRNA 

  
MDP0000312064 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g56030 (LOC103437505), mRNA 

  
MDP0000097759 PREDICTED: Malus x domestica trihelix transcription factor ASIL2-like (LOC103437496), mRNA 

  

MDP0000220708 PREDICTED: Malus x domestica LOB domain-containing protein 21-like (LOC103438159), mRNA 

  

MDP0000158651 PREDICTED: Malus x domestica U-box domain-containing protein 1-like (LOC103417779), mRNA 

  

MDP0000158652 PREDICTED: Pyrus x bretschneideri UTP--glucose-1-phosphate uridylyltransferase 3, chloroplastic-like (LOC103937042), mRNA 

  

MDP0000449662 PREDICTED: Malus x domestica acetylglutamate kinase, chloroplastic-like (LOC103410829), mRNA 

  
MDP0000158653 PREDICTED: Malus x domestica GDSL esterase/lipase At2g40250-like (LOC103438181), mRNA 

  
MDP0000158654 PREDICTED: Malus x domestica transcription factor LUX-like (LOC103426420), transcript variant X3, mRNA 

  

MDP0000249472 PREDICTED: Malus x domestica 40S ribosomal protein S4 (LOC103437568), transcript variant X4, mRNA 

  

MDP0000325832 PREDICTED: Malus x domestica ferritin-3, chloroplastic-like (LOC103406424), mRNA 

  

MDP0000583656 PREDICTED: Pyrus x bretschneideri probable inactive serine/threonine-protein kinase bub1 (LOC103958641), mRNA 

  
MDP0000186541 PREDICTED: Malus x domestica non-classical arabinogalactan protein 30-like (LOC103417783), mRNA 

  
MDP0000186542 PREDICTED: Malus x domestica inactive receptor-like serine/threonine-protein kinase At2g40270 (LOC103417782), mRNA 

S1_26742283 0.22093 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 

  

MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  

MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  

MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  

MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 

  
MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  

MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  

MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26751820 0.22384 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 

  

MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  
MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  
MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  

MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 

  

MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  

MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  

MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26752412 0.21802 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 
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MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  

MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  
MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  
MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 

  

MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  

MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  

MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26752420 0.21802 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 

  
MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  
MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  

MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  

MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 

  

MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  

MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  
MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26763729 0.21512 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 

  

MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  

MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  

MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  

MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 

  
MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  
MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  

MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26763739 0.21512 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 

  

MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  
MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  
MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  

MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 

  

MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  

MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  

MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26763877 0.2064 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 

  
MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  

MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  

MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  

MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 

  

MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  
MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  
MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26763898 0.2064 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 

  

MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  

MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  

MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  

MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 
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MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  

MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  
MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26774137 0.22965 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 

  

MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  

MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  

MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  

MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 

  
MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  
MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  

MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26774228 0.21512 MDP0000236938 PREDICTED: Malus x domestica protein trichome birefringence-like 33 (LOC103426438), mRNA 

  

MDP0000300540 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103437649), mRNA 

  

MDP0000300541 PREDICTED: Malus x domestica uncharacterized LOC103437659 (LOC103437659), mRNA 

  
MDP0000280042 PREDICTED: Malus x domestica protein RETICULATA-RELATED 5, chloroplastic (LOC103437685), mRNA 

  
MDP0000280043 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103437677), mRNA 

  

MDP0000563240 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103437701), mRNA 

  

MDP0000296180 PREDICTED: Malus x domestica staphylococcal-like nuclease CAN2 (LOC103437721), mRNA 

  

MDP0000296179 PREDICTED: Malus x domestica wound-induced protein 1-like (LOC103437711), partial mRNA 

S1_26868808 0.22384 MDP0000201026 PREDICTED: Malus x domestica uncharacterized LOC103437731 (LOC103437731), mRNA 

  
MDP0000151008 PREDICTED: Malus x domestica alpha-soluble NSF attachment protein 2 (LOC103437742), mRNA 

  
MDP0000231477 PREDICTED: Malus x domestica probable sodium-coupled neutral amino acid transporter 6 (LOC103437754), mRNA 

  

MDP0000231478 PREDICTED: Malus x domestica uncharacterized protein At2g40430-like (LOC103437774), mRNA 

  

MDP0000320002 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At2g03880, mitochondrial-like (LOC103438225), mRNA 

  

MDP0000297197 PREDICTED: Malus x domestica transcription factor SCREAM2-like (LOC103438236), mRNA 

S1_26891732 0.21512 MDP0000201026 PREDICTED: Malus x domestica uncharacterized LOC103437731 (LOC103437731), mRNA 

  
MDP0000151008 PREDICTED: Malus x domestica alpha-soluble NSF attachment protein 2 (LOC103437742), mRNA 

  

MDP0000231477 PREDICTED: Malus x domestica probable sodium-coupled neutral amino acid transporter 6 (LOC103437754), mRNA 

  

MDP0000231478 PREDICTED: Malus x domestica uncharacterized protein At2g40430-like (LOC103437774), mRNA 

  

MDP0000320002 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At2g03880, mitochondrial-like (LOC103438225), mRNA 

  

MDP0000297197 PREDICTED: Malus x domestica transcription factor SCREAM2-like (LOC103438236), mRNA 

  

MDP0000207215 PREDICTED: Malus x domestica peroxidase P7-like (LOC103438245), mRNA 

  
MDP0000213934 PREDICTED: Malus x domestica peroxidase 4-like (LOC103437812), transcript variant X2, mRNA 

S1_26891738 0.21512 MDP0000201026 PREDICTED: Malus x domestica uncharacterized LOC103437731 (LOC103437731), mRNA 

  

MDP0000151008 PREDICTED: Malus x domestica alpha-soluble NSF attachment protein 2 (LOC103437742), mRNA 

  

MDP0000231477 PREDICTED: Malus x domestica probable sodium-coupled neutral amino acid transporter 6 (LOC103437754), mRNA 

  

MDP0000231478 PREDICTED: Malus x domestica uncharacterized protein At2g40430-like (LOC103437774), mRNA 

  
MDP0000320002 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At2g03880, mitochondrial-like (LOC103438225), mRNA 

  
MDP0000297197 PREDICTED: Malus x domestica transcription factor SCREAM2-like (LOC103438236), mRNA 

  

MDP0000207215 PREDICTED: Malus x domestica peroxidase P7-like (LOC103438245), mRNA 

  

MDP0000213934 PREDICTED: Malus x domestica peroxidase 4-like (LOC103437812), transcript variant X2, mRNA 

S1_26896887 0.21512 MDP0000201026 PREDICTED: Malus x domestica uncharacterized LOC103437731 (LOC103437731), mRNA 

  

MDP0000151008 PREDICTED: Malus x domestica alpha-soluble NSF attachment protein 2 (LOC103437742), mRNA 

  

MDP0000231477 PREDICTED: Malus x domestica probable sodium-coupled neutral amino acid transporter 6 (LOC103437754), mRNA 
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MDP0000231478 PREDICTED: Malus x domestica uncharacterized protein At2g40430-like (LOC103437774), mRNA 

  

MDP0000320002 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At2g03880, mitochondrial-like (LOC103438225), mRNA 

  
MDP0000297197 PREDICTED: Malus x domestica transcription factor SCREAM2-like (LOC103438236), mRNA 

  
MDP0000207215 PREDICTED: Malus x domestica peroxidase P7-like (LOC103438245), mRNA 

  

MDP0000213934 PREDICTED: Malus x domestica peroxidase 4-like (LOC103437812), transcript variant X2, mRNA 

S1_26950209 0.21221 MDP0000320002 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At2g03880, mitochondrial-like (LOC103438225), mRNA 

  

MDP0000297197 PREDICTED: Malus x domestica transcription factor SCREAM2-like (LOC103438236), mRNA 

  

MDP0000207215 PREDICTED: Malus x domestica peroxidase P7-like (LOC103438245), mRNA 

  
MDP0000213934 PREDICTED: Malus x domestica peroxidase 4-like (LOC103437812), transcript variant X2, mRNA 

S1_26997896 0.21802 MDP0000213934 PREDICTED: Malus x domestica peroxidase 4-like (LOC103437812), transcript variant X2, mRNA 

  

MDP0000305540 Pyrus pyrifolia genes for F-box proteins, S ribonuclease, complete cds, haplotype: S4 

  

MDP0000167580 PREDICTED: Pyrus x bretschneideri LOB domain-containing protein 15-like (LOC103953778), transcript variant X1, mRNA 

  

MDP0000432882 PREDICTED: Malus x domestica TMV resistance protein N-like (LOC103444686), transcript variant X8, mRNA 

  

MDP0000272009 PREDICTED: Malus x domestica uncharacterized LOC103437865 (LOC103437865), mRNA 

S1_27036793 0.22093 MDP0000305540 Pyrus pyrifolia genes for F-box proteins, S ribonuclease, complete cds, haplotype: S4 

  
MDP0000167580 PREDICTED: Pyrus x bretschneideri LOB domain-containing protein 15-like (LOC103953778), transcript variant X1, mRNA 

  

MDP0000432882 PREDICTED: Malus x domestica TMV resistance protein N-like (LOC103444686), transcript variant X8, mRNA 

  

MDP0000272009 PREDICTED: Malus x domestica uncharacterized LOC103437865 (LOC103437865), mRNA 

  

MDP0000682799 PREDICTED: Malus x domestica WEB family protein At2g40480-like (LOC103438261), mRNA 

  

MDP0000165731 PREDICTED: Malus x domestica high mobility group B protein 7-like (LOC103406457), transcript variant X2, mRNA 

  
MDP0000270629 PREDICTED: Malus x domestica uroporphyrinogen decarboxylase (LOC103406437), mRNA 

  
MDP0000165729 PREDICTED: Malus x domestica CBL-interacting protein kinase 2-like (LOC103437872), mRNA 

  

MDP0000231179 PREDICTED: Pyrus x bretschneideri adenine/guanine permease AZG1-like (LOC103953761), mRNA 

S1_27054930 0.21512 MDP0000305540 Pyrus pyrifolia genes for F-box proteins, S ribonuclease, complete cds, haplotype: S4 

  

MDP0000167580 PREDICTED: Pyrus x bretschneideri LOB domain-containing protein 15-like (LOC103953778), transcript variant X1, mRNA 

  
MDP0000432882 PREDICTED: Malus x domestica TMV resistance protein N-like (LOC103444686), transcript variant X8, mRNA 

  
MDP0000272009 PREDICTED: Malus x domestica uncharacterized LOC103437865 (LOC103437865), mRNA 

  

MDP0000682799 PREDICTED: Malus x domestica WEB family protein At2g40480-like (LOC103438261), mRNA 

  

MDP0000165731 PREDICTED: Malus x domestica high mobility group B protein 7-like (LOC103406457), transcript variant X2, mRNA 

  

MDP0000270629 PREDICTED: Malus x domestica uroporphyrinogen decarboxylase (LOC103406437), mRNA 

  

MDP0000165729 PREDICTED: Malus x domestica CBL-interacting protein kinase 2-like (LOC103437872), mRNA 

  

MDP0000231179 PREDICTED: Pyrus x bretschneideri adenine/guanine permease AZG1-like (LOC103953761), mRNA 

  
MDP0000319787 PREDICTED: Malus x domestica phosphoglucan phosphatase LSF2, chloroplastic (LOC103437907), mRNA 

  

MDP0000319788 PREDICTED: Malus x domestica macro domain-containing protein VPA0103 (LOC103437938), mRNA 

  

MDP0000231182 PREDICTED: Malus x domestica macro domain-containing protein VPA0103 (LOC103437938), mRNA 

  

MDP0000319790 PREDICTED: Malus x domestica reticulon-like protein B16 (LOC103437927), transcript variant X2, mRNA 

  

MDP0000095488 PREDICTED: Malus x domestica uncharacterized membrane protein At1g06890-like (LOC103437949), transcript variant X3, mRNA 

S1_27074161 0.22093 MDP0000305540 Pyrus pyrifolia genes for F-box proteins, S ribonuclease, complete cds, haplotype: S4 

  
MDP0000167580 PREDICTED: Pyrus x bretschneideri LOB domain-containing protein 15-like (LOC103953778), transcript variant X1, mRNA 

  

MDP0000432882 PREDICTED: Malus x domestica TMV resistance protein N-like (LOC103444686), transcript variant X8, mRNA 

  

MDP0000272009 PREDICTED: Malus x domestica uncharacterized LOC103437865 (LOC103437865), mRNA 

  

MDP0000682799 PREDICTED: Malus x domestica WEB family protein At2g40480-like (LOC103438261), mRNA 

  

MDP0000165731 PREDICTED: Malus x domestica high mobility group B protein 7-like (LOC103406457), transcript variant X2, mRNA 

  

MDP0000270629 PREDICTED: Malus x domestica uroporphyrinogen decarboxylase (LOC103406437), mRNA 
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MDP0000165729 PREDICTED: Malus x domestica CBL-interacting protein kinase 2-like (LOC103437872), mRNA 

  

MDP0000231179 PREDICTED: Pyrus x bretschneideri adenine/guanine permease AZG1-like (LOC103953761), mRNA 

  
MDP0000319787 PREDICTED: Malus x domestica phosphoglucan phosphatase LSF2, chloroplastic (LOC103437907), mRNA 

  
MDP0000319788 PREDICTED: Malus x domestica macro domain-containing protein VPA0103 (LOC103437938), mRNA 

  

MDP0000231182 PREDICTED: Malus x domestica macro domain-containing protein VPA0103 (LOC103437938), mRNA 

  

MDP0000319790 PREDICTED: Malus x domestica reticulon-like protein B16 (LOC103437927), transcript variant X2, mRNA 

  

MDP0000095488 PREDICTED: Malus x domestica uncharacterized membrane protein At1g06890-like (LOC103437949), transcript variant X3, mRNA 

  

MDP0000225224 PREDICTED: Malus x domestica putative F-box/LRR-repeat protein 23 (LOC103438287), mRNA 

  
MDP0000225225 PREDICTED: Malus x domestica uncharacterized membrane protein At1g06890-like (LOC103438292), mRNA 

S1_27204254 0.22384 MDP0000721855 PREDICTED: Malus x domestica tRNA (guanine(26)-N(2))-dimethyltransferase-like (LOC103438311), mRNA 

  

MDP0000306726 PREDICTED: Malus x domestica tRNA (guanine(26)-N(2))-dimethyltransferase-like (LOC103438311), mRNA 

  

MDP0000213588 PREDICTED: Malus x domestica alpha-galactosidase 3-like (LOC103437970), mRNA 

  

MDP0000213589 PREDICTED: Malus x domestica LRR receptor-like serine/threonine-protein kinase GSO1 (LOC103426428), mRNA 

  

MDP0000238717 Malus hybrid cultivar leucoanthocyanidin reductase 2 (LAR2) gene, promoter region and partial cds 

  
MDP0000238718 PREDICTED: Malus x domestica uncharacterized LOC103438003 (LOC103438003), transcript variant X2, mRNA 

  
MDP0000277011 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  

MDP0000772420 PREDICTED: Malus x domestica expansin-A8-like (LOC103438017), misc_RNA 

  

MDP0000307540 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  

MDP0000431696 PREDICTED: Malus x domestica expansin-A8 (LOC103438035), mRNA 

  

MDP0000525529 Malus x domestica genomic sequence for BAC clone MC-20 containing a Mal d 1 gene cluster 

S1_27204266 0.22384 MDP0000721855 PREDICTED: Malus x domestica tRNA (guanine(26)-N(2))-dimethyltransferase-like (LOC103438311), mRNA 

  
MDP0000306726 PREDICTED: Malus x domestica tRNA (guanine(26)-N(2))-dimethyltransferase-like (LOC103438311), mRNA 

  

MDP0000213588 PREDICTED: Malus x domestica alpha-galactosidase 3-like (LOC103437970), mRNA 

  

MDP0000213589 PREDICTED: Malus x domestica LRR receptor-like serine/threonine-protein kinase GSO1 (LOC103426428), mRNA 

  

MDP0000238717 Malus hybrid cultivar leucoanthocyanidin reductase 2 (LAR2) gene, promoter region and partial cds 

  
MDP0000238718 PREDICTED: Malus x domestica uncharacterized LOC103438003 (LOC103438003), transcript variant X2, mRNA 

  
MDP0000277011 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  

MDP0000772420 PREDICTED: Malus x domestica expansin-A8-like (LOC103438017), misc_RNA 

  

MDP0000307540 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  

MDP0000431696 PREDICTED: Malus x domestica expansin-A8 (LOC103438035), mRNA 

  

MDP0000525529 Malus x domestica genomic sequence for BAC clone MC-20 containing a Mal d 1 gene cluster 

S1_27204292 0.22384 MDP0000721855 PREDICTED: Malus x domestica tRNA (guanine(26)-N(2))-dimethyltransferase-like (LOC103438311), mRNA 

  
MDP0000306726 PREDICTED: Malus x domestica tRNA (guanine(26)-N(2))-dimethyltransferase-like (LOC103438311), mRNA 

  

MDP0000213588 PREDICTED: Malus x domestica alpha-galactosidase 3-like (LOC103437970), mRNA 

  

MDP0000213589 PREDICTED: Malus x domestica LRR receptor-like serine/threonine-protein kinase GSO1 (LOC103426428), mRNA 

  

MDP0000238717 Malus hybrid cultivar leucoanthocyanidin reductase 2 (LAR2) gene, promoter region and partial cds 

  

MDP0000238718 PREDICTED: Malus x domestica uncharacterized LOC103438003 (LOC103438003), transcript variant X2, mRNA 

  
MDP0000277011 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  
MDP0000772420 PREDICTED: Malus x domestica expansin-A8-like (LOC103438017), misc_RNA 

  

MDP0000307540 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  

MDP0000431696 PREDICTED: Malus x domestica expansin-A8 (LOC103438035), mRNA 

  

MDP0000525529 Malus x domestica genomic sequence for BAC clone MC-20 containing a Mal d 1 gene cluster 

S1_27220997 0.2907 MDP0000213588 PREDICTED: Malus x domestica alpha-galactosidase 3-like (LOC103437970), mRNA 

  

MDP0000213589 PREDICTED: Malus x domestica LRR receptor-like serine/threonine-protein kinase GSO1 (LOC103426428), mRNA 
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MDP0000238717 Malus hybrid cultivar leucoanthocyanidin reductase 2 (LAR2) gene, promoter region and partial cds 

  

MDP0000238718 PREDICTED: Malus x domestica uncharacterized LOC103438003 (LOC103438003), transcript variant X2, mRNA 

  
MDP0000277011 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  
MDP0000772420 PREDICTED: Malus x domestica expansin-A8-like (LOC103438017), misc_RNA 

  

MDP0000307540 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  

MDP0000431696 PREDICTED: Malus x domestica expansin-A8 (LOC103438035), mRNA 

  

MDP0000525529 Malus x domestica genomic sequence for BAC clone MC-20 containing a Mal d 1 gene cluster 

  

MDP0000258015 PREDICTED: Pyrus x bretschneideri BTB/POZ domain and ankyrin repeat-containing protein NPR1 (LOC103951879), mRNA 

S1_27339991 0.2936 MDP0000310856 PREDICTED: Malus x domestica uncharacterized LOC103419270 (LOC103419270), mRNA 

  
MDP0000425527 PREDICTED: Malus x domestica LIMR family protein At5g01460 (LOC103433659), mRNA 

  

MDP0000272167 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103962425 (LOC103962425), ncRNA 

  

MDP0000542929 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  

MDP0000760470 PREDICTED: Malus x domestica uncharacterized LOC108173104 (LOC108173104), ncRNA 

  

MDP0000679810 Malus x domestica retrotransposon Ty1-copia, complete sequence 

S1_27340042 0.2936 MDP0000310856 PREDICTED: Malus x domestica uncharacterized LOC103419270 (LOC103419270), mRNA 

  
MDP0000425527 PREDICTED: Malus x domestica LIMR family protein At5g01460 (LOC103433659), mRNA 

  

MDP0000272167 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103962425 (LOC103962425), ncRNA 

  

MDP0000542929 PREDICTED: Malus x domestica mini-chromosome maintenance complex-binding protein-like (LOC103438327), mRNA 

  

MDP0000760470 PREDICTED: Malus x domestica uncharacterized LOC108173104 (LOC108173104), ncRNA 

  

MDP0000679810 Malus x domestica retrotransposon Ty1-copia, complete sequence 

S1_28017778 0.23256 MDP0000682955 PREDICTED: Malus x domestica ribonuclease DdI-like (LOC103438593), mRNA 

  
MDP0000874742 PREDICTED: Malus x domestica cyclic phosphodiesterase-like (LOC103438603), mRNA 

  

MDP0000088815 PREDICTED: Malus x domestica LRR receptor-like serine/threonine-protein kinase GSO1 (LOC103438414), mRNA 

  

MDP0000318241 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase At4g36180 (LOC103438424), mRNA 

S1_28017822 0.23256 MDP0000682955 PREDICTED: Malus x domestica ribonuclease DdI-like (LOC103438593), mRNA 

  
MDP0000874742 PREDICTED: Malus x domestica cyclic phosphodiesterase-like (LOC103438603), mRNA 

  
MDP0000088815 PREDICTED: Malus x domestica LRR receptor-like serine/threonine-protein kinase GSO1 (LOC103438414), mRNA 

  

MDP0000318241 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase At4g36180 (LOC103438424), mRNA 

S1_28089626 0.22965 MDP0000682955 PREDICTED: Malus x domestica ribonuclease DdI-like (LOC103438593), mRNA 

  

MDP0000874742 PREDICTED: Malus x domestica cyclic phosphodiesterase-like (LOC103438603), mRNA 

  

MDP0000088815 PREDICTED: Malus x domestica LRR receptor-like serine/threonine-protein kinase GSO1 (LOC103438414), mRNA 

  

MDP0000318241 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase At4g36180 (LOC103438424), mRNA 

  
MDP0000127232 PREDICTED: Malus x domestica uncharacterized LOC103438435 (LOC103438435), mRNA 

S1_28213666 0.22965 MDP0000149604 PREDICTED: Malus x domestica cytochrome P450 714A1-like (LOC103438620), mRNA 

  

MDP0000207110 PREDICTED: Malus x domestica uncharacterized LOC103438463 (LOC103438463), mRNA 

  

MDP0000249066 PREDICTED: Malus x domestica protein SRC2 homolog (LOC103410258), mRNA 

  

MDP0000579215 PREDICTED: Malus x domestica autophagy-related protein 18d-like (LOC103438474), mRNA 

  
MDP0000303489 PREDICTED: Malus x domestica autophagy-related protein 18d-like (LOC103406469), transcript variant X2, mRNA 

  
MDP0000358669 PREDICTED: Malus x domestica autophagy-related protein 18c-like (LOC103438484), mRNA 

  

MDP0000244034 PREDICTED: Malus x domestica uncharacterized LOC103438511 (LOC103438511), ncRNA 

  

MDP0000195166 PREDICTED: Malus x domestica 60S ribosomal protein L10-like (LOC103438518), mRNA 

S1_28217271 0.22384 MDP0000149604 PREDICTED: Malus x domestica cytochrome P450 714A1-like (LOC103438620), mRNA 

  

MDP0000207110 PREDICTED: Malus x domestica uncharacterized LOC103438463 (LOC103438463), mRNA 

  

MDP0000249066 PREDICTED: Malus x domestica protein SRC2 homolog (LOC103410258), mRNA 
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MDP0000579215 PREDICTED: Malus x domestica autophagy-related protein 18d-like (LOC103438474), mRNA 

  

MDP0000303489 PREDICTED: Malus x domestica autophagy-related protein 18d-like (LOC103406469), transcript variant X2, mRNA 

  
MDP0000358669 PREDICTED: Malus x domestica autophagy-related protein 18c-like (LOC103438484), mRNA 

  
MDP0000244034 PREDICTED: Malus x domestica uncharacterized LOC103438511 (LOC103438511), ncRNA 

  

MDP0000195166 PREDICTED: Malus x domestica 60S ribosomal protein L10-like (LOC103438518), mRNA 

S1_28261770 0.22384 MDP0000207110 PREDICTED: Malus x domestica uncharacterized LOC103438463 (LOC103438463), mRNA 

  

MDP0000249066 PREDICTED: Malus x domestica protein SRC2 homolog (LOC103410258), mRNA 

  

MDP0000579215 PREDICTED: Malus x domestica autophagy-related protein 18d-like (LOC103438474), mRNA 

  
MDP0000303489 PREDICTED: Malus x domestica autophagy-related protein 18d-like (LOC103406469), transcript variant X2, mRNA 

  
MDP0000358669 PREDICTED: Malus x domestica autophagy-related protein 18c-like (LOC103438484), mRNA 

  

MDP0000244034 PREDICTED: Malus x domestica uncharacterized LOC103438511 (LOC103438511), ncRNA 

  

MDP0000195166 PREDICTED: Malus x domestica 60S ribosomal protein L10-like (LOC103438518), mRNA 

  

MDP0000271162 PREDICTED: Malus x domestica 60S ribosomal protein L10-like (LOC103438518), mRNA 

S1_28261794 0.22384 MDP0000207110 PREDICTED: Malus x domestica uncharacterized LOC103438463 (LOC103438463), mRNA 

  
MDP0000249066 PREDICTED: Malus x domestica protein SRC2 homolog (LOC103410258), mRNA 

  
MDP0000579215 PREDICTED: Malus x domestica autophagy-related protein 18d-like (LOC103438474), mRNA 

  

MDP0000303489 PREDICTED: Malus x domestica autophagy-related protein 18d-like (LOC103406469), transcript variant X2, mRNA 

  

MDP0000358669 PREDICTED: Malus x domestica autophagy-related protein 18c-like (LOC103438484), mRNA 

  

MDP0000244034 PREDICTED: Malus x domestica uncharacterized LOC103438511 (LOC103438511), ncRNA 

  

MDP0000195166 PREDICTED: Malus x domestica 60S ribosomal protein L10-like (LOC103438518), mRNA 

  
MDP0000271162 PREDICTED: Malus x domestica 60S ribosomal protein L10-like (LOC103438518), mRNA 

S1_29058096 0.21512 MDP0000161249 PREDICTED: Malus x domestica ethylene-responsive transcription factor ERF107-like (LOC103406478), mRNA 

  

MDP0000301393 PREDICTED: Malus x domestica uncharacterized LOC103439013 (LOC103439013), mRNA 

  

MDP0000226115 Malus x domestica cultivar Taishanzaoxia ethylene response factor (ERF2) mRNA, complete cds 

S1_29060183 0.22965 MDP0000161249 PREDICTED: Malus x domestica ethylene-responsive transcription factor ERF107-like (LOC103406478), mRNA 

  
MDP0000301393 PREDICTED: Malus x domestica uncharacterized LOC103439013 (LOC103439013), mRNA 

  
MDP0000226115 Malus x domestica cultivar Taishanzaoxia ethylene response factor (ERF2) mRNA, complete cds 

S1_29103198 0.23256 MDP0000161249 PREDICTED: Malus x domestica ethylene-responsive transcription factor ERF107-like (LOC103406478), mRNA 

  

MDP0000301393 PREDICTED: Malus x domestica uncharacterized LOC103439013 (LOC103439013), mRNA 

  

MDP0000226115 Malus x domestica cultivar Taishanzaoxia ethylene response factor (ERF2) mRNA, complete cds 

  

MDP0000879759 PREDICTED: Pyrus x bretschneideri oleosin 1-like (LOC103952767), mRNA 

  

MDP0000755474 PREDICTED: Malus x domestica zinc finger CCCH domain-containing protein 54 (LOC103439022), mRNA 

  
MDP0000297148 PREDICTED: Malus x domestica transcription factor MYB1R1-like (LOC103438943), mRNA 

S1_29122462 0.23547 MDP0000161249 PREDICTED: Malus x domestica ethylene-responsive transcription factor ERF107-like (LOC103406478), mRNA 

  

MDP0000301393 PREDICTED: Malus x domestica uncharacterized LOC103439013 (LOC103439013), mRNA 

  

MDP0000226115 Malus x domestica cultivar Taishanzaoxia ethylene response factor (ERF2) mRNA, complete cds 

  

MDP0000879759 PREDICTED: Pyrus x bretschneideri oleosin 1-like (LOC103952767), mRNA 

  
MDP0000755474 PREDICTED: Malus x domestica zinc finger CCCH domain-containing protein 54 (LOC103439022), mRNA 

  
MDP0000297148 PREDICTED: Malus x domestica transcription factor MYB1R1-like (LOC103438943), mRNA 

  

MDP0000175065 PREDICTED: Malus x domestica mavicyanin (LOC103438963), mRNA 

  

MDP0000175066 PREDICTED: Malus x domestica peptide methionine sulfoxide reductase A1-like (LOC103438972), mRNA 

S1_30051851 0.2064 MDP0000216402 PREDICTED: Malus x domestica cysteine-rich receptor-like protein kinase 27 (LOC103434552), transcript variant X2, misc_RNA 

  

MDP0000216401 PREDICTED: Malus x domestica lipoxygenase homology domain-containing protein 1-like (LOC103439209), mRNA 

  

MDP0000333069 No results found 
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MDP0000792424 PREDICTED: Malus x domestica LRR receptor-like serine/threonine-protein kinase GSO1 (LOC103439198), mRNA 

  

MDP0000322294 PREDICTED: Malus x domestica leucine-rich repeat receptor-like protein kinase TDR (LOC103439225), mRNA 

  
MDP0000234579 Malus domestica genotype Cox's Orange Pippin amplicon CH-M18 genomic sequence 

  
MDP0000616839 Malus domestica zinc finger protein ZAT9-like (LOC103439235), mRNA 

  

MDP0000919323 PREDICTED: Malus x domestica agamous-like MADS-box protein AGL30 (LOC103402885), transcript variant X7, mRNA 

  

MDP0000217042 PREDICTED: Malus x domestica uncharacterized LOC103439244 (LOC103439244), transcript variant X4, misc_RNA 

  

MDP0000217043 PREDICTED: Malus x domestica structural maintenance of chromosomes protein 2-1-like (LOC103417847), mRNA 

  

MDP0000614115 PREDICTED: Malus x domestica probable aquaporin TIP5-1 (LOC103417848), mRNA 

  
MDP0000217045 PREDICTED: Malus x domestica uncharacterized LOC108171392 (LOC108171392), mRNA 

  
MDP0000179509 PREDICTED: Malus x domestica uncharacterized LOC108171392 (LOC108171392), mRNA 

  

MDP0000281095 PREDICTED: Malus x domestica peroxisomal membrane protein 11B-like (LOC103439284), mRNA 

  

MDP0000281096 PREDICTED: Pyrus x bretschneideri luc7-like protein 3 (LOC103932664), transcript variant X2, mRNA 

  

MDP0000179513 PREDICTED: Malus x domestica conserved oligomeric Golgi complex subunit 7-like (LOC103439313), mRNA 

S1_30074247 0.20058 MDP0000216402 PREDICTED: Malus x domestica cysteine-rich receptor-like protein kinase 27 (LOC103434552), transcript variant X2, misc_RNA 

  
MDP0000216401 PREDICTED: Malus x domestica lipoxygenase homology domain-containing protein 1-like (LOC103439209), mRNA 

  
MDP0000333069 No results found 

  

MDP0000792424 PREDICTED: Malus x domestica LRR receptor-like serine/threonine-protein kinase GSO1 (LOC103439198), mRNA 

  

MDP0000322294 PREDICTED: Malus x domestica leucine-rich repeat receptor-like protein kinase TDR (LOC103439225), mRNA 

  

MDP0000234579 Malus domestica genotype Cox's Orange Pippin amplicon CH-M18 genomic sequence 

  

MDP0000616839 Malus domestica zinc finger protein ZAT9-like (LOC103439235), mRNA 

  
MDP0000919323 PREDICTED: Malus x domestica agamous-like MADS-box protein AGL30 (LOC103402885), transcript variant X7, mRNA 

  
MDP0000217042 PREDICTED: Malus x domestica uncharacterized LOC103439244 (LOC103439244), transcript variant X4, misc_RNA 

  

MDP0000217043 PREDICTED: Malus x domestica structural maintenance of chromosomes protein 2-1-like (LOC103417847), mRNA 

  

MDP0000614115 PREDICTED: Malus x domestica probable aquaporin TIP5-1 (LOC103417848), mRNA 

  

MDP0000217045 PREDICTED: Malus x domestica uncharacterized LOC108171392 (LOC108171392), mRNA 

  
MDP0000179509 PREDICTED: Malus x domestica uncharacterized LOC108171392 (LOC108171392), mRNA 

  
MDP0000281095 PREDICTED: Malus x domestica peroxisomal membrane protein 11B-like (LOC103439284), mRNA 

  

MDP0000281096 PREDICTED: Pyrus x bretschneideri luc7-like protein 3 (LOC103932664), transcript variant X2, mRNA 

  

MDP0000179513 PREDICTED: Malus x domestica conserved oligomeric Golgi complex subunit 7-like (LOC103439313), mRNA 

  

MDP0000281098 PREDICTED: Malus x domestica heat shock 22 kDa protein, mitochondrial-like (LOC103440891), mRNA 

  

MDP0000657517 PREDICTED: Malus x domestica putative glycerol-3-phosphate transporter 1 (LOC103439322), mRNA 

S1_30103838 0.20058 MDP0000234579 Malus domestica genotype Cox's Orange Pippin amplicon CH-M18 genomic sequence 

  
MDP0000616839 Malus domestica zinc finger protein ZAT9-like (LOC103439235), mRNA 

  

MDP0000919323 PREDICTED: Malus x domestica agamous-like MADS-box protein AGL30 (LOC103402885), transcript variant X7, mRNA 

  

MDP0000217042 PREDICTED: Malus x domestica uncharacterized LOC103439244 (LOC103439244), transcript variant X4, misc_RNA 

  

MDP0000217043 PREDICTED: Malus x domestica structural maintenance of chromosomes protein 2-1-like (LOC103417847), mRNA 

  

MDP0000614115 PREDICTED: Malus x domestica probable aquaporin TIP5-1 (LOC103417848), mRNA 

  
MDP0000217045 PREDICTED: Malus x domestica uncharacterized LOC108171392 (LOC108171392), mRNA 

  
MDP0000179509 PREDICTED: Malus x domestica uncharacterized LOC108171392 (LOC108171392), mRNA 

  

MDP0000281095 PREDICTED: Malus x domestica peroxisomal membrane protein 11B-like (LOC103439284), mRNA 

  

MDP0000281096 PREDICTED: Pyrus x bretschneideri luc7-like protein 3 (LOC103932664), transcript variant X2, mRNA 

  

MDP0000179513 PREDICTED: Malus x domestica conserved oligomeric Golgi complex subunit 7-like (LOC103439313), mRNA 

  

MDP0000281098 PREDICTED: Malus x domestica heat shock 22 kDa protein, mitochondrial-like (LOC103440891), mRNA 

  

MDP0000657517 PREDICTED: Malus x domestica putative glycerol-3-phosphate transporter 1 (LOC103439322), mRNA 
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MDP0000176729 PREDICTED: Malus x domestica uncharacterized LOC103439339 (LOC103439339), mRNA 

  

MDP0000464944 No results found 

  
MDP0000464941 PREDICTED: Malus x domestica BAG family molecular chaperone regulator 7-like (LOC103426460), mRNA 

  
MDP0000334023 PREDICTED: Malus x domestica trehalose-phosphate phosphatase A-like (LOC103439347), transcript variant X2, mRNA 

  

MDP0000205969 PREDICTED: Malus x domestica uncharacterized LOC103439362 (LOC103439362), mRNA 

S1_30151794 0.20349 MDP0000281096 PREDICTED: Pyrus x bretschneideri luc7-like protein 3 (LOC103932664), transcript variant X2, mRNA 

  

MDP0000179513 PREDICTED: Malus x domestica conserved oligomeric Golgi complex subunit 7-like (LOC103439313), mRNA 

  

MDP0000281098 PREDICTED: Malus x domestica heat shock 22 kDa protein, mitochondrial-like (LOC103440891), mRNA 

  
MDP0000657517 PREDICTED: Malus x domestica putative glycerol-3-phosphate transporter 1 (LOC103439322), mRNA 

  
MDP0000176729 PREDICTED: Malus x domestica uncharacterized LOC103439339 (LOC103439339), mRNA 

  

MDP0000464944 No results found 

  

MDP0000464941 PREDICTED: Malus x domestica BAG family molecular chaperone regulator 7-like (LOC103426460), mRNA 

  

MDP0000334023 PREDICTED: Malus x domestica trehalose-phosphate phosphatase A-like (LOC103439347), transcript variant X2, mRNA 

  

MDP0000205969 PREDICTED: Malus x domestica uncharacterized LOC103439362 (LOC103439362), mRNA 

  
MDP0000356063 No results found 

  
MDP0000185799 PREDICTED: Malus x domestica monocopper oxidase-like protein SKS1 (LOC103439378), mRNA 

  

MDP0000320566 PREDICTED: Malus x domestica pectinesterase 2-like (LOC103440901), mRNA 

S1_30155619 0.2064 MDP0000281096 PREDICTED: Pyrus x bretschneideri luc7-like protein 3 (LOC103932664), transcript variant X2, mRNA 

  

MDP0000179513 PREDICTED: Malus x domestica conserved oligomeric Golgi complex subunit 7-like (LOC103439313), mRNA 

  

MDP0000281098 PREDICTED: Malus x domestica heat shock 22 kDa protein, mitochondrial-like (LOC103440891), mRNA 

  
MDP0000657517 PREDICTED: Malus x domestica putative glycerol-3-phosphate transporter 1 (LOC103439322), mRNA 

  
MDP0000176729 PREDICTED: Malus x domestica uncharacterized LOC103439339 (LOC103439339), mRNA 

  

MDP0000464944 No results found 

  

MDP0000464941 PREDICTED: Malus x domestica BAG family molecular chaperone regulator 7-like (LOC103426460), mRNA 

  

MDP0000334023 PREDICTED: Malus x domestica trehalose-phosphate phosphatase A-like (LOC103439347), transcript variant X2, mRNA 

  
MDP0000205969 PREDICTED: Malus x domestica uncharacterized LOC103439362 (LOC103439362), mRNA 

  
MDP0000356063 No results found 

  

MDP0000185799 PREDICTED: Malus x domestica monocopper oxidase-like protein SKS1 (LOC103439378), mRNA 

  

MDP0000320566 PREDICTED: Malus x domestica pectinesterase 2-like (LOC103440901), mRNA 

  

MDP0000157124 PREDICTED: Malus x domestica probable WRKY transcription factor 53 (LOC103439393), mRNA 

S1_30155653 0.2064 MDP0000281096 PREDICTED: Pyrus x bretschneideri luc7-like protein 3 (LOC103932664), transcript variant X2, mRNA 

  

MDP0000179513 PREDICTED: Malus x domestica conserved oligomeric Golgi complex subunit 7-like (LOC103439313), mRNA 

  
MDP0000281098 PREDICTED: Malus x domestica heat shock 22 kDa protein, mitochondrial-like (LOC103440891), mRNA 

  

MDP0000657517 PREDICTED: Malus x domestica putative glycerol-3-phosphate transporter 1 (LOC103439322), mRNA 

  

MDP0000176729 PREDICTED: Malus x domestica uncharacterized LOC103439339 (LOC103439339), mRNA 

  

MDP0000464944 No results found 

  

MDP0000464941 PREDICTED: Malus x domestica BAG family molecular chaperone regulator 7-like (LOC103426460), mRNA 

  
MDP0000334023 PREDICTED: Malus x domestica trehalose-phosphate phosphatase A-like (LOC103439347), transcript variant X2, mRNA 

  
MDP0000205969 PREDICTED: Malus x domestica uncharacterized LOC103439362 (LOC103439362), mRNA 

  

MDP0000356063 No results found 

  

MDP0000185799 PREDICTED: Malus x domestica monocopper oxidase-like protein SKS1 (LOC103439378), mRNA 

  

MDP0000320566 PREDICTED: Malus x domestica pectinesterase 2-like (LOC103440901), mRNA 

  

MDP0000157124 PREDICTED: Malus x domestica probable WRKY transcription factor 53 (LOC103439393), mRNA 

S1_30193028 0.20058 MDP0000176729 PREDICTED: Malus x domestica uncharacterized LOC103439339 (LOC103439339), mRNA 
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MDP0000464944 No results found 

  

MDP0000464941 PREDICTED: Malus x domestica BAG family molecular chaperone regulator 7-like (LOC103426460), mRNA 

  
MDP0000334023 PREDICTED: Malus x domestica trehalose-phosphate phosphatase A-like (LOC103439347), transcript variant X2, mRNA 

  
MDP0000205969 PREDICTED: Malus x domestica uncharacterized LOC103439362 (LOC103439362), mRNA 

  

MDP0000356063 No results found 

  

MDP0000185799 PREDICTED: Malus x domestica monocopper oxidase-like protein SKS1 (LOC103439378), mRNA 

  

MDP0000320566 PREDICTED: Malus x domestica pectinesterase 2-like (LOC103440901), mRNA 

  

MDP0000157124 PREDICTED: Malus x domestica probable WRKY transcription factor 53 (LOC103439393), mRNA 

  
MDP0000536969 PREDICTED: Malus x domestica probable pectinesterase/pectinesterase inhibitor 59 (LOC103439410), mRNA 

  
MDP0000767905 PREDICTED: Malus x domestica probable carboxylesterase 8 (LOC103439420), mRNA 

  

MDP0000473154 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase At3g47570 (LOC103440913), mRNA 

S1_30200911 0.20349 MDP0000334023 PREDICTED: Malus x domestica trehalose-phosphate phosphatase A-like (LOC103439347), transcript variant X2, mRNA 

  

MDP0000205969 PREDICTED: Malus x domestica uncharacterized LOC103439362 (LOC103439362), mRNA 

  

MDP0000356063 No results found 

  
MDP0000185799 PREDICTED: Malus x domestica monocopper oxidase-like protein SKS1 (LOC103439378), mRNA 

  
MDP0000320566 PREDICTED: Malus x domestica pectinesterase 2-like (LOC103440901), mRNA 

  

MDP0000157124 PREDICTED: Malus x domestica probable WRKY transcription factor 53 (LOC103439393), mRNA 

  

MDP0000536969 PREDICTED: Malus x domestica probable pectinesterase/pectinesterase inhibitor 59 (LOC103439410), mRNA 

  

MDP0000767905 PREDICTED: Malus x domestica probable carboxylesterase 8 (LOC103439420), mRNA 

  

MDP0000473154 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase At3g47570 (LOC103440913), mRNA 

S1_30201626 0.20349 MDP0000334023 PREDICTED: Malus x domestica trehalose-phosphate phosphatase A-like (LOC103439347), transcript variant X2, mRNA 

  
MDP0000205969 PREDICTED: Malus x domestica uncharacterized LOC103439362 (LOC103439362), mRNA 

  

MDP0000356063 No results found 

  

MDP0000185799 PREDICTED: Malus x domestica monocopper oxidase-like protein SKS1 (LOC103439378), mRNA 

  

MDP0000320566 PREDICTED: Malus x domestica pectinesterase 2-like (LOC103440901), mRNA 

  
MDP0000157124 PREDICTED: Malus x domestica probable WRKY transcription factor 53 (LOC103439393), mRNA 

  
MDP0000536969 PREDICTED: Malus x domestica probable pectinesterase/pectinesterase inhibitor 59 (LOC103439410), mRNA 

  

MDP0000767905 PREDICTED: Malus x domestica probable carboxylesterase 8 (LOC103439420), mRNA 

  

MDP0000473154 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase At3g47570 (LOC103440913), mRNA 

S1_30433127 0.19767 MDP0000177726 PREDICTED: Malus x domestica putative inactive cadmium/zinc-transporting ATPase HMA3 (LOC103439485), mRNA 

  

MDP0000177725 PREDICTED: Malus x domestica uncharacterized LOC103426356 (LOC103426356), mRNA 

  

MDP0000778016 PREDICTED: Malus x domestica protein EXORDIUM-like 3 (LOC103426467), mRNA 

  
MDP0000135067 PREDICTED: Malus x domestica chloride conductance regulatory protein ICln-like (LOC103439502), mRNA 

  

MDP0000214826 PREDICTED: Malus x domestica BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1-like (LOC103417827), mRNA 

  

MDP0000122340 PREDICTED: Malus x domestica hypersensitive-induced response protein 4-like (LOC103439509), mRNA 

  

MDP0000238940 PREDICTED: Malus x domestica uncharacterized LOC103439525 (LOC103439525), transcript variant X2, mRNA 

  

MDP0000238941 PREDICTED: Malus x domestica peptidyl-prolyl cis-trans isomerase FKBP53 (LOC103439540), transcript variant X2, mRNA 

  
MDP0000238942 Malus x domestica clone Florina BAC 36I17, complete sequence 

  
MDP0000238943 PREDICTED: Malus x domestica probable rRNA-processing protein EBP2 homolog (LOC103439560), transcript variant X1, mRNA 

S1_30480050 0.20058 MDP0000778016 PREDICTED: Malus x domestica protein EXORDIUM-like 3 (LOC103426467), mRNA 

  

MDP0000135067 PREDICTED: Malus x domestica chloride conductance regulatory protein ICln-like (LOC103439502), mRNA 

  

MDP0000214826 PREDICTED: Malus x domestica BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1-like (LOC103417827), mRNA 

  

MDP0000122340 PREDICTED: Malus x domestica hypersensitive-induced response protein 4-like (LOC103439509), mRNA 

  

MDP0000238940 PREDICTED: Malus x domestica uncharacterized LOC103439525 (LOC103439525), transcript variant X2, mRNA 
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MDP0000238941 PREDICTED: Malus x domestica peptidyl-prolyl cis-trans isomerase FKBP53 (LOC103439540), transcript variant X2, mRNA 

  

MDP0000238942 Malus x domestica clone Florina BAC 36I17, complete sequence 

  
MDP0000238943 PREDICTED: Malus x domestica probable rRNA-processing protein EBP2 homolog (LOC103439560), transcript variant X1, mRNA 

  
MDP0000930111 PREDICTED: Pyrus x bretschneideri uncharacterized LOC108868397 (LOC108868397), mRNA 

  

MDP0000123732 PREDICTED: Malus x domestica AT-hook motif nuclear-localized protein 7-like (LOC103439576), mRNA 

  

MDP0000930114 PREDICTED: Malus x domestica protein YLS7 (LOC103439596), mRNA 

  

MDP0000353109 PREDICTED: Malus x domestica protein YLS7 (LOC103439596), mRNA 

  

MDP0000613988 PREDICTED: Malus x domestica peptide deformylase 1B, chloroplastic-like (LOC108170544), mRNA 

S4_2969862 0.22674 MDP0000165880 Malus domestica dehydration-responsive element-binding protein 2A (AP2D38), mRNA 

  
MDP0000358916 No results found 

  

MDP0000875229 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase At1g56130 (LOC103432963), mRNA 

  

MDP0000875230 PREDICTED: Malus x domestica uncharacterized LOC103401032 (LOC103401032), transcript variant X12, ncRNA 

  

MDP0000875231 PREDICTED: Pyrus x bretschneideri probable receptor-like protein kinase At5g15080 (LOC103928500), mRNA 

  

MDP0000282719 PREDICTED: Malus x domestica uncharacterized LOC103413253 (LOC103413253), transcript variant X7, ncRNA 

  
MDP0000528934 PREDICTED: Malus x domestica late embryogenesis abundant protein D-34-like (LOC103451004), mRNA 

  
MDP0000385305 PREDICTED: Malus x domestica sorting nexin 2A-like (LOC103432873), mRNA 

  

MDP0000937454 PREDICTED: Malus x domestica probable leucine-rich repeat receptor-like protein kinase IMK3 (LOC103432874), mRNA 

  

MDP0000385309 PREDICTED: Malus x domestica PRA1 family protein B1-like (LOC103432876), mRNA 

  

MDP0000385310 

PREDICTED: Malus x domestica biotin carboxyl carrier protein of acetyl-CoA carboxylase-like (LOC103432877), transcript variant X2, 

mRNA 

  
MDP0000307940 PREDICTED: Malus x domestica cation/H(+) antiporter 15-like (LOC103432878), mRNA 

  

MDP0000307941 PREDICTED: Malus x domestica protein EARLY RESPONSIVE TO DEHYDRATION 15-like (LOC103432879), mRNA 

  

MDP0000583825 Malus x domestica MdSFBB9-alpha, S9-RNase, MdSFBB9-beta genes, complete cds, Psi-SFBB9-alpha, Psi-SFBB9-beta pseudogenes 

S5_10112524 0.20349 MDP0000206154 Malus domestica protein PHLOEM PROTEIN 2-LIKE A9-like (LOC103435266), mRNA 

  

MDP0000372527 PREDICTED: Malus x domestica protein PHLOEM PROTEIN 2-LIKE A1-like (LOC103435265), mRNA 

  
MDP0000822302 PREDICTED: Malus x domestica 60S ribosomal protein L38-like (LOC103435077), mRNA 

  

MDP0000483289 PREDICTED: Malus x domestica protein PHLOEM PROTEIN 2-LIKE A2-like (LOC103435483), mRNA 

  

MDP0000188021 PREDICTED: Malus x domestica phosphatase IMPL1, chloroplastic (LOC103435482), mRNA 

  

MDP0000280944 PREDICTED: Malus x domestica protein PHLOEM PROTEIN 2-LIKE A2-like (LOC103435483), mRNA 

S7_26647328 0.22965 MDP0000517257 PREDICTED: Malus x domestica ethylene-responsive transcription factor 2-like (LOC103439587), mRNA 

  
MDP0000517262 Malus domestica ethylene-responsive transcription factor ERF106-like (LOC103439589), mRNA 

  

MDP0000122464 PREDICTED: Malus x domestica putative lipase ROG1 (LOC103439590), transcript variant X2, mRNA 

  

MDP0000122465 Malus x domestica metacontig of the Co-Gene region, cultivar Procats28, non-columnar allele 

  

MDP0000237988 PREDICTED: Malus x domestica uncharacterized protein At3g06530 (LOC103440073), transcript variant X2, mRNA 

  

MDP0000237989 PREDICTED: Malus x domestica putative kinase-like protein TMKL1 (LOC103439594), mRNA 

  

MDP0000219463 PREDICTED: Malus x domestica U-box domain-containing protein 35 (LOC103439597), transcript variant X2, mRNA 

  
MDP0000311115 PREDICTED: Malus x domestica U-box domain-containing protein 52-like (LOC103439595), transcript variant X2, misc_RNA 

  
MDP0000219466 PREDICTED: Malus x domestica derlin-1.1-like (LOC103439598), mRNA 

  

MDP0000530255 PREDICTED: Malus x domestica copper transporter 2-like (LOC103439599), mRNA 

S7_26647351 0.22965 MDP0000517257 PREDICTED: Malus x domestica ethylene-responsive transcription factor 2-like (LOC103439587), mRNA 

  

MDP0000517262 Malus domestica ethylene-responsive transcription factor ERF106-like (LOC103439589), mRNA 

  

MDP0000122464 PREDICTED: Malus x domestica putative lipase ROG1 (LOC103439590), transcript variant X2, mRNA 

  
MDP0000122465 Malus x domestica metacontig of the Co-Gene region, cultivar Procats28, non-columnar allele 

  

MDP0000237988 PREDICTED: Malus x domestica uncharacterized protein At3g06530 (LOC103440073), transcript variant X2, mRNA 
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MDP0000237989 PREDICTED: Malus x domestica putative kinase-like protein TMKL1 (LOC103439594), mRNA 

  

MDP0000219463 PREDICTED: Malus x domestica U-box domain-containing protein 35 (LOC103439597), transcript variant X2, mRNA 

  
MDP0000311115 PREDICTED: Malus x domestica U-box domain-containing protein 52-like (LOC103439595), transcript variant X2, misc_RNA 

  
MDP0000219466 PREDICTED: Malus x domestica derlin-1.1-like (LOC103439598), mRNA 

  

MDP0000530255 PREDICTED: Malus x domestica copper transporter 2-like (LOC103439599), mRNA 

S7_26647356 0.22965 MDP0000517257 PREDICTED: Malus x domestica ethylene-responsive transcription factor 2-like (LOC103439587), mRNA 

  

MDP0000517262 Malus domestica ethylene-responsive transcription factor ERF106-like (LOC103439589), mRNA 

  

MDP0000122464 PREDICTED: Malus x domestica putative lipase ROG1 (LOC103439590), transcript variant X2, mRNA 

  
MDP0000122465 Malus x domestica metacontig of the Co-Gene region, cultivar Procats28, non-columnar allele 

  
MDP0000237988 PREDICTED: Malus x domestica uncharacterized protein At3g06530 (LOC103440073), transcript variant X2, mRNA 

  

MDP0000237989 PREDICTED: Malus x domestica putative kinase-like protein TMKL1 (LOC103439594), mRNA 

  

MDP0000219463 PREDICTED: Malus x domestica U-box domain-containing protein 35 (LOC103439597), transcript variant X2, mRNA 

  

MDP0000311115 PREDICTED: Malus x domestica U-box domain-containing protein 52-like (LOC103439595), transcript variant X2, misc_RNA 

  

MDP0000219466 PREDICTED: Malus x domestica derlin-1.1-like (LOC103439598), mRNA 

  
MDP0000530255 PREDICTED: Malus x domestica copper transporter 2-like (LOC103439599), mRNA 

S7_26647386 0.22965 MDP0000517257 PREDICTED: Malus x domestica ethylene-responsive transcription factor 2-like (LOC103439587), mRNA 

  

MDP0000517262 Malus domestica ethylene-responsive transcription factor ERF106-like (LOC103439589), mRNA 

  

MDP0000122464 PREDICTED: Malus x domestica putative lipase ROG1 (LOC103439590), transcript variant X2, mRNA 

  

MDP0000122465 Malus x domestica metacontig of the Co-Gene region, cultivar Procats28, non-columnar allele 

  

MDP0000237988 PREDICTED: Malus x domestica uncharacterized protein At3g06530 (LOC103440073), transcript variant X2, mRNA 

  
MDP0000237989 PREDICTED: Malus x domestica putative kinase-like protein TMKL1 (LOC103439594), mRNA 

  
MDP0000219463 PREDICTED: Malus x domestica U-box domain-containing protein 35 (LOC103439597), transcript variant X2, mRNA 

  

MDP0000311115 PREDICTED: Malus x domestica U-box domain-containing protein 52-like (LOC103439595), transcript variant X2, misc_RNA 

  

MDP0000219466 PREDICTED: Malus x domestica derlin-1.1-like (LOC103439598), mRNA 

  

MDP0000530255 PREDICTED: Malus x domestica copper transporter 2-like (LOC103439599), mRNA 

S12_30811141 0.22965 MDP0000236942 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase IRK (LOC103451240), mRNA 

  
MDP0000921402 PREDICTED: Malus x domestica two-component response regulator ARR17-like (LOC103450760), mRNA 

  

MDP0000436064 PREDICTED: Malus x domestica putative F-box protein At3g16210 (LOC103450763), mRNA 

  

MDP0000303038 PREDICTED: Malus x domestica uncharacterized LOC103450761 (LOC103450761), ncRNA 

  

MDP0000239706 PREDICTED: Malus x domestica transmembrane protein 87A-like (LOC103430449), mRNA 

  

MDP0000460139 PREDICTED: Malus x domestica WRKY transcription factor 55-like (LOC103451242), mRNA 

  

MDP0000175240 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450764), mRNA 

  
MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  

MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  

MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

S12_30811142 0.22965 MDP0000236942 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase IRK (LOC103451240), mRNA 

  

MDP0000921402 PREDICTED: Malus x domestica two-component response regulator ARR17-like (LOC103450760), mRNA 

  
MDP0000436064 PREDICTED: Malus x domestica putative F-box protein At3g16210 (LOC103450763), mRNA 

  
MDP0000303038 PREDICTED: Malus x domestica uncharacterized LOC103450761 (LOC103450761), ncRNA 

  

MDP0000239706 PREDICTED: Malus x domestica transmembrane protein 87A-like (LOC103430449), mRNA 

  

MDP0000460139 PREDICTED: Malus x domestica WRKY transcription factor 55-like (LOC103451242), mRNA 

  

MDP0000175240 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450764), mRNA 

  

MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  

MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 
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MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

S12_30815904 0.21221 MDP0000236942 PREDICTED: Malus x domestica probable LRR receptor-like serine/threonine-protein kinase IRK (LOC103451240), mRNA 

  
MDP0000921402 PREDICTED: Malus x domestica two-component response regulator ARR17-like (LOC103450760), mRNA 

  
MDP0000436064 PREDICTED: Malus x domestica putative F-box protein At3g16210 (LOC103450763), mRNA 

  

MDP0000303038 PREDICTED: Malus x domestica uncharacterized LOC103450761 (LOC103450761), ncRNA 

  

MDP0000239706 PREDICTED: Malus x domestica transmembrane protein 87A-like (LOC103430449), mRNA 

  

MDP0000460139 PREDICTED: Malus x domestica WRKY transcription factor 55-like (LOC103451242), mRNA 

  

MDP0000175240 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450764), mRNA 

  
MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  
MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  

MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

S12_30832518 0.21512 MDP0000921402 PREDICTED: Malus x domestica two-component response regulator ARR17-like (LOC103450760), mRNA 

  

MDP0000436064 PREDICTED: Malus x domestica putative F-box protein At3g16210 (LOC103450763), mRNA 

  

MDP0000303038 PREDICTED: Malus x domestica uncharacterized LOC103450761 (LOC103450761), ncRNA 

  
MDP0000239706 PREDICTED: Malus x domestica transmembrane protein 87A-like (LOC103430449), mRNA 

  
MDP0000460139 PREDICTED: Malus x domestica WRKY transcription factor 55-like (LOC103451242), mRNA 

  

MDP0000175240 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450764), mRNA 

  

MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  

MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  

MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

  
MDP0000246818 PREDICTED: Malus x domestica protein TPLATE-like (LOC103455327), partial mRNA 

  
MDP0000754989 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450771), mRNA 

S12_30904477 0.21802 MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  

MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  

MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

  
MDP0000246818 PREDICTED: Malus x domestica protein TPLATE-like (LOC103455327), partial mRNA 

  
MDP0000754989 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450771), mRNA 

  

MDP0000160094 PREDICTED: Malus x domestica methylesterase 17-like (LOC103450773), mRNA 

  

MDP0000160096 PREDICTED: Malus x domestica inorganic phosphate transporter 1-1-like (LOC103439547), mRNA 

  

MDP0000170015 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000266942 PREDICTED: Pyrus x bretschneideri inorganic phosphate transporter 1-1-like (LOC103953724), mRNA 

  

MDP0000741253 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  
MDP0000163088 PREDICTED: Malus x domestica methyltransferase-like protein 17, mitochondrial (LOC103450779), transcript variant X2, mRNA 

  

MDP0000359468 PREDICTED: Malus x domestica uncharacterized LOC103450778 (LOC103450778), transcript variant X4, mRNA 

S12_30904520 0.22093 MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  

MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  

MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

  
MDP0000246818 PREDICTED: Malus x domestica protein TPLATE-like (LOC103455327), partial mRNA 

  
MDP0000754989 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450771), mRNA 

  

MDP0000160094 PREDICTED: Malus x domestica methylesterase 17-like (LOC103450773), mRNA 

  

MDP0000160096 PREDICTED: Malus x domestica inorganic phosphate transporter 1-1-like (LOC103439547), mRNA 

  

MDP0000170015 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000266942 PREDICTED: Pyrus x bretschneideri inorganic phosphate transporter 1-1-like (LOC103953724), mRNA 

  

MDP0000741253 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 
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MDP0000163088 PREDICTED: Malus x domestica methyltransferase-like protein 17, mitochondrial (LOC103450779), transcript variant X2, mRNA 

  

MDP0000359468 PREDICTED: Malus x domestica uncharacterized LOC103450778 (LOC103450778), transcript variant X4, mRNA 

S12_30904539 0.22093 MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  
MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  

MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

  

MDP0000246818 PREDICTED: Malus x domestica protein TPLATE-like (LOC103455327), partial mRNA 

  

MDP0000754989 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450771), mRNA 

  

MDP0000160094 PREDICTED: Malus x domestica methylesterase 17-like (LOC103450773), mRNA 

  
MDP0000160096 PREDICTED: Malus x domestica inorganic phosphate transporter 1-1-like (LOC103439547), mRNA 

  
MDP0000170015 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000266942 PREDICTED: Pyrus x bretschneideri inorganic phosphate transporter 1-1-like (LOC103953724), mRNA 

  

MDP0000741253 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000163088 PREDICTED: Malus x domestica methyltransferase-like protein 17, mitochondrial (LOC103450779), transcript variant X2, mRNA 

  

MDP0000359468 PREDICTED: Malus x domestica uncharacterized LOC103450778 (LOC103450778), transcript variant X4, mRNA 

S12_30906934 0.22093 MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  
MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  

MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

  

MDP0000246818 PREDICTED: Malus x domestica protein TPLATE-like (LOC103455327), partial mRNA 

  

MDP0000754989 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450771), mRNA 

  

MDP0000160094 PREDICTED: Malus x domestica methylesterase 17-like (LOC103450773), mRNA 

  
MDP0000160096 PREDICTED: Malus x domestica inorganic phosphate transporter 1-1-like (LOC103439547), mRNA 

  
MDP0000170015 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000266942 PREDICTED: Pyrus x bretschneideri inorganic phosphate transporter 1-1-like (LOC103953724), mRNA 

  

MDP0000741253 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000163088 PREDICTED: Malus x domestica methyltransferase-like protein 17, mitochondrial (LOC103450779), transcript variant X2, mRNA 

  
MDP0000359468 PREDICTED: Malus x domestica uncharacterized LOC103450778 (LOC103450778), transcript variant X4, mRNA 

S12_30906945 0.22674 MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  

MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  

MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

  

MDP0000246818 PREDICTED: Malus x domestica protein TPLATE-like (LOC103455327), partial mRNA 

  

MDP0000754989 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450771), mRNA 

  

MDP0000160094 PREDICTED: Malus x domestica methylesterase 17-like (LOC103450773), mRNA 

  
MDP0000160096 PREDICTED: Malus x domestica inorganic phosphate transporter 1-1-like (LOC103439547), mRNA 

  

MDP0000170015 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000266942 PREDICTED: Pyrus x bretschneideri inorganic phosphate transporter 1-1-like (LOC103953724), mRNA 

  

MDP0000741253 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000163088 PREDICTED: Malus x domestica methyltransferase-like protein 17, mitochondrial (LOC103450779), transcript variant X2, mRNA 

  
MDP0000359468 PREDICTED: Malus x domestica uncharacterized LOC103450778 (LOC103450778), transcript variant X4, mRNA 

S12_30906970 0.22093 MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  

MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  

MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

  

MDP0000246818 PREDICTED: Malus x domestica protein TPLATE-like (LOC103455327), partial mRNA 

  

MDP0000754989 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450771), mRNA 

  

MDP0000160094 PREDICTED: Malus x domestica methylesterase 17-like (LOC103450773), mRNA 



 

 197 

  

MDP0000160096 PREDICTED: Malus x domestica inorganic phosphate transporter 1-1-like (LOC103439547), mRNA 

  

MDP0000170015 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  
MDP0000266942 PREDICTED: Pyrus x bretschneideri inorganic phosphate transporter 1-1-like (LOC103953724), mRNA 

  
MDP0000741253 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000163088 PREDICTED: Malus x domestica methyltransferase-like protein 17, mitochondrial (LOC103450779), transcript variant X2, mRNA 

  

MDP0000359468 PREDICTED: Malus x domestica uncharacterized LOC103450778 (LOC103450778), transcript variant X4, mRNA 

S12_30907112 0.22093 MDP0000172964 PREDICTED: Malus x domestica rhodanese-like domain-containing protein 7 (LOC103423638), mRNA 

  

MDP0000172965 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103952820 (LOC103952820), ncRNA 

  
MDP0000349543 PREDICTED: Pyrus x bretschneideri transcription elongation factor TFIIS-like (LOC103952821), misc_RNA 

  
MDP0000246818 PREDICTED: Malus x domestica protein TPLATE-like (LOC103455327), partial mRNA 

  

MDP0000754989 PREDICTED: Malus x domestica probable WRKY transcription factor 70 (LOC103450771), mRNA 

  

MDP0000160094 PREDICTED: Malus x domestica methylesterase 17-like (LOC103450773), mRNA 

  

MDP0000160096 PREDICTED: Malus x domestica inorganic phosphate transporter 1-1-like (LOC103439547), mRNA 

  

MDP0000170015 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  
MDP0000266942 PREDICTED: Pyrus x bretschneideri inorganic phosphate transporter 1-1-like (LOC103953724), mRNA 

  
MDP0000741253 PREDICTED: Malus x domestica probable inactive receptor kinase At5g58300 (LOC103450776), mRNA 

  

MDP0000163088 PREDICTED: Malus x domestica methyltransferase-like protein 17, mitochondrial (LOC103450779), transcript variant X2, mRNA 

  

MDP0000359468 PREDICTED: Malus x domestica uncharacterized LOC103450778 (LOC103450778), transcript variant X4, mRNA 

S14_880780 0.22674 MDP0000161125 PREDICTED: Malus x domestica protein DETOXIFICATION 21-like (LOC103430941), partial mRNA 

  

MDP0000911182 PREDICTED: Malus x domestica ELMO domain-containing protein A-like (LOC103430925), transcript variant X3, mRNA 

  
MDP0000306395 PREDICTED: Malus x domestica regulation of nuclear pre-mRNA domain-containing protein 1B-like (LOC103453921), mRNA 

  
MDP0000213154 PREDICTED: Malus x domestica uncharacterized LOC103453922 (LOC103453922), mRNA 

  

MDP0000633759 PREDICTED: Malus x domestica uncharacterized LOC103453982 (LOC103453982), mRNA 

  

MDP0000306673 PREDICTED: Malus x domestica uncharacterized LOC108175232 (LOC108175232), mRNA 

  

MDP0000306672 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103944436 (LOC103944436), mRNA 

  
MDP0000213517 PREDICTED: Malus x domestica uncharacterized LOC103453984 (LOC103453984), mRNA 

  
MDP0000126190 PREDICTED: Malus x domestica U-box domain-containing protein 35-like (LOC103453985), mRNA 

  

MDP0000322556 PREDICTED: Malus x domestica ceramide kinase (LOC103453923), transcript variant X1, mRNA 

  

MDP0000271622 PREDICTED: Malus x domestica ceramide kinase-like (LOC103453989), transcript variant X3, mRNA 

  

MDP0000552725 PREDICTED: Malus x domestica transcription factor GAMYB-like (LOC103453987), mRNA 

  

MDP0000167066 Prunus persica hypothetical protein (PRUPE_ppa009450mg) mRNA, complete cds 

  

MDP0000939989 PREDICTED: Malus x domestica enolase-like (LOC103453924), mRNA 

  
MDP0000459204 PREDICTED: Malus x domestica splicing factor U2af small subunit B-like (LOC103453990), mRNA 

  

MDP0000289428 PREDICTED: Malus x domestica protein CDI-like (LOC103453928), mRNA 

S14_880824 0.22674 MDP0000161125 PREDICTED: Malus x domestica protein DETOXIFICATION 21-like (LOC103430941), partial mRNA 

  

MDP0000911182 PREDICTED: Malus x domestica ELMO domain-containing protein A-like (LOC103430925), transcript variant X3, mRNA 

  

MDP0000306395 PREDICTED: Malus x domestica regulation of nuclear pre-mRNA domain-containing protein 1B-like (LOC103453921), mRNA 

  
MDP0000213154 PREDICTED: Malus x domestica uncharacterized LOC103453922 (LOC103453922), mRNA 

  
MDP0000633759 PREDICTED: Malus x domestica uncharacterized LOC103453982 (LOC103453982), mRNA 

  

MDP0000306673 PREDICTED: Malus x domestica uncharacterized LOC108175232 (LOC108175232), mRNA 

  

MDP0000306672 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103944436 (LOC103944436), mRNA 

  

MDP0000213517 PREDICTED: Malus x domestica uncharacterized LOC103453984 (LOC103453984), mRNA 

  

MDP0000126190 PREDICTED: Malus x domestica U-box domain-containing protein 35-like (LOC103453985), mRNA 

  

MDP0000322556 PREDICTED: Malus x domestica ceramide kinase (LOC103453923), transcript variant X1, mRNA 
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MDP0000271622 PREDICTED: Malus x domestica ceramide kinase-like (LOC103453989), transcript variant X3, mRNA 

  

MDP0000552725 PREDICTED: Malus x domestica transcription factor GAMYB-like (LOC103453987), mRNA 

  
MDP0000167066 Prunus persica hypothetical protein (PRUPE_ppa009450mg) mRNA, complete cds 

  
MDP0000939989 PREDICTED: Malus x domestica enolase-like (LOC103453924), mRNA 

  

MDP0000459204 PREDICTED: Malus x domestica splicing factor U2af small subunit B-like (LOC103453990), mRNA 

  

MDP0000289428 PREDICTED: Malus x domestica protein CDI-like (LOC103453928), mRNA 

S14_18364469 0.2064 MDP0000182973 PREDICTED: Malus x domestica L-2-hydroxyglutarate dehydrogenase, mitochondrial-like (LOC103454693), transcript variant X2, mRNA 

  

MDP0000182972 PREDICTED: Malus x domestica proteasome subunit alpha type-3 (LOC103454692), mRNA 

  
MDP0000405556 Malus x domestica MdSFBB9-alpha, S9-RNase, MdSFBB9-beta genes, complete cds, Psi-SFBB9-alpha, Psi-SFBB9-beta pseudogenes 

  
MDP0000157651 PREDICTED: Malus x domestica protein sym-1 (LOC103454695), mRNA 

  

MDP0000157652 PREDICTED: Malus x domestica RNA polymerase sigma factor sigB (LOC103454696), transcript variant X3, mRNA 

  

MDP0000139240 Malus domestica phytoene synthase (PSY2) mRNA, complete cds 

  

MDP0000250771 PREDICTED: Malus x domestica aladin (LOC103454699), mRNA 

S15_32927146 0.18605 MDP0000281162 PREDICTED: Malus x domestica muscle M-line assembly protein unc-89-like (LOC103401635), transcript variant X1, mRNA 

  
MDP0000157029 Malus floribunda clone AM19-5s AM19-5p gene, complete cds 

  
MDP0000282967 Malus floribunda clone HB04s HB04p gene, complete cds 

  

MDP0000556230 PREDICTED: Pyrus x bretschneideri putative pectinesterase 63 (LOC103952846), mRNA 

  

MDP0000123530 PREDICTED: Malus x domestica putative pectinesterase 63 (LOC103401623), mRNA 

  

MDP0000564897 Malus domestica homeobox-leucine zipper protein ATHB-6-like (LOC103401624), mRNA 

  

MDP0000302926 Malus domestica alpha-farnesene synthase (AFS) gene, promoter region and 5' UTR 

S15_32927177 0.18605 MDP0000281162 PREDICTED: Malus x domestica muscle M-line assembly protein unc-89-like (LOC103401635), transcript variant X1, mRNA 

  
MDP0000157029 Malus floribunda clone AM19-5s AM19-5p gene, complete cds 

  

MDP0000282967 Malus floribunda clone HB04s HB04p gene, complete cds 

  

MDP0000556230 PREDICTED: Pyrus x bretschneideri putative pectinesterase 63 (LOC103952846), mRNA 

  

MDP0000123530 PREDICTED: Malus x domestica putative pectinesterase 63 (LOC103401623), mRNA 

  
MDP0000564897 Malus domestica homeobox-leucine zipper protein ATHB-6-like (LOC103401624), mRNA 

  
MDP0000302926 Malus domestica alpha-farnesene synthase (AFS) gene, promoter region and 5' UTR 

S15_32928377 0.22384 MDP0000281162 PREDICTED: Malus x domestica muscle M-line assembly protein unc-89-like (LOC103401635), transcript variant X1, mRNA 

  

MDP0000157029 Malus floribunda clone AM19-5s AM19-5p gene, complete cds 

  

MDP0000282967 Malus floribunda clone HB04s HB04p gene, complete cds 

  

MDP0000556230 PREDICTED: Pyrus x bretschneideri putative pectinesterase 63 (LOC103952846), mRNA 

  

MDP0000123530 PREDICTED: Malus x domestica putative pectinesterase 63 (LOC103401623), mRNA 

  
MDP0000564897 Malus domestica homeobox-leucine zipper protein ATHB-6-like (LOC103401624), mRNA 

  

MDP0000302926 Malus domestica alpha-farnesene synthase (AFS) gene, promoter region and 5' UTR 

S15_36461521 0.21802 MDP0000197983 PREDICTED: Malus x domestica transcription elongation factor TFIIS-like (LOC103401711), mRNA 

  

MDP0000197984 PREDICTED: Malus x domestica uncharacterized LOC108169406 (LOC108169406), mRNA 

S15_36461536 0.22384 MDP0000197983 PREDICTED: Malus x domestica transcription elongation factor TFIIS-like (LOC103401711), mRNA 

  
MDP0000197984 PREDICTED: Malus x domestica uncharacterized LOC108169406 (LOC108169406), mRNA 

S15_36461552 0.22384 MDP0000197983 PREDICTED: Malus x domestica transcription elongation factor TFIIS-like (LOC103401711), mRNA 

    MDP0000197984 PREDICTED: Malus x domestica uncharacterized LOC108169406 (LOC108169406), mRNA 
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APPENDIX C: CHAPTER 5 - INVESTIGATING FLOWERING TIME, 

PRECOCITY, AND FRUIT QUALITY IN A LARGE, DIVERSE APPLE 

GERMPLASM COLLECTION USING GENOME-WIDE ASSOCIATION 

STUDIES. 

 

 

 

 

 

 

 

 
 

Figure S5.1 A detailed figure outlining the ABC orchard planting design. 

 

 

 

 

 

 

 

 

 



 

 200 

 

 

 

 

 

 

 

 

 

 

 
 

Figure S5.2 Numerical r values and p-values corresponding to the ABC phenotype data 

heatmap presented in Figure 5.1. NS = indicates p-value >0.05, * = 0.01 > p-value < 

0.05, ** = p-value < 0.01. 
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Figure S5.3 The GWAS results for each trait studied in the ABC at harvest in 2015, 

flowering time for 2014-2016, and precocity. Solid lines represent the -log10(α/Meff) value 

significance threshold, where Meff = the effective number of independent tests, and α = 

0.05. 
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Table S5.1 A table summarizing the phenotype data for harvest data, fruit quality, and flowering time in the ABC. 

Trait Minimum Maximum Mean SD 

Harvest date 2015 (GDD) 1322 2000 1842 146 

Fruit weight 2015 (g) 66 311 175 48 

Firmness at harvest 2015 (kg/cm2) 2.51 13.31 6.91 1.74 

Acidity 2015 (g/L malic acid) 1.6 24.5 10.2 3.9 

Soluble solids content 2015 (Brix) 7.7 18.7 11.3 1.5 

Juiciness 2015 ([weighed juice/total fruit weight] x 100) 0.7 24.0 14.7 3.8 

Flowering time 2014 raw (GDD) 220 384 282 28 

Flowering time 2014 model-adjusted (GDD) 221 393 283 28 

Flowering time 2015 raw (GDD) 198 370 274 27 

Flowering time 2015 model-adjusted (GDD) 197 372 274 27 

Flowering time 2016 raw (GDD) 196 405 294 23 

Flowering time 2016 model-adjusted (GDD) 197 406 293 22 

Precocity raw 1 4 2 0.6 

Precocity model-adjusted 1 4 2 0.6 
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Table S5.2 A table summarizing the results for each SNP that produced a significant GWAS result from Genome Database for 

Rosaceae (GDR) (https://www.rosaceae.org) and NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi), within a ±100 kb window 

centered on each SNP. 
Harvest date 2015 

Marker MAF mRNA Name Top BLAST hit 

chr3_30917856_GATK 0.09123 MDP0000228662 PREDICTED: Malus x domestica uncharacterized LOC103430927 (LOC103430927), mRNA 

  

MDP0000411286 PREDICTED: Malus x domestica uncharacterized LOC103430918 (LOC103430918), mRNA 

  

MDP0000356092 Malus x domestica genomic sequence for BAC clone MC-20 containing a Mal d 1 gene cluster 

  
MDP0000843137 PREDICTED: Malus x domestica vesicle-associated protein 4-1-like (LOC103429960), mRNA 

  
MDP0000228658 PREDICTED: Malus x domestica uncharacterized LOC103429950 (LOC103429950), mRNA 

  

MDP0000485575 PREDICTED: Malus x domestica uncharacterized LOC103429988 (LOC103429988), mRNA 

  

MDP0000183451 PREDICTED: Malus x domestica myb-related protein 305 (LOC103429980), mRNA 

    MDP0000805948 No results found 

chr3_31409362_tassel 0.20379 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  

MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31409368_samtools 0.20616 MDP0000133853 
PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 
transcript variant X2, mRNA 

  

MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31409376_GATK 0.20261 MDP0000133853 
PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 
transcript variant X2, mRNA 

  

MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  
MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  
MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31409480_GATK 0.17417 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  
MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  
MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31412820_tassel 0.23104 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  
MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 
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chr3_31412837_tassel 0.23104 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  
MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31412840_tassel 0.23104 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  

MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31412892_tassel 0.23104 MDP0000133853 
PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 
transcript variant X2, mRNA 

  

MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31428888_GATK 0.19905 MDP0000133853 
PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 
transcript variant X2, mRNA 

  

MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  
MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31428903_tassel 0.20616 MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

  
MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

    MDP0000567742 PREDICTED: Malus x domestica uncharacterized LOC103431983 (LOC103431983), ncRNA 

chr3_31428908_samtools 0.20498 MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

  

MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

    MDP0000567742 PREDICTED: Malus x domestica uncharacterized LOC103431983 (LOC103431983), ncRNA 

chr4_20962499_samtools 0.49882 MDP0000192112 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927125 (LOC103927125), mRNA 

  

MDP0000702560 PREDICTED: Malus x domestica senescence-specific cysteine protease SAG39-like (LOC103434064), mRNA 

  

MDP0000231923 PREDICTED: Malus x domestica galactinol synthase 2-like (LOC103419436), mRNA 

  

MDP0000320341 PREDICTED: Malus x domestica chloroplast stem-loop binding protein of 41 kDa b, chloroplastic (LOC103433852), mRNA 

  

MDP0000024218 PREDICTED: Malus x domestica AP-3 complex subunit mu (LOC103433853), transcript variant X2, mRNA 

  
MDP0000366836 PREDICTED: Malus x domestica psbP domain-containing protein 1, chloroplastic-like (LOC103434066), mRNA 

  
MDP0000337971 PREDICTED: Malus x domestica psbP domain-containing protein 1, chloroplastic-like (LOC103434066), mRNA 

  

MDP0000652278 PREDICTED: Malus x domestica alkaline/neutral invertase A, mitochondrial-like (LOC103433854), mRNA 

  

MDP0000946550 PREDICTED: Malus x domestica protein RTF1 homolog (LOC103433855), mRNA 

  

MDP0000652280 PREDICTED: Malus x domestica putative pentatricopeptide repeat-containing protein At1g56570 (LOC103433859), mRNA 
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MDP0000946552 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g62890-like (LOC103433856), mRNA 

  

MDP0000320348 PREDICTED: Malus x domestica DUF724 domain-containing protein 3-like (LOC103434067), mRNA 

  
MDP0000032171 PREDICTED: Malus x domestica calmodulin-binding protein 25-like (LOC103433860), mRNA 

    MDP0000183958 PREDICTED: Malus x domestica calmodulin-binding protein 25-like (LOC103433862), mRNA 

chr10_27272539_samtools 0.19431 MDP0000211214 PREDICTED: Malus x domestica uncharacterized LOC103445974 (LOC103445974), ncRNA 

  

MDP0000226667 PREDICTED: Malus x domestica transcription factor MYB86-like (LOC103445975), mRNA 

  

MDP0000602553 PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At5g66520-like (LOC103445976), mRNA 

  

MDP0000602556 PREDICTED: Malus x domestica uncharacterized LOC103445977 (LOC103445977), mRNA 

  
MDP0000286385 PREDICTED: Malus x domestica vacuolar-sorting receptor 6-like (LOC103445978), mRNA 

  
MDP0000685185 PREDICTED: Malus x domestica 28S ribosomal protein S33, mitochondrial (LOC103445980), transcript variant X2, mRNA 

  

MDP0000685186 

PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At3g57430, chloroplastic (LOC103445981), 

mRNA 

  

MDP0000806945 PREDICTED: Pyrus x bretschneideri mitochondrial amidoxime reducing component 2-like (LOC103932435), mRNA 

  

MDP0000286389 
PREDICTED: Malus x domestica pentatricopeptide repeat-containing protein At4g20090-like (LOC103445984), transcript 
variant X6, mRNA 

  

MDP0000286390 PREDICTED: Malus x domestica cationic amino acid transporter 5 (LOC103445983), mRNA 

  

MDP0000296918 PREDICTED: Malus x domestica uncharacterized LOC103445987 (LOC103445987), transcript variant X1, mRNA 

  

MDP0000534460 PREDICTED: Malus x domestica haloacid dehalogenase-like hydrolase domain-containing protein 3 (LOC103445985), mRNA 

  
MDP0000229305 PREDICTED: Malus x domestica proteasome subunit alpha type-4 (LOC103445988), transcript variant X2, mRNA 

  

MDP0000229306 PREDICTED: Malus x domestica DNA polymerase eta (LOC103445989), transcript variant X3, mRNA 

chr15_30970407_GATK 0.06754 MDP0000611785 PREDICTED: Malus x domestica receptor-like protein 2 (LOC103425165), mRNA 

  

MDP0000305199 PREDICTED: Malus x domestica uncharacterized LOC108171568 (LOC108171568), transcript variant X2, ncRNA 

  

MDP0000227450 PREDICTED: Malus x domestica receptor-like protein 2 (LOC103401572), mRNA 

  
MDP0000267024 

PREDICTED: Malus x domestica non-structural maintenance of chromosomes element 4 homolog A-like (LOC103401558), 

mRNA 

  

MDP0000160972 PREDICTED: Malus x domestica enoyl-[acyl-carrier-protein] reductase [NADH], chloroplastic-like (LOC103425166), mRNA 

  

MDP0000267022 PREDICTED: Malus x domestica protein NRT1/ PTR FAMILY 7.1-like (LOC103401556), mRNA 

  
MDP0000485280 

PREDICTED: Malus x domestica AP2/ERF and B3 domain-containing transcription factor At1g50680-like (LOC103401573), 

mRNA 

  

MDP0000263392 PREDICTED: Malus x domestica zinc finger CCCH domain-containing protein 14-like (LOC103416085), mRNA 

  

MDP0000263391 PREDICTED: Pyrus x bretschneideri GATA transcription factor 8-like (LOC103940977), mRNA 

  

MDP0000277425 PREDICTED: Malus x domestica nucleolar complex protein 2 homolog (LOC103416086), transcript variant X2, mRNA 

  

MDP0000933329 PREDICTED: Malus x domestica uncharacterized LOC108169632 (LOC108169632), mRNA 

chr15_30970418_GATK 0.06754 MDP0000611785 PREDICTED: Malus x domestica receptor-like protein 2 (LOC103425165), mRNA 

  
MDP0000305199 PREDICTED: Malus x domestica uncharacterized LOC108171568 (LOC108171568), transcript variant X2, ncRNA 

  

MDP0000227450 PREDICTED: Malus x domestica receptor-like protein 2 (LOC103401572), mRNA 

  

MDP0000267024 

PREDICTED: Malus x domestica non-structural maintenance of chromosomes element 4 homolog A-like (LOC103401558), 

mRNA 

  
MDP0000160972 PREDICTED: Malus x domestica enoyl-[acyl-carrier-protein] reductase [NADH], chloroplastic-like (LOC103425166), mRNA 

  
MDP0000267022 PREDICTED: Malus x domestica protein NRT1/ PTR FAMILY 7.1-like (LOC103401556), mRNA 

  

MDP0000485280 

PREDICTED: Malus x domestica AP2/ERF and B3 domain-containing transcription factor At1g50680-like (LOC103401573), 

mRNA 

  

MDP0000263392 PREDICTED: Malus x domestica zinc finger CCCH domain-containing protein 14-like (LOC103416085), mRNA 

  
MDP0000263391 PREDICTED: Pyrus x bretschneideri GATA transcription factor 8-like (LOC103940977), mRNA 
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MDP0000277425 PREDICTED: Malus x domestica nucleolar complex protein 2 homolog (LOC103416086), transcript variant X2, mRNA 

  

MDP0000933329 PREDICTED: Malus x domestica uncharacterized LOC108169632 (LOC108169632), mRNA 

Firmness at harvest 2015 

Marker MAF mRNA Name Top BLAST hit 

chr3_31409362_tassel 0.20379 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  

MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  
MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31409368_samtools 0.20616 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  
MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  
MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31409376_GATK 0.20261 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  
MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31428888_GATK 0.19905 MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  
MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  
MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

  

MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

    MDP0000567742 PREDICTED: Malus x domestica uncharacterized LOC103431983 (LOC103431983), ncRNA 

chr10_21075121_samtools 0.02251 MDP0000138427 PREDICTED: Malus x domestica probable methyltransferase PMT3 (LOC103445614), mRNA 

  
MDP0000214259 PREDICTED: Pyrus x bretschneideri rust resistance kinase Lr10-like (LOC103966534), transcript variant X5, mRNA 

  
MDP0000214258 PREDICTED: Malus x domestica probable methyltransferase PMT3 (LOC103445616), transcript variant X3, mRNA 

  

MDP0000214257 PREDICTED: Malus x domestica uncharacterized LOC103445615 (LOC103445615), transcript variant X1, ncRNA 

  

MDP0000697030 PREDICTED: Malus x domestica protein CUP-SHAPED COTYLEDON 3 (LOC103445618), mRNA 

  

MDP0000191925 PREDICTED: Malus x domestica putative lysine-specific demethylase JMJ16 (LOC103445620), mRNA 

  

MDP0000191926 PREDICTED: Malus x domestica probable arabinose 5-phosphate isomerase (LOC103445619), mRNA 

Acidity 2015 

Marker MAF mRNA Name Top BLAST hit 

chr16_766063_GATK 0.38863 MDP0000912144 PREDICTED: Malus x domestica uncharacterized PKHD-type hydroxylase At1g22950-like (LOC103402646), mRNA 

  

MDP0000912146 PREDICTED: Malus x domestica E3 ubiquitin-protein ligase RHA2A-like (LOC103402647), mRNA 

  

MDP0000912148 PREDICTED: Malus x domestica uncharacterized LOC103452266 (LOC103452266), mRNA 

  

MDP0000265213 PREDICTED: Malus x domestica uncharacterized LOC103402648 (LOC103402648), mRNA 

  
MDP0000265214 PREDICTED: Malus x domestica uncharacterized LOC103403227 (LOC103403227), mRNA 

  
MDP0000642826 PREDICTED: Malus x domestica cationic amino acid transporter 6, chloroplastic-like (LOC103440562), mRNA 

  

MDP0000251967 PREDICTED: Pyrus x bretschneideri zinc finger CCCH domain-containing protein 15-like (LOC103948091), mRNA 

  

MDP0000298575 PREDICTED: Malus x domestica uncharacterized LOC103402651 (LOC103402651), transcript variant X2, mRNA 
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MDP0000202704 PREDICTED: Malus x domestica transcription factor BOA-like (LOC103452267), mRNA 

  

MDP0000298577 PREDICTED: Malus x domestica amino-acid permease BAT1 homolog (LOC103402653), transcript variant X1, mRNA 

  
MDP0000943290 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103947087 (LOC103947087), mRNA 

  
MDP0000943291 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103947087 (LOC103947087), mRNA 

  

MDP0000943292 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103947087 (LOC103947087), mRNA 

  

MDP0000943296 PREDICTED: Malus x domestica lipid phosphate phosphatase 1 (LOC103402655), transcript variant X3, mRNA 

chr16_1137632_tassel 0.43009 MDP0000725991 PREDICTED: Malus x domestica transcription factor bHLH75-like (LOC103402684), mRNA 

  

MDP0000286198 PREDICTED: Malus x domestica acyl-acyl carrier protein thioesterase ATL3, chloroplastic-like (LOC103402685), mRNA 

  
MDP0000725994 PREDICTED: Malus x domestica universal stress protein YxiE (LOC103402687), mRNA 

  
MDP0000893502 PREDICTED: Malus x domestica endonuclease 2 (LOC103402686), mRNA 

  

MDP0000725999 PREDICTED: Malus x domestica uncharacterized LOC103402688 (LOC103402688), mRNA 

  

MDP0000893506 PREDICTED: Malus x domestica VQ motif-containing protein 20 (LOC103402689), mRNA 

  

MDP0000286203 Malus domestica adenylate isopentenyltransferase-like (LOC103402691), mRNA 

  

MDP0000285017 PREDICTED: Malus x domestica uncharacterized mitochondrial protein AtMg00810-like (LOC108172972), mRNA 

  
MDP0000754521 PREDICTED: Malus x domestica zinc finger protein JAGGED (LOC103403241), transcript variant X2, mRNA 

  
MDP0000736369 PREDICTED: Malus x domestica 50S ribosomal protein L15, chloroplastic-like (LOC103407744), mRNA 

chr16_1424983_samtools 0.47867 MDP0000139500 PREDICTED: Pyrus x bretschneideri histone-lysine N-methyltransferase ATXR3-like (LOC103942208), mRNA 

  

MDP0000250967 PREDICTED: Malus x domestica CTL-like protein DDB_G0274487 (LOC103402719), mRNA 

  

MDP0000235023 PREDICTED: Malus x domestica mediator of RNA polymerase II transcription subunit 25 (LOC103402721), mRNA 

  

MDP0000188338 PREDICTED: Malus x domestica 40S ribosomal protein S3a-like (LOC103431902), mRNA 

  
MDP0000188337 PREDICTED: Malus x domestica lysine histidine transporter-like 6 (LOC103431830), mRNA 

  
MDP0000188336 PREDICTED: Malus x domestica mediator of RNA polymerase II transcription subunit 25 (LOC103402721), mRNA 

  

MDP0000274967 No results found 

  

MDP0000703817 PREDICTED: Malus x domestica uncharacterized LOC103402722 (LOC103402722), mRNA 

  

MDP0000303483 PREDICTED: Malus x domestica zinc finger protein WIP6-like (LOC103402723), mRNA 

  
MDP0000239834 PREDICTED: Malus x domestica allene oxide cyclase 4, chloroplastic (LOC103402724), mRNA 

  
MDP0000124900 PREDICTED: Malus x domestica methionine aminopeptidase 1B, chloroplastic-like (LOC103416464), mRNA 

  

MDP0000939633 PREDICTED: Malus x domestica AP2/ERF and B3 domain-containing transcription factor RAV1 (LOC103402726), mRNA 

chr16_1466001_samtools 0.45972 MDP0000188338 PREDICTED: Malus x domestica 40S ribosomal protein S3a-like (LOC103431902), mRNA 

  

MDP0000188337 PREDICTED: Malus x domestica lysine histidine transporter-like 6 (LOC103431830), mRNA 

  

MDP0000188336 PREDICTED: Malus x domestica mediator of RNA polymerase II transcription subunit 25 (LOC103402721), mRNA 

  

MDP0000274967 No results found 

  
MDP0000703817 PREDICTED: Malus x domestica uncharacterized LOC103402722 (LOC103402722), mRNA 

  

MDP0000303483 PREDICTED: Malus x domestica zinc finger protein WIP6-like (LOC103402723), mRNA 

  

MDP0000239834 PREDICTED: Malus x domestica allene oxide cyclase 4, chloroplastic (LOC103402724), mRNA 

  

MDP0000124900 PREDICTED: Malus x domestica methionine aminopeptidase 1B, chloroplastic-like (LOC103416464), mRNA 

  

MDP0000939633 PREDICTED: Malus x domestica AP2/ERF and B3 domain-containing transcription factor RAV1 (LOC103402726), mRNA 

  

MDP0000298053 
PREDICTED: Malus x domestica putative leucine-rich repeat receptor-like serine/threonine-protein kinase At2g14440  
(LOC103403245), partial mRNA 

    MDP0000198209 PREDICTED: Malus x domestica zinc finger MYM-type protein 5-like (LOC103406542), mRNA 

chr16_1466019_GATK 0.44905 MDP0000188338 PREDICTED: Malus x domestica 40S ribosomal protein S3a-like (LOC103431902), mRNA 

  

MDP0000188337 PREDICTED: Malus x domestica lysine histidine transporter-like 6 (LOC103431830), mRNA 

  
MDP0000188336 PREDICTED: Malus x domestica mediator of RNA polymerase II transcription subunit 25 (LOC103402721), mRNA 

  

MDP0000274967 No results found 
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MDP0000703817 PREDICTED: Malus x domestica uncharacterized LOC103402722 (LOC103402722), mRNA 

  

MDP0000303483 PREDICTED: Malus x domestica zinc finger protein WIP6-like (LOC103402723), mRNA 

  
MDP0000239834 PREDICTED: Malus x domestica allene oxide cyclase 4, chloroplastic (LOC103402724), mRNA 

  
MDP0000124900 PREDICTED: Malus x domestica methionine aminopeptidase 1B, chloroplastic-like (LOC103416464), mRNA 

  

MDP0000939633 PREDICTED: Malus x domestica AP2/ERF and B3 domain-containing transcription factor RAV1 (LOC103402726), mRNA 

  

MDP0000298053 

PREDICTED: Malus x domestica putative leucine-rich repeat receptor-like serine/threonine-protein kinase At2g14440  

(LOC103403245), partial mRNA 

    MDP0000198209 PREDICTED: Malus x domestica zinc finger MYM-type protein 5-like (LOC103406542), mRNA 

Juiciness 2015 

Marker MAF mRNA Name Top BLAST hit 

chr3_31409362_tassel 0.20379 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  
MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  
MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31409368_samtools 0.20616 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  
MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31409376_GATK 0.20261 MDP0000133853 

PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 

transcript variant X2, mRNA 

  

MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31409480_GATK 0.17417 MDP0000133853 
PREDICTED: Malus x domestica trafficking protein particle complex II-specific subunit 130 homolog (LOC103430315), 
transcript variant X2, mRNA 

  

MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  
MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

    MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

chr3_31428903_tassel 0.20616 MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

  

MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

    MDP0000567742 PREDICTED: Malus x domestica uncharacterized LOC103431983 (LOC103431983), ncRNA 

chr3_31428908_samtools 0.20498 MDP0000482092 Malus x domestica genomic sequence for BAC clone MC-12 containing a Mal d 1 gene cluster 

  

MDP0000151239 PREDICTED: Malus x domestica uncharacterized LOC103430324 (LOC103430324), mRNA 

  

MDP0000711212 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103927422 (LOC103927422), mRNA 

  

MDP0000868419 Malus domestica NAC domain-containing protein 18 (NAC5), mRNA 

    MDP0000567742 PREDICTED: Malus x domestica uncharacterized LOC103431983 (LOC103431983), ncRNA 
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Flowering time 2015 

Marker MAF mRNA Name Top BLAST hit 

chr13_1080261_samtools 0.0472 MDP0000589856 PREDICTED: Malus x domestica probable RNA-dependent RNA polymerase 1 (LOC103451530), transcript variant X2, mRNA 

  
MDP0000303619 PREDICTED: Malus x domestica RNA-dependent RNA polymerase 1-like (LOC103414410), mRNA 

  

MDP0000124301 PREDICTED: Malus x domestica two-component response regulator ORR21 (LOC103452236), mRNA 

  

MDP0000620822 PREDICTED: Pyrus x bretschneideri multiprotein-bridging factor 1a (LOC103959878), mRNA 

  

MDP0000703330 

PREDICTED: Malus x domestica CRAL-TRIO domain-containing protein YKL091C-like (LOC103451533), transcript variant 

X1, mRNA 

  

MDP0000338603 
PREDICTED: Malus x domestica two-component response regulator ORR21-like (LOC103451532), transcript variant X5, 
mRNA 

  
MDP0000155328 

PREDICTED: Malus x domestica two-component response regulator ORR21-like (LOC103451532), transcript variant X3, 

mRNA 

  
MDP0000152514 PREDICTED: Malus x domestica uncharacterized LOC103430615 (LOC103430615), mRNA 

  

MDP0000152515 PREDICTED: Malus x domestica dynamin-related protein 1C (LOC103430614), mRNA 

  

MDP0000150492 PREDICTED: Malus x domestica microtubule-associated protein 70-1-like (LOC103451539), mRNA 

  

MDP0000259187 PREDICTED: Malus x domestica E3 ubiquitin protein ligase RIE1 (LOC103451538), mRNA 

  

MDP0000150490 PREDICTED: Malus x domestica probable UDP-3-O-acyl-N-acetylglucosamine deacetylase 2 (LOC103451537), mRNA 

  
MDP0000247842 PREDICTED: Malus x domestica ankyrin repeat-containing protein At2g01680 (LOC103451542), mRNA 

  
MDP0000587060 PREDICTED: Malus x domestica probable calcium-binding protein CML25 (LOC103452239), mRNA 

  

MDP0000352140 PREDICTED: Malus x domestica probable calcium-binding protein CML25 (LOC103452239), mRNA 

  

MDP0000247840 PREDICTED: Malus x domestica histone-lysine N-methyltransferase setd3-like (LOC103451541), mRNA 

Flowering time 2016 

Marker MAF mRNA Name Top BLAST hit 

chr2_33664819_tassel 0.06047 MDP0000482308 PREDICTED: Malus x domestica uncharacterized LOC108170629 (LOC108170629), ncRNA 

  
MDP0000191626 PREDICTED: Pyrus x bretschneideri uncharacterized LOC103962330 (LOC103962330), transcript variant X2, ncRNA 

  

MDP0000655646 PREDICTED: Malus x domestica putative laccase-9 (LOC103426957), mRNA 

  

MDP0000266107 PREDICTED: Malus x domestica TMV resistance protein N-like (LOC103409074), mRNA 

  

MDP0000305551 PREDICTED: Malus x domestica uncharacterized LOC103409082 (LOC103409082), mRNA 

  
MDP0000129902 PREDICTED: Malus x domestica ethylene-responsive transcription factor WRI1-like (LOC103410577), partial mRNA 

chr4_9995135_tassel 0.07276 MDP0000143528 No results found 

chr10_10958544_tassel 0.02606 MDP0000756448 PREDICTED: Malus x domestica pantothenate kinase 2-like (LOC103415798), transcript variant X6, misc_RNA 

  

MDP0000164256 PREDICTED: Malus x domestica BAHD acyltransferase At5g47980-like (LOC103445088), mRNA 

  

MDP0000333052 PREDICTED: Malus x domestica BAHD acyltransferase At5g47980-like (LOC103445088), mRNA 

chr11_17176321_tassel 0.42625 MDP0000152408 PREDICTED: Malus x domestica uncharacterized LOC103425176 (LOC103425176), mRNA 

  
MDP0000228548 PREDICTED: Malus x domestica uncharacterized LOC103448142 (LOC103448142), transcript variant X4, mRNA 

    MDP0000189203 PREDICTED: Malus x domestica E3 ubiquitin-protein ligase RHF2A-like (LOC103413111), mRNA 

chr11_22755985_samtools 0.0236 MDP0000248039 PREDICTED: Malus x domestica sulfite reductase [ferredoxin], chloroplastic (LOC103448261), mRNA 

  

MDP0000135675 PREDICTED: Malus x domestica photosystem II 5 kDa protein, chloroplastic (LOC103448260), mRNA 

  

MDP0000135672 PREDICTED: Malus x domestica 40S ribosomal protein S2-4-like (LOC103448259), mRNA 

chr12_20978098_tassel 0.16568 MDP0000312187 PREDICTED: Malus x domestica uncharacterized LOC103450138 (LOC103450138), transcript variant X3, ncRNA 

  
MDP0000222159 PREDICTED: Malus x domestica putative disease resistance RPP13-like protein 1 (LOC103413742), mRNA 

  
MDP0000224219 PREDICTED: Malus x domestica putative disease resistance RPP13-like protein 1 (LOC103413742), mRNA 

  

MDP0000225047 

PREDICTED: Malus x domestica pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit beta-like 

(LOC103446757), mRNA 
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MDP0000474481 

PREDICTED: Malus x domestica pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit beta-like 

(LOC103446757), mRNA 

    MDP0000309632 PREDICTED: Malus x domestica uncharacterized LOC103413733 (LOC103413733), transcript variant X3, ncRNA 

chr15_48232830_samtools 0.02999 MDP0000301390 PREDICTED: Malus x domestica TMV resistance protein N-like (LOC103402156), mRNA 

  

MDP0000500503 PREDICTED: Malus x domestica TMV resistance protein N-like (LOC103402156), mRNA 

  

MDP0000264837 PREDICTED: Malus x domestica uncharacterized LOC103402224 (LOC103402224), mRNA 

  

MDP0000259342 PREDICTED: Malus x domestica THO complex subunit 7A-like (LOC103402157), mRNA 

  

MDP0000300859 PREDICTED: Malus x domestica TMV resistance protein N-like (LOC103402225), mRNA 

  
MDP0000205741 No results found 

  

MDP0000416021 PREDICTED: Malus x domestica TMV resistance protein N-like (LOC103402158), mRNA 

  

MDP0000149342 No results found 

    MDP0000642923 No results found 
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